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(57) ABSTRACT 

An anisotropic exchange spring magnet poWder complexing 
a hard magnetic material and a soft magnetic material, 
Wherein a rare earth metal element, a transition metal 

element, boron and carbon and the like are contained, and 
the hard magnetic material and soft magnetic material have 
crystal particle diameters of 150 nm or less. A method of 
producing an anisotropic exchange spring magnet poWder 
comprises treating a crystalline mother material containing 
a hard magnetic material and soft magnetic material or the 
crystalline mother material having amorphous parts, in a 
continuous process composed of an amorphousating process 
and the folloWing crystalliZing process, repeated once or 
more times. An anisotropic exchange spring magnet is 
obtained by treatment, in an anisotropy-imparting molding 
process and a solidi?cation process, of an anisotropic 
exchange spring magnet powder. 
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EXCHANGE SPRING MAGNET POWDER AND A 
METHOD OF PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to an exchange spring 
magnet powder and a method of producing the same, more 
particularly, to an exchange spring magnet poWder realiZing 
an exchange spring magnet having anisotropy, Which can 
suitably used in motors, magnetic ?eld sensors, rotation 
sensors, acceleration sensors, torque sensors and the like, 
and a method of producing the same. 

[0002] As related permanent magnet materials, ferrite 
magnets Which are chemically stable and inexpensive and 
rare earth metal-based magnets having high ability are 
practically used. These magnets are constituted of approxi 
mately a single compound as a magnet compound, and 
recently, exchange spring magnets are noticed Which are 
obtained by complexing a permanent magnet material hav 
ing high coercive force With a soft magnetic material having 
high magnetic ?ux density. 

[0003] Such exchange spring magnets are expected to 
have high maximum energy product, and theoretically, 
extremely high magnetic property of 100 MGOe(z796 
kJ/m3) or more can be realiZed. 

SUMMARY OF THE INVENTION 

[0004] HoWever, exchange spring magnets developed to 
date have isotropy, and the resulting maximum energy 
product is as loW as about 20 MGOe(z159 kJ/m3). The 
maximum reason for this is that orientations of crystal 
particles constituting an exchange spring magnet are not 
arranged to a constant direction, therefore, there are a lot of 
studies to realiZe an anisotropic exchange spring magnet 
Which is so ?ne and has crystal directions arranged toWard 
the same direction as to manifest exchange connection. 

[0005] The present invention has been accomplished in 
vieW of such problems of earlier technologies, and an object 
of the present invention is to provide an anisotropic 
exchange spring magnetic poWder Which can realiZe an 
exchange spring magnet having more excellent anisotropy 
and higher maximum energy product as compared With 
conventional magnets, and a method of producing the same, 
and an anisotropic exchange spring magnet obtained by 
using this magnetic poWder. 

[0006] The present inventors have intensively investigated 
to attain the above-mentioned object, and resultantly, found 
that the above-mentioned object can be accomplished by 
treating a given crystalline mother material in speci?c 
amorphousating process and crystalliZing process, leading to 
completion of the present invention. 

[0007] Namely, the anisotropic exchange spring magnet 
poWder of the present invention comprises a hard magnetic 
material phase containing a rare earth metal element, a 
transition metal element, and at least one element selected 
from the group consisting of boron (B), carbon (C), nitrogen 
(N) and oxygen (O), and a soft magnetic material phase 
containing a transition metal element, and at least one 
element selected from the group consisting of boron (B), 
carbon (C), nitrogen (N) and oxygen (O), Wherein the 
above-mentioned hard magnetic material phase and soft 
magnetic material phase have crystal particle diameters of 
150 nm or less. 
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[0008] The method of producing an anisotropic exchange 
spring magnet poWder of the present invention comprises: 
preparing a crystalline mother material containing a hard 
magnetic material phase containing a rare earth metal ele 
ment, a transition metal element, and at least one element 
selected from the group consisting of boron (B), carbon (C), 
nitrogen (N) and oxygen (O), and a soft magnetic material 
phase containing a transition metal element, and at least one 
element selected from the group consisting of boron (B), 
carbon (C), nitrogen (N) and oxygen (O), and/or, the crys 
talline mother material partially having amorphous parts; 
amorphousating the above-mentioned crystalline mother 
material, and re-crystalliZing the above-mentioned amor 
phousated mother material. 

