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•Topology 

 

•Goss grain evolution during secondary recrystallization 

 

•Orientation-dependent dislocation distribution  
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Grain 

Number 

Orientation Misorientation 

angle relative to  

Goss 

Area 

µm2 

1 190.6,62.9,341.3 23.4 2827 

2 25.7,39.8,159.2 18.1 2660 

3 352.9,55.3,189.6 12.7 2550 

4 173.2,56.0,6.5 12.4 1947 

5 182.0,31.4,7.0 16.1 1389 

6 87.5,48.2,43.5 41.9 1375 

7 2.6,50.6,185.0 9.0 1296 

8 297.0,45.7,246.3 47.7 1129 

9 359.8,31.0,4.7 14.5 1722 

10 13.5,17.6,339.0 29.6 1992 

11 162.4,27.1,29.2 25.2 1510 

Grain 

Number 

Orientation Misorientation 

angle relative to  

Goss 

Area 

µm2 

12 187.4,17.1,177.0 31.4 1739 

13 104.3,16.1,273.2 49.3 1178 

14 329.4,56.3,20.6 26.1 1050 

15 185.8,23.7,178.9 21.9 4365 

16 3.9,39.4,331.6 26.2 1410 

17 30.5,43.4,338.1 21.4 4562 

18 189.4,35.9,170.0 11.6 1102 

19 358.1,30.8,5.0 14.7 1552 

20 8.3,36.3,354.7 10.4 1445 

21 358.3,30.9,0.9 14.3 1399 

22 325.9,32.7,43.1 28.8 1632 

Large grains distribution in recrystallized Si steel 

Average misorientation angle relative to Goss=23.03 degree 



ODF calculated from large grains 

Phi1 =   0.0 Phi1 =   5.0 Phi1 =  10.0 Phi1 =  15.0 Phi1 =  20.0
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Goss grain splitting during cold rolling 



Conclusion 

•All large grains which belong to a large area has been investigated. 

Average misorientaton angle of these grains relative to Goss grain is 

about 23 degree.  This means that most of these large grains is non-Goss 

grains. 

 

•From the ODF which was calculated from large grains, we can conclude 

that most of large grains orientation is near to  fiber. 
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Conclusion 

•There are almost no large Goss grain in sample 10 

•In sample 11, there are some large goss grains, but Goss grains 

doesn’t penetrate all sample thickness, Goss grain size is about 

100 µm. 

•In sample 12, Goss grain penetrate all sample thickness, Goss 

grain size is about 1 mm and Goss grains grow along the 

direction within normal plane. 

•In sample 13, except few non-goss grains, almost all grains have 

been eat up by Goss grains. 

•In sample 14, secondary recrystallization is finished. 

•Chemical composition is almost the same between Goss grain 

and other grains. 

•Orientation gradient is about 2 degree/ mm inside Goss grain. 

•In sample 10 and 11, non-goss grain size is the same with that of 

recrystallized sample. In sample 12, non-goss grain size is a little 

bit larger than that of recrystallized sample. 

•In sample 11 and 12, there are some large non-goss grain, its 

grain size is from 70-200µm. 

 



Dislocation in Goss grains 
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Conclusion 

•There are many dislocations in Goss grains after 

secondary recrystallization 

•After primary recrystallization, dislocation density 

of grains is very low 

•During secondary recrystallization, Goss grains 

eat up other grains and make a lot of dislocations 

•It is possible that these dislocations increase the 

diffusion coefficient of  inhibitor elements, which 

improves the procedure of particle coarsening. 
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Abstract. A silicon steel single crystal with initial Goss orientation, i.e. the {110}<001> 

orientation, was cold rolled up to 89 % thickness reduction. Most of the crystal volume rotates into 

the two symmetrical equivalent {111}<112> orientations. However, a weak Goss component is still 

present after high strain, although the Goss orientation is mechanically instable under plane strain 

loading. Two types of Goss-oriented crystal volumes are found in the highly deformed material. We 

suggest that their origin is different. The Goss-oriented regions that are observed within shear bands 

form during the cold rolling process. In contrast, those Goss-oriented crystal volumes that are found 

inside of microbands survive the cold rolling. 

Introduction 

Grain-oriented Fe3%Si steel is a soft magnetic material that is used for iron cores in electrical 

transformers. It is characterised by a sharp {110}<001> texture, referred to as Goss texture, which 

develops during secondary recrystallisation in the industrial production process. The origin of the 

Goss component is in the hot rolling stage, where due to high friction and the resulting shear 

deformation, the Goss orientation develops close to the sheet surface. The Goss orientation is 

inherited through the cold rolling and primary recrystallisation process. Finally, during the 

secondary annealing treatment, some of the Goss grains grow abnormally leading to the sharp Goss 

texture. 

This study aims to investigate the evolution of the microstructure during cold rolling, because in 

this stage the nucleation sites for the primary recrystallisation of Goss grains are provided. In 

particular, it is investigated how the Goss-oriented crystal volumes evolve during cold rolling, and 

how some of the original Goss orientation survives the deformation process although it is known to 

be instable under plane strain deformation conditions [1-3]. In order to increase the chance to 

observe Goss grains in the material throughout the deformation process, single crystals of Goss 

orientation were used as a starting material.  

Experimental Method 

The experimental procedure of this study comprises growing and subsequent cold rolling of a Goss-

oriented single crystal. The starting material for the growth experiment was an industrially hot 

rolled silicon steel strip containing 3.2 % Si and MnS as inhibitor as used for the production of 

conventional grain-oriented electrical steel. In the subsequent cold rolling experiment, the single 

crystal sheet with a thickness of 2.20 mm was cold rolled without lubrication in a laboratory rolling 

mill with a roll diameter of 105 mm, a roll velocity of 10 m/min, and a load of 120 kN. In 14 passes 

the sheet was rolled to a thickness of 0.25 mm corresponding to a total engineering thickness 

reduction of ε = 89 % (true logarithmic strain of ϕ = 2.2). The texture and microstructure of the 
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deformed material was then investigated by automatic crystal orientation mapping based on electron 

backscatter diffraction (EBSD) in a scanning electron microscope. 

