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Abstract. Starting in 2018, JSC EVRAZ United West Siberian Metallurgical Plant (EVRAZ ZSMK) produced rails of the DT400IK category with
increased wear resistance and cyclic crack resistance for heavy traffic and difficult sections of track with steep curves with a radius of less than 650 m.
The method of transmission diffraction electron microscopy was used to study the structural and phase states and defect substructure at different
distances (0, 2, 10 mm) from the “wheel — rail” contact surface along the central axis of symmetry of the rail head (tread surface) and along
the radius of rounding of the rail head (fillet) of differentially hardened long rails of the DT400IK category made of hypereutectoid steel after long-
term operation on the experimental ring of Russian Railways (passed tonnage of 187 million tons). Based on the obtained structure parameters,
the quantitative estimates were made of the dislocation substructure and main strengthening mechanisms (strengthening of the pearlite component,
incoherent cementite particles, grain boundaries and subboundaries, dislocation substructure and internal stress fields) in various morphological
components and in the material as a whole, forming the additive yield strength in the studied steel. A comparison of the quantitative parameters
of the fine structure and contributions to strengthening on the tread surface and fillet was carried out. It was established that near the “wheel — rail”
contact on the tread surface the prevailing morphological component is the subgrain structure, in the fillet — a ferrite-carbide mixture (completely
destroyed pearlite). Strength of the rail head metal depends on the distance to the “wheel — rail” contact surface. It is shown that the main streng-
thening mechanisms on the tread surface are strengthening by internal stress fields, in the fillet — strengthening by incoherent particles.
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AnHomayus. Haunnas ¢ 2018 rona nHa AO «EBPA3 O6benunenHblil 3anaaHo-CHOUPCKUil METaUTypruuecKiii KOMOMHAT» TPOM3BOMSATCS PEIbCHI
xateropun JIT400MK moBeieHHOI H3HOCOCTONKOCTH U MUKIMYECKOH TPEIMHOCTONKOCTHU IS TSKEIIOBECHOTO ABMKEHHS U CIOKHBIX YIaCTKOB
ITyTH C KPYTBIMU KPUBBIMH pajinycoM MeHee 650 M. MeTo0M NMpOoCBeYHBaroIIei TUPPaKIIMOHHON IEKTPOHHOH MUKPOCKOIIUY M3Yy4eHBI CTPYK-
TypHO-(pa30BbIe COCTOSIHUS M AedekTHas cyOCcTpykTypa Ha pasHbIX paccTostHusX (0, 2, 10 MM) OT NMOBEpXHOCTH KOHTAKTa «KOJIECO — PEIIbCH»
BJIOJIb LICHTPAJIbHOW OCH CUMMETPHUH TOJOBKH peiibca («IIOBEPXHOCTh KaTaHHs») M IO pajJiyCy CKPYIJICHHUS TOJIOBKH peiibca («BBIKPYIKKa»)
G pepeHInpOBaHHO 3aKaJCHHBIX JUIMHHOMEPHBIX pesibcoB kareropuu JIT400MK u3 3a3BTEKTOMIHOI cTamy 1Mocie JIHTEIbHOM dKCIUTyaTaluu
Ha skcnepuMeHTanbHoM Koubiie PXK/I (mpomymieHHblit ToHHaX 187 MutH T). Ha OCHOBaHMM TOJTyYEHHBIX MapaMETPOB CTPYKTYPHI BBIOIHEHbI
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KOJINYECTBEHHBIC OLCHKU IMCIOKALMOHHON CyOCTPYKTYpBI M OCHOBHBIX MEXaHM3MOB YNPOYHEHUs (yNPOUYHEHHUE NEPJIUTHOI COCTaBIIOIEH,
HEKOTEPEHTHBIMHU JaCTHI[AMH LIEMECHTHTA, TPAHHUIIAMHU 3€PEH U CyOrpaHHIaMU, TUCIOKAMOHHOM CyOCTPyKTypOH M BHYTPEHHHMH MOJLIMH HAIps-
JKEHMH), B pa3iIMYHBIX MOP(OIOrHYECKUX COCTABISIONIMX U B LEJIOM 10 MarepHaity, GOpMHUPYIOMIMX aJIUTHBHBIN Npeaes TeKyu4ecTH B uccie-
nyemoit cranu. I[IpoBeneHo cpaBHEHME KONMUECTBEHHBIX ITapaMETPOB TOHKOH CTPYKTYpBI M BKIIAJOB B YIPOUHEHHE Ha «IIOBEPXHOCTH KaTaHHs»
U «BBIKPY)XKe». BOIN3M KOHTAKTa «KOJIECO — PEJIbC» Ha MOBEPXHOCTU KaTaHHs NpEeBAIUPYIOLIeH MOP(OIOrHIEcKOil cOCTaBISIOMEH SBIsIeTCS
cy03epeHHas CTPYKTYpa, B BBIKPYKKE — (peppHUTO-KapOHUaHAs cMeCh (TIOIHOCTBIO pa3pyLICHHbIH epanT). [IpodHOCTs MeTallIa TOIOBKH PEIbCOB
3aBUCHUT OT PACCTOSTHHUS JI0 MOBEPXHOCTH KOHTAKTA «KOJIECO — Pelibc». OCHOBHBIM MEXaHU3MOM YIPOYHEHHUS Ha TIOBEPXHOCTH KaTaHUs SIBIISIETCS
YIPOYHEHHUE TOISIMU BHYTPEHHUX HANPSKEHUH, B BBIKPYKKE — YIIPOUHEHHE HEKOT€PEHTHBIMH YaCTHLIAMHU.

