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Abstract
Soft magnetic materials like cold rolled non-oriented (CRNO) steels are used in electrical
appliances like motors, generators small transformer cores due to its superior magnetic
permeability and low watt loss and less magnetic anisotropy signifying uniform magnetic
properties in all directions. The application of CRNO steels demands uniform property in all
angular directions. Keeping this in mind the objective of the present study is to find out the
textural and property change in all angular directions of CRNO steel sheets and correlate
texture-property. CRNO steel sheets of different silicon percentages (1.4%, 1.52%, 1.88%,
and 2%) were observed in the present study. Four different sets of samples were made from
the CRNO sheets: (1) samples along rolling direction, (2) samples at 30° to the rolling
direction, (3) samples at 60° to the rolling direction and (4) samples at 90° to the rolling
direction. Then the textural, electrical and magnetic properties were investigated using
standard techniques. X-ray diffraction (XRD) and electron backscattered diffraction (EBSD)
were used for bulk- and micro-texture measurements respectively. While four-probe method
was used for electrical resistivity and pulse field hysteresis loop tracer was used for magnetic
property measurements. The results showed different texture and magnetic properties in all
the CRNO samples.
Keywords: CRNO steel, Silicon Steel, Electrical Steel, Texture, Magnetic Permeability, Watt
Loss.
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CHAPTER -I

1.0 Introduction
Although, grain oriented silicon steels have attracted more academic interests [1], grain nonoriented silicon steels [2,3] (generically termed as CRNO or cold rolled non-grain oriented steel)
are the highest tonnage of electrical steels being produced today. Major applications of CRNO
steels are core material for electrical motor, rectifiers, generators, small size core transformers
etc. They possess low core loss and high permeability for such applications [4]. Two important
metallurgical factors that are responsible for the above said properties are grain size and texture
[5]. As grain size increases, hysteresis loss decreases due to increase in domain width and eddy
current loss increases [6]. So, there is an optimum grain size which determines the sum of
hysteresis loss and eddy current loss to a minimum value. For example, the optimum grain sizes
are100 micron and 150 micron for 1.85% and 3.2% Si steel respectively. The existence of an
optimum grain size can be explained from domain theory, which can be demonstrated as, below
the optimum grain size hysteresis loss due to domain wall interactions is predominant, while
above the optimum grain size losses are linked to domain wall movement [7]. Material with a
texture favorable for magnetic properties shows lower core loss than those with an unfavorable
texture, although they have same grain size [8]. Unlike CRGO (cold rolled grain oriented) steels,
a specific orientation cannot be considered in CRNO steels which are used in cores for rotating
machines and in these machines the angle between directions of the applied electric field and
rolling direction vary continuously. Texture components like (001)<uvw> and (111)<uvw> are
considered respectively as good and bad texture components. (111)<uvw> is the worst texture
for magnetic properties [9]. For a CRNO steel to stand in manufacture of components where
texture, magnetic and electric properties are uniform in all direction unlike GOSS texture (110)
<001> which dominates in CRGO steel. So, it’s very important to link between metallurgical
factors and magnetic properties while producing certain equipment [10]. In the present study the
electrical and magnetic properties of ~1.5 (wt.%) and ~2.0 (wt.%) CRNO sheets were
investigated with respect to all angular direction. In this way it has been attempted to link the
texture and electrical/magnetic properties of the CRNO silicon steels.
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1.1 Objectives
The various objectives which are to be achieved in the projects are:
 Study the variation in texture of CRNO steel sheets with respect to composition as well
as angular direction.
 Determination of electrical properties such as resistivity and magnetic properties like core
loss and permeability of all the CRNO steel samples.
 Correlation between texture, magnetic and electrical properties of CRNO steel samples.

