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BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to permanent magnet materials composed mainly of R (where, R contains,
at least, one kind of rare earth elements containing Y), Fe and B, and a process of producing the same,
particularly, it relates to R-Fe-B permanent magnets materials and a process of producing the same,
whereby a cast alloy having a homogeneous structure in which an RxFe 4B phase and an R-rich phase are
finely separated, or an adjusting alloy cast piece containing a main-phase alloy containing the RxFe14B
phase as a main phase, and an RxFes7 phase or an R-Co intermetallic compound phase are obtained, from
a molten alloy whose main components are R, Fe and B, by a strip casting process such as a single roll
process or a double roll process and the like, the cast alloy are subjected to spontaneous decay by utilizing
a Hydrogenation of the alloy, and further, subjected to dehydrogenation for stabilization so as o enable the
efficient pulverisation, by molding and sintering single powders or blended powders which are oriented by
applying a pulse magnetic field, a high performance R-Fe-B permanent magnet, having a total value A + B
of 59 or more, in which A is a maximum energy product value (BH) max (MGOe) and B is a coercive force
iHc(kOe) and the squareness of demagnetization curve {(Br?/4)/(BH) max} of 1.01 to 1.045, is obtained.

Description of Prior Art

Nowadays, an R-Fe-B permanent magnet (Japanese Patent Application Laid Open No. Sho 59-46008),
which is a typical high performance permanent magnet, is that, a high magnetic characteristic is obtained
by the structure having a main phase of ternary tetragonal compounds and an R-rich phase, and is used in
a broad field from general domestic electric appliance to peripheral equipments of large-sized computers,
thus the R-Fe-B permanent magnet having various structure is proposed so as to exhibit various magnetic
characteristics depending on uses.

However, in response to recent strong requirements on realization of small-sized, light and highly
functional electric and electronic equipments, the inexpensive R-Fe-B permanent magnets with a higher
performance are required.

In general, a residual magnetic flux density (Br) of an R-Fe-B sintered magnet can be expressed as the
following Equation (1).

Br oo (|S . ,8) o fo {P/PO . (1 'a)}2/3 (1)

where,
Is: saturation magnetization
B: temperature dependability of Is
f: Degree of orientation
p: density of sintered body
po : theoretical density
a: volume fraction of grain boundary phase (volume fraction of non-magnetic phase)

Thus in order to raise the residual magnetic flux density (Br) of the R-Fe-B sintered magnet, 1) the
volume fraction of the R>Feq14B matrix phase must be increased, 2) the density of magnets must be raised
o the theoretical density, and further, 3) the degree of orientation of main phase crystal grains in a easily
magnetizing axial direction must be enhanced.

That is, though it is important to bring a magnet composition close to a stoichiometrical composition of
he above-mentioned R:Fe14B to achieve the item 1), when the R-Fe-B sintered magnet is produced from
an alloy ingot as a starting material, which is prepared by melting the alloy having the aforementioned
composition and casting in a mold, since «-Fe crystallized in the alloy ingot and the R-rich phase
segregated locally, particularly, it is difficult to pulverize to fine powders and the composition changes
during pulverizing with oxidation.

Particularly described, in the case of mechanically pulverizing the alloy ingot after the Hydrogenation
and dehydrogenation (Japanese Patent Application Laid Open Nos. Sho 60-63304 and Sho 63-33505) a-Fe
crystallized on the alloy ingot remains as it is at the time of pulverization and hinders the pulverization by its
ductility, and the R-rich phase which has omnipresented locally and becomes fine by the Hydrogenation
produces hydrides, so that oxidation is accelerated at the time of mechanical pulverization, or in the case of
pulverization by a jet mill, causing the composition discrepancies by dispersing dominantly.
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When producing the sintered body by using the alloy powder which is brought close to the
stoichiometrical composition of R2Fe14B to achieve the item 1), in the sintering process, a Nd-rich phase for
causing the liquid phase sintering produces oxides and is consumed by the inevitable oxidation, thereby the
sintering is hindered, and since the Nd-rich phase and B-rich phase are inevitably decreased by increase of
the RzFe14B phase, the production of sintered body becomes more difficult. Besides, the coercive force
(iHc) which is one of indexes showing a stability of the permanent magnet materials and one of important
properties is deteriorated.

Furthermore, as to the item 3) usually in a process of producing the R-Fe-B permanent magnet, in
order to make the direction of easy magnetization axies of the main phase crystal grains uniform, a process
of press molding in the magnetic field is adopted. In that case, it is known that a residual magnetic flux
density (Br) value and a value of the squareness of demagnetization curve {(Br?/4(BH)max} change
depending on a magnetic field applying direction and a pressing direction, or are influenced by the applied
magnetic field intensity.

Recently, for preventing coarsing of the crystal grains, residue and segregation of a-Fe which are
demerits of R-Fe-B alloy powders by an ingot pulverizing process, a production process, whereby a cast
piece having a specific thickness is formed from an R-Fe-B molten alloy by the double roll casting method,
and according o a usual powder metallurgical process, the cast piece is ground coarsely by means of a
stamp mill, a jaw crusher and the like, and further, pulverized into powders having a mean grain size of 3 to
5 um by a mechanical pulverizing process such as a disk mill, a ball mill, atfriter, a jet mill and the like,
thereafter, pressed in the magnetic field, sintered, and annealing is proposed (Japanese Patent Application
Laid Open No.Sho 63-317643).

However, in this process, as compared with the conventional case of pulverizing process of ingot casted
in a mold, a pulverizing efficiency at the time of pulverization can not be improved remarkably, besides, at
the time of pulverization, since not only the grain boundary pulverization but also the intergranular
pulverization occurs, magnetic characteristics can not be largely improved and since the R-rich phase is not
in a stable RHx phase against oxidation, or since the R-rich phase is fine and has a large surface area, it is
poor in oxidation resistance, thus the oxidation proceeds during the process and the high characteristics
can not be obtained.

Recently, demands on the cost reduction of the R-Fe-B permanent magnet materials are becoming
stronger, thus it is very important to manufacture the high performance permanent magnet efficiently. And
hence, manufacturing conditions for drawing out an exireme characteristics are necessary to improved.

We have repeated various studies on processes of producing the R-Fe-B permanent magnet efficiently
and improving the magnetic characteristics.

Enhancement of the residual magnetic flux density (Br) of the R-Fe-B sintered magnet can be achieved
by increasing a content of the RxFe14B phase of the main phase which is the Ferro magnetic phase. That
is, it is important fo make the magnet composition close to the stoichiometric composition of R>Fe14B.

However, when producing the R2Feq4B sintered magnet from the alloy ingot, prepared by melting the
alloy having the aforementioned composition and casting in the mold, as the starting material, as «-Fe
crystallized on the alloy ingot and the R-rich phase omnipresents locally particularly, it is difficult to
pulverize and resulis in composition discrepancies.

Also, when producing the alloy powder having the aforementioned composition by a direct reducing and
diffusing process, un-reacted Fe grains, and when raising the reduction temperature to eliminate this, then
the grains are growth by Sintered one another, besides Ca added as a reducing agent and its oxides are
taken in, thereby to increase impurities.

Therefore, as the result of various studies make on improvement of such problems related to the
production of alloy materials, we have found out that, by using a strip casting process for rapid cooling and
solidifying the molten alloy, crystallization of the a-Fe can be suppressed and the alloy cast piece having a
fine grain and homogeneous composition can be produced.

While, the R-Fe-B sintered magnet is sintered by a liquid-phase sintering reaction. That is, in the
magnet, besides the RxFe14B phase which is the main phase and Ferro magnetic phase, the B-rich phase
and R-rich phase as the grain boundary phase are present, which reacts one another at sintering to
generate the liquid phase, thereby a densification reaction proceeds.

Thus, the B-rich phase and the R-rich phase are indispensable phases for producing the R-Fe-B
sintered magnet. However, in order to improve the magnetic characteristics, it is necessary to increase the
R2Fe14B phase which is the main phase and Ferro magnetic phase to the utmost, and for this purpose, it is
intensive how to densify the alloy powder which is close to the stoichiometric composition of the RxFe14B
phase.
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SUMMARY TO THE INVENTION

It is an object of the present invention to provide high performance R-Fe-B permanent magnet materials
having a total value A + B z 59 of a (BH) max value (MGOe); A and an iHc value (KOe); B and the
squareness of demagnetization curve {(Br?/4)/(BH) max} of 1.01 to 1.045, wherein problems in a process of
producing the R-Fe-B materials are solved, efficient pulverization is made possible, oxidation resistance is
high, a high iHc is realized by fining crystal grains of a magnet, and an orientation of the easy
magnetization axis of the crystal grains is improved.

It is another object of the present invention to provide a process of producing the R-Fe-B permanent
magnet materials, whereby in a liquid-phase sintering reaction, by reacting with a B-rich phase and an R-
rich phase which hinders improvement of R-Fe-B permanent magnet characteristics, an R2Fe 4B phase of a
main phase is produced to reduce the B-rich phase and the R-rich phase, the oxygen content in the alloy
powder is decreased and the alloy powder having the composition responsive to various magnetic
characteristics can be provided easily with a good productivity.

It is a further object of the present invention to provide a process of producing R-Fe-B permanent
magnet materials, whereby alloy powder which is close to stoichiometric compositions (of the R2Fe 4B
phase) is subjected to liquid-phase sintering to obtain a high-performance R-Fe-B permanent magnet, and
the alloy powder capable of supplying the liquid phase at sintering is added and blended, thereby to
provide the alloy powder having the composition responsive o various magnetic characteristics efficiently.

The present invention is that, by the Hydrogenation of the strip casted R-Fe-B alloy having a specific
composition and thickness, the R-rich phase which is finely dispersed produces hydrides to cause volume
expansion and eventual spontaneous decay of the alloy, thereafter the main phase crystal grains constitut-
ing the alloy can be pulverized and the powder having a uniform grain distribution can be produced, at this
time, the R-rich phase is finely dispersed and the RxFe14B phase is also pulverized, thus when the alloy
powder which is dehydrogenated and stabilized is pulverized, since a pulverizing powder is improved by
about twice as much as the conventional pulverizing efficiency, the production efficiency is largely
improved, and by orientation using the pulse magnetic field and pressing, the R-Fe-B permanent magnet, in
which Br, BH(max) and iHc are improved remarkably, and the squareness of demagnetization curve shows
a value of 1.01 to 1.045, which is brought close to a theoretical state as much as possible, can be obtained.

Also, the present invention is that, by adding and blending adjusting alloy powder containing a NdzFe17
phaseobtained by the strip casting process by 60% or less of the fotal amount, to the R-Fe-B alloy powder
containing the RzxFe14Bphase as the main phase obtained by the strip casting process, due to the reaction
between the Ndz2Fes7 phase in the adjusting alloy powder and the B-rich and Nd-rich phase in the main
phase of R-Fe-B alloy powder, a B-rich phase and Nd-rich phase which deteriorate the permanent magnetic
characteristics can be adjusted and decreased, the resulting magnet performance can be improved, and
further, the oxygen content in the alloy powder can be reduced, thereby the alloy powder having the
composition responsive to various magnetic characteristics is provided easily.

