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Abstract—The structure, phase composition, and dislocation substructure in the head of long differentially
quenched special-purpose rails made of E90KhAF steel after a passed gross tonnage of 187 mln t are ana-
lyzed. The formation of f lexural extinction contours is observed, which indicates an elastic-stressed state in
the material. The sources of lattice curvature–torsion are found to be intra- and interphase boundaries, and
the mechanisms of destruction of cementite lamellae are determined.
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INTRODUCTION
According to the data of OAO Russian Railways,

the main causes of the removal of rails are contact-
fatigue defects and surface wear. Numerous investiga-
tions have shown that a critical dislocation density, the
formation of white surface layers, the transformation
of a carbide phase, and a high surface microhardness
are observed in the near-surface layers of rails in this
case [1–11].

Three years ago, AO Evraz ZSMK started the pro-
duction of special-purpose DT400IK rails with
increased wear resistance and back-to-back endur-
ance. To improve differentiated quenching conditions
for such rails in order to form high operational proper-
ties, it is necessary to understand the nature and laws
of formation of the structural-phase states in the sur-
face layers of rails after various volumes of tonnage
passed.

The purpose of this work is to analyze the forma-
tion of gradients of structural-phase states and dislo-
cation substructures in the surface layers of the rail
head made of E90KhAF hypereutectoid steel after
operation.

EXPERIMENTAL
We studied samples of differentially quenched

DT400IK rails made of E90KhAF steel produced by
AO Evraz ZSMK after operation on the experimental

ring of AO VNIIZhT (gross tonnage of 187 mln t). The
elemental composition of steel is regulated by GOST
51685–2013 and TU 24.10.75111-298-057576.2017 of
Russian Railways.

According to them, the mass fractions of the ele-
ments are (%) 0.83–0.95 C, 0.75–1.25 Mn, 0.25–
0.60 Si, 0.08–0.15 V, 0.20–0.60 Cr, 0.010–0.020 N,
<0.020 P, <0.020 S, and <0.004 Al.

The morphology of a structure and phase compo-
sition and a dislocation substructure (scalar disloca-
tion density, lattice curvature [12]) were determined by
transmission electron microscopy (JEOL JEM-2100F
microscope), as in [9–11], in the fillet of the rail head
at distances of 0, 2, and 10 mm from the surface.

RESULTS AND DISCUSSION
The structure of steel in its initial state is repre-

sented by grains of pearlite of predominantly lamellar
morphology and a small amount of primary cemen-
tite. The pearlite grain size is 0.6–3 μm (Fig. 1).

After long-term operation, a dislocation substruc-
ture is observed in the ferrite lamellae of pearlite colo-
nies: these are mainly chaotically distributed disloca-
tions (Fig. 2a) and dislocation networks (Fig. 2b).

The scalar dislocation density  increases as the
fillet surface of the rail head is approached and reaches
a maximum value at a distance of 2 mm from the sur-
face (Fig. 3a).

ρ

298



FORMATION OF GRADIENT STRUCTURAL-PHASE STATES 299

Fig. 1. Structure of rail steel in its initial state ((a) scanning and (b) transmission electron microscopy).
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Fig. 2. Dislocation substructure of the ferrite lamellae of pearlite colonies.
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Ferritic lamellae are fragmented. The transverse
fragment size is limited to the distance between
cementite lamellae and weakly changes with the dis-
tance from the surface, unlike longitudinal size D,
which increases with the distance from the surface
(Fig. 3b). The structure of the cementite lamellae is
also fragmented, and longitudinal fragment size d
increases with the distance from the surface (Fig. 3c).

Bending extinction contours are present on elec-
tron-microscopic images of the structure, which indi-
cates lattice curvature–torsion. The sources of curva-
ture–torsion are grain boundaries or pearlite colony
boundaries, as well as ferrite and cementite lamella
RUSSIAN METALLURGY (METALLY)  Vol. 2024  No.
boundaries. In the first case, a bend contour (contour
of the first type) crosses a grain or a pearlite colony
from one grain boundary (colony) to another
(Fig. 4a). In the second case, a bend contour (contour
of the second type) is located within a single ferrite or
cementite lamella (Fig. 4b).

The lattice curvature–torsion in the rail metal was
estimated using the average contour thickness (trans-
verse sizes) and the specific contour density (the num-
ber of contours per unit foil area). Note that the aver-
age transverse sizes of the extinction contours of both
types change nonmonotonically with the distance
 2
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Fig. 3. (a) Scalar dislocation density, (b) longitudinal size of ferrite lamella fragments, and (c) longitudinal size of cementite lamella
fragments vs. the distance from the fillet surface.
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Fig. 4. Electron-microscopic images of bend extinction contours of the (a) first and (b) second type in ferrite lamellae.

