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@ Permanent magnetic material and method for producing the same.

€2 A permanent magnetic material of a desired butk shape
is obtained which comprises a composite microstructure
consisting of magnetic particles of Nd,Fe,B dispersed
within a metallic cementing phase of 10% or less by volume
of the magnetic material. A magnetic powder is prepared
from an alloy comprising Nd,Fe,B compound and is mixed
with an alloy powder having a melting point lower than the
peritectic temperature of Nd,Fe,B, and the mixed powder is
sintered at a temperature higher than the melting point but
lower than the peritectic temperature, so that the alloy
powder melts and forms the cementing phase covering
each magnetic particle to thereby realize high coercive
force and excellent corrosion resistance. In place of Nd,
other rare earth metal or metals can be used. A part of Fe
can be replaced by other transition metal or metals. For MAGNETLC
the cementing metallic element or elements, Al, Zn, Sn, Cu, PIASE
Pb, S, In Ga, Ge, and Te can be used.

CEMENTING
PHASE

ACTORUM AG
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Permanent Magnetic Material and

Method for Producing the same

1) Field of the Invention

This invention relates to a permanent magnet
material of a bulk shape and, in particular, to an
iron-rare earth metai—boron (R-Fe-B) permanent magnet
material with a high coercive force.

2) Description of the Prior Art

Permanent magnets have been used in various
applications such as electromechanical apparatus.

Recently, demands for Sm-Co pefmanent magnets
have increased in place of known alnico magnets, ferrite
magnets, and other conventional magnets, because of the
high energy product of Sm-Co magnets. However, the

Sm-Co magnets are expensive because of use of cobalt.
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Therefore, various approaches are made for new
permanent magnets which are ecénomical and have an
increased energy product.

A possible approach has been directed to a novel
intermetallic compound of transition metal (T) and rare
earth metal (R) instead of the Sm-Co intermetallic
compound.

However, the intermetallic compounds without use
of Co have been considered impossible to produce a
magnet having coercivity which is associated with
magnetocrystalline anisotropy because the compounds have
an easy magnetization direction in the crystal phase. A
reference is made to K. J. Strnat; IEEE Trans. Mag.
(1972) 511.

In Appl. Phys. Lett. 39(1l0) (1981), 840, N. C.
Koon and B. N. Das disclosed magnetic properties of
amorphous and crystallized alloy of |

b They wrote that

(Fey.82%0.1870.9™P0.05%%0.05"
crystallization of the alloy occurred near the
relatively high temperature of 900 K, which also marked
the onset of dramatic increase in the intrinsic coercive
force. They found out that the alloy in the
crystallized state appeared potentially useful as low
cobalt permanent magnets.

It is considered that magneticallf'hard
intermetallic compound of R-Fe-B (R = Tb and La) are

formed in the alloy. Reviewing the R-Fe-B (R=Gd, Sn,

Nd) ternary phase diagram by N. F. Chaban, Y. B. Kuz'ma,
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N. S. Bilonizhko, 0. O. Kachmar and N. W. petriv;
Dopodivi Akad. Nuk. Ukr. RSR, Ser. A (1979) No.l0, P.P.
875-877, the intermetallic compbund R-Fe-B (R = Tb and
La) by Koon et al is guessed to be represented by

R, Fe

3Fe 6B
Croat et al. Reference isrmade to J. J. Croat, J. F.

which is confirmed to be NdZFel4B by J. J.

Herbst, R. W. Lee and F. E. Pinkerton; J. Appl. Phys, 55
(1984) 2078.

Therefore, considering the saturation
magnetization of an intermetallic compound of R-T as
shown in the abéve—described reference by K. J. Strnat,
it can be guessed that use of Ce, Pr, and/or Nd for R in
Fe-B-R alloy can provide a better magnetic properties
for permanent magnets than the Fe-B-La-Tb alloy.

J. J. Croat proposed amorphous (Nd and/or
Pr)-Fe-B alloy having magnetic properties for a
permanent magnet és disclosed in JP-A-60009852. Those
magnetic properties was considered to be caused by a
microstructure where NdZFel4B particles having a
perticle size of 20-30 nm were dispersed within an
amorphous Fe phase. Reference is further made to R. K.
Mishra: J. Magnetism and Magnetic Materials 54-57 (1986)
450.

However, the amorphous alloy can provide only an
isotropic magnet because of its crystallographically
isotropy. This means that a high performance permanent

magnet cannot be obtained from the amorphous alloy.



10

15

20

25

0 249 973

Sagawa, Fujiwara, and Matsuura proposed an
anisotropic R-Fe-B sintered magnet in JP-A-539046008
which was produced from an ingot of an alloy of R
(especially Nd), Fe, and B by a conventional powder
metallurgical processes. The sintered magnet has more
excellent magnetic properties for permanent magnets than
the known Sm—-Co magnets.

However, the R-Fe-B sintered magnet has a
problem in considerably low corrosion resistance.

Further, since the R-Fe-B alloy out of
stoichiometric compound of Nszel4B is active to oxygen,
any care 1is necessary so as to prevent the alloy from
oxidation. Moreover a surface oxide layer must be
machined away after sintering process. Therefore, the
magnet cannot be produced with a high dimensional

accuracy.

It is an object of the present invention to
provide a permanent magnet material of a bulk Shape
comprising<R2Tl4B magnetic compoﬁnd and having an
excellent corrosion resistance.

It is another object of the pfesent invention to
provide a method for producing the bulk-shape permanent
magnet material comprising R2T14B magnetic compoﬁnd and
having an excellent corrosion resistanbe.

It is still another object of the present
invention to provide a method for producing the

bulk-shape permanent magnet material comprising R2Tl4B
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magnetic compound with an excellent dimensional
accuracy.

