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GRAIN-ORIENTED ELECTRICAL STEEL
SHEET AND METHOD FOR
MANUFACTURING GRAIN-ORIENTED
ELECTRICAL STEEL SHEET

FIELD

[0001] The present invention relates to grain-oriented
electrical steel sheet and a method for manufacturing grain-
oriented electrical steel sheet.

BACKGROUND

[0002] Grain-oriented electrical steel sheet has a crystal
structure with *110+<001> as its main orientation and is
frequently used as a material for an iron core of a trans-
former. To reduce the energy loss, a material with a small
iron loss has been demanded.

[0003] PTL 1 discloses, as a means for reducing the iron
loss of grain-oriented electrical steel sheet, the method of
laser beam radiation at the surface of the steel sheet after
finish annealing to impart local stress and thereby subdivide
the magnetic domains.

[0004] PTL 2 discloses means for subdividing magnetic
domains whose effect does not disappear even after stress
relief annealing (annealing for removing stress) after work-
ing the iron core.

[0005] On the other hand, iron alloy containing iron and
silicon has large crystal magnetic anisotropy, so if applying
external tension, subdivision of the magnetic domains
occurs and the main factor of iron loss, that is, eddy current
loss, can be lowered. In particular, it is known that imparting
tension to steel sheet is effective for reducing the iron loss
of grain-oriented electrical steel sheet containing 5% or less
of'silicon. This tension is imparted by the coating formed on
the surface.

[0006] Grain-oriented electrical steel sheet is applied by a
tension of about 10 MPa in the case of a thickness of 0.23
mm due to two layers of coatings of a primary coating
comprised of mainly forsterite produced by reaction of the
oxides at the surface of the steel sheet and the annealing
separator in the finish annealing process and a secondary
coating comprised of mainly an amorphous material pro-
duced by annealing on a coating solution comprised of
mainly colloidal silica and a phosphate disclosed in PTL 3
etc.

[0007] As opposed to this, PTL 4 proposes grain-oriented
electrical steel sheet having a coating mainly comprised of
aluminum borate crystals on its surface.
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SUMMARY

Technical Problem

[0012] In the case of a conventional coating such as
disclosed in PTL 3, it is possible to impart higher tension by
increasing the coating weight. While the possibility of
improvement of the iron loss by increase of tension remains,
making the coating thicker than the present or more so as to
increase the tension imparted causes a drop in the lamination
factor, so is not preferable. For this reason, a coating which
is excellent in adhesion, thin, and can impart large tension to
steel sheet without causing a drop in the lamination factor is
desired.

[0013] In order to develop a high tension coating, a high
Young’s modulus of the coating and a small heat expansion
coeflicient are necessary. In general, a crystalline substance
is higher in Young’s modulus than an amorphous substance.
The coating comprised of aluminum borate described in
PTL 4 is mainly comprised of a crystalline substance, so is
higher in Young’s modulus than a conventional amorphous
coating comprised of silica and a phosphate. The heat
expansion coeflicient is also sufficiently low, so together
with the effect of the Young’s modulus, a higher tension can
be obtained than by a coating such as disclosed in PTL 3.

[0014] However, a coating able to impart a higher tension
has been required. To obtain a high tension coating by
aluminum borate, sufficient aluminum borate crystals have
to be produced in the coating. It would be ideal if the tension
coating were comprised entirely by aluminum borate crys-
tals, but in actuality, due to evaporation of elements from the
surface at annealing, the elements in the coating unavoid-
ably become uneven. If the distribution of elements is not
suitable, it is believed that aluminum borate is not suffi-
ciently formed and a high tension cannot be obtained, but the
relationship between the distribution of elements and the
tension has not been clear up to now.

[0015] The present invention has as its object to obtain
grain-oriented electrical steel sheet having an aluminum
borate coating able to impart higher tension than the past and
a method for manufacturing grain-oriented electrical steel
sheet.

Solution to Problem

[0016] The inventors thought that to obtain a higher ten-
sion by an aluminum borate coating, it would be necessary
to clarify the relationship between the distribution of ele-
ments in the coating and the tension and clarify the condi-
tions under which high tension is obtained. As a result of
further study, higher coating tension can be obtained if the
amount of boron near the interface of the coating and steel
sheet is higher.

