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RARE EARTH MAGNET AND METHOD FOR 
MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 

0001. The present invention relates to methods for manu 
facturing R-Fe-B type rare earth magnets, alloy powder 
for Such magnets, and magnets produced by Such methods. 
0002 Rare earth sintered magnets are produced by pull 
Verizing an alloy for rare earth magnets to form alloy 
powder, compacting the alloy powder, and Subjecting the 
alloy powder to Sintering and aging. Presently, as the rare 
earth Sintered magnets, two types of magnets, that is, 
Samarium-cobalt magnets and neodymium-iron-boron mag 
nets, are extensively used in various fields. In particular, 
neodymium-iron-boron magnets (hereinafter, referred to as 
“R-Fe-B type magnets”, where R is any rare earth 
element and/or Y, Fe is iron, and B is boron), which exhibit 
the highest magnetic energy product among a variety of 
magnets and have a comparatively low cost, have been 
Vigorously applied to various types of electronic equipment. 
Note that a transition metal element Such as Co may Sub 
stitute for part of Fe and C may substitute for part of B. 
0003 Powder of the material alloy for R-Fe-B type 
rare earth magnets may be produced by a method including 
a first pulverization process for coarsely pulverizing the 
material alloy and a Second pulverization process for finely 
pulverizing the material alloy. In general, in the first pull 
Verization process, the material alloy is coarsely pulverized 
to a size of the order of Several hundred micrometers or leSS 
using a hydrogen embrittlement apparatus. In the Second 
pulverization process, the coarsely pulverized alloy 
(coarsely pulverized powder) is finely pulverized to an 
average particle size of the order of Several micrometers 
with a jet mill or the like. 
0004. The material alloy can be produced by methods 
largely classified into two types. The first type is an ingot 
casting method where a molten alloy is poured into a mold 
and cooled comparatively slowly. The Second type is a rapid 
cooling method, typified by a Strip casting method and a 
centrifugal casting method, where a molten material alloy is 
put into contact with a Single chill roll, twin chill rolls, a 
rotary chill disk, a rotary cylindrical chill mold, or the like, 
to be rapidly cooled thereby producing a Solidified alloy 
thinner than an ingot cast alloy. 
0005. In the rapid cooling method, the molten alloy is 
cooled at a rate in the range between 10° C./sec and 10" 
C./sec. The resultant alloy produced by the rapid cooling 
method has a thickness in the range between 0.03 mm and 
10 mm. The molten alloy starts solidifying at the face that 
comes into contact with a chill roll. From the roll contact 
face, crystal grows in the thickness direction into the shape 
of pillars or needles. The resultant rapidly solidified alloy 
therefore has a fine crystal Structure including portions of a 
RTB crystal phase having a size in the range between 0.1 
tim and 100 um in the minor-axis direction and in the range 
between 5um and 500 um in the major-axis direction, and 
portions of an R-rich phase dispersed at grain boundaries of 
the RTB crystal phase portions. The R-rich phase is a 
nonmagnetic phase in which the concentration of any rare 
earth element R is relatively high, and has a thickneSS 
(which corresponds to the width of the grain boundaries) of 
10 um or less. 
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0006 Because the rapidly solidified alloy is cooled in a 
relatively short time compared with an ingot alloy produced 
by a conventional ingot casting method, the alloy has a fine 
Structure and is Small in grain size. In addition, with finely 
dispersed crystal grains, the area of grain boundaries is wide, 
and thus the R-rich phase spreads thinly over the grain 
boundaries. This results in good dispersion of the R-rich 
phase. 
0007 When a rare earth alloy (especially a rapidly solidi 
fied alloy) is coarsely pulverized in a hydrogen embrittle 
ment process where the rare earth alloy first occludes 
hydrogen (this way of pulverization is herein called “hydro 
gen pulverization”), the R-rich phase portions existing at 
grainboundaries react with hydrogen and expand. This tends 
to cause the alloy to crack from the R-rich phase portions 
(grain boundary portions). Therefore, the R-rich phase tends 
to be exposed on the Surfaces of particles of the rare earth 
alloy powder obtained by the hydrogen pulverization. In 
addition, in the case of a rapidly Solidified alloy, where the 
R-rich phase portions are fine and highly dispersed, the 
R-rich phase particularly tends to be exposed on the Surfaces 
of the hydrogen-pulverized powder. 
0008 According to experiments performed by the 
present inventors, when the coarsely pulverized powder in 
the above state is finely pulverized by a jet mill or the like, 
R-rich Super-fine powder (fine powder having a particle size 
of 1 um or less) is produced. Such R-rich Super-fine powder 
particles oxidize very easily compared with other powder 
particles (having a relatively large particle size) that contain 
a relatively smaller amount of R. Therefore, if a sintered 
magnet is produced from the resultant finely pulverized 
powder without removing the R-rich Super-fine powder, 
oxidation of the rare earth element vigorously proceeds 
during the manufacturing process Steps. The rare earth 
element R is thus consumed for reacting with oxygen, and 
as a result, the production amount of the RTB crystal 
phase as the major phase decreases. This results in reducing 
the coercive force and remanent flux density of the resultant 
magnet and deteriorating the Squareness of the demagneti 
Zation curve, which is the Second quadrant curve of the 
hysteresis loop. 
0009. In order to prevent oxidation of the R-rich finely 
pulverized powder, the entire process from pulverizing 
through Sintering may ideally be performed in an inert 
atmosphere. It is however very difficult to realize this in a 
mass-production Scale in production facilities. 
0010. There is proposed a method for solving the above 
problem, where fine pulverization is performed in an inert 
atmosphere containing a trace amount of oxygen, to inten 
tionally coat the Surfaces of finely pulverized powder par 
ticles with a thin oxide film to thereby SuppreSS fast oxida 
tion of the powder particles in the atmosphere. 
0011. However, the present inventors have found that the 
above method fails to sufficiently improve the final magnet 
properties and maintain the properties at the highest level, as 
long as the finely pulverized powder contains R-rich Super 
fine powder in a percentage equal to or more than a 
predetermined value. 
0012. An object of the present invention is to provide 
alloy powder for R-Fe-B type rare earth magnets capable 
of Sufficiently improving and Stabilizing the magnet prop 
erties. 
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0013 Another object of the present invention is to pro 
vide alloy powder for R-Fe-B type rare earth magnets 
capable of Sufficiently improving the final magnet properties 
and maintaining the properties at the highest level even 
when a material alloy including an R-rich phase is used and 
Such a material alloy is coarsely pulverized by the hydrogen 
pulverization method. 

