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Abstract. High-entropy alloys (HEAs) and compounds, first studied in 2004, represent a new class of materials with promising applications
across various technologies and industries. Currently, they include metallic alloys based on disordered solid solutions, ceramic materials
based on multicomponent oxides, borides, carbides, silicides, nitrides, and their combinations, as well as ceramic-metal composites.
Among the methods for producing high-entropy materials, such as the crystallization of multicomponent melts, mechanical alloying
in ball mills, and others, self-propagating high-temperature synthesis (SHS) holds a special place. This review presents the current
state of research and development on high-temperature materials produced using the SHS method. It has been shown that the synthesis
of metallic high-entropy alloys via SHS is only possible when thermally coupled reactions are employed. This is realized in metal-
lothermic processes and in the synthesis of ceramic-metal composites from elements. The SHS of refractory high-entropy carbides,
nitrides, borides, and other compounds can also be performed following the classical element-based synthesis approach. At the same
time, the combination of SHS with pre-mechanical alloying of metallic components proves to be effective. For the consolidation of
SHS-produced powder products, spark plasma sintering is most commonly used. Additionally, the method of solution combustion
synthesis for producing high-entropy ceramics based on oxides is discussed. It has been demonstrated that SHS technology, combined
with mechanical activation, mechanical alloying, electric spark plasma sintering, and hot pressing, allows for solving many practical
problems in the production of a variety of ceramic, ceramic-metal, and metallic materials based on high-entropy phases.
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AHHOTaLMs. BEICOKOOHTPOIHITHBIE CIUIABBI H COCANHEHNSI, [IePBbIC NCCIIEIOBAHMUS KOTOPBIX ObLIH omyOnukoBansl B 2004 1., mpeicTas-
JISIOT HOBBIM KJIACC MAaTepuasioB, IMEPCHEKTUBHBIX JUIS MCIIONB30BAaHUS BO MHOTHX TEXHOJOTHSAX M IPOM3BOJCTBAX. B Hacrosiiee
BPEMSi OHH BKJIIOYAIOT B Ce0sl METAJUNIMYECKUE CIUIABbI HA OCHOBE Pa3yHopsIO4EHHBIX TBEPABIX PACTBOPOB, KEPAMHYECKHE MaTepUaIIbI
Ha OCHOBE MHOTOKOMITOHEHTHBIX OKCHI0B, OOPHJIOB, KapOH/I0B, CHIIMIIH/IOB, HUTPUIOB U MX KOMOWHAIIHNI, a TAK/Ke KepaMUKO-MeTall-
JIMYECKUE KOMIMO3UTHI. Cpeli METO/IOB MOJNYYCHHUs BBICOKOIHTPONMITHBIX MaTepHaoB, TAKUX KaK KPUCTAJUTM3ALMs MHOTOKOMIIO-
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W3BECTUA BY30B

