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Abstract:

Low iron loss and high magnetic flux density in a Si-gradient magnetic material are achieved. A
non-oriented electrical steel sheet is a multilayer electrical steel sheet having a stacked structure of
an inner layer and a surface layer located on each of both sides of the inner layer, wherein the
surface layer and the inner layer have predetermined chemical compositions, Si defined as a
difference [Si]l - [Si]0 between a Si content [Si]1 in the surface layer and a Si content [Si]0 in the
inner layer is 0.1 mass% to 0.5 mass%, a ratio t1/t of a total thickness t1 of both surface layers to a
sheet thickness t of the electrical steel sheet is 0.04 to 0.78, a ratio B50/Bs of magnetic flux density
B50 at a magnetic field strength of 5000 A/m to saturation magnetization Bs is 0.825 or more, and
iron loss W10/800 at a frequency of 800 Hz and a maximum magnetic flux density of 1.0 T and the
sheet thickness t satisfy W10/80013+80x.
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DESCRIPTION

TITLE
NON-ORIENTED ELECTRICAL STEEL SHEET

TECHNICAL FIELD
[0001] The present disclosure relates to a non-oriented electrical steel sheet,
particularly a non-oriented electrical steel sheet having a Si concentration

gradient in the thickness direction.

BACKGROUND

[0002] For example, motors for drones and fan motors for servers are
increasingly driven in a high frequency range of 400 Hz to 1 kHz from the
viewpoint of size reduction, weight reduction, and efficiency enhancement.
Non-oriented clectrical steel sheets used as a corce matcerial of such motors arc
required to have low high-frequency iron loss and high magnetic flux density.
[0003] An effective way of reducing high-frequency iron loss is to increase
specific resistance, and accordingly high Si steels are conventionally
developed. However, since Si is a nonmagnetic element, there is a problem in
that magnetic flux density and saturation magnetization decrease.

[0004] As a method of achieving both reduced high-frequency iron loss and
high magnetic flux density, a Si-gradient magnetic material whose Si
concentration gradient in the thickness direction is controlled is developed. For
example, JP H11-293422 A (PTL 1) discloses an electrical steel sheet that has
a Si concentration gradient in the thickness direction, wherein the Si
concentration at the surface of the steel sheet is higher than the Si
concentration at the center of the sheet thickness of the stecl sheet, a part
having a Si concentration of 5 % to 8 % occupies 10 % or more of the sheet
thickness from both surfaces of the steel sheet in the thickness direction, and
the Si concentration at the center of the sheet thickness of the steel sheet is 3.4

% or more.

CITATION LIST
Patent Literature
[0005] PTL 1:JP H11-293422 A
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SUMMARY
(Technical Problem)
[0006] However, when a material merely having a Si concentration gradient in
the thickness direction is used as an iron core material for motors of drones,
vacuum cleaners, etc. (for example, frequency: 400 Hz to 1 kHz, magnetic flux
density: 0.8 T to 2.0 T), hysteresis loss is high and magnetic flux density is
low, so that iron loss and copper loss cannot be reduced sufficiently. It could
therefore be helpful to achieve low iron loss and high magnetic flux density in
a Si-gradient magnetic material.
(Solution to Problem)
[0007] In order to achieve both low iron loss and high magnetic flux density,
we repeatedly studied the influences of components on the magnetic properties
of a Si-gradient material. We consequently discovered that both low high-
frequency iron loss and high magnetic flux density can be achieved by
optimizing the diffcrence in Si concentration between the surface laycr and the
inner layer of the Si-gradient material and further adding Co and one or two
selected from Sn and Sb.
[0008] We provide the following.

1. A non-oriented clectrical steel sheet that is a multilayer clectrical
steel sheet having a stacked structure of an inner layer and a surface layer
located on each of both sides of the inner layer, wherein the surface layer has
a chemical composition containing (consisting of), in mass%, Si: 4.0 % to 7.0
%, C: 0.0010 % to 0.0100 %, Co: 0.0010 % to 0.0100 %, and one or two
selected from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to 0.100 %, with a
balance consisting of Fe and inevitable impurities, the inner layer has a
chemical composition containing (consisting of), in mass%, Si: 3.5 % to 6.5 %,
C:0.0010 % to 0.0100 %, Co: 0.0010 % to 0.0100 %, and one or two selected
from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to 0.100 %, with a balance
consisting of Fe and inevitable impurities, ASi defined as a difference [Si]i —
[Si]o between a Si content [Si]y in the surface layer and a Si content [Si]o in
the inner layer is 0.1 mass% to 0.5 mass%, a ratio ti/t of a total thickness ty of
the surface layers on both sides of the inner layer to a sheet thickness t of the
electrical steel sheetis 0.04 to 0.78, and a ratio Bso/Bs of magnetic flux density
Bso at a magnetic field strength of 5000 A/m to saturation magnetization Bs is
0.825 or more, and iron loss Wio/800 at a frequency of 800 Hz and a maximum

magnetic flux density of 1.0 T and the sheet thickness t satisfy the following
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formula (1):

