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Xapuenko O.O. «3akOHOMIPHOCTI KOPO3IMHOTO PO3TPICKYBaHHS B YMOBax
KaTOJHOTO 3aXHCTy TPyOHOI CTall TPHUBAJIO EKCIUTyaTOBAaHOTO MaricTpajbHOTO
razornpoBoay». Kpamidikaliiina HaykoBa Ipalis Ha IpaBax PyKOIIUCY.

Huceprariiss Ha 3100yTTS HAyKOBOTO CTymeHs Jokropa (igocodii 3a
cnemianpHicTIO 132 «Marepiano3naBctBo» (13 — MexaHiuHa iHxkeHepist). — [HCTUTYT
enekTpo3BaproBans iM. €.0. [latona HAH Vkpainu, Kuis, 2025.

B nucepramiiiHii  poOOTI BHKOHAHO  aKTyaJlbHE  HAyKOBO-IPAKTHYHE
3aBaHHS — BCTAHOBJEHO 3aKOHOMIPHOCTI KOpPO3IMHOTO pO3TPICKYBaHHA Yy
MOJIeJIbHOMY TpyHTOBOMY enekTponiti NS4 B HopmoBanomy JICTY 4219 niamazoni
3axucHUX noreHmiams Bix -0,750 mo -1,050 B TtpyOHOI cTami KOHTPOIbOBAHOI
npokatku 10I2Db (X70) MaricTpallbHOTO Ta30MpPOBOLY MICHS TPUBAJIOT €KCIUTyaTaIlli.

Y mepmioMy po3[ii HAaBEAEHO OMIS] JITEpaTypHUX JDKEpEN  II0JI0
BJIACTUBOCTEH MeTally TpyO Micisi TpUBAJoOi eKcIuTyararii. PO3mIsHyTO MexaHi3Mu
KOpO3ii cTaji B IPyHTI, JAHO OIS/ CIIOCOOIB 3aXUCTY MiA3EMHHUX TPYyOOIIPOBOIIB Bif
I'PYHTOBOI KOpPO3ii, BU3HAUYECHO SIBULIE KOPO31ITHOTO PO3TPICKYBAaHHS Ta OMHUCAHO HOTro
YUHHUKHA, 30KpeMa y cepenoBunli 3 pH, Omu3pkum no HedTpanbHOro. KopoTko
pPO3IISTHYTO BIUIMB BOJHIO, SIKMM TPOHUKAE B CTalb MiJ dYac eKCcIUTyaTailii, Ha
1HILIIFOBaHHS TPIIIUH Ta MiAKPECIEHO, 1110 HAa ChOTOIHI TOUHUM MEXaH13M MOTr0 BIUIUBY
€ TIPEMETOM IHTEHCUBHUX JTUCKYCIH.

VY npyromy po3aini HaBeJEeHO METOIUKHU JOCHIIXEeHb. J[0CiI>KeHHS TPOBOIUIN
Ha OCHOBHOMY MeTalli 31 ctaji ¢eputo-niepiiTHoro kinacy l0I'2db (X70), Bupizanux 3
TpyO IIHIMHOI JIISHKA MariCTpaJbHOTO Ta30mpoBoay aiameTpom 1420 MM 3
TOBIIMHOI CTiHKA 15,7 MM. 3pa3kud BUTOTOBISUIM 3 TpyOw, mo He Oyna B
eKCIUTyaTarli, mcius excruryaraitii ynpogosxk 20 ta 40 pokiB. Y poOoTi 3aCTOCOBaHO
Taki MeTomu: BUMPOOYBaHHS Ha PO3TAT, BUNPOOYBaHHS Ha YHApHUW BUTHH,

