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ABSTRACT

PROBLEM:

To provide a production method of an anisotropic
rare earth magnet capable of being enhanced in coercivity
without adding a large amount of a rare metal such as Dy
and Tb.

MEANS FOR RESOLUTION:

A production method of a rare earth magnet,
comprising a step of bringing a compact obtained by
applying hot working to impart anisotropy to a sintered
body having a rare earth magnet composition into contact
with a low-melting-point alloy melt containing a rare

earth element.
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DESCRIPTION

TITLE OF THE INVENTION
Production Method of Rare Earth Magnet

TECHNICAL FI1ELD

[0001]
The present invention relates to a production method

of a rare earth magnet capable of being enhanced 1n
coercivity. More specifically, the present invention
relates to a production method of a rare earth magnet
capable of being enhanced in coercivity without adding a

large amount of a rare metal such as Dy and TD.

BACKGROUND ART

[0002]
Magnetic materials are roughly classified as a hard

magnetic material and soft magnetic material, and when
both materials are compared, a high coercivity 1s
required of the hard magnetic material, whereas high
maximum magnetization is required of the soft magnetic
material, though the coercivity may be small.

The coercivity characterisﬁic of the hard magnetic
material is a property related to the stability of
magnet, and as the coercivity increases higher, the

magnet can be used at a higher temperature.

[0003]
One known magnet using a hard magnetic material 1s

an NdFeB-based magnet which can contaln a
microcrystalline texture. It is also known that a high-
coercivity quenched ribbon containing the
microcrystalline texture can be improved 1in the
temperature characteristics and thereby improved in the
high-temperature coercivity. However, the coercivity of
the NdFeB-based magnet containing a microcrystalline
texture decreases during sintering at the bulkilng as well

as during orientation control after sintering.
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With respect to this NdFeB-based magnet, various
proposals have been made so as to 1mprove characteristics
such as coercivity and residual magnetic flux density.
[0004] |

For example, in Patent Document 1, a permanent
magnet in which an R-Fe-B-based alloy (R 1s a rare earth
element including Y) prepared through melting and
quenching is imparted with magnetic anisotropy by plastic

working and in which the average crystal grailn size 1s

from 0.1 to 0.5 um and the volume percentage of a crystal

grain having a crystal grain size of more than 0.7 pm 1s

less than 20%, 1is described and it 1s demonstrated that

in the case where the average crystal grain size after

plastic working is less than 0.1 um, anisotropic
orientation of crystal grains does not proceed
sufficiently. Furthermore, as a specific example of the
production method, a case of obtaining a rare earth
magnet through thinning by quenching of a molten alloy,
cold forming, hot pressing, and anisotropic orientation
by plastic working is described.

[0005]
Also, in Patent Document 2, a production method of a

rare earth permanent magnet is described, wherein a
sintered body with a composition of Ra-T;b-Bc (wherein R
is one element or two or more elements selected from rare
earth elements including Y and Sc, T; 1s one or two
members of Fe and Co, and each of a, b and ¢ represents
an atomic percentage) is heat-treated while allowing an
alloy powder having a composition of M;d-M;e (wherein each
of M; and M, 1s one element or two or more elements
selected from Al, Si, ¢, P, Ti, V, Cr, Mn, Fe, Co, N1,
Cu, 7?n, Ga, Ge, Zr, Nb, Mo, Ag, In, Sn, Sb, Hf, Ta, W, PD
and Bi, M; and M, are different from each other, and each
of d and e represents an atomic percentage) and
containing 70 vol% or more of an intermetallic compound

phase to be present on the surface of the sintered body,
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at a temperature not more than the sintering temperature
of the sintered body in vacuum or in an 1i1nert gas and
thereby, one element or two or more elements of M; and M
contained in the powder are diffused near the grain

5 boundary part inside of the sintered body and/or the

grain boundary part in the main phase grain of the

sintered body.

RELATED ART
10 PATENT DOCUMENT

[0006]
Patent Document 1: Japanese Patent No. 2693601

Patent Document 2: Kokal (Japanese Unexamined Patent
Publication) No. 2008-235343

15
SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0007]
However, a rare earth magnet having a satisfactory

20 coercivity cannot be obtained even by these known

techniques.
Accordingly, an object of the present invention 1s

to provide a production method of an anisotropilc rare
earth magnet capable of being enhanced in the coercivity

25 without adding a large amount of a rare metal such as Dy

and Tb.

MEANS TO SOLVE THE PROBLEMS

[0008]
30 The present invention relates to a production method

of a rare earth magnet, comprising a step of bringing a

compact (shaped body) obtained by applyling hot working to

impart anisotropy to a sintered body having a rare earth
magnet composition into contact with a low-melting-point

35 alloy melt containing a rare earth element.

