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Abstract. In Russia, with its extensive railway system, for more than 5 years, special-purpose rails of increased wear resistance and contact endurance
of the DH400RK category were produced from steel with a carbon content >0.8 %. On the head rolling surface of differentially hardened long
rails made of hypereutectoid steel after long-term operation, transmission electron microscopy methods revealed the morphological components
of the structure: lamellar pearlite, fragmented pearlite, destroyed lamellar pearlite, globular pearlite, completely destroyed pearlite, subgrain structure.
The contribution of hardening due to: lattice friction, solid solution hardening, pearlite hardening, incoherent cementite particles, grain boundaries and
subboundaries, dislocation substructure and internal stress fields were quantified. A hierarchy of these mechanisms was made and it was noted that
for the fillet surface of the rail head, the main hardening mechanism is hardening by incoherent particles, as well as mechanisms caused by internal
long-range (local) stresses, internal shear stresses (“forests” of dislocations) and substructural hardening. For the rolling surface along the central axis
of the rail head, the main role in hardening belongs to long-range stress fields (especially its elastic component), hardening by incoherent particles and
substructural hardening. Taking into account the volume fractions of the morphological components and their yield strength, the additive yield strength
on the head rolling surface in the center and on the fillet was determined: 7950 and 2218 MPa, respectively. The paper presents a physical interpretation
of the difference in values of the additive yield strength on the rolling surface of the rail head in the center and on the fillet.
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AnHomayus. B Poccun ¢ ee IpOTsHKEHHOI CETHIO JKEJIE3HBIX JOPOT OoJIee MATH JIET MPOU3BOIATCS PEIbCHI CIICIIMAIBHOTO HA3HAUYCHHUS TIOBBIIICHHON
N3HOCOCTOMKOCTH M KOHTAKTHOM BhIHOCIMBOCTH Kareropuu JIT400MK u3 cranu ¢ conepxkanuem yriepoaa 6onee 0,8 %. Ha noBepxHocT karanus
roJI0BKH An(hepeHIPOBAHHO 3aKAICHHbIX [JUIMHHOMEPHBIX PEIbCOB U3 3a9BTEKTOMTHOW CTAJIH MTOCIIE JUTUTEIBHOM IKCIUTYaTali (IPOITYIeHHbIH
TOHHaX 187 MIIH T OpyTTO Ha SKCMEPUMEHTAILHOM KOJBIE) METOAMH TPOCBEYMBAIOIICH ANIEKTPOHHON MHKPOCKOITHH BBISBICHBI MOP(OIOTH-
YECKHE COCTABIISIONINE CTPYKTYPBI: IUIACTHHYATBIN MEPIUT, HparMeHTUPOBAHHbIN MEPIIHT, pa3pyIICHHbIH MIACTHHYATBIN EPIUT, II00YIISIPHbIH
MEPIIUT, MOJHOCTBIO Pa3pyIISHHbIH MepIuT, cyO3epenHas cTpykrypa. [IpoBeena konudyecTBeHHas OLEHKA BKJIA0B YIIPOUYHEHHsI, 00yCIIOBICHHBIX
TPEHUEM KPUCTAUIMYECKON PEIIETKH, TBEPIOPACTBOPHBIM YIIPOUHEHUEM, YIIPOUHEHUEM 3a CUET [EPIINTA, YIPOUHCHHEM HEKOT€PEHTHBIMHU YaCTH-
LAMH LIEMEHTHTA, TPAHUI[AMH 3€PeH M CyOrpaHHMIaMH, AUCIOKALMOHHONW CyOCTPYKTYPO M BHYTPEHHHMH IOJISIMH HANpPsHKEHUI. YCTaHOBIEHA
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UepapXxusi ITUX MEXaHH3MOB M OTMEUEHO, UTO JUIsl HOBEPXHOCTH CKPYIIEHHs (BBIKPYKKH) TOJIOBKH PEIECOB OCHOBHBIM MEXaHM3MOM YHPOUHEHHS
ABIIIETCS YIPOUHEHHE HEKOTEPCHTHBIMH YaCTULIAMH, a TAKXKE MEXaHHU3MBI, 00YCIOBICHHbIC BHY TPCHHUMH JAIbHOICHCTBYIOINMU (JIOKAIbHBIMH)
HANPSDKEHUSAMH, BHYTPEHHUMH HANPSDKEHUSAMHU C/IBUTa («Ieca» JUCIOKALMI) U CyOCTPYKTYpHBIM yIpouHeHHeM. [lis MOBEpXHOCTH KaTaHHs 10
LEHTPAIBHOI OCH TOJOBKH PENIbCOB OCHOBHAS POJb B YHPOYHCHHU NPUHAICKUT YIPOYHCHHIO NaIbHOACHCTBYIOIMMH IIOIAMU HAIPSDKCHUH
(0co0OeHHO ee ynpyroi KOMIIOHEHTOH), YIIPOUHEHUIO HEKOTEPEHTHBIMU YaCTHULIAMU U CyOCTPYKTYpHOMY yrpodHeHut0. C yueToM 00beMHBIX JoeH
MOP(OTOTHIECKUX COCTABILIIONMINX U UX Hpefena TeKydeCTH ONpeieieH aJIUTHBHEIN Ipeiel TeKy4eCcTH Ha IOBEPXHOCTU KaTaHHA [0 HEHTPY
TOJIOBKH U BBIKpYxkke. OH coctaBui 7950 u 2218 MIla juis neHTpa rojoBkH U BeIKpyxkH. [Ipencrasiena ¢pusnueckas MHTEpIpeTanus pa3inaus
3HAYCHHH aJIUTHBHOTO Ipe/iella TeKyIeCTH Ha IOBEPXHOCTH KaTaHUs TOJIOBKU PENIbCOB B IIEHTPE U Ha BBIKPYXKKE.