According to the present invention, a magnetic
body with a high coercive force for a permanent magnet
can be obtained which consists essentially of a metallic
cementing phase and magﬁetic crystalline particles
uniformly dispersed within the metal cemeﬁting phase.
The cementing phase is 10% or less by volume of the
magnetic body and comprises at least one element
selected from a first metallic group of Al, %Zn, Sn, Cu,
Pb, S, In, Ga, Ge, and Te. The magnetic crystalline
particles is substantially balance of the volume of the
magnetic body and is a composition represented by a
chemical formula R2T14B, where R is at least one element
selected from Y and rare earth metals, T being
transition metal and comprising Fe 50-100 at% in the
transition metal. Each of the magnetic particles is
embedded in the cementing phase to form aﬁ interface
therebetween.

The cementing phase is inert to oxygen in
comparison with Nd and has, therefore, a good cdrrosion
resistance.

The cementing phase may comprise an
intermetallic compound of at least one of the first
metallic group and at least one selected from a secbnd
metallic group of R, T, and B.

The present invention further provides a method

for producing a magnetic body with a high coercive force
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for a permanent magnet. The method comprises steps of:
preparing an ingot of R-T-B magnetic alloy comprising a
magnetic intermetallic compound represented by a
chemical formula of R2Tl4B, where R is at least one
element selected from Y and rare earth metals, T being
transition metal but comprising Fe 50~100 at% in the
transition metal; pulverizing and milling the ingot to
thereby prepare a magnetic powder; preparing a metallié
cementing powder comprising at least one element
selected from a first metallic group of Al, Zn, Sn, Cu,
Pb, S, In, Ga, Ge, and Te; mixing the metallic cementing
powder of 10% or less by volume and the magnetic powder
of substantially balance to prepare a mixed powder; and
forming a bulk-shape body of the mixed powder at an
elevated temperature.

The bulk-shape body forming step comprises
steps of; compacting the mixed powder under influence of
a grain aligning magnetic field into a compact body of
a predetermined shape; and sintering the compact body at
a temperature lower than a peritectic reaction
temperature of the magnetic powder but higher than a
melting temperature of the metallic cementing powder to
thereby produce, as the bulk-shape body, a sintered
body.

The sintered body may be subjected to a heat
treatment at a temperature, preferably, 300-900 ¢ for

improving the magnetic properties of the sintered body.
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The bulk-shape body forming step may be hot
compaction process for hot compacting the mixed powder
into the bulk-shépé body at an elevaﬁed temperature
lower than 1,100 °c put higher than a melting
temperature of the metallic cementing powder.

The hot compaction process is a hot-pressing
process and alternatively a hot-extrusion process.

7 Fig. 1 is a schematic view of a microstructure
of a bulk-form permanent magnet material according to
the present invention;

Fig. 2 is a view illustrating variation of
magnetic properties of a magnet to a volume percent of
to NdBOFe40A130 in the magnet;

Fig. 3 is a view illustrating a microstructure
of a permanent magnet material of
(Nszel4B)95(Nd3OFe40Al30)5 according to an example of
the present invention;

Fig. 4 is a view illustrating a microstructure
of a permanent magnet material of
(NdZFel4B)89.5(Ndcu2)10.5 according to another example
of the present invention;

Fig. 5 is a view illustrating a microstructure
of a permanent magnet material of

(Nszel4B)95(Pb69.6Sn30‘4)5 according to still another
example of the present invention;

Fig. 6 is a view illustrating a microstructure

of a permanent magnet material of
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(Nszel4B)95(Nd40Fe20Pb208n20)5 according to yet another
example of the present inventionj;

Fig. 7 is a view illustrating variation of a
coercive force of a permanent magnet material in an
example to a heat treatment temperature; and

Fig. 8 is a view illustrating variation of a
coercive force of a permanent magnet material in an
example to a heat treatment time period.

The present invention attempts to provide a
permanent magnet material with a high coercive force and
a corrosion resistance by making the material to have a
microstructure as shown in Fig. 1 where magnetic
particles of stoichiometric intermetallic compound of
Nszel4B are dispersed within a metallic cementinqr
phase. The metallic cementing phase is composed of
metallic elements and/or an intermetallic compound or
compounds, which are inert to oxygen in comparison with
Nd.

In order to realize the microstructure, NdZFel4B

powder and metallic cementing powder are separately

prepared and those powder are mixed. The mixed powder

is sintered or hot-formed at an elevated temperature
into a bglkfshape body so that the cementing powder
forms a cementing phase to cement the magnetic particles
together.

The metallic element or elements are selected to

be ones each having a melting point lower than a
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peritectic temperature of the intermetallic compound of

Nsze and the elevated temperature is also selected

1487 B
lower than the peritectic témperature but higher than
the melting point of the cementing powder. Therefore,
only the cementing powder melts to form the cementing
phase by the sintering process or hot compaction process
while the intermetallic compound of the magnetic powder
is not melted but dispersed within the cementing phase.

Nd is active to oxygen if they do not form any
intermetallic compound together or with other metallic
element or elements. Therefore, it is desired that the
cementing phase includes no Nd.

However, at the high temperature for the
sintering or hot-compaction, Nd and/or Fe diffuse from
the magnetic powder into the cementing phase so that the
intermetallic compound of Nszel4B is decomposed. In
order to prevent the intermetallic compound of each
magnetic particle from decomposition, Nd and Fe are
included in the cementing powder in the form of an
intermetallic compound or compounds with other metallic
element or elements. Alternatively, the magnetic powder
is prepared as an alloy powder including Nd and Fe in
addition to the intermetallic compound of NazFel4B.

In either use of the former and the latter ways,
Nd and Fe are present in the cementing phase of the

produced body. However, Nd forms an intermetallic

compound with the other metallic element or elements.
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Accordingly, the cementing phase is.also.exéellent in
corrosion resistance.

Generally speaking, since a comparatively high
temperature is used in the sintering temperature, both
of the former and the latter can be employed. However,
since a comparatively low temperature is used in the hot
compaction process, the latter is employed because
intermetallic compound of Nd and Fe with the other
metallic element is apt to have a melting temperature
higher than the temperature for hot compaction.

The amount of the cementing powder is limited at
maximum 10 % by volume of the mixed powder, because when
the cementing powder exceeds 10 vol%, the amount of the
magnetic powder is insufficient to obtain a high
remanence.

It should be noted that the intermetallic
compound of Nszel4B has a high residual magnetic flux
density but has not a coercive force sufficient for a
permanent magnet.

