EP 0 695 812 B1

)) oo IR
(19) o European Patent Office

Office européen des brevets (11) EP 0 695 812 B1
(12) EUROPEAN PATENT SPECIFICATION
(45) Date of publication and mention (51) IntcL7: C22C 45/02, HO1F 1/153,
of the grant of the patent: HO1F 3/04

12.01.2000 Bulletin 2000/02
(21) Application number: 95111776.1

(22) Date of filing: 26.07.1995

(54) Nanocrystalline alloy with insulating coating, magnetic core made thereof, and process for
forming insulating coating on a nanocrystalline alloy

Nanokristalline Legierung mit isolierender Beschichtung, daraus hergestellter Magnetkern und
Verfahren zur Herstellung einer isolierenden Beschichtung auf der nanokristallinen Legierung

Alliage nanocristallin muni d’'un revétement isolant, noyau magnétique fabriqué avec cet alliage et
procédé pour former un revétement isolant sur cet alliage nanocristallin

(84) Designated Contracting States: (72) Inventor: Yoshizawa, Yoshihito
DE FR GB Fukaya-shi, Saitama-ken (JP)
(30) Priority: 01.08.1994 JP 18003794 (74) Representative: Strehl Schiibel-Hopf & Partner
Maximilianstrasse 54
(43) Date of publication of application: 80538 Miinchen (DE)

07.02.1996 Bulletin 1996/06

(56) References cited:

(73) Proprietor: HITACHI METALS, LTD. EP-A- 0 400 550 EP-A- 0 585 940
Chiyoda-ku, Tokyo (JP) US-A- 5 083 366

Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art.
99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 0 695 812 B1
Description
BACKGROUND OF THE INVENTION

[0001] The presentinvention relates to nanocrystalline alloy having an insulating coating thereon, which is excellent
in high-frequency characteristics and suitable for use in various magnetic parts such as transformer, choke coil, etc.,
and further relates to a magnetic core made of the nanocrystalline alloy and a method for forming the insulating coating
on the nanocrystalline alloy.

[0002] A nanocrystalline alloy, which contains fine crystal grains having an average grain size of 50 nm or less in an
area ratio of 50% or more of the alloy structure, has been, because of its good soft magnetic properties, used for
producing magnetic cores of a common-mode choke coil, a high-frequency transformer, an electrical leak alarm, pulse
transformer, etc. Typical examples for such a nanocrystalline alloy are disclosed in U.S. Patent No. 4,881,989 and JP-
A-1-242755. The nanocrystalline alloy known in the art has been generally produced by subjecting an amorphous alloy
obtained by quenching a molten or vaporized alloy to a heat treatment for forming fine crystals. A method for quenching
a molten alloy to produce an amorphous alloy may include a single roll method, a twin roll method, a centrifugal quench-
ing method, a rotation spinning method, an atomization method, a cavitation method, etc. A method for quenching a
vaporized metal may include a sputtering method, a vapor deposition method, an ion plating method, etc. The nanoc-
rystalline alloy is produced by finely crystallizing an amorphous alloy produced by the above method, and is known to
have, contrary to amorphous alloys, a good heat stability as well as a high saturation magnetic flux density, a low
magnetostriction, and a good soft magnetic property. The nanocrystalline alloy is also known to show a little change
with time in its properties and have a good temperature stability.

[0003] Conventionally, the magnetic core used in a noise filter, a pulse transformer, etc. has been made of a highly
permeable material having good high-frequency characteristics such as ferrite, an amorphous alloy, etc. In a high-
frequency transformer for an inverter, a material low in the magnetic core loss has been used. Further, the Fe-based
nanocrystalline alloy disclosed in U.S. Patent No. 4,881,989 is described to have a high permeability and a low magnetic
core loss, and therefore, suitable for the use mentioned above.

[0004] However, it has been found by the inventor that a magnetic core for a common-mode choke coil or a high-
frequency magnetic core for an inverter transformer made of thin ribbon of an Fe-based nanocrystalline alloy does not
exhibit sufficient properties when the surface of the thin ribbon is not smooth and the thin ribbons are not subjected to
layer insulation because the influence of eddy current on the properties comes to remarkable with increasing width of
the thin ribbon. As a method of layer insulation, JP-A-63-302504 and US-A-5 083 366 discloses to apply SiO, powder
or MgO powder on a part of or complete surface of a thin alloy ribbon or to coat a thin alloy ribbon with an alcohol
solution of a modified alkyl silicate added with an acid. JP-A-2-297903 discloses to form a heat-resistant insulating
layer of 0.5-5 um thick by heating a coating comprising a uniform mixture of 20-90 weight % (calculated in terms of
SiO,) of a silanol oligomer and 80-10 weight % of a ceramic fine particle to allow the oligomers cross-linked each other.
[0005] However, since an amorphous alloy contracts during the heat treatment for nanocrystallization, an insulating
layer on the alloy is cracked or separated from the surface of the alloy due to the contraction stress. Also, sufficient
magnetic properties cannot be attained due to the internal stress of the alloy generated by contraction. Although the
method disclosed in JP-A-2-297903 solved these problems, the insulating layer formed by the method has a poor
affinity for a resin. Therefore, when a magnetic core, for example, for an inverter transformer made of a thin alloy ribbon
having such an insulating layer is cut after impregnation with a resin, the resin exfoliates from the cut surface and the
thin alloy ribbons are not laminated each other. In the method wherein SiO, powder or MgO powder is applied on the
surface of an alloy, the powder is likely to be separated from the alloy surface during the production of the magnetic
core to lead to insufficient insulation.

