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Provided is a directional electrical steel sheet which is excellent in the reduction effect of transformer core loss when used for a
wound core of a transformer. In the directional electrical steel sheet for use in a wound core of a transformer, the thickness t of the
steel sheet and the iron loss deterioration rate when the steel sheet is subjected to elliptical magnetization defined by the following
formula (1) satisfy the following relationship. When the thickness t < 0.20 mm, the iron loss deterioration rate is 60% or less, when
0.20 mm <t < 0.27 mm, the iron loss deterioration rate is 55% or less, and when 0.27 mm < t, the iron loss deterioration rate is
50% or less (iron loss deterioration rate when elliptical magnetization is applied) = (W, - Wg)/Wz) x 100 ... (1). In the formula (1),

W, is iron loss in the case where 50 Hz elliptical magnetization of 1.7 T and 0. 6 T is applied in the RD direction (rolling direction)
and TD direction (perpendicular to the rolling direction), respectively, and WB is iron loss in the case where 50 Hz alternating
magnetization of 1.7 T is applied in the RD direction.
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ABSTRACT

Provided is a grain-oriented electrical steel sheet
excellent in the effect of reducing transformer iron loss
when used for a wound core of a transformer.

In the grain-oriented electrical steel sheet used for a
wound core of a transformer, a sheet thickness t of the
steel sheet and an iron loss deterioration ratio obtained by
subjecting the steel sheet under elliptic magnetization
defined by formula (1) below satisfy the following
relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less:;

when 0.20 mm < the sheet thickness t < 0.27 mm, the
iron loss deterioration ratio is 55% or less; and

when 0.27 mm < the sheet thickness t, the iron loss
deterioration ratio is 50% or less.

(The iron loss deterioration ratio under the elliptic
magnetization) = ((Wa - Wg) /W) x100 (1)

In formula (1), Wa is iron loss under 50 Hz elliptic
magnetization of 1.7 T in an RD direction (a rolling
direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and Wg is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD

direction.
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DESCRIPTION
Title of Invention:
GRAIN-ORIENTED ELECTRICAL STEEL SHEET, WOUND TRANSFORMER
CORE USING THE SAME, AND METHOD FOR PRODUCING WOUND CORE
Technical Field
[0001]

The present invention relates to a grain-oriented
electrical steel sheet used for a wound core of a
transformer, to a wound core of a transformer using the same,
and a method for producing the wound core.

Background Art
[0002]

A grain-oriented electrical steel sheet having a
crystal texture, in which the <001> orientation, an axis of
easy magnetization of iron, are highly aligned with the
rolling direction of the steel sheet, is used, in particular,
as a core material of a power transformer. Transformers are
broadly classified by their core structure into stacked core
transformers and wound core transformers. The stacked core
transformers have its core formed by stacking steel sheets
sheared into a predetermined shape. The wound core
transformers have its core formed by winding a steel sheet.
The stacked core transformers, at present, are often used in
large transformers. Although there are various features

included in the transformer core, smaller iron loss is most
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desired.
[0003]

From this point of view, important characteristics of a
grain-oriented electrical steel sheet used as a core
material include smaller iron loss. Further, in order to
reduce cupper loss by reducing an excitation current in a
transformer, it is necessary that magnetic flux density be
high. The magnetic flux density is evaluated using the
magnetic flux density B8 (T) at a magnetizing force of 800
A/m. Generally, the higher the degree of accumulation into
the Goss orientation, the higher the B8. Generally, the
hysteresis loss of an electrical steel sheet having a high
magnetic flux density is small, and such an electrical steel
sheet is excellent also in iron loss characteristics. To
reduce the iron loss of a steel sheet, higher alignment of
the crystal orientations of secondary recrystalliized grains
in the steel sheet with the Goss orientation and reduction
of impurities in the steel composition are used. However,
the control of crystal orientations and the reduction of
impurities have limitations. Therefore, a technique for
reducing iron loss by introducing non-uniformity to the
surface of a steel sheet using a physical method to
subdivide the widths of magnetic domains, i.e., a magnetic
domain refining technigue, has been developed. For example,

Patent Literature 1 and Patent Literature 2 describe heat
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resistant-type magnetic domain refining methods in which
linear grooves, having a predetermined depth, are formed on
the surface of a steel sheet. Patent Literature 1 describes
means for forming grooves using a gear-type roll. Patent
Literature 2 describes means for forming grooves by pressing
a knife edge against a steel sheet subjected to final
finishing annealing. These means have an advantage in that
their magnetic domain refining effect applied to the steel
sheet does not disappear even after heat treatment and that
they are applicable to wound cores etc.

[0004]

To reduce transformer iron loss, it is generally
contemplated to reduce the iron loss of the grain-oriented
electrical steel sheets used as the core material (the
material iron loss). In a transformer core, particularly, a
three-phase excitation wound core transformer having three-
legged or five-legged grain-oriented electrical steel sheets,
it is known that the iron loss in the transformer is larger
compared to the material iron loss. A value obtained by
dividing the iron loss value of a transformer using
electrical steel sheets for the core of the transformer
(transformer iron loss) by the iron loss value of the
material obtained by the Epstein test is generally referred
to as a building factor (BF) or a destruction factor (DF).

Specifically, in a three-leg or five-legged three-phase
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excitation wound core transformer, the BF is generally
larger than 1.
[0005]

It has been pointed out as a general knowledge that one
main cause that the value of transformer iron loss of a
wound transformer is larger than the value of the material
iron loss is concentration of magnetic flux on inner wound
cores that is caused by the difference in magnetic path
length. As shown in Fig. 1, exciting the inner wound cores
1 and an outer wound core 2 simultaneously, the magnetic
flux is concentrated on the inner wound cores 1 because the
magnetic path length of the inner wound cores 1 is shorter
compared to that of the outer wound core 2, and therefore
the iron loss of the inner wound cores 1 increases. In
particular, when excitation magnetic flux density is
relatively small, the effect of the magnetic path length is
large, and therefore the increase in iron loss due to
concentration of magnetic flux is large. When the
excitation magnetic flux density increases, the excitation
cannot be borne only by the inner wound cores 1, and more
magnetic flilux passes through the outer wound core 2, so that
the concentration of the magnetic flux is reduced. However,
as shown in Fig. 2, the magnetic flux passing though the
outer wound core 2 transfer into the inner wound cores 1,

and interlaminar magnetic flux transfer 3 occurs between the
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inner wound cores 1 and the outer wound core 2. By the
occurrence of magnetization in an in-plane direction, in-
plane eddy current loss increases, causing interlaminar
magnetic flux transfer 3, and the iron loss increases.
[0006]

In the transformer core, since the coils are inserted,
a joint portion (lap portion 4) in which steel sheets are
lap-jointed exists as shown in Fig. 3. In the lap portion 4,
a complicated magnetization behavior occurs, i.e., for
example, the magnetic flux transfer in a direction
perpendicular to the steel sheet surface, and therefore the
magnetic resistance increases. The occurrence of
magnetization in an in-plane direction causes an increase in
in-plane eddy current loss.

[0007]

Based on the qualitative understanding of the causes of
the increase in the transformer iron loss, the following
approaches, for example, have been made to reduce the
transformer iron loss.

[0008]

Patent Literature 3 discloses a technique for
effectively reducing transformer iron loss. Specifically,
an electrical steel sheet having poorer magnetic properties
than an electrical steel sheet on an outer side is arranged

on an inner side on which a magnetic path length is shorter
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and magnetic resistance is smaller, and the electrical steel
sheet arranged on the outer side on which the magnetic path
length is longer and the magnetic resistance is larger has
better magnetic properties than the electrical steel sheet
on the inner side. Patent Literature 4 discloses a
technique for effectively reducing transformer noise.
Specifically, a wound core produced by winding a grain-
oriented silicon steel sheet is arranged on an inner side,
and a magnetic material with lower magnetostriction than
such grain-oriented silicon steel sheet is externally wound
around the wound core to form a combined core.
Citation List
Patent Literature
[0009]

PTL 1: Japanese Examined Patent Application Publication
No. 62-53579

PTL 2: Japanese Examined Patent Application Publication
No. 3-69968

PTL 3: Japanese Patent No. 5286292

PTL 4: Japanese Unexamined Patent Application
Publication No. 3-268311

PTL 5: Japanese Patent No. 5750820
Non-Patent Literature
[0010]

NPL 1: The transactions of the Institute of Electrical
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Engineers of Japan. D, Vol. 130, No. 9, P1087-1093 (2010)
NPL 2: The papers of technical meeting on magnetics,
Institute of Electrical Engineers of Japan, MAG-04-224, P27-

31(2004)

Summary of Invention
Technical Problem
[0011]

As disclosed in Patent Literature 3 and Patent
Literature 4, the transformer characteristics can be
efficiently improved by utilizing concentration of magnetic
flux on the inner wound core and forming the inner wound
core and the outer wound core using different materials.
However, as described above, as the excitation magnetic flux
density increases, the concentration of the magnetic flux is
reduced, so that the effect of improving the transformer
characteristics is reduced. Moreover, in these methods,
since it is necessary to arrange different materials
appropriately, the transformer manufacturability
deteriorates significantly.

