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Аннотация. Дефектная субструктура поликристаллических тел обуславливает субструктурное упрочнение и механические свойства. 

Перлит, являющийся основной структурной составляющей рельсов, при деформационном воздействии подвергается значительному 
преобразованию, которое сопровождается целым рядом процессов. В настоящей работе методами современного физического 
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Abstract. The defective substructure of polycrystalline bodies preconditions substructural hardening and mechanical properties. Pearlite, which is the main 

structural component of rails, is subjected under deformation to considerable transformation accompanied by a number of processes. In the present 
work, methods of the modern physical materials science were used to study and analyze the defective substructure of pearlite with lamellar morphology 
and properties of rail steel subjected to fracture under the conditions of uniaxial tensile strain of flat samples. It was established that the ultimate 
strength changes from 1247 to 1335 MPa, and the relative strain-to-fracture is from 0.69 to 0.75. The formation of three zones of the fracture surface 
is observed: fibrous, radial and shear zones. Their shapes and sizes have been analyzed. The deformation of rail steel is accompanied by fracture 
of cementite plates of pearlite colonies and re-precipitation of nanosized particles of tertiary cementite about 8.3 nm in size in the volume of ferrite 
plates. The main mechanisms of cementite plate fracture are cutting and dissolution. Dislocation substructure is represented by chaotic distribution 
of dislocations and their clusters. Scalar density of dislocations in ferrite increases from 3.2·1010 cm-2 in the initial state to 7.9·1010 cm–2 at failure. 
Deformation is accompanied by the formation of internal stress fields which manifest themselves as bending contours of extinction. The sources 
of stress fields are the interfaces of cementite and ferrite plates as well as grain interfaces. Fragmentation of ferrite and cementite plates has been 
revealed. The average size of cementite fragments is 9.3 nm. In the fracture zone of the rail steel sample, rotation of pearlite grains has been noted, 
indicating the presence of a rotational mode of strain. The electron microscopic images of cementite plates show a change in the contrast, which may 
be related to formation of the Cottrell atmospheres. 
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 Introduction

One of the basic and most general types of streng-
tening of polycrystalline bodies is substructural, caused 
by the defective substructure. This largely determines 
the mechanical properties of materials. The nucleation 
and development of microcracks in plastic materials are 
closely related to the substructure evolution [1, 2]. 

Significant increase in the intensity of railway traffic 
and traffic concentration requires high operational dura-
bility of rails made of pearlitic steel. During operation, 
rails are subjected to significant strain effects, accompa-
nied by evolution of the structural-phase state of pear
lite [3, 4]. Importance of the information in this field is 
determined by the depth of understanding the fundamental 
issues of the physical materials science, on the one hand, 
and the practical importance, on the other hand. The prac-
tical importance is connected with the creation of high-
quality rails with high performance properties, ensuring 
accident-free operation with a passing tonnage of more 
than 2 billion tons (gross). Creation of special types 
of  rails for high-speed railways, low-temperature relia
bility, and increased contact-fatigue endurance requires 
a study of the dependence of hardening on the structural 
state of rails before strain and establishing cause-effect 
relations between the phenomena that determine the strain 
behavior [3, 4].

In the initial state, rails contain about 70 % of pearlite 
of lamellar morphology [5 – 7], the deformation of which 
is accompanied by a complex transformation of ferrite and 
cementite [8, 9] usually observed by transmission electron 
microscopy. Main attention is paid to the strain-induced 
fracture of cementite [10 – 12] which leads to an increase 

in the carbon concentration in ferrite and an additional 
hardening mechanism [13].

The purpose of the present work was to analyze 
the defective substructure of pearlite of rail steel lamel-
lar morphology, fractured under the conditions of uniaxial 
tensile strain of flat samples.

 Research materials and methods

Samples of rail steel, the properties and elementary com-
position of which are regulated by GOST R 51685–2013, 
were used as the research material. The chemical com-
position of rails of DT350 category, % (wt.) was as fol-
lows: C 0.73; Mn 0.75; Si 0.58; P 0.012; S 0.007; Cr 0.42; 
Ni 0.07; Cu 0.13; Ti 0.003; Mo 0.006; V 0.04; Al 0.003; 
Ti 0.008; and the rest was iron.