[0009] According to the present invention, an anisotropic 
exchange spring magnet poWder having a ?ne crystal par 
ticle diameter and crystal orientations arranged to the con 
stant direction is obtained. 

[0010] When the production method of the present inven 
tion is effected, an anisotropic exchange spring magnet 
poWder can be obtained Which is ?ner and more excellent in 
magnetic property by repeating a continuous process com 
posed of an amorphousating process and a crystalliZing 
process. 

[0011] Further, the anisotropic exchange spring magnet of 
the present invention is obtained by treatment, in an anisot 
ropy-imparting molding process and a solidi?cation process, 
of an anisotropic exchange spring magnet poWder compris 
ing a hard magnetic material phase containing a rare earth 
metal element, a transition metal element, and at least one 
element selected from the group consisting of boron (B), 
carbon (C), nitrogen (N) and oxygen (O), and a soft mag 
netic material phase containing a transition metal element, 
and at least one element selected from the group consisting 
of boron (B), carbon (C), nitrogen (N) and oxygen (O), 
Wherein the above-mentioned hard magnetic material phase 
and soft magnetic material phase have crystal particle diam 
eters of 150 nm or less. 

[0012] According to the present invention, an anisotropic 
exchange spring magnet poWder having a ?ne crystal par 
ticle diameter and crystal orientations arranged to the con 
stant direction is obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of aniso 
tropic strength in the ?rst embodiment. 

[0014] FIG. 2 is a graph shoWing relations betWeen the 
numbers of process cycles and the relative values of coer 
cive force, of materials shoWn in FIG. 14 of the ?rst 
embodiment. 

[0015] FIG. 3 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of aniso 
tropic strength in the ?rst embodiment. 

[0016] FIG. 4 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of coercive 
force in the ?rst embodiment. 

[0017] FIG. 5 is a graph shoWing a relation betWeen the 
content x and the maximum energy product in the ?rst 
embodiment. 
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[0018] FIG. 6 is a graph showing a relation between the 
amorphous content and the relative value of maximum 
energy product in the ?rst embodiment. 

[0019] FIG. 7 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of aniso 
tropic strength in the second embodiment. 

[0020] FIG. 8 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of coercive 
force in the second embodiment. 

[0021] FIG. 9 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of aniso 
tropic strength in the second embodiment. 

[0022] FIG. 10 is a graph shoWing a relation betWeen the 
number of process cycles and the relative value of coercive 
force in the second embodiment. 

[0023] FIG. 11 is a graph shoWing a relation betWeen the 
content X and the maximum energy product in the second 
embodiment. 

[0024] FIG. 12 is a graph shoWing relations betWeen the 
numbers of process cycles and the relative values of aniso 
tropic strength, When different crystalliZing treatments are 
used, in the second embodiment. 

[0025] FIG. 13 is a schematic vieW shoWing the structure 
of a driving motor in the third embodiment. 

[0026] FIG. 14 is a table shoWing combinations of per 
manent magnetic materials and soft magnetic materials in 
FIG. 2, and presence or absence of anisotropy. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0027] The exchange spring magnetic poWder of the 
present invention Will be illustrated in detail beloW. In the 
present speci?cation, “%” is by Weight unless otherWise 
stated. 

[0028] As described above, the exchange spring magnetic 
poWder of the present invention is an exchange spring 
magnetic poWder excellent in anisotropy obtained by com 
plexing a permanent magnetic material With a soft magnetic 
material. Hereinafter, according to conventional manners, a 
permanent magnetic material is called a hard magnetic 
material phase and a soft magnetic material is called a soft 
magnetic material phase. 

[0029] As element components, a rear earth metal ele 
ment, a transition metal element, and boron (B), carbon (C), 
nitrogen (N) or oxygen (O) or any mixtures thereof are 
contained, and a hard magnetic material phase and a soft 
magnetic material phase have crystal particle diameters of 
150 nm or less. 

[0030] Here, as the hard magnetic material phase, Nd-Fe 
B-based, Sm-Fe-N-based, Sm-Fe-N-B-based, Sm-Co-based, 
Sm-Co-B-based, BaFelzOlg-based and SrFe12O19-based 
materials, and the like are listed, and as the soft magnetic 
material phase, Fe, Co, Fe-B-based, Fe-C-based, Fe-Co 
based and Fe-N-based materials, and Mn(manganese)-Zn 
(Zinc)-based ferrite, Ni(nickel)-Zn-based ferrite and Fe3O4 
based ferrite, and the like are listed. 

