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Abstract. Due to the constant increase in axial loads and the weight of rolling stock intended for passenger and freight heavy traffic, more stringent
requirements are being put forward by consumers of rail products. The pearlite-grade carbon steels currently used for the industrial production
of rails have high consumer properties, namely, resistance to wear and the formation of contact and fatigue defects, which makes it possible
to ensure operability in a wide range of operational and climatic conditions along the entire length of the railway network. An important tech-
nical task is to establish the patterns of formation of the microstructure of rails depending on the chemical composition of steel and influence
of the structure on properties of the finished products. One of the main parameters determining the structure and consumer properties of pearlite
steel railway rails is the size of the interlamellar spacing. Improving the operational stability of rails is one of the main tasks of the specia-
lists of JSC EVRAZ ZSMK, the Kuzbass Metallurgical Plant, one of the five largest manufacturers of railway rails in the world. The results
of a comparative analysis of chemical composition, size of the interlamellar spacing, as well as the strength and plastic properties of the metal
of pearlite-class railway rails are presented. In accordance with GOST R 51685-2022, 90KhAF steel is hypereutectoid in terms of carbon content.
As aresult of the conducted research, the relationships between parameters of the structure and the physico-mechanical properties of rails, as well
as between content of the main chemical elements in steel and the interlamellar spacing of perlite, were established.
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AHHOmayus. B cBs3H ¢ IOCTOSHHBIM YBEJIHYCHHEM OCEBBIX HATPY30K K MACChI MOABHKHBIX COCTABOB, MPEAHA3HAYCHHBIX [IS TACCAKUPCKOTO U IPY30-
BOTO TSDKEJIOBECHOT'O JIBHIKEHUS, BBIIBUTAIOTCS OOJIee KeCTKHe TPEOOBAHHS CO CTOPOHBI MOTPEOHUTENEH PeTbCcOBOM NPOAYKIHHU. McTonb3yemble
B HACTOSIIIEE BPEMSI IS TPOMBIILICHHOTO TIPOM3BOJICTBA PEJIbCOB YINIEPOAUCTHIC CTAJIM MEPIUTHOTO Kilacca 00J1a1al0T BBICOKMMH MOKa3aTeNsIMu
MOTPEOUTENLCKUX CBOMCTB, @ UMEHHO, CTOMKOCTBIO K M3HOCY, 00pPa30BaHUI0 KOHTAKTHO-YCTAJOCTHBIX AC(PEKTOB, YTO MO3BOJISET 00CCHEUNTD
paboToCIOCOOHOCTh B IIHPOKOM JIHAINA30HE IKCIUTYyaTAlIMOHHBIX W KIIMMATHYECKUX YCIOBHM Ha BCEH MPOTSHKEHHOCTH CETH JKEJIE3HBIX JOPOT.
BaxHOi1 TexHUUeCKOH 3a1aueil SBIsSeTCs yCTAaHOBJICHHE 3aKOHOMEPHOCTEH (OPMUPOBAHUS MUKPOCTPYKTYPBI PEIIbCOB B 3aBUCHMOCTH OT XUMH-
YEeCKOI0 COCTaBa CTAJIM M BIUSHHS CTPYKTYPbI Ha CBOMCTBA TOTOBOM MPOAYKIHU. OHUM U3 OCHOBHBIX [TAPAMETPOB, OMPEICISIIOIINX CTPYKTYPY
U MOTPEOUTENILCKUE CBOMCTBA JKEIE3HOMOPOIKHBIX PEJIbCOB U3 MEPIUTHON CTaNH, SIBISETCS BEIMYMHA MEKIUIACTHHYATOTO paccTosiHus. [1oBbI-
LICHUE DKCIUTyaTallMOHHON CTOMKOCTH PelibCOB — OJIHA M3 OCHOBHBIX 3ajau crenuanuctoB AO «EBPA3 3CMK» — meramtyprudeckoro 3aBoja
Kys0acca, BXOJSI1IIEro B IATEpKY KPYIHEHIINX B MUPE TIPOM3BOUTENICH HKEJIe3HOJOPOKHBIX PEIbCOB. B pesynbrare NpoBeJCHHbBIX HCCIICIOBAHUM
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HpeCTaBIeHbl Pe3y/IbTaThl CPABHUTENILHOTO aHAIM3a XMMHUYECKOT0 COCTaBa, BEJIMYMHbBI MEXIUIACTHHYATOrO PACCTOSHUS, a TAKXKe MPOYHOCTHBIX
¥ TUTACTUYECKNX CBOWCTB MeTaJula JKEJIE3HOMOPOXKHBIX PENbCOB MepiuTHOro kiacca. B coorBerctBrm ¢ OCT P 51685 — 2022 crans mapku
90XA®D no coxepkaHUIO yIIepoa sSBISETCS 3a9BTEKTOUIHOM. B pesynbrare nmpoBeeHHBIX UCCIIEIOBAHUH YCTAHOBIICHBI CBSI3H MEXKILy Iapame-
TpaMH CTPYKTYpPbI X QH3UKO-MEXaHHIECKUMHU CBOHCTBAMHU PENIBCOB, a TAKKE MEKIY COICPKAHNEM OCHOBHBIX XUMHUUYECKHUX 3IEMEHTOB B CTallH U

