
Вестник Сибирского государственного индустриального университета № 3 (45), 2023 

 - 58 - 

Original article  

УДК 539.27:669.14.018.294.2 

DOI: 10.57070/2304-4497-2023-3(45)-58-71 

STRENGTHENING MECHANISMS OF RAIL STEEL UNDER COMPRESSION 

© 2023 Yu. F. Ivanov
1
, M. A. Porfir'ev

2
, V. E. Gromov

2
, N. A. Popova

3
, Yu. S. Serenkov

2
,                        

A. N. Siddiquee
4
, V. V. Shlyarov

2
 

1
Institute of High Current Electronics SB RAS (2/3 Akademicheskii Ave., Tomsk 634055, Russian Federation) 

2
Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region – Kuzbass, 654007, 

Russian Federation) 

3
Tomsk State University of Architecture and Civil Engineering (Solyanaya Square 2, Tomsk 634003, Russian 

Federation) 

4
Jamia Millia Islamia (Jamia Nagar, New Delhi-110025, India)  

Abstract. Strain hardening of steels is an effective approach to changing the structural-phase state and properties. 

Understanding the mechanisms of formation of structural-phase states and properties of pearlitic steel during plastic 

deformation is crucial for controlling the process of de-formation behavior. The importance of knowledge in this area 

is due to serious problems in the field of physical materials science, as well as the practical consequences of the use of 

pearlitic steel, which is widely used in the railway industry. Currently, there is great interest in understanding the 

general relationships characterizing strain hardening. This interest is associated with the possibility of developing a 

complex theory of this phenomenon and studying the dislocation mechanisms that determine the observed stress-

strain curves σ(ε). It is noteworthy that advances have been made in the field of strength physics, in particular in 

understanding the dislocation structure of bainitic and martensitic steels. These advances have contributed to 

expanding our understanding of strain hardening phenomena. Present work the evolution of structural-phase states 

and dislocation substructure of rail steel under uniaxial com-pression to the degree of 50 % was studied by 

transmission electron microscopy. The obtained data formed the basis for a quantitative analysis of the mechanisms of 

rail steel strengthening at degrees of deformation by compression 15, 30, 50 %. Contributions to the strengthening 

caused by the friction of matrix lattice, dislocation substructure, presence of carbide particles, internal stress fields, 

solid solution and substructural strengthening, pearlite component of the steel structure are estimated. Using the 

adaptivity principle, which as-sumes the independent action of each of the strengthening mechanisms, the dependence 

of rail steel strength on the degree of plastic deformation by compression is estimated. A com-parative analysis of the 

stress-strain curves σ(ε) obtained experimentally and calculated theo-retically is performed. 
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Аннотация. Деформационное упрочнение сталей – эффективный подход к изменению структурно-фазового 

состояния и свойств. Понимание механизмов образования структурно-фазовых состояний и свойств 

перлитной стали при пластической деформации имеет решающее значение для управления процессом 

деформационного поведения. Важность знаний в этой области обусловлена серьезными проблемами в 

области физического материаловедения, а также практическими последствиями применения 

перлитной стали, широко используемой в железнодорожной отрасли. В настоящее время существует 

большой интерес к пониманию общих зависимостей, характеризующих деформационное упрочнение. 

Этот интерес связан с возможностью разработки комплексной теории этого явления и исследования 

дислокационных механизмов, обусловливающих наблюдаемые кривые напряжение – деформация. 

Примечательно, что были достигнуты успехи в области физики прочности, в частности, в понимании 

дислокационной структуры бейнитных и мартенситных сталей. Эти достижения способствовали 

расширению понимания явлений деформационного упрочнения. В настоящей работе методом 

просвечивающей электронной микроскопии изучена эволюция структурно-фазовых состояний и 

дислокационной субструктуры рельсовой стали при одноосном сжатии до степени 50 %. Полученные 

данные легли в основу количественного анализа механизмов упрочнения рельсовой стали при 

степенях деформации сжатием 15, 30 и 50 %. Проведена оценка вклада в упрочнение, обусловленного 

трением решетки матрицы, дислокационной субструктурой, наличием карбидных частиц, полями 

внутренних напряжений, твердорастворным и субструктурным упрочнением, перлитной 

составляющей структуры стали. С использованием принципа адаптивности, предполагающего 

независимое действие каждого из механизмов упрочнения, оценена зависимость прочности рельсовой 

стали от степени пластической деформации сжатием. Проведен сравнительный анализ кривых 

напряжение – деформация σ(ε), полученных экспериментально и рассчитанных теоретически. 

