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Abstract

This study investigates the possibility of using aluminosilicochrome (ASC) produced from
technogenic raw materials as a potential alternative to FSC-48 ferrosilicochrome in refined
ferrochrome smelting. Laboratory smelting tests were carried out in an induction furnace
using alumina crucibles with a charge mass of 50 g. The two variants were compared based
on the material balance, SEM-EDS analysis of the metallic and slag phases, a conditional
estimate of chromium transfer to the metal, and the results of thermodynamic modeling in
FactSage 8.4. It was established that a Cr-Fe metallic phase is formed when both FSC-48
and ASC are used. The average metal mass was 13.8 g for FSC-48 and 13.3 g for ASC.
According to SEM-EDS data, the Cr content in the metallic phase was 70.53 and 68.64 wt.
%, respectively. Aluminum introduced with ASC predominantly transfers into the slag,
increasing its Al content to 20.81 wt. %. The conditional estimate of total chromium transfer
from the charge to the metallic phase was 91.9% for FSC-48 and 91.6% for ASC. FactSage
modeling showed higher calculated ore-derived Cr recovery for ASC under equilibrium
conditions; however, excessive ASC addition increased the Si content in the metal. The
obtained results confirm the fundamental possibility of using ASC as a complex reductant
in refined ferrochrome smelting.

Keywords: refined ferrochrome; aluminosilicochrome; ferrosilicochrome; complex reductant;
technogenic raw materials; SEM-EDS; FactSage; chromium recovery; slag phase

1. Introduction

Refined ferrochrome is one of the main chromium-containing ferroalloys used in the
production of stainless, corrosion-resistant, heat-resistant, structural, and special steels. Its
application makes it possible to introduce chromium into the metallic melt while limiting
the input of carbon and harmful impurities. In this regard, improving the technology
of refined ferrochrome smelting remains an important task for ferroalloy production,
especially under increasing requirements for the quality of metal products and for reducing
the consumption of raw materials, reductants, and electric power [1-3].

In the context of low-carbon metallurgy, hydrogen-based reduction is increasingly
considered as one of the promising approaches for decreasing carbon consumption and
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CO; emissions in metallurgical processes. The use of hydrogen can significantly affect
the reduction behavior of oxide materials and the softening-melting characteristics of
furnace burdens under hydrogen-rich atmospheres. At the same time, for chromium-
containing systems, the direct replacement of conventional reductants by hydrogen is
limited by the high thermodynamic stability of chromium oxides [4,5]. Therefore, the
development of alternative complex reductants containing silicon and aluminum remains
relevant for refined ferrochrome smelting, where deep chromium reduction and controlled
slag formation are required.

In industrial practice, the production of refined ferrochrome grades is largely based
on the metallothermic reduction of chromium oxides using ferrosilicochrome. This process
is technologically well established; however, it has several limitations. The reduction of
chromium oxides by silicon is accompanied by the formation of SiO;, which increases
the volume of the slag phase, requires the addition of extra lime to maintain the required
basicity, and increases chromium losses with slag. As a result, the efficiency of the process
depends not only on the composition of the chromium-bearing raw material, but also on
the quality of the reductant, lime consumption, and the properties of the forming slag
phase [1-7].

One of the directions for improving refined ferrochrome smelting technology is the use
of complex reductants containing both silicon and aluminum. Silicon ensures the reduction
of chromium oxides through a silicothermic mechanism, whereas aluminum, having a
higher affinity for oxygen, can additionally participate in chromium reduction and modify
the composition of the resulting slag. Previous studies on complex ferroalloys and silicon-
and aluminum-containing reductants have shown that their use may promote increased
chromium recovery, a lower slag ratio, and changes in the physicochemical properties of
the slag phase [8-14].

Recent studies have shown that industrial solid wastes from ferroalloy and mining-
related processes can be considered not only as waste materials but also as secondary
raw materials for producing value-added metallurgical products. In particular, chromite
spinel powder has been used in the metallothermic smelting of low-carbon ferrochrome,
demonstrating the possibility of involving chromium-containing technogenic materials
in ferroalloy production. Other studies have also reported the production of complex
chromium-manganese-silicon-containing ferroalloys from chromium-containing aspira-
tion dust, manganese ore fines, and coal sludge. These results confirm the relevance of
developing resource-efficient technologies aimed at converting industrial solid wastes into
complex ferroalloys and reductants [15-24].

Of particular interest is aluminosilicochrome (ASC), a complex Fe—Cr-Si—Al alloy that
can be used as an alternative to conventional ferrosilicochrome. In a previous study, the
possibility of producing ASC from technogenic wastes of ferroalloy and coal production,
including chromite spinel powder, microsilica, and coal sludge, was demonstrated [25].
Thermodynamic modeling and large-scale laboratory smelting tests confirmed the pos-
sibility of forming an Fe—Cr-Si—Al metallic phase, which allows the obtained alloy to be
considered as a potential complex reductant for refined ferrochrome smelting [9-14,25].

At the same time, the production of ASC from technogenic raw materials itself does
not confirm its efficiency in refined ferrochrome smelting. To provide practical justification
for this approach, it is necessary to experimentally compare the behavior of ASC and
conventional ferrosilicochrome under identical smelting conditions, evaluate the formation
of the metallic and slag phases, determine the distribution of the main elements, and assess
the influence of the reductant type on chromium transfer into the metallic product.