Wiogoo <13+ 80 x t (D).
[0009] 2. The non-oriented electrical steel sheet according to 1., wherein one
or both of the chemical composition of the surface layer and the chemical
composition of the inner layer further contain, in mass%, P: 0.100 % or less.
[0010] 3. The non-oriented electrical steel sheet according to 1. ot 2., wherein
one or both of the chemical composition of the surface layer and the chemical
composition of the inner layer further contain, in mass%, one or two selected
from Ge and Ga: 0.0100 % or less in total.
[0011] 4. The non-oriented electrical steel sheet according to any of 1. to 3.,
wherein one or both of the chemical composition of the surface layer and the
chemical composition of the inner layer further contain, in mass%, one or more
selected from Cu, Cr, and Ni: 1.00 % or less in total.
[0012] 5. The non-oriented electrical steel sheet according to any of 1. to 4.,
whcrein onc or both of the chemical composition of the surface layer and the
chemical composition of the inner layer further contain, in mass%, one or more
selected from Ca, Mg, and REM: 0.0200 % or less in total.
[0013] 6. The non-oriented electrical steel sheet according to any of 1. to 5.,
wherein one or both of the chemical composition of the surface layer and the
chemical composition of the inner layer further contain, in mass%, Zn: 0.0500
% or less.
[0014] 7. The non-oriented electrical steel sheet according to any of 1. to 6.,
wherein one or both of the chemical composition of the surface layer and the
chemical composition of the inner layer further contain, in mass %, one or two
selected from Mo and W: 0.0500 % or less in total.
[0015] 8. The non-oriented electrical steel sheet according to any of 1. to 7.,
wherein a maximum intensity value of {100} plane integration degree is 6.0 or
more in a ®> = 45° section of an orientation distribution function at a plane of
a depth of 1/4 of the sheet thickness from a surface of the multilayer electrical
steel sheet.
[0016] 9. The non-oriented electrical steel sheet according to any of 1. to 8.,
wherein the sheet thickness is 0.03 mm to 0.20 mm.
(Advantageous Effect)
[0017] Tt is thus possible to provide a Si-gradient magnetic material having

low iron loss and high magnetic flux density.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0018] Tn the accompanying drawings:

FIG. 1 is a graph illustrating the correlation between ASi (mass%)
defined as the difference ([Si]1 — [Si]o) in Si content between a surface layer
and an inner layer and total iron loss Wig/g00 (W/kg) at 1.0 T and 800 Hz;

FIG. 2 is a graph illustrating the correlation between ASi and the
magnetic flux density ratio (Bso/Bs); and

FIG. 3 is a graph illustrating the correlation between the multilayer

ratio and the total iron loss (W10/800).

DETATLED DESCRIPTION

[0019] We conducted various experiments that led to the presently disclosed
techniques. Examples of these experiments will be described below. For a non-
oriented electrical steel sheet that is a multilayer electrical steel sheet in which
the Si content differs between the inner layer and cach of the surface laycers
sandwiching the inner layer from both sides, how the difference ASi in Si
content between the surface layer and the inner layer (hereafter also simply
referred to as “ASi”) influences the magnetic properties was studied. In detail,
multilayer electrical steel sheets with different ASi were produced according
to the following procedure, and their magnetic properties were evaluated. In
the following description, “%” denotes “mass%” unless otherwise specified.
[0020] First, a steel material for the surface layer was bonded or joined to both
sides of a steel material for the inner layer so that the ratio of the thickness of
ecach surface layer to the sheet thickness (entire thickness) of the clectrical
steel sheet would be 0.3 (i.e. the ratio of the total thickness of both surface
layers to the entire sheet thickness would be 0.6), and then hot rolling was
performed. As the steel material for the surface layer and the steel material for
the inner layer, ingots prepared by steelmaking so as to have desired chemical
compositions were used. The Si content [Si]o in the inner layer was 4.0 %. A
plurality of steel materials for the surface layer different in Si content were
prepared so as to vary the Si content [Si]; in the surface layer in the range of
4.0 % to 7.0 %. The chemical compositions of both the surface layer and the
inner layer contained C: 0.0025 %, Co: 0.0030 %. and Sn: 0.030 %, with the
balance consisting of Fe and inevitable impurities. The surface layers on both
sides of the inner layer had the same chemical composition.

[0021] After the hot rolling, hot-rolled sheet annealing was performed at 1000
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°C for 30 seconds, and then cold rolling was performed to a sheet thickness of
0.10 mm. After this, final annealing was performed at 1080 °C for 30 seconds
to obtain an electrical steel sheet.
[0022] Test pieces of 30 mm in width and 180 mm in length were collected
from each of the obtained electrical steel sheets, and an Epstein test was
conducted to evaluate the magnetic properties. In the Epstein test,
measurements were made using L-direction test pieces collected so that the
length direction of the test pieces would be the rolling direction (L direction)
and C-direction test pieces collected so that the length direction of the test
pieces would be a direction (C direction) orthogonal to the rolling direction
where the L-direction test pieces and the C-direction test pieces were equal in
number, and the average value of the magnetic properties in the L-direction
and the C-direction was used for evaluation.
[0023] FIG. 1 illustrates the correlation between ASi (mass%) defined as the
diffcrence ([Si]1 — [Si]o) in Si content between the surface layer and the inner
layer and total iron loss Wio/g00 (W/kg) at 1.0 T and 800 Hz. FIG. 2 illustrates
the correlation between ASi and the magnetic flux density ratio (Bso/Bs). As
used herein, the term “magnetic flux density ratio” means the ratio (Bso/Bs) of
magnetic flux density Bso at a magnetic field strength of 5000 A/m to saturation
magnetization Bs.
[0024] As can be seen from the results illustrated in FIG. 1, the iron loss is
low when ASi is 0.1 mass% or more and 0.5 mass% or less. Specifically, in the
case where the sheet thickness t = 0.10 mm, the iron loss Wg/s00 can be reduced
to 21.0 W/kg or less, which results from substituting the sheet thickness t =
0.10 mm to the following formula (1):

