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Rare earth magnets and alloy powder for rare earth magnets and their manufacturing methods.

@ For the purpose of establishing the manufacturing method to obtain the Fe;B type Fe-Co-B-R-M
system high performance resin bonded magnet which possesses improved iHc and (BH)max and can be
reliably mass produced, the specific composition of Fe-Co-B-R(Pr,Nd)-M(Ag,Al,Si,Ga,Cu,Au) type
molten alloy was rapidly solidified by the melt-quenching or atomization methods, or a combination of
the two methods to obtain more than 90% of the solid in an essentially amorphous structure. After the
temperature was raised at the rate of 1~15°C/min., the alloy was heat treated at 550-730°C for 5
minutes~6hours to obtain Fe-rich the boron compound phase, which crystallizes the body centered
tetragonal FesP type crystalline structure, and the Nd,Fe.,B type crystalline structure phase both
coexisting as fine crystalline clusters of the average crystalline diameter of 5nm~100nm. The alloy
powder which contains the ferromagnetic phase, where the boron compound phase and the Nd,Fe.,B
type phase coexist, is combined with resin to produce the high performance resin bonded magnet with
iHc=3kOe,Br=5kG, and (BH)max=3MGOe.
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TECHNICAL FIELD

This invention concerns alloy powder for rare earth resin bonded magnets and their manufacturing meth-
ods that are suitable for magnet rolls, speakers, various kinds of meters, magnets for focusing, motors, mag-
netic sensors.and actuators. Molten Fe-Co-B-R-M (M = Cu, Ca, Ag,Al, Si, Au) alloy of a specific composition
that has a low concentration of rare earth elements is chilled by the melt-quenching method using a revolving
roll, the atomizing method, or a combination of the two methods to obtain the amorphous structure. The amor-
phous structure is specially heat treated to obtain alloy powder of fine crystalline clusters which consist of the
boron compound phase, where its main components is Fe with the tetragonal Fe;P type crystalline structure,
and the Nd,Fe 4B type crystalline structure phase. The resultant powder is bonded by resin to obtain the re-
sidual magnetic flux density (Br) of more than 5kG, which hitherto unobtainable by any hard ferrite magnet.
This invention concerns the manufacturing method of such Fe-B-R type isotropic resin bonded magnet.

BACKGROUND ART

Permanent magnets that are used for electrostatic developing magnetrolls, electric apparatus motors, and
actuators were limited mainly to hard ferrite magnets; but, it suffered from problems such as the low temper-
ature demagnetizing characteristics at low temperature below iHc, and due to the nature of ceramic material,
it had the low mechanical strength which is likely to result in cracking and chipping, and it is difficult to obtain
a complex shape.

Today, miniaturization of household electric appliances and OA equipments has advanced, and magnet
material used need to be miniaturized and lightened. That is to say, in order to conserve energy, less weight
of an automabile to gain a better mileage is strongly sought, and the demand for miniaturization and reducing
the weight of automobile electric apparatuses.

Therefore, for the purpose of maximizing the performance to weight ratio of magnetic material, designing
efforts to achieve that goal are in progress. For example, Br of 5~7kG is considered most appropriate as mag-
net material in the present motor design.

That is to say, in the present motor design, when Br exceeds 8kG the cross sectional area of iron plates
or rotor and stator which will become a magnetic path need to be increased, which instead will result in the
increase in weight. Also, due to miniaturization of a magnetroll and a speaker, a magnet with high Br is desired,
but the usual hard ferrite magnet cannot reach the residual magnet flux density (Br) in excess of 5kG.

For example, although a Nd-Fe-B type resin bonded magnet satisfies the necessary magnetic character-
istics, but it contains 10-15 at% of Nd, which requires many processes and a large scale production facility in
separation, purification and reduction of the metal. It is not only very expensive in comparison to hard ferrite
magnet, but also it requires nearly 20 kOe of the magnetizing magnetic field to magnetize 90% of the magnet,
so that it is impossible to perform the complex multipolar magnetization necessary for a magnet for a magnet
roll or other application such as stepping motors. At present, no one has discovered a magnet which can be
economically manufactured in a large scale, has Br of 5~7 kG, and also has the excellent magnetizing prop-
erties.

There are applications that demand higher B such as magnetic sensors, speakers, actuators, and stepping
motors; and for these applications, the Sm,Co,7 anisotropic resin bonded magnet is presently used as the high-
est performing magnet, and the Nd-Fe-B isotropic resin bonded magnet as a lower cost replacement magnet.
But, these magnets are still costly, and it is desired to have a low cost, easy to manufacture resin bonded mag-
netic material possessing high Br characteristic.

On the other hand, in the Nd-Fe-B system magnet, magnet material in which Fe3B type compound is the
predominant phase in the vicinity of Nd, Fe;7Bg (at%), was recently proposed, (R. Coehoorn et al., J. de Phy.
C8, 1988, pages 669~670). This magnet material is obtained by a heat treatment of amorphous ribbons, re-
sulting in the metastable structure which contains the crystalline cluster structure of Fe;B and Nd,Fe4B. Br
of the metastable structure reaches even to 13 kOe, but its iHc of 2~3 kOe is not sufficiently high enough.
Also, the heat treatment condition are very limited, and it is not practical for the industrial production.

Studies have been reported in which additive elements are introduced to magnet material to make it mul-
ticomponent and to improve its magnetic characteristic. One of them utilizes Dy and Tb in addition to a rare
earth element, Nd, to attempt to improve iHc; however, the problem is the high cost of additive elements, and
reduced magnetization due to the fact that magnetic moments of rare earth elements couple anti-parallel to
magnetic moments of Nd and Fe, (R. Coehoon, J. Magn. Magn. Mat, 89 (1991) pages 228~230)

The other study (Shen Bao-gen, etal, J. Magn. Magn. Mat, 89 (1991) Pages 335~340) replaces a part of
Fe by Co to increase curie temperature to improve the temperature coefficient of iHc, but it has the problem
of reducing B with addition of Co.
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In any case, the Fe;B type Nd-Fe-B system magnet is made amorphous by the melt-quenching method
using a revolving roll, and heat treating it to obtain the hard magnet material. However, the resultant iHc is low,
and the heat treatment condition mentioned earlier is very severe; and the attempt to increase iHc resulted,
for example, in lowering the magnetic energy product, and the reliable industrial production is not feasible.
Therefore, it cannot economically replace the ferrite magnet as its substitute.