 

70 %0 % 41 % 89 %

(110) pole figures

TD

RD

1 1 1
1

 
Fig. 1: Texture evolution during cold rolling of an initially Goss-oriented single crystal. (110) pole figures obtained 

by x-ray diffraction for samples with a thickness reduction of 0 %, 41 %, 70 %, and 89 %, respectively. The 

{110}<001> orientation rotates 35° around the <110> crystal direction, which is parallel to the transverse sample 

direction, in both directions into two symmetrically equivalent {111}<112> orientations. TD: transverse direction; 

RD: rolling direction. The intensity scale for the drawn isolines is logarithmic; the isoline with intensity 1 is indicated 

by an arrow; the maximum intensity for each sample is given in the lower right corner. 

Results 

Texture and Microstructure during cold rolling. The bulk texture evolution during cold rolling 

of the initially Goss-oriented single crystal was investigated using x-ray diffraction. In the course of 

the deformation process the Goss-oriented single crystal rotates 35° around the <110> crystal 

direction, which is parallel to the transverse direction (TD) of the sheet, in both directions into two 

symmetrically equivalent {111}<112> components (Fig. 1). The orientation distribution function 

for the highest deformed material, as determined by EBSD, is shown in Figure 2 for two sections 

through the Euler space. The strongest components are the two {111}<112> orientations (Fig. 2a), 

but the data also show that a weak Goss component is still present after 89 % thickness reduction 

(Fig. 2b). The evolution of the microstructure was studied in detail using EBSD [4]. 

 

 
Fig. 2: Texture of the 89 % deformed material. Orientation distribution function diplayed in a ϕ2 = 45° (a) and a 

ϕ1 = 0° section (b) through the Euler space. The texture components with the highest intensities are the two 

symmetrically equivalent {111}<112> components (a). In addition, a weak Goss component is observed, with a 

texture intensity of about 1 (b). Note that the texture intensity scale is logarithmic. 

 

Development of Goss-oriented regions during cold rolling. After the highest deformation 

degree of 89 %, most of the remaining Goss-oriented crystal volume is surrounded by high-angle 

grain boundaries. After smaller strains of 70 %, some of the Goss-oriented regions are already 

surrounded by high-angle grain boundaries. Other Goss-oriented regions, however, partly reveal a 
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continuous orientation gradient to the surrounding {111}<112> matrix and partly form high-angle 

grain boundaries. The high-angle grain boundaries mostly show an orientation difference of about 

35°, which is the misorientation between the Goss and the {111}<112> orientation. These new 

grain boundaries develop parallel to the transverse direction and are inclined between 10° and 20° to 

the rolling direction. 

 

 
Fig. 3: Goss-oriented regions inside of shear bands in the 89 % deformed material. EBSD pattern quality map (gray 

scale) showing shear bands as regions with low EBSD pattern qualities. The shear bands are inclined by 29° to 36° to 

the rolling direction. In addition, Goss-oriented regions are marked in black. 

 

Occurrence of Goss-oriented regions in shear bands and in microbands. Shear bands formed 

in cold rolled samples with thickness reductions of 77 % and higher [4,5]. When viewed on 

longitudinal sections, the shear bands are initially inclined by 29° to 36° to the rolling direction, 

with smaller inclination angles additionally occurring at higher strain [5]. We observed that the 

inclination direction of the shear bands is dependent on the particular {111}<112> orientation in 

which they develop [5]. Assuming that the shear band plane is parallel to the transverse sheet 

direction, we found that it coincides with one {110} plane in both {111}<112> orientations. The 

texture inside the shear bands consists of the Goss orientation and the two symmetrical {111}<112> 

components with varying intensities, but no additional orientations appear [5]. These two 

observations, i.e. the correlation of shear band inclination and crystal orientation and the occurrence 

of a limited number of texture components inside the shear bands, reveal the crystallographic nature 

of the observed shear bands. Therefore, we assume that we deal with so-called copper-type shear 

bands that develop due to geometrical softening as described by Dillamore et al. [6]. 

We found two types of Goss-oriented crystal volumes in the 89 % deformed material. Most of 

the Goss-oriented regions are situated inside of shear bands (Fig. 3), which develop at high strain. 

However, Goss-oriented crystal volumes are also observed inside of microbands (Fig. 4). The 

observed microbands have a width of about 0.5 µm and their interior is characterised by an EBSD 

pattern quality that is significantly higher than that within the shear bands. 
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Fig. 4: Goss-oriented regions inside of microbands in the 89 % deformed material. EBSD pattern quality map (gray 

scale) and Goss-oriented regions (black). Some microbands are marked with arrows. In addition, shear bands are 

visible. 

Discussion 

We discuss the stability of the remaining Goss-oriented crystal volumes with respect to two possible 

types of mechanism [4]: firstly, the development of the Goss orientation in shear bands, and 

secondly, a microband mechanism that causes some small Goss-oriented crystal volumes not to 

rotate, although the Goss orientation is mechanically instable under plane strain deformation. 

Development of Goss-oriented regions within shear bands. The role of shear bands in the 

context of the Goss texture formation in silicon steel was already investigated by Haratani et al. [7] 

and Ushioda and Hutchinson [8]. However, they could not resolve the microstructure of the shear 

bands in the cold rolled state. In our investigation, we observe that a part of the Goss-oriented 

regions that are found after high strain is aligned within shear bands (Fig. 3), indicating that this 

crystal orientation newly forms due to the local shear deformation in the shear bands. We suggest 

that at first, the initial Goss orientation rotates to the two {111}<112> orientations. Subsequently at 

higher deformation degrees, when the shear bands are formed, the {111}<112> orientations rotate 

back to the Goss orientation due to the local shear strain state. The alternative possibility that the 

Goss orientation survives within the shear bands can be excluded because the shear bands first form 

after most of the Goss-oriented material has disappeared. 

Goss-oriented regions between microbands and the development of high-angle grain 

boundaries. After high strain, Goss-oriented material is not only found inside of shear bands, i.e. in 

regions with a high dislocation density as indicated by the low EBSD pattern quality, but also in 

regions inside of microbands, which are characterised by a lower amount of lattice distortion. In this 

section, a model assumption is outlined explaining the observation of stable Goss-oriented regions 

inside of microbands as well as the development of high-angle grain boundaries between the 

{110}<001> orientation and surrounding {111}<112> orientations. 

In order to make an estimate about the slip systems that are dominant during the transverse lattice 

rotation from the {110}<001> into the {111}<112> crystal orientations we used a full constraint 

Taylor model. For the determination of the Taylor factor, the active slip systems, and the 
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corresponding shear strain for each slip system, the 12 {110}<111> and the 12 {112}<111> slip 

systems are taken into consideration. The Taylor-type calculations yield that during the whole 

deformation and rotation process, one slip system is particularly active (Fig. 5). Moreover, a 

discontinuous transition of the second and third active slip systems to other active slip systems takes 

place after a rotation of 10° (Fig 5).  

