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Abstract. The modern metallurgical industry, especially in the field of ferrous metallurgy, faces significant challenges in improving energy effi-
ciency, reducing waste volumes, and minimizing environmental impact. One of the promising directions is the use of high-silicon silumin alloys,
which, due to their high strength, wear resistance, and thermal stability, are finding increasingly broad applications, including their capability for
multiple recycling. This paper analyzes the composition and physico-mechanical properties of these alloys and their role in technological processes
of ferrous metallurgy, such as smelting, casting, heat treatment, and mechanical processing. Innovative approaches aimed at reducing the energy
intensity of production operations, minimizing waste, and creating closed production cycles are examined, which is particularly relevant for ferrous
metallurgy, where waste volumes are traditionally high. Examples of application of high-silicon silumins in the production of casting molds, wear-
resistant coatings, and structural materials for heavy industries are provided. Special attention is given to recycling and waste utilization technolo-
gies at metallurgical enterprises, contributing to lower production costs and increased competitiveness. Thus, the use of high-silicon silumin alloys
demonstrates potential for shaping environmentally friendly, energy-efficient, and economically sustainable processes in ferrous metallurgy.
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AnHomayus. CoBpeMeHHasi MeTaJlyprudeckasi HpOMbBIIUIEHHOCTb, 0COOCHHO B 00JIACTH YE€PHON METaJTypIuH, CTAJIKUBAETCS C BaXKHBIMH 3a/1a-
YaMU HOBBILICHUS YHEProd()HEKTUBHOCTH, COKPAIICHHSI 00bEMOB OTXOJ0B U MUHUMHU3AI[MU HETATHBHOTO BO3JICHCTBHUS Ha OKPYKAIOIIYIO CPELy.
OJHUM M3 NEepPCHNEKTUBHBIX HANPABICHUH SIBISETCS NPUMEHEHHE BBICOKOKPEMHHUCTBIX CHIYMHHOBBIX CIUIABOB, KOTOpbIE Onarozpapsi cBoei
BBICOKOW IPOYHOCTH, U3HOCOCTOMKOCTH M TEPMUYECKOH CTAOMIBHOCTH HAXOAAT BCe OoJiee MIMPOKOE MPUMEHEHHUE, BKII0Yasi BO3MOXKHOCTh HX
MHOTOKPaTHOMH nepepa®oTku. B HacTosmeit pabore aBTOpbI aHAIU3UPYIOT COCTAaB U (PU3UKO-MEXaHMYECKHE CBOICTBA 9THX CILIABOB, X POJIb
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B TEXHOJIOTHUECKHUX MPOLECCaxX, TAKUX KaK IUIABKa, JIUThE, TEPMUUECKas U MexaHudyeckas 00padorku. OcoOeHHO aKTyaJIbHBIMU JUISl YEPHOH
METaJLTypruy, Tae 00beMbl OTXOA0B TPAAUINOHHO BBICOKH, SBISAIOTCS PACCMOTPEHHBIC HHHOBAIL[MOHHbIE MOAXOABI, KOTOPbIC HAIpPaBICHHl HA
CHIKEHHE YHEPrOEMKOCTH ITPOU3BOJICTBEHHBIX ONEPaLNi, MUHUMH3ALUIO KOJIMYECTBA OTXO/I0B U CO3IaHHE 3aMKHYTBIX IIMKJIOB ITPOU3BOJICTBA.
[IpuBeneHHBIE MPUMEPH! JEMOHCTPUPYIOT BO3SMOMKHOCTH IPHMEHEHHS BBHICOKOKPEMHHCTBIX CHIIyMHHOB B IPOHM3BOACTBE JTHTCHHBIX (OPM,
N3HOCOCTOMKHMX MOKPBITHH M KOHCTPYKILIMOHHBIX MaTEPUAIIOB IS TSXKENIOH MPOMBIIIEHHOCTH. Oco00e BHUMaHKE Y/IeJICHO TEXHOIOTHSIM Iepe-
pabOTKH U yTHIM3AIUH OTXONOB Ha METATypPrHYCCKUX HMPEANPUATHIX, YTO CIIOCOOCTBYET CHIDKEHHIO Ce0eCTOMMOCTH MPOAYKIHU U MOBBI-
LIEHHUIO KOHKypeHTocrocoOHocTH. Takum 00pa3oM, IpUMEHEHHE BHICOKOKPEMHHUCTBIX CHITYMUHOBBIX CIUIABOB JIEMOHCTPUPYET HOTEHIMAI JUIs
(hopMHPOBAHUS SKOIOTHIECKH O€30IaCHBIX, SHEPro3(hGEKTUBHBIX H SKOHOMHYECKHU YCTOHYINBBIX MIPOLECCOB B YEPHOH METaJTypTHUH.