Ключевые слова: кривая напряжение – деформация, рельсовая сталь, состав, дислокационная субструктура, 

механизмы укрепления, аддитивный предел текучести, электронная микроскопия 

Для цитирования: Иванов Ю.Ф., Порфирьев М.А., Громов В.Е., Попова Н.А., Серенков Ю.С., Сиддики А.Н., 

Шляров В.В. Механизмы упрочнения рельсовой стали при сжатии // Вестник Сибирского 

государственного индустриального университета. 2023. № 3 (45). С. 58 – 71. 

http://doi.org/10.57070/2304-4497-2023-3(45)-58-71 

 
Introduction 

Deformation strengthening of steels is one of the 

ways to change the structural-phase state and prop-

erties characterizing the fracture resistance [1 – 7]. 

Knowledge of the formation patterns of structural-

phase states and properties of pearlite steel during 

plastic deformation is necessary to control the pro-

cess of deformation behaviour. The importance of 

information in this field is determined by the depth 

of fundamental problems in physical materials sci-

ence, on the one hand, and the practical significance 

of the problem, on the other hand, since the rails are 

made of pearlitic steel [8 – 19]. 

At present, the general dependencies that charac-

terise strain hardening attract the most interest as 

they can be applied for constructing a theory of this 

phenomenon, on the one hand, and studying dislo-

cation mechanisms explaining the observed type of 

curves σ(ε), on the other. Certain success in devel-

opment of ideas about dislocation structures of 

bainitic and martensitic steels has been achieved in 

strength physics [20]. However, we should note that 

dislocation steel structure and its evolution during 

deformation are insufficiently studied. This is espe-

cially true of the quantitative parameters of disloca-

tion ensemble. Little attention is paid to fragmenta-

tion processes. Internal stress fields were examined 

mainly by the X-ray diffraction method, local stress 

fields are understudied [21, 22]. 

The transmission diffraction electron mi-

croscopy method, due to its high resolution, makes 

it possible to conduct in-depth analysis of defects in 

steels and therefore is the most effective means of 

detailed investigation of dislocation substructure 

[23, 24]. Development  
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T a b l e  1  

Chemical composition of the rail steel 

Химический состав рельсовой стали 

 

Element C Mn Si Cr P S Ni Cu Ti Mo V Al 
Quantity, 

% (wt.) 
0.73 0.75 0.58 0.42 0.012 0.007 0.07 0.13 0.003 0.006 0.04 0.003 

 

of new special types of rails (for high-speed move-

ment, low-temperature reliability, resistance to con-

tact fatigue and wear, etc.) should be based on 

knowledge of the mechanisms of structural and 

phase changes and fine substructure under defor-

mation. The mechanisms of rails strengthening at 

different volumes of the passed tonnage were eval-

uated in [25 – 28], and the evolution of lamellar 

pearlite of rail steel under compression deformation 

was analysed in [29, 30].  

The purpose of this work is a comparative analy-

sis of experimental stress-strain curves σ(ε) and the 

mechanisms of rail steel strengthening, obtained on 

the basis of a quantitative assessment, under com-

pression deformation. 

 

Research methods and principles 

Differentially heat-strengthened rails of DT350 catego-

ry manufactured by Evraz ZSMK JSC, produced from 

evacuated electric steel E76KhF in accordance with the 

technical requirements TU 0921-276-01124333-2021, 

were studied. The chemical composition of the rail steel is 

shown in Table 1. Five rectangular samples with a size of 

5510 mm were cut from the rail head and subjected to 

deformation. Uniaxial compression deformation was car-

ried out at a room temperature on Instron 3369 (Great 

Britain) testing machine at a loading speed of 1.2 mm/min.  