[0017] The present invention has been done based on the
above experience and its summaries are as follows:

(1) Grain-oriented electrical steel sheet comprising

[0018] a steel sheet and

[0019] an insulating coating formed on the steel sheet and
comprised of oxides containing aluminum and boron, where
[0020] the oxides contain crystalline oxides and

[0021] a maximum value of an emission intensity ratio of
boron with respect to aluminum at an interface between the
insulating coating and the steel sheet, analyzed by glow
discharge optical emission spectrometry, is 2.5 times or
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more and 4.0 times or less of the emission intensity ratio of
boron with respect to aluminum in the insulating coating.
(2) A method for manufacturing grain-oriented electrical
steel sheet comprising:

[0022] a surface coating of a steel sheet with a coating
solution containing a boron source and an aluminum source
with a mass ratio converted to Al,0,/B,0; of 1.8 to 2.6,
[0023] annealing the steel sheet in an inert gas atmosphere
with a dew point of 0 to 40° C. and containing hydrogen in
0 to 25 vol % to a predetermined temperature in a range of
450 to 600° C. by an average rate of temperature rise of 2
to 5° C./sec, then cooling it down to 200° C. or less by a
cooling rate of 10° C./sec or more, and

[0024] raising the temperature of the steel sheet up to 750°
C. by a rate of temperature rise of an average 10 to 100°
C./sec and annealing the steel sheet in the temperature
region of 750 to 1000° C. for 20 to 120 sec.

Advantageous Effects of Invention

[0025] As mentioned above, according to the present
invention, by controlling the amount of boron near the
interface of the insulating coating and steel sheet, it is
possible to obtain grain-oriented electrical steel sheet having
an aluminum borate coating able to impart larger tension
than the past.

BRIEF DESCRIPTION OF DRAWINGS

[0026] FIG. 1 is a glow discharge optical emission spec-
trometry chart of an insulating coating and steel sheet in one
example of a grain-oriented electrical steel sheet in one
embodiment of the present invention.

DESCRIPTION OF EMBODIMENTS

[0027] Below, while referring to the attached drawing, a
preferred embodiment of the present invention will be
explained in detail.

1. Grain-Oriented Electrical Steel Sheet

[0028] Below, grain-oriented electrical steel sheet accord-
ing to the present embodiment will be explained. The
grain-oriented electrical steel sheet according to the present
embodiment has a steel sheet (base metal steel sheet) and an
insulating coating formed on the steel sheet and comprised
of oxides containing aluminum and boron.

[0029] The steel sheet which can be used in the present
embodiment (base metal steel sheet) is not particularly
limited so secondary recrystallization has been completed.
As the steel sheet generally used as the base metal steel
sheet, for example, steel sheet having a forsterite primary
coating formed at the batch annealing (secondary recrystal-
lization annealing) can be used in the present embodiment.
[0030] As mentioned above, an insulating coating com-
prised of oxides including aluminum and boron is formed on
the surface of the steel sheet. Further, the oxides of the
insulating coating include crystalline oxides. The maximum
value of the emission intensity ratio B/Al of boron with
respect to aluminum at the interface of the insulating coating
and steel sheet, analyzed by glow discharge optical emission
spectroscopy (GDS), is 2.5 times or more and 4.0 times or
less of the emission intensity ratio B/Al of boron with
respect to aluminum in the insulating coating. Due to this,
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the coating tension of the grain-oriented electrical steel sheet
is increased. Below, this will be explained in detail based on
the thinking of the inventors.

[0031] The inventors investigated improvement of the
properties of the insulating coating. As a result, they dis-
covered that by controlling the amount of boron near the
interface of the insulating coating (tensile coating) and steel
sheet, grain-oriented electrical steel sheet having a high
tension is obtained. Specifically, they discovered that,
regarding the emission intensity ratio of boron with respect
to aluminum in the insulating coating, grain-oriented elec-
trical steel sheet having an insulating coating exhibiting a
high tension is obtained if the maximum value at the
interface of the insulating coating and steel sheet is 2.5 times
or more and 4 times or less in the insulating coating.

[0032] There are various methods for measuring the com-
position of an insulating coating in the depth direction, but
an insulating coating including aluminum borate is com-
prised of boron, aluminum, and oxygen as constituents, so
the method of glow discharge optical emission spectroscopy
enabling easy analysis of these is suitable. Specifically, the
analysis results are processed in the following way to
quantify the distribution of elements in the insulating coat-
ing.

