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Abstract

This study investigates the feasibility of producing an Fe-Cr-Mn complex alloy through
the recycling of technogenic wastes from metallurgical operations. The feed materi-
als comprised chromium-bearing dust collected from the gas-cleaning system of high-
carbon ferrochrome production, iron–manganese ore fines (<10 mm) from the Tur deposit
(Kazakhstan), and coal sludge used as a carbonaceous reducing agent. Thermodynamic
modeling of the carbothermic reduction of Cr and Mn oxides and the predicted distribution
of components among the metal, slag, and gas phases were performed using the HSC
Chemistry 10 software package over a high-temperature range. At 1800 ◦C, the calculated
chemical composition of the target alloy was as follows (wt.%): Cr-35.84, Mn-24.47, Si-16.25,
Fe-22.63, and C-0.82. To validate the modeling results, experimental smelting trials were
carried out in a 100 kVA electric arc furnace, producing both metallic and slag phases. The
average composition of the metal phase was (wt.%): Cr-37.17, Mn-14.46, Si-11.48, Fe-33.23,
C-3.48, P-0.15, and S-0.021. The experimental results indicate the formation of a Cr-Mn alloy
with elevated Cr and Fe contents and a noticeable C level, confirming the carbothermic
nature of the reduction reactions. The composition and microstructural features of the
smelting products were examined by scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM/EDS). The findings demonstrate that the combined use of
technogenic raw materials and a carbonaceous reductant enables the production of a Cr-
and Mn-enriched metallic phase under satisfactory slag-forming conditions. Overall, the
results confirm the potential of a resource-saving approach for valorizing fine technogenic
wastes in the production of complex ferroalloys and for improving the recovery of target
elements through optimization of the charge composition and smelting parameters.

Keywords: complex alloy; thermodynamic modeling; carbothermic reduction; technogenic
waste; smelting process; electric arc furnace; SEM-EDS analysis

1. Introduction
The global steel industry remains one of the key sectors of the economy, underpinning

the development of infrastructure, mechanical engineering, energy, transportation, and
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construction. Over the past five years (2021–2025), worldwide crude steel production has
remained consistently high at approximately 1.8–1.9 billion tonnes per year, reflecting
its sensitivity to fluctuations in global demand, energy constraints, and the availability
of raw materials for metallurgical enterprises [1]. Despite macroeconomic challenges,
global output has been maintained at a stable level, confirming sustained demand for
metallurgical raw materials and alloying additives.

The growth of steel production is inevitably accompanied by increased ferroalloy
consumption, since ferroalloys are required to achieve the target chemical composition and
properties of steel. Manganese-bearing alloys (Fe and SiMn) play a major role in alloying
and refining practice, while ferrochrome remains the primary source of chromium for
producing corrosion-resistant and heat-resistant steels. Thus, improving the efficiency of
ferroalloy production and expanding the raw material base, including the utilization of
technogenic wastes, is a pressing task aimed at enhancing resource efficiency and reducing
environmental impacts [2–4].

According to industry statistics, global ferroalloy output remains high due to stable
demand from the steelmaking sector. In recent years, worldwide production has amounted
to approximately 14–16 Mt/year for FeCr, 6–8 Mt/year for FeMn, and 16–19 Mt/year for
SiMn [5–7]. In modern metallurgy, complex Fe-Cr-Mn alloys and ligatures are of consider-
able interest as effective alloying materials for producing structural, wear-resistant, and
corrosion-resistant steels [8,9]. Chromium improves hardness, hardenability, and resis-
tance to oxidative and corrosive media, while manganese acts as an active deoxidizer and
desulfurizer, enhances strength and impact toughness, and contributes to microstructural
stabilization [10]. The introduction of alloying elements is most efficient when performed
in the form of ferroalloys or ligatures, ensuring compositional stability and high recovery
of alloying components.

Industrial ferrochrome and manganese ferroalloys are traditionally produced by sub-
merged arc furnace (SAF) smelting of high-grade chromite and manganese ores using
carbothermic reduction. Process performance is largely determined by ore quality, charge
composition, and slag formation parameters [11–15]. Numerous studies have reported
the production of Cr- and Mn-containing ferroalloys and ligatures. Most technological
approaches are based on rich ores and metallothermic or combined reduction routes em-
ploying complex reductants, including Si-Al-containing alloys and ligatures [16]. At the
same time, several works indicate that coal-based carbothermic reduction can be applied to
chromium- and manganese-bearing raw materials, enabling the production of Fe-Cr-Mn
alloys [17]. However, the use of complex reductants is associated with high reagent costs
and increased requirements for charge preparation, while the processing of fine technogenic
materials remains insufficiently developed.

Along with increasing ferroalloy production, resource and environmental constraints
are becoming more stringent. The ferroalloy industry faces depletion of high-grade ore
reserves, rising costs of quality raw materials, a growing share of fine and low-grade ores,
and tightening requirements for waste minimization. Under decarbonization trends and the
transition toward a circular economy, the valorization of technogenic wastes from ferroalloy
and mining operations into marketable products has become particularly relevant [18].

During ferroalloy smelting, substantial volumes of solid by-products are generated,
including slags, gas-cleaning dust and sludges, and fine ore residues. The accumulation
of these materials in dumps represents an environmental challenge due to dust emissions
and losses of valuable metals. This issue is particularly relevant for Kazakhstan: the total
volume of accumulated industrial waste exceeds 6.2 billion tonnes, while the recycling
rate in 2024 remained at about 7.6% [19]. Among these wastes, fine technogenic mate-
rials containing significant amounts of Cr- and Mn-bearing oxides represent promising
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secondary resources. Chromium-bearing dust captured by baghouse and cyclone filters
during high-carbon ferrochrome production typically contains 20–40% Cr2O3 [20,21], but
its direct return to conventional smelting routes is limited due to high fineness and pro-
cessing constraints. Similarly, the fine fraction (<10 mm) generated during crushing and
classification of iron–manganese ores is commonly stockpiled despite its considerable Mn
and Fe contents and recycling potential [22–24]. Coal sludge, a by-product of coal bene-
ficiation, is another technogenic resource that can serve as a carbonaceous reductant and
energy-bearing component; in Kazakhstan, large amounts have accumulated, typically
characterized by ash contents above 35% and fixed carbon around 40–45% [25–27].

