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JucepralliifHy po0OTy NPHCBAYCHO PO3POOIl XIMIYHOrO CKJIaay cTajedl Ta
TEXHOJIOTIYHUX MapaMeTPiB TEPMIYHOT 0OPOOKH 3aTI3HUYHUX PEHOK HA MIANPUEMCTBAX
VYkpainu, mo 3a0e31neuyoTh MiIBUIICHHS €KCIUTyaTalllifHUX BJIACTUBOCTEH.

B poboti mokazaHo, MO pelKh yKPaiHCHKOTO BUPOOHUIITBA 3a IMOTOYHOIO
TEXHOJIOTIEI0 MOCTYNAIOThCS 3apyOKHUM aHajoraM Mo MEXaHIYHUM BJIACTUBOCTSIM, Ta,
AK HaCIIJOK, IO eKCIUTyaTalliHii J0BroBiyHOCTI. IIpomyckHa 31aTHICTh PEUOK,
BUpOOJIEHUX B YKpaiHi, cTaHoBUTH 0,5 MJpJ. TOHH OpyTTO, B TOM Yac sIK aHAJOTIYHUI
nokazHuk y ®panuii, AnoHii cranHoBUThH | MApa. TOHH OpyTTO, TOOTO B 2 pa3u OLIbIIe.
[TokazaHo, 110 MIABUIIICHHS XapaKTEPUCTUK MIITHOCTI CTaJ 32 paXyHOK PO3POOKH HOBOTO
XIMIYHOT'O CKJIaJly Ta TEPMIYHOI OOPOOKH MPU3BOIUTSH /10 MiABUIIEHHS €KCILTyaTallliHUX
XapaKTEPHUCTHK.

[TpoBeneHi mOCHIKEHHS BIUIMBY XIMIYHUX €JIEMEHTIB Ha KIHIIEBY CTPYKTYpy Ta
MEXaHIuHl BJIAaCTUBOCTI cTaji. Ha mijicTaBl JaHux JOCHIIKEeHb OyJI0 peKOMEHJ0BaHO 3
CTayi 3 AOCHITHUMHU XIMIYHUMU CKJIaJjaMu JUTsl JTaOOpaTOPHOI BUILIABKY Ta MPOBEACHHS
MMOJAJIBIINX JOCIIKEHD.

3 JmiTepaTypHOIrO aHaldidy BCTAHOBJICHO, IO CTaji, IO 3aCTOCOBYIOTHCS B
BUPOOHMIITBI 3aJI3HUYHUX PEHOK ISl JOCATHEHHS MEPJITHOI CTPYKTYpH HEOOXiaH1
IMIBUJKOCTI OXoJIomkeHHsS B mianasoHax 0,63...18,2°C/c. Iloka3zaHo, mo mad cTai
75XT'CM nHeoOXiHa MBHAKICTE 0XonomkeHHs ckianae Bixg 0,63...0,14°C/c, ocKUIBKH
3acTocyBaHHs Jerytounx enemeHTiB Cr, Mn, Si, Mo 30utbinye iHKyOaIiiHuid mepio.
Takum 4MHOM, 00J1aCTh MEPIITHOTO MEPETBOPEHHS CTA€ O1IBII CXUIIbHA JI0 TEPEMIIIICHHS

B OIK MEHIII 1HTEHCUBHUX IIBUJKOCTEH OXoJo/pKeHHS. Y crami M76T BinOyBaeThcs



dbopMyBaHHS TEPJITHOI CTPYKTYpU TP IIBUIAKOCTI OXOJO/KCHHS B Jllana3oHi
9,2...18,2°C/c, B ctami R350LHT - mpu mBuakocti oxoyiomkeHHs 0iau3pko 5°Clc. ¥V
cramsix E76X® ta E76XA®, no ckiaay SKUX BBEACHO XPOM, MICIs OXOJOKEHHS 31
mBujakocTsaMu 1 °C/c 1 MeHIIIe, BHACIIA0K PO3Ialy MepeoXoIoMKEHOTO ayCTeHITY KpiM
dbepuTo-kapOiHOT CyMIIIT TEPITITHOTO THITY CIIOCTEPITAETHCS YTBOPSHHS HAJTUIIIKOBOTO
depury. Y crami E76® mBHAKICTH OXOJOMHKEHHS ISl YTBOPEHHS CTPYKTYypU MEpPIIT
HeoOX1qHa MBUAKICTh 0X0J0KeHHS ckiaia 1o 10°C/c.