The described microstructural 

observations combined with the 

results obtained from the Taylor-

type calculation gave reason to 

propose the following model to 

explain the survival of the Goss 

orientation in microbands. During 

the first deformation stage, micro-

bands develop because slip occurs 

mainly on one glide system 

(Fig. 6a). After some deformation, a 

transition takes place to another set 

of active slip systems. The 

microband walls, which developed 

earlier, now act as a barrier for the 

motion of the dislocations on the 

newly active slip systems causing 

the dislocations to pile up at the 

microband walls (Fig. 6b). At 

locations where the width of the 

microbands is small, further dislo-

cation activity is impeded inside the 

microbands due to these pile-ups (Fig. 6c). Therefore, no further lattice rotation takes place within 

the microbands. By this process, the Goss orientation might survive within small crystal volumes 

and high-angle grain boundaries develop around the Goss orientation when the lattice rotation 

continues in the region next to the microband. The presented model assumption explains the 

survival of the initial Goss orientation in small crystal volumes due to a microband mechanism, 

i.e. no back rotation of the crystal lattice is involved in this process. This is in contrast to the origin 

of the Goss-oriented regions inside the shear bands. 

Summary and Conclusions 

A silicon steel single crystal with {110}<001> crystal orientation was cold rolled and the evolution 

of the Goss orientation during rolling deformation was investigated using EBSD. 

(1) The texture after cold rolling up to 89 % thickness reduction is characterised by two strong 

symmetrically equivalent {111}<112> components. In addition, a weak {110}<001> component is 

still present though the Goss orientation is mechanically instable under plane strain loading. 

(2) In the highly deformed material, most remaining Goss-oriented regions are situated inside of 

shear bands. However, Goss-oriented crystal volumes are also found inside of microbands. We 

suggest that their origin is different. One type of Goss-oriented regions newly form at higher 

deformation degrees due to shear deformation within the shear bands. The Goss-oriented regions 

that are found outside of the shear bands are suggested to survive during plane strain deformation in 

small regions within microbands. We propose that the microband walls act as barriers for 

dislocation glide on other glide systems. Due to dislocation pile-ups further rotation of Goss-

oriented volumes is impeded and the Goss orientation survives.  
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Fig. 5: Shear strain normalized by the Taylor factor as a function of 

rotation from (110)[001] to (11-1)[112] around the <110> crystal 

direction. The shear strain is concentrated on only one slip system. 

After 10° rotation the second and third active slip system changes. 

The Taylor-type calculations were performed with 24 slip systems for 

a bcc crystal. 
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3) The sharp Goss orientation that develops 

during secondary recrystallisation in industrially 

processed silicon steel has its origin in the hot 

rolling process. In this study, we observed two types 

of Goss-oriented regions after cold rolling of an 

initially Goss-oriented single crystal. Provided that 

our results on single crystals can be transferred to 

polycrystalline material, it might be concluded that 

the Goss-oriented regions that are found in 

microbands and that are assumed to be stable during 

cold rolling, have special significance for the 

formation of Goss grains in the primary 

recrystallised material, and, consequently, for the 

abnormal growth of Goss grains during secondary 

recrystallisation. If the newly formed Goss-oriented 

regions within the shear bands were specifically 

relevant, then the removal of the surface layer 

would not change the formation of Goss grains 

during primary recrystallisation as it was described 

in literature [9-11]. 
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Abstract

This paper outlines the development of the microstructure and microtexture of grain-oriented silicon steel during the industrial

production process. In particular the evolution of the Goss orientation was studied in industrial material as well as in single crystal

experiments.

r 2006 Elsevier B.V. All rights reserved.
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Keywords: Grain-oriented silicon steel; Goss orientation; EBSD
1. Introduction

The grain-oriented silicon steel is a soft magnetic
material that is used as the core material in electrical
transformers. It is characterized by a pronounced Goss
texture, i.e. a f110gh0 0 1i preferred crystal orientation. This
sharp texture develops due to a discontinuous or abnormal
Goss grain growth during a high-temperature annealing at
the end of the industrial production process. Although it is
a matter of intensive basic and applied research since more
than 50 years, there is no general agreement on the origin
of preferred growth of the Goss grains. It is known,
however, that the inheritance of Goss orientation from
early production stages plays an important role, as it was
shown by Böttcher and Lücke in Ref. [1] who removed the
Goss-containing surface layer of the hot rolled material
with the result that abnormal Goss grain growth did not
take place after further processing. Therefore, in this
contribution we intend to outline the evolution of the Goss
orientation in industrially processed grain-oriented silicon
steel along the various production stages, i.e. hot rolling,
cold rolling, primary annealing, and secondary annealing.
Furthermore, experiments are described in which the
- see front matter r 2006 Elsevier B.V. All rights reserved.

/j.jmmm.2006.02.116

onding author. Tel.: +49211 6792 803.

ddress: zaefferer@mpie.de (S. Zaefferer).
evolution of a Goss-oriented single crystal was tracked
during the cold rolling and primary annealing in order to
gain more information on the origin of abnormal Goss
grain growth. All observations the of microstructure and
microtexture were carried out by means of a high
resolution and high speed EBSD (electron backscatter
diffraction) analysis system (TSL OIM software; JEOL
6500F field emission gun scanning electron microscope)
that allows to map very large areas, in order to detect the
very rare Goss grains, as well as to precisely reconstruct the
microstructure of heavily deformed samples.
2. Microstructure and microtexture evolution

2.1. Hot rolling

Industrial material: During hot rolling the Goss orienta-
tion originates due to shear deformation close to the strip
surface [1–5]. Our microtexture measurements revealed
some quite large Goss grains without visible substructure
(Fig. 1). However, other Goss grains are much smaller,
reveal a substructure or an orientation gradient.

Single crystal experiments: The idea of our single crystal
experiments is visualized in Fig. 2: we grabbed one of the
Goss grains in the hot rolled material and deformed and

www.elsevier.com/locate/jmmm
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Fig. 1. Large Goss grain in industrially hot rolled silicon steel. Crystal

orientation map including grain boundaries. RD: rolling direction; ND:

normal direction.

Industrial FeSi hot strip

Layer with Goss grains

Goss

Single crystal

cold rolling
&

annealing

Fig. 2. Idea of single crystal experiments.

