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Description
Technical Field

[0001] The presentinvention relates to a method for producing a soft magnetic material to be used as a material for
a dust core and to a method for producing a dust core formed by using the soft magnetic material.

Background Art

[0002] Hybrid cars and the like are provided with a booster circuit in their system for supplying electric power to the
motor. The booster circuit includes a reactor as a component. The reactor has a structure in which a coil is wound around
a core. When such a reactor is used in an alternating magnetic field, the core produces an energy loss known as an
iron loss. Generally, the iron loss is expressed as the summation of a hysteresis loss and an eddy current loss and it
becomes noticeable in the use at high frequency, in particular.

[0003] To decrease the above-described iron loss, the core of the reactor is sometimes formed by using a dust core.
Toform adust core, first, a soft magnetic material is prepared thatis composed of composite magnetic particles composed
of soft magnetic metallic particles each coated with an insulating film. Then, the soft magnetic material is pressed to
form the dust core. Because the metallic particles are insulated with one another with the insulating film, the dust core
is highly effective in decreasing the eddy current loss, in particular.

[0004] Despite the above description, because the dust core is produced through the press molding, the pressure at
the time of the press molding may damage the insulating films of the composite magnetic particles. When the insulating
films are damaged, the soft magnetic metallic particles in the dust core are brought into contact with one another. This
contact causes the eddy current loss to increase and thus may decrease the high-frequency property of the dust core.
[0005] In addition, strain and dislocation introduced into the soft magnetic metallic particles during the press molding
cause an increase in the hysteresis loss. To prevent this increase, it is necessary to perform heat treatment after the
press molding. The heat treatment, however, may deteriorate the insulating film, so that it is undesirable to perform the
heat treatment at high temperature. When the heat treatment temperature is not sufficiently high, the strain and the like
introduced into the metallic particles cannot be removed sufficiently. As a result, the hysteresis loss may increase,
thereby decreasing the high-frequency property of the dust core.

[0006] To solve the problem caused by the press molding and heat treatment, a technique, for example, described in
Patent Literature 1 forms on the surface of each of the soft magnetic metallic particles an insulating layer having multiple
layers composed of an insulating film, a heat-resistance-imparting protective film, and a flexible protective film. According
to the technique described in this literature, the insulating film may be formed of a phosphorus compound, a silicon
compound, or the like, the heat-resistance-imparting protective film may be formed of an organic-silicon compound or
the like, and the flexible protective film may be formed of silicone or the like.

Citation List

Patent Literature

[0007] Patent Literature 1: the published Japanese patent application Tokukai 2006-202956.
Summary of Invention

Technical Problem

[0008] Despite the above description, the above-described technique has a problem in that the step of forming multiple
layers composed of a plurality of insulating layers on the surface of each of the soft magnetic metallic particles is
complicated, so that the productivity of the soft magnetic material is low.

[0009] When the multiple insulating layers are formed, the basic method is to form the insulating layers successively
on the surface of each of the soft magnetic metallic particles. For example, the technique described in Patent Literature
1 shows the wet coating method as the method for forming the insulating layer. In the wet coating method, first, the
object to be coated is immersed in an organic solvent dissolving an insulating material. The object is stirred and the
organic solvent is evaporated. Subsequently, the insulating material is cured to form the insulating film on the surface
of the object to be coated. In other words, the formation of the insulating film requires three steps of stirring, evaporation,
and curing. As a result, the productivity of the soft magnetic material is low.

[0010] In addition, for example, when a silicone film is selected as the insulating layer to be formed on the object to
be coated, the method described below may be employed. First, the object to be coated and silicone are mixed with a
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mixer. Then, polycondensation of the silicone is promoted in a heated atmosphere. Thus, the silicone film is formed on
the surface of the object to be coated. In this case, the total step is decreased to two steps of the mixing of the materials
and the heat treatment. Nevertheless, considering the formation of the multiple insulating layers on the surface of each
of the soft magnetic metallic particles, it can be said that the method still has a large number of steps.

[0011] In view of the above circumstances, an object of the present invention is to offer a method for producing a soft
magnetic material, the method being for effectively producing a soft magnetic material composed of soft magnetic metallic
particles each coated with a plurality of insulating layers in order to suppress the decrease in the magnetic property
caused by the press molding and heat treatment.

[0012] Another object of the present invention is to offer a method for producing a dust core, the method being for
producing a dust core having excellent high-frequency property.

Solution to Problem

[0013] The present inventors have paid attention to the two insulating layers adjacent to each other in the thickness
direction on the surface of each of the soft magnetic metallic particles and have found that the above-described object
can be attained by limiting the structure of the two insulating layers. Based on this finding, the present invention is
specified as described below.