This invention, focusing on the Fe;B type Fe-B-R system magnet (R = rare earth elements), by increasing
iHc and (BH)max, intends to establish the manufacturing method which enables the reliable industrial produc-
tion, and provide a Fe3B type Fe-B-R system resin bonded magnet with more than 5kG of the residual magnetic
flux density (Br) as an economical substitute for hard ferrite magnets.

Also, in order to provide the reliable and inexpensive Fe;B type Fe-B-R resin bonded magnet with more
than 5kG of the residual magnetic density (Br), this invention intends to provide the most suitable rare earth
magnet alloy powder for resin bonded magnets and their production method.

DISCLOSURE OF INVENTION

Inventors investigated various manufacturing methods that provide improved iHc and (BH)max of a Fe;B
type Fe-B-R system magnet and its reliable industrial production. Conventionally, as far as the alloy compo-
sition is concerned, the amorphous structure was obtained by the melt-quenching method using a revolving
roll. However, in the specific alloy composition where Co and other additives are added simultaneously, the
amorphous structure can be obtained by a relatively slow circumferential velocity region (6~20m/sec.) of a re-
volving roll. Taking advantage of this fact, we discovered the following information and completed this invention
as the result of selecting one of the chilling and solidifying methods from the melt-quenching method, the gas
atomization method which provides equivalent chilling speed as the melt-quenching method, and the method
of spraying molten alloy particles to the revolving roll.

That is to say, after chilling the molten alloy with a low rare earth concentration and the specific compo-
sition by the melt-quenching method using the revolving roll with a relatively slow rotational speed, the gas
atomizing method, or a combination of these chilling methods;

1) Adding a small amount of Co, the fluidity of the molten liquid increases remarkably, and the recovery
of the chilled alloy improves; and
2) When the conversion to the amorphous phase was not complete, by administering the appropriate heat
treatment, the boron compound phase which consists predominantly of iron with the same crystalline
structure as Fe;B, namely, the body centered tetragonal FesP type crystalline structure, and the interme-
talic compound phase with Nd,Fe 4B type crystalline structure coexist in the same powder particle; and
3) Also, by adding the additive element M (M = one or two of Al, Si, Cu, Ga, Ag, and Au), when the alloy
crystallizes the crystalline diameter is made finer and the appropriate chemical phases coexist in the same
powder particle. Furthermore, when the average particle diameter is within the region of 5Snm~100nm, it
reaches the practically needed intrinsic coercive force of more than 2kG; and when this alloy powder is
molded into specific shapes by resin-bonding, the metastable crystalline structure does not break down
near room temperature, and can be used as a usable form of permanent magnets.

This invention, making essentially more than 90% into the amorphous structure from the Fe-Co-B-R-M
molten alloy using the melt-quenching method; and after raising the temperature of resultant flakes and ribbons
at the rare of 1~15°C and heat treating them for 5 minutes to 6 hours by keeping the temperature at
550~730°C, the fine crystalline cluster with the average crystalline diameter of 5nm~100nm, which consists
of the ferromagnetic phase with Nd,Fe 4B type crystalline structures in addition to its predominant phase of
the Fe3B type chemical compound phase. As a merit of limiting the rate of temperature increase, the relative
abundance of these ferromagnetic phases increase while the alpha-Fe phase decreases.

Also, the effect of including at least one elements of Al, Si, Cu, Ga, Ag, and Au in Fe-Co-B-R alloy, is that
the magnetic characteristic of iHc=3kOe, Br=8kG, and (BH)max=8MGOe is obtainable, by not lowering Br
even with addition of Co and improving the squareness of the demagnetizing curve. Furthermore, by grinding
the alloy and making it into the alloy powder for magnets, we obtained the alloy powder which is most suitable
for the Fe-Co-BR-M system resin bonded magnet with the residual magnetic flux density (Br) with more than
5KG.

Also, in this invention, after the alloy powder is produced by the efficient gas atomizing method from the
specific composition of the Fe-Co-B-R-M system molten alloy with a low concentration of rare earth elements,
it is heat treated to obtain the metastable compound system which consists of the iron-rich Fe;B type compound
phase, which is of the body centered tetragonal Fe;P type crystalline structure belonging to the space group
l4, and the Nd,Fe 4B type crystalline phase. In this process of obtaining the metastable mixed system, since
it contains a specific amount of Co, the fine crystalline cluster of the average crystalline diameter of

3



10

18

20

25

30

35

40

45

50

55

EP 0 542 529 A1

5nm~100nm in the predominant phase of the Fe;B type compound phase is obtained. The predominant Fe;B
type compound phase and the Nd,Fe 4B type crystalline phase are obtained, and these ferromagnetic phases
coexist in each particle in the alloy powder for resin bonded magnets. Bonding the alloy powder by resin, it is
possible to obtain the resin bonded magnet with the magnetic characteristics of iHc=3kOe, Br=5kG, and
(BH)max=4MGOe.

REASONS FOR LIMITING THE COMPOSITION

In this invention, only when the rare earth element, R, is limited one or two elements of Pr or Nd with the
specified concentration, high magnetic characteristics are observed. When other rare earth elements, for ex-
ample, Ce and La are used, iHc does not exceed more than 2kOe. Also when the medium weight rare earth
elements after Sm and the heavy weight rare earth elements are used, it induces degradation of the magnetic
characteristic, and at the same time, resulted in the high cost magnet which is not desirable.