Now, the present invention will be described in
connection with examples.

Example 1

An -ingot of an intermetallic magnetic alloy
represented by Ndl3Fe81B6 was prepared by the induction
melting in argon gas atmésphere. Purity factors of used
start materials of Nd, Fe (electrolytic iron), and B
were 98%, 99.9%, and 99.5% or more, respectively. The

ingot was'pulverized by a crusher to have a particle
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size below 24 mesh (Tyler) and, thereafter, finely
divided by a ball mill intoc a fine magnetic powder
having an average particle size of 3 am, R

On the other hand, various metallic powders (Zn,
Al, S, In, Ga, Ge, Sn, Te, Cu, and Pb) for the cementing
phase material were prepared, each powder having an
average particle size of several tens micron meters and
a purity of 99.9% or more.

Each metallic powder was mixed with the fine
magnetic powder to form mixed powder. Each metal was
adjusted at 5% by volume of the mixed powder. Zn, Al,
S, In, Ga, Ge, Sn, Te, Cu, and Pb were, by weight, 5%,
2%, 2%, 5%, 4%, 4%, 5%, 4%, 6%, and 7% in the mixed
powders, respectively. |

After being mixed in a ball mill, each mixed
powder was hot-pressed into a desired bulk-shape body
under a pressing stress of 1,000 Kg.f/cm2 at a
temperature of 600°C within argon gas atmosphere for 15
minutes.

Each hot-pressed body was measured as to density
d, residual magnetic flux density Br, coercive force
IHC' maximum energy product (BH)max. The measured data
are demonstrated with sample numbers 1-10 in Table 1.

As a comparative sample, starting materials of
Nd, Fe, B, and Al were blended with each other to obtain
an alloy represented by (NdlSFe77B7)95AlS and an ingot
of the alloy was produced by use of an induction

furnace. The ingot was finely ground into a fine
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powder, which was, in turn, hot-pressed into a desired -
bulk-shape body under similar conditions as described
above. While, an ingot represented by Ndl3Fe81B6 was
prepared in the similar manner and a hot-pressed body
was produced from the ingot under the similar manner as
described above. Densities and magnetic properties of

those two hot-pressed bodies are shown with sample

numbers 11 and 12, respectively, in Table 1.

Table 1

Sample Composition d Br IHC (BH)max

No. (g/cm>) (RKG) (KOe) (MGOe)
1 (Ndl3Fe81B6)95_Zn5 7.5 7.1 10.8 9.8
2 (Ndl3Fe81B6)95Al5 7.3 7.0 12.6 10.1
3 (Ndl3Fe81B6)_9684 7.1 6.8 10.5 9.2
4 (Ndl3FeslB6)97In3 7.5 6.7- 9.9 8.6
5 (Ndl3Fe81B6)96Ga4 7.4 6.9 10.6 9.4
6 (Nd13FeBlB6)96Ge4 7.4 6.8 10.0 8.9
7 (Nd’lBFe81B6)97sn3 7.5 6.6 10.1 8.5
8 (Ndl3Fe8136)98Te2 7.4 7.0 7.9 9.1
9 (Ndl3Fe81B6)94Cu6 7.6 6.7 9.1 8.3
10 (Ndl3FeBlB6)98Pb2 7.7 6.7 9.2 8.2
11%* (N4, Fe, B.) g Al 7.2 6.3 9.6 7.5
12* Ndl3Fe81B6 7.5 1 0.2 1

* Sample according to prior art
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Table 1 teaches that the samples Nos. 1-10
according to an embodiment of this invention are
superior to comparing samples Nos. 11 and 12 according
to the known production method in the magnetic
properties, especially, the maximum energy product
(BH)max.

Example 2

A fine magnetic powder of NdlBFeslB6 was
prepared and was mixed with metal powders (each having
an average particle size of 20-30 um ) of Zn 5wt%, Al
2wt%, S 2wt%, In 5wt%, Ga 4wt3, Ge 4wt%, Sn 5wt3, Te
4wt%, Cu 6wt%, and Pb 7wt$%, respectively, in the similar
manner as described in Example 1.

Each mixed powder was compacted into a compact
body of a desired bulk-shape by application of a
pressing force of 1.5 ton.f/cm2 under influence of a
grain aligning magnetic field of 25 KOe. The compact
body was hot-pressed at 600°C by pressing stress of
1,000 Kg.f/cm2 within vacuum for 15 minutes. Each
hot-pressed body was subjected to measurement of density
and magnetic properties. The measured data are shown as
sample Nos. 13-22 in Table 2.

For comparing with these samples, alloy ingots

and Nd, ,Fe were produced and

of (Nd)gFe;9B7)g515 14¥23156
were finely ground into powders. Those powders were
compacted into compact bodies of a desired bulk shape

and were hot-pressed in the similar manner. Densities
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and magnetic properties of those hot-pressed bodies are

shown as sample Nos. 23 and 24 in Table 2.

Table 2

5 Sample Composition d Br 1He (BH)max
No. (g/cm’) (KG) (KOe) (MGOe)
13 (Ndl3Fe81B6)952n5 7.5 13.5 11.1 42.0
14 (Nd; ;Feg B.) gsAlc 7.3 14.0 12.9 45.3

10 15 (NdlBFe81B6)9654 7.1 13.9 10.6 41.9
16 (NdlSFe81B6)97In3 7.5 13.6 10.3 40.1
17 (Ndl3Fe8lB6)96Ga4 7.4 13.7 11.1 41.2
18 (Ndl3FeslBG)96Ge4 7.4 13.7 10.4 39.8
i9 (Ndl3Fe81B6)97Sn3 7.5 i3.6 10.6 40.0

15 20 ”(NdlBFeslBG)gsTez 7.4 13.8 7.8 39.1
21 (Ndl3Fe81B6)94Cu6 7.6 13.4 9.3 39.6
22 (Ndl3Fe81B6)98Pb2 7.7 13.3 9.2 38.7
23%* (NleFe77B7)95AlS 7.2 9.8 6.4 22.8
24% Ndl3Fe81B6 7.5 1 0.2 1

20

* Sample according to prior art

It should be noted from Table 2 that sample Nos.