EFFECTS OF THE INVENTION
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[0009]

According to the present invention, an anisotropic
rare earth magnet having an enhanced coercivity can be
easily obtained without adding a large amount of a rare

metal such as Dy and Tb.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010]

Fig. 1: Fig. 1 1is a graph showing demagnetization
curves of a magnet in an embodiment of the present
invention and a magnet out of the scope of the present
invention.

Fig. 2: Fig. 2 1is a schematic view 1llustrating
the steps in one embodiment of the present invention.

Fig. 3: Fig. 3 1is a schematic view 1illustrating
nanocrystalline textures of a sintered body 1n each step
according to one embodiment of the present invention, a
compact after hot working, and a magnet after the
contacting step.

Fig. 4: Fig. 4 is a graph schematically showing
contributions of a factor attributed to particle
diameters of a raw material powder (thin belt) 1n each
step according to one embodiment of the present
invention), a sintered body, a compact by hot working,
and an anisotropic magnet obtained in the contacting step
with a low-melting-point alloy melt, and a tftactor
attributed to decoupling feature between grains.

Fig. 5: Fig. 5 is a graph comparatively showing
temperature dependencies of coercivities of various
magnets.

Fig. 6: Fig. 6 1s a graph comparatively showlng
relationships between H./Mg and H,/Mg of various magnets.

Fig. 7: Fig. 7 1is a graph comparatively showing
magnetic property evaluation results of magnets obtained
by changing the contact time in Examples and magnetic

property evaluation results of a magnet before contact

treatment.
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Fig. 8: Fig. 8 is a graph comparatively showing
magnetic property evaluation results of rare earth
magnets obtained by changing the kind of the low-melting-
point alloy melt in Examples and magnetic property
evaluation results of a magnet before contact treatment.

Fig. 9: Fig. 9 is a graph comparatively showing
magnetic property evaluation results of rare earth
magnets obtained by changing the temperature when
contacting with the low-melting-point alloy melt 1n
Examples and magnetic property evaluation results of a

magnet before contact treatment.

MODE FOR CARRYING OUT THE INVENTION

[0011]
According to the present invention, an anisotropilc

rare earth magnet increased in the coercivity can be
obtained by a production method of a rare earth magnet,
comprising a step of bringing a compact obtained Dby
applying hot working to impart anisotropy to a sintered
body having a rare earth magnet composition 1nto contact
with a low-melting-point alloy melt contalining a rare
earth element.

In the description of the present invention, the
low-melting-point alloy means that the melting point of

the alloy is low compared with the melting point of

Nd,Fej 4B phase .
[0012]
The present invention is described below by

referring to Figs. 1 to 4.
As shown in Fig. 1, i1t is understood that a magnet

after a treatment of bringing a compact obtained by
applying hot working to impart anisotropy to a sintered
body into contact with a low-melting-point alloy melt
containing a rare earth element according to an
embodiment of the present invention has a large
coercivity compared with any of a magnet composed of a

compact by hot working, a magnet applied with heat
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history in place of contact treatment, and a magnet
obtained by contact treatment of a sintered body, which
are out of the scope of the present invention.

In the description of the present invention, when
the degree of deformation (indicated by a compression
ratio) by the above-described hot working 1s large, 1.e.,
when the compression ratio is 10% or more, for example,
20% or more, usually, this is sometimes referred to as
strong hot deformation.

[0013]
Also, as shown in Fig. 2, in one embodiment of the

present invention, the production method may comprise,
for example, a step of sintering a quenched thin belt
(sometimes referred to as quenched ribbon) obtained from
a molten alloy having a composition glving a rare earth
magnet, under pressure to obtaln a sintered body, a step
of applying hot working to impart anisotropy to the
sintered body, thereby obtalining a compact, and a step ot
bringing the compact obtained into contact with a low-
melting-point alloy melt contalning a rare earth.

[0014]

Furthermore, as shown in Fig. 3, 1n one embodiment
of the present invention, the sintered body (A) obtained
by sintering a quenched ribbon is isotropic. This
sintered body is hot worked to impart anisotropy, and the
resulting compact (B) 1s anisotropic and contains a
crystalline nanoparticle, in which deformation by working

slightly coarsens the crystal grain and pushes out the

grain boundary phase, leading to direct contact of

crystal grains with each other and occurrence of magnetic
coupling, and moreover, the coercivity decreases because

of internal residual strain. This compact 1s contacted
with a low-melting-point alloy melt containing a rare
earth element, and the obtained magnet (C) 1s
anisotropic, in which the low-melting-point liquid phase
intrudes into the inside of the magnet and penetrates

between crystal grains, causing refinement of the
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magnetization reversal unit for demagnetization and
release of the internal stress, as a result, the

coercivity 1s enhanced.