nepopmanis 3 Manor mBuakictio 10° ¢l macomerpis, noreHmiomerpis,
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BOJITAMIIEPOMETPIisl, aMIIEpOMETPisl (BU3HAYEHHS €NEKTPOIITUYHOTO HABOJHIOBAHHS
CTajl 3a KaTOJHOI MOJIIpH3allii), ONTHYHA MIKPOCKOIIsA, CKaHyBajdbHa €JEKTPOHHA
MIKpPOCKOIIis, BI3yaJIbHUN OIS, rpadiuHO-aHANITHYHI METOAM aHaji3y pe3ylbTaTiB
CICKTPOXIMIYHUX  JOCHIUKEHb.  EJNeKTpoxiMiuHI  Ta  KOpO3iiHO-MeXaH14Hi
JOCJIII>KEHHS TPOBOMINA Y MOJICIBHOMY IPYHTOBOMY eJIeKTpoiTi NS4.

VY TpeTboMy pO3Mii MPEACTABICHO YAOCKOHAICHY METOIOJIOTIIO JOCIIHKCHHS
Ta OIIIHIOBAaHHSA CTaHy MeTally TpPyO MaricTpajJbHUX Ta30MpOBOJIIB Ha JIHIHHUX
JOUISTHKAX TICHs TPUBAJOl €KCIUTyaTalli, B SIKIM PO3MIMPEHO MEpeiK MOKa3HUKIB
OI[IHIOBAHHSI CTaHy TPyOOMNpPOBOJlY, @ caMe — IIBHUAKICTh KOPO3ii, MOTEHIIaJl KOpOo3ii,
CXUJIBHICTB /10 KOPO31MHOI0 PO3TPICKYBaHHS Ta €JIEKTPOIITUYHOTO HABOJHIOBAHHS 32
KaTOJIHOI MOJisipu3aliii. 3aCTOCYBaHHSI 11€1 METOJI0JIOT1i 1aCTh MOMJIMBICTh BUSHAUUTH
3MIHM BJIACTUBOCTEM Ta PO3POOMTH YTOUHEHHWH BHCHOBOK IIOJI0 CTaHy OCHOBHOI'O
MeTaty TpyO Micist TpUBAJIOi eKCILTyaTaIlii.

VY derBepTOMy pO3IUTI HABEIEHO PE3yJbTAaTH BU3HAYEHHSI XIMIYHOTO CKJIanay,
MIKPOCTPYKTYpH Ta MEXAHIYHUX BJIACTHBOCTEH (OB, Gy, 05, KCV™® Ta ) 3paskis 3i
cram 10I2db (X70) Tpyd, mo He Oyna B ekcrutyaramii Ta micast 20 it 40 pokiB
excrutyararii. [lokazaHo, XiMIYHMIA CKJIaJ CTadl IMCIsS eKCIuTyararii ynpomox 40
POKIB HE 3MIHIOETHCS, IO MIATBEPIKEHO aHAII30M BMICTY OCHOBHHMX JIETYBaJIbHUX
€JIEMEHTIB (BYTJIEII0, MAPTAHIIIO, MOJIIOACHY, BaHA 110 Ta HI00110).

[TokazaHo, 110 MIKPOCTPYKTypa TpyO (epuTO-MIEepIiTHA, PO3MIpP 3€peH PEPUTY B
3pa3kax npuOIn3HO onHakoBui — 19,8, 22,2 ta 28,6 MKM, iX KIIbKICTh — 24,9, 22,4 Ta
24,7 %, cMyracTicTh TpyOH, 1110 He Oyna B ekcruryatatii — 0an 2 psn A, micns 20, 40
pOKiB ekcruryaraiii — 6an 3-4 psg A. IligrBepakeHo, 10 BU3HAYEH1 BIJIMIHHOCTI
MIKPOCTPYKTYPH 3HaxXOASThCS y JIOMYCTUMHX HOPMATHBHUMH JIOKYMEHTaMU

IPaHULISIX ISl CTalll KOHTPOsIboBaHOI npokatku 10I2Db (X70).
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BusHaueHo MexaHiuHi BracTMBOCTI TpyO (0B, G, 85, KCV™®) micna tpusanoi
excruryatarii  10I20b  Ta mpoaeMOHCTpOBAaHO, IO 1X 3HAYCHHS ITOBHICTIO
BI/IMOBIAI0OTh BUMOT'aM TEXHIYHUX YMOB.

