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Abstract

This study investigates the agglomeration of chromium-containing dust from ferroalloy
production using rigid vacuum extrusion. Direct utilization of fine technogenic materials
in submerged arc furnaces is limited due to poor gas permeability, increased dust gener-
ation, and unstable smelting conditions. The aim of this work was to compare bentonite
and polymer binders in brex production and evaluate their metallurgical applicability.
Chromium-containing dust from the gas-cleaning system of the Aktobe Ferroalloy Plant
(TNC Kazchrome JSC, ERG) was characterized using chemical analysis and SEM/EDS
methods. The material exhibited a heterogeneous structure composed mainly of chromium-
containing spinel, silicate, and oxide phases. Pilot-industrial extrusion tests were per-
formed using J.C. Steele & Sons equipment with bentonite (10 wt.%) and polymer binder
TD 021.005.BS (2.5 wt.%). The polymer binder provided improved brex geometry and
significantly higher mechanical strength, achieving impact strength values up to 89.5%
after curing. SEM/EDS analysis of the obtained brexes confirmed the formation of a dense
agglomerated structure with uniform distribution of chromium-containing phases. Ther-
modynamic modeling using FactSage 8.4 showed that brex addition does not significantly
affect slag composition, phase equilibria, or metal quality during high-carbon ferrochrome
smelting. The results demonstrate the feasibility of polymer binders for efficient recycling
of chromium-containing technogenic wastes by rigid vacuum extrusion.

Keywords: rigid vacuum extrusion; chromium-containing dust; brexes; polymer binder;
SEM/EDS; ferrochrome production; technogenic waste recycling; thermodynamic modeling

1. Introduction
Fine-grained wastes and dusts generated during ferroalloy production represent an

important secondary raw material resource for metallurgical processing. However, their
direct utilization in submerged arc furnaces is limited due to poor gas permeability of
the burden, intensive dust generation, and deterioration of smelting conditions, resulting
in decreased process efficiency and increased environmental impact [1–4]. Therefore,
agglomeration technologies enabling the recycling of dispersed technogenic materials into
the production cycle are of considerable industrial interest.
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Modern studies confirm the effectiveness of briquetting and agglomeration tech-
nologies for recycling fine technogenic wastes and returning valuable components into
metallurgical production. It has been established that particle size distribution, moisture
content, compaction pressure, and binder type significantly influence the density, mechani-
cal strength, abrasion resistance, and thermal stability of agglomerated materials [5–16].
Various inorganic and organic binders, including cement, bentonite, lime, starch, lignosul-
fonates, and polymer-based compositions, are widely used for briquetting of iron-bearing,
ferroalloy, manganese-containing, and carbonaceous wastes [7–16]. The use of binders
improves briquette integrity, reduces dust formation, and enhances transportation and
handling characteristics [5,7,9]. Recent investigations also demonstrated the effectiveness
of cold, hot, and extrusion briquetting methods for processing coke fines, ferroalloy dusts,
manganese-containing technogenic materials, and ultrafine industrial wastes [7,10,12].

Among the available agglomeration methods, cold briquetting and extrusion are
widely applied for processing metallurgical wastes and fine ore materials [17–21]. In recent
years, rigid vacuum extrusion has attracted increasing attention due to its high productivity,
ability to process ultrafine materials, and possibility of producing mechanically stable
agglomerates without thermal treatment [22–25]. The technology is based on compaction
of moist mixtures under elevated pressure and vacuum conditions, ensuring removal of
entrapped air and formation of dense brexes with improved structural integrity.

At the Aktobe Ferroalloy Plant (AFP), rigid vacuum extrusion is used for recycling
chromium-containing dusts generated in gas-cleaning systems. The produced brexes are
returned to the smelting process as a burden additive during high-carbon ferrochrome
(HCFeCr) production. However, insufficient mechanical strength and excessive fines
generation during transportation and handling remain important technological limitations
of the current process.

The mechanical performance of agglomerated materials strongly depends on the type
and properties of the binder system. Traditionally, inorganic binders such as bentonite and
cement have been widely used in ferrous metallurgy. Nevertheless, polymer-based binders
are increasingly considered as promising alternatives due to their lower consumption,
reduced slag-forming effect, and ability to improve agglomerate strength under non-fired
conditions [26–31]. Previous studies have shown that polymer binders may enhance
interparticle bonding through adsorption interactions and formation of adhesive structures
between fine particles [29,32].