SUMMARY OF THE INVENTION 

0.014. The method for manufacturing alloy powder for 
R-Fe-B type rare earth magnets of the present invention 
includes a first pulverization Step of coarsely pulverizing a 
material alloy for rare earth magnets and a Second pulveri 
Zation Step of finely pulverizing the material alloy, wherein 
the first pulverization Step comprises a step of pulverizing 
the material alloy by a hydrogen pulverization method, and 
the Second pulverization Step comprises a Step of removing 
at least part of fine powder having a particle Size of 1.0 lim 
or less to adjust the particle quantity of the fine powder 
having a particle size of 1.0 um or less to 10% or less of the 
particle quantity of the entire powder. 

0.015. In a preferred embodiment, the average concentra 
tion of the rare earth element contained in the fine powder 
having a particle size of 1.0 um or less is greater than the 
average concentration of the rare earth element contained in 
the entire powder. 
0016 Alternatively, the method for manufacturing alloy 
powder for R-Fe-B type rare earth magnets of the present 
invention includes a first pulverization Step of coarsely 
pulverizing a material alloy for rare earth magnets produced 
by a rapid cooling method and a Second pulverization Step 
of finely pulverizing the material alloy, wherein the Second 
pulverization Step comprises a step of removing at least part 
of powder in which the concentration of the rare earth 
element is greater than the average concentration of the rare 
earth element contained in the entire powder, to reduce the 
average concentration of oxygen bound with the rare earth 
element contained in the powder. 
0.017. In the second pulverization step, the alloy is pref 
erably finely pulverized using a high-Speed flow of a gas. 

0.018 Preferably, a predetermined amount of oxygen is 
contained in the gas. In this case, the concentration of the 
oxygen is preferably adjusted to be in the range between 
0.05% and 3% by volume. 
0.019 Plural types of rare earth alloys different in rare 
earth content may be used as the material alloy for rare earth 
magnets. 

0020. In an embodiment, the first pulverization step is 
performed Separately for the plural types of rare earth alloys 
different in rare earth content, and the Second pulverization 
Step is performed one time together for the plural types of 
rare earth alloys different in rare earth content. 
0021. In another embodiment, the first and second pull 
Verization Steps are performed Separately for the plural types 
of rare earth alloys different in rare earth content, and after 
the Second pulverization Step, the plural types of rare earth 
alloy powder are mixed together. 
0022. The alloys may be finely pulverized using a jet 
mill. 
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0023. In a preferred embodiment, a classifier is provided 
following the jet mill for classifying powder output from the 
jet mill. 
0024. In a preferred embodiment, the material alloy for 
rare earth magnets is obtained by cooling a molten material 
alloy at a cooling rate in a range between 10° C./sec and 
10' C./sec. 
0025 The molten material alloy is preferably cooled by 
a Strip casting method. 
0026. In a preferred embodiment, the average particle 
Size of the powder obtained in the first pulverization Step is 
200 to 1000 um. When the material alloy for rare earth 
magnets is produced by a rapid cooling method, the average 
particle size of the powder is typically 500 um or less. 
0027. The average particle size of the powder obtained in 
the Second pulverization Step is preferably in a range 
between 2 um and 10 um. 
0028 Preferably, the method further includes the step of 
adding a lubricant to the powder obtained in the Second 
pulverization Step. 

0029. The method for manufacturing an R-Fe-B type 
rare earth magnet of the present invention includes the Steps 
of preparing alloy powder for R-Fe-B type rare earth 
magnets produced by any of the methods for manufacturing 
alloy powder for R-Fe-B type rare earth magnets 
described above, and compacting the alloy powder for 
R-Fe-B type rare earth magnets to produce a permanent 
magnet. 

