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Improving the magnetic properties of non-oriented electrical steel (NOES) through the optimization of crystal-
lographic texture has been an on-going research activity for decades. However, using traditional rolling and
annealing procedures, the obtained final textures were usually very similar, i.e., exhibiting the {111} (y) and
<110> () fibres, which were not the desired {001} texture (6-fibre) for optimal magnetic quality. In the current
work, a 1.8 wt% Si NOES was processed using a new sheet metal deformation method, i.e., repetitive bending under
tension (R-BUT), also known as continuous bending under tension (C-BUT), to modify the texture of the electrical
steel. The hot-rolled and annealed NOES plates were repeatedly bent and unbent when they were pulled under
tension. The deformed plates were then heat treated at different temperatures for various times. Neutron
diffraction and electron backscatter diffraction (EBSD) characterisation of the macro- and micro-textures proved
that the R-BUT process significantly reduced the undesired {111} texture while promoting the {001} texture. The
cube texture, which rarely formed after conventional rolling and annealing, was also seen in the R-BUT samples
after annealing. It was shown that, the shear plastic deformation (induced by R-BUT) played a significant role in
promoting the desired textures. In addition, the results indicated that the NOES processed by R-BUT could be
deformed beyond its common formability limit, which may provide a method to address the poor workability
challenge of high silicon electrical steels.

the NOES may have a significant impact on the overall energy con-
sumption. For example, in the automotive industry, increasing the effi-

1. Introduction

Electrical steels, also known as silicon steels, are widely used as soft
magnetic cores in electric motors (e.g. for rotating machines and electric
vehicles), generators, alternators, etc. These steels are normally manu-
factured through hot rolling, hot band annealing, cold rolling, and final
annealing, to form thin sheets for core lamination. Electrical steels
usually contain a large amount of silicon (normally up to 3.5 wt%,
maybe as high as 6.5 wt%) since silicon increases the electrical re-
sistivity (resulting in a reduction in the eddy current loss) and decreases
the magnetic anisotropy, which are favourable for electric motors. Due
to the extremely large number of electric motors used in many fields,
even small improvement in the electrical and magnetic performance of
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ciency of the traction motors of electric vehicles can lead to an extended
driving range under the same battery capacity, which can help resolve
the range anxiety issue of electric vehicles.

Once the silicon content is determined and the required sheet
thickness is achieved, the microstructure and crystallographic texture
are the most important factors which control the core loss and the
magnetic permeability of the NOES sheets. A uniform grain shape
throughout the sheet thickness with an average grain size of approxi-
mately 150 pm is desired [1]. The microstructure and texture after final
annealing are the most critical metallurgical factors affecting the mag-
netic quality of the steel. These are not only dependent on the
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parameters used in the final heat treatment operation, but also closely
related to those applied in the previous processing steps, e.g. hot rolling,
hot band annealing, cold rolling, intermediate annealing, etc. It has been
shown in [2] that, shear plastic deformation together with annealing can
promote the development of the cube texture ({001}<100>), which is a
desired texture in NOES since it has two easy magnetization crystallo-
graphic directions in the sheet plane.

It has also been reported that alternative rolling processes such as
asymmetric rolling (ASR) [3], cross rolling [4], inclined rolling [5,6],
and skew rolling [7,8], would be able to develop favourable textures in
NOES sheets. The impact of ASR parameters on shear plastic deforma-
tion has been reported in several studies, see e.g. [9,10]. In addition, it
has been shown that the change in the level and direction of shear plastic
deformation through cold ASR could alter the microstructure and
texture of ferritic steel sheets [11]. The introduced shear plastic defor-
mation together with the subsequent recrystallisation can assist in the
development of the desired texture for magnetic applications [2].

Repetitive bending under tension (R-BUT) is another promising
method to introduce shear plastic deformation throughout the sheet
thickness [12,13]. This process is also known as continuous bending
under tension in previous works, e.g. [14]. This shear plastic
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deformation can refine the grains as well as develop favourable textures
after annealing. Another feature of R-BUT is that this process can deform
the materials far beyond their common elongation limits, as has been
shown in previous studies [15]. This is especially beneficial to materials
with low ductility, i.e., electrical steels with high silicon contents.
Hence, this study is intended to investigate how the R-BUT process can
assist in developing the desirable microstructure and crystallographic
texture in electrical steel. A NOES containing 1.8 wt% of Si was pro-
cessed by R-BUT at room temperature. The microstructure and texture
evolution is evaluated using EBSD and neutron diffraction techniques.
The impact of the R-BUT deformation on the formation of the recrys-
tallisation microstructure and texture is investigated.