[0031] In the exchange spring magnetic poWder of the 
present invention, a hard magnetic material phase and a soft 
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magnetic material phase, as described above, are com 
plexed, in other Words, in this magnetic poWder, a hard 
magnetic material phase and a soft magnetic material phase 
are present in admixture under the condition of exchange 
connection of magnetiZation of a hard magnetic material 
phase and magnetiZation of an adjacent soft magnetic mate 
rial phase. 

[0032] The exchange spring magnetic poWder of the 
present invention manifests high anisotropy, and typically, 
has anisotropic strength represented by the folloWing for 
mula: 

[0033] (Wherein, Br// represents residual magnetic ?ux 
density along magnetic ?eld application direction in mold 
ing in magnetic ?eld, and Br i represents residual magnetic 
?ux density along vertical direction to this magnetic ?eld 
application direction). 

[0034] On the other hand, as described above, the 
exchange spring magnetic poWder of the present invention 
contains a rare earth metal element, a transition metal 
element, and B, C, N or O or any combinations thereof, and 
contains, as essential components, a rare earth metal ele 
ment, a transition metal element, and an element such as B, 
C and the like, from the standpoint of element components. 

[0035] In this case, the rare earth metal element is not 
particularly restricted, and Nd, Pr or Sm and any combina 
tions thereof are suitable, and also the transition metal 
element is not particularly restricted, and it is preferable to 
use Fe and/or Co as the main component. As the transition 
metal element, other transition metal elements such as 
vanadium (V), niobium (Nb), chromium (Cr), nickel (Ni), 
aluminum (Al), titanium (Ti), gallium (Ga), Zirconium (Zr) 
and the like can also be used. 

[0036] Further, in the exchange spring magnetic poWder of 
the present invention, the content of the above-mentioned 
rare earth metal element and an element such as B, C or the 
like is not particularly restricted providing the above-men 
tioned property is manifested, and typically, it is preferable 
that the content of rare earth metal element is from 2 to 15 
atomic %, the content of elements such as B, C and the like 
is from 1 to 25 atomic % or less. 

[0037] When the content of rare earth metal element is less 
than 2 atomic %, the content of a hard magnetic material 
phase in a magnet produced thereafter loWers, While When 
over 15 atomic %, the content of a soft magnetic material 
phase loWers, namely, in any case, magnetic ability may 
decrease. 

[0038] On the other hand, When the content of elements 
such as B, C and the like is out of the above-described range, 
disadvantages occur such as production of compounds not 
preferable for the intended magnetic material in the present 
invention, deviation of a formulation ratio of compounds in 
a magnetic material out of the preferable range, and the like, 
and resultantly, the ability of the magnetic material may 
decrease. Regarding the transition metal elements, the con 
tent is preferably from 70 to 85 atomic %. 

[0039] Further, in the exchange spring magnetic poWder of 
the present invention, the crystal particle diameter of the 
above-mentioned hard magnetic material phase and soft 
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magnetic material phase is controlled to 150 nm or less, and 
by this, this magnetic powder shoWs excellent change con 
nection property. 

[0040] When the particle diameter is over 150 nm, the 
center part of a soft magnetic material phase is not easily 
affected by a hard magnetic material phase, consequently, 
excellent magnetic property, namely high maximum energy 
product may not be obtained, and the intended magnetic 
material in the present invention is not obtained. 

[0041] Next, the method of producing an exchange spring 
magnetic poWder of the present invention Will be explained 
in detail. 

[0042] The method of producing an exchange spring mag 
netic poWder of the present invention is a method for 
obtaining an exchange spring poWder as described above, 
and in this method, a crystalline mother material containing 
the above-mentioned hard magnetic material phase and soft 
magnetic material phase, a material obtained by forming 
amorphous parts partially in this crystalline mother material, 
or a mixture of them, is subjected continuously to amor 
phousating treatment and crystalliZing treatment each at 
least once. 

