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[0006]

Description
Title of Invention: POWDER MADE OF IRON-BASED

METALLIC GLASS
Technical Field

The present invention provides powder made of iron-based metallic glass that is
based on general-purpose iron-based metallic elements and is preferably used for a
material for an electronic component that has a higher corrosion-resistance than a con-

ventional one.

Background Art

Since powder made of iron-based metallic glass has an excellent magnetic property
when it is molded by compacting powders, it is expected to be widely used for
magnetic materials to be used to manufacture electronic components, such as inductors
and choking coils.

Some kinds of amorphous iron-based metallic glass have been discovered in the past.
Since the conventional iron-based metallic glass was manufactured by adding many
rare elements (rare metals), such as Ga, Pd, and Zr, to obtain a stable amorphous
structure, the cost to manufacture it was high. Further, it was manufactured in a non-
oxidizing atmosphere under a great degree of supercooling, to obtain a stable
amorphous structure. Though the iron-based metallic glass that is manufactured in this
way has a good magnetic property, in practice it has not been used due to its cost.

The degree of supercooling is defined by ATx, which is calculated hy this
equation:
ATx=Tx - Tg.
where Tx® the recrvstallization temperature, and
Tg: the glass-transition temperature.

To solve these problems, iron-based metallic glass that consists of elements that are
comparatively cheap, and that can be manufactured in the atmosphere, was proposed in
Japanese Patent Laid-open Publication No. 2002-080949. However, the proposed iron-
based metallic glass contains, in addition to Fe, large amount of Co, Ni, and Mo as
essential elements. These elements are more expensive than Fe. Thus its cost would
increase.

Japanese Patent Laid-open Publication No. 2005-290468 proposes iron-based
metallic glass that contains no expensive rare metal, is based on iron, which is a cheap
element, and has an amorphous structure that is easily obtained in the atmosphere. The
proposed iron-based metallic glass should be preferably used for electronic materials,
since it has a good magnetic property. However, components of technically advanced

electronic devices, such as a magnetic core for a mobile terminal, have recently been
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required to have a higher corrosion-resistance.

[0007]  The objects of the present invention are to solve the problems and to provide powder
made of the iron-based metallic glass that has an improved magnetic property, an
improved insulating property, and an improved corrosion-resistance, based on the
powder that is made of the iron-based metallic glass in Japanese Patent Laid-open Pub-
lication No. 2005-290468.

Disclosure of Invention

[0008] The powder made of iron-based metallic glass as an embodiment of the
present invention is an won-hased metallic glass that consists of a group of
iron-based metallic elements, a group of metalloid elements, and a group of
elements for improving the degree of supercooling (M: either or both of Nb
and Mo), wherein its nominal composition is expressed by
(Fe1 «+Co:Nidioox 181 Bl (P Calnb: M., The ratios of the compositions of the
group of iron-based metallic elements are 19 =-x 2230, 0<v 26,05 20,30, 0
<t £0.35, and s+t £ 0.35. The ratios of the compositions of the group of
metalloid elements are (0.5:1) £ (mn) = (6:1) (2.5:7.5) 2 (a'k) 2 (5.5:4.5) and
(5.5:4.5) < (e:d) 2 (9.5:0.5). Either or both of Cr and Zr are added to the
iron-baged metallic glass as an element for improeving the corrosion
resistance. The econtent of the slement for improving the corrosion
resistance ig 0.3 — 5.9 wt%. Since either or both of Cr and Zr are added as
an element for improving the corrosion resistance, an oxide film (an oxide
layer) is formed on the surface of the powder made of the ivon-based metallic
glass. Thus powder made of the iron-bazsed metallic glass that has an
excellent magnetic property, an excellent insulating property. and an
excellent corrosion resistance, 1s manufactured at a low cost.

[0009]  The "content" of an element of an alloy denotes the content (wt%) of the element in
relation to the total amount of the powder made of the iron-based metallic glass that
contains additive elements (an element for improving the corrosion resistance plus an
accessory element for also improving corrosion resistance). The ratio of the com-

positions in the nominal composition denotes atomic percent (at%) or atomic ratio,
unless otherwise noted.

[0010] The elements for improving the corrosion resistance may include Al wherein
the content of the Al is 0.03 — 0.5 wt%. and wherein the total content of the
elements for improving the corrosion resistance that include Alis 1.0 -3.0
wt%. Sinece the elements for improving the eorrosion resistance arve any of
1) Crand AL oy 2) Zr and Al or 3) Cr, Al 2nd Zr, the covrosion resistance and
the properties needed for the powder made of the ivon-hased metallic glass
arve improved by the synergistie effects of these elements.

[0011] The nominal composition may be expressed by Fe o5y { (S1.Bp)m(P.Ca), } M. Since
the powder made of the iron-based metallic glass contains no Co or Ni, it can be manu-

factured at an even lower cost.

[0012] The ratio of the composition of the group of elements for mproving the
degree of supercooling may be 0.05 £ v = 2.4, Since adding an element for
improving the corrosion resistance does not affect the amorphous structure
of the powder made of the iron-based metallic glass that is manufactured.
powder made of the iron-based metallic glass that has an excellent magnetic
property, an exeellant insulating property. and an excellent corrosion
resistance can be manufaetuved.
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[0013]

[0014]

[0015]

[0016]

[0017]

[0018]

The ratie of the compesiticns of the group of metalloid elements may be
(1.5°1) < (m'n) £ (5.51): (3.5:6.5) = (a'b) < (5.5:4.5); and (6.0:4.0) < (e'd) =
{8.5:1.5). By using these compositions, the magnetic property of the powder
made of the iron-based metallic glass can be further improved.

