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Abstract—The evolution of the structure and defect substructure of rail steel during uniaxial compression to
a reduction of 50% is studied. The strain hardening is found to have a multistage character and to be accom-
panied by fragmentation of pearlite grains, which increases with the strain. An increase in the strain is accom-
panied by a decrease in the scalar and excess dislocation densities. Cementite plates are found to undergo
destruction via their dissolution and cutting by mobile dislocations.
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INTRODUCTION
In our country, rail transport is mainly used to per-

form cargo turnover and passenger traffic. The contin-
uous increase in the requirements for the reliability of
rails under conditions of high axle loads and driving
speeds necessitates the study of the behavior of rails
during long-term operation and an analysis of possible
causes for their withdrawal [1]. The investigation of
the nature and evolution of structural and phase
changes in rail steel during operation is possible by
analyzing the deformation behavior of metals under
intense plastic deformation [2–4]. Under diverse types
and modes of plastic deformation, a fundamental frag-
mentation phenomenon, i.e., deformation-induced
structure refinement to 100–200 nm, is observed in
crystalline materials with different types of crystal lat-
tice [5–7].

Pearlitic steel subjected to intense plastic deforma-
tion, such as cold drawing at large reductions, can have
a ultimate tensile strength of 5 GPa [8]. In [9], tensile
tests revealed the following three different types of slip
bands in pearlitic steels: bands formed as a result of
shear deformation in pearlite colonies, bands at the
interface of pearlite colonies, and bands at the fer-
rite/cementite interface. Using X-ray diffraction anal-
ysis during tensile testing of S70 pearlitic steel, the
authors of [10] showed that a decrease in the interla-
mellar spacing by a factor of 1.5 led to an almost two-
fold increase in the critical shear stress in ferrite. A
similar fact was detected in [11], in which a correlation
between strain hardening and the evolution of the

coherent domain size and the dislocation density was
found for pearlitic steel subjected to a microcompres-
sion test.

Despite the difference in deformation schemes, the
general mechanisms of formation and evolution of the
nanostructure of rail steel during plastic deformation
are the deformation-induced decomposition of
cementite under shear stresses and the subsequent for-
mation of nanoscale tertiary cementite as a result of
carbon atom migration [12, 13].

Thus, knowledge of the laws of formation of struc-
tural-phase states and properties of steel with a pearl-
itic structure for various types of plastic deformation is
necessary to control the process of strain hardening.
The purpose of this work is to analyze the evolution of
the structural-phase states of rail steel during plastic
deformation by compression.

EXPERIMENTAL
Differentially hardened DT350 rails (Evraz

ZSMK) made of degassed E76KhF electric furnace
steel in accordance with TU 0921-276-01124333–2021
were studied. The chemical composition of the rail
steel is given in Table 1. Rectangular 5 × 5 × 10-mm
specimens were cut out of the rail head. Uniaxial com-
pression deformation was carried out at room tem-
perature on an Instron 3369 testing machine at a load-
ing rate of 1.2 mm/min.

The structure of the specimens was examined by
transmission electron microscopy (TEM) using a
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Table 1. Chemical composition of rail steel, wt %

C Mn Si Cr P S Ni Cu Тi Мо V Al

0.73 0.75 0.58 0.42 0.012 0.007 0.07 0.13 0.003 0.006 0.04 0.003
JEOL JEM 2100F microscope [14–16]. Foils were
prepared by electrolytic thinning to a thickness of
≈200 nm of plates spark-cut from the middle part of
the specimen. The structural-phase state of the steel
subjected to deformation by 15, 30, and 50% was ana-
lyzed.

The scalar dislocation density of each type of dislo-
cation substructure (DSS) was determined using the
methods from [14–17]. It was calculated by the for-
mula

(1)

where n1 and n2 are the numbers of intersections of
horizontal and vertical lines of length l1 and l2, respec-
tively, by dislocations; M is the magnification of a
micrograph; and t is the foil thickness (200 nm).

The average scalar dislocation density was deter-
mined with allowance for the volume fraction of each
type of DSS according to the formula

(2)

where  is the volume fraction of the material occu-
pied by the ith type of DSS, Z is the number of types of
DSS, and ρi is the scalar dislocation density in the
ith type of DSS.
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Fig. 1. (a) Stress–strain curve of rail steel during uniaxial comp
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The excess dislocation density was calculated using
the misorientation gradient [18],

(3)

Here, b is the Burgers vector and χ =  is the lat-

tice curvature–torsion amplitude, where  is the
angle of foil inclination in the microscope column and

 is the displacement of the extinction contour.