However, despite the relevance of technogenic waste utilization, there is still a lack of
integrated studies combining thermodynamic justification and experimental validation for
producing Fe-Cr-Mn alloys from fine chromium-bearing dust, iron–manganese ore fines
(<10 mm), and coal sludge.

Therefore, this study aims to develop and scientifically substantiate a resource-efficient
route for producing a Cr-Mn alloy via coal-based carbothermic reduction of chromium-
bearing dust and iron–manganese ore fines (<10 mm). The research combines thermo-
dynamic equilibrium modeling (prediction of the compositions of metal, slag, and gas
phases and assessment of process feasibility) with experimental smelting trials followed by
comprehensive characterization of the obtained products.

2. Materials and Methods
2.1. Raw Materials

This study was carried out using chromium-bearing dust collected from gas-cleaning
systems, as well as a fine fraction (<10 mm) of iron–manganese ores from the Tur deposit.
Coal sludge was used as the reducing agent.

The chemical and technical characteristics of the raw materials are summarized in
Table 1. The chemical composition of the charge components was determined by con-
ventional wet chemical analysis (acid digestion). The proximate analysis of coal sludge
(ash content, moisture, volatile matter yield, and fixed carbon content) was performed in
accordance with GOST 11014-2001 [28], GOST 11022-95 [29], and GOST 6382-2001 [30]. In
Table 1, A denotes ash content, Wg refers to moisture content, and VM represents volatile
matter content.

Table 1. Chemical and technical composition of charge materials (wt.%).

Chromium-Bearing Dust

Crtot Fetot SiO2 CaO MgO Al2O3 Stot Ptot

20.83 7.89 19.82 1.82 32.70 7.39 1.10 0.03

Iron–manganese ore fines (<10 mm)

Mntot Fetot SiO2 CaO MgO Al2O3 Stot Ptot

17.89 12.57 41.61 3.13 0.98 7.35 0.02 0.06

Coal sludge

A Wg VM S Cfix SiO2 CaO MgO Fe2O3 Al2O3 Ptot

38.99 1.11 15.64 0.32 43.84 57.33 1.11 1.89 3.61 34.32 0.05

As shown in Table 1, the chromium-bearing dust is characterized by elevated contents
of Cr and Fe oxides, indicating its potential as a secondary raw material for producing
Cr-Mn alloys. The iron–manganese ore fines (<10 mm) from the Tur deposit contains
a significant amount of manganese-bearing components and can serve as a source of
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manganese. Coal sludge, containing more than 40 wt.% of fixed carbon, was used as the
reducing agent to ensure the carbothermic reduction of metal oxides and the formation of a
metallic phase during smelting.

The obtained data on the chemical and technical characteristics of the raw materials
(Table 1) were used as input for thermodynamic analysis of the carbothermic reduction
of Cr, Mn, and Fe oxides and for determining the conditions for metallic phase formation.
Based on the results of this analysis, calculations were also performed and charge mixtures
were designed for experimental smelting trials aimed at producing a Cr-Mn alloys under
high-temperature furnace conditions.

2.2. Thermodynamic Modeling

Thermodynamic modeling was performed using the HSC Chemistry 10 software pack-
age (Outotec Research, Pori, Finland) [31]. To conduct a comprehensive thermodynamic
analysis, the main principles for modeling the multicomponent Cr-Mn-Fe-Si-Al-Ca-Mg-C-O
system, which is representative of Cr-Mn alloy production from technogenic raw materials,
were formulated. The calculations were carried out assuming thermodynamic equilibrium
and were aimed at determining the formation behavior of the metallic, slag, and gas phases
as a function of temperature and charge composition.

The calculations were performed over a temperature range of 500–2000 ◦C. The lower
limit (500 ◦C) corresponds to a region close to the standard state of the system, where
changes in thermodynamic functions are relatively small. The upper limit (2000 ◦C) was
selected considering the melting temperatures and high-temperature transformations of the
components, which makes it possible to track the formation of the final reaction products
and to evaluate the initial and final equilibrium states of the system.

In all calculations, the pressure was assumed to be constant at 0.1 MPa, which cor-
responds to the conditions of most metallurgical processes (approximately one physical
atmosphere) and reflects the interaction behavior of the components in the presence of solid
carbon. The system volume was determined by its thermodynamic state. In the modeling,
the system was treated as closed, i.e., no mass exchange with the surrounding environment
was considered.

The calculations were performed using the Equilibrium Compositions (Gibbs) module,
which determines the equilibrium composition of reaction products by minimizing the
Gibbs free energy. For thermodynamic modeling, the integral chemical composition of
the charge mixture was calculated. The mixture was composed of three components:
chromium-bearing dust, a fine fraction of manganese ore (<10 mm), and coal sludge used
as a reducing agent. The mass ratio of the components in the calculated charge was
30:30:40, respectively. The 30:30:40 ratio was selected based on preliminary thermodynamic
modeling, which demonstrated that this composition provides a sufficient carbon potential
for effective Cr and Mn oxide reduction while maintaining the target alloy composition
and stable slag chemistry. The resulting overall composition of the charge mixture used for
thermodynamic equilibrium calculations is presented in Table 2.

Table 2. Composition of the charge mixture (wt.%).

Cr2O3 Fe2O3 Mn2O3 SiO2 Al2O3 CaO MgO C O/C

12.18 7.59 8.18 38.16 6.46 1.35 14.81 10.75 3.56

The O/C ratio = 3.56 represents the ratio of oxygen bound in the oxides of the charge
to the content of reducing carbon and was used as an integral parameter characterizing
the reductant supply during carbothermic reduction modeling. Thus, the reported values
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describe the averaged (integral) composition of the charge at the selected component ratio
and serve as the initial input for thermodynamic calculations.