[0006] The influence of the contraction by the heat treatment is not necessary to be considered when an amorphous
alloy provided with an insulating coating is produced. However, as described above, the contraction during the heat
treatment causes defective insulation due to cracking or peeling of the insulating coating or deterioration of magnetic
properties due to increased internal stress. Therefore, an insulating coating free from the above problems and a method
for forming such an insulating coating on a nanocrystalline alloy has been demanded to be developed. Further, an
insulating coating exhibiting sufficient insulation properties even if the insulating coating is made thinner has been
required in the field of electronic circuitry which requires a small-sized magnetic core.

[0007] Accordingly, an object of the present invention is to provide a nanocrystalline alloy excellent in insulating
properties. Another object of the present invention is to provide a magnetic core excellent in magnetic properties at
high frequency, and still another object of the present invention is to provide a method for forming an insulating coating
free from the conventional problems.

[0008] As a result of the intense research in view of the above objects, the inventor have found that an insulating
coating formed by heating a solution of at least one insulating material selected from the group consisting of aluminum
silicates, lithium silicates and magnesium methylate is free from cracking and peeling during the heat treatment for
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crystallization of an amorphous alloy, and a nanocrystalline alloy provided with such an insulating coating is excellent
in insulating properties and suitable as a material for magnetic core used at high frequency. The present invention has
been accomplished based on the finding.

[0009] Thus, in a fist aspect of the present invention, there is provided a nanocrystalline alloy having on at least one
surface thereof an insulating coating, the nanocrystalline alloy having a chemical composition represented by the fol-
lowing formula:

(Fe1_aMa)100_x_y_z_beM‘yM"sz (by atomic %),

wherein M is at least one element selected from the group consisting of Co and Ni, A is at least one element selected
from the group consisting of Cu and Au, M' is at least one element selected from the group consisting of Ti, V, Zr, Nb,
Mo, Hf, Ta and W, M" is at least one element selected from the group consisting of Cr, Mn, Al, Sn, Zn, Ag, In, platinum
group elements, Mg, Ca, Sr, Y, rare earth elements, N, O and S, X is at least one element selected from the group
consisting of B, Si, C, Ge, Ga and P, and each of a, x, y, z and b respectively satisfies 0< a< 0.5, 0< x< 10, 0. 1< y<
20, 0< z<£ 20 and 2< b< 30, and the insulating coating having an average thickness of 2 um or less and consisting of
at least one insulating material selected from the group consisting of aluminum silicates, lithium silicate and magnesium
oxide.

[0010] In a second aspect of the present invention, there is provided a magnetic core made of the nanocrystalline
alloy as defined above.

[0011] In a third aspect of the present invention, there is provided a method for forming an insulating coating on a
nanocrystalline alloy, which comprises (1) rapidly quenching a molten alloy having a chemical composition represented
by the following formula:

(Fe1-aMa) 100y-2AM', M, X, (by atomic %),

wherein M is at least one element selected from the group consisting of Co and Ni, A is at least one element selected
from the group consisting of Cu and Au, M' is at least one element selected from the group consisting of Ti, V, Zr, Nb,
Mo, Hf, Ta and W, M" is at least one element selected from the group consisting of Cr, Mn, Al, Sn, Zn, Ag, In, platinum
group elements, Mg, Ca, Sr, Y, rare earth elements, N, O and S, X is at least one element selected from the group
consisting of B, Si, C, Ge, Ga and P, a, x, y, z and b satisfy 0< a< 0.5, 0< x< 10, 0. 1< y< 20, 0< z<£ 20 and 2< b< 30,
to produce an amorphous alloy; (2) coating on at least one surface of the amorphous alloy a solution containing at
least one insulating material selected from the group consisting of aluminum silicates, lithium silicate and magnesium
methylate; (3) drying the solution-coated amorphous alloy at a temperature between 80°C and 350°C; and (4) heat-
treating the dried amorphous alloy at a temperature not lower than a crystallization temperature of said amorphous
alloy so as to form a fine crystal grain having a grain size of 30 nm or less in alloy structure while forming said insulating
coating having a thickness of 2 um or less and consisting of at least one insulating material selected from the group
consisting of aluminum silicates, lithium silicate and magnesium oxide.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]

Fig. 1 is a schematic representation illustrative of one embodiment of the method of the present invention;

Fig. 2 is a schematic representation illustrative of another embodiment of the method of the present invention;
Fig. 3 is a schematic representation illustrative of still another embodiment of the method of the present invention;
and

Fig. 4 is a schematic view showing a toroidal magnetic core of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0013] The nanocrystalline alloy of the present invention which has an insulating coating on at least one surface
thereof may be produce as described below.

[0014] First, an amorphous alloy is produced by rapidly quenching a molten alloy having a chemical composition
represented by the following formula:
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(Fe1-aMa)100—x—y—z—beM'yM”sz (by atomic %),

wherein M is at least one element selected from the group consisting of Co and Ni, A is at least one element selected
from the group consisting of Cu and Au, M' is at least one element selected from the group consisting of Ti, V, Zr, Nb,
Mo, Hf, Ta and W, M" is at least one element selected from the group consisting of Cr, Mn, Al, Sn, Zn, Ag, In, platinum
group elements, Mg, Ca, Sr, Y, rare earth elements, N, O and S, X is at least one element selected from the group
consisting of B, Si, C, Ge, Ga and P, a, x, y, z and b satisfy 0< a< 0.5, 0< x< 10, 0. 1< y< 20, 0< z< 20 and 2< b< 30.
A single-roll method, a twin-roll method, etc. may be employed to rapidly quenching the molten alloy.

