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Abstract

An FeSi single crystal with an initial {110}Æ001æ orientation, also referred to as Goss orientation, was cold rolled up to a thickness
reduction of 89%. Most of the crystal volume rotated into the two symmetrical {111}Æ112æ orientations. However, a weak Goss com-
ponent remained in the highly strained material, even though the Goss orientation is mechanically unstable under plane strain loading.
Two types of Goss-oriented regions were discernable in the material subjected to 89% reduction. It appeared that these two types of Goss
regions have different origins. Goss grains that were found aligned in shear bands form during straining. A second type of Goss region
was found between microbands where the initial Goss orientation was retained.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon steel is a soft magnetic material that is used in
electrical power transformers, motors and generators. It
has a high silicon content of about 3.2 mass%, which
increases the electrical resistivity of iron and, therefore,
reduces eddy current losses. Grain-oriented silicon steel
that is used for non-rotating applications, i.e. transformers,
is characterised by a strong preferred crystallographic ori-
entation. In iron the easiest directions of magnetisation
are the Æ0 01æ crystal directions. In grain-oriented silicon
steel the Goss orientation, i.e. the {110}Æ0 01æ orientation1,
is technologically realised to minimise magnetic losses in
electrical transformers.

The strong Goss texture of grain-oriented silicon steel is
the result of a complex processing scheme, i.e. of a long
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1 {hkl}: Crystallographic plane that is parallel to the sheet plane Æuvwæ:
crystallographic direction that is parallel to the rolling direction.
microstructural and textural inheritance chain. The origin
of the evolution of the final Goss orientation is in the hot
rolling stage, where the Goss orientation develops below
the sheet surface due to shear deformation [1–4]. The par-
ticular importance of this Goss-containing subsurface layer
was demonstrated by experiments in which the removal of
this layer resulted in incomplete secondary recrystallisation
[5,1,6]. In the cold rolled material, the fraction of the Goss
orientation, considering a misorientation of up to 15�, is
about 1% as measured using electron backscatter diffrac-
tion (EBSD) [7]. This means that the Goss component is
too weak to be detected by X-ray diffraction, as used in ear-
lier studies [e.g. 8,1,9]. In the subsequent primary annealing
step, the material recrystallises and the Goss component
slightly increases. In the final secondary high-temperature
annealing process, normal grain growth is inhibited by par-
ticles. However, some of the Goss grains that are present in
the recrystallised material grow abnormally. This gives rise
to a sharp Goss texture with an average misorientation
from the exact Goss orientation of about 3–7�. The exact
mechanisms of inheritance of the Goss orientation through
rights reserved.
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the process chain and details of abnormal Goss grain
growth in the secondary annealing stage are still unclear
[10].

The investigation of the microstructural evolution of the
Goss orientation from the hot rolling stage to the final sec-
ondary recrystallisation in the industrially processed mate-
rial is difficult, since Goss grains are very rare both in the
cold rolled and the primary recrystallised state. However,
in an early study Dunn [11] observed that, after deforma-
tion and primary recrystallisation of an initially Goss-ori-
ented single crystal, the volume fraction of Goss grains is
higher than in the industrially processed polycrystalline
material. Moreover, Mishra et al. [1] pointed out that the
large Goss grains that are present in the subsurface layer
of hot rolled silicon steel (Fig. 1) and which are essential
for the development of the final Goss texture, qualitatively
behave like Goss-oriented single crystals. Therefore, in this
study a Goss-oriented single crystal was used as the starting
material for the cold rolling and annealing experiments
(Fig. 1). Such model experiments allow a detailed investiga-
tion of Goss grains in the deformed state and therefore
might lead to an improved understanding of the incipient
state of primary recrystallisation. Furthermore, Goss
grains in the primary recrystallised state, which provide
the nuclei for secondary recrystallisation, specifically for
abnormal Goss grain growth, can be characterised in
detail. One particular question in this context is whether
these grains have particular properties that allow them to
grow abnormally.

