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Abstract: The magnetic properties of electrical steels are related to the microstructure and texture of the final processed 
steel. There is an interplay and interaction of the microstructure and texture between the various processing steps. The 
ongoing structural changes at final annealing of the cold rolled material depend sensitively on the deformation structure 
after the cold rolling with high deformation. In this paper, we will study in detail the role of the microstructure of the hot 
strip on the deformation structure after cold rolling with high deformation. 
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INTRODUCTION 

The fabrication route of non-oriented electrical 
steels comprises casting, hot rolling, cold rolling and 
final annealing. A wide spectrum of non-oriented 
electrical steels is produced by variation of the content 
of Si and other additional elements as well by variation 
of the process parameter at the different processing 
steps. An additional processing step hot strip annealing 
before cold rolling is used to produce higher 
permeability grades commercially. Recently most 
attraction is paid to low magnetic loss materials, which 
are based on ferritic FeSi steels. These material grades 
with low values of the specific magnetic losses are 
widely used for electrical machines in hybrid and 
electrical cars. 

The magnetic properties of electrical steels are 
related to the microstructure and texture of the final 
processed steel. There are not so many investigations 
available on the evolution of the microstructure and 
texture along the complete process starting from the 
hot strip fabrication for non-oriented ferritic steels [1-
15]. This applies also to new technologies for hot strip 
fabrication like CSP and Thin Strip Casting [12-13]. 
Mostly the investigations regard only the effect of hot 
strip annealing with temperatures at 900°C or higher on 
the final annealing process. It was shown that the grain 
size of the hot rolled material plays an important role on 
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the stored energy after cold rolling and finally on 
recrystallization texture at final annealing after cold 
rolling [3-5]. This ideal complete recrystallized 
microstructure is quite different from those in a real 
fabrication process for hot band without hot band 
annealing, which exhibit a complex microstructure after 
hot rolling and result finally in inhomogeneous 
deformation substructures after cold rolling. 

Regarding the process starting from the hot strip 
fabrication it is found that there is an interplay and 
interaction of the microstructure and texture between 
the various processing steps [1, 2, 8, 15]. The ongoing 
structural changes at final annealing of the cold rolled 
material by recovery, recrystallization and finally grain 
growth depend sensitively on the deformation structure 
after the necessary cold rolling with high deformation. 
The cold rolling behavior itself is influenced by the 
microstructure of the hot strip.  

In this paper, we will study in detail the role of the 
microstructure of the hot strip on the deformation 
structure after cold rolling with high deformation for 
FeSi 2.4. The regarded ferritic FeSi steel exhibits no 
phase transformation at hot rolling. To this purpose hot 
strips were fabricated with quite different processing 
parameters and were cold rolled with the same total 
reduction. Microstructure and texture of the different 
hot strip samples before cold rolling and after cold 
rolling were characterized by metallographic studies 
and electron backscatter diffraction (EBSD). The 
resulting features of the microstructure and texture are 
discussed. A deeper understanding of the interrelations 
between the microstructure of the hot strip and the cold 
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rolled material may be a basic for further improvements 
of the technology and of the final obtained properties. 

EXPERIMENTAL 

The presented results concentrate on selected hot 
rolled samples of FeSi2.4 with a thickness of 2 mm. 
The FeSi 2.4 alloy used for all the fabricated samples 
was a commercial alloy, which contains a certain 
amount of Al and Mn. The alloy has a low content of C 
and other impurities. The FeSi 2.4 alloy was chosen as 
a typical example of ferritic FeSi steels for non-oriented 
electrical steels. These ferritic steels are favourable for 
non-oriented electrical steels with low values of the 
specific magnetic losses. Different hot rolled strips 
were prepared using the four stand pilot line for hot 
rolling at the Institute of Metal Forming, TU 
Bergakademie Freiberg (IMF). The pilot line enables to 
realize a reheating, a pre-hot rolling and a final hot 
rolling by four stands. The preheating temperature was 
above 1200°C. The material used for hot rolling had a 
thickness of about 30 mm. The regarded different 
samples were obtained by variation of the deformation 
per pass, especially at the last pass, the hot rolling 
finishing temperature as well as the conditions of 
coiling after finishing, respectively the temperature-time 
curve going from the temperature at the last pass to 
room temperature. Table 1 gives an overview of the 
samples, which are studied in this paper. The specific 
cooling conditions are given in any case in the table. 
Most of the samples were cooled quickly from the 
finishing temperature at hot rolling to 750°C and held at 
that temperature for a certain time. In some cases, the 
samples were rapidly quenched after the last pass at 
hot rolling: In addition, some of hot strip samples were 
annealed in a separate processing step before cold 
rolling. The annealing conditions are indicated in the 
Figures. The thermomechanical behavior for all the 
samples is determined by the flow curves and by the 

dynamic as well as static softening behavior for the 
regarded alloy composition. Cold rolling (CR) of the 
hot rolled strip with a thickness of 2 mm to a 
thickness of 0.5 mm was realized on a two-high 
stand at the IMF with four passes.  

