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AHOTALIIA

Yenwv Cinvreti. HagiiiHicTh 3BapHUX 3’ €HAHb MapOMPOBOIB 1 POTOPIB TYpOiH
AEC 1 TEC. — KpamidikariitHa HayKoBa mparis Ha IpaBax pyKOIHUCY.

Hucepraltiss Ha 3100yTTS HAyKOBOTO CTymeHs JokTopa ¢urocodii 3a
cnemianpHicTIO G8 — Marepianosnascteo (G — IHxeHepis, BUPOOHHIITBO Ta
OymiBHHIITBO). —  HamioHanpHHMH  TEXHIYHMHA  yHIBEpCHUTET  «XapKiBChKUU
MOJIITEXHIYHUHN THCTUTYT» MiHICTepCTBa OCBITH 1 HAyKu YKpaiHnu, M. Xapkis, 2026.

Poboty BukonaHo Ha kadenpi «3BaproBaHHs» HaiioHanbHOrO TEXHIYHOTO
YHIBEPCUTETY «XapKIBChbKUI MOMITEXHIYHUN IHCTUTYT» MIHICTEpCTBA OCBITH 1 HAYKH
Vkpainu. 3 gucepraliiero MOXKHa oO3HaloMuUTHCh Yy Oibmioreni HarioHambHOTO
TEXHIYHOTO YHIBEPCUTETY «XapKIBCHbKUM MOJITEXHIYHHM IHCTUTYT» 3a aJpPECcOlo:
61002, m. XapkiB, Bys. Kupnuuona, 2.

06 ’exm O0ocnioxcenHsA. HAIIMHICTh 3BApHUX 3’ €JHAHb MapOIPOBO/IIB 1 POTOPIB
Typ6in AEC 1 TEC.

IIpeomem  oOocniodcenns. CTPyKTypHO-(ha30BUil cTaH, (I3UKO-MEXaHIvHI
BJIACTUBOCTI 1 MOIIKO/JKYBaHICTh 3BapHHUX 3 €JHAHb MAPONPOBOIIB; CTPYKTypa 1
MEXaHIYHl BJIACTUBOCTI 3BapHHUX 3 €AHaHb poTopiB 31 crami 25X2HM®A Ta
KOMOIHOBaHUX 3BapHUX 3’€HaHb poTOpiB 31 cTaniein 25X2HM®A 1 20X3MBOA.

JucepTaliito NPUCBSIYEHO MPOBEAECHHIO KOMIUIEKCHUX JOCIHIJI)KEHb CTPYKTYPHO-
dazoBoro craHy 1 (I3MKO-MEXaHIYHHUX BJIACTUBOCTEW 3BApHUX 3’ €JIHAHb
maponpoBOiB, SKI JOBroTpmBano, moHan 280 THC. TOA MpamiOOTh B yMOBax
MOB3YYOCTI1 1 BTOMH. TaKo MPUCBAYEHO JOCTIIKEHHIO BUXIAHOI CTPYKTYPHU 3BapHUX
3’eaHaHb POTOPiB 31 cTaii 25X2HM®A 1 koMOiHOBaHUX 3BApHUX 3’ €IHAHB POTOPIB
TypOiH AEC 1 TEC, siki BUTOTOBJIEHI 32 YJOCKOHAJIEHOIO TEXHOJIOTIELO.

OOrpynTyBanmu, 1O  CTPYKTYpHO-(pa30BUH  CTaH 3BapHUX 3 €JHAHBb
MapoIPOBOIIB, SKI MPaIfoloTh moHaa 280 THC. TOA B yMOBaX MOB3yYOCTI 1 BTOMHU €
rOJIOBHUM (DakTOpOM, SIKMM BH3HA4Ya€e HAMIAHICTL 1X poOoTu. JlocmimkeHHs
0COOJIMBOCTEH CTPYKTYpPHO-(Ha30BOT0 CTaHy HAJAT0 MOXKJIUBICTh BUSBUTH CTIHKICTbH

MeTajdy 3BApHUX 3’€JHAHb MPOTH YTBOPEHHS HOT0 MOUIKOJKYBAaHOCTI B yMOBax
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3pocTarouux poOOYNX HABAHTAKEHb. 3aNPOIMOHYBAIH PsJl HOBUX 1 yIOCKOHAJIEHUX
METO/I1B KOHTPOJTIO SIKOCTI METaJly 3BapHHX 3’ €THAHB, BIPOBAHKCHHS SIKUX JTO3BOJIUTH
BHECTH YTOYHEHHSI B HAJIHHICTh X pOOOTH.

