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Pedepar:

1. YoockoHaseHHs TEXHOJIOTIYHOT O IPOLIECY BUTOTOBJIEHHSI JIMTUX POOOYMX JIONATOK 3 )KAPOMILJHMX HiKeJIeBUX
CILJIaBiB /1J14 3a0€3Me4YeHHs eKCILTyaTallilHUX BIaCTUBOCTEN TypOiHM HU3bKOTO TUCKY — KBasidikaliiiHa HaykoBa
Ipaisl Ha IpaBax pykonucy. [lucepratiisi Ha 3700yTTsl HAYKOBOTO CTyIeHs JokTopa dinocodii 3a crenianpHicTio 136
- Meranypris. HauionanbHuil yHiBepcuTeT "3anopizbka nosjirextika", 3anopiiokd, 2025. lucepTaliito NpUCBSIYE€HO
BUBYEHHIO BIUIMBY METAIYPrilHUX TEXHOJIOTTYHUX IIPOLIECIB Ta XIMIYHUX €JIEMEHTIB HA MEXaHIYHi BJIACTUBOCTI,
IOBroTpUBaly MillHIiCTb i cTpyKTypy auBapHux JKHC. Po3srisHyTo 3anesxxHocTi BiuBy cymu Ti+Al Ha 3miliHIOBasIbHY
0'- ¢azy B J)KHC 3 pisHMM TUIIOM 3MilJHEHHS, a TAKOX BIIUB iTPil0 HAa €BTEKTUYHI BUAiNIEHHS (a3, 1[0 CKYI4yIOTbCSI
Ha MeXi 3epeH. BctanosieHo, mo BBegeHHs B po3ias JKHC 0,136 % siratypu HiKeJb-iTpiil CIipuse O4YUIEHHIO
MEXi 3epEeH Bif] 3HeMilHIOBalIbHUX (a3. [IpoBeeHo po60TH 3 BU3HAYEHHSI KOMIIJIEKCHOTO BIIJIMBY JIETYBAHHH,
MoaMiKyBaHHS Ta BUCOKOTEMIIepaTypHOro oopobsieHHs posmninasy (BTOP) Ha ctpykrypy i BnactusocTi JKC3K-BI,



