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STRUCTURAL AND PHASE FORMATION IN A MEDIUM-ENTROPY,
HIGHALLOYED COMPOSITION OF THE AL-MG-SI-V-CR-MN-FE-NI-CU
SYSTEM

Purpose. To obtain, in the simplest possible way, an alloy with a relatively low melting temperature for HEAs and
MEAs, containing non-deficit components capable of dissolving in aluminum and exhibiting mutual solubility. The
concentration of most components did not exceed 2.5-5 at.%, therefore the main was to increasing the mixing entropy
was the number of elements included in the alloy composition.

Research methods. The melt was prepared using a laboratory resistance furnace. Pure components and
concentrated master alloys were used as charge materials, added gradually in small amounts to prevent the formation of
refractory intermetallics. Melting was carried out in an alumina crucible at 1000 °C, which ensured dissolution and
assimilation of all components.

Results. Structural and phase characteristics of the experimental alloy were compared depending on the
cristalization rate. When cooled with the furnace at a rate of 0.5 °C/s, a heterogeneous structure formed, represented
mainly by three phases: an intermetallic of the AlsMe type, based on AlsMn with dissolved Fe, Ni, Cr, and V; an
intermetallic based on the AlsCu:Ni-type phase, which by stoichiometry could be expressed as (Al,Ni):Cu, and the Mg:Si
phase. Rapid solidification at 5:102 °C/s resulted in some refinement of the structure and increased its homogeneity, but
did not significantly change the phase composition. Notably, in the AlsMe intermetallic, the higher-temperature compound
AlsVs became predominant. The formation of an intermetallic in the Al-Ni-Cu system under these conditions could
correspond to a compound formation with the formula Alx(Ni,Cu)s. The Mg2Si phase was observed as part of the eutectic
(Mg2Si+Si).

Scientific novelty. A new approach to producing medium-entropy multicomponent alloys by resistance furnace
melting has been demonstrated. The influence of cooling rate on phase formation in the Al-Mg-Si-V-Cr-Mn-Fe-Ni-Cu
alloy has been revealed.

Practical value. An approach has been developed for obtaining medium-entropy alloys from non-deficit components
with a reduced melting temperature, which simplifies their synthesis. The results can be used for further studies of high-
entropy and medium-entropy alloys.

Key words: Al-Mg-Si-V-Cr-Mn-Fe-Ni-Cu system, HEA, MEA, highly alloyed compositions, new materials,
structure, phase formation.

Introduction Since the first publications in 2004 in independent

In recent decades, particular attention of materials studies by Jien-Wei 'eh and Brian Cantor, high-entropy

scientists has been drawn to the development of high-
entropy alloys (HEAs), medium-entropy alloys (MEAS),
and multi-principal element alloys (MPEAs), which are
distinguished by a set of extraordinary properties
determined by their specific structural-phase state. HEAs
were first mentioned in 1995, which subsequently
stimulated the advancement of scientific research in this
field, and since 2003 they have been regarded as one of the
latest breakthroughs in the development of a new class of
materials [1, 2].
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alloys have opened new opportunities for the development
of a wide range of novel materials [3, 4]. By the general
definition, such alloys contain at least five principal
elements, each with a concentration ranging from 5 to 35
at. % and may also include minor elements with
concentrations below 5 at.%.

Over the past decade, the evolution of materials
research has led to a modification of the definition of
HEAs. The compositional constraints of 5-35 at. % for
principal elements are now applied less frequently, thereby
enabling the formation not only of single-phase solid-
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solution structures but also dual-phase, eutectic, and
multiphase structures, intermetallic compounds, as well as
their combinations, which may exhibit either crystalline or
amorphous configurations [5-7]. The microstructure and
specific crystallographic features of HEAs account for

their high strength and hardness, wear resistance,
resistance to high-temperature oxidation, enhanced
corrosion resistance, fatigue strength, and fracture
toughness.

Analysis of research and publications

In the design of metallic alloys, the conventional
approach typically involves a base metal with minor
additions of one to four soluble elements, which act
through mechanisms of solid-solution or dispersion
strengthening. With the advent of high-entropy alloys, the
paradigm of alloy design has shifted: all constituent
elements, present in  approximately equiatomic
concentrations, exhibit such a high degree of energetic
uncertainty regarding the formation of individual phases
that this leads to the development of complex and
distinctive crystalline structures. The key contributing
factors include the high degree of configurational entropy,
sluggish diffusion, lattice distortion, and the so-called
«cocktail effect», which together give rise to the unique
physical and mechanical properties of these materials [3].

