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STUDY OF THE INFLUENCE OF HEATING DURATION DURING ELECTROLYTIC-PLASMA
HARDENING ON THE CHARACTERISTICS OF 20GL STEEL

Abstract: This article presents a comprehensive examination of the electrolytic-plasma hardening
(EPH) process applied to 20GL structural steel, a material frequently used in the automotive, transport, and
various other industries. The relevance behind this research lies in the necessity to enhance the performance
of steels that face high mechanical loads, elevated temperatures, and corrosive environments. Experimental
findings reveal that electrolytic-plasma treatment substantially increases the hardness of 20GL steel to
approximately 600 HV on average. Additionally, prolonging the heating duration contributes significantly to
greater hardness, playing a decisive role in bolstering wear resistance under load. Microstructural analysis
confirms the formation of a fine-grained martensitic phase, highlighting the steel’s transformation and
strengthening. Furthermore, the study emphasizes that the chemical composition of 20GL steel influences the
hardness gradient from the surface inward and leads to the development of finer-grained features in the steel’s
microstructure. Overall, the electrolytic-plasma process proves beneficial not only for improving mechanical
attributes but also for enhancing reliability and service life of critical components. From an industrial standpoint,
this technology is notable for its adaptability and cost-effectiveness, making it an attractive solution for sectors
such as automotive manufacturing, construction, and the energy industry. Thus, electrolytic-plasma hardening
emerges as a forward-looking method aligned with modern engineering demands, offering a promising avenue
for advanced material optimization.

Key words: electrolytic plasma hardening; 20GL steel; hardness; wear resistance; corrosion resistance
of steel.
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Introduction

One of the key factors influencing the demand for a designed part is its quality. The operability
and reliability are ensured by meeting such basic requirements as strength, rigidity, and resistance
to various influences (wear, vibration, temperature, etc.). Meeting strength requirements under static,
cyclic, and impact loads should eliminate the possibility of destruction and unacceptable residual
deformations. The part must be wear-resistant, as this greatly affects the durability of the
mechanism's operation. The wear resistance requirement can be met not only through design
solutions and the use of new high-strength materials but also by improving the surface layer of
machine parts. There are several methods of surface hardening, which are classified by the principle
of action: mechanical, thermal, chemical-thermal methods, methods using concentrated energy
sources, diffusion saturation, and others.

Steel 20GL, used for the manufacture of cast load-bearing parts of freight railway wagons,
faces several issues related to fatigue strength and brittleness. These parts operate under high loads
and in various climatic conditions, requiring the material to have high fatigue resistance and
resistance to brittle fracture throughout its service life. The increased requirements for the
operational reliability of new freight car designs call for new approaches to ensuring the durability
and fatigue crack resistance of cast steels [1-4]. A critical factor determining the longevity of a
structure is the material's ability to resist the propagation of fatigue cracks, which is especially
important in highly stressed areas where structural defects and stress concentrations exist [5-7].
Mechanical tests of 20GL steel under cyclic loading showed that cracks develop with an increase in
the plastic zone at their tip. In the crack growth rate range of 6-1078 - 1.5-107® m/cycle, the steel tends
to gradually degrade under fatigue loads. This confirms the need for further research and
improvement of technologies to increase the fatigue strength and longevity of cast load-bearing
parts, especially considering the high operational loads in modern wagons [8, 9].

Surface thermal hardening of steel parts is one of the most effective ways to increase the
lifespan of heavily loaded elements of machines and mechanisms while also reducing material
consumption. In this process, only the most stressed working surface of the part is hardened, leaving
the core intact. These technologies provide higher operational properties and hardening quality.
Today, methods such as high-frequency, gas-flame, plasma, electron-beam, and laser treatment are
widely used in industry for thermal treatment of critical and heavily loaded parts [10-12].

Steel 20GL is widely used for the production of side frames for freight cars, which often
experience mechanical failures due to improper processing before operation.

For example, a study conducted by Chelyakh A.P. and Karavaeva N.E. [13] presented the
results of thermal quenching of 20GL steel after cementation, which led to the formation of the
desired microstructure and improved mechanical properties of the steel. In the study, samples were
subjected to cementation at 930 °C, followed by quenching in the range of 780 to 1150 °C, and low
tempering at 200 °C. The results showed that the highest surface hardness was achieved after
quenching at 780°C, while at 1150°C, the hardness was minimal due to the increased content of
retained austenite and decreased martensite. The highest impact-abrasive wear resistance was
observed after quenching at 780-880°C. The authors note that when heated to 1150°C, wear
resistance decreased, which is associated with carbide dissolution and grain growth. After
cementation and thermal treatment, the wear resistance of 20GL steel increased more than six
times.

