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Abstract: The study addresses the need to enhance steel properties through improved deoxidation
processes, a critical stage in steel production. Traditional deoxidizers such as ferrosilicon,
ferromanganese, and aluminum effectively remove oxygen but often lead to the formation of
undesirable non-metallic inclusions, negatively impacting steel’s mechanical properties. This
research investigates the efficacy of complex Fe-Si-Mn-Al alloys as innovative deoxidizers, offering
potential advantages in uniform inclusion distribution and mechanical property optimization.
Semi-industrial and synthetic complex alloys were produced using high-ash coal, substandard
manganese ores, and other materials, followed by metallographic and SEM analyses of deoxidized
steel samples. The results highlight significant variations in microstructure, inclusion morphology,
and hardness. Steel treated with complex alloys exhibited enhanced uniformity of inclusions and
superior mechanical properties, including bainitic and martensitic structures with higher hardness
values (up to 46.50 HRc). Compared to traditional deoxidizers, these alloys reduced the presence of
detrimental inclusions like manganese sulfides and enhanced the distribution of oxides and nitrides.
While martensitic structures offered high strength, challenges like brittleness were noted. This
research underscores the potential of complex alloys to revolutionize steel deoxidation, providing
pathways for producing high-strength, durable materials suitable for advanced industrial
applications.

Keywords: Steel Deoxidation; Complex Fe-Si-Mn-Al Alloys; Metallographic Analysis;
Microstructural Analysis; Microstructure Optimization; Semi-Killed Steel; Non-Metallic Inclusions

1. Introduction

The steel production process is one of the key elements of the modern metallurgical industry.
Steel is the main structural material used in a variety of areas, from construction and mechanical
engineering to electronics and household appliances. The quality of steel is determined by its
chemical composition, structure and properties, which in turn depend on many factors, including the
technological parameters of its production. One of the most important stages in steel production is
the deoxidation process, aimed at removing dissolved oxygen from liquid steel and preventing the
formation of undesirable non-metallic inclusions, such as oxides, which can significantly impair its
mechanical properties [1-6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The deoxidation process is traditionally carried out using ferroalloys such as ferrosilicon (FeSi),
ferromanganese (FeMn), as well as aluminum (Al) and other elements with a high affinity for oxygen.
These elements react with the oxygen dissolved in the steel, forming oxides that either rise to the
surface as slag or remain in the metal as small inclusions [7-20].

Traditional deoxidizers such as ferrosilicon and ferromanganese remain the main materials for
deoxidation in industry. Ferrosilicon is widely used due to its high efficiency and availability.
However, its use may be accompanied by the formation of undesirable phases such as carbides and
silicates, which may lead to a decrease in ductility and an increase in brittleness of steel.
Ferromanganese, another widely used deoxidizer, also has a high affinity for oxygen and sulfur, but
its use is associated with the possibility of forming manganese oxides, which can worsen the structure
and properties of steel. Aluminum is a highly effective deoxidizer, but its use is limited by its
tendency to form large non-metallic inclusions, which can serve as sources of brittleness in steel.
However, traditional deoxidizers do not always provide a uniform distribution of inclusions, which
can negatively affect the mechanical properties of steel, especially in the production of high-quality
steel grades that require a minimum content of non-metallic inclusions and a homogeneous structure
[21-23].

One of the promising areas in the field of steel deoxidation is the use of complex alloys, which
are alloys of several elements with a high affinity for oxygen. An example of such alloys are complex
systems containing iron, silicon, manganese and aluminum (e.g., Fe-Si-Mn-Al). Complex alloys can
offer significant advantages over traditional deoxidation methods due to the synergistic interaction
of the elements that make up their composition. This interaction allows for a more uniform
distribution of inclusions in steel, improved mechanical properties, and reduced production costs
due to the use of cheaper raw materials and reduced energy consumption [24-27].

In recent years, complex alloys have attracted increasing attention from researchers and
industrial specialists. This is due to the need to improve the quality of steel and improve its properties
for modern industrial applications, including the automotive, aerospace and energy sectors. Modern
requirements for steels include high strength, ductility, corrosion resistance, and the ability to be used
in extreme conditions, which requires minimizing the content of non-metallic inclusions and a
homogeneous structure.

