Texture Evolution of a Non-oriented Electrical Steel
Cold Rolled at Directions Different from the Hot
Rolling Direction

@ CrossMark

YOULIANG HE, ERIK HILINSKI, and JIAN LI

With the objective of optimizing the crystallographic texture of non-oriented electrical steel, i.e.,
reducing the (111)//ND and (110)//RD fibers and promoting the (001)//ND texture, a new
rolling scheme was proposed and tested, in which the cold rolling direction (CRD) was
intentionally inclined at an angle to the hot rolling direction (HRD) in order to change the
orientation flow paths during cold rolling and alter the final texture of the annealed sheets. A
non-oriented electrical steel containing 0.88 wt pct Si was hot rolled using conventional routes
and annealed, and a number of rectangular plates were cut from the hot band with the
longitudinal directions inclined at various angles, i.e., 0, 15, 30, 45, 60, 75, and 90 deg, to the
HRD. These plates were then cold rolled along the longitudinal directions with a thickness
reduction of 72 pct. The cold-rolled samples were annealed, temper rolled and annealed again
(final annealing). The texture evolution during hot rolling, hot band annealing, cold rolling, and
final annealing was characterized by electron backscatter diffraction and X-ray diffraction
techniques. By changing the CRD with respect to the HRD, the initial texture and the
orientation flow paths were altered, which resulted in apparent differences in the textures as
compared to conventional cold rolling. After temper rolling and final annealing, the
recrystallization textures consisted of mainly a (001)//ND fiber and there was almost no
(111)//ND fiber. The sample cold rolled at an angle of 60 deg to the HRD had the strongest
texture (intensity almost 2x of conventional rolling) with a maximum at the cube {001}(100)

orientation—a magnetically favorable orientation for non-oriented electrical steels.
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I. INTRODUCTION

NON-ORIENTED electrical steels are widely used in
electric motors, generators, alternators, efc. as the core
material to amplify the ma%netic field generated by
electric current (in motors) [ or to enhance electric
current generation (in generators). The energy effi-
ciency of electric motors or generators is closely related
to the magnetic properties of the core lamination,
which in turn is dependent on the crystallographic
texture of the processed electrical steel sheets. The
ideal crystallographic texture for optimum magnetic
properties is the (001)//ND fiber (or the 0-fiber, which
includes the ideal orientations of cube, {001}(100), and
rotated cube, {001}(110)), because these orientations
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have two easy magnetisation (001) directions uniformly
spreading in the sheet plane.”) However, this fiber
texture is usually difficult to obtain through conven-
tional hot rolling, cold rolling, and annealing
processes.”!

During the manufacturing of non-oriented electrical
steel sheets through casting, hot rolling, cold rolling, and
annealing, the initial preferred crystal orientations
created by solidification from the melt will be altered a
few times by the thermomechanical processing (TMP)
procedures that follow, which involve several texture
development mechanisms such as plastic deformation,
phase transformation, and recrystallization.”*! The tex-
ture in hot rolled and annealed strip is mainly deter-
mined by rolling temperature, coiling conditions, and
hot band annealing parameters.”> ® The chemical com-
position also plays an important role through its
influence on phase transformation: grades with higher
than 2.5 pct Si concentration usually do not have an
austenite phase, while alloys with less than 2.5 pct Si
normally have an austenite to ferrite transforma-
tion."!” The cold rolling texture is mainly dependent
on the initial texture, reduction rate and whether
intermediate annealing is applied between cold rolling
steps or not.'""'?) The final annealing texture is, to a
large extent, determined by the cold rolling texture as
well as the annealing conditions such as temperature,
atmosphere, heating and cooling rates, holding time,
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continuous or batch annealing,"* ' eze. Although a

wide range of these processing parameters were varied in
many investigations, limited variations in the final
texture and magnetic quality had been produced.!'”
The ideal cube texture {001}(100) has rarely been
realized in the final non-oriented electrical steel sheets
through conventional rolling and annealing processes.

One method that was reported to have &)roduced a
strong cube texture was by cross-rolling,'”?” i.e. the
hot-rolled sheet was rotated 90 deg before cold rolling,
which means that the cold rolling direction (CRD) was
perpendicular to the hot rolling direction (HRD).
However, cross rolling of sheet steel is virtually impos-
sible to implement in a continuous manufacturing line
and thus has no industrial application. In the present
study, a new cold rolling scheme is proposed, i.e., the
CRD is inclined at an angle between 0 and 90 deg to the
HRD. This rolling scheme differs from cross rolling in
that the steel sheet may be continuously (or at least
semi-continuously) processed, while in cross rolling,
only very short sheets can be produced in a batch mode
because of the limitation of the roll width. Due to the
inclined angle between CRD and HRD, the initial
texture and the orientation flow paths during cold
rolling are different from either conventional rolling or
cross rolling, which is expected to generate different cold
rolling and final annealing textures.