[0014] The method for the present invention for producing a soft magnetic material is a method for producing a soft
magnetic material to be used for producing a dust core and has the following steps:

(a) a step of preparing a material powder having composite magnetic particles that have:

(a1) soft magnetic metallic particles, and
(a2) an insulating film that contains hydrated water and that is formed on the surface of each of the soft magnetic
metallic particles (hereinafter referred to as Step A),

(b) a step of preparing a resin material containing silicone that cures through a hydrolysis-polycondensation reaction
(hereinafter referred to as Step B), and

(c) a step of mixing the material powder and the resin material in a heated atmosphere at 80°C to 150°C to form a
silicone film on the surface of the insulating film (hereinafter referred to as Step C).

[0015] According to the method for the present invention for producing a soft magnetic material, it is possible to
effectively produce in a short time a soft magnetic material composed of composite magnetic particles composed of soft
magnetic metallic particles each coated with a plurality of insulating layers formed of an insulating film and a silicone
film. The reason why the soft magnetic material can be produced effectively is that the hydrated water contained in the
insulating film promotes the formation of the silicone film. A detailed mechanism is described later.

[0016] The method for the present invention for producing a dust core has the following steps:

(a) a step of press-molding the soft magnetic material produced through the above-described method for producing
a soft magnetic material (hereinafter referred to as Step D), and

(b) a step of heat treatment in order to remove strain introduced into the soft magnetic metallic particles during the
press molding (hereinafter referred to as Step E).

[0017] According to the method for the present invention for producing a dust core, after the soft magnetic material of
the present invention is pressed and molded, high-temperature heat treatment is performed. Consequently, the strain
and dislocation introduced into the metallic particles of the soft magnetic material during the pressing can be sufficiently
removed. After being pressed, the soft magnetic material can be heat-treated at high temperature because the soft
magnetic material is composed of composite magnetic particles composed of soft magnetic metallic particles each
coated with the multiple insulating layers. The dust core from which the strain and the like are sufficiently removed has
excellent energy efficiency because its iron loss is decreased. The dust core obtained as described above can be suitably
used as the core of a reactor, for example.

[0018] A detailed explanation is given below to the constituting elements of the individual steps in the methods of the
present invention for producing a soft magnetic material and a dust core.

Step A: Preparation of material powder

[0019] The material powder to be prepared is a congregation of composite magnetic particles produced by forming
an insulating film containing hydrated water on each of the surfaces of soft magnetic metallic particles.
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[0020] It is desirable that the soft magnetic metallic particles contain 50 mass % or more iron. The types of material
of the metallic particles include pure iron (Fe), for example. In addition, the following iron alloys may be used, for example:
Fe-Si-based alloy, Fe-Al-based alloy, Fe-N-based alloy, Fe-Ni-based alloy, Fe-C-based alloy, Fe-B-based alloy, Fe-Co-
based alloy, Fe-P-based alloy, Fe-Ni-Co-based alloy, and Fe-Al-Si-based alloy. In particular, in terms of magnetic per-
meability and magnetic-flux density, it is desirable to use pure iron having 99 mass % or more Fe.

[0021] The present invention specifies that the soft magnetic metallic particles have an average particle diameter of
1 um or more and 70 um or less. When the soft magnetic metallic particles have an average particle diameter of 1 um
or more, this feature can suppress the increase in the magnetic coercive force and hysteresis loss of the dust core
produced using the soft magnetic material without decreasing the fluidity of the soft magnetic material. On the other
hand, when the soft magnetic metallic particles have an average particle diameter of 70 um or less, this feature can
effectively decrease the eddy current loss generated in a high-frequency region of 1 kHz or more. It is more desirable
that the soft magnetic metallic particles have an average particle diameter of 50 um or more and 70 um or less. When
the lower limit of the average particle diameter is 50 xm or more, not only can the decreasing effect of the eddy current
loss be obtained but also the handling of the soft magnetic material becomes easy, so that a formed body having a
higher density can be obtained. In the above description, the term "average particle diameter" means the particle diameter
of the particle at which the summation of the masses from the particle having the smallest particle diameter reaches
50% of the total mass in the histogram of particle diameter, that is, 50% particle diameter.

[0022] Itis desirable that the soft magnetic metallic particles each have the shape having an aspect ratio of 1.5 to 1.8.
Soft magnetic metallic particles each having an aspect ratio in the foregoing range can, in comparison with ones each
having a small aspect ratio (close to 1.0), form a dust core having a large demagnetizing factor and hence excellent
high-frequency property. In addition, the dust core can have increased strength.

[0023] The insulating film covering the surface of each of the soft magnetic metallic particles acts as an insulating
layer between the metallic particles. By covering each of the metallic particles with the insulating film, the metallic particles
can be suppressed from being brought into contact with one another, so that the relative permeability of the formed body
can be suppressed to a low value. Furthermore, the presence of the insulating film can suppress the eddy current from
flowing across metallic particles, thereby decreasing the eddy current loss of the dust core.