Despite the obvious advantages of using complex alloys in steel deoxidation, there are still many
unresolved issues and challenges. A more detailed study of the phase composition, morphology and
behavior of inclusions in steel deoxidized with such alloys, as well as their effect on the final
mechanical properties of steel, is required. It is important to understand how exactly the elements in
the complex alloy interact, how they affect the deoxidation process and the formation of the steel
structure. In addition, experimental studies are required to determine the optimal conditions and
chemical compositions of such alloys and their use in various technological processes [21-27].

The purpose of this study is to evaluate the effect of traditional deoxidizers and complex alloys
on the structure and properties of steel. The study is aimed at conducting a comparative analysis of
the structure of steel deoxidized with different types of alloys, as well as identifying the phase
composition and morphological features of steels after deoxidation. Additionally, the mechanical
properties of steel (such as strength, ductility) will be assessed, which will allow us to determine the
effect of each type of deoxidizer on the distribution of inclusions in steel.

The following tasks will be considered within the framework of this work:

1. Obtaining semi-industrial and synthetic complex Fe-Si-Mn-Al alloys;

2. Carrying out metallographic analysis of steel samples deoxidized using traditional and
complex Fe-Si-Mn-Al alloys (semi-industrial and synthetic);

3. Studying the morphology of inclusions in steel and assessing their distribution using electron
microscopy methods;

4. Assessing the mechanical properties of steel deoxidized with different types of ferroalloys and
comparing them;

5. Analysis of the advantages and disadvantages of using complex ferroalloys compared to
traditional methods of steel deoxidation.
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It is expected that this research will contribute to the development of new steel deoxidation
methods and offer more efficient and cost-effective solutions for the metallurgical industry. The
results obtained can be used to improve steel production technology, which will lead to lower costs,
higher quality of the final product and wider application of steel in high-tech industries.

This study is aimed at solving both fundamental and applied problems related to the
development of new materials and technologies required to improve the properties of steel and
optimize production processes. Given the importance of steel for modern industry and the growing
demands on its quality, the results of the work can be useful for both the scientific community and
for industry representatives involved in the production and processing of steel.

Thus, the use of complex alloys is a promising direction in the development of modern steel
deoxidation technologies. Research in this area can lead to a significant improvement in the
properties of steel, an increase in its service life and an expansion of its application areas, which is
especially important in the context of global competition and increasing demands on the quality of
materials. This study will examine the effect of various types of complex alloys on the structure and
properties of steel, which will allow us to propose new approaches to the production of this important
material.

2. Materials and Methods

The Fe-Si-Mn-Al complex alloy was obtained in a two-electrode ore-thermal electric furnace
with a conductive hearth, where one of the electrodes is integrated into the hearth using a coked
hearth mass [28-36]. The experimental setup of the laboratory furnace is shown in Figure 1 [37,38].
The feedstock materials used were high-ash coal from the Saryadyr deposit, substandard manganese-
containing ore from the Bogach deposit, and quartzite, which was added to adjust the chemical
composition of the mixture and bind excess carbon. The technical and chemical characteristics of the
materials used are given in Table 1 [39,40].

Figure 1. Laboratory ore-thermal electric furnace. 1 — Furnace body, 2 — Furnace bath, 3 — Electrode
holder, 4 — Electrode holder mechanism, 5 — Electrode, 6 — Furnace taphole, 7 — Mold.

Table 1. Chemical and technical composition of charge materials.

Material  Fe:05 Si0: ALO; MnO: CaO MgO TiO: P:0s S PP A W Cu

Vg
Coal «Saryadyr» 579 6636 20,7 2,64 346 1,01 0,035 0,005 19,28 50,04 1,98 31,86
Manganese ore o, o7 075 4904 1505 0,83 0,02 001 21,44

«Bogach» deposit
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Quartzite 0,52 95,57 024 0,12 0,01 3,54
As stated above, in order to study the efficiency of steel deoxidation, in addition to the semi-

industrial samples of complex alloys, five types of synthetic complex alloys were manufactured. The
alloy compositions were varied by using the starting materials presented in Table 2 in different mass
ratios. These synthetic alloys were obtained in order to study their physicochemical properties,
deoxidation characteristics and influence on the quality of the metal. Particular attention was paid to
optimizing the content of the main components (Fe, Si, Mn, Al) [41-43].

Table 2. Chemical composition of the initial charge materials.