Additionally, in the work of Priupolin D.V. and Budruev A.V., the results of tests on 20GL steel
after volumetric surface hardening (VSH) are presented, which proved to be preferable compared to
water quenching and tempering in several parameters [14]. It was found that after normalization, the
steel had a ferrite-pearlite structure, and after quenching, the steel's structure transformed into
martensite-like with a reduction in grain size. Volumetric surface hardening led to the formation of
troostite-like structure with finer grains in the surface zone: from 0.4 to 3.8 microns, while the grains
increased closer to the center of the sample. The structural change directly influenced the
mechanical properties. After VSH, the steel demonstrated higher hardness and yield strength
compared to normalization while maintaining increased elongation, indicating better plasticity. Thus,
volumetric surface hardening of 20GL steel provides an optimal combination of hardness and
plasticity, making this method preferable for producing structures subjected to dynamic loads, such
as train side frames.

ISSN 2788-7995 (Print) Bectuuk Yuusepcurera [llakapuma. Texuudeckue mayku Ne 2(18) 2025 547
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 2(18) 2025



In another study by A.P. Chelyakh and N.E. Karavaeva [15], the description of 20GL steel after
thermal cyclic quenching is provided, which also led to improved performance characteristics. After
two cycles of thermal cyclic hardening, an austenite-martensite structure with a surface
microhardness of about 4400 MPa was observed. With an increase in the number of cycles to 14,
surface microhardness increased to 5500 MPa, and at a depth of 1-1.5 mm — up to 6500 MPa. Such
a structure significantly increases the wear resistance of steel: under dry friction, the relative wear
resistance reaches 3, and under abrasive wear — 2.5. The authors explain the improvements by
grain refinement, austenite enrichment with carbon, and self-hardening of the steel due to the
transformation of retained austenite into martensite.

Currently, the railways are facing the challenge of operational failure of the side frames of
freight wagon bogies. Addressing this issue is essential to ensure safety on the railway network. In
recent years, there has been statistical data on railway derailments, which occurred partly due to
poor-quality components. The most serious problem today remains the low quality of cast parts of
freight wagon bogies produced by wagon-building factories. All the failed side frames had been in
service for no more than two to three years since their manufacture, while the manufacturers
guaranteed a normative service life of 32 years. Therefore, the railway industry requires
improvements in the methods of production and operation of the products used.

Among the existing hardening methods, plasma surface hardening is widely and effectively
applied due to its technical and economic indicators. One of the types of plasma surface hardening
is electrolytic plasma hardening (EPH). EPH is a modern metal treatment method in which the
surface of the part is heated to high temperatures using an electric arc burning in the electrolyte.
Simultaneously with heating, electrolysis occurs, leading to changes in the chemical composition of
the surface layer of the metal. This comprehensive approach significantly improves the
characteristics of steel: increasing its hardness, wear, and corrosion resistance. Moreover, the EPH
technology is simple and environmentally friendly, making it attractive for a wide range of applications
[16, 17].

Research Methods

The object of study was 20GL steel, and the samples were prepared from rolled steel by cutting
into sizes of 20x20x15mm, followed by grinding and polishing. The investigation was carried out on
20GL structural steel. Specimens subjected to standardized metallographic preparation. Initial
surface leveling was performed using a TROJAN GP-1A grinding machine, followed by sequential
manual grinding on glass plates with silicon carbide abrasive papers ranging from P60 to P2500 grit.
Final polishing was conducted on a napped cloth using a 0.5 ym chromium oxide suspension to
achieve a scratch-free mirror finish suitable for microstructural analysis. EPH was carried out on an
electrolytic plasma treatment unit, the design and operating principles of which are detailed in
reference [18, 19]. The EPH parameters are provided in Table 1. A sodium carbonate agueous
solution with a 20% concentration was used as the electrolyte for all the samples. As shown in Table
1, the applied voltage for samples No. 1 and No. 2 was 240 V, and for the other two samples, it was
250 V. The heating time ranged from 6 to 10 seconds for different samples.