BcTaHoBiieHO TEHEHITIIO 3MIHM MEXaHIYHUX BIACTUBOCTEH OCHOBHOTO METAITy
TpYO, sIKa MOJIArae y 3pOCTaHH1 MOKa3HUKIB MIIIHOCTI Gp, Gy 1 3HH)KEHHI IJTACTUYHOCTI
85, KCV™® ta \ uepes 20 pokiB excruryaraiii, 3 HACTy[IHUM 3MEHIIEHHAM MilIHOCTI i
30UIBIICHHAM TIJIACTUYHOCTI yrpo ok Bij 20 1o 40 pokiB. BcraHoBineHa TeHACHITIS
3MIHM BJIACTUBOCTEH CTaji KOHTPOJIBOBAHOI TMPOKATKH KOPEIIOE 13 pe3yabTaTaMu
IHIIUX  BYEHUX 1 rapsuekaranoi cram 17'1C ¥  miaTBepiKyeThes
eKCIUTyaTallliHUMH JTaHUMH 100 30UTbIIEHHS 4YHUCla pPYyHHYBaHb 13 TEPMIHOM
eKCILUTyaTarii.

VY m’aromy po3Jiiii MPeACTaBICHO Pe3y/IbTaTH KOPO31MHUX Ta €NEeKTPOXIMIYHUX
JNOCHiIKeHb. BcTaHOBIEHO, IO KOpO3iiiHA TPUBKICTh CTall TMICIA TPUBAIOL
eKCIUTyaTallii He 3MIHIOEThCS, IBUKICTh KOPO3ii y po3unHi NS4 metany TpyO, 1110 He
excrutyaryBanacs, Ta micis 20 ta 40 pokiB ekcrryaraiii ctaHoBuTh 0,064, 0,058 Ta
0,056 MM/pik, MmO 3riIHO 3 JECATHOAIBHOI IIKAJIOK KOPO31MHOI TPUBKOCTI
XapaKTepHU3y€e CTalb SIK «CTIMKY» (mBuAkicTb koposii Big 0,05 mo 0,10 Mm/pik).
[ToTentianu Kopo3ii A1 3pa3kiB TpyOH, 1o He Oyna B ekcruryaTarlii qopisHioe -0,681
B, ms tpy6 micns 20 Ta 40 pokiB ekcruyaramnii — -0,667 B, -0,689 B. Koposiiini
mpollec Ha 3pa3kax TpyO Mmicis eKcrulyaTaiii BimOyBaroTbes 3 AUPY3IHHUM
KOHTpOJIeM, a OJM3bKI 3HAYEHHSA TpaHUYHUX JIU(QY31MHUX CTPYyMIB BIJAHOBIICHHS
KHCHIO BKa3ylOTh Ha OJHAKOBY KOPO3iIMHY TPUBKICTh, IO U JOBEICHO METOIOM
MacoMeTpii.

BuszHaueHO HIKHIO Ta BEpPXHIO TPaHMIl Jiana3oHIB MOTEHIIATIB 3MIHU
MEXaHI3My KOPO3IHHOTO pO3TPICKYBAaHHS 3pa3KiB (aHOJHOTO PO3YMHEHHSI, BOJHEBOTO
OKPHMXYCHHS Ta 3MIIIaHOTO, 3a SIKOTO aHOJHE PO3YMHCHHS Ta BOJHEBE OKPUXUCHHS

