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(57) Abrégé/Abstract:

Provided are a grain-oriented electromagnetic steel plate combining low iron loss and low magnetostriction and an advantageous
production method therefor. This grain-oriented electromagnetic steel plate comprises a linear distortion section extending in a
direction intersecting with a rolling direction. The linear distortion section has a stress distribution wherein compressive stress
regions and tensile stress regions are aligned while alternating with one another in the length direction of the linear distortion
section. In addition, the linear distortion section is formed by subjecting the steel plate to oscillations in the plate thickness direction
when an electron beam is moved and stopped repeatedly in a direction intersecting with the steel plate rolling direction to irradiate
the steel plate surface.
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ABSTRACT

Provided is a grain-oriented electrical steel sheet that combines low

iron loss and low magnetostriction, together with an advantageous production

5 method therefor. A grain-oriented electrical steel sheet comprises a linear
strain portion extending in a direction intersecting a rolling direction of the
grain-oriented electrical steel sheet, wherein the linear strain portion has a
stress distribution in which a compressive stress region and a tensile stress
region alternate in a longitudinal direction of the linear strain portion. The

10 linear strain portion is formed by vibrating the grain-oriented electrical steel
sheet in a sheet thickness direction, while irradiating a surface of the grain-
oriented electrical steel sheet with an electron beam by repeatedly moving and
detaining the electron beam in the direction intersecting the rolling direction

of the grain-oriented electrical steel sheet.
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GRAIN-ORIENTED ELECTRICAL STEEL SHEET AND PRODUCTION
METHOD THEREFOR

TECHNICAL FIELD
[0001] The present disclosure relates to a grain-oriented electrical steel sheet
suitable as an iron core material of a transformer and the like, and a production

method therefor.

BACKGROUND
[0002] In view of energy saving and environmental regulations, reduction of
energy loss in transformers and reduction of noise during operation of
transformers are required in recent years. Given that energy loss and noise of
a transformer correlate with iron loss and magnetostriction of a grain-oriented
clectrical steel sheet used as its iron core material, there is a need to develop
clectrical steel sheets having favorable iron loss property and magnetostrictive
property.
[0003] Iron loss of a grain-oriented electrical steel sheet can be divided
between hysteresis loss and eddy current loss. It is known that hysteresis loss
is effectively reduced by improving the degree of preferred crystal orientation
of a steel substrate or reducing impurities.
[0004] Known methods of improving eddy current loss include not only
increasing electric resistance by adding Si but also a magnetic domain refining
technique. The magnetic domain refining technique is a method whereby
grooves or strain is introduced into a steel sheet to improve the iron loss of the
steel sheet drastically.
[0005] For example, JP H6-22179 B2 (PTL 1) discloses a technique of
introducing linear grooves of 300 um or less in width and 100 pm or less in
depth on a steel sheet surface to reduce iron loss from 0.80 W/kg or more to
0.70 W/kg or less.
[0006] JP H7-192891 A (PTL 2) discloses a method of applying plasma flames
in a sheet transverse direction on a steel sheet surface after secondary
recrystallization to locally introduce thermal strain,, thus reducing, for a steel
sheet whose magnetic flux density (Bs) when excited with a magnetizing force
of 800 A/m is 1.935 T, iron loss (Wi7550) when excited with a maximum
magnetic flux density of 1.7 T and a frequency of 50 Hz to 0.680 W/kg.

[0007] It is known that magnetic domain refining by strain introduction can
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reduce iron loss but causes an increase in magnetostriction due to strain
introduction. A number of attempts have been made to produce a grain-
oriented electrical steel sheet of low iron loss and low magnetostriction by
controlling strain introduction.

[0008] For example, JP 2017-128765 A (PTL 3) discloses a method of
vibrating a focus lens in a process of irradiating a steel sheet with a laser to
introduce strain. With this method, however, a closure domain is not linearly
formed, so that transformer core loss increases as compared with the case of
irradiating the steel sheet with the laser without vibrating the lens.

[0009] JP 2012-36445 A (PTL 4) discloses a method of producing a material
of low iron loss and low magnetostriction by, in a process of irradiating a grain-
oriented electrical steel sheet with an electron beam to introduce strain,
increasing the tension of a forsterite film of the steel sheet and applying the
beam in a dot shape to form a non-uniform compressive stress region in a
rolling direction. With this method, it is essential to increase the forsterite
film tension. In the case where the forsterite film tension is increased,
however, shear stress at the interface with the steel substrate increases. This
is likely to cause problems during production as the film tends to exfoliate

when applying the beam.

CITATION LIST

Patent Literature

[0010] PTL 1: JP H6-22179 B2
PTL 2: JP H7-192891 A
PTL 3: JP 2017-128765 A
PTL 4: JP 2012-36445 A

SUMMARY
(Technical Problem)
[0011] It could therefore be helpful to provide a grain-oriented electrical steel
sheet that combines low iron loss and low magnetostriction and has excellent
transformer properties, together with an advantageous production method
therefor.
(Solution to Problem)
[0012] As a method of combining low iron loss and low magnetostriction in a

grain-oriented electrical steel sheet, we studied how to form a closure domain
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with a smaller strain amount, and took notice of a closure domain formation
mechanism.

