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The present invention generally relatescﬂ%othechaklng ui Leggygence
.hqt - pressed permanent magnets based prlnaﬂwpycww ron, Eiqéﬁ égaégg
" neodymi-um and/ or praseodym um and/ or dysprosium and bor & d |n
fhe preanble of claiml1l. Myre specifically, this invention concerns the
form ng of such magnets having nagnet|c renanences of at ApAgt-91Kokl 0Gauss

(kG, and nost typical |I_¥[c_§_PCBJI:tR %‘ er rpnent  nagnet
“lllb d. Id.l E

particles having, in werght—perc from about 5
percent to 25 peroent, nost preferably from about 10

The present invention generally relates to

%

the making of high remanence hot-pressed permanent
magnets based primarily on iron, rare earths such as
. neodymium and/or praseodymium and/or dysprosium, and
5 -boron, as specified in the preamble of claim 1. More
specifically, this invention concerns the forming of
such magnets having magnetic remanences of at least
9 kiloGauss (kG), and most typically about 10 kG, by
hot-pressing permanent magnet particles having, in
10 weight percents, a rare earth level of from about 5
percent to 25 percent, most preferably from about 10
percent to about 20 percent, and preferably combined
with a boron content of from about (.5 percent to
about 4.5 percent, most preferably from about 0.8
15 percent to about 4.0 percent, wherein the total amount
of the rare earth constituent and boron ranges from
about 9 percent to about 26 percent, most preferably
from about 12 percent to aboﬁt 22 percent.
Permanent magnets based on compositions
20 . containing iron, neodymium and/or praseodymium, and
boron are known and in commercial usage. ‘Such
. permanent magnets contain és an essential magnetic
phase grains of tetragonal crystals in which the
proportions of, for example, iron, neodymium and boron
25 are exemplified by the empirical formula NdpFeq4B.
These magnet compositions and methods for making them
are described by Croat in US Patent No. 4,802,931
issued February 7, 1989. The grains of the magnetic
phase are surrounded by a second phase that is
=~ 30 typicall¥“rare earth-rich, as an example
neodyq}um—rlch as compared with the essentlal
‘magnetié phase. It 13 known that magnets based on
such compositions may be prepared by rapidly
solidifying,=such as by melt-spinning, a melt of tg§f
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percent to about 20 percent, and preferably conbined with a boron content
of fromabout 0.5 percent to about 4.0 percent, nost preferably from about
0.8 percent to about 4.0 percent, wherein the total amount of the rare
géarth constituent and boron ranges from about 9 percent to about 26
percent, nost preferably from about 12 percent to about 22 percent.

Per manent magnets based on conpositions containing iron, neodym um and/ or
praseodym um and boron are known and in comercial usage. Such permanent

magnet s contaln as essenti al ne,
g mpoéa ion to roé“%% flne gralned

magnetically-isotropic platelets of ribbon-like
fragments. Magnets may be formed from these isotropié
particles by practices which are known, such as
5 bonding the particles together with a suitable resin.
Although the magnets formed from these
isotropic ribbons are satisfactory for some
applications, they typically exhibit an energy product
(BHmax) of about 8 to about 10 megaGaussOersteds
10 (MGOe) , which is insufficient for many other
applications. To improve the energy product, it is
known to hot-press the isotropic particles to form
magnets having an energy product of about 13 to about
14 MGOe and magnetic remanences of the order of about
15 8 kG. ' '
However, there are applications when it
would be desirable that such hot-pressed magnets
should have higher magnetic remanence values. As an
example, if the hot-pressed magnet is used in an
20 application at or near its maximum magnetic remanence,
it may be desirable to increase its magnetic remanence
so as to increase the working capability of the
magnet.
Conventionally, for hot-pressed magnets of
25 the iron-rare earth metal type, the total rare earth
constituent is greater than about 25 percent, most
tyyically greater than about 29 percent, by weight.
This is true since compositions containing lower
amounts of the rare earth constituents contain lesser
30 amounts’sf the intergranular phase, and therefore
requlre hlgher pressing temperatures, which are _
- detrimental to the life of the hot~prggsing punches -
and add undesirable costs to the preseing process.
~Thus, the prior art has generally always taught that
35 hot-pressed permanent magnet compositions of thisf'r e
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phase grains of tetragonal crystals in which the proportions of, for
exanpl e, iron, neodym um and boron are exenplified by the enpirical fornula
hU[err]Fe[err]B These magnet conpositions and met hods for neking them are
described by Croat in US Patent No. 4,602,931 issued February 7, 1989. The
grains of the magnetic phase are surroundad by a second phase that S
typically rare earth-rich, as an exanple neodym umrich, as conpared with
the essential magnetic phase. It is known that magnets based on such

composi tions n%¥sgec85%3§59dagyarﬁRBQEﬁm, at least 25 percent rare
earth constituent.
Yet, it would be desirable to provide a
means for increasing the magnetic remanence of a
5 hot-pressed magnet, such as to a value of at least
9 kG or 10 kG, whilst simultaneously reducing or
minimising the amount of rare earth constituent within
the compositions, since the rare earth constituents
are typically much more costly as compared to the
10 other constituents. However, the means for _
accomplishing such an increase in magnetic remanence
should not result in increased hot-pressing
temperatures.
A method for forming a hot-pressed iron-rare
15 earth boron'permanent magnet according to the present
invention is characterised by the features specified
in the characterising portion of claim 1.
It is therefore an object of this invention
to provide an isotropic hot-pressed permanent magnet
20 exhibiting a magnetic remanence of at least 9 kG,
preferably about 10 kG. -
It is a further object of this invention
that such an isotropic hot-préssed magnet should have
a composition that has, as its magnetic constituent,
25 the tetragonal crystal phase RE2TM14B which is based
primarily on neodymium and/or praseodymium, iron and
bq;on, and wherein the total amount, in wéight
percent, of rare earth constituent ranges from about 5
percent to about 25 percent, preferably ffom about 10
30 percent to about 20 percent, and is coupled with a
boron content of from about 0.5 percent to about 4.5
- perceﬁtr preferably from about 0.8& ‘pegcent to about -
4.0 percent, such that the combined amount of rare
earth and boron within the composition ranges from
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solidifying, such as by nelt-spinning, a nelt of the - 2 - conposition
to produce fine-grained, magnetically-isotropic platelets of ribbon-1like
fragpents. Magnets may be formed fromthese isotropic particles by
practices which are known, such as bonding the particles together with a
suitabl e resin. Al though the magnets forméd fromthese

about 9 percent to about 26 percent, most preferably
from about 12 percent to about 22 percent.

Furthermore, it is an object of this

] invention that such a hot-pressed magnet having a
5 magnetic remanence of at least 9 to 10 kG should be
~ pressed at conventional pressing temperatures.

In accordance with a preferred embodiment of
this invention, these and other objects and advantages
are accomplished as follows. _

10 According to the present invention, there is
provided an isotropic hot-pressed iron-rare earth
metal-boron permanent magnet, wherein the hot-pressed
permanent magnet exhibits a magnetic remanence of at
least 9 kG, and most typically about 10 kG, which is

15 nearly 62% of saturation magnetisation for this
material. This is believed to be the highest value
reported for an isotropic magnet of this type. The
hot -pressed magnet of this invention is produced by

_ pressing a quantity of iso;ropic iron-rare earth-boron

20 metal particles. The isotropic particles can be

' formed by known methods, such as by melt-spinning a
suitable iron-rare earth-boron metal composition to an
overquenched or optimum condition. Isotropic
particles formed by melt-spinning are generally

25 ribbon-shaped in configuration and can be readily
reduced to a desired particle size.

- The preferred composition comprises, on a
weight percent basis, from about 5 percent to about 25
percent rare earth, most preferably about 10 percent

30 to aboua'zo percent rare earth, from about 0.5 percent
to about 4.5 percent boron, most preferably from about

- 0.8 pemeent to about 4:0 percent borop, with the totail
combination of rare earth plus boron ;anging.from
about 9 percent to about 26 percent, most preferably,

35 from_about 12 pércent to about 22 percent, and aiggﬁ
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| sotropic ribbons are satisfactory for some applications, they
typi call y--exhi bit an energy product (BHmax) of about 8 to about 10
megaGaussCersteds (M30e), which is insufficient for many other
-applications. To inprove the energy product, it is known to hot-press the
i sotropic particles to formmagnets havi ngsan energy product of "about 13 to
about 14 M3Ce and magnetic remanences of the order of about 8 kG However,
there are applications when it would be desirable that such hot-pressed
magnet s optional ingredient, from about 2 percent to about 16
percent cobalt, with the balance being essentially
iron. o
Other elements may also be present in minor
5 amounts of up to about two weight percent, either
" alone or in combination. These elements include
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon, tin
10 and calcium. Silicon is also typically present in |
small amounts, as are oxygen and nitrogen.

The isotropic particles are then hot-pressed
at conventional temperatures, which is contrary to
prior-art teachings wherein the relatively low level

15 of rare earth constituents within the magnet |
compositions of this invention would require increased
hot-pressing temperatures to result in useful magnetic
remanences. A particular advantage of this invention
is that conventional hot-pressing temperatures may be

20 used, even though relatively low levels of the rare
earth constituents arelpresent. It is believed that
this is due to the presence of an optimal level of
boron coupled with the rare earths, which enables the
use of conventional hot-pressing temperatures. The

25 hot-pressed iron-rare earth metal permanent magnets of
this invention exhibit an improved magnetic remanence
o{ at least 9 to 10 kG, in contrast to conventional
hot-pressed magnets of the prior art containing rare
earth levels in excess of about 25 weigh;'percent

30 having.%hmagnetic remanence of about 8 kéi

" Accordingly, with the present invention,

- magnecae remanences of -at-least 9- kG ,and preferably -

of the order of about 10 kG, may be ea31ly achieved in
a hot-pressed magnet, wherein the composition of the

35 magnet includes a relatively low rare earth conte
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shoul d have hi gher magnetic remanence values. As an exanple, if the
hot - pressed nagnet is used in an application, at or near its nmaxi num
magnetic remanence, it nmay be desirable to increase its nmagnetic remanence

SO as to increase the working capability of the magnet.

hot - pressed magnets of the iron-rare eartle netal type,

Conventionally, for
the total rare earth

constituent is greater than about 25 percent, nost typically greater than
about 29 percent, by weight. This is true since conpositions containing

| ower
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35

coupled with an optimal boron content. . Yet the
increase in magnetic remanence is achieved in the

preferred hot-pressed compositions having the

relatively low rare earth content, without the
previous requirement for elevated hot-pressing
temperatures of those compositions.

In addition, since the rare earth
constituent is typically the most expensiﬁe component
of these types of magnet compositions, a reduction in
the amount of rare earth present in the magnet
composition corresponds to a reduction in its overall
price, which is an additional benefit of the preferred
compositions of this invention.

Other objects and advantages of this
invention will be better appreciated from the
following detailed description.

'Reference will be made to the accompanying
drawings, in which: =

Figures 1 to 5 illustrate demagnetisation
curves for hot-pressed magnets formed from
magnetically isotropic particles of the preferred
iron-rare earth-boron compositions of this invention.

The preferred compositions of this invention
result in isotropic hot-pressed, fully-dense permanent
magnets which exhibit magnetic remanences of at least
9 kG, more typically about 10 kG. The preferred
compositions are characterised by a relatively low
téhal rare earth content coupled with boron.
Advantageously, the hot-pressed magnets may be formed
at conventional hot-pressing temperaturest

. N~
[ Ta g

Appropriate compositions for the iron-rare

- earth=metal permanent magnets of Ghiq”invention -

include a suitable transition metal component, a
suitable rare earth component and boron, as well as

possible small additions of cobalt, and are gener, 7fy
"
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amounts of the rare earth constituents contain | esser anounts of the

i ntergranul ar phase, and therefore require higher pressing tenperatures,
which are detrinental to the life of the hot-pressing punches and add
undesirabl e costs to the pressing process. Thus, the prior art has
general ly always taught that hot-pressed pernmanent nagnet conposi tions of
this type - 3-

representéed by the empirical formula RE3TM34B. The
preferred compositions, as stated previously, consist
of, on an atomic percentage basis, about 40 to_90
percent of iron or mixtures of cobalt and iron, with

5 the iron preferably making up at least Go-percent of
the non-rare earth metal content; about 3 to about 12
percent of rare earth metal:that necessarily includes
neodymium and/or praseodymium, with the neodymium
and/or praseodymium preferably making up at least 60

10 percent of the rare earth content; and the rare earth
being coupled with about 4 to about 20 percent boron.
Preferably, iron makes up at least 40 atomic percent
of the total composition.

Speeific compositions which have been useful

15 in preparing hot-pressed, fully-dense, isotropic
permanent magnets of this type, in corresponding
weight percentages, are as follows_and contain the
hard magnetic phase consisting of FejsNdaB (or the
equivalent) tetragonal crystals; from about 5 percent

20 to about 25 percent rare earth, most preferably about
10 percent to about 20 percent rare earth, wherein the
majority constituent is neodymium and the remainder is
praseodymium and/or dysprosium; from about 0.5 percent
to about 4.5 percent boron, most preferably from about

25 0.8 percent to about 4.0 percent boron, wherein the
combined amount of the rare earths and boron ranges
from about 9 percent to about 26 percent, most
preferably from about 12 percent to about 22 percent,
and optionally from about 2 percent to abgut 16

30 percent cobalt, with the balance being essentially
iron.

