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Abstract

Formation of cube-on-face texture

in non-oriented electrical steel

Soo-Bin Kwon

Department of Material Science and Engineering

The Graduate School

Seoul National University

Electric steel sheets using the magnetic properties of iron are

divided into a grain oriented electric steel sheet and a

non-oriented electric steel sheet. In the case of non-oriented

electrical steel, it is generally used inside a rotating motor or

generator. There is a growing interest in the efficiency of electric

vehicles and generators, and there is a growing demand for the

production of highly efficient, non-oriented electrical steel sheets

in the future. The composition, microstructure and texture must

be controlled to produce high-efficiency non-oriented electrical

steel sheet. Control of composition and microstructure have



already been made much progress. But it has not yet reached the

control of texture.

Cube-on-face texture is known as the ideal texture for

non-oriented electrical steel. However, the cube-on-face texture

is not yet available. In this study, we clarified the mechanism for

formation of cube-on-face texture and found the necessary

conditions for obtaining cube-on-face texture in high Si steel.

In the γ → α phase transformation, the stress was applied to the

specimen to confirm the formation of cube-on-face texture. Based

on these results, we succeeded in forming a large-area

cube-on-face texture. In addition, the cube-on-face texture could

be formed through various methods using the weight of the

specimen. During the γ → α phase transformation, the nucleation

sites could be controlled to form the surface nucleation, which

enabled the formation of cube-on-face textures from 1% Si-steel

to 2% Si-steel.

Keywords : Non-oriented electrical steel; Magnetic property;

Texture control; Phase transformation; Cube-on-face texture;

Student number : 2014-31049
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1. Introduction

1.1 Electrical steel

Human civilization has been constantly worried about how it

uses stored energy. The wind energy was used to turn the

spinning wheel by using the water stored in the position energy,

and the windmill was developed to use the wind power and used

to grind the grain through energy conversion. In the early days

of civilization, it used a small amount of energy, but through the

Industrial Revolution, mankind could get a lot of energy by using

combustion, which enabled the rapid development of civilization.

Since the Industrial Revolution, there has been an explosion of

population, which has required more energy.

Initially, steam engines were used to obtain energy through

combustion. The steam engine has played a large role in helping

mankind get a large amount of energy away from the limited

energy source that had previously been obtained from livestock.

The ship, which used manpower and wind, was transformed into

a steamboat, allowing it to cross the ocean more quickly and

safely. Also, instead of a wagon, steam locomotives could send

goods and people across the continent faster and more. In the
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20th century, mankind began to use oil, which opened the era of

engine. From the start of using the engine, mankind has been

able to cross the sky and the universe.

This development of mankind has been greatly influenced by

finding new energy sources and how they are stored and used.

The internal combustion engine is the most widely used energy

source to date, but the public thinks it will not. Some problems

are highlighted because environmental problems first appeared.

This is because the perception of environmental pollutants

inevitably generated in the process of combustion is changing

negatively. Next, because oil reserves are limited, the need for

new energy sources is emerging.

In this atmosphere, research has begun on whether to replace

electric furnace internal combustion engines produced using

environmentally friendly energy. A variety of infrastructure is

needed to use electrical energy. A facility for producing and

supplying electricity such as a power plant and a transformer is

required and a device for converting electrical energy supplied to

the other energy source such as a motor or a light bulb is also

needed. Inside these devices, materials with excellent

electromagnetic properties should be used, resulting in less loss

and more efficient equipment.
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There are many kinds of materials with excellent

electromagnetic properties. [1,2] Especially rare-earth metals have

very good electromagnetic properties. [3,4] However, these

materials are so rare that they can not be used publicly. [5]

Therefore, there is an increasing demand for Fe, which can be

widely used in public but also has excellent electromagnetic

characteristics.

The iron used in high-efficiency electrical equipment is Si-steel,

which is made by adding Si to increase the resistance. [6,7,8] Si

is a material that increases the resistance as shown in Fig. 1.1.

[9] When the resistance is high, the eddy current induced by the

magnetic wave is significantly reduced. When the eddy current is

reduced, the loss of energy when converted from magnetic

energy to electrical energy is greatly reduced. Therefore, in a

transformer or a motor, generally, a material having high

resistance and good magnetic property is used. [10,11]

The steel that contains Si used for generators, motors and

transformers is called electrical steel. There are two main types

of electrical steel. Grain-oriented electrical steel (GO) and

non-oriented electrical steel (NO). GO is generally used in

transformers. In a transformer, the magnetic force changes only

in one direction as shown in Fig.1.2 High-quality GO is essential
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for high-efficiency transformers. [12]
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Fig 1.1 Graph of the change in electrical resistivity when each element

is added to Fe.
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1

Fig 1.2 Schematics of grain-oriented electrical steel. Goss texture is

commonly used for grain-oriented electrical steel.
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1.2 Non-oriented electrical steel & cube-on-face texture

Over 12 million tons electrical steels are produced annually,

around 80% of which are non-oriented grades. The increasing

demands for efficient electrical power generation and distribution

equipment are strong driving force for the development of

non-oriented electrical steel with lower magnetic losses and

higher permeability [13].

Demand for non-oriented electrical steel sheets is expected to

increase explosively in the future. This is because various policy

attempts to convert an internal combustion engine vehicle into an

electric motor vehicle have been taking place recently. [14,15] As

a result, there is a growing demand for high efficiency motors.

In addition, the need for more electricity due to the increase in

electricity demand is emerging, but the need for high efficiency

generators is also increasing due to the withdrawal of large-scale

nuclear power plants. [16]

In this context, optimization of composition, microstructure,

composition of texture and microstructure to determine the

magnetic properties of nonoriented electrical steel sheet has

already achieved many results. [17,18] Texture, however, is

currently not forming the ideal texture of nonoriented electrical



steel. [19]

It is well-known that the ideal texture for non-oriented

electrical steel is {001}<uv0>, where each grain has two <100>

directions in the plane of the sheet to give excellent magnetic

performances and nearly isotropic properties [20,21,22]. The

strong {100} textured columnar grains are successfully developed

by manganese removal and decarburization in silicon steel plates

[23]. During the vacuum annealing in γ/α dual-phase or γ-phase

regions, manganese removal occurs and a thin α layer forms near

the sheet surface. Driven by surface energy, the {100} texture is

markedly developed in the surface layer. The {100} textured

columnar grains are also obtained in low and medium silicon

non-oriented electrical steels by the so-called “two-step”

decarburizing annealing [24,25,26]. The aim of the first annealing

is to develop a fine primary recrystallized microstructure and a

thin decarburized α-layer with {100} texture on the sample

surface. During the second stage, the decarburization process

promotes the growth of the α-layer into the middle region of the

specimen. Recently, Sung et al. [27,28] prepared the strong {100}

textured columnar grains by slow cooling during γ→α 

transformation in pure hydrogen atmosphere and in vacuum. The

mechanism responsible for preparing the favorable texture is

associated with the fact that the cube faces are elastically

compliant so that the texture can develop in a manner consistent
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with minimization of strain energy. Besides, Xie et al. also

fabricated a new-type non-oriented electrical steel with high

magnetic induction by phase transformation under pure hydrogen

atmosphere [29].