The synthesis of high-entropy alloys is feasible only
within a rather limited range of technologies. In many
cases, these processes require a protective atmosphere and
are associated with powder metallurgy methods, as well as
several metallurgical and casting techniques. The latter two
categories reveal significant limitations when the alloys
contain low-melting elements, metals with high vapor
pressure, or components with substantial differences in
density.

Density is a critical characteristic of most materials;
therefore, the development of HEAs and MEAs
incorporating lightweight elements represents an important
task. The most suitable constituents in this context are
aluminum, magnesium, and silicon. To preserve
technological feasibility, particularly castability, the
concentration of these elements in the alloy should be
predominant. For effective incorporation, it is desirable
that the components exhibit high mutual solubility, a
condition that is satisfied by the aforementioned three
elements. To enhance the configurational entropy of
mixing, while adhering to the criteria outlined above, it is
necessary to increase the number of alloying components.

For improved processability, reduced melting
temperatures, and enhanced solubility of the constituents,
the aluminum content was raised to as much as 60 at.%.
The concentrations of the other elements remained
relatively low; however, both their presence and number
contributed to achieving a mixing entropy level
approaching that of conventional HEAs.

As a result, a high-alloy composition of 60Al-10Mg-
10Si-2.5V-2.5Cr-2.5Mn-2.5Fe-5Ni-5Cu  (at. %) was
selected. Within this system, certain elements and groups
of elements possess similar atomic radii, which is one of
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the essential criteria for the formation of homogeneous
solid solutions in HEAs. Copper and magnesium exhibit
high solubility in aluminum, whereas silicon and
manganese are less soluble. Copper can also dissolve
nickel, which in turn, along with manganese, facilitates the
dissolution of otherwise insoluble or poorly soluble
elements such as iron, chromium, and vanadium.

It was initially assumed that the high configurational
entropy of mixing (ASmix) in HEAs would inherently
promote the formation of homogeneous solid solutions
based on simple crystal lattices. However, subsequent
studies have demonstrated that other thermodynamic and
geometric factors—such as the enthalpy of mixing
(AHmix), atomic size mismatches among the constituent
elements, interaction parameters, and valence electron
concentration—also play a decisive role in governing the
phase stability of HEA solid solutions [8-11].

Atomic size mismatch (8,.): The percentage deviation
in atomic radii of the constituent elements within the
system. Values within the range of 0-6.6% favor the
formation of stable solid solutions, whereas larger
deviations may lead to the formation of intermetallic
phases. The atomic size mismatch is calculated according
to the following equation:

iz ci(1— %)2 x 100% , 1)

where ¢; is the atomic fraction of the i-th element; r; is the
atomic radius of the i-th element; and 7 is the average
atomic radius of the system, defined as:

n
r=3i1 CiT;. 2
Table 1 — Atomic radii of elements
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The average atomic radius () was calculated as
7 =138.375 pm for the charge and t = 138.043 pm for the
final alloy. Substituting the atomic radii of the elements,
the average atomic radius, and their atomic fractions into
the formula yielded 3. = 9.15%. This value is relatively
high, since for the stability of solid solutions in high-
entropy alloys it is generally desirable that 5, < 6.6%. A
deviation of 9.15% may cause lattice distortion and
promote the formation of intermetallic phases.

The concentration of valence electrons (VEC)
provides a useful criterion for predicting the type of crystal
lattice that a system may form. A value of VEC > 8
indicates the formation of an FCC structure, whereas
VEC < 6.87 points to the preferential formation of a BCC
structure. For 6.87 < VEC < 8, the formation of a mixed
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FCC + BCC structure can be expected. The corresponding
data for the selected system are presented in Table 2.

Table 2 — The concentration of valence electrons

Chemical

— | &2 _ | E| o | =]
glement | < | =2 || >0 | 2| | 2|0

VEC 3242|122 2|1

The concentration of valence electrons determines the
average number of valence electrons in an alloy and is
calculated using the formula:

VEC = Zi=1nci X VECL', (3)

where VEC; is the number of valence electrons of the i-th
element.

