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Annomayusn. llpenctaBieHbl COBPEMEHHBIE HANpPaBICHUS HCCIENOBAaHUI BBICOKOIHTPONHUIHBIX cruiaBoB (BIC),
BKJIIOYass MX (yHJaMEHTaJIbHbIE AacCHeKThl, METOJbl HM3TrOTOBJCHUS, YIPOYHECHHUS, a TaKKe O00JacTH uX
npuMmeHeHus. [Ipoanan3upoBaHbl OCHOBHBIE MEXaHN3MbI (DOPMHPOBAHHS MUKPOCTPYKTYPHI U (ha30BOr0 COCTaBa
BOC, noguepkuBaeTcst IEHTpaIbHAS POJIb BRICOKOH KOH(UTYypannOHHOM SHTPOIINH B CTa0MIH3auH OXHO(A3HBIX
TBEPAOPACTBOPHBIX CTPYKTYP W CO3JaHHM YHHUKAIbHBIX CBOMCTB, MPEBOCXOIAIINX TPaIUIMOHHBIC CIIJIABBHI.
CucTeMaTH3MpOBaHbl YETHIPE OCHOBHBIX HAlPABICHUS HCCIEIOBAHUI: TEPMOIMHAMHYECKOE OOOCHOBaHHE
(a3000pazoBaHmst, MUKPOCTPYKTYPHBIE TpaHC(OpMany, MEXaHNIECKHE U (PyHKIIMOHAJIbHBIE CBOICTBA, a TaKXKe
pa3paboTKa HOBBIX KJIACCOB CIUIABOB M JICTHPYIOIMX KoHIenuid. Ocoboe BHUMaHNE YAEIEHO KOMIUIEKCHOMY
aHaIN3y Pa3IMYHBIX METOJOB IIpon3BoaAcTBa BOC, HaunHast OT TpaIUIIMOHHBIX IIABOYHO -IUTEHHBIX TEXHOJIOTHH
(BaxyyMHas MHIYKIIMOHHAS IUIaBKa, BAaKyyMHO-IYT'OBOH HepeIuiaB, 3JeKTPOLUIAKOBasl MJIaBKa) U MOPOIIKOBBIX
METOJIOB JI0 COBPEMEHHBIX WHHOBAIIMOHHBIX aJIUTHUBHBIX MOJXOJOB (CEJIEKTHBHOE Ja3epHOE CIUIABJICHUE,
JNEKTPOHHOIYy4EBOE IUIaBJICHHE, JasepHass HamiaBka). [loka3aHO, Kak pas3lM4HbIE TEXHOJIOTHH CHHTE3a
o0ecreunBaOT KOHTPOJIb HaJ MHKPOCTPYKTYpO#, pa3mMepoM 3epeH U (ha3oBbIM pacIpelelICHUEM.
PaccmarpuBarorcss  MexaHusMbel  ynpouHeHus BOC  (TBepmo-pacTBOpHOE M OCaJ04YHOE YIPOUYHEHHE
HAaHOYACTHUIAMH), a TaKXe CO3/laHWe TE€TEPOTeHHBIX CTPYKTYpP M YNPOYHEHHE Ae(pEeKTaMH, YTO IO3BOJISET
JOCTUTaTh OINTHMAJIBHOTO COYETaHWS NPOYHOCTH M IuIacTUYHOCTH. (OO003HA4YEeHBI OCHOBHBIE O00JACTH
npakTHdeckoro npumMeHeHns BOC — oOT a’poKkocMHYECKON M SHEPreTHYecKOW INPOMBIIUICHHOCTH 10
OMOMEIMIIMHCKOTO 000PYNOBAaHMS, 3AIIMTHBIX MOKPHITUH M KaTaJIUTHYEeCKUX NpuMeHeHui. [lomuepkuBaercs
pactymmee 3HaueHne BOC B sKCTpeMalbHBIX YCJIOBHSX IKCIUTyaTallMM Oylarojapsi MX TepMOCTAaOMIBHOCTH U
KOPPO3WOHHOW YCTOMYMBOCTH. B 3aKiIlOUMTENbHOW 4YacTH OIPEAETEHBl IEPCHEKTUBHBIE HANPaBICHUS
JATBHEHUIITNX HCCIEAOBAaHNUM, BKIIOYas Pa3BUTHE METOJOB MacIITaOHMpPOBAHHS NMPOU3BOJCTBA, CTAHAAPTHU3ALUU
MaTepHaJIOB M HCIIOIB30BaHUS BBIYMCIUTENBHBIX MOJENCH I YyCKOPEHHON pa3pabOTKH HOBBIX KOMITO3UITHH.
ITomuepkuBaeTcs HEOOXOIUMOCTh MEXKIUCIUIUIMHAPHOTO MOAX0/a, OOBEAUHSIONIEr0 MepeoBble TEXHOIOTHH
MIPOM3BOJICTBA C DyHIAMEHTANBHBIMH UCCIICAOBAHUSIMH, YTO OTKPBIBAET IIUPOKHE MEPCIEKTUBBI IS YCIELUIHOTO
BHeApeHns BOC B BEICOKOTEXHOJIOTHYHBIE C(hephl COBPEMEHHOM MPOMBIIUIEHHOCTH.

Kniouegvie cnoea. BBICOKOIHTPOIMHHBIE CIUIABBI, MHKPOCTPYKTYpa, OCaJO4YHOE YIPOYHEHHE, OJIIEKTPOHHAs
MHKpOCKOTIIHS, (ha30BbIH COCTaB, MEXaHUYECKHE CBOHCTBA
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Review article
STUDY OF HIGH-ENTROPY ALLOYS AND THEIR APPLICATION FIELDS
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Abstract. This paper presents a comprehensive overview of the current research directions in high-entropy alloys (HEAS),
encompassing their fundamental aspects, processing routes, strengthening mechanisms, and application fields. The
primary mechanisms governing the formation of the microstructure and phase composition in HEAS are analyzed,
emphasizing the central role of high configurational entropy in stabilizing single-phase solid solutions and enabling
the development of unique properties that surpass those of conventional alloys. The review systematically
consolidates four primary research domains: the thermodynamic principles of phase formation, microstructural
transformations, mechanical and functional properties, and the development of novel alloy classes and alloying
strategies. Particular emphasis is placed on a comparative analysis of various HEA manufacturing methods,
ranging from traditional melting and casting technologies—such as vacuum induction melting, vacuum arc
remelting, and electroslag remelting—to powder metallurgy routes and modern innovative additive approaches,
including selective laser melting, electron beam melting, and laser cladding. The study demonstrates how these
diverse synthesis techniques enable control over microstructure, grain size, and phase distribution. The
strengthening mechanisms of HEAs are examined, including solid-solution strengthening and precipitation
hardening by nanoparticles, as well as the creation of heterogeneous structures and defect-mediated strengthening.
These mechanisms are shown to be key to achieving an optimal balance of strength and ductility. The principal
areas of practical HEA application are outlined, spanning the aerospace and energy industries to biomedical
devices, protective coatings, and catalytic applications. The growing importance of HEAs for service under
extreme conditions is highlighted, owing to their exceptional thermal stability and corrosion resistance. In
conclusion, the review identifies promising avenues for future research, which include the development of scalable
production methods, material standardization, and the implementation of computational models for the accelerated
design of new compositions. The necessity of an interdisciplinary approach that integrates advanced manufacturing
technologies with fundamental research is underscored, pointing towards broad prospects for the successful
implementation of HEAs in high-tech sectors of modern industry.

Keywords: high-entropy alloys, microstructure, precipitation hardening, electron microscopy, phase composition,
mechanical properties
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Beenenue

BricokosnTponuiinsie crassl (BOC) npencras-
TI0T c000¥ MHHOBAIIMOHHBINA KJIACC MATEPHAJIOB C
MHOTOKOMITOHEHTHBIM ~ COCTaBOM, BKIIFOUYAIOIIHM
IATh 1 00JIee 3JIEMEHTOB B PKBUATOMHBIX (PaBHBIX)
Wiu ONIM3KUX KOHIIEHTPANUAX, 9TO 00eCIeunBaeT
YHUKAJIbHBIE CBOMCTBA, MPEBOCXOIAIINE TPaIUIIU-
onHble caskl [ 1]. 3a mocnennue necarunetus BOC
MIPHUBIIEKIIN 3HAYUTENHHOE BHIMAaHAE HAYyYHOTO CO-
obmrecTBa 6marogapsi CBoeMy MOTECHIMATY ISl CO-
3IaHUSl MATEPUAIOB C HCKIIOYUTEIHHBIM COYETa-
HUEM MEXaHWYECKHX, KOPPO3HOHHBIX M (PYHKIIHO-
HaJbHBIX XapaKTepUCTHK [2].

B macrosmeii paboTe mpoBeAcH aHAIN3 COBpE-
MeHHOTro cocrostaus uccienoBanuii BOC. O0630p
OXBaTbIBacT (DyHJAMCHTAIILHBIC HANpaBIICHUS HC-

CJIEZIOBAaHM, HalpaBJIEHHbIE Ha M3ydeHHe (Pa3000-
pa3oBaHMsI, MHKPOCTPYKTYPHl U MEXaHHUYECKUX
cBoiictB BOC, ¢ 0coObIM aKIIeHTOM Ha OTHEYITOPHBIE
CIUTaBBl U MAaTEPHAJIBI C TETEPOTC€HHOW MUKPOCTPYK-
TypOil.

Paccmotpenst meTozp! m3rorosienus BOC: ot tpa-
JUIIMOHHBIX TEXHOJIOIMH (IUIaBKA U JINThE, MEXaHU4e-
CKOE JISTUPOBaHKE) 10 COBPEMEHHBIX HHHOBAIIMOHHBIX
TIOTXOIOB (3T THBHBIE TeXHOIOTHH). Oco00e BHUMA-
HHUE YJeNeHO aHalM3y MEXaHW3MOB YIPOYHEHUS,
BKJIIOYAs] TBEPAO-PACTBOPHOE YIIPOYHEHHE, CO3IAHUE
TeTepPOreHHBIX MUKPOCTPYKTYp U YIPOUHEeHHE edek-
TaM{ KPUCTAIUTAIECKON CTPYKTYPHI.

[IpoBeneH cpaBHUTENBHBIM aHAIM3 Pa3IUYHBIX
METO/IOB M3TOTOBJIICHHS U YIPOYHCHUS MaTEPUAIOB C
TOYKHU 3PEHHUS WX NMPEUMYIIECTB, OTPAaHUYEHHUN U Tie-
JIEBBIX TpuMeHeHuH. CHcTeMaTH3upOBaHbl 001acTH
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npuMmenennss BOC B a3poKoCMUYeCKOM, IJHEPTreTHIC-
CKOHM, OMOMEIUITMHCKOW ITPOMBITINICHHOCTSIX M 3a-
IIUTHBIX TOKPBITHAX. COBPEMEHHBIC HCCIICIOBAHUS
BOC HampariieHpl Ha paclIMpPeHUE WX TPaKTHYC-
CKOTO MPUMEHEHHS Yepe3 ONTUMHU3AIIIIO COCTaBa, CO-
BEpPILICHCTBOBAHNE TEXHOJOTHH TPOW3BOJCTBA, OT-
KpBIBasi HOBBIC BO3MOXKHOCTH JIJISI CO3JIaHUSI MaTEePH-
aJIOB, PabOTAIOIINX B 3KCTPEMATBHBIX YCIOBUSAX.

OcHoOBHBIE Pe3yIbTATHI

Uccnenosanust BOC 00beIUHAIOT YeThIpe OCHOB-
HBIX HAIpaBJIEHUS: TEPMOANHAMUYECKOE OOOCHOBA-
Hue (ha3000pa3oBaHUsi, MHKPOCTPYKTYPHBIC TpaHC-
(dopmariy, MexaHuuecKue U (pyHKIMOHATBHBIE CBOM-
CTBa, a TAKXKe pa3pabOTKy HOBBIX KJIaCCOB CILIABOB U
JIETUPYIOMIMX KOHIIETINIA. DT HampasieHus: (opMu-
PYIOT OCHOBY Jjisl AanbHewIero passutusa BOC kak
MIEPCTIEKTHBHBIX MATEPHUANIOB YISl 3KCTPEMAaJIbHBIX H
CTIEIMATN3NPOBAHHBIX PHIIOKEHH.

