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(57) ABSTRACT 

With the invention of establishing fabrication methods for 
cheaply produced (Fe,Co)—Cr—B—R-type bonded mag 
nets or (Fe,Co)—Cr—B—R—M-type bonded magnets con 
taining feW rare earth elements having a coercive force iHc 
above 5 kOe and a residual magnetic ?uX density Br above 
5.5 kG matching the cost performance of hard ferrite 
magnets, We have obtained iron-based permanent magnets 
consisting of microcrystal clusters Where the average crystal 
siZe of each component phase is in the range 1 nm ~30 nm 
and Where both a soft magnetic phase consisting of a 
ferromagnetic alloy Whose main components are ot-Fe and a 
ferromagnetic alloy having iron, and a hard magnetic phase 
having a Nd2Fe14B-type crystal structure coexist Within the 
same poWder particles, by melt—quenching of a (Fe,Co)— 
Cr—B—R(Pr,Nd)-type molten alloy or a (Fe,Co)—Cr— 
B—R—M (M=Al,Si,S,Ni, Cu,Zn,Ga,Ag,Pt,Au,Pb)-type 
molten alloy of a particular composition containing feW rare 
earth elements, to obtain an essentially amorphous structure 
or a structure both amorphous and With small amounts of 
?ne crystals, and by applying a crystallization heat treatment 
under speci?c conditions. By grinding this iron-based per 
manent magnet to an average poWder particle siZe of 3 
ttm~500 pm and combining the resultant iron-based perma 
nent magnet alloy poWder With a resin, We can obtain an 
iron-based bonded magnetic With good thermal and mag 
netic properties and With the magnetic characteristics iHcZS 
kOe, Br§5.5 kG and (BH)maX§6 MGOe. 

32 Claims, 1 Drawing Sheet 
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IRON-BASED PERMANENT MAGNETS AND 
THEIR FABRICATION AS WELL AS IRON 
BASED PERMANENT MAGNET ALLOY 
POWDERS FOR PERMANENT BONDED 
MAGNETS AND IRON-BASED BONDED 

MAGNETS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This application is a continuation of Ser. No. 08/534,888, 
?led Sep. 27, 1995, noW abandoned, Which is a continuation 
of Ser. No. 08/299,105, ?led Sep. 2, 1994, noW abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the invention 

This invention, relating to iron-based permanent magnets 
and alloy powders for iron-based bonded magnets and their 
fabrication, used for obtaining suitable iron-based bonded 
magnets for all kinds of motors, actuators and magnetic 
circuits for magnetic sensors, as Well as magnetic rolls and 
speakers, regards iron-based permanent magnets and their 
fabrication Which yield isotropic iron-based bonded magnets 
having a residual magnetic ?ux density Br greater than 5 kG 
unobtainable from hard ferrite magnets. These are produced 
by quenching an (Fe,Co)—Cr—B—R molten alloy or a 
(Fe,Co)—Cr—B—R—M (M=Al,Si,S,Ni,Cu,Zn,Ga,Ag,Pt, 
Au,Pb) molten alloy, With small amounts of rare earth 
elements added, using either, a melt-quenching process 
utilizing a rotating roll, splat, quenching, a gas atomizing 
method, or a combination of these methods, to obtain an 
essentially amorphous structure or a structure containing 
small amounts of microcrystals dispersed Within an amor 
phous matrix, to yield an iron-based permanent magnet 
consisting of microcrystal clusters Where both a soft mag 
netic phase consisting of a ferromagnetic alloy Whose main 
components are ot-Fe and iron-based phases, and a hard 
magnetic phase having a Nd2Fe14B-type crystal structure 
coexist after applying a particular heat treatment. This is 
then ground to obtain an alloy poWder for bonded magnets, 
Which is then combined With a resin. 

2. Description of the Prior Art 
Permanent magnets used in stepping motors, poWer 

motors and actuators utilized in home electronic goods and 
electric goods in general are mainly limited to hard ferrites, 
Which have various problems such as, demagnetization at 
loW temperatures With the fall of iHc, the ease of formation 
of defects, cracks and a loWering of mechanical strength due 
to the quality of the a ceramic material, and the dif?culty to 
fabricate complicated forms. These days, along With the 
miniaturization of home electronics and OA equipment, 
small, light-Weight magnetic materials to be used in these 
products are being sought. As for motor vehicles, as much 
effort is being made towards saving money and resources by 
making vehicles light-Weighted, even more small, light 
Weight electrical components for motor vehicles are being 
sought. 
As such, efforts are being made to make the ef?ciency 

versus Weight ratio of magnetic materials as large as possible 
and, for example, permanent magnets With a residual ?ux 
density Br in the range 5~7 kG are thought to be most 
suitable. 

In conventional motors, for Br to be above 8 kG, it is 
necessary to increase the cross section of the iron plate of the 
rotor or stator Which forms the magnetic path, introducing an 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
associated increase in Weight. Further, With the miniaturiza 
tion of magnets used in magnetic rolls and speakers, an 
increase in Br is being sought as present hard ferrite magnets 
cannot give more than 5 kG Br. 

For example, for a Nd—Fe—B-type bonded magnet to 
satisfy such magnetic characteristics, 10~15 at % of Nd 
needs to be included making their cost incredibly high 
compared to hard ferrite magnets. Production of Nd requires 
many metal separation and reduction processes Which in 
turn needs large scale equipment. As Well as this, for 90% 
magnetization, a magnetic ?eld of close to 20 kOe is 
required and there are problems With the magnetization 
characteristics such as being unable to achieve complicated 
multipole magnetization such that the pitch betWeen the 
magnetic poles is less than 1.6 mm. 
At present, there are no permanent magnet materials With 

magnetization characteristics such that Br is 5~7 kG Which 
can be mass produced cheaply. 

Recently, a Nd—Fe—B-type magnet has been proposed 
Whose main component is an Fe3B-type compound With a 
composition close to Nd4Fe77B19 (at %) (R. Coehoorn et al., 
J. De Phys., C8, 1988, 669~670). This permanent magnet 
has a semi-stable structure With a crystal cluster structure in 
Which a soft magnetic Fe3B phase and a hard magnetic 
Nd2Fe14B phase coexist. HoWever, it is insuf?cient as a rare 
earth magnetic material With a loW iHc in the range 2 kOe~3 
kOe, and is unsuitable for industrial use. 
Much research is being published, hoWever, on adding 

additional elements to magnetic materials With Fe3B-type 
compounds as their main phase and creating multi 
component systems, With the aim to improve their function 
ality. One such example is to add rare earth elements other 
than Nd, such as Dy and Tb, Which should improve iHc but, 
apart from the problem of rising material costs from the 
addition of expensive elements, there is also the problem 
that the magnetic moment of the added rare earth elements 
combines antiparallel to the magnetic moment of Nd or Fe, 
leading to a degradation of the magnetic ?eld and the 
squareness of the demagnetization curve (R. Coehoorn, J. 
Magn. Magn. Mat., 83 (1990) 228~230). 

