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ABSTRACT

Modern technologies used for the synthesis of various alloys, including aluminum-based metal-
ceramics, require detailed and comprehensive studies, especially in the case of alloys that have
not yet found widespread industrial application due to a lack of sufficient scientific data. The Al-
Fe-Si alloy system is of particular interest due to the simplicity of its composition and the wide
variety of phases that form depending on the ratio of the alloy’s base components. The
intermetallic Al-Fe-Si metal-ceramic alloy, with an increased simultaneous content of both iron
and silicon, was synthesized by arc surfacing with a consumable electrode. This article presents
experimental studies of the metallographic analysis of the Al-Fe-Si alloy, enriched with both iron
and silicon, along with manganese additives. Studying the effect of manganese in this specific
alloy composition allowed for an in-depth assessment of the morphology of intermetallic
compounds, phase distribution, and overall structural stability. Preliminary phase composition
modeling helped identify the phases in the synthesized alloy. It was found that a minor addition
of manganese could stabilize the microstructure and result in the formation of coalesced
intermetallic particles. Further investigation of its effects on phase transformations and structure
will provide insights into optimizing compositions for broader applications in conditions of high
loads and temperatures.
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allows for the creation of nanoscale inclusions and

Introduction

Aluminum alloys maintain a leading position
among promising materials for the development of
durable, lightweight, and wear-resistant
components that meet the increasingly stringent
requirements of modern mechanical engineering.
The technologies, methodologies, and approaches
to strengthening these alloys are diverse and have
attracted considerable attention from researchers
worldwide [[1], [2], [3], [4]]. Of particular interest
are alloys within the Al-Fe-Si system, which have
gained significant attention due to their potential
for property enhancement through alloying and
modification, as well as their compatibility with
additive manufacturing techniques [5]. Additive
manufacturing of alloys not only offers rapid
production and prototyping capabilities but also

intermetallic compounds, enabling the
achievement of hybrid properties such as low
weight combined with high hardness, and the
production of multilayer composite structures.

The growing relevance of Al-Fe-Si alloys is
driven by several key attributes:
- Exceptional wear resistance and hardness,
- Lightweight combined with high strength,
- Excellent heat resistance and thermal stability,
- Superior corrosion resistance.

Even minor additions of alloving elements can
significantly influence the microstructure and
properties of these alloys [[61, [71, [81, [91, [1011.
Modifications in the morphological structure of
phases and phase composition can be effectively
achieved through the strategic incorporation of
alloying elements. These additions stabilize the
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structure, modify phase distribution, and promote
the formation of intermetallic compounds with
varying dispersions and structures [[11], [12], [13],
[141].

These properties are particularly crucial for the
development of advanced alloys with superior
performance characteristics in industries such as
aerospace, automotive, and space exploration.

While there is a wide variety of aluminum
alloys, most contain a relatively limited set of
alloying elements. The influence of these elements
is substantial, ultimately imparting new or
specialized properties to the alloys. Alloying
elements can be broadly categorized into three
groups: primary alloying elements, auxiliary
additives, and impurities. Depending on the specific
alloy, the same element may serve multiple
functions [15].

Primary alloying elements commonly found in
aluminum alloys include magnesium, zinc, copper,
silver, and silicon. These elements are considered
"primary" because they are added in substantial
qguantities and play a key role in determining the
microstructure and primary properties of the alloy.

However, among these, silver and germanium
are rarely used as primary alloying components due
to economic factors. Silver is a precious and costly
metal, and germanium, although valuable, is
primarily used in the semiconductor industry.
Furthermore, the addition of these elements does
not confer significantly advantageous properties
compared to other, more commonly used alloying

elements.
Research has explored the effects of additional

additives such as germanium, cerium, and
scandium on the strengthening of solid solutions,
structural refinement, and phase distribution in
aluminum alloys [[16], [17], [18], [19]]. While these
studies have yielded promising results, the practical
application of these elements is limited by factors
such as high cost, complex processing techniques,
and the challenges associated with the purification
of the final material. The economic viability of using
these elements for large-scale production remains
guestionable.

