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(57) Abrégée/Abstract:
VWhen this non-oriented electromagnetic steel sheet is produced by hot rolling a slab that contains, in mass%, 0.0050% or less of

C, 1.5-5.0% of SI, 0.20-3.0% of Mn, 0.0050% or less of sol. Al, 0.2% or less of P, 0.0050% or less of S and 0.0040% or less of N,
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(57) Abrege(suite)/Abstract(continued):
thereby forming a hot rolled sheet, and by subsequently subjecting the hot rolled sheet to cold rolling, without carrying out hot rolled

sheet annealing, and then to finish annealing, the composition ratio of CaO In oxide-based Inclusions present in the slab, said
composition ratio of CaO being defined by CaO/(SIO,, + Al,O, + Ca0), is setto 0.4 or more and/or the composition ratio of Al,O, In

the oxide-based Inclusions present in the slab, said composition ratio of Al,O, being defined by Al,O./(SIO, + Al,O, + Ca0), Is set
to 0.3 or more, and the coll winding temperature during the hot rolling is set to 650°C or more. Consequently, this non-oriented

electromagnetic steel sheet achieves excellent recyclability, high magnetic flux density and low iron loss.
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ABSTRACT

When a non-oriented electrical steel sheet is produced by hot rolling a
slab containing, by mass%, C: not more than 0.0050%, Si: 1.5-5.0%, Mn:
0.20-3.0%, sol. Al: not more than 0.0050%, P: not more than 0.2%, S: not more
than 0.0050% and N: not more than 0.0040% to form a hot rolled sheet, cold
rolling the hot rolled sheet without conducting a hot band annealing and then
subjecting to a finish annealing, a compositional ratio ot CaO in oxide-based
inclusions existing in the slab defined by CaO/ (5102 + Al203 + CaO) 1s set to not
less than 0.4 and/or a compositional ratio of Al,O3; defined by Al,Os/ (S10; +
AlOs + Ca0) is set to not less than 0.3, and a cotling temperature in the hot
rolling is set to not lower than 650 °C, whereby the non-oriented electrical steel

sheet having an excellent recyclability, a high magnetic flux density and a low

iron loss is obtained.
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TITLE: NON-ORIENTED ELECTRICAL STEEL SHEET AND METHOD
FOR PRODUCING THE SAME

TECHNICAL FIELD

(0001] This invention relates to a non-oriented electrical steel sheet used as

an 1ron core material for an electric equipment or the like and a method for

producing the same.

RELATED ART

[0002] Recently, a motor used for a household air conditioner or the like is
demanded to be low in the power consumption and small in the energy loss with
an increasing interest in energy-saving. To this end, a non-oriented electrical
steel sheet used as an iron core material of the motor is strongly required to have
high-performance properties, for example, a low iron loss for reducing an iron

loss of the motor and a high magnetic flux density for reducing a copper loss of

the motor.

[0003] As a method of reducing the iron loss of the non-oriented electrical
steel sheet has hitherto been adopted a method of reducing an eddy current loss
by increasing an addition amount of an element increasing specific resistance of
steel such as Si, AL, Mn or the like. In this method, however, the decrease of the
magnetic flux density is inescapable. So, some techniques of increasing the
magnetic tlux density of the non-oriented electrical steel sheet are proposed in
addition to the reduction of the iron loss.

[0004] For example, Patent Document | proposes a technique for increasing a

magnetic flux density by adding Sb or Sn to a slab containing, by weight %, C:

not more than 0.02%, Si or Si+Al: not more than 4.0%, Mn: not more than 1.0%
and P: not more than 0.2%. In this technique, however, scattering of the

magnetic properties cannot be sufficiently reduced and it is further necessary to

conduct two cold rollings sandwiching a short time annealing therebetween after
hot rolling, and therefore there is a problem that the production cost is increased.
Also, Patent Document 2 proposes a technique wherein a

compositional ratio of MnO in oxide-based inclusions (MnQ/ (SiO> + ALO; +

Ca0 + MnQ)) existent in a hot rolled steel sheet containing, by weight %, C <
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0.008%, S1<4%, Al <£2.5%, Mn < 1.5%, P<0.2%, S <0.005% and N < 0.003%
1s controlled to not more than 0.35 to decrease the number of inclusions extended
in the rolling direction and improve crystal grain growth. However, this
technique has a problem that if Mn content is low, magnetic properties,
particularly iron loss property are rather deteriorated due to precipitation of a
sultide such as fine MnS or the like.

[0005] Recently, from a viewpoint of recycling iron resources, scraps
generated in the punching process of the iron core material are increasingly
reused as a raw material for foundry pig. However, when Al content in the
foundry pig is not less than 0.05 mass%, blowholes (shrinkage cavities) are easily

caused in a casting, so that it is desired to limit the Al content in the scrap to less
than 0.05 mass%.