[0043] Here, the above-mentioned crystalline mother 
material is a crystalline magnetic material containing a hard 
magnetic material phase and a soft magnetic material phase 
as described above, and element components thereof are also 
as described above, and a large difference from the exchange 
spring magnetic poWder of the present invention is presence 
or absence of exchange of magnetiZation of a hard magnetic 
material phase and magnetiZation of an adjacent soft mag 
netic material phase. 

[0044] In the production method of the present invention, 
introduction of amorphous parts into such a crystalline 
mother material can be conducted by knoWn technologies, 
for example, a high frequency introduction meeting and 
casting method, liquid quenching method, atomiZing 
method and the like. 

[0045] A bene?t of thus introducing amorphous parts 
partially into a crystalline mother material previously is that 
oxidation of the mother material can be suppressed suf? 
ciently since the folloWing amorphousating process can be 
simpli?ed and shortened, and by this merit, the magnetic 
property of the resulting exchange spring magnetic poWder 
can be further improved. 

[0046] The content of amorphous parts in the mother 
material can be evaluated from the temperature dependence 
of magnetiZation, and it is desirably 95% or less. When the 
content of amorphous parts is over this range, the degree of 
orientation of the mother material crystal may loWer to 
decrease magnetic property. 

[0047] The above-mentioned amorphousating process can 
be conducted by applying a ball mill method, plasma irra 
diation method and the like, and by this process, a crystalline 
mother material and/or a material obtained by introducing 
amorphous parts into this crystalline mother material is 
amorphousated into a condition in Which ?ne crystal par 
ticles remain in an amorphous matrix. 

[0048] In the production method of the present invention, 
a crystalliZing process by heat treatment is conducted fol 
loWing this amorphousating process, and by this process, 
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crystal particles in the above-mentioned amorphous matrix 
are crystalliZed so ?nely as to cause exchange connection of 
the particles, and in this procedure, crystals groW continu 
ously toWard the direction of ?ne crystal particles remain 
ing, resultantly, in one crystal particle, an anisotropic 
exchange spring magnet poWder Which is ?ne and has 
crystal particle diameters of approximately the same siZe is 
formed. 

[0049] In the production method of the present invention, 
the above-mentioned amorphousating process and/or crys 
talliZing process is desirably conducted under a condition in 
Which oxygen is blocked, for example, in vacuum, in an 
inert gas, in nitrogen or in an organic solvent. By conducting 
the process under such a condition, deterioration of a rare 
earth metal-based magnetic compound can be prevented, 
and decrease in magnetic property of the resulting exchange 
spring magnetic poWder can be prevented. 

[0050] Further, in the production method of the present 
invention, it is desirable to repeat the above-mentioned 
amorphousating process and crystalliZing process (continu 
ous process of amorphism-crystalliZation) once or more 
times, and by this, the degree of orientation of crystal is 
further improved, and consequently, an anisotropy-impart 
ing effect increases, Which is effective for improvement of 
magnetic property. 

[0051] In the above-mentioned crystalliZing process, it is 
suf?cient that crystalliZation realiZing the above-mentioned 
exchange connection can be conducted, and typically, it is 
preferable that the temperature of heat treatment for crys 
talliZation is 950° C. or less. When over 950° C., an 
anisotropic exchange spring magnet poWder having ?ne 
crystal particles may not be obtained, and deterioration in 
magnetic property occurs, therefore, the crystalliZation is 
desirably conducted at 950° C. or less, and due to the same 
reason, the time of heating treatment for crystalliZation is 
desirably 1 hour or less. 

[0052] In the production method of the present invention, 
it is also possible to conduct this crystalliZing process under 
compression, and by this, crystal groWth can be promoted. 

[0053] As the compressing method, for example, hot press 
and spark plasma sintering methods can be applied, and it is 
desirable to conduct compression at a pressure from 49 to 98 
MPa (0.5 to 1.0 ton/cm2) in the case of the hot press method, 
and at a pressure from 490 to 980 MPa (5 to 10 ton/cm2) in 
the case of the spark plasma sintering method. 

[0054] Further, in such a crystalliZing process by heat 
treatment, it may also be permissible that anisotropy is 
imparted to a magnetic material amorphousated in the 
previous process, then, the material is molded While being 
solidi?ed, and the molded particle is crystalliZed, and by 
this, the degree of orientation of crystal can be further 
enhanced and magnetic property can be further improved. 

