I*I Innovation, Sciences et Innovation, Science and CA 3095320 C 2023/10/03
Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 3 095 320
12 BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépdt PCT/PCT Filing Date: 2019/03/29 (51) CLInt./Int.Cl. HOTF 27/245(2006.01),

HO1F 1/16 (2006.01), C271D 8/12(2006.01),
HOTF 41/02(2006.01)

(72) Inventeurs/Inventors:

(87) Date publication PCT/PCT Publication Date: 2019/10/03
(45) Date de délivrance/lssue Date: 2023/10/03

(85) Entrée phase nationale/National Entry: 2020/09/25 OMURA, TAKESHI, JP;

(86) N° demande PCT/PCT Application No.: JP 2019/014271 INOUE, HIROTAKA, JP;
N L OKABE, SEJI, JP

(87) N° publication PCT/PCT Publication No.: 2019/189857

e (73) Propriétaire/Owner:
(30) Priorité/Priority: 2018/03/30 (JP2018-069889) JFE STEEL CORPORATION JP

(74) Agent: SMART & BIGGAR LP

(54) Titre : NOYAU DE FER POUR TRANSFORMATEUR
(54) Title: IRON CORE FOR TRANSFORMER

Rolling direction

100mm

(57) Abrégé/Abstract:

Vibration of an iron core is reduced to reduce transformer noise. An iron core for a transformer comprises a plurality of grain-
oriented electrical steel sheets stacked together, wherein at least one of the plurality of grain-oriented electrical steel sheets: (1) has
a region in which closure domains are formed in a direction crossing a rolling direction and a region in which no closure domains
are formed; and (2) has an area ratio R of 0.10 % to 30 %, the area ratio R being an area ratio, to the whole grain-oriented electrical
steel sheet, of a region in which a shrinkage amount at a maximum displacement point when excited in the rolling direction at a
maximum magnetic flux density of 1.7 T and a frequency of 50 Hz is at least 2 x 10 less than a shrinkage amount in the region in
which no closure domains are formed.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



CA 03095320 2020-09-25

- 28 -

ABSTRACT

Vibration of an iron core is reduced to reduce transformer noise. An

iron core for a transformer comprises a plurality of grain-oriented electrical

5 steel sheets stacked together, wherein at least one of the plurality of
grain-oriented electrical steel sheets: (1) has a region in which closure
domains are formed in a direction crossing a rolling direction and a region in
which no closure domains are formed; and (2) has an area ratio R of 0.10 % to

30 %, the area ratio R being an area ratio, to the whole grain-oriented

10  electrical steel sheet, of a region in which a shrinkage amount at a maximum
displacement point when excited in the rolling direction at a maximum
magnetic flux density of 1.7 T and a frequency of 50 Hz is at least 2 x 1077
less than a shrinkage amount in the region in which no closure domains are

formed.
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IRON CORE FOR TRANSFORMER

TECHNICAL FIELD
[0001] The present disclosure relates to an iron core for a transformer
obtained by stacking grain-oriented electrical steel sheets, and particularly
relates to an iron core for a transformer that can reduce magnetostrictive

vibration to suppress transformer noise.

BACKGROUND
[0002] Various techniques for reducing noise generated from transformers
have been studied conventionally. In particular, iron cores are noise sources
even in an unloaded state. Accordingly, a number of techniques for iron
cores and grain-oriented electrical steel sheets used in iron cores have been
developed to reduce noise.
[0003] Main causes of noise are magnetostriction of grain-oriented electrical
steel sheets and resulting vibration of iron cores. Various techniques have
therefore been proposed to suppress vibration of iron cores.
[0004] For example, JP 2013-087305 A (PTL 1) and JP 2012-177149 A (PTL
2) each propose a technique of suppressing vibration of an iron core by
sandwiching a resin or a damping steel sheet between grain-oriented electrical
steel sheets.
[0005] JP H03-204911 A (PTL 3) and JP H04-116809 A (PTL 4) each propose
a technique of suppressing vibration of an iron core by stacking two types of
steel sheets that differ in magnetostriction.
[0006] JP 2003-077747 A (PTL 5) proposes a technique of suppressing
vibration of an iron core by adhering grain-oriented electrical steel sheets
stacked together. JP HO08-269562 A (PTL 6) proposes a technique of
reducing magnetostrictive amplitude by causing small internal strain to

remain in the whole steel sheet.

CITATION LIST

Patent Literatures

[0007] PTL 1: JP 2013-087305 A
PTL 2: JP 2012-177149 A
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PTL 3: JP HO3-204911 A
PTL 4: JP HO4-116809 A
PTL 5: JP 2003-077747 A
PTL 6: JP H08-269562 A

SUMMARY
(Technical Problem)
[0008] The techniques described in PTL 1 to PTL 6 are considered to have
certain effects in magnetostriction reduction or iron core vibration reduction,
but have the following problems.
[0009] With the method of sandwiching a resin or a damping steel sheet
between steel sheets as proposed in PTL 1 and PTL 2, the size of the iron core
increases.
[0010] With the method of using two types of steel sheets as proposed in PTL
3 and PTL 4, the steel sheets used need to be accurately managed and stacked.
This makes the iron core production process complex, and decreases
productivity.
[0011] With the method of adhering steel sheets to each other as proposed in
PTL 5, the adhesion requires time. Besides, there is a possibility that
non-uniform stress acts on the steel sheets and magnetic property degrades.
[0012] With the method proposed in PTL 6, the amplitude can be reduced, but
the magnetostrictive waveform strain increases, leading to an increase of
noise caused by magnetostrictive harmonic. Thus, the noise suppression
effect is low.
[0013] It could therefore be helpful to reduce vibration of an iron core to
reduce transformer noise by a mechanism different from conventional
techniques.
(Solution to Problem)
[0014] As a result of careful examination, we newly discovered that, by
providing two or more types of regions different in magnetostrictive property
in a steel sheet, the magnetostrictive vibration of the whole iron core is
suppressed by mutual interference, with it being possible to reduce
transformer noise.