Table 1 — EPH Parameters

Sample Actual voltage, V Current strength, A Heating time, s
No 1 240 40 6
No 2 240 40 8
No 3 250 60 8
No 4 250 60 10

Metallographic analysis was performed using an HL-102AW microscope with a 3.0 MP digital
camera and specialized software by Altami. For metallographic microanalysis of the samples, after
polishing with a chromium oxide-based paste, a 3% alcohol solution of nitric acid was used as an
etchant. Microhardness measurements were conducted using a Vickers HV-1 DT tester under a load
of 1 N with a 10-second dwell time, in accordance with GOST 9450-76.

To investigate the microstructure of 20GL steel after treatment by the EPU method, scanning
electron microscopy (SEM) was used on a TESCAN VEGA Compact instrument. This device, in
combination with energy-dispersive spectroscopy (EDS), allows for the identification of
morphological features of the microstructure, indirect differentiation of phases with similar chemical
compositions — such as martensite, bainite, and ferrite — based on contrast, as well as the
determination of the distribution of alloying elements.
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Results and Discussion

The microstructure of 20GL steel in its initial state contains pearlitic and ferritic inclusions, as
seen in Figure 1. In the image, ferrite appears as light areas, and pearlite as dark areas, which
become visible after etching with an alcohol solution of nitric acid.

L M SEREEIN :
Figure 1 — Microstructure of 20GL steel before quenching

As a result of quenching, which occurs during rapid cooling from a high-temperature state,
austenite transforms into martensite — a metastable phase with a characteristic fine-grained
structure. Martensitic precipitates form in the form of thin, elongated crystals, which contributes to
the improvement of the steel's strength properties. These precipitates have high hardness due to
their rigid crystal lattice, which makes the steel more resistant to wear.

In the SEM images shown in Figure 2, obtained from a cross-section of 20GL steel samples
after EPH, changes in the material's microstructure related to the temperature effects can be
observed. 20GL steel contains manganese, which influences the quenching processes, and its
presence affects the formation of the microstructure. However, it is important to note that while
manganese positively affects hardenability, it can also lead to uneven hardness distribution in the
material, as seen in these images. The images also show that the near-surface layers of the steel
have a higher density and fine-grained structure, which is associated with increased hardness in
these areas. With increasing depth, a decrease in density and changes in grain structure are
observed, correlating with the uneven distribution of hardness. This indicates that the presence of
manganese in the steel composition contributes both to improving hardenability and to the formation
of areas with varying properties.

S5 TR e P - s

Figure 2 — Microstructure of a cross-section of 20GL hardened steel

The images clearly show the surface hardening zone, where significant structural changes
have occurred due to EPH. Grain boundaries are well-defined, but in these zones, one can observe
sharp changes in the microstructure, indicating uneven heat distribution throughout the volume.

Thus, SEM images and microhardness data confirm the influence of manganese on the
structure of 20GL steel after EPH. Despite manganese's contribution to increasing hardenability and
reducing grain growth tendency, martensite formation in 20GL steel after quenching leads to a
significant increase in hardness, making it suitable for critical structures with high wear resistance
requirements. Martensitic structures also help to increase tensile strength and fatigue strength, which
is critically important for parts subjected to cyclic loads. However, despite these advantages, it should
be noted that an increased martensite content may lead to reduced ductility and impact toughness.
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These factors must be considered when designing and choosing operating conditions for steel to
ensure an optimal balance of mechanical properties for specific applications [20].

Figure 3 shows SEM images of the microstructure of 20GL steel at 2000x magnification. These
images clearly show structural changes that occurred as a result of EPH. The images demonstrate
the characteristic microstructural features of the steel surface in different areas, allowing conclusions
to be drawn about the phase and structural transformations.

Figure 3 — The SEM images beame 20 GL at 2000x magnification

The upper images show a division into zones with different microstructures. The left part of the
images shows a more uniform, fine-grained structure typical of the surface layers after hardening.
The right part contains larger grains, indicating a zone where the quenching process was less
effective and is located further from the near-surface zone. The boundary shows clear differences in
grain size, indicating a transition between the surface and inner quenching zones.

The lower images also demonstrate the steel's heterogeneous structure. Cracks and breaks
in the structure can be observed, which may be a result of thermal stresses that occurred during the
EPH process. These defects may result from uneven hardness distribution and changes in the steel's
phase composition. The images show zones with higher density and fine-grained structure,
indicating high hardness in these areas. On the right, coarse-grained areas with signs of segregation
can be seen, which may be the result of differences in material cooling and phase state changes.