For low-silicon non-oriented electrical steel it is possible to

apply a thermal treatment that leads to the columnar-grained

microstructure with a specific type of the texture by γ→α 

transformation under a special atmosphere. [30] In this paper, the

influence of the various atmosphere conditions on the evolution of

microstructure and texture during γ→α transformation is

investigated for the Fe–Si non-oriented electrical steel.
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2. Effect of stress on formation of cube-on-face

texture in γ → α phase transformation

2.1. Introduction

Grain oriented electrical steel is widely used as a transformer

core due to its low energy loss and high magnetic flux density

where the position of the transformer is fixed. However, in the

case where the position of the transformer is not fixed but

rotating like electrical motors and generators, non-oriented

electrical steel is used. [31] Recently, electrical vehicles are

becoming increasingly popular and will replace the vehicles using

an internal combustion engine in near future. Therefore, there is

a strong demand for the development of high efficiency electrical

steel for motors and generators. [32]

It is well known that the ideal texture of silicon steel for

motors and generators is a cube-on-face texture, {100}<uv0>,

where each grain has two <100> directions in the plane of the

sheet to give excellent magnetic properties. In an effort to

develop Si steel with a cube-on-face texture, Tomida et al. [ref.]

used the method of removing manganese and decarburization
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from Si steel plates and successfully produced Si steel with the

strong {100} textured columnar grains. [33]
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Fig. 2.1 Schematic methods of (a) non-contact, (b) 1-side contact, (c)

2-side contact and (d) contact with Al₂O₃ powder on the holder
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However, this method should be done in vacuum and takes

too much time in removing manganese and decarburization. To

overcome such a disadvantage, Sung et al. [34] developed a new

method to produce a cube-on-face texture by using the phase

transformation from γ to α during cooling. However, it is not

clearly understood why a cube-on-face texture is evolved during

the phase transformation. This lack of understanding has been a

barrier to further progress and practical applications.

When any sample is heat treated, it should be placed on some

material and thereby the sample is in physical contact with the

supporting material. It is normally thought that such physical

contact would not affect the microstructure evolution of the

sample. In the preliminary experiment of Fe-1%Si steel, however,

we found out that the physical contact between the Fe-1%Si

sheet sample and the Al2O3 plate has a strong effect on the

evolution of the cube-on-face texture. The purpose of this paper

is to report the effect of the physical contact on the evolution of

cube-on-face texture in Fe-1%Si steel.

2.2. Experimental Details

An ingot of Fe-1wt%Si was prepared by vacuum induction

melting. The ingot was hot rolled to 2.3 mm and cold rolled to
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0.35 mm in thickness. The transformation temperature between

α and γ was measured at the cooling and heating rate of 600℃/h

with the thermogravimetric analysis (TGA)/differential scanning

calorimetry (DSC) (Mettler Toledo). The measured temperatures

of the Fe-1wt%Si alloy were Ac1=984℃, Ac3=1004℃, Ar3=975℃,

and Ar1=952℃.

The cold-rolled sheets were heated in a tube furnace at 1 atm

of flowing H₂ gas. The sheets were heated at 600℃/h to 1100℃

and annealed for 5 minutes; such a treatment would produce the

γ phase. Then the sheets were cooled at 600℃/h to 950℃ during

which γ is transformed to α. Then, the sheets were cooled to

room temperature in the tube furnace.

To examine the effect of the physical contact on the evolution

of cube-on-face texture during the phase transformation from γ 

to α, the rectangular rim was used as the specimen holder with

the empty center as shown in Fig. 1(a), where the Fe-1%Si

sheet sample would be supported by the rim but not in physical

contact with the holder. The sample of Fig. 2.1 (a) is used as a

reference which has no physical contact with any other solid. In

Fig. 2.1 (b), the Fe-1%Si sheet sample was placed on the Al2O3

plate so that the top surface of the sample was exposed to the

H2 atmosphere and the bottom surface was in physical contact
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with the Al2O3 plate. In Fig. 2.1 (c), the additional Al2O3 plate

was placed on the sheet sample in Fig. 2.1 (b) so that both sides

of the sample were in physical contact with the Al2O3 plate. To

confirm whether the evolution of the cube-on-face texture might

come from any chemical effect coming from Al2O3 or from the

physical contact, Al2O3 powder was placed on the sample as

shown in Fig.1(d). Further, the effect of the physical contact was

also examined for tungsten and quartz plates whose results are

shown in Fig. 2.4.

The surface texture of the heat-treated sheet samples was

measured by analyzing the grain orientation using an electron

back-scattered diffraction (EBSD) system (TSL), mounted on a

field-emission scanning electron microscope (FE-SEM)

(JSM-7600F). EBSD was measured on the area of 6.8 mm × 5

mm at the center of the sample surface.

2.3. Results & Discussions

Figure 2 shows the inverse pole figure (IPF) map and the

orientation distribution function (ODF) at φ₂=45⁰-section

analyzed by EBSD for samples of Fig. 1(a) and (b). Figures 2(a)

and (b) shows the IPF maps respectively for the top and bottom

surfaces of the sample for Fig. 1(a). They show a random



- 16 -

texture without any noticeable {100} orientation, which is also

confirmed by Figs. 2(e) and (f), which are respectively ODFs of

Figs. 2(a) and (b). The area percentage of a cube-on-face

texture was determined by the orientation within {100} ±15⁰.

Percentages of a cube-on-face texture in Fig. 2(a) and (b) were

respectively 11.6% and 14.1%. (See Table 1)

Figures 2(c) and (d) show the IPF maps respectively for the

top and bottom surfaces of the sample for Fig. 1(b). The IPF

map on the top surface in Fig. 2(c) shows a slightly

cube-on-face texture, which is also confirmed by the ODF in

Fig. 2(g). It should be reminded that the top surface was in Fig.

2(c) not in physical contact with any other solid. However, the

IPF map on the bottom surface in Fig. 2(d) shows a strong

cube-on-face texture, which is also confirmed by the ODF in

Fig. 2(h). Figure 2(d) indicates that the physical contact with the

Al2O3 plate has a strong effect on the evolution of the

cube-on-face texture.

Percentages of a cube-on-face texture in Fig. 2(c) and (d)

were respectively 36.1% and 52.8%. There is the texture

difference of 16.7% between the top and bottom surfaces. It

appears that the high percentage (52.8%) of a cube-on-face

texture in Fig. 2(d) comes from the physical contact with the
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Al2O3 Plate. Although the top surface in Fig. 2-(c) was not in

physical contact, it has a much higher percentage of 36.1% than

those of the top and bottom surfaces respectively in Fig. 2(a)

and (b). (See Table 1). The relatively high percentage of 36.1%

in Fig. 2(c) would be attributed to the fact that the grains of a

cube-on-face texture were formed first on the bottom surface,

which was in contact with the Al2O3 plate, grew to the top

surface across 350 ㎛ thickness of the sheet sample.



