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Abstract

Aluminothermic reduction is gaining renewed interest as an alternative processing route for
the circular economy. A unique Na,O-fluxed MnO; ore formulation with a small quantity
of carbon reductant was applied to ensure rapid pre-reduction to MnO. This approach
negates the pre-roasting step. The Na,O flux enables the formation of the water-soluble
compound, NaAlO,, which enables recycling of Al,O3 for aluminium production. The
addition of copper as a collector metal improved the overall alloy yield from 43% to 57%,
which includes a 6% increase in Mn recovery to the alloy. The product alloy is a medium-
carbon Fe-Mn-Si—Al-Cu complex ferroalloy that can be used as a steelmaking ferroalloy
additive. The ferroalloy consists of 54% Mn, 19% Fe, 2.1% Si, 2.6% Al, 21% Cu, and 1.2%
C. This carbon content is modulated by low-carbon solubility copper, despite the use of a
graphite crucible. The formulated slag exhibits high Al,O3 solubility, enabling effective
alloy-slag separation from the high Al,O3 content slag of 52% Al,O3. Gas—slag-metal
equilibrium calculations for 1650 °C-1950 °C overlap with the experimentally produced
alloy chemistry in %C and %$5i, but not the %Al, as the uptake of aluminium exceeds the
equilibrium calculation at 0.03-0.17%.

Keywords: aluminothermic; alloy yield; manganese ore; circular economy; collector metal;
sustainable processing; copper; complex ferroalloy; flux

1. Introduction

Aluminothermic reduction in MnO;-type manganese ore is applied to produce low-
carbon ferromanganese alloy. The MnQO, ore is pre-roasted to convert MnO, to lower
oxidation state oxides of Mn,O3; and Mn3Oy to avoid violent heat release from aluminother-
mic reduction in MnO, [1]. The negative consequences of violent heat release are substantial
metal losses due to vaporisation and the safety hazard of the likely expulsion of molten
materials. The ore feed requirement includes a minimum manganese content of 46% Mn,
a minimum manganese-to-iron ratio of nine, and a phosphorus content limited to 0.12%
P. Furthermore, this pure ore is fluxed with CaF, to enable good alloy-slag separation.
The aluminothermic method was applied at the scale of 3-10 kg feed mixture and pro-
duced alloy of 70-84% Mn, 13-16% Fe, 1-10% Si, <0.03% Al, and <0.24% P, with a metal
yield of 58-64% [1]. In addition to the use of MnO; ore, the aluminothermic reduction in
MnO-containing slags attracts increased research attention [2,3]. This is because the Al,O3
product from the aluminothermic reduction can be recycled for use in the Hall-Héroult
process after undergoing hydrometallurgical treatment [4,5]. Furthermore, this processing
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approach limits CO, emissions if the electricity input to the Hall-Héroult process is sourced
from non-fossil fuel energy sources. This processing alternative is also attracting research
interest in the recycling of waste streams, such as end-of-life lithium-ion batteries and waste
iron oxides, including mill-scale [6-8].

By changing the slag design to utilise sodium oxide flux, instead of CaF, or CaO-
AlyO3-based slags, the Al;O3 product from the aluminothermic reduction process can be
recycled with ease due to the formation of NaAlO; as a water-soluble compound [5]. In
recent work, the application of sodium oxide fluxed aluminothermic reduction in MnO,
ore, assisted by small quantities of coal addition and collector metals of Si and Cr, was
demonstrated [9,10]. The results are summarised in Table 1. It is observed that the addition
of Si and Cr collector metals improved the alloy yield and reduced the alloy carbon content
to levels below the alloy carbon saturation limit. A small quantity of coal was added
to reduce MnQO, to MnO before the aluminothermic reaction starts to avoid the violent
reaction of MnO; with aluminium. In this way, the additional step of pre-roasting the
MnO; ore, as described by Bhoi et al. [1], was removed.

Table 1. Results from sodium oxide-fluxed aluminothermic reduction in MnO, ore [9,10].

Feed Mixture %Mn %Fe %Al  %C %Si  %Cr %Alloy Yield Saturation %C at 1550 °C
MnO,-C 66 28 0.4 3.5 14 0 43 6.5
MnO,-C-Si 66 22 14 22 8.7 0 56 42
MnO,-C-Cr 57 18 1.5 22 3.4 18 68 6.9

The application of aluminium-silicon-manganese (AMS), ferromanganese—aluminium
(FMA), and ferrosilicon-manganese—aluminium (FAMS) complex ferroalloys in conven-
tional steelmaking plants is more efficient than adding individual deoxidiser alloys [11,12].
These alloys are produced in electric furnaces operated at high temperatures using coke as
a reductant to reduce Al,O3 to Al [11]. However, this processing option does not account
for circular processing and CO, emissions reduction. Table 2 summarises the composition
bands of complex ferroalloys in comparison to ferromanganese alloys [11-13]. Thermic
reduction with aluminium or silicon as reductant is a well-established method of producing
low-carbon ferromanganese from a molten slag [14]. Medium-carbon ferromanganese
(MCFeMn) can be produced by thermic reduction or via oxygen refining of high-carbon
ferromanganese (HCFeMn). Silicothermic reduction of manganese from slags is performed
in an electric furnace. The extra arc heat is required because insufficient exothermic heat
is generated in the silicothermic reduction reactions [14]. Low-carbon ferromanganese
(LCFeMn) is only produced with silicothermic reduction because of excessive manganese
losses in oxygen refining. Complex reducing agents in the form of furnace dusts, AlISiMn
and FeSiAl, can be applied to produce Fe-Cr-Mn-Si alloys from low-grade manganese
and chromium ore [15]. Electric arc furnace energy is applied, since insufficient chemical
energy is available to sustain a SHS (self-propagating high-temperature synthesis) process.
This processing approach is similar to the recycling of manganese slag with aluminium
dross [2,3].

