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Abstract. The rapid heating effects on the microstructure, texture and magnetic properties of 3% Si non-
oriented electrical steel has been investigated through optical microscopy, X-ray diffraction and Epstein
frame. The results show that recrystallized grains were refined with increased heating rate, caused by the nu-
cleation rate increase, which is faster than the growth rate due to rapid hearting. With the heating rate in-
crease, the characteristic {111} recrystallization fibre of cold-rolled steel was depressed, but the beneficial
(001)//RD and (001)//ND fibres were significantly strengthened. Although the grain-size decreases with heat-
ing rate increasing, the optimal magnetic properties can also be obtained through the recrystallized grain-size
and texture optimization by rapid heating. In this research, we find the magnetic properties optimization can
be obtained when annealed with 100°C/s heating rate: the core loss (P,.s;50) decrease 13% and the magnetic
induction (Bs,) increase 3%.

Keywords. Non-oriented electrical steel; rapid heating; recrystallized grain-size; recrystallization texture;
orientation distribution function (ODF); magnetic properties.

due to thermal stresses caused by high heating rates rang-

Optimization of the magnetic properties of non-oriented
electrical steel sheets has always been a priority for the
electrical manufacturers (Fischer and Schneider 2003;
Oshihiko et al 2008). In general, grain-size and texture
are critical factors determining the magnetic properties of
cold-rolled non-oriented electrical steels (Kumar et al
2003). Grain-size has an opposite effect on the hysteresis
and eddy current losses, thus there is an optimal grain-
size, which can help minimize the sum of hysteresis and
eddy current losses (core loss) (Bertotti 2008). Grains
with easy magnetic directions texture components can
increase magnetic induction (Cunha and Paolinelli 2008).

It is well known that the heating rate has a strong effect
on the recrystallization grain-size and texture evolution
through changes in recovery and recrystallization beha-
viour during the final annealing treatment (Duan et al
1996; Baudouina et al 2002; Bae et al 2003; Park et al
2003; Guerenu et al 2004). Bae et al (2003) found that
the mean grain-size became larger and the favourable
texture was weakened with the heating rate increased
from 12-5 to 21-5°C/s. Baudouin et al (2002) believed
that the electrical steel magnetic properties deteriorate
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ing from 1500 to 3000°C/s. On the other hand, Duan et al
(1996) and Park et al (2003) reported that the heating rate
increase in the 5-30°C/s range has a favourable effect on
magnetic properties and recrystallized microstructure.

In this paper, influences of rapid annealing with the
heating rate ranging from 15 to 300°C/s on the micro-
structure, texture and magnetic properties of 3% silicon
cold-rolled non-oriented electrical steel was discussed.

2. Materials and methods

Fast heating experiments were carried out on the industri-
ally manufactured non-oriented electrical steel with
0-0023 wt.% C, 0-195 wt.% Mn, 0-463 wt.% Al and
2-93 wt.% Si, which was cold-rolled to the final thickness
of 0-35mm through the reduction ratio about 80%.
Specimens with 300 mm X 600 mm X 0-35 mm dimen-
sions were cut from the cold-rolled steel sheet and
annealed at 940°C for 15s in 30% H,-70% N, dry
atmosphere using electric laboratory oven. The heating
rates were 15, 50, 100, 150 and 300°C/s, respectively,
and the cooling rate was 20°C/s, controlled by H, flow in
the oven.

The thermal cycles were recorded with a computer-
controlled device using a calibrated infrared temperature
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sensors and five calibrated thermocouples welded on the
sample. The temperature cures during heating the sam-
ples at 100°C/s and 300°C/s are presented in figures 1b
and c.

For the lower heating rate 100°C/s (figure 1b) the heat-
ing rate can be controlled accurately for the curve of tem-
perature—time is closed to a beeline. When heating rate
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Figure 1. (a) Scheme of rapid heating experimental setup,
(b) thermal cycle of treated samples with 100°C/s, (c¢) thermal
cycle of treated samples with 300°C/s.
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increased to 300°C/s, the heating rate dropped appreciably
when temperature approached the setting temperature
for avoiding the effect of overshooting of the peak tempe-
rature. In the heating course, the ratio of temperature and
time is close to 300°C/s.