HEHTHBIX PAaCIUIaBOB, MEXaHNUECKOE CIUIABJICHUE B IIAPOBBIX MEIBLHHIIAX U JIP., 0C000€ MECTO 3aHUMAEeT CaMOPaCIPOCTPAHSIOINICS
BeICOKOTeMneparypHuslii cuare3 (CBC). B 0030pe mpeacTaBiieHO cOBPEMEHHOE COCTOSHHE HMCCIEHOBAHMI M Pa3pabOTOK BBICOKO-
TeMIIepaTypHbIX MaTepUaloB, NoiydaeMbIX ¢ ucnoibzoBanueM Mmeropa CBC. Iloka3aHo, 4TO CHHTE3 METAUIMYECKUX BBICOKOIH-
TpOIUUHBIX cIIaBoB MeToxoM CBC BO3MOXKEH TOJIBKO IIPU UCIOIb30BAHUM TEPMUUECKU COIPSDKEHHBIX peakuuil. 1o peanusyercs
B IIPOLIECCAX METAIUIOTEPMHUYECKOTO TUIIA, & TAKIKE B CHHTE3€ KePaMUKO-METAIUINUECKUX KOMIIO3UTOB U3 311eMEeHTOB. OCylIecTBICHUE
CBC TyromiaBkux BBICOKOIHTPOIMHHBIX KapOHI0B, HUTPUIOB, OOPHIOB U JPYTUX COSIMHEHHI BO3ZMOXKHO 1 MO KJIACCHYECKOH cxeMe
CHHTe3a U3 21eMeHToB. [Ipn stoM addexruBabIM OKas3biBaeTcst codeTanne CBC ¢ npenBapUTeNbHBIM MEXaHHIECKHM CIUIABICHUEM
METaJUIMYECKUX KOMIIOHEHTOB. [l KOHCOIMAAauuKu NOPOLKOBbIX NpoxykroB CBC uwamie Bcero MCHONIB3yeTCs 2JIEKTPOUCKPOBOE
IUIa3MEHHOE clieKaHue. PaccMOTpeH Takke METOZ CHHTE3a FOPECHUEM PACTBOPOB UL IOJIyYEHUs! BHICOKOIHTPOIUMHON KepaMUKU
Ha ocHoBe okcui0B. ITokazano, uro Texnonorus CBC B coueTaHny ¢ MEXaHUYECKUM aKTUBUPOBAHUEM, MEXAHOCILIABICHUEM, DJICK-
TPOUCKPOBBIM IUIA3MEHHBIM CIHEKAHUEM U TOPSIYMM IIPECCOBAHUEM I103BOJICT PELIaTh MHOIME IPAKTUYECKUE 3aJadd MOTyYCHUs
Pa3HOOOPa3HBIX KEPAMUYECKHX, KEPAMUKO-METAUTMIECKIX U METAININYSCKUX MAaTePHAIoB Ha OCHOBE BEICOKOIHTPOIHUITHBIX (a3.

KnioueBbie croBa: camopacmnpocTpansiomuiics Beicokotemneparypubiii  cuate3 (CBC), BbicokoanTponuitnbie crassl  (BOC),
BBICOKOHTPOIUHHBIC COCMHEHHUS, TOPOIIKOBAS METAILUTYPIHsl, KApOU/IbI, HUTPHIbI, OKCHIbI, GOPHJIBI

BbnarogapHocTy: Pabota BbinoHEHA MpH moiepkke Poccuiickoro HayuHoro donza, mpoekt Ne 20-13-0027711.
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MarepuanoB (0030p). Mzsecmus 8y306. [lopowkosas memannypeus u yHKyuonarbHwie nokpvimus. 2024;18(6):5-16.
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Introduction

A new class of materials, known as “high-entropy,”
encompasses metallic alloys based on disordered solid
solutions, ceramic materials based on multicompo-
nent oxides, borides, carbides, silicides, nitrides, and
their combinations, as well as ceramic-metal compo-
sites. The history of their development spans only two
decades — a very short period for metallurgy. The first
publications on high-entropy alloys (HEAs) appeared
in 2004 [1; 2]. These alloys represented single-phase
solid solutions of five or more metals, taken in equal or
comparable concentrations. This distinguishes HEAs
from traditional alloys, in which the base is typically
one metal (at most two), with other components added
in small concentrations. Mixing five or more different
types of atoms in the crystal structure of disordered
solid solutions results in a sufficiently high configura-
tional mixing entropy to stabilize the solid solution.

As is well known from thermodynamics, the stable
state of a system corresponds to the minimum value
of the Gibbs free energy:

G=H-TS, (1)

where H is enthalpy, S is entropy (considering only
the mixing entropy), and 7 is the absolute temperature
in Kelvin. Thus, the stability of a phase at temperature
T is ensured if any change in the structure of the phase
leads to an increase in Gibbs free energy:

AG =AH — TAS > 0. )

For example, the decomposition of a disordered
solid solution into ordered intermetallic phases (com-

6

pounds) can be thermodynamically favorable due
to a reduction in enthalpy (AH <0), but at the same
time, the mixing entropy will decrease as more ordered
phases are formed (AS < 0), causing the second term
in equation (2) to be positive (—TAS > 0). The phase
will remain stable only if the increase in free energy
due to the formation of ordered phases is greater than
the decrease due to the reduction in enthalpy. The sta-
bility condition from (2) can be rewritten as

|AS| >

AH
7‘ 3)

Here, the magnitudes of AS and AH are compared,
as both quantities are negative in this case. Therefore,
a sufficiently high mixing entropy is required to sta-
bilize the phase. According to Boltzmann’s formula,
the mixing entropy of N types of atoms (alloy compo-
nents) in equal proportions can be approximated as

AS = RInN, 4)

where R is the universal gas constant. The more com-
ponents there are in an equiatomic alloy, the higher
the mixing entropy.