Ksiouesnle ¢/108a: BHICOKOKPEMHHCTBIE CHITyMHHOBBIC CIUIaBBI, SHEProd((HeKTHBHOCTD, YCTOWYHBOE Pa3BUTHE, MUHUMU3ALMS OTXOJ0B, 3aMKHYThHIN
MPOU3BOACTBEHHBII LIUKJI, IEpepaboTKa MaTepuasIoB, H3HOCOCTOMKOCTE, TepMHUUIECcKas 00paboTKa, CHIKEHHE SHEPIOSMKOCTH
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- INTRODUCTION

The modern metallurgical industry faces challenges
associated with the need to improve energy efficiency,
reduce waste generation, and decrease environmental
impact. In this context, special attention is given to mate-
rials capable of significantly enhancing technological
processes and contributing to the development of closed
production cycles. One promising group of such mate-
rials is high-silicon silumin alloys, which are notable
not only for their high strength and wear resistance but
also for their recyclability — an attribute consistent with
the principles of sustainable development [1].

The aim of this study is to examine the findings
of recent research on the application of high-silicon silu-
min alloys, their technological integration into produc-
tion processes, and their impact on environmental safety
at all stages of manufacturing.

- CHARACTERISTICS OF HIGH-SILICON SILUMIN ALLOYS

Composition and structure

According to the state diagram (Fig. 1), eutectic,
hypoeutectic, and hypereutectic compositions can coexist
in equilibrium. Each of these is associated with different
alloy preparation modes. Alloys containing more than
13 % Si and consisting of primary silicon crystals, inter-
metallic compounds, and eutectic are classified as hyper-
eutectic [2]. These alloys typically exhibit a coarse acicu-
lar structure composed of eutectic (a-Si) and primary
silicon crystals.

In such alloys, silicon acts as an alloying element that
promotes the formation of a fine-dispersed structure and
enhances the material’s hardness and wear resistance.
Increased silicon content improves thermal stability,
which is essential for processing and the subsequent use
of products [3]. Several studies note that the optimal ratio
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of silicon to other alloying elements (e.g., copper, mag-
nesium) enables a balance between mechanical properties
and material machinability [4].

Physico-mechanical properties

Studies have shown that high-silicon silumins pos-
sess high strength, corrosion resistance, and wear
resistance [5]. Their enhanced thermal stability helps
to counteract the effects of thermal aging and reduces
the likelihood of crack formation under dynamic
loads [6]. Microstructural analysis of these alloys reveals
the presence of fine-dispersed phases, making them
ideal for use under high-temperature conditions and in
aggressive environments [7]. It is important to note that
test results confirm the feasibility of using such alloys in
both the aerospace and automotive industries, where high
mechanical loads must be withstood while minimizing
the weight of the component [8; 9].
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Fig. 1. Al-Si state diagram [2]

Puc. 1. JTnarpamma cocrosiaust Al—Si [2]
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[l TECHNOLOGICAL ASPECTS OF INTEGRATION
INTO PRODUCTION PROCESSES

Initial metal preparation

The initial stage of integrating high-silicon silumin
alloys into production involves raw material preparation.
Modern melting techniques employing induction fur-
naces and electric furnaces with controlled atmospheres
facilitate the production of alloys with low impurity con-
tent and high structural homogeneity [10]. Automated
systems for analyzing the chemical composition of melts
enable optimization of the technological process and
ensure compliance with the specifications of the final
product.

Casting and molding technologies

The use of innovative die casting technologies
enables high-precision molding and minimizes process-
related losses. When developing optimal casting modes,
researchers pay particular attention to controlling melt
temperature and cooling rate [11]. Rapid cooling pro-
motes the formation of a fine-dispersed microstructure,
which is critical for achieving superior mechanical pro-
perties in silumin alloys. Studies [12; 13] have demon-
strated that the application of pulsed cooling technolo-
gies reduces internal stresses in the material, thereby
enhancing the performance characteristics of the final
products.