[0012]

An object of the present invention is to provide a
grain-oriented electrical steel sheet that exhibits an
excellent transformer iron loss reducing effect when used
for a wound core of a transformer. Another object of the

present invention is to provide a wound core of a
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transformer that uses such grain-oriented electrical steel
sheet and a method for producing such wound core.

Solution to Problem

[0013]

The present inventors examined interlaminar transfer
between an outer wound core and inner wound cores, the
magnetic resistance of joint portions, and an increase in
iron loss of a transformer.

[0014]

Grain-oriented electrical steel sheets having a
magnetic flux density B8 of 1.93 T at a magnetizing force of
800 A/m and a thickness of 0.20 mm, 0.23 mm, or 0.27 mm were
used to produce transformer cores having a wound core shape
shown in Fig. 4 and having different lap joint lengths from
2 to 6 mm. Each of the transformer cores was subjected to
three-phase excitation at 50 Hz and 1.7 T to measure iron
loss. The wound core in Fig. 4 has a shape with a stacked
thickness of 22.5 mm, a steel sheet width of 100 mm, seven
step laps, and a single layer lap length (2, 4, or 6 mm).

At the same time, as disclosed in Patent literature 5, local
iron loss was measured, by measuring the increase in
temperature of an end surface of the core during excitation
using an infrared camera. Then the iron loss was found to
be particularly large in interlaminar transfer portions 6

between the outer wound core and the inner wound cores and
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lap joint portions 7 shown in Fig. 5. Table 1 shows the
values of the overall transformer iron loss, the average
iron loss of the interlaminar transfer portions and the
average iron loss of the lap joint portions, for each
transformer core.

[0015]
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[0016]

The transformer iron loss and the BF (= the transformer
iron loss/the material iron loss) increase as the lap joint
length decreases and the sheet thickness increases. Further,
the average iron loss of the interlaminar transfer portions
and the average iron loss of the lap joint portions increase
as the lap joint length decreases and the sheet thickness
increases. It is therefore inferred that the iron loss of
the interlaminar transfer portions and the iron loss of the
lap joint portions are significant factors that determine
the magnitude of the transformer iron loss. Thus, It is
therefore important to consider what factor determines the
magnitude of the iron loss of the interlaminar transfer
portions and the magnitude of the iron loss of the lap joint
portions.

[0017]

It is inferred that, from the viewpoint of transfer of
magnetic flux in lap portions, the iron loss of the lap
joint portions varies due to the following causes. Non-
Patent Literature 1 is a document relating to transfer
magnetic flux in core joint laps. Fig. 6 schematically
shows the flows of magnetic flux in a joint portion that are
estimated based on the findings in this document. On the
assumption that no magnetic flux leaks to the outside of the

steel sheets, the magnetic flux reaching the joint portion



CA 03086308 2020-06-18

_12_

can be divided into (A) transfer magnetic flux (that
transfers lap portions in an out-of-plane direction), (B)
interlaminar magnetic flux (that transfer spaces between
stacked steel sheets in portions other than the lap
portions), and (C) magnetic flux crossing Gaps (between
steel sheets) (In Fig. 6, the magnetic flux that has reached
the joint portion = (A) the transfer magnetic flux + (B) the
interlaminar magnetic flux + (C) the magnetic flux crossing
the Gaps). As the lap joint length decreases, the area of
the lap portions decreases, so that (A) the transfer
magnetic flux decreases. Similarly, as the sheet thickness
increases, the number of stacked sheets at a given stacking
height in the core decreases, and the area of the lap
portions relative to the volume of the joint portion
decreases accordingly, so that (A) the transfer magnetic
flux decrease. In a step lap joint, (B) the interlaminar
magnetic flux is about one half of (A) the transfer magnetic
flux because of the symmetry of (B) the interlaminar
magnetic fliux (in a lap Jjoint, in consideration of the
symmetry of the magnetic flux, (B) the interlaminar magnetic
flux = (A) the transfer magnetic flux x 1/2, and (C) the
magnetic flux crossing the Gaps = the magnetic flux that has
reached the joint portion - (A) the transfer magnetic flux x
3/2). Therefore, as the lap joint length decreases or as

the sheet thickness increases, (A) the transfer magnetic
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flux decreases, and (C) the magnetic flux crossing the Gaps
increase inevitably. It is inferred from the flows of the
magnetic flux in the joint portion that an increase in (C)
the magnetic flux crossing the Gaps resulted in an increase
in the iron loss of the lap joint portion.

[0018]

From the viewpoint of the magnetic resistance of the
joint portion, the above correlation may be due to the
following reasons. The width of the Gap portions is
generally larger compared to that of the gaps between steel
sheets in the stacking direction (= the thickness of surface
coatings on the electrical steel sheets (about several
micrometers)), but this depends on the accuracy of assembly.
The magnetic resistance for (C) the magnetic flux crossing
the Gaps may be larger compared to the magnetic resistance
for (A) the transfer magnetic flux and the magnetic
resistance for (B) the interlaminar magnetic flux.
Therefore, as the magnetic flux density crossing the Gaps
increases, the magnetic resistance of the joint portion may
increase. The increase in the magnetic resistance of the
joint portion may directly cause the iron loss of the joint
portion to increase.

[0019]
Further, it is inferred that the magnetic resistance of

the joint portion is a significant factor in the increase in
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the iron loss of the interlaminar transfer portions. As the
magnetic flux density excited in the joint portion increases,
(C) the magnetic flux crossing the Gaps increases because
(A) the transfer magnetic flux cannot increase beyond a
certain level. Therefore, the magnetic resistance of the
joint portion increases. To avoid this, interlaminar
magnetic flux transfer between the outer wound core and the
inner wound cores increases in order to avoid the
concentration of the magnetic flux on the inner wound cores
and to transfer magnetic flux on the outer wound core. 1In a
wound core in which (C) the magnetic flux crossing the Gaps
is large and which has a smaller lap joint length and a
greater sheet thickness, in order to reduce (C) the magnetic
flux crossing the Gaps as much as possible, the interlaminar
magnetic flux transfer between the outer wound core and the
inner wound cores is increased to reduce concentration of
the magnetic flux on the inner wound cores, so that the
magnetic flux density excited in the joint portion is
reduced. It is inferred that an increase in the
interlaminar magnetic flux transfer causes an increase in
in-plane eddy current loss, causing an increase in the iron
loss of the interlaminar transfer portions.
[0020]

Based on the above experimental facts and inferences,

it was found that to reduce the transformer iron loss and
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the BF in a wound transformer, it is desirable to reduce the
maghetic flux density crossing the Gaps. Further, to reduce
the magnetic flux density crossing the Gaps, it may be
desirable to increase the amount of the magnetic flux which
transfer in the lap portions. One method to increase the
amount of the magnetic flux which transfer in the lap
portions is to change the design of the transformer core
such that the lap length is increased to increase the area
of the lap portions. Another method is to reduce the sheet
thickness to increase the number of lap regions to thereby
increase the area of the lap portions per unit volume of the
joint portions or to use a material having a large
permeability for the magnetic flux transfer in the lap
portions. In the present invention, to produce a
transformer having excellent iron loss characteristics
irrespective of the design of the transformer core, a search
was conducted for a material that allows the permeability
for the magnetic flux transfer in the lap portions to
increase when the material is formed into the transformer
core considering the effect of the sheet thickness.
[0021]

The relation between the magnetic flux density which
transfer in the lap portions of the joint portions and
material magnetic properties for various materials was

investigated. In the investigation, as in the experiment
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described above, transformer cores having the design in Fig.
4 (lap length: 4 mm) were produced using different grain-
oriented electrical steel sheets, and the iron loss of the
joint lap portions was examined. The smaller the iron loss
of the joint lap portions, the smaller the magnetic flux
density crossing the Gaps, and the larger the magnetic flux
density which transfer in the laps. Further, the Epstein
test and an SST test (a single sheet magnetic property test
for electrical steel sheets) were used for evaluation under
uniaxial magnetization of a grain-oriented electrical steel
sheet in its rolling direction, i.e., the easy magnetization
direction. In addition, evaluation under biaxial
magnetization was performed using a two-dimensional magnetic
measurement device shown in Non-Patent Literature 2, and the
correlation between the magnetic properties and the iron
loss of the joint lap portions was examined under various
excitation conditions. Then strong correlation was found
between an iron loss deterioration ratio obtained by
subjecting grain-oriented electrical steel sheets used as a
material under elliptic magnetization defined by formula (1)
below and the magnetic flux density transferred in the lap
portions of a transformer core produced using such grain-
oriented electrical steel sheets.

[0022]

(Iron loss deterioration ratio under elliptic
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magnetization) = ((Wa-Wg) /Wg)x100 (1)

Here, Wa in formula (1) is the iron loss under 50 Hz
elliptic magnetization of 1.7 T in an RD direction (rolling
direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and Ws is the iron
loss under 50 Hz alternating magnetization of 1.7 T in the
RD direction.