OOTpyHTYBaNIM  3QJICKHICTh  (DI3UKO-MEXAHIYHUX BIIACTUBOCTEH 3BApHUX
3’€JlHaHb MapOIPOBOIB 1 POTOPIB TypOIH BiJ iX CTPYKTYpHO-(pa30BOro cTaHy, II0
JOIIJILHO JIUIS TTABUINIEHHS OLIHKY HAJIIMHOCTI X pOOOTH.

[Ipu mpoBeneHi AOCHIKEHH OyIM 3adisHI Cy4acHI METOAM aHam3y 1
oOJaJiHaHHS a TaKOK METOJ MOJICIIIOBAHHS TEMIIEPATYPHOTO PEKUMY, B SIKHI BHECIIU
BIATIOBI/IHI YTOYHEHHS.

Y ecmyni oOrpyHTOBaHa aKTyaJbHICTH pOOOTH, HaBelIEeHa 1i MeTa 1 3ajaadi
JOCIIIJIKEHHS, TOKa3aHO 3B’S30K POOOTH 3 HAYKOBMMHU TNpOrpaMamu, IUIaHAMH,
TeMaMH, HaBeJCHI OCHOBHI 3aj7aul JOCJIDKSHHS, a TaKOK METOIU 1 METOJHUKH, IO
BUKOPUCTOBYBAJIKCS, HAyKOBa HOBHM3HA Ta CHOPMYIHOBAHO NPAKTUYHE 3HAYCHHS
OTPUMAaHUX PE3yJIbTaTIB.

YV nepwiomy po3oini, NUISIXOM OTJISIy BIAMOBIAHUX PE3YIbTATIB JOCHTIIKEHB
BITUM3HSIHUX 1 3apyODKHUX BYEHHX, OOIPYHTYBaJIM NEPCIEKTUBHICTH BHUPIIICHHS
3a/1a4y CIpsIMOBaHUX HA JOCSATHEHHS METH POOOTH.

YV Opyeomy po3oini HagaeTbes onuc 00JIaIHAHHS, MaTepialiB, a TAKOX METO/IIB
1 METOJIUK, 3aiTHUX B HOCTIKeHHIX. CTpyKTypHO-(a30BUiA CTaH 3BapHUX 3’ €THAHD
JOCITIKYBJIM NIITXOM BUKOPUCTAHHS METO/I1B ONTHUYHOI 1 €JIEKTPOHHOT MiKPOCKOIIi,
a TaKOX TOBEPXHEBOTO MIKPO30HAOBOTO aHamizy. s MOCHIKEHHS MEXaHI3My
MOTIIKO/PKYBAHOCTI BHKOPHCTOBYBAJIM YIOCKOHAJICHI METOAWKHA BHU3HAYCHHS IIOD
MOB3YYOCTI 1 TPIIIMH BTOMH.

Tpemiti po30in TPUCBIYCHHUH JTOCITIKCHHIO IOIIKOHKYBAaHOCTI 3BapHHUX
3’€JHaHb MapONPOBO/IB CTOCOBHO X HANpalIOBaHHS B yMOBaX MOB3y4YOCTI 1 BTOMHU
noHay 280 Tuc. ro/.

Yemseepmuti  po30in  MICTATH PE3yJNbTaTH BU3HAYEHHS HATIAHOCTI 1
3QIMIIKOBOTO  PECypCy HAOBroTpuBajio, MoHan 280 Tuc. roa mOpaliorydux
MapOIPOBO/IIB.

II’'amuii po30in NPUCBSIYEHUN TEOPETUUYHOMY 1 IPAKTUYHOMY OOTPYHTYBAHHIO
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MiABUIICHHS EKCIUTyaTallliHUX XapaKTepUCTHK 3BapHUX 3’€JHAHb POTOPIB MapOBUX
typ6in AEC 1 TEC.

V' eucnoexkax y3araibHEHO OCHOBHI peE3yJIbTaTH HAYKOBOIO JOCIIKEHHS
OTpUMaHi B MPOIECi pO3B’SA3aHHS MOCTABICHUX Yy AMCEpTAIiiiHiil poOOTI HAYKOBHUX
3aBaaHb. ChopMyJIbOBaHO OCHOBHI HAyKOBI1 Ta MPAKTUYHI PE3YyJIbTaTH POOOTH.

3a pe3yromamamu 00CAi0NHCEHb OMPUMAHO MAKL HAYKOBL pe3yIbmamiu.