1.2 Framework of the Thesis
The thesis is divided into five chapters. Chapter I mainly concerns about the introduction of the
project work. Chapter II gives theoretical overview of CRNO steel, methods of representing
texture, development of texture in CRNO steels and dependence of grain size on magnetic
properties of silicon steels. Chapter III represents the details of CRNO steel and sample
preparation followed by characterization techniques used in the present investigation. Chapter IV
basically tells the results that are obtained by texture measurements, electrical and magnetic
property measurements and discussion of the experimental results obtained. Chapter V
summarizes the results obtained from the present study and hints the scopes for further works.
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CHAPTER II
2.0 Literature Review
2.1 Silicon steel
Silicon steel, also known as electrical steel, is extensively used for electrical applications such as
preferred core material for equipment like transformer cores, motors, and generators [11].The
total amount of these steels is around 1% of the world production of steel. The properties
required for these steels are a high permeability and high magnetic induction, low magnetic
losses (watt losses), and low magnetostriction. The factors like high permeability and induction
is effective in reducing the size and weight of the parts thus increases the efficiency; low
magnetic losses reduce the generation of Joule heat and energy consumption thus helps in
minimizing energy; and a low magnetostriction reduces the noise in transformers and highcapacity machines helps in producing less humming sound [12].

2.1.1 Effect of Si in Fe
In late 19th century when discovery of silicon additions to increase the resistivity without
affecting the saturation magnetization significantly, electrical steel was developed. The addition
of silicon to iron has the following effects on its (magnetic) properties [13,14,15]:
(i) The electrical resistivity is increased, the eddy currents are diminished and the losses are
lowered.
(ii) Magneto crystalline anisotropy decreases, causing an increase in the permeability.
(iii) The magnetostriction decreases, leading to smaller dimensional changes with magnetization
and demagnetization process, and to a lower stress-sensitivity of the magnetic properties.
(iv) The saturation induction decreases.
(v) When the Si content is higher than 3%, the brittleness of the steel is increased and the cold
deformability is significantly impaired.
Figure 2.1 shows the effect of silicon on magnetic properties of Fe-Si alloy.
There are generally two different types of silicon steel namely:
(i)

Grain oriented silicon steel (GO)

(ii)

Grain non-oriented silicon steel (GNO)
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Figure 2.1. Effect of addition of Silicon on various properties like percentage of
elongation,crystal anisotropy, saturation induction [16]
Silicon steels featuring high Goss texture (110)[001] are called grain oriented and are mainly
used for core material for power and distribution transformers where the magnetic flux is
unidirectional. The Goss texture has <100> direction, known as easy magnetization direction
parallel to rolling direction. Although GO silicon steel has attracted more due to its properties ,
GNO steels are being the highest tonnage of electrical steels being produced today [17, 18].
Grain non-oriented silicon steel does not present a very high Goss texture and one of its main
technological application advancement in rotating electrical machinery in which the magnetic
field is in the plane of the sheet, but the angle between the electric and magnetic field and the
rolling direction is variable (always changes) i.e. magnetic properties should be uniform all over
the directions. Taking case of rotating machineries’ like motors, there is no point in having the
easiest direction of magnetization, i.e. <100>, parallel to the RD and an adequate texture would
be {100}<uvw>, also known as <100> fiber texture [19], where most of the grains would have
their {100} planes parallel to the plane of the sheet. The processing of GNO electrical steel
comprises hot rolling which may be with annealing or without annealing, cold rolling in one or
two steps with an intermediate annealing, final annealing and coating. The GNO steel may be
termed as CRNO steel i.e. cold rolled non-oriented steel and GO steel as CRGO i.e. cold rolled
grain oriented steel
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2.2 Texture
As discussed earlier, orientation of grains/crystals is important in deciding the magnetic property
of silicon steels. When the orientation of grains are statistically distributed at random, the
material is said to be crystallographic isotropic and shows no preferred texture. However, if they
are not randomly oriented, the material has a crystallographic texture. The term
‘crystallographic’ is used here only because the material can also show morphological texture
[20]. Crystallographic texture can be represented either by pole figure (PF) or orientation
distribution function (ODF).

2.2.1 Grain Orientation
It is very much important to know about grain orientation and its representation before going
through PF and ODF. The orientation of a grain is always expressed relative to an external coordinate system. In flat products (plates, sheets), the external reference frame traditionally
consists of the rolling direction (RD), the normal direction (ND) and the transverse direction
(TD). Any crystal orientation can be expressed with the help of Miller indices and is written as:
(hkl)[uvw]. This represents that the direction [uvw] is parallel with the RD and a plane (hkl) is
parallel with the rolling plane. For example, the orientation of the crystal as in Figure 2.2(a)
should be written as (001)[1-10]. When all the crystallographic equivalent orientations are
considered, the Miller indices are expressed as {hkl}<uvw>. In axisymmetric products (wires,
extruded bars), one set of Miller indices [uvw] is used to describe the crystal orientation,
indicating that this crystallographic direction is parallel with the sample axis, e.g. [111] in Figure
2.2b. All rotations around [uvw] are crystallographic equivalent [21].

