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AHHOTANUA

Bgeoenue. YcranocTHoOe pa3pylIeHHe IPOUCXOINUT MPH HANPSKEHUSIX HIKE IPeieNa IPOYHOCTH, XapaKTepH3ysCh BHE-
3aITHOCTBIO M KaTacTpo(HIeCKUMH TociecTBusAMH. CTaTHCTHYECKNE JaHHbIE CBHIETENBCTBYIOT O TOM, UTO pa3pylie-
HHE IPY OUKJIMYECKOM HAarpy>KeHUH SBJIAETCS ONHUM U3 Hauboee pacnpoCTpaHEHHBIX BUIOB IMOBPEXICHUH MaTepHa-
JIOB, @ UX PabOTOCIIOCOOHOCTH BO MHOTOM OIIPEJEIISIETCS] CONPOTHBIICHUEM POCTY TpeunH. KpoMe yske M3BECTHBIX Me-
TOZOB JOCTW)KEHUS BHICOKOIIPOYHOT'O COCTOSHHMSA, IPeJIaraeTcsl HCIOIb30BaTh TEPMUUECKYI0 00pabOTKy B MarHUTHOM
none (TOMII). Tem He MeHee, MeXaHU3MBI U3MEHEHHS TOBEICHUS TPEIIMH TT0CTe TaKoi 00paboTKU M GaKTOPHI, BIHSI-
IOIIME Ha TPEIMHOCTOMKOCTh, BCE €€ HEJOCTATOYHO M3y4eHbl. B CBS3M C 3THM MOCTaBJIeHA I1I€JIb OLICHUTh BIUSHUE
cTpykTypsl ocie TOMII Ha knHeTHUECKHE 0COOCHHOCTH POCTA yCTAIOCTHBIX TPEUIMH U 3(h(HEKTUBHOCTH 00pa3yeMbIX
B iporiecce TOMII cTpyKTypHBIX OapbepoB, MPEMATCTBYIOUIMX Pa3pYIICHHUIO CTANH.

Mamepuanvt u memoodsl. KiiHeTHKy pa3BUTHS yCTAIOCTHOM TPEIIMHBI UCCIENOBAIU MPH LUKIMYECKUX HCIBITAHUIX
NPU3MATHYECKUX O0pa3lloB Ha OPUIMHAIBHON YCTaHOBKE CO CIELHMAIBHBIM CTAOWIIM3aTOPOM aMIUTHTYbI KOJICOaHH.
Bo3HuMKHOBEHHE U MOCIEAYIOIIEee Pa3BUTHE TPEIIMHBI PETUCTPHUPOBAIN METOIOM IEKTpornoTeHnuanos. Mccinenosanus
NPOBOJIMIIM Ha CTAISIX, TEPMUUECKH 00PabOTaHHBIX Ha BBICOKOMNPOUHOE cocTosinue: ctanb 18X2H4BA nocie 3akanku Ha
BO3/IyXe CO CTPYKTypol MapTeHcuta U cranb 30XI'CA nocne m3orepmudeckoil 3akanku npu 380 °C Ha CTpyKTypy HHXK-
Hero OeliHUTa. MarHuTHOE 10JIe HANPsHKEHHOCThIO0 1,6 MA/M mostyyanu B MarHUTHOM 3a3ope dnektpoMaranTta dJI-1.
Peszynemamut uccnedoganus. YCTaHOBICHO, 9TO TepMHudeckas oopadoTka craneit 30XI'CA u 18X2H4BA B maruuT-
HOM I10JIe HaNpsDKEHHOCTHI0 1,6 MA/M NPHBOANT K 3aMETHOMY CHHIXKEHHUIO CKOPOCTH PaclpOCTPaHEHUS yCTAOCTHBIX
TpemuH. OTMEUEHO IMOBBINICHHE MOPOTOBBIX 3HAYCHUH HANPSHKEHUH A PACCIOCHHS MaruCTPalbHOM TPEIIUMHBI MO
OTPBIBHOMY MEXaHU3MY, YTO CBUJICTEIHCTBYET O MOBBIIICHUH JOJITOBEYHOCTH. [IpH aHamu3e TpaeKTopuid TPEHIuH ObLI
BBISIBJIEH POCT MOKa3aTelel X BETBICHUS — YBEIMUYEHHE CTAHJAPTHOIO OTKJIOHEHHS YTIIOB HAKJIOHA TPELIUH, a TAKKE
YMEHBILICHNE MHTEpBalla KOPPEIALUHY HAKJIOHAa M3TMOOB TPEIIMHBI OTHOCHTEIBHO CpPEIHEro IoyioxkeHus Ha 0,5 MKM.
OTH U3MeHEeHUs1 00yCIIOBIICHbI BINSHUEM MarHUTHOTO MOJISA HA MUKPOCTPYKTYPY MapTeHCHTa, (OpMHUpPOBaHHEM OO0JIb-
mero yucna 3QQeKTUBHBIX 0ApbepOB Ha ITyTH JBMXKEHUS TPEIIHMH, YTO B UTOTE CKa3bIBAETCS HAa yCTOWYMBOCTH K yCTa-
JIOCTHOMY Pa3pyLIEHUIO CTAJIEH U UX MEXaHUYECKUX CBOMCTBAX.

Oobcyscoenue. AHaN3 MOITYYEHHBIX PE3yJIbTaTOB Ha OCHOBE COBPEMEHHBIX TEOPHI MPOYHOCTH U pa3pyLIEHUs MOKa3al,
YTO MEXaHU3M BSI3KOTO pa3pyILEHUs], KOTOPBIM XapakTepeH AJsl UCCIEAyEeMBIX CTalel, paboTaeT MyTEM 3apOXkKICHUsI, Po-
cTa U koanecreHmu nop. Ilox nelicTBreM HOPMaNIbHBIX HANPSDKEHUI HAa IOBEPXHOCTH MUKPOIOP OCEAAIOT BAKAHCHU U B
pe3ynbTaTe 3TOro Iopa MOCTENEHHO TpaHCc(hopMupyercs B TpemuHy. HabmroneHus 3a TpemuHaMy B (oibrax mokasaiy,
YTO M3MEHEHHE TPACKTOPUH TPELIMHBI HE 3aBUCHT OT BH/A TEPMHYECKOH 00pabOTKH U SBIISIETCS CITyYaiHBIM IPOLIECCOM.
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3aknrouenue. Cratuctuueckas 00pabOTKa OIMBITHBIX JaHHBIX, MOJYYCHHBIX B ATOW paboTe, MO3BOJIIET CACIATh BBIBOJ,
yro rocsie TOMII dopmupyercst cTpykTypa, obecriedrnBaromas yBeInIeHne MIKPOU3BIIIMCTOCTH TPEIMHBI C TTOBBIIIECH-
HOW KPYTHU3HOU M3THOOB TPACKTOPHH W3-32 YaCTO BCTPEUAIOUIMXCSA CTPYKTYPHBIX OaphepoB. BEIsSBIICHHBIE 0COOCHHOCTH
TOBENIEHUsI TPEIIUH TOJOKUTENbHO XapakTepu3yloT TOMII kak mpakTHuecKuii crocod co3aaHusi BEICOKOTIPOYHOTO CO-
CTOSIHHS CTaJeH, PUMEHNUMBIN JJIsI IIMPOKOTO aCCOPTUMEHTAa MApOK 1 He TPeOYIOmMiA KapAWHATGHBIX U3MEHEHUH B TEX-
HOJIOTWH MX TEpPMHUUYECKO 00paboTKu. [IoBBIIIEHIE TPEIIMHOCTONKOCTH CTalle CIIOCOOCTBYET yIYUIICHHIO Oe30IacHo-
CTH Pa3JIMYHBIX YCTPOKMCTB M TEXHOT'€HHBIX CHCTEM, a TAK)Ke CHHKEHHIO HX CE0ECTOMMOCTH U 3aTpar Ha 00CITy KUBaHHE.