Kawuessle cao8a: PCIIBChI, BBIKPYKKaA, [TIOBEPXHOCTH KaTaHUS, DJICKTPOHHAST MUKPOCKOIINS, 3a3BTCKTON/IHAs CTaJIb, (ba30131>1171 COCTaB, ImapaMeTpbl TOH-

KO CTPYKTYpbI, MEXaHU3Mbl YIIPOUHEHHS

BaazodapHocmu: Pabora BbINONHEHA B paMKaX rOCYIapCTBEHHOTO 3aaHusi MUHHCTEPCTBA HAyKH U BhIcIIero odpaszoBanusi Poccuiickoit denepannu
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[ INTRODUCTION

According to data from the Russian Railways (RZhD),
the primary causes of rail failure and subsequent with-
drawal from service are contact fatigue damage and sur-
face wear. These defects markedly reduce rail service
life and directly affect traffic safety [1]. In recent years,
a pronounced increase in axle loads and operating speeds
in railway transport has been observed, which makes
the development of rails with enhanced operational per-
formance particularly relevant [2 —5]. During service,
the surface layers of rails undergo substantial structural
and phase transformations [5 —7]. These changes are
accompanied by high microhardness values, decarburiza-
tion [8 — 10], and the progression of relaxation, recrys-
tallization, and related processes, which ultimately lead
to the degradation of mechanical properties [11 — 13].

Increasing the carbon content in rails beyond 0.8 wt. %
reduces the interlamellar spacing and promotes the for-
mation, in the surface layers, of a subgrain structure with
a high fraction of low-angle boundaries [14 — 17]. This
approach can therefore be regarded as one of the promi-
sing strategies for mitigating contact fatigue [18 — 21].

Since 2018, Russia has been producing long, diffe-
rentially hardened special-purpose rails with enhanced
wear resistance and contact fatigue endurance -—
DT400IK category rails made of hypereutectoid steel —
at EVRAZ ZSMK. These rails are intended for operation
at speeds of up to 200 km/h on both straight and curved
track sections without restrictions on traffic load inten-
sity [22 — 24].