II. MATERIAL AND EXPERIMENTAL
PROCEDURES

The chemical composition of the investigated non-ori-
ented electrical steel is given in Table I. The steel was
melted in a laboratory vacuum induction furnace and
cast into 200 mm x 200 mm ingots. After removal from
the ingot mold, the material was reheated to a nominal
temperature of 1311 K (1038 °C) and hot rolled from
200 to 25 mm (thickness) in 6 passes on a 2-high
reversing laboratory rolling mill. The two surfaces of the
plates were machined in a lathe to remove 3.1 mm of
material (oxides) from each side. The plates were
reheated again to 1311 K (1038 °C) and further hot
rolled down to a thickness of ~2.3 mm in 4 passes with a
total reduction rate of ~90 pct. Following the second hot
rolling step, the tertiary scale on the surfaces was
removed by batch pickling in heated HCI acid at about
355 K (82 °C). The plates were then annealed at 1113 K
(840 °C) for 60 hours in a dry 100 pct hydrogen
atmosphere.

The annealed steel plates were cut to smaller rectan-
gular pieces (50 mm x 180 mm) at various angles to the
HRD (Figure 1). In this way, the CRDs were inclined 0,
15, 30, 45, 60, 75, and 90 deg to the original HRD. These
smaller pieces were cold rolled to 0.65-mm-thick strips
in multiple passes using a reversing laboratory rolling

mill. The cold-rolled strips were then annealed at
1073 K (800 °C) for 30 seconds in an Ar atmosphere.
The samples were cold rolled again (temper rolling) with
approximately 2 pct reduction to straighten and flatten
the material, and finally annealed at 1053 K (780 °C) for
2 hours in an argon protected environment.

The microstructure of the cold-rolled and annealed
sheets were characterized by optical microscopy. The
samples were prepared using conventional metallo-
graphic techniques and etched with a 2 pct Nital
solution. Grain size measurements were conducted in
accordance with ASTM EI112-12 by using the Heyn
Lineal Intercept procedure.”!) EBSD samples were
prepared by regular grinding using 320, 400, and 600
grit SiC papers and polishing with 9, 3, and 1 um
diamond pastes, followed by a final polishing step with a
0.05 um colloidal silica solution. The EBSD scans were
performed in a field emission gun scanning electron
microscope (FEG-SEM) (Nova NanoSEM, FEI)
equipped with an OIM 6.1 EBSD system (EDAX).

Macrotexture measurements were conducted using a
Bruker D8 DISCOVER X-ray Diffraction Goniometer
(with a Vantec 500 area detector) operated at 35 kV and
45 mA (Co-Ka X-ray, 4 = 1.79026 A). The samples
were prepared by grinding the sheet plane from the top
surface down to approximately 1/2 of the thickness
(middle plane). After polishing using 9 and 3 um
diamond solutions, the surfaces were etched for 1 min-
ute in a solution of 100 ml distilled water and 7 ml HF.
During measurements, the samples were oscillated in the
X and Y, or RD and TD directions by &7 and 45 mm,
respectively. Thus, an area of approximately 14 x
10 mm? per sample was scanned to capture the diffrac-
tion data. Three incomplete pole figures, (200), (110),
and (211), were measured and the Orientation Density
Functions (ODF) were calculated from these pole
figures using the MTEX (V3.4.2) software.”? This code
was used because it is suited for analyzing high-resolu-
tion diffraction pole figures measured by area detectors.
In the ODF calculations, pole figure data with a tilt
angle greater than 75 deg were omitted. All the
calculations were carried out using the de la Vallée
Poussin kernel with a halfwidth of 5 deg and a
resolution of 5 deg. The volume fractions of the ideal
texture components or fibers were calculated from the
ODF within 15 deg from the exact orientations in Euler
space.

III. RESULTS

A. Hot Rolling and Annealing

The alloying elements (e.g. Si, Al, Mn, and P) in
electrical steels have a considerable effect on the phase
transformation behavior,”* which in turn impacts the

Table I. Chemical Composition of the Investigated Steel (wt pct)

C Mn P

Si Al Fe

0.002 0.31 0.01 0.001

0.88 0.46 balance
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hot-rolling microstructure and texture of the steel. In
practice, the Fe-(Si + 2Al) phase diagram is commonly
used to replace the equilibrium Fe-Si phase diagram to
investigate the hot-rolling process of electrical steels.!”’
Figure 2 shows the Fe-rich portion of the Fe-(Si + 2Al)
phase diagram with sugﬁ)erimposed dynamic A,z and A4
critical temperatures.”) The steel used in this study
contains 0.88 wt pct of Si and 0.46 wt pct of Al, thus the
Si + 2Al content is 1.80 wt pct. It is apparent that, if
only the alloy element Si is considered, the material will
go through a complete austenite region as well as an
austenite (y) + ferrite (o) two-phase zone when cooling
down to the full ferrite area. With the effect of Al, the
material no longer has a complete austenite zone and
will only go through the y + & region during cooling to
ferrite.

In this study, the steel plates were reheated to 1311 K
(1038 °C) and the hot rolling was conducted at
temperatures between ~1203 K and ~893 K (~930 °C
and ~620 °C) in a total of four passes. The entry and exit
temperatures for the four passes were approximately
(1203 K, 1163 K), (1153 K, 1113 K), (1073 K, 1008 K),

emmmmmm@@»  Hot Rolling Direction =)  Cold Rolling Direction

Fig. 1-—Schematic illustration of the cutting of cold-rolling samples
from a hot-rolled plate.
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Fig. 2—Fe-rich portion of the Fe-(Si + 2Al) phase diagram superim-
posed by the dynamic A, and A, critical temperatures.”’ The start
and finish temperatures for the 4 hot rolling passes are also shown.
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(973 K, 893 K) [(930 °C, 890 °C), (880 °C, 840 °C),
(800 °C, 735 °C), and (700 °C, 620 °C)], respectively, as
shown in Figure 2. It is seen that due to the effect of Al,
the hot rolling was actually performed below the phase
transformation temperature (i.e., below the dynamic 4,3
and A,;). Thus, the austenite in the reheated microstruc-
ture has transformed to ferrite before rolling deforma-
tion, and the textures obtained are those of hot-rolled
ferrite.