Wiogoo < 13 + 80 x t (D).
[0025] Morcover, as can be seen from the results illustrated in FIG. 2, the
magnetic flux density ratio decreases sharply when ASi is more than 0.5 mass%.
The reason for this is considered to be as follows: When the Si content is higher
in the surface layer than in the inner layer, the surface layer has higher
magnetic permeability than the inner layer. Consequently, magnetic flux
concentrates in the surface layer, and eddy current loss decreases. However, if
ASi is excessively large, the difference in lattice constant and the difference in
magnetostriction between the surface layer and the inner layer increase
accordingly. As a result, the stress applied when the steel sheet is magnetized

increases, so that hysteresis loss increases and the magnetic flux density in the
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medium magnetic field region decreases.
[0026] For the above reason, in the present disclosure, ASi defined as the
difference ([Si]1 — [Si]o) between the Si content in the surface layer and the Si
content in the inner layer is 0.1 mass% to 0.5 mass%. ASi is preferably 0.2
mass% to 0.4 mass%.
[0027] Next, how the ratio (ti/t) of the total thickness t1 of the surface layers
to the sheet thickness t of the multilayer electrical steel sheet (hereafter also
referred to as “multilayer ratio”) influences the magnetic properties was
studied. In detail, clectrical steel sheets with different multilayer ratios were
produced according to the following procedure, and their magnetic properties
were evaluated. As used herein, the “total thickness of the surface layers”
means the sum of the thicknesses of the surface layers provided on both sides
of the inner layer.
[0028] First, a steel material for the surface layer and a steel material for the
inner layer were bonded or joined togcether so that the multilaycr ratio would
be 0.02 to 0.80, and hot rolling was performed. As the steel material for the
surface layer and the steel material for the inner layer, ingots prepared by
steelmaking so as to have desired chemical compositions were used. The Si
content [Si]1 in the surface layer was 6.3 %, and the Si content [Si]o in the
inner layer was 6.0 %. The chemical compositions of both the surface layer and
the inner layer contained C: 0.0030 %, Co: 0.0015 %, and Sn: 0.050 %, with
the balance consisting of Fe and inevitable impurities. The surface layers on
both sides of the inner layer had the same chemical composition.
[0029] After the hot rolling, hot-rolled sheet annealing was performed at 980
°C for 30 seconds, and then cold rolling was performed to a sheet thickness of
0.08 mm. After this, final annealing was performed at 1100 °C for 30 seconds
to obtain an electrical steel sheet.
[0030] FIG. 3 illustrates the correlation between the multilayer ratio and the
total iron loss (Wi0/800). As can be seen from the results illustrated in FIG. 3,
the iron loss decreases significantly when the multilayer ratio is 0.04 to 0.78.
Specifically, in the case where the sheet thickness t = 0.08 mm, the iron loss
Wiosso0 can be reduced to 19.4 W/kg or less. which results from substituting
the sheet thickness t = 0.08 mm to the following formula (1):

Wiogoo < 13 + 80 x t (D).

The reason for such decrease in iron loss is considered to be as follows:

If the multilayer ratio is less than 0.04, the proportion of the surface layer high
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in resistance is low, so that eddy current which concentrates in the surface layer
cannot be reduced effectively. If the multilayer ratio is more than 0.78, the
difference in magnetic permeability between the surface layer and the inner
layer is small, so that magnetic flux penetrates into the inner layer and eddy
current loss also occurs from the inner layer. Hence, limiting the multilayer
ratio to 0.04 to 0.78 can reduce iron loss. For the above reason, in the present
disclosure, the multilayer ratio (ti/t) is 0.04 to 0.78. ti/t is preferably 0.10 to
0.70, and more preferably 0.30 to 0.60.

[0031] The thickness t1-1 of the surface layer on one side of the inner layer and
the thickness ti-2 of the surface layer on the other side of the inner layer are
preferably the same, but do not necessarily need to be the same. In detail, ti
and ti.» may differ by about 20 % or less (i.e. when the thicker one of t;.1 and
t1-> 18 100 %, the thinner one of ti-1 and ti-» is 80 % to 100 %).

[0032] [Sheet thickness]

The shect thickness t of the multilayer clectrical stecl sheet is not
limited and may be any value. However, if the multilayer electrical steel sheet
is excessively thin, cold rolling and annealing in the production of the
multilayer electrical steel sheet are difficult, which may lead to an increase in
cost. Therefore, from the viewpoint of reducing production costs, t is
preferably 0.03 mm or more. If t is 0.20 mm or less, eddy current loss can be
further reduced, and as a result the total iron loss can be further reduced.
Therefore, t is preferably 0.20 mm or less.

