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1. BinHOB/IEHHS CTPYKTYPM i BJIaCTUBOCTEN TPUBAJO eKciyaToBaHoi crani 12XIM® naporony TEC 3a
MOIM(}PiKOBaHMM PEXXUMOM TEPMIYHOTO 0OPOOIEHHS

2. Restoration of the structure and properties of long-term operated 12Kh1MF steel of a thermal power plant steam
pipe using a modified heat treatment

Pedepar:
1. Y puceprauiiiHiil pob0Ti MPOaHali30BaHO OCOOIMBOCTI 3MiHM TEXHIYHOTO CTaHy TEIJIOTPUBKOI cTali 12XIM®
nicsis TpuBasnoi (~2,86-105 rox) BucokoTemnepatypHoi (5450C 3a Tucky napu 14 MIla) ekcrutyarauii y ruHi

rosioBHoro nnaporony TEC. BusiBieHo, 110 XxapaKTepUCTHKa MIIJHOCTI CcTaJii yCix 30H IMHY (PO3TITHEHOI, HeUTPasbHOI

nepepisy Tpybu) 6yu HIDKUI 32 peraaMmeHToBaHi. Hailbinbiy NOmKOIKeHICTh CTPYKTYpU Ta BTPATy IJIACTUYHOCTI



BUSIBJIEHO y PO3TSTHEHI 30Hi 611 30BHIIIHBOI 10BEpXHi Tpyou. PpakrorpadivyHo BUSBUIN AEKOTe3il0 KapoOiais i
$hopMyBaHHS KPUXKUX 371aMiB. 3alIpOTIOHOBAHO PEXXUM BiIHOBJIIOBAJIbHOTO TEPMiYHOTO 00p06ieHHS (Bi
Hopmadmizauji: 1100o0°C, 150 xB + 9600°C, 30 xB, Binnyck 7400°C, 180 xB), akuil 3a6e311e4nB rOMOT€Hi3allilo CTPYKTYPH,
3MEHIIEHHs1 PO3MIpPY 3epeH i nepeposnonin kapoizis. Ilicis 06pobaeHHs TBepicTs 3pocia 3 120 no 170o0HB, yoapna
B'SI3KiCTb — y/IBidi, @ IJIACTUYHICTb y 30Hi HaN6inbLOi gerpagauii - Ha 60%. Ha 31amax 3paskiB micsisg 06po6ieHHs
repeBaskaB B'SI3KUU SIMKOBUI pesbed 3 IpioHMMU Kapbigamu. Peskum BUsSBUBCS e(DEKTUBHUM [IJIs MiTBUIEHHS
MIIJHOCTI Ta MJIaCTUYHOCTI CTaJIi 10 BCifl TOBIMHI CTiHKM Tpyou. OKpeMy yBary NpuiJieHO BIUIMBY HaBOJHIOBaHHS,
gK€ € HEMVHYYUM I1iJ] Yac TPMBaJIOi eKcIuryaranii. HaBiTh miciig HaBOJHIOBaHHSA 3pa3KiB, MEXaHI4HI XapaKTepUCTHKU
BiZJHOBJIEHO] CTaJli 3/IMIIAJINCS BULIMMY, HDK B €KCILJIyaTOBaHil: IJIaCTUYHICTD NiaBuiuiacs Ha 39-41%, MiLHICTb
- Ha 9-16%. B excrisyaToBaHill cTasi BOJEHb HAKOIIMYYBABCS B3[I0BK MEX 3€PEH, Y BiIHOBJIEHIN — BCEPELUHI HUX,
110 3HMKYBAJIO ii CXUJIBHICTB O KPUXKOTO PyMHYBaHHS. lle CBiIUMTh PO NOKPAL€HHS CTIMKOCTI 10 BOJAHEBOTO
OKPUXYEHHS TicJig 06po6sieHHs. [lepeKTu, He YCYHYTi NOBHICTIO, BTPATUJIM 3B'SI30K 3 TPAHULIIMU 3€PEH,
NEePEMICTUBIINCH Y iX 06'€M, 1[0 TaKOXK CIPHUSJIO 3HIKEHHIO DU3UKY KPi3b3€PEHHUX PyIHYBaHb. OTKe, IOKpal€HHS
CTPYKTYPH i OCHOBHUX (PYHKLIOHAJIbHO Ba)KJIMBUX BJIACTMBOCTEM BigHOBIEeHOi cTamni 12XIM® ta yacTkose
HiBeJIIOBaHHS HETATMBHUX HACJIIKIB ii HABOAHIOBaHHS AAIOTh MMiACTaBU BBAXKATH, L0 TEPMIH CIIY>XKOU €JIEMEHTiB
naporoHiB TEC M0>kHa IPOJIOBXKUTU 32 PaXyHOK BIIPOBAKEHHS Y IPAKTUKY IXHBOI €KCITyaTallii 3alIpOIIOHOBAHOTO

PEKMMY BiZJHOBJIIOBAJIbHOI'O TEPMIYHOIO O6POGIIEHHS.