Figure 3(a) illustrates the cross-sectional microstruc-
ture and microtexture after hot rolling. The microstruc-
ture mainly consists of large, elongated grains and
shows apparent orientation variations within the grains
as depicted by the slightly different colors within
these crystals. This was resulted from the plastic
deformation on those grains during hot rolling, which
caused the reorientation of the crystals. The variation
of orientations within these crystals is usually low, i.e.,
less than 2 to 5 deg. There are much smaller but again
elongated grains in the microstructure, indicating the
occurrence of dynamic recrystallization and the defor-
mation of the recrystallized microstructure. The colors
of the inverse pole figure map show that a majority of
the grains have their {001} and {011} planes (red and
green, respectively) perpendicular to the normal direc-
tion (ND). The calculated orientation distribution
functions show that these mainly correspond to the
cube, rotated cube and Goss texture components
(Figures 3(b) and (c)). Although these components are
favorable crystallographic textures for good magnetic
properties, as will be seen, they tend to be altered after
hot band annealing, cold rolling, temper rolling, and
final annealing.

Figure 4 shows the microstructure and microtexture
of the hot-rolled electrical steel after annealing at
1113 K (840 °C) for 60 hours. Although with a very
long holding time at a relatively high temperature, the
recrystallized microstructure is still inhomogeneous:
grain sizes vary from ~20 to ~550 um (Figure 4(d)),
which indicates inhomogeneous grain growth of differ-
ent grains. The calculated ODF’s (Figures 4(b) and (c))
show that the {001}(100), {001}(110), and {011}(100)
textures observed in the hot-rolled sample essentially
diminished, while a {001}(140) orientation, which is
located between the cube and rotated cube in the (001)//
ND fiber (6-fiber), appeared. The strongest component

is an uncommon orientation, {0%‘?}@%‘?% on the

@2 = 0 deg section. Another relatively strong orienta-
tion is {110}(665), which is located between the
{110}(110) (rotated Goss) and the {110}(112) (brass)
along the (110)//ND fiber. A few peaks (e.g.,
{111}(451), {111}(132), and {667}(3 11 12)) near the
y-fiber are also found, which were not seen in the
hot-rolled plate. Compared to hot rolling, the overall
texture is weakened after annealing.

B. Cold-Rolling Microstructure and Texture

Figure 5 shows the microstructures of the samples
cold rolled at various angles (0 to 90 deg) with respect to
the HRD. The variation in etching color indicates
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Fig. 3—Microtexture and microstructure after hot rolling: (a) inverse pole figure map, (b) ¢, = 0 deg section of the calculated ODF from the
EBSD scan (Bunge notation), (¢) ¢, = 45 deg section of the ODF. Some relevant texture components and fibers are marked on the respective
sections. Cube: {001}(100), Rotated Cube: {001}(110), Goss: {110}(001), Rotated Goss: {110}(110), n-fiber: (001)//RD, 6-fiber: (100)//ND, a-fi-

ber: (110)//RD, y-fiber: (111)//ND.

inhomogeneous plastic deformation on different
regions: grains lightly etched have less dislocation
density and experienced relatively uniform plastic defor-
mation, while darkly etched regions imply massive
collection of dislocations (shear bands) induced by
highly concentrated, inhomogeneous plastic flow.
Although the variation of the CRD with respect to the
HRD does not result in significant difference in the
cold-rolled microstructure, samples cold rolled at 45 and
75 deg angles to the HRD seem to have the most shear
bands (dark regions), while those rolled at 15 and 60 deg
angles have the least deformation bands.

The inclination of the CRD at an angle to the HRD is
equivalent to rotating the sample around the normal
direction (ND) by a certain angle (ff) with respect to the
rolling direction (RD), which results in the alteration of
the initial texture of the sample. Using the MTEX
software,*” the annealed hot band orientations mea-
sured by EBSD (Figure 4(a)) were rotated by 15, 30, 45,
60, 75, and 90 deg, and the computed orientation density
functions are shown in Figure 6. It is noted that some
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rotations not only altered the character of the texture,
but they also considerably changed the intensity of the
texture. For example, after rotating by 30, 60, and 75
deg, the intensities of the texture were considerably
increased. The apparent difference in the intensities was
caused by the application of a pseudo-orthorhombic
sample symmetry during the calculations of the ODF,
which actually was not true for rotations other than 90
deg. The intensities of 0 and 90 deg inclination are the
same since the rotation of 90 deg around the normal
direction is an element of the orthorhombic sample
symmetry.