MEXKINIACTUHYATBIM PACCTOSTHUCM TICPIIATA.
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- INTRODUCTION

Consumers of rail products are increasingly deman-
ding longer intervals between maintenance operations
and improved durability and reliability of rails, which
remain the primary and most heavily loaded component
of the railway superstructure. The operational durability
of rails is governed to a large extent by the steel’s struc-
tural and phase state. For this reason, a key technical
objective is to clarify how the rail microstructure forms
as a function of steel chemical composition and how
the resulting structure affects the properties of the fini-
shed products.

Numerous studies [1 — 3] have identified the principal
trends linking microstructure to rail operational durabi-
lity. Worldwide, rails are most commonly manufactured
from high-carbon pearlite-grade steels. Under accelerated
cooling, these steels develop a fine lamellar ferrite — car-
bide mixture (pearlite), which provides a favorable
combination of hardness, strength and ductility, impact
toughness, fracture toughness, contact fatigue strength,
and wear resistance [4 — 6]. Among the parameters that
control both the microstructure and the consumer pro-
perties of pearlitic railway rails, a central role is played
by the interlamellar spacing (ILS). In this work, ILS is
understood as the sum of the thicknesses of the ferrite and
cementite lamellae that form in rails after rolling and dif-
ferential heat treatment [7 — 9]. Despite its importance,
this aspect remains insufficiently explored [10 — 12].
Therefore, quantifying this structural parameter is essen-
tial when designing steel compositions, selecting heat-
strengthening modes, and setting temperature — defor-
mation rolling schedules aimed at achieving the required
quality indicators of metal products.

This study presents the results of a comparative analy-
sis of the chemical composition, interlamellar spacing,
and strength and ductility properties of R65 railway rails
manufactured by JSC EVRAZ United West Siberian
Metallurgical Plant (JSC EVRAZ ZSMK) [13].

[ MATERIALS AND METHODS

Differentially heat-treated R65 railway rails, harde-
ned using the residual heat from pre-rolling heating,

were selected as the object of investigation. According
to GOST R 51685 — 2022, 90KhAF steel is classified as
hypereutectoid with respect to carbon content.

To evaluate the metal quality of the rails, tensile tests
were performed in accordance with GOST 1497 — 2023
using a Z-250 universal testing machine. Impact bending
tests were carried out in accordance with GOST 9454 — 78
on an RKP-450 pendulum impact tester. Hardness mea-
surements were conducted on the running surface
of the rail head in accordance with GOST 9012 — 59
using a NEMESIS 9503 universal hardness tester.

Microstructural studies and measurements were per-
formed using a Tescan MIRA3 scanning electron micros-
cope (SEM). The interlamellar spacing and grain diameter
were evaluated on transverse metallographic sections
prepared from the fillet region after electropolishing and
etching in a 4 % alcoholic solution of nitric acid.

The region selected for interlamellar spacing mea-
surements was located at a distance of 2 —4 mm from
the running surface of the rail head. This location was
chosen because it corresponds to the zone experiencing
the maximum contact stresses arising from wheel — rail
interaction during service. In accordance with the pro-
cedure described in [14], interlamellar spacing measure-
ments were carried out within pearlite colonies exhibiting
a clearly pronounced parallel arrangement of lamellae,
regardless of their apparent spacing (visible interlamellar
spacing). The obtained data were subsequently processed
taking into account the asymmetry coefficient, followed
by calculation of the average value of the true interla-
mellar spacing. Lamellar spacings showing evident signs
of deformation (fractured, broken, or strongly curved
lamellae) were excluded from the analysis.

