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Abstract. The operational resistance of railway rails is mainly determined by the resistance to contact fatigue defects and wear resistance, and, in addi-
tion to the impact characteristics of rolling stock wheels, depends on the chemical composition, structure and mechanical properties of rail steel.
Currently, the ways to improve the operational properties of traditional pearlitic rails by increasing the microstructure dispersion are almost exhausted.
One of the solutions to increase the service life of rails may be the transition to their production from bainitic steels, characterized by higher mecha-
nical properties, resistance to the formation of surface contact and fatigue defects and increased cold resistance. Operational tests conducted abroad
in the early 2000s showed that rails made of bainitic steel do indeed have increased resistance to formation of contact fatigue defects compared to rails
made of pearlitic steel, but they are subject to more intensive wear. It was concluded that the resistance of bainitic rails to head damage by surface
contact and fatigue defects is a consequence of the removal of the damaged rolling surface layer as a result of wear. In 2004 — 2006, JSC EVRAZ
United West Siberian Metallurgical Plant conducted research and produced an experimental batch of bainitic rails, which showed the promise of
using such steel and the possibility of simultaneously providing increased wear resistance and low-temperature reliability. However, at that time, the
plant did not have the full capabilities to ensure the high metallurgical quality of steel: the identified shortcomings are related to the insufficient purity
of the metal for non-metallic inclusions. As part of the resumption of work on the development of bainitic rails, two experimental medium-carbon
steels B1 and B2, differing in alloying schemes, were smelted, rolled onto rails of type P65 and cooled in calm air. The presented results of mechanical
tests showed the positive effect of increased chromium and nickel alloying on mechanical properties and structure.
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AHHOMAayuA. DKcIuTyaTallMoOHHAs CTOMKOCTD JKENE3HOJOPOXKHBIX PEILCOB ONPE/IEIIIeTCS B OCHOBHOM COIPOTHBICHUEM BO3HHKHOBEHUIO J1E(EKTOB
KOHTAKTHOHM YCTaJIOCTH M M3HOCOCTOWKOCTBIO, M 3aBUCHT, IIOMUMO XapaKTEPUCTHUK BO3ICHCTBUS KOJIEC MOABMKHOTO COCTaBa, OT XUMHUYECKOTO
COCTaBa, CTPYKTYPBbl M MEXaHUYECKUX CBOWCTB PEelIbCOBOW cTaiy. B HacTosIiiee BpeMs IyTH MOBBILICHUS KCIUTYaTallMOHHBIX CBOMCTB TPaju-
LUOHHBIX MEPIUTHBIX PEIILCOB 3a CUCT YBEIMUYCHUS AUCIIEPCHOCTH MUKPOCTPYKTYPHI IPAKTHYECKHU Mcuepranbl. OIHUM U3 PEIICHHN IS TIOBBI-
LICHHUS CPOKA CITYKOBI PEJILCOB MOXKET CTATh IEPEX0l Ha IPOM3BOJCTBO MX U3 CTalleld OEHHUTHOIO Kiacca, OTIANYAIONIMXCS O0siee BHICOKUMU MeXa-
HUYECKUMHU CBOMCTBAMH, CTOMKOCTBIO K 00pa30BaHUIO MOBEPXHOCTHBIX KOHTAKTHO-YCTAJIOCTHBIX JE()EKTOB M MOBBIMICHHOM XJIa[0CTOUKOCTBIO.
ITpoBenenubie B Hadane 2000-x rogoB 3a pyOeKOM 3KCIUTyaTal[HOHHBIC UCTIBITAHHS [TOKA3aJIH, YTO PENbChl N3 OCHHUTHOM cTanu AeHCTBUTEIBHO
00J1a/1a10T TIOBBIIIEHHOH 110 CPAaBHEHUIO C PEJIbCAMU M3 CTAJH MEPINTHOTO KJIACCAa COMPOTHBISIEMOCTBIO K 3aPOJKACHHIO KOHTAKTHO-YCTAIOCTHBIX
JiepeKTOB, OZIHAKO MO/IBEPIKEHBI 00JIee MHTEHCUBHOMY M3HOCY. BbIT clienan BBIBOJL, 4TO CTOMKOCT OCHHUTHBIX PEIbCOB K MOBPEKACHHUSIM TOJIOBKH
ITOBEPXHOCTHBIMH KOHTAKTHO-YCTAJIOCTHBIMH JA€(DEKTaMU SBIIACTCS CIICICTBUEM YIAJIICHHS TIOBPEKIACHHOTO CIIOS TOBEPXHOCTH KAaTaHUS B PE3YIlb-
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tare uzHoca. B 2004 — 2006 rr. Ha AO «EBPA3 O6beaunennslit 3anaano-CuOupcKuil MeTaurypruyeckuii KOMOMHATY MPOBEICHBI HCCIIEIOBAHUS
M BBIITYCK OIBITHOI MapTUH OCHHUTHBIX PENbCOB, KOTOPBIE MMOKA3aIHM NePCIEKTHBHOCTh IIPUMEHEHHS TAKOH CTalld U BO3MOXKHOCTH 00€CIICUeHUs
OJTHOBPEMEHHO TOBBIILICHHOW H3HOCOCTOMKOCTH M HU3KOTEMITEpaTypHOil Haie)kHOCTH. OJTHAKO B TOT MIEpHOJ] KOMOWHAT HE pacriojiarai B MOJHOM
Mepe BO3MOXKHOCTSMH OOECIICUCHHs BBICOKOIO METAJTYPrHUeCKOro KauyecTBAa CTAJM: BBISIBJICHHBIC HEJOCTATKU CBSI3aHBI C HEIOCTATOYHOM
YHCTOTOHM MeTaJula 10 HEMETAUTMUECKUM BKIIFOYCHUSIM. B paMkax BO30OHOBIIEHHS pabOT 110 OCBOCHHIO PEIbCOB OCHHUTHOTO Kilacca MpoBeeHa
BBIIJIABKA, IIPOKATKa PEIbCOB THMA P65 1 oxJakaeHNe Ha CIIOKOIHOM BO3/yXe JBYX OIBITHBIX CpeqHEyIIepoaucTsix cranei b1 u b2, ommaato-
IIMXCSl CXeMaMHU JIernpoBaHus. [IpencTaBieHHbIe pe3y/bTaThl MEXaHUYECKUX HCIBITAHUI MOKA3aJld MOJOKUTEIBHOE BIMSIHUE MOBBIIICHHOTO
JIETHPOBAHHUS XPOMOM U HUKEJIEM Ha MEXaHHYEeCKHE CBOWCTBA U CTPYKTYPY.