The textures (measured by XRD) after cold rolling at
0, 15, 30, 45, 60, 75, and 90 deg to the HRD are shown
in Figure 7. Although the initial textures differ consid-
erably, the cold-rolled textures all consist of a similar
overall range of preferred orientations typical of bcc
metals after rolling, i.e., the y- and o-fibers, or the
(111)//ND and (110)//RD fibers.*** However, the
initial texture has a strong effect on the intensity and
orientation distribution within that range. A strong
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Fig. 4—Microtexture and microstructure after hot rolling and annealing: (a) inverse pole figure map, (b) ¢, = 0 deg section of the calculated
ODF from the EBSD scan, (¢) ¢, = 45 deg section of the ODF, and (d) grain size distribution.

{001}(110) (rotated cube) texture is observed in all the
samples, although the relative intensities with respect to
the {112}(110) component are different.

At a 0 deg angle (i.e., conventional rolling), the
texture consists of strong {001}(110) and {112}(110)
orientations, together with the (110)//RD and (111)//
ND fibers. These features are very similar to those
usually observed in cold-rolled low carbon steels and
electrical steels.** The {001}(110) component has the
maximum intensity in all the inclination angles except at
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30 deg, where an intensity maximum develops at the
{112}(110) orientation. The {112}(110) component is
the stable final orientation for plane-strain compression
(rolling) as predicted by the full constraint Taylor
model.?>%%) This theoretically stable orientation (in
conventional rolling) is not preserved when the inclina-
tion angle increases to 75 and 90 deg, where the
dominant texture is rotated cube and no obvious peak
is observed at the {112}(110) position. It should also be
noted that inclining the CRD to HRD tends to change

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 5—Optical micrographs (cross section) of samples cold rolled at various angles with respect to the hot rolling direction.

the continuous y fiber normally observed in conven-
tional rolling (0 deg) into discrete peaks at {111}(011).

The inclination of the CRD to HRD also sharpens the
cold-rolling texture: when the angle is 0 deg (conven-
tional rolling) the maximum texture intensity is about 7,
while at an angle of 75 deg, the maximum intensity
increases to 16 (i.e., more than doubled). Cross rolling
(with an angle of 90 deg) produces the second strongest
cold-rolling texture, with a maximum intensity of 12. At
all the other angles, the textures are strengthened, but to
a lesser extent.

The variation of intensity along the «- and y-fibers with
respect to the inclination angle is shown in Figure 8. It is
seen from Figure 8(a) thatinclining the CRD to the HRD
intensifies the rotated cube component in all angles. At
angles of 30 and 60 deg, the {112} (110) component is also
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considerably strengthened, while at 75 and 90 deg the
intensity of {112}(110) is significantly decreased. The 75
deginclination produces the strongest {001} (110) texture,
and the 90 deg angle leads to the lowest {112}(110)
intensity. An inclination angle of 45 deg has some
moderate effect on the o fiber, while the 15 deg angle only
imposes a minor effect on the texture development.

The distribution of intensity along the yp-fiber
(Figure 8(b)) resembles a cosine wave curve (due to
the symmetry of the twin-related orientations) from
@1 = 0degto @, = 90 deg, with maxima at {111}(110)
and minima at {l111}(112). The maximum intensities
along the y fiber are much lower than those along the «
fiber. At 0 deg (i.e., conventional rolling), the variation
of intensity along the y-fiber is not obvious (intensities
are all around 3, indicating a continuous fiber texture),
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while all the other angles show significant difference
along this fiber. Thus, the inclination of CRD to HRD
has a substantial effect on the y-fiber, mainly by
intensifying the {111}(110) orientations and weakening
the {I111}(112) components. Figure 8(c) shows the
calculated volume fractions of the o and y fibers at
different inclination angles. While the volume fraction of
the y-fiber does not seem to be significantly affected by
the inclination angle (all around 10 to 12 pct), the
variation in o-fiber is remarkable. With the increase of
the inclination angle, the « fiber volume fraction
increases from about 30 pct to a maximum of ~40 pct
at 75 deg and drops to about 30 pct again when the
angle reaches 90 deg (cross rolling). The increase of the
a-fiber volume fraction is mainly due to the increase of
the rotated cube and the {112}(110) components.
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C. Annealing Microstructure and Texture