The results of the thermodynamic modeling were used to substantiate the conditions
for the carbothermic reduction of Cr and Mn oxides, to predict the phase composition of
the products, and to select rational temperature regimes for the experimental smelting of
the Cr-Mn alloy in an electric arc furnace.

Following thermodynamic modeling of carbothermic reduction processes in the
Cr-Mn-Fe-Si-Al-Ca-Mg-C-O system using HSC Chemistry, and prior to conducting ex-
perimental smelting trials, an additional computational assessment of the technological
properties of the slag phase was performed using FactSage 8.4 software [32].

In the present study, slag basicity and equilibrium phase relations were determined
using HSC Chemistry. FactSage was applied specifically for viscosity modeling of the
slag system. The slag viscosity was evaluated using the FactSage Viscosity module, which
enabled determination of the relationships between viscosity, temperature, and slag chem-
ical composition, as well as identification of compositions ensuring effective metal–slag
separation during smelting. Viscosity values were considered as one of the key criteria for
assessing the process stability during smelting and for selecting optimal slag compositions
for subsequent experimental investigations.

2.3. Agglomeration of Raw Materials

Since all charge materials were in a fine-grained state (0–10 mm), their direct py-
rometallurgical processing could be accompanied by intensive dust formation and lead
to instability of the furnace thermal regime. During charging, such materials are prone to
convective entrainment, and therefore direct smelting without preliminary preparation
may result in a reduced ferroalloy yield, non-uniform reduction degree, and an increased
load on gas-cleaning systems. For this reason, preliminary agglomeration of all components
prior to smelting was required.

To perform agglomeration, a briquetting method was employed, which converts
fine-grained materials into mechanically compacted briquettes characterized by increased
strength and good dimensional stability. Due to their inherently high fineness, the materials
used in this study (chromium-bearing dust, iron–manganese ore fines (<10 mm), and coal
sludge) did not require additional grinding, screening, or other pre-treatment operations.

The required batch of briquettes for the smelting experiments was produced at the
experimental production facility of the Z. Abishev Institute of Chemistry and Metallurgy
using an EB-500 press-extruder (IP Popov, Pavlodar, Kazakhstan) (Figure 1). Briquetting in
the extruder was carried out without an external heat source: the heating of the processed
material occurred due to the conversion of mechanical energy into heat as a result of
internal friction and plastic deformation during compaction.

This equipment enables briquette shaping both without binders and with binder
additions. The products were obtained in the form of cylindrical rods with a diameter of
30–40 mm and a length of 50–200 mm. If required, the briquette shape can be changed to
square, hexagonal (with or without an internal hole), and other configurations, thereby
expanding the technological capabilities of the process.

The main technical specifications of the press-extruder ensure stable operation and
sufficient productivity. The unit has a production capacity of up to 500 kg/h, enabling
continuous high-throughput processing of fine-grained raw materials. The installed power
of the equipment is 15 kW, and it is supplied from a standard industrial power network
(380 V, 50 Hz). The total mass of the unit is 650 kg, which provides operational stability.
The diameter of the outlet channel for the formed product is 30–40 mm, allowing briquettes
of various sizes to be produced.
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Figure 1. EB-500 press-extruder.

The main working element of the unit is a hardened screw (auger) made of wear-
resistant steel, which ensures uniform compaction of the material, generation of the required
pressure, and stable briquetting performance. The compact overall dimensions allow the
equipment to be installed at various locations within the production site. The reported
technical parameters confirm that the EB-500 press-extruder is an efficient and reliable unit
for the agglomeration of fine technogenic materials.

The charge materials were used in the following proportions: chromium-bearing
dust −30%, iron–manganese ore fines (<10 mm)—30%, and coal sludge—40%. A binder
system consisting of 9.5% water and 0.5% sodium silicate (liquid glass) was applied. All
charge components were thoroughly mixed in a laboratory mixer to obtain a homoge-
neous charge blend. The mixed materials were then fed into the press-extruder, where,
after adjusting the moisture content and dosing the binder, a uniform briquette mixture
was formed.

The produced briquettes met one of the key requirements for charge materials used
in electric arc furnaces, namely sufficient mechanical strength, they were subjected to a
drop-strength test after drying in a drying oven (SNOL, Utena, Lithuania) at 200 ◦C for 1 h.
The tests were performed in accordance with GOST 21289-75 «Coal briquettes. Methods
for determining mechanical strength» [33].

Each briquette was dropped three times from a height of 2 m onto a metal plate.
After each drop, the remaining material was sieved through screens with mesh sizes of
10 mm and 5 mm, followed by weighing. This method enabled a quantitative assessment
of briquette degradation and their resistance to mechanical impact. The results of the
mechanical strength (drop) tests are presented in Table 3.

The drop-strength tests demonstrated that after three consecutive drops from a height
of 2 m, the yield of the retained (+10 mm) fraction was 91.74%. The (+10 mm) fraction
represents the material remaining on a 10 mm sieve and characterizes the structural integrity
of the briquettes, whereas the (−10 mm) fraction corresponds to the degraded fine material
formed during impact loading.
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Table 3. Results of the briquette mechanical strength tests (drop test).

Ratio of Charge Mixture Components, % Experiment, №
Fraction Yield, %

Total, %
−10 mm +10 mm

Chromium-bearing dust 30
1 2.18 97.82 100

2 5.83 94.17 100

Iron–manganese ore fines (−10 mm) 30

3 8.26 91.74 100
Coal sludge 40

According to industrial practice for agglomerated feedstock used in ferroalloy pro-
duction, preservation of more than 85–90% of the +10 mm fraction after drop testing is
considered sufficient to ensure mechanical stability during transportation, handling, and
furnace charging. Therefore, the obtained value of 91.74% confirms that the produced
briquettes meet technological requirements and are suitable for smelting in a 100 kVA
submerged arc furnace.