[0033] [Magnetic flux density ratio]
Bso/Bs: 0.825 or more

The ratio (Bso/Bs) of magnetic flux density Bso at a magnetic field
strength of 5000 A/m to saturation magnetization Bs is 0.825 or more. As a
result of Bsp/Bs being high (0.825 or more), the rise of the magnetization curve
in the design magnetic flux density region used in small motors can be
improved. This reduces the motor current required to obtain certain torque,
with it being possible to reduce copper loss and improve motor efficiency.
[0034] [Tron loss]

In the present disclosure, the iron loss (total iron loss) Wig/g00 (W/kg)
at a frequency of 800 Hz and a maximum magnetic flux density of 1.0 T and
the sheet thickness t (mm) need to satisfy the following formula (1):

Wioso0 <13 + 80 x t (D).

[0035] Tf the formula (1) is not satisfied, not only motor efficiency decreases,
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but also the heat generated in the stator core exceeds 100 °C and a cooling
system is required. Since the iron loss depends on the sheet thickness, the upper
limit of the iron loss in the formula (1) is defined based on the influence of the
sheet thickness.

[0036] In order to satisfy the formula (1), hysteresis loss is reduced by texture
control, and eddy current loss is reduced by controlling each of the Si
concentration gradient and the multilayer ratio within a predetermined range.
[0037] [Texture]

Maximum intensity value of {100} plane integration degree: 6.0 or more

By adding an appropriate amount of Co and adding an appropriate
amount of at least one of Sn and Sb, which are segregation elements, it is
possible to increase {100} plane in the non-oriented electrical steel sheet and
ease magnetization within the plane. Moreover, adding an appropriate amount
of P, which is a segregation element, too, enhances the effect of increasing
{100} planc. As a result, magnctic flux density is improved and hysteresis loss
is reduced. Therefore, the {100} plane integration degree is preferably 6.0 or
more. The {100} plane integration degree is defined herein as the intensity in
a @y = 45° section of the orientation distribution function (ODF) at a plane of
a depth of 1/4 of the sheet thickness from the surface of the non-oriented
electrical steel sheet.

[0038] The reasons for limiting the components in the present disclosure will
be explained below.
[Chemical composition]

The chemical compositions of the surface layer and the inner layer will
be described below. In the following description, “%” representing the content
of each element denotes “mass%” unless otherwise specified.

[0039] [Chemical composition of surface layer]

First, the chemical composition of the surface layer will be described.
In the present disclosure, both a first surface layer provided on one side of the
multilayer electrical steel sheet and a second surface layer provided on the
other side of the multilayer electrical steel sheet have the below-described
chemical composition. The chemical composition of the first surface layer and
the chemical composition of the second surface layer are typically the same,
but may be different. Herein, the content of each element in the surface layer
refers to the average content of the element in each surface layer.

[0040] The chemical composition of the surface layer contains Si: 4.0 % to 7.0



10

15

20

25

30

35

CA 03239603 2024-5-29

%. C: 0.0010 % to 0.0100 %. Co: 0.0010 % to 0.0100 %, and one or two
selected from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to 0.100 %, with the
balance consisting of Fe and inevitable impurities.

[0041] Si: 4.0 % to 7.0 %

Siis an element that has the effect of increasing the electric resistance
of the steel sheet and reducing eddy current loss. If the Si content ([Si]() in the
surface layer is less than 4.0 %, eddy current loss cannot be reduced effectively.
The Si content in the surface layer is therefore 4.0 % or more, and preferably
4.5 % or more. If the Si content in the surface layer is more than 7.0 %,
saturation magnetization decreases and consequently magnetic flux density
decreases. The Si content in the surface layer is therefore 7.0 % or less,
preferably less than 6.8 %, and more preferably 6.5 % or less. As mentioned
above, the expression “the Si content in the surface layer is 4.0 % to 7.0 %”
means that the average Si content in the first surface layer is 4.0 % to 7.0 %
and the average Si content in the second surface layer is 4.0 % to 7.0 %. The
average Si content in the first surface layer and the average Si content in the
second surface layer may be the same or different. The same definition applies
to the other elements described below.

[0042] C: 0.0010 % to 0.0100 %

C is an element that segregates to crystal grain boundaries to enhance
grain boundary strength and improve material workability. If the C content is
0.0010 % or more, material elongation is improved. The lower limit of the C
content is therefore 0.0010 %. The C content is preferably 0.0015 % or more.
If the C content is more than 0.0100 %, iron loss increases due to magnetic
aging. The upper limit of the C content is therefore 0.0100 %. The C content
is preferably 0.0060 % or less.

[0043] Co: 0.0010 % to 0.0100 %

Adding Co can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss. In order to
achieve this effect, in the case of adding Co, the Co content is 0.0010 % or
mote. The Co content is preferably 0.0015 % or more. If the Co content is more
than 0.0100 %. not only the effect is saturated but also costs increase. The Co
content is therefore 0.0100 % or less. The Co content is preferably 0.0050 %
or less.

