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ELECTRICAL STEELS

Evolutions of Microstructure and Crystallographic Texture

in an Fe-1.2 wt.% Si Alloy After (A)Symmetric Warm Rolling
and Annealing
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Rolling and annealing is a crucial technology to produce electrical steel sheets.
This technology is not just aimed to control the geometry of steel sheets but
more importantly to enhance the magnetic properties of the final products via
appropriate microstructure and crystallographic texture. In this study, the
evolution of microstructures and textures of an Fe-1.2 wt.% Si alloy through
the entire processing route (from reheating, warm rolling to annealing) is
monitored by electron back-scatter diffraction. Plastic flows of the material
during conventional and asymmetric rolling are analyzed in detail based on
geometric parameters of the rolling gaps. Deformation textures are accurately
predicted by the full-constraint Taylor and advanced Lamel (ALAMEL) crystal
plasticity models. The development of recrystallization textures is accounted
for by the plastically stored energy in deformed crystals, which in turn is
approximated by the plastically dissipated power (i.e., the Taylor factor) as
predicted by the full constraint Taylor model. Although asymmetric warm
rolling does not produce an improved texture or microstructure for electrical
steels, the present study provides useful information on the evolution of the
recrystallization microstructure and texture in steels with a complex strain
history after asymmetric warm rolling.

INTRODUCTION

Texture and anisotropy are well-known charac-
teristics of polycrystalline metallic materials. Pre-
vious studies have demonstrated that the magnetic
properties of electrical steels are very sensitive to
the crystallographic texture of the finished prod-
uct."? As the reference material for soft magnetic
cores of electro-magnetic power engines and voltage
transformers,® electrical steels are essentially pure
iron, alloyed with 1.0 wt.% to 6.5 wt.% silicon.
Silicon is purposely added to increase the electrical
resistance of the materials and thus to reduce the
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energy loss by eddy currents of magnetic induction
cores. For further core loss reduction, electrical
steels are commonly produced as electrically insu-
lated thin sheets of about 0.2 mm to 0.5 mm thick-
ness. Therefore, sheet rolling and subsequent
annealing are key processes in the production of
electrical steels. Controlling the crystallographic
texture during material manufacturing has two
main objectives. The first objective is to maximize
suitable crystallographic orientations, so that the
(an)isotropy of properties optimally befits the in-use
operational conditions. The second objective of
texture control, as a negative imprint of the first,
is to reduce and minimize undesired texture com-
ponents for a given application. In general, texture
control of electrical steels by rolling and annealing
follows two branches, corresponding to the two main
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market grades, namely grain oriented (GO) and
non-oriented (NO) grades. Both GO and NO grades
are single-phase ferritic steels with a body-centered
cubic (BCC) lattice structure, exhibiting the easiest
magnetization direction along the (100) crystallo-
graphic axes.* According to Beckley,? for rotating
parts in electro-magnetic devices, since the mag-
netic field is required to be more homogeneously
applied in all directions of the sheet’s plane, the
most suitable texture in NO electrical steels is the 0-
((001)//ND) fiber, which represents the maximum
homogeneous density of (100) orientations in the
sheet of the plane. However, obtaining the 0-fiber
texture in NO electrical steels by conventional
rolling and annealing is far from trivial. Various
innovative methods to produce NO electrical steels
with the 0-fiber texture have been proposed. Some of
them include: manganese removal and decarburiza-
tion,® multi-stage cold rolling with inter-pass
annealing,’ cross rolling® and twin roll strip cast-
ing.? All these advanced methods, although success-
ful in retaining the 0-fiber, are not applicable for
large-scale mass production. The manganese
removal and decarburization are featured by two
subsequent annealing steps. In the first step, the 0-
fiber texture is introduced to the sub-surface layers
of the material by controlling the chemical compo-
sition of annealing atmospheres and the minimiza-
tion of the surface energy. During the second step,
the (001)//ND oriented grains in the sub-surface
regions are stimulated to grow inward, thanks to
the diffusion of manganese and carbon atoms
outward, resulting in a columnar grain structure
across the sheet thickness. Because of the require-
ments on large exposure area and long diffusion
annealing periods, surface texture controlling tech-
niques are mostly implemented in batches with a
high cost of energy and productivity. The multi-
stage cold rolling with inter-pass annealing, on the
other hand, could be applied to massive production
with a continuous rolling and annealing line. How-
ever, surface quality and particularly homogeneities
of microstructure and texture remain problematic
issues of the multi-stage cold-rolling and annealing
techniques. The cross-rolling technique could result
in strongly {001}(110) oriented texture after defor-
mation. The cross rolling, nevertheless, is limited by
the width of the rolling mill and thus just applicable
as a discontinuous process. Twin roll strip casting,
combined with slightly cold rolling and continuous
annealing, has shown many benefits for the pro-
duction of NO-electrical steels, including suit-
able microstructure and texture. Nevertheless,
this technology requires a total re-designing of the
processing route, which is uncommonly applicable
for existing manufacturing lines. Except for surface
texture controlling methods, all above-mentioned
techniques require a good understanding of
microstructure and texture evolution during rolling
and annealing. Additionally, the production of
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electrical steels will be more efficient if rolling
deformation can be done on a wider range of
temperatures.

Therefore, in this paper, the evolutions of texture
and microstructure in an iron-1.2 wt.% silicon alloy
after warm rolling and annealing are investigated.
An elevated rolling temperature has been selected
for the beneficial reduction of the deformation
stress. On the other hand, it is limited to the critical
temperature for the ferrite-austenite phase trans-
formation. Besides conventional rolling, asymmetric
rolling has been applied to reduce the thickness of
samples and alter the microstructure and texture of
the materials. The study includes both experimental
measurements and numerical simulations. It is
envisioned that the results of the current study will
contribute to the understanding of texture evolution
during warm rolling and annealing of electrical
steels as well as other BCC structured materials.