0030 Alternatively, the method for manufacturing an 
R-Fe-B type rare earth magnet of the present invention 
includes the Steps of: preparing first alloy powder for 
R-Fe-B type rare earth magnets produced by any of the 
methods for manufacturing alloy powder for R-Fe-B type 
rare earth magnets described above, preparing Second alloy 
powder for R-Fe-B type rare earth magnets different 
from the first alloy powder in rare earth content; forming 
mixed powder by mixing the first alloy powder and the 
Second alloy powder; compacting the mixed powder to 
produce a compact; and Sintering the compact to produce a 
permanent magnet. 

0031. The alloy powder for R-Fe-B type rare earth 
magnets of the present invention has an average particle size 
in a range of 2 um and 10 tim, and the particle quantity of 
fine powder having a particle Size of 1.0 um or less is 
adjusted to 10% or less of the particle quantity of the entire 
powder. 
0032. In a preferred embodiment, the alloy powder is 
obtained by cooling a molten material alloy at a cooling rate 
in a range between 10° C./sec and 10 C./sec and pulver 
izing the resultant alloy. 
0033. The R-Fe-B type rare earth magnet of the 
present invention is produced from the alloy powder for 
R-Fe-B type rare earth magnets described above. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

0034 FIG. 1 is a graph showing an exemplary tempera 
ture profile in the hydrogen pulverization performed in the 
rough pulverization process according to the present inven 
tion. 
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0.035 FIG. 2 is a cross-sectional view of the construction 
of a jet mill Suitably used in the fine pulverization proceSS 
according to the present invention. 

0.036 FIG. 3 is a graph showing a particle size distribu 
tion of the alloy powder for rare earth magnets of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0037. The present invention was attained based on the 
findings by the present inventors that if alloy powder for 
R-Fe-B type rare earth magnets contains R-rich Super 
fine powder having a particle Size of 1 um or leSS in exceSS 
of a predetermined percentage, the magnet properties of 
permanent magnets produced by Sintering a compact made 
of Such alloy powder are deteriorated. 

0.038. In the method according to the present invention, 
after a material alloy for rare earth magnets is coarsely 
pulverized and before a fine pulverization Step is finished, at 
least part of R-rich Super-fine powder, i.e., powder having a 
particle size of 1 um or less, is removed to adjust the particle 
quantity of the R-rich Super-fine powder to 10% or less of 
the particle quantity of the entire powder. The rare earth 
element R contained in the R-rich Super-fine powder has the 
concentration of 38 wt % or more, which is higher than the 
average concentration of R contained in the entire powder. 
Therefore, the removal of part of the R-rich super-fine 
powder can reduce the concentration of R contained in the 
entire powder. Reduction in the concentration of the rare 
earth element R might appear disadvantageous at first 
glance, Since the rare earth element R is indispensable for 
the RTB crystal phase as the major phase providing hard 
magnetism. However, the rare earth element R contained in 
the Super-fine powder removed will otherwise be consumed 
for reacting with oxygen and will not significantly contribute 
to generation of the RTB crystal phase. Therefore, by 
removing the R-rich Super-fine powder, the amount of 
oxygen contained in the entire powder can eventually be 
reduced. This results in rather increasing the amount of the 
RTB crystal phase contained in the resultant Sintered 
magnet, and thus improves the magnetic properties of the 
magnet. 

0.039 According to experiments by the present inventors, 
R-rich Super-fine powder is apt to be produced when a 
rapidly Solidified alloy Such as a Strip cast alloy is pulverized 
and when the hydrogen pulverization method is employed 
for coarse pulverization, as described above. Therefore, in 
an exemplary embodiment of the present invention to be 
described hereinafter, a rapidly Solidified alloy is coarsely 
pulverized by the hydrogen pulverization method and then 
finely pulverized. In addition, when a jet mill is used to 
perform fine pulverization under a high-Speed flow of inert 
gas, a gas flow classifier using centrifugal force may be 
provided following the jet mill to enable effective removal 
of R-rich Super-fine powder (particle size: 1 um or less) from 
finely pulverized powder carried in the gas flow. In the 
following embodiment, therefore, a jet mill is used for fine 
pulverization. 

0040 Hereinafter, the embodiment of the present inven 
tion will be described with reference to the accompanying 
drawings. 
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Material Alloy 
0041 First, a material alloy for R-Fe-B magnets hav 
ing a desired composition is prepared by a known Strip 
casting method and Stored in a container. Specifically, an 
alloy having a composition of 30.8 wt % (atomic percent) of 
Nd, 3.8 wt % of Pr, 0.8w % of Dy, 1.0 wt % of B, 0.9 wt 
% of Co, 0.23 wt % of Al, 0.10 wt % of Cu, and Fe as 
balance with inevitably contained impurities is melted by 
high-frequency melting, to form a molten alloy. The molten 
alloy is kept at 1350 and then cooled by a single chill roll 
method, to obtain alloy Strips or flakes having a thickness of 
about 0.3 mm. The cooling process is performed under the 
conditions of a roll circumferential velocity of about 1 
m/sec, a cooling rate of 500 C./sec, and Subcooling to 200 
C. The thus-produced rapidly solidified alloy is crushed to 
smaller flakes having a size of 1 to 10 mm before being 
Subjected to hydrogen pulverization. Production of a mate 
rial alloy by the strip casting method is disclosed in U.S. Pat. 
No. 5,383,978, for example. 