The aim of this study is to perform a laboratory evaluation of the possibility of using
aluminosilicochrome produced from technogenic raw materials as a potential alternative to
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FSC-48 ferrosilicochrome in refined ferrochrome smelting. To achieve this aim, comparative
laboratory smelting tests using FSC-48 and ASC were carried out, a material balance was
prepared, SEM-EDS analysis of the reductants and smelting products was performed,
a conditional estimate of total chromium transfer from the charge to the metallic phase
was calculated, and thermodynamic modeling was conducted to assess the influence of
reductant consumption on the calculated Cr recovery and Si content in the metal.

2. Materials and Methods

The experimental studies were aimed at a comparative assessment of refined fer-
rochrome smelting using two reductants: ferrosilicochrome and aluminosilicochrome. The
studies were carried out under laboratory-scale conditions. Each smelting test was per-
formed with a total charge mass of 50 g in an alumina crucible using a high-frequency
laboratory induction furnace with a transformer power rating of 16 kVA (Shenzhen Shuang-
ping Power Supply Technologies Co., Ltd., Shenzhen, China). This scale was selected
for a preliminary comparative assessment of the possibility of replacing conventional
ferrosilicochrome with a complex Fe—Cr-Si-Al reductant.

Chromium ore, lime, ferrosilicochrome, and aluminosilicochrome were used as the
main charge materials. Chromium ore was the main chromium-bearing component, lime
was used to form the basic slag phase and bind silica, and the reductants were used to
reduce chromium oxides with the formation of the metallic refined ferrochrome phase.
Ferrosilicochrome was used in the reference variant, while aluminosilicochrome was used
in the experimental variant.

The chemical composition of the initial charge materials was determined using stan-
dard analytical methods. The microstructure and local elemental composition of the initial
materials, as well as the metallic and slag phases after smelting, were studied by scan-
ning electron microscopy with energy-dispersive X-ray spectroscopy (Zeptools ZEM20,
ZEPTOOQOLS, Tongling, China-scanning electron microscope equipped with an Oxford EDS
detector, Oxford Instruments, Abingdon, UK). SEM-EDS results were used for a compara-
tive assessment of the distribution of Cr, Fe, Si, Al, Ca, Mg, and O in the smelting products.
It should be noted that EDS data are semi-quantitative and reflect the composition of
individual microareas rather than the bulk chemical composition of the entire metal or slag
mass [26,27].

For each investigated material or smelting product, five representative microareas
were analyzed by SEM-EDS. The values presented in the tables correspond to the average
values obtained from these five analyzed areas. The selected areas were chosen to represent
the main metallic or slag phase observed in the sample. Within the analyzed areas, the
distribution of the main elements was sufficiently consistent and corresponded to the
expected phase separation: Cr and Fe were concentrated in the metallic phase, whereas O,
Ca, 5i, Al, and Mg were mainly associated with the slag phase.

The chemical composition of the initial materials used for laboratory refined fer-
rochrome smelting is presented in Tables 1 and 2.

Table 1. Chemical composition of chromium ore and lime, wt. %.

Material Cr,O3 FeO SiO, Al,O3 CaO MgO P S CO, LOI
Chromium ore 50.39 12.22 8.15 7.73 0.82 20.67 0.002 0.015 - -
Lime - - - - 95.95 - 0.003 - 0.76 3.2862

For an additional calculated assessment of the influence of the reductant type and
consumption on the refined ferrochrome smelting process, thermodynamic modeling was
performed using FactSage 8.4 software (FactSage is developed jointly by Thermfact/CRCT
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(Montreal, Canada) and GTT-Technologies (Aachen, Germany)) [28]. The calculations
were carried out in the Equilib module based on the chemical compositions of the initial
materials presented in Tables 1 and 2.

Table 2. Chemical composition of the reductants. wt. %.

Material Cr Fe Si Al C S P
FSC-48 28.95 21.09 49.88 - 0.030 0.02 0.03
ASC 22.23 16.20 43.90 17.60 0.025 0.02 0.03

Chromium ore, lime, FSC-48 ferrosilicochrome, and ASC aluminosilicochrome were
introduced into the calculation system as the initial components. To compare the variants,
two charge systems were modeled: the reference system using FSC-48 and the experimental
system using ASC. The main calculated parameters were chromium transfer into the
metallic phase and the silicon content in the metal as a function of the reductant content in
the charge.

The FactPS and FToxid thermodynamic databases were used in the modeling. The
FactPS database was used to describe individual substances and the gas phase, while the
FToxid database was used to calculate oxide and slag phases. The liquid metallic phase
was also included in the calculation, which made it possible to evaluate the distribution of
Cr, Fe, Si, and Al between the metallic and oxide phases. The calculation was considered as
an equilibrium thermodynamic assessment based on Gibbs free energy minimization. The
obtained calculation data were used to analyze the trends in Cr transfer to the metal and Si
content in the metallic phase when using FSC-48 and ASC.

The thermodynamic calculations were performed for a closed system without mass
exchange with the environment. The pressure was set at 0.1 MPa, which corresponds to
conditions close to atmospheric pressure. The calculation temperature was set at 1800 °C,
corresponding to the experimental smelting temperature.

The following main phases were considered in the calculation: LIQU#1, corresponding
to the liquid metallic phase containing Cr, Fe, Si, and Al; SLAGA#1, corresponding to the
liquid oxide slag phase; GAS, corresponding to the gas phase; SPINA#1, corresponding
to the spinel oxide phase; MeO_A#1, corresponding to the monoxide phase; and other
thermodynamically stable oxide or metallic phases if they appeared under the given
calculation conditions.

