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HucepraitiitHa po6oTa NpuUcBsiY€HA BCTAHOBJICHHIO 3aKOHOMIPHOCTEH (hOpMyBaHHs
CTPYKTYpPHOi HEOIHOPIIHOCTI OCHOBHX BYIIICLIEBUX CTalled, JOCHIJKEHHIO i
yCHaJKyBaHHS Ha PI3HHUX CTAAISIX TEXHOJOTTYHOTO MPOLECY BUPOOHUITBA 3aT13HUYHUX
oceil Ta OIIHIOBAaHHIO BIUIMBY XIMIYHOTO CKJaay, TapsA4oi IUlacTHYHOl1 Aedopmarrii i
TEPMIYHOI OOpPOOKH Ha CTPYKTYpy, MEXaHIYHI BJIACTUBOCTI Ta BTOMHY JOBIOBIYHICTH
MeTay.

AKTyaJIbHICTh pOOOTH BU3HAYAETHCS HEOOX1THICTIO MiIBUIIICHHS eKCIUTyaTalliifHOT
HAJIMHOCTI 3aJI3HHYHUX OCEH, K1 HajeXaTh J0 HaWOIIbII BIINOBIJAJIFHHUX JeTaliei
PYXOMOTO CKJIaJy Ta MpaIfOl0Th B YMOBax 0araTroIMKJIOBOro HaBaHTa)keHHs. CydacHi
BUMOTM MI)KHAPOJHUX CTAHJAPTIB 0 SIKOCTI OCHOBHUX CTaJel MOCTIHHO 3pOCTa0Th, 1110
noTpedye MOTMOIEHOTO JOCTIKEHHS MPOoIeciB POpMyBaHHS MIKPOCTPYKTYPU METay,
NPUYUH BUHUKHEHHS CTPYKTYPHOI HEOJHOPIMHOCTI Ta iX BIUIMBY Ha MEXaHIYHI
XapaKTEPUCTUKH 1 BTOMHY MIIIHICTh TOTOBHX BUPOOIB.

Y pobGoTi MpOBEACHO KOMIUIEKCHUM aHalll3 Cy4YacHOTO CTaHy JOCIIJIKEHb,
MPUCBIYEHUX (DOPMYBAHHIO CTPYKTYpH, BIIACTUBOCTEM Ta 3a0e3MEYEHHIO HAMINHOCTI
OChOBUX CTasIell. BUKOHaHO MOPIBHSUIBHUM aHAII13 BUMOT HALIIOHAJIBHUX 1 MI)KHAPOJHUX
HopMmaruBHUX JokyMeHTIB (JICTY I'OCT 31334:2009, AICTY EN 13261:2022, AAR M-
101-2016 Ta iHmUMX), 10 PEeNIaMEHTYIOTh XIMIYHUN CKJIaJl, MEXaHIYHI BJIACTHUBOCTI,
MeTallypriiiHy YHUCTOTY Ta €KCIUTyaTalliHy HaJIiHICTb 3a113HuYHUX ocell. [TokazaHo, 110
HAWOUTBIT SKOPCTKI BHUMOTH JO METadypridiHOI YHUCTOTH Ta JOMYCTUMOTO pPiBHS
HEMETaJIEBUX BKJIIOYCHHh BCTAHOBJICHI €BPONCHCHKUMH CTaHAApTaMH, IO IOB’SI3aHO i3

3a0e3MeueHHsIM BUCOKOI BTOMHOI JJOBTOBIYHOCTI BUPOOIB.



