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Annomayus. BEIIONHEH aHaIN3 pa3lIMuuil CTPYKTYpHO-(a30BOro COCTOSHUS U I0JIel BHYTPEHHUX HANPSDKEHUN B
30HaX JOKaIM3aluy JedopMaluy U Ha PacCTOSHUU 1 MM OT Hee And o0pa3loB U3 TEIIOYCTOWYMBOI CTald
Mapku 12X1M®. HccnenoBaHne MHKPOCTPYKTYPHI 00pa3llOB OCYMISCTBILUIM METOJOM IIPOCBEYHBAIOIICH
JIEKTPOHHON MHUKPOCKONNH Ha TOHKMX (osbrax. IlokaszaHo, 4To CTpyKTypa MeTala BCEX MCCIEJOBAaHHBIX
Y4acTKOB 00pa3moB mocie aedopManuy 10 0O0pa3oBaHHS 30H YCTOHUYMBOHM JoKanmm3amuu Jedopmanuii
COCTOHT M3 (heppHTa U MepauTa. 3aHUMAIOIINH OCHOBHYIO 4acTh 00beMa MaTepHana eppUT IPHCYTCTBYET
Kak He ()parMEeHTHUPOBAHHBIN, TaKk W (pParMEHTUPOBAHHBIH. BBIBICHBI OTIMYKSA B CTPYKTYypHO-(pazoBOM
COCTOSIHUW B MeTaJlIe 00pa3ioB u3 ctamu Mapku 12X1M® B 30HaX yCTOWYIHMBOH JIOKANMH3aluu AedopMarin
1 Ha PacCTOSHUM OT Hee. Y CTaHOBIICHHbIE Pa3IMYMs 3aKIII0Yal0TCSA KaK B pa3HOM MIPOIICHTHOM COOTHOLICHUU
MOP(OIOTHYECKUX COCTABISIOUIMX MHUKPOCTPYKTYpHI ((peppuTa U nepiuTa), B TOM YHUCIE B COACPIKAHUH
(parMeHTUPOBaHHOM U HE PParMEHTHPOBAHHOW JHMCIOKAIMOHHOM CyOCTPYKTYpBI, TaK ¥ B KOJINYECTBEHHBIX
NoKazaTessix (CKaISIPHOW M M30BITOYHOW MJIOTHOCTH IMCIOKALWH, KPUBH3HBI-KPYUEHHsI KPHCTAJITMUECKOM
pEIIeTKH, aMITUTY (bl T0JIel BHYTPEHHUX CABUTOBBIX M JaJIbHOACHCTBYIONIMX HAaNpsDKEHUIT). Y CTaHOBIICHO,
YTO TOCIIe KPAaTKOBPEMEHHOT'O HCTIBITAHHSA JI0 OCTIDKCHHUS yCTOMYMBOH JIOKanu3anuy AeopMaIiy He Bech
00beM MeTamna oOpasna MMEET OJMHAKOBYI0O MHKPOCTPYKTYPY. YCTAHOBJIICHHBIE Pa3IW4us CTPYKTYPHO-
(a30BOro cOCTOSHHWSA M IOJEeH BHYTPEHHHX HANPsDKEHWH B 30HAX JIOKATH3ALUM JeQopMaluyd M Ha
paccrossHAn 1 MM OT Hee A 00pa3IoB U3 TEINIOYCTOHIMBOM cTamu Mapku 12X1M® cBHAETENBCTBYIOT O
TOM, 9TO UMEHHO B 30HaX JIOKaJIM3alUH Je(opManiy BOSHUKHOBEHHE MUKPOTPEIINH MMEET HauOOJIbLIYIO
BEPOSATHOCT.

Kniouesvie cnosa: cTpykTypHO-(ha30BO€ COCTOSHHUE, MOJIs] BHYTPEHHUX HANPSHKEHHUH, TNIOTHOCTh JANUCIIOKAIHiA, 30Ha
JIOKaNMU3auu aehopMaliny, TeII0yCTONINBAs CTallb, NITUTENIbHAS DKCIUTyaTaIlHs
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ANALYSIS OF STRUCTURAL-PHASE STATE AND INTERNAL STRESS FIELDS AT
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Abstract. The analysis of differences in the structural-phase state and internal stress fields in the deformation

localization zones and at a distance of 1 mm from it for samples made of heat-resistant steel grade 12X1MF
is performed. The microstructure of the samples was studied by transmission electron microscopy on thin
foils. It is shown that the metal structure of all the studied sections of the samples after deformation before
the formation of zones of stable localization of deformations consists of ferrite and perlite. Ferrite, which
occupies the main part of the volume of the material, is present both non-fragmented and fragmented.
Differences in the structural and phase state in the metal of 12X1MF steel samples in the zones of stable
localization of deformation and at a distance from it were revealed. The established differences are both in
the different percentage of morphological components of the microstructure (ferrite and perlite), including
the content of fragmented and non-fragmented dislocation substructure, and in quantitative indicators (scalar
and excessive dislocation density, curvature-torsion of the crystal lattice, amplitudes of the fields of internal
shear and long-range stresses). It was found that after a short-term test until stable localization of deformation
is achieved, not the entire metal volume of the sample has the same microstructure. The established
differences in the structural-phase state and internal stress fields in the deformation localization zones and at
a distance of 1 mm from it for samples made of heat-resistant steel grade 12X1MF indicate that it is in the

deformation localization zones that the occurrence of microcracks is most likely.
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BBenenue

OOecnieueHrne HAJCKHOCTH MATEPUAIIOB PA3ITUY-
HBIX KOHCTPYKI[HI OCTaeTCsl akTyaJbHOU mpoOiie-
Moii B HacTosiee Bpems [1; 2]. B mocneaune rost
3Ta mpo0diieMa CTaHOBHUTCS Bce OoJiee aKTyalbHOW B
CBSI3U C COKPAIIICHUEM CPOKa CIYXKObl KOHCTPYKITHIA
W3-3a U3MEHEHUs CTPYKTYpPhl U CBOMCTB MaTepuaiia
B TIPOIlECCE OSKCIUTyaTallid. B CIIEACTBHE 3TOTO
HEOOXOMUMO COBEPIICHCTBOBATh METOIUKH  TIO
MPOAJICHUIO pecypca MpH JUTUTEIbHON JKCIuTyaTa-
nuu. Pemenwe 3toil mpoOieMbr TpeOyeT TITyOOKOTro
M3YUCHHUS 3aKOHOMEPHOCTEH HAKOIUICHHUS MOBPEXKIIC-
HUI ¥ BBISIBJICHUS TJIABHBIX MEXaHH3MOB pa3pyliie-
Hus. HeoO0X0oauMOCTh OIIEHKH BEPOSTHOCTH paspy-
IIIEHUsT ¥ YCTAHOBJICHHE CBSI3EH MEXIY CTATUCTHYECKH-

MH CBOMCTBaMH MaTepHalia U MEXaHH3MOM pa3py-
IICHUS CBS3aHBI TaKXKe C TEM, 4YTO Jerpajamus
CTPYKTYpBI METalljla B IPOIECCe UITUTEITHHON JKC-
IUTyaTallMd YBEJIMUUBAET PUCK MPEKICBPEMEHHOIO
pa3pyuieHnust KoucTpykuuil. IIpouiecc 3apoxaenus u
HaKOIUICHUS JIe()eKTOB MOXKET ObITh MHTEHCU(DHUITH-
pOBaH MpPU HEOOPATUMOM HM3MEHEHUU CTPYKTYPbI
MaTepuaa B IPOIECCe JUINTEIBHOMN IKCIITyaTal[|H.