[0013] When a grain-oriented eclectrical steel sheet is irradiated with an
clectron beam, a part irradiated with the electron beam (“beam irradiation
region” in FIG. 1, hereafter also referred to as “irradiated portion™) is rapidly
heated locally, and thermal strain is formed as a result of thermal expansion
and thermal contraction. Here, compressive stress remains in the irradiated
portion both in a rolling direction of the steel sheet and in a sheet transverse
direction intersecting the rolling direction (FIG. 1). Typically, dispersion of
heat is isotropic, and Young’s modulus is isotropic for an ordinary material, so
that compressive stress is isotropic. In a grain-oriented electrical steel sheet,
on the other hand, crystal grains having GOSS orientation (110)[001] which is
an easy magnetization axis accumulate in the rolling direction, and accordingly
Young’s modulus is anisotropic. Hence, greater compressive stress remains
in the rolling direction than in the sheet transverse direction. This causes the
formation of a magnetic domain (closure domain) having a magnetization
direction in the sheet transverse direction, and magnetic domains are refined
and the iron loss decreases.

[0014] Thus, in the grain-oriented electrical steel sheet, as a result of
compressive stress occurring in the rolling direction, a closure domain having
magnetization in a direction perpendicular to the easy magnetization axis forms.
This effect is called “magnetoelastic effect”. The magnetoelastic effect is a
phenomenon in which, in the case where stress is applied to a material having
a positive magnetostriction constant such as silicon steel, magnetization tends
to occur in a direction parallel to a stress axis direction if the stress is tensile
stress and occur in a direction orthogonal to the stress axis direction if the
stress is compressive stress. This indicates that not only compressive stress
in the rolling direction as in conventional techniques but also tensile stress in
the sheet transverse direction is effective in forming a closure domain having
a magnetization direction in the sheet transverse direction in the grain-oriented
electrical steel sheet. We thus discovered that, by inducing not only
compressive stress in the rolling direction as in conventional techniques but
also tensile stress in the sheet transverse direction in the irradiated portion, the
magnetoelastic effect is further enhanced and the closure domain is formed
more effectively.

[0015] Based on such findings, we intensively studied how to induce tensile
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stress in the sheet transverse direction of the grain-oriented electrical steel
sheet by electron beam irradiation. We consequently discovered that, by
irradiating the steel sheet with an electron beam in the sheet transverse
direction and in a dot shape while vibrating the steel sheet in the sheet
thickness direction, linear strain (linear strain portion) can be introduced with
periodical variation in intensity in the sheet transverse direction in the
irradiated portion, as a result of which a stress distribution in which a
compressive stress region and a tensile stress region alternate in the
longitudinal direction of the introduced linear strain (sheet transverse
direction) as illustrated in FIG. 2 can be formed. Besides vibrating the steel
sheet, another method of introducing strain into the steel sheet with periodical
variation in intensity in the sheet thickness direction of the steel sheet is to
change the position of an electron beam focusing coil or the amount of current
passing through the focusing coil. However, such method may cause, for
example, degradation in beam convergence due to variation of the magnetic
field of the coil. We accordingly reached the conclusion that the steel sheet
itself is to be vibrated.

[0016] By performing magnetic domain refining treatment based on the above-
described technique, a closure domain can be formed easily, and the amount of
strain necessary to achieve the same iron loss improving effect as in
conventional techniques can be reduced. A grain-oriented electrical steel
sheet of low iron loss and low magnetostriction can thus be provided. Sucha
grain-oriented electrical steel sheet can be used to provide a transformer of low
energy loss and low noise. The magnetoelastic effect is higher for a material
having high crystalline orientation, i.e. having high magnetic flux density Bs.
In view of this, the above-described technique contributes to lower iron loss
and lower magnetostriction for an electrical steel sheet having high magnetic
flux density, and contributes to lower noise for a transformer produced using
the electrical steel sheet.

[0017] We thus provide:

(1) A grain-oriented electrical steel sheet comprising a linear strain
portion extending in a direction intersecting a rolling direction of the grain-
oriented electrical steel sheet, wherein the linear strain portion has a stress
distribution in which a compressive stress region and a tensile stress region
alternate in a longitudinal direction of the linear strain portion.

[0018] (2) The grain-oriented electrical steel sheet according to (1), wherein a
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maximum compressive stress in the compressive stress region is 30 MPa or
more and not more than a yield stress, and a maximum tensile stress in the
tensile stress region is 20 MPa or more and not more than the yield stress.
[0019] (3) The grain-oriented electrical steel sheet according to (1) or (2),
comprising a magnetic flux density Bs of 1.94 T or more.

[0020] (4) A production method for a grain-oriented electrical steel sheet,
comprising forming a linear strain portion in a grain-oriented electrical steel
sheet, wherein the linear strain portion is formed by vibrating the grain-
oriented electrical steel sheet in a sheet thickness direction, while irradiating
a surface of the grain-oriented electrical steel sheet with an electron beam by
repeatedly moving and detaining the electron beam in a direction intersecting
a rolling direction of the grain-oriented electrical steel sheet.