[0015] A chemical composition out side the above range fails to give a sufficient effect attained by the present in-
vention due to a remarkable reduction in specific permeability or a remarkable increasing in magnetic core lose, thereby
making it unable to obtain a nanocrystalline alloy of practical characteristics.

[0016] Then, a solution of at least one insulating material is applied on at least one surface of the amorphous alloy
thus produced. The insulating material is selected from the group consisting of aluminum silicates, modified aluminum
silicates, lithium silicates and magnesium methylate. The concentration of the insulating material in the solution is
preferably 5 to 50 % by weight. The solution thus prepared may be mixed with a solution of colloidal silica. The solution
may be applied on an amorphous alloy after subjecting the amorphous alloy to anodizing treatment which improves
the insulating properties and corrosion resistance of the resulting nanocrystalline alloy. The amount of the solution
being applied on the amorphous alloy is regulated so that the thickness of the resulting insulating coating may be 2
um or less.

[0017] The amorphous alloy applied with the solution is then dried at a temperature of 80-350°C, preferably for 5
seconds to 10 minutes. The drying may be effected by blowing the applied solution with air or another gas such as
argon, nitrogen, helium, etc. maintained at 80-350°C to rapidly dry the solution. This makes the insulating coating
uniform in its thickness.

[0018] Before subjected to the subsequent heat treatment, the amorphous alloy thus dried is usually made into a
form of magnetic core by winding the thin ribbon of amorphous alloy or laminating cut sheets or punched sheets of the
amorphous alloy. The winding or laminating step may be carried out after heat treatment when the heat-treated alloy
ribbon is sufficiently flexible.

[0019] The heat treatment for crystallization is carried out at a temperature not lower than the crystallization temper-
ature of the amorphous alloy, usually at 450-700°C, for 1 minute to 24 hours in an inert gas atmosphere such as nitrogen
gas atmosphere, argon gas atmosphere, etc. or an oxidizing atmosphere such as air. By this heat treatment, fine crystal
grains are formed in the alloy structure, and simultaneously, the insulating coating is formed on the surface of the
resulting nanocrystalline alloy. During the heat treatment, the magnesium methylate is oxidized to provide an insulating
coating comprising magnesium oxide.

[0020] When an amorphous alloy applied with the solution is directly subjected to heat treatment without being dried,
the heat-treatment atmosphere comes to contain a large amount of moisture evaporated form the solution. This leads
to a preferential crystallization of the surface of the alloy. As a result, a nanocrystalline alloy of a uniform and fine
structure cannot be obtained. Also, cracking and peeling of the insulating coating are likely to occur. Therefore, the
drying step prior to the heat treatment of crystallization is indispensable.

[0021] The production method of the present invention will be further described while referring to the drawings.
[0022] In Fig. 1, a thin ribbon 1 of amorphous alloy, which is unwound in the direction indicated by the arrow from a
winding reel 2, is allowed to pass through a solution 4 stored in a vessel 3 to apply the solution 4 on both the surface
of the thin ribbon 1 of amorphous alloy. After passing through a scraper 5, the thin ribbon 1 of amorphous alloy is
introduced into a drying furnace 6 kept at 80- 350°C. The dried thin ribbon 1 of amorphous alloy is then wound on a
winding reel 7 and subjected to the subsequent heat treatment of crystallization.

[0023] In Fig. 2, a thin ribbon 1 of amorphous alloy, which is unwound in the direction indicated by the arrow from a
winding reel 2, is allowed to pass through a roll coater 8. A transfer roll 10 is partially immersed in a solution 4 stored
in a vessel 3 to apply the solution 4 on the lower surface of the thin ribbon 1 of amorphous alloy, which is then introduced
into a drying furnace 6 kept at 80 - 350°C. The dried thin ribbon 1 of amorphous alloy is then wound on a winding reel
7 and subjected to the subsequent heat treatment of crystallization.

[0024] In Fig. 3, the upper surface of a thin ribbon 1 of amorphous alloy, which is unwound in the direction indicated
by the arrow from a winding reel 2, is sprayed with a solution 4 from a spray 9. The thin ribbon 1 of amorphous alloy
is then introduced into a drying furnace 6 kept at 80-350°C. The dried thin ribbon 1 of amorphous alloy is then wound
on a winding reel 7 and subjected to the subsequent heat treatment of crystallization.

[0025] The nanocrystalline alloy produced by the method described above has preferably a thickness of 2 to 50 um
and contains fine crystals having an average grain size of 30 nm or less, preferably in an area ratio of 50 % or more.
The fine crystals mainly comprise bcc Fe-phase (body centered cubic lattice phase) containing Si, and may contain
an ordered lattice phase or are constituted of ordered lattice. Alloying elements other than Si, i.e., B, Al, Ge, Zr, etc.
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may be contained as a solid solution component in the bcc Fe-phase. The remaining part other than the crystal phase
mainly comprises amorphous phase. However, a nanocrystalline alloy substantially comprising only crystal phase is
also embraced within the scope of the present invention. A compound phase may also be formed in a part of the alloy
structure.