Furthermore, the present invention is that, by adding and blending the adjusting alloy powder containing
an R-Co intermetallic compound phase obtained by the strip casting process by 60% or less of the total
amount, to the R-Fe-B alloy powder containing the RxFe14B phase as the main phase obtained by the strip
casting process, even when the liquid-phase sintering can not be effected only by the main phase of R-Fe-
B alloy powder due to the shortage of the R-rich phase and B-rich phase, the R-Co intermetallic compound
phase of the adjusting alloy powder is melted to supply the liquid phase for high densification, thus the
resulting magnet performance can be improved, and further, the oxygen content in the alloy powder can be
decreased and the alloy powder having the composition responsive to various magnetic characteristics is
provided easily.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an explanatory view of a press machine, in which a pulse magnetic field and a usual static
magnetic field can be acted in common.

Fig. 2 is a graph showing the relationship between the time and a magnetic field intensity of a pulse
magnetic field.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

We have found out that, as the result of various studies carried out on a grinding process for the
purpose of improving a pulverizing efficiency, oxidation resistance, magnetic characteristics of R-Fe-B
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sintered magnet, and particularly, an iHc on an R-Fe-B alloy , in the case of producing an R-Fe-B cast
piece having a fine and homogeneous structure by a strip casting process, and pulverizing alloy powders
which are stabilized by dehydrogenation after a Hydrogenation , a pulverizing efficiency is improved about
twice as much as the conventional pulverizing efficiency, and by molding, sintering and annealing the fine
powder which has been oriented by applying a pulse magnetic field, a total value of a (BH) max value and
an iHc value shows above 59, the squareness of demagnetization curve {(Brz/4)/(BH)max} value shows 1.01
fo 1.045 and the iHc of a sintered magnet is improved.curve.

That is, when the R-Fe-B alloy which is strip casted and has a specific composition having a structure
in which an R-rich phase of specific thickness is finely dispersed, is subjected to the, Hydrogenation by the
finely dispersed R-rich phase which produces hydrides and expands cubically, the alloy can be spontane-
ously decayed, and as a result, crystal grains constituting an alloy can be pulverized and the powder having
a uniform grain distribution can be produced.

Particularly, it is important that, at this time, the R-rich phase is finely dispersed and the RxFe14B phase
is fine. Besides, in a process of making the alloy ingot by using a usual mold, when the alloy composition is
brought close to the stoichiometric composition of the RxFe14B phase, crystallization of a Fe primary crystal
is un avoidable, causing a large deterioration of the pulverizing efficiency in the following process. And
hence, though means for providing the heat treatment and eliminating a-Fe is taken to homogenize the alloy
ingot, since the main phase crystal grains become coarse and segregation of the R-rich phase proceeds,
iHc of the sintered magnet is difficult to be improved.

It is also indispensable to uniform the easily magnetizing axial direction or to improve the degree of
orientation of the main phase crystal grains, for achieving high magnetization and the improvement of the
squareness of demagnetzation curve: and hence, a process of pressing the powder in a magnetic field is
adopted.

However, in a coil or a power source disposed on a usual press machine (a hydraulic press and a
mechanical press) for generating the magnetic field, only the magnetic field of 10 kOe to 20 kOe is
generated at the most, and the squareness of demagnetization curve {(Br?/4)/(BH) max} also assumes a
value of 1.05 or more, thus it is difficult to achieve the theoretical (BH)max value (in this case, the
squareness of demagnetization curve {(Br?/4)/(BH)max}is 1.00) expected from a Br value. Therefore, it is
attempted to mold in the higher magnetic field, but for generating the higher magnetic field, the number of
turns of the coil must be increased and also an apparatus necessitating the high power source must be
made larger.

By analyzing the relationship between the magnetic field intensity at the time of pressing and Br of the
shintered body, we have found out that, the higher the magnetic field intensity is increased, the higher the
magnatization and the more the squareness of demagnetization curve is improved, thus by using a pulse
magnetic field capable of generating the strong magnetic field instantaneously, the higher magnatization
and the higher the squareness of demagnetisation curve are possible.

Meanwhile, we have found out that, in the process of using the pulse magnetic field, it is important to
instantaneously orient once by the pulse magnetic field, and it is possible to mold the powder by a Iso-
static press, and by combining the pulse magnetic field and the static magnetic field by an electromagnet,
the press molding in the magnetic field is also possible.

That is, after casting a molten alloy consisting of 12 atomic % to 16 atomic % R (where, R represents
at least one kind of rare earth elements containing Y), 4 atomic % to 8 atomic % B, 5000 ppm or less O,
Fe (a portion of Fe can be substituted by one or two kinds of Co and Ni) and unavoidable impurities, into a
cast piece, whose main phase is an RxFe14B phase, by a strip casting process, the cast piece is contained
in a container which can take in and discharge air, the air in the container is substituted with Hydrogenation
is dehydrogenated, thereafter pulverized into the fine powder of 1 um to 10 wm mean particle size in an
inert gas flow, the fine powder is filled into a mold and oriented by applying the pulse magnetic field of 10
kOe or more instantaneously, then molded, sintered and aged, thereby to obtain the permanent magnet
materials having a total value A + B of a (BH) max value; A (MGOe) and an iHc value; B (kOe) of 95 or
more and thethe squareness of demagnetization curve {(Br?/4)/(BH) max} value of 1.01 to 1.045.

While, a Nd2Fe17 phase in an R-Fe alloy such as a Nd-Fe alloy is an intermetallic compound having a
easily magnetizing direction in a C phase when a Curie point is in the vicinity of room temperature, and
conventionally, in the R-Fe-B sintered permanent magnet, when the amount of B is less than 6 atomic %,
for example, the Nd>Fe17 phase is produced in the magnet to weaken a coercive force.

However, as the results of various studies, we have found out that, in material powders in which a
specific amount of R-Fe alloy powder containing the RzFes7 phase such as the Nd>Fe17 phase is added to
and blended with the R-Fe-B alloy powder containing the RzFe 4B phase as the main phase, near eutectic
temperature of 690 °C of Nd in the Nd-rich phase and the Nd>Fe17 phase in the R-Fe alloy powder in the
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grain boundary phase, for example, a reaction of Nd + Nd>Fe 7 phase = liquid phase takes place, thereby
this low melting point liquid phase accelerates the sintering of the R-Fe-B alloy powder.

Meanwhile, the adjusting alloy powder containing the Nd>Feq17 phase and the R-Fe-B alloy powder
containing the R2Feq14B phase as the main phase react as follows during the sintering, and act fo increase
the RxFe14B phase as the main phase.

13/17 Nd2Fes7 + 1/4 Ndy1FesBs + 133/6800 Nd — Nd2Fe 4B

That is, we have found out that, in the above-mentioned reaction equation, since the Nd>Fe 4B phase is
newly produced by the reaction between the Nd2Fes7; phase in the adjusting alloy powder and the B-rich
phase and Nd-rich phase in the main phase R-Fe-B alloy powder, in the permanent magnet obtained only
by the alloy powder containing the R2Fe14B phase as the main phase of the conventional process, the
amount of the B-rich phase and Nd-rich phase which is one of the factors deteriorating magnetic
characteristics can be reduced at the time of sintering reaction.

Furthermore, from the fact that it is a large advantage from a production point of view o obtain material
alloy powders which are easily pulverized when producing the R-Fe-B magnet by a powder metallurgical
process, as the result of various studies on a process of producing the R-Fe-B permanent magnet material
powders, we have found out that, the R-Fe-B permanent magnet material powders are obtained, by mixing
a necessary amount of main phase alloy powder-and adjusting alloy powder obtained by rapid cooling and
solidifying the molten alloy by the strip casting process, to the main phase alloy powder containing the
RzFe14Bphase as the main phase and the adjusting alloy powder containing the RxFe17 phase.

That is, reasons for producing the main phase alloy powder and adjusting alloy powder from the alloy
obtained by the strip casting process in the present invention are that, by the strip casting, in the main
phase alloy powder, the main phase alloy powder can be obtained from the alloy cast piece in which the
Rz>Fe14B main phase in fine and the B-rich phase and Nd-rich phase are sufficiently dispersed, besides,
crystallization of Fe primary crystals is suppressed, and in the adjusting alloy powder, which can be
obtained from the alloy cast piece in which the RoFeq7 phase is dispersed uniformly.

Particularly, when the RxFe 4B phase is fine and the B-rich phase and R-rich phase are uniformly
dispersed in the main phase material powders, a pulverizing power is improved considerably at the time of
producing the magnet, and the powder having uniform particle distributions can be obtained. Furthermore,
when producing the magnet, since the crystal is fine, a high coercive force is obtained.

Meanwhile, an advantage of producing the adjusting alloy powder containing the R>Feq7 phase by the
strip casting process is that, since the RxFei7 phase can be made fine and dispersed sufficiently at the
time of mixing with the main phase alloy powder, the reaction takes place uniformly. That is, in the usual
alloy melting process using a mold, since a-Fe and the other R-Fe (Co) compound phase are crystallized
on the resulting alloy ingot, for obtaining the stable material alloy powders, the alloy ingot must be heated
and homogenized, causing the production cost of the alloy powder to increase and the R:Feq17 phase to
growth. Furthermore, in the case of producing the adjusting alloy powder by a direct reducing and diffusing
process, such problems are encountered that, un-reacted Fe grains remain or individual grain compositions
differ from each other, and it is very difficult to homogenize the whole alloy powders.

As the result of various studies on the above-mentioned findings, we have also found out that, in the
material powders prepared by adding and blending a specific amount of R-Co alloy powder containing the
R-Co intermetallic compound phase, for example, a Nd;Co phase and a NdCo, phase as the main phase,
to the R-Fe-B alloy powder containing the R2Fe 4B phase as the main phase, by the reactions of Nd +
Nd3;Co phase = liquid phase in the vicinity of eutectic temperature 625 ° C of Nd of the Nd-rich phase in the
main phase alloy powder and NdzCo in the R-Co alloy powder, the low melting point liquid phase
accelerates the sintering of the R-Fe-B alloy.

That is, according to the present invention, it is possible to supply the amount of liquid phase necessary
for sintering, as a result, the alloy powder made close to the stoichiometric composition of the RxFeq14B
phase can be liquid-phase sintered, thereby the magnet composition can be made close to the
stoichiometric composition of the R2Fe 4B phase. In other words, in the case of producing the magnet only
by the conventional alloy powder containing the RoFeq14B phase as the main phase, the Nd-rich phase
serving as a supply source of the liquid phase produces Nd-oxides during the process by indispensable
material oxidation, thereby the amount of liquid phase necessary for sintering can not be secured, as a
result, a high densification can not be achieved sufficiently, so that the composition must be set in advance
with some margins, but the deviations can be solved by the present invention.