SIKUI1 BUKOPUCTOBY€ETHCS [1J151 BUTOTOBJIEHHS POOOYMX JIONATOK TypOiHM HU3bKOTO TUCKY (BijIbHOI Typ6iHHU, TypOiHI
BEHTWJISTOPA) aBialliilHUX ABUTYHIB i ra30Typ6iHHMX YCTaHOBOK. Y pOOGOTi BCTAHOBJIEHO OCOOJIMBOCTI BIJIUBY
BYIJIEL}O, JIETYIOUMX 100aBOK Hiobito i radHiio, Moaudikyouoi nobasku iTpito Ta BTOP Ha posnoain, popmy Kap6inis
i MEX 3epeH, MeXaHi4Hi BJIaCTUBOCTI, TPUBAJY MillHICTh BUJIMBKIB, OTPUMAHUX i3 >KapOMILIHOTO CILJIaBy B IIpOLECi
piBHOOCHOI KpucTasizatii. [IpoBeileHO pO3paxyHKU CTPYKTYpHOI CTabiNbHOCTI, 30a71aHCyBaHHS XiMiYHOTO CKIIafy, a
TaKOX BILIMBY HiOO6il0 Ta radHilo Ha MexaHiuHi BiacTuBocTi crnaBy JKC31K-BI. Po3risiHyTo BIJIMB KOMILJIEKCHOI
mogepHizauii criaBy JKC3JK-BI 3a TeXHOIOTYHMMY HallpsIMaMU B rajlysi MeTasyprii (JleryBaHHs HiobieM i
radHieM, MonnQikyBaHHs iTpieM Ta npoBegeHHs BTOP) Ha noJlinieHHs: CTPYKTYPHOTO CTaHy, MiLJHOCTI Ta
IIJIACTUYHUX BJIACTUBOCTEN KapOMILIHOTO JINTTS. 32 pe3yJbTaTaMy aHali3iB JIiTEPaTyPHUX JAHUX, TPOBEILEHUX
TEOPETUYHUX PO3PaxXYHKIB Ta NOCIiI>)KeHb MOXXHA 3DOOMTH HACTYIIHI BUCHOBKHU. 1. 'aHili i Hi06ii1 BXOJATE y
3MiLHIOBaIbHY O'- (a3y Ta JOLATKOBO 3MiLHIOIOTH ii. BepyTh yuacTh y BIOCKOHaJIEHHI MOP(OoJIorii Kap6iaiB i
iIBUIIYIOTh TEPMOAMHAMIYHY CTabiIbHICTD CIIABy. 2. Moan@iKyBaHHS CILJIABY iTpiem CIipusie MOJINIIEHHIO
MixkasHoi MoBepxHi MiXX iHTepMeTanigHO 0~ (a30lo Ta TBEPIOPO3YNHHOIO MATPHlIel0, cTabimizalii KapoimHux
BUJIiJIEHDb CIIPUSTIAMBOI MOP(OJIOTii, @ TAKOK (POPMYBAHHIO iXHiX TEDMOAMHAMIUYHO CTIIKMX BUCOKOTEMIIEPATYPHUX
Mopudikaliili, yIoCKoOHaJIeHHIO MeX 3epeH. 3. 3acTocyBaHHs BTOP Ha nepiy i Apyry TOUYKM piBHOBaXKHOTO CTaHY
PO3IIaBy Jae 3MOTY MiJBALMIUTY MOKa3HUKYU MintHOCTi JKHC, nacTU4HICTh, yIapHY B'3KiCTb, TPAHULII0 TPUBAJIOL
MILIHOCTI, OIlip BUHUKHEHHIO Ta PO3BUTKY TPIllMHY, 11O 3arajoM Jla€ 3MOTY 30iJIbIIMTH TPUBAJICTb eKCIIIyaTallii
netasneii. 4. Ha migcraBi nmpoBeieHUX IOCTiIPKeHb CTBOPEHO TexHoIorio MmogepHisanii [Y+Nb+Hf+BTOP].
TexHosoriyHy cxemy MoJepHisalii criaBy po3po6JI€HO i3 3aCTOCYBaHHSIM KOMIIIEKCHOTO BIUIMBY, 1O BKJIIOYA€
sieryBaHHs Hiobiem (HOIIO = 0,5%), niratypoto raduiii-sikesns ([OH-10=0,230...0,260 %), mogudikyBaHHs
siratyporo Hikeab-iTpiil (ITH-1= 0,158...0,184 %), a Takox nposenenHsiM BTOP (neperpiBaHHs po3IyiaBy 1o
1830...1870 °C, BuTpumKa 10...12 xBrMH). 3allpoNOHOBaHE pillleHHsI 3a6e3Me4ye BUCOKI 3HaU€HHSI YIAPHOI B'I3KOCTI
Ta >KapoMil[HOCTi. BcTaHOB/IEHO 3pOCTaHHS Yacy 1o pyrHyBaHHs. [Ipu repexoi Bif 3paskKiB i3 rpyonMu Mesxxamu
3€PEeH [0 3pa3KiB i3 TOHKMMU MeXXaMU IPUPICT Yacy [0 BUCOKOTEMIIEPAaTypHOrO pyHHYBaHHS CTaHOBUTb Ad = 58,7
roguHu. TakoxX BCTaHOBJIEHO NpUPIcT Yacy An' = 103,6 rogyHu 1pu repexoi Bifg, cepiliHOi TeXHOJIOr]
monudixyBanns craBy JKC3IK-BI iTpiem 1o 1omaTKoOBOro BBeieHHs Hio6i0 Ta radHio 1J1s BapiaHTa T€XHOJIOTI
[Y+Nb+Hf+BTOP]. [IpoBezeHi TeopeTUyHi po3paxyHKH AJis1 peakiiii Kap6ifoyTBOPEHHS AAI0Th 3MOTY IIPUILYCTHUTH,
o rpu BmicTi 0,015 Mac. % itpito i 0,25 mac. % radHilo 17151 TOBHOLIIHHOTO YTBOPEHHSI CpepUYHUX KapbiniB
noTpi6Ho moHanmeHme 0,02 mac.% Byrieio. Pazom 3 Tum, nis peakuii 0,5 Mac. % Hio6ito HeobxinHo 0,06 Mac.%
ByIIenio, i nyst peaxuii 0,239 mac. % tutany Heo6xinHo 0,06 Mac.% Byriewto. [HTepBa jieryBaHHS [1epeBipeHo
TEOPETUYHMMU PO3paXxyHKaMU METOJOM KOMILJIEKCHOI pO3paxyHKOBO-aHaliTH4YHOI MeToauku (KPAM), o
3aCBiT4nIIO 30a71aHCOBAHICTh CUCTEMM JIETYBAHHS CIUJIABY Ta MOr0 BiJIIOBiJHICTE YMOBAM CTPYKTYPHOI CTabiIbHOCTI.
TexHosoriyHi edexTu: - migBuIIeHO piBeHb yaapHOi B'A3KOCTi 3 21,7 mo 48,3 Ik /cM2, y 2 pa3u - MifBUILEHO piBeHb
yacy 10 pyHHYyBaHHS IpYU BUNPOOYBaHHSX TpUBajoi MiljHocTi (3 150 rox. mo 671 rog,), y 4 pa3u. 3a po3pobJieHOoI0
TEXHOJIOTi€I0 MOJIEPHi3allii 6y BUTOTOBJIEHI AOCiAHI pobodi JIoNaTKy 1151 BUITPOOYBaHb, Ki 3HaXOASAThCS Ha

Pi3HUX CcTanisIx 06POOKU.