13-22 according to embodiments of the present invention
are superior in the magnetic properties to not only
25 comparing samples of Nos 23 andr24 according to the

known producing method but also samples of Nos. 1-10 in
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Table 1 according to embodiments of the present
invention.
Example 3
In the similar manner as described in Example 1,

Nd.Fe., ,B magnetic alloy ingot was prepared and was

27714
pulverized to have a particle size below 24 mesh

(Tyler).

While, for the cementing phase material, start
materials of Nd (having a purity factor of 98% or more),
Fe (having a purity factor of 99.9% or more), and Al
(having a purity factor of 99.9%) were mixed and melted
by the induction melting in argon gas atmosphere to form
an ingot of Nd30Fe4OAl3O alloy. The ingot was also
pulverized into powder having a particle size below 24
(Tyler) mesh.

Both of the powders were blended with each other
at various mixing ratios so that Nd30Fe40Al30 powder is
0-15% by volume of the blended powder.

Each blended powder was finely ground into a
powder of an average particle size of about 4 pm. The
finely ground powder was compacted into a compact body
of a desired bulk-shape by application compacting stress
of 1.5 ton.f/cm2 under influence of a grain aligning
magnetic field of 20 KOe. The compact body was sintered
in vacuum at 1,000-%1,150 oC for 2 hours. The sintered
body was heat treated at 500-900 °c for one hour.
Density d, residual magnetic flux density Br, coercive

force _H and (BH)max of the sintered body after heat

Ic’
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treatment were measured -and are illustrated in Fig. 2
for various volume percents of Nd3oFe4OAl3o in the

sintered body.
In Fig. 2, the maximum magnetic properties are

obtained at 5 vol$% of Nd3OFe Al30 content. The

40
magnetic properties are shown as a sample No. 25 in
Table 3. The table also has properties of a comparing
sample No. 26 which was a sintered Ndl4Fe80B6 alloy
produced from the alloy ingot through milling,
compacting in the aligning magnetic field, sintering,

and heat treating steps according to a conventional

powder metallurgy.

Table 3
Sample Composition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)
25 (Nd,Fe,,B) ge- 7.4 14.5 15.0 48.5
(Nd3pFe ghlsg)s
26% Nd, ,Fe, B 7.5 12.8 10.0 38.0

* Sample according to prior art

It will be understood from Table 3 that sample

25 No.25 according to the present invention has a

considerably excellent magnetic properties in comparison
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with sample No. 26 according to the conventional
process.

The sintered body of sample No. 25 was
cross-sectioned and polished. The microstructure in the

5 polished surface was observed by a Scanning Electron

Microscope (SEM). The observed microstructure is
illustrated in Fig. 3.

Referring to Fig. 3, it will be noted that the
magnetic crystalline particles (being black) of Nszel4B

10 are covered with, or embedded in, a cementing phase '

(being white) of N4 Al

307%40% 30"

Then, the No.25 sample was subjected to
component analysis of the magnetic particles and the
cemented phase in the sample by use of an Electron Probe

15 Micro Analyser (EPMA). Analysed elements and their

amount (at$%) are shown in Table 4.

Table 4
Phase Nd Fe Al B Composition
20
Cementing 25.2 70.2 4.6 0 Nd(FeAl)l_3

magnetic 12.3 8L.8 0 6 Nd(FeAl)l4B

This example teaches us that magnetic properties

25 of sintered Nd,Fe, ,B magnet can be considerably improved

27714
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by covering and cementing the N4, Fe

27714
the Nd(Fe, Al)3 matrix or the cementing phase.

B particles with

Fig. 2 shows that the magnetic properties
gradually decrease along increaserof éhe cementing phase
from 5 vol% through 8 vol%. It is considered that this
is because of decrease of tﬁe amount of the magnetic
particles. |

Example 4

Nd.,Fe

5 l4B alloy powder and Nd Al alloy

3072108130

powder producéd through the similar steps as described
in Example 3 were blended with each other so that |
Nd30Fe4OAl30 powder was 5% of volume of the blended
powder. The blended powder was compacted to a desired
bulk shape in the grain aligning magnetic field of 20
KOe by application of compacting force of 1.5 ton.f/cm2
and produced a green compact body. The green compact
body was subjected to a hot compaction by hot-pressing
the green compact at 800 °c in argon gas atmosphere by
1,000 Kg.f/cm2 for 15 minutes.

Density and magnetic properties of the
hot-pressed body were measured and are described with
sample number of No. 27 in Table 5.

In Table 5, sample No. 28 is a sample produced
from a Ndl4Fe80B6 powder through the similar compacting
and hot-pressing steps. |

Comparison of sample Nos. 27 and 28 also teach

that the Nd-Fe-Al cementing phase improves the magnetic

properties of Nszel4B magnet.
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Table 5
Sample Composition d Br IHC (BH)max
No. (g/cm’>) (KG) (KOe) (MGOe)
5
27 (Nszel4B)95. 7.5 14.2 16.0 47.5
(Nd3gFe phlzg)s
*
28 Ndl4Fe80B6 7.5 1.0 0.2 1
10
* Sample according to prior art
Example 5
Nszel4B magnetic alloy powder with an average

particle size of 3 jum was prepared in the similar manner
15 as described in Example 1. While, NdCu2 powder for the
cementing phase material having similar particle size
was also produced in a similar producing method. Both
powders were mixed with each other so that the amount of

NdCu., powder was about 10% by volume in the mixture, and

2
20 the mixture was uniformly mixed in a ball mill. The

mixture was compacted into a bulk shape by application

of compacting stress of 1.5 ton.f/cm2 in the grain

aligning magnetic field of 20 KOe. The compacted body

was sintered in vacuum at 1,100-1,130 OC for 2 hours.
25 The sintered body was heat-treated in argon gas

atmosphere at 600-800 °c for one hour.
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' 'The magnetic properties of the sintered body as

sample No. 29 are shown in Table 6 together with its

density.
Table 6
5
Sample Composition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)
29 (NdZFel4B)89.5' 7.5 12.8 9.3 38.5
10 (NdCu,) 14 5