Fig. 3. Industrial silicon steel: (a) Microstructure with characteristic shear

bands. EBSD pattern quality map: darker areas represent a higher

dislocation density; (b) Crystal orientation map. The Goss-oriented areas

occur only next to f111gh1 1 2i-oriented areas.

D. Dorner et al. / Journal of Magnetism and Magnetic Materials 304 (2006) 183–186184
annealed it in the same way as it was done with the
industrial polycrystalline silicon steel. Experimentally this
was done by growing a macroscopic Goss-oriented single
crystal ð20� 50� 2:2mm3Þ which was then used for cold
rolling [6,7] and annealing experiments.

2.2. Cold rolling

Industrial material: As already known from earlier
studies on industrially cold rolled silicon steel, the major
texture components after cold rolling are the a-fibre and
the g-fibre [1,8,9,4]. However, our microtexture measure-
ments revealed that small Goss-oriented areas are also
present in the cold rolled microstructure. The area fraction
of the Goss orientation is about 1% taking into account a
maximum misorientation from exact Goss of 15�. This
weak Goss component was not detected in earlier studies
due to the lower resolution of the X-ray diffraction
compared to the EBSD technique. Furthermore, we
observed that the occurrence of Goss-oriented areas was
restricted to regions with orientations close to f111gh1 1 2i
(Fig. 3). Most of the Goss grains were aligned along shear
bands, however, very few Goss grains appeared to occur in
less strained areas outside of shear bands.

Single crystal experiments: Cold rolling of a Goss-
oriented single crystal resulted in a crystal rotation into
the two symmetrically equivalent f111gh1 1 2i texture
components as already reported by Dunn [10]. But we
found that Goss-oriented areas were still present in the
highly strained material with a fraction of 2.2–2.6%,
although the Goss orientation is not stable under plane
strain deformation [9,11]. In particular, we observed two
types of Goss grains (Fig.4). Goss grains inside of shear
bands newly formed during deformation at high strain.
Whereas we supposed that those Goss grains that were
found between microbands were retained during cold
rolling [6,7].
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Fig. 4. Single crystal experiments. Goss-oriented areas in a 89%

deformed, originally Goss-oriented single crystal. The Goss grains are

situated both inside of shear bands and between microbands (arrows).

EBSD pattern quality map; Goss-oriented areas are marked in black.
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2.3. Primary annealing

Industrial material: After primary recrystallization the
Goss orientation forms a minor texture component in high
permeability grade material and is a one of the main
texture components in conventional grade silicon steel. In
both grades, the major texture component is the g-fibre e.g.
Ref. [3]. Microtexture analysis showed that the Goss grains
are not larger than other grains, i.e. they do not have a size
advantage during secondary annealing [12].

Single crystal experiments: In contrast to the industrially
processed material, in the deformed and annealed origin-
ally Goss-oriented single crystal, the Goss orientation is the
strongest texture component. Our microstructure analysis
revealed that the Goss grains between the microbands are
likely to form nuclei for primary recrystallization. The
Goss grains inside of shear bands mostly disappeared.

2.4. Secondary annealing

Industrial material: During the final high temperature
annealing, normal grain growth is inhibited by particle
pinning of grain boundaries e.g. Ref. [3]. However, some of
the Goss grains that are present in the primary recrystal-
lized material can unpin and grow abnormally giving rise
to the formation of a sharp and strong Goss texture.

3. Origin of abnormal Goss grain growth

Abnormal Goss grain growth can be due to a growth
selection or an oriented nucleation mechanism. Most
existing models of abnormal Goss grain growth propose
a growth selection mechanism based on special grain
boundary properties, that are e.g. the S9 grain boundary
theory [13,14] or the high angle grain boundary theory [15].
However, these theories cannot explain all experimental
observations on abnormal Goss grain growth as it was
recently outlined by Zaefferer and Chen [16]. Thus, we
assume that there is another, probably an oriented
nucleation mechanism leading to abnormal Goss grain
growth. We suspect that the Goss grains are characterized
by a special microstructure, e.g. dislocation structure, which
originates in the early production stages and is inherited
through the production process. Our search for special
microstructural properties of Goss grains is facilitated by
the use of single crystals as the starting material, because in
this case the number of Goss grains is higher in the cold
rolled and in the primary recrystallized states.

4. Discussion

Our EBSD investigations rendered possibly a detailed
analysis of the microstructure and microtexture of parti-
cularly the deformed state of silicon steel. We found that in
the cold rolled industrial material Goss-oriented areas only
occurred in the neighborhood of f111gh1 1 2i grains. This
observation implied that findings from our single crystal
experiments, where the texture components were only Goss
and f111gh1 1 2i, can possibly be transferred to polycrystal-
line material. In the industrial material, most of the Goss
grains were aligned along shear bands, but some appeared
not to be related to shear bands. This was consistent with
our observation on the originally Goss-oriented single
crystal material. In this case after deformation two types of
Goss grains were found: in shear bands and between
microbands. The Goss grains in shear bands newly
developed during deformation. Whereas those between
microbands were retained during cold rolling. Their
primary recrystallization behaviour was also different.
The Goss grains between microbands formed the recrys-
tallisation nuclei, whereas the Goss grains in the shear
bands mostly disappeared during annealing. This observa-
tion is in contrast to that of Ref. [8] who stated the
formation of new Goss-oriented crystals in shear bands.
This indicates that possibly some ideas about the formation
of Goss grains have to be revised.

5. Summary

In this study the evolution of the microstructure and
microtexture of silicon steel was investigated using EBSD.
In particular the development of the Goss orientation was
tracked in both industrial material and single crystal
material. A study on the evolution of the Goss orientation
throughout all production stages is important with regard
to the question of the origin of abnormal Goss grain
growth, because the Goss orientation originates during hot
rolling and is inherited to the final secondary annealing.
For the industrial material, we found that the occurrence
and the amount of the Goss orientation is related to the
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f111gh1 1 2i orientation. The most important finding for the
single crystal was that two types of Goss grains occurred in
the cold rolled state, which also showed different primary
recrystallization behaviour. We supposed that results
obtained from single crystal experiments can be transferred
to industrial material and that they offer the potential to
investigate the microstructure of individual Goss grains
helping to solve the question of the origin of abnormal
Goss grain growth.

Acknowledgment

Financial support by ThyssenKrupp Electrical Steel
GmbH is gratefully acknowledged.