3a pesynbTaTraMu aHadi3dy JITepaTypHUX JKEpesl BCTAHOBJIEHO, L0 CTPYKTYpHA
HEOJHOPITHICTh (POPMYETHC III€ 11T Yac KpUCTai3allii MeTaay BHACTIIOK JCHAPUTHOI
JiKBallii, MiKpocerperaiii JIeryBaJbHUX €JIEMEHTIB Ta OyIOBHM KpHUCTaIiB HOBHUX (pa3.
He3Bakaroun Ha rojanplly rapsayy IacTUUHY Jeopmallito, IOBHE yCYHEHHS CIaJAKOBO1
HEOJHOPIAHOCTI JOCSATaeThesl He 3amkau. CaMe 3alMIIKOBI MPOSBU JIIKBAIii 1CTOTHO
BIUIMBAIOTh Ha KIHIEBY MIKPOCTPYKTYpPY, MEXaHIuHl BJIACTMBOCTI Ta OMIp MeETay
BTOMHOMY pyiHyBaHHIO. [Ipu 11bOMy BCTaHOBJIEHO HEIOCTATHIO JOCIHIIKEHICTh
CHUIBHOTO BIUIMBY CIIBBIJHOUICHHS BMICTY MapraHIl0 Ta KPeMHII0 Ha (OpMyBaHHS
CTPYKTYpHOI HEOAHOPIAHOCTI OCHOBUX CTaJIeH, 110 CTajO MiACTaBOIO JUIsl IPOBEICHHS
JTAHOTO JAOCIIIKEHHS.

JIns  AOCATHEHHS TOCTaBJICHOI METH C(OPMOBAHO KOMIUIEKC CydacHUX
EKCIIEPUMEHTAIbHUX Ta PO3PAaXyHKOBHX METOJIB JOCIIKEHHS. BUIUIaBKy JOCIITHUX
IUIABOK 3/1MCHIOBAJIM METOAOM MEpEIIaBiIeHHs B IHIYKLIMHIN medi 0e3 MpUMyCOBOTO
OKHUCJIEHHSI AOMIIIOK. MeTanorpadiudi AOCTIKEHHS BUKOHYBAJIUCh 13 3aCTOCYBAHHIM
ONTUYHOI Ta PACTPOBOI €JIEKTPOHHOI Mikpockomii. KibKicCHUI aHali3 MIKpOCTPYKTYpHU
IPOBOJIMBCSA 3 BHKOPHCTAHHSM IMporpaMHOro 3abe3meueHHs Imagel), cratuctuuny
00poOKy pe3ynbTaTiB BUKOHYBaIM y cepenoui Originlab, a momentoBaHHs (a30BUX
MEepeTBOPEHb IiJI Yac KpHUCTaji3allii — 13 3aCTOCYBaHHSIM IPOTPAMHOIO KOMILICKCY
ThermoCalc. MexaHIuH1I BJIaCTUBOCTI BHM3HAYaJM BIANOBIIHO JO BUMOI YHHHHX
craHaaptiB. JloJaTKOBO BUKOPHMCTAHO METOAMKY aHaJi3y MIKATOMHOI B3a€EMOii Ha
OCHOBI KOHIEMNIii CIPSAMOBAHOIO XIMIYHOTO 3B’SI3KY, IO JO3BOJMJIO OLIHUTH
KOMIUIEKCHUI BILJTUB XIMIYHOTO CKJIaJly Ha CTPYKTYpHUI CTaH 1 BJIACTUBOCTI OCbOBHX
CTaJIEH.

VY po06oTi BUKOHaHE KOMIUIEKCHE IOCIHIIKEHHS 3aKOHOMIPHOCTEH (POpMyBaHHS
MIKPOCTPYKTYPH OChOBHUX CTaJI€H y JINTOMY CTaHi, MICJIsI Taps4yoi IiacTuuHO1 Aedopmaltii
Ta TICAsS 3aBeplIalbHOI TepMiuHOi O0OpoOku. [IpoBeaeHO KUIbKICHE BU3HAYEHHS
CIIBBIHOIIEHHS (DEPUTY 1 MEPIITy, JOCTIIHKEHO 3MIHY TBEPIOCTI 3aJIEKHO BiJI CTaHY
MeTtany (JIuTui, aedOpMOBaHUN, TEPMIYHO OOpOOJSIEHHWH CTaH) Ta BCTAHOBIICHO

B32€MO3B 30K MK XIMIYHUM CKJIAJIOM Ta MapaMeTpaMu MIKPOCTPYKTYpPH.