Figure 9 shows the microstructures of the samples
after final annealing at 1053 K (780 °C) for 2 hours.
Like in the case of hot band annealing, there are large
differences in grain size, i.e., diameters from a few tens
of micrometers to hundreds of micrometers in all the
inclination angles. The average grain size varies from
about 128 to 151 um (~20 pct difference), and a rotation
of 30 deg leads to the largest average grain size. At 45
and 75 deg inclination angles, the grain sizes are at
minimum, which are close to the conventional rolling
case (0 deg). The relatively small grain size in these two
angles may be attributed to the relatively high density of
dislocations (shear bands) accumulated during cold
rolling (Figure 5). According to classic recrystallization
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theory,?” the nucleation rate and the number of
nucleation sites are closely related to the density of
dislocations (shear bands) and the deformation modes,
which determine the heterogeneities and orientation
gradients necessary to provide nucleation sites. A higher
amount of shear bands (dislocations) leads to a larger
number of nuclei and hence a smaller grain size.
Figure 10 shows the textures obtained after final
annealing. Recrystallization considerably randomizes
the textures, and the intensities are rather low compared
to the cold-rolling textures. As seen from Figure 8, the
inclination of the CRD to HRD (from 15 to 90 deg)
produced much stronger cold-rolling textures than
conventional rolling (0 deg), but these strengthened
deformation textures do not produce a stronger recrys-
tallization texture. Indeed, the recrystallization textures
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at all the inclined angles are weaker than conventional
rolling (0 deg) except at 60 deg, where a much stronger
recrystallization texture is observed. This is contrary to
the textures of low carbon steel processed by conven-
tional rolling, where increasing the rolling strain usually
leads to a stronger cold-rolling texture, which upon
annealinﬁ gives rise to a stronger recrystallization
texture.”! An outstanding feature of the annealing
textures obtained using the current process is the
formation of the 0-fiber ({001} LND) and the disappear-
ance or weakening of the o-fiber. This is significantly
different from the recrystallization textures observed in
most bce metals (including electrical steels) processed
using conventional rolling, where a decrease in the
intensities of the {001} orientations and an increase of
the strength of the {110} components along the a-fiber
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were usually observed.””! It is noted that the y-fiber is
also significantly weakened, which either changes to a
couple of discrete peaks close to {111}(112) and
{554}(225) (15, 30, and 45 deg inclination angles) or
essentially disappeared (75 and 90 deg).

In the current process, a f-fiber also develops at 0 deg
(conventional rolling), but the maximum intensity is at an
orientation close to {110}(118), which is 10 deg away
from the Goss orientation. No continuous y-fiber is
observed; instead, two minor peaks at {667}(6 13 6) and
{554}(225) near the p-fiber develop. Increasing the
inclination angle to 15 deg weakens the overall texture,
but the O-fiber has been relatively intensified as the
intensity is almost the same as the maximum intensity
developed at the {110}(118) orientation. The {667}(6 13
6) and {554} (225) components near the y-fiber are also
weakened. Increasing the inclination angle to 30 deg
further weakens the overall texture, but the peaks at
{111}(112) are intensified and become the maxima. There
is also another peak near {881}(3 5 16), an orientation
about 20 deg away from the Goss component.

When the inclination angle increases to 45 deg, the
O-fiber essentially changes to a single-cube component
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with some spread around it (maximum intensity is 3.35).
The overall intensity is higher than 15 and 30 deg, and is
close to conventional rolling (0 deg). A Goss texture
clearly develops, which spreads from the exact Goss
orientation to approximately the {110}(112) (brass)
component. The y-fiber is significantly weakened and
almost diminishes. At an inclination angle of 60 deg, a
remarkable intensity maximum (with a much higher
intensity than all the other inclination angles) develops
at the exact cube orientation, which was rarely achieved
in electrical steels using conventional processing tech-
niques. This maximum is surrounded by orientations

along the O-fiber up to {011}<%§0>, an orientation 15

deg away from the rotated cube. The y-fiber degrades to
two weak peaks (intensities of 1.6 and 1.4 only) close to
the {111}(121) and {554}(225) orientations. A texture
near {110}(2 2 11) also develops, which is located almost
middle way between the brass and the Goss components
in the (110)//ND fiber.

When the angle is increased to 75 deg, the texture
intensity decreases again to 3.12, and the single strong
cube maximum splits into two weaker peaks (the
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Fig. 9—Optical micrographs after final annealing at 1053 K (780 °C) for 2 h in Ar. Also shown is the average grain size (diameter) vs inclination
angle between the CRD and HRD.
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Fig. 10—Recrystallization textures after cold rolling at various angles with respect to the hot rolling direction: (@) ¢, = 0 deg, and (b) ¢, = 45
deg sections of the ODF’s. Samples were annealed at 1053 K (780 °C) for 2 h after 2 pct skin pass rolling. Note a strong cube texture develops

when the inclination angle is 60 deg.

{001}(130) orientations) about 20 deg away from the
cube orientation along the 0-fiber. A texture near the
{113}(152) orientation also develops, which is usually
not observed in bcc metals after conventional rolling
and recrystallization. The 7y-fiber disappears, but the
{110}(2 2 11) component remains. When the inclination
angle reaches 90 deg (cross rolling), the intensity drops
to the lowest value of 2.35, and a partial {113} LND fiber
develops. The maxima are located at {113}(031) and
{113}(152). A relatively strong texture (intensity 2.2)
also develops around the exact cube orientation and
spreads to the {001}(140) orientations (15 deg from the
cube). The y-fiber vanishes and the components between
the brass and Goss orientations essentially disappears as
well.
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These features are seen more clearly in Figure 11,
where the variations of intensity along the three most
important fibers (0, u#, and 7y) in the final annealed
samples are plotted. It is emphasized that the 60 deg
inclination angle significantly promotes the development
of the cube component, while the 30 deg inclination
angle enhances the y fiber. Compared to conventional
rolling (0 deg), a 45 deg inclination angle also produces
relatively strong cube and Goss textures, and consider-
ably reduces the y-fiber intensities.

D. Texture Factor

To evaluate the effect of texture on magnetic prop-
erties of non-oriented electrical steels, the volume

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 11—Variation of intensity along (a) 0-fiber, (b) n-fiber, and (c) y-fiber of the final annealed sheets cold rolled at various angles with respect

to the hot rolling directions.

