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BACKGROUND OF THE INVENTION

This invention relates to a permanent magnet with excellent magnetic properties containing a rare earth
metal, boron and iron.

Permanent magnet alloy ingots are generally produced by a metal mold casting method consisting in
casting molten alloy in a metal mold. If the molten alloy is to be solidified by the metal mold casting
method, it is heat conduction through the casting mold that determines the rate of heat removal during the
initial stage of the heat removal process for the molten alloy. However, as solidification proceeds, heat
conduction between the casting mold and the solidified phase or in the solidifying phase determines the
rate of heat conduction. Even though the cooling capacity of the metal mold is improved, the inner portions
of the ingot and those portions of the ingot in the vicinity of the casting mold are subjected to different
cooling conditions. Such phenomenon is the more pronounced, the thicker the ingot thickness. The result is
that in the case of a larger difference between the cooling conditions in the inner portions of the ingot and
those in the vicinity of the ingot surface, there exists a large quantity of initial crystals of y-Fe in the portion
of the cast structure towards the high residual magnetic flux in the magnet composition, with the result that
an a-Fe phase having a grain size of 10 to 300 um is left in the cast structure at a mid portion of the ingot,
while the rare earth metal rich phase surrounding the main phase is also increased in crystal grain size.

On the other hand, the ingot is usually pulverized during the pulverization step in the magnet production
process to a grain size of several microns. However, since the ingot produced by the above-mentioned
metal mold casting process contains a phase rich in a-Fe and a coarse-grained rare earth metal rich phase,
which are difficult to pulverize, there results non-uniform crystal grain distribution of the ingot powders
produced on pulverization, with the result that orientation of magnetic domains and sinterability are lowered
and hence the magnetic properties of the ultimate permanent magnet are deteriorated.

Although prismatic crystals having a short axis length of 0.1 to 50 um and a long axis length of 0.1 to
100 um are known to exist in the structure of the ingot produced by the above-mentioned metal mold
casting method, the content of these crystals is minor and unable to influence the magnetic properties
favorably.

There has also been proposed a method for producing an alloy for a rare earth metal magnet
comprising charging a rare earth metal element and cobalt and, if necessary, iron, copper and zirconium,
into a crucible, melting the charged mass and allowing the molten mass to solidify so as to have a
thickness of 0.01 to 5 mm by e.g. a strip casting system combined with a twin roll, a single roll, a twin belt
or the like.

Although an ingot having a more uniform composition may be produced with the above method than
that produced by the metal mold casting method, since the components of the starting material consist in
the combination of rare earth metal, cobalt and occasionally iron, copper and zirconium, the magnetic
properties cannot be improved sufficiently by the strip casting method.

There has also been proposed a magnet produced by pulverizing, molding and sintering an alloy for a
magnet containing prismatic crystal grains mainly composed of rare earth elements including yttrium and
iron and/or cobalt and boron, and a crystal grain boundary mainly consisting of a rare earth metal rich
phase, with a mean radius of the prismatic crystal grain, that is a length along the long axis of the crystal,
being 3 to 50 um. It has been known to produce the alloy for the magnet by processing the molten alloy
under controlling the cooling rate using a single roll or a twin roll.

However, with the conventional method of producing the alloy for the magnet by controlling only the
cooling rate using the single roll or the twin roll, it is difficult to produce the prismatic crystal grain having
the long axis length exceeding 100 um. If the long axis length of the prismatic crystal grains is short, such
that the mean diameter of the prismatic crystal grain is between 3 and 50 um, the ultimate anisotropic
permanent magnet becomes inferior in magnetic properties.

On the other hand, even if, in producing a magnet, alloy powders having a given composition is molded
in a magnetic field and sintered subsequently, sintering cannot proceed and hence a sintered body having
satisfactory characteristics cannot be produced, unless a compound functioning as a sintering aid or a low-
melting substance is present in a finely divided form in the crystal grain boundary.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a permanent magnet which may be produced under
easily controlled conditions for pulverization during production and which exhibits excellent residual
magnetic flux density and coercive force, and above all, excellent anisotropic properties.
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It is another object of the present invention to provide a permanent magnet which can be sintered
satisfactorily during production and exhibit superior residual magnetic flux density and coercive force.

The above and other objects of the present invention will become apparent from the following
description.

