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Abstract 

Using finite element modelling and mathematical processing, the universal equation is obtained which 

establishes the dependence of the resistance of a metal to deformation on the conditions of thermoplastic 

processing of alloyed low pearlite steels. The finite element method is implemented in various software 

packages, such as Deform-2D / 3D, etc. For the correct formulation of the problem, and, consequently, the 

adequacy of the calculated results, in these software packages, it is necessary to set an exact description of 

the rheological properties of the material under study. In this regard, the availability of a mathematical model 

describing the rheological properties of a material for various conditions of deformation is an urgent task from 

a practical and scientific point of view. 
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1. INTRODUCTION 

Deformation conditions have a significant impact on the power parameters of the process, microstructure and 

mechanical properties of the finished product. Deformation resistance is an important characteristic in metal 

forming processes (MFP) for assessing the stress-strain state, energy-power parameters. The resistance of a 

metal to deformation is the flow stress of the metal under static conditions of plastic deformation [1]. The flow 

stress characterizes the mechanical properties of the material immediately before the entrance and exit from 

the deformation zone, as well as in the intervals between the stands, and in the pauses between passes, 

during rolling, respectively, on continuous and reversing mills. Therefore, the establishment of the regularities 

of changes in the metal flow stress is of great importance not only for the theory of rolling, but also for 

technology. Therefore, the establishment of the regularities of changes in the metal flow stress is of great 

importance. The object of the article is to obtain the universal equation, which establishes the dependence of 

the resistance of metal to deformation on the conditions of thermoplastic processing of steels using 

experimental dependences and mathematical processing. 

2. RESEARCH METHODOLOGY 

The general view of the metal flow curve is shown in Figure 1 [2]. The dependence is characterized by an 

increase σs (MPa) from the yield point σ0 (MPa) to a certain peak value σp (MPa) of the corresponding peak 

deformation εp (-), after which σs gradually decreases to the value corresponding to the steady state stress σy 

(MPa), at which an equilibrium of the processes of hardening and dynamic recrystallization occurs. It should 

be noted that in the section, corresponding to stresses from σ0 to σp, the metal hardening rate decreases due 
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to the prevalence of the dynamic recovery process over hardening. Dynamic recrystallization begins when 

deformation εx (-) is reached. The nature of the flow curve also reflects the change in the austenite grain. In 

the hardening section, until the deformation value εp is reached, the grains are refined, the dislocation density 

of the substructure increases, after which the dynamic recrystallization process develops intensively and, 

according to [2], the austenite grain size depends solely on stress σy. 

 

Figure 1 General view of the steel flow curve in the presence of dynamic recrystallization [2]. According to 

the theory of A. Nadai, the resistance of metals to deformation σs is described by the equation [3]: 
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where:  

σp  - is the yield stress (MPa) 

T - is the temperature (°C)  

ε - relative deformation (-) 

τ - is the deformation time (s) 

u - is the strain rate (s−1). 

The terms of equations (1) take into account the effect of temperature, relative deformation, softening in time, 

and stress changes on the resistance to deformation, taking into account the toughness of the metal. 

Recently, the laws necessary for solving equations (1) have not been sufficiently studied. Therefore, in 

practice, to determine σs, experimental data are used in the form of specific discrete values for certain 

conditions of deformation and steel grades or dependences approximating experimental data [4]. 

The data available in the technical literature on the rate dependence of the deformation resistance of steels 

are often contradictory [1,5] and do not always allow us to unambiguously judge the effect of one factor or 

another. Extensive experimental studies for various steel grades were carried out by P.M. Cook [6], A.A. Dinnik 

[7], V.I. Zyuzin and other authors [1,5]. 

There are a number of formulae for the dependence of the yield stress on the strain rate: 

1. V.I. Zyuzin: 

( )TmuAAA
mm

p 33210 exp21 =             (2) 

where: 

ε - average degree of deformation (-) 

u - average rate of deformation (s−1) 

T - is the temperature of the environment (°C). 

A1, A2, A3, m1, m2, m3 – material constants 
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2. Formula E. Siebel and A. Pomp: 

m
p ub += 0               (3) 

where: 

σ0 - is the yield point at static deformation (MРa) 

b and 
mu  - are constant factors depending on the material (-). 

3. Formula L.V. Andreyuk - G.G. Tyulenev: 
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100              (4) 

This formula takes into account the influence of material properties, degree of deformation, strain rate and 

temperature, where: 

 A, B, C, D – material constants 

4. Formula A. Nadai: 

0
0 ln

u

u
mp +=               (5) 

where: 

m - is a constant coefficient depending on the material (-). 

The main disadvantage of this formula is the lack of values of the coefficients included in their composition for 

various metals and alloys. 