[epBoe HampapieHHE CBS3aHO C U3YUCHHEM (hazo-
00pa3oBaHMsl W TEPMOAWHAMHUYCCKOM CTaOWMIIM3aIiH
MIPOCTHIX TBEPIBIX PAaCTBOPOB B MHOTOKOMITOHEHTHBIX
cucreMax. VccnenoBaHusi MOKa3bIBAIOT, YTO BBICOKAS
KOH(QUTYpallMOHHAs JHTPOIMS CMENICHUSI CHOco0-
cTByeT (hOpMHPOBAHWIO OMHO(A3HBIX CTPYKTYp IIPH
AS_mix > 1,5R, Torma kak 0osee HU3Kast SHTPOIHS Be-
JeT K MHOTO(a3HbIM CHUCTeMaM C WHTepMeTauInye-
cKuMU coerHeHusMH [2]. B pabote [3] Ha mpumepe or-
HEYIOPHBIX BBICOKOAHTPONMIHBIX CIUIABOB HCCIIETY-
€TCS OTHOCUTEJIbHBIN BKJIAJl SHTPONUUHBIX U JHTAJIb-
MAAHBIX (PAKTOPOB, & TAKKE AIEKTPOXHUMHUECKOTO B3a-
MMOJISHCTBUSI KOMIIOHEHTOB B (JOPMHPOBAHKE HUTOTO-
BoOro (ha30BOro COCTaBa.

Bropoe HampaBieHue MOCBSIIEHO HCCIEN0Ba-
HUIO MUKPOCTPYKTYPHI ¥ €€ SBOIIIOINY O] BO3JIEH-
CTBHEM TEPMHUYECKON 00paboTKH H JedopMalivim.
[MapameTpsl OXJIaXKJeHHsI 3aTOTOBKH W TOCIEAYIO-
el MeXaHMUYECKOW 00pabOTKU OINPENessOT MOp-
(hotoruto 3epeH U pacnpezelieHue BTOPUIHBIX (a3,
YTO HANpSMYIO BIHMSET HA MEXaHWYECKHE CBOICTBA
criaBoB [4; 5]. B pabGorax [6; 7] uCHONB3YIOT
aTOMHO-30H10BY10 ToMorpaduto (A3T) 1 BeLsiBIIe-
HUSl JIOKaJIBbHBIX XHMHUYECKUX HEOJHOPOJHOCTEH,
BIMSIIOIIMX Ha oOpa3oBanue ocanounbx a3 (L12) B
BBICOKOHTPOIUIHBIX CILJIaBax.

Tpetbe HampaBlieHHE 0XBATHIBAET MEXAaHUYECKUE
u GyHKIMOHAIbHBIE cBolicTBa. B pabote [3; 8] cu-
CTEeMaTH3UPYIOT IAHHBIE 10 TIPOYHOCTHBIM XapaKTe-
PHUCTHKAM IPH BBICOKHX TeMIEpaTypax M yCcTanocT-
HBIM cBoiicTBaM BOC, oTMedas WX IpeBOCXOJICTBO
HaJI TPAUIIMOHHBIMUA HUKEJIEBBIMU CIulaBamu. Mc-
nonb3oBanue BOC B MeTaioMaTpuyHbIX KOMITO3U-
Tax JIEMOHCTPHUPYET BBICOKYIO TBEPIOCTH U CTa-

OMITFHOCTh MUKPOCTPYKTYpHI. M3yueHwne Kopposu-
OHHOM CTOMKOCTH M N3HOCcOocTorKocTr BOC B arpec-
CHUBHBIX CpeaX MOATBEP)KAACT MX MOTCHLIUAN s
3alIUTHBIX MOKPBITUH [9].

UeTBepTOe HAIIPABICHHE CBI3aHO C pa3pabOTKOM
HOBBIX Ki1accoB BOC u MeTooB jierupoBanms. B pa-
Ootax [9 — 11] npeayararoT KOHIEIIUY JISTHPOBA-
HUSl C TIPUBJICYCHUEM ATIOMHUHHS W ITUPKOHUEM, a
TaK)ke BapbHpOBaHWE COAEP KaHMS MapraHIia u e-
Je3a Al yiyduieHus: OajaHca NpOYHOCTH W IUIa-
CTUYHOCTH 4epe3 CO3JaHHEe TBEPJO-PacTBOPHBIX U
IUcTiepcuoHHO-yrpouHstonmx (a3. B pabore [9]
PaccMOTPEHO BIMSHHME MU3MEHEHHs COCTaBa IUPKO-
HUS M Maprasia Ha CTPYKTYypY, a TaKXKe Ha MEXaHU-
YECKHE CBOMCTBAa BBICOKOOHTPONMUIHBIX CILIABOB
cuctembl CoCrZrMnNi. YBenndenue copepKaHus
upkoHus ¢ 8 o 28 ar. % cnocobcTByeT hopmupo-
BaHHUIO MEJIKO3EPHUCTON CTPYKTYpHI (pa3mep 3epHa
ymenbmaetcs ¢ 30 10 5 MkM) u 6011ee OTHOPOTHOMY
3NIEMEHTHOMY pacrpezesieHuto (puc. 1).

OnTuMaibHBIME MEXaHHMYECKUMU XapaKTEPHCTH-
kamu obOsagaer cmiaB Co19,8Cr17,5Z115,3Mn27,7Niis,7,
JEMOHCTPHUPYIOUIMY HanOONbIINe HAHOTBEPIOCTh
(10 I'Tla) u monyns FOura (161 I'Tla). Onnako npu
YBEITMYEHUH HArpy3Ky HHACHTUpoBaHuUs 10 5 H Muk-
POTBEPIOCTH 3TOTO CIUIABA CHIKAETCS IO CPABHEHHIO
C MaTepuasoM ¢ 0oiee BHICOKHUM COJICPIKaHUEM LIUp-
KOHUA (CO18,7CI‘16,SZr28,9M1’117,4Ni18,6), YTO YKa3bIBacT
Ha 0oJiee YHUBEpCAITbHbIE MEXaHUYECKIIE CBOIMCTBRA CILIa-
BOB C cofieprkaHneM Ipkonus okono 20 — 30 at. %.
Pe3ynprarel uccienoBaHMA MOATBEPKIAIOT, YTO
VIPOUHSIONIEE NeHCTBHE IMPKOHUS OOYCIIOBICHO
MEXaHU3MOM TBEPJOPACTBOPHOTO YITPOYHEHHSI.

B pa6otax [10; 11] BEICOKORHTPONIMHHBIN CTIJIaB
Al2,1C00,3Cro,sFeNi2,1, HM3rOTOBIEHHBIA METOIOM
MIPOBOJIOYHOM AYTrOBOM aJIJUTUBHOM Ie4aTH, Xapak-
TEepHU3yeTcs JEHIPUTHOW MUKPOCTPYKTYpOH ¢ pas-
Mepamu 3epeH 4 — 15 MKM H pa3fesnieHueM Ha JIeH/-
PUTHBIE U MeXJeHIpuTHBIe oOnactu. [lo maHHBIM
AIIEKTPOHHON MHUKPOCKOIHH JICHAPUTHI 00OTaICHBI
AMIOMUHUEM M HUKEJIEM, MEXJCHPUTHBIC 30HBI —
XPOMOM U KEJIe30M, a KOOaIbT pacrpeiesieH paBHoO-
MepHo (puc. 2).

OcHoBHBIMH  (pa3samMu  SBISIFOTCSL  KyOMUYECKUi
Al:Ni 1 copepuuecknii (Ni,Co)sAls, npu 3TOM BroIH
rpanul cyoMukpoHHbIX (40 — 100 am) AlsNi ¢a3 06-
HapyxeHbl qucnepcubie yactuisl (Ni,Co)sAls pas-
MepoMm 7 — 10 aM. Takas MUKPOCTPYKTypa CBHIIE-
TEJBCTBYET O PEANN3aliH ABYX MEXaHU3MOB YIIPOU-
HeHUs (TBEpIOPACTBOPHOTO W TUCIEPCHOHHOTO),
YTO MO3BOJISIET IPOTHO3UPOBATH BEICOKHE MTPOYHOCT-
HBIE CBOWCTBA cIUIaBa. (puc. 3).

B pabore [11] mokazaHo, 4YTO CIUIaB
C020CraoFe10Mn3oNizo, momydeHHBIN BaKyyMHO-
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Puc. 1. DneMeHTHOE KapTHPOBAHUE U OIPEICIICHHE KOHIIEHTPAIMOHHON HeoaHopoaHocTH cruiaBa Co1s7Crie 52128 9Mni7,4Niise
BII0JIb JINHUU HPOTSKEHHOCTBIO 246 MkM [9]
Fig. 1. Elemental mapping and determination of concentration heterogeneity of the Co1s,7Cri65Zr289Mn17,4Ni1s 6 alloy along a line
with a length of 246 pum [9]
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Puc. 2. CprKTypa TOMEPEUYHOTO CCUCHU BLICOKOSHTpOHHﬁHOFO CILlIaBa (OI'ITI/I'-IECKaH MUKPOCKOIIUA IMMPOTPAaBJICHHOT'O MPIKpOH_U'[I/I(ba)
Fig. 2. Cross-sectional structure of a high-entropy alloy (optical microscopy of an etched microsection)

WHAYKIWOHHON IIJIaBKOH, TIPECTaBIsIeT co00i of-
HoazHbIH TBepabIi pacTBop ¢ OLIK-pemerkoii u aeH-
PUTHON MUKPOCTPYKTYPOH TPETHETO MOPSIKA, IIPUUEM
HIapbl ICHAPUTHBIX BETBEH 00O0TaIlIeHbl XPOMOM, Kelle-
30M M KOOAJIbTOM, @ MEXIICHAPUTHBIC 30HBI — MapraH-
LieM U HuKeneM. PacnipesiesieHre 21eMeHTOB yKa3bIBaeT
Ha MX YaCTHYHYIO PEKPUCTAIUTM3ALMIO U OCAXJICHUE
BTOPHYHBIX (a3 B MHTEPICHAPUTHBIX MPOCTPAHCTBAX.
MexaHU4YeCKHE UCTIBITaHKS IPOAEMOHCTPHUPOBAIIH BbI-
cokyro (cBeie 80 %) MIacTHYHOCTE U TpeAei TeKyde-
ctu 236 MITa. CHinkeHMe coiepkaHus Keme3a v yBelu-
YeHHE MapraHla MPUBOIAT K MOBBILIEHHONH CKOPOCTU
HaTSDKEHUS ¥ POCTY CTENEHH OXPYITIMBAHUS, a IIPUCYT-
CTBHE cCEepUUECKHX BKIIIOUSHHH, 00OTalleHHBIX Map-
raHLeM M XpOMOM, CBHIETEILCTBYET O BIMSHUM HEOD-
raHn4eckux (pas Ha MexaHHUYEeCKoe pa3pylieHue (puc. 4,
Tabm. 1).

B pa6ote [12] paccmarpuBaroT nepcrneKTHBHOCTh
TMOPUIHBIX KOMIO3UTOB U Kepamuueckux BOC ms
WH)KEHEPHBIX MTPUII0KEHUH, COYETAIOMINX MeXaHue-
CKHE CBOWCTBA C (YHKIHMOHAJIBHBIMUA BO3MOKHO-
CTAMHM (KaTaJM30M, TEPMHUYECKOH CTOHKOCTBIO).
Uro0b1 00ecieunTh CTPYKTYPHBIE OCOOEHHOCTH U
YOPOYHSIOIIME MEXAaHU3MBI  BBICOKO3HTPOITHMAHBIX
CILJIABOB, IIPUMEHSIOTCS PA3JIMYHbIE TEXHOIOTHH CUH-
Te3a: JINTHE, MOPOIIKOBAsT METAJLTYPIHs, 3 TUTUBHbIE
" THOpWAHBIE MeToAbl. KakIplid M3 3THX IMOAXOI0B
MO3BOJISIET YIPABIATh CKOPOCTBIO OXJIAXKICHUS, pas-
MEpOM 3epHa U pactpenenenueM ¢as, GopMupys cne-
mmdudgeckue coiictea BOC.

