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(4)

where: A, a1, a2, a3 – coefficients, QRX – activation energy for 
recrystallization.

The grain size after static recrystallization is described by 
the following equation:

(5)

where: B, b1, b2, b3 – coefficients, QD – activation energy for 
grain size.

Microstructure evolution model contains several 
coefficients, which are identified on the basis of experimental 
tests. Stress relaxation tests and two step compression tests are 
most commonly used for that purpose. In the present paper 
the latter tests were used to determine coefficients in the 
microstructure evolution model.

3.	 Experiments

It is well known that compression tests involve strong 
inhomogeneities of strains, stresses and temperatures. 
These inhomogeneities make interpretation of the tests and 
identification of the flow stress and microstructure evolution 
models a difficult problem. In the former case inverse analysis 
was applied to eliminate the effect of inhomogeneities and good 
results were obtained [13,15]. In the latter case researchers are 

trying to define the representative area in the sample where 
strains and temperatures are close to the nominal values for 
the test. The nominal strain is defined as ln(h/h0), where h and 
h0 are current and initial height of the sample, respectively. 
The objective of the present work is to apply inverse analysis 
to the two step compression tests and to eliminate the 
influence of inhomogeneities in the sample. Two-step tests for 
axisymmetrical and plane strain samples were considered.

3.1.	 Plane stain compression tests (PSC)

Character of distributions of strains, stresses and 
temperatures in axisymmetric samples is well known and is not 
discusses in this paper. Plane strain compression (PSC) is one 
of the plastometric tests, which is used for physical simulations 
of rolling processes. In this test a cuboid sample is compressed 
between two flat dies [14]. The PSC test allows large plastic 
deformation and the state of strains is similar to that, which 
occurs in the flat rolling process. The plane strain state is 
obtained due to two factors. The low width of the sample–to 
width of the die ratio prevents flow of the material in the width 
direction [14]. It is similar to the flat rolling, where low length 
of contact–to–width of the strip ratio fosters elongation and 
prevents spread. Influence of the rigid ends is another factor, 
which constrains spread and involves plane strain state. Rigid 
ends are the parts of the sample beyond the area under the die. 
These parts are not compressed, therefore, they do not have 
tendency to spread. Moreover, when the samples are heated 
by resistance heating (e.g. on Gleeble 3800) these parts are 
at lower temperature than the area under the dies and their 

Fig. 1. Selected examples of distribution of strains (a) strain rates (b), stresses (c) and temperatures (d) calculated by the Larstran code in the 
PSC test. 









3093

a)  b)
Fig. 9. Selected examples of comparison of forces in the second step 
measured in the experiment (filled symbols) and calculated using 
microstructure evolution model (open symbols) with coefficients in 
Table 2 – nominal temperature of the test 1000oC

a)  b)
Fig. 10. Selected examples of comparison of forces in the second step 
measured in the experiment (filled symbols) and calculated using 
microstructure evolution model (open symbols) with coefficients in 
Table 2 – nominal temperature of the test 1100oC

Simulations of the multistep PSC test were performed 
to validate the model and to evaluate its performance in 
extremely non uniform conditions. The samples measuring 
15×20×35 mm were compressed in a die with the width of 10 
mm. Results of calculations are presented at the cross section 
of the sample after the first pass. Figure 11 shows distribution 
of strains and temperatures at the end of the first pass. Figure 
12 shows distribution of the recrystallized volume fraction at 
the cross section of the PSC sample after various interpass 
times. Due to two axes of symmetry only a quarter of the cross 
section is shown in this figure.

Analysis of results in Figure 11 and Figure 12 shows 
that deformation is much more inhomogeneous that it was 
seen in the axisymmetric test. Even after the interpass time 
of 50 s large not recrystallized areas are seen, not only in the 
rigid ends what is obvious but also under the die. It means 
that this test should be always used in connection with the 
FE simulation.

Calculation time for one two-step experiment for 
axisymmetric test (2D model) using in-house FE code lasted 
3 minutes and it was much shorter than for the PSC test (3D 
model) using Larstran software, which took 10 minutes.
Computations were performed on the computer with Intel® 
Core™ i7-4770 CPU and 16 Gb of RAM. Determination of 
one value of the objective function (6) for the experiments 
investigated in the present paper required 36 runs of the FE 
code. It means that using PSC test combined with the inverse 
analysis would require unacceptably long computing time. 
Thus, axisymmetric test is recommended for identification 
of the microstructure evolution model and PSC test is 

recommended for the physical simulation of multi-pass 
industrial processes.

a)   

b)  
Fig. 11. Distribution of effective strains (a) and temperatures (b) at 

the end of the first pass.

a)  b)  

c)  d)
Fig. 12. Distribution of the recrystallized volume fraction at the cross 
section of the PSC sample after the interpass time of 0.95 s (a), 5 s 
(b), 10 s (c) and 50 s (d)

6.	 Conclusions

Identification of microstructure evolution models is 
a difficult task, which requires costly experiments. Beyond this, 
interpretation of these experiments is difficult. In the case of the 
two-step test classical methods of interpretation are based on 