References
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Abstract

This work addresses the role of grain topology on abnormal grain growth in silicon steel. The question was investi-
gated whether the abnormal grain growth of Goss grains during secondary recrystallization can be interpreted in terms
of an initial size advantage that these grains inherit from rolling and primary recrystallization. For this purpose the
correlation between crystallographic orientation, size and number of next neighbors of large grains in the subsurface
layer of a primary recrystallized silicon steel sheet was investigated. It was found that most of the large grains have
an orientation on theh-fiber (�001� axis parallel to the rolling direction) but are not particularly close to the Goss
orientation. Also, no tendency of grains to be larger the closer they are to the Goss orientation was visible. Rather it
was found that the scatter of the angular deviation to the Goss orientation is similar over a large range of grain sizes
and this was found to be true too if the number of next neighbors of a grain rather than its grain size was checked.
One single grain, however, was found that was close to the Goss orientation and had a high number of next neighbors
and might therefore act as a nucleus for secondary recrystallization. Nevertheless, grains with a similarly high number
of neighbors and a large deviation to the Goss orientation were found, too. Thus, a topological reason for the Goss
texture evolution could not yet be proved. However, it might be that the extreme rareness of Goss nuclei (1 out of 106

grains) has prevented, up to now, from observing a true nucleus.
 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The pronounced formation of large grains with
a {110}�001� crystal orientation during
annealing of silicon steel sheets has been exten-
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sively investigated since the early work of Goss
[1], Ruder [2], and Burwell [3]. The occurrence
and orientational sharpness of the {110}�001�
texture component which is also referred to as
Goss orientation is of considerable interest both
from a technological and from a scientific point of
view. The strong Goss texture which develops by
secondary recrystallization can be very sharp
although it does not prevail in the texture of pri-
mary recrystallized Si steel sheet.
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As primary recrystallization, secondary recrys-
tallization is a process of nucleation followed by
grain growth. The driving force for this process is
the reduction of grain boundary energy. As in pri-
mary recrystallization, the secondary recrystalliz-
ation texture formation may be explained by one
or both of the two competing models of oriented
nucleation and oriented growth. In contrast to pri-
mary recrystallization, however, secondary recrys-
tallization, or abnormal grain growth, stands in
competition with the process of normal grain
growth, which also leads to a reduction of the grain
boundary energy. Abnormal grain growth can only
proceed if normal grain growth is inhibited. The
inhibition occurs in most cases by finely dispersed
particles which pin the grain boundaries. For this
case Hillert [4] has shown how particle size and
distribution influence the critical grain size neces-
sary for nucleation of secondary recrystallization.
In other cases the inhibition of normal grain growth
may occur by the existence of a very sharp primary
texture. In this case the low angle grain boundaries
between most of the grains prevent normal grain
growth and only those grains with strongly deviat-
ing orientations may grow abnormally. It should
be mentioned that in the case of polycrystals which
do not contain any second-phase particles and
show a random texture large grains will always
grow more slowly than small grains and will finally
join the normal grain size distribution [4,5]. Thus,
in such ‘ ideal’ polycrystals abnormal grain growth
will never occur.

In the case of the Goss texture formation in pri-
mary recrystallized silicon steel the inhibition of
normal grain growth occurs by particles
(manganese sulfide or aluminum nitride particles),
while texture has no serious inhibiting effect
because the primary recrystallization texture is
rather weak. This has already been shown by
investigations of May and Turnbull [6] on high
purity silicon steel where no abnormal grain
growth occurred because second phase particles
were absent.

Concerning the mechanism of texture formation
the idea of oriented growth has been most fre-
quently favored and two models have been pro-
posed. The first one [7,8] suggests that CSL
(coincidence site lattice) grain boundaries are

responsible for the abnormal growth of Goss
grains. Statistically, Goss oriented grains in a typi-
cal primary recrystallization texture have a higher
probability than other orientations to form low-�
CSL boundaries (i.e. boundaries with a high num-
ber of lattice coincidence sites). Lin et al. [8]
claimed that these boundaries have a higher
mobility than others. It should be noted in this con-
text that the CSL model has no physical meaning
as such but is a geometrical concept from which
possible physical mechanisms such as grain bound-
ary dislocations or solubility of foreign atoms can
be derived.

The second view on oriented growth of Goss
grains is based on the assumption that high
mobility is a feature of high-angle boundaries with
misorientation angles between 20 to 45° [9,10].
The idea here is that the high diffusivity of these
boundaries leads to quick coarsening of precipi-
tates during annealing. The resulting large particles
have a lower pinning force on the moving bound-
aries than smaller particles on other boundaries.
Goss grains have been reported to be surrounded
by a higher fraction of these high mobility grain
boundaries than grains with other orientations. This
unique configuration is assumed to be the reason
for abnormal growth of Goss grains.

Both approaches have recently been discussed
by Morawiec [11] who concluded that possible dif-
ferences in grain boundary mobility might not be
the sole reason for the abnormal grain growth of
Goss grains. Using local orientation measurements
and Monte Carlo simulations Chen at al. [12] also
found that differences in the mobility alone do not
seem to be sufficient for abnormal grain growth
of Goss oriented crystals. Also, it is questionable
whether the only statistical link between the Goss
orientation and a particular grain boundary charac-
ter (high angle or CSL grain boundary) is able to
create a texture as sharp as the observed Goss tex-
ture.

A strong objection against either of these two
theories of oriented growth is that usually only
very few grains with a sharp Goss orientation are
observed to start growing in the early stage of sec-
ondary recrystallization, i.e. that there is no growth
competition. This observation supports the classi-
cal idea of oriented nucleation as main mechanism
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of secondary recrystallization. In this case it is
assumed that a grain may grow abnormally if it
has a certain size advantage over the other crystals
in the primary recrystallized matrix. The open
problems in understanding this phenomenon are
first to define the critical grain size from which on
a grain may grow abnormally and second to
explain how grains of a sufficient size develop in
the matrix. According to Hillert [4] the critical
grain size depends on the grain boundary energy,
on the average grain size and on the size and distri-
bution of the inhibiting particles. It may also be
influenced by the surface energy in case that the
grain is close to the free surface of the sheet. The
question how a grain may reach the critical grain
size has been answered in different ways. Some
authors (Matsuo [13], Inokuti et al.[14]) claim the
existence of large Goss oriented grains in the pri-
mary recrystallized matrix. Matsuo [13] found
many Goss grains in the subsurface layer of a hot
rolled silicon steel sheet. On the basis of this obser-
vation he assumed the presence of some larger
Goss grains in this layer also after cold rolling and
subsequent primary recrystallization. Others
assume that Goss grains may be formed by
coalescence of closely oriented grain clusters
[Inokuti et al. [14]]. In both cases nuclei for sec-
ondary recrystallization are assumed to be created
by inheritance from the hot rolled sheet.