[0021] (5) The production method for a grain-oriented electrical steel sheet
according to (4), wherein an amplitude of the vibration of the grain-oriented
electrical steel sheet in the sheet thickness direction is 1 mm or less.
(Advantageous Effect)

[0022] It is thus possible to produce a grain-oriented electrical steel sheet that

can reduce energy loss and noise of transformers.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] In the accompanying drawings:

FIG. 1 is a plan view of a grain-oriented electrical steel sheet having
compressive stress as a result of being irradiated with an electron beam;

FIG. 2 is a plan view of a grain-oriented electrical steel sheet in which
compressive stress and tensile stress alternate in a sheet transverse direction in
a beam irradiation region;

FIG. 3 is a schematic view of dot-shaped irradiation of a grain-oriented
electrical steel sheet with an electron beam;

FIG. 4 is a graph illustrating the relationship between the amplitude
and the iron loss improvement amount of a steel sheet;

FIG. 5 is a graph illustrating the relationship between the amplitude
and the noise change amount of a steel sheet;

FIG. 6 is a graph illustrating the relationship between the amplitude
and the maximum stress value in the sheet transverse direction of a steel sheet;

FIG. 7 is a graph illustrating the relationship between the compressive

stress maximum value in the sheet transverse direction and each of the iron
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loss improvement amount and the noise change amount;

FIG. 8 is a graph illustrating the relationship between the tensile stress
maximum value in the sheet transverse direction and each of the iron loss
improvement amount and the noise change amount; and

FIG. 9 is a schematic view of a closure domain width in a grain-

oriented electrical steel sheet.

DETAILED DESCRIPTION
[0024] Experimental results that led to the presently disclosed technique will
be described below.

It is commonly known that, by irradiating a steel sheet with an electron
beam under the condition that the electron beam is focused on the steel sheet
surface, the energy density is maximized and high strain introduction effect is
achieved. Hence, a typical magnetic domain refining process for grain-
oriented electrical steel sheets involves control to apply an electron beam in a
state of being focused on the steel sheet surface. As a method of obtaining a
stress distribution in which a compressive stress region and a tensile stress
region alternate in the longitudinal direction of introduced linear strain (beam
irradiation region) as illustrated in FIG. 2, we examined so-called dot-shaped
irradiation (see FIG. 3), i.e. applying an electron beam while repeatedly
moving and detaining (stopping to stay) the electron beam. However, simple
dot irradiation did not yield the foregoing stress distribution. This is because,
even when the electron beam is applied in a dot shape, the electron beam is
kept focused on the steel sheet surface not only in the beam detaining point but
also in the beam moving region, which results in no substantially large
difference in strain amount between the moving region and the detaining point.
[0025] We intensively studied how to increase the difference in strain amount
in the irradiated portion by the dot-shaped irradiation, and learned the
following: When the focus position is varied in the sheet thickness direction
with a constant period during beam irradiation, thermal strain by beam
irradiation is hardly introduced and substantially no stress field is formed in
the beam moving region. Meanwhile, in the beam detaining point, the
irradiation with the beam continues for a certain time, so that there is
substantially no change in strain amount by the focus variation and constant
compressive stress remains due to thermal strain. This creates a distribution

of thermal strain that differs greatly between the moving region and the
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detaining point of the electron beam. The moving region is in a state of being
pulled in the direction of a line segment connecting adjacent beam detaining
points due to the influence of compressive stress of the adjacent beam detaining
points, which results in the formation of tensile stress. Consequently, a stress
distribution in which a compressive stress region and a tensile stress region
alternate as illustrated in FIG. 2 is formed.

Usually, the steel sheet during sheet passing is controlled not to vibrate,
in order to perform beam irradiation under the condition that the electron beam
is focused on the steel sheet surface. Based on the foregoing knowledge,
however, we found out that, by intentionally vibrating the steel sheet in the
sheet thickness direction during sheet passing, it is possible to achieve both
magnetic domain refining while periodically varying the focus position in the
thickness direction of the steel sheet and production by passing the steel sheet.
[0026] Next, to determine the appropriate vibration range of the steel sheet,
we investigated how the amplitude of the steel sheet influences the iron loss
improvement amount, the noise change amount, and the stress distribution
(changes in compressive stress value and tensile stress value) in the sheet
transverse direction of the grain-oriented electrical steel sheet when the steel
sheet is irradiated with an electron beam of 450 W in power in a dot shape with
a detaining time of 8 us, a moving rate of 40 m/s, and a moving region length
of 120 um while changing the vibration amount of the steel sheet during sheet
passing.

[0027] FIGS. 4 to 6 respectively illustrate the results of investigating the iron
loss improvement amount, the noise change amount, and the compressive stress
value and the tensile stress value when changing the amplitude of the steel
sheet in the sheet thickness direction. The amplitude, as vertical vibration of
the horizontally placed steel sheet, was applied by installing a guide roll on the
rear surface which is opposite to the surface where the electron beam is
irradiated, and varying the roll position. When the amplitude of the steel
sheet exceeded 1 mm, a fracture occurred in the part of contact between the
steel sheet and the sheet passing roll, and magnetic domain refining treatment
was hindered. In the case of performing the dot-shaped irradiation without
vibrating the steel sheet, the electron beam was focused on the steel sheet
surface even in the beam moving region, so that thermal strain was introduced
even in the moving region to thus form a compressive stress region.