2. The dissertation analyses the features of the changes in the technical state of heat-resistant 12Kh1MF steel after
long-term (~2,86-105 hours) high-temperature operation (545°C at a steam pressure of 14 MPa) in the bend of the
main steam pipeline of a thermal power plant. It was revealed that the strength characteristics of the steel in all
bending zones (stretched, neutral and compressed) and at all levels along the pipe wall thickness (near its outer
and inner surfaces and in the center of the pipe cross-section) were below the regulated values. The most severe
deterioration occurred in the stretched zone near the outer surface, where ductility and fracture resistance
dropped below normative values. Fractography revealed carbide decohesion and brittle fracture morphology. A
restorative heat treatment mode was proposed (double normalisation: 11000°C, 150 min + 9600°C, 30 min; tempering
at 740o°C, 180 min). It provided grain refinement, carbide redistribution, and matrix homogenization. After
treatment, hardness increased from 120 to 1700HB, impact toughness doubled, and ductility improved by 60% in the
most degraded area. Fracture surfaces showed ductile dimples with carbides, confirming structural recovery.
Special attention was paid to hydrogenation, which is inevitable during long-term steam service and leads to
hydrogen embrittlement. Even after hydrogen charging, the restored steel retained better properties than the
operated one: ductility was 39-41% higher, and strength 9-16% higher. In the operated steel, hydrogen
accumulated at grain boundaries; in the restored one, it concentrated inside grains, reducing susceptibility to
intergranular fracture. Fractographic analysis confirmed that the remaining damage in the restored steel shifted
from grain boundaries into grains, weakening their role as crack initiation sites. This structural transformation
improved resistance to hydrogen-assisted cracking. Thus, the improvement of the structure and the main
functionally important properties of the restored 12Kh1MF steel, as well as the partial reduction of the negative
consequences of its hydrogenation, give reason to believe that the service life of the elements of TPP steam
pipelines can be extended by adapting the proposed mode of restorative heat treatment to the practice of their
operation.

Jdep>kaBHU#M peecTpauiiiHuii Homep [IiP:
IIpiopuTeTHHH HaNpSIM PO3BHTKY HayKH i TEXHIKHU: EnepreTnka Ta eHeproeeKTUBHICTb

CrpaTeriyHuii NpiopUTETHUH HANPSIM iIHHOBALiHHOI Ais1JIBHOCTI: OCBOEHHS HOBMX TEXHOJIOTIH

BMPOOHULITBA MaTepiasiB, ix 0Opo6JieHHs i 3'elHaHHS, CTBOPEHHS iHIyCTpii HAHOMAaTePiasliB Ta HAHOTEXHOJIOTIN
Hi,ucyMKH IOCJIiA>KEHHSI: TeopeTuyHe y3arajabHEHHs i BUPilleHHs BaXJIMBOI HayKOBOI TpoGieMu

Iyo6sikaii:



e 1. Tsybailo I. O. Substantiation of modes of restorative heat treatment of heat-resistant steel of TPP steam
pipeline bend. Materials Science. 2024. Vol. 60, No. 2. P. 103-107. DOI: 10.1007 /s11003-025-00874-2 (Scopus,
WosS, Q3).

e 2. Tsybailo I. O., Krechkovska H. V. The structural-mechanical state of 12Kh1MF steel of TPP pipeline bend
after long-term operation. Materials Science. 2023. Vol. 59, No. 3. P. 320-327. DOI: 10.1007 /s11003-024-
00780-z (Scopus, WoS, Q3).

¢ 3. Krechkovska H., Tsybailo I., Dzioba I., Student O., Pala R. Restoration of properties of heat-resistant steel
after long-term operation in steam pipeline bends of TPP by heat treatment. Metals. 2025. Vol. 15, No. 1.
Article 21. DOI: 10.3390 /met15010021 (Scopus, WoS, Q2).

¢ 4. Tsybailo I., Krechkovska H., Student O., Svirska L. Structural aspects of the degradation of the bend
stretched zone. Procedia Structural Integrity. 2024. Vol. 59. P. 307-317. DOI: 10.1016 /j.prostr.2024.04.044
(Scopus).