[0044] One or two selected from Sn and Sb: 0.010 % to 0.100 %
Sn: 0.010 % to 0.100 %
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- 10 -

Adding Sn can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss. In order to
achieve this effect, in the case of adding Sn, the Sn content is 0.010 % or more.
The Sn content is preferably 0.020 % or more. If the Sn content is more than
0.100 %, not only the effect is saturated but also productivity decreases and
costs increase. The Sn content is therefore 0.100 % or less. The Sn content is
preferably 0.080 % or less.

[0045] Sb: 0.010 % to 0.100 %

Adding Sb can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss, as with Sn.
In order to achieve this effect, in the case of adding Sb, the Sb content is 0.010
% or more. The Sb content is preferably 0.020 % or more. If the Sb content is
more than 0.100 %, not only the effect is saturated but also productivity
decreases and costs increase. The Sb content is therefore 0.100 % or less. The
Sb content is preferably 0.080 % or less.

[0046] Preferably, the chemical composition of the surface layer optionally
further contains P: 0.100 % or less.
P: 0.100 % or less

Adding P can significantly improve the texture, thus improving
magnetic flux density and reducing hysteresis loss, as with Sn, Sb, and Co. In
order to achieve this effect, in the case of adding P, the P content is preferably
0.010 % or more. The P content is more preferably 0.030 % or more. If the P
content is more than 0.100 %, not only the effect is saturated but also
productivity decrcases and costs increase. The P content is therefore preferably
0.100 % or less. The P content is more preferably 0.070 % or less.

[0047] The chemical composition of the surface layer may optionally contain
one or more of the following elements.
One or two selected from Ge and Ga: 0.0100 % or less in total

Ge and Ga have the effect of improving the texture. In order to achieve
this effect, in the case of adding one or both of Ge and Ga, the total content of
one or two selected from Ge and Ga is preferably 0.0005 % or more. The total
content is more preferably 0.0020 % or more. If the total content of one or two
selected from Ge and Ga is more than 0.0100 %, the effect is saturated and
alloy costs merely increase. Therefore, in the case of adding one or both of Ge
and Ga. the total content is 0.0100 % or less. The total content is more
preferably 0.0050 % or less.
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- 11 -

[0048] Onec or more selected from Cu, Cr, and Ni: 1.00 % or less in total

Cu, Cr, and Ni increase specific resistance and are advantageous in
reducing iron loss. In order to achieve this effect, in the case of adding at least
one of Cu. Cr, and Ni. the total content of one or more selected from Cu. Cr,
and Ni is preferably 0.03 % or more. If the total content of one or more selected
from Cu, Cr, and Ni is excessively high, magnetic flux density decreases.
Therefore, in the case of adding at least one of Cu, Cr, and Ni, the total content
is 1.00 % or less.
[0049] One or more selected from Ca, Mg, and REM: 0.0200 % or less in total

Ca, Mg, and REM have the effect of forming stable sulfides and
improving grain growth. In order to achieve this effect, the total content of one
or more seclected from Ca, Mg, and REM is preferably 0.0010 % or more. If the
total content of one or more selected from Ca, Mg, and REM is more than
0.0200 %, the effect is saturated. Therefore, in the case of adding at least one
of Ca, Mg, and REM, the total content is 0.0200 % or less.
[0050] Zn: 0.0500 % or less

7Zn has the effect of suppressing nitridation during final annealing. In
order to achieve this effect, in the case of adding Zn, the Zn content is
preferably 0.0010 % or more. The Zn content is more preferably 0.0020 % or
more. If the Zn content is more than 0.0500 %, sulfides are formed and iron
loss increases. Therefore, in the case of adding Zn, the Zn content is 0.0500 %
or less. The Zn content is more preferably 0.0100 % or less.
[0051] One or two selected from Mo and W: 0.0500 % or less in total

Both Mo and W are clements effective in suppressing surface defects
(scab) in non-oriented electrical steel sheets. The non-oriented electrical steel
sheet according to the present disclosure is high-alloy steel and its surface is
susceptible to oxidation, so that scab caused by surface cracking is highly
likely to occur. Adding a small amount of one or both of Mo and W, which are
elements that enhance high-temperature strength, can suppress such cracking.
This effect cannot be achieved sufficiently if the total content of one or two
selected from Mo and W is less than 0.0010 %. Therefore, in the case of adding
one or both of Mo and W, the total content is preferably 0.0010 % or more. If
the total content of one or two selected from Mo and W is more than 0.0500 %,
the effect is saturated and alloy costs merely increase. Therefore, in the case
of adding one or both of Mo and W, the total content is 0.0500 % or less.

[0052] Tn one embodiment of the present disclosure, the surface layer has a
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chemical composition that contains the above-described eclements with the
balance consisting of Fe and inevitable impurities.

An example of an element that can be contained in the electrical steel
sheet as such inevitable impurities is Al. If the Al content is limited to 0.10 %
or less, magnetic flux density can be further improved. The Al content is
therefore preferably 0.10 % or less.

[0053] [Chemical composition of inner layer]

Next, the chemical composition of the inner layer will be described.
Herein, the content of ecach element in the inner layer refers to the average
content of the element in the inner layer.