No. 29 sample was then cross-sectioned and
polished.r The microstructure of the cross-section was
observed by use of an‘optical microscope. The observed

15 microstructure is illustrated in Fig. 4. In the figure,
Nszel4B magnetic particle is shown in white and the
NdCu, cementing phase is shown in black.
Further, the electron beam X-ray microanalysis
was carried out to the magnetic particle phase and the
20 cementing phase of the sample of No. 29. Table 7 shows
analysed elements and their amounts by atomic percent
(at%).
| In Table 7, the cementing phase comprises two
intermetallic compounds I and II. Compound I is
25 represented by NdCu, and Compound II is represented by

Nd(Cu, Fe)z.
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Table 7
Phase Nd Cu Fe B
5 Magnetic 13.1 - 81.8 6.0
I 46.9 53.1 - -
Cementing
II 31.3 60.8 7.9 -
10
As being illustrated in Fig. 4, each magnetic
particle (shown in white in Fig. 4) is cemented and
covered with the cementing phase (black in Fig. 4).
Example 6
15 A mixture similar to in Example 5 was prepared.
The mixture was hot-pressed in argon gas
atmosphere at 900 e by application of pressing stress
of 1,000 Kg.f/cm2 for 15 minutes.
Table 8
20—
Sample Compos.ition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)
30 (Nsze14B)89.5‘ 7.45 12.4 8.5 36.0
25 (NdCu

2)10.5
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-Table 8 shows density and magnetic properties of
the hot-pressed body as sample No. 30. Table 8 teaches
us that excellent magnetic properties are obtained.

Exampler7

Nszel4B magnetic powder similar to Example 5
was prepared. While, Nd25.4Cu52.22n22.4 powder for the
cementing phase was prepared in the similar manner aé
the magnetic powder. Both of the powders were blended
with each other so that the amount of the
Nd25.4Cu52.2Zn22.4 powder was about 10% by volume of the
blended powder. The blended powder was uniformly mixed
in ball mill. The mixture was hot-pressed into a body
of a desired shape in argon gas at 600 °c by pressing
stress of 1,000 Kg.f/cm2 for 15 minutes.

The magnetic properties and density of the

hot-pressed body are shown in Table 9.

Table 9
Sample - Composition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)
(Nd,Fe; ,Blgg 4-
31 (Nd25.4Cusz.2 7.427 12.2 9.5 35.0

Zn,, . 4710.6
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Example 8
A molten alloy of Nd34Fe65B was prepared in the

similar way as in Example 1.

While, two Pb-Sn alloys A and B shown in Table
10 were also prepared in the molten state by using start
materials of Pb and Sn each having purity factor of

99.9% or more.

Table 10
Cementing Alloy Pb Sn
A (at%) 69.6 30.4
B (at%) 26.1 73.9

A powder less than. 250 (Tyler) mesh was prepared
from each of the molten alloys by atomization. Then,
Ndl6Fe18B6 magnetic powder was divided by ball mill into
average particle size of about 3 um. Each powder of
Pb-Sn alloys A and B was blended with the magnetic
powder and was mixed in ball mill. The amount of each
of alloy A and B was 5% by volume of each mixture.

Each powder mixture was compacted into a compact
body of a bulk shape in the aligning magnetic field of
20 KOe by compacting stress of l.Srton.f/cmz. The

o

compact body was sintered in vacuum at 1,000-1,150 °C

for 2 hours. The sintered body was heat-treated at
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500-900 °C for one hour and was thereafter subjected to
measurement of density and magnetic properties.
The measured data are demonstrated in Table 11.

No. 32 sample uses alloy A and No. 33 uSes alloy B.

Table 11
Sample Cementing d Br IHC (BH)max
No. Alloy (g/cm>) (KG) (KOe) (MGOe)
32 A 7.5 12.9 11.5 38.0
33 B 7.5 12.8 12.0 37.5

The microstructure of each sample of Nos. 32 and
33 was observed by an optical microécope. Fig. 5 shows
the microstructure of No. 32 sample. In the figure, the
magnetic particles are illustrated in white and the
cementing phase is black.

While, the microanalysis was performed to the
magnetic perticle phase and the cementing phase of each
sample of Nos. 32 and 33. The analysed elements are
shown in Table 12 together with their amounts by at%.

Attention should be directéd to a fact that the
magnetic particle phase consists of the intermetallic

compound of Nd,Fe While, Nd and Fe is present in

2Fe148-

25 both of the cementing phase. I and II are analysed data
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at different portions of the cementing phase of the

sintered body.

Table 12
5 Sample Phase 7 Nd Fe B Pb Sn formula
Magnetic 12.3 81.7 6 - - Nd2Fe14B
32
I 50.5 26.0 - 17.5 6.0 Nd (Fe,
10 Cementing
IT 53.0 20.0 - 22.0 5.0 FPrSm)
Magnetic 12.6 81l.2 6.2 - ,- Nszel4B
33
15 I 48.5 27.0 - 6.5 18.0 Nd (Fe,
Cementing —
IT 52.0 34.0 - 5.0 9.0 CFPsSm)

For sample No. 33, it will be appreciated that
20 the cementing phase is constituted of an intermetallic
compound of Nd(Pb, Fe, Sn) where a part of Pb in NdPb is
replaced by Fe and Sn. While, the cementing phase in
No. 33 sample is composed of an intermetallic compound
of Nd(Sn, Fe, Pb) where a part of Sn in NdSn compound is

25 replaced by Fe and Pb.
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That is, Nd and Fe diffuse from Nd-Fe-B
particles into Pb-Sn phase so that each Nd-Fe-B particle

Fe, ,B

becomes a stoichiometric intermetallic compound R 14

2
which has ferromagnetism.

If Nd and Fe are insufficiently diffused in the
Pb-Sn alloy, excellent magnetic properties are not
obtained because each magnetic particle comprises not
only the intermetallic compound of Nszel4B but also
non-magnetic phase.