2.4. Experimental Smelting in an Electric Arc Furnace

The experimental smelting was carried out in a 100 kVA single-electrode electric
arc furnace (Chemical and Metallurgical Institute Named After Zh. Abishev, Karaganda,
Kazakhstan) operating on alternating current (AC) under atmospheric conditions (in air),
without the use of an inert atmosphere [34]. The temperature in the arc zone reached up
to 4500 ◦C and was maintained using a graphite electrode with a diameter of 100 mm
(specific consumption 0.09–0.10 mm/(kW·h)). The estimated carbon transfer from electrode
consumption to the metallic phase was approximately 0.1 kg. The furnace was lined with
fireclay refractory; the working bath was square-shaped (50 cm × 50 cm) with a depth
of 35–40 cm. The furnace cover had a diameter of 100 cm and a height of 120 cm. The
hearth, made of rammed carbonaceous mass, was baked for 12 h and had a slope toward
the tap hole (Figure 2). Smelting was performed at a voltage of 18–24 V (secondary taps
12/18/24 V), a current of 80–100 A on the high-voltage side, and a line voltage of 380 V.
The process was operated in a continuous mode with stepwise charge feeding. Metal was
tapped every 2 h into cast-iron molds; the metal and slag from each tap were weighed, and
samples were taken for chemical analysis.

After preheating and baking (coking) of the furnace bath, the first portion of the
prepared charge mixture was fed into the furnace. Charging was carried out gradually,
with uniform distribution of the material around the electrode and simultaneous lifting of
the charge bed. This procedure ensured uniform filling of the bath and prevented abrupt
fluctuations in electrical load during smelting.

After completion of the experimental smelting trials, the obtained products were
subjected to comprehensive characterization. The morphology, microstructure, and phase
distribution were examined using a ZepTools ZEM-20 scanning electron microscope (SEM)
(Anhui Zeyou Technology Co., Ltd., Tongling, China) equipped with an Oxford energy-
dispersive X-ray spectroscopy (EDS) attachment (Abingdon, Oxfordshire, UK).
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Figure 2. Schematic diagram of the electric arc furnace (100 kVA transformer): 1—electrode holder;
2—graphite electrode; 3—furnace wall; 4—refractory lining (fireclay bricks); 5—molten products
(metal and slag); 6—tap hole (tapping channel).

3. Results and Discussion
3.1. Thermodynamic Calculation Results

The thermodynamic modeling results obtained using the Equilibrium Compositions
module of HSC Chemistry indicate that during carbothermic production of the Cr-Mn alloy
over the temperature range up to 2000 ◦C, a series of phase transformations occur in the
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system (Figure 3). In particular, the formation of individual elements and changes in their
equilibrium amounts are observed, and these changes are accompanied by the transfer of
components into condensed phases (metallic and slag). This phenomenon is one of the
key factors governing the chemical composition of the alloy and enables comprehensive
characterization of the thermodynamic behavior of the smelting process.

Figure 3 illustrates the results of thermodynamic modeling, showing the predicted
phase distribution and evolution of the equilibrium composition of smelting products
as a function of temperature. In the temperature range of 500–900 ◦C, the slag phase is
dominated by compounds such as FeAl2O4 and Cr2FeO4. With increasing temperature,
their amounts gradually decrease. Specifically, the mass of the Cr2FeO4 phase decreases
from 10.81 kg at 500 ◦C to 0.96 kg at 1100 ◦C. At the same time, Cr2FeO4 decomposes
with the formation of Cr2O3, the amount of which reaches 10.10 kg at 1100 ◦C. Within the
1100–1300 ◦C range, the amount of Cr2O3 in the slag mixture decreases, whereas the Cr
content in the metallic phase increases and reaches 2.75 kg at 1600 ◦C.

The amount of the MnO phase remains constant at 8.18 kg in the temperature range of
500–1200 ◦C, after which it starts to decrease, accompanied by an increase in Mn content in
the metallic phase up to 5.69 kg. In the 900–1200 ◦C interval, a sharp increase in the amount
of Cr2O3 is observed, while spinel phases such as FeAl2O4 and MgCr2O4 decompose
almost completely.

 
(a) 

Figure 3. Cont.
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(b) 

 
(c) 

Figure 3. Effect of temperature on the phase composition of the charge mixture: (a) metal phase;
(b) slag phase; (c) gas phase.
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Starting from 1100 ◦C, a decrease in the amount of solid carbon and oxidized com-
pounds is observed, reaching minimum values at around 1700 ◦C. As the amount of solid
carbon decreases, the yield of CO increases, confirming the intensification of carbothermic
reduction reactions. In the temperature range of 1200–1400 ◦C, chromium carbides (Cr3C2

and Cr4C) are formed, indicating the interaction of carbon with chromium.
In the temperature range of 1400–1700 ◦C, the phases Cr, FeSi, CrSi, and Cr5Si3

are actively formed in the ferroalloy. At temperatures above 1600 ◦C, the major alloy
constituents stabilize as Cr, Fe, Mn, and chromium silicide compounds (CrSi and Cr5Si3).
The transfer of Si into the metallic phase occurs predominantly in the form of Cr5Si3, FeSi,
and CrSi compounds.

Based on the thermodynamic data for the charge mixture, changes in the compositions
of the metallic and slag phases were calculated over the temperature range of 1100–2000 ◦C
(Table 4).

Table 4. Predicted chemical composition of the metal and slag phases for the charge mixture (wt.%).