Grain diameter in the rail steel of the investigated
compositions was determined near the fillet surface using
the ferrite/cementite network method in accordance with
GOST 5639 — 82 “Steels and alloys. Methods for revea-
ling and determining grain size”.

- RESULTS

The chemical composition of the investigated rail
steels, conventionally designated as compositions / — 3,
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Table 1. Chemical composition of the studied rails metal

Tabauya 1. XuMHYeCKHii COCTAB MeTaJLJIa HCCJIEyeMbIX PeJIbCOB

. Element content, wt. %
Composition (C+Cr), %
C Cr Vv Mo
1 0.87 0.30 0.08 0.006 1.17
2 0.94 0.27 0.09 0.006 1.22
3 0.91 0.34 0.09 0.006 1.24
4 0.93 0.34 0.10 0.018 1.27
5 091 0.34 0.04 0.010 1.25
Req‘”remeﬁ: ggg}?:g Si:11685_2022 0.85-0.94 | 0.20-0.60 | 0.03-0.15 - -

is presented in Table 1. Heating, rolling, and heat treat-
ment of the rails were carried out under identical tem-
perature — time processing conditions. For each nominal
composition, several heats were selected and grouped,
differing primarily in carbon, chromium, vanadium, and
molybdenum contents. The contents of the remaining
elements do not differ significantly between the heats,
meet the requirements of GOST R 51685 — 2022, and are
therefore not reported here.

The data show that all compositions meet the require-
ments of GOST R 51685 — 2022 with respect to carbon,
chromium, and vanadium. Additional microalloying
with molybdenum is permitted and is not regulated by
the standard. A comparison of the chemical composi-
tions indicates that composition / has the lowest carbon
content, whereas composition 2 has the highest; com-
positions 3 — 5 fall in between. Vanadium contents are
generally comparable, except for composition 5, where
vanadium is lower by 0.04 —0.06 % than in the other
steels. The rail steels of compositions 4 and 5 contain
more molybdenum, by approximately 0.012 and 0.004 %,
respectively. Chromium is lowest in compositions /
and 2; compositions 3 — 35 show slightly higher chro-
mium levels, exceeding those of compositions / and 2
by 0.04 — 0.07 % on average.

It is well known [15; 16], that carbide-forming ele-
ments strongly affect the kinetics of austenite decomposi-
tion and, consequently, the shape of the isothermal trans-
formation diagram. Specifically, the pearlitic and bainitic
transformations become clearly separated, and an inter-
mediate region with increased austenite stability appears.
Studies [17 — 19] have shown that chromium alloying
of pearlitic steels results in solid-solution strengthen-
ing of ferrite, chromium enrichment of cementite with
formation of (Fe, Cr),C, and possibly the formation
of chromium carbides. In [20], the conditions for forming
a pearlitic structure during rail heat strengthening were
analyzed, and relationships were established between
the total carbon and chromium content ((C + Cr), %),
the pearlitic transformation temperature, and the inter-
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lamellar spacing of pearlite in the steels under conside-
ration (Table 1). In addition, dependencies of strength
and ductility on carbon and chromium contents were
identified; the combined (C + Cr) content should exceed
1.2 %, which promotes a finer pearlitic structure and pro-
vides an optimal balance between strength and ductility.
In the present steels, the combined carbon and chromium
content is broadly similar and exceeds 1.2 %, except for
composition / (1.17 %). This is consistent with the rela-
tively high strength values obtained while retaining high
ductility (Table 2).

Mechanical testing showed that, in terms of tensile
properties, impact toughness, and hardness measured
on the running surface of the rail head, all investigated
steels substantially exceed the standard requirements for
hypereutectoid rails intended for DT370IK and DT400IK
categories. Composition 3, in which carbon, chromium,
and vanadium are increased simultancously, exhibits
the most favorable combination of strength, ductility, and
impact toughness. At the same time, the running-surface
hardness of the rail head in composition 3 is only slightly
higher than that of composition /, which contains the low-
est levels of carbon and the above alloying elements.
A threefold increase in molybdenum content in compo-
sition 4 is accompanied by a marked increase in impact
toughness and by higher strength and ductility compared
with the other steels. A reduction in the vanadium and
molybdenum contents in experimental alloy 5 results in
a pronounced decrease in impact toughness and ductility,
while strength characteristics and hardness at the running
surface of the finished rail head remain unchanged.