The microstructures of the specimens were observed on
the cross-sectional area parallel to the rolling direction
using an optical microscope model of DM ILM Leica. 2%
natal solution was used as the etchant. The size of more
than 200 grains in random was measured by using the
standard linear intercept method. The texture measure-
ments were performed in a section parallel to the sample
surface (at ~20% of the thickness from the surface). X-
ray diffraction was performed in a RIGAKU RINT2500/
PC XRD Diffractometer under 50 kV and 200 mA with
Mo radiation. The orientation distribution function (ODF)
was evaluated from {110}, {100} and {211} three pole
figures using the Bunge series expansion method.

Magnetic induction at 5000 A/m (Bso) and core losses
at 1-5T and 50 Hz (P;.5;50) were measured by Epstein

Figure 2. Optical microstructures of recrystallized specimens
with different heating rates (100 x). (a) 15°C/s; (b) 50°C/s;
(c) 100°C/s; (d)150°C/s and (e) 300°C/s.
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frame method on eight samples with the dimension of
180 mm x 30 mm X 0-35 mm.

3. Results and discussion

3.1 Rapid heating effects on the recrystallized
microstructure

Figure 2 shows microstructure of recrystallized speci-
mens annealed at 940°C with heating rate ranging
from 15 to 300°C/s. We can find the microstructures are
composed by equiaxed grains in all samples. A decreas-
ing trend in recrystallized grain-size is found with the
heating rate increase from 15 to 300°C/s, as shown in
figure 2.

Figure 3 shows the heating rate effects on the recrystal-
lized grain-size. We can find the mean grain-size decreases
with heating rate increasing. The initial grain-size
decreases from 110 to 100 um when heating rate in-
creases from 15 to 300°C/s. The data seem to suggest that
this grain refining effect has saturated beyond heating
rates of 150°C/s.

During annealing process, the deformation stored
energy is released in three main processes: those of
recovery, recrystallization and grain coarsening (Doherty
et al 1988). The size of recrystallized grain is determined
by both the nucleation and growth rates (Verhoeven
1975). During fast heating, less recovery takes place than
during slow heating so more stored energy is preserved in
the specimen heated by fast heating before recrystalliza-
tion commences. Higher stored energy increases the
nucleation rate faster than the growth rate. As a result, the
annealing by fast heating leads to a smaller grain-size
than that by slow heating, which is in agreement with the
results of other researchers (Park er al 2003; Reis et al
2003).
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Figure 3. Mean grain-size as a function of annealing heating
rates.
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3.2 Rapid heating effects on the recrystallized texture

Figure 4 shows recrystallized texture at ¢, = 45° Euler
angle ODF section at different heating rates. It can be
seen that the main recrystallized texture is )-fibre, and
preferred orientations mostly concentrate along the {111}
(110), {111} (112), {554} (225) and {001} (120) direc-
tions. During the annealing process, recrystallized texture
evolution depends on the nucleation and growth rates of
different orientations, which have various amounts of
stored elastic energy (Every and Hatherly 1974). Recrys-
tallization nuclei mainly concentrate on the regions with
high stored elastic energy, generally, the {110} and
{111} texture components (Park and Szpunar 2003). As a
result, the main recrystallized texture components are
(111)//ND (normal direction) fibre (Ray ez al 1994) (also
y-fibre with {111} (110) and {111} (112) main texture
components).

Nevertheless, during rapid annealing, a high heating
rate can reduce the release of stored elastic energy during
recovery, increase the driving force for grains nucleation
and coarsening and promote high angle grain boundaries
migration, which lowers the orientation dependence on
the recrystallization nucleation (Park et al 2003); recrys-
tallization nuclei can also form in areas with low stored
elastic energy orientation (Reis er al 2003; Sidor et al
2007) and finally decreasing the (111)//ND intensity and
increasing the intensity of other texture component.

