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Аннотация. Начиная с 2018 года на АО «ЕВРАЗ Объединенный Западно-Сибирский металлургический комбинат» производятся рельсы 

категории ДТ400ИК повышенной износостойкости и циклической трещиностойкости для тяжеловесного движения и сложных участков 
пути с крутыми кривыми радиусом менее 650 м. Методом просвечивающей дифракционной электронной микроскопии изучены струк-
турно-фазовые состояния и дефектная субструктура на разных расстояниях (0, 2, 10 мм) от поверхности контакта «колесо – рельс» 
вдоль центральной оси симметрии головки рельса («поверхность катания») и по радиусу скругления головки рельса («выкружка») 
дифференцированно закаленных длинномерных рельсов категории ДТ400ИК из заэвтектоидной стали после длительной эксплуатации 
на экспериментальном кольце РЖД (пропущенный тоннаж 187 млн т). На основании полученных параметров структуры выполнены 
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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. 

Keywords: rails, fillet, tread surface, electron microscopy, hypereutectoid steel, phase composition, fine structure parameters, strengthening mechanisms
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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).

 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 E90KhAF 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, A and B, were cut from 
the  rails (Fig. 1). Set  A 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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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  (ρ) and the excess dislocation density (ρ± ), 
together with the  amplitudes of  internal stresses: (σF 
the  shear (“forest”) stress generated by the  dislocation 
structure, and σL 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.

 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 α-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 α-phase lamellae; the average fragment size 

is approximately 90×420 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 slight increase 
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. 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 (A) and the radius 
of rounding of the fillet (B) 

Рис. 1. Схема подготовки фольг при исследовании методом 
электронной дифракционной микроскопии на расстояниях 

0, 2 и 10 мм от поверхности по центральной оси (А) 
и радиусу скругления выкружки (В)

Fig. 2. TEM images of the subgrain structure (a) and microcracks 
in the subgrain structure (b) on the tread surface and ferrite-carbide 
mixture (c) in the fillet in E90KhAF steel after long-term operation 

(wheel – rail contact surface) 

Рис. 2. ПЭМ-изображения субзеренной структуры (а) 
и микротрещины в субзеренной структуре (b) на «поверхности 
катания» и феррито-карбидной смеси (c) в «выкружке» в стали 

Э90ХАФ после длительной эксплуатации (поверхность контакта 
«колесо – рельс»)
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tion of lamellar pearlite and the formation of the subgrain 
structure lead to elastic distortion of the α-phase crystal 
lattice. As a result, the amplitude of the long-range inter-
nal stresses σL , associated with regions of excess disloca-
tion density, becomes approximately 4.5 times higher than 
that of the internal shear stresses σF 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 

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-

Fig. 3. Dependences of quantitative parameters of fine structure on the distance to wheel – rail contact surface 
on the tread surface (a – d) and fillet (e – h):

a, e – volume fractions of morphological components PV (1 – pearlite of different morphology; 2 – fragmented lamellar pearlite; 
3 – subgrain structure; 4 – ferrite-carbide mixture); b, f – scalar ρ and excess ρ± dislocation density; 

c, g – amplitudes of internal stresses (shear σf and long-range σis ); d, h – components of long-range stresses (elastic  and plastic  )

Рис. 3. Зависимости количественных параметров тонкой структуры от расстояния до поверхности контакта «колесо – рельс» 
на «поверхности катания» (a – d) и «выкружке» (e – h): 

a, e – объемные доли морфологических составляющих PV (1 – перлит разной морфологии; 2 – фрагментированный пластинчатый перлит; 
3 – субзеренная структура; 4 – феррито-карбидная смесь); b, f – скалярная ρ и избыточная ρ± плотность дислокаций; 

c, g – амплитуды внутренних напряжений (сдвига σf и дальнодействующих σis ); 
d, h – составляющие дальнодействующих напряжений (упругой  и пластической  )
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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, c). 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  (ρ) increases in all com-
ponents as the wheel – rail contact surface is approached. 
The highest values of ρ 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 ρ increases toward the contact 
surface (Fig. 3, f). The curvature – torsion of the α-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 ρ (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  σis 
exceeds the  shear stress σF (Fig. 3, h), with the  elastic 
component of σis 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 

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 Δσpearl (barrier braking within pearlite colo-
nies); strengthening by incoherent cementite partic
les  Δσor (Orowan bypass mechanism); strengthening 
by grain boundaries and subboundaries Δσsub (substruc-
tural strengthening associated with intraphase bounda
ries); strengthening by the  dislocation substructure ΔσF 
(forest dislocation strengthening, i.e., internal shear 
stress); and strengthening by internal stress fields ΔσL 
(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 ΔσL , 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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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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