[0015] The present disclosure is based on these discoveries. We thus
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provide the following.

[0016] 1. An iron core for a transformer, comprising a plurality of grain-oriented electrical steel
sheets stacked together, wherein at least one of the plurality of grain-oriented electrical steel
sheets: (1) has a region in which closure domains are formed in a direction crossing a rolling
direction and a region in which no closure domains are formed; and (2) has an area ratio R of
0.10 % to 30 %, the area ratio R being an area ratio, to the whole grain-oriented electrical steel
sheet, of a region in which a shrinkage amount at a maximum displacement point when excited
in the rolling direction at a maximum magnetic flux density of 1.7 T and a frequency of 50 Hz
is at least 2 x 1077 less than a shrinkage amount in the region in which no closure domains are
formed.

[0017] 2. The iron core for a transformer according to 1., wherein an angle of the closure
domains with respect to the rolling direction is 60° to 90°.

[0018] 3. The iron core for a transformer according to 1. or 2., wherein an interval between the
closure domains in the rolling direction is 3 mm to 15 mm.

[0018a] According to one aspect of the present invention, there is provided an iron core for a
transformer, comprising a plurality of grain-oriented electrical steel sheets stacked together,
wherein at least one of the plurality of grain-oriented electrical steel sheets: (1) has a closure
domain formation region extending from one end to the other end in a rolling direction in which
a plurality of closure domains extending in the direction crossing a rolling direction are present
at an interval in the rolling direction, and a closure domain non-formation region in which no
closure domains are formed; and (2) has an area ratio R of 0.10 % to 30 %, the area ratio R
being an area ratio, to the whole grain-oriented electrical steel sheet, of the closure domain
formation region, wherein a shrinkage amount in the closure domain formation region at a
maximum displacement point when excited in the rolling direction at a maximum magnetic flux
density of 1.7 T and a frequency of 50 Hz is at least 2 x 107’ less than a shrinkage amount in the
closure domain non-formation region..

(Advantageous Effect)

[0019] It is thus possible to reduce vibration of an iron core to reduce transformer noise by a

mechanism different from conventional techniques.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0020] In the accompanying drawings:

FIG. 1 is a graph illustrating an example of expansion and shrinkage behavior when a
grain-oriented electrical steel sheet is excited under the conditions of a maximum magnetic flux
density of 1.7 T and a frequency of 50 Hz;

FIG. 2 is a schematic diagram of a grain-oriented electrical steel sheet as iron core
material used in Experiment 1;

FIG. 3 is a graph illustrating the relationship between the area ratio (%) of a closure
domain formation region and the transformer noise (dB) in Experiment 1;

FIG. 4 is a schematic diagram of a grain-oriented electrical steel sheet as iron core

material used in Experiment 2,
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FIG. 5 is a graph illustrating expansion and shrinkage behavior when
the grain-oriented electrical steel sheet is excited under the conditions of a
maximum magnetic flux density of 1.7 T and a frequency of 50 Hz in
Experiment 2;

FIG. 6 is a graph illustrating the relationship between the difference in
shrinkage amount and the transformer noise (dB) in Experiment 2;

FIG. 7 is a schematic diagram of a grain-oriented electrical steel sheet
as iron core material used in Experiment 3;

FIG. 8 is a graph illustrating the relationship between the area ratio
(%) of a closure domain formation region in a range of 0 % to 100 % and the
transformer noise (dB) in Experiment 3;

FIG. 9 is a graph illustrating the relationship between the area ratio
(%) of the closure domain formation region in a range of 0 % to 1 % and the
transformer noise (dB) in Experiment 3; and

FIG. 10 is a schematic diagram illustrating patterns of closure domain

formation regions in a grain-oriented electrical steel sheet used in examples.

DETAILED DESCRIPTION

[0021] First, magnetostriction of a grain-oriented electrical steel sheet will be
described below.

[0022] FIG. 1 is a graph illustrating an example of the expansion and
shrinkage behavior of a grain-oriented electrical steel sheet in a rolling
direction when the grain-oriented electrical steel sheet is excited in the rolling
direction under the conditions of a maximum magnetic flux density of 1.7 T
and a frequency of 50 Hz.

[0023] The expansion and shrinkage behavior of a steel sheet is typically
caused by an increase or decrease of magnetic domains called auxiliary
magnetic domains that have components extending in a direction
perpendicular to the steel sheet surface and have spontaneous magnetization
directed in <100><010> direction. Accordingly, one possible method for
reducing expansion and shrinkage in the rolling direction is to suppress the
formation of auxiliary magnetic domains. The formation of auxiliary
magnetic domains can be suppressed by reducing the deviation angle between

the rolling direction and [001] axis. However, there is a limit to the
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reduction of the deviation angle.
[0024] In view of this, we studied another method to suppress the expansion
and shrinkage of the whole iron core. Specifically, regions that differ in
magnetostrictive property are formed in at least one of the grain-oriented
electrical steel sheets constituting the iron core, to suppress the expansion and
shrinkage of the whole iron core by mutual interference between the regions.
As a means of controlling the magnetostrictive property, a method of forming
closure domains in a direction crossing the rolling direction was used. Since
closure domains expand in a direction orthogonal to the rolling direction, the
formation and disappearance of closure domains cause changes, i.e. shrinkage
and expansion, in the rolling direction.
[0025] Experiments conducted to study transformer noise reduction by this
method will be described below.
[0026] <Experiment 1>