Despite the growing interest in polymer binders, their application in rigid extrusion
of chromium-containing technogenic materials remains insufficiently studied, especially
under pilot-industrial conditions. In particular, limited information is available regarding
the influence of polymer binders on brex strength development, abrasion resistance, and
metallurgical behavior during HCFeCr smelting.

Several recent studies published by our research group investigated the recycling and
agglomeration of chromium-containing technogenic materials obtained during ferrochrome
production [33,34]. These works mainly focused on vibropress briquetting, physicochemical
characterization of dust materials, and remelting behavior of briquettes. In contrast, the
present work investigates rigid vacuum extrusion of chromium-containing dust from
gas-cleaning systems using both bentonite and the polymer binder TD 021.005.BS under
pilot-industrial conditions.

The present study focuses on comparative evaluation of binder performance during
rigid extrusion agglomeration, including brex morphology, impact strength, and abrasion
resistance after curing. In addition, thermodynamic modeling using FactSage 8.4 was
performed to evaluate the influence of brex addition on equilibrium phase composition,
slag characteristics, and metal quality during HCFeCr smelting.
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The novelty of this work lies in demonstrating the potential applicability of polymer
binders for non-fired rigid extrusion of chromium-containing materials and in evaluating
their influence on both mechanical properties of brexes and equilibrium characteristics of
the ferrochrome smelting process under industrially relevant conditions.

2. Materials and Methods
2.1. Physicochemical Characterization of Raw Materials

The raw material used for brex production at the extrusion unit consists of dust
collected from gas-cleaning and aspiration systems of smelting shops. The average chemical
composition of the materials used during pilot-industrial trials is presented in Table 1. The
chemical composition was determined using titrimetric methods (MVI 08X-18, MVI 04X-22).

Table 1. Average chemical composition of the initial dust (wt.%).

Material Moisture Cr2O3 SiO2 CaO MgO Al2O3 FeO C S P LOI *

Raw material
(dust) 0.79 28.89 10.59 1.47 20.75 6.39 10.71 10.15 0.26 0.01 10.00

* LOI—Loss on ignition.

The morphology, microstructure, and phase distribution of the initial chromium-
containing dust material 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). The obtained results were used to evaluate structural features of the raw material
during subsequent agglomeration processing. The SEM image is presented in Figure 1.

Figure 1. SEM micrographs and EDS elemental mapping of the chromium-containing dust.

Figure 1 presents SEM micrographs and EDS elemental mapping of the chromium-
containing dust used in the present study. The material is characterized by a heterogeneous
fine-dispersed structure composed of irregularly shaped particles and agglomerated frag-
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ments. EDS mapping confirms the predominance of O, Mg, Si, Cr, Al, and Fe, indicating
the presence of oxide and spinel-type phases typical for ferrochrome production dusts.
Chromium and iron are relatively uniformly distributed throughout the analyzed area,
while local enrichment of magnesium- and silicon-containing phases is also observed. The
quantitative EDS results for the selected regions (Spectrum 1–3) are presented in Table 2.

Table 2. Quantitative EDS analysis of selected regions in the chromium-containing dust (weight %).

Elements Spectrum 1 Spectrum 2 Spectrum 3

O 47.97 16.84 61.00

Mg 3.05 3.82 15.80

Si - 0.65 1.37

S - 5.17 -

Al 0.57 - 13.01

Cr 45.07 28.14 8.39

Fe 3.33 44.12 0.44

Ni - 1.26 -

Total 100.00 100.00 100.00

The EDS results presented in Table 2 confirm the heterogeneous composition of the
chromium-containing dust. Chromium and oxygen are the dominant components in Spec-
trum 1, indicating the presence of chromium-rich oxide or spinel phases. Spectrum 2 is
characterized by elevated iron and chromium contents together with sulfur impurities,
while Spectrum 3 contains increased concentrations of magnesium and aluminum, sug-
gesting the presence of magnesium-aluminate and silicate phases. The obtained results are
consistent with the complex multicomponent nature of ferrochrome production dusts.

The polymer binder TD 021.005.BS used in the present study is a commercial water-
soluble organic binder intended for agglomeration of fine-dispersed metallurgical materials
under non-fired processing conditions. According to the supplier’s technical documenta-
tion, the binder is based on polymer compounds containing functional carboxyl and amide
groups capable of interacting with the surface of mineral particles through adsorption and
intermolecular bonding mechanisms.