Particularly, when the RxFe 4B phase in the main phase material powders is fine and the B-rich phase
and Nd-rich phase are dispersed uniformly, the pulverizing power is considerably improved at the time of
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producing the magnet, and the powder having the uniform grain distributions can be produced. Further-
more, since the crystal is fine, a high coercive force can be obtained when producing the magnet.
Particularly, even when the alloy powder composition is made close to the stoichiometric composition of the
R2>Fe14B phase, crystallization of the Fe primary crystal is eliminated and the uniform structure is obtained.

Furthermore, advantages of producing the adjusting alloy powder containing the R-Co intermetallic
compound phase by the strip casting process are that, such problems as that, in the usual alloy melting
process using the mold, the Co(Fe) phase and the other R-Co(Fe) compound phase are crystallized on the
resulting alloy ingot, and the phases omnipresent locally, therefore, in order to obtain the stable material
alloy powders, the alloy ingot must be heated and homogenized, causing increase in the production cost of
the alloy powder, and that, in the case of producing the adjusting alloy powder by the direct reducing and
diffusing process, un-reacted Co and Fe grains remain or individual grain composition differs from each
other, thus it is very difficult fo homogenize that whole alloy powders, can be solved.

Magnetic characteristics of the R-Fe-B permanent magnet according to the present invention is that, a
total value A + B of 59 or more, in which A is a maximum energy product value (BH) max; (MGOe) and B
is a coercive force iHc(kOe), when (BH) max is above 50 MGOe, iHc is more than 9 kOe, when (BH) max is
above 45 MGOe, iHc is more than 14 kOe, and the squareness of demagnetization curve {(Br?/4(BH) max}
value is 1.01 to 1.045, thus by selecting the composition and production conditions suitably, the necessary
magnetic characteristics can be obtained.

In the present invention, the cast piece of the magnet materials having a structure, in which the
R2Fe14B phase having a specific composition and the R-rich phase are finely separated, is produced by
strip casting the molten alloy having a specific composition by a single roll process or a double roll process.
The resulting cast piece is a sheet whose thickness is 0.03 mm to 10 mm, though the single roll process
and the double roll process are used properly depending on the desired thickness of the cast piece, the
double roll process is preferably adopted when the plate thickness is thick, and the single roll process is
preferably used when the plate thickness is thin.

Reasons for limiting the thickness of the cast piece within 0.03 mm to 10 mm are that, when the
thickness is below 0.03 mm, a rapid cooling effect increases and the crystal grain size becomes smaller
than 1 um, thus easily oxidized when pulverized, results in deterioration of the magnetic characteristics, and
when the thickness exceeds 10 mm, a rapid cooling rate becomes slower, a-Fe is easily crystallized, the
crystal grain size becomes larger and also the Nd-rich phase omnipresents, thus the magnetic characteris-
tics is deteriorated.

In the present invention, a sectional structure of the R-Fe-B alloy having a specific composition obtained
by the strip casting process is that, the main phase RzFe 4B crystal is finer than about one tenth or more
as compared with that of the conventional ingot obtained by casting in a mold, for example, crystal sizes
are 0.1 um to 50 um in a short axial direction and 5 um to 200 um in a long axial direction, and the R-rich
phase is finely dispersed as surrounding the main phase crystal grain, even in the locally omnipresent
region, the size is below 20 um. Crystal grains of the main phase alloy powder and the adjusting alloy
powder obtained by the strip casting process have the same properties.

By dispersing the R-rich phase finely below 5 um, when the R-rich phase produces hydrides at the
time of Hydrogenation processing, volume expansion occurs uniformly for fractionization, so that the main
phase crystal grain is fractionized by pulverization and the fine powder having a uniform grain distribution is
obtained.

In the following, limited reasons of the compositions of the R-Fe-B permanent magnet and the alloy
ingot in the present invention are described.

Rare earth elements R contained in the permanent magnet alloy ingot of the present invention contain
yttrium (Y), and are the rare earth elements including light rare earths and heavy rare earths.

As R, the light rare earths are sufficient, and particularly, Nd and Pr are preferable. Though, usually,
one kind of R is sufficient, practically, mixtures (mischmetal, didymium, efc.) of two kinds or more can be
used from the reason of availability, and Sm, Y, La, Ce, Gd etc. can be used as a mixture with other R,
particularly, Nd, Pr and the like. The R is not necessarily be the pure rare earth elements, those containing
unavoidable impurities in production may be used within an industrially available range.

R is an indispensable element of the alloy ingot for producing the R-Fe-B permanent magnet, whereby
a high magnetic characteristics can not be obtained below 12 atomic %, particularly, a high coercive force
can not be obtained, and when exceeding 16 atomic %, a residual magnetic flux density (Br) is lowered and
the permanent magnet having a superb characteristics can not be obtained. And hence, the R is preferably
within the range of 12 atomic % to 16 atomic %, the optimum range being 12.5 atomic % to 14 atomic %.

B is an indispensable element of the alloy ingot for producing the R-Fe-B permanent magnet, whereby
the high coercive force (iHc) can no be obtained below 4 atomic %, and when exceeding 8 atomic %, the
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residual magnetic flux density (Br) is lowered, so that the good permanent magnet can not be obtained. And
hence, the B is preferably 4 atomic % to 8 atomic %, the optimum range being 5.8 atomic % fo 7 atomic
Y% .

In the case of Fe, the residual magnetic flux density (Br) is lowered below 76 atomic %, and when
exceeding 84 atomic %, the high coercive force can not be obtained, so that Fe is restricted to 76 to 84
atomic %.

Also, though the reason for substituting a part of Fe with one or two kinds of Co Ni is to obtain the
effect to improve temperature characteristics and the corrosion resistance of the permanent magnet, when
one or two kinds of Co and Ni exceed 50% of Fe, the high coercive force can not be obtained and the good
permanent magnet can not be obtained. And hence, the upper limit of Co and Ni is 50% of Fe.

The reason for restricting Oz below 5000 ppm is that, when exceeding 5000 ppm, the R-rich phase is
oxidized and the sufficient liquid phase is not produced at sintering, results in lowering the density, so that
the high magnetic flux density can not be obtained and a weatherability is also deteriorated, therefore, an
optimum range of O is between 200 to 3000 ppm.

When an apparent density of the permanent magnet material is below 7.45 g/cm3, the high magnetic
flux density can not be obtained, and the magnet materials having a total value A + B of the (BH) max
value; A (MGOe) and the iHc value; B (kOe) above 59, which is a feature of the present invention, can not
be obtained.

Also, as the starting material powders in the present invention, besides the material powders of the
magnet composition, for adjusting the amount of R, B and Fe fo the magnet composition, it is also possible
fo use by blending the R-Fe-B alloy powder, containing the R2Fe14B phase in which the amount of R, o be
described later, is contained by 11 atomic % to 20 atomic % as the main phase, and the R-Fe-B alloy
powder containing the R2Feq7 phase, in which the amount of R is below 20 atomic %.

As to the amount of B, the magnet composition can be adjusted by blending the main phase R-Fe-B
alloy powder, in which the amount of B is contained by 4 atomic % to 12 atomic % or more, and the
adjusting R-Fe-B alloy powder containing the R2Feq7 phase, in which the amount of B is contained below 6
atomic %, or the adjusting R-Fe alloy powder containing the RzFe17 phase, in which B is not contained.

Furthermore, the magnet composition can be adjusted by blending the adjusting R-Co (can be
substituted by Fe) alloy powder containing the R-Co intermetallic compound (Nd3-Co, Nd-Coz and the like).

Though the presence of unavoidable impurities in industrial production is permissible besides R, B and
Fe in the alloy cast piece of the present invention, by substituting a part of B by a total amount of 4.0
atomic % or less of, at least, one kind of 4.0 atomic % or less C, 3.5 atomic % or less P, 2.5 atomic % or
less S and 3.5 atomic % or less C, improvement of the productivity and reduce the cost of the magnet alloy
are possible.

Meanwhile, by adding, at least, one kind of Al of 9.5 atomic % or less, Ti of 4.5 atomic % or less, V of
9.5 atomic % or less, Cr of 8.5 atomic % or less, Mn of 8.0 atomic % or less, Bi of 5 atomic % or less, Nb
of 12.5 atomic % or less, Ta of 10.5 atomic % or less, Mo of 9.5 atomic % or less, W of 9.5 atomic % or
less, Sb of 2.5 atomic % or less, Ge of 7 atomic % or less, Sn of 3.5 atomic % or less, Zr of 5.5 atomic %
or less and Hf of 5.5 atomic % or less, to the alloy powder containing the R, B, Fe alloys or the R-Fe-B
alloy containing Co or the blended R:Fe14B phase as the main phase, or to the adjusting alloy powder
containing the R:Fes7; phase and the adjusting alloy powder containing the R-Co intermetallic compound
phase, the high coercive force of the permanent magnet alloy is made possible.

In the R-B-Fe permanent magnet of the present invention, it is indispensable that the R2Fe14B phase of
the main phase of a crystal phase pregents above 90%, preferably, above 94%. The R-Fe-B sintered
magnet, which is produced in a large lot at present, has the R2Feq4B phase of up to 90%, the high
magnetic characteristics of the present invention, in which the value A + B is above 59, can not be
obtained below 90%.

A degree of orientation of the magnet of the present invention is calculated from the aforementioned
equation 1, it is indispensable that the degree of orientation of the magnet is above 85% to hold the value A
+ B above 59, and when the degree of orientation is below 85%, the squareness of demagnetization curve
is deteriorated and the high residual magnetic flux density (Br) is lowered, results in a low (BH) max value.
The degree of orientation is preferably above 92%.

Though the squareness of demagnetization curve {(Br?/4)/(BH) max} theoretically shows a value of
1.00, since the above-mentioned degree of orientation is disturbed inevitably in the practical permanent
magnet material, though it is limited to 1.05 even after many improvement in the past, in the permanent
magnet materials of the present invention obtained by the aforementioned specific process, the value of the
squareness of demagnetization curve is 1.01 fo 1.045.
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In the following, restricted reasons of the composition of the main phase alloy and the adjusting alloy for
the R-Fe-B permanent magnet materials are described.

For obtaining the main phase alloy powder containing the RxFe14B phase as the main phase to which
the adjusting alloy powder containing the RzFes7 phase is added and blended, when R is below 11 atomic
%, residual iron where R and B do not diffuse increases, and when exceeding 20 atomic %, the R-rich
phase increases and the oxygen content increases at pulverization, so that R is preferably 11 atomic % fo
20 atomic %, more preferably, 13 atomic % to 16 atomic %.

The high coercive force (iHc) can not be obtained when B is below 4 atomic %, and since the residual
magnetic flux density (Br) is lowered when exceeding 12 atomic %, the good permanent magnet can not be
obtained, so that B is preferably 4 atomic % to 12 atomic %, more preferably, 6 atomic % to 10 atomic %.

The rest is composed of Fe and unavoidable impurities, Fe is preferably within the range of 65 atomic
% to 82 atomic %. When Fe is below 65 atomic %, the rare earth elements and B become abundant
relatively, and the R-rich phase and the B-rich phase increase, when exceeding 82 atomic %, the rare earth
elements and B decrease relatively, and the residual Fe increases, results in the non-uniform alloy powder.
Fe is preferably 74 atomic % to 81 atomic %.