BesomacHas akcruryaranus MeTaJUTIOKOHCTPYK-
IIMI OCHOBAaHA Ha COXPAHEHUU KOMILIEKCA MEXaHU-
YECKUX CBOWCTB MaTepuaja Ha MPOTSDKEHHUH BCEro
CpOKa 3KCIUTyaTaluu. TeM He MeHee MEXaHUYeCKUe
CBOICTBa MMEIOT TEH/ICHIIUIO K JIETpaJallui OT JeH-
CTBYIOIIMX HampsbkeHuid [3 — 6]; KOppo3noHHOI
cpenpl [7]; mmkimyueckoro Harpyxkenws [8]; ocrta-
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TOYHBIX HampspkeHui [9]; Temmeparypsr [10 — 13];
neeKTOB, TOSBISIOMINXCS B MIPOLIECCE JTUTEIEHOM
skcmutyatanu [14 — 16]. Ilpu 3ToM Kak U3BMEHEHHIO
MUKPOCTPYKTYPHBIX MapaMeTpoB, TaK W HaKOILIE-
HUIO JIe(eKTOB U BHYTPEHHHUX HAMPSHKEHHH, OKa3bI-
BaIOIINX CYIIECTBEHHOE BIMSIHAE HA YIIPOYHEHUE H
pacTpecKrMBaHUE MaTepuana B IMPOLEcce SKCILTya-
Tallny, YAETSETCS MajJO BHUMAHMSL.

Lenpto HacToOsIIIEH pabOTHI SIBISIETCS HCCIIEIOBA-
HHUE U COMOCTABJICHUE KAYECTBEHHBIX U KOJIMYECTBEH-
HBIX TIOKa3aTelel CTPYKTypHO-(Da30BOTO COCTOSIHUS,
a TakKe MoJied BHYTPEHHUX HaNpsHKEHUI cTalld Map-
ku 12X1M® nocne 0THOOCHOTO PACTsDKEHUS 10 CTa-
OWIBHOW JIOKaM3anuu Ae(hOpMaIiK, B 30HE JIOKAITH-
3arpn eopMaIiy ¥ Ha PacCTOSIHUH OT Hee.

Marepnanisbl ¥ IKCIIepHMEHTAIBHBIE POLEAYPhI

HccnenoBanne mpoBoAuian Ha oOpasuax crajiu
Mapku 12X1M® nocie IIUTeNTbHON 3KCIUTyaTaluu
(260 000 4) wu wuCHBITAHWMI Ha OJHOOCHOE
pactspkenue [17 — 22] HEmoCpeACTBEHHO B 30HE
JoKanu3auuu AedhopMaluy U Ha pacCTOSHUM 1 MM
ot Hee. Xummdeckuii cocta (I'OCT 20072 — 74)
cramu Mapku 12X1M® crenyrormii: 0,08 — 1,15 % C;
0,15 - 0,30 %V; 0,17 — 0,37 % Si; menee 0,20 % Cu;
0,25 — 0,35 % Mo; 0,40 — 0,70 % Mn; menee 0,30 % Ni;
0,90 — 1,20 % Cr; menee 0,025 % P; menee 0,025 % S;
ocrasnbHoe Fe.

CrpykTypy # (ha30BBIil COCTaB CTalH WCCIEHO-
BaJIM METOJIOM IMPOCBEUYHMBAOIECH NU(PAKIIUOHHOM
AIIEKTPOHHON MHKPOCKOTIMM TOHKHX (DOJBr Ha
3JEKTPOHHOM MUKpockone OM-125 ¢ yckopsiromum
HampspkeHueMm 125 kB. Pabouee yBenmueHue Ko-
JIOHHBI MUKpOcKoma coctapiisiio 25000x. B pesyib-
TaTe MCCIENOBAaHMUS AJsl KaxIoro obOpasma Obuia
npoBezeHa Kiaccupukanys MOpQOIOTHIECKUX 0CO-
OEHHOCTE MUKPOCTPYKTYPBI, ONpe/IeNieH cocTaB ¢a3
MAaTpHIIBI CTAITH U MepeveHb NPUCYTCTBYIOIUX (a3 u
HX JIOKaJIW3alys, a TaKKe pacCUMTaHbl CIEIYOIIHeE
MHUKPOCTPYKTYpHBIE TapaMeTphl: OObeMHast J0JIs
CTPYKTYPHBIX COCTAaBJIAIOUINX CTadu Py, IIOTHOCTH
pacriperniesieHrsl 1 00beMHas! JI0JIs1 KapOWIHBIX YacCTHIL,
CKaJIsipHast p ¥ U30BITOYHAS P+ IUIOTHOCTH JTUCIIOKA-
L1, KpUBU3HA-KpPyYEHUE KPHUCTAUINYECKOH pe-
LIETKH §; AaMIUIUTY/AA MO0JeH BHYTPEHHUX HalpskKe-
HU ©. Bce KOJIMYEeCTBEHHbIE MUKPOCTPYKTYPHBIE
MapaMeTpsl U3MEPsUIN KaK JUIs KaXIO0Tro CTPYKTYp-
HOTO KOMIIOHEHTa CTaJld, TaK M IS KaXJI0ro o0-
pasua B menoM. Bee monydeHHBIE TaHHBIE TOABEp-
rajid CTaTUCTHYECKOH 00paboTKe.

@Da3zoBbIii aHATN3 TPOBOIIM TI0 H300paXKEHHUSIM,
WJICHTA(QUIMPOBAHHBIM TI0  MHKPOIU(PPAKITOHHBIM
KapTUHAM W TEMHOIOJIBHBIM H300pKEHUSIM, TIONTY-
YEHHBIM C TIOMOLIBIO COOTBETCTBYIOLIHUX OTpaXkaTeseH.
JIuHEHbIH pasMep U CKAIIPHYIO IUIOTHOCTh JTUCIIO-

Kalliil OINpeNeNsuid METOJIOM CEKyIUX [0 CTaH-
JMApTHBIM METOIUKaM. M30BITOYHYIO TUIOTHOCTH
JHCIIoKanuit p+ = p+ — p- (rae p+ U p- — MIOTHOCTH
TIOJIOXKUTENILHO W OTPHUIIATENILHO 3apsDKCHHBIX JIHC-
JIOKAIIWiA) OMPEICIISIU C MCIIOJIb30BAHUEM OpPHCH-
TAI[MOHHOTO TpajueHTa (WM TpajueHTa KpPUCTAN-
JIMYECKON PENIeTKH KPUBHU3HA-KpYUYCHHE ), U3Me-
penHoro jokansHO [23]. KpuBH3HY-Kpy4eHnEe KpH-
CTAJJTMYECKOHN PEIISTKH ¥ ONMPEISIsUTd HATHIUEM B
MaTepHrage M3rUOHBIX 3KCTUHKIIMOHHBIX KOHTYpOB
[24]. BHyTpeHHrE HampspKeHUS G OBUIM YCTaHOB-
JICHBI JIBYX BUJIOB: CJBHTOBBIC HATPSOKCHUS (JTUC-
JIOKAIMOHHBIE «JIecay) Gy — MOJsl HANPsDKEHHH, COo-
3IaHHBIC JTUCIIOKAIMOHHBIMA MHKPOCTPYKTYpPaMH
[25; 26]; mampHOmEHCTBYIOIINE HANPSHKECHHUS Gy —
MOMECHTHBIC (JIOKaJIbHBIC) HANPSHKEHUS, CO37aBac-
MBbIC B MeCTaX ¢ M30BITOYHOMN IUIOTHOCTBIO JHCIIO-
Karuit B Mmarepuaie p+ (p+ = p+ — p- = 0) [27 — 30].