Mass content, %

Name of deoxidizer

Al C Mn S P Si
FeSiMn 1.32 66.078 0,02 0,099 15.627
FeSi 1,145 0.099 0.164 0.001 0.027 74,495
Mn metallic 0.0178 97.18 0.0343 0.0008 0.333
AB91 93.46 0.47 2.63

Experiments on obtaining pilot samples of the complex deoxidizer by the fusion method and
deoxidation of steel were carried out in the Tamman furnace [44,45]. The Tamman resistance furnace
is a research facility designed to study metallurgical processes at high temperatures. The Tamman
furnace consists of a transformer, a housing and a graphite heater of the furnace. The cylindrical
housing of the furnace is fixed on the transformer terminals (busbars) (Figure 2). The heater is a
graphite tube fixed between two copper brass contacts at the top and bottom. The furnace casings are
made with water cooling. The temperature in the furnace is regulated smoothly, using a thyristor
voltage regulator. The temperature was measured using an electronic recorder “Thermodat”
tungsten-rhenium thermocouple VR-5/20, the hot junction of which in a corundum cover was
brought into the working space of the furnace between the graphite tube and the crucible.
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Figure 2. The structure of the Tamman furnace. 1 - furnace body; 2 — coal backfill; 3 — coal heater; 4 —

graphite substrate; 5 — alundum crucible; 6 — thermocouple; 7 — Thermodat.

The obtained semi-industrial and synthetic complex alloys were used for deoxidation of St3
steel, and the results of their application were carefully analyzed. The studies included an analysis of
the microstructure of 5t3 steel, performed in accordance with the requirements of GOST 1778-70 [46].
For this purpose, samples suitable for metallographic analysis were prepared, which covered the
study of the microstructure and chemical composition of the material. The composition of non-
metallic inclusions was determined by the energy-dispersive analysis (EDX) method on scanning
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electron microscopy (SEM) in the metal science and flaw detection laboratory of the Analytical
Control Center of JSC Qarmet.

Scanning electron microscopy (SEM) provides the ability to analyze the microstructure of a
material in detail, including the determination of morphology and phase distribution. The interaction
of the electron beam with the sample surface allows for high-resolution images to be obtained, as
well as information on the topography and structure of the material under study. The use of this
method in combination with energy-dispersive X-ray analysis (EDX) provides a deep understanding
of the elemental composition of non-metallic inclusions such as oxides, sulfides, and carbides. Thus,
SEM in combination with EDX serves as a powerful tool for studying the microstructure of steel, the
influence of inclusions on its properties, and the subsequent improvement of production technology
[47,48].

The preparation of steel samples for optical microscopy and scanning electron microscopy (SEM)
included several stages carried out in strict accordance with established standards, such as GOST
1778-70 (preparation of metal samples for microstructural analysis) and GOST 5640-2020
(Metallographic method for assessing the microstructure of flat rolled steel) [46,49].

The main stages of preparation were as follows:

Sampling: Samples were cut from steel specimens using a water-cooled saw to minimize thermal
impact on the material and avoid structural changes. Sample sizes met GOST requirements and were
adapted for further preparation.

Grinding: To remove oxide film and unevenness, the surface of the samples was subjected to
rough grinding using sandpaper with successively smaller grain (from P240 to P1200). Grinding was
performed using water for cooling, which prevented local heating and deformation.

Polishing: After grinding, the samples were polished using diamond paste with grain sizes of 3
and 1 um to obtain a mirror surface, which ensured optimal quality for observing microstructures
under an optical microscope. Polishing was carried out on a polishing machine using special napkins
impregnated with a suspension of diamond powder.

Etching: To reveal microstructural elements, the steel was etched using a 4% solution of nitric
acid in ethanol (Nitral reagent), which allowed grain boundaries and phases to be clearly identified.
The etching time was controlled depending on the required contrast level [47,48].

SEM Analysis: Sample preparation for scanning electron microscopy involved applying a
conductive layer of gold or carbon to the sample surface to improve conductivity and prevent charge
accumulation during examination. The conductive layer was applied using magnetron sputtering in
a vacuum chamber.

These preparation stages made it possible to ensure the high quality of surfaces necessary to
obtain reliable data when studying the microstructural and phase characteristics of steel samples
using both optical microscopy and SEM analysis.

