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Abstract. Refractory high-entropy alloys (RHEAs) based on refractory metals exhibit a combination of outstanding properties,
such as high strength and thermal stability at elevated temperatures. These alloys typically contain costly refractory elements,
including Mo, Nb, Ta, W, and Hf. In addition to their high cost, RHEA production is associated with a number of technological
challenges. Well-established commercial methods used for nickel-based superalloys are generally unsuitable due to the higher
melting points and increased chemical reactivity of the components. To address this issue, the present study explores the feasibility
of synthesizing cast RHEAs using centrifugal self-propagating high-temperature synthesis (SHS) metallurgy — a technological
approach within the broader field of SHS. For the first time, cast RHEAs based on the Mo—Nb-Ta system, alloyed in situ with 3d
metals (Cr, V, Zr, Hf), were successfully synthesized via SHS. It was demonstrated that crystallization of the ingots occurs from
the molten state, ensuring homogeneous distribution of Mo, Nb, Ta, Cr, V, Zr, and Hf. The phase composition of the synthesized
RHEAs was found to depend on the alloying elements. Co-reduction of group V (Nb, Ta, V) and group VI (Cr, Mo) metals
resulted in nearly single-phase alloys with a body-centered cubic (BCC) structure typical for these elements. The addition of Zr
and Hf — metals with a hexagonal crystal structure — to the quaternary MoNbTaCr alloy significantly altered the phase compo-
sition of the ingots. In addition to BCC-phase reflections, the X-ray diffraction patterns exhibited intense reflections of face-
centered cubic (FCC) phases and weak reflections of two hexagonal close-packed (HCP) phases. The proposed synthesis method
considerably simplifies the otherwise complex technological process of producing cast, multicomponent RHEAs with a desired
composition. Oxidation resistance tests revealed that the Mo—Nb—Ta—Cr—V composition is the most promising for further investi-
gation. Compared to other compositions, this alloy demonstrated superior oxidation resistance, making it a competitive candidate
for high-temperature applications.
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AHHOTayms. BEICOKOAHTPOIHIAHBIE CIUTaBbl HA 0cHOBe TyromiaBkux merauioB (TBOC) (aurn. RHEAs — refractory high-entropy alloys)

o0nagaoT HAOOPOM 3aMevaTeNIbHBIX CBOUCTB — TAKMMH, KaK BHICOKAsI IPOYHOCTh M TEPMUYECKask CTAOMIBHOCTB PH BEICOKUX TEMIIe-
parypax. B cocTaB 3TuX CIIIaBOB BXOJHT P AOPOTOCTOSIINX TYTOIIaBKUX neMeHToB: Mo, Nb, Ta, W, Hf u ap. [lomumo BeIcOKOH
cTouMocTH, noiyderane TBOC xapaktepusyercss paaoM TEXHOJIOTUYECKUX TPYAHOCTEH. YCIEHIHO IEHCTBYIOIINE KOMMEPYECKUe
TEXHOJIOTUH ISl HUKEJIEBBIX JKAPOIPOUHBIX CILIABOB 3/1€Ch MPAKTUYECKH HE MPUMEHHIMBI BCIEACTBHE 00JIee BHICOKHX TEMIIEPaTyp
TUTaBJICHUS KOMITOHEHTOB M HX BBICOKOW XMMHUYECKOH aKTUBHOCTH. [IJ1s penieHus 3Toi mpoOieMbl B HACTOALIEH padoTe HCcliefoBaHa
BO3MOKHOCTH moiy4deHus muTeix TBOC mMeTonom nenTpobeskHoit CBC-MeTamtypruy — OJHUM U3 TEXHOJIOTHYECKUX HAlpaBICHUIH
B 00JIaCTH caMOpPacIpOCTPaHSIONIErocs BeIcokoTeMneparypHoro cuates3a (CBC). Hcmonb3ys JaHHBINH METOJ, BIIEPBBIE OBUTH MOy~
yensl TuThie TBOC Ha 0cHOBE 6a30BOIi CHCTEMBI, COCTOALICH U3 TYyroIIaBKUX MeTauioB Mo—Nb—Ta, terupoBanHsie 3d-MeTaiaMu
(Cr, V, Zr, Hf) menocpencteenno (in situ) mytem CBC. Iloka3aHo, 4TO KpHCTAJUTM3ALHsI CIUTKOB IMIPOUCXOIUT M3 JKUAKOTO COCTO-
SIHUS, B KOTOPOM 00€cCIIeunBaeTCsi TOMOTeHHOE pacnpeneneHue »eMeHToB Mo—Nb—Ta—(Cr, V, Zr, Hf). Beisaeneno, uto ¢a3oBsiit
COCTaB CHHTE3MPyeMbIX CIUTKOB TBOC 3aBHCHT OT CIIABIAEMBIX KOMIIOHEHTOB. IIpH COBMECTHOM BOCCTAHOBICHHH METAJIOB
V (Nb, Ta, V) u VI (Cr, Mo) rpynn ¢popMHUPYIOTCS TpaKTHYECKH OAHO(A3HBIE CIUTaBbI, HMEIOIINE KPHCTAITHYECKYIO CTPYKTYPY
OLIK, xapakTepHyIO Ui METaJUIOB 3THX Tpynil. Beenenue B 4-xkomnoHeHTHBIH cruiaB MoNbTaCr snementos Zr u Hf, nmeronmmx
TeKCaroHaJbHYI0 KPHCTAUTHUECKYIO CTPYKTYpY, IPUBOAUT K CyIIECTBEHHOMY H3MEHEHHIO (pa30BOTO COCTaBa CIUTKOB C pedliek-
camu OLIK-da3sl Ha audpakTorpamme, Ie MPUCYTCTBYIOT HHTeHCHBHBIE pediekchl [ LIK-¢a3pl, a Taxoke cnadble pedeKkchl AByX
I'T1Y-¢as3. ITokazaHo, 4TO IPUMEHEHHE MPEIJIAaraeMoro METOAa CYIIECTBEHHO YHPOIIAeT CIOKHYIO TEXHOJOTHYECKYIO 3a1a4y 110
MOTYYEHUIO JINTHIX MHOTOKOMIIOHEHTHBIX TBOC 3amaHHOrO coctaBa. V3ydeHneM OKHCIUTEIBHON CTOMKOCTH MOJTYYEHHBIX MaTe-
pHuanoB ycTaHoBIeHO, 4yTo cocTtaB Mo—Nb—Ta—Cr—V Haunbosee MepCHeKTUBEH T JAIbHEHIIET0 UCCICIOBAHNS U, B CPABHEHHU C
JIPYTHMH COCTaBaMH, HIMEET XOPOIINe MOKa3aTeNI! IO KapOCTOMKOCTH, YTO JeTaeT JaHHBIH MaTepuana KOHKYPEHTOCIOCOOHBIM IS
BBICOKOTEMITEPaTyPHOTO HCIONb30BaHNSL.

