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Description
TECHNICAL FIELD

[0001] The present invention relates to a non-oriented electrical steel sheet suitable for a rotor of a high-speed rotary
machine.

BACKGROUND ART

[0002] A non-oriented electrical steel sheet is used for a rotor of a rotary machine or the like, for example. In general,
centrifugal force acting on the rotor is in proportion to a rotation radius, and is in proportion to the square of a rotation
speed. For the above reason, extremely large stress acts on the rotor of the high-speed rotary machine. Thus, tensile
strength of the non-oriented electrical steel sheet for a rotor is preferably high. That is, the non-oriented electrical steel
sheet for a rotor preferably has high tension. As described above, high tensile strength (high tension) is required for the
non-oriented electrical steel sheet for a rotor.

[0003] On the other hand, in a non-oriented electrical steel sheet used for not only a rotor of a rotary machine but also
an iron core, it is important that its core loss is low. Particularly, in the non-oriented electrical steel sheet for a rotor of a
high-speed rotary machine, it is important that its high-frequency core loss is low. As described above, a low high-
frequency core loss is also required for the non-oriented electrical steel sheet for a rotor. That is, high efficiency when
the rotary machine is used at a high frequency is also required.

[0004] However, the high tension and the low high-frequency core loss are in a relationship such that they are contrary
to each other physically, and it is extremely difficult to achieve both of them.

[0005] There has been proposed a technique in which the achievement of these is considered, but there has been
no technique capable of easily manufacturing a non-oriented electrical steel sheet so far. For example, there has been
proposed a technique in which a hot-rolled steel sheet having a high Si content is obtained and thereafter various types
of temperature controls are performed, but cold rolling is extremely difficult to be performed because the Si content is
high. Further, various types of temperature controls are performed in order to enable cold rolling to be performed, but
the above temperature controls are extremely peculiar, resulting that time, labor, and cost required for the above are
increased.

CITATION LIST
PATENT LITERATURE
[0006]

Patent Document 1: Japanese Laid-open Patent Publication No. Sho 60-238421
Patent Document 2: Japanese Laid-open Patent Publication No. Sho 61-9520
Patent Document 3: Japanese Laid-open Patent Publication No. Sho 62-256917
Patent Document 4: Japanese Laid-open Patent Publication No. Hei 2-8346
Patent Document 5: Japanese Laid-open Patent Publication No. 2007-186791
Patent Document 6: Japanese Laid-open Patent Publication No. 2007-186790
Patent Document 7: Japanese Laid-open Patent Publication No. 2008-240104

SUMMARY OF THE INVENTION
TECHNICAL PROBLEM

[0007] The presentinvention has an object to provide a non-oriented electrical steel sheet capable of being manufac-
tured easily and obtaining high tensile strength and a low high-frequency core loss.

SOLUTION TO PROBLEM

[0008] The presentinventors have conducted earnest studies on anon-oriented electrical steel sheet from the viewpoint
of obtaining favorable mechanical properties while suppressing a core loss low by solid solution strengthening, precip-
itation strengthening, work strengthening, grain refining strengthening, strengthening by transformation composition,
and so on. Further, the present inventors have repeated researches and analyses with regard to what index a high-
frequency core loss to be important in an actual high-speed rotary machine becomes, in other words, with regard to at
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what frequency a core loss is important to be reduced. Further, greater importance is also given to easiness of processes
such as cold rolling in a manufacturing process and avoidance of process complication.

[0009] As a result, details will be described later, but it has been found that contents of Si, Mn, Ni, and so on are set
appropriately and a ratio of a content of Ti to a total content of C and N is set appropriately, thereby enabling a high-
frequency core loss to be suppressed low while obtaining high tensile strength of, for example, 900 MPa or more. Further,
as the high-frequency core loss, it has also been found that it is important that a core loss W, ,1009, Which is a core loss
in the case of a magnetic flux density being 1.0 T and an excitation frequency being 1000 Hz, is low. Then, the present
inventors have reached the following non-oriented electrical steel sheet.