[0024] Theinsulating film is not particularly limited providing that it contains hydrated water and has excellent insulating
ability. For example, the insulating film can be suitably formed by using phosphate or titanate. In particular, an insulating
film made of phosphate has excellent deformability. Consequently, even when the soft magnetic metallic particles are
deformed at the time the dust core is produced by pressing the soft magnetic material, the insulating film can deform in
response to the deformation of the metallic particles. Furthermore, the phosphate film has high ability to attain intimate
contact with iron-based soft magnetic metallic particles, so that the film is less likely to be detached from the surface of
the metallic particles. As the phosphate, the following metal phosphate compounds may be used: iron phosphate,
manganese phosphate, zinc phosphate, and calcium phosphate. The insulating film containing hydrated water can be
formed by using a material containing hydrated water.

[0025] Itis desirable that the insulating film have a thickness of 10 nm or more and 1 um or less. When the insulating
film has a thickness of 10 nm or more, the metallic particles can be suppressed from being brought into contact with
one another and the energy loss caused by the eddy current can be effectively suppressed. When the insulating film
has a thickness of 1 um or less, the proportion of the insulating film in the composite magnetic particles is not excessively
large. This feature can prevent a noticeable decrease in the magnetic-flux density in the composite magnetic particles.
[0026] The above-described thickness of the insulating film can be examined through the method described below.
First, the film thickness is derived by calculation using the composition of the film obtained through composition analysis
(the transmission electron microscope-energy dispersive X-ray spectroscopy (TEM-EDX)) and the amount of element
obtained through the inductively coupled plasma-mass spectrometry (ICP-MS). Then, the film is directly observed using
a TEM photograph to confirm that the order of the film thickness previously derived by calculation has a proper value.
This definition is also applied to the thickness of the silicone film described below.

Step B: Preparation of resin material

[0027] The resin material to be prepared is not particularly limited providing that the material is silicone that cures
through a hydrolysis-polycondensation reaction. Typically, chemical compounds expressed as Si,(OR), (here, m and
n are natural numbers) can be used. The chemical expression OR represents a hydrolyzable group. The types of
hydrolyzable group include an alkoxy group, an acetoxy group, a halogen group, an isocyanate group, and a hydroxyl
group. In particular, as the resin material, alkoxy oligomers can be suitably used whose molecular ends are blocked by
an alkoxysilyl group (=Si-OR). The types of alkoxy group include methoxy, ethoxy, propoxy, isopropoxy, butoxy, sec-
butoxy, and tert-butoxy. In particular, considering the time and effort for removing the reaction product after the hydrolysis,
it is desirable that the hydrolyzable group be methoxy. These resin materials may be used singly or in combination.

[0028] The silicone film formed through hydrolysis and polycondensation of the resin material has excellent deform-
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ability. Consequently, fracture and cracks are less likely to develop in the silicone film during the pressing of the soft
magnetic material. The peeling of the silicone film off the surface of the insulating film is negligible. In addition, the
silicone film has excellent heat resistance, so that even when the heat treatment is performed at high temperature after
the soft magnetic material is press-molded, the silicone film can maintain excellent insulating ability.

Step C: Mixing of material powder and resin material

[0029] The mixing of the material powder and resin material is performed in a heated atmosphere at 80°C to 150°C.
The mixing creates a state in which the surface of each of the composite magnetic particles is covered with the resin
material. At this moment, because of the heated atmosphere, hydrated water contained in the insulating film of the
composite magnetic particles is desorbed to promote the hydrolysis of the resin material. The desorption of the hydrated
water starts at about 80°C. As the temperature is increased, the rate of desorption increases, thereby promoting the
hydrolysis-polycondensation reaction of the resin material. Consequently, it is desirable that the heated atmosphere be
maintained at 100°C to 150°C. The high temperature can facilitate the removal of the organic substance produced during
the hydrolysis and polycondensation, for example, methanol in the case where the hydrolyzable group is methoxy.
[0030] Conventionally, heat treatment is performed after the materials are mixed, and the hydrolysis and polyconden-
sation of the resin material are advanced by using water molecules contained in the heated atmosphere. On the other
hand, in the method for the present invention for producing a soft magnetic material, because the insulating film that is
the generating source of the water molecules is present directly under the resin material, the hydrolysis and polyconden-
sation of the resin material are advanced in an extremely short time. For example, in the case of XC96-B0446 made by
GE Toshiba Silicone Co., Ltd., conventionally, the heat treatment after the mixing is performed at 150°C and for 60
minutes or more (the condition recommended by the resin manufacturer). In contrast, in the method for the present
invention, the heating can be performed at 80°C to 150°C and for 10 to 30 minutes or so. Moreover, because the
generating source of the water molecules is present in the vicinity of the resin material, even when the mixing is performed
with a large batch in the order of several tens of kilograms, the resin material covering the surface of the insulating film
can be reliably transformed into a silicone film.