The powder made of the iron-based metallic glass may additionally include an
accessory element for improving corrosion resistance that is at least one that is selected
from V, Ti, Ta, Cu, and Mn, wherein the total content of the accessory elements for
improving corrosion resistance is 0.03 - 0.70 wt%. By adding a small amount of the
accessory element for improving corrosion resistance, an oxide film is formed on the
surface of the powder made of the iron-based metallic glass, and the specific resistance
of the powder can be improved by the synergistic effects of the accessory element
combined with the element for improving the corrosion resistance.

The diameters of the particles of the powder made of the ivon-based metallic
glass may be 0.5 - 50 pm.  The powder made of the ivon-based metallic glass
has excellent corrosion resistance even when it is made as fine powder.

Thus 1t 1z preferably used for a material for an electronic component that has
an excellent performance. The diameter of the particle denotes the mean
particle diameter {median’ d20), unless ctherwise noted.

The powder made of the iron-based metallic glass may be manufactured by water at-
omization. Since it is manufactured in the atmosphere, it can be manufactured at a low
cost. Further, the powder made of the iron-based metallic glass that is manufactured by
water atomization is produced as fine and spherical-shaped particles of powder. Thus
eddy-current loss is reduced and the density of the packed powder made of the iron-
based metallic glass increases so as to improve the performance of an electronic

component.

The powder made of the iron-based metallic glass as another embeodiment of
the present invention is an iron-based metallic glass that consists of a group
of ron-based metallic elements, a group of metallcid elements, and a group
of elements for nuproving the degree of supercooling (M: either or both of Nb
and Mo). wherein the nominal composition of the powder made of the
iron-based metallic glass is expressed by

(Fe1-c:Ce: Nidiats+1(S1aBr) wP.CalntM;.  The ratios of the compozitions of the
group of iron-based metallic elements are 192 x <300 <y <6025 <0.33 0
St20.35 and 5+t £ 0,35, The ratios of the compesitions of the group of
metalloid elements are (0.5:1) < tmin) < (6:1) (2.5:7.3) < (a'b) < (5.5:4.5): and
(5.5:4.5) < (e:d} = (8.5:0.5). Turther. at least one of ¥, Ti, Ta, Cu. and Mn is
added a8 an element for improving the corrosion resistance, wherein the
content of that element for improving the corrosion resistance 1s 0.03 - 0.70
wt%. Since the amount of the element for improving the corrosion
resistance is very small, the powder made of the iron-hased metallic glass
that has an excellent corrosion resistance is manufactured at a low cost.

The ratio of the compesitions of the group of elements for improving the
degree of supercooling mav be 0.05 £ v £ 2.4, Since adding an element for
impreving the corrosion resistance does not affect the amorphous structure
of the powder made of the 1ron-hased metallic glass that 1s manufactured,
powder made of the iron-based metallic glass that has an excellent magnetic
propexrty and excellent corresion resistance can be manufactured.



WO 2014/136148 PCT/JP2013/004004

[0019]

[0020]

[0021]

[0022]

The powder made of the iron-based metallic glass of the present invention (both em-
bodiments) has excellent magnetic and insulating properties and excellent corrosion re-
sistance. Thus it is preferably used for a material for molding by compacting powders
for various kinds of electronic components and used for a material for coating to form

a magnetic film on an electronic circuit board, etc.

The basic Japanese patent application, No. 2013-042029, filed March 4, 2013, is
hereby incorporated by reference in its entirety in the present application.

The present invention will become more fully understood from the detailed de-
scription given below. However, the detailed description and the specific embodiments
are only illustrations of desired embodiments of the present invention, and so are given
only for an explanation. Various possible changes and modifications will be apparent
to those of ordinary skill in the art on the basis of the detailed description.

The applicant has no intention to dedicate to the public any disclosed embodiment.
Among the disclosed changes and modifications, those which may not literally fall
within the scope of the present claims constitute, therefore, a part of the present
invention in the sense of the doctrine of equivalents.

The use of the articles "a,"” "an," and "the" and similar referents in the specification
and claims are to be construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by the context. The use of any and
all examples, or exemplary language (e.g., "such as") provided herein is intended
merely to better illuminate the invention, and so does not limit the scope of the

invention, unless otherwise stated.
Brief Description of Drawings

Fig. 1 is a conceptual and sectional illustration of the device for water atomizing that
is used for manufacturing the powder made of the iron-based metallic glass of the
present invention.

Fig. 2 is a conceptual illustration showing the method for measuring the magnetic
permeability and loss of magnetism of the magnetic powder core that is used to
construct a choking coil, which core is manufactured by using the powder made of the
iron-based metallic glass of the present invention.

Best Mode for Carrying out the Invention

The powder made of the iron-based metallic glass of the present invention is based
on the nominal composition, (Fe,.(CoNi;)i00xy{ (S1.Bp)m(P.Ca)s} My, that is disclosed in
Japanese Patent Laid-open Publication No. 2005-290468. It comprises a group of iron-
based metallic elements that is predominantly made of Fe, a group of metalloid
elements, and a group of elements for improving the degree of supercooling (M: either

or both of Nb and Mo). Below the nominal composition of the iron-based metallic
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glass and the ratios of the compositions of the elements that constitute the iron-based
metallic glass of the present invention are discussed in view of that publication.

[0023] By adjusting the ratios of the compositions in the nominal compesiticn (basic
compositien) , iron-based metallic glass wherein the degree of supercoeling,
ATz, 15 40 K or less, can be obtained. In the nominal compogition the ratios
of the compositions of the groups are 19 <x 230, 0 <v 6. 0252035, 04t
(.35, and s+t £ 0.33.

[0024] In the group of iron-based metallic elements. 1.e., (Fer . o N1, if s+t > 0.35.
the content of the Co or the Niincreases, to therehy increase the cost of
material. Further, the degree of supercooling decreases te a range that
gannot be measured. Thus a degree of superceoling over 40 K, which is one
of the condifions to obtain an amorphous structure. cannot be achieved.