¢ 5. Tsybailo I. O., Svirska L. M., Solovei P. R., Krechkovska S. R., Datsko B. M., Student O. Z. Use of electrolytic
hydrogenation to visualize the damage of long-term operated heat-resistant steel of TPP steam pipelines.
Materials Science. 2023. Vol. 58, No. 5. P. 602-608. DOI: 10.1007 /s11003-023-00705-2 (Scopus, WoS, Q3).

¢ 6. Vorobel R., Student O., Ivasenko 1., Maruschak P., Krechkovska H., Zvirko O., Berehulyak O., Mandziy T.,
Tsybailo 1., Solovei P. Development of a method for computer processing of fractographic images to assess
the cohesion of inclusions to the matrix in the weld metal after its operational degradation and
hydrogenation. Materialia. 2024. Article No. 102074. DOI: 10.1016 /j.mtla.2024.102074 (Scopus, WoS, Q2).

e 7. Krechkovska H., Student O., Zvirko O., Hredil M., Svirska L., Tsybailo I., Solovei P. Substantiation of the
critical structural and mechanical state of low-alloy heat-resistant steel from steam pipelines of thermal
power plant. Engineering Failure Analysis. 2023. Vol. 50. Article No. 107359. DOLI:

10.1016 /j.engfailanal.2023.107359 (Scopus, WoS, Q1).

¢ 8. Krechkovska H., Student O., Hredil M., Tsybailo I., Holovchuk M., Shtoyko I. Visualization of fractographic
signs of operational degradation of heat-resistant steel for estimating its actual structure-mechanical state.
Procedia Structural Integrity. 2022. Vol. 42. P. 1398-1405. DOI: 10.1016 /j.prostr.2022.12.178 (Scopus, WoS).

¢ HaykoBi npatyj, siki 3acBifuytoTh anpobauito Mmatepianis guceprauii 9. Krechkovska H., Tsybailo 1., Student O.,
Svirska L., Korniy S. Restoration of steel properties after long-term operation at bends of TPP steam pipelines
by heat treatment. Book of Abstracts. 24th European Conference on Fracture, ECF24, August 26-30, 2024,
Zagreb, Croatia. 2024. P. 405.

¢ 10. Krechkovska H., Tsybailo I., Student O. Sensitivity to hydrogenation of steel used in the bend of a TPP
steam pipeline and after its restorative heat treatment. Proceedings of the 12th Annual Conference of Society
for Structural Integrity and Life (DIVK12), November 17-19, 2024, Belgrade, Serbia. P. 172.

o 11. Krechkovska H., Student O., Hredil M., Tsybailo I., Holovchuk M., Shtoyko I. Visualization of fractographic
signs of operational degradation of heat-resistant steel for estimating its actual structure-mechanical state.
Book of Abstracts. European Conference on Fracture (ECF23), 27 June - 02 July 2022, Madeira. 2022. P. 449.

e 12. Tsybailo I. O., Kurylas M. S., Zvirko O. I., Krechkovska H. V. Hydrogen influence on microstructure and
properties of structural steel under operation. Teau gonosinei 11 Bceykpaincbkoi koHpepeHL1ii Mosoaux
yuyeHux «CydacHe marepiano3HaBcTBo. Marepianu Ta rexHosorii, CMMT-2021», 2021, Kuis, Ykpaina. P. 36.

e 13. Tsybailo 1., Svirska L., Solovei P., Krechkovska H., Datsko B., Student O. Influence of electrolytic
hydrogenation on the structural and mechanical state of heat-resistant steels. Book of Abstracts. XVI
International Conference “Problems of Corrosion and Corrosion Protection of Materials” (Corrosion-2022),
15-16 November 2022, Lviv, Ukraine. P. 34.

¢ 14. Cryment O. 3., KpeukoBcoka I'. B., Cipceka JI. M., Ln6aiino I. O., Comnogei 1. P., Kpeukoscobka C. P.
[TporHosyBaHHS pOOOTO3ATHOCTI TENJIOTPUBKO] CTaJIi MicjIsl TPUBAJOi eKCIyaTallii Ha roJIOBHOMY IIapOroHi
TEC. 36ipHuK ab6crpakTis IX MixkHapoHOI HAyKOBO-IIPaKTU4HOI KOHepeHLii «TeopeTnyHi i
€KCIIepUMEHTAJIbHI JOCIIiIP)KEHHS B Cy4aCHUX TEXHOJIOTISIX MaTepiaZlo3HaBCTBA Ta MALIMHOOYIyBaHHS,
TEPMM-2023», 30 TpaBHs - 01 yepBHs 2023, JIyupk, Ykpaina. C. 61-62.



o 15. Krechkovska H., Shtoyko 1., Tsybailo 1., Solovey P., Krechkovska S. Sensitivity of characteristics of heat-
resistant steel to operational degradation. Te3u nomnosineit XII MibkHaponHOI HAyKOBO-TIPAKTUYHO]
KoHbepeH1ii «KomIiekcHe 3a6e3neyeHHs IKOCTi TEXHOJIOTiYHUX MpolieciB Ta cuctem, K3ATIIC-2022», 26-27
TpaBHs 2022 p., UepHiris, Ykpaina. T. 2. P. 32.

