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Abstract: Light-weight ferro-aluminium alloys are finding increasing application in the transport
sector to reduce overall weights, energy costs and CO, emissions. As the primary production
processes of both Fe and Al are among the most energy-intensive industrial processes in the world,
there is an urgent need to develop alternate routes for producing Fe-Al alloys. Our group has
successfully produced these alloys in the Fe;03-Al,O03-C system by producing molten iron in situ,
followed by the reduction of alumina at 1550 °C and pick-up of Al by Fe. In this article, we report
on the influence of silica, a typical impurity present in iron oxide and reductant carbon, on the
reduction reactions in this system, and on the formation of ferroalloys. In-depth investigations were
carried out on the Fe;O3-5i0;,-C and Fe;O3-Al;03-5i0;,-C systems at 1550 °C for times of up to
60 min. Detailed HRSEM/EDS and XRD analysis was carried on the quenched reaction products
recovered after various heat treatments. A complete reduction of silica and alumina was observed in
the Fe;O3-5Si0,-C system, along with the formation of FeSi and SiC. The reduction reactions were
relatively slow in the Fe;O3-Al,03-5i0,-C system. While the formation of SiC, FeSi and mullite
(AlgSipO13) was observed, even small amounts of Fe-Al alloys could not be detected. The presence of
silica impurities reduced the formation of Fe-Al to negligible levels by depleting molten iron from
the reaction zone, a key ingredient for the low-temperature carbothermic reduction of alumina. This
study shows that some impurities can be highly detrimental to the reaction kinetics and the formation
of ferroalloys, and great care needs to be exercised during the choice of reaction constituents.
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1. Introduction

Ferro-aluminium alloys are advanced materials with high specific strength (strength to density
ratio) that have attracted a lot of interest as alternative light-weight materials for the automotive
industry. Automobiles are made from a wide variety of materials, including steel, aluminium, copper
and plastics. Steel still accounts for more than 60% of an average automobile’s weight [1]. Advanced
high-strength steels such as ausforming steels, maraging steels, transformation-induced plasticity
(TRIP) and low-alloyed TRIP steels have also been developed [2]. In 2016, nearly 72 million passenger
cars and over 22 million commercial vehicles were manufactured worldwide [3]. Reductions in the
weight of transport vehicles are expected to lead to improvements in fuel efficiency and reductions in
CO, exhaust emissions. While a reduction in weight has been met, to some extent, by a further thinning
of steel frames, the addition of light elements such as Al and Si to Fe-based alloys is increasingly being
used to lower the density of steel. Fe-Al-C and Fe-Mn-Al-C based alloys have shown promise as
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low-density steels with high strength, excellent ductility at room temperature, and high temperature
oxidation resistance [4]. The increased use of aluminium in the transport sector has a significant
potential to reduce energy consumption and associated greenhouse gas emissions [5]. However,
the primary production routes of both key constituents (Fe and Al) are among the most energy-intensive
industrial processes in the world. As energy is one of the most important factors in these industries,
impacting the cost and environment greatly, there is an urgent need to reduce energy consumption
during the production of ferro-aluminium alloys.

Primary production of aluminium by the Hall-Heroult process is ranked among the most energy-
and CO,-intensive industrial processes [6]. In the electrolytic cells, alumina is reduced to aluminium
metal at carbon anodes via the following reaction: 2Al,O3 + 3C — 4Al + 3CO; (g). The production of
one tonne of aluminium requires ~13-16 MWhr of direct electric current electricity, up to half a tonne
of carbon, and two tonnes of alumina. Carbon anode oxidation is responsible for almost 90 percent of
onsite CO, emissions generated during aluminium production (~1.6 metric tonnes of CO, per metric
tonne of primary aluminium). Aluminium smelters consume around 4% of global electricity output,
which in turn makes this industry one of the largest sources of greenhouse gas (GHG) emissions [7].
The direct carbothermic reduction of alumina—Al,O3 + 3C = 2Al + 3CO (g)—proposed as an alternative
process for primary aluminium production requires temperatures above 2100 °C and suffers from
critical design issues [8]. Several attempts are being made to lower the environmental impact of this
process, such as reduction of alumina under vacuum [9], use of concentrated solar power [10], radio
frequency plasma [11], natural gas and inert gases, etc. [12]. Indirect carbothermic reduction of alumina
is also being developed by forming intermediate aluminium compounds, such as chlorides [13],
sulphides and nitrides [14], followed by their subsequent decomposition into aluminium.