The binder is supplied in liquid form and is characterized by high adhesive ability,
good dispersion in aqueous systems, and the capability to form stable interparticle bonds
during extrusion and subsequent curing. The mechanism of strength development is
associated with the formation of adhesive polymer bridges between fine particles and
enhancement of particle cohesion within the agglomerate structure.

During rigid extrusion, frictional heating and shear deformation contribute to activa-
tion of the polymer binder and improve wetting of particle surfaces, which promotes more
uniform distribution of the binder throughout the mixture. After extrusion and curing, the
binder contributes to stabilization of the brex structure and reduction of fines generation
during transportation and handling.

The binder was introduced into the charge mixture in an amount of 2.5 wt.% relative
to the dry mass of the material. The prepared mixture was homogenized in industrial pug
mills prior to extrusion to ensure uniform distribution of the binder within the chromium-
containing dust.

Due to commercial confidentiality restrictions, the exact proprietary formulation of the
binder cannot be disclosed in detail. However, the provided technical characteristics ade-
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quately describe its functional role in the agglomeration process and ensure reproducibility
of the applied experimental methodology.

2.2. Experimental Setup and Equipment Description

The main process equipment of the extrusion unit includes the following components.
KLIM-VD-800-1500 and KLIM-VD-800-2200 feeders are used for dosing raw materials,
binders, fluxes, and reductants prior to their transfer to the 25A PUGMILL mixer (22.4 kW).
The 25A PUGMILL (22.4 kW) is designed for dry mixing of the initial materials. Wet
mixing is carried out using a 25A STAND ALONE pugmill (45 kW) (J.C. Steele & Sons Inc.,
Statesville, NC, USA), as well as a 25A pugmill (45 kW) (J.C. Steele & Sons Inc., Statesville,
NC, USA), which ensures homogenization of the mixture before feeding it into the extruder.
The 25 BEX C-25B extruder (J.C. Steele & Sons Inc., Statesville, NC, USA) is used for shaping
and forming brexes, with the final geometry determined by the die configuration. Material
handling within the unit is performed using conveyor belts (K1 and K4). A schematic
diagram of the brex production process at the Aktobe Ferroalloy Plant is presented in
Figure 2.

Figure 2. Technological flow diagram of the brex production line at the Aktobe Ferroalloy Plant (AFP).

The extrusion experiments were carried out under pilot-industrial conditions using
industrial equipment manufactured by J.C. Steele & Sons (Statesville, NC, USA). For ag-
glomeration of the chromium-containing dust, bentonite (10 wt.%) was used as a reference
binder, while the polymer binder TD 021.005.BS was added in an amount of 2.5 wt.%
relative to the total dry mass of the mixture.

The moisture content of the prepared mixture prior to extrusion was maintained
within 12–16 wt.%, corresponding to the operating range of rigid vacuum extrusion tech-
nology. Extrusion was performed under vacuum conditions with a working pressure in
the extrusion chamber of approximately 2.0–4.0 MPa. The prepared mixture was continu-
ously compacted by the screw system and formed through an industrial die, producing
cylindrical brexes with uniform geometry.

After extrusion, the brexes were stored in bunkers under ambient industrial conditions
at room temperature for curing. Mechanical strength tests were performed after 2 and
4 days of curing.
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After forming, the brexes were stored in bunkers for up to 4 days and subsequently fed
to the smelting furnace. Samples were collected after 2 and 4 days of curing to determine
their mechanical properties, including impact and abrasion strength, in accordance with
GOST 15137-77.

Impact strength was determined according to GOST 15137-77 [35]. The method is
based on subjecting the sample to mechanical impacts in a rotating steel drum, followed
by sieve analysis to assess changes in particle size distribution, which characterize the
material’s resistance to impact and abrasion.

The test procedure was as follows: a 10 kg sample was loaded into a steel drum with a
diameter of 1000 mm rotating at 25 rpm. After 200 revolutions, the material was discharged
and sieved into size fractions of +5 mm, 0.5–5 mm, and −0.5 mm. Each fraction was
weighed separately, and the strength index was calculated using the following equation:

I =
M+5

Minitial
·100%

where I—strength index, %; M+5—mass of the fraction larger than 5 mm; and Minitial—initial
mass of the sample.