Consequently, the desired stress distribution according to the present
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disclosure, i.e. the stress distribution in which a tensile stress region and a
compressive stress region alternate, was not obtained, and the effect of iron
loss reduction and noise reduction (magnetostriction reduction) was not
achieved.

[0028] As illustrated in FIG. 4, as a result of vibrating the steel sheet, an iron
loss improvement of 0.01 W/kg or more was seen as compared with the case of
not vibrating the steel sheet. The reason for this is presumed as follows: As
a result of vibrating the steel sheet, the focus position changed continuously,
and the strain amount in the moving region became lower than usual.
Meanwhile, in the detaining point, the irradiation with the beam continued for
a certain time, so that the strain amount did not change significantly. This
created a large difference in strain amount between the moving region and the
detaining point, and consequently induced tensile stress in the sheet transverse
direction which is the electron beam scanning direction. This tensile stress
functioned to stabilize a closure domain to a higher magnetic field, and thus
the iron loss improving effect was enhanced.

[0029] As illustrated in FIG. 5, noise (magnetostriction) tended to decrease
with an increase in amplitude. This is presumed to be because, as the
amplitude increased, the deviation of focus increased, and the total amount of
strain introduced in the moving region with the same beam power decreased.
[0030] FIG. 6 illustrates the maximum value of residual stress in the sheet
transverse direction measured by the below-described technique, in a linear
strain portion of each sample. The maximum value of compressive stress
changed little with the amplitude. Meanwhile, tensile stress occurred for the
first time when vibrating the steel sheet, and its maximum value tended to
increase with an increase in amplitude. This is presumed to be because, as a
result of vibrating the steel sheet, a part in which the electron beam was focused
and a part in which the electron beam was not focused occurred periodically,
and consequently the time during which the electron beam was focused in the
beam moving region decreased and thermal strain was hardly introduced in the
moving region. In the detaining point, on the other hand, the irradiation of
the beam continued for a certain time, so that the decrease of the strain amount
due to vibration had little influence. This created a large difference in the
amount of introduced strain between the moving region and the detaining point.
Hence, the moving region in which thermal strain was hardly introduced was

pulled by the compressive stress region formed by thermal strain in its adjacent
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detaining point, and thus a stress distribution having alternating compressive
stress regions and tensile stress regions was formed.

The reason why the tensile stress increased with an increase in
amplitude is presumed to be because, as a result of the amplitude increasing,
the deviation of focus increased and the difference in strain amount increased.
[0031] Based on these results, in this embodiment, when performing magnetic
domain refining treatment by irradiating a steel sheet with an electron beam in
a dot shape, the steel sheet is vibrated in the sheet thickness direction with
such an amplitude (1 mm or less) that is controlled not to cause a fracture, in
order to obtain a grain-oriented electrical steel sheet excellent in both iron loss
and magnetostriction properties.

[0032] Next, samples different in maximum values of compressive stress and
tensile stress were produced by changing the beam power in a state of fixing
the amplitude of the steel sheet at 0.1 mm, and the relationship between each
stress value and iron loss and noise (magnetostriction) was investigated.
FIGS. 7 and 8 illustrate the results. In the case where the maximum value of
tensile stress was 20 MPa or more and in the case where the maximum value
of compressive stress was 30 MPa or more, reduction in iron loss was clearly
recognized. In the case where the maximum value of tensile stress was 40
MPa or more and the maximum value of compressive stress was 60 MPa or
more, the effect of iron loss reduction and noise reduction (magnetostriction
reduction) was particularly high. The effect by an increase in tensile stress is
as mentioned above. Regarding the effect of improvement by an increase in
compressive stress in the sheet transverse direction, which is supposed to be
disadvantageous in closure domain formation, we presume the reason as
follows: The magnitude of compressive stress in the sheet transverse direction
correlates with the intensity of strain that occurs at a point on which the beam
is focused. When the compressive stress in the sheet transverse direction
increased, the difference in strain amount from a point on which the beam is
not focused due to vibration increased, so that the tensile stress in the sheet
transverse direction increased. This led to improvement of the effect
according to the present disclosure.

[0033] Based on the foregoing results, we examined whether the same effects
would be achieved by magnetic domain refining treatment using laser
irradiation instead of electron beam irradiation. However, the same effects

were not observed with laser irradiation. This is presumed to be because of
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the difference in heat input process between an electron beam and a laser. An
electron beam has high transmissivity for substances. Accordingly, strain was
able to be introduced into the steel sheet even when the beam was not focused
on the steel sheet surface. On the other hand, a laser has low transmissivity,
and mainly involves heat transfer from the surface. Accordingly, strain was
hardly introduced in the case where the beam was not focused on the steel sheet
surface.
[0034] We also examined whether the same effects would be achieved by
vibrating the steel sheet while irradiating the steel sheet with the electron beam
linearly and continuously instead of in a dot shape. The same effects were
not observed in this case, either. This is presumed to be because, in the case
of irradiating the steel sheet with the electron beam linearly continuously, the
strain amount decreased throughout the linear strain portion like in the moving
region in the case of dot-shaped irradiation.
[0035] One of the disclosed embodiments will be described in detail below.
- Grain-oriented electrical steel sheet

In this embodiment, a grain-oriented electrical steel sheet produced by
a known method is irradiated with an electron beam in a direction intersecting
a rolling direction to introduce one or more linear strain portions.
[0036] - Linear strain portion