[0033] Al and B are analyzed for change in the emission
intensity with respect to the spatter time by GDS, then the
dependency of the ratio B/Al of emission intensities of the
two (below, B/Al value) on the spatter time is obtained, but
as shown in FIG. 1, it became clear that if the maximum
value of the B/Al value near the interface of the insulating
coating and the steel sheet (below, the “interface”) (below,
B/Al peak) is high, high tension of coating is obtained. Here,
in the GDS chart in FIG. 1, the interface is defined as the
span from where the emission intensity of the iron (Fe) is
close to 0 to where it rises to a certain value. In FIG. 1, the
region where the emission intensity of iron is near 0 is the
analysis value in the insulating coating. Further, the region
where the emission intensity of the iron is a value not 0 but
is substantially constant is the analysis value in the steel
sheet. Therefore, in the example shown in FIG. 1, the
emission intensities from a discharge time of about 100
seconds when the emission intensity of iron rises from near
0 (near zero means a part of an intensity of 5% or less of the
later explained constant value) to about 150 seconds when
the emission intensity of iron becomes a constant value of
about 2 (here, “constant value” means a value of a region
where the change from the average value of 1 second before
that is 0.05% of the average value of the emission intensity
of iron in the steel sheet for 1 second) are the emission
intensities corresponding to a region where the composition
changes from the constituents of the coating to the constitu-
ents of the steel sheet. The B/Al peak defined in the present
invention is the peak showing the highest value in that
region. Therefore, the peak designated as the B/Al peak (Y)
near the discharge time of 120 seconds in FIG. 1 is the B/Al
peak defined in the present invention, while the peak near
the discharge time of 10 seconds or near 190 seconds does
not correspond to a B/Al peak defined in the present inven-
tion. An example of the analysis conditions of the glow
discharge optical emission spectrometry for obtaining the
emission intensities of Fe, B, and Al is shown in Table 1.
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TABLE 1

GDS Analysis Conditions

Name of apparatus Rigaku GDA750 Analyzer
RF output power 30 W

Correction factor for 1

quantification

Tune/load capacitor Tune C1: 561, Load C2: 160,
positions Automated Matching
Argon pressure 3 hPa

Data intervals 0.04 second intervals,
data rate 10%

4 mm¢

Fe (Fe2): 2,B: 2, Al: 2

Analysis region
Sensitivity of each
analyzed element
(PMT level)
Emission analyzed
at each element
Photomultiplier
current

Fe: 271.903 nm, B: 208.959 nm,
Al: 396.152 nm

Converted to current of 0 to 150
nA of photomultiplier tube

[0034] In GDS, the ratio of the emission intensities of the
elements is a value correlated with the ratio of composition
of'these elements at part of a spattered sample. Therefore, by
measuring and calculating the B/Al values analyzed from
the insulating coating and the ratio of the B/Al peaks near
the interface of the insulating coating and steel sheet, it is
possible to relatively observe the amount of boron near the
interface between the insulating coating and the steel sheet
compared with the insulating coating.

[0035] In the present invention, to obtain grain-oriented
electrical steel sheet having an aluminum borate coating
(insulating coating) excellent in tension imparting property,
the value of the emission intensity of boron analyzed as
mentioned above divided by the emission intensity of alu-
minum (emission intensity) is made a Y/X of 2.5 or more
and 4.0 or less, where the value of B/Al in the insulating
coating is made X and the value of the maximum value of
the B/Al peak is made Y. Here, the value of X is the average
value of the B/Al values for 1 second in the values of B/Al
in the insulating coating in the region as a whole where the
change from the average value of 1 second before that is
0.001 or less.

[0036] Y/X being 2.5 or more and 4.0 or less means that
the B/Al value at the interface is larger than the B/Al value
in the insulating coating. This means that if based on the
amount of Al, the amount of B at the interface is higher
relative to the amount of B in the insulating coating. While
the reason why the tension becomes high if the value of Y/X
is suitable is not clear, it is guessed that at the interface of
the insulating coating with a high coating tension with the
steel sheet, a large amount of aluminum borate crystals are
formed. It is believed that a high tension is realized because
of this. The reason is guessed to be as follows.

