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57 ABSTRACT

A grain-oriented electrical steel sheet having an insulating
film disposed on a surface thereon. The insulating film
having a chemical composition comprising Si, P, O, and at
least one selected from the group consisting of Mg, Ca, Ba,
Sr, Zn, Al, Mn, and Co. The insulating film has a crystallinity
in a range of 20% or more, and a minimum tension provided
to the steel sheet by the insulating film at a temperature in
a range of 100° C. to 200° C. is 10 MPa or more.

20 Claims, No Drawings



US 11,894,167 B2

1
GRAIN-ORIENTED ELECTRICAL STEEL
SHEET, IRON CORE OF TRANSFORMER,
TRANSFORMER, AND METHOD FOR
REDUCING NOISE OF TRANSFORMER

TECHNICAL FIELD

This application relates to a grain-oriented electrical steel
sheet, an iron core of a transformer, a transformer, and a
method for reducing noise of a transformer, and, in particu-
lar, to a grain-oriented electrical steel sheet excellent in
terms of low-noise performance.

BACKGROUND

In general, in the case of a grain-oriented electrical steel
sheet, a film is formed on the surface of the steel sheet to
provide an insulating capability, workability, a rust prevent-
ing capability, and so forth. Such a film is usually composed
of a forsterite-based base film, which is formed when final
finish annealing is performed, and a phosphate-based top-
coat film, which is formed on the base film.

Since the above-mentioned films are formed at a high
temperature and have low thermal expansion coefficients,
the films provide the steel sheet with tension due to differ-
ences in thermal expansion coefficient between the steel
sheet and the films when the temperature is decreased to
room temperature. As a result, there is a decrease in iron loss
and magnetostriction. In particular, since there is a decrease
in the magnetostriction amplitude of an iron core in the case
where magnetostriction is decreased, it is possible to reduce
noise of a transformer. Nowadays, since there is a growing
demand for low-noise transformers, there is a demand for
providing steel sheets with as high tension as possible.

In response to the demand for providing high tension,
various kinds of films have been proposed to date. For
example, Patent Literature 1 proposes a film composed
mainly of magnesium phosphate, colloidal silica, and chro-
mic anhydride, and Patent Literature 2 proposes a film
composed mainly of aluminum phosphate, colloidal silica,
and chromic anhydride.

However, since it may be said that tensile stress caused by
a phosphate-based glass coating according to Patent Litera-
ture 1 or Patent Literature 2 is insufficient, there is a demand
for further improvement.

In response to such a problem, Patent Literature 3 dis-
closes a grain-oriented electrical steel sheet with which iron
loss is reduced as a result of forming a coating film having
a chemical composition containing P, Si, Cr, O, and at least
one selected from the group consisting of Mg, Al, Ni, Co,
Mn, Zn, Fe, Ca, and Ba, and a phosphate crystal phase in an
amount of 5 mass % or more to generate high tensile stress.

In addition, Patent Literature 4 discloses a method for
forming a chromium-free high-tension insulating film on a
surface by using a metal phosphate and colloidal silica as
main constituents and by controlling the crystallinity of the
metal phosphate to be 60% or less, and Patent Literature 5
discloses a method for forming a chromium-free high-
tension insulating film by using a phosphate and colloidal
silica as main constituents and by dispersing crystalline
magnesium phosphate uniformly throughout the film.

Certainly, crystallizing part of a vitreous phosphate film
contributes to improving adhesion resistance and to increas-
ing tension provided to a steel sheet. However, it was found
that high noise is problematically generated by a transformer
in the case where the transformer is actually manufactured
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by using a steel sheet manufactured by using the technique
according to Patent Literature 3, Patent Literature 4, or
Patent Literature 5.

CITATION LIST
Patent Literature

PTL 1: Japanese Unexamined Patent Application Publi-
cation No. 50-79442

PTL 2: Japanese Unexamined Patent Application Publi-
cation No. 48-39338

PTL 3: Domestic Re-publication of PCT International
Publication No. 2013-099455

PTL 4: Japanese Unexamined Patent Application Publi-
cation No. 2007-217758

PTL 5: Domestic Re-publication of PCT International
Publication No. 2007-136115

SUMMARY
Technical Problem

An object of the disclosed embodiments is to solve the
problems described above, to provide a grain-oriented elec-
trical steel sheet with which it is possible to achieve low-
noise performance when the steel sheet is formed into the
iron core of a transformer and used in practical operation, to
provide the iron core of a transformer and a transformer
which are manufactured by using the grain-oriented electri-
cal steel sheet, and to provide a method for reducing noise
of a transformer.

Solution to Problem

From the results of the diligent investigations conducted
by the present inventors, the following findings were
obtained.

By forming different coating films on the identical grain-
oriented electrical steel sheets, and by conducting diligent
investigations regarding the difference between a steel sheet
used for a transformer generating low noise, that is, a
low-noise steel sheet, and a steel sheet used for a transformer
generating high noise, it was found that, in the case of the
steel sheet used for a transformer generating high noise,
there is a significant decrease in tension provided to the steel
sheet by a film at a temperature of about 100° C. to 200° C.
at which the transformer is practically operated.