In this embodiment, one or more linear strain portions (regions on the
steel sheet surface where the strain is linearly introduced) are introduced by
irradiating the steel sheet with the electron beam in the direction intersecting
the rolling direction of the steel sheet, as mentioned above. Of such linear
strain portions, strain introduced by detaining the electron beam causes
compressive stress regions to form, with tensile stress regions forming between
the compressive stress regions. With reference to FIG. 3, the length of each
tensile stress region in the sheet transverse direction (moving region length L)
is desirably 0.5® or more, and desirably 5.5® or less, where @ is the beam
diameter. If the moving region length L is less than 0.5®, adjacent detaining
points are excessively close to each other. This hinders sufficient closure
domain formation, and causes a decrease in iron loss improvement. If the
moving region length L is more than 5.5®, a closure domains is formed not in
a continuous linear shape but in a local island shape, as a result of which the
magnetic domain refining effect decreases.

[0037] - Maximum compressive stress in compressive stress region: 30 MPa
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or more and not more than yield stress
- Maximum tensile stress in tensile stress region: 20 MPa or more and not more
than yield stress

According to the present disclosure, each linear strain portion has at
least a stress distribution in which a compressive stress region and a tensile
stress region alternate in the longitudinal direction of the linear strain. Here,
the maximum compressive stress in the compressive stress region is preferably
30 MPa or more, and the maximum tensile stress in the tensile stress region is
preferably 20 MPa or more. If the maximum compressive stress is 30 MPa or
more, the closure domain is reliably formed, and the magnetic domain refining
effect is enhanced. If the maximum tensile stress is 20 MPa or more, the
closure domain is sufficiently stabilized by the magnetoelastic effect, and the
iron loss reduction effect is enhanced. The maximum compressive stress is
more preferably 60 MPa or more, and further preferably 80 MPa or more. The
maximum tensile stress is more preferably 40 MPa or more, and further
preferably 60 MPa or more. The maximum compressive stress and the
maximum tensile stress herein respectively denote the maximum stress values
in the compressive stress region and the tensile stress region obtained by the
below-described stress measurement method.

[0038] The maximum compressive stress and the maximum tensile stress are
cach preferably not more than yield stress, in order to prevent a fracture during
the production of the grain-oriented electrical steel sheet. The yield stress
herein denotes a value obtained by measuring, by a tensile test, a sample
collected from a steel strip after cold rolling and before electron beam
irradiation.

[0039] - Stress measurement method

As the stress measurement method for the steel sheet, the amount of
strain introduced into the steel sheet is measured by EBSD-Wilkinson method
or XRD measurement using high energy X-rays, and the stress is calculated
from the strain amount, Young’s modulus, and the like using analysis software
such as CrossCourt Ver. 3.0 (produced by BLG Productions, Bristol).

In this embodiment, the strain measurement is performed with a
measurement pitch of 5 pm in a range of 0.6 mm from the electron beam
irradiation surface of the steel sheet in each of the rolling direction and the
sheet transverse direction. Here, an observation field was set such that the

strain distribution is symmetrical with respect to the center of the observation
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field, with a strain-free reference point necessary for strain measurement being
set at an edge of the observation field.
[0040] - Magnetic flux density Bs: 1.94 T or more

If the magnetic flux density Bg is 1.94 T or more, the provision of the
stress distribution according to the present disclosure has higher iron loss
reduction effect. This is because the magnetoelastic effect is higher when Bg
is higher. Accordingly, the magnetic flux density Bs of the grain-oriented
electrical steel sheet before electron beam irradiation is preferably 1.94 T or
more, and more preferably 1.95 T or more. Typically, the magnetic flux
density does not change significantly by electron beam irradiation. Hence,
the magnetic flux density of the grain-oriented eclectrical steel sheet after
electron beam irradiation is preferably in the same range as above.
[0041] - Electron beam irradiation direction

In this embodiment, one or more electron guns are used to apply an
electron beam in a direction intersecting the rolling direction of the steel sheet,
to form at least one linear strain portion. The beam scanning direction is
preferably in a range of 60° to 120° with respect to the rolling direction, and
more preferably 90° with respect to the rolling direction, i.e. the sheet
transverse direction (direction orthogonal to the rolling direction). If the
deviation of the scanning line from the sheet transverse direction increases, the
amount of strain introduced into the steel sheet increases, which leads to higher
magnetostriction. The effect of improving iron loss and noise is achieved
only by the irradiation method of repeatedly moving and detaining the electron
beam in the scanning direction (dot-shaped irradiation, see FIG. 3).
[0042] - Dot-shaped irradiation conditions

An example of dot-shaped irradiation is an irradiation method of
repeatedly moving and detaining an electron beam where the detaining time in
each detaining point is 2 ps to 20 pus, the moving rate is 30 m/s or more, and
the moving region length L is about 0.5® to 5.5® (@ is the beam diameter).

