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Abstract—At the macro-, micro- and nanoscale levels, the optical, scanning and transmission electron dif-
fraction microscopy methods revealed quantitative transformations of the structure at a depth of 0, 2, 5,
10 mm along the central axis and the symmetry axis of the head fillet of long-length differentially hardened
rails after extremely long-term operation (passed tonnage 1770 million gross tons). At the macroscale level,
numerous shallow parallel contact fatigue cracks are observed on the surface of the working fillet, and small
spalls are observed on the surface of the non-working fillet. The side wear of the rail was 2.5 mm, and the
vertical wear was 2 mm. The metal microstructure of the rail head complies with the requirements of the stan-
dard and technical specifications of Russian Railways. At the microscale level, the transformation of cemen-
tite plates was established by cutting them with moving dislocations and dissolving with the escape of carbon
to the dislocation lines, low- and high-angle boundaries. There is a decrease in the dispersion of the micro-
structure with distance from the tread surface. At the nanoscale level, the subgrain structure formed in the
surface layers (subgrain size 110–200 μm) contains nanosized cementite particles (25–60 nm) localized at the
joints and along the subgrain boundaries. It is suggested that this type of structure is formed as a result of
dynamic recrystallization during megaplastic deformation, which occurs during extremely long-term opera-
tion of rails. The content of the subgrain structure in the fillet layer is five times higher than the content in the
surface layer of the tread surface. It has been established that during operation, the transformation of lamellar
perlite along the central axis of the head proceeds more slowly than along the symmetry axis of the fillet.
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INTRODUCTION
The service life of rails is determined by many fac-

tors: metal purity, structure, phase composition, oper-
ating conditions, heat treatment technology, etc. In
rails at modern speeds of movement of trains and high
contact pressures, even with a relatively small passed
tonnage in the surface layers, a strong change in the
structure is observed, and also an anomalously high
microhardness and the phenomenon of cementite
decomposition are noted. During long-term opera-
tion, numerous defects accumulate in the rails, segre-
gation, relaxation, homogenization and recrystalliza-
tion processes are induced. Phase transitions may be

accompanied by a deterioration in physical and
mechanical properties and may also cause failure of
the rails [1].

An analysis of studies on the problem of the forma-
tion of structural-phase states in rails during long-
term operation allows us to state that this problem is
one of the key ones for the physics of condensed mat-
ter [2].

In [1, 2], a data bank was formed on the regularities
of the formation of structural-phase states and dislo-
cation substructure, the distribution of carbon atoms
in the head of long-length differentially hardened rails
along the central axis and along the fillet after long-
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Table 1. Chemical composition of rail metal of DT350 category

Material
Content, % (by mass)

C Mn Si P S Cr Ni Cu Al Тi Мо V

Sample 0.73 0.75 0.58 0.012 0.007 0.42 0.07 0.13 0.002 0.003 0.006 0.04

TU requirements 0.71–0.82 0.75–1.25 0.25–0.60 No more 0.20–0.80 With a total share 
of not more 

than 0.27

No 
more 
than 
0.004

No 
more 
than 
0.010

– 0.03–0.15

0.020 0.020 ≤0.20 ≤0.20
term operation (passed tonnage 691 and 1411 million
gross tons). To date, a batch of DT350 rails produced
in 2013 at EVRAZ ZSMK JSC has reached an unprec-
edented in Russian practice of 1770 million tons of
gross tonnage passed at the at Experimental Ring of
JSC Russian Railway Research Institute (VNIIZhT). 

In foreign literature, researchers limit themselves to
studying the structure and properties of rails after a
small amount of tonnage passed [3, 4]. They analyze
the formation of a white layer [5–8], the mechanisms
of nanostructure formation in the surface layer of a rail
[9], a contact fatigue crack, and the distribution of
tread surface irregularities [10, 11].

The purpose of this work is to study the changes in
the structure and phase composition in the head of
100-meter differentially hardened rails after extreme
operation on the railway (tonnage passed 1770 million
gross tons) at various scale levels.