From this result, the reason why noise is generated is
considered to be because there is a significant decrease in
tension provided to a steel sheet at a temperature of about
100° C. to 200° C. Further, it was found that, instead of
tension provided to a steel sheet at room temperature, which
has been determined and used for evaluation to date, tension
provided to a steel sheet at a temperature of about 100° C.
to 200° C., at which a transformer is practically operated, is
important from the viewpoint of low noise. From the results
of'additional investigations, it was also found that there is an
increase in tension provided to a steel sheet as a result of
containing a crystal phase in an insulating film to utilize
crystallization.

The disclosed embodiments have been completed on the
basis of the findings described above, and the subject matter
of the disclosed embodiments is as follows.

[1] A grain-oriented electrical steel sheet including an
insulating film, in which the insulating film has a chemical
composition containing Si, P, O, and at least one selected
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from Mg, Ca, Ba, Sr, Zn, Al, Mn, and Co and a crystallinity
of 20% or more, and a minimum tension provided to the
steel sheet by the insulating film at a temperature of 100° C.
to 200° C. is 10 MPa or more.

[2] The grain-oriented electrical steel sheet according to
item [1] above, in which the insulating film has a static
friction coefficient of 0.21 or more and 0.50 or less.

[3] The grain-oriented electrical steel sheet according to
item [1] or [2] above, in which the insulating film has the
chemical composition containing no Cr.

[4] The grain-oriented electrical steel sheet according to
any one of items [1] to [3] above, in which the insulating
film has an average film thickness of 4.5 um or less.

[5] An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to any one
of items [1] to [4] above.

[6] A transformer including the iron core according to
item [5] above.

[7] A method for reducing noise of a transformer, the
method including using the grain-oriented electrical steel
sheet according to any one of items [1] to [4] above for an
iron core of the transformer.

Advantageous Effects

According to the disclosed embodiments, it is possible to
obtain a grain-oriented electrical steel sheet excellent in
terms of low-noise performance. Since it is possible to
reduce noise of a transformer, the steel sheet is useful as a
material for a low-noise transformer. The iron core of a
transformer and a transformer which are manufactured by
using the grain-oriented electrical steel sheet according to
the disclosed embodiments are excellent in terms of low-
noise performance.

DETAILED DESCRIPTION

Hereafter, the disclosed embodiments will be described in
detail. Here, when the content of the constituent of a
chemical composition is expressed in units of %, “%” refers
to “mass %7, unless otherwise noted.

The insulating film formed on the surface of the grain-
oriented electrical steel sheet according to the disclosed
embodiments has a chemical composition containing Si, P,
O, and at least one selected from Mg, Ca, Ba, Sr, Zn, Al, Mn,
and Co and a crystallinity of 20% or more, and a minimum
tension provided by the insulating film to the steel sheet at
a temperature of 100° C. to 200° C. is 10 MPa or more.

Here, in the disclosed embodiments, the term “insulating
film” refers to a phosphate-based tensile-stress insulating
film (topcoat film).

The reason why a transformer generates noise is consid-
ered to be mainly because of the magnetostriction of an iron
core. Magnetostriction is a phenomenon in which expansion
and contraction occur when iron is magnetized, and it is
known that there is an increase in the degree of magneto-
striction when compressive stress is applied to iron. The iron
core of a transformer is formed by placing steel sheets on top
of one another, and steel sheets of several tens of tons are
used in the case of a large transformer. Therefore, compres-
sive stress is applied to the steel sheets due to their weight.
Therefore, by providing tension to the steel sheets in
advance, it is possible to counteract the effect of compres-
sive stress. Therefore, it is possible to prevent an increase in
the degree of magnetostriction by providing as high tension
as possible to a steel sheet, which results in a reduction in
noise of a transformer.
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For the reasons described above, in the disclosed embodi-
ments, regarding tension provided to a steel sheet, the
minimum tension provided to a steel sheet by an insulating
film at a temperature of 100° C. to 200° C. is set to be 10
MPa or more. By evaluating the minimum tension provided
to a steel sheet by an insulating film at a temperature of 100°
C. to 200° C., at which a transformer is assumed to be
practically operated, it is possible to improve low-noise
performance. Evaluation at a temperature of lower than 100°
C. or higher than 200° C. is inappropriate from the viewpoint
of improving low-noise performance, because such a tem-
perature is much different from a temperature in practical
operation. In addition, the minimum tension provided to a
steel sheet is set to be 10 MPa or more. In the case where the
tension provided by an insulating film is less than 10 MPa,
since there is an insufficient effect of improving the com-
pressive-stress property of magnetostriction, there is an
increase in noise. It is preferable that the tension be 12 MPa
or more. Although there is no particular limitation on the
upper limit of the tension, it is preferable that the tension be
30 MPa or less from an economic viewpoint, because there
is an increase in cost in the case where the tension is
increased more than necessary.

Here, the minimum tension provided to a steel sheet by an
insulating film at a temperature of 100° C. to 200° C. is
determined by using the following method.

The tension provided to a steel sheet is defined as tension
in the rolling direction and calculated by using equation (1)
below from the warpage quantity of the steel sheet after an
insulating film on one side of the steel sheet has been
removed by using, for example, an alkali or an acid.

tension provided to a steel sheet [MPa]=Young’s
modulus of the steel sheet [GPa]xthickness
[mm]xwarpage quantity [mm]/(warpage deter-
mination length [mm])?x103

M

Here, Young’s modulus of a steel sheet is set to be 132
GPa.