In other Work (Shen Bao-gen et al., J. Magn. Magn. Mat., 
89 (1991) 335~340), the temperature dependence of iHc Was 
improved by raising the Curie temperature by replacing 
some Fe With Co, but this also caused a fall in Br on the 
addition of Co. 

In each case, for Nd—Fe—B-type magnets Whose main 
phase is an Fe3B-type compound, it is possible to create hard 
magnetic materials With a heat treatment after amorphizing 
by quenching, but their iHc is loW and the cost performance 
of using them instead of hard ferrite magnets is unfavour 
able. This incapability of providing a high-enough iHc is 
caused by a large grain size of the soft magnetic phase, 
typically 50 nm, Which is not small enough to effectively 
prevent magnetization rotation in the soft magnetic phase 
from occurring under of a demagnetization ?eld. 

SUMMARY OF THE INVENTION 

The purpose of this invention is to present (Fe,Co)—Cr— 
B—R-type permanent magnets or (Fe,Co)—Cr—B—R—M 
(M=Al,Si,S,Ni, Cu,Zn,Ga,Ag,Pt,Au,Pb)-type permanent 
magnets and their iron-based bonded magnets Which can be 
cheaply produced by stable industrial processes, Where these 
magnets contain feW rare earth elements but have a residual 
magnetic ?ux density Br above 5 kG matching hard ferrite 
magnets in cost performance. 

Further, in order to provide a cheap, stable industrial 
process for bonded magnets With a residual magnetic ?ux 
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density Br above 5 kG, this invention provides iron-based 
permanent magnet alloy powders for iron-based permanent 
magnets suitable for bonded magnets and iron-based bonded 
magnets, and their fabrication. 

The inventors, as a result of various investigations into 
possible fabrication methods by stable industrial processes 
to increase the iHc of iron-based permanent magnetic mate 
rials With loW rare earth content and containing both soft and 
hard magnetic phases, have, quenched an molten alloy With 
a particular composition containing feW rare earth elements, 
in Which Cr, or Cr and M ((M=Al,Si,S,Ni,Cu,Zn,Ga,Ag,Pt, 
Au,Pb), Were simultaneously added to an iron-based alloy 
partially substituted With Co, by melt quenching using a 
rotating roll, by splat quenching, by gas atomiZing or by a 
combination of these methods, and, after obtaining an essen 
tially amorphous structure or a structure containing small 
amounts of microcrystals dispersed Within an amorphous 
matrix, have obtained by a particular heat treatment at a 
particular heating rate, an iron-based permanent magnet in 
ribbon or ?ake form consisting of microcrystal clusters in 
Which soft magnetic phases containing a ferromagnetic 
alloy, Whose main components are ot-Fe and a interemetallic 
compound With iron as its main phase, and hard magnetic 
phases, having a Nd2Fe14B-type crystal structure, coexist. 
By grinding and forming an alloy poWder of this material to 
form a bonded magnet, they have completed this invention 
by obtaining an iron-based bonded magnet having a residual 
magnetic ?ux density Br above 5 kG, unobtainable With a 
hard ferrite magnet. 

Thus, both soft magnetic phases consisting of a ferromag 
netic alloy Whose main components are ot-Fe and iron-based 
phase, and hard magnetic phases having a Nd2Fe14B-type 
crystal structure Will coexist Within the same poWder 
particles, and so, for mean crystal particle siZes of each 
constituent phase in the range of 1 nm~30 nm, an intrinsic 
coercive force above the realistically required 5 kOe is 
apparent and, by molding magnetic poWder having a particle 
siZe of 3 pm~500 pm into the required forms using a resin, 
they can obtain permanent magnets in a usable form. 

For this invention, after an (Fe,Co)—Cr—B—R-type or 
(Fe,Co)—Cr—B—R—M (M=Al,Si,S,Ni, Cu,Zn,Ga,Ag,Pt, 
Au,Pb)-type molten alloy With a particular composition 
containing feW rare earth elements is quenched by melt 
quenching using a rotating roll, by splat quenching, by gas 
atomiZing or by a combination of these methods, and, after 
an essentially amorphous structure or a structure containing 
small amounts of microcrystals dispersed Within an amor 
phous matrix has formed, it is crystalliZed by further heat 
treatment, the crystalliZation heat treatment being to raise 
the temperature at a rate of 10° C. per minute~50° C. per 
second from the temperature at the start of crystalliZation to 
a treatment temperature of 600° C.~700° C., and so obtain 
microcrystal clusters Where the mean crystal siZe of each 
component phase is in the range 1 nm~30 nm and Where 
both a soft magnetic phase consisting of a ferromagnetic 
alloy Whose main components are ot-Fe and a alloy With iron 
as its mainphase, and a hard magnetic phase having a 
Nd2Fe14B-type crystal structure coexist Within the same 
poWder particles. We can obtain iron-based permanent mag 
nets in ribbon or ?ake form having the folloWing magnetic 
characteristics. 

For the (Fe—Co)Cr—B—R-type, 
iHcZS kOe, Br§8.0 kG, (BH)max§10 MGOe and in the 

case of the (Fe—Co)Cr—B—R—M-type, 

iHcZS kOe, Br§8.2 kG, (BH)max§10.5 MGOe. 
Further, We can obtain iron-based permanent magnet alloy 
poWders suitable for bonded magnets having a residual 
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4 
magnetic ?ux density Br above 5 kG by grinding this 
material as required to a mean poWder particle siZe of 3 
pm~500 pm and so can obtain iron-based permanent magnet 
alloy poWders having the folloWing magnetic characteris 
tics. 