- 18 -

Fig. 2.2 The texture of (a) top surface of Fig. 2.1-(a), (b) bottom

surface of Fig. 2.1-(a), (c) top surface of Fig. 2.1-(b), and (d)

bottom surface of Fig. 2.1-(b). The ODF image (φ₂=45⁰) of top

surface of Fig. 2.1-(a), (b) bottom surface of Fig. 2.1-(a), (c) top

surface of Fig. 2.1-(b), and (d) bottom surface of Fig. 2.1-(b)
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Figures 2.3(a) and (b) show the IPF maps respectively for the

top and bottom surfaces of the sample for Fig. 1(c). Both show a

strong cube-on-face texture, which is also confirmed by the

ODFs in Figs. 2.3(e) and (f). Percentages of a cube-on-face

texture in Fig. 2.3(a) and (b) were respectively 64.5% and 76.0%.

Comparison of these results with those of Figs. 2(a), (b) and (c)

indicates that the physical contact with the Al2O3plate should

enhance the evolution of a cube-on-face texture.

To confirm the possibility that the physical contact with the

Al2O3 plate should provide any source for chemical interactions

with the sample surface, Al2O3 powder was placed on the sample

surface as shown in Fig. 2.1(d). Figures3(c) and (d) show the

IPF maps respectively for the top and bottom surfaces of the

sample for Fig. 1(d). Both show a random texture, which is also

confirmed by the ODFs in Figs. 2.3(g) and (h). Percentages of a

cube-on-face texture in Fig. 2.3(c) and (d) were respectively

12.2% and 10.8%. These results indicate that the evolution of a

cube-on-face texture should come from any force such as the

friction from the contact rather than from any chemical

interaction with Al2O3.

Then, the physical contact with other plates such as tungsten

and quartz is expected to have a similar effect. Additional
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experiments with tungsten and quartz plates were performed with

the Fe-1%Si sample sheet sandwiched by the plate as shown in

Fig. 2.1(c). Both samples show strong a cube-on-face texture as

revealed in ODFs of Figs. 2,4(a) and (b), which are respectively

for tungsten and quartz.
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Fig 2.2 The texture of (a) top surface of Fig. 2.1-(c), (b) bottom

surface of Fig. 2.1-(c), (c) top surface of Fig. 2.1-(d), and (d)

bottom surface of Fig. 2.1-(d). The ODF image (φ₂=45⁰) of top

surface of Fig. 2.1-(c), (b) bottom surface of Fig. 2.1-(c), (c) top

surface of Fig. 2.1-(d), and (d) bottom surface of Fig. 2.1-(d)
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Experiment  
#

Plane
{001}area%

(±15°)
Contact
surface

Fig.2.1-(a)
Top 11.6% X

Bottom 14.1% X

Fig.2.1-(b)
Top 36.1% X

Bottom 52.8% O

Fig.2.1-(c)
Top 64.5% O

Bottom 76.0% O

Fig.2.1-(d)
Top 12.2% X

Bottom 10.8% X

Table 2.1 {001} area% (±15°) and whether surface contact with Al₂O₃

plate of each surface

Fig 2.4 The ODF image (φ₂=45⁰) of (a) surface contact with quartz

and (b) surface contact with W
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The results of Figs. 2,2, 2,3 and 2,4 indicate that the physical

contact should be closely related with the evolution of a

cube-on-face texture. Which effect would be possible by the

physical contact? One possibility would be that the frictional

force between the plate and the sample surface might affect the

nucleation barrier of surface grains with normal direction

(ND)//{100} in the transformation from γ to α during cooling.

The thermal expansion coefficient of Fe is 12 and those of Al2O3,

tungsten and quartz are respectively 5.5, 4.5 and 0.5 [ref.]. During

cooling, the Fe-1%Si sheet would be shrinking more than Al2O3,

tungsten and quartz plates and the friction between the sheet and

plate would generate the slight tensile shear stress on the sheet

surface. Materials such as barium, indium and tin which have a

higher thermal expansion coefficient than Fe could not be tested

as a plate because of their low melting points. Then, how would

the slight tensile shear stress affect the evolution of a

cube-on-face texture.

For this question, it is worth mentioning Sung et al.’s previous

suggestion [ref.] for the evolution of a cube-on-face texture

during γ → α transformation.

There is a volume increase when BCC α is nucleated from FCC

γ and the α nucleus would be under compressive stress, which
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would increase the nucleation barrier. The strain energy arising

from the compress stress would be proportional to the Young’s

modulus of α. As a result, the strain energy should increase the

nucleation barrier of α. The nucleation barrier would decrease

with decreasing Young’s modulus of α, which depends on the

direction and is minimum for {100} directions. Therefore, when

the α nucleus has the {100} directions normal to the compressive

stress arising from γ → α transformation, the nucleation barrier

would be minimum. Since the compressive stress on the surface

is absent in the direction normal to the surface, the cube-on-face

grains would have a minimum nucleation barrier. Therefore,

when nucleation takes place on the surface, the cube-on-face

grains would be favored. [35~38]

According to this analysis, the cube-on-face texture is expected

to evolve when nucleation takes place dominantly on the surface.

However, the results of Figs. 2.2(a) and (b), where the sheet

sample has no physical contact, shows that the cube-on-face

texture was not evolved. [39] The results of Figs. 2.2(a) and (b)

appear to disagree with Sung’s suggestion [ref.] In order that

Sung’s suggestion may agree with Figs. 2.2(a) and (b),

nucleation should not take place exclusively on the surface but

take place appreciably inside the bulk. This means that the

nucleation barrier inside the bulk should be lower than that on
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the surface. For example, the nucleation site of quadruple points

inside the bulk can be lower than that of triple junction on the

surface. [40]

On the other hand, the results of Figs. 2.3(a) and (b) as well as

Figs. 2.4 show that when the sheet sample has physical contact,

the cube-on-face texture was evolved. These results can be

explained if it is assumed that the slight tensile shear stress

from physical contact decreases the compressive stress on the

surface and thereby lowers the nucleation barrier on the surface

than that inside the bulk.
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3. Process of cube-on-face texture large sheet using tile

3.1 Effect of big size tile on formation of cube-on-face

texture in large size sheet

The samples used in the previous chapter are all 15mm x

35mm. The size of the specimen to be loaded on the holder is

15mm X 35mm, so the experiment was conducted with a

relatively small specimen. However, in order to mass-produce, we

need larger size specimens than the sample above. In order to

measure the magnetic properties, a test specimen of at least 50

mm x 50 mm is required, which necessitates the experiment of

large size sheets.

In the previous chapter, we succeeded in forming a

cube-on-face texture using one Al2O3 plate on one side. The

experiment was carried out using a single Al2O3 plate in a 50

mm × 50 mm specimen. (Fig. 3.1). In the heat treatment

conditions, the experiment was carried out to check whether the

cube-on-face texture was formed in a shorter time by loading

and unloading the specimen unlike the previous experiment.
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Fig. 3.1 Schematic image of heat treatment and experiment condition.
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Fig 3.2 Texture of 10㎜ X 50㎜ region on 50㎜ X 50㎜ sized specimen.

