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Abstract

This master's thesis presents an experimental study conducted to explore the smelting and
aluminothermic smelting-reduction processes of a pre-reduced Mn ore using lime and Al metal.
The aim of the study is to investigate the flux-smelting behavior and aluminothermic reduction
of a pre-reduced Mn ore and the flux-smelting behavior of MnO and CaO by differential

scanning calorimetry (DSC), microstructure analysis and phase analysis.

Smleting of the pre-reduced and lime occurred at 1500°C with a CaO/Al>Oz molar ratio of 1.

At a molar ratio of 0.8, only sintering occurred.

The results show that aluminothermic reduction occurred for all the samples in the 1300-
1500°C, although the extent of reaction was lower at 1300°C. Processing time of 0.5h, 1h, and
1.5h was investigated for the samples at 1500°C. It was found that the processing time did not
affect the metal yield to a large extent. Notably, the produced slags contained a leachable
mayenite (C12A7) phase, which is a significant Al.Oz-containing compound suitable for
potential alumina recovery from the slags.
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1. Introduction

This chapter introduces today’s commercial process for manganese (Mn) through carbothermic
reduction, as well as the suggested HAIMan process. Lastly, the goals for this project and the

assumptions and limitations will be discussed.

1.1  Background

The current technology for Mn-metal production is the carbothermic reduction of Mn ores,
shown in an overall process reaction in equation MnO, + C = Mn+ CO/CO, 1-1in
submerged arc furnaces (SAF) and blast furnaces (BF), where SAF technology is the dominant

one.
MnO, + C = Mn+C0/CO, I

For SAF, metallurgical coke is the primary energy source and a reduction agent in the process,
and the coke consumption is estimated at 300-500 kg per ton of alloy produced. The process is

also energy-intensive, using 2000-3000 kWh per ton of metal produced [1] [2].

The HalMan process is based on the idea that Mn3O2, Mn,Os, and MnO- can be reduced to
MnO by hydrogen as a reducing agent and that further reduction to metallic Mn can be
completed by aluminothermic reduction [3]. The process is shown in Figure 1.1-2 where the
ore is pre-reduced by Hz gas in a pre-reduction reactor before smelting reduction furnace (SRF)

where Al reduces MnO.
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Figure 1-1: Schematic of the proposed HalMan process [3].

1.2 Aim of project
The aim of this project is to:

e investigate the flux-smelting behavior and aluminothermic reduction of a pre-reduced
Mn ore.

e Study the flux-smelting behavior of MnO and CaO by differential scanning calorimetry
(DSC), microstructure analysis and phase analysis.

e Investigate the microstructure and phases for the metals and slag products and outline

the process yield.



2. Theory

2.1  Manganese

Manganese, Mn, is the 12 most abundant element in the earth’s crust, and the 4™ most used
metal behind iron, aluminum, and copper. Mn is a transition metal with an atomic mass of
54.94, a melting point of 1246°C and it is placed in between chromium, Cr, and iron, Fe, in the
periodic system. As a pure metal, Mn is considered a silvery, hard, and brittle metal. The

demand for Mn is directly linked to the steel industry, with 90% of produced Mn [1].

The EU relies on 93% of Mn ores to be imported from other non-EU countries, with South
Africa being the largest supplier. In 2023 the EU defined Mn as a critical raw material and a
strategic raw material due to supply risk for the steelmaking industry and battery industry. Here,
a strategic raw material is considered important for technologies that support the green and

digital transition as well as defense objectives. [4]
2.1.1 Mineralogy

Manganese ores can be classified into three categories based on Mn content. Metallurgical Mn
ores, containing more than 35% Mn, are suitable for high or low-grade ferromanganese
manufacture. Ferruginous manganese is ores containing 15% - 35% Mn and high levels of iron.
Manganiferrous ores with 5% - 10% Mn are usually classified as iron ores and are commonly
used to manufacture mangan-ferrous pig iron [5] [1]. Manganese oxide in the form of MnO

appears as green crystals and powders [6]

The world’s largest land-based manganese ore reserve is in the Republic of South Africa,
located in the Kalahari field. Here, two different mineralogies are found, known as Mamatwan
and Wessels. Where the Mamatwan ore mainly consists of carbonates, the Wessels ore mainly
contains oxides such as Braunite | (Mn?*Mn3*6(SiO4)Os), Braunite 11 (CaMn3*14(SiO4)O2o),
Hausmannite (Mn?*Mn®*,04), Bixbyite ((Mn, Fe)20s), and Hematite (Fe2Os) [7]. The
characteristics of the South-African ores are high basicity and low O/Mn and Mn/Fe ratios. The
phosphorous, P, levels are also considered low.

Major Mn-ore-producing countries with high-grade ores are South Africa, Australia, Brazil,

and Gabon. China, India, Ukraine, Kazakhstan, and Georgia have mines containing lower-grade



ores. Fig 2-1 shows production estimates for Mn-ore in 2022, presented as thousands of tons of

Mn-units produced in the respective countries and regions [8].
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Figure 2-1: The mine production of Mn-ores in 2022 [8].

2.1.2 Application of manganese

As mentioned, around 90% of the Mn produced is related to the steel industry. Given the
extensive range of steel types manufactured, the specific manganese-alloy requirements vary
depending on the intended product. FeMn and SiMn can be produced with diverse carbon ©
compositions, including high carbon (HC), medium carbon (MC), low carbon (LC), and

ultralow carbon (ULC). Specifications for the alloys are shown in Table 2-1.

Table 2-1:shows the composition of the most common Mn-alloys [1].

Grade Mn C [wt%] Si [wt%] P [wt%] S [wt%] | B [ppm]
[wt%]
HC FeMn 78 7.5 0.30 0.20 - -
MC FeMn 80-83 1.0-1.5 0.6 0.20 - -
LC FeMn 80-83 0.5 0.6 0.20 - -
SiMn 67-68 1.5-2.0 17-20 0.10-0.15 0.02 200
LC SiMn 59-63 1.5-2.0 25-30 0.10 0.01 100
ULC SiMn 58-62 0.05 27-31 0.05 0.01 100




When added as an alloying element, Mn can increase properties like strength, ductility, and
hardness. Approximately 70 % of all Mn added to steel serves as an alloying element increasing
strength, toughness and hardness1. If special low-carbon steels are produced, refined FeMn and
SiMn can be utilized, thus avoiding additional decarburizing. The remaining 30 % is added as

a deoxidizer and for sulfur, S, removal [1].

During the desulfurization of steel utilizing Mn, manganese sulfide, MnS, is formed instead of
iron sulfide, FeS. Unlike FeS, MnS does not wet the grain boundaries and has a higher melting

point, thereby avoiding metal cracking due to hot shortness [1].

When producing stainless steels, ~1% Mn is normally added, although Mn can completely
replace the Ni content, bringing the Mn concentration up to a maximum of ~16 %1. Mn will
also improve the corrosion resistance of Al and strengthen bronzes. Finally, the element can be
utilized in non-metallurgical applications such as the oxidizer and disinfectant potassium
permanganate, KmnOs, in chemistry and medicine, respectively, or as MnOz in dry cell
batteries [1].

2.1.3 Production of ferromanganese alloys

The current state of the art technology for Mn-metal production is the carbothermic reduction
of Mn ore, shown in equation 2-1, in submerged arc furnaces (SAF) and blast furnaces (BF),
where SAF technology is the dominant one.