[0025] Even when no Co or Ni, which are elements of iron-based metal and which are not

Fe, is contained, the degree of supercooling over 40 K can be achieved.

[0026] Itiz gencrally preferable that the ratio x of the total compositions of the
group of metalloid elements, 1.e., {{SiaBr)m{PcCalulx, be in the range of 19 = x <
30. However, considering both the degree of supercooling and the magnetic
property, the range of 21 = x £ 27 1s more preferable.

single amorphous phase cannot be generally obtained. If x = 30%, the cost
of the matetial increases, and as the amount of Fe decreases the magnetic
property is degraded.

[0027] If x < 19%. the degree of supercoscling of ATx = 40K is net achieved. Thus a

[0028]  In the range of the total compositions of the group of metalloid elements, X, the ratios
of the compositions (a, b, m, ¢, d, and n) of the elements (Si, B, P, and C) that
constitute the group of metalloid elements are the following.

[0029] The vatio (min) of the sum (m} of Si plus B to the sum (n) of P plus C is the
range in {0.5:1) < (m'n) £ (6:1). In that vange of m, the ratio {(ab} of 5i to B is
(2.5:7.5) < {a’h) < (3.5:4.5). In that range of n, the vatio (c!d) of P to Cis
(5.5:4.5) £ {eid) £ (9.5:0.5),

[0030] Tfthe ratio of the composition of Si. B, P. or C is outside of those vanges. the
degree of supercooling of ATx = 40K cannot not be achieved.

[0031] Toimprove the magnetic property, the powder made of the iron-based
metallic glass of the present invention contains either or both of Nb and Mo,
which constitute a group of elements for improving the degree of
supercooling (M). The ratio () of the compositions of the group of elements
for improving the degree of superceooling (M) 15 in the range of 0 < ¥ 7 6, and
is based on the required property. If the ratio of the compositions of the
group of elements for improving the degree of supercocling (M) is too high,
the degree of supercooling is not improved, and the magnetic property
decreases relatively.

[0032]  The powder made of the iron-based metallic glass that is obtained in this way does
not crystallize, even if it is cooled at a cooling rate that is slower than that of con-

ventional iron-based metallic glass.
[0033]
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[0034]

[0035]

[0036]

[0037]

[0038]

Thus by using a general-purpose mass production facility with a low cooling
rate, powder made of the iron-bazed metallic glass that is a single
amorphous phase. Le., without a crystalline phasge, can be easily
manufactured. This is because an ability to form an amerpheus phase is
improved, since the degree of supercooling, ATx, which is the difference
between the temperature to stavt ervstallization, Tx, and the glass-transition
temperature, Tg, is great.

These facts explain the ratios of the compositions of the respective elements in the
basic composition. The powder made of the iron-based metallic glass of the present
invention is obtained by adding an element for improving the corrosion resistance to
the basic composition. Below it is discussed in detail.

First Embodiment

For the powder made of the iron-based metallic glass of the first embodiment, either
or both of Cr and Zr, which are the elements for improving the corrosion resistance,
are added to the basic composition. The content of the elements for improving the
corrosion resistance is preferably 0.30 - 5.5 wt%, more preferably 1.0 - 4.0 wt%,
further more preferably1.0 - 2.0 wt%. Since an oxide film is formed on the surface of
the powder made of the iron-based metallic glass by the Cr or Zr that is contained in it,
the corrosion resistance is improved.

The elements for improving the corrosion resistance preferably include Al in
addition. Cr and Zr both mainly contribute to form the oxide film on the surface of the
powder made of the iron-based metallic glass. Al also contributes to form the oxide
film on the surface of the powder made of the iron-based metallic glass. It also has an
effect to increase the hardness of the oxide film that is formed by adding Cr or Zr. If
the hardness of the oxide film increases, the corrosion resistance is further improved.
Al contributes to improve the specific resistance of the powder made of the iron-based
metallic glass. It also contributes to make the particles of the powder spherical when
the powder made of the iron-based metallic glass is made by atomization, which is
discussed below.

In this way, the powder made of the iron-based metallic glass that has excellent
corrosion resistance and insulating property can be obtained by the synergistic effects
of Cr or Zr plus Al. If the amount of Cr or Zr is too small, no sufficient corrosion re-
sistance can be achieved. If it is too large, the magnetic property deteriorates, since the
relative amount of the Fe decreases. If the amount of the Al is too small, no synergistic
effects can be achieved. If it is too large, the magnetic property of the powder made of
the iron-based metallic glass deteriorates and it becomes difficult to make the particles
of the powder spherical.

To obtain the powder made of the iron-based metallic glass that has excellent
corrosion resistance and an excellent insulating property by the synergistic effects of
Cr or Zr plus Al, it is preferable that the content of the Al be 0.01 - 0.75 wt% and that
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[0039]

[0040]

[0041]

[0042]

[0043]

[0044]

of the elements for improving the corrosion resistance that include Al be 1.0 - 5.0 wt%.
It is more preferable that the content of the Al be 0.03 - 0.50 wt% and that of the
elements for improving the corrosion resistance that include Al be 1.5 - 1.9 wt%. By
using the latter contents, not only the corrosion resistance but also the magnetic
property and insulating property are further improved.

Further, it is preferable to use Cr and Al for the elements for improving the corrosion
resistance, since the synergistic effects become apparent.

The powder made of the iron-based metallic glass of the present invention can be
constituted only by Fe for the group of iron-based metallic elements that is expressed
by (Fe,..«{CoNiy) g5y in the nominal composition. The powder made of the iron-based
metallic glass that has excellent corrosion resistance, an excellent magnetic property,
and an excellent insulating property can be manufactured without containing Co or Ni.