The ODF image (φ₂=45⁰) of the same region.
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Unlike the previous 50mm x 50mm specimens, it was thought

that measuring narrow areas with EBSD was insufficient to

investigate the overall texture formation. Therefore, the specimen

was finely divided into 10mm x 10mm as shown in Fig. 6, and 5

samples were subjected to the whole area EBSD analysis. The

results were combined and a large area of 10 mm X 50 mm

could be analyzed by EBSD.

Analysis of the specimens by EBSD showed that the

cube-on-face texture was formed in a large part of the specimen.

This was predicted by the effects of physical contact found in

the previous chapter. It was confirmed that a very high fraction

(001) texture was formed by IPF and ODF. In the middle of the

sample, however, there was a part where there was no

cube-on-face texture at all. If this phenomenon continues to

occur in a large-area process, it will have a negative impact on

the magnetic properties. Therefore, there is a need for research

to reduce this area.

The IPF image in Fig. 3.2 shows that random texture is formed

in the middle part. Considering the results of Chapter 2, we can

conclude the following conclusions. If the physical contact with
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Fig 3.3 Schematic image of difference between one large plate and

several small plates
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Fig 3.4 2 Texture of 10㎜ X 50㎜ region on 50㎜ X 50㎜ sized

specimen. Upper IPF image of specimen made by 30㎜ X 30㎜ sized

Al₂O₃ plates. Lower IPF image of specimen made by 10㎜ X 10㎜

sized Al₂O₃ plate
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the Al2O3 plate plays a very important role in the formation of

the cube-on-face texture, it can be concluded that the portion

where the random texture is formed has not been contacted.

Fig. 3.3, the area marked with a red circle is a part that is

inevitably inaccessible because the Al2O3 plate is a large plate.

In this part, it was thought that the cube-on-face texture would

not be formed as shown above.

3.2 Effect of a number of small size tiles on formation of

cube-on-face texture in large size sheet

 In order to solve this problem, several small tiles were used as

shown in Fig. If you use a small tile, you will be able to

minimize the non-contact portion of the sample and the plate and

then form a cube-on-face texture with a higher area fraction.

Based on the above idea, the following experiment was

conducted. All conditions were the same, but experiments were

carried out to reduce the untouched parts of Al2O3 plates

contacting the sample with several 30mm x 30mm and 10mm x

10mm, respectively. The results are shown in Fig. 8. As can be

seen from the IPF image, the smaller the tile size, the better the

cube-on-face texture is in all areas. The nucleation due to
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contact is generally well formed on the specimen, and all (001) is

formed in the phase-change section.

Through this experiment, it was once again confirmed that

contact with the plate is an essential component of the

cube-on-face texture. We also found that large-area specimens

can form cube-on-face textures. Based on these facts, we were

able to go one step closer to mass production.
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4. Effect of uniaxial stress on cube-on-face

texture formation

4.1 Introduction

The results of Chapter 2 and 3 support the fact that 2D-stress

is applied to the surface due to the difference in thermal

expansion coefficient due to contact, which is very important for

the formation of the cube-on-face texture in the phase transition.

To summarize, surface nucleation and 2D stress are essential to

obtain the ideal texture of non-oriented electrical steel,

cube-on-face. Surface nucleation can be induced by various

methods, but it is not easy to apply 2D stress during annealing.

It is difficult to stress considerably because stress must be

applied uniformly in various directions.[41~42]

 In order to solve this difficult problem, the idea of using

uniaxial stress which is relatively easy to apply stress was

given. The idea was that if a very small uniaxial stress could be

applied to the cube-on-face due to the very small stress caused

by thermal expansion and friction, a similar effect would be

obtained. We conducted the heat treatment at high temperature

and devised an experiment to apply uniaxial stress by using
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Fig 4.1 Schematic image of heat treatment and how to put self-weight

on specimen during the heat treatment
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gravity as its own weight in the thought that the stress due to

the difference of thermal expansion would not be great. [43]

4.2 Formation of cube-on-face texture by self-weight

hanging

There are several ways to apply uniaxial stress. However, it is

not very common to apply uniaxial stress in high temperature

heat treatment under hydrogen atmosphere. Therefore, the

following experiment was conducted through considerable

difficulties. [44,45] The conditions of the experiment are shown in

Fig 4.1. A vertical furnace was fabricated, and the specimen was

cut into a length of 30 cm and heat treated with medallion.

When the heat treatment is performed in this manner, the

specimen undergoes gravity stress due to its own weight during

the heat treatment period. This stress, unlike previous

experiments, will act in uniaxial direction, so it will be an

experiment to confirm how uniaxial stress affects the formation

of cube-on-face texture. The specimens were loaded at 1100°C

as shown in Fig. 4.1. Held at a temperature of 1100°C for 5

minutes, and then converted to γ phase, and then cooled to 950

for 15 minutes.

The results of the experiment are shown in Fig. 10 as IPF



- 37 -

image. The results show that the cube-on-face texture is very

well formed by uniaxial stress at the bottom of the specimen.

Compared with the experimental results in Chapter 2, we can see

that the results are different from those of the reference without

contact. Despite the fact that both experiments are non-contact

experiments, different textures are produced in uniaxial stressed

specimens. This indicates that uniaxial stress affects the texture

formation during the phase transformation process. It can be

concluded that cube-on-face texture is formed by uniaxial stress

as well as 2D-stress due to contact with the plate.

There is an interesting part in Fig 4.2. At the top of the

hanging specimen, the area fraction of the cube-on-face texture

is significantly reduced. The area fraction is shown in Fig. This

shows that the area fraction at the bottom of the specimen is

40.1%, but the fraction gradually decreases to 36.5%, 21.9%, and

7.8% at the top of the specimen. These results can be confirmed

in Fig. 4.2. It can be seen that the area of red cube-on-face

texture gradually disappears from the upper part, and purple γ 

fiber is produced instead.
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Fig 4.2 The texture at each location of self-weight experiment
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These results lead to the following conclusions. If the applied

stress exceeds a certain value, the cube-on-face texture is not

formed. That is, when a specific stress is applied, a cube-on-face

texture is formed in the phase transformation process, and the

stress that satisfies this condition can be interpreted as being

very small. Thus, when very small uniaxial stresses are applied,

it can be concluded that a cube-on-face texture is formed.

The stress acting on each part is calculated and shown in Fig.

4.3. The stress acting on the specimen is very small. Units are

expressed in Pa, not Mpa, which is negligible in general

mechanical properties measurements. However, when compared

with the results in Fig. 4.2, it can be seen that this small

uniaxial stress has a great influence on the texture formation in

the phase transform process. In other words, very small uniaxial

stresses control texture formation during phase transformation

and small uniaxial stress of less than 100Mpa is required to form

cube-on-face texture.
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Fig 4.3 The stress, grain size and {001} area at each location of

self-weight experiment
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4.3 Formation of cube-on-face texture by U-type holder

The following conclusions were obtained through previous

experiments. The uniaxial stress in the phase transformation

process can lead to the formation of a specific texture, and a

very small amount of stress is required to form the cube-on-face

texture. [46,47] It is difficult to heat treat weakly stress

uniaxially. In order to generate a phase transform, a high

temperature of 1100 ° C is required. At such a high temperature,

the sample is easily deformed and the Young's modulus is

lowered.