— OTPUMAJIU NOIaJIBIINN PO3BUTOK JOCIIIKEHHS BIUTUBY CTPYKTYpPHO-(a30BOro
CTaHy Ha TIOIIKO/DKYBaHICTh METally 3BapHUX 3’€IHaHb MapOIPOBOJIIB, SKi
BIJIIIPALIIOBAIA B YMOBAX MOB3y4YOCTi 1 BTOMH 1oHaja 280 THC. TOA.;

— BUABJIEHO 0COOJIMBOCTI (hopMyBaHHS (PepUTO-KapOIAHOI CyMillll B CTPYKTYpl
3BapHUX 3’ €JJHAHb NAPOIIPOBO/IIB CTOCOBHO X HarpaioBaHHs nonaj 280 THC. ro.;

— YJIOCKOHAJI€Ha TEXHOJIOT1sl BUTOTOBJIEHHS 3BAPHUX 3’€/IHaHb NapOIPOBOIIB 1
potopiB Typ6iH TEC 1 AEC, mo n03BONMIIO OTpUMYBaTH 3BapHI 3 €JHAHHS 3
M1JBUIIEHOIO SKICTIO 1X BUX1IHOI CTPYKTYPH.

llpakmuune 3HaueHHs OMPUMAHUX pe3YTbmamie noasiecace 6 momy, IO
pe3yibTaTH JOCIIKEHb, K1 HaBelIeHI B JUCEPTAIliiiHIiA poOOTI BUKOPUCTOBYIOTHCS
JUTSL IIABUIIEHHS HAJIMHOCTI 1 BU3HAYEHHS pECYPCY 3BapHUX 3’ €JHaHb MAapONPOBO/IIB
1 potopiB TypOin AEC 1 TEC. Jlo pe3ynbTaTiB, SiIKi MaIOTh MPAKTHUYHY I[IHHICTH MOKHA
BIJIHECTH:

— Ppe3yabTaTH MAOCHIKEHb CTPYKTYPHO-()a30BOTO CTaHy MeTaly 3BapHHUX
3’€¢JHaHb TAPOMPOBOJIB, SKI MPAIIOIOTH B YMOBaxX IOB3Y4OCTI 1 BTOMH TOHAJ
280 tuc. rox. Jlani pe3ynbTaTd HAIalOTh MOXKJIUBICTH BU3HAUUTH HAAIMHICTH 1X
po0OTH, a TAKOXK IX 3ATUIIKOBHI PECYpC;

— OTpUMaHHA 3BapHUX 3’€IHAHb TMAPOIMPOBOMAIB 1 POTOPIB TypOiH 3
MiIBAMIEHUMA SKICHUMH TTOKa3HUKaMH 1X BHXITHOI CTPYKTYpH BIIEpIINC HAIaJOo
MO>KJIMBICTh MIABUIIUTH HAIIMHICTH POOOTH 3BapHUX 3’ €JHAHb B YMOBaX 301IbIIICHHS
poOOUYNX HABAHTAKCHD,

— YJIOCKOHAQJICHHSI TEXHOJIOT1i 3BapIOBaHHS POTOPIB 1 MAPOMPOBOIIB JO3BOJIUIIO
BIIEpIIIC OTPUMATH 3BapHI 3’€IHAHHS, MEXaHIYHI BJIACTUBOCTI SKHX € BHUIIUMHU Bij

AHAJOTIYHUX MEXaHIYHUX BJIACTUBOCTEH 3BApHHUX S’CJIHaHB, BUI'OTOBJICHHUX 34



MITATHAMH TEXHOJIOTISIMU;

— BUSBJICHHS OCOOJIMBOCTEH CTPYKTypHO-(pa30BUX 3MIH B MeTali 3BapHUX
3’€¢JHaHb MapOMPOBOJIIB CTOCOBHO X HANpallOBaHHS B yMOBaX MOB3y4YOCTI 1 BTOMHU
nonay 280 THC. TOJ, HaJaI0 MOXJIMBICTh BUKOPUCTOBYBATH 3aX0/IH, AKI ralbMyIOTh
MIPOXOJUKEHHS TaKUX 3MiH, IO JOUUIBHO JUIS MiABUINECHHS HAIIMHOCTI 3BapHHUX
3’¢THAHB,

— pe3yJabTaTH BUKOHAHUX JOCIIKEHb JOTOBHUJIN HaBYaJIbHI Kypcu «Di3uKo-
XIMIYHI TIPOILIECHM B 3BapHHUX 3 €IHaHHIX», «Metanorpadis 3BapHUX 3’ €THAHDBY,
«OCHOBU HAayKOBUX JOCTIIKEHBY», «MeTaja03HaBCTBO 1 TepMiuHa 0OpoOKa 3BapHHUX
3’€HaHb», SKI BHUKJIAAalOTbca y HallloHanbHOMY TEXHIYHOMY YHIBEPCHUTETI
«XapKiBCbKUN TOJITEXHIYHUNA 1HCTUTYT». Marepiaau JOCHIKEHb 3HAWUIIUIN
BUKOPHUCTAHHS B JICKIISAX, TUTUIOMHHUX 1 KYPCOBUX MPOEKTAX;

— pe3yapTaTH JOCHIIPKEHb PEKOMEHJOBaHO A0 BHpoBajykeHHs Ha TEL-5,
TEL-3, TEIl (m.3wmiiB), AT «YkpalHChbKI €HEpPreTHYHI MAalIuHU», a TAaKOX B
HaBuasibHUM nipouec HTY «XIII».