Figure 2.2. Examples of crystal orientations in sheet (a) and wire (b), expressed with Miller
indices. The three cube axes are shown as xc, yc and zc. [22]
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2.2.2 Pole Figures
Pole figure is a projection, more often represented by a stereographic projection, by taking a
particular orientation in relative to the sample, which shows the variation of density of poles or
pole density with pole orientation for a selected set of crystal planes [23]. A schematic of (100)
pole figure is shown in Figure 2.3. In figure 2.3, the Stereographic projection of (100) poles is
represented in (a) and the projection of (100) poles of one grain on the equatorial plane is
represented in (b). Figure 2.3c shows projection of the (100) poles of a polycrystal where the
grains are randomly oriented. Figure 2.3d shows the projection of (100) poles of a textured
polycrystal, and this is usually represented as contour maps – as shown in figure 2.3e.

Figure 2.3. Schematic showing construction of a (100) pole figure [24].
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2.2.4 Orientation Distribution Function (ODF)
Pole figure representation of texture has several limitations. During projection of an orientation,
it is mandatory to miss certain orientations as a 3D space is represented in a 2D circle. It is
necessary to analyze all orientations for complete understanding of texture of the material. With
the help of ODF, it is possible to describe the complete texture information of a sample.If the
orientation of a grain can be represented by a parameter ‘g’. An ODF is a mathematical series
expansion, for which we will use the symbol ‘f’ that describes the volume fraction of grains in all
intervals g ± dg.
(dv/v)= f(g)dg
The integral of the ODF over all orientations should be equal to 1. ODF is used statistically to
make all possible orientation of grain where no loss of data occurs and measurement of sample
give accurate result. The ODF of a sample without any texture is a constant. If the sample
possesses any texture, the ODF has maxima and minima [25].

2.2.4.1 Euler Angles
In order to give a graphical representation of an ODF, a suitable method must be adopted, which
will define the orientation ‘g’ of a grain. This is basically done with the help of ‘Euler angles’.
These Euler angles defined in order to describe the position of a particular orientation. Two
different co-ordinate systems are defined and the method can be described as follows. The first is
connected to the sample (sample axes system Xi) and the second to the crystal of a grain (crystal
axes system Xic). Both systems are Cartesian and right handed (Figure 2.4). The sample system
is related to the shape of the sample. Let us take an example of a rolled sheet, and the axis X1 is
taken in the rolling direction (RD) , X2 in the transverse direction(TD) and X3 in the normal
direction (ND) of the sheet. Three rotations which are used to describe the orientation fully is
shown (Figure 2.5). These three rotations bring both systems together. Literature shows, there
are several conventions have been proposed to perform these rotations. The most widely used
system is the system of Bunge [26].
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Figure 2.4. Orientation of the crystal axis system {Xic} and the sample axis system {RD, TD,
ND}; s is the intersection of the planes (RD–TD) and ([100]–[010]) [27].

Figure 2.5. Definition of the Euler angles φ1, Φ, and φ2 in the Bunge convention [28].
 At first a rotation φ1 around ND is performed; which will bring RD in the position s, with
s the intersection of the planes (RD–TD) and ([100]–[010]). The attainment of new
positions of RD and TD are now RD’ and TD’.
 Then, a rotation of Φ around RD’; this will bring ND together with [001]; TD’ will now
get the position TD’.
 Finally, a rotation of φ2 around the ND axis (which is now equal to [001]); due to this
rotation,vRD’ falls on [100] and TD’ comes together with [010]. The angles (φ1, Φ, φ2)
are called ‘Euler angles’.
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2.2.4.2 Euler Space
To represent every orientation in space it is important to represent it with the help of three Euler
angles or 2 Euler angles by keeping the other one constant. When three Euler angles are used it
3D representation of texture data and when 2 Euler angles are used by keeping other being
constant it is called 2D representation of texture data which is normally used in real practice.
When the three Euler angles are generally plotted in Cartesian coordinate system, we get the socalled ‘Euler space’. This space is limited for φ1 and φ2 between 0 and 360o, and for between 0o
and 180o (Figure 2.6). Each crystal orientation can be represented in this Euler space. In this
representation, individual orientations will be found at several locations and at several euler
angles of the Euler space [29].