When Ris less than 3at%, iHc could not reach more than 2kOe; but when it exceeds 6at%, the Fes;B phase
does not grow, resulting in precipitation of the non-ferromagnetic metastable phase of RyFe»3B;, which signif-
icantly lowers iHc and is not desirable, so that the concentration is set in the range of 3~5.5at%.

When B is less than 16at% or exceeds 22at%, iHc does not exceeds 2kOe, so that the concentration range
is set at 16~22at%.

Co is effective in improving the squareness of the demagnetizing curve, but when it exceeds 15at%, it
remarkably decreases iHc to no more than 2kOe, so that the concentration is set at the range of 0.05~15at%.

Al, Si, Cu, Ga, Ag, and Au improve the squareness of the demagnetizing curve by expanding the heat treat-
ment temperature range, and increase (BH)max. In order to have this effect, at least 0.1at% of the additives
is necessary. But when the concentration exceeds 3at%, it degrades the squareness and lower (BH)max. So,
the concentration is set at the range of 0.1~3at%.

Fe occupies the remainder of above mentioned elemental proportions.

REASONS FOR LIMITING THE COMPOSITION PHASE OF POWDER

The alloy powder which constitutes rare earth magnets of this invention, is characterized by having the
boron compound Fe3B type phase of highly saturated magnetization of 1.6T in which iron is the predominant
element and which crystallization the body centered tetragonal Fe;P type crystalline structure, and having
more than 70vol% of the Fe3B type compound phase. This boron compound is made by replacing a part of Fe
with Co in Fe;B. This boron compound phase can coexist metastably under the certain range with the Nd,(Fe,
Co)4B ferromagnetic phase which has the Nd,Fe 4B type crystalline structure of the space group P,/mnm.

It is necessary for the boron compound phase and the ferromagnetic phase to coexist in order to have
the high magnetic flux density and sufficient iHc. Even of the same chemical composition, in the casting meth-
od the thermal equilibrium Fe;B phase possessing the C16 type crystalline structure and the body centered
cubical alpha-Fe phase rather than the metastable phases are grown. In this method the high magnetization
is obtained, but iHc degrades below 1kOe and cannot be used as a suitable magnet.

REASONS FOR LIMITING CRYSTALLINE PARTICLE DIAMETER AND POWDER PARTICLE DIAMETER

In this invention, a rare earth magnet consists of the alloy powder, which in turn is made with the coexisting
boron compound phase, in which Fe;B type compound with the body centered tetragonal Fe;P type crystalline
structure is the main component, and the Nd,Fe4B type crystalline phase coexists as another constituend
phase. These phases are ferromagnetic, but the former phase by itself is magnetically soft; therefore, it must
coexist with the latter phase to have the desirable iHc.

However, simply having the coexisting phases is not the enough condition to have a permanent magnet.
Unless the average crystalline particle diameter is not in the range of 5nm~100nm, the square characteristic
of the demagnetization curve will deteriorate and it cannot generate the sufficient magnetic flux at the acti-
vating point. Therefore, the average crystalline particle diameter must be set at 5nm~100nm.

Taking advantage of a resin bonded magnet's characteristic to form complex and thin shaped magnets, it
is desirable to have sufficiently small particle diameter of the alloy powder to perform the high precision mold-
ing. But the gas-atomized powder with the particle diameter exceeding 100 micro meter, because it is not suf-
ficiently cooled crystallizes mainly in the alpha-Fe phase. Even after it is heat treated, the Fe;B type compound
phase and the Nd,Fe 4B type compound phase did not precipitate. Therefore, it cannot become a hard magnet
material.

Also, the powder particle diameter with less than 0.1 micro meter, requires a large amount of resin as a
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binder for its increased surface area, which results in lowering the packing density and is not desirable. There-
fore, the powder particle diameter size is limited to 0.1-100 micro meter.

REASONS FOR LIMITING MANUFACTURING CONDITIONS

In this invention, the molten alloy with the above mentioned special composition is rapidly solidified either
by the melt quenching method or atomizing method to transform the majority of it into the amorphous structure.
After the temperature was increased at the rate of 1 ~15°C/min specifically in the temperature range. beginning
at 500°C or above, it is heat treated at 550~-730°C for 5 minutes~#6 hours. It is important for the fine crystalline
cluster to have the thermodynamically metastable Fe;B compound phase and with the average crystalline par-
ticle diameter of 5~100nm. As the chilling method of the molten alloy, there are the well known melt quenching
method, the atomizing method, and a combination of the two methods. It is necessary to have essentially more
than 90% amorphous in the rapidly solidified resultant alloy powder before the above mentioned beat treatment
procedure.

For example, in the melt quenching method using a Cu roll, the roll surface rotational speed in the rage
of 5~50m/sec. produces the desirable structure. That is to say, when the rotational speed is less than 5m/sec.,
it does not produce the amorphous structure but the amount of alpha-Fe phase precipitates increases. When
the roll surface rotational speed exceeds 50m/sec., the chilled alloy does not form a continuous ribbon and
alloy flakes scatter. It is not desirable since the alloy recovery yield and the yield efficiency decrease. If a minute
amount of the alpha-Fe phase exists in the chilled ribbon, it is permissible since it does not noticeably lower
the magnetic characteristic.

For example, in the gas atomization method using Ar gas as a chilling gas, itis desirable to have an injection
pressure of 10~80kgf/cm?2 to obtain the suitable structure and the particle size.

That s to say, if the injection pressure is less than 10kgf/cm?2, the amorphous structure cannot be obtained.
Not only precipitations of the alpha-Fe phase increase, but also the alloy deposits on the surface of a recovery
container without sufficiently being cooled, so that the powder beads into lumps resulting in low recovery yield
of the alloy. Also, when the injection pressure exceeds 80kgf/cm?, the volume fraction of powder is pulverized
to the fine particle diameter of less than 0.1 micro meter increases, and not only lower the recovery yield and
the recovery efficiency but also lower the pressing density, which is not desirable.