According to the present invention, there is provided a permanent magnet obtained by pulverizing,
molding and sintering a starting material containing an alloy ingot. The alloy ingot contains not less than
90% by volume of prismatic crystals each having a prismatic crystal grain size of 0.1 to 50 um along a
short axis thereof and a prismatic crystal grain size of larger than 100 wm and not larger than 300 um along
a long axis thereof, and is obtained by uniformly solidifying by a single roll method a molten alloy
containing 25 to 31% by weight of a rare earth metal, 0.5 fo 1.5% by weight of boron and iron under
cooling conditions of a cooling rate of higher than 500°C/sec. and not higher than 10,000°C/sec. and a
supercooling degree of 50 to 500°C.

BRIEF DESCRIPTION OF THE DRAWING

The sole figure is a schematic view showing the production of an alloy ingot for a permanent magnet by
a strip casting method using a single roll according to an embodiment of the present invention.

PREFERRED EMBODIMENTS OF THE INVENTION

The present invention will be explained in detail hereinbelow.

The permanent magnet according to the present invention is obtained by pulverizing, molding and
sintering a starting material containing an alloy ingot synthesized by a specified production process, and
exhibits superior anisotropy, while exhibiting a high degree of anisotropy and superior residual magnetic flux
density and coercive force as compared to a magnet produced from a starting material of a prismatic
crystal-containing alloy ingot produced under controlling the cooling rate.

The molten alloy for producing the alloy ingot, employed in the present invention, contains 25 to 31
wi% of a rare earth metal, 0.5 to 1.5 wi% of boron, and iron, as essential ingredients. The rare earth metals
preferably include lanthanum, cerium, praseodymium, neodymium, yttrium, dysprosium, mischmetal, and
mixtures thereof. If the content of the rare earth metal is less than 25 wi%, an iron-rich phase, such as a-
iron phase, is precipitated in the produced alloy ingot, thereby adversely affecting the subsequent crushing
process. If the content of the rare earth metal exceeds 31 wi%, the residual magnetic flux density is
lowered. If the boron content is less than 0.5 wi%, high coercive force is not obtained, whereas, if it
exceeds 1.5 wi%, high residual magnetic flux density is not obtained. If the molten alloy does not contain
additional components other than the above-mentioned essential components, the iron content is 67.5 to
74.5 wit%. However, if the molten alloy contains the additional components other than the essential
components, the iron content is preferably at least 37.5 wi% or more. That is, the amount of the additional
components is not more than 30 wi% and preferably not more than 10 wt% and more preferably not more
than 6 wi%. Examples of these additional components include cobalt, aluminum, chromium, manganese,
magnesium, silicon, copper, carbon, tin, tungsten, vanadium, zirconium, titanium, molybdenum, niobium,
gallium and mixtures thereof. Of these, cobalt is most preferred. Inevitable impurities or trace components,
such as oxygen, may also be contained besides these additional components.

The molten alloy may be prepared by, for example, vacuum melting, high frequency melting or the like,
under an inert atmosphere, preferably using a crucible or the like.

The alloy ingot, which is the starting material according to the present invention, is produced under
controlling the supercooling degree of the molten alloy to 50 to 500° C. The lower limit of the supercooling
degree is preferably controlled to 100° C for increasing the ratio of the length along the long axis to that
along the short axis of the produced prismatic crystal and for improving the degree of anisotropy and
dispersibility of the rare earth metal rich phase to thereby improve magnetic properties of the permanent
magnet as an ultimate product. The upper limit, on the other hand, is controlled to 500 ° C for obtaining the
length along the short axis of the produced prismatic crystals of not less than 0.1 um and for improving the
magnetic properties of the ultimate permanent magnet. The molten alloy having such specified supercooling
degree is uniformly solidified by the single roll method under cooling conditions exceeding 500 ° C/sec. and
not higher than 10,000 ° C/sec. and preferably in a range of from 1,000 to 5,000 ° C/sec. for producing the
desired alloy ingot.

The supercooling degree herein means a value defined by (melting point of the alloy) - (actual
temperature of the molten alloy not higher than its melting point). More specifically, the supercooling means
a phenomenon in which solidification is actually not produced even when the molten alloy is cooled down to
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the melting point of the alloy and, when the temperature is further lowered to a nucleation temperature, a
fine-grained solid phase, that is a crystal, is formed in the molten alloy to initiate the solidification. The
supercooling degree means the difference between the melting point of the alloy and the actual temperature
of the molten alloy lower than its melting point, as defined previously. According to the present invention, an
alloy ingot which is hitherto not known and which has the content of not less than 90 vol% of a crystal
having a crystal grain size within a range as specified subsequently may be produced by controlling the
difference, that is the supercooling degree, of the molten alloy, to a range of from 50 to 500 ° C, and setting
the cooling rate so as to exceed 500 ° C/sec. and so as not to exceed 10,000 ° C/sec.