The microstructure before and after cold rolling was 
observed by optical microscopy. Microstructure of the 
hot strip as well as after cold rolling were also analyzed 
by the orientation imaging microscopy (OIM), the image 
quality as well as image quality plus rotation angle map 
(IQ plus misorientation), and the distribution function of 
the misorientation vs. angle obtained from EBSD 
measurements. The changes of the microstructure of 
the hot strip were described following the definition of 
recovery and recrystallization given in [16, 17]. Straight 
recovery is characterized by the formation of subgrain 
structures with low angle grain boundaries, which leads 
to no change of the texture. Recrystallization comprises 
the appearance of nucleus and the formation of small 
grains. Appearance of large angle grain boundaries 
was characterized as recrystallization. The general 
microstructure of the hot strips can be classified in 
three types: equiaxed grains with different sizes, 
pancake grains and bands, see [18]. The resulting 
deformation substructures after cold rolling were 
classified following the classification in [19].  

Texture is studied by the ϕ2=45° section of the 
orientation distribution functions (ODFs) and by 
orientation imaging microscopy (OIM) obtained from 
EBSD measurements. Thereby a field emission 
scanning electron microscope (FESEM) of the type 
Zeiss Ultra 55 and software from AMETEK were used. 
Figure 1 shows the main fibers and components in the 
ϕ2=45° section of the orientation distribution functions 
(ODFs), which we will particular view. To study the 
inhomogeneous nature of microstructure and texture 

Table 1: Hot Rolled Samples Prepared at IMF of Ferritic FeSi Steels 

Sample  Thickness HR: Starting Temperature HR: Finishing Temperature  Annealing Temperature and Time at Cooling 

1 2mm 960°C 820°C Quenching to 400°C 

2 2mm 1090°C 860°C 750°C/20min 

3  2mm 1150°C 770°C Air Cooling to RT 

4 2mm 1010°C 930°C 750°C/75min 

5 2mm 1250°C 1000°C 750°C/270min 

6 2mm 1010°C 960°C 750°C/240min 

7**  2mm 1150°C 770°C Air Cooling to RT 

8**  2mm 960°C 820°C Quenching to 400°C 
**Additional hot band annealing in a separate processing step before cold rolling:  Sample 7 – 850°C/20min; Sample 8 - 900°C/2min. 
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across the thickness we will analyze also certain areas 
within the samples. 

 

Figure 1: φ2 = 45° section of ODF; A = {100}<001> cube 
texture, A1 = {100}<012>,  

B ={100}<110> rotated cube texture, C = 
{110}<001> Goss texture, D = component {111}<112> 

of the γ – fiber, E = component {111}<121>,  α*- fiber 
{h,1,1}<1/h,1,2> , F = {113}<251>, G = component 
{113}<136> of the α*-fiber, H = component 
{411}<148> of the α* - fiber, F = {113}<251>, G = 
{113}<136>, H = {411}<148˃, 

MICROSTRUCTURE OF THE HOT STRIP 

Figure 2 presents optical micrographs for the total 
cross section of samples 1 to 6 before cold rolling. 
The different finishing temperatures at hot rolling in 
connection with the different cooling, respectively 
annealing conditions (temperature – time curve) 
immediately after the last pass at hot rolling (samples 
1, 2, 3, 4, 5, 6) resulted in the varying appearance of 
the microstructure. One obtains recrystallized small 
grains at the surface of the hot rolled samples. 
Pancake grains (elongated grains) are observed in the 
region between the surface and the centre. Such 
elongated grains are sometimes nucleated inside of a 

 

Figure 2: Optical micrograph for the total cross section of samples 1 to 6 before cold rolling; thickness before CR 2.00 mm; 
size scale is like in Figure 3. 
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deformation band. Over a large region near the centre 
one has mostly deformation bands.  