A particularly promising avenue of research is
the effect of small amounts of manganese
(approximately 1.5%) on the phase composition,
mechanical, and technological properties of Al-Fe-Si
alloys containing high levels of both iron and silicon
[[20], [21], [22]]. This study investigates the
microstructure and phase morphology of an Al-Fe-
Si alloy, incorporating manganese as a cost-
effective and accessible alloying element. The aim

of this research is to evaluate the impact of
manganese alloying on the final microstructure,
phase distribution, and phase dispersion,
particularly in the context of high iron and silicon
content.

Experimental part

The Al-Fe-Si alloy system was synthesized via
surfacing with a consumable electrode [[23], [24],
[25]]. This additive manufacturing technique was
selected based on the specific advantages of the
process. Key benefits of this method include high
processing speeds, reliable oxidation protection
through the use of flux, the ability to incorporate
additional alloying elements via flux components,
and the flexibility to achieve diverse alloy
compositions without the need for preparing a
separate filler material. Furthermore, the process is
autonomous. However, certain limitations are
associated with this method, such as the formation
of pores during synthesis, quantitative constraints
on the introduction of alloying elements, and
directional heat dissipation, which, coupled with
gravitational effects, results in a structural
orientation in the vertical direction.

The experimental setup involved the following
equipment:

A VDM-1202 welding rectifier with an RB-301
ballast rheostat, which served as the power source
for melting the alloy components;

A stationary filter and ventilation table (SS-
1200/SP) for removing gaseous products generated
during synthesis. The alloy components were
melted by creating an electric arc with a welding
current of 290 A.

Detailed  experimental  procedures are
described in [26]. To synthesize the alloy, grade 3
steel was employed as the iron source, also serving
as a consumable electrode. AD31 aluminum alloy
was used as the source of aluminum and silicon,
with the latter provided in powder form, which was
crushed and sifted to obtain a particle size of -500
pum. Silicon was placed between layers of
aluminum, each 3 mm thick. The silicon layer was
applied wet by weight, resulting in layers
approximately 1-1.5 mm thick. The entire stack was
covered with a flux layer 20-30 mm thick.
Manganese was introduced into the system
through the flux in small amounts.

Two types of AN-348 flux were used: fused and
sintered. Despite having identical compositions, the
fused flux more actively participates in the reaction,

— 106 ——



KomnnekcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. N21(336), 2026

ISSN-L 2616-6445, ISSN 2224-5243

leading to alloy saturation with approximately 1.5%
manganese, along with a similar quantity of silicon.
After cooling, the synthesized material exhibited a
slag crust with a characteristic glassy appearance,
which was easily removed during cooling. In
contrast, the use of sintered flux resulted in more
pronounced interaction between the base
components and those present in the flux. This was
accompanied by the saturation of the slag crust
with iron atoms, and the formation of transition
metal-ceramic compounds directly in the interface
between the material and the flux. The slag crust in
this case proved more difficult to remove, and the
base metal was saturated with no more than 0.2%
manganese, with no significant enrichment in
silicon. Furthermore, the volume of gaseous
synthesis products was considerably higher.

Templates were cut from the samples
synthesized using this method for the preparation
of microsections. Sample preparation followed
standard procedures, including grinding and
polishing using Struers equipment, with subsequent
examination under an Altami optical microscope.
The actual composition of the alloys was
determined using an Olympus VantaElementS X-ray
fluorescence analyzer. To gain a more
comprehensive understanding of phase formation,
phase transformations from the melting point to
room temperature were modelled using
ThermoCalc software. Specifically, the TCAL8: Al-
Allous v8.2 database was utilized to predict the
number of phases formed for the actual
composition of both alloys.

Results and Discussion

Table 1 presents the composition of the
synthesized alloys. The alloy doped with
manganese is referred to as AlFeSiMn, while the
alloy with manganese at the impurity level is
designated as AlFeSi.

According to theoretical calculations, both
alloys consist of three primary phases at room
temperature. The AlFeSiMn alloy at room
temperature comprises approximately 40% of the B
phase, 38% of the 6 phase, and 22% of the 0,
phase. The key difference between the 6 and 6,
phases lies in the increased silicon content in the
latter. A minor quantity of impurity atoms is
present in the form of nickel aluminide and other
phases, such as silicides, along with a small number

of carbides, collectively contributing to less than 1%
of the total composition.

For the AlFeSi alloy, the phase composition at
room temperature also includes three main phases:
approximately 43% B, 43% 06, and 14% FCC
aluminum. Similar to the AlFeSiMn alloy, impurity
atoms in this system form aluminides, silicides,
copper-containing intermetallics, and carbides, with
these phases contributing to less than 1% of the
total composition.