The +5 mm fraction characterizes impact strength, while the −0.5 mm fraction reflects
abrasion resistance. According to internal plant specifications, the impact strength of brexes
should be no less than 85%.

2.3. Thermodynamic Modeling

Thermodynamic modeling was performed to analyze phase and chemical transforma-
tions occurring during the smelting of high-carbon ferrochrome (HCFeCr) under standard
operating conditions of the Aktobe Ferroalloy Plant. The calculations were carried out
using the FactSage software package (version 8.4) [36], which is widely applied for pre-
dicting equilibrium distribution of components among metal, slag, and gas phases in
multicomponent high-temperature systems.

Thermodynamic calculations were performed using the Equilib module of FactSage
8.4 under equilibrium conditions at atmospheric pressure. The FToxid, FactPS, and FSstel
databases were used for modeling oxide, gas, and metallic phases.

The calculations considered the possible formation of gas, slag, metal, and solid phases
within the multicomponent Cr–Fe–Si–Mg–Al–Ca–C–O system. The input burden composi-
tion was defined based on the chemical analysis of the raw materials and normalized to the
total mass of the charge mixture.

Equilibrium calculations were performed within the temperature range of 500–2000 ◦C
with a calculation step of 100 ◦C. It was assumed that complete thermodynamic equilibrium
between all phases was achieved at each temperature step. The gas phase was considered
ideal, while the slag and metallic phases were calculated using the corresponding solution
models available in the FactSage databases.

The main objectives of the modeling were as follows:

- To describe the sequence of phase and chemical transformations during heating of
the burden;

- To determine the chemical composition of metal and slag within the operating temper-
ature range of 1600–1700 ◦C;

- To evaluate the effect of replacing the intermediate product with brexes while main-
taining the overall chemical balance of the burden.

The input data were based on a calculated material balance of a standard burden
comprising the ore component and a carbonaceous reductant. The chemical composition of
the raw materials and the results of the burden calculation are presented in Tables 3 and 4.

https://doi.org/10.3390/met16050555

https://doi.org/10.3390/met16050555


Metals 2026, 16, 555 7 of 15

Table 3. Chemical composition of ore and recycled materials (wt.%).

Materials
Mass Fraction

(wt.%)
Chemical Composition

Cr2O3 SiO2 Al2O3 CaO MgO FeO S P2O5

Chromite ore 44.44 42.67 10.68 6.33 0.39 20.96 10.22 0.039 0.0025

Chromite
pellets

(6–12 mm)
44.44 50.34 8.36 6.60 0.44 18.80 12.38 0.027 0.027

Intermediate
product 11.12

28.45 15.48 4.22 0.30 25.48 10.09 0.017 0.0031

Brexes 28.73 10.46 7.31 1.28 19.42 9.23 0.240 0.01

Table 4. Technical composition of the reducing agent (wt.%).

Materials A V Cfix Wg S

Metallurgical coke 11.86 1.15 86.55 6.54 0.40

Special coke 6.94 1.35 91.49 12.64 0.20

The chemical composition of the metal and slag phases was evaluated within the
operating temperature interval of 1600–1700 ◦C, which is typical for industrial HCFeCr
smelting. The modeling also aimed to assess the effect of replacing recycled material with
brexes while maintaining the overall chemical balance of the burden.

3. Results and Discussion
3.1. Brex Formation and Strength Characteristics

The appearance of brexes produced with bentonite is shown in Figure 3, while brexes
obtained using the polymer binder TD 021.005.BS are presented in Figure 4.

Figure 3. Brexes produced with bentonite binder: (a) extrusion process and discharge from the die;
(b) general view after production; (c) representative brex sample.

The results of the impact strength tests for brexes produced with bentonite and the
polymer binder TD 021.005.BS are presented in Figure 5.

After 2 days of curing, the impact strength of bentonite-based brexes was 54.8%,
whereas polymer-bonded brexes reached 85%. After 4 days, the strength increased to 60.7%
and 89.52%, respectively. Notably, polymer-bonded brexes already satisfy the internal
plant requirement for impact strength (≥85%) after 2 days of curing, while bentonite-based
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samples do not reach this threshold even after 4 days. According to previous studies,
polymer-based binders may improve the cohesion of fine particles through adsorption
interactions and formation of adhesive interparticle bonds during agglomeration [22,23,26].
The improved mechanical performance observed in the present study is consistent with
these findings. In contrast, bentonite exhibits limited binding capability under non-fired
conditions, resulting in inferior mechanical properties.

