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JIETYBaHHi METaJIiB.
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Pedepar:

1. InceprauiiiHa po60Ta NIPUCBSIYEHA €KCIIEPUMEHTAIbHOMY JOCIIIKEHHIO CTPYKTYPHO-(A30BOr0 CTaHYy,
PO3PaxyHKy TEMIIEPATypPHUX 3aJIEXKHOCTEN Yacy 3aPOJIKOYTBOPEHHS [J151 KOHKYPYIOUMX (a3 Ta MOJEII0OBAHHIO
IpolLieciB KpUcTamisalii y BUCOKoeHTponiiiHux crasax cucreM Co-Cr-Fe-Ni, Al-Co-Cr-Fe-Ni, Al-Co-Cr-Cu-Fe-Ni
IIPY OTPMMAaHHI iX METOIOM JIa3epHOTrO JieryBaHHs. [loTpeba y BUKOPUCTAaHHI HOBMX METaJIeBUX MaTepialiB i3
BUCOKMMU (Pi3MKO-MEXaHIYHMMU BJIACTUBOCTSIMU Ta €KCILTyaTallilHUMU XapaKTePUCTUKAMHU, 10 3a6e3revyaThb
HeOoOXiJIHy HaJiliHiCTb pOOOTH rOTOBUX BUPOOIB B EKCTPEMAJIbBHUX YMOBAX, 3aBXKI1 OyJla aKTyaJIbHOIO 711 PO3BUTKY

cy4acHoi TexHiku. TpaguLiiiHui Mifxin y CTBOPEHHI HOBUX METAJIEBUX CILIABIB [IOJISITa€ y BUOOPi OJHOTO MaTepiany