The supercooling degree of the molten alloy may be controlled to the above-mentioned specified
temperature by controlling the temperature of the molten alloy prepared using the aforementioned crucible
and by suitably controlling the time and the feed rate of the molten alloy until the molten alloy reaches the
single roll for solidification.

The molten alloy controlled to the above-mentioned specified supercooling degree may be solidified by
the single roll method at the aforementioned specified cooling rate by controlling the number of revolutions
and the surface temperature of the roll, the temperature of the atmosphere or the feed amount of the molten
alloy to the roll for controlling the thickness of the produced alloy ingot. The reason why the single roll
method is adopted is that, with the twin roll method or the rotary disc method, the crystal growth direction
or the cooling rate is difficult to control and a target crystal structure cannot be obtained, while the device
itself is inferior in durability, and that with the single roll method the conditions of controlling the
supercooling degree to the above-mentioned value and of continuously solidifying the molten alloy with the
aforementioned specified cooling rate may be set more easily. The alloy ingot preferably has a thickness
ranging between 0.05 to 5 mm for more facilitated control of the cooling rate to the above-mentioned value.
The thickness of the alloy ingot in excess of 5 mm is not desirable because it becomes difficult to produce
the alloy ingot having a desired crystal structure which will be explained subsequently.

The alloy ingot produced by the above-mentioned method contains not less than 90 vol% and
preferably not less than 98 vol% of prismatic crystals each having a length along the short axis of 0.1 fo 50
um, preferably 1 to 20 um, and a length along the long axis of exceeding 100 um, preferably exceeding
150 um and preferably not more than 300 um and more preferably not more than 250 um. It is particularly
preferred that the alloy ingot be completely free from «-Fe and/or y-Fe usually contained as peritectic
nuclei in the crystal grain of the main phase. If the alloy ingot contains a-Fe and/or y-Fe, it is desirable that
such a-Fe and/or y-Fe have a grain size less than 10 um and be present in a finely dispersed state. Such
crystal structure may be confirmed by a photograph taken with an electronic microscope. If the lengths
along the long and short axes are outside of the above ranges, the ultimate permanent magnet is
deteriorated in magnetic properties. Above all, if the length along the long axis is 100 um or less, the
prismatic crystal is lowered in the aspect ratio and the prismatic crystal becomes similar to the granular
crystal while the degree of anisotropy is lowered such that high magnetic properties cannot be produced. If
the content of the crystals having the above-mentioned crystal grain size is less than 90 vol%, superior
magnetic properties cannot be afforded to the produced alloy ingot. In addition, if the a-Fe and/or y-Fe has
a grain size not less than 10 um, and is not dispersed finely, grain size distribution becomes nonuniform at
the time of pulverization of the production process for the permanent magnet, while excellent anisotropy
also cannot be produced.

There is no limitation to the content of the above-mentioned alloy ingot in the starting material, if such
alloy ingot is present as a main component. However, the content of the alloy ingot is preferably 70 to 99.9
vol% for further improving magnetic properties of the permanent magnet as an ultimate product.

0.1 to 30 vol% of an additional metal ingot may also be contained in the starting material in addition fo
the aforementioned alloy ingot. Such additional metal ingot may preferably contain an additional rare earth
metal, such as lanthanum, cerium, praseodymium, neodymium, yttrium, dysprosium, mischmetal or mix-
tures thereof, in an amount of 31 to 100 wi% based upon the amount of the additional metal ingot. The
additional metal ingot may contain not more than 69 wt% of, for example, iron, cobalt, nickel or mixtures
thereof in addition to the rare earth metals. Such additional metal ingot may be prepared by a method
similar to the above-mentioned method for preparing the alloy ingot as the main component, while it may
also be prepared by known metal casting methods, such as the twin roll method or rotary disc method. If
the starting material contains the above-mentioned additional metal ingot, the resulting permanent magnet
may be improved in magnetic properties than if the above-mentioned main component alloy ingot by itself
is employed. The additional metal ingot contained in an amount exceeding 30 vol% based upon the amount
of the starting material is not desirable in that the magnetic properties are thereby deteriorated.