The iron-based metallic glass, of which the corrosion resistance 1z improved
in this way. can muprove the magnetic propevty by adjusting the ratio of the
compositions of either or both of Nb and Mo, which are a group of elements
for improving the degree of supercooling. as follows, The ratios of the
compositions of the greup of elements for improving the degree of
supereooling in the bagic composition is prefevably 0.05 £ v £ 2.4, more
preferably 0.15 < v 2 1.3, If the amount of Nk and Mo is too small, the
ability to form the single amorphous phase is not improved. resulting in
decreasing the magnetic property. Since Nb and Mo are rare metals that
are expensive. the ratio of their contents 15 preferahly the smallest in so far
as the required magnetic property can be obtained. The ratio of the
compositions of Nb and Mo iz at the same level as the ratic of the
compositions of both elements, because they are similar in chemical
propexties and their atomic radil and atomic weights are similar.

If the corrosion resistance or magnetic property is not acceptable when the ratio of
the compositions of the group of elements for improving the degree of supercooling is
within that range, either or both of B and P, which are the group of metalloid elements,
are adjusted to be within the following range to improve the corrosion resistance and
magnetic property.

The ratios of the compositions of the group of metalloid elements in the
nominal composition (Fe1-«+Co:Nidioes+ ave preferably (1.5:1) £ (m'n) £
(5.5:10 (3.5:6.5) < (a'b) < (5.5:4.53) and (6.0:4.0) < (c!d) £ (8.53:1.53). They are
more prefevahly (2.5:1) 2 (mn) = (3.5:1% {4.3:5.7) = (ath) 2 (5.2:4.8); and
{6.5:3.5) < (e:d) < (7.0:3.0),

The amount of the element for improving the corrosion resistance must be minimized
to obtain an excellent magnetic property. To minimize the amount of the element for
improving the corrosion resistance a small amount of the following accessory elements
for improving corrosion resistance may be added. The accessory elements for
improving corrosion resistance include V, Ti, Ta, Cu, and Mn. At least one of them is
added. The total amount of the accessory elements for improving corrosion resistance

is preferably 0.03 - 0.70 wt%, more preferably 0.05 - 0.50 wt%, even more preferably
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[0045]

[0046]

[0047]

[0048]

[0049]

[0050]

0.10 - 0.30 wt%. The accessory elements for improving corrosion resistance improve
the corrosion resistance of the powder made of the iron-based metallic glass by
forming an oxide film on the surface of it. Further, they improve the specific resistance
of the powder made of the iron-based metallic glass by the synergistic effects of them
plus the element for improving the corrosion resistance.

Next, the process for manufacturing the powder made of the iron-based metallic glass
of the present invention is discussed. Atomization is known as a process for manu-
facturing powder made of the iron-based metallic glass. Atomization is broadly divided
into water atomization, gas atomization, and centrifugal atomization.

Since the gas atomization and centrifugal atomization have an insufficient
ability to cool particles with a large diameter (for example, about 200 pm)
made of the iron-based metallic glass, a single amorphous phase may not be
obtained.  Thus thev are not suitable to manufacture particles with a large
diameter made of the iron-hased metallic glags.  Further, thev have an
insufficient ability to erush particles to manufacture particles with a small
diameter (for example, 50 pim or less) made of the iven-baszsed metallic glaszs.
Thus they are not suitable to manufacture the particles with a small
diameter made of the iron-based metallic glass.

The powder made of the iron-based metallic glass can be manufactured in the at-
mosphere by water atomization. It can be manufactured by the water atomization at a
low cost for equipment and manufacturing. This atomization has no problems that exist
in the gas atomizing and centrifugal atomizing. Because of these reasons, the water at-
omization is best for the process for manufacturing the powder made of the iron-based
metallic glass of the present invention.

Below, the structure of the equipment for water atomization and the general process
for manufacturing the powder made of the iron-based metallic glass of the present
invention by using that equipment are discussed.

As shown in Fig. 1, the equipment for water atomization has a crucible for melting 1
that is formed by integrating a side wall with a bottom plate. The side wall has a
vertical and cylindrical shape. The bottom plate has an orifice 5 for molten metal that
is directed downward. The equipment also has an induction heating coil 2 that is
placed as a helix on the whole outer surface of the side wall of the crucible for melting
1. It also has a stopper 3 for molten metal that is provided within the crucible for
melting 1 to open and close the crucible for melting 1. It also has an atomizing nozzle
6 that is provided below the orifice 5 for molten metal.

Molten raw materials 4 (the basic composition of the elements, the element for
improving the corrosion resistance, and, if necessary, the accessory elements for
improving corrosion resistance) that correspond to the powder made of the iron-based
metallic glass of the present invention are charged into the crucible for melting 1 after

adjusting the ratio of the compositions so that the powder made of the iron-based
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[0051]

[0052]

[0053]

[0054]

metallic glass has predetermined compositions. Then, the molten raw materials 4 are
heated to the melting point or above it by the induction heating coil 2 so that they are
melted, to thereby form molten metal. The stopper 3 for the molten metal opens the
orifice 5 for the molten metal to cause the molten metal to flow downwardly (molten
raw materials 4) through the orifice 5. The atomizing nozzle 6 sprays water as to form
a water screen below the orifice 5. The molten metal that has been flowing
downwardly through the orifice 5 is crushed by colliding with the water screen, to be
rapidly cooled down to solidify. The molten metal that has been caused to become
powder by solidifying, drops into water 8 in a tank of water (not shown) that is placed
below the atomizing nozzle. Thus it is further cooled. This powder is collected, dried
and classified so that the powder made of the iron-based metallic glass that has the
intended compositions and particle size is obtained.