[0006] As regard to a non-oriented electrical steel sheet containing a
decreased Al content, for example, Patent Document 3 proposes a technique of
improving a texture and increasing a magnetic flux density by decreasing Al
content to not more than 0.017 mass%, preferably to not more than 0.005 mass%.
In this technique, however, a single rolling process at room temperature is
adopted as a cold rolling, so that an effect of sufficiently increasing the magnetic
flux density cannot be obtained. This problem is solved by adopting two or
more cold rollings sandwiching an intermediate annealing therebetween as the
cold rolling, but there is caused another problem that the production cost is
increased. When the cold rolling is a so-called warm rolling by raising a sheet

temperature to about 200°C, it is effective to increase the magnetic flux density,
but there is a problem that it is necessary to use a new equipment or a process

control for such an object. Further, Patent Document 3 discloses that when only
Al is decreased but N is not decreased, AIN is finely precipitated during the

cooling in hot band annealing to suppress the grain growth in the recrystallization

annealing and deteriorate the iron loss.
PRIOR ART DOCUMENTS

PATENT DOCUMENTS
[0007] Patent Document |: Japanese Patent No. 2500033

Patent Document 2: Japanese Patent No. 3378934
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Patent Document 3: Japanese Patent No. 4126479
SUMMARY OF THE INVENTION
TASK TO BE SOLVED BY THE INVENTION
[0008] As mentioned above, the iron scraps are reused as a material for the
foundry pig, so that when Al content is decreased, it is actually difficult to
produce a non-oriented electrical steel sheet having a high magnetic density and a
low tron loss at a low cost in a good productivity without requiring a new
equipment or process control.
[0009] The invention 1s made in view of the above problems inherent to the
conventional techniques and is to provide a non-oriented electrical steel sheet
having a low Al content and an excellent recyclability as well as a high magnetic

flux density and a low iron loss, and a method for producing the steel sheet at a

low cost in a good productivity.

SOLUTION FOR TASK

[(0010] The inventors have focused attention on a relation between chemical
compositions of oxide-based inclusions existing in a steel sheet and magnetic
properties for solving the above problems and made various studies. As a result,
it has been found out that in order to increase the magnetic flux density and
reduce the iron loss of the non-oriented electrical steel sheet, it is effective to
improve grain growth in the hot band annealing and finish annealing by
decreasing sol. Al content as far as possible and controlling a compositional ratio
of CaO and/or AlzO; in oxide-based inclusions existing in a steel material to a

proper range, and hence the invention has been accomplished.
[0011] That is, the invention is a non-oriented electrical steel sheet having a
chemical composition comprising C: not more than 0.0050 mass%, Si: 1.5-5.0

mass%, Mn: 0.20-3.0 mass%, sol. Al: not more than 0.0050 mass%, P: not more
than 0.2 mass%, S: not more than 0.0050 mass%, N: not more than 0.0040 mass%,
and the remainder being Fe and inevitable impurities, wherein a compositional
ratio ot CaO in oxide-based inclusions existing in a steel sheet defined by the
tollowing equation (1):

CaO/ (S10; + AlLOs3 + Ca0) ..... (1)

s not less than 0.4 and/or a compositional ratio of A0z defined by the following
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equation (2):
AlLOs3/ (S102 + AlO3 + Ca0) ..... (2)

1s not less than 0.3.

[0012] The non-oriented electrical steel sheet according to the invention is
characterized by including at least one element group of the following groups

A-D 1n addition to the above chemical composition:

Group A: Ca: 0.0005-0.0100 mass%a,

Group B: one or two selected from Sn: 0.01-0.1 mass% and Sb:

0.01-0.1 mass%,
Group C: one or two selected from Mg: 0.001-0.05 mass% and REM:

0.001-0.05 mass%. and
Group D: one or more selected from Cu: 0.01-0.5 mass%, Ni: 0.01-0.5

mass% and Cr: 0.01-0.5 mass%.
[0013] Also, the invention proposes a method for producing a non-oriented
electrical steel sheet by hot rolling a slab having any one of the aforementioned
chemical compositions to form a hot rolled sheet, cold rolling the sheet without a
hot band annealing and then pertorming a finish annealing, characterized in that a
compositional ratio of CaO in oxide-based inclusions existing in the slab defined
by the following equation (1):

Ca0O/ (§102 + ALLOs3 + Ca0) ..... (1)
1s not less than 0.4 and/or a compositional ratio of Al2O3 defined by the following
equation (2):

ALLOs/ (8107 + ALLOs + CaO) ..... (2)
1s not less than 0.3, and a coiling temperature in the hot rolling is not lower than
650°C.
[0014] Further, the invention proposes a method for producing a non-oriented
electrical steel sheet by hot rolling a slab having any one of the aforementioned
chemical compositions to form a hot rolled sheet and subjecting the sheet to a hot
band annealing, a cold rolling and a finish annealing, characterized in that a
compositional ratio ot CaO in oxide-based inclusions existing in the slab defined
by the following equation (1):