Since one or two kinds of Co and Ni in the main phase alloy powder are substituted with Fe in the
R2Fe14B main phase to lower the coercive force, Co is preferably below 10 atomic % and Ni is preferably
below 3 atomic %. However, in the case of substituting a part of Fe with the above-mentioned Co or Ni, Fe
is in the range of 55 atomic % to 72 atomic %.

For obtaining the adjusting alloy powder containing the R>Feq7 phase, the R-rich phase increases in
production of the alloy powder and causes oxidation when the R exceeds 20 atomic %, thus R is preferably
5 to 15 atomic %. When B is below 6 atomic %, since only the RoFe14B phase presents and the amount of
B in the main phase alloy powder can be adjusted, B is preferably below 6 atomic %.

Meanwhile, the rest is composed of Fe and unavoidable impurities, Fe is preferably 85 atomic % to 95
atomic %.

For obtaining the alloy powder containing the R2Fe 4B phase as the main phase, to which the R-Fe
adjusting alloy powder containing the R-Co intermetallic compound phase is added and blended, since the
residual iron, when R and B do not diffuse, increases when R is below 11 atomic %, and the R-rich phase
increases and the oxygen content increases at pulverization when exceeding 15 atomic %, R is preferably
11 atomic % to 15 atomic %, more preferably, 12 atomic % to 14 atomic %.

Since the high coercive force (iHc) is not obtained when B is below atomic %, and the residual
magnetic flux density (Br) is lowered when exceeding 12 atomic %, the good permanent magnet can not be
obtained, so that B is preferably 4 atomic % to 12 atomic %, more preferably, 6 atomic % to 10 atomic %.

Meanwhile, the rest is composed of Fe and unavoidable impurities, Fe is preferably 73 atomic % to 85
atomic %. When Fe is below 73 atomic %, the rare earth elements and B become abundant relatively and
the R-rich phase and the B-rich phase increase, when exceeding 85 atomic %, the rare earth elements and
B decrease relatively and the residual Fe increases, results in the non-uniform alloy powder, thus Fe is,
more preferably, 76 atomic % to 82 atomic %.

Since one or two kinds of Co and Ni in the main phase alloy powder are substituted with Fe in the
R2Fe14B main phase to deteriorate the coercive force, Co is preferably below 10 atomic % and Ni below 3
atomic %. However, in the case of substituting a part of Fe with the above-mentioned Co or Ni, Fe is
preferably 63 atomic % to 82 atomic %.

For obtaining the adjusting alloy powder containing the R-Co intermetallic compound phase, the R-rich
phase increases to cause oxidation in production of the alloy powder when R exceeds 45 atomic %, so that
R is preferably 10 to 20 atomic %.

Meanwhile, the rest is compound of Co and unavoidable impurities, Co is preferably 55 atomic % to 95
atomic %.

One or two kinds of Fe and Ni substituted with Co in the adjusting alloy powder are that, since the
oxidation resistance of the adjusting alloy powder is deteriorated when the amount of Fe is increased, and
the coercive force of the magnet is lowered when the amount of Ni is increased, Fe is preferably below 50
atomic % and Ni below 10 atomic %. However, in the case of substituting a part of Co with Fe or Ni, Co is
preferably 5 atomic % to 45 atomic %.

In the present invention, the magnet composition alloy powder, the main phase alloy powder containing
the R2Feq14Bphase as the main phase, and the adjusting alloy powder containing the RxFe17 phase or the
R-Co intermetallic compound phase, are produced by, for example, a known strip casting process by a
single roll process or a double roll process.

Hydrogenation processing is that, for example, a cast piece cut into a predetermined size and having
the thickness of 0.03 mm to 10 mm is inserted into a material case, which is covered and charged into a
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container which can be closed tightly, after closing the container tightly, the container is vacuumed
sufficiently, thereafter Ho gas of 200 Torr to 50 kg/cm? pressure is introduced to occlude Hydrogenation by
the cast piece.

Since the Hydrogenation reaction is an exothermic reaction, by supplying the H> gas having a
predetermined pressure for a fixed time, while providing a piping around the container for supplying cooling
water to suppress the temperature rise in the container, the Hy gas is absorbed and the cat piece is
decayed spontaneously for pulverization. Meanwhile, the pulverized alloy is cooled and dehydrogenated in
vacuum.

Since fine cracks are produced in the processed alloy powder grains, it can be pulverized by a ball mill,
a jet mill and the like, and the alloy powder having the necessary grain size of 1 um to 80 um can be
obtained.

In the present invention, air in the processing container may be substituted by inert gas beforehand,
and then the inert gas is substituted by the H> gas.

The smaller the cut size of the cast piece the lower the H> gas pressure, and thought he cut cast piece
absorbs Hz and is pulverized even in the vacuum, the higher the pressure from the atmospheric pressure
the easier the pulverization. However, the pulverization is deteriorated when below 200 Torr, and though it is
preferable from a viewpoint of Hydrogenation and pulverization to exceed 50 kg/cm?, it is not so from a
viewpoint of the apparatus and safety, so that the H, gas pressure is preferably 200 Torr to 50 kg/cm?.
From a viewpoint of mass production, it is preferably 2 kg/cm? to 10 kg/cm?.

In the present invention, though the pulverization time by the Hydrogenation varies depending on the
closed container size, the size of the cut piece and the H»> gas pressure, it takes more than 5 minutes.

The alloy powder pulverized by the Hydrogenation is subjected to a primary dehydrogenation in
vacuum after cooling. Meanwhile, when the pulverized alloy is heated at 100°C to 750°C in vacuum or in
argon gas, and subjected to a secondary dehydrogenation for 0.5 hours or longer, the Hz gas in the
pulverized alloy can be completely removed, and oxidation of the powder or a molded body due to a
prolonged preservation is prevented, thereby deterioration of the magnetic characteristics of the resulting
permanent magnet can be prevented.

Since the dehydrogenation processing of the present invention heating up to 100°C or higher has a
good dehydrogenating effect, the above-mentioned primary dehydrogenation in vacuum may be omitted,
and the decayed powder may be directly dehydrogenated in vacuum or in an argon gas atmosphere at
100 - C or higher.

That is, after the Hydrogenation and decaying reactions in the aforesaid container for Hydrogenation
reaction, the resulting decayed powder may be, subsequently, subjected to the dehydrogenation in the
container atmosphere at 100 ° C or higher. Or after the dehydrogenation in vacuum, the decayed powder is
taken out from the container for pulverization, thereafter, the dehydrogenation processing of the present
invention heating up to 100 ° C or higher in the container may be effected again.

When the heating temperature in the above-mentioned dehydrogenation is below 100°C, it takes long
time to remove H, remained in the decayed alloy powder thus it is not mass productive. When the
temperature exceeds 750°C, a liquid phase is produced and the powder is solidified, making the
pulverization difficult and deteriorating the moldability at pressing, thus it is not preferable when producing
the sintered magnet.

When considering the sinterability of the sintered magnet, the preferable dehydrogenation temperature
is 200°C to 600°C. Though the processing time varies depending on the processing amount, it take 0.5
hours or longer.

Next, when pulverizing, it is effected by the jet mill in inert gas (e.g. N2, Ar). It goes without saying that
the ball mill and the attriter pulverizing using an organic solvent (e.g. benzene, toluene and the like) are
possible.

Mean grain sizes of the powder at pulverization is preferably 1 um to 10 um. When below 1 um, the
pulverized powder becomes very active and susceptible to oxidation, thereby to trigger ignition. When
exceeding 10 um, un-pulverized coarse grain remains fo cause deterioration of the coercive force and the
slow sintering rate, results in a low density. The mean grain size of the fine powder is, more preferably, 2 to
4 um.

For pressing using the magnetic field, the following process is proposed.

Pulverized powders are filled into a mold in an inert gas atmosphere. The mold may be made of,
besides non-magnetic metals and oxides, organic compounds such as plastics, rubber and the like.

A charging density of the powder is, from a bulk density (charging density 1.4 g.cm?®) in a quiescent
state of the powder, preferably within the range of the solidifying bulk density (charging density 3.0 g/cm?)
after tapping. Thus, the charging density is restricted to 1.4 to 3.0 g/cm?.
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A pulse magnetic field by an air-core coil and a capacitor power source is applied for orientation of the
powder. At the time of orientation, the pulse magnetic field may be applied repeatedly, while compressing
by upper and lower punches. The pulse magnetic field intensity is larger the better, at least, more than 10
kOe is necessary, preferably, 30 kOe to 80 kOe.

As shown in a graph of Fig. 2 showing the time and the magnetic field intensity, the pulse magnetic
field time is preferably 1 U sec to 10 sec, more preferably 5 w sec to 100 m sec, and an applying
frequency of the magnetic field is preferably 1 to 10 times, more preferably, 1 to 5 times.

The oriented powder may be solidified by a hydrostatic press. At this time, in the case of using the
plastic mold, the hydrostatic pressing can be effected as it is. Pressure by the hydrostatic pressing profess
is preferably 0.5 ton/cm? to 5 ton/cm?, more preferably, 1 ton/cm? to 3 ton/cm?.

For continuously performing the orientation by the magnetic field and the pressing, it is possible to
mold by a usual magnetic field pressing process, after embedding a coil generating the pulse magnetic
field in a die, and using the magnetic field for orientation. Pressure by the magnetic field pressing process
is preferably 0.5 ton/cm? to 5 ton/cm?, more preferably, 1 ton/cm? to 3 ton/cm?.

EXAMPLES
Embodiment 1

A sheet cast piece having the thickness of about 1 mm is prepared from a molten alloy having
compositions of Nd 13.0 - B 6.0 - Fe 81 obtained by melting in a high frequency melting furnace, by using
a double-roll type strip caster including two copper rolls of 200 mm diameter. Crystal grain sizes of the cast
piece are 0.5 um to 15 um in a short axial direction and 5 um to 80 um in a long axial direction, an R-rich
phase which is finely separated into about 3 um presenting as surrounding a main phase. The oxygen
content is 300 ppm.

The cast piece of 1000 g cut into a 50 mm square or smaller is contained in a closed container which
can take in and discharge air, N2 gas is infroduced into the container for 30 minutes and after substituting
with air, H> gas of 3 kg/cm? pressure is fed into the container for 2 hours to decay the cast piece
spontaneously by Hydrogenation, then retaining in vacuum at 500°C for 5 hours for dehydrogenation,
thereafter cooling to room temperature and grinding into 100 mesh.

Next, the 800 g of coarse grain in pulverized in a jet mill to obtain an alloy powder of 3.5 um mean
grain sizes. The resulting alloy powder is filled into a rubber mold and a pulse magnetic field of 60 kOe is
applied instantaneously for orientation, thereafter subjected to hydrostatic pressing at 2.5 T/cm? by a
hydrostatic press.