2. Material and experimental procedure

The chemical composition of the NOES used in this work is (wt%):
1.826 Si, 0.0023 C, 0.299 Mn, 0.515 Al, 0.010 P and 0.001 S. The steel
was melted in a vacuum induction furnace and then cast into a 200 mm
x 200 mm ingot (~227 kg). After preheating to ~1038 °C, the ingot was
hot rolled to about 25 mm thick in a two-high reversing rolling mill in 6
passes. After removing the oxide layers (~3 mm on each side), the plate
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Fig. 1. Experimental setup: (a) photograph of the R-BUT testing assembly, and (b) schematic of the bending assembly, (c) R-BUT testing specimen.
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was reheated again to ~1038 °C and further hot rolled to ~2.3 mm. The
hot-rolled plates were pickled in hydrochloric acid and annealed at
~840 °C for 60 h in 100% dry hydrogen [7]. Strips of 320 mm x 30 mm
(RD x TD) were then waterjet cut from the annealed plates for R-BUT
deformation. The cold-deformed samples were final annealed to obtain
recrystallised microstructures. The testing rig of the R-BUT process is
shown in Fig. 1a and b, and the geometry of the R-BUT specimens are
given in Fig. 1c (the dimensions are in mm). The details of the testing
procedure have been described elsewhere [15], and can be briefly
summarized below:

a) Insert the testing specimen into the rig and grip the two ends to the
tensile machine.

b) Apply bending deformation to the sample through the adjustable
roller (Fig. 1b).

c) Apply pulling (tension) load and simultaneously move the bending
assembly up and down with a controlled velocity.

The prominent R-BUT parameters that influence the material
deformation include the level of bending (penetration depth), the
movement speed of the bending assembly, and the pulling velocity.
Since the strain rate is a function of both the pulling velocity and the
velocity of the bending assembly, a parameter  is used to describe the
straining, which is defined as the ratio of these two speeds, i.e.

_ bending assembly velocity (mm/s)

(€8]

pulling velocity (mm/s)

Table 1 lists the R-BUT testing parameters used in this study. Two
main parameters were varied, i.e., the speed ratio w and the penetration
depth d (the distance of the adjustable roller penetrated into the static
rollers, as shown in Fig. 1b). A greater velocity ratio means a larger ratio
of the shear strain to the tensile strain. A larger penetration depth leads
to a higher bending level, i.e. a smaller bending radius. The R-BUT op-
erations were carried out at room temperature. Full lubrication was
applied to minimize the surface damage caused by tooling contact. In
order to evaluate the uniformity of the thickness reduction along the
gauge length of samples during the R-BUT process, a non-contact blue-
light 3D scanning technique was used to measure the sample thickness,
and the data was analysed using the GOM ATOS® software.

The texture was characterized by both neutron diffraction (macro-
texture) and electron backscatter diffraction (microtexture). For neutron
diffraction, samples of 8 mm x 15 mm (TD x RD) were prepared from
both the annealed hot band (before R-BUT deformation) and the R-BUT
deformed strips. The data were collected on the General Material (GEM)
neutron diffractometer at the ISIS pulsed neutron spallation source, UK
[16] using a polychromatic neutron beam with neutron wavelengths
between 0.2 and 3.5 A. A sample was mounted in a vacuum chamber and
a data for one sample orientation was collected. The data analysis was
conducted by the Rietveld method with the MAUD [17] analysis pack-
age for neutron time-of-flight data. The orientation distribution func-
tions (ODFs) were plotted using the MTEX software [18]. For EBSD
characterisation, selected samples were cut and mounted, and me-
chanically ground and polished to mirror finish followed by a final step
of vibro-polishing for a maximum of 120 min. The EBSD patterns were
acquired using a field-emission gun scanning electron microscope (FEI
Quanta-650), with an accelerating voltage of 20 kV. The data were
analysed using the orientation imaging microscopy (OIM) software
package. The crystallographic texture was shown using ODFs on the ¢y

Table 1
Parameters used in the R-BUT tests.
Set 1 Set 2 Set 3 Set 4 Set 5
Penetration Depth: d (mm) 1 2 2 2 4
Velocity Ratio @ : 800 400 800 2000 400
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= 0° and 45° sections (Bunge notation) since all the important texture
components and fibres for body centred cubic (bcc) iron fall in these
sections. To facilitate the identification of major texture components and
interpret the change of texture, typical texture components and fibres in
these sections are shown in Fig. 2.