Instead of using the grain size as a measure for
a topological advantage of a grain it is, according
to von Neumann [15], Mullins [16], and Hillert [4],
more sensible to use the number of next neighbors
of a grain. For the simple case of a two-dimen-
sional microstructure, a grain will grow if it has
more than six neighbors and shrink if it has less
than six. In the three-dimensional case, no regular
polyhedron with plane faces exists which fills
space completely and balances the boundary ten-
sions. Therefore, grain growth is inevitable in a
three-dimensional microstructure (Smith [17]).
However, also in this case the tendency remains
that grains with many neighbors grow while those
with few shrink. In the case of grains in a micro-
structure with a homogeneous grain size distri-
bution as it is the case here, however, statistically
the number of next neighbors of a grain and the
grain size are approximately related by a square

function. This means that in a first approximation
grain size can be used to discuss the tendency of
a grain for grain growth and this approach has been
mainly adapted here. Local considerations, in con-
trast, must be based on the number of next neigh-
bors.

The suggestion of oriented nucleation, i.e. initial
size advantage of Goss grains has until now not
been systematically investigated by experiment.
This is essentially due to the rareness of the
nucleation event: assuming a grain size of
20’20’20 µm3 in the primary recrystallized matrix
and of about 2000’2000’200 µm3 in the secondary
recrystallized material (200 µm is the sheet
thickness) it is clear that on 106 primary grains
comes only one successful Goss grain as nucleus
for secondary recrystallization. One therefore must
inspect at least 106 grains in order to observe one
nucleus. This points out the demand for a fast and
efficient method for single grain orientation and
grain size measurements.

The aim of the present study, therefore, is to
quantitatively investigate the possible existence of
a size advantage of Goss-oriented (or any other)
grains in the subsurface layer of primary recrys-
tallized silicon steel sheet and to check whether
such orientational topology effects might play a
role for abnormal grain growth in this material.

2. Experimental

Material used in this investigation was a fully
primary recrystallized Fe–3% Si sheet, which was
produced by two-stage cold rolling. MnS was used
as inhibitor in this type of Si steel. The texture after
secondary recrystallization was investigated on a
sheet which was secondary annealed by heating it
for 40 h up to 1000 °C under H2 atmosphere.

Automatic crystal orientation mapping (ACOM)
was performed in a JEOL 6500F field emission gun
scanning electron microscope (FEG-SEM). The
ACOM technique allows determination of the crys-
tallographic texture and the microstructure in crys-
talline material. Local lattice orientations are mea-
sured on a regular grid by automated acquisition
and processing of electron backscatter diffraction
(EBSD) patterns. The microstructure can sub-
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sequently be reconstructed by coloring similar
orientations on the measured grid with similar col-
ors. The FEG-SEM used in this study is dis-
tinguished by its extraordinary high beam current
at high resolution. This, together with a high-speed
digital CCD camera (DigiView, TSL) for the
acquisition of EBSD patterns allows measuring up
to 30 patterns per second and enables the measure-
ment of very large orientation maps in an accept-
able time span.

Two kinds of investigations were carried out.
First, two large orientation maps, covering 2 × 2
× 2 mm2 were measured with high resolution on
the rolling plane in order to detect possible Goss
grains and to check for the relationship between
texture and grain size. This area contained about
6 × 104 grains. Second, a very large area on the
rolling plane of two primary recrystallized samples
was investigated by inspection of backscatter elec-
tron (BSE) images in order to detect all large
grains. To this end two samples with an investi-
gated area of 2 × 14 × 24 mm2 were used. This
area corresponds to about 2 × 106 grains (which
were not all investigated by ACOM) and may
therefore contain two potential Goss nuclei for the
subsequent secondary recrystallization. ACOM
measurements were carried out in the areas sur-
rounding all inspected large grains. By this method
the orientation and the occupied areas of all large
grains were determined. Two rules were used to
define what was counted as a large grain: First,
the grain diameter had to be larger than 40 µm,
the average diameter of all matrix grains amounted
to about 20 µm. Second, the grain size had to be
much larger than that of the immediate neighbor
grains.

All ACOM measurements were carried out in
the subsurface layer (s = 0.8) of the samples in the
rolling planes (formed by the rolling direction
(RD) and transverse direction (TD)). The para-
meter s is defined by s = a / (d /2), where a is the
distance of the inspected area from the center layer
and d the sheet thickness.

From the measured crystal orientations pole
figures and orientation distribution functions of the
large grains were calculated. For comparison the
global texture was calculated from X-ray pole fig-

ure measurements carried out with a Siemens D500
X-ray texture goniometer.

The texture results will be discussed in the fol-
lowing in terms of the typical texture fibers found
in recrystallized silicon steel. These are namely the
abcc–fiber (fiber axis �110� parallel to the rolling
direction including major components
{001}�110�, {112} � 110 �, and {111} �
110 �), the g–fiber (fiber axis �111� parallel to
the normal direction including major components
{111} � 110 � and {111} � 112 �) and the h-
fiber (fiber axis �001� parallel to the rolling
direction including major components
{001}�100� and {011}�100�).

3. Experimental results

Fig. 1 shows the orientation distribution function
(ODF) determined by X-ray diffraction. It reveals
that the texture in the investigated subsurface layer
is dominated by a weak g-fiber and a texture
component on the h-fiber which is about 15°
rotated about the rolling direction from the cube
orientation. A minor a-fiber component at the 45°
rotated cube orientation can also be observed. Fig.
1 also reveals that the exact Goss component is
rather weak in the primary recrystallized specimen.
Fig. 2 shows the ODF after secondary recrystalli-
zation. The texture shows a sharp Goss component
with a full width half maximum (FWHM) of
about 10°.

The grain size and grain orientation of a large
number of grains (about 60 000) was determined
by ACOM. The grain size distribution obtained
from these measurements is shown in Fig. 3. The
average grain size is 17.3 µm and the grain size
distribution can be fitted with good precision to the
two-parametrical log-normal distribution (Feltham
[18]). Naturally, the only one-parametrical Hillert
[4] or Rayleigh [19] distributions do not give a
similarly good fit.