Although the aluminothermic process was pioneered in 1859 by Beketov, research con-
tinues on the optimal application arrangements of the aluminium reduction reactions [16].
It has been demonstrated that the chemical composition and particle size of the feed
material significantly influence the aluminothermic reaction rate and extent, thereby de-
termining the maximum attained temperature and the final product proportions and
chemistries [1,7-10,17,18]. Therefore, empirical testing of the aluminothermic reaction
assembly is required to reach the optimum reaction conditions. For example, in the reaction
of MnO,—-Al at laboratory-scale, it was found that the reaction mixture did not react under
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Argon gas, and the reaction only proceeded in the presence of air [17]. Another example is
the application of aluminothermic reduction in various welding processes to add extra heat
energy to the welding process via reaction with oxides, such as CuO, MnO,, and Fe;O3, in
self-shielded flux-cored arc welding (FCAW-S), which requires careful control of the input
formulations [19-21].

Table 2. Ferromanganese alloy compositions (mass%); n.s. = not specified [11-13].

%Mn %Si %C %P %S %Al
HCFeMn (A)  78-82 <1.2 <75 <0.35 <0.02 n.s.
MCFeMn (A) 80-85 <1.5 <1.5 <0.30 <0.02 n.s.
LCFeMn (B) 80-85 5.0-7.0 <0.75 <0.30 <0.02 n.s.
AMS 60-70 5-15 0.4-2.0 <0.05 n.s. 820
FMA 40-80 <25 <15 <0.3 <0.03 12-16
FAMS 22-24 10-15 1-2 <0.06 n.s. 10-14

New-generation steel grades utilise copper as an alloying element to enhance their
material properties. For example, 2—4% Cu-containing chrome-manganese stainless steel
grades are used to improve their corrosion resistance, and corrosion-resistant rebar contains
0.4-0.45% Cu [22]. Copper is applied as a cost-effective wear-resistant alloying element
(up to 1.1% Cu) to increase the wear resistance of low-carbon steel and to higher levels
of 2-7% Cu in Fe-Cr-Cu-Ti FCAW-5-deposited hardfacing alloys [23,24]. Copper is
added to biomaterials due to its antimicrobial properties, for example, in Fe-Mn-Cu
alloy implants [25]. Therefore, a copper-containing complex ferroalloy based on the FMA
ferroalloy may be applied as a steelmaking additive.

The objective of this work is to produce a complex ferroalloy of Fe-Mn-Si-Al-Cu
with medium-carbon content from a Na,O-fluxed feed mixture formulation for the circular
aluminothermic reduction of manganese ore. Copper was added as a collector metal to
improve the alloy yield. A successful slag formulation must achieve high Al,O3 solubility
to facilitate adequate alloy—slag separation and produce slag containing the water-soluble
compound NaAlO,, which enables the hydrometallurgical recovery of aluminium.

2. Materials and Methods

The materials and methods presented below are identical to those used in the authors’
recent work [9,10].

2.1. Methodology

The experimental methodology, as shown in Figure 1, consists of various interdepen-
dent calculation steps to specify the feed mixture for application in the experiments. A
simple mass balance was applied to calculate the carbon and aluminium reductant addi-
tions and the proportions of fluxes, namely Na,O.5i0O;, and CaO, aimed at a basicity ratio
(%Ca0/%Si0y) equal to one. The slag was designed to crystallise the desired NaAlO,
compound on cooling. The slag composition is required firstly to have high solubility
of Al,O3 and good fluidity to ensure good alloy—slag separation at an estimated lower
temperature of 1450 °C, 100 °C higher than the target slag’s liquidus temperature. The
alloy should have a solidus and liquidus temperature below or close to the slag solidus
temperature to ensure the maximum possibility of slag-alloy separation. The attained alloy
%C is not certain, and alloy composition calculations were made with the assumption of
0-3% C.
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Figure 1. Experimental methodology.

2.2. Materials

The experimental setup utilised manganese ore, coal, aluminium, and copper metal
powders, along with lime and sodium silicate as fluxing agents. High-purity aluminium
(99.7%, particle size below 1 mm) was sourced from Sigma—Aldrich in Johannesburg, South
Africa. Copper powder (99.8%, particle size below 200 pm) was obtained from Alfa Aesar,
also in Johannesburg. Sodium silicate and calcium oxide were supplied by Sigma-Aldrich
and Associated Chemical Enterprises, respectively, both located in Johannesburg, South-
Africa. The manganese ore of particle sizes below 6.3 mm, primarily pyrolusite (MnO,),
and the medium-volatile coal of particle sizes below 2 mm were both acquired from local
deposits in South Africa. The coal’s composition includes 22.5% volatile matter, 12% ash,
62.2% fixed carbon, and 3.3% moisture. Analytical data for both the ore and coal ash are
presented in Table 3. For each experiment, the mixture was prepared using 100 g of ore
placed in a graphite crucible with a matching graphite lid. The crucible measured 50 mm
in diameter, 70 mm in height, and had a wall thickness of 7 mm, with the lid recessed to
fit securely. Graphite crucibles were supplied by SGL Carbon (Pty) Ltd., Johannesburg,
South Africa. The graphite material is R4340 graphite, suitable for alloy continuous casting
dies, and has 15 um grain size, 200 ppm ash content, and apparent density of 1.72 g/cm?3.
Table 4 summarises the different reaction mixtures used.