The tension provided to the steel sheet which is calculated
from the minimum warpage quantity when the sample for
determination is heated from a temperature of 100° C. to a
temperature of 200° C. at a heating rate of 20° C./hr is
defined as the minimum tension provided to the steel sheet
by the insulating film at a temperature of 100° C. to 200° C.

In the disclosed embodiments, the expression “the mini-
mum tension provided to a steel sheet by an insulating film
at a temperature of 100° C. to 200° C. is 10 MPa or more”
means that the tension provided to the steel sheet by the
insulating film at a temperature in the range of 100° C. to
200° C. is 10 MPa or more.

The insulating film for which the disclosed embodiments
is intended has a chemical composition containing Si, P, O,
and at least one selected from Mg, Ca, Ba, Sr, Zn, Al, Mn,
and Co. In addition, although the insulating film according
to the disclosed embodiments may contain Cr, it is prefer-
able that Cr not be contained from the viewpoint of envi-
ronmental load.

P forms a P—O—P network structure in the form of a
phosphate and is indispensable for achieving satisfactory
adhesiveness between a basis material (a basis metal or a
base film such as a forsterite film or a ceramic film), on
which an insulating film is formed, and the insulating film.

Si forms an Si—O—Si network structure in the form of
a silicate and contributes to improving moisture absorption
resistance, heat resistance of an insulating film and tension-
providing capability due to the low thermal expansion
coeflicient thereof.
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To stably maintain a P—O—P network structure and an
Si—O—Si network structure, it is necessary that at least one
metal element selected from among Mg, Ca, Ba, Sr, Zn, Al,
Mn, and Co be contained.

In addition, the insulating film according to the disclosed
embodiments may contain metal elements other than those
described above. Examples of such metal elements include
Li, Zr, Na, K, Hf, Ti, and W.

Here, it is possible to determine whether or not the
elements described above are contained in the insulating
film by performing, for example, X-ray fluorescence spec-
trometry or GD-OES (glow discharge optical emission spec-
trometry).

It is possible to form the insulating film according to the
disclosed embodiments, which has the chemical composi-
tion and structures described above, by applying a treatment
solution, which is prepared by mixing, for example, at least
one selected from the phosphates of Mg, Ca, Ba, Sr, Zn, Al,
Mn, and Co, colloidal silica, and optional additives, to, for
example, the surface of a grain-oriented electrical steel
sheet, and by performing thereafter a baking treatment. To
improve the compatibility and dispersibility in the treatment
solution, a surface treatment utilizing, for example, Al may
be performed on the surface of the silica in the colloidal
silica, and a dispersant such as an aluminate may be appro-
priately added to the colloidal solution. In addition, regard-
ing the kind of phosphate, primary phosphates (biphos-
phates) are readily available and are preferably used.

Although there is no particular limitation on the optional
additives described above, examples of the additives include
Li,0, NaOH, K,SO,, TiOSO,nH,0, ZrO,, HfO,, and
Na,WO,, and Li,O and ZrO, are preferably used.

In addition, regarding the content ratio between a phos-
phate and colloidal silica in the treatment solution, it is
preferable that the colloidal silica content be, in terms of
solid content, 50 pts.mass to 150 pts.mass or more prefer-
ably 50 pts.mass to 120 pts.mass with respect to a phosphate
content of 100 pts.mass. In addition, in the case where
optional additives are used, it is preferable that the contents
of such additives be, in terms of solid content, 1.0 pts.mass
to 15 pts.mass or more preferably 2.0 pts.mass to 10
pts.mass with respect to a phosphate content of 100 pts-
.mass.

The crystallinity of an insulating film is 20% or more.

Generally, a grain-oriented electrical steel sheet is cov-
ered with a vitreous insulating film composed mainly of a
phosphate. Such an insulating film is formed at a high
temperature of 800° C. to 1000° C. By controlling the
thermal expansion coeflicient of an insulating film to be
lower than that of a steel sheet, it is possible to provide the
steel sheet with tensile stress, after the insulating film has
been formed by performing a baking treatment. Although an
insulating film is usually vitreous, that is, glassy, it is
possible to achieve lower thermal expansion coefficient by
dispersing a crystal phase having a low thermal expansion
coeflicient in the glass.

From the viewpoint described above, in the disclosed
embodiments, a crystal phase is contained in the insulating
film in an amount of 20% or more in terms of crystallinity
to improve tension provided to the steel sheet. It is necessary
that the crystallinity be 20% or more to sufficiently decrease
the thermal expansion coefficient of the insulating film. The
upper limit of the crystallinity may be 100%, that is, the film
may be composed of only a crystal phase. However, it is
preferable that the upper limit be 80% or less or more
preferably 60% or less from the viewpoint of, for example,
corrosion resistance.

10

15

20

25

30

35

40

45

50

55

60

65

6

Here, the term “crystallinity” refers to the content of a
crystal phase in an insulating film, and it is possible to
determine the crystallinity, for example, by using a method
in which X-ray diffractometry is performed or by using a
method which utilizes a difference in etching rate between a
glass phase and a crystal phase in such a manner that an
insulating film is slightly etched by using, for example, an
acid, an alkali, or warm water to determine an area ratio
between the glass phase and the crystal phase by observing
the surface asperity. It is preferable that the latter method be
used from the viewpoint of performing the determination
with ease.

It is possible to achieve the desired crystallinity by
controlling a heating rate to a baking temperature, a baking
temperature, a baking time, and so forth when a baking
treatment is performed.