First, how closure domains introduced into a grain-oriented electrical
steel sheet influence the noise of a transformer produced using the
grain-oriented electrical steel sheet in an iron core was studied.
[0027] FIG. 2 schematically illustrates a grain-oriented electrical steel sheet
1 used as iron core material and arrangement of closure domains provided in
the grain-oriented electrical steel sheet. A strip-shaped closure domain
formation region 10 extending from one end to the other end in the rolling
direction of the grain-oriented electrical steel sheet 1 was formed in both end
parts of the grain-oriented electrical steel sheet 1 in the width direction
(direction orthogonal to the rolling direction). The region between the two
closure domain formation regions 10 was a region (closure domain
non-formation region) 20 having no closure domains formed therein.
[0028] The grain-oriented electrical steel sheet 1 as iron core material for a
transformer was produced by the following procedure. First, a typical
grain-oriented electrical steel sheet having a thickness of 0.27 mm and not
subjected to magnetic domain refining treatment was slit so as to have a width
of 100 mm in the direction orthogonal to the rolling direction, and then
subjected to a beveling work. When shearing the grain-oriented electrical
steel sheet to have bevel edges, the steel sheet surface was irradiated with a

laser on the shearing line entry side, to form the closure domain formation
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region 10. The laser was applied while being linearly scanned in the
direction orthogonal to the rolling direction, as illustrated in FIG. 2. The
laser irradiation was performed at an interval (irradiation line interval) of 8
mm in the rolling direction. As a result of the laser irradiation, linear strain
11 was formed at each position irradiated with the laser.
[0029] The other laser irradiation conditions were as follows:

- laser: Q-switched pulse laser

- power: 3.5 mJ/pulse

- pulse interval (pitch interval): 0.24 mm.

Herein, the pulse interval denotes the distance between the centers of
adjacent irradiation points.
[0030] To investigate the influence on the magnetostrictive property,
grain-oriented electrical steel sheets were produced with the width X of each
individual region of the closure domain formation region 10 in the direction
orthogonal to the rolling direction being varied in a range of 0 mm to 50 mm.
Through closure domain observation by the Bitter method using a magnetic
viewer (MV-95 made by Sigma Hi-Chemical, Inc.), it was determined that
closure domains were formed in the strain-introduced part as intended. That
is, linearly extending closure domains were formed in the closure domain
formation region 10. The angle of the closure domains with respect to the
rolling direction was 90°, and the interval between the closure domains in the
rolling direction was 8 mm.
[0031] After this, the obtained grain-oriented electrical steel sheets 1 were
stacked to form an iron core, and the iron core was used to produce a
transformer with a rated capacity of 1000 kVA. For each obtained
transformer, noise when excited under the conditions of a maximum magnetic
flux density of 1.7 T and a frequency of 50 Hz was evaluated.
[0032] FIG. 3 illustrates the relationship between the area ratio (%) of the
closure domain formation region and the transformer noise (dB). Herein, the
area ratio of the closure domain formation region denotes the ratio of the area
of the closure domain formation region 10 to the area of the grain-oriented
electrical steel sheet 1 used.
[0033] The results in FIG. 3 revealed that the transformer noise can be

reduced by forming closure domains. The results in FIG. 3 also revealed that,
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if the area ratio of the closure domain formation region is greater than a
specific value, the transformer noise increases to a level greater than in the
case where no closure domains are introduced.

[0034] The reason why the transformer noise was reduced by introducing
closure domains in a range in which the area ratio of the closure domain
formation region was not greater than the specific value is considered to be as
follows: In the region in which closure domains are formed, the formation and
disappearance of closure domains and the disappearance and formation of
auxiliary magnetic domains cause the expansion and shrinkage of the steel
sheet. Meanwhile, in the region in which no closure domains are formed,
only the disappearance and formation of auxiliary magnetic domains cause the
expansion and shrinkage of the steel sheet. Thus, the expansion and
shrinkage behavior differs between the closure domain formation region and
the closure domain non-formation region. As a result of the regions different
in expansion and shrinkage behavior being both present in one steel sheet, the
two regions influence each other reciprocally. Consequently, the region with
smaller shrinkage serves to reduce the shrinkage amount of the region with
greater shrinkage, so that the overall shrinkage is suppressed and the noise is
reduced. Providing the region having different expansion and shrinkage
behavior even in a small area has the expansion and shrinkage suppression
effect and contributes to reduced noise.

[0035] The reason why the transformer noise increases when the area ratio of
the closure domain formation region is excessively high is considered to be as
follows: By introducing closure domains, the shrinkage amount of the whole
steel sheet is reduced and the noise caused by shrinkage is reduced.
However, when strain is introduced excessively, the magnetostrictive
waveform is distorted greatly. In a range in which the area ratio of the
closure domain formation region is high, the influence of this waveform
distortion exceeds the shrinkage amount reduction effect by the introduction
of closure domains, as a result of which the noise increases.

[0036] These results indicate that the transformer noise can be reduced by
forming two regions different in magnetostrictive property, i.e. the closure
domain formation region and the closure domain non-formation region, in the

grain-oriented electrical steel sheet and appropriately controlling the area
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ratio of the closure domain formation region.
[0037] <Experiment 2>

Next, how the magnetostrictive waveform in the closure domain
formation region influences the transformer noise was studied. As a result of
examining various parameters, it was found that the transformer noise can be
effectively reduced by limiting the shrinkage amount at the maximum
displacement point of the magnetostrictive waveform at 1.7 T and 50 Hz to a
specific range. This experiment will be described below.
[0038] FIG. 4 schematically illustrates a grain-oriented electrical steel sheet
1 used as iron core material and arrangement of closure domains provided in
the grain-oriented electrical steel sheet. A closure domain formation region
10 extending from one end to the other end in the rolling direction of the
grain-oriented electrical steel sheet 1 was formed in a central part of the
grain-oriented electrical steel sheet 1 in the width direction (direction
orthogonal to the rolling direction). The region other than the closure
domain formation region 10 is a region (closure domain non-formation region)
20 having no closure domains formed therein.
[0039] The grain-oriented electrical steel sheet 1 as iron core material for a
transformer was produced by the following procedure. First, a typical
grain-oriented electrical steel sheet having a thickness of 0.23 mm and not
subjected to magnetic domain refining treatment was slit so as to have a width
of 150 mm in the direction orthogonal to the rolling direction, and then
subjected to a beveling work. When shearing the grain-oriented electrical
steel sheet to have bevel edges, the steel sheet surface was irradiated with a
laser on the shearing line entry side, to form the closure domain formation
region 10. The laser was applied while being linearly scanned in the
direction orthogonal to the rolling direction, as illustrated in FIG. 4. The
laser irradiation was performed at an interval (irradiation line interval) of 5
mm in the rolling direction. As a result of the laser irradiation, linear strain
11 was formed at each position irradiated with the laser. By varying the laser
power in a range of 100 W to 250 W, a plurality of grain-oriented electrical
steel sheets different in shrinkage amount in the closure domain formation
region were produced.