A quite different image is obtained for the hot rolled 
samples (samples 7 and 8), which were annealed in a 
separate step before cold rolling as can be seen from 
Figure 3. A recrystallized grain structure with a rather 
inhomogeneous grain size is obtained for sample 7, 
while the recrystallization is incomplete across the 
thickness for sample 8. To reach a more homogeneous 
recrystallized microstructure a rather high annealing 
temperatures above 900°C is necessary, see also [5, 
20]. 

The variety of the process parameters to fabricate 
hot rolled strips results in quite different microstructure. 
Nevertheless, the resulting microstructure may be 
roughly classified as follows. Mostly, an 
inhomogeneous microstructure across the thickness 
results, which is characterized by small grains in the 
surface area and deformation bands in the central 
region. Sometimes more or less elongated grains 
appear in the central region. At rapid cooling after the 
last pass at hot rolling deformation bands are obtained 
more or less across the whole thickness. All these 
observations indicate clearly that the development of 
the microstructure is driven by the stored deformation 
energy at hot rolling and the thermal energy at coiling, 
respectively the temperature –time curve after the last 
pass. The static softening after hot rolling is the 
dominant process. A complete recrystallized 
microstructure is only obtained after an additional hot 
strip annealing in a separate processing step before 
cold rolling.  

The image of the microstructure at varying process 
parameters at hot rolling for other ferritic FeSi steels, 
like FeSi3.0, is the same, see [11]. The resulting variety 
of the microstructure and texture of the fabricated hot 
strips by the pilot-line at the IMF in Freiberg is quite 
similar to the microstructure and texture of commercial 
hot strip samples at similar process conditions (rolling 
temperatures, cooling conditions), see for instance 
Figure 15 in [21]. 

The resulting crystallographic texture is also 
determined by the thermomechanical parameters at hot 
rolling. Figure 4 exhibit the ϕ2=45° section of ODF for 
the whole cross section for the samples 1, 2, 3 and 7. 
For sample 1 (rapidly quenched after the last pass at 
hot rolling) a strong α- fiber texture, a remarkable cube 
fiber texture and a certain intensity of the γ – fiber 
components were obtained. Samples 2 exhibit a high 
intensity of cube fiber texture and some α- fiber texture. 
Sample 2 were annealed immediately after the last 
pass at hot rolling. For sample 2 the intensity of the α- 
fiber texture is much lower compared to sample 3. The 
texture image of sample 3 is like to sample 1 due to the 
similar cooling conditions after the last pass at hot 
rolling.  

These observed features in the ϕ2=45° section of 
ODF differ to the characteristic of ferritic low C-steels 
and IF steels and also of FeSi3.0 as described in [22].  

An additional hot strip annealing in a separate 
processing step before cold rolling, see sample 7 in 
Figure 4, resulted in a high cube fiber texture. Still the 
intensity of α- fiber texture is high. Such a high intensity 
of cube fiber texture is not obtained for a hot strip 
annealing, which do not give a complete recrystallized 

 

Figure 3: Optical micrograph for the total cross section of samples 7 and 8, which appeared a hot strip annealing in a 
separate processing step before cold rolling; size scale is the same (Sample 7 – 850°C/20min; Sample 8 - 900°C/2min). 
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grain structure across the thickness, see Figure 5 
(sample 8). The microstructure of the sample 8 is given 
in Figure 3. The appearance of texture for the hot strip 
before cold rolling depends sensitively on the hot rolling 
conditions and the process after the last pass as well 
as on the conditions of the optional hot strip annealing 
in a separate processing step before cold rolling. 

 

Figure 5: ϕ2=45° section of ODF for the whole cross section 
of sample 8 after hot strip annealing, see also [11]. 

The inhomogeneous character of the texture across 
the thickness in connection with the inhomogeneous 
microstructure due to quite different softening 
processes for the different hot strips across the 
thickness can be clearly seen in the following Figures. 

Figure 6 and 7 gives the OIM for sample 1 and sample 
2, respectively for sample 7 and sample 8. The texture 
components, which are indicated by OIM are more 
explained in Figure 8. In the OIM the notation 111, 001, 
101 are connected with the crystal reference system. 
Thereby we have blue -111 parallel ND (gamma fiber); 
and red – 100 parallel ND (cube fiber). ND gives the 
normal direction of the sample. These Figures 
demonstrate that the softening processes (recovery, 
recrystallization and grain growth) takes place rather 
inhomogeneous across the thickness for the regarded 
samples. For the samples 1 and 2, which were treated 
in a different way after the last pass at hot rolling, we 
observe a quite different behavior.  