The powder made of the iron-based metallic glass that is manufactured in the above
process has a high degree of sphericity. Since the density of packed powder made of
the iron-based metallic glass becomes high, a product, such as an electronic
component, that has an excellent magnetic property, can be produced. For example,
when a product such as an electronic component is produced from the powder made of
the iron-based metallic glass, a magnetic core is produced by molding the powder
made of the iron-based metallic glass by filling the powder in molds, as discussed later.

The diameter of a particle made of the iron-baged metallic glass 1s preferably
0.5 — 200 pm (more pyeferably 0.5 — 100 pm, even move preferahly 0.5 — 50
pm).  If the pavtiele is small, advantageous effects, such as decreasing the
core loss when the magnetic core iz made of powder made of the iron-hased
metallic glass, are achieved. If the pavtiele is too small. the avea of the
oxide filim on the surface becomes large compared to the volume. Thus the
density of the powder made of the ivon-based metallic glass decreases.

Then high magnetic permeability cannot be achieved. If the particle is too
large. it becomes difficult to decvesnse the cove loss. Furthey, if the diameter
of a particle is small, conventional powder made of the iron-based metallic
glass becomes corrvosive. However, the powder made of the iron-based
metzallic glass of the first embodiment has an excellent corrosion resistance
when the diameter of a particle is as small as 0.5 — 50 pm.

Second Embodiment

Next, the powder made of the iron-based metallic glass of the second embodiment is
discussed. Only the differences from the first embodiment are discussed.

For the powder made of the iron-based metallic glass of the second embodiment, at
least one of V, Ti, Ta, Cu, and Mn as an element for improving the corrosion resistance
is added to the basic composition. The total content of the elements for improving the
corrosion resistance that includes these elements is preferably 0.03 - 0.70 wt%, more
preferably 0.05 - 0.50 wt%, and even more preferably 0.10 - 0.30 wt%, in relation to
the total weight of the powder. Since the element for improving the corrosion re-

sistance forms an oxide film on the surface of the powder made of the iron-based
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[0055]

[0056]

[0057]

[0058]

[0059]

[0060]

[0061]

[0062]

[0063]

[0064]

metallic glass, the corrosion resistance is improved.

Though the powder made of the iron-based metallic glass of the second
embodiment has lower corrosion rvesistance than does that of the first
embodiment, it 15 usable when, for example, the ccrrosion rate 1s slow,
becausge the diameter of a particle iz lavge (for example, 50 — 200 pm} or the
required corrogion registance is not severe. Sinece the amount of the
eloment for improving the corrosion resistance iz very small. the
manufacturing cost ravely increases.

By adjusting the ratio of the compositions of either or both of Nb and Mo, which is a
group of elements for improving the degree of supercooling as shown in the following

second embodiment, like in the first embodiment, the magnetic property is improved.

In the nominal composition. i.e., (FetedC0:Nid1oost(S1aBuim (PoCadntx, the
ratic of the compesitions of the group of elements for improving the degree of
superceoling is preferably 0 = v £ 6.0, more preferably 0.05 v £ 2.3, even
meore prefevably 0.15 < v £ 1.3, The ratic of the compesitions of Nk and Mo
15 at the same level as 1s the ratic of the compesitions of both elements,
becausge they are similar in chemical properties and their atomic radii and
atomic weights are similar.

The powder made of the iron-based metallic glass of the second embodiment can be
manufactured by water atomization like that of the first embodiment.

Examples

To check the effects by the present invention, working examples and comparative
examples are discussed.

The parameters in the nominal composition, i.e.,
(Fe1-++C0:Ni 16001810 Br) s (PeCadnt My, of the basic compositions A-B-CD,
are lizsted in Table 1. Nb iz used for the group M of elements for improving
the degree of supercooling.

[Table 1]

{ B t a:b o:d m:n x ¥
Basic Composition A 1] 45:55 8.1:1.8 3.3:1.0 223 1.00
Baslc Composition B] -0 0 4.5:5.1 8.1:1.9 3.3:1.0 25.3 0.50
Basic Composition €] 0.1 0.1 4.06.0 83:1.7 4.1:1.0 2108 1,26
Basic Composition D] @ 0 4,1:58 80:20 | 4.2:10 25.3 1.01

The basic compositions and the additive elements are adjusted to have the contents of
the additive elements (the element for improving the corrosion resistance and the
accessory element for also improving corrosion resistance) be those in Table 2. The re-
spective mixed materials are melted in a high-frequency induction furnace to be
processed by water atomization. Thus the respective kinds of powder are obtained.