CydacHi CBITOBI BHPOOHUKM PEMKOBOI MPOAYKII OOpamu KOXKEH CBid
1HUBITyaTbHUM NUISIX TEXHOJIOTTYHHUX PIillleHb (3aCTOCOBAaHI TEXHOJOT1i BUPOOHHUIITBA 1
TEPMIYHOTO 3MILIHEHHSI ) JIJIsl JOCATHEHHS BJIACTUBOCTEH, 32 SIKUMU BUKOHYETHCS BUITYCK
npoaykii. Ileil mepenik MOXKHA PO3JAUIUTA HA pelku 0e3 TepMIYHOrO 3MILIHEHHS
(ITonpma, Itamis), pefiku 3 audepeHIiioBaHUM TEPMIYHUM 3MIIHEHHAM 3 TPOKATHOTO
HarpiBy (SAnonis, ABctpiss, CHIA), peiiku 3 nudepeHIiioBaHUM TEPMIYHUM 3MILIHEHHSIM
3 oKpemoro iHayKuiiHoro HarpiBy (®panis, Kanaga (HuH1 3aBoJ1 3aKpuTHid), YKpaiHa),
perku 3 00'€eMHUM 3arapTyBaHHSIM B Maciil 3 OKpeMoro miyHoro HarpiBy (Pocis).

Buxoasun 3 pe3ynpTaTiB aHai3y JITEpaTypHUX JKEpPEl BUKOHAHO KOMILIEKC
JIOCITIIJIPKEHb 3 METOI) BCTAHOBJICHHS 3aKOHOMIpHOCTEH (OpMYBaHHS CTPYKTYPHOTO
CTaHy Ta MEXaHIYHUX BJIACTUBOCTEH 110 MEPETUHY TOJIOBKH 3aJTI3HUYHUX PEHOK B YMOBAX
YKpaiHCLKOTO BUPOOHUIITBA, BUTOTOBJICHUX 3 BUCOKOBYTJICIIEBOT CTaJll, MIKPOJIETOBAHO1
BaHanieM (Mmapka K76®d). IIpoBeneHi [IOCHIKEHHS MIKPOCTPYKTYPH TEPMIYHO
3MIIHEHUX PEHOK YKPATHCHKOTO BUPOOHUIITBA. BCTaHOBJIEHO HAsSIBHICTh HEOAHOPITHOCTI
CTPYKTYpH Ha TMOBEPXHI KOYEHHS PEHKM 1 HU3BKY AMCIEPCHICTh KapOiAHOi (a3u Ha
riubuHi 11 MM Bij MOBEpXHI KOYCHHS BUPOOY.

B po60Ti mpoBeIeHO TOCIIKEHHS 3 SIKOTO BCTAHOBJICHO, 1110 ICHYIOYa TEXHOJIOT1s1
TepMi4HOi 0OPOOKH, 110 3aCTOCOBYETHCS HA TEPUTOPIi YKpaiHHu, HE MOXKE 3a0e3MeUnTH
BHUCOKHI pIBEHb TBEPJOCTI MO Mepepi3y roysioBku peiku (1o raubunu 20 Mm), 110
BIJINOBIJIa€ BUMOTaM 3apyO1’KHUX CTaHIapTIB.

B po6oTi 3acTocoBaHO MaTeMaTU4YHy MO/JIEJNb, IO J03BOJISIE MPOBOAUTH MPOTHO3
3MIHU TEMIIEPATYPHUX TOJIIB Ta MUTTEBY IMBUAKICTh OXOJIOJKEHHS B 3aJII3HUYHIN peHl1Il