Ca0O/ (S102 + ALOs; + Ca0) ..... (1)
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1s not less than 0.4 and/or a compositional ratio ot Al,O3 detined by the following
equation (2):
AlLOs3/ (S102 + ALLO3 + Ca0) ..... (2)

ts not less than 0.3, and the hot band annealing is conducted at a temperature of

900-1150°C.
EFFECT OF THE INVENTION

[0015] According to the invention, a non-oriented electrical steel sheet

having a high magnetic tlux density, a low iron and an excellent recyclability can
be provided at a low cost in a good productivity without requiring a new

equipment or process control.
BRIEF DESCRIPTION OF THE DRAWING

[0016] FIG. 1 1s a graph showing an influence of a compositional ratio of an
oxide-based inclusion existing in a steel sheet upon an iron loss Wis;so.
EMBODIMENTS FOR CARRYING OUT THE INVENTION

[0017] [n order to examine a method for improving a texture to improve
magnetic properties, the inventors have first produced a steel slab of a chemical
composition based on the chemical composition of the steel disclosed in the
Patent Document 3 and prepared by decreasing Al content as much as possible
and adding P and Sn, concretely a steel slab having a chemical composition
comprising C: 0.0030 mass%, Si: 1.6 mass%, Mn: 0.08 mass%, P: 0.06 mass%,
S: 0.0020 mass%, sol. Al: 0.0006 mass%., N: 0.0015 mass% and Sn: 0.04 mass%s.
When the slab i1s reheated to 1100°C and then hot rolled to a thickness of 2.3 mm.,

brittleness cracking, breakage and the like are caused in a part of the steel sheets,

so that the hot rolling is obliged to be stopped.

[0018] In order to elucidate the cause of the cracking, breakage and the like, the
steel sheet 1s examined on the way of the hot rolling and as a result, it has been
found that S is concentrated in the cracked and broken portion. Since elements

other than S and Fe are not observed in the S-concentrated portion, the cause of
the brittleness 1s guessed due to the fact that S in steel forms a low melting point
FeS during the hot rolling and causes the hot brittleness.

[0019] [n order to prevent the brittleness due to FeS, it is effective to

decrease S, but an increase of desulfurization cost cannot be avoided. Therefore,
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the inventors have considered that when S is fixed as MnS or CaS having a high
melting point by increasing Mn and adding Ca, the formation of FeS having a low
melting point can be prevented to suppress the brittieness in the hot rolling.

When a steel slab having a chemical composition prepared by increasing Mn

content and adding Ca 1n the above steel (C: 0.0030 mass%, Si: 1.6 mass%, Mn:
0.40 mass%, P: 0.07 mass%, S: 0.0020 mass%, sol. Al: 0.0008 mass%, N: 0.0015
mass%, Sn: 0.04 mass% and Ca: 0.0030 mass%) is produced and reheated to a
temperature of 1100°C and then hot rolled to a thickness of 2.3 mm, the

occurrence of cracking and breakage 1s not found.

From the above, it is confirmed that the increase of Mn and the
addition of Ca 1s eftective for preventing the cracking and breakage in the hot
rolling of a low-Al steel.

[0020] Then, the inventors have observed a section parallel to the rolling
direction (L-section) in a product sheet (finish-annealed sheet) produced by using
the steel slab ot the above Mn-increased and Ca-added chemical composition as a
raw material by means of a scanning type electron microscope (SEM), analyzed a
chemical composition of oxide-based inclusions existing in the steel sheet and
investigated a relation between the analyzed results and magnetic properties of
the product sheet. As a result, it has been found that the magnetic properties
tend to be varied by the chemical composition of the oxide-based inclusions
existing in the steel sheet, particularly the compositional ratio of CaO and

compositional ratio of ALLOs.

[0021] [n order to change the chemical composition of the oxide-based

inclusions in the steel of the above chemical composition, the inventors have

melted various steels having a chemical composition prepared by variously
changing addition amounts of Al and Ca used as a deoxidizing agent, concretely a

chemical composition comprising C: 0.0015-0.0035 mass%, Si: 1.6-1.7 mass%,
Mn: 0.40 mass%, P: 0.07 mass%, S: 0.0010-0.0030 mass%, sol. Al:
0.0001-0.0030 mass%, N: 0.0010-0.0020 mass%. Sn: 0.03 mass% and Ca:
0-0.0040 mass%, and continuously cast into steel slabs. Moreover, the reason

why each of C, Si, S and N has the compositional range is due to variation in the

melting, which 1s not intended.
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Next, the siab is reheated to a temperature of 1100°C and hot rolled to
obtain a hot rolled sheet of 2.3 mm in thickness, which is pickled and cold rolled

to obtain a cold rolled sheet having a final thickness of 0.50 mm and thereafter
subjected to a finish annealing at a temperature of 1000°C.