MnO, + C = Mn+ C0/CO, 2-1

For SAF, metallurgical coke is the primary energy source and a reduction agent in the process,
and the coke consumption is estimated at 2 tons per ton of alloy produced. The process is also
energy-intensive, using 2000-3000 kWh per ton of metal produced. Commonly used slags are
limestone and dolomite, which contributes to chemical compositions giving viscosity and
smelting temperature promoting higher Mn yield. [1] [2]. Figure 2-2 shows a simplified model
of the SAF.
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Figure 2-2: Simplified principal sketch of the carbothermic reduction of Mn-ores in a submerged arc
furnace (SAF).

The SAF consists of three different zones: the pre-reduction zone, the coke bed zone, and the
metal layer. The charge enters the furnace through the pre-reduction zone at 25°C where higher
manganese oxides are reduced to lower manganese oxides. Higher manganese oxides are
defined as higher manganese oxides with more oxygen than manganese present and include
MnO2, Mn203, and Mn304. The reduction of higher manganese oxides to lower is exothermic
and contributes heat to the furnace and further process. In the coke bed zone, the temperature
is increased, and fluxes and oxides are melting. The lower manganese oxides will be reduced
to metallic manganese that descends to the bottom of the furnace. The liquified oxides and
fluxes create a liquid slag, floating on top of the metal [1].



2.2 Thermodynamics
2.2.1 Reduction of Mn oxides
Pre-reduction by CO gas

In a CO gas atmosphere, the reduction of higher manganese oxides are exothermic reactions,
where energy is released. However, when the Boudouard reaction is initiated at elevated
temperatures above 800°C (CO2+C=2CO0), the total reduction in SAF becomes endothermic

due to the reversed Boudouard reaction, as seen in Figure 2-3.

P(CO,) P(CO)

200 400 600 800 1000 1200 1400 1600
T (°C)

Figure 2-3: Equilibrium diagram for Boudouard reaction with excessive solid carbon available.

Calculations were done by HSC Chemistry.

The reductions of higher manganese oxides in the pre-reduction zone by CO are the following:

2Mn0, + CO(g) = Mn,05 + CO, AHsec = —201.0 kJ /mol 22
3Mn203 + CO(g) = ZMn304 + COZ AH25°C =-179.9 k]/mOl 2-3
Mn,0, + CO = 3MnO + CO, AHysec = —60.6 kJ /mol 2.4



Pre-redaction by H» gas

The comprehensive investigation of MnO; reduction by H> gas was initially conducted by
Barner. The study revealed that synthetic pyrolusite, when subjected to H2 gas at temperatures
ranging from 200 to 500°C, undergoes a sequential reduction process from MnO> to Mn;03,
then to Mn3Os, and ultimately to MnO [13]. The reduction equations 2-5 to 2-7 depict the
stepwise reduction process and the corresponding enthalpy changes (AH25°C), as derived from
the HSC database. Equation 2-8 illustrates the overall reduction of Fe>Os by Ha, along with the
enthalpy changes (AH25) for the reaction. Notably, the reduction of manganese ores to MnO
through hydrogen exhibits a higher exothermic nature compared to the reduction of hematite to
iron. The reduction of Mn,0O3 to MnO is accompanied by an enthalpy change of -168.3 kJ/mol,
while it is -98.8 kJ/mol for the reduction of Fe.Os3 to Fe.

2MnO, + H, = Mn,05 + H,0 AHyzoc = —163.7 kJ /mol 2-5
3Mn,05; + H, = 2Mn3;0, + H,0 AH,soc = —1351 kJ /mol 2-6
Mn304 + H, = 3MnO + H,0 AHy50c = —16.6 k] /mol 2-7
Fe,0; + 3H, = 2Fe + 3H,0 AHy5oc = —98.8 kJ /mol 2-8

In Figure 2-4, the phase stability diagram of MnO in the presence of Ho/H20 gas is presented.
The diagram indicates that MnO is the stable phase within a broad temperature range and at gas
mixture fraction of XH, = 0.01-0.99, corresponding to a significantly reduced partial pressure
of oxygen. The diagram also suggests that complete reduction to Mn(l) is theoretically
achievable; however, it is important to note that this would require H> gas of at least 99.999%

purity. Consequently, it is concluded that practical reduction beyond MnO is not feasible [9].
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Figure 2-4: predominant phase stability diagram for MnQ:; in the presence of H:/H>O [9]

From the semester project of mine in the course TMT4500, it was found that pre-reduction by
H> yields metallic iron and MnO from Mn,Oj3 and Fe,Os3 in the ore at temperatures over 500°C
[10]. Mn ore with 4-10mm particle size was pre-reduced in a thermogravimetric furnace by H»-
gas. The samples were heated in Ar-gas to set-point and then exposed to H»-gas for a given time
at the given temperature. The pre-reduction of the Mn ore reached a stationary point at 700°C-
1000°C as seen in Figure 2-5 below, and the reduction was considered completed at these

temperatures. The excess mass loss at 900°C-1000°C was considered a loss of volatiles.
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Figure 2-5: Reduction curves in wt% for Mn-ore in H> gas from 500°C-1000°C [10].

Reduction by C

The final reduction step form MnO to Mn mainly takes place in the coke bed zone in a SAF,
where C is the reducing agent as seen in equation 2-9:

MnO + C(s,l) =Mn+ CO AHy50c = 252.3 kJ /mol 2-9
The AH value from HSC Chemestry showing an endothermic reduction reaction. The carbon

in the above chemical reaction is the solid carbon, or the dissolved carbon in the molten metal.

10



Reduction by Al

In the metallothermic reduction, an oxide can be reduced by metal following general equation
2-10:

AX+B =A+BX 2-10

Where X is the oxygen, fluorine, or chlorine in the oxide, and A and B represent the metals.
Equation 2-11 shows the reduction of MnO by Al in HalMan process and the AH value from
HSC Chemistry showing an exothermic reaction.

3MnO + 2Al = 3Mn + Al,04 AH,sec = —520 kJ /mol 2-11

2.3 Literature review on aluminothermic reduction of MnO

A review of the existing literature identified a few works on the aluminothermic reduction of
MnO by dissolved Al in a continuous galvanizing bath. Some recent studies were found
analyzing the results of the aluminothermic reduction of manganese oxides using real industrial

materials such as Al dross or FeMn slag.

In the following studies pure Al powders were utilized, and either pure MnO, or manganese
ore was employed as the source of manganese oxide [ [11] [12] [13] [14]] . Davila et al. [11]
investigated the influence of magnesium concentration in molten aluminum, derived from
beverage cans, on the aluminothermic reduction process of Mn,O3 particles obtained from
discharged alkaline battery cathodes. The authors demonstrated the crucial role of magnesium
content in the base alloy for aluminothermic reduction. Magnesium enhances the wettability of

aluminum on Mn20s particles, facilitating solid-liquid reactions.

Kavitha and McDermid [12] examined the aluminothermic reduction of MnO using dissolved
Al in the continuous galvanizing process. They concluded that the reduction of MnO is a
relatively simple dissolution reaction, wherein the composition of the MnO layer remains
unchanged throughout the reaction. Additionally, the thickness of the resulting thin Al,O3
reaction product remained relatively constant (3-4 nm) for the different reaction times

investigated. Jiaxing et al. [13] studied the aluminothermic reduction of pure MnO; using

11



metallic Al particles through a thermite process. They investigated the conversion of MnO3 to
Mn20s and Mn3O4 using Differential Scanning Calorimetry (DSC) techniques. They have
provided information about heat generation due to the reactions at temperatures below 900 °C,

but their experiments did not produce metallic manganese.