M 4Yac TPOXO/KEHHS JUQPEPEHINOBAHOTO OXOJOKEHHS. 3acTOCOBaHA MOJEIb



JIO3BOJIAE BHU3HAYaTH TOTPIOHI MapamMeTpu TEPMIUYHOI OOpOOKU JJIsl  YTBOPEHHS
CTPYKTYPHUX CKJIAJOBHX Ta JOCATHEHHS PETJIaMEHTOBAHOTO KOMILUIEKCY MEXaHIUYHUX
BJIACTMBOCTEH cTami. BcTaHOBIEHO, IO TMOTOYHA TEXHOJIOTiSI BUPOOHUIITBA 3
3aCTOCYBaHHS TEPMO3MIIIHEHHSI HE MPUIYCKa€ JOCSATHEHHS 3HAY€Hb TBEPAOCTI IO
nepepizy 3amizanyHoi peiiku Ha piBHI JCTY EN 13674-1:2018, mo mos’s3aHo 3
HEJIOCTaTHHO IHTEHCUBHHUM OXOJIOPKEHHSM, CaMe IEHTPAIBHHUX JTSTHOK TOJIOBKU PEUKHU
TeMIiepaTypa, sikoi ckianae - 680 °C.

B pamkax mociimpkeHb BCTaHOBIICHO, IO 1 3a0e3nedeHHs TBepaocTi (370 HB) B
OChOBHUX JUISHKAaX roloBkH peviku (rimmomna 20 mMm) BianoigHo g0 sumor JICTY EN
13674-1:2018 € 3HayHa HEOOX1AHICTH B PO3POOJICHHI HOBUX MEPCIIEKTUBHUX IMapaMeTpPiB
TEPMIYHOI OOpOOKM 4YM PO3pOOI MNEPCIEKTUBHUX XIMIYHHUX CKJIQAIB CTaJIed, IO
M1JIBUIIATH 1HTEHCUBHICTh OXOJIO/PKEHHS B IICHTPAJIbHUX JUISHKAX TOJIOBKH PEUKH.

B pe3ynbTaTi 1uaToMeTpUYHUX JOCTIKEHB 0YJI0 MO0YA0BaHO Alarpamy po3namy
MEePEOXOJIOKEHOr0 aycTeHiTy nociigHoi cram 3 C=0,84%, Mn=0,95%, Si=0,44%,
B=0,01%, Ca=0,0006% Ta BCTaHOBIJICHO, IO TPH IIBUIKOCTIX oxoyiomkeHHs 0,06-
5,9°C/c cTpyKkTypa CKIAQHa€ThCSd TEPEBAXHO 3 TEPJITYy PI3HOI JUCIEPCHOCTI, 31
30UTBIIIEHHSIM HIBUJKOCTI 0XOJ0/KeHHS 70 64,3°C/c mpoXoauTh YTBOPEHHS OEHHITY 3
MOJAJIBLIO 3MIHOKO MOP(OJIOTii 3 Mip’ICTOrO 10 TOI4ACTOrO.

[ToOynoBaHO B pe3yibTaTi MIKPOCTPYKTYPHUX AOCTIIKEHb CTPYKTYPHY Jlarpamy
nocaiaHoi crai 3 C=0,84%, Mn=0,95%, Si=0,44%, B=0,01%, Ca=0,0006%. IToka3aHno,
[0 TpPU MBHAKOCTI OXOJOmkeHHs a0 5,9°C/c pos3naj ayCTeHITY BIIOYBa€TbCsS 3
yTBOpeHHsIM Tiepiity; mipu 5,9°C/c ... 64,3°C/c cTpyKTypa cTalll CKJIAIa€Thes 3 MEPIiTy
1 0EHHITY; 3 TOAAIBIITNM 301IbIIeHHSIM MBUIKOCTI 10 118,3 °C/c cTpyKTypa CKIIafaeThes
MIEPEBAXKHO 3 MAPTCHCHUTY.

B pesynbTati 10oCHiKeHb OTPUMAHO 3aJI€KHICTh 3MIHUA JUCTIEPCHOCTI TIEPIIITY Bij
IHTEHCUBHOCT] 0XO0JO/pKeHHsA jpociigHoi cram 3 C=0,84%, Mn=0,95%, Si=0,44%,
B=0,01%, Ca=0,0006% Ta 3ayie’kHICTh TBEPIOCTI CTaJIl BlJ MDKIUIACTUHYACTOI BiJICTaHI
nepuity npu mBuakocti oxonomkenns 0,06...5,9 °C/c.