Furthermore, the chilling method which combines the melt-quenching method and the gas atomization
method is suitable for the mass production. To explain it further,the molten alloys is injected against the re-
volving roll in the form of spray using the gas-atomize technique. By selecting the roll surface rotational speed
and the injection pressure, it is possible to obtain the desired amorphous particle diameter of alloy powder
and flakes.

CONDITIONS FOR HEAT TREATMENT

In this invention, the molten alloy of the above mentioned specific composition is rapidly solidified by the
melt quenching method or the atomization method, converting the majority into the amorphous solid phase.
The heat treatment, that will produce the maximum magnetic characteristic, depends on the structural com-
position of alloy. But when the heat treatment temperature is less than 550°C, the amorphous phase remains
and cannot obtain iHc of more than 2kOe; and when the temperature exceeds 730°C, the thermodynamically
equilibrium phase, the alpha-Fe phase and the Fe,B or the Nd, ;Fe B, phase grow. Since the iHc generation
will not take place in the equilibration phase mixture, the heat treatment temperature is limited to 550-730°C.
The innert gas such as Ar gas is suitable as the heat treatment atmosphere.

The heat treatment time can be short, but if it is less than 5 minutes the sufficient micro structure growth
will not take place, and iHc and the squareness of the demagnetization curve deteriorate. Also, when it exceeds
6 hours, iHc with more than 2kOe cannot be obtained. Therefore, the heat treatment holding time is limited to
5 minutes-6 hours.

As an important characteristic in this invention is the rate of the temperature increase from 500°C and
above in the heat treatment process. When the temperature increases at the rate less than 1°C /min., more
than 2kOe of iHc cannot be obtained, since iHc deteriorates from the too large crystalline diameter of the
Nd,Fe4B phase and the Fe;B phase.

Also, when the increasing rate of the temperature exceeds 15°C /min., the growth of the Nd,Fe 4B phase
which takes place above 500°C does not sufficiently precipitate, but the alpha-Fe phase precipitation increas-
es. As a result, it lowers magnetization in the 2nd quadrant of the demagnetization curve near the Br point. It
also degrades (BH)max which is not desirable. However, a minute amount of the alpha-Fe phase is permissible.

Moreover, in the heat treatment prior to the temperature of 500°C, any rate of the temperature increase
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is acceptable including the rapid heating.
METHOD OF MAGNETIZATION

In order to magnetize the invented alloy powder for rare earth magnets, which is obtained in such a way
that the average crystalline particle diameter is 5nm~-100nm, is modified to fall in the average powder particle
diameter of the alloy 0.1~500 micro meter range by, if nesessary, grinding when combination of gas atomized
and melt spinning is used, the grinding process way not be necessary. Then the powder is mixed with well
known resin to make a resin bonded magnet, which has the residual magnetic flux density (Br) exceeding 5kG.

The resin bonded magnet obtained in this invention is an isotropic magnet, and it can be manufactured by
any of the methods described below such as the compression molding, the injection molding, the extrusion
molding, the roll molding, and the resin impregnation.

In the compression molding, after thermosetting plastics,coupling agent, and lubricant are added to the
magnet powder and mixed, it is compression molded and heated to cure the resin to obtain resin bonded mag-
nets.

In the injection molding, the extrusion molding, and roll molding, and after thermoplastic resin, coupling
agent, lubricant are added to the magnet powder and mixed, it is molded by one of the molding methods such
as the injection molding, the extrusion molding, and the roll molding.

In the resin impregnation method, after the magnet powder is compressed and heated if appropriate, it is
impregnated by thermosetting plastics, and heated to cure the resin. Also, resin bonded magnet is obtained
by compress molding, heat treating it when appropriate (namely, when the rapidly solidified powder is directly
compressed), and impregnating the magnet powder by thermoplastic resin.

In this invention, the weight proportion of the magnet powder in the resin bonded magnet, which is different
from the afore mentioned manufacturing method, is 70~99.5wt/% and the remainder is 0.5~30% of resin and
others. In the compression molding, the weight proportion of magnet powder is 95~-99.5wt%; in the injection
molding, the packing rate of magnet powder is 90~95wt%; in the impregnation molding, the weight proportion
of magnet powder is 96~99.5%.

Synthetic resin, which is used as a binder can be thermosetting or thermoplastic, but thermally stable
resin is preferred, and it can be appropriately selected from the polyamide, polyamide, phenol resin, fluoride
resin, silicon resin and epoxy resin.

BEST MODE FOR CARRYING OUT THE INVENTION
Example 1

To obtain the chemical composition of No. 1~13 in the Table 1, using more than 99.5% pure Fe, Co, B,
Nd, Pr, Ag, Al, Si, Cu and Ga metals so that the total weight is 30g, metals are set in to a quartz crucible with
an orifice of 0.8mm diameter at the bottom. It is melted under 56cmHg of the Ar atmosphere by high frequency
induction heating, and after the molten temperature reached 1400°C, the molten metal was poured by the Ar
gas pressure from a height of 0.7mm against the outer surface of a Cu roll which is rotating at high speed of
20m/sec. at room temperature to produce the melt quenched ribbon with the width of 2~3mm and the thickness
of 30~40 micro meter.

We confirmed that the melt quenched ribbon was of the amorphous structure by the powder X ray dif-
fraction method using the characteristic X ray of Cu-K-alpha.

After this melt-quenched ribbon was rapidly heated to 500°C under the Ar gas atmosphere, the temper-
ature was raised at the rates indicated in the Table 1, and the heat treatment temperature indicated in the Table
1 was kept for 10 minutes, then the temperature was brought back to room temperature. From the ribbon sam-
ples of 2~3mm width, 30~40 micro meter thickness, and 3~5mm length were made, and their magnetic char-
acteristics were measured. Table 2 shows their measurement results.