T eman As stated previocusly, other élements may -
also be present in minor amounts of ué to about two
weight percent, either alone or in combination. Thege

35 elements include tungsten, chromium, nickel, ﬁ§¥:
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mist contai n,

Yet ,

constituent within the conpositions,
typically nmuch nore costly as conpared to the other constituents.

it would

t he means for

not

result in

10
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35

as a mnimum at |east 25 percent rare earth constituent.
be desirable to provide a neans for increasing the nagnetic
remanence of a hot-pressed magnet, such as to a value of at |east 9kG or
kG whilst sinultaneously reducing or mininising the anount of rare earth
sincg the rare earth constituents are

acconpl i shing such an increase i n magneti c remanence shoul d

I ncreased hot -pressin er at ur es.
aluminium, copper, ma nes m, manganese, gallium,

niobium, vanadium, molybdenum, titanium, tantalum,
zirconium, carbon, tin and calcium. Silicon is also
typically present in small amounts, as are oxygen and
nitrogen.

However, it is to be understood that this
invention is applicable to the larger family of
compositions as described previously in atomic
percentages and which larger family of compositions
will be referred to generally as an iron-rare
earth-boron composition.

Generally, permanent magnetic bodies of the
preferred composition are formed by starting with
alloy ingots which are melted by induction heating
under a dry, substantially oxygen-free argon, inert or
vacuum atmosphere to form a uniform molten
composition. Preferably, the molten composition is
then rapidly solidified to produce an amorphous
material or a finely crystalline material in which the
grain size is less than 400 nanometres at its largest
dimension. It is most preferred that the
rapidly-solidified material should have a grain size
smaller than about 20 nanometres. Such material may
be produced, for example, by conventional
melt-spinning operations. Conventionally, the
substantially amorphous or microcrystalline, melt-spun
iron-neodymium-boron ribbons are then milled to a
powder, though the ribbons can be used directly with
the present invention.

&

_QkThe iron-neodymium-boron particles, which

are magnetically isotropic at this point, are then

- hot-preegsed at a sufficient pressure for a sufficient-

duration to form a fully-dense material. Typically,

this is achieved by heating the composition to a 3

suitable temperature, such as about 750°C, or ig?’
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An article by Zhou, Li and Morrish in Hyperfine Interactions, vol. 72, no
1-3, 15 March, 1992, Basel CH, pages 111-121 investigates the effects
of boron concentration and annealing tinme on the nmagnetic properties of
rapi dly quenched Nd[err] Fe[err]xBx, after crystallization. A nethod for
formng a hot-pressed iron-rare earth borgn permanent nagnet according to
the present invention is characterised portion of claiml. It is therefore,
an object of this invention to provide an isotropic hot - pressed

permanent . rragnreferap)'l gggee% ag%g 695%°Crgo a oug 88E)°Ca't.1.n|ea'St 9 kG

die, and compacting the composition between upper and
lower punches, under a pressure of, for example, about
77.22 MPa to about 92.67 MPs (about 5 to about 6 tons
S per square inch), so as to form a substantially |
fully-dense, flat cylindrical plug. Generally, when
melt-spun material finer than about 20 nanometres in
grain size is heated at such an elevated temperature
for a period of a minute or so and then hot-pressed to
10 full density, the resultant body is a permanent
magnet. If the particulate material has been held at
the hot-pressing temperature for a suitable period of -
time, it will then have a grain size in the range of
about 20 to about 500 nanometres, preferably about 20

15 to 100 nanometres. _

The magnetic properties of hot-pressed
isotropic permanent magnets formed in accordance with
this invention were determined using conventional
Hysteresis Graph Magnetometer (HGM) tests. Test

20 samples were placed so that the axis parallel to the
direction of alignment was parallel to the direction
of the magnetic field applied by the HGM. The samples
were each then magnetised to saturation and then
demagnetised.

25 The second quadrant demagnetisation plots
are shown in Figures 1 to 5 [remanence 47M in
kiloGauss versus coercivity (H) in kiloOersteds] for
the preferred isotropic hot-pressed permanent magnets

- of this invention. ;

30 uMhThe specific samples tested are described

more fully below. For the specific examples below,
--melEdspinning at a rate of 22 metresﬂiﬁcond was -

followed by crushing of the magneticaily-isotropic

melt-spun material to form the particulate'materialﬂ

35 which was then shaped into a preform. The prefoﬁggaés
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preferably about 10 kG It is a further object of this invention that such
an i sotropic hot-pressed nagnet should have a conposition that has, as its
magneti c constituent, the tetragonal crystal phase RE[err] TMp[err]B which

. is based primarily on neodym um and/or praseodyni-um iron and boron, and

- wherein the total anount, -4 - in weigtg percent, rare earth constituent
ranges from

then hot-pressed at a temperature of about 750°C, and
under a pressure of about 77.22 MPa to about 92.67 MPa
(5 to about 6 tons per square inch}), to form the
fully-dense hot -pressed magnets, which are essentially
é the same conditions ‘used to form conventional
hot-pressed permanent magnet bodies having high rare
earth contents. It is to be noted that the bounds of
'this invention are not to be limited by the particular
melt-spinning rate and hot-pressing temperatureé used
10 for these illustrative examples.
Example 1
A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and
tested. The nominal composition, in weight percent,
15 was about 12.7 percent total rare earth (at least 95
perceht of this constituent being neodymium and the
remainder being essentially praseodymium), about 3.9
percent boron, about 3.5 percent cobalt, about 1.2
percent gallium, and the balance iron. The magnet had
20 a diameter of about 16 miliimetres, a height of about
11 millimetres and a weight of about 10 grams. .
The second quadrant demagnetisation plot for
this magnet is shown in Figure 1 and indicates a
magnetic remanence (Br)'of about 10.0 kG and an
25 intrinsic coercivity (Hqi) of about 3.4 kiloOersteds
(kOe) . It was determined that the saturation
magnetisation value for this low rare earth
composition was about 16 kG; therefore, the magnetic
remanence of 10 kG obtalned after hot- pre581ng was
30 greater than 62 percent of the saturation value. It
is belleved that this wvalue is the highest reported
. for am.rsotropic magnet- of this type. The properties-
of the magnet were tested in all three directions and
the magnet was determined to be isotropic.

.
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about 5 percent to about 25 percent, preferably from about 10 percent to
about 20 percent, and is coupled with a boron quantity of from about 0.5
percent to about 4.0 percent, such that the conbined anount of rare earth
and boron within the conposition ranges from about 9 percent to about 26
percent, nost preferably from about 12 paricent to about 22 percent.
Furthernore, it is an object of this invention that such a hot-pressed
magnet having a nmagnetic renmanence of at least 9 to 20 kG should be pressed

at conventionab Brgigigg t enper at ures.
| A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and had
a nominal composition, in weight percent, of about
5 13.9 percent total rare earth (at least 95 perceht of
this constituent being necdymium and the remainder
being essentially prasecdymium), about 4 percent
boron, and the balance iron.
The second quadrant demagnetisation plot for
10 this magnet is shown in Figure 2 and indicates a )
magnetic remanence (By) of about 9.6 kG and an
‘intrinsic coercivity (Hgi) of about 2.4 koOe.
Example 3
A fully-dénse, hot-pressed isotropic
15 . permanent magnet was formed as described above and had
a nominal composition, in weight percent, of about 2.6 .
percent dysprosium with the total rare earth
constituent, including neodymium, being 11.2 percent,
about 3.8 percent boron, about 3 5 percent cobalt,
20 about 1.3 percent gallium, and the balance irom.
The second quadrant demagnetisation plot for
this magnet is shown in Figure 3 and indicates a
magnetic remanence (By) of about 10 kG and an
intrinsic coercivity (Hcji) of about 2.8 kOe.
25 Example 4 |
A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and
te;ted. The nominal composition, in weight percent,
was about 12.6 percent total rare earth (at least 95
30 percent of this constituent being neodymlum and the
remalnder ‘being essentially praseodymium), about 3.8

-percenh.boron, and the -balance iron.: . : -

The second quadrant demagnetlsatlon plot for
this magnet is shown in Figure 4 and indicates a

ﬁj
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I'n accordance with a preferred enbodi nent of this invention, these and

ot her objects and advantages are acconplished as follows. According to one
aspect of the present invention, there is provided a hot-pressed isotropic
iron-rare earth- boron pernmanent nagnet conprising, on a wei ght percent
basis fromabout 5 to about 25 percent rare earth nmetal wherein the
majority of said rare earth constituent is neodym um and fromabout 0.5 to
about 4.0 percent boron, and wherein the total of said rare earth nmetal and

said boron ranges [Lom 2boul, L @YU AGRICYy W hd
intrinsic coercivity (Hcj) of about 2.8 kOe.
Example S5 |

A fully-dense, hot-pressed isotropic
5 permanent magnet was formed as described above having
a nominal composition, in weight percent, of about 19
percent total rare earth (at least 95 percent of this
constituent being neodymium and the remainder being
essentially praseodymium), about 1 percent boron, and
10 the balance iron. '
The second quadrant demagnetisation plot for
- this magnet is shown in Flgure 5 and indicates a
magnetic remanence (By) of about 9.6 kG and an
intrinsic coercivity (Hgji) of about 4.3 kOe.

15 From the above, it can be seen that
hot-pressed isotropic permanent magneﬁs having
improved magnetic remanences of at least 9.0 kG, more
typically about 10.0 kG, can be formed using

_ compositions containing relatively low levels of rare

20 earths coupled with a sufficient amount of boron. It
was determined that by reducing the amount of
neodymium in the preferred Nd-Fe-B alloys, a FeaB
phase present in the alloy also becomes an equilibrium
phase with the NdjzFejs4B phase. In addition, an «-Fe

25 phase is also present. It is further believed that
the magnetic remanences of these preferred alloys are
dqpinated by a soft magnetic Fe3B phase, whilst
magnetic coercivity is controlled by the dispersion of
the hard magnetic NdzFej4B phase. Therefore, further

30 1mprovements in magnetic properties are possible
through modifications of intrinsic properties of the

- 1nd1vgdua1 phases through 'specific- allpying in -
accordance with the disclosure of this invention.
A particular advantage of this invention is

35 that conventional hot-pressing temperatures may hggf
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bal ance being principally iron; which nagnet is charact- erised by the

uni form presence of both a hard magnetic Nd[err] Fe[err]B phase and soft
magneti ¢ phases Fe[err]B and a-Fe; and which has a magnetic remanence of at
| east 9kil oGauss and intrinsic coercivity of at |east 2kiloOested. - 5-
The isotropic hot-pressed iron-rare @& th boron permanent magnet,

exhi bits a magnetic remanence of at | east

used, even though relatively low levels of the rare
earth constituents are present, as opposed to the
disclosures in the prior art. It is believed that
this is due to the presence of optimal levels of boron
5 coupled with the rare earths. The hot-pressed

iron-rare earth-boron permanent magnets of this
invention exhibit an improved magnetic remanence of at
least 9 to 10 kG, as eompared to conventional
hot-pressed magnets of the prior art having magnetic

10 remanences of about 8 kG and containing rare earth
levels in excess of about 25 weight percent.

In addition, a significant cost saving can
be achieved without a discernible loss in magnetic
properties with the compositions of this invention

15 since the amount of rare earth constituents, which are
the most expensive constituents of these types of
permanent magnets, is significantly reduced.

Accordingly, with the disclosure of this
invention, magnetic remanences of at least 9 kG, and

20 preferably of the order of about 10 kG, which are
believed to be the highest values reported for an
isotropic magnet of this type, may be readily achieved
in a hot-pressed magnet, wherein the_composition:of
the magnet includes a relatively lew.rare earth

25 content coupled with an optimal level of boron.

Therefore, whilst this invention has been
deecribed in terms of a preferred embodiment thereof,
it is apparent that other forms could be adopted by
one skilled in the art. For example, the composition

36 of the magnetic particles could be varied within the
preferred weight and atomic ranges, with or without

- othermaonstituents as described above, or different -
and/or additional processing steps may be employed to
produce the isotropic: particles used to form the

35 hot-pressed isotropic magnets, as well as other ;"
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9-kG and nost typically about 10 kG which is nearly 62% of saturation
magneti sation for this material. this is believed to be the highest val ue

reported for an isotropic magnet of this type. The hot - pressed magnet of
this invention is produced by pressing a quantity of isotropic iron-rare
earth-boron netal particles. - The isotrlghic particles can be formed by

known nethods, such as by nelt- spinning a suitable iron-rare earth-boron
metal conposition to an overquenched or optinum condition.

|sotropi ¢ partigleg.tgaued R\écggdpnaag LAY RcpeIBelils iriiftYorrnaped
in configuration and can’b 4 _
is to be limited only by the scope of the following
claims.
The disclosures in United States patent
5 application no. 148,155, from whlch this application
claims priority, and in the abstract accompanying this

application are incorporated herein by reference.

aced, .
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desired particle size. The conposition conprises, on a weight percent
basi s, from about 5 percent to about 25 percent rare earth, nore preferably
about 10 percent to about 20 percent rare earth, fromabou

: *TT_T‘ﬁﬂ?jﬁﬂﬁxﬁﬁ—+ﬂ
about 4.0 percent boron, nost preferably fromabout 0.8 u mull

4.0 percent boron, with the total conbi nation of rare ea Hﬂﬂﬂtﬂ'ﬂl’
rangi ng from about 9 percent to about 26 percent, nost preferaHIy

about 12 percent to about 22 percent, and as an

Claims: .
1. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet, the method
comprising the steps of: providing afquantity of
5 isotropic iron-rare earth-boron metal particles, and
hot-pressing said'quahtity of isotropic iron-rare
earth-boron metal particles at a temperature and for a
duration sufficient to form a hot-pressed isotropic
iron-rare earth-boron metal permanent magnet,

10 characterised in that sald quantity of  isotropic iron-
rare earth-boron metal particles is formed from a
composition comprising, on a weight percent basis,
from about 5 to-about 25 percent rare earth metal, and
from about 0.5 to about 4.5 percent boron, wherein the

15 total of said rare earth metal and said boron ranges
from about 9 to about 26 percent of the composition,
with the balance being principally iron; and the
magnet formed has a magnetic remanence of at least
9 kiloGauss. _ _

20 2. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to
claim 1, in which the majority of said rare earth
constituent is neodymium.