First Pulverization Process 

0042. The coarsely crushed material alloy flakes are then 
filled in a plurality of material packs made of Stainless Steel, 
the packs are put on a rack, and the rack is placed in a 
hydrogen furnace. The hydrogen furnace is then covered 
with a lid to start the hydrogen pulverization process, 
according to a temperature profile shown in FIG. 1, for 
example. In the example shown in FIG. 1, an evacuation 
step I is first executed for 0.5 hours, followed by a hydrogen 
occlusion step II for 2.5 hours. In the hydrogen occlusion 
Step II, hydrogen gas is fed into the furnace to produce a 
hydrogen atmosphere inside the furnace. The hydrogen 
pressure at this time is preferably about 200 to 400 kPa. 
0043. Subsequently, a dehydrogenation step III is 
executed under a reduced pressure of 0 to 3 Pa for 5.0 hours, 
and then a material alloy cooling step IV is performed for 5.0 
hours while feeding argon gas into the furnace. 
0044) From the aspect of cooling efficiency, the cooling 
step IV is preferably performed in the following manner. 
When the temperature of the atmosphere in the furnace is 
Still comparatively high in the cooling step IV (for example, 
when it is more than 100° C), the inert gas having an 
ordinary temperature is fed into the furnace for cooling. 
When the temperature of the material alloy drops to a 
comparatively low level (for example, when it is 100° C. or 
less), the inert gas cooled to a temperature lower than the 
ordinary temperature (for example, a temperature lower than 
room temperature by about 10° C) is fed into the furnace. 
Argon gas may be fed at a Volume flow rate of about 10 to 
100 m per minute. 
0045. Once the temperature of the material alloy drops to 
as low as about 20 to 25 C., the inert gas having roughly a 
temperature within about 5 C. of room temperature is fed 
into the hydrogen furnace until the temperature of the 
material alloy reaches the ordinary temperature level. By 
following the above procedure, it is possible to avoid 
occurrence of condensation inside the furnace when the lid 
of the hydrogen furnace is opened. If water exists inside the 
furnace due to condensation, the water will be frozen/ 
Vaporized in the evacuation Step. This makes it difficult to 
increase the degree of vacuum and thus disadvantageously 
increases the time required for the evacuation Step I. 
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0046. After the hydrogen pulverization, the coarsely pull 
verized alloy powder should preferably be taken out from 
the hydrogen furnace in an inert gas atmosphere So as not to 
be in contact with the atmosphere. This prevents oxidation/ 
heat generation of the coarsely pulverized powder and thus 
Serves to improve the magnetic properties of the resultant 
magnet. The coarsely pulverized material alloy is then filled 
in a plurality of material packs, and the packs are put on a 
rack. Any apparatus and methods for the hydrogen pulveri 
zation described in copending application Ser. No. 09/503, 
738, filed Feb. 15, 2000, which is incorporated herein by 
reference, are useful in the present invention. 
0047. By the hydrogen pulverization, the rare earth alloy 
is pulverized to a size in the range between about 0.1 mm 
and Several millimeters with an average particle size of 200 
to 1000 um. After the hydrogen pulverization, the embrittled 
material alloy is preferably further cracked to a finer Size and 
cooled with a cooling apparatus Such as a rotary cooler. In 
the case of taking out the material while the temperature of 
the material is still comparatively high, the cooling time with 
the rotary cooler or the like may be made relatively longer. 

Second Pulverization Process 

0.048 Next, the coarsely pulverized powder produced in 
the first pulverization process is finely pulverized (or milled) 
with a jet mill. To the jet mill used in this embodiment, a 
cyclone classifier is connected for removal of fine powder. 
0049. Hereinafter, the fine pulverization process (second 
pulverization process) using the jet mill will be described in 
detail with reference to FIG. 2. 

0050. The illustrated jet mill unit denoted by the refer 
ence numeral 10 includes: a material feeder 12 for feeding 
the rare earth alloy coarsely pulverized in the first pulveri 
Zation process, a pulverizer 14 for pulverizing the material 
to be pulverized fed from the material feeder 12; a cyclone 
classifier 16 for classifying powder obtained by pulverizing 
the material to be pulverized with the pulverizer 14; and a 
collecting tank 18 for collecting powder having a predeter 
mined particle size distribution classified with the cyclone 
classifier 16. 

0051. The material feeder 12 includes a material tank 20 
for receiving the material to be pulverized, a motor 22 for 
controlling the feed amount of the material to be pulverized 
from the material tank 20, and a spiral screw feeder 24 
connected to the motor 22. 