This publication exclusively focuses on the evolution of
the microstructure and microtexture of the initially Goss-
oriented FeSi single crystal during cold rolling. The results
of the investigations on the primary recrystallised material
will be presented in a forthcoming study. A detailed inves-
tigation of the microstructure evolution during cold rolling,
with the aid of high-resolution EBSD, revealed that two
types of Goss-oriented regions were present in the
deformed material. These two types were related to either
shear bands or microbands. These new findings particu-
larly raised the following questions: (1) How is some frac-
tion of the starting single crystal Goss orientation retained
Fig. 1. Goss grain in an industrial FeSi hot strip (left) a
during cold rolling, even though it is mechanically unstable
in body-centred cubic (bcc) metals upon plane strain defor-
mation [12,13]? Or does it disappear and reform during
rolling deformation? (2) What are the roles of shear bands
and microbands during rolling deformation, in particular
for the stabilisation of the Goss orientation?

2. Experimental procedure

The starting material for this study was an industrially
hot rolled silicon steel strip with 3.24 mass% Si and MnS
as an inhibitor, which is employed for the production of
conventional grain-oriented (CGO) electrical steel. This
material was used to grow a single crystal with {11 0}
Æ00 1æ orientation using the Bridgeman method. First, the
sample was connected to a Goss-oriented seed crystal.
Then the sample and a part of the seed crystal were melted
and subsequently solidified starting from the seed crystal.
This resulted in a single crystal sample with the orientation
of the seed crystal (Fig. 2). The as-grown single crystal was
almost perfect, containing only a very small number of
low-angle grain boundaries with misorientations of about
1�. The single crystal was machined to a thickness of
2.20 mm, which is about the thickness of a industrial hot
rolled strip, a width of 21 mm and a length of about
55 mm. This strip was cold rolled without lubrication in
a laboratory rolling mill with a roll diameter of 105 mm,
a rolling velocity of 10 m/min and a load of 120 kN. In
14 passes the sample was rolled to a thickness of
0.25 mm corresponding to a total engineering thickness
reduction of e = 89% (true logarithmic strain of u = 2.2).

The texture and microstructure of the deformed samples
were investigated using electron diffraction techniques both
in a scanning electron microscope (SEM) and in a trans-
mission electron microscope (TEM). EBSD measurements
were carried out using a field emission gun SEM (JEOL
JSM 6500F). The software OIM (EDAX/TSL) was used
to index the Kikuchi diagrams and for the evaluation of
the orientation data. Microtexture measurements were also
done by TEM and the Kikuchi patterns were indexed using
the software Toca [14].
nd the idea of the single crystal experiments (right).



Fig. 2. Orientation of single crystal before cold rolling. Pole figures
obtained from EBSD measurements.
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3. Results

3.1. Texture and microstructure evolution during cold rolling

Both X-ray and EBSD data showed that in the course of
cold rolling most of the initially Goss-oriented single crys-
tal rotated in two opposing directions to the two symmet-
rically equivalent {111}Æ11 2æ orientations. This rotation
amounted to 35� around the Æ110æ crystal direction, which
is parallel to the transverse sheet direction (TD). In con-
Fig. 3. Texture of the 89% deformed, initially Goss-oriented material. Orient
(Bunge notation) (a) and a u1 = 0� section (b) through the Euler space. The t
equivalent {111}Æ112æ components (a). In addition, a weak Goss component
intensity scale is logarithmic.
trast to earlier studies using X-ray diffraction (e.g. [11]),
not only the two strong {111}Æ112æ texture components
were observed (Fig. 3a), but the EBSD data revealed that
even after highest deformation of 89% a weak Goss compo-
nent was present (Fig. 3b).

The evolution of the microstructure and microtexture
during cold rolling was studied by EBSD. At low thickness
reductions, the spatial distribution of the Goss and the
{111}Æ1 12æ texture components was quite inhomogeneous
throughout the deformed sheet (Fig. 4). However, in the
89% deformed material the texture in the sheet center
and in the region close to the sheet surface were very sim-
ilar. This indicated that there was no pronounced effect of
shear stress due to friction at the sheet surface.

Characteristic microstructural features were microbands
and at higher strain microscopic shear bands, which are
described in more detail below. Furthermore, mechanical
twinning (first order twins) occurred. The twinning planes
of the {100}Æ011æ-oriented twins were parallel to the
transverse direction and inclined by about 10� to the rolling
direction (RD). The volume of these deformation twins
increased during deformation up to 61% thickness reduc-
tion and decreased at higher strain.