3. A method for forming a hot-pressed

25 iron-rare earth-boron permanent magnet according to
claim 1, in which the composition also includes from
about 2 to about 16 percent cobalt.

4. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet accordlng to

30 claim ;%'ln which said rare earth content of the
compositlon ranges from about 10 to about 20 percent

: raré-éawth metal, and said boron contgiat of the -
composition ranges from about 0.8 to';bout 4.0 percent
boron, and in which said total content of said rare .

___—_________________
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-6- optional ingredient, fromabout 2 percent to about 16 en

wi th the bal ance being essentially iron. O her elenents may ﬂWﬂ"

i n-mnor amounts of up to about two wei ght percent, either mmﬂﬁml
conbi nation. These el enents include tungsten, chromi-um nickel, &l uhi m Ul
copper, magnesi um manganese, gallium nil@i um vanadi um _

earth metal and said boron in the composition ranges
from about 12 to about 22 percent of the composition.
5. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to
é_ claim 1, in which said isotropic iron-rare earth metal
particles have a grain size of not more than 500
nanometres.
6. A method for forming a hot-pressed
iron-rare eartheborbn permanent magnet, the method

10 comprising the steps of: providing a quantity of
isotropic iron-rare earth-boron metal particles having
a grain size of not more than 500 nanometres, and
hot-pressing said quantity of isotropic iron-rare
earth-boron metal particles at a temperature and for a

15 duration sufficient to form a hot-pressed isotropic
iron-rare earth-boron metal permanent magnet
cHaracterised in that said quantity of isotropic
iron-rare earth-boron metal particles is formed from a
composition comprising, on a weight percent basis,

20 from about 5 to about 25 pércent rare earth metal
wherein the majority of said rare earth constituent is
neodymium, and from about 0.5 to about 4.5 percent
boron, and wherein the total of said rare earth metal
and said boron ranges from about 9 to about 26 percent

25 of the composition, with the balance being principally
iron; and the magnet formed has the uniform presence
of both a hard magnetic NdjFejsB phase and soft
maénetic phases Fe3B and o-Fe, and a magnetic
remanence of at least 9 kiloGauss. _

30 -&~7' . A method for forming a hot-éiessed
iron-rare earth-boron permanent magnet according to
-clafmas.vin which the composition alsg includes from -
about 2 to about 16 percent cobalt. ;

8. A method for forming a hot-pressed .

35 iron-rare earth-boron permanent magnet according gﬁfr
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mol ybdenum titanium tantalum zirconium carbon, tin and c
is also typically present in small anounts, as are oxygen an m

i sotropic particles are then hot-pressed at convenitional tenpe ‘”
~which is contrary to prior-art teachings wherein the relatively IOM/IeWeIs
~of rare earth constituents within the nagmet conpositions of this invention
woul d require increased hot-pressing tenperatures to result in useful
magnetic renanences. A particular advantage of this invention is that
conventi onal hm].ar:).;ne ,I n% WHIGH E%stalide :A:'arey eirth content of the
composition ranges from about 10 to about 20 percent
rare earth metal, and said boron content of the
composition ranges from about 0.8 to about 4.0 percent
5 boron, and in which said total content of said rare
earth metal and said boron in the composition ranges
from about 12 to about 22 percent of the composition.
9. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to
10 claim 6, in which said hot-pressing step is at a
temperature ranging from about 750°C to 800°C.
10. A hot-pressed isotropic iron-rare
earth-boron permanent magnet comprising, on a weight
percent basis, from about 5 to about 25 percent rare
15 earth metal wherein the majority of said rare earth
'~ constituent is neddymium, and from about 0.5 to about
4.5 percent boron, and wherein the total of said rare
earth metal and said boron ranges from about 9 to
about 26 percent, with the balance being principally-
20 iron; which magnet is characterised by the uniform
presence of both a hard magnetic NdpFej4B phase and
soft magnetic phases Fe3B and o-Fe; and which has a
magnetic remanence of at least 9 kiloGauss.
11. A hot-pressed isotropic iron-rare
25 earth-boron permanent magnet according to c¢laim 10, in
which said magnet further comprises from about 2 to
apput 16 percent cobalt.
12. A hot-pressed isotropic iron-rare
earth-boron permanent magnet according to ¢laim 10, in
30 which siad rare earth content ranges from apbout 10 to
about 20 percent rare earth metal, and said boron
- conteatvranges from about -0.8 to abouj 4.0 percent -
boron, and in which said total content of said rare
~earth metal and said boron ranges from about 12 to
35 about 22 percent of the magnet. ﬁgf
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used, even though relatively low levels of the rare earth constituents are
present. It is believed that this is due to the presence of an opti nal

| evel of boron coupled with the rare earths, which enables the use of
conventional hot-pressing tenperatures. The hot-pressed iron-rare earth
metal permanent magnets of this invention exhibit an inproved nmagnetic
remanence of at least 9 to 10 kG in contt8st to conventional hot- pressed
magnets of the prior art contalnlng rare earth levels in excess of about 25
wei ght percent having a ieTele

Isotropic hot-pressed iron-rare earth metal
permanent magnets are'provided wherein the hot-pressed
permanent magnets exhibit magnetic remanences of at
least 9 kG, and most typically about 10 kG. Preferred

5 compositions include a relatively low rare earth
"content coupled with an optimal amount of boron. The
preferred composition is, on a weight percent basis,
from about 5 to about 25 percent rare earth, most
preferably about 10 to about 20 percent rare earth,

10 from about 0.5 to about 4.5 percent boron, most
preferably from about 0.8 to about 4.0 percent boron,
wherein the total combination of the rare earths and
boron ranges from about 9 percent to about 26 percent
of the composition, most preferably from about 12

15 percent to about 22 percent, and optionally from about
2 percent to about 16 percent cobalt, with the balance
being essentially iron.

?
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Accordingly, with the present |nvent|on _nagnetlc remanences of at |east 9
kG, and preferably of the order of:about 10 kG may be easily achieved in a
hot - pressed nmagnet, wherein the conposition of the magnet includes a
relatively |l ow rare-earth content -7- coupled with an optical boron
-content. Yet the increase in magnetic remanence is achieved in the
preferred hot-pressed
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conposi tions having the relatively lowrare earth content,

w t hout the

previ ous requi renent for elevated hot-pressing tenperatures of those

conpositions. In addition,

since the rare earth constituent

is typically

the nost expensive conponent of these types of nagnet conpositions, a

reduction in the anount of

rare earth present
inits overal

I n the magnet conposition

corresponds to a reduction. price, which is an additiona
benefit of the preferred conpositions of this invention. According to a

second aspect of the present invention, there is provided_a1£ethod for
formng a hot-pressed iron-
10
8
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rare earth-boron permanent nmagnet, the nmethod conprising the steps of:
providing a quantity of isotropic iron-rare earth-boron netal particles,
and hot-pressing said quantity of isotropic iron-rare earth-boron netal
“particles at a tenperature and for a duration sufficient to forma hot-
pressed isotropic iron-rare earth-boron netal pernmanent magnet,

- characterized in that said quantity of isotropic iron-rare earth-boron
netal particles is forned froma conposition conprising, on a weight .

- percent basis, fromabout 5 to about 25 percent rare earth netal, and from
about 0.5 to about 4.0 percent boron, wherein the total of

—20-18 -16—14—12 =10 —8
H(KOe)

FIG.5
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. | 1o Yao-y
'said rare.- earth netal and said boron ranges fromabout 9 to about 26
per cent—of—the conposition, with the balance being principgt ; and

t he nagnqi ned has a nagnetlc remanence of at |east 9 kifl BEp
intrinsic B@ Replaced/8 - Of at |east 2 kil oOrestse.
third asp iﬂ ent i nvention, tRere is provided
form ng al on- -

The present invention generally relates to
the making of high remanence hot-pressed permanent
magnets based primarily on iron, rare earths such as
neodymium and/or praseodymium and/or dysprosium, and

5 boron, as specified in the preamble of claim 1. More
specifically, this invention concerns the forming of
such magnets having magnetic remanences of at least
9 kiloGauss (kG), and most typically about 10 kG, by
hot-pressing permanent magnet particles having, in

10 weight percents, a rare earth level of from about 5
percent to 25 percent, most preferably from about 10
percent to about 20 percent, and preferably combined
with a boron content of from about 0.5 percent to
about 4.5 percent, most preferably from about 0.8

15 percent to about 4.0 percent, wherein the total amount
of the rare earth constituent and boron ranges from
about 9 percent to about 26 percent, most preferably
from about 12 percent to about 22 percent.

Permanent magnets based on COmpositions

20 containing iron, neodymium and/or praseodymium, and
boron are known and in commerc1a1 ‘usage.. Such
permanent magnets contain as- an essentlal magnetlc
phase grains of tetragonal crystals in which the :

~ proportions of, for example, iron, neodymium and boron

25 are exemplified by the empirical formula NdgsFeq4B.
These magnet compositions and methods for making them
are described by Croat in US Patent No. 4,802,931
issued February 7, 1989. The grains of the magnetic
phase are surrounded by a second phase that is

30 typically rare earth-rich, as an example
neodymium-rich, as compared with the essential
magnetic phase. It is known that magnets based oh
such compositions may be prepared by rapidly
solidifying, such as by melt-spinning, a melt of the
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rare earmmgnet t he nethod of conpri sing t'FkPLﬂ EMN?QS N

pfovi di ng a thlast%eMepla&ﬂtl’Opl c iron-rare earth-boron netjal} pa v HEET
havi ng a g

quantity. of
tenperature
lron-rare earth boron netal permanent nagneg characterise
i sotropic iron-rare--earth-boron netal particles

a conposition conprising, on a weight percent basis, fromabout 5 to abou

quantity of

25 percent

imor e t han 500 nanonetres, and hgt prfgﬁbng sai d
‘“\ n-rare earth-boron netal parti : t
tion sufficient to forma hot- S66

rare earth petal wherei

10

15

20

25

30

35

composition to proguce fine-grained,
magnetically-isotropic platelets of ribbon-like
fragments. Magnets may be formed from these isotropic
particles by practices-which are known, such as
bonding the particles together with a suitable resin.

Although the magnets formed from these
isotropic ribbons are satisfactory for some
applications, they typically exhibit an energy product
(BHmax) of about 8 to about 10 megaGaussOersteds
(MGOe) , which is insufficient for many other
applications. To improve the energy product, it is
known to hot-press the isotropic particles to form
magnets having an energy product of about 13 to about
14 MGOe and magnetic remanences of the order of about
8 kG.

However, there are applications when it
would be desirable that such hot-pressed magnets
should have higher magnetic remanence values. As an
example, if the hot-pressed magnet is used in an
application at or near its maximum magnetic remanence,
it may be ‘desirable to increase its magnetic remanence
so as to increase the working capability of the
magnet.

Conventionally, for hot-pressed magnets of
the iron-rare earth metal type, the total rare earth
éonstituent is greater than about 25 percent, most
typically greater than about 29 percent, by weight.
This is true since compositions containing lower
amounts of the rare earth constituents contain lesser
amounts of the intergranular phase, and therefore
require higher pressing temperatures, which are
detrimental to the life of the hot-pressing punches
and add undesirable costs to the pressing process.
Thus, the prior art has generally always taught that
hot-pressed permanent magnet compositions of this type
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najbrity of said rare eartit constituent—is neodym um
about 4.0 percent bOFOﬂ,n&I’gj{eé{\ﬁ%r&LﬂRg&,Q&dt otal of saidfrdre

sai d boron ranges from abpwlili 26 percent of fhe¢ c osi tion,
t he bal ance bei ng princi g’EEll Imﬂﬂ m
presence of both a hard

the magnet for hag QGE 1995 f
Fe[err] B phasegf
phases Fe[err] B phase and a-Fe, and a magnetic renanerjce of at

kil oGauss and intrinsic coercivity or at | &ast 2 kil oO®& -

and advantages of this invention wll be better appreciated fromthe
foll owi ng detailed description.

must contain, as a minimum, at least 25 percent rare

earth constituent.
Yet, it would be desirable to provide a
means for increasing tﬁe magnetic remanence of a
5 hot-pressed magnet, such as to a value of at least
9 kG or 10 kG, whilst simultaneously reducing or
minimising the amount of rare earth constituent within
the compositions, since the rare earth constituents
are typically much more costly as compared to the
10 other constituents. However, the means for
accomplishing such an increase in magnetic remanence
should not result in increased hot-pressing
temperatures.
A method for forming a hot-pressed iron-rare
15 earth boron permanent magnet according to the present
invention is characterised by the features specified
in the characterising portion of claim 1.
It is therefore an object of this invention
to provide an isotropic hot-pressed permanent magnet
20 exhibiting a magnetic remanence of at least 9 kG,
preferably about 10 kG.
It is a further object of this invention
that such an isotropic hot-pressed magnet should have
a composition that has, as its magnetic constituent,
25 the tetragonal crystal phase RE9TM14B which is based
‘ primarily on neodymium and/or praseodymium, iron and
boron, and wherein the total amount, in weight _
percent; of rare earth constituent ranges from about 5
percent to about 25 percent, preferably from about 10
30 percent to about 20 percent, and is coupled with a
boron content of from about 0.5 percent to about 4.5
percent, preferably from about 0.8 percent to about
4.0 percent, such that the combined amount of rare
earth and boron within the composition ranges from
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Ref erence will be made to the acconpanying draw ngs, in WHERE la; to
‘5 illustrate de curves for -9- hot-pre opmyy !
fron1nagnet|call r&&ggmawrtlcles of t he pr efferfre

eart h-boron T this invention. The prefer
this inventi o \ﬁm‘\ ‘\
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about 9 percent to about 26 percent, most preferably

from about 12 percent to about 22 percent.