The chemical composition of the inner layer contains Si: 3.5 % to 6.5
%, C: 0.0010 % to 0.0100 %, Co: 0.0010 % to 0.0100 %, and one or two
selected from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to 0.100 %, with the
balance consisting of Fe and inevitable impurities.

[0054] Si: 3.5 % to 6.5 %

If the Si content ([Si]o) in the inner layer is less than 3.5 %, high-
frequency iron loss increases. The Si content in the inner layer is therefore 3.5
% or more. The Si content in the inner layer is preferably 4.0 % or more. If the
Si content in the inner layer is more than 6.5 %, the motor core cracks during
blanking. The Si content in the inner layer is therefore 6.5 % or less. The Si
content in the inner layer is preferably 6.0 % or less.

[0055] C: 0.0010 % to 0.0100 %

C is an element that segregates to crystal grain boundaries to enhance
grain boundary strength and improve material workability. If the C content is
0.0010 % or more, material elongation is improved. The lower limit of the C
content is therefore 0.0010 %. The C content is preferably 0.0015 % or more.
If the C content is more than 0.0100 %, iron loss increases due to magnetic
aging. The upper limit of the C content is therefore 0.0100 %. The C content
is preferably 0.0060 % or less.

[0056] Co: 0.0010 % to 0.0100 %

Adding Co can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss. In order to
achieve this effect, in the case of adding Co, the Co content is 0.0010 % or
mote. The Co content is preferably 0.0015 % or more. If the Co content is more
than 0.0100 %, not only the effect is saturated but also costs increase. The Co

content is therefore 0.0100 % or less. The Co content is preferably 0.0050 %
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or less.
[0057] One or two selected from Sn and Sb: 0.010 % to 0.100 %
Sn: 0.010 % to 0.100 %

Adding Sn can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss. In order to
achieve this effect, in the case of adding Sn, the Sn content is 0.010 % or more.
The Sn content is preferably 0.020 % or more. If the Sn content is more than
0.100 %, not only the effect is saturated but also productivity decreases and
costs increase. The Sn content is therefore 0.100 % or less. The Sn content is
preferably 0.080 % or less.

[0058] Sb: 0.010 % to 0.100 %

Adding Sb can significantly improve the texture after final annealing,
thus improving magnetic flux density and reducing hysteresis loss, as with Sn.
In order to achieve this effect, in the case of adding Sb, the Sb contentis 0.010
% or more. The Sb content is preferably 0.020 % or more. If the Sb content is
more than 0.100 %, not only the effect is saturated but also productivity
decreases and costs increase. The Sb content is therefore 0.100 % or less. The
Sb content is preferably 0.080 % or less.

[0059] The chemical composition of the inner layer may optionally further
contain P: 0.100 % or less.
P: 0.100 % or less

Adding P can significantly improve the texture, thus improving
magnetic flux density and reducing hysteresis loss, as with Sn, Sb, and Co. In
order to achieve this effect, in the case of adding P, the P content is preferably
0.010 % or more. The P content is more preferably 0.030 % or more. If the P
content is more than 0.100 %, not only the effect is saturated but also
productivity decreases and costs increase. The P content is therefore preferably
0.100 % or less. The P content is more preferably 0.070 % or less.

[0060] The chemical composition of the inner layer may optionally contain
one or more of the following elements.
One or two selected from Ge and Ga: 0.0100 % or less in total

Ge and Ga have the effect of improving the texture. In order to achieve
this effect, in the case of adding one or both of Ge and Ga, the total content of
one or two selected from Ge and Ga is preferably 0.0005 % or more. The total
content is more preferably 0.0020 % or more. If the total content of one or two

selected from Ge and Ga is more than 0.0100 %, the effect is saturated and
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alloy costs merely increase. Therefore, in the case of adding one or both of Ge
and Ga, the total content is 0.0100 % or less. The total content is more
preferably 0.0050 % or less.
[0061] One or more selected from Cu, Cr, and Ni: 1.00 % or less in total

Cu, Cr, and Ni increase specific resistance and are advantageous in
reducing iron loss. In order to achieve this effect, in the case of adding at least
one of Cu. Cr, and Ni. the total content of one or more selected from Cu. Cr,
and Ni is preferably 0.03 % or more. If the total content of one or more selected
from Cu, Cr, and Ni is excessively high, magnetic flux density decreases.
Therefore, in the case of adding at least one of Cu, Cr, and Ni, the total content
is 1.00 % or less.
[0062] One or more selected from Ca, Mg, and REM: 0.0200 % or less in total

Ca, Mg, and REM have the effect of forming stable sulfides and
improving grain growth. In order to achieve this effect, the total content of one
or more selected from Ca, Mg, and REM is preferably 0.0010 % or more. If the
total content of one or more selected from Ca, Mg, and REM is more than
0.0200 %, the effect is saturated. Therefore, in the case of adding at least one
of Ca, Mg, and REM, the total content is 0.0200 % or less.
[0063] Zn: 0.0500 % or less

