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SAME

(57)  The present invention has as its object the pro-
duction of high strength electrical steel sheet, having a
high strength of a tensile strength TS of for example 500
MPa or more, having wear resistance, and having supe-
rior magnetic properties of magnetic flux density and iron
loss, that is, provides a method of production of high
strength electrical steel sheet containing, by mass%, C:
0.060% or less, Si: 0.2 to 6.5%, Mn: 0.05 to 3.0%, P:
0.30% orless, S or Se: 0.040% or less, Al: 2.50% or less,
N: 0.020% or less, and further one or more of Cu: 0.001

t0 30.0% and Nb: 0.03 to 8.0% and having worked struc-
tures remaining inside the steel sheet, said method of
production of high strength electrical steel sheet coars-
ening an average crystal grain size D (wm) of a sheet
right before a step of forming the worked structures to
finally remain inside the steel sheet to D>20 pm, impart-
ing strain in the final working step as a preferred process,
then not performing any heat treatment causing the
worked structures to disappear and high strength elec-
trical steel sheet obtained by that method.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to high strength electrical steel sheet, more particularly high strength nonoriented
electrical steel sheet, and relates to a magnetic material for a high speed rotary machine with a low iron loss, a high
magnetic flux density, and a high strength, a magnetic material for an electromagnetic switch superior in wear resistance,
and a method of production of the same.

BACKGROUND ART

[0002] Inthe past, for the material for rotors, laminated electrical steel sheet has been used, but recently in applications
where high speed rotation and larger rotor size are demanded, the possibility has arisen of the centrifugal force applied
to the rotors exceeding the strength of the electrical steel sheets. Further, there are also many motors of structures
assembling magnets into the rotors. Even if the rotational speed is not that high, the load applied to the rotor material
itself during rotation of the rotor becomes large. In terms of the fatigue strength as well, the strength of the material is
becoming a problem in increasing cases.

[0003] Further, electromagnetic switches become worn at the contact surfaces along with use, so a magnetic material
superior in not only the electromagnetic properties, but also the wear resistance is desired.

[0004] To dealwith these needs, recently high strength nonoriented electrical steel sheet has been studied and several
proposals have been made. For example, Japanese Patent Publication (A) No. 1-162748 and Japanese Patent Publi-
cation (A) No. 61-84360 propose using as a material a slab raised in Si content and further containing one or more of
Mn, Ni, Mo, Cr, and other solid solution strengthening ingredients, but sheet breakage is liable to frequently occur at the
time of rolling. This causes a drop in productivity and a drop in yield, so there is room for improvement. Further, since
Ni, Mo, and Cr are included in large amounts, the material becomes extremely expensive. Japanese Patent Publication
(A) No. 2005-113185 and Japanese Patent Publication (A) No. 2006-070348 disclose nonoriented electrical steel sheet
in which worked structures are left to obtain strength, while Japanese Patent Publication (A) No. 2006-009048 and
Japanese Patent Publication (A) No. 2006-070296 disclose nonoriented electrical steel sheet in which additionally Nb
etc. are incorporated in solid solution to suppress recrystallization. However, these do not pay particular attention to the
crystal grain size before formation of the worked structures, so there is the problem that a stable iron loss cannot be
obtained.

[0005] Further, technology relating to electrical steel sheet including a large amount of Cu is disclosed in Japanese
Patent Publication (A) No. 2004-84053 and Japanese Patent Publication (A) No. 2004-99926, but due to the Cu phase
precipitated in the steel, the reduction of the eddy current loss cannot be said to be sufficient. There is room for improve-
ment for applications where the high frequency properties become a problem.

DISCLOSURE OF THE INVENTION

[0006] As explained above, various proposals have been made regarding high strength electrical steel sheet, but the
fact is that industrially stable production using ordinary electrical steel sheet production facilities while securing the
necessary magnetic properties has not yet been reached. The inventors previously filed an application for high strength
electrical steel sheet leaving worked structures in the steel sheet in Japanese Patent Application No. 2003-347084.
[0007] This technology was made based on the fact that even if leaving worked structures in the crystal structure, the
magnetic properties do not deteriorate that much, that if considering the effect on raising the strength, the resultis in no
way inferior to a material strengthened by the conventional solid solution elements or precipitates and, not only that, if
considering the productivity and the in-plane anisotropy of the magnetic properties, in particular the magnetic flux density,
this is extremely useful technology. However, the clear metallurgy has not been established for how to improve the
balance of magnetic properties and mechanical properties for electrical steel sheet having worked structures. On this
point, no proof has been obtained that this technology is optimal.

[0008] The inventors engaged in detailed experiments to illuminate this point, in particular regarding the effects of the
structure before rolling, and discovered that in electrical steel sheet having worked structures, there is an optimum region
for achieving both good magnetic properties and mechanical properties and therefore succeeded in setting an industrially
optimum range considering further productivity, in particular the processability of steel strips.

[0009] The present invention has as its object the stable on-line production of high strength nonoriented electrical
steel sheet having a high strength of a tensile strength (TS) of for example 500 MPa or more and wear resistance and
provided with superior magnetic properties of magnetic flux density (B50), iron loss, etc. particularly when used under
a high frequency magnetic field, such as a motor rotating at a high speed, without, for example, being changed in cold
rollability, annealing work efficiency, etc. from ordinary electrical steel sheet. The present invention was made to solve
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the above problem and has as its gist the following:

(1) A method of production of high strength electrical steel sheet containing, by mass%, C: 0.060% or less, Si: 0.2
to 6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less, S or Se: 0.040% or less, Al: 2.50% or less, and N: 0.040% or less,
having a balance of Fe and unavoidable impurities, and having worked structures remaining inside the steel sheet,
said method of production of high strength electrical steel sheet characterized by making an average crystal grain
size d of the steel sheet right before the step of forming the worked structures to finally remain inside the steel sheet
20 wm or more.

(2) A method of production of high strength electrical steel sheet containing, by mass%, C: 0.060% or less, Si: 0.2
to 6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less, S or Se: 0.040% or less, Al: 2.50% or less, and N: 0.040% or less,
having a balance of Fe and unavoidable impurities, and having worked structures remaining inside the steel sheet,
said method of production of high strength electrical steel sheet characterized by making an average crystal grain
size d (n.m) of the steel sheet right before the step of forming the worked structures to finally remain inside the steel
sheet step d>(220-50X Si%-50XAl%).

(3) A method of production of high strength electrical steel sheet as set forth in (1) or (2) characterized by making
an average crystal grain size d (nm) of the steel sheet right before the step of forming the worked structures to
finally remain inside the steel sheet

d<(400-50xS1i%)

and

d<(820-200xSi%)

(4) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (3) characterized
by making a recrystallization rate of the steel sheet right before the step of forming the worked structures to finally
remain inside the steel sheet 50% or more.

(5) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (4) characterized
in that the steel ingredients further contain, by mass%, one or both of Cu: 0.001 to 30.0% and Nb: 0.03 to 8.0%.
(6) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (5) characterized
in that the steel ingredients further contain, by mass%, one or more types of Ti: 1.0% or less, V: 1.0% or less, Zr:
1.0% or less, B: 0.010% or less, Ni: 15.0% or less, and Cr: 15.0% or less.

(7) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (6) characterized
in that the steel ingredients further contain, by mass%, one or more types of Bi, Mo, W, Sn, Sb, Mg, Ca, Ce, La,
and Co in a total of 0.5% or less.

(8) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (7) characterized
in that the worked structures present inside the steel sheet are 1% or more by area rate in observation of the cross-
section.

(9) A method of production of high strength electrical steel sheet as set forth in any one of (1) to (8), characterized
in that an average dislocation density in the worked structures inside the steel sheet is 1x1013/mZ2 or more.

(10) A high strength electrical steel sheet as set forth in (1) to (9), characterized by being a single ferrite phase in
a temperature region from room temperature to 1150°C and satisfying, by mass%,

980-400xC+50xSi-30xMn+400xP+100xA1-20xCu—15xNi-10x
Cr>900

(11) A high strength electrical steel sheet as set forth in (10), characterized in that heat treatment at 450°C for 30
minutes is used to make a tensile strength 100 MPa or more.

(12) A method of production of high strength electrical steel sheet characterized by producing steel sheet as set
forth in (10) during the process of which making a final heat treatment after cold rolling a heat treatment holding the
sheet in a temperature region of 800°C or more for 5 sec or more and not allowing formation of an austenite phase
in the steel material even at a peak temperature in this heat treatment.

(13) A method of production of high strength electrical steel sheet characterized by producing steel sheet as set
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forth in (10) during the process of which making a cooling step after holding the sheet in a temperature region of
800°C or more for 5 sec or more cooling by a cooling rate of 40°C/sec or more to 300°C or less.

(14) A method of production of high strength electrical steel sheet as set forth in (10), characterized by making a
residence time in 700 to 400°C in said cooling step 5 sec or less.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010]

FIG. 1 is a view showing the strength-iron loss balance dependent on the grain size before working.
BEST MODE FOR CARRYING OUT THE INVENTION

[0011] The inventors engaged in various experiments and studies to achieve this object. That is, the present invention
provides a steel sheet containing C: 0.060% or less, Si: 0.5 t0 6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less, S or Se: 0.040%
or less, Al: 2.50% or less, and N: 0.040% or less and further containing, in accordance with need, one or both of Cu:
0.001 to 30.0% and Nb: 0.05 to 8.0%, wherein (1) the steel sheet structure is given worked structures and dislocation
strengthening is used to increase the strength, (2) the crystal structure is coarsened right before forming the worked
structures to finally remain in the steel sheet, and (3) the above crystal structure is limited from the viewpoint of the
amount of Si to improve the processability so as to provide electrical steel sheet in which worked structures are left and
formed wherein the balance of strength and magnetic properties is improved at a high productivity without causing trouble
in work efficiency etc.

[Composition of Ingredients]

[0012] First, the composition of ingredients of the high strength electrical steel sheet according to the presentinvention
will be explained.