KnioueBbie csioBa: camopacipocTpansroliuniics Beicokotemneparyphsiii cunte3 (CBC), nentpobexnas CBC-meramnyprust, CBC-cuctembl

TEPMUTHOTO TUIIA, BLICOKOAHTpOIUitHbIE criiaBbl (BDC), criaBbl HA OCHOBE TYTOIJIABKMX METAJUIOB, MOJIYUYEHHE MOJTUMETAITHYECKUX
CIIJIABOB, OKUCIUTENbHAs CTOWKOCTE BOC
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Introduction

Since the first studies published in 2004 [1; 2],
a new paradigm based on multicomponent alloy design
has been introduced into materials science, laying
the foundation for the development of a novel class
of metallic materials. These materials, referred to as
high-entropy alloys (HEAs), have remained the focus
of intense research interest over the past two decades.

18

In addition to their multicomponent nature, a defining
feature of HEAs is their tendency to form predomi-
nantly single-phase, thermodynamically stable, dis-
ordered substitutional solid solutions with high-sym-
metry crystal lattices — typically face-centered cubic
(FCC) or body-centered cubic (BCC) [3-6].

Initial investigations proposed that the high con-
figurational entropy of mixing, arising from the pre-
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sence of multiple principal elements in equiatomic
or near-equiatomic ratios, would favor the formation
of disordered solid solutions over ordered intermetallic
phases. As a result, these high-entropy solid solutions
were expected to simultaneously exhibit high strength
and sufficient ductility. However, subsequent studies
revealed that entropy alone is not always the dominant
factor governing the formation of disordered solid solu-
tions in real alloy systems. It has since been established
that the phase composition of HEAs is determined pri-
marily by the specific atomic properties of the consti-
tuent elements rather than their number [7-12].

It is anticipated that HEAs will surpass the per-
formance of conventional commercial structural
alloys [13—-16] owing to rational composition design
(including deviations from strict equiatomicity) and
the development of advanced microstructural control
tools, such as novel synthesis techniques and post-
processing via thermal or mechanical treatments.
Numerous HEAs have already been identified that
exhibit superior physicochemical properties compared
to traditional alloys [4; 7; 11-17].

Among the various families of HEAs [18], a spe-
cial place is held by refractory high-entropy alloys
(RHEAS), which are designed for high-temperature
service and are composed mainly of high-melting-point
elements such as niobium (Nb), molybdenum (Mo),
tantalum (Ta), tungsten (W), rhenium (Re), and haf-
nium (Hf) [14; 18-23]. Refractory metals are known
for their high strength and resistance to deformation
at elevated temperatures, making them ideal candidates
for the development of RHEAS.

Early studies [22; 23] reported that BCC-structured
RHEAs such as NbMoTaW and VNbMoTaW demon-
strate good strengthening behavior at room temperature
and structural stability up to 1400 °C. Remarkably, these
alloys retained yield strengths of 405 and 477 MPa,
respectively, even at 1600 °C, clearly indicating their
promising potential for practical high-temperature
applications. As a result, RHEAs are being actively
explored for use in the aerospace and aviation indust-
ries, particularly for components in high-temperature
gas turbine systems where there is a demand to increase
operating temperatures beyond the limits of current
nickel-based superalloys (up to 1100 °C) [24; 25].

The main drawbacks of the earliest RHEAs — based
on refractory elements such as Mo, Nb, Ta, W, and V —
were their very high density and low oxidation resis-
tance [23]. To address these issues, subsequent efforts
focused on substituting or partially replacing these ele-
ments with lighter and more accessible ones, such as
Cr, Ti, Zr, Co, Mn, and Al [18; 26-38]. The incorpora-
tion of such elements improves specific strength, oxida-

tion and corrosion resistance, thermal shock resistance,
creep resistance, and high-temperature deformation
behavior. Most RHEA studies to date have focused on
understanding structure—property relationships, while
comparatively little attention has been paid to develop-
ing new, effective synthesis methods that offer precise
control over alloy composition and the designed distri-
bution of structural constituents.

At the same time, expanding the range of elements
used in RHEA design introduces significant techno-
logical challenges. These stem from the extremely high
melting points of key components (e.g., W, Mo, Nb,
Re, Hf), the large differences in melting temperatures
between base and alloying elements (e.g., Al, Ti, V, Cr,
Fe), and the high chemical reactivity of certain con-
stituent elements, as well as other factors.

Numerous laboratory-scale methods have been pro-
posed currently for RHEA synthesis [18; 38], including
mechanochemical approaches (mechanical alloying,
MA), combinations of MA with spark plasma sintering
(SPS), electrochemical techniques [39], additive 3D
manufacturing, and melting-based metallurgical pro-
cesses. However, most of these methods share common
drawbacks: the requirement for high-purity elemental
feedstock, high energy consumption, and low produc-
tivity — factors that are acceptable for research purposes
but not for industrial-scale production (with the excep-
tion of melting techniques). Among all available meth-
ods, casting remains the most promising for producing
RHEAs [18; 38]. The most common techniques include
vacuum arc remelting (VAR), vacuum induction mel-
ting (VIM), and, less frequently, electron beam melting
(EBM). However, melting modes suitable for conven-
tional alloys are inadequate for RHEAs. The presence
of refractory elements (W, Mo, Ta, Nb, Hf) demands
significantly higher temperatures and extended hold-
ing times in the molten state to ensure full intermixing
and dissolution. To avoid elemental segregation and
macrosegregation, multiple melting cycles (up to 5-6)
are typically required. Furthermore, RHEAs produced
via VAR often have relatively coarse grain structures
(ranging from 100 to 300 um), which limits the grain
boundary strengthening effect.

We previously demonstrated the feasibility
of synthesizing cast HEAs based on 3d metals
(Co—Cr-Fe-Ni—-Mn) using centrifugal SHS metal-
lurgy [40; 41] — a direction within the broader, energy-
efficient class of self-propagating high-temperature
synthesis (SHS) technologies. Subsequently, in situ
SHS was used to produce composite materials based
on these HEAs, incorporating strengthening structural
precipitates such as Mo(Nb),SiB,, Mo(Nb),Si, and
MoSi, [42].