Heat treatment and deformation

After molding, high-silicon silumin alloys undergo
comprehensive heat treatment, including annealing, nor-
malizing, and quenching under various modes. The pur-
pose of these processes is to achieve an optimal balance
between the strength and ductility of the material [14].
Several studies note that pulsed heat treatment contri-
butes to improved structural homogeneity and also
reduces the energy intensity of the processes, which is
particularly relevant in the context of sustainable deve-
lopment [15].

Mechanical processing and quality control

Modern mechanical processing technologies — inclu-
ding rolling, stamping, and milling — are integrated into
the overall production workflow to achieve the required
product geometry and minimize defects. The use
of automated quality control lines, supplemented by
artificial intelligence systems, allows real-time moni-
toring of processing parameters and prompt adjustment
of technological modes [16]. This not only improves
the quality of the final products but also reduces mate-
rial losses.

- ENVIRONMENTAL SAFETY AND SUSTAINABLE
DEVELOPMENT PRINCIPLES

Reducing the energy intensity of production

One of the key aspects in the development of sus-
tainable production processes is the reduction of the
energy intensity of technological operations. Studies
confirm that the use of high-silicon Al-Si alloys helps
to reduce the energy intensity of such operations due
to their high thermal stability and improved machi-
nability. In particular, optimization of heat treatment
parameters for these alloys results in shorter process-
ing times without compromising mechanical properties.
For example, in [17], it is reported that due to the high
solidification rate and fine microstructure (Fig. 2),
the duration of solidus treatment can be reduced by
up to 50 % while maintaining high strength characteris-
tics: a tensile strength of 330 MPa and a yield strength
of 300 MPa.

Additionally, the study [18] shows that optimizing
process parameters — such as energy density — results
in a denser, more homogeneous microstructure in
the Al — 42Si alloy, enhancing its mechanical properties
and reducing the need for additional processing. Conse-
quently, the use of silumin alloys helps lower greenhouse
gas emissions and reduces the overall environmental
footprint of production.

Fig. 2. Finished alloy microstructure
(SDAS = 25 um) (Al-Si (/) eutectic
and Al-Si—Mg—Cu (2) phase)

Puc. 2. MukpocTpyKTypa cIuiaBa
B roToBoM Bujie (SDAS = 25 mkm) (aBTexTrka Al—Si (/)
u daza Al-Si—Mg—Cu (2))
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Minimization of waste and organization
of a closed production cycle

In line with the principles of sustainable develop-
ment, a key focus is the creation of closed produc-
tion cycles, where waste is recycled and reintegrated
into the technological process. High-silicon silumin
alloys are well suited for secondary processing. Stu-
dies [19; 20] explore technologies for recycling graded
scrap without compromising the original material pro-
perties, thereby reducing the overall volume of techno-
logical waste. The application of ultra-clean recycling
methods and waste deoxidation enables the establish-
ment of a fully closed production cycle, thereby mini-
mizing environmental impact.

Environmentally sound operation
and extended service life

Durability and exceptional resistance to corrosion are
among the key advantages of high-silicon silumin alloys.
Over the long term, this translates into fewer repairs and
replacements for products made from these materials,
resulting in reduced raw material consumption and lower
maintenance costs. Operational studies [21; 22] confirm
that structures manufactured from these alloys exhibit
significantly greater durability compared to conventional
materials, thereby supporting resource conservation and
minimizing environmental impact.

- TECHNOLOGICAL INNOVATIONS AND PRACTICAL
APPLICATIONS

Application in the automotive industry

One of the key sectors where high-silicon silumin
alloys are widely used is the automotive industry. Their
light weight, high strength, and corrosion resistance make
these materials attractive for manufacturing body com-
ponents, engine blocks, and other structural parts [23].
Studies [24] show that reducing a vehicle’s weight by
10 % can lead to a 6 — 8 % decrease in fuel consump-
tion, which corresponds to a reduction in CO, emissions
of § — 11 g/km.