In the Al,Os + 3C system, which is in thermodynamic equilibrium at 2200 °C, only 40% of
aluminium is retrievable as molten Al-C alloys, and the remaining 60% is found in gaseous phases
Al (g) and Al,O (g) [15]. Using molten Cu and Sn, Frank et al. captured some of these gaseous products
in metallic solvents, and were successful in achieving the carbothermic reduction of alumina in a
temperature range of 1700 °C to 1850 °C with pressures of between 0.08 to 0.20 atm. [16]. The overall
driving force for the reduction reaction was determined by the activity of aluminium in the metallic
solvent, the temperature and the pressure of CO gas. Our group has successfully lowered the
temperature for the carbothermic reduction of alumina to 1550 °C by using molten iron as a solvent
and a thermal sink for capturing AlO (g), AL,O (g), and Al (g) gases [17-19]. Experimental results for
AlyO3-C/Fe at 1550 °C provided unambiguous evidence for chemical reactions occurring in the ternary
system, and for the pickup of Al by Fe. This multi-stage reduction process involved the carburization
of molten iron, the carbothermic reduction of alumina into sub-oxide gases, the capture and reduction
of these gases by solute carbon followed by the capture of aluminium vapour by molten iron to form
iron aluminium Fez Al and Fe3AIC alloys.

As the next step, reduction reactions were carried out in the Fe,O3-Al,O3-C system to produce
molten iron in situ, followed by alumina reduction. The kinetics of alumina reduction was found
to be significantly enhanced due to the local generation of CO gas and associated turbulence [20].
Direct reduction of two mixed oxides resulted in the formation of Fe3 AIC and Fe3 Al alloys at 1550 °C
in a single step. All studies reported above [17-20] were carried out on highly pure materials. It is
therefore important to establish the role, if any, of key impurities present in constituents prior to
extending laboratory-based investigations to commercial scale production of ferroalloys. We used
synthetic graphite (99.9% pure) as a reductant in these studies. Due to cost and availability constraints,
it is a common practice to use carbonaceous materials such as coals, cokes, natural graphite, etc.
as reductants in industrial operations [21]. Silica (up to 60%) is the main mineral impurity present in
these materials. In this article, we focus our attention on the role of silica on reduction reactions in the
Fe;O3-Al05-C system. We report in-depth investigations on Fe;O3-5i0;,-C and FepO3-Al;O3-5i0,-C
systems at 1550 °C as a function of time. Detailed characterization of reaction products was carried
out using high-resolution scanning electron microscopy (HRSEM), energy dispersive spectroscopy
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(EDS) and X-ray diffraction (XRD) to establish the influence of silica on reduction reactions, kinetics
and the formation of ferroalloys.

2. Materials and Methods

High purity (>99.8%) materials were used in this study to prepare two sets of blends. While
fused alumina was supplied by Alcoa, other constituents—namely, silica, iron oxide and synthetic
graphite powders—were obtained from Sigma Aldrich (Castle Hill, Australia) the average particle
sizes of all constituents were <50 pm. Two sets of samples were prepared. Powders of 5iO, and Fe,O3
were mixed together in the ratio 70:30 (wt. %) in “Set 1”. In “Set I1”, Al,O3, S5iO, and Fe,O3 were
mixed together in the ratio 35:35:30 (wt. %). In addition, 35 wt. % graphite and 5 wt. % bentonite
(binder) were added to these powder mixtures. These blends were then ball milled for 48 h to ensure a
complete and thorough mixing. Cylindrical substrates (25 mm dia., 3 mm thick) were prepared by
compacting the mixture in a steel die using a hydraulic press and pressing to a pressure up to 10 MPa.
The compacted substrates were baked at 150 °C for 48 h for enhancing their structural integrity.
High temperature investigations on Fe;O3-5i0;-C and Fe;O3-Al,O3-5i0,-C substrates were carried
out at 1550 °C for times of up to 60 min in a laboratory scale, horizontal tube resistance furnace.
The furnace tube was purged with 99.99% pure argon throughout the duration of the experiment,
with a flow rate of 1.0 L/min. A schematic representation of the experimental set-up is presented
in Figure 1.