3. Results
3.1. Microstructure and texture before R-BUT

The EBSD results of the annealed hot band (before R-BUT) are pre-
sented in Fig. 3. The scan was taken on the ND-RD plane across the entire
sheet thickness. The microstructure contains equiaxed grains with a
heterogeneous distribution of grain sizes, i.e. small grains with di-
ameters of tens of microns and large grains of hundreds of microns
coexist; the average grain size is ~265 pm. Generally, the grains near the
surfaces are smaller than those in the middle. The prominent micro-
texture is the 0-fibre (<001>//ND), with peaks at cube ({001}<100>)
and {001}<130>. Components such as {113}<110>, {112}<110> and
{225}<142> on the @y = 45° section are also noted.

The macrotexture of the annealed hot band measured by neutron
diffraction (through the entire thickness) is shown in Fig. 4a. The texture
is quite weak, with a maximum intensity of only 2.2. The cube compo-
nent observed in the microtexture (Fig. 3) is not seen in the macro-
texture. The strongest components are close to Goss and rotated cube.
There is essentially no <111>//ND (y-fibre) or <110>//RD (o-fibre).
The neutron diffraction texture is also different from the texture
measured by X-ray diffraction at the middle thickness plane (Fig. 4b),
where {001}<120> and {113}<361> are the main components,
together with a <111>//ND fibre (as reported previously on the same
steel [7]). It is noted that, the texture at the middle-thickness plane
(maximum intensity of 8.7) is much stronger than the texture through
the thickness as measured by neutron diffraction. The differences in
texture measured by EBSD, X-ray diffraction and neutron diffraction
were mainly due to the differences in the sampling locations and the
number of grains covered. The EBSD scan only covered a small area (2.3
mm x 2.6 mm) across the thickness, which included a few hundred
grains only. The X-ray diffraction covered an area of about 10 mm x 15
mm, but it only measured the texture on the middle thickness plane of
the steel plate. The neutron diffraction covered an 8 mm x 15 mm area,
and it was through the entire plate thickness covering a larger number of
grains. Therefore, it is the best representation of the bulk texture of the
material.

3.2. Mechanical behaviour of the NOES under R-BUT

The influence of the velocity ratio (w) on the mechanical behaviour
of the NOES subjected to R-BUT is shown in Fig. 5a, where the pene-
tration depth (d) for all the R-BUT samples is the same (2 mm).
Compared to standard tensile test, an outstanding feature of the R-BUT
process is that the tensile force needed to deform the material is
significantly reduced, i.e., only about 1/4 of that of standard tensile test
(Fig. 5b), while the elongation can be increased by up to 4 times. The
overall strain hardening for all three R-BUT specimens follow the same
trend, but the required tensile force generally decreases with the in-
crease of w. Nevertheless, when the velocity ratio (w) increases to 800 or
higher, the required tensile force only slightly decreases. On the other
hand, with the increase of w, the elongation is gradually reduced. This
means that, when the velocity ratio is greater than 800, there is only
very small reduction on the tensile force, but with a large decrease in the
formability of the material.

It is worth mentioning that the R-BUT samples under various velocity
ratios failed after different numbers of R-BUT cycles due to fracture, i.e.,
® =400, 68 cycles, ® = 800, 124 cycles, @ = 2000, 308 cycles. There is a
linear relationship between the velocity ratio and the number of R-BUT
cycles after which the specimen failed (Fig. 5c). For the @ = 2000
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Fig. 2. Typical texture components and fibres in bcc materials as displayed in ¢, = 0° and 45° ODF sections (Bunge notation).

sample, each point of the sample within the gage length has been bent
and unbent for 616 times when the bending package slides up and down.
This large number of R-BUT cycles for the case with the highest w was
associated with the lowest level of tensile straining applied on the sheet
during the test.

