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INFLUENCE HOT PLASTIC DEFORMATION ON THE STRUCTURE 

AND PROPERTIES OF CARBON STEEL OF THE RAILWAY WHEEL 
 

Summary. The study is devoted to the explanation of the influence of hot plastic 

deformation on the properties of railway wheels. The shape of individual elements 

of the wheel provides for a different degree of hot compression, which determines 

the mechanism for the development of the recrystallization at austenite. With a 

decrease in the degree of the hot deformation, a certain proportion of grains with a 

low energy of linear stretching are formed in austenite. As a result, of the low 

mobility of such boundaries, the likelihood of preservation of part of the 

substructural state of the austenite increases, which should affect the formation of 

a colony of perlite during the cooling of the carbon steel. Against background 

preservation and a dependence of strength properties on the dispersion of the 

pearlite colony, the appearance in austenite of grain boundaries with a low energy 

of linear tension leads to a qualitative change in the plastic properties of railway 

wheel steel. The increase in plasticity of carbon steel with an increase in dispersion 

                                                 
1 Faculty of Transport Engineering, Ukrainian State University Science and Technology, Lazaryan 2 Street, 49010 

Dnipro, Ukraine. Email: vakulenko_ihor@ukr.net. ORCID: https://orcid.org/0000-0002-7353-1916 
2 Faculty of Transport Engineering, Ukrainian State University Science and Technology, Lazaryan 2 Street, 49010 

Dnipro, Ukraine. Email: plit4enko@ukr.net. ORCID: https://orcid.org/0000-0002-0613-2544 
3 Dnipro Lyceum of Railway Transport, Universalna 7 Street, 49024 Dnipro, Ukraine. Email: 

dasha.bolotova@i.ua. ORCID: https://orcid.org/0000-0001-6947-3663 
4 Faculty of Mechanical Engineering, Karabuk University, Kılavuzlar Mahallesi 413/Sokak No: 7, 78050 Karabuk, 

Turkey. Email: hangardasaskerov@karabuk.edu.tr. ORCID: https://orcid.org/0000-0003-4771-3406 

http://sjsutst.polsl.pl/


258 I. Vakulenko, S. Plitchenko, D. Bolotova, K. Asgarov 

 

of the pearlite colony is due to a decrease in the effect of solid solution hardening 

and an increase in the role of the ferrite-cementite interface in the development 

processes of strain hardening carbon steel. The results obtained can be useful for 

improving the technology of manufacturing all-rolled railway wheels. 

Keywords: railway wheel, carbon steel, mechanical properties, hot deformation, 

boundary, austenite 

 

 

1. INTRODUCTION 

 

During the operation of railway transport, the arising static and dynamic stresses at the area 

of the wheel-rail contact surface are accompanied by irreversible changes in the internal 

structure of the metal. As a result of the gradual accumulation of damage to the tread surface, 

their localization leads to the destruction of the center metal of the railway wheel. Moreover, in 

modern conditions of a progressive increase in intensity of loading of the transport, primarily 

an increase in load on the wheelset, there is a sharp decrease in the term of operation of the 

wheels. One of the ways to improve the operational reliability of the railway transport is to 

increase the crack resistance of the wheel metal by increasing the strength and fatigue 

characteristics of the metal [4, 16, 19]. Despite the fact that the set properties of the all-rolled 

railway wheel are determined by the final heat treatment [11, 12], the structural changes during 

the hot plastic deformation can have a certain effect on the properties of steel. In general, at the 

manufacture of the railway wheels and tires, depending on the conditions of the hot plastic 

deformation, simultaneously with strengthening or after a certain pause, processes are 

developed in the carbon steels aimed at reducing the resistance of the deformation. When the 

effect of softening exceeds the increase in strength from the hot deformation, conditions of 

dynamic softening are achieved. The formation of carbon steel's structure and its intricate 

properties, subsequent to deformation, are virtually identical to the annealed state. On the other 

hand, at a certain ratio of temperature-speed parameters of the hot reduction, a partial 

preservation strain hardening effect of the austenite can be used to control the properties of the 