3.2. Occurrence of microbands and shear bands

EBSD and TEM investigations revealed that micro-
bands frequently form during cold rolling of the Goss-ori-
ented single crystal (Figs. 5 and 6). Open microband denotes
a microstructural feature that is characterised by two
straight, closely spaced dense dislocation walls enclosing
a small elongated volume [15]. A closed microband is an
elongated, straight dense dislocation wall that often occurs
in groups of parallel bands. In this study the misorientation
across a single wall was about 10� or higher and the sense
of rotation was opposite on two successive walls (Fig. 7).
ation distribution function of EBSD data displayed in a u2 = 45� section
exture components with the highest intensities are the two symmetrically
is observed, with a texture intensity of about 1 (b). Note that the texture



Fig. 4. Evolution of the microstructure during cold rolling of an initially Goss-oriented single crystal. Inverse pole figure maps for the normal sample
direction as obtained by EBSD for samples with a thickness reduction of 41% (u = 0.5), 61% (u = 1.0), 70% (u = 1.2) and 89% (u = 2.2), respectively: (a)
ND–TD sections; (b) ND–RD sections. ND: normal direction; RD: rolling direction; TD: transverse direction.
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Therefore, the misorientation across a closed microband,
which consists of two walls of opposite rotation, was very
small. These observations were consistent with those of
Chen et al. [15], although they observed a smaller misorien-
tation. This difference might be attributed to the fact that
they investigated less strained material.

At a strain of 55%, in some areas microbands started to
form (Fig. 8), while in other areas they were already well
developed (Fig. 6), indicating that deformation is inhomo-
geneous at lower strain. Fig. 8 shows an area with a micro-
structure characterised by two crossing sets of linear
features with inclination with respect to the rolling direc-
tion of about 46� and 34� or less. Possibly this reflects an
early stage of microband development, and presumably,
during further deformation, these two sets would develop
into the characteristic microstructure with parallel micro-
bands (Figs. 5 and 6). The parallel microbands were with
about 22� less inclined (Fig. 6). Analysis of the orientation
of the microbands with respect to the adjacent crystal ori-
entation in both ND–TD sections and ND–RD sections
(ND: normal direction) showed that the microband habit
planes are close to {112} crystal planes, but not related
to {110} planes. At 55% strain, many microbands com-
prised both open and closed parts (Fig. 7). At higher strain,
the number of open microbands decreased and at the high-
est reduction of 89% all the microbands were closed. The
inclination of the microbands decreased during straining
until they were at the highest reduction roughly parallel
to the rolling direction. At high strain of 89% thickness
reduction, the microbands were still discernible in the
deformed microstructure, but they occurred together with
microscopic shear bands.



Fig. 5. Microbands in a 55% deformed, initially Goss-oriented single
crystal. TEM bright field image.

Fig. 6. Region with well-developed parallel microbands in a 55%
deformed, initially Goss-oriented FeSi single crystal. The inclination of
the microbands to RD is indicated. (a) Inverse pole figure map for the
normal sample direction as obtained by EBSD. (b) EBSD pattern quality
map showing microbands as linear features with low EBSD pattern
qualities.

D. Dorner et al. / Acta Materialia 55 (2007) 2519–2530 2523
Microscopic shear bands formed in cold rolled samples
with thickness reductions of 77% (u = 1.5) and higher
[16]. They can be clearly recognized in EBSD pattern qual-
ity maps as linear features with a poor pattern quality
(Figs. 9 and 10). The EBSD pattern quality generally
becomes worse with increasing crystal lattice distortions
due to a high dislocation density. The observed shear bands
sheared the deformation twins, which developed at a lower
strain. This observation was used to estimate the corre-
sponding local shear strain to about 2. When viewed on
ND–RD cross-sections, the shear bands were initially
inclined by 29–36� to the rolling direction, with smaller
inclination angles additionally occurring at higher strain
[16]. The sense of inclination of the shear bands was depen-
dent on the particular {111}Æ112æ orientation in which
they developed (Fig. 9). The texture inside the shear bands
consisted of the Goss orientation and the two symmetrical
{11 1}Æ112æ components with varying intensities, but no
additional orientations appeared [16]. These two observa-
tions, i.e. the correlation of shear band inclination with
crystal orientation and the occurrence of only a limited
number of crystal orientations inside the shear bands,
revealed the crystallographic nature of the observed
shear bands. Therefore, it can be assumed that the shear
bands are so-called copper-type shear bands that develop
due to geometrical softening as described by Dillamore
et al. [17].
3.3. Evolution of the Goss orientation during cold rolling