This means that it is useful for production of
the permanent magnet material to prepare Nszel4B
particles and to mix the particles with cementing phase
materials so as to obtain a bulk-shape magnet material
having excellent magnetic properties.

Example 9

The powder mixtures prepared in Example 8 were
compacted into green compact bodies in the aligning
magnetic field of 20 KOe by compacting stress of 1.5
ton.f/cmz. Each green compact body was hot-pressed in-
argon gas at 750 °c under application of a pressure
1,000 Kg.f/cm2 for 20 minutes. Thereafter, the
hot-pressed body was heat-treated in argon gas at 600 °c
for 30 minutes.

The magnetic properties after the heat treatment
are shown in Table 13. Samples of Noé. 34 and 35 in

Table 13 contain the Pb-Sn alloys A and B in Table 10,

respectively.
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Table 13
Sample Alloy d Br IHc (BH)max
No. No. (g/cm>) (KG)  (ROe)  (MGOe)
:
34 A 7.4 12.5 12.0 36.5
35 B ‘7.4 12.4 12.5 36.0

In this embodiment, it was also confirmed that
10 Nd and Fe were present in the cementing phase with the
particles becoming Nszel4B compound.
Example 10

NdZFel4B magnetic alloy powder similar to

Example 3 was prepared;
15 In the similar producing steps, Nd-Fe-Pb-Sn

alloy powders C, D, and E in Table 14 were produced from

Table 14
Cementing Alloy Nd Fe Pb Sn
20
C 40 20 20 20
D 40 10 30 20
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start materials of Nd (purity of 98 % or more), Fe
(purity of 99.9% or more), Pb (purity of 99.9%), and Sn
(purity of 99.9%). Each powder of C-E was prepared to
have an avéréée pérticle size of 3 um.

5 These powders C-E were blended with the magnetic
powder, separately, and each blended powder was mixed
with each other in a ball mill. Each alloy powder of
C-E was 5% by volume of each powder mixture.

EBEach powder mixture.was compacted into a compact

10 body in the aligning magnetic field of 20 KOe by
compacting force of 1.5 ton.f/cmz, and the compact body
was sintered in vacuum at 1,000-1,150 °c for 2 hours.
The sintered body was further heat-treated at 500-900
°c.

15 Table 15 indicates density and magnetic
properties of each sintered and heat-treated body as
samples Nos. 36, 37, and 38 which use Nd-Fe-Pb-Sn alloys

¢, D, and E, respectively.

Table 15
20 —4——
Sample Cementing d Br IHC (BH)max
No. Alloy (g/cm>) (KG) (KOe) (MGOe)
36 ¢ 7.5  12.9 11.4  37.5
25 37 D 7.6 12.8 10.9 37.5

38 , B 7.5 12.9 11.0 38.5
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In comparisqn with Nos. 32 and 33 samples, Nos.
36-38 samples are nearly equal to them in the magnetic
properties but have a reduced Nd content which is active
to oxygen. Accordingly, Nos. 36-38 samples are superior
5 to Nos. 32 and 33 samples in the corrosion resistance
and especially during production and storage of powder

materials.

Table 16
10 Sample Phase Nd Fe B Pb Sn
Magnetic © 12.2 81.8 6.0 - -
3 6 —m™ ™ X ! -  —
Cementing 41.5 19.7 -~ 21.0 17.8
15
Magnetic 12.4 81.7 5.9 - -
IT R S R RS LR SRR R
Cementing 40.2 9.3 - 30.8 19.7
20 Magnetic 12.5 8l1.4 6.1 - -
I —_—mmm—————
Cementing 40.8 10.1 - 20.8 18.3

For each sintered body, the observation of
25 microstructure and microanalysis were carried out. The

microstructure of No. 38 sample is shown in Fig. 6
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(white for magnetic particles and black for cementing
phase), and analysed elements in respective samples are
described in Table 16.

It will be understood from Table 16 tha£ not
only B but Nd and Fe do not diffuse into the Nd-Fe-Pb-Sn
cementing phase. Pb and Sn nor diffuse into Nszel4B
particles.

Example 11

Fach mixture obtained in Example 10 waé
compacted into a green compact in the aligning magnetic
field of 25 KOe by pressing stress of 1.5 ton.f/cmz.
The‘green compact was hot-pressed in argon gas at 800 °c
by pressing stress of 1.0 ton.f/cm2 for 20 minutes.
Then, the hot-pressed body was heat-treated in argon gas
atmosphere at 600 °c for 30 minutes.

Table 17 shows density and magnetic properties

of each hot-pressed body after heat-treated as samples

Nos. 39, 40, and 41.

Table 17
Sample Cementing - d Br e (BH)max
No. Alloy . (g/cm>) (RG) (KOe) (MGOe)
39 c 7.5 12.9 11.0 36.5
40 D 7.6 12.4 9.8‘ 35.0

41 E 7.5 12.5 11.5 36.0
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- Nos. 39 and 40 samples have magnetic properties
equally to Nos. 34 and 35 samples but have a reduced
amountrof Nd.

Next, in order to appreciate of corrosion
resistance of permanent magnet material according to the
present invention, samples of Nos. 25, 29, and 32
according to the present invention and No. 26 sample
sintered by the conventional powder metallurqgy were
subjected to the following tests.

Test 1
A humidity test was carried out onto the test
o

pieces under a test condition of a temperature of 60 °C

and a humidity of 90% for 100 hours.

Table 18
Sample 90% Humidity Test At 60 e,
No. Time(Hr.) 1 5 10 25 50 75 100
29 G G G X Y Z Z
32 G G G G X Y Z
25 G G G G G X Y
26 G X X Y Z Z Z

G ...No change.
X ...White oxide slightly observed.
Y ...Red rust occurred on the surface.

Z ...Red rust presented over the entire surface.
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The result of the test is shown in Table 18,
which teaches us that the samples according to the
present invention are superior in corrosion resistance
to the sample according to the conventional powder
metallurgy.

Test 2

Test pieces of each sémple were coated with
surface coatings by electrolytic Ni plating, phosphate
treating, and anti-corrosion resin coating,
respectively.