Kawuessle cioea: TIOBEPXHOCTD KaTaHUs, PCJIbChI, BBIKPYIKKA, MEXaHU3MbI YIIPOUHCHUS, aIIL[I/ITI/IBHHﬁ TIpeaeil TEKy4CeCTH, 3a3BTCKTON/IHAs CTAJIb

BbaazodapHocmu: Pabora BBINIONIHEHA B paMKaX TOCYIAapCTBEHHOTO 3aaHusi MUHKHCTEpCTBA HayKu M BICIIEro oOpasoBanus Poccuiickoit denepaiyn
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- INTRODUCTION

Rails are predominantly removed from service due
to contact fatigue damage and surface wear [1; 2]. In
recent years, with increasing railway traffic speeds and
axle loads, the operational durability requirements for
rails have become more demanding [3 — 5]. From both
practical and fundamental perspectives, the development
of special-purpose rails with enhanced performance cha-
racteristics is of significant importance [6 — 8]. In Rus-
sia, home to one of the world’s longest railway networks,
this challenge has been addressed since 2018 through
the production of long, differentially hardened rails with
improved wear resistance and contact fatigue strength,
classified as DT400IK [9]. These rails are manufactured
from steel containing more than 0.8 wt. % carbon, which
ensures the formation of a subgrain structure with a high
density of low-angle boundaries in the surface layer.
Modern physical materials science techniques, particu-
larly transmission electron microscopy [10— 12], are
employed to monitor changes in structure, phase com-
position, and defect substructure that lead to the degra-
dation of mechanical properties [13 —15]. Improving
the technology for special-purpose rail production and
ensuring high-performance properties requires a deep
understanding of the physical nature and evolution
trends of the structural-phase states and fine substruc-
ture in the surface layers of rails [16 — 18]. Such data
are crucial for reliably achieving the target of transport-
ing up to 2 billion tons [19 — 21]. Analysis conducted on
rails made of hypoeutectoid steel with carbon content
below 0.8 wt. % — as presented in [22 — 25] — has enabled
the quantification of physical hardening mechanisms,
the establishment of their hierarchy, and the determina-
tion of overall yield strength. However, there is a notable
lack of studies focused on rails made of hypereutectoid
steel.

The objective of this study is to compare the defor-
mation hardening mechanisms of the rolling surface and

fillet of special-purpose DH400RK rails after they have
been in operation on the Russian Railways (RZD) test
circuit at Scherbinka, following a tonnage of 187 million
tons (gross).