Table 1 - Alloys compositions

Alloys compositions

Alloy -
Fe Si Cu Mn Ni Al
AlFeSiMn | 33.6 5.18 - 1.57 | 0.19 Ball
3.72 | 0.02 | 0.18 | 0.02 Ball

AlFeSi 29.5

The analysis of the microstructure of the
synthesized samples revealed good agreement with
the results of phase modeling. The AlFeSiMn alloy is
characterized by the formation of two distinct types
of a-phase: the ah-hexagonal intermetallic phase,
which shows only minor dissolution of impurity
atoms, including manganese, and the ac-cubic
intermetallic phase, in which iron atoms are
partially substituted by manganese atoms, resulting
in a morphological change of the phase. At a
temperature of approximately 700 °C, the total
amount of the ac-phase does not exceed 20%,
while the hexagonal modification accounts for
about 60% of the volume fraction.

For the AlFeSi alloy, the ac-phase content is
limited by the small amount of manganese and
remains below 1%. However, at room temperature,
when cooling occurs under non-isothermal
conditions, small amounts of the a-phase may
remain as residual quantities. As expected, both
alloys contain the 6-phase intermetallic compound,
primarily composed of Al and Fe. The 6-phase
forms predominantly by separating from the melt
at temperatures above the eutectic point,
contributing to the basic structure of the alloy. As
phase transformations occur, the quantity of the 6-
phase decreases at around 500 °C, and for the
AlFeSiMn alloy, this phase fully dissolves, only to
reform at a temperature of approximately 450 °C
(Fig.1.).
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Figure 1 - Microstructure of AlFeSiMn (a) and AlreSi (b) alloy, intermetallic region
This area contains intermetallic particles, which are B/6/6: phases (a)
or a combination of B/6 phases(b) (gray area).
The space between the particles is occupied by FCC (light area)

At room temperature, the microstructure of
the Al-Fe-Si alloys with 1.5% and 0.18% manganese
consists of intermetallic phases, primarily
represented by compounds of the Al3Fe or Al13Fe4
type, or the B-phase. These phases are present as
large intermetallic particles with a lamellar (blocky)
morphology, distributed throughout the entire area
of the samples.

Upon cooling from the synthesis temperature,
particles of the a-phase and other intermetallic
compounds, formed with the involvement of
impurity elements in the alloy, are precipitated on
the existing B6-phase. As a result of interphase
interactions within the liquid-solid solution, the
formed particles continue to grow until the fcc
aluminum is almost completely depleted of
impurity atoms. The remaining liquid then
crystallizes according to the typical behavior seen
during the solidification of aluminum alloys with
eutectic composition.

The © and B phases present in the
microstructure are not distinguishable through
phase contrast; thus, it is more accurate to refer to
the B-phase as a 6/B complex (the grey phase in the
micrographs). The color contrast observed within
the 6/B phases does not correspond to phase
contrast but rather to thickness contrast and
therefore does not represent the boundaries
between the individual phases. In the alloy with
0.18% Mn, the 8/B-phase displays a directional
distribution across the entire sample, with a coarse,
large-needle structure, having a length of over 200
pm and a width up to 60 um.

In contrast, the alloy with 1.5% Mn exhibits a
fragmented, coagulated, and rounded ©/B-phase
structure with smaller dimensions (~¥100 pm in
length and 30-60 um in width). By comparing Fig 1a
with Fig 1b, one can observe the transformation of
the acicular structure of the 6-phase induced by the
presence of manganese. Although complete
suppression of B-phase formation under the
influence of manganese is not observed, the
disappearance of the 8-phase upon cooling in the
temperature range of 550-450 °C leads to a
fundamental change in the morphology of the
intermetallic particles.

The light regions in the micrographs correspond
to FCC aluminum, which aligns with the results of
phase composition modelling. Despite the absence
of FCC aluminum in the AlFeSi alloy model, its
presence can be attributed to the nonequilibrium
crystallization conditions; it is a product of phase
transformations and represents a residual phase. A
detailed examination of the FCC aluminum regions
reveals a eutectic structure.