Furthermore, the measurement of samples indicated that the predominant phase is a Fe;B phase, of the
tetragonal FesP type structure crystalline structures, and also indicated the multi phase structure including the
Nd,Fe 4B phase and alpha-Fe phase coexist. The average crystalline diameter for these crystals is less than
0.1 micro meter. Moreover, Co in these phases replace a part of Fe, but for Ag, Al, Si, Cu and Ga, it was difficult
to analyze since they are minute additives and of ultra fine crystalline structures.

Comparison 1

The melt-quenched ribbons, that are made under the same condition as in Example 1, of compositions
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No.2 and No.7 of Example 1 are rapidly heated to 500°C in the Ar gas atmosphere, the temperature was raised
at the rate of 11°C /min. above 500°C, and heat treated at 620°C for 10 min. After the ribbons are cooled, sam-
ples are prepared under the same condition (Comparison, No.14, No.18) as in Example 1, and the magnetic
characteristic was measured using the VSM. Table 2 shows their results.

The melt-quenched ribbons, that are made under the same conditions as Example 1, of compositions No.2
and No.7 of Example 1 were rapidly heated to 500°C in the Ar gas atmosphere, the temperature was kept at
500°C for 10 minutes for the heat treatment for the comparisons No. 15 and No. 19; and for the comparisons
No. 16 and No.20, the temperature was raised at 4°C /min. and it was kept at 750°C for 10 minutes for the
heat treatment. After a respective ribbon was cooled, the sample was prepared in the same manner as in Ex-
ample 1, and the magnetic characteristic was measured using the VSM. Table 2 shows their result.

The comparison No.15 and No.19 showed amorphous crystalline structures, and the comparisons No.16
and No.20 showed the multi-phase structure where the Fe,B phase and the alpha-Fe phase coexist.
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Table 1
composition(at%) r:tza::gg\ Heat treatment Keeping time
500°C temperature
R| Fe Co B M (°C/min.) °C min.
Pr2

1 Nd3 | 71.0 | 5.0 | 185 | Ga0.5 5 620 10
2 | Nd5 | 705 | 5.0 | 18,5 | Gal.0 5 620 10
3 | Nd5 | 71.0 | 5.0 | 185 Cu0.5 5 620 10
4 | Nd5 | 70.5 | 5.0 | 18.5 Cu1.0 5 600 15

Pr3 Cu0.25
Thisin- | 5 Nd2 | 71.0 | 5.0 | 18.5 | Ga0.25 5 650 15
vention | & | Ng5 | 71.0 | 50 | 185 | A0S5 5 670 10
7 | Nd5 | 705 | 50 | 185 Al1.0 5 670 10
8 | Nd5 | 71.0 | 5.0 | 185 | Ag0.5 5 600 10
9 | Nd5 | 705 | 5.0 | 185 | Agl1.0 5 600 15
10 | Nd5 | 71.0 | 5.0 | 185 Si0.5 5 680 15
11 | Nd5 | 705 | 5.0 | 185 Si1.0 5 680 15

Al0.5

12 | Nd4 | 71.0 | 5.0 | 185 Si1.0 5 670 15

Pr3 Ag0.25
13 ] Nd2 | 71.0 | 5.0 | 18.5 | Al0.25 5 650 15
14 | Nd5 | 70.5 | 5.0 | 18,5 | Gal.0 11 680 15
15 ] Nd5 | 70.5 | 5.0 | 18,5 | Gal.0 - 500 10
Compari- 16 | Nd5 | 70.5 | 5.0 | 18,5 | Gal.0 4 750 10
son 17 | Nd5 | 70.5 | 5.0 | 185 0 5 620 10
18 | Nd5 | 70.5 | 5.0 | 18.5 Al1.0 11 680 15
19 | Nd5 | 705 | 5.0 | 18.5 Al1.0 - 500 10
20 | Nd5 | 70.5 | 5.0 | 185 Al1.0 4 750 10
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Table 2
Br (kG) iHc (kOe) (BH)max MGOe
1 10.0 4.2 10.5
2 10.6 4.3 13.2
3 10.1 4.1 11.6
4 9.7 4.2 11.5
5 10.0 4.1 10.0
This invention 6 10.0 4.2 10.5
7 10.6 4.3 13.2
8 10.1 4.1 11.6
9 9.7 4.2 11.5
10 10.7 3.8 12.6
11 11.0 3.7 124
12 10.5 3.7 11.7
13 10.0 4.1 10.0
14 9.5 34 7.2
15 9.8 - -
16 8.0 0.5 1.0
Comparison
17 9.3 4.1 9.5
18 9.5 34 7.2
19 9.8 - -
20 8.0 0.5 1.0

Example 2

Melt-quenched ribbons obtained in Example 1, whose compositions are No.4 and No.9 of Table 1, after
they were heat treated as in Table 1, the ribbons were ground to less than 150 micro meter in the average
particle diameter. The magnet powder was mixed with epoxy resin as a binder with the proportion of 3wt%,
and a resin bonded magnet of a density of 5.8g/cm3 with a dimension of 15mm X 15mm X 7mm was made.

The magnetic characteristics of the resin bonded magnet were as follows:

No.4 had iHc = 4.1kOe, B = 6.9kG, and (BH)max = 6.8MGOe.
No.9 had iHc = 4.1kOe, B = 7.0kG, and (HB)max = 6.8MGOe.

Example 3

In order to have the compositions as in N0.30-36 in the Table 3, more than 99.5% purity Fe, Co, B, Nd,
Pr, Al, Si, Cu, Ga, Ag, and Au metals were weighed so that the total weight was 1 kg into an alumina crucible
with an orifice of 2.0mm at the bottom, and was melted by high frequency heat under the Ar air atmosphere.
When the molten temperature reached 1300°C, a plug which was placed at the orifice was removed, and the
molten alloy was atomized by the 99.9% pure Ar gas injected by a gas injection nozzle with a pressure of
40kgf/cm? to obtain the alloy powder with the particle diameter of several micro meter to 50 micro meter.