[0026] The average thickness of the insulating coating is 2 um or less, preferably 0.01 to 1 um. An average thickness
of 0.5 um or less is particularly preferred because the size of magnetic core can be reduced while maintaining its
excellent insulating properties.

[0027] A solution of aluminum silicate (Al,03°SiO,) provides the surface of nanocrystalline alloy with an insulating
coating having a uniform thickness and a high resistance to peeling because internal stress is hardly generated in the
alloy during the crystallization process. Therefore, the insulating properties can be improved. A nanocrystalline alloy
having such an insulating coating exhibits a high permeability and a low magnetic core loss at low and high frequency
range.

[0028] A solution of lithium silicate (Li,O+SiO,) produces the same effect as above because internal stress is hardly
generated in the alloy during the crystallization process.

[0029] Since a solution of magnesium methylate can be dried rapidly, a thin, uniform and hard insulating coating
comprising magnesium oxide, which exhibits improved insulating properties, is formed on the nanocrystalline alloy.
[0030] The magnetic core made by laminating or winding the nanocrystalline alloy described above is excellent in
layer insulation and has little internal stress, and therefore, suitable for magnetic core used in a high-frequency range.
In addition, since the nanocrystalline alloy has a good affinity for a resin such as an epoxy-type resin, a cut core having
a high interlaminar strength can be obtained.

[0031] The present invention will be further described while referring to the following Examples which should be
considered to illustrate various preferred embodiments of the present invention.

Example 1

[0032] An amorphous alloy ribbon having a width of 25.4 mm and a thickness of 18 um was produced by quenching
amolten alloy of Fy,; Cug gNb, ¢Siy5 5Bg o(atomic %) by using a single roll method. After being passed through a solution
containing each insulating material listed in Table 1, the amorphous alloy ribbon was dried in a hot-gas furnace kept
at 200°C. The dried amorphous alloy ribbon was then wound to form a toroidal shape of 100 mm outer diameter and
80 mm inner diameter, and then heated to 570°C in a furnace at a heating rate of 1 .5°C/min and maintained there for
15 minutes to be subjected to heat treatment in a nitrogen atmosphere. The heat-treated product was cooled to room
temperature to obtain each magnetic core. The most part of the alloy structure of the resulting nanocrystalline alloy
was occupied with extremely fine grains comprising bcc-phase of an average grain size of about 12 nm.

[0033] For comparison, a toroidal magnetic core having no insulating coating was produced in the same manner as
above (Sample No. 9).

[0034] The specific permeability (u,) at 10 MHz, the magnetic core loss (Pc) at 500 kHz and 0.05 T, the average
thickness of the insulating coating and the resistance (R) between the innermost part and the surface of the magnetic
core are shown in Table 1.

Table 1
Sample No Insulating Material Pc R Thickness
e | (wWimd) | (@) (um)
Invention
1 modified aluminum silicate | 640 220 135 0.8
2 lithium silicate 650 220 138 0.7
3 magnesium methylate 590 240 128 0.2
4 lithium silicate 710 210 142 1.2
5 magnesium methylate 620 260 121 0.1
Comparison
6 alumina sol 410 360 27 1.1
7 alkyl silicate 490 310 35 1.2
8 colloidal silica 480 330 29 0.2
9 - 120 590 1.1 -
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[0035] As seen from Table 1, the nanocrystalline alloy having the insulating coating of the present invention had a
large value of R, which means a high interlaminar insulating resistance. This results in high magnetic properties of a
high p, and a low Pc.

Example 2

[0036] An amorphous alloy ribbon having a width of 20 mm and a thickness of 18 um was produced by quenching
a molten alloy having each chemical composition shown in Table 2 by using a single roll method. After being passed
through a solution dissolving each insulating material listed in Table 2, the amorphous alloy ribbon was dried in a hot-
gas furnace kept at 200°C. The dried amorphous alloy ribbon was then wound to form a toroidal shape of 100 mm
outer diameter and 80 mm inner diameter, and then heated to 570°C in a furnace at a heating rate of 1 . 5°C/min and
maintained there for 15 minutes to be subjected to heat treatment in a nitrogen atmosphere. The heat-treated product
was cooled to room temperature to obtain each magnetic core. The most part of the alloy structure of the resulting
nanocrystalline alloy was occupied with extremely fine grains comprising bcc-phase of an average grain size of about
12 nm.

[0037] The specific permeability (u,) at 10 MHz, the magnetic core loss (Pc) at 500 kHz and 0.05 T, the average
thickness of the insulating coating and the resistance (R) between the innermost part the surface of the magnetic core
are shown in Table 2.

Table 2

Sample No. Composition (atomic %) Insulating Material
Invention

10 Fepa Cuq Hf,SigB 43 modified aluminum silicate

1 Fepa CuiNb;BgGe, lithium silicate

12 Fepa CuiNbsYSiqg 5Bg magnesium methylate

13 Fepa-Cuq gNbyWSiygBgP4 lithium silicate

14 Fepa-AusNb,Mn, Siyg3B7 magnesium methylate

15 Fepa. CuyNb3Siy5B;Gag oo lithium silicate

16 Fepa-CuMO5Si6B,Cy magnesium methylate

17 Fepa-AuyTigNb,Siy4B;Sq g4 lithium silicate

18 Fepa CuyNb, £Siy4BgAl, modified aluminum silicate

19 Fepa Ni1CuyNb3Si; 5B7Ng gg4 magnesium methylate

20 Fepa Co4CuNb3Si 5B7Sng o6 lithium silicate

21 Fepa. CuiNbsRu4Si 5BgIng g6 modified aluminum silicate

22 Fepa AuyNbyPd;SigB7S) g1 magnesium methylate
Comparison

23 Fepa-CrySigB43 (amorphous) alumina sol

24 Fepa CriSigBy3) (amorphous) magnesium methylate
Sample No. u, Pc (kW/m3) | R (Q) | Thickness (um)
Invention

10 610 240 143 2

1" 510 290 121 0.2

12 590 300 114 0.1

13 580 260 101 0.1

14 570 270 98 0.05

15 580 260 99 0.09

16 590 250 111 0.12
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Table 2 (continued)