The self-weight hanging test at chapter 4.2 was able to apply

tensile only. However, given the discussion in chapter 2,

compression should have the same effect. In the γ phase, when

the α phase is nucleated, it is basically subjected to compression

stress, so compression should be added to improve the effect. In

the case of the self-weight hanging test, it is easy to conduct

experiments in a laboratory that conducts academic research, but

it is very difficult to apply such a process in a company aiming

at mass production. The need for new processes has arisen for a

number of complex reasons.
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Fig 4.4 Schematic image of how to put self-weight on the U-type

holder during the heat treatment.
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As a result, we have devised a U-type holder of Fig. 4.4. The

holder is made of quartz, 17cm long and 3cm high. The reasons

for making Quartz are as follows. First, even if it receives high

heat at high temperature, it reacts with Si-steel and does not

stick. This allows the specimen to be easily removed from the

holder after the heat treatment. Also, due to its low coefficient of

thermal expansion, it does not affect the sample at high

temperatures. And it can be used stably even at high

temperature. For this reason, a holder was fabricated using

quartz. Place the specimen on the U-type holder and proceed

with the heat treatment as shown in Fig. 4.4.

Prior to the heat treatment, the specimen is laid flat on the

U-type holder. However, when the temperature rises to a high

temperature during the heat treatment, the specimen comes down

in the middle due to its own weight. At this time, compression

will be applied to the upper part of the specimen, and tension

will be applied to the lower part of the specimen. In this state,

the specimen will undergo a phase transformation by cooling

under compression and tension. Experiments were conducted to

form a cube-on-face texture in the phase transform process

using these two stresses. When the heat treatment process is

completed, it is confirmed that the specimen is bent downward

by its own weight as shown in the image at the upper part of
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Fig. 4.4. This shows that the concept of the experiment

proceeded as expected.

The heat treatment cycle is shown in Fig. 4.5. Unlike the

previous self-weight hang test, the specimen was placed in a

U-type holder and tested under 100% hydrogen atmosphere. The

specimen and holder were placed in a tube furnace to maintain

the hydrogen atmosphere and N60 high purity hydrogen was

used. Unlike the self-weight hang test, the specimens were

heated in a furnace, not at high temperature. After heating to

1100 ° C for 115 minutes, it was maintained at 1100 °C for 5

minutes so that it could be transformed sufficiently into the γ 

phase. Thereafter, cooling was performed to 950 ℃ for 60

minutes to cause a phase transform for a sufficiently slow time.

Then, the specimen was taken out from the furnace and analyzed

after it had cooled sufficiently in the furnace. To investigate the

effects of compression and tension on the specimens, the

specimens were sampled and polished by EBSD. Fig. 4.6 shows

the result of IPF and ODF, where the specimens were taken,

area fraction and grain size.
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Fig 4.5 Schematic image of heat treatment on U-type holder experiment
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Fig 4.6 Each Texture and ODF (φ₂=45⁰) image at other parts.

(a)

(b)

(c)
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Fig 4.6-(a) is the upper part of the center of the specimen. As

can be seen in Fig. 4.4, this is where compression takes place. In

this area, we obtained an area fraction of very high cube-on-face

texture of 88.1%. On the IPF image, we can see that the red

part of the cube-on-face texture is very well developed and that

the cube-on-face texture is well formed on the ODF.

Fig. 4.6-(b) is the lower part of the center of the specimen.

Unlike Fig. 4.6- (a), it is the location where tensile is applied. In

this part, we obtained an area fraction of very high cube-on-face

texture of 90.9%. On the IPF image, we can see that the red

part of the cube-on-face texture is very well developed and that

the cube-on-face texture is well formed on the ODF.

Fig. 4.6-(c) is the middle part of the specimen. Unlike Fig.

4.6-(a) and (b), it is the position where tension is applied due to

the weight of the center part. In this area, we obtained an area

fraction of very high cube-on-face texture of 88.1%. On the IPF

image, we can see that the red part of the cube-on-face texture

is very well developed and that the cube-on-face texture is well

formed on the ODF.

Analyzing the above data, we can first confirm that we have a

very high cube-on-face area fraction in common. This shows
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that the U-type holder process is much more efficient than the

previous self-weight hang process. It is also shown that the

cube-on-face texture is uniformly formed over a large portion of

the specimen, and that this process is likely to be used on actual

factory scale. [48]

The higher cube-on-face texture area fraction at the top and

bottom of the center portion of the sample shows that the

process using the U-type holder is efficient, as mentioned above.

[49] On the other hand, the purpose of confirming the difference

in cube-on-face texture formation due to compression and

tension has not been reached. The difference between the upper

and lower surfaces is presumably due to the fact that the

thickness of the sample is as thin as 350 ㎛. The grain size of

the cube-on-face texture is about 200 ㎛, regardless of its

location. With this grain size, most grains grow through the

normal direction. This suggests that there is no difference in the

area fraction between the top and bottom surfaces.
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5. Cube-on-face texture steel production with

high Si content and impurities

5.1 Introduction

Summarizing the results of the previous chapters, we found that

it is possible to form a cube-on-face texture with a 90% area

fraction through a relatively simple process. Since cube-on-face

texture is an ideal texture in NO, this process has shown the

possibility of obtaining high quality NO. [50,51]

However, there are other limitations to the results of previous

chapters. First, specimens with impurities suppressed were used.

Fig. 5.1 shows that elements other than Fe and Si are

suppressed to the maximum extent. [52] Unexpected impurities

are present in a certain amount for large-scale production. There

will be a clear difference between phase transforms in pure

samples and those with impurities. For large-scale production,

cube-on-face texture should be formed even if impurities are

included to some extent. Therefore, it is necessary to confirm

whether a cube-on-face texture is formed even in a composition

containing an impurity. [53]

Also, the samples used in previous chapters contain 1% of Si.
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As stated in the introduction to Chapter 1, high-quality electrical

steel should have high Si content. [54] The highest quality NO

currently produced contains 2 to 3% Si. Therefore, it is

impossible to make high-quality NO by the composition of the

sample used in the previous chapters. It is essential to form a

cube-on-face texture in a composition containing 2% or more of

Si.

I have conducted experiments to form cube-on-face textures

from impurities in general, and furthermore have conducted

experiments to form cube-on-face textures with compositions

containing 1.5% and 2% Si.