[0023]

As for the grain-oriented electrical steel sheets
(materials), Fig. 7 shows the results for a 0.18 mm-thick
material, Fig. 8 shows the results for a 0.20 mm-thick
material, Fig. 9 shows the results for a 0.23 mm-thick
material, Fig. 10 shows the results for a 0.27 mm-thick
material, and Fig. 11 shows the results for a 0.30 mm-thick
material. At any thickness, as the iron loss deterioration
ratio when the grain-oriented electrical steel sheets
forming the core were subjected to elliptic magnetization
increased, the iron loss of the interlaminar transfer
portions increased. In particular, in the 0.18 mm-thick
material and the 0.20 mm-thick material, when the iron loss
deterioration ratio under the elliptic magnetization was
more than 60%, the increase in the iron loss of the
interlaminar transfer portions was significant. In the 0.23
mm—-thick material, when the iron loss deterioration ratio

was more than 55%, the increase in the iron loss of the
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interlaminar transfer portions was significant. In the 0.27
mm-thick material and the 0.30 mm-thick material, when the
iron loss deterioration ratio was more than 50%, the
increase in the iron loss of the interlaminar transfer
portions was significant. As described above, it is
inferred that, when the iron loss of the interlaminar
transfer portions increases, the magnetic flux transfer in
the lap portions decreases, and this is disadvantageous for
the transformer iron loss.

[0024]

Although the reason for the correlation between the
iron loss deterioration ratio under the elliptic
magnetization and the magnetic flux transfer at the lap
portions is unclear, the present inventors contemplate that
the reason is as follows. When magnetic flux transfers
steel sheets in an out-of-plane direction, magnetic poles
are formed at the interfaces between the steel sheets, and
this causes a very large increase in magnetostatic energy.
Then the magnetization state is changed such that a
demagnetizing field is generated in an out-of-plane
direction in order to reduce the magnetostatic energy.
Specifically, it is inferred that an increase in the number
of lancet domain structures in the steel sheets, generation
of a demagnetizing field at crystal grain boundaries, etc.

occur. For a magnetic domain refined material, it is
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inferred that an increase in the number of closure domains
induced in strain-introduced portions occur. The change in
the magnetization state may cause the magnetic flux density
which transfer in the lap portions to decrease. Under
elliptic magnetization in an in-plane direction, the
magnetization direction is momentarily oriented in a <111>
direction, which is a hard magnetization direction.

Exciting under large elliptic magnetization such as 1.7 T in
the RD direction and 0.6 T in the TD direction, magnetic
anisotropy energy becomes very large at the moment when the
magnetization direction of main magnetic domains rotates in
a steel sheet plane from the easy magnetization direction to
the hard magnetization direction, and therefore the
magnetization state is changed such that a demagnetizing
field is generated so as to reduce the magnetic anisotropy
energy. In this case, as in the case of the transfer
magnetic flux in an out-of-plane direction, the number of
lancet domain structures in the steel sheets increases, and
a demagnetizing field is generated at crystal grain
boundaries. In a magnetic domain refined material, the
number of closure domains induced in strain-introduced
portions increases. Therefore, the iron loss under elliptic
magnetization increases more significantly compared to the
iron loss under alternating magnetization only in the easy

magnetization direction. Specifically, it is inferred that
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the iron loss deterioration ratio under elliptic
magnetization is correlated with a change in the magnetic
flux density which transfer in the lap portions because of
the same change factor, i.e., the generation of the
demagnetizing field.

[0025]

It is contemplated from the above inference that the
magnitude of the magnetic flux density which transfer in
the lap portions or the magnitude of the iron loss under
elliptic magnetization can be estimated by parameterizing
factors such as an increase in the number of lancet domain
structures in the steel sheets, the generation of a
demagnetizing field at the crystal grain boundaries, and, in
a heat resistant-type magnetic domain refined material
prepared by formation of grooves, an increase in leakage
magnetic flux in groove-formed portions. Specifically,
[0026]

(1) A parameter indicating the amount of lancet domain
structures in the steel sheets: Sin f

B: average B angle (°) of secondary recrystallized
grains

As the average B angle of the secondary recrystallized
grains increases, the magnetostatic energy increases in
proportion to Sin B, and the amount of the lancet domain

structures may increase to reduce the magnetostatic energy.
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[0027]

(ii) Generation of demagnetizing field at crystal grain
boundaries: 4t/R

t: steel sheet thickness (mm)

R: diameter of secondary recrystallized grains (mm)

The demagnetizing field generated at the grain
boundaries may increase according to the grain boundary area
ratio per unit area of steel sheet surface 4t/R.

[0028]

(iii) Increase in leakage magnetic flux in groove-
formed portions: (w/a/V2)x(10d/t)x10-3

a: spacing (mm) between a plurality of linear grooves
extending in a direction intersecting the rolling direction

w: width (um) of the grooves in the rolling direction

d: depth (mm) of the grooves

The area of the groove-formed portions per unit area of
the steel sheets surface is (w/a)x10-3. The leakage magnetic
flux may increase depending on the groove depth relative to
the sheet thickness d/t.

[0029]

A parameter obtained by summing the three factors, Sin
B+ 4t/R + (w/a/N2)x(10d/t)x10-3, was used to classify the
iron loss deterioration ratios of materials under elliptic
magnetization. These materials have thicknesses of 0.18 mm

to 0.30 mm and various different material factors. The



CA 03086308 2020-06-18

_22_

material factors and the measurement results are summarized
in Table 2, and the relation between the inventive parameter
[Sin B + 4t/R + (w/a/N2)x(10d4/t)x10-3] and the iron loss
deterioration ratio is summarized in Fig. 12. As shown in
Fig. 12, as the inventive parameter increases, the iron loss
deterioration ratio under elliptic magnetization decreases.
Further, it was found that the magnetic flux density which
transfer in the lap portions decreases at any sheet
thickness and that, to satisfy an iron loss deterioration
ratio range in which the iron loss of the joint lap portions
is small, the inventive parameter is 0.080 or more.

[0030]

In a wound core using a material which has a large
magnetic flux density B8 at a magnetizing force of 800 A/m,
i.e., in which the degree of accumulation into the Goss
orientation is high, even when the magnetic properties of
the material are satisfactory, the magnetic properties of
the transformer itself may rather deteriorate. 1In
particular, in a wound core that uses grain-oriented
electrical steel sheets in which the B8 is 1.91 T or more
and the degree of accumulation into the Goss orientation is
very high, the high permeability causes excessive
concentration of the magnetic flux on the inner
circumferential side, and this may result in the increase of

the BF.
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[0031]

Further, in a material which has a large B8 and in
which the degree of accumulation into the Goss orientation
is very high, the secondary recrystallized grains tend to be
coarse, and the diameter R of the secondary recrystallized
grains can be as large as 40 mm or more. In this case, the
demagnetizing field generated at the crystal grain
boundaries is small, and the iron loss deterioration ratio
under elliptic magnetization is large as described above, so
that the BF increases.

[0032]

However, by controlling the inventive parameter within
the range of 0.080 or more, the BF can be reduced even when
the B8 is 1.91 T or more and the diameter R of the secondary
recrystallized grains is 40 mm or more. Therefore, by
controlling the B8 to 1.91 T or more, the diameter R of the
secondary recrystallized grains to 40 mm or more, and the
inventive parameter within the range of 0.080 or more,
grain-oriented electrical steel sheets in which the magnetic
property (iron loss) of the material is very small, which
allow the BF to be small, and which can form a transformer
with very small iron loss can be provided.

[0033]
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[Table 21
- Average t:Steel | R Secondary | & Spacing between a w: Width of fron loss
Condition S:ggrl]edgry sheet reqrystallize({ grg:)‘:/r::tgx?;l:g;zr in | groovesin dé?oe(fvtgs()f Inventive | We2 | Wa deteriqrgltion
> | thickness | grain diameter | 5.°°\5° ¢ ? rolling parameter| (Wikg) | (W/kg) ratio™
recrystaffized (mm) (mm) dlrgctlor) infersecting direction (uum) (mm) %)
grains (°) rolling direction {(mm)