Sample No. " Pc (kW/m3) | R (Q) | Thickness (um)
Invention
17 600 220 100 0.1
18 510 390 112 0.15
19 610 210 114 0.14
20 610 210 108 0.15
21 520 370 105 0.14
22 610 210 111 0.12
Comparison
23 140 650 105 0.12
24 170 600 111 0.12

[0038] From Table 2, the magnetic core of the present invention is found to be excellent because of its high perme-
ability (u,) and low magnetic core loss (Pc).

Example 3

[0039] An amorphous alloy ribbon having a width of 20 mm and a thickness of 12 um was produced by quenching
a molten alloy of Fe,, Cu;Nb;Si;gBg 5Cry 5Sng o5 (atomic %) by using a single roll method. After being passed through
a solution of lithium silicate, the amorphous alloy ribbon was dried in a hot-gas furnace kept at each temperature listed
in Table 3. The dried amorphous alloy ribbon having a coating of about 1 um thick was then wound to form a toroidal
shape of 60 m m outer diameter and 50 mm inner diameter, and then heated to 570°Cin a furnace at a heating rate of
1.2°C/min and maintained there for 15 minutes to be subjected to heat treatment in a nitrogen atmosphere. The heat-
treated product was cooled to room temperature to obtain each magnetic core. The most part of the alloy structure of
the resulting nanocrystalline alloy was occupied with extremely fine grains comprising bcc-phase of an average grain
size of about 12 nm.

[0040] The specific permeability (u,) at 1 kHz of each magnetic core is shown in Table 3.

[0041] Further, the brittleness of each nanocrystalline alloy was evaluated bywhether brittle fracture occurred when
the alloy was bent.

Table 3
Sample No. | Drying Temperature (°C) Wy Brittle Fracture
Invention
25 80 91200 None
26 100 93200 None
27 150 94500 None
28 200 96800 None
29 250 96700 None
30 300 95800 None
31 350 96100 None
Comparison
32 40 73200 None
33 60 85900 None
34 380 - Observed
35 400 - Observed

[0042] When the drying temperature was lower than 80°C (Sample Nos. 32 and 33), the alloy ribbons after heat
treatment for crystallization were stuck each other because of insufficient drying to result in reduced magnetic proper-
ties. On the other hand, when the dried temperature was higher than 350°C (Sample Nos. 34 and 35), the alloy ribbons
were embrittled and easily broken. This made the production of the magnetic core very difficult, and therefore, the
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permeability (u,) was unable to be determined.

Example 4

[0043] An amorphous alloy ribbon having a width of 25 mm and a thickness of 12 um was produced by quenching
a molten alloy of Fe,, NbyGa,Si;4B; (atomic %) by using a single roll method. After being passed through a solution
containing each insulating material listed in Table 4, the amorphous alloy ribbon was dried in a hot-gas furnace kept
at 200°C. The dried amorphous alloy ribbon was then wound to form a toroidal shape shown in Fig. 4, and then heated
to 550°C in a furnace at a heating rate of 1. 2°C/min and maintained there for 15 minutes to be subjected to heat
treatment in a nitrogen atmosphere. The heat-treated product was cooled to room temperature to obtain each magnetic
core. The most part of the alloy structure of the resulting nanocrystalline alloy was occupied with extremely fine grains
comprising bcec-phase of an average grain size of about 14 nm. Each magnetic core was impregnated with an epoxy-
type resin and made into a cut core by cutting after the impregnated resin was hardened. The average thickness of
the insulating coating, the magnetic core loss (Pc) at 20 kHz and 0.2 T, the resistance (R) between the innermost part
and the surface and the appearance of the cut surface of each magnetic core are shown in Table 4.

Table 4
Sample No. Insulating Material | Thickness (um) Pc (kW/m3) R (Q) Appearance of
cut surface
Invention
36 aluminum silicate 0.8 42 83
37 lithium silicate 0.2 38 95
38 magnesium 0.05 42 81
methylate
39 lithium silicate 0.1 41 80
40 magnesium 0.1 41 88
methylate
Comparison
41 alumina sol 1.2 68 32 -
42 alkyl silicate 1.8 62 41 -
43 - 0 120 0.9 +
Note: "+" means that no exfoliation of the resin and no interlaminar separation were observed at the cut surface,
while "-" means that such were observed.

[0044] As seen from Table 4, no exfoliation of the resin and no interlaminar separation were observed at the cut
surface in the magnetic cores of the present invention, this resulting in a low magnetic core loss. Further, the higher
values of R show that the magnetic cores of the present invention are provided with sufficient layer insulation.