In addition, to provide a direct comparison with the laboratory experiments, additional
FactSage calculations were performed using the actual experimental charge compositions.
For the FSC-48 variant, the charge consisted of 24.0 g of chromium ore, 18.0 g of lime, and
8.0 g of FSC-48. For the ASC variant, the charge consisted of 24.0 g of chromium ore, 18.4 g
of lime, and 7.6 g of ASC. These compositions correspond to the laboratory smelting tests
presented in Table 3.

Table 3. Composition of charge mixtures for laboratory refined ferrochrome smelting.

Experimental Variant Chromium, g Lime, g Reductant Reductant Mass, g Total Charge Mass, g
Refined ferrochrome with FSC 24.0 18.0 Ferrosilicochrome 8.0 50.0
Refined ferrochrome with ASC 24.0 18.4 Aluminosilicochrome 7.6 50.0

In the revised calculation, two chromium-related indicators were distinguished. The
first indicator was the total Cr transfer to the metallic phase, calculated relative to the total
chromium introduced into the system with both the chromium ore and the reductant. The
second indicator was the ore-derived Cr recovery, calculated relative only to chromium
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introduced with CryOj3 in the chromium ore. This distinction was necessary because both
FSC-48 and ASC contain metallic chromium and therefore introduce an additional amount
of chromium directly into the charge.

To compare the behavior of the reductants, two experimental series were prepared.
In the first series, smelting was carried out using ferrosilicochrome, while in the second
series, aluminosilicochrome was used. The total charge mass in each experiment was 50 g.
Three parallel experiments were performed for each variant, which made it possible to
assess process reproducibility and compare the yield of the metallic and slag phases.

The charge compositions were selected for a comparative laboratory assessment under
the same total charge mass of 50 g and the same chromium ore mass of 24.0 g. The reductant
additions were chosen taking into account the chemical composition of the reductants and
their main reducing components. In the FSC-48 variant, silicon was the main reducing
element, whereas in the ASC variant both silicon and aluminum contributed to the reducing
capacity. Therefore, a slightly lower mass of ASC was used compared with FSC-48.

The reductant additions were estimated based on the stoichiometric oxygen-removal
capacity of the main reducing elements. For silicon, the calculation was based on the
formation of SiO,, where 28.09 g of Si binds 32.00 g of oxygen. Therefore, 1 g of Si can
remove approximately 1.14 g of oxygen. For aluminum, the calculation was based on the
formation of Al;O3, where 53.96 g of Al binds 48.00 g of oxygen. Therefore, 1 g of Al can
remove approximately 0.89 g of oxygen.

In the FSC-48 variant, 8.0 g of reductant containing 49.88 wt. % Si introduced ap-
proximately 3.99 g of Si, corresponding to an oxygen-removal capacity of about 4.55 g O.
In the ASC variant, 7.6 g of reductant introduced approximately 3.34 g of Si and 1.34 g
of Al. Their combined oxygen-removal capacity was about 4.99 g O. Thus, the reductant
additions were not selected to provide strictly identical oxygen-removal capacities. Instead,
they were selected to provide comparable reducing conditions for a preliminary laboratory
assessment under the same total charge mass and the same chromium ore mass, taking
into account the different chemical compositions of FSC-48 and ASC. The slightly lower
ASC mass was used because both Si and Al contribute to the reducing capacity of this
alloy. The difference in oxygen-removal capacity was considered when interpreting the
comparative results.

The lime addition was selected to bind SiO; formed during reduction into the slag
phase and to provide a comparable slag-forming regime. In addition, the lime amount
was adjusted to maintain the same total charge mass of 50 g in both experimental variants.
However, the charge compositions were not designed to achieve an exactly identical
CaO/Si0O; ratio or optimized industrial basicity. Therefore, the selected lime additions
should be considered as part of a preliminary laboratory comparison rather than as a fully
optimized slag regime.

The compositions of the charge mixtures used in the laboratory smelting tests are
presented in Table 3.

Before smelting, the initial materials were weighed according to the calculated charge
composition. After dosing, the components were thoroughly mixed to obtain a homoge-
neous mixture. Particular attention was paid to the uniform distribution of the reductant
throughout the charge, since the efficiency of chromium oxide reduction is determined by
the contact between the ore component, the reductant, and the slag-forming components.

The prepared charge was loaded into alumina crucibles, after which the crucibles were
placed in the working zone of a laboratory induction furnace. The use of alumina crucibles
made it possible to carry out smelting at high temperatures and reduce the probability
of additional carbon contamination of the samples. The smelting tests were carried out
in a laboratory induction furnace at a target temperature of 1800 °C. The temperature

https://doi.org/10.3390 /met16080911


https://doi.org/10.3390/met16080911

Metals 2026, 16, 911

60of 19

()

was monitored using a W-Re 5/20 thermocouple (PJSC Elektroteplometriya, Moscow,
Russia). Heating was performed according to a stepwise current-increase regime: the
furnace current was increased by 40 A every 4 min until the charge was completely melted
and visible separation of the metallic and slag phases was achieved. After complete
melting, the melt was held at 1800 °C for 5 min in all experiments to promote metal-
slag separation. No purging or protective gas was used during the smelting tests; the
experiments were carried out under laboratory air atmosphere. The same heating regime,
target temperature, holding time, and atmospheric conditions were used for both the
FSC-48 and ASC experimental variants.