[0015]
The reason why the rare earth magnet obtained by the

method of the present invention has good coercivity 1S
not theoretically clarified, but it is considered that
use of a compact obtained by applying hot working to
impart anisotropy to a sintered body and contact with a
low-melting-point alloy melt containing a rare earth
element are combined and thanks to their synergistic
effect, that is, the residual strain produced due to hot
working is removed by the contact with the melt and the
magnetic decoupling feature is enhanced by the sufficient
penetration of a rare earth element-containing low-
melting-point alloy into the crystal grain boundary, the
coercivity of the obtained rare earth magnet 1s enhanced.
[0016]

As shown in Fig. 4, in the sintered body obtained by
sintering a quenched ribbon raw material according to one
embodiment of the present invention, the Nefr value as a
factor dependent on the size (mainly attributed to the
grain size) of the unit to be reversed at the
demagnetization of magnet, which is determined by the

method described in detail in Examples later, 1s small,

and the factor a dependent on the degree of magnetic
isolation of crystal grain, namely, the magnetic
decoupling feature (mainly attributed to the thickness of
grain boundary phase), is small. That is, as the grain
size of the grain is smaller, the decoupling feature
between grains is lower. On the other hand, 1in the
sintered magnet, the decoupling feature between grains 1s
high but, as described above, the Nefr value 1s large,
namely, the grain size of the crystal grain is large. In

the compact obtained by strong hot deformation of the

sintered body after sintering, the decoupling feature

between grains is slightly high and the grain size of the
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crystal grain 1is large, compared with the sintered body.
In the magnet obtained by bringing the compact by strong
hot deformation after sintering the raw material powder

into contact with a low-melting-point alloy melt

containing a rare earth element, as described above, the

No.fs value 1s small and a is large. That 1s, the grain
size of the grain i1s small and the decoupling feature
between grains is large. In this way, when the compact
obtained by strong hot deformation after sintering 1s
contact-treated with a low-melting-point alloy melt
contailning a rare earth element, refinement of the unit
to be reversed when demagnetizing the magnet and

enhancement of the magnetic decoupling feature are

achieved, and it 1s revealed that the coercivity 1is

enhanced by the above-described synergistic effect.

In Fig. 4, H., Nsff, @, H, and Mg mean the followlngs

and satisfy the relationship of H.=aH;-NefsMs, and 1t 1s
understood that as o 1s larger and as Neff 1s smaller,

the coercivity Hc 1s higher.

H.: Coercivity of magnet

N.fs: Factor attributed to grain size

a: Factor attributed to decoupling feature between
grains

H,: Crystal magnetic anisotropy

M.: Saturated magnetization

[0017]
The sintered body for use in the present i1nvention

1s arbitrary as long as a rare earth magnet 1s obtained.

Examples thereof include a compact obtained by producing
a quenched thin belt (sometimes referred to as quenched

ribbon) by a quenching method from a molten alloy having
a rare earth magnet composition, and pressurizing and

sintering the resulting quenched thin belt.
The sintered body above 1s obtained, for example,

from a guenched ribbon obtained by quenching a molten

alloy having a composition of Nd-Fe-Co-B-M (wherein M 1is
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Ti, %Zr, Cr, Mn, Nb, V, Mo, W, Ta, Si, Al, Ge, Ga, Cu, Ag
or Au, Nd is from more than 12 at% to 35 atz, Nd:B
(atomic fraction ratio) is from 1.5:1 to 3:1, Co 1s from
0 to 12 at%, M is from 0 to 3 at%, and the balance 1is
Fe). Also, an amorphous portion may be contained in the
gquenched ribbon.

As the method for obtaining a quenched ribbon
containing an amorphous portion, a magnetic separation

method or a gravity separation method may be used.

[0018])
In order to obtain a high-coercivity sintered body,

the above-described Nd-Fe-Co-B-M composition 1in an
embodiment of the present invention 1s preferably a
composition containing Nd and B in such amounts that Nd
or B is richer than the stoichiometric region (Nd,Fei4B).
Also, in order to develop high coercivity, the Nd amount
is preferably 14 at%$ or more. Furthermore, 1n order to

develop high coercivity, when the Nd amount 1s 14 at% or

less, it 1s preferred to enrich B. In addition, for
example, a part of excess B may be replaced by another

element such as Ga to make Nd-Fe-Co-B-Ga.

[0019]
For example, 1in an embodiment of the present

invention, with respect to the Nd-Fe-Co-B-M composition,
the crystal structure of the NdFeB-based 1isotropic magnet
before hot working can be made to take on a

microcrystalline texture by applying hot

pressurization/sintering.
Also, in an embodiment of the present invention, the

sintered body above 1s hot worked, for example, at a
temperature of 450°C to less than 800°C, for example, at

temperature of 550 to 725°C, whereby a microcrystalline
texture not more than an anisotropic single-domain

particle size (<300 nm) can be maintained.

