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1. Inceprauifina po60Ta IpUCBsIYeHa BCTAHOBJIEHHIO 3aKOHOMipHOCTEe! (POpMyBaHHS CTPYKTYPHOI HEOJHOPIAHOCTI
OCbOBMX BYIJIELIEBUX CTajlel, JOCIIKEHHIO ii yClIaIkyBaHHS Ha Pi3HUX CTaJisIX TEXHOJIOTIYHOTO NPOLECy
BMPOOHHULITBA 3Q/1i3HUYHUX OCEH Ta OLIIHIOBAHHIO BIIMBY XiMiYHOT'O CKJIaMly, Fapsi40i IJIACTUYHOI dedopMalii i
TepMidYHOI 06POOGKY Ha CTPYKTYPY, MEXaHIUHi BJTACTUBOCTi Ta BTOMHY JJOBrOBi4YHICTb M€TaJy. AKTyasIbHiCTb POGOTU
BM3HAYAEThCSI HEOOXIIHICTIO MifBUIEHHS €KCIIyaTallifiHOI HaAiMHOCTI 3a1i3HUYHUX OCeil, sIKi HajleXXaTh [0
HaMOi/IbII BiATIOBiZANIbHUX AE€TAJIEN PyXOMOTO CKJIay Ta MPaLOI0Th B yMOBaX 6araToLMKJIOBOTO HABaHTKEHHSI.
CyuacHi BUMOTY MDKHAPOJHUX CTaHIAPTIB J0 SIKOCTi OCbOBUX CTaJeil MOCTIMHO 3POCTAIOTh, 110 NIOTPebye

NoraM6JIeHOr0 AOCiIKEeHHs ITpoleciB GOpMyBaHHS MIKPOCTPYKTYPU MeTaJly, IPUYMH BUHUKHEHHS CTPYKTYPHOI