[l MATERIALS AND METHODS

The internal structure and phase composition were
studied on samples of differentially hardened DH400RK
category rails, made from E0.9C-Cr—N—V-Fe grade steel
produced by EVRAZ ZSMK, after they had undergone
a tonnage of 187 million tons (gross) at the Russian
Railways (RZD) test circuit. The chemical composition
of E9OHAF rail steel, according to GOST 5185 — 2013
and TS 24.10.75111-298-057576.2017, included the fol-
lowing main elements, wt. %: 0.92 C, 0.4 Si, 1.0 Mn,
0.3 Cr, 0.14V, with iron as the base. The mechanical
properties are as follows: yield strength — over 900 MPa,
tensile strength — 1350 MPa. relative elongation — 9.0 %,
relative reduction — 18 %, impact toughness — 15 J/cm?,
and hardness on the rolling surface of the rail head —
400 — 450 HB.

The rolling surface and fillet of the rail head were
investigated (Fig. 1) using transmission electron micro-
scopy (TEM) on thin foils with a JEM-2100 electron
microscope (Jeol, Japan) [26 — 28].

To evaluate the hardening mechanisms that contri-
bute to the yield strength in the studied steel, each sam-
ple was analyzed for structural morphological features,
phase composition, and fine structure parameters, includ-
ing the volume fractions of morphological constituents
P . The localization of the carbide phase (cementite)
was identified, and for each specific location, the shape,
size (d), particle spacing (r), and volume fraction ()
of the particles were determined. In each morphological
component, as well as in the material as a whole, the sca-
lar p and excessive p, dislocation densities were calcu-
lated, along with the amplitudes of internal stresses gen-
erated by them — namely, shear stresses (o, or “forests”
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Fig. 1. Schematic representation of a rail sample after passing
a tonnage of 187 million tons, indicating the places used
to study the structure:

I —rolling surfaces and rounding of the rail head (fillet)

Puc. 1. Cxemarnueckoe n3o0paskeHue odpasia peibca
IOCIIe IPOMYIIEHHOTO TOHHAXa 187 MIIH T ¢ yKa3aHHEM MECT,
HCIIOJIB30BaHHBIX [UISl UCCIIE/IOBAHUS CTPYKTYPBI:
1 — IOBEPXHOCTH KaTaHUA U CKPYIJICHHS TOIOBKH PEIbCa (BBIKPYKKH)

of dislocations) and long-range stresses (o,), which arise
in regions with an excess dislocation density. All quan-
titative parameters of the fine structure were measured
within each morphological component and statistically
processed, with the mean values presented in Table 1
(where D, represents the fragment or subgrain size;

%> Xy and y, represent the curvature-torsion amplitude
of the crystal lattice and its plastic and elastic compo-
nents, respectively; o' and o are the amplitudes of inter-
nal long-range stresses and their plastic and elastic com-
ponents.

The technique for determining these quantitative
parameters is detailed in [9; 29].

[ RESULTS AND DISCUSSION

The studies have shown that regardless of the location
on the rail head surface (Fig. 1) the following morpholo-
gical components are observed in the structure: lamellar
(ideal) pearlite with parallel alternating lamellae of fer-
rite and cementite; fragmented lamellar pearlite, in which
dislocation walls across the di-rection of a-phase plates
are formed; destroyed lamellar perlite with bent, cut
and crushed Fe,C lamellae; globular pearlite in the form
of grains with globular Fe,C particles, subgrain struc-
ture — small equiaxed fragments with cementite particles
along the boundaries and in the junctions. The images
of these morphological components are consistent with
those observed for rails made of hypoeutectoid steel, as
shown in [1].