Fig 5.1 Chemical composition of specimen steels



- 51 -

5.2 Formation of cube-on-face texture with impurities

To investigate whether impurities affect the formation of

cube-on-face texture, the 1% Si composition of Fig. 5.1 was

prepared. Included impurities generally contain amounts of

impurities normally contained in the mass produced steel. The

sample was cold rolled to a thickness of 350 ㎛. As shown in

Fig. 5.2, the alumina plate was brought into contact with both

surfaces in order to confirm the formation of cube-on-face

texture through contact with the alumina plate. The heat

treatment process is depicted on the left side of Fig. 5.2. The

heat treatment temperature and time were compared under the

same conditions to compare with Chapter 2. The sample was

placed between the alumina plates and heated to 1100 °C in a

tube furnace. And then maintained at 1100 °C for 5 minutes to

allow sufficient transformation into the γ phase. In addition,

cooling to 950 °C was carried out at a cooling rate of 10 °C per

minute in order to induce phase transformation into α phase.

After the experiment, the specimen were sampled and polished,

and the texture was analyzed by EBSD. The results were

compared with those of the sample without impurities in chapter

2.
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Fig 5.2 Schematic image of heat treatment on Fe-1%Si with impurities

contacting Al₂O₃
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IPF, ODF and data obtained by EBSD analysis are summarized

in Fig. 5.3. For convenient comparison, we placed the data of the

specimen containing impurities on the left side and the data of

the specimen without impurities obtained in Chapter 2 on the

right side.

It was confirmed that cube-on-face texture was formed during

phase transformation through contact with alumina plate even in

impurity-containing composition. From the left IPF image, it can

be seen that the red part is widely distributed. ODF also has a

well-formed cube-on-face texture line. When the data of the

specimen containing the impurities are observed, it can be

confirmed that the contact of the alumina plate is effective.

However, comparing the data on the left with the specimens

containing no impurities shows a considerable difference. First,

the area fraction of the cube-on-face texture is 76.0% when

impurities are not present, but it is reduced to about 38.2% when

impurities are contained. In addition, grain size is reduced to 180

㎛ due to impurities at 318 ㎛. It can be seen that the red part

is significantly reduced on the IPF image as well. In the ODF

image, a peak is formed near the γ-fiber.
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Fig 5.3 Texture and ODF (φ₂=45⁰) image of Fe-1%Si (a) with and (b)

without impurities.

(a) (b)
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Finally, the effect of impurities can be considered as follows.

Impurities reduce the grain size in the final specimen after the

heat treatment process and interfere with the formation of the

cube-on-face texture. This role of impurities is presumed to be

as follows. Impurities firstly interfere with grain growth. This

will result in grain formation in the γ phase being relatively

small due to impurities. (Fig. 5.4) If the grain size of the γ phase

is small, this plays a negative role in the formation of the

cube-on-face texture.

This study assumes that the nucleation of the cube-on-face

texture should occur on the surface. (chapter 2). This is because

we think that 2D-stress must be applied during the nucleation

process to form the seed of the cube-on-face. When nucleated at

the surface, 2D-stress is most beneficial to receive, so if

appropriate stress is applied, the grain nucleated on the surface

will be mostly cube-on-face.

The nucleation barrier has a low energy at 4-grain corner and

triple junction inside the bulk. [55] Therefore, if there are many

such sites, some nucleation occurs inside the bulk. In the case of

seeds generated in bulk, grains with different orientations other

than cube-on-face are produced because they are not generated

due to 2D stress. When these grow, there are grains with
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orientations other than cube-on-face. [56,57] Therefore, in order

to raise the area fraction of the cube-on-face texture, the

nucleation should not occur inside the bulk. If the size of the

grain increases, the nucleation sites inside the bulk such as the

4-grain corner will decrease. [58] Therefore, it is important to

raise the grain size in the γ phase, and impurities are thought to

be blocking it. As one piece of evidence for this, it can be

considered that the grain size decreases with the composition

containing impurities. This is because, as depicted in Fig. 5.4, the

smaller the γ grain, the larger the nucleation sites and the

smaller the grain size. [59]

Therefore, if impurities are inevitably included in the specimen

during the mass production process, the process of increasing the

γ grain size may reduce the nucleation site inside the bulk such

as the 4-grain corner and the triple junction. In this way, the

nucleation at the surface will dominate and the area fraction of

the cube-on-face texture of the specimen will increase again.



- 57 -

Fig 5.4 The schematic image of difference of the number of nucleation

site at γ phase between with and without impurities.
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Experiments such as Fig. 5.5 were designed and implemented to

increase the grain size in the γ phase. The same specimens were

kept in contact with the same alumina plate in the same

atmosphere. Only the cooling rate was changed. Previous

experiments had a cooling rate of 10 ℃ per minute from 1100 ℃

to 950 ℃, but in this experiment cooling was maintained at a

cooling rate of 2.5 ℃ per minute. It is expected that the grain

size of γ will be larger due to the longer holding time in the γ 

phase section. The upper part of Fig. 5.5 is the result of the

previous experiment and the lower part is the experimental result

of the longer cooling time.

Analysis of the specimen with EBSD showed that the area

fraction of the cube-on-face texture increased significantly. By

controlling the cooling rate, the existing 47.6% area fraction

increased to 78.5%. Also, it can be seen that a denser

cube-on-face texture is formed in the ODF image.

The conclusions of the preceding discussion have been

confirmed through these experimental results. That is, the size of

the γ grain determines the area fraction of the cube-on-face

texture in the final texture. However, it was surprising that the

size of the grain was reduced by 5%. If the γ grain grows

heavily, the nucleation site will decrease and the absolute number
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Fig 5.5 (a) Texture, ODF image and schematic image of heat treatment

on Fe-1%Si with impurities (b) Texture, ODF image and schematic

image of slow cooling heat treatment on Fe-1%Si with impurities.

(a)

(b)
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of α grains will be insufficient. I thought that this would cause

the grain to grow bigger, but I did not expect it to be.
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5.3 Formation of cube-on-face texture with high Si content

As mentioned above, electrical steel has better performance

when it contains more Si. Previously used specimens all contain

1% Si, while currently sold products contain 2 ~ 3% Si.

Therefore, to form the cube-on-face texture, it is necessary to

show that the cube-on-face texture is formed even in the high

Si steel in order to help the actual process. Therefore, in this

chapter, we will describe the ongoing research on the formation

of cube-on-face texture in high Si steel.[60,61]

The high Si steel has problems. Si is an element that makes

steel very brittle. Therefore, steel containing 3% or more of Si

can not be cold rolled. In general, 3% Si steel is used as a limit.

Another problem arises in the phase transform. The phase

diagram of the Fe-Si system is shown in Fig. 5.6. Si is a typical

α former and inhibits the formation of γ phase of Fe. When

approximately 2% of Si enters, the γ phase disappears. The

cube-on-face texture formation method used in this study uses a

phase transform. [63] Therefore, if the Si content exceeds 2%,

the present method can not be used. To solve these problems,

many trial and error have been made. [64]
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Fig 5.6 Phase diagram calculating from Thermo-calc about (a) Fe-Si,

(b) Fe-1.5%Si-(0~4%)Ni and (c) Fe-2%Si-(0~4%)Ni

(c)

(a)

(b)
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The γ formers were added to widen the γ phase region

disappeared by Si. γ formers are representative of Mn, C, and Ni.