Figure 4. Brexes produced using the polymer binder TD 021.005.BS: (a) extrusion and discharge
from the die; (b) general view after production; (c) representative brex samples with improved shape
uniformity and structural integrity.

Figure 5. Impact strength of brexes after 2 and 4 days of curing.

The impact strength results presented in Figure 5 correspond to the average values
obtained from three independent measurements performed under identical experimental
conditions. The experimental variability of the measurements did not exceed ±2.0%,
indicating satisfactory reproducibility of the obtained data. The observed difference in
strength between bentonite-bonded and polymer-bonded brexes significantly exceeds the
experimental uncertainty.

In addition to impact strength, abrasion resistance of the produced brexes was eval-
uated based on the yield of the −0.5 mm fraction after drum testing according to GOST
15137-77. After 2 days of curing, the abrasion output for bentonite-bonded brexes reached
approximately 12.4%, whereas the polymer-bonded samples showed significantly lower
fines generation of about 4.8%. After 4 days of curing, the abrasion output decreased to
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9.6% for bentonite-based brexes and to 3.1% for brexes produced with the polymer binder
TD 021.005.BS.

The lower abrasion output of polymer-bonded brexes indicates improved resistance to
mechanical degradation during transportation and handling. The obtained results confirm
the formation of stronger interparticle bonding and a more cohesive structure in brexes
produced with the polymer binder.

Visual observations during transportation and handling of the produced brexes ad-
ditionally confirmed the improved structural stability of polymer-bonded samples. Com-
pared with bentonite-based brexes, the polymer-containing brexes exhibited lower fragmen-
tation tendency and better resistance to mechanical impacts during storage and handling
operations. These observations are consistent with the obtained impact and abrasion
strength results.

Overall, the results demonstrate that the polymer binder TD 021.005.BS provides
significantly improved strength and structural characteristics of brexes and allows for
reduced curing time, making it a more effective alternative to bentonite in rigid extrusion
of chromium-containing materials.

3.2. Microstructural Characterization of the Obtained Brexes

To investigate the microstructural features of the obtained brexes and evaluate the
distribution of the constituent components after rigid vacuum extrusion, SEM/EDS analysis
was performed on cured samples bonded with the polymer binder. The obtained SEM
images and EDS elemental maps are presented in Figure 6. Particular attention was paid
to the morphology of the agglomerated structure, formation of interparticle contacts, and
elemental distribution within the brex matrix.

Figure 6. SEM micrographs and EDS elemental mapping of the obtained brexes.

The SEM images presented in Figure 6 demonstrate the formation of a relatively
dense and heterogeneous agglomerated structure consisting of fine-dispersed particles and
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larger angular fragments bonded within the brex matrix. The elemental maps confirm the
predominant distribution of O, Mg, Si, Cr, Fe, and Al throughout the analyzed area, which
is consistent with the mineralogical composition of the initial chromium-containing dust.

Localized carbon-rich regions were additionally observed, indicating the presence of
carbon-containing components and polymer-associated phases within the agglomerated
structure. The relatively uniform distribution of the main elements suggests effective mix-
ing and stable incorporation of fine particles during extrusion compaction. The quantitative
EDS results for the selected regions (Spectrum 1–3) are presented in Table 5.

Table 5. Quantitative EDS analysis of selected regions in the brexes (weight %).

Elements Spectrum 1 Spectrum 2 Spectrum 3

C 13.15 27.67 15.71

O 51.00 18.93 49.15

Mg 8.73 3.84 18.19

Al 4.21 0.82 2.79

Si 0.40 1.64 9.54

Cr 18.51 40.11 2.91

Fe 4.00 7.00 1.71

Total 100.00 100.00 100.00

The quantitative EDS results presented in Table 5 confirm the heterogeneous multi-
component composition of the obtained brexes. Spectrum 1 is characterized by elevated
concentrations of oxygen, magnesium, and chromium, indicating the presence of chromium-
containing oxide and spinel phases. Spectrum 2 contains the highest chromium content
together with increased carbon concentration, which may be associated with localized
accumulation of carbonaceous and binder-related components. Spectrum 3 is enriched in
magnesium and silicon, suggesting the presence of silicate phases within the brex structure.