Sample Holder Substrate

Alumina tube

h—!
. C—

Cold zone H‘I)t zone ¢
Sample Tray Quartz Window
Gas Outlet Gas Inlet Thermocouple

Figure 1. A schematic representation of the experimental arrangement.

Substrate pellets (Sets I and II) were placed on an alumina specimen holder that could be pushed
to the centre of the hot zone in the furnace with the help of a graphite rod. The assembly was held in
the cold zone of the furnace until the desired temperature (1550 °C) was attained, and then inserted
into the hot zone. This eliminated any reaction that could occur at lower temperatures and possibly
influence the phenomena under investigation. After heat treatment in the hot zone for fixed periods of
time (15, 30 and 60 min), the tray assembly was pulled back into the cold zone of the furnace effectively
quenching the sample and halting further reactions.

An in-depth characterization of the reacted assemblies was carried out using a range of analytical
techniques. X-ray diffraction data on various reaction products was collected using PANalytical Xpert
Multipurpose X-ray Diffraction System (PANalytical, Almelo, The Netherlands) with Cu K« radiation
(45 KV, 40 mA) over an angular range of 10-90° with a step size of 0.01° and a time per step of 30 s.
High-resolution scanning electron microscopic investigations were carried out on JEOL 7001F FE-SEM
(JEOL USA Inc., Peabody, MA, USA) at sub-micron resolution. The specimens were carbon-coated
prior to microscopic investigations. Energy dispersive spectroscopy was carried out on Hitachi S3400
SEMs (magnification: 20 x to 20,000 x) (Hitachi America, Tarrytown, NY, USA) for microscopic and
elemental analysis. Detailed results are presented in the following section.
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3. Results and Discussion

3.1. FepO3-Si0,-C System

The weight of the pellets was measured before and after the heat treatments. Mass losses after 15,
30 and 60 min of heat treatment were recorded as 47.93 wt. %, 56.42 wt. % and 64.18 wt. %, respectively.
These results indicate rapid reaction kinetics during the initial 15 min and a slowing down at longer
times. The mass loss can be attributed to losses in the gas phase as CO, CO, and SiO gases.

3.1.1. Scanning Electron Microscopy

The HRSEM/EDS results on the reacted assembly after 15 min is shown in Figure 2. These
SEM/EDS images indicate a significant level of reduction taking place in the system. The reduction
of silica was seen to occur across the sample along with the formation of SiC and small amounts of
Fe-Si alloy distributed as tiny metallic droplets throughout the matrix. The spherical shape of these
droplets indicates a molten state of the Fe-Si alloys at 1550 °C, a result consistent with Fe-Si binary
phase diagram.

The SEM/EDS results after 30 and 60 min of heat treatment are shown in Figures 3 and 4,
respectively. Metallic droplets of Fe-Si alloys had grown significantly in size after 30 min. These
were, however, present in a wide range of sizes, ranging from very small to quite big. After 60 min of
interaction time, the morphology of Fe-Si droplets had changed significantly. Dark patches of SiC were
seen sticking to the alloy surface.

500 9 ‘\ = 500
o4 =
0 2 4 6 8 o
4 0

Figure 2. The presence of two distinct phases, “A” and “B”, in the SEM/EDS micrographs. Phase
“A”, in the form of fine powder, mainly contains Si and C; and phase “B”, in the form of shiny metal

droplets, has Si and Fe as its main constituents.