[0031] The proportion for preparing the material powder and resin material can be properly selected in order to satisfy
the property required of the dust core to be produced. In particular, in the case where the improvement of the DC current
superimposition property is aimed at, it is desirable that the proportion of the resin material at the time of the mixing, i.e.,
the proportion of the resin material in the total amount of the material powder and the resin material, be 0.5 to 2.5 mass
%. When the proportion of the resin material falls in the range of 0.5 to 2.5 mass %, the practically entire surface of each
of the composite magnetic particles can be covered with the silicone film. As a result, the insulating ability between the
soft magnetic metallic particles can be increased. In addition, the thickness of the formed silicone film can be increased
in comparison with the conventional thickness. Consequently, at the time of the production of the dust core described
below, the temperature of the heat treatment after the press molding can be increased.

[0032] The above-described desirable proportion of the resin material is larger than the proportion of the resin material
in the conventional method for producing a soft magnetic material (0.25 mass % or so) (conventionally, the mixing and
heat treatment are performed separately). The reason why the resin material can be mixed with the increased proportion
is that the mixing in the heated atmosphere can promote the hydrolysis-polycondensation reaction of the resin material
and that the organic substance produced during this reaction can be easily removed (for example, in the case where
the hydrolyzable group is methoxy, the organic substance is methanol).

[0033] Itis desirable that the silicone film have a thickness of 10 nm to 0.2 um. When the silicone film has a thickness
in this range, the insulation can be secured between the soft magnetic metallic particles without excessively decreasing
the magnetic-flux density.

[0034] To promote the formation of the silicone film in the mixing step, a catalyst may be added. The usable types of
the catalyst include organic acids, such as formic acid, maleic acid, fumaric acid, and acetic acid, and inorganic acids,
such as hydrochloric acid, phosphoric acid, nitric acid, boric acid, and sulfuric acid. It is desirable that the amount of
addition of the catalyst be selected properly because an excessive amount causes gelation of the resin material.
[0035] In the soft magnetic material produced as described above, the surface of each of the soft magnetic metallic
particles is covered with the insulating film and silicone film. Consequently, even when the soft magnetic material is
pressed and molded in Step D in the subsequent stage, the soft magnetic metallic particles are rarely brought into direct
contact with one another. Because the silicone film is formed on the surface of each of the composite magnetic particles,
even when the heat treatment is performed at high temperature in Step E in the subsequent stage, the insulating film
can be suppressed from decomposing thermally, so that the contact between the soft magnetic metallic particles can
be prevented effectively.

[0036] The presentinventors have studied and revealed that the soft magnetic material of the present invention, which
is obtained by performing the mixing of the material powder and resin material and the heat treatment simultaneously,
has better magnetic property when used in a dust core than the conventional soft magnetic material, which is obtained
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by performing the heat treatment after the mixing is performed, even when the proportion of the resin material at the
time of the mixing is the same. The likely reason for this is that because the mixing of the material powder and resin
material and the formation of the silicone film through the heat treatment are conducted simultaneously, a silicone film
having a relatively uniform thickness is formed.

Step D: Press molding

[0037] Typically, the press molding step can be performed by placing the soft magnetic material obtained in Step C
into a molding die having a specified shape and then by compacting it by applying a pressure. The pressure for this
operation can be selected as appropriate. Nevertheless, for example, in the case where a dust core to be used as the
core of a reactor is produced, it is desirable to select a pressure of about 900 to 1,300 MPa, more desirably 960 to 1,280
MPa.

Step E: Heat treatment

[0038] Heat treatment is carried out to remove the strain, dislocation, and so on introduced into the soft magnetic
metallic particles in Step D. As the heat-treatment temperature is increased, the efficiency of the removal of the strain
can be increased. Consequently, it is desirable that the heat treatment be performed at a temperature of 400°C or more,
particularly desirably 550°C or more, yet more desirably 650°C or more. In view of the removal of the strain and the like
in the metallic particles, the present invention specifies the upper limit of the temperature for the heat treatment at about
800°C. The above-described heat-treatment temperature enables the removal of not only the strain but also the lattice
defect such as dislocation introduced into the metallic particles during the pressing. The reason why the heat-treatment
temperature can be increased is that the soft magnetic material of the present invention has a silicone film having
relatively high heat resistance. Because the high heat-treatment temperature enables the sufficient removal of the strain
and dislocation introduced into the soft magnetic metallic particles, the hysteresis loss of the dust core can be decreased
effectively.