The permanent magnet of the present invention is prepared by pulverizing, molding and sintering the
starting material containing the above-mentioned alloy ingot in a usual manner.
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The above-mentioned pulverization may be performed by mechanically crushing the starting material
by any known mechanical crushing means. Preferably, the starting material is crushed to 250 to 24 meshes
and subsequently pulverized to a size of 10 um or less and preferably to 2 to 3 um. Separate batches of
the starting materials may also be pulverized and mixed so as to be supplied to the next proceeding
molding step. If the starting material contains the additional metal ingot, the additional metal ingot and the
main component metal ingot are preferably crushed separately and mixed and the resulting mixture is then
pulverized to the above-mentioned particle size. Since the alloy ingot has the specified polycrystal structure
and is free from peritectic nuclei or is finely dispersed, it is possible to produce alloy powders having
substantially homogeneous particle size easily in a shorter time, and to suppress the amount of oxygen
otherwise mixed into the alloy powders during crushing. Such pulverization leads to improved magnetic
properties of the ultimate permanent magnet.

The aforementioned molding may be carried out by usual compression molding in a magnetic field. The
strength of the magnetic field is preferably 1,200 KAm~' or higher and more preferably 1,500 KAm~' or
higher, while the molding pressure is preferably 100 fo 200 MPa.

There is no limitation fo the sintering method and any of well-known sintering methods may be
employed. Preferably, sintering is performed under conditions of the temperature of 1,000 to 1,200°C for
0.5 to 5 hours in an inert gas atmosphere or in vacuum. Since the above-mentioned alloy powders are
pulverized substantially homogeneously, the sintering may proceed smoothly, while the sintered product
has a uniform crystal grain size. The sintered mass may be heat-treated in any known method after
sintering for further improving the magnetic properties. Such heat treatment may be conducted preferably
under conditions of the temperature of 400 to 600 °C and for 0.5 to 5 hours.

The permanent magnet of the present invention is prepared by employing, as an essential component
of the starting material, an alloy ingot of a novel crystal structure prepared by a specified production
method, above all, the single roll method, under controlling the supercooling degree and the cooling rate of
the molten alloy. Since the pulverizing step during production may be carried out easily, and the sintering
proceeds satisfactorily, the permanent magnet is superior in magnetic properties, such as residual magnetic
flux density or coercive force, and exhibits particularly excellent anisotropy. By employing the additional
metal ingot bedsides the aforementioned main component alloy ingot, the permanent magnet itself may be
given further improved magnetic properties. Thus the permanent magnet according to the present invention
may be expected to be utilized in many fields in which a demand is raised for magnetic properties more
excellent than those of the conventional permanent magnet.

EXAMPLES OF THE INVENTION

The present invention will be explained in further detail with reference o Examples and Comparative
Examples. These Examples, however, are given only for illustration and are not intended for limiting the
invention.

Example 1

A mixture of metals having the composition of 30.8 wt% of neodymium, 1.0 wt% of boron and 68.2 wi%
of iron was melted by a high frequency melting method in an argon atmosphere using an alumina crucible.
The resulting molten mass maintained at a temperature of 1,350 ° C was processed in accordance with the
following method, using an apparatus shown in Fig.1, in order to produce an alloy ingot for a permanent
magnet. The composition of the starting material is shown in Table 1.

Fig.1 is a schematic view showing an alloy ingot for a permanent magnet being prepared by a strip
casting method employing a single roll. A molten mass 2 melted by the high frequency melting method is
contained in a crucible 1, and maintained at 1350 ° C. The molten mass 2 was continuously poured on to a
tundish 3 while the supercooling degree was adjusted to 200 ° C. The molten mass 2 was supplied to a roll
4 rotated at a peripheral speed of approximately 3 m/sec. The molten mass was allowed to solidify on the
roll 4 so that the cooling rate of 1000 ° C/sec was maintained. The molten mass 2 was allowed to descend
continuously in the rotating direction of the roll 4 in order to produce an alloy ingot 5 having a thickness of
0.2 to 0.5 mm. The supercooling degree and the cooling rate during the production of the alloy ingot and
the grain size of the crystal structure of the alloy ingot as measured with the electron microscope are shown
in Table 2, and the structural characteristics of the crystal structure as observed by the electron microscope
are shown in Table 3. It is seen from the values of the mean diameter and the standard deviation of the
crystal structure shown in Table 2 that the produced alloy ingot contains 90 vol% or more of the prismatic
crystal grains having the prismatic crystal grain size of 0.1 to 50 um along the short axis and more than 100
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wm and not more than 300 um along the long axis.