Zn has the effect of suppressing nitridation during final annealing. In
order to achieve this effect, in the case of adding 7Zn., the Zn content is
preferably 0.0010 % or more. The Zn content is more preferably 0.0020 % or
more. If the Zn content is more than 0.0500 %, sulfides are formed and iron
loss increases. Therefore, in the case of adding Zn, the Zn content is 0.0500 %
or less. The Zn content is more preferably 0.0100 % or less.
[0064] One or two selected from Mo and W: 0.0500 % or less in total

Both Mo and W are clements effective in suppressing surface defects
(scab) in non-oriented electrical steel sheets. The non-oriented electrical steel
sheet according to the present disclosure is high-alloy steel and its surface is
susceptible to oxidation, so that scab caused by surface cracking is highly
likely to occur. Adding a small amount of one or both of Mo and W, which are
elements that enhance high-temperature strength, can suppress such cracking.
This effect cannot be achieved sufficiently if the total content of one or two
selected from Mo and W is less than 0.0010 %. Therefore, in the case of adding
one or both of Mo and W, the total content is preferably 0.0010 % or more. If

the total content of one or two selected from Mo and W is more than 0.0500 %,
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the effect is saturated and alloy costs merely increase. Therefore, in the case
of adding one or both of Mo and W, the total content is 0.0500 % or less.
[0065] [Production method]

A method of producing the electrical steel sheet according to the
present disclosure is not limited, and any production method may be used. An
example of the production method is cladding of steel materials that differ in
Si content. The chemical compositions of the steel materials can be adjusted,
for example, by blowing materials with different compositions in a converter
and degassing the molien steels.

[0066] The cladding method is not limited. For example, a steel slab (steel
material) for the surface layer having the above-described chemical
composition and a steel slab (steel material) for the inner layer having the
above-described chemical composition are prepared. The steel slab for the
surface layer is then bonded or joined to both sides of the steel slab for the
inner laycer, with such a thickness that cnablces the final multilaycr ratio to be
the desired value. The bonded or joined steel slabs are then subjected to rolling.
The rolling may be, for example, one or more selected from the group
consisting of hot rolling, warm rolling, and cold rolling. Typically, a
combination of hot rolling and subsequent warm rolling or a combination of
hot rolling and subsequent cold rolling is preferably used. After the hot rolling,
it is preferable to perform hot-rolled sheet annealing. The warm rolling may be
performed two or more times with intermediate annealing therebetween. The
cold rolling may be performed two or more times with intermediate annealing
therebetween. The finish temperature and the coiling temperature in the hot
rolling are not limited, and may be determined according to a conventional
method. After the rolling, final annealing is performed.

[0067] As another production method, siliconizing treatment may be used. In
the case of using siliconizing treatment, a steel sheet having a constant Si
content in the thickness direction is subjected to siliconizing treatment, as a
result of which the Si content in the surface layers on both sides of the steel
sheet can be increased. The method of siliconizing treatment is not limited, and
any method may be used. For example, a method may be used that involves
depositing Si on the surface of a steel sheet by a chemical vapor deposition
(CVD) method and then performing heat treatment to diffuse Si to the inside
of the steel sheet. The Si content in each of the surface layer and the inner layer

can be controlled by adjusting the amount of Si deposited by the CVD method
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and the heat treatment conditions.

EXAMPLES
[0068] In order to determine the effects according to the present disclosure,
multilayer electrical steel sheets were produced according to the following
procedure and their magnetic properties were evaluated.

For each of No. 3 to No. 27, No. 32, No. 33, and No. 36 to No. 76
shown in Tables 1 to 3, first, two types of steel slabs were prepared: one for
the surface layer having the chemical composition shown in Table 1 and one
for the inner layer having the chemical composition shown in Table 2. Next,
the steel slab for the surface layer was stacked on both sides of the steel slab
for the inner layer, and the stacked steel slabs were welded on their periphery.
Hence, the chemical compositions of the surface layers on both sides of the
inner layer were the same. The chemical compositions of the steel slabs were
adjustcd by performing blowing in a converter and then performing degassing.
The chemical compositions were maintained in the finally obtained multilayer
electrical steel sheet.

[0069] After this, the stacked steel slabs were heated at 1120 °C for 1 hour,
and then hot rolled to a thickness of 2.0 mm to obtain a hot-rolled steel sheet.
The hot-rolling finish temperature in the hot rolling was 800 °C. The hot-rolled
steel sheet was coiled at a coiling temperature of 610 °C, and then subjected to
hot-rolled sheet annealing at 940 °C for 30 seconds. Subsequently, the hot-
rolled steel sheet was pickled and cold rolled, and further annealed at the final
annealing temperature shown in Table 3 to obtain an electrical steel sheet. The
sheet thickness t of the finally obtained electrical steel sheet and the ratio
(multilayer ratio) of the thickness t| of the surface layers to t are shown in
Table 3.

[0070] For comparison, the same test was conducted using ordinary electrical
steel sheets that were not clad (i.e. non-clad electrical steel sheets) (No. 1 and
No. 2). The electrical steel sheets of these Comparative Examples did not have
a layered structure in which the composition differs in the thickness direction.
In other words, these clectrical steel sheets had no surface layer.