Within the FCC aluminum regions, intermetallic
inclusions in both alloys are part of the eutectic.
These inclusions have a nanodispersed dimension:
in the alloy with 1.5% Mn, they range from 50 to
100 nm, while in the alloy with 0.18% Mn, they
range from 100 to 500 nm.

The eutectic within the FCC region exhibits
distinct morphological features. In the alloy with
1.5% Mn (Fig.2.), the eutectic precipitates display a
fragmented, coagulated structure.
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Figure 2 - Microstructure of AlFeSiMn (a) and AlFeSi (b) alloy, eutectic region
The space between the intermetallic particles is filled with an FCC phase containing a eutectic

Figure 3 - Microstructure of AlFeSiMn (a) and AlFeSi (b) alloy, eutectic region (greater magnification)

In contrast, the eutectic in the AlFeSi alloy
with 0.18% Mn exhibits a characteristic needle-
like morphology. Upon cooling from the
synthesis temperature, two phases — a and B —
are precipitated simultaneously within the 6-
phase that forms inside the eutectic. These
phases constitute complex eutectic mixtures of
solid solutions, including intermetallic phases
with additional phases based on (Fe, Si) Al. In
these phases, aluminum, iron, silicon, and small
amounts of manganese are present.
Manganese, in combination with other
elements, is incorporated into the structure,
stabilizing the phases and influencing their
shape and distribution.

In  the presented micrographs, the
FCC+eutectic region (lighter in color)
represents a mixture of FCC aluminum and

intermetallic compounds, which are uniformly
distributed between the phases, forming
transition zones (Fig.3). The light areas
correspond to a multiphase eutectic composed
of FCC aluminum, B-phase (AlsFeSi), Si, 8-phase
(Al1sFes), and a small amount of other
intermetallic phases. However, the eutectic
structure in the studied samples varies. In the
sample with 0.18% Mn, the eutectic exhibits a
lamellar structure, with plate lengths ranging
from 20 to 50 um and thicknesses of 2 to 5 um.
In the sample with 1.5% Mn, the eutectic
particles take on a granular, rounded shape
with diameters ranging from 1 to 5 um,
showing an uneven distribution. For greater

clarity, the main results of the study are presented
in Table 2.
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Table 2 - Phase and structural composition

Volume fraction calculated, % Microstructure parameters

Alloy 8 g V7] FCC | Other | Particle FCC The nature of Eutectic

sizes 8/89, | particle the characteristics
um sizes, um | arrangement of
particles

coagulated Round granular

AlFeSiMn | ~40 ~38 | ~22 - <1 100x30- 60x20 structure,
particles 1-5 um

directed Lamellar
AlFeSi ~43 ~43 - ~14 <1 200x60 200x20 structure, plates

20-50%2-5 um

This suggests that manganese suppresses
the growth of the phase in anisotropic
directions, where elongated (plate-like) forms
typically occur, thereby inducing an inhibition
or rounding effect. In the AlFeSiMn alloy, large
B-phase needles and small areas of the residual
a-phase are visible within the eutectic region.
Intermetallic inclusions of various
morphologies are also present. In contrast, the
eutectic of the AlFeSi alloy is represented by
coarser, less branched particles, with no large
needle-like intermetallic phases observed. Rounded
oxide particles are present in the FCC aluminum
regions, while the intermetallic regions are free of
oxides.

Conclusions

Based on the aforementioned studies, it can be
confidently stated that the morphological structure
of the alloy microstructure is highly dependent on
the manganese content, particularly in alloys
enriched with both silicon and iron. The addition of
manganese results in a more rounded phase
structure and a more dispersed eutectic.

It was revealed that the addition of 1.5%
manganese changes not only the composition of
intermetallic phases but also their morphology. The
binding of iron, silicon and aluminum atoms into a
cubic intermetallic a phase in the presence of
manganese leads to the complete dissolution of the
primary 8 phase with its repeated formation near
the lower boundary of the a phase existence. Such
phase transformation promotes the transition from
the growth of intermetallic particles on primary
crystals of the 8 phase with the formation of a
directional microstructure to a coagulated
microstructure through phase recrystallization.

The addition of manganese promotes grinding of
both intermetallic particles to a size of 100x30-60
pum and eutectic particles. While in the absence of
manganese, coarse intermetallic particles of 200x60
pUm in size are formed, formed on primary crystals
of the O phase. As a result of phase
recrystallization, the alloy also contains fcc regions,
but with a significantly smaller volume fraction, no
more than 5%, located between intermetallic
particles. As a result of the studies, a predominantly
intermetallic alloy with a more favorable
microstructure was obtained, which predicts high
friction properties, and increased wear resistance
with the possibility of use for parts that do not
experience significant loads with an operating
temperature range of 20-450° C.