The steel structure was studied using transmis-

sion electron diffraction microscopy (JEOL JEM 

2100F, Japan). The objects of research for transmis-

sion electron microscopy (foils ranging in thickness 

from 150 to 200 nm) were made by electrolytic 

thinning of plates cut by methods of electric spark 

erosion of metal from the central part of the sample 

in the direction perpendicular to the compression 

axis. The structural and phase state of steel subject-

ed to deformation by 15, 30 and 50 % was analysed. 

The images of the material fine structure ob-

tained during its examination in the electron micro-

scope were necessary to identify the morphological 

components of the structure and their volume frac-

tions, determine the size, distribution density and 

volume fraction of cementite particles, as well as 

their localization, and define the parameters of the 

material fine structure in each morphological com-

ponent (scalar  and excess  dislocation density, 

amplitudes of curvature-torsion of the crystal lattice 

 and internal stresses).  

The volume fractions of morphological compo-

nents were determined by the planimetric method 

measuring the total cross-sectional area of the given 

structural component on a certain area of the foil [31]: 

 

1

1
,

n

nii
S

St 
     (1) 

 

where St – total area of the image; 

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n

i inS
1 – total sur-

face area, occupied by the corresponding morpho-

logical component of the structure. The volume 

fractions were defined by the continuous sections of 

the sample with an area of ~100 μm
2
 at a magnifica-

tion in the microscope column of ~10000 times. 

The sizes of cementite particles and the distances 

between them were determined in each morphologi-

cal component by micrographs using direct meas-

urement [32]. In pearlite of lamellar morphology 

(not destroyed pearlite), only the transverse size of 

cementite particles was measured, in a ferrite-

carbide mixture (destroyed pearlite) and fragmented 

perlite – the longitudinal and transverse dimensions, 

in steel deformed to ε = 50 % – only diameter: 
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where Ni – number of particles in a given size class; 

Ri and Li – average transverse and longitudinal par-

ticle sizes, in this class; n – number of classes; N – 

total number of measurements.  
The number of measurements ranged from 40 to 50. 

The average distance between cementite parti-

cles was determined by the secant method using 

microphotographs [32]. 

The volume fraction of particles of carbide phas-

es in the body of structural components was deter-

mined by the formula [33]: 

 

 = Vp /tr
2
,  (3) 

 

where Vp – average particle volume; t – foil thick-

ness; r – distance between particles. 

The scalar density of dislocations in each mor-

phological component of the steel structure was de-

termined by the methods [23]. Its values were cal-

culated using the formula: 
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Fig. 1. TEM images of the rail structure before deformation 

Рис. 1. Изображения рельсовой конструкции до деформации 

 

            1 2

1 2

( ),
n nM

t l l
      (4) 

 

where n1 and n2 – number of intersections of hori-

zontal and vertical lines with length l1 and l2 by dis-

locations; M – magnification of the micrograph; t – 

foil thickness (200 nm). 

The average scalar dislocation density was de-

termined taking into account the volume fraction of 

each type of morphological components of the steel 

structure according to the formula: 

 

                
1

z

vi ii
P


    ,  (5) 

 

where РVi – volume fraction of the material occu-

pied by the i-th type of morphological component of 

the steel structure; Z – its volume fraction; ρi – sca-

lar density of dislocations in this morphological 

component. 

The excess dislocation density was calculated by 

the disorientation gradient: 

 

                         
1

b


 


   (6) 

 

where b – Burgers vector; χ = ∂/∂λ – amplitude of 

the curvature-torsion of the crystal lattice; ∂ – in-

clination angle of the foil in the microscope column; 

∂λ – displacement of the extinction contour. 

 

Results and Discussion  

Transmission electron microscopy of thin foils 

established that the steel structure is represented by 

pearlite grains of plate morphology (Fig. 1, a), 

grains of structurally free ferrite (ferrite grains that 

do not contain carbide particles in the bulk phases) 

(Fig. 1, b) and ferrite grains, in the volume of which 

cementite particles are observed mainly in the form of 

short plates (Fig. 1, d), and globular particles (Fig. 1, c). 

As a rule, the volumes of steel with globular particles 

and particles in the form of short plates are observed 

separately, which made it possible to estimate their rela-

tive content in the material being equal to 1:10. 