Figure 3. The presence of a large number of Fe-Si alloy droplets in a range of sizes across the specimen.
The dark powder in the background is unreduced silica and or silicon carbide. Phases “A” and “B”
represent ferro-silicon alloys produced in the system.
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Figure 4. A further increase in the size of Fe-Si droplets is observed after 60 min. A distinct morphology
(“A”) was seen developing on the droplet surface, along with some small dark deposits of SiC carbide
adhering to the surface.

3.1.2. X-ray Diffraction

The detailed X-ray diffraction (XRD) results from reaction products after 15, 30 and 60 min of
heat treatment at 1550 °C are shown in Figure 5. After 15 min of heat treatment, iron oxide had
reduced completely to iron as no XRD peak could be identified with this phase. This result is consistent
with the published literature; the reduction of iron oxide is quite rapid at this temperature, and is
expected to reach completion within few minutes [22]. While there was still some unreduced silica
and unconsumed carbon, there was clear evidence of the formation of SiC and FeSi phases. Not much
change was observed after 30 min. Silica reduction was, however, complete after 60 min, as silica
peaks had been much reduced in intensity; the peaks for FeSi and SiC remained quite strong. These
XRD results are in good agreement with the HRSEM/EDS results. Both these techniques indicated
the reduction of silica and iron oxide, and the formation of SiC and FeSi alloys after various heat
treatments at 1550 °C.

3.2. Fe;03-Aly03-5i0,-C System

The weight of the pellets was measured before and after various heat treatments. The mass
losses after 15, 30 and 60 min of heat treatment were recorded as 22.19 wt. %, 27.69 wt. % and
31.89 wt. %, respectively. These mass losses are significantly lower than the corresponding results for
the Fe;03-5i0,-C system, thereby indicating much lower levels of reduction reactions.

3.2.1. Scanning Electron Microscopy

The HRSEM/EDS results for the reacted assembly after 15 min at 1550 °C are shown in Figure 6.
These results indicate the presence of a metallic phase “A”, containing Fe, Si and C, and a phase “B”
rich in Si, but containing small amounts of Al and C. Figures 7 and 8 show the corresponding results for
reacted assemblies after 30 and 60 min, respectively. Several distinct phases are identified in Figure 7:
phase “A”, containing Fe, Si, Al, O and C; phase “B”, containing Si and C; and phase “C”, containing
Fe, Si, and small amounts of Al and C (no oxygen). The relative proportions of Fe and Si were very
different in phases B and C, indicating significantly different chemical compositions. After 60 min,
some of these phases had grown significantly in size (Figure 8). Phase “B”, shown in Figure 8, had a
composition quite similar to phase “C”, depicted in Figure 7.
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Figure 5. X-ray diffraction results from reacted assemblies after a range of reaction times. Phases
present were identified as: (1) unreacted SiO,, (2) unused graphite, (3) FeSi alloy, and (4) SiC.
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Figure 6. The HRSEM/EDS images for the reacted assembly after heat treatment for 15 min at 1550 °C,
indicating a complex mixture of phases.
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Figure 7. The HRSEM/EDS images for the reacted assembly after heat treatment for 30 min at 1550 °C.

The EDS results for the three phases show significant differences in compositions.

KeV

Figure 8. The HRSEM/EDS images for the reacted assembly after heat treatment for 60 min at 1550 °C.

Phases A and B were also detected after 30 min of heat treatment.