The scientific literature contains very few studies
addressing rails made of hypereutectoid steel; exis-
ting works mainly report qualitative changes [25 — 30].
It is known that for rails with a carbon content below
0.8 wt. %, long-term operation leads to more pronounced
evolution of the proportions of various morphological
structure types, fine structure parameters, and cementite
content at the fillet than at the tread surface [31; 32].

The aim of the present study is to provide a compara-
tive assessment of the quantitative fine structure para-
meters and deformation strengthening mechanisms in
the surface layers of the rail head — specifically, the tread
surface and the fillet — of hypereutectoid steel rails after
long-term operation (passed tonnage: 187 million tons,
gross).

[l MATERIALS AND METHODS

The samples were taken from differentially harde-
ned DT400IK category rails made of E90KhAF
steel manufactured by EVRAZ ZSMK. The rails had
accumulated a passed tonnage of 187 million tons
(gross) in service on the experimental ring of Rus-
sian Railways (RZhD) in Shcherbinka. The internal
structure and phase composition were examined in
these samples. According to GOST 5185-2013 and
TU 24.10.75111-298-057576.2017, the chemical compo-
sition of E9OKhAF rail steel was (wt. %): 0.92 C, 0.4 Si,
1.0 Mn, 0.3 Cr, 0.14 V, balance Fe.

Two sets of the samples, 4 and B, were cut from
the rails (Fig. 1). Set 4 was sampled along the cent-
ral axis of symmetry of the rail head, corresponding
to the tread surface (Fig. 1). Set B was taken along
the radius of rounding of the rail head, i.e., from the fil-
let (Fig. 1). The samples from both sets were produced
by electrical discharge cutting at identical distances
from the wheel —rail contact surface, namely 0 mm
(the uppermost layer of the contact surface), 2 and 10 mm
below the surface. The studies were carried out using
transmission diffraction electron microscopy (TEM) on
thin foils, employing a JEM-2100 transmission electron
microscope (JEOL, Japan) at operating magnifications
ranging from 15,000 to 500,000*.

For each sample, the morphological components
of the microstructure were classified, the phase compo-
sition was established, and the key fine structure para-
meters were quantified, including the volume fractions
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Fig. 1. Scheme of foil preparation during examination
by electron diffraction microscopy at distances of 0, 2, 10 mm
from the surface along the central axis (4) and the radius
of rounding of the fillet (B)

Puc. 1. Cxema noAroToBKU (DOJIBI TIPH HCCIETOBAHUN METOIOM
9JIEKTPOHHON TH(PAKINOHHON MUKPOCKOIIUHU Ha PACCTOSHUAX
0,2 n 10 MM OT TOBEpXHOCTH MO LEHTPAILHON ocH (A)

U PaZinyCy CKPYIJICHUS BBIKPYXKKH (B)

of the identified components. The distribution of the car-
bide phase (cementite) was also mapped, and for each
location the particle shape, particle size, interparticle
spacing, and volume fraction were determined. Disloca-
tion characteristics were quantified as the scalar disloca-
tion density (p) and the excess dislocation density (p,),
together with the amplitudes of internal stresses: (o
the shear (“forest”) stress generated by the dislocation
structure, and o, the long-range (local) stress associated
with regions of excess dislocation density. All quantitative
fine structure parameters were determined both for each
morphological component and for the material as a whole,
followed by statistical processing. The methodology for
determining these quantitative parameters is described
in detail in [33; 34]. On the basis of the obtained data,
and according to the authors of [33; 35; 36], the principal
strengthening mechanisms contributing to the formation
of the yield strength of the investigated steel were eva-
luated for each sample set.