In the 89% de formed samples, two types of Goss-ori-
ented regions were discovered. Most of the Goss grains
were situated inside the shear bands that developed in late
stages of the rolling process (Fig. 10). The low EBSD pat-
tern quality indicated that the stored strain energy of these
Goss grains is high. Another type of Goss grains was found
between microbands (Fig. 11), i.e. in regions with a high
EBSD pattern quality indicating a low stored strain energy.
In most cases, these Goss grains were found embedded in
one of the two symmetrical {111}Æ112æ orientations. After
the highest deformation degree of 89%, most of the remain-
ing Goss-oriented crystal volume was surrounded by high-
angle grain boundaries. The average diameter of the Goss
residuals was about 0.3 lm.

In the less deformed material without shear bands the
evolution of the initially Goss-oriented volume was clearly
related to the development of microbands (Figs. 6,7 and
12). At some places the Goss-oriented regions were already
completely surrounded by high-angle grain boundaries
(Fig. 13). Other Goss-oriented regions partly showed



Fig. 8. 55% deformed, initially Goss-oriented FeSi single material with a
region characterised by two crossing sets of linear microstructural features
that are supposed to be early stages of microband evolution. (a) Inverse
pole figure map for the normal sample direction as obtained by EBSD. (b)
EBSD pattern quality map showing microbands as linear features with
low EBSD pattern qualities.
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high-angle grain boundaries and were partly in a continuous
orientation gradient (Fig. 13). This indicated that the Goss
grains between the microbands first form high-angle grain
boundaries across the microbands, while parallel to the
microbands the orientation continuously changed. Across
the high-angle grain boundaries the orientation difference
frequently approached 35�, which is the misorientation
between the Goss and the two {111}Æ112æ orientations.
TEM investigations showed that the high-angle grain
boundaries of the Goss grains are very sharp (Fig. 14).
Fig. 7. Microbands with open and closed parts in a 55% deformed initially
Goss-oriented FeSi single crystal. (a) TEM bright field image. (b) Crystal
orientation map. (c) Misorientation profile along the line in (b).

b



Fig. 9. Correlation of the inclination direction of shear bands with the
particular {111}Æ112æ orientation in the 89% deformed material. The
orientations of the {110} planes are indicated (see also Fig. 16). EBSD
pattern quality map combined with the corresponding crystal orientation.
Shear bands are visible as linear features with a low EBSD pattern quality.
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4. Discussion

4.1. Stability of the Goss orientation during cold rolling

Taylor-type as well as corresponding crystal-plasticity
finite element simulations showed that bcc crystals with
Fig. 10. Goss grains inside of shear bands in the 89% deformed material. (a) E
pattern qualities. (b) Same map as in (a) combined with the corresponding c
bands.
Goss orientation are unstable under plane strain deforma-
tion [12,13]. More precisely, while the mathematically exact

{110}Æ0 01æ orientation is stable under ideal plane strain
loading, very small deviations from the exact Goss orienta-
tion or slight changes in the boundary conditions, e.g. fric-
tion, lead to a transverse rotation towards the two
symmetrical {111}Æ112æ orientations [18,12]. In contrast,
under pure shear strain deformation, the {111}Æ112æ ori-
entations rotate into the Goss orientation, which is stable
in this case [12,18]. In general, cold rolling can be approx-
imated as a plane strain deformation state, if shear strain
due to friction at the sheet surface is negligible. Therefore,
in this study, the initial Goss orientation should be unsta-
ble during cold rolling. Indeed, this was observed for the
major volume fraction of the cold rolled silicon steel sheet
(Figs. 3 and 9–11). However, about 2.0–2.5% of the mate-
rial formed small islands with Goss orientation (consider-
ing a misorientation up to 15�) even after as much as
89% thickness reduction of an initially Goss-oriented single
crystal (Figs. 9–11).