EXPERIMENTAL AND NUMERICAL
METHODS

An Fe-1.2 wt.% Si alloy is the material under
investigation in this study. The chemical composi-
tion of this material is measured by the inductively
coupled plasma (ICP) technique and given in the
Table I. The Ael and Ae3 temperatures, calculated
by the Thermo-Calc™ software with the TCFE5
database, are 961°C and 1028°C. These tempera-
tures are used to select the reheating temperature
of warm rolling and the annealing temperature for
recrystallization.

The material was first laboratory-casted,
reheated at 1200°C and rough rolled at a laboratory
mill to obtain the initial thickness of 10 mm. After a
second reheating at 900°C for 60 min in pure
nitrogen atmosphere, samples were warm rolled in
three passes to reduce the thickness to 2.0 mm. The
reheating temperature of 900°C was selected so that
the subsequent rolling deformations were in the
single ferritic phase region. The actual rolling
temperature, though it could not be measured, is
about 200°C lower than the reheating temperature
because of the heat loss before the rolling deforma-
tion and particularly by the contact of sample and
roll surfaces. This rolling temperature is below the
ferrite-austenite phase transformation, but it is too
high to suppress all single-phase thermal activated
processes like dynamic recovery or static recrystal-
lization. The deformation could not be called cold
rolling. Therefore, it has been called a warm
deformation. Deformation reductions of the three
rolling passes were 30%, 43% and 50%, respectively.
To maintain the same temperature between differ-
ent rolling passes, samples were reheated to 900°C
for 15 min before each pass. Half of the samples
were asymmetrically rolled while the other half was
conventionally rolled under the symmetrical condi-
tion. During the rolling experiments, the rolling
surface and entry directions of the samples were
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Table I. Chemical composition of the studied material

Fe (wt.%) Si (wt.%) Mn (wt.%) Al (wt.%) Ti (ppm) C (ppm) P (ppm) S (ppm) N (ppm)
Bal. 1.23 0.31 0.12 20 25 130 80 23
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Fig. 1. Locations of important orientations for conventional and asymmetric rolling textures in the ¢, = 45° section of the Euler space.

kept identical. The rolling mill employed in these
experiments has the working (top/bottom) roll
diameters of 180 mm/180 mm in the symmetric
configuration and of 180 mm/125 mm in the asym-
metric configuration. Both rolls are driven by
separate motors and rotate at the same angular
speed. All rolled samples were finally annealed in a
furnace with a protective atmosphere at 900°C for
120 min for full recrystallization. Samples for
microstructure and texture characterization were
collected after each stage of the thermomechanical
process, i.e., after reheating, (a)symmetric warm
rolling and recrystallization annealing.

To measure the crystallographic texture and
microstructure, a field emission gun scanning elec-
tron microscope (FEI-Quanta-450"™) equipped with
a Hikari EBSD camera (of type EDAX-AMETEK®)
has been employed. All samples, after grinding with
SiC papers and polishing with diamond suspensions
of 3.0 ym and 1.0 um, were fine polished with a
colloidal silica suspension of 0.04 ym for 15 min to
remove all artifacts of the sample preparation.
Electron backscatter diffraction (EBSD) measure-
ments in the scanning electron microscope have
been carried out with an acceleration voltage of 20
kV and a working distance of 16 mm. All EBSD
measurements were carried out on a plane perpen-
dicular to the sheet transverse direction (TD-plane)
with the sheet rolling direction (RD) being horizon-
tal. The stage moving strategy combined with a fine
EBSD scanning step size, down to 0.5 um, allows
combining wide field observations with high spatial
resolution. For each sample, crystallographic orien-
tations and grain areas of at least 5000 grains were

measured. A grain in an EBSD microstructure is
defined as an enclosed crystal domain by boundaries
of 15° misorientation. After the measurements,
EBSD microstructures and textures have been
analyzed by the OIM Analysis™ v7.3 software
(EDAX-AMETEK®).

To calculate crystallographic textures from orien-
tation data collected by EBSD measurements,
Gaussian functions with a half-width of 7.0° were
superimposed for each data point, and the ODF was
expressed as a series expansion of spherical har-
monics with the highest expansion coefficient of
order 22.'° Crystallographic orientation distribution
functions (ODF's) are calculated without imposing
any sample symmetry, implying that the range of
the three Euler angles extends over 0° < ¢; < 360°
and 0° < @, ¢y < 90°. By applying this rule to all
ODF calculations, differences between textures of
conventional and asymmetric rolling are easy to
visualize. Because of the difference in rolling con-
figurations, textures of asymmetrically rolled sam-
ples only have the TD axis as two-fold axis, which
results in a pole figure exhibiting a mirror plane
perpendicular to TD. Contrarily, since the RD, TD
and ND of conventionally rolled samples are two-
fold axes, the pole figure exhibits three mirror
planes normal to all three sample reference axes
(i.e., RD, TD and ND). For convenience of texture
analysis, ODFs of both conventionally and asym-
metrically rolled samples are presented in the
conventional ¢y = 45° section. Locations of impor-
tant components of (a)symmetric rolling textures in
the ¢ = 45° ODF section are shown in Fig. 1.
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Fig. 2. (a) ND-IPF map and (b) ¢o = 45° ODF section of the initial sample after rough rolling from 1200°C and annealing at 900°C for 60 min in a

pure nitrogen protective atmosphere.

To account for texture formation in warm-rolled
samples, crystal plasticity simulations with the full
constraints Taylor (FCT)'! and the advanced Lamel
(ALAMEL)'? models are carried out. The initial
ODF is discretized to 2000 individual orientations
by a statistically cumulative method, proposed by
Toth and Van Houtte.'® Crystal plasticity during
warm rolling is resolved by optimizing multi-slip
activity of three different types of slip systems (i.e.,
{110}, {112} and {123}(111)). The critical resolved
shear stresses of all slip families are initially equal
and follow a linear hardening law corresponding to
the total amount of accumulated slip. Both differ-
ential hardening between slip systems and latent
hardening are ignored; hence, the hardening does
not interfere with the selection of optimum slip
systems. Large strain deformation is simulated in a
stepwise mode with small strain increments of 0.5%
accumulating to the macroscopically imposed defor-
mation. Results of crystal plasticity simulations
including Taylor factor and lattice rotation rates are
employed to analyze texture evolutions after plastic
deformation and recrystallization annealing. The
MTM-FHM software suit'* is employed for ODF
calculation and simulation of deformation textures.