JJll RESULTS AND DISCUSSION

Previous studies [33; 34; 36] showed that, at a depth
of 10 mm from the wheel —rail contact surface along
the central axis of symmetry (the tread surface),
the microstructure of the steel after long-term operation
is dominated by pearlite with different morphologies.
This includes lamellar (ideal) pearlite with nearly paral-
lel a-phase and cementite lamellae, partially destroyed
(defective) pearlite with bent and locally broken cemen-
tite lamellae, and globular pearlite. Together, these pear-
litic constituents account for about 80 % of the struc-
ture. The remaining 20 % is represented by fragmented
lamellar pearlite, in which dislocation walls form trans-
verse to the a-phase lamellae; the average fragment size
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is approximately 90x420 nm. Representative micro-
graphs of these morphological components are given
in [33; 34; 36].

With decreasing distance to the wheel — rail contact
surface, pearlite undergoes progressive degradation,
while the fragmented structure becomes more refined
and its characteristic dimensions decrease. Under these
conditions, a subgrain structure forms and develops
rapidly (Fig. 2, a). At the contact surface, this structure
consists predominantly of dislocation-free subgrains with
an average size of about 80 nm, occupying nearly 90 %
of the material volume.

Service exposure is accompanied by the breakup and
redistribution of cementite particles and by a slightincrease
in both the scalar and excess dislocation densities, fol-
lowed by their decrease as the dislocation-free subgrain
structure begins to develop intensively. The fragmenta-

Fig. 2. TEM images of the subgrain structure (a) and microcracks

in the subgrain structure () on the tread surface and ferrite-carbide

mixture (c) in the fillet in E9OKhAF steel after long-term operation
(wheel — rail contact surface)

Puc. 2. [I9M-u300paxenus cyo3epeHHON CTPYKTYpbI (a)

U MUKPOTPEILUHBI B Cy03epeHHOi cTpykType (D) Ha «IIOBEPXHOCTH
KaTaHus» U GpeppuTo-KapOUIHON cMecH () B «BBIKPYKKE» B CTAIIN
390XAD nocne UIMTENbHON IKCILTyaTalluK (TOBEPXHOCTh KOHTAKTa
«KOJIECO — PEIIBCH)
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tion of lamellar pearlite and the formation of the subgrain
structure lead to elastic distortion of the a-phase crystal
lattice. As a result, the amplitude of the long-range inter-
nal stresses o , associated with regions of excess disloca-
tion density, becomes approximately 4.5 times higher than
that of the internal shear stresses o, generated by the dis-
location structure. At the contact surface, the elastic com-
ponent of these long-range stresses exceeds the plastic
component by more than an order of magnitude, which

1.0

provides the primary driving force for microcrack initia-
tion within the subgrain structure (Fig. 2, b). The evolu-
tion of the average quantitative fine structure parameters
with decreasing distance from the wheel-rail contact sur-
face is summarized in Fig. 3, a — d.

In contrast to the central axis of symmetry (the tread
surface), the steel structure along the radius of roun-
ding of the rail head (the fillet) at the same depth from
the wheel-rail contact surface (10 mm) contains, in addi-
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Fig. 3. Dependences of quantitative parameters of fine structure on the distance to wheel — rail contact surface
on the tread surface (@ — d) and fillet (e — h):
a, e — volume fractions of morphological components P, (1 — pearlite of different morphology; 2 — fragmented lamellar pearlite;
3 — subgrain structure; 4 — ferrite-carbide mixture); b, f— scalar p and excess p, dislocation density;

¢, g — amplitudes of internal stresses (shear 6,and long-range ,); d, h — components of long-range stresses (clastic o and plastic Gpl)

is

Puc. 3. 3aBUCUMOCTH KOJIMYECTBEHHBIX TAPAMETPOB TOHKOIT CTPYKTYPBI OT PACCTOSHHS JI0 TTIOBEPXHOCTU KOHTAKTA «KOJIECO — PEIIbCH
HA «IIOBEPXHOCTH KaTaHUs» (a — d) U «BBIKpYKKe» (e — h):
a, e — 00bEMHBIE 10711 MOP(OTIOTHYECKUX COCTaBIISIOMMUX P, (1 — nepaut pasHoit MopQonoruu; 2 — pparMeHTHPOBaHHbIH MIACTUHYATBIH NEPIIUT;
3 — cyb3epeHHas CTpyKTypa; 4 — GpeppuTo-KapOuHas cMech); b, f— ckaspHas p U U30bITOYHAsS P, TIOTHOCTb JUCIOKALIUIA;
¢, g — aMIUIUTY/Ibl BHYTPEHHUX HANPSKEHUH (CABUTA G, M NATbHONECHCTBYIOIUX G, );