For five or more components

AS > 1.61R = 13.4 J/(mol ‘K). 5)

This is the condition of high entropy that gave these
new alloys their name [2; 3]. It should be noted that
the stabilizing role of entropy in the formation of multi-
component solid solutions is still not entirely clear.
Therefore, in addition to the most common name “high-
entropy alloys”, other terms are used in the scientific
literature for this class of materials, such as complex
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concentrated alloys, multi-principal element alloys
(MPEASs), and others. The rapid development of HEAs
is reflected in thousands of publications, the results
of which are analyzed in several reviews [4—11] and
monographs [12—-14].

Ten to fifteen years after the first publications on
HEAs, research on high-entropy ceramics (HECs)
began to emerge. Initially, these were multicomponent
oxides [15], followed by carbides and nitrides [16—18],
borides [19; 20], and other compounds. A common fea-
ture of these materials is the presence of five or more
types of atoms in the lattice sites of the crystal struc-
ture, with smaller non-metal atoms occupying the inter-
stitial spaces between the metallic atoms. Thus, HECs
can be considered as solid solutions of several binary
compounds. For example, carbides such as TiC, ZrC,
HfC, NbC, and TaC can dissolve in each other to form
the high-entropy carbide TaNbHfTiZrC,.

The intense research and development in the field
of HEAs and HECs can be explained by their excep-
tional properties, including high mechanical strength
and toughness at both low (down to cryogenic)
and high temperatures, wear resistance, heat resis-
tance, and corrosion resistance, as well as unusual
electrical and magnetic characteristics. Powder metal-
lurgy methods, particularly mechanical alloying and
self-propagating high-temperature synthesis (SHS),
are highly promising for the production of HEAs
and HECs. To date, there is no specialized review on
the application of SHS for the synthesis of HEAs and
HECs. Therefore, the goal of our work was to assess
the current state of research on SHS of various high-
entropy materials — HEAs, HECs, and their composites.

1. SHS of high-entropy
metallic alloys

1.1. Thermally coupled reactions

For the SHS process to proceed, sufficient heat must
be released during the reaction to sustain the propaga-
tion of the combustion wave. This requires a highly
negative enthalpy change AH. For example, in the reac-
tion Ni + Al = NiAl, the enthalpy is —118 kJ/mol, while
in the reaction Ti + C = TiC, it is =209 kJ/mol. Clearly,
this contradicts the stability condition (3) for the for-
mation of a disordered solid solution. In [21], the fol-
lowing semi-empirical criterion for HEA formation
was proposed:

o TuAS
AH

> 1.1, (6)

where T is the melting temperature of the alloy.

This leads to a constraint on the heat of the SHS
reaction:

G =|AH| <0.91T, AS = 20+30 kJ/mol. (7)

This value is an order of magnitude lower than
typical SHS reaction enthalpies. Therefore, direct SHS
from elemental metallic HEAs through a reaction such
as A+B+ C+ D+ E=ABCDE becomes impossible
for two reasons. First, the heat released during the mix-
ing of metals, such as in the Cantor alloy CoCrFeNiMn,
is insufficient to sustain a self-propagating reaction.
Second, even if five metals are found that release
enough heat upon mixing, a solid solution will not
form due to the constraint presented in equation (7),
and instead, several intermetallic phases will form.

This problem can be solved using the method of ther-
mally coupled reactions proposed by A.G. Merzha-
nov [22], where two reactions participate in the SHS
process — one weakly exothermic and the other
strongly exothermic. The heat released from the first
reaction provides additional heating for the second.
Merzhanov referred to these as “thermally coupled”
reactions. This scheme is well-suited for the synthe-
sis of HEAs because the weakly exothermic process
of forming a metallic solid solution becomes possible
due to the additional heat from another SHS reaction,
such as the formation of aluminum oxide, titanium car-
bide, or similar compounds. Currently, two approaches
to thermally coupled synthesis of metallic HEAs can be
distinguished, which can be termed the “metallother-
mic” and “cermet” approaches. Both of these methods
are discussed further below.