[0022] From the thus obtained steel sheet after the finish annealing are cut
out Epstein test specimens in a rolling direction (L) and a direction perpendicular
to the rolling direction (C), and an iron loss Wis/so (iron loss excited at a

magnetic flux density of 1.5 T and a frequency of 50 Hz) thereof is measured

according to JIS C2552.

Also, a section of the finish annealed steel sheet in the rolling
direction (L section) is observed with a scanning type electron microscope (SEM)
to analyze a chemical composition of oxide-based inclusions, from which are
determined a compositional ratio (mass% ratio) of CaO defined by the following
equation (1):

CaO/ (81072 + Al2O3 + CaO) ..... (1)
and a compositional ratio (mass% ratio) of Al,Os defined by the following
equation (2):

Al205/ (5102 + ALLO3 + CaO) ..... (2).

Moreover, each compositional ratio (mass% ratio) of CaO and AlLOs
IS an average value on 200 or more oxide-based inclusions. Although MnO,
MgO and so on are found in the oxide-based inclusions in addition to SiO;, ALOs

and CaQ, the amounts thereof are little, so that they are not considered in the

calculation of the compositional ratio.

[0023] [n FIG. 1 1s shown a relation among a compositional ratio of CaO and

a compositional ratio of AlOs; in the oxide-based inclusions and an iron loss
Wisiso.  As seen trom this figure, the iron loss Wys/so is poor when the
compositional ratio of CaO (CaO/(S102 + Al2O3 + Ca0)) is less than 0.4 and the
compositional ratio of ALL,O3 (ALO3/(Si02 + ALOs + Ca0)) is less than 0.3,
whereas the iron loss Ws/so is good when CaO/(SiOz + Al;Os + CaO) is not less
than 0.4 and/or ALLO3/(S10; + Al,O3 + CaO) is not less than 0.3.

[0024] With respect to the finish annealed sheets of poor iron loss Ws/so,

when the oxide-based inclusions found in a section of the rolling direction
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(L-section) are observed with an optical microscope, it has been confirmed that

they have a form extending in the rolling direction. The inventors have the

following thought on the above results.

The oxide-based inclusions having a compositional ratio of CaO
(CaO/(S107 + Al2O5 + Ca0)) of less than 0.4 and a compositional ratio of Al;03
(Al2O3/(S102 + AlO3 + Ca0)) of less than 0.3 have a tendency of extending in
the rolling direction during the hot rolling because the melting point is low. The
inclusions extended in the rolling direction inhibit the grain growth in
selt-annealing immediately after the hot rolling, hot band annealing and finish
annealing to make the crystal grain size small and inhibit the movement of
magnetic domain walls, and the iron loss properties are deteriorated. Therefore,
in order to improve the magnetic properties of the steel sheet after the finish
annealing (product sheet), it is considered that it is effective to improve the grain
growth by controlling the chemical composition of the oxide-based inclusions

existing in the steel to a proper range to prevent the extension in the rolling

direction during the hot band annealing.

The invention is developed based on the above knowledge.
[0025] The chemical composition of the non-oriented electrical steel sheet
(product sheet) according to the invention will be described below.

C: not more than 0.0050 mass%

C is an element causing magnetic aging to increase the iron loss.

Particularly, when it exceeds 0.0050 mass%, the increase of the iron loss
becomes remarkable, so that the content is limited to not more than 0.0050
mass%. Preferably, it is not more than 0.0030 mass%. Moreover, the lower

[imit 1s not particularly restricted because the content is preferable to become

smaller.

10026] Si:  1.5-5.0 mass%

S1 1s an element effective for increasing an electric resistance of steel
to reduce the iron loss. Particularly, Al having the same effect as Si is reduced
in the invention, so that Si 1s added in an amount of not less than 1.5 mass%.
However, when St exceeds 5.0 mass%, not only the magnetic flux density is

decreased, but also steel 1s embrittled to cause cracking during the cold rolling,
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whereby the productivity is largely deteriorated. Therefore, the upper limit is
).0 mass%. Preterably, it is a range of 1.6-3.5 mass%.

[0027] Mn: 0.20-3.0 mass%

Mn forms MnS through bonding to S and has an effect of preventing
hot brittleness by FeS. Also, it is an element effective of increasing an electric
resistance of steel to reduce the iron loss like Si.  In the invention, therefore, Mn
1s contained in an amount of not less than 0.20 mass%. While, when it exceeds
3.0 mass%, the magnetic flux density i1s decreased, so that the upper limit is set to
3.0 mass%. Preterably, it is a range of 0.25-1.0 mass%.

[0028] P: not more than 0.2 mass%

P is an effective element having a large effect of increasing the
hardness of steel with a very small addition amount and is properly added in
accordance with the required hardness. However, the excessive addition of P
brings about the decrease of cold rolling property, so that the upper limit is set to
0.2 mass%. Preferably, it is a range of 0.040-0.15 mass%.