Application in the aerospace industry

High-silicon silumin alloys are indeed used in
the aerospace industry due to their high specific strength
and low density, which allow for structural weight
reduction without compromising mechanical perfor-
mance. However, their application is primarily limited
to components that do not bear significant loads, such
as electronic packaging materials and engine accesso-
ries [25].
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Fig. 3 illustrates possible applications of cast alumi-
num alloys in the aerospace sector — for instance, invest-
ment casting of a forward access door, precision casting
of a baggage compartment door and flap guide rails from
aluminum alloy, and high-quality castings used in air-
craft interiors. In this industry, aluminum casting alloys
typically contain silicon (Si), copper (Cu), and magne-
sium (Mg).

Industrial production and waste utilization

One of the latest trends in the modern metallurgical
sector is the development of integrated waste recycling
systems. Studies [27; 28] highlight examples involving
high-silicon silumin alloys, in which graded production
scrap is recycled while preserving its original composi-
tion and structure. These systems not only make recyc-
ling economically viable but also significantly reduce
the cost of producing primary materials. When combined
with advanced quality control technologies, secondary
processing becomes an essential element of a sustainable
production cycle.

- ENVIRONMENTAL AND ECONOMIC BENEFITS
OF SILUMIN ALLOY INTEGRATION

Economic efficiency

The comprehensive integration of high-silicon silumin
alloys into production processes offers a range of eco-

Fig. 3. Castings for aerospace applications:
a — casting using FAD technology for Boeing 737 [26]; b — ¢ — precise
casting of luggage compartment door guides; d — interior casting

Puc. 3. OTnuBKH 1151 @3POKOCMHYECKOTO MTPUMEHEHHS:
a — nutke 1o Texnoxorun FAD s Boeing 737 [26]; b — ¢ — TouHOE
JINTHE HATIPABISIONIMX JBepell 0ara)xHOro OTACICHHUS; d — JIUThE CalloHa
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nomic benefits. Reduced energy intensity of technological
operations, lower process-related losses, and the possibi-
lity of secondary waste recycling contribute to the opti-
mization of production costs [29]. Companies imple-
menting such technologies report a decrease in the cost
of finished products, allowing them to remain competi-
tive in the global market. In addition, lower maintenance
expenses and increased product durability further enhance
the overall economic efficiency of productio [30].

Environmental safety

Sustainable development is impossible without con-
sideration of environmental and economic factors.
High-silicon silumin alloys, owing to their numerous
advantageous properties, contribute to reducing the envi-
ronmental impact of industrial production. Lower emis-
sions of harmful substances, minimized generation of pro-
cess waste, and the potential for subsequent recycling
align with global trends in environmentally conscious
manufacturing. In particular, studies show that recyc-
ling silicon waste by alloying it with aluminum enables
the efficient utilization of production residues, thereby
reducing waste volumes and lessening environmental
impact. A study focused on the closed cycle of composite
material recycling provides detailed examples of the suc-
cessful implementation of such technologies, highlight-
ing the strong potential of modern manufacturing in
the context of sustainable development. The authors
examine a solid-state recycling route involving crushing
and sintering, which preserves the material’s properties
and reduces the need for primary resources [31].

[ PROSPECTS FOR FURTHER RESEARCH

Composition modification and alloying

Further research on Al-Si aluminum alloys with sili-
con content above 15 % focuses on identifying optimal
alloying additives. Recent experimental studies aim
to modify the composition in a way that enhances not
only the mechanical but also the environmental proper-
ties of the material. In particular, the addition of copper
and magnesium promotes the formation of secondary
phases, which improves the strength characteristics of the
alloy. However, it should be noted that increasing copper
content may have a negative effect on the alloy’s envi-
ronmental performance. Therefore, it is essential to care-
fully control the ratio of alloying elements to achieve an
optimal balance between mechanical and environmental
properties [32].

Advancement of technological methods

The development and implementation of innovative
methods for monitoring microstructural changes during

heat and mechanical treatment of high-silicon silumin
alloys represent promising research directions. The use
of digital technologies, physical process modeling, and
artificial intelligence (AI) enables real-time optimiza-
tion of production parameters, improving the efficiency
of integrating these alloys into manufacturing processes.