For the (Fe—Co)Cr—B—R-type poWder, 
iHcZS kOe, Br§7.0 kG, (BH)max§8 MGOe and in the 

case of the (Fe—Co)Cr—B—R—M-type poWder, 

Finally, by combining this poWder With a resin, We can 
obtain a bonded magnet With the folloWing magnetic char 
acteristics. 
iHcZS kOe, Br§5.5 kG, (BH)max§6 MGOe. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 displays a graph shoWing the magnetiZation curve 
of a bonded magnet, given as an actual example, Where this 
curve has been found by pulse magnetiZing the magnet from 
a Weak magnetic ?eld in the range 2 kOe~50 kOe and each 
time measuring the residual magnetic ?ux density at the 
open magnetic circuit. By taking the magnetiZation mea 
sured for the residual magnetic ?ux density at 50 kOe as 
100%, the magnetiZation curve is found by estimating the 
magnetiZation rate for each magnetiZation ?eld as a relative 
ratio of the residual magnetic ?ux density. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The feature of this invention is obtaining an iron-based 
bonded magnet having a residual magnetic ?ux density Br 
above 5 kG, unobtainable With hard ferrite magnets, by 
quenching a molten alloy of a particular composition con 
taining feW rare earth elements in Which Cr or Cr and M 
(M=Al,Si,S,Ni,Cu,Zn,Ga,Ag,Pt,Au,Pb) are simultaneously 
added to an iron-based alloy particularly substituted With 
Co, by melt quenching using a rotating roll, by splat 
quenching, by gas atomiZing or by a combination of these 
methods, and, after an essentially amorphous structure or a 
structure containing small amounts of microcrystals dis 
persed Within an amorphous matrix has formed, obtaining 
microcrystal clusters Where both soft magnetic phases con 
sisting of a ferromagnetic alloy Whose main components are 
ot-Fe and an iron-base intermetallic compound, and hard 
magnetic phases having a Nd2Fe14B-type crystal structure 
coexist, by a heat treatment using a particular heating rate. 
BeloW, We give a detailed explanation of the invention’s 
characteristics. One of the focal points of this invention is 
the grain saiZe of the soft magnetic phase Which is to consist 
the ?ne crystalline aggregate together With the Nd2Fe14B 
type hard magnetic phase. The grain siZe must be much 
smaller than 50nm, Which is the typical grain siZe of the 
previously existing magnet material, eg. Cochoorn et al. 
(1988). For this purpose, composition and processing 
method are largely speci?ed as folloWs. 

Reasons for limiting composition. For this invention, We 
can obtain high magnetiZation characteristics only When 
speci?c amounts of one or tWo of the rare earth elements R, 
Pr or Nd, are present, While for other rare earths such as Ce 
and La, We cannot obtain an iHc above 2 kOe. Sm, and rare 
earth elements heavier than Sm are undesirable as they bring 
about a deterioration in the magnetic properties and make 
the cost of the magnet expensive. 
BeloW a 3 at % fraction of R, there is little crystalliZation 

of the R2Fe14B phase Which contributes to the appearance of 
an intrinsic coercive force and one cannot obtain an iHc 
above 5.0 kOe. Further, beyond 6 at % We cannot obtain a 
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Br above 8 kG, giving us a composition range of 3 at %~6 
at %. The best range for R is 4 at %~5.5 at %. 

Below a 10 at % fraction of B, We cannot obtain an 
essentially amorphous structure even using melt— 
quenching, and We can only obtain an iHc less than 3 kOe 
even after heat treatment. Further, as We cannot obtain an 
iHc above 5 kOe at a fraction beyond 30 at %, the compo 
sition range is 10 at %~30 at %. The best range for B is 15 
at %~20 at %. 

For Cr, adding Cr causes the crystal particles to be about 
%~1A1 times smaller compared to compositions Without Cr, 
and as We can increase the magnetocrystalline anisotropy 
constant of the R2Fe14B phase by partially replacing the iron 
atoms in this hard magnetic phase With Cr, it is effective for 
raising iHc. This is ineffective, hoWever, for Cr composi 
tions less than 0.01 at %. Further, as Cr couples antiferro 
magnetically With Fe, Br and the squareness of the demag 
netiZation curve are greatly reduced, and so We cannot 
obtain a Br above 8 kG With a Cr composition greater than 
7 at %. Thus, the Cr composition range is 0.01 at %~7 at %. 
To obtain a Br above 9 kG, a composition of 0.01 at %~3 at 
% is desirable. To obtain an iHc above 6 kOe a Cr compo 
sition exceeding 3 at and up to % 7 at % is desirable. 

Partially replacing With Co inhibits the loss of magneti 
Zation caused by the addition of Cr, and so avoids the great 
reduction in Br and the squareness of the demagnetiZation 
curve While at the same time improving the magnetiZation 
characteristics. 

Further, partially replacing Fe in the R2Fe14B phase With 
Co raises the Curie temperature of that phase and improves 
the temperature dependence of iHc . This effect cannot be 
obtained at a C0 composition less than 0.01 at %, and as We 
cannot obtain a Br above 8 kG beyond a composition of 30 
at %, the composition range Will be 0.01 at%~30 at %. The 
desirable Co composition range is 1 at %—10 at %. 

The elements M (M=Al,Se,S,Ni,Cu,Zn,Ga,Ag,PtAu,Pb) 
are added With the purpose of improving the degradation of 
the squareness of the demagnetiZation curve on the addition 
of Co or Cr and to increase Br and (BH)max. This effect 
cannot be obtained for a composition less than 0.01 at %, 
and a composition beyond 10 at % further degrades the 
squareness and also loWers (BH)max, giving us a compo 
sition range of 0.01 at %~10 at %. The desirable range is 0.5 
at %~3 at %. 

Fe makes up the remaining composition. Reasons for 
limiting the siZe of the crystal or poWder particles. 

The crystal phase of the magnetic poWder that constitutes 
the bonded magnet of this invention Will have both a soft 
magnetic phase consisting of a ferromagnetic alloy Whose 
main components are ot-Fe and iron, and a hard magnetic 
phase having a Nd2Fe14B-type crystal structure coexisting 
Within the same poWder, but Without the latter hard magnetic 
phase, an iHc Would not appear. 

HoWever, it is insuf?cient for generating iHc and a good 
squareness of the hysterisis loop that both soft and hard 
magnetic phases simply coexist, for if the average crystal 
particle siZe for both phases exceeds 30 unm, there Will be 
a degradation of Br and the squareness of the second 
quadrant of the demagnetiZation curve, and We cannot 
generate sufficient ?ux for a permanent magnet. Although 
the smaller the average crystal particle siZe the better, an 
average crystal particle siZe of less than 1 nm is dif?cult to 
obtain industrially, meaning the average crystal particle siZe 
is limited to 1 nm~30 nm. 

For the high precision casting required to make the most 
of the properties of bonded magnets obtained in complicated 
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6 
or thin forms, the average particle siZe of the poWder must 
be suf?ciently small, as high precision molding cannot be 
performed for poWders larger than 500 pm. Also, for siZes 
less than 3 pm, the comparative increase in the surface area 
means that much resin must be used as a bonder, and as it 
is undesirable for the packing density to be too small, the 
particle siZe is limited to 3 pm~500 pm. 
Reasons for Limiting the Fabrication Conditions 

For this invention it is most important that, by rapid 
solidi?cation of a molten alloy of the particular composition 
above, once an amorphous structure, or a structure substan 
tially amorphous containing small amounts of microcrystals 
has formed, and then by performing a crystalliZation heat 
treatment Where the temperature is raised by betWeen 10° C. 
per minute~50° C. per minute from a temperature close to 
the start of crystalliZation to a treatment temperature of 600° 
C.~750° C., one obtains microcrystal clusters Where the 
average crystal siZe of each component phase is in the range 
1 nm~30 nm and Where both soft magnetic phases consisting 
of a ferromagnetic alloy Whose main components are ot-Fe 
or iron-base intermetallic compound and hard magnetic 
phases having a Nd2Fe14B-type crystal structure coexist 
Within the same poWder particles. 