Knrouosi cnosa: cmpykmypno-ghazosuii cman, 36apHi 3 €OHAHHA, NAPONPOBOOU,
pomopu, pecypc, NOUKOONCYBAHICMb, NOB3VYICMb, (DI3UKO-MEXAHIUHI 81ACMUBOCHI,

emoma, Kapoiou, aycmuim, nepiim, HaoditiHicmo, OetiHim.



ABSTRACT

Chen Xinlei. Reliability of welded joints of steam lines and turbine rotors of NPP
and TPP. — Qualifying scientific work as a manuscript.

Thesis for the degree of Doctor of Philosophy in the G8 specialty — Materials
science (G — Engineering, manufacturing, and construction). — National Technical
University «Kharkiv Polytechnic Institute» of the Ministry of Education and Science
of Ukraine, Kharkiv, 2023.

The work was performed at the Welding department of the National Technical
University «Kharkiv Polytechnic Institute» of the Ministry of Education and Science
of Ukraine. The text of the thesis paper may be found in the library of the National
Technical University «Kharkiv Polytechnic Institute» at: 61002, Kharkiv, Kyrpychova
str., 2.

Obiject of study: reliability of welded joints of steam lines and turbine rotors at
NPPs and TPPs.

Subject of research: structural-phase state, physical and mechanical properties
and damageability of welded joints of steam lines; structure and mechanical properties
of welded joints of 25H2NMFA steel rotors and combined welded joints of
25H2NMFA and 20H3MVFA steel rotors.

The dissertation i s devoted to comprehensive studies of the structural-phase
state and physical and mechanical properties of welded joints of steam pipelines that
operate for a long time, more than 280 thousand hours, under creep and fatigue
conditions. The paper also investigates the initial structure of welded joints of
25X2HM®A steel rotors and combined welded joints of NPP and TPP turbine rotors
made using advanced technology.

It has been substantiated that the structural-phase state of welded joints of steam
pipelines operating for more than 280 thousand hours under creep and fatigue
conditions is the main factor determining the reliability of their operation. The study
of the structural-phase state features made it possible to identify the resistance of

welded joints metal against the formation of its damage under increasing operating
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loads. A number of new and improved methods for quality control of welded joint

metal have been proposed, the implementation of which will allow for refinements in
the reliability of their operation.

The dependence of the physical and mechanical properties of welded joints of
steam lines and turbine rotors on their structural and phase state was substantiated,
which is advisable for improving the assessment of their reliability.

Modern methods of analysis and equipment, as well as the method of
temperature modelling, were used in the research, which was updated accordingly.

The introduction substantiates the relevance of the work, presents its purpose
and objectives, shows the connection of the work with scientific programmes, plans,
topics, presents the main objectives of the study, as well as the methods and techniques
used, the scientific novelty and formulates the practical significance of the results
obtained.

In the first chapter, by reviewing the relevant research results of domestic and
foreign scientists, the prospects for solving the tasks aimed at achieving the goal of the
work are substantiated.

The second chapter describes the equipment, materials, methods and techniques
used in the research. The structural and phase state of welded joints was investigated
using optical and electron microscopy, as well as surface microprobe analysis.
Advanced methods for determining creep pores and fatigue cracks were used to study
the damage mechanism.

The third chapter n is devoted to the study of damage to welded joints of steam
pipelines in relation to their operating time under creep and fatigue conditions of more
than 280 thousand hours.

The fourth chapter contains the results of determining the reliability and residual
life of long-term (over 280 thousand hours) operating steam pipelines.

The fifth chapter is devoted to the theoretical and practical justification of
improving the performance of welded joints of steam turbine rotors at NPPs and TPPs.

The conclusions summarise the main findings of the research obtained in the

course of addressing the research objectives set out in the thesis. The main scientific



and practical findings of the work are outlined.