[TinTBep/KEHO, IO 3arajoM 31 30UIBIICHHSM BMICTY BYIJICHIO 301JIBIIYETHCS
KUTBKICTB TIEPIITHOT (ha3u, ajie y IUTOMY CTajll ClIoCTepirajiv eBHe 1miaro B oosacti 0,48-
0,56%, micns mmacTuuHOi AedopMariii TeHACHIS A0 30UIbLMICHHS KUIBKOCTI MEPIITY
MPOSBIIIETHCA CUJIBHINIE, ajle Ma€ NMEBHUW PO3KUJ 3HAU€Hb. Y CTaHI MICIS TEPMIYHOI
0OpOOKHU KUIBKICTh NEPIITY 301TBIIYETHCS, 1151 3aKOHOMIPHICTD CTa€ OLIbII CTa01IBHOIO.
YiTKuX 3aleXHOCTEH, IMOM0 BIUIMBY KPEMHII0 Ta MApraHili0 HE CIOCTEPIra€ThCsl.
BusiBneHo B3aeM03B 130K MK BMICTOM BaHait0 Ta (GOPMYBaHHSIM IEPIITHOT CKJIaI0BO1
iCJIsl TapsYoi TIacTUYHOI nedopmaltii i Tepmiunoi 06poOku. [lokazaHo HeOAHO3HAYHUI
BIUIUB QJIOMIHIIO Ha KIJIBKICTh (PEPUTY 3aeKHO BiJ] KOHKPETHOTO XIMIYHOTO CKJIaay
CTai.

AHaJli3 BIUIMBY MI)KaTOMHOI B3a€MOJIli Ha TBEPIICTh JIOCIIIHUX CTaJel MoKa3aB
icHyBaHHs XapakTepHoi o0macTi 3HaueHb mapamerpa ZY (1,20-1,21), y Mexax sKoi
3MIHIOETBCSA XapaKTep B3a€MO3B’A3KYy MDK CTPYKTYPHHM CTaHOM METaly Ta HOro
TBEPAICTIO TICASA  PI3HUX TEXHOJOTIYHMX onepamiil. OTpumaHi  pe3ynbTaTh
MITBEP/KYIOTh JIONUJIBHICT, BUKOPUCTAHHS IMapaMeTpiB MIKATOMHOI B3a€EMOJIIT SIK
JIOJIaTKOBOT'O KPUTEPII0 TPOTHO3YBAHHS BIACTUBOCTEN OCHOBUX CTAJICH.

Otpumani pe3yibTaTd J03BOJUIM BCTAHOBUTH 3aKOHOMIPHOCTI (hOpMyBaHHS Ta
TpaHcopmallii MIKpOCTPYKTYpHU OChOBUX CTaJICH 3aJI€KHO B1J CITIBBIAHOIIICHHS 0a30BUX
XIMIYHUX €JEMEHTIB, a TaKOX IMOKa3ajad, L0 BIJl JIUTOTO CTaHy [0 3aBepIIAbHOI
TEpMIYHOI  OOpOOKHM  CIIOCTEPITa€ThCsl  3aKOHOMIPHE — MIJIBUIICHHS  MEXaHIYHHX
BJIACTUBOCTEM.

Oxpemuii po3ais1 poOOTH MPUCBSIYCHUA TOCTIIKEHHIO BIUTUBY TEXHOJIOTIT Tapsdoi
TJIACTUYHOI AedopMallii Ha CTPYKTYPHY OIHOPIAHICTH OChOBHX 3aroToBOK. IIpoBemeHo
NOPIBHSUIBHUI aHajli3 pi3HUX CIMOCOOIB MPOKATKM YOPHOBUX OCeW 31 craym Mapku F
BIAMOBIAHO 10 BUMOT cTaHmaapry AAR M-101-2016. BcranoBieHo, 1m0 HanOUIBII
PIBHOMIpHUH pO3MOAUT IUIACTUYHOI Jedopmarllii 1Mo BChOMY TNEpepi3y 3aroTOBKU
3a0e3mneuyeThes MiJl Yac MPOKATKU Ha MUIITPUMOBOMY CTaH1 B OMH npoxil. Ha Bigminy
BiJl IIOTO, MPHU TMPOKATI[I Ha TPyOO3aroTiBEJIbLHOMY CTaHI MaKCUMalbHE YIIUTHHEHHS

MeTaJly JIOKaJII3ye€ThCsl B 30H1 Y2 pajiiyca ocl. biibin piBHOMIpHUM pO3MOLT JIACTUYHOT



nedopmariii 3abe3neuye edeKTUBHIIIE MNPOPOOICHHS IEHTPAJbHUX IIapiB OChOBOI
3aroTOBKH, 110 3MEHIIIY€ MIPOSIBH YCIAIKOBAHOI CTPYKTYPHOI HEOAHOPIAHOCT1 METAITY.