/

o o v 1 v
d, h — cocTaBnsOIIKE AATBHOIEHCTBYFOIMX HANPSKEHHUH (YIIPYroi G}, U IIacTHYECKOH 62)
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tion to pearlite of various morphologies and fragmented
lamellar pearlite, an additional morphological component.
The volume fractions of pearlite and fragmented lamellar
pearlite at this depth are close to those observed at the tread
surface (78 and 20 %, respectively). The additional com-
ponent, present in a small amount (approximately 2 %), is
a ferrite—carbide mixture, representing regions with com-
pletely destroyed pearlite colonies (Fig. 2, ¢). According
to diffraction analysis data [33], these regions contain
fine needle-shaped cementite particles with an average
size of 10%25 nm and exhibit a high scalar dislocation
density. With decreasing distance to the wheel — rail con-
tact surface, microstructural evolution at the fillet fol-
lows trends similar to those observed at the tread surface.
Pearlite undergoes intensive destruction, the fragmented
structure becomes increasingly refined with a reduction in
fragment size, and the ferrite — carbide mixture progres-
sively expands. At the contact surface, this component
accounts for approximately 60 % of the material volume.
Pearlite (lamellar, destroyed, and globular) remains pre-
sent, while a subgrain structure appears in a small frac-
tion (approximately 2 %). The evolution of the volume
fractions of the morphological components in the fillet
region as the contact surface is approached is shown in
Fig. 3, d.

As at the tread surface, the dislocation structure within
all morphological components consists of either ran-
domly distributed dislocations or dislocation networks.
The scalar dislocation density (p) increases in all com-
ponents as the wheel — rail contact surface is approached.
The highest values of p are observed in the ferrite — car-
bide mixture (the completely destroyed structure), whereas
the lowest values correspond to the subgrain structure.
Because, at the contact surface, the ferrite — carbide mix-
ture occupies 60 % of the material volume and the sub-
grain structure only 2 %, the average scalar dislocation
density of the material is governed primarily by the fer-
rite — carbide mixture. As a result, unlike the tread sur-
face, the average value of p increases toward the contact
surface (Fig. 3, f). The curvature — torsion of the a-phase
crystal lattice also increases toward the contact sur-
face. Accordingly, the excess dislocation density rises
at an even higher rate and rapidly approaches the value
of p (Fig. 3, f). This behavior is attributed to the appea-
rance of an elastic component in lattice bending — torsion
within the ferrite — carbide mixture, fragmented lamel-
lar pearlite, and subgrain structure. As a consequence,
the amplitude of the long-range internal stresses o,
exceeds the shear stress o, (Fig. 3, /), with the elastic
component of gis dominating over the plastic component,
as also observed at the tread surface.

Using the obtained quantitative fine structure para-
meters, the principal strengthening mechanisms of hyper-
eutectoid rail steel were analyzed and compared at diffe-
rent distances from the contact surface after long-term
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operation, both along the central axis of symmetry
of the rail head (the tread surface) and along the radius
of rounding of the rail head (the fillet). The follow-
ing contributions were considered: strengthening due
to pearlite Ac ., (barrier braking within pearlite colo-
nies); strengthening by incoherent cementite partic-
les Ao, (Orowan bypass mechanism); strengthening
by grain boundaries and subboundaries Ac_, (substruc-
tural strengthening associated with intraphase bounda-
ries); strengthening by the dislocation substructure Ao,
(forest dislocation strengthening, i.e., internal shear
stress); and strengthening by internal stress fields Ao,
(long-range stress-field strengthening). Quantitative
evaluation of these contributions was performed using
the relationships given in [33 — 36]. The results are sum-
marized in Fig. 4.