Sarangi et al. [14] conducted a study on the reaction between MnO2 and Al powders using the
Differential Thermal Analysis (DTA) technique. They determined the heat generation resulting
from aluminothermic reduction reactions, varying the MnO2/Al ratio. Based on the rate of heat
generation observed in DTA experiments, they calculated the reduction reaction rate and
performed a kinetic study. Bhoi et al. [15] investigated the aluminothermic reduction of
manganese ore particles by Al powder to produce ferromanganese, incorporating lime and
fluorspar in their mixtures. They conducted reduction reactions through roasting at moderate
temperatures of 650 °C and 950 °C, resulting in ferromanganese samples with Mn content

ranging from 70% to 80% and Fe content ranging from 12% to 16%.

Kudyba et al. [16] investigated the Aluminothermic Reduction of Manganese Oxide from
Selected MnO-Containing Slags. The study investigated the aluminothermic reduction process
of MnQO from different slags using Al. Two types of industrial Al dross and pure Al were tested.
The results showed that MnO was completely reduced through the aluminothermic process.
The process also led to the reduction of SiO: in the industrial ferromanganese slag. A small
amount of Ca and Mg migrated into the metal phase, depending on the slag’s chemical
composition. The study demonstrated the feasibility of using Al dross and ferromanganese slag
together to produce Mn, Mn-Al, and Mn-Al-Si alloys. The process had low energy consumption
due to highly exothermic reactions at high temperatures. Overall, it was considered that the

process offered flexibility and controllable composition of the produced slag.

In another study by Kudyba et al. [17] the Mn and Al recovery from ferromanganese slag and
Al white dross by a high-temperature smelting-reduction process was studied. In this study, the
recovery of Mn and Al from industrial waste generated during ferromanganese and aluminum
production processes was investigated using a high-temperature smelting-aluminothermic
reduction process. The experiments involved varying the addition of calcium oxide (CaO) flux
and the quality of dross. It was observed that the prepared mixtures of materials resulted in
homogeneous metal and slag products with consistent chemical composition and phase

distribution. However, the separation of the metal phase from the slag at elevated temperatures

12



was more pronounced when a higher amount of CaO was added. Viscosity calculations and
equilibrium studies revealed that optimal separation of metal and slag occurred when the
produced slag had lower viscosity and a lower liquidus temperature. The process successfully
yielded Al-Mn-Si alloys while achieving complete recovery of Mn, Si, Fe, and unreacted Al.
The quality of the metal product was found to be less dependent on slight variations in the dross
quality. However, an increase in the concentration of minor Ca in the metal was observed with
a significant increase in CaO content in the slag phase. The viscosity of the produced slag
containing Al>Oz3 is significantly influenced by the amount of CaO, decreasing as the CaO
content increases. It was found that with more than 30 wt% CaO in the slag, the viscosity could
be optimized to below 2 Poise. The liquidus temperature of the slag phase depends significantly
on the amount of CaO flux added. Adjusting the added CaO between 40-60% above 1500°C
allows for the achievement of a fully molten slag phase. The separation of the molten metal
from the coexisting slag phase is enhanced when the slag has a [11] lower viscosity and a lower

liquidus temperature.
24  Mn-Fe system

Studynig the binary Mn-FE phase diagram is important as the aluminothermic reduction of the
pre-reduced Mn ore may yield MN-FE alloys. Figure 2-6 shows the equilibrium phase diagram
for Mn-Fe calculated from FactStage. The liquid phase is completely miscible, and the liquidus

curve reaches a minimum of 1234°C at 12.7% Fe.

13
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Figure 2-6: The figure shows the binary Fe-Mn system. The data is obtained from the software
FactStage.

Figure 2-6 indicates that in a wide composition range the Mn-Fe alloys are molten at
temperatures below 1500 C. The chemical activities for the Mn-Fe system are shown in Figure

2-7, and shows the system has very small deviations from ideal behavior.

14



l O Y T U (] s Y VLR Vi (i | RN T R M SR VI TRy il [y e S Ay

. ® Gee. 1427 °C -

| A Hultgren.. 1600 °C 2 ]

0.8 - A7 5

J R/ -

- 9,/ L

2 ] '
i X, A7 I

B 061 \\\ o .
§ y \"/ $ :
S PO AN :
> 04 - P Qe -
B ] o NS ‘
Q i Ve \\ N
< 4 A s \‘\ 2 .
0.2 g P \\ -

i A Z \\\‘ L

-~ / \\ -

Vi N
0.0 T | G T T LN PR S R S L TR i B e ped s |
0.0 02 04 0.6 08 1.0
Mole fraction of Fe

Figure 2-7: shows the activity of Mn and Fe by the mole fraction of Fe. The figure is obtained from [1]
based on the studies from Gee et al. [18] and Hultren et al. [19].

2.5  Calcium-aluminat phase diagram

Studying the related phase diagrams for the HalMan process, which are calcium-aluminate and
calcium-manganate slags, is crucially important, and the main binary and ternary slag systems

are studied as follows.
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The presented phase diagram for CaO-Al>Oz shown in Figure 2-8 gives the possible phases
from 30-70wt% Al,0sz also including the semi-stabile phase 12CaO+ 7Al;03, denoted C12A7
[20].
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Figure 2-8: shows the binary CaO-A1,O0; system from 30-70wt% Al>O3 constructed using FactSage,
which includes the C12A7 phase and its melting point according to Hallstedt [21] Nurse et al.,
[22]and Rankin and Wright [23].

Azof et al. [20] found that mayenite, C12A7, occurs at 770°C to 1390°C, and the melting point
for the phase is at 1450°C for a mass ratio of 49:51 for CaO and Al,Oz. The C12A7-phase is
found to be interesting, as it is the most leachable Al>O3-CaO-phase according to [20], and in

therefore interesting in terms of alumina recovery from the slag [17].
2.6 CaO-Al;03-MnO

Figure 2-9 shows the ternary diagram for CaO-Al>03-MnO, and possible phases present at
1400°C at latm.
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Figure 2-9: shows the phase diagram for AL,Os-MnO-CaO at 1400°C from FactStage.

Figure 2-10 shows the phase diagram of CaO-MnO from FactStage whit melting point for MnO
at 1842°C and for CaO at 2572°C. In the system, MnO and CaO are completely miscible in
both liquid and solid-state [1].
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Figure 2-10:sThe phase diagram for CaO-MnQO system.

2.7  Differential scanning calorimetry

A differential scanning calorimeter (DSC) specifically measures “the change of the difference
in the heat flow rate to a sample and to a reference sample while they are subjected to a
controlled temperature program” [24]. In a standard DSC, this is achieved by using
thermocouples to measure the temperature difference between the sample and a standard
sample. In this study, the isothermal mode is used where the heat flow and temperature are
maintained in the sample. The change of heat flow will be zero, while the scanning mode

changes the sample temperature linearly with time. [24]
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DSC analysis outputs are usually represented as a curve where the heat flow rate is plotted
against temperature. A positive change in heat flow, [mW], indicates exothermic behavior in

the sample, while a negative indicates endothermic behavior. [24]
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3. Methodology

This chapter gives an overview of the methods and experimental procedures used in this thesis.
3.1  Experimental procedure

Pre-reduced Mn ore by hydrogen (containing MnO and metallic iron) in dry form and a calcined
lime (CaO) were separately milled to <500um. The lime was kept in a desiccator to avoid
oxidation caused by air moisture. A mixture of MnO and CaO was prepared for each smelting-
reduction test based on the desired stichometry. As Figure 3-1 shows, DSC analysis, smelting,
and smelting reduction with Al were performed, as well as characterization by SEM and XRD

analysis.