[0040] The other laser irradiation conditions were as follows:

Ref. No. PO191443-PCT-ZZ (8/28)
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- laser: single mode fiber laser
- deflection rate: 5 m/sec
- power: 100 W to 250 W (see Table 1).
[0041] Linearly extending closure domains were formed in the closure
5 domain formation region 10. The angle of the closure domains with respect
to the rolling direction was 90°, and the interval between the closure domains
in the rolling direction was 5 mm.
[0042] Samples were then collected from the closure domain formation region
and the closure domain non-formation region of each obtained grain-oriented
10  electrical steel sheet, and the shrinkage amount in the rolling direction when
excited under the conditions of a frequency of 50 Hz and a magnetic flux
density of 1.7 T was measured using a laser Doppler vibrometer. As
representative examples, the shrinkage amount measurement results in three
grain-oriented electrical steel sheets are illustrated in FIG. 5 and listed in
15  Table 1.

[0043]
Table |
Shrinkage amount ar maximum displacement point - o
N P;J\\gr (0 Ditference m(sll(l]l_'il;kage amount
Closure domain non-formation region | Closure domain formation region

1 100 5 4 |

2 180 5 -2 7

3 250 3 -3 8

[0044] FIG. 5 is a graph illustrating the expansion and shrinkage behavior of
each sample when excited under the conditions of a frequency of 50 Hz and a
20 maximum magnetic flux density of 1.7 T. The curves No. 1 to 3 each
indicate the expansion and shrinkage behavior of the sample collected from
the closure domain formation region. The solid line curve indicates the
expansion and shrinkage behavior of the sample collected from the closure
domain non-formation region, which was common to the three grain-oriented
25  electrical steel sheets.
[0045] Consider the expansion and shrinkage amount at the point of
maximum displacement (maximum displacement point) in the measured

expansion and shrinkage behavior (hereafter referred to as “expansion and
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shrinkage amount™). The shrinkage amount in each sample is listed in Table
1. The “difference in shrinkage amount” (AL = Ao - A1), which is defined as
the difference between the shrinkage amount (ko) in the closure domain
non-formation region and the shrinkage amount (A1) in the closure domain
formation region, is also listed in Table 1. Each shrinkage amount value that
is minus indicates the expansion amount.
[0046] The results in Table 1 and FIG. 5 revealed that, in the closure domain
formation region, the shrinkage amount at the maximum displacement point
decreases with an increase in laser power, i.e. an increase in introduced strain
amount.
[0047] Further, the obtained grain-oriented electrical steel sheets 1 were
stacked to form an iron core, and the iron core was used to produce a
transformer with a rated capacity of 1200 kVA. For each obtained
transformer, noise when excited under the conditions of a maximum magnetic
flux density of 1.7 T and a frequency of 50 Hz was evaluated.
[0048] FIG. 6 is a graph illustrating the relationship between the difference in
shrinkage amount (AA) at the maximum displacement point and the
transformer noise. As can be understood from the results in FIG. 6, if AX is
2 x 10”7 or more, the transformer noise can be reduced effectively.
[0049] <Experiment 3>

Next, how the area ratio of the closure domain formation region
influences the transformer noise was studied.
[0050] FIG. 7 schematically illustrates a grain-oriented electrical steel sheet
1 used as iron core material and arrangement of closure domains provided in
the grain-oriented electrical steel sheet 1. Two closure domain formation
regions 10 extending from one end to the other end in the rolling direction of
the grain-oriented electrical steel sheet 1 were formed in the grain-oriented
electrical steel sheet 1. The width of one closure domain formation region in
the direction orthogonal to the rolling direction was X, and the width of the
other closure domain formation region in the direction orthogonal to the
rolling direction was 2X. By varying the value of X, grain-oriented
electrical steel sheets different in the area ratio of the closure domain
formation region (i.e. the two closure domain formation regions) in a range of

0 % to 100 % were produced. The regions other than the closure domain
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formation regions 10 were regions (closure domain non-formation regions) 20
having no closure domains formed therein. An area ratio of 0 % indicates
that only the closure domain non-formation region was present and no closure
domain formation region was present. An area ratio of 100 % indicates that
only the closure domain formation region was present and no closure domain
non-formation region was present.

[0051] The grain-oriented electrical steel sheet 1 as iron core material for a
transformer was produced by the following procedure. First, a typical
grain-oriented electrical steel sheet having a thickness of 0.30 mm and not
subjected to magnetic domain refining treatment was slit so as to have a width
of 200 mm in the direction orthogonal to the rolling direction, and then
subjected to a beveling work. When shearing the grain-oriented electrical
steel sheet to have bevel edges, the steel sheet surface was irradiated with an
electron beam on the shearing line entry side, to form the closure domain
formation region 10. The electron beam was applied while being linearly
scanned in the direction orthogonal to the rolling direction, as illustrated in
FIG. 7. The electron beam irradiation was performed at an interval
(irradiation line interval) of 4 mm in the rolling direction. As a result of the
electron beam irradiation, linear strain 11 was formed at each position
irradiated with the electron beam.

[0052] The beam current was set to 2 mA or 15 mA, based on preliminary
investigation results. In detail, if the difference in shrinkage amount is 2 x
107 or more, the transformer noise can be reduced effectively, as
demonstrated in Experiment 2. The minimum beam current required to
satisfy the condition of the difference in shrinkage amount is 2 mA. When
the beam current increases, the difference in shrinkage amount further
increases. Excessively increasing the beam current, however, causes the
steel sheet to deform due to irradiation, as a result of which the steel sheet
may become unusable as iron core material. The upper limit of the beam
current with which a steel sheet shape applicable as iron core material can be
maintained is 15 mA. Hence, the difference in shrinkage amount in the
obtained grain-oriented electrical steel sheet is 2 x 1077 or more, regardless of
which of the beam current values is used.