The analysis shows that, irrespective of the samp-
ling direction, the strength of the rail metal is governed
by the distance from the wheel —rail contact surface
(Fig. 3). As the contact surface is approached, all major
strength characteristics increase, with the most pro-
nounced strengthening confined to a near-surface layer
no thicker than 2 mm. At greater depths, the strength pro-
perties of the steel remain close to those of the initial-state
steel. Along the tread surface, strengthening is dominated
by internal long-range (local) stresses, primarily of an elas-
tic nature, together with substructural strengthening and
strengthening by incoherent particles. This reflects the fact
that, at the contact surface, the subgrain structure occupies
nearly the entire material volume (90 %). The nanometer-
scale size of the subgrains (approximately 80 nm) results
in a high density of subboundaries and junctions, predo-
minantly triple junctions, which act as sources of bending
extinction contours. These are mainly elastic in nature
and give rise to high long-range internal stresses, whose
elastic component exceeds the plastic component by more
than an order of magnitude.

At the contact surface of the fillet, strengthening is
governed primarily by incoherent particles, together with
contributions from internal long-range (local) stresses and
internal shear stresses associated with forest dislocations.
This behavior arises because the main morphological
components controlling strengthening are the ferrite—car-
bide mixture, which occupies 60 % of the material volume
and has a low boundary density, and fragmented lamel-
lar pearlite, accounting for 20 %. Although the subgrain
structure formed at the contact surface increases the num-
ber of grain junctions and, consequently, the contribution
of Ao, , its overall effect on strengthening remains limited
because of its small volume fraction (2 %).

[ ConcLusions

A quantitative assessment of the fine structure and
strengthening mechanisms of hypereutectoid rail steel
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contact surface on the tread surface (@) and fillet (c) and contributions of the plastic Ac | and elastic Ac, components of the internal
long-range stresses Ac; on the tread surface (b) and fillet (d)

Puc. 4. Bxnia/ibl OCHOBHBIX MEXaHM3MOB YNIpOuHEHHUsE AG, B Ipezien TeKydecTn ctam D90XAD Ha pasnuvHbIX PaCCTOSHUAX
OT IIOBEPXHOCTH KOHTAKTa KKOJIECO — PEIIbC» HA ITOBEPXHOCTH KATAHUsD) (¢) M «BBIKPYIKKE) (C) M BKIIA/IbI INIACTHYECKOM AG ), 1 ynpyroi Ac,, co-
CTaBJISIOIMX BHYTPEHHUX JAbHOICHCTBYIOIMX HANIPSKEHUH AG; Ha «IOBEPXHOCTHU KaTaHus» (b) u «BbIKpYx)Ke» (d)

was performed for individual morphological compo-
nents and for the material overall at various distances
from the wheel — rail contact surface, considering both
the tread surface (along the central axis of symmetry
of the rail head) and the fillet (along the radius of roun-
ding of the rail head), after a passed tonnage of 187 mil-
lion tons (gross).

A clear microstructural contrast was observed depen-
ding on where the gradient-affected layers develop within
the rail head — at the tread surface versus the fillet. Near
the wheel —rail contact surface, the tread surface is
dominated by a subgrain structure, whereas the fillet is
characterized primarily by a ferrite — carbide mixture.
This difference leads to distinct prevailing strengthening
mechanisms: at the tread surface, strengthening is gover-
ned mainly by internal stress fields, while at the fillet it is
driven predominantly by incoherent particles.

Regardless of the sampling direction, the strength
of the rail metal varies systematically with distance from
the wheel — rail contact surface. The strongest strengthe-
ning response is confined to the near-surface layer no

thicker than 2 mm. Deeper into the rail head, the steel
largely retains strength levels comparable to those
of the initial state steel.
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