Overall, the obtained SEM/EDS results indicate effective incorporation and uniform
distribution of the chromium-containing dust particles within the agglomerated matrix
formed during rigid vacuum extrusion.

3.3. Effect of Brex Addition: Thermodynamic Modeling Results

Figure 7 illustrates the temperature-dependent evolution of the phase and chemical
composition of the system obtained from thermodynamic modeling of HCFeCr smelting.
As the temperature increases, sequential carbothermic reduction reactions occur: iron
oxides are reduced first, followed by chromium oxides, leading to the formation of a
metallic phase.

This process is accompanied by intensive gas generation, predominantly carbon
monoxide (CO). With further temperature increase, the system approaches thermody-
namic equilibrium, characterized by the coexistence of metal, slag, and gas phases. This
“metal–slag–gas” equilibrium corresponds to typical operating conditions of industrial
HCFeCr smelting.

At the initial stage, the system is predominantly composed of solid oxide phases.
Chromium and iron are present in stable oxides and spinels (Cr2O3, FeCr2O4), while silicon
and aluminum occur as SiO2 and Al2O3, and magnesium as MgO and complex silicates.
Carbon is present in a free state and does not yet actively participate in reduction reactions.
The gas phase is weakly expressed, and CO formation is limited.
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Figure 7. Phase evolution of the burden during heating in thermodynamic modeling of HCFeCr
smelting.

With increasing temperature, carbothermic reactions become activated. The reduction
of thermodynamically less stable oxides, primarily FeO, begins first, accompanied by a
noticeable increase in CO formation. This is reflected by a sharp increase in the gas phase
fraction. At the same time, complex oxide and spinel phases decompose, and redistribution
of components between solid phases occurs. Part of iron transitions into the metallic state;
however, a stable liquid metal phase has not yet formed.

In the 1200–1500 ◦C temperaturerange, the reduction of chromium oxides intensifies
significantly. Carbon actively reacts with Cr2O3, leading to increased CO evolution and the
formation of a metallic phase enriched in chromium and iron. Simultaneously, a liquid slag
of the MgO-SiO2-based system is formed. This is evidenced by a sharp increase in the slag
liquid phase and a decrease in the fraction of solid oxides. The system transitions from a
“solid-phase mixture” to a “metal–slag–gas” state.

In the 1600–1700 ◦C temperature range, the system reaches a state characteristic
of industrial HCFeCr smelting. The metal phase is represented by liquid high-carbon
ferrochrome, where most chromium and iron are in the reduced state. Carbon is partially
dissolved in the metal, forming the required composition.

The slag stabilizes as a high-magnesia melt in the MgO-SiO2-Al2O3 system with a low
content of chromium oxides. The FeO content in the slag is minimal, indicating a high
degree of iron reduction. The gas phase is dominated by CO, confirming the prevalence of
the carbothermic reduction mechanism.

Overall, the thermodynamic modeling adequately reproduces the key physicochemical
regularities of the HCFeCr smelting process.

To evaluate the effect of replacing recycled material in the standard burden with brexes,
a comparison of the equilibrium composition of the metal phase was performed (Table 6).

Table 6. Comparison of the chemical composition of the metal for the standard burden and with brex
addition (wt.%).

Burden Variant Cr Si C S P

Standard 72.46 0.64 8.17 0.012 0.026

With brex addition 72.61 0.71 8.01 0.035 0.027
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Analysis of the data in Table 6 shows that the replacement of recycled material with
brexes does not lead to significant changes in the chemical composition of the metal phase.
The chromium content remains practically unchanged (72.46 → 72.61 wt.%), while the car-
bon content slightly decreases (8.17 → 8.01 wt.%). Minor variations are observed for silicon
(0.64 → 0.71 wt.%), sulfur (0.012 → 0.035 wt.%), and phosphorus (0.026 → 0.027 wt.%);
however, these changes are within acceptable limits and do not affect the overall alloy
quality. In all cases, the composition corresponds to HCFeCr grades FeCr800-FeCr850 [37].
The replacement of recycled material with brexes does not have a significant effect on the
chromium and carbon contents in the metal phase.

A slight increase in the calculated sulfur content of the metal phase was observed after
brex addition (0.012 → 0.035 wt.%). However, the obtained sulfur level remains within the
acceptable range for industrial HCFeCr grades and is not expected to significantly affect
alloy quality under the considered operating conditions.