The effect of the penetration depth (d) on the load-displacement
curve of the NOES specimens subjected to R-BUT is shown in Fig. 6.
As mentioned before, the penetration depth can be translated into the
bending levels: the larger the penetration depth, the larger the bending
level. For both w = 400 and w = 800, the maximum tensile force
significantly decreases with the increase of the bending level (penetra-
tion depth), so does the elongation. During bending, a part of the sheet is
under tension whereas the other part is under compression. The tension
and compression parts are separated by the neutral plane in the sheet.
The process parameters determine the location of the neutral plane. The
tensile loading required to deform the R-BUT testing piece depends on
the area in the cross-section where the material is under compression
[19]. Fig. 6 illustrates that the higher the bending level, the lower the
tensile load required. For these specimens, higher portions of material
within the cross-section are under compressive strain, which causes less
forces required for deformation. When the material is being bent and
unbent through the R-BUT operation, the material requires less tensile
force to plastically deform the material as compared to the standard
yield strength under conventional tensile load. As a result, the rest of the
material which is under lower forces than the yield strength remains
elastic. Fig. 6¢ shows a photograph of an actual R-BUT tested sample (Set
1) along with the measured thicknesses after the R-BUT process. The
surface colour plot shows that the R-BUT sample demonstrated a fairly
uniform reduction along the gauge length, suggesting a relatively stable
flow of the material under the R-BUT conditions.

3.3. Microstructure and crystallographic texture

Microstructure and crystallographic texture of the specimen sub-
jected to R-BUT under a penetration depth of d = 2 mm and w = 400 are
presented in Fig. 7. The inverse pole figure (IPF) map (Fig. 7a) shows
that the microstructure consists of grains with various orientations, but
the <101>//ND (green) and <113>//ND (pink and purple) grains
dominate the microstructure. Kernel average misorientation (KAM)
analysis (Fig. 7b) illustrates that the {113} grains generally have larger
misorientation angles, indicating larger deformation within these
grains. Shear bands are also visible in these grains, which are due to the
accumulation of highly localised dislocations caused by non-uniform
deformation [20]. These shear bands are associated with the shear
plastic deformation occurring during the R-BUT. The {101} grains, on
the other hand, generally deform more uniformly with relatively low
KAM. The distribution of the misorientation angles of the sample before
and after R-BUT is shown in Fig. 7c, which indicates that the majority of
the grain boundaries after R-BUT have low misorientation angles (<10°)
whereas most grain boundaries of the specimen before R-BUT have high
misorientation angles (>20°), with a maximum fraction around 45°. The
microtexture of the scanned area is given in Fig. 7d, which shows tex-
tures such as <113>//ND, <101>//ND and <111>//ND.

Fig. 8 shows the bulk texture (macrotexture) of the same sample
measured by neutron diffraction. The overall intensity of the texture is
also very small, i.e., with a maximum intensity of ~2.0. The macro-
texture is dominated by a rotated cube, an o-fibre, a near (parallel to)
y-fibre, and a weak Goss component. These are quite similar to the
typical textures after cold rolling. There is an apparent discrepancy
between the micro- and macro-textures: the strong rotated cube
observed in the macrotexture does not appear in the microtexture, while
the brass ({101}<121>) component observed in the microtexture is not
seen in the macrotexture. These differences are due to the small number
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of grains (only about 30) covered by the microtexture measurement,
which is not statistically significant.

In order to investigate the recrystallisation behaviour of the samples
after R-BUT, partial recrystallisation annealing at 650 °C for 30 and 60
min was carried out, and the results are presented in Fig. 9a and Fig. 9b,
respectively. Recrystallised and deformed grains are distinguished by
the grain orientation spread (GOS) angle, i.e. those with GOS equal to or
less than 3° are considered as recrystallised grains, while those greater
than 3° are regarded as deformed grains [21]. Statistically, about 12.7%
and 17.7% (area fraction) of the material has recrystallised after

annealing for 30 and 60 min, respectively (Fig. 9c and d). The micro-
textures of the recrystallised grains after annealing at 650 °C for 30 and
60 min are presented in Fig. 9e and f, respectively. After 30 min, the new
grains mainly show a brass ({110} <112>) texture, together with peaks
at the cube ({001}<100>) and rotated cube ({001}<110>). After 60
min, the brass and cube textures are weakened, while the rotated cube is
strengthened.