0.052 The pulverizer 14 includes a vertically-mounted 
roughly cylindrical pulverizer body 26. In the bottom por 
tion of the pulverizer body 26, formed are a plurality of 
nozzle fittings 28 for receiving nozzles through which an 
inert gas (for example, nitrogen) is jet at high speed. A 
material feed pipe 30 is connected to the pulverizer body 26 
at the sidewall thereof for feeding the material to be pull 
verized into the pulverizer body 26. 
0053) The material feed pipe 30 is provided with a pair of 
Valves 32, composed of an upper Valve 32a and a lower 
valve 32b, for holding the material to be fed temporarily and 
confining the pressure inside the pulverizer 14. The Screw 
feeder 24 and the material feed pipe 30 are coupled with 
each other via a flexible pipe 34. 
0.054 The pulverizer 14 also includes a classifying rotor 
36 placed in the upper portion of the pulverizer body 26, a 
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motor 38 placed outside the upper position of the pulverizer 
body 26, and a connection pipe 40 placed through the upper 
portion of the pulverizer body 26. The motor 38 drives the 
classifying rotor 36, and the connection pipe 40 discharges 
the powder classified with the classifying rotor 36 outside 
the pulverizer 14. 
0055. The pulverizer 14 includes a plurality of Support 
legs 42, and is Secured to a base 44 Surrounding the 
pulverizer 14 with the legs 42 attached to the base 44. In this 
embodiment, weight detectorS 46 Such as load cells are 
placed between the legs 42 and the base 44. Based on the 
outputs from the weight detectors 46, a control section 48 
controls the rotational speed of the motor 22 to thereby 
control the feed amount of the material to be pulverized. 
0056. The cyclone classifier 16 includes a classifier body 
64 and an exhaust pipe 66 extending downward in the 
classifier body 64 from above. An inlet 68 is formed at the 
sidewall of the classifier body 64, to connect the classifier 
body 64 with the connection pipe 40 through a flexible pipe 
70 for receiving the powder classified with the classifying 
rotor 36. An outlet 72 is formed at the bottom of the classifier 
body 64, to connect the classifier body 64 with the collection 
tank 18 for collection of desired finely pulverized powder. 
0057 The flexible pipes 34 and 70 are preferably made of 
resin or rubber, or made of a highly rigid material con 
Structed in an accordion or coil shape to provide flexibility. 
By using such flexible pipes 34 and 70, changes in the 
weights of the material tank 20, the screw feeder 24, the 
classifier body 64, and the collecting tank 18 are not 
transferred to the legs 42. This makes it possible to correctly 
detect the weight of the material to be pulverized remaining 
in the pulverizer 14, as well as a change of the weight, with 
the weight detectorS 46 placed on the legs 42. 
0.058 Next, the pulverization with the jet mill 10 will be 
described. 

0059 First, the material to be pulverized is put into the 
material tank 20, for being fed to the pulverizer 14 through 
the screw feeder 24. The feed amount of the material to be 
pulverized can be regulated by controlling the rotational 
speed of the motor 22. The material fed from the screw 
feeder 24 is temporarily held at the valves 32. The upper and 
lower valves 32a and 32b open and close alternately. Spe 
cifically, when the upper Valve 32a is open, the lower valve 
32b is closed. When the upper valve 32a is closed, the lower 
Valve 32b is open. By this alternate open/close operation of 
the pair of valves 32a and 32b, the pressure inside the 
pulverizer 14 is prevented from leaking to the material 
feeder 12. In this way, when the upper valve 32a is open, the 
material to be pulverized is held between the pair of upper 
and lower valves 32a and 32b, and when the lower valve 32b 
is open, the material to be pulverized is guided through the 
material feed pipe 30 to be introduced into the pulverizer 14. 
The valves 32 are driven at high Speed with a sequence 
circuit (not shown) separate from the control circuit 48 so 
that the material to be pulverized is Sequentially fed into the 
pulverizer 14. 
0060. The material to be pulverized fed into the pulver 
izer 14 is rolled up with high-Speed jets of inert gas from the 
nozzle fittings 28 and Swirl together with high-Speed gas 
flows inside the pulverizer 14. While Swirling, the particles 
of material are finely milled by mutual collision with each 
other. 
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0061 Powder particles finely pulverized as described 
above are guided upward with ascending gas flows to reach 
the classifying rotor 36, where the particles are classified and 
coarse particles are dropped for further pulverization. Par 
ticles having a size of a desired value or less pass through the 
connection pipe 40 and the flexible pipe 70 to be introduced 
into the classifier body 64 of the cyclone classifier 16 via the 
inlet 68. Inside the classifier body 16, relatively large 
powder particles having a size of a predetermined value or 
more precipitate to be accumulated in the collecting tank 18 
placed under the classifier body 64, while Super-fine powder 
particles are discharged together with the inert gas flows 
through the exhaust pipe 66. In this embodiment, by remov 
ing the Superfine powder through the exhaust pipe 66, the 
particle quantity of the Super-fine powder (particle size of 1 
um or less) is adjusted to 10% or less of that of the entire 
powder collected in the collecting tank 18. By removing the 
R-rich Super-fine powder in this manner, it is possible to 
reduce the amount of the rare earth element R in the resultant 
Sintered magnet that is consumed for reacting with Oxygen, 
and thus improve the magnet properties. 