The electrolytic Ni plating was carried out
after Cu plating coating of 3-5 pm thickness was
previously fqrmed.

The phosphate treating was performed using a
conventional phosphate solution.

In the anti-corrosion resin coating, epoxy resin
was dissolved in an organic solvent and then sprayed
onto test pieces. Thereafter, epoxy resin coating was
formed by heating at 150 c.

Those test pieces were subjected to salt spray
corrosion test under a condition where salt water
solution (5% NaCl) was sprayed onto the test pieces at
35 °c for 48 hours during which surface change of each
test piece was observed. When the test completed,
magnetic properties of each test were measured.

The observed surface change and the measured

magnetic properties are illustrated in Tables 19 and 20.
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It will be noted from Table 19 that permanent
magnet materials according to the present invention are
excellent in corrosion resistance. The magnetic
properties arernot degraded by anti-corrosion surface

5 coating .as well be understood from Table 20.

Table 19
Coating Salt Spray Corrosion Test
10 Kind Thickness Time Sample Number
(um) (Hr.) 29 32 25 26
Ni plate 10-20 12 G G G z
Phosphate 5-7 3 X X G Z
15 Epoxy resin 15-25 24 G G G Z

G ...No change.
X ...White oxide slightly observed.
Y ...Red rust occurred on the surface.

20 Z ...Red rust presented over the entire surface.
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Table 20

5 Sample Kind Ni plate Phosphate Epoxy resin

Thick. 10-20 uam 5-7 um 15-25 um

Br (KG) 14.1 14.2 14.0

10 29 IHC (KOe) 14.8 15.3 14.5
(BH)max (MGOe) 46.9 47.1 46.8

Br {KG) 12.8 12.4 12.6

32 IHC (Koe) 9.4 : 9.0 9.8

15 ) (BH)max  (MGOe) 38.5 35.4 36.5
Br (KG) 12.8 12.9 1l2.6

25 IHC (KOe) 11.0 12.0 11.9
(BH)max (MGOe) 37.0 37.6 36.5

20

Example 12
Zn, Sn, and Al powders, each having a purity
factor of 99.9%, were blended with the Ndl3Fe81B6
magnetic alloy powder obtained in Example 2,

25 respectively, and the blend was mixed uniformly in ball

mills to obtain respective powder mixtures.
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Added amounts of Zn, Sn, and Al powders were
selected to be 5% by volume of respective powder
mixtures.

Each powder mixture was compacted in the
aligning magnetic field of 25 KOe by pressing stress of
1.5 ton.f/cm2 and formed a green compact of a desired
bulk shape. Thé green compact was heated at 700 °c and
then coated with glass coatingrby depositing giass
powder onto the surface of the green compact. The glass
coated green compact was inserted in a extrusion mould
and was moulded into a desired shape by extrusion.

Each extruded body was measﬁred to obtain the
magheﬁic'properties. The measured properties and

densities are indicated for Nos. 42, 43, and 44 samples

in Table 21 together with density.

Table 21
Sample Composition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)
42 (NdlBFe81B6)96Al4 7.3 13.8 9.9 41.2
43 (Ndl3Fe81B6)95Zn5 7.5 13.4 578 37.8
44 (Ndl3Fe81B6)97Sn3' 7.5 13.3 7.0 37.0

45% (Ndl3FeSlB6)89Alll 7.2 9.8 6.4 22.8

46% Nd., ,Fe 7.5 1.0 0.2 1

13Feg1B¢)

*...Sample according to the Prior Art
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In Table 21, each of Nos. 45 and 46 samples is a
hot-pressed body produced from the alloy ingot through
pulverizing, compacting, and extruding steps.

Magnetic materials according to the present
invention can be produced by hot extrusion and has
excellent magnetic properties in comparison with one

produced from the alloy ingot.

Example 13
Each of green compact obtained in Example 12 was
hot-pressed in argon gas atmosphére at 700 °c by
pressing stress of 1,000 Kg.f/cm2 for 15 minutes. The
hot-pressed body was heat-treated in argon at 600 °c for

10 minutes.

Table 22
Sample Composition d Br IHC (BH)max
No. (g/cm>) (KG) (KOe) (MGOe)

47 (Nd; 3Feg1Bgl g™ty

After Heat Treatment 7.3 1l4.1 20.3 46.9

7.3 14.9 10.1 49.7

48 (Ndl3Fe81B6)952n5

After Heat Treatment 7.3 13.3 18.9 41.8

7.3 13.5 6.1 39.8

49 (Nd 7.5 13.6 10.6 44.2

137818697503
After Heat Treatment 7.5 13.4 16.6 -42.4.
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Magnetic properties of each hot-pressed body as
sample of Nos. 47, 48, and 49 were measured before and
after the heat treatment and are illustrated in Table
22. It will be found out from Table 22 that the
coercive force IHc is improved by the heat-treatment
with the other properties being almost unchanged. The
improvement is considered to be caused due to decrease
of nucleation sites of reverse domain by the
heat-treatment.

In order to confirm influence of heat-treating
temperature for the improvement of coercive force, heat
treatment was carried out to No. 47 sample at various
temperatures. Fig. 7 illustrates measured coercive
force to variation of heat~treating temperature. Fig. 7
shows that the effective temperature is 300-900 c.

Further, experiment for heat-treatment was
performed as to No. 47 sample at various heat-treating
time periods at a éonstant<temperature of 600 °c. Fig.
8 shows residual magnetic flux density Br and coercive

force to variation of heat-treating time period. It

IHC
will be noted from Fig. 8 that the heat treatment for
about 10 minutes is most effective for improvement of
the magnetic properties.

Example 14
AlllZn89 powder and A183Cul7 powder were

produced from starting materials having purity of 98% or

more. Each powder has an averaged particle size of 1-10

am.
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Each powder and the Ndl3Fe81B6 magnetic powder

obtained in Example 2 were mixed with each other at a

mixing ratio of 5 to 95 by volume (which means 4.4 wt%

for AlllZn89

and 2.4 wt% for Nd, ,Fe

B6) in a ball mill.