After completion of smelting, the crucibles were cooled to room temperature in the
furnace. The smelting products were then removed from the crucibles and mechanically
separated into metallic and slag fractions. For each experiment, the mass of the obtained
metal, the mass of slag, and the losses were determined. The obtained data were used to
prepare the material balance of the laboratory smelting tests and to compare the efficiency
of ferrosilicochrome and aluminosilicochrome application. A general view of charge
preparation, loading into an alumina crucible, and smelting in the induction furnace is
shown in Figure 1.

® (©)

Figure 1. Preparation and laboratory smelting of refined ferrochrome in an induction furnace:
(a) charge mixture loaded into an alumina crucible; (b) general view of the crucible in the induction
heating zone; (c) heated alumina crucible during smelting.

3. Results and Discussion
3.1. Material Balance of Laboratory Smelting Tests

After the laboratory smelting tests, the products were separated into metallic and slag
phases, after which the masses of metal, slag, and losses were determined. The obtained
data were used to assess the reproducibility of the smelting tests and to perform a prelimi-
nary comparison of the efficiency of using ferrosilicochrome and aluminosilicochrome as
reductants in refined ferrochrome smelting.

Visual inspection showed the formation of a dense metallic ingot at the bottom of the
crucible and a slag phase located around the metallic part and on the crucible walls. A
general view of the smelting products after cooling and separation is shown in Figure 2.

The material balance of the laboratory smelting tests is presented in Table 4. In each
series, the initial charge mass was 50 g. In the reference variant, the charge consisted of
24.0 g of chromium ore, 18.0 g of lime, and 8.0 g of ferrosilicochrome. In the experimental
variant, 24.0 g of chromium ore, 18.4 g of lime, and 7.6 g of aluminosilicochrome were used.

https://doi.org/10.3390 /met16080911
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Slag Metal

(b)

Figure 2. Products of laboratory smelting after cooling and separation: (a) crucible with smelting
products after cooling; (b) broken crucible after removal of the smelting products.

Table 4. Material balance of laboratory refined ferrochrome smelting tests using FSC and ASC.

Chromium

Reductant Reductant

Ne ore, g Lime, g Type Mass, g Metal, g Slag, g Losses, g Total, g
1 24.0 18.0 FSC 8.0 13.7 324 3.9 50.0
2 24.0 18.0 FSC 8.0 13.9 30.2 5.9 50.0
3 24.0 18.0 FSC 8.0 13.8 31.5 47 50.0
1 24.0 18.4 ASC 7.6 12.8 35.2 2.0 50.0
2 24.0 18.4 ASC 7.6 13.7 33.9 24 50.0
3 24.0 18.4 ASC 7.6 134 343 2.3 50.0
Average 24.0 18.0 FSC 8.0 13.8 314 4.8 50.0
Average 24.0 18.4 ASC 7.6 13.3 34.5 22 50.0

When FSC was used, the average mass of the obtained metal was 13.8 g, the slag mass
was 31.4 g, and the losses amounted to 4.8 g. In the variant using ASC, the average metal
mass was 13.3 g, the slag mass was 34.5 g, and the losses were 2.2 g. The obtained data
show that both reductants ensure the formation of a refined ferrochrome metallic phase. At
the same time, the ASC variant is characterized by a slightly lower metal yield by mass but
lower losses, which may be associated with the interaction of aluminosilicochrome with
the oxide part of the charge and changes in the composition of the slag phase.

The increase in slag mass when ASC was used should not be attributed only to
the formation of a specific calcium aluminosilicate phase. It may be associated with the
combined effect of aluminum introduced with ASC, the slightly higher lime addition
required to keep the total charge mass constant, and changes in the composition of the
oxide slag phase. SEM-EDS analysis indicates that the slag obtained with ASC is enriched
in O, Al, Ca, S5i, and Mg; therefore, it can be described as an oxide slag phase of the CaO-
5i0,-Al,03-MgO system. However, the exact identification of individual crystalline or
liquid slag phases requires additional phase analysis.

For further assessment of the influence of the reductant type on the formation of
smelting products, scanning electron microscopy and energy-dispersive X-ray spectroscopy
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were used. SEM-EDS data make it possible to evaluate the microstructural features of
the metallic and slag phases and to determine the local distribution of the main elements,
namely Cr, Fe, Si, Al, Ca, Mg, and O. At the same time, EDS results should be considered
as a semi-quantitative local assessment rather than a complete chemical analysis.

3.2. SEM-EDS Analysis of FSC and ASC Reductants

SEM-EDS analysis of the reductants is of particular interest, since differences in their
composition and microstructure determine the features of the reduction process and the
nature of formation of the metallic and slag phases. Unlike conventional ferrosilicochrome,
aluminosilicochrome contains not only silicon and chromium, but also aluminum, which
allows it to be considered as a complex Fe-Cr-Si—Al reductant [9,10,13,14,25].

The SEM image, elemental distribution maps, and EDS spectrum of FSC-48 ferrosilic-
ochrome are presented in Figure 3. As can be seen from the figure, FSC-48 has a metallic
structure with areas of different contrast, indicating a heterogeneous distribution of the
main components. The elemental distribution maps show that Si, Cr, and Fe predominate
in the analyzed area. Silicon is distributed over most of the analyzed surface, whereas
chromium and iron are concentrated in individual microzones, indicating the microstruc-

tural heterogeneity of ferrosilicochrome.

T00um

Figure 3. SEM-EDS analysis of FSC-48 ferrosilicochrome.

