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Field of Invention

production of bonded

magnets have been commercially prepared by crushing melt-spun

ribbons into powder. The flake-like particles formed by crushing

melt-spun ribbons generally exhibit isotropic behavior and

relatively poor flowability. Consequently, they do not achieve

the flake-like particles.

NdFeB alloy powders have been Prépared by crushing and

Pulverizing cast ingots of NAFeB alloys. Powders prepared in this

manner typically dj
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during relatively slow cooling and metallurgical defects or

Oxidation on the particle surfaceé. AS a consequence of the low

H,; values they display, crushed and pulverized NdFeR alloy powders

have not been used in the preparation of bonded magnets.

Hydrogen processing of NdFeR alloys in ingot and powder form

18 described in U.S. Patent No. 4,981,532 to IL](M_QL and

-.J. McGuiness ("Hydrogen: its use
1n the processing of NdFeB-type magnets and the Characterization of

"Ndyea-type alloys and magnets, " Proceedings of the Eleventh

International Workshop on Rare Earth Magnets and Their

Applications, October 1990,

Pittsburgh, Pennsylvania) . Using a technique known as hydrogen

disproportionation, desorption, and recombination (HDDR), coercive

Generally,
NdFeB powders brepared by subjecting a cast alloy to HDDR are

lsotropic,
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the relatively high flowability of spherical powders is conducive

O 1njection molding. Furthermore, the mechanical Sstrength of

bonded magnets formed from spherical particles should be high
because the spherical

will occur during bending. Nevertheless, spherical NdFeB alloy

powders produced by gas atomization

A method for Oof relatively

coarse spherical NdFeR alloy powder produced by gas atomization is

disclosed in U.S. Patent No. 5,127,970 to Kim. The method involves

subjecting

LO provide a spherical magnetic particle that is magnetically
anisotropic.

An additional object of the invention is to Drovide a magnetic

material of high intrinsic coercivity. A further Object of the



at least

on€ rare earth element, and boron. The major magnetic pPhase of the

spherical powder preferably consists essentially of (Nd; _, Ry},
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av ' '
€rage particle size of less than about 200 microns by inert gas

2 : . . .
tomization, diffusing hydrogen into the spherical powder at

eleva ‘
ted temperatures in an amount sufficient to disproportionate
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which are incorporated in and

constitute a part of this specification, illustrate several

12.60Y1 ¢Fe,9Nby B¢
(Batch H) powder showing the spherical shape of the particles in
the as-atomized state.
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magnetization at zero magnetic field, B_., between the measured
directions is about 10 emu/g, which reflects isotropic behavior.

Figure 3 is a 500X optical micrograph of Nd,, gDy, 4Fe,9Nby B¢
(Batch H) powder of the present invention formed by inert gas
atomization and HDDR treatment. The particles shown in Figure 3
have undergone grain refinement so that their grain size is beyond
the resolution of optical microscopy but otherwise have retained
the spherical shape and original particle size of the as-atomized
particles shown in Figure 1.

Figure 4 ls a graph of magnetization curves for
Nd,; 7Dy, .3FegoNby 5Bg 5 (Batch F) powder of the present invention
measured parallel and perpendicular to the original magnetization
direction. The difference 1n magnetization at zero magnetic field
between the measured directions is about 40 emu/g, which reflects
anisotropic behavior.

Figure 5 is a graph of second quadrant demagnetization curves
for Nd,, ,Dy, 3FegoNb, sB¢ - (Batch F) powder of the present invention
measured with and without magnetic field -alignment. The B, value
for the powder increases from about 5.5 kG without magnetic field
alignment to about 7.9 kG with magnetic field alignment.

Figure 6 is a bar graph showing the particle size distribution
for the powders of Batches A and D in Example 1.

Figure 7 is a bar graph showing the particle size distribution
for the powders of Batches B and C in Example 1.

Figure 8 is a bar graph showing the particle size distribution

for the powder of Batch E in Example 2.
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Figure 9 is a bar graph showing the particle size distribution

for the powder of Batch F in Example 2.

Figure 10 is a bar graph showing the particle size distribu-

tion for the powder of Batch G in Example 2.

Figure 11 is a bar graph showing the particle size distribu-

tion for the powder of Batch H in Example 2.

Description Of The Preferred Embodiments

Reference will now be made in detail to the present preferred
embodiments of the invention, examples of which are illustrated in
the accompanying drawings.