Advantageous Effect of Invention

[0039] The method for the present invention for producing a soft magnetic material enables the highly productive
production of a soft magnetic material having soft magnetic metallic particles each coated with an insulating film and a
silicone film. Because the produced soft magnetic material has soft magnetic metallic particles each of which has the
surface covered with an insulating film and a silicone film, the films are less likely to be damaged and consequently their
insulating ability is also less likely to be decreased during the press molding and the heat treatment after the press molding.
[0040] In addition, according to the method for the present invention for producing a dust core, the high-temperature
heat treatment after the press molding enables the production of a dust core in which the strain and the like are sufficiently
removed. The dust core free from the strain and the like is low in energy loss when used at high frequency. Consequently,
it can exhibit excellent property, for example, as the core of a reactor. When the dust core is used, for example, as the
core of a reactor, because it has excellent DC current superimposition property, a gapless core can be actualized.

Brief Description of Drawings
[0041]

Figure 1 is an illustration explaining the method for testing the DC current superimposition property.

Figure 2 is a graph showing the test result of the DC current superimposition property, in which the horizontal axis
shows the superimposed DC current (A) and the vertical axis shows the inductance (uH).

Figure 3 is a graph showing the DC current superimposition property, in which the horizontal axis shows the applied
magnetic field (Oe) and the vertical axis shows the differential permeability.

Description of Embodiments

[0042] Dust cores (Prototype material 1 and Prototype material 2) were produced through the method for the present
invention for producing a dust core to measure their physical properties, the method having the steps (A) to (E) described
below. In addition, a dust core (Comparative material) was produced through a conventional method for producing a
dust core to measure its physical properties. Comparison was made on the physical properties of Prototype material 1,
Prototype material 2, and Comparative material.
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Production of Prototype material 1
[0043]

(A) A step of preparing a material powder composed of composite magnetic particles produced by forming an
insulating film containing hydrated water on each of the surfaces of soft magnetic metallic particles.

(B) A step of preparing a resin material containing silicone that cures through a hydrolysis-polycondensation reaction
in the presence of water.

(C) A step of mixing the material powder and the resin material in a heated atmosphere at 80°C to 150°C to form a
silicone film on the surface of the insulating film.

(D) A step of press-molding a soft magnetic material composed of soft magnetic metallic particles each coated with
an insulating film and a silicone film.

(E) A step of heat treatment is order to remove the strain introduced into the soft magnetic metallic particles during
the press molding.

Step A

[0044] Irregularly shaped iron powders (average particle diameter: 50 um, aspect ratio: 1.51) were prepared as the
soft magnetic metallic particles, the iron powders being produced through the water atomization process and having a
purity of 99.8% or more. The surface of the metallic particles was subjected to a phosphate chemical conversion treatment
to form an insulating film composed of iron phosphate containing hydrated water. Thus, composite magnetic particles
were product. The practically entire surface of each of the soft magnetic metallic particles was covered with the insulating
film. The insulating films had an average thickness of 50 nm. When the hydrated water contained in the insulating film
was measured through the thermal desorption spectroscopy, its content was 7.78 mass %. The aggregation of the
composite magnetic particles is the material powder for producing the soft magnetic material

Step B

[0045] As the resin material containing silicone that cures through the hydrolysis-polycondensation reaction, TSR116
and XC96-B0444 both of which were made by GE Toshiba Silicone Co., Ltd., were prepared. They are alkoxy resin-
type silicone oligomers whose molecular ends are blocked by an alkoxysilyl group (=Si-OR) and the hydrolyzable group
(-R) is methoxy. The order of Step A and Step B may be determined as appropriate.

Step C

[0046] The material powder prepared, in Step A and the resin material (TSR116 and XC96-B0446) prepared in Step
B were placed in a mixer. They were mixed for 10 minutes in a heated atmosphere at 150°C to obtain the soft magnetic
material. Of the materials placed in the mixer, TSR116 had a proportion of 0.75 mass % and XC96-B0446 had a proportion
of 0,5 mass %. The number of revolutions of the mixer was 300 rpm.

[0047] Step C produced the soft magnetic material in which each of the composite magnetic particles was coated with
a silicone film. The silicone films that were formed on the surfaces of the composite magnetic particles had an average
thickness of 200 nm.

Step D

[0048] The soft magnetic material obtained in Step C was placed in a molding die having a specified shape. The press-
molding of the soft magnetic material at a pressure of 960 MPa produced a bar-shaped specimen and a ring-shaped
specimen. The dimensions of the specimens wore as follows:

The bar-shaped specimen; for the evaluation of DC current superimposition property length: 55 mm; width; 10 mm;
thickness: 7,5 mm

The ring-shaped specimen; for the evaluation of magnetic property outer diameter: 34 mm; inner diameter: 20 mm;
thickness; 5 mm

Step H

[0049] The bar-shaped specimen and ring-shaped specimen obtained in Step D were beat-treated for one hour at
600°C in a nitrogen atmosphere. The specimen having undergone the heat treatment is the so-called dust core.
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Production of Prototype material 2

[0050] Prototype material, 2 differs from Prototype material 1 in the points described below. In Step C, the resin material
had a proportion of 0,25 mass % (the ratio between TSR116 and XC96-B0446 was the same as that in Prototype material
1). In this case, the silicone films had an average thickness of 100 nm.