B SIKOCTi OCHOBHOTO i 1OT0 MOJAJIbIIOTO JIETYBAHHS 3 METOI0 OTPMMAaHHS 6a>XKaHOI KOMOiHalii MeXaHIYHUX Ta
TEXHOJIOTIYHUX BJIACTUBOCTEN. B pe3ysbTaTi 3aCTOCYBaHHS TaKOTO MPUHIUITY CTBOPEHO BEJIUKY KiJIbKiCTb CILJIaBiB
Ha OCHOBI OJHOTO KOMIIOHEHTY, 30Kpe€Ma CTaJli, MiJIHi, aJIOMiHi€Bi, TUTAHOBI CIJIaBU TOWIO. O3HAYEHUIN METO],
PO3pOOKU MaTepiajliB € CyTTEBO OOMEXKEHUM 3 TOUKU 30PYy NOTEHIIMHOrO 3aCTOCYBAaHHS OLEP>KAaHUX METAJIEBUX
CILJIaBiB, HABiTh Y BUIIAAKAX KOJIU [JISI [IOKPALLEHHS BJIACTUBOCTEN NONAIOTh 3HAYHY KiJIbKICTb JIETYIOYNX €JIEMEHTIB.
BrCOKOEHTpOIIHI CIIJIaBM MaIOTh MiJBUILIEH]I Y TOPIBHAHHI 3 TPaAULIHYMY CIIJIaBaMU 3HAYE€HHS €HTPOIIil
3MilllyBaHHS, 10 JOCATAl0ThCS BHACIINOK 3061/1bLIEHHS KiZIbKOCTI CK/IaJIOBUX €JIEMEHTIB (Bif, 5 i Oisblie),
KOHILIEHTPALlisl SKMX MOKe 3MiHIOBaTHCA Bif, 5 10 35 aT. %. Taki criyiaBu CKiIaaloThCs 3 TBEPAUX PO3YMHIB (TpocTa
KpucTtaniyHa crpykrypa OLIK, I'1IK) i MmatoTh nmokpaiieHi MexaHiuHi BiacTuBocTi. CTabisizallis TBepaux PO3UUHIB i
3ano6iraHHs YTBOPEHHIO iHTEpMeTaJIeBUX CIIOJIYK y IIpolieci KpucTaisalii 3a6e3ne4yeTbCsl BUCOKOIO €HTPOIIIEI0
3MilllyBaHHS B IOYaTKOBOMY PiIkOMy cTaHi. EHTpomist Ipyu yTBOPEHHI TBEPAOTO PO3YMHY 30iJIbIIYETHCS 3 POCTOM
KIUJILKOCTI €JIEMEHTIB BiATNIOBIAHO [0 rinoTesu boabiMana. BUCOKOEHTPOIIiNHI CIIJIaBY XapaKTEPU3YIOThCS HU3bKUMU
y [IOPiBHSIHHI 3 TPafULiMHUMU CIJIaBaMU 3HaY€HHSIMU KoeillieHTiB Audyasii, 3HaYHMMU TBEPHICTIO i
3HOCOCTIMKICTIO, CTIMKICTIO 10 OKUCJIEHHS, 2 TAKOXX BUCOKMMU KOPO3i1HOIO Ta PaflialliiiHO0 CTiMKICTIO, 0
IO3BOJISIE 3HAUHO PO3LIMPUTH 00JIaCTh iXHBOTO 3aCTOCYBaHHS. [lepeBaxkHa 6inbiicTs Binomux BECiB 6ysa
oJiep>kaHa MeTOJaMy BaKyyMHO-IyTOBOi IIJIaBKH, abo I71aBKU B aTMocdepi aprony. [IpoTe y 6araTbox BUIIAAKax
IOLIITBHUM € CTBOpeHHs He 06’eMHuX BECIB, a JIoOKaJbHUX IMOKPUTTIB 3 MiABUIIEHUMU MeXaHIYHUMU
BJIaCTMBOCTAMU. Cepe], BiTlOMUX METOJIB OJep>KaHHs TaKMX [TOKPUTTIB JIa3€PHE JIETYBAaHHS € OJHUM 3 HalOiIbII
[IEPCIIEKTUBHUX BHACJIIIOK BUCOKOI TEXHOJIOTTYHOCTI npouecy. [Tpu nocnigxkennsx BECiB, ogep>xaHuX METOLOM
J1a3e€pHOTO JIeTYBAaHHSI, Ha 0COOJIMBY 3allikaBJIEeHHICTb 3aCJIyTOBYIOTb CIIaBY, y SKUX GpopmyeTbest cymim OIIK ta
I'IK - ¢a3, ocKiNbKY BUCOKI MBUIKOCTi OXOJIOIPKEHHSI MOXKYTh BIIJIMBATH Ha KiJIbKiCHE CIIiBBiIHOIIEHHS MiX
(azamu 3 pi3HMMU KPUCTANIYHMMU rPaTKaMu, a CTPYKTYypa CILJIaBiB 6€3CIIOCEPENHbO BIIJINBAE HA iX BIACTUBOCTI.
BECu Ha ocnosi ['lIK TBep0ro po3unHy xapakTepu3yIOTbCS HU3bKOIO MIIIHICTIO Ta BUCOKOIO MIJIACTUYHICTIO, a BECn
3 OLIK CTpyKTypOIO HaBIaK/ - BUCOKOIO MILIHICTIO 11 HU3BKOIO IIJIACTUYHICTIO. TOMY aKTyaJIbHUM 3aBIAHHSIM €
CTBOPEHHS KPUTEPIIB | METOAIB IIPOrHO3YBAHHS KPUCTAIIYHOI CTPyKTYypyu BECIB 3 ypaxyBaHHS XapaKT€PHUX [JIs
JIa3€pHOTO JIETYBAaHHS UIBUIKOCTEN OXOJIOIP)KEHHS Ta TETEPOT€HHOT0 XapaKTePy MPOLeCiB 3apOgKOYTBOPEHHS i
KpuCTaizalii 3a]1j1s1 ofilep>kaHHsI CIJIaBiB 3 Hallepes, 3alaHUMU BJIaCTUBOCTSIMU. B poboTi 6yJ10 IpoBeeHo
€KCIIEPMMEHTAJIbHE JIOCIIiI>)KeHHSsT (Pa30BOr0 CKJIANy, MIKPOCTPYKTYPU Ta MEXaHIYHUX BIACTUBOCTEN YOTUPbOX-,
'9TU- Ta mecTukomMnoHeHTHUX BECiB, ofepkaHUX METOLOM JIa3€PHOTO JIETYBAaHHS €BiaTOMHUMU CyMilllaMu
MTOPOIIKIB MEePEXiTHUX METaJliB HA MOBEPXHi TEXHIYHO YACTUX AJIIOMIiHIIO Ta 3aJ1i3a, pO3PaxXyHOK TEMIIEPATYPHUX
3aJIEXKHOCTEN Yacy 3apOJKOYTBOPEHHS 1J1s1 KOHKYPYIOUMX (a3 Ta MOJEJI0BaHHS ITPoLlecy KpucTasizalii 1
BHCOKOeHTpomniliHux criasiB cucreM Al-Co-Cr-Fe-Ni ta Al-Co-Cr-Cu-Fe-Ni npu nazepHomy sieryBaHHi. OTpumaHi
B pO0OOTi HAYKOBi pe3yJIbTaTU i BCTaHOBJIEHI (Pi3WYHI 3aKOHOMIPHOCTI CTaHOBJISITh IPAKTUYHUI iHTEpeC Mpu
CTBOPEHHI METOAUYHHUX Ta HAYKOBUX 3aca, pO3POOKU BUCOKOEHTPOIIIMHUX CILJIaBiB AJIs1 Lij1eCIIPSIMOBAHOTO
KEPYBaHH$ iXHIMU CTPYKTYpPOIO Ta BJIACTUBOCTSIMMU, @ TAKOXK IPAaKTUYHOTO BUKOPUCTAHHS LIbOTO KJIACy CIJIABIB -
CTBOPEHHS 3aXMCHUX IIOKPUTTIB Ha BUPOOAxX 3 IPOMUCJIOBUX CIJIABiB y JIOKAJIbHUX MICLISIX 3 BUCOKHM CTYIIEHEM
anresii. O6’'ekToM ocimkeHHs 6yso popmyBaHHs Tunosux A1 BECiB ¢a3 B yMoBax BUCOKUX IIBUIKOCTEN
OXO0JIOJPKEHHS PO3ILJIaBy, XapaKTePHUX [1J1s JIA3€PHOTO JleTyBaHHS. [IpeMeToM JoClifyKeHHs 6yJ10 BCTAHOBJIEHHS
(i3sNYHMX 3aKOHOMIPHOCTEN BIUIMBY KiHETUYHMX (PAKTOPIB Ta XiMIYHOTO CKJIa[y Ha IpoLecu (OpMyBaHHS