[0010] A non-oriented electrical steel sheet according to the present invention contains: C: not less than 0.003 mass%
nor more than 0.05 mass%; N: not less than 0.001 mass% nor more than 0.01 mass%; and Si: not less than 2.8 mass%
nor more than 3.5 mass%. The non-oriented electrical steel sheet further contains at least one kind selected from a
group consisting of Ni: 4.0 mass% or less and Mn: 2.0 mass% or less, in a total amount of 0.5 mass% or more, and
further contains Ti, a value Ry; being not less than 1 nor more than 10, the value Ry; being expressed by [Ti]/(4x([C]+
[N])) when a Ti content is expressed as [Ti] mass%, a C content is expressed as [C] mass%, and an N content is
expressed as [N] mass%. An Al content is 3.0 mass% or less, a P content is 0.2 mass% or less, and a balance is
composed of Fe and inevitable impurities.

ADVANTAGEOUS EFFECTS OF INVENTION

[0011] According to the present invention, contents of Si, Mn, Ni, and so on and a value Ry; are appropriate, and thus
high tensile strength and a low high-frequency core loss can be obtained. Further, the contents of Si and so on are
appropriate, and thus processes in a manufacturing process are easy to be performed, and addition of complex processes
based on embrittlement and the like can also be avoided.

DESCRIPTION OF EMBODIMENTS

[0012] Hereinafter, the presentinvention will be explained in detail. First, components of a non-oriented electrical steel
sheet according to the present invention will be explained.

[0013] Si has an effect of reducing a core loss such as a high-frequency core loss by increasing electrical resistance
of the non-oriented electrical steel sheet to thereby reduce an eddy current loss. Further, Si has an effect of increasing
tension of the non-oriented electrical steel sheet by solid solution strengthening. When a Si content is less than 2.8
mass%, these effects is insufficient. On the other hand, when the Si content exceeds 3.5 mass%, a reduction in a
magnetic flux density, embrittlement, difficulty in performing processes of cold rolling and the like, and an increase in a
material cost are caused. Thus, the Si content is set to not less than 2.8 mass% nor more than 3.5 mass%.

[0014] Al similarly to Si, has an effect of reducing a core loss such as a high-frequency core loss by increasing the
electrical resistance of the non-oriented electrical steel sheet to thereby reduce an eddy current loss. Thus, Al may also
be contained as an aim to further reduce a high-frequency core loss. However, when an Al content exceeds 3.0 mass%,
a reduction in a magnetic flux density, embrittlement, difficulty in performing processes of cold rolling and the like, and
an increase in a material cost are caused. Thus, an upper limit of the Al content is set to 3.0 mass%. Further, when the
Al content is less than 0.1 mass%, fine precipitation of A1N is remarkably exhibited to increase a core loss, and thus
the Al content is preferably 0.1 mass% or more.

[0015] Ni and Mn contribute to an improvement in tension of the non-oriented electrical steel sheet. That is, Ni has
an effect of increasing the tension by solid solution strengthening, and Mn has an effect of increasing the tension by
solid solution strengthening and grain refining strengthening. Further, Ni also has an effect of reducing a core loss such
as a high-frequency core loss by increasing the electrical resistance of the non-oriented electrical steel sheet to thereby
reduce an eddy current loss. Further, Ni also contributes to an improvement in a magnetic flux density in accordance
with an increase in a saturated magnetic moment of the non-oriented electrical steel sheet. Mn has an effect of reducing
a core loss such as a high-frequency core loss by increasing the electrical resistance of the non-oriented electrical steel
sheet to thereby reduce an eddy current loss. When a total amount of a Ni content and a Mn content is less than 0.5
mass%, these effects are insufficient, resulting that tensile strength of 900 MPa or more cannot be obtained. On the
other hand, when the Ni content exceeds 4.0 mass%, a reduction in a magnetic flux density ascribable to the reduction
in a saturated magnetic moment occurs. Further, when the Mn content exceeds 2.0 mass%, a magnetic flux density is
reduced and further a material cost is increased. Thus, it is set in a manner that Ni of 4.0 mass% or less and/or Mn of
2.0 mass% or less arelis contained in a total amount of 0.5 mass% or more.