3. Results

Laboratory tests for obtaining semi-industrial complex Fe-Si-Mn-Al alloys were conditionally
divided into 3 periods: heating up the electric furnace and bringing the electric furnace to operating
mode and smelting the complex Fe-Si-Mn-Al alloy with two chemical compositions from the
presented charge materials in Table 1. The results of the obtained complex alloys are presented in
Table 3 (positions 1 and 2). [28-36].

Table 3. Chemical composition of the Fe-Si-Mn-Al complex alloy.

Contents of elements, %

Ne Name C Mn Si_ Al S CaO MgO P Fe
1  FeSi-MnAll-l 0109 4880 31,15 1030 00047 ~12 ~035 0036 ~80
2 FeSi-Mn-All2 1,18 2030 3779 1285 00066 ~30 ~02 005 ~24,0
3 FeSi-Mn-Al2-1 0374 3397 3570 1167 00037 - - - 180
4 FeSiMn-Al22 0348 41,02 3056 1024 00051 - - - A75
5 FeSi-Mn-Al2-3 0419 47,12 29,15 793 0,055 - - - 153
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6 Fe-Si-Mn-Al2-4 0,546 48,06 27,09 11,25 0,0059 - - - ~13,0
7  Fe-Si-Mn-Al2-5 0,365 3595 33,87 793 0,0037 - - - ~22,0
Thus, the conducted experimental tests indicate the fundamental possibility of smelting complex
alloys based on Fe-Si-Mn-Al using high-ash coal from the Saryadyr deposit and substandard
manganese-containing ore from the Bogach deposit. The charge on the furnace throat did not sinter
and its processing was carried out without difficulties. Opening the taphole by the end of the period
was much easier. The output of the complex alloy melt was active. [41-43].

The Tamman furnace smelting process for producing a synthetic complex alloy involves heating
the charge to a temperature at which the components melt and interact to form the target alloy. The
charge materials used were various components, as shown in Table 2, and each was loaded in
specified mass fractions optimized to achieve the desired properties of the synthetic Fe-Si-Mn-Al
complex alloy.

After melting, the melt was left in the furnace for slow cooling and crystallization, which
minimized internal stresses in the alloy and provided the required structure suitable for effective use
in the steel deoxidation process.

As a result of the experiments conducted to obtain synthetic complex alloys, their chemical
composition was analyzed. Data on the content of the main elements in samples of Fe-5i-Mn-Al
complex alloys are given in Table 3 (positions 3 and 7). These data demonstrate variations in the
concentration of elements, which allows us to evaluate the efficiency of the alloying process and the
compliance of the obtained samples with the specified chemical characteristics.

Deoxidation of steel was carried out by complex alloys Fe-Si-Mn-Al obtained using substandard
manganese-containing ore and high-ash coal, as well as synthetic complex alloys obtained by
remelting standard deoxidizers such as FeSi, FeSiMn, Mnmet and Al. Standard deoxidizers were also
used for comparative analysis (tables 2 and 3).

Table 4 presents the results of microstructural and energy-dispersive X-ray analysis (EDX) of
nine studied samples of deoxidized steels (Figure 3). The table contains data on the microstructure,
content of non-metallic inclusions and hardness of various steel samples, performed in accordance
with the requirements of GOST 9013-59.

Table 4. Results of the microstructure and hardness studies*.

Hardness,
Sample . . . . 1.
No Microstructure ~ Non-Metallic Inclusion Type average, Deoxidizer
hame
HRc
F+P, r.g.,
1 Cr1 ] MnS 25,50 -
inh.str.
FeSiMn, FeSi,
2 Cr2-1 F+P, d.str., por.  FeO/TiC/MnS/Al,Os (corundum) 32,50 Al
Fe-Si-Mn-Al
3 Cr2-2 B.t.s. NMI (Mn-Al-Ca), MnS, TiN 37,00 11
F+P, d.str., Fe-Si-Mn-Al
4 Cr2-3 TiN, AIN, (Ti,AI)N 33,75
c.por. 1-2
Fe ox., AIN, (5i,Mn,Fe,Al)-sil.,
Z.inh., B.t.s,, Fe-Si-Mn-Al
5 Cr3-1 NMI (Al,O;, MnS), MnS, 46,50
d.str., c.por. 2-1
(Al,Ca,Mg)—AIZOg,, A1203
A1203, MnS, NMI (Aleg, MnS), Fe-Si-Mn-Al
6 Cr3-2 B.t.s., c.por. . 40,25
(Nb, Ti)C, MoC 2-2
P, unif.str., MnS, NMI (MnS, Al,Os), Fe-Si-Mn-Al
7 Cr3-3 46,20

c.shr. (AL, Ti)N, (Al,Ca)-Al,O4 2-3
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MnS, (Al Ca)-AlLOs, NMI