[0051] As in Prototype material 1, in Prototype material 2, a bar-shaped specimen and a ring-shaped specimen were
produced to measure DC current superimposition property and magnetic property.

Production of Comparative material
[0052] Comparative material differs from Prototype material 1 in the points described below.

1. In Step C, the resin material had a proportion of 0.25 mass % (the ratio between TSR116 and XC96-B0446 was
the same as that in Prototype material 1). In this case, the silicone films had an average tchickness of 100 nm.

2. After the mixing of the material powder and the resin material for 10 minutes, the silicone film was formed through
heat treatment for 60 minutes at 150°C, In other words, despite the smaller amount of the resin material to be cured,
the total production time of the soft magnetic material for Comparative material is 60-minutes longer than that for
Prototype material 1. It is anticipated that when the number of soft magnetic materials to be produced is increased,
the difference in the production time becomes more noticeable.

[0053] Asin Prototype materials 1 and 2,in Comparative material, a bar-shaped specimen and a ring-shaped specimen
were produced to measure DC current superimposition property and magnetic property.

Evaluation

[0054] Prototype materials and 2 and Comparative material produced as described above wore subjected to of prop-
erties described below. The measured properties are summarised in Tables | and Il described later.

Magnetic property

[0055] A magnetic field of 100 Oe (= 7,958 A/m) was applied to a bur-shaped specimen to measure the magnetic-flux
density B4qg-

[0056] A ring-shaped specimen was provided with a winding to form a measuring sample for measuring the magnetic
property of the specimen. The measuring sample was subjected to measurement of the iron loss W1/10k (W/kg) at an
excitation flux density, Bm, of 1 kG (= 0.1 T) and a measuring frequency of 10 kHz and the iron loss W2/10k (W/kg) at
an excitation flux density, Bm, of 2 kG (= 0.2 T) and a measuring frequency of 10 kHz. The measurement was carried
out using an AC-BH tracer. In addition, a fitting on the frequency curve of the iron loss was conducted using the least-
square method based on the three equations shown below to calculate the hysteresis loss coefficient Kh (mWs/kg) and
the eddy current loss coefficient Ke (mWs2/kg).

(iron loss) = (hysteresis loss) + (eddy current loss)
(hysteresis loss) = (hysteresis loss coefficient) X (frequency)

(eddy current loss) = (eddy current loss coefficient) X (fre.qucncy)2

[0057] The measuring sample was also used to measure the initial permeability i (H/m). The initial permeability was
measured using a DC/AC-BH tracer (made by METRON Inc.).

Density

[0058] The submerged densities (g/cm?3) of the bar-shaped specimen and ring-shaped specimen were measured. The
measurements confirmed that both specimens had the same density.
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Electrical resistance

[0059] Electrical resistance (Q2) was measured on the ring-shaped specimen through the four-terminal method.

DC current superimposition property

[0060] As shown in Fig. 1, a core M composed of bar-shaped specimens was combined with spacers S, and a coil C
was wound around the core M. Thus, a test assembly for measuring the DC current superimposition property was
produced. In the test assembly, the number of turns of the coil was 54, the magnetic-path length was 220 mm, and the
cross-sectional area of the magnetic path was 75 mm2. In the test assembly, it was possible to vary the length of the
gap existing in the core M by changing the total thickness of the spacers S. In this test, the inductance L (uH) of the test
assembly incorporating the core M formed of Prototype material 1 was measured with the varied gap lengths of 0, 0.6,
1.2,2.0, 2.8, and 4.0 mm and by varying the superimposed DC current from 0 to 40.0 A for each gap length. In addition,
the inductance L («H) of the test assembly incorporating the core M formed of Comparative material was measured with
a gap length of 2.0 mm and by varying the superimposed DC current from 0 to 40.0 A.

[0061] Figure 2 is a graph showing the measured values of the inductance of the test assembly (Prototype material
1 and Comparative material) for the individual superimposed DC currents. The DC current superimposition property is
ranked as poorer when the superimposed DC current is increased, if the inductance L decreases more considerably
from the inductance L at the time the superimposed current is zero ampere.

