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a b s t r a c t

The effect of the initial annealing on structure evolution and magnetic properties during the final an-
nealing of a 3.4% Si non-oriented grain steel was evaluated. Half of the samples were submitted to initial
annealing at 1030 °C before cold rolling and all samples were subjected to final annealing process at
temperatures from 540 °C to 1100 °C. The magnetic induction and core loss in the final samples, the
microstructure by optical microscopy and the crystallographic texture by X-ray diffraction and EBSD
were evaluated. The results show that the samples without initial annealing presented better magnetic
properties than the samples with initial annealing, due to the higher ratio between Eta fiber and Gamma
fiber volume fractions (Eta/Gamma ratio) in their structure after final annealing.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

In many applications of non-oriented electrical steels, high
magnetic permeability and low core loss are important char-
acteristics. The magnetic properties of these steels depend on the
grain size and crystallographic texture after the final annealing,
resulting from the control of chemical composition and thermo-
mechanical processing parameters [1–3].

The intense generation of shear bands in the deformed material
before the final annealing is important for the formation of grains
with Cube and Goss textures (Eta fiber components) in electrical
steels [4,5]. It has been found that the increase of hot band grain
size increases the tendency to formation of shear bands during
cold rolling and promotes an increase in the Eta fiber volume
fraction and a decrease of grain boundary area, hindering the
Gamma fiber nucleation in annealing. This causes improvement in
the magnetic induction [6–10].

It has been observed that the initial annealing before cold
rolling is effective in generating a more homogeneous structure
and with a larger grain size of the hot band sample, that causes an
increase in magnetic induction associated with the increase of Eta
fiber volume fraction and the reduction in the Gamma fiber vo-
lume fraction in the structure after the final annealing. Yashiki and
Kaneko [11] reported that hot band annealing at higher
temperature of 850 °C was very effective to obtain both high
magnetic induction and low core loss in a 0.34% Si non-oriented
grain steel. Paolinelli and Cunha [12] showed that industrial hot
band samples of a 1.39% Si, finished in a Steckel mill at 1000 °C,
resulted in a more favorable final structure and better magnetic
properties due to larger grain size after hot band annealing, what
is known to favor formation of shear bands in cold rolling. Park
and Szpunar [13] studied the effect of initial grain size prior to cold
rolling on the texture evolution and magnetic properties in 2% Si
non-oriented grain steel and they observed that the magnetic in-
duction of the coarse-grained samples was higher and the core
loss was lower at the same temperature than that of the fine-
grained samples.

In this work, the influence of the initial annealing on grain
structure, the crystallographic texture evolution and magnetic
properties during the final annealing of industrial hot band sam-
ples of a 3.4% Si non-oriented electrical steel, finished in a Steckel
mill, was investigated.
2. Experiment

Samples of non-oriented grain steel with 1.7 mm thickness,
with 0.003% C, 3.4% Si, 0.59% Mn, 0.0035% Al, 0.011% P, 0.003% Nb,
0.003% Ti and 0.003% N, were used in this study. This material was
industrially produced by Aperam South America.

Half of the samples were annealed at 1030 °C/30 s and all were
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cold rolled to 0.50 mm. The final annealing was carried out at
temperatures in the range from 540 °C to 1100 °C for 30 s, in 0%
H2þ100% N2 atmosphere in the range 540–780 °C and in 75%
H2þ25% N2 atmosphere in the range 820–1100 °C, with a dew
point below �30 °C.

The grain size was determined by optical microscopy. The
crystallographic orientation and volume fractions of the fibers and
components texture were obtained by X-ray diffraction and Elec-
tron Back-Scattering Diffraction (EBSD). The magnetic induction at
5000 A/m (B50) and core loss at 1.5 T/60 Hz (W15/60) were mea-
sured after the final annealing in the rolling direction using the
single sheet accessory of Brockhaus MPG100D equipment.
Fig. 2. Volume fraction of the fibers and Cube component of hot band samples with
(WA) and without initial annealing (NA).