The easiest method for precipitating a crystal phase
having a low thermal expansion coefficient in a vitreous
insulating film composed mainly of a phosphate is the
method disclosed in Patent Literature 3 or Patent Literature
4 in which, for example, a heat treatment is performed for
crystallization. In such a method, pyrophosphate crystals
(such as Mg,P,0, and Ni,P,0,) are mainly precipitated.
The thermal expansion coefficients of such pyrophosphates
are very low. For example, the average thermal expansion
coefficient of Mg,P,0, is 43x1077 (° C.”!) in a temperature
range of 25° C. to 1000° C. Therefore, such pyrophosphates
significantly contribute to decreasing the thermal expansion
coefficient of an insulating film. However, since Mg,P,O-
contracts at a temperature in the range from room tempera-
ture to a temperature of about 70° C. due to structural phase
transition, the average thermal expansion coefficient of
Mg,P,O, is high, that is, 70x10~7 (° C.™), in a temperature
range of 100° C. to 1000° C. Due to the influence of such
contraction, there is a significant decrease in tension pro-
vided to a steel sheet at around 100° C.

The iron core of a transformer is immersed in an insulat-
ing oil, and there is an increase in the temperature of the
insulating oil to a temperature of about 150° C. in operation
due to energy loss caused by, for example, iron loss or
copper loss. Therefore, the compressive-stress property of
magnetostriction at a temperature of 100° C. to 200° C. is
what has an effect on noise in practical operation. Although
there is a slight decrease in tension due to an increase in
temperature from room temperature even in the case of an
insulating film of the related art composed of only a glass
phase, the degree of decrease is estimated by using the
formula (baking temperature—iron core temperature)/(bak-
ing temperature—room temperature), and, in the case where
a baking temperature is assumed to be 800° C., the degree
of decrease is about 16%, as determined by (800-150)/
(800x25)=0.84.

The phenomenon described above is common for pyro-
phosphates. However, the temperature at which structural
phase transition occurs depends on the kind of pyrophos-
phate. Therefore, it is preferable that a pyrophosphate (such
as Zr,P,0,, MgCo),P,0,, or Co,P,0,) whose structural
phase transition temperature is 200° C. or more be precipi-
tated.

In addition, it is more preferable that a crystal phase
having a low thermal expansion coefficient which is differ-
ent from a pyrophosphate be precipitated in order to prevent
structural phase transition per se. Examples of such a crystal
phase include cordierite, p-spodumene, quartz, zircon, a
zirconium phosphate-based crystal phase, and a tungsten
phosphate-based crystal phase.
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It is preferable that the static friction coefficient of an
insulating film be 0.21 or more and 0.50 or less or more
preferably 0.25 or more and 0.50 or less. The iron core of a
transformer is manufactured by placing grain-oriented elec-
trical steel sheets on top of one another. The higher the static
friction coefficient between the steel sheets, the more likely
the layered body is to deform in an integrated manner.
Accordingly, there is an increase in the rigidity of the iron
core, which results in a further reduction in noise. Therefore,
it is preferable that the static friction coefficient be 0.21 or
more or more preferably 0.25 or more. On the other hand,
since it is necessary to arrange the shape of an iron core by
sliding the steel sheets in iron core-assembling work, there
is a deterioration in assembling efficiency in the case of steel
sheets which are less slidable. Therefore, it is preferable that
the static friction coefficient be 0.50 or less.

Examples of a method for controlling static friction
coefficient include one in which the contact area between the
steel sheets is increased by decreasing the roughness of the
surface of the steel sheet as a result of increasing a baking
temperature or a baking time to promote the smoothing of
the surface of the vitreous film and the static friction
coefficient is increased.

It is possible to determine the static friction coefficient by
using the method described in EXAMPLES below.

It is preferable that Cr not be contained in an insulating
film from the viewpoint of environmental load. In the
disclosed embodiments, the effects are achieved without
containing Cr: a problem of insufficient provided tension, a
problem of a deterioration in moisture absorption resistance,
a problem of fusion when stress relief annealing is per-
formed, or the like does not occur.

It is preferable that the average thickness of the insulating
film be 4.5 um or less or more preferably 3.0 um or less. In
the case where the average thickness of the insulating film
is excessively large, since there is a decrease in the lami-
nation factor of the steel sheets, there is an increase in
effective excitation magnetic flux density, which results in
an increase in the degree of magnetostrictive vibration.
Therefore, it is preferable that the average thickness of the
insulating film be 4.5 pm or less or more preferably 3.0 um
or less.

Although it is usual that, in the case of the grain-oriented
electrical steel sheet having an insulating film according to
the disclosed embodiments, a ceramic film composed
mainly of forsterite is formed on the surface of the steel
sheet before the insulating film is formed, other kinds of
ceramic films such as metallic nitrides (for example, TiN and
Si;N,) may be formed on the surface of the steel sheet, and
otherwise, the insulating film according to the disclosed
embodiments may be formed directly on the basis metal.