[0016] P has an effect of greatly increasing the tension of the non-oriented electrical steel sheet. Thus, P may also
be contained as an aim to further improve the tension. In order to achieve the above effect, 0.001 mass% or more of P
is preferably contained. However, when P content exceeds 0.2 mass%, P segregates in crystal grain boundaries in a
manufacturing process to embrittle a hot-rolled steel sheet, resulting that cold rolling thereafter becomes extremely
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difficult to be performed. Thus, an upper limit of the P content is set to 0.2 mass%.

[0017] Tihas an effect of reacting with C and N to form a fine precipitate containing Ti carbonitride and increasing the
tension of the non-oriented electrical steel sheet by precipitation strengthening and grain refining strengthening. Further,
" Ti being solid-dissolved in the non-oriented electrical steel sheet has an effect of orienting crystal orientations of a
surface of the non-oriented electrical steel sheet in {111} when cold rolling, finish annealing, and the like, and increasing
the tension of the non-oriented electrical steel sheet. In order to exhibit these effects sufficiently, it is important that
appropriate amounts of both Ti to be precipitated as Ti carbonitride and Ti being solid-dissolved in the non-oriented
electrical steel sheet are contained.

[0018] When a Ti content is expressed as [Ti] mass%, a C content is expressed as [C] mass%, and an N content is
expressed as [N] mass%, if a value Ry expressed by [Til/(4x([C]+[N])) is less than 1, the above-described effects cannot
be exhibited sufficiently. Thus, the value Ry; is set to 1 or more. In the case of the value Ry; being 1, all Ti is bonded to
C and/or N theoretically, but practically, part of Ti is not bonded to either C or N to be contained in the non-oriented
electrical steel sheet as solid solution Ti. Note that the value Ry; is preferably 2 or more, and more preferably 3 or more.
[0019] Onthe otherhand, when the value Ry; exceeds 10, recrystallization is unlikely to occur and further embrittlement
is likely to occur. Further, there is sometimes a case that in accordance with an increase in the solid solution Ti, the
orientation to {111} is too intensified to increase a core loss. Thus, the value Ry; is set to 10 or less. Incidentally, the
value Ry; is preferably 9 or less, and more preferably 7 or less.

[0020] Further, in order to make the value Ry, fall within a range as above, it is set in a manner that the C content is
not less than 0.003 mass% nor more than 0.05 mass% and the N content is not less than 0.001 mass% nor more than
0.01 mass%. Incidentally, in the case when the C content exceeds 0.05 mass%, or the N content exceeds 0.01 mass%,
core loss properties are remarkably reduced due to magnetic aging or the like.

[0021] Further, in order to make the value Ry; fall within the above-described range, the Ti content is preferably not
less than 0.1 mass% nor more than 0.3 mass%, and an upper limit of the Ti content is more preferably 0.25 mass%.
[0022] Note that as metallic elements to form carbonitride in the non-oriented electrical steel sheet, Zr, V, Nb, and Mo
are also cited besides Ti. Among them, precipitation strengthening by Ti carbonitride is remarkable.

[0023] The components of the non-oriented electrical steel sheet except the above-described components are Fe and
inevitable impurities, for example. Note that as an aim to avoid embrittlement of the crystal grain boundaries with the
increase in tension, B may also be contained. In the above case, a B content is preferably 0.001 mass% or more. On
the other hand, when the B content exceeds 0.007 mass%, a reduction in a magnetic flux density, embrittlement at the
time of hot rolling, and the like are caused. Thus, the B content is preferably 0.007 mass% or less.

[0024] Further, as an aim to further improve various types of magnetic properties, Cu: not less than 0.02 mass% nor
more than 1.0 mass%, Sn: not less than 0.02 mass% nor more than 0.5 mass%, Sb: not less than 0.02 mass% nor more
than 0.5 mass%, Cr: not less than 0.02 mass% nor more than 3.0 mass%, and/or rare earth metal (REM: rare earth
metal): not less than 0.001 mass% nor more than 0.01 mass% may also be contained. That is, one kind or more of the
element (elements) selected from a group consisting of these plural kinds of elements may also be contained.

[0025] Then, the tensile strength of the non-oriented electrical steel sheet composed of these components becomes,
for example, 900 MPa or more. Therefore, a rotor of a high-speed rotary machine manufactured by using the above
non-oriented electrical steel sheet can achieve sufficient high-speed rotation.