Figure 2.6. Graphical representation of crystallographic orientations with Euler angles [30].

2.3 Texture Developments in CRNO Silicon Steels
The magnetic properties like magnetization behavior and specific magnetic losses depends upon
the texture of the steel. Crystallographic texture is very important in bcc iron because
magnetization behavior is different along different direction. For example, <100> direction is the
easy magnetization direction, <110> is the intermediate one and <111> is the hardest direction of
magnetization [31]. So the planes having maximum <100> axis are preferred, planes having
<110> direction are desirable and planes having <111> direction are avoided as far as possible
[32]. The various texture components that are observed in a non-oriented electrical steels can be
generally classified into 7 categories which are Goss {110}<100>, cube {100}<001>, rotated
cube {110}<110>, theta {100}<uvw>, eta {hkl}<100>, gamma {111}<uvw> and alpha
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{hkl}<110> [33]. Among these 7, cube texture is most desirable because {100} planes have
greatest numbers of <100> axes. Texture with {110} planes have relatively larger number of
<100> and <110> axes which are also desirable. On the other hand, the texture with {111}
planes containing no <100> axes and the texture with {112} planes including <111> axes are
undesirable for non-oriented steels. As a consequence, the ideal textures for non-oriented
electrical steels is {100}<001>, Goss {110} <100>, theta {100} <uvw>, eta {hkl}<100>.
The final texture developed in any non-oriented steels is influenced by all the textures developed
during every processing step i.e. hot rolling texture, hot band annealing texture, recrystallization
texture and texture during grain growth which are described as follows:
In hot rolling the texture with low intensity of {110} <001> and {112} <111> are found [34].
Hot rolling also gives rotated cube {110}<110> orientation which is interesting for magnetic
applications [35]. Hot-band annealing at a higher temperature is very effective to obtain both
high magnetic induction and low core loss which are very essential, while it enhances the
anisotropy of magnetic properties which is detrimental for a motor or generator manufacture
[36]. These effects of hot-band annealing can be explained principally by the texture effect. The
increase in planar anisotropy by hot-band annealing may be closely related to an increase in the
{110} component and decreases in the {211} and {222} components. Recrystallization texture is
one of the most important textures because the maximum texture property variation occurs
between cold rolling and annealing when new strain free grains are induced from the strained
lattice. The various texture components which are observed during recrystallization are namely
Goss {110}<100>, cube {100}<001> and gamma fiber {111} <uvw> components [37]. The
intensity of Goss component is strongest. The general rule which governs texture development
during grain growth in electrical steels can be proposed as follows: for a texture component to be
strengthened during grain growth the grains of specific orientations should have not only a size
advantage over other orientations but also a higher frequency of high angle, high energy grain
boundaries [38].
The texture of the final products is also greatly affected by the microstructure prior to cold
rolling, the quantity of inclusions and the reduction of cold rolling. When a hot-rolled sheet is
annealed to increase its grain size, the development of recrystallized grains with {111} planes,
from the original grain boundary, is suppressed, whereas the development of recrystallized grains
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with {100} planes is enhanced in cold-rolled and final-annealed products. Though, it requires
more production cost the two-stage cold rolling method also being practiced to get better texture.
For the benefit of the readers, the important orientations discussed above have been represented
in Figure 2.7.

Figure 2.7. Schematic representation of the most important texture components in the φ2=45°
section of ODF [39].