For rapid solidi?cation treatment for the above molten 
alloy, an melt-quenching method using a rotary roll may be 
employed if one is able to obtain an essentially amorphous 
structure or a structure Where small amounts of microcrys 
tals are dispersed in amorphous matrix. Methods other than 
melt-quenching using a rotary roll may also be employed 
such as splat quenching, gas atomiZing or a combination of 
these techniques. 

For example, When using a Cu roll, a circumferential 
velocity of the rotor in the range of 10 m/sec~50 m/sec is 
desirable as one can obtain a suitable quenched structure. 
That is, if the surface velocity is less than 10 m/sec, We 
cannot obtain the desired amorphous structure. Further, a 
circumferential velocity exceeding 50 m/sec is undesirable a 
microcrystal clusters having good hard magnetic properties 
do not form on crystalliZation. HoWever, small amounts of 
ot-Fe phase or meta-stable Nd—Fe—B compound Within the 
quenched structure may be permitted as they do not signi? 
cantly reduce the magnetiZation characteristics. 

For this invention, once an amorphous structure, or a 
structure both amorphous and containing small amounts of 
microcrystals has formed after melt—quenching of a molten 
alloy With a particular composition described above, the heat 
treatment giving the best magnetic properties depends on the 
particular composition. BeloW a heat treatment temperature 
of 600° C., the Nd2Fe14B phase does not precipitate and no 
iHc Will be apparent, and for a temperature exceeding 750° 
C., the particle groWth is signi?cant, degrading iHc, Br and 
the squareness of the demagnetiZation curve, meaning We 
cannot obtain the magnetic characteristics described above. 
Thus, the heat treatment temperature is limited to 600° 
C.~750° C. 

In order to prevent oxidation, a heat treatment atmosphere 
of either an inert gas such as Ar or N2, or a vacuum of 10'2 
Torr, is desirable. 
The magnetic properties of the obtained alloy poWder are 

mostly independent of the heat treatment time, but We can 
say that after six hours, there is a trend toWards a fall in Br 
With the passage of time, so a heat treatment time of less than 
six hours is desirable. 
The inventors have discovered that the microcrystal struc 

ture and their resultant magnetic properties are sensitively 
dependent on the thermal velocity used in the heat treatment 
process. That is, an important process parameter of this 
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invention is the speed at Which the temperature is raised 
from a temperature close to that of the start of crystallization 
during the heat treatment, and if this heating rate velocity is 
less than 10° C. per minute, particle groWth occurs during 
the temperature rise and We cannot obtain microcrystal 
clusters having good hard magnetic properties, nor an iRc 
above 5 kOe. Further, if the heating rate exceeds 50° C. per 
minute, insuf?cient precipitation of the Nd2Fe14B phase 
Which forms beloW 600° C. occurs, and, not only is iHc 
reduced, but We have a demagnetiZation curve With a fall in 
the magnetiZation near the Br point of the second quadrant 
of the magnetiZation curve, and (BH)max Will also fall. 

During the heat treatment, up until the temperature of the 
start of crystalliZation (about 550° C.), one has the option of 
applying ultra accelerated heating Which can raise the treat 
ment ef?ciency. 
Methods to Form Magnets 
By rapid solidi?cation of a molten alloy With a particular 

composition until an essentially amorphous structure or a 
structure containing small amounts of microcrystals dis 
persed Within an amorphous matrix has formed, and per 
forming a crystalliZation heat treatment Where the tempera 
ture is raised by betWeen 10° C. per minute~50° C. per 
minute from a temperature close to the start of crystalliZa 
tion to a treatment temperature of 600° C.~750° C., We can 

obtain iron-based permanent magnet alloy poWders With 
microcrystal clusters With an average crystal siZe of 1 
nm~30 nm. After grinding this poWder to a magnetic poWder 
of betWeen 3 pm~500 pm, and by mixing With a knoWn 
binder, We can obtain a bonded magnet having a residual 
?ux density above 5.5 kG With approximately 80% packing 
density of the magnetic poWder in the bonded magnet. 

The bonded magnet relating to this invention is an iso 
tropic magnet, and may be fabricated by any of the knoWn 
methods listed beloW such as compression molding, injec 
tion molding, extrusion molding, roll molding and resin 
impregnation. 

For compression molding, after mixing the magnetic 
poWder into a thermosetting resin, a coupling agent and a 
lubricating agent, heating up to a setting temperature after 
compression molding Will cause the heated resin to harden. 

For injection, extrusion and roll molding, after kneading 
the magnetic poWder into a thermo-plastic resin, a coupling 
agent and a lubricating agent, We can mold by any of the 
injection, extrusion or roll molding methods. 

For resin impregnation, after compression molding the 
magnetic poWder and heat treating as necessary, one can 
impregnate a thermosetting resin, and the resin Will harden 
on heating. Further, after compression molding the magnetic 
poWder and heat treating as necessary, one can also impreg 
nate a heat plastic resin. 

For this invention, the Weight ratio of the magnetic 
poWder Within the bonded magnet differs from previous 
fabrications being 70 Wt %~99.5 Wt %, the remaining 0.5 Wt 
% ~30 Wt % being resin. For compression molding, the 
desired Weight ratio of the magnetic poWder is 95 Wt %~99.5 
Wt %, for injection molding the desired packing ratio of the 
magnetic poWder is 90 Wt %~95 Wt %, and for resin 
impregnation, the desired Weight ratio of the magnetic 
poWder is 96 Wt %~99.5 Wt %. 

For the synthetic resin used for this invention, one can use 
a resin having either thermosetting or heat plasticity 
properties, With a thermally stable resin being desirable. For 
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8 
example, We recommend polyamide, polyimide, phenol 
resin, ?uororesin, silicon resin or epoxy resin. 

EXAMPLE 

Example 1 

To produce compositions No. 1~18 shoWn in Table 1, a 
total of 30 gr Was Weighed out using more than 99.5% pure 
Fe,Co,Cr,B,Nd,Pr,Al,Si,S,Ni,Cu,Zn,Ga,Ag,Pt,Au or Pb 
metal, placed in a quartZ crucible having a 0.8 mm diameter 
ori?ce in its base, and melted by high frequency heating 
under an Ar atmosphere at a pressure of 56 cmHg. After 
reaching a melting temperature of 1400° C., the molten 
surface Was pressuriZed byAr gas, and the molten alloy Was 
injected from a height of 0.7 mm from the other surface of 
a Cu roll rotating at a circumferential velocity of 20 m/sec 
at room temperature, forming an melt quenched thin ?lm 2 
mm~4 mm Wide and 20 pm~40 pm thick. 