1.2. Metallothermic synthesis of HEAs

The first results on the aluminothermic synthesis
of HEAs with the composition CoCrFeNiMnAl (where
x =0.2+2.0) were obtained in 2016 [23]. For example,
the chemical equation of the coupled reactions for
the synthesis of equiatomic HEAs can be written as

0.33Co,0, + 0.5Cr,0, + 0.5Fe, O, + NiO +
+MnO, +4.22Al = CoCrFeNiMnAl + 2.11ALO;. (8)

In this case, the highly exothermic reaction
is the oxidation of aluminum, which reduces all
the oxides to form molten Al,O,. The heat released
during this process is sufficient to melt all the reduced
metals, which then mix to form a six-component metal-
lic melt. The total heat release for this process is 480 kJ
per mole of product, and the combustion tempera-
ture exceeds 2500 °C, which is higher than the melt-
ing points of all the components and products. Since

7
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the metallic and oxide melts do not mix and have differ-
ent specific gravities, they separate under the influence
of gravity. Centrifugal machines are used to accelerate
this separation by artificially increasing gravitational
force by several hundred times. As a result, the metallic
melt accumulates at the bottom of the crucible, while
the lighter aluminum oxide melt remains at the top.
After cooling, two separate crystalline products are
formed — a HEA ingot and solid aluminum oxide.

Using this method, HEAs such as CuAIZrTiLi_and
CuAlZrTi(LiCr) , which have submicron microstruc-
tures and low specific gravities, have also been syn-
thesized [24]. HEAs synthesized by the metallother-
mic method, like the Cantor alloy CoCrFeNiMn, can
be applied in laser welding [25; 26] and friction stir
welding [27]. The addition of carbon to the initial ther-
mite powder mixture allowed the production of Cantor
alloys strengthened by dispersions of Me,,C -type
carbides [28].

HEAs suchas Co CrFeNiAI[29], CoCrFeNiAlxMoy [30]
and CoCrFeNiAGCuy [31] were also synthesized
using the metallothermic process, but without the use
of a centrifugal separator. The combustion occurred

Fig. 1. Powder of heat-resistant NiAl-Cr—Co + 15 % Mo alloy
obtained by metallothermic SHS followed
by plasma spheroidization [32]

Puc. 1. TToporIok ’apornpoyHOro CIIaBa
NiAl-Cr—Co + 15 % Mo, moiry4eHHBI METOIOM
Mmetamutorepmuueckoro CBC ¢ nocnenyromeit
a3MeHHol cdeponanzanuei [32]

in a powder mixture of oxides and aluminum, with
the bulk density placed in a copper crucible. The sepa-
ration of the metallic melt and slag occurred under
natural gravitational forces. This demonstrated the eco-
nomic efficiency of this method for HEA production.

One promising application of metallothermically
synthesized HEAs is the production of spherical-
shaped powders for additive manufacturing technolo-
gies. SHS-produced ingots are crushed and ground
in planetary mills, and the resulting narrow pow-
der fractions are then spheroidized in an electric arc
plasma torch. Using this method, heat-resistant alloys
of NiAl-Cr-Co + 15 %Mo with an average particle
size of 14.8 um were produced [32]. The morphology
of the resulting powder is shown in Fig. 1. Individual
inclusions of aluminum oxide are observed on the sur-
face of the particles (Fig. 1, b).

A four-component (medium-entropy) alloy AITiVCr
was recently obtained via metallothermy without cen-
trifugal forces in steel crucibles [33]. The separation
of the metallic melt and slag apparently occurred due
to capillary forces, and the solidified alloy and oxide
inclusions were then mechanically separated.

Finally, it is worth mentioning the work on the me-
tallothermic synthesis of the AlCoCrFeNi HEA in
graphite crucibles within a centrifugal machine [34].
Although the authors of this work claimed the method
to be “new,” it essentially replicates the technology
described in [23] a year earlier. Moreover, centrifugal
SHS-metallothermy has been known for more than
30 years [35], and metallothermy in general for over
120 years [36].