JluThe B MOCTOSIHHBIC U IeperIaBHbIe (hOpMBI 00ec-
MIEYNBAET BBICOKYIO IPOU3BOIUTENBHOCTD, HO OTPaHu-
YMBAeT KOHTPOJIb HaJl CKOPOCTHIO OXJIAXK/ICHHUS H, ClIe-
JIOBaTeNIbHO, HaJl pa3MEpOM 3epHA U PaclpeeTICHuEM
(a3 [13]. K 0OCHOBHBIM TEXHOJIOTHSAM TIOTyYCHUS BbI-
COKOSHTPONMIHBIX CIUIABOB OTHOCATCA BaKyyMHas
HMHIYKIMOHHAs IJIaBKa, BaKyyMHO-IyrOBOIl IleperuiaB
U 3NIEKTpOoIIIaKoBas MmiuaBka. Cpeay HUX MpoIecc Ba-
KyyMHO-UHIYKIIMOHHOM mnaBku (BUII) mosBonser

TOYHO KOHTPOJIMPOBATh COCTaB U YHCTOTY CILIABOB,
YTO WMEET peIIaollee 3HAYCHHE ISl YHHKaIbHBIX
coiicte BOC. [lanee OyayT mpHBEIEeHBI KITIOYEBBIC
npeumyniectsa Metoga BUII npu u3rotoBieHUn Bbl-
COKOIHTpONHUHBIX cruiaBoB. TexHomorus BUIT pabo-
TaeT B YCJIOBUSIX BBICOKOTO BaKyyMa, YTO 3HAYUTEIHHO
CHIDKAeT 3arpsA3HEHHE pEeaKTUBHBIMU Ta3aMH, 3TO
HEOOXOIMMO JTS TIPOM3BOJICTBA YUCTHIX U Oe3medeKT-
HBIX CIUIaBOB. BO3MOXKHOCTB MCTIapeHUsT HECKOJIBKUX
JIETHUPYIOIIMX 3JIEMEHTOB M KOHTPOJIMPYEMOMN MX KOH-
JIeHCaIy 00eCreYnBaeT TOUHBIA COCTAB, YTO MPHUBO-
IUT K >KEeJaeMbIM MEXaHWYECKUM M TEPMHUYECKHM
CBOWCTBAM MaTepuaia. BakyyMHO-MHAYKLIMOHHBIN
nieperuiaB 00ecreunBaeT MOTyYeHIE XUMAYECKU OJTHO-
POIHBIX CIIMTKOB, YTO SIBJISETCS] MPEUMYLIECTBOM IO
CPaBHEHHIO C TPAJAUIMOHHBIMHU TyTOBBIMH METOAAMH,
3a4acTyr0 TpeOyIoIIel MHOIOKPATHBIX IEPEIUIABOB
JUISl TOCTWOKEHUS] TOMOTeHHOCTH cocTasa. I[lpomnecc
OpICTpOrO 3aTBepAeBaHMs, cBoMcTBeHHBI BUII, cro-
cobcTByeT 0OpasoBaHUIO (ha3 TBEpPIOTO pacTBopa, B
pesyabTare d4ero oOpasyroTCsl OTAENIBHBIE MUKPO-
CTPYKTYpPbI, MOBBILIAIOIINE MEXaHHYECKYIO0 IIPOY-
HOCTb W KOPPO3MOHHYIO CTOMKOCTh Marepuana. Tex-
Hostorusi BUII moxeT paboTtath ¢ 3ieMeHTaMH C BBICO-
KOM TeMIiepaTypol IUIaBJIEHHUS], YTO JIENAeT €ro Mpu-
TO/IHBIM JIS CJIOKHBIX TETJIOOOMEHHHUKOB, HAIIPUMeED,
JUTSL BRICOKOTEMITEPaTypPHBIX TPUMEHEHHHA.

Hapsiny ¢ nuTeiHBIMU METOAAMH, 11 TOJTyYEHUS
MaTEpUAOB TaKXKe MIMPOKO HCIOIB3YIOTCS IOA-
XO0J/Ibl TIOPOIIKOBOM METaUIypruu. MexaHuueckoe
JIETUPOBAHNE MCXOJHBIX METAJUINYECKUX M OKCHI-
HBIX MOPOIIKOB B IIAPOBBIX MEIBHUIAX C MOCIELY-
FOIIIUM TOPSIYMM M30CTATUIECKUM IPECCOBAHUEM U
CIIEKaHHEM TMO3BOJISIET (POPMUPOBATH HAHOCTPYKTY-
pupoBanHble BOC ¢ TOHKOANCIIEPCHBIMH YIIPOYHSI-
romumu Qaszamu. B padotax [14; 15] ormeueHo, uyTo
TaKOM MOAXOJ AAaeT BO3MOXHOCTb BBOAMTH CJI1a0O-
pacTBOPUMBIE METAJIBI U KEPAMUYECKHE YaCTHIIBI,
o0ecrieunBas TBEpAO-PacTBOPHOE
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Puc. 3. Crpykrypa (@) u 3Hepretudeckue crektpsi (6) cruiaBa cucteMbl FeCoCrNiAl
Fig. 3. Structure (a) and energy spectra (6) of the FeCoCrNiAl system alloy
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Puc. 4. D1eKTpOHHO-MHUKPOCKOIIITYECKOE H300paXkeHne CTPYKTYpHI HoBepxHOCTH BOC 1 »11eMeHTHOE KapTHPOBaHUE JICHAPUTHOH 1

MEKICHIPUTHON 001acTH

Fig. 4. Electron microscopic image of the surface structure of the HES and elemental mapping of the dendritic and interdendritic region

Tabaumga 1
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Pe3yabTaThl MUKpPOpPEHTreHOCIEKTPAIbHOr0 anaau3a BIC
Table 1. Results of the micro-X-ray spectral analysis of the WES

O6nacTE Copepxanue, aToM. %, a1eMeHTa
Cr Mn Fe Co Ni
Crextp 1 (MexxaeHapuTHasE 0071aCTh) 12,41 (43,41 |5,34 |13,85|25,00
Cnextp 2 (MexIeHIpUTHAs 001aCTh) 16,28 |37,92 | 7,65 |17,69 20,47
Criextp 3 (MeXIeHApUTHAS 00IaCTh) 14,20 | 40,20 | 6,56 15,32 | 23,71
Criextp 4 (neHapuTHAas 001aCTh) 21,74 2859 |11,12 | 21,32 (17,24
Criextp 5 (neHapuTHas 001aCTh) 22,89 |27,81 |11,77 | 21,58 15,95
B cpennem 16,16 |37,53 | 7,67 |17,05|21,06
a 7] Topenxa
P ~ | Iposo- 2.0.1
Ty JI0Ka l
20 % Cr
4 80 % Ni
= N
0 17 % Co
9% Al 54 % Fe
29 % Ni

Puc. 5. TpexokuibHbIi Kabenb (@) 1 cxema aJINTUBHOTO MPOU3BOICTBA C MCIOJIB30BAHUEM JTyTOBOM MPOBOJIOKH (6)
Fig. 5. Three-core cable used (a) and schematic of arc wire additive manufacturing (6)

0CaJI0YHOe YIIPOYHEHHE B OJlHOM MaTpuile. Kiroue-
BBIM OTPaHUYEHUEM OCTAETCsI HEOOXOIUMOCTh OTTHU-
MU3AIMX JIABJICHUs, TEMIIEpaTyphl ClIEKaHHs 1 Bpe-
MEHHU BBIIEPKKH JJIs TPEOTBpAICHUsT 4Ype3Mep-
HOTO POCTa 3€pHA U YXYAIIEHUS IACTHIHOCTH.
CoBpemenHsIii stan nrorosienns: BOC tecHo cBs-
3aH C pa3BHTHEM a/UIUTHUBHBIX TEXHOJOTHH (pHC. 5)
[16]. CenextuBHOe nazepHoe cruiaBienue (CJIC),
anekTpoHHONIy4eBoe iaBieHue (EBM) u mazepHoe
HaNbUICHUE TIO3BOJISIOT MOJTy4YaTh CIIOKHBIE TEOMET-
puueckue GopMbl ¢ MUHUMAaIBHBIM 00BbEMOM OTXO-
JIOB ¥ BBICOKOM CKOpPOCTBIO M3roTOBICHUS [16; 17].
B oo0pasiax cucrembl CoCrFeNi, M3roToBICHHBIX
metonoMm CJIC, Habmogaercst CBEpXTOHKasi MUKPO-
CTpyKTypa ¢ 3epHamu nopsgaka 100 — 200 M, yTto
MIPUBOJIUT K BHICOKOMY TpeJielly TeKydecTr (Ooee
800 MIIa) u oriruHoi tactuaHOCTH (OoJee 15 %).
OTMe4eHO, YTO BBICOKHE CKOPOCTH OXJIaXICHHS
MO3BOJISIOT (POPMHUPOBATH METaCTAOWIbHBIC (Pa3bl U
MOJIaBIISATh POCT WHTEPMETAJUIHIOB, OJTHAKO OCHOB-
HBIMH HEAOCTAaTKaMH, CBSI3aHHBIMHU C 3TUM IpoIec-
COM, SIBIISTIOTCSl OCTATOYHAsl MOPHCTOCTh M3-33a HE-
MIOJIHOTO TIJIABJIEHUSI TIOPOIIKAa W BO3HUKHOBEHHE

TEPMHUUYECKUX HATIPSDKEHUH TIPH TIOCIOHHOM (hOpMHU-
pOBaHHUMU.

JlazepHas HarutaBKa M TJIa3MEHHOE HaIbLICHHE
MPEJICTABIISIFOT OTACTHHYIO KaTETOPHIO aITUTHBHBIX
nmokpeITHiA. B paborax [18; 19] onmcano ucnomns3o-
BaHME JIA3€PHOTO HAMBUICHUS 1Sl (hOPMHUPOBAHUS
BBICOKOIIPOYHBIX MOBEPXHOCTHBIX cioeB BOC Ha
CTaJIBHBIX TOJJIOXKKAX, YTO TO3BOJISIET YBEIUYHUTH
M3HOCOCTOMKOCTH B 2 — 3 pasa 1o CpaBHEHHIO C Tpa-
JTUIIUOHHBIMA HHKEJIEBBIMUA TOKPBHITUSMU. lIpose-
JIEHO CpaBHEHHME IIJIa3MEHHO-IYyroBOro M IUIa3-
MEHHO-TIOPOIITKOBOTO HAINbUIEHHUS, OTMEYEHBI Ooee
BBICOKAsI TUIOTHOCTh M TJIAIKOCTh MOKPBITHS TIOCIIE
IJ1a3MEHHO-TIOPOIIKOBOTO HAMBUIEHUS, HO TIPU 3TOM
yKa3aHa CJIO0XHOCTb KOHTPOJS TEIJIOBIOKEHUN U
pucka rieperpesa moutoxku [20; 21].

I'uOpunmueie Meronmer cunTe3a BOC crpemsrcs
00BbEeTMHUTE NPEUMYILECTBA TPAJUIIMOHHBIX U a /11~
THBHBIX TexHoyorui [22; 23]. IlpemnoxkeHna cxema
MEXaHWYEeCKOTO JIETUPOBAHUS C TIOCIEIYIOIINM
CJIC cnnaBneHreM NMOPOIIKOBOM 3arOTOBKH. 3aro-
TOBKY ITOJIBEpPTajii JIa3€pPHOMY IUIABJICHHIO, YTO CO-
XpaHsuIo yrnpovHstonye $hazbl 1 GOPMUPOBAIO OJI-
HOPOJHYIO MHUKPOCTPYKTYpy. B pabotax [24; 25]
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KOMOMHHMPOBAJIM MHIYKIIMOHHYIO IIJIaBKy C TOCHe-
IYIOIIUM ITOPOIIKOBBIM CIIEKaHHEM, T0O0UBasCh TOH-
KOTO KOHTPOJIS ()a30BbIX MPEBPALICHUH U MUHUMHU-
3anuu 1e(eKToB.