Table 3. Bulk chemical composition of manganese ore and coal ash (mass%).

%FeO %MnO %Cr,03 %V,05 %TiO; %CaO %K,0 %P,05 %Si0, %AlL,03 %MgO %Na,O %BaO
Ore 1070  61.59 0.03 0.04 0.05 023 021 001 543 261  0.11 000 185
Ash 151 0.02 0.05 0.05 2.16 246 051 119 5144 3935 068 030 027
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Table 4. Reaction mixtures (grams).
Ore Coal Na,O. SiO, CaO Al Cu
Base case (BC) 100 27 20 15 0 0
A 100 10 20 15 30 0
B 100 10 20 15 30 10

2.3. Methods
2.3.1. Experimental Procedure

All components were weighed and thoroughly blended before being transferred into
the graphite crucible, which was then sealed with the crucible lid. The muffle furnace
was preheated and maintained at 1350 °C for 12 h using a PID controller for temperature
regulation. The aluminothermic reaction was initiated by placing the crucible in the furnace.
Based on previous trials, the crucible was removed two minutes after ignition, which was
indicated by a visible flame at the furnace’s side panel joints. The heating of the mixture
was primarily due to the exothermic aluminothermic reaction rather than the furnace itself.
Ignition occurred six minutes after insertion, and the total reaction time was eight minutes.
After removal, the lid was taken off, and the molten alloy and slag were poured into a
cast-iron mould. Once cooled to room temperature, the contents were returned to the
crucible for manual separation of the metal and slag.

2.3.2. Material Analysis

Sections of the separated alloy and slag were analysed for chemical composition using
scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDX), Zeiss 540 Ultra FEG SEM (Zeiss, Oberkochen, Germany). The cross-sections were
gold-coated. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was
performed using a PerkinElmer Optima 5300 instrument (Perkin Elmer, Springfield, IL,
USA) to analyse the ore, alloy, and slag samples in bulk form. Carbon and sulphur content
in the alloy were measured by combustion analysis using a LECO CS 744 instrument (LECO,
St Joseph, MO, USA). Coal was analysed according to the South African National Standard
(SANS 17246:2011) [26] and coal ash composition was determined by X-ray fluorescence
(XRF) using an ARL Advant’X Series Sequential IntellipowerTM XRF instrument (Thermo
Fisher Scientific, Waltham, MA, USA).

2.3.3. Thermochemical Modelling

Equilibrium phase compositions for the alloys were calculated using Thermo—Calc
2023b software with the SGTE Alloy 4.9 database [27]. Slag equilibrium and gas—slag-metal
interactions for the samples were modelled using FactSage 7.3, employing the FToxid and
SGTE databases. The Equlib module in FactSage was used in these calculations [28]. The
Equilib module free energy minimisation routine calculated the equilibrium gas, slag, and
metal compositions for the user-specified inputs of temperature and the chemistries and
mass proportions of ore, fluxes (NapO.5i0;, CaO), Cu collector metal, and coal carbon.
Therefore, the calculations are not constrained or modified in any way from the inherent
Equilib free energy minimisation calculation.

3. Results

For comparison purposes, Figure 2a of the base case (BC) Sample with no Al or
collector metals added, as well as Figure 2b with only Al added, are shown, as in our
prior work [9,10]. Figure 2c from Sample B shows a large alloy volume and some smaller
alloy particles formed from adding Cu as a collector metal, similar to Figure 2b. The
copper-based alloy appears larger in size than that shown in Figure 2b for Sample A, with
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no collector metal added. In both cases of Samples A and B, good alloy-slag separation
was achieved.

(b)

Figure 2. (a) Photographs of magnetic fraction from Sample BC; (b) easily separated alloy from
Sample A; (c) easily separated alloy from Sample B.

In contrast, the magnetic fraction of the base case (BC) sample, as shown in Figure 2a,
confirms that insignificant slag and alloy formed at the muffle furnace temperature
(1350 °C). The reason for this low level of reduction is the low heat input in the absence
of exothermic heat, resulting in low reduction rates. Due to the endothermic Boudouard
reaction versus the exothermic aluminium reaction, a much longer dwell time in the furnace
would be needed to achieve noticeable alloy formation via carbothermic reduction. It is
well known from carbothermic reduction studies on various ferruginous manganese ores
that the reduction of manganese oxides to manganese metal is possible in the presence of
carbon at low reaction temperatures, as low as 1000 °C. The thermodynamic favourability
of the reduction reaction at such low temperatures is due to high MnO activity and low Mn
activity in the presence of initially formed Fe [29-31].

The fractured surfaces of the large alloy volumes from Samples A and B were analysed
by SEM-EDX. A typical analysis area consisted of 0.5 mm x 0.5 mm. EDX element maps
and SEM images of example areas comprising the field of view (FOV) from each alloy
are displayed in Figures 3-5. The analyses of the areas are summarised in Tables 5 and 6.
The maximum variance (o) of the SEM-EDX analyses for each element is also indicated.
The bulk chemistry of each alloy is displayed in Tables 5 and 6, specifically, because the
SEM-EDX does not accurately analyse for carbon, whilst the LECO combustion analysis of
the bulk alloy provides quantitative %C. The Sample A alloy in Figure 3 appears to be a
dense homogeneous single-phase alloy of Mn, Fe, and Si. The Sample A alloy bulk analysis
and SEM-EDX analyses are similar.