In Figure 4, which shows the change in the microhardness of 20GL steel with depth after EPH.
According to this graph, it can be seen that the thickness of the hardened layer is greater for samples
No. 2, No. 3 than for sample No. 4. According to this graph, it can be seen that sample No. 1 has a
lower hardness compared to the others, but the thickness of the hardened layer is approximately the
same for all samples. It is also clearly visible that the material's hardness changes unevenly across
the cross-section. This indicates non-uniform quenching, likely due to the effect of manganese
present in the steel's composition on the distribution of heat flow and phase transformations during
hardening.
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Figure 4 — Distribution of microhardness by depth after electrolytic-plasma hardening
of 20GL steel samples
Manganese, which is part of 20GL steel, improves hardenability, but its action does not ensure
uniform hardness distribution throughout the material's depth due to chemical and structural
heterogeneities. In [21] it was said that often the microstructure after hardening began to have an
unusual cross-section and, as a rule, should lead to a significant spread in the work of mechanical
properties. This leads to fluctuations in hardness in different zones, especially in the range of 0.5-
2.5 mm from the surface, where sharp changes are observed. These spreads may also result from
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the uneven distribution of phases, such as martensite and ferrite, which form during cooling after
EPH treatment.

After applying EPH, there is a significant increase in microhardness, especially in the near-
surface layers of the material. This effect is due to grain refinement, the formation of carbide phases,
and hardening caused by the high temperatures characteristic of the EPH method. The surface
layers of the steel undergo intense thermal effects, leading to microstructural changes and
significantly enhancing its wear resistance and resistance to mechanical loads.

Comparing the initial and final state of 20GL steel, it can be noted that after EPH, the
microhardness increases by 2.5-3 times. This indicates the high effectiveness of this hardening
method, making 20GL steel much more suitable for operation under high mechanical loads and
intense friction. This result significantly expands its potential for use in heavily loaded units and
equipment parts, increasing their durability and reliability.

Conclusions

The conducted research demonstrated the high efficiency of EPH of 20GL steel using sodium
carbonate as an electrolyte. The treatment significantly improved the microstructure and
microhardness. As a result of quenching, a hardened surface layer was formed, which increased
microhardness to 600 HV, representing a 2.5-3 fold increase compared to the initial values. The
results suggest that EPH is a promising and effective method for hardening 20GL steel, significantly
extending its durability under high mechanical and abrasive load conditions. Considering the above,
this method can be recommended for application in various industries, including the production of
machine and mechanism parts operating under high loads and in aggressive environments. These
results open opportunities for further application and optimization of the technology in industry, which
will significantly increase the service life and reliability of products made from 20GL steel.
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ANEKTPOJIUTTI-NNA3MAILIK BEPIKTEHAIPY KE3IHAET Kbi3AbIPY ¥3AKTbIFbIHbIH 2011
BOJIATTbIH CUNNATTAMAJIAPbIHA SCEPIH 3EPTTEY