BiJI0YBalOTHCS OJJHOYACHO) TOCITIKEHUX TpyO y po3unHi NS4, a came: it TpyoH, 1110
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He Oyma B  ekcmiyaramii, -0,682 Tta -1,050 B, 1py0é micus
20 ta 40 pokiB ekcrutyaTarii, BiamnosigHo — -0,872 ta -1,090 B, -0,920 Ta -1,080 B.
BcraHoBieHO 3BY)KEHHS HIMPUHU Jiaa3oHy 3MIIIAHOTO MEXaHi3My KOpO3iiHOTro
PO3TPICKYBaHHS JJIsl eKCIuTyaToBaHUX yrpoaoBxk 20 Tta 40 pokiB TpyO MOPIBHSHO 13
TpyOo10, 110 He Oyna B excruryararii — 0,219, 0,160 Ta 0,368 B.

Y moctoMy po3aiTi TPEACTaBICHO PE3yIbTaTH TOCIIKEHb KOPO3iHHOTO
pO3TpicKyBaHHA. BcTaHOBIIEHO  MIABUIIEHHS  CXHJIBHOCTI IO  KOPO31HHOTO
pPO3TpICKyBaHHs, OLIHEHOI 3a KoediuieHToM Ks, sSIKHii CTAaHOBHUTH AJI TPyOH, IO HE
Oyna B exkcrutyatanii, Big 1,02 no 1,10, nus tpyO micns 20 pokiB ekcrutyaranii — Bij
1,00 mo 1,25, micas 40 pokiB excrutyaTaitii — Big 1,25 mo 1,53 3a moreHmiamiB Bif -
0,750 no -1,050 B. Lle nano 3Mory po3MIUPUTH TEOPETUYHI YABJICHHS PO KOPO3iiHE
pPO3TPICKYBaHHSI TPHUBAJIO EKCIUTyaTOBAaHUX CTalled KOHTPOJHOBAHOI MPOKATKH.
MeTo0M CKaHyBaJbHOI €JIEKTPOHHOI MIKPOCKOMIT BCTAHOBJIEHO YTBOPEHHS SIMOK
OinbIoro posmipy, Big 20 1o 50 MKM, Ha 3pa3kax TpyO Micis eKciulyarallii, 1o €
MITBEPKEHHAM 00’ €MHOI MIKPOITOIIKO/KYBAHOCTI METaIy Mij] 9ac eKcIuryararlii, Ta
KOPEJIIOE 13 MIJIBUILIEHHS CXUJIBHOCTI 10 KOPO31MHOTO pO3TPICKYBaHHS.

VY choMOMYy pO3/ii HAaBEACHO PE3YAbTATU JOCHTIIKEHb CXUIBHICTh METaTy TPyO
JI0 €JIEKTPOJIITHYHOTO HABOJHIOBaHHS. BUsBIIEHO, 1110 BMICT BOJIHIO, IKUI TIPOHUKAE B
CTaJlb 3a KAaTOJHOI MOJsIpU3alii, HEJIIHIMHO 30UIBIIYEThCS I BCIX 3pa3KiB 13
MIJBUIICHHSAM TOTEHINay KaTOJHOI mojisgpu3aliii. Bu3HadueHo, M0 CXUIBHICTH 10
CJICKTPOJITUYHOTO HABOIHIOBAHHS 32 MaKCUMAaJIBHOTO 3aXMCHOTO moTeHIiany -1,050
B cranoButh g TpyO, mo He Oyna B ekcrutyaramii, micias 20 # 40 pokiB
excrutyararii, Bignosigao: 0,0301, 0,011 ta 0,0397 mons/mM?, TOOTO Hae miacCTaBy
CTBEP/KYBAaTH, 10 MICIs TPUBAJIOT EKCIUTyaTalli 1€l MOKa3HUK HE MOTIPIIYEThCS, Ta
MPUITYCTUTA MOKJIMBICTh TOAANBINOI ekciutyaraiii B HopmoBanomy JICTY 4219

nmlarna3oHi 3aXHUCHUX ITOTEHIAIIB.
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KawouoBi caoBa: crane ¢epuro-nepiuitHoro kiacy 10I20b  (X70),
KOHTPOJIbOBaHAa  MpPOKaTKa,  MariCTpaJlbHUM  Ta300pOBiA,  MOTEHIIOMETis,
BOJITAMIIEPOMETPIs, nedopmaliis 3 Majol MIBUAKICTIO, CKaHyBallbHA EJIEKTPOHHA

MIKPOCKOTIisl, KOpO3iiiHe po3TPICKYBaHHs, KOPO3isi, HABOAHIOBAHHS.