It can be noted that the relative volume fraction 

of grains of structurally free ferrite is small and var-

ies from 0.01 to 0.05 of the steel structure. The rela-

tive volume fraction of grains of the ferrite-carbide 

mixture is significantly weightier, the value of 

which varies in the range from 0.17 to 0.27 of the 

steel structure. Dislocation substructure is observed 

in the grain volume mainly in the form of chaotical-

ly distributed dislocations. 

Plastic deformation of steel is accompanied by 

fragmentation of the ferritic component of steel, 

which becomes stronger as the degree of defor-

mation increases. At ε = 50 %, the fragmented struc-

ture of steel occupies 0.4 of the volume of the ex-

amined foil. As the degree of deformation rises, the 

average sizes of ferrite plate fragments decrease 

from 240 nm (ε = 15 %) to 200 nm (ε = 50 %). 

Analysis of the steel structure by transmission 

electron microscopy of thin foils demonstrated the 

presence of bend extinction contours in the electron 

microscopic images of pearlite grains a typical im-

age of which is shown in Fig. 2.  

The presence of bend extinction contours indi-

cates curvature-torsion of the crystal lattice of the ana-

lysed foil region. The performed studies show that the 

sources of curvature-torsion of the crystal lattice (stress 

concentrators) are mainly the interfaces between ferrite 

and cementite plates. In most of the observed cases, the 

contours are located perpendicular to the interface (Fig. 

2, a). The source of the curvature-torsion of the crystal 

lattice of the material can also be the ends of the cement-

ite plates (Fig. 2, b, c), as well as the interfaces of pearlite 

grains (Fig. 2, d). 
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Fig. 2. Electron microscopic image of bend extinction contours (indicated by arrows) (ε = 30 %) 

Рис. 2. Электронно-микроскопическое изображение контуров экстинкции изгиба (обозначено стрелками) (ε = 30 %) 

 

Dissolution and cutting of cementite plates are 

observed simultaneously with the fragmentation of 

ferrite plates. Carbon atoms, transferred from the 

cementite crystal lattice to dislocations, are carried 

into the interplate space and form nanoscale (15 – 

20 nm) cementite particles. 

In the research literature, two mechanisms of de-

struction of cementite plates during the deformation 

of steel with a pearlite structure are mainly dis-

cussed. The first of them consists in cutting the 

plates by moving dislocations and carrying carbon 

atoms into ferrite in the field of dislocation stresses 

(Fig. 3, a). The estimates show, that in this case, the 

maximum effect of cementite decomposition cannot 

exceed tenths of a percent of the available amount 

of cementite. 
 

 
 

Fig. 3. TEM image of the structure of a pearlite colony at the stage of cutting cementite plates (indicated by arrows) by gliding 

dislocations (ε = 15 %) (a); at the stage of dissolution (ε = 30 %) (b); at the stage of the formation of nanosized cementite       

particles (indicated by arrows) (ε = 50 %) (c) 

Рис. 3. ПЭМ-изображение структуры колонии перлита на стадии разрезания пластин цементита (обозначено стрелками) 

скользящими дислокациями (ε = 15 %) (а); на стадии растворения (ε = 30 %) (b); на стадии формирования                 

наноразмерные частиц цементита (обозначены стрелками) (ε = 50 %) (c) 
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The second mechanism consists in the pulling of 

carbon atoms from the lattice of the carbide phase dur-

ing the plastic deformation by dislocations (Fig. 3, b). 

Because of a noticeable difference in the average 

binding energy of carbon atoms with dislocations 

(0.6 eV) and with iron atoms in the cementite lattice 

(0.4 eV) this process leads to the formation of Cot-

trell atmospheres [29]. At the next stage of cement-

ite dissolution, the entire volume of the material 

previously occupied by the cementite plate is filled 

with nanosized particles. A typical image of the re-

sulting structure is shown in Fig. 3, c. 

The steel deformation is accompanied by trans-

formation of dislocation substructure, namely, the 

quasi-homogeneous distribution of dislocations of 

the original steel is replaced by clusters of disloca-

tions around cementite particles. 