Table 5. EDS analyses of Sample A alloy (mass%); n.a. = not available; n.d. = not detected.

Area %Al %Si %Mn %Fe %Ca %V %S %C

1 0.6 24 69.4 26.9 0.1 0.6 0.0 n.a.

2 0.0 2.2 68.8 28.3 0.2 0.6 0.0 n.a.

3 1.6 2.3 68.2 27.0 0.2 0.6 0.0 n.a.

4 0.8 2.1 68.1 28.3 0.1 0.6 0.0 n.a.

5 14 1.8 67.5 28.6 0.2 0.6 0.0 n.a.

Average 0.9 22 68.4 27.8 0.2 0.6 0.0 n.a.
Maximum o 0.01 0.01 0.06 0.03 0.00 0.01 n.d.

Bulk Alloy 0.4 1.4 66.1 28.0 0.05 0.40 0.03 3.5
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Table 6. EDS analyses of Sample B alloy (mass?%); n.a. = not available.

Area %Al %Si %Mn %Fe %Ca %Cu %S %C

6 5.7 2.7 63.7 19.6 0.2 7.5 0.6 n.a.

7 3.3 2.5 60.7 194 0.0 13.7 0.5 n.a.

8 2.0 2.6 61.3 20.9 0.2 12.6 0.4 n.a.

9 49 2.8 61.9 194 0.1 10.2 0.6 n.a.

10 5.8 2.3 59.8 20.9 0.2 9.2 1.3 n.a.

Average 44 2.6 61.5 20.1 0.1 10.6 0.7 n.a.
Maximum o 0.01 0.01 0.06 0.03 0.01 0.03 0.01

Bulk Alloy 2.6 2.1 53.9 19.1 0.16 20.8 0.1 1.2

Vs

o SR S . < SN

20um EHT=20.00kV Mag= 500X WD =11.2mm Signal A=SE2 Date :15 Apr 2025 Time :7:56:36
—

Scan Speed =9

(b)
Figure 3. (a): SEM image (x500) of analysed area (number 3) in Sample B; (b): EDX map of area in (a).
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Scan Speed=9

(b)
Figure 4. (a): SEM image (x500) of analysed area (number 10) in Sample B; (b): EDX map of area in (a).

In contrast, the Sample B alloy does not appear homogeneous, consisting of a primary
alloy with a coarse dendritic structure of Mn—Fe—-Si—Al and interdendritic Mn—Fe-Si-Al-Cu
alloy. Consequently, variability is observed in the SEM-EDX analyses, particularly in
the %Cu and %Al values. The bulk alloy chemistry and the average SEM-EDX analyses
revealed significant differences, with 10.6% Cu versus 20.8% Cu, 4.4% Al versus 2.6%
Al, and 61.5% Mn versus 53.9% Mn. However, the percentages of Si and Fe are similar,
at 2.6% Si vs. 2.1% Si and 20.1% Fe vs. 19.1% Fe. The formation of a coarse dendritic
structure in cast copper anode plates is well documented, with large grain sizes ranging
from 100 to 150 um [32]. Despite the finer dendritic structures in Figures 4 and 5, which are
approximately 10 um, the result is an undesired open-pore structure. Section 4.1 provides a
detailed discussion of the likely formation pattern of the high-copper-content phase.
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EHT=2000kV Mag= 243KX  WD=11.2mm SignalA=SE2  Date:15Apr2025 Time:11:08:34

Scan Speed=9

(b)

Figure 5. (a): SEM image (x2430) of analysed area (number 10) as marked in Figure 4a for Sample B;
(b): EDX map of area in (a).

In both alloys, the same appearance of carbon as surface specs is observed. This is not
the bulk carbon, which is dissolved in the alloy at 3.5% C in the Sample A alloy and 1.2% C
in alloy B. The carbon specs may form from carbon deposition as CO gas dissociates upon
cooling via reaction (1), the reverse Boudouard reaction.

2[CO] = <C> + [CO,] 1)

<> =solid; [ ] = gas.

Significant quantities of CO gas may form as a reduction product in the reaction of
Mn and Fe oxides with coal carbon. Similarly, Al and Ca appear as specs in Figure 3 and Al
in Figures 4 and 5, indicating possible evaporation and recondensation from the likely high
temperatures attained in the exothermic aluminothermic reduction process. The rosette
at the centre of Figure 5 contains the Mn-Fe-Si alloy, which appears to have formed from
condensation in the gas phase.

https://doi.org/10.3390/ cryst16010050


https://doi.org/10.3390/cryst16010050

Crystals 2026, 16, 50

10 of 23

4. Discussion

Even though aluminothermy processing does not reach equilibrium, equilibrium-
phase calculations are useful in investigating the effects of different melting points and
chemistries of the target and realised slag and alloy compositions. In the following section,
the thermochemical software FactSage 7.3 and Thermo—Calc 2023b are used to calculate the
equilibrium compositions for comparison with the experimental results presented in this
work [27,28]. The primary reason for not attaining chemical equilibrium in aluminothermic
reduction is rapid heat release, which results in short reaction times and therefore limited
time for product diffusion to form homogeneous equilibrium phases [33].

