METAL

2021 May 26 - 28, 2021, Brno, Czech Republic, EU

STUDY OF MECHANICAL PROPERTIES OF ELECTRICAL STEEL GRADE USING METHODS
OF PHYSICAL AND MATHEMATICAL MODELING

'Anna LEVYKINA, 2Marcin KNAPINSKI, tlgor MAZUR

ILSTU - Lipetsk State Technical University, Lipetsk, Russia, RU, levykina_ag@stu.lipetsk.ru

2CUT - Czestochowa University of Technology, Czestochowa, Poland, PL, marcin.knapinski@pcz.pl

https://doi.org/10.37904/metal.2021.4102

Abstract

Electrical steel sheet is an important material in the manufacture of various parts of electrical devices with high
magnetic properties. The need to form the desired properties of the metal makes special demands on the
organization of the production technology for both hot-rolled and cold-rolled sheets. The combined use of
physical and mathematical research methods makes it possible to more accurately study various aspects of
the formation of steel characteristics in order to improve its production technology.

This paper presents the results of mechanical tests of an electrical steel grade obtained on the installation of
the Gleeble 3800 for plane-strain compression. The tests were conducted at temperatures of deformation from
700 to 1250 °C and strain rates from 0.1 to 150 s™* on samples in the parallelepiped form; as a result, curves
of the dependence of the metal flow stress on the true deformation were obtained. Based on the results of
physical modeling, a mathematical model was developed in the program «Deform 3D», which repeats the tests
for plane-strain compression, in order to check the adequacy of the model. The curves of the dependence of
the metal flow stress on the true deformation can be used to analyze the technological modes of hot rolling of
electrical steel grades, and the developed mathematical model can be used to simulate the thermal state of
the metal during the formation of inhomogeneity of properties on long flat products.
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1. INTRODUCTION

Electrical steel is an alloy of iron with silicon, the percentage of which varies from 0.8 to 4.8 % [1-2]. This
material has uniqgue magnetic properties and is widely used in the energy industry, in particular in the
manufacture of transformers and magnetic cores in electrical machines.

Electrical steel sheet is an important material in the manufacture of various parts of electrical devices. The
constant tightening of requirements for the quality of manufactured products predetermines the need to
organize the production technology for hot-rolled and cold-rolled sheets. The presence of silicon in steel makes
it possible to carry out high-temperature processing of this material, which is necessary to control the structure
of the metal [3], but at the same time, this leads to a sharp decrease of plasticity [4], and therefore it can
complicate the process of deformation of the metal and obtaining finished products in the whole. To solve
problems aimed at obtaining rolled products with a given set of properties, a modern approach to research is
required. This is especially important, when predicting the formation of inhomogeneity of metal properties on
long products. One of these methods is the combined use of physical and mathematical modeling.

The purpose of the work is to study the mechanical properties of electrical steel using experimental research
and mathematical modeling.
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2. CONDUCTING RESEARCH BY THE METHOD OF PHYSICAL SIMULATION

Experimental researches on plane-strain compression tests were carried out at the Czestochowa University of
Technology (Czestochowa, Poland) on the Gleeble 3800 using the Hydrawdge module [5]. For physical
modeling samples in the form of a parallelepiped with dimensions of 10 mm x 15 mm x 20 mm from E3A steel
grade was used, the chemical composition of which is shown in Table 1. The width of the deformation zone
was 5 mm. For reduce the friction between the sample and the die, tantalum and graphite plates were placed,
and graphite grease was also used.

Table 1 The chemical composition of E3A steel grade, %

C Si Mn S P Al Cr Ni Cu Ti N Sn
0.033 3.16 0.31 0.006 0.013 0.018 0.02 0.02 0.54 0.003 0.012 0.004

The research was carried out according to the scheme on Figure 1: the samples were heated at a heating
rate of 5 °C/s to a deformation temperature of 700-1250 °C, then exposure was carried out for 15-125 s, next
the samples were deformed for temperatures of 700-1250 °C and strain rates of 0.1-150 st and after that there
was accelerated air cooling.
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Figure 1 The scheme of research (a) and the scheme of plane-strain compression test (b)
on the Gleeble 3800

The values of the true strain and the flow stress of the metal during plane-strain compression tests were
calculated using the formulas [6]:
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where:

€ — true strain (-)

h — the initial height of sample (mm)

ho — the final height of sample (mm)

o — flow stress (MPa)

F —force (N)

w — the width of the deformation zone (mm)
b — the length of the sample (mm)
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The result of the research are the curves of the dependence of flow stress of the metal on the true strain
(Figure 2).