[0053] The other conditions relating to the electron beam irradiation were as

Ref. No. PO191443-PCT-ZZ (11/28)
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follows:

- accelerating voltage: 60 kV

- scan rate: 10 m/sec.

[0054] Linearly extending closure domains were formed in the closure
domain formation region 10. The angle of the closure domains with respect
to the rolling direction was 90°, and the interval between the closure domains
in the rolling direction was 4 mm.

[0055] The obtained grain-oriented electrical steel sheets 1 were stacked to
form an iron core, and the iron core was used to produce a transformer of 2000
kVA. For each obtained transformer, noise when excited under the
conditions of a frequency of 50 Hz and a magnetic flux density of 1.7 T was
evaluated.

[0056] FIG. 8 is a graph illustrating the relationship between the area ratio
(%) of the closure domain formation region in a range of 0 % to 100 % and the
transformer noise (dB). FIG. 9 is a graph illustrating the relationship
between the area ratio (%) of the closure domain formation region in a range
of 0 % to 1 % and the transformer noise (dB). That is, FIG. 9 is a partial
enlargement of FIG. 8. As can be understood from the results in FIGS. 8 and
9, in the case of forming the closure domain formation region so that the
difference in shrinkage amount is 2 x 10°7 or more, if the area ratio is 0.10 %
to 30 %, the transformer noise can be reduced effectively regardless of the
beam current, i.e. the strain introduction amount.

[0057] A method for carrying out the presently disclosed techniques will be
described in detail below. The following description is to illustrate preferred
embodiments of the present disclosure, and is not intended to limit the present
disclosure.

[0058] [Iron core for transformer]

An iron core for a transformer according to one of the disclosed
embodiments is an iron core for a transformer comprising a plurality of
grain-oriented electrical steel sheets stacked together, wherein at least one of
the grain-oriented electrical steel sheets satisfies the below-described
conditions. The structure, etc. of the iron core for a transformer are not
limited, and may be any structure, etc.

[0059] [Grain-oriented electrical steel sheet]

Ref. No. PO191443-PCT-ZZ (12/28)
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At least one of the grain-oriented electrical steel sheets as material of
the iron core for a transformer needs to have a closure domain formation
region and a closure domain non-formation region satisfying the
below-described conditions. The closure domain formation region and the
closure domain non-formation region differ in the magnetostrictive property
of the steel sheet, as mentioned above. By using, as iron core material, such
a grain-oriented electrical steel sheet that has parts different in the
magnetostrictive property in one steel sheet, the expansion and shrinkage of
the iron core can be suppressed and the transformer noise can be reduced.
The other grain-oriented electrical steel sheets may be any grain-oriented
electrical steel sheets.

[0060] As the grain-oriented electrical steel sheet, a grain-oriented electrical
steel sheet worked in iron core size may be used. Even in the case where the
grain-oriented electrical steel sheet (blank sheet) before working has the
closure domain formation region and the closure domain non-formation region,
the grain-oriented electrical steel sheet may end up having only one of the
closure domain formation region and the closure domain non-formation region
depending on from which part of the blank sheet the grain-oriented electrical
steel sheet as iron core material is cut out. Hence, the grain-oriented
electrical steel sheet as iron core material needs to be produced so as to satisfy
the below-described conditions.

[0061] The thickness of the grain-oriented electrical steel sheet included in
the iron core in the present disclosure is not limited, and may be any thickness.
Even when the thickness of the steel sheet is changed, the closure domain
disappearance amount and the auxiliary magnetic domain formation amount
are unchanged. Thus, the noise reduction effect can be achieved regardless
of the thickness. From the perspective of iron loss reduction, however, the
thickness of the grain-oriented electrical steel sheet is desirably thin. The
thickness of the grain-oriented electrical steel sheet is therefore preferably
0.35 mm or less. Meanwhile, if the grain-oriented electrical steel sheet has
at least certain thickness, the grain-oriented electrical steel sheet is easy to
handle, and the iron core manufacturability is improved. The thickness of
the grain-oriented electrical steel sheet is therefore preferably 0.15 mm or

more.
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[0062] - Closure domain

The closure domains are formed in a direction crossing the rolling
direction of the grain-oriented electrical steel sheet. In other words, the
closure domains are provided to extend in a direction intersecting the rolling
direction.  Typically, the closure domains may be linear. The angle
(inclination angle) of the closure domains with respect to the rolling direction
is not limited, but is preferably 60° to 90°. Herein, the angle of the closure
domains with respect to the rolling direction denotes the angle between the
linearly extending closure domains and the rolling direction of the
grain-oriented electrical steel sheet.
[0063] The closure domains are preferably provided at an interval in the
rolling direction of the grain-oriented electrical steel sheet. The interval
(line interval) between the closure domains in the rolling direction is not
limited, but is preferably 3 mm to 15 mm. Herein, the interval between the
closure domains denotes the interval between one closure domain and a
closure domain adjacent to the closure domain. The interval between the
closure domains may vary, but is preferably an equal interval.
[0064] One grain-oriented electrical steel sheet may include one or more
closure domain formation regions. In the case where a plurality of closure
domain formation regions are provided in one grain-oriented electrical steel
sheet, the inclination angle and the line interval in each closure domain
formation region may be the same or different. In the case of using a
plurality of grain-oriented electrical steel sheets each having a closure domain
formation region, the inclination angle and the line interval in the closure
domain formation region in each grain-oriented electrical steel sheet may be
the same or different.
[0065] In the present disclosure, the “region in which closure domains are
formed” denotes a region in which a plurality of closure domains extending in
a direction crossing the rolling direction are present at an interval in the
rolling direction. For example, in the case where closure domains are
successively formed at an interval from one end to the other end in the rolling
direction of the grain-oriented electrical steel sheet 1 as illustrated in FIG. 2,
the strip-shaped region (shaded part) in which the group of closure domains is

formed is the “region in which closure domains are formed”. In this
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description, the term ‘“closure domain formation region” has the same
meaning as the “region in which closure domains are formed”.
[0066] - Area ratio R: 0.10 % to 30 %