T, ◦C
Metal Composition Slag Composition

Cr Mn Si Fe C Cr2O3 MnO FeO SiO2 Al2O3 CaO MgO

1100 2.46 0.00 0.00 39.76 57.78 14.70 10.24 0.70 47.80 8.09 0.00 18.47

1200 31.06 0.00 0.00 33.40 35.53 7.33 11.17 0.35 52.16 8.83 0.00 20.15

1300 34.26 24.78 0.03 22.79 18.14 1.13 0.00 0.09 63.50 10.75 0.00 24.54

1400 35.69 24.44 0.39 22.63 16.85 0.05 0.00 0.04 64.11 10.90 0.00 24.90

1500 35.62 24.34 3.48 22.62 13.94 0.00 0.00 0.02 63.15 11.21 0.00 25.62

1600 35.19 24.03 12.97 22.30 5.52 0.00 0.00 0.02 59.68 12.25 0.00 28.05

1700 35.30 24.10 16.06 22.32 2.22 0.00 0.00 0.02 57.88 12.77 0.00 29.32

1800 35.84 24.47 16.25 22.63 0.82 0.00 0.00 0.03 56.57 13.15 0.00 30.25

1900 36.87 25.18 14.49 23.18 0.30 0.01 0.00 0.07 55.23 13.52 0.00 31.18

2000 38.40 26.24 11.39 23.86 0.11 0.03 0.00 0.15 53.57 13.97 0.00 32.28

For comparative analysis, a temperature of 1800 ◦C was selected, corresponding to the
tapping temperature of the melt from the electric arc furnace. Under these conditions, the
Mn content in the charge mixture remained relatively stable and amounted to 24.78–26.24%.

It was established that metallic phase formation proceeds intensively in the tempera-
ture range of 1500–1800 ◦C. At 1800 ◦C, the predicted chemical composition of the Cr-Mn
alloy is (wt.%): Cr-35.84, Mn-24.47, Si-16.25, Fe-22.63, and C-0.82.

Figure 4 shows the temperature dependence of the recovery degree of the main
elements (Fe, Cr, Mn, and Si) according to thermodynamic modeling. It was established
that iron is reduced at the lowest temperatures. Already at 800–900 ◦C, the Fe recovery
increases noticeably, and in the range of 1000–1100 ◦C it reaches approximately ≈90%. With
a further temperature increase to 1200–1300 ◦C, iron recovery approaches 100%, indicating
a high thermodynamic feasibility of FeO reduction and an almost complete transfer of iron
into the metallic phase at relatively moderate temperatures.
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Figure 4. Element recovery versus temperature (thermodynamic modeling).

Cr and Mn are characterized by a higher reduction temperature threshold. At tempera-
tures up to ≈1050–1100 ◦C, their recovery remains close to zero, which indicates insufficient
thermodynamic driving force for the reduction of the corresponding oxides. A sharp in-
crease in recovery is observed at 1100–1300 ◦C: Cr recovery rises to ≈95–98%, while Mn
recovery reaches ≈100%. In the range of 1300–2000 ◦C, both elements maintain high re-
covery values (nearly complete reduction), confirming the necessity of a high-temperature
regime for efficient reduction of Cr and Mn oxides under carbothermic conditions.

A distinct behavior is observed for Si. The Si content of the complex ferroalloy is
of particular importance because, through the formation of chromium and manganese
silicides, Si enhances the recovery of the major elements into the metallic phase and
facilitates alloy tapping from the furnace. Accordingly, the thermodynamic modeling
results indicate that the selected charge composition is the most favorable for producing a
complex ferroalloy with the desired composition. At temperatures below ≈1400–1500 ◦C, Si
recovery is practically negligible; however, with further temperature increase, its recovery
rises, reaching maximum values of ≈20–22% at 1700–1800 ◦C. At temperatures above
1800–1900 ◦C, a decreasing trend in Si recovery is observed, which may be associated with
Si redistribution between phases and increased stability of silicate compounds in the slag
depending on the system composition and oxygen activity.

Thus, thermodynamic modeling indicates that at temperatures of ≥1300 ◦C, conditions
are achieved for almost complete reduction and recovery of Fe, Cr, and Mn into the
metallic phase, whereas Si, even at elevated temperatures, transfers into the metal only
to a limited extent. The obtained dependencies provide a basis for selecting the optimal
temperature range for experimental smelting and confirm the feasibility of operating in the
high-temperature region to produce a complex Cr–Mn alloy. It should be emphasized that
the process is aimed not at minimizing silicon completely, but at preventing its uncontrolled
enrichment in the metal phase.

The Si content of the complex ferroalloy is of particular importance, since moderate
silicon levels promote the formation of chromium and manganese silicides, thereby enhanc-
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ing the recovery of the major elements into the metallic phase and improving melt fluidity,
which facilitates alloy tapping from the furnace. However, excessive silicon transfer into
the metal may lead to deviations from the target composition.

Based on FactSage 8.4 calculations, the temperature dependence of slag viscosity was
established. Slag basicity was evaluated independently using HSC Chemistry, and the
combined results were used to determine the compositional range corresponding to stable
smelting conditions (Figure 5).

 

Figure 5. Dependence of slag viscosity and basicity on temperature.

As shown in Figure 5, increasing the temperature from 1500 to 2000 ◦C results
in a substantial decrease in slag viscosity—from 0.17 Pa·s at 1500 ◦C to 0.025 Pa·s
at 2000 ◦C—indicating improved fluidity of the slag phase and favorable conditions
for metal-slag separation. At the same time, slag basicity increases from 0.33 to 0.48,
which is associated with changes in the equilibrium phase composition of the system at
elevated temperatures.

Within the working smelting temperature range (≈1800 ◦C), the calculated values are
η ≈ 0.049 Pa·s and basicity B ≈ 0.43, which correspond to technologically stable process
conditions and ensure effective separation of the metallic phase from the slag. These data
were used to justify the temperature regime and to select the optimal slag composition for
the experimental smelting trials.

3.2. Experimental Smelting

A pilot batch of briquettes with a total mass of 0.5 t was produced (Figure 6).
Smelting was carried out in a continuous mode with stepwise charging of the burden

in small portions as the charge bed subsided. For each charge addition, 15 kg of briquettes
were fed into the furnace. In total, 10 smelting runs were performed using the briquettes.
The general view of the furnace bath and the metal tapping process are shown in Figure 7.
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(a) (b) 

Figure 6. Fragment of the produced briquette batch: (a) briquette output; (b) finished briquettes.