Pe3yabTaThl M 00cyKIeHHE

Panee ObLIO WCCIENOBaHO BIHMSIHAE HCXOTHOTO
COCTOSIHUSI Ha CTPYKTYPHO-(a30BO€ COCTOSIHUE H
BHYTPCHHHE HANPsDKCHUS B 30HAX JIOKAJIH3ALUH
nedopMaIi 00pas3IoB U3 TEIIOYCTOWYMBON CTaIH
Mapku 12XIM® [31]. beuto ycTraHOBIEHO, YTO
MOP(OJIOrHIECKUMHU COCTABIISIFOIIUMH Ol-Pa3bl sB-
nstoTest epauT U Gepput (puc. 1). O0bemMHas 10
nepiura U gepputa cocrasiser 20 u 80 %. Ilepnut
MPaKTUYECKN TIONHOCTHIO pa3pylieH B 30HE JIOKa-
mu3oBaHHON Aedopmanuu (puc. 1). OdveMHas gons
[IEMEHTHTA B 3€pHAX mepiuTa coctaBisieT 4,8 %.

®Depput NpUCyTCTBYET B HE (PParMEHTUPOBAHHOM U
(parmenTupoBaHHOM Buiax (puc. 1). O0beMHbIC 10M
He (PparMEHTHPOBAHHOTO ¥  (hparMEeHTHPOBAHHOTO
¢epputa cocraBmsror 10 u 70 %. He ¢parmentupo-
BaHHBIN (eppUT TPENCTABIEH B CTPYKTYpe (eppuTo-
KapOWTHOM CMECHI0, IPHUYEM YacTHIbI Kapouaa Mex3Ce
HaxXoJIsITCsl BHYTpU 3epeH ¢eppura. B 3epHax He ¢par-
MEHTHUPOBAHHOTO (heppHTa pazMep YacTHIl B CPEIAHEM
cocrapysieT 38 HM, 00beMHasl J0J1s1 KapOMIHBIX YaCTHII
B 3epHax He ¢parmeHTHpoBaHHOTO Peppura — 0,35 %.

JucnokaimonHast cyOCTpyKTypa MOJSIpU30BaHa
W UMEeT CeTyaThlil THII B 3epHax HepparMeHTHpO-
BaHHOTO (eppura. CpenHee 3HAUEHUE CKAIAPHOM
IUIOTHOCTH JIUCIIOKanmii coctasnser 2,48-101° cm?;
aMIUIUTY/Ia KPUBU3HBI-KpYUeHHs — 535 cM L] n30bI-
TOYHAs IUIOTHOCTh auciokammii — 2,14-10° cm2
(p > p+). Cpemusist aMIUTUTY1a HAIIPSDKEHHS CIBUTA
oy cocrapinser 315 MIla; cpenss amiudtya
JNAIBHOACHCTBYIONIMX (JIOKAJBHBIX) HAampsDKEHUN
o, — 290 MIla (o. > ©,). B 3epHax He ¢pparmeHTH-
pOBaHHOTO (eppuTa U3rHO-KpyueHHe KpUCTaIIHYe-
CKOM pemieTkd OOYCIIOBJIEH AMCIOKAIIOHHOHN CyO-
CTPYKTYPOM M MMEET IJIACTUYECKUN XapaKTep, Kak u
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Puc. 1. V3o6paxenne cTpyKTypbl 00pasiioB u3 crami Mapku 12X 1M mocrne miTenbHON SKCIITyaTaLH:
a — hparMeHTHpOBaHHEIN QeppuT ¢ aHm30TponHEIMH (GparmeHTamu (OD) u He PpparmenTuposanusiii Gepput (HO);
6 — (hparMeHTHPOBAHHEIN (GEepPHUT C H30TPOIHBIMU (pparMeHTaMu
Fig. 1. Image of the structure of 12X1MF steel samples after long—term operation:
a — fragmented ferrite with anisotropic fragments and unfragmented ferrite; 6 — fragmented ferrite with isotropic fragments

B 3e¢pHax mnepiuTa. B 3epHax (parMeHTHPOBAHHOTO
(beppuTa MPUCYTCTBYIOT KaK aHU30TPOIHbIE (puc. 1, a),
Tak u n30TpomnHble (puc. 1, 6) ¢pparmentsl. ['panu-
el (QparMeHTOB 4eTkue. Jlucimokanuu, KOTOpbIE
00pa3ylT CceT4YaTyi0 CYOCTPYKTYpPY, HaXOIATCS
BHYTpH (pparMeHTOB.

Bo ¢parmentupoBanHOM (eppruTe OOHApYKEHBI
gacTuilbl Kapouma MexsCs, KOTOpPBIC PaCHONararoTcs
KaK Ha rpaHulax (parMeHToB, TaKk U BHyTpH. YacTu-
1BI, IPUCYTCTBYIOIINE BHYTPU (parMeHTOB HA JUCIIO-
Kalusix, IMEIoT OKpyriyio Gopmy. CpenHuii pazmep
9THX 4YacTul 24 HM, a 00bEeMHasi J0JII COCTaBIISIET
0,30 %. Cpennuii pa3mep 4acTHL, PACHOI0KEHHBIX
Ha rpaHuUIax (parMeHToB cocTapisieT 32 HM, a
o0bemMHas noist — 1,68 %.