The structure of the alloy powder thus obtained was confirmed to be amorphous by means of the char-
acteristic X ray of Cu-K-alpha.
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After the alloy powder is rapidly heated to 500°C under the Ar gas atmosphere, the temperature was raised
at 10°C /min. above 500°C while maintaining the heat treatment temperature indicated in Table 3, and the alloy
powder was cooled to room temperature and taken out. 30g of the powder was taken out and mixed with par-
affin and heat cured. The magnetic characteristic of the sample was measured by the VSM. Table 4 shows
the result.

Moreover, the result of measurement indicates that the multi-phase exists with the Fe;B phase as the pre-
dominant phase, of the tetragonal Fe3P structures, mixed with the Nd,Fe4,B phase and the alpha-Fe phase
coexists. The average crystalline particle diameter was less than 0.1 micro meter in all phases. Furthermore,
Co replaces a part of Fe in each phase; but as far as Al, Si, Cu, Ga, Ag, and Au are concerned, since these
are minute additives and of ultra fine crystalline structures, they were not detectable.

Table 3
composition(at%) H;ar:‘:)r:raatt:l;nt
No. R Fe Co B Al Si Cu | Ga | Ag | Au
21 Nd 5 715 | 5.0 | 185 - - - - - - 620°C
22 Nd 5 71.0 | 50 | 185 | 0.5 - - - - - 620°C
23 Nd 4 715 | 5.0 | 185 - 1.0 - - - - 670°C
24 Nd 3 Pr2 705 | 5.0 | 185 - - 1.0 - - - 610°C
25 Nd 5 705 | 3.0 | 185 - - - 1.0 - - 620°C
26 Nd4.5 73.0 | 5.0 | 185 - - 0.5 - 0.5 - 640°C
27 Nd 5 735 | 1.0 | 185 - - 1.0 - - 1.0 620°C
Table 4
Br(kG) iHc(kOe) (BH)max (MGOe)
21 8.4 4.1 8.0
22 9.0 4.2 9.1
23 9.6 3.7 9.3
24 8.7 4.2 8.7
25 9.5 4.3 9.8
26 10.0 4.1 10.1
27 9.3 4.2 9.4

Example 4

To make the elemental compositions to be No.37~42 in Table 5, more than 99.5% pure Fe, Co, B, Nd, Pr,
Cu, Ga, Ag, Au, Al, and Si metals were weighed so that the total weight was 30g into a quartz crucible with
an orifice of 0.8mm diameter. After it was melted by high frequency inducation heating under a pressure of
56mmHg Ar gas atmosphere and the temperature of the melt reached 1400°C, the molten liquid was injected
from a height of 0.7mm against the outer surface of a Cu roll which is rotating at a high rotational speed of
20m/sec. to obtain melt-quenched ribbons with 2~3mm width, 30~40 micro meter thickness.

From the powder X ray diffraction using characteristic X ray of Cu-K-alpha and the cross sectional SEM
photograph, the majority (more than about 90vol%) is confirmed to be amorphous.

After rapidly heating the melt-quenched ribbons to 500°C, the temperature was raised at the rate in Table
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1, and the heat treatment temperature as in Table 1 was kept for 10 minutes, and the ribbons were taken out
after they reached room temperature.

The sample structure was multi phaseed where the predominant Fe;B type phase, the Nd,Fe 4B type
phase, and the alpha-Fe phase coexist with the average crystalline diameter of less than 0.1 micro meter.
Moreover, Co replaces a part of Fe in each phase.

After grinding this ribbon into powder with the average particle diameter whose range is 23~300 micro
meter particle diameter, powder with 98wt% and epoxy resin with 2wt% were mixed, and was compress molded
under a pressure of 6ton/cm2, and cured at 150°C to obtain a resin bonded magnet.

The density of this resin bonded magnet is 5.6g/cm?3, and Table 6 shows its magnetic characteristics.

Comparison 2

The melt-quenched ribbon which was obtained under the same condition as in Example 4 with the com-
position of N0.43 was rapidly heated under the Ar gas atmosphere, the temperature was raised at 11°C/minute
above 500°C, the comparison sample No.44 was heattreated at 500°C for 10 minutes, while for the comparison
sample No.45 the temperature was raised at 4°C /min. and heat treated at 750°C for 10 minutes. After these
sample were cooled to room temperature, they were prepared in the same manner as in Example 1 and the
magnetic characteristic was measured. Table 6 shows the result.

The comparison sample No.44 showed the amorphous structure, while No.45 showed the multi phase
structure of the Fe,B phase and the alpha-Fe phase coexisting.

Table 5
. Heating Heat treatment L
0,
Composion(at%) rate temperature Keeping time

R Fe Co B M (°C/min.) min.
28 Nd 5 70.5 5 18.5 | Cu1 5 600°C 15
29 Nd 5 70.5 5 18.5 | Gu1 5 620°C 10
Thisin- | 55 | Nd*Pr 265 1 5 | 185 | Agt 5 600°C 15

vention 5
31| Nd4.5 73 3 18.5 | Al1 7 670°C 10
32 | Nd4.5 73 3 18.5 | Si1 7 680°C 10
33 Nd 5 70.5 5 18.5 | Au1 5 610°C 10
34 Nd 4 774 | 0.1 | 185 - 11 680°C 15