19
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The aim of the present study was to investigate
the possibility of synthesizing cast RHEAs based on
the Mo—Nb-Ta system alloyed with 3d metals (Cr,
V, Zr, Hf, Ti) using centrifugal SHS metallurgy and
to examine the influence of the alloying system on
a key performance characteristic — oxidation resistance.

The ability to produce cast RHEAs without fur-
nace equipment and high energy input offers signifi-
cant potential for practical applications. SHS metal-
lurgy relies on oxide raw materials (metal oxides) and
the chemical energy released during highly exother-
mic reactions initiated in a combustion front through
a compacted powder charge. The SHS process requires
no external energy input. This approach may prove
substantially more cost-effective than traditional mel-
ting of pure metals. Moreover, the high synthesis tem-
perature (above 2300 °C) and the action of centrifugal
forces (g-forces) enable enhanced dissolution of alloy-
ing components, improved metal reduction complete-
ness, and more efficient separation of metallic and
oxide phases [40—44].

1. Starting powder components
and experimental scheme for RHEA
synthesis

As previously demonstrated [40—44], the use
of highly exothermic thermite-type SHS mixtures
makes it possible to reach temperatures sufficient for
producing reaction products in the molten state (above
2500 °C), and thereby obtain the synthesized material
in a cast form, including cast HEAs [40—42].

The synthesis was carried out using thermite-type
SHS systems containing powder oxides of the target
elements (MoO;, Nb, O, Ta,O,, Cr,0,, V,Oq, TiO,),
Zr—Mo and Hf-Mo master alloys, a metallic reducing
agent (Al), and functional additives (fluxing agents
CaO and CaF,). Selected characteristics of the primary

powder reagents used are listed in Table 1.

All starting oxide powders were pre-dried to remove
adsorbed moisture in SNOL-type drying ovens
(t=90°C, 1=1h). After weighing the components
(calculated to achieve the target alloy composition),
the reagents were mixed in an MP4/5.0 planetary mill
with a drum volume of up to 5 L for 15-20 min at a ball-
to-charge mass ratio of 1:10. The elements Zr and Hf
were introduced into the reaction mixture in the form
of Zr—-Mo and Hf-Mo master alloys, custom-fabricated
for this purpose.

The charge composition was determined based on
the stoichiometry of the following main reactions:

MoO, + 2A1 = Mo + ALO,, (1)
3Nb,0; + 10Al = 6Nb + 5AL0,, )
3Ta,0, + 10Al = 6Ta + 5ALO,, 3)
Cr,0, + 2Al = 2Cr + ALO,, )
3V,0, + 10Al = 6V + 5AL0,, (5)
3TiO, + 4Al = 3Ti + 2AL,0,. (6)

The experiments used powder charges designed
to produce five alloy compositions (S1-S5), as shown
in Table 2.

Table 1. Selected characteristics of the primary powder components

Tabnuya 1. HeKOTOpble XapaKTePUCTUKH OCHOBHBIX HCXOAHBIX MOPONIKOBBIX KOMIIOHEHTOB

Component Grade GOST/Technical Particle Chemical
p specification (TU) size composition, wt. %
Analytical
MoO, reagent (ChDA) TU 6-09-01-269-85 - 99.9
Extra pure
Nb,O; (OSCh (8-2)) TU 6-09-4047-86 - 99.9
Ta,O; - TU 48-4-408-78 <70 um 99.9
Cr,0, Pure (Ch) TU 6-09-4272-84 <20 um 99.0
V,0q - TU 6-09-4093-75 - -
TiO, - TU 6-09-2166-77 - 99.8
Zr—40.0
Zr—Mo - Custom-made <3 mm Mo — balance
Hf-Mo - Custom-made <3 mm Hf—40.0
Mo — balance
Aluminum
Al powder (PA-4) GOST 60-58-73 <130 um 98.8
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When Zr-Mo and Hf-Mo master alloys were intro-
duced into the charge, the composition was adjusted
based on the total molybdenum content. Aluminum
served as the reducing agent, while CaO and CaF,
were used as fluxing additives. The required amount
of flux to bind Al,O, and form a low-melting-point slag
system during melting was calculated from the total
amount of aluminum oxide generated in reactions
(1)—~(6). The mass of the starting mixture was con-
stant across all experiments and amounted to 600 g.
The concentration of the added flux varied from 2
to 5 wt. %. To synthesize the alloys in combustion
mode, hollow cylindrical refractory molds made of sin-
tered electrolytic corundum (Al,O;) were used. These
molds had an inner diameter of 80 mm and a height
of 170 mm and were pre-dried for at least 1 h at 90 °C.
During the filling process, the powder charge (500 g)
was compacted by vibration into the mold. The loaded
mold was then placed on the rotor of a centrifugal SHS
setup. Combustion synthesis of the prepared mixtures
was carried out in a custom-designed centrifugal SHS
unit [43; 45], specifically developed for producing cast
materials via centrifugal SHS metallurgy. It was pre-
viously shown [43] that the optimal range of centrifu-
gal acceleration (hereinafter referred to as overload)
for synthesizing alloys based on refractory metals is
between 55 and 65g.

To generate the required centrifugal acceleration,
the rotor was driven by an electric motor to a preset
rotational speed, producing a g-force within the speci-
fied range. The reaction mixture was then ignited using
a short laser pulse focused on the sample surface.
Combustion proceeded at a constant rotor speed in
an open-type reaction mold under atmospheric pres-
sure. The combustion temperature exceeded 3000 K,
which was higher than the melting points of the final
products. After the reaction, the molten products
(the alloy and the alumina-based slag) separated due
to their mutual immiscibility and the action of centrifu-
gal forces and then solidified upon cooling. Cooling
of the reaction mass was forced through a water-cooled
jacket of the reaction chamber. The combustion pro-

Table 2. Calculated chemical composition, wt. %

Tabnuya 2. PacueTHBIi XMuMHYecKHii cocTaB, Mac. %

C;f(‘;f Mo | Nb | Ta | Cr | V | zr | Hf
SI 13435/3326(3239| — | — | — | -
S2 1314630472877/ 930 | — | — | -
S3 1282927392569 |13.06 | 557 | — | -
S4 123302257 (35.16|10.10| — | 887 | —
S5 121.82(22.82(3292| 946 | — | — |1298

ducts formed a two-layer ingot with a well-defined
interface. The upper part of the ingot (slag layer) con-
sisted of fused corundum, while the lower part was
the target RHEA alloy.