4.1. Alloy Composition

The carbon saturation level for the Sample A alloy at 1550 °C is 6.5% C. In the copper-
containing Sample B alloy, the 1550 °C carbon saturation level is 4.6% C for the average
EDX analysis at 10.6% Cu and 3.4% C for the bulk alloy chemistry analysis at 20.8% Cu.
Thus, the alloy’s carbon solubility decreases with increasing %Cu [27,28]. In comparison,
the bulk alloys in Tables 5 and 6 display carbon levels of 3.5% C in alloy A and 1.2% C
in alloy B. The importance of these numbers is that the crucible material is graphite, and
despite the excessive amount of graphite carbon available for assimilation into the alloy,
the carbon dissolution process is limited by fast reaction and limited alloy—graphite contact
area. This effect has been demonstrated in recent work on the aluminothermic reduction of
iron oxide in graphite crucibles, producing carbon steel with a carbon content of less than
0.68% [7,8].

The equilibrium phase chemistry of the bulk alloy compositions is displayed as cooling
graphs in Figure 6a,b.

1.0 1.0
(a) — CcuB_A13 — LiQuiD (b)
| — FCC_A1 1| — Bcc_a2
09 — M23C6 | FCC_A1
— M5C2 - M5C2

0.8 CEMENTITE 0.81 LIQUID#2
» — LiQuID » — HCP_A3
$ 0.7 — HoPA3 % 0.71 = CuBAR
[ 8 — M23C6
a S
= 0.6 = 0.6
S ©
S 0.5 5 0.51
g 0] § 04_\/\
P P
7] 1]
© 0.3 .31
£ gos

0.2 0.2

0.1+ 0.1

0.0 T T T T 0.0 T T T T

500 750 1000 1250 1500 500 750 1000 1250 1500
Temperature [°C] éﬁ§ Temperature [°C]

Figure 6. Phase chemistry of alloy: (a) Sample A alloy; (b) Sample B alloy. Calculated in Thermo-
Calc [27].

The Sample A alloy data in Figure 6a indicate a solidus temperature of 1093 °C
and a liquidus temperature of 1171 °C. In comparison, the Sample B alloy indicates a
solidus temperature of 994 °C and a liquidus temperature of 1095 °C. The closeness of the
solidus and liquidus temperatures results in a narrow solidification temperature range and
should lead to a rapid setting of the solid alloy composition. In addition, the low liquidus
and solidus temperatures, relative to the high temperatures attained in aluminothermic
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reduction, which can reach 3000 °C, allowing for a longer time for the alloy beads to
separate from the slag [18]. Similarly, given the large alloy superheat, it is expected that
a homogeneous alloy mass would form easily. However, the alloy Sample B bulk phase
chemistry in Figure 6b indicates that two liquid phases are stable above the liquidus
temperature, with the Liquid#2 being phase-dominant.

At the liquidus temperature of 1095 °C, the liquid proportions are at 32% Liquid#2
and 68% Liquid phase. The proportion of the Liquid#2 phase then decreases rapidly as the
first solid phase, HCP_A3, forms and, subsequently, large quantities of FCC_A1 and small
amounts of M5C, form. At 1041 °C, the Liquid#2 phase is at zero percent, and the Liquid
phase remains. The liquid alloy chemistry of the two liquids above the solidus temperature
is displayed in Figure 7. It is observed that the Liquid#2 phase is a high-Mn low-Cu phase,
and the Liquid phase is the opposite, a high-Cu low-Mn phase. Therefore, it is expected
that the last liquid to solidify will consist of the Liquid phase and contain a high percentage
of Cu and a low percentage of Mn, with the composition of 30.2% Mn, 62.9% Cu, 4.7% Al,
1.9% Si, and negligible carbon at 0.005%. The two liquids of differing compositions may
explain the interdendritic high-Cu alloy observed in Figures 4 and 5.

Mn — =Al
70 — -Fe Cu |l 14
—38i _C
g 60 - F1.2
£
s &
T g - ©
2 50 1.0 £
o
o =4
E 40 08 &
(] -
L c
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Figure 7. Sample B alloy liquids phase chemistry: (a) Liquid phase; (b) Liquid#2 phase.
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4.2. Slag Composition

The slag is designed to ensure adequate slag fluidity at increasing %Al,;Os, thereby
facilitating alloy-slag separation during the process and promoting the crystallisation of
the water-soluble NaAlO, phase upon solidification. The high melting point of Al,O3
(2072 °C) requires extreme fluxing of the slag to maintain slag fluidity upon slag cooling.
Figure 8a,b shows the cooling curves of the target slag composition and the SEM-EDX
average analysis of slag B (Table 7). The target slag is the expected slag composition from a
simple mass balance under assumption of 100% Fe and 80% Mn recovery to the alloy. As
shown in Figure 8b, the higher percentage of Al,O3 in slag B, 55%, leads to the formation
of the spinel phase as the primary solidification phase. The slag liquidus temperature is
higher at 1564 °C compared to the target slag liquidus temperature of 1373 °C. This aspect
does not appear to be problematic at the high temperatures expected in aluminothermic
reduction. The calculated slag viscosities of the fully liquid slags are compared in Figure 9.
It is seen that the slag viscosity values are acceptable in terms of tappable slag, typically at
less than 3 Poise in viscosity [34].
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Figure 8. (a): Target slag phase chemistry. (b): Slag B phase chemistry.
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Table 7. Target vs. experimental slag analyses (SEM Average) and bulk chemistry.
3 0, o, 0, 0, 0, 0, B2 =
0/0A1203 0/05102 YoMnO %oFeO % CaO /oNazo YoBaO /OCUZO %CaO/%SiOZ
Target slag 39 17 14 0.0 17 11 2 0 1.0
A: EDX 54.5 9.1 20.0 0.0 8.0 5.5 2.8 0 0.9
A:bulk 53.2 12.3 27.6 24 7.1 4.6 1.5 0 0.6
A: Corrected 52.1 11.9 22.7 0.0 7.0 4.5 1.5 0 0.6
B: EDX 55.0 11.2 12.3 0.0 11.7 73 24 0 1.0
B: bulk 524 11.6 25.3 24 9.7 52 1.5 29 0.8
B: Corrected 52.3 11.4 19.4 0.0 9.8 52 1.5 0.0 0.9
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Figure 9. Calculated slag viscosity.