RESULTS AND DISCUSSION
Figure 1a shows the stress–strain curve recorded

during uniaxial compression of a specimen. As a rule,
the change in the cross-sectional area of a specimen is
not taken into account in this method of loading;
therefore, this curve should be considered as a condi-
tional compression diagram. For the chosen test
method, the specimens could not be brought to frac-
ture: they became flattened. This behavior is explained
by the fact that the steel under study is capable of being
strongly deformed without fracture in this method of
loading.

The stress–strain curve of the steel is a pronounced
parabola (see Fig. 1a). An analysis of strain-hardening
curves is based on the concept of stages of strain hard-
ening, which reflects the evolution of DSS during
deformation [19–21]. In the stress–strain curve (see
Fig. 1a), we can distinguish the stage of elastic defor-
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Fig. 2. Structure of the deformed steel (ε = 50%):
(a) bright-field image; (b) electron diffraction pattern for
(a); and (c, d) dark-field images taken with the [121]Fe3C
and [211]Fe3C cementite reflections, respectively (indi-
cated by arrows 1 and 2 in (b)).

200 nm 200 nm(c)

200 nm(a) (b)

(d)

1

2

Fig. 3. Structure of the deformed steel (ε = 50%):
(a) bright-field image and (b) dark-field image taken with
the [012]Fe3C + [110]α-Fe reflection.
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mation (stage I) and the stage of plastic deformation
(stage II). In most cases, four stages are distinguished
in such a stress–strain curve [19, 20]: transitional (T)
stage following the elastic limit and demonstrating
either an increase or decrease in the strain-hardening
coefficient; stage II with high constant or almost con-
stant high hardening; stage III, at which the strain-
hardening coefficient decreases; and stage IV with a
very low and a constant strain-hardening coefficient.

Plastic f low stages are associated with a change in a
hardening mechanism and, hence, the formation of
qualitatively different defect structures. The authors of
[21] demonstrated the structural nature of the harden-
ing stages and their relation to linear sections on a
stress–strain curve reconstructed in the σ–ε0.5 coordi-
nates. The stages of plastic f low of steel in this work
were revealed when stress–strain curves were plotted
in the σ–ε0.2 coordinates (Fig. 1b).

The following components were identified in the
structure of the initial steel: pearlite of lamellar mor-
phology, ferrite–carbide mixture (degenerate pearlite
grains), and structurally free ferrite (ferrite free of car-
bide phase particles) at their relative contents of 0.7,
0.26, and 0.04, respectively. DSS in the form of chaot-
ically distributed dislocations or, less frequently, dislo-
cation networks is observed in the volume of all struc-
tural constituents. The scalar dislocation density
determined by the techniques from [14–17] is  =
3.2 × 1010 cm–2 in ferrite grains and  = 4.2 × 1010 cm–2

in pearlite grains.

ρ
ρ

RUS
The multiple transformation of a pearlite structure
consists primarily in fragmentation, which increases
with the degree of deformation. At ε = 50%, the vol-
ume of a fragmented structure is 0.37 of the foil vol-
ume. When the degree of deformation increases, the
average ferrite plate fragment size decrease from
240 nm at ε = 15% to 200 nm at ε = 50%.

Simultaneously with ferrite plates, fragmentation
of cementite plates was also revealed (Fig. 2): their
sizes are 15–20 nm and weakly depend on the degree
of deformation. Along with fragmentation, the
destruction of cementite plates was also noted. The
first mechanism of destruction consists in cutting
plates by moving dislocations and picking up carbon
atoms by dislocations to their stress field [22]. The sec-
ond mechanism consists in pulling carbon atoms out
of the cementite lattice during plastic deformation by
dislocations due to a noticeable difference in the aver-
age energies of binding carbon atoms with dislocations
(0.6 eV) and iron atoms in (0.4 eV) the cementite lat-
tice. Carbon atoms transferred from the cementite lat-
tice to dislocations are moved to the interlamellar
spacing and form tertiary cementite particles (Fig. 3).
The sizes of such particles are 2–4 nm.

The deformation of pearlite grains is accompanied
by the transformation of the DSS of steel. For exam-
ple, dislocations are distributed quasi-uniformly over
SIAN METALLURGY (METALLY)  Vol. 2022  No. 10
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Table 2. Scalar  and excess ρ± dislocation densities in
fragments as functions of strain ε

Parameter

Dislocation density, 1010 cm–2, 
at ε, %

0 15 30 50

2.5 2.1 1.6 0.6

ρ± 1.8 1.6 1.0 0.3

ρ

ρ

the volume of ferrite plates in the structure of the ini-
tial steel, and dislocation pileups form around cemen-
tite particles during deformation.