At least one of the grain-oriented electrical steel sheets used in the
present disclosure needs to have the closure domain formation region and the
closure domain non-formation region as described above, and also the area
ratio R of the region in which the shrinkage amount is at least 2 x 1077 less
than the shrinkage amount in the closure domain non-formation region to the
whole grain-oriented electrical steel sheet needs to be 0.10 % to 30 %. In
other words, the area ratio R of the closure domain formation region in which
the “difference in shrinkage amount”™ (AA = Ao - A1) defined as the difference
between the shrinkage amount (Ag) in the closure domain non-formation
region and the shrinkage amount (A1) in the closure domain formation region
is 2 x 10”7 or more to the whole grain-oriented electrical steel sheet is 0.10 %
to 30 %. Herein, the shrinkage amount denotes the shrinkage amount at the
maximum displacement point when excited in the rolling direction at a
maximum magnetic flux density of 1.7 T and a frequency of 50 Hz.

[0067] As mentioned earlier, when a grain-oriented electrical steel sheet is
excited, auxiliary magnetic domains expanding in the thickness direction form,
and consequently the grain-oriented electrical steel sheet shrinks in the rolling
direction. On the other hand, closure domains expand in the direction
orthogonal to the rolling direction, and the steel sheet shrinks in the rolling
direction due to the presence of the closure domains. Accordingly, in a
process in which closure domains disappear as a result of excitation, the steel
sheet expands in the rolling direction. As a result of this expansion of
closure domains canceling out the shrinkage by the formation of auxiliary
magnetic domains, the shrinkage of the grain-oriented electrical steel sheet in
the rolling direction can be reduced effectively.

[0068] To achieve this noise suppression effect, the area ratio R needs to be
0.10 % or more. To further enhance the effect, the area ratio R is preferably
1.0 % or more. Since strain is introduced in order to reduce the shrinkage
amount, if the area ratio R is excessively high, noise caused by waveform
distortion increases. The area ratio R is therefore 30 % or less. The area

ratio R is preferably 20 % or less, and more preferably 15 % or less.

Ref. No. PO191443-PCT-ZZ (15/28)

Date Regue/Date Received 2020-09-25



10

15

20

25

30

CA 03095320 2020-09-25

- 16 -

[0069] - Difference in shrinkage amount: 2 x 10”7 or more

The area ratio R is defined as the area ratio of the region in which the
difference in shrinkage amount is 2 x 1077 or more. If the difference in
shrinkage amount is less than 2 x 1077, the foregoing vibration suppression
effect is low, and the transformer noise cannot be reduced sufficiently. No
upper limit is placed on the difference in shrinkage amount. However, an
excessively large difference means that the absolute value of the
magnetostriction of at least one of the regions is large, which may cause an
increase of noise. Moreover, under the conditions in which the difference in
shrinkage amount is large, the steel sheet may deform and become unusable as
iron core material. The difference in shrinkage amount is therefore
preferably 5 x 10°® or less. Thus, in one of the disclosed embodiments, the
area ratio R of the closure domain formation region in which the “difference
in shrinkage amount” (AL = ko - A1) defined as the difference between the
shrinkage amount (Lo) in the closure domain non-formation region and the
shrinkage amount (11) in the closure domain formation region is 2 x 10”7 or
more and 5 x 10°° or less to the whole grain-oriented electrical steel sheet is
preferably 0.10 % to 30 %.
[0070] Preferably, in 50 % or more of the region in which closure domains are
formed, the shrinkage amount is at least 2 x 1077 less than in the region in
which no closure domains are formed. In other words, the area ratio of the
region in which the shrinkage amount is at least 2 x 1077 less than the
shrinkage amount in the closure domain non-formation region to the whole
closure domain formation region is preferably 50 % or more. If the area
ratio is 50 % or more, the proportion of the region that is likely to have
reciprocal influence of magnetostrictive property is high, so that higher
magnetostrictive vibration suppression effect can be achieved. The area
ratio is more preferably 75 % or more.
[0071] At least one of the grain-oriented electrical steel sheets constituting
the iron core for a transformer needs to satisfy the foregoing conditions. If
the proportion of the grain-oriented electrical steel sheets satisfying the
foregoing conditions to all grain-oriented electrical steel sheets is higher, the
expansion and shrinkage of the whole iron core can be further reduced, and

higher noise reduction effect can be achieved. Hence, the proportion is
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preferably 50 % or more, and more preferably 75 % or more. Herein, the
proportion is defined as the proportion of the mass of the grain-oriented
electrical steel sheets satisfying the conditions according to the present
disclosure to the total mass of all grain-oriented eclectrical steel sheets
constituting the iron core for a transformer.

[0072] The reason why the change in magnetostriction is defined based on the
shrinkage amount “when excited at a maximum magnetic flux density of 1.7 T

kel

and a frequency of 50 Hz” in the present disclosure is because transformers
using grain-oriented electrical steel sheets are often used at a magnetic flux
density of about 1.7 T. At a lower magnetic flux density, noise is less
problematic. Moreover, under the foregoing excitation conditions, the
features of magnetostriction due to the crystal orientation and the magnetic
domain structure of the electrical steel sheet appear markedly. The
shrinkage amount under the conditions is therefore effective as an index
representing the magnetostrictive property.
[0073] While the closure domain disappearance amount and the auxiliary
magnetic domain formation amount vary in absolute value depending on the
excitation magnetic flux density and the excitation frequency, their relative
proportion is unchanged. That is, when the closure domain disappearance
amount is small, the auxiliary magnetic domain formation amount is small.
The expansion and shrinkage suppression effect can thus be achieved
regardless of the excitation magnetic flux density. Hence, the use conditions
of the iron core for a transformer according to the present disclosure are not
limited to 1.7 T and 50 Hz, and may be any conditions.
[0074] When closure domains are formed, iron loss is reduced by the
magnetic domain refining effect. Accordingly, in the case where closure
domains are formed so as to satisfy the conditions according to the present
disclosure, the closure domains serve to reduce iron loss. Therefore, the
present disclosure is not limited from the perspective of iron loss reduction,
too.
[0075] [Method of forming closure domains]

The method of forming the closure domains is not limited, and may be
any method. An example of the method of forming the closure domains is a

method of introducing strain at the positions where the closure domains are to
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be formed. Examples of the strain introduction method include shot blasting,
water jet, laser, electron beam, and plasma flame. By introducing linear
strain in a direction crossing the rolling direction, the closure domains can be
formed in the direction crossing the rolling direction.

