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1. DopMyBaHHS BUCOKOEHTPOIIIHUX CIIJIaBiB B yMOBaX LIBUAKOTO OXOJIOIKEHHS PO3ILJIaBy [IPU JIa3€PHOMY

JIETYBaHHI METaJIiB.

2. Formation of high-entropy alloys under conditions of rapid cooling of the melt during laser alloying of metals.

Pedepar:

1. Incepranifina po60Ta IPUCBIYEHA EKCIIEPUMEHTATIBHOMY JIOCIIKEHHIO CTPYKTYPHO-(A30BOro CTaHY,
PO3paxyHKy TEMIIepaTypHUX 3aJIEKHOCTEN Yacy 3apOIKOYTBOPEHHS 1151 KOHKYPYIOUMX (a3 Ta MOJAETIOBAHHIO
npoleciB KpucTanisalii y BucokoeHTponiiiHux crasax cucreM Co-Cr-Fe-Ni, Al-Co-Cr-Fe-Ni, Al-Co-Cr-Cu-Fe-Ni
IIpPY OTPMMAaHHI iX METOIOM JIa3epHOro JeryBaHHs. [loTpeba y BUKOPUCTaHHI HOBMX MeTajleBUX MaTepiailis i3
BUCOKMMMU (Di3MKO-MEXaHIYHUMU BJIACTUBOCTSIMU Ta €KCIUIyaTaLiHUMU XapaKTepUCTHUKaMU, 1110 3a0e3nevyaTh
HeoOXiHy HaTiliHiCTh pOOOTH rOTOBUX BUPOOIB B EKCTPEMAJIBHUX YMOBAX, 3aBXKIY OyJia aKTyaJIbHOIO 171 PO3BUTKY
cy4yacHoi TexHiku. TpaguuiiiHuii nifxin y CTBOpeHHI HOBUX METaJjleBUX CILJIAaBiB [10J1sIrae y BUOOPi OHOTO MaTepiany
B SIKOCTi OCHOBHOTO i I0T0 IOJAJIbIIOTrO JIETYBAHHS 3 METOI0 OTPUMAaHHS 6a’KaHOI KOMOiHallii MexaHIYHUX Ta
TEXHOJIOTIYHMX BJIACTUBOCTEN. B pe3ysbTaTi 3aCTOCYBaHHS TaKOTr'O IIPUHLMITY CTBOPEHO BEJIMKY KiJIbKICTh CILIABiB