An increase in the degree of deformation was found
to be accompanied by a decrease in the scalar density
of dislocations located in the volume of fragments
(Table 2). This decrease can be caused by the depar-
ture of dislocations into low-angle boundaries and their
annihilation. A similar change in the DSS of fragments
formed during deformation was observed in [23].

We now determine the density of dislocations
forming low-angle fragment boundaries. As was
shown in [14–17, 24] the dislocation density in low-
angle boundaries can be estimated at a given misorien-
tation angle between fragments Θ, Burgers vector b of
dislocations in a low-angle boundary, and average
fragment size d,

(4)

The angle of misorientation between fragments
(Fig. 4a) was determined using a certain electron dif-
fraction pattern and the relation [24]

where Δ is the diffraction maximum width and R is the
radius vector of this reflection (Fig. 4b).

Assuming b = 0.25 nm and average fragment size
d = 200 nm, we use Eq. (4) and obtain ρb = 0.002 nm–2 =
2.0 × 1011 cm–2. Taking into account that the relative
content of pearlite with a fragmented structure at ε =
50% is ≈0.37, we finally obtain the density of the disloca-
tions concentrated in low-angle fragment boundaries of
the steel under study, ρb = 0.37 × 2.0 × 1011 cm–2 = 7.4 ×
1010 cm–2. At a certain degree of conditionality, this is
thought to be the dislocation density in steel at ε =
50%, and this is no longer a scalar dislocation density.

The deformation of steel is not only accompanied
by pearlite fragmentation, but also leads to the forma-
tion of dislocation pileups around cementite particles.

Θρ =b
2 .
bd

ΔΘ = , rad,
R
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Fig. 4. (a) Structure of the steel deformed at ε = 50% and
(b) electron diffraction pattern taken from the given foil
area; the arrows indicate the reflection used to determine
the angle of complete misorientation of the steel structure.
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The dislocation density at cementite particles is esti-
mated by Eq. (1). For the steel structure shown in
Fig. 5, we have M = 44 × 104, t = 200 × 10–7 cm and
obtain  = 9.8 × 1010 cm–2. Taking into account that
the content of pearlite with a fragmented structure is
0.37, we assume that the rest of the steel structure
(0.63) is occupied by particles surrounded by disloca-
tions, as is shown in Fig. 5. In this case, the scalar dis-
location density in the steel at ε = 50% is  = 0.63 ×
9.8 × 1010 cm–2 = 6.2 × 1010 cm–2.

TEM analysis of the DSS of the deformed steel
revealed bending extinction contours on electron
microscopic images of the structure. Their presence
indicates bending–torsion of the crystal lattice in this
region of the material and, consequently, internal
fields stresses, which bend a thin foil and, accordingly,
strengthen the material [1, 25, 26].

One of the characteristics of the curvature–torsion
of the crystal lattice is excess dislocation density ρ±.
The estimation showed that ρ± decreases like the sca-
lar density of dislocations with an increase in the strain
(see Table 2). The lower values of ρ± as compared to

 can be associated with the broadening of extinction

ρ

ρ

ρ

 10

Fig. 5. DSS of the steel deformed at ε = 50% near cemen-
tite particles (indicated by arrows).

50 nm
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contours during deformation, which leads to a
decrease in the fragment size.

CONCLUSIONS
(1) The deformation of rail steel is accompanied by

the fragmentation of pearlite grains, which increases
with the degree of deformation and reaches ≈0.4 of the
material volume at ε = 50%. The fragment sizes of fer-
rite plates are 240 and 200 nm at ε = 15 and 50%,
respectively, and the fragmentation of cementite plates
weakly depends on the degree of deformation.

(2) The destruction of cementite plates proceeds
via their dissolution and cutting by mobile disloca-
tions. The carbon atoms having passed from the crys-
tal lattice of cementite to dislocations are moved into
the interlamellar space and form tertiary cementite
particles, the size of which is 2–4 nm.

(3) The formation of an inhomogeneous DSS
during the deformation of steel is caused by the retar-
dation of dislocations by cementite particles.

(4) An increase in the degree of deformation is
accompanied by a decrease in the scalar and excess
dislocation densities, which can be due to the depar-
ture of dislocations into low-angle boundaries and
their annihilation.
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