M, inh.str., Fe-Si-Mn-Al
8 Cr 3-4 (complex AL,O3, MnS), NMI 33,50
d.str., low.por. 2-4
(AL Os, TiN, MnS)
M, inh.str., (Fe,Mn)S, NMI (AL,O5, MnS), Fe-Si-Mn-Al
9 Cr3-5 37,00
c.por. MnS, (Al,Ca)-Al,Os, TiC 2-5

*Acronyms: F — ferrite; P — pearlite; M — martensite; r.g. — rounded grain; inh.str. — inhomogeneous
structure; d.str. — dendritic structure; por. — porosity; B.t.s. — bainitic type structure; c.por. — central
porosity; Z.inh. — zonally inhomogeneous; unif.str. — uniform structure; c.shr. — central shrinkage

cavity; low.por. — low porosity.

5 6 7 8 9

Figure 3. Samples of the steels under study.

The analysis showed differences in the types of microstructures, types of non-metallic inclusions
and hardness values. The samples demonstrated both homogeneous and zonally heterogeneous
structures (ferrite-pearlite, bainitic, martensitic), as well as differences in porosity. Among the non-
metallic inclusions, oxides, sulfides, nitrides and carbides of various elements were found, including
complex compounds. The hardness of the samples varied in the range from 25.50 to 46.50 HRc, which
indicates a significant effect of the composition and microstructure on the mechanical properties of
steel.

The first microstructural analysis was performed on a sample obtained without deoxidation
using optical microscopy with a magnification of 10 times. The analysis showed that the structure of
the material is represented by a combination of ferrite and pearlite (Table 4, position 1). Also, a
pronounced dendritic structure is observed in the microstructure, which indicates the nature of the
material crystallization process. Dendritic formations indicate rapid cooling of the liquid metal,
which leads to the formation of a branching structure characteristic of casting conditions.

Another feature of the microstructure is porosity, which appears as dark areas without clear
boundaries. The pores were formed as a result of gas formation or shrinkage during cooling and
solidification, which reduces the strength characteristics of the material and can cause stress
concentration in local areas. Thus, the microstructure of the sample “St 1” is a ferrite-pearlite mixture
with a dendritic structure and porosity, which confirms its casting origin and high cooling rates
(Figure 4).
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Figure 4. Microstructure of the steel sample «St 1».

In addition to the microstructural analysis, a scanning electron microscopic (SEM) analysis was
performed on the St 1 steel sample. During the analysis of non-metallic inclusions, manganese
sulfides were detected, which can act as stress concentrators and reduce the strength characteristics
of the material. The average hardness of the sample was 25.50 HRc. The chemical composition was
analyzed using energy dispersive spectral analysis (EDS) at several points of the sample. The main
results of the analysis show that the sample consists of non-metallic inclusions and oxide phases.

Figure 5 shows the microstructure of the steel sample “St 2-1”. The analysis revealed a
combination of ferrite and pearlite, where the dark areas correspond to pearlite, and the light areas
represent ferrite (Table 2, position 2). A pronounced dendritic structure is observed, formed during
rapid cooling of the liquid metal, which indicates the casting nature of the material. The dendritic
structure contributes to the heterogeneity of mechanical properties, since cooling is uneven, forming
zones of different strength. Also noted is porosity resulting from shrinkage during solidification,
which reduces the strength and ductility of the alloy.

o L L ps KN e

B LR
IEts g

Figure 5. Microstructure of alloy sample «St 2.1».

A scanning electron microscopic (SEM) analysis was also performed on the St 2-1 steel sample.
Non-metallic inclusions such as iron oxides, titanium carbide, manganese sulfide and corundum
were found, which can negatively affect the mechanical properties of steel, reducing its ductility and
strength. The average hardness of the sample was 32.50 HRc. The chemical composition was analyzed
using energy-dispersive spectral analysis (EDS), and the presence of a significant amount of
manganese sulfides and oxide phases was revealed.