<The Conditions for Water Atomization>
Pressure of water: 100 MPa

Flow of water: 100 L/min

Temperature of water: 20 °C

DHameter of ovifice’ 4 mm

Temperature of molten metal: 1,500 *C



11

WO 2014/136148 PCT/JP2013/004004
[Table 2]
Baic Additive Elements (wi%) ggrticle
ia-
:_lz;pc cr | Al r ¥ Ti Ta [£1) Hn T;t::)
i A 10.50 - - - - - - = 50
2| A 100 | - - - - - Z - | so
X“g’rk' 3| A 200 - | -1 -1 -1 -1 -1 -"1so
s | A Ja00 | - - - - - - ~ | 50
Examplelg™ ™8 {550 | - | - [ = | = | - | - | -~ | 50
6 ] A - - [1.50¢ | - - - - = | s0
71 B |1.5 | - -1 - - - - S
8] & |15 jool | - - - - - -~ | o
8 | & 11.50 |o.02 ] - = z - - - | so
work- {10 & [1.60 004 | - = = Z - = | 60
ing (o] a[7s0 018 ] - = - - - T
Exampleli2] A | 1.60 | 0,30 | - - - - - -~ | 50
13] & [1s0 |0.70 | - | - - - - =
4] A =~ 1005 Lo | - - - - - [ %
5] B 150 610 | - - - - - - | so
6] A |1.60 {0.78 | - |o.01 |o.01 | - - |o.01 | 50
Work. 71 A | 750 [0.95 |~ - To02 [0.02 | - |0.0s | - |60
ing 8l A 150076 |"-"Toor [0.02 [o.02 [0.02 [0.62 | 50
39| % |1.5% [0.75 | - |0.06 |0.06 |0.06 |0.06 |0.08 | 50
Exampielon T a {7.50 |0.75 | - Jo.10 |0.10 [0.10 |0.10 0.10 | 50
21 A |1.50 |0.75 | - |0.15 |0.15 {0.10 |0.10 |0.20 | SO
22| 6 |1.50 [0.75 | - |0.63 {0.03 10.03 |0.03 )0.03 | 60
3| ¢ - Z ~ [oot ‘0.01 | - = 10.01 | 200
| © - - -~ looz jo.ez ] - Joo1 | - | 200
Work- G516 [ = | - | - [0.02 [0.02 [0.02 |0.02 |0.02 | 200
ng gl ¢ - - - |0.06 |0.06 | 0.08 |0.06 |0.06 | 200
Examplefoz T ¢ - - - [o.10 [0.10 [6.10 Jo.10 [0.10 | 200
2| ¢ - z ~"To.15 [0.16 | 0.10 |0.10 |6.20 | 200
29| © = Z - |0.0a |.08 |0.08 |0.03 |0.08 | Z00
1| & (010 - - - - - - -1 50
Com- L1 & [600 | - - - - - - 50
pasative 51 s o | - | - | - | - | - | - | s0
Example N A (100 [1.00 — — = — — = g0 _
5 1 o - Z - - - - - B ET

[0065]

[0066]

[0067]

The powder made by water atomization is collected to be dried by an oscillating
vacuum dryer (VU-60, supplied by Chuo Kakoki Co., Ltd.) under the drying
conditions listed below. Since it is dried under a vacuum by using the oscillating
vacuum dryer, the drying process is carried out at an atmosphere that is hypoxic
compared to a process carried out under the atmosphere. Further, it is dried at a low
temperature for a short period. Since the powder made of the iron-based metallic glass
that is to be dried is oscillated during the drying process, it can be dried within a short
period, so that the powder made of the iron-based metallic glass is prevented from
being flocculated or oxidized.

<The Conditions for Dryving>

Drving temperature: 100 °C

Pressure in the Drving Room: 0.1 MPa (gauge)
Period for Drving: 60 min

The dried powder made of the iron-based metallic glass is classified by means of an
air classifier (Turbo-Classifier, supplied by Nisshin Engineering Inc.) so that the
particles having the intended diameter are classified. Thus the powder made of the

iron-based metallic glass is obtained. The distribution by means of the diameters of the
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[0068]

[0069]

[0070]

[0071]

[0072]

[0073]

[0074]

particles of the powder made of the iron-based metallic glass is measured by means of
a laser diffraction particle size analyzer (SALD-2100, supplied by Shimadzu Cor-
poration).

The powder made of the iron-based metallic glass that has been obtained by classi-
fication is mixed with a binder and an organic solvent to be granulated for material for
molding by compaction. An epoxy resin is used for the binder and toluene is used for
the organic solvent.

After the material for molding by compaction is heated at 80 °C for 30 min te
be dried, it is sereened by using a screen having a predetermined mesh so
that coarse particles are removed. Thus the powdered material (granulated
matevial} is obtained. The granulated material is filled in & forming die to
be formed in the conditions listed below. Thus the compact {(magnetic
powder core 10} that is shown in Fig. 2 iz obtained.

<The Conditions for Forming>

Process for Forming: forming by pressing

Shape of Compact: ring geometry

Size of Compact: Outside Diameter = 13 mm; Inside Diameter = 8 mm, Thickness =
6 mm

Pressure for Forming: 10 t/cm? (980 MPa)

By winding a conductor 11 around the compact 10 under the conditions listed below,
a choking coil 9 is produced.

<The Conditions for Manufacturing Coil>

Material for Conductor: Cu

Diameter of Conductor: 0.5 mm

Number of Windings: Primary: 15 turns; Secondary: 15 turns

Next, the method of evaluation is described. The items to be evaluated are
the following four items:

(1) Shape of powder made of iron-based metallic glass.

(2) Comrogion vegigtance,

(3) Magnetic property, and

(4) Insulating property.

The ranking (@. 2, A, X), which is below discussed. denotes the trend and
outline of the results of expeviments. Tt does not denote the evaluation of
the magnetic powder cove 10 or the choking coil 9 ag a product.  Thig is
becausze the standard for evaluating a product depends on the requirements
of the user of the product. In other words, different requivements are used
for different users. Thus different standards may be used to evaluate the
same product.

(1) Evaluating the shape of the powder made of the iron-based metallic glass

The powder made of the iron-based metallic glass that has been manufactured by
drying and classifying the powder made by water atomization is observed through a
microscope. Based on the following evaluated classes, the spherical shapes of the

powder made of the iron-based metallic glass are evaluated.
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[0075] <Evaluated Classes>
@ 70% or more of whole particles are spheres. The remaining particles are
not spherical. but have roundish shapes. No particle has a corner.

[0076] =: 50— 75% of whole particles ave spheres.  The remaining particles are not
sphevrical. but have roundish shapes. No particle has a corner.

[0077] A 23— 530% of whole particles arve spheres.  50% or move of the remaining
particles ave net spherical, but have roundish shapes. 50% or less of the
remaining particles have a corner.

[0078] X:23% orless of whele particles are spheres.  50% or more of the remaining
particles are not spherical, but have voundish shapes. 50% or less of the
remalning particles have a corner.