It is noted that a few cube crystals (5.4% area fraction within the
recrystallised grains) nucleate in the sample after annealing for 30 min,
which is rare in electrical steels after conventional rolling [6]. These
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cube grains (with deviation angles of 8°-12° from the exact cube) are
found near regions with non-uniform deformation (e.g., shear bands and
deformation bands). These grains can nucleate from those substructures
and grow by consuming the neighbouring deformed areas [6]. If the
steel is annealed for 60 min, the area fraction of the cube grains is
significantly reduced to only about 1.7%, while a larger amount of
rotated cube grains (6.3% area fraction) form in the recrystallised
microstructure.

For annealing at 750 °C, much of the microstructure is recrystallised
after 10 min (Fig. 10). Annealing for longer time results in apparent
grain growth. The GOS maps show that when the annealing time in-
creases from 10 to 20 min and from 30 to 40 min, the area fraction of the
recrystallised grains increases from 65% to 80% and from 87% to 91%,
respectively. It is also noted that after 40 min, very large grains (diam-
eter around 300 pm) appear in the microstructure, forming a bimodal
distribution of both coarse and fine grains. To minimize the core loss, the
grain size of the non-oriented electrical steels is ideally controlled at
~150 pm [1]; thus excessive grain growth should be retarded and
avoided [22]. The distributions of the misorientation angles show that,
the fraction of the low-angle boundaries (<10°) in the deformed
microstructure significantly drops, while that of the high-angle bound-
aries (>20°) increases. For all the annealing times, the maximum

fraction of the misorientation angles is at ~30°.

The microtextures obtained from the EBSD measurements are shown
in Fig. 11. After annealing of the R-BUT processed samples for 10-30
min at 750 °C, the desired cube ({001}<100>), rotated cube ({001}<
110>) and Goss ({011}<100>) components are strengthened. When the
annealing time is less than 40 min, the maximum intensity of the ODF is
about 6-7. After annealing for 40 min, the maximum intensity increases
to about 12. The annealing textures of the R-BUT processed NOES are
different from those after conventional rolling and annealing, although
the initial textures are quite similar (i.e., mainly containing rotated
cube, o-fibre, and y-fibre). After rolling and annealing, the a-fibre and
y-fibre are usually retained, while after R-BUT and annealing, both the
y-fibre and the o-fibre are considerably weakened (e.g., after 40 min at
750 °C).

To quantitatively compare the textures, the volume fractions of the
common texture components and fibres after annealing at 750 °C for
various times are evaluated and presented in Fig. 12. Compared to the
cold R-BUT material (Fig. 7), the volume fraction of the cube component
is considerably increased by annealing for 10, 20, and 30 min, but it
decreases when the annealing time is increased to 40 min. The volume
fraction of the Goss component is also altered: annealing for 20 or 40
min significantly increases the volume fraction of Goss. The behaviour of
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Fig. 10. Microstructure evolution after annealing at 750 °C for: (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min (IPF maps on the left and GOS maps on the right), (e)
comparison of the misorientation angles, (f) comparison of the grain sizes.

the <111>//ND (y-fibre) and <100>//ND (0-fibre) textures is of at 750 °C for 30 min would be an optimum heat treatment condition for
particular interest. The volume fraction of the undesirable <111>//ND this particular R-BUT deformation (i.e. ® = 400 and d = 2 mm), as it
fibre after cold R-BUT was ~20%, which was significantly decreased to promoted the desired 6-fibre while reducing the unfavourable y-fibre. At

10-13% through recrystallisation. On the other hand, the favourable this annealing time, the grain size is also within a suitable range for
<100>//ND fibre after cold R-BUT was ~2%, which reached to a optimal core loss.
maximum of ~9% after annealing at 750 °C for 30 min. Thus, annealing To evaluate the annealing macrotexture of the R-BUT processed
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Fig. 11. Microtextures obtained by EBSD of the R-BUT sample subjected to annealing at 750 °C for: (a) 10 min, (b) 20 min, (c¢) 30 min, and (d) 40 min.
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Fig. 12. Comparison of the volume fractions of prominent texture components
and fibres after annealing at 750 °C for different times.

samples through the entire thickness, neutron diffraction technique was
employed. As noted earlier, this is statistically more reliable texture
measurement for these samples. Fig. 13 indicates the macrotexture of
the R-BUT sample after annealing at 750 °C for 30 min. The dominant
texture in this sample is the {001}<130> texture on the 0-fibre. The
y-fibre has been significantly reduced after recrystallisation.