XRD, SEM, XRF
Dry Pre-reduced Ore

»
»

A\ 4

>500 micron [ mill }

<500 micron

Dry Lime )
: mixer
<500 micron
Pure Al

\ 4 \ 4 v l

E DSC analysis } E Smelting }[ Smelting-reduction

l Voo

v

Slag Slag Metal
SEM SEM SEM
XRD XRD

Figure 3-1: Schematic illustration of the experimental procedure and materials flow.
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For the smelting-reduction with Al, the variables set was the temperature, processing time, and
stochiometric composition, as shown in Table 3-1. The sample names given in this table will

be used throughout the thesis. The heating rate for all samples was 25°C/min.

Table 3-1: Experimental conditions and sample names for the samples undergoing the aluminothermic

smelting-reduction.

Holding Holding time Composition Sample name
temperature [°C] at target
temperature[h]

1300°C 1 1.0 13-1.0
1300°C 1 0.8 13-0.8
1400°C 1 1.0 14-1.0
1400°C 1 0.8 14-0.8
1500°C 1 1.0 15-1.0
1500°C 1 0.8 15-0.8
1500°C 0.5 1.0 15-0.5h
1500°C 1.5 1.0 15-1.5h

The compositions 1 and 0.8 is given based on the 100% and 80% stichometry of Al;O3
theoretically produced based on the MnO content in the samples and is discussed further in 3.2

Materials.

Table 3-2: Experimental details for samples in DSC/TG and smelting trials of pre-reduced ore-lime

mixtures.
Equipment Holding Holding time | Composition | Sample name
temperature [°C] [h]
DSC/TG 1500 lh 1.0 DSC-1.0
DSC/TG 1500 lh 0.8 DSC-0.8
Resistance 1500 lh 1.0 Smelt-1.0
tube furnace
Resistance 1500 lh 0.8 Smelt-0.8
tube furnace
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3.2  Materials

The materials used in the experimental part of the work were pre-reduced Mn ore in which Mn
is in the form of MnO and Fe is metallic, Lime (CaO) as flux, and pure aluminum (Al) metal.
The Mn ore used was pre-reduced in Hz atmosphere at 700°C-1000°C in the project work for
the course TMT4500 and contains 67.83wt% MnO as seen in Table 3-3 [10]. The iron inclusion
was yielded as metallic Fe at these conditions as indicated previously and is therefore given in

the table in this form. Feil! Fant ikke referansekilden.

Table 3-3: Composition of pre-reduced Mn ore measured by XRF, given in weight percent.

Oxid [wt%] Oxid [wt%]
CaO 6,90 K>0 0,28
MgO 2,83 P20s 0,84
Si02 4,99 SOs3 0,16
ALOs 1,01 SrO 0,22
Fe 13,65 BaO 0,18
MnO 67,83 Cl 0,10
Cr203 0,02 CeOs 0,21
TiO; 0,02 NaxO 0,75
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The lime used in the experimental work contained 90.20 wt% CaO as seen in Table 3-4.

Table 3-4: The composition of lime, CaO, measured by XRF.

Oxid [wi%]
ALO3 0.16
CaO 90.20
FexO3 0.08
K-0 0.03
MnO 0.01
MgO 0.50
Na,O <0.03
P>20s 0.01
SO3 0.24
Si0; 0.19
TixO2 <0.01
LOI 8.45

Primary Al with 99.83% purity was used for the smelting-aluminothermic reduction. The Al

metals also contained minor impurities of Fe and Si as shown in Table 3-5.

Table 3-5: Composition of Al used for smelting-aluminothermic reduction, measured by EDS analysis.

Element [Wt%]
Al 99.83
Fe 0.12
Si 0.04

Pre-reduced Mn ore, and lime (CaO) were milled to <500um separately in a steel ring mill. The
lime was kept in a desiccator to avoid oxidation caused by air moisture. A mixture of them was
then prepared for each test based on the desired stoichiometries to reduce 100% or 80% of MnO
from the pre-reduced ore. These are hereafter called series 1 and 0.8 The CaO addition depends

on the theoretical amount of Al>Osz in the slag that is formed due to the aluminothermic
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reduction of MnO in the two series. The calculated amounts of Al, and CaO needed for a 1009

pre-reduced MnO ore is shown in Table 3-6.

Table 3-6: The theoretical amount addition of Al and CaO at 100% and 80% stoichiometry for a 100g

sample of pre-reduced MnO-ore, all masses in g.

For 100 g Al Ar03 Total Al,O; | CaOin | CaO in CaO Lime

reduced ore needed | produced | in slag final ore needed | needed
slag

Series 1 (100% | 17.20 32.48 33.49 33.49 6.90 26.59 29.48

stoichiometric)

Series 2 (80% | 13.76 25.99 26.99 26.99 6.90 20.10 22.28

stoichiometric)

The complete calculations for the sample masses are given in Appendix 1, and the weighed-in
masses for each sample is found in Appendix 2.

3.3  Sample preparation

For the smelting-reduction and smelting trials, the ratio of CaO and Al>Oz in the final slag was
targeted to CaO/Al,03=1.0 and CaO/Al>03=0.8, based on the XRF analysis of the pre-reduced

Mn ore and lime shown in the previous chapter.

For the smelting, the ore-lime mixture was placed in an alumina crucible with a thermocouple
placed in the sample with a protective alumina tube around it to ensure the protection of the
thermocouple as shown in Figure 3-2.
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(b)

Figure 3-2: Schematic of the sample and crucible for the smelting trials. The setup and figures are
inspired by [17].

A similar setup was used for the samples prepared for aluminothermic smelting-reduction, as
seen in Figure 3-3. Here the MnO and CaO were mixed first, and Al was placed in the crucible.
The sample mass was pressed together, and holes were made in the sample mass to allow gas

to leave the sample.
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Figure 3-3: Schematic of the sample and crucible-for the samples undergoing aluminothermic

smelting-reduction. The setup and figures are inspired by [17].

3.4 Furnace operation

The furnace used for the smelting and aluminothermic reduction was a tube furnace. The
temperature of the furnace is controlled by the thermocouple in the wall and the thermocouple
placed with the sample, and the furnace is heated by a graphite heating element. The prepared
samples were placed in a graphite crucible and attached to the sample rod and placed in the
furnace from the bottom and upwards. Before running the furnace, it was vacuumed and filled
with Ar gas 2-3 times. During the experiment, the Ar gas flow was set to 1 liter per minute, and
the pressure in the furnace to 1300 mbar to prevent air leakage into the furnace. A schematic
drawing of the furnace with sample is shown in Figure 3-4.
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Figure 3-4: A schematic drawing of the tube furnace used for the smelting and smelting reductio-trials.

The target temperatures for the samples were 1300°C, 1400°C and 1500°C and the program for
the target temperature of 1500°C is given in Table 3-7 with a ramp rate of 25°C/min. The high-

power limit used is based on experience from previous users of the tube furnace.
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Table 3-7: The program used for the samples smelted and reduced at 1500°C.

Time interval | End temp. Ramp rate MEC (Ar) High power limit
[min] [°C] [°C/min] [[/min] [%]
12 300 25 1 30
12 600 25 1 40
16 1000 25 1 60
10 1250 25 1 70
8 1450 25 1 80
60 1500 - 1 80
- 25 - 1 0

3.5  Microstructural analysis

To investigate properties in SEM and EDS, samples of the slag and the metal from the
aluminothermic reduction were prepared by mounting them into a resin and polished using a
Struers Tegramin-30. The mounted samples were covered with aluminum foil, and carbon tape
was used between the foil and the sample surface to ensure electrical contact, the samples were
then coated with carbon to ensure electrical contact with the entire sample surface.