JuciokanuoHHas cyOCTpyKTypa BHYTpH (par-
MEHTOB COCTOHT M3 JMCIOKAIIMOHHBIX CETOK, KaK U B
HedparmenTrpoBanHoM (eppure. CkajisipHas IIOT-
HOCTb AucIoKanuii coctapisieT 2,60-101° cm 2 Taxum
00pa3oM, CKaJISIpHAasl IUIOTHOCTh IHCIIOKALMd HMeEeT
TEH/ICHIMIO K YMEHBILIEHHUIO BHYTpU (PparMeHToB; yBe-
JIMYUBAETCS TIOJSIPU3AIMS JUCTIOKAIIMOHHON CTPYKTY-
pBl. AMIUTNTYZa KpPHBU3HBI-KPYYEHHUS KpUCTaJIHIe-
CKOM PEIIEeTKH BO (pparMeHTax yBennuusaercs 10 900
cM . M36bITOUHAs IUIOTHOCTH JMCIOKALMM, OIpese-
nenHas o popmyne p: = y/b (rme b — Bexrop brop-
repca), cocrapiser 3,6-10° cM? u 3HauMTENBHO TIpe-
BBIILIAET CKALIPHYIO IUIOTHOCTh JUcioKaumi. Y3 storo
CIIeyeT, 4TO M3rHO-KpydeHHE KPUCTAILTMYECKOH pe-
HIETKH  0-(ha3bl HOCHT YMPYro-IUIACTUYECKUN Xapak-
Tep (ox = 6™+ o). CpenHee HANPsHKEHUE CIBUTA
on = 320 Mlla, moMeHTHBIE (JIOKaJIBHBIC) HAMpPS-

JkeHus o, = 660 Mlla, mpuyuem mactudeckas co-
crapisiromas — 320 Mlla, ynpyras — 340 MIla. Bo
(hparMeHTHPOBAHHOM (epPUTE BBHIIOIHICTCS YCIO-
BUE Oy < Oy, XOTS BEIIMYMHA G, HE3HAYMTEIHHO
MPEBHIIIAET BEIHYNHY Gy OIHAKO 3TO CBUAETEINb-
CTBYET O TOM, YTO MMEHHO 3TH y4acTKU MaTepuaia
MOTYT MIPUBECTH K MOSIBICHUIO MUKPOTPELHH.

Ilpu  wuccienoBaHMM  CTPYKTYypHO-()Aa30BOTO
COCTOSIHMSI U TIOJIEH BHYTPEHHUX HAIPSDKEHUM Ha
paccTossHUM 1 MM OT 30HBI JIOKQJIM30BAaHHOW He-
(dhopmaruu st 00pasoB u3 craau mapku 12X1MdD
Mocje IKCIUTyaTaluu 0e3 pa3pylleHHs YCTaHOBIIe-
HO, YTO MOP(OJOTUYECKUMH COCTABISIOMIUMH Ol
(a3l SABIAIOTCS epIUT U Gpepput. OObeMHAS JOJIS
nepaura cocraBisgeT 22 %, ¢epputa — 78 %. Xa-
pakTepHble  HM300pakeHHs  (EepPPUTO-TIEPIUTHON
MHUKPOCTPYKTYpHI MOoKa3aHbl Ha puc. 2 u 3. Ilepnur
Ha PacCTOSHUM | MM OT 30HBI JIOKIM30BaHHOM Jie-
(dopMaMy TPAKTUYECKH IOJHOCTBIO pa3pyLleH
(puc. 2). Yetko wumeHTHQUIHMPOBATH €r0 MOXKHO
TOJIBKO TI0 MUKPOJU(PPaKIIMOHHBIM KapTHHAM (pHC.
2). O0bemHas 107 LEMEHTHTA B TEPJIUTHBIX 3€p-
Hax cocrasiseT 7,8 %. Tun auciaokaiMoHHOH Cyo-
CTPYKTYpBI MEXay mpociiolikamMu deppura cerda-
Thiil. CKaliipHas IUIOTHOCTh JMCIIOKAllMi paBHa
3,40-10'° ¢cM. B nepnauTHBIX 3€pPHAX TAKKE BbISB-
JIeHa TOJIApU3aLusl JUCIOKAMOHHON CyOCTPYKTY-
pBl. AMIUIATY/Z]a KPUBHU3HBI-KPYUYCHHUsI, ONpEIeIICH-
Has MO IIUPUHE M3rn0a SKCTUHKIIMOHHBIX KOHTY-
poB, % = 505 cM !, a M36BITOYHAS IIOTHOCTH JAUCIIO-
xamuii cocrapiser 2,02:10%° cm? (p > py). Cpennsis
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)

Puc. 2. Mzo0paxkeHne CTpyKTyphI 00pa3iioB 13 craiy Mapku 12X 1M nocse IHTeNbHOM SKCIUTyaTalii Ha pACCTOSHIH 1 MM OT 30HBI
JIOKAIM30BaHHOM Aehopmanuu (peppura U mepiura):

a — CBETJIONIONIbHOE N300pakeHUe; 6 — MUKPOANPPAKIINOHHAs KapTHHA, TOJYYEeHHAs C Y4aCTKa, OTMEYEHHOT'O OKPY>KHOCTBIO
HA 1103. a; 6 — HHAULUPOBAaHHASA cXeMa (MPHCYTCTBYIOT peQIIEKChI, OTHOCAIINECT K IEMEHTUTY H d-(ase); [1P — paspymeHHbIi
MEPIUT (CTPEIKAMH OTMEYEHBI YaCTUIIBI IEMEHTHUTA)

Fig. 2. An image of the structure of samples made of 12X1MF steel after prolonged operation at a distance of 1 mm from the zone
of localization of deformation (ferrite and perlite):

a — a light-field image; 6 — a microdifraction pattern obtained from the area marked with a circle in pos. a; ¢ — an integrated circuit
(there are reflexes related to cementite and a-phase); ITP — destroyed perlite (arrows indicate cementite particles)

aMIUIMTyIa HanpspkeHust caBura o, = 365 Mlla, a
cpeAHee 3HAUCHHE aMIUIUTYIbI JaTbHOACHCTBYIOIINX
(mokasbHBIX) HanpspkeHuid 6, = 280 MIla (o, > Gy).
Takum oOpa3om, B 3epHaxX MEpJIHTa H3TUO-
KpY4YCHHE KPUCTAUIMUECKONH pemeTkn ¢eppura
TaKkxe OOYCIIOBJICH IUCIOKALMOHHOH CyOCTPYKTY-
PO U SIBJISIETCS] YUCTO IUTACTHYECKHM.
VYcTaHOBNIEHO HalM4ue Kak He (parMeHTHPO-
BaHHOTO, Tak W (hparMEeHTHpPOBaHHOTO ¢eppura
(puc. 3). O6beMHBIE 10K HE PparMEeHTUPOBAHHOTO
U (pparMeHTHPOBAHHOTO (eppuUTa COCTABISIOT 15 1
63 %. B wuccnemoBaHHOM Marepualnie 3epHa He
(parMeHTHPOBAHHOTO (eppuUTa COCTOAT U3 Peppu-
TO-KapOMIHOM CMecH, IIPH STOM YaCTHIIbI KapOuia
Me23Cs, nMerone OKpyriyto ¢Gopmy, HaxomsaTcs
BHYTpH 3epeH ¢eppura. B 3epHax HedparmeHTHPO-
BaHHOTO (eppuTa pa3Mep YacTHUI] BHIPOBHSUICS U B
cpeaneM cocrasisgeT 42 uM. OO0beMHas 10s Kap-
OMIHBIX YacTUIl B 3epHaX HE (parMeHTHPOBAHHOTO
¢deppura 0,47 %. Kak u B mpocnoiikax ¢eppura

Puc. 3. M3o0paxkeHre CTPYKTYphI 00pasIioB U3 CTaIH
Mapku 12X 1M® nocrne [UMTeNTbHOH SKCINTyaTarii