  
(a) (b) 

Figure 7. General view of the furnace bath (a) and metal tapping (b).

Under large-scale laboratory conditions at the Z. Abishev Institute of Chemistry and
Metallurgy, more than 80 kg of metallic alloy and slag were produced as a result of smelting
in a 100 kVA submerged arc furnace. The products obtained during the smelting trials are
shown in Figure 8.
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Figure 8. Products of the experimental smelting. (a) slag; (b) metal.

Smelting performed with stepwise charge feeding demonstrated satisfactory process
performance: the current load was stably maintained within 80–100 A. During operation,
the hearth surface was gradually covered with molten metal. Within the study, 10 smelting
runs were carried out in the submerged arc furnace with periodic tapping of metal and slag.
The process was characterized by stable yields of both metallic and slag phases, steady
furnace operation, and elevated Cr and Mn contents in the produced alloy (Table 5).

Based on the chemical analysis of the smelting products, the average chemical com-
positions of the metal and slag were determined for all tapping operations. The average
metal composition was (wt.%): Cr-37.17, Mn-14.46, Si-11.48, Fe-33.23, C-3.48, P-0.15, and
S-0.021. The obtained results indicate the formation of a Cr-Mn alloys with increased Cr
and Fe contents and a noticeable carbon level, which confirms the carbothermic nature of
the reduction process. In addition, the calculated recovery of the main elements into the
metal phase was relatively high: Cr recovery exceeded 87%, Mn recovery was above 78%,
iron recovery exceeded 90%, and Si recovery was higher than 35%. These recovery values
confirm the sufficient completeness of reduction reactions and the technological feasibility
of producing a complex Cr–Mn alloy from the investigated raw materials.

The average chemical composition of the slag was (wt.%): Cr2O3-2.51, MnO-2.23,
SiO2-47.19, MgO-25.59, CaO-4.46, and Al2O3-17.66. The slag basicity was 0.46, indicating
an acidic slag system due to the high contents of silica and alumina. The low Cr2O3 and
MnO levels in the slag suggest a relatively high degree of Cr and Mn reduction and their
transfer to the metallic phase.
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Table 5. Composition of the obtained metal and slag (wt.%).

Metal

№ Cr Mn Si Fe C P S

1 31.77 15.15 10.07 40.13 3.00 0.10 0.020

2 36.01 14.13 11.09 34.22 4.33 0.20 0.020

3 35.66 13.89 14.86 32.92 2.46 0.18 0.023

4 37.50 13.13 11.43 34.11 3.66 0.14 0.021

5 38.11 13.18 10.02 34.25 4.25 0.15 0.020

6 39.17 15.04 11.01 31.11 3.48 0.17 0.019

7 38.55 14.95 11.23 32.10 2.98 0.16 0.022

8 38.45 14.50 11.13 32.01 3.72 0.16 0.025

9 37.42 15.04 12.15 31.18 4.02 0.15 0.023

10 39.15 15.59 11.88 30.29 2.93 0.14 0.020

Average composition 37.17 14.46 11.48 33.23 3.48 0.15 0.021

Slag

№ Cr2O3 MnO SiO2 MgO CaO Al2O3

Slag basicity
CaO + MgO/
SiO2 + Al2O3

1 2.01 2.44 47.87 23.05 7.22 17.18 0.47

2 2.11 2.15 47.51 22.15 7.11 18.39 0.44

3 2.17 2.01 47.11 24.98 4.68 19.02 0.45

4 3.18 2.17 46.65 28.06 2.76 16.94 0.48

5 2.88 1.99 47.15 26.55 2.79 17.99 0.45

6 2.33 2.57 48.13 25.55 4.34 16.05 0.47

7 2.61 2.66 45.55 26.06 4.61 18.31 0.48

8 2.60 2.12 47.34 25.81 4.65 17.37 0.47

9 2.59 1.99 47.56 26.55 3.43 17.74 0.46

10 2.62 2.23 47.05 27.15 2.97 17.58 0.47

Average composition 2.51 2.23 47.19 25.59 4.46 17.66 0.46

To evaluate the agreement between experimental results and thermodynamic predic-
tions, the average compositions of the metal and slag were compared with equilibrium
modeling data at 1800 ◦C.

The chromium content in the produced alloy shows good agreement with the cal-
culated value (37.17% vs. 35.84%), confirming the adequacy of the selected temperature
regime and modeling approach. However, significant deviations were observed for Fe, C,
Mn, and Si.

The higher experimental carbon content (3.48% vs. 0.82%) reflects the carbothermic
nature of the process and indicates the establishment of a high carbon potential in the
metal–slag–gas system. Increased carbon activity promotes oxide reduction and enhances
chromium recovery into the metallic phase, as widely reported for carbothermic sys-
tems [35,36]. In addition, dissolved carbon contributes to maintaining reducing conditions
during high-temperature smelting, supporting reaction intensity and process stability.

In contrast, the experimentally measured Mn and Si contents (Mn 14.46% vs. 24.47%;
Si 11.48% vs. 16.25%) are lower than equilibrium predictions. This difference is expected,
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since thermodynamic modeling assumes ideal equilibrium and complete phase interac-
tion. Under real smelting conditions, reduction reactions are influenced by kinetic factors,
including diffusion through the slag, interfacial mass transfer, and finite reaction time.

The reduction of MnO and especially SiO2 is highly sensitive to oxide activity in the
slag phase, slag basicity, viscosity, and phase contact time [37–39]. Increased slag viscosity
and reduced oxide activity can limit mass transport and slow reduction reactions, resulting
in incomplete reduction and lower metal recovery compared with equilibrium calculations.
Therefore, the reduced Mn and Si contents observed experimentally are consistent with
well-established kinetic limitations of carbothermic processes.