In the following sections the origin of the remaining
Goss-oriented crystal volumes is discussed with respect to
two conceivable mechanisms corresponding to the two
types of observed Goss regions. First, the generation of
the Goss orientation in shear bands is presented. Second,
we discuss the retention of small Goss-oriented crystal vol-
umes between microbands.

4.2. Formation of Goss grains inside of shear bands

The role of shear bands in the context of the Goss tex-
ture formation in silicon steel has already been investigated
by Haratani et al. [19] and Ushioda and Hutchinson [20].
However, they could not resolve the microstructure of
the shear bands in the cold rolled state. In this study, it
BSD pattern quality map showing shear bands as regions with low EBSD
rystal orientation. The Goss-oriented regions are aligned along the shear



Fig. 11. Goss grains between microbands in the 89% deformed material. (a) EBSD pattern quality map showing parallel microbands as parallel linear
features with low pattern quality (see arrows). In addition, shear bands are present. (b) Same map as in (a) combined with the corresponding crystal
orientation. Goss grains that are aligned inside of shear bands are also visible.

Fig. 12. Relation of microbands and Goss-oriented crystal volumes. 55%
deformed material. EBSD pattern quality map combined with the
corresponding crystal orientation.
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was observed that a part of the Goss grains that were found
after high strain was aligned inside shear bands. This obser-
vation, and the fact that shear bands started to form only
after a strain of about 77% thickness reduction, indicated
that the Goss orientation formed due to the local shear
deformation in the shear bands. Therefore, it was assumed
that, at first, the initial Goss orientation rotates to the two
{11 1}Æ112æ orientations. At higher deformation degrees,
when the shear bands are formed, the {111}Æ1 12æ orienta-
tions then rotate back to the Goss orientation due to the
local shear strain in the shear bands. In this context, the
question arose why only part of the material within the
shear bands rotated back to the Goss orientation while
the rest remained in the {111}Æ112æ orientations [16].
The alternative possibility that the initial Goss orientation
was retained within the shear bands could be excluded
because shear bands first formed at a strain when most
of the Goss orientation had already rotated into the
{111}Æ11 2æ orientations.
4.3. Development of microbands and retention of the Goss
orientation between microbands

Goss grains, which are surrounded by high-angle grain
boundaries, were found between microbands in the highest
deformed material (Figs. 11 and 14). In earlier deformation
stages, Goss-oriented regions were also observed between
microbands (Figs. 6, 7, 12 and 13). These observations indi-
cated that the retention of the initial Goss orientation and
the development of microbands are closely related. In the
following it is outlined how the microbands develop, and
a tentative explanation is given that describes how the Goss
orientation might be retained between the microbands.



Fig. 13. (a) Goss-oriented regions in the 70% deformed material. (b) Misorientation profiles for Goss region 1, which is completely surrounded by high-
angle grain boundaries, and for Goss region 2, which forms an orientation gradient with the {111}Æ112æ matrix.

Fig. 14. Goss grain surrounded by sharp high-angle grain boundaries in the 66% deformed material. (a) TEM bright field image. (b) TEM dark field
image. (c) Crystal orientation map for the same area as in (a) and (b). High-angle grain boundaries are marked in black, low-angle grain boundaries in
grey.
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In a first step, a fully constrained Taylor model was used
in order to estimate which slip systems are active during the
transverse lattice rotation from the {110}Æ001æ towards
the two {111}Æ112æ crystal orientations. The 12
{110}Æ1 11æ and the 12 {11 2}Æ111æ slip systems were taken
into account for the determination of the Taylor factor, the



Fig. 15. Shear strain on different slip systems normalized by the Taylor
factor as a function of rotation from (110)[001] to ð11�1Þ½112� around the
Æ110æ crystal direction. Strains corresponding to the lattice rotation are
indicated at the upper axis. A fully constraint Taylor model with 24 slip
systems for a bcc crystal was used to calculate the active slip systems.