[0020]
In an embodiment of the present invention, an alloy

ingot 1s produced, for example, by using predetermined
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amounts of Nd, Fe, Co, B and M in a ratio giving the
atomic number ratio above in a melting furnace such as
arc melting furnace, and the obtained alloy 1ngot 1s
treated in a casting apparatus, for example, a roll
furnace equipped with a melt reservoir for reserving an
alloy melt, a nozzle for supplying the melt, a cooling
roll, a motor for cooling roll, a cooler for cooling

roll, and the like, whereby the gquenched ribbon of Nd-Fe-

Co-B-M can be obtained.

[0021]
In an embodiment of the present invention, the

quenched ribbon of Nd-Fe-Co-B-M is sintered, for example,
by a method of electrically heating and sintering the
quenched ribbon by using an electrically heating and
sintering apparatus equipped with a die, a temperature
sensor, a control unit, a power supply unit, a heating
element, an electrode, a heat insulating material, a
metal Support, a vacuum chamber and the like.

The sintering above can be performed by electrical
heating and sintering, for example, under the conditions

of a contact pressure during sintering of 10 to 1,000

MPa, a temperature of 450 to 650°C, a vacuum of 107 MPa
or less, and from 1 to 100 minutes.

At the sintering, only the sintering chamber of the
sintering machine may be insulated from the outside air
to create an ilnert sintering atmosphere, or the entire
system may be surrounded by a housing to create an inert

atmosphere.

[0022]
As for the hot working, a working known as plastic

working to impart anisotropy, such as compression

working, forward extrusion, backward extrusion and

upsetting, may be employed.

The conditions of hot working are, for example, a
temperature of 450°C to less than 800°C, for example, a

temperature of 550 to 725°C, an atmospheric pressure or a
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degree of vacuum of 107° to 10! Pa, and from 107 to 100

seconds.
Also, the hot working may be performed, for example,

at a strain rate of 0.01 to 100/s.
The thickness compression ratio of sintered body by

the hot working [ (thickness of sample before compression

- thickness of sample after compression)x100/thickness of
sample before compression] (%) may be suitably from 10 to
99%, particularly from 10 to 90%, for example, from 20 to
80%, and, for example, from 25 to 80%.

[0023]
In the present invention, it is necessary to 1include

a step of bringing the compact obtained in the step above
into contact with a low-melting-point alloy metal

containing a rare earth element.

The low-melting-point alloy melt contalining a rare

cearth element includes, for example, a melt composed ot

an alloy having a melting point of less than 700°C, for
example, from 475 to 675°C, particularly from 500 to

650°C, i.e., for example, a melt composed of an alloy
containing at least one rare earth element selected from
the group consisting of La, Ce, Pr and Nd, particularly

Nd or Pr, above all, an alloy containing Nd and at least

one metal selected from the group consisting of Fe, Co,
Ni, Zn, Ga, Al, Au, Ag, In and Cu, particularly an alloy
with Al or Cu, more particularly an alloy having a rare

earth element content of 50 at% or more, for example, 1n

the case of an alloy with Cu, an alloy where Cu accounts

for 50 at% or less, and in the case of an alloy with Al,

an alloy where Al accounts for 25 at% or less.
As the alloy, PrCu, NdGa, NdZn, NdFe, NdNi, and MmCu

(Mm: misch metal) may be also suitable. In the

description of the present invention, the formula

a

representing the kind of alloy indicates a combination of

two kinds of elements and does not 1indicate the

compositional ratio.
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In the step of bringing the compact 1nto contact
with the melt, the temperature of the alloy melt 1s
preferably higher when the contact time with the alloy
melt is short, and may be lower when the contact time
with the alloy melt is relatively long, and, for example,

the step is performed at an alloy melt temperature ot

700°C or less for approximately from 1 minute to less than

3 hours, suitably at a temperature of 580 to 700°C for
approximately from 10 minutes to 3 hours.

[0024]
By virtue of having a step of bringing the compact

into contact with a low-melting-point alloy melt
containing a rare earth element, a rare earth magnet
enhanced in the coercivity can be obtained.

The rare earth magnet obtained by the present
invention generally has a small particle diameter as
compared with normal magnets and, for example, may be a
magnet where the average particle diameter 1s less than
200 nm, for example, less than 100 nm, for example, tens

of nm, and the crystals are oriented in an aligned

manner.