[0037] Boron oxide has a low melting point, so it is
considered that in the insulating coating, at the parts with
large amounts of boric acid, the melted boron oxides speed
the diffusion of the elements. If the diffusion of the elements
is fast, it is guessed that aluminum borate becomes easier to
form, aluminum borate crystals are formed from a low
temperature at annealing the insulating coating, and as a
result the amount of aluminum borate crystals becomes
larger. It is believed that the coating tension becomes higher
if the amount of aluminum borate crystals becomes larger
due to the above such mechanism. In the present invention,
the amount of B was taken note of for securing the amount
of boric acid at the interface, the B/Al value standardized by

Feb. 24, 2022

the amount of Al present in the same insulating coating was
prescribed, and the lower limit of that value was made 2.5
times the value of the insulating coating. However, if the
B/Al peak is too high, the amount of unreacted boron at the
interface becomes larger and in a wet atmosphere, moisture
easily reaches the surface of the steel sheet and sometimes
rust is formed and other problems arise. Further, if the B/Al
peak is too high, conversely sometimes the coating tension
falls. The reason is guessed to be that if B collects at the
interface too much, the boron becomes unevenly present in
the insulating coating, aluminum borate crystals are insuf-
ficiently formed at part of the insulating coating, and the
coating tension falls. Due to this, at the present invention, an
upper limit is set for the value of the B/Al peak in the
coating. If the value is made 4.0 times, a good result is
obtained.

[0038] Y/X should be in the above-mentioned range, but
to increase more the aluminum borate crystals at the inter-
face of the insulating coating with the steel sheet and make
the coating tension much larger, it is preferably 2.6 or more,
more preferably 2.7 or more. Further, to suppress excessive
boron at the interface of the insulating coating with the steel
sheet and suppress a drop in coating tension, Y/X is pref-
erably 3.8 or less, more preferably 3.5 or less.

[0039] The insulating coating of the grain-oriented elec-
trical steel sheet according to the present embodiment may
be made as thin as possible according to the objective since
if too thick, the lamination factor of the base metal steel
sheet in the grain-oriented electrical steel sheet falls. A
thickness of 5% or less with respect to the thickness of the
base metal steel sheet is preferable. More preferably it is 2%
or less. Note that the coating thickness is the total thickness
ofthe two surfaces of the steel sheet. If illustrated in the case
of a thickness of the base metal steel sheet of 0.23 mm, the
preferable 5% or less means a total of the two surfaces of
11.5*m or less and a value per side of 5.75'm or less.
Similarly, the more preferable 2% or less means a total of the
two surfaces of 4.6°m or less and a value per side of 2.3*m
or less. Further, from the viewpoint of imparting tension, if
making the thickness extremely small, a sufficient effect
cannot be obtained. 0.1*m or more per side of the steel sheet
is preferable. Note that, the thickness of the steel sheet is not
limited. As one example, it may be 0.10 mm or more and
0.35 mm or less.

2. Method for Manufacturing Grain-Oriented Electrical
Steel Sheet

[0040] Next, a method for manufacturing grain-oriented
electrical steel sheet according to the present embodiment
will be explained. The method for manufacturing grain-
oriented electrical steel sheet according to the present
embodiment comprises coating a surface of a steel sheet
with a coating solution containing a boron source and an
aluminum source with a mass ratio converted to Al,0;/B,0;
of 1.8 to 2.6, annealing the steel sheet in an inert gas
atmosphere with a dew point of 0 to 40° C. and containing
0 to 25 vol % of hydrogen to a predetermined temperature
in a range of 450 to 600° C. by an average rate of tempera-
ture rise of 2 to 5° C./sec, then cooling it down to 200° C.
or less by a cooling rate of 10° C./sec or more, and raising
the temperature of the steel sheet up to 750° C. by a rate of
temperature rise of an average 10 to 100° C./sec and heat
treating the steel sheet in the temperature region of 750 to
1000° C. for 20 to 120 sec.
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[0041] The inventors investigated in detail the process
conditions of the means for realizing the above-mentioned
insulating coating. As a result of their study of the processes,
it became clear that to form an insulating coating satisfying
the above-mentioned conditions, it is sufficient to coat the
base metal steel sheet of grain-oriented electrical steel sheet
with a coating solution having a mass ratio Al,0;/B,0; of
aluminum oxide and boron oxide of 1.8 to 2.6 and limit the
temperature and atmospheric conditions of the drying after
coating and the heat treatment including the annealing
temperature. The processes are comprised of (i) diffusion of
the boron in during the rise in temperature after drying the
coating solution and before crystallization of the aluminum
borate, (ii) formation of nuclei of the aluminum borate
crystals, and (iii) growth of the aluminum borate crystals.
[0042] Below, the method for manufacturing grain-ori-
ented electrical steel sheet according to the present embodi-
ment will be explained in detail while referring to the
analysis in regard to the above processes (i) to (iii).