The obtained thin ?lm Was shoWn to be amorphous using 
characteristic Cu KO. x-rays. 

The temperature of this thin ?lm Was then raised to above 
5800 C.~600° C., at Which crystalliZation begins, under an 
Ar atmosphere at the rate shoWn in Table 1, and then 
maintained for seven hours at the heat treatment temperature 
also shoWn in Table 1. Then, the thin ?lm Was cooled to 
room temperature and removed, forming a sample 2 mm~4 
mm Wide, 20 pm~40 pm thick and 3 mm~5 mm long. The 
magnetic characteristics Were measured using a VSM, With 
the results shoWn in Table 2. 

From an investigation of the sample’s constituent phases 
by characteristic Cu KO. x-rays, When the Cr content is 0.01 
at %~3 at %, We have a multiphase structure With mixed 
ot-Fe, Fe3B and Nd2Fe14B phases. When the Cr content is 
above 3 at %, the main iron components can be con?rmed 
as the ot-Fe and Nd2Fe14B phases, but We cannot con?rm the 
boron compound phases as their quantities are too small. Cr, 
Co and M (M=Al,Si,S,Ni, Cu,Zn,Ga,Ag,Pt,Au,Pb) partially 
substitute for Fe in these phases. Further, it Was found from 
transmission electron microscopy pictures that the average 
crystal siZe Was less than 30 nm for each sample. 

After grinding this thin ?lm to obtain magnetic poWder 
With an average siZe of 150 pm, distributed betWeen 25 
pm~400 pm, and mixing in a ratio of 98% poWder and 2% 
epoxy resin, We obtained a bonded magnet after compres 
sion molding at a pressure of 6 ton/cm2 and a hardening 
treatment at 150° C. 

This bonded magnet has a density of 6.0 gr/cm3 and its 
magnetic characteristics are shoWn in Table 3. 

Comparative Example 1 

For compositions No. 19~24 shoWn in Table 1, melt 
quenched thin ?lms Were produced under the same condi 
tions as for actual example 1, using 99.5% pure Fe,Co,Cr, 
B,Nd,Pr and Ni. 
As With actual example 1, the temperature of this thin 

?ake Was then raised to above 580° C.~600° C., at Which 
crystalliZation begins, under an Ar atmosphere at the rate 
shoWn in Table 1, and then maintained for seven hours at the 
heat treatment temperature also shoWn in Table 1, cooled to 
room temperature and removed, producing a sample 2 
mm~4 mm Wide, 20 pm~40 pm thick and 3 mm~5 mm long, 
Whose magnetic characteristics Were measured using an 
VSM. These results are shoWn in Table 2. 

From transmission electron microscopy or x-ray analysis, 
We ?nd sample No. 19 has a multiphase structure of ot-Fe 
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and Nd2Fe14B phases, With the main phase being the Fe3B 
phase. The average crystal particle siZe is 50 nm, larger 
compared to the previous samples No. 1~18 and is compa 
rable to average grain seiZes in multi—phase magnets in the 
prior art. 

Sample No. 20 has a multiphase structure consisting of 
ot-Fe and Nd2Fe14B phases, and has a microstructure With 
the average crystal particle siZe being about 20 nm, the same 
as actual eXample 1, but the squareness of the demagneti 
Zation curve is degraded compared to sample No. 3, Which 
contains Co. Sample 21 has a large average crystal particle 
siZe of 50 nm, and We do not obtain an iHc above 5 kOe. 

Sample No. 22 has a multiphase structure With miXed 
ot-Fe, Fe3B and Nd2Fe14B phases, but the groWth of the 
ot-Fe phase is signi?cant leading to a demagnetiZation curve 
With a fall in the magnetiZation at the Br point of the second 
quadrant of the magnetiZation curve, and We cannot obtain 
a (BH)maX above 10 MGOe. 

For sample No. 23, insuf?cient Nd2Fe14B phase precipi 
tates for the appearance of a coercive force, and We have no 
hard magnetism. Sample No 24 has an average crystal 
particle siZe in the range 70 nm , With large crystals 
compared to sample No. 3 of the same composition, and so 
Br, iHc and (BH)maX are degraded When compared to 
sample No 3. 

For samples 19 and 20, after grinding under the same 
conditions as for actual eXample 1 and obtaining poWders 
With an average poWder particle siZe of 150 pm, they Were 
also made into bonded magnets under the same conditions as 
for actual eXample 1. The characteristics of the bonded 
magnets obtained are shoWn in Table 3. 

Actual eXample 2 

On measuring the Curie temperature With a thermomag 
netic balance of sample No 3, Which has the magnetic 
characteristics listed in Table 2, We found the presence of a 
main ferromagnetic phase having a Curie temperature of 
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849° C. and another ferromagnetic phase having a Curie 
temperature of 388° C. After comparing X-ray analyses, the 
former is thought to be ot-Fe in a solid solution With Co, and 
the latter a Nd2Fe14B-type compound (With Fe partially 
replaced by Co). 

Comparative eXample 2 

On measuring the Curie temperature With a thermomag 
netic balance of sample No 20, Which has the magnetic 
characteristics listed in Table 2, We ?nd a mainly ferromag 
netic phase With a Curie temperature of 762° C. and another 
ferromagnetic phase With a Curie temperature of 308° C. 
The Curie temperature of either phase is still a value about 
80° C. loWer than that of sample No. 3 Which has Co added. 

Actual eXample 3 

After processing bonded magnet No. 3, Which has the 
magnetic characteristics listed in Table 3, so that the per 
meance coef?cient becomes 1, the magnetiZation curve, 
shoWn in FIG. 1, has been found by pulse magnetiZing from 
a Weak magnetic ?eld in the range 2 kOe~50 kOe and each 
time measuring the residual magnetic ?uX density of the 
magnet in the open magnetic con?guration. By taking the 
magnetiZation rate for the residual magnetic ?uX density at 
50 kOe as 100%, the curve is found by estimating the 
magnetiZation rate for each magnetiZation ?eld as a relative 
ratio of the residual magnetic ?uX density. The magnetic 
?eld required for 90% magnetiZation is about 13 kOe. 

Comparative eXample 3 

After processing bonded magnet No. 20, Which has the 
magnetic characteristics listed in Table 3, so that the per 
meance coef?cient becomes 1, the magnetization curve Was 
evaluated in the same Way as for actual eXample 3, and 
shoWn in FIG. 1. The magnetic ?eld required for 90% 
magnetiZation is about 19 kOe, a 6 kOe larger magnetic ?eld 
compared to that for bonded magnet No. 3 Which has Co 
added. 

TABLE 1 

Compositions (at %) A temperature A heat treatment 

R Fe B Cr Co M rising speed (° C./min) temperature (° C.) 