13" 781
5 Table 23
Sample Composition da Br IHC (BH)max
No. (g/cm3) {KG) (KOe) (MGOe)
16 50 (Ndl3Fe81B6)95. 7.4 13.4 10.2 40.8
(Al,,Zngg) 5
51 (Ndl3Fe8186)95. 7.3 13.5 9.5 42.3
(Alg3Cuyq)s
15 ee—— e

The mixture was compacted to a green compact in

the aligning magnetic field of 25 KOe by pressing stress

of 1.5 ton.f/cmz.

The green compact was hot-pressed in

argon gas atmosphere at 600 °c by pressing stress of

20 1,000 Kg.f/cm2 for 15 minutes.

The magnetic properties

of hot-pressed body of sample Nos. 50 and 51 are

described in Table 23.

It will be understood to obtain improvement of

magnetic properties similar to Example 2.
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Example 15

A166Fe34 powder, A125N175 powder, A120Co80

powder, and Al75Cr25 powder were used in place of

Al powder and A183Cul7 powder in Example 14, and a

11%%g9
5 green compact was produced from a mixture of each powder

and Nd, ,Fe magnetic powder in similar manner as

13%¢81%6
described in Example 14. The green compact was

hot-pressed similarly, but for 10 minutes.

Table 24
10
Sample Composition d Br IHC (BH)max
No. (g/cm>) (RG) (ROe) (MGOe)
52 (Nd, jFeg B.) oo 7.3 13.2 9.5 39.8
15 (Al Feg,).
53 (Nd, jFeg Bc)g, 7.4  13.0 9.1  39.5
(Al,Niqgg)g
20 54 (Nd, ;Feg Bo) g, - 7.5  13.7 9.4  42.3
(Al,,Cog0) g
55 (N&, JFeg Bg) oo 7.3 13.6 9.8 42.5
(Al7 Cr

5Cr;5) 5

25
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Magnetic properties of the hot-pressed body was
excellent similarly as in Example 14 and is shown in
Table 24 with sample numbers Nos. 52-55 for alloy

powders used.
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CLAIMS:

1. A magnetic body with a high coercive force
for a permanent magnet which consists essentially of a
metallic cementing phase and magnetic crystalline
particles uniformly dispersed within said metal
cementing phase, said cementing phase being 10% or less
by volume of said magnetic body and comprising at least
one element selected from a first metallic group of Al,
Zn, Sn, Cu, Pb, S, In, Ga, Ge, and Te, said magnetic
crystalline particles being substantially balance of the
volume of the magnetic body and being a composition
represented by a chemicél formula R2T14B,
where R is at least one element selected from Y and rare
earth metals, T being transition metals and comprising
Fe 50-100 at% in the transition metal, each of said
magnetic particles being embedded in said ‘cementing
phase to form an interface therebetween.

2. A magnetic body as claimed in Claim 1, said
cementing phase comprising an intermetallic compound of
at least one of said first metallic group and at least
one selected from a second metallic group of R, T, and
B.

3. A method for producing a. magnetic body with
a high coercive force for a permanent magnet comprising
steps of:

preparing an ingdt of R-T-B magnetic alloy

5 comprising a magnetic intermetallic compound
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(Claim 3 continued)
represented by a chemical formula of R2T14B, where R 1is
at least one element selected from Y and rare earth
metals, T being transition metal but comprising Fe
50-100 at% in the transition metal;

pulverizing and milling said ingot to thereby
prepare a magnetic powder;

preparing a metallic cementing powder comprising
at least one element selected from a first metallic
group of Al, Zn, Sn, Cu, Pb, S, In, Ga, Ge, and Te;

mixing a metallic cementing powder of 10% or
less by volume and said magnetic powder of substantially
balance to prepare a mixed powder; and

forming a bulk-shape body of said mixed powder
at an elevated temperature.

4. A method as claimed in Claim 3, said
bulk~shape body forming step comprising;

compacting said mixed powder under influence of
a grain aligning magnetic field into a compact body of a
predetermined shape; and

sintering said compact body at a temperature
lower than a peritectic reaction temperature of said
magnetic powder but higher than a melting temperature of
said metallic cementing powder to thereby produce, as
said bulk—-shape body, a sintered body.

5. A method as claimed in Claim 4, wherein said
R-T-B ingot consists of said intermetallic compound of

R2T14B, and said metallic cementing powder comprises an
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(Claim 5 continued)
intermetallic compound of at least one element selected
from said first metallic group and at least one selected
.from a second metallic group of R, T, and B.

6. A method as claimed in Claim 5, further
comprising a step of subjecting said sintered body to a
heat treatment for improving the magnetic properties of

the sintered body.

7. A method as claimed in Claim 6, wherein said
heat treatment is performed at 300-900 °c.

8. A method as claimed in Claim 3, wherein said
bulk-shape body forming step is a hot compaction process
for hot compacting said mixed powder into said
bulk-shape body at an elevated temperature lower than
» 1,100 °c but higher than a melting temperature of said
metallic cementing powder.

9. A method as claimed in Claim 8, wherein said
hot compaction process is a hot pressing process for hot
pressing said mixed powder into said bulk-shape body
under a pressure of 5-5,000 Kg.f/cmz.

10. A method as claimed in Claim 9, said bulk
shape body forming step further comprising a step of
previously compacting said mixed powder to form a green
compact, said green compact being then subjected to said

hot-pressing process.

11. A method as claimed in Claim 10, wherein
said compacting step is performed within an aligning

magnetic field.
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12. A method as claimed in Claim 8, wherein
said hot compaction process comprises steps of
compacting said mixed powder to form a green compact,
heating said green compact at saild elevated temperature,
and then subjecting said heated green compact to
extrusion to thereby produce, as said bulk-shape body,
an extruded body.

13. A method as claimed in Claim 12,
wherein said green compact is coated with a heat
insulating material prior to said extrusion.

14, A method as claimed in Claim 8, further
comprising a step of subjecting said bulk-shape body to
a heat treatment for improving the magnetic properties
thereof.
| 15. A method as claimed in Claim 14, wherein

said heat treatment is performed at 300-900 °c.
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