The produced alloy ingot for a permanent magnet was crushed to a size of 250 to 24 meshes and
further pulverized in alcohol to approximately 3 um. The produced fine powders were molded in a magnetic
field under conditions of 150 MPa and 2,400 KAm~' and sintered for two hours at 1,040°C in order to
produce a permanent magnet 10 x 10 x 15 mm in size. The magnetic properties of the produced
permanent magnet are shown in Table 4.

Examples 2 and 3

Samples of the permanent magnet were prepared in the same way as in Example 1 except employing
the composition of the starting material shown in Table 1 and the supercooling degree and the cooling rate
as shown in Table 2. The crystal grain size of the alloy ingot, the structural characteristics of the crystal
structure and the magnetic properties of the produced permanent magnet samples are shown in Tables 2, 3
and 4, respectively. It is seen from the values of the mean diameter and the standard deviation of the
crystal structure shown in Table 2 that the produced alloy ingot contains 90 vol% or more of the prismatic
crystal grains having the prismatic crystal grain size of 0.1 to 50 um along the short axis and more than 100
wm and not more than 300 um along the long axis.

Comparative Example 1

A metal mixture having the same composition as that of Example 1 was melted by a high frequency
melting method and cast by the metal mold casting method fo produce an alloy ingot for a permanent
magnet having a thickness of 25 mm. The resulting alloy ingot was analyzed in the same way as in
Example 1, and further processed to produce a permanent magnet. The composition of the alloy ingot is
shown in Table 1, while the supercooling degree, the cooling rate and the crystal grain size of the alloy
ingot are shown in Table 2. The structural characteristics of the crystal structure and the magnetic
characteristics of the produced permanent magnet sample are shown in Tables 3 and 4, respectively.

Comparative Example 2

A permanent magnet sample was prepared in the same way as in Example 1, except using the starting
material composition shown in Table 1, employing the molten temperature of 1,200°C and the peripheral
speed of the roll of 0.01 m/sec. and setting the supercooling degree and the cooling rate shown in Table 2.
The crystal grain size of the alloy ingot, the structural characteristics of the crystalline structure and the
magnetic properties of the produced permanent magnet sample are shown in Tables 2, 3 and 4,
respectively.

Comparative Example 3

A permanent magnet sample was prepared in the same way as in Example 1, except using the starting
material composition shown in Table 1, employing the molten temperature of 1,600°C and the peripheral
speed of the roll of 50 m/sec. and setting the supercooling degree and the cooling rate shown in Table 2.
The crystal grain size of the alloy ingot, the structural characteristics of the crystalline structure and the
magnetic properties of the produced permanent magnet sample are shown in Tables 2, 3 and 4,
respectively.

Comparative Example 4

An alloy ingot for a permanent magnet was prepared in the same way as in Comparative Example 1,
except using the composition of the starting material shown in Table 1, and further processed to produce a
permanent magnet. The composition of the alloy ingot is shown in Table 1, while the supercooling degree,
the cooling rate and the crystal grain size of the alloy ingot are shown in Table 2. The structural
characteristics of the crystalline structure and the magnetic characteristics of the produced permanent
magnet sample are shown in Tables 3 and 4, respectively.
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Table 1

Nd Dy Fe Co B

Ex.1 30.8 68.2 1.0
Ex.2 30.0 58.8 10.0 1.2
Ex.3 27.0 3.0 70.8 1.2
Comp.Ex.1 30.0 68.8 1.2
Comp.Ex.2 | 30.0 68.8 1.2
Comp.Ex.3 | 30.0 68.8 1.2
Comp.Ex.4 | 27.0 3.0 68.8 1.2
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Table 2

Main phase grain size (um)

Long axis

Short axis

Cooling rate|Supercooling

(°C/sec.) degree (°C)|Max.Value|[Min.Value|Average|Standard {Max.Value|Min.Value|Average|Standard

deviation deviation
Ex.1 1000 200 300 10 180 20 10 3 7 2
Ex.2 4821 165 270 18 165 16 10 2 3 1
Ex.3 4635 155 250 14 200 25 8 2 4 2
Comp.Ex.1 6 8 450 50 300 80 250 50 190 50
Comp.Ex.2 30 0 150 100 120 14 120 5 100 20
Comp.Ex.3 40000 600 3 0.1 0.8 0.4 1.6 0.06 0.8 0.2
Comp.Ex.4 6 5 370 60 160 60 280 40 200 60
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Table 3
Structural characteristic
Grain size of a-Fe (um) Rare earch-enriched phase
Ex.1 Not observed Uniform
Ex.2 Ditto Ditto
Ex.3 Ditto Ditto
Comp.Ex.1 200 ~ 300 Segregated
Comp.Ex.2 5~100 Uniform
Comp.Ex.3 Amorphous Ditto
Comp.Ex.4 200 ~ 300 Segregated
Table 4
Magnetic characteristic
Br (KG) iHc (KOe) (BH) max (MGOe)
Ex.1 12.9 15.0 41.0
Ex.2 13.4 13.0 40.2
Ex.3 13.2 14.0 39.8
Comp.Ex.1 11.8 8.3 30.7
Comp.Ex.2 12.6 7.9 28.6
Comp.Ex.3 8.9 1.9 4.1
Comp.Ex.4 115 9.6 30.6