Pesynpratn BunpoOyBaHb Ha BTOMY I[OKa3ajH, IO TPaHUIIS JTOBrOBIYHOCTI
MOBEPXHEBUX IIapiB MeTaly gocsrae 276 Mlla, Toni sk y BHyTpPIlIHIX [Iapax CTAHOBUTh
omu3pko 267 Mlla. BceranoBieHo, 10 BTOMHa MIIHICTh LIEHTPAJIbHOI YaCTUHU OCI
MPAKTUYHO HE TOCTYNAEThCS MOKa3HUKAM 72 pajilyca OCi, 0 MATBEPIKYE e(PEKTUBHICTD
CYyYaCHHMX TE€XHOJIOT1# raps4oi miacTudHoi aedopmariii. PazoM 13 THM 3HM>KEHHS BTOMHO1
JIOBTOBIYHOCTI OKPEMHUX 3pa3KiB 0e3MocepeHhO TOB’s3aHE 3 HASBHICTIO JIOKAJIBHOT
CTPYKTYPHOI HEOTHOPITHOCTI.

[lin wac mOCHIPKEHHS TMPOMUCIOBUX 3ali3HUYHUX ocei Mapku EAIN
BupoGHumTBa ITAT «IHTEPITAWIT HT3» BCTaHOBIEHO iCTOTHMIA BIUIHB CTPYKTYPHOI
HEOJTHOPITHOCTI Ha eKCIUTyaTallliHy HaJ1iHICTh BUPOOIB. BcTaHOBIIEHO, 1110 TPUYHHOIO
3HMKEHO1 JOBTOBIYHOCTI OCI, SIKa MaJjla JIOKQJIbHUM TIJBUIICHUN €XO-CUTHAJI MpU
VABTPa3BYKOBOMY KOHTPOJII € HE TUIbKK OUIbIlIa KUIBKICTH MOP, ajie 1 OUTbIIUA 00’ €M
JIKBAIIHHUX JIJISHOK, B TOMY YKCI1 HasiBHICTh IPyOOT0 BiJIMAHILITETTEBOTO (hEPUTY HE
JuIIe B LIEHTPI, alie i Ha 2 pajiyca oci.

[TopiBHSIBHI JTOCTIPKEHHS OCEH, BUTOTOBJICHMX 13 3aCTOCYBaHHSAM oOIleparlii
KyBaHHS Ta 0e3 Hel, MoKa3aau MO3UTHBHUHN BIUTMB KyBaHHS Ha ITiIBUIICHHS CTPYKTYPHOI
OJTHOPIJTHOCTI MOBEPXHEBUX IIAPIB METAITy Ta 301IbIICHHS I'PAaHULIl BUTPUBAIOCTI 3 266
1o 276 Mlla.

VY3aranbHEHHS Pe3ynbTaTiB HOCTIIKEHb T03BOJIUIIO0 BCTAHOBUTH, III0 OCHOBHUMU
YUHHUKAMHU, K1 BHU3HAYalOTh PIBEHb BTOMHOI MIITHOCTI OCHOBHX CTajiel, € CTYyMiHb
CTPYKTYpPHOI OJTHOPIJTHOCTI, XapaKkTep YCMaaKyBaHHS JCHAPUTHOT JIIKBAIIl MICTsS Tapsdoi
IJIaCTUYHOI  Jedopmariii, a TaKoX pPIBHOMIPHICTE PO3NOALTY (EepUTO-NEPIITHOT
CTPYKTYpH 3a TIepepi3oM OcCi.