For the sample 1, which was rapidly quenched after 
the last pass at hot rolling, we see a mixture: bands 
with γ- fiber texture (˂111˃parallel ND) and bands with 
cube fiber texture texture (˂001˃parallel ND). For 
sample 2 we have in the central part mainly bands with 
cube fiber texture (˂001˃parallel ND) and bands with a 
texture nearby the cube fiber texture (˂001˃parallel 
ND). We observed no bands with γ - fiber texture 
(˂111˃parallel ND) in the center. In the region at the 
surface, a recrystallized structure is found for sample 1 
and 2. The different image for sample 1 and 2 may 

 

Figure 4: ϕ2=45° section of ODF for the whole cross section for the samples 1, 2, 3 and 7 before cold rolling. 
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indicate that we have a quite different deformation state 
for our hot rolled samples with a thickness of 2 mm in 
the central part. For sample 7, which suffer an 
additional hot strip annealing in a separate processing 
step, we get a fully recrystallized state. We see mainly 
grains with γ- fiber texture in the region near the center. 
If the additional hot strip annealing in a separate 
processing step before cold rolling is not realized under 
optimum conditions, see sample 8 in Figure 7, the 
central part is still deformed. 

For the regarded non-oriented electrical steels a 
high intensity of the preferable magnetic texture 
components, respectively fibers, which comprise, cube 
fiber texture and α * fiber texture, are desirable for the 
fully processed material (high permeability grades). It 
should be mentioned that a high intensity of α - fiber 
texture as well as γ – fiber texture is undesirable in the 

finally processed material. Even a high density of Goss 
texture in not convenient for non-oriented electrical 
steels. To reach such a preferable texture in the fully 
processed material the hot strip should already exhibit 
a higher intensity of cube fiber texture and a lower 
intensity of α - fiber texture as well as γ – fiber texture. 
This makes a clear difference to the conventional 
steels and has to be taken into account. 

Generally, a rather different image for the 
microstructure and texture across the thickness is 
obtained for the hot strip before cold rolling. It depends 
sensitively on the processing parameters (deformation 
at the passes at hot rolling, starting and finishing 
temperature at hot rolling, thermal treatment after the 
last pass or rapid cooling, additional hot band 
annealing). This should be reflected in the 
microstructure and texture after cold rolling. 

 

Figure 6: Orientation Imaging Microscopy (OIM) map of sample 1 and sample 2. 

 

 

Figure 7: Orientation Imaging Microscopy (OIM) map of sample 7 and sample 8. 
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Figure 8: Texture components described by OIM (from 
literature). 

DEFORMATION STRUCTURE AFTER COLD 
ROLLING 

The resulting complexity of the microstructure at 
cold rolling with high deformation of the hot strips with a 
thickness of 2 mm to a final thickness of 0.50 mm is 
demonstrated by optical micrographs in Figure 9. 

Shear bands are clearly visible in the optical 
micrographs for samples 2 and 7. Sample 2 was 
thermal treated in an appropriate way immediately after 
the last pass at hot rolling. Sample 7 was thermal 
annealed in a separate processing step before cold 
rolling. Shear bands are described as highly effective 
sites for nucleation of recrystallization [19]. Figure 10 
and 11 present the OIM for the samples 1 and 2, 
respectively the samples 3 and 7. The OIM in Figures 
10 and 11 indicate the presence of bands with γ- fiber 
texture (˂111˃parallel NR) as well as bands with cube 
fiber texture (˂001˃parallel ND) more or less over the 
thickness. Thereby the portion of the area with γ- fiber 
texture seems to be larger for the sample with an 
additional hot strip annealing before cold rolling 
(sample 7). Shear bands are visible in the areas with γ- 
fiber texture (˂111˃parallel NR).  

Figures 12 to 14 exhibit the inhomogeneity of the 
microstructure and texture across the thickness of 
areas after cold rolling. One finds a rather complex 
figure. Figure 12 shows the IQ, the distribution function 
of misorientation vs. angle, the OIM and the ϕ2=45° 
section of the ODF for a band with mainly cube fiber 
texture (selected area of sample 2, see Figure 10). 

 

Figure 9: Optical micrograph for total cross section of samples 1, 2, 3 and 7 after cold rolling (CR); thickness after CR 0.50 
mm. 
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High intensity of small angles in the distribution function 
of the misorientation as well as a high quality of the 
EBSD pattern is typical for such a deformation band.  

 

Figure 10: OIM map of sample 1 and 2. 

 

Figure 11: OIM map of sample 3 and 7.  