[0043] First, before the processes, the base metal steel
sheet for forming the insulating coating is prepared. As the
base metal steel sheet, the above-mentioned such steel sheet
may be prepared, but specifically steel sheet which has been
finish annealed and is formed with a forsterite primary
coating on its surface by a conventional method may be
prepared.

[0044] Next, such a base metal steel sheet is coated with
a coating solution for forming an insulating coating. The
coating solution contains a boron source and aluminum
source in a mass ratio converted to Al,0,/B,0; of 1.8 t0 2.6.
[0045] As the boron source, o-boric acid represented by
H;BO, is the most preferable from the viewpoint of the work
efficiency, price, etc., but m-boric acid represented by
HBO,, boron oxide represented by B,O;, or mixtures of the
same may also be used.

[0046] As the aluminum source, aluminum oxide or an
aluminum oxide precursor may be mentioned. As the alu-
minum oxide precursor compound, for example, a hydrate of
aluminum oxide as represented by Al,O;*mH,O such as
boehmite, aluminum hydroxide, etc. aluminum nitrate, alu-
minum chloride, and other various types of aluminum salts
etc. are preferably used.

[0047] Further, the boron source and the aluminum source
in the coating solution are contained so that the mass volume
converted to Al,O;/B,0; becomes 1.8 to 2.6. Due to this, it
is possible to form the above insulating coating by a suitable
ratio of composition. As opposed to this, if the above mass
ratio is less than 1.8, the amount of boron in the insulating
coating becomes too large and as a result boron collects too
much at the interface, the boron becomes unevenly present
in the insulating coating, aluminum borate crystals are
insufficiently formed at part of the insulating coating, and
the coating tension falls. Further, if the above mass ratio
becomes over 2.6, the aluminum source becomes too large
and as a result the amount of boron near the interface of the
insulating coating and the base metal steel sheet becomes
insufficient, fewer aluminum borate crystals are formed, and
the coating tension does not become higher.

[0048] The above mass ratio is preferably 1.9 or more and
2.4 or less, more preferably 2.0 or more and 2.2 or less.
[0049] A slurry is prepared as a coating solution by
making these materials disperse in a dispersion medium. As
the dispersion medium, water is best, but so long there is no
obstacle in the other processes, an organic solvent or mix-
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tures of the same can also be used. The solid concentration
of'the slurry is suitably selected in accordance with the work
efficiency etc. and is not particularly limited.

[0050] Further, by using a fine particle dispersion called a
“s01” as the aluminum oxide precursor in this slurry, some-
times a thin, uniform, and excellent adhesion insulating
coating is obtained. This would be particularly remarkable in
a case where there is no nonmetallic substance on the surface
of'the steel sheet and an insulating coating is directly formed
on the metal surface of the steel sheet.

[0051] If using a sol for the coating solution, as an
aluminum oxide precursor, one called the above-mentioned
boehmite sol and/or alumina sol would be particularly
suitable from the viewpoint of work efficiency or price etc.
[0052] Note that the coating solution may include con-
stituents other than the above in a range not impairing the
effect exhibited by the present invention.

[0053] The obtained slurry (coating solution) is coated on
the surface of the grain-oriented electrical steel sheet fin-
ished being finish annealed by a roll coater or other coater,
the dip method, spray blowing, electrophoresis, or another
conventionally known method.

[0054] Note that before coating, the coating solution may
for example be held at a temperature of 20° C. or more and
40° C. or less so as to prevent the precipitation of boric acid
and evaporation of excessive moisture. If the temperature of
the coating solution is too low, depending on the type and
concentration of the boron source, boric acid will precipitate
in the coating solution, while if the temperature is too high,
the water content easily become lower, normal coating
becomes impossible, and in any case, the targeted coating
sometimes can no longer be obtained.

[0055] Next, in an inert gas atmosphere with a dew point
of'0to 40° C. and containing 0 to 25 vol % of hydrogen, the
steel sheet is heated up to a predetermined temperature in the
range of 450 to 600° C. at an average rate of temperature rise
of 2 to 5° C./sec. The coating solution is heated and dried in
a temperature region from room temperature to the prede-
termined temperature between 450 to 600° C. After finishing
being dried, the film-like substance comprised of a mixture
of a boron compound and aluminum compound formed on
the base metal steel sheet is heated.