RESULTS

Microstructure and Texture of the Initial
Sample

Figure 2 shows the ND inverse pole figure (ND-
IPF) map and the ¢5 = 45° ODF section measured
on a sample after rough rolling and annealing for 60
min at 900°C, i.e., the stage just before warm
rolling. Because of the thickness of 10 mm and the
weak texture intensities on an annealed sample, a
total area of 32,000 x 10,000 ym? on the RD-ND
plane was measured by EBSD with a scanning step
size of 10 ym on a square grid. The initial
microstructure (see Fig. 2a) consists of equiaxed
grains with average grain size diameter of 133 ym
(SD = 43 pum). The absence of in-grain orientation
gradients in this microstructure indicates that
lattice defects responsible for such gradients such
as geometrically necessary dislocations are strongly
reduced after annealing at 900°C for 60 min. The
spatial distribution of crystals across the sheet
thickness is not homogeneous. Grains in the mid-
thickness region (the center horizontal region of
Fig. 2a) are larger than the ones near the sample
surfaces (the regions closed to the top and bottom
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Fig. 3. (a) ND-IPF map and (b) ¢, = 45° ODF section measured across the 2.0 mm thickness of a conventionally warm-rolled sample.

edges of Fig. 2a). Crystallographic orientations of
the grains in the mid-thickness region are mostly of
the (001)//ND orientations, although a few grains
with the (111)/ND orientations are also visible in
the same region. The (011)//ND-oriented grains, on
the contrary, are frequently present near the sam-
ple surfaces.

The macroscopic texture of the rough rolled
sample (see Fig. 2b) is rather weak. The maximum
intensity in this texture is about 3.5 multiples of
random density (mrd). This highest texture inten-
sity peak is measured at the rotated Cube
({001}(110)) orientation. From this highest intensity
peak, the ODF spreads toward the Cube
({001}(100)) orientation, and not to the E-
({111}(110)) orientation as usually observed in
ODF's of conventionally rolled samples. The inten-
sity of the Cube texture component is 2.7 mrd while
texture intensity near the E-component is below the
random level. The Goss ({110}(001)) orientation is
also observed in the same ODF with an intensity of
1.2 mrd. This texture component corresponds to the
(011)//ND fiber observed near the sample surfaces

as indicated previously (see Fig. 2a). In general, the
spread of the ODF from the {001}(110) to the
{001}(100) components, although it is not as homo-
geneous as for an ideal 0-fiber, looks very promising
for texture control in NO electrical steels. It sug-
gests the possibility to produce NO electrical steels
with Cube fiber texture just by conventional rolling
and annealing. For the current sample, the high
thickness of 10 mm makes it unsuitable to be
employed as iron core lamellar sheet because the
energy core loss due to eddy currents will be far too
high as it is proportional to the square of the
thickness (d?). Therefore, to reduce the gauge
further processing is required.

Microstructure and Texture
in Conventionally Warm-Rolled Samples

The microstructure and crystallographic texture
in a sample after conventional warm rolling are
shown in Fig. 3. The ND-IPF map (c.f. Fig. 3a)
shows a microstructure of flat elongated grains
which exhibit smooth variations of crystallographic



orientation. The grain morphology and crystallo-
graphic orientations of (011)/RD and (111)//ND in
the mid-thickness region are consistent with defor-
mation microstructures and textures of convention-
ally warm-rolled samples. The occurrence in the
sub-surface layers of (011)//ND-oriented grains with
a long axis inclined with respect to the rolling
direction suggests a different deformation condition
for grains in these layers. Because of the high
friction between working rolls and sample surface
during warm rolling, the strain mode of the crystal
orientations near the sample surface is affected by
the presence of simple RD-ND shear strain (SS) as
opposed to plane strain compression (PSC) in the
mid-thickness region. SS results in the orientation
preference of the Goss ({110}(001)) and Copper
({112}(111)) orientations. It depends on the magni-
tude of the shear compared to the compressive
strain, whether shear texture components (i.e., the
Goss and Copper orientations) appear as the dom-
inant components of the macroscopic texture of
conventionally warm-rolled sheet. Specifically, in
the ODF of Fig. 3b, the texture intensity of the Goss
orientation is below the random level and the
Copper orientation is completely absent from the
ODF. Contrarily, high texture intensity peaks of
this ODF are located along the «- ((110)//RD) fiber,
with the two highest peaks of 3.6 and 3.0 mrd near
the rotated Cube ({001}(110)) and the I-({112}(110))
orientations.

The ODF, in general, exhibits orthorhombic sam-
ple symmetry, although this symmetry was not
imposed during the texture calculation. The pres-
ence of the orthorhombic sample symmetry in the
ODF reveals a deformation configuration of PSC for
conventional rolling. Compared to those of the o-
fiber texture components, intensities of the y-((111)/
ND) fiber texture components are relatively weak.
All components of the latter fiber have intensities
< 2.0 mrd. The spread of the ODF along the y-fiber
toward the Goss orientation results in a local high
intensity peak of 2.0 mrd near the D*-({11 11 8}(4 4
11)) orientation.

Microstructure and Texture
in Asymmetrically Warm-Rolled Samples

To change the microstructure and texture of the
rolled samples, warm asymmetric rolling was car-
ried out. Figure 4a shows the through-thickness
microstructure of such an asymmetrically warm-
rolled sample with the top surface contacting to the
larger diameter roll. Compared to the convention-
ally warm-rolled sample, (c.f. Fig. 3a), the
microstructure of the asymmetrically rolled one is
more homogeneous. Grains with elongated and
inclined shapes are observed in all regions across
the sample thickness. Grain orientations are
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homogeneously scattered across the sample thick-
ness, and there is no sharp distinction between the
mid-thickness and sub-surface regions as in the case
of conventional rolling. All these microstructural
features suggest the presence of a homogeneous
strain across the sample thickness during asym-
metric rolling. Moreover, this through-thickness
microstructure is like the one near the surfaces of
conventionally rolled samples. Therefore, an exten-
sion of shear strain across the sample thickness
could explain the microstructure evolution in the
asymmetrically rolled samples.