OBomroIs MeTo0B m3roTopieHns BOC mpormra
IyTh OT KJIACCHYECKHUX METOOB JIUTHS M IOPOIIKO-
BOTO MPOU3BOJICTBA JI0 COBPEMEHHBIX aJIUTUBHBIX U
THOPHUIHBIX MOAX0M0B. Vcmonp30BaHHEe MHOTOKOM-
ITOHEHTHOTO TIOPOIIIKOBOTO CHHTE3a C JIA3ePHBIM U
SNIEKTPOHHOIYYEBbIM CIUIABIICHHEM TI03BOJISIET CO-
3[1aBaTh CIOXHbIE CTPYKTypHbIE MaTepHaNbI C ONTH-
MaJNbHBIMUA COYETaHUSIMH TIPOYHOCTH, TBEPAOCTH H
IUIACTUYHOCTHU. Byayiiee HanpaBieHue pa3BUTHsI CBSI-
3aHO C ONTHMH3ALMEH apaMeTPOB aAUTHUBHOIO MpO-
W3BOZICTBA, BHEJPEHHEM BBIYMCIUTENBHBIX METO/IOB
JUTSL TIpEJICKa3aHns CBOMCTB U Pa3pabOTKON SHeproad-
(heKTUBHBIX THOPUTHBIX MPOIIECCOB, 00SCTICUNBAIOIIINX
MPOMBIIDIEHHY0 KOHKypeHTocrocooHocTs BOC B mipo-
MBIIDICHHBIX OTpacisix. BeIOOp TexXHOMOrMil CHHTE3a 1
00pabOTKY (OT JINTHS ¥ MOPOILIKOBBIX METOIOB 0 a//TU-
THBHBIX H THOPUIHBIX TIOIXOZI0B) CO3/Ia€T MUKPOCTPYK-
TYpy C 3aJlaHHBIM Pa3MepOM 3€pHa, pacrpererieHHeM
($a3 ¥ neheKTHBIM COCTOSHMEM. OJTH OCOOCHHOCTH
HAaIpsMyIO OIpeNIeIIIOT MeXaHu3MbI yrpouneHus BOC
(oT TBEpHO-PACTBOPHOTO JI0 OCAAOYHOTO U TPATUCHT-
HOTO0), obecreunBas X BbIJAIOIIUECS TPOUHOCTHBIE
U TJIACTUYECKUE XapaKTEPUCTUKH.

MeTonbl  YyNPOYHEHHSI  BBICOKOIHTPONMIHBIX
crnaBos (BOC) GasupyroTes Ha ynpaBieHHH MUKPO-
CTPYKTYpHBIMH M (Da30BBIMH XapaKTEPUCTHKAMHU,
c(OpMHUPOBAaHHBIMH Ha JTalle CUHTE3a, U IIO3BOJISIOT
CYIIECTBEHHO TOBBICUTPH IMMPOYHOCTh 0€3 3HAUNUTEIb-
HOW MoTepH MIacTUYHOCTU. OCHOBHBIE MEXAHU3MBbI
YIPOUYHEHHUS] MAaTEepHajioB BKIIOYAIOT TBEpJOpac-
TBOPHOE, 3€pHOTpaHWYHOE, [ePOpPMAIIOHHOE H
JUCTIEPCUOHHOE YIIPOYHEHHE.

Bricokast suTponus cmemenus B BOC npuBonut
K 3HAYUTEIbHBIM (DIYKTyalusiM JIOKaJbHOTO CO-
CTaBa M CHJIHHBIM HCKAXKEHHUSM DPEIIeTKH, YTO Tpe-
MATCTBYET ABIDKEHHUIO Awciokanwii. PaspaboTana
Teopus ymnpouHeHHs [26] Ha OCHOBE TBepAO-pac-
TBOPHBIX 3()(heKTOB, MOKa3bIBAs, UTO SHEPTHS B3aH-
MOJCHCTBUSL TUCIOKAIMK C MOJMSIMU HAaNpPsSKEHUH
M3-32 NCKaKEHUH PEeIIeTKH, COCTABIISET OCHOBY BbI-
cokoii mpounoct BOC. TloarBepxneHo, 4To cre-
MEHb MCKAKEHHS PEHIETKU HANPSMYIO KOppEIHpy-
eTCsl C pa3NIu4YieM aTOMHBIX PagiyCOB KOMITOHEH-
TOB, ¥ TIPEIIOKEHO ONTHMHU3HPOBATH COOTHOIIIECHHE
JIETKHUX M TSDKEIBIX DJIEMEHTOB JUII MaKCHMAJILHOTO
addexTa ynpounenus [27].

@opmupoBanne ocanodnsix ¢a3z  (L1lz-cTpyk-
Typbl) TOPMO3HT JBWKEHHE Auciokanuii. Ocamgod-
Hoe ympouHeHwe 3a cueT Ll:-da3er B cmmaBax
CoCrFeNi moBsImaet mpeaen TeKydecTH 6ojee 4emMm
Ha 30 % 0e3 3HAYMTENBHOTO YXY/IICHUS IACTHY-
HoctH [28]. HanompeunsunutaTel 00pa3yroTcs Ipu
TEPMHUYECKOH 00paboTke B MHTEpBAIE TEMIIEPATyp

700 —900 °C, co3napast INIOTHYIO CETh MPEMATCTBUI
Ui auciokanui. [lpy cpaBHeHNM TpaAULIMOHHBIX U
AJTUTUBHBIX METOAO0B (HhOPMHPOBAHUS OCATOUYHBIX
¢a3, ormMeueHo Oosee OIHOPOAHOE paclpeseneHue
HaHOYACTHILl [IPHU CEJICKTUBHOM JIa3€PHOM CILIABIIE-
Huu [29].

Co3ganue TrpagueHTHBIX WIH OMMOJATBHBIX
CTPYKTYP IO3BOJISIET COYETATh BBICOKYIO IPOYHOCTD
MEJIKO3EPHHUCTBIX 001aCTeH ¢ IIIaCTUYHOCTBIO KPYII-
HBIX 3epeH. B pabote [30] pazpaboTanu MHOTOCIION-
HBIE CIUIaBBI C TPAJMEHTHBIM pa3MepoM 3epHa, Je-
MOHCTPUPYsI YBEIMUCHHE COYETaHMS MPOYHOCTH U
macTuaHOCTH Ha 20 % 1Mo cpaBHEHUIO ¢ OJHOPO/I-
HBIMHU CTpyKTypamu. B pabote [31] npumenunu na-
3€pHYIO HalIaBKy Uil (OPMHUPOBAHHS IpagueHTa
TBEPAO-PACTBOPHBIX M OCaZO0UYHBIX (pa3 mo TomuuHe
MOKPBITHS, YTO 00ECIIEUNIIO OJHOBPEMEHHOE YIIPOU-
HEHHE NOBEPXHOCTH U COXPAHEHUE IIACTUYHOCTH
OCHOBBI.

BricTpoe oxnakaeHue Ipy aIMTUBHOM IIPOU3BOJI-
CTBE W TEPMHUYCCKOM OOpabOTKE CO3/IACT BBHICOKYHO
TUIOTHOCTH Je(EKTOB (AMCIOKAINIA, MAIOYTIIOBBIX HC-
Ka)KeHHBIX rpanuil 3epeH) [32]. B pabdore [33] mis 06-
pastoB cuctembl CoCrFeNi, MomydeHHBIX METOAOM
CJIC, yCTaHOBNIEHO, YTO YBEIMYCHHUE MEXAHUYECKUX
CBOWCTB JIOCTUIAeTCs 32 CYET HECKOJIBKUX MEXaHU3MOB.
IMokazana 3HauUMTENBHAs POJb  3CPHOTPAHUYHOTO
yrpoudenus: (3ddexr Xomna-Ilerya), a Tarke BbIsB-
JIEHO, YTO KOHTpOJIUpYeMble Ne(OpMAIMOHHBIE MPO-
IECChI B XOE€ CIICKaHUA IPUBOIAT K YBEJIMYCHUIO IJI0T-
HOCTH JIMCJIOKAIIWi, YTO YCHIIMBAET COIPOTHBIICHHE
IIACTUYECKOH JiehOopMaIHL.

MHOromMexaHu4ecKoe yIpoYHEHHE, OCHOBaHHOE Ha
KOMOHMHAIIMH TBEPIO-PACTBOPHOr0, OCAJIOYHOTO M Tpa-
JIMEHTHOT'O TIO/IXOZIOB, SIBJISIETCS KITFOUOM K IOCTIDKEHHIO
ONTUMATBHOTO OalaHca MEXKTy IPOYHOCTHIO U IIIACTHY-
HocThiOo [34]. CuHeprusi HECKOJBKHUX MEXaHM3MOB
VIIPOYHEHHUS TO3BOJISIET TPEOJIOJIEBATh KIIACCHUYECKUN
KOMITPOMHUCC TIPOYHOCTh — IACTUYHOCTB. COBpEeMeH-
HBIE THOPHITHBIC METO/IBI CHHTE3a (MEXaHUIECKOE JIeTH-
POBaHUE C TMOCTIEYIONIMM JIa3epHBIM TUIABJICHUEM) Jie-
MOHCTPHPYIOT 3((QEKTHBHOCTb OAHOBPEMEHHOIO (op-
MHpPOBaHMS OCAIOYHBIX (ha3 M Je(EKTHOTO COCTOSHUS
JUTS1 KOMILTEKCHOTO yripodHeHws [35]. Metozp! yrpodHe-
Husg BOC onmparotes Ha ynpaBlieHHE TUCIOKAIMOHHOM
1 ($a3oBOl CTPYKTYypaMH 4epe3 BBIOOP COOTBETCTBYIO-
MIMX TEPMUYECKUX M MEXaHWYEeCKHX pexrMoB. [locie-
JIOBaTeNIbHOE | KOMOMHHPOBAHHOE MPHUMEHEHHE TBEPIIO-
PacTBOPHOTO, OCaI04YHOTO, IPAJIMEHTHOTO U 1eheKTHOTO
VIIPOYHEHUST OTKPBIBAET MY Th K CO3IAHHIO MaTEPHAIIOB C
ONTUMAJIBHBIMA  MEXaHUYCCKUMH  XapPaKTCPUCTUKAMH
[36].

BBICOKOHTpONMIIHBIE CIUIABBI PUMEHSIIOTCS B Pe-
aKTopax M TpyOOIpOBOIAX, SKCIUTyaTHPYOIIMECS B
arpecCUBHBIX Cpefax KHCIOT, LIEno4eill U opraHuye-
CKUX pacTBopuTeiei. BrICOKMiT ypoBeHb JETMPOBaHUS
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XpPOMOM, aJIFOMMHHEM U THUTaHOM obecrieunBaet (op-
MHpPOBAHUE 3ALIUTHBIX OKCHIHBIX CJIOEB, IPEIATCTBY-
IOILIMX KOPPO3UHU U 3po3ud [37]. 3aluTHbIC TOKPHITUSI
3 BOC na ocHoBe Ni — Cr — Al o6nagator BbICOKOH
MyJIbCALIMOHHOM KOPPO3MOHHOM CTOMKOCTBIO B MOp-
CKOMW BOJZIE, UTO IPOUIEBAET CPOK CITyKObI KOPITYCOB U
TYpOWHHBIX JIOMIATOK MOPCKUX Cy/0B [38].