A different type of structure was identified on the fillet
surface —a completely destroyed structure. This structure,
characterized by completely destroyed pearlite colonies,

Table 1. Quantitative parameters of the structure of hypereutectoid rail steel
on the rounding surface of the rail head (fillet)

Tabauya 1. KoanyecTBeHHbIE TAPaMeTPhI CTPYKTYPbI 329BTEKTOM/THOI PesibCOBOM CTAIN
HA MOBEPXHOCTH CKPYIJIEHHS TOJIOBKH pesibca (BBIKPYKKH)

Perlite Destroyed Subgrain
Parameters -
ideal fragmented destroyed globular structure structure
P, % 5 20 10 3 60 2
D,,nm - 80x125 - - - 90
p 10710 cm? 6.5 43 4.5 3.0 6.6 1.4
6;, MPa 510 415 425 345 515 235
L= %y + Ays c” 765+ 0 1075 + 75 805+ 0 740 + 0 1650 +95 | 350+ 390
p. 10710 cm? 3.1 43 32 3.0 6.6 1.4
6,= o + o, MPa 350+ 0 415+ 120 35540 34540 515+150 | 235+625
Fe.C d, nm — 15%95 — — — 5%35
3
(at the r, nm - 105 - - - 85
boundaries) 3, % B 0.7 B B B 0.05
d, nm 15 5x15 20110 45 8x30 -
Fe,C rom| 80 40 120 100 40 -
(inside)
3, % 12.0 0.1 1.2 2.3 0.4 0
Fe,C d, nm - - - - - 20
(at subgrain 7, nm - — - - - 115
junctions) 6, % _ _ _ _ _ 0.15
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contains small, chaotically arranged carbide particles
(Fe,C) with an acicular shape and a high scalar disloca-
tion density (Fig. 2, a).

The material on the rolling surface in the head cen-
ter predominantly consists of a subgrain structure (90 %)
(Fig. 2, b), while this structure accounts for only 2 %
of the fillet surface. The research demonstrated that, in all
morphological components, the dislocation structure type
remains consistent: the dislocation substructure is repre-
sented by dense dislocation arrays. In all morphological
components, there are bend extinction contours, origi-
nating from interfaces of pearlite grains and colonies,
cementite plates in pearlite grains, fragment and sub-
grain boundaries, carbide particles (cementite) of lamel-
lar and rounded shapes located on the boundaries and
within the dislocation fragments and subgrains, junctions
of subgrains, and the dislocation substructure.

Calculations presented in [9] indicate that, in the fil-
let surface layer, within the ideal, destroyed, and globu-
lar pearlite, the scalar density of dislocations p is higher
than the excess density of dislocations p,, as determined
from the width of the bend extinction contours (Table 1),
meaning that p > p, and, accordingly, o, < ;. This indi-
cates that the curvature-twist of the crystal lattice in these
morphological components is purely plastic in nature. In
fragmented pearlite, as well as in completely destroyed
and subgrain structures, the value p is smaller than the cal-
culated value of p,, meaning p < p, and, o,<c,, which
implies that the curvature-twist of the crystal lattice in
these components is elastic-plastic in nature. However,
in fragmented pearlite and completely destroyed struc-
tures ;> % whereas in the subgrain structure Yot ~ Ko
(Table 1).

In the surface layer of the rail head center, the value
p in all morphological components was found to be
smaller than the value of p, calculated based on the width
of extinction contours [9] (Table 2). This indicates that
the curvature-twist of the crystal lattice in all morpho-
logical components is elastic-plastic, with %=t T K-

In the subgrain structure, which occupies the majority
of the material, ,, is nearly three times greater than Yl

In the surface layer of the rail head, elastic-plastic
curvature-twist of the crystal lattice is observed across
all morphological components. Notably, in the sub-
grain structure, which makes up 90 % of the material,
the values of y and o, are the highest, while the value
of 6, is more than an order of magnitude smaller than
that of o, (Table 2). This explains the presence of micro-
cracks in these areas.

The quantitative results presented in Tables 1 and 2
served as the basis for calculating the additive (total)
yield strength in each morphological component and
for the material as a whole. It is important to note that
individual mechanisms contribute differently to overall
strengthening, as these are influenced by various fac-
tors in each case [30 — 32]. Therefore, when estimating
the additive yield strength o, it is crucial to consider
the volume fractions P of each morphological compo-
nent o,

G=2Pi($i,

where P, and o, are volume fractions and yield strength
of each morphological component of the structure.