The method of forming a magnetically anisotropic powder of the
invention includes forming a substantially spherical powder having
a major magnetic phase and an average particle size of less than
about 200 microns. Magnetic materials of the NdFeB-type are
suitable for use in the invention. It is preferred that the
spherical powder is comprised of at least one element from the iron
group, at least one rare earth element, and boron. The element
from the iron group may be Fe, Ni, Co, or mixtures thereof. The
rare earth element may be selected from the lanthanide group
including Nd, La, Sm, Pr, Dy, Tb, Ho, Er, Tm, Yb, Lu, Y, mixtures
thereof, and mischmetal.

Substantially spherical powder having an average particle size
of less than about 200 microns, and preferably less than about 150
microns, may be formed by known techniques including, but not

limited to, inert gas atomization, plasma spray, and in-£flight
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solidification. A preferred range for the average particle size of
the spherical powder is from about 10 microns to about 150 microns.
A more preferred range for the average particle size of the
spherical powder is from about 10 microns to about 70 microns.

In connection with the description of the invention, the term
"major magnetic phase" means the phase of a magnetic material that
mosSt contributes to the magnetic properties of the material. Tt is
preferred that the major magnetic phase of the spherical powder
consists essentially of (N4, ,R,), Fe;,B, where R is one or more of
La, Sm, Pr, Dy, Tb, Ho, Er, Tm, Yb, Lu, and Y, and x is from 0 to
1. In a preferred embodiment, the major magnetic phase of the
spherical powder consists essentially of tetragonal Nd,Fe,,B.

In accordance with the invention, hydrogen is diffused into
the spherical powder at elevated Cemperatures 1in an amount
sufficient to disproportionate the major magnetic phase. As
hydrogen is diffused into the spherical powder, the major magnetic
phase undergoes a disproportionation reaction. In powders in which
the major magnetic phase is Nd,Fe,,B, that phase disproportionates
into NdH,, Fe, and Fe,B phases. The amount of hydrogen required to
disproportionate a magnetic phase 1is described in U.S. Patent No.
4,981,532, the disclosure of which is hereby incorporated by
reference. The hydrogen disproportionation step may be carried out
for approximately 1 hour at a temperature in the range from 500°C
to 1000°C. In a preferred embodiment, the hydrogen disproportiona-
tion step is carried out for approximately 1 hour at a temperature

in the range from about 900°C to about 950°C.
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In accordance with the invention, hydrogen is desorbed from
the disproportionated powder by he;':lting under vacuum. As hydrogen
is desorbed from the disproportionated powder, the dispro-
portionated phases gradually recombine. In powders in which the
major magnetic phase is Nd,Fe,,B, the NdH,, Fe, and Fe,B phases
recombine into Nd,Fe,,B. The hydrogen desorption step, which is
also described in U.S. Patent No. 4,981,532, may be carried out for
1.3 hours at a temperature in the range from 500°C to 1000°C. In
::a preferred embodiment, the hydrogen desorption step is carried out
under vacuum for approximately 1 hour at a temperature in the range
from about 900°C to about 950°C.

Powders formed by gas atomization are spherical in shape (see,
for example, the powder particles in Figure 1) and each particle
typically consists of many randomly oriented grains. As a
consequence of the random grain orientation in each particle, gas
atomized NdFeB-type particles are magnetically isotropic in the as-
atomized state as demonstrated in Figure 2. The NdFeB-type
particles formed in accordance with the present invention surpris-
ingly retain their spherical shape and original particle size
(compare the powder particles in Figure 3 with those in Figure 1)
and unexpectedly display magnetic anisotropy. Figures 4 and 5 are
graphs showing magnetization and demagnetization curves, respec-
tively, for spherical powders of the present invention. As can be
seen 1in Figure 5, the demagnetization curves along directions

aligned with and perpendicular to the magnetization direction are

10
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significantly different demonstrating that the spherical powders of
the present invention are magnetically anisotropic.

If desired, the dehydrogenated powder can be reheated to a
temperature of 500°C to 700°C to increase the intrinsic coercivity
Of the powder. For powders in which the major magnetic phase is
Nd,Fe,4B, one or more refractory elements may be added to the powder
CO minimize the secondary recrystallization of Nd,Fe,,B grains
during thermal treatment. The refractory element(s) may be
Selected from the 3d or 4d metal groups including Co, Nb, V, Mo,
Ti, Z2r, Cr, W, and mixtures thereof. In addition, one or more
grain boundary modifiers such as Cu, Al, and Ga may be added to
increase the coercivity of the powder.