ABSTRACT

Kharchenko Yu.O. «Regularities of stress-corrosion cracking under conditions
of cathodic protection of pipe steel of a long-operated main gas pipeline». —
Qualifying scientific work on manuscript rights.

Thesis for the degree of Doctor of Philosophy in specialty 132 «Materials
Science» (13 — Mechanical Engineering). — E.O. Paton Electric Welding Institute of
the NAS of Ukraine, Kyiv, 2025.

The dissertation work has fulfilled a relevant scientific and practical task — the
regularities of corrosion cracking in the model soil electrolyte NS4 in the DSTU 4219
standardized range of protective potentials from -0,750 to -1,050 V of controlled-
rolled pipe steel 10G2FB (X70) of the main gas pipeline after long-term operation
have been established.

The first section provides a review of the literature on the properties of pipe
metal after long-term operation. The mechanisms of steel corrosion in soil are
considered, and an overview of methods for protecting underground pipelines from
soil corrosion is provided. The phenomenon of stress-corrosion cracking is defined,
and its factors are described, particularly in an environment with a pH close to neutral.
The influence of hydrogen, which penetrates into steel during operation, on the
initiation of cracks is briefly considered, and it is emphasized that today, the exact
mechanism of its influence is the subject of intense discussion.

The second section presents the research methods used in this study. The
research was conducted on the base metal of ferritic-pearlite steel grade 10G2FB
(X70), cut from pipes of the linear section of the main gas pipeline with a diameter of
1420 mm and a wall thickness of 15,7 mm. The specimens were made from a pipes
that was not in operation and after operation for 20 and 40 years. The following

methods were used in the work: tensile tests, impact tests, slow strain rate tests
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(10° s1), massometry, potentiometry, voltammetry, amperometry (determination of
electrolytic hydrogenation of steel under cathodic polarization), optical microscopy,
scanning electron microscopy, visual inspection, graphic-analytical methods for
analyzing the results of electrochemical studies. Electrochemical and corrosion-
mechanical studies were carried out in a model soil electrolyte NS4 (near neutral pH
solution).

The third section presents an improved methodology for studying and assessing
the condition of the pipes of the main gas pipeline in linear sections after long-term
operation, which expands the list of indicators for assessing the condition of the
pipeline, namely, the corrosion rate, corrosion potential, susceptibility to stress-
corrosion cracking, and electrolytic hydrogenation under cathodic polarization. The
application of this methodology will make it possible to determine changes in
properties and develop a refined conclusion regarding the condition of the base metal
of pipes after long-term operation.

The fourth section presents the results of determining the chemical
composition, microstructure, and mechanical properties (s, oys, 85, KCV™°, and )
of 10G2FB (X70) steel pipes that was not in operation, and after 20 and 40 years of
operation. The chemical composition of the steel did not change after 40 years of
operation, which was confirmed by the analysis of the content of the main alloying
elements (carbon, manganese, molybdenum, vanadium, and niobium). It is shown that
the microstructure of the pipes is ferrite-pearlitic, the size of ferrite grains in the
specimens is approximately the same — 19,8, 22,2 and 28,6 microns, their number —
24,9, 22,4 and 24,7 %, the striation of the pipe that was not in operation — mark 2 line
A, after 20, 40 years of operation — mark (3-4) line A. It was confirmed that the
identified differences in the microstructure were within the limits permitted by the

regulatory documents for controlled rolling steel 10G2FB (X70).
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The mechanical properties of the pipes (o, oys, 85, KCV™*°) were determined
after long-term operation of the 10G2FB, and it was demonstrated that their values
fully comply with the requirements of the technical conditions.