Compari-

son 35 Nd 5 715 | 5.0 | 185 - - 500°C 10
36 Nd 5 715 | 5.0 | 185 - 4 750°C 10

11
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Table 6
Br k(G) iHc (kOe) {BH)max MGOe
28 5.8 4.0 5.5
29 6.4 4.1 6.2
This invention 30 5.8 3.9 5.2
31 6.9 3.6 6.7
32 7.2 3.7 7.0
33 5.8 4.1 5.5
34 5.5 2.1 1.6
Comparison 35 5.6 R .
36 4.9 0.4 0.6

This invention concerns rapidly solidifying the Fe-Co-B-R-M type molten alloy with the specific composi-
tion by the melt-quenching method or by the atomizing method or a combination of these two methods, trans-
forming the bulk of it into the amorphous structure powder with the average particle diameter of 0.1-100 micro
meter; after heat treating the amorphous alloy powder; magnet alloy powder of fine crystalline clusters with
the average crystalline diameter of 5~100nm is obtained. Using this method it is possible to reliably manu-
facture a large quantity of the Fe-Co-B-R-M system alloy magnet powder, which possesses iHc=3kOe, B=8kG,
(BH)max=8MgOe and more than 5kG of the residual magnetic flux density (Br), which is most suitable for resin
bonded magnet.

Also, since the resin bonded magnet obtained by this invented method has a small quantity of rare earth
and the manufacturing method is simple, it is suitable for a large scale manufacturing. It has more than 5kG
of the residual magnetic flux density (Br), and possesses magnetic characteristic that exceeds that of hard
ferrite magnet. By utilizing the unit molding of magnetic parts and magnets, it is possible to shorten the man-
ufacturing processes. This invention can provide resin bonded magnets that exceeds sintered hard ferrite mag-
nets in the performance to cost ratio.

Claims

1. Avrare earth magnet having a structurall formula of
I:e100- Xx-y- zcoxBszMw

wherein R is one or two of Pr and Nd, M is one or two of Al, Si, Cu, Ga, Ag and Au and symbols x, y, z
and w, each indicating a limit of composition range, satisfy respectively 0.05 =x =15 at.%, 16 =y =22
at.%,3=z=6at.% and 0.1 =w = 3 at.%; said rare earth magnet including an iron-rich boron compound
phase having a body-centered tetragonal FesP type crystalline structure and a phase of Nd,Fe 4B type
crystalline structure and said rare earth magnet being formed with a crystallite aggregate having an aver-
age crystalline particle diameter of 5 nm to 100 nm.

2. Therare earth magnetaccording to claim 1, wherein said rare earth magnet is provided with the magnetic
properties of iHc = 3 kOe, Br = 9kG and (BH)max = 10MGOe.

3. The rare earth magnet according to claim 1, wherein said rare earth magnet is a bonded magnet.

4. An alloy powder for rare earth magnet having an average particle diameter of 0.1 to 500 p m, said rare
earth magnet having a structural formula represented by
I:e100- Xx-y- zcoxBszMw
wherein R is one or two of Pr and Nd, M is one or two of Al, Si, Cu, Ga, Ag and Au and symbols x, y, z
and w, each indicating a limit of composition range, satisfy respectively 0.05 =x =15 at.%, 16 =y =22
at.%,3=z=6at.% and 0.1 =w = 3 at.%; said rare earth magnet including an iron-rich boron compound
phase having a body-centered tetragonal FesP type crystalline structure and a phase of Nd,Fe 4B type

12
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crystalline structure and said rare earth magnet being formed with a crystallite aggregate having an aver-
age crystalline particle diameter of 5 nm to 100 nm.

The alloy powder for rare earth magnet according to claim 4, wherein the alloy powder is obtained by
crushing alloy metal ribbons formed by a melt quenching.

The alloy powder for rare earth magnet according to claim 4, wherein the alloy powder is obtained by a
gas atomizing method.

The alloy powder for rare earth magnet according to claim 4, wherein the rare earth magnet is provided
with the magnetic properties of iHc = 3kOe, Br = 8kG and (BH)max = 8 MGOe.

A method of producing alloy powder for rare earth magnet comprising the steps of: rapidly solid fying a
molten alloy by a melt quenching process to cause substantially more than 90% of the molten alloy to be
amorphous;

heat-treating thus rapidly solidified alloy to produce a crystallite aggregate including an iron-rich boron
compound phase having a body-centered tetragonal FesP type crystalline structure and a phase of
Nd,Fe 4B type crystalline structure, said crystallite aggregate having an average crystalline particle di-
ameter of 5 nm to 100 nm; and

pulverizing thus produced crystallite aggregate to obtain the alloy powder.

A method of producing alloy powder for rare earth magnet comprising the steps of: rapidly solidifying a
molten alloy by a gas atomizing process to cause substantially more than 90% of the molten alloy to be
amorphous;

heat-treating thus rapidly solidified alloy to produce a crystallite aggregate including an iron-rich boron
compound phase having a body-centered tetragonal FesP type crystalline structure and a phase of
Nd,Fe 4B type crystalline structure, said crystallite aggregate having an average crystalline particle di-
ameter of 5 nm to 100 nm; and

pulverizing thus produced crystallite aggregate to obtain the alloy powder having a particle diameter of
0.1 pmto 100 pm.

A method of producing alloy powder for rare earth magnet comprising the steps of:

rapidly solidifying a molten alloy by a gas atomizing process carried out on a rotating roll to cause sub-
stantially more than 90% of the molten metal to be amorphous;

heat-treating thus rapidly solidified alloy to produce a crystallite aggregate including an iron-rich boron
compound phase having a body-centered tetragonal FesP type crystalline structure and a phase of
Nd,Fe 4B type crystalline structure, said crystallite aggregate having an average crystalline particle di-
ameter of 5 nm to 100 nm; and

pulverizing thus produced crystallite aggregate to obtain the alloy powder.