[0025]
In the method of the present invention, use of a

compact obtained by applying hot working to 1mpart

—

anisotropy to the sintered body and contact of the

compact with a low-melting-point alloy melt containing a
rare earth element must be combined. In either case of a
magnet obtained by only hot working but not passing

through a step of contact with a low-melting-point alloy

melt containing a rare earth element or a magnet obtained
by contact-treating a sintered body not subjected to hot
working for imparting anisotropy to the sintered body, a
magnet enhanced in the coercivity cannot be obtained.
Also, in the case of a magnet obtained by applyling only
heat history without performing the above-described
contact treatment, a magnet enhanced in the coercivity

cannot be obtained. Furthermore, when a melt 1s not used
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but a gas phase diffusion method i1s employed, exposure to
a high temperature for a long time 1s regquired so as to
achieve diffusion and during exposure to a high
temperature for a long time, in the case of a
nanocrystalline texture, coarsening of crystal and great
deterioration of magnetic characteristics are caused,
failing in obtaining an effect of enhancing the
characteristics by the diffusion treatment. Diffusion
may be achieved also by a sputtering treatment, but
enhancement of the characteristics 1s limited only to

just the surface layer and an effect as the entire magnet

cannot be expected. n addition, even when an alloy

containing a rare earth element is diffused in a raw
material powder and the raw material powder 1s sintered,
the characteristics cannot be expected to be enhanced.
[0026]

The compact for use in the present invention, which
is brought into contact with a low-melting-point alloy,
is suitably a compact obtained by strong deformation at a
compression ratio of 10% or more, for example, from 10 to
99%, for example, from 10 to 90%, for example, from 20 to
80%, and, for example, from 25 to 80%.

According to the method of the present 1nvention, a
rare earth magnet capable of being enhanced in the
coercivity without adding a large amount of a rare metal
such as Dy and Tb can be obtained.

In the foregoing pages, the present invention 1s

described based on the embodiments of the present
invention, but the present invention is not limited to
these embodiments and can be applied within the scope ot

claims of the present invention.

EXAMPLES
[0027]

Working examples of the present invention are
describe below.

In the following Examples, magnetic characteristics
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of a gquenched ribbon, a sintered body, a compact by hot
working, and a magnet obtained through an i1mmersion step
were measured by Vibrating Sample Magnetometer System.
Specifically, as for the apparatus, the measurement was
performed using a VSM measurement apparatus manufactured
by Lake Shorc. Also, the demagnetization curve was
measured by a pulse excitation-type magnetic property
evaluation apparatus.

[0028]
Also, the crystal grain sizes 1n the quenched ribbon

and the magnet were measured by an SEM i1mage and a TEM
image.

In the Examples, production of a guenched ribbon,
pressurization sintering, and strong hot deformation were
performed using a single roll furnace, an SPS apparatus,
and a pressurization apparatus (with a control unit
capable of controlling compression of the thickness to a
predetermined thickness from 15 mm) shown in Fig. 2(A),
Fig. 2(B) and Fig. 2(C), respectively.

[0029]

Furthermore, a and N.ff can be determined as follows.

In the following formula, (T) 1ndicates that each

parameter is a function of temperature.

As described above, since there is a relationship of

H.(T) = oH,(T)-NoreMc (T), when both sides are divided by

Ho (T) /Mg (T) = oHa(T) /Mg (T) —Nett
results, and the formula can be divided i1nto a term

dependent on temperature (H.(T)/Mg(T), Ha(T)/Mg(T)) and a

constant term N.ff. Accordingly, 1n order to determine «
and N.ff, as shown in Fig. 5, the temperature dependency
of coercivity 1s measured and at the same time, as shown
in Fig. 6, H.(T)/M;(T) is plotted as a function with
respect to Hy(T) /Mg (T) from the temperature dependency of
saturated magnetization (Mg) and the temperature

dependency of anisotropic magnetic field (H,). The
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obtained plots of H.(T)/Mg(T) vs. Ha(T)/Mg(T) are
approximated i1nto a straight line by a least-squares
method, and o and Nerr can be determined from the gradient

and the intercept, respectively.

Incidentally, as for the expression of H,, the
followling expression approximated by a primary expression
with respect to the temperature between 300 and 440 K

based on the wvalues 1in the following publications 1s

used:
H, = -0.24T7+146.6 (T: absolute temperature)

Also, as for the expression of Mg, the following
expression approximated by a quadratic expression with
respect to the temperature between 300 and 440 based on

the values 1n the following publications 1s used:

Mg = -5.25x107°T%+1.75%x107°T +1.55 (T: absolute
temperature)

From the expressions above and the temperature
dependency of the measured coercivity (Hq), a and Nefs are

computed.
It has been discovered that due to a combination of

strong hot deformation with contact treatment of the

present invention, o 1s enhanced and Ne¢r 1S decreased.

Neff 1S a parameter dependent on the size (mainly

attributed to the grain size) of the unit to be reversed

at the demagnetization of magnet, o 1s an amount

dependent on the degree of magnetic isolation (mainly

attributed to the thickness of grain boundary phase) of
crystal grain, and when Nefsr 1S small and o 1s large, the
coercivity 1s high.
Magnetic anisotropy: .