0.062. As described above, in this embodiment, the 
cyclone classifier 16 having the blowing-up function is used 
as the classifier following the jet mill (pulverizer 14). In the 
cyclone classifier 16 of this type, Super-fine powder having 
a particle size of a predetermined value or less turns upward 
without being collected into the collecting tank 18 and is 
discharged outside through the pipe 66. 

0.063. The particle size of the fine powder to be dis 
charged through the pipe 66 can be controlled by appropri 
ately determining cyclone parameters as those defined in 
“Powder technology pocketbook”, Kogyo Chosakai Pub 
lishing Co., Ltd., pp. 92-96 and regulating the preSSure of the 
inert gas flows. 
0.064 FIG. 3 shows an example of the particle size 
distribution of the powder obtained after the second pulveri 
zation process described above. As shown in FIG. 3, in this 
embodiment, it is possible to obtain alloy powder of which 
the average particle size is about 4.0 um, for example, and 
in which the particle quantity of Super-fine powder having a 
particle size of 1.0 um or less is 10% or less of that of the 
entire powder. The preferred average particle size of finely 
pulverized powder used for manufacture of Sintered magnets 
is in the range between 2 um and 10 um. Note that in the 
example shown in FIG. 3, since the material alloy used 
(strip cast alloy) had a fine metal structure, the resultant 
particle Size distribution was significantly sharp compared 
with that of the conventional ingot alloy powder. In this 
embodiment, the pulverization condition is adjusted So that 
the particle quantity of coarse powder having a particle size 
of 5 um or more should be 13% or less of that of the entire 
powder. Reduction in the amount of Such large powder 
particle whose size is 5 um or more improves the magnet 
properties of the resultant Sintered magnet. In this Specifi 
cation, the “particle Size' is defined by the particle dimen 
Sion that is measured with a Fisher Sub-Siever Sizer 
(F.S.S.S.) method. 
0065. In order to minimize the oxidation in the pulveri 
Zation process as much as possible, the oxygen amount in 
the high-speed flow gas used during the fine pulverization 
should preferably be reduced to about 0.02% to about 5% by 
Volume. A pulverization method including control of the 
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oxygen concentration in the high-speed flow gas is described 
in Japanese Patent Examined Publication No. 6-6728. More 
preferably, the oxygen amount in the inert gas may be 
adjusted to the range of 0.05% to 3% by volume. 
0066 By controlling the oxygen concentration in an 
atmosphere for fine pulverization as described above, the 
oxygen content of the finely pulverized alloy powder is 
preferably adjusted to 6,000 ppm by weight or less. If the 
oxygen content of the rare earth alloy powder exceeds 6,000 
ppm by weight, the percentage of nonmagnetic oxides in the 
resultant Sintered magnet increases, resulting in deteriorat 
ing the magnetic properties of the Sintered magnet. The 
finely pulverized powder particles are coated with an oxide 
layer as described above. This permits compaction of the 
powder in the atmosphere. 

0067. In this embodiment, the control of the oxygen 
content of the powder to 6,000 ppm by weight or less is 
possible by regulating the oxygen concentration in the inert 
gas atmosphere during the fine pulverization because R-rich 
Super-fine powder has been appropriately removed. If R-rich 
Super-fine powder is not removed and thus the particle 
quantity of Super-fine powder exceeds 10% of that of the 
entire powder, the oxygen content of the finally obtained 
powder will exceed 6,000 ppm even when the oxygen 
concentration in the inert gas atmosphere is reduced. 
0068 Thus, the removal of R-rich Super-fine powder 
having a particle size of 1 um or leSS provides the following 
effects. The flowability of the final powder obtained after the 
Second pulverization proceSS improves. The crystal grain 
Size is made uniform after Sintering. This improves the 
Squareness of the B-H demagnetization curve and thus 
results in a high coercive force. 
0069. In this embodiment, the second pulverization pro 
cess is performed with the jet mill 10 constructed as shown 
in FIG. 2. The present invention is not limited to this, but a 
jet mill having another construction or another type of 
pulverizer (an attritor, a ball mill, or the like) may also be 
used. AS the classifier for removing Super-fine powder, a 
centrifigal classifier such as a FATONGEREN type classifier 
and a micro-Separator may also be used in place of the 
cyclone classifier. 

Addition of Lubricant 

0070. In this embodiment, the finely pulverized powder 
produced in the manner described above is mixed with a 
lubricant in an amount of 0.3 wt %, for example, in a rocking 
mixer, So that the alloy powder particles are coated with the 
lubricant. As the lubricant, a fatty ester diluted with a 
petroleum Solvent may be used. In this embodiment, methyl 
caproate is used as the fatty ester and isoparaffin is used as 
the petroleum Solvent. The weight ratio of methyl caproate 
to isoparaffin is Set at 1:9, for example. Such a liquid 
lubricant provides the effect of protecting the powder par 
ticles from being oxidized by coating the Surfaces of the 
particles, and the function of improving the degree of 
alignment of the powder particles during compaction and the 
degree of powder compaction (that is, forming a compact 
with a uniform density having no defects Such as fractures 
and cracks). 
0071. The type of the lubricant is not limited to that 
described above. AS the fatty ester, methyl caprylate, methyl 
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laurylate, methyl laurate, and the like may be used in place 
of methyl caproate. AS the Solvent, petroleum Solvents other 
than isoparaffin and naphthenic Solvents may be used. The 
lubricant may be added at any timing before, during, or after 
the fine pulverization using the jet mill. In place of or in 
addition to the liquid lubricant, a Solid (dry) lubricant Such 
as Zinc Stearate may be used. 
0.072 By coating the surfaces of the finely pulverized 
powder particles as described above, oxidation of the pow 
der can be Suppressed. 

