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Introduction
As mentioned in a recent paper [1], the ideal crystallographic texture for use in electrical níotors, {100 }<Ovw>, is
found in the section transverse to the columnar growth direction of ferritic steel solidification. The strip casting
process produces 2mm thick steel plates directly from the
melt [2,3] and, in favourable conditions, can generate the
ideal texture in the as-cast state [4]. As the 2mm thick plates
have to be cold rolled down to 0.5mm to be used in motors,
the control of the texture during cold rolling and annealing
operations is very important since the ideal texture present
in the as-cast sample is strongly altered by rolling.

Experimental
In order to simulate the strip-casting process, directional
solidification experiments were performed in a vacuum induction fumace. A 3.0 wt. % Si alloy was cast in a 57mm diameter heated ceramic mould (Tmould= l400°C) with a water-cooled copper chill in the bottom. Casting temperature
of l620°C produced an ingot with columnar grain length of
50mm and with a column diameter of lmm. For magnetic
measurements a ring of 1.53mm thickness was machined
from the ingot and submitted to heat treatment at 760°C for
3h, in a 88%N2 - 9%H2 - 3%H20 atmosphere to decarburize and eliminate residual stresses. Carbon concentration of

the ring decreased from 260 to 38 ppm. The chemical composition of the sample is given in table 1.
The value of the magnetic induction at 5000A/m, known
as BsQ, is an important quality parameter for electrical applications, and it is considered to be almost exclusively dependent on texture in annealed
3.0 specimens. The BSQ value of
an as-cast and heat treated sample was determined from
magnetization curve at 5mHz. Magnetic power loss is also
a quality index. One of its components, the hysteresis loss
was obtained from the hysteresis area in the quasi-static
condition. Density was measured to be 7660 kg/m3, and this
value was used to calculate hysteresis loss PH. Another sam1.71
pIe was used to follow the evolution of the texture during
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two-stage cold rolling. From the same ingot a 2.6mm thick
sample with (39.4x48.4)mm2 area was machined and submitted to heat treatment at 700°C for 2h in a 90%N2 1O%H2 atmosphere for stress relief. The sample was submitted to a two-stage cold rolling process to 0.5mm final
thickness. Electron backscattering diffraction (EBSD) was
performed using TSL software in a Philips XR 30 microscope. Texture was also investigated using a Shimadzu Xray diffraction and texture software.

Results
Magnetic characterization. The values of BsQ, dissipated energy WH and hysteresis loss at 60Hz, PH, for the ascast annealed ring are shown in table 2. 11 is important to
emphasize that hysteresis loss of 1.1 W!kg is the lowest
known value obtained in this kind of material. This result
was obtained due to the large grain size, favourable texture
(high BsQ)and low C, N, S, and O concentrations of as-cast
sample.
Optical microscopy. The microstructures of samples in
each step of the experimental procedure are sbpwn in figure
1, exhibiting sections that are parallel to the rolling surface,
containing the rolling and transverse direction (RD and
TD). Figure Ia shows the inhomogeneity of the deformed
microstructure, where two very large grains at the top show

Table 1. Chemical composition
%Si

01 as-cast annealed ring (wt.%).

%Al
34
0.2
9(ppm)
N
(ppm)
C16
S38
O
(ppm)

Table 2. B50, dissipated energy WH and hysteresis loss PH calculated at 1.5T, 60Hz.
Bso(T)

l.l

136
WH
(l/m3)
PH(W/kg)
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a large amount of in-grain shear bands (parallel to TD),
while a grain at the bottom shows very little signs of deformation. The inhomogeneity is probably related to different
initial orientations. Similar behaviour was observed by Hu
[5] in his study on silicon-iron single crystals rolled in the
(001)[110] and (001)[100] orientations. According to Hu, a
(001) crystal rolled along [100] is easy to recrystallize, due
to the presence of well-defined "deformation bands",
whereas a (001) crystal rolled along [110] completely softens without recrystallization. The intermediate annealed
sample figure lb is partially recrystallized and presents regions with different grain sizes. One can observe recrystal-