R. Grossinger et al., J. Mag. Mater., 58 (1986) 55-

60

Saturated magnetization:
M. Sagawa et al., 30th MMM conf. San Diego,

California (1984)

[0030]
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Example 1:
1. Production of Quenched Ribbon

Predetermined amounts of Nd, Fe, Co, B and Ga were
weighed in such a ratio that the atomic number ratio of
Nd, Fe, Co, B and Ga 1s 14:76:4:5.5:0.5, and an alloy
ingot was produced in an arc melting furnace.
Subseqgquently, the alloy i1ngot was melted by high
frequency in a single roll furnace and sprayed on a
copper roll under the followling single roll furnace use
conditions to produce a quenched ribbon.
Single Roll Furnace Use Conditions:

Spray pressure: 0.4 kg/cm3

Roll speed: from 2,000 to 3,000 rpm

Melting temperature: 1,450°C
A quenched ribbon with a composition of
Nd,,Fe1«CosBs :Gag s contalning an amorphous portion was

collected by magnetic separation.

The obtained ribbon with a nanoparticle texture was

partially sampled and measured for magnetic

characteristics by VSM, and the ribbon was confirmed to

be hard magnetic. Also, this ribbon with a nanoparticle
texture had a crystal grain size of 50 to 200 nm.
[0031]

The ribbon with a nanoparticle texture was sintered

under the following conditions by using a pressurization

apparatus: SPS (Spark Discharge Sintering) shown i1n Fig.
2(B) .
Sintering Conditions:

Holding at 600°C/100 MPa for 5 minutes (molding

density: almost 100%)
The sintered body obtained was subjected to strong

hot deformation under the following conditions by using a
pressurization apparatus shown 1n Fig. 2(C) to impart
anisotropy, whereby a compact was obtained.

Strong Hot Deformation Conditions:

60% Compression working (plastic working ratio: 60%)
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at 650 to 750°C at a strain rate of 1.0/s

The compact obtained was contact-treated by
contacting it with an NdACu liquid phase at 580°C for 1

hour (melting point of NdCu alloy: 520°C, Nd: 70 at%, Cu:

30 at%) .
The obtalned rare earth magnet was measured for the

demagnetization curve, and the results are shown together
with other results in Fig. 1. It 1s seen from Fig. 1
that the coercivity of the magnet of Example 1 was
increased by 8 kOe without Dy as compared with
Comparative Example 2 of curve 1 where only strong

deformation was applied but contact treatment was not
performed.

Also, Fig. 4 shows o and Ngfsr determined on the
ribbon with nanoparticle texture (raw material powder),
the sintered body, the compact by hot working, and the
magnet after immersion treatment.

[0032]
Example 2:
A compact was obtained by imparting anisotropy to a

sintered body i1n the same manner as 1n Example 1 except
for performing the strong hot deformation under the

following conditions by using a pressurization apparatus

shown in Fig. 2(C), and a contact treatment in an NdCu

ligquid phase at 580°C for 1 hour was performed 1n the same
manner as in Example 1, except for using the compact

obtained above.

Strong Hot Deformation Conditions:

20% Compression working (plastic working ratio: 20%)

at 650 to 750°C at a strain rate of 1.0/s

The obtained rare earth magnet was measured for the
demagnetization curve, and the results are shown together
with other results in Fig. 1.

[0033]

Example 3:
A compact was obtalined by imparting anisotropy to a
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sintered body in the same manner as in Example 1 except

for performing the strong hot deformation under the

following conditions, and a contact treatment in an NdCu

liguid phase at 580°C for 1 hour was performed in the same
manner as in Example 1, except for using the compact
obtained above.

Strong Hot Deformation Conditions:

40% Compression working (plastic working ratio: 40%)

at 650 to 750°C at a strain rate of 1.0/s

The obtained rare earth magnet was measured for the

demagnetization curve, and the results are shown together
with other results in Fig. 1.

[0034]

Comparative Example 1:

A magnet was obtained in the same manner as 1in

Example 1 except for adding a heat history ot 580°C for 1

hour in place of the contact treatment in an NdCu liquid

phase at 580°C for 1 hour.

The obtained rare earth magnet was measured for the

demagnetization curve, and the results are shown together

with other results in Fig. 1.
[0035])

Comparative Example 2:

A compact was obtained by performing production of a
quenched ribbon, magnetic separation, sintering and 60%
strong hot deformation in the same manner as 1n Example
1, except for not performing the contact treatment.

The compact obtained was measured for the
demagnetization curve, and the results are shown together
with other results in Fig. 1.

[0036]
Comparative Example 3:

A sintered body obtained by performing sintering 1in
the same manner as in Example 1 was subjected to a
contact treatment in the same manner as 1n Example 1

without performing strong hot deformation.
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The obtalined magnet was measured for the
demagnetization curve, and the results are shown together
with other results in Fig. 1.