BOC mnepcrekTvBHBI A1 BBICOKOHATPY’KEHHBIX
KOMIIOHEHTOB JIBUTaTellell U MOABECOK, Ie Tpedyercs
COUYETaHHE YIAPHOH MPOYHOCTH M HM3HOCOCTOMKOCTH.
JlernpoBanHble KomIo3uLK Ha ocHoBe Al — Co — Cr —
Fe nemMoHCTpUpYIOT yiydllIeHHBIE TPUOOJIOIMYECKHE
XapaKTepPUCTHKA M CTaOMJIBHO BBICOKYIO MEXaHWYe-
CKYIO IIPOYHOCTh TIPH IKCILTyaTallly B TEMIIEPaTypHOM
muarnasone oT —40 mo +200 °C [39 —41].

Hexkotopsie BOC (Ha ocHose Ti — Zr — Nb — Mo)
00J1aJ1at0T HU3KOW TOKCHYHOCTHIO U ONTHUMAaJIbHBIM
MOJIyJIeM YHPYToCTH, ONM3KUM K KOCTHOM TKaHH,
9TO CHIKAET d(P(EKT «IMOIEBOTO» TEePErpeBa u Io-
BhIIaeT ocTeouHTerpanuio. CraBel 0e3 HHKeEIs
0Cc00EHHO MEPCIIEKTUBHBI ISl KApAHOCTUMYIISITOPOB
Y OPTOIEANYECKUX UMILUTAHTATOB [42].

Mertoapl HambUIEHUs IDIA3MOM U JIa3€pOM TI03BO-
JSI0T HaHOCUTh BOC-TIOKPBITHS TOMIMIMHON 10 He-
CKOJIBKUX MUJUTUMETPOB Ha METAUTNYECKHE TTOIJIOMKKH,
3HAYUTENIBHO MOBBILIAST H3HOCOCTOUKOCTh, KOPPO3UOH-
HYIO U TEPMHUYECKYIO YCTOWYMBOCTH IMOBEPXHOCTHBIX
cnoeB. Takue MOKPBITHS YCIICITHO PAMEHSIFOTCS B TOP-
HOPYAHOU U CTPOUTENILHOU TeXHUKE [43].

BOC nposBnsioT yHUKaIbHBIE MAaTHUTHBIE, dJIEK-
TpHYECKHE U KaTaTuThuieckue cBoiictsa. CrijiaBbl Ha
ocHoBe Co — Fe — Ni moka3pIBatoT Majoe COnpoTUB-
JICHHWE MarHUTHOMY HaMarHWYMBaHHUIO, YTO BaXKHO
Uit TpaHchopMaTopoB U AaTYMKOB. KatamuzaTopsl
Ha 6aze BOC 3¢ dexTuBHB B peakysax BbIIEICHUS
BOJOpPOJa M OKHCJIECHHUS YIJIEBOJOPOAOB, 3aMEHSs
Joporue 6aropoaHsie MeTayuel [44; 45].

Brnaropmapst coderanto BBICOKOH IPOYHOCTH, TEPMO-
CTOMKOCTH M KOppo3nOHHOW yctoiumBoct BOC nc-
TIOJIL3YIOTCSI B KOMITIOHEHTAX PAKETHBIX JBUTATENeH,
SIEPHBIX PEAKTOPOB M TEITIOOOMEHHUKOB MPOMBIIILICH-
HOro o0OpyZOBaHMsI ISl arpecCUBHBIX cpen. Pazpala-
TBIBAIOTCSI CIUIABHI C MPOrPaMMHUPYEMBIMH (hazamu 1ist
aJIANITUBHBIX CTPYKTYP, CIIOCOOHBIX H3MEHSITh CBOMCTBA
IO/ Harpy3Ko# UM Temriepatypoi [46; 47].

BrICOKOSHTpONHIIHBIE CIUIaBbI OXBATHIBAIOT ILIMPO-
KHH CIIEKTp OTpaciieli (0T a9pOKOCMHUIECKOM 1 SHEPTreTH-
YeCKOM 10 OMOMEIMIIMHCKOM 1 3JIEKTPOHHO ) Oaroapst
WX YHHUKQJIbHBIM MEXaHHMYECKHM, KOPPO3WOHHBIM H
(YHKIMOHATIEHBIM XapaKTepuUCTUKaM. VX mpumeHeHvie
TIPOOIDKAET PACIIHAPSATHCS TI0 MEpE Pa3BUTHS TEXHOIO-
Wi CUHTE3a, YIIPOYHEHHS U OKpbITH [48 — 50].

O0cyxneHue pe3yJibTATOB
B pesynbpraTe KOMIUIEKCHOTO aHallu3a UCCIeI0-
BaHUIA MO BEICOKOIHTPOITUIHBIM CIIJIAaBAM BBISBICHO

HECKOJIBKO KJTIOYEBBIX HAIpPAaBICHUH, KOTOpbIE (op-
MHUPYIOT COBPEMEHHYIO MapaJurMy UX U3Y4EHUs U
pa3Butus. LIeHTpaabHBIM aclieKTOM CTAHOBHTCS aji-
JUTHBHOE TIPOM3BOJCTBO, Ha KOTOPOE MPHUXOTUTCS
3HAYMTEIRHAS OIS paboT MmocineaHux JieT. B pabote
[16] mpencraBiaeH 0030p MPAKTHUECKHUX TOCTHKE-
HUHM ¥ TEXHOJIOTHMYECKHX orpaHndeHuil npu 3D-me-
yatn BOC: oTmeueHa HCKIIOUYMTENBHAs TMOKOCTh
CJIC B ympaBieHnn MUKPOCTPYKTYpOil, HO yKa3aHa
HEOO0XOIUMOCTh TOYHOTO KOHTPOJISI TApaMEeTPOB Jia-
3€pPHOTO JIyya M PeXMMa OXJIKICHUS AJIS MPeroT-
BpALIEHUs] TIOPUCTOCTH U pacTpecKuBaHUs. PaboThI
[19;22; 23] nonONHSAIOT 3TY KapTUHY, paccMaTpUBast
0COOEHHOCTH TOPOIIKOB JJIsl JIa3€pHOTO CILIaBIIe-
HUSL, a TAKKE BIUSHHUE pa3Mepa U (opMBbl 4acTHIl Ha
Ka4eCTBO CJIOEB U MEXaHUUECKHE CBOWCTBA TOTOBBIX
00pa3ioB. B o0iacTu ynpodHeHUs KIIIOYEBYIO POJIb
UrpaeT JITUPOBaHWE METAJUIONIIOM KpeMHueM. Jlo-
6asienne Si B cuctemy COCrFeNi-BOC mobimmaer
TBEPJO-PACTBOPHOEC M OCAJOYHOE YIPOUYHEHHE 32
c4eT GOpPMUPOBAHHUS CHIIbHBIX NCKAKEHUH PEIICTKU
u ctabwipHbIX L12-HaHO(a3, 4TO 0becneunBaeT pe-
KOpJJHOE COYeTaHHe NPOYHOCTH M IJIACTUYHOCTH
[17]. B pabote [ 18] mpoaeMOHCTpUPOBaHO, YTO pea-
muzarust TRIP-a3¢dexra (ImacTMIHOCTD, MHAYITUPO-
BaHHAs NPEBPAILEHUEM) B BHICOKOIHTPOIIUHHBIX CU-
cTeMax oOecrieuMBaeT JOTIONHUTEIbHBIN MEeXaHU3M
TUTACTHYECKOH JedopMaluy, 9To CrocoOCTBYET MOo-
BBIILICHUIO UX YCTaJOCTHOM MPOYHOCTH.

MertamnoMaTpu4yHbIe KOMIO3UTHI Ha 0cHOBE BOC
paccMaTpHBatOTCS KaK TIEpCIIEKTHBHBIE MaTepUaTbl JJIs
AKCTpeMAaBHBIX yCloBrid. B padore 8] aHamm3upyrorcst
Meroapl uHTerpayu BOC B amoMUHMEBBIE U TUTAHO-
BbIE MaTPHIIBI JJIsI TOBBIIICHHSI TBEPIOCTH, YCTATIOCTHON
MPOYHOCTH M TETUIOCTOMKOCTH KOMIIO3UTOB. Taroke pac-
CMaTpHBAOTCSl OTPAHUYEHHS! TAKOTO MOAXOJA, CBA3aH-
HBIE C HECOBMECTHMOCTBIO KOA(D(DHIMEHTOB TepMHYC-
CKOTO paclIMpeHrsi 1 00pa3oBaHUEM TPEIIMH Ha MEK-
(hazHOI1 rpaHwMIIE.

Jlerkue BBICOKOAHTPONHUIHBIE CIIJIaBbl CTAHOBSITCA
Bce Ooriee BOCTpeOOBAHHBIMYI B 29POKOCMITYECKHX U aB-
TOMOOMIBHBIX oTpacisix. [lepexon k Al- u Mg-6orateim
CHCTEMaM OTYePKHUBACT HEOOXOIMMOCTb 00ECTICUEHHS
OINTUMAITBHOTO COOTHOIIICHHSI IPOYHOCTH H TIIACTUYHO-
CTH IyTeM peryJupoBaHus (a3oBOro cOoCTaBa M mapa-
METpOB TepMuueckoil 00padotku [40]. B pabote [31]
TMOKA3aHO, YTO TYTOIUIABKUE JIETKHE CIUIABBI TPEOYIOT
0COOBIX YCIIOBHH IUIABKHA M MEJJICHHOTO OXJIKICHUS
JUTsI TIPEIOTBPALLEHUS 00pa30BaHusl XPYIKUX HHTEPMeE-
TaJUTHJIOB.

BOC nHa ocHoBe Bonb(dpaM, HUOOWIA M TaHTal
NPUBJIEKAIOT BHUMaHHUE CBOEW BBICOKOHM TepMOCTa-
OunbHOCTEIO. [TOBBIIICHHE TTACTHYHOCTH U CHUKE-
HHE CTOMMOCTH 3THX CIIJIABOB MOKET OBITH TOCTHT-
HYTO IPUMEHEHHEM KOMOMHMPOBAaHHBIX METOJIOB
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JUTHS] ¥ TIOPOIIKOBON METAJLUTypIHH, a TaKXkKe JeTH-
POBaHMA KPEMHHEM U ATFOMUHUEM IS 00eCTICUeHHS
00pa30BaHUs POYHBIX OKCUIHBIX 3aIIUTHBIX CJIOCB.

buomenuinckoe npumenenue BOC akTuBHO paz-
BuBaercs. besnukenesbie Ti — Zr — Nb — Mo crucrembt
JIEMOHCTPHPYIOT OTIHIHY0 OHOCOBMECTHMOCTD U KO-
PO3HOHHYIO YCTOWYMBOCThH B OMOJIOTHYECKHX Cpeliax, a
TaKoke TPeOYIOT JANBHEHINEr0 U3YYeHHs B I0JITOCPOY-
HBIX UMIDIaHTAITHOHHBIX UCTIBITAaHHH [42].

[anpHeiilliee MCCIeNO0BaHUE BBICOKOIHTPOINM-
HBIX CIUIAaBOB HAIPABJICHO HAa MEXIUCUUILTUHAPHOE
M3y4YeHHE MAaTepHalOB: COYETaHWU aJlTUTHBHBIX
TEXHOJIOTH, YIPABISAEMBIX JETUPOBAHUEM U UHHO-
BallMOHHBIMHU METOJaMH YIIPOYHCHUS, TIOIKPEILICH-
HOE COBPEMEHHBIMU TEPMOJTUHAMIKONW U MOAEITUPO-
BaHrneM. O0beIMHEHNE YCHIINN TEOPETUKOB, KCIIe-
PHUMEHTATOPOB U MHKEHEPOB TTO3BOJIUT PEaTU30BaATh
noteHuan BOC B a’pokocMUYECKOH, SHEpreTHYe-
CKOi1, OMOMEIUITMHCKON M APYTUX BHICOKOTEXHOJIO-
THYHBIX OTPaciix (Tabim. 2).

