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Pedepar:

1. YIockoHa/IeHHS TEXHOJIOTIYHOTO NPOLLECY BUTOTOBJIEHHS JINTUX POOOYMX JIONATOK 3 )KapOMILIHUX HiKeJIeBUX
CILJIaBiB /11 3a0€3Ne4eHHs eKCITyaTaliliHuX BJaCTUBOCTEe! TypOiHM HU3bKOro THCKY — KBasidikanifina HaykoBa
Ipaisl Ha IpaBax pyKonucy. Jlucepratisi Ha 3000yTTsI HAYKOBOTO CTyIeHs JoKTopa (inocodii 3a crenianpHicTIo 136
- Metanypris. HalioHanbHMi1 yHiBEpCUTET "3aropisbka nositexHika", 3anopiioks, 2025. Jlucepraliiio IpUCBSI4EHO
BHMBUYEHHIO BIIJINBY METAJIYPTilHUX TEXHOJIOTIYHUX [IPOLIECIB Ta XIMIYHUX €JIEMEHTIB HaA MEXaHiYHi BJIACTUBOCTI,
IOBrOTpPUBAJy MiLHICTb i cTpyKTypy uBapHUx XHC. Po3risiHyTO 3a71€XHOCTi BIIIMBY cyMmu Ti+Al Ha 3MilJHIOBaJIbHY

0'- ¢azy B J)KHC 3 pisHMM TUIIOM 3MilJTHEHHS, a TAKOX BILIMB iTPil0 HA €BTEKTUYHI BUAiIEHHS (a3, 0 CKYI4yIOTbCSI