[0029] S:  not more than 0.0050 mass%

S tforms precipitates or inclusions as a sulfide, which deteriorates the
productivity (hot rolling property) or the magnetic properties of the product sheet,
so that the content is preferable to become smaller. In the invention, Mn and Ca
suppress the bad influence ot S, so that the upper limit is accepted up to 0.0050
mass%, while when the magnetic properties are considered important, it is
preterable to be not more than 0.0025 mass%. Moreover, the lower limit is not
particularly restricted because the S content is preferable to become smaller.

(0030] sol. Al: not more than 0.0050 mass%

Al 1s an element effective for increasing an electric resistance of steel
to reduce the iron loss like Si.  However, from a viewpoint of recycling scrap as
a starting material for foundry pig as previously mentioned, Al is desired to be
less than 0.05% and a smaller amount is more preferable.

[n the invention, Al is further decreased for improving the texture and
Increasing the magnetic flux density and limited to not more than 0.0050 mass%

as sol. Al (acid-soluble Al). Preferably, it is not more than 0.0020 mass%.

(0031} N: not more than 0.0040 mass%
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N 1s an element deteriorating the magnetic properties like C as
previously described. In particular, the adverse effect becomes remarkable in a
low Al material, so that it is limited to not more than 0.0040 mass%. Preferably,
it 1s not more than 0.0030 mass%. Moreover, the lower limit is not particularly
restricted because the content is preferable to become smaller.

[0032] The non-oriented electrical steel sheet according to the invention can
include at least one element group of the following groups A-D within the
following range in addition to the above essential elements.

Group A: Ca: 0.0005-0.0100 mass%o,

Ca has an eftect of fixing S in steel to prevent the formation of
low-melting FeS to thereby improve the hot rolling property like Mn. In the
invention, the addition of Ca is not essential because Mn content is increased.
However, Ca has an eftect of suppressing the generation of scabs in the hot
rolling, so that it is preferable to be added in an amount of not less than 0.0005
mass%. However, when the addition amount exceeds 0.0100 mass%, an amount
of a sulfide and an oxide of Ca are increased to inhibit the grain growth and
adversely deteriorate the iron loss property, so that the upper limit is preferable to
be 0.0100 mass%. More preferably, it 1s a range of 0.0010-0.0050 mass%.
[0033] Group B: one or two selected from Sn: 0.01-0.1 mass% and Sb:
0.01-0.1 mass%

Each of Sn and Sb has an effect of improving the texture to enhance
the magnetic properties. In order to obtain such an effect, each element is
preterable to be added in an amount of not less than 0.01 mass% alone or in
combination. However, when they are added excessively, steel is embrittled to
cause surface detects such as sheet breakage, scab and the like in the production
process of the steel sheet, so that each upper [imit is preferable to be 0.1 mass%.
More preterably, it is a range of 0.02-0.05 mass%.

[0034] Group C: one or two selected from Mg: 0.001-0.05 mass% and REM;

0.001-0.05 mass%

Mg and REM are elements having an effect of improving the grain

growth to enhance the magnetic properties since they are coarsened by forming a

sulfide more stable than MnS and Cu;S at a high temperature to decrease fine
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sulfides. In order to obtain such an effect, it is preferable to contain one or more
of Mg and REM in an amount of not less than 0.001 mass% for each. While,

when Mg and REM are added in an amount exceeding 0.05 mass%, the effect is
saturated and it becomes economically disadvantageous, so that the upper limit of

each element is preferable to be 0.05 mass%.

[0035] Group D: one or more selected from Cu: 0.01-0.5 mass%, Ni: 0.01-0.5
mass% and Cr: 0.01-0.5 mass%

Cu, Nt and Cr are elements effective of increasing the specific
resistance of the steel sheet to reduce the iron loss. In order to obtain such an
eftect, 1t 1s preterable to add each element in an amount of not less than 0.01
mass%. While, these elements are expensive as compared to St and Al, so that
each addition amount is preterable to be not more than 0.5 mass%.

[0036] [n the non-oriented electrical steel sheet according to the invention,
the remainder other than the above ingredients is Fe and inevitable impurities.
However, other elements can be included within the scope not damaging the
effect of the invention. For example, V: not more than 0.004 mass%, Nb: not
more than 0.004 mass%, B: not more than 0.0005 mass% and Ti: not more than
0.002 mass% are acceptable as an amount contained in the inevitable impurities.
(0037} The inclusions existing in the non-oriented electrical steel sheet
according to the invention will be described below.