byn makanada asemomobunb, Kernik xeHe backa Oa cananapOa Xui KondaHblnambiH 2071
KypblibiMObIK 60rnamka KondaHbifamblH 3dnekmponummik-rnnasmarnsik 6epikmeHdOipy (3l16) npoueciH
KeweHOi 3epmmey ycbiHblFaH. byn 3epmmeydiH MomugayusiCbl Xofapbl MexaHUKalblK XyKkmemesepeae,
JKOFapbl memrepamypara XOHe KOPPO3USsiblK opmara yuwbipalimbiH 6onammapdbiH naddanaHy
cunammamanapbiH — apmmbipy  Kaxemminiei  6onbin  mabbinadsl.  OkcriepumeHmmik  danendep
anekmponummik nnasmanbsik eHOey 201 6onambiHbIH KammbinbiFblH opma ecenrneH 600HV-ze OdeliH
atimaprbikmal  apmmbipambiHbiH - kepcemedi. COHbIMEH Kamap, Kbi30bipy Y3aKmblifblHbIH apmybl
KammbIfibIKMbIH KOfapbiniaybiHa aumaprbikmadl bikrian emedi, Xykmeme ke3iHde mosyra mesimAinikmi
apmmsipyda wewywi pen amkapadbl. MukpoKypbinbiMObiKk manday 6onammaeiH mpaHcghopMayusicbl MeH
KamatobiHa 6aca Ha3zap aydapa omblpbif, ycak mydipwikmi mapmeHcum ¢hasachkiHbIH my3inyiH pacmadosbil.
CoHbiMeH Kamap, 3epmmey 201 6onam xumusicbl 6emiHeH iwke Kapal KammbliiblK 2padueHmiHe acep
ememiHiH XoHe 6ornammbiH MUKPOKYPbIbIMbIHOa ycak mylipwikmi epekwenikmepliH 0amybiHa aKkeriemiHiH
aman kepcemedi. Xarsrnbl, 31eKmponum-rnnasmarsblK npouecc MexaHukarbiKk eHIMOInikmi xakcapmy YWiH
faHa eMec, COHbIMEH Kamap MaHbI30bl KOMIMTOHeHMmepOiH ceHimdiniei MeH Kbismem emy Mep3iMiH xakKcapmy
ywiH de natdanbi. ©Hepkacinmik myprbidaH anraHOa, by mexHonozausi e3iHiH belimdenziwmiciMeH XoHe
9KOHOMUKarbIK muimdinieimeH epekweneHedi, 6y OHbl a8moMobusib, KYPbIbIC XOHe 3Hep2emuKka CUsikmal
cekmoprap ywiH mapmbsiMObi wewim emedi. Ocbinadwa, anekmponummi-rinasmarnbsik Kamalumy 3amaHayu
UHXEeHepIliKk mananmapra ColKeC KejfiemiH rnepcriekmuesarnbiK o0icke aliHanaldbl, byn mamepuandapobi
xxemindipinzeH oHmMaunaHObIpyObiH rnepcrnekmugaribl X0JslbiH YCbIHaobI.

TyiiiH ce30ep: snekmponum-nnasmansik 6epikmerdipy, 201 6onam, KammblibiK, mMo3yFa
me3simdinik, 6onammbiH Koppo3usiFa me3simairniei.
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MCCNEOOBAHUE BITUAHUA NPOOOITKXUTENBHOCTU HATPEBA
NMPU ANEKTPONUTHO-NNA3MEHHOW 3AKAJIKE HA XAPAKTEPUCTUKM CTANK 20rN

B OanHOU cmambe npedcmasnieHO KOMIIIEKCHOe uccriefosaHue rpouecca 31eKmposiumHo-
nnasmeHHoU 3akanku (3l13), npumeHsieMo20 K KOHCMpPyKUuoHHol cmanu 20GL, mamepuarny, 4Yacmo
ucronb3yeMomy 8 asmomobusibHOU, mpaHCIopmMHOU U PasfiuyHbIX Opyaux ompacsisix MpoMbIWIEHHOCMU.
AKymarnbHocmbto 0aHHO20 uccriedosaHusi s1ensiemcsi Heobxo0UMOCMb MOBbILWEHUST 3KCIyamauyUuoHHbIX
Xapakmepucmuk cmarnel, Komopble nodeep2aromcsi 8bICOKUM MexaHUYeCKUM Haegpy3KaM, M08bILUEHHbLIM
memnepamypamM U KOPPO3UOHHbIM cpedaM. OKcrepumeHmarbHble OaHHbIe [10Ka3bleam, 4mo
371eKMPONIUMHO-NnasmMeHHas obpabomka cywecmseeHHO nosbiwiaem meepdocmes cmanu 201 8 cpedHem
npumepHo 0o 600HV. Kpome moezo, ysenudeHue npodo/mKUMenbHOCMU Hagpeea 3Ha4dumersibHO
criocobecmeyem oebiweHUrw meepdocmu, uspasi pewarwyro posb 8 Mo8bileHUU U3HOCoCmouUKocmu nod
Haepy3kol. MukpocmpykmypHbIl aHanu3 nodmeepxdaem obpasogaHue MeIKO3epHUCMOoU MapmeHCUmMHoU
¢hasbl, nodydepkueass mpaHcgopmayuo U ynpodyHeHue cmanu. Kpome moeo, 6 uccnedosaHuu
nodyepkusaemcs, 4mo xumu4yeckuli cocmae cmanu 20[J1 enusem Ha epadueHm meepdocmu om
rnosepxHocmu 6Hympb U npusodum K passumuro 6oriee MeKo3epHUCMbIX ocobeHHocmel 8
MUKpOCMpyKmype cmanu. B uesom 3nekmponumuo-nna3MeHHbIl Npoyecc OKasbi8aemcsi rosfe3HbIM He
MmorbKo OISl yNyYWeHUsT MEXaHUYECKUX Xapakmepucmuk, HO U Ofisl MoebileHuss HalexHoCmu U Cpoka
CryX6bl KpUMUYECKUX KOMIOHeHmMo8. C rnpoMbIWIEHHOU MOYKU 3PeHUsi ama MexHOso2usi omaudyaemcsi
ceoell aldanmusHOCMbIO U 3KOHOMUYECKOU aghchekmusHocmblo, Ymo Oejlaem ee npusrekamesibHbIM
peweHuem Orfii makux CeKmopos, Kak asmomoburecmpoeHue, CmMpoumesibcmeo U 3Hepeemuveckasi
rpoMbIWIeHHocmb.  Takum  06pa3oM,  3/1eKMPONUMHO-IasMeHHoe  YrpoYyHeHUe  cmaHo8umcsl
riepcriekKmugHbiM MemoOOoM, COOMBEMCMEYIOUUM COBPEMEHHbBIM UHXEHEePHbIM mpebosaHusiM, npednazas
MHo2006ewarowuli nymse 0151 ycoO8EPWEHCMBOB8aHHOU onmumu3ayuu Mamepuarsos.