BriBoabI

AHanu3 OCHOBHBIX HAIpaBJIEHUH HCCIEJOBaHUN
BOC nemoncTpupyet ux ObICTpoe pa3BUTHE OT QYH-
JAMEHTAIbHBIX KOHLIEIUI K MPAaKTUIECKUM IIpUMe-
HeHusM. COBpEMEHHBIE UCCIIEA0BAHUS OXBaTHIBAIOT

MIUPOKHUH CIEKTpP acIeKToB: oT (pa3000pa3oBaHus U
MHKPOCTPYKTYPBI 10 (YHKIMOHAIBHBIX CBOWCTB H
HOBBIX KJI4CCOB MaTepHajoB. MeXIUCHUTUINHAD-
HBIH xapakTep uccienoanuii BOC cmocobcTByeT
Pa3BUTHIO HOBBIX TEOPETHYECKUX ITOIXOJIOB U JKC-
HNEePHUMEHTAIFHBIX METO/IOB.

KioueBble HanpaBieHus! JaTbHEHIINX HCCIIEI0BA-
HUH B TAaHHOW 00JacTH BKITFOYAOT Pa3padOTKy METOIO-
JIOTWIA CO3/IaHMST MAaTEPHAJIOB C 3apaHee 3alaHHBIM KOM-
TJIEKCOM CBOWCTB, COBEPIICHCTBOBAaHHE SKOHOMUYECKU
3(()EKTUBHBIX TEXHOJOTHI MX MPOU3BOJCTBA, a TAKKE
pacmmpenre chep NPUIMEHEHNSI B BBICOKOTEXHOIOT Y-
HBIX OTpacisiX. YcmemHas komMepuuamsaiys BOC
TpeOyeT pelIeHusT TEXHOJIOTHIECKHX BBI30BOB, BKITIOYAst
MacIITaOupOBaHKe MPOM3BOJICTBA, CTAHAAPTH3ALMIO U
CHIDKEHHE CTOMMOCTH.

CoBpeMeHHOe cocTosiHue uccienoBanuii BOC
XapaKTepu3yeTcs Mepexo oM OT U3yYEeHUs] MOJIEIb-
HBIX CHUCTEM K pa3paboTKe MPaKTHIECKUX MaTepua-
JI0B. DTOT nepexoA TpedyeT nHTerpauu QpyHIaMeH-
TaJIbHBIX 3HAHHUH C HMHXCHCPHBIMHU IMOAXO0OaMHU U CO-
31aHus AP QEKTHBHBIX TEXHOJOTMYECKUX PELICHHUH
IJI1 OPOMBIINIJICHHOI'O BHCAPCHUA pacCMaTpUBac-
MOT'0 KjIaCCa MHHOBATMOHHBIX MAaTCPUAJIOB.

Taonuma 2

CpaBHeHI/le METOAOB U3IrOTOBJICHUA U YIIPOYHCHUSA BLICOKOQHTPOHI/IﬁHLIX CIL1IaBOB
Table 2. Comparison of methods of manufacturing and hardening of high-entropy alloys

Meton u3rotoBneHus / Kpartkas xapakTepuctrka [peumymectBa [Ipumenenne
YIPOYHEHUS
Knaccnuecknit cioco0, IIpocToTa, HO OrpaHUYEHHAS CTpyKTypHBIE
[InaBka u nuTHE
MacCOBOE MPOM3BOJICTBO OJTHOPOJHOCTH MaTepHabl
MexaHnueckoe [Tomyuenne HaHOCTPYKTYP, MO- Komnosunuonnsie
Bricokas aucnepcHOCTb
JETUpOBaHUE POLIKOB MaTepHuabl
3D-neuath, ga3zepHOE
AJITUTUBHBIE TEXHOJOTUU CrnoxHable GOpMBI Menuiuna
CIUTaBJICHUE
ViyunieHue noBepXHOCTHBIX
TepManbHOE HanbLICHHUE IToxpsiTust BOC 4 N P 3amuTHBIC TOKPHITHS
CBOMCTB
OcazouHoe ynpo4YHEHUe Bsenenue Bricokast npouHOCTb U BricokoHarpyxeHHbIE
(L12-daza) HaHOINPELU3UIINTATOB MJIACTUYHOCTH JleTanu
I'ereporennas Bbananc npounoctu u CTpyKTypHBIC
bumopnansHbie CTPYKTYpBI
MHKPOCTPYKTypa TUTAaCTHIHOCTH MaTepHabl

-124 -



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

CIIACOK JINTEPATYPbI
Ye Y., Wang Q., Lu J, Liu C,, Yang Y. High-
entropy alloy: challenges and prospects. Mate-
rials Today. 2016;19(6):349-362.
https://doi.org/10.1016/J.MATTOD.2015.11.026
Krishna S., Noble N., Radhika N., Saleh B. A
comprehensive review on advances in high en-
tropy alloys: Fabrication and surface modifica-
tion methods, properties, applications, and fu-
ture prospects. Journal of Manufacturing Pro-
cesses. 2024;109(2022):583-606.
https://doi.org/10.1016/j.jmapro.2023.12.039
Kaushik N., Meena A., Mali H. High entropy al-
loy synthesis, characterisation, manufacturing &
potential applications: a review. Materials and
Manufacturing  Processes. 2021;371(1):1-25.
https://doi.org/10.1080/10426914.2021.2006223
Nene S., Sinha S., Yadav D., Dutta A. Metallur-
gical aspects of high entropy alloys. Journal of
Alloys and Compounds. 2024;1005:175849.
https://doi.org/10.1016/j.jallcom.2024.175849
Zhuo L., Xie Y., Chen B. A review on recent
progress of refractory high entropy alloys: from
fundamental research to engineering applica-
tions. Journal of Materials Research and Tech-
nology. 2024;33:1097-1129.
https://doi.org/10.1016/j.jmrt.2024.09.131
Dewangan S., Mangish A., Kumar S., Sharma A.,
Ahn B., Kumar V. A review on High-Tempera-
ture Applicability: A milestone for high entropy
alloys. Engineering Science and Technology, an
International Journal. 2022;35: 101211.
https://doi.org/10.1016/j.jestch.2022.101211
Sohrabi M., Kalhor A., Mirzadeh H., Rodak K.,
Kim H. Tailoring the strengthening mechanisms
of high-entropy alloys toward excellent
strength-ductility synergy by metalloid silicon
alloying: A review. Progress in Materials Sci-
ence. 2024;144:101295.
https://doi.org/10.1016/j.pmatsci.2024.101295
Pandey V., Seetharam R., Chelladurai H. A
comprehensive review: Discussed the effect of
high-entropy alloys as reinforcement on metal
matrix composite properties, fabrication tech-
nigques, and applications. Journal of Alloys and
Compounds. 2024;1002:175095.
https://doi.org/10.1016/j.jallcom.2024.175095
Konosanos C.B., [Ipo6simies B.K., [Tanuenko
N.A., JIu X. CTpyKkTypa U MEXaHUYECKUE CBOM-
CTBa BLICOKOSHTpOHHﬁHBIX CIINTaBOB CHUCTEMBbI
COCrzrmnni, MoJy4eHHBIX BaKyyMHO-HH/IyKIIU-
OHHOH TIJIaBKOH, C pa3HbIM coliepKaHuem Zf u

10.

11.

12.

13.

14.

15.

16.

17.

18.

-125 -

Mn. Frontier
2025;(1):21-34.
https://doi.org/10.18323/2782-4039-2025-1-
71-2

Ivanov Yu.F., Gromov V.E., Osintsev K.A.
Structure and properties of high-entropy
FeCoCrNiAl alloy coating. lzvestiya. Ferrous
Metallurgy. 2022;65(7):467-470.
https://doi.org/10.17073/0368-0797-2022-7-
467-470

Drobyshev V.K. Microstructural and fracto-
graphic analysis of non-equiatomic alloy of Co
— Cr — Fe — Mn — Ni system. Non-Ferrous Met-
als. 2024;(2):63-68.
https://doi.org/10.17580/nfm.2024.02.10
Kamal M., Ragunath S., Reddy M., Radhika N.,
Bassiouny S. Recent Advancements in Lightweight
High Entropy Alloys- A Comprehensive Review.
International Journal of Lightweight Materials and
Manufacture. 2024;7(5):699-720.
https://doi.org/10.1016/j.ijimm.2024.06.001
Xie X., Li N., Liu W., Huang S., He X,, Yu Q.,
Xiong H., Wang E., Hou X. Research Progress
of Refractory High Entropy Alloys: A Review.
Chinese Journal of Mechanical Engineering.
2022;35(142). https://doi.org/10.1186/s10033-
022-00814-0

Ragunath S., Radhika N., Saleh B. Advance-
ments and future prospects of additive manufac-
turing in high-entropy alloy applications. Jour-
nal of Alloys and Compounds.
2024;997:174859.
https://doi.org/10.1016/j.jallcom.2024.174859
Nair B., Supekar R., Javid M., Wang W., Zou Y.,
McDonald A., Mostaghimi J., Stoyanov P.
High-Entropy Alloy Coatings Deposited by
Thermal Spraying: A Review of Strengthening
Mechanisms, Performance Assessments and
Perspectives on Future Applications. Metals.
2023;13(3):579.
https://doi.org/10.3390/met13030579

Osintsev K.A., Konovalov S.V., Gromov V.E.
Research on the structure of
Al2.1C00.3Cr0.5FeNi2.1 high-entropy alloy at
submicro- and nano-scale levels. Materials Let-
ters. 2021;294:129717.
https://doi.org/10.1016/j.matlet.2021.129717
Moghaddam A., Shaburova N., Samodurova
M., Abdollahzadeh A., Trofimov E. Additive
manufacturing of high entropy alloys: A practi-
cal review. Journal of Materials Science &
Technology. 2021;77:131-162.
https://doi.org/10.1016/j.jmst.2020.11.029
Mehranpour M., Sohrabi M., Jalali A., Kalhor
A., Heydarinia A., Aghdam M., Mirzadeh H.,
Malekan M., Shahmir H., Rodak K., Kim H.
Coupling different strengthening mechanisms

Materials & Technologies.



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

19.

20.

21.

22.

23.

24.

25.

26.

217.

with transformation-induced plasticity (TRIP)
effect in advanced high-entropy alloys: a com-
prehensive review. Materials Science and Engi-
neering: A. 2025;926:147914.
https://doi.org/10.1016/j.msea.2025.147914
Kumar A., Singh A., Suhane A. Mechanically
alloyed high entropy alloys: Existing challenges
and opportunities. Journal of Materials Re-
search and Technology. 2022;17:2431-2456.
https://doi.org/10.1016/j.jmrt.2022.01.141
Jarlov A., Zhu Z., Ji W., Gao S., Hu Z., Vive-
gananthan P., Tian Y., Kripalani D., Fan H., Seet
H.,Han C., Tan L., LiuF., Nai M., Zhou K. Recent
progress in high-entropy alloys for laser powder
bed fusion: Design, processing, microstructure,
and performance. Materials Science and Engi-
neering: R: Reports. 2024;161:100834.
https://doi.org/10.1016/j.mser.2024.100834
Adhikari J., Saha P., Mandal P., Sinha S., Seikh
A., Mohammed J., Ghosh M. A Review on High
Entropy Alloys as Metallic Biomaterials: Fabri-
cation, Properties, Applications, Challenges,
and Future Prospects. Biomedical Materials &
Devices. 2025.
https://doi.org/10.1007/s44174-025-00314-4
Castro D., Jaeger, P., Baptista, A., Oliveira, J.
An Overview of High-Entropy Alloys as Bio-
materials. Metals. 2021;11(4):648.
https://doi.org/10.3390/MET11040648

LiW., XieD., LiD., Zhang Y., Gao Y., Liaw P.
Mechanical behavior of high-entropy alloys.
Progress in Materials Science.
2021;118:100777
https://doi.org/10.1016/J.PMATSCI.2021.100777
Tang Y., Wang R., Xiao B., Zhang Z., Li S,
Qiao J.,, Bai S., Zhang Y., Liaw P. A review on
the dynamic-mechanical behaviors of high-en-
tropy alloys. Progress in Materials Science.
2023;135:101090.
https://doi.org/10.1016/j.pmatsci.2023.101090
ZhuZ.,LiZ.,LiuZz,GuC. Zhang Q., Wang L.
Advanced Development of High-Entropy Al-
loys in Catalytic Applications. Small methods.
2025.

