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ABSTRACT

The paper is focused on a comparison of the magnetic properties of the non-oriented isotropic electrical steel containing 3.5% Si.
The material was processed by conventional rolling at ambient temperature and progressive rolling before which the samples were
undercooling in liquid nitrogen. Deformations of the samples in both thermal conditions were in the interval £e<5;35>[%)]. Subse-
quently, the samples were heat treated at temperatures T €<900;1100> [°C]. Measuring of the magnetic properties was carried out in
an alternating magnetic field at frequencies f= 50; 100; 150 Hz. At a frequency of 50 Hz were achieved smallest magnetic losses
and therefore further measurements were made at a given frequency. Followed measurements of the magnetic induction were
conducted at different intensities of the magnetic field. EBSD analyses were performed to obtain the IPF maps on which the result-
ing structure was evaluated after processing of the material. The specific magnetic losses were compared to different processing
methods. The best magnetic properties defined as by minimal values of core loses were reached after samples rolled at cryogenic
temperature followed by subsequently annealed. Also, higher proportion of cubic texture was archived after rolling at cryogenic
temperature with compared to samples processed at ambient temperature.
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INTRODUCTION

Improvements in the performance of electrical devices and
creating new high-quality applications have led to the optimi-
zation of existing magnetic materials. Electrical steels belong
to a group of soft magnetic materials and are known for their
excellent magnetic properties such as high electrical resistance
and low magnetic losses [1-3]. Non oriented isotropic electrical
steels (NGOES) are characterized by approximately the same
magnetic properties in all directions of the plane of the sheet.
Therefore, it is optimal if directional isotropic magnetic
properties of non-oriented electrical steels are secured by cube
crystallographic orientation is {100} <001> with Goss texture
is {110} <001> [4, 5].

Improvement of electrical steels magnetic properties involves
optimizing physical and metallurgical characteristics such as
grain size, crystallographic texture, construction of grain
boundaries and secondary inclusions. Movement of grain
boundaries interacts with the precipitation presents basic
physical happening in the evolution of the microstructure and
texture during the thermo-mechanical processes of production
of electrical steel [6]. The effect of plastic deformation on the
properties of non-oriented electrical steels has a significant

difference under the cryo-rolling and ambient conditions. The
progressive methods for this material, such as rolling under the
cryogenic conditions, are currently not explored [7-9].
Required magnetic properties such as low total magnetic
losses, high magnetic induction, and low coercive force are
dependent on microstructure and texture evolution during
thermomechanical processing. Therefore, it is important to
control the rolling process of non-oriented electrical steels and
improve its magnetic properties which are strongly depending
on structural characteristics [10-17].

In cold-rolled sheets, recovery, recrystallization, grain growth
and texture formation take place during the final annealing
process. The study reported by Cunha et al. [18] demonstrated
that recovery and recrystallization lead to remarkable im-
provements in magnetic properties, with grain growth resulting
in a decrease in iron loss and a decreased permeability, due to
the strengthening of the y -fiber. The increase in grain size
during grain growth is often associated with changes in texture.
Two fairly conflicting results concerning the effect of grain
growth on texture development were published [19].
Hutchinson et al. [20] reported that the {111} texture compo-
nent during grain growth is strengthened. In contrast, Jong-Tae
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et al. [21] found that Goss texture and y-fiber components are
weakened during grain growth.

Based on previous studies, few researches had reported the
microstructure and texture of thin-gauge non-oriented silicon
steel during recrystallization annealing [22-26]. A more in-
depth analysis of the influence of recrystallization annealing
temperatures on microstructure, texture, and magnetic proper-
ties is subsequently required.

The main aim of the experiment is to describe the effect of
plastic deformation carried out under different temperature
conditions to the resulting magnetic properties of selected
material.

MATERIAL AND METHODS

For experiment commercially produced non-oriented electrical
steel with input thickness 2 mm was used. The chemical
composition measured by spectrometry is as follows: 3.5%Si
(in wt%), 0.034 %C, 0.25%Mn, 0.015%P, 0.004%sS,
0.021%Cu, 0.433% Al.

Before laboratory rolling, the homogenizing annealing at
900°C was performed. On samples surface, the layer of ceram-
ic lubricant was applied to oxidation prevent. Samples were
rolling under ambient and cryogenic conditions on the rolling
mill DUO 210. To achieve the cryogenic rolling temperature
were the samples in the liquid nitrogen for 30 minutes im-
mersed. After cryogenic rolling, measured temperature of
samples was -35°C. The total strain was &€ = <7;35> [%]. Next
step was annealing in air ambiance for 40 minutes at three

different temperatures: T € <900; 1000; 1100°C>.

The crystallographic orientation and components texture were
obtained by EBSD (Electron backscatter diffraction) methods
in cross-section of rolled sheets. The obtained EBSD grain
textures were determined by IPF maps.