Example 4

A metal mixture having a composition of 28.0 wi% of neodymium, 0.95 wi% of boron and 71.05 wt% of
iron was melted in an argon atmosphere by a high frequency melting method, using an alumina crucible.
The produced molten mass was processed with the single roll method as in Example 1, under the
supercooling degree and the cooling rate as shown in Table 5, in order to producer an alloy ingot for a main
phase for the permanent magnet.

A metal mixture having a composition of 40.0 wt% of neodymium, 1.5 wi% of boron and 58.5 wi% of
iron was melted in an argon atmosphere by a high frequency melting method, using an alumina crucible.
The produced molten mass was processed with the single roll method as in Example 1 under the
supercooling degree and the cooling rate shown in Table 6, in order to producer a sintering assist alloy
ingot for permanent magnet. The composition of the main phase alloy ingot for permanent magnet and the
composition of the sintering assist alloy ingot for permanent magnet are shown in upper and lower lines in
each column for each Example shown in Table 5.

The main phase alloy ingot for permanent magnet and the sintering assist alloy ingot for permanent
magnet thus produced were separately crushed to a size of 250 to 24 meshes in size and weighed out fo
give 83 wi% of the main phase alloy ingot for permanent magnet and 17 wi% of the sintering assist alloy
ingot, which were mixed together and further pulverized in alcohol to a size in the order of 3 um. The
produced fine powders were pressed in a magnetic field under conditions of 150 MPa and 2400 KAm~' and
sintered at 1040 ° C for two hours to produce a 10 x 10 x 15 mm size permanent magnet. The supercooling
degree and the cooling rate employed during preparation of the alloy ingots and the crystal grain size of the
produced alloy ingots are shown in Table 6, while the structural characteristics of the alloy ingots and the
mixing ratio of the main phase alloy ingot for permanent magnet and the sintering assist alloy ingot for
permanent magnet are shown in Table 7 and the magnetic characteristics of the permanent magnet are
shown in Table 8. It is seen from the values of the mean diameter and the standard deviation of the crystal
structure shown in Table 6 that the produced alloy ingot contains 90 vol% or more of the prismatic crystal
grains having the prismatic crystal grain size of 0.1 to 50 um along the short axis and more than 100 um
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and not more than 300 um along the long axis.
Example 5

A permanent magnet sample was prepared in the same way as in Example 4 except employing the
compositions of the main phase alloy ingot for permanent magnet and the composition of the sintering
assist alloy ingot for permanent magnet shown in Table 5 and employing the supercooling degree and
cooling rate shown in Table 6 and the mixing ratio of the main phase alloy ingot for permanent magnet and
the sintering assist alloy ingot for permanent magnet shown in Table 7. The supercooling degree and the
cooling rate employed during preparation of the alloy ingots and the crystal grain size of the produced alloy
ingots are shown in Table 6, while the structural characteristics of the alloy ingots and the mixing ratio of
the main phase alloy ingot for permanent magnet and the sintering assist alloy ingot for permanent magnet
are shown in Table 7 and the magnetic characteristics of the permanent magnet are shown in Table 8. It is
seen from the values of the mean diameter and the standard deviation of the crystal structure shown in
Table 6 that the produced alloy ingot contains 90 vol% or more of the prismatic crystal grains having the
prismatic crystal grain size of 0.1 to 50 wm along the short axis and more than 100 um and not more than
300 um along the long axis.