The difference between the average SEM-EDX slag analyses to the bulk slag analyses
(Table 7) indicates that some alloy entrapment occurred in both Samples A and B, as
represented by the 2.4% FeO content in the bulk slag compositions. Due to the highly
reducing conditions in aluminothermic smelting, it is expected that all of the Fe oxide
in the feed mixture will ultimately be reduced to Fe metal in the alloy. Similarly, the
2.9% Cu;0 in the bulk slag analysis represent an entrapped alloy in the slag since Cu is
more inert to oxidation than Fe. The mass balance calculation numbers are summarised
Table 8. The calculations are made as the difference between the input masses and the
output masses of slag and alloy and indicate the alloy mass in the slag and the overall
alloy recovery percentages. A comparison of the numbers for Sample A versus Sample B at
43% versus 57% alloy yield indicates an improvement in alloy yield with Cu added as the
collector metal.

Table 8. Mass balance numbers (grams unless indicated differently).

Alloy Mnin Alloy Fein Alloy Slag FeinSlag AlloyinSlag MninOre Fein Ore

Mn + Fe  %Alloy

+ Cu Yield
A 18.7 124 5.3 79.1 1.5 5.3 47.7 8.3 56.0 43
B 28.6 15.4 55 88.5 1.7 8.8 47.7 8.3 66.0 57

The element accounting percentages shown in Table 9 indicate a good accounting of Fe
and Cu, with some loss of Mn, Si, and Al to the gas. At an industrial scale, various methods
of gas-cleaning and particulate-capturing equipment can be applied, for example, a reaction
chamber hood with a positive off-gas pressure. Such methods counter volatilisation and
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capture fumes for recycling [11]. The differences between the SEM-EDX slag analyses and
the target slag analysis in Table 7 are lower percentages of CaO and NayO and higher levels
of Al,O3, obtained in the experimental results. The composition differences between the
experimentally attained slags and the target slag can be overcome by adding NaO flux
to the post-tapped slag to increase the proportion of the water-soluble NaAlO, phase. As
discussed in [9], the high-residual-heat content remains after the aluminothermic reaction,
and this heat should be utilised to incorporate more NayO Flux into the tapped slag.

Table 9. Mass accounting of primary elements (percent).

%Fe %Mn %Si %Al %Cu
Sample A 81 67 58 62 none
Sample B 86 72 64 69 82

4.3. Gas—Slag-Metal Equilibrium Thermochemistry

The gas—slag—metal equilibrium for the feed mixture inputs was calculated at temper-
atures of 1650 °C-1900 °C. The calculated equilibrium end-point alloy and slag analyses
for Samples A and B are compared to the experimentally determined values, as shown in
Figure 10a—d.

The alloy composition data in Figure 10a,b show that the Sample A carbon content
line at 3.5% C crosses the equilibrium curve at 1650-1700 °C, even though the equilibrium
%C range is broad (0.5-3.9% C at 1650 °C-1900 °C). The Sample B carbon content line at
1.2% C crosses the equilibrium curve at 1700 °C-1750 °C and the carbon range is narrower
(0.2-2.1% C) compared to the %C range in Sample A (0.5-3.9% C). Therefore, it appears
that the Cu collector metal modulates the alloy’s carbon content. This is expected, as the
solubility of carbon in copper is zero at temperatures up to 2000 °C [27,28]. The solubility
of carbon in manganese is lowered with the addition of copper to manganese [35].

The Sample A silicon content line at 1.4% Si crosses the equilibrium curve at
1650-1700 °C, in agreement with the carbon equilibrium temperature. The %Si for the
Sample B alloy at 1.2% Si crosses the equilibrium curve at 1700 °C. Both %C and %S5i
equilibrium contents vary broadly across the temperature range of 1650 °C-1900 °C. In
particular, the %Si range is wide, spanning from 1.1% Si to 6.4% Si in Sample A and from
1.5% Si to 4.6% Si in Sample B. The %Al in the alloy is under-predicted for both Sample
A and B alloys, with 0.4% Al in alloy A compared to only 0.02-0.12% Al predicted over
the 1650-1900 °C temperature range. The %Al in the Sample B alloy is significantly higher
than in the Sample A alloy at 2.6% Al, compared to the equilibrium range of 0.03-0.17%
Al These numbers indicate that the equilibrium calculation does not correspond to the
experimental observations regarding the extent of Al reaction. However, the %C and %5i
levels appear to be indicators of the trends, as there is an overlap of values, and these are
all undersaturated in carbon.