Example 5

[0045] An amorphous alloy ribbon having a width of 20 mm and a thickness of 15 um was produced by quenching
a molten alloy of Fe,, Cu4TasSiigBg (atomic %) by using a single roll method. After coating on the surface of the
amorphous alloy a solution of each insulating material listed in Table 5 by using a roll coater, the amorphous alloy
ribbon was dried in a hot-gas furnace kept at 20 °C. The dried amorphous alloy ribbon was then wound to form a
toroidal shape of 35 mm outer diameter and 30 mm inner diameter, and then heated to 550°C in a furnace at a heating
rate of 1. 5°C/min and maintained there for 15 minutes to be subjected to heat treatment in a nitrogen atmosphere.
The heat-treated product was cooled to room temperature to obtain each magnetic core. The most part of the alloy
structure of the resulting nanocrystalline alloy was occupied with extremely fine grains comprising bcc-phase of an
average grain size of about 12 nm.

[0046] The specific permeability (u,) at 10 MHz, the magnetic core loss (Pc) at 500 kHz and 0.05 T, the average
thickness of the insulating coating and the resistance (R) between the innermost part and the surface of the magnetic
core are shown in Table 5.
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Table 5
Sample No. Insulating Material Uy Pc (kW/m3) | R(Q) | Thickness (um)
Invention
44 aluminum silicate 640 230 28.0 0.2
45 lithium silicate 650 220 291 0.1
46 magnesium methylate | 650 210 29.2 0.01
47 lithium silicate 610 240 27.6 0.05
48 magnesium methylate | 630 220 28.7 0.05
Comparison
49 alumina sol 380 350 6.2 0.8
50 alkyl silicate 460 320 71 1.1

[0047] As seen from Table 5, the magnetic cores of the present invention were superior to the comparative magnetic
cores because of their high permeabilities, low magnetic core losses and high insulating resistances.

Example 6

[0048] An amorphous alloy ribbon having a width of 25 mm and a thickness of 15 um was produced by quenching
a molten alloy of F, Cu,Zr;3Siq4 5Bg 5 (atomic %) by using a single roll method. After spraying on the surface of the
amorphous alloy a solution of each insulating material listed in Table 6, the amorphous alloy ribbon was dried in a hot-
gas furnace kept at 200°C. The dried amorphous alloy ribbon was then wound to form a toroidal shape of 50 mm outer
diameter and 30 mm inner diameter, and then heated to 550°C in a furnace at a heating rate of 1. 5°C/min and
maintained there for 15 minutes to be subjected to heat treatment in a nitrogen atmosphere. The heat-treated product
was cooled to room temperature to obtain each magnetic core. The most part of the alloy structure of the resulting
nanocrystalline alloy was occupied with extremely fine grains comprising bcc-phase of an average grain size of about
12 nm.

[0049] The specific permeability (u,) at 10 MHz, the magnetic core loss (Pc) at 500 kHz and 0.05 T, the average
thickness of the insulating coating and the resistance (R) between the innermost part and the surface of the magnetic
core are shown in Table 6.

Table 6
Sample No. |  Insulating Material | u, | Pc (KW/m3) | R (Q) | Thickness (um)
Invention
51 aluminum silicate 610 240 90.5 0.8
52 lithium silicate 650 220 91.3 0.3
53 magnesium methylate | 640 230 89.5 0.1
54 lithium silicate 560 250 87.6 0.2
55 magnesium methylate | 550 260 86.6 0.06
Comparison
56 alumina sol 340 360 211 1.3
57 alkyl silicate 390 330 23.1 1.1

[0050] As seen from Table 6, the magnetic cores of the present invention were superior to the comparative magnetic
cores because of their high permeabilities, low magnetic core losses and high insulating resistances.
Claims

1. A nanocrystalline alloy having on at least one surface thereof an insulating coating, said nanocrystalline alloy
having a chemical composition represented by the following formula:
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(Fe1—aMa)100—x—y—z—beM'yM”sz (by atomic %),

wherein M is at least one element selected from the group consisting of Co and Ni, A is at least one element
selected from the group consisting of Cu and Au, M' is at least one element selected from the group consisting of
Ti, V, Zr, Nb, Mo, Hf, Ta and W, M" is at least one element selected from the group consisting of Cr, Mn, Al, Sn,
Zn, Ag, In, platinum group elements, Mg, Ca, Sr, Y, rare earth elements, N, O and S, X is at least one element
selected from the group consisting of B, Si, C, Ge, Ga and P, a, x, y, z and b satisfy 0< a< 0.5, 0< x< 10, 0. 1< y<
20, 0<z<£ 20 and 2< b< 30, and said insulating coating having an average thickness of 2 um or less and consisting
of at least one insulating material selected from the group consisting of aluminum silicates, lithium silicate and
magnesium oxide.

The nanocrystalline alloy according to claim 1, wherein the average thickness of said insulating coating is 0.2um
or less.

