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This paper discusses the anomalous loss behavior in two electrical steels types. Starting from a
non oriented electrical steel coil, three groups of samples with different grain sizes were produced.
Grain oriented steel samples were produced from a commercially available material. The experimental
procedure was performed by means of magnetic properties measurements using an Epstein frame. A
procedure to draw the hysteresis curve of the anomalous loss is proposed. The results reported that
anomalous loss has a different behavior when the two electrical steel types are compared. In non
oriented steels anomalous loss is concentrated at the low induction region. In grain oriented steels, a
remarkable participation of high induction region is observed.
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1. Introduction

One of the most important parameters for electrical steel
selection is magnetic loss. This feature refers to the energy
dissipated when the material is cyclically magnetized and
demagnetized. Magnetic loss, or iron loss, is commonly
divided in three parcels: hysteretic (or quasi static), classical
eddy current (or parasitic) and anomalous loss (the term
excess loss is often used too). This analysis method has
been applied by the industry for decades!.

Microestructural characteristics affect the three parcels
behavior. Other publications*® reported that features like
grain size and texture have influence over the hysteretic
and anomalous loss.

While hysteresis loss is calculated as the area of a
experimentally measured hysteresis loop, allowing the
discussion of energy dissipation mechanisms®® in different
areas of the curve, anomalous loss is obtained as the rest
of a sum, giving no chance to such discussion. The present
work proposes a procedure to draw the hysteresis of eddy
current loss and, by geometrical differences, calculate and
draw the hysteresis curve of anomalous loss. Applying these
procedures to non oriented and grain oriented samples,
energy dissipation mechanisms®® in anomalous loss are
discussed.

2. Experimental Procedure

In this paper two kinds of electrical steels were analyzed:
grain oriented steel (GO) and non oriented steel (NO). The
GO steel was produced by Aperam with thickness 0.27 mm,
resistivity 49 uQ.cm, density 7650 Kg/m?, grain size 3 mm
and chemical composition as described in Table 1. It was
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made available in flat strips shape with dimensions 30 x 3 cm
and the rolling direction parallel to the length.

Non oriented electrical steel samples were extracted
from a single coil, in annealed state, whose chemical
composition is described in the Table 2. The initial thickness
was 0.54 mm, density 7780 kg/m?, resistivity 25.67 uQ.cm
and grain size 11 um.

This material was cut, giving rise to strips for magnetic
characterization with size 30 x 3 cm and length parallel
to rolling direction. In order to produce sets of samples
with different grain size a heat treatment was performed to
provide grain size increasing by grain growth. The annealing
parameters are described in Table 3.

The microstructural characterization was performed
by means of micrographs extracted from a surface at mid
thickness of the sample after metallographic preparation
and chemical etching using Nital 3 %. The grain size
measurement was performed using the intercept method in
accord to ASTM standard’.

The analysis of the magnetic properties was made
through a loss separation procedure, performed graphically.
Therefore, hysteresis curves were produced corresponding
to each of the portions that compose the total loss.
Hysteresis loops related to total and hysteretic losses were
directly obtained using an Epstein frame. In this equipment
the primary current was supplied by a power amplifier
KEPCO BOP50-80 with a waveform generator HP33120A/
dc-15 MHz. Sinusoidal induction with maximum value
1.5 T was used.

Total loss determination was measured by a wattmeter
at frequency of 60 Hz for NO steel strips. For the GO
steel samples tests at frequencies of 60 and 100 Hz were
carried out. Hysteretic loss determination was made using
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Table 1. Chemical composition of the grain oriented electrical steel.
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Si Al S C Nb Mn Cr Ti
3.22 0.0014 0.0297 0.0369 0.0022 0.0563 0.0138 0.001
Table 2. Chemical composition of the non oriented steel.
C Mn P S Si Cu Al Ni Cr Ti
24 ppm 0.5 0.016 0.0086 0.69 0.066 0.312 0.0108 0.025 0.001

Figure 1. B x H_ loops for GO (A) and NO (B) samples for a magnetization cycle with maximum induction 1.5 T and frequency 60 Hz.

a fluxmeter Walker MF-3D connected to the Epstein frame
secondary coil and a shunt resistor connected to a multimeter
HP 34401A, at 0.005Hz.