[0071] Multilayer electrical steel sheets of No. 28, No. 29, No. 30, No. 31, No.
34, and No. 35 were each produced by a siliconizing method. Specifically, a
cold-rolled steel sheet with a Si content of 3.7 % and a sheet thickness of 0.1

mm was subjected to siliconizing and diffusion treatment at 1200 °C. The
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average value of the Si content in the entire sheet thickness of the steel sheet
was calculated, and a part having a Si concentration higher than the average
value was taken to be the surface layer and a part having a Si concentration
lower than the average value was taken to be the inner layer. The Si content in

the surface layer is the average value of the Si content in the surface layer.
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[0075] (Magnetic properties)

Next, the magnetic properties of each of the obtained electrical steel
sheets were measured. The magnetic measurement was performed using a 25
c¢cm Epstein frame in accordance with JIS C 2550-1. As the magnetic properties,
iron loss Wig/s00 (W/kg) at 1.0 T and 800 Hz, magnetic flux density Bso at a
magnetic field strength of 5000 A/m, and saturation magnetization Bs were

measured. The measurement results are shown in Table 4.



[0076] [Table 4]
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[0077] As can be scen from the results shown in Table 4, the clecirical steel
sheet of each Example satisfying the conditions according to the present
disclosure had excellent properties such as low high-frequency iron loss and

high magnetic flux density.

INDUSTRIAL APPLICABILITY

[0078] An electrical steel sheet according to the present disclosure is very
suitable for use as a core material for motor cores of hybrid electric vehicles,
electric vehicles, vacuum cleaners, high-speed generators, air conditioner
compressors, machine tools, etc. that are driven at high frequencies, as well as

transformers, reactors, etc.
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CLAIMS

[Claim 1] A non-oriented electrical steel sheet that is a multilayer
electrical steel sheet having a stacked structure of an inner layer and a surface
layer located on each of both sides of the inner layer,

wherein the surface layer has a chemical composition containing, in
mass%, Si: 4.0 % to 7.0 %, C: 0.0010 % to 0.0100 %, Co: 0.0010 % to 0.0100
%, and one or two selected from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to
0.100 %, with a balance consisting of Fe and inevitable impurities,

the inner layer has a chemical composition containing, in mass%, Si:
3.5% to 6.5 %, C: 0.0010 % to 0.0100 %, Co: 0.0010 % to 0.0100 %, and one
or two selected from Sn: 0.010 % to 0.100 % and Sb: 0.010 % to 0.100 %, with
a balance consisting of Fe and inevitable impurities,

ASi defined as a difference [Si]i — [Si]o between a Si content [Si]: in
the surface layer and a Si content [Si]p in the inner layer is 0.1 mass% to 0.5
mass%,

a ratio t1/t of a total thickness t; of the surface layers on both sides of
the inner layer to a sheet thickness t of the electrical steel sheet is 0.04 to 0.78,
and

a ratio Bs¢/Bs of magnetic flux density Bso at a magnetic field strength
of 5000 A/m to saturation magnetization Bs is 0.825 or more, and iron loss
Wiosso0 at a frequency of 800 Hz and a maximum magnetic flux density of 1.0
T and the sheet thickness t satisfy the following formula (1):

Wios00 <13 + 80 xt .. (D).

[Claim 2] The non-oriented electrical steel sheet according to claim 1,
wherein one or both of the chemical composition of the surface layer and the
chemical composition of the inner layer further contain, in mass%., P: 0.100 %

or less.

[Claim 3] The non-oriented electrical steel sheet according to claim 1 or
2, wherein one or both of the chemical composition of the surface layer and
the chemical composition of the inner layer further contain, in mass%, one or

two selected from Ge and Ga: 0.0100 % or less in total.

[Claim 4] The non-oriented electrical steel sheet according to any of
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claims 1 to 3, wherein one or both of the chemical composition of the surface
layer and the chemical composition of the inner layer further contain, in mass %,

one or more selected from Cu, Cr, and Ni: 1.00 % or less in total.

[Claim 5] The non-oriented electrical steel sheet according to any of
claims 1 to 4, wherein one or both of the chemical composition of the surface
layer and the chemical composition of the inner layer further contain, in mass %,

one or more selected from Ca, Mg, and REM: 0.0200 % or less in total.

[Claim 6] The non-oriented electrical steel sheet according to any of
claims 1 to 5, wherein one or both of the chemical composition of the surface
layer and the chemical composition of the inner layer further contain, in mass %,
7Zn: 0.0500 % or less.

[Claim 7] The non-oriented clectrical stecl sheet according to any of
claims 1 to 6, wherein one or both of the chemical composition of the surface
layer and the chemical composition of the inner layer further contain, in mass%,

one or two selected from Mo and W: 0.0500 % or less in total.

[Claim 8] The non-oriented electrical steel sheet according to any of
claims 1 to 7, wherein a maximum intensity value of {100} plane integration
degree is 6.0 or more in a ®> = 45° section of an orientation distribution
function at a plane of a depth of 1/4 of the sheet thickness from a surface of

the multilayer electrical steel sheet.

[Claim 9] The non-oriented electrical steel sheet according to any of

claims 1 to 8, wherein the sheet thickness is 0.03 mm to 0.20 mm.
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