The microstructure of the different samples was examined in SEM, run with a Hitachi S-5500
using 15 kV acceleration voltage. Pictures of the surface were taken from 100x to 4000x

magnifications.

3.6  Phase analysis

The XRD analysis was performed on the produced slags from the aluminothermic reduction
experiments. One XRD sample was prepared from the calcinated ore in a muffle furnace and
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one sample from each pre-reduced ore sample. All these samples were prepared from a portion
of the samples via milling in a ring mill mentioned above. The obtained fine powders were then

put in the dedicated XRD sample holder.

The instrument used was the D8 ADVANCE DaVinci with CuKa radiation for 30 minutes, 10-
80°, and slit size 0.2. The results from the analysis were processed using the software
DEFFRAC.EVA.

Mapping and point analysis were done by EDS in SEM. This was done for all samples at 4000x
magnification and at a working distance of 10.

3.7 Differential scanning calorimetry

Initially, Differential thermal analysis (DTA) was planned for investigating thermal properties,
such as the smelting point, of the ore with CaO addition. Due to technical problems, DTA
analysis was not available during the project period. DSC was therefore performed to acquire
some thermal data for the samples. Two samples with MnO and CaO were prepared for DSC
analysis. To ensure that no reaction occurred between the sample mass and crucibles platinum
crucibles, shown in Figure 3-5 (a) were used for the analysis. The setup for the crucible and

sample for DSC is seen in (c), where the white crucible is a reference sample.

Vo :"‘
AT ) ,
_ g

N

(@) (b) ©

Figure 3-5: The platinum crucibles used, (a), crucible loaded with the sample, (b), and crucible with
the sample prepared for analysis, (c), with DSC.
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The samples were heated to 1500°C with a ramp rate of 25°C/min as seen in Table 3-8, similar

to the samples smelted in the resistance tube furnace.

Table 3-8: The temperature program used for DSC and TG analysis is shown in the table.

Temperature Temperature rate Holding time Total time per step
[°C] [°C/min] [min] [min]
25 = 1500 25 - 59
1500 - 60 -
1500 - 25 25 - 59
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4. Results

4.1  Flux-smelting behavior of the pre-reduced ore

4.1.1 Differential scanning calorimetry

DSC was performed on two samples, one with 1 molar relationship and one with 0.8 molar for
CaO/Al;0s. The results of the DSC analysis are displayed in Figure 4-1. Both samples show
somewhat similar behavior with temperature changes, and a sharp drop of power flow at about
400 °C is observed. A new peak is detected for both samples at about 1100°C, followed by a
voltage drop with increasing temperature, and a new peak again at the setpoint of 1500°C is
appeared. Throughout the holding period, the DSC value increases slightly for both samples.
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Figure 4-1: The DSC curves smelted MnO-CaO with 1 and 0.8 molars for CaO/Al>0:s.

It was observed that the samples shrank into a pellet-like form after DSC analysis as seen in

Figure 4-2, and both samples were sintered to the crucible.
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Figure 4-2: Photo of the sample with 1 molar ratio of CaO/Al>O; after DSC.

4.1.2 Microstructure of flux-smelted pre-reduced ore

The smelted pre-reduced ore-lime mixture of CaO/Al,03=1.0 shows three clear phases, as seen
in Figure 4-3. Fe is present in the phase formed as small spherical particles, close to a larger
area phase, also spherical, mainly containing Mn and O. Fe, Ca, and Mg was also present. The

third phase contains Ca, O, and Al and Si.

32



| l WO=101mm Mag= 400KX

Figure 4-3: Microstructure and EDS mapping of MnO-CaQ in I molar relationship

For the smelted pre-reduced ore-lime mixture of CaO/Al,03=0.8 only two phases were detected
as seen in Figure 4-4. The light phase contains Fe, with some O, Al, and Mg present. The darker

phase contains Mn and Ca together with O. Mg, Al and Si is also detected here.
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Figure 4-4: Microstructure and EDS mapping of MnO-CaQ in 0.8 molar relationship

4.1.3 Phase analysis of the smelted pre-reduced ore

Figure 4-5 shows data from XRD analysis of the smelted pre-reduced ore-lime mixtures.
Similar phases were detected at both CaO/Al.Os ratios, but a minor phase of CaAl.Os was
detected in the 1 molar phase, where more lime was added.
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Figure 4-5: XRD pattern of smelted pre-reduced ore-lime mixtures.

The three phases found in the 1 molar pre-reduced ore-lime mixture were investigated further

by point and area analysis from several areas around the sample surface, and Figure 4-6 shows

typical results.

EHT=1500kv  Signal A= SE2 Date :21 May 2023
WD=100mm Mag= 200KX Insovation ané Creativity
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Figure 4-6: EDS areas analyzed from the smelted ore-lime mixture in CaO/Al,03=1.
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Table 4-1 shows the results from the point and area analysis of the points indicated in Figure
4-6. The raw data in the EDS analysis are elemental, hence the elements expected in oxide form
were converted into oxide form regarding the XRD analysis results, and all values were
normalized. Area 1 mainly contained Fe, area 2 had a high concentration of MnO, with Fe and
CaO. The third phase mainly contained CaO and also Al>Oa.

Table 4-1: The oxides/elements analyzed in the areas given in 6.

Oxides/elements Phase 1 Phase 2 Phase 3

MnO 0.40 48.77 4,57

Fe 98.11 15.72 2.31

CaO 0.72 11.26 58.77

SiO; - 0.07 13.31
MgO - 3.18 0.25
AlLOs - 0.05 20.01
K20 - 0.09 0.64

P - 0.00 0.13

The two phases found in the CaO/Al203=0.8 molar pre-reduced ore-lime mixture were also
investigated further by point and area analysis from several areas around the sample surface,
and Figure 4-7 shows the results.

EHT=15.00kv  Signal A = SE2
WD =10.0 mm Mag= 500X

EHT=15.00kv  Signal A = SE2 Date :21 May 2023
— WD=100mm Mag= 200KX Inaevation asd Creatiy

(a) (b)

Figure 4-7: The areas analyzed insmelted pre-reduced ore-lime with CaO/Al,03 = 0.8 .
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Table 4-2 shows the results from the point and area analysis. The raw data in the EDS analysis
are elemental, hence the elements expected in oxide form were converted into oxide form, and
all values were normalized. Phase 1 mainly contained Fe, while phase 2 mainly contains MnO
and CaO.

Table 4-2: shows the oxides/elements for 0.8 MnO-CaQ in the areas given in Figure 4-7

Oxides/elements Phase 1 Phase 2

MnO 0.82 71.42
Fe 98.38 7.38
CaO 0.64 19.70

SiO - 0.23

MgO - 0.97
Al,O3 - 0.12
K>0O - 0.17

P - 0.00

4.1.4 Mass loss and visual observations

The mass reduction of samples during the analysis was obtained by TG curves shown in Figure
4-8. It was found that the sample with a 1 molar ratio of CaO/Al>O3 achieved a weight reduction
of 1.16% while the 0.8 molar ratios of CaO/Al.O3 achieved 1.34% weight reduction. The largest
drop in the TG-curves was observed around 400°C. During cooling, a spike is observed for both
samples at 1200°C.
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Figure 4-8: The TG curves from the DSC analysis is presented for samples with 1 and 0.8 molar for
CaO/Alzog.

The mass loss after smelting in a tube furnace is given in Table 4-3 and was found to be 0.6wt%

for the CaO/Al,03=1 molar ratio and 0.71wt% for the CaO/Al,03=0.8 ratio.