A molded body taken out from the mold is sintered at 1090°C for 3 hours to obtain a permanent
magnet after the one hour annealing at 600 °C. Magnetic characteristics and density, crystal grain size,
degree of orientation, the squareness of demagnetization curve main phase amount and oxygen content are
shown in Table 1.

Embodiment 2

The molten alloy having the same composition as the Embodiment 1 is strip casted to obtain a sheet
cast piece having the sheet thickness of about 0.5 um.

Crystal grain sizes in the cast piece are 0.3 um to 12 um in a short axial direction and 5 um to 70 um
in a long axial direction, an R-rich phase finely separated into about 3 um presenting as surrounding a main
phase. The cast piece is pulverized by the jet mill at the same condition as the Embodiment 1 to obtain the
alloy powder of about 3.4 um mean grain size. The powder is molded in the magnetic field of about 12
kOe, after, first, oriented in the pulse magnetic field of about 30 kOe, by a press machine, in which, as
shown in Fig. 1, static magnetic field coils 3, 4 are disposed around upper and lower punches 1, 2, and a
pulse magnetic field coil 6 is provided in a die 5 so as to act the pulse magnetic field and the usual
magnetic field commonly to material powders 7. Thereafter, the molded body is sintered and annealed at
the same condition as the Embodiment 1.

Magnetic characteristics and density, crystal grain size, degree of orientation, the squareness of
demagnetisation curve, main phase amount and Oz content of the resulting permanent magnet are shown in
Table 1.
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Embodiment 3

As same as the Embodiment 1, an alloy of Nd 13.5 - Dy 0.5 - B 6.5 - Co 1.0 - Fe 78.5 is strip casted to
obtain a sheet cast piece. The cast piece of 100 g cut into a 50 mm square or smaller is decayed
spontaneously by the Hydrogenation as same as the Embodiment 1, and dehydrogenated in vacuum for 6
hours. Then, after coarse grinding, pulverized in a jet mill to obtain the powder of 3.5 um mean grain size.

The resulting powder is oriented in the pulse magnetic field as same as the Embodiment 1, and a
molded body obtained by the hydrostatic press is sintered similarly. Magnetic characteristics and density,
crystal grain size, degree of orientation, the squareness of demagnetization curve, main phase amount and
O content are shown in Table 1.

Comparative Example 1

The powder obtained at the same condition as the Embodiment 1 is pressed and molded in the
magnetic field of about 12 kOe by the usual magnetic field press machine in dried state, then sintered and
annealed at the same condition as the Embodiment 1. However, oxidation occurs during the pressing, thus
densification to a sufficient sinter density is impossible, so that the magnetic characteristics can not be
measured and only the density and O2 content are measured.

Comparative Example 2

The coarse powder obtained at the same condition as the Embodiment 1 is pulverized by the ball mill,
using toluene as a solvent, to obtain the fine powder of 3.5 um mean grain size, which is pressed and
molded in the magnetic field of about 12 kOe by the usual magnetic field press machine in a wet state, then
sintered and annealed at the same condition as the Embodiment 1.

Magnetic characteristics and density, crystal grain size, degree of orientation, the squareness of
demagnetization curve, main phase amount O, content of the resulting permanent magnet are shown in
Table 1.

Comparative Example 3

A molten alloy having the composition of Nd 14 - B 6.0 - Fe 80 obtained by melting in a high-frequency
melting furnace is casted in an iron mold. When a structure of a resulting alloy ingot was observed,
crystallization of a Fe primary crustal is seen, so that heated at 1050 °C for 10 hours for homogeneous
processing.

Crystal grain sizes of a resulting ingot are 30 to 150 um in a short axial direction and 100 um to several
mm in a long axial direction, and an R-rich phase is segregated in the size of about 150 um locally.

After coarsely grinding the alloy ingot, the coarse powder is obtained by the Hydrogenation and
dehydrogenation by the same process as the Embodiment 1. Furthermore, the coarse powder is pulverised
by the jet mill at the same condition as the Embodiment 1, and the resulting alloy powder of about 3.7 um
mean grain size is pressed and molded in the magnet field of about 12 kOe for sintering and heat treatment
at the same conditions as the Embodiment 1. Magnetic characteristics and density, crystal grain size,
degree orientation, the squareness of demagnetization curve, main phase amount and O, content of the
resulting permanent magnet are shown in Table 1.

Comparative Example 4

After coarsely grinding a strip casted piece having the same composition and thickness as the
Embodiment 1 into the size of 50 mm or smaller, 1000 g of the coarse powder is ground, for one four in a
stamp mill, into coarse powders of 100 mesh, without the Hydrogenation and dehydrogenation processing,
then pulverised in the jet mill to obtain the alloy powder of 3.8 um mean grain size.

The alloy powder is pressed in the magnetic field of about 12 kOe, sintered and annealed to obtain the
permanent magnet. Magnetic characteristics and density, crystal grain size, degree of orientation, the
squareness of demagnetisation curve, main phase amount and O content of the resulting permanent
magnet are shown in Table 1.

12
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Comparative Example 5

An alloy having the composition of Nd 13.5 - Dy 0.5 - B 6.5 - Co 1.0 - Fe 78.5 is casted by the same
method as the Comparative Example 3. Since a Fe primary crystal is crystallized in the resulting alloy ingot,
which is subjected to the heat treatment at 1050 ° C for 6 hours. After coarsely grinding the alloy ingot, it is
subjected to Hydrogenation as same as the Embodiment 1, and then dehydrogenated in vacuum. The
coarse powder is ground coarsely and pulverized in the jet mill to obtain the powder of 3.7 um mean grain
size.

The powder is pressed in the magnetic field of about 12 kOe, then sintered and heated at the same
condition as the Embodiment 1. Magnetic characteristics and density, crystal grain size, degree of
orientation, the squareness of demagnetization curve, main phase amount and Oz content of the resulting
permanent magnet are shown in Table 1.

Comparative Example 6

After casting an alloy having the composition of Nd 16.5 - B 7 - Fe 76.5 into an ingot as same as the
Comparative Example 3, without liquefaction, the ingot is ground coarsely, and as same as the Comparative
Example 4, coarsely ground in the stamp mill, thereafter pulverized in the jet mill to obtain the fine powder
of 3.7 um mean grain size.

Furthermore, the fine powder is pressed in the magnetic field of about 12 kOe, then sintered and
annealed at the same condition as the Embodiment 1. Magnetic characteristics and density, crystal grain
size, degree of orientation, the squareness of demagnetization curve, main phase amount and O> content of
the resulting permanent magnet are shown in Table 1.

Table 1-1

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

Embodiment 1 14.8 10.50 53.1 10.58
Embodiment 2 145 11.0 50.8 11.50
Embodiment3 13.8 12.9 459 15.00

Comparative Example 1 - - - -

Comparative Example 2 13.3 9.9 42.0 9.98
Comparative Example 3 13.4 10.3 427 10.70
Comparative Example 4 13.1 10.0 40.5 10.30
Comparative Example 5 12.9 11.3 393 13.50
Comparative Example 6 12.2 10.5 34.4 11.50
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Table 1—
density p | crystal grain | degree of | angularity | main phase oxygen
(g/cm3) size (um) | orientatio- | {(Br2/4)/(- amount content (ppm)
n f (%) BH)max} (1-a) (%)
Embodiment 1 7.55 average 6 96 1.031 96.5 1500
Embodiment 2 7.57 average 6 955 1.035 94.0 2500
Embodiment 3 7.59 average 6 93.2 1.038 92.7 2000
Comparative Example 1 6.8 - - - - 6500
Comparative Example 2 7.40 average 11 875 1.053 96.5 4200
Comparative Example 3 7.44 average 15 88.4 1.052 95.5 5000
Comparative Example 4 7.43 average 12 86.5 1.060 95.5 5500
Comparative Example 5 7.44 average 14 87.2 1.058 92.7 5000
Comparative Example 6 7.50 average 15 85.8 1.081 86.0 6500

Embodiment 4

As materials for a main phase alloy powder by a strip casting process,

340 g a Nd metal of 99% purity,

8 g of a Dy metal of 99% purity,

65.5 g of a Fe-B alloy containing 20% B, and

600 g of an electrolytic iron of 99% purity
are used, and melted in an Ar atmosphere so as to obtain an alloy having a predetermined composition,
then casted by a strip casting process using copper rolls to obtain a cast piece having the plate thickness
of about 2 mm. The cast piece is coarsely ground by a Hydrogenation processing, and pulverized by a jaw
crusher, a disk mill and the like to obtain 800 g of powder of about 10 um mean grain size.

The resulting powder consisting of 14.9 atomic % Nd, 0.1 atomic % Pr, 0.3 atomic % Dy, 8.0 atomic %
B and Fe, is observed by an x-ray diffraction EPMA, as a result, it is confirmed that it is about 800 ppm. As
the result of EPMA observation on the cast piece structure, the RxFe 4B main phase is about 5 um in a
short axial direction and 20 to 80 um in a long axial direction, and the R-rich phase is finely dispersed as
surrounding the main phase.

As materials of adjusting alloy powders containing an RxFeq7 phase by the strip casting process,

250 g of a Nd metal of 99% purity,

11 g of a Dy metal of 99% purity,

730 g of an electrolytic iron of 99% purity and

20 g of a Fe-B alloy containing 20.0% B
are used, to obtain a cast piece having the plate thickness of about 2 mm as same as the main phase alloy.
Furthermore, the powder is prepared by the same processing as the main phase alloy. A composition of the
resulting powder is a 0.8 atomic % Nd, 0.1 atomic % Pr,0.4 atomic % dy, 2.4 atomic % B and Fe.

As the result of EPMA observation on the cast piece structure, it is consisting of the RxFes7 phase,
partly R2Fe14B and the Nd-rich phase, a-Fe is not confirmed. The oxygen content is 850 ppm.

Using the above-mentioned two kinds of material powders, the 30% adjusting alloy powder is blended
with the main phase alloy powder. The material powders are fed into a grinder such as a jet mill and the
like to pulverize into about 3 um, the resulting fine Powder is filled into a rubber mold, and is subjected to
hydrostatic pressing at 2.5 T/cm? by a hydrostatic press machine, after applying a pulse magnetic field of
60 kOe instantaneously for orientation, thereby to obtain a molded body of 8 mm x 15 mm x 10 mm.

The molded body is sintered at 1100°C in the Ar atmosphere for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristics of the resulting magnet are shown in table 2.
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Comparative Example 7

As materials for the main phase alloy powder, as same as the Embodiment 4,

340 g of a Nd metal of 99% purity,

8 g of a Dy metal of 99% purity,

600 g of an electrolytic iron of 99% purity and

65.5 g of a FE-B alloy containing 20% B
are used, molten in the Ar atmosphere and casted in an iron mold. The resulting alloy ingot is pulverised
into the powder of 10 um mean grain size by the same method as the Embodiment 1. As the result of
composition analysis, it is consisting of 14.9 atomic & Nd, 0.1 atomic % Pr, 0.3 atomic % Dy, 8.0 atomic %
B and Fe. The oxygen content is about 900 ppm.