By substituting the data from Table 2 into equation
(3), the valence electron concentration was calculated as
VEC = 2,7, which indicates the predominant formation of
a BCC structure.

Electronegativity difference  (Ay): A small
electronegativity difference (Ax < 0,12) promotes the
formation of solid solutions, whereas larger differences
may stimulate the formation of intermetallic (IM) phases.
The electronegativity difference is calculated according to
the following equation:

Ay = \/zm“ci(xl- — 02 (4)

where y; is the electronegativity of the i-th element, and y
is the average electronegativity of the alloy, calculated as:

X= i s ®)

The relevant data for the selected system are given
in Table 3.

Table 3 — Electronegativity of components

Chemical - o .= . = ) - S
element z|d|>|0o|z|e|2]|0
Electroneg | gl 5 | = | 83| 8| 8| 8| 8|«
ativity’ Xi — — — — — — — — —

By substituting the electronegativity values of the
constituent elements and their atomic concentrations into
equation (4), the electronegativity difference was
calculated as Ay = 0,162. This value exceeds the optimal
range (< 0.12), which may indicate structural instability.

The design and application of alloys based on simple
solid solutions are sometimes justified by their superior
processability, strength, and retention of ductility. At the
same time, intermetallic phases are often regarded as
detrimental, since they tend to embrittle alloys and

© lvan Likhatskyi, 2025
DOI 10.15588/1607-6885-2025-3-1

complicate their processing. However, many structural
alloys with advanced properties, including superalloys —
where IM phases frequently constitute the dominant
volumetric fraction — can exhibit both high strength and
ductility. These characteristics depend strongly on the type
of intermetallic lattice, their interaction with other phases,
as well as the size, morphology, and distribution of the
intermetallic [12].

The formation of intermetallic in amounts exceeding
several volume percent is characteristic of alloys which,
similar to HEAs, contain significant concentrations of
multiple elements. However, their composition is designed
in such a way that the configurational entropy of mixing is
noticeably lower, thereby favoring a partial manifestation
of the “cocktail effect.” Such alloys are generally referred
to as medium-entropy or high-alloy systems. Alloys
developed through partial implementation of HEA design
principles, but incorporating intermetallic phases, are now
considered one of the key strategies for the development of
new materials with tailored properties [13-15].

Purpose

The objective of the present study was to ascertain the
particularities inherent in the process of obtaining a high-
alloyed multicomponent alloy based on aluminum, in
which the conditions for obtaining HEA and MEA could
be realized.

Materials and methods

The alloy was prepared under conditions closely
resembling simple industrial processes. Although this
approach could complicate the achievement of the desired
outcome, it allowed for the evaluation of component
assimilation, their mutual interactions, and the overall
potential of such a processing route. The alloy of the Al-
Mg-Si-V-Cr-Mn-Fe-Ni-Cu system was produced in a
resistance furnace using an alumina crucible. Initially,
concentrated ligatures of Al-20Mg, Al-20Si, Al-16Mn-
4Fe, AI-50Cu, Al-15V, AI-10Cr, and AIl-8Ni were
remelted in small quantities at a temperature of 800 °C. To
obtain the planned chemical composition of the alloy, the
lacking components were subsequently added into the melt
in small portions. During this process, the melt was stirred
and its temperature was gradually increased to 950-980 °C
to ensure maximum assimilation of all components. The
melt was held at the maximum temperature for 15 minutes.

Upon completion, a small volume of the molten alloy
was withdrawn from the crucible at 950 °C using a ceramic
sampler (2 cm? volume) and immediately transferred into a
copper cylindrical mold in order to achieve the highest
possible cooling rate. The remaining portion of the melt
was left in the furnace, solidifying as the furnace cooled
down. The cooling rate of the melt was approximately
0.5 °C/s in one case, and about 5-102 °C/s in the other. The
appearance of the charge and the obtained samples is
presented in Figure 1.
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Figure 1. Appearance of charge materials (a) and obtained
samples of experimental alloy (b)

Results and discussion

During alloy preparation, complete assimilation of all
components was not achieved, as evidenced by the data in
Table 4. Some constituents remained undissolved, while
others were most likely lost due to evaporation or
oxidation. The microstructural and phase analyses of the
obtained samples revealed the presence of multiphase
structures in both cases (Fig. 2). The corresponding local
chemical compositions, in accordance with the
designations in the figure, are summarized in Table 5.