Ha OCHOBIi OJHOTO KOMIIOHEHTY, 30KpeMa CTaJli, MiJIHi, aJIOMiHi€Bi, TUTAHOBI CIJIaBU TOWIO. O3HAYE€HUN METO],



PO3pOOKU MaTepiasiiB € CyTTEBO OOMEKEHUM 3 TOYKU 30PY IOTEHIIITHOrO 3aCTOCYBaHHS OJEP>KaHUX MEeTaJIeBUX
CIIaBiB, HaBiTh y BUNAJKaX KOJIX 1151 TOKPALEHHS BJIACTUBOCTEN OJAIOTh 3HAYHY KiJIbKiCTb JIETYIOUMX €JIEMEHTIB.
BrCOKOEHTpOIIiiHI CIIJIaBM MaIOTh MiJIBUILIEH] Y TOPiBHAHHI 3 TPaAULiIIHYMY CIIJIaBaMU 3HAYEHHS €HTPOITil
3MillyBaHHS, 110 AOCATalOThCS BHACIOK 30i/IbII€HHS KiJIbKOCTI CKJIaI0BUX €JIEMEHTIB (Bif 5 i Ginblue),
KOHLIEHTPALlisl SKMX MOKe 3MiHIOBaTHCA Bif, 5 110 35 aT. %. Taki criyiaBy CKi1aialoThCs 3 TBEPANUX PO3YMHIB (TIIpocTa
KpucTtaniyHa crpykrypa OLK, I'lIK) i maioTh nokpaiieHi MexaHiuHi BinacTuBocTi. CTabisizallis TBepaux PO3UUHIB i
3arno06iraHHs yTBOPEHHIO iHTEPMETAJIEBUX CIIOJIYK y IIPOLIeCi KpUcTalisalii 3a6e3ne4yeTbCsl BUCOKOO €HTPOIIIEI0
3MilllyBaHHS B IOYATKOBOMY PiIKOMy cTaHi. EHTpomist Ipyu yTBOPEHHI TBEPAOTO PO3YUHY 30iJIbIIYETHCS 3 POCTOM
KiJIbKOCTi €JIEMEHTIB BiATIOBiAHO [0 rinoTe3u bosbiMaHa. BUCOKOEHTPOIIHI CIIJIaBU XapaKTEPU3YIOThCSI HU3bKUMU
y OPiBHSIHHI 3 TPaJULIMHUMU CIJIaBaMy 3HaY€HHSIMU KoeillieHTiB Audy3ii, 3HaYHMMU TBEPHICTIO i
3HOCOCTIMKICTIO, CTIMKICTIO 10 OKUCJIEHHS, 2 TAKOXX BUCOKMMU KOPO3i1HOIO Ta PajlialiiiHO0 CTIiMKICTIO, 0
D03BOJISI€ 3HAYHO PO3LIMPUTHU 00JIACTh IXHBOTO 3aCTOCYBaHHS. [lepeBaskHa 6ibiicTb Bitomux BECiB 6ysa
oJlep>kaHa MeTOJaM1 BaKyyMHO-IyTrOBOi IIJIaBKH, abo IJ1aBKU B aTMocdepi aprony. [Ipote y 6araTbox BUIIaAKax
IOLITbHUM € CTBOpeHHS He 06’eMHuX BECIB, a JIoOKaJbHUX ITOKPUTTIB 3 HiABUIIEHUMU MeXaHIYHUMU
BJIaCTUBOCTAMU. CepeJ, BifOMUX METO/IiB Ofep KaHHS TaKUX IOKPUTTIB JIa3epHEe JIeTYBaHHS € OJHUM 3 HalOisbII
MePCIEKTUBHUX BHACJIIOK BUCOKOI TEXHOJIOTIYHOCTI npouecy. [Ipu gocnimkeHHsx BECiB, onepskaHuX METOIOM
JIa3€pHOTO JIETYBAHHS, Ha 0COOJIMBY 3al}ikaBJI€HHICTb 3aCJIyTOBYIOTb CILJIaBY, Y SKUX popmyeTbest cyMim OIIK ta
I'lIK - a3, 0CKiNbKY BUCOKI MBUAKOCTI OXOJIOIPKEHHSI MOXKYTb BILJIMBATH Ha KiJIbKiCHE CIIiBBiIHOIIEHHS MK
(asamu 3 pisHUMHU KPUCTANTiYHUMU IPATKaMU, a CTPYKTYypa CILJIaBiB 6€3CI1ocepeHbO BIUIMBAE HA iX BIACTUBOCTI.
BECu Ha ocnoBsi I'lIK TBep0ro po34nHy xapakTepU3yIOTbCS HU3bKOIO MIIIHICTIO Ta BUCOKOIO IIJIACTUYHICTIO, a BECn
3 OLIK CTPyKTYpOIO HaBIaKy - BUCOKOIO MIlIHICTIO I HU3bKOIO MJIACTUYHICTIO. TOMY aKTyajlbHUM 3aBIaHHSIM €
CTBOPEHHS KPUTEPIIB | METOAIB IIPOrHO3YBAaHHA KPUCTaIiYHOI CTPyKTYypyu BECIB 3 ypaxyBaHHS XapaKT€PHUX [JIs
JIa3€pHOTO JIETYBAaHHS UIBUIKOCTEN OXOJIOIKEHHS Ta FETEPOT€HHOI0 XapaKTePy MPOLECiB 3apOgKOYTBOPEHHS i
KpHUCTai3alii 3a]171s1 oflep>KaHHs CIJIaBiB 3 Hallepes, 3alaHMMU BJIaCTUBOCTSIMU. B po6oTi 6yJ10 IpoBeeHO
€KCIIEPMMEHTAJIbHE OCIIiI>)KeHHSs! (Pa30BOr0O CKJIANy, MIKDOCTPYKTYPHU Ta MEXaHIYHUX BJIACTUBOCTEN YOTUPbOX-,
II'ATU- Ta MEeCTUKOMITIOHEHTHUX BECIB, ofepXaHNMX METOLOM JIa3€PHOTO JIETYBAHHS €BlaTOMHUMU CyMillaMu
MTOPOIIKIB MePEXiTHNX METaJliB HA TOBEPXHi TEXHIYHO YNCTUX AJIIOMIHIIO Ta 3aJ1i3a, pO3PaxXyHOK TEMIIEPATYPHUX
3aJIEXKHOCTEN Yacy 3apOJKOYTBOPEHHS 1J1s1 KOHKYPYIOUMX (a3 Ta MOJAEJIOBAHHS ITPOLIECy KpucTasizalii fs
BHCOKOeHTpomniiHux criasiB cucteM Al-Co-Cr-Fe-Ni ta Al-Co-Cr-Cu-Fe-Ni npu 1a3epHomy sieryBaHHi. OTpumaHi
B pO0OTi HAyKOBi pe3yJIbTaTH i BCTAHOBJEHI (i3nyHi 3aKOHOMIPHOCTI CTAHOBJISTh IPAKTUYHUM iHTEpec pu
CTBOPEHHI METOAUYHHUX Ta HAYKOBUX 3acaj, PO3POOKU BUCOKOEHTPOIIIMHUX CIIJIaBiB AJ1s1 Lij1eCIIPSIMOBAHOTO
KEPyBaHH$ iXHIMU CTPYKTYPOIO Ta BJIACTUBOCTSIMMU, @ TAKOXK IPAKTUYHOTO BUKOPUCTAHHS LIbOTO KJIACY CIJIABIB -
CTBOPEHHS 3aXMCHUX [TIOKPUTTIB Ha BUPOH6AX 3 IPOMUCJIOBUX CILJIABIB Y JIOKAJIbHUX MICLISIX 3 BUCOKUM CTYIIEHEM
anresii. O6’ekToM focyimkeHHs 6ys10 popmyBaHHs Tunosux A1 BECiB ¢a3 B ymoBax BUCOKUX IIBUIKOCTEN
OXOJIOJPKEHHS PO3ILJIaBy, XapaKTEPHUX [1J15 JIA3€PHOTO JIeTyBaHHS. [IpeMeToM JOCIifKeHHS 6yJ10 BCTAHOBJIEHHS
(i3sMYHUX 3aKOHOMIPHOCTEN BIUIMBY KiHETUYHMX (PAKTOPIB Ta XIMIYHOTO CKJIaZy Ha poLecu (OpPMyBaHHS

CTPYKTYpH i MexaHiuHi BiactTuBocTi 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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