KiaroueBble ciioBa: CTaJib, BLICOKOIIPOYHOE COCTOAHUEC, MAIrHUTHOC I10JIC, YCTAJIOCTHOC PAa3pyILICHUE, TPCIIUHBI

BaaronapHoctu. ABTOpHI OnarofapsT pemakLUio >XKypHajla 3a IIeHHBbIE 3aMeYaHHs M COTPYIHHMKOB Kadeaps
«MartepuasioBe/ieHI€ U TEXHOJIOTHH METAJIJIOB) 3a MTOMOIIb B IOJTy4YeHHH U 00CYKICHUN Pe3yJIbTaTOB.

Jast muruposanus. [lycrosoiit B.H., [donraues FO.B. BnusHue MarHWUTHOTO TOJs HAa OCOOCHHOCTH IOBEICHHS
TPEIMH B CTaIH TOCIEe TEPMHUUYECKOW OOpaOOTKM Ha BBICOKOIPOYHOE COCTOSIHUE. Be30nacHocmbv mexHO2eHHbIX U
npupoonwvix cucmem. 2025;9(3):242-249. https://doi.org/10.23947/2541-9129-2025-9-3-242-249
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Abstract

Introduction. Fatigue failure develops at stresses below the ultimate strength and is characterized by its suddenness and
catastrophic consequences. Statistical data indicate that failure under cyclic loading is one of the common types of
damage to materials and their performance is largely determined by their resistance to crack growth. In addition to well-
known methods for achieving high-strength states, it has been proposed to use heat treatment in the magnetic field
(HTMF). However, the mechanisms of crack behavior changes after such treatment and factors affecting crack
resistance remain poorly understood. In this regard, this study aims to assess the effect of the structure after HTMF on
the kinetic features of fatigue crack growth and the effectiveness of structural barriers formed during HTMF, preventing
the destruction of steel.

Materials and Methods. The kinetics of fatigue crack development was studied during cyclic testing of prismatic
samples using an original setup with a special stabilizer of oscillation amplitude. The occurrence and subsequent
development of a crack was recorded by the method of electric potentials. The studies were conducted on steels that had
been heat-treated to achieve a high-strength state: 18Kh2N4VA steel after quenching in air with a martensite structure
and 30KhGSA steel after isothermal quenching at 380°C to a lower bainite structure. A magnetic field of 1.6 MA/m
was obtained in the magnetic gap of the FL-1 electromagnet.

Results. 1t was found that heat treatment of 30KhGSA and 18Kh2N4VA steels in a magnetic field of 1.6 MA/m led to a
noticeable decrease in the rate of fatigue crack propagation. An increase in the threshold stress values for the
delamination of the main crack by the tear-off mechanism was noted, which indicated an increase in durability. When
analyzing the crack trajectories, an increase in their branching indicators was revealed: an increase in the standard
deviation of crack inclination angles, as well as a decrease in the correlation interval of the crack bend inclination
relative to the average position by 0.5 um. These changes were due to the effect of the magnetic field on the
microstructure of martensite, the formation of a greater number of effective barriers on the path of crack movement,
which ultimately affected the resistance to fatigue failure of steels and their mechanical properties.

Discussion. Analysis of the obtained results, based on modern theories of strength and fracture, revealed that the
mechanism of viscous destruction, which was typical for the steels under study, worked by the origin, growth and
coalescence of pores. Under the influence of normal stresses, vacancies settled on the surface of micropores and as a
result, the pore gradually transformed into a crack. Observations of cracks in foils showed that the change in the crack
trajectory did not depend on the type of heat treatment and was a random process.

Conclusion. The statistical data obtained in this study allow us to conclude that after HTMF, a structure is formed that
leads to an increase in the micro-tortuosity of cracks, with a steeper trajectory of bends due to frequent structural
barriers. These features of crack behavior suggest that HTMF is a practical method for achieving a high-strength state in
steels, which can be applied to a wide range of steel grades without requiring significant changes to their heat treatment
processes. By increasing the crack resistance of steels, we can improve the safety of various devices and man-made
systems, as well as reduce their costs and maintenance requirements.
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BBenenue. Pazpymenne npyu IMKIMYECKOM HArpy>XEHUH SIBISETCS OIHUM W3 PAcIpOCTPaHEHHBIX BUJIOB MOBpE-
KIICHUH MaTepHajoB, a padOTOCIIOCOOHOCTh ITHX MAaTEPHAIIOB BO MHOTOM ONPEAENSETCS UX CONPOTHUBICHHEM POCTY
TpemuH. [Ipobnema 3aKitoyaeTcss B TOM, YTO HUKJINYECKHE HArPY3KH MOTYT HPUBECTH K YCTaJOCTHOMY Pa3pyIIEHHIO
MIPY HANPSDKEHMSIX, KOTOPbIe HWXKE MpeJesia MPOYHOCTH. XOTS POCT YCTAIOCTHOW TPEUIMHBI TPOUCXOAUT MOCTEIIEHHO,
caMo pa3pyILIeHHe MOXKET IPOU3OUTH BHE3AIHO, YTO MIPUBOAUT K KaTacTpo(hUUecKUM nociuencTBusiM. CymecTByer 00-
HIMpHAs cTaTUCTUKA [1] ciydaeB jKelle3HOAOPOKHBIX M aBHaKaTtacTpod, oOpyLIICHUI MOCTOB M TEXHOT€HHBIX aBapHH,
00yCIOBICHHBIX pa3BUTHEM MMOM00HBIX aedekroB. [To manHeiM ASM International [2], B mamurOCcTpoeHuu a0 90 %
OTKa30B MEXaHMW3MOB CBS3aHO C yCTaJOCTHIO, a B HE(TEra30BOil OTPACIIM yCTAIIOCTHBIE TPELIMHBI B TPyOOIIPOBOAAX U
OypOBBIX yCTAaHOBKax €XKErofHO MPHUBOIAT K MIUIIMAPIHBIM YOBITKaM. B CBSI3M ¢ 3TUM BHEIPSAIOTCS METOABI HEpas3py-
IIAIOMIEr0 KOHTPOJIS 1e(EeKTOB, 3aTPaThl Ha KOTOPbIE B a9POKOCMHUYECKOH OTpacin MOTyT cocTaBisiTh 10 30 % oT cro-
nMocCTH oOcyxuBaHus. st 6€30MacHON 1 ATUTENBHOM 3KCILUTyaTaluy JeTajleld MaliH U TPHOOPOB aKTyallbHO IOITY-
YEeHHE UX BBICOKOIIPOYHOTO COCTOSIHUS C TTOBBIIICHHON TPEITMHOCTOHKOCTHIO.