[0055] As such a method of imparting anisotropy, there is, 
for example, a method in Which compression-molding is 
conducted under a condition in Which crystalliZation direc 
tions are arranged to the constant direction in magnetic ?eld. 
Regarding treatment conditions in this procedure, it is desir 
able that the magnetic strength is 20 kOe (@1592 kA/m) or 
more, the compression pressure is from 98 to 294 MPa (1 to 
3 ton/cm2), and the treatment temperature is ordinary tem 
perature. 
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[0056] Next, the anisotropic exchange spring magnet of 
the present invention Will be explained in detail. 

[0057] The anisotropic exchange spring magnet of the 
present invention is obtained by using the above-mentioned 
anisotropic exchange spring magnet poWder of the present 
invention, and obtained by treatment of this magnetic poW 
der in an isotropy-imparting molding process and a solidi 
?cation process. 

[0058] As the solidi?cation process in this procedure, hot 
press and spark plasma sintering methods Which can effect 
full densifying at constant temperature, and the like are 
effective. 

[0059] Further, though the anisotropic exchange spring 
magnet of the present invention is obtained typically as an 
anisotropic exchange spring magnet of bulk type, since this 
spring magnet shoWs higher maximum energy product as 
compared With knoWn resins and metal bonded magnets 
having loW melting point or full dense magnets, of the same 
form, When this spring magnet is applied to motors, mag 
netic ?eld sensors, rotation sensors, acceleration sensors, 
torque sensors and the like, production of smaller and lighter 
products is promoted, and in the case of application to 
automobile parts for example, remarkable improvement in 
fuel consumption can be attained. 

[0060] Further, since such a bulk magnet has extremely 
high maximum energy product, by application of this mag 
net particularly to a driving motor in electric automobiles 
and hybrid electric automobiles, among magnetic ?eld sen 
sors, rotation sensors, acceleration sensors and torque sen 
sors, the driving motor can be installed at a place in Which 
space can not be secured easily conventionally, and envi 
ronmental problems can be solved at one time. 

[0061] The folloWing embodiments and comparative 
examples Will illustrate the present invention further in 
detail beloW, but do not limit the scope of the present 
invention. 

[0062] (First Embodiment) 
[0063] A crystalline mother material containing amor 
phous parts Was produced according to a liquid quenching 
method using an alloy of the formula: Nd4Fe88_XCo5Nb3BX 
Which had been high frequency induction-fused. Then, this 
crystalline mother material Was ground into a coarse poWder 
of 1 mm or less Which Was amorphousated by a plasma 
irradiation method, then, crystalliZing treatment Was con 
ducted for given cycles to obtain an anisotropic exchange 
spring magnet poWder of this embodiment. In this magnetic 
poWder, a hard magnetic material phase: Nd2Fe14B had a 
crystal particle diameter of about 40 nm, and a soft magnetic 
material phase: Fe3B had a crystal particle diameter of about 
40 nm. 

[0064] In this plasma irradiation method, the above-men 
tioned coarse poWder Was exposed in high frequency Argon 
(Ar) plasma, and this coarse poWder Was amorphousated 
from the surface direction by plasma energy. 

[0065] The resulted exchange spring magnetic poWder 
Was ground into a poWder of 100 pm or less, then, press 
molded in a magnetic ?eld of 25 kOe (@1990 kA/m) to 
produce a compressed poWder body, and magnetiZation 
curves along magnetic ?eld application direction and verti 
cal direction to this of the poWder body Were measured by 

Jan. 3, 2002 

a direct current BH tracer manifesting a maximum ?eld of 
25 kOe (@1990 kA/m), and presence or absence of anisot 
ropy Was con?rmed by a difference betWeen these curves. 

[0066] FIG. 1 shoWs the cycle number of amorphism and 
crystalliZation and the relative value of the anisotropic 
strength (ratio of residual magnetic ?ux density Br” along 
magnetic ?eld application direction in molding in magnetic 
?eld to residual magnetic ?ux density Br i along vertical 
direction to this), When using a mother material having a 
composition of the above-mentioned alloy in Which x=19 
and an amorphous content evaluated by temperature prop 
erty of magnetiZation of 80%, the crystalliZing process being 
heat treatment in vacuum at 650° C. for 10 minutes. 