1 25 0.18 21 3 200 0.023 0.138 066 | 094 42
2 24 0.18 22 4 200 0.022 0.118 067 | 096 43
3 2.5 0.18 23 4 180 0.018 0.107 065 | 097 49
4 24 0.18 21 5 150 0.015 0.094 064 | 096 50
5 2.3 0.18 22 6 150 0.014 0.087 068 | 1.03 51
6 2.2 0.18 23 5 120 0.015 0.084 068 | 1.04 53
7 25 0.18 25 5 100 0.014 0.083 069 | 1.07 55
8 24 0.18 24 5 80 0.015 0.081 068 | 108 59
9 21 0.18 26 5 80 0.015 0.074 067 | 109 63
10 18 0.18 28 5 50 0.015 0.063 067 | 112 67
11 25 0.20 18 3 180 0.022 0.135 069 | 096 39
12 24 0.20 17 3 180 0.020 0.131 0.70 | 099 41
13 22 0.20 16 3 160 0.019 0.124 0.71 1.01 42
14 23 0.20 20 4 140 0.023 0.109 0.71 1.02 44
15 21 0.20 19 4 120 0.020 0.100 0.71 1.03 45
16 22 0.20 21 4 120 0.015 0.092 070 | 105 50
17 23 0.20 22 5 100 0.017 0.089 070 | 107 53
18 20 0.20 20 5 80 0.015 0.083 0.71 112 58
19 19 0.20 22 5 70 0.015 0.077 0.71 114 61
20 18 0.20 25 5 70 0.015 0.071 0.71 1.18 66
21 25 0.23 17 4 180 0.025 0.132 072 | 097 35
22 23 0.23 21 4 150 0.025 0.113 073 | 105 44
23 24 0.23 19 4 150 0.018 0.111 074 | 106 43
24 22 0.23 18 4 120 0.020 0.108 073 | 108 48
25 25 0.23 20 4 120 0.018 0.106 073 | 109 49
26 26 0.23 21 4 100 0.020 0.105 075 | 112 49
27 21 0.23 25 3 80 0.025 0.094 073 | 11 52
28 19 0.23 26 3 80 0.018 0.083 073 | 112 53
29 17 0.23 26 3 80 0.017 0.079 072 | 114 58
30 17 0.23 28 3 80 0.018 0.077 072 | 116 61
31 24 0.27 18 4 150 0.025 0.126 0.81 1.06 31
32 22 0.27 23 4 120 0.025 0.105 080 | 1.09 36
33 21 0.27 21 4 120 0.018 0.102 0.81 112 38
34 23 0.27 25 4 100 0.020 0.096 0.81 1.14 41
35 23 0.27 26 4 100 0.018 0.093 082 | 116 41
36 21 0.27 24 4 80 0.020 0.092 082 | 118 44
37 18 0.27 28 3 80 0.025 0.087 080 | 118 48
38 16 0.27 25 3 80 0.018 0.084 080 | 119 49
39 19 0.27 28 5 60 0.017 0.077 082 | 124 51
40 17 0.27 27 5 60 0.018 0.075 082 | 126 54
41 22 0.30 17 4 200 0.028 0.142 0.91 1.19 31
42 21 0.30 18 3 180 0.025 0.139 093 | 123 32
43 19 0.30 16 4 180 0.026 0.136 093 | 124 33
44 23 0.30 21 4 150 0.027 0.121 09 | 127 38
45 22 0.30 24 4 150 0.022 0.108 092 | 129 40
46 20 0.30 32 4 120 0.025 0.090 090 | 130 44
47 16 0.30 27 3 100 0.021 0.089 089 | 131 47
48 16 0.30 31 3 80 0.024 0.082 089 | 132 48
49 19 0.30 36 5 80 0.025 0.076 091 1.38 52
50 18 0.30 38 6 80 0.025 0.071 094 | 145 54

*1SinB + 4t/R + (wialN2) x(10d/t)x10: underfines indicate that the inventive parameter is not satisfied.

*2 Iron loss under 50 Hz altemnating magnetization of 1.7 T in RD direction
*3 Iron loss under 50 Hz efliptic magnetization of 1.7 T in RD direction and 0.6 T in TD direction
“4 ((Wa-Ws)/Ws) x 100 Iron loss deterioration ratio under elliptic magnetization: underlined values are outside the range of the embodiments of the
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invention.

[0034]

The present invention has been completed based on the
above findings. Specifically, the present invention has the
following structures.

[1] A grain-oriented electrical steel sheet used for a
wound core of a transformer,

wherein a sheet thickness t of the steel sheet and an
iron loss deterioration ratio obtained by subjecting the
steel sheet under elliptic magnetization defined by formula
(1) below satisfy the following relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less;

when 0.20 mm < the sheet thickness t < 0.27 mm, the
iron loss deterioration ratio is 55% or less; and

when 0.27 mm < the sheet thickness t, the iron loss
deterioration ratio is 50% or less, and

wherein (the iron loss deterioration ratio under the
elliptic magnetization) = ({(Wa — Wg)/Wg)x100, (1)

wherein, in formula (1), Wa is iron loss under 50 Hz
elliptic magnetization of 1.7 T in an RD direction {(a
rolling direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and Ws is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD

direction.
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[2] The grain-oriented electrical steel sheet according
to [1], wherein a plurality of linear grooves extending in a
direction intersecting the rolling direction are formed on a
surface of the steel sheet, and

wherein the width w of the grooves in the rolling
direction, the depth d of the grooves, the diameter R of
secondary recrystallized grains in the steel sheet, and an
average B angle of the secondary recrystallized grains in
the steel sheet satisfy the relation represented by the
following formula (2):

[Math. 1]

Sin B + 4t/R + (w/a/N2)x(10d/t)x10-3 > 0.080, (2)

wherein, in formula (2),

B: the average B angle (°) of the secondary
recrystallized grains,

t: the thickness (mm) of the steel sheet,

R: the diameter (mm) of the secondary recrystallized
grains,

a: the spacing {(mm) between the plurality of linear
grooves extending in the direction intersecting the rolling
direction,

w: the width (um) of the grooves in the rolling
direction, and

d: the depth (mm) of the grooves.

[3] The grain-oriented electrical steel sheet according



CA 03086308 2020-06-18

_27_

to [1] or [2], wherein a magnetic flux density B8 at a
magnetizing force of 800 A/m is 1.91 T or more, and the
diameter R of the secondary recrystallized grains is 40 mm
or more.

[4] A wound core of a transformer, the wound core being
formed using the grain-oriented electrical steel sheet
according to any of [1] to {3].

[51 A method for producing a wound core of a wound core
transformer, the method allowing a building factor to be
reduced, the building factor being obtained by dividing the
value of iron loss of the wound core transformer by the
value of iron loss of a grain-oriented electrical steel
sheet used as a material of the wound core,

wherein, in the grain-oriented electrical steel sheet
used to form the wound core by winding the grain-oriented
electrical steel sheet, a sheet thickness t of the grain-
oriented electrical steel sheet and an iron loss
deterioration ratio obtained by subjecting the grain-
oriented electrical steel sheet under elliptic magnetization
defined by formula (1) below satisfy the following
relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less;

when 0.20 mm < the sheet thickness t < 0.27 mm, the

iron loss deterioration ratio is 55% or less; and
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when 0.27 mm < the sheet thickness t, the iron loss
deterioration ratio is 50% or less, and

wherein (the iron loss deterioration ratio under the
elliptic magnetization) = ({Wa — Wg)/Wg)x100, (1)

wherein, in formula (1), Wa is iron loss under 50 Hz
elliptic magnetization of 1.7 T in an RD direction (a
rolling direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and Ws is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD
direction.

{6] The method for producing a wound core according to
5], wherein a plurality of linear grooves extending in a
direction intersecting the rolling direction are formed on a
surface of the steel sheet, and

wherein the width w of the grooves in the rolling
direction, the depth d of the grooves, the diameter R of
secondary recrystallized grains in the steel sheet, and an
average B angle of the secondary recrystallized grains in
the steel sheet satisfy the relation represented by the
following formula (2):
[Math. 2]

Sin B + 4t/R + (w/a/N2)x(10d/t)x10-3 > 0.080, (2)

wherein, in formula (2),

B: the average B angle (°) of the secondary

recrystallized grains,
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t: the thickness (mm) of the steel sheet,

R: the diameter (mm) of the secondary recrystallized
grains,

a: the spacing (mm) between the plurality of linear
grooves extending in the direction intersecting the rolling
direction,

w: the width (um) of the grooves in the rolling
direction, and

d: the depth (mm) of the grooves.

[7] The method for producing a wound core according to
[5] or [6], wherein, in the grain-oriented electrical steel
sheet used, a magnetic flux density B8 at a magnetizing
force of 800 A/m is 1.91 T or more, and the diameter R of
the secondary recrystallized grains is 40 mm or more.
Advantageous Effects of Invention
[0035]

According to one aspect of the present invention, a
grain-oriented electrical steel sheet that, when used for a
wound core of a transformer, is excellent in the effect of
reducing transformer iron loss is provided.

Another aspect of the present invention, by controlling
the properties of the grain-oriented electrical steel sheet
used for a transformer core, interlaminar transfer between
an inner wound core and an outer wound core and the magnetic

resistance of lap joint portions are reduced, and the
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transformer iron loss of a wound core transformer can be
reduced irrespective of the design of the transformer core.

Still another aspect of the present invention, when a
wound core of a wound core transformer is formed using, as a
material, the grain-oriented electrical steel sheet of the
present invention, the wound core transformer obtained has a
small building factor.

Brief Description of Drawings
[00306]

[Fig. 1] Fig. 1 is a schematic illustration showing an
increase in iron loss of inner wound cores when the inner
wound cores and an outer wound core are excited
simultaneously.

[Fig. 2] Fig. 2 is a schematic illustration showing
interlaminar magnetic flux transfer generated between the
outer wound core and the inner wound cores.

{Fig. 3] Fig. 3 is a schematic illustration showing a
lap joint portion of a wound core.

[Fig. 4] Fig. 4 is a schematic illustration showing the
structure of the wound core used for examination.

[Fig. 5] Fig. b5 is a schematic illustration showing
interlaminar transfer portions between the outer wound core
and the inner wound cores and lap joint portions.

[Fig. 6] Fig. 6 is a schematic illustration showing the

flows of magnetic flux in the lap joint portions.
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[Fig. 7] Fig. 7 is a graph showing the relation between
an iron loss deterioration ratio and iron loss of the
interlaminar transfer portions when a 0.18 mm-thick material
is subjected to elliptic magnetization.