IICPJIUTHBIX 3€PEH BO BCEX 3€pHAX HE (bpal“MeHTI/I- Ha PacCTOSIHUH | MM OT 30HBI JIOKQJIM30BaHHOH nedopManuu
poBaHHOTO (eppuTa THUIl TUCIOKAIMOHHOH CyO- ) (tparmenTHpOBAHHBIiT heppuT)
CTPYKTYpbl CeTdaThiii. CpeiHsis CKaspHas IUIOT- Fig. 3. Image of the structure of samples made of 12X1MF

N 279.10%° oy2 steel after prolonged operation at a distance of 1 mm from the
HOCTb IUCIIOKAalliK COCTABILACT £, /9 M . zone of localized deformation (fragmented ferrite)
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JlucnokaronHas CTPyKTypa MOJIIPU30BaHa Kak
U B TEPIUTHBIX 3epHaX. AMIUTUTYAa KpPUBU3HBI-
KpY4CHUsI, ONpelesieHHas 10 MIMPUHE H3ruda dKc-
THHKIMOHHBIX KOHTYpOB, coctasisier 500 cM?, m3-
ObITOYHAsI TUIOTHOCTH auciokammii — 2,0-10%° cm?
(p > p+). BbuTH M3MEpPEHBI BHYTPEHHHE HANPSHKCHHS:
cpemHsisl aMIuTyaa Hanpsbkenus casura 310 Mlla;
CpenHss aMIUTUTYAa JATbHOACUCTBYIONINX (JIOKaJIh-
HbIX) HanpspkeHuit 280 Mlla (o, > o). U3 3toro
CIIeflyeT, 4To B He ()parMEHTHPOBAHHOM (QeppuTe,
KaK ¥ B 3epHaX MepJINTa, U3THO-KpyUueHHEe KpUCTa-
JIMYECKOM pemIeTKH OOYCIOBICH AWUCIOKAIOHHON
CYOCTPYKTYpOH U SIBIISIETCS YHCTO IIACTHYECKUM. B
3epHax (parMEeHTUPOBAHHOTO QeppuTa MPHUCYT-
CTBYIOT Telepb KaK aHMU30TPOIHbIE, TaK U U30TPOII-
Hble (pparMeHThl. ['paHumBl GparMeHTOB TOBOJHLHO
YETKHE U COCTOAT U3 auciaokauuil. Tun aucmoxanu-
OHHOU CYOCTPYKTYpbI BHYTpH ()parMeHTOB cozep-
KHUT JUCIOKAINK, 00pa3yromue ceTKh. YacTHibl
kapounma Me»Cs oOHapyXeHBI Kak Ha TpaHHIAX,
Tak W BHYTpU (parMeHTOB, KOTOpBIE OO0JIAAaloT
okpyrioit hopmoit (cpenuuit pasmep 28 HM, 00b-
emuast aoss — 0,47 %); yacTuibl Ha TpaHUIAX
(bparmMeHTOB KpyrHee (cpemHero pasmepa 36 HM,
obbemuast ot — 1,0 %).

Tun auCcmoKalMOHHOW CYOCTPYKTYpPHI BHYTPH
(hparMeHTOB, KaK U B He ()parMEHTHPOBAHHOM (ep-
pute cerdarbiil. CkangpHas MIOTHOCTD JUCIOKAIHIA
cocrapiser 2,79-10'° cm?. AMIuMTya KpUBU3HBI-
KpY4CHHUs] KPUCTAIUTMYECKOH PelIeTKr Bo (parMeH-
Tax cocTaBisgeT 485 cM !, a M30BITOUHAS IOTHOCTD
mucnokammit — 1,94-10'° cm?; o, = 280 MIla; o, =
335 MlIla. [Toaromy ycioBusi p > p: U Gy > Gy BbI-
MOJTHSIOTCA Kak M Uil He (parMeHTHPOBaHHOTO
(dbepputa, a M3rHO-Kpy4eHNE KPUCTAIIMYECKON pe-
HIETKU TaKXKE SIBISIETCS YACTO TIIACTUIECKUM.

CormocTaBieHre KOJHMYECTBEHHBIX IOKa3aTelei
CTPYKTYpPHO-(}a30BOTO0 COCTOSIHUS (CKaJsipHas U
W30BITOYHAST TUIOTHOCTH AWCIOKAIMNA, aMIUIATYAbI
roJiell BHYTPEHHUX HANpsHKEHUH) IMOKa3bIBAET, YTO
B 30HAX JIOKAJIM3alWu JedopMalii OMacHOCTh 3a-
POXICHUS MUKPOTPENINH TOpa3fo BHIIIE, YeM Ha
pPaccTOSIHUM OT HUX.

BriBoabI

BeimonHeH aHanm3 CTpyKTYpHO-(a30BOro cocTo-
SIHUS Y TI0JIEH BHYTPEHHUX HANPSKEHUH HA paccTro-
STHAM OT 30H JIOKalu3auuu aedopmanmu i1 oopas-
1I0B U3 TEIJIOYCTOWYMBOWU cTanu. MUKPOTPYKTypa
MeTaljia BCeX HCCIEIOBAaHHBIX yYacTKOB 00pa3IoB
nocie aedopmanyuu 10 00pa3oBaHUs 30H YCTOHYH-
BOM JoKanm3anuu aedopMannii COCTOUT U3 deppu-
Ta W nepanTa. 3aHMMAIONIMA OOJBIIYIO0 YacTh 00B-
eMa Matepuaia (eppHuT IpencTaBlieH Kak He (par-
MEHTHPOBAHHbIM, Tak M (parMeHTUPOBAHHBIN.
AHann3 KauyeCTBEHHBIX U KOJIMYECTBEHHBIX MOKa3a-
Tenel CTPYKTYpHO-(Aa30BOTO COCTOSIHUS TTO3BOJIHII

BBISIBUTH Pa3iM4us B MeTayie 0Opas3iloB M3 CTalld
Mapku 12X1M® B 30HaX YCTOMYUBON JIOKATH3AITAN
nedopManu M Ha paccTossHud OT Hee. [lokazaHo,
YTO TOCIE€ KPATKOBPEMEHHBIX HCHBITAHUHA J0
YCTOWYHMBOHM JTOKann3anuu nedopManui o0pas3ios
HE BeCh 00BEM MeTayia MPEJICTABICH OJIHMHAKOBOMN
MUKPOCTPYKTYypoil. ComocTaBieHUE KOJIUYCCTBEH-
HBIX MTOKa3aTesell CTPYKTypHO-(a30BOro COCTOSHUS
(cxanspHas ¥ M30BITOYHAS TIOTHOCTD JTHUCITIOKAITHH,
aMIUTMTYIbl TIOJICH BHYTPEHHUX HANPSOKEHUI) I10-
Ka3aJio, YTO B 30HAX JIOKAJIM3AIUK JePopMaiuu
OMACHOCTh 3aPOXKACHUS MHKPOTPEHINH TropasJio
BBIIIIC, YEM Ha PACCTOSHUM OT HUX.