[0026] Further, a high-frequency core loss W, 1009 Of the non-oriented electrical steel sheet composed of these
components becomes, for example, 100 W/kg or less. Therefore, a rotor of a high-speed rotary machine manufactured
by using the above non-oriented electrical steel sheet can contribute to high-efficiency and miniaturization of the rotary
machine. That is, energy loss caused by converting from electric energy into mechanical energy and heat generation
incidental to the conversion can be suppressed. Then, in order to reduce an eddy current loss to thereby make the high-
frequency core loss W, 41900 become 100 W/kg or less, a thickness of the non-oriented electrical steel sheet is preferably
0.30 mm or less.

[0027] The present inventors confirmed these effects by the following experiments. First, a slab containing C: 0.017
mass%, Si: 3.12 mass%, Al: 0.65 mass%, Ni: 2.54 mass%, P: 0.02 mass%, N: 0.003 mass%, and Ti: 0.18 mass% was
hot-rolled, and a hot-rolled steel sheet was obtained. The value Ry; of the above hot-rolled steel sheet is 2.3. Next, the
hot-rolled steel sheet was cold-rolled to have four types of thicknesses shown in Table 1, and a cold-rolled steel sheet
was obtained. Thereafter, continuous finish annealing at 780°C for 20 seconds was applied to the cold-rolled steel sheet,
and a non-oriented electrical steel sheet was obtained. Then, Epstein samples and tensile test pieces were cut out from
the non-oriented electrical steel sheet, and magnetic properties and mechanical properties were measured by using
them. Results thereof are also shown in Table 1. In Tables as below, "W,5,5," represents a core loss W,559, "B50"
represents a magnetic flux density B50, and "W, 190" represents the core loss W4q,40gg- Further, "YP" represents a
yield point, "TS" represents the tensile strength, and "EL" represents elongation.

[0028] [Table 1]
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[Table 1]
Thickness Magnetic properties Mechanical properties
Sample No.
(mm) Wigss0 (Wikg) | B5O(T) | Wigrooo (Wikg) | YP (MPa) | TS (MPa) | EL (%)
1 0.50 9.6 1.58 155 870 921 15
2 0.35 9.0 1.57 112 875 928 16
3 0.20 8.6 1.56 87 876 930 18
4 0.15 8.4 1.56 80 881 935 18

[0029] As shown in Table 1, although in Samples No. 1 and No. 2, the tensile strength of 900 MPa or more was
obtained and Samples No. 1 and No. 2 had the high tension, the high-frequency core loss W, ,19q9 €xceeded 100 W/kg.
This is because the thicknesses of the non-oriented electrical steel sheet exceed 0.03 mm.

[0030] Forthe above reason as well, the thickness of the non-oriented electrical steel sheet is preferably 0.30 mm or
less.

[0031] Incidentally, the non-oriented electrical steel sheet according to the present invention can be manufactured in
the following manner, for example. First, a slab having the above-described composition is melted, and the above slab
is heated and hot rolled to obtain a hot-rolled steel sheet. Next, the above hot-rolled steel sheet is cold rolled to obtain
a cold-rolled steel sheet. Thereafter, finish annealing is performed. Incidentally, in order to avoid a reduction in strength
and embrittlement accompanying growth of crystal grains, hot-rolled sheet annealing is preferably not performed, and
intermediate annealing during cold rolling is also preferably not performed. As long as the hot-rolled steel sheet having
the above-described composition is used, the effects of the improvement in tension and the reduction in a high-frequency
core loss can be obtained without performing hot-rolled sheet annealing and intermediate annealing. Further, hot-rolled
sheet annealing is omitted, thereby also enabling bending workability to be improved. That is, since the non-oriented
electrical steel sheet according to the presentinvention has the above-described composition, the improvementin tension
and the reduction in a high-frequency core loss can be achieved by the relatively simple processes.