[0013] C causes deterioration of the magnetic properties, so the content is made 0.060% or less. On the other hand,
it effectively acts to improve the texture and has the effect of suppressing the development of the {111} orientation not
preferable to the magnetic properties and promoting the development of the preferable {110}, {100}, {114}, and other
orientations. Further, from the viewpoints of increasing the strength, in particular raising the yield stress, improving the
warm strength and creep strength, and improving the warm fatigue characteristics, in the case of Nb-containing steel,
due to having the effect of retarding the recrystallization by NbC, the content is preferably 0.0031 to 0.0301%, more
preferably 0.0051 to 0.0221%, more preferably 0.0071 to 0.0181%, more preferably 0.0081 to 0.0151%.

[0014] When the above such effect by C is particularly stressed or when the demands on the magnetic aging are
particularly extremely tough, up to the slab stage, from the viewpoint of the deoxidizing efficiency, it is possible to include
higher C and reduce the C by decarburizing annealing after formation of the coil. When reducing the content to 0.010%
or so or less, from the viewpoint of the production cost, it is advantageous to reduce the amount of C by degassing
facilities at the molten steel stage. In particular, if made 0.0020% or less, there is a remarkable effect of reduction of the
iron loss. In the invention steel not requiring carbides or other nonmetallic precipitates for increasing the strength, even
0.0015% or less enables an increase in strength while further even 0.0010% or less enables a sufficient increase in
strength.

[0015] Siincreases the inherent resistance of the steel to reduce the eddy current and reduce the iron loss and raises
the tensile strength, but if the amount added is less than 0.2%, that effect is small. The content is preferably 1.0% or
more, more preferably 1.5% or more, more preferably 2.0% or more, more preferably 2.5% or more. In general, when
used under a high frequency magnetic field, the loss due to the eddy current becomes larger, but even in the invention
steel containing worked structures, to suppress this eddy current loss, it is effective to raise the Si content. However, if
over 6.5%, the steel is made remarkably brittle. To further reduce the magnetic flux density of the product, the content
is made 6.5% or less, preferably 4.0% or less. The optimum range of the amount of Si, as explained above, is determined
considering also the crystal structure right before the formation of the worked structures to finally remain inside the steel
sheet - an important factor of the present invention. While depending on this crystal structure, to reduce the concerns
over embrittlement, 3.7% or less is preferable. If 3.2% or less, while there is also the balance with the amount of other
elements, it no longer becomes necessary to consider embrittlement much at all. Further, the content may be made less
than 2.0%, less than 1.5%, and less than 1.0%.

[0016] Note that in the case of utilization of the later explained solid solution Cu, Si is effective for suppressing the
formation of the austenite phase at a high temperature, stabilizing the ferrite phase even at a high temperature, and
making the effect of reduction of the eddy current loss by the solid solution Cu remarkable, but with an amount of addition
of less than 1.5%, this effect is small. In particular, in low Si steel, the effect of reduction of the eddy current loss by the
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solid solution C tends to become weaker, so preferably 2.1% or more, more preferably 2.6% or more Si is contained.
[0017] Mn may be positively added to raise the strength of the steel, but is not particularly required for the purpose in
the steel of the present invention utilizing the worked structures as the main means for increasing the strength. This is
added for the purpose of raising the inherent resistance or enlarging the sulfides and promoting crystal grain growth and
thereby reducing the eddy current loss and reducing the iron loss, but excessive addition not only causes a drop in the
magnetic flux density, but also promotes the formation of the austenite phase at a high temperature, so the content is
made 0.05 to 3.0%, preferably 0.5% to 2.5%, preferably 0.5% to 2.0%, more preferably 0.8% to 1.2%.

[0018] P is an element with a remarkable effect in raising the tensile strength and contributes to stabilization of the
ferrite phase at a high temperature, but in the same way as the above Mn, in the present invention steel, addition is not
really required. If over 0.3%, the embrittlement becomes great and industrial scale hot rolling, cold rolling, and other
processing become difficult, so the upper limit is made 0.30%. The amount is preferably 0.20% or less, more preferably
0.15% or less.

[0019] S easily bonds with the Cu added in accordance with need in the invention steels, has an effect on the behavior
in formation of a metal phase mainly comprised of Cu important for the purpose of addition of Cu, and sometimes causes
reduction of the strengthening efficiency, so caution is required when including it in a large amount. Further, depending
on the heat treatment conditions, it is possible to positively form fine Cu sulfides and promote higher strength. The
produced sulfides sometime cause deterioration of the magnetic properties, in particular the iron loss. In particular, when
the control value of the iron loss is strict, the content of S is preferably low and is limited to 0.040% or less. The content
is preferably 0.020% or less, more preferably 0.010% or less. Se also has substantially the same effect as S.

[0020] Al is usually added as a deoxidizing agent, but it is possible to keep down the addition of Al and use Si for
deoxidation. In Si deoxidized steel with an amount of Al of 0.005% or so or less, AIN is not produced, so this also has
the effect of reducing the iron loss. Conversely, it is also possible to positively add it to promote the coarsening of the
AIN and use the increase in inherent resistance to reduce the iron loss, but if over 2.50%, the embrittlement becomes
a problem, so the content is made 2.50% to less than 2.0% or less than 1.8%.

[0021] Note that when utilizing solid solution Cu as the strengthening element, from the viewpoints of deoxidation and
formation of nitrides as well, solid solution Al is positively added to stabilize the ferrite phase at a high temperature and
suppress the eddy currentloss due to the increase in the electrical resistance. Further, this also has the effect of promoting
the remarkable effect of reduction of the eddy current loss by the solid solution Cu. In the same way as Si, this is preferably
positively added. The content is preferably 0.3% or more, more preferably 0.6% or more, more preferably 1.1% or more,
more preferably 1.6% or more, more preferably 2.1% or more. However, if over 2.50%, the castability and embrittlement
become problems, so the content is made 2.50% or less.

[0022] N, like C, causes the magnetic properties to deteriorate, so the content is made 0.040% or less. In Si deoxidized
steel with an Al content of 0.005% or so or less, like C, it is an element having the effects of increasing the strength, in
particularly raising the yield stress, improving the warm strength and creep strength, and improving the warm fatigue
characteristics and, in the case of Nb-containing steel, retarding recrystallization by NbN, and also effective from the
viewpoint of improving the texture. From this viewpoint, the content is preferably 0.0031 to 0.0301%, more preferably
0.0051 to 0.0221%, more preferably 0.0061 to 0.0200%, more preferably 0.0071 to 0.0181%, more preferably 0.0081
to 0.0151%. When Al is 0.010% or so or more, inclusion of a large amount of N enables the formation of fine AIN and
an enhancement of the recrystallization retardation effect, but the efficiency of retarding recrystallization is poor and the
detrimental effect on the magnetic properties is also relatively large, so there is really no need for addition. In Al deoxidized
steel, N should be 0.0040% or less. When no rise in strength due to nitrides or recrystallization retardation effect is
expected, N is preferably as low as possible. If made 0.0027% or less, the effect of suppression of magnetic aging or
deterioration of characteristics by AIN in Al-containing steel is remarkable. The content is more preferably 0.0022%,
more preferably 0.0015% or less.

[0023] Cu is included in the present invention in accordance with need. Cu, if present as solid solution Cu, has the
effect of raising the recrystallization degree of steel sheet and retarding recrystallization of the steel sheet. In the work
strengthening of the presentinvention, such an effect appears from 0.001% or so. Depending on the amount of impurities,
it is possible to obtain this effect by Cu even without positively adding Cu, but preferably Cu is made 0.002% or more,
0.003% or more, 0.005% or more, 0.007% or more, 0.01% or more, 0.02% or more, 0.03% or more, 0.04% or more,
0.05% or more, further 0.1% or more, 0.5% or more, 1.0% or more, or 2.0% or more. If so, the effect appears more. If
the content of Cu is low, the recrystallization retardation effect becomes small, the heat treatment conditions for obtaining
the recrystallization retardation effect are limited to a narrow range, and the freedom of management of the production
conditions and adjustment of production becomes smaller in some cases. On the other hand, if the content of Cu is
excessively high, the effect on the magnetic properties becomes large and in particular the rise in the iron loss becomes
remarkable in some cases, so the upper limit from this viewpoint is 8.0%, particularly preferably 5.5% or less. From the
viewpoint of the cost of addition, the content may be made less than 0.1%, further less than 0.01.

[0024] In conventional steel, in such a low Cu region, almost no effect of Cu is seen, but in the present invention steel,
even with such a small amount of Cu, a good effect appears on the improvement of the yield strength-iron loss balance.
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This mechanism is not clear, but is believed to be as follows. The high density dislocations present in steel such as the
invention steels can be said to be necessary for securing strength and at the very least raise the iron loss. The rise in
the yield strength is related to the interaction between the dislocations remaining in the steel and the dislocations newly
introduced when deforming the steel sheet and the ease of activity of the dislocations remaining in the steel. The stronger
the interactions or the harder the activity of existing dislocations, the more the yield strength rises. On the other hand,
the iron loss is related to the interaction between dislocations remaining in the steel and the domain walls moving at the
time of application of a magnetic field. The smaller this interaction, the more the rise in iron loss is suppressed. As a
result, the interaction with the dislocations becomes greater (or the remaining dislocations themselves become less
active). If a large number of dislocations with small interaction with the domain walls are left, the yield strength-iron loss
balance is improved. The magnitude of the interaction is basically considered to be related to the stress fields around
the dislocations (strain of crystal lattice). It is believed that a small amount of Cu segregates around the remaining
dislocations and forms optimum stress fields for the improvement of the yield strength-iron loss balance, preferable
dislocations are selectively proliferated in the process of forming the remaining dislocations, or preferable dislocations
are made to selectively remain in the annealing process. At what stage the effect of the small amount of Cu is exhibited
is not clear, but the change in the stress field due to the difference in atomic radius between the Cu and Fe may be
explained as one factor.

[0025] On the other hand, the inventors already filed an application for technology forming a metal phase mainly
comprised of Cu in electrical steel sheet (hereinafter in the Description described as a "Cu metal phase") to try to achieve
higher strength. When it comes to the Cu metal phase, combination with this application does not detract from the effects
of the present invention in any way. While not particularly limited to this, the size of the Cu metal phase or Nb precipitates
present in the invention steel is preferably 0.20 wm or less. If exceeding this, the efficiency of recrystallization retardation
falls, a large amount of metal phase becomes necessary, and also the detrimental effect on the magnetic properties
easily becomes larger. Further, while not particularly limited to this, the numerical density of the Cu metal phase or Nb
precipitates is limited to the range able to be handled in view of the relationship with the Cu, Nb, or C content and the
size of the precipitated phase. 20/um3 or more or sois desirable. This effectis achieved in the above range of concentration
of Cu.