HEOJHOPIIHOCTI Ta iX BIUIMBY Ha ME€XaHiUHi XapaKT€PUCTUKM i BTOMHY MilIHiCTb TOTOBUX BUPOOiB. Y po0OOTi
IIPOBEJIEHO KOMIIJIEKCHUIA aHaJli3 Cy4aCHOTO CTaHy JOCJiIPKEeHb, IPUCBIYEHNX (POPMYBAHHIO CTPYKTYPH,
BJIACTUBOCTEU Ta 3a6e3Me4YeHHI0 Ha/litHOCTi OCbOBUX CTajiell. BUKOHAaHO MOPiBHANILHUI aHai3 BUMOT
HalliOHAJIbHUX i MDKHApOgHUX HOpMaTuBHUX NOKyMeHTiB (JCTY T'OCT 31334:2009, ICTY EN 13261:2022, AAR M-
101-2016 Ta iHmMX), O PerJaMeHTyIOTh XiMiYHUI CKJIaZ, MEXaHiYHi BJIaCTUBOCTi, METAIyPriliHYy YUCTOTY Ta
eKCIUlyaTaliliHy HaflifHiCTb 3aJli3HUYHUX oceil. [lokazaHo, 110 Hai6ibll J)XOPCTKI BUMOTY 0 METaIypriiiHoi
YUCTOTHU Ta JOINYCTUMOTO PiBHSI HEMETAJIEBMX BKJIIOUEHDb BCTAHOBJIEH] €BPONENChKMMY CTAHJIAPTaMHU, L0 MIOB'SI3aHO
i3 3a6e3ne4eHHSIM BUCOKOI BTOMHOI JOBIOBIYHOCTI BUPOOiB. 32 pe3ybTaTaMU aHali3y JiTepaTypHUX IKepes
BCTaHOBJIEHO, 1110 CTPYKTYPHA HEOAHOPITHICTh POpMyeThCS I1ie Mif, Yac KpUCTasisalii MeTanry BHACTiTOK
IeHIIPUTHOI JiKBallii, Mikpocerperariii jeryBajbHIX €JIEMEHTIB Ta 6y40BU KpUCTaliB HOBUX ¢a3. HezBakarouu Ha
[OoJAJIbLIYy rapsidy MIacTUYHy nedopMallilo, IOBHE YCYHEHHSI CIIaJKOBOI HEOJHOPIIHOCTI NOCATAa€EThCS HE 3aBXIN.
CaMme 3ayMIIKOBI IPOSBY JIiKBallii iCTOTHO BILJIMBAIOTh HA KiHIEBY MiKPOCTPYKTYPY, MEXaHIUHI BJIaCTUBOCTI Ta OIIip
MeTaJjly BTOMHOMY PYHHYBaHHIO. [Ipy 1IbOMY BCTaHOBJIEHO HEJJOCTATHIO JOCIIPKEHICTD CITiJIbHOTO BIJINBY
CIIiBBiJHOLIIEHHS BMiCTy MapraHiilo Ta KpeMHIi0 Ha (OPMYBaHHS CTPYKTYPHOI HEOQHOPiJHOCTI OCbOBUX CTaJeH, 110
CTaJIo MifCTaBOIO [JIs1 IPOBEAEHHS JAHOTO NOCIiIKEHHS. [lJ1s1 TOCATHEHHS [I0CTaBI€HOI METH C(POPMOBAHO
KOMIIJIEKC CY4aCHUX €KCIIEPUMEHTAJIHYX Ta PO3PaXyHKOBUX METOIB JOCIIIPKEHHS. BUIJIaBKy HOCIiGHUX IIIIaBOK
3[1ifICHIOBAJIM METOJIOM II€PEIJIaBIeHHs B IHOYKLINHIN 11e4i 6e3 IPUMYCOBOT0 OKUCJIEHHS JOMIIIOK.
MertasnorpadiyHi fOCiIKeHHS] BUKOHYBAJIMCh i3 32CTOCYBaHHSIM ONTUYHOI Ta PACTPOBOI €JIEKTPOHHOI MiKPOCKOTIii.
KinpkicHUI aHasi3 MiKpOCTPYKTYypY IPOBOAUBCS 3 BUKOPUCTaHHSIM IIPOrpaMHOro 3abesnedeHHs Imagel,
CTaTUCTUYHY OOPOOKY pe3yJbTaTiB BUKOHYBaU y cepenoBuilli OriginLab, a MmonenoBaHHs (Ha3oBuX IlepeTBOPEHD
iz, yac KpucTanisauii - i3 3acTocyBaHHSIM NporpamHoro komiiekcy ThermoCalc. MexaHi4Hi BJ1IaCTUBOCTI
BM3HAYaJIM BiATIOBiIHO 10 BUMOT YMHHUX CTaHJAAPTIB. JJONAaTKOBO BUKOPUCTAHO METOAMKY aHasi3y Mi>KaTOMHOI
B32€MO/Iii Ha OCHOBI KOHIIEMIIil CIIPSIMOBAHOTO XiMIYHOTO 3B'SI3KY, IO JO3BOJIMJIO OL[iHUTH KOMIIJIEKCHU BILJINB
XiMIYHOTO CKJIa[ly Ha CTPYKTYPHUI CTaH i BJJACTUBOCTI OCbOBHUX CTajeil. Y po6OTi BUKOHaHE KOMILJIEKCHE
IOCJIiI)KEHHS 3aKOHOMIpHOCTEN (POPMYBaHHS MiIKDOCTPYKTYPU OCbOBHUX CTajled Y IUTOMY CTaHi, MicJjisl raps4oi
I1aCTUYHOI Aedopmallii Ta Mmicjsl 3aBeplIaabHOi TepMidHOI 06pOOKU. IIpoBeIeHO KijbKiCHE BUBHAYEHHS
CIiBBifHOLIEHHS (PepUTy i NepiTy, LOCHiIKeHO 3MiHY TBEPAOCTI 3aJIe’KHO Bifl CTaHy MeTasny (JIUTUM,
nedbOopMOBaHUiA, TEPMIYHO O6POOJIEHUII CTaH) Ta BCTAHOBJIEHO B3aEMO3B'SI30K MK XiMiYHUM CKJIaJloM Ta
rnapameTpamu MiKpoCTpyKTypH. [lifTBepKeHo, 1110 3arajaoMm 3i 30i/IbIIEHHSIM BMIiCTY BYIJIEL[IO 301/1bIIYETHCS
KiJIBKICTb IEpJIiTHOI a3y, aje y INTOMY CTaji crioctepirany nesHe miarto B obiacti 0,48-0,56%, micis niacTuyHoi
nedopmanii TeHIeHLis 00 30iIbIIeHHS KijIbKOCTI I1epJIiTy IIPOSIBISIETbCS CUJIbHIIIIE, ajle Ma€ IIEBHUN PO3KU]L
3Ha4yeHb. Y CTaHi Iicj1s TEpMiYHOI 06POOKM KiJIbKICTh NEPIIITY 30ibLIYETHCS, 1151 3aKOHOMIPHICTh CTa€ 6ibLI
cTabinbHO0. YiTKUX 3a7I€XKHOCTEN, 1010 BILIMBY KPEMHIIO Ta MApraHIIO He CIIOCTEPIiraeThesl. BusiBieHo
B32€MO3B’I30K MK BMICTOM BaHafit0 Ta OPMYBAHHSIM IIEPJIITHOI CKJIaI0BOI Micis rapsyoi naactuyHoi gedopmarii
1 TepMiuHOi 06po6KU. [ToKazaHO HEOTHO3HAUHMI BIIJIMB aJIIOMIiHiI0 Ha KiJIbKiCTb PEPUTY 3aJI€5KHO BiJi KOHKPETHOTO
XiMiYHOrO CKyIagy ctaji. AHasli3 BIUIMBY Mi’KaTOMHOI B3a€MO/Iii HA TBEPLICTb AOCIIAHUX CTaJI€N [I0Ka3aB iCHYBaHHS
XapakTepHoi o6sacTi 3HaueHb napamerpa ZY (1,20-1,21), y Mmekax sIKOi 3BMiHIOETbCS XapaKTep B3aEMO3B'SI3KY MixK
CTPYKTYPHUM CTaHOM METAJly Ta MOro TBEPLICTIO MiCis Pi3HUX TEXHOJIOTIYHUX onepauiil. OTpuMaHi pe3yabTaTi
MigTBEPIKYIOTh JOLIbHICTE BUKOPUCTAHHS [IapaMeTPiB MIXKaTOMHOI B3aeMOZii K 10JAaTKOBOIO KPUTEPIIO
[IPOTHO3yBaHHS BJIACTUBOCTEN OCbOBMX CTasiel. OTprUMaHi pe3yabTaTy LO3BOJINIIA BCTAHOBUTY 3aKOHOMIPHOCTI
dopmyBaHH# Ta TpaHCcHOpMaLlii MIKDOCTPYKTYpU OCbOBUX CTaJjlell 3aJ1e’KHO Bif, CIiBBiIHOIIEHHS 6a30BUX XiMIYHUX
€JIEMEHTIB, a TAaKOX I10Ka3aJIy, IO Bifl IMTOro CTaHy 1O 3aBEPIIAJIbHOI TEPMiYHOI 06POOKY CIIOCTEPIraeThCs

3aKOHOMIipHE MiJIBUIIEHHS] MEXaHIYHNX BJIACTUBOCTEN.

2. 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.
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