[Fig. 8] Fig. 8 is a graph showing the relation between
the iron loss deterioration ratio and iron loss of the
interlaminar transfer portions when a 0.20 mm-thick material
is subjected to elliptic magnetization.

[Fig. 9] Fig. 9 is a graph showing the relation between
the iron loss deterioration ratio and iron loss of the
interlaminar transfer portions when a 0.23 mm-thick material
is subjected to elliptic magnetization.

[Fig. 10] Fig. 10 is a graph showing the relation
between the iron loss deterioration ratio and iron loss of
the interlaminar transfer portions when a 0.27 mm-thick
material is subjected to elliptic magnetization.

[Fig. 11] Fig. 11 is a graph showing the relation
between the iron loss deterioration ratio and iron loss of
the interlaminar transfer portions when a 0.30 mm-thick
material is subjected to elliptic magnetization.

[Fig. 12] Fig. 12 is a graph showing the relation
between an inventive parameter [Sin [ + 4t/R +
(w/a/N2)x (10d/t)x10-3] and the iron loss deterioration ratio.

[Fig. 13] Fig. 13 is a schematic illustration showing

an example of a method for controlling an average [ angle of
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secondary recrystallized grains.

[Fig. 14] Fig. 14 shows schematic illustrations showing
the structures of wound cores A to C produced in Examples.
Description of Embodiments
[0037]

The present invention is described in detail. As
described above, a grain-oriented electrical steel sheet
that gives excellent transformer iron loss satisfying the
following conditions is used for a wound transformer core.
[0038]

The sheet thickness t of the grain-oriented electrical
steel sheet (material) and an iron loss deterioration ratio
obtained by subjecting steel sheets under elliptic
magnetization defined by formula (1) below satisfy the
following relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less;

when 0.20 mm < the sheet thickness t < 0.27 mm, the
iron loss deterioration ratio is 55% or less; and

when 0.27 mm < sheet thickness t, the iron loss
deterioration ratio is 50% or less.

[0039]

(The iron loss deterioration ratio under the elliptic

magnetization) = ((Wa - Ws) /Ws)x100 (1)

In formula (1), Wa 1s iron loss under 50 Hz elliptic
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magnetization of 1.7 T in an RD direction (a rolling
direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and W is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD
direction.

[0040]

The iron loss in formula (1) above is measured as

follows.

[0041]

(Wa: Iron loss under 50 Hz elliptic magnetization of 1.7 T
in RD direction and 0.6 T in TD direction)

Wa is measured using a two-dimensional single-sheet
maghetic measurement device (2D-SST) described in, for
example, Non-Patent Literature 2. A grain-oriented
electrical steel sheet (material) is subjected to 50 Hz sine
wave excitation at a maximum magnetic flux density of 1.7 T
in the RD direction and a maximum magnetic flux density of
0.6 T in the TD direction, and the difference in phase
between the RD direction and the TD direction during the
sine wave excitation is set to 90° to perform excitation
under elliptic magnetization. The elliptic magnetization
may rotate in a clockwise direction or in counterclockwise
direction. It has been pointed out that the measurement
value of the iron loss using a clockwise rotation direction

differs from the measurement value using a counterclockwise
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rotation direction. Therefore, both of them are measured
and averaged. Various iron l1oss measurement methods such as
a probe method and an H coil method have been proposed, and
any of these methods may be used. During excitation, the
excitation voltage is feedback~controlled such that the
maximum magnetic flux density in the RD direction is 1.7 T
and the maximum magnetic flux density in the TD direction is
0.6 T. However, waveform control is not performed except
for the moment when the magnetic flux density is maximum
even though the waveform of the magnetic flux is sliightly
distorted from the sine wave. Preferably, the measurement
sample has a size of (50 mm x 50 mm) or larger in
consideration of the number of crystal grains contained in
one sample, but this depends on the possible size for
excitation of the two-dimensional single-sheet magnetic
measurement device. In consideration of variations in the
measurement values, it is preferable that, 30 or more
samples are used for the measurement for one material and
the average of the measurement values is used.
[0042]
(We: Iron loss under 50 Hz alternating magnetization of 1.7
T in RD direction)

Ws 1s measured using the same samples as those used for
the above measurement under the elliptic magnetization and

the same measurement device. 50 Hz sine wave excitation is
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performed at a maximum magnetic flux density of 1.7 T only
in the RD direction. During excitation, the excitation
voltage is feedback-controlled such that the maximum
magnetic filux density in the RD direction is 1.7 T, and no
control is performed in the TD direction.

[0043]

To keep the iron loss deterioration ratio under the
elliptic magnetization within the above range, it is
preferable that a plurality of linear grooves extending in a
direction intersecting the rolling direction are formed on
the surface of the grain-oriented electrical steel sheet
{(material) such that the width w of the grooves in the
rolling direction, the depth d of the grooves, the diameter
R of secondary recrystallized grains in the steel sheet, and
the average B angle of the secondary recrystallized grains
in the steel sheet satisfy the relation represented by
formula (2) below.

[0044]
[Math 3]

Sin B + 4t/R + (w/a/N2)x(10d/t)x10-3 > 0.080 (2)

In formula (2),

B: the average B angle (°) of the secondary
recrystallized grains,

t: the thickness (mm) of the steel sheet,

R: the diameter (mm) of the secondary recrystallized
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grains,

a: the spacing {(mm) between the plurality of linear
grooves extending in the direction intersecting the rolling
direction,

w: the width (um) of the grooves in the rolling
direction, and

d: the depth (mm) of the grooves.

[0045]

The material properties in formula (2) above are

measured as follows.
[00406]
B: Average B angle (°) of secondary recrystallized grains

The B angle is defined as the angle between the <100>
axis of secondary recrystallized grains oriented in the
rolling direction of the steel sheet and the rolling surface.
The secondary recrystallization orientation of the steel
sheet is measured by X-ray crystal diffraction. Since the
orientations of the secondary recrystallized grains in the
steel sheet vary, the measurement is performed at points set
at a 10 mm RD pitch and a 10 mm TD pitch, and the data
measured over a measurement area of (500 mm x 500 mm) or
larger is averaged to determine the average [ angle.

[0047]
R: Diameter (mm) of secondary recrystallized grains

A coating on the surface of the steel sheet is removed
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by any chemical or electrical method, and the diameters of
the secondary recrystallized grains are measured. The
number of crystal grains with a size of about 1 mm? or
larger present in a measurement area with a size of (500 mm
x 500 mm) or larger is measured by visual inspection or
digital image processing, and the average area for a single
secondary recrystallized grain is determined. The average
area 1is used to compute a circle-equivalent diameter to
determine the diameter of the secondary recrystallized
grains.
[0048]
a: Spacing (mm) between a plurality of linear grooves
extending in direction intersecting rolling direction

The spacing is defined as the spacing between linear
grooves in the RD direction. When the spacings between the
lines (the spacing between the grooves) are not constant,
the examination is performed at five points within a
longitudinal length of 500 mm, and their average is used.
When the line spacing vary in the width direction of the
steel sheet, their average is used.
[0049]
w: Width (um) of grooves in rolling direction

The surface of the steel sheet is observed under a
microscope to measure the width. Since the width of a

groove in the rolling direction is not always constant,
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observation is performed at five points or more along one
linear row within a length of 100 mm in a sample, and their
average is used as the groove width of the linear row in the
rolling direction. Further, five or more linear rows within
a longitudinal length of 500 mm in the sample are observed,
and their average is used as the width w.
[0050]
d: Depth (mm) of grooves

The cross section of the steel sheet at the grooves is
observed under a microscope to measure the depth. Since the
depth of a groove is not always constant, observation is
performed at five points or more along one linear row within
a length of 100 mm in a sample, and their average is used as
the groove depth in the linear row. Further, five or more
linear rows within a longitudinal length of 500 mm in the
sample are observed, and their average is used as the depth
d.
[0051]

A method for producing a grain-oriented electrical
steel sheet satisfying the above relations is described.
Any method other than the following method may be used
provided that formula (2) is satisfied by controlling each
parameters, and no particular limitation is imposed on the
production method.

[0052]
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The average P angle of the secondary recrystallized
grains can be controlied by controlling the primary
recrystallization texture or using, for example, a coil set
for finishing annealing. For example, when finishing
annealing 1is performed under conditions having the coil set
as shown in Fig. 13, the <001> orientations within the
crystal grains in such state are uniformly aligned. Then
flattening annealing is performed, and the coil is flattened.
In this state, the <001> orientation within each crystal
grain is inclined to the sheet thickness direction depending
on the coil set used for the finishing annealing, and the J
angle increases. Specifically, the smaller the coil set,
the larger the P angle after the flattening annealing. With
excessively larger P angle, the magnetic flux density B8 of
the material decreases, and hysteresis loss deteriorates.
Therefore, the B angle is preferably 5° or less.