The macroscopic texture of the asymmetrically
rolled sheet, as can be seen on the ¢, = 45° ODF
section (c.f. Fig. 4b), is remarkably different from
that of the conventionally rolled sheet. Generally,
the ODF of conventionally rolled sheet exhibits
three two-fold sample symmetry axes corresponding
to the RD, TD and ND. In the ¢ = 45° ODF section
(e.g., Fig. 3b), this two-fold symmetry of the RD is
revealed by a mirror line along the ¢; = 180° axis,
while the two-fold character of the TD is manifested
by two symmetry lines along ¢;=90° and
@1 = 270°. For asymmetric rolling, only the TD
retains a two-fold axis; thus, in the po = 45° section
of the ODF, only the mirror lines at ¢; = 90° and
@1 = 270° remain, cf. Fig. 4b). Therefore, the ODF of
asymmetrically rolled samples should be analyzed
in the regions between the TD mirror symmetry
axes at ¢, = 90° and ¢, = 270°.

Along the TD mirror symmetry axes, the ODF of
asymmetric rolling has three high-intensity peaks
near the (334)[223], (116)[331] and (441)[118] tex-
ture components. Among these peaks, the one near
the (441)[118] orientation has the highest texture
intensity of 3.6 mrd. The texture intensities near
the (116)[331] and (334)[223] orientations are 3.4
and 2.6 mrd, respectively. The texture components
of the a- and y-fiber are not observed in this ODF.
Instead, the intensity spread from the (441)[118]
component towards the RD//(110) at ¢; = 180° and
@1 = 360° forms a fiber texture, which can be
interpreted as a shift towards higher ®-angles of
the well-known 7-fiber texture of conventional roll-
ing. A shift of other high intensity peaks in the
asymmetric rolling texture from the corresponding
positions in the conventional rolling texture is also
observed. The (116)[331] component in the asym-
metric rolling texture is rotated 13.3° away from the
rotated Cube orientation, while the (441)[118] com-
ponent is 19.5° away from the (11118)[4411] orien-
tation of the conventional rolling texture. Both
shifts are along the ¢; = 270° axis toward higher
®-angles. Alternatively, the rotation of the
(334)[223] orientation from the (11118)[4411] ori-
entation of the conventional rolling texture is 17.2°
along the ¢; = 90° axis toward lower ®-angles.
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Fig. 4. (a) ND-IPF map and (b) ¢, = 45° ODF section measured across the 2.0 mm thickness of an asymmetrically warm-rolled sample.

Microstructure and Texture
in Conventionally Rolled and Annealed
Samples

To investigate the effect of different deformation
conditions on the formation of the recrystallization
microstructure and texture, samples after warm
rolling were annealed at 900°C for 120 min in a
protective atmosphere for full recrystallization. The
microstructure of a sample after conventional warm
rolling and annealing (see Fig. 5a) exhibits grains of
polygonal shape. Most of the grains have an
equiaxed morphology, although some grains in the
mid-thickness region are slightly elongated along
the RD. The average grain size diameter (c.f.
Fig. 5b) measured across the sample thickness is
130 um (SD = 53 um). Grains in the mid-thickness
region are larger than those near the sample
surfaces. All grains in this microstructure have
sharply defined orientations with internal orienta-
tion gradients < 5°. Also, the variation of grain

orientations across the sample thickness is rather
limited. Orientations of the (110)//ND fiber are more
frequently observed in the sub-surfaces than in the
mid-thickness region.

The macroscopic texture of conventionally rolled
and annealed samples is given in Fig. 5¢. Compared
to the deformation texture after warm rolling, this
annealing texture has significantly weakened. The
highest texture intensity peak in this ODF is
located near the rotated Cube component with an
intensity of 2.8 mrd. This cross-thickness texture
(c.f. Fig. 5¢) is dominated by the o-fiber and the D*-
({11 11 8}(4 4 11)) texture components. Wide
spreads of the ODF from this highest intensity peak
along the a-fiber and toward the Cube ({001}(100))
texture components are also visible. Intensities of
all texture components in the ODF region from the
Cube toward the rotated Cube and the 7-({112}(110))
orientations are > 1.5 mrd. In this recrystallization
texture, the D*-({11 11 8}(4 4 11)) component
appears as a local intensity maximum of 1.7 mrd.
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Fig. 5. (a) ND-IPF map, (b) grain size histogram and (c) ¢» = 45° ODF section measured across the thickness of a conventionally warm-rolled
samples after annealing at 900°C for 120 min in a protective atmosphere.

Microstructure and Texture
in Asymmetrically Rolled and Annealed
Samples

Figure 6 shows microstructure and crystallo-
graphic texture of a sample after asymmetric warm
rolling and annealing. The microstructure (c.f.
Fig. 6a) is similar to the one after conventional
rolling and annealing (c.f. Fig. 5a). Polygonal and
equiaxed grains dominate the microstructure and
are homogeneously distributed across the sample
thickness. The average grain size diameter (c.f.
Fig. 6b) is 110 ym (SD = 41 ym), which is slightly
smaller than the one observed after conventional
rolling and annealing. All grains in the microstruc-
ture exhibit a unique crystallographic orientation
without internal orientation spread, and there are
no visible orientation gradients across the sample
thickness.