Kaloyesuvle c08a: npokaTka penbcoB, OCHHUTHAS CTalb, OTIIYCK, MUKPOCTPYKTYpa, yAapHas BA3KOCTb, CTOMKOCTb K 0Opa30BaHMIO KOHTAKTHO-yCTa-
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- INTRODUCTION

As is well known [1 — 3], the service life of railway
rails is influenced by numerous technological and opera-
tional factors. Among the latter, the most critical — judg-
ing by the number of rails removed due to defects or
severe damage — are the resistance of rail steel to contact
fatigue defects and its wear resistance. These proper-
ties, in turn, depend largely on technological parameters
such as chemical composition, microstructure, mechani-
cal properties, the level of non-metallic inclusions, and
the magnitude and distribution of residual stresses.

Traditionally [4], rail steels have a high carbon content
(0.6 — 0.8 wt. %) and a pearlitic microstructure. Improve-
ments in the wear resistance of pearlitic steels have been
achieved by optimizing both chemical composition and
heat treatment parameters, which allow for a reduction
in the interlamellar spacing of cementite plates within
pearlite colonies. This refinement enhances the strength,
ductility, and hardness of the steel.

In modern pearlitic rail steels, the interlamellar spa-
cing has reached its theoretical lower limit [5], estimated
at 0.06 —0.07 um. Therefore, further improvements in
the performance of pearlitic rails appear to be nearly
exhausted. A promising alternative is the production
of rails from bainitic steels, which feature a finer micro-
structure and, as a result, offer superior mechanical pro-
perties and increased resistance to contact fatigue defect
(CFD) formation.

In the late 1990s and early 2000s, with support from
railways in Western Europe and the United States, several
experimental bainitic steel grades suitable for manufac-
turing heat-treated rails were developed by metallurgical
institutes and industrial enterprises [6 — 10].

Initial field trials of hot-rolled rails made from B360
bainitic steel, conducted near Frick Station in Switzer-
land in 1999, confirmed that this material offers signifi-
cantly improved resistance to the initiation and growth
of contact fatigue defects [8].