Furthermore, it is an object of this

invention that such a ﬁot—pressed magnet having a
5 magnetic remanence of at least 9 to 10 kG should be
pressed at conventional pressing temperatures.

In accordance with a preferred embodiment of
this invention, these and other objects and advantages
are accomplished as follows.

10 Accoxrding to the present invention, there is
provided an isotropic hot-pressed iron-rare earth
metal-boron permanent magnet, wherein the hot-pressed
permanent magnet exhibits a magnetic remanence of at
least 9 kG, and most typically about 10 kG, which is

15 nearly 62% of saturation magnetisation for this
material. This is believed to be the highest wvalue
reported for an isotropic magnet of this type. The
hot-pressed magnet of this invention is produced by
pressing a quantity of isotropic iron-rare earth-boron

20 metal particles. The isotropic particles can be
formed by known methods, such as by melt-spinning a
suitable iron-rare earth-boron metal composition to an
overquenéhed or optimum condition. Isotropic
particles formed by melt-spinning are generally

25 ribbon-shaped in configuration and can be readily
reduced to a desired particle size.

The preferred composition comprises, on a
weight percent basis, from about 5 percent to about 25
percent rare earth, most preferably about 10 percent

30 to about 20 percent rare earth, from about 0.5 péercent
to about 4.5 percent boron, most preferably from about
0.8 percent to about 4.0 percent boron, with the total
combination of rare earth plus boron ranging from
about 9 percent to about 26 percent, most preferably

35 from about 12 percent to about 22 percent, and as an




in isotropic hotlbmsﬁﬁ fuI nse pernmanent nmagnets

nmagneti c renanenc , aqmm G nore typically abou
preferred conp05| erlsed by a rel ativelyj |jow,t
earth content coup Advant ageously, th

n?biger
magnets nmay be forned at onventlonal hot - pressin 2er.g
Appropriate conpositions for the'iron-rare garth netal f
this invention include a suitable transition nmetal conponent
rare earth conponent and boron, as well as possible small additions of
cobal t,

optional ingredient, from about 2 percent to about 16
percent cobalt, with the balance being essentially
iron. .
Other elements may also be present in minor
5 amounts of up to about two weight percent, either
alone or in combination. These elements include
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon, tin
10 and calcium. Silicon is also typically present in
small amounts, as are oxygen and nitrogen.
The-isotropic particles are then hot-pressed
at conventional temperatures, which is contrary to
prior-art teachings wherein the relatively low level
15 of rare earth constituents within the magnet
compositions of this invention would require increased
hot-pressing temperatures to result in useful magnetic
remanences. A particular advantage of this invention
is that conventional hot-pressing temperatures may be
20 used, even though relatively low levels of the rare
earth constituents are present. It is believed that
this is due to the presence of an optimal level of
boron coupled with the rare earths, which enables the
use of conventional hot-pressing temperatures. The
25  hot-pressed iron-rare earth metal permanent magnets of
this invention exhibit an improved magnetic remanence
of at least 9 to 10 kG, in contrast to conventional
hot-pressed magnets of the prior art containing rare
earth levels in excess of about 25 weight pexcent
30 having a magnetic remanence of about 8 kG.
.Accordingly, with the present invention,
magnetic remanences of at least 9 kG, and preferably
of the order of about 10 kG, may be easily achieved in
a hot-pressed magnet, wherein the composition of the
35 magnet includes a relatively low rare earth content
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coupled with an optimal boron content. Yet the
increase in magnetic remanence is achieved in the
preferred hot-pressed compositions having the
relatively low rare edrth content, without the

5 previous requirement for elevated hot-pressing
temperatures of those compositions.

In addition, since the rare earth
constituent is typically the most expensive component
of these types of magnet compositions, a reduction in

10 the amount of rare earth present in the magnet
composition corresponds to a reduction in its overall
price, which is an additional benefit of the preferred
compositions of this invention.

Other objects and advantages of this

15 invention will be better appreciated from the
following detailed description.

Reference will be made to the accompanying
drawings, in which:

Figures 1 to 5 illustrate demagnetisation

20 curves for hot-pressed magnets formed from
magnetically isotropic particles of the preferred
iron-rare earth-boron compositions'of this invention.

The preferred compositions of this invention
result in isotropic hot-pressed, fully-dense permanent

25 magnets which exhibit magnetic remanences of at least
9 kG, more typically about 10 kG. The preferred
compositions are characterised by a relatively low
total rare earth content coupled with boromn.
Advantageously, the hot-pressed magnets may be formed

30 at conventional hot-pressing temperatures. _

Appropriate compositions for the iron-rare
earth metal permanent magnets of this invention
include a suitable transition metal component, a
suitable rare earth component and boron, as well as

35 possible small additions of cobalt, and are generally
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represented by the empirical formula RE3TM314B. The
preferred compositions, as stated previously, consist
of, on an atomic percentage basis, about 40 to 290
percent of iron or mixtures of cobalt and iron, with
the iron preferably making up at least 60 percent of
the non-rare earth metal content; about 3 to about 12
percent of rare earth metal that necessarily includes
neodymium and/or praseodymium, with the neodymium
and/or praseodymium preferably making up at least 60
percent of the rare earth content; and the rare earth
being coupled with about 4 to about 20 percent boron.
Preferably, iron makes up at least 40 atomic percent
of the total composition.

Specific compositions which have been useful
in preparing hot-pressed, fully-dense, isotropic
permanent magnets of this type, in corresponding
weight percentages, are as follows and contain the
hard magnetic phase consisting of FejgNdaB (or the
equivalent) tetragonal crystals; from about 5 percent
to about 25 percent rare earth, most preferably about
10 percent to about 20 percent rare earth, wherein the
majority constituent is neodymium and the remainder is
praseodymium and/or dysprosium; from about 0.5 percent
to about 4.5 percent boron, most preferably from about
0.8 percent to about 4.0 percent boron, wherein the
combined amount of the rare earths and boron ranges
from about 9 percent to about 26 percent, most
preferably from about 12 percent to about 22 percent,
and optionally from about 2 percent to about 16
percent cobalt, with the balance being essentially
iron.

As stated previously, other elements may
also be present in minor amounts of up to about two
weight percent, either alone or in combination. These

elements include tungsten, chromium, nickel,
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har d nagnetid\ﬁhase\gggigi;ng~of Fe[err]Nd[err]B (or the equival ent)
tetragonal cryspals; fro t .5 percent to about 25 percent/ Tare.garth,
nost preferably Hak@eeqﬁ{.cent_ to about 20 percent rare eatﬁEP
the majority co y v ym um and the renainder is
and/ or dysprosid / '0.5 percent to about 4.0 percgn
preferably from about 0. ent to about 4.0 percent boro
combi ned amount of the rare earths and bor8n ranges from alou

about 26 percent, nost preferably from about 12 percent todlabouf 22
per cent, : -

aluminium, copper, magnesium, manganese, gallium,

niobium, wvanadium, molybdenum, titanium, tantalum,

zirconium, carbon, tin and calcium. Silicon is also

typically present in small amounts, as are oxygen and
5 nitrogen. '

However, it is to be understood that this
invention is applicable to the larger family of
compositions as described previously in atomic
percentages and which larger family of compositions

10 will be referred to generally as an iron-rare
earth-boron composition.

Generally, permanent magnetic bodies of the
preferxred composition are formed by starting with
alloy ingots which are melted by induction heating

15 under a dry, substantially oxygen-free argon, inert or
vacuum atmosphere to form a uniform molten
composition. Preferably, the molten composition is
then rapidly solidified to produce an amorphous
material or a finely crystalline material in which the

20 grain size is less than 400 nanometres at its largest
dimension. It is most preferred that the
rapidly-solidified material should have a grain size
smaller than about 20 nanometres. Such material may
be produced, for example, by conventional

25 melt-spinning operations. Conventionally, the
substantially amorphous or microcrystalline, melt-spun
iron-neodymium-boron ribbons are then milled to a
powder, though the ribbons can be used directly with
the present invention.

30 The iron-neodymium-boron particles, which
are magnetically isotropic at this point, are then
hot-pressed at a sufficient pressure for a sufficient
duration to form a fully-dense material. Typically,
this is achieved by heating the composition to a

35 suitable temperature,'such as about 750°C, or




and'optionally from about 2 percent to about 16 percent
bal ance bei tially iron. As stated previously, ot
al so be present,.in mnor of up to about two wei
alone or in co Wﬁ?‘ﬁumee,{lmgﬁe el enent's i ncl ude tungste
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preferably between about 750°C to about 800°C, in a
die, and compacting the composition between upper and
lower punches, under a pressure of, for example, about
77.22 MPa to about 92.67 MPs (about 5 to about 6 tons
5 per square inch), so as to form a substantially

fully-dense, flat cylindrical plug. Generally, when
melt-spun material finer than about 20 nanometres in
grain size is heated at such an elevated temperature
for a period of a minute or so and then hot-pressed to

10 full density, the resultant body is a permanent
magnet. If the particulate material has been held at
the'hot—pressing temperature for a suitable period of
time, it will then have a grain size in the range of
about 20 to about 500 nanometres, preferably about 20

15 to 100 nanometres.

The magnetic properties of hot-pressed
isotropic permanent magnets formed in accordance with
this invention were determined using conventional
Hysteresis Graph Magnetometer (HGM) tests. Test

20 samples were placed so that the axis parallel to the
direction of alignment was parallel to the direction
of the magnetic field applied by the HGM. The samples
were each then magnetised to saturation and then
demagnetised.

25 The second quadrant demagnetisation plots
are shown in Figures 1 to 5 [remanence 47M in
kiloGauss versus coercivity (H) in kiloOersteds] for
the preferred isotropic hot-pressed permanent magnets
of this invention.

30 The specific samples tested are described
more fully below. For the specific examples below,
melt-spinning at a rate of 22 metres/second was
followed by crushing of the magnetically-isotropic
melt-spun material to form the particulate material

35 which was then shaped into a preform. The preform was
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al um nium copper, nmagnesi um manganese, gallium niobiu
nmol ybdenum titanium tantalum zirconium carbon, tin
is also typically present in small amounts, as are oxyggn fand ni
However, it is to be understood that this invention is fp IlﬁQQMQTto th
| arger famly of conpositions as described previously i .
and which larger famly of conpositions will be referr S /an
iron-rare earth-boron conposition. 10 -

then hot-pressed at a temperature of about 750°C, and
under a pressure of about 77.22 MPa to about 92.67 MPa
(5 to about 6 tons per square inch), to form the
fully-dense hot-pressed magnets, which are essentially
5 the same conditions used to form conventional
hot-pressed permanent magnet bodies having high rare
earth contents. It is to be noted that the bounds of
this invention are not to be limited by the particular
melt-spinning rate and hot-pressing temperatures used
10 for these illustrative examples.
Example 1
A fully-dense, hot-pressed iéotropic
permanent magnet was formed as described above and
tested. The nominal composition, in weight percent,
15 was about 12.7 percent total rare earth (at least 95
percent of this constituent being neodymium and the
remainder being essentially praseodymium), about 3.9
percent boron, about 3.5 percent cobalt, about 1.2
percent gallium, and the balance iron. The magnet had
20 a diameter of about 16 millimetres, a height of about
11 millimetres and a weight of about 10 grams.
The second quadrant demagnetisation plot for
this mégnet is shown in Figure 1 and indicates a
magnetic remanence (By) of about 10.0 kG and an
25 intrinsic coercivity (Hgi) of about 3.4 kiloOersteds
(kOe). It was determined that the saturation
magnetisation value for this low rare earth
composition was about 16 kG; therefore, the magnetic
remanence of 10 kG obtained after hot-pressing was
30 greater than 62 percent of the saturation value. It
is believed that this wvalue is the highest reported
for an isotropic magnet of this type. The properties
of the magnet were tested in all three directions and
the magnet was determined to be isotropic.
I
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GEneraIIy, per manent magneti c bodi es of the preferred conposi tion are

forned by startLng_MLLh_aLLQ¥_LﬂgQLF whi ch are nelted by int on heating

under a dry, substantially oxy en-free argon, inert or vagudt 3 9

forma unifornrnDI?TH5 “dPreferany, the nol tenfcp
i

then. rapidly soli e an anor phous materi al
crystalline materia grain size is less tha
its largest dinmension. It is nDst preferreglthat the rap
mat eri al should have a grain size

lidifi

Example 2

A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and had
a nominal composition, in weight percent, of about
5 13.9 percent #otal rare earth (at least 95 percent of
this constituent being neodymium and the remainder
being essentially praseodymium), about 4 percent
boron, and the balance iron.
The second quadrant demagnetisation plot for
10 this magnet ie shown in Figure 2 and indicates a )
magnetic remanence (By) of about 9.6 kG and an
intrinsic coercivity (Hqj) of about 2.4 kOe.
Example 3
A fully-dense, hot-pressed isotropic
15 permanent magnet was formed as described above and had
a nominal composition, in weight percent, of about 2.6
percent dysprosium with the total rare earth
constituent, including neodymium, being 11.2 percent,
about 3.8 percent boron, about 3.5 percent cobalt,
20 about 1.3 percent gallium, and the balance iron.
The second quadrant demagnetisation plot for
this magnet is shown in Figure 3 and indicates a
magnetic remanence (By) of about 10 kG and an
intrinsic coercivity (Hoi) of about 2.8 kOe.
25 Example 4
A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and
tested. The nominal composition, in weight percent,
was about 12.6 percent total rare earth (at least 95
30 percent of this constituent being neodymium and the
' remainder being essehtially praseodymium), about 3.8
percent boron, and the balance iron. )
The second quadrant demagnetisation plot for

this magnet is shown in Figure 4 and indicates a

THIS SHEET HAS BEEN
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smal | er than about 20 nanonetres. Such material nay be producgdg
exanpl e, by conventional nelt-spinning operations. Conventigng
substantial ly aﬂmiﬁdvembsmenmmacrystal l'ine, nmelt-spun iron/ng

ri bbons are then wder, though the ribbons cay
directly with th tion. The iron-neodym umb

whi ch are magneti ca so roprc:at this popLnt, are then
sufficient pressure for a sufficient duratién to forma ful

material . Typically,

magnetic remanence (By) of about 9.9 kG and an
intrinsic coercivity (Hgji) of about 2.8 kOe.
Example 5
A fully-dense, hot-pressed isotropic
5 permanent magnet was formed as described above having
a nominal composition, in weight percent, of about 19
percent total rare earth (at least 95 percent of this
constituent being neodymium and the remainder being
essentially praseodymium), about 1 percent boron, and

10 the balance iron.