Intensities of recrystallized texture components
(&fibre, y-fibre and A-fibre) are shown in figure 5 for
different heating rates. It can be seen from figure 5a (&
fibre) that the {110} (001) Goss component is strength-
ened when heating rate increasing to 100°C/s, while the
{111} (112) and {554} (225) texture components are
greatly weakened (figure 5b). The {001} (120) component
also strengthened when annealed at 50-100°C/s (figure
5¢).

There are no easy magnetic directions in the {111}
planes: the {110}<001) and {001} {120) orientation
components have (001) easy magnetization direction
along the rolling direction (Cunha and Paolinelli 2003;
Park and Szpunar 2003). In a.c. motors and generators,
where the magnetic field constantly rotated in a plane, the
Goss texture is not adequate. The texture that should give
the best magnetic properties is A-fibre (figure 5¢), where
the (001) crystal direction is normal to the sheet, while
the other two directions, (100) and (010), are distributed
uniformly in the plane of sheet (Stojakovic et al 2008).

The texture optimization of non-oriented electrical
steels mainly consists of avoiding the occurrence of
grains with (111)//ND fibre and generating more grains
with (001)//RD and {001)//ND fibres (Cunha and Paolinelli
2008). Thus, rapid heating is favourable to reduce the
y-fibre intensity and increase the (001)//RD and {001)//ND
fibres component, which is an effective way to improve
magnetic properties.
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3.5 Rapid heating effects on the magnetic
properties

Figure 6 shows the effect of the heating rates on the core
loss (Py.5550) and magnetic induction (Bsg). It can be seen
that the core losses decrease, while the heating rate
increases from 15 to 100°C/s, however, core losses in-
crease when the heating rate is higher than 100°C/s. The
magnetic induction improves with the heating rate in-
creasing from 15 to 300°C/s.

This is due to the mean grain-size decreasing with
heating rate, which can reduce the classical eddy losses
but increase the hysteresis losses. When grain size
decreases, decrease of the grain boundary circumstance

results in increasing of the hysteresis loss (Py). The rela-
tionship between the grain-size and the domain wall
width is given as follows (Min et al 2007):

(6/132)
a3t = log [lj ,
K

ey

where yis the domain wall energy in a unit domain area;
K, is the magneto-crystalline anisotropy constant and Jis
the domain width. The domain width decreases with the
decrease of the grain-size, resulting in the increase of
hysteresis loss. As a result, a critical grain-size exists to
decrease the iron loss.
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Figure 5. Intensity of different fibre texture in samples with different heating rates:

(a) &fibre texture; (b) y-fibre texture and (¢) A-fibre texture.
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Figure 6. Effect of heating rates on core loss (P;.5s0) and
magnetic induction (Bsg) for samples.

The magnetic induction increasing is due to the recrys-
tallized texture optimization caused by rapid heating, and
more investigation is needed in this area.

4. Conclusions

The effects of rapid heating (with heating rate ranging
from 15 to 300°C/s) on the recrystallized grain-size,
texture and magnetic properties of 3% silicon non-
oriented electrical steel have been investigated with the
intent to improve its magnetic properties. Based on
experimental results the following conclusions can be
drawn:

(D) Recrystallized grains could be refined due to high
recrystallization nucleation rate caused by higher heating
rate. The trend of grain refinement is seemed to saturate
when heating rates are beyond 150°C/s.

(IT) Recrystallization texture of 3% silicon non-oriented
electrical steel could be optimized by increasing heating
rate, which reduces the fraction of (111)//ND j-fibre and
increases the fraction of (001)//RD and {001)//ND fibres,
since the heating rate has a great effect on the recovery,
recrystallization and grain growth processes, which all
can lower the orientation dependence on the recrystalliza-
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tion nucleation. In this paper, texture optimization was
achieved by annealing with 100°C/s heating rate.

(IIT) There are appropriate annealing heating rate (100°C/s)
when annealed at 940°C and annealing time 15 s, which
simultaneously can optimize the core loss and magnetic
induction. We find the magnetic properties optimization
can be obtained that the core loss (P;.5;50) decrease 13%
and the magnetic induction (Bs) increase 3%.
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