Otpumani pe3ynbTaTd MOXKYTh OyTH BHKOPUCTaH1 JJIA ONTUMI3Allll XIMIYHOTO
CKJIaZy OChOBUX CTaJIel, YIOCKOHAJIEHHS PEXHUMIB rapsidoi MmiacTU4HOi Aedopmalii Ta
TepMIYHOi 0OPOOKH, SMEHIIICHHS MTPOSIBIB CTPYKTYPHOT HEOAHOPIAHOCTI Ta 3a0€3MeUeHHS
BIIMOBITHOCTI MPOAYKIII BUMOTaM CyYacHUX MDKHApPOAHMX CTaHJapTiB. Peamizaris

3aIPOIIOHOBAHUX PEKOMEHIAIIA CIPHUITHME ITIBUIICHHIO BTOMHOI JIOBTOBIYHOCTI,



HAJIMHOCTI Ta eKCIUTyaTalliHOoi Oe3MeKku 3ali3HUYHUX oceil. Ha ocHOBI HaykoBO

OOTpYHTOBaHUX TEXHOJOTIYHUX pPEKOMEHJaliil OyJ0 BIOCKOHAJEHO TEXHOJIOTII0

BUPOGHHITBA oceil B ymoBax ITAT « IHTEPTTAWIT HT3».

Kuro4oBi ci1oBa: MiKpoCTpyKTypa, ByIVIelleBa CTajlb, XIMIYHUI CKJIaJl, TepMIdHA
0o0poOka, ¢a3oBi MEpeTBOPEHHS, Tapsiya miacTuyHa aedopmaris, TBEpAiICTh, 3a1I3HUYHI

OCi, MOJICJIFOBAHH:, IIPOTHO3HA MOICIIb, JIGFYIOLIi CIICMCHTHU

SUMMARY

Podolska O.A. Regularities of the Influence of Structural Heterogeneity and Hot
Plastic Deformation of Hypoeutectoid Steel on the Reliability of Railway Axles. —
Qualifying scientific work submitted as a manuscript.

Dissertation submitted for the degree of Doctor of Philosophy in Specialty 132 —
Materials Science. — Z. 1. Nekrasov Iron and Steel Institute of the National Academy of
Sciences of Ukraine, Dnipro, 2026.

The dissertation is devoted to establishing the regularities of structural
heterogeneity formation in axle carbon steels, investigating its inheritance at different
stages of the technological process of railway axle production, and evaluating the
influence of chemical composition, hot plastic deformation, and heat treatment on the
microstructure, mechanical properties, and fatigue life of the metal.

The relevance of the study is determined by the necessity to improve the
operational reliability of railway axles, which are among the most critical components of
rolling stock and operate under high-cycle loading conditions. Current international
standards impose increasingly stringent requirements on the quality of axle steels,
necessitating a comprehensive investigation of the processes governing the formation of
the metal microstructure, the causes of structural heterogeneity, and their influence on the
mechanical characteristics and fatigue strength of finished products.

A comprehensive analysis of the current state of research on the formation of the

structure and properties of axle steels and the assurance of their reliability was carried



out. A comparative analysis of the requirements of national and international regulatory
documents (DSTU GOST 31334:2009, DSTU EN 13261:2022, AAR M-101-2016, and
others), which regulate the chemical composition, mechanical properties, metallurgical
cleanliness, and operational reliability of railway axles, was performed. It was shown that
the most stringent requirements for metallurgical cleanliness and the permissible level of
non-metallic inclusions are established by European standards, which is associated with
ensuring high fatigue life of the products.

Based on the analysis of the literature, it was established that structural
heterogeneity is formed during metal solidification as a result of dendritic segregation,
microsegregation of alloying elements, and the crystal structure of newly formed phases.
Despite subsequent hot plastic deformation, the complete elimination of inherited
heterogeneity is not always achieved. Residual manifestations of segregation significantly
affect the final microstructure, mechanical properties, and fatigue resistance of the metal.
At the same time, insufficient attention has been paid to the combined influence of the
manganese-to-silicon ratio on the formation of structural heterogeneity in axle steels,
which provided the basis for this study.

To achieve the research objectives, a comprehensive set of modern experimental
and computational methods was employed. Experimental heats were produced by
remelting in an induction furnace without forced oxidation of impurities. Metallographic
investigations were carried out using optical and scanning electron microscopy.
Quantitative microstructural analysis was performed using ImageJ software, statistical
processing of the results was conducted in the OriginLab environment, and phase
transformations during solidification were simulated using the ThermoCalc software
package. Mechanical properties were determined in accordance with the requirements of
current standards. In addition, the method of interatomic interaction analysis based on the
concept of directional chemical bonding was applied, making it possible to evaluate the
combined influence of chemical composition on the structural state and properties of axle
steels.