In the case of slow solidification, a heterogeneous
structure was formed, consisting predominantly of three
phases. Based on the chemical composition of point 1, the
formation of an intermetallic compound of the AlsMe type,
derived from AlsMn, can be assumed, in which Fe and Ni,
as well as Cr and V, are dissolved.

Table 4 — Chemical composition of the experimental alloy charge and mixing entropy (AS) values

Chemical . .
composition Al Mg Si v Cr Mn Fe Ni Cu AS
Alloy at. % 60 10 10 2.5 2.5 2.5 2.5 5 5 LR
charge | \rop | 4923 7.39 8.54 3.87 3.95 4.18 4.25 8.92 9.66
Alloy at. % 61.16 8.95 10.92 2.22 0.61 2.03 2.24 5.17 6.70
in cast 1.37R
form wt.% 49.97 6.59 9.29 3.42 0.96 3.37 3.79 9.18 12.9

Figure 2. Microstructure of the experimental Al-Mg-
Si-V-Cr-Mn-Fe-Ni-Cu alloy under slow (a) and rapid (b)
cooling conditions

The second phase is also an intermetallic, but
based on an AlsCu:Ni-type structure, although its
stoichiometry could alternatively be represented as
(ALNi).Cu. The composition of point 2 clearly
corresponds to the Mg:Si compound.

Rapid solidification promoted partial refinement of
the microstructure and an increase in its homogeneity,
yet it did not lead to significant changes in the phase
composition. It is noteworthy that in the AlsMe-type
intermetallic, a higher-temperature phase, likely Al2;Va,
may have become the dominant constituent. The
formation of the AI-Ni-Cu intermetallic under these
conditions could correspond to a compound
approximating the formula Al:(Ni,Cu)s. The Mg.Si
phase in this sample was observed as part of a eutectic
mixture (MgzSi + Si).

Table 5 — Local chemical composition of the alloy phases corresponding to the designations in Figure 2

Chemical composition, at. % Al Mg Si \% Cr Mn Fe Ni Cu
point 1 56.98 5.65 2.29 1.7 1.72 9.25 7.98 9.42 4.86

Slow cooling point 2 3.44 5991 | 31.77 0.05 0.06 0.01 0.07 0.65 3.78
point 3 42.41 0.45 0.27 0.06 0.18 0.14 0.47 3621 | 19.68

point 1 60.57 0.97 3.38 7.47 1.22 6.72 5.83 9.84 3.96
Rapid cooling point 2 41.8 0.71 0.17 0.07 0.04 0.44 1.06 2499 | 30.65
point 3 11.8 37.66 | 47.86 0.16 0.04 0.23 0.38 0.36 0.51
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Conclusions

Analyzing the obtained data, it can be concluded that
the experimental Al-Mg-Si-V-Cr-Mn-Fe-Ni-Cu alloy,
which falls into the category of medium-entropy alloys
based on its mixing entropy, does not form solely solid
solutions, regardless of the cooling rate of the melt. The
phase composition of the obtained samples is characterized
by the presence of three types of intermetallic compounds.
In the rapidly solidified sample, a high-temperature
eutectic reaction, L — Mg.Si + Si, is observed. The
simultaneous presence of magnesium and silicon in the
alloy and the formation of an intermetallic phase between
them may reduce the likelihood of forming an aluminum-
based solid solution.
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CTPYKTYPO- TA ®A30YTBOPEHHSA B CEPEJHbOEHTPOIIIMHOMY
BUCOKOJIETOBAHOMY CIIJIABI CUCTEMHA
AL-MG-SI-V-CR-MN-FE-NI-CU