4. Discussion

The mechanical responses of the electrical steel sheets subjected to R-
BUT presented in Figs. 5 and 6 revealed that, in general, R-BUT can
enhance the formability of the material. The deformation condition
during the R-BUT process is similar to the deformation condition of the
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material under the incremental sheet forming (ISF) process. It has been
shown [15] that, unlike a standard tensile test in which localised
necking (responsible for failure) takes place right after defused necking,
in the R-BUT operation, localised necking is postponed due to the special
geometry of the bending assembly and the bending deformation on the
R-BUT specimen. The enhanced formability of the R-BUT sample could
be attributed to the negative triaxiality in the R-BUT operation. At the
contact area between the rollers and the sample surface, stress triaxiality
decreases down to negative levels. This negative stress triaxiality could
delay the fracture of the material [15]. Also, the results indicate that the
material requires smaller tensile loads to deform under R-BUT in com-
parison with the standard tensile test.

The texture evolution of the electrical steel specimens after R-BUT
and subsequent annealing were shown in Section 3.3. When comparing
the recrystallisation texture after R-BUT to that after cold rolling (e.g. [4,
23], it is noted that the undesired <111>//ND fibre is effectively
supressed through the R-BUT processing. On the other hand, the desired
<001>//ND fibre is strengthened due to the introduction of shear
plastic deformation through R-BUT deformation [24], which is difficult
to form using conventional thermomechanical operations (i.e. conven-
tional cold rolling followed by annealing). After conventional cold
rolling, <111>//ND and <110>//RD usually develop, which may be
further strengthened after annealing, although {001}<110> (rotated
cube) may also develop [25].

It is noticed that in the suggested asymmetric rolling (e.g. [3]),
annealing also creates the <111>//ND texture with enhanced compo-
nent around {111}<110>. It was reported that increasing the level of
asymmetry in the ASR process can weaken the texture in general and
make <111>//ND more uniform [26]. In addition, it has been reported
that annealing of asymmetrically rolled steel can also develop
<001>//ND fibre texture [22]. It is shown here that this fibre has also
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Fig. 13. Measured macrotexture using neutron diffraction: @, = 0° and ®, = 45° of the R-BUT sample subjected to annealing at 750 °C for 30 min.

been strengthened through the recrystallisation of the R-BUT sample. It
is seen that R-BUT can be more effective than asymmetric rolling in
developing the favourable texture for magnetic applications. One of the
reasons for this is that the level of shear plastic deformation introduced
through asymmetric rolling relies on the friction between the rolls and
the sheet surfaces, which is difficult to control and for many cases
difficult to implement in an industrial processing line. Whereas in the
R-BUT operation, the shear plastic deformation relies on the geometry of
the rollers, which can be readily controlled and optimized.

5. Conclusions

NOES plates containing 1.8 wt% Si were subjected to repetitive
bending under tension (R-BUT) deformation and subsequent annealing
treatment. The mechanical behaviour, the microstructure and the crys-
tallographic texture were characterized. The main findings are sum-
marized as follows:

e NOES sheets can be deformed far beyond its common elongation
limit using R-BUT operation. This may provide a solution to an
important industrial challenge when processing NOES with
extremely poor formability, e.g. electrical steels containing very high
silicon.

The undesired {111} texture can be significantly reduced through
annealing after R-BUT deformation, while the desired {001} texture
can be considerably enhanced, which makes R-BUT an interesting
deformation process to optimize the crystallographic texture of
NOES.

The formation of cube texture in the R-BUT deformed electrical is
also noted, which is usually difficult to develop through conventional
rolling and recrystallisation. The shear plastic deformation induced
in the R-BUT process is believed to cause the changes in texture after
annealing.
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