An example of the method for forming the insulating film
according to the disclosed embodiments will be described. A
grain-oriented electrical steel sheet which has been sub-
jected to finish annealing is subjected to water cleaning to
remove a redundant annealing separator, then, optionally
stress relief annealing as needed, a pickling treatment, a
water cleaning, and so forth. Subsequently, an insulating
film-treatment solution is applied to the surface of the steel
sheet, and baking and drying are performed to form an
insulating film on the surface of the steel sheet. As the
grain-oriented electrical steel sheet which has been sub-
jected to finish annealing, a steel sheet having a forsterite
film or a steel sheet having no forsterite film may be used.
It is sufficient that the insulating film-treatment solution
form an insulating film having a chemical composition
containing Si, P, O, and at least one selected from Mg, Ca,
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Ba, Sr, Zn, Al, Mn, and Co. Regarding a baking condition
and a drying condition, it is preferable that the baking
temperature be (crystallization temperature+10° C.) or
higher and 1100° C. or lower or more preferably 1000° C.
or lower to achieve a crystallinity of 20% or more. It is
preferable that the baking time be 10 seconds to 90 seconds.
Although it is needless to say that it is necessary that, to
realize crystallization, the baking temperature be equal to or
higher than the crystallization temperature, which is derived
by performing TG-DTA (Thermo Gravimetry-Differential
Thermal Analysis), it is preferable that baking be performed
at a temperature equal to or higher than (crystallization
temperature+10° C.) to achieve a crystallinity of 20% or
more. In addition, it is preferable that the baking temperature
be 1100° C. or lower or more preferably 1000° C. or lower
in consideration of the threading performance of a thin steel
sheet. It is preferable that the baking holding time be 10
seconds or more to achieve crystallization and be 90 seconds
or less from an economic viewpoint.

EXAMPLES
Example 1

A grain-oriented electrical steel sheet after finish anneal-
ing having a thickness of 0.23 mm which had been manu-
factured by using a known method was sheared into a piece
having a length in the rolling direction of 300 mm and a
length in a direction perpendicular to the rolling direction of
100 mm, subjected to water cleaning to remove unreacted
annealing separator (containing mainly MgO), and subjected
to stress relief annealing (800° C., 2 hours, N, atmosphere).
A forsterite film was formed on the surface of the steel sheet
which had been subjected to stress relief annealing. Subse-
quently, light pickling was performed with 5 mass % phos-
phoric acid aqueous solution. The treatment solutions (phos-
phates, colloidal silica, and optional additives) given in
Table 1 were applied to both surfaces of the grain-oriented
electrical steel sheets obtained as described above so that the
coating weight after a baking treatment was 8 g/m> and a
baking treatment was then performed under the various
conditions given in Table 1. A nitrogen atmosphere was used
when the baking treatment was performed.

As the phosphates, a primary phosphate aqueous solution
was used, and the amount of the phosphates used is
expressed in terms of solid content.

As the colloidal silica, AT-30 produced by ADEKA Cor-
poration was used, and the amount of the colloidal silica
used is expressed in terms of the solid content of SiO,.

Average Film Thickness

The average thickness of the insulating film on one side
was calculated from the result of the observation of a cross
section of the insulating film performed by using a SEM.

Identification of Crystal Phase

Crystal phases were identified by performing X-ray dif-
fractometry.

Crystallinity

Crystallinity was determined: by performing mirror pol-
ishing with diamond slurry on the surface of the insulating
film of the sample, by immersing the polished sample in
deionized water having a temperature of 100° C. for 30
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minutes, then by observing the surface after the immersing
treatment by using a SEM, by defining the area of the eluted
surface as the area (AG) of a glass phase, and the area of the
un-eluted surface as the area (AC) of a crystal phase, and by
calculation using the equation “crystallinity R=AC/(AC+
AG)x100”.

Minimum tension provided to steel sheet by insulating
film at a temperature of 100° C. to 200° C.

The tension provided to a steel sheet was defined as
tension in the rolling direction and calculated by using
equation (1) below from the warpage quantity of the steel
sheet after an insulating film on one side of the steel sheet
had been removed by using, for example, an alkali or an
acid.

tension provided to a steel sheet [MPa]=Young’s
modulus of the steel sheet [GPa]xthickness
[mm]xwarpage quantity [mm]/(warpage deter-
mination length [mm])?x10°

M

Here, Young’s modulus of a steel sheet is set to be 132
GPa.

10

15

10

The minimum warpage quantity when the sample for
determination was heated from a temperature of 100° C. to
a temperature of 200° C. at a heating rate of 20° C./hr was
used as the warpage quantity at a temperature between 100°
C. and 200° C. (that is, corresponding to the minimum
tension provided at a temperature between 100° C. and 200°
C)

Static Friction Coefficient

Static friction coefficient was determined by using TYPE:
10 Static Friction Coeflicient Tester produced by SHINTO
Scientific Co., Ltd.

Noise of a Transformer (Low-Noise Performance)

Noise of a transformer was evaluated by manufacturing a
transformer having a capacity of 100 kVA and then by
determining noise at a position located 1 m from the
transformer body.