The SEM image, elemental distribution maps, and EDS spectrum of ASC aluminosil-
icochrome are presented in Figure 4. Unlike FSC-48, aluminosilicochrome is character-
ized by a more complex elemental distribution. Si, Al, Cr, and Fe are detected in the
mapped area, with aluminum being one of the main components of the alloy. The dis-
tribution maps show local heterogeneity of the ASC structure, associated with different
ratios of silicon, aluminum, chromium, and iron in individual microareas. The presence
of aluminum confirms the complex nature of the reductant and distinguishes ASC from
conventional ferrosilicochrome.

The results of the local semi-quantitative EDS analysis of the mapped areas of FSC-48
and ASC are presented in Table 5.

According to the EDS data, FSC-48 ferrosilicochrome is characterized by the predom-
inance of silicon and chromium. In the mapped area, the Si content is 58.53 wt. %, Cr is
27.77 wt. %, and Fe is 12.25 wt. %. The low Al content of 1.44 wt. % may be associated
with local features of the analyzed area or with an impurity component. The obtained data
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confirm that FSC-48 is predominantly a silicon—chromium-iron-containing reductant of the

Fe—Cr-5i system.

Si Kal Al Kol

25m © Cr Kal

ZSm
Figure 4. SEM-EDS analysis of ASC aluminosilicochrome.

Table 5. Local semi-quantitative EDS analysis of FSC-48 and ASC reductants. wt. %.

Material Analysis Area Al Si Cr Fe Total
FSC-48 Map Sum Spectrum 1.44 58.53 27.77 12.25  100.00
ASC Map Sum Spectrum 2323 4490 16.72 15.16  100.00

Note: The SEM-EDS data are semi-quantitative and local in nature. The values represent average
compositions calculated from five analyzed microareas for each phase.

ASC aluminosilicochrome differs by the presence of a significant amount of aluminum.
In the selected mapped area, the Al content is 23.23 wt. %, Si is 44.90 wt. %, Cr is
16.72 wt. %, and Fe is 15.16 wt. %. The presence of aluminum is a fundamental difference
between ASC and FSC-48 and confirms that ASC belongs to complex reductants of the
Fe-Cr-5i-Al system.

Comparison of the SEM-EDS data shows that FSC-48 is predominantly a silicon-
chromium-iron-containing reductant, whereas ASC is a more complex multicomponent
alloy containing both aluminum and silicon and providing a combined reducing effect.
This, in turn, may influence not only the reduction of chromium from the ore but also
changes in the composition and structure of the resulting slag phase.

3.3. SEM-EDS Analysis of Smelting Products Using FSC-48 and ASC

To evaluate the formation of metallic and slag phases after laboratory smelting, SEM-
EDS studies were carried out on the products obtained using FSC-48 ferrosilicochrome
and ASC aluminosilicochrome. The analysis was performed on representative metal and
slag samples collected after cooling, crucible destruction, and mechanical separation of the
smelting products [6,9-12].

When analyzing the smelting products, the metallic phase was considered as the
area enriched in Cr and Fe, whereas the slag phase was considered as the area containing
predominantly O, Ca, Si, Mg, and Al. The presence of residual Cr in the slag phase was
used as an indirect indication of incomplete chromium transfer to the metal [7,22,29].
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SEM-EDS analysis of the metallic phase obtained using FSC-48 is presented in Figure 5.
The metallic phase is characterized by a dense structure with cracks and areas of different
contrast. Elemental distribution maps show that the main components of the metallic phase
are Cr and Fe. Silicon is detected in a smaller amount and is locally distributed, which is
associated with the use of a silicon-containing reductant and its partial transfer into the
metallic phase. The obtained data confirm the formation of a chromium—iron metallic phase
corresponding to refined ferrochrome.

Cr Kal Fe Kal

100um 100pum

Figure 5. SEM-EDS analysis of the metallic phase of refined ferrochrome obtained using FSC-48.

SEM-EDS analysis of the slag phase after smelting with FSC-48 is presented in Figure 6.
The slag is oxide in nature and is characterized by the predominance of O, Ca, Al, Si and Mg.
The elemental distribution maps show that calcium, silicon, aluminum and magnesium are
part of the slag matrix. The presence of these elements indicates the formation of a calcium
aluminosilicate slag phase involving magnesium-containing components of the chromium
ore. Chromium is detected in the slag in a small amount, which indicates the retention of a
minor portion of chromium in the slag phase.

SEM-EDS analysis of the metallic phase obtained using ASC is presented in Figure 7.
As in the case of FSC-48, the metallic phase is characterized by the predominance of Cr and
Fe, which confirms the formation of a chromium-iron metallic product. At the same time,
the elemental distribution maps show the presence of Si, associated with the participation
of silicon in the reduction process. The aluminum content in the metallic phase remains
low, indicating its predominant involvement in slag formation rather than accumulation in
the metal.

SEM-EDS analysis of the slag phase after smelting with ASC is presented in Figure 8.
Unlike the metallic phase, the slag is characterized by increased contents of O, Al, Ca, Si,
and Mg, indicating the formation of an oxide calcium aluminosilicate slag system. The
presence of aluminum in the slag phase is associated with the use of aluminosilicochrome
as a complex Fe—Cr-Si—Al reductant. The elemental distribution maps show that Al, Si,
Ca, and Mg form the slag matrix, whereas Cr is detected in a significantly lower amount
compared with the metallic phase.