The research yielded the following scientific results:

— further research was conducted into the influence of the structural-phase state
on the damage susceptibility of the metal in welded joints of steam pipes that have
operated under creep and fatigue conditions for over 280,000 hours;

— the characteristics of the formation of a ferrite-carbide mixture in the structure
of welded joints of steam pipes were identified in relation to their operating life of over
280,000 hours;

— the manufacturing technology for welded joints in steam pipes and turbine
rotors for thermal power stations and nuclear power stations has been improved,
enabling the production of welded joints with an enhanced quality of their initial
structure.

The practical significance of the results obtained lies in the fact that the research
findings presented in the thesis are used to improve the reliability and determine the
service life of welded joints in steam pipes and turbine rotors for nuclear and thermal
power stations. The results of practical value include:

— research findings on the microstructural and phase state of the metal in welded
joints of steam pipes operating under creep and fatigue conditions for over 280,000
hours. These results make it possible to determine the reliability of their operation, as
well as their remaining service life;

— the production of welded joints for steam pipes and turbine rotors with
improved quality characteristics of their initial structure has, for the first time, made it
possible to enhance the reliability of welded joints under conditions of increased
operational loads;

— improvements in the welding technology for rotors and steam pipes have, for
the first time, enabled the production of welded joints whose mechanical properties
exceed those of welded joints manufactured using standard technologies;

— the identification of the characteristics of structural and phase changes in the
metal of steam pipe welded joints in relation to their service life under creep and fatigue

conditions exceeding 280,000 hours has made it possible to implement measures that
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inhibit the progression of such changes, which is beneficial for improving the reliability

of welded joints;

— the results of the research conducted have supplemented the courses ‘Physico-
chemical processes in welded joints’, ‘Metallography of welded joints’, ‘Fundamentals
of scientific research’, ‘Metallurgy and Heat Treatment of Welded Joints’, which are
taught at the National Technical University ‘Kharkiv Polytechnic Institute’. The
research materials have been utilised in lectures, dissertations and coursework;

— the research results have been recommended for implementation at TPP-5,
TPP-3, TPP (Zmiiv), JSC ‘Ukrainian Energy Machines’, as well as in the teaching
process at NTU ‘KhPI’.

Keywords: structural and phase state, welded joints, steam lines, rotors, service
life, damage, creep, physical and mechanical properties, fatigue, carbides, austenite,

pearlite, reliability, bainite.
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186.

14. Yens Cinbiieln 3MEHIICHHS BUX1IHOI CTPYKTYPHOI HEOAHOPITHOCTI 3BaPHUX
3’€IHaHb 13 TerutocTiikux crajneit / Jimurpuk B. B., Uens Cinbiaeit, Kachsaenko 1. B.
I/ KomrinexcHe 3abe3neueHHsl SKOCTi TeXHOoMori9HuX mporieciB Ta cuctem (K3ATIIC —
2025) : warepiamu Te3 gomnoBiged XV MixkHapoaHOI HayKOBO-IPAKTUYHOT
koH(epenii (M. YepHiris, 22—23 tpaBus 2025 p.) : y 2 1./ HanionanbHMiA yHIBEPCUTET
«YepHiriBcpbka NoJiTeXHiKa» [Ta 1H.] ; Bian. 3a BuMl.: [Ipuctyna Anaromniit Jleoninosuu
[Ta iH.]. — YepniriB: HY «YepniriBceka nomitexnikay, 2025. — T. 2. — C. 121.

15. Yenp Cinbneit OuiHKa HaAIMHOCTI 3BapHUX 3’€IHaHb MAPOIPOBO/IIB,
JIOBFOTPHBAJIO TPAIIOI0YKMX B yMOBax moe3ydocti / Jimutpuk B. B., Kacesauenko I. B.,
Uenn Cinbiielt // 3BaproBaHHS Ta CIOPITHEHI TEXHOJOTII JIsl BIAHOBJICHHS Y KpaiHU:
Tesu nomnoB. koHd. mig pea. O.T. 3envHiuenka. KuiB: TOB «BupaBHuumuii nim
«ITATOH», 2025. — C. 18-20.

16. Yenr Cinpneir OmiHka HATIAHOCTI 1 pecypcy 3BapHUX 3’€IHAHb
apoNpOBOIIB JOBFOTPHBAJIO MPAIIOI0YMX B yMOBax moB3ydocti / JImutpuk B. B.,
Kacesnenko 1. B., Yennp Cinbneit // 30ipHUK MaTepiaiiB I1’STOT MIKHAPOIHOI
KoH(pepeHuii «IHHOBalIHI TEXHOJOT Ta IHXXUHIPUHT y 3BaptoBanHi PolyWeld —

2025». — Kuis : KIII imeni Iropst Cikopcrkoro, 2025. — 220 c. — C. 23-25.