W3BecTHBIE CIIOCOOBI TOCTHKEHUS! BHICOKOIIPOYHOTO COCTOSIHUSA [1, 2] 3aKiII09aloTCsl B COYETAHUH OINPEEIICHHOTO
COCTaBa JIETHPOBAaHHOW CTaJM C PEXMMaMH TEPMHUYECKOH 0OpaOOTKH, MUHMMH3AINN HEMETAIIMYECKUX BKIIIOYECHHH,
CO3JJaHUH TeTEPOreHHON MUKPOCTPYKTYPBI U HCIOJIb30BaHUN METOJIOB IIOBEPXHOCTHOT'O YIpOYHEHHs1. PaHee aBTopaMu
ObLTa MpeIoKEeHA TEXHOJIOTHS TepMHUUYecKoi 00paboTku B MarauTHOM miosie (TOMIT) [3], mo3Bosnsromnias mpu ompese-
JIEHHBIX PEKUMaX JIOCTHIaTh BBICOKOIIPOYHOTO COCTOSIHUS B cTalsiX. OCOOEHHOCTBIO Mpe/ylaraeMO TEXHOJIOTUH SIBIISI-
€TCsl yBENMYEHHE IPOYHOCTHBIX MOKa3aTelel 0e3 CHIKEHUS BSI3KOCTH. [IpH 3TOM HIMPOKO HUCIIOJNIb3yEeMbIE MAPKH JIETH-
POBAHHBIX CTaJell IIOJBEPraroTCs MPAKTUIECKH TPAJULOHHBIM PEXXUMaM TEPMHYECKOH 00pabOTKH, HO C HAJIOKEHHEM
SHEPTUH HOCTOSIHHOTO MarHUTHOTO TIOJIS.

CymecTBytomiue crocoObl MOBBIIIEHUS TPEIIUHOCTOUKOCTH [ 1, 2] OnepupyIoT ClIeAyIOMHAMI MEXaHIH3MaMHU: yYBEIHU-
YEHHUEM 30HBI IUTACTHIECKON Ae(OpMaIy y BEPIIMHBI TPELIUHBI; BETBICHHUEM TPACKTOPHH TPEIIMHEI (YBEINYECHHEM €€
IyTH); CO3/aHHEM CXKUMAIOIINX HANPSDKEHWH JUIS 3aMeUICHHs POCTa TPEIIMHBI; JIOKAIBHBIM YIPOYHEHHEM Ha ITyTH
JBIDKEHUS TPEIMHBL;, YMEHBIICHUEM KOJIMYECTBA U Pa3MEpOB KOHIIEHTPATOPOB HAINPsDKEHUH; CO3AaHINEM MUKPOCTPYK-
TYpHBIX O0apbepoB. OJHAKO CBE/ICHUH O MOBEJCHUH TPEUIMH B CTAIAX, 00pa0OTaHHBIX MO PEXKXHMaM C HAJIOKEHUEM I10-
CTOSIHHOTO MarHWTHOTO II0JIsI, B HACTOsIIEe BpeMs HElOCTaTOYHO. B CBS3M ¢ 3TMM B HacToseid paboTe mocTaBieHa
LIeJIb OLIEHUTh U3MEHEHH B TPEIMHOCTOMKOCTH U KMHETUKE pa3BUTHs TpeuuH nocie TOMIL

Marepuansl 1 MeToabl. OCOOEHHOCTH PAa3BUTHS TPEIINH BO BPEMEHH M3yYallUCh C IIOMOIIbIO YCTaHOBKHU, KOTOpast
CO3/1aeT NUKINYECKUE KoJieOaHUsl CTaOMIN3UPOBAHHOM aMILIUTY/bI, YCTPOMCTBO KOTOPOi omucaHo B pabore [4]. Me-
TOJ DJEKTPOIIOTCHIINAIIOB [5, 6] MO3BOISLT (PUKCHPOBATH MOMEHT 3apOXKICHHS M ATAIBl PAa3BUTHS YCTAJOCTHBIX Tpe-
muH. IlomydeHHsle TakuM 00pa3oM AaHHbBIE BIOCIECICTBHU INEPEBOJAMINCH B PEAbHBIC 3HAUEHHS C IOMOINBIO JHa-
rpaMMbl KATMOPOBKHU MPH M3BECTHBIX JAHHBIX O AJIMHE TPEIIMHEI U pa3Mepax o0pasna MpU3MaTHIeCKOi GOpMBI.