Knrodeeblie crioea: 3/1eKMpPOSIUMHO-MIa3MEeHHOe  yripoYyHeHue, cmanb 20771, meepdocme,
U3HOCOCMOUKOCMb, KOPPO3UOHHAs1 cmolikocmb cmarnu.
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MODERN APPROACHES TO METAL RECOVERY: ACID LEACHING AND BIOLEACHING
TECHNOLOGIES

Abstract: With each passing year, the volume of metallurgical waste continues to grow, posing serious
environmental and economic challenges. However, metallurgical by-products such as slags and tailings
contain numerous valuable metals that can be recovered and reintegrated into production cycles. In this
context, hydrometallurgical and bioleaching technologies are gaining particular relevance. These methods
enable the efficient extraction of valuable components from waste while simultaneously reducing its volume
and minimizing the environmental burden. This article examines how modern techniques, such as acid
leaching and bioleaching, can be utilized not only to recover metals but also to address waste disposal issues
with minimal ecological impact. Special attention is given to practical examples and research developments
that demonstrate the high efficiency and industrial applicability of these technologies. This study highlights the
importance of waste recycling not only from an ecological perspective but also as a critical step toward building
a more sustainable economy where every resource is used to its fullest potential.

Key words: metallurgical waste, hydrometallurgy, bioleaching, recycling, ecology.

Introduction

Metallurgical waste is becoming an increasingly serious problem for both the environment
and the economy every year. Traditional methods of disposal often fail to cope with the growing
volumes and specific characteristics of such waste, leading to its accumulation and, consequently,
significant environmental pressures. However, this challenge can be turned into an opportunity:
slags, beneficiation tailings, and spent catalysts contain numerous valuable metals — copper, zinc,
cobalt, and rare earth elements. These are valuable resources that, with proper processing, can be
returned to production. Hydrometallurgy and bioleaching are emerging as some of the most effective
solutions to this issue. These technologies enable the extraction of metals from waste through
chemical reactions or biological processes [6, 7]. For instance, methods such as acid leaching or the
use of microorganisms have already proven their effectiveness in both laboratory research and
practical applications. These approaches not only reduce the volume of waste but also significantly
minimize environmental pollution [2, 3]. This study focuses on examining modern technologies for
metallurgical waste processing [9, 4]. Central to the analysis are hydrometallurgical and bioleaching
methods, their advantages, and their practical application prospects. Additionally, the study explores
the environmental aspects of these technologies and their economic feasibility. Of particular interest
are innovations such as acid regeneration, the use of microorganisms, and carbothermal reduction,
which enable recycling tasks to be addressed with minimal environmental impact [2,4]. lllustrative
examples and research findings emphasize that metallurgical waste recycling is not only a way to
address environmental challenges but also an opportunity for economic benefit. The implementation
of such methods opens up prospects for more efficient resource utilization, reducing dependence on
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