Figure 13 gives the IQ, the distribution function of 
misorientation vs. angle, the OIM and the ϕ2=45° 
section of the ODF for a band with mainly γ - fiber 
texture of sample 7. Figure 14 presents the IQ, the OIM 
and the ϕ2=45° section of the ODF for another area of 
sample 7 with γ - fiber texture, which contains shear 
bands. A low EBSD pattern quality is taken as an 
indicator for a shear band. Figure 15 demonstrates the 
complexity of the “local deformation substructure”. It 
gives the IQ, the distribution function of misorientation 
vs. angle, the OIM and the ϕ2=45° section of the ODF 
after cold rolling for a “transition area” between bands 
with mainly cube fiber texture near the center of sample 
2. There is no unique microstructure and texture for the 
regarded area. Sheared microbands are visible. In 

addition, recrystallization, which comprises the 
appearance of nucleus and the formation of small 
grains (nucleus), took place already in certain regions. 
This recrystallized area exhibit intense cube fiber 
texture and α* - texture, see Figure 15 (ODF for A). On 
the other hand the sheared “microbands” have a quite 
different texture, see Figure 15 (ODF for B). The 
texture is nearby 111 parallel ND.  

In summary, areas with a wide spread of texture 
components, larger intensity of high angle 
misorientation beside low angle misorientation as well 
as a mixture of high image quality and low image 
quality are found for samples 2 and 7 in the central 
region. The larger intensity of high angle misorientation 
may indicate the beginning of recrystallization. Such a 
complex figure for the texture after cold rolling, as 
demonstrated in the Figures 12 to 15, cannot be 
explained by assuming an in-plane strain state during 
cold rolling. Uniform in-plane compression gives no 
explanation for the appearance of cube texture. As we 
demonstrated in [23], a shear component beside an in-
plane strain may give a relevant contribution to the 

 

Figure 12: IQ, distribution function of misorientation vs. 
angle, OIM and ϕ2=45° section of the orientation distribution 
function for a band with mainly cube fiber texture (selected 
area of sample 2, see Figure 10) after cold rolling. 
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resulting texture after cold rolling, see also Figure 16. 
The Figure shows the effect of a shear component to 

the value of the Taylor factor, which present a measure 
for the stored energy at cold rolling. The parameter K 
characterizes the intensity of a shear stress. As can be 
seen in Figure 16, the existence of shear stress 
changes the well-known relation between the stored 
energy of deformation for various orientations in the 
case of uniform in-plane strain compression [24] 
remarkable. Such modified relations between the 
stored energy of deformation for various orientations 
may be finally applied to describe the texture in the 
various areas with different misoriented substructures 
(deformed states). 

 

Figure 15: IQ, distribution function of misorientation vs. 
angle, OIM and ϕ2=45° section of the orientation distribution 
function for a transition zone of sample 2 after cold rolling. 

CONCLUSIONS 

It is demonstrated that different microstructure of 
the hot strip before cold rolling results in quite different 
deformation substructures after cold rolling. Thereby 
rather different local deformation structures across the 
thickness are observed. The deformation substructure 

 

Figure 13: IQ, distribution function of misorientation vs. 
angle, OIM and ϕ2=45° section of the orientation distribution 
function for a band with mainly γ- fiber texture (selected area 
of sample 7 (see Figure 11) after cold rolling. 

 

Figure 14: IQ, OIM and the ϕ2=45° section of the ODF for an 
area with γ- fiber texture of sample 7 after cold rolling, which 
contains shear bands. 
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after cold rolling depends on the processing conditions 
at hot band fabrication: finishing temperature, 
deformation at the last pass, cooling conditions after 
the last pass, respectively annealing conditions as well 
as on the process parameters at cold rolling: number of 
passes, deformation per pass, and temperature at cold 
rolling. The characteristic of the deformation structure 
for these ferritic FeSi steels differs remarkable for those 
of conventional steels. Any modelling of the resulting 
texture after cold rolling and finally of the 
recrystallization texture after annealing these cold 
rolled material has to take into account also a shear 
stress contribution to the stored deformation energy 
beside a uniform in-plane strain at cold rolling. The 
resulting deformation substructures after cold rolling 
will affect the kinetic of the ongoing processes at final 
annealing: recovery, recrystallization [11, 15, 25]. A 
deeper understanding of the interrelations between the 
microstructure of the hot strip and the deformation 
energy of the cold rolled material may be a basic for 
further improvements of the technology and of the final 
obtained properties. 
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