Another aspect of the invention is a method of forming a
bonded magnet consisting essentially of magnetically anisotropic
powder. The method includes the steps described above in connec-
tion with the method of forming a magnetically anisotropic powder,
namely forming a substantially spherical powder, diffusing hydrogen
into the powder to disproportionate the major magnetic phase, and
desorbing the hydrogen by heating the disproportionated powder

under vacuum. The method further includes mixing the dehydro-

polymers such as nylon. The mixture of powder particles dispersed

in the binder may be formed into a magnet by injection molding,

11
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cold compression and curing, or any other suitable process. Those
skilled in the art will recognize that the mixing step and the
aligning and magnetizing step may be combined into a single step
through the use of automated processing equipment.

Bonded magnets comprised of substantially spherical, magneti -
Cally anisotropic particles formed in accordance with the invention
have intrinsic coercivities in excess of 7kOe. During HDDR
treatment, a plurality of recrystallized grains are formed in the
spherical powder particles. In a preferred embodiment, the
recrystallized grains subdivide the powder particles into indivi-
dual magnetic domains having an average size of less than 0.5
micron.

The following examples further illustrate preferred embodi-
ments of the invention. The examples should in no way be consid-

ered limiting, but are merely illustrative of the various features

of the present invention.

Example 1

Four batches of atomized powders having the compositions
listed in Table 1 were prepared. The La, Al, and B contents were

selected in accordance with the compositional requirements set

forth in U.S. Patent No. 4,402,770 to Koon.

12



2124395

TABLE 1

Composition (in weight %) .

Batch B Batch D

. uh—a_—h_ﬁ.-.-h._‘

| wa | 2666 | 26.70 20.56 | 29.56 |
La

1.49 1.50 1.46 1.45 J
!
!
l

Pr 0.24 0.35
3.99 0.56
0.36
1.32

32.38

0.36
1.34
32.44

0.41
1.39
31.91

1.38
31.93

|‘IH{"%|I‘||‘I

Total Rare Earth

Balance Balance Balance

Balance |

e D e T ————

The average particle size of each batch was measured by
optical microscopy in conjunction with an image analyzer. The
average particle size of Batches A and D in the as-atomized state
was about 15 microns. The average particle size of Batches B and
C i1n the as-atomized state was about 11 microns. The particle size
distributions for Batches A and D and Batches B and C are shown in
Figures 6 and 7, respectively. Each batch was subjected to HDDR
treatment for one hour at the following temperatures: 850°C, 900°C
and 950°C. The average domain size of each batch after HDDR
treatment was less than 0.5 micron as determined by scanning
electron . microscopy under a polarized beamn. The thus-formed
powders were mixed with paraffin to form simulated bonded magnects.
The bonded magnets were magnetically aligned by applying a D.C.
magnetic field of 30 kOe during solidification of the paraffin.

The intrinsic coercivity, H.;, Of the magnetically aligned bonded

13
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magnets was measured using a Walker Hysteresisgraph, Model MH-50.
The measured H_; values for the magzietically aligned bonded magnets

are shown in Table 2.

H (kOe)

}
'r
]
|

Patch A | Batchs | matcnc | Batchp-
HDDR @ 850°C | 104 | 8.6 | 97 | 9.2
i
HDDR @ 900°c_| 153 | 138 | 1200 | 7.3 |

HDDR @ 1000°C

ey r———

The bonded magnets formed of powders obtained by HDDR
treatment at 3900°C were further subjected to an isothermal heat
treatment in argon at 600°C. The B,, H.;, and BH_,  obtained for

those magnets are shown in Table 3.

Second quadrant demagnetization curves (with and without
magnetic field alignment) for bonded magnets formed from the powder
Oof Batch F are shown in Figure 5. The significant difference in

the demagnetization curves shows that the atomized, HDDR-treated

14
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powders of the invention are magnetically anisotropic, i.e., they

respond differently when exposed to the magnetic field.

Example 2

Four batches of atomized powders having the compositions

listed in Table 4 were prepared.