It should also be noted that sulfur distribution in industrial smelting processes depends
not only on equilibrium thermodynamics but also on kinetic factors, slag composition,
gas-phase interactions, and sulfur partitioning behavior between slag and metal phases.
Therefore, the calculated sulfur values should be considered as equilibrium estimations
rather than exact industrial predictions.

The chemical compositions of the slag for the standard burden and with brex addition
are presented in Table 7.

Table 7. Comparison of the chemical composition of the slag for the standard burden and with brex
addition (wt.%).

Burden Variant Cr2O3 SiO2 Al2O3 CaO MgO FeO Calculated Viscosity (Pa·s)

Standard 3.49 28.08 13.82 3.65 50.13 0.81 0.066

With brex addition 3.40 27.96 14.24 3.13 50.46 0.77 0.067

The slag compositions with and without brex addition are nearly identical, indicating
preservation of the conventional high-magnesia slag system. The contents of the main
components remain stable: MgO (50.13 → 50.46 wt.%), SiO2 (28.08 → 27.96 wt.%), and
Al2O3 (13.82 → 14.24 wt.%). The FeO content remains low (0.81 → 0.77 wt.%), confirming
a high degree of iron reduction, while Cr2O3 varies insignificantly (3.49 → 3.40 wt.%).

The calculated slag viscosity also shows negligible variation, remaining within a
narrow range of 0.066–0.067 Pa·s. This indicates that the addition of brexes does not
adversely affect slag fluidity or furnace operating conditions.

Thermodynamic modeling results indicate that brex addition does not destabilize the
equilibrium “metal–slag–gas” system during HCFeCr smelting and preserves the charac-
teristic high-magnesia slag composition and metal quality within the industrial operating
temperature range. These findings indirectly confirm the satisfactory thermal stability and
metallurgical compatibility of the produced brexes under high-temperature conditions.

It should be noted that the performed calculations represent equilibrium thermo-
dynamic estimations and do not fully account for kinetic limitations, local temperature
gradients, incomplete reduction reactions, gas transport phenomena, or transient condi-
tions characteristic of industrial submerged arc furnace operation. Therefore, the obtained
results should be interpreted as equilibrium trends describing the probable behavior of the
system under industrial HCFeCr smelting conditions.

The calculated stability of the slag system and the limited variation in equilibrium
metal composition after brex addition are consistent with industrial observations obtained
during pilot-industrial application of the produced brexes.
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Overall, the results confirm that replacing recycled material with brexes maintains
both metal quality and slag characteristics, demonstrating the metallurgical compatibility
of brexes with the existing HCFeCr smelting process.

4. Conclusions
The obtained results confirmed that rigid vacuum extrusion is an effective method

for recycling fine chromium-containing technogenic wastes generated during ferroalloy
production. Physicochemical characterization of the initial dust by SEM/EDS revealed a
heterogeneous multiphase composition consisting predominantly of chromium-containing
spinel, silicate, and oxide phases characteristic of ferrochrome production dusts.

It was established that the binder type has a decisive influence on brex strength and
structural stability. Brexes produced with the polymer binder TD 021.005.BS (2.5 wt.%)
showed an impact strength of 85.0% after 2 days and 89.5% after 4 days of curing, whereas
bentonite-based brexes (10 wt.%) reached only 54.8% and 60.7%, respectively. The abrasion
output after 4 days of curing was 3.1% for polymer-bonded brexes compared with 9.6% for
bentonite-bonded samples.

SEM/EDS analysis of the obtained brexes confirmed the formation of a dense heteroge-
neous agglomerated structure with relatively uniform distribution of chromium-containing
phases and stable interparticle bonding within the brex matrix, contributing to the im-
proved mechanical performance of polymer-bonded samples.

Thermodynamic modeling using FactSage 8.4 demonstrated that brex addition to the
furnace burden does not significantly affect metal composition or slag properties during
HCFeCr smelting. The calculated chromium content in the metal was about 72.5 wt.%,
carbon content was about 8.0 wt.%, and slag viscosity remained within 0.066–0.067 Pa·s.

The obtained results confirm the potential applicability of the polymer binder TD
021.005.BS for producing high-strength non-fired brexes and for efficient recycling of
chromium-containing technogenic wastes under industrial ferrochrome smelting conditions.
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