[0053]

The diameter (mm) of the secondary recrystallized
grains can be controlled by controlling the amount of Goss
grains present in the primary recrystallized grains. For
example, by increasing the final reduction ratio in cold
rolling or increasing friction during rolling to thereby
increase the amount of shear strain introduced before
primary recrystallization of grains, the amount of the Goss

grains in the primary recrystallized grains can be increased.
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Further, the amount of the Goss grains present in the
primary recrystallized grains can be controlled also by
controlling the heating-up rate during primary
recrystallization annealing. The Goss grains in the primary
recrystallized grains serve as secondary recrystallization
nuclei during finishing annealing. Therefore, the larger
the amount of the Goss grains, the larger the amount of
secondary recrystallized grains, and which results in
smaller diameter of the secondary recrystallized grains.
[0054]

Examples of a method for forming a plurality of grooves
extending in a direction intersecting the rolling direction
and used to obtain the magnetic domain refining effect
include existing techniques such as (i) an etching method
including applying a resist ink to portions of a cold-rolled
sheet other than portions in which grooves are to be formed,
subjecting the resulting sheet to electropolishing to form
grooves, and then removing the resist ink, (ii) a magnetic
domain refining technigue including applying a load of 882
to 2156 MPa (90 to 220 kgf/mm?) to a finishing-annealed
steel sheet to form grooves with a depth of 5 um or more in
a base steel and subjecting the resulting steel sheet to
heat treatment at a temperature of 750°C or higher, and
(iii) a method in which grooves are formed by irradiation

with a high-energy density laser beam before or after
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primary recrystallization or secondary recrystallization.
In the present invention, any of these groove formation
methods may be applied. A production issue with the method
including applying a load is control of the wear of a gear
type roll. A production issue with the groove formation
method using irradiation with a high-energy density laser
beam is removal of molten iron. It is therefore preferable
to form grooves by subjecting a cold-rolled sheet to
electrolytic etching.

[0055]

A specific production method is described using the
groove formation by electrolytic etching of a cold-rolled
sheet as an example. The width of the grooves in the
rolling direction can be controlled by controlling the width
of portions not coated with the resist ink. By controlling
the spreading of the resist ink or controlling a pattern on
a resist ink applying roll, linear grooves having a constant
width in the width direction of the steel sheet can be
formed. The depth of the grooves can be controlled by the
conditions for subsequent electrolytic etching. Specifically,
the depth of the grooves is controlled by adjusting the
electrolytic etching time or current density.

[0056]
No particular limitation is imposed on the width of the

grooves in the rolling direction provided that formula (2)
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above is satisfied. However, excessively narrower width
induces magnetic poles coupling, leading to an insufficient
maghetic domain refining effect. Excessively wider width,
to the contrary, reduces the magnetic fliux density B8 of the
steel sheet. Therefore, the width is preferably from 40 um
to 250 um inclusive. No particular limitation is imposed on
the depth of the grooves provided that formula (2) above is
satisfied. However, excessively small depth leads to an
insufficient magnetic domain refining effect. Excessively
larger depth reduces the magnetic flux density B8 of the
steel sheet. Therefore, the depth is preferably from 10 um
or more and about 1/5 or less of the sheet thickness
inclusive.

[0057]

As for the spacing of the plurality of grooves
extending in the direction intersecting the rolling
direction, the spacing between the grooves formed can be
controlled during their production process using any of the
above methods. Excessively larger spacing between the
grooves reduces the magnetic domain refining effect obtained
by the grooves. Therefore, the spacing between the grooves
is preferably 10 mm or less.

{0058]
No particular limitation is imposed on the sheet

thickness of the grain-oriented electrical steel sheet of
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the present invention. From the viewpoint of
manufacturability, onset stability of secondary
recrystallization, etc. the sheet thickness is preferably
0.15 mm or more and further more 0.18 mm or more. From the
viewpoint of reducing eddy-current loss etc., the sheet
thickness is preferably 0.35 mm or less and further more
preferably 0.30 mm or less.

[0059]

In the method for producing the grain-oriented
electrical steel sheet of the present invention used for a
wound core of a transformer, no limitation is imposed on the
matters not directly related to the above properties.
However, a recommended preferred component composition and
some points of the production method of the invention other
than the points described above are described.

[0060]

An inhibitor may be used in the present invention.
Using, for example, an AlN-based inhibitor, appropriate
amounts of Al and N may be added. Using a MnS -MnSe-based
inhibitor is used, appropriate amounts of Mn and Se and/or S
may be added. Obviously, the both inhibitors may be used in
combination. Contents of Al, N, S, and Se , in such case,
may be Al: 0.01 to 0.065% by mass, N: 0.005 to 0.012% by
mass, S: 0.005 to 0.03% by mass, and Se: 0.005 to 0.03% by

mass.
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[0061]

The present invention may be applied also to a grain-
oriented electrical steel sheet in which the contents of Al,
N, S, and Se are limited, i.e., no inhibitor is used. The
amounts of Al, N, S, and Se in such case may be limited to
Al: 100 mass ppm or less, N: 50 mass ppm or less, S: 50 mass
ppm or less, and Se: 50 mass ppm or less.

[0062]

Other basic components and optional components are as

follows.
[0063]
C: 0.08% by mass or less

The content of C exceeding 0.08% by mass is difficult
to reduce to 50 mass ppm or less at which magnetic aging
does not occur during the production process. Therefore,
the C content may be 0.08% by mass or less. The lower limit
is not provided because secondary recrystallization may
occur even in a material containing no C.

[0064]
Si: 2.0 to 8.0% by mass

Si is an element effective in increasing the electric
resistance of steel and reducing iron loss. However, when
the content of Si is less than 2.0% by mass, the effect of
reducing the iron loss is insufficient. The content of Si

exceeding 8.0% by mass significantly deteriorates
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workability, and reduces the magnetic flux density.
Therefore, the Si content is preferably within the range of
2.0 to 8.0% by mass.

[0065]

Mn: 0.005 to 1.0% by mass

Mn is an element necessary for improving hot
workability. However, the Mn content being less than 0.005%
by mass, the effect of Mn added is small. The Mn content
exceeding 1.0% by mass reduces the magnetic flux density of
a product sheet. Therefore, the Mn content is preferably
within the range of 0.005 to 1.0% by mass.

[0066]

In addition to the above basic components, the
following elements may be appropriately added as components
improving the magnetic properties.

[0067]

At least one selected from Ni: 0.03 to 1.50% by mass,
Sn: 0.01 to 1.50% by mass, Sb: 0.005 to 1.50% by mass, Cu:
0.03 to 3.0% by mass, P: 0.03 to 0.50% by mass, Mo: 0.005
to 0.10% by mass, and Cr: 0.03 to 1.50% by mass.

[0068]

Ni is an element useful to improve the texture of a
hot-rolled sheet to thereby improve its magnetic properties.
However, the content being less than 0.03% by mass, the

effect of improving the magnetic properties is small. The
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content exceeding 1.50% by mass, secondary recrystallization
becomes unstable, deteriorating the magnetic properties.
Therefore, the amount of Ni is within the range of
preferably 0.03 to 1.50% by mass.

[0069]

Sn, Sb, Cu, P, Cr, and Mo are elements useful to
improve the magnetic properties. However, if their contents
are lower than their lower limits of the components
described above, the effect of improving the magnetic
properties is small. The contents exceeding the upper
limits of the components described above inhibit the growth
of the secondary recrystallized grains. It is therefore
preferable that the contents of these components are within
the respective ranges described above. The remainder other
than the above components is Fe and inevitable impurities
mixed during the production process.

[0070]

The steel having a component composition adjusted to
the above appropriate component composition may be subjected
to a standard ingot making process or a standard continuous
casting process to form a slab, or a thin cast piece having
a thickness of 100 mm or less may be produced by direct
continuous casting process. The slab is heated using a
common method and then hot-rolled. However, the slab may be

subjected directly to hot-rolling without heating after
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casting. The thin cast piece may be hot-rolled or may be
subjected to the subsequent process without the hot-rolling.
Then the hot-rolled sheet is optionally annealed and then
subjected to cold rolling once or subjected to cold rolling
twice or more including process annealing to obtain a final
sheet thickness. Then the product is subjected to
decarburization annealing and finishing annealing. Then an
insulating tension coating is applied, and flattening
annealing is performed. In the course of the above process,
grooves are formed by electrolytic etching after the cold
rolling or formed at some point after the cold rolling by
applying a load using a gear type roll or by irradiation
with a laser beam. In the composition of the steel product,
the C content is reduced to 50 ppm or less by the
decarburization annealing, and the contents of Al, N, S, and
Se are reduced to the level of inevitable impurities by
purification in the finishing annealing.

[0071]

The characteristics of the three-phase three-legged
excitation-type wound core transformer have been described
in the present specification. However, the present
invention is also suitable for wound core transformers
having other joint portion structures such as three-phase
five-legged cores and single-phase excitation-type cores.