B D ——

TABLE 4
Compeosition (in atomic %)

B B B e e e Sy —

Nd Dy, 3 Fegq ¢ B

Nd.; 7 Dy, 3 Fegg Nb, ¢ B
Batch 6 |maj, Dy, , Fey . B,

Batcnw  INa, oDy, Rep W B

The average particle size of each batch was measured by

optical microscopy in conjunction with an image analyzer. The
average particle size of Batches E, F, G, and H in the as-atomized
state was about 60 microns, about 45 microns, about 80 microns, and
about 70 microns, respectively. The intrinsic coercivity, Ho;, Of
powder samples from each batch was measured under the following
conditions: (1) as-atomized; (2) as-atomized with an isothermal
Creatment for 1.5 hours at 500°C, 600°C, and 700°C; (3) HDDR-
treated for one hour at 850°C, 900°C, and 950°C; and (4) HDDR-
Created as in (3) with an isothermal treatment for 1.5 hours at

>50°C, 600°C, and 650°C. The measured Ho; values for each sample

are listed in Table 5.

15
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TABLE 5

H (kOe)

ememmaom | o5 | 21 | 20 | seo
v ese | 10 | 20 | 20 | s0 ]
=]
e ssor e e | a0 | 4z | s i
e
HDDR @ 900°C 7.7 14.0

90

HDDR @ 0°C with isot @ 550°C 12.4 15.9 7.2 15.2

12.7 15.7 15.2

12.2 14.8 15.1 |
2.6 13.5 12.3 |
2.1 14.7
16.3
14.6

HDDR @ 900°C with isot @ 600°C

HDDR @ 900°C with isot @ 650°C

—~— — ——— ——— —

HDDR @ 950°C

HDDR @ 950°C with isot @ 5S0°°C

13.8
8.2

HDDR @ 950°C with isot @ 600°C

\O

HDDR @ 950°C with isot @ 650°C 1.8

-
N

N NN
n N |\DO
W
-

As shown in Table 5, the as-atomized powders of Batches E
through H all exhibit an H,; of not greater than 3 kOe. These low
H,; values are improved by applying an isothermal treatment at a
temperature in the range of 500°C to 700°C to the as-atomized
powders. For example, an isothermal treatment at 600°C increased
the H,; level for Batch H from 3.0 kOe in the as-atomized state to
6.3 kOe. A more significant increase in H,; is observed when the
as-atomized powder is subjected to both HDDR treatment and an
isothermal treatment. For example, after being HDDR-treated at

16
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200°C with an isothermal treatment at 550°C, the Ho;y level for
Batch F is 15.9 kOe. For batches E and G, which do not contain Nb,
Hoj depends on the HDDR temperature. The H.; level for Batch E is
optimized at 900°C whereas the H.; level for Batch G is optimized
at 850¢°cC. Severe secondary recrystallization is observed in
powders that have been HDDR-treated above 950°C and, as a
consequence, H.; significantly decreases. For Batches F and H,
which contain 0.5 atomic % Nb, H,; is less sensitive to the HDDR
temperature. Batch F can be HDDR-treated over the Cemperature
range of 850°C to 950°C with a peak at 900°C. With a slight
increase in Nd or total rare earth content as in Batch H, an H.; of
more than 14 kOe was obtained when HDDR was performed at
Cemperatures below 900°C. When HDDR was performed at 950°C, the
Hey became very sensitive to the temperature of the isothermal
treatment. An H,; of 13.8 kOe was obtained when the isothermal
Creatment was carried out at 600°C.

The B,, H,;, and BH_,,  values for powder samples of Batches E
through H that were HDDR-treated at 900°C for approximately one

hour and isothermally treated at 600°C for approximately 1.5 hours

are listed in Table §.

17
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The B, and BH ., values listed in Table 6 range from 4.6 to 7.8 kG
and 5.0 to 15.5 MGOe, respectivelf; For the most part, the B, and
BHpax values for Batches E through H in Example 2 are lower than
Observed for Batches A through D in Example 1. Theoretically, the
alloy compositions of Batches E through H should yield higher B,
and BH,,. values than the compositi'ons of Batches A through D. The
powders of Batches E through H, however, are much coarser than the
powders of Batches A through D. Specifically, the average particle
‘'sizes for Batches E through H range from about 45 microns to about
580 microns whereas the average particle sizes for Batches A through
.D range from about 11 microns to about 15 microns. The B, and BH,,,
values observed in Examples 1 and 2 demonstrate that finer particle
sizes play a significant role in improving magnetic properties,
particularly B, and BH__,, after HDDR treatment.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the method of forming
a4 magnetically anisotropic powder, the method of forming a bonded
magnet consisting essentially of magnetically anisotropic powder,
and the bonded magnet of the invention without departing from the

scope of the invention as defined in the following claims.

