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Abstract—The methods of modern physical materials science are used to study the defective substructure of
lamellar pearlite and the properties of rail steel subjected to fracture under uniaxial tension. The ultimate ten-
sile strength is found to be 1247—1335 MPa, and the relative strain to failure is 0.22—0.26. Three zones of frac-
ture surface, i.e., fibrous, radial, and shear zones, are revealed. The deformation of rail steel is accompanied
by the destruction of cementite plates in pearlite colonies and the repeated precipitation of tertiary cementite
particles =8.3 nm in size in the volume of ferrite plates. The scalar dislocation density in ferrite increases from
3.2 x 10'° cm~2 in the initial state to 7.9 x 10'© cm~2 after fracture. Ferrite and cementite plates are frag-
mented. The average cementite fragment size is 9.3 nm.
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INTRODUCTION

The considerable increase in the railroad traffic
density in recent years and the growth of freight ton-
nage of railroad lines require a high operational dura-
bility of rails made of pearlitic steel. Rails in operation
are subjected to significant deformation accompanied
by the evolution of a lamellar pearlite structure [1—3].
The manufacturers of rails aim to create high-quality
rails with high performance properties, which ensure
accident-free operation for a passing tonnage of more
than 2 billion gross tons. The wear resistance of rails
can be improved by raising the purity of steel, increas-
ing the carbon content [3], and hardening the rail head
[3, 4].

The production of rails with low-temperature reli-
ability and increased contact-fatigue endurance
requires studying the dependence of their hardening
on the initial structural state, establishing cause-and-
effect relations between the phenomena that deter-
mine their strain behavior [5, 6].

Table 1. Chemical composition of rail steel, wt %

Pearlitic steel rails in their initial state contain
about 70% lamellar pearlite, the deformation of which
is accompanied by a complex transformation of ferrite
and cementite [5—8], usually observed by transmis-
sion electron microscopy. The main focus is on the
deformation-induced fracture of cementite [8—10],
which increases the carbon content in ferrite, contrib-
uting to additional hardening.

This work aims to analyze the deformation-
induced transformation of the defect substructure of
lamellar perlite in rail steel subjected to fracture under
tension deformation conditions.

EXPERIMENTAL

Rail steel, the properties and element composition
of which are regulated by GOST R 51685—2013
(Table 1), was the material of the study. Two-sided
blades with a gage part 1.5 X 4.5 X 8.0 mm in size were
cut from the head of differentially hardened DT350
grade rails manufactured by Evraz ZSMK from vac-
uum degassed E76KhF electric steel. Uniaxial tensile

C Mn Si Cr P S

0.73 0.75 0.58 0.42 0.012 0.007

0.07 0.13 0.003 0.006 0.04 0.003
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Fig. 1. Stress—strain curves of the rail steel subjected to
uniaxial tension.

deformation was carried out using an Instron 3369 tes-
ter at a loading rate of 1.2 mm/min.

The structure of the fracture surface was examined
by scanning electron microscopy using a SEM 515
Philips microscope. The defective substructure of the
steel in the fracture zone was investigated by transmis-
sion electron microscopy using a JEOL JEM 2100
microscope [8—13]. Foils for transmission electron
microscopy were prepared by argon ion thinning on an
Ion Slicer EM-091001S of plates cut from fractured
samples on an Isomet Low Speed Saw perpendicular
to the fracture surface. The scalar and excess disloca-
tion density measurement techniques were not differ-
ent from those described in [5, 6].

RESULTS AND DISCUSSION

Figure 1 shows the stress—strain curves resulting
from uniaxial tension of steel samples. The tests
showed that the ultimate tensile strength is 1247—
1335 MPa, and the strain to failure is 0.22—0.26.

Figure 2 shows typical images of the fracture sur-
face of steel. As a rule, three zones are formed on the
fracture surface during tensile deformation of speci-
mens: a fibrous zone (in the central part of the speci-
men), a radial zone adjacent to it, and further, at the
edge of the specimen, a shear zone [14]. The fibrous
zone is elliptical in shape with a large axis parallel to
the long sides of the specimen section (see Fig. 2a).
The radial zone has a chevron, or “herringbone”
shape (see Fig. 2b). Chevron patterns are often associ-
ated with unstable and relatively fast crack propaga-
tion. A chevron pattern appears due to the mismatch
between the general direction of crack propagation
and the shortest direction from the crack front to the
free surface. Radial scars in this case propagate
towards the free surface, forming chevron patterns
[14]. The tops of the V-shaped chevrons are directed
away from the fracture nucleus.

The following components are distinguished in the
structure of the studied steel in terms of morphology
[5, 6, 15]: lamellar pearlite, ferrite-carbide grains
(degenerated pearlite) and structurally-free ferritic
grains (ferritic grains with no carbide particles in their
volume). The main structural components of the steel
are lamellar pearlitic grains, the relative content of
which is 0.7. The relative content of ferritic—carbide
grains is 0.27. The rest (0.03) were structurally-free
ferritic grains.