[n order that the non-oriented electrical steel sheet according to the
(nvention has excellent magnetic properties, it is necessary that a compositional
ratio (CaO/ (S102 + Al;Os + Ca0)) of CaO is not less than 0.4 and/or a
compositional ratio (Al2Os/ (S102 + Al2O3 + Ca0)) of Al2O3 is not less than 0.3 in
the oxide-based inclusions existing in the product sheet (finish annealed steel
sheet) and hence the hot rolled steel sheet or slab as a raw material therefor.
When the compositional ratio 1s outside the above range, the oxide-based
inclusion s extended by hot rolling, which inhibits the grain growth in the
selt-annealing immediately after the hot rolling, the hot band annealing and the
fintsh annealing to deteriorate the magnetic properties. Preferably, the
compositional ratio of CaO 1s not less than 0.5 and/or the compositional ratio of

Al203 1s not less than 0.4. More preferably, the compositional ratio of CaO is
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not less than 0.6 or the compositional ratio of Al2Os3 1s not less than 0.5. Here,
cach of the compositional ratio of CaO and the compositional ratio ot Al2O3 in
the oxide-based inclusions existing in the steel sheet 1s an average value
calculated from values obtained when 200 or more oxide-based inclusions

existing in a section parallel to the rolling direction (L section) of the steel sheet

are observed with SEM (scanning type electron microscope) to analyze chemical

compositions thereof.

[0038] Next, there will be explained a method of controlling the chemical

composition of the inclusion existing in the non-oriented electrical steel sheet

according to the invention to the above range.

[n order to control the chemical composition of the inclusion to the
above range, it i1s necessary to rationalize an addition amount of St and/or Al as a
deoxidizing agent in a secondary refining step, an addition amount of Ca, a

deoxidizing time and so on to thereby control the oxide-based inclusions in the

slab to the above proper range.

Concretely, 1t is effective to increase an addition amount of Al as a
deoxidizing agent for enhancing the compositional ratio of A1LO3. However, as
the addition amount of Al is increased, sol. Al is also increased, so that it is
necessary to increase the addition amount of Al within such a range that sol. Al is
not more than 0.0050 mass%. On the other hand, in order to enhance the
compositional ratio of CaO, 1t is eftective to add Ca source such as CaSi or the

like as well as to reduce the addition amount of Si1 as a deoxidizing agent to

decrease S10».

The compositional ratio of the oxide-based inclusions exiting in steel
can be controlied to the above range by the above method. Moreover, Al is a
nitride forming element and Ca is a sultide forming element, so that it is
important that the addition amounts ot Al as a deoxidizing agent and the Ca
source are properly adjusted in accordance with the N and S contents.
[0039] There will be described the production method of the non-oriented

electrical steel sheet according to the invention below.

When the non-oriented electrical steel sheet according to the invention

1s produced by omitting hot band annealing, it is necessary to control a coiling
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temperature after the hot rolling.  While, when the production is performed by

subjecting to hot band annealing, the steel sheet can be produced in the

production facilities and production process applied to the ordinary non-oriented

electrical steel sheets.

In the production method of the non-oriented electrical steel sheet
according to the invention, steel melted in a converter, an electric furnace or the
like 1s first adjusted to a given chemical composition by secondary refining with a
degassing equipment or the like and then shaped into a raw steel material (slab)
by a continuous casting method or an ingot making-blooming method.

[n the production method of the invention, it 1s important to control
the composition of the oxide-based inclusions existing in steel to a proper range
as previously mentioned. That is, it 1s necessary to control a compositional ratio
(CaO/ (8102 + AlLOs; + Ca0)) of CaO to not less than 0.4 and/or a compositional
ratio (AL2Os3/ (S102 + ALLO3 + CaQO)) of Al2Os3 to not less than 0.3. This method

1S mentioned above.

[0040] Thereatfter, the thus produced slab is subjected to hot rolling, in which
a slab reheating temperature (SRT) is preferable to be a range of 1000-1200°C.
When SRT exceeds 1200°C, not only the energy loss 1s uneconomically increased,
but also the high-temperature strength of the slab is decreased to easily cause
production troubles such as slab sagging and the like. While when it is lower
than 1000°C, hot deformation resistance is increased, and it is difficult to perform
the hot rolling.

The subsequent hot rolling may be conducted under ordinary
conditions. The thickness of the steel sheet after the hot rolling is preferable to
be a range of 1.5-2.8 mm in view of ensuring the productivity. When it is less
than 1.5 mm, rolling troubles in the hot rolling are increased, while when it
exceeds 2.8 mm, the cold rolling reduction rate becomes excessively high and the

texture 1s deteriorated. More preterably, the thickness of the hot rolled sheet is a

range of 1.7-2.4 mm.

[0041] The hot band annealing after the hot rolling may be conducted or

omitted. From a viewpoint ot reducing the production cost, it is advantageous

to omit the hot band annealing.
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Here, when the hot band annealing is omitted, it is necessary to

control a coiling temperature after the hot rolling to not lower than 650°C. This

1s due to the tact that when the self-annealing of the hot rolled sheet coil is
insufficient and the steel sheet before the cold rolling is not fully recrystallized,

ridging is caused or the magnetic flux density is decreased. Preferably, it is not

lower than 670°C.