In conclusion, it can be noted that the metallo-
thermic synthesis of HEAs is currently the most deve-
loped among the methods for producing metallic HEAs
using SHS processes.

1.3. SHS of high-entropy cermets

The production of ceramic-metal composites using
the SHS method is also based on the aforementioned
principle of thermally coupled SHS reactions. In
this case, the highly exothermic reaction is typically
synthesis from elements. Reactions between transi-
tion metals and carbon or boron are often used, for
example:

Ti + C = TiC + 230 kJ/mol, )

Ti + 2B = TiB, + 290 kJ/mol. (10)

As mentioned earlier, the allowable heat for the for-
mation of metallic HEAs is much lower than the heat
of these chemical reactions, so the HEA components
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added to the exothermic mixture act as inert diluents.
The SHS reaction scheme can be represented as:

(1 =x)(Ti+ C)+x(Co + Cr+ Fe +

+Ni+ Mn) = (1 —x)TiC + xCoCrFeNiMn. (11)

The heat released during the reaction between
titanium and carbon (9) is sufficient to raise the tem-
perature above the melting points of all the metals.
The melts of Co, Cr, Fe, Ni, and Mn combine and,
after cooling, crystallize as an HEA. Instead of adding
individual metals, pre-prepared HEA powder obtained
by other methods (such as mechanical alloying) can be
added to the reaction mixture:

(1 —x)(Ti + C) + xCoCrFeNiMn =

= (1 —x)TiC + xCoCrFeNiMn. (12)
The addition of HEA, ecither as a mixture of metal-
lic powders or as a pre-synthesized alloy, to the highly
exothermic composition leads to a reduction in
the combustion temperature. Fig. 2 shows the results
of thermodynamic calculations of the adiabatic com-
bustion temperature and experimental measurements
of the combustion rate for compositions similar to (12),
depending on the HEA content [37]. They indicate that

combustion of such mixtures is possible with HEA
content up to 40-50 wt. %, provided the combus-
tion temperature remains above the melting points
of the metals.

As a result of the SHS reaction, a solid framework
of titanium carbide grains is formed, impregnated with
a multicomponent metallic melt. Unlike in the metallo-
thermic process, the ceramic and metallic phases do not
separate, and upon cooling, a ceramic-metal composite
(cermet) forms, consisting of TiC grains and a high-
entropy metallic binder. An example of the microstruc-
ture and element distribution in such a cermet is shown
in Fig. 3. Some features of the structure formation
of these materials were studied in [38].

To consolidate ceramic-metal composites with
a multicomponent binder based on the Cantor alloy,
a method of hot SHS pressing was applied, where
the workpiece is subjected to quasi-isostatic compres-
sion in a sand-filled mold immediately after the com-
bustion wave passes through it [39]. This method,
known as the technology for synthetic hard tool materi-
als (STIM technology), had previously been developed
for cermets with simpler binder compositions, such as
TiC-Ni, TiC-Ni-Mo, TiC-Ni—Cr [35; 36; 40; 41].

The range of ceramic-metallic materials with HEA
binders also includes:

3500
3000
2500

M 2000

Tad

1500

1000

500

3.0

U, cm/s

60 80 100

Binder content, wt. %

Fig. 2. Adiabatic combustion temperatures (thermodynamic calculation)
and combustion rates (experiment) of Ti + C + HEA mixtures, depending on the composition and mass content of HEA:

CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
Dashed lines indicate the melting temperatures of the metals

Puc. 2. Annabarudeckue TeMreparypbl TOpeHust (TepMOJMHAMUYECKHI pacyer)
U ckopocTH ropenus (9xcnepument) cmeceit Ti + C + BOC B 3aBucHMOCTH OT cocTaBa U MaccoBoro coaepkanus BOC:
CoCrFeNiMn (1, 4); CoCrFeNiTi (2, 5); CoCrFeNiAl (3, 6) [37]
H_ITpI/IXOBBIMI/I JIMHUSAMH IIOKa3aHbl TEMIIEPATYPLI IIJIABJICHUS METAJIJIOB
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60TiC + 40CoCrFeNiMn

80TiC + 20CoCrFeNiTi

80TiC + 20CoCrFeNiAl

BEI

)

&S

Ti

.