Basic dimensions of the samples for measurement of magnetic
properties were 1 = 280 mm, b = 30 mm and h = 1.3 mm. The
samples were taken from rolled sheet in the direction of rolling.
Measuring was carried out on the device SST, which uses a
system Remacomp C200. The measurements were made at
frequencies of f =50 Hz, Bnax = 1.5 T.

RESULTS AND DISCUSSION

In Fig.1. a significant difference in microstructure are visible.
The rolling direction is represented by an arrow. EBSD analy-
sis shows the heterogeneous distribution of observed three
planes, especially for ambient rolled sample. The central part
of the sample rolled at ambient temperature consists from
elongated grains in the rolling direction with a predominantly
cubic crystallographic orientation {100} and more dominant
orientation {111} in surface parts. After cryorolling the pres-
ence of deformation twins is visible and grains with Goss
texture almost disappeared. It is causes by retarded dynamic
recovery of material under cryogenic conditions. Elongation of
the grains is better visible after rolling at ambient temperature.
Reduction of grains length in case of cryogenic rolling is
compensated by the formation of deformation twins in grains
with orientation {111}. Deformation twins also contribute the
growth of the grains with a preferred orientation in the plane
{100} during the recrystallization process. Samples rolled
under cryogenic conditions after annealing showed a higher
percentage of the cubic components, what is advantageous
regarding the magnetic properties. Based on EBSD analysis it
is clear that the sample rolled at ambient temperature has better
magnetic properties because of the following reasons: the area
of the hysteresis loop is smaller so the sample exhibits lower
losses in alternating current magnetization and lower coercivi-
ty. Another reason is the high proportion of deformation twins

under cryogenic conditions what prevent passage of magnetic
domains and other lattice defects in the material caused by
cryorolling, also. On the other hand, recrystallization annealing
of non-oriented electrical steel has positive impact to the final
magnetic properties. Effect of annealing temperature on the
magnetic properties of cryorolled non-oriented electrical steel
is presented in the Fig.2. The total magnetic losses are deter-
mined by the same value of magnetic induction B = 1.5 T.
Magnetic polarization was measured with frequency f = 50 Hz
in term of industry requirements and different field magnetic
polarization. From the Fig. 2 and Fig.3 it is clear that the
lowest value of magnetic losses was achieved by annealing at
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Fig. 1 Maps of inverse pole figures for samples of rolled
samples without annealing with total strain € = 35%: a) ambi-
ent b) cryogenic conditions.
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Fig. 2 The comparison of the hysteresis loop after cryo-rolling
with deformation £€=7% and after annealing at 900, 1000 and
1100°C/40min
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Fig. 3 The comparison of the permeabilities after cryo-rolling
rolling with deformation €=7% and after annealing at 900,
1000 and 1100°C
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The comparison of permeability between cryorolled samples
annealed at various temperatures is shown in Fig. 3.

The dependence of the core losses on grain diameter after
annealing at 900°C is shown at Fig. 4, from which is resulting
that the minimal level of core losses was achieved after cry-
orolling with diameter of ferrite grain 106 pum. Comparison
measured values after materials processing at ambient and
cryorolling is listed at Table 1.
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Fig. 4 The dependence of core losses on grain diameter after
annealing at 900°C

A comparison of the measured values after material rolling at
ambient and cryogenic temperatures is listed at Table 1. From
measured data is resulting that the cryorolled samples achieved
lower core losses under the same annealing temperature
compared to samples rolled at room temperature.

Table 1 Magnetic losses
Specific
Rolling Annealing rlnle;ggse;i:: Magnetic polarization at f=50Hz
B=15T
conditions T b H=2500]  H=510° H=10"
o | wha [f| | o
Ambient 900 10.36 1.56 1.64 175
Cryo 900 10.13 1.54 1.62 172
Ambient 1000 10.82 155 1.63 173
Cryo 1000 10.55 1.56 1.64 1.74
Ambient 1100 135 1.42 15 1.61
Cryo 1100 122 1.49 1.58 1.69

Cryorolling is considered to be the prominent processing
method to develop high strength materials. Even though
considerable work is available on mechanical properties of
cryorolled materials, mainly light alloys, titanium, and steels
[27-38]. Cryorolling can improve strength and ductility there-
fore opening up further opportunities to applications in even
more strength critical applications. However, some critical
factors related to the process phenomena are still needs further
studies on improvement in its material properties.

CONCLUSIONS

Based on the results obtained from the rolling of NGOES
material in ambient and cryogenic temperature conditions, the
following conclusions can be drawn:
e samples rolled at cryogenic temperature and subse-
quently annealed showed a higher proportion of cubic
texture than samples processed at ambient temperature

o the best magnetic properties defined as core loses of the
observed material were obtained after cryorolling, fol-
lowed by annealing process at temperature 900°C with
holding time 40min with value P=10.13 W/kg

e the value P=10.13 W/kg is corresponding to the ferrite
grain diameter of d=106 pm with cubic texture.
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