18
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What is claimed is:

A method of forming a magnetically anisotropic powder,

said method comprising the steps of:

forming a substantially spherical powder having a major
magnetic phase and an average particle size of less than
200 microns, said powder being comprised of at least one
element from the iron group, at 1least one rare earth
element, and boron;

diffusing hydrogen into said powder at elevated
temperatures in an amount sufficient to disproportionate
sald major magnetic phase to produce a disproportionated

powder; and

'desorbing said hydrogen by heating the disproportionated

powder under vacuum to produce a dehydrogenated powder.

The method of claim 1, further comprising the step of:
heating the dehydrogenated powder to 1ncrease the

intrinsic coercivity of the powder.

The method of claim 1, wherein the dehydrogenated powder
obtained in said desorbing step has an original size and
a substantially spherical shape of said powder as formed

in said forming step.

The method of claim 1, wherein said element from the iron

‘group 1s selected from the group consisting of Fe, Ni,

Co, and mixtures thereof.

The method of claim 4, wherein said rare earth element is
selected from the lanthanide group consisting of Nd, La,
Ssm, Pr, Dy, Tb, Ho, Er, Tm, Yb, Lu, Y, mixtures thereof,

and mischmetal.

19
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The method of claim 1, wherein the steps of diffusing
hydrogen and desorbing hydrogen are carried out at

elevated temperatures in the range from 500° to 1000°C.

The method of claim 5, wherein the major magnetic phase
consists essentially of (Nd,-.R.)., Fe,,B, where R is one or
more of La, Sm, Pr, Dy, Tb, Ho, Er, Tm, Yb, Lu, and Y,

and x 18 from 0 to 1.

The method of claim 7, wherein said major magnetic phase

consists essentially of tetragonal Nd,Fe, B.

The method of claim 7, wherein the steps of diffusing
hydrogen and desorbing hydrogen are carried out at a

temperature in the range from 900° to 950°C.

The method of claim 8, wherein said powder contains at
least one refractory element selected from the group
consisting of Co, Nb, V, Mo, Ti, Zr, Cr, W, and mixtures
thereof to minimize a secondary recrystallization of

Nd Fe,,B grains.

The method of c¢laim 7, wherein said powder contalins at
least one grain boundary modifier selected from the group

consisting of Cu, Al, and Ga to increase the coercivity

of said powder.

The method of claim 1, further comprising the step of:

-subjecting said anisotropic powder to a magnetic field to

form a magnetic powder wherein said magnetic powder has

an intrinsic coercivity greater than 7 kOe.

20
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The method of claim 1, wherein the step of forming said
substantially spherical powder comprises 1nert gas

atomization.

The method of c¢laim 1, wherein said substantially
spherical powder has an average particle size of less

than 150 microns.

The method of claim 1,  wherein said substantially
spherical powder has an average particle size 1in the

range from 10 microns to 150 microns,

"The method of claim 1, wherein said substantially

spherical powder has an average particle size 1in the

range from 10 microns to 70 microns.

A method of forming a bonded magnet consisting
essentially of magnetically anisotropic powder, said

method comprising the steps of:

forming a substantially spherical powder having a major

magnetic phase and an average particle size of less than
200 microns by inert gas atomization, said powder being
comprised of at least one element from the iron group, at
least one rare earth element, and boron;

diffusing hydrogen into said substantially spherical

powder at elevated temperatures in an amount sufficient

to disproportionate said major magnetic phase to produce
a disproportionated powder;

desorbing said hydrogen by heating the disproportionated
powder under vacuum to produce a dehydrogenated powder;
mixing the dehydrogenated powder with a suitable binder

to form a mixture comprised of powder particles dispersed

'1n said binder; and

21
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aligning and magnetizing the powder particles 1n said

mixture in a magnetic field.

The method of claim 17, wherein after the desorbing step
and before the mixing step, the method further comprises
the step of;

heating the dehydrogenated powder to 1ncrease the

intrinsic coercivity of the powder.

The method of c¢laim 17, wherein said dehydrogenated
powder obtained in said desorbing step is subdivided by

recrystallized grains therein into individual magnetic

domains.

The method of claim 19, wherein said magnetic domains

have an average size of less than 0.5 micron.

The method of claim 17, wherein the dehydrogenated powder
obtained 1in said desorbing step has a substantially
spherical shape and the average particle size of less

than 200 microns of said powder as formed in said forming

step.

The method of <c¢laim 17, wherein said substantially

spherical powder has an average particle size of less

than 150 microns.

- The method of claim 17, wherein said substantially

spherical powder has an average particle size in the

‘range from 10 to 70 microns.

22
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