The results of the local semi-quantitative EDS analysis of the metallic and slag phases
after smelting using FSC-48 and ASC are presented in Table 6.
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Figure 6. SEM-EDS analysis of the slag phase after refined ferrochrome smelting using FSC-48.
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Figure 7. SEM-EDS analysis of the metallic phase of refined ferrochrome obtained using ASC.

According to the data in Table 6, both reductants lead to the formation of a metallic
phase enriched in chromium and iron. In the FSC-48 variant, the Cr content in the metallic
phase is 70.53 wt. %, while the Fe content is 27.00 wt. %. When ASC is used, the metallic
phase is also characterized by high Cr and Fe contents of 68.64 and 26.06 wt. %, respectively.
This confirms that aluminosilicochrome, like conventional ferrosilicochrome, ensures the
formation of a Cr—Fe metallic phase.

It should also be noted that alumina crucibles were used in the smelting tests. There-
fore, a partial contribution of the crucible material to the Al content in the slag cannot
be completely excluded. The crucibles were weighed before and after smelting, and no
significant mass loss or visible intensive corrosion of the crucible walls was observed
after mechanical removal of the smelting products. In addition, the same type of alumina
crucible was used for both the FSC-48 and ASC variants. Therefore, the higher Al content
in the slag obtained with ASC is mainly associated with the introduction of aluminum with

https://doi.org/10.3390 /met16080911


https://doi.org/10.3390/met16080911

Metals 2026, 16, 911

12 of 19

EDS Layered Image 6

the ASC reductant; however, possible slag—crucible interaction is considered as a limitation
of the present study.

Mg Kal,2

100pum 100pum 100pum

Figure 8. SEM-EDS analysis of the slag phase after refined ferrochrome smelting using ASC.

Table 6. Local semi-quantitative EDS analysis of refined ferrochrome smelting products using FSC-48
and ASC, wt. %.

Smelting Variant Smelting Product (0] Mg Al Si Ca Cr Fe
Refined ferrochrome with FSC-48 Metal - - 0.14 2.33 - 70.53  27.00
Refined ferrochrome with FSC-48 Slag 47.04 801 1250 979 2095 171 -

Refined ferrochrome with ASC Metal - - 0.14 3.59 - 68.64  26.06
Refined ferrochrome with ASC Slag 5058 422 2081 561 1773 1.05 -

Note: The SEM-EDS data are semi-quantitative and local in nature. The values represent average
compositions calculated from five analyzed microareas for each phase.

The Si content in the metallic phase when ASC is used is 3.59 wt. %, which is slightly
higher than in the FSC-48 variant, where it is 2.33 wt. %. At the same time, the Al content
in the metal is 0.14 wt. % in both cases. This indicates that aluminum introduced with
ASC practically does not concentrate in the metallic phase but predominantly transfers into
the slag.

The most pronounced differences between the variants are observed in the composition
of the slag phase. The slag after smelting with FSC-48 contains 12.50 wt. % Aland 9.79 wt. %
Si, whereas when ASC is used, the Al content in the slag increases to 20.81 wt. %, while the
Si content decreases to 5.61 wt. %. This indicates a more active participation of aluminum
in the formation of the slag phase when ASC is used and the transfer of a significant portion
of aluminum from the reductant into the oxide calcium aluminosilicate system.

The residual Cr content in the slag is 1.71 wt. % when FSC-48 is used and 1.05 wt.
% when ASC is used. Considering the local nature of EDS analysis, these values should
not be regarded as an exact indicator of chromium recovery. However, they show that in
the investigated slag areas, the chromium content when ASC is used is not higher than in
the FSC-48 variant. This is a positive indication and suggests the possibility of effective
chromium transfer into the metallic phase when aluminosilicochrome is used.

Thus, SEM-EDS analysis shows that when ASC is used, a Cr-Fe metallic phase compa-
rable to that obtained with FSC is formed, while the main difference is observed in the slag
composition, where the proportion of aluminum oxide increases.
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3.4. Assessment of Chromium Transfer to the Metallic Phase

For a comparative assessment of the laboratory smelting results, a conditional estimate
of chromium transfer from the charge to the metallic phase was calculated. The calculation
took into account that chromium enters the system not only with the chromium ore but
also with the reductant, since both ferrosilicochrome and aluminosilicochrome contain
chromium in their composition. The calculation was performed as a comparative assess-
ment and does not replace a complete chemical balance of chromium between the metal
and slag [7,22,29].

The mass of chromium introduced with the chromium ore was calculated using
Equation (1), taking into account the Cr,O3; content and the conversion factor from
chromium oxide to metallic chromium:

w (Cr203) 104

ore | (1)

m(Cr) 100 152

ore — More*
where m (Cr)ore is the mass of chromium introduced with the ore, g; more is the mass of
chromium ore in the charge, g; w(CryO3)ore is the chromium oxide content in the ore, wt.
%; and 104 /152 is the conversion factor from Cr,Oj3 to Cr.

The mass of chromium introduced with the reductant was determined using
Equation (2):
w(Cr)

recov. 2
100 @)

where m (Cr)recov. is the mass of chromium introduced with the reductant, g; myeqyc; is the

m (Cl‘ ) recov. — Mreduct.”

mass of the reductant, g; and w(Cr)recov is the chromium content in the reductant, wt. %.
The total chromium input into the smelting system was calculated using Equation (3)
as the sum of chromium introduced with the ore and the reductant:

m(cr)total = m(cr)ore + m(Cr)reduct. (3)

The mass of chromium in the metallic phase was calculated using Equation (4), taking
into account the average metal mass and the Cr content in the metallic phase according to

SEM-EDS data: ()
w r met
100 @)

where m(Cr)met is the mass of chromium in the metallic phase, g; Mm(metal is the mass of the

m(Cr)met = m(metal)total ’

obtained metal, g; and w Crpyet is the chromium content in the metallic phase according to
SEM-EDS data, wt. %.