TABLE 1
Colloidal
Phosphate (g) (in terms of solid content) Silica (g) Baking Condition
Mg (in terms Additive Temper-
Phos- Ca Ba Sr Zn Al Mn Co of solid Content ature Time
No. phate Phosphate Phosphate Phosphate Phosphate Phosphate Phosphate Phosphate content) (g) °C) (s)
1 100 50 None None 800 30
2 100 50 None None 900 20
3 100 50  ZrO, 3 950 60
4 100 80  ZrO, 5 850 30
5 100 120 None None 1050 30
6 70 30 60 None None 1100 10
7 30 70 70 None None 1000 30
8 100 50  Li,O 5 800 10
9 100 50  Li,O 5 800 30
10 100 80  Li,O 5 800 60
11 100 100 Li,O 5 800 80
12 100 120 ZrO, 5 900 60
13 100 150 ZrO, 7 1000 60
14 100 100 None None 1000 60
15 100 100 None None 1000 30
16 100 100 None None 1000 30
17 100 100 None None 1050 60
18 100 100 None None 1100 20
19 100 100 None None 1100 15
20 70 30 80  ZrO, 5 900 30
21 80 20 80 None None 900 30
22 50 50 80  Li,O 5 900 30
23 50 50 100 ZrO, 5 800 30
24 50 50 100 ZrO, 5 950 30
25 60 40 100 Li,O 5 1000 30
26 20 80 100 None None 900 20
27 50 50 120 None None 850 30
Minimum
Average Tension Tension
Coating Film Provided Provided Static Noise of a
Weight Thickness Crystallinity  (25° C.)  (100-200° C.) Friction transformer
No. (g/m?) (um)  Crystal Phase [%] [MPa] [MPa] Coeflicient [dBA]  Note
1 8 2.0 None — 5.0 4.0 0.20 45 Comparative
Example
2 8 2.0 Mg,P,0- 20 10.0 7.0 0.25 42 Comparative
Example
3 8 2.0 ZrSiOy, 20 14.0 11.7 0.32 38 Example
4 8 2.5 Zr,P,0, 30 13.0 11.0 0.25 38 Example
5 8 2.8 Sio, 50 12.0 10.0 0.22 40 Example
6 8 2.1 Mg,Al3(AlSisO g) 60 15.0 12.5 0.28 34 Example
7 8 1.9 Mg,Al3(AlSisO g) 50 14.0 12.0 0.30 35 Example
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TABLE 1-continued
8 8 1.6 LiAlSi,O4 15 12.0 8.0 0.18 42 Comparative

Example

9 8 1.5 LiAlSi,O4 20 14.0 11.5 0.25 38 Example
10 8 2.0 LiAlSi,O4 40 16.0 13.0 0.25 35 Example
11 8 2.4 LiAlSi,O4 80 18.0 15.0 0.26 34 Example
12 8 2.7 Z1Si0, 30 14.0 11.5 0.28 38 Example
13 8 3.0 Z1Si0, 35 15.0 13.0 0.32 34 Example
14 8 2.6 SiO, 50 13.0 11.5 0.25 37 Example
15 8 2.6 Sio, 30 12.0 10.5 0.21 39 Example
16 8 2.7 Sio, 30 12.0 10.5 0.20 39 Example
17 8 2.5 Sio, 60 14.0 12.0 0.26 36 Example
18 8 2.3 SiO, 30 12.0 10.0 0.22 39 Example
19 8 2.4 Sio, 30 12.0 10.0 0.25 38 Example
20 8 23 Zn,P,0, 25 13.0 10.5 0.25 37 Example
21 8 2.5 Sio, 30 12.0 10.0 0.23 39 Example
22 8 2.3 LiAlSi,O4 30 13.0 11.0 0.26 38 Example
23 8 2.6 Z5,P,0, 20 13.0 10.5 0.20 39 Example
24 8 2.6 Z5,P,0, 40 15.0 12.5 0.25 34 Example
25 8 2.5 MgAlL(AlSi;O ) 40 13.0 11.0 0.28 37 Example
26 8 2.3 Co,P,0, 30 13.0 12.0 0.28 35 Example
27 8 21 (MgCo),P,0, 25 12.0 11.0 0.27 36 Example

As indicated by the results described above, it is possible
to reduce noise of a transformer to 40 dBA or less in the case
of the disclosed embodiments.

Example 2

A grain-oriented electrical steel sheet after finish anneal-
ing having a thickness of 0.27 mm which had been manu-
factured by using a known method was sheared into a piece
having a length in the rolling direction of 300 mm and a
length in a direction perpendicular to the rolling direction of
100 mm, subjected to water cleaning to remove unreacted
annealing separator (containing mainly MgO), and subjected
to stress relief annealing (800° C., 2 hours, N, atmosphere).
A forsterite film was formed on the surface of the steel sheet
which had been subjected to stress relief annealing. Subse-
quently, light pickling was performed with 5 mass % phos-
phoric acid aqueous solution. The treatment solutions (phos-
phates, colloidal silica, optional CrO,, and optional
additives) given in Table 2 were applied to both surfaces of
the grain-oriented electrical steel sheets obtained as
described above so that the coating weight after a baking
treatment was 12 g/m® and a baking treatment was then
performed under the various conditions given in Table 2. A
nitrogen atmosphere was used when the baking treatment
was performed.

As the phosphates, a primary phosphate aqueous solution
was used, and the amount of the phosphates used is
expressed in terms of solid content.

As the colloidal silica, ST-C produced by Nissan Chemi-
cal Corporation was used, and the amount of the colloidal
silica used is expressed in terms of the solid content of SiO,.

Average Film Thickness
The average thickness of the insulating film on one side
was calculated from the result of the observation of a cross
section of the insulating film performed by using a SEM.
Identification of Crystal Phase

Crystal phases were identified by performing X-ray dif-
fractometry.