If the detaining time is less than 2 us, the energy input is insufficient,
making it difficult to introduce strain. If the detaining time is more than 20
us, the treatment using the electron beam takes long time, and the productivity
decreases. If the moving rate is less than 30 m/s, the productivity decreases
due to an increase in treatment time. Although no upper limit is placed on
the moving rate, the upper limit is practically about 300 m/s. If the moving

region length L is less than 0.5® with respect to the beam diameter @, adjacent
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detaining points are excessively close to each other. This hinders sufficient
closure domain formation, and causes a decrease in iron loss improvement. If
the moving region length L is more than 5.5® with respect to the beam diameter
@, a closure domain is formed not in a continuous linear shape but in a local
island shape, as a result of which the magnetic domain refining effect decreases.
[0043] The expression “a compressive stress region and a tensile stress region
alternate in the longitudinal direction of the linear strain portion” denotes that
a compressive stress region, a tensile stress region, a compressive stress region,
a tensile stress region, ... appear repeatedly in this order in the extending
direction of the linear strain portion (direction intersecting the rolling
direction). As described above, each compressive stress region is formed in
the foregoing detaining point, and each tensile stress region is formed in the
foregoing moving region. Therefore, the interval between adjacent
compressive stress regions (the interval between adjacent tensile stress
regions), that is, the interval at which a compressive stress region and a tensile
stress region alternate, matches the interval between detaining points
mentioned above (see FIG. 3). The interval between detaining points is the
sum of the moving region length L and the beam diameter ®. Accordingly,
the interval between detaining points is preferably 1.5® or more. The interval
between detaining points is preferably 6.5® or less.
[0044] - Electron beam irradiation interval in rolling direction of steel sheet

In the case of forming a plurality of linear strain portions (irradiated
portions) in the steel sheet, the interval between irradiated portions in the
rolling direction is preferably 7.0 mm or more. The interval between
irradiated portions in the rolling direction is preferably 15 mm or less,
preferably 7.0 to 15 mm. If the line interval between irradiated portions is
excessively narrow, an excessive amount of strain is introduced into the whole
steel sheet, as a result of which properties such as noise and hysteresis loss
degrade. If the line interval between irradiated portions is excessively wide,
the magnetic domain refining effect decreases, and the iron loss improving
effect decreases.
[0045] The electron beam irradiation conditions according to the present
disclosure will be described in detail below.
- Accelerating voltage: 60 kV or more and 300 kV or less

A higher accelerating voltage is preferable in order to increase the

transmissivity of the electron beam through the steel sheet. If the
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transmissivity through the steel sheet is high, strain can be introduced into the
steel sheet even under the condition that the electron beam is not focused on
the steel sheet surface. The accelerating voltage is therefore preferably 60
kV or more. The accelerating voltage is more preferably 90 kV or more, and
further preferably 120 kV or more.

If the accelerating voltage is excessively high, it is difficult to shield
X-rays generated due to electron beam irradiation. The accelerating voltage
is therefore preferably 300 kV or less, from a practical perspective. The
accelerating voltage is more preferably 200 kV or less. In this embodiment,
it is important to provide a difference in strain amount in the longitudinal
direction of the linear strain portion. Hence, the foregoing upper limit of the
accelerating voltage is preferable from the perspective of reducing the amount
of strain introduced in the beam moving region, too.
[0046] - Electron beam diameter: 300 um or less

A smaller electron beam diameter is preferable because the energy
density is higher and greater strain can be introduced in a just focal point.
Accordingly, in this embodiment, the electron beam diameter is preferably 300
um or less. The beam diameter is more preferably 280 um or less, and further
preferably 260 um or less. The beam diameter herein denotes a half-value
width of a beam profile acquired by a slit method using a slit of 30 um in width.

Although no lower limit is placed on the beam diameter, the lower limit
of the beam diameter is preferably about 50 um from a practical perspective.
[0047] - Beam current: 0.5 mA to 40 mA

A lower beam current is preferable from the perspective of reducing
the beam diameter. If the current is high, the beam diameter tends to be large
due to Coulomb repulsion. Accordingly, in this embodiment, the beam
current is preferably 40 mA or less. If the beam current is excessively low,
energy for forming strain is insufficient. The beam current is therefore
preferably 0.5 mA or more.
[0048] - Vacuum in beam irradiation region: 3 Pa or less

The electron beam is subjected to scattering by gas molecules, and the
beam diameter increases or the energy decreases. Hence, higher vacuum in
the beam irradiation region is preferable. The vacuum in the beam irradiation
region desirably has a pressure of 3 Pa or less. Although no lower limit is
placed on the vacuum, if the vacuum is excessively low, the costs of a vacuum

system such as a vacuum pump increase. The vacuum in the beam irradiation
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region therefore desirably has a pressure of 10> Pa or more.
[0049] - Amplitude of steel sheet: 1 mm or less

If the amplitude of the steel sheet is excessively high, the steel sheet
fractures and the production is hindered. Therefore, the amplitude needs to
be controlled within a predetermined range during operation. A just focal
point of the electron beam is used as an amplitude reference position, and the
amplitude is measured using a laser range finder. The tension in the sheet
passing line is adjusted according to the measurement value by the below-
described technique, to control the amplitude.

The amplitude is preferably 1 mm or less in the sheet thickness
direction, as mentioned above. If the amplitude is more than 1 mm, there is
a possibility that the steel sheet fractures and the operation is adversely
affected.  Although the effects according to the present disclosure are
achieved as long as the amplitude exceeds 0 mm by even the slightest margin,
the amplitude is more preferably 0.05 mm or more. The amplitude can be
applied by installing a guide roll on the rear surface of the steel strip opposite
to the surface where the electron beam is irradiated, and varying the position
of the guide roll to change the sheet passing tension.