The structure of lamellar pearlite consists of alter-
nating ferrite plates (solid solution of carbon in o.-Fe,
BCC crystal lattice) and cementite plates (iron carbide
Fe,C, orthorhombic crystal lattice) [16]. Fracture
under uniaxial tension does not change the morphol-
ogy of steel. There are grains with a lamellar structure

Fig. 2. Fracture surface of the rail steel: (/) shear region, (2) radial region (enlarged in (b)), and (3) fibrous region.
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Fig. 3. Microstructure of the rail steel: (/) lamellar pearlite
and (2) ferrite-carbide grains.

typical of pearlite in the fracture zone and away from
it (Fig. 3). The transformation of the steel structure
becomes apparent at the level of the defect subsystem
and is accompanied by multiple pearlite transforma-
tions.

The ferritic plates of pearlitic colonies are found to
be fragmented, i.e., split into regions separated by low-
angle boundaries. The fragmentation of ferrite is best
observed in dark-field analysis of the structure
(Fig. 4).

The deformation involves the formation of a dislo-
cation substructure in the volume of ferritic plates.
Dislocations are chaotically distributed or form clus-
ters. The scalar dislocation density is 7.9 x 101 cm~2.
In the initial state it is 3.2 x 10! cm~2.

The deformation causes internal long-range stress
fields in a specimen. Electron microscopy studies of
thin foils reveal internal stress fields in the form of
bending contours of extinction located mainly in fer-
ritic plates. The sources of the stress fields in the steel
are the interphase boundaries between the cementite

AKSENOVA et al.

and ferrite plates, as well as the grain boundaries. Note
that the tensile strain of the steel is accompanied by the
rotation of pearlite grains, which is most noticeable in
the fracture zone of the specimens. This fact suggests
the presence of a rotational mode of deformation in
the fracture zone of the sample [17, 18]. Rotational
modes of plastic deformation are associated with the
formation of local lattice curvature. We can assume
that this effect in the rail steel promotes the displace-
ment of carbon atoms.

The deformation of the steel under study is also
accompanied by the destruction of cementite plates.
There are two possible mechanisms of their destruc-
tion discussed in the scientific literature, namely, cut-
ting and dissolution [5, 6, 19]. Cementite plate disso-
lution is caused by higher bond energy of dislocations
with carbon atoms (0.6—0.7 eV), and bond energy of
carbon atoms in cementite lattice (=0.4 eV) [20, 21].
The results of cementite fracture are interpreted ther-
modynamically in [22, 23]. An increase in free energy
caused by geometric thinning of cementite plates and
the formation of slip bands destabilizes the cementite
and ensures its destruction [22]. A model based on the
Gibbs—Thomson effect and the diffusion-controlled
dissolution process is proposed in [23]. According to
this model, carbon atoms are carried by moving dislo-
cations into the volume of ferritic plates to form
nanoscale particles of iron carbide. The average size of
particles located in the ferritic plates is 8.3 nm. The
particles of this size can be observed using the tech-
nique of dark-field analysis.

The dissolution of the cementite results in some
material around the plates, which differs in contrast
from the main grain volume. We can assume that the
contrast changes due to a change in the chemical com-
position of the material surrounding the cementite

Fig. 4. Fragmented structure of ferrite: (a) bright-field image and (b) dark-field image taken in the [110]o-Fe reflection (shown

by arrow in (c)).
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plate, particularly, the higher concentration of carbon.
Carbon atoms drawn out of cementite by dislocations
can form Cottrell atmospheres, changing the contrast.

In addition to the dissolution of cementite plates,
the plastic deformation of steel goes hand in hand with
their fragmentation. The cementite plates in the frac-
ture zone of the specimens are found to break up into
nanoscale fragments (9.3 nm), retaining their origi-
nal morphology.

The results of this work are quite comparable with
those of the studies on the structure of rail steel after
compression deformation up to 50% [24]. The strain
hardening has a multistage character and occurs with
the fragmentation of pearlitic grains, which increases
with the strain degree and reaches =0.4 volume of the
studied foil at € = 50%. The cementite plates fracture
according to the mechanisms of their dissolution and
cutting by mobile dislocations, with the formation of
tertiary cementite particles 2—4 nm in size.

CONCLUSIONS

(1) The ultimate tensile strength of pearlitic rail
steel is 1247—1335 MPa, and the strain to failure is
0.22—0.26.

(2) The deformation of steel is accompanied by the
fragmentation of ferritic plates by low-angle boundar-
ies and a significant increase in the scalar dislocation
density to 7.9 x 10'° cm~2 (scalar dislocation density of
the initial steel is 3.2 x 10'° cm~2).

(3) We revealed the fracture of cementite plates by
cutting and dissolution mechanisms followed by car-
bon removal by moving dislocations into ferrite plates
to form nanosized (8.3 nm) round-shaped tertiary
cementite particles.

(4) The dissolution of cementite plates is accompa-
nied by their fragmentation, i.e., separation into
coherent scattering regions with an average size of
9.3 nm.
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