Mechanical tests were performed by uniaxial tension-
ing of flat proportional samples in the form of double-
sided blades with the dimensions of the working area 
of the blades of 1.5×4.45×8.0 mm. Samples were cut 
from the head of 100-meter differentially hardened rails 
of  DT350 category produced by JSC “EVRAZ – Joint 
West Siberian Metallurgical Plant”. Uniaxial tensile strain 
was applied on an Instron 3369 testing machine at a loa
ding rate of 1.2 mm/min. 

The structure of the fracture surface was studied by 
scanning electron microscopy (SEM 515 Philips device). 
The steel deformed substructure in the fracture zone was 
studied by transmission electron diffraction microscopy 
(thin-foil method) (JEM-2100 JEOL device)  [14 – 16]. 
Foil for the transmission electron microscope was made 
by ion thinning (Ion Slicer EM-091001S installation, thin-
ning achieved by argon ions) of plates cut from fractured 
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samples on the Isomet Low Speed Saw installation per-
pendicular to the fracture surface. The methods for mea-
suring the scalar and excess dislocation densities did not 
differ from those described in [3, 4].

 Results and discussion

The tests showed that tensile strength varied in the 
range from 1247 to 1335 MPa, and strain of the samples 
at failure ranged from 0.69 to 0.75. As a rule, under tensile 
strain of the samples three zones are formed on the frac-
ture surface: a fibrous zone (central part of the specimen); 
the  radial zone following it; and the shear zone along 
the edge of the sample  [17]. The fibrous zone is ellipti-
cal in shape with a large axis parallel to the long sides 
of the rectangle. The radial zone of the samples, whose 
width is much greater than their thickness, has a chevron 
or herringbone shape. Chevron patterns are often asso-
ciated with unstable, relatively rapid crack propagation. 
The appearance of a chevron pattern is caused by the mis-
match between the general direction of crack propagation 
and the shortest direction from the crack front to the free 
surface. In  this case, radial scars propagate towards 
the free surface, forming chevron patterns [17]. The verti-
ces of V-shaped chevrons are directed away from the frac-
ture center. 

Previously, it was shown in [2 – 4, 18] that the fol-
lowing components are distinguished in the structure 
of  the  steel studied according to the morphological fea-
ture: pearlite grains of lamellar morphology, grains of fer-
rite-carbide mixture (irregular pearlite grains) and grains 
of structurally free ferrite (ferrite grains with no carbide 
phase particles in their volume). The main type of struc-
ture of the steel under study is lamellar pearlite grains, the 

relative content of which in the material is 0.7. The rela-
tive content of ferrite-carbide mixture grains is 0.27; and 
the rest are grains of structurally free ferrite.

As a rule, the structure of lamellar pearlite is repre-
sented by alternating ferrite plates (solid solution based 
on iron crystal body-centered lattice) and cementite plates 
(iron carbide of Fe3C composition, orthorhombic crystal 
lattice) [19]. Fracture of steel under uniaxial tension con-
ditions in flat samples does not change the morphology 
of  the material. In the fracture zone and away from it, 
grains with a lamellar structure characteristic of pearlite 
are present. Change in the steel structure is detected at 
the level of the defective subsystem and is accompanied 
by multiple pearlite transformation.

When considering the transformation of the ferrite 
plate structure, it was found that ferrite plates of pearlite 
colonies fragment, i.e., they split into the regions sepa-
rated by low-angle boundaries. Deformation is accompa-
nied by the formation of a dislocation substructure in the 
volume of ferrite plates (Fig. 1). Dislocations are distribu
ted chaotically or form clusters. The scalar density of dis-
locations is 7.9·1010 cm–2, 3.2·1010 cm–2 in the initial state.

Deformation of steel is accompanied by the forma-
tion of stress fields in the sample. When the material is 
studied by electron microscopy of thin foils, the internal 
stress fields appear as bending contours of extinction, 
located mainly in ferrite plates. The sources of stress 
fields in  the surveyed steel are the interfaces of cement-
ite and ferrite plates (Fig. 2), as well as grain interfaces. 
It should be noted that the tensile stress of the steel studied 
is accompanied by pearlite grain rotation, which is most 
pronounced in the fracture zone of the samples (Fig. 2). 
The latter suggests the presence of a rotational mode 

Fig. 1. Electron microscopic image of dislocation substructure  
of rail steel ferrite plates

Рис. 1. Электронно-микроскопическое изображение 
дислокационной субструктуры пластин феррита рельсовой стали