Thermodynamic modeling predicts zero Cr2O3 and MnO contents in the slag at
1800 ◦C, corresponding to complete oxide reduction under equilibrium conditions. In
contrast, the experimental slag contains residual Cr2O3 (2.51%) and MnO (2.23%), confirm-
ing that full equilibrium was not attained. These residual oxides are attributed to kinetic
constraints, limited phase interaction time, and non-ideal mixing during smelting.

Differences in CaO and Al2O3 contents between calculated and experimental slags
are explained by the real chemical-mineralogical complexity of the charge materials
and the dynamic nature of slag formation, which cannot be fully represented by
equilibrium modeling.

Overall, the discrepancies between thermodynamic predictions and experimental
results are governed by non-equilibrium behavior and kinetic limitations rather than
by inaccuracies in the modeling approach. The good agreement in chromium content
and the consistent trends in element distribution confirm the validity of the selected
smelting parameters and support the reliability of the thermodynamic framework applied
in this study.

The thermodynamic modeling performed in this study does not merely describe phase
evolution but provides a predictive framework for understanding the reduction sequence
and element distribution in multicomponent technogenic systems. Unlike conventional
ferroalloy modeling based on natural ores, the present charge composition contains complex
oxide assemblages typical for industrial wastes, which significantly affect phase stability
and reduction pathways.

The obtained phase transformation trends demonstrate that chromium reduction is
thermodynamically favored in a narrower temperature window compared with iron, while
manganese and silicon exhibit stronger dependence on slag chemistry and oxygen potential.
This confirms that temperature control alone is insufficient; optimization of carbon potential
and slag composition is equally critical.

Importantly, the modeling results define a technological operating window (1500–1800 ◦C)
where

• Fe, Cr, and Mn reduction is nearly complete;
• Silicon transfer remains controlled;
• Slag viscosity reaches values favorable for metal–slag separation.

Thus, the thermodynamic approach applied in this work serves not only as a theo-
retical analysis tool but as a decision-making instrument for designing a stable smelting
regime for complex technogenic raw materials.

The chromium recovery (>87%) and the relatively low Cr2O3 content in slag
(2.51 wt.%) obtained in this study are consistent with results reported by [40] for the
remelting of briquetted high-carbon ferrochrome dust. In their work, efficient chromium
transfer to the metallic phase was achieved after agglomeration and remelting, confirming
that technogenic Cr-bearing materials can serve as viable secondary raw materials. Similar
to the present study, residual chromium oxide in slag was attributed to kinetic limitations
rather than thermodynamic constraints.
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However, in the work [40] where the primary objective was dust recycling with
minimal compositional modification of the alloy, the present work involves the forma-
tion of a complex Cr-Mn-Fe-Si alloy through simultaneous carbothermic reduction of
multi-component technogenic raw materials. This results in a significantly more complex
metal–slag–gas interaction system and a broader redistribution of alloying elements.

The slag basicity in the present study (B = 0.46) indicates an acidic slag regime domi-
nated by SiO2 and Al2O3, which differs from typical ferrochrome remelting slags by [40],
where slag chemistry is more controlled and often adjusted to improve chromium recov-
ery. The higher silica content in the present system increases slag viscosity and reduces
MnO and SiO2 reduction efficiency, explaining the lower experimental Mn and Si contents
compared with equilibrium predictions.

The experimentally observed manganese recovery (>78%) is somewhat lower than
typical values reported for conventional FeMn and SiMn smelting systems but remains
within the range characteristic of acidic slag regimes. Literature data indicate that Mn
reduction is highly sensitive to slag viscosity and MnO activity, which is strongly influenced
by silica-rich slag systems. Therefore, the deviation from thermodynamic equilibrium
predictions observed in this work is consistent with established kinetic constraints [41,42].

To confirm the phase composition and the distribution behavior of the major elements
in the products of the experimental smelting, the samples were examined using scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). The
morphology and microstructural features of the metallic phases are shown in Figure 9,
where clear phase differentiation can be distinctly observed. The EDS microanalysis
results, which are semi-quantitative and intended primarily for phase identification and
comparative analysis rather than for determining absolute chemical composition, are
summarized in Table 6. These data were used to evaluate the phase composition and the
distribution characteristics of Cr, Mn, and Fe in the smelting products.

The microstructural and phase analysis of the metallic phase performed by SEM-EDS
revealed the formation of a multicomponent metallic matrix characterized by pronounced
microstructural heterogeneity, which is typical for highly alloyed systems produced un-
der reductive smelting conditions. Within the metallic phase, regions locally enriched in
individual alloying elements (Cr, Mn, Si, and Fe) were identified, indicating a complex solid-
ification behavior and redistribution of elements during melt cooling. Such microstructural
heterogeneity is characteristic of complex Cr-Mn-Si ferroalloys, in which stable carbide and
intermetallic phases form under specified melting and cooling conditions. This behavior
reflects non-equilibrium solidification and diffusion-controlled redistribution typical of
multicomponent high-temperature alloy systems [43–46].

The substantial variation in Cr content (15.28–53.71 mass.%) indicates intensive
chromium microsegregation and limited diffusion-driven compositional homogenization
during solidification, which is typical for multicomponent ferroalloys and composite prod-
ucts obtained from technogenic materials. Local changes in Fe content are associated with
element redistribution between regions enriched in Cr and Si, reflecting competitive phase
formation in the Fe-Cr-Mn-Si system. Overall, the absence of pronounced Fe zonality
suggests that the melt remained sufficiently homogeneous in the metallurgical sense prior
to the onset of intensive crystallization.
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Figure 9. SEM image of the sample microstructure and EDS results: elemental distribution maps and
the integrated spectrum of the mapped area.

Table 6. EDS quantitative analysis of selected regions (Spectrum 1–4), mass %.