MATERIAL AND RESEARCH METHODS
As a research material, samples were taken from the

R65 rail of the DT350 category made of steel grade
E76HF, taken from the track at the Experimental Site
in Shcherbinka. The rail was withdrawn from the track
after passing 1770 million tons of gross weight due to a
defect classified in accordance with the instruction
[12] under code 11.2 (cracks and spalling of metal on
the side working fillet or on the middle part of the
head, which arose from the inside from local accumu-
lations of non-metallic inclusions elongated along the
rolling direction in the form of tracks-lines or arising
from the outer surface of the rail due to insufficient
contact fatigue strength of the rail metal). The chemi-
cal composition of the metal of the investigated rail,
determined by spectral and chemical methods, as well
as the requirements of TU 0921-276-01124323–2012
for steel grade E76HF, are given in Table 1.

Metal macrostructure was revealed by deep etching
in 50% aqueous hydrochloric acid solution at a dis-
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tance of about 40 mm from the spalling zone. Rail
metal microstructure was studied by optical and scan-
ning electron microscopy (SEM) on thin sections cut
outside the defective zone in accordance with the
requirements of TU 0921-276-01124323–2012. The
defective metal substructure was studied by transmis-
sion electron diffraction microscopy (TEM) [13–17].
As in [1, 2], the objects of study for the transmission
electron microscope were prepared by thinning the
plates cut from the bulk workpiece at a distance of
2 and 10 mm from the rail surface (tread surface and
working fillet), as well as from a plate adjacent to the
surface of rail.

RESEARCH RESULTS 
AND DISCUSSIONS

The metal macrostructure of the test sample in
terms of center segregation, point inhomogeneity, seg-
regation stripes and cracks was studied on a macro-
template. As a result of the performed studies, no
internal defects nor discontinuities were revealed. The
side wear of the rail was 2.5 mm, and the vertical wear
was 2 mm. On the surface of the working fillet of the
head, numerous parallel cracks of contact fatigue were
revealed. On the surface of the non-working fillet,
small spalling was revealed, passing in a strip up to
5 mm wide along thin winding cracks. In the place of
numerous parallel surface cracks of contact fatigue, as
well as in the place of small spallings on the macro-
template from the surface of the head, discontinuities
up to approximately 0.5 mm deep are observed.

Studies of the microstructure of rail metal revealed
grains of lamellar pearlite and, in a small amount,
areas of ferrite; bainite is absent in the microstructure
(Fig. 1). Thus, the microstructure of the base metal in
the examined rail head meets the requirements of the
standard.

An analysis of the metal microstructure of the
studied rail at a depth of 2, 5, and 10 mm from the
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Fig. 1. Microstructure of the metal in the head of the investigated rail at a depth of 2 (a), 5 (b) and 10 mm (c) from the tread surface
along the vertical axis.

(а) (b) (c)10 µm 10 µm 10 µm
tread surface along the vertical axis and along the bil-
letradius of the fillet surface showed that the dispersity
of the microstructure decreases with distance from the
surface.

More detailed studies of the metal microstructure
of the rail head by scanning electron microscopy
showed that the microstructure of the metal is formed
by grains of highly dispersed perlite with insignificant
areas of structurally free ferrite (Fig. 2). The main
share of perlite is regular colonies with right alterna-
tion of cementite and ferrite plates. In the fillet zone
and the middle part of the rail head, a significant
Fig. 2. Metal microstructure in the head of the investigated
rail at a depth of 2 mm. Scanning electron microscopy of
an etched section.

10 µm
amount of pearlite colonies with curved (wavy) and
collapsed cementite plates, as well as areas of degener-
ated pearlite, are observed in the microstructure.

TEM studies of the metal structure of the head
made it possible to detail the structural-phase state of
pearlite in the studied sample. It was found that,
regardless of the direction of the study (along the bil-
letradius of the fillet or along the central axis of the
head), there are several structural states of pearlite in
the steel, which are classified according to the mor-
phological feature as follows:

— firstly, this is a pearlite structure of lamellar
morphology with alternating of parallel plates of
cementite and ferrite (Fig. 3a);

— secondly, perlite is destroyed, in which there are
no extended plates of cementite. They are fragmented
and shifted relative to the original axial line (Fig. 3b).
Such a structure is formed as a result of shearing and
shifting of cementite plates by moving dislocations
[18, 19];

— third, a ferrite-carbide mixture (degenerate
pearlite) in which cementite particles of different
shapes and sizes are arranged chaotically in the ferrite
grains (Fig. 3c).