Ha MeXi 3epeH. BctanosieHo, mo BBegeHHs B posmias JKHC 0,136 % siratypu HiKesb-iTpiil cripuse O4YMILEHHIO
MeXXi 3epeH Bif, 3HeMilHIOBaIbHUX ¢a3. [IpoBeeHo po60TH 3 BU3HAUEHHS KOMILJIEKCHOTO BILJIMBY JIETYBaHHS,
MoaupiKyBaHHS Ta BUCOKOTEMIIEpATypHOro o6pobseHHs posnnasy (BTOP) Ha cTpykTypy i BaactuBocti JKC3IK-BI,
SIKUI1 BUKOPMCTOBYETBCS 7151 BATOTOBJIEHHSI POOOYMX JIONATOK TYPOiHM HU3BKOTO TUCKY (BijIbHOI TypOiHH, TypOiHU
BEHTUJISITOPA) aBialiliHUX BUTYHIB i ra30TypPOiHHUX YCTAaHOBOK. Y POOOTi BCTAHOBJIEHO OCOOIMBOCTI BILJIUBY
BYIJIELl1O, JIETYI0UMX 100aBOK Hiobito i radHito, moaudikywouoi nob6asku iTpito Ta BTOP Ha posnoain, ¢popmy Kapb6inis
i MEX 3€peH, MEXaHi4Hi BJIaCTUBOCTI, TPUBAJY MilJHiCTb BUJIUBKIB, OTPYMAaHUX i3 >KapOMILIHOTO CIIJIaBy B IIpOLECi
piBHOOCHOI KpucTasizatii. [IpoBeileHO pO3paxyHKU CTPYKTYpHOI CTabiNbHOCTI, 30a71aHCYBaHHS XiMi4YHOTO CKJIafy, a
TaKOX BIUIMBY HiOO6il0 Ta radHiio Ha MexaHiuHi BiacTuBocTi cryaBy JKC3IK-BI. Po3risiHyTo BIJIMB KOMILJIEKCHOI
mogepHizauii criaBy JKC3JK-BI 3a TeXHOIOTYHMMY HallpSMaMU B rajlysi MeTasyprii (JleryBaHHs HiobieM i
radHieM, MoguQikyBaHHs iTpieM Ta nposegeHHs: BTOP) Ha noJlinieHHs: CTPYKTYPHOTO CTaHy, MilJHOCTI Ta
[JIACTUYHUX BIACTUBOCTEN KapOMILIHOTO JINTTA. 3a Pe3yJIbTaTaMU aHaJli3iB JIiTepAaTypPHUX JAHUX, IPOBENEHNX
TEOPETUYHUX PO3PAaXYHKIB Ta IOCIiI>)KeHb MOXXHA 3DOOMTH HACTYIIHI BUCHOBKU. 1. 'aHili i Hi06ii1 BXOJATE ¥
3MilHIOBaIbHY O'- (a3y Ta J04ATKOBO 3MiLIHIOIOTH ii. BepyTh yuacTh y BIOCKOHaIeHHI Mop@oJiorii Kap6iaiBb i
IiIBUIIYIOTh TEPMOAMHAMIYHY CTabibHICTD CIIaBy. 2. Moan@ikyBaHHS CIJIABY iTpiem CIipusie NOJNIIEHHIO
Mixk¢azHOi MoBEpXHi MiX iHTEpMeTaTiIHOW 0~ Pa300 Ta TBEPAOPO3UNHHOIO MATpUIIelo, cTabisizanii Kap6imHuX
BUJIiJIEHb CIIPUSTAMBOI MOP(OJIOTii, @ TaKOK (POPMYBaHHIO iXHiX TEDMOANHAMIUHO CTIIKMX BUCOKOTEMIIEPATYPHUX
Mopu@ikanil, ygoCKoOHaJIeHHIO MeX 3epeH. 3. 3actocyBanns BTOP Ha nepily i Ipyry TOUKU piBHOBRXXHOTO CTaHY
PO3IJIaBy A€ 3MOTY MiIBUIIUTY MTOKa3HUKY MinHOCTI JKHC, Iy1aCTUYHICTD, yOapHY B'SI3KiCTh, PAHULIIO TPUBAJIOL
MIIJHOCTI, OIip BUHMKHEHHIO Ta PO3BUTKY TPIlllMHY, 1110 3arajoM JJa€ 3MOTy 30i7IbIINTH TPUBAJiCTb €KCIIyaTallii
neraney. 4. Ha nincraBi npoBefeHuX AOCTiI)KeHb CTBOPEHO TexHOJIOor o MoaepHisalii [Y+Nb+Hf+BTOP].
TexHosIOTiYHY CXeMy MOJIepHi3alii CIyiaBy po3po06JI€HO i3 3aCTOCYBAaHHSIM KOMILJIEKCHOTO BILIMBY, IO BKJIIOYAE
sieryBaHHs Hiobiem (HOLIO = 0,5%), niratypoto radniii-sikesns ([OH-10=0,230...0,260 %), mogudikyBaHHS
siratyporo Hikenb-iTpiil (ITH-1= 0,158...0,184 %), a Takoxx nposenenHsiM BTOP (neperpiBaHHs po3IlyiaBy Jo
1830...1870 °C, ButpumKa 10...12 xBrKH). 3allpONIOHOBAHE pillleHHsI 3a6e31e4ye BUCOKi 3HaU€HHSI Y4APHOI B'SI3KOCTI
Ta KapOMIIJHOCTi. BCTaHOBJIEHO 3POCTaHHS Yacy 0 pyiiHyBaHHs. [Ipu nepexogi Bif 3paskiB i3 rpy6umMu MeskaMu
3€PeH [0 3pa3KiB i3 TOHKUMU MeXXaMu IPUPICT Yacy [10 BUCOKOTEMIIepaTypHOro pyHHYBaHHS CTaHOBUTH Ad = 58,7
roguHu. TakoxX BCTaHOBJIEHO MNpUpicT 4acy An' = 103,6 rogyHu [1py [epexoi Bif, cepiliHOi TEXHOJIOrI]
MoaudikysanHs cnnaby JKC3/IK-Bl iTpieM 1o 70aTKOBOTO BBEIEHHS Hi00i10 Ta radHilo 115 BapiaHTa TeXHOJOTil
[Y+Nb+Hf+BTOP]. [IpoBezneHi TeopeTnyHi po3paxyHKH AJIs1 peakiiii Kap6ifoyTBOPEHHS AAI0Th 3MOTY IIPUILYCTHUTH,
o npu Bmicti 0,015 mac. % itpio i 0,25 mac. % radHiio 1715 TOBHOLIHHOTO YTBOPEHHS c(pepuyHUX KapoOizis
noTpi6bHo moHanmMeHme 0,02 mac.% Byrieno. Pazom 3 TuM, ais peakuii 0,5 Mac. % Hio6it0 Heob6xigHO 0,06 mac.%
ByIJIenio, i ayst peaxuii 0,239 mac. % tutany Heoo6xinHo 0,06 Mac.% Byriewnio. [HTepBa jieryBaHHS [lepeBipeHo
TEOPETUYHMMU PO3paXyHKaMi METOJOM KOMILJIEKCHOI pO3paxyHKOBO-aHaliTH4HOi MeToauku (KPAM), o
3aCBiT4nIIO 36a71aHCOBAHICTh CUCTEMM JIETYBAHHS CIUJIABY Ta MOTO BiJIIOBiHICTh YMOBAM CTPYKTYPHOI CTabiIbHOCTI.
TexHosoriuHi epexTu: - NigBUIIEHO PiBEHb yOAPHOI B'13KOCTI 3 21,7 mo 48,3 [k /cM2, y 2 pa3u - NigBUIIEHO PiBEHb
4acy 0 pPyHHYyBaHHS IIPYU BUNIPOOYBaHHSAX TpUBajoi MirtHocTi (3 150 rox. mo 671 rog,), y 4 paszu. 3a po3pobJieHOoI0
TEXHOJIOTi€0 MOJiepHi3allii 6y BUTOTOBJIEHI AOCigHI pobodi JIoNaTKy 1151 BUITPOOYBaHb, IKi 3HaXOASAThCS Ha

Pi3HUX CcTaisIx 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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o AHAJIITUMHMN PO3PaxyHOK SKiCHUX NTOKa3HUKIB JINBAPHOTO KapOMILIHOTO HikesieBoro ciasy XKC3K-BI /
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CeKTop HayKH: YHiBepCUTETChKUI

VIII. 3aKkJII04Hi BiZoMOCTi
Biacue IpizBume Im's I10-6aTbKOBI Benikos Cepri#t Bopucosu4

roJIOBH pagu

BnacHe IlpizBuie Im's [10-6aTbKOBI Benikos Cepri#i Bopucosuy

roJIOBYIOYOTO Ha 3acigaHHi

BiamoBiganbHUH 32 MiZITOTOBKY TromKiH [IMuTpo OeKcaHapoBIY

00JIIKOBHX JJOKYMEHTIB

Peectparop VYkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZAIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

IisiIbHOCTI