B po6orti 3acTocoBaHO MaTEMaTUYHY MOJIENb, SIKa JO3BOJISIE IPOrHO3YBATH 3MIHY

TEMIIepaTypy, CEPEIHI0 MUTTEBY IIBUIKICTh Ta CEPEHE HAIMPY>KEHHS IO Mepepizy



3pa3ka Ha mporaproByBaHicTh 3rifHO0 EN 1SO 642:1999, B mporieci Ge3nepepBHOIO
OJIHOOIYHOTO OXOJIOJKEeHHA. Mojenb Moxke OyTH BHUKOPUCTAaHA [Jisi BH3HAYCHHS
HEOOXITHUX TMapaMeTpiB TEePMIYHOI OOpPOOKHM 3aJi3HMYHUX PEHOK 3 TOCATHCHHSIM
HEO0OX1THOT CTPYKTYPHOI CKJIaJIOBOI 1 TBEPIOCTI.

Po3po6iieHo XimMiuHMI CKJIaa JOCHITHUX CTajledl i 3ali3HUYHUX PEHoK 1
IpOBEJICHA BUILJIaBKA B JIAOOPATOPHUX YMOBAax 3JIUTKIB Macoro A0 10 kr. BctanoBneHo
MO3UTUBHUM BIUIUB raps4oi IJIaCTUYHOI Aedopmaliii 1 MoIabIoi TepMIidHOT 00pOOKH Ha
TBepaicTh. [licnms rapsuoi ruractuyHoi nedopmaiii B MOPIBHSAHHI 3 JIMTUM CTaHOM
IPUPICT TBEPAOCTI ckiaB ~14,1%; micis rapsauoi IiacTuYHoO1 gedopMaliii 3 MoAAIbIIO0
TEPMIYHOI0 00p0OKOIO (0€3 BIAMYCKY) IPHUPICT TBEPAOCTI CKIaB ~39,4%.

[IpoBeneHO pEHTTeHOCTPYKTYPHHI aHalIl3 Ta BCTAHOBJIEHO, o cTajib 2 (0,70% C,
0,44% Si, 0,76% Mn, 0,0004% B) mae OinbIiri po3mipu 0510KiB Mo3aiku Ha 1,72%, MeHIITy
IIUTBHICTE auciokamii (BimoOpakenus 110) wa 3,5%, OLIbINY HIUIBHICT JAWCIIOKAIIH
(Bimoopaxenns 220) na 0,8%. Crans 3 (0,80% C, 0,47% Si, 0,97% Mn, 0,0001% B) -
30UTBIIUBCA CepeliHI po3Mip OJoKiB Mo3aiku Ha 14%, 30UTBIIMIMCH HAMPYKEHHS
apyroro poay Ha 15% i mineHicTs auciokamii Ha 29%. Crams 4 (0,84% C, 0,44% Si,
0,95% Mn, 0,0103% B) B mopiBustaHi 3 ctasutto 1 (0,75% C, 0,33% Si, 0,89% Mn) maroth
MEHIIIe 3HAYCHHsI OJIOKIB Mo3aiku Ha 5,3%, IIIIbHICTh qUciIoKalii (Bimoopaxenus 110
ta 220) 360inbmmiack Ha 10 Ta 4 % BianosigHo. [Tpy MOPIBHSAHHI TOCITITHUX CTaNeH 5
(0,90% C, 0,39% Si, 0,89% Mn, 0,0006% B) Ta craii 1 (0,75% C, 0,33% Si, 0,89% Mn)
BCTAHOBJICHO, 110 pO3Mip OJOKIB MO3aiKi 3MEHIIUBCS Ha 2,5 %, NIIBHICTh AUCTOKAIIINA
(BimoOpaxkensb 110 ta 220) 36imbimmBes Ha 5% Ta 17% BiAMOBIAHO.

B po6oTi Ha OCHOBI pe3yabTaTiB PeHTreHO0(ha30BOr0 aHAMI3y MICIS TEPMIYHOI
0o0OpoOKM JOCHIAHUX CTajJeil BCTAHOBJICHO HasiBHICTh BuUILIeHb FesC, saxi MaroTh
MaKCUMYMH Ha TUX CaMUX KyTax, 1110 1 a-Fe (marpurs).