[0026] Further, when utilizing the later explained solid solution Cu as the strengthening element, the range of Cu for
achieving good high frequency properties may be made 2.0 to 30.0%. If the content of Cu is low, the eddy current loss
reduction effect becomes small. On the other hand, if the content of Cu is too high, suppressing production of the metal
phases mainly comprised of Cu becomes difficult and the eddy current loss reduction effect becomes smaller. Not only
this, when forming relatively coarse Cu metal phases, the hysteresis loss is liable to be greatly increased and cracks
and defects in the steel sheet at the time of rolling are liable to become worse.

[0027] Therefore, the content of Cu in this case is preferably 2.1% or more, more preferably 2.6% or more, more
preferably 3.1% or more, more preferably 3.6% or more, more preferably 4.1% or more, more preferably 4.6% or more.
The upper limit, considering also the cost of addition of Cu itself and the cost of addition of Ni added for the purpose of
suppressing surface defects at the time of hot rolling due to Cu (Cu defects), is preferably 20.0%, more preferably 15.0%,
more preferably 12.0%, more preferably 10.0%. Note that if the Cu added in the high Si steel in such a case is in the
state of a solid solution, it will not cause embrittlement of the steel or deterioration of the cold rollability like Si or Al.
Rather, it will have a preferable action in suppressing embrittlement due to Si etc. Further, it does not cause a great
deterioration in the magnetic flux density like the later mentioned Cr and is of little harm even if included in a relatively
large amount.

[0028] Nb is added in accordance with need in the present invention. While depending on the amounts of C, N, and
S contained, it forms carbides, nitrides, sulfides, and other fine precipitates in large amounts in steel sheet and causes
a remarkable deterioration in the iron loss, promotes the growth of the {111} texture after cold rolling and annealing, and
reduces the magnetic flux density, so in the present invention steel does not really have to be added. For this reason,
it making the upper limit of Nb 8% or less, preferably 0.02% or less, more preferably 0.0050% or less, still more preferably
0.0030% or less, it becomes possible to obtain good iron loss.

[0029] However, carbides and nitrides of Nb (hereinafter in this Description referred to as "Nb precipitates") have the
action of retarding the recrystallization of steel sheet, so it is possible to actively use this in the present invention. Further,
the fine Nb precipitates also have the effect of increasing the strength in a range not exerting a detrimental effect on the
magnetic properties. Further, the Nb can also be utilized as solid solution Nb for strengthening. The range is limited to
0.05 to 8.0%. The content is preferably 0.08 to 2.0%.

[0030] In addition, almost all elements utilized for increasing the strength in high strength electrical steel sheet in the
prior art are not only viewed as problems in terms of the costs of addition, but also have some detrimental effect on the
magnetic properties, so do not really have to be added. When positively added, from the balance of the recrystallization
retardation effect, strength increasing effect, rise in costs, and deterioration of magnetic properties, one or more of Ti,
Zr,V, B, Ni, and Cr are added, but the amounts of addition are made Ti: 1.0% or less, Zr: 1.0% or less, V: 1.0% or less,
B: 0.010% or less, Ni: 15.0% or less, and Cr: 15.0% or less.
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[0031] Ti, Zr, and V are elements which form fine precipitates of carbides, nitrides, sulfides, etc. in steel sheet and
have the effect of increasing the strength as well, but compared with Nb, the effects are small yet the tendency to cause
deterioration of the iron loss is stronger. Further, when forming a partial recrystallized structure in the annealing step
after cold rolling, there is a strong effect of promoting alignment in the {111} orientation disadvantageous to improvement
of the magnetic flux density, so in the present invention steel, this rather can become harmful elements. For this reason,
when not intending strengthening by precipitates, it is preferable to make the contents 1.0% or less. By making the
contents preferably 0.50% or less, more preferably 0.30% or less, still more preferably 0.010% or less, further 0.0050%
or less, good iron loss can be obtained.

[0032] Note that Nb, Zr, Ti, V, and other carbide, nitride, and sulfide forming elements should be prevented from
precipitating in the present invention so long as not utilizing the precipitating effects of this as explained above.
Nb+Zr+Ti+V is less than 0.1%, preferably less than 0.08%, more preferably 0.002 to 0.05%.

[0033] B segregates at the crystal grain boundaries and has the effect of suppressing embrittlement due to grain
boundary segregation of P, but in the present invention steel, embrittlement does not become a particular problem like
with the conventional mainly solid solution strengthened high strength electrical steel sheet, so addition for this objective
is not important. Rather, 0.0002% or more should be added for the purpose of retarding recrystallization due to the
effects of the solid solution B on the recrystallization degree. If over 0.010%, remarkable embrittlement occurs, so the
upper limit is made 0.010%.

[0034] Niis also recognized as having the effect of raising the recrystallization degree from about 0.001%. Even with
a content of 0.01% or less, it has a certain effect in fixing dislocations, but preferably is contained in 0.05%, 0.1%, 0.5%,
1.0%, 2.0%, or further 3.0% whereby its effects are manifested more clearly. Ni further is known to be effective for the
prevention of surface defects at the time of hot rolling due to the Cu as an element included in accordance with need in
the invention steel (Cu defects). This may also be positively added for this objective as well. Further, it is relatively small
in detrimental effects on the magnetic properties and has the effect of improvement of the magnetic flux density and is
further recognized as being effective for increasing the strength, so is an element often used in high strength electrical
steel sheet. When using Ni for the purpose of preventing Cu defects, it is as a rough standard added in an amount of
1/8 to V2 or so of the amount of Cu.

[0035] When utilizing solid solution Cu to increase the strength as explained later, by including Ni compositely, a
remarkable effect of reduction of the eddy current loss never seen in the past is exhibited. The reason for this is not
clear, but it could be the effect of the positions occupied by the solid solution Cu and solid solution Ni on the Fe crystal
lattice and somehow the formation of a regular lattice relating to Ni and Cu.

[0036] Further, Ni is also effective for improving the corrosion resistance, but considering the cost of addition and the
detrimental effect on the magnetic properties, the upper limit is preferably made 15%, further 10%, still further 5.0%.
[0037] Cris an element added for improving the corrosion resistance and improving the magnetic properties in the
high frequency range, but again considering the cost of addition and the detrimental effect on the magnetic properties,
the upper limit is preferably made 15.0%.

[0038] In particular, when utilizing solid solution Cu as explained later, these roles are sufficiently filled by the Cu (or
other elements like Ni), so there is really no need for addition for this purpose. When utilizing solid solution Cu, the Cr
is rather added for controlling the stability of the ferrite phase at a high temperature, but the drop in the magnetic flux
density due to the addition is remarkable and the element rather can become harmful. Further, the effect of reduction
of the eddy current loss due to the solid solution Cu is remarkably expressed in low Cr steel, so unless there is some
sort of need, Cr is preferably not added. The reason is not clear, but the effect of the solid solution Cu is believed to
become remarkable due to the phenomenon of interaction with not only the above Si, Al, and Ni, but also other elements
including Cr. From this viewpoint, considering also the cost of addition, the upper limit of Cr is made 15%, preferably
8.0%, more preferably 4.9%, more preferably 2.9%, more preferably 1.9%, more preferably 0.9%, and more preferably
0.4%.

[0039] Further, regarding other trace amount elements, in addition to the amounts unavoidably included from the ore,
scraps, etc., even if added in various known ways, the effect of the present invention is not impaired in any way. Further,
even if the amounts are small, these are elements forming fine carbides, sulfides, nitrides, oxides, etc. and exhibiting
not insignificant recrystallization retardation effects or strength increasing effects, but these fine precipitates also have
large detrimental effects on the magnetic properties. Further, in the present invention steel, the residual worked and
restored structures enable a sufficient recrystallization retardation effect to be obtained, so these elements need not
really be added.

[0040] The unavoidable content of these trace amount elements is usually 0.005% or less for each element, but
addition of 0.01% or so or more is also possible for various purposes not described in this description. In this case as
well, from the balance with the magnetic properties, the one or more types of Bi, Mo, W, Sn, Sb, Mg, Ca, Ce, and Co
are made a total of 0.5% or less.

[0041] The steel including the above ingredients is melted by a converter in the same way as ordinary electrical steel
sheet, is continuously cast into a slab, then is hot rolled. The hot rolled sheet is annealed, cold rolled, final annealed,
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etc. to be produced. Going through steps for formation of an insulating coating or decarburization etc. in addition to these
steps does not detract from the effects of the present invention in any way. Further, there is also no problem even if
produced not by the usual steps, but by the steps of production of strip by rapid cooling and solidification, the continuous
casting of thin slabs without any hot rolling step, etc.

[Worked Structures]

[0042] In the present invention, it is necessary to form special structures called "worked structures” in the present
invention in the steel sheet. The "worked structures" in the present invention are differentiated from the "recrystallized
structures" accounting for almost the entire steel sheetin ordinary electrical steel sheet. Ingeneral, this indicates structures
where the strain accumulated in the steel sheet due to cold rolling etc. has not fully disappeared. More specifically, in
the process of annealing cold rolled steel sheet, structures deformed by cold rolling and containing a high density of
dislocations are encroached upon by structures with a low density of dislocations formed by holding the steel at a high
temperature in the annealing step ("recrystallized structures") resulting in progression of recrystallization. The regions
not encroached upon by these "recrystallized structures" are defined as the "worked structures". The worked structures
generally become lower in density of dislocations due to the so-called restoration etc. during annealing, but do not
become as low as the recrystallized structures. In the distribution of strain, there is an uneven state between the "worked
structures" and "recrystallized structures". Further, the "worked structures" may be obtained by further working the
recrystallized structures. In this case, if viewed overall, the state becomes one where uniform strain remains in the
structure. In the present invention, the worked structures are utilized to achieve the targeted higher strength.