On the other hand, when the hot band annealing is conducted, a
soaking temperature in the hot band annealing is preferable to be a range of
900-1150°C. When the soaking temperature is lower than 900°C, the rolled
structure is retained, so that the effect of improving the magnetic properties
cannot be obtained sufficiently. While when it exceeds 1150°C, the crystal

grains are coarsened, and hence cracking is easily caused in the cold rolling, and

it becomes uneconomically disadvantageous.

[t 1s needless to say that the coiling temperature can be not lower than
650°C even when the hot band annealing is conducted.
[0042] Next, the steel sheet after the hot rolling or the hot band annealing is
subjected to a single cold rolling or two or more cold rollings including an
intermediate annealing therebetween to form a cold rolled steel sheet having a
final thickness. In this case, it is preferable to adopt a rolling performed by
raising a sheet temperature to about 200°C, or a so-called warm rolling in order to
increase the magnetic flux density. Moreover, the thickness of the cold rolled
sheet (final thickness) is not particularly limited, but is preferable to be a range of
0.10-0.60 mm. When it is less than 0.10 mm, productivity is decreased, while
when it exceeds 0.60 mm, an effect of reducing the iron loss is small. In order
to increase the etfect of reducing the iron loss, it is more preferable to be a range

of 0.10-0.35 mm.
[0043] The steel sheet after the cold rolling (cold rolled sheet) is thereafter

subjected to a finish annealing by continuous annealing. In the finish annealing,
a soaking temperature is preferable to be a range of 700-1150°C.  When the

soaking temperature is lower than 700°C, recrystallization is not promoted

sutfictently, and good magnetic properties are not obtained, and further the effect

of correcting the sheet form by the continuous annealing cannot be obtained.
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While, when it exceeds 1150°C, energy loss is increased, and it becomes

uneconomical.

[0044] In the steel sheet after the finish annealing, it is preferable that an
insulating film is applied to the steel sheet surface and baked for more reducing
the iron loss. Moreover, it is preferable that the insulating film is a
resin-containing organic coating when it is intended to ensure a good

punchability. While, when a weldability is considered to be important, it is

preferably a semi-organic or an inorganic coating.

EXAMPLE 1
[0045] Steels A-Q having different chemical compositions shown in Table 1

are melted and shaped into steel slabs by a continuous casting method. In the
melting of the steel, Si and Al are mainly used as a deoxidizing agent, and CaSi is
added as a Ca source. The addition amount of the deoxidizing agent or CaSi is
adjusted in accordance with the N, O or S content in steel.

Next, the slab is reheated to a temperature of 1050-1130°C and hot
rolled to obtain a hot rolled sheet of 2.3 mm in thickness. In this case, a coiling
temperature 1s 680°C in all steels.

Thereafter, the hot rolled sheet is pickled and cold rolled to form a
cold rolled sheet having a final sheet thickness of 0.50 mm, which is subjected to
a finish annealing at a soaking temperature of 1000°C and coated with an
insulating film to obtain a non-oriented electrical steel sheet (product sheet). In
the steel J shown in Table 1, cracking is caused during the hot rolling, and in the

steels E and Q, cracking is caused during cold rolling, so that subsequent steps

are stopped.
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[0047] Then, sections ot the thus obtained product sheets parallel to the

rolling direction (L section) are observed by a scanning type electron microscope

(SEM) to analyze a chemical composition in 200 or more oxide-based inclusions

and determine an average value thereof, from which a compositional ratio of CaO

and a compositional ratio of Al;O3 are calculated.

Also, Epstein test specimens are cut out from the product sheets in the
rolling direction (L) and the direction perpendicular to the rolling direction (C),
and the magnetic flux density Bso (magnetic flux density at a magnetization force
of 5000 A/m) and iron loss Wis/so (iron loss in the excitation at a magnetic flux
density of 1.5 T and a frequency of 50 Hz) are measured according to JIS C2552.
[0048] The above measured results are also shown in Table I. As seen from
these results, the steel sheets adapted to the invention can be produced without
causing troubles in the hot rolling and cold rolling and have such excellent
magnetic properties that the iron loss Wissso is low as not more than 3.28 W/kg
and the magnetic flux density Bso is high as not less than 1.722 T. Conversely,
it can be seen that the magnetic properties in the steel sheets not adapted to the
invention, i.e. the iron loss Wis/so and/or the magnetic flux density Bso are/is
inferior. Moreover, since the addition amount of Al as the deoxidizing agent is
small in the melting of steel and also CaSi is not added, steel C is an example

having a compositional ratio of inclusions out of the range according to the

Invention

EXAMPLE 2
[0049] Steels R-V having different chemical compositions shown in Table 2

are melted and shaped into slabs by a continuous casting method in the same
manner as Example 1. The slab is then reheated to a temperature of
1050-1110°C and hot rolied to form a hot rolled sheet of 2.3 mm in thickness,
which 1s pickled and cold rolled to obtain a cold rolled sheet having a final
thickness of 0.50 mm. Thereafter, the sheet is subjected to a finish annealing at
a soaking temperature of 1000°C and coated with an insulating film to obtain a
non-oriented electrical steel sheet (product sheet). In this case, a coiling
temperature after the hot rolling is varied in four levels within a range of