5. Formula A.I. Tselikov and V.A. Persiyantsev: 
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where: 

D - is the hardening modulus (MPa) 

A - coefficient of proportionality, which is the rate of relaxation (s-1) 

σ0 - static deformation yield stress (MPa) 

u - average strain rate (s-1). 

To describe the change in the yield stress, depending on the logarithmic strain, temperature and strain rate, 

mathematical models are used, which are presented in works [8,9]. 

Expressions (2-6) in general form correctly reflect the influence of thermal and mechanical process parameters 

on the yield stress σр.. The yield stress is a characteristic of the rheological properties of a material. In this 

regard, the dependences presented above do not fully reflect the rheology of the material. They can not only 

grow with an increase in the degree of deformation, but also decrease or remain unchanged. In this regard, 

expression (7), the Hensel-Spittel formula [8] is of interest: 
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where: 

σр - is the yield stress (MPa) 

ε - is the degree of deformation (-) 

u - is the strain rate (s-1) 

T - is the deformation temperature (°C) 

α1… α9 - are constant coefficients (-). 

Let's analyze it. Dependencies: 

( ) ( ) T52 1;exp;
41

  + , 

with an increase in the degree of deformation ε, the yield stress σp increases. 

Dependence: 













3exp , helps to reduce the yield stress. 

Dependence:  
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with an increase in the strain rate, the yield stress increases. 

Dependence:  
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can increase or decrease the yield stress, from the relationship of thermomechanical parameters. 

3. RESULTS OF THE STUDY 

As demonstrated in section 2, the Hensel-Spittel expression can describe the curve of stress dependence on 

thermomechanical parameters with different changes in values. The experimental data given in [10] are used 

to demonstrate this affirmation. The graphs in [10] show that in the case of small deformations (ε = 0.2 ... 0.3), 

the yield stress increases strongly with increasing deformation. At medium deformations (ε> 0.3), this increase 

in the yield point becomes less intense, and in some cases, with a further increase in deformation, it decreases. 

A preliminary analysis of the mathematical models carried out above, showed that the most acceptable formula 

for determining the yield stress at different thermo-mechanical parameters is the above-introduce equation (7). 

To determine the coefficients in the formula (7) α1...α9, you can use the experimental data presented in [10].  

A system of equations is compiled, the solution of which is the indicated coefficients. For example, at Т = 850 

°С, ε = 0.4, u = 1 s-1, σp = 225 MPa and at Т = 900 °С, ε = 0.6, u = 10 s-1, σp = 250 MPa, etc. We get the system 

of equations: 
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This system of equations, using the method of planning the experiment, is calculated in such a way as to 

determine the coefficients α1 ... α9. The processed experimental data, in accordance with the Reology program, 

made it possible to determine the coefficients αi (Table 1). 

Table 1 Coefficients obtained by approximation  

α1 α2 α3 α4 α5 α6 α7 α8 α9 

8.2·10-5 5.2·10-1 -16.3·10-5 1.1·100 -3.4·10-3 -2.2·10-1 33.6·10-5 2.97·100 -4.95·10-3 

Сomparative curves (approximating and experimental) are represented at different temperatures, degrees and 

rates of deformation is shown in Figures 2, 3 [11]. 

 

Figure 2 Dependence of flow stress on deformation 

 

Figure 3 Dependence of flow stress on deformation 

Analysis of the graphs shows the comparability of experimental and theoretical data, with the exception of the 

curve, at T = 1200 °C. At a strain rate u = 100 s-1, there is a significant deviation of the practical curve, from ε 

= 0.1 to ε = 0.5 [11]. 
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Thus, a feature of this approximation is that the obtained formula can be used to take into account the rheology 

of various steel grades. The dependence of the yield stress on deformation can be increasing, decreasing, or 

not changing. 

This formula can be used to calculate the energy-power parameters and the yield stress of the metal at each 

point of the deformation zone. 

As a result of mathematical processing, an equation Mishchenko-Sheyko was obtained showing the 

dependence of the resistance of the metal to deformation on the conditions of thermoplastic processing: 

( )( ) +
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003363.0524152.0 111363.1exp
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exp000082.0 


  

( )TTuu T 004952.0exp97098.2000336.0216846.0 − −
.          (8) 

Equation (8) allows taking into account the rheology of material properties for different conditions of 

deformation in comparison with the Hensel-Spittel equation. 

To analyze the established patterns of changes in the resistance of the metal to deformation, three-dimensional 

graphical dependencies were built [11].   

4. CONCLUSION 

Thus, using the previously obtained experimental dependences in [10,11] and mathematical processing, a 

universal equation (8) Mishchenko-Sheyko, was obtained that establishes the dependence of the resistance 

of the metal to deformation on the conditions of thermoplastic processing of alloyed low pearlite steels.  
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