[Grain Size Before Working]

[0043] Next, the average crystal grain size d of the steel sheet right before the step of forming the worked structures
to finally remain inside the steel sheet characterizing the present invention will be explained. Below, this grain size will
be called the "grain size before working". The present invention basically coarsens the "grain size before working" to
greatly improve the properties after working, in particular the strength-iron loss balance. The "grain size before working"
becomes the grain size at the point of time of the hot rolled sheet when cold rolling the hot rolled sheet, then suppressing
recrystallization in the subsequent annealing so as to leave worked structures in the final product. At this time, if annealing
the hot rolled sheet as generally performed in electrical steel sheet, the grain size after annealing the hot rolled sheet
becomes the "grain size before working". Further, when again cold rolling steel sheet cold rolled, then recrystallized so
as to leave worked structures in the final product, this becomes the grain size at the point of time of the annealed sheet.
Further, when for example cold rolling the sheet, then again cold rolling it while leaving worked structures in the annealing
step, the effect of the working by the repeated cold rolling may be great, but the worked structures formed by the cold
rolling will not completely disappear and will remain until after the repeated cold rolling when repeatedly being cold rolled,
so the grain size before cold rolling, that is, if the usual steps, the hot rolled sheet grain size, will become the "grain size
before working".

[0044] In the present invention, this "grain size before working" d (wm) is defined as a specific range in relation to the
amount of Si and the amount of Al. That is, by satisfying the following formula (1) or (2) and further (3) and (4), the
superior strength-iron loss balance characteristic of the present invention is achieved:

d>20 pm... (1)

d=(220-50x31%-50xAl%) ... (2)

d<(400-50x3i%) ... (3),

and

d<(820-200xSi%)... (4)
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[0045] Formula (1) simply shows the case where the "grain size before working" is coarser than a specific size. The
crystal grain size of usual steel sheet is controlled to a range of several um to several hundreds of 100 pm, but to obtain
the effect of the presentinvention, it must be made 20 um or more. The size is preferably 50 .um or more, more preferably
100 wm or more, more preferably 150 wm or more, more preferably 200 wm or more, more preferably 250 wm or more.
[0046] Formula (2) defines the "grain size before working" obtained by the effect of the invention in relation to the
amount of Si and the amount of Al. In general, the higher the amount of Si and the amount of Al in steel sheet, the better
the strength-iron loss balance, so the higher the Si and the higher the Al in the material, the easier it is to obtain an
excellent strength-iron loss balance even if the "grain size before working" is small. d>(200-50XSi%-50xAl%), d>
(180-50XSi%-50x Al%), further d>(150-50%x Si%-50<Al%) are possible. On the other hand, d>(220-50xSi%) is also
possible.

[0047] Formula (3) and Formula (4) give rough standards for the upper limit of the "grain size before working". In
general, the higher the Siin the material, the brittler the material, butif the "grain size before working" becomes excessively
coarse, it becomes further brittle and cold rolling and other working become difficult, so sometimes an upper limit becomes
necessary. This upper limit depends not only the steel ingredients other than the amount of Si and the heat history up
until working, but also the method of working the steel sheet and the properties aimed at.

[0048] The specific conditions for controlling the "grain size before working" to the above range depend also on the
steel ingredients and the heat history until working, so cannot be limited to specific ranges, but a person skilled in the
art having the usual knowledge would not find it hard to determine suitable conditions by running heat treatment tests
several times on steel sheet with the ingredients and heat history corresponding to the targeted steel sheet. To point is
to confirm the steel sheet recrystallization and grain growth behavior and just control the heat history so that the aimed
at structure is obtained.

[0049] As the steel ingredients, raising the purity facilitates formation of coarse grains. In particular, reduction of the
C, N, and P is effective. Further, making by ingredients a ferrite single phase steel and suppressing transformation during
hot rolling makes coarsening of the grains of the hot rolled sheet easier to achieve.

[0050] Further, if oriented at coarser grains in the hot rolled sheet, raising the hot rolling heating temperature, raising
the hot rolling finishing temperature, reducing the reduction rate after hot rolling finishing, slow cooling after final rolling,
high temperature coiling, high temperature long term hot rolled sheet annealing, etc. may be considered. Further, if
oriented at coarser grains in the annealed sheet, high temperature long term annealing is simple, but it is also possible
to make the precipitates coarser and improve the grain growth at the time of annealing by low temperature slab heating
or high temperature coiling in the hot rolling or high temperature hot rolled sheet annealing conditions. Specifically, for
example, it is preferable to make the annealing step right before forming the worked structures any one of the following.

(1) When performing the cold rolling two times or more interspaced with process annealing, performing the process
annealing right before the final cold rolling at a temperature of over 850°C (preferably 860°C or more) or for a time
over 30 sec (preferably 35 sec or more).

(2) When performing the cold rolling just a single time, when annealing the hot rolled sheet, annealing the hot rolled
sheet at a temperature of over 1100°C (preferably 1110°C or more) or for a time over 30 sec (preferably 35 sec or
more).

(3) When not either the above (1) or (2), performing the coiling at the hot rolling at a temperature of over 700°C
(preferably 710°C or more).

[Recrystallization Rate in Structure Before Working]

[0051] Note that depending on the conditions, sometimes worked structures remain in the steel sheet right before the
step of forming the worked structures to finally remain inside the steel sheet. In this case, to obtain the effect of the
present invention, it is preferable not to allow worked structures to remain right before the step of forming the worked
structures as much as possible. Making the recrystallization rate r right before the step of forming the worked structures

r250%... (5)

is preferable. More preferably, ris 90% or more. Needless to say, right before the step of forming the worked structures,
a complete recrystallized structure satisfying the above formulas (1) to (4) is preferable. Further, when not yet recrys-
tallized regions partially remain in the structure right before the step of forming the worked structures, it is possible to
obtain the effect of the invention by satisfying the above formula (5), but when the grain size of the recrystallized parts
is coarse, even if the not yet recrystallized parts exceed 50%, the effects of present invention will sometimes appear.
At this time, by assuming the not yet recrystallized parts are fine crystal grains of a grain size of 5 um and finding the
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average grain size, it is possible to judge the effect of the invention by the formulas (1) and (2). This case is also included
in the present invention.

[Method of Measurement of Grain Size Before Working]

[0052] Note that the crystal grain size and recrystallization rate are found by observation of the structure of the sheet
cross-section by etching as usually performed in observation of the structure of ferrous metals. The grain size is the
diameter found from the area per crystal grain observed when assuming the cross-sectional area of the grain is a circle,
while the recrystallization rate is found from the area rate of not yet recrystallized parts in the observed area. Needless
to say the measurement has to be performed for a sufficiently average region without segregation.

[Effect of Grain Size Before Working]

[0053] The mechanism for the effect of the "grain size before working" is not certain, but the effects of the change of
the dislocation structure, the change of the texture, further the change in the dislocation structure after working due to
the difference in texture before working, etc. may be considered. While the details are unclear, it is conjectured that in
the end, the dislocation structures in the worked structures change to structures acting as powerful obstructions to
dislocations trying to move due to external stress and not easily acting as obstructions to domain walls trying to move
due to the external magnetic field.

[Tensile Strength]

[0054] The steel sheet covered by the present invention has a tensile strength of 500 MPa or more. If a steel sheet
with a tensile strength of an extent lower than this, even with a steel sheet mainly strengthened by the usual Si, Mn, and
other solid solution elements and structurally completely occupied by recrystallized structures, production becomes
possible without causing the productivity to deteriorate that much. This is because such a material gives sheet remarkably
superior in magnetic properties. The present invention is limited to high strength materials mainly strengthened by the
usual solid solution strengthening and unable to be produced without deterioration of the productivity. To enjoy the merits
of the presentinvention more, the invention should be applied to preferably 600 MPa or more steel sheet, more preferably
700 MPa or more, more preferably 800 MPa or more steel sheet. Even production of 900 MPa or more steel sheet not
being produced at all at the present is possible. Further, even 1000 MPa or more steel sheet not even imagined for
production in the future can be produced with a high productivity.

[0055] Note that when used as the rotor of a motor, a slight deformation means the end of the life of the part, so not
the tensile strength, but the yield stress should be used for evaluation. The invention steels have worked structures
remaining in them, so compared with solid solution strengthened steel or precipitation strengthened steel, if the same
strength, the yield stress is higher and, in comparison with these conventional materials, more desirable properties are
exhibited. That is, the yield ratio becomes a relatively high value of 0.7 to 1.0 or so. The correlation between the yield
stress and the tensile strength becomes extremely strong in the material. For this reason, even if using the yield stress
for evaluation, the superiority of the invention steels does not change at all. The effect of the invention is exhibited without
problem even for applications like rotors where the yield stress becomes a problem.

[Area Rate of Worked Structures]

[0056] The worked structures are present in an area rate in observation of the cross-sectional structure of steel sheet
of 1% or more. The cross-sectional area is observed in the present invention by a cross-section where one side of the
cross-section becomes the steel sheet rolling direction and the other side becomes the steel sheet thickness direction.
The method performed with ordinary steel sheet of using Nital or another chemical to etch and expose the structure is
used, but the invention is not particularly limited in method of observation. Any technique enabling differentiation of the
recrystallized structure and the worked structures may be used.

[0057] If the area rate of the worked structures is 1% or less, the effect of increasing the strength becomes smaller.
When the worked structures are substantially 0%, the result becomes the ordinary steel sheet itself. By controlling the
rate to the range of 0 to 1%, the effect of increasing the strength is smaller yet it is necessary to extremely strictly control
the temperature of the annealing so this is not practical. To obtain the level of strength actually required, the area rate
of the worked structures is controlled to preferably 5% or more, more preferably 10% or more, more preferably 20% or
more, more preferably 30% or more, more preferably 50% or more, more preferably 70% or more. There is no problem
at all even if made 100% worked structures where substantially no recrystallized structures are observed at all. In this
case, the result becomes a so-called "full hard" state which does not anneal at all or the state where annealing is
performed, but the structure is restored to the state before the start of recrystallization.
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[0058] Note that even if the worked structures are less than 95%, 90%, 85%, 80%, or further 75%, the effect of the
present invention is obtained.