3.2.2. X-ray Diffraction

Detailed X-ray diffraction (XRD) results from reaction products after 15, 30 and 60 min of heat
treatment at 1550 °C are shown in Figure 9. This XRD pattern was much more complexthan the one
reported in Figure 5 for the Fe;O3-5i0,-C system. After 15 min of heat treatment, in addition to peaks
from the unreacted silica, alumina and carbon, there were peaks for SiC, Fe3Si and Mullite (AlgSi;O13).
The XRD peaks for these six phases continued to be present after 30 and 60 min. It is important to
note that, while there were no peaks for Fe,O3 as expected, the peaks for Fe-Al were absent as well.
The Fe-Al peaks, reported previously for the Fe;O3-Al,O3-C system [20], were no longer present in the
presence of silica impurities, or were too small to be detected. This result points to a strong detrimental

influence of silica impurities on the formation of ferro-aluminium alloys.
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Figure 9. X-ray diffraction results from reacted assemblies after a range of reaction times. Phases
present were identified as: (1) unreacted SiO,, (2) alumina, (3) carbon, (4) SiC, (5) Fe3Si, and (6) Mullite.

3.3. Discussion

There were three reducible oxides in the Fe,O3-Al,03-5i0,-C system under investigation.

The direct reduction of iron oxide with solid carbon takes place as FeO + C = Fe + CO (g), and the

indirect reduction of iron oxide occurs through gaseous intermediates as FeO + CO = Fe + CO; (g) [23].

Being very rapid, the reduction of iron oxide will reach completion within 5 min at 1550 °C, and is not

a rate limiting factor in the present investigation. The carbothermic reduction of silica occurs through
two basic reactions:

5i0; (s) + C (s) = SiO (g) + CO (g) (€))

SiO (g) + 2C (s) = SiC (s) + CO (g) @)

The reaction between SiO; and C in powdery mixtures (SiO, + C) has significant rates from
about 1400 °C onwards in vacuum or in a stream of argon [23]. Intermediate reaction products from
Equations (1) and (2) can react among themselves to produce Si:

SiO (g) + SiC (s) = 25i + CO (g) (©)]

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

The reduction of SiO, to Si is not possible with C alone, but can be achieved through SiC
intermediates at temperatures above 1400 °C [24]. Reduced Si, in turn, combines with reduced Fe to
form FeSi alloys. Observed experimental results in the Fe,O3-5i0,-C system reported here indicate the
formation of FeSi and SiC. Observed results are therefore consistent with these reduction mechanisms.

Alumina is chemically inert at 1550 °C, as it requires temperatures above 2200 °C for carbothermic
reduction. Our previous research had established that alumina can undergo carbothermic reduction
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at 1550 °C in the presence of molten iron, and can form FeAl alloys [17-19]. These ferro-aluminium
alloys were not detected in the Fe;O3-Al,03-5i0,-C system under investigation. Key reaction products
observed in the system were SiC, Fe3Si and mullite (AlgSi;O;3). The reduction kinetics of both silica
and iron oxide is very fast at 1550 °C, and reaches completion rapidly. With reduced iron and silicon
combining to form FeSi alloys, molten iron was no longer available for alumina reduction. The presence
of molten iron was an essential requirement for the low temperature carbothermic reduction of alumina.
As molten iron was depleted from the reaction zone by silica impurities, alumina reduction could not
take place at these low temperatures. A small fraction of alumina was seen combine with silica to form
mullite. The XRD data in Figure 9 did not change significantly after 15 min, thereby indicating most of
the reduction reactions had already reached completion by then. The observed HRSEM/EDS results
were consistent with XRD findings.

4. Conclusions

The presence of silica impurities had a very detrimental influence on the reduction reactions
in the Fe;O3-Al,O3-C system and on the formation of ferro-aluminium alloys. We had successfully
produced a range of Fe-Al alloys from direct carbothermic reduction at 1550 °C [17-20]. However, the
low temperature carbothermic reduction of alumina had reduced to negligible levels in the presence
of silica impurities, and ferro-aluminium alloys were no longer formed. This change was caused by
the removal of molten iron from the reaction zone by silicon to form FeSi alloys. As molten iron was
used as a thermodynamic sink and a solvent during reduction reactions, its presence was an essential
requirement for the occurrence of carbothermic reduction of alumina at 1550 °C. This study has shown
that great care needs to be taken during the formation of ferroalloys from low-temperature reduction
reactions of mixed oxides. Impurities should be avoided to the extent possible, even during large-scale
alloy making.
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