[0037]
It 1s understood from Fig. 1 that the rare earth

magnets obtailned in Examples 1 to 3 have a large
coercivity compared with any of the magnet composed of a
compact by hot working (Comparative Example 2), the
magnet obtalined by adding only a heat history without
performing a contact treatment (Comparative Example 1),

and the magnet obtained by contact-treating a sintered

body (Comparative Example 3).
Also, when Example 1 1s compared with Example 2 and

Example 3, the magnet obtaihed by contact-treating a
compact resulting from 60% strong hot deformation has a
large coercivity as compared with the magnets obtained by
contact-treating a compact resulting from 20% or 40%
strong hot deformation, and there is a positive

correlation between the degree of deformation

(compression ratlio) imparted by contact at the time of
controlling the orientation in the alloy diffusion

treatment and the degree of coercivity enhancement.

[0038]
Examples 4 to 7:

A compact was obtalined by using a sintered body
obtained i1n the same manner as 1n Example 1 and imparting

F

anisotropy 1n the same manner as 1n Example 1, except for

performing the strong hot deformation under the following
conditions by using a pressurization apparatus shown in
Fig. 2(C).
Strong Hot Deformation Conditions:

80% Compression working (plastic working ratio: 80%)

at 700°C at a strain rate of 1.0/s

The compact obtained was contact-treated by
immersing 1t in an NdAl liquid phase (melting point of
NdAl alloy: 640°C, Nd: 85 at%, Al: 15 at%) at 650°C for 5

minutes (Example 4), 10 minutes (Example 5), 30 minutes
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(Example 6) or 60 minutes (Example 7).

The obtalined rare earth magnets were measured for
the demagnetization curve, and the results are shown
together with the results of Comparative Example 4 in
Fig. 7.

[0039]

Comparative Example 4:

A compact as the base magnet was obtained by
performing production of a quenched ribbon, magnetic
separation, sintering and 80% strong hot deformation in
the same manner as 1n Example 4, except for not
performing the contact treatment.

The compact (base magnet) obtained was measured for
the demagnetization curve, and the results are shown
together with other results in Fig. 7.

[0040]
It is seen from Fig. 7 that when contacted with an

NdAl alloy melt, the time required to complete the
contact treatment with a low-melting-point alloy melt 1s
shortened to 30 minutes as compared with the case of
using an NdCu alloy melt and also, while contact with an
NdCu alloy melt brings an increase in the coercivity by 8
kOe as compared with a compressed body, the increase 1in
coercivity brought by the contact with an NdAl alloy melt
1s higher and can be 10 kOe.

Furthermore, by selecting Al as the metal element
for an alloy forming a liquid phase, the corrosion
resistance can be expected to be more enhanced. In
addition, also in view of cost, when Cu and Al are
compared, Al is advantageous in that the cost 1s higher.
[0041]

Examples 8 to 13:
A contact treatment was performed by i1mmersing the

compact for 60 minutes in the same manner as 1n Example 2
except for using, in place of the NdCu alloy, MmCu (Mm:
misch metal) (Example 8), PrCu (Example 9), NdANi (Example
10), NdGa (Example 11), NdzZn (Example 12) or NdFe
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(Example 13).
The obtained rare earth magnets were measured for

the demagnetization curve, and the results are shown
together with the results of Comparative Example 5 1n
Fig. 8.

Melting points of alloys used 1in Examples 8 to 13
are shown in Table 1 below together with the values ot

NdCu alloy used in Examples 1 to 3 and the NdAl alloy

used 1in Examples 4 to 7.

[0042]
Table 1
Rare Earth RE Metal X
Mm Cu 480°C
Pr Cu 492°C
NG
NG
Nd
Nd Z 1 645°C
R "7ﬁ5"" Ga £51°C

[0043]
The coercivity of the magnet obtained in each

Example and the magnetic force of the magnet before
contact treatment are shown together below.

Alloy: MmCu (melting point: 480°C), H. of magnet
after treatment: 17.584 kOe, H. of magnet before
treatment: 15.58 kOe

Alloy: PrCu (melting point: 492°C), H. of magnet
after treatment: 24.014 kOe, H. of magnet before
treatment: 16.32 kOe

Alloy: NdACu (melting point: 520°C), H. of magnet

after treatment: 26.266 kOe, H. of magnet before

treatment: 18.3 kOe

Alloy: NdAl (melting point: 640°C), H. of magnet
after treatment: 26.261 kOe, H. of the magnet before
treatment: 16.3 kOe

Alloy: NANi (melting point: 600°C), H. of magnet
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after treatment: 20.35 kOe, H. of magnet before treatment:
16.5 kOe
Alloy: Ndzn (melting point: 645°C), H. of magnet

after treatment: 20.25 kOe, H. of magnet before treatment:
16.1 kOe
Alloy: NdGa (melting point: 651°C), Hc of magnet

after treatment: 22.35 kOe, H. of magnet before treatment:

16.3 kOe
[0044]

Comparative Example 5:
A compact was obtained by performing production of a

quenched ribbon, magnetic separation, sintering and 80%
strong hot deformation in the same manner as 1n Example
8, except for not performing the contact treatment.