500 nm 50 nm(a) (b)



FORMATION OF GRADIENT STRUCTURAL-PHASE STATES 301

Fig. 5. (a) Transverse sizes of bend extinction contours and (b) their specific density vs. the distance from the fillet surface:
(1, 2) first and second types of bend extinction contours, respectively.
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from the fillet surface and reach minimum values at a
depth of 2 mm (Fig. 5a).

Taking into account well-known facts indicating an
inversely proportional dependence of the transverse
contour sizes on the internal stresses in a material
[1, 10, 11], we can state that the subsurface layer of
rails is most strongly stressed. The stress amplitude
having formed at interphase boundaries (interface
between cementite and ferrite lamellae) is an order of
magnitude higher than the stress amplitude having
formed at the intraphase boundaries (pearlite grain
boundaries). The pronounced distance dependence of
the density of second-type contours (Fig. 5b), which
reaches a maximum at the fillet surface (X = 0), indi-
cates a high density of stress concentrators at inter-
phase boundaries.

Extinction contours are less frequently observed in
cementite lamellae. The transverse sizes of such con-
tours are almost independent of the distance from the
fillet surface and are 8–13 nm.

The deformation action on the structure of lamel-
lar pearlite at high degrees of deformation is accompa-
nied by the destruction of cementite lamellae. It
occurs according to the following two main mecha-
nisms: (i) dissolution accompanied by the motion of
RUSSIAN METALLURGY (METALLY)  Vol. 2024  No.
carbon atoms to dislocation cores and, then, to the
volume of ferritic lamellae and the subsequent forma-
tion of globular carbide phase nanoparticles there;
(ii) cutting of cementite lamellae by moving disloca-
tions and the subsequent motion of fragments in the
volume of a deformed pearlite grain [12–14]. In the
limiting case, the refinement of cementite lamellae
leads to their dissolution. According to classical con-
cepts, carbon diffusion occurs in the stress field cre-
ated by a dislocation substructure, which forms
around cementite lamellae. Here, the degree of
cementite decomposition is usually determined by the
dislocation density and the type of substructure [13].

When carbon atoms are “pulled” out of the crystal
lattice, the defect substructure of carbide changes due
to the penetration of dislocations into the cementite
lattice. However, the incoherent α-Fe–Fe3C interface
would prevent this, leaving only diffusive mass transfer
possible [1, 14]. It can occur according to various
mechanisms: diffusion through interstices and along
deformation vacancies [15, 16].

Both mechanisms of cementite destruction were
revealed in the surface layer of the fillet: dissolution
and destruction by cutting by moving dislocations
(Fig. 6). In the layer located at a distance of 2 mm from
the surface, the main mechanism of destruction of
 2
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Fig. 6. Electron-microscopic images of the structure of the surface layer of rail steel: (a, b) bright-field images, (c) dark-field
image taken with coincident [110] α-Fe and [031] Fe3C reflections, and (d) electron diffraction pattern (arrow indicates the
reflection used to take the dark-field image).
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cementite lamellae is their dissolution followed by the
precipitation of iron carbide nanoparticles in ferrite
lamellae (Fig. 7).

CONCLUSIONS
(1) The structure of DT400IK rails made of

E90KhAF steel in the initial state is represented by
pearlite grains of predominantly lamellar morphology
with insignificant primary cementite inclusions.

(2) After long-term operation, a dislocation sub-
structure is observed in the ferrite lamellae of pearlite
colonies, and the scalar dislocation density in the sub-
structure increases as the fillet surface is approached,
reaching a maximum at a distance of 2 mm from the
surface.
RU
(3) Stress concentrators are pearlite grain boundar-
ies (intraphase boundaries) and ferrite and cementite
lamella boundaries (interphase boundaries); the aver-
age transverse sizes of extinction contours change
nonmonotonically as they move away from the surface
and reach minimum values at a depth of 2 mm.

(4) The number of stress concentrators having
formed at interphase boundaries is maximal at the fil-
let surface.

(5) The following two mechanisms of destruction
of cementite lamellae were revealed: the dissolution of
lamellae with the motion of carbon atoms to moving
dislocations and the cutting of cementite lamellae by
moving dislocations. Both mechanisms are operative
in the surface layer of the fillet, and at a depth of
SSIAN METALLURGY (METALLY)  Vol. 2024  No. 2
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Fig. 7. Electron-microscopic images of the structure of rail
steel at a distance of 2 mm from the fillet surface: (a, b) bright-
field images; (c) electron diffraction pattern to (a). The
arrows in (b) indicate rounded cementite particles located
in the volume of ferrite lamellae.
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2 mm, and the main mechanism for the destruction of
cementite lamellae is the dissolution mechanism.

(6) The revealed quantitative laws of the formation
of gradient structural-phase states and dislocation
substructures in the surface layers of rails made of
hypereutectoid steel after long-term operation can be
useful for certifying DT400 IK rails and ensuring their
guaranteed rail-carried tonnage of 2–2.5 bln t.
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