B pesynbpraTi 7abopaTopHUX AOCHIKEHb, [JIs  JOCHTIAHO-TIPOMMCIOBOTO
onpoOyBaHHsS BUPOOHUITBA 3aII3HUYHUX PEHOK PEKOMEHJI0BAHO HACTYMHHUMN XIMIUHUN
ckian, % mac: C=0,84-0,92; Si=0,35-0,45; Mn=0,80-0,95; V<0,0015; B=0,003-0,005%,
[N]=0,012-0,015%.
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ABSTRACT

Podolskyi R.V. Development of chemical composition and modes of heat treatment
of high-strength rails of pearlite class steels.— Qualification scientific work regarded as
an equivalent to a manuscript.

Dissertation for the degree of Doctor of Philosophy PhD in specialty 132 -
"Material Science". - Ukrainian State University of Science and Technology. - Dnipro,
2023.

The dissertation is devoted to the development of the chemical composition of
steels and technological parameters of heat treatment of railway rails at enterprises of
Ukraine, which ensure the improvement of operational properties.

It is shown in the work that rails of Ukrainian production according to current
technology are inferior to foreign analogues in terms of mechanical properties and, as a
result, in operational durability. The throughput capacity of rails produced in Ukraine is
0.5 billion gross tons, while a similar indicator in France, Japan is 1 billion gross tons, i.e.
2 times more. It is shown that increasing the strength characteristics of steel due to the
development of a new chemical composition and heat treatment leads to an increase in
operational characteristics.

The influence of chemical elements on the final structure and mechanical properties
of steel was studied. Based on these studies, 3 experimental chemical compositions of
steels were recommended for laboratory smelting and further research.

From the literature analysis, it was established that steels used in the production of
railway rails require cooling rates in the range of 0.63...18.2°C/s to achieve pearlite
structure. It is shown that for steel 75XI'CM the required cooling rate is from
0.63...0.14°C/s, since the use of alloying elements Cr, Mn, Si, Mo increases the incubation
period. Thus, the region of pearlitic transformation becomes more prone to move towards
less intensive cooling rates. In M76T steel, the pearlite structure is formed at a cooling
rate in the range 0 9.2...18.2°C/s, in R350LHT steel - at a cooling rate of about 5°C/s. In
E76X® and E76XA® steels, which contain chromium, after cooling at rates of 1 °C/s
and less, as a result of the disintegration of supercooled austenite, in addition to the ferrite-



carbide mixture of the pearlite type, the formation of excess ferrite is observed. In E76F
steel, the cooling rate required for the formation of the pearlite structure was up to 10°C/s.

Modern global manufacturers of rail products have each chosen their own
individual path of technological solutions (applied production and thermal strengthening
technologies) to achieve the properties according to which the products are manufactured.
This list can be divided into rails without thermal strengthening (Poland, Italy), rails with
differentiated thermal strengthening from rolling heating (Japan, Austria, USA), rails
with differentiated thermal strengthening from separate induction heating (France,
Canada (now the factory is closed), Ukraine), rails with volume hardening in oil from
separate furnace heating (Russia).

Based on the results of the analysis of literary sources, a complex of studies was
carried out with the aim of establishing the regularities of the formation of the structural
state and mechanical properties at the intersection of the head of railway rails in the
conditions of Ukrainian production, made of high-carbon steel, microalloyed with
vanadium (K76F brand). Studies of the microstructure of thermally strengthened rails of
Ukrainian production have been conducted. The presence of heterogeneity of the structure
on the rolling surface of the rail and the low dispersity of the carbide phase at a depth of
11 mm from the rolling surface of the product were established.

In the work, a study was conducted, from which it was established that the existing
heat treatment technology used in Ukraine cannot provide a high level of hardness in the
section of the rail head (up to a depth of 20 mm), which meets the requirements of foreign
standards.

The work uses a mathematical model that predicts changes in temperature fields
and the instantaneous cooling rate in a railway rail during differential cooling. The applied
model allows determining the required heat treatment parameters for the formation of
structural components and achieving a regulated set of mechanical properties of steel. It
has been established that the current production technology using heat strengthening does
not allow the cross-sectional hardness values of the railway rail to be reached at the level
of European standards, which is due to insufficiently intense cooling, namely the central

sections of the rail head, the temperature of which is - 680 °C.