PesynbraThl nccienoBaHUA MIPEICTABICHEI B BUAE 3aBUCUMOCTEH ¢ ocsimu dI/dN — IgAK [2, 7], XapaKTepu3yIOIUMU
pa3BUTHE YCTAJIOCTHOTO pa3pylieHus. BenmuanHa otHomeHus dl/dN onpenenseT SKCIIOHSHITNATBHYI0 CKOPOCTh PacIpo-
CTpaHEHHMs TPEILIHHBI 32 ONpeNeNIEHHOE YHCII0 HUKIOB Harpy3ku. [lapamerp AK neMOHCTpUpYET AMANa30H U3MEHEHUS
koo dunmenta nareHcuBHocTr HanpspkeHuit (KMH) mpy mukimmaeckux Harpy3kax M BBIYHCIISIETCS] KaK Pa3sHOCTh MEX-
JTy HanOOJBIIMM ¥ HaUMEHBIINM 3HaueHusMu KIMH:

AK =K! —KH (1)

temax ~ Biemin-
3HayeHUS Kﬁ, BEIYUCIIUIACH Yepe3 MaKCHMalbHbIC HANpsDKeHUs (G), BO3HUKAIOMIAE MPH IMKINYECKOM H3rHOe
NPU3MATHYECKOro 00pa3iia ¢ TPEUUMHON UTHHO /, 1o GopmyJie:
Kl = ol (2)
HccnenoBanus nMpoBOAMIM HA pU3MaTnieckux odpasnax u3 crainei 18X2H4BA, 30XI'CA koropsle ObIIM TEpMO-
obpabotans! (18X2H4BA — Bo3nymHas 3akanka Ha MapTeHcuT; 30XI'CA — n3orepmuyeckas 3akanka npu 380 °C Ha
HWDKHHUI OCHHHT) Ha BBICOKOIIPOYHOE COCTOSIHME. MarHuTHOE ToJIe HaIpshHKeHHOCThIo 1,6 MA/M moity4yany MarHUTHOM
3a3ope anekrpomarauta GOJI — 1.
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IIpu n3yueHHH TOHKOM CTPYKTYphl MIPUMEHSUICS MPOCBEUMBAIONINI 3IEKTPOHHBINH MHUKpockonm ODMMA —4 u pacr-
poBbIi AntekTpoHHBIN MUKpockon (POM) ZEISS CrossBeam 340.

Pe3yabTaTsl ucciaenoBanns. Puc. 1 mwitocTpupyeT 3aBUCUMOCTD JUTHHBI YCTAJIOCTHOM TPEIIMHBI OT YUCIIa LIUKIOB
UCIIBITaHMS TIOCIIE Pa3IUYHON 00pabOTKH AJIs HCCIIEyeMbIX CTaell.

[, MM 1, MM
7 H
5 : :
:-.. 6 .‘..I
4
s 5

3 ... I. 4 .

3
2

2
1

1

0 50 100 Nx103, nukn 0 50 100 Nx103, nukn
a) 0)

Puc. 1. 3aBUCHMOCTB POCTa YCTAJIOCTHOM TPEIIMHEI OT YHCIIA IIUKIIOB 3HaKONepeMeHHoro u3ruba craneit: a — 30XI'CA;
6 — 18X2H4BA; crnomHas nuHus — 00paboTka 6e3 1moss; ToueyHas JIMHUS — B MAarHUTHOM II0JI€ HAaIIPSHKEHHOCTHI0 1,6 MA/M

JluarpaMMBbl pa3BHUTHsI YCTIOCTHBIX TPEIIMH BO BPEMEHHM ITOKa3aHBl Ha PHUC. 2, MX BHEUIHWH BUJ WLIIOCTPUPYET
TPY CTaJMU Pa3BUTHS TpeIIUHbEL. Ha KaXkmol u3 3Tux cTaguil TpemuHa HMeeT ONpelesIEHHYI0 CKOPOCTh paclipocTpaHe-
HUsl: 1-51 — CTajusl MEIUIEHHOTO pocTa; 2-s — CTaOWIIBHOTO pocTa M 3-51 — YCKOPEHHOTO WJIM HecTaOMIIBHOTO Po-
cra [1]. dns kaxJ0M U3 cTaauii XapaKTepHbI CBOM 0COOEHHOCTH pelibedpa MoBepXHOCTH pa3pylIeHHs [2], KOTOpbIe XO-
po1o 0OHapY)KUBAIOTCS HA H3IOME 00pa3IIoB MOCIE UCIBITAHNS Ha HUKIMIECKHH H3rHO.

dl/dN, MMm/11KIT

a)

0)

Puc. 2. Kunetuueckue AuarpaMMbl pa3BUTHS YCTAIOCTHOM TPEIIUHBI B CTAJISX:
a— 30XT'CA; 6 — 18X2H4BA; crutomHas muHAs — 00paboTka 0e3 MmoJisl; ToueyHas JIMHIS — B MarHUTHOM Toie 1,6 MA/mM

Buano (puc. 2), uto mocie TOMII 3HaUUTENHHO CHUYKAETCS CKOPOCTh PACIIPOCTPAHEHUS TPEIIMHBI 110 CPABHEHUIO C
00paboTkoii 6e3 moist, mpu dToM auanaszoH 3HadeHmr KITH AK ocraetcs comsmepumbimM. Pa3pymrenne obpasia npownc-

dl/dN, mm/1iKT
o
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=
<
=
(D)
=
.
<
=
5E-05 } 5E-05 | &
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XOAUT TIPH OOJBIIEH IMKIMYECKOH JUTMHE TPEIMHBI U OOJIbILEH BENNYHNHE K?C, YTO MOKa3aHo B Tabnuie 1. B uncnure-
Jie IPUBEACHHI JaHHBIE Ui 00paboTKH 6e3 MoJs, a B 3HaMeHaTele — B II0JIe ¢ HampsHKeHHOCThIo 1,6 MA/M. JloBepu-
TeJbHbIE UHTEPBAJIbl yKa3aHb! IPH JOBEPUTENBHOM BepossTHOCTH P = 0,95 u uncne usmepeHui n = 5.
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Tabmnuua 1
[apameTpsl, XapaKTepU3yIOIIUe BI3KOCTh MPH [UKIHYECKOM Pa3pyICHHH
Kﬂ l Ky Yucno HUKIOB
Cramb Lp, MM JI0 pa3pyIICHAS
32

MH/m N x 103
70,1£1,0 8,3+0,4 6,74£0,05 10910
18X2H4BA —_— —_— — S —
81,5+1,0 9,9+0,4 7,11£0,05 153£10
J0XTCA 5L1£1,0 51£0,3 4,92+0,05 115£10
60,3£1,0 6,3£0,3 5,16+0,05 168110

Puc. 3 a ninmocTpupyeT MeXaHU3M BSI3KOTO Pa3pyIICHHS IyTEM 3apO>KICHUSI, POCTA M KOAJIECIEHIINU MOop, YTO Xa-
pakrtepHO i cTaneil 18X2H4BA u 30XI'CA. Puc. 3 6 moka3sIBaeT pe3yilbTaT TOTO, KaK MOJ JACHCTBHEM HOPMAaIbHBIX
HaNpsDKeHUH U3 TIOp 00pa3yeTcs TPelrHa.

