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Abstract. The evolution of the UNS 6617 alloy microstructure during the hot deformation 
and the effect of hot deformation parameters on the grain structure and on the dynamic 
recrystallization were studied. A mathematical model which is capable to calculate the 
dynamically recrystallized austenite grain size of the alloy was built.  

 
 

1. Introduction 
Development of the energy industry and turbine technology is characterized by a continuous 
increase of operating temperatures, which became possible owing to intensive development of 
heat resistant steels and superalloys capable of operating at high temperatures concurrently 
with aggressive environments [1]. It is known that austenite grain size is one of the most 
important technological features which also influence the end-product properties. For the 
development of optimal regimes of hot deformation which could provide necessary grain size, 
first it is appropriate to realize the physical modeling of metal forming in a laboratory by 
means of the plastometer. 

The purpose of this paper is to study the evolution of the UNS 6617 alloy 
microstructure during the hot deformation and estimation of the effect of the hot deformation 
parameters on the grain structure and on the dynamic recrystallization, as well as to build a 
mathematical model which will be capable to calculate the dynamically recrystallized 
austenite grain size of the alloy. Calculations of the hot deformation activation energy of the 
alloy were made, and a mathematical model of dynamic recrystallization using a Zener–
Hollomon parameter was developed. 

 
2. Experimental 
Specimens for torsion tests were cut from forgings. In the experiments all the samples were 
heated to 1150 °C, soaked to obtain equal temperature over the cross section, then some of the 
specimens were deformed at 1150 °C and all the others were deformed after cooling to 
1050 °C or 900 °C. Strain rates (έ) were 0.5 s-1 and 5 s-1, strains (ε) were 0.2 – 0.9. 
Immediately after the deformation all the specimens were water quenched. 

The microstructure of the deformed specimens was studied on polish sections made 
close to the cylindrical surface of the specimen and then compared with the initial structure. 

Stresses and strains were calculated in accordance with Von Mises criterion [2]: 
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where N – number of turns, С – torque. 

 
3. Discussion 
In Fig. 1 the stress-strain curves obtained by the torsion tests are shown. The initial 
microstructure of the alloy after heating to 1150 ºC, and some of the microstructures after 
deformation are shown in Fig. 2. 

 
 

 
 

Fig. 1. Stress-strain curves at different strain rates: a – 0.5 s-1, b – 5 s-1. 
 

As can be seen from the curves shown in Fig. 1, the peak stress and peak strain values 
increase with the increasing of strain rate. There is a significant stress growth with the 
decreasing of deformation temperature, and this tendency augments to a greater extent with 
increasing of strain rate.  

Microstructure analysis shows a decrease in average grain size of the deformed samples 
compared to the initial grain size (Fig. 2a), meanwhile elongation of grains and appearance of 
the recrystallized grains take place (Figs. 2b, 2c, 2d). Lowering the deformation temperature 
is accompanied by increased elongation and decreased volume fraction of recrystallization 
(Fig. 2d). With the growth of deformation temperature, strain and strain rate, the volume 
fraction of recrystallization increases. 

The volume fraction of recrystallized grains, with sizes of up to 50 microns, enlarges 
with increasing of deformation temperature, stress, and strain rate. 

Deformation induced decrease of the average grain size (compared to the initial state) 
can be associated with beginning of the dynamic recrystallization and, therefore, appearance 
of recrystallized grains and with the formation of the substructure with high angle 
misorientation of subgrains as it was noted in [3]. 

During the early stages of plastic deformation the main role is played by individual 
dislocations; their monotonically increasing density does not exceed 108 - 109 cm-2 [3]. With 
the increasing of strain the dislocation ensembles with different types of structures are formed 
(from cellular to fragmented structure) with different sizes of cells and misorientation angles. 
The latter may reach the values corresponding to high angle misorientation, and with a certain 
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combination of deformation temperature, strain and strain rate the recrystallized grains are 
formed; this fact is especially evident in the microstructure of the specimens subjected to 
deformation at 1050 °C and 1150 °C (see Figs. 2b, 2c, 2d). 

 

 
 

Fig. 2. Microstrustructure of the investigated alloy: a)– initial structure (Тheat = 1150 ºС);  
b)– structure at ε = 0.4, Тdef = 1150 °С, έ = 0.5 s-1;  
c)– structure at ε = 0.4, Тdef = 1150 °С, έ = 5 s-1;  
d)– structure at ε = 0.9, Тdef = 1050 °С, έ = 5 s-1. 