hot-rolled carbon steels [6]. From the analysis of the influence of structural components on the 

development of the strengthening and softening processes, either the dominance of a separate 

phase, its morphology, or the total result for a multiphase system, taking into account the 

additive influence of the phase components [17], is revealed. Thus, in the case of hot 

deformation of the carbon steels, in addition to resistance to strain propagation from the 

presence of the austenite boundaries and subboundaries, it is necessary to take into account 

additional effects from the solid solution strengthening [17]. As a result, after the completion 

of hot plastic deformation of the carbon steel, one should expect a certain influence of the 

structural state of the austenite on the development of the pearlite transformation in comparison 

with the transformation after annealing. Taking into account that even with thermal hardening 

of the wheel rim, austenite transformation occurs according to the diffusion mechanism, the 

influence degree of the hot deformation on the change in internal structure of the austenite 

should be considered as one of the components by the technology of manufacturing railway 

wheels.  

The aim of the work is to evaluate the effect of the structural state of the austenite after hot 

plastic deformation on the properties of carbon steel of the railway wheel rim is. 
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2. MATERIAL AND RESEARCH METHODS 
 

The material for research was the carbon steel of the rim railway wheel, with a carbon 

content of 0.59 %. Other chemical elements met the requirements of regulatory documentation 

for railway wheels. Heating workpieces for samples to the temperature of hot deformation 

(1240 °C) was carried out in electric furnaces, preventing oxidation and decarburization of the 

metal surface. The workpieces were deformed by 20, 40 and 60 %, at a strain rate of about 10-

2 s-1. After completion of hot deformation, the workpieces were cooled in air. The structure of 

the metal was studied under light and electron microscopes. The grain sizes of austenite (d1), 

pearlite colony (d2) and thickness of the ferrite layer of the pearlite colony (λ) were determined 

using quantitative metallographic techniques [22]. The yield stress (σy) and strengths (σs), 

relative elongation (δ) and narrowing (ψ), strain hardening coefficient (n) were determined from 

the analysis tensile diagrams of the samples at room temperature and a strain rate of 10-3 s-1. 

 

3. RESULTS AND DISCUSSION 

 

The process of manufacturing all-rolled railway wheels is carried out not under conditions 

of continuous reduction of the workpiece, but in several successive stages separated by a certain 

technological pause. As a result, at the beginning development of the pearlite reaction, the state 

of austenite after completion formation of the wheel rim will be depended by total effect on the 

development processes on structure formation in dynamic and static conditions. This is 

confirmed by the existence of a certain correlation between the grain sizes of austenite and 

pearlite colony after cooling of the carbon steel (Fig. 1a). In the case of an unchanged structural 

state of the austenite, it is rather difficult to explain the existence of the presented relationship.  

 

   
a b c 

 

Fig. 1. Mutual change the d1 and d2 for steels with a carbon content of 0.54 (♦) and 0.56% C 

(■) [2] – (a). Structures: pearlite colony after annealing – (b) [14] and after 40 % hot 

deformation of the steel with 0.59 % C – (c). Magnification is 150 

 

However, in a more detailed analysis, even at a constant temperature and hot strain rate, 

a different ratio between degree of deformation and duration of the pause before the onset of 

pearlite transformation should lead to qualitative differences in the structural state of the 

austenite. So, at degrees of deformation greater than the critical value, development of the 

recrystallization will occur according to the mechanism movement boundaries of the austenite 

grains with large disorientation angles [7]. As a result, d1 will decrease proportionally to the 

degree of hot deformation. A characteristic feature of the formed structural state is not only the 

complete replacement of the crystal-geometric characteristics of the austenite but also 
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the purification of the internal volumes of the grains from dislocations. In the case of 

insufficient thermodynamic stimulus for the development of recrystallization according to the 

indicated mechanism (when the degree of deformation is close to the critical value), a certain 

part of the austenite structure will be formed due to the recombination of dislocation. In this 

case, part of the dislocations that reach the boundaries of austenite grains with large 

disorientation angles will be annihilated, and the other part will participate in the formation of 

additional interfaces inside the austenite grains. These boundaries should have not only a lower 

self-energy, but also a more complex structure (similar to subboundaries). 