Puc. 3. Mexanusm o6pazoBanus Tpernssl B cranu 30XI'CA (POM): ¢ — uzinom ¢ Bo3HUKIIMME nopamu (% 1 200);
6 — TpaHchopMaIys nop B Tpemuny (* 500)

Ha puc. 4 nmporeMOHCTpUPOBaHbI (HYPArMEHTBI TPEIIMH MPU PSKUMAX TEPMUUECKOH 00pabOTKM B MATHUTHOM TIOJIE U
6e3 mosst. IIpoBoauIicst aHanu3 MOZOOHBIX JAHHBIX JUIS BBISBICHHUS 3aBHCHMOCTH H3MCHCHHUS TPACKTOPHHU TPELIMHEL OT
BUJIa TEPMOOOPAOOTKH.

https://bps-journal.ru

0)

Puc. 4. Tpemna B donsre cramu 30XI'CA nocrne 3akanku B Macie (X 10 000): @ — B MarHUTHOM T0JIe; 6 — O€3 MO
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Obcyxnenue. Jlanubie Ha puc. 1 MOKa3bIBAIOT, YTO B CiIy4ae TEPMOOOPAaOOTKM B MarHUTHOM IOJIE KUHETHKa Pacrpo-
CTpaHEHHMs TPEIIHH IPOSBILIET OoJiee TOAABICHHbIN XapaKTep MO CpaBHEHUIO ¢ 00pabOTKOH Oe3 MO, a HOCIeq S CTaaus
pazpyIIeHus HaCTyTaeT NP OOJIBIIEM KOJIMYECTBE LIUKIIOB UCTIBITaHUs. KHHETHYIeCKHe quarpaMMbl pa3BUTHS yCTaIOCTHON
TPEIIUHBI (pUC. 2) TakKe AEMOHCTPUPYIOT CYLIECTBEHHOE CHIDKEHHE CKOPOCTH PA3BUTHS TPEILMHBI B YCIOBUAX 00pabOTKH B
MarHuTHOM Tmoste Tipu coxpanennn uaTepBana KIMH AK. CymectBytoT npeacTaierus [8, 9], 9To IpH IUKIIMYECKUX UCITBI-
TaHWSX LieJecooOpasHee XapaKTepH30BaTh BS3KOCTh HayalnbHOW (moporoBoii) BenmumHoi KMH KOH, COOTBETCTBYIOLLEH
Hayaly PaccIOCHHs MaruCTPAILHON TPEIMHBI 110 OTPHIBHOMY MEXAHM3MY (C 3aJaHHOM CTENEHbIO CTECHEHHS IIACTHIECKON
nedopmarum), a He MakcumanbHOH BenmunHoM KH, oTBewaromieii nmpenemsHOMY cocTtosHIo. Kak BUIHO 13 TabmmIm! 1,
nocite TOMII 3Ha4eHne BETMUNHON KI(;[ yBermanBaeTcsi. OOOCHOBaHO MOYKHO OKHIATh MOBBIIICHUS IONTOBEYHOCTH U pabo-
TOCTIOCOOHOCTH M3/IENNH MAIIMHOCTPOSHUSI 1IOCIIe TIPOBEACHHUST TepM0ooOpaboTky B MarunTHOM moste [10, 11], Ha uTo Takxe
YKa3bIBAIOT Pe3yNbTaThl MPEeIbIAYIIHX HccnenoBaHui o Bozaeiicteun TOMII Ha MexaHndeckue coifctra [12, 13].

B moHorpaduu [3] 06001eHb! JaHHBIE 0 TOM, YTO TPy 00pabOTKe Ha BBICOKOIIPOYHOE COCTOSIHUE (CTPYKTYpa MapTEeHCH-
Ta OTIyCKa WIM HWbKHero OeiiHuta [14, 15]) BIMsSHME MarHUTHOTO IOJS MPOSIBISIETCS B CYLIECTBEHHOW (parMeHTanuu
CTPYKTYPBI, MOBBIIICHUH JIUCTIEPCHOCTH OT/IEIBHBIX KPUCTAIIIOB (heppoMarHuTHOM 0-(ha3bl U MX aHcamOuel (IlakeToB), yBe-
JIMYEHUN YACIBFHOM MOBEPXHOCTH CyOrpaHuIl, MPETSITCTBYIONIMX ABM)KEHUIO TUCTIOKALMH B TIpoIiecce HarpyskeHus. Jlokans-
HOE MEpeHanpsHKeHNE y BEPIIMHBI AWCIOKAIMOHHOTO CKOIUICHHSI MOKET PENaKCHpOBATh depe3 00pa3oBaHME 3apofbliia
TPELIVHBI, Pa3BUTHE KOTOPOI 3aBUCUT OT XapakTepa CTPYKTYPHI CTaIH. B 3aBUCHMOCTH OT yCJIOBHI Harpy>KeHHUS M HCXOTHO-
TO coCTOsTHUSI MapTeHcHuTa [16, 17], pocT MHKPOCKOITMYECKONW TPEIIMHBI MOXKET MPOTEKATh MO Pa3IMYHBIM MEXaHHU3MaM,
OIIPEIEISAIONINM BUJ OBEPXHOCTH n3noMa. CrnemyeT OTMETUTSb, uTo Uit paccMarpuBaeMbix craneil 30XI'CA u 18X2H4BA
BSI3KOE pa3pyIICHHE MPOHUCXOINUT IIPHU TIOSBICHUH TIOpP, X POCTe W 00benuHeHnn (puc. 3 a). 3HaKoIepeMEHHbIE Harpy3KH
TIPUBOJISIT K YCTAJIOCTHOMY Pa3pyIICHHIO ITyTeM 00pa3oBaHKs OOJIBIIOro KOJIMYECTBa M30BITOYHBIX BaKaHCHH (HarpuMep, B
Ppe3yJbTaTe MEeXIUCIOKAIMOHHBIX B3aMMOJICHCTBHI M CKOJIBKEHHS ¢ 00pa3oBaHueM Moporos [2, 18]), koTopsie MOryT 00b-
eMHATBCS, 00pasyst nopy. HopmaibHble HanpspKeHHs!, IeHCTBYs Ha TIOBEPXHOCTH 3apoJIbIIIEH MOp, CIIOCOOCTBYIOT CTOKY
BaKaHCHUM, 4TO TIPUBOJIUT K TpaHC(HOPMAIIUH TTOpP B TpELIUHY (puc. 3 6).