The macroscopic cross-thickness averaged texture
of an asymmetrically warm-rolled sample after the
recrystallization annealing is shown in Fig. 6c.
Because of the peculiar nature of this texture, its
quantitative analysis is not convenient since none of
the high-intensity peaks correspond to familiar
rolling texture components. Miller indices of these
orientations are mostly shown by multi-digit num-
bers and do not reflect the real crystallographic
plane and direction of the material. Therefore, this

recrystallization texture will be analyzed with ori-
entation coordinates represented by Euler angle
triplets (@1, @, @3) instead of the Miller indices.
The first remarkable feature of the ¢o =45°
section of Fig. 6¢ is the statistical sample symmetry
of this recrystallization texture. The mirror symme-
try lines along the ¢; = 90° and ¢; = 270° axes are
visible in the ODF section, which indicates that the
monoclinic sample symmetry with TD as two-fold
axis, induced by asymmetrical rolling, is preserved.
The second feature which can be observed in this
recrystallization texture is the presence of sparse
and weak local maxima. The highest intensity peak
in this ODF is 2.9 mrd, which is observed near the
orientation with Euler triplet (270°, 18°, 45°). The
location of this maximum is very near to one of the
strongest texture components in the deformation
texture of the asymmetrically warm-rolled sample,
namely the (116)[331] orientation, cf. Fig. 4b. The
angular deviation between the deformation and
recrystallization components is about 5° around
the TD axis. Another component of the recrystal-
lization texture, which is in the vicinity of a local
maximum of the deformation texture, is the orien-
tation with Euler angles (90°, 49°, 45°). This orien-
tation is about 2° away from the (334)[223]
orientation of the deformation texture. Conversely,
the (441)[118] orientation, which has the highest
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Fig. 6. (a) ND-IPF map, (b) grain size histogram and (c) ¢» = 45° ODF section measured across the thickness of an asymmetrically warm-rolled

sample after annealing at 900°C for 120 min in a protective atmosphere.

intensity in the asymmetric rolling texture, does not
appear in the recrystallization texture. The second
highest intensity peak in the recrystallization tex-
ture is located on the position with Euler triplet
(213°, 35°, 45°) with an intensity of 2.4 mrd, which
does not bear any relation with a maximum of the
deformation texture. The most remarkable feature
in the texture of asymmetrically rolled and
annealed sample is the fiber-type spread of inten-
sity. The continuous scatter of the ODF intensity
from the (270°, 18°, 45°) orientation toward the two
symmetric variants of the (213°, 35°, 45°) compo-
nents and gradually decreasing toward the Goss
(270°, 90°, 45°) orientation forms an O-ring type
fiber, which is rather atypical for rolling and
recrystallization textures.

DISCUSSION

Deformation Mode of the Material During
Warm Rolling

To understand the evolution of the crystallo-
graphic texture after plastic deformation, it is
necessary to know the displacement field applied
to the material during the deformation. For con-
ventional rolling, it is well known that plane strain
compression is an appropriate approximation of the
macroscopic deformation condition. According to
Dieter and Bacon,'® reduction of the thickness when
a sample runs through the rolling gap results in a

compressive strain along the ND and a correspond-
ing extension in the RD. Widening along the TD
during conventional rolling is commonly neglected,
when the width of samples is significantly larger
than the thickness. The compressive strain (es3)
along the ND and tensile strain (¢11) along the RD
during conventional rolling are determined by the
ratio of the initial (h;) and the final (A¢) thickness of
the sample:

h;
e11 = —e33 =In <h_f> (1)

In this first approximation, the strain tensor
calculation for conventional rolling is rather simple
because it is nothing more than a purely geometric
model of the rolling gap. Neither real time nor the
complex deformation path of the material between
entering and exiting of the rolling gap is consider.
Also the appearance of a texture gradient across the
thickness could not be accounted for by the homo-
geneous PSC approach. The effect of friction
between working rolls and sample surface and the
impact of rolling velocity are equally ignored by the
simplified approach of Eq. 1.

In fact, the presence of Goss-oriented grains near
the top and bottom surfaces of conventionally rolled
samples indicates the existence of RD-ND shear
strains (g13) in the sub-surface regions. It can be
asserted, though, that the magnitude of these shear



strains should be rather small since the Goss
component is observed in the microstructure but
the intensity of this component in the thickness
averaged ODF is below the random level.

Alternatively, the homogeneous distribution of
differently oriented grains across the thickness and
particularly the absence of the RD as a two-fold axis
in the texture of the asymmetrically rolled sample
suggest the major role of RD-ND shears during
asymmetric rolling. To purposely introduce RD-ND
shear strains, Lee'® has proposed various configu-
rations of asymmetric rolling. All implementations
of asymmetric rolling, despite their configurational
differences, are intended to produce samples
deformed by a high amount of shear strain dis-
tributed homogeneously across the sample thick-
ness. The two factors that have the most impact on
RD-ND shear strains are friction on the sample
surfaces and the rolling speeds of working rolls
regarding the forward speed of the sheet. Apart
from these two factors, the penetration depth of the
shear strain and thus the homogeneity of crystallo-
graphic texture across the sample thickness are also
dependent on the hardening evolution in the mate-
rial. In the current study, since the rolling exper-
iments have been carried out at elevated
temperature (900°C), it is believed that the strain
hardening is sufficiently low and thus a through-
thickness penetration of the RD-ND shear strain
will not be suppressed.

The friction between rolls and material during
warm or hot rolling, in general, is much higher than
during cold rolling, which conventionally occurs
under well-lubricated conditions. The friction and
hardening evolution of the material in the present
experiment are similar for both conventional and
asymmetric rolling. The last and therefore the most
crucial factor resulting in microstructure and tex-
ture differences between conventional and asym-
metric rolling is the rolling speed. In the case of
conventional rolling, the rotational velocity of work-
ing rolls is identical. Therefore, the occurrence of
the RD-ND shear in conventionally rolled samples
is merely due to small differences of rolling velocity
between material layers parallel to the rolling
plane. Additionally, when the flatness of conven-
tional rolling is maintained, the RD-ND shear will
be balanced in the mid-thickness region of the
samples.