Table 4-3: Mass loss of smelted pre-redued ore-lime mixtures

Sample Mass loss [g] Mass loss [wt%]
MnO-CaO 1 0.21 0.66
MnO-CaO 0.8 0.24 0.71

Figure 4-9 shows the samples after smelting in alumina crucible in the tube furnace. It was
observed that both samples shrank in size and formed a large single pellet-like shape, and the
samples were sintered ore gotten semi-molten. The surface of the samples was somewhat
different, the CaO/Al>Os=1 ratio pellet had a shiny surface, and some green residue was left at
the bottom of the crucible. One side of sample was stuck to the crucible as seen in picture (b).
The 0.8 ratio sample had a more powdery-looking surface and was easily removed from the
crucible, obviously indicating less sintering/melting. There was no green residue in this

crucible.
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Figure 4-9: The smelted pre-reduced ore-lime samples, where (a) and (b) is the 1 molar relationship

and (c) and (d) shows the 0.8 molar target CaO/Al;Os.
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4.2 Aluminothermic smelting-reduction of pre-reduced ore
4.2.1 Microstructural analysis

Figure 4-10 (a) shows an overview picture of the sample surface with a metal phase surrounded
by slag, and the alumina crucible to the right. In picture (b) the microstructure of the slag can

be studied more closely. Two clear phases, one dark, and one light, are observed.

Signal A = SE2 Date 8 May 2023
Mag= 200KX

EHT=1500kV  Signal A= SE2 Date :8 May 2023 NTNU
WD=100mm Mag= 100X Ineovation and Creativity

}_| WD =10.0 mm

(a) (b)
Figure 4-10: The microstructure of 13-1.0 sample at 100x, (a), and 2Kx, (b).

In Figure 4-11, mapping of an area with metal and slag phases is given. The metal phase
contains Fe, Mn, and Si. The slag phase consists of Al and Ca with oxygen. The brighter ting

phase in the slag contains similar elements as the metal phase.
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Figure 4-11: Elemental EDS mapping of metal and slag in sample 13-1.0.

Figure 4-12 two phases are observed in the slag for the 13-0.8 sample at 500x magnification.

The phases can be more clearly observed in picture (b).

100 4 EMT=1000KV  Signal A= SE2 Date 28 May 2023 NTNU 10 pm EMT=1000KV  Signal A= SE2 Date 28 May 2023 @ NTNU |
F——1 wo=100mm wag= 500X 7 ‘ WO=100mm Mag= 200KX s me Cusea |
(a) (b)

Figure 4-12: The microstructure of slag sample from 13-0.8 sample.

Figure 4-13 shows the EDS mapping of the phases observed in
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Figure 4-12. In the bright phase, Mn and Fe are observed. The surrounding phase contains Al
and Ca. Oxygen, Si, and Mg were found in both phases.

10 pm ENT=1500W Signal A= SE2 Date 21 May 2023
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Figure 4-13: Elemental EDS mapping of slag phase for sample 13-0.8

Figure 4-14 shows an area of the slag phase for the 14-1.0 sample. In the picture (b) two phases
are observed.
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Figure 4-14: The 14-1.0 sample microstructure.

The two phases in 14-1.0 sample analyzed with EDS mapping show that the light phase contains
Mn, Fe, and Si. In the darker phase Al is observed, Ca is present in both of the dark phases,

shown in Figure 4-15.

EHT =15.00kV  Signal A= SE2
WD =10.0 mm Mag= 2.00KX

Figure 4-15: Elemental EDS mapping of sample 14-1.0.
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The metal and slag phases in 14-0.8 are shown in Figure 4-16. Here the slag contains three

phases with regard to the contrast differences.

.
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Figure 4-16: The microstructure of 14-0.8 sample.

The same microstructure for the slag was found throughout the sample and EDS mapping of an
area is shown in Figure 4-17. One bright phase containing Mn and Fe is seen, as well as two
darker phases where both seem to contain Ca, together with Al in the darkest phase.
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Figure 4-17: Elemental EDS mapping of 14-0.8.

For the 15-1.0 sample, the metal and slag phase can be observed in Figure 4-18 (a). It is
observed that smaller metal phases are forming close to the large metal phase. In the slag, three

phases are observed.
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Figure 4-18: The microstructure of 15-1.0 sample.
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EDS mapping, Figure 4-19, of sample 15-1.0 shows that the bright phase contains Mn and Fe.
Oxygen, Ca and Al are absent in the metal phase. K is observed in the metal phase. The slag

contains two main phases, dependent on the Ca and Al content. A fourth phase of Mg and O is

observed close to the metal phase.

¢ Creativity

20 pm EHT =1500kV  Signal A= SE2 Date :26 Apr 2023
WD =10.0 mm Mag= 200K X

Figure 4-19: Elemental EDS mapping of sample 15-1.0.

Figure 4-20 (a) gives an overview of the slag phase of the 15-0.8 sample where the darkest
phase was observed as irregular shapes with flat surfaces, or crystals. In figure (b) the brigher

area includes two phases.
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Figure 4-20: The microstructure of the 15-0.8 sample.

Elemental EDS mapping of sample 15-0.8 is shown in Figure 4-21 where the darkest phase is
shown to include Al and O. The brightest phase includes Mn and Fe. The third phase includes
Ca, Al, O, and Si. A phase of Mg and O is observed in the bottom right corner.
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Figure 4-21: Elemental EDS mapping of 15-0.8.



Figure 4-22 shows the EDS mapping for the slag of the 15-0.5h sample. Three phases were
observed. Mg and O were found in squared shapes and Fe and Mn were also included here. Mn,

Fe, and Si were observed as a second phase, and lastly, Al and Ca are observed in a phase with

€ aa o e M
EHT=15.00kV  Signal A= SE2 Date :26 Apr 2023
WD=101mm Mag= 200KX

Figure 4-22: Elemental EDS mapping of 15-0.5h sample.

Figure 4-23 shows the metal and slag phase microstructure for the 15-1.5 sample. The slag

phase contains three visible phases.
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Figure 4-23:The microstructure of the 115-1.5h sample.

Figure 4-24 shows the EDS mapping of the slag and metal phase for the 15-1.5h sample. Mn,
Fe, and some O and Si are observed in the metal phase. The slag contains three phases where
Ca, Al, and O are observed in the darkest phase, as well as in the two other phases. The brighter

slag phase also contains Si. The third phase mainly contains Mg and O as smaller particles.
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Figure 4-24: EDS mapping of 15-1.5h

4.2.2 Produced metals compositions

The metal compositions were found by EDS point and area analysis performed in metal areas
for the samples. 3-4 large areas of the metal phase were analyzed for each sample. This data
was the normalized and an average composition for the metal phase of each sample were
calculated, and presented in Table 4-4. For sample 13-1.0, Ca, Al, Si, and O measurements are
at the highest, and the Mn-Fe content was 79.48%. For the other samples, the metal phase’s
Mn-Fe content varied from 97.44 to 99.09%
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Table 4-4: The measured compositions of metals in the samples.