[MponBmxeHne oOpa3oBaBIICHCS TPEIIMHBI 3aBUCHT OT HAJIMYMS NPEMSTCTBUN Ha €€ MyTH, YTO OIPEAEIIeTCS 0CO-
OGEHHOCTAMH MMEIOIIEHCs y MaTepHana CTPYKTypbl. B CBS31 € 3TUM ¢ OMOIIBIO 3JIEKTPOHHONH MHUKPOCKOITUH UCCIIEN0-
BaJIICh NIAPAMETPHI TPAEKTOPHUHU PACIIPOCTPAHEHNUS TPEIIMH B TOHKHUX (poJbrax, T.K. OHH OYEHb 3aBHCHMBI OT CTPYKTY-
pol [1]. Pe3ynbraTel aHanu3a TOHKOW CTPYKTYpBI MO3BOJIIIOT CHENaTh 3aKJIIOYEHHE, YTO HMCIOIb30BAaHUE TEXHOJIOTHU
TOMII He BiHsAET HA MEXaHU3M U3MEHECHHUS TPAECKTOPHH TPEIUIMHEI, T.€. CMEHA TPACKTOPUHU IPOUCXOANUT CITyJIaiHBIM
o0paszoM (puc. 4) mpu BCcTpede ¢ pazInIHBIMU CTPYKTYPHBIMH SJIEMEHTaMH (KapOunamu, rpaHunamu ¢a3 u T.1.) | He
3aBHCHUT OT CITIoco0a TepMOOOPaOOTKH.

OneHutsb 3¢ PEKTUBHOCTD CTPYKTYPHBIX O0apbepoB, 00ycioBieHHbIX TOMII, Ha myTH pa3BUTHS TPEIIUHEI TO3BOJIA-
€T aHaJIN3 aBTOKOPPEANMOHHbBIX QyHKIMH (AKD) [19, 20] cBsA3bIBalOmNX OTKIOHEHUE JTMHUY TPEIINHEI OT €€ cpeHe-
rO MOJOXEHHs U 1-yI0 MPOM3BOAHYIO TPASKTOPUH €€ pacnpocTpaHeHus (puc. 5), 4TO XapaKTepu3yeT YIJIOBbIE Hapa-
METpBl U3MEHEHHS TPAeKTOPHHU pacnpocTpaHeHus TpemuHsl B (onbre. AK® no3ponmm ouenuts Bausuue TOMII Ha
cratucTHYeckue napamerpsl TpemuH: K, (0) — cranmapTHoe OTKIOHeHHe JuHuU TpemnHsbl, K'.(0) — craHmapTHbIA
pasOpoc TaHIeHca yIjla HaKJIOHa TpaekTopuu (mokasarenb u3BWiMCcTocTH); T,(0) 1 t,(0) — anana3oHbl B3aMMO3aBU-
CHUMOCTH (YHKIMH JMHEWHOro pazdpoca M TAaHTCHCOB YIJIOB HAaKJIOHA COOTBETCTBEHHO (XapaKTepH3YIOT YBEIMUCHHE
JUTMHBI TPEIINHBI B pe3yJIbTaTe BO3AEHCTBHS OJHOKPATHO BO3HUKIIETO (hakTopa). CTaTUCTHYECKHE TapaMeTphl TPEIHH
K. (0); 1,.(0); K'.(0); 1'.(0) mys cramu 30XI'CA mokasaHbl B TaOJMIIE 2, TI€ PUBEICHBI CPEHEKBAIPATHYHEBIE OTKIIOHE-
HUSL SKCIIEPUMEHTAIBHBIX TaHHBIX.

0,2

0,1

RAT TR
“etecsacnce

0,2 0,4 0,6 0,8 1,0 T'x, MKM

0,0

XUMHUYECKUE TEXHOJIOTHH, HAYKH O MaTepuaiax, MeTaTyprus

Puc. 5. I'paduxu GyHKIUHA aBTOKOPPEIISIIAN HAKJIOHA H3THO0B JIMHUH TPEIIMHBI OTHOCHTEIBHO CPEHETO MOJIOKEHHS: CIUTOLTHAS
JTHUSA — 00paboTka 6e3 MoJst; ToYeyHas JIMHUS — 0O0paboTKa B MAarHUTHOM II0JIe HANIPsKEHHOCThIO 1,6 MA/M
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Tabuuna 2
Brnusitue pexuMoB TepMOOOPaOOTKH Ha MapaMeTphbl PACHPOCTPAHEHHsI TPEIUHBI JITHHOM [ = 6 MKM

Bennuuna HanpsKEHHOCTH - ,
MarHuTHOro moisi, MA/m VK.(0) (0) VK'(0) ©%(0)
0,0 0,156 + 0,03 0,5+0,20 0,58 £ 0,04 1,1£0,3
1,6 0,144 + 0,03 1,1 £0,15 0,66 + 0,03 0,6 +0,2

Io gaHHBIM B TaOHIE 2 MOXKHO OTMETHTh, 4T0 TOMII OKa3bIBaeT BMSHHE HA BCE IMPHUBCACHHBIC CTATUCTHYCCKUC XapaK-

TepuCTHKH TpennH. CTaHIapTHBIN pasOpoc TaHTeHca YIJIOB HakJIOHA yuacTkoB JHuK TpemmuHbl (/K (0)) mocite TOMIT
yBermunBaetcs Ha 0,12, 94To OTBEHaeT YBENMICHNIO CPETHETO0 MO HAKIIOHA TPAeKTOPUH TPEIMHEI Ha ~6° (0T 29 mo 35°).
Ipu sTom mHTepBan koppessiw (t'(0)) cHmkaercs Ha 0,5 MKM.