[0050] - Vibration frequency of steel sheet

The vibration frequency fv of the steel sheet is preferably 10 kHz or
more, and more preferably 15 kHz or more. If the vibration frequency fv is
not less than this preferable lower limit, the focus variation during beam
movement increases, making it easier to obtain the intended stress distribution.
Regarding the upper limit of the vibration frequency fv, fv < fis preferable and
fv < f/2 is more preferable, where f is the detaining frequency of the beam
where f=v/d, d is the interval (moving region length + beam diameter) between
beam detaining points, and v is the moving rate of the beam. As a result of
the vibration frequency fv being not more than f, excessive focus variation in
the beam detaining point can be prevented, and the intended stress distribution
can be easily obtained.

[0051] - Closure domain width: 400 pum or less

In the case where the closure domain formed by the beam irradiation
of the steel sheet is wide, the strain amount increases, and accordingly the
magnetostriction increases. The closure domain width is therefore desirably
400 um or less.

The closure domain width herein denotes the area length of the closure
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domain in the rolling direction, as illustrated in FIG. 9. Specifically, the
closure domain width is represented by the transfer length in the rolling
direction when a commercially available magnet viewer is placed on the beam
irradiation surface and the closure domain is transferred.

The closure domain width can be adjusted by changing the foregoing

beam irradiation conditions as appropriate.

EXAMPLES
[0052] More detailed description will be given below by way of examples.
The following examples merely represent preferred examples, and the present
disclosure is not limited to these examples. Modifications can be made within
the range in which the subject matter of the present disclosure is applicable,
with such modifications being also included in the technical scope of the
present disclosure.

Each grain-oriented electrical steel sheet produced by a known
method was subjected to magnetic domain refining treatment. In the magnetic
domain refining treatment, while applying an amplitude of 0 mm to 1.1 mm to
the steel sheet in the sheet thickness direction, the steel sheet was irradiated in
the direction orthogonal to the rolling direction with a laser of 1.5 kW in power
or an electron beam of an accelerating voltage of 120 kV, an electron beam
diameter of 200 um, a beam current of 10 mA, and a vacuum in the beam
irradiation region of 0.3 Pa, at 8.0 mm intervals in the rolling direction, as
shown in Table 1. For some steel sheets irradiated with an electron beam, the
accelerating voltage was 120 kV and the beam current was 5 mA (Nos. 6 and
17 in Table 1, the other conditions being the same). The irradiation method
was continuous irradiation or dot-shaped irradiation. The dot-shaped
irradiation was performed with a detaining time of 8 us, a moving rate of 40
m/s, and a moving region length of 120 pm, for both laser irradiation and
electron beam irradiation. The steel sheets (materials) used in magnetic
domain refining had Bs of 1.92 T and 1.94 T.

The samples obtained as a result of the magnetic domain refining
treatment had Bs 0f 1.92 T and 1.94 T, too.
[0053] For each obtained sample, the iron loss (Wi7/50) when applying an
alternating magnetic field of 1.7 T and 50 Hz by 100 mm SST (single sheet
magnetism test) was measured. Moreover, the strain introduced into each

steel sheet was measured by XRD measurement (under the conditions of Cu-
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Ka, hv =30 keV, and measurement pitch of 5 pm). Whether the sample had
a stress distribution in which a compressive stress region and a tensile stress
region alternate in the longitudinal direction of the linear strain portion was
determined, and also the respective maximum values of a compressive stress
component and a tensile stress component in the sheet transverse direction
were calculated from the strain measurement value. A three-phase stacked
iron core for transformers was produced using each sample, and an excitation
coil was attached thereto. The iron core was installed in a soundproof
chamber and excited, and the noise level was measured using a noise meter
(JIS C 1509-1 Class 2). The excitation conditions were 1.7 T and 50 Hz.

[0054] The measurement results are shown in Table 1. As can be understood
from the results, a grain-oriented electrical steel sheet having both low iron
loss and low magnetostriction was obtained under the conditions satisfying the
requirements according to the present disclosure. Low magnetostriction of
the grain-oriented electrical steel sheet can be recognized from low noise of
the iron core for transformers produced using the steel sheet. In the case of
using a conventional irradiation method (continuous irradiation and amplitude
of 0 mm), the iron loss reduction effect by magnetic domain refining was lower
because the magnetic domain width of high Bs material was wide. In the case
of performing magnetic domain refining treatment by the presently disclosed
technique, on the other hand, the effect of iron loss reduction and noise
reduction was higher even in high Bs material. This is considered to have
resulted from the difference in magnetoelastic effect, as mentioned above.