Compaction 

0073. The magnetic powder produced by the method 
described above is compacted in a magnetic field for align 
ment using a known press. Upon completion of compaction, 
a powder compact is pressed upward with a lower punch to 
be taken out from the press. 
0.074 The compact is then placed on a sintering bedplate 
made of molybdenum, for example, and mounted in a 
Sintering case together with the bedplate. The Sintering case 
including the compact is moved to a sintering furnace, where 
the compact is Subjected to a known Sintering process to 
produce a sintered body. The sintered body is then subjected 
to aging, Surface polishing, and deposition of a protection 
film, as required. 
0075. In this embodiment, since the powder to be com 
pacted contains only a Small amount of easily-oxidizing 
R-rich Super-fine powder, heat generation and ignition due to 
oxidation are not likely to occur immediately after the 
compaction. Thus, the removal of R-rich Super-fine powder 
contributes to, not only improvement in magnetic properties, 
but also improvement in Safety. 

EXAMPLE AND COMPARATIVE EXAMPLE 

0.076. As the example of the present invention, in the fine 
pulverization proceSS using the jet mill and the cyclone 
classifier connected to each other, the pressure of the gas in 
the cyclone classifier was controlled to change the amount of 
Super-fine powder contained in the collected powder. Nitro 
gen gas (99% by volume) with the addition of oxygen gas 
(1% by volume) was used as a high-speed flow gas for the 
jet mill. 
0.077 For samples 1 to 10, evaluated were the percentage 
of the particle quantity of Super-fine powder having a 
particle size of 1 um or less in the entire powder, the 
magnetic properties, and the oxygen amount. The results are 
shown in Table 1. 

TABLE 1. 

Percentage of Oxygen 
Sample Super- Hc Br Sinter density amount 
No. fine powder (%) (kA/m) (T) (g/cm) (ppm) 

1. 0.5 1,009 1.42 7.65 2,900 
2 1.O 1,003 1.42 7.6O 3,050 
3 3.0 1,003 1.41 7.65 3,200 
4 5.0 995 140 7.6O 3,500 
5 7.0 987 1.38 7.52 4,000 
6 1.O.O 963 1.36 7.45 5,300 
7 13.0 812 132 7.30 7,400 
8 15.O 692 1.29 7.OO 8,500 
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0078. Note that samples 1 to 6 are examples of the 
present invention, while Samples 7 and 8 are comparative 
examples. These Samples were produced under the follow 
ing conditions. 
0079 The powder prepared in the manner described in 
the above embodiment was compacted to produce compacts 
having a size of 15 mmx20 mmx10 mm. The pressure 
applied was 98 MPa. During compaction, a magnetic field 
(1.0 MA/m) for alignment was applied in the direction in 
which the thickness of the compact was 15 mm. After 
compaction, the compact was Sintered in an argon atmo 
sphere at a temperature of 1,100° C. for two hours. After 
aging was performed, the Sintering density, the coercive 
force iHe of the Sintered magnet, and the residual magnetic 
flux density Br were measured. Note that the oxygen 
amounts in Table 1 are those in the respective alloy powders 
measured after the fine pulverization. 

0080 AS is observed from Table 1, the oxygen amount 
increases and the Sintering density decreases with increase 
of the percentage of the particle quantity of Super-fine 
powder having a particle size of 1 um or less in the entire 
powder. AS the percentage of the particle quantity of Super 
fine powder having a particle Size of 1 um or less increased 
beyond 10.0%, the oxygen amount exceeded 6,000 ppm by 
weight and the sintering density fell short of 7.4 g/cm. In 
addition, both the coercive force iHe and the residual 
magnetic flux density Br deteriorated. 
0081. On the contrary, when the percentage of the particle 
quantity of Super-fine powder having a particle Size of 1 lim 
or less was 10.0% or less, it was possible to obtain excellent 
magnetic properties of a coercive force iHe of 900 kA/m or 
more and a residual magnetic flux density Br of 1.35 T or 
more. In particular, when the percentage of the particle 
quantity of the Super-fine powder was 5.0% or less, better 
magnetic properties were obtained, where the coercive force 
iHc was as high as 990 kA/m or more and the residual 
magnetic flux density Br was as high as 1.4T or more. Most 
of all, the best magnetic properties were obtained when the 
percentage of the particle quantity of the Super-fine powder 
was 3.0% or less. 

0082. As described above, the oxygen amount in the 
pulverized powder can be reduced by reducing the percent 
age of R-rich Super-fine powder existing in the rare earth 
alloy powder. With the reduced oxygen amount, the density 
of the Sintered body can be Sufficiently improved, and as a 
result, the magnetic properties can be greatly improved. 