Fig. 3. Volume fraction of the fibers and Cube component of samples with initial
annealing (WA) and without initial annealing (NA) after cold rolling.
3. Results and discussion

3.1. Initial annealing and cold rolling

Fig. 1a and b shows the microstructures of the samples with
and without initial annealing, respectively. The sample with initial
annealing showed homogeneous grains with an average grain size
of 180 μm. The sample without initial annealing has an average
grain size of 109 μm and smaller grains close to the surface
(Fig. 1b), which were possibly formed by recrystallization after the
last pass in the Steckel mill, with its growth interrupted by the
rapid strip cooling. The microstructures of the samples cold rolled
are shown in Fig. 1c and d. The microstructures are constituted of
elongated grains, deformation bands and shear bands.

The volume fraction values of the main fibers and Cube com-
ponent obtained by X-ray diffraction are shown in Fig. 2. The initial
annealing decreased the Alpha, Theta, Gamma fibers and Cube
component volume fractions, and the Eta fiber volume fraction
tends to maintain stability.

A higher Gamma fiber volume fraction before cold rolling is
interesting because grains with this orientation store more energy
during cold work and increase the tendency to generate shear
bands, favoring the nucleation of grains with Goss and Cube or-
ientations during the final annealing [4,9,14].

The influence of cold deformation on volume fractions of the
main fibers and Cube component of samples with and without
initial annealing is shown in Fig. 3. The sample without initial
annealing has a higher Gamma fiber volume fraction and a smaller
Alpha fiber fraction than the sample with initial annealing. The
lowest Alpha fiber volume fraction in the deformed material is
another important factor because the grains that have this or-
ientation store little energy during cold deformation and reduce
Fig. 1. Optical microstructures of hot bands (a) with initial annealing at 1030 °C
the probability of grain nucleation with orientations belonging to
Gamma fiber during final annealing [15,16].

3.2. Final annealing

The grain size evolution of samples with and without initial
annealing as a function of the final annealing temperature is
/30 s and (c) cold rolling; (b) without initial annealing and (d) cold rolling.



Fig. 4. Grain size of samples with and without initial annealing as a function of the
final annealing temperature.

Fig. 6. Volume fractions of the Alpha, Gamma, Eta, Theta fibers, and Goss and Cube
components in the samples without initial annealing as a function of the final
annealing temperature.
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shown in Fig. 4. The samples with and without initial annealing
had a similar grain growth behavior and they do not have sig-
nificant different grain sizes at final annealing temperatures. As
the final grain size has a great influence on magnetic properties,
especially the core loss, the differences between the magnetic
properties should only be related to the crystallographic texture of
the samples with and without initial annealing.

The Gamma fiber volume fraction decreases with the increase
of the final annealing temperature in the samples with (Fig. 5) and
without initial annealing (Fig. 6). The variation of Eta fiber volume
fraction has the same behavior in samples with and without an-
nealing. It is noted that the volume fraction of this fiber has a
sharp increase during the recrystallization process up to the
temperature of 780 °C when the recrystallization finishes and
grain growth starts. The Eta fiber volume fraction was higher in
the samples without initial annealing and its decrease with the
final annealing temperature occurs more slowly than the samples
submitted to initial annealing.

Figs. 7 and 8 show the shear band contributions to form the
crystallographic texture in the samples with and without initial
annealing, respectively. Most of the grains nucleated in the shear
bands belong to the Eta fiber. These grains maintain the
Fig. 5. Volume fractions of the Alpha, Gamma, Eta, Theta fibers, and Goss and Cube
components in the samples with initial annealing as a function of the final an-
nealing temperature.
disposition of shear bands where they were nucleated until the
end of primary recrystallization. The Eta volume fraction decreases
during further grain growth stage with the increase of the final
annealing temperature, due to the nucleation of other grains
having other orientations, formed in other nucleation sites such as
grain boundaries.