lized regions with grain sizes varying from 45/l-m to 150flm.
Comparing figuresla and lb, it seems reasonable to conclude that the grains with deformation bands, probably
close to (001)[100] initial orientation, give rise to the small
recrystallized grains after intermediate annealing. The micrograph related to the second cold-rolling was not included in figure 1 because there were no visible changes in microstructure. The final annealing (figure le) was not sufficient for complete recrystallization of the whole sample, but
it reached 90%. The grain size in the recrystallized areas is
almost uniform (about 90flm).
Texture measurements.
The samples in all different
steps of the two-stage cold rolling process were analysed by
X-ray diffraction using Co-Ka radiation. Since the annealed samples presented texture gradients in thickness direction, all texture measurements were performed at the
centre of the sample, half thickness from the surface. The
orientation distribution functions (ODF) were ca1culated
from three measured incomplete pole figures {li O}, {200}
anã"{ 211 } and represented in CP2 constants sections (CP2 = 0°,
5°, 10°, ... ,90°), of the Euler space [6]. In particular, to
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Figure 2.
Figure 1. Optical micrographs of the microstructure after first cold
rolling (a), intermediate annealing (b), and final annealing (c).
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analyse the CP2 = 45° seetion is sufficient, because this section contains at least one of the symmetrically equivalent
orientations of the occurring important texture components
[7]. The section CP2 = 45° of ODF for the first stage of coldrolling, shown in figure 2a, presented the maximum intensity of almost
50 times the random distribution
at position
(117)<110>, near rotated eube (001)<110>. After the intermediate annealing (figure 2b), the maximum intensity of
almosi 8 times of the random distribution was observed at
(114)<131>, CP2 = 45° section. In this case, the ODF maximum intensity of almost 13 times random was observed at
position (392)<1776>, CP2 = 20° section, or, equivalently, at
position (239)< 6177>, CP2 = 30° section. The deerease of in
tensity from 13 to 7 times larger than random was the main
effect observed after the second cold rolling (figure 2c). After final annealing (figure 2d), maximum intensity of 7
times random
distribution was observed at orientations
(001)<120> and (116)<110> (near rotated cube). These orientations are components of the cube fibre <001> Ii ND.
Therefore, the two-stage cold rolling method resulted in obtaining components of the ideal texture for magnetic properties. Central orientations of cubic fibre in the CP2 = 45°
seetion, around eube on face (001)< 010>, were weak, on
the average.
By means of EBSD analysis, it was possible to determine
that grain orientations in the as-cast sample were tilted
about 9°, on the average, relative to a perfect <100>//ND,
i.e., better than the 11° average obtained in recent paper [1].
Five different areas of (1.4x5.2) mm2 each were used to calculate the average tilt angle. The ODF, CP2 = 45° section, of

-

V
0.7

the intermediate anneal sample, figure 3, presented almost
the same texture obtained by X-ray diffracti~~ in which the
maximum intensity was observed at (114)<131 >. Five different areas of (0.34xO.99) mm2, ofthe final annealing sampie, analysed by EBSD, presented orientation components
of cubic fibre. Figure 4 corresponds to the average ODF
ealculated from total area of (1.7xO.99) mm2, that was not
sufficient to reproduce the ODF calculated from X-ray diffraction measurements (figure 2d). However, this result is
useful to show that central orientations of the cubie fibre,
like cube on face (001)<010>, are present after the final annealing.
It is worth mentioning that three other samples, of slightly different chemical eompositions, showed a similar texture evolution, when submitted to similar processing.

Conclusions
High intensities of (001)<120> and (116)<110> (nearrotated eube) components were repeatedly obtained after double stage rolling of direetionally solidified iron 3%silicon
steels. By EBSD it was possible to determine that the grain
orientations in the as-east sample are tilted about 9° from
ideal <100>//ND. Hysteresis loss of 1.1 W!kg at 1.5T,
60Hz, obtained for the as-cast ring, is the lowest known value obtained in this kind of material, indicating that ideal
texture decrease magnetic losses. Heterogeneous deformation structures observed after first cold rolling were attributed to the orientation difference between grains. First stage
as-deformed texture showed strong rotated eube component, as expected. Intermediate anneal systematically produced an uncommon component, (114)<131>. Onlyafter
second stage cold rolling and final annealing part of the ideal texture fibre was achieved ..
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