[0056] The rate of temperature rise up to the predeter-
mined temperature in the range of 450 to 600° C., in regard
to the process (1), is limited to 2 to 5° C./sec so as to make
the boron sufficiently diffuse. If the rate of temperature rise
is too fast, the boron insufficiently diffuses and the targeted
composition and amount of the water soluble constituents
cannot be obtained. In addition, coating defects easily form
due to boiling at the time of drying the coating solution. On
the other hand, if too slow, the boron proceeds to evaporate
too much and as a result an insulating coating of the targeted
composition can no longer be obtained.

[0057] Note that, the peak temperature at the heating of the
steel sheet may be 450° C. or more and 600° C. or less, but
preferably is 480° C. or more and 530° C. or less. Due to
this, it is possible to make boron sufficiently diffuse in
suppressing evaporation of boron and possible to suppress
formation of unrequired crystals.

[0058] Further, as the inert gas in the atmosphere at the
time of heating, for example, nitrogen or helium, argon,
xenon, or other rare gas may be mentioned. Among these,
for keeping down the costs as well, nitrogen is preferable.
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[0059] Further, the atmosphere at the time of heating
includes 0 to 25 vol % of hydrogen. Due to this, it is possible
to keep down oxidation between the steel sheet and the
insulating coating and secure adhesion. As opposed to this,
there is no problem even if the content of hydrogen is over
25 vol %, but this is not preferable from the viewpoint of it
being too costly.

[0060] Further, the dew point of the atmosphere at the time
of heating is 0° C. or more and 40° C. or less. If the dew
point is less than 0° C., the tension of the insulating coating
cannot be sufficiently secured. Further, if the above dew
point is over 40° C., there is the problem that oxidation
easily occurs at the interface of the steel sheet and the
insulating coating and the adhesion becomes poor. The dew
point of the atmosphere at the time of heating is preferably
10° C. or more and 30° C. or less.

[0061] Next, the steel sheet is heated by the above-men-
tioned rate of temperature rise, then is cooled down to 200°
C. or less by a cooling rate of 10° C./sec or more. The reason
is not clear, but regarding the above mentioned process (ii),
due to such cooling treatment, it is guessed that formation of
nuclei of aluminum borate crystals is promoted. If the
cooling temperature is not 200° C. or less or if the cooling
rate is less than 10° C.sec, a sufficient coating tension
cannot be obtained. The cooling temperature may be 200° C.
or less, but from the viewpoint of the costs and required
time, it is not preferable to make the temperature excessively
low. Preferably, it is 100° C. or more and 200° C. or less.
Further, the cooling rate may be 10° C./sec or more, but if
too fast, uniform cooling becomes difficult, so preferably it
is 10° C./sec or more and 150° C./sec or less. Note that,
usually, the steel sheet is cooled right after heating at the
above-mentioned rate of temperature rise.

[0062] Next, the steel sheet is raised in temperature up to
750° C. by a rate of temperature rise of an average of 10 to
100° C./sect and is heat treated in the temperature region of
750 to 1000° C. for 20 to 120 seconds. By annealing the
coated steel sheet at 750° C. or more after drying in this way,
an oxide coating is formed as an insulating coating on the
surface.

[0063] Further, as mentioned above, by raising the tem-
perature of the steel sheet up to 750° C. by an average rate
of temperature rise of 10 to 100° C.sec, relating to the
above-mentioned process (i), it is possible to suppress
evaporation of boron. That is, in the 600° C. or more
temperature region, in particular the evaporation of boron
easily proceeds, so the steel sheet is raised in temperature by
a relatively fast speed as mentioned above. If the rate of
temperature rise is slow, the boron proceeds to evaporate and
an insulating coating of the targeted composition can no
longer be obtained. There is no problem even if the rate of
temperature rise is fast, but even if over 100° C.sec, no
improvement is seen even compared with the case of a lower
rate of temperature rise. Further, rapid temperature rise can
also become a factor pushing up capital costs. Therefore, the
substantive upper limit of the rate of temperature rise is 100°
C./sec. The rate of temperature rise is preferably 50° C./sec
or more and 80° C./sec or less.

[0064] Heat treatment has to be performed for 20 to 120
seconds between 750 to 1000° C. because, regarding the
above-mentioned process (iii), crystal growth of aluminum
borate occurs at 750° C. or more and crystallization pro-
ceeds. If the temperature and time are not in the above
ranges, the crystallization of the aluminum borate does not
sufficiently proceed and sufficient tension can no longer be
obtained. Further, if the annealing temperature (heat treat-
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ment temperature) is less than 750° C., sometimes the coated
precursor will not become oxides. Further, the annealing
temperature is low, so sufficient tension is not obtained. This
is not preferable.