Fig. 16. Activity of glide planes and shear bands for four different rotation
angles from (110)[001] to ð11�1Þ[112] around the Æ110æ crystal direction.
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active slip systems and the corresponding shear strain for
each slip system. The main finding of the Taylor-type cal-
culations was that the gradual orientation change from
the Goss orientation to a {111}Æ1 12æ crystal orientation
is characterised by, first, a concentration of the dislocation
activity on only one particular glide system for small rota-
tion angles, and second, by a discontinuous transition of
the second and third active slip systems with further
increase of rotation and accordingly deformation
(Fig. 15). Note that the fully constrained Taylor model
gives the {11118}Æ4411æ orientation as the stable end ori-
entation for the Goss orientation. Therefore, in Fig. 15 the
strains that correspond to the lattice rotation were only
given for a rotation of up to 25�. In contrast to the simula-
tions, the experimental results showed that for larger
strains the lattice rotation continues towards the
{11 1}Æ112æ orientations (Fig. 3).

The microstructure observations, combined with the
results obtained from the Taylor-type calculation on the
active slip systems, yielded the following ideas on the activ-
ity of glide planes and shear bands and on microband
development during the rolling process (Figs. 15 and 16).
In the initial Goss orientation, slip starts on the two
{11 2} planes that are inclined by 55� to the rolling direc-
tion (Figs. 15 and 16a). In Fig. 8 crossing linear structures
(resp. early microbands) possibly reflect this initial activity
on two {112} planes after some rotation had already
occurred since the observed inclination is smaller than
the theoretical 55�. During further rotation, the activity
on one of these glide planes ceases, while activity on the
other glide plane that rotates toward smaller inclination
angles increases (Figs. 15 and 16b). The continuing activity
on, in this example, ð11�2Þ½111� (Figs. 15 and 16a–c) causes
the formation of parallel microbands (Figs. 5 and 6). The
significance of {112} glide planes for the formation of
microbands is confirmed by the observation that the micro-
band habit plane is close to {112}, with a small deviation
possibly due to some amount of pencil glide. According to
Chen et al. [15], one set of microbands forms when the
habit plane of the observed microband has the largest
Schmid factor and when one Æ111æ slip direction is inten-
sively activated in this plane. This is valid for a Goss-ori-
ented single crystal. For more than 10� of rotation, the
activity on ð11�2Þ decreases, while that on the (110) glide
plane increases (Figs. 15 and 16c). After the full 35� rota-
tion from Goss to {111}Æ112æ, the main slip activity is
now on the (110) plane and therefore microband forma-
tion is assumed to have terminated. At this stage, shear
bands form symmetrically to the (110) plane that is
inclined by 35� to the rolling direction (Fig. 16d). This sce-
nario is accordingly valid for the rotation of the Goss ori-
entation to the other {111}Æ112æ crystal orientation.
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Dillamore et al. [21] explained the retention of the initial
crystal orientation by a transition band model. Their idea is
that an unstable starting orientation rotates toward sym-
metrical orientations in two directions and the initial orien-
tation is retained in a transition band between the stable
end orientations. In the present study, this would corre-
spond to a situation where the initial Goss orientation per-
sists in a transition band between the two symmetrical
{11 1}Æ112æ orientations. However, we found that the Goss
regions that were retained between microbands were
mostly situated in one {111}Æ11 2æ orientation, not
between the two different {111}Æ11 2æ components. Thus,
the Dillamore transition band model does not explain the
observed retention of the Goss orientation between micro-
bands. Therefore, we suggest the following tentative expla-
nation for the Goss retention, which is based on the idea
that in a small crystal volume a different set of slip systems
is active compared with in the surrounding material. While
experimentally the Goss orientation is unstable under plane
strain loading conditions, the mathematically exact Goss
orientation under exact plane strain loading conditions
does not rotate, because the opposite rotations towards
the two symmetrical {111}Æ112æ orientations exactly com-
pensate. However, even a slight deviation from exact Goss
or a slight deviation from the exact plane strain condition,
e.g. due to local stress heterogeneities, favours one of the
sets of slip systems and causes a rotation of the Goss orien-
tation towards one of the stable end positions. On the mac-
roscopic scale, depending on the macroscopic stress
conditions, parts of the originally Goss-oriented crystal
rotate in one direction while other parts rotate in the other
direction towards {111}Æ1 12æ. Locally, however, stress
heterogeneities, e.g. due to microbands that act as disloca-
tion obstacles, might activate that set of slip systems that
causes lattice rotation into the opposite direction. This
leads to the situation displayed in Fig. 17: a small crystal
volume, in which different slip systems are active compared
with in the surrounding material, might be temporarily
considered as a rigid inclusion (Fig. 17a). The surrounding
matrix rotates in one direction, thereby imposing a similar
rotation on the inclusion in the form of a rigid body rota-
tion (Fig. 17b). Inside this so-called inclusion, a different,
but symmetrical set of slip systems causes the exact oppo-
site lattice rotation, thus balancing out the externally
imposed rotation (Fig. 17c). This leads to a zero net rota-
tion, and thus the initial Goss orientation is retained in that
small crystal volume. This process is, however, quite criti-
cal as the internal rotation in the small regions must always
be slightly ahead of the macroscopic external rotation.
Otherwise the set of slip systems that causes lattice rotation
in the same sense as the matrix would be activated and the
Goss orientation would no longer be stable, but would
rotate in the same direction as the matrix. In fact, the
experimental data for low rolling degrees show that there
are more Goss-oriented regions between microbands in
the less strained material (Fig. 6). In some places the
retained Goss areas are embedded in a matrix of one of
F
b
c
b
d