[Formation of Worked Structures]

[0059] Inthe steel sheet of the presentinvention, the structure is adjusted in accordance with the strength and magnetic
properties needed, but this adjustment can be performed by the steel ingredients, hot rolling history, cold rolling rate,
annealing temperature, annealing time or heating speed, cooling rate, etc. A person skilled in the art can perform this
without any problem at all by repeated trials. Alternatively, steel sheet annealed so that the recrystallized structures
account for the entire weight may be given strain by repeated cold rolling etc. to form worked structures. In this case,
usually the strain is given macroscopically evenly, so the entire amount of the structure becomes worked structures or
corresponding to 100% worked structures. In this case, the steel ingredients, heat history, properties, etc. before working
are considered and the amount of work is used to control the strength and magnetic properties. This is also possible for
a person skilled in the art without problem by several trials.

[0060] As a rough standard, with so-called ordinary low grade electrical steel sheet with an amount of Si of 1% or so
or less, the temperature is not over 700°C, while even with so-called ordinary high grade electrical steel sheet with an
amount of Si of 3% or so, the temperature is not over 800°C or so, but for example by adding suitable amounts of Cu,
Nb, etc., it is possible to obtain invention steels of completely restored structures not recrystallizing at all even at a
temperature of 900°C or so or more. On the other hand, annealing at a temperature very different from ordinary electrical
steel sheet requires a major change in the furnace temperature and not only invites a drop in the work efficiency, but
also causes problems in safety as well as mentioned above due to the production of unburned gas. The lower limit of
the annealing temperature for avoiding these problems due to extremely low temperature annealing is 400°C or so or more.
[0061] The rough standard for the annealing time depends on the temperature as well, but at least 5 seconds or so
is required for giving an annealing effect. The annealing time cannot be unambiguously explicitly shown since it depends
on the ingredients, production history up to the heat treatment, etc., but the rough standard is, if 850°C, within 5 minutes,
if 750°C, within one hour, and, if 600°C, without 10 hours. As explained above, the temperature and time conditions
enabling the effect of the invention to be enjoyed can be found without problem by a person skilled in the art by several
trials. The point is confirmation of the recrystallization behavior of the steel sheet covered.

[0062] When newly forming worked structures by repeated cold rolling etc., if the amount of work is low, it is sometimes
difficult to clearly determine the existence of worked structures by the above method of observation of structure, but as
a rough standard for sufficiently obtaining the effect of the invention, it is possible to use the (size of crystal grains in
sheet thickness direction)/(size of crystal grains in rolling direction) in observation of the cross-sectional structure. This
value is made 0.9 or less. If 0.8 or less, the effect of increasing the strength is clearly obtained. The value is preferably
0.7 or less, more preferably 0.6 or less, more preferably 0.5 or less, more preferably 0.3 or less. However, if this value
is excessively low, the deterioration of the magnetic properties becomes remarkable, so caution is required.

[0063] The above working is usually performed by cold rolling, but there is no need to insist on this so long as there
is a change in amount of strain or material quality with the prescription of the present invention. Warm rolling, hot rolling
of an extent where the worked structures do not disappear, tensile deformation by imparting tension, bending deformation
by a leveler etc., shot blasting, forging, or another method may be used. Rather, due to the method of imparting strain,
the dislocation structure is made to change to one preferable for the present invention explained later, so further im-
provement in properties becomes possible.

[0064] In the case of performing this working by cold rolling, the rough standard of the reduction rate can be easily
estimated from the ratio of the size of the crystal grains, butis 10 to 70% or so. When further again cold rolling material
softened to a certain extent in such an annealing step so as to harden it, the material can easily be made thinner and
the productivity of the very thin electrical steel sheet which had been difficult to make in the past is also improved. Such
very thin electrical steel sheet according to the present invention enables suppression of the eddy current loss in the
case of use under a high frequency magnetic field, so also has the merit of being effective for reduction of the iron loss.
[0065] Note that even now there is electrical steel sheet being shipped out after rolling recrystallization annealed steel
sheet by 1 to 20% or so skin pass rolling like with the other method of the present invention, that is, so-called semiprocess
electrical steel sheet. This skin pass rolled sheet is shipped out as a product, worked by motor manufacturers into motor
parts, then annealed under conditions whereby recrystallization will sufficiently occur to cause strain-induced grain
growth and thereby obtain a coarse recrystallized structure. This is a means for improving the magnetic properties and
is also sometimes called the skin pass method. In this method, no worked structures are ever left at the time of use as
a member.

[Heat Treatment After Formation of Worked Structures]

[0066] The present invention inherently differs from this steel sheet and method. It basically does not perform any
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heat treatment after working the sheet into the part of the electrical equipment. Even when performing some sort of heat
treatment by bonding the steel sheet or surface control etc., the worked structures prescribed in the present invention
will not disappear and will remain in the range prescribed by the present invention. This is because if the worked structures
disappear or deviate from the prescribed range of the present invention, the strength of the steel sheet required in the
state of use as an actual motor will become insufficient. The rough standard of the temperature of this heat treatment
is the same as the temperature conditions in the above step of annealing the steel sheet. The optimal conditions for
enjoying the effect of the invention can be found with the cooperation of persons skilled in the art of production of steel
sheet or, even without such cooperation, without any problem by several trials by a usual manufacturer of electrical
equipment.

[Dislocation Density]

[0067] The effect of the "worked structures" explained above can also be evaluated by the dislocation density in the
"worked structures". The average dislocation density in the worked structures is 1x1073/m2 or more, more preferably
3%1013/m2 or more, more preferably 1x1014/m2 or more, more preferably 3x1014/m2 or more. This dislocation density
is measured by a transmission type electron microscope. In ordinary electrical steel sheet where the entire amount of
the steel sheet is recrystallized structures, the average dislocation density is 1x1012/m2 or so or less, so is 10 times or
more the difference sufficient for discrimination of the worked structures.

[0068] Note that strictly speaking, to use even ordinary electrical steel sheet as various members, manufacturers etc.
shear, swage, and otherwise work it. Due to this, it is known that some strain remains introduced into the steel sheet
and that this has an effect on the properties of the members. This sort of strain is introduced only to the worked locations
of the steel sheet and differs from the strain consciously made present at the entire surface of the steel sheet in the
present invention, so does not contribute much at all to achieving high strength of the member as a whole.

[Reason Why Magnetic Properties Can Be Maintained]

[0069] The reason why the good magnetic properties can be maintained even if leaving worked structures in the
material as in the present invention is not clear, but is believed to be something like the following. In the past, worked
structures were considered to cause the magnetic properties to greatly deteriorate and were not regarded as means for
achieving high strength of the material. High strength was achieved by refinement of the crystal grains, solid solution
strengthening, precipitation strengthening, etc. However, demands for higher strength of materials have been steadily
escalating. The conventional means for achieving high strength are now being forced to deal with even regions of
conditions remarkably degrading the magnetic properties. When viewing the means for achieving high strength utilizing
worked structures once again under such conditions, it appears in some sense that it can no longer be said to be such
a disadvantageous method.

[0070] Further, what had been conventionally studied was the effect of worked structures in cold rolling of materials
where the amount of strain was relatively small in range. Under such conditions, it is believed that the dislocation
structures in the material are not relatively even and relatively stable dislocation arrangements like so-called cell structures
or restored structures are not formed. Such an extent of working was not attractive at all as means for achieving high
strength. Further, with such dislocation structures, the dislocations only became obstructions to domain wall movement.
The magnetic properties remarkably deteriorated so this was apparently never practically applied.

[0071] On the other hand, when cold working with a relatively high amount of strain like in the present invention or in
worked structures restored by annealing, the dislocations form relatively stable cell structures. The cells are normally of
a diameter of 1 um to 0.1 wm or so. Except for the fact that the cell boundaries are formed by dislocations and the
difference in crystal orientations with adjacent cells is small, they have structures similar to general crystal grains. They
can be viewed as one type of superfine crystal grains and are believed not to easily obstruct domain wall movement.
Further, such superfine crystal grains are high in strength and have corresponding ductility when working is required.
When considering the balance of strength and magnetic properties, this is believed to be of a level sufficiently enabling
practical use. Further, even in the invention steels where worked structures are present, in applications such as use
under a high frequency magnetic field where the contribution of the eddy current loss is particularly large in the iron loss,
the addition of Si, Mn, Al, Cr, Ni, etc. is important. This has a great effect on the work hardening behavior, the recrys-
tallization behavior, etc., so the development of dislocation strengthened steel based on electrical steel sheet has
completely different meaning from that in so-called working use ordinary steel used for automobiles, containers, etc.

[Utilization of Solid Solution Cu]

[0072] Note thatin the presentinvention, separate from Si and other conventionally known solid solution strengthening
elements, it is also possible to introduce solid solution Cu and obtain electrical steel sheet superior in high frequency
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magnetic properties without inviting the deterioration of the magnetic properties or productivity accompanying the addition
of conventional alloy elements (below, referred to as "solid solution Cu strengthening"). In this case, by the measures of

1) adding a larger amount of Cu than ever seen in the past,

2) suppressing the formation of the austenite phase in the high temperature region,

3) performing the high temperature heat treatment in the ferrite region to make a large amount of Cu enter solid
solution, and

4) controlling the cooling so that oversaturated Cu does not precipitate during the cooling,

the added Cu will be present as solid solution Cu even in the final product, an effect of suppression of eddy current
loss never before conceived of in the past is expressed, a good high frequency iron loss can be obtained, and the
effect on deterioration of the magnetic flux density can be kept relatively small.

[0073] The solid solution Cu strengthening is an effect independent from the above work strengthening and can be
performed independently even without being accompanied by work strengthening. In this case, for example, the electrical
steel sheet is made one containing, by mass%, C: 0.06% or less, Si: 1.5 to 6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less,
S or Se: 0.040% or less, Al: 2.50% or less, Cu: 2.0 to 30.0%, and N: 0.0400% or less, having a balance of Fe and
unavoidable impurities, and not containing any metal phase made of Cu inside it. In some cases, it may further contain
one or more of Nb: 8% or less, Ti: 1.0% or less, B: 0.010% or less, Ni: 15.0% or less, and Cr: 15.0% or less.

[0074] On the other hand, by using this for work strengthening, a synergistic strengthening effect is obtained together
with the effect of raising the recrystallization degree by the solid solution Cu.