[0065] The heat treatment temperature may be inside the
above range, but from the viewpoint of the balance of the
effect on the increase of tension and the cost, it is preferably
800° C. or more and 950° C. or less. Further, the heat
treatment temperature should be in the above-mentioned
range, but is preferably 50 seconds or more and 90 seconds
or less.

[0066] Note that if raising the temperature to over 750° C.,
the time from the point of time over 750° C. to next
becoming less than 750° C. is made the heat treatment time.
[0067] The atmosphere at annealing (at the time of tem-
perature rise and heat treatment) is preferably a nitrogen or
other inert gas atmosphere, a nitrogen-hydrogen mixed
atmosphere, or other reducing atmosphere. Air or an atmo-
sphere excessively containing oxygen may cause the steel
sheet to excessively oxidize. This is not preferable.

[0068] Regarding the dew point of the atmospheric gas,
good results are obtained at 0 to 40° C.

[0069] Alternatively, the atmosphere at the time of anneal-
ing may be the same as the atmosphere at the time of drying
the coated solution.

[0070] By doing this, grain-oriented electrical steel sheet
having a high tension having the above such insulating
coating is obtained.

EXAMPLES

[0071] Below, the present invention will be explained in
more detail based on examples, but Example 1 shown below
is just one illustration of the present invention. The present
invention is not limited to only the examples.

Example 1
[0072] A commercially available boric acid reagent and
aluminum oxide (Al,O;) powder (mean particle size: 0.4*m)
were mixed in the ratio shown in Table 2. Note that, the boric
acid was weighed converted to boron oxide (B,O;) equiva-
lents. Distilled water was added to this to prepare a slurry.
[0073] The obtained slurry was coated on grain-oriented
silicon steel sheet (with primary coating made of forsterite)
containing Si: 3.2%, having a thickness of 0.23 mm, and
finished being finish annealed so as to give a mass of coating
after annealing of 4.5 g/m*. After that, under the conditions
shown in Table 2, this was dried, cooled, then raised in
temperature to 750° C., and annealed on at this temperature
for an annealing time of 100 seconds to form an insulating
coating. The peak temperature of the steel sheet at the time
of drying was made 500° C. The atmosphere at the time of
drying, cooling, temperature rise, and annealing was a
nitrogen atmosphere containing 10% hydrogen. The dew
point was made 30° C.
[0074] A sample formed with the insulating coating was
analyzed by X-ray diffraction. The presence of crystalline
aluminum borate was confirmed by the diffracted rays.
[0075] The coating on one side of the steel sheet formed
with the insulating coating was removed and the tension of
the coating was calculated from the curvature of the steel
sheet. This tension is the tension of only the aluminum
borate coating not containing a forsterite layer. For removal
of the insulating coating, a sodium hydroxide aqueous
solution was used. A tension of 15 MPa or more was defined
as a high tension. From the results of Table 2, it is learned
that in this example, an insulating coating with a high
tension is obtained.
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Control factor

Average Average
rate of Cooling rate of
Composition of coating solution (weight g) temp. rise rate down  temp. rise Property
Boric acid up to Cooling to cooling up to Coating
Test Aluminum (B,0O3 ALOy/ 500° C.  temperature temperature  750° C.  tension
0. oxide (AL,Oj3) equivalent) B,O; (° C./sec) °C) (°CJsec) (° CJsec) (MPa) Class
1 100 453 2.2 3 100 130 50 17 Ex
2 100 453 2.2 3 100 80 50 16 Ex
3 100 453 2.2 3 100 20 50 16 Ex
4 100 453 2.2 3 100 16 50 15 Ex
5 100 453 2.2 3 100 13 50 15 Ex
6 100 453 2.2 3 200 60 50 16 Ex
7 100 453 2.2 3 200 10 50 15 Ex
8 100 453 2.2 3 100 8 50 12 Comp. ex
9 100 453 2.2 3 200 8 50 11 Comp. ex
10 100 453 2.2 3 300 13 50 12 Comp. ex
11 100 453 2.2 3 300 8 50 12 Comp. ex
12 100 453 2.2 3 400 14 50 11 Comp. ex
13 100 453 2.2 3 500 — 50 12 Comp. ex
14 100 55.6 1.8 3 200 10 50 17 Ex
15 100 384 2.6 3 200 10 50 16 Ex
16 100 57.1 1.75 3 200 10 50 10 Comp. ex
17 100 37.0 2.7 3 200 10 50 9 Comp. ex
18. 100 453 2.2 4 200 10 50 15 Ex
19 100 453 2.2 3 200 10 50 16 Ex
20 100 453 2.2 5 200 10 50 16 Ex
21 100 453 2.2 6 200 10 50 11 Comp. ex
22 100 453 2.2 1 200 10 50 12 Comp. ex
23 100 453 2.2 5 200 10 100 17 Ex
24 100 453 2.2 2 200 10 10 16 Ex
25 100 453 2.2 2 200 10 5 11 Comp. ex
Example 2 TABLE 3
[0076] To 100 g of a commercially available aluminum Control factor Property