However, some bainitic rail grades have shown
more intensive wear compared to the widely used heat-

treated pearlitic rails. According to studies conducted
by the Materials and Processing Research Center (NKK
Corporation, Japan), the wear resistance of pearlitic steels
is primarily determined by their hardness and microstruc-
tural characteristics. It has been concluded in [10; 11]
that the high resistance of bainitic rails to contact fatigue
damage is due to the gradual removal of the surface layer
affected by rolling contact — a phenomenon referred to as
the so-called “magic grinding effect”.

These findings suggest that bainitic rails require fur-
ther investigation before they can be considered a reliable
alternative to heat-treated pearlitic rails [7].

[l MATERIALS AND RESEARCH RESULTS

Studies conducted at EVRAZ United West Siberian
Metallurgical Plant (EVRAZ ZSMK) between 2004
and 2006 demonstrated that a lower bainite microstruc-
ture — typically used in critical structural applications
requiring high strength — can be obtained in rails made
from medium-carbon steel alloyed with chromium,
molybdenum, nickel, and vanadium [12; 13]. Test results
for experimental rails after rolling, normalizing, and
tempering confirmed the potential of using such steel
to simultaneously achieve enhanced wear resistance
and improved low-temperature reliability. Field testing
of an experimental batch of bainitic rails produced in
2005 by the EVRAZ Novokuznetsk Metallurgical Plant
using E30KhG2SAFM steel showed promising results,
provided that further improvements in steel purity — spe-
cifically with respect to non-metallic inclusions — could
be achieved. At the time, however, the plant did not yet
have the full technical capabilities to ensure consis-
tently high metallurgical quality and precision rolling
using modern equipment. In light of increasingly strin-
gent performance requirements for rails operating under
the extremely harsh conditions of the Eastern Railway
Network — characterized by prolonged exposure to very
low temperatures — it has become necessary to develop
a new bainitic steel composition and define a suitable pro-
duction route, taking into account the current capabilities
of the modernized rail manufacturing facilities.
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In 2022, EVRAZ ZSMK resumed the develop-
ment of bainitic rail steel production technology aimed
at meeting modern operational demands. Two pilot heats
with improved chemical compositions were produced.
Rolling was carried out in the rail and beam shop using
the plant’s standard process flow, with the use of a tandem
universal mill and a separate finishing stand. Complete
cooling of the experimental rolled products was carried
out in bundles on a cooling bed, in still air, without forced
convection.

Two medium-carbon steels, provisionally designated
B1 and B2, were tested. Steel B1 featured a higher con-
tent of molybdenum and silicon, while steel B2 was
characterized by increased levels of chromium and nickel
(Table 1). For comparison, the chemical composition
of the E30KhG2SAFM bainitic steel grade produced
in 2004 is also provided [13].

The chemical compositions of the experimental grades
differ considerably in their silicon, chromium, nickel, and
molybdenum content. Compared to E30KhG2SAFM,
steel B1 has a higher silicon content and slightly elevated
levels of chromium and molybdenum.

To determine the mechanical properties of the rails,
tensile tests were carried out using cylindrical specimens
with a diameter of 6 mm and a gauge length of 30 mm
(Type III, GOST 1497-84). Impact bending tests were
performed at +20 °C and —60 °C using U-notch speci-
mens (Type I, GOST 9454-78), in accordance with GOST
standards for impact strength. Hardness was measured
both on the running surface and across the cross-section
of the rail head.

The results of the mechanical tests (Table 2) show
that, compared to rails made from B1 steel, rails made
from B2 steel exhibit higher strength properties: yield
strength is 20 % higher, and ultimate tensile strength is
9.2 % higher. However, B2 steel has a 27 % lower elon-
gation at fracture, while the values of area reduction are
similar for both steels.

At +20 °C, the impact strength values of the two
steels are fairly close. However, at —60 °C, the B2 steel
demonstrates a significantly higher impact strength —
48 % higher than that of B1 steel. These results indicate
a positive effect of nickel on impact strength at sub-zero
temperatures.

Compared to rails made from E30KhG2SAFM steel,
the B1 steel rails show higher strength properties (yield
strength is 9.6 % higher, and tensile strength is 10.1 %
higher), although their elongation is somewhat lower
(by 9.4 %) at comparable values of area reduction. It is
worth noting that the impact strength of B1 steel rails is
significantly higher than that of E30KhG2SAFM rails.
This improvement is attributed to the higher purity
of the steel in terms of trace elements and non-metallic
inclusions, as well as better structural refinement achieved
through processing in the universal rail rolling mill.