[65,66] These are the elements that must be put in order to

widen the γ region that has disappeared from the phase diagram

by Si. Among them, Mn has a problem of volatilization at high

temperature and is excluded. [67] C was excluded because grain

growth did not occur constantly because precipitates were

formed. [68] The most stable Ni was selected to serve as a γ 

former.

Fig. 5.6 shows the phase diagram of Fe-1.5% Si-Ni and Fe-2%

Si-Ni, respectively. As the content of Ni increases, the area of γ 

becomes wider. This change in composition allowed us to widen

the γ region that would be lost by Si.

Fig 5.7 Chemical composition of 1.5%Si-0.5%Ni and 2%Si-1%Ni
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Based on this understanding of phase diagram, the following

composition was prepared. Fe-1.5% Si-0.5% Ni and Fe-2%

Si-1% Ni were selected. There are the following reasons for this

selection. In the case of the previously used Fe-1% Si steel, the

phase transform is made between 1000℃ and 950℃. The amount

of Ni was chosen so that all of the phase transforms occurred

between 1050 and 950℃ by adjusting the amount of Ni to match

this condition similarly.

After selecting the composition, samples of the above two

compositions were prepared. A steel sheet with a thickness of

350 ㎛ was produced through hot rolling and cold rolling. The

cube-on-face texture formation experiment was performed using

this specimen. Although there are various methods of experiment,

we decided to use U-type holder which has the best

cube-on-face texture. The heat treatment was carried out by

slowly cooling the specimen containing the impurities by reducing

the cooling rate by 2.5 ℃ per minute. Figure 5.8 depicts this.
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Fig 5.8 Schematic image of heat treatment on U-type holder

experiment.
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The 1.5%Si steel and the 2%Si steel were annealed and

analyzed by EBSD. The results are summarized in Fig. 5.9.

Figure 5.9 (a) shows the result of heat treatment of

1.5Si-0.5%Ni. Si was increased by 0.5% and cube-on-face

texture was well formed even though Ni was added. On the IPF

image, we can see that the red part representing the

cube-on-face texture is spread widely. Also, the area fraction is

71.4%, showing high integration. It is a peculiar point that there

are small grains with different orientations between the grains.

Fig. 5.9- (a) shows that cube-on-face texture is formed in 1.5%

Si-0.5% Ni steel. On the other hand, the results of 5.9- (b) are

slightly different. (b) is the result of EBSD analysis of 2%

Si-1% Ni steel. (a), showing a typical recrystallized texture. The

area fraction of the cube-on-face texture is 1.9%, which is very

low. It is shown that Si and Ni are increased by 0.5% but show

considerably different phase transform behavior. Furthermore, the

grain size is 170 ㎛ for (a), but 99 ㎛ for (b) is relatively small.

If you have undergone the same phase transform, you should

have a similar grain size, but in this case it would be correct to

say that you have seen different movements.
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Fig 5.9 Texture and ODF image of (a) 1.5%Si-0.5%Ni and (b)

2%Si-1%Ni. (c) Area fraction and grain size of each composition

form 1%Si to 2%Si-1%Ni

(c)

(a)

(b)
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The conclusion to this point is that cube-on-face texture can be

formed up to 1.5% Si steel by the above method. 2% Si steel

has undergone dozens of experiments, but it has not been able to

form a cube-on-face texture at present. While I was worried

about these differences, I found interesting facts. Figure 5.9- (c)

shows the result of summarizing the grain size of the previous

experiments and the area fraction of the cube-on-face texture. It

can be seen that the area fraction and grain size are proportional

to each other. Although only a few representative cases are

mentioned in the table, in practice, all the data that have been

measured so far are analyzed and very proportionally very

precisely fit. The grain size of the final α phase and the area

fraction are related to each other. As a result, the inference about

the γ grain size mentioned in Chapter 5.2 was recalled. As

mentioned above, the larger the γ grain size, the better the

surface nucleation and the better the cube-on-face texture is

formed. Also, when the γ grain is large, the nucleation seed itself

is reduced, and the number of grains in the α phase is reduced,

thereby increasing the grain size. In other words, we could infer

that the size of γ grain and the area fraction / α grain size are

proportional to each other.

If so, we have come to the conclusion that the reason why the

cube-on-face texture is not formed in 2%Si steel at present is
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that the grain does not grow large in the γ phase for some

reason. If this is the case, we thought that it would be easy to

solve the problem by lengthening the heat treatment time in the

γ section to increase the γ grain.

Based on these inferences, the following experiments were

designed. Although the same experimental conditions as above

were used, only the heat treatment time in the γ phase was

controlled differently. 5 minutes, 2 hours, 12 hours, and 24 hours,

respectively. After the same heat treatment, the specimens were

analyzed by EBSD.

The result is shown in Fig. 5.11. As can be seen from the IPF

image, it can be seen that the area fraction of the cube-on-face

texture increases as the annealing time of the γ section becomes

longer. (1.9% → 6.9% → 16.1% → 70.7%). Also, the grain size of

the final α phase is also increased. (99 ㎛ → 114 ㎛ → 120 ㎛ →

223 ㎛) The method of explaining the increase of both the area

fraction and the grain size can be explained only by the growth

of the above-mentioned γ grain. Therefore, it can be said
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Fig 5.10 Schematic image of heat treatment 2%Si-1%Ni on U-type

holder experiment at various γ phase keeping time
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Fig 5.11 Texture, {001} area % and grain size of each γ phase heating

time.
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that the increase of the annealing time for growing the grain in

the γ phase is effective.

No research team has shown a high area fraction of 70.7%

without using vacuum in 2% Si steel. Therefore, based on these

studies, we have wondered how to use it in actual production

processes in the future. So far, the heat treatment time required

to make a cube-on-face texture in 2% Si steel is about 30 hours.

This long time was a problem, so I had a lot of worries about

how to reduce the heat treatment time.

As a result, I got the following idea. If size is favorable for the

formation of a cube-on-face texture with a large γ grain, it is

doubtful that it can be raised even if the heat treatment is

performed twice. At present, the heat treatment method is shifted

from the α phase to the γ phase by raising the temperature. If

the grain size of the initial α is increased, γ grain may not be

increased. The following experiment was designed to confirm

this.
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Fig 5.12 Schematic image of 2cycle heat treatment 2%Si-1%Ni.

Texture, ODF image and area % of 2cycle specimen.

X 2 times
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As shown in Fig. 5.12, the experiment was performed by

repeating the heat treatment twice maintaining the γ phase

section for 5 minutes. The results of the EBSD analysis of the

specimen are also shown in Fig. 5.12.