700 300

T=700 °C T=900 °C
600 = 250
i "‘.. 200
|
Faif £ |
< ' 150
E 300 | —— E
- ,/- -
? 200 e =1
100 50
0 0
0.0 0.2 04 0.6 08 10 12 0.0 0.2 0.4 0.6 08 1.0 1.2
Strain {-) Strain {-)
—_— 015! —_— 137 — 103! — 15087 —_— 015! — 137 — 1051 — 150s"!
140 70
T=1100 °C 7=1250 °C
120 0 —
100 e —— e v—— s |
g = g
s & s &0
%o 3
g 60 2}0
& ]
0 20 p——

v
(=]
I
o

Q
Q

0.0 0.2 0.4 06 0.8 10 12 00 0.2 0.4 06 08 1.0 12
Strain (-) Strain (-)

— 0157 — ] 57 — 105! 1505 — 015! e L — 105! 1505
Figure 2 Curves of the dependence of flow stress on the true strain (T= 700+1250°C; é=0,1+150 s%)

3. CONDUCTING RESEARCH BY MATHEMATICAL MODELING

Based on the results of physical modeling, mathematical model was developed in the "Deform 3D" program,
which repeats plane-strain compression tests to check the adequacy of the model. During developing the
model, only the solution of the deformation problem was taken, and therefore the influence of the external
environment, as well as the increase and loss of heat during modeling were not taken into account, the sample
temperature remained constant.

Since the physical modeling was carried out at constant strain rates, the speed of movement of the top die
varied in time. Using the equations from work [7], as well as data on the reduction of the distance between the
dies, a graph of the dependence of the die movement speed on the time of the experiment at a constant strain
rate was obtained, which was also introduced into the model. The coefficient of friction on the contact surfaces
was taken as 0.05.

The comparison of the results of physical and mathematical modeling was carried out on the basis of the
dependence of the force acting on the die on the deformation time. The "Model before correction" curves in
Figure 3 were obtained as a consequence of the direct transfer of the physical modeling results. For obtaining
adequate data the influence of various factors on the flow stress versus true strain curves during the research
was analyzed. Using the methods from the works [8-9], repeated correction of the data obtained in physical
modeling was carried out, after that repeated modeling was performed. As a result, new dependences of the
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force on the deformation time were obtained, which are presented in Figure 3 “Model after correction”. A
comparison of the measured curves of the dependence of the flow stress on the true strain, obtained in
laboratory researches and the corrected, is shown in Figure 4. The discrepancy between the results of physical

and mathematical modeling does not exceed 10 %, which indicates the adequacy of the developed model.
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Figure 3 Dependence of the force acting on the die on the time of deformation
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Figure 4 Comparison of curves of dependence flow stress of metal on true strain obtained by methods of
physical and mathematical modeling (T= 700°C; é=1 s* and T= 900°C; é=10 s})

For strain rate of 150 s the curves were interpolated from data obtained for a strain rate of 10 s™. This is due
to the difficulties encountered in the course of data processing. The processes occurring during deformation
under these conditions are features of the material and are not fully reflected in the experimental results, and
therefore additional research is required.

4. CONCLUSION

Experimental studies have been carried out on the Gleeble 3800 for an electrical steel grade. The curves of
the dependence of flow stress of metal on the true strain are obtained.

The mathematical model is developed that repeats the plane-strain compression test. The comparison of the
results of physical and mathematical modeling was carried out on the basis of the dependence of the force
acting on the die on the deformation time. For adapt the model the results from the experiments were adjusted,
the discrepancy does not exceed 10 %.
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The obtained curves of the dependence of the flow stress of the metal on the true deformation can be used to
analyze the technological modes of hot rolling of electrical steel grades, and the developed mathematical
model can be used to simulate the thermal state of the metal during the formation of inhomogeneity of
properties on long flat products.
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