CIIUCOK JIUTEPATYPbI

1. Kmoe B.B. Jecpaoayus ouacnocmuku 6e3-
onacnocmu. MockBa: MHWM3gatenbckuii oM
«Cnextp». 2012:128. EDN: SFDDCN.

2. barmyros B.IL., benos E.I'., boxxko U.A., by-
noBckux E.A., Bamyk E.C. u ap. Cmpyxmyp-
HO'gbCBO@ble COCMOARUSL NEPCNEKMUBHbIX Me-
maniudecKux mamepuaios. HOBOKySHeLIKZ
Uzn-so HIIK. 2009:613. EDN: SNBGKB.

3. Grib V.V., Petrova I.M., Romanov A.N. Esti-
mation of the probability of mechanical sys-
tems breakdown by technical state modelling.
Journal of Machinery Manufacture and Relia-
bility. 2016;45(5):433-437.
https://doi.org/10.3103/51052618816050095

4. boreuna JI.P., bynyesa B.I'., Ocranenko A.A.,
Trotua M.P., Jlemuna 10.A., ConpgarenkoB A.Il.,
XKapkoBa H.A. Mexanunueckue CBOMCTBA U Me-
XaHW3MBl  pa3pylIeHHs KpPYMHOTaOapHUTHBIX
eMKocCTel n3 ciiaBa AMro6 mocie aIuTenbHON
SKCIUTyaTalmu. Jlegpopmayus u paspyuierue
mamepuanos. 2013;12:28-35.

5. Demina Y.A., Tyutin M.R., Marchenkov A.Y.,
Levin V.P., Botvina L.R. Effect of Long-Term
Operation on the Physical and Mechanical
Properties and the Fracture Mechanisms of
X70  Pipeline  Steels. Russ.  Metall.
2022;2022:452-462.
https://doi.org/10.1134/s0036029522040127

6. Romanov A.N., Filimonova N.I. Deformation Re-
sistance and Damage Accumulation of Unstable
Structural Material under Cyclic Elastoplastic De-
formation. Journal of Machinery Manufacture and
Reliability. 2019;48(5):440-445.
https://doi.org/10.3103/51052618819050108

7. Tuxommposa E.A., Peionukos A.M., I'enos JLb.
W3MmeHeHue CTpyKTypbl M CBOWCTB MOHOKpH-
CTAJNIMYCCKHUX KapOIpPOYHBIX CILUIaBOB B IIPO-
L[ecce JUIMTENBbHOM 3KCIUTyaTauuud. Memanno-
6edeHue U mepmuueckas — odopabomxa.
2017;1(739):33-38.

8. Hemuenko M.B., KyzeeB U.P. 3akonomepHo-
CTH H3MCHCHUA MOpq)OJ'IOFI/II/I penbe(ba 110-

-90 -


https://doi.org/10.3103/S1052618816050095

BectHrk CHOMPCKOrO rocyIapCTBEHHOTO HHAYCTPHAILHOTO yHHBepcuTeTa Ne 2 (48), 2024

10.

11.

12.

13.

14.

15.

16.

17.

18.

BEPXHOCTH CBAapHOI'0 COCIUHECHMs HedTeraso-
BOTO OOOpYZOBaHHWS B YCIOBHUSAX OKCILTyaTa-
OUH. Hanomexnonocuu 6 cmpoumeibcmee.
2018;10(4):39-56.

Polyakov A., Kuksenova L.I., Alekseeva M.S.
Metodological Foundations for Chosing the
Materials for Gears according to Wear Re-
sistance Criteria. Journal of Machinery Manu-
facture and Reliability. 2019;48(4):328-335.
https://doi.org/10.3103/S1052618819040125.
ITerpoBa U.M., I'anonuna U.B., boreuna JI.P.,
Hemmna FO.A., Tiotmn M.P. BausHme mpiu-
TCJILHOT'O CTApCHHUA Ha XAPAKTCPUCTHUKU YyCTa-
moctu cramu 45, 3asoockas nabopamopus.
Huaznocmuxa mamepuanos. 2011;77(1):58-61.
Makhutov N.A., Gadenin M.M., Odintsev I.N.,
Razumovsky I.A. Methods of the calculation
and experimental determination of the local re-
sidual stresses under spectrum development of
complex loading. Journal of Machinery Manu-
facture and Reliability. 2015;44(6):531-538.
https://doi.org/10.3103/S1052618815060096
lopeiaun U.B., Tumodees B.T. [erpamanus
CBOMCTB KOHCTPYKL[MOHHBIX MAaTE€pHUaJOB IpU
JIIUTCIIBHOM BOS,I[GI?ICTBI/II/I SKCIUTyaTallMOHHBIX
TemMmnepatyp. Bonpocei Mamepuanosederus.
2011;1(65):41-59.

Koncrautunos B.M., [lyukoB 3.II., I'anum-
ckuii A.M. OCOOEHHOCTH DJKCIUTyaTallid W
CBOMCTBAa KOHCTPYKLIMOHHBIX CTaJIed NpU pa-
o6ore B YCIOBUAX KIIMMATHYCCKOro XOJioJa.
Honzynosckuii anemanax. 2014,2:41-44.
Romanov A.N. Damage accumulation and lim-
it states under the low-cycle loading of struc-
tural softening steel. Engineering Failure
Analysis. 2022;142:106836.
https://doi.org/10.1016/j.engfailanal.2022.106836
Getsov L., Semenov A., Semenov S., Rybni-
kov A., Tikhomirova E. Thermal fatigue of
single-crystal superalloys: experiments, crack-
initiation and crack-propagation criteria. Mate-
rials and technology. 2015;49(5):773-778.
Makhutov N.A., Gadenin M.M. Analysis and
control of the strength, useful life, and safe op-
eration risks of power plants with various kinds
of energy commodities. Journal of Machinery
Manufacture and Reliability. 2022;51(1):37-45.
https://doi.org/10.3103/5105261882201006X
3yes, JL.b., [lanunos B.1., bapannuxosa C.A.,
[TmockoB H.A. O mpupoxae ympyroriacTude-
ckoro wHBapuaHta jAedopmarmu. JKTO.
2018;88(6):855-859.

Danilov V.l., Gorbatenko V.V., Zuev L.B. On
the kinetics of mobile Chernov — Luders band
fronts.  AIP  Conference  Proceedings.
2016;1783:020035. https://doi.org/10.1063/1.
4966328

-91 -

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gorbatenko V.V., Danilov V.l., Zuev L.B.
Elastoplastic transition in material with sharp
yield point. AIP Conference Proceedings.
2015;1683:020058.
https://doi.org/10.1063/1.4932748

Ababkov N., Smirnov A., Danilov V., Zuev L.,
Popova N., Nikonenko E. Structural-phase
state, mechanical properties, acoustic and
magnetic characteristics in the sustainable de-
formation localization zones of power equip-
ment made of structural and heat resistant
steels. Metals. 2021;11(10).
https://doi.org/10.3390/met11101638

Danilov V.1., Orlova D.V., Zuev L.B. On the
kinetics of localized plasticity domains emer-
gent at the pre-failure stage of deformation
process. Materials and Design.
2011;32:1554-1558.
https://doi.org/10.1016/j.matdes.2010.09.031
Zuev L.B. Chernov—Luders and Portevin—Le
Chatelier deformations in active deformable
media of different nature. Journal of Applied
Mechanics and Technical Physics.
2017;58(2):328-334.
https://doi.org/10.1134/S0021894417020171
Konea H.A., Ko3zno 3.B. 3akonoMepHOCTH
CyOCTPYKTYpPHOTO yNpOo4YHeHHs. M3zsecmus 6y-
306. Qusuka. 1991;34(3):C. 56-70.