Previously, it was assumed that the additive yield
strength could be determined by simply summing the cont-
ributions of individual hardening mechanisms [30]. Howe-
ver, it has now been demonstrated that, in some cases,
these values should be summed using a quadratic appro-
ximation [31; 32]. This approach is particularly relevant
for the mechanisms Ao, and Ac_, which act locally and
inhomogeneously within the grains. Thus,

6,4 =Ac, +Ac +Ac, + A, +AG . +

+AG,, ++ Ao} + Act,

where Ao, =35 MPa [9] represents the friction stress
of dislocations in the crystal lattice of a-iron; Ac, refers

Fig. 2. TEM images of a completely destroyed (@) and subgrain structure (b)

Puc. 2. [I9M-u300pakeHus TOJHOCTBIO pa3pyIleHHOi (a) 1 cyO3epeHHON cTpYKTYypbl (b)
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Table 2. Parameters of the fine structure of pearlite in the rolling surface center

Ta6auya 2. TlapameTpbl TOHKOH CTPYKTYPHI MEPJIUTA B IEHTPE MOBEPXHOCTH KATAHUSI

Parameters Perlite el
ideal fragmented destroyed globular structure
P, % ~1 10 0 0 90
D,,nm - 50x160 - - 80
p-1071% cm2 8.3 5.0 - - 3.6
o, MPa 575 445 - - 380
A= Ay T Ao ST 2075 + 25 1250 + 1430 - - 900 + 2660
p. 10710, cm™ 8.3 5.0 - - 3.6
o,=c!"+ o, MPa 575 + 40 445 + 2280 - - 380 + 4255
Fe,C d, nm - 15 - - 15
(at the 7, nm - 40 - - 30
boundaries) 3, % _ 0.6 _ _ 1.0
d, nm 15%20 15 - - 10
(ifl:iSC(],:;) r,nm 40 35 - - 35
3, % 1.1 0.7 - - 0.2
Fe,C d, nm - - - - 20
(at subgrain r, nm - - - - 100
junctions) 3, % _ _ _ _ 0.01

to solid solution hardening (the hardening of ferrite solid
solution by dissolved alloying elements); Ao, denotes
grain boundary hardening (due to grain boundaries);
Ao, is the hardening of material by incoherent particles
as dislocations bypass them via the Orowan mechanism;
Ao, represents hardening due to pearlitic component
(barrier inhibition within pearlitic colonies); Ac_ refers
to substructural hardening (due to intraphase boundaries)
the formula contains no such values); Ac, is the harden-
ing by the “forest” of dislocations that cut glide disloca-
tions (internal shear stress); and Ao, represents harden-
ing by long-range stress fields (internal moment or local
stresses), with Ac, = Ao, + Acpl, where Ao is the elastic
component and Acpl is the plastic component of long-
range stresses.

The contributions of these hardening mechanisms
were qualitatively assessed using the formulas given
in [29; 31; 32], and the results are presented in Tables 3
and 4.

The analysis of data from Tables 3 and 4 shows that
the strength of the steel is multifactorial, with physical
mechanisms that are cumulative in nature. For the fillet
surface, the primary hardening mechanism is Orowan
strengthening (Ac_ ). This is primarily because the com-
pletely destroyed structure occupies the majority (60 %)
of the fillet surface. The contributions from long-range
stress fields (Acg) and the stresses from the “forest”
of dislocations (Ac;) are also significant. The emerg-
ing subgrain structure forms numerous grain junctions,

428

leading to an increase in the sources of extinction con-
tours and, consequently, a growth in Ac_. However, since
the volume fraction of the subgrain structure (P ) is low
(2 %), its contribution to the strengthening of the fil-
let surface is minimal. The strengthening is primarily
due to the fragmented substructure and the completely
destroyed structure. The additive yield strength at the fil-
let surface is 2218 MPa.

For the central part of the rolling surface of the rail
head, the additive yield strength is much higher, reaching
7950 MPa. The main hardening mechanisms (Table 4)
include strengthening by internal elastic local stresses,
substructural strengthening, and strengthening by inco-
herent particles.