As the result of EPMA observation on the alloy ingot structure, the R>Feq14B main phase is about 50 um
in a short axial direction and about 500 um in a long axial direction, the R-rich phase omnipresents by 50
um locally. Besides, a-Fe of 5 o 10 um is seen in the main phase.

As adjusting materials containing the RzFes7 phase,

200 g Md> O3 (98% purity),

12 g of Dy20s (99% purity),

65 g of a Fe-B alloy containing 20% B and

600 g of iron powders of 99% purity
are used, to which 150 g of metal Ca of 99% purity and 25 g of CaCl, anhydride are mixed, and charged
into a stainless steel container to obtain the adjusting alloy powder by a direct reducing and diffusing
process at 950°C for 8 hours in the Ar atmosphere. As the result of component analysis of the resulting
alloy powder it is consisting of 10.8 atomic % Nd, 0.1 atomic % Pr, 0.4 atomic percent Dy, 2.4 atomic % B
and Fe. The oxygen content is 1500 ppm. Using the aforementioned two kinds of material powders, 30%
adjusting alloy powder is blended with the main phase alloy powder and pulverized into about 3 um in the
grinder such as the jet mill and the like. The resulting fine powder is oriented in the magnetic field of about
10 kOe, and molded at about 1.5 T/cm? pressure at right angles to the magnetic field to obtain a molded
body of 8 mm x 15 mm x 10 mm.

The molded body is sintered int he Ar atmosphere at 1100 °C for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristic of the resulting magnet are also shown in Table 2.

Comparative Example 8

The main phase alloy powder of the Comparative Example 1 is used, and as materials for the adjusting
alloy powder,

250 g of a Nd metal of 99% purity,

11 g of Dy metal of 99% purity,

730 g of an electrolytic iron of 99% purity and 20 g of a Fe-B alloy containing 20.0 g B-are used,
melted in the Ar atmosphere and casted in the iron mold. As the result of observation on the structure of
the resulting alloy ingot, it is confirmed that a large amount of a-Fe is crystallized, so that the homogenizing
processing is performed at 1000 C for 12 hours.

As the result of component analysis made by the same method as the Embodiment 4, it is consisting of
10.8 atomic % Nd, 0.1 atomic % Pr, 0.4 atomic % Dy, 2.4 atomic % B and Fe.

Using the above-mentioned two kinds of material powders, 30% adjusting alloy powder is blended with
the main phase alloy powder to prepare a magnetic as same as the Comparative Example 7. Magnetic
characteristics of the resulting magnet are shown in Table 2.

Comparative Example 9

As materials,

315 g of a Nd metal of 99% purity,

8.5 g of a Dy metal of 99% purity,

52 g of a Fe-B alloy containing 20 % B and

636 g of an electrolytic iron of 99% purity
are used, melted in the Ar atmosphere so as to obtain an alloy having a predetermined composition, then a
cast piece having the plate thickness of about 2 mm is obtained by the strip casting process using copper
rolls. Furthermore, the cast piece is coarsely ground by the Hydrogenation processing,then pulverized in
the jaw crusher, disk mill and the like to obtain 800 g of powders of 10 um mean grain size.
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As the result of EPMA observation on the resulting powder, it is consisting of 13.8 atomic % Nd, 0.1
atomic % Pr, 0.3 atomic % Dy, 6.3 atomic % B and Fe. The oxygen content is about 800 ppm. As the
result EPMA observation also on the cast piece structure, the RyFe 4B main phase is about 6 um in a short
axial direction and 20 to 80 um in a long axial direction, the R-rich phase presenting finely as surrounding
the main phase.

Using the alloy powder by the strip casting process, a magnet is produced as same as the Comparative
Example 7. Magnetic characteristics of the resulting magnet are also shown in Table 2.

Table 2—1
composition magnetic characteristics
Br Hc (BH)max iHc
Embodiment 4 13.8Nd - 0.1Pr - 0.3Dy - 6.3B - bal.Fe | 14.0 12.5 475 13.5

Comparative Example 7 13.8Nd - 0.1Pr - 0.3Dy - 6.3B - bal.Fe 13.2 12.0 40.7 125

Comparative Example8 13.8Nd - 0.1Pr - 0.3Dy - 6.3B - bal.Fe 13.2 11.9 40.8 12.0

Comparative Example9 13.8Nd - 0.1Pr - 0.3Dy - 6.3B - bal.Fe 13.3 123 42.3 12.9
Table 2-;
density p | crystal grain | degree of | angularity | main phase oxygen
(g/cm3) size (um) | orientatio- | {(Br2/4)/(- amount content (ppm)
n (%) BH)max} (1-a)(%)

Embodiment 4 7.56 average 8 94.5 1.32 92.8 3000
Comparative Example 7 7.53 average 15 89.2 1.07 92.8 5000
Comparative Example8 7.53 average 16 89.2 1.068 92.8 5500
Comparative Example9 7.54 average 8 89.9 1.053 92.8 4000

Embodiment 5

By the same process as the Embodiment 4, 800 g of main phase alloy powder of 10 um mean grain
size having a composition different from the Embodiment 4 is obtained. The resulting powder is consisting
of 14 atomic % Nd, 0.1 atomic % Pr, 0.5 atomic % Dy, 8 atomic % B and Fe. As the result of observation
by the x-ray diffraction EPMA, it is mostly the R2Fe 4B phase. The oxygen content is about 80 ppm. As the
result of EPMA observation on the cast piece structure, the RxFe14B main phase is about 0.5 o 15 um in a
short axial direction and 5 to 90 um in a long axial direction, the R-rich phase dispersing finely as
surrounding the main phase.

As materials of he adjusting alloy powder containing the RzFeq17 phase, 125 g of a Nd metal of 99%
purity, 5 g of a Dy metal of 99% purity and 275 g of an electrolytic iron of 99% purity are used, and a cast
piece having the plate thickness of about 2 mm is obtained by the strip casting process as same as the
main phase alloy. Furthermore, powder is prepared by the same processing as the main phase alloy. The
composition of the resulting powder is 11.0 atomic % Nd, 0.05 atomic % Pr, 0.4 atomic % Dy and Fe.

As the result of EPMA observation on the cast piece structure, it is consisting of the RxFes7 phase,
partly RzFe14B, and the R-rich phase, a-Fe is not seen. The oxygen content at 10 um mean grain size is
700 ppm.

Using the above-mentioned two kinds of material powders, 25 % adjusting alloy powder is blended with
the main phase alloy powder. The material powders are charged into a grinder such as a jet mill to
pulverize into about 3 um, then filled into a rubber mold, and the resulting fine powder is subjected to the
hydrostatic pressing at 2.5 T/cm? pressure by a Iso-static press machine to obtain a molded body of 8 mm
x 15 mm x 10 mm, after applying the pulse magnet field of 60 kOe instantaneously for orientation.
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The molded body is sintered in the Ar atmosphere at 1100 °C for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristics of a resulting magnet are shown in Table 3.

Comparative Example 10

As the main phase alloy powder, the alloy having the same composition as the Embodiment 5 is casted
in the iron mold to obtain the powder of about 10 um mean grain size by the same method as the
Embodiment 4. Compositions are 14 atomic % Nd, 0.1 atomic % Pr, 0.5 atomic % Dy, 8 atomic % B and
Fe, the oxygen content is about 900 ppm. As the result is about 50 um in a short axial direction and about
500 w in a long axial direction, the R-rich phase omnipresents by 50 um locally. Meanwhile, a part of 5 to
10 um a-Fe presents in the main phase.

The adjusting alloy powder containing the Rz2Fe17 phase is produced by the same direct reducing and
diffusing process as the Comparative Example 7, by using 280 g of Nd2Os (purity 98%), 12 g of Dy20O3 -
(purity 99%) and 750 g of iron powder (purity 99%). Components are 11.0 atomic % Nd, 0.05 atomic % Pr,
0.9 atomic % Dy and Fe. The oxygen content is 1500 ppm.

Using the above-mentioned two kinds of material powders 25% adjusting alloy powder is blended with
the main phase alloy powder, and charged into the jet mill and the like to pulverize into about 3 um. The
resulting fine powder is oriented in the magnet field of about 10 kOe, and molded at about 1.5 T/cm?
pressure at right angles to the magnetic field to obtain a molded body of 8 mm x 15 mm x 10 mm.

The molded body is sintered in the Ar atmosphere at 1100 °C for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristics of the resulting magnet are also shown in Table 3.

Comparative Example 11

Using the main phase alloy powder of the Comparative Example 10, the adjusting alloy powder is
prepared, by melting 350 g of a Nd metal, 10 g of a Dy metal and 750 g of an electrolytic iron of 99%
purity in the Ar atmosphere, and casted in the iron mold. As the result of observation on the resulting alloy
ingot, since a large amount of a-Fe is crystallized, the homogenizing processing is effected at 1000 ° C for
12 hours. As the result of component analysis, it is consisting of 11.0 atomic % Nd, 0.05 atomic % Pr, 0.4
atomic % Dy and Fe.

Using the above-mentioned two kinds of material powders, 25% adjusting alloy powder is blended with
the main phase alloy powder to produce a magnet as same as the Comparative Example 10. Magnetic
characteristics of the resulting magnet is also shown in Table 3.

Comparative Example 12

As the materials, 300 g of a Nd metal, 13 g of a Dy metal, 50 g of a Fe-B alloy containing 20% B and
645 g of an electrolytic iron of 99% purity are used, and melted in the Ar atmosphere so as fo obtain an
alloy having a predetermined composition, then by the strip casting process using copper rolls, a cast piece
having the plate thickness of about 2 mm is obtained. Furthermore, the cast piece is pulverised by the
Hydrogenation, jaw crusher, disk mill and the like to obtain 800 g of powder of about 10 um mean grain
size.

The resulting powder is consisting of 13.3 atomic % Nd, 0.1 atomic % Pr, 0.5 atomic % Dy, 6 atomic
% B and Fe. The oxygen content is about 800 ppm. As the result of EPMA observation on the cast piece
structure, the RxFeq14B main phase is about 0.3 to 15 um in a short axial direction and about 5 to 90 um in
a long alloy direction, the R-rich phase presenting finely as surrounding the main phase.