The correlation between grain size and grain
orientation is presented in Fig. 4a in form of a
graph which displays for every grain its angular
deviation to the exact Goss orientation over its
grain size in µm2. The gray value at each position
in the graph corresponds to the number of grains
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Fig. 1. Orientation distribution function of primary recrystallized silicon steel in the form of ϕ1=constant sections using �ϕ1=5°
steps between the sections. The texture was determined by measuring the four incomplete pole figures {110}, {200}, {112}, and
{103} in the range of the pole distance between 0° and 85° using Mo Ka1 x-radiation and deriving the orientation distribution function
from it using spherical harmonics. The measurement was conducted in the layer s = 0.8 (see text).

that show similar parameters. It is visible from this
graph that some grains have sizes larger than 40
µm but there is no apparent tendency of these
grains to be close to Goss orientation. The two
solid lines that have been drawn in the graph mark
the limit for a possible Goss nucleus with a certain
size advantage. The horizontal line indicates an
angular deviation of 10° from the exact Goss orien-
tation which corresponds to the observed sharpness
of the final texture. The vertical line indicates the
grain size of grains which have a diameter two
times larger than the average grain size. All grains
right and below these lines fulfill the criteria for a
Goss grain nucleus. Obviously there are only two
grains in this area while several non-Goss oriented
grains have large diameters.

As was already mentioned in the introduction
the number of next neighbors of a grain is a more

sensible measure to evaluate a topological advan-
tage of a grain than the grain size. However, the
number of neighbors is more difficult to determine
and appropriate algorithms are not included in the
commercial ACOM software used here (OIM3 of
TSL). Therefore a computer program was
developed that determines for every grain in an
orientation map the number of next neighbors. An
exported data file of the OIM software containing
all measurement information (location and orien-
tation of each measurement point) serves as input
for the developed algorithm. In a first step, the pro-
gram uses a recursive algorithm to determine all
grains and assign them a unique grain ID. To this
end the misorientation of all neighbor points of a
given point are checked. If the misorientation angle
is less than a predefined value (for example 2°) the
neighbor point is considered to be within the same
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Fig. 2. Orientation distribution function after secondary recrystallization. The measurement parameters are the same as Fig. 1.

Fig. 3. Grain size distribution determined from ACOM
measurements of a large area (4 mm × 2 mm) of a primary
recrystallized sample.

grain, otherwise it is in a new grain. In case the
point is in the same grain the same algorithm is
repeated until all points belonging to one grain are
found. After all grains in the OIM map have been
detected a second algorithm now simply counts the
number of next neighbors of each grain by compar-
ing their grain IDs. The quaternion method is used
for the calculation of misorientations in order to
speed up the algorithm. On an AMD1000 GHZ
computer it takes about 35 s to finish the calcu-
lation for a map of 106 points. Only some very
small grains and grains located on the border of
the map are overlooked by the algorithm. The
results of these calculations are displayed in Fig.
4b in a similar way as in Fig. 4a. For every grain
one point displays its angular deviation to the Goss
orientation over its number of next neighbors. The
gray value represents the number of grains that fall
onto the same position in the graph.

Most grains have less than 13 neighbors with a
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Fig. 4. Correlation between grain topology and angular devi-
ation from the Goss orientation (all data are calculated from an
ACOM measurement of a large area (4 mm × 2 mm) of a pri-
mary recrystallized sample). The gray value of a given position
corresponds to the number of grains that show this particular
combination of topology and Goss deviation. Points which cor-
respond to only one single grain are displayed in black on a
white background. Do not confuse this background with the
white area in the center of the graphic which corresponds to
areas with maximum number of grains. (a) Correlation between
grain area (in µm2) and angular deviation to Goss (in °). (b)
Correlation between number of next neighbors and angular
deviation to Goss (in °).

maximum of grains owing five or six neighbors as
it is expected for a stable two-dimensional struc-
ture. The largest number of next neighbors is 16
and there are three grains corresponding to this
number. However, their deviation from the Goss
orientation is for all of them larger than 25°. There
is only one grain with a Goss orientation deviation
of less than 10° and a number of next neighbors
larger than 14 in this graph. As for the grain size
no tendency of grains with a high number of next

Fig. 5. Crystal orientation maps of large grains in the primary
recrystallized silicon steel. The gray value is chosen according
to the crystal direction parallel to the normal direction of the
sheet. The orientation of the large crystal is displayed as (001)
pole figure. (a) Large non-Goss grain on the h-fibre. (b) Goss
grain with many neighbors.

neighbors to be close to the Goss orientation is vis-
ible.

Fig. 5a shows an example of the local orien-
tation measurements that were systematically con-
ducted around all large grains. The pole figure pro-
jection shows that this particular grain is close to
the cube orientation {001}�100�. The crystal
orientation and size of all inspected 22 large grains
are presented in Fig. 6a, the corresponding next-
neighbor graph in Fig. 6b. Fig. 6a shows that the
area of most of the large grains is in the range
between 1200 and 3000 µm2 corresponding to a
diameter of 40–60 µm. The area of the largest grain
is 4562 µm2, i.e. its diameter is about 80 µm which
is about four times larger than the average grain
size. A comparison between Figs. 6a and 6b
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Fig. 6. Correlation between grain topology and angular devi-
ation to the Goss orientation for large grains (measurements
conducted on different areas of two samples). The same three
grains are marked in both graphs. (a) Correlation between grain
area (in µm2) and angular deviation to Goss (in °). (b) Corre-
lation between number of next neighbors and angular deviation
to Goss (in °).

reveals that the large grains are not necessarily
those with many neighbors and vice versa. One
quite small grain (1296 µm2 (Fig. 5b)), marked by
a circle in the graph, actually has a very large num-
ber of neighbors (14) and therefore probably a high
tendency to grow. Since it is also the only grain
with an angular deviation to Goss of smaller than
10° this grain actually might be a Goss nucleus.

Fig. 7. (a) Discrete {100} pole figure of all large grains. (b)
Continuous {100} pole figure of all large grains, weighted by
grain size.

The orientation distribution of all investigated
22 large grains is shown in Fig. 7 in the form of
(100) pole figures and in Fig. 8 in the form of an
orientation distribution function. The left hand side
of Fig. 7 shows the {100} projection points of the
orientations of the large grains without considering
the actual size of each grain while the right hand
side pole figures are weighted by the grain size.
Figs. 7 and 8 substantiate that most large grains
have an orientation close to the h-fiber. However,
the distribution of the intensity along the η-fiber is
not homogeneous. According to Fig. 8, a
maximum orientation density occurs at ϕ1=0°,
φ=33°, ϕ2=0° and at ϕ1=0°, φ=57°, ϕ2=0°
(symmetrically equivalent to the first). The inten-
sity of the exact Goss orientation at ϕ1=0°,
φ=45°,ϕ2=0° is relatively low. The actual maxima
on the h-fiber are rotated 12–13° around the rolling
direction of the sheet from the Goss orientation. In
contrast to the texture of all grains given in Fig. 1
practically no g- or a-fiber crystals are found
among the large grains.