3akmouenne. OCHOBHBIM Pe3yJbTaATOM PaOOTHI SIBJISIETCSl YCTAHOBJICHHE NU3MEHEHUH B KHHETHKE Pa3BUTHS yCTAIOCTHBIX
TpELIVH, a TaKXKe BBIIBIICHUE MEXaHU3MOB, 00YCIIaBIMBAIONINX MOBBIIIEHHYIO TpelrHocToiikocTh nocie TOMII. Ha ocHo-
BE MOJIy4YEHHBIX JAHHBIX MOKHO CJIETIaTh BBIBOJ, YTO TEXHOJIOTHS TEPMHUIECKOH 0OpabOTKM B MArHUTHOM I10JI€ CIIOCOOCTBY-
eT (opMHPOBaHUIO CTPYKTYpPBI, 0OeCIIeuMBaroONIel YBeINYCHNE N3BIIMCTOCTH TPEIMH: HAOMI0IaeTCsl YBEIMYCHUE KPYTH3-
HBI M3ruda TpaeKTOpHH n3-3a OoJIbIIero yncia 3(pQeKTHBHBIX 6apbepoB (YBEMUCHNE AUCIIEPCHOCTH MapTEHCHTA) Ha e€ Iy-
TH. B 3TO# CBS3M MOXKHO 3aKITFOYWTB, YTO XapakTep opraHu3anuil cTpykTypsl mpu TOMII mveeT MHOTO 001IIero ¢ mporiec-
COM BBICOKOTEMIIEPATYPHOI TepMOMEXaHH4ecKod 00paboTKH. TakuMm 0Opa3oM, B apceHasie MPaKTHYECKUX METOJIOB IS
CO3/1aHMS BBICOKOIPOYHOTO COCTOSIHHS MOSIBIISIETCSI HOBBIH, KOTOPBIN MPUMEHHUM IS [IMPOKOTO aCCOPTHMEHTA MapoK CTa-
nelt 1 He TpeOyeT KapIMHAIBHBIX M3MEHCHUH B TEXHOJOTMH MX TEPMHYECKOW 00paboTKH. B cBOXO odepenp, MOBHIIICHIE
TPELUIMHOCTOMKOCTH CTaJIel MO3BOJISIET 00ECTICUNTh OOJIBIIYI0 OE30MaCHOCTh Pa3IMYHBIX YCTPOMCTB M TEXHOT'CHHBIX CUCTEM,
a TaK)Ke CHU3MUTH X ce0ECTOMMOCTD M 3aTpaThl Ha 00CITyKHBaHHE.

Cunucok gurepatypsl / References

1. Gdoutos EE. Fracture Mechanics: An Introduction. Springer Nature Switzerland AG; 2020. 477 p.

2. Yukitaka Murakami. Metal Fatigue: Effects of Small Defects and Nonmetallic Inclusions. Academic Press; 2019. 758 p.

3. [lycrosotit B.H., omraues FO0.B. Maenumnas ecemepozcennocms aycmeHuma u npespawjeHuss 6 Cmaisix.
Mownorpadusi. Pocros-Ha-J{ony: JloHCKOI rocynapCTBeHHbIH TexHU4YecKuit yHuBepcuret; 2021. 198 c.

Pustovoit VN, Dolgachev YuV. Magnetic Heterogeneity of Austenite and Transformations in Steels. Monograph.
Rostov-on-Don: Don State Technical University; 2021. 198 p. (In Russ.)

4. Ilycroroiit B.H., I'pumun C.A., Jlyka B.B., ®enocoB B.B. YcraHoBka 11t MccienoBaHusl KUHETUKH Pa3BUTHS
TPEWIMHBl TPU MCHBITAHUSIX Ha LUKINMYecKuid wu3rub. 3agoockas nabopamopus. [luaznocmuxa mamepuanos.
2020;86(7):59—64. https://doi.org/10.26896/1028-6861-2020-86-7-59-64

Pustovoit VN, Grishin SA, Duka VV, Fedosov VV. Setup for Studying the Kinetics of Crack Growth in Cyclic
Bending Tests. Industrial Laboratory. Diagnostics of Materials. 2020;86(7):59-64. (In Russ.) https://doi.org/10.26896/
1028-6861-2020-86-7-59-64

5.SiY, Rouse JP, Hyde CJ. Potential Difference Methods for Measuring Crack Growth: A Review. International
Journal of Fatigue. 2020;136:105624. https://doi.org/10.1016/].ijfatigue.2020.105624

6. Tarnowski KM, Dean DW, Nikbin KM, Davies CM. Predicting the Influence of Strain on Crack Length
Measurements Performed Using the Potential Drop Method. Engineering Fracture Mechanics. 2017;182:635-657.
https://doi.org/10.1016/j.engfracmech.2017.06.008

7. Zerbst U, Madia M, Vormwald M, Beier HTh. Fatigue Strength and Fracture Mechanics — A General Perspective.
Engineering Fracture Mechanics. 2018;198:2-23. https://doi.org/10.1016/j.engfracmech.2017.04.030

8. Pineau A, McDowell DL, Busso EP, Antolovich SD. Failure of Metals II: Fatigue. Acta Materialia.
2016;107:484-507. https://doi.org/10.1016/j.actamat.2015.05.050

9. Tatsuo Sakai, Akiyoshi Nakagawa, Noriyasu Oguma, Yuki Nakamura, Akira Ueno, Shoichi Kikuchiet, et al. A
review on fatigue fracture modes of structural metallic materials in very high cycle regime. International Journal of
Fatigue. 2016;93(2):339-351. https://doi.org/10.1016/].ijfatigue.2016.05.029

10. Schastlivtsev VM, Kaletina YuV, Fokina EA, Mirzaev DA. Effect of External Actions and a Magnetic Field on
Martensitic Transformation in Steels and Alloys. Metal Science and Heat Treatment. 2016;58:247-253.
https://doi.org/10.1007/s11041-016-9997-4

11. Yan Wang, Zhiguo Xing, Yanfei Huang, Weiling Guo, Jiajie Kang, Haidou Wang, et al. Effect of Pulse
Magnetic Field Treatment on the Hardness of 20Cr2Ni4A Steel. Journal of Magnetism and Magnetic Materials.

2021;538:168248. https://doi.org/10.1016/].jmmm.2021.168248



https://bps-journal.ru/
https://doi.org/10.26896/1028-6861-2020-86-7-59-64
https://doi.org/10.26896/1028-6861-2020-86-7-59-64
https://doi.org/10.26896/1028-6861-2020-86-7-59-64
https://doi.org/10.1016/j.ijfatigue.2020.105624
https://doi.org/10.1016/j.engfracmech.2017.06.008
https://doi.org/10.1016/j.engfracmech.2017.04.030
https://doi.org/10.1016/j.actamat.2015.05.050
https://doi.org/10.1016/j.ijfatigue.2016.05.029
https://doi.org/10.1007/s11041-016-9997-4
https://doi.org/10.1016/j.jmmm.2021.168248

IycroBoiit B.H. u Ap. BinsiHue MArHUTHOTO MOJISl HA 0COOEHHOCTH MOBeeHUS TPEIIHH B CTAJH ...