The appearance of additional boundaries inside austenite grains should be considered one of 

the factors that can influence the size of a pearlite colony. While dispersion of the pearlite will 

depend, to a greater extent, on a rate of transformation of the austenite during cooling [1, 9]. 

The given position is confirmed by the structure formed after hot reduction. Compared to the 

regular structure of the pearlite colony during cooling of the steel after annealing (Fig. 1b), 

transformation of the austenite immediately after completion of the hot deformation leads to 

the formation of a certain proportion of pearlite with a violation of the regular structure 

(Fig. 1c). It should be assumed that, compared with the pearlite reaction in steel after annealing, 

these differences in the structure of the pearlite colony after hot deformation should inevitably 

lead to a qualitative change in the properties. Judging only by the change in strength properties 

(Fig. 2a), the nature of the dependence on the degree of hot deformation is quite justified. 

 

   
a b c 

 

Fig. 2. Influence degree of the hot plastic deformation: (a) on σy (■) and σs (♦), (b) on δ (■) 

and ψ (♦), (c) on n (■) and λ (♦) carbon steel 

 

However, the simultaneous increase in plasticity indices (Fig. 2b) indicates a different nature 

of the influence compared to the pearlite reaction in steel after annealing. It should be assumed 

that one of the reasons for the observed dependence of steel ductility is a certain inheritance of 

the pearlite structural state of the austenite after hot plastic deformation. The nature dependence 

λ and coefficient of the strain hardening on the degree of the hot deformation (Fig. 2c) are 

additional confirmations of the given position. Taking into account that for carbon steels with 

pearlite structures, the relation n~f(1/δ1) is satisfied, where δ1 is the maximum draw during 

drawing. For steel after hot deformation, a different relation is fulfilled: n~f(δ, ψ), which 

indicates the possibility of the existence of an additional component to d1 that influences the 

properties of the steel. This factor can be partially preserved in elements of the deformed 

austenite substructure. With an increase in the degree of the hot deformation, the intensity of 

the development processes of the strain hardening, in addition to the refinement grain of the 

austenite, should contribute to a decrease in the stability of the austenite at the beginning of 

pearlite transformation. As a result, under all equal conditions, one should expect a certain 
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effect on the kinetics of pearlite transformation, which is confirmed by the nature dependence 

of λ on ε (Fig. 2c). For a more detailed analysis of the nature of the influence dispersed by the 

pearlite colony on the strength properties of hot-rolled steel, a Hall-Petch type relationship was 

used [1]: 

 

 0,5,у s i уk       (1) 

 

where σi and ky are constants.  

 

For dependence σy, the value σi is called a friction stress of the crystal lattice [1], the yield 

stress of a single crystal [17], etc. The value ky is a measure of resistance of the interfacial 

boundary of a pearlite colony to the propagation of the deformation [1]. Regarding the absolute 

values of the angular coefficient in relation (1), for dependence on the ferrite grain size of the 

low-carbon steel and for a complete pearlite structure, there is no consensus. If, according to 

the data of [17], there is a coincidence of the values ky for dependence at grain size of the ferrite 

and λ of the pearlite colony, then in [1], their difference is noted. In general, the construction of 

the dependence of σy and σs on λ steels (Fig. 3) indicates the fulfilment of relation (1). On the 

other hand, in a detailed analysis of the curves, differences found in the values of σi and ky can 

be associated with the structural state of the austenite before the onset by pearlite 

transformation. So, for steel after isothermal transformation of the austenite [5], dependence by 

σy from λ-0,5, mm-0,5 (curve ▲) ky is 2.4 N/mm3/2, and for dependence σs 3.75 N/mm3/2. The 

observed differences in the values of ky are due to the development of strain hardening processes 

in the ferrite gaps of the pearlite colony during metal deformation from the yield strength to the 

ultimate strength [14]. For hot-rolled steel, the value of ky reaches higher values. To dependence 

σy,~f(λ-0,5) ky is 7.3 N/mm3/2, and for dependence σs, it increases to 10 N/mm3/2. 