The conditional estimate of total chromium transfer from the charge to the metallic
phase was calculated using Equation (5):

C
M -100% (5)

m{Lr )total

n(Cr) =

The calculation results are presented in Table 7.

As can be seen from Table 7, the conditional estimate of total chromium transfer from
the charge to the metallic phase is 91.9% when FSC-48 is used and 91.6% when ASC is
used. The obtained values are at a similar level, indicating the comparable ability of both
reductants to ensure the formation of a chromium-containing metallic phase under the
selected laboratory conditions.

Despite the slightly lower average metal mass in the ASC variant, the conditional
estimate of chromium transfer to the metallic phase remains close to that obtained with
FSC-48. This is due to the fact that the total chromium input into the charge when ASC
is used is lower because of the lower Cr content in aluminosilicochrome compared with
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ferrosilicochrome. At the same time, the local Cr content in the metallic phase remains high
and amounts to 68.64 wt. %.

Table 7. Conditional estimate of total Cr transfer to the metal. %.

Parameter with FSC-48 with ASC
Mass of chromium ore. g 24.0 24.0
CryOg3 in ore. wt. % 50.39 50.39
Cr from ore. g 8.27 8.27
Mass of reductant. g 8.0 7.6
Cr in reductant. wt. % 28.95 22.23
Cr from reductant. g 2.32 1.69
Total Cr input. g 10.59 9.96
Average metal mass. g 13.8 13.3
Cr in the metallic phase according to SEM-EDS. wt. % 70.53 68.64
Cr in the metallic phase. g 9.73 9.13
Conditional estimate of total Cr transfer to the metal, % 91.9 91.6

Note: The calculation was performed using the average yield of the metallic phase and the local
Cr content according to SEM-EDS data. The obtained values should not be interpreted as actual
chromium recovery. They represent only a conditional comparative estimate based on the average
metal yield and mean local SEM-EDS composition from five analyzed metallic microareas.

It should be taken into account that ASC contains aluminum, which additionally
participates in reduction and slag-forming processes. According to SEM-EDS data, the
Al content in the metallic phase remains low, whereas an increased aluminum content
is observed in the slag when ASC is used. This indicates the predominant transfer of
aluminum into the slag phase and the formation of a calcium aluminosilicate system.

Thus, the calculation based on the laboratory smelting results shows that replacing
FSC-48 with ASC does not reduce the conditional estimate of total chromium transfer from
the charge to the metallic phase. Both variants provide a similar level of Cr transfer to
the metallic phase, while the use of ASC additionally changes the composition of the slag
phase due to the transfer of aluminum into the oxide system.

Determination of actual chromium recovery requires bulk chemical analysis of the
metal and slag, for example by ICP-OES, XRE, or spark-OES, and a complete chromium
mass balance including slag, material adhered to the crucible, and other losses.

3.5. FactSage Modeling of the Experimental Charge Compositions

To clarify the relationship between the laboratory smelting results and the thermo-
dynamic calculations, additional FactSage modeling was performed using the actual ex-
perimental charge compositions. The calculations were carried out using FactSage 8.4 in
the Equilib module based on Gibbs free energy minimization [28]. The FactPS and FToxid
databases were used to describe individual substances, gas species, metallic phases, oxide
phases, and slag phases. The modeling was performed at 1800 °C and 0.1 MPa, correspond-
ing to the experimental smelting temperature and conditions close to atmospheric pressure.

Unlike the previous sensitivity calculation based on varying the reductant proportion,
the revised calculation directly reproduced the charge mixtures used in the laboratory tests.
For the FSC-48 variant, the modeled charge consisted of 24.0 g of chromium ore, 18.0 g of
lime, and 8.0 g of FSC-48. For the ASC variant, the modeled charge consisted of 24.0 g of
chromium ore, 18.4 g of lime, and 7.6 g of ASC. These charge compositions correspond to
the experimental variants presented in Table 3.

Since both FSC-48 and ASC contain chromium, two chromium-related indicators were
considered separately. The first indicator was the total Cr transfer to the metallic phase,
calculated relative to the total amount of chromium introduced into the system with both
the chromium ore and the reductant. The second indicator was the ore-derived Cr recovery,
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calculated relative only to chromium introduced with Cr,O3 in the chromium ore. This
distinction is necessary because part of the chromium in the metallic phase may originate
not from the reduction of chromium oxide, but from metallic chromium already present in
the reductant.

The calculated results based on the experimental charge basis and different reductant
masses are presented in Table 8.

Table 8. FactSage calculation results for the experimental charge compositions.

Reductant Reductant Ore Cr Recove . o Ore Cr Recove . o Total Cr Transfer  Total Cr Transfer
Mass, g Share, % ASC. o ) SIASC% FSC.% o SIFSC% ASC, % FSC, %
5.0 10.6 40.38 0.00 28.42 0.00 52.23 43.31
6.0 12.5 55.40 0.00 39.88 0.00 69.28 57.23
7.0 14.3 68.84 0.03 52.65 0.01 84.67 72.32
8.0 16.0 74.03 1.82 65.59 0.04 91.72 87.45
9.0 17.6 78.00 5.29 73.61 0.99 97.47 97.56
10.0 19.2 78.71 8.32 7241 3.75 99.88 98.33

For a clearer comparison of the chromium-related indicators, the calculated ore-
derived Cr recovery and total Cr transfer to the metallic phase are shown in Figures 9
and 10, respectively.