¢ 16. Krechkovska H., Student O., Tsybailo 1. Visualization of damage to heat-resistant steel after long-term
operation on the main steam pipeline for fractographic signs of its destruction. Abstracts of the 8th
International Materials Science Conference, HighMatTech-2023, October 2-6, 2023, Kyiv, Ukraine. P. 124.

HaykoBa (HayKOBO-TE€XHiYHa) IPOAYKILiSL: PEXIM BiIHOBJIOBAILHOIO TEPMIYHOTO OGPOGIIEHHS

CorniasibHO-€KOHOMIYHA CIPSIMOBAHICTb: Pe3ysIbTaTi JOCIIPKEHHS CIIPAMOBaHi Ha BiZIHOBJIEHHS
CTPYKTYpH Ta BJIACTUBOCTEN TEIJIOTPUBKOI cTasi 12x1m micss TpuBasoi ekcIlyarallii Ha FTMHI FOJIOBHOTO [IApOTrOHY
TeC. 3aPONIOHOBAHUI MOIM(DIKOBAaHUI PEKUM TEPMIYHOTO 06POOIIEHHS! IO3BOJISIE TIOAOBXUTUA PECYPC KPUTUIHO
IlerpafOBaHMUX €JIEMEeHTiB MTapOTrOHiB Tec 6€3 HeoOXiAHOCTI iXHbOI 3aMiHU. 1€ JO3BOJUTb 3HAYHO 3HU3UTU BUTPATU
Ha 3aMiHy ab0 PEMOHT KPUTUYHUX €JIEMEHTIB [1aPOTOHiB, 3MEHIIUTH IPOCTOI EHEPTeTUYHMX 00 €KTIB, IOKPAIUTU
e(eKTUBHICTb BUPOOHULITBA €JIEKTPOEHEPTii Ta NiABUIIUTY €KOHOMIUHY CTa0i/IbHICTh €HEPreTUYHOTO CEKTOPY

KpaiHu.

OxopoHHi goKymeHTH Ha OIIIB:

Bunaxopnu, KOpYCHI MOJI€JIi, TIPOMUCIIOBI 3pa3Ku
0121U108961, 0124U000911

BrnpoBagkeHHS pe3yJIbTaTiB AHCEPTalii: BiposamkeHo

3B's130K 3 HAYKOBUMH TeMaMH: 0121U108961, 0124U000911

VI. BizoMocCTi Npo HayKOBOT0 KEPiBHUKa /KePiBHHUKIB (KOHCYJIbTAHTA)

BaacHe IlpizBume Im's I10o-6aThKOBI:
1. KpeukoBcobka 'asninna BacuiiBHa

2. Halyna V. Krechkovska
KBasigikamis: n. 1. 1., c.z1., 05.02.01
InenTudikarop ORCHID ID: 0000-0001-7392-7753

JoparkoBa iHpopManist: Scopus ID: 56638520900 Web of Science ResearcherID: O-6558-2019
https:/ /scholar.google.com.ua/citations?hl=uk&user=UwyONTMAAAA]

IloBHe HaﬁMeHyBaHHﬂ IOPUIHUYHOL 0c00u: dizuko-mexaHiynmii inctutyt iM. T'. B. Kaprienka

HanjjonasnpHoi akagemii Hayk Ykpainu

Kopg 3a €IPIIOY: 03534506

Micue3HaxoaKeHHS: ByJI. HaykoBa, 6yz. 5, JIbBiB, 79060, Ykpaina
dopma BiracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: HaujonanbHa akaziemist HayK YKpainu
InenTudikarop ROR:

CeKTop HayKH: AkafemivyHui1



VII. BigomocTi npo odinilfiHuX ONOHEHTIB Ta PELeH3€HTIB
OdiniiiHi OIOHEeHTH
Bsacue IlpizBuuie Im's I1o-6aThKOBI:

1. Jlayxin IMutpo BsyecnaBoBud

2. Dmytro V. Laukhin
KBasigikamis: n.1.1., npodpecop, 05.02.01
InenTudikarop ORCHID ID: 0000-0002-9842-499X

JonaTkoBa iHdopmalis: Scopus ID: 8257443500 Web of Science ResearcherID : FKB-2416-2022
https:/ /scholar.google.com.ua/citations?hl=uk&user=HVzdTOsAAAA]J

IloBHEe HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanioHanbHuii TexHiuHuil yHiBepcuret "JIHinpoBchka

MOJIiTexHika"

Kopg 3a €IPIIOY: 02070743

MicueSHaxo,q)KeHHﬂ: npocnekT JImutpa SIBopHUILBKOTrO, 6y, 19, IHinpo, JHinposcbkuil p-H., 49005, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

CeKTOop HayKH: YHIBEPCUTETCHKUI

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Banuyk Haraumis IletpiBHa

2. Natalija P. Zaychuk

KBasidikanis: k.r.u., nouenr, 05.02.01
ImenTudikarop ORCHID ID: 0000-0001-6258-4820

HoparkoBa iHdopManisi: Scopus ID: 57209242947 Web of Science ResearcherID: AAB-3013-2021
https://scholar.google.com.ua/citations?hl=uk&user=eeFR56 YAAAAJ

IloBHe HaliMEeHYBaHHSI IOPHUIHUYHOI 0COOH: JIylbKuil HALIOHATILHUIA TEXHIYHMIA YHIBEpCUTET
Kopg 3a €IPIIOY: 05477296

Micue3HaxoaKeHHS: ByJL. JIbBiBCEKa, OYA. 75, JIyLbK, Jlyupkuil p-H., 43018, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

CeKTOop HayKH: YHiBepCUTETChKUI

PeuenseHntu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:



1. BacuniB Xpuctuna bponiciasiBHa

2. Chrystyna B. Vasyliv

KBasigikamis: k.1.1., gouenr, 05.02.01
InenTudgikarop ORCHID ID: 0000-0002-5334-7476
HoparkoBa iHpopmawist: Scopus ID: 6507084483 Web of Science ResearcherID: GSA-3482-2022

IloBHe HaﬁMeHYBaHHﬂ IOPUIUYHOL 0c00H: dizuko-mexaniunmii inctutyt iM. I'. B. Kaprienka

HanjionanbpHoi akagemii Hayk Ykpainu

Kopg 3a €IPIIOY: 03534506

Micue3HaxoaKeHHS: ByJI. HaykoBa, 6ya. 5, JIbBiB, 79060, Ykpaina
dopma BracHOCTI: /lepxasHa

Cdepa ynpaBiriHHS: Haujonanbha akazemis HayK YkpaiHu
InenTudikarop ROR:

CeKTop HayKH: AkafemivHui1

Baacwue IlpizBumie Im's Ilo-6aTbKOBI:
1. CupoTiok AHapiilt MuxannoBuy

2. Andriy M. Syrotyuk

KBasigikanis: n. 1. 1., c.u.c., 01.02.04
ImenTudikarop ORCHID ID: 0000-0002-9558-0153

HoparkoBa iHdopMmamisi: Scopus ID: 56446930700 Web of Science ResearcherID: L-4891-2018
https://scholar.google.com.ua/citations?hl=uk&user=HHkhSpMAAAAJ

IloBHe HaiMEeHYBaHHSI IOPHUAHUYHOI 0COOM: Disnko-mexaHiuHuii iHCTUTYT im. I. B. KaprieHka

HanionansHoI akameMmii Hayk YKpainu

Kopg 3a €IPIIOY: 03534506

Micue3Haxoa>KeHHS: sy Haykosa, 6yz. 5, JIbBiB, 79060, Ykpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: HaujoHasnbHa akaziemis HayK YKpaiHu
InenTudikarop ROR:

CeKTop HayKH: AkaneMidHuit

VIII. 3aKkJIr04Hi BiZoMOCTi
BaacHe IlpizBume Im's I10-6aTbKOBI AmuTtpax Irop MukonaiioBuy

rOJIOBH pagu

BnacHe IlpizBume Im's I10-6aTbKOBI AmuTpax Irop MukonaioBuy

TOJIOBYIOYOTO Ha 3acCimaHHi



BignoBigasibHuUI 3a MiATOTOBKY KopHiit BanentnHa BacuniBHa

00JIIKOBHX JOKYMEHTIB

PeecTtpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaJIbHUM 32 PEECTpalLilo HayKOBOI IOpuenko TeTsHa AHaTosiiBHA

OisIIBHOCTI