The application of overload during the combus-
tion stage of thermite-type SHS mixtures made it pos-
sible to significantly reduce, or even completely sup-
press, the dispersion of combustion products. It also
ensured intensive mixing of the high-temperature melt
behind the combustion front, enabling high conversion
of the starting mixture directly within the combustion
zone. The action of overload during the gravitational
separation and subsequent cooling stages led to a high
yield of the metallic phase in the ingot — approaching
the theoretical value — and facilitated the removal
of gaseous reaction products. In addition, overload
promotes homogeneous distribution of the chemical
elements throughout the volume of the resulting ingot,
which is critically important for the synthesis of multi-
metallic alloys. The combustion process was recorded
using a video camera mounted on the rotor of the cen-
trifugal SHS setup.

Phase composition was analyzed using an ARL
X TRA X-ray diffractometer. Elemental distribution
within the structural constituents of the synthesized
RHEAs, as well as energy-dispersive spectroscopy
(EDS) analysis, were performed using a Zeiss Ultra
Plus ultra-high-resolution field emission scanning
electron microscope (based on the Ultra 55 platform),
equipped with an EDS detector capable of generating
elemental mapping across the sample surface.

2. Results and discussion
2.1. Thermodynamic analysis

An important parameter in the development of SHS
system formulations is the thermodynamic assessment
of the maximum achievable synthesis temperature
(adiabatic temperature) at various ratios of starting
components. This evaluation helps determine the range
of component ratios that meet the necessary conditions
for obtaining cast final synthesis products. One such
condition is that the adiabatic temperature of synthe-
sis must exceed the melting points of the final and
intermediate reaction products. It is important to note
that the calculated combustion temperature is always
somewhat higher than the actual experimental syn-
thesis temperature. This discrepancy arises from heat
losses due to thermal exchange with the mold material,
incomplete chemical reactions (i.e., partial conversion
of the reactants), shifts in component concentrations
caused by partial gas evolution (primarily suboxides),
and possible ejection of reaction products during
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the high-temperature interaction of the initial compo-
nents in the combustion front.

To theoretically assess the maximum achievable
synthesis temperature (adiabatic temperature) as
a function of the initial component ratios, a ther-
modynamic analysis of the synthesis processes was
performed using the THERMO software package
developed at ISMAN. This software allows thermo-
dynamic equilibrium calculations in complex multi-
component heterophase systems. It includes a data-
base of thermodynamic data for equilibrium calcula-
tions and features a function for adding data for new
compounds [46; 47]. The calculation results include
the equilibrium composition of reaction products (both
condensed and gaseous) and the adiabatic temperature.
The software enables thermodynamic calculations
under isobaric, isochoric, or isothermal conditions,
depending on the selected mode. The studied systems
can be either gas-free or contain any amount of gase-
ous phase.

The results of the thermodynamic analysis
of the adiabatic temperature (7,;) and the total con-
centrations of the gas (gas), metallic (ingot), and oxide
(oxide) phases in the reaction products for the inves-
tigated systems S1-S5 (see Table 2) are presented in
Fig. 1.

Analysis of the obtained data revealed that for sys-
tems S1-S3, the combustion temperature of the mix-
tures can reach or exceed 3000 K (3427-2935 K),
which is higher than the melting points of all alloy
components (7, K: Nb — 2741, Mo — 2896, Cr —
2163, Zr — 2125,V — 2170, Hf — 2506), with the excep-
tion of tantalum (Ta — 3290 K). However, the presence

of a high-temperature liquid phase formed by these

90 3500
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Fig. 1. Thermodynamic analysis of the adiabatic temperature (7, ,)
and the relative amounts of gaseous, metallic, and oxide phases
in the combustion products for systems S1-S5

Puc. 1. TepmoauHaMuuecKuil aHaIM3 aiadaTHIeCcKoi
temneparypel (7, ) 1 COOTHOLICHHS! B IIPOJyKTaX FOPSHHs
ra3oBoi, METAJUINYECKON U OKCUAHOU (a3 s cucteM S1-S5
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components is likely to promote rapid dissolution
of finely dispersed solid-phase tantalum particles that
form in the combustion front. In the case of system
S5, the adiabatic combustion temperature is somewhat
lower (7, = 2890.8 K), which may result in Ta and Nb
remaining partially in the solid state. Nonetheless, as
in the previous systems, the presence of molten phases
from other alloy components should enable their rapid
and complete dissolution in the resulting alloy ingot.
This assumption will be tested in the experimental sec-
tion of this study.

Across all the studied systems, the mass fractions
of oxide and metallic phases vary only slightly (see
Fig. 1), which is a favorable factor for their compara-
tive evaluation in the experimental work.

The analysis of the calculated adiabatic tempera-
tures and component concentrations under thermody-
namic equilibrium conditions showed that the combus-
tion temperature can reach up to 3427 K for systems
S1-S3 (see Table 2), and up to 2935 K for system
S5. Thus, it can be concluded that there are no ther-
modynamic limitations to producing cast materials in
the studied systems (S1-S5); the combustion tempera-
tures are sufficient to obtain materials with the desired
(target) composition.

2.2. Effect of centrifugal acceleration
(overload) on the composition and
microstructure formation of RHEAs

As shown in previous studies [40-44], the level
of overload can have a significant impact on the mac-
roscopic kinetics of the synthesis process and, con-
sequently, on the resulting composition and micro-
structure of cast alloys. In the case of alloys based on
refractory metals, the lifetime of the high-temperature
melt in its liquid state is relatively short, as these sys-
tems have considerably higher crystallization tem-
peratures compared to transition-metal-based alloys.
Therefore, to ensure proper formation of the ingot in
the bottom part of the mold, it is essential to accele-
rate the phase separation between the metallic (ingot)
and oxide (Al,0O,-based corundum) phases. The most
effective way to achieve this is by applying centrifugal
forces generated by centrifugal SHS units during both
the combustion stage and the phase separation of syn-
thesis products.

Fig. 2 presents data for the base system S1 (Mo, Nb,
Ta), showing how the combustion rate (U, ), the metallic
phase yield in the ingot (n, ), and the loss of combustion
products due to dispersion (n,) depend on the applied
centrifugal acceleration g. The results clearly demon-
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strate that the combustion rate of the base composition
increases significantly under overload, particularly in
the range of 1 to 50g. Notably, the metallic phase yield
also increases within this range, approaching a satu-
ration level at values exceeding 100g. These findings
indicate that applying overloads in the range of 50
to 100g is optimal for synthesizing the studied alloys.