https://doi.org/10.1002/smtd.202500411

Ren J., Chen L., Wang H., Yuan Z. High-en-
tropy alloys in electrocatalysis: from fundamen-
tals to applications. Chemical Society re-
views. 2023;52:8319-8373.
https://doi.org/10.1039/d3cs00557¢
LiuC.,Wang Y., Zhang Y., Wang L. Additively
Manufactured High-Entropy Alloys: Excep-
tional Mechanical Properties and Advanced
Fabrication. Acta Metallurgica Sinica (English
Letters). 2024;37:3-16.
https://doi.org/10.1007/s40195-023-01644-2

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

-126 -

Zhang W., Chabok A., Kooi B., Pei Y. Additive
manufactured high entropy alloys: A review on
the microstructure and properties. Materials &
Design. 2022;220:110875.
https://doi.org/10.1016/j.matdes.2022.110875
Cagirici M., Guo S., Ding J., Ramamurty U.,
Wang P. Additive manufacturing of high-en-
tropy alloys: Current status and challenges.
Smart Materials in Manufacturing.
2024;2:100058
https://doi.org/10.1016/j.smmf.2024.100058
Torralba J., Campos M. High Entropy Alloys
Manufactured by Additive Manufacturing. Met-
als. 2020;10(5):639.
https://doi.org/10.3390/met10050639

Giirkan D., Dilibal S. High-entropy alloys in
wire arc additive manufacturing: a review. Ad-
vanced Manufacturing Research. 2025.
https://doi.org/10.21595/amr.2025.24828

Li J., Huang Y., Meng X., Xie Y. A Review on
High Entropy Alloys Coatings: Fabrication Pro-
cesses and Property Assessment. Advanced En-
gineering Materials. 2019;21.
https://doi.org/10.1002/adem.201900343

Arif Z., Khalid M., Rehman E., Ullah S., Atif
M., Tariq A. Areview on laser cladding of high-
entropy alloys, their recent trends and potential
applications. Journal of Manufacturing Pro-
cesses. 2021; 68:225-273.
https://doi.org/10.1016/j.jmapro.2021.06.041
Shojaei Z., Khayati G., Darezereshki E. Review
of electrodeposition methods for the preparation
of high-entropy alloys. International Journal of
Minerals,  Metallurgy and  Materials.
2022;29:1683-1696.
https://doi.org/10.1007/s12613-022-2439-y
Xiong W., Guo A,, Zhan S., Liu C., Yeh J., Cao
S. Refractory high-entropy alloys: A focused re-
view of preparation methods and properties.
Journal of Materials Science & Technology.
2022;142:196-215.
https://doi.org/10.1016/j.jmst.2022.08.046
Soni V., Sinha A. Effect of Alloying Elements,
Phases and Heat Treatments on Properties of
High-Entropy Alloys: A Review. Transactions
of the Indian Institute of Metals. 2022;76.
https://doi.org/10.1007/s12666-022-02777-1
Xiao N., Guan X., Wang D., Yan H., Cai M., Jia
N., Zhang Y., Esling C., Zhao X., Zuo L. Impact
of W alloying on microstructure, mechanical
property and corrosion resistance of face-cen-
tered cubic high entropy alloys: A review. Inter-
national Journal of Minerals, Metallurgy and
Materials. 2023;30:1667-1679.
https://doi.org/10.1007/s12613-023-2641-6



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Anne B., Shaik S., Tanaka M., Basu A. A cru-
cial review on recent updates of oxidation be-
havior in high entropy alloys. SN Applied Sci-
ences. 2021;3(336).
https://doi.org/10.1007/s42452-021-04374-1
Dada M., Popoola P., Mathe N. Recent ad-
vances of high entropy alloys for aerospace ap-
plications: a review. World Journal of Engi-
neering. 2021;20(1):43-74.
https://doi.org/10.1108/wje-01-2021-0040
Pickering E., Carruthers A., Barron P., Middle-
burgh S., Armstrong D., Gandy A. High-En-
tropy Alloys for Advanced Nuclear Applica-
tions. Entropy. 2021;23(1):98.
https://doi.org/10.3390/e23010098

Lone N., Czerwinski F., Chen D. Present chal-
lenges in development of lightweight high en-
tropy alloys: A review. Applied Materials To-
day. 2024;39:1022996.
https://doi.org/10.1016/j.apmt.2024.102296
ZhuD.,HuS., FuY., Zhao N., Liu D. A review
of preparation methods, friction and wear, cor-
rosion, and biocompatibility of biomedical
high-entropy alloys. Journal of Materials Sci-
ence. 2024; 59:1153-1183.
https://doi.org/10.1007/s10853-023-09314-5
De Oliveira T., Fagundes D., Capellato P.,
Sachs D., Da Silva A. A Review of Biomaterials
Based on High-Entropy Alloys. Metals.
2022;12(11):1940.
https://doi.org/10.3390/met12111940

Arun S., Radhika N., Saleh B. Exploring the Po-
tential of High Entropy Alloys: A Comprehen-
sive Review on Microstructure, Properties, and
Applications. Johnson Matthey Technology Re-
view. 2023;68(4):549-566.
https://doi.org/10.1595/205651324x170289695
38851

Cagirici M., Guo S., Ding J., Ramamurty U.,
Wang P. Additive manufacturing of high-en-
tropy alloys: Current status and challenges.
Smart Materials in Manufacturing.
2024;2:100058
https://doi.org/10.1016/j.smmf.2024.100058
Torralba, J., Campos, M. High Entropy Alloys
Manufactured by Additive Manufacturing. Met-
als. 10(5):639.
https://doi.org/10.3390/met10050639

Giirkan D., Dilibal S. High-entropy alloys in
wire arc additive manufacturing: a review. Ad-
vanced Manufacturing Research. 2025.
https://doi.org/10.21595/amr.2025.24828

Li J., Huang Y., Meng X., Xie Y. A Review on
High Entropy Alloys Coatings: Fabrication Pro-
cesses and Property Assessment. Advanced En-
gineering  Materials. 2019;21(8):1900343.
https://doi.org/10.1002/adem.201900343

49.

50.

-127 -

Xiao N., Guan X., Wang D., Yan H., Cai M., Jia
N., Zhang Y., Esling C., Zhao X., Zuo L. Impact
of W alloying on microstructure, mechanical
property and corrosion resistance of face-cen-
tered cubic high entropy alloys: A review. Inter-
national Journal of Minerals, Metallurgy and
Materials. 2023;30:1667—-1679.
https://doi.org/10.1007/s12613-023-2641-6
Miracle D.B. High-entropy alloys: a critical review.
Materials Research Letters. 2017;5(1):1-19.

REFERENCES
Ye Y., Wang Q., LuJ,, Liu C., Yang Y. High-
entropy alloy: challenges and prospects. Mate-
rials Today. 2016;19(6):349-362.
https://doi.org/10.1016/J.MATTOD.2015.11.026
Krishna S., Noble N., Radhika N., Saleh B. A
comprehensive review on advances in high en-
tropy alloys: Fabrication and surface modifica-
tion methods, properties, applications, and fu-
ture prospects. Journal of Manufacturing Pro-
cesses. 2024;109(2022):583-606.
https://doi.org/10.1016/j.jmapro.2023.12.039
Kaushik N., Meena A., Mali H. High entropy al-
loy synthesis, characterisation, manufacturing &
potential applications: a review. Materials and
Manufacturing  Processes.  2021;371(1):1-25.
https://doi.org/10.1080/10426914.2021.2006223
Nene S., Sinha S., Yadav D., Dutta A. Metallur-
gical aspects of high entropy alloys. Journal of
Alloys and Compounds. 2024;1005:175849.
https://doi.org/10.1016/j.jallcom.2024.175849
Zhuo L., Xie Y., Chen B. A review on recent
progress of refractory high entropy alloys: from
fundamental research to engineering applica-
tions. Journal of Materials Research and Tech-
nology. 2024;33:1097-1129.
https://doi.org/10.1016/j.jmrt.2024.09.131
Dewangan S., Mangish A., Kumar S., Sharma
A., Ahn B., Kumar V. A review on High-Tem-
perature Applicability: A milestone for high en-
tropy alloys. Engineering Science and Technol-
ogy, an International Journal. 2022;35:
101211.
https://doi.org/10.1016/j.jestch.2022.101211
Sohrabi M., Kalhor A., Mirzadeh H., Rodak K.,
Kim H. Tailoring the strengthening mechanisms
of high-entropy alloys toward excellent
strength-ductility synergy by metalloid silicon
alloying: A review. Progress in Materials Sci-
ence. 2024;144:101295.
https://doi.org/10.1016/j.pmatsci.2024.101295
Pandey V., Seetharam R., Chelladurai H. A
comprehensive review: Discussed the effect of
high-entropy alloys as reinforcement on metal



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

10.

11.

12.

13.

14.

15.

16.

matrix composite properties, fabrication tech-
niques, and applications. Journal of Alloys and
Compounds. 2024;1002:175095.
https://doi.org/10.1016/j.jallcom.2024.175095
Konovalov S.V., Drobyshev V.K., Panchenko LA.,
Li H. Structure and mechanical properties of
high-entropy alloys of the cocrzrm-nni system
obtained by vacuum induction melting with dif-
ferent Zr and Mn contents. Frontier Materials
& Technologies. 2025;(1):21-34. (In Russ.).
https://doi.org/10.18323/2782-4039-2025-1-
71-2

Ivanov Yu.F., Gromov V.E., Osintsev K.A.
Structure and properties of high-entropy
FeCoCrNiAl alloy coating. lzvestiya. Ferrous
Metallurgy. 2022;65(7):467-470.
ttps://doi.org/10.17073/0368-0797-2022-7-
467-470

Drobyshev V.K. Microstructural and fracto-
graphic analysis of non-equiatomic alloy of Co
— Cr — Fe — Mn — Ni system. Non-Ferrous Met-
als. 2024;(2):63-68.
https://doi.org/10.17580/nfm.2024.02.10
Kamal M., Ragunath S., Reddy M., Radhika N.,
Bassiouny S. Recent Advancements in Lightweight
High Entropy Alloys- A Comprehensive Review.
International Journal of Lightweight Materials and
Manufacture. 2024;7(5):699-720.
https://doi.org/10.1016/j.ijilmm.2024.06.001
Xie X., Li N., Liu W., Huang S., He X., Yu Q.,
Xiong H., Wang E., Hou X. Research Progress
of Refractory High Entropy Alloys: A Review.
Chinese Journal of Mechanical Engineering.
2022;35(142). https://doi.org/10.1186/s10033-
022-00814-0

Ragunath S., Radhika N., Saleh B. Advance-
ments and future prospects of additive manufac-
turing in high-entropy alloy applications. Jour-
nal of Alloys and Compounds.
2024;997:174859.
https://doi.org/10.1016/j.jallcom.2024.174859
Nair B., Supekar R., Javid M., Wang W., Zou
Y., McDonald A., Mostaghimi J., Stoyanov P.
High-Entropy Alloy Coatings Deposited by
Thermal Spraying: A Review of Strengthening
Mechanisms, Performance Assessments and
Perspectives on Future Applications. Metals.
2023;13(3):579.
https://doi.org/10.3390/met13030579

Osintsev K.A., Konovalov S.V., Gromov V.E.
Research on the structure of
Al2.1C00.3Cr0.5FeNi2.1 high-entropy alloy at
submicro- and nano-scale levels. Materials Let-
ters. 2021;294:129717.
https://doi.org/10.1016/j.matlet.2021.129717

17.

18.

19.

20.

21.

22.

23.

24.

25.