EXAMPLES
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[0072]

Cold-finished grain-oriented electrical steel sheets
having a thickness of 0.18 to 0.30 mm were produced at
different reduction ratios and different heating-up rates
for primary recrystallization annealing. During the process,
electrolytic etching was performed after cold rolling under
various conditions to form grooves, and grain-oriented
electrical steel sheets having material properties shown in
Table 3 were obtained. These electrical steel sheets were
subjected to two-dimensional magnetic measurement by the
method described in the present description to thereby
measure their iron loss deterioration ratio under elliptic
magnetization. Transformer wound cores A to C having core
shapes shown in Fig. 14 were produced using each of the
above materials. As for the core A, a single-phase winding
was formed, and iron loss under single-phase excitation at
50 Hz and 1.7 T was measured. As for the cores B and C, a
three-phase winding was formed, and iron loss under three-
phase excitation at 50 Hz and 1.7 T was measured. The wound
core A shown in Fig. 14 has a shape with a stacked thickness
of 22.5 mm, a steel sheet width of 100 mm, seven step laps,
and a single step lap length of 8 mm. The wound core B has
a shape with a stacked thickness of 20 mm, a steel sheet
width of 100 mm, seven step laps, and a single step lap

length of 5 mm. The wound core C has a shape with a stacked
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thickness of 30 mm, a steel sheet width of 120 mm, seven
step laps, and a single step lap length of 8 mm. In grain-
oriented electrical steel sheets in which the iron loss
deterioration ratio under elliptic magnetization satisfies
the range of the present invention, the BF for each of the
core shapes was smaller than those in Comparative Examples.
In particular, when a grain-oriented electrical steel sheet
in which the magnetic flux density B8 at a magnetizing force
of 800 A/m was equal to or larger than 1.91 T and the
diameter R of the secondary recrystallized grains was equal
to or larger than 40 mm was used, the material iron loss was
small, the BF was small, and the iron loss of the
transformer was very small.

[0073]
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[Table 3]
Material properties Linear grooves Mat;?:‘l)em;s Core A Core B Care C
- : i - Wi . " Iron loss )
Condition é;gf:%?ﬁ t;ﬁ:‘? Fr{e:csesoglll(gg i ?)I‘:Jargll?tsyl g?mgz? : o\;vé‘rlggi\}gs Dg;;ih p;lrameter” ““:“_"':g ";‘"‘“' Mﬁg‘i Transformer Transformer Transformer Remarks
secondary |yic) grainw"' -,| grooves extending in| inrofling of ratio™ (%) | B8(T) WA7/50 itanloss | BF | ironloss | BF | ironloss BF
recrystallized (mm) (mm) direction inte f direction [grooves (Wikg) (Whkg) (Wika) (Wikg)
grains (°) rolling direction (mm) {um) {mm)
1 23 0.18 24 3 200 0.023 0.130 42 187 | 085 0.66 1.02 086 1.31 093 143 lnventive Example
2 22 0.18 22 4 200 0.022 0.114 43 186 | 067 0.68 1.01 088 1.31 096 143| |nventive Example
3 21 0.18 23 4 180 0.018] 0.100 48 188 | 065 0.66 102 086 132 092 142 | Inventive Example
4 23 0.18 21 5 150 0018 ] 0096 50 187 | 068 0.69 1.01 090 1.33 097 143| Inventive Example
5 22 0.18 20 5 150 0015 ] 0092 52 187 | 068 0.69 1.01 0.90 1.33 0.97 142 | Inventive Example
[ 2.1 0.18 21 5 120 0015 | 0085 56 187 | 068 0.69 1.02 0.90 1.33 097 143 | Inventive Example
7 25 0.18 24 5 100 0014 0.086 58 186 | 070 0.71 1.02 0.93 1.33 0.99 141 | Inventive Example
8 23 0.18 22 5 80 0.015 0.082 59 188 | 068 0.69 1.01 0.90 1.33 097 142 | Inventive Example
9 24 0.18 26 5 80 0015 | 0074 63 188 | 067 0.70 1.05 0.93 1.39 1.00 149 | Comparative Example
10 18 0.18 28 5 50 0.015 | 0063 67 188 | 067 0.70 1.05 0.94 1.40 101 750 | Comparative Example
Inventive Example
1 17 0.18 44 3 120 0022 | 0081 58 191 0.60 0.61 1.01 079 1.32 085 141 (particulatly prefergzble)
Inventive Example
12 186 0.18 51 3 180 0.022 0.094 49 192 | 059 0.58 0.99 077 1.31 0.84 142 (particularly preferpable)
13 1.3 0.18 38 3 150 0022 | 0.085 55 189 | 064 0.64 1.00 0.83 1.30 091 142 | Inventive Example
14 17 0.18 57 5 150 0.015 | 0.060 68 192 | 063 0.67 1.07 091 145 0.98 155 | Comparative Example
15 24 0.20 17 3 160 0.025 0.136 40 187 | 068 0.69 1.01 0.88 1.29 0.99 145] Inventive Example
18 2.3 0.20 18 3 160 0.025 0.132 42 187 | 067 0.68 1.01 0.86 1.29 097 145)] Inventive Example
17 2.2 0.20 17 3 140 0.022 0.122 43 188 | 069 0.70 1.02 0.88 1.28 101 146) Inveniive Example
18 23 0.20 20 4 140 0.022 0.107 44 188 ] 070 0.71 1.01 090 1.28 102 146 Inventive Example
19 2.1 0.20 19 4 120 0.020 0.100 45 18] oM 0.72 1.01 091 1.28 103 145| Inventive Example
20 22 0.20 21 4 120 0.015 | 0.092 51 188 ] 070 0.71 1.01 090 1.28 103 147| Inventive Example
21 23 0.20 22 5 100 0.017 0.089 54 188 ] o7t 0.71 1.00 092 1.29 1.04 146| Inventive Example
22 20 0.20 20 5 90 0015 ] 0084 59 188 ] 01t 0.72 1.01 092 1.30 1.04 146| Inventive Example
23 18 0.20 21 5 70 0015 | 00717 63 189 | 07t 0.75 1.06 0.98 1.38 1.08 152 | Comparative Example
24 18 0.20 24 5 70 0015 | 0072 67 189 | 071 0.75 1.06 0.99 1.39 1.08 152 | Comparative Example
Inventive Example
25 14 0.20 42 3 150 0025 | 0088 49 191 ] 065 0.66 1.01 083 127 094 145 (parficulary preferpabka)
inventive Example
26 18 0.20 64 3 180 0.022 | 0.091 45 192 | 0863 0.63 1.00 0.80 1.27 092 146 (particularly preferzble)
27 1.2 0.20 36 3 150 0022 | 0082 55 100 | 086 0.67 1.01 0.84 1.28 0.96 146 Inventive Example
28 13 0.20 54 5 90 0015 | 0047 75 192 | 066 0.71 1.08 0.92 1.39 1.05 159 [ Comparative Example
29 25 0.23 18 3 180 0025 | 0441 38 186 | 074 0.75 1.01 0.94 1.27 1.09 147 Inventive Example
30 22 0.23 21 3 150 0.025 0.121 42 187 | 075 0.76 1.01 0.95 1.26 1.10 147 [ Inventive Example
31 23 0.23 18 3 150 0.018 0.116 43 187 | 075 0.75 1.00 0.95 1.26 1.10 147 Inventive Example
32 22 0.23 18 4 120 0.021 0.109 46 188 | 076 0.77 1.01 0.96 1.26 1.12 T48| Inventive Example
33 25 0.23 21 4 120 0.019 0.105 47 187 | 076 0.77 1.01 097 1.27 1.12 T43| Inventive Example
34 24 0.23 22 4 100 0.020 0.099 48 187 | 077 0.78 1.01 093 1.27 1.14 TA5| Inventive Bxample
35 2.0 0.23 24 3 80 0.025 0.094 53 188 | 074 0.75 1.01 093 1.26 1.09 T47| ‘nventive Example
36 18 0.23 26 3 80 0.020 0.083 54 188 | 073 0.74 1.02 093 1.28 108 1481 nventive Example
37 1.7 0.23 28 3 80 0.017 | 0076 57 180 | 074 0.78 1.05 100 1.35 114 154 | Comparative Example
38 1.7 0.23 28 4 80 0018 | 0074 652 190 | 075 0.79 1.05 101 1.35 1.16 155 | Comparative Example
Inventive Example
39 1.9 0.23 49 3 150 0.025 0.090 50 192 | 069 0.69 1.00 087 1.26 1.02 148 (particularly preferpable)
[nventive Example
40 1.8 0.23 75 3 200 0022 | 0089 49 1931 068 069 1.01 085 125 1.00 147 (particutarly prefer‘:abl.e)
41 17 0.23 38 3 170 0.022 0.092 47 190 | 072 073 1.01 091 1.26 1.06 1471 Inventive Example
42 1.8 0.23 62 4 90 0.02 0.080 62 192 ] 068 073 1.08 097 142 1140 162 | Comparative Example
43 23 0.27 17 3 150 0.027 0.139 32 188 | 083 0.83 1.00 103 1.24 121 146| Inventive Example
44 2.1 0.27 21 3 120 0.026 | 0.415 37 180 | 082 0.83 1.01 102 1.24 1.21 147| Inventive Example
45 22 0.27 22 3 120 0020 | 0.108 39 189 | 081 0.81 1.00 1.01 1.25 1.18 146| Inventive Example
46 22 027 23 4 100 0019 | 0098 42 188 | 083 0.83 1.01 1.03 1.24 1.22 147| Inventive Example
47 23 0.27 24 4 80 0018 | 0093 43 189 | 083 0.83 1.01 1.04 1.25 1.22 147 | Inventive Example
48 29 0.27 25 4 80 0.020 0.089 44 189 | 084 0.85 1.01 1.04 1.24 1.23 147 | Inventive Example
49 17 0.27 27 3 80 0.020 0.084 48 189 | 085 0.86 1.01 1.06 1.25 1.25 147| Inventive Example
50 17 0.27 29 3 80 0.020 0.081 49 189 | 084 0.85 1.02 1.05 1.25 1.23 147] Inveniive Example
51 18 0.27 27 5 60 0.017 [ 0077 52 189 | 085 0.90 1.06 1.12 1.32 133 156 | Comparative Exampie
52 16 0.27 26 5 60 0018 [ 0075 54 189 | 082 0.87 1.06 1.09 1.33 1.28 156 | Comparative Example
Inventive Example
53 17 0.27 45 3 120 0.029 0.084 48 192 | 077 0.77 1.00 096 1.25 1.12 146 (parficularly prefer‘;ble)
Inventive Example
54 1.3 0.27 68 3 150 0.032 0.080 49 193] 075 0.75 1.00 0.94 125 140 147 (perticularly preferpable)
55 18 0.27 37 3 150 0.025 0.090 43 190 | 0.80 0.81 1.01 0.99 1.24 1147 146] Inveniive Example
56 18 0.27 58 4 120 0.024 | 0.069 54 193] 077 0.85 1.10 1.06 1.38 125 152 | Comparative Example
57 2.1 0.30 16 4 200 0.032 0.149 28 190 | 091 0.91 1.00 141 1.22 1.34 T47] Inveniive Example
58 2.0 0.30 17 3 180 0.028 0.145 32 190 ] 093 0.93 1.01 143 121 1.3 148 Inventive Example
59 1.8 0.30 15 4 180 0.025 0.138 34 190 | 092 0.92 1.00 143 1.23 137 149 | lnventive Example
60 22 0.30 20 4 150 0.027 0.122 38 189 ] 092 0.92 1.00 142 122 137 149 | Inventive Example
61 2.1 0.30 23 4 150 0022 ] 0.108 41 190 | 082 093 1.01 112 1.22 1.36 148 | Inventive Example
62 1.9 0.30 31 4 120 0025 | 0090 45 100 ] 083 093 1.00 1.13 1.22 1.39 149| Inventive Example
63 18 0.30 28 3 100 0.021 0.091 47 190 | 094 0.95 1.01 1.16 1.23 140 149 | Inventive Example
64 17 0.30 32 3 80 0.024 0.082 49 190 | 095 0.96 1.01 117 1.23 142 149 | Inventive Example
65 18 0.30 35 5 80 0025 | 0075 52 190 | 096 1.01 1.05 1.24 1.29 151 157 | Comparative Example
66 1.8 0.30 37 6 80 0.025 | 0072 55 190 | 097 1.03 1.06 1.25 1.29 153 158 | Comparative Example
Inventive Example
67 15 0.30 49 3 150 0033 | 0090 41 1931 085 0.85 1.00 1.05 1.23 125 147 (particutarly preferpable)
Inventive Example
6% 16 0.30 62 3 180 0.035 0.097 44 192 | 086 0.87 1.01 1.05 1.22 127 148 (particularly preferpable)
69 1.7 0.30 34 3 150 0032 ] 0403 40 190 | 0%t 091 1.00 112 1.23 134 147 Inventive Example
70 1.9 0.30 63 5 120 0027 | 0067 53 194 ] 086 096 1.12 1.16 1.35 143 166 | Comparative Example
*1 Sin B+ 4R+ (W/alN2)x(10d/)> 103 Underlines indicate that inventive parameter is not satisfied.
2 {ron loss deterioration ratio under eflipiic magnetization: underlined values are autside the range of the present invention.
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CLAIMS