In the case of asymmetric rolling, although the
rotational velocity of working rolls is identical, the
difference in roll diameters leads to a higher rolling
velocity for the larger roll and vice versa. By
assuming the sliding between rolls and sample is
negligible, Kang et al.!” have estimated the RD-ND
shear strain (¢13) of asymmetric rolling from roll
diameters (R and Ry), the initial (k;) and final (h¢)
thickness of the sample as follows:

o 1 2R1 — h;i + hs 2Ry — hi + hy
£13 = Wi {Rlacos( 2R, ) Rzacos< R, )} (2)
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Therefore, a sample, when proceeding through
the rolling gap of the asymmetric rolling mill, will
be subjected to both compressive strain because of
the imposed thickness reduction and shear strain
because of the difference of rolling velocities
between the top and bottom rolls. By applying
Eqgs. 1 and 2, the nominal strain tensor components
of asymmetric rolling can be estimated. In the
present work, the texture evolution during asym-
metric as well as conventional rolling will be
calculated by the FCT and the ALAMEL models
using the strain tensor values given by Eqgs. 1 and 2.

Deformation Textures Predicted by Crystal
Plasticity Models

According to Eq. 1, the compressive strains that
were imposed in the current experiment during the
three consecutive rolling passes of both conven-
tional and asymmetric rolling are 0.36, 0.56 and
0.69, respectively. In addition to these compressive
strains, the amounts of RD-ND shear strains
imposed during the three asymmetric rolling passes
are 0.16, 0.25 and 0.37, respectively. These values of
the strain tensor components and particularly the
ratio between shear and compressive strain compo-
nents (¢13/¢33) for asymmetric rolling increase mono-
tonically with the number of rolling passes.
Previous study by Sidor et al.'® suggests that the
deformation condition during the last rolling pass is
more important to the formation of crystallographic
texture than during the previous passes. Therefore,
in this study, it is assumed that after the first and
second passes the material may have (partially)
recrystallized and result in a very weak recrystal-
lization texture. This near random texture is con-
sidered the starting texture prior to the third pass.

Deformation textures predicted by the FCT and
the ALAMEL models, as can be observed in Fig. 7,
exhibit different features between conventional and
asymmetric rolling. Specifically, for the simulated
textures of conventional rolling (c.f. Fig. 7a and b),
orientation preferences to the «- and the y-fiber
texture components are predicted by both the FCT
and the ALAMEL models. Unsurprisingly, the
I({112}(110)) and D*-({11 11 8}(4 4 11)) orientations
are present in these simulated ODFs with the
highest intensity peaks. The rotated Cube texture
component, although visible in the experimental
ODFs, only appears as a local maximum in the FCT
modelled texture. Simulated textures of asymmetric
rolling as predicted by the two models (c.f. Fig. 7c
and d) exhibit one of the highest intensity peaks
near the (334)[223] texture component. Compo-
nents of the o- and the y-fiber textures are not
present in these simulated ODFs. However, the
spreads of the ODF from the (441)[118] orientation
toward the RD at ¢; = 180° and ¢, = 360° axes, as
observed in the measured texture of Fig. 4b, also
appear in the simulated ones. Therefore, differences
between textures of conventional and asymmetric
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rolling could be accounted for by the presence or
absence of RD-ND shear in the strain tensor applied
to the material during rolling.

Simulated textures by the FCT and ALAMEL
model for conventional and asymmetric rolling, in
general, resemble the measured ones (c.f. Figs. 3b
and 4b). To measure the fit between simulated and
measured textures and to evaluate the predictive
quality of crystal plasticity models, the texture
indices of the difference ODF (TIjopr) for each pair
of one simulated (f,(g)) and the corresponding
measured texture (f,.,(g)) could be calculated.
Mathematically, the normalized texture index of
the difference ODF is defined by Van Houtte et al.'?
as follows:

f(fmea(g) _fsim(g))2dg
§ (Fmea(8))*dg

Generally, values of the TI4opr are in the range of
0 to + oo, and the smaller value of the TIjopr, the
better the similarity between the two compared
ODFs is. According to Eq. 3, the differences between
the measured texture of conventional rolling and
corresponding simulated textures by the FCT and
the ALAMEL models are 1.12 and 0.81, respec-
tively. In the case of asymmetric rolling, the differ-
ences between measured and simulated textures by
the two models are 1.52 and 0.74, respectively.
Hence, the texture prediction quality of the ALA-
MEL model is suggested to be better than that of the
FCT model for both conventional and asymmetric
rolling. Because the initial simulation condition for
both models is identical, differences between simu-
lated textures can be exclusively assigned to the
differences between the crystal plasticity models.

In the FCT model, it is well known that the
crystals of the polycrystalline aggregate are indi-
vidually and uniformly subjected to the straining

(3)

Tlyopr =

condition as experienced by the macroscopic sam-
ple.’ This full constraint condition is appropriate
for single-crystal plasticity and in cases whereby
interactions between neighboring grains during
plasticity could be negligible, e.g., because of geo-
metrical identical shapes of the grains. Under such
deformation conditions, the crystal orientations are
not restricted by geometric grain boundaries. How-
ever, in most of the polycrystalline materials, grains
are limited in their displacement by the boundaries
with their neighbors, and neighboring grain inter-
actions across the grain boundaries are important
microstructural features. Therefore, the ALAMEL
model considers the plastic accommodation of pairs
of grains and allows stress relaxation by equal but
opposite shears at either side of the common
boundary segment. By considering grain boundaries
during crystal plasticity, the ALAMEL model, pro-
posed by Van Houtte et al.,'> maintains the stress
equilibrium on the shear relaxation plane and the
strain compatibility between crystals at the bound-
ary plane. Plastic energy in this model is distributed
proportionally between the two grains, and a part
of this energy is absorbed by grain boundaries via
stress relaxation on the grain boundary plane. All
these considerations produce slower and more
realistic crystal rotations during deformation than
the ones predicted by the FCT model. The effect,
indeed, can be observed from the simulated tex-
tures in Fig. 7. Not only the shapes of the ODF's
but also the texture intensities predicted by the
ALAMEL model are nearer to the measured ones,
whereby it can be observed that the maxima of
the ALAMEL modeled texture are of lower inten-
sity than the maxima of the FCT modeled coun-
terpart. The ALAMEL model provides the better
prediction of deformation textures for both con-
ventional and asymmetric rolling compared to the
FCT model.