Therefore, investigating the effect of
manganese on an aluminum alloy produced by arc
remelting holds significant scientific and practical
value, particularly for further study of its
mechanical properties.
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BanKUTbIH 3N1EKTPoANEeH A0FaNbIK KanTtay apKbisibl cuHTesgenreH Al-Fe-Si
KOPbITNA }KYMeCiHiH MUKPOKYPbIIbIMbIHa MapraHel, KOCnanapblHbIH acepi

AHppesuweHKo B.A., ManawkeBuuyte-bpumiiaH E.WN.

dbinkac CarbiHO8 aMbIHOAFbl KaparaHObl mexHUKaselk yHusepcumemi, KaparaHobl, KasakcmaH

TYRIHAEME

OpTYp/li  KOpbITNanapapl, COHbIH iWiHAEe aANIOMWHWIA  HerisiHaeri  MeTansKepamuKanbik,
maTepuangapapl CuHTe3Aey YWiH KOMAAHbIIATbIH 3amMaHayu TexHO/lormanap, acipece onap
Typanbl  fblNbIMW  OEPEKTepAiH  *KeTicneywiniriHeH oani  ©HepKacinTe KeH, KOAZaHbIC
TannafaHAbIKTaH, TEPEH, KSHe KelleHAi 3epTreyai Tanan eTedi. Al-Fe-Si KyieciHiH
KOPbITNANapblHa epeKLUe KbI3bIFYLUbUIbIK KYPAaMHbIH, KapanaibiMAbl/blFbiHA KIHE KOPbITNAHbIH,
Heri3ri KOMNOHeHTTepiHiH, apakaTbiHAacbiHA HaNaHbICTbI Ty3iNeTiH dasanapablH, anyaH TypainiriHe
Makana kengi: 23 »enmoxcaH 2024 HerizgenreH. Temip MeH KpemMHWIAiH, Kofapbl KOHUeHTpauuacbimeH Al-Fe-Si nHTepmeTangbik
CapanTamagaH etTi: 17 kaHmap 2025 MEeTa/IIKepamMmnKasblK, KOPbITNACbl TYTbIHbIAATBbIH 3NEKTPOAMNEH AOFaNblK Kantay aici apKplbl
Kabblnaanapi: 21 kaymap 2025 cuHTesgengi. Makanaga Temip MeH KpeMHWIMeH, coHAaii-ak mapraHel, KocranapbimeH 6ip
mesringe 6anbiTbinFaH Al-Fe-Si KopbITNacbIHbIH, MeTannorpaduaAnbiK TangaybiHbiH TaXipnbenik
3epTTeynepi KenTipinreH. benrini 6ip KopbITna KypamblHAAfbl MapraHeuTiH acepiH 3epTTey
MeTanapanblk — KOCbinbiCTapaplH,  mopdonoruacblH, $asanblk  TapanyblH  KaHe  Kannbl
KYPbINbIMABIK TYPAKTbINbIFbIH TepeH, BaFanayfa MyMKiHAIK 6epai. Pasanbik Kypamabl anfbiH ana
moZenbaey CUHTe3denreH KopbiTnagafbl ¢asanapibl aHbIKTayAbl KeHinaetti. MapraHeuTiH,
asfan Kocbllybl MUKPOKYPbINbIMABI TYPAKTaHAbIPYFa KaHe KoarynaumanaHFaH MHTEPMeTanablK
benweKkTepai anyfa MymKiHAIK GepeTiHi aHbiKTangpl. MapraHeuTiH, ¢asanbik e3repictep meH
KYpblbIMFa 9cep €Ty MeXxaHU3MAEepiH TepeHipeKk 3epTTey JKOFapbl MKyKTemenep MeH
TemnepaTtypanap KafaaknapbliHAQ  KeHiHeH  KO/AJaHyFa  apHanfaH  KOMNO3MUMANapabl
OHTalNaHAbIpyFa MyMKiHAIK Bepeai.