2.4 Grain Size Dependence on Magnetic Properties of CRNO Silicon
Steels
Grain sizes affect magnetic properties in both GO and GNO steels [40]. Figure 2.8 shows the
effect of grain size on core loss in silicon steels of different silicon percentages [41]. An
optimum grain size is desirable – see figure 2.8. This may be attributed due to magnetic domain
wall interactions, as we know, below the optimum grain size hysteresis loss are mainly because
of domain wall interactions, while above the optimum grain size losses are very much correlated
to the domain wall movement concept [43].
This optimum grain size changes with composition and texture. To produce materials with low
iron loss it is very much essential to promote grains to optimum size through a short-continuous
11 | P a g e

annealing [44]. So, it is very much necessary to avoid precipitates that are caused by C, S, N and
O which hinder the growth of the grains. The effect of change in grain size was insignificant at
smaller texture factor (TF), but noticeable at higher TF [45].Texture factor can be defined as the
ratio of volume fraction of bad texture component to the volume fraction of bad texture
component i.e. ({111}<uvw>/{100}<uvw>). With the decrease in texture factor the magnetic
properties are improved and there is a decrease in magneto crystalline energy. In general, watt
loss is decreased and permeability is increased at larger grain size and smaller TF.

Figure 2.8. Effect of grain size on core loss in silicon steel [46].

12 | P a g e

CHAPTER III
3.0 Materials and Experimental Procedure
3.1 Materials
The materials studied in the present work were obtained from cold rolled steel sheets of 0.5 mm
thickness with chemical compositions given in table 3.1. The CRNO steel was first hot rolled
from continuously cast slabs of 210 mm thickness to 2.3 mm thick strips and subsequently cold
rolled to 0.5 mm thick sheets. The full hard coils were batch annealed to 950˚C +/- 10˚ and
finally given 2% deformation at the skin pass mill. Then DA (decarburization annealing)
treatments were carried out in a controlled atmosphere (dry 75%N2+25%H2) muffle furnace at
840˚C.
Table 3.1. Different compositions (in wt. %) of CRNO steel samples. The balance amount is the
wt. % Fe.
Steel
Grade
A1
A2
A3
A4

C

Si

P

S

Mn

Al

0.027
0.027
0.025
0.024

2.00
1.88
1.52
1.40

0.024
0.015
0.020
0.020

0.008
0.009
0.015
0.025

0.21
0.20
0.25
0.19

0.128
0.170
0.090
0.075

From each grade of CRNO steel sheets, four samples were prepared – (1) in the rolling direction
(A1-0, A2-0, A3-0 and A4-0); (2) 30˚ to the rolling direction (A1-30, A2-30, A3-30 and A4-30);
(3) 60˚ to the rolling direction (A1-60, A2-60, A3-60 and A4-60) and (4) 90˚ to the rolling
direction (A1-90, A2-90, A3-90 and A4-90) – see figure 3.2. The samples were
metallographically polished and then electro-polished by using an electrolyte of 800ml glacial
acetic acid and 200ml perchloric acid before textural characterization.
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Figure 3.1. A schematic representing the samples prepared from CRNO steel sheets for the
present investigation. RD, TD and SD represent the rolling direction, transverse direction and
sample direction respectively.

3.2 Texture Characterization
3.2.1 Bulk/Macro Texture
A Panalytical MRD X-ray diffraction system is used for bulk texture characterization. This is
available at IIT Bombay and is used for the present study. Four different pole figures, (100),
(110), (111) and (112) were measured. Subsequently the ODF was estimated using an academic
software MTM-FHM [47].

3.2.2 Micro Texture
A Fei-quanta SEM (scanning electron microscope) attached with TSL-OIM was used for microtexture characterization [48]. The system is known as electron backscattered diffraction (EBSD)
system. This is also available at IIT Bombay and is used for the present study. EBSD was carried
out for grain size and grain average misorientation determination. Grain average misorientation
(GAM) is the average misorientation between each point in a grain.
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3.3 Magnetic Properties
Various magnetic properties were measured by equipment called PC based Pulse Field
Hysteresis Loop Tester. It is used for quick characterization of magnetic materials at room
temperature. High magnetic field is generated in a solenoid by passing through it, a pulse current
of sinusoidal shape at an interval which is slow enough to produce minimum heating as per the
specification in the solenoid. A pickup coil system is kept in the proximity of a solenoid to
detect field and magnetization signal of a sample placed in the pickup coil. These transitory
analog signals are basically converted into digital signals by a micro‐controller integrated circuit.
A software used to interface the system to the PC and datas are processed to calculate various
hysteresis parameters like saturation magnetization Ms, coercivity Hc, followed by plotting of the
hysteresis loop (M Vs H curve)[49]. From the Graph χm (susceptibility by mass) was obtained by
the relation:
M= χm H
Again from χm permeability can be measure by the following formula:
μ = μ0 (1+χm)
Where, μ= absolute permeability of sample