oxide (Al,0;) powder (mean particle size: 0.4*m), a boric
acid reagent was mixed in 45.3 g by equivalent of boron
oxide (B,0;). To this, distilled water was added to prepare
a slurry. Al,0,/B,0; was 2.2

[0077]
steel sheet (having a forsterite primary coating) containing
Si in 3.2%, having a thickness of 0.23 mm, and finished
being finish annealed to give a weight of the coating after

This slurry was coated on grain oriented silicon

annealing of 4.5 g/m*. This was raised in temperature in a
nitrogen atmosphere having a dew point of 30° C. and
containing 10 vol % of hydrogen up to 500° C. by an average
3¢ C./sec, then was cooled down to 200° C. by 60° C./sec,
then was raised up to the annealing temperature by an
average of 50° C./sec and annealed under the conditions
shown in Table 3 to form an insulating coating.

[0078] In the same way as Example 1, the coating on one
side of the steel sheet formed with the insulating coating was
removed and the tension of the coating was calculated from
the curvature of the steel sheet. This tension is the tension of
only the aluminum borate coating not containing the forst-
erite layer. For removal of the insulating coating, a sodium
hydroxide aqueous solution was used. A tension of 15 MPa
or more was defined as a high tension. From the results of
Table 3, it is learned that in this example, an insulating
coating with a high tension is obtained.

Annealing  Anneal- Size of B/Al

temper- ing peak value with  Coating
Test ature time respect to B/Al  tension
no. °C) (sec) value in coating  (MPa) Class
26 750 120 3.4 15 Ex.
27 750 20 3.2 15 Ex.
28 900 100 2.9 16 Ex.
29 900 70 3.1 16 Ex.
30 900 20 3.2 17 Ex.
31 1000 120 2.6 18 Ex.
32 1000 20 2.9 18 Ex.
33 750 140 2.1 10 Comp. ex.
34 700 120 23 8 Comp. ex.
35 700 20 23 7 Comp. ex.
36 750 10 2.4 10 Comp. ex.
37 1000 10 2.3 10 Comp. ex.
38 1000 140 2.2 11 Comp. ex.

[0079] Above, a preferred embodiment of the present
invention was explained in detail while referring to the
attached figure, but the present invention is not limited to the
illustrations. A person having ordinary knowledge in the
technical field to which the present invention belongs clearly
can conceive of various changes and corrections within the
range of the technical idea described in the claims. These are
also naturally understood as falling in the technical scope of
the present invention.

1. Grain-oriented electrical steel sheet comprising

a steel sheet and

an insulating coating formed on the steel sheet and

comprised of oxides containing aluminum and boron,
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where

the oxides contain crystalline oxides and

a maximum value of an emission intensity ratio of boron
with respect to aluminum at an interface between the
insulating coating and the steel sheet, analyzed by glow
discharge optical emission spectrometry, is 2.5 times or
more and 4.0 times or less of the emission intensity
ratio of boron with respect to aluminum in the insulat-
ing coating.

2. A method for manufacturing grain-oriented electrical

steel sheet comprising:

coating a surface of a steel sheet with a coating solution
containing a boron source and an aluminum source
with a mass ratio converted to Al,O,/B,0; 0f1.810 2.6,

annealing the steel sheet in an inert gas atmosphere with
a dew point of 0 to 40° C. and containing hydrogen in
0to 25 vol % to a predetermined temperature in a range
0t'450 to 600° C. by an average rate of temperature rise
of'2 to 5° C./sec, then cooling it down to 200° C. or less
by a cooling rate of 10° C./sec or more, and

raising the temperature of the steel sheet up to 750° C. by
a rate of temperature rise of an average 10 to 100°
C./sec and annealing the steel sheet in the temperature
region of 750 to 1000° C. for 20 to 120 sec.
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