Konovalov S., Ivanov Y., Gromov V. Fatigue-
induced evolution of AISI 310S steel micro-
structure after electron beam treatment. Mate-
rials. 2020;13(20):1-13.
https://doi.org/10.3390/mal3204567

Kosznos O.B., Ilonosa H.A., Kabauuna O.B.,
Kmumammnu C.U., I'pomos B.E. Deonoyus gha-
3068020 cocmasa, Oepekmuol CMmpyKmypol,
BHYMPEHHUX HANpsdICeHUll U nepepacnpeoeie-
Hue yenepooa npu ommnycke aumou KOHCMpYK-
yuonnou cmanu. HoBokysuenk: UL Cubl'NY,
2007:177.

Konesa H.A., Tlomosa H.A., Ko3nos 5.B. Paz-
Mep 3epeH W (parMeHTOB MHUKPOYPOBHS Kak
(hakTop, ONMpENeNsIONUil IOTHOCTh JTUCIIOKA-
uuii. Uzeecmuss PAH. Cepus ¢usuueckas.
2011;75(5):709-712.

Koznos 3.B., Tpumkuna JL.U., [Tonosa H.A.,
Konera H.A. MecTto nucnokanimoHHON (QU3UKU
B MHOTOYPOBHEBOM IOJXOJ€ K IIACTUYECKOU
z[e(l)opMauI/IH. Qusuyeckas Me30MexaHuKd.
2011;14(3):95-110.

Gromov V.E., Yur’ev A.B., Morozov K.V.,
Ivanov Yu.F., Alsaraeva K.V. Structure, phase
composition, and defect substructure of differ-
entially quenched rail. Steel in Translation.
2014;44(12):883-885.
https://doi.org/10.3103/S0967091214120067


https://doi.org/10.1016/j.engfailanal.2022.106836

BectHrk CHOMPCKOrO rocyIapCTBEHHOTO HHAYCTPHAILHOTO yHHBepcuTeTa Ne 2 (48), 2024

29.

30.

31.

Kozlov E. V., Popova N.A., Pekarskaya E.E.,
Koneva N.A., Zhdanov A.N. Subgrain struc-
ture and internal stress fields in UFG materials:
problem of Hall-Petch relation. Materials Sci-
ence and Engineering: A. 2004;1-2:789-794.
https://doi.org/10.1016/j.msea.2003.12.081
CmvupnoB A.H., Ko3znos 3.B., A6adkos H.B.,
Kymaenko M.B. CoBpemeHHOE MeTOANYECcKOe
obecrniedeHue sl OIEHKH COCTOSIHHAS MeTailia
MOTEHIIMATBHO  OMAacHOr0  O0OPYAOBaHHMS.
Yacte 1. MHUKpOCKONIHSI U PEHTTCHOCTPYKTYP-
HBI aHanm3. Becmuux Kyzbacckozo 2ocyoap-
CMBEHHO20  MEXHUYeCcKo20  YHUgepcumema.
2010;4:62-68.

AbGabkoB H.B. HccnemoBanme CTpyKTypHO-
(ha30BOTO COCTOSIHUS M BHYTPEHHUX HaIpsDKe-
HUW B 30HAaX JOKamu3anuu nedopMaiuu 00-
pa3LoB U3 TEIUIOYCTOWYUBOM cTanu. Becmmuux
Cubupckozo 20cy0apCcmeeHHo20 UHOYCmpu-
anvnoco ynusepcumema. 2024;1(47):135-141.
https://doi.org/10.57070/2304-4497-2024-
1(47)-135-141

REFERENCES
Klyuev V.V. Degradation of safety diagnos-
tics. Moscow: lzda-tel'skii dom «Spektry.
2012:128. EDN: SFDDCN. (In Russ.).
Bagmutov V.P., Belov E.G., Bozhko I.A., Bu-
dovskikh E.A., Vashchuk E.S. etc. Structural
and phase states of promising metal materials.
Novokuznetsk: 1zd-vo NPK. 2009:613. EDN:
SNBGKB.
Grib V.V., Petrova .M., Romanov A.N. Esti-
mation of the probability of mechanical sys-
tems breakdown by technical state modelling.
Journal of Machinery Manufacture and Relia-
bility. 2016;45(5):433-437.
https://doi.org/10.3103/S1052618816050095
Botvina L.R., Budueva V.G., Ostapenko A.A.,
Tyutin M.R., Demina Yu.A., Soldatenkov A.P.,
Zharkova N.A. Mechanical properties and
mechanisms of destruction of large-sized con-
tainers made of AMg6 alloy after prolonged
operation. Deformatsiya i razrushenie materi-
alov. 2013;12:28-35. (In Russ.).
Demina Y.A., Tyutin M.R., Marchenkov A.Y.,
Levin V.P., Botvina L.R. Effect of Long-Term
Operation on the Physical and Mechanical
Properties and the Fracture Mechanisms of
X70  Pipeline  Steels. Russ.  Metall.
2022;2022:452-462.
https://doi.org/10.1134/50036029522040127
Romanov A.N., Filimonova N.I. Deformation
Resistance and Damage Accumulation of Un-
stable Structural Material under Cyclic Elasto-
plastic Deformation. Journal of Machinery
Manufacture and Reliability.

-92-

10.

11.

12.

13.

14.

15.

16.

2019;48(5):440-445.
https://doi.org/10.3103/S1052618819050108
Tikhomirova E.A., Rybnikov A.l, Getsov L.B.
Changes in the structure and properties of mono-
crystalline heat-resistant alloys during long-term
operation.  Metallovedenie i termicheskaya
obrabotka. 2017;1(739):33-38. (In Russ.).
Demchenko M.V., Kuzeev |.R. Patterns of
change in the morphology of the surface relief
of the welded joint of oil and gas equipment
under operating conditions. Nanotekhnologii v
stroitel'stve. 2018;10(4):39-56. (In Russ.).
Polyakov A., Kuksenova L.I., Alekseeva M.S.
Metodological Foundations for Chosing the
Materials for Gears according to Wear Re-
sistance Criteria. Journal of Machinery Manu-
facture and Reliability. 2019;48(4):328-335.
https://doi.org/10.3103/S1052618819040125.
Petrova |.M., Gadolina 1.V., Botvina L.R.,
Demina Yu.A., Tyutin M.R. The effect of pro-
longed aging on the fatigue characteristics of
steel 45. Zavodskaya laboratoriya. Diagnostika
materialov. 2011;77(1):58-61. (In Russ.).
Makhutov N.A., Gadenin M.M., Odintsev I.N.,
Razumovsky I.A. Methods of the calculation
and experimental determination of the local re-
sidual stresses under spectrum development of
complex loading. Journal of Machinery Manu-
facture and Reliability. 2015;44(6):531-538.
https://doi.org/10.3103/S1052618815060096
Gorynin LV., Timofeev B.T. Degradation of the
properties of structural materials under prolonged
exposure to operating temperatures. Voprosy ma-
terialovedeniya. 2011;1(65):41-59. (In Russ.).
Konstantinov V.M., Puchkov E.P., Galimskii
A.l. Features of operation and properties of
structural steels when working in climatic cold
conditions. Polzunovskii al'manakh.
2014;2:41-44. (In Russ.).