[Claim 1]

A grain-oriented electrical steel sheet used for a
wound core of a transformer,

wherein a sheet thickness t of the steel sheet and an
iron loss deterioration ratio obtained by subjecting the
steel sheet under elliptic magnetization defined by formula
(1) below satisfy the following relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less;

when 0.20 mm < the sheet thickness t < 0.27 mm, the
iron loss deterioration ratio is 55% or less; and

when 0.27 mm < the sheet thickness t, the iron loss
deterioration ratio is 50% or less, and

wherein (the iron loss deterioration ratio under the
elliptic magnetization) = ({Wa — Wg)/Wg)x100, (1)

wherein, in formula (1), Wa is iron loss under 50 Hz
elliptic magnetization of 1.7 T in an RD direction {(a
rolling direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and W is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD
direction.
[Claim 2]

The grain-oriented electrical steel sheet according to

claim 1, wherein a pluraliity of linear grooves extending in
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a direction intersecting the rolling direction are included
on a surface of the steel sheet, and

wherein the width w of the grooves in the rolling
direction, the depth d of the grooves, the diameter R of
secondary recrystallized grains in the steel sheet, and an
average B angle of the secondary recrystallized grains in
the steel sheet satisfy the relation represented by the
following formula (2):

[Math. 1]

Sin B + 4t/R + (w/a/N2)x(10d/t)x10-3 > 0.080, (2)

wherein, in formula (2),

B: the average B angle (°) of the secondary
recrystallized grains,

t: the thickness (mm) of the steel sheet,

R: the diameter (mm) of the secondary recrystallized
grains,

a: the spacing (mm) between the plurality of linear
grooves extending in the direction intersecting the rolling
direction,

w: the width (um) of the grooves in the rolling
direction, and

d: the depth (mm) of the grooves.

[Claim 3]
The grain-oriented electrical steel sheet according to

claim 1 or 2, wherein a magnetic flux density B8 at a



CA 03086308 2020-06-18

_53_

magnetizing force of 800 A/m is 1.91 T or more, and the
diameter R of the secondary recrystallized grains is 40 mm
or more.

[Claim 4]

A wound core of a transformer, the wound core being
included using the grain-oriented electrical steel sheet
according to any of claims 1 to 3.

[Claim 5]

A method for producing a wound core of a wound core
transformer, the method allowing a building factor to be
reduced, the building factor being obtained by dividing the
value of iron loss of the wound core transformer by the
value of iron loss of a grain-oriented electrical steel
sheet used as a material of the wound core,

wherein, in the grain-oriented electrical steel sheet
used to form the wound core by winding the grain-oriented
electrical steel sheet, a sheet thickness t of the grain-
oriented electrical steel sheet and an iron loss
deterioration ratio the grain-oriented electrical steel
sheet under elliptic magnetization defined by formula (1)
below satisfy the following relations:

when the sheet thickness t < 0.20 mm, the iron loss
deterioration ratio is 60% or less;

when 0.20 mm < the sheet thickness t < 0.27 mm, the

iron loss deterioration ratio is 55% or less; and
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when 0.27 mm < the sheet thickness t, the iron loss
deterioration ratio is 50% or less, and

wherein (the iron loss deterioration ratio under the
elliptic magnetization) = ({Wa — Wg)/Wg)x100, (1)

wherein, in formula (1), Wa is iron loss under 50 Hz
elliptic magnetization of 1.7 T in an RD direction (a
rolling direction) and 0.6 T in a TD direction {(a direction
orthogonal to the rolling direction), and Ws is iron loss
under 50 Hz alternating magnetization of 1.7 T in the RD
direction.

[Claim 6]

The method for producing a wound core according to
claim 5, wherein a plurality of linear grooves extending in
a direction intersecting the rolling direction are included
on a surface of the steel sheet, and

wherein the width w of the grooves in the rolling
direction, the depth d of the grooves, the diameter R of
secondary recrystallized grains in the steel sheet, and an
average B angle of the secondary recrystallized grains in
the steel sheet satisfy the relation represented by the
following formula (2):

[Math. 2]
Sin B + 4t/R + (w/a/N2)x(10d/t)x10-3 > 0.080, (2)
wherein, in formula (2),

B: the average B angle (°) of the secondary
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recrystallized grains,

t: the thickness (mm) of the steel sheet,

R: the diameter (mm) of the secondary recrystallized
grains,

a: the spacing (mm) between the plurality of linear
grooves extending in the direction intersecting the rolling
direction,

w: the width (um) of the grooves in the rolling
direction, and

d: the depth (mm) of the grooves.

[Claim 7]

The method for producing a wound core according to
claim 5 or 6, wherein, in the grain-oriented electrical
steel sheet used, a magnetic flux density B8 at a
magnetizing force of 800 A/m is 1.91 T or more, and the
diameter R of the secondary recrystallized grains is 40 mm

Oor more.
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FIG. 2
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FIG. 3
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FIG. 5

FIG. 6
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(EXCITED MAGNETIC FLUX)
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(A) TRANSFER MAGNETIC FLUX + (B) INTERLAMINAR MAGNETIC FLUX
+C) MAGNETIC FLUX CROSSING Gaps = MAGNETIC FLUX HAVING REACHED

JOINT PORTION
IN LAP PORTION, (B) INTERLAMINAR MAGNETIC FLUX = 1/2 x (A)
TRANSFER MAGNETIC FLUX IN CONSIDERATION OF SYMMETRY OF MAGNETIC FLUX

(C) MAGNETIC FLUX CROSSING Gaps = MAGNETIC FLUX HAVING

REACHED JOINT PORTION-3/2 x (A) TRANSFER MAGNETIC FLUX
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FIG. 9
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FIG. 11
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FIG. 13
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