EXAMPLE
(First Experiment)

[0032] First, slabs containing components shown in Table 2 and a balance being composed of Fe and inevitable
impurities were hot rolled to obtain hot-rolled steel sheets. Next, the hot-rolled steel sheets were cold rolled to obtain
cold-rolled steel sheets having thicknesses of 0.20 mm. Thereafter, continuous finish annealing at 750°C for 30 seconds
was applied to the cold-rolled steel sheets to obtain non-oriented electrical steel sheets.

[0033] [Table 2]

[Table 2]

Components
Sample No. Ryi
C Si Al Ni Mn P N Ti
11 0.0059 | 3.02 | 0.73 | 2.01 | 1.02 | 0.04 | 0.0030 | 0.000 | 0.00
12 | 0.0067 | 3.07 | 0.77 | 216 | 1.11 | 0.03 | 0.0027 | 0.023 | 0.61
13 | 0.0046 | 3.01 | 0.70 | 2.12 | 0.95 | 0.03 | 0.0029 | 0.257 | 8.57

14 | 0.0055 | 3.04 | 0.73 | 2.04 | 1.01 | 0.04 | 0.0026 | 0.168 | 5.12

Comparative examples

Examples

[0034] Then, Epstein samples and tensile test pieces were cut out from the non-oriented electrical steel sheets. Next,
magnetic properties were measured by using the Epstein samples, and mechanical properties were measured by using
the tensile test pieces. Results thereof are shown in Table 3.

[0035] [Table 3]
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[Table 3]
Magnetic properties Mechanical properties
Sample No.
Wissso (W/kg) | BSO(T) | Wigs000 (W/kg) | YP (MPa) | TS (MPa) | EL (%)

examples 12 5.6 1.59 58 703 785 22

13 8.1 1.57 84 871 922 17
Examples

14 7.7 1.58 79 902 953 16

[0036] As shown in Table 3, in Comparative examples No. 11 and 12, the high-frequency core loss W, 1900 Was less
than 100 W/kg, but the tensile strength was low, which was less than 900 MPa, because the value Ry; was less than 1.
Particularly, in Comparative example No. 11, Tiwas not contained at all, and thus the tensile strength was remarkably low.
[0037] On the other hand, in Examples No. 13 and 14, the value Ry; and so on were set appropriately, and thus the
high-frequency core loss W, 1909 Of 100 W/kg or less and the tensile strength of 900 MPa or more could be obtained.
Further, the yield point was also high as compared with Comparative examples No. 11 and 12.

(Second Experiment)

[0038] First, slabs containing components shown in Table 4 and a balance being composed of Fe and inevitable
impurities were hot rolled to obtain hot-rolled steel sheets. Next, the hot-rolled steel sheets were cold rolled to obtain
cold-rolled steel sheets having thicknesses of 0.25 mm. Thereafter, continuous finish annealing at 775°C for 30 seconds
was applied to the cold-rolled steel sheets to obtain non-oriented electrical steel sheets.

[Table 4]
[Table 4]
Components
Sample No.

c Si Al Ni Mn p B N Ti R
Comparative 21 0.0066 | 3.24 | 0.61 | 1.85 | 1.30 | 0.03 | 0.0028 | 0.0024 | 0.000 | 0.00
examples 22 | 0.0070 | 3.28 | 0.60 | 1.81 | 1.29 | 0.02 | 0.0027 | 0.0027 | 0.032 | 0.82
23 | 0.0069 | 3.25 | 0.63 | 1.90 | 1.31 | 0.03 | 0.0029 | 0.0025 | 0.278 | 7.39

Examples
24 | 0.0073 | 3.30 | 0.58 | 1.88 | 1.33 | 0.03 | 0.0030 | 0.0023 | 0.146 | 3.80

[0039] Then, Epstein samples and tensile test pieces were cut out from the non-oriented electrical steel sheets. Next,
magnetic properties were measured by using the Epstein samples, and mechanical properties were measured by using
the tensile test pieces. Results thereof are shown in Table 5.