[0079] (2) Evaluating the corrosion resistance
After leaving the magnetic powder core 10 in the space at a rcom
temperature of 60 °C and a humidity (RHJ of 3% for 168 hours, the points of
rust on the outer surface of it are counted by visual observation. The
counted peoints of rust are ranked based on the following evaluated elasses to
evaluate the corrosion resistance.

[0080] <Evaluated Classes=
@ No rust 15 observed,
2 One to five points of rust are ohserved.
Al 8ix to ten points of rust are observed.
X: Ten pointg or more, or one ares o more, of rust, ave chsarved.

[0081]  (3) Evaluating the magnetic property
As shown in Fig. 2, the choking coils 9 are connected to the measuring device 12 (a

device for measuring alternative magnetic properties; B-H Analyzer SY8258, supplied
by Iwatsu Test Instruments Corp.). The magnetic permeability and the loss of
magnetism are measured under the conditions of measuring frequency = 200 kHz and
the maximum magnetic flux density = 50 mT. The measured results are ranked based
on the following evaluated classes to evaluate the magnetic property.

[0082] <Evaluated Classes>

@' Within the class listed below as "7, the magnetic permeability (1) exceeds
30 and is extremely high, or the loss of magnetism is 1.000 (kW/m?) or less
and 1z extremely low.

z: The magnetic permeability {11 ig 30 or more and the loss of magnetism is
less than 1,000 (KW/in3),

A! The magnetic permeability (U} is 30 or move and the loss of magnetism is
1.000 (lkW/m?®) or more, or the magnetic permeability () is less than 30 and
the loss of magnetism is less than 1,000 (kKW/m?2).

X The magnetie permeability {(j1) is less than 30 and the loss of magnetism is
1.000 {(kW/m? or more.

[0083] (4) Evaluating the insulating property
<Conditions for Measurements=>
By applyring a voltage of 500 V to the magnetic powder core 10 the insulation
resistance 1s measured by a device for measuring insulation resistances
(TOS9200, supplied by Kikusui Electrenics). The results measured are
ranked based on the following evaluated classes, @, = A, or X, to evaluate the
insulating property.

[0084]



14

WO 2014/136148 PCT/JP2013/004004

[0085]

[0086]

[0087]

[0088]

[0089]

<Evaluated Clagses>

@ The insulation resistance is 1 GE or meve.

2! The insulation resistance iz 500 M or more and less than 1 GQ.

Al The insulation resistance is 100 M2 or more and less than 500 MQ.
X: The insulation rezistance iz less than 100 ME&.

The results of tests for the working and comparative examples for both the first and
the second embodiment are shown in Table 3. The results of the evaluation are
discussed below.

(1) First embodiment (working examples 1 - 22; comparative examples 1 - 4)

The results of the evaluation are shown in Table 3. The powder made of the iron-
based metallic glass of the first embodiment, which contains either or both of Cr and
Zr, which are the elements for improving the corrosion resistance, is confirmed to have
excellent corrosion resistance and magnetic property (working examples 1 - 7). Es-
pecially, if the content of the elements for improving the corrosion resistance is within
the preferable range, the measured values tend to slightly increase, though no
qualitative evaluation changes (working examples 2, 3, and 7).

By adding Al, which is the element for improving the corrosion resistance, the
sphericity is improved. If the contents of the Al and the sum of Cr plus Zr are properly
adjusted, it is confirmed that the magnetic property and insulating property are
improved (working examples 8 - 15). Especially, if the content of the Al is 0.04 - 0.15
wt% and the content of the sum of Cr plus Zris 1.5 - 1.90 wt%, it is confirmed that the
magnetic property and insulating property are excellent.

In working examples 16 - 22, wherein the accessory element for improving corrosion
resistance is added together with Cr and Al, which are the elements for improving the
corrosion resistance, the measured values in the insulating property tend to increase,
though no qualitative evaluation changes.

For the element for improving the corrosion resistance, comparative
examples 1 — 4, wherein the content of Cr or Al 1s teo low or too high, are
evaluated. If the content of the Cr is too low {comparative example 1), the
evaluation for corvosion rezistance becomes “A”"  Thus it is confirmed that
too low a econtent of Cr tends not to improve the corvosion vesistance. If the
content of the Cris too high {comparative example 2), the evaluation for the
magnatic property becomes “X” and the evaluation for the insulating
property becomes "A."  Thus it is confirmed that too high a content of the Cr
tends to deteriorate the properties that are needed for the powder made of
the ivon-based metallic glass, though the corrosion rvesistance is improved.

If the content of the Al is too low (comparative example 3), the evaluation
becomes the same as that of working example 2. Thus it is confirmed that
too low a content of the Al tends not to improve the corrosion resistance.  If
the content of the Al is too high (comparative example 4), then the evaluation
for the shape and magnetic property becomnes “X” and the evaluation for the
insulating property becomes “A.” Thus it is confirmed that too high a
content of the Al tends to deteviorate not only the shapes. but also the
properties that are needed for the powder made of the iron-hased metallic
elass, though the corrosion resistance is improved.
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[0090]

[0091]

[0092]

(2) Second embodiment (working examples 23 - 29)

The powder made of the iron-based metallic glass of the second embodiment, which
includes at least one of V, Ti, Ta, Cu, and Mn, which are the elements for improving
the corrosion resistance, is confirmed to have excellent corrosion resistance, compared
to comparative example 5, which contains no element for improving the corrosion re-
sistance. If the elements for improving the corrosion resistance are added within the
preferable range, the measured insulating property is confirmed to tend to slightly
increase, though no qualitative evaluation changes. Further, if they are added within
the more preferable range, the evaluation for the insulating property is confirmed to

further increase (working examples 24 - 27 and 29).