The eddy current loss calculation was carried out from
the equation proposed by Bertotti'. The author describes a
classical field, H,, whose origin is due to induced parasitic
currents. The classical field, H , is determined using
Equation 1.

cl’

2

2 ()= T
where o is conductivity, t, is thickness and dB/dt is the
variation rate of induction, B, as function of the time, t.
Magnetic induction varies as a sinusoidal function of the
time as reported by Equation 2 with B, meaning maximum
induction.
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B(t)=B,, xcos(2mf xt) )

Thus, dB/dt can be derived from Equation 2 as described
in Equation 3
%3 =-B,, 2nf sen(2xft) 3)
where f is the frequency.

Anomalous loss is treated here as a consequence
of an anomalous field. Thus, it can be calculated in an
analogue way to the traditional method for anomalous
loss determination'!, in other words, by subtraction of
magnetic field values, at each induction level, as described
by Equation 4.

Table 3. Annealing parameters and final grain size of the non
oriented electrical steel samples.

A B C
Temperature (°C) 600 850 850
Time (hours) 2 4 8
Grain size after annealing (um) 11 58 62

Table 4. Comparison between the internal area of the B x H ; loops
described in Figure 1 and classical eddy current loss estimated
from Equation 5.

P, (J/m)
GNO GO
Thomson - Equation 6  231.26 33.28
Area B x H_ 230.9 33.61
Bi Bi Bi Bi
H, ar:omalous =H toltal - (H clﬁzssical -H ht‘i'teretic) (4)

3. Results and Discussion

3.1. Eddy current loss

Applying the equations previously presented in this
paper one can note that the magnetic induction varies with
classic field describing a closed ellipse as illustrated in
Figure 1.

Table 4 shows a comparison between the internal area
of the B x H loops described in Figure 1 and classical
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Figure 2. Loss separation for NO samples annealed for 2 hours at
600 °C with final grain size 11 um using peak induction 1.5 T and
frequency 60 Hz.
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Figure 3. Loss separation for NO samples annealed for 4 hours at
850 °C with final grain size 58 m using peak induction 1.5 T and
frequency 60 Hz.
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Figure 4. Loss separation for NO samples annealed for 8 hours at
850 °C with final grain size 62 pm using peak induction 1.5 T and
frequency 60 Hz.

eddy current loss estimated from Equation 5, proposed by
Thomson'?, where B, is maximum induction, p is resistivity
and d is density. These results indicate that both methods
are equivalent for parasitic loss calculation.
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3.2. Anomalous loss

Hysteresis loops for total loss and its parcels are
illustrated in Figures 2, 3 and 4 for non oriented steels with
grain size 11, 58 and 62 um, respectively, and maximum
induction 1.5 T.
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Figure 5. Loss separation for GO samples using peak induction
1.5 T and frequency 60 Hz.
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Figure 6. Loss separation for GO samples using peak induction
1.5 T and frequency 100 Hz.

The energy dissipation mechanisms in electrical
steels are associated with displacement, nucleation and
annihilation of domain walls®®. According to Landgraf'?,
along the low induction region (for induction ranging from
—0.8 to 0.8 T) the main mechanism of energy dissipation is
domain wall movement. The results for non oriented steel
reveal that most of the anomalous loss activity takes place
in the low induction region and it is concentrated in the first
and third quadrants. The excess loss decreases in the high
induction region, where the magnetization by irreversible
magnetic domains rotation prevails.

Figures 5 and 6 show the anomalous loss behavior for
grain oriented samples. In opposition to the observed for
non oriented steel, anomalous loss presents a remarkable
participation at the high induction region. This different
behavior can be associated with magnetic domain structure.
In non oriented steels, that structure is complex due to the
different grain orientations. On the other hand, in grain
oriented sheets, one can use a model proposed by Pry and
Bean'*, which assume a periodic organization of magnetic
domains. Besides that, Shilling and Houze" proposed the
existence of lancet domains. The annihilation and nucleation
of these domains during the magnetization process have
a great contribution for the anomalous loss increase as
reported in'®!7.

4. Conclusion

The parcels that compose the total loss can be
represented graphically using the procedure described
in this paper. Using that procedure, it was observed that
the anomalous loss exhibits a different behavior during a
magnetization cycle when non oriented and grain oriented
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steels are compared. In non oriented steels, anomalous loss is
concentrated in the low induction region. On the other hand,
in grain oriented samples, the results indicate remarkable
participation of anomalous loss in high induction region. In
this case, there is influence of the lancet domains nucleation/
annihilation phenomenon.
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