A magnetic core produced by laminating or winding said nanocrystalline alloy according to claim 1 or 2.
The magnetic core according to claim 3, which is impregnated with an epoxy-type resin.
A method for forming an insulating coating on a nanocrystalline alloy, which comprises:

rapidly quenching a molten alloy having a chemical composition represented by the following formula:
(Fe1_aMa)1Oo_x_y_z_bAXM'yM"ZXb (by atomic %),

wherein M is at least one element selected from the group consisting of Co and Ni, A is at least one element
selected from the group consisting of Cu and Au, M' is at least one element selected from the group consisting
of Ti, V, Zr, Nb, Mo, Hf, Ta and W, M" is at least one element selected from the group consisting of Cr, Mn, Al,
Sn, Zn, Ag, In, platinum group elements, Mg, Ca, Sr, Y,rare earth elements, N,Oand S, Xis at least one element
selected from the group consisting of B, Si, C, Ge, Ga and P, a, x, y, z and b satisfy 0< a< 0.5, 0< x< 10, 0.1<
y< 20, 0< z<£ 20 and 2< b< 30, to produce an amorphous alloy;

coating on at least one surface of said amorphous alloy a solution containing at least one insulating material
selected from the group consisting of aluminum silicates, lithium silicate and magnesium methylate;

drying the solution-coated amorphous alloy at a temperature between 80°C and 350°C; and

heat-treating the dried amorphous alloy at a temperature not lower than a crystallization temperature of said
amorphous alloy so as to form a fine crystal grain having a grain size of 30 nm or less in alloy structure while
forming said insulating coating having a thickness of 2 um or less and consisting of at least one insulating
material selected from the group consisting of aluminum silicates, lithium silicate and magnesium oxide.

The method according to claim 5, wherein said solution is coated on said amorphous alloy by passing said amor-
phous alloy though said solution.

The method according to claim 5, wherein said solution is coated on said amorphous alloy by passing said amor-
phous alloy though a roll coater.

The method according to claim 5, wherein said solution is coated on said amorphous alloy by spraying said solution
on the surface of said amorphous alloy.

The method according to any one of claims 5 to 8, wherein said amorphous alloy is coated with said solution after
the surface of said amorphous alloy is subjected to anodizing treatment.

The method according to any one of claims 5 to 9, wherein said amorphous alloy coated with said solution is dried
by blowing a hot air, argon gas, nitrogen gas or helium gas onto the surface of said amorphous alloy.

10
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Revendications

Alliage nanocristallin ayant sur au moins une surface de celui-ci un revétement isolant, ledit alliage nanocristallin
ayant une composition chimique représentée par la formule suivante :

(Feq_ M,) 100_X_y_z_bAXM‘ yM"ZXb (en % atomique),

dans laquelle M est au moins un élément choisi dans le groupe constitué par Co et Ni, A est au moins un élément
choisi dans le groupe constitué par Cu et Au, M' est au moins un élément choisi dans le groupe constitué par Ti,
V, Zr, Nb, Mo, Hf, Ta et W, M" est au moins un élément choisi dans le groupe constitué par Cr, Mn, Al, Sn, Zn, Ag,
In, les éléments du groupe du platine, Mg, Ca, Sr, Y, les éléments des terres rares, N, O et S, X est au moins un
élément choisi dans le groupe constitué par B, Si, C, Ge, GaetP, a, x, y, zet b satisfonta0<a<0,5 0<x<10,
0,1<y<20,0<z<20et2<b<30, et ledit revétement isolant ayant une épaisseur moyenne de 2 um ou moins
et consistant en au moins un matériau isolant choisi dans le groupe constitué par les silicates d'aluminium, le
silicate de lithium et I'oxyde de magnésium.

Alliage nanocristallin selon la revendication 1, dans lequel I'épaisseur moyenne dudit revétement isolant est de
0,2 um ou moins.

Noyau magnétique fabriqué en laminant ou en enroulant ledit alliage nanocristallin selon la revendication 1 ou 2.
Noyau magnétique selon la revendication 3, qui est imprégné avec une résine de type époxy.
Procédé pour former un revétement isolant sur un alliage nanocristallin, qui comprend :

le refroidissement rapide d'un alliage fondu ayant une composition chimique représentée par la formule
suivante :

(FeqaM2) 100 x-y-z- bAXM’yM"ZXb (en % atomique),

dans laquelle M est au moins un élément choisi dans le groupe constitué par Co et Ni, A est au moins un
élément choisi dans le groupe constitué par Cu et Au, M' est au moins un élément choisi dans le groupe
constitué par Ti, V, Zr, Nb, Mo, Hf, Ta et W, M" est au moins un élément choisi dans le groupe constitué par
Cr, Mn, Al, Sn, Zn, Ag, In, les éléments du groupe du platine, Mg, Ca, Sr, Y, les éléments des terres rares, N,
O et S, X est au moins un élément choisi dans le groupe constitué par B, Si, C, Ge, GaetP,eta, x,y,zetb
satisfonta0<a<0,5,0<x<10,0,1<y<20,0<z<20et2<b<30, pour produire un alliage amorphe ;
le revétement, sur au moins une surface dudit alliage amorphe, d'une solution contenant au moins un matériau
isolant choisi dans le groupe constitué par les silicates d'aluminium, le silicate de lithium et le méthylate de
magnésium ;

le séchage de I'alliage amorphe revétu de solution a une température entre 80 °C et 350 °C ; et

le traitement thermique de I'alliage amorphe séché a une température non inférieure a la température de
cristallisation dudit alliage amorphe de fagon a former un grain cristallin fin ayant une taille de grain de 30 nm
ou moins dans la structure de l'alliage, tout en formant ledit revétement isolant ayant une épaisseur de 2 um
ou moins et consistant en au moins un matériau isolant choisi dans le groupe constitué par les silicates d'alu-
minium, le silicate de lithium et I'oxyde de magnésium.

Procédé selon la revendication 5, dans lequel ladite solution est appliquée sur ledit alliage amorphe en faisant
passer ledit alliage amorphe a travers ladite solution.