IBan Jlixanpkuii
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Mema po6omu. Oolepicamu HAUOIIbUL NPOCMUM MONCIUBUM CHOCOOOM CHIA8 3 BIOHOCHO HU3bKOW Ol
sucoxoenmponitinozo cniagy (BEC) ma cepeonvoenmponiiinozo cniagy (CEC) memnepamypoio niaenenns, sxui ou
Micmug HeOepiyumHui KOMNOHEHMU, 30AMHI PO3YUHAMUCS 8 AIOMIHIL ma Mamu 63aEMHY po3uunHicms. Konyenmpayisn
Oinbuwocmi KOMNOHEHMI6 He MOo2la nepesuwyyeamu 3nadenus 2,5-5 % am., momy OCHOBHUM 3ACOO0M NIOGUUEHHS.
EeHMPONii 3MIUYB8AHHSL CLY2Y8ala KIIbKICMb eJleMeHmis, Wo 6X00ulu 00 CKAady Cniasy.
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Memoou oocniddcennn. /[na npuzomysanHs po3niagy Oyio 6UKOPUCMAHO AaOOpamopHy niy onopy. B axocmi
WUXMOBUX MAMePIaNié UKOPUCMOBYEALU YUCME KOMINOHEHMU | KOHYEHMPOGAHI aieamypHi 006asKu, Ki 000a8anucs
nOYep2060 i NOCMYNOBO Y HEGENUKUX KITbKOCTSX, W00 3anobiemu ymeopeHnio my2oniaskux inmepmemaniois. Ilaenenns
8i06ysanoce 8 arynoosomy mueni npu memnepamypi 1000 °C, wo 0ano mosicaugicms po3niasumucs i 3ac60imucs 6Cim
KOMNOHEHMAM.

Ompumani  pesynemamu. byio npogedeHO NOPIGHSAHHA CMPYKMYPHUX Ma  (DA306UX  XAPAKMEPUCUK
EeKCNEePUMEHMANIbHO20 CHAABY 6 3ANeNHCHOCMI 610 weuokocmi kpucmanizayii. Ilpu oxonooxcenui po3niagy 3 niyuw 3i
weuokicmio 0,5 °C/c popmyemvca HeoOHOpIOHA cmMpYKmMypd, NpPeOCMAsleHd NepesadCHO mpboma gaszamu —
inmepmemanioom muny AlsMe, na ocnosi AlsMn, 6 akiii po3uuHeni 3a.1i30, HiKelb, XPOM MA 8AHAJIN, iHMEPMemanrioom
Ha ocnosi ¢asu muny AlsCUaNi, sika 3a cmexiomempicio moana 6 oymu supasicena gopmynoro (ALNi),Cu, ma pazoio
Mg2Si. Illsuoxa kpucmanizayis 5-10% °C/c cnpusana negnomy noopibHenHIO cmpyKmypu ma 36inbuienHio if 00HOPIOHOCHI,
npome He npuzeeia 00 NOMIMHUX 3MiH (pa306020 ckaady. Ilpu ybomy, sapmo Gi03HAYUMU, WO 8 IHMEPMemanioi muny
AleMe ocnosoro cmana sucmynamu 6Oinvws eucoxomemnepamypna cnoayka AlsNVa. Dopmyeanns inmepmemanioy
cucmemu Al-Ni-Cu 3a danux ymos mozno 6 gionogioamu ymeopennio cnoayku 3 popmynoio Alr(Ni,Cu)s. @aza Mg,Si onsn
0aH020 3pasky euoinuiacy y ckiadi esmexmuku (MgsSi+Si).

Haykoea nosusna. Ilokazano nioxio 00 6uc0mogieHHs: cepeoOHbOeHMPONIHUX 0a2amOKOMNOHEHMHUX CHIAGI8
Memodom niasku 6 neui onopy. Ioxazano énaus wieuoKocmi oxonodxcents na gasoymeopenns ¢ cnaasi Al-Mg-Si-V-Cr-

Mn-Fe-Ni-Cu.

Ilpakxmuuna yinnicme. Po3podneno nioxio 0o ompumanHs cepeOHbOeHMPONIUHUX CRIAsie i3 HedepiyumHux
KOMNOHEHMIE Ma 3HUICEHOI0 MEeMNEPamypoio NIAGIeHHs, Wo cnpowye ix cunme3. Ompumani pe3yibmamu ModjiCymy
6ymu 6UKOPUCMAHI 015 NOOATLULUX QOCTIONCEHb BUCOKOCHMPONIUHUX MA CePeOHbOCHMPONIUHUX CNIAGIE.

Knouosi crosa: Al-Mg-Si-V-Cr-Mn-Fe-Ni-Cu, BEC, CEC, sucokonezo8ani cniagu, HO8L Mamepiaiu, Cmpykmypa,

@azoymeopennsi.
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