The second quadrant demagnetisation plot for
this magnet is shown in Figure 5 and indicates a
magnetic remanence (By) of about 9.6 kG and an
intrinsic coercivity (Hgji) of about 4.3 kOe.

15 From the above, it can be seen that
hot-pressed isotropic permanent magnets having
improved magnetic remanences of at least 9.0 kG, more
typically about 10.0 kG, can be formed using
compositions containing relatively low levels of rare

20 earths coupled with a sufficient amount of boron. It

| was determined that by reducing the amount of
neodymium in the preferred Nd-Fe-B alloys, a Fe3B
phase present in the alloy also becomes an equilibrium
phase with the NdyFej4B phase. In addition, an a-Fe

25 -phase is also present. It is further believed that
the magnetic remanences of these preferred alloys are
dominated by a soft magnetic Fe3B phase, whilst
magnetic coercivity is controlled by the dispersion of
the hard magnetic NdjFejsB phase. Therefore, further

30 improvements in magnetic properties are possible
through modifications of intrinsic properties of the
individual phases through specific alloying in
accordance with the disclosure of this invention.

A particular advantage of this invention is

35 that conventional hot-pressing temperatures may be |
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or -12- preferably between about 750[err]C tg
n a di €;

as about_
800[err] C,
punches, un e of for exanple, about 77.22 MPa tA

ﬂat H§S%
MPs (about 5 s per square inch), so as to for4
substantlaIH ”W
13

used, even though relatively low levels of the rare
earth constituents are present, as opposed to the
disclosures in the prior art. It is believed that
this is due to the presence of optimal levels of boron

5 coupled with the rare earths. The hot-pressed
iron-rare earth-boron permanent magnets of this
invention exhibit an improved magnetic remanence of at
least 9 to 10 kG, as compared to conventional
hot-pressed magnets og the prior art having magnetic

10 remanences of about 8 kG and containing rare earth

levels in excess of about 25 weight percent.

In addition, a significant cost saving can
be achieved without a discernible loss in magnetic
properties with the compositions of this invention

15 since the amount of rare earth constituents, which are
the most expensive constituents of these types of
permanent magnets, is significantly reduced.

Accordingly, with the disclosure of this
invention, magnetic remanences of at least 9 kG, and

20 preferably of the order of about 10 kG, which are
believed to be the highest values reported for an
isotropic magnet of this type, may be readily achieved
in a hot-pressed magnet, wherein the composition of
the magnet includes a relatively low rare earth

25 content coupled with an optimal level of boron.

Therefore, whilst this invention has been
described in terms of a preferred embodiment thereof,
it is apparent that other forms could be adopted by
one skilled in the art. For example, the composition

30 of the magnetic particles could be varied within the
preferred weight and atomic ranges, with or without
other constituents as described above, or different
and/or additional processing steps may be employed to
produce the isotropic particles used to form the

35 hot-pressed isotropic magnets, as well as other




fulfy-dense, flat cylindrical plug. Generally, when nelt-spun
finer than about 20 nanometres in grain size is heated at sug

tenperature for a f a mnute or so and then hot-pre
density, the resultg body 'S nent magnet. If the par
mat eri al has been heﬁ' QSIBeenIRQg;, 5e55| ng tenperature for
period of tine, a grain size in the range
about 500 nanometre mymbout 20 to 100 nanometres.
properties of hot- pressed

variations. Accordingly, the scope of this in&ention
is to be limited only by the scope of the following
claims. ’
The disclosures in United States patent
5 application no. 148,155, from which this application
claims priority, and in the abstract accompanying this
application are incorporated herein by reference.
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determ ned using c nventional Hysteresis G aph Magnetoneter
Test sanples were p 0 that the axis parallel to the di

I
al i gnment was paral | W
the HGM  The sanpl /”
demagneti sed. The second q ngnetlsatlon pl ot s akg
Kk

Figures 1 to 5 [remanence 4[errP i | oGeiss versus coercC
ki | oQersteds] for

Clains:
1. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet, the method
comprising the steps of: providing a quantity of
5 isotropic iron-rare earth-boron metal particles, and
hot-pressing said quantity of isotropic iron-rare
earth-boron metal particles at a temperature and for a
duration sufficient to form a hot-pressed isotropic
iron-rare earth-boron metal permanent magnet,

10 charactérised in that said quantity of isotropic iron-
rare earth-boron metal particles is formed from a
composition comprising, on a weight percent basis,
from about 5 to about 25 percent rare earth metal, and
from about 0.5 to about 4.5 percent boron, wherein the

15 total of said rare earth metal and said boron ranges
from about 9 to about 26 percent of the composition,
with the balance being principally iron; and the
magnet formed has a magnetic remanence of at least
9 kiloGauss. |

20 2. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to
claim 1, in which the majority of said rare earth
constituent is neodymium.

3. A method for forming a hot-pressed

25 iron-rare earth-boron permanent magnet according to
claim 1, in which the composition also includes from
about 2 to about 16 percent cobalt.

4. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to

30 claim 1, in which said rare earth content of the
composition ranges from about 10 to about 20 percent
rare earth metal, and said boron content of the
composition ranges from about 0.8 to about 4.0 percent
boron, and in which said total content of said rare

- This Sheet Has Been Repla THIS SHEET HAS BEEN
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the preferred isotropi gm nent magnets of this
The specific sanples t gli/gﬂ d nore fully bel ow.

speci fic exanpl es bel ow,” nel t +s t a rate of 22 metreg
fol | owed by crushing of the magnetically-isotropic nelt-sp

formthe particulate material which was then shaped into
pr ef orm was 16

earth metal and said boron in the composition ran;és\\
from about 12 to about 22 percent of the composition.
5. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to
5 «claim 1, in which said isotropic iron-rare earth metal
particles have a grain size of not more than 500"
nanometres.
6. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet, the method

10 comprising the steps of: providing a quantity of
isotropic iron-rare earth-boron metal particles having
a grain size of not more than 500 nanometres, and
hot-pressing said quantity of isotropic iron-rare
earth-boron metal particles at a temperature and for a

15 duration sufficient to form a hot-pressed isotropic
iron-rare earth-boron metal permanent magnet
characterised in that said quantity of isotropic
iron-rare earth-boron metal particles is formed from a
composition comprising, on a weight percent basis,

20 from about 5 to about 25 percent rare earth metal
wherein the majority of said rare earth constituent is
neodymium, and from about 0.5 to about 4.5 percent
boron, and wherein thé total of said rare earth metal
and said boron ranges from about 9 to about 26 percent

25 of the composition, with the balance being principally
iron; and the magnet formed has the uniform presence
of both a hard magnetic NdzFei4B phase and soft
magnetic phases Fe3B and a-Fe, and a magnetic
remanence of at least 9 kiloGauss. |

30 7. A method for forming a hot-pressed
iron~rare earth-boron permanent magnet according to
c¢laim 6, in which the composition also includes from
about 2 to about 16 percent cobalt.

8. A method for forming a hot-pressed
35 iron-rare earth-boron permanent magnet according to

This Sheet Has Been Rep.
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pressure of aboutTZZ_E%_NEQ_LQ_abQuL~92 67 MPa (5 to about 6 t 2
square inch), to hot - pressed magnet s,
essentially the sa mﬂiﬁm Wm

per manent magnet b sgh*rare earth contents. I i
that the bounds of this |nvent|on are not be limted by t
mel t-spinning rate and hot-pressing tenperatures used for thesé

il lustrative exanpl es.

claim 6, in which said rare earth content of the
composition ranges from about 10 to about 20 percent
rare earth metal, and said boron content of the
composition ranges frdém about 0.8 to about 4.0 percent
5 boron, and in which said total content of said rare
earth metal and said boron in the composition ranges
from about 12 to about 22 percent of the composition.

9. A method for forming a hot-pressed
iron-rare earth-boron permanent magnet according to

10 claim 6, in which said hot-pressing step is at a
temperature ranging from about 750°C to 800°C.

10. A hot-pressed isotropic iron-rare
earth-boron permanent magnet comprising, on a weight
percent basis, from about 5 to about 25 percent rare

15 earth metal wherein the majority of said rare earth
constituent is neodymium, and from about 0.5 to about
4.5 percent boron, and wherein the total of said rare
earth metal and said boron ranges from about 9 to
about 26 percent, with the balance being principally

20 iron; which magnet is characterised by the uniform
presence of both a hard magnetic NdyFej4B phase and
soft magnetic phases Fe3B and a-Fe; and which has a
magnetic remanence of at least 9 kiloGauss.

11. A hot-pressed isotropic iron-rare

25 earth-boron permanent magnet according to claim 10, in
which said magnet further comprises from about 2 to
about 16 percent cobalt.

12. A hot-pressed isotropic iron-rare
earth-boron permanent magnet according to claim 10, in

30 which said rare earth content ranges from about 10 to
about 20 percent rare .earth metal, and said boron
content ranges from about 0.8 to about 4.0 percent
boron, and in which said total content of said rare
earth metal and said boron ranges from about 12 to

35 about 22 percent of the magnet.
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A fully-dense, hot-pressed isotropic permanent magnet was forned
descri bed above and tested. The nom nal conposition, in weight/p
was about 12.7 percent total rare earth (at |east 95 percent '
constituent being neodym um and the renai nder being essenti al
praseodym um), about 3.9 percent boron, about 3.5 percent c
percent gallium and the bal ance iron. The nagnet had a di
16 millimetres, a height of about 11 mllinetres and a weig
grans. The second quadrant denagnetisatioﬁ“blot for

HIGH_EEEEQRMANCE_HQI;EEEESED_MAGNEIS-

Isotropic hot-pressed iron-rare earth metal
permanent magnets are provided wherein the hot-pressed
permanent magnets exhibit magnetic remanences of at
least 9 kG, and most typically about 10 kG. Preferred

5 compositions include a relatively low rare earth
" content coupled with an optimal amount of boron. The
preferred composition is, on a weight percent basis,
from about 5 to about 25 percent rare earth, most
preferably about 10 to about 20 percent rare earth,

10 from about 0.5 to about 4.5 percent boron, most
preferably from about 0.8 to about 4.0 percent boron,
wherein the total combination of the rare earths and
boron ranges from about 9 percent to about 26 percent
of the composition, most preferably from about 12

15 percent to about 22 percent, and optionally from about
2 percent to about 16 percent cobalt, with the balance
being essentially iron.