Crystallinity

Crystallinity was determined: by performing mirror pol-
ishing with diamond slurry on the surface of the insulating
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film of the sample, by immersing the polished sample in
deionized water having a temperature of 100° C. for 30
minutes, then by observing the surface after the immersing
treatment by using a SEM, by defining the area of the eluted
surface as the area (AG) of a glass phase, and the area of the
un-eluted surface as the area (AC) of a crystal phase, and by
calculation using the equation “crystallinity R=AC/(AC+
AG)x100”.

Minimum tension provided to steel sheet by insulating
film at a temperature of 100° C. to 200° C.

The tension provided to a steel sheet was defined as
tension in the rolling direction and calculated by using
equation (1) below from the warpage quantity of the steel
sheet after an insulating film on one side of the steel sheet
had been removed by using, for example, an alkali or an
acid.

tension provided to a steel sheet [MPa]=Young’s
modulus of the steel sheet [GPa]xthickness
[mm]xwarpage quantity [mm]/(warpage deter-
mination length [mm])?x103

M

Here, Young’s modulus of a steel sheet is set to be 132
GPa.

The minimum warpage quantity when the sample for
determination was heated from a temperature of 100° C. to
a temperature of 200° C. at a heating rate of 20° C./hr was
used as the warpage quantity at a temperature between 100°
C. and 200° C. (that is, corresponding to the minimum
tension provided at a temperature between 100° C. and 200°
C)

Static Friction Coefficient

Static friction coefficient was determined by using TYPE:
10 Static Friction Coeflicient Tester produced by SHINTO
Scientific Co., Ltd.

Noise of a Transformer

Noise of a transformer was evaluated by manufacturing a
transformer having a capacity of 100 kVA and then by
determining noise at a position located 1 m from the
transformer body.
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TABLE 2
Phosphate (g) Colloidal
(in terms of Silica (g) Average
solid content) (in terms Additive Baking Condition = Coating Film
Mg Al of solid  CrO; Content Temperature Time Weight Thickness
No. Phosphate Phosphate content) (g) (g) °C) (s) (gm?) (um)
1 100 50 15 None  None 800 30 12 2.3
2 100 50 12 None  None 900 20 12 2.4
3 100 50 0 ZrO, 3 950 60 12 2.8
4 100 80 0 ZrO, 5 850 30 12 2.9
5 100 120 8 None  None 1050 30 12 3.0
6 100 120 8 None  None 1050 60 12 3.0
7 100 120 8 None  None 1050 90 12 2.9
8 100 120 8 None  None 1050 120 12 2.9
9 100 50 0 LiO 5 800 10 12 2.2
10 100 50 6 Li,O 5 800 30 12 2.1
11 100 50 6 Li,O 5 800 60 12 2.1
12 100 50 0 Li,O 5 800 80 12 2.3
13 70 30 80 0 ZrO, 5 900 10 12 2.8
14 70 30 80 0 ZrO, 5 900 60 12 2.8
15 70 30 80 0 ZrO, 5 900 120 12 2.7
Minimum
Tension Tension
Provided Provided Static Noise of a
Crystal Crystallinity  (25° C.)  (100-200° C.) Friction transformer
No. Phase [%] [MPa] [MPa] Coeflicient [dBA] Note
1 None — 7.0 6.0 0.23 45 Comparative
Example
2 Mg,P,0, 20 12.0 9.0 0.25 42 Comparative
Example
3 ZrSiO, 20 14.0 11.8 0.28 36 Example
4 Zr,P,0, 30 13.0 11.0 0.23 38 Example
5  SiO, 50 13.0 11.0 0.23 40 Example
6 SiO, 50 13.0 11.0 0.25 38 Example
7 SiO, 50 13.0 11.0 0.30 37 Example
8 SiO, 50 13.0 10.5 0.35 36 Example
9 LiAlSi;O4 15 12.0 9.3 0.23 42 Comparative
Example
10 LiAlSi,O4 20 14.0 11.7 0.24 38 Example
11 LiAlSi,Oq4 20 14.0 11.7 0.25 35 Example
12 LiAlSi,O4 20 14.0 11.7 0.28 34 Example
13 Zr,P,0, 25 13.0 11.0 0.24 37 Example
14 Zr,P,0, 25 13.0 11.0 0.30 35 Example
15 Zr,P,0, 25 13.0 11.0 0.50 35 Example

As indicated in Table 2, it is clarified that, whether or not 5¢

Cr is contained in an insulating film-treatment solution, it is
possible to reduce noise of a transformer to 40 dBA or less
in the case where the crystallinity of an insulating film is
20% or more and the minimum tension provided to a steel

sheet at a temperature of 100° C. to 200° C. is 10 MPa or 55

more.

Example 3

The effect of the average thickness of an insulating film on 60

noise of a transformer was investigated. The average thick-
ness of an insulating film was varied by controlling appli-
cation amount, that is, coating weight as shown in Table 3,
where the treatment solutions having used for No. 1, No. 2,

and No. 3 in Table 2 in EXAMPLE 2 were used. As asample 65

of a grain-oriented electrical steel sheet on which an insu-
lating film was to be formed, a steel sheet after finish

annealing having a thickness of 0.20 mm which had been
manufactured by using a known method was sheared into a
piece having a length in the rolling direction of 300 mm and
a length in a direction perpendicular to the rolling direction
of 100 mm, subjected to removal of unreacted annealing
separator (containing mainly MgO), subjected to stress relief
annealing (800° C., 2 hours, N, atmosphere) so that a
forsterite film was formed on the surface of the steel sheet,
and subjected to light pickling with 5 mass % phosphoric
acid aqueous solution.