Romanov A.N. Damage accumulation and lim-
it states under the low-cycle loading of struc-
tural softening steel. Engineering Failure
Analysis. 2022;142:106836.
https://doi.org/10.1016/j.engfailanal.2022.106
836

Getsov L., Semenov A., Semenov S., Rybni-
kov A., Tikhomirova E. Thermal fatigue of
single-crystal superalloys: experiments, crack-
initiation and crack-propagation criteria. Mate-
rials and technology. 2015;49(5):773-778.
Makhutov N.A., Gadenin M.M. Analysis and
control of the strength, useful life, and safe op-
eration risks of power plants with various kinds
of energy commodities. Journal of Machinery
Manufacture and Reliability. 2022;51(1):37-45.
https://doi.org/10.3103/S105261882201006X


https://doi.org/10.3103/S1052618816050095
https://doi.org/10.1016/j.engfailanal.2022.106836
https://doi.org/10.1016/j.engfailanal.2022.106836

BectHrk CHOMPCKOrO rocyIapCTBEHHOTO HHAYCTPHAILHOTO yHHBepcuTeTa Ne 2 (48), 2024

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

Zuev, L.B., Danilov V.l., Barannikova S.A.,
Ploskov N.A. On the nature of the elastoplastic
invariant of deformation. ZhTF.
2018;88(6):855-859. (In Russ.).

Danilov V.l., Gorbatenko V.V., Zuev L.B. On
the kinetics of mobile Chernov-Luders band
fronts.  AIP  Conference  Proceedings.
2016;1783:020035. https://doi.org/10.1063/1.
4966328

Gorbatenko V.V., Danilov V.l., Zuev L.B.
Elastoplastic transition in material with sharp
yield point. AIP Conference Proceedings.
2015;1683:020058.
https://doi.org/10.1063/1.4932748

Ababkov N., Smirnov A., Danilov V., Zuev L.,
Popova N., Nikonenko E. Structural-phase
state, mechanical properties, acoustic and
magnetic characteristics in the sustainable de-
formation localization zones of power equip-
ment made of structural and heat resistant
steels. Metals. 2021;11(10).
https://doi.org/10.3390/met11101638

Danilov V.I., Orlova D.V., Zuev L.B. On the
kinetics of localized plasticity domains emer-
gent at the pre-failure stage of deformation
process. Materials and Design.
2011;32:1554-1558.
https://doi.org/10.1016/j.matdes.2010.09.031
Zuev L.B. Chernov—Luders and Portevin-Le
Chatelier deformations in active deformable
media of different nature. Journal of Applied
Mechanics and Technical Physics.
2017;58(2):328-334.
https://doi.org/10.1134/50021894417020171
Konesa H.A., Ko3nos 3.B. 3akoHomepHOCTH
CYOCTPYKTYPHOTO YIpOYHEHUs. M3gecmus 8y-
306. Qusuka. 1991;34(3):C. 56-70.

Konovalov S., Ivanov Y., Gromov V. Fatigue-
induced evolution of AISI 310S steel micro-
structure after electron beam treatment. Mate-
rials. 2020;13(20):1-13.
https://doi.org/10.3390/mal13204567

Kozlov E.V., Popova N.A., Kabanina O.V.,
Klimashin S.I., Gromov V.E. Evolution of
phase composition, defective structure, internal
stresses and carbon redistribution during tem-
pering of cast structural steel. Novokuznetsk:
ITs SibGIU, 2007:177. (In Russ.).

Koneva N.A., Popova N.A., Kozlov E.V. The
size of grains and fragments of the microlevel
as a factor determining the density of disloca-
tions. lzvestiya RAN. Seriya fizicheskaya.
2011;75(5):709-712. (In Russ.).

Kozlov E.V., Trishkina L.l., Popova N.A.,
Koneva N.A. The place of dislocation physics

in a multilevel approach to plastic deformation.
Fizicheskaya mezomekhanika. 2011;14(3):95-
110. (In Russ.).

28. Gromov V.E., Yur’ev A.B., Morozov K.V.,
Ivanov Yu.F., Alsaraeva K.V. Structure, phase
composition, and defect substructure of differ-
entially quenched rail. Steel in Translation.
2014,44(12):883-885.
https://doi.org/10.3103/S0967091214120067

29. Kozlov E. V., Popova N.A., Pekarskaya E.E.,
Koneva N.A., Zhdanov A.N. Subgrain struc-
ture and internal stress fields in UFG materials:
problem of Hall-Petch relation. Materials Sci-
ence and Engineering: A. 2004;1-2:789-794.
https://doi.org/10.1016/j.msea.2003.12.081

30. Smirnov A.N., Kozlov E.V., Ababkov N.V.,
Kupchenko M.V. Modern methodological sup-
port for assessing the state of metal of poten-
tially dangerous equipment. Part 1. Microscopy
and X-ray diffraction analysis. Vestnik
Kuzbasskogo  gosudarstvennogo  tekhnich-
eskogo universiteta. 2010;4:62-68. (In Russ.).

31. Ababkov N.V. Study of the structural-phase
state and internal stresses in zones of localized
deformation of samples made of heat-resistant
steel. Bulletin of the Siberian State Industrial
University. 2024;1(47):135-141. (In Russ.).
http://doi.org/10.57070/2304-4497-2024-
1(47)-135-141

Ceedenusn 006 agmope:
Huxkonaii Buxmopoeuu Abéaokos, K.m.H., doyenm, 3a6e-
oyrowull  Kageopol mexHono2Uull MAUUHOCMPOeHUs.,
Ky36acckuii TocyqapcTBeHHBIH TEXHHYECKUN YHUBEPCH-
teT umeHu T.®. ['opbauena
E-mail: ababkovnv@Xkuzstu.ru
ORCID: 0000-0003-0794-8040

Information about the author:
Nikolay V. Ababkov, Cand. Sci., Associate Prof., Head
of the Department of Mechanical Engineering Technolo-
gies, T.F. Gorbachev Kuzbass State Technical University
E-mail: ababkovnv@kuzstu.ru
ORCID: 0000-0003-0794-8040

Aemopbl  3as6n510m 06 OMCYMCMEUU  KOHPAUKMA
uHmepecos.
The authors declare that there is no conflict of interest.

Iocrynuna B pegaxuuro 02.02.2024
[ocne nopabotku 26.02.2024
[Mpunsra k myomukanuu 28.02.2024

Received 02.02.2024
Revised 26.02.2024
Accepted 28.02.2024

-93-


https://www.sibsiu.ru/kafedry/pitip/