Fig. 2. Electron microscopic image of pearlite grain structure 
in the fracture zone; curved contours of extinction are shown 

with arrows (the long arrow indicates the direction of specimen 
stretching (longitudinal axis of the sample))

Рис. 2. Электронно-микроскопическое изображение структуры 
зерен перлита в зоне разрушения; стрелками указаны изгибные 

контуры экстинкции (длинной стрелкой обозначено направление 
растяжения образца (продольная ось образца))
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of  strain in the fracture zone of the specimen  [20 – 22], 
associated with the formation of local lattice curvature. 
In this connection, it can be assumed that the development 
of a similar effect in rail steel makes it easier to move 
the carbon atoms.

Deformation of the steel under study is accompanied by 
the fracture of cementite plates. Two possible mechanisms 
of cementite plates fracture are discussed in the scientific 
literature: cutting and dissolution  [2, 3, 13]. Dissolution 
of cementite plates occurs due to greater binding energy of 
dislocations with carbon atoms (~0.6 – 0.7 eV) compared 
to the binding energy of carbon atoms in the cementite lat-
tice [23 – 25]. According to the results of [26], an increase 
in free energy caused by geometric thinning of cemen
tite plates and the formation of slip bands destabilizes 
the cementite and ensures its fracture. A similar thermo-
dynamic model based on the Gibbs–Thomson effect and 
the diffusion controlled process of dissolution is proposed 
in [27]. Carbon atoms are carried out by moving disloca-
tions into the volume of ferrite plates with the subsequent 
formation of nanosized particles of iron carbide (Fig. 3). 
The average size of the particles located in the ferrite 
plates is 8.3 nm. Particles of this size are most clearly 
detected by dark-field analysis (Fig. 3, b). 

Dissolution of cementite is accompanied by the for-
mation of a region of material around the plates which 
differs from the main grain volume in contrast (Fig. 4, a). 
It can be assumed that the change in the contrast is caused 
by a change in the chemical composition of the material 
surrounding the cementite plate, namely, an increased 

concentration of carbon. The carbon atoms pulled out 
of  the  cementite by dislocations are capable of forming 
Cottrell atmospheres, leading to a change in contrast.

Along with dissolution, the plastic yield of steel is 
accompanied by fragmentation of cementite plates. It was 
found that in the fracture zone of samples the cementite 
plates, while retaining their original morphology, break 
into regions of coherent dispersion, the average size 
of which is 9.3 nm (Fig. 5).

 Conclusion

The methods of the modern physical materials science 
were used to study the mechanical properties, defective 
substructure of pearlite with lamellar morphology, and 
fracture surface of rail steel subjected to fracture under 
the  conditions of uniaxial tensile stress. It was also 
established that the ultimate tensile strength varies from 
1247 to  1335 MPa. The fracture strain of the samples 
ranges from 0.69 to 0.75. The formation of three zones 
of  the  fracture surface has been detected: fibrous, radial 
and shear zones. It has been demonstrated that the steel 
strain is accompanied by fragmentation of ferrite plates 
with low-angle boundaries and a significant increase in 
the scalar dislocation density to 7.9·1010 cm–2 (the scalar 
dislocation density of the initial steel is 3.2·1010 cm–2). 
The fracture of cementite plates by cutting and dissolution 
mechanisms was established with subsequent removal 
of  carbon by moving dislocations to the ferrite plates 
volume with the formation of nanosized (8.3 nm) round-
shaped tertiary cementite particles in them. Thermody-

Fig. 3. Electron microscopic image of nanosized cementite particles formed in ferrite plates of rail steel:
а – light field; b – dark field obtained in reflex [110]α-Fe + [121]Fe3C; c –micro diffraction pattern 

(the arrow shows a reflex in which the dark-field image was obtained (b))

Рис. 3. Электронно-микроскопическое изображение наноразмерных частиц цементита, образовавшихся 
в пластинах феррита рельсовой стали:

а – светлое поле; b – темное поле, полученное в рефлексе [110]α-Fe + [121]Fe3C; c – микроэлектронограмма 
(стрелкой показан рефлекс, в котором получено темнопольное изображение (b))
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namic models of cementite fracture are discussed. It was 
shown that the dissolution of cementite plates is accompa-
nied by their fragmentation (division into coherent diffu-
sion regions with the average size of 9.3 nm).
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