Samples of E76KhF steel could not be brought 

to fracture during compression test. They were flat-

tened because the steel under study is capable of 

deforming quite strongly without fracturing. In [29, 

30] we showed that the deformation strengthening 

of the examined steel during plastic deformation by 

uniaxial compression has a multi-stage character. 

The revealed transformations of the steel struc-

ture will significantly affect the strength and plastic 

characteristics of the metal, determining the service 

life of the product. Evaluation of strengthening 

mechanisms allows the patterns connecting the pa-

rameters of the structure and the strength properties 

of the material to be identified and the physical na-

ture of the evolution process of properties to be re-

vealed. The evaluation of the hardening mecha-

nisms was carried out using the widely tested ex-

pressions given below.  

The main contributions to the deformation re-

sistance are [33, 34]: 0 = 35 MPa – the friction 

stress of dislocations in the crystal lattice of -iron; 

ss – strengthening of a ferrite-based solid solution 

by atoms of alloying elements; p – strengthening 

due to pearlite; h – strengthening by dislocations 

“herringbone” that cut the slipping dislocations; or 

– strengthening of the material by incoherent parti-

cles when bypassing them with dislocations accord-

ing to Orowan mechanism; l – strengthening by 

the internal long-range stress fields; σs – substruc-

tural strengthening.   

The evaluation of the solid-solution strengthen-

ing of steel caused by carbon atoms and other alloy-

ing elements was performed using the empirical 

expression of the form [33]:   

 

1
,

n

ss i ii
C k


    (7) 

 

where ki – strengthening coefficient of ferrite, 

which is an increase in the strength of the material 

at the yield point with 1 wt. % of the alloying ele-

ment is dissolved in it, the value of which for vari-

ous elements is determined empirically; Сi – con-

centration of the i-th element dissolved in ferrite, 

wt. %.  

By the i-th element, we mean elements in quanti-

ties available at that moment in the -solid solution.  

Hardening caused by pearlite is determined by 

the ratio [33]: 

 
1

2(4.75 ) ,hk r Pv


    (8) 

 

where PV – volume fraction of pearlite; r – distance 

between Fe3C particles; kh = 210
-2

 Pam
1/2 

– 

strengthening coefficient of ferrite. 

The stress required to maintain plastic defor-

mation, i.e. the stress of the flow σ required to over-

come the forces of interaction with stationary dislo-

cations (dislocations of the “herringbone”) by mov-

ing dislocations (carriers of deformation), is related 

to the scalar density of dislocations by the following 

relation:  

 

,h m Gb      (9) 

 

where т – orientation multiplier (or Schmid factor);  – 

dimensionless coefficient varying within 0.05 – 0.60 

depending on the type of dislocation ensemble (in 

this work  = 0.25, т = 1); G – hear modulus of 

the matrix material (G = 80 GPa); b – Burgers vec-

tor of the dislocation (0.25 nm);  – the average 

value of the scalar dislocation density.  

Steel strengthening, taking into account the pres-

ence of incoherent particles of the second phase, 

was carried out using the ratio [34]: 

 

 
ln ,

22
or

mGb r R
B

br R

  
    

   
 (10) 

 

where R – average particle size; r – distance be-

tween particle centers; Ф – multiplier depending on 

the type of dislocation (Ф = 1); B – parameter that 

takes into account the uneven distribution of parti-

cles in the matrix (В = 0.85).  

Deformation is accompanied by the formation of 

internal stress fields in the steel. The magnitude of 

the plastic component of the internal stress fields 

can be estimated based on the ratio: 

 

l m Gb p    .  (11) 

 

The value of the elastic component of the inter-

nal stress fields is estimated based on the ratio: 
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T a b le  2  

Quantitative parameters of steel structure in various morphological components                               

with different degrees of plastic deformation 

Количественные параметры структуры стали в различных морфологических компонентах 

при различной степени пластической деформации 

 

Structure parameters 

Pearlite Ferrite 

Non-

fractured 
Fractured Fragmented Non-fragmented Fragmented 

 = 15 % 

Vol. fraction 70 % 24 % 3 % 1 % 2 % 

Transverse size of 

the -phase 

interlayer, nm 

160 120 120   

Fragment size, nm – – 120400 – 400 

Fe3C 

size, nm d = 16 12280 12160   

vol. 