 

   
a b 

 

Fig. 3. Influence λ on σy (a) and σs (b) of carbon steel of a railway wheel after manufacturing 

(■) [2], steel with 0.58 % C after isothermal transformation of the austenite at temperatures 

550-625 °C of annealed steel (▲) [5] and after hot plastic deformation (♦) 

 

As a result, for steel after hot plastic deformation, the value of ky exceeds the corresponding 

values for steel after isothermal transformation of austenite by about three times. At the same 

time, in absolute values, it approaches the values ky for low-carbon steels. 

Another characteristic (σi) also indicates qualitative differences in the structural state of 

austenite and their probable inheritance during the formation of a pearlite colony. Moreover, 

values of the strength characteristics of the carbon steel of the railway wheel, which, after hot 
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plastic deformation and thermal hardening of the rim (designation ■), fit quite well on the 

dependence for hot plastic deformation (curve ♦, Fig. 3). As a result of extrapolation of the 

curve (♦) up to intersection with the ordinate axis, the obtained values of σi are close to the 

friction stress of the ferrite crystal lattice after annealing of the low-carbon steel [1, 17]. In 

carbon steel after isothermal transformation, as a result of differences in the degree of super 

cooling of the austenite during the formation of a pearlite colony, ferrite can have a certain 

degree of the super saturation with carbon atoms. Based on this, the value of σi, quite justifiably, 

should exceed the similar characteristic of the hot-deformed state, reaching values at the level 

of 200…230 MPa (Fig. 3a). Therefore, increasing the friction stress of the ferrite crystal lattice 

should be considered one of the ways to increase the strength properties of the steel. Like the 

yield and strength limits, the plasticity characteristics and strain hardening exponent also 

illustrate a certain dependence on λ (Fig. 4). The observed dependence characteristics of the 

plasticity on the dispersion of the pearlite colony of carbon steel qualitatively coincide with the 

known experimental data [1, 17], according to which a decrease in λ contributes to an increase 

in plasticity of the metal. On the other hand, the nature dependence n on dispersion of the 

pearlite colony (Fig. 4c) indicates qualitative differences in the development of strain hardening 

processes, which is confirmed by the dependencies δ, ψ on n (Fig. 5). As for most steels with 

pearlite structures, including after isothermal transformation of the austenite, the relations (δ, 

ψ) ~ f(1/n) [13], (curve ▲, Fig. 5) are observed. For steel after hot plastic deformation, the 

dependence changes its sign to the opposite one: (δ, ψ) ~ f(n) (curve ♦, Fig. 5). 

 

   
a b c 

 

Fig. 4. Influence of λ on δ (a), ψ (b) and n (c) carbon steel of a railway wheel after 

manufacturing (■) [2], steel with 0.58 % C after isothermal transformation of austenite at 

temperatures of 550…625 °C (▲) [5] and after hot plastic deformation (♦) 

 

The values for the steel of a railway wheel do not fit into any curve at all (point ■). The 

observed differences in nature of the dependencies δ, ψ vs. n can be associated with structural 

features of austenite before pearlite reaction, and for railway wheel steel, the effect of thermal 

hardening of the rim is also added. A detailed analysis of the austenite structure will be used to 

explain the observed differences in strain hardening capacity of carbon steels with a pearlite 

structure. First of all, this is an assessment of the dihedral angles and boundary shapes of the 

austenite grains. Compared to austenite after annealing, when the grains of a convex shape are 

separated by straight boundaries with predominantly triple junctions [6], the structure after hot 

deformation has certain differences (Fig. 6). In addition to the formation of twins, the austenite 

structure consists of a significant number of grains, not only with dangling boundaries 

(designation 1), but also with fragments (designation 2), which indicate a qualitative difference 

from ordinary boundaries with large disorientation angles [3, 10]. 
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a b 

 

Fig. 5. Effect of n on δ (a) and ψ (b) for carbon steel of a railway wheel after manufacturing 