Formation of Recrystallization Textures

To account for the evolution of crystallographic
textures in warm-rolled and annealed samples, it is
necessary to understand the recrystallization mech-
anisms and to differentiate them from other ther-
mally activated processes.?’ Primary
recrystallization involves the formation of a new
grain structure in a deformed material by the
formation and migration of high-angle grain bound-
aries driven by the stored energy of deformation.?!
Migration of low-angle grain boundaries, though
contributing to nucleation of primary recrystalliza-
tion, rarely produces detectable changes of crystal-
lographic texture and therefore will not be further
discussed. The recrystallization texture, accord-
ingly, is a function of high-angle grain boundary
migration and distribution of deformation stored
energy in crystals. The evolution of the recrystal-
lization texture, consequently, will be discussed in
terms of these two aspects especially in terms of
their orientation dependence.

Recrystallization textures of both conventional
and asymmetric rolling in this study are analyzed in
terms of the corresponding deformation textures
because recrystallization and corres;oonding defor-
mation textures are closely related.”” During roll-
ing, crystal grains are rotated toward preferred
orientations under the prescribed straining condi-
tion. Plasticity of crystal orientations during rolling
is accommodated by dislocation glide. Interaction
and accumulation of dislocations result in lattice
defect structures. The presence of dislocation struc-
tures produces elastic distortions of crystal lattices
and thus leaves a small fraction of strain energy in
the crystal grains after deformation. According to
Rollett et al.,?° this stored energy, though less than
10% of the total energy spent to plastically deform
the material, is the main driving energy for recrys-
tallization. Dislocation slip and thus the density of
dislocations after plastic strain are orientation
dependent.?®> The storage of energy in deformed
crystals, therefore, is affected by straining direc-
tions of the crystals. Accurate quantitative mea-
surement of dislocation densities of individual
deformed crystals, however, remains a challenging
task. Various efforts have been spent on measuring
the dependence of plastic stored energy on crystal-
lographic orientation of deform crystals.?” Results of
these studies, nevertheless, are merely available for
specific materials under well-known deformation
modes, for instance, of the IF steel after conven-
tional cold rolling.?* Moreover, simulations on dis-
location structures of deformed crystals are limited
to some specific cases because of the highly compu-
tational cost of the current dislocation dynamic
models. Effects of the stored energy in deformed
crystals on the formation of recrystallization tex-
ture, therefore, have not yet been fully evaluated.
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Crystal plasticity models, for instance the FCT
model, do not calculate the plastically stored energy
but evaluate the instantaneous plastic energy dis-
sipation in a crystal by dislocation slip. The dissi-
pated plastic energy to activate slip could be
represented by the Taylor factor (M). Mathemati-
cally, this factor is measured by the ratio of the rate
of plastic power dissipated by the activity of all slip
systems to the plastic work rate in a unit volume of
crystal.?’ Assuming a unit strain rate is applied to
the polycrystalline aggregate, the Taylor factor
map, for a prescribed deformation condition, could
be obtained by the FCT model results.

Figure 8 shows the Taylor factor maps in the
@9 = 45° Euler section of Euler space for conven-
tional and asymmetric rolling under consideration
in this study. These Taylor factor maps exhibit
surprisingly matching features with the correspond-
ing ODF sections of the recrystallization texture.
Both for conventional and asymmetric rolling, high
texture intensity peaks of the recrystallization
ODFs coincide with the locations of low Taylor
factor regions. For conventional rolling, the corre-
spondence of the Taylor factor map (see Fig. 8a) to
the initial texture rough rolled texture (c.f. Fig. 2b)
is even better than to the annealing texture after
warm conventional rolling (c.f. Fig. 5c). It must be
noticed, though, that the initial texture before
conventional rolling is also a recrystallization tex-
ture issued after the preceding rough rolling pro-
cess. The differences between the recrystallization
textures after rough rolling and finish rolling (c.f.
Figs. 2b and 5¢) may be due to a variety of reasons,
for example, a drastically different initial texture
prior to the rolling operation or a difference in
rolling reduction of the last pass. Nevertheless, this
is clear evidence of the fact that the formation of
recrystallization textures in both conventional and
asymmetric warm rolling is to enhance the recrys-
tallization of low Taylor factor orientation.

The recrystallization textures in this study (c.f.
Figs. 2b, 5¢ and 6¢) are mostly composed of dis-
persed and weak intensity peaks. The dominant
texture components of recrystallization textures are
just revealed in measured ODFs of large area
samples. All recrystallization textures are mea-
sured on areas of square centimeter scale, but the
maximum texture intensities in these ODF's are not
higher than 3.6 mrd (with a Gaussian spread of 7°
on each individual orientation). The average grain
size diameters in the annealed microstructures are
of the order of 100130 yum. The formation of large-
sized grains requires long distance migrations of
grain boundaries whereby small and fragmented
grains of the deformed matrix are consumed by
large and defect-free crystals in the recrystallization
microstructure.?® Because grain boundary migra-
tion is a thermally activated process, as indicated by
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Gottstein and Shvindlerman,?® there are higher
annealing temperature and the larger grain bound-
ary mobility and thus larger grain size after
annealing. Moreover, grain boundaries inherit
structural characteristics from their composing
crystals and exhibit anisotropy on their migration
rates. Therefore, the crystallographic orientations of
growing grains will appear as main components of
the recrystallization texture. However, for the for-
mation of primary recrystallization texture, the
anisotropy of grain boundary mobility is usually a
minor factor compared to differences in plastically
stored energy among deformed crystals. Hence, the
evolution of the primary recrystallization texture is
crucially influenced by the stored energy distribu-
tion rather than by the mobility anisotropy of grain
boundaries.