12. IlyctoBoiit B.H., [oaraues }0.B. CrpykTypHOE cOCTOSIHHE MapTE€HCHTa U OCTaTOYHOIO ayCTEeHHTa B
YIJIEPOAUCTHIX CTANISIX MOCHE 3aKAJIKW B MarHUTHOM ToJie. Memaniosedenue u mepmudeckas oopabomxa mMemaniios.
2022;(12(810)):10—14. https://doi.org/10.30906/mitom.2022.12.10-14

Pustovoyt VN, Dolgachev Yul. Structural State of Martensite and Retained Austenite in Carbon Steels after
Quenching in Magnetic Field. Metallovedenie i Termicheskaya Obrabotka Metallov. 2022;(12(810)):10-14. (In Russ.)
https://doi.org/10.30906/mitom.2022.12.10-14

13. Iycrosoiir B.H., [lonrages FO.H. dopmupoBanme SMrOpbl OCTATOUHBIX HAPSHKEHUI MTOCIIE 3aKAJIKA B MAarHUTHOM TIOJIE.
beszonacnocms mexnozennvix u npupoonvix cucmem. 2024;8(4):54-61. https://doi.org/10.23947/2541-9129-2024-8-4-54-61

Pustovoit VN, Dolgachev YV. Formation of Residual Stress Diagram after Quenching in a Magnetic Field. Safety of
Technogenic and Natural Systems. 2024;8(4):54—61. https://doi.org/10.23947/2541-9129-2024-8-4-54-61

14. Bhadeshia HKDH, Honeycombe RWK. Steels: Structure, Properties, and Design. Elsevier; 2024. 550 p.

15. Fultz B. Phase Transitions in Materials. Cambridge University Press; 2020. 604 p.

16. Jinliang Wang, Xiaohui Xi, Yong Li, Chenchong Wang, Wei Xu. New Insights on Nucleation and
Transformation Process in Temperature-Induced Martensitic Transformation. Materials Characterization.
2019;151:267-272. https://doi.org/10.1016/j.matchar.2019.03.023

17. Wang JL, Huang MH, Xi XH, Wang CC, Xu W. Characteristics of Nucleation and transformation sequence in
Deformation-Induced Martensitic Transformation. Materials Characterization. 2020;163:110234. https://doi.org/
10.1016/j.matchar.2020.110234

18. Anderson PM, Hirth JP, Lothe J. Theory of Dislocations. Cambridge University Press; 2017. 699 p.

19. Webster JG, Eren H (eds.). Measurement, Instrumentation, and Sensors Handbook: Two-Volume Set. CRC
press; 2018. 3559 p.

20. Whitehouse DJ. Handbook of Surface Metrology. CRC press; 2023. 350 p.

06 asmopax:

Buxrop HuxosaeBuu ITycToBoiiT, 10KTOp TEXHUYECKUX HayK, mpodeccop, mpodeccop kadeapsl «MarepruaioBencHie 1
TEXHOJIOTMH METaJUIOB» J[OHCKOrO TOCYIapCTBCHHOTO TexHuueckoro ynuBepcutera (344003, Poccuiickas Deneparms,
r. PocroB-Ha-/lony, mt. ["araprmna, 1), SPIN-kox, ORCID, ScopusID, pustovoyt45@gmail.com

IOpnii BsauyucaapoBuu J[lojrayeB, NOKTOp TEXHHYECKHMX HAyK, OOLEHT Kadempsl «MarepuaioBeneHue M
TEXHOJIOTUSI METaJUIOB» JJOHCKOTO rocyJapCcTBEHHOro TexHuueckoro yHusepcurera (344003, Poccuiickas deneparus,
r. PoctoB-Ha-/lony, mi. ["arapuna, 1), SPIN-kox, ORCID, ScopusID, ResearcherID, ydolgachev(@donstu.ru

3anenennsiii 6K1a0 A6MOP0O8:

B.H. IlycToBoiiT: hopMupoBaHre OCHOBHON KOHIICTIIIMH, LIETH M 33434 HCCIEIOBAHUS, HAYYHOE PYKOBOJACTBO,
J0paboTKa TeKcTa, KOPPEKTHPOBKA BHIBOOB.

10.B. lonrayeB: moMydYeHHE OSKCIICPUMEHTAIBHBIX [AHHBIX, PAacyeThl, aHaJN3 pPe3yJIbTaTOB MCCICIOBAHUM,
NOATOTOBKA TEKCTa, (OPMYIMPOBAHUE BBIBOJIOB.

Konghnuxm unmepecog: aBTopbl 3asiBJASIOT 00 OTCYTCTBMH KOH()JIMKTA HHTEPECOB.
Bce asmopubi npouumanu u 00006puiu 0KOHYamMebHbLIL 6APUAHN PYKORUCU.

About the Authors:
Viktor N. Pustovoit, Dr. Sci. (Eng.), Professor, Professor of the Materials Science and Metal Technology Department,
Don State Technical University, (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID,

ScopusID, pustovoyt45@gmail.com

Yuri V. Dolgachev, Dr. Sci. (Eng.), Associate Professor of the Materials Science and Metal Technology Department,
Don State Technical University, (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID,
ScopuslD, ResearcherlD, ydolgachev(@donstu.ru

Claimed Contributorship:

VN Pustovoit: formulation of the basic concept, goals and objectives of the research, academic advising, text
revision, conclusions correction.

YuV Dolgachev: obtaining experimental data, calculations, research results analysis, text preparation, conclusions
formulation.

Conflict of Interest Statement: the authors declare no conflict of interest.
All authors have read and approved the final manuscript.

IMoctynuaa B penakumio / Received 06.06.2025
MocTynuia nociie penenzuposanns / Reviewed 02.07.2025
IIpunsra k nyonukanun / Accepted 10.07.2025

XUMHUYECKUE TEXHOJIOTHH, HAYKH O MaTepuaiax, MeTaTyprus

249


https://doi.org/10.30906/mitom.2022.12.10-14
https://doi.org/10.30906/mitom.2022.12.10-14
https://doi.org/10.23947/2541-9129-2024-8-4-54-61
https://doi.org/10.23947/2541-9129-2024-8-4-54-61
https://doi.org/10.1016/j.matchar.2019.03.023
https://doi.org/10.1016/j.matchar.2020.110234
https://doi.org/10.1016/j.matchar.2020.110234
https://www.elibrary.ru/author_profile.asp?authorid=149062
https://orcid.org/0000-0001-6999-3520
https://www.scopus.com/authid/detail.uri?authorId=7006220091
https://elibrary.ru/author_profile.asp?authorid=617248
https://orcid.org/0000-0002-8558-1136
https://www.scopus.com/authid/detail.uri?authorId=55151183800
tps://www.webofscience.com/wos/author/record/B-2328-2016
mailto:ydolgachev@donstu.ru
https://elibrary.ru/author_profile.asp?authorid=149062
https://orcid.org/0000-0001-6999-3520
https://www.scopus.com/authid/detail.uri?authorId=7006220091
https://elibrary.ru/author_profile.asp?authorid=617248
https://orcid.org/0000-0002-8558-1136
https://www.scopus.com/authid/detail.uri?authorId=55151183800
tps://www.webofscience.com/wos/author/record/B-2328-2016
mailto:ydolgachev@donstu.ru