[0062] In addition, to more clearly evaluate the difference in the DC current superimposition property between the
individual test samples, the differential permeability (AB/AH) of the individual test samples was measured. The differential
permeability was obtained through the method described below. First, the measuring sample was formed by providing
the ring-shaped specimen of the individual test samples with a winding. The DC magnetization property of the measuring
sample was measured at an applied magnetic field of 100 Oe. The differential permeability was calculated based on the
measured value. Figure 3 shows the relationship between the applied magnetic field and the differential permeability
for Prototype material 1, Prototype material 2, and Comparative material. In this case, when the difference between the
maximum value and the minimum value in the differential permeability is smaller, the DC current superimposition property
is better.

Table |
Density Electrical resistance Magnetic-flux density Initial permeability
(g/cm3) Q) B100(T) pi(H/m)
I:’rototype material 6.9 6000 0.85 98
;romtype material 76 3300 1.44 190
Comparative 7.5 2000 14 205
material
Table Il
Hysteresis loss coefficient Eddy current loss coefficient Iron loss Iron loss
Kh (mWs/kg) (when Bm = Ke (mWs2/kg) (when Bm = W1/10k (W/kg) | W2/10k (W/kg)
0.1T) 0.1T)
Prototype 2.7 3.2x105 30 106
material 1
Prototype 17 3.1x105 18 74
material 2
Comparative 16 3.2x105 19 77
material
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Evaluation result

[0063] Ascanbe seenfromthe results shownin Tables|and Il, becausein Prototype materials 1 and 2 and Comparative
material, the insulation between the composite magnetic particles is secured, both the hysteresis loss coefficient Kh and
the eddy current loss coefficient Ke are small and consequently the iron loss is suppressed to a low value. Because
Prototype material 2 has the insulating film composed of iron phosphate and the silicone film both having the same
thickness as that of Comparative material, it has properties comparable to those of Comparative material. On the other
hand, because Prototype material 1 has the silicone film having a thickness thicker than that of Comparative material,
it has lower Boo and wi and higher values in the iron loss and the like than those of Comparative material. The values
of Prototype materials 1 and 2 and Comparative material are far better than those of a material that is produced by
forming only a phosphate film on the surface of each of the soft magnetic metallic particles (the data is not shown). In
other words, it can be said that a dust core produced by using a soft magnetic material composed of the soft magnetic
metallic particles each coated with a phosphate film and a silicone film has excellent high-frequency properties.
[0064] As can be seen from the result shown in Fig. 2, in Prototype material 1, when the superimposed current is
varied from 0 Ato 40.0 A, the decrease in the inductance is small in comparison with Comparative material. This result
proves that Prototype material 1 has excellent DC current superimposition property. The probable reason for this is that
because Prototype material 1 has the silicone film that is thicker and more uniform than that of Comparative material,
Prototype material 1 has a larger electrical resistance and smaller magnetic permeability than those of Comparative
material. Consequently, when the core for a reactor is produced using a dust core having a structure as formed in
Prototype material 1, it is possible to omit the gap for adjusting the inductance.

[0065] As can be seen from the result shown in Fig. 3, despite the fact that both Prototype material 2 and Comparative
material have the same amount of addition of resin material, Prototype material 2 is stabler in the DC current superim-
position property of the inductance than Comparative material is. Because Prototype material 2 differs from Comparative
material only in the method of forming the silicone film, this result reveals that the method for the present invention for
producing a soft magnetic material is better than the conventional method in terms of improving the DC current super-
imposition property of the soft magnetic material. This result also unveils that Prototype material 1, in which the proportion
of the resin material in Step C is 1.25 mass %, has better DC current superimposition property than that of Prototype
material 2, in which the proportion is 0.25 mass %.

[0066] Embodiments of the present invention are not limited to the above-described ones, and they can be modified
as appropriate in the scope that does not deviate from the main point of the present invention.

Industrial Applicability

[0067] The soft magnetic material produced through the method for the present invention for producing a soft magnetic
material can be suitably applied to the production of a dust core having excellent high-frequency property and DC current
superimposition property.

Reference Signs List

[0068]

M: Core; C: Coil; and S: Spacer

Claims

1. A method for producing a soft magnetic material to be used for producing a dust core, the method comprising the
steps of:

(a) preparing a material powder comprising composite magnetic particles that comprise:
(a1) soft magnetic metallic particles; and
(a2) an insulating film that contains hydrated water and that is formed on the surface of each of the soft
magnetic metallic particles;

(b) preparing a resin material containing silicone that cures through a hydrolysis-polycondensation reaction; and

(c) mixing the material powder and the resin material in a heated atmosphere at 80°C to 150°C to form a silicone
film on the surface of the insulating film.

10
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2. Themethod for producing a soft magnetic material as defined by claim 1, wherein in the step of mixing, the proportion
of the resin material is 0.5 to 2.5 mass %.

3. The method for producing a soft magnetic material as defined by claim 1, wherein the soft magnetic metallic particles
have an average particle diameter of 1 um or more and 70 um or less.