1

Cr

Fe

Fekal Fekat

Ni

Me
(Mn, Al)
orC

M a1 CHat_2

Fig. 3. Microstructure and elemental distribution in some SHS cermets with high-entropy binders [37]

Puc. 3. MuKpOCTpYKTYypa 1 pacrpesielieHne 31eMeHToB B HeKoTopbix CBC-kepMeTax ¢ BEICOKOIHTPOITMHHBIMU CBsi3KaMu [37]

* WC—CoCrFeNiMn [42],

* Ti(C,N)—-CoCrFeNiAl [43; 44],

* TiB,~CoCrFeNiTiAl [45; 46],

* TiB,~CoCrFeNiAl [47],

* TiB ~TiC-CoCrFeNiTiAl [48] and others.

The authors of [49] proposed considering such
materials as a new class of cermets. However, in studies
[42-48], pre-synthesized ceramic powders of carbides,
borides, and carbonitrides were used, so SHS reac-
tions did not occur. The material was formed during
processes such as spark plasma sintering or hot press-
ing, where heating occurs not due to chemical reactions

10

but from passing an electric current through the mold
or the powder itself. There are few studies where such
materials are produced without external heating, rely-
ing solely on the heat generated from the SHS reac-
tion. However, thermodynamic calculations and initial
experimental results indicate that these processes are
entirely feasible, suggesting an expansion of research
into high-entropy SHS cermets in the near future.

Recently, new types of high-entropy cermets have
emerged. In these materials, the high-entropy phase is
a multicomponent ceramic, while the binder consists
of conventional metals or alloys. These materials will
be discussed in the next section.
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2. SHS of high-entropy The exothermic SHS reaction can proceed in mix-

ceramic phases

The crystalline structure of high-entropy ceramic
phases consists of two sublattices: a cationic and
an anionic one. In the cationic sublattice, there are
metal cations of several types (no fewer than five),
which are randomly distributed across the lattice sites.
This random arrangement provides these compounds
with high mixing entropy, which should stabilize
the high-entropy ceramics (HECs) and prevent their
decomposition into simpler phases. The anionic sublat-
tice consists of atoms of a single type — oxygen, boron,
carbon, or nitrogen. Depending on the type of anion,
these materials are classified as high-entropy oxides,
borides, carbides, or nitrides. It is theoretically possible
to combine several anions in the anionic sublattice, such
as in carbonitrides or oxycarbonitrides, but the realiza-
tion of such HECs remains a task for the future. High-
entropy ceramics can be considered as solid solutions
of corresponding simple compound.

The dissolution of binary compounds into each other
under external heating was used to produce the first
HECs. Using this method, high-entropy diborides were
synthesized [50]:

* (Hf,Zr, ,Ta ;Mo , Tig ))B,,

* (Hfy ,Zry ,Ta  ,Nb , Ty ,)B,,

* (Hf, ,Zr, ,Nb, , Mo, , Tiy ))B,,
* (Hfy ;Mo ,Tay ,Nb ,Tiy ,)B,,
* (Mo ,Zry ,Tay ,Nby ,Tiy ,)B,,
* (Hf, 71, ,Ta, ,.Cry , Tiy ))B,.

In this process, a mixture of simple diborides (e.g.,
TiB,, ZrB,, etc.) was processed for 6 h in a Spex
8000D shaker ball mill (SPEX SamplePrep LLC, USA)
and then subjected to spark plasma sintering (SPS)
for 5 min at a temperature of 2000 °C and a pressure
of 30 MPa. The result was the formation of multicom-
ponent hexagonal phases, some of which have ultra-high
melting points. A similar method was used to obtain
high-entropy carbides (V ,Nb,,Ta ,Mo,,W,)C from
a mixture of simple carbides, with milling time reduced
to 2 h and SPS carried out at 2200 °C and 30 MPa for
10 min [51]. However, this approach is not applicable
to SHS. As mentioned earlier, SHS of multicomponent
ceramics from mixtures of pre-formed simple com-
pounds is not possible due to insufficient heat from
the reaction (with some oxide combinations being an
exception). Therefore, to produce HECs via combus-
tion or thermal explosion, mixtures of metallic and
non-metallic reagents must be used, which react with
significant heat release.

tures of metals with carbon or boron, during mechani-
cal treatment in high-energy planetary ball mills and
during SPS. Using this approach, carbides such as
(HfTaTiNbZr)C, (HfTaTiNbMo)C and (TiZrHfTaNb)
C were synthesized [52-54]. If the chemical reaction
leading to the formation of new phases occurs due
to heating during SPS, this process is called “reaction
SPS” [55]. It can, in principle, be considered a type
of SHS process, although there is insufficient data on
the temperature conditions inside the molds to deter-
mine whether self-heating or the formation of self-
propagating combustion waves occurs during mechani-
cal alloying and SPS.