Examples 6 to 22

Permanent magnet alloy samples were prepared in the same way as in Example 4, except using the
compositions of the main phase alloy ingots for permanent magnet and the sintering assist alloy ingots for
permanent magnet shown in Table 5, and the supercooling degree and the cooling rate shown in Table 6.
Besides, for preparing the permanent magnet alloy samples, each main phase alloy ingot for permanent
magnet and each sintering assist alloy ingot for permanent magnet were crushed to produce crushed
products, which were then pulverized separately and mixed together at a mixing ratio for the main phase
alloy ingot for permanent magnet and the sintering assist alloy ingot for permanent magnet shown in Table
7 and molded in a magnetic field. The supercooling degree and the cooling rate employed during
preparation of the alloy ingots and the crystal grain size of the produced alloy ingots are shown in Table 6,
while the structural characteristics of the alloy ingots and the mixing ratios of the main phase alloy ingots for
permanent magnet and the sintering assist alloy ingots for permanent magnet are shown in Table 7 and the
magnetic characteristics of the permanent magnets are shown in Table 8. It is seen from the values of the
mean diameter and the standard deviation of the crystal structure shown in Table 6 that the produced alloy
ingots contain 90 vol% or more of the prismatic crystal grains having the prismatic crystal grain size of 0.1
to 50 um along the short axis and more than 100 um and not more than 300 um along the long axis.
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Table 5
La Ce Pr Nd Dy |Mm¥* Fe Co
Ex. 4 28.0 71.05 0.95
40.0 58.50 1.50
Ex. 5 28.0 60.80110.0} 1.20
90.0 10.0
Ex. © 28.0 60.80(10.0}1 1.20
90.0 10.0
Ex. 7 28.0 60.80]10.0}1 1.20
90.0 10.0
Ex. 8 28.0 70.80 1.20
80.0 20.00
Ex. 9 28.0 70.80 1.20
80.0 20.00
Ex.10 28.0 70.80 1.20
80.0 20.00
Ex.11 28.0 70.80 1.20
80.0 20.00
Ex.12 28.0 71.00 1.00
72.0 12.00 16.00
Ex.13 28.0 71.00 1.00
72.0112.00 16.00
Ex.14 28.0 60.80110.0] 1.20
90.0 10.0
Ex.15 28.0 60.80]10.0] 1.20
90.0 10.0
Ex.16 28.0 60.80]10.0}1 1.20
90.0 10.0
Ex.17 28.0 60.80]10.0] 1.20
80.0 10.0
Ex.18 28.0 60.80710.0] 1.20
70.0 20. 10.0
Ex.19 28.0 70.80 1.20
100.0
Ex.20 28.0 70.80 1.20
100.0
Ex.21 28.0 70.80 1.20
100.0
Ex.22 28.0 70.80 1.20
100.0

In each Example, the composition of the main phase alloy
ingot is shown in the upper part, while that of the
sintering assist alloy ingot is shown in the lower part.

* Mm: Misch metal
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Table 6

Cooling rate

Supercooling

Main phase grain size {(um)

Long axis

Short axis

(‘Cc/Sec.) degree (°C)|Max.Value[Min.Value|Average|Standard |Max.Value|Min.Value|Average|Standard
deviation deviation

Ex. 4 5324 180 300 10 180 20 3 10 7 2
3826 166

Ex. 5 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex. 6 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex., 7 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex. 8 4865 122 280 20 150 20 15 1 8 3
3000 150

Ex. 9 4865 122 280 20 150 20 15 1 8 3
3000 150

Ex.10 4865 122 280 20 150 20 15 1 8 3
3000 150

Ex.11 4865 122 280 20 150 20 15 1 8 3
3000 150

Ex.12 5000 122 260 18 190 17 12 3 6 2
3000 150
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(Table 6 - continued)

Main phase grain size (pm)

Long axis

Short axis

Cooling rate|Supercooling
("C/Sec.) degree (°C)|Max.Value|Min.Value|Average|Standard [Max.Value|Min.Value|Average|Standard
deviation deviation

Ex.13 5000 122 260 18 190 17 12 3 6 2
3000 150

Ex.14 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex.15 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex.16 5324 180 300 50 160 30 10 5 7 2
3826 166

Ex.17 5324 180 300 50 160 30 10 5 7 2
3000 150

Ex.18 5324 180 300 50 160 30 10 5 7 2
3000 150

Ex.19 4865 122 280 20 150 20 15 1 8 3
6554 292 ’