[0075] The effect of reduction of the eddy current loss and the effect of embrittlement at the time the amount of solid
solution Cu increases is not due just to the amount of solid solution element. As explained above, an interactive effect
is seen. Therefore, this is also considered in setting the preferable range of ingredients. Further, at the time of utilization
for solid solution Cu strengthening, finally it is preferable to apply heat treatment for causing recrystallization and grain
growth, so it is necessary to determine the ingredients while considering also the change in the amount of solid solution
Cu due to formation of precipitates containing Cu at the time of this heat treatment. In particular, the transformation of
the steel matrix phase at the time of heat treatment not only results in a great change in the solubility of Cu, but also
ends up causing the structures preferable for magnetic flux density to disappear, so when utilizing solid solution Cu
strengthening, basically transformation at the time of heat treatment should be avoided. Specifically, a single ferrite
phase at the temperature region from room temperature to 1150°C or satisfaction, by mass%, of

980-400xC+50xS1-30xMn+400xP+100xA1l-20%xCu—-15xNi~-
10xCr>900... formula 1

is preferable. If off from this range, unpreferable transformation occurs during the heat treatment and the possibility
increases of the effect of solid solution Cu strengthening being obstructed.

[0076] The features of solid solution Cu strengthening can be clearly shown even with comparison of the properties
with general materials. In comparison with steel sheet where the steel ingredients other than the Cu are the same, the
Cu is 0.1%, and the crystal grain size is the same, a solid solution Cu strengthened steel sheet having an iron loss
W 0/400 Of 0.8 or less, 0.7 or less, 0.6 or less, 0.5 less, 0.4 less, more preferably 0.30 or less, is obtained.

[0077] Further, in solid solution Cu strengthened steel sheet, the tensile strength is 2.0 times or less than of the
comparative steel. In general, if the amount of solid solution element increases, the solid solution strengthening causes
the strength to rise. If the amount of solid solution is large as with solid solution Cu strengthening, depending on the
element, the rise in strength also becomes remarkable, but the solid solution Cu in high Si steel characteristic of solid
solution Cu strengthened steel does not harden the material that much. The ratio is more preferably suppressed to 1.7
or less, more preferably 1.5 or less. If the amount of solid solution Cu is increased, while the result can be said to be
solid solution Cu strengthened steel, the strength becomes higher. It is not that the smaller the rise in strength the better,
but if compared with the Si, Cr, etc. used as the solid solution element, the rise in strength is small and embrittiement
is also suppressed.

[0078] Further, in solid solution Cu strengthened steel, when excessive Cu is included, remarkable precipitation of
metal Cu phases is seen in some cases. Further, in terms of properties, along with the precipitation of the metal Cu
phases, a large rise in strength is observed. Further, in this case, simultaneously, a rise in iron loss, in particular the
eddy current loss, follows. Specifically, by heat treatment at 450°C for 30 minutes, the density of the number of metal
phases comprised mainly of Cu having a size of 0.02 wm or less in the steel increases to 20/um3 or more or the tensile
strength rises to 100 MPa or more. As explained above, such heat treatment greatly increases the eddy current loss
and degrades the high frequency magnetic properties aimed at by the solid solution Cu strengthening, so this is not
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performed for controlling the quality of the steel sheet, but it can be performed for judgment of the invention steels in
the same way as for example the analysis of ingredients.

[0079] Toinclude the large amount of solid solution Cu characterized by solid solution Cu strengthening, it is effective
to go through the following heat history. In the final heat treatment in the process of production of the product sheet,
usually the recrystallization annealing after cold rolling, the sheet is held in the temperature region of 800°C or more for
5 sec or more and the conditions are set so that no austenite phase is produced in the steel material even at the peak
temperature in this heat treatment. The temperature is preferably 900°C or more, more preferably 1000°C or more, more
preferably 1050°C or more, Further, the time is preferably 10 sec or more, more preferably 30 sec or more, more
preferably 60 sec or more, but if a temperature and time where sufficiently solubility of Cu occurs in the balance with
the Cu content, the characterizing effect of the present invention can be sufficiently obtained. However, it is of course
necessary to control this taking into account the viewpoint of controlling the crystal grain size having a large effect on
the magnetic properties as well.

[0080] If the crystal grain size is too fine or too coarse, the magnetic properties will sometimes be degraded. It is well
known that there is an optimal grain size in the usage conditions. Further, the peak temperature has to be set to a
temperature region where no austenite phase is produced. If a small amount is produced, the detrimental effect in the
properties will be small, but the annealing is preferably performed with a complete ferrite phase. The temperature depends
mainly on the steel ingredients, so no specific temperature can be described, but the above formula 1 is a general
standard. Further, a person having knowledge of general metallurgy would be able to set a suitable temperature range
without any difficulty by the generally performed experiments in heat treatment and observation of structure or recent
remarkable advances in thermodynamic computations.

[0081] Further, the cooling rate in the heat treatment step also becomes an important control factor. The reason is
that the Cu sufficiently dissolved by holding the steel at a high temperature becomes supersaturated during cooling, so
depending on the cooling rate will end up precipitating as a metal Cu phase and sometimes reduce the effect of the
present invention. In the present invention, the preferable conditions are made a cooling step after holding the steel in
the temperature region of 800°C or more for 5 sec or more of cooling by a cooling rate of 40°C/sec or more to 300°C or
less. From the object of the present invention, there is nothing better than a high cooling rate, but if cooling too rapidly,
the properties sometimes deteriorate due to the heat history etc., so caution is required. The rate is preferably 60°C/sec
or more, more preferably 80°C/sec or more, more preferably 100°C/sec or more.

[0082] In particular, in the present invention, attention should be paid to the cooling in the temperature region where
precipitation of the metal Cu phase occurs. The residence time at 700 to 400°C becomes important. At 700°C or more,
the degree of supersaturation of Cu is small and precipitation is difficult to occur, while at 400°C or less, diffusion of Cu
is suppressed, so precipitation becomes hard. If the time is made 5 sec or less, preferably 3 sec or less, more preferably
2 sec or less, precipitation of the metal Cu phase can be suppressed and a sufficient amount of solid solution Cu for
obtaining the effect of the invention can be secured.

[0083] Further, after this heat treatment, the steel is preferably held at a temperature region of over 400°C for 30 sec
or more. This is because by such heat treatment, the precipitation of the metal Cu phase is promoted and the eddy
current loss is increased.

[0084] By the above such ingredients and steps, the effect of reduction of the eddy current loss by the characteristic
large amount of solid solution Cu is efficiently expressed and production of high Cu electrical steel sheet becomes
possible without impairing the castability or rollability much at all. On the other hand, in production by the usual ingredients
and heat treatment conditions not considering maintenance of the amount of solid solution Cu, the parts where the
amount of Cu added become small are present as metal Cu phases or Cu sulfides with small eddy current loss reduction
effects, embrittlement becomes remarkable, and normal production becomes difficult.

[0085] Note that in the case of also using the work strengthening of the present invention, the above heat treatment
may be annealing in a range 350 to 700°C for 10 sec to 360 minutes so that the Cu metal phases finely precipitate while
recrystallization remains suppressed. Needless to say, the Cu metal phases end up coarsening by annealing at a high
temperature for a long time and the strengthening ability falls. At a high temperature, attention must be paid so that the
annealing time does not become too long. The lower the temperature, the longer the annealing possible.

[0086] The present invention is characterized by the lack of any metal Cu phases in the steel material. This can be
identified and confirmed by the diffraction pattern of an electron microscope etc. or an attached X-ray analysis device.
Of course, confirmation is also possible by a method other than this such as chemical analysis. In the present invention,
the "metal phase mainly comprised of Cu" covers ones with a diameter of 0.010 um or more. The reason is that if less
than 0.005 wm, it is too fine, so even using the current highest precision analysis equipment, it would be hard to identify
the metal Cu phases covered by the present invention. Further, no matter what kind of treatment is performed, in the
invention steels containing Cu in large amounts, there are locally precipitates containing Cu in some form or another,
so it is impossible to completely remove the metal Cu phases. The present invention is limited to electrical steel sheet
containing a considerable amount of Cu and hardened or formed with a large amount of the metal Cu phases by the
considerable heat treatment described in the present invention. The inherent feature of the present invention of course
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lies in the large amount of solid solution Cu.
[Applications]

[0087] Note that the effects of present invention do not depend on the presence or type of the surface coating formed
on the surface of ordinary electrical steel sheet or further on the production steps, so the invention can be applied to
nonoriented or grain-oriented electrical steel sheet. In particular, the invention steel can give features very different from
steel sheet of conventional recrystallized structures in the in-plane anisotropy of properties. If viewing the magnetic flux
density, in the as cold rolled full hard state, the properties of the direction 45° from the coil rolling direction (D direction)
are higher than the properties in the rolling direction (L direction) or coil width direction (C direction). Electrical steel
sheet having ordinary recrystallized structures in almost all cases have properties in the D direction lower than the
properties in the L or C direction. Considering this, by suitably adjusting the extents of the recrystallization and restoration
and controlling the structure to the intermediate recrystallization stage, it is possible to easily obtain steel sheet with
almost no in-plane anisotropy. Almost no in-plane anisotropy means steel sheet having features enabling extremely
preferable properties to be exhibited depending on the applications such as rotary machines.

[0088] The applications are not particularly limited. In addition to the applications for rotors of motors used in household
electrical appliances, automobiles, etc., the invention may also be applied to all applications where strength and magnetic
properties are sought.

EXAMPLES
(Example 1)

[0089] A slab of 200 mm thickness having the ingredients of 0.002%C-3.0%Si-0.5%Mn-0.03%P-0.001%S-0.3%Al-
0.002%N was hot rolled by a slab heating temperature of 1100°C and a coiling temperature of 700°C. The hot rolled
sheets were annealed to 800, 950, and 1050°C to change the grain sizes to 10, 100, and 200 wm. These hot rolled
sheets were cold rolled, then either not annealed or annealed at 400 to 1000°C for 30 sec to produce product sheets of
sheet thicknesses of 0.5 mm differing in recrystallization rate and strength. These were evaluated for mechanical prop-
erties using JIS No. 5 test pieces and properties of iron loss W ,499 by 55 mm square SST tests. The average values
of the mechanical properties and magnetic properties for the coil rolling direction, 45° direction, and direction perpendicular
to that were found by the following formula:

X= (Xo+2xX45+Xgq) /4

where, X, X45, and Xq, are the properties in the coil rolling direction, 45° direction, and direction perpendicular to that.
[0090] The results are shown in FIG. 1. As clear from the results, materials with coarse hot rolled sheet grain sizes,
that is, materials produced under the conditions of the present invention, are excellent in strength-iron loss balance.