CTPYKTypH i MexaHiuHi BiactusBocTi BECiB.

2. The thesis is devoted to the experimental study of the structural phase state, the calculation of the nucleation
time temperature dependence for competing phases, and the modeling of crystallization processes in high-
entropy alloys of the Co-Cr-Fe-Ni, Al-Co-Cr-Fe-Ni, Al-Co-Cr- Cu-Fe-Ni systems obtained by laser alloying. The
need to use new metal materials with high physical and mechanical properties and operational characteristics,
which will ensure the necessary reliability of finished products in extreme conditions, has always been relevant for
the development of modern technology. The traditional approach to the creation of new metal alloys consists in
choosing one material as the main one and its subsequent alloying in order to obtain the desired combination of
mechanical and technological properties. As a result of the application of this principle, a large number of alloys



based on one component have been created, including steel, copper, aluminum, titanium alloys, etc. The specified
method of materials development is significantly limited from the point of view of the potential application of the
obtained metal alloys, even in cases where a significant amount of alloying elements are added to improve the
properties. High-entropy alloys have higher mixing entropy values compared to traditional alloys, which are
achieved due to an increase in the number of constituent elements (from 5 or more), the concentration of which
can vary from 5 to 35 at. %. Such alloys consist of solid solutions (simple crystal structure BCC, FCC) and have
improved mechanical properties. Stabilization of solid solutions and prevention of the formation of intermetallic
compounds during the crystallization process is ensured by the high entropy of mixing in the initial liquid state.
Entropy during the formation of a solid solution increases with the growth of the number of elements according to
the Boltzmann hypothesis. High-entropy alloys are characterized by low values of diffusion coefficients compared
to traditional alloys, significant hardness and wear resistance, resistance to oxidation, as well as high corrosion and
radiation resistance, which allows to significantly expand the scope of their application. The vast majority of
known HEAs were produced by methods of vacuum-arc melting, or melting in an argon atmosphere. However, in
many cases, it is expedient to create local coatings with increased mechanical properties rather than bulk wind
turbines. Among the known methods of obtaining such coatings, laser alloying is one of the most promising due to
the high manufacturability of the process. Alloys in which a mixture of BCC and FCC phases is formed are of
particular interest when studying HEAs obtained by laser alloying, since high cooling rates can affect the
quantitative ratio between phases with different crystal lattices, and the structure of alloys directly affects their
properties. HEAs based on FCC solid solution are characterized by low strength and high plasticity, and HEAs with
BCC structure, on the contrary, have high strength and low plasticity. Therefore, an urgent task is to create
criteria and methods for predicting the crystal structure of HEAs, taking into account the cooling rates typial for
laser alloying and the heterogeneous nature of the nucleation and crystallization processes in order to obtain
alloys with predetermined properties. The work carried out an experimental study of the phase composition,
microstructure, and mechanical properties of four-, five-, and six-component HEAs obtained by the method of
laser alloying with equiatomic mixtures of transition metal powders on the surface of technically pure aluminum
and iron, the calculation of the temperature dependence of the nucleation time for competing phases and
modeling of the crystallization process for high-entropy alloys of the Al-Co-Cr-Fe-Ni and Al-Co-Cr-Cu-Fe-Ni
systems during laser alloying. The scientific results obtained in the work and the established physical regularities
are of practical interest in the creation of methodological and scientific foundations for the development of high-
entropy alloys for purposeful management of their structure and properties, as well as the practical use of this
class of alloys - the creation of protective coatings on products from industrial alloys in local places with high
degree of adhesion. The object of the research was the formation of phases typical for HEAs in the conditions of
high cooling rates of the melt, characteristic of laser alloying. The subject of the study was the establishment of
physical regularities of the influence of kinetic factors and chemical composition on the processes of structure
formation and mechanical properties of HEAs.
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