[Table 3]
Evaluated ltems
Shape |Comosion | Magnetic | Insulating
Resistance| Property | Property
1 ) &) O [o]
Work- |2 o Q 0
ing |3 ) e 0 o)
Example; ; g g 8 8
6 O o [o] (o]
7 o) & o o
8 -] @ 0 [*]
g @ e @ O
Work- | 10 @ )] ® @
ing 11 ) ® ® &)
Example| 12 @ 2 @ (o]
13 2 ® Q O
14 @ @ o 2]
15 [+ ) ) @
16 <] e =] )
17 & ) © )
}Qlork- 18 Y o S 6
9 Nl o ) o) )
Example[3g ) ) ® )
21 ) ) ) ©
22 e &) 5] ©
23 0 ] [s] [¢)
24 o o O Q
Work— 25 O @ 0 O
ng ] O © 0 0O
Example|27 0 ) 0 0
28 0 o O [o]
29 Q 2] O [e}
o 1 o A 9) o)
p:rrgt.ive 2 Q O al a
Example i 2 g 2 2
5 o] A [e) O
Below, the main numerals that are used in the detailed description and the drawings

are listed.

1. a crucible for melting
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. an induction heating coil

. a stopper for molten metal
. molten raw materials

. an orifice

. an atomizing nozzle

. a water curtain

. water

O o0 NN N W AW

. a choking coil
10. a magnetic powder core
11. a conductor
12. a measuring device
Industrial Applicability

[0093]  Though in the embodiments the powder made of the iron-based metallic glass of the
present invention is described to be used for a magnetic powder core for inductors,
etc., the usage of it is not limited to this. For example, it is preferably used for a
material for a sheet for suppressing noise that is used for electronic components.
Further, the powder made of the iron-based metallic glass may be dissolved in a
solvent, such as an epoxy resin, so that a solution is prepared. That solution may be
used for screen printing to manufacture electronic circuits. The powder made of the
iron-based metallic glass of the present invention is widely and preferably used for
electronic components that are required to have an excellent corrosion resistance, an

excellent magnetic property, and an excellent insulating property.
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Claims

Powder made of iron-hased metallic glass. wherein the iron-based
metailic glass consists of a group of ivon-based metallic elements, a group of
metalloid elements. and a group of elements for improving the degree of
supercooling {M! either or both of Nb and Xe!, wherein a nominal
composition of the ivon-based metallic glass 13 expressed by
(Fer-++Co.Nigh oo s A(S1aBu) (P Cakut My

wherein ratios of the compositions of the group of won-based metallic
elements are 19 x <30, 0<v£6.0.0<220.35,02t£0.35 and s+t £ 0.35,

whetrein vatios of the compositions of the group of metalloid elements
are (0.5:1) £ (m'in) £ (6:1); (2.5:7.5) £ (ath) 2 (5.5:4.58): and (5.0:4.5) < eld)
(9.5:0.5), and

wherein either or both of Cr and Zr are added to the iron-based
metallic glass as an element for improving the corresion resistance, the
content of the element for improving the corrosion resistance being 0.30 - 3.5
wt% in relation to the total contents of all the elements.

The powder made of the iron-based metallic glass of claim 1, wherein
the elements for improving the corrosion resistance include Al, the
content of the Al being 0.01 - 0.75 wt%, and the total content of the
elements for improving the corrosion resistance that include Al being
1.0 - 5.0 wt%.

The powder made of the iron-based metallic glass of claim 1 or 2,
wherein the nominal composition is expressed by Fe gy { (S1.Bp)m(P.Cq

)n }xMy-

The powder made of the wwon-based metallic glass of claim 1, whevain
the ratio of the compositions of the group of elements for impreving the
degree of supevecooling is 0.05 £y £ 2.4,

The powder made of the iron-bazed metallic glass of claim 4, wherein
ratios of the compositions of the group of metalloid elements arve {1.5:1) 2
imn) £ {5.5:1): (3.5:6.5} £ {a'b) £ (5.5:4.5% and (6.0:4.0} 2 (cid) £ {8.571.5).
The powder made of the iron-based metallic glass of claim 1, wherein
the powder made of the iron-based metallic glass additionally includes
an accessory element for improving corrosion resistance that is at least
one that is selected from V, Ti, Ta, Cu, and Mn, wherein a content of
the accessory elements for improving corrosion resistance is 0.03 - 0.70
wt%.

The powder made of the iron-baged metallic glass of claim 1. whevein
a diameter of a particle of the powder made of the iron-based metallic glass is
0.5 - 50 pm.

The powder made of the iron-based metallic glass of any of claim 1,
wherein the powder made of the iron-based metallic glass is manu-

factured by water atomization.
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[Claim 9]

[Claim 10]
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Powder made of the won-based metallic glass, wherein the iron-based
metallic glass consists of a group of ivon-based metallic elements. a group of
metalloid elements, and a group of elements for improving the degree of
supercooling {M! either or both of Nb and Mo), wherein the nominal
compesiticn of the powder made of the iron-based metallic glass 1s expressed
by (Fer-srCosNidioow - U1 Bulm (P Calnt M.,

wherein ratios of the compositions of the group of iren-based metallic
elomentz are 19 x 23000 <v 2600022203502t 20,35 and s+t £0.33,

whereln yatios of the compositions of the group of metalloid elements
ave (0,510 2 (m'm) 2 (6:1): (2.5:7.5) < {ab) £ (5.2:4.8) and (5.5:4.5) 2 (eid) £
(9.5:0.5), and

whetrein at least one of V. T1, Ta, Cu, and Mn iz added ag an element
for improving the corrosion resistance, whevein the content of the element
for improving the corrosion resistance is 0.03 — 0.70 wt%.

The powder made of the iron-based metallic glass of claim 9, whevein
a ratio of the compositions of the group of elements for improving the degree
of supercooling 15 0.05 <y < 2.3,
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