2. Improvement of the technological process of manufacturing cast working blades from heat-resistant nickel-base
superalloys to ensure the operational properties of a low-pressure turbine - Qualification scientific work on the
rights of the manuscript. Dissertation for the degree of Doctor of Philosophy in Metallurgy 136. National University
«Zaporizhzhia Polytechnic», Zaporizhzhya, 2025. The dissertation is devoted to the study of the influence of
metallurgical technological processes, chemical elements on the mechanical properties, long-term strength and
structures of cast heat-resistant nickel-base superalloys (NBS). The dependences of the influence of Ti+Al amount
on the hardening o'-phase in NBS with different types of hardening, as well as the influence of yttrium on the
eutectic prcipitation of phases accumulating at grain boundaries have been considered. It has been established
that the introduction of 0,136 % of nickel-yttrium ligature into the melt of NBS favours the purification of grain
boundaries from unstrengthening phases. Work has been carried out to determine the complex effect of alloying,
modification and high-temperature melt treatment (HTMT) on the structure and properties of ZhS3DK-VI used for
the manufacture of low-pressure turbine working blades (free turbine, fan turbine) of aircraft engines and gas



turbine units. The peculiarities of influence of carbon, alloying additives of niobium and hafnium, modifying
additive of yttrium and HTMT on mechanical properties, long-term strength, distribution, shape of carbides and
grain boundaries of test specimens obtained from heat-resistant alloy of equiaxial crystallisation have been
established.Calculations of structural stability, chemical composition balancing, and the influence of niobium and
hafnium on the mechanical properties of ZhS3DK-VI alloy have been carried out. The influence of complex
modernisation of the alloy ZhS3DK-VI by technological directions in the field of metallurgy: alloying with niobium
and hafnium, modification with yttrium and carrying out HTMT on improvements of structural state, strength and
plastic properties of heat-resistant casting is considered: 1. Hafnium and niobium enter the hardening o'-phase and
further harden it. They contribute to the improvement of carbide morphology and increase the thermodynamic
stability of the alloy. 2. Modification of the alloy with yttrium, contributes to the improvement of the interphase
boundary between the intermetallic o’-phase and solid-solution matrix, stabilisation of the favourable morphology
of carbide precipitates, as well as the formation of their thermodynamically stable high-temperature
modifications, and improvement of grain boundaries. 3. The application of HTMT to the first and second points of
the equilibrium state of the melt allows to increase the strength properties of NBS, plasticity, impact strength, the
limit of long-term strength, resistance to crack initiation and development, which in general allows to increase the
service life of parts. 4. Based on the research conducted, a modernisation technology [Y+Nb+Hf+BTOP] was
developed. Developed technological scheme of alloy modernisation with application of complex influence
including niobium alloying (Nb = 0,5%), hafnium-nickel ligature (HfNi-10 = 0,230-0,260 %),modification with
nickel-yttrium ligature (YNi-1 = 0,158-0,184 %),as well as by HTMT (superheating to 1830-1870 °C, exposure time
10-12 minutes). The proposed solution provides high values of impact strength and heat resistance. The time-to-
fracture growth dependence was established, where at transition from samples with coarse grain boundaries to
samples with fine boundaries; the time-to-high-temperature fracture growth is Ao = 58,7 hours. The increase of
time An' = 103,6 hours of transition from the batch technology of modification of the alloy ZhS3DK-VI with yttrium
to additional introduction of niobium and hafnium for the technology variant [Y+Nb+Hf+HTMT] was also
established. Theoretical calculations for the reaction of carbide formation suggest that at the content of 0,015
wt.% yttrium and 0,25 wt.% hafnium, not less than 0,02 wt.% carbon is required for the complete formation of
spherical carbides. At the same time, 0,06 wt.% carbon is required to react with 0,5 wt.% niobium, and 0,06 wt.%
carbon is required to reactwith 0,239 wt.% titanium. The doping interval was verified by theoretical calculations
using the complex-calculative analytical method (CCAM) method, which showed that the structural stability and
balance of the doping system met the stability conditions. The technological effects: - increased impact strength
level from 21,7 to 48,3 J /cm2, by 2 times, - improved time to fracture in long-term durability tests (from 150 hours
to 671 hours), by 4 times. Using the developed modernisation technology, experimental working blades were
manufactured for testing, which are currently at various stages of processing.
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BiAHOBiAaﬂbHHﬁ 3a l'Ii,H,I‘OTOBKy TrOMKIiH ,HMI/ITPO O]IeKcaH,HpOBI/I‘-I

00JIIKOBHX JJOKYMEHTIB

Peectpartop YkpIHTEI

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaJIbHUM 32 PEECTpalLilo HayKOBO1 IOpuenko TeTsHa AHaToJiiBHA

OisSIIBHOCTI