The microstructure of the third sample (Figure 6) is of the bainitic type. The image with a 10x
magnification shows a uniform distribution of bainitic regions, indicating an intermediate structure
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between ferrite and martensite, obtained as a result of isothermal quenching. A 50x magnification
allows us to highlight the fine lamellar structure characteristic of lower bainite formed at relatively
low temperatures. This structure shows a high degree of dispersion and the presence of many
oriented plates, which ensures high strength of the material while maintaining plasticity, making it
suitable for operating conditions with impact loads.

a b

Figure 6. Microstructure of the alloy sample «S5t 2.2».

In addition to the microstructural analysis, a scanning electron microscopic (SEM) analysis was
performed on the sample of grade “St2-2”. The study revealed non-metallic inclusions such as
titanium nitrides and aluminum phases, which can affect the mechanical properties of the material.
The average hardness was 37.00 HRc.

The fourth sample (Figure 7) is characterized by a ferrite-pearlite structure with a dendritic

structure, which is the result of rapid cooling and the casting process. The dendritic structure is
formed during the crystallization of the metal from the liquid phase, which creates characteristic
branching formations. Central porosity, which occurs during shrinkage and gas formation, is also
detected. This porosity is concentrated mainly in the central part of the sample and can cause a

Figure 7. Microstructure of the alloy sample «St 2.3».

During the analysis of non-metallic inclusions, titanium nitrides, aluminum oxides and
manganese sulfides were detected, which can act as stress concentrators and reduce the strength
characteristics of the material. The average hardness of the sample was 33.75 HRc. The chemical
composition was analyzed using energy dispersive spectral analysis (EDS) at several points of the
sample. The main results of the analysis show that the sample consists of non-metallic inclusions and
oxide phases.
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The fifth sample (Figure 8) is characterized by zonal heterogeneity, including bainitic structure
and dendritic formations. The image with a magnification of 50 times shows the lamellar structure of
bainite obtained as a result of isothermal quenching, which helps to improve the strength
characteristics. The image with a magnification of 10 times shows the dendritic structure, which
indicates the process of crystallization from the liquid phase at high cooling rates. There is also central
porosity, which reduces the strength of the material and can cause cracks.

ST 7 L TR o~y :

N - o)

=

Figure 8. Microstructure of the alloy sample «St 3.1».

In addition to the microstructural analysis, a scanning electron microscopic (SEM) analysis was
also carried out for the sample of grade “St3-1” steel. During the analysis of non-metallic inclusions,
manganese sulfides, aluminum nitrides and iron oxides were found, which can act as stress
concentrators and reduce the strength characteristics of the material. The average hardness of the
sample was 46.50 HRc.

The sixth sample (Figure 9) has a bainitic structure with central porosity. This structure is due
to specific cooling conditions and isothermal quenching, which allows achieving high strength
characteristics while maintaining some plasticity. The central porosity observed in the sample is
formed during shrinkage and can negatively affect the durability of the material, reducing its
resistance to mechanical loads.

a

Figure 9. Microstructure of the alloy sample «St 3.2».

In addition to the microstructural analysis, a scanning electron microscopic (SEM) analysis was
performed for the sample of grade “St3-2”. During the analysis of non-metallic inclusions, corundum,
manganese sulfides and complex carbides (niobium, titanium, molybdenum) were found, which can
act as stress concentrators and reduce the strength characteristics of the material. The average
hardness of the sample was 40.25 HRc.
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The seventh sample (Figure 10) is represented by a pearlitic structure with a shrinkage cavity in
the center. The pearlitic structure, consisting of alternating ferrite and cementite plates, provides
balanced mechanical properties such as strength and ductility. The presence of a shrinkage cavity
formed during solidification reduces the overall strength of the sample and makes it more vulnerable
to cracking.

Figure 10. Microstructure of the alloy sample «St 3.3».

In addition to the microstructural analysis, a SEM analysis was conducted for the sample of
grade “St3-3” steel. During the analysis of non-metallic inclusions, manganese sulfides, complex
inclusions (manganese sulfide, corundum) and nitrides (aluminum, titanium) were detected, which
can reduce the strength characteristics of the material. The average hardness of the sample was 40.20
HRc.