fraction 
12 % 8.7 % 1.5 %   

Fraction of carbon 0.8 % 0.6 % 0.11 %   

10
–10

, cm
–2 1.91 2.06 2.08 2.21 ~0 

10
–10

, cm
– 2

 1.54 1.96 2.08 2.21  

 = pl + el, cm
–1

 385 490 650 = 520pl + 30el 
1090 = 550pl +      

+ 140el 
745 = 0pl + 745el 

 = 30 % 

Vol. fraction 65 % 20 % 12 % 0 3 % 

Transverse size of 

the -phase 

interlayer, nm 

160 120 120   

Fragment size, nm – – 120200 – 200 

Fe3C 

size, nm d = 18 16280 12160   

vol. 

fraction 
12 % 4.8 % 0.92 %   

Fraction of carbon 0.8 % 0.34 % 0.07 %   

10
-10

, cm
–2 2.18 2.50 1.59  ~0 

10
-10

, cm
–2

 1.76 2.26 1.59   

 = pl +el, cm
–1

 440 565 435 = 395pl + 40el  745 = 0pl+745el 

 = 50 % 

Vol. fraction 0 60 % 40 % 0 0 

Fragment size, nm   200   

Fe3C in 

the -

phase 

(inside 

fr.) 

size, nm  d = 12; r = 16 d = 16; r = 20   

vol. 

fraction 
 1.8 % 2.7 %   

Fraction of carbon in 

-phase 
 0.12 % 0.19 %   

Fe3C in 

the 

layers of 

Fe3C 

(on 

border 

of fr.) 

size, nm  d = 14; r = 20 d = 16; r = 30   

Vol. 

fraction 
 2.7 % 1.2 %   

Fraction of carbon  0.19 % 0.09 %   

10
–10

, cm
–2  2.25 0   

10
–10

, cm
–-2

  2.25    

 = pl +el, cm
–1

  575 = 560pl + 15el 55 = 0pl + 55el   
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T a b l e  3 

Average material parameters of the steel fine structure at different degrees of plastic deformation 

Средние параметры материала тонкой структуры стали  

при различных степенях пластической деформации 

Average structure parameters  = 15 %  = 30 %  = 50 % 

10
–10

, cm
–2 1.92 2.11 1.35 

10
-10

, cm
–2 1.63 1.79 1.35 

 = pl + el, cm
–1 425 = 410pl + 15el 470 = 445pl + 25el 365 = 335pl + 30el 

 

T a b l e  4 

Values of the contributions of various mechanisms into steel strengthening in various morphological          

components and in general for the material at different degrees of plastic deformation 

Значения вклада различных механизмов в упрочнение стали в различных морфологических          

компонентах и в целом для материала при различных степенях пластической деформации 

 

Contributions 
Pearlite Ferrite 

In the material 
Non-fractured Fractured Fragmented Non-fragment Fragmented 

 = 15 %  

Vol. fraction 70 % 24 % 3 % 1 % 2 % 100 % 

h, MPa 275 285 290 295 0 273 

pl, MPa 250 280 290 295 0 254 

el, MPa 0 0 40 190 1010 20 

s, MPa – – 550 – 350 25 

0, MPa 35 35 35 35 35 35 

ss, MPa 80 80 260 1400 1400 130 

p, MPa 570 250 0   460 

or, MPa   135 0 0 5 

 = 30 %  

Vol. fraction 65 % 20 % 12 % 0 3 % 100 % 

h, MPa 295 315 250  0 285 

pl, MPa 265 300 250  0 262 

el, MPa 0 0 55  1010 35 

s, MPa – – 835  750 125 

0, MPa 35 35 35  35 35 

ss, MPa 80 315 190  1400 180 

p, MPa 570 250 0   420 

or, MPa   135   15 

 = 50 %  

Vol. fraction 0 60 % 40 % 0 0 100 % 

h, MPa  300 0   180 

pl, MPa  300 0   180 

el, MPa  20 75   95 

s, MPa  – 750   300 

0, MPa  35 35   35 

ss, MPa  315 300   310 

p, MPa  250 0   150 

or, MPa  1120 645   930 
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,el elm Gt      (12) 

 

where t – thickness of the foil, assumed to be 200 

nm; el – elastic component of the curvature-torsion 

of the crystal lattice. 