Visual examination of the resulting samples con-
firmed that all of them exhibited a cast structure.
Applying an overload greater than 50g ensured the for-
mation of ingots with well-defined phase separation.
At overloads below 50g, the ingots developed an irre-
gular macrostructure, with gas inclusions observed in
their upper sections. As a result, an overload of 60g
was selected for synthesizing the target compositions
S2-S5.

Video analysis of the combustion process for S2—S5
showed no significant increase (exceeding 15 %) in
the combustion rate.

2.3. Chemical and phase analysis
of the synthesized RHEAs

The cast RHEA samples (S1-S5), after removal
from the refractory mold, were sectioned transversely
and subjected to analysis. Elemental composition
analysis (Table 3), performed by X-ray fluorescence
spectroscopy, confirmed the presence of the target ele-
ments Mo, Nb, Ta, Cr, V, Zr, and Hf in the synthesized
alloys. The deviation of their concentrations from
the calculated values did not exceed 1 wt. %. It should
be noted that the use of Zr—Mo and Hf-Mo master

100
12 - 5
95
X
10 90 °-
2 89 85 -
E
% 6 180
- -
4 N2 14 -
2 I 12 =
2 =
1 I 1
0 100 200 300
2
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Fig. 2. Effect of overload (g) on the combustion rate (U,),
the yield of the metallic phase in the ingot (n,),
and the combustion product loss (n,) for the base S1 system
(see Table 2)

Puc. 2. Biusinue BeTMUYHMHBI IEPErpy3Kku (g) Ha CKOPOCTh
ropenus (U), MOJTHOTY BBIXONA METAJIMIECKOH (aspl
B CIUTOK (1],) ¥ BENMYMHY NOTEPH IPOLYKTOB rOpeHus (1,)
Jutst 6a3oBoi cucteMsl S1 (cM. Tad. 2)

alloys helped minimize the interaction of chemically
active components (Zr and Hf) within the combustion
front, thus enabling their incorporation into the alloy
at concentrations close to the theoretical values.

For comparative analysis, a binary Mo—Nb alloy
designated as SO was synthesized. The X-ray diffrac-
tion patterns of the RHEA samples (S0—S5) are shown
in Fig. 3.

The results of X-ray diffraction (XRD) analysis for
the SO-S5 alloys are summarized in Table 4. The phase
composition of the metallic ingots depends on the spe-
cific combination of alloying elements. The co-reduc-
tion and subsequent alloying of group V metals (Nb,
Ta, V) with group VI metals (Cr, Mo) result in the for-
mation of nearly single-phase alloys with a body-cen-
tered cubic (BCC) crystal structure, which is typical for
these elements. It is well established that one of the key
conditions for the formation of a single-phase solid
solution is that the constituent metals share the same
crystal structure type.

The XRD pattern of the binary SO (Mo + Nb) alloy
(Fig. 3) confirms the formation of the MoNb phase
(space group Im-3m, PDF2 card #65-5786). Indeed,
the Mo—Nb binary system exhibits unlimited mutual
solubility and conforms to the Hume—Rothery rules for
the formation of substitutional solid solutions. A small
amount of impurity phases, such as Al,O, and NbO,
was also detected, likely due to incomplete phase sepa-
ration during ingot formation.

The addition of a third component (Ta) to alloy S1
also results in the formation of a BCC solid solution
phase, MoNbTa. The diffraction peaks of this phase are
shifted toward lower angles, indicating an increase in
its unit cell parameter compared to the binary MoNb
solid solution. This increase is attributed to the larger
atomic radius of Ta (1.430 A) relative to Mo (1.362 A)
and Nb (1.429 A) [14]. Weak diffraction peaks
of the AL,Nb,Mo, phase with a cubic structure (space

Table 3. Chemical composition
of synthesized RHEAs ingots (wt. %)

Tabnnya 3. XumMnyeckuii cocTas
CHHTe3MPOBaHHBIX cINTKOB TBIC (Mac. %)

Alloy | Mo | Nb Ta Cr \Y Zr Hf
N 50.8 | 492 | - - - - -
S1 347 | 334 | 319 | - - - -
S2 319 | 309 | 28.1 | 9.1 - - -
S3 28.6 | 27.9 | 25.1 | 12.7 | 5.7 - -
S4 237 | 22.8 | 352 | 9.7 - 8.6 -
S5 225 1236|322 | 93 - - 12.4
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Fig 3. XRD patterns of the synthesized RHEA samples (S0-S5)
Puc. 3. Tudpakrorpammbl CHHTE3UpOBaHHBIX 00pas3noB TBOC (S0-S5)
Table 4. Phase composition of RHEASs ingots
Ta6nuua 4. ®a3ossiii coctaB cauTkoB TBIC
Alloy Main phases Secondary phases | Impurity phases
SO MoNb - ALO,, NbO
S1 MoNbTa (BCC solid solution) AlLNb,Mo, -
S2 MoNbTaCr (BCC1 + BCC2 solid solution) - TaO
S3 MoNbTaCrV (BCC3 solid solution) - NbO
S4 MoNbTaCrZr (FCC + BCC3 solid solution) HCP -
S5 MoNbTaCrHf (BCC4 solid solution) HCP -

group Pm-3n, PDF2 card #65-4465) are also observed
in the XRD pattern of alloy S1 (Fig. 4).

The addition of a fourth component (Cr) to alloy
S2 leads to the formation of two BCC solid solution
phases with similar unit cell parameters, designated
as BCC1 and BCC2 in Fig. 3. The corresponding
diffraction peaks are significantly broadened due
to the overlap of reflections from both phases. Notably,
the peaks are shifted toward higher angles, indica-
ting a reduction in the unit cell parameter. This can
be attributed to the presence of Cr in the solid solu-
tion, as Cr has a substantially smaller atomic radius
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(1.249 A) than the other elements in the alloy. The dif-
ference in unit cell parameters between BCC1 and
BCC2 suggests varying Cr content in the two phases,
as confirmed by the microanalysis data shown in Fig. 5.
Crystallization occurs from the melt, where a homoge-
neous distribution of Mo, Nb, Ta, and Cr is established.
It is likely that the two-phase structure forms over
a temperature range in which the Cr-depleted, refrac-
tory-rich phase (Mo—Nb-Ta) solidifies first, followed
by a Cr-enriched, lower-melting phase. It is known that
in multicomponent systems, the formation of a single-
phase solid solution requires that the atomic radius
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Fig. 4. Microstructure of alloy S1 (a, b) and elemental distribution maps of the obtained alloy (c—f)

¢ — combined image of elemental distribution map, d — Mo, e — Nb, f—Ta

Puc. 4. MukpocTpyktypa crutaBa coctaBa S1 (a, b) u KapTbl pacrpeaeneHns IeMEHTOB TTOJy4eHHOro criasa (c—f)

¢ — KOMOMHHPOBAHHOE N300paKEHUE KapThl pacrpeaeieHus 3eMeHToB, d — Mo, e — Nb, f— Ta

difference between constituent elements not exceed
4 %. This condition is not met with Cr addition, which
explains the formation of a two-phase alloy.