FIGURE 1

_—
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(kGe). It was determi ned that the saturation nmagnetisati off vé ue9
|l ow rare earth conposition was about 16 kG therefore, the\gm
remanence of 10 kG obtained after hot-pressing was greater. tR
of the saturation value. It is believed that this value is the™j ghes
reported for an isotropic nmagnet of this type. The properties o
magnet were tested in all three directions and
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t he magnet was determ ned to be isotropic. -14- A fully-de S”"‘QF
hot - pressed isotropic permanent magnet was formed as descri bgd/above
had a nom nal conposition, in weight percent, of about 13.9 p:rcdhp t OB
- rare earth (at |east 95 percent of this constituent being pfleod

remai nder being essentially praseodym ung, -about 4 percent

—20-18—-16—14—12—10 —8 —6 —4/—2
| H(KOe)

FIG.3
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borbn, and the balance iron. The second quadrant denmagneti sat)ofg)
this magnet is shown-in Figure 2 and indicates a magnetic reyapeg

fully-dense, hot-pressed isotropic permanent nmagnet was fo
above and had a nominal conposition, if 3wight percent, off abaut 20p
percent dysprosiumw th the total rare earth constituent, N
neodym um bei ng 11. 2 percent, about 3.8 percent boron, about
cobal t,

L i 1 1 L L
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FIG.S



about 1.3 perceft
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REP -
LAQEHEWTA%QEE% bal ance iron. The second quadrant

demagnet i sation]plfot, fo0 .S, Mpgpet is shown in Figure 3 and indicates a
26 yhuh g

magneti ¢ renmanefic
about 2.8 kCe.

fornmed as ‘descr
per cent,
t hi s constituent being
praseodymi um), about 3.

was - ab

0 kG and an intrinsic coih&% ' é§h$g) of
bt { pressed sotropic per i Nt%ﬁ s _
bed above and tesjed. The nom nal conposition, in weight
tal rare earth (at | east 95 percent of

NGapressential |y

The present invention generally relates to

- the méking of high remanence hot-pressed permanent

magnets based primarily on iron, rare earths such as

.neodymium and/or praseodymium and/or dysprosium, and T

boron, as specified in the preamble of claim 1. ‘Moze
specifically, this invention concerns the forming of

. such magnets having magnetic remanences of at least

9-kiloGauss (kG), and most typically about 10 kG,. by
hot-pressing permanent magnet particles having, in
weight percents, a rare earth level of from about S
percent to 25 percent, most preferably from about 10

" percent to about 20 percent, and preferably combined .
- with a boron content of from about 0.5 percent to
‘about 4.0 percent, most preferably from about 0.8

percent to about 4.0 percent, wherein the total amcunt
of the rare earth constituent and boron ranges from
about 2 percént'to about 26 percent, most preferably
from about 12 percent to about 22 percent.
Permanent magnets based on compositions
containing iron, neodymium and/or praseodymium, and

boron are known and in cowmércial usage. Such
- permanent magnets contain as an essential magnetic

phase grains of tetragonal crystals in which the
propertions of, for example, iron, necdymium and boron
are exemplified by the empirical formula NdjFej4B. -
These magnet compositions and methods for making them
are described by Croat in US Patent No. 4,802,931
issued February 7, 1989. The grains of the magnetic

phase are surrounded by a second phase that is

typically rare .eaxrth-rich, as an example
neodymium-rich, as compared with the essential
magnetic phase. It is known that magnets based on
such compositions may be prepared by rﬁpidly

solidifying, such as by mglthspihning& a melt of the

O~
N

™



1 3

percent bor on, M on. The second quadrant denmagneti sation
plot for this T?&%g§eﬁgggt§ﬂﬁiﬂn Figure 4 and indicates a -15- magnetic
remanence  (Br)jof about 9.9 k@ ahd an intrinsic coeicivity (Hci) of about
2.8 kCe. Exanp| e} 524 fAUG yiS88:nke hot - pressed i sotropic
. - _ -eT REPLACEMENT SHEET

-composition to produce fine-grained, _
magnetically-isotropic platelets of ribbon-like

' fragménts. Magnets méy be formed from these isotropic
particles by practices which are known, such as _- |
bonding the particles together with a suitable resin.

Although the magnets formed from these
isotropic ribbons are Saﬁisfactcry for some :
applications, they typically-exhibit an energy pfoduct'-
(BHmax) of about 8 to about 10 megaGaussOersteds
(MGOe) , which is insufficient for many other
applications. To_improve.the energy product, it is
known to hot-press the isotropic particles to form
magnets having an energy product of about 13 to about
14 MGOe and magnetic remanences of the order of about.
8 kG. ' _

However, there are applications when it
would be desirable that such hot-pressed magnets
should have higher magnetic remanence values. As.an’
example, if the hot-pressed magnet is used in an .
application at or near its maximum magnetic remanence,
it may be desirable to increase its magnetic remanence
so as to increase the working capébility of the
magnet. - ;

‘Conventionally, for hot-pressed magnets of
the -iron-rare earth metal type, the total rare earth

;éonstituent.is greater than about 25 percent, most
typically greater than about 29 ?ercent, by weight.
This is true since compositions containing lower
amounts of the rare earth constituents contain lesser
amounts of the intergranular phase, and therefore

'feQuire higher pressing temperatures, which are
detrimental'tg the life of the hot-pressing punches
and add undesirable costs to the pressing process}

Thus, the prior art has generally always taught that
hot-pressed permanent magnet compositions of this type -



«

REPLACEMENT SHEET |
per manent magnet dekcri bed above having a nom nal
cenposition, in |9_h%] @%qggg, of about 19 percent total rare earth (at

| east 95 percen f *t*hi's  consti Fubnt bei ng neodym unnamg\gglwmqjder

bei ng essential ]y hbout 1 percent boron, and the bal ance
iron. The seconfl quadrant demagnefisat3on plot for this magnet is shown in
Figure 5 and |n'g-rca1-es—a—rm'g'n'€r'rf remanence (Br) of about 9.6 kG and an

i Et rinsic. cometvcbncéwﬁl ) adlf aahﬁznimﬂms KEelekseneEhpegbene, ratecearbh seen
t hat

c;cnst:.tuent

Yet, it would be desirable tc provide a means for
J.ncreas:.ng the magnet:.c remanence of a hot- pressed magnet,
such as to a value of at least 9kG or 10 kG, w_?ulst :
s:.multaneously reducmg or minimising the amount of rare:

' _ " earth constituent within the compositions, since the rare
earth gonstituents are typically much more costly as
: compared to the other constituents. However, the means for
accomplishing such an inc:'ease in magnetic remanence should

not result in increased hot- _pressz.ng tempe:atures.

" An article by 2Zhou, L:. and Morrish in Hyperfine
Interactions, vol. 72, no 1-3, 15 March. 1952, Basel CH,
pages 111-121 in_vestigétea the effects of boroen
concentration and amnnealing time on the magnetic properties
of rapidly quenched Nd,Fe,sB. after cryst:ailizat:ion_

A method for forming a hot.—press_e& iron-rare earth-
boron permanent ﬁagnet according to the present invention
'is c_haracterised portion of claim 1.

It is ctherefore, an object of this invemntion to
provide an isotropic hot-pressed permanent wmagnet.
exhibiting a wmagnetic remanence of at least 9 kG,
preferably about: 10 kG. _

It is a further object of this invention that such an
iso:roi:ic hot-préssed magnet should have a. cdmposi.l:ion that
has, as its magnetic _constitueﬁt. the tetragonal crystal
phaée RE, ™, ,B which is based pz;i.marily on neodymium and/ox

praseodymium, iron and boron, and wherein the total amount,



hot-presséd iscﬁ g&P%A%W%éﬂEE

'
‘of at least 9.0 k nor e typlczﬂ\%a

nets having inproved magnetic remanences
y| about 10.0 kG carg CeMENT SHEERg

| ow | evel s of rare earths coupled with a
sufficient anourn boron | t determi ned that by reducing the anmount
of neodym umin he preferred Nd-He-B IToys, a Fe3B phase present in the
al I oy al so bep® L, Urep hegee Wek bt hh echidgitdtuent] efaridesphfsem | n
-addi-tion, an-a-Fe phase is also present. It is further believed fhat the
magnet i-c rerremmuess perdese o allute @5 peysent o preferably from about

conposi tions con g AUS 839y 4

~ ~—~ —

10 percent to about 20 percent, and is coupled with a boren
quant::.ty ‘of from ahcut ‘0.5 percent to about 4.0 percent,

: such that the combined amount of rare earth and bcron
within the compcs:u::.cn ranges from about $ percent to about:
26 percent, most preferably from about 12 percent to about
22 percent. | ) .

Furthexrmore, it is. an onject of this invention that
such a hot-pressedl magnet having a magnetic remanence of at
least 9 to 10 kG shcu]..d. be pressed. at conventional pressing
temperatures. | | ‘

In accordance with a preferred embodiment of this
invention, these and other objects and advanﬁages' are
accomplished as follows. | | |

According I:c- one aspect of the pregent invention,; .
theze is provided z hot-pressed is'ctrcpic iron-rare earth-
boron permanent magnet coniprisi:ng, .on a weight percent
basis from about 5 to about 25 percent rare earth metal

- wherein the maj critﬁr of said rare earrh constituent i.s
necdymium,_ and from about 0.5 to about 4.0 percent boron,
and wh.erein the total of said rare earth metal and said
boron ranges from about S to about 26 percent, w:.th the
balance being principally :Lron, which magnet is charact-
erised by _t'.he. uniform presence of both a hard magnetic
Ndz!-"euB phase and sofi:- magneric phases Fe;B and ao-Fe; and '
which h.as a magnet:.c remanence of at least SluloGausa and

intrinsic coercivity of at 1east ZkJ.lOOresced



- domi nated by a spfREPIACEMENT SHEEB® phase, whilst magnetic coercivity is
controlled by thp ¢H ' . he hard magnetic Nd[err] Fe[err] B phase.
Therefore, furth [ n{magnéti c propertie ' hr ough
nodi fications of |i [ 0 't §es -of 1 he indivi duﬁ%gg@gms&igﬁéh '
specific alloying i M th the disclosure of this.invent4+en. A

particul ar advanfage of this invenfion is that conventional -hot-pressing
tenperatures nay'pe

The isottopic hot¥§ressgd iron-rare earth boron

permanent magnet, exhibits a magnet:-ié remanence bi at least
9 kG..-_a.nd most typicallg about 10 kG, which is nearly 62%
Sf saturation magnetisatio'n' for thi-s material. ) _this i;
‘believed to be the hi_ghe_st valﬁer reported for an 'isot:;-op'ic .'
: magnet. of this type. The hot-pressed ﬁagne;_ of this
.'invention is produ.ced by pressing_a quantity of isotropic
-i':_::z—:.-raire earth-boron metal particles. The isotropic’
part:f_lcles can be formed by known methods, such as by melt-
spinning a ;ﬁitabié iron-rare earth-boron mgt:al composition
| to an overquenched or .optimum conditionﬂ. Isotropic
particles formed by mel!:-sp:.nm.ng are generally ribbon-
shaped in“configu:'r:ation and can be 'readily- reduced to ja. .
| desiréd particle size.

The compoai&iorx comprises, on a wei.gh:' percent basis,
from about 5 percent to about 25 percent fare earth, more
preferably about 10 percent ‘to about :o percent rare eart_:h.
from about 0.5 percent tc about 4.0 peri:ent boron, most
pre_ferably £rom ;.hout: 0.8 percent to about 4.0“ percent

. boron, wiﬁh the total combination of rare ea.:;th plus hzoron,

ranging from about 9 percent to | about 26 percent, most

preferably from about 12 percént to about 22 p‘ercerit, and

~as an



- 16 - used, “eve
constituents are
't is believed th
coupl ed wi.th the
per manent. magnet s
of at least 9 to
the prior art hav

- low | evel s of the rare earth
IRE?EA@EME&T@MEBE d to the disclosures in the prior art.
t pths—rs—due Tp | he presence of optimal |evels of boron
a ? eprAUG 199he hpt - pressed iron- gsgﬁ_ PRNENT ISHES

ot hIS Inventipnjexhilg t an inpr magneti c renmanence

0kG—as~Ttonpar ed|to conventional hot-pressed magnets_ of
ng nmagneti c.

'optional,ingredient,-from about 2 percent tq_abgut 16
percent cobalt, with the balance being essentially
iron. B
Other elements may also be present in wminor
amounté_of up to about two weight percent, either
alone or in combination. These elements include
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon,_tiﬁ
and calcium. Silicon is also typically preseﬁt in
 small amounts, as are oxygen and nitrogen. .
' The isotropic particles are then hot-pressed
at conveﬁtional,temperatu:es, which is contrary to
priorfart teachings wherein the relatively low level
of rare earth constituents_within'the magnet
compositions of this invention would require increased
hot-preséing temperatures to result in.ﬁseful'magnetic
remanences. A particular advantage of this invention
is that conventional hot-pressing temperatures may be
used, even though relatively low levels of the rare
earth constituents are present. It is believed that
this is due to the presence of an optimal level of
boron coupled with.the rare earths, which enables the
'use of conventional hot-pressing temperatures. The
hot-pressed iron-rare egrth'metal permanent magnets of
‘this invention exhibit an improved magnetic remanence
of at least 9 to 10 kG, in contrast to conventional
hot-pressed magnets of the prior art containing rare
earth levels in excess of about 25 weight percent
~having ‘'a magnetic remanence of about 8 kG. .