[0076] The timing of the formation of the closure domains is not limited, and
may be any timing. For example, the closure domains may be formed before
or after slitting the grain-oriented electrical steel sheet. In the case of
forming the closure domains before the slitting, it is necessary to select a slit
coil and adjust the slit position so that the area ratio R satisfies the foregoing
condition. From the perspective of the yield rate, it is preferable to form the
closure domains after the slitting.

[0077] The magnetostrictive property can also be changed by changing the
crystal orientation or the film tension to control the auxiliary magnetic
domain formation state. However, partially controlling the crystal
orientation or the film tension is very difficult, and is not feasible at industrial
level. The iron core for a transformer according to the present disclosure can
be produced by a very simple method of forming closure domains, and thus is
superior in terms of productivity, too.

[0078] The closure domain formation region need not necessarily extend from
one end to the other end in the rolling direction as illustrated in FIG. 2. The
shape of the closure domain formation region is not limited to a rectangle, and
may be any shape.

[0079] The arrangement of the closure domain formation region in the plane
of the grain-oriented electrical steel sheet is not limited, and may be any
arrangement. From the perspective of suppressing expansion and shrinkage
more effectively, the closure domain formation region and the closure domain
non-formation region are preferably adjacent in the direction orthogonal to the
rolling direction. In other words, it is preferable that the boundary between
the closure domain formation region and the closure domain non-formation
region adjacent to the closure domain formation region has a component in the

rolling direction.
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EXAMPLES

[0080] Three types of grain-oriented electrical steel sheets of 160 mm in
width and 0.23 mm, 0.27 mm, and 0.30 mm in thickness were prepared, and
each grain-oriented electrical steel sheet was irradiated with an electron beam
to form closure domains. The arrangement of the region in which the closure
domain were formed was selected from six patterns (a) to (f) illustrated in FIG.
10. The patterns (a) and (b) are patterns in which one closure domain
formation region is present in one grain-oriented electrical steel sheet. The
patterns (c), (e), and (f) are patterns in which two closure domain formation
regions are present in one grain-oriented electrical steel sheet. The pattern
(d) is a pattern in which three closure domain formation regions are present in
one grain-oriented electrical steel sheet. In each pattern, the part(s) other
than the closure domain formation region(s) is a closure domain
non-formation region.
[0081] The pattern used, the area ratio of each closure domain formation
region, and the beam current when forming each closure domain formation
region are listed in Tables 2 to 4. Herein, the area ratio of each closure
domain formation region is the ratio (%) of the area of the closure domain
formation region to the area of the grain-oriented electrical steel sheet.
[0082] The other electron beam irradiation conditions were as follows:

- accelerating voltage: 60 kV

- scan rate: 32 m/sec

- irradiation line interval: 5 mm.
[0083] The closure domain introduction amount (volume) can be adjusted by
changing conditions such as accelerating voltage, beam current, scan rate, and
formation interval. In this example, the closure domain introduction amount
was adjusted by changing the beam current. Since the shrinkage behavior of
the steel sheet depends on the closure domain introduction amount, even when
the parameter adjusted is different, the influence on the shrinkage behavior is
the same as long as the volume of the introduced closure domains is the same.
For comparison, electron beam irradiation was not performed in some
examples (No. 1, 11, and 20).

[0084] Next, whether closure domains were actually formed in each region
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irradiated with an electron beam was determined through closure domain
observation by the Bitter method using a magnetic viewer (MV-95 made by
Sigma Hi-Chemical, Inc.). The determination results are listed in Tables 2 to
4. The reason why closure domains were not formed despite application of a
beam current in some examples is because the beam current was low.

[0085] Next, the magnetostrictive property in each region was evaluated, and
the difference in shrinkage amount defined as the difference between the
shrinkage amount in the closure domain non-formation region and the
shrinkage amount in each region was calculated. The magnetostrictive
property in each region was evaluated using a sample obtained by irradiating
the whole surface of a grain-oriented electrical steel sheet cut to a width of
100 mm and a length of 500 mm with an electron beam under the same
conditions as in each experiment. As the grain-oriented electrical steel sheet
for producing the sample, the same grain-oriented electrical steel sheet as in
each experiment was used. The magnetostriction (steel sheet expansion and
shrinkage) when exciting the sample by alternating current at a maximum
magnetic flux density of 1.7 T and a frequency of 50 Hz was measured using a
laser Doppler vibrometer. The calculated difference in shrinkage amount is
listed in Tables 2 to 4.

[0086] For the obtained grain-oriented electrical steel sheet, the area ratio R
of the region in which the shrinkage amount at the maximum displacement
point when excited in the rolling direction at a maximum magnetic flux
density of 1.7 T and a frequency of 50 Hz was at least 2 x 1077 less than the
shrinkage amount at the maximum displacement point when excited in the
rolling direction at a maximum magnetic flux density of 1.7 T and a frequency
of 50 Hz in the region having no closure domains formed therein to the whole
grain-oriented electrical steel sheet is listed in Tables 2 to 4.