The %Mn and %Fe equilibrium values at 1900 °C are the closest to the experimental
values for both alloys. The equilibrium value range is from 68% Mn to 76% Mn compared to
66% in the Sample A alloy, and the equilibrium range is from 54% Mn to 66% Mn compared
to 54% Mn in Sample B alloy. The alloy B copper content at 1900 °C equilibrium is 20%
Cu compared to 21% Cu analysed in the alloy. The discrepancy in the best fit equilibrium
temperatures of from 1650 to 1700 °C for %C and %Si vs. 1900 °C for the closest values in
%Mn and %Fe for Sample A indicates that complete equilibrium is not attained in the short
reaction time of the aluminothermic reaction applied in this work. In particular, the %Al is
predicted to be close to zero at equilibrium, whilst this is not the case in the produced alloy.
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Figure 10. Composition of Samples A and B vs. gas—-slag—metal equilibrium (FS = FactSage) (a): Alloy
(minor elements). (b): Alloy (major elements). (c): Slag (major elements) (d): Slag (minor elements).
Horizontal lines indicate bulk alloy and slag chemistry in Tables 5-7, Sample A (dotted lines) and B
(complete lines). (e): Gas composition.

Figure 10c,d displays the slag compositions in comparison to the equilibrium lines at
1650-1900 °C. The equilibrium lines for Sample A and Sample B slag are the same since
the copper metal added in Sample B is inert with respect to the slag components. It is seen
that the %Al,0O3 in slag A and slag B are the same at 52%, compared to the higher values
predicted for equilibrium at 56-59% Al,Os. This discrepancy arises from the complete
oxidation of Al predicted in the equilibrium calculations, compared to some Al remaining
in reserve in the alloy. Higher levels of MnO in the slags at 22.7% MnO in slag A and 19.4%
MnO in slag B, compared to the equilibrium values of 8%-13%, indicate lower Mn recovery
in the experiments. The slag A and slag B %CaO are lower than the equilibrium values,
possibly due to the incomplete incorporation of CaO into the melt. The SiO, and Na,O
contents in the slags correspond to the equilibrium values at temperatures ranging from
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1700 to 1750 °C. The equilibrium gas compositions for Samples A and B are similar, as
displayed in Figure 10e. The gas consists of CO, Na, Mn, and H,. Little Cu is present in
the Sample B gas composition, indicating a high distribution of Cu to the alloy as found
experimentally.

The FactSage-calculated gas—slag—metal mass distribution of the elements Mn, Si, Al,
and Cu for Sample B is summarised in Figure 11a—d as a function of temperature, and
the element distribution of Mn, Si, and Al for Sample A are shown in Figure 12a—c. It is
observed that losses of Mn and Cu to the gas phase increase with increasing temperature.
Manganese has a high vapour pressure and is expected to easily enter the gas phase, as
confirmed in Figure 10e. Interestingly, this trend is not seen in the case of Al, although
one may expect the same behaviour from both Cu and Al, since these metals both have
similar vapour pressures, even though it is orders of magnitude less than that of Mn [36,37].
Instead, Al is fully reacted in the aluminothermic reaction of MnO and SiO; to form Al,Os.

(a) | Alloy = Slag Gas| (b) | Alloy = Slag Gas|
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Figure 11. Element mass distribution among phases from gas—slag-metal equilibrium calculation:
(a) Mn; (b) Si; (c) Al; (d) Cu in Sample B.

Copper distribution to the alloy is high, being 100% at 1650 °C and 96% at 1900 °C, with
an increased loss to the gas phase as the temperature increases. Since Cu is inert to oxidation,
there is no oxidation loss to the slag phase. Comparing Figure 11a to Figure 12a reveals
increased the Mn recovery of 2-6% to the alloy in Sample B with added Cu. Comparing
Figure 11b to Figure 12b shows a higher distribution of Si to the alloy in Sample B (by 3-5%)
at 1650 °C compared to 1700 °C.

The only difference between the Sample A and B inputs is the addition of the Cu
collector metal. The output slag analyses are similar. Therefore, the effect of Cu on the
activity of the Mn alloy is considered. Figure 13a,b shows the equilibrium activities in
the bulk alloy products. The main difference is the lowered activity of Mn in Sample B
due to the addition of Cu. According to Le Chatelier’s principle, lowering the Mn activity
will increase the driving force of reaction (2) towards completion [11]. At the start of the

https://doi.org/10.3390/ cryst16010050


https://doi.org/10.3390/cryst16010050

Crystals 2026, 16, 50 18 of 23

aluminothermic reduction process, the activity differences in Mn in the alloy of Sample A
and Sample B would be greater because the initial alloy formation consists of much Cu and
little Mn in Sample B, compared to mostly Mn in Sample A alloy.

3<MnO> + 2(Al) = <Al,O3> + 3(Mn) (2)

<> =solid; () = liquid.
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Figure 12. Element mass distribution among phases from gas-slag-metal equilibrium calculation:
(a) Mn; (b) Si; (c) Alin Sample A.
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Figure 13. Element activities in alloy phase: (a) Mn, Fe, Cu; (b) Si, Al C.