600-720°C as shown in Table 2. Steel V is formed into a hot rolled sheet, which
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1S then subjected to a hot band annealing at a soaking temperature of 1000°C by

continuous annealing and pickled.
With respect to the thus obtained product sheets, a compositional ratio
of CaO and a compositional ratio ot Al2Os3 are calculated and the magnetic flux

5 density Bso and iron loss Wis/so are measured like Example 1.
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[0051] The above measured results are also shown in Table 2. As seen from
these results, the steel sheets adapted to the invention have excellent magnetic

properties that the tron loss Wis/s0 1s not more than 3.05 W/kg and the magnetic
flux density Bso 1s not less than 1.726 T.

EXAMPLE 3
[0052] Steels W-AG having different chemical compositions shown in Table

3 are melted and shaped into slabs by a continuous casting method in the same
manner as Example 1. Then, the slab is reheated to a temperature of

1090-1220°C and hot rolled to torm a hot rotled sheet of 2.1 mm in thickness,
which is pickled and cold rolled to form a cold rolled sheet having a final

thickness ot 0.50 mm. Thereafter, the sheet is subjected to a finish annealing at

a soaking temperature of 1010°C and coated with an insulating film to obtain a

non-oriented electrical steel sheet (product sheet). In this case, a coiling

temperatures after the hot rolling are 670°C in all steels.

With respect to the thus obtained product sheets, a compositional ratio
of Ca0 and a compositional ratio of Al,Os3 are calculated and the magnetic flux

density Bso and iron loss Wys/so are measured like Example 1.
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[0054] The above measured results are also shown in Table 3. As seen from
these results, the steel sheets adapted to the invention have excellent magnetic

properties that the iron loss Wys/so is not more than 3.13 W/kg and the magnetic

flux density Bso is not less than 1.725 T.
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CLAIMS

[. A non-oriented electrical steel sheet having a chemical
composition comprising C: not more than 0.0050 mass%, St: 1.5-5.0 mass%, Mn:
0.20-3.0 mass%, sol. Al: not more than 0.0050 mass%, P: not more than 0.2
mass%, S: not more than 0.0050 mass%, N: not more than 0.0040 mass%, and the
remainder being Fe and inevitable impurities, wherein a compositional ratio of
CaO in oxide-based inclusions existing in a steel sheet defined by the following
equation (1):

CaO/ (S102 + AL O3 + Ca0) ..... (1)
1s not less than 0.4 and/or a compositional ratio of AlLO3 defined by the following
equation (2):

AL O3/ (8102 + ALO5 + Ca0) ..... (2)

1s not less than 0.3.

2. 'The non-oriented electrical steel sheet according to claim 1,
characterized by including at least one element group of the following groups
A-D:

Group A: Ca: 0.0005-0.0100 mass%,

Group B: one or two selected trom Sn: 0.01-0.1 mass% and Sb:

0.01-0.1 mass%a,
Group C: one or two selected from Mg: 0.001-0.05 mass% and REM:

0.001-0.05 mass%, and
Group D: one or more selected from Cu: 0.01-0.5 mass%, Ni: 0.01-0.5

mass% and Cr: 0.01-0.5 mass%o,
in addition to the above chemical composition.

3. A method for producing a non-oriented electrical steel sheet by

hot rolling a slab having a chemical composition as claimed in claim 1 or 2 to

form a hot rolled sheet, cold rolling the hot rolled sheet without conducting a hot
band annealing and subjecting to a finish annealing, characterized in that a
compositional ratio of CaO in oxide-based inclusions existing in the slab defined
by the following equation (1):

CaO/ (SiO2 + Al,O3 + Ca0) ..... (1)
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is not less than 0.4, and/or a compositional ratio of Al2Os defined by the
following equation (2):
AL, Os/ (Si02 + ALO3 + Ca0) ..... (2)

is not less than 0.3, and a coiling temperature in the hot rolling is not lower than

650 °C.
4. A method for producing a non-oriented electrical steel sheet by

hot rolling a slab having a chemical composition as claimed in claim I or 2 to

form a hot rolled sheet, cold rolling the hot rolled sheet after a hot band annealing
and subjecting to a finish annealing, characterized in that a compositional ratio of
CaO in oxide-based inclusions existing in the slab defined by the following
equation (1):

CaO/ (8102 + Al2O3 + CaO) ..... (1)
is not less than 0.4 and/or a compositional ratio of Al,Os3 defined by the following
equation (2):

ALLOs/ (8102 + AlL,O3 + Ca0) ..... (2)

is not less than 0.3, and the hot band annealing is conducted at a temperature of

900-1150°C.
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