The hardness distribution across the cross-sections
of the experimental rails is presented in Table 3.

Rails made from B2 steel generally exhibit higher
hardness compared to those made from B1 steel, which
is attributed to differences in the overall level of alloying.
Notably high hardness was also recorded in the foot fil-
let regions of both steel grades. This is primarily due

Table 1. Chemical composition of the studied steels

Tabauya 1. XuMu4eCcKHii cOCTAB UCCIeIyeMbIX CTaJIeid
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Chemical composition, wt. %
Steel - -
C Mn Si Cr Mo Ni
B1 030-035|140-1.60 | 1.30-1.50 | 1.00—1.10 | 0.20-0.30 -
B2 0.30-0.35 | 1.40-1.60 | 0.80—1.10 | 1.30—-1.50 - 1.00-1.10
E30KhG2SAFM 0.32 1.48 1.21 1.00 0.20 0.07
Table 2. Mechanical properties of bainitic steel rails
Tabauya 2. MexaHn4ecKkHe CBOICTBA pesibCOB U3 OeliHUTHOIl cTaIn
Tensile properties Impact strength, KCU, J/cm?
Steel o, N/mm? | o, N/mm? S, % v, % at +20 °C at —60 °C
B1 960 —-980 | 1390 - 1430 | 14.0-15.0 27-32 50 - 65 24 -34
B2 11501180 | 15101570 | 10.0-11.5 27-30 58 — 64 36 -47
E30KhG2SAFM | 880-890 | 1270-1290 | 15.0-17.0 25-33 32-37 11-17
Note.o — yield strength; o, — tensile strength; 5 — elongation at fracture; y — reduction of area; KCU — impact
strength.
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Table 3. Hardness on the head rolling surface and on the cross section of the experimental rails

Ta6/1uua 3. TBep}lOCTb Ha MOBEPXHOCTH KATAHUS I'OJIOBKH U IO CEYECHHUIO ONBITHBIX PEJILCOB

Hardness, HB
rail head rail foot
Steel runnin 10 mm from 22 mm from web
g running left fillet | right fillet running fillet 1 fillet 2
surface
surface surface
Bl 394 - 399 392 398 380-395 | 392-396 | 380-384 | 376-387 | 414 -426 | 418 —422
B2 444 — 462 440 — 448 454 — 458 | 446 -450 | 418 —421 410 -420 | 508 —520 | 510516
E30KhG2SAFM 375 375 - - 363 363 388 388

to the increased cooling rate in these areas, resulting from
the thinner cross-sections of the rail profile. A similar
hardness pattern was observed previously in rails made
from E30KhG2SAFM steel.

Microstructural analysis conducted using an Olympus
GX71 optical microscope revealed zones of structural
heterogeneity in the rail head of B2 steel. These inho-
mogeneities were caused by uneven plastic deformation
during rolling and appeared as alternating carbon-enriched
and carbon-depleted regions. Upon cooling from rolling
heat, martensitic transformation occurred in the carbon-
rich zones, while bainitic structures formed in the carbon-
depleted ones (Fig. 1). The combination of high strength,
ductility, and toughness observed in the material is a result
of this mixed microstructure. As the distance from the fil-
let surface increases, the proportion of bainite in the struc-
ture also grows, which is consistent with variations
in the cooling rate across the rail head section.

The microstructure at the base of the B2 rail foot and
in its fillets consists predominantly of martensite (Fig. 2).
The formation of martensite in this region is associated

with the relatively high cooling rate under still air condi-
tions, which is intensified by the smaller cross-sectional
area compared to the head.

The microstructure of the B1 rail head is shown in
Fig. 3. Near the fillet surface, a partially decarburized
layer is visible, along with fine polygonal ferrite grains.
The microstructure is predominantly composed of lower
bainite exhibiting a needle-like morphology. As the depth
increases, upper bainite begins to appear. This phase has
afeathery morphology, comprising alternating fragmented
ferrite and cementite plates. Beyond a depth of 20 mm,
the structure transitions almost entirely to upper bainite.

The microstructures of the rail foot and fillet regions
are shown in Fig. 4. In the foot, both lower and upper
bainite are present (Fig. 4, @), while the fillet areas con-
sist mainly of lower bainite with isolated regions of mar-
tensite (Fig. 4, b).