[0067] FIG. 1 shoWs that the effect of the process of the 
present invention is extremely high, and anisotropy can be 
imparted by conducting amorphism and crystalliZation each 
once. Further, there is also shoWn a tendency of increase in 
extent of anisotropy by repetition of once or more times. 

[0068] FIG. 2 shoWs the relative value of coercive force 
of the same material as in FIG. 1. It is apparent that coercive 
force important as magnetic property can not be obtained in 
the form of mother material, and is improved by conducting 
amorphism and crystalliZation each once or more times. 

[0069] Further, such increase in isotropy by repetition of 
the processes is the same also in an exchange spring mag 
netic poWder combining various hard magnetic material 
phases With soft magnetic material phases as shoWn in FIG. 
14, and data are described together in FIG. 2. 

[0070] FIG. 3 shoWs the cycle number of amorphism and 
crystalliZation and the relative value of the anisotropic 
strength (Br///Br195 ratio), When using a mother material 
having a composition in Which x=20 and an amorphous 
content evaluated by temperature property of magnetiZation 
of 90%, the crystalliZing process being a process in Which 
compression molding is effected While imparting anisotropy 
in a magnetic ?eld of 25 kOe (@1990 kA/m), then, hot press 
is conducted in vacuum at a hot press compression pressure 
of 59 MPa (0.6 ton/cm2) and 650° C. for 10 minutes. 

[0071] The effect of this process is extremely large, and it 
is knoWn that anisotropy can be imparted by practicing once. 
Further, there is also shoWn a tendency of increase in extent 
of anisotropy by repetition of once or more times. 

[0072] FIG. 4 shoWs the relative value of coercive force 
of the same material as in FIG. 3. It is apparent that coercive 
force important as magnetic property can not be obtained in 
the form of mother material, and is improved by conducting 
amorphism and crystalliZation each once or more times. 

[0073] FIG. 5 shoWs the maximum energy product of a 
compressed poWder body, When evaluating a relation 
betWeen x and the anisotropic strength, When using a mother 
material having a composition in Which x=0.5 to 30 and an 
amorphous content evaluated by temperature property of 
magnetiZation of 75%, the crystalliZing process being heat 
treatment in vacuum at 650° C. for 10 minutes, and the 
number of cycles of amorphism and crystalliZation being 3. 

[0074] The maximum energy product of the compressed 
poWder body in this procedure Was obtained from a mag 
netiZation curve along magnetic ?eld application direction in 
producing the compressed poWder body, and represents 
magnetic property of the poWder. 
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[0075] Regarding composition range, it is known that 
higher property over that of conventional magnetic materials 
is obtained When the amount of B is from 1 to 25 atomic %. 

[0076] FIG. 6 shoWs the relative value of the maximum 
energy product of a compressed poWder body, When evalu 
ating the content of amorphous parts and the anisotropic 
strength, When using a mother material having a composi 
tion in Which x=19, the crystalliZing process being heat 
treatment in vacuum at 650° C. for 1 minute, and the number 
of cycles of crystalliZation being 3. The content of amor 
phous parts Was evaluated by magnetiZation-temperature 
dependence of the mother material. 

[0077] The cause of steep reduction in magnetic property 
When the content of amorphous parts is 90% or more is 
loWering of anisotropy. Further, it Was proved that oxidation 
of materials could be reduced by inclusion of amorphous 
parts by quantitative evaluation of oxygen concentration. 

[0078] (Second Embodiment) 
[0079] A crystalline mother material containing amor 
phous parts Was produced according to a liquid quenching 
method using an alloy of the formula: NdXFe84_XCo8V2B6 
Which had been high frequency induction meeting and 
casting, and this mother material Was placed in a stainless 
steel ball mill pot together With stainless steel balls using 
cyclohexane as a solvent, and amorphousating treatment 
Was conducted according to a ball mill method. 

[0080] Then, a crystalliZing process Was conducted for 
given cycles to obtain an anisotropic exchange spring mag 
net poWder of this embodiment. In this magnetic poWder, a 
hard magnetic material phase: Nd2Fe14B had a crystal 
particle diameter of about 50 nm, and a soft magnetic 
material phase: Fe had a crystal particle diameter of about 50 
nm. 