Procédé selon la revendication 5, dans lequel ladite solution est appliquée sur ledit alliage amorphe en faisant
passer ledit alliage amorphe a travers un applicateur a rouleau.

Procédé selon la revendication 5, dans lequel ladite solution est appliquée sur ledit alliage amorphe en pulvérisant
ladite solution sur la surface dudit alliage amorphe.

Procédé selon l'une quelconque des revendications 5 a 8, dans lequel ledit alliage amorphe est revétu avec ladite
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solution aprés avoir soumis la surface dudit alliage amorphe a un traitement d'anodisation.

10. Procédé selon l'une quelconque des revendications 5 a 9, dans lequel ledit alliage amorphe revétu avec ladite

solution est séché en soufflant un air chaud, du gaz argon, du gaz azote ou du gaz hélium sur la surface dudit
alliage amorphe.

Patentanspriiche

1.

Nanokristalline Legierung mit einer auf mindestens einer Oberflache vorhandenen Isolierbeschichtung, wobei die
nanokristalline Legierung eine durch die nachstehende Formel angegebene chemische Zusammensetzung auf-
weist:

(Fe1-aMa) 100-0y-26AM',M", X, (in Atom-%),

wobei M mindestens eines der Elemente Co und Niist; A mindestens eines der Elemente Cu und Au; M' mindestens
eines der Elemente Ti, V, Zr, Nb, Mo, Hf, Ta und W; M" mindestens eines der Elemente Cr, Mn, Al, Sn, Zn, Ag, In,
der Elemente der Platingruppe, Mg, Ca, Sr, Y, der Seltenerdelemente, Nb, O und S; X mindestens eines der
Elemente B, Si, C, Ge, Ga und P; a, x, y, z und b die Ungleichungen 0<a<0,5,0<x<10,0,1<y<20,0<z<
20 und 2 < b < 30 erflllen; und die Isolierbeschichtung eine mittlere Dicke von 2 um oder weniger aufweist und
aus mindestens einem der Isoliermaterialien Aluminiumsilikat, Lithiumsilikat und Magnesiumoxid besteht.

Nanokristalline Legierung nach Anspruch 1, wobei die mittlere Dicke der Isolierbeschichtung 0,2 um oder weniger
betragt.

Durch Laminieren oder Wickeln der nanokristalline Legierung nach Anspruch 1 oder 2 hergestellter Magnetkern.
Magnetkern nach Anspruch 3, der mit einem Harz des Epoxytyps impréagniert ist.
Verfahren zum Herstellen einer Isolierbeschichtung auf einer nanokristalline Legierung, wobei

eine geschmolzene Legierung mit einer durch die folgende Formel angegebenen chemischen Zusammenset-
zung:

(Fe1.aMa) 100y-26AM'yM", X, (in Atom-%)

rasch abgeschreckt wird, wobei zur Bildung der amorphen Legierung M mindestens eines der Elemente Co
und Ni ist; A mindestens eines der Elemente Cu und Au; M' mindestens eines der Elemente Ti, V, Zr, Nb, Mo,
Hf, Ta und W; M" mindestens eines der Elemente Cr, Mn, Al, Sn, Zn, Ag, In, der Elemente der Platingruppe,
Mg, Ca, Sr, Y, der Seltenerdelemente, Nb, O und S; X mindestens eines der Elemente B, Si, C, Ge, Ga und
P;und a, x, y, zund b die Ungleichungen 0<a<0,5,0<x<10,0,1<y<20,0<z<20und 2 <b <30 erfillen,
auf mindestens eine Oberflache der amorphen Legierung eine L6sung aufgetragen wird, die mindestens eines
der Isoliermaterialien Aluminiumsilikat, Lithiumsilikat und Magnesiummethylat enthalt,

die mit der L6sung beschichtete amorphe Legierung bei einer Temperatur zwischen 80 und 350 °C getrocknet
wird, und

die getrocknete amorphe Legierung bei einer Temperatur warmebehandelt wird, die nicht unter der Kristalli-
sationstemperatur der amorphen Legierung liegt, um ein feines Kristallkorn mit einer Korngréf3e von 30 nm
oder weniger in einer Legierungsstruktur auszubilden, wahrend gleichzeitig die isolierende Beschichtung in
einer Dicke von 2 um oder weniger ausgebildet wird, die aus mindestens einem der Isoliermaterialien Alumi-
niumsilikat, Lithiumsilikat und Magnesiumoxid besteht.

Verfahren nach Anspruch 5, wobei die L6sung dadurch auf die amorphe Legierung aufgetragen wird, dal® die
Legierung durch die Lésung gefiihrt wird.

Verfahren nach Anspruch 5, wobei die Lésung dadurch auf die amorphe Legierung aufgetragen wird, dal} die
Legierung durch eine Walzen-Auftrageinrichtung gefihrt wird.

12



10

15

20

25

30

35

40

45

50

55

10.

EP 0 695 812 B1

Verfahren nach Anspruch 5, wobei die Losung durch Aufspriihen auf die Oberflache der amorphen Legierung
aufgetragen wird.

Verfahren nach einem der Anspriiche 5 bis 8, wobei die amorphe Legierung nach Anodisieren ihrer Oberflache
mit der Lésung beschichtet wird.

Verfahren nach einem der Anspriche 5 bis 9, wobei die mit der L6sung beschichtete amorphe Legierung durch
Aufblasen von HeiRluft oder gasformigem Argon, Stickstoff oder Helium auf ihre Oberflache getrocknet wird.

13
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