The significant difference in the values of additive
yield strength (o11° < 6™ can be explained by the fact
that, in the head center’s rolling surface, the volume frac-
tion of the subgrain structure is 45 times higher than that
in the fillet. The subgrains form in the nanometer size
range, leading to a high density of sub-boundaries and
junctions (primarily triple junctions) of subgrains, which
are the sources of extinction contours (mainly elastic).
These contours result in high values of internal long-
range stresses, with the elastic component being more
than an order of magnitude higher than the plastic one.
This combination determines the final effect. On the fil-
let surface, the main morphological components are de-
stroyed pearlite and a completely destroyed structure
with low-density boundaries.
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Table 3. Contribution of various mechanisms to hardening of hypereutectoid rail steel in various morphological components

and in general according to the material of the rounding surface of the rail head (fillet)

Tabauya 3. Betn4uHbI BKJIAJ0B PA3THYHbIX MEXaHH3MOB B YIIPOUHEHHE 329BTEKTOMIHON PeibCOBOIi cTaIn
B Pa3IM4YHBbIX MOP(]0/I0rH4ecKHX COCTABJISIONINX H B 11€JIOM 110 MaTepuaJly IIOBEPXHOCTH CKPYIJICHHUs
TOJIOBKH pPeJibCca (BLIKPYKKH)

Contributions . Perlite Destroyed Subgrain In the
ideal fragmented destroyed globular structure structure material

P, % 5 20 10 3 60 2 100
Ac,, MPa 35 35 35 35 35 35 35
Ao, MPa 80 180 80 80 150 90 142
Ac,, MPa - - 205 360 195 148
Ao, MPa 965 - - - - 48
Ao, MPa - 1465 - - - 1665 326
Ao ., MPa - 1125 340 200 805 580 760
Ac,, MPa 510 415 425 345 515 235 475
Ac ., MPa 350 415 355 345 515 235 467
Ac,, MPa 0 120 0 0 150 625 127
Ao, MPa 350 535 355 345 665 860 587
2 Ac,, MPa 1699 3482 1214 1163 2026 3261 2218
2 Ac P, MPa 85 696 121 35 1216 65 2218

Table 4. Contribution of various mechanisms to hardening of rail steel in various morphological components
and in general for the material in the rail head center

Ta6auya 4. BeTHINHBI BKJIA/I0B PA3JIHYHBIX MEXaHH3MOB B YIIPOYHEHHE PeJIbCOBOM CTAIH

B Pa3/IMYHBbIX MOp(l)OJIOFPl'{eCKl/lX COCTABJIAIOIIMUX U B LI€JIOM 110 MaTepHuaJly B LIECHTPE roJIOBKU peJjibCca

Contributions - Perlite ST fi th.e
ideal fragmented destroyed globular structure material
P, % ~1 10 0 0 90 100
Acp, MPa 35 35 - - 35 35
Ac,, MPa 80 210 - - 210 210
Acg, MPa - - - - - 0
Ac,,. MPa 1120 - - - - 10
Ao, MPa - 1430 - - 1875 1830
Ac,, MPa - 1070 - - 1435 1400
Ac,, MPa 575 445 - — 380 390
Acpl, MPa 575 445 - - 380 390
Ao, MPa 40 2280 - - 4255 4060
Ac,, MPa 615 2725 - - 4635 4450
2 Ac;, MPa 2077 5506 - — 8206 7957
Y Ac P, MPa 21 551 7385 7957

[ ConcLusions

Transmission electron microscopy was used to reveal
the morphological components of the rolling surface
of the rail head made of hypereutectoid steel, both

at the center and in the fillet. The identified components
include lamellar pearlite, fragmented pearlite, destroyed
lamellar pearlite, globular pearlite, completely destroyed
pearlite, and subgrain structure. We conducted a quan-
titative analysis of hardening mechanisms and assessed
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the contributions from lattice friction, solid solution hard-
ening, pearlite hardening, incoherent cementite particles,
grain boundaries and sub-boundaries, dislocation sub-
structure, and internal stress fields. For the fillet surface,
we established that the main hardening mechanism is due
to incoherent particles, along with mechanisms based on
internal long-range (local) stresses, internal shear stresses
(“forests” of dislocations), and substructural hardening.

For the central part of the rolling surface, the primary
hardening mechanisms are long-range stress fields, inco-
herent particles, and substructural hardening. We deter-
mined the additive yield strength at the rolling surface and
explained the difference in its values between the head
center and the fillet.
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