0083. The rare earth alloy powder particles used in the 
present invention are ferromagnetic, and therefore tend to 
agglomerate together with a magnetic force, forming Sec 
ondary aggregated particles or cohered particles. For this 
reason, the measurement results may not be correct when a 
conventional particle size distribution measurement method 
is employed. In this example, therefore, the particle size 
distribution was measured in the following manner. 
0084. A powder sample is put in a beaker together with 
ethyl alcohol and Subjected to ultrasonic dispersion. After 
the Supernatant in the beaker is removed, the resultant 
powder Sample is kneaded with a binder in a mortar to 
produce a paste Sample. The paste Sample is then spread on 
a slide glass free of flaws and Stains, to prepare a Sample cell 
including a kneaded film having a uniform thickness. The 
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Sample cell is immediately placed in a particle size distri 
bution measuring apparatus before agglomeration of the 
powder particles proceeds in the kneaded film. In the particle 
Size distribution measuring apparatus, the Sample cell is 
irradiated with a laser beam emitted from a laser light Source 
and Scanned at a high Speed. Changes in the intensity of the 
laser beam that has passed through the Sample cell are 
detected, and based on the detection results, the particle size 
distribution of the particles dispersed in the Sample cell is 
measured. This particle Size distribution measurement can 
be performed using a particle size distribution measuring 
apparatus (GALAI CIS-1) from Galai Inc., for example. 
Using this type of particle Size distribution measuring appa 
ratus, the particle Size can be directly determined from the 
time required for the laser beam to pass over a particle, 
utilizing the fact that the transmitted light amount decreases 
when the laser beam is blocked by the particle during the 
high-Speed Scanning. 

0085 Although the present invention was described as 
being applied to a rapidly Solidified alloy produced by a Strip 
casting method, it is also applicable to an alloy produced by 
an ingot method. The effect of the present invention is also 
exhibited for this alloy since R-rich super-fine powder is also 
formed in the case of using this alloy. 
0.086. In the above description, a single type of material 
alloy having the same composition was used for the first and 
Second pulverization processes. The present invention is not 
limited to this, but plural types of rare earth alloys different 
in production method and rare earth content may be used as 
the material to be pulverized. In other words, the present 
invention is also applicable to the “two-alloy method” where 
two types of rare earth alloy powder different in composition 
are mixed, and the mixed powder is compacted and Sintered. 
Specifically, in the “two-alloy method’, the first pulveriza 
tion proceSS may be performed Separately for two types of 
rare earth alloys different in rare earth content. The resultant 
two types of coarsely pulverized powder may be mixed, and 
then Subjected to the Second pulverization process. Alterna 
tively, both the first and Second pulverization processes may 
be performed Separately for plural types of rare earth alloys 
different in rare earth content. Then, the resultant plural 
types of finely pulverized powder may be mixed together. AS 
yet another method, the present invention may be applied to 
one of two types of alloys, while a conventional method 
being applied to the other type of alloy, and the resultant two 
types of finely pulverized powder may be mixed together. 
0087. The composition of the powder changes in the 
course of the pulverization process. Therefore, in order to 
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appropriately mix plural types of powder different in com 
position and thereby adjust the composition of the mixed 
powder to a target value with high precision, it is preferable 
to measure the composition of the powder after completion 
of all the pulverization processes and determine the mixture 
ratio based on the measured value. In this case, plural types 
of powder may be mixed at the Stage of adding a lubricant 
to the powder. 
0088. Thus, in the alloy powder for R-Fe-B type rare 
earth magnets according to the present invention, the per 
centage of a powder component that has a particle size of 1 
tim or leSS and is high in oxidation reactivity in the entire 
powder is small. Therefore, it is possible to prevent the 
magnet properties from deteriorating due to oxidation of the 
rare earth element R. This greatly improves the properties of 
high-performance rare earth magnets, and also improves the 
Safety during manufacture of the magnets. 
0089. The present invention exhibits significant effects 
especially when a rapidly Solidified alloy (for example, a 
Strip cast alloy) that is apt to generate R-rich Super-fine 
powder is used and when the hydrogen pulverization proceSS 
is performed. 

0090 While the present invention has been described in 
a preferred embodiment, it will be apparent to those skilled 
in the art that the disclosed invention may be modified in 
numerous ways and may assume many embodiments other 
than that Specifically Set out and described above. Accord 
ingly, it is intended by the appended claims to cover all 
modifications of the invention that fall within the true spirit 
and Scope of the invention. 

What is claimed is: 
1. Alloy powder for R-Fe-B type rare earth magnets 

having an average particle size in a range between 2 um and 
10 tim, the particle quantity of fine powder having a particle 
size of 1.0 um or less being adjusted to 10% or less of the 
particle quantity of the entire powder. 

2. The alloy power of claim 1, wherein said alloy powder 
is obtained by cooling a molten material alloy at a cooling 
rate in a range between 10° C./sec and 10" C./sec and 
pulverizing the resultant alloy. 

3. An R-Fe-B type rare earth magnet produced from 
the alloy powder for R-Fe-B type rare earth magnets of 
claims 1 or 2. 