The fact that aluminium particle size strongly influences the overall aluminothermy
reaction extent implies that the aluminium reduction reaction is controlled at the aluminium
oxide reaction interface [33,38,39]. This effect is the analogue of MnO in slag reduced by
carbon, with the reaction interface area as the main unknown [40]. The driving force for
the chemical reaction is the MnO activity in the slag relative to its equilibrium value. The
MnO; ore has few fluxing compounds (Table 3), resulting in high MnO activity at the start
of reduction via reaction (2). Similarly, the aluminium particles should be pure at the start
of reduction. The formation of an Al,O3 product film on the surface of aluminium particles
was shown in previous work, but this film was not continuous and its breakup occurred
easily [41]. In the aluminothermy of SiO,—MnO-Fe—-Al mixtures, a ferrosilicomanganese
powder product was formed with some Al,O3 particles entrapped in the alloy phase, even
though both the oxide and alloy were reported as molten [42]. The application of fluxing
agents in the current study should improve the separation of the Al,O3 product from
the alloy, and as the fluxes dissolve Al,Oj at the reaction interface, the Al,O3 activity is
lowered to drive reaction (2) towards completion. The sequence of the melting of reactants
and products can influence the reaction rate. Since aluminium has a low melting point
of 660 °C compared to copper at 1083 °C, manganese at 1244 °C, silicon at 1410 °C, and
iron at 1535 °C, it is expected that aluminium melts before its reaction with the oxides. The
reaction of liquid aluminium was observed in the reaction of aluminium with MgO, in
which the reduction in MgO proceeded after the molten aluminium covered the MgO [41].
Therefore, in addition to optimising the chemistry design to maximise reactant activities
and minimise product activities, thereby driving reactions to completion according to Le
Chatelier’s principle, the chemistry application may also be used to limit Al,O3 product
layer formation at the reaction interface.

In addition to reaction (2) as the main reaction of importance, the following reactions
are likely at play in the reaction system, as designed in this work. At low temperatures, the
ore is decomposed to Fe,O3 and MnyOj3 according to reaction (3) at 680 °C and reaction
(4) at 546 °C to 600 °C [43,44]. The released water and oxygen from reactions (3) and (4)
can react with carbon and aluminium via reactions (5) to (8). The reaction of aluminium
with the oxygen from rection (4) serves as the ignition start. The presence of reductant
carbon is aimed at a reduction in Fe,O3 and Mn,O3 to FeO and MnO in reactions (9) and
(10) to remove the requirement of pre-roasting, as mentioned by Bhoi et al. [1]. CO gas is
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released and helps to maintain reducing conditions in the reaction volume. Aluminothermic
reduction in FeO and part-reduction in SiO, occurs via reactions (11) and (12).

<FeO(OH),> = 1/2<Fe; O3> +1/2[H,0] 3)
<MnQOy> =1/2<Mn, O3> + 1/4[0O;] 4)
3[HyO] + 2(Al) = <Al,O3> + 3[H;] )
3[0s] + 2(Al) = 2<Al, 03> (6)

[H,O] + <C> = [H] + [CO] (7)

[O7] + 2<C> =2[CO] (8)
<Mn,,03> + <C> = 2<MnO> + [CO] 9)
<Fep;O3> + <C> = 2(FeO) + [CO] (10)
3<SiOy> + 4(Al) = 3(Si) + 2<Al, O3> (11)
3(FeO) + 2(Al) = <Al,O3> + 3(Fe) (12)

<> =solid; () = liquid; [ ] = gas.

Considering the similarities between Sample A and B feed mixtures, and the only
difference as the Cu collector metal added, it is clear that the increase in alloy yield from
43% to 57% in Sample A versus Sample B (Table 8) is mainly due to the inert Cu collector
metal. The increase in the Mn yield is 6%, which is a combination of the activity-lowering
effect, as shown in Figure 13a, and the collector metal effect, namely that copper droplets
serve as physical collector volumes for the newly formed Mn metal via reaction (2).

In summary, this work demonstrates that a sodium-fluxed slag with high Al,O3
solubility can be utilised in the aluminothermic reduction in MnO, ore using Cu as a
collector metal and adding a minor carbon reductant quantity. The addition of a carbon
reductant negates MnO; ore pre-roasting step. The Cu collector metal increases the Mn
recovery to the alloy by 6%. The feed mixture formulation yields a NaAlO,-containing slag
suitable for leaching to recover aluminium for circular processing, thereby providing a feed
to the Hall-Héroult electrochemical process. A medium-carbon Fe-Mn-Si-Al-Cu complex
ferroalloy is formed, which is suitable as a ferroalloying additive in steelmaking.

5. Conclusions

Single-step aluminothermy of MnO;-type ore is demonstrated by adding a small
quantity of carbon reductant. Thus, the need for the extra step of pre-roasting the MnO,
ore is removed.

The added copper metal serves as a collector metal, increasing Mn recovery to the
alloy by 6%. The overall alloy yield increased from 43% to 57%. The product alloy is a
medium-carbon complex ferroalloy comprising 54% Mn, 19% Fe, 2.1% Si, 2.6% Al, 21% Cu,
and 1.2% C, which can be applied as an efficient ferroalloying addition in steelmaking.

The feed mixture formulation based on Na,O flux enables the crystallisation of the
water-soluble NaAlO, compound, allowing for the recycling of Al;O3 through hydromet-
allurgical processing via the Bayer process to the Hall-Héroult electrochemical process,
which is used to produce aluminium.

Thermochemistry calculations provide temperature estimates and trends in chemical
changes, but do not accurately predict the Al requirement in the feed mixture. Therefore,
theoretical feed mixture formulations must be tested using empirical applications, as shown
in this work.
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Abbreviations

The following abbreviations are used in this manuscript:

FCAW-S  Self-shielded fluxed-cored arc welding
HCFeMn High-carbon ferromanganese
MCFeMn Medium-carbon ferromanganese
LCFeMn  Low-carbon ferromanganese

SHS Self-propagating high-temperature synthesis
AMS Aluminium-silicon-manganese
FMA Ferromanganese—aluminium
FAMS Ferrosilicon-manganese-aluminium
PID Proportional-integral-derivative
SEM Scanning electron microscope
EDX Energy dispersive X-ray spectroscopy
ICP-OES  Inductively coupled plasma optical emission spectroscopy
XRF X-ray fluorescence
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