[0055] With laser irradiation, the same effects as in the case of performing
electron beam irradiation under predetermined conditions were not recognized.
With electron beam irradiation, the effect of iron loss reduction and noise
reduction was seen only when vibrating the steel sheet in the sheet thickness
direction and performing dot-shaped irradiation. In the case of performing
dot-shaped irradiation with an amplitude of 0 mm, the strain amount varied
between the moving region and the detaining point as in the present disclosure,
but the effect of iron loss reduction and noise reduction as in the present
disclosure was not seen. This is considered to be because, in the case of
performing dot-shaped irradiation without vibrating the steel sheet, the
difference in strain amount between the moving region and the detaining point
was not as large as in the present disclosure because the beam was focused

even on the moving region, and the effect of iron loss reduction and noise
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reduction (magnetostriction reduction) was low.
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[0056]
Table 1
- - . Material Maxmm.n Max@mn Tron | Noise
Irradiation Irradiation | Amplitude compressive | tensile
No. means method [mm] Bs stress stress loss level Remarks
[T] [MPa] [MPa] [Wikg] | [dBA]

1 . 0 1.94 63 0 0.72 | 40.8 | Comparative Example
2 Continuous 0.5 1.94 60 0 0.72 | 382 | Comparative Example

3 Laser Dot 0 1.94 73 0 0.72 | 40.2 | Comparative Example
4 0.5 1.94 61 0 0.72 | 381 | Comparative Example

5 0 1.92 73 0 0.69 | 40.1 | Comparative Example
6 0.05 1.92 22 12 0.684 | 38.0 Example

7 0.1 1.92 70 36 0.68 | 37.2 Example

8 0.1 1.92 55 48 0.68 | 37.9 Example

9 0.1 1.92 84 84 0.66 | 36.9 Example

10 03 1.92 74 222 0.66 | 36.6 Example

11 0.5 1.92 70 316 0.66 | 36.6 Example

12 0.7 1.92 82 346 0.66 | 36.4 Example

13 0.9 1.92 84 370 0.66 | 36.1 Example

14 1.0 1.92 77 398 0.66 | 36.0 Example

15 Dot 1.1 1.92 Fracture Comparative Example
16 0 1.94 73 0 0.69 | 40.5 | Comparative Example
17 0.05 1.94 22 14 0.68 | 37.9 Example

18 0.1 1.94 70 36 0.67 | 37.6 Example

19 0.1 1.94 55 48 0.67 | 37.8 Example

20 0.1 1.94 74 83 0.65 | 34.8 Example

21 03 1.94 77 228 0.65 | 34.6 Example

22 0.5 1.94 72 316 0.65 | 34.5 Example

23 0.7 1.94 79 347 0.65 | 344 Example

Electron beam

24 0.9 1.94 79 37 0.65 | 34.2 Example

25 1.0 1.94 74 398 0.65 | 34.1 Example

26 1.1 1.94 Fracture Comparative Example
27 0 1.92 61 0 0.70 | 40.0 | Comparative Example
28 0.1 1.92 84 0 0.70 | 40.1 | Comparative Example
29 0.3 1.92 74 0 0.70 | 39.6 | Comparative Example
30 0.5 1.92 70 0 0.70 | 39.5 | Comparative Example
31 0.7 1.92 82 0 0.70 | 40.4 | Comparative Example
32 0.9 1.92 84 0 0.70 | 40.3 | Comparative Example
33 1.0 1.92 77 0 0.70 | 39.8 | Comparative Example
34 . 1.1 1.92 Fracture Comparative Example
35 Continuous 0 1.94 61 0 0.71 | 40.2 | Comparative Example
36 0.1 1.94 74 0 0.71 39.9 | Comparative Example
37 0.3 1.94 73 0 0.71 | 40.5 | Comparative Example
38 0.5 1.94 72 0 0.71 | 40.4 | Comparative Example
39 0.7 1.94 79 0 0.71 39.9 | Comparative Example
40 0.9 1.94 79 0 0.71 | 40.0 | Comparative Example
41 1.0 1.94 74 0 0.71 39.8 | Comparative Example
42 1.1 1.94 Fracture Comparative Example

* Underlines indicate outside of range according to present disclosure.

PO200734-PCT-ZZ (19/21)

Date recue / Date received 2021-12-15



10

15

20

25

30

CA 03143693 2021-12-15

- 20 -

CLAIMS

1. A grain-oriented electrical steel sheet comprising

a linear strain portion extending in a direction intersecting a rolling
direction of the grain-oriented electrical steel sheet,

wherein the linear strain portion has a stress distribution in which a
compressive stress region and a tensile stress region alternate in a longitudinal

direction of the linear strain portion.

2. The grain-oriented electrical steel sheet according to claim 1,
wherein a maximum compressive stress in the compressive stress region is 30
MPa or more and not more than a yield stress, and

a maximum tensile stress in the tensile stress region is 20 MPa or more

and not more than the yield stress.

3. The grain-oriented electrical steel sheet according to claim 1 or
2, comprising

a magnetic flux density Bs of 1.94 T or more.

4. A production method for a grain-oriented electrical steel sheet,
comprising

forming a linear strain portion in a grain-oriented electrical steel sheet,

wherein the linear strain portion is formed by vibrating the grain-
oriented electrical steel sheet in a sheet thickness direction, while irradiating
a surface of the grain-oriented electrical steel sheet with an electron beam by
repeatedly moving and detaining the electron beam in a direction intersecting

a rolling direction of the grain-oriented electrical steel sheet.
5. The production method for a grain-oriented electrical steel

sheet according to claim 4, wherein an amplitude of the vibration of the grain-

oriented electrical steel sheet in the sheet thickness direction is 1 mm or less.
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