Element | 13-1.0 | 13-0.8 | 14-1.0 | 14-0.8 | 15-1.0 |15-0.8 | 15-0.5h | 15-1.5h
Mn 61.67 | 69.80 65.44 64.67 67.76 62.90 68.13 68.12
Fe 17.81 | 27.64 33.61 33.86 30.97 36.01 30.96 30.28
Mn-Fe 79.48 | 97.44 99.05 98.53 98.73 98.91 99.09 98.4

O 3.34 1.83 0.70 0.90 0.42 0.15 0.05 0.19

Si 4.60 0.60 0.83 0.27 0.52 0.89 0.72 1.35
Mg 0.04 0.02 0.03 0.07 0.13 0.01 0.00 0.01
Ca 6.08 0.03 0.01 0.10 0.18 0.00 0.12 0.02

Al 16.45 | 0.07 0.02 0.12 0.05 0.03 0.01 0.02

K 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.01

4.2.3 Slag composition and phases

Like the metals compositions, the overall slags composition were found by EDS point and large

area analysis performed in slag areas for the samples. The average was made based on 3-4 area

scans of the slag phase and is presented in Table 4-5.

Table 4-5: The measured compositions of oxides in the samples.

Oxide | 13-1.0 13-0.8 14-1.0 14-0.8 15-1.0 15-0.8 | 15-0.5h | 15-1.5h
ALOs | 48,86 35,44 29,20 42,22 34,16 44,03 | 35,98 44,76
CaO 24,12 23,13 23,74 36,93 30,16 21,34 | 29,35 24,45
Si02 | 3,02 0,80 1,44 4,22 6,35 3,12 3,44 3,09
MnO | 15,36 33,11 22,31 31,41 8,82 11,48 | 6,53 7,77
MgO | 1,10 0,25 1,01 0,75 0,35 0,62 0,32 0,34
K20 0,50 0,64 0,47 0,39 0,18 0,54 0,37 0,31

P 1,23 0,02 0,54 0,03 0,03 1,07 0,54 0,98

Metallic Fe was also found in the overall area scan of the slag phase and the results are presented

in Table 4-6.
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Table 4-6: Metalic Fe was also present in the slag.

1310

1308

1410

1408

1510

1508

15-0.5h

15-1.5h

Fe

6.84

7.64

7.26

7.27

7.64

6.31

0.59

5.95

4.2.4 Phase analysis of produced slags

Results from XRD phase analysis are presented in Figure 4-25 for the slag phases of the samples

after aluminothermic reduction. Similar phases were found in all the samples.
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Figure 4-25: XRD phase analysis of samples and the identified phases after aluminothermic smelting

reduction.
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4.25 Mass loss and visual observations

The color of the produced slags was green for all samples after the aluminothermic smelting
reduction, and the intensity of the color was somewhat different for the different processing
times and temperatures. In Figure 4-26, samples 13-1.0 and 15-1.0 are compared, where the
first, (a), was observed to have a stronger and darker green color than the second one, (b), where
some parts of the slag had a light green color and white color. As seen in (a), the metal phase
formed several droplets throughout the slag, while the 15-1.0 sample had one large metal
droplet. All samples can be seen in Appendix 3.

(@) (b)

Figure 4-26: shows two samples, (a) and (b), after pricessing. Sample (a) is 13-1.0 and (b) is 15-1.0-1h
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The mass loss for the samples varied between 1.21-5.15wt% as displayed in Table 4-7.

Table 4-7: The mass losess of samples after aluminothermic smelting reduction.

Sample Mass loss [g] Mass loss [%]
13-1.0 0.28 1.92
13-0.8 0.13 1.21
14-1.0 0.58 3.51
14-0.8 0.55 5.15
15-1.0 0.58 3.93
15-0.8 0.33 1.44
15-0.5h 0.42 2.26
15-1.5h 0.59 3.40
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5. Discussion

As presented before 4 smelting and 8 smelting-reduction tests were executed. The effect of
chemical composition on smelting and smelting-reduction, as well as temperature and holding

time for aluminothermic smelting reduction are discussed as follows.

5.1  Effect of temperature on the flux-smelting on pre-reduced ore

For both the 1 molar relationship and 0.8 molar relationships for CaO/Al>O3, endothermic
behavior was observed during heating in DSC. The drop at 400°C could be in relation to mass
loss observed from the TG-analysis, where a drop in the mass is observed at this temperature.
The mass loss in this area presumably is loss of volatiles and/or structural moisture. It is possible
to have small amount of Ca(OH)2 due to the exposure of CaO with air and interaction with the
room humidity, and the decomposition of Ca(OH)2 to CaO and H20(g) occurs at these
temperature ranges. Between 1400-1500°C a further reduction in the power flow was observed,

but no clear indication of melting can be analyzed from this.

From the phase analysis, similar phases were found for both samples smelted in the tube
furnace. A phase CaAl,O4 was also observed for the 1 molar CaO/Al>0s. The mass fraction of
Al>O3 in the pre-reduced Mn ore and Lime are 1.01wt% and 0.16wt%, respectively, and the
CaAl204 phase was detected with 20.01% Al2Os. The crucibles used in the resistance tube
furnace were Al>Os-crusibles and some diffusion of Al,O3 might have occurred into the smelted
Mn-ore and Lime mixture, giving some Al>Os into the slag. When looking at the sample in
Figure 4-2 the sample is clearly sintered to the crucible, and the green residue suggests some

reaction with Al,Os and MnO could have occurred.

As seen in Figure 2-10, the MnO-CaO phase diagram shows MnO and CaO as completely
miscible in both solid-state and liquid-state. For the 1 molar CaO/Al,O3 sample physical
observations and phase analysis suggests that the sample was smelted. The 0.8 molar ratio
CaO/Al>0O3 sample showed similar phases from XRD analysis, but physical observations of the
sample suggested the sample components were sintered together, and not smelted. This

suggests solid state diffusion and surface melting/fusion occurred.
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The difference in the smelting behavior for samples 1 and 0.8 was also observed in the
microstructural analysis. As expected from the phase diagram in Figure 2-10, MnO-CaO solid
solutions was found in both samples and this indicates that the pre-reduced fine ore particles
interacted with the fine CaO particles and a dominant CaO-MnO solid solution has been formed
as the corresponding phase diagram (Figure 2-10) indicate. The other observed phases in the
XRD (Figure 4-5) and microstructure of these slags (Figure 5-1), such as Ca2SiO4 and
FeAlSiO, are also predicted regarding the phase diagrams of CaO-Al;03-SiO, and CaO-MnO-
AlOs.

Date :21 May 2023
WD=100mm Mag= 200KX naoration ané Creativity

EMT=1500kV  Signal A= SE2 Date :21 May 2023 NTNU
WD=100mm Mag= 200KX Inseration asg Creatv

(a) (b)

Figure 5-1: The smelted Ore-lime samples is presented with phases found from XRD and EDS
mapping, where (a) is the 1 molar CaO/Al,Os and (b) is the 0.8 molar CaO/Al;O;.

5.2  Metal yield and mass loss in aluminothermic reduction trials

All the samples undergoing aluminothermic smelting reduction obtained a molten state and
then solidified, resulting in a slag and a metal phase in each sample. This was also achieved in
samples at 1300°C, although some overshooting of temperature in the furnace during heating

caused higher temperatures in the sample, probably initiating the aluminothermic reduction.
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The composition of the produced metals is shown in Figure 5-2 where the samples at 1300°C

has a lower content of Mn and Fe than the samples processed at higher temperatures.

® CaO/Al203 =1 Ca0O/Al203=0.8
71

1300°C, 1h
70
o 1500°C, 1,5h 0
68 - 130 g 1500°C, 0,5
X 67 .
E 66 1500°C, 1h  1400°C, 1h
S 65 L
64
1400°C, 1h
63 1300°C, 1h
62
‘ O,
61 1500°C, 1h
15 20 25 30 35 40

Fe [wt%]

Figure 5-2: The Mn and Fe content in the metal phase form Table 4-4 is showed in the plot.