— fourth, ferrite grains with a band substructure
organized by low-angle boundaries (Fig. 3d). Cemen-
tite in such grains is present in the form of rounded
particles located along low-angle boundaries.

Ferrite grains with a fragmented (subgrain) struc-
ture are observed on the tread surfaces and the work-
ing fillet (Fig. 4). Rounded cementite particles 25–
60 nm in size are located at the joints and along the
boundaries of subgrains 110–200 nm in size. It can be
assumed that this type of structure was formed as a
result of dynamic recrystallization of steel under severe
STEEL IN TRANSLATION  Vol. 52  No. 3  2022
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Fig. 3. Electron microscopic image of the metal structure of the rail head.

0.2 µm 0.2 µm

0.5 µm0.5 µm(а) (b)

(c) (d)

Fig. 4. Fragmented (subgrain) structure formed in the sur-
face layer of the rail head metal.

0.5 µm
plastic deformation and cyclic loading of the rail metal
during long-term operation [20].

The relative content of the identified morphologi-
cal varieties of the metal structure using stereological
methods is shown in Fig. 5.

It can be seen that the transformation of the pearl-
ite structure of lamellar morphology relative to the
central axis during operation proceeds much more
slowly compared to the change in the structure relative
to the billetradius of the working fillet. The subgrain
structure is formed mainly in the surface layer of the
rail. The relative content of the subgrain structure in
the surface layer of the working fillet is five times
higher than in the surface layer of the tread surface.
The foregoing indicates a significantly higher level of
transformation of the metal structure along the radius
of the working fillet compared to the metal along the
central axis.

CONCLUSIONS
Methods of optical, scanning and transmission

electron microscopy have been used to study structure
and phase composition in the head of long-gauge dif-
ferentially hardened rails after the passed tonnage of
1770 million tons at different structural and scale lev-
els. The formation of rail wear (side wear in the layer
with thickness of 2.5 mm, and vertical wear—2 mm)
has been revealed at the macro level. Numerous paral-
lel cracks of contact fatigue were revealed on the sur-
face of the working fillet of the head. On the surface of
the non-working fillet, the small spallings was
revealed, passing by a strip up to 5 mm in width along
STEEL IN TRANSLATION  Vol. 52  No. 3  2022
thin winding cracks. In the place of numerous parallel
surface cracks of contact fatigue, as well as in the place
of shallow spallings on the macro-template from the
surface of the head, discontinuities up to 0.5 mm in
depth are observed.

At the micro level, a significant transformation of
the structural-phase state of lamellar perlite grains was
revealed, accompanied by the destruction of cemen-
tite plates by their cutting by moving dislocations and
dissolution with the departure of carbon from the
cementite lattice to dislocation lines, low-angle and
high-angle boundaries. At the nanoscale level, the for-
mation of a subgrain structure containing nanosized
cementite particles located at the joints and along the
boundaries of subgrains was revealed. The sizes of sub-
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Fig. 5. Relative content of different types of metal structure
of the rail head, identified along the central axis (relative to
the tread surface) (a) and along the billetradius of the
working fillet (b). Curves: (1) relative content of structure
types in the layer located at a depth of 10 mm; (2) in a layer
located at a depth of 2 mm; (3) in the surface layer. Struc-
ture types: (1) lamellar pearlite; (2) destroyed pearlite;
(3) degenerate pearlite (ferrite-carbide mixture); (4) ferrite
grains, in the volume of which a band substructure is
observed; (5) ferrite grains with a fragmented (subgrain)
structure.
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grains vary from 110 to 200 nm, and the sizes of
cementite particles vary from 25 to 60 nm. It is sug-
gested that this type of structure is formed as a result of
dynamic recrystallization of steel under cyclic loading
during long-term operation of rails. It has been estab-
lished that the transformation of perlite structure of
lamellar morphology relative to the central axis of the
head proceeds more slowly compared to the change
in the structure relative to the billetradius of the
working fillet. The relative content of the subgrain
structure formed in the surface layer of the working
fillet is five times higher than in the surface layer of
the tread surface.
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