After rolling and differential heat treatment, the inves-
tigated rail steel exhibits a pearlitic microstructure, pre-
dominantly composed of pearlite lamellae with a regular
morphology (Fig. 1).

At the same time, a considerable number of deformed
pearlite colonies with broken and “wavy” lamellae are
observed, as well as regions characterized by interwoven
pearlite colonies (Fig. 2).
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Table 2. Mechanical properties and hardness

Tabauya 2. MexaHn4ecKue CBOCTBA U TBEPAOCTH

N Tensile properties Kcu Hardness
Composition (+20 °C), at the running surface
o, N/mm? | 6, N'mm?* | 3, % v, % J/em? of the rail head, HB
1 920 1370 10.5 27 26.5 393
2 980 1430 10.5 31 26.0 412
3 1030 1450 10.5 29 25.0 409
4 1028 1480 11.0 24 30.0 424
5 1049 1447 9.0 22 21.5 420
; no less
Requirements DT370IK 370 - 415
of GOST R 51685-2022 £70 1280 8.0 14.0 s
for rail category DT400IK 1300 ' ' 400 — 455

As part of the quantitative analysis, key microstruc-
tural parameters — namely, the interlamellar spacing
(pearlite dispersion) and grain diameter — were evaluated.

The results of the microstructural measurements, pre-
sented in Table 3, are given as arithmetic mean values
with the corresponding standard deviations.

The data indicate that the average interlamellar spa-
cing of pearlite and grain size measured in the rail steels
of the investigated compositions are generally compara-
ble. An exception is observed for compositions / and 2,
in which the interlamellar spacing amounts to 0.116 and
0.112 pm, respectively, indicating comparatively lower

Fig. 1. Microstructure of the studied rails metal of compositions / — 5 (a —e)

Puc. 1. MUKpPOCTPYKTypa METaJlIa HCCIEAYEMbIX PEIbCOB COCTAaBOB [ — 5 (a — e)
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Fig. 2. Microstructure of the studied rails metal of compositions / — 5 with deformable plates (a — e)

Puc. 2. MUKpOCTpPYKTypa MeTaJlIa HCCIETYyeMBIX PEILCOB COCTaBOB / — 5 ¢ ehopMUpyEeMbIMHE IIaCTHHAME (a — e)

strength levels. In contrast, the rail steel of composition 4
exhibits a significantly smaller average grain size — by
approximately 3 —5 pm — than the steels of the other
investigated compositions (Table 3). The increased vana-
dium and molybdenum contents in composition 4 likely
contributed to the enhancement of impact toughness as
well as strength and ductility characteristics, which can
generally be attributed to the grain growth — retarding
effect of these elements during rail heat treatment [21].

Table 3. Microstructure parameters

Tabauya 3. [lapaMeTpbl MUKPOCTPYKTYPHI

Composition Islll;:gize:lﬁ Grain diameter, pm
1 0.116 +(0.019) 18.36 + (4.04)
2 0.112 +(0.020) 19.30 + (4.80)
3 0.100 + (0.013) 20.23 +£(2.82)
4 0.110 +(0.011) 15.14 £ (2.83)
5 0.109 + (0.011) 20.60 + (3.90)
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- CONCLUSIONS

A comparative analysis was carried out covering
the chemical composition, strength and ductility cha-
racteristics, and quantitative microstructural parameters
of railway rails produced from hypereutectoid 90KhAF
steel for the five investigated compositions.

The most favorable combination of strength and duc-
tility characteristics — based on tensile testing, impact
bending tests, and hardness measured on the running sur-
face of the rail head — was obtained for rails produced
from experimental composition 4, which is characterized
by slightly increased contents of the microalloying ele-
ments vanadium and molybdenum, by approximately
0.01 — 0.06 and 0.008 — 0.012 wt. %, respectively.

Quantitative evaluation of the microstructural para-
meters showed that the average interlamellar spacing
of pearlite in the investigated samples remains at a com-
parable level. At the same time, the rail steel of composi-
tion 4 exhibits a finer-grained structure, with the grain
diameter reduced by 3 — 5 um. This finer grain structure,
in combination with a dispersed pearlitic microstructure,
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contributed to achieving an optimal balance between
strength and ductility in the investigated rails.

In service, a rail’s resistance to contact fatigue defects

and other damage mechanisms is influenced by many fac-
tors. Understanding how the microstructure forms and
how it should be matched to the required mechanical
properties enables the design of rails tailored to specific
track sections, improving in-service performance and
extending service life.
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