Introducing a fifth component (V) into alloy S3
results in the formation of a group of BCC phases,
collectively referred to as BCC3 in the XRD pattern.
The observed reflections are symmetric but significantly

broadened, indicating the presence of multiple BCC
phases with different elemental compositions and cor-
responding unit cell parameters. Although the atomic
radius of V (1.316 A) is larger than that of Cr, the cri-
teria for single-phase formation are still not satisfied.
The peak shift toward higher angles is the most pro-
nounced in this alloy, suggesting that the average unit

Fig. 5. Microstructure of alloy S2 (a, b) and elemental distribution maps of the obtained alloy (c—g)

¢ — combined image of elemental distribution map, d — Mo, ¢ — Nb, f— Ta, g — Cr

Puc. 5. Mukpoctpyktypa cruiaBa coctaBa S2 (a, b) v kapTbl pactpeielIeHus! SIIEMEHTOB MOJIYYSHHOTO CIUIaBa (¢—g)

¢ — KOMOMHHPOBaHHOE H300paXKEHUE KapThl pacipe/eneHus »1eMeHToB, d — Mo, e — Nb, f—Ta, g — Cr
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cell parameter of the BCC phases in the five-compo-
nent system is the lowest among the MoNb, MoNbTa,
and MoNbTaCr alloys.

The addition of group IV elements (Zr and Hf),
which have a hexagonal crystal structure, to the four-
component alloy S2 (MoNbTaCr) causes significant
changes in the phase composition of alloys S4 and
S5, respectively. In the Zr-containing five-component
alloy S4, the XRD pattern shows, in addition to BCC
reflections, strong peaks of an FCC phase (space
group Fm-3m) and weak peaks of two hexagonal
(HCP) phases (space groups P-6m2 and P6,/mmc).
The PDF2 Realize 2022 diffraction database does
not list compounds containing these elements in
the observed combinations with these specific space
groups. For the Hf-containing alloy S5, intense reflec-
tions of a BCC4 phase are observed, with angular
positions close to those of the BCC3 phase, indicating
similar unit cell parameters. As in the Zr-containing
alloy, weak reflections of two HCP phases are also pre-
sent. Clearly, the formation of multiphase structures
in alloys S4 and S5 is a result of the differing crystal
structures of the alloying elements — BCC for group V
and VI metals (Mo, Nb, Ta, Cr) and HCP for group IV
metals (Zr and Hf). Moreover, the atomic radii of Zr
(1.603 A) and Hf (1.578 A) are significantly larger
than those of the BCC-forming elements.

2.4. Microstructure of the synthesized
RHEAs (S1-S5)

Microstructural analysis was performed on pre-
polished cross-sections of the cast RHEA samples
(S1-S5). Elemental distribution maps were obtained
using energy-dispersive X-ray spectroscopy (EDS).
The results are shown in Figs. 4-8.

Microstructural analysis of the cast RHEA samples
(S1-S5) revealed that the addition of modifying ele-
ments (Cr, V, Zr, and Hf) leads to the formation of new
structural features.

The base alloy S1 (Fig. 4, a, b) exhibits a fairly uni-
form elemental distribution, indicating a single-phase
microstructure, which is consistent with the XRD
results. Elemental mapping (Fig. 4, c—f) shows only
slight Nb enrichment at the grain boundaries, a com-
mon characteristic of cast materials.

The introduction of Cr into the base composition
(Fig. 5) causes noticeable structural changes in alloy
S2. The micrographs reveal a two-phase microstruc-
ture, which agrees with the XRD data. This structure
comprises two BCC solid solutions (see Fig. 3): one
forms a Cr-rich matrix, and the other is a Mo-based
dendritic phase.
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With the addition of both Cr and V to the base alloy
(Fig. 6), alloy S3 exhibits a similar dendritic structure.
However, the dendrite arm size is slightly reduced,
ranging from 5 to 10 pm.

The combined addition of Cr and Zr to the base
composition leads to significant changes in the phase
composition of alloy S4. According to the XRD data
(Fig. 3), three distinct phases form: two BCC solid
solutions and one FCC solid solution. However, micro-
structural examination (Fig. 7) shows two clearly dis-
tinguishable components: the first (Fig. 7, c—h, bright
regions) exhibits an equiaxed grain structure and is
based on a Mo-Ta solid solution, while the second
forms an intergranular network enriched in Cr and Zr.

In the case of alloy S5, where both Cr and Hf are in-
troduced, XRD analysis (Fig. 3) indicates the formation
of a single-phase BCC solid solution. Microstructural
observations (Fig. 8) confirm a relatively homogeneous
distribution of the primary elements. Nevertheless, ele-
mental mapping (Fig. 8, c—h) reveals localized Hf-rich
precipitates with sizes of 3—5 pm. Chromium is pre-
sent as dispersed intragranular particles and thin bands
along grain boundaries.

The fine-dispersed microstructure observed in
alloys S2-S5 is expected to contribute to enhanced
mechanical properties.

The objective of this study did not include mea-
suring the physicochemical or mechanical proper-
ties of the alloys, as the primary goal was to confirm
the feasibility of synthesizing such RHEAs based on
three refractory components (Mo—Nb—Ta) by centrifu-
gal SHS metallurgy using oxide feedstock. This fea-
sibility was successfully demonstrated, and the next
stage of research will focus on establishing structure—
property relationships.

2.5. Oxidation resistance
of the synthesized alloys S2-S5

The oxidation resistance of the synthesized refrac-
tory high-entropy alloys (RHEAs) S1-S5 (see Table 2)
was investigated under cyclic heating and holding at
1000 °C in an air atmosphere. It is worth noting that
most studies on RHEA oxidation behavior are conducted
under isothermal conditions. While such conditions are
suitable for evaluating oxidation kinetics and mecha-
nisms, they do not adequately simulate the repeated
heating—cooling cycles that these materials typically
experience in real-world service environments.