. Accordingly, with the present lnventlon, _
magnetlc remanences of at least 9 kG, and preferably
of the order of about 10 kG, may be easily achieved in
a hot-pressed magnet, wherein :hg_cbmposition of the

- magnet includes a relatively low rare-earth content T



remanences of abou %P&QC%MQN'E&HEEM ng rare earth levels in excess of
about 25 weight p rint I'n auu:jjon a significant cost saving can be

achi eved wi t hout s¢&r AUG! ¢99909s fin magnetic properties RERLACEMENT SHEET
conpositions of t nventi on , sifnge thg anount of rare earth '
constituents, whig¢h are.the nDS xfdensi Ve constituents of these types of
per manent nagnets ni ficantlyj}reduced. Accordingly, with the
di scl osur.e ofcowpled with iam, boroamaozterns. of Yett ﬂtméinc&ele@e dnd
preferably of the order of about 10 kG "which are

. magnetic remanence is achieved in the preferred hot-pressed

compositions having the relat1vely low rare earth. content, ,
without the prevzous requ:.rement for elevated hot -p:;ess:.ng .
temperatures of those compositions.
~ In addition, since the rare earth constituent is
typically the most expensive component of theee types of
magnet compoeitione, a reduction in the zmount of rare
earth éreserit in the 'maghet composition 'con.-esponds to a
. reduction in its overall price, which is an additional
benefit of the preferred compositions of this inventiom.
| According to a second aspect of the present inventionm,
there is provided a method for forming a hot-pressed iron-
rare earth-boron permanent wagnet, the method 'compriein;g
the steps of: providing a quantity of isotropic iron-rare
earth-horon metal particles, and hot-pressing said qhantity
of 'isotropic i:':-on-raz-'e earth-boron metal particles at a -
temperature and for a duration sufficient to form a hot-
pressed is_otropic- iron-rare earth-boron metal permanent
magn.et. characterised in that said quantity of isotropic
iron-rare earth-boron metal_ particles is formed from a
compogition comprising, on a weight percent basis, " £zom
about 5 to about 25 percent rare earth metal, and from
about 0.5 to about 4.0 percent boron. wherein the total of
sa:.d rare earth metal and said boron ranges from about 9 to
about 26 percent of the compoaition, with the balance being
"prin'ciﬁally iron; and the magnet formed has a magnetic

remanence of at least 9 kiloGauss and intringic coercivity



RéP ENT &
believed to be the hi LAG/%ME‘!E S"Lfﬁr .ed for an isotropic magnet of this
_type, may be readlly ac | ved in a rjt- ressed magnet, wherein the

‘conposition of the nHg n&UGA1999a |r dl at i vel y low rare earth .content

coupled with an opti fal nvel of borgn. refore, whilst thigpj b OO, . L,
has been described i terms of a prefe redgenbodlrrent thereopgpmmg‘
apparent that other feoras—eauld be adopted by one skilled in the art. For
exanpl e, the dmr&msuéasm Dikfillenraeiy) c particles could be varied within

t he preferred wei ght and atomi c ranges, with _or w thout

According to a third aspect "of the present invention,

there is provided a method fqr forming a hct—pressed iron-
rare earth-bor;n permanent magnet, the' methed of comprising
the steps of: providing a gquantity of isotropic iron-rare
‘earth-lidr_on metal particles havii:g a grain size of not more
than 500 nanometres, and hot-presaing said? quantity of
isotropic iron-rare._ ea:rth-horon metal -partie-les at a
_temperature and for a duration’ sufficient to form a hot-
- pressed -isotropic iron-rare earth-boron metal peMnt '
| magnet characterised in that said quantity of isotropic
iron-rare——earth-b;ron metal j:articlea is formed from a
. composition comprising, on a _wei_.ght peréent basis, from
about 5 to about 25 percent rare earth metal wherein the
maﬁofity of 'said rare earth constituent is neodymium, .and -
from about 0.5 to about 4.0 percent bo:on, and whe:e:.n the
~ total of sa:.d rare earth metal and said borou. ranges from
about 9 to.about 26 percent of the compogition, with the
balance being principally ironm; ‘and the magnet formed has
the uniform presence of both a hard magnetic Nd,Fe,B phaee
and soft magnetic phases Fe,B phase and a-Fe, and a magnetic
remanence of at least 9 kiloGauss and intrinsic coercivity
or at least 2 kiloOrested. -
Other objects and advantages of this invention will be
better appreciated from the following detailed_ description.

Reference will be made to the. accompanying drawings,
in which:

Figures 1 to 5 illustrate demagnetisation curves for



: . | REPLACEMENT SHEET |
ot her constituents as SHEET or different and/or additional

processi ng steps nay %a?p pe&gg produce the isotropic particles used to
formthe hot-presseq ifso .o&ﬁ tg, as well as other REPLIWEMENTSHELI
by the scope of the}foll owi ng clains

vari ations. .. Accordifn of 6h| s invention is to be limted only
hot-pressed magnets‘?'!med from magr_xetically isotropic

particles of the preferred mi.::on-rare earth-boron
co.mpositions of this invention.

" ‘The preferred compositions of .this invention results
in isotropic -hot-pressed, fully-dense permanent magne:§
which e'xhi_bit magneﬁic remanences of at least 9KkG, _---mfe'_
typically about 10kG. The preferred .composition_s are
characterised by a relatively low total rare earth content
coupled with boron. Advantagéouly; the ho't'-pressed

- magnets 'may be foﬁned at conventional hot-pressing
~ temperatures. __ o
' Appropriate compositions for the iron-rare earth metal
pérmanent _magriets of this invention iaclude a suitable
transition metal component, ‘a. suit#ble rare earth component
and boron, as wéll as possible small additions.-of ccbalt,

and are Qenerally



The di sclbsureé in rﬁEPéﬁcEMﬁVE$HEm-e t application no. 148,155, from which

this application cljaijns pr1o andf i n the abstract acconpanying this
application are morp(ﬂatﬂggh jy reference. - 18 - CLALMS 1. A

met hod for form ngja .o - presse o] -r_aig _earth- bor__on per meRERIACEMENTESHEET |

'represented by the empirical formula REZTM143 The
preferred compos;t;ons,_as stated previously, consist
"of, on an atomic percentage basis, about 40 to 390
percent of iron or mixtures of cobalt and iron, with
‘the iron preferably making up at least 60 percent of
the non-rare earth metal content; about 3 to about 12
percent of rare earth metal that necessarily includes
neodymium and/or praseodymium, with the neodymium
and/or praseodymium preferably making up at least 60
percent of the rare earth content; and the rare earth
being coupled wiih about 4 to about 20 percent boron.
Preferably, iron makes up at least ‘40 atomic percent
of the total composition.
'~ Specific compositions whzch have been useful
R & - preparxng hot-pressed, fully-dense, isctropic
permanent magnets of this type, in corresponding .
weight percentages, are as followa and contain the
hard magnetic. phase consisting of Fej4Nd3B (or the
equivalent) tetragonal crystals; from about 5 percent
to about 25 pPercent rare earth, most: preferably -about
10 percent to about. 20 percent . rare. earth wherein' the.
mijority constituent is neodymium and the remainder is
praseodymium and/or dysprosium; from about 0.S percent
to about 4.0 percent boron, most preferably from about
0.8 percent to about 4.0 percent boron, wherein the
~ combined amount of the rare earths and boron ranges
from about Sepercent to about 26 percent, most
preferably from about 12 percent to about 22 percent,
and optionally from about 2 percent to about 16

percent cobalt, with the balance being essentially
iron.

As stated previously, other elements may
also be present in minor amounts of up to about two
weight percent, either alone or in combination. These
elements include tungsten, chromium, nickel,



of : providing a quantlty of isotropic iron-rare earth-boron netal
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g¢art h-boron netal
sufficient to for
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iron-rare earth-bgro neta p
conprising, on a
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‘that sald-quantity of
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,quantity of isotropic "iron-rare

rsatroplc iron-rare eartﬁgﬁm%ﬂfﬁ

i sotropie—-

ies i-s formed froma conposition
sijs, fromabout 5 to about 25 percent
and from about 0.4 to about 4.0 percent baron, wherein

t he t-otal of sald rare eartim metat—#nd said boron ranges fromabout 9 to
i aluminium, copper, magnesium, manganese, gallium,

nloblum, vanadium, molybdenum, titanium, tantalum,

zirconium, carbon, tin and calcium. Silicon is also
_ typically present in small amounts, as are oxygen- and

nitrogen.

However, it is to be understood that this

invention is applicable to the larger family of -
‘compositions as descrihed previously in atomic
péEEentages and which larger family of compositions
will be referred to generally as an iron-rare

earth-boron . composition.

Generally; permanent magnetic bodles of the
'preferred composition are formed by startlng with
alloy ingots which are melted,by induction heating
. under a dry, substantially oxygen-free argon, inert or

vacuum atmosphere to form a uniform molten

composition. ~Preferably, the molten composition is
then rapidly solidified to produce an amorphous
material or a finely crystalline material in which the
grain size is less than 400 nanometres at its largest

dimension. It is most preferred that the

rapidly-solidified material should have a grein size
smaller than about 20 nanometres. Such material may

be produced, for example, by conventional:

melt-spinning operations. Conventionally, the

-substantially amorphous or microcrystalline, melt-spﬁn
iron-neodymium-boron ribbons are then milled to a
powder, though the ribbons can be used dlrectly with

the present invention.

- The iron-necdymium-boron particles, which
are magnetically isotropic at this point, are then
hot-pressed at a sufficient pressure for a sufficient
duration to form a fully-dense material.. Typically,

"~ this is achzeved by heating the composition to a |
suitable temperature, such as about 750°C, or-



about 26 -percent of (t-he—eerpesiiion—yith the bal ance being principally
iron; and the magne H”EBLAGEVIEN'G SHEEHQ etic remanence of at ﬁ;lgLA%E 1
Ki | oGauss and i ntripnsjfc—coetetyit flat | east 2 kiloOrested. M%t%

for formng a hot- e>s? wm;nq € eart[kjll boron pernmanent nmagnet accordi ng
to claim1, in whidhghe maj o i @r f pai 2r_éi‘re earth constituent is

neodym um 3. A net hot—for—err+dg ja hot-pressed iron-rare earth- baron
.permanent negnet adcording ta claimd in which the conposition also
i.ncl udes from about™ Z TO about—t6——rpercent cobalt.

preferably between about 750°C to about 800°C, in a
~die, and compacting the composition between upper and
lower punches, under a pressure’of, for example, about
77.22 MPa to about 92.67 MPs (about 5 to about 6 tons
per .square inch), so as to form a substantially
fully-dense, flat cylindrical plug. Generally, when
melt-spun material finer than about 20 nanometres in
grain size is heated at such an elevated temperature
for a period of a.minute or so and then hot-pressed to
full density, the resultant body is a permanent
magnet. If the particulate material'has been held at
the hot-pressing temperature for i suitable period of
time, it°will then have a grain size in the range of
about 20 to about 500 nanometres, preferably about 20 -
. to 100 nanometres. |
The magnetic properties of hot-pressed
1sotropxc permanent magnets formed in accordance Wlth
this invention were determined using conventional
Hysteresis Graph Magnetometer (HGM) tests. Test
samples were placed so that the axis parallel to the
direction of alignment was parallel to the dlrectzon
of the magnetic field -applied by the HGM. The samples
were each then magnetlsed to saturation and then
'demagnetised. -
The second quadrant demagnetisation plots.
-are shown in Figures 1tos [remanence 4nM in
kiloGauss versus coercivity (H) in kiloOersteds] for
the preferred isotropic hot-pressed permanent magnets
. of this invention. ' ' | _
_ The specific samples tested are described
more fully below. For the specific examples below,
melt-spinning at a rate of 22 metres/second was
followed by crushing of the magnetically-isotropic
melt-spun material to form the pegticulate material _
which was then shaped into a preﬁorm.h'The'preform was T



19 4. A net hod for'forning a hot-pressed iron-rare eérth bor on per manent
magnet accordi ng tp gilpgl a1 ch said rare earth content_of
conposi tion rangeS'ﬁfpﬁhgﬁﬂﬁngﬁnﬁg hbout 20 percent rare eak EWFH@&M%NTgﬁﬁfT

said boron content} of the conmpos | oph ranges from about 0.8 to about 4.0
per cent boron, andLi " 43 AGES t it PoAtent of said rare earth metal and
said boron in-the fol : ' _

"then hot- pressed at a temperature of abcut 750°C, - and
under a pressure of about 77.22 MPa to about 92.67 MPa
(5 to about 6 tons per square inch), to form the ..
fully-dense hot-preseed magnets, which are essentially'
the same conditions-used to form conventional -

. hot-pressed permanent magnet bodies having high rare
R earth contents. It is to be noted that the bounds of
this invention are not to be limited by the particuler
meit-spinning rate and hot-pressing temperatures used

for these illustrative examples.

A fully-dense, hot-pressed isotropic
permaneﬂt,megnet_Was formed as described above and .
tested. The nominal cempositioﬁf in weight percent,
was about 12.7 percent total rare earth (at least 95
percent of this constituent being neodymium and the
remainder being eseentially praseodymium), about 3.9
percent boron, about 3.5 percent cobalt, about 1.2
percent gallium, and the balance iron. The magnet had
a diameter of about 16 millimetres, a height of about
11 millimetres and a weight of about 10 grams. o

The second quadrant demagnetisation plot for
this megnet is shown in Figure 1 and indicates a
magnetic remanence (By) of about 10.0 kG and an
intrinsic coercivity (Hgji) of about 3.4 kiloOersteds -
(kOe) . It was determined that the saturation
magnetisation value for this low rare earth
composition was dbout 16 kG; therefore, the magnetic
remanence of 10 kG obtained after hot-pressing was
greater than 62 percent of the saturation value. Tt -
is believed that this value is the highest reported
- for an isctropic magnet of this type. The properties
of the magnet were tested in all three directions and
the magnet was determined to be isotropic. ‘

n




from about 12 to about 22 percent of the conposition. 5. A nethod for

forming a hot-pres Lronzrare earth- boron permanent nagnet according to

- claim1l, in which tjhREPEAGEMEt SAREE.|i ron-rare earth netal particles have a
grain size of not rore-—t+han-500 nagoretres. 6 A _net hod  REPLACEMEST &8¢

hot - pressed iron-rgr4g- %fﬁtau bﬂiﬂ p 7 iénant magnet, the nethod of ET

conprising the stegs |of @l 3 glaquantity of isotropic iron-rare

eart h-boron netal ark'"'ﬂo havinglalgrain size of not more than 500

nanonetres, and hof-pressing said qugntity of isotropic iron- rare
earth boron net al erature and

Example 2 .
. . . A fﬁily-dense, hot-preésed'isotropic :
pgrmaneﬁt magnet was formed as described abqve'and had
. _ a nominal composition, in weight percent, of about '
'13.9 péfcent total rare earth (at least 95 percent of ~
this constituent being neodymium and the remainder =
being essentially praseodymium), about 4 perceqt
boron, and the balarice iron. ,
The second quadrant demagnetlsatlon plot for
this magnet is shown in Pigure 2 and indicates a T
magnetic remanence (By) of about 9.6 kG and an
intrinsic coerclvxty (Hoi) of about 2.4 kOe.
A fully-dense, hot-pressed isotropic
permanent magﬁet'was formed as'descriped above and had
- a nominal coﬁposition, in weight percent, of about 2.6
percént dysprosium.gith the total rare earth
constituent, including neodymium, being 11.2 pexcent,
about 3.8 percent boron, about 3.5 percent cobalt,
about 1.3 percent gallium, and the balance iron.
| The second quadrant demagnetisation plot for
this magnet is shown in Figure 3 and indicates a
magnetic remanence (By) of about 10 kG and an
intrinsic coercivity (Hgij) of about 2.8 kOe.
Example 4 '
' A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above and
tested. The nominal composition, in weight percent,
was. about 12.6 percent total rare earth (at least 95
percent of this constituent being neodymium and the
remainder'being essentially praseodymium), about 3.8
percent boron, and the balance iron. S
The second quadrant demagnetlsatlon plot for
this magnet is shown in Figure 4 and indicates a



for a duratiron sufficient to forma hot-pressed isotropic iron-rare

eart h-boron neta charactrised in that said quantity of
i'sotropic iron-r rFEPéAEEMEm)rSHEEr[e al particles is forned froma

conposi tion.conpfi | # 1| percent basis, fron1about‘ﬁ%ﬁﬁﬁgp@NrSMgff
percent rare earf! ' e majokd ry of said rare ear

constituent is about 0.5 to about 4.0 percent boron,

and wherein the.jto earth

-

magnetic remanence (Bf).of-ebout"B.S kG and an
intrinsic coercivity (Hci) of about 2.8 kOe.
. Example S

A fully-dense, hot-pressed isotropic
permanent magnet was formed as described above.havingls
a nominal composition, in weight percent, of about-19
percent total rare earth (at least 95 percent of this.
constituent being neodymium and the remainder being
essentially praseodymium), ebout 1 percent boron, and
the balance irom.