The study presents a comprehensive investigation of the regularities governing the

formation of the microstructure of axle steels in the as-cast state, after hot plastic



deformation, and after final heat treatment. The ferrite-to-pearlite ratio was quantitatively
determined, changes in hardness depending on the metal condition (as-cast, deformed,
and heat-treated) were investigated, and the relationship between chemical composition
and microstructural parameters was established.

It was confirmed that, in general, an increase in carbon content leads to an increase
in the amount of the pearlitic phase. However, in the as-cast steel, a certain plateau was
observed within the range of 0.48-0.56% carbon. After plastic deformation, the tendency
toward an increase in pearlite content became more pronounced, although with some
scatter in the values. In the heat-treated condition, the amount of pearlite increased further,
and this relationship became more stable. No clear dependences regarding the influence
of silicon and manganese were observed. A relationship was identified between vanadium
content and the formation of the pearlitic constituent after hot plastic deformation and
heat treatment. The ambiguous influence of aluminum on the ferrite content depending
on the specific chemical composition of the steel was also demonstrated.

The analysis of the influence of interatomic interactions on the hardness of the
experimental steels revealed the existence of a characteristic range of the ZY parameter
(1.20-1.21), within which the relationship between the structural state of the metal and
its hardness after different technological operations changes. The obtained results confirm
the feasibility of using interatomic interaction parameters as an additional criterion for
predicting the properties of axle steels.

The obtained results made it possible to establish the regularities governing the
formation and transformation of the microstructure of axle steels depending on the ratio
of the principal chemical elements. They also demonstrated that mechanical properties
increase consistently from the as-cast condition to the final heat-treated state.

A separate chapter of the dissertation is devoted to investigating the influence of
hot plastic deformation technology on the structural homogeneity of axle billets. A
comparative analysis of different rolling methods for rough-rolled F-grade steel axles in
accordance with the requirements of the AAR M-101-2016 standard was carried out. It
was established that the most uniform distribution of plastic deformation throughout the

billet cross-section is achieved during rolling on a pilgrim mill in a single pass. In contrast,



during rolling on a tube billet mill, the maximum metal densification is localized in the
region corresponding to one-half of the axle radius. A more uniform distribution of plastic
deformation ensures more effective working of the central layers of the axle billet, thereby
reducing the manifestations of inherited structural heterogeneity.

The fatigue test results showed that the endurance limit of the surface layers of the
metal reaches 276 MPa, whereas in the inner layers it is approximately 267 MPa. It was
established that the fatigue strength of the central part of the axle is practically equal to
that at one-half of the axle radius, confirming the effectiveness of modern hot plastic
deformation technologies. At the same time, the reduced fatigue life of individual
specimens is directly associated with the presence of local structural heterogeneity.

During the investigation of industrial EAIN railway axles manufactured by PJSC
"INTERPIPE NTZ", a significant influence of structural heterogeneity on the operational
reliability of the products was established. It was found that the reduced durability of an
axle exhibiting a locally increased echo signal during ultrasonic inspection was caused
not only by a greater number of pores but also by a larger volume of segregation regions,
including the presence of coarse Widmanstitten ferrite not only at the center but also at
one-half of the axle radius.

Comparative studies of axles manufactured with and without the forging operation
demonstrated the positive effect of forging on improving the structural homogeneity of
the surface layers of the metal and increasing the endurance limit from 266 to 276 MPa.

The generalization of the research results made it possible to establish that the
principal factors determining the fatigue strength of axle steels are the degree of structural
homogeneity, the nature of dendritic segregation inheritance after hot plastic deformation,
and the uniformity of ferrite-pearlite structure distribution throughout the axle cross-
section.

The obtained results can be used to optimize the chemical composition of axle
steels, improve the regimes of hot plastic deformation and heat treatment, reduce the
manifestations of structural heterogeneity, and ensure compliance of the products with
the requirements of modern international standards. The application of the proposed

recommendations will enhance the fatigue life, increase the reliability, and improve the



operational safety of railway axles. Based on scientifically substantiated technological
recommendations, the axle manufacturing technology under the production conditions of

PJSC "INTERPIPE NTZ" was improved.
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