the {111}Æ1 12æ components, but small areas of the other
{111}Æ1 12æ components can be found on both ends. This
observation supports the idea of a different set of slip sys-
tems being active in small areas between microbands,
causing correspondingly different lattice rotations. The rea-
son for different deformation characteristics in small, con-
fined areas might be local stress heterogeneities. However,
more work is required to understand the details of this
process.

Concluding, we suppose that the origin of Goss-oriented
regions between microbands is the initial Goss orientation
of the single crystal that is retained in small crystal vol-
umes. This is in contrast to the origin of the Goss-oriented
regions inside shear bands that rotate back to the Goss ori-
entation after a change in the deformation mode from plain
strain to shear.



2530 D. Dorner et al. / Acta Materialia 55 (2007) 2519–2530
5. Summary and conclusions

An initially Goss-oriented FeSi single crystal was cold
rolled to a thickness reduction of 89%. In the course of roll-
ing, most of the material rotated into the two symmetri-
cally equivalent {111}Æ112æ orientations. However, a
weak Goss texture component was observed in the highly
deformed material, even though the Goss orientation is
not stable under plane strain deformation. Investigation
of the deformed microstructure led to the identification
of two types of Goss-oriented regions with different origins.
One type was found in highly strained material inside shear
bands. These Goss regions formed in the shear bands that
developed at thickness reductions of more than 70%. The
second type of Goss regions was situated between micro-
bands, i.e. in regions with low stored strain energy. The ori-
gin of the Goss orientation between the microbands is the
initial Goss orientation. A tentative explanation outlines
how these Goss-oriented regions were retained from the
initial Goss orientation of the single crystal. It is proposed
that in small areas between microbands a different set of
slip systems is active compared with in the surrounding
material. Under favourable conditions the rotation in this
area compensates the opposite rigid body rotation imposed
by the surrounding material and the initial Goss orienta-
tion is retained.

The sharp Goss orientation that develops during sec-
ondary recrystallisation in industrially processed silicon
steel has its origin in the hot rolling stage. In this study,
two types of Goss regions were observed after cold rolling
of an initially Goss-oriented single crystal. Provided that
the results on single crystals can be transferred to polycrys-
talline material, it might be concluded that the Goss-ori-
ented regions that are found between microbands and
that are assumed to be stable during cold rolling have spe-
cial significance for the formation of Goss grains in the pri-
mary recrystallised material, and, consequently, for the
abnormal growth of Goss grains during secondary recrys-
tallisation. If the newly formed Goss grains inside the shear
bands were specifically relevant, then the removal of the
surface layer would not change the formation of Goss
grains during primary recrystallisation [5,1,6].
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