Using the alloy powder by the strip casting process, a magnet same s the Comparative Example 10 is
produced. Magnetic characteristics of the resulting magnet are also shown in Table 3.
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Table 3-1
composition magnetic characteristics
Br Hc (BH)max iHc

Embodiment 5 13.3Nd - 0.1Pr - 0.5Dy - 6B - bal.Fe 14.2 12.8 48.5 145
Comparative Example 10 | 13.3Nd - 0.1Pr - 0.5Dy - 6B - bal.Fe 13.3 115 415 135
Comparative Examplei1 13.3Nd - 0.1Pr - 0.5Dy - 6B - bal.Fe 13.3 11.8 1.7 13.6
Comparative Example12 13.3Nd - 0.1Pr - 0.5Dy - 6B - bal.Fe 13.4 11.6 42.6 14.0

Table 3-2
density p | crystal grain | degree of | angularity | main phase oxygen
(g/cm3) size (um) |orientatio- | {(Br2/4)/(- amount content (ppm)
nf(%) | BHmax} | (1-a)(%)

Embodiment 5 7.57 average 6 95.9 1.039 94.0 2000
Comparative Example 10 7.56 average 14 89.8 1.066 94.0 5000
Comparative Examplei1 7.55 average 15 89.8 1.060 94.0 5500
Comparative Example12 7.56 average 8 90.5 1.054 94.0 3800

Embodiment 6

As materials of the main phase alloy powder by the strip casting process,

260 g of a Nd metal of 99% purity,

23 g of a Dy metal of 99% purity,

68.5 g of a Fe-B alloy containing 20% B and

655 g of an electrolytic iron of 99% purity
are used, and melted in the Ar atmosphere so as to obtain an alloy having predetermined composition, then
casted by the strip casting process using copper rolls to obtain a cast piece having the plate thickness of
about 2 mm. The cast piece is coarsely ground by the Hydrogenation processing, and pulverised by a jaw
crusher, a disk mill and the like to obtain 800 g of powder of about 10 um mean grain size.

The resulting powder consisting of 11 atomic % Nd, 0.1 atomic % Pr, 1.0 atomic % Dy, 8 atomic % B
and Fe is observed by an x-ray diffraction EPMA, as a result, it is confirmed that it is mostly consisting of a
R2Fe14B phase. The oxygen content is about 800 ppm. As the result of EPMA observation on the cast
piece structure, the RxFes4B main phase is about 0.5 o 1.5 um in a short axial direction and 5 t0 90 um in
a long axial direction, and the R-rich phase is finely dispersed as surrounding the main phase.

As material of the adjusting alloy powder containing an R-Co intermetallic compound phase by the strip
casting process,

490 g of a Nd metal,

2.6 g of a Dy metal and

500 g of Co of 99% purity
are used, to obtain a cast piece having the plate thickness of about 2 mm as same as the main phase alloy.
Meanwhile, by the same processing as the main phase alloy, powder is prepared. A composition of the
resulting powder is 27.0 atomic % Nd, 0.5 atomic % Pr, 1.3 atomic % Dy and Co.

As the result of EPMA observation the cast piece structure, it is consisting of the RsCo phase and
partly the R2Co17 phase, and the Rz3Co phase is dispersed finely. The oxygen content in the powder of 10
wum mean grain size is 700 ppm.

Using the above-mentioned two kinds of material powders, 20% adjusting alloy powder is blended with
the main phase alloy powder. The material powders is charged into a grinder such as a jet mill and the like
o pulverize into about 3 m, which is filled into a rubber mold and is subjected to hydrostatic pressing at
2.5 T/em? by a hydrostatic press machine, after applying a pulse magnetic field of 60 kOe instantaneously
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for orientation, thereby to obtain a molded body of 8 mm x 15 mm x 10 mm.
The molded body is sintered at 1100°C in the Ar atmosphere for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristics of the resulting magnet are shown in Table 4.

Embodiment 7

Magnetic characteristics of the magnet obtained, by blending 10 % adjusting alloy powder with the
main phase alloy powder prepared in the Embodiment 1, and magnetizing by the same process as the
Embodiment 6 are shown in Table 4.

Comparative Example 13

For the main phase alloy powder, as same as the Embodiment 6,

260 g of a Nd metal of 99% purity,

26 g of a Dy metal of 99% purity,

665 g of an electrolytic iron of 99% purity and

68.5 g of a Fe-B alloy containing 20.0% B
are used, melted in the Ar atmosphere and casted in the iron mold. The resulting alloy ingot is pulverized
into powder of about 10 Um mean grain size by the same method as the Embodiment 1. As the result of
component analysis, the powder is consisting of 11 atomic % Nd, 0.1 atomic % Pr, 1.0 atomic % Dy, 8
atomic % B and Fe, the oxygen content is about 900 ppm.

As the result of EPMA observation on the alloy ingot structure, the R>Feq14B main phase is about 50 um
in a short axial direction and about 500 um in a long axial direction, the R-rich phase omnipresents by 50
um locally. A part of a-Fe of 5 to 10 um present in the main phase.

As adjusting materials containing the R-Co intermetallic compound phase, by the direct reducing and
diffusing process,

550 g of Nd2O3 (98% purity),

29 g of Dy»03 (99% purity) and

500 g of Co powder of 99% purity
are used, to which 350 g of metal Ca of 99% purity and 60 g of CaCl, anhydride are mixed, and charged
into a stainless steel container to obtain the alloy powder in the Ar atmosphere at 750 ° C for 8 hours. As the
result of component analysis, the resulting alloy powder is consisting of 27.0 atomic % Nd, 0.6 atomic %
Pr, 1.3 atomic % Dy and Co, the oxygen content is 1500 ppm.

Using the above-mentioned two kinds of material powders, 20 % adjusting alloy powder is blended with
the main phase alloy powder, and charged into the grinder such as the jet mill and the like to pulverize into
about 3 um. The resulting fine powder is oriented in the magnetic field of about 10 kOe, and molded at
about 1.5 T/cm? pressure at right of 8 mm x 15 mm x 10 mm.

The molded body is sintered in the Ar atmosphere at 1100 °C for 3 hours, and annealed at 550° C for
one hour. Magnetic characteristics of the resulting magnet are also shown in Table 4.

Comparative Example 14

Using the main phase alloy of the Embodiment 13, the adjusting alloy powder is prepared by melting.

490 g of a Nd metal,

26 g of Dy metal and

500 g of Co of 99% purity
in the Ar atmosphere, and casted n the iron mold. As the result of observation on the resulting alloy ingot
structure, a large amount of Co is crystallized, so that the homogenizing processing is effected at 800 ° C for
12 hours. As the result of component analysis, it is consisting of 11.0 atomic % Nd, 0.6 atomic % Pr, 1.3
atomic % Dy and Co.

Using the above-mentioned tow kinds of material powders, 20% adjusting alloy powder is blended with
the main phase alloy powder to produce a magnet as same as the Comparative Example 13. Magnetic
characteristics of the resulting magnet are also shown in Table 4.

Comparative Example 15

As materials,
305 g of a Nd metal,

19



10

15

20

25

30

35

40

45

50

55

EP 0 633 581 A1

26 g of a Dy metal,

55 g of a Fe-B alloy containing 20% B,

100 g of Co of 99% purity, and

525 g of an electrolytic iron of 99% purity
are used, melted in the Ar atmosphere so as to obtain an alloy having a predetermined composition, and by
the strip casting process using copper rolls, a cast piece having the plate thickness of about 2 mm is
obtained. The cast piece is coarsely ground by the Hydrogenation processing and pulverised by the jaw
crusher, disk mill and the like to obtain 800 g of powder of about 10 um grain size.

The resulting powder is consisting of 13.5 atomic % Nd, 0.1 atomic % Pr, 1.0 atomic % Dy, 6.7 atomic
% B, 11.3 atomic % Co and Fe. The oxygen content is about 800 ppm. As the result of EPMA observation
on the cast piece structure, the Rz (Fe, Co14)B phase is about 0.3 to 1.5 um in a short axial direction and
about 5 to 90 um in a long axial direction, the R-rich phase and the R-Co phase presenting finely as
surrounding the main phase.

Using the alloy powder by the strip casting process, a magnet is produced as same as the Comparative
Example 3. Magnetic characteristics of the resulting magnet are also shown in Table 4.

Table 4—1
composition magnetic characteristics density
g/cm3
Br Hc (BH)max iHc
Embodiment 6 13.5Nd - 0.1Pr - 1.0Dy - 13.3 12.4 42.5 17.0 7.62
6.7B - 6.5Co0 - bal.Fe
Embodiment 7 12.3Nd - 0.1Pr-1.0Dy - | 135 | 125 44.0 16.8 7.61
7.3B - 11.3Co - bal.Fe
Comparative Example13 13.5Nd - 0.1Pr - 1.0Dy - 12.0 11.0 34.0 15.8 7.56
6.7B - 11.3Co - bal.Fe
Comparative Example14 13.5Nd - 0.1Pr-1.0Dy - | 122 | 111 35.0 15.5 7.55
6.7B - 11.3Co - bal.Fe
Comparative Example15 13.5Nd - 0.1Pr - 1.0Dy - 12.2 11.2 35.2 16.5 7.58
6.7B - 11.3Co - bal.Fe
Table 4-;
density p | crystal grain | degree of | angularity | main phase oxygen
(g/cm3) size (um) |orientatio- | {(Br2/4)/(- amount content (ppm)
nf (%) BH)max} (1-a)(%)
Embodiment 6 7.62 averageb 94 1.04 91 2800
Embodiment 7 7.61 averageb 955 1.036 94 2200
Comparative Example13 7.56 averagei4 85.7 1.056 91 4800
Comparative Example14 7.55 average1b 871 1.063 91 5000
Comparative Example15 7.58 averageb 871 1.057 91 3500

Claims

1. R-Fe-B permanent magnet materials, consisting of, 12 atomic % to 16 atomic % R (where, R
represents at least one kind of rare earth elements containing Y), 4 atomic % to 8 atomic % B, 5000
ppm or less O2, Fe (a part of Fe can be substituted with one or two kinds of Co and Ni) and
unavoidable impurities, containing 90% or more R:Fe14B phase of a main phase, and having main
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grain sizes of 10 wm or less, an apparent density of 7.45 g/cm?® or more, a degree of orientation of 85%
or more, a total value A + B of a (BH) max value; A (MGOe) and an iHc value; B (kOe) of 59 more, and
the squareness of demagnetization curve {(Br?/4)/(BH) max} of 1.01 to 1.045.

R-Fe-B permanent magnet materials in accordance with claim 1, consisting of, 12.5 atomic % to 14
atomic % R (where R represent at least one kind of rare earth elements containing Y), 5.8 atomic % to
7 atomic % B, 200 ppm to 3000 ppm O2, Fe (a part of Fe can be substituted with one or two kinds of
Co and Ni) and unavoidable impurities.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein less than 50% of
Fe is substituted with one or two kinds of Co and Ni.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein at least one kind
of 9.5 atomic % or less of Al, 4.5 atomic % or less of Ti, 9.5 atomic % or less of V, 8.5 atomic % or
leses of Cr, 8.0 atomic % or less of Mn, 5 atomic % or less of Bi, 12.5 atomic % or less of Nb, 10.5
atomic % or less of Ta, 9.5 atomic % or less of Mo, 9.5 atomic % or less of W, 2.5 atomic % or less of
Sb, 7 atomic % or less of Ge, 3.5 atomic % or less of Sn, 5.5 atomic % or less of Zr and 5.5 atomic %
Hf is contained as an additive.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein an R:Feq14B
phase of a main phase is contained 94% or more.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein a maximum
frequency of crystal grain sizes is 5 um o 6 um.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein a degree of
orientation is 92% or more.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein when a (BH) max
value of magnetic characteristics is above 50 MGOe, an iHc value is 9 kOe or more.