Table II. Volume Fractions (pct) of the Cube and Goss Texture Components and the y Fiber

Inclination Angle 0 deg 15 deg 30 deg 45 deg 60 deg 75 deg 90 deg
Cube 3.3 33 3.0 39 44 3.4 3.5
Goss 4.3 2.7 2.8 3.3 2.8 2.4 2.3
y fiber 12.8 10.9 14.6 12.1 11.2 10.1 11.6
(Cube + Goss)/y 0.60 0.55 0.40 0.59 0.65 0.57 0.50

fractions of specific texture components or fibers are
usually calculated for quantitative comparison. Using a
tolerance angle of 15 deg, the volume fractions of the
cube, Goss and the y-fiber are computed and listed in
Table II. In conventional electrical steel processing, the
volume fraction of the y-fiber dominates the final
texture, with volume fractions in the range of 40 to 50
pet,? while in the current processing scheme, this only
accounts for about 10 to 15 pct, i.e., more than three
times lower than conventional processing. The volume
fractions of the cube component produced in this new
processing scheme are close to those produced by
conventional processing, i.e., about 3.0 to 4.4 vs ~5.0

METALLURGICAL AND MATERIALS TRANSACTIONS A

pct, but the Goss component has much higher volume
fractions in the current process, i.e., 2.3 to 4.3 vs 0.7 to
1.4 pct, an approximately three-time increase. It is thus
clear that the processing technology proposed in this
study can indeed significantly optimize the crystallo-
graphic textures of non-oriented electrical steel by
significantly reducing the y-fiber while increasing the
Goss texture in the annealed sheets.

Figure 12 shows the variation of the texture factors,
i.e., the ratio of the favorable textures to unfavorable
textures, with respect to the inclination angle. For
non-oriented electrical steel, the cube texture is a
favorable texture because it has two (001) directions

VOLUME 46A, NOVEMBER 2015—5361



0.6
(Cube+Goss)/y-fiber
05
§ )
8 0.4
g
3 4
& 03]
0.2
1 Cubely-fiber
0'1-I"I"l"l'l"l"l
0 15 30 45 60 75 90
Angle between CRD and HRD (°)
(a)

Texture Factor

25

o-fiber/y-fiber

2.0+

n-fiber/y-fiber

1.5
1.0 H
05+—F—"—7—"—T7T"—T—7——
0 15 30 45 60 75 90
Angle between CRD and HRD (°)
(b)

Fig. 12—Texture factors of the final annealed steel sheets vs the angle between CRD and HRD: (a) factors of specific components, and (b) fac-

tors of fibers.

on the sheet plane and will improve the magnetic
properties in both the RD and TD directions. The Goss
texture is also considered as a favorable texture as it has
the (001) direction along the rolling direction, which will
also improve the magnetic properties. The y-fiber, which
includes any orientations that have their {111} planes
parallel to the sheet, is detrimental to the magnetic
properties and is unfavorable.

For conventional electrical steel processing, the tex-
ture factor, i.e., }[)mal ratio of cube to y-fiber, was
about 0.10 to 0 13, while in the current processing
scheme, this factor is 0.2 to 0.4, and a maximum texture
factor (0.4) is achieved when the inclination angle is 60
deg (Figure 12(a)). If both the cube and Goss textures
are included in the texture factor, the ratios of cube plus
Goss to y-fiber will be much higher (3 to 4x) than
conventional processing, i.e., 0.4 to 0.65 vs 0.12 to 0.16.
It is thus noted that the inclination angle has a
remarkable effect on the texture factor. At an angle of
60 deg, both the cube/y-fiber and the (cube+ Goss)/
y-fiber ratios reach the maximum values, which are
favorable for magnetic properties. At an angle of 30 deg,
these factors have the minimum values, which will be
detrimental to the magnetic properties.

Figure 12(b) shows the variation of the ratios of the #-
and 6-fibers (the two magnetically favorable fibers) to
the y-fiber with respect to the inclination angle. Gener-
ally, at all the inclination angles, the 0-fiber/y-fiber ratio
is higher than the pu-fiber/y-fiber ratio. The 30 deg
inclination angle gives rise to the lowest texture factors
for both y-fiber/y-fiber and O-fiber/y-fiber, and the 60
deg angle generates the maximum factor for the -fiber/
y-fiber factor. An inclination angle of 75 deg produces
the highest O-fiber/y-fiber factor.

IV. DISCUSSION

For grain-oriented electrical steels, a sharp {110}(001)
texture (Goss)—a magnetically favorable orientation for
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applications in transformers, had been produced through a
complex thermomechanical process that involved conven-
tional rolling, recrystallization, and a secondary recrystal-
lization process (abnormal grain growth).?” In the case of
non-oriented electrical steels for rotating machine appli-
cations, the ideal texture—{001}(100) (cube) has rarely
been successfully produced through conventional rolling
and recrystallization 17[>rocesses A few special techmques
such as cross-rolhn% 19200 surface annealing,*” colum-

nar-grain growth,*? 32 phase transformatlon[ Jete. have
been attempted but these processes are very difficult to be
apphed in industrial production. Recent 1nvest1gat10ns
using twin-roll castlng plus high temperature annealing B4
produced promising results on the formation of cube
recrystallization texture in non- orlented electrical steels,

but the texture shown in the research *¥ was not exactly the
cube, but an orientation about 15 deg away from the
{001}(100) along the 0-fiber.