It was noted above that plastic deformation of 

steel is accompanied by intense material fragmenta-

tion. Steel strengthening during the formation of 

fragments (substructural strengthening) can be es-

timated based on the ratio [33]: 

 
1,s sk d      (13) 

 

where ks = 150 N/m; d – size of the formed frag-

ments. 

The general steel strengthening in the first ap-

proximation, based on the principle of additivity, 

which assumes the independent action of each of 

the hardening mechanisms of the material, can be 

represented as a linear sum of the contributions of 

individual strengthening mechanisms [33]. Howev-

er, it was proved that for dislocation mechanisms 

acting locally and inhomogeneously inside a single 

grain, such as h and l, and which turn out to be 

different in amplitude, place of action and physical 

meaning, summation should be performed in a 

quadratic approximation. Thus, the total strengthen-

ing of steel should be calculated according to the 

formula: 

 

 
 

0

2 2

ss p or s

l h

       

  
. (14) 

 

The results of the quantitative analysis of the 

steel structure obtained in this work, as well as in 

[29, 30], are presented in Tables 2 and 3. This made 

it possible to evaluate the mechanisms of steel 

strengthening both in each morphological compo-

nent and to determine the role of each contribution 

to the overall steel strengthening (Table 4). 

Analysing the results given in Table 4, we can 

note, firstly, that the strength of steel is a multifac-

torial value and is determined by the combined ac-

tion of a number of physical mechanisms. Secondly, 

the strength of the metal rails depends on the degree 

of deformation by compression. Thirdly, the 

strength of the metal increases significantly at large 

degrees of deformation. The results of summing the 

contributions of the identified mechanisms to the 

steel strengthening, performed in the additive ap-

proximation, are presented in Fig. 4, b. It is clearly 

seen that the performed estimates are in good quali-

tative agreement with the behaviour of the experi-

mental stress-strain curve (Fig. 4, a). The quantita-

tive discrepancy between the corresponding exper-

imentally obtained and estimated values of steel 

strength varies within 13 – 28 %. It can be assumed 

that one of the reasons for this discrepancy is the 

heterogeneity of the steel structure (the presence of 

grains of lamellar pearlite and grains of ferrite-

carbide mixture), which, having different strengths, 

will make adjustments to the deformation behaviour 

of steel. 

 

 
Fig. 4. Dependence σ – ε of rail steel subjected to uniaxial compression loading: 

a – experimental curve; b – theoretical curve 

Рис. 4. Зависимость σ – ε рельсовой стали, подвергнутой одноосному сжатию: 

а – экспериментальная кривая; б – теоретическая кривая 
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Conclusions 

Evaluation of strengthening mechanisms at vari-

ous stages of steel deformation was carried out us-

ing the quantitative results of the study of steel 

structure subjected to uniaxial compression defor-

mation. It is shown that the main strengthening fac-

tor of the examined steel at the initial stage (≈15 %) 

is the presence of lamellar pearlite grains. As the 

deformation degree rises, the role of this factor de-

creases due to the destruction of cementite plates. 

An increase in the deformation degree is accompa-

nied by a decrease in the contribution to the steel 

strengthening from scalar and excessive dislocation 

density, which is associated with the drifting of dis-

locations into the boundaries of fragments. The role 

of contribution of the formation of a solid solution 

(due to the dissolution of cementite), fragmentation 

(due to a decrease in the size of fragments and an 

increase in the relative content of the fragmented 

structure) and incoherent particles of the carbide 

phase to the steel strengthening rises with the in-

crease in the degree of steel deformation. A good 

qualitative agreement of the experimentally ob-

tained and calculated values of steel strength was 

revealed. The revealed quantitative discrepancy be-

tween the corresponding experimentally obtained 

and estimated values of steel strength might be con-

ditioned by the heterogeneity of steel structure, 

namely, the presence of grains of lamellar pearlite 

and grains of ferrite-carbide mixture, which, having 

different strength, will make adjustments to the de-

formation behaviour of the material.  
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