This 1 Nd 4.5 72 18.5 2 3 — 10 640 
Invention 2 Nd 3 + Pr 2 69 20 3 3 — 15 650 

3 Nd 5.5 66 18.5 5 5 — 15 650 
4 Nd 4.5 74.5 15 1 2 Al 1 15 640 
5 Nd 5 65.5 18.5 3 3 Si 5 20 650 
6 Nd 3 + Pr 2 65.5 18.5 3 5 S 3 20 650 
7 Nd 4.5 69 18.5 2 3 Ni 3 15 640 
8 Nd 5.5 60.5 20 5 7 Cu 2 15 650 
9 Nd 3 + Pr 3 56.5 18.5 7 10 Zn 2 15 660 

10 Nd 4.5 72.5 17 2 3 Ga 1 15 640 
11 Nd 5 66.5 18.5 3 5 Ag 2 10 650 
12 Nd 5 68.5 20 3 3 Pt 0.5 15 650 
13 Nd 5.5 62 18.5 5 7 Au 2 30 660 
14 Nd 6 57.5 18.5 7 10 Pb 1 20 670 
15 Nd 3 49 15 3 30 — 10 630 

16 Nd 6 30.02 30 0.01 0.01 — 15 650 

17 Nd 4.5 50.5 10 5 20 Si 5 + Al 5 15 640 
18 Nd 5.5 73.89 20 0. 0.1 Cu 0.01 50 660 

Comparison 19 Nd 4.5 77 18.5 — — — 15 630 

20 Nd 5.5 71 18.5 5 — — 15 650 

21 Nd 3 + Pr 2 69 20 3 3 Ni 3 1 650 
22 Nd 4.5 69 18.5 2 3 — 100 640 

23 Nd 4.5 72 18.5 2 3 — 10 550 
24 Nd 5.5 66 18.5 5 5 — 15 770 
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TABLE 2 

The m_agnetic characteristics 

Br iHc (BH)max 
(kG) (kOe) MGOe 

This 1 11.0 5.0 15.5 
invention 2 10.3 6.0 14.2 

3 8.8 7.8 12.0 
4 11.3 5.2 16.1 
5 10.7 6.0 14.8 
6 10.5 6.3 14.5 
7 11.2 5.3 15.8 
8 9.0 8.1 12.4 
9 8.1 10.2 10.4 

10 11.4 5.2 16.0 
11 10.7 6.3 14.9 
12 10.5 6.1 14.4 
13 9.2 8.0 12.6 
14 8.3 10.0 10.7 
15 10.4 5.0 13.7 
16 9.1 5.2 11.3 
17 10.1 6.4 13.6 
18 10.8 5.5 14.2 

Comparison 19 12.0 3.5 11.0 
20 8.3 7.4 9.7 
21 9.7 4.2 8.7 
22 10.5 4.6 9.3 
23 3.4 — — 

24 4.2 3.4 2.5 

TABLE 3 

The magnetic characteristics 

Br iHc (BH)max 
(kG) (kOe) MGOe 

This invention 1 7.9 5.0 9.3 
2 7.4 6.0 8.5 
3 6.3 7.8 7.2 
4 8.1 5.2 9.7 
5 7.7 6.0 8.9 
6 7.6 6.3 8.7 
7 8.1 5.3 9.5 
8 6.5 8.1 7.4 
9 5.8 10.2 6.2 

10 8.2 5.2 9.6 
11 7.7 6.3 8.9 
12 7.6 6.1 8.6 
13 6.6 8.0 7.6 
14 6.0 10.0 6.4 
15 7.7 5.0 7.2 
16 6.7 5.2 6.1 
17 7.5 6.4 7.2 
18 8.4 5.5 7.5 

Comparison 19 8.6 3.5 6.6 
20 6.0 7.4 5.3 

As has been made clear from the above actual examples, 
for this invention, an (Fe,Co)—Cr—B—R-type or (Fe, 
C0)—Cr—B—R—M (M=A1,Si,S,Ni, Cu,Zn,Ga,Ag,PtAu, 
Pb)-type molten alloy With a particular composition con 
taining feW rare earth elements is quenched by melt spinning 
using a rotary roll, by splat quenching, by gas atomizing or 
by a combination of these methods, and, after an amorphous 
structure or a structure With both amorphous and small 
amounts of microcrystals has formed, by carrying out a heat 
treatment on the ribbon, ?ake or spherical powders thus 
obtained, We can obtain microcrystal clusters Where the 
average crystal size of each component phase is in the range 
1 nm~30 nm and Where both soft magnetic phases consisting 
of a ferromagnetic alloy Whose main components are ot-Fe 
and iron-based intermetallic compound, and hard magnetic 
phases having a Nd2Fe14B-type crystal structure coexist 
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12 
Within the same poWder particles. Here, by simultaneously 
adding particular amounts of Cr and Co, or Cr, Co and M, 
We can obtain iron-based permanent magnets not only With 
a Br above 8 kG and an iHc above 5 kOe, but also With a 
good squareness of the second quadrant of the demagneti 
zation curve and With good thermal and magnetization 
characteristics. By grinding these magnets as required, We 
can stably supply in large quantities Fe—Cr—Co—B—R— 
M-type magnet alloy poWders With iHc;§5 kG, Br§7 kG, 
(BH)max§8 MGOe having suitable characteristics for 
bonded magnets With a residual magnetic ?ux density Br 
above 5 kG. 

As the quantities of rare earth elements are small and the 
fabrication process can be simply applied to large scale 
production, this invention can provide bonded magnets With 
a magnetic efficiency exceeding that of hard ferrite magnets 
and having an iHc above 5 kOe and a Br above 5.5 kG. 
Further, We can shorten the industrial process by complete 
molding into magnetic parts or magnets, and so these 
bonded magnets can realize the cost performance of sintered 
hard ferrites. 
What is claimed is: 
1. An iron-based permanent magnet consisting of ?ne 

crystal aggregates consisting of mutually distributed mag 
netically soft and hard magnetic phases, Wherein the per 
manent magnet has a compositional formula represented by 
Fe10O_x_y_Z_aCrxByRZCoa (Where R is Pr or Nd or mixtures 
thereof), Wherein symbols x, y, z, and a satisfy the folloWing 
values: 

0.01éaé30 at %, 
and Wherein the soft magnetic phase, Which consists of 
(X-lI‘OIl and a ferromagnetic phase containing iron as a main 
component, and the hard magnetic phase, Which has a 
Nd2Fe14B crystal structure, coexist in the permanent 
magnet, provided that the hard magnetic phase having a 
Nd2Fe14B crystal structure is not a primary phase of said 
iron-base permanent magnet, the constituent phases of the 
permanent magnet having mean crystal sizes Within the 
range of 1 nm to 30 nm. 