(■) [2], annealed steel with 0.58 % C after isothermal transformation of austenite at 

temperatures of 550…625 °C (▲) [5] and after hot plastic deformation (♦) 

 

From the calculation of the sum of angles, their number in the grain junction [8, 15], and the 

deviations in shape of the boundaries from the rectilinear (2), it follows from the results of [20] 

that such boundaries have their own energy approximately an order of magnitude lower than 

that of a conventional boundary. As a result of low linear tension [13], these boundaries are 

low-moving during hot plastic deformation [20, 21], and their presence at the austenite structure 

can have a certain effect on the pearlite transformation [13]. Based on this, one of the reasons 

for the qualitative change in the ability to strain harden the carbon steel with a structure after 

hot plastic deformation should be considered the formation of grain boundaries with a low self-

energy in austenite. The low mobility of such boundaries ensures the preservation of part of the 

hot-deformed austenite substructure at the time of the pearlite transformation. In general, the 

formed pearlite colonies outwardly remain similar to those obtained during isothermal 

transformation of the steel after annealing (Fig. 1b, c). 

 

 
 

Fig. 6. The structure of the austenite of the carbon steel after  

20% hot plastic deformation, magnification 150 

 

However, differences found in the austenite structure of carbon steel (Fig. 6) lead to changes 

in conditions for the initiation and propagation of plastic deformation in pearlite (σi, ky and n) 

and associated properties of the steel (Fig. 3, 4). 
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Indeed, lower values of σi in the steel after hot deformation (Fig. 3a) indicate a decrease in 

the role of the solid solution strengthening in the ferrite of the pearlite. As a result, the required 

level of resulting stress to maintain conditions for the onset propagation of the plastic 

deformation should be, quite justifiably, compensated by an increase in the resistance of the 

ferrite-cementite interface to the movement of dislocations. The fulfilment of the indicated 

relationship between the hardening of the solid solution and the role interfacial boundaries of 

the pearlite colony in the region of uniform strain hardening is confirmed by the change at a 

value of n (Fig. 4c). A similar effect was found in [21], where a change in the proportion of 

such boundaries (with a low linear tension) during various temperature-deformation treatments 

affects the properties of steels. Considering that for all-rolled railway wheels intended for cargo 

transportation, the predominant structural state of the steel is pearlite structures with varying 

dispersion, considering influence the structural state of austenite on the pearlite transformation 

can be useful for developing measures to improve the safety of operating railways. Take into 

account the significant cross-sectional dimensions of the railway wheel elements and the 

impossibility of creating isothermal conditions for pearlite transformation, the discovered effect 

of the formation of low-mobility boundaries in austenite during hot melts is observed. The 

above provisions are confirmed by the results in Figs. 3 and 4. The observed increase in 

properties of the carbon steel rim after thermal hardening with separate heating, with a complete 

elimination of the effect of the hot deformation of austenite, indicates a resource for an 

additional increase in the properties. Indeed, the implementation of accelerated cooling of steel 

to pearlite transformation temperatures in the intervals between hot reductions at the 

manufacture of certain elements of a railway wheel will improve its complex properties. 

 

 

4. CONCLUSIONS 

 

1. For the carbon steel rim of the railway wheel, proportionally to the increase in dispersion of 

the pearlite colonies from the degree of hot plastic deformation, a simultaneous increase in 

strain hardening coefficient, strength and plastic properties is observed. 

2. The formation of grain boundaries with a low linear energy of the tension in hot-worked 

austenite is one of the reasons for the appearance of disturbances with regularity in the 

structure of pearlite. 

3. In the pearlite of the carbon steel after hot deformation, the work hardening coefficient and 

ductility are related by the proportional relation. 

4. Compared with the pearlite transformation of the annealed steel, the increase in plasticity 

after hot deformation is due to a decrease in the contribution from solid solution hardening 

and an increase in the role of the ferrite-cementite interface in the development of strain 

hardening processes. 

5. The results obtained can be useful for improving the technology of manufacturing all-rolled 

railway wheels.  
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