The method of producing alloy powder for rare earth magnet according to any of claims 8,9 and 10, where-
in the molten alloy has a structural formula of

I:e100- Xx-y- zcoxBszMw
wherein R is one or two of Pr and Nd, M is one or two of Al, Si, Cu, Ga, Ag and Au and symbols x, y, z
and w, each indicating a limit of composition range, satisfy respectively 0.05 =x =15 at.%, 16 =y =22
at%,3=z=6at.%and 0.1 =w =3 at.%.

The method of producing alloy powder for rare earth magnet according to any of claims 8,9 and 10, where-
in the heat-treatment is carried out by rising a temperature from 500°C at a heating rate of 1-15°C/min.
and keeping a temperature of from 550°C to 700°C for a period of from 5 minutes to 360 minutes.

Arare earth bonded magnet formed by bonding the alloy powder for rare earth magnet as claimed in claim
3 with resin.

The rare earth bonded magnet as claimed in claim 13, wherein the rare earth bonded magnet has the
magnetic properties of iHc = 3kOe, Br = 5kG and (BH)max = 4MGOQe.

The rare earth bonded magnet according to claim 13, wherein the bonding with resin is carried out by
any of a compression molding, injection molding, extrusion molding, roll molding or resin impregnation.
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The rare earth bonded magnet according to claim 13, wherein the rare earth bonded magnet contains
the alloy powder in an amount of 70 to 99.5% by weight.

The rare earth bonded magnet according to claim 13, wherein the rare earth bonded magnet contains
the alloy powder in an amount of 95 to 99.5% by weight.

The rare earth bonded magnet according to claim 13, wherein the rare earth bonded magnet contains
the alloy powder in an amount of 90 to 99.5% by weight.

The rare earth bonded magnet according to claim 13, wherein the rare earth bonded magnet contains
the alloy powder in an amount of 96 to 99.5% by weight.

A method of producing the rare earth bonded magnet as claimed in claim 13 comprising the step of bond-
ing the alloy powder for rare earth magnet as claimed in claim 8 with a resin.

A method of producing the rare earth bonded magnet as claimed in claim 13 comprising the step of bond-
ing the alloy powder for rare earth magnet as claimed in claim 9 with a resin.

A method of producing the rare earth bonded magnet as claimed in claim 13 comprising the step of bond-
ing the alloy powder for rare earth magnet as claimed in claim 10 with a resin.

The method of producing the eare earth bonded magnet according to any of claims 20, 21 and 22, wherein
the bonding with resin is carried out by any of a compression molding, injection molding, extrusion mold-
ing, roll molding or resin impregnation.

14



EPO FORM 1503 03.82 (P0401)

EP 0 542 529 A1

E
Q) ororesnPatent EUROPEAN SEARCH REPORT

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 92 31 0299
Page 1

Category Citation of document with indication, where appropriate,

of relevant passages

Relevant
to claim

CLASSIFICATION OF THE
APPLICATION (Int. C1.5)

Y

PATENT ABSTRACTS OF JAPAN

vol. 12, no. 65 (E-586)27 February 1988
& JP-62 208 609 ( NAMIKI PRECISION JEWEL
CO ) 12 September 1987

* abstract *

DIGESTS OF INTERMAG 17 April 1990,
BRIGHTON GB

page 15

D.ECKERT ET AL 'TEMPERATURE DEPENDENCE OF
THE CCERCIVE FORCE IN Nd4Fe77B19"

* the whole document *

IEEE TRANSACTIONS ON MAGNETICS.

vol. 25, no. 5, September 1989, NEW YORK
us

pages 4111 - 4113

V.PANCHANATHAN ET AL

* column 1, paragraph 3 *

* column 2, paragraph 2 *

PATENT ABSTRACTS OF JAPAN

vol. 14, no. 324 (E-951)(4267) 11 July
1990

& JP-21 09 303 ( HTACHI METALS LTD ) 23
April 1990

* abstract *

PATENT ABSTRACTS OF JAPAN

vol. 11, no. 355 (E-558)(2802) 19 November
1987

& JP-62 132 302 ( SUMITOMO METAL MINING CO
LTD ) 15 June 1987

* abstract *

_/__

The present search report has been drawn up for all claims

1,4,8,12

3-6,
10-13,
20-22

1,4,8,12

1,4,5,8

HO1F1/053

TECHNICAL FIELDS
SEARCHED (Int. CL.5)

1,3-5,
13,15,
20,23

1,3,4

HO1F

Place of search Date of completion of the search

THE HAGUE 09 FEBRUARY 1993

Excaminer

DECANNIERE L.

TO» <

: particularly relevant if taken alone
: particularly rel if bined with anoth

¢ technological background
: non-written disclosure
: intermediate document document

CATEGORY OF CITED DOCUMENTS

document of the same category

after the filing date
: document cited in the application
: document cited for other reasons

: theory or principle underlying the invention
: earlier patent document, but published on, or

i NT M-

: member of the same patent family, corresponding

15




EP 0 542 529 A1

E P icatii um
0’) o atent EUROPEAN SEARCH REPORT Applicarion Number
EP 92 31 0299
Page 2
DOCUMENTS CONSIDERED TO BE RELEVANT
Category Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
of relevant p 2! to claim APPLICATION (Int. C1.5)
A PATENT ABSTRACTS OF JAPAN
vol. 14, no. 270 (C-727)(4213) 12 June
1930
& JP-28 0 538 ( HTACHI METALS LTD ) 20
March 1990
* abstract *
TECHNICAL FIELDS
SEARCHED (Int. CL5)
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
THE HAGUE 09 FEBRUARY 1993 DECANNIERE L.
CATEGORY OF CITED DOCUMENTS T : theory or principle underlying the invention
E : earlier patent document, but published on, or
X : particularly relevant if taken alone after the filing date
Y : particularly rel tif bined with anoth D : document cited in the application
document of the same category L : document cited for other reasons
A : technological background
O : non-written disclosure & : member of the same patent family, corresponding
P : intermediate document document

EPO FORM 1503 03.82 (P0401)

16




	bibliography
	description
	claims
	search report