The texture factor or Eta/Gamma ratio, defined as the ratio of
Eta fiber to Gamma fiber volume fraction, is an important para-
meter to evaluate the texture effectiveness in improving the
magnetic properties. Fig. 9 shows this factor as a function of the
final annealing temperature for the samples with and without
initial annealing. It can be observed that the texture factor has a
favorable behavior to the sample without initial annealing. The
highest texture factor for samples without initial annealing is as-
sociated with higher Gamma fiber volume fraction before the cold
deformation and smaller Alpha fiber fraction after cold deforma-
tion of the samples with initial annealing.

3.3. Magnetic properties

Fig. 10 shows the magnetic induction at 5000 A/m (B50) mea-
sured in the rolling direction of samples with and without initial
annealing as a function of the final annealing temperature. The
samples with higher magnetic induction were those not submitted
to initial annealing.

The results of magnetic induction (B50) are explained by the
texture found in the material with and without annealing. The
samples without initial annealing have a more favorable texture,
evidenced by higher texture factor, resulting in higher magnetic
induction.

Grain growth after recrystallization has a beneficial effect on
core loss at 1.5 T/60 Hz (W15/60) (Fig. 11). Due to the opposite ef-
fects of grain size on hysteresis and anomalous losses, there is an
optimum grain size around 180–200 mm that minimizes the core
loss. It can be observed that the samples without initial annealing
have smaller core loss than the samples that were annealed. As the
final grain size of the samples with and without annealing is
practically the same (Fig. 4), the difference in the crystallographic
textures can explain the core loss values of these samples. The
samples without initial annealing have a lower core loss at higher
annealing temperatures due to higher texture factor.

The initial annealing in the hot band samples has deteriorated
the magnetic properties of the steel. This can be explained by the



Fig. 7. Sample with initial annealing and final annealing temperature at 660 °C: (a) optical microstructure; (b) EBSD image showing grains with orientations belonging to the
Eta fiber (gray) nucleated in the shear bands.
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initial structure of the hot band sample. With initial annealing,
there was an increase in the average grain size of 109 μm (sample
without initial annealing) to 190 μm. The increase in the grain size
with initial annealing before the cold rolling resulted in a smaller
Gamma fiber volume fraction after the deformation than the
sample without initial annealing and a lower tendency to form
shear bands. As a result, the nucleation occurs more in grain
boundary, reducing the texture factor by decreasing the Eta fiber
volume fraction and increasing the Gamma fraction, deteriorating
the magnetic properties. Furthermore, it is known that there is an
optimum grain size for each cold reduction or hot band thickness,
which results in maximum shear bands formation as well as
maximum texture factor, as previously reported by the authors
[17]. The material without annealing shows close to optimal grain
size, considering the cold reduction corresponding to a hot band
sample with 1.7 mm. When the sample is submitted to the initial
annealing, the grain size is increased to 190 μm, exceeding the
optimum value, resulting in a minor texture factor.
Fig. 9. Texture factor or Eta/Gamma ratio of samples with and without initial an-
nealing as a function of the final annealing temperature.
4. Conclusions

The initial annealing applied to hot band samples with 3.4% Si
non-oriented electrical steel increased the grain size from 109 to
190 μm and deteriorated the magnetic properties. These samples
Fig. 8. Sample without initial annealing and final annealing temperature at 700 °C: (a) op
the Eta fiber (gray) nucleated in the shear bands.
with different grain sizes showed different textures in the cold
rolling state and after the final annealing. The magnetic induction
of the samples without initial annealing is always higher than the
samples with initial annealing on grain growth stage. During the
tical microstructure; (b) EBSD image showing grains with orientations belonging to



Fig. 10. Magnetic induction in samples with and without initial annealing ac-
cording to the final annealing temperature.

Fig. 11. Core loss (W15/60) in samples with and without annealing as a function of
the final grain size. The final annealing temperatures are indicated.
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stage of recrystallization and grain growth, the texture factor in
the samples without initial annealing was always higher than the
samples with initial annealing. The core loss in the samples
without initial annealing is lower than in the samples with initial
annealing at higher annealing temperatures on grain growth stage,
due to the higher texture factor of samples without annealing.
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