According to published studies [14 — 17], the most
favorable microstructure for bainitic rail steels is a com-
bination of lower bainite and lath martensite. This is
because, during the transformation of austenite into

Fig. 1. Microstructure of B2 steel rail head:
a — structural heterogeneity at a depth of about 2 mm (sections of lower bainite (dark), sections of martensite (light));
b — microstructure at a depth of up to 10 mm from the head rolling surface

Puc. 1. MUKpOCTPYKTypa TOJIOBKH peibca U3 cranu b2:
a — CTPYKTYpHAasi HEOJHOPOIHOCTh Ha TIIyOMHE OKOJIO 2 MM (Y4acTKH OCHHUTA HIDKHETO (TEMHBIE), y4aCTKU MapTeHCHUTA (CBETIIBIE));
b — MHKpOCTpYKTypa Ha TIyOuHe 710 10 MM OT HOBEPXHOCTH KaTaHUsI TOJIOBKU
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Fig. 2. Microstructure of B2 steel rail foot:
a — martensite at foot base; » — martensite in foot fillets

Puc. 2. MukpocTpyKTypa MOJOIIBEI peibca u3 ctanu b2:
@ — MapTeHCUT B OCHOBAHUH IOJIOIIBbBI; b — MAPTEHCHUT B MEPhSIX

Fig. 3. Microstructure of B1 steel rail head:
a — lower bainite and small grains of polygonal ferrite near the fillet surface;
b — microstructure at a depth of about 20 mm (mainly upper bainite)

Puc. 3. MuUKpOCTpPyKTypa TOJIOBKH penbca U3 cTanu Mapku b1:
@ — HIOKHUN OCHHUT M MEJIKHE 3epHA TOJIMIOHAIBHOTO (heppuTa BOIM3H MOBEPXHOCTH BBIKPYIKKH;
b — MukpocTpyKTypa Ha r1yorHe 0koso 20 MM (IPEUMYIIECTBEHHO BEPXHHUH OCHHHT)

lower bainite, retained austenite becomes segmented into
thin regions by the bainitic laths. Subsequent martensi-
tic transformation within these confined regions leads
to the formation of an extremely fine lath martensite struc-
ture. The finer the microstructure, the greater the strength
and toughness of the steel. Steels with this type of mixed
structure exhibit both high ductility and fracture tough-
ness. Moreover, as contact stress increases, the wear rate
of such steels rises more slowly than that of pearlitic rail
steels [10; 17 — 19].

The results of the study suggest that B2 steel is sui-
table for the production of rails cooled in still air after
rolling. To improve processability — specifically, to faci-
litate straightening and reduce internal microstresses —
it is recommended to test a reduced carbon content
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0f'0.28 — 0.30 %, while maintaining the levels of the other
alloying elements.

- CONCLUSIONS

A comparative evaluation of the hot-rolled rail steel
produced from experimental compositions B1 and B2
demonstrated that increased alloying with chromium
(1.2-1.5 %) and nickel (1.0 - 1.1 %) leads to a 20 %
increase in yield strength, a 9.2 % increase in ultimate
tensile strength, and a 48 % increase in impact strength
at —60 °C compared to the alloying scheme based on
molybdenum at 0.20 — 0.30 %.

Microstructural analysis of the rails made from both
experimental steel grades revealed the formation of nee-
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Fig. 4. Microstructure of the foot and foot fillets of rail:
a — decarbonized layer, bainite near the foot base;
b — lower bainite, areas of martensite (dark areas of needle-like structure) in the foot fillets

Puc. 4. MukpocTpyKTypa MOJOIIBBI U IEPHEB PEbCa:
a — 00e3yriIepoXKeHHbIH CJIoH, OEHHUT BOJIU3M OCHOBAHUS HO/IOIIBHI;
b — HKHUN OSHHUT, Y4aCTKH MapPTEHCUTA (TEMHbIE YYAaCTKH UTOJIBYATOI CTPYKTYPBI) B IIEPhIX

dle-like upper and lower bainite during continuous cool-
ing in still air. In the B2 steel rails, a higher fraction
of martensite was observed in the head, which contri-
buted to increased strength and hardness.

To further develop the technology and achieve a more

stable structure consisting predominantly of lower bainite,
it is recommended to use B2 steel as a base composition,
while reducing the carbon content to 0.25 — 0.30 %.
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