[0087] The obtained grain-oriented electrical steel sheet was then used to
produce an iron core for a transformer. The iron core for a transformer was
an iron core of stacked three-phase tripod type, and was produced by shearing
a coil of the grain-oriented electrical steel sheet with a width of 160 mm to
have bevel edges and stacking them. The dimensions of the whole iron core
were as follows: width: 890 mm, height: 800 mm, and stacked thickness: 244

mm.
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[0088] The proportion (%) of one or more grain-oriented electrical steel
sheets obtained by the foregoing procedure to the whole iron core is listed in
Tables 2 to 4. Each iron core whose proportion was 100 % was an iron core
produced by stacking only grain-oriented electrical steel sheets irradiated with
5 an electron beam by the foregoing procedure. Each iron core whose
proportion was less than 100 % was produced by stacking not only one or
more grain-oriented electrical steel sheets irradiated with an electron beam
but also one or more grain-oriented electrical steel sheets produced in the
same way as the foregoing one or more grain-oriented electrical steel sheets
10  except that they were not irradiated with an electron beam.
[0089] Next, after an excitation coil was wound around the obtained iron core,
the iron core was excited under the conditions listed in Tables 5 to 7, and the
noise under the different excitation conditions was measured. The excitation
was performed by alternating current at 50 Hz or 60 Hz in frequency, with
15  three different conditions of the maximum magnetic flux density, i.e. 1.3 T,
1.5T,and 1.7 T.
[0090] The noise was measured in a total of six locations, that is, the front
and the back of each of the three legs of the iron core. The measurement
position was 400 mm in height and 300 mm from the surface of the iron core.
20  The average value of the noise measured in the six locations is listed in Tables
5to 7.
[0091] As can be understood from the results in Tables 5 to 7, in each iron
core for a transformer satisfying the conditions according to the present

disclosure, the noise was reduced as compared with Comparative Examples.
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[0095]
Table 5
Noise (dB)
No. 50Hz 60Hz Remarks
13T | 1.5T| 1.7T | 1.3T | 1.5T | 1.7T
1 50.0 [ 55.0 | 60.0 [ 53.0 [ 59.0 | 65.0 | Comparative Example
2 50.0 [ 55.0 | 60.0 [ 53.0 [ 59.0 | 65.0 | Comparative Example
3 46.0 | 51.0 | 56.0 | 49.0 | 55.0 | 61.0 Example
4 47.0 | 52.0 | 57.0 | 50.0 | 56.0 | 62.0 Example
5 45.0 | 50.0 | 55.0 | 48.0 | 54.0 | 60.0 Example
6 46.0 | 51.0 | 56.0 | 49.0 | 55.0 | 61.0 Example
7 48.5 1 53.5 | 58.5 | 51.5| 57.5 | 63.5 Example
8 50.0 [ 55.0 | 60.0 [ 53.0 [ 59.0 | 65.0 | Comparative Example
9 50.0 [ 55.0 | 60.0 [ 53.0 [ 59.0 | 65.0 | Comparative Example
10 43.0 | 48.0 | 53.0 | 46.0 | 52.0 | 58.0 Example
[0096]
Table 6
Noise (dB)
No. 50Hz 60Hz Remarks
13T [ 1.5T | 1.7T | 1.3T | 1.5T | 1.7T
11 50.0 [ 55.0 1 60.0 | 53.0 | 59.0 | 65.0 | Comparative Example
12 45.0 1 50.0 [ 55.0 | 48.0 | 54.0 | 60.0 Example
13 48.0 1 53.0 | 58.0 | 51.0 | 57.0 | 63.0 Example
14 45.0 1 50.0 [ 55.0 | 48.0 | 54.0 | 60.0 Example
15 48.51 535 58.5| 51.5| 57.5| 63.5 Example
16 44.0 1 49.0 [ 54.0 | 47.0 | 53.0 | 59.0 Example
17 45.0 1 50.0 [ 55.0 | 48.0 | 54.0 | 60.0 Example
18 48.51 535 58.5| 51.5| 57.5| 63.5 Example
19 50.0 [ 55.0 1 60.0 | 53.0 | 59.0 | 65.0 | Comparative Example
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[0097]
Table 7
Noise (dB)
No. S0Hz 60Hz Remarks
1.3T | 1.5T | 1.7T | 1.3T | 1.5T | 1.7T
20 50.0 ] 55.0 [ 60.0 | 53.0 | 59.0 | 65.0 | Comparative Example
21 45.0 1 50.0 | 55.0 | 48.0 | 54.0 | 60.0 Example
22 50.0 | 55.0 [ 60.0 | 53.0 | 59.0 | 65.0 | Comparative Example
23 45.0 1 50.0 | 55.0 | 48.0 | 54.0 | 60.0 Example
24 44.0 [ 49.0 | 54.0| 47.0 | 53.0 | 59.0 Example
25 47.0 1 52.0 | 57.0 | 50.5 | 56.5| 62.5 Example
26 46.5 |1 51.5| 565 49.5| 555 | 61.5 Example
27 4451 495|545 47.5| 53.5]| 59.5 Example
28 46.5 | 51.5| 56.5 49.5| 555 61.5 Example

REFERENCE SIGNS LIST

5 [0098] 1 grain-oriented electrical steel sheet
10 closure domain formation region
11 linear strain
20 closure domain non-formation region
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CLAIMS:

1. An iron core for a transformer, comprising

a plurality of grain-oriented electrical steel sheets stacked together,

wherein at least one of the plurality of grain-oriented electrical steel sheets:

(1) has a closure domain formation region extending from one end to the other end in a
rolling direction in which a plurality of closure domains extending in the direction crossing a
rolling direction are present at an interval in the rolling direction,

and a closure domain non-formation region in which no closure domains are formed;
and

(2) has an area ratio R of 0.10 % to 30 %, the area ratio R being an area ratio, to the
whole grain-oriented electrical steel sheet, of the closure domain formation region, wherein a
shrinkage amount in the closure domain formation region at a maximum displacement point
when excited in the rolling direction at a maximum magnetic flux density of 1.7 T and a
frequency of 50 Hz is at least 2 x 107 less than a shrinkage amount in the closure domain non-

formation region.

2. The iron core for a transformer according to claim 1, wherein an angle of the

closure domains with respect to the rolling direction is 60° to 90°.

3. The iron core for a transformer according to claims 1 or 2, wherein an interval

between the closure domains in the rolling direction is 3 mm to 15 mm.
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