As a result, cube-on-face texture was formed in 2% Si steel

even in the 2-cycle heat treatment process. EBSD showed a

structure with a high area fraction of 75.0% and a grain size of

252 ㎛. This experiment has shown that cube-on-face textures

can be obtained from 2% Si steel even with relatively short heat

treatments. We also concluded that cultivating the grain size in

the γ phase would yield a cube-on-face texture.
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6. Magnetic properties measurement

6.1 Introduction

Electrical steel is used to convert energy using the ability of Fe

to be easier to magnetize than other materials, as mentioned in

Chapter 1. There are many items that evaluate the magnetic

properties of electrical steel. In the case of NO, there are two

kinds of evaluation. The magnetic properties of electrical steel are

evaluated by core loss and magnetic flux. The core loss is the

amount of energy loss that occurs when rotating the hysteresis

loop. This means the internal area of the hysteresis loop, the

lower the efficiency, the better the motor. The core loss is

measured under various conditions. In general, a relatively low

frequency W15 / 50 and a high frequency W10 / 400 are

measured and displayed. [69]

On the other hand, magnetic flux is a measure of how

magnetization is achieved when a constant magnetic field is

applied. The unit usually uses B50, which indicates the

magnetization amount when a magnetic field of 5000 A / m is

applied. It is an indicator of how much output can be produced

when the same magnetic field is received. NO with low core loss
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and high magnetic flux is said to be high quality electrical steel.

Cube-on-face texture is ideal for NO because it can lower core

loss and increase magnetic flux through texture. Previously, only

the composition and the microstructure were controlled by these

two. However, since the texture can be controlled, researches on

this are being actively carried out. We have succeeded in

fabricating the cube-on-face texture, but since it has not yet

been known how good the magnetic properties are, we made

specimens and measured the magnetic properties. [70, 71]

6.2 Magnetic properties comparison with commercial steel

Experiments were conducted to investigate how the formation of

the cube-on-face texture increases the magnetic performance in

Si steel. In order to measure the magnetic properties, it is

necessary to fabricate specimens of 50mm X 50mm size. This is

because the minimum specimen size for measuring the magnetic

properties is 50 mm x 50 mm. On the basis of our experience in

Chapter 3, a 50mm x 50mm cube-on-face texture specimen was

fabricated from 1% Si steel and 1.5% Si steel.

The cube-on-face specimens of 1% Si and 1.5% Si steel were

prepared and the core loss and magnetic flux of the specimens



- 77 -

were measured. And the results are compared with the current

mass production products. The commercial electrical steel are

random textures. These comparisons will show how cube-on-face

textures affect magnetic properties.

The measurement results are shown in Fig. 6.1. As mentioned

above, electrical steel with low core loss (w15 / 50) and high

magnetic flux (B50) is of high quality. The magnetic properties

of commercial electrical steel are shown in Fig. 6.1 for

comparison. Current commercial electrical steel contains more

than 2% Si. In general, magnetic properties of electrical steel,

which contains a lot of Si, are excellent. However, the 1% Si

cube-on-face texture shows lower core loss and higher magnetic

flux even with low Si content. 1.5% Si cube-on-face steel shows

lower core loss and higher magnetic flux. The formation of the

cube-on-face texture has led to improvements in magnetic

properties. [72]
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Fig 6.1 Graph about magnetic properties of cube-on-face texture

specimen and commercial non-oriented electrical steel.
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High-efficiency NO electrical steel increases the efficiency and

power of the motor and increases the power generation efficiency

of the power plant. Therefore, if a cube-on-face texture can be

formed in high Si steel, energy efficiency can be greatly

increased by using it. Therefore, the formation of cube-on-face

texture in NO electrical steel is very valuable.
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7. Conclusion

On non-oriented electrical steel, the ideal texture is

cube-on-face texture. This is because the magnetic properties are

good in the 2D direction. However, until now there is no know

n method for forming cube-on-face textures on Si steel in a

non-vacuum atmosphere. In particular, there has been no

successful cube-on-face texture formation in steel containing

more than 1% Si.

However, this study succeeded in forming cube-on-face texture

of 1% Si steel in hydrogen atmosphere. An important factor in

the formation of the cube-on-face texture is the small amount of

stress applied during the phase transformation process. These

stresses create conditions in which the cube-on-face texture is

susceptible to nucleation when transforming from the α phase to

the α phase.

There is a method of using the difference in thermal expansion

coefficient as a method of applying such a fine stress. This

method gives fine stress to the surface by shrinkage when

cooling by contacting alumina plate or quartz plate with relatively

low thermal expansion coefficient.
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As a method of applying fine stress to the surface, there is a

method of using self-weight. Using this method, we can fabricate

Si steel with higher area fraction than previous plate method.

Also, a cube-on-face texture can be formed using a U-type

holder. Using this U-type holder, a high cube-on-face texture

area fraction of 90.1% was obtained in 1% Si steel.

The higher the Si content of the electrical steel, the better the

magnetic properties. However, it is very difficult to form a

cube-on-face texture on steel containing more than 1% Si. In

this study, we succeeded in forming a cube-on-face texture in

2% Si-1% Ni steel in a U-type holder by adjusting the heat

treatment conditions so that the nucleation on the surface is well

controlled. This is the first successful example in a hydrogen

atmosphere other than a vacuum.
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요약 (국문 초록)

철의 자기적 특성을 이용하는 전기 강판은 방향성 전기강판과 무

방향성 전기강판으로 분류한다. 무방향성 전기 강판의 경우 일반적

으로 회전하는 모터나 발전기 내부에 주로 사용된다. 최근 산업계에

서 전기차와 발전기에 대한 효율에 관심이 많아졌다. 이에 고효율

무방향성 전기 강판에 대한 관심이 매우 높아지고 있다. 일반적으로

철강의 특성은 조성, 미세조직, 집합조직을 통해 제어가 된다. 무방

향성 전기 강판의 경우 이 세 가지 변수를 제어하여 높은 자기적

특성을 나타내려 하고 있다. 조성과 미세조직의 이미 많은 연구와

최적화가 이루어진 상황이다. 하지만 집합조직을 제어하는 것에는

아직 많은 연구의 진전이 이루어지지지 않았다.

cube-on-face 집합조직은 무방향성 전기 강판에서 이상적인 집합

조직으로 알려져 있다. 하지만, cube-on-face 집합조직을 이용하는

무방향성 전기 강판은 아직 생산되지 않고 있다. 본 연구에서는 무

방향성 전기 강판의 형성하는데 어떠한 조건이 필요한지를 밝혀 내

려한다. 또한 고 Si steel에서 cube-on-face texture를 형성시키는데

필요한 조건이 무엇인지 밝히고자 한다.

감마 -> 알파 상변태에서 미세한 응력을 가해주면 cube-on-face

집합조직이 형성된다. 이러한 결과를 바탕으로 본 연구팀은

cube-on-face 집합조직을 가지는 대면적 시편을 제작하는데 성공하
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였다. 더 나아가 자중을 이용하여 다양한 방법으로 시편에 응력을

가해주는 방법을 고안하였고, 이를 이용하여 cube-on-face 집합조직

을 형성시키는데 성공하였다. 감마 -> 알파 상변태 과정에서 알파

핵생성 장소를 제어하여 cube-on-face 집합조직의 핵생성이 더 쉽

게 일어나게 하였고, 이를 통하여 1%~2%Si 강에서 cube-on-face

집합조직을 형성시키는 것에 성공하였다.

주요어 (主要語) : 무방향성 전기강판; 자기적 특성; 집합조직 제

어; 상변태; Cube-on-face 집합조직,

학번 : 2014-31049
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