Due to its technological and scientific importance,
recrystallization texture has been the topic of extensive
research for a few decades.””! It is known that the final
recrystallization texture is highly dependent on the
processing history of the material before annealing, as
well as the annealing condition itself. Due to the
metallurgical mechanisms that govern those processes,
the textures obtained after conventional rolling and
annealing processes do not promote the cube texture
development.["” The final recrystallization texture was
normally dominated by the unfavorable y-fiber. In the
present study, the effect of the initial texture on the cold
rolling and final annealing textures was investigated by
simply inclining the CRD to the HRD by an angle. This
change of CRD with respect to HRD gives rise to a
different starting texture that conventional hot rolling
may not be able to produce, since after conventional hot
rolling and anneahng, the texture is normally dominated
by the a- and y-fibers.l”! The technique used in this study
provides a potential approach to control the cold rolling
and recrystallization textures through the alteration of
the starting texture.
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As shown in Figure 6, the strongest texture (intensity
6.34) in the annealed hot band is {0%\/75} <%%§> (on

the ¢>, = 0 deg section), in which the {0%‘/75} plane is

15 deg from {011} and 30 deg from {001}, while the
<%73x\/73> direction is 60 deg from (100). Thus, when
rotating the sample about the normal direction, the
{0%@} plane is still parallel to the sheet plane, but the

<%%§> direction is gradually brought to the RD. Upon
a 60 deg rotation, the {0%‘4} <%f’—‘§> orientation

becomes {0%‘@}(100% which is 15 deg away from the

Goss component. The second strongest component
(intensity 6.0) in the annealed hot band is {110}(665),
which is located on the (110)//ND fiber. Its (665)
direction is 30 deg from (110) and 60 deg from (100). A
30 deg rotation about the ND brings this to the rotated
Goss orientation and a 60 deg rotation to the Goss
orientation. The third strongest component in the
original hot band is {001}(140) (intensity 4.5). Its
(140) direction is ~30 deg from (110) and ~75 deg from
(100). A 30 deg rotation transforms it to the rotated
cube orientation and a 75 deg rotation to the cube
orientation. These orientations contribute to the main
textures after the rotations of the sample about the ND
by 60, 30, and 75 deg.

It has been shown that, after a 30 deg rotation, the
main feature of the starting texture was a strong
{001}(110) (rotated Cube) component plus a relatively
strong {110}(110) (rotated Goss) orientation. After cold
rolling, the rotated cube intensity decreased slightly,
while the orientation spread increased considerably.
This is because the {001}(110) orientation is generally
stable,™>®! but the rolling deformation of more than 70
pct reduction usually causes the decrease of its intensity
as well as the spread of the orientation along the
a-fiber.B”" The strong cold rolling texture near
{112}(110) can be attributed to the rotation of the
{110}(110) orientation (rotated Goss) around the (110)
axis in the rolling direction.l*”!

After a 75 deg rotation, the textures contained two
strong components: {001}(100) (cube) and {667}(110),
the latter being resulted from a 75 deg rotation of the
{667}(3 11 12) orientation in the annealed hot band.
After cold rolling, a very strong {001}(110) texture
(intensity 16) was produced, which may be considered to
be the result of a rotation of 45 deg of the cube
orientation about the normal direction, as shown by
Aspden.® The {667}(110) orientation is ~4 deg away
from {111}(110) and is on the a-fiber. Upon cold rolling,
it rotates about the (110) axes lying in the rolling
direction, and gives rise to the {111}(110) orientations
as well as a spread along the ¢; = 0 deg line (¢, = 45
deg section). The {111}(110) orientations are stable up
to 85 pet reduction in thickness.*”!

A 60 deg rotation gives rise to a maximum intensity at

{O%‘?}(lOO), an orientation located on the ¢, = 0 deg
section (not on the ¢, = 45 deg section, as in the 30 and
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75 deg cases). A second peak is found at the Goss
orientation. Another component in the initial texture is
{001}(140), which is a 15 deg rotation of the cube
orientation around the (001) axes lying in the normal
direction. The {001}(110) cold-rolling texture is resulted
from the rotation of the near-cube orientations about
the (110) axes in the normal direction. The Goss and
near-Goss orientations change to {112}(110) and
{111}(110) orientations through a rotation path that
may consist of three stages of rotations: about the (110)
axes in the transverse direction, about the (111) axes in
the normal direction, and about the (110) axes in the
rolling direction.”!

After rotations of 15, 45, and 90 deg around the
normal direction, the textures are also altered, which
resulted in the change of rotation paths of orientation
flow during plastic deformation and thus different cold
rolling textures. It should be noted that, although cross
rolling (90 deg rotation) was included in this study, no
significant enhancement of the cube texture (as has been
shown in previous studies) in the final annealed sheet
was observed. In fact, this inclination angle only
produced a minor cube texture after annealing. This
discrepancy was due to the fact that the cross rolling in
this study was carried out using annealed hot bands,
while the cross rolling in the previous investigation!'”!
employed hot bands without annealing.