90 1 r 3.0

= Ore-derived Cr recovery (FSC)

= @= Ore-derived Cr recovery (ASC) 78,00 78.71
30 Si in metal(FeSiCr) 24,03 0 .
Si in metal (AISiCr) X -] -
68.84 = 7361 72.41 L2s

=
L 4
- =
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Figure 9. Calculated effect of reductant mass on ore-derived Cr recovery and Si content in metal.

According to Figure 9, the calculated ore-derived Cr recovery increases with increasing
reductant mass for both reductants. However, at all considered reductant masses, the ASC
variant shows higher ore-derived Cr recovery than the FSC-48 variant. At a reductant mass
of 5.0 g, the calculated ore-derived Cr recovery is 40.38% for ASC and 28.42% for FSC-48.
With an increase in reductant mass to 8.0 g, these values increase to 74.03% and 65.59%,
respectively. This indicates that, under equilibrium conditions, ASC provides a higher
reducing effect toward chromium oxide in the ore. The higher calculated recovery can be
associated with the combined reducing action of silicon and aluminum in ASC, whereas
FSC-48 acts mainly as a silicon-containing reductant [9-12,25].

At the same time, the increase in reductant mass is accompanied by an increase in the
Si content in the metallic phase. For ASC, the Si content remains close to zero at 5.0-6.0 g
and then increases from 0.03% at 7.0 g to 1.82% at 8.0 g. A further increase in ASC mass to
9.0-10.0 g leads to a sharp increase in the Si content in the metal, reaching 5.29-8.32%. This
indicates that excessive ASC addition is undesirable because, after reaching a high degree
of chromium reduction, part of silicon is no longer fully consumed in reduction reactions
and begins to transfer into the metallic phase.
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Figure 10. Calculated effect of reductant mass on total Cr transfer and Si content in metal.

Figure 10 shows the calculated total Cr transfer to the metallic phase, taking into
account chromium introduced with both the chromium ore and the reductant. This param-
eter is higher than ore-derived Cr recovery because FSC-48 and ASC themselves contain
metallic chromium. The total Cr transfer also increases with increasing reductant mass.
For ASC, it rises from 52.23% at 5.0 g to 91.72% at 8.0 g and reaches 99.88% at 10.0 g. For
FSC-48, the corresponding values increase from 43.31% to 87.45% and 98.33%.

Thus, the revised FactSage calculation shows that ASC has a higher calculated reducing
efficiency toward chromium oxide in the ore compared with FSC-48, especially in the range
of 5.0-8.0 g of reductant. However, excessive ASC addition leads to a significant increase in
the Si content in the metal. Therefore, the use of ASC requires optimization of the reductant
mass and slag regime. The modeling results should be interpreted as equilibrium trends
and not as direct quantitative confirmation of the SEM-EDS-based experimental chromium
transfer estimates.

4. Conclusions

This study evaluated the possibility of using aluminosilicochrome (ASC) produced
from technogenic raw materials as a complex reductant in refined ferrochrome smelting.
Laboratory smelting tests with FSC-48 and ASC showed that both reductants ensure the
formation of a Cr—Fe metallic phase under the selected experimental conditions.

When FSC-48 was used, the average metal and slag masses were 13.8 and 31.4 g,
respectively. When ASC was used, the corresponding values were 13.3 and 34.5 g. SEM-
EDS analysis showed that the metallic phase obtained with ASC was comparable to that
obtained with FSC-48 in terms of the main components. The Cr and Fe contents in the metal
were 70.53 and 27.00 wt. % for FSC-48 and 68.64 and 26.06 wt. % for ASC, respectively.

The main difference between the two variants was observed in the slag composition.
When ASC was used, aluminum was mainly associated with the slag phase rather than
with the metal. However, considering the use of alumina crucibles and the local semi-
quantitative nature of SEM-EDS analysis, the increased Al content in the slag should be
interpreted as a combined effect of ASC addition, slag composition, and possible slag—
crucible interaction.
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The conditional estimate of total chromium transfer to the metallic phase was sim-
ilar for the two reductants: 91.9% for FSC-48 and 91.6% for ASC. These values should
be regarded only as a comparative estimate based on local SEM-EDS data and average
metal yield, rather than as actual chromium recovery calculated from a complete bulk
chemical balance.

FactSage modeling performed for the experimental charge compositions showed that
ASC provides higher calculated ore-derived Cr recovery than FSC-48 under equilibrium
conditions. At the same time, excessive ASC addition leads to a sharp increase in the Si
content in the metallic phase, because after a high degree of chromium oxide reduction
is achieved, silicon is no longer fully consumed as a reducing component and begins to
accumulate in the metal. Therefore, the use of ASC requires optimization of reductant mass
and slag regime.

Overall, the obtained results confirm the fundamental possibility of using ASC as an
alternative complex reductant in refined ferrochrome smelting. However, the FactSage
results should be interpreted as equilibrium trends rather than direct quantitative confirma-
tion of the SEM-EDS-based chromium transfer estimates. Further studies should include
complete bulk chemical analysis of metal and slag, calculation of actual chromium recovery
based on a full material balance, assessment of slag—crucible interaction, and pilot-scale
verification.
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