Studies show that the application of Al in aluminum
alloy development can significantly accelerate the crea-
tion of new materials. With Al, it is possible to predict
the properties of potential alloys before physical testing,
reducing development time by up to 50 % and cutting
costs by 40 %',

In addition, Al is used to optimize parameters in
the additive manufacturing of aluminum alloys. A sys-
tematic review highlights Al applications for real-time
monitoring in laser-based additive manufacturing pro-
cesses, contributing to improved product quality and pro-
duction efficiency [33].

Thus, the integration of digital technologies and
artificial intelligence into the processing of high-sili-
con silumin alloys improves the monitoring of micro-
structural changes and the optimization of production
parameters, thereby enhancing overall efficiency and
product quality.

Environmental assessment and standardization

Let us examine the key stages of aluminum production
from the perspective of atmospheric emissions — begin-
ning with the mining of bauxite and nepheline ores, fol-
lowed by raw material processing into alumina, the pro-
duction of anodes and anode paste, primary aluminum
smelting, and casting operations (Fig. 4).

Bauxite and nepheline are typically extracted using
open-pit mining methods, which result in significant
emissions of various pollutants into the atmosphere,
including mechanical dust, carbon monoxide (CO),
hydrogen sulfide, and nitrogen oxide (NO). These sub-
stances eventually settle into the soil and contaminate
water resources. Addressing these issues requires not
only technological improvements in production pro-
cesses, but also the development of regulatory frame-
works to ensure environmental safety. Comprehensive
environmental assessments are planned to establish stan-
dards for waste recycling and disposal, along with prac-
tical recommendations for enterprises aimed at reducing
their carbon footprint [35]. Such research plays a vital
role in shaping national policy on environmental protec-
tion and sustainable development.

! ElkaMehr Research Center. Al-driven optimization in aluminum
alloy development: A transformative approach to material innovation.
2023. URL: https://elkamehr.com/en/ai-driven-optimization-in-alumi-
num-alloy-development/ (Acsessed 25.04.2025).
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The integration of high-silicon silumin alloys into
manufacturing processes represents a timely and for-
ward-looking approach that supports the principles
of sustainable development and environmental respon-
sibility. The use of these materials allows for the opti-
mization of production stages — from initial metal
preparation to waste utilization and secondary recyc-
ling — creating new opportunities for resource conser-
vation, lower energy consumption, and reduced envi-
ronmental impact.

Recent studies confirm that high-silicon silumin
alloys exhibit unique physical and mechanical proper-
ties, making them well suited for use across a wide range
of industries, including automotive, aerospace, and other
high-tech sectors. Advances in melting, casting, and both
thermal and mechanical processing enable the produc-
tion of materials with a high degree of structural unifor-
mity, minimal process-related losses, and excellent over-
all quality [36]. A well-structured secondary recycling
system further enables the development of fully closed
production cycles — an essential step toward achieving
sustainable industrial growth.

The benefits of using high-silicon silumin alloys
extend beyond improvements in product quality — they
also enhance the economic efficiency of manufactur-
ing. Lower energy consumption, reduced waste gen-
eration, and longer product service life all contribute
to the increased global competitiveness of the domestic
metallurgical industry [37]. As such, the implementation
of innovative technologies based on these alloys pro-
vides a strong foundation for the continued advancement
of manufacturing with minimal environmental impact.

Despite the progress already achieved, further research
remains highly relevant. Strengthening scientific and
technological collaboration, advancing digital technolo-
gies for process monitoring and modeling, and improving
waste recycling methods represent promising directions
for future developments [38]. Government support and
international cooperation in this area may become key
drivers for the implementation of innovations in produc-
tion processes, leading to a reduced environmental foot-
print for the metallurgical sector and supporting the sus-
tainable development of the economy.

[ ConcLusions

The integration of high-silicon silumin alloys pre-
sents a promising opportunity for the creation of envi-
ronmentally friendly and economically efficient manu-
facturing processes. The adoption of these technologies
aligns with current sustainable development goals and
constitutes a meaningful contribution to addressing
global environmental challenges. Future research pros-
pects offer opportunities to expand the range of applica-
tions of high-silicon silumins, enhance their properties,
and optimize technological processes — paving the way
for a modern, clean, and energy-efficient metallurgical
industry.
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