2. An iron-base permanent magnet consisting of ?ne 
crystal aggregates Which consist of mutually distributed 
magnetically soft and hard magnetic phases, the permanent 
magnet having a compositional formula represented by 
EelOO_x_y_Z_a_bCrxByRZCoaMb (Where R is Pr or Nd or mix 
tures thereof, M is one or more selected from the group 

consisting of Al, Si, S, Ni, Cu, Zn, Ga, Ag, Pt, Au and Pb), 
Wherein symbols x, y, z, a, and b satisfy the folloWing 
values: 

0.01ébé10 at %, 
and Wherein the soft magnetic phase, Which consists of 
(X-lI‘OIl and a ferromagnetic phase containing iron as a main 
component, and the hard magnetic phase, Which has a 
Nd2Fe14B crystal structure, coexist in the permanent 
magnet, provided that the hard magnetic phase having a 
Nd2Fe14B crystal structure is not a primary phase of said 
iron-base permanent magnet, the constituent phases of the 
permanent magnet having mean crystal sizes Within the 
range of 1 nm to 30 nm. 
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3. An iron-based permanent magnet consisting of ?ne 
crystal aggregates, the magnetic powder having a composi 
tional formula represented by Fe1OO_x_y_Z_aCrxByRZCoa 
(Where R is Pr or Nd or mixtures thereof), Wherein symbols 
x, y, Z, and a satisfy the following values: 

0.012x27 at % 

15<y230 at % 
32Z26 at % 

0.012a230 at %, 
in Which a soft magnetic phase, Which consists of ot-iron and 
a ferromagnetic alloy having iron as a main component, and 
the hard magnetic phase, Which has a Nd2Fe14B crystal 
structure, coexist in each poWder particle, provided that the 
hard magnetic phase having a Nd2Fe14B crystal structure is 
not a primary phase of said iron-base permanent magnet 
poWder, the constituent phases of the poWder particles 
having mean crystal siZes Within the range of 1 nm to 30 nm 
and the poWder particles having mean particle siZes of 3 pto 
500 pm and magnetic characteristics of iHc>5 kOe, Br>7 
kG, (BH)max§8 MGOe. 

4. An iron-base permanent magnet poWder for a bonded 
magnet consisting of ?ne crystal aggregates, said magnet 
poWder having a compositional formula represented by 
Fe1OO_x_y_Z_a_bCrxByRZCoaMb (Where R is Pr or Nd or mix 
tures thereof, M is one or more element selected from the 
group consisting of Al, Si, S, Ni, Cu, Zn, Ga, Ag, Pt, Au and 
Pb), With symbols X, y, Z, a, and b satisfy the folloWing 
values: 
0.012x27 at % 

15<y230 at % 
32Z26 at % 

0.012a230 at %, 
0.01 2b 2 10 at %, 

in Which a soft magnetic phase, Which consists of ot-iron and 
a ferromagnetic alloy having iron as a main component, and 
the hard magnetic phase, Which has a Nd2Fe14B crystal 
structure, coexist in each poWder particle, provided that the 
hard magnetic phase having a Nd2Fe14B crystal structure is 
not a primary phase of said magnet poWder, the constituent 
phases of the poWder particles having mean crystal siZes 
Within the range of 1 nm to 30 nm, and the poWder particles 
having mean particle siZe of 3 pm to 500 pm and magnetic 
characteristics of iHc>5 kOe, Br>7.2 kG, (BH)max§8.4 
MGOe. 

5. An iron-base bonded magnet obtained by combining 
resin and iron-base permanent magnet poWder consisting of 
?ne crystal aggregates, said magnet poWder having a com 
positional formula represented by Fe100_x_y_Z_aCrxByRZCoa 
(Where R is Pr or Nd or mixtures thereof), With symbols x, 
y, Z, and a satisfy the folloWing values: 
0.012x27 at % 

15<y230 at % 
32Z26 at % 

0.012a230 at %, 
in Which a soft magnetic phase, Which consists of ot-iron and 
a ferromagnetic alloy having iron as a main component, and 
a hard magnetic phase, Which has a Nd2Fe14B crystal 
structure, coexist in each poWder particle, provided that the 
hard magnetic phase having a Nd2Fe14B crystal structure is 
not a primary phase of said iron-base permanent magnet 
poWder, the constituent phases of the poWder particles 
having mean crystal siZes Within the range of 1 nm to 30 nm, 
and the poWder particles having a mean particle siZe of 3 pm 
to 500 pm and magnetic characteristics of iHcZS kOe, 
Br§5.5 kG, (BH)max§6 MGOe. 
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14 
6. An iron-base bonded magnet obtained by combining 

resin and iron-base permanent magnet poWder, consisting of 
?ne crystal aggregates, said magnet poWder having a com 
positional formula represented by Feloo_x_y_z_a_b CrxByRZ 
CoaMb (Where R is Pr or Nd or mixtures thereof, and M is 
one or more elements selected from the group consisting of 
Al, Si, S, Ni, Cu, Zn, Ga, Ag, Pt, Au, Pb), With symbols x, 
y, Z, a, and b satisfy the folloWing values: 
0.012x27 at % 

15<y230 at % 
32Z26 at % 

0.012a230 at % 

0.012b210 at %, 
Wherein a soft magnetic phase, Which consists of a ferro 
magnetic alloy having ot-iron and iron as main components, 
and a hard magnetic phase, Which has a Nd2Fe14B crystal 
structure, coexist in each poWder particle, provided that the 
hard magnetic phase having a Nd2Fe14B crystal structure is 
not a primary phase of said iron-base permanent magnet 
poWder, the constituent phases of the poWder particles 
having mean crystal siZes Within the range of 1 nm to 30 nm 
and the poWder particles having magnetic mean particle siZe 
of 3 pm to 500 pm magnetic characteristics of iHcZS kOe, 
Br§5.5 kG, (BH)max§6 MGOe. 

7. The magnet as de?ned in claim 1, Wherein the soft 
magnetic phase is a main phase of the magnet. 

8. The magnet as de?ned in claim 2, Wherein the soft 
magnetic phase is a main phase of the magnet. 

9. The magnet poWder as de?ned in claim 3, Wherein the 
soft magnetic phase is a main phase of the magnet poWder. 

10. The magnet poWder as de?ned in claim 4, Wherein the 
soft magnetic phase is a main phase of the magnet poWder. 

11. The magnet poWder as de?ned in claim 5, Wherein the 
soft magnetic phase is a main phase of the magnet poWder. 

12. The magnet poWder as de?ned in claim 6, Wherein the 
soft magnetic phase is a main phase of the magnet poWder. 

13. The magnet as de?ned in claim 1, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 

14. The magnet as de?ned in claim 2, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 

15. The magnet poWder as de?ned in claim 3, Wherein 
said soft and hard magnetic phases are obtained by heat 
treating a rapidly solidi?ed composition of said composi 
tional formula so that ot-iron crystalliZes in an increasing 
proportion of the soft magnetic phases as the amount of Cr 
in said compositional formula increases, and said mean 
crystal siZe does not exceed 30 nm. 