The eighth sample (Figure 11) includes martensite and a dendritic structure. Martensite is
characterized by high hardness and the presence of lamellar structures that form during rapid cooling
from the austenite phase. As a result, the material acquires high strength, but becomes less plastic.
The dendritic structure formed during crystallization from the liquid phase is also present, indicating
heterogeneity.

the casting origin of the material and causing its structural

T BT

Figure 11. Microstructure of the alloy sample «St 3.4».

SEM analysis was performed for a sample of steel grade “St3-4”. The analysis revealed
manganese sulphides, complex corundum (aluminum, calcium), and complex inclusions (corundum,
titanium nitride, manganese sulphide), which can negatively affect the mechanical properties of steel,
reducing its ductility. The average hardness of the sample was 33.50 HRc.

The ninth sample (Figure 12) has a martensitic structure and central porosity. Martensitic regions
are characterized by a lamellar structure, which is formed during rapid cooling of the material from
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the austenitic phase, which provides high hardness but reduces plasticity. Central porosity formed
during the solidification process negatively affects the strength characteristics and increases the risk
of defects.

Figure 12. Microstructure of the alloy sample «St 3.5».

A scanning electron microscopic (SEM) analysis was performed on a sample of grade “St3-5”
steel. Complex inclusions such as manganese sulfides, corundum (aluminum, calcium), and titanium
carbide were found, which can negatively affect mechanical properties, reducing strength and
increasing susceptibility to brittle fracture. The average hardness of the sample was 37.00 HRc.

The results of the study of the type of non-metallic inclusions in steel samples show their
significant influence on the formation of the microstructure and mechanical properties of steel.
Depending on the complex deoxidizers used, different types of non-metallic inclusions are observed
in different samples, which affects such parameters as porosity, hardness and overall quality of the
material.

4. Discussion

The results of the study of the microstructure of steel samples show that the variety of
deoxidizers used has a significant effect on the final microstructure and, consequently, on the
mechanical properties of steel. Depending on the composition and deoxidation process, ferrite-
pearlite, bainitic and martensitic microstructures were formed, each of which has its own
characteristics and properties.

In samples with a ferrite-pearlite structure, such as St0 and St1 (with traditional deoxidizers),
rounded grains and non-uniform structure were observed. Such a microstructure is usually
associated with lower values of hardness and strength, which is confirmed by the results of hardness
tests (e.g., 25.50 HRc for S5t0). Rounded ferrite grains and a significant number of pearlite areas
contribute to increased ductility, but reduce the overall mechanical strength.

The results of the study presented in [50] confirm the significant influence of deoxidizers on the
microstructure and mechanical properties of steel. The study highlights the correlation between the
type of deoxidizer and the resulting microstructure, varying from ferritic-pearlite to bainitic and
martensitic structures. The observed changes in grain morphology and inclusion distribution
highlight the importance of optimizing the deoxidation process to achieve the desired combination
of strength and ductility. In addition, the results highlight the role of cooling rate and alloy
composition in determining the final microstructural characteristics, which is consistent with our
observations on the effect of complex Fe-Si-Mn-Al alloys on the mechanical properties of steel. [51-
53]

The bainitic microstructure, characteristic of samples 2-2 and 3-1, exhibits significantly higher
hardness, reaching 46.50 HRc. This structure is formed at moderately rapid cooling rates and is
characterized by higher strength due to the thin plate-like elements of bainite, which increase the
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resistance to deformation. However, the presence of bainitic structure can also reduce ductility,
especially in the presence of significant amounts of non-metallic inclusions, such as titanium nitrides
and complex silicates.

The martensitic structure observed in samples 3-4 and 3-5 is characterized by high hardness and
brittleness. For example, sample 3-4 has a hardness of 33.50 HRc with a dendritic structure and low
porosity. Martensite is formed during rapid cooling and provides maximum hardness, making this
structure suitable for applications requiring high wear resistance. However, brittleness remains a
significant drawback, requiring additional alloying or heat treatment to improve ductility.

In addition, the non-uniform structures with dendritic structure observed in some samples (e.g.,
3-1 and 3-3) indicate complex crystallization conditions and possible deficiencies in the cooling
process. Dendritic structure leads to the formation of central porosity and can contribute to the
deterioration of mechanical properties, especially in the presence of large non-metallic inclusions.