To illustrate the relationship between the plasti-
cally stored energy and the formation of recrystal-
lization texture components, texture calculations
based on orientation selection by Taylor factor value
can be done, as reported by Kestens and Jonas®’ and
Sidor et al.?® Recrystallization texture prediction by
these models, however, requires detailed parameter
selection as well as necessary calibration steps. For
illustration purposes in this work, a simple calcu-
lation procedure is introduced. Rolling textures, as
shown in Figs. 3b and 4b, are discretized in 10,000
individual orientations, distributed homogeneously
in Euler space. The discrete orientations have been
used as input data for recrystallization texture

calculations. The rough rolling texture before
recrystallization, as it was not measured, was
assumed to be the same as the conventional warm
rolling texture (Fig. 3b) but with just half the
intensity as the rough rolling reduction was only
20% compared to the 80% of conventional warm
rolling reduction. Crystallographic orientations of
the three rolling conditions are selected or rejected
for recrystallization depending on the Taylor factor
values under the corresponding deformation condi-
tions. All crystal orientations in the rough rolling
and asymmetric rolling samples with a Taylor factor
among the 20% lowest values are selected and
considered recrystallized grains. To account for the
recrystallization texture in conventionally warm-
rolled samples, it is necessary to include orienta-
tions of the 50% lowest Taylor factor as components
of the recrystallization texture. These different
critical Taylor factors to select/reject oriented crys-
tals are accounted for by various initial textures and
non-uniform recrystallization rates among samples.
The selection of low Taylor factor orientations for
the recrystallization texture, indeed, implies the
preference of low stored energy nucleation.
Although it is beyond the scope of this study to
discuss the low and the high stored energy nucle-
ation, it is necessary to emphasize the dependence
of the two opposed nucleation mechanisms on the
deformation temperature. After plastic deformation
at elevated temperatures, the low stored energy
recrystallization nucleation frequently occurs and
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vis-versa.?? Because of the high mobility of disloca-
tions during plastic deformation at elevated tem-
peratures, plastic work and presumably stored
energy within oriented grains are homogeneously
distributed. In-grain heterogeneities in warm-de-
formed samples occur less frequently than in cold-
deformed samples. Abnormal growth of sub-grains
within high stored energy crystals, for instance, of
the (111)//ND oriented grains, has less chance to
develop in warm-rolled and annealed samples.
Alternatively, strain-induced boundary migration
of sub-grains at boundary regions of the low stored
energy crystals (e.g., the (001)//RD grains) becomes
energetically advantageous.”” As a result, the
recrystallization textures of warm-deformed sample
are composed of low Taylor factor orientations.
Figure 9 shows the three ¢ = 45° ODF sections
as predicted recrystallization textures for rough
rolling, warm conventional and asymmetric rolling,
based on a simple Taylor factor criterion. For all
warm-rolling experiments, only orientations from
the discretized deformation texture were selected
that do not exceed a critical threshold of Py 5 for the
rough-rolled and asymmetrically rolled material
and Pg 59 for the conventionally warm-rolled mate-
rial. The main features of the recrystallization
textures are indeed reproduced in the calculated
ODFs. The Taylor factor of crystal plasticity theory,
although simple and dimensionless, is an

appropriate parameter to estimate orientation
dependence of stored energy in deformed crystals
and therefore can be employed to quantitatively
estimate the evolution of recrystallization textures.

Although it was attempted by asymmetric warm
rolling to obtain an improved magnetic quality of
the recrystallization texture, i.e., a texture with a
higher intensity of the (100)/ND fiber (the 0-fiber),
this goal was not achieved. Because of the detri-
mental combination of PSC and SS strain modes,
the distribution of stored energy in Euler space
turns out to be off the (100) fiber (cf. Fig. 8b). The
textures observed after conventional symmetrical
rolling, either after rough rolling (cf. Fig. 2b) or
after finish rolling warm rolling (cf. Fig. 5b), are
more suitable for magnetic purposes than the
textures obtained by asymmetrical finish rolling.
The fact that the rough-rolled texture is even of
somewhat better quality than the conventionally
warm-rolled texture has to do with the fact that the
presumed deformation texture of the rough-rolled
slab, before final recrystallization, is far weaker
than the rolling texture after conventional warm
rolling (Fig. 3b). In this case the nucleation mech-
anism in the rough rolled material nearly sampled
from a quasi-random texture, which explains why
the annealing texture of Fig. 2b very much resem-
bles the lower domains of the Taylor factor map of
Fig. 8a.
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CONCLUSION

In this study, the evolutions of microstructure
and crystallographic texture in an Fe-1.2 wt.% Si
alloy after warm rolling and annealing are investi-
gated. By applying asymmetric rolling, as opposed
to conventional symmetric rolling, an atypical tex-
ture evolution has been observed.

Evolutions of deformation and recrystallization
textures, in general, are dependent on straining
condition of the material. For conventional rolling, a
small variation in rolling speeds results in the
presence of RD-ND shear strain just near the
sample surfaces. Goss oriented grains, therefore,
are observed in sub-surface layers of the conven-
tionally rolled sample, but texture intensity of this
component is still below the random level. In the
case of asymmetric rolling, due to the difference in
working roll diameters, the RD-ND shear strain is
present across the sample thickness resulting in a
non-conventional deformation texture, significantly
different from the o- and y-fiber texture of the
conventional rolling. The deformation textures in
conventional and asymmetric rolling can be reliably
predicted by crystal plasticity simulations with the
FCT and the ALAMEL models. The ALAMEL
model, thanks to the consideration of grain interac-
tion in crystal plasticity, produces better texture
predictions than the FCT model.

Recrystallization microstructures, when consid-
ered as emerging from the plastically deformed
state, are conditioned by the substructure and
crystallographic features ensuing after warm roll-
ing. Because of the difference in strain modes
between conventional and asymmetric rolling,
deformation textures and thus recrystallization
textures are significantly different. The recrystal-
lization texture is mainly controlled by the orienta-
tion dependence of the plastically stored energy of
the deformed crystals. For the warm-rolled samples
in this study, the development of the recrystalliza-
tion texture is characterized by the nucleation of
low stored energy orientations. The orientation
dependence of the plastically stored energy in
deformed crystals was estimated by the Taylor
factor as predicted by the full constraint Taylor
model It could clearly be observed that the domi-
nant components and even the fine structure fea-
tures of the recrystallization textures were
determined by the characteristics of the Taylor
factor distribution in Euler space, i.e., the low
Taylor factor domains coincide with the preferred
orientation domains of the recrystallization textures
after both conventional and asymmetric warm
rolling.
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