As part of the research, it was established that in order to ensure hardness (370 HB)
in the axial sections of the rail head (depth 20 mm) in accordance with the requirements
of European standards, there is a significant need for the development of new promising
heat treatment parameters or the development of promising chemical compositions of
steels that will increase the intensity of cooling in the central sections of the rail head.

As a result of dilatometric studies, a diagram of the decomposition of undercooled
austenite of the experimental steel with C=0.84%, Mn=0.95%, Si=0.44%, B=0.01%,
Ca=0.0006% was constructed and it was established that that at cooling rates of 0.06-
5.9°C/s the structure consists mainly of pearlite of different dispersion, with an increase
in the cooling rate up to 64.3°C/s the formation of bainite takes place with a subsequent
change in morphology from feathery to acicular.

It was built as a result of microstructural studies, the structural diagram of the
experimental steel with C=0.84%, Mn=0.95%, Si=0.44%, B=0.01%, Ca=0.0006%. It is
shown that at a cooling rate of up to 5.9°C/s, austenite disintegrates with the formation of
pearlite; at 5.9°C/s ... 64.3°C/s the steel structure consists of pearlite and bainite; with a
further increase in speed to 118.3 °C/s, the structure consists mainly of martensite.

As a result of the research, the dependence of the change in pearlite dispersion on
the intensity of cooling of the test steel with C=0.84%, Mn=0.95%, Si=0.44%, B=0.01%,
Ca=0.0006% and the dependence of steel hardness on the interlaminar distance of pearlite
at a cooling rate of 0.06...5.9 °C/s.

The work used a mathematical model that allows predicting the change in
temperature, the average instantaneous speed and the average stress along the section of
the sample for hardenability according to EN ISO 642:1999, in the process of continuous
one-sided cooling. The model can be used to determine the necessary parameters of
thermal treatment of railway rails to achieve the required structural component and
hardness.

The chemical composition of experimental steels for railway rails was developed
and ingots weighing up to 10 kg were smelted in laboratory conditions. A positive effect
of hot plastic deformation and subsequent heat treatment on hardness was established.

After hot plastic deformation, in comparison with the cast state, the increase in hardness



was ~14.1%; after hot plastic deformation followed by heat treatment (without
tempering), the increase in hardness was ~39.4%.

X-ray structural analysis was carried out and it was established that steel 2 (0.70%
C, 0.44% Si, 0.76% Mn, 0.0004% B) has larger sizes of mosaic blocks by 1.72%, less
dislocation density (reflection 110) by 3.5%, the density of dislocations (reflection 220)
by 0.8%. Steel 3 (0.80% C, 0.47% Si, 0.97% Mn, 0.0001% B) - the average size of the
mosaic blocks increased by 14%, the second-order stresses increased by 15% and the
dislocation density by 29%, Steel 4 (0.84% C, 0.44% Si, 0.95% Mn, 0.0103% B)
compared to Steel 1 (0.75% C, 0.33% Si, 0.89% Mn) have a smaller value of mosaic
blocks by 5.3%, the density of dislocations (reflections 110 and 220) increased by 10 and
4%, respectively. When comparing experimental steels 5 (0.90% C, 0.39% Si, 0.89% Mn,
0.0006% B) and steel 1 (0.75% C, 0.33% Si, 0.89% Mn) it was found that the size of the
mosaic blocks decreased by 2.5%, the size of dislocations (reflections 110 and 220)
increased by 5% and 17%, respectively.

In the paper, based on the results of X-ray phase analysis after heat treatment, the
presence of FesC, which have maxima at the same angles as o-Fe (matrix), was
established.

As a result of laboratory studies, the following chemical composition, mass %, is
recommended for experimental and industrial testing of the production of railway rails:
C=0.84-0.92; Si=0.35-0.45; Mn= 0.80-0.95; V< 0.0015; B=0.003-0.005%, [N]=0.012-
0.015%.

Keywords: Metal products for railway purposes, phase composition, chemical
composition, heat treatment, mechanical properties, structure, plasticity, mathematical

modeling, model, forecast.