16. The magnet poWder as de?ned in claim 4, Wherein 
said soft and hard magnetic phases are obtained by heat 
treating a rapidly solidi?ed composition of said composi 
tional formula so that ot-iron crystalliZes in an increasing 
proportion of the soft magnetic phases as the amount of Cr 
in said compositional formula increases, and said mean 
crystal siZe does not exceed 30 nm. 

17. The magnet poWder as de?ned in claim 5, Wherein 
said soft and hard magnetic phases are obtained by heat 
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treating a rapidly solidi?ed composition of said composi 
tional formula so that ot-iron crystallizes in an increasing 
proportion of the soft magnetic phases as the amount of Cr 
in said compositional formula increases, and said mean 
crystal siZe does not exceed 30 nm. 

18. The magnet as de?ned in claim 6, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that the ot-iron crystalliZes in an increasing proportion of 
the soft magnetic phases as the amount of Cr in said 
compositional formula increases, and said mean crystal siZe 
does not exceed 30 nm. 

19. The magnet as de?ned in claim 1, Wherein the soft 
magnetic phase consists essentially of ot-iron. 

20. The magnet as de?ned in claim 2, Wherein the soft 
magnetic phase consists essentially of ot-iron. 

21. The magnet poWder as de?ned in claim 3, Wherein the 
soft magnetic phase consists essentially of ot-iron. 

22. The magnet poWder as de?ned in claim 4, Wherein the 
soft magnetic phase consists essentially of ot-iron. 

23. The magnet poWder as de?ned in claim 5, Wherein the 
soft magnetic phase consists essentially of ot-iron. 

24. The magnet poWder as de?ned in claim 6, Wherein the 
soft magnetic phase consists essentially of ot-iron. 

25. An iron-base permanent magnet poWder having a 
compositional formula represented by Feloo_x_y_z_a CrxByRZ 
Coa (Where R is Pr or Nd or mixtures thereof), With symbols 
X, y, Z, and a satisfy the folloWing values: 
0.012x23 at % 

15<y220 at % 
5 2Z25.5 at % 

12a210 at %, 
and Wherein a soft magnetic phase, Which consists of ot-iron 
and a ferromagnetic phase containing iron as a main 
component, and a hard magnetic phase, Which has a 
Nd2Fe14B crystal structure, coexist in each poWder particle, 
provided that the hard magnetic phase having a Nd2Fe14B 
crystal structure is not a primary phase of said iron-base 
permanent magnet poWder, the constituent phases having 
mean crystal siZes Within the range of 1 nm to 30 nm, and 
the poWder particles magnetic characteristics of 5 2iHc2 6.5 
kOe, Br>10 kG, (BH)max>12 MGOe. 

26. An iron-base permanent magnet having a composi 
tional formula represented by Fe1O0_x_y_Z_a_bCrxByRZCoa 
(Where R is Pr or Nd or mixtures thereof), Wherein symbols 
X, y, Z, and a satisfy the folloWing values: 

15<y220 at % 
42Z25.5 at % 
12b210 at %, 

and Wherein a soft magnetic phase, Which consists of ot-iron 
and a ferromagnetic phase containing iron as a main 
component, and a hard magnetic phase, Which has a 
Nd2Fe14B crystal structure, coexist in the permanent 
magnet, provided that the hard magnetic phase having a 
Nd2Fe14B crystal structure is not a primary phase of said 
iron-base permanent magnet, the constituent phases of the 
permanent magnet having mean crystal siZes Within the 
range of 1 nm to 30 nm, and the permanent magnet having 
magnetic characteristics of iHc>6.5 kOe, 82Br210 kG, 
102(BH)max212 MGOe. 

27. An iron-base permanent magnet having a composi 
tional formula represented by FelOO_x_y_Z_a_bCrxByRZCoaMb 
(Where R is Pr or Nd or mixtures thereof, and M is one or 
more elements selected from the group consisting of Al, Si, 
S, Ni, Cu, Zn, Ga, Ag, Pt, Au, and Pb), With symbols x, y, 
Z, a, and b satisfy the folloWing values: 
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0.012x23 at % 
15<y220 at % 
32Z26 at % 
12a210 at % 
0.52b23 at %, 

and Wherein a soft magnetic phase, Which consist of ot-iron 
and a ferromagnetic phase containing iron as main 
component, and a hard magnetic phase, Which has a 
Nd2Fe14B crystal structure, coexist in the permanent 
magnet, provided that the hard magnetic phase having a 
Nd2Fe14B crystal structure is not a primary phase of said 
iron-base permanent magnet, the constituent phases of the 
permanent magnet having mean crystal siZes Within the 
range of 1 nm to 30 nm, and the permanent magnet having 
magnetic characteristics of 52iHc26.5 kOe, Br>10.2 kG, 
(BH)max>12.5 MGOe. 

28. An iron-base permanent magnet having a composi 
tional formula represented by FelOO_x_y_Z_a_bCrxByRZCoaMb 
(Where R is Pr or Nd or mixtures thereof, and M is one or 
more elements selected from the group consisting of Al, Si, 
S, Ni, Cu, Zn, Ga, Ag, Pt, Au, and Pb), With symbols x, y, 
Z, a, and b satisfy the folloWing values: 

15<y220 at % 
42Z25.5 at % 
12a210 at % 
0.5 2b 23 at %, 

and Where a soft magnetic phase, Which consist of 
ot-iron and a ferromagnetic phase containing iron as 
a main component, and a hard magnetic phase, 
Which has a Nd2Fe14B crystal structure, coexist in 
the permanent magnet, provided that the hard mag 
netic phase having a Nd2Fe14B crystal structure is 
not a primary phase of said iron-base permanent 
magnet, the constituent phases of the permanent 
magnet having mean crystal siZes Within the range of 
1 nm to 30 nm and the permanent magnet having 
magnetic characteristics of iHc<6.5 kOe, 
8.22Br2 10.2 kG, 10.52(BH)max2 12.5 MGOe. 

29. The magnet as de?ned in claim 25, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 

30. The magnet as de?ned in claim 26, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 

31. The magnet as de?ned in claim 27, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 

32. The magnet as de?ned in claim 28, Wherein said soft 
and hard magnetic phases are obtained by heat treating a 
rapidly solidi?ed composition of said compositional formula 
so that ot-iron crystalliZes in an increasing proportion of the 
soft magnetic phases as the amount of Cr in said composi 
tional formula increases, and said mean crystal siZe does not 
exceed 30 nm. 