μ0= permeability of air, χm= susceptibility by mass

3.4 Electrical Property
The electrical resistivity of each CRNO steel samples were measured by calculating resistance in
electrical laboratory by four probe method. From the electrical resistances of different samples
the resistivities were subsequently calculated and the eddy current loss can be determined by
using the following formulae:
Electrical resistivity = (πtR/ln2) (if t<< length, as in this case)
Classical eddy current loss = (10-13π2t2B2f2)/(6ρσ)
Where, ‘t’ is the thickness in cm, ‘B’, the induction in Gauss f, the frequency in Hz ,
specific density in g/cm3

is the

is the resistivity in ohm.cm and the core loss estimated in watts/kg.
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CHAPTER IV
4.0 Results and Discussions
The inverse pole figure maps of CRNO samples in the rolling direction is shown in Figure 4.1.
The black regions in the figure indicate low confidence index (<0.5). Confidence index
determines the accuracy in detecting the diffraction pattern. In general for highly deformed
regions the confidence index is always low because of distorted kikuchi diffraction pattern.
Hence, it may be conclude that the samples were not fully annealed condition. Further as shown
in Figure 4.2 the average grain average misorientation values are higher (>1.5); also support the
earlier statement. For a fully annealed/recrystallized material the average grain average
misorientaion is less than/equal to 0.5. The average grain size is approximately equal in all
CRNO samples. Figure 4.1 also shows that the material is textured in <111> and <001>
orientations. However, the EBSD micro-texture is statistically poor compared to XRD bulk
texture. Figures 4.3-4.6 show the ODFs of different CRNO samples examined in the present
study. This includes ODFs of all CRNO samples (Figure 4.3: A1-0, A1-30, A1-60, A1-90;
Figure 4.4: A2-0, A2-30, A2-60, A2-90; Figure 4.5:A3-0, A3-30, A3-60, A3-90 and Figure 4.6:
A4-0, A4-30, A4-60, A4-90). It may be noted that the EBSD measurements were carried out
only in the rolling directions because EBSD was used to investigate the microstructural/grain
size developments only and this may be expected to be similar in all angular directions.
As shown in figures 4.3-4.6 the texture in the rolling direction is much higher compared to other
angular directions. The maximum ODF intensity of all CRNO samples is shown in Figure 4.7.
Maximum ODF intensity indicates the amount of texturing in a sample – higher the value
indicates the better texture. From magnetic properties point of view the Goss and Cube
orientations are important. Table 4.1 shows the volume fraction of Goss and Cube orientations in
all CRNO samples examined in the present study. Apart from Goss and Cube orientations, other
important texture i.e. alpha, gamma and theta fibers volume fractions have also been reported. As
shown in table 4.1, the volume fraction of Goss orientation is higher in rolling direction
compared to other angular directions in all CRNO samples whereas the reverse trend is valid in
case of cube volume fractions.
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A3-0 maps of CRNO samples in the rolling A4-0
Figure 4.1. Inverse pole figure
direction.

Fig. 4.1. Inverse pole figure maps of CRNO samples in the rolling direction.
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Figure 4.2. Grain average misorientation (GAM) of the EBSD scans shown in figure 4.1.
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Figure 4.3. ODFs of different CRNO samples in the rolling direction (at constant φ1 sections and
a constant φ2=45° section)
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Figure 4.4. ODFs of different CRNO samples at 30° to the rolling direction (at constant φ1
sections and a constant φ2=45° section).
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Figure 4.5. ODFs of different CRNO samples at 60° to the rolling direction (at constant φ1
sections and a constant φ2=45° section).
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Figure 4.6. ODFs of different CRNO samples at 90° to the rolling direction (at constant φ1
sections and a constant φ2=45° section).
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Figure 4.7. Maximum ODF intensity of different CRNO samples.
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Table 4.1. Volume fraction of important orientations in the present CRNO samples. The highlighted orientations i.e. Goss and Cube
are compared for the present study – these two decide the magnetic properties of a material.
(hkl)<uvw>