The compact obtained was measured for the

demagnetization curve, and the results are shown together
with other results in Fig. 8.
[0045]

Examples 14 and 15:
A compact was obtained by using a sintered body and

imparting anisotropy in the same manner as in Example 1
except for performing the strong hot deformation under
the following conditions by using a pressurization
apparatus shown in Fig. 2(C).

Strong Hot Deformation Conditions:

20% Compression working (plastic working ratio: 20%)

at 650 to 750°C at a strain rate of 1.0/s

The compact obtained was contact-treated in an NdCu

alloy liguid phase at 580°C (Example 14) or 700°C (Example
15) for 1 hour. Incidentally, the NdCu alloy used has

the same melting point and the same composition as the

alloy used in Example 1.
The obtained rare earth magnets were measured for

the demagnetization curve, and the results are shown
together with other results in Fig. 9.
[0046]
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Comparative Example 6:

A compact was obtained by performing production of a
qguenched ribbon, magnetic separation, sintering and 20%
strong hot deformation in the same manner as 1n Example
14, except for not performing the contact treatment.

The compact obtalined was measured for the
demagnetization curve, and the results are shown together
with other results in Fig. 9.

[0047]
As apparent from Fig. 9, 1t i1s confirmed that the

contact treatment by immersion in an NdCu low-melting-

point alloy melt can enhance the coercivity at an eilther

temperature of 580°C or 700°C.

INDUSTRIAL APPLICABILITY

[0048)])
According to the present invention, an anisotropic

rare earth magnet with high coercivity can be easily

produced.

DESCRIPTION OF NUMERICAL REFERENCES

[0049]
Curve 1l: Only 60% strong hot deformation (no contact

treatment) (Comparative Example 2)
Curve 2: Heat history (the same temperature and the same

time as in contact treatment) after 60% strong hot

deformation (Comparative Example 1)
Curve 3: Contact treatment of sintered body (Comparative

Example 3)
Curve 4: Contact treatment after 20% strong hot

deformation (Example 2)
Curve 5: Contact treatment after 40% strong hot

deformation (Example 3)
Curve 6: Contact treatment after 60% strong hot

deformation (Example 1)
1: Compact imparted with anisotropy

2 NdCu Alloy liguid phase
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CLAIMS:;

1. A production method of a rare earth magnet, comprising
a step of bringing a shaped body obtained by applying hot
working to impart anisotropy to a sintered body having a
rare earth magnet composition into contact with a low-
melting-point alloy melt containing a rare earth element,
wherein said low-melting-point alloy melt containing a rare
earth element is composed of an alloy having a melting point
of less than 700°C.

2. The production method as claimed in claim 1, wherein
said low-melting-point alloy melt containing a rare earth
element is composed of an alloy of at least one rare earth
element selected from the group consisting of La, Ce, Pr and

Nd and at least one metal selected from the group consisting

of Fe, Co, Ni, Zn, Ga, Al, Au, Ag, In and Cu.

3. The production method as claimed in claim 2, wherein
the rare earth element contained in said low-melting-point

alloy melt 1s Nd or Pr.

4 . The production method as claimed in claim 3, wherein
the rare earth element contained in said low-melting-point

alloy melt 1s NAd.

5. The production method as claimed in claim 4, wherein
said low-melting-point alloy melt containing a rare earth

element 1s NdAL.

6 . The production method as claimed in claim 4, wherein

said low-melting-point alloy melt contailning a rare earth

element 1s NdCu.
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7 . The production method as claimed in claim 1, wherein
sald sintered body is obtalned by shaping a quenched body
resulting from quenching of a molten alloy, by

pressurization and sintering.

8 . The production method as claimed in claim 7, wherein

sald quenched body has a nanocrystalline texture.

9. The production method as claimed in claim 7 or 8,

whereilin said quenched body 1s composed of an amorphous

particle.

10. The production method as claimed in claim 1, wherein
said hot working to impart anisotropy contains a step of

unidirectionally compressing the sintered body at a

temperature of 450°C to less than 800°C.

11. The production method as claimed in claim 1, wherein

the contacting step 1s performed at a temperature of 700°C or

less for 1 minute to less than 3 hours.

12. The production method as claimed 1n claim 1, wherein

the contacting step 1s performed at a temperature of 580 to

700°C for 10 minutes to less than 3 hours.

13. The production method as claimed in claim 1, wherein
sald sintered body has an Nd-Fe-Co-B-M composition (wherein
M 1s Ta1, Zr, Cr, Mn, Nb, Vv, Mo, W, Ta, Si, Al, Ge, Ga, Cu,
Ag or Au, Nd i1s from more than 12 at% to 35 at%, Nd:B
(atomic fraction ratio) 1is from 1.5:1 to 3:1, Co 1s from O

to 12 at%, M 1s from 0 to 3 at%, and the balance 1s Fe).
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