-128 -

Moghaddam A., Shaburova N., Samodurova M.,
Abdollahzadeh A., Trofimov E. Additive man-
ufacturing of high entropy alloys: A practical re-
view. Journal of Materials Science & Technol-
ogy. 2021;77:131-162.
https://doi.org/10.1016/j.jmst.2020.11.029
Mehranpour M., Sohrabi M., Jalali A., Kalhor A.,
Heydarinia A., Aghdam M., Mirzadeh H., Ma-
lekan M., Shahmir H., Rodak K., Kim H. Cou-
pling different strengthening mechanisms with
transformation-induced plasticity (TRIP) effect
in advanced high-entropy alloys: a comprehen-
sive review. Materials Science and Engineer-
ing: A. 2025;926:147914.
https://doi.org/10.1016/j.msea.2025.147914
Kumar A., Singh A., Suhane A. Mechanically
alloyed high entropy alloys: Existing challenges
and opportunities. Journal of Materials Re-
search and Technology. 2022;17:2431-2456.
https://doi.org/10.1016/j.jmrt.2022.01.141
Jarlov A., Zhu Z., Ji W., Gao S., Hu Z., Vive-
gananthan P., Tian Y., Kripalani D., Fan H.,
Seet H., Han C., Tan L., Liu F., Nai M., Zhou
K. Recent progress in high-entropy alloys for la-
ser powder bed fusion: Design, processing, mi-
crostructure, and performance. Materials Sci-
ence and Engineering: R:  Reports.
2024;161:100834.
https://doi.org/10.1016/j.mser.2024.100834
Adhikari J., Saha P., Mandal P., Sinha S., Seikh
A., Mohammed J., Ghosh M. A Review on High
Entropy Alloys as Metallic Biomaterials: Fabri-
cation, Properties, Applications, Challenges,
and Future Prospects. Biomedical Materials &
Devices. 2025. https://doi.org/10.1007/s44174-
025-00314-4

Castro D., Jaeger, P., Baptista, A., Oliveira, J.
An Overview of High-Entropy Alloys as Bio-
materials. Metals. 2021;11(4):648.
https://doi.org/10.3390/MET11040648

LiW., XieD., LiD., Zhang Y., Gao Y., Liaw P.
Mechanical behavior of high-entropy alloys.
Progress in Materials Science.
2021;118:100777
https://doi.org/10.1016/J.PMATSCI.2021.100777
Tang Y., Wang R., Xiao B., Zhang Z., Li S,,
Qiao J., Bai S., Zhang Y., Liaw P. A review on
the dynamic-mechanical behaviors of high-en-
tropy alloys. Progress in Materials Science.
2023;135:101090.
https://doi.org/10.1016/j.pmatsci.2023.101090
Zhu Z., Li Z., Liu Z., Gu C., Zhang Q., Wang L.
Advanced Development of High-Entropy Al-
loys in Catalytic Applications. Small methods.
2025. https://doi.org/10.1002/smtd.202500411



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ren J., Chen L., Wang H., Yuan Z. High-en-
tropy alloys in electrocatalysis: from fundamen-
tals to applications. Chemical Society reviews.
2023;52:8319-8373.
https://doi.org/10.1039/d3cs00557¢
LiuC.,Wang Y., Zhang Y., Wang L. Additively
Manufactured High-Entropy Alloys: Excep-
tional Mechanical Properties and Advanced
Fabrication. Acta Metallurgica Sinica (English
Letters). 2024;37:3-16.
https://doi.org/10.1007/s40195-023-01644-2
Zhang W., Chabok A., Kooi B., Pei Y. Additive
manufactured high entropy alloys: A review on
the microstructure and properties. Materials &
Design. 2022;220:110875.
https://doi.org/10.1016/j.matdes.2022.110875
Cagirici M., Guo S., Ding J., Ramamurty U.,
Wang P. Additive manufacturing of high-en-
tropy alloys: Current status and challenges.
Smart Materials in Manufacturing.
2024;2:100058
https://doi.org/10.1016/j.smmf.2024.100058
Torralba J., Campos M. High Entropy Alloys
Manufactured by Additive Manufacturing. Met-
als. 2020;10(5):639.
https://doi.org/10.3390/met10050639

Giirkan D., Dilibal S. High-entropy alloys in
wire arc additive manufacturing: a review. Ad-
vanced Manufacturing Research. 2025.
https://doi.org/10.21595/amr.2025.24828

Li J., Huang Y., Meng X., Xie Y. A Review on
High Entropy Alloys Coatings: Fabrication Pro-
cesses and Property Assessment. Advanced En-
gineering Materials. 2019;21.
https://doi.org/10.1002/adem.201900343

Arif Z., Khalid M., Rehman E., Ullah S., Atif
M., Tariq A. A review on laser cladding of high-
entropy alloys, their recent trends and potential
applications. Journal of Manufacturing Pro-
cesses. 2021; 68:225-273.
https://doi.org/10.1016/j.jmapro.2021.06.041
Shojaei Z., Khayati G., Darezereshki E. Review
of electrodeposition methods for the preparation
of high-entropy alloys. International Journal of
Minerals, Metallurgy and Materials.
2022;29:1683-1696.
https://doi.org/10.1007/s12613-022-2439-y
Xiong W., Guo A., Zhan S., Liu C., Yeh J., Cao
S. Refractory high-entropy alloys: A focused re-
view of preparation methods and properties.
Journal of Materials Science & Technology.
2022;142:196-215.
https://doi.org/10.1016/j.jmst.2022.08.046
Soni V., Sinha A. Effect of Alloying Elements,
Phases and Heat Treatments on Properties of
High-Entropy Alloys: A Review. Transactions

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

-129 -

of the Indian Institute of Metals. 2022;76.
https://doi.org/10.1007/s12666-022-02777-1
Xiao N., Guan X., Wang D., Yan H., Cai M., Jia N.,
Zhang Y., Esling C., Zhao X., Zuo L. Impact of
W alloying on microstructure, mechanical prop-
erty and corrosion resistance of face-centered
cubic high entropy alloys: A review. Interna-
tional Journal of Minerals, Metallurgy and Ma-
terials. 2023;30:1667-1679.
https://doi.org/10.1007/s12613-023-2641-6
Anne B., Shaik S., Tanaka M., Basu A. A cru-
cial review on recent updates of oxidation be-
havior in high entropy alloys. SN Applied Sci-
ences. 2021;3(336).
https://doi.org/10.1007/s42452-021-04374-1
Dada M., Popoola P., Mathe N. Recent ad-
vances of high entropy alloys for aerospace ap-
plications: a review. World Journal of Engi-
neering. 2021;20(1):43-74.
https://doi.org/10.1108/wje-01-2021-0040
Pickering E., Carruthers A., Barron P., Middle-
burgh S., Armstrong D., Gandy A. High-En-
tropy Alloys for Advanced Nuclear Applica-
tions. Entropy. 2021;23(1):98.
https://doi.org/10.3390/e23010098

Lone N., Czerwinski F., Chen D. Present chal-
lenges in development of lightweight high en-
tropy alloys: A review. Applied Materials To-
day. 2024;39:1022996.
https://doi.org/10.1016/j.apmt.2024.102296
ZhuD.,HuS., FuY., Zhao N., Liu D. A review
of preparation methods, friction and wear, cor-
rosion, and biocompatibility of biomedical
high-entropy alloys. Journal of Materials Sci-
ence. 2024; 59:1153-1183.
https://doi.org/10.1007/s10853-023-09314-5
De Oliveira T., Fagundes D., Capellato P.,
Sachs D., Da Silva A. A Review of Biomaterials
Based on High-Entropy Alloys. Metals.
2022;12(11):1940.
https://doi.org/10.3390/met12111940

Arun S., Radhika N., Saleh B. Exploring the Po-
tential of High Entropy Alloys: A Comprehen-
sive Review on Microstructure, Properties, and
Applications. Johnson Matthey Technology Re-
view. 2023;68(4):549-566.
https://doi.org/10.1595/205651324x170289695
38851

Cagirici M., Guo S., Ding J., Ramamurty U.,
Wang P. Additive manufacturing of high-en-
tropy alloys: Current status and challenges.
Smart Materials in Manufacturing.
2024;2:100058
https://doi.org/10.1016/j.smmf.2024.100058
Torralba, J., Campos, M. High Entropy Alloys
Manufactured by Additive Manufacturing. Met-
als. 10(5):639.



Bectark CHOMPCKOTrO rocyqapcTBEHHOro HHAYCTpHanbHoro yHusepcutera Ne 3 (53), 2025

https://doi.org/10.3390/met10050639

47. Girkan D., Dilibal S. High-entropy alloys in
wire arc additive manufacturing: a review. Ad-
vanced Manufacturing Research. 2025.
https://doi.org/10.21595/amr.2025.24828

48. Li J., Huang Y., Meng X., Xie Y. A Review on
High Entropy Alloys Coatings: Fabrication Pro-
cesses and Property Assessment. Advanced En-
gineering  Materials.  2019;21(8):1900343.
https://doi.org/10.1002/adem.201900343

49. Xiao N., Guan X., Wang D., Yan H., Cai M., JiaN.,
Zhang Y., Esling C., Zhao X., Zuo L. Impact of
W alloying on microstructure, mechanical prop-
erty and corrosion resistance of face-centered
cubic high entropy alloys: A review. Interna-
tional Journal of Minerals, Metallurgy and Ma-
terials. 2023;30:1667-1679.
https://doi.org/10.1007/s12613-023-2641-6

50. Miracle D.B. High-entropy alloys: a critical review.
Materials Research Letters. 2017;5(1):1-19.

Caepennsi 00 aBTopax:
Bnaoucnae Koncmanmunoesuu /[pooviuies, Hayunwiil co-
MPYOHUK — HAYYHO-UCCAe008aMeNbCKol  labopamopuu
9NEKMPOHHOU MUKPOCKONUU U 00pabOmMKU U300padicenul,
CuOupckuii rocyaapCTBEHHBIH HHAYCTPUANIBHBIN YHHU-
BEPCUTET
E-mail: drobyshev_vk@sibsiu.ru
ORCID: 0000-0002-1532-9226
SPIN-ko00: 9629-4064

Cepzeii Banepvesuu Konosanos, o0.m.u., npogeccop, npo-
PEKMOp NO HAYYHOU U UHHOBAYUOHHOU deamenvrocmu, CH-
OUPCKOrO roCyIapCTBEHHOTO MHIAYCTPHAIBHOTO YHUBEP-
cuTeTa

E-mail: konovalov@sibsiu.ru

ORCID: 0000-0003-4809-8660

SPIN-ko00: 4391-7210

Hpuna Anexceesna Ilanuenko, x.m.1., 3a6edyowuii HaAy4Ho-
UCCTIEO08AMENLCKOU  1a00pamopuetl  d1eKMPOHHOU MUKPO-
cxonuu u obpabomxu uzoopaxcenuti, CHONPCKOTO ToCyaap-
CTBEHHOTO MHIYCTPHAJIFHOTO YHUBEPCHTETA

E-mail: i.r.i.ss@yandex.ru

ORCID: 0000-0002-1631-9644

SPIN-ko00: 4253-6679

Information about the authors
Vladislav K. Drobyshev, Researcher at the Research La-
boratory of Electron Microscopy and Image Processing,
Siberian State Industrial University
Email: drobyshev_vk@sibsiu.ru
ORCID: 0000-0002-1532-9226
SPIN-ko00: 9629-4064

Sergey V. Konovalov, Dr. Sci. (Eng.), Prof., vice-rector
for Research and Innovation, Siberian State Industrial
University

E-mail: konovalov@sibsiu.ru

ORCID: 0000-0003-4809-8660

SPIN-ko00: 4391-7210

Irina A. Panchenko, Cand. Sci. (Eng.), Head of the Sci-
entific Laboratory of Electron Microscopy and Image
Processing, Siberian State Industrial University

E-mail: i.r.i.ss@yandex.ru

ORCID: 0000-0002-1631-9644

SPIN-ko0: 4253-6679

Aemopbl 3asa61510m 06 OMCYMCMEUU KOHGIUKMA uHme-
pecos.
The authors declare that there is no conflict of interest.

[Mocrynuia B penaximio 26.05.2025
ocne mopadorku 31.07.2025
[punsTa k myomukanuu 04.08.2025

Received 26.05.2025
Revised 31.07.2025
Accepted 04.08.2025

-130 -