4. Discussion

The ODF obtained by X-ray diffraction in the
s = 0.8 layer shown in Fig. 1 is a typical sub-sur-
face texture of a primary recrystallized silicon
steel. It is characterized by a weak g-, h-, and a-
fiber. While the occurrence of a pronounced g-fiber
and of a minor a-fiber is well known from textures
of primary recrystallized body-centered cubic met-
als, the h-fiber is usually less pronounced in such
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Fig. 8. ODF of large grains calculated from orientation and size of large grains.

material [14,20–24]. The h-fiber is usually found
in body-centered metals if the sheet has undergone
substantial friction and sub-surface shear during
hot rolling. Typically, it appears stronger in steels
which are alloyed with elements enlarging the
high-temperature stability of the ferrite phase [25].
Depending on the further strain and annealing path,
the h-fiber becomes more or less pronounced.
Mishra et al. [26] reported for a high-permeability
grain-oriented Si steel (using only one stage of cold
reduction) a strong h-fiber with a maximum close
to {013}�100� (ϕ1, φ, ϕ2)=(0°, 18.4°, 0°) in the
s = 0.8 layer. Fig. 1 shows that the exact Goss
component at (ϕ1, φ, ϕ2)=(0°, 45°, 0°) is rather
weak in the primary recrystallized sample. This
observation is in agreement with previous work
[26].

In case that topology, i.e. number of next neigh-
bors respectively grain size plays the dominant role
during secondary recrystallization and assuming

further that mobility as well as energy aspects are
homogeneous throughout the microstructure, the
grain with the largest number of neighbors (which
might be one of the largest grains) in the inspected
subsurface layer of the primary recrystallized steel
should be close to the Goss orientation. The ODF
of the secondary recrystallized material shows a
maximum deviation from the Goss orientation of
about 10° and this should be the same for the
grains serving as nuclei.

From the data presented in Fig. 4 no tendency
is visible that grains are the closer to the Goss
orientation the larger they are or the more neigh-
bors they have. Quite the contrary, Fig. 4 shows
that large grains, respectively grains with many
neighbors show a similar distance to the Goss
orientation as the smaller grains or grains with
few neighbors.

For the 22 very large grains (Fig. 6) which all
have orientations close to the h-fiber the maximum
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of the orientation distribution function shows 12°
deviation from the precise Goss component. It is
therefore impossible to obtain a sharp Goss texture
from these grains. However, one suitable Goss
grain nucleus displayed in Fig. 5b and marked with
a circle in Fig. 6 has been detected. Indeed, this
grain is not under the very largest grains but it is
a grain with a high number of neighbors, meaning
that this grain is situated in an area of the primary
recrystallized material with relatively small aver-
age grain size. In contrast, the two largest grains,
marked by a triangle and a square in Fig. 6 have
angular deviations to the Goss orientation of 21.9°
and 21.4° and therefore, obviously, cannot act as
typical nuclei for the sharp secondary recrystalli-
zation Goss texture. Also, one of these grains has
a much smaller number of next neighbors (9) and
should therefore have a comparatively low tend-
ency to grow. The other, however, has the same
number of neighbors as the possible Goss nucleus
and it is not clear why this grain should, in com-
parison to the possible Goss nucleus, not be able
to grow. It must be mentioned that the growth
behavior of these areas has not been investigated
yet due to experimental difficulties. It is therefore
up to now not possible to make a clear statement
on the importance of grain topology for the devel-
opment of the Goss texture.

A comparison of Figs. 4 and 6 reveals that for
a statistical evaluation of the topology effect on
grain growth the grain size may be a reasonable
measure because in a homogeneous microstructure
grain area and number of next neighbors (i.e. the
grains circumference) are approximately related by
a square function. For a detailed discussion of
particular grains, however, this statistically
expected relationship between grain size and num-
ber of next neighbors does not need to be correct
and it is very important to determine both values
in order to detect possible Goss grain nuclei.

5. Conclusions

It was investigated whether a topological advan-
tage (either size or number of next neighbors) of
Goss oriented grains in the primary recrystallized
microstructure could be responsible for the sharp

Goss texture developing during secondary recrys-
tallization in silicon transformer steel. Two types
of measurements were carried out by automatic
crystal orientation measurements (ACOM) in a
field emission gun scanning electron microscope
(FEGSEM) on a subsurface layer of a primary
recrystallized sample. First the size, number of
next neighbors and orientation distribution of a
large amount of grains was determined. No tend-
ency for large grains or grains with many next
neighbors to be close to Goss grains was found.
Second, the orientation distribution of particularly
large grains was investigated. The large grains
were mainly located on the h-fiber in Euler orien-
tation space but the Goss orientation was only
weakly occupied. The grains which were closest to
the Goss orientation were not particularly large
while the largest grains were more than 20° away
from the Goss orientation. However, one grain
which was close to the Goss orientation, although
not very large, showed a particularly high number
of next neighbors and might therefore be a possible
Goss nucleus. Though, also some grains with a
high deviation from the Goss orientation showed
the same or even higher number of next neighbors
and it is not clear why these grains should not also
be able to act as a nuclei for secondary recrystalli-
zation. It can be concluded that an inherited top-
ology effect alone cannot explain the dominance
of the Goss texture during secondary recrystalli-
zation of silicon steel. Alternatively it might be that
no relevant Goss nucleus has been observed yet.
This assumption is supported by the extreme rare-
ness of these grains because only one grain out of
106 in the primary recrystallized structure will
grow during secondary recrystallization.
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1986;17A:1301.


	J Magnet Magn Mater 304 (2006) 183 Overview soft magnetic steels.pdf
	Overview of Microstructure and Microtexture Development in �Grain-oriented Silicon Steel
	Introduction
	Microstructure and microtexture evolution
	Hot rolling
	Cold rolling
	Primary annealing
	Secondary annealing

	Origin of abnormal Goss grain growth
	Discussion
	Summary
	Acknowledgment
	References


	Acta Materialia 51 (2003) 1755 FeSi steels.pdf
	Effects of topology on abnormal grain growth in silicon steel
	Introduction
	Experimental
	Experimental results
	Discussion
	Conclusions
	References