TyiliiH ce3dep: Al-Fe-Si, muKpokypbinbim, ThermoCalc-Ti 6aFgapnamanbik KamTamacbi3 erTy,
uHTepmeTanabiK basanap, 6anKUTbIH 3NEKTPOANEH AOFaNbIK KanTay.
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BausaHue Ao6aBOK MapraHua Ha MUKPOCTPYKTYpPY cnaasa cuctemol Al-Fe-Si,
CMHTE3MPOBAHHOIO AYroBOM HaNJ1IaBKOW NIABALLMUMCA 3/1€KTPO40M

AHppesuweHKo B.A., Manawkesuuyte-bpumiiaH E.WN.

KapazaHduHckuli mexHuveckuli yHusepcumem umeHu Abeinkaca CazuHosa, Kapaearoa, KazaxcmaH

AHHOTAUMA
COBpeMeHHbIe TEXHO/NIOTMU CUHTE3a pPa3/IMdHbIX CNNaBOB, BK/AKOYaA MeTa/l/loKepamunyeckme
mMaTepuanbl Ha OCHOBe antoMHUHUA, Tpe6y|0T AeTaNbHOro U BCEeCTOpPOHHEero wuccneaoBaHuA,

ocobeHHO B 06/11acTM CMNaBoB, KOTOPble €lle He HaWAW LWMPOKOTO MNPOMbILWIEHHOMO
MNoctynuna: 23 dekabpsa 2024 ’

PeueH3nposaHue: 17 aHeapa 2025
MpuHsATa B nevats: 21 aHeaps 2025 cnnasbl cuctembl Al-Fe-Si, 6narogaps nMpocTtoTe MX COCTaBa M WIMPOKOMY pasHoobpasuio das,

NPUMeEHEHNA M3-3a HEA4OCTAaTOYHOCTM HAY4YHbIX AAHHbIX O HUX. Ocoboe BHUMaHWe npusaeKaoT

bopmMMpyemMbIX B 3aBUCHMOCTM OT COOTHOLIEHMA OCHOBHbIX KOMMOHEHTOB. MHTEepMeTanAnaHbIi
MeTanIoKepamuyeckunii cnias Al-Fe-Si ¢ 04HOBpeMEHHO MOBbILLEHHbIM COAEPXAHMEM XKenesa u
KPeMHMsA BbIN CUHTE3MPOBAH METOLOM AYroBOI HANMABKMU C NAABALWMMCA 31eKTPOAOM. B cTaTbe
npeAcTaBNeHbl pe3ynbTaTbl IKCNEPUMEHTANbHBIX UCCAEA0BAHUIA MeTaniorpapuyeckoro aHanmsa
cnnasa cuctembl Al-Fe-Si, oboraweHHOro enesom WM KpemHuem ¢ gobaBkamu MapraHua.
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M3yyeHne BAUAHUA MapraHua Ha JaHHbIA cnias no3soauno 6onee [eTanbHO OLEHWUTb
MOPGONOr1I0 MHTEPMETANIMAHBIX COeAUHEHMN, pacnpeaeneHune $a3 v obulyio cTabunbHOCTb
CTPYKTYpbI. MpeasapuTenbHoe moaenmposaHne $a3oBoro coctaBa ob6aerynno naeHTuduKaumo
¢$a3 B CMHTE3MPOBAaHHOM cnnase. BbiNo ycTaHOBNEHO, YTO BBEAEHWE MapraHua B MasbiX
KO/MIMYecTBax CrnocobCTBYeT CTabuAn3aLmMm MUKPOCTPYKTYPbl U 06pa3oBaHUI0 KOAryIMpoBaHHbIX
MHTEPMETaNNNAHbIX YacTuL,. [anbHellee UccnefoBaHWe MeXaHU3MOB BO3AENCTBUA MapraHua
Ha pa3oBble NPeBPaALLEHUA U CTPYKTYPY NO3BOAUT ONTUMMU3MPOBATL COCTaBbl CNaBoB Ana 6osee
LUIMPOKOTO NPUMEHEHWS B YC/IOBUAX BbICOKMX HAarpy3oK v Temneparyp.

KnioueBble cnoBa: Al-Fe-Si, MWKpocTpykTypa, nporpammHoe obecneyeHne ThermoCalc,
MHTEpPMeTanNngHble ¢pasbl, 4yroBas HanAaBKa NNABALMMCS 3NEKTPOAOM.
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