The analysis of steel deoxidation practices in CIS metallurgical plants [source] highlights the
advantages of using complex alloys over traditional deoxidizers. While conventional deoxidation
methods involving ferrosilicon, ferromanganese, and aluminum often result in the formation of high-
melting oxides like Al,O; and SiO,, complex alloys containing elements such as silicon, manganese,
aluminum, and calcium allow for the immediate formation of more favorable non-metallic inclusions
at the first stage of deoxidation. These inclusions are easier to assimilate by slag, reducing their overall
quantity in the steel and improving its mechanical properties. Furthermore, the integration of surface-
active elements like calcium and barium enhances the modification of non-metallic inclusions,
contributing to increased strength and ductility. These findings demonstrate the potential of complex
alloys to address key challenges in steel deoxidation, such as inclusion modification and cost-
effectiveness [].

Thus, it can be concluded that the microstructure of steel samples obtained as a result of
deoxidation and cooling plays a key role in the formation of their mechanical properties.
Optimization of crystallization conditions and control of the deoxidation process can significantly
improve the microstructure and, therefore, ensure balanced strength and ductility of steel.

Conclusion

As a result of the conducted study, both semi-industrial and synthetic complex Fe-Si-Mn-Al
alloys were used. Semi-industrial alloys contained manganese (Mn) in the amount of 20.30-48.80%,
silicon (Si) in the amount of 27.09-37.79% and aluminum (Al) in the amount of 7.93-12.85%. These
alloys provided stable results in terms of improving the microstructure and mechanical properties of
steel. Synthetic alloys had a manganese (Mn) content in the range of 33.97-48.06%, silicon (Si) in the
range of 29.15-35.70% and aluminum (Al) in the range of 7.93-11.67%. Synthetic alloys made it
possible to study in more detail the effect of individual components on the phase composition and
inclusion distribution. They also showed high efficiency in reducing the content of non-metallic
inclusions such as manganese sulphides and iron oxides, which improved ductility and reduced the
risk of defect formation.

The study also analyzed the effects of using different temperature conditions and cooling rates
on the formation of the steel microstructure. It was found that a moderately high cooling rate
promotes the formation of a bainitic microstructure, which provides high hardness and strength,
reaching 46.50 HRc. Slow cooling, on the contrary, leads to the formation of a ferrite-pearlite
microstructure, which is characterized by lower hardness (25.50 HRc), but provides better ductility
of steel.

Additionally, the morphology and distribution of non-metallic inclusions were studied. Samples
obtained using complex alloys had a more uniform distribution of inclusions, such as aluminum
oxides and titanium nitrides, which contributed to improved mechanical properties. Samples with a
martensitic microstructure obtained by rapid cooling showed high hardness (up to 46.20 HRc), but
were more brittle due to the presence of large non-metallic inclusions, such as manganese sulfides
and carbides.
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The obtained data indicate that the use of different types of deoxidizers significantly affects the
microstructure and mechanical properties of steel. The use of complex Fe-Si-Mn-Al alloys allows
achieving a more uniform distribution of non-metallic inclusions and improving the mechanical
properties of steel compared to traditional deoxidizers.

The highest hardness (46.50 HRc) was demonstrated by samples with a bainitic structure
obtained using complex alloys. These samples were also characterized by minimal porosity and the
presence of finely dispersed non-metallic inclusions, such as corundum and titanium nitrides. In turn,
samples with a ferrite-pearlite microstructure treated with traditional deoxidizers had the lowest
hardness values (25.50 HRc) and a more pronounced heterogeneity of the structure, which reduced
their strength characteristics.

The study focused on non-metallic inclusions such as oxides, sulfides and nitrides, which play
a key role in the formation of the steel microstructure. Samples deoxidized using complex alloys
demonstrated a more uniform distribution of non-metallic inclusions, which contributed to improved
mechanical properties. In particular, inclusions of corundum and titanium nitrides found in bainitic
and martensitic structures ensured high hardness and strength of the material.

The martensitic structure formed in some samples provided high hardness (up to 46.20 HRc),
but had a significant drawback in the form of low plasticity and high brittleness. The dendritic
structure and central porosity observed in some samples had a negative effect on mechanical
properties and increased the risk of defects during operation.

Thus, optimization of the composition and conditions of application of complex deoxidizers, as
well as microstructure control, can contribute to improving the mechanical properties of steel,
reducing its brittleness and increasing its service life. The results obtained can be used to develop
new effective methods of steel deoxidation, which is especially important for use in high-tech
industries requiring materials with high strength and plastic characteristics.
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