Spectrum № Cr Mn Fe Si C

1 15.28 21.05 35.53 22.16 5,40

2 23.05 23.33 34.57 12.15 6,05

3 53.71 18.12 19.74 5.00 3,43

4 31.14 20.03 31.49 12.02 5.21

Detection limit, ± 0.11 0.12 0.13 0.06 0.06
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Si was detected in all analyzed areas of the metallic phase; however, its distribution was
less uniform compared with Fe. Local zones with increased Si content (up to ~22.16 mass.%)
may be attributed to its participation in the formation of silicide and intermetallic regions
occurring at the final stages of solidification as the melt temperature decreases. This
behavior is consistent with the role of Si under reductive smelting conditions, where
Si can be strongly redistributed during crystallization and stabilize phases formed at
lower temperatures.

According to EDS, carbon was detected in minor amounts (~3.43–6.05 mass.%). Its
distribution is localized; however, interpretation of the measured C content should be
treated with caution due to well-known limitations of EDS for quantitative determination
of light elements and the possible influence of carbon substrates and surface contamina-
tion. Nevertheless, the observed values may indicate the presence of a carbon-containing
constituent potentially associated with residual reductant or the formation of carbide micro-
regions in zones enriched in Cr and Fe. Importantly, the detected carbon concentrations
were not accompanied by evidence of large carbonaceous inclusions or macroscopically
segregated phases.

From a microstructural standpoint, the pronounced chromium microsegregation
(15–54 wt.%) revealed by SEM-EDS analysis reflects non-equilibrium solidification behav-
ior typical of multicomponent Cr-containing alloys. In the work [47], significant elemental
redistribution and phase heterogeneity were demonstrated in Al-Si-Fe-Cr-Mn systems
produced by mechanical alloying and spark plasma sintering. Although the processing
route differs substantially from high-temperature reductive smelting, their results confirm
that multicomponent Cr-Mn-containing systems inherently exhibit diffusion-controlled
phase separation and competitive formation of intermetallic and carbide phases.

Unlike the powder-metallurgy-derived alloys reported in [47], where microstructure
evolution is governed primarily by rapid consolidation and solid-state diffusion, the alloy
obtained in the present study was formed via high-temperature carbothermic smelting
followed by liquid-phase solidification. Consequently, the observed microsegregation is
mainly controlled by element redistribution in the liquid state and by solidification kinetics
rather than by mechanical alloying mechanisms.

Overall, the agreement in chromium recovery with literature data [40], the kineti-
cally justified deviations in Mn and Si contents from equilibrium predictions, and the
microstructural features consistent with multicomponent Cr-Mn alloy systems [47] collec-
tively confirm the adequacy of the selected smelting regime and support the reliability of
the applied thermodynamic modeling framework.

The SEM-EDS analysis demonstrates the formation of a structurally stable multi-
component metallic system. The absence of coarse segregation and large isolated phases
indicates that the reductive smelting parameters were properly selected and that the reduc-
tion reactions proceeded with sufficient intensity. The results obtained are consistent with
thermodynamic modeling data and further validate the experimental smelting conditions.

4. Conclusions
Using technogenic wastes as raw materials, the thermodynamic modeling of reduction

processes and experimental smelting of a complex ferroalloy in an electric arc furnace were
performed, which made it possible to assess the feasibility of producing a Cr-Mn alloy with
the required composition.

Thermodynamic modeling was performed using the HSC Chemistry 10 software
package. For the analysis, a multicomponent Cr-Mn-Fe-Si-Al-Ca-Mg-C-O system was
constructed, representative of Cr-Mn alloy production from technogenic raw materials. At
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1800 ◦C, the calculated (equilibrium) composition of the Cr-Mn alloy was (wt.%): Cr-35.84,
Mn-24.47, Si-16.25, Fe-22.63, and C-0.82.

Prior to smelting, the charge components were preliminarily agglomerated by briquet-
ting using an EB-500 press-extruder. A pilot batch of briquettes with a total mass of 0.5 t
was produced.

Experimental smelting was carried out in an electric arc furnace equipped with a
100 kVA transformer. Based on the chemical analysis of the smelting products, the average
chemical composition of the metal phase over all tapping operations was determined as
follows (wt.%): Cr-37.17, Mn-14.46, Si-11.48, Fe-33.23, C-3.48, P-0.15, and S-0.021. The
obtained data confirm the formation of a Cr-Mn alloy with elevated Cr and Fe contents
and a noticeable carbon concentration, which is consistent with the carbothermic nature of
the reduction process. The calculated recovery of the main elements into the metal phase
was relatively high: Cr recovery exceeded 87%, Mn recovery was above 78%, Fe recovery
exceeded 90%, and Si recovery was higher than 35%.

The experimental values of the metal chemical composition are generally consistent
with the thermodynamic modeling results and confirm the feasibility of producing a
Cr-Mn-containing alloy by the carbothermic route. The observed deviations from the
calculated equilibrium values are attributed to the characteristics of the real smelting
process, including non-equilibrium solidification, kinetic limitations of reduction reactions,
mass transfer conditions, and slag regime parameters. The increased carbon content in
the metal indicates a high carbon potential of the system and sufficient reducing capacity,
ensuring effective oxide reduction and enhanced Cr recovery. The lower Mn and Si contents
compared with the calculated values suggest the presence of a technological margin and
the need to optimize process conditions, particularly slag basicity and viscosity, as well as
the phase interaction time. Overall, the experimental smelting results confirm the validity
of the selected technological parameters and the potential for further process optimization.

To clarify the phase state and the distribution behavior of the major elements, the
samples were examined using scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS). SEM-EDS analysis of the metallic phase revealed the
formation of a multicomponent metallic matrix with pronounced microstructural hetero-
geneity, which is typical of highly alloyed systems produced under reductive smelting
conditions. Micro-regions locally enriched in individual components (Cr, Mn, Si, and Fe)
were identified, reflecting element redistribution during crystallization and cooling of the
melt. No evidence of coarse segregation, distinct macroscopic phases, or large inclusions
was observed, indicating sufficient intensity of the reduction reactions and stable operation
under the selected smelting regime. The obtained results are consistent with the thermody-
namic modeling data and confirm the validity of the experimental smelting parameters.
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