The second quadrant demagnetisation plot for
this magnet is shown in Figure 5 and indicates a
magnetic “remanence (Br) of about 9.6 kG and an

. intrinsic coercivity (Hgi) of about 4.3 kOe.

From the above, it can be seen that
hot-pressed isotropic permanent magnets having
improved magnetic_remanences of at.least 5.0 kG, more
typicaily about 10.0 kG, can be-formed using
compositions containing relatively low levels of rare
earths coupled with a sufficient amount of boron. It
was determined that by reducing the amount of
phase present in the alloy also becomes an equlllbriﬁm
‘phase with the NdjFej4B phase. In addition, an a-Fe
phase is also preSent. It is further believed that
.the magnetic remanences of these preferred alloys are
dominated by a soft magnetic Fe3B phase, whilst
magﬁetic coercivity is controlled by the dispersion of
the hard magnetic Nd;Fej4B phase. Therefore, further
improvements in magnetic properties are possible o
through modifications of intrinsic properties of the
individual phases through specific alloying in
accordance with the disclosure of this invention.

A particular advantage of this invention is
that conventional hdt-pressing temperatures may be



-20- netal and 'said bor on_r anges fron1abouf 9 to about 26 percent of the
conposition, - with the bal ance being principally iron; and the nmagnet forned
has the uniform presence of both a hard magnetic Nd[err]Fe[err]B phase and

soft magnetic pha |5§t é d a-Fe, and a ”agnet'CREPﬂmﬂﬁZ
at least 9 kil oGags eﬁEP ?ﬁnyﬁglc coea ivity or at least 2 kiloOts @GTgLEET

A nmet hod for formfng 3& b‘ug l§§§ ifron-rare earth- boron pernmanent nagnet
_.according to.clai 4, & h¢ q¢onposition al so includes fron1about 2
to about 16 perce t

used, even though relatively low levels of the rare

. earth constituents are present, as opposed to the
disclosures in the prior art. It is believed that .
this is due to the presence of optimal levels of boron
coupled with the rare earths. The hot-pressed "
iron-rare earth-boron'permanent_magnetS-of'this
invention exhibit an improved magnetic remanence of at
least 9 to 10 kG; as compared to conventional
hot-pressed magnets of the prior art having magnetlc
remanences of about 8 kG and containing rare earth
levels in excess of about 25 weight pexcent. ,

. In addition, a significant cost sav:ng can
be achieved without a discermible loss in magnetic

‘properties with the compositions of this invention
‘since the amount of rare earth constituents, which are
the most expensivé constituents of these types of
permanent magnets; is significantly reduced.

Accordingly, with the disclosure of thls
m&nvehtion, magnetic remanences of at least 9 kG, and
preferably of the order of about 10 kG, which are
believed to be the highest values reported for an
isotropic magnet of this type, may be readily achieved
in a hot-pressed magnet, wherein the composition of -
the magnet includes a relatively low rare earth

_content coupled with an optimal level of boron.

) Therefore, whilst this invention has been
described in terms of a preferred embodiment therecf,
it is apparent that other forms could be-adépted by
one skilled in the art. For example, the composition
of the magﬁetic particles could be varied within the
preferred weight and atomic fanges, with or without
other constituents as described above, or different
and/or additional processing steps may be employed to

| produce the isotropic particles used to form the
hot-pressed isotropié ﬁagnets, as well as other
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cobal t'. 8.
per manent magnet according to claim§6,
the conposition ra fee¥0
and sai d boron con ﬁ?Léb%ﬂE@? O
4.0 percent boron,
and said boron in
of the conposition!

A nethod fbr

boron pernanent meEgnet according to cla|n16

variations.

‘claims.

t o about 20 percent
tio

A method for formng a hot-pressed iron-rare earth- boron

in which said rare earth content of
rare earth netal,

ranges from about 0. BREBDNHﬁWENTSHEET
“content of said rare earth netal

s
a I'n which, sajd}totdl
Qdﬁpbﬁﬁfﬁ a+ges from about 12 to about 22 percent
form ng a hot-pressed iron-rare earth-

in which said

Accordingly,.the'scope of this inﬁenﬁion
is to be limited only by the scope of the following

‘The dlsclosures in United States ‘patent |

'.appllcatlon no. 148,155, from which this application
‘claims priority, and in the abstract accompanying this
application are incorporated herein by reference.



hot - pressi ng step irs ate rature_ranging from 750 to 800[err]C

- 21 - 10. 5€$ ENT}§HEE€ I C Iron-tare eart h-boron per manent
‘magnet conpr|5|ng, off a Wergnt_pergenjt basis fromabout 5 to about 25
percent rare earth|ngt2 3wad6ei999t he ority of said rare EREPW\CEMENTSHEET

constituent is neoglyrium and fromaljotit 0.5 to about 4.0 percent bor on,
and wherein the

,lCLLIHS
1. A method for forming a hot-preésed iron4rafe earth-
) boron.perhantent magnet, the method comprising the steps
of: prcviding-a quantity of isotrbpic iron-rare earth-boron
meeal " particles, and -hot—pressing' gaid quantity’ of
isotropic iron-rare earth-boron metal particles at a
temperature and for a dﬁre:ian.sufficient'to form a hot-
pressed. isotropic iroh-rare earth-boron metal permanent
_magnet, characterised in that said quantity of isotropic
iron-rare “earth-boron metal particles is formed from a
. composition comprising, on a ieigh: percent basis, £f5m
about' 5 to about 25 percent. rare earth metal, and from
about 0.5 to about 4.0.percent boron, wherein the total of
said rare earth metal and said boron ranges from about $ to
.about-zs percent of the composition, wiﬁh the balance being
principally iron; and the magnet formed has a magnetic
femanence of a# least 9 kiloGauss and intrinsic coerciVity

of at least 2 kiloOreéted.

2 A method for forming a hot-pressed iron-rare earth-
- boron permanent magnet according to claim 1, in which the

majority of said_rare'earth constituent is neodymium.

3. A method for forming a hot-pressed iron-réré'eafth—

boron permanent magnet according to claim 1, in which the

composition also includes from about .2 to about 16 percent
cobalt.

AR
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of said rare eapth-netal and said boron ranges from about 9 to about

6 - _ beﬂ Lboron ranges from 0
A sy T, e
S€e

Nd ah of et]i cf phases Fe[err]B and a-Fe; and which-
has a magnetic remangncge d%g aﬁi’% okFIl*causs and intri nﬂEPL(AGEMENWlSHEEBf

at | east 2kiloeOrested. A bot - dr elssed | sotropic lron-rare
earth-bonon-pernanent_nagnet according fto claim10, in which said magnet

further conpgisesjafy,

al hotprlsed ¥dn-rare earth-

' boron permanent magnet according to claim 1, in which said

rare earth content of the compositic; ranges from about 10
to about 20 percent’ faré_ -earth metal, and saJ.d- boron
content of the composition ranges from about 0.8 to éhouc_
4.0 percent borcn, and in which said total content of said

rare earth metal and said boron in the composition raﬁges

from about 12 to about 22 percent of the composition.

5. A method for forming a hnt-pressed iron-rare earth-
boron permanent magnet acéord;ng to claim 1, in uh;dh the
sald zsotrcpic iron-rare earth metal particles have a grain

size of not more thag 500 nanometres.

6 A method. for forming a hot-pressed- iron-rare earth-

boron permanentfﬁagnet. the methed of éompriaing'the steps- -

. of: providing a quantity of isét:opic irén-rare earth-boron

metal particles having a grain size of not more than_ 500
nanometres, and hot-pressing'said quantity of isotropic

iron-rare earth-boron metal pa;ticlea at a temperature and

. for a duration sufficient to form a hot-pressed isotropic

iron-rare earth-boron wmetal permaneﬁt magnet charactrised
in that said'quantity of isotropic iron-rare earth-boron
metal particles is formed from a composition comprising, on

a weight.percént basis,'trom about 5 to about 25 percent

‘rare earth metal wherein the majority of said rare. earth

constituent is neodymium, and from about 0.5 to about 4.0

percent boron, and wherein the total of said rare earth



12. A hot-pressed{ R} ' y
according to claim 10, EP'Q%%QFTS%
- 10 't o about 20 perce rar arth ne
about 0.8 to about 4]0 pgrie&mb‘ﬂﬂﬂ)n
said rare earth netaj.. &rd-sald poron
percent of the nmagnef.

-rare eart h- boron. per manent mnagnet
re earth content ranges from about
, and sai d boron content ranges from

fnges "t rom about R CEHEN et

ges from about: 9 to-about 26

—

metal and said
.percent of the- composition, with the balance being
principally iron; and the magnet formed has the uniform
presence of both a hard magnetic N&,Feuz phase and soft -
magnetic phases Fe;B phase and a-Fe, and a magnetié )
'remaneﬁ;:e of at least 9 kiloGauss and intrinsic coercivity

or at least 2 kiloofEstgd.

7. A method for foﬁning a hot-pressed iroxj.—rare earth-
boron permanent magnet according to claim 6, in which the

cbmpcsiti‘cﬁ" also includes from about 2 to about 16 percent

cobalt.'

- 8. A methéd_for forming a hot-pressed iron-rare earth- ..
boron permanent magnet according ﬁo claim 6, in which said
rare earth content of the composition rangeé from about 10
to about 20 pefc”e_nt rare earth. metal, -and said boron
content of the composition ranges from about 0.8 to ahout:
4.0 percent-boron, and in which said t_otail. content of said

. rare earth metal and said boron in the cofnposicion ranges

from about 12 to about 22 percent of the composition.

9. A method for forming a hot-pressed iron-rare earth-
borori permanent magnet according to claim 6, in which said

hot-pressing step is at least a temperature ranging from

750° to 800°C. H’\
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10. - A hot-pregised isotropic J.rgn-fare earth-boron

-

permanent magnet comprising, on a weight percent basis from

about S to about 25 perceat rare earth metal wherein the

maj or:.ty of said rare earth constituent is neodymium, and

from about O S to about 4. 0 percent boron, and where:.n the
total of said rare earth metal and said boron r.ange‘s from
about 9 to about 26 percent, with the balance being
| principally iron; which magtet is characterised by tﬁe
uniform -tresehee of both a hard .magnetic Nd,Fe, B phase and
soft magnetic pﬁases Fe,B and a-Fe; and vwhich has a magnetic
'remane'nce of at least skiloGatss and intrinsic coercivity

' of at least 2kilcoOrested.

11. A hot-pressed isotropic iron-rare earth-boronm
permanent .m;agnet according to claim 10, in which said
magnet further. comprises from about 2 to about 16 perceat
cobalt. |

12. A hot-pressed isotropic iron-rare eartﬁébdron
permanent magnet according to claim 10, :.n which said rare
earth content ranges from about 10 to about 20 percent rare
earth metal, and said boron content ranges from about 0.8
to about 4.0 percent horon, and in which said total content
of said rare earth metal and said boron ranges from about

12 to about 22 percent of the magnet.

UL
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Isotropic hot-pressed iron-rare earth metal
permaneht magnets are provided wherein the ﬁbt-pressed
permanent magnets exhibit magnetic remanences of at -
least 9 kG, and most typicall& about 10 kG. Preferred
compositiohé_include a relatively low rare earth
"content coupled with an optimal amount of boron. The
preferred composition is, on a weight percent basis,
from éboq; 5 to about 25 percent rare earth, most
preferébly about 10 to about 20 percenb rare earth,
from about 0.5 to about 4.5 percent boron, most
preferably from about 0.8 to about 4.0 percent boron,
wherein the total combination of the rare earths and
"boron ranges from about S percent to about 26 percent
of.thé composition, most preferably from about 12 o

-- percent to about 22 percent, and optionally from about
2 percent to about 16 percent cobalt, with the balance -
being essentially iron,i ' ' '

FIGURE_1