[0040] [Table 5]

[Table 5]
Magnetic properties Mechanical properties
Sample No.
Wisis0 (Wkg) | BSO (T) | Wigqp00 (W/kg) | YP (MPa) | TS (MPa) | EL (%)

Comparative 21 5.4 1.62 63 708 796 26
examples 22 6.1 1.61 67 745 804 24
23 8.9 1.59 92 889 931 20

Examples
24 8.7 1.60 90 910 962 21

[0041] As shown in Table 5, in Comparative examples No. 21 and 22, the high-frequency core loss W, g19g0 Was less
than 100 W/kg, but the tensile strength was low, which was less than 900 MPa, because the value Ry; was less than 1.
Particularly, in Comparative example No. 21, Tiwas not contained at all, and thus the tensile strength was remarkably low.
[0042] On the other hand, in Examples No. 23 and 24, the value Ry; and so on were set appropriately, and thus the
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high-frequency core loss W,q,4009 Of 100 W/kg or less and the tensile strength of 900 MPa or more could be obtained.
Further, the yield point was also high as compared with Comparative examples No. 21 and 22.

INDUSTRIAL APPLICABILITY

[0043] The present invention can be utilized in, for example, the electrical steel sheet manufacturing industry and the
electrical steel sheet utilizing industry.

Claims
1. A non-oriented electrical steel sheet containing:

C: not less than 0.003 mass% nor more than 0.05 mass%;

N: not less than 0.001 mass% nor more than 0.01 mass%; and

Si: not less than 2.8 mass% nor more than 3.5 mass%,

further containing at least one kind selected from a group consisting of Ni: 4.0 mass% or less and Mn: 2.0
mass% or less, in a total amount of 0.5 mass% or more, and

further containing Ti, a value Ry; being not less than 1 nor more than 10, the value Ry; being expressed by [Ti]
/(4x([C]*[N])) when a Ti content is expressed as [Ti] mass%, a C content is expressed as [C] mass%, and an
N content is expressed as [N] mass%,

wherein

an Al content is 3.0 mass% or less,

a P content is 0.2 mass% or less, and

a balance is composed of Fe and inevitable impurities.

2. The non-oriented electrical steel sheet according to claim 1, wherein the Ti content is not less than 0.1 mass% nor
more than 0.3 mass%.

3. The non-oriented electrical steel sheet according to claim 1, further containing B: not less than 0.001 mass% nor
more than 0.007 mass%.

4. The non-oriented electrical steel sheet according to claim 2, further containing B: not less than 0.001 mass% nor
more than 0.007 mass%.

5. The non-oriented electrical steel sheet according to claim 1, further containing at least one kind selected from a
group consisting of:

Cu: not less than 0.02 mass% nor more than 1.0 mass%;

Sn: not less than 0.02 mass% nor more than 0.5 mass%;

Sb: not less than 0.02 mass% nor more than 0.5 mass%;

Cr: not less than 0.02 mass% nor more than 3.0 mass%; and

rare earth metal: not less than 0.001 mass% nor more than 0.01 mass%.

6. The non-oriented electrical steel sheet according to claim 2, further containing at least one kind selected from a
group consisting of:

Cu: not less than 0.02 mass% nor more than 1.0 mass%;

Sn: not less than 0.02 mass% nor more than 0.5 mass%;

Sb: not less than 0.02 mass% nor more than 0.5 mass%;

Cr: not less than 0.02 mass% nor more than 3.0 mass%; and

rare earth metal: not less than 0.001 mass% nor more than 0.01 mass%.

7. The non-oriented electrical steel sheet according to claim 3, further containing at least one kind selected from a
group consisting of:

Cu: not less than 0.02 mass% nor more than 1.0 mass%;
Sn: not less than 0.02 mass% nor more than 0.5 mass%;
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Sb: not less than 0.02 mass% nor more than 0.5 mass%;
Cr: not less than 0.02 mass% nor more than 3.0 mass%; and
rare earth metal: not less than 0.001 mass% nor more than 0.01 mass%.

The non-oriented electrical steel sheet according to claim 4, further containing at least one kind selected from a
group consisting of:

Cu: not less than 0.02 mass% nor more than 1.0 mass%;

Sn: not less than 0.02 mass% nor more than 0.5 mass%;

Sb: not less than 0.02 mass% nor more than 0.5 mass%;

Cr: not less than 0.02 mass% nor more than 3.0 mass%; and

rare earth metal: not less than 0.001 mass% nor more than 0.01 mass%.
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