 
Using the results of physical modeling for the calculation of the deformation regimes 

which can provide a desirable grain size, first it is advisable to calculate the hot deformation 
activation energy [4]. Constitutive equations are commonly used to calculate the activation 
energy [5]. Equation (3) shown below is the base equation. 
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where Z – the Zener–Hollomon parameter, έ – strain rate, Q – hot deformation activation 
energy, R – universal gas constant (8.31 J·mol–1·K–1), T – deformation temperature 

In the constitutive equations, Z parameter may be considered as a function of stress. In 
[6, 7] the power–law function was proposed for calculation the Zener–Hollomon parameter:  
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where σp – peak stress; k and B – approximation parameters 

In [7] in addition to power–law function the exponential function was used: 
 
   pCfZ  exp ,               (5) 

 
where σp – peak stress; С and β – approximation parameters 

According to Sellars and Tegart [8] the using of the hyperbolic sine gives more 
adequate approximation of the Z–σ–relation for all values of stress and all types of hot 
deformation: 

 

    npAfZ  sin ,               (6) 

 
where σp – peak stress; A, α and n– approximation parameters. However, for the 
approximation by formula (6) the parameters of equations (4) and (5) must be calculated. 
After substituting expressions (4), (5), (6) into equation (3) and after taking the logarithm the 
following is obtained: 
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Parameter α is an approximation parameter which is independent of temperature [2], 

which make ln έ – ln[sinh(ασp)] plots linear and parallel [5]: 
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Equations (7), (8), (9) are appeared to be linear at a constant temperature [9], thus the 

coefficients k, β and n are the slopes of the plots of the above mentioned equations: 
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Using the data obtained by torsion–tests, that is, knowing T, έ and σp for each of the 
stress–strain curve (Fig. 1), the slopes of all the lines (Fig. 3) were found. 

The average values of k and β are 9.2543 and 0.02424, respectively. 
Using these average values of k and β and equation (10) the value of α was calculated: 

α=0.00262. 
The obtained value of the parameter α was used in (13) to find the parameters n (the 

slopes of the lnέ–ln[sinh(ασp)] plots). The obtained average value of n is 6.2628. 
Equation (9) is linear at a constant strain rate – this equation was used to determine the 

activation energy, which appears to be a slope of the line nln[sinh(ασp)]–1/T: 
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Thus to find the activation energy according to approximation (6), the slopes of the lines 
(Fig. 4) need to be found (similar to previous calculations of the parameters k, b and n) plotted 
using three points with the aid of the least squares method, and then calculate the average 
slope for the two strain rates, which will be the value of the hot deformation activation energy 
for the investigated alloy. 
 

a b 
Fig. 3. Plots used to calculate the slopes:  

a)– dependence ln έ of ln σp used for calculating parameter k;  
b)– dependence ln έ of σp for calculating parameter β. 

 
Fig. 4. Plots nln[sinh(ασp)] – 1/T used for calculation of activation energy,  

obtained by the least squares method. 
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The obtained mean value of the activation energy is 437 kJ/mol, which exceeds the 
value of the activation energy of pure nickel, 297 kJ/mol, reported in [8]. Next, using formula 
(3) the values of Z for each deformation regime were calculated (Table 1). 

 
Table 1. Values of the Zener–Holllomon parameter calculated for hot deformation. 

T, ºC έ = 0.5 s–1 έ = 5 s–1 
900 1.512·1019 1.512·1020 
1050 9.353·1016 9.353·1017 
1150 5.717·1015 5.717·1016 

 
The following equation [4, 10] was used to build a mathematical model allowing the 

calculation of recrystallized grain size: 
 

dynn
dyndyn ZAd  ,               (15) 

 
where ddyn – the dynamically recrystallized grain size, Adyn, ndyn – material constants. 

Histograms of the dynamically recrystallized grain size distribution were plotted. The 
distribution's medians were considered to be the values of the recrystallized grain size 
corresponding to each deformation regime. As a result of approximation of the ddyn–Z 
dependence the following coefficients of equation (15) were obtained: Adyn = 9.851, 
ndyn = 0.014. Thus for the alloy in question the following model was obtained: 

 
014,0851,9 Zddyn  .              (16) 

 
Using the obtained model, the sizes of dynamically recrystallized grains for each 

deformation regime were calculated. The calculation results and the actual data are presented 
in Fig. 5. As can be seen the best agreement is provided at low degrees of deformation 
(ε = 0.2), where the difference between the actual values in relation to the calculated ones 
does not exceed 6.5 %, and at the deformation at high temperatures (1150 °C), where 
difference is not more than 14.6 %. Less agreement (more than 14.6 %) of the calculated and 
experimental data in the other cases can be attributed to the fact that the activation energy and 
coefficients n and b are temperature dependent parameters, the modeling of which, or taking 
into account the temperature factor, is the subject of further research.  

 
 

 
 
 

Fig. 5. Dependence of dynamically recrystallized grain size on the parameter Z for different 
strain rates: a – 0.5 s–1, b – 5 s–1 
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4. Conclusions 
1) It is found that the size of dynamically recrystallized grains varies from 3 to 50 microns 
depending on the deformation temperature, strain and strain rate. 
2) A mathematical model of dynamic recrystallization was built, which provides calculating 
the dynamically recrystallized grain size of the alloy with error of 6.5% at ε = 0.2 for all the 
investigated temperatures and strain rates. At a temperature of 1150°C and strain rate of 5 s–1, 
the error of calculation is less than 4.6%; at strain rate 0.5 s–1 – the error is no more than 
14.6%. At a temperature of 1050°C and strain rate of 5 s–1, the calculation error does not 
exceed 39.7%; at strain rate 0.5 s–1 – it is no more than 22.9%.  
3) The results of this study may be used to develop the regimes of hot deformation, allowing 
obtain a necessary dynamically recrystallized grain size. 
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