The samples with the 1 CaO/Al>Oz were found to have a similar Mn-Fe ration at 1500°C. For

the 0.8 CaO/Al20s3, the increase in temperature led to an increase of Fe in the metal phase.
5.3  Effect of the temperature on aluminothermic reduction

As mentioned, all the samples underwent an aluminothermic smelting reduction. The reduction
probably occurred to a smaller extent at 1300°C since a larger amount of oxygen was found in
the phase analysis of these samples. This was also visible as the slag from the lower-temperature
samples was observed to have a clearer and stronger green color than the samples at higher

temperatures.

The temperature had a clear effect on the yield of metal from the slag, as seen in Figure 5-3,
where the wt% of MnO left in the slag increases for the 1 molar and 0.8 CaO/Al,Oz samples as

the processing temperature is raised.
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Figure 5-3: The Mno and Al;Os present in the slag presented in Table 4-5 is shown as a function of

temperature.

The observations of the change in green color also align with the findings from the EDS area
scans of the slags.

5.4  Effect of processing time

Figure 5-4 shows that the metal phase assembled into one big metal droplet at this temperature
in the bottom of the crucible, making it easily separatable from the slag. The color observed in
the slag for (c), held at 1.5h at 1500°C, was slightly lighter than (a) and (b).

(a) (b) (©)

Figure 5-4. Pictures of the samples reduced at 1500°C the I molar CaO/Al;Os, where (a) had a
holding time of 0.5h, (b) a holding time of 1h, and (c) a holding time of 1.5h.
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When looking at the composition of the slag measured by EDS area scan, the sample processed
for 1.5h contained the least MnO, as seen in Figure 5-3. As the color of the slag and the EDS
area scan suggests, the yield of Mn is not 100% at these conidiations. Obviously, the rate of the
aluminothermic reduction is quite high and the process time did not affect the proceed of

reaction significantly.

5.5  Characteristics of the produced slags

No free particles of AlO3 or CaO were observed in the microstructural analysis of the slag,
indicating that the mixing of these compounds was complete during the aluminothermic
reaction. This suggests that the slag composition is overall homogeneous, confirming that all
the material became fully molten due to the temperature rise as significant heat is generated
during the aluminothermic reduction. No unreacted Al was found in the phase analysis of the
slag, even though some MnO was still present in the slag phase. A little unreacted Al in the

system has been dissolved in the produced Mn-Fe alloys as presented in Table 4-4.

Mayenite, C12A7, was found in the phase analysis by XRD, which corresponds to the findings
of [17] [20]. This is seen as favorable since the C12A7 phase is the most leachable CaO-Al,O3

phase and is interesting for further use of the slag in alumina recovery by leaching [17].

Small droplets and areas of metallic phases were found in the samples at lower processing
temperatures. As seen in Figure 5-5 (a), light particles are clustered together in the slag around
the metal phase. For (b), at a higher processing temperature, these particles are not seen to the
same extent, giving a higher metal yield agreeing with the findings from the EDS area scans.
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Figure 5-5: The microstructure of the slag phase close to the metal phase is presented for 1 molar and
CaO/Al,03 samples at temperature 1300°C (a) and 1500°C(b).

The existence of the tiny metal particles in the slag matrix may be due to the not enough time
for their settling or the viscosity of the slag. Obviously, lower viscosity will enhance the metal

droplets movement to the crucible bottom.
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6. Conclusions

¢ In this master thesis, experimental work was done to study the smelting and smelting
reduction of a pre-reduced Mn ore by lime and Al metal, and the following conclusion
can be presented.

e Smelting occurs for more CaO addition and for higher targeted CaO/Al,Osratio (equal
to 1) at 1500°C.

e Sintering occurred for 0.8 molar CaO/Al,O3 sample at 1500°C.

e Metallic Mn was yielded for all samples undergoing aluminothermic smelting
reduction from 1300-1500°C.

e The extent of reaction was lower for aluminothermic reduction occurring at 1300°C.

e The processing time was found to have some effect on the extent of reduction, but the
increased processing temperature had the biggest effect on MnQO left in the slag.

e The leachable mayenite (C12A7) phase was found in the produced slags as the main
Al203-containing compound, and it is proper for further alumina recovery from the

slags.
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7. Further work

e DTA to obtain more accurate information about smelting behavior and smelting points
for pre-reduced Mn-ore and the effect of lime addition.
e Further investigation into effect of lime-flux composition on reaction.

e Further investigation into temperature effect on metal yield for the reaction.
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Appendix

Appendix 1

Calculation of sample masses

Oxid [wt%] Oxid [wt%]
CaO 6.90 NaxO 0.75
MgO 2.83 K.O 0.28
SiOz 4,99 P>0Os 0.84
Al,O3 1,01 SO3 0.16
Fe 13.65 SrO 0.22
MnO 67.83 BaO 0.18
Cr03 0,02 Cl 0,10
TiO3 0,02 CeO, 0,21

Composition 1:

Theoretical yield of Mn form MnO based on reduction by Al:

wt%MnO * 2 * molar mass(Al)

Alumina produced:

3 * molar mass (MnO)

67.83g * 2 * 26.98mol

3 x 71mol

toAl added to mix » molar mass(Al,03)

Total alumina in slag

2 * molar mass(Al)

17.20g * 101.96mol

2 * 26.98mol

= Al added to mix

=17.20g

= Al,0; produced

= 32.48¢



Alumina produced + alumina in pre reduced MnO

32.48g + 1.01g = 33.49¢g

CaOiinslag
Ca0 in slag = Al,03in slag

33.49g = 33.40g

CaO addition needed
Ca0 in slag — CaO0 in pre reduced MnO

33.49g — 6.90g = 26.59g

Lime addition based on calculated CaO addition

CaO adddition * CaO content in lime

26.59g * 0.90 = 29.48¢g

Composition 0.8:

Theoretical yield of Mn form MnO based on reduction by Al:

wt%MnO * 2 x molar mass(Al)

3 * molar mass (MnO)

* 80% = Al added to mix

67.83 * 2 * 26.98
3%x71

* 80% = 13.76

Alumina produced:

Vi



toAl added to mix » molar mass(Al,03)

=A
2 * molar mass(Al) [,05 produced

13.76g * 101.96mol
2 * 26.98mol

= 25.99¢g

Total alumina in slag
Alumina produced + alumina in pre reduced MnO
25.99g + 1.01g = 26.99g
CaO inslag
Ca0 in slag = Al,03in slag

26.99g = 26.99g

CaO addition needed
Ca0 in slag — CaO in pre reduced MnO

26.99g — 6.90g = 20.10g

Lime addition based on calculated CaO addition

CaO adddition * CaO content in lime

20.10g * 0.90 = 22.28g
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Appendix 2

Sample masses

Experiment | Pre-reduced | Lime | Aluminium | Total weight | Temperature | Comment
nr. ore [g] [g] [g] of sample [°C]
[g]

1 10.70 2.23 1.84 14.77 1300 1

2 8.29 1.67 1.14 11,10 1300 0.8

3 11.74 262 202 16.38 1400 1.0

4 7.92 1.59 1.09 10.60 1400 0.8

5 10.64 2.37 1.83 14.84 1500 1.0

6 16.72 3.73 2.30 22.75 1500 0.8

7 13.72 2.37 2.36 18.39 1500 1.0 -
Holding
time 0.5h

8 12.38 2.13 2.76 17.27 1500 1.0 -
Holding
time 1.5h
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Appendix 3

Pictures of samples after aluminothermic reduction

13-1.0 13-0.8
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