By using the same methods as used in EXAMPLE 2,
average film thickness, crystallinity, minimum tension pro-
vided to a steel sheet by an insulating film at a temperature
of 100° C. to 200° C., static friction coefficient, and noise of
a transformer were determined, and crystal phases were
identified.
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TABLE 3
Colloidal Average
Mg Phosphate  Silica (g) (in Additive Baking Condition  Coating Film
(g) (in terms of terms of solid CrO; Content Temperature Time Weight Thickness
No.  solid content) content) (g) (g) °C) (s) (gm?) (um)
1 100 50 15 None  None 800 30 8 1.5
2 100 50 15 None  None 800 30 12 2.3
3 100 50 15 None  None 800 30 15 2.8
4 100 50 15 None  None 800 30 20 3.8
5 100 50 12 None  None 900 20 8 1.6
6 100 50 12 None  None 900 20 12 2.4
7 100 50 12 None  None 900 20 15 3.0
8 100 50 12 None  None 900 20 20 4.0
9 100 50 0 ZrO, 3 950 60 8 1.8
10 100 50 0 ZrO, 3 950 60 12 2.8
11 100 50 0 ZrO, 3 950 60 15 3.4
12 100 50 0 ZrO, 3 950 60 20 4.5
Minimum
Tension Tension
Provided Provided Static Noise of a
Crystal Crystallinity  (25° C.)  (100-200° C.) Friction transformer
No. Phase [%] [MPa] [MPa] Coeflicient [dBA] Note
1 None — 5.0 4.2 0.23 45 Comparative
Example
2 None — 7.0 6.0 0.23 45 Comparative
Example
3 None — 8.7 7.5 0.22 44 Comparative
Example
4 None — 9.8 8.2 0.20 45 Comparative
Example
5 Mg,P,0, 20 10.0 7.0 0.24 42 Comparative
Example
6 Mg,P,0, 20 12.0 9.0 0.25 42 Comparative
Example
7 MgyP,0, 20 13.0 10.0 0.23 37 Example
8  Mg,P,0, 20 14.5 11.0 0.22 38 Example
9  ZiSiO, 20 14.0 11.5 0.25 38 Example
10 ZrSiO, 20 14.0 11.8 0.28 36 Example
11 ZrSi0, 20 14.0 11.5 0.23 39 Example
12 ZrSiO, 20 14.0 11.5 0.21 40 Example

As indicated in Table 3, it is clarified that, whether or not
Cr is contained in an insulating film-treatment solution, it is
possible to reduce noise of a transformer to 40 dBA or less
in the case where the crystallinity of an insulating film is
20% or more and the minimum tension provided to a steel
sheet at a temperature of 100° C. to 200° C. is 10 MPa or
more.

The invention claimed is:

1. A grain-oriented electrical steel sheet having an insu-
lating film disposed on a surface thereon, the insulating film
having a chemical composition comprising Si, P, O, and at
least one selected from the group consisting of Mg, Ca, Ba,
Sr, Zn, Al, Mn, and Co,

wherein the insulating film includes 20% or more of a

crystal phase, the crystal phase consisting of one of
Zr,P,0,, MgCo),P,0,, Co,P,0,, cordierite, -spo-
dumene, quartz, zircon, a zirconium phosphate-based
crystal phase, or a tungsten phosphate-based crystal
phase, and

a minimum tension provided to the steel sheet by the

insulating film at a temperature in a range of 100° C. to
200° C. is 10.5 MPa or more.

2. The grain-oriented electrical steel sheet according to
claim 1, wherein the insulating film has a static friction
coeflicient in a range of 0.21 or more and 0.50 or less.

3. The grain-oriented electrical steel sheet according to
claim 1, wherein the chemical composition excludes Cr.

45

55

4. The grain-oriented clectrical steel sheet according to
claim 1, wherein the insulating film has an average film
thickness in a range of 4.5 um or less.

5. An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to claim 1.

6. A transformer including the iron core according to
claim 5.

7. A method for reducing noise of a transformer, the
method comprising providing an iron core of the trans-
former, the iron core including the grain-oriented electrical
steel sheet according to claim 1.

8. The grain-oriented electrical steel sheet according to
claim 2, wherein the chemical composition excludes Cr.

9. The grain-oriented electrical steel sheet according to
claim 3, wherein the insulating film has an average film
thickness in a range of 4.5 um or less.

10. An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to claim 2.

11. An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to claim 3.

12. An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to claim 4.

13. An iron core of a transformer, the iron core including
the grain-oriented electrical steel sheet according to claim 9.

14. A transformer including the iron core according to
claim 10.

15. A transformer including the iron core according to
claim 11.
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16. A transformer including the iron core according to
claim 12.

17. A transformer including the iron core according to
claim 13.

18. A method for reducing noise of a transformer, the
method comprising providing an iron core of the trans-
former, the iron core including the grain-oriented electrical
steel sheet according to claim 2.

19. A method for reducing noise of a transformer, the
method comprising providing an iron core of the trans-
former, the iron core including the grain-oriented electrical
steel sheet according to claim 3.

20. A method for reducing noise of a transformer, the
method comprising providing an iron core of the trans-
former, the iron core including the grain-oriented electrical
steel sheet according to claim 4.
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