A trend in the change in the mechanical properties of the base metal of the
pipes was established, which consisted of an increase in the strength indicators o and
Gys, and a decrease in the plasticity 8s, KCV™°, and y after 20 years of operation, with
a subsequent decrease in strength and an increase in plasticity for 20 to 40 years. The
established trend in the change in the properties of controlled rolling steel correlates
with the results of other scientists for hot-rolled steel 17G1S and is confirmed by
operational data on the increase in the number of fractures with service life.

The fifth section presents the results of corrosion and electrochemical studies. It
was established that the corrosion resistance of steel after long-term operation does
not change, the corrosion rate in the NS4 solution of the pipe metal that was not in
operation and after 20 and 40 years of operation is 0,064, 0,058 and 0,056 mm/year,
which, according to the ten-mark corrosion resistance scale, characterizes the steel as
«resistant» (corrosion rate from 0,05 to 0,10 mm/year). The corrosion potentials for
the pipes that were not in operation were — -0.681 V, for pipes after 20 and 40 years
of operation, -0,667, and -0,689 V. Corrosion processes on pipe specimens after
operation occur with diffusion control, and similar values of the limiting diffusion
currents of oxygen reduction indicate the same corrosion resistance, which was
proven by the massometry method. The lower and upper limits of the potential ranges
change in the stress-corrosion cracking mechanism of the specimens (anodic
dissolution, hydrogen embrittlement, and mixed mechanism, in which anodic
dissolution and hydrogen embrittlement occur simultaneously) of the studied pipes in
the NS4 solution were determined, namely, for a pipe that was not in operation,
-0,682 and -1,050 V, pipes after 20 and 40 years of operation, respectively — -0,872
and -1,090 V, -0,920 and -1,080 V. A narrowing of the range of the mixed mechanism

8
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of stress-corrosion cracking was established for pipes operated for 20 and 40 years
compared to pipes that were not in operation — 0,219, 0,160, and 0,368 V.

The sixth section presents the results of stress-corrosion cracking studies. An
increase in the susceptibility to stress-corrosion cracking was established, estimated
by the Ks coefficient, which is from 1,02 to 1,10 for a pipe that was not in operation,
from 1,00 to 1,25 for pipes after 20 years of operation, and from 1,25 to 1,53 after 40
years of operation at potentials from -0,750 to -1,050 V. This made it possible to
expand the theoretical ideas about stress-corrosion cracking of long-term operated
steels of controlled rolling. Scanning electron microscopy has established the
formation of larger pits, from 20 to 50 microns, on pipe specimens after long-term
operation, which is a confirmation of the volumetric microdamage of the metal during
operation and correlates with an increase in the susceptibility to stress-corrosion
cracking.

The seventh section presents the results of studies on the susceptibility of pipe
metal to electrolytic hydrogenation. It was found that the hydrogen content that
penetrated into the steel under cathodic polarization increased nonlinearly for all the
specimens with an increase in the cathodic polarization potential. It was determined
that the susceptibility to electrolytic hydrogenation at a maximum protective potential
of -1,050 V of pipes that were not in operation after 20 and 40 years of operation was
0,0301, 0,011, and 0,0397 mol/dm3, respectively, indicating that after long-term
operation, this indicator does not deteriorate, and to assume the possibility of further
operation in the range of protective potentials regulated by DSTU 4219.

Keywords: ferritic-pearlite steel grade 10G2FB (X70), controlled rolling, main
gas pipeline, potentiometry, voltammetry, slow strain rate tests, scanning electron

microscopy, stress-corrosion cracking, corrosion, hydrogenation.