High-entropy carbides such as TaZrH{NbTiC, [56-59],
TaTiNbVWC,, and TaNbVMoWC; [58] were directly
synthesized using SHS, revealing two key features.

1. Direct synthesis from a mixture of elemental metal
and carbon powders often leads to the formation of a
multiphase mixture of carbides. This is likely because
each metal reacts with carbon separately in the combus-
tion zone. For example, titanium melts at a relatively low
temperature (1670 °C) and forms TiC particles before
tantalum (3017 °C) melts and reacts with the remaining
carbon. Once the simple carbide particles are formed,
it becomes difficult to dissolve them into each other.
Therefore, a three-stage process was proposed:

—a mixture of metallic powders is processed in
planetary mills to form a powder of a high-entropy
solid solution of metals;

— carbon (soot) is added to the solution, and addi-
tional processing in planetary mills is carried out;

—the resulting reaction mixture is used for SHS
of carbides.

2. Some highly refractory HEC components (e.g.,
Mo, W, V) release little heat during their reaction with
carbon, so it is advisable to conduct SHS in the thermal
explosion mode, using additional heating of the sam-
ples to the point of self-ignition.

Through preliminary mechanical activation of metal
mixtures in a planetary mill under an argon atmo-
sphere, followed by SHS in a nitrogen atmosphere,
the high-entropy nitride (Hf,,.Ti ,.Cr,,(FeV),,s)N
was synthesized in [60], and by combining metallo-
thermic synthesis and SHS from elements, the HEC

ALO,/(NbTaMoW)C was obtained [61].

Finally, a new trend of adding a metallic binder
to HECs should be noted [62; 63]. Although such mate-
rials, belonging to the class of sintered hard alloys, have
so far been produced by traditional powder metallurgy
methods, the use of SHS (e.g., via STIM technology)
appears to be a promising approach in this area.
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3. Synthesis of high-entropy phases
by solution combustion

Solution Combustion Synthesis (SCS) is a varia-
tion of SHS that allows the production of nanopow-
ders of oxides and other compounds, including mul-
ticomponent materials [64]. The process proceeds as
follows: metal nitrates are dissolved in water along
with an organic compound (such as glycine, urea, or
citric acid). The solution is then heated to a relatively
low temperature of 120-140 °C, causing the water
to evaporate, after which the resulting gel ignites.
The combustion product is a loose powder composed

Green powder
mixture

Combustion

of particles ranging in size from 10 to 100 nm. Since
all the components are mixed at the molecular level
in the solution, they are also uniformly distributed in
the nanoparticles of the product. This enables the com-
bination of many elements in solid solutions and sin-
gle-phase compounds. Using this method, high-entropy
oxides such as (Co,,Cu,,Mg;,Ni ,Zn,,)O have been
produced. Another example is a “record-breaking” fer-
rite in terms of the number of components [66], which
exhibits valuable magnetic properties. The schematic
of the SCS process and X-ray maps showing the homo-
geneous distribution of many elements in the nanopar-
ticles of the product are presented in Fig. 4.

Powder

\ products

Thermal P
explosion LR
Oy

Compacted
products

Fig. 5. Scheme of possible pathways for obtaining high-entropy materials using SHS
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The SHS technology, in combination with mechani-

cal activation, mechanical alloying, spark plasma sin-
tering, and hot pressing, provides solutions to many
practical challenges in the production of various
ceramic, ceramic-metal, and metallic materials based
on high-entropy phases. Possible technological path-
ways for producing such materials are illustrated in
the diagram in Fig. 5. It seems highly likely that this
scientific and technological field will experience rapid
development in the coming years.
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