Disk-shaped samples with a diameter of 8 mm and
a height of 4 mm were cut from the cast ingots using
a GX-320L electrical discharge machine (CHMER
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Fig. 6. Microstructure of alloy S3 (a, b) and elemental distribution maps of the obtained alloy (c¢—)
¢ — combined image of elemental distribution map, d — Mo, e — Nb, f—Ta,g—Cr, h -V

Puc. 6. MukpocTpykTypa ciuiaBa coctaBa S3 (a, b) 1 kapThl pacipeieieHus SIEMEHTOB TIOy4YeHHOTO cIutaBa (c—h)

¢ — KOMOMHHUPOBAHHOE M300pAKEHNE KaPThI pacipeeieHus d1eMeHToB, d — Mo, ¢ — Nb, f—Ta, g — Cr, h — V

v ;1-133- oL
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Fig. 7. Microstructure of alloy S4 (a, b) and elemental distribution maps of the obtained alloy (c—h)
¢ — combined image of elemental distribution map, d — Mo, ¢ — Nb, f—Ta, g — Cr, h — Zr

Puc. 7. MukpocTpykTypa ciuiaBa coctaBa S4 (a, b) M KapThl pacrpe/IeliCHUs 3JIEMEHTOB MOJTY4YECHHOTO criiaBa (c—h)

¢ — KOMOUHUPOBaHHOE H300paKeHUE KapThl pacipeaeneHus 31eMeHToB, d — Mo, e — Nb, f—Ta, g — Cr, h — Zr
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Fig. 8. Microstructure of alloy S5 (a, b) and elemental distribution maps of the obtained alloy (c—)

¢ — combined image of elemental distribution map, d — Mo, e — Nb, f— Ta, g — Cr, h — Hf

Puc. 8. MukpocTpykrypa crutaBa coctaBa S5 (@, b) 1 KapThl pacpeeneH s SIeMEHTOB IOy IeHHOTO cruiaBa (c—h)

¢ — KOMOMHUPOBAHHOE H300pAKEHUE KapThl pactpe/eieHus 31eMeHToB, d — Mo, e — Nb, f— Ta, g — Cr, h — Hf

EDM, China). The samples were then ground to a sur-
face roughness of R =35, followed by ultrasonic clea-
ning in isopropanol.

The oxidation annealing tests were carried out in
a programmable muffle furnace. The samples were
placed on alumina ceramic supports and arranged in
a “cassette” fixture to enable convenient and rapid
insertion/removal from the furnace. The -cassette
was loaded into a preheated furnace and held accor-
ding to the following schedule: 30 min per cycle dur-
ing the first hour, followed by 1 h cycles until a total
annealing time of 10 h was reached. After each oxida-
tion cycle, the samples were air-cooled to room tem-
perature and weighed using an analytical balance with
a precision of 0.1 mg. The mass gain per unit surface
area over time was determined. Oxidation kinetics
curves were constructed based on the experimental
data. The appearance of the samples after 10 h of oxi-
dation is shown in Fig. 9.

Visual examination revealed that the S1, S4, and
S5 alloys underwent complete structural degrada-
tion. In contrast, the S2 alloy showed only partial loss
of structural integrity, while the S3 alloy retained its
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original shape and developed only a dense oxide layer
on its surface.

Since alloy S3 exhibited the lowest degree of oxi-
dation, a cross-section of its sample was prepared
to investigate the structure of the oxidized and transi-
tional zones. The remaining samples were pulverized,
and their powders were subjected to XRD analysis
(Table 5). The results indicate that in the oxidized
alloys S4 and S5, the primary oxidation product is
the rutile-type phase CrTaO,, which forms via a reac-
tion between Cr,0, and Ta,O,. According to the litera-
ture [48], unlike conventional oxides such as Al,O, and
Cr,O, — which typically form dense, continuous surface
layers during high-temperature oxidation of heat-resis-
tant alloys — CrTaO, tends to form as discontinuous
flakes. Although it does not prevent internal oxidation,
it effectively hinders the outward diffusion of metallic
cations. In contrast, another rutile-type oxide, CrNbO,,
is known to enhance oxidation resistance [49], which
is consistent with our experimental observations: in
alloy S2 (Mo-Nb-Ta—Cr), CrNbO, was identified as
the predominant oxidation phase. As shown in Fig. 9,
the S2 sample partially retained its shape, in contrast
to the S1, S4, and S5 alloys.
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Fig. 9. Appearance of the tested RHEA samples after oxidation annealing (7= 1273 K, t= 10 h)
a—S1 (Mo—Nb-Ta); b — S2 (Mo-Nb-Ta—Cr); ¢ — S3 (Mo-Nb-Ta—Cr—V); d — S4 (Mo—-Nb-Ta—Cr—Zr); e — S5 (Mo—Nb-Ta—Cr—Hf)

Puc. 9. Buemnuii Bun ucnbsityeMsix oopasuo TBOC nocne nposenenust okucnurensaoro omxura (7= 1273 K, t=10 v)
a—S1 (Mo—Nb-Ta); b — S2 (Mo—-Nb-Ta—Cr); ¢ — S3 (Mo-Nb-Ta—Cr—V); d — S4 (Mo—Nb—Ta—Cr—Zr); e — S5 (Mo—Nb-Ta—Cr—Hf)

The mass change data for the tested samples are
shown in Figs. 10 and 11. Analysis of these data
revealed anomalous behavior in the single-phase base
alloy S1 (Mo—Nb-Ta). This sample exhibited a signifi-
cant mass loss during annealing (Fig. 10), especially
within the first 5 h.