A1-0

A1-30

A1-60

A1-90

A2-0

A2-30

A2-60

A2-90

A3-0

A3-30

A3-60

A3-90

A4-0

A4-30

A4-60

A4-90

(110)<uvw>
Alpha
Fiber
(111)<uvw>
Gamma
Fiber
(001)<uvw>
Theta
Fiber

0.5192

0.1447

0.1586

0.1803

0.5245

0.1585

0.1555

0.1666

0.5245

0.1539

0.1510

0.1847

0.5245

0.1598

0.1463

0.1838

0.3376

0.1445

0.1775

0.1553

0.3545

0.1625

0.1656

0.1791

0.3545

0.2005

0.1356

0.1835

0.3545

0.1925

0.1641

0.2082

0.1644

0.1264

0.1166

0.1275

0.1476

0.1198

0.1388

0.1071

0.1476

0.1345

0.0871

0.1115

0.1476

0.0998

0.1118

0.1007

(110)<100>
Goss
Orientation

0.0144

0.0504

0.04354

0.0400

0.0116

0.0346

0.03606

0.0266

0.0116

0.03999

0.03712

0.03737

0.01159

0.03892

0.04972

0.03471

(100)<001>
Cube
Orientation

0.05465

0.03893

0.03843

0.04314

0.06286

0.03778

0.04547

0.03383

0.06286

0.05158

0.02576

0.03586

0.06286

0.02960

0.03357

0.03363
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Figure 4.8 shows the increase is resistivity with increase in Si percentages of CRNO steels used
in the present study. The magnetic permeability and eddy current loss of different CRNO
samples is represented in table 4.2. The CRNO samples in the rolling direction had shown high
permeability and low eddy current loss with highest texture development. As shown in Figure
4.9 the sample A2-0 had highest textural development among all the samples and it had high
permeability and low eddy current loss. Other samples i.e. samples other than rolling direction
had insignificant texture developments and didn’t show any link/trend between texture and
magnetic properties.

Figure 4.8. Variation of resistivity with increase in Si percentages of CRNO steels.
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Table 4.2. Experimental results on electrical and magnetic properties of CRNO samples used in
the present study.
Samples

Permeability

A1-0

Resistivity(micro
ohm-cm)
38.48

1295

Saturation
Induction(Bs)(T)
0.780

Eddy current loss
(watts/kg)
0.202

A1-30

38.48

1262

0.805

0.218

A1-60

38.48

1345

0.831

0.233

A1-90

38.48

1310

0.824

0.228

A2-0

36.24

1333

0.797

0.227

A2-30

36.24

1320

0.847

0.257

A2-60

36.24

1312

0.813

0.234

A2-90

36.24

1279

0.793

0.224

A3-0

30.43

1303

0.800

0.271

A3-30

30.43

1325

0.895

0.305

A3-60

30.43

1283

0.781

0.261

A3-90

30.43

1306

0.832

0.296

A4-0

29.37

1303

0.801

0.281

A4-30

29.37

1330

0.828

0.301

A4-60

29.37

1303

0.828

0.301

A4-90

29.37

1298

0.817

0.296
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Figure 4.9. Variation of permeability and eddy current loss with silicon percentages of CRNO
steels in the rolling direction.
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CHAPTER V
5.0 Summary
Texture and magnetic properties of four CRNO steel sheets of different Si percentages (2%,
1.88%, 1.52% and 1.4%) in rolling direction, 30° to the rolling direction, 60° to the rolling
direction and 90° to the rolling direction were investigated in the present study. The following
conclusions are made:
Textural development in CRNO steels is independent of Si percentages. However, it is
strongly dependent on angular orientation of CRNO sheets – texture development is
higher in rolling direction compared to other angular directions.
The electrical resistivity increases with increase in Si percentages. However, the
magnetic permeability and eddy current loss didn’t show any trend with composition i.e.
variation of Si percentages.
The sample with highest texture had high permeability and low eddy current loss.
The samples other than rolling direction had insignificant texture developments and
didn’t show any link/trend between texture and magnetic properties.

5.1 Scope for Further Work
In the present study we found that texture had strong influence on magnetic properties of CRNO
steels. Also texture is highly dependent on processing parameters. Hence, it may be tried to
improve the texture in all angular directions of CRNO sheets so that the magnetic properties will
be uniform in all directions. This may be achieved by cross rolling and subsequent heat
treatments. As it is well known that the texture developments in CRNO steels mostly occur
during hot/cold rolling.
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