The recrystallization textures obtained in this study
have a common feature that is different from many
previous investigations: there is an apparent {001} LND
texture in all the samples, some showing a continuous
0-fiber or discrete peaks, and others having a strong
cube component. These recrystallization textures may be
traced back to the initial textures before cold rolling,
where after rotations about the plane normal, all the
samples had some peaks along the O-fiber. Although
after cold rolling these became similar textures featured
by a strong rotated cube orientation, they went back to
the {001}_LND orientations upon recrystallization (the
intensity was considerably decreased though). The
strongest cube texture obtained at a 60 deg inclination

angle seemed to be related to the initial {0%@}(10@

orientation, as this was the strongest component in the
initial texture and it did not exist in the initial textures of
other inclination angles.

However, the strong rotated cube and cube textures
obtained after 30 and 75 deg rotations, respectively, did
not produce a strong final recrystallization texture;
instead, some weak 0-fiber or {001}(130) textures were
induced. Also, some minor components were found near
the {I11}(121) orientations, which were believed to
recrystallize from the {112}(110) and {111}(110) orien-
tations in the cold-rolling texture.!'* It is noticed in this
study that, a strong {112}(110) cold-rolling texture led
to a strong {l111}(121) texture after recrystallization,
and if this orientation did not exist, as in the cases of 75
and 90 deg rotations, there was no {111}(121) compo-
nent after recrystallization. Thus the {111}(121) recrys-
tallization texture seemed to be originated from the
{112}(110), not from {111}(110), since in the cases of 75
and 90 deg rotations, the {111}(110) still exists but there
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is no {111}(121) after recrystallization. Although in the
recrystallized samples the Goss texture is only found at
inclination angles of 45 and 90 deg, there exists a
near-Goss component (about 15 deg away from the
exact Goss) in all the angles. This can be attributed to
the formation of Goss or near-Goss nuclei in the shear
bands within the deformed {112}(110) or {111}(110)
grains,"* which exist in all the cold-rolled samples.
Origins of the peaks at {113}(3 15 16) and {113}(031) as
observed at the 75 and 90 deg rotations are not known.

It has been shown in this research that the cold rolling
textures have essentially the same features no matter
how much the starting textures differ. The difference is
in the intensity of the overall texture and the relative
intensities between the main texture components and
fibers. The observed textures all resemble typical bce
rolling texture, which can be described by {001}(110),
{112}(110), {111}(110) and {111}(112). Upon anneal-
ing, they all created some {001} LND components (the
0-fiber), and the only angle that produced a strong cube
component (with an intensity approximately twice of the
others) in the recrystallization texture was the 60 deg
rotation. Although this has been attributed to the

formation of the {0%‘?}(100) initial texture by the 60

deg rotation of the anncaled hot band, direct evidence
has yet to be found to support this view.

The difference in the final annealing textures produced
in this study may be attributed to the difference in the
stored energy that has been introduced during the cold
rolling of the initially same microstructure but different
crystal orientations (and thus different orientation flow
paths). The rotation of the samples not only gives rise to
different macroscopic textures, but it also altered the
orientations of the neighboring crystals of each grain,
which imposed different grain boundary constraints
during deformation. The result would be, at some angles
(as in the 60 deg rotation case), the deformed neighboring
grains may be beneficial to the nucleation and/or growth
of the cube grains, which lead to the development of a
strong cube texture in the final annealed sample. How-
ever, the exact mechanism that governs the formation of
the cube texture at the 60 deg rotation has to be further
investigated, e.g. by intensive EBSD analysis of the
recrystallization process and by computer simulation of
the texture evolution in the cold rolling process.

V. CONCLUSIONS

The CRD of a non-oriented electrical steel (0.88 wt
pct Si) was intentionally inclined at various angles with
respect to the HRD in order to alter the initial texture
and orientation flow during cold deformation, and to
affect the final annealing texture. Texture evolution after
hot rolling, hot band annealing, cold rolling and final
annealing was analyzed by EBSD and XRD, and it was
found that the inclination of CRD to HRD has a
significant effect on the final recrystallization texture.
The findings can be summarized as:

After rotation of the hot band around the ND by an
angle between 15 and 90 deg, not only the features of the
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initial texture for cold rolling were altered, but the overall
texture intensities were also changed (due to the
pseudo-orthorhombic sample symmetry introduced dur-
ing the calculations). At inclination angles of 30, 75, and 60
deg, the texture was considerably strengthened, while at
angles of 15and 45 deg, the intensity was slightly decreased.

Although with different starting textures, the resulted
cold-rolling textures all had similar features, which
resembled the typical cold-rolling texture of bcc metals
produced by conventional rolling. The difference was
the relative intensities between the main texture com-
ponents and the o- and y-fibers. A significant feature was
the intensification of the rotated cube component and
the weakening of the y-fiber. At an inclination angle of
75 deg, a significantly strong-rotated cube texture was
produced, which was more than double that produced
by conventional cold rolling.

After final annealing, the recrystallization textures
were all weakened, and the strongest cold-rolling texture
(at 75 deg) did not produce the strongest annealing
texture. A major character of the recrystallization
texture produced using the proposed technique was the
formation of the f-fiber and the significant weakening of
the y-fiber. At an inclination angle of 60 deg, a very
strong cube texture (intensity ~2x of conventional
rolling) was produced in the final recrystallized sheet.
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