Ex.20 4865 122 280 20 150 20 15 1 8 3
6554 292

Ex.21 4865 122 280 20 150 20 15 1 8 3
6554 292

Ex.22 4865 122 280 20 150 20 15 1 8 3
6554 292

In each Example,

those of the sintering assist alloy ingot are shown in the lower part.
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Table 7
Structural characteristic
Grain size of a-Fe (pm)|Rare earch-enriched phase[Mixing ratio
Ex. 4 Not observed Uniform 83
Ditto Ditto 17
Ex. 5 Ditto Ditto 96
Ditto Ditto 4
Ex. 6 Ditto Ditto 96
Ditto Ditto 4
Ex. 7 Ditto Ditto 96
Ditto Ditto 4
Ex. 8 Ditto Ditto 96
Ditto Ditto 4
Ex. 9 Ditto Ditto 96
Ditto Ditto 4
Ex.10 Ditto Ditto 96
Ditto Ditto 4
Ex.11 Ditto Ditto 96
Ditto Ditto 4
Ex.12 Ditto Ditto 96
Ditto Ditto 4
Ex.13 Ditto Ditto 96
Ditto Ditto 4
Ex.14 Ditto Ditto 96
Ditto Ditto 4
Ex.15 Ditto Ditto 96
Ditto Ditto 4
Ex.16 Ditto Ditto 96
Ditto Ditto 4
Ex.17 Ditto Ditto 96
Ditto Ditto 4
Ex.18 Ditto Ditto 96
Ditto Ditto 4
Ex.19 Ditto Ditto 97
Ditto Ditto 3
Ex.20 Ditto Ditto 97
Ditto Ditto 3
Ex.21 Ditto Ditto 97
Ditto Ditto 3
Ex.22 Ditto Ditto 97
Ditto Ditto 3

In each Example, the data of the main phase alloy ingot are shown in
the upper part, while those of the sintering assist alloy ingot are

shown in the lower part.
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Table 8
Magnetic characteristic
Br (KG) iHc (KOe) (BH) max (MGOe)
Ex. 4 13.5 12.1 431
Ex. 5 13.5 14.0 43.0
Ex. 6 13.4 13.6 43.5
Ex. 7 12.9 11.0 37.5
Ex. 8 12.2 7.8 36.8
Ex. 9 12.4 7.0 36.2
Ex.10 12.8 10.2 39.0
Ex.11 13.0 8.9 40.5
Ex.12 13.1 9.2 41.0
Ex.13 13.5 95 42.0
Ex.14 12.6 8.0 37.0
Ex.15 12.9 12.5 41.3
Ex.16 13.0 8.7 40.8
Ex.17 125 7.8 36.0
Ex.18 13.3 14.5 41.2
Ex.19 12.8 85 39.2
Ex.20 12.0 8.0 38.0
Ex.21 13.5 10.2 41.0
Ex.22 13.7 9.9 442

Claims

1.

A permanent magnet obtained by pulverizing, molding and sintering a starting material containing an
alloy ingot, said alloy ingot containing not less than 90 by volume of prismatic crystals each having a
prismatic crystal grain size of 0.1 to 50 um along a short axis thereof and a prismatic crystal grain size
of larger than 100 um and not larger than 300 um along a long axis thereof, said alloy ingot being
obtained by uniformly solidifying by a single roll method a molten alloy containing 25 to 31% by weight
of a rare earth metal, 0.5 to 1.5% by weight of boron and iron under cooling conditions of a cooling rate
of higher than 500°C/sec. and not higher than 10,000 °C/sec. and a supercooling degree of 50 to
500°C.

The permanent magnet as claimed in claim 1 wherein said molten alloy contains 67.5 to 74.5 wi% of
iron.

The permanent magnet as claimed in claim 1 wherein said molten alloy contains 30 wi% or less of an
additional component and 37.5 wt% or more of iron.

The permanent magnet as claimed in claim 3 wherein said additional component is selected from the
group consisting of cobalt, aluminum, chromium, manganese, magnesium, silicon, copper, carbon, tin,
tungsten, vanadium, zirconium, titanium, molybdenum, niobium, gallium and mixtures thereof.

The permanent magnet as claimed in claim 1 wherein said starting material contains 70 o 99.9 vol% of
said alloy ingot.

The permanent magnet as claimed in claim 5 wherein said starting material contains 0.1 to 30 vol% of
an additional metal ingot, said additional metal ingot containing 31 to 100 wt% of an additional rare
earth metal based on said additional metal ingot.

The permanent magnet as claimed in claim 6 wherein said additional rare earth metal is selected from

the group consisting of lanthanum, cerium, praseodymium, neodymium, yttrium, dysprosium, misch-
metal and mixtures thereof.
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8. The permanent magnet as claimed in claim 6 wherein said additional metal ingot contains not more
than 69 wt% of an additional metal selected from the group consisting of iron, cobalt, nickel and
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mixtures thereof.
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FIG. |
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