Table 1
Ingredients (mass%)
No C Si Mn P S Al N Cu Nb Others
1 0.0010 | 3.0 | 0.8 0.0 0.0005 | 1.64 | 0.0019 - - -
2 0.0010 | 3.0 | 0.8 | 0.010 | 0.0005 | 1.64 | 0.0019 - - -
3 0.0010 | 3.0 | 0.8 | 0.010 | 0.0005 | 1.64 | 0.0019 - - -
4 0.0025 | 0.7 | 0.21 | 0.090 | 0.0025 | 0.001 | 0.0024 - - -
5 0.0025 | 0.7 | 0.21 | 0.090 | 0.0025 | 0.001 | 0.0024 - - -
6 0.0025 | 0.7 | 0.21 | 0.090 | 0.0025 | 0.001 | 0.0024 - - -
7 0.0025 | 0.7 | 0.21 | 0.090 | 0.0025 | 0.001 | 0.0024 - - -
8 0.0019 | 2.1 | 0.20 | 0.060 | 0.0012 | 0.22 | 0.0026 - - -
9 0.0019 | 2.1 | 0.20 | 0.060 | 0.0012 | 0.22 | 0.0026 - - -
10 | 0.0019 | 2.1 | 0.20 | 0.060 | 0.0012 | 0.22 | 0.0026 - - -
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(continued)

No Ingredients (mass%)
C Si Mn P S Al N Cu Nb Others
11 0.0038 | 3.1 | 0.20 | 0.044 | 0.0018 1.0 0.0020 - - -
12 | 0.0012 | 2.9 | 0.40 | 0.030 | 0.0005 0.5 0.0013 | 3.9 - Ni: 1.8
13 | 0.0012 | 2.9 | 0.40 | 0.030 | 0.0005 0.5 0.0013 | 3.9 - Ni: 1.8
14 | 0.0006 | 3.1 | 0.30 | 0.008 | 0.0009 | 0.15 | 0.0025 - - Ni: 2.0
Cr: 5.0
15 | 0.0230 | 2.5 | 1.20 | 0.022 | 0.0006 | 0.06 | 0.0036 - 0.11 | B:0.008
16 | 0.0230 | 2.5 | 1.20 | 0.022 | 0.0006 | 0.06 | 0.0036 - 0.11 | B:0.008
17 | 0.0008 | 3.4 | 0.53 | 0.041 | 0.0004 | 0.02 | 0.0024 - 0.37 Ti: 0.35
18 | 0.0008 | 3.4 | 0.53 | 0.041 | 0.0004 | 0.02 | 0.0024 - 0.37 Ti: 0.35
19 | 0.0322 | 3.1 | 0.50 | 0.016 | 0.0002 1.2 0.0011 - 1.3 -
20 | 0.0322 | 3.1 | 0.50 | 0.016 | 0.0002 1.2 0.0011 - 1.3 -
21 0.0077 | 2.9 | 0.29 | 0.023 | 0.0015 0.8 0.0022 | 2.1 - -
22 | 0.0021 | 3.7 | 0.05 | 0.002 | 0.0009 | 0.24 | 0.0026 - - Sn: 0.09
Ce: 0.002
(Balance of Fe and unavoidable impurities)

(Example 2)

[0091] From slabs of 200 mm thickness having the ingredients of Table 1, product sheets were produced under the
production conditions shown in Table 2. Some of the materials were heat treated assuming the heat treatment at motor
manufacturers (user annealing). These were evaluated for mechanical properties using JIS No. 5 test pieces and prop-
erties of iron loss W ¢,499 and magnetic flux density B, by 55 mm square SST tests. The average values of the mechanical
properties and magnetic properties for the coil rolling direction, 45° direction, and direction perpendicular to that were
found by the following formula:

X= (Xg+2xX45+Xq0) /4

where, X, X45, and Xqq are the properties in the coil rolling direction, 45° direction, and direction perpendicular to that.
[0092] The results are shown in Table 2. As clear from the results, materials produced under the conditions of the
present invention are hard and further superior in magnetic properties. Caution is required in that generally electrical
steel sheet greatly differ in properties due to the amount of Si so are graded and sold according to the amount of Si
contained. Further, the iron loss greatly changes depending on the sheet thickness. A high Si material, compared with
a low Si material, greatly drops in iron loss due to the difference in Si content. Further, even sheets with thin sheet
thicknesses fall in iron loss, so when evaluating the effect of the present invention, it is necessary to bear in mind the
differences in the amounts of Si and sheet thicknesses and compare sheets with equivalent amounts of Si and sheet
thicknesses.
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(Example 3)

[0093] Slabs of the steels of the ingredients of Table 3 of 250 mm thickness were used to produce product sheets
under the conditions of Tables 3 and 4. 55 mm square SST tests were used to measure the magnetic flux density B10
and iron loss 1400 The average values of the magnetic properties in the coil rolling direction, 45° direction, and
direction perpendicular were found by the following formula:

X= (X0+2XX45+X90) /4

[0094] Here, X;, X45, Xgg are the characteristics in the coil rolling direction, 45° direction, and direction perpendicular
to that.

[0095] As clear from the results shown in Table 4, the samples produced under the conditions of the present invention
are good in rollability in the cold rolling step and superior in magnetic properties. Note that it was confirmed that the
good iron loss in the invention steels was main due to the reduction of the eddy current loss.

18



EP 2 031 079 A1

GE'0 S8 0€x000T | oGL 0€8 0GSTT - 00°0|0L"€|0°SE|STO0 0[8F°0|ST00°0[6T0 0|2€°0|8L"2[€Z00°0{€T
GE'D €8 0€x0S0T | oSL 008 0S07T - 02°0/09°T|9°21(8200°0[#2"0{TE00"0|TTO 0[E8"0|F0"€[9€00°02Z
Ge'o €8 09%056 00L 06L 000T €°0 :ON [02°0|/68°97 |96 88200 0TS "T|9000 0[E€TO 0|TE 0|08 €]0T00'0!TZ
S0 08 09%000T | o8L 068 00TT - S0T|09°2|20°5|2200°0{S9 " T|€T00°0|250°0]|62°0|TT €|5000°0|0¢C
G'0 08 09%000T | oGL 0€8 001T - 00°0/09°2]20°6]2200°0[S9 " T|€T00°0|250 0|62 0|TT"€{S000°0|6T
G0 St 09%000T | 008 068 00ZT {6000 :e2|00°0|0€°C6 |6 8T |2Z00°0[S¥% 0|L000 0|Z00"0|TE 0|E€F " F|FT00°0|8T
z°0 06 0eX0S0T | 059 09L 0S01 - 00°0)SGS°"T]|69°9(6T00°0]TT"2|2100°0|G00 0|TT " 0|SE"E€|PTO0 O|LT
2°0 06 0€x0S0T | 069 09L 0S0T - 00°0|SS°T|69°9(6T00°0/TT°2[2T00°0|S00 0O|TT"0|SE"€[FT00 0|91
Z°0 06 0€X050T | 0¢9 09L 0S0T - 00°0[G66°T[69°9|6T00"0|TT 2|2T00 0|S00 0|TT 0O|SE"€|PT00'0{ST
Z°0 06 0€x0S0T | 0g9 09L 0G0T - 00°0{6S"T!69°9{6T00°0(TT2|ZT00 0{c00 0{TT 0{SE"E€|PTO0 Q|FT
G0 SL 0EX0S0T | 009 008 00TT |TP00°0 :®S[09°G|G7°0[89°Z|9T00 0{€S 0|9T00 0|8T0"0|LZ 0{68°2Z|7Z00 0|ET
G0 SL 0EX0STT | 00L 088 00TT - 00°0/00°0|€2"%|L200°0/T0"0|TT00"0|6L0"0[TE"0|SE"2[9900°0]|CT
G'0 SL 0EX000T | 0¢8 0%6 0527 - 06°T|T€°2102°6|TZ00°0/0S°0{T200°0|LTO O[0T "T|PT €[TETO 0O|TT
S0 SL 0EX056 00L 006 0STT - 00°0}05°T|8S°€{9T00°0/0T"T[?000°0|LTO 0[TE"0|2S"€[8000°0(0T
G0 08 0€X0STT | 00L 08L 001T - 02°5/00°0|00°0|5200°0[2€°0[9000"0[£T0"0[88 0[S0 E|TE00°0] 6
G0 08 0€X060T | ogL 088 00TT - T0'0/T0°0|T0'0{8T00°0/6Z2 T|0T00'0/050°0[82°0|07 €|LT00 0] 8
GE'0 S8 0ex000T | o5L 068 00TT - 00°0/00°T|8L"2|2200°0}/¥S"0[L000 0|PTO 0|PE"0]S9°2|TZ00°0] L
GE'0 S8 0€x000T | 0gL 0§68 0011 - 00°0/00°T|8L°2[2200°0/%S°0[{L000 0|PTO 0Of[rE"0|59°¢|TZ00°0} 9
GE'0 S8 0€x000T | oGt 068 00TT - 00'0{00°T[8L°2|2200°0|%S°0|L000 0|FTO 0O[FE 0|S9°2|TZ00°0| S
GE' 0 G8 0Ex0STT | ooL 08L 00171 - 02°G|00°2|0% 7 |{S200°0]2€"0]9000°0|€T0 0|88 °0|SE"T|TE00°0| ¥
SE°0 G8 0EX0STT [ oOL 08L 00TT - 02°G|00°2| 0% "¥[5200°0[2€°0[9000°0|€T0°0/88°0|G0"Z|T€00°0] €
GE'O0 S8 0EX0STT | 0oL 08t 0017 - 0Z2°6/00°0]00°0[5200°0/2€°0[9000°0|€T0"0[88°0|G0"€|TE00°0]| T
Ge'o g8 0ExX0S0T | 0GL 088 001T - T0°0/T0°0|T0O"0|8T00°0{62°T|0T00°0(0S0"0(8Z°0[0F €|LT00°0| T
(%) ( 098xDy)
(urur) e1ex |BurTesuue| (Do) (Do) (Do)
ssauyOTY3 |burTTox 199ys ‘duey | rdwea [butzesy
3o9ys PIoD poITox | "TIOD| USTUTd| dJeTs SI8Y310 D | IN | ™ N ¢ S a uW | IS 2
deais DBUTTTOX PTIOCD aop deys DPUTTTOX 20H (gssew) sjuarpaabur
€ ST9eL
© S R & & & 3 S ? b 8