R-Fe-B permanent magnet materials in accordance with claim 1 and claim 2, wherein when a (BH) max
value of magnetic characteristics is above 45 MGOe, an iHc value is 14 kOe or more.

A process of producing R-Fe-B permanent magnet materials for obtaining the permanent magnet
materials, having a total value A + B of a (BH) max value; AMGOe) and an iHc value; B(kOe) of 59 or
more, and the squareness of demagnetization curve {(Br?/4)/(BH) max} of 1.01 to 1.045, whereby after
casting a molten alloy, consisting of, 12 atomic % to 16 atomic % R (where, R represents at least one
kind of rare earth elements containing Y), 4 atomic % to 8 atomic % B, 5000 ppm or less O, Fe (a
part of Fe can be substituted with one or two kinds of Co and Ni) and unavoidable impurities, into a
cast piece whose main phase is an R:xFe14B phase by a strip casting process, the cast piece is
contained in a container which can take in and discharge air, the air in the container is substituted with
H> gas and decayed alloy powder obtained by Hydrogenation is dehydrogenated, thereafter, pulverized
into a fine powder of 1 um to 10 um mean grain size in an inert gas flow, the fine powder is filled into a
mold and orientated by applying a pulse magnet field of 10 kOe or more instantaneously, then molded,
sintered and annealed.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, wherein a
molten alloy is consisting of 12.5 atomic % to 14 atomic % R (where, R represents at least one kind of
rare earth elements containing Y), 5.8 atomic % to 7 atomic % B, 200 ppm to 3000 ppm or less Oz, Fe
(a part of Fe can be substituted with one or two kinds of Co and Ni) and unavoidable impurities.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10 and claim 11,
wherein an alloy powder contains, as an additive, at least one kind of 9.5 atomic % or less of Al, 4.5
atomic % or less of Ti, 9.5 atomic % or less of V, 8.5 atomic % or less of Cr, 8.0 atomic % or less of
Mn, 5 atomic % or less of Bi, 12.5 atomic % or less of Nb, 10.5 atomic % or less of Ta, 9.5 atomic %
or less of Mo, 9.5 atomic % or less of W, 2.5 atomic % or less of Sb, 7 atomic % or less of Ge, 3.5
atomic % or less of Sn, 5.5 atomic % or less of Zr and 5.5 atomic % or less of Hf.
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A process of producing R-Fe-B permanent magnet materials for obtaining the permanent magnet
materials, having a total value A + B of a (BH) max value; A (MGOe) and an iHc value; B (kOe) of 59
or more, and the squareness of demagnetization curve {(Br?/4)/(BH) max} of 1.01 to 1.045, whereby
after casting a molten alloy consisting of, 11 atomic % to 20 atomic % R (where, R represents at least
one kind of rare earth elements containing Y), 4 atomic % to 12 atomic % B, Fe (a part of Fe can be
substituted with one or two kinds of Co and Ni) and unavoidable impurities, into a main phase cast
piece having an RxFe14B phase as a main phase by a strip casting process, and after casting a molten
alloy consisting of, 20 atomic % or less of R (where, R represents at least one kind of rare earth
elements containing Y), Fe (a part of Fe can be substituted with one or two kinds of Co and Ni) and
unavoidable impurities, into an adjusting alloy cast piece containing an R:Feq7 phase by the strip
casting process, the cast pieces are contained in a container which can take in and discharge air, the
air in the container is substituted with H> gas, and decayed alloy powder obtained by a Hydrogenation
is dehydrogenated, thereafter, pulverized into a main phase alloy powder and an adjusting alloy powder
of 1 um to 10 um mean grain size in an inert gas flow, after blending the adjusting alloy powder with
the main phase alloy powder, the mixed alloy powders are filled into a mold and oriented by applying a
pulse magnetic field of 10 kOe or more instantaneously, then molded, sintered and annealed.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13, wherein a
main phase molten alloy is consisting of 13 atomic % to 16 atomic % R (where, R represents at least
one kind of rare earth elements containing Y), 6 atomic % to 10 atomic % B, Fe (a part of Fe can be
substituted with one or two kinds of Co and Ni) and unavoidable impurities.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13, wherein an
adjusting molten alloy is consisting of, 20 atomic % or less of R (where, R represents at least one kind
of rare earth elements containing Y), 6 atomic % or less of B, Fe (a part of Fe can be substituted with
one or two kinds of Co and Ni) and unavoidable impurities.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 15, wherein an
adjusting molten alloy is consisting of, 5 atomic % to 15 atomic % of R (where, R represents at least
one kind of rare earth elements containing Y), 6 atomic % or less of B, Fe (a part of Fe can be
substituted with one or two kinds of Co and Ni) and unavoidable impurities.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13 and claim 15,
wherein an R amount and a B amount of a main phase molten alloy containing an R2Fe 4B phase as a
main phase are respectively 13 atomic % o 16 atomic % and 6 atomic % to 10 atomic %.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13 and claim 5,
wherein Fe in a main phase molten metal containing an R2Fe14B phase as a main phase is substituted
with one or two kinds of 10 atomic % or less of Co and 3 atomic % or less of Ni.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13 and claim 5,
wherein R in an adjusting alloy powder containing an RxFe17 phase is 5 atomic % to 15 atomic %.

A process of producing R-Fe-B permanent magnet materials for obtaining the permanent magnet
materials having a total value A + B of a (BH) max value; A (MGOe) and an iHc value; B (kOe) of 59 or
more and the squareness of demagnetization curve {(Br?/4)(BH) max} of 1.01 to 1.045, whereby after
casting a molten alloy consisting of, 11 atomic % to 15 atomic % of R (where, R represents at least
one kind of rare earth elements containing Y), 4 atomic % to 12 atomic % of B, Fe (a part of Fe can be
substituted with one or two kinds of Co and Ni) and unavoidable impurities, into a main phase cast
piece containing an R2Fe14B phase as a main phase by a strip casting process, and after casting a
molten alloy consisting of 45 atomic % or less R (where, R represents at least one kind of rare earth
elements containing Y), Co (a part of Co can be substituted by one or two kinds of Fe and Ni) and
unavoidable impurities, into an adjusting alloy cast piece containing an R-Co intermetallic compound
phase by the strip casting process, the cast piece are contained in a container which can take in and
discharge air, the air in the container is substituted with H> gas and decayed alloy powder obtained by
a Hydrogenation is dehydrogenated, thereafter, pulverized into the main phase alloy powder and
adjusting alloy powder of 1 um to 10 um mean grain size in an inert gas flow, after blending the
adjusting alloy powder with the main phase alloy powder, the mixed alloy powders are filled into a mold
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and oriented by applying a pulse magnetic field of 10 kOe or more instantaneously, then molded,
sintered and annealed.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 20, wherein an R
amount and a B amount of a main phase molten alloy containing an R>Feq14Bphase as a main phase,
are respectively 12 atomic % to 14 atomic % and 6 atomic % to 10 atomic %.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 20, wherein Fe
in a main phase molten alloy containing an R:Fe14B phase as a main phase in substituted with one or
two kinds of 10 atomic % or less Co and 3 atomic % or less Ni.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 20, wherein R of
an adjusting alloy powder containing an R-Co intermetallic compound phase is 10 atomic % to 20
atomic %.

A process of producing R-Fe-B permanent-magnet materials in accordance with claim 20, wherein an
amount of Fe and Ni substituted with Co in an adjusting alloy powder is respectively 50 atomic % or
less and 10 atomic % or less.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13, claim 15 and
claim 20, wherein, a main phase alloy powder and/or an adjusting alloy powder contain, as an additive,
at least one kind of 9.5 atomic % or less of Al, 4.5 atomic % or less of Ti, 9.5 atomic % or less of V,
8.5 atomic % or less of Cr, 8.0 atomic % or less of Mn, 5 atomic % or less of Bi, 12.5 atomic % or less
of Nb, 10.5 atomic % or less of Ta, 9.5 atomic % or less of Mo, 9,5 atomic % or less of W, 2.5 atomic
% or less of Sb, 7 atomic % or less of Ge, 3.5 atomic % or less of Sn, 5.5 atomic % or less of Zr and
5.5 atomic % or less of Hf.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 13, claim 15 and
claim 20, wherein a blending amount of an adjusting alloy powder against a main phase alloy powder is
60 % or less.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 26, wherein a
blending amount of an adjusting alloy powder against a main phase alloy powder is 0.1 % to 40%.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a strip casting process is a single roll process or a double roll
process.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a cast piece thickness by a strip casting process is 0.03 mm
to 10 mm.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a cast piece crystal obtained by a strip casting process is 0.1
um to 50 um in a short axial direction and 5 um to 200 um in a long axial direction, and an R-rich
phase is finely dispersed below 5 um.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a Hz gas pressure of a Hydrogenation processing is 200 Torr
to 50 kg/cm?.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 31, wherein a H
gas pressure of a Hydrogenation processing is 2 kg/cm? to 10 kg/cm?.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,

claim 13, claim 15 and claim 20, wherein a dehydrogenation processing is to heat decayed alloy
powder at 100°C to 750 ° C for 0.5 hours or longer.
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A process of producing R-Fe-B permanent magnet materials in accordance with claim 33, wherein a
dehydrogenation processing is to heat decayed alloy powder at 200°C to 600°C for 0.5 hours or
longer.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein mean grain sizes of pulverised powder are 2 um 1o 4 um.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a mold is consisting of non-magnetic metals, oxides or
organic compounds such as plastics and rubber.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a packing density of powder packed in a mold is 1.4 g/cm?3 to
3.0 g/cms.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein powder is oriented by applying a pulse magnetic field by an
air-core coil and a capacitor power source.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a pulse magnetic field intensity must be 10 kOe or more.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 39, wherein a
pulse magnetic field intensity must be 30 kOe to 80 kOe.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein a one-waveform time of a pulse magnetic field is 1 usec. to
10 sec.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 41, wherein a
one-waveform time of a pulse magnetic field is 5 usec to 100 m sec.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein an applying frequency of a pulse magnetic field is 1 to 10
times.3

A process of producing R-Fe-B permanent magnet materials in accordance with claim 43, wherein an
applying frequency of a pulse magnetic field is 1 to 5 times.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 3, claim 15 and claim 20, wherein molding after an orientation is effected by a hydrostatic
pressing process.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 45, wherein a
pressure by a hydrostatic pressing process must by 0.5 ton/cm? to 5 ton/cm?.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 46, wherein a
pressure by a hydrostatic pressing process must be 1 ton/cm? to 3 ton/cm?.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 10, claim 11,
claim 13, claim 15 and claim 20, wherein molding after an orientation is effected by a magnetic field

pressing process.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 48, wherein a
pressure by a magnetic field pressing process must be 0.5 ton/cm? to 5 ton.cm?.

A process of producing R-Fe-B permanent magnet materials in accordance with claim 49, wherein a
pressure by a magnetic field pressing process must be 1 ton/cm? to 3 ton/cm?.
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