It is well established that Mo-based alloys are sus-
ceptible to oxidation at temperatures above 773 K due
to the formation of volatile MoO,. The Mo content in
alloy S1 is the highest among all samples (34.35 wt. %),
and notably, it lacks chromium, which can form protec-
tive complex oxides. As a result, the intense oxidation

Table 5. Phase composition of oxidation products after annealing (7= 1273 K, 1 =10 h)

Tabnuya 5. @a30Bblii COCTAB OKUCJICHHBIX NPOAYKTOB nocie orxura (7=1273 K, T =10 4)

Alloy Composition Main phase Secondary phases Oxidation
Nbh_ MoTa,,0, _
S1 Mo-Nb-Ta (PDF2 card #000-89-6894) Complete
CrNbO (PDF2 %2888382 1930)
N PDEF2 car -82- .
— — [q—! 4 B
52 MoNbTaCr 1 (ppE) card #000-81-0909) | MoNb (BCC, space group fm-3m, | 214!
PDF2 card #000-65-5786)
TaZrZJSO8
CrTaO (PDF2 card #000-42-0060)
— —Ta—C'1r— 4 ’
S4 | MoNbTa-CrZr | (ppE) card #000-39-1428) Mo, ,O;, Complete
(PDF2 card #000-82-1930)
Nb,Ta,O
CrTaO, 4 215
S5 | Mo-Nb-Ta—Cr-Hf | (PDF2 card #000-39-1428) (PDF2 cardlfli)é)o-lS—OlM), Complete
2
(PDF2 card #000-53-0560)
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Fig. 10. Mass change of the S1 alloy (Mo—Nb-Ta) sample 200
during oxidation annealing (7= 1273 K, t=10 h) - 0051 2 3 4 5 6 8 10

Puc. 10. I3mMeHeHre Macchl HCIBITyeMOro odpasia cruiasa Sl
(Mo—Nb-Ta) npu okucnurensaoM omxure (7'=1273 K, =10 u)

of molybdenum leads to considerable mass loss due
to the volatilization of Mo. This assumption is sup-
ported by the XRD data.

Analysis of the data presented in Fig. 11 shows that
the oxidation behavior of the alloys varies both quali-
tatively (mass gain or loss) and quantitatively depend-
ing on their composition. Alloys S4 and S5 exhibited
the greatest mass gain during the first 5 h of expo-
sure; thereafter, a non-monotonic oxidation trend was
observed, and at t>5h, they began to lose mass.
Among all tested samples, alloy S3 showed the small-
est mass change, which made the investigation of its
structure near the oxidation zone particularly relevant.

Microstructural analysis based on cross-sectional
micrographs (Fig. 12) reveals that the interface
between the oxidized layer and the bulk alloy is well
defined. A distinct transition zone is practically absent.
Elemental distribution data (Fig. 12, c—/4) indicate that
the most significant compositional change in the oxi-
dized layer is observed for Mo, whose concentration
is minimized due to the volatility of the molybdenum
oxide. The other elements (Nb, Ta, Cr, and V), accord-
ing to the XRD data, retain their concentrations while
transitioning to oxidized states and forming complex
oxides.

These findings suggest that the S3 alloy
(Mo—Nb-Ta—Cr—V) is the most promising candidate
for further research. Compared to other compositions
reported in the literature, it demonstrates superior
oxidation resistance [50]. With further optimization
of the alloying system, its oxidation resistance could
be improved even more, making this material a strong
contender for high-temperature applications. As previ-
ously noted, oxidation resistance is just one of the key
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T, h

Fig. 11. Mass change curves for the S2—S5 alloy samples during
oxidation annealing (7= 1273 K, =10 h)

Compositions: Mo—Nb—Ta—Cr (S2); Mo—Nb-Ta—Cr-V (S3);
Mo—-Nb-Ta—Cr—Zr (S4); Mo—Nb-Ta—Cr—Hf (S5)
Puc. 11. KpuBbie MU3MEHCHHUS MACChI HCIBITYEMBIX 00pa3IioB
S2-S5 npu oxucaurensHom orxure (7= 1273 K, t= 10 u)

Cocrasl: Mo-Nb-Ta—Cr (S2); Mo-Nb-Ta-Cr—V (S3);
Mo-Nb-Ta—Cr—Zr (S4); Mo-Nb-Ta—Cr—Hf (S5)

performance parameters for refractory high-entropy
alloys (RHEAS), and future studies will aim to evaluate
other relevant properties.

Conclusion

This study experimentally demonstrated the feasi-
bility of producing cast refractory high-entropy alloys
(RHEASs) by self-propagating high-temperature syn-
thesis (SHS) metallurgy — one of the technological
approaches within the SHS field. Using this method, cast
RHEASs based on the Mo—Nb-Ta system, alloyed with
3d-transition metals (Cr, V, Zr, Hf), were obtained for
the first time directly in situ via SHS. Microstructural
analysis confirmed that all target elements were suc-
cessfully incorporated and homogeneously distributed
throughout the ingot volume. The overall elemental
concentrations showed only minor deviations from
the calculated chemical composition, indicating that
the synthesis parameters were appropriately selected.

The introduction of modifying elements (Cr, V,
Zr, and Hf) was found to induce the formation of new
structural features, offering broad opportunities for tai-
loring the microstructure at the synthesis stage.

The experimental data confirm the potential
of the investigated cast refractory high-entropy alloys
(RHEAs) based on the Mo—-Nb-Ta system and sup-
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Oxidazed layer

Fig. 12. Microstructure (a, b) of the surface layer of alloy S3 (Mo—Nb-Ta—Cr—V)
after annealing (7= 1273 K, 1= 10 h) and elemental distribution maps (c—h)

¢ — combined image of elemental distribution map,
d—-Mo,e—Ta, f-Cr,g-V,h-0,

Puc. 12. Mukpoctpykrypa (@, b) moBepxHocTHOrO ci10si criaBa S3 (Mo—Nb—Ta—Cr—V)
nocie orxura (7= 1273 K, T = 10 4) u kapThl pacipeeneHus d1eMeHToB (c—h)

¢ — KOMOWHHUPOBAHHOE M300PaKEHUE KAPThI PACTIPEIICIICHHUS JIIEMEHTOB,
d—Mo,e—Ta, f-Cr,g—V,h-0,

port the feasibility of the proposed alloy formation
method via combustion synthesis using thermite-type
SHS mixtures. This approach may serve as an effective
alternative to energy-intensive vacuum electrometal-
lurgical techniques. In light of increasingly stringent
environmental regulations for metallurgical produc-
tion — including the need for improved energy effi-
ciency and reduced carbon footprint — the SHS-based
centrifugal metallurgy method explored in this study
fully aligns with these objectives.

It enables the production of cast RHEAs with high
chemical homogeneity. The proposed method signifi-
cantly simplifies the complex technological challenge
of producing multicomponent cast RHEAs with cont-
rolled composition and targeted microstructural distri-
bution. This can contribute to expanding the scientific
basis for designing novel high-temperature metallic
materials based on HEAs and for developing next-
generation high-performance engineering systems.

Oxidation resistance testing revealed that alloy
S3 (Mo—-Nb-Ta-Cr-V) shows the greatest potential
for further investigation. Compared to compositions
reported by other researchers, it exhibited superior oxi-
dation resistance, making it a promising candidate for
high-temperature applications.
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