19



12938 aaTiexedwod :D

EP 2 031 079 A1

(poob) ("239 ‘BuTyoead ‘sbeyesaq Jo zsbuep obaeT) ITNOTIITA 3004 T eTnuIOF JO 8PTS 13IST :D
19238 UOT3USAUI g (suoT3Tpuod bBurasnlpe JT aTgesssonoad) oTqTSsod :ITed (sex :1004 ‘QUON :p00DH) danjeraduel
(poob ATowsIaixe) (wmeTqoxd ou 3ng ‘paartnbsex juswisnlpe suTy) JUSTTISOXE :POOH seed 3je aseyd a3jTuslsne JO UOTIBWIOL :d
T993§ UOT3USAUI VY (TTe 3 waTgoad ou) JUSTTOOXT :POOD°A (oes) degs
uoT3enTrAg K3TTIQRTTOT PTod ‘A3TTTAR3ASED butTo0D UT 2,00 O3 0QL I SWTF SDUSPTSdY ¥
2 1008 ated (44 0z°1 0% 02 vz | ze'o | sSx | e0¥ X € 001 0E£X0001 | gz
g ItRed ateg 0T LE'T 0S€ 001< 8°T | 89°0 | @uoN | 858 X £ 00T 09%000T | zz
¥ poon poon 6 0v°1 00¥% 001< P°T | PpP°0 | ®UON | Z90T poon € 00T 0EX0SO0T | T2
g poos POOD " A 81 8€'1 00T 001< Z'T | 18°0 | ®uoN | 890T poon g 09 0EX000T | 0z
¥ pPooD*A POOD A 4 Sy 1 052 001< Z°T | I6°0 | ®UON | €LTT poon g 09 0EX000T | 67
¥ PoOD A PooD A 971 vE'T 06T 001< 8°T | 79'0 | suoN | 88L x T 002 0EX00TT | 8T
o) PooD* A poos €1 €T oL 0% 1z | 18°0 | §ex | 00zZI poon €1 v 0EX000T | LT
g pPooD* A poos 9 [AaN" 06§ 001< 9°T | 66°0 | @uoN | 00ZT pPoon 4 0% 0E£X000T | 97
g pPoOH A PooD 8 €v°T 06S 001< 6°T | T9°0 | ®uoN | ooZt poon G 08 0EX000T | 6T
¥ pooD A poon S 9% I 0SL 001< €°T [ BE'D | dUON | 00ZT PooDH z 08 0EX000T | pT
g jolelel] POOD* A LT LE'T 00€ 0¥ L°T | 0870 | DUON | 8G0T poo9 8 o} 0EX000T | €1
v POO9 A POOD* A 9T 8% 1 00§ 001< Z'T | LL°0 | PUON | PEOT poog 4 06T 0E€X066 | zT
¥ PooD*A POOD " A A 0V 1 06¥ 001< 7°T | #L°0 | suoN | 866 poos 3 021 0E€X000T | 11
¥ pPoo9* A POOD A ¥ (420" 00¥ 001< ¢°1 | zL 0 | ®uoN | 69T1T POOH € 021 0EX0S0T | 01
o pooo POOD " A 12 19T 0z> 0 0'T | 00°T | PUON | 060T poo9 S 09 0EX000T | 6
o 1004 ated LT 8€°'1T 0z> 0 0°T | 00°T | ®uoN | 68ZT poon S 09 0E€X000T | g
o) PooD* A PooD A 0€ peT 0Z> 02 z'z | 260 | S°x | 160T pooY o€ 0T 0EX006 | ¢
g PooO9*A P09 A €1 Sv°T 002 0F LT | 0870 | ®uoN | T60T poon 0T 0€¢ 0Ex006 | 9
¥ POOD " A POOD A 0T 97" T 00€ 09 7°T | GL°0 | ®UON | T60T poos id oL 0Ex006 | g
0 PoO9"A POo0H* A 8T 9% "1 002 001< 9°'T | 98°0 | @uoN | L88 x {4 0L 0EX000T | ¥
g Poo9° A PO0H* A €T V"1 06€ 001< €°T | OL'0 | PUON | 226 1004 4 oL 0€x000T | ¢
o) poon PooD* A 91 71 0Z> 0 0'T | 00°T | @uoN | 060T poos 4 oL 0EX000T | ¢
0 1004 ITed €1 8c° T 0Z> 0 0°T | 00°T | PUoN | 6821 poon b oL 0€X000T | T
{qur/ 3 urg) (5/05)
(B31/m) (1) (edK) A3Tsusp {oT3ea| oT3ex 2000€ ( D98xD,)
00¥/0Tp 018 98T SL | @seyd np | s1 | %ov/oty o) g ¥ TT3un buttoop | Butyeog
utTw Q€ JI03F
0,067y 3e juswiesal no aseyd
RATTTOR RaTTTOR soT3xadoad aeay x937e Ajtrenb| £T0'0 U3ITM | TRISW
*Tead -TT0x pTOD| -2bz0a oTa2uber Tetxsjew Ul abueyp| uostaedwo) no dsjs buTTesuuyY
7 °TdeL

© S 2 m & ] 3 S] ? ] 8

20




10

15

20

25

30

35

40

45

50

55

EP 2 031 079 A1
INDUSTRIAL APPLICABILITY

[0096] According to the present invention, it is possible to stably produce hard high strength electrical steel sheet
superior in magnetic properties. That is, the present invention enables the targeted strength to be obtained even with
relatively low amounts of the added elements used for solid solution strengthening and precipitation strengthening, so
the cold rollability is improved, the productivity of the cold rolling step is improved, and annealing in the usual operating
range becomes possible, so the work efficiency in the annealing step also is improved. Further, by cold rolling again
after annealing, it becomes possible to simply produce extremely thin materials which were difficult to produce in the past.
[0097] Further, if utilizing solid solution Cu, it becomes possible to suppress embrittlement and stably produce electrical
steel sheet superior in high frequency magnetic properties using low eddy current loss high alloy ingredients without
problems in cold rollability etc.

[0098] From the above, the strength, fatigue strength, and wear resistance can be secured, so increased efficiency,
smaller size, longer lifetime, etc. of superhigh speed motors, motors with magnets built into the rotors, and materials for
electromagnetic switches are achieved.

Claims

1. A method of production of high strength electrical steel sheet containing, by mass%, C: 0.060% or less, Si: 0.2 to
6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less, S or Se: 0.040% or less, Al: 2.50% or less, and N: 0.040% or less, having
a balance of Fe and unavoidable impurities, and having worked structures remaining inside the steel sheet, said
method of production of high strength electrical steel sheet characterized by making an average crystal grain size
d of the steel sheet right before the step of forming the worked structures to finally remain inside the steel sheet 20
p.m or more.

2. A method of production of high strength electrical steel sheet containing, by mass%, C: 0.060% or less, Si: 0.2 to
6.5%, Mn: 0.05 to 3.0%, P: 0.30% or less, S or Se: 0.040% or less, Al: 2.50% or less, and N: 0.040% or less, having
a balance of Fe and unavoidable impurities, and having worked structures remaining inside the steel sheet, said
method of production of high strength electrical steel sheet characterized by making an average crystal grain size
d (nm) of the steel sheet right before the step of forming the worked structures to finally remain inside the steel
sheet d>(220-50%X Si%-50 X Al%).

3. A method of production of high strength electrical steel sheet as set forth in claim 1 or 2 characterized by making

an average crystal grain size d (uwm) of the steel sheet right before the step of forming the worked structures to
finally remain inside the steel sheet

d<(400-50x51i%)

and

d<(820-200xSi%)

4. A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 3characterized
by making a recrystallization rate of the steel sheet right before the step of forming the worked structures to finally
remain inside the steel sheet 50% or more.

5. A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 4 characterized
in that the steel ingredients further contain, by mass%, one or both of Cu: 0.001 to 30.0% and Nb: 0.03 to 8.0%.

6. A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 5 characterized
in that the steel ingredients further contain, by mass%, one or more types of Ti: 1.0% or less, V: 1.0% or less, Zr:

1.0% or less, B: 0.010% or less, Ni: 15.0% or less, and Cr: 15.0% or less.

7. A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 6 characterized
in that the steel ingredients further contain, by mass%, one or more types of Bi, Mo, W, Sn, Sb, Mg, Ca, Ce, La,
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and Co in a total of 0.5% or less.

A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 7 characterized
in that the worked structures present inside the steel sheet are 1% or more by area rate in observation of the cross-
section.

A method of production of high strength electrical steel sheet as set forth in any one of claims 1 to 8, characterized
in that an average dislocation density in the worked structures inside the steel sheet is 1x1013/m2 or more.

A high strength electrical steel sheet as set forth in claim 1, characterized by being a single ferrite phase in a
temperature region from room temperature to 1150°C and satisfying, by mass%,

980-400xC+50x51-30xMn+400xP+100xA1-20xCu-15xNi-10x
Cr>900

A high strength electrical steel sheet as set forth in claim 10, characterized in that heat treatment at 450°C for 30
minutes is used to make a tensile strength 100 MPa or more.

A method of production of high strength electrical steel sheet characterized by producing steel sheet as set forth
in claim 10 during the process of which making a final heat treatment after cold rolling a heat treatment holding the
sheet in a temperature region of 800°C or more for 5 sec or more and not allowing formation of an austenite phase
in the steel material even at a peak temperature in this heat treatment.

A method of production of high strength electrical steel sheet characterized by producing steel sheet as set forth
in claim 10 during the process of which making a cooling step after holding the sheet in a temperature region of

800°C or more for 5 sec or more cooling by a cooling rate of 40°C/sec or more to 300°C or less.

A method of production of high strength electrical steel sheet as set forth in claim 10, characterized by making a
residence time in 700 to 400°C in said cooling step 5 sec or less.
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