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Abstract. In this paper, the phenomenological approach which connects the recrystallization 

parameters with thermomechanical characteristics of deformation is implemented to simulation of 

structural transformations. Two cases were considered, when the growth rate of recrystallized 

volumes is damping fast, and when a weak growth of recrystallized grains is observed. A pattern of 

structural states was obtained among the models with fast decrease in growth rate of recrystallized 

grain and weak grain growth. The abatement of the sensibility to the intensity of grain growth with 

increasing of strain rate was established. The function of  recrystallized volume has oscillating 

behaviour depending on time and coefficient of recrystallization intensity. These results were 

confirmed by experimental researches of rheological behaviour of steels at low strain rates and high 

temperatures. 

Introduction 

The development of models for processes of dynamic and static polygonization and recrystallization 

are based on two approaches: phenomenological that allows to connect the recrystallization 

parameters with thermomechanical characteristics of deformation and structural allowing to define 

the necessary thermomechanical characteristics of deformation on the basis of simulation of 

cooperative dislocation movement processes and appearance of grain embryos. Realization of both 

approaches is complicated metallophysically [1] as well as mathematically [2]. Nevertheless the 

necessity of solving such a problem is determined by requirements to real manufacturing process. 

The phenomenological approach of problem solving demands application of multidimensional 

space of structural parameters (mesh size, dislocation density, concentration of carbides) that 

depend on thermomechanical characteristics of deformation (temperature, invariants of deformation 

tensor, strain rate, stresses). At the same time the initial physicochemical constants of structure 

formation are not taking into account. Such approach is efficient only in case of large number of 

experimental data in investigation of plastic deformation at different temperatures and strain rates. 

In this paper, the phenomenological approach is presented for estimation of dynamic 

recrystallization parameters depend on growth speed of recrystallization volumes.  

Mathematical Model 

Two cases of recrystallized volumes growth at the specified thermomechanical characteristics of 

deformation will be considered: the first, when a growth rate of recrystallized volumes is damping 

fast [2], and the second, when a weak growth of recrystallized grains is observed [3]. 

The Case of Fast Damping of Recrystallized Volumes Growth Rate. In this case we should 

use a differential equation describing change of recrystallized volume at time depend on 

recrystallization intensity ( )θαα =  at different temperatures θ  and strain rates ε& : 
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where ( )τnV  - is the recrystallized volume depends on time τ ; 
γ  - is the adjusted coefficient of recrystallization intensity defined by the following   
        ratio ( ) ( )ενθαγ &= , (ν  - is the structure change speed at the strain rate ε& ). 

We use the following boundary conditions for solving the Eq. 1: 

 

( ) ( )1,00 ∈= ττ приVn , ( ) .11 =nV           (2) 

 

Then solve the Eq. 1 by operational method. The desired quantity ( )τnV  discontinues at the point 

.11 =τ  In the operational calculus differentiation of original function presumed that it is continuous 

at 0>τ , but it doesn’t contains into the solution. Therefore we need to use the following 

operational ratio for the original function ( )τU  with points of discontinuity { iτ } 1=i ,  
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Here ( )pU  - is the Laplace transform of discontinuous original function ( )τU . 
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According to the shift theorem ( ) ( )pVeV p
n

−=−1τ . 

As a result the Eq. 1 will transform to the operational equation: 

 

( ) ( ) ( )[ ]pVpVeeppV pp −=− −− γ .          (4) 

 

After the transformation it looks like: 
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According to the image differencing attribute: 
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where ( )∞+∈ ,0t . 

The dynamics of a recrystallized volume ( )τnV  is described by the oscillating function. In 

addition, the adjusted coefficient of recrystallization intensity γ  defines damping of oscillations 
(Fig. 1). 

 

 
Fig. 1. The dependence of the recrystallized volume on time and adjusted coefficient of 

recrystallization intensity [2] 

 

It is significant, that recrystallized volume at ∞→τ  is: 
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The Case when a weak growth of recrystallized grains is observed. 

Under these conditions the model of a recrystallized volume change ( )τnV  at the time may be 

expressed in the following way: 
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with following boundary conditions: ( ) ( ) ( )1,0;0;11 ∈== ττnn VV , 

 

where ( )1L  - is the maximal volume of grain grown during the time unit of structure change; 

   ( )ξτ −G  - is the grain growth speed into the structural state ξ  of multidimensional space  
                     that depends on structure change rate ν  at the moment of deformation τ . 
It is necessary to use the Laplace transform for solving the Eq. 8. Let us assume that: 

 

( ) ( )θβββττ == ,G  - is the grain growth intensity coefficient. 

 

It is given by: 
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equation: 
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From this it follows that: 
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Further it looks like: 
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where νβ 6=K  - is the adjusted coefficient of growth intensity of recrystallized grains. 

Let us transform the expression Eq. 10 for conversion to the original function ( )τnV  and further it 

looks like: 
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From this it follows that: 
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Using the following expression: ( ) ( )
( )

( )ενθα &

∞
∞−

=
n

n

V

V1
, it is possible to create the pattern of 

structural states – the family of projections of isolevels ( )∞nV  onto the plane να ,  (Fig. 2). 
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During the numerical investigation of the model Eq. 9 with taking into account grain growth with 

linear growth function  ( ) ( )ξτβξτ −=−G  was established that behavior of the expression Eq. 7 is 

qualitatively equivalent to the Eq. 9. However, at the steady state a recrystallized volume is different 

at the value of ( ) ( )ενθβ GK /= , that testify of sensitivity decrease to the grain growth intensity at 

increasing of strain rate. Depending on the value of K  the possible case is reduction or grain growth 

(Fig. 3). The similar dependences obtained at austenitic steels [4]. 
 

    

Fig. 2. The patterns of structural states,                        Fig. 3. The kinetics of changing the grain 

created according to the following models:       size depends on growth intensity [4] 

 - is fast damping of grain growth rate; 

 - is the weak growth of grains; 

          - are calculated points [2] 
 

As a result of solving the Eq. 1 and Eq. 8 obtained that the function ( )γτ ,nV  shows oscillating 

behavior. This statement was confirmed by the researches of rheological behavior of steels at low 

strain rates and high temperatures, and also with the results of paper [2], when the oscillating 

behavior of a deformation resistance observed in conditions leading to the same effect in kinetics of 

recrystallized volume. Solving the Eq. 1 and Eq. 8 may be finally obtained if constants γβα ,,  are 

known. If these constants are known, it is possible to define the value of recrystallized volume as a 

function of time and strain rate. However the difficulty in solving of this task is concerned with 

defining of these constants. 

Summary 

The model with taking into account growth rate of recrystallized grain and possibility of its 

reduction or growth was created. It is shown clearly, that the function of recrystallized volume 

shows oscillating behavior in depends on time and the adjusted coefficient of recrystallization 

intensity. 
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