[0081] The resulted poWder Was ground into a poWder of 
100 pm or less, then, press-molded in a magnetic ?eld of 25 
kOe (1990 kA/m) to produce a compressed poWder body, 
and magnetiZation curves along magnetic ?eld application 
direction and vertical direction to this of the poWder body 
Were measured by a direct current BH tracer manifesting a 
maximum ?eld of 25 kOe (1990 kA/m), and presence or 
absence of anisotropy Was con?rmed by a difference 
betWeen these curves. 

[0082] FIG. 7 shoWs the cycle number of amorphism and 
crystalliZation and the relative value of the anisotropic 
strength (Br///Bri ratio), When using a mother material 
having a composition of the above-mentioned alloy in Which 
x=9 and an amorphous content evaluated by temperature 
property of magnetiZation of 50%, the crystalliZing process 
being heat treatment in vacuum at 600° C. for 10 minutes. 

[0083] It is knoWn that the effect of the process of the 
present invention is extremely high, and anisotropy can be 
imparted by practicing once. Further, there is also shoWn a 
tendency of increase in extent of anisotropy by repetition of 
once or more times. 

[0084] FIG. 8 shoWs the relative value of coercive force 
of the same material as in FIG. 7. 

[0085] It is apparent that coercive force important as 
magnetic property can not be obtained in the form of mother 
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material, and is improved by conducting amorphism and 
crystalliZation each once or more times. 

[0086] FIG. 9 shoWs the cycle number of amorphism and 
crystalliZation and the relative value of the anisotropic 
strength (Br///Bri ratio), When using a mother material 
having a composition in Which x=8 and an amorphous 
content evaluated by temperature property of magnetiZation 
of 60%, the crystalliZing process being a process in Which 
compression molding is effected While imparting anisotropy 
in a magnetic ?eld of 25 kOe (1990 kA/m), then, spark 
plasma sintering Was conducted in vacuum at a compression 
pressure of 980 MPa (10 ton/cm2) and 600° C. for 10 
minutes. 

[0087] The effect of this process is extremely large, and it 
is knoWn that anisotropy can be imparted by practicing once. 
Further, there is also shoWn a tendency of increase in extent 
of anisotropy by repetition of once or more times. 

[0088] FIG. 10 shoWs the relative value of coercive force 
of the same material as in FIG. 9. 

[0089] It is apparent that coercive force important as 
magnetic property can not be obtained in the form of mother 
material, and is improved by conducting amorphism and 
crystalliZation each once or more times. 

[0090] FIG. 11 shoWs the maximum energy product of a 
compressed poWder body, When evaluating a relation 
betWeen x and the anisotropic strength, using a mother 
material having a composition in Which x=0.5 to 20 and an 
amorphous content evaluated by temperature property of 
magnetiZation of 45%, the number of cycles of amorphism 
and crystalliZation being 2. The maximum energy product of 
the compressed poWder body in this procedure Was obtained 
from a magnetiZation curve along magnetic ?eld application 
direction in producing the compressed poWder body, and 
represents magnetic property of the poWder. 

[0091] Regarding composition range, it is knoWn that 
higher property over that of conventional magnetic materials 
is obtained When the atomic % is from 2 to 15. Further, the 
same effect and high ability could be realiZed also When 
Nd—Pr, Pr, Nd—Dy (dysprosium) and the like Were used as 
a rare earth metal element for a rare earth metal element Nd, 
and these data are illustrated together. 

[0092] FIG. 12 shoWs the number of cycles of amorphism 
and crystalliZation and the relative value of the anisotropic 
strength (Br///Bri ratio), When using a mother material 
having a composition in Which x=7, and an amorphous 
content evaluated by temperature property of magnetiZation 
of 50%, the crystalliZing process being “heat treatment in 
vacuum at 650° C. for 5 minutes” or “spark plasma sintering 
conducted in vacuum at 784 MPa (8 ton/cm2) and 650° C. 
for 5 minutes, after compression-molding in magnetic ?eld 
of 25 kOe (1990 kA/m)”. 

[0093] It is knoWn that extent of anisotropy further 
increases When sintering is conducted after molding in 
magnetic ?eld as compared With the case of heat treatment 
in vacuum as a crystalliZing process. 

[0094] (Third Embodiment) 
[0095] FIG. 13 shoWs an embodiment in Which a bulk 
spring magnet having an anisotropic effect Was made using 
the anisotropic exchange spring magnet poWder obtained in 