4. The method for producing a soft magnetic material as defined by claim 1, wherein the soft magnetic metallic particles
each have an aspect ratio of 1.5 to 1.8.

5. The method for producing a soft magnetic material as defined by claim 1, wherein the insulating film is a phosphate
film.

6. A method for producing a dust core, the method comprising the steps of:

(a) press-molding the soft magnetic material produced through the method for producing a soft magnetic material
as defined by claim 1; and

(b) heat treatment in order to remove strain introduced into the soft magnetic metallic particles during the press
molding.

Patentanspriiche

1. Verfahren zur Herstellung eines weichmagnetischen Materials, das zur Herstellung eines Pulverkerns zu verwenden
ist, wobei das Verfahren die Schritte umfasst:

(a) Herstellen eines Materialpulvers mit magnetischen Verbundteilchen, die aufweisen:

(a1) weichmagnetische metallische Teilchen; und
(a2) eine Isolationsschicht, die hydriertes Wasser enthélt und auf der Oberflache jedes der weichmagne-
tischen metallischen Teilchen ausgebildet ist;

(b) Herstellen eines Silikon enthaltenden Harzmaterials, das durch eine Hydrolyse-Polykondensationsreaktion
aushartet; und

(c) Mischen des Pulvermaterials und des Harzmaterials in einer aufgeheizten Atmosphare bei 80 °C bis 150
°C zur Ausbildung einer Silikonschicht auf der Oberflache der isolierenden Schicht.

2. Verfahren zur Herstellung eines weichmagnetischen Materials nach Anspruch 1, wobei in dem Schritt des Mischens
der Anteil des Harzmaterials 0,5 bis 2,5 Massen% betragt.

3. Verfahren zur Herstellung eines weichmagnetischen Materials nach Anspruch 1, wobei die weichmagnetischen
metallischen Teilchen einen mittleren Teilchendurchmesser von 1 um oder gréRer und 70 um oder kleiner haben.

4. Verfahren zur Herstellung eines weichmagnetischen Materials nach Anspruch 1, wobei die weichmagnetischen
metallischen Teilchen jeweils ein Aspektverhaltnis von 1,5 bis 1,8 aufweisen.

5. Verfahren zur Herstellung eines weichmagnetischen Materials nach Anspruch 1, wobei die Isolationsschicht eine
Phosphatschicht ist.

6. Verfahren zur Herstellung eines Pulverkerns, wobei das Verfahren die Schritte umfasst:
(a) Verpressen des weichmagnetischen Materials, das durch das Verfahren zur Herstellung eines weichmag-
netischen Materials nach Anspruch 1 hergestellt ist; und

(b) Ausfiihren einer Warmebehandlung, um in dem weichmagnetischen metallischen Teilchen wahrend der
Verpressung erzeugte Verformungen aufzulésen.

1"
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Revendications

1. Procédé de production d’un matériau magnétique doux a utiliser pour produire un noyau a poudre de fer, le procédé
comprenant les étapes de :

(a) préparation d’une poudre de matériau comprenant des particules magnétiques composites qui comprennent :

(a1) des particules métalliques magnétiques douces ; et
(a2) un film isolant qui contient de I'eau hydratée et qui est formé sur la surface de chacune des particules
métalliques magnétiques douces;

(b) préparation d’'un matériau de résine contenant du silicone qui durcit par une réaction d’hydrolyse-
polycondensation ; et

(c) mélange de la poudre de matériau et du matériau de résine dans une atmosphere chauffée a de 80°C a
150°C pour former un film de silicone sur la surface du film isolant.

2. Procédéde productiond’'un matériau magnétique doux selon larevendication 1, dans lequel dans I'étape de mélange,

la proportion du matériau de résine est de 0,5 a 2,5 % en masse.

3. Procédé de production d’'un matériau magnétique doux selon la revendication 1, dans lequel les particules métal-
liques magnétiques douces présentent un diamétre moyen de particule de 1 um ou supérieur etde 70 wm ouinférieur.

4. Procédé de production d’un matériau magnétique doux selon la revendication 1, dans lequel les particules métal-
liqgues magnétiques douces présentent chacune un rapport d’allongement de 1,5 a 1,8.

5. Procédé de production d’'un matériau magnétique doux selon la revendication 1, dans lequel le film isolant est un
film de phosphate.

6. Procédé de production d’'un noyau a poudre de fer, le procédé comprenant les étapes de :
(a) moulage sous pression du matériau magnétique doux produit par le procédé de production d’'un matériau
magnétique doux selon la revendication 1 ; et

(b) traitement thermique afin d’éliminer une déformation introduite dans les particules métalliques magnétiques
douces pendant le moulage sous pression.

12
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FIG. 1
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