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-1y HOT- PRESSED NAGNETS FORMED FRONIANIS PCMDERS

3The present.invention generally relates to ﬁgﬁggiﬁg %)hl nagne“?@‘
ener gy product per manent -magnet s based prlnarlly 0 gi m oum '
andf or. ;praseodynrun1 and boron. More specifically, this hqg@@qjon

rel at es /o "a* met hod of fornrno a hot-oressed rare eart h-1ron-boron
per manent nmagneHOD-SRERSER & Sa it LRSS & spdES=ed in the
preanbl e of = claiml, in which the aIon S subjected to the steps

of hot-pressing:-and hot -Mar ki QL& ahddhti Yehdraly hdTaRe e body

having a fine platel et mcrastructure.
-the making of hlgh magnetic energy product permanent

magnets based primarily on iron, neodymium and/or
- praseodymium, and boron. More specifically, this
5 invention relates to a method of forming a hot-pressed
rare earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy as specified in the preamble of
claim 1, in which the alloy is subjected to the steps
of hot-pressing and hot-working so as to produce a
10 hot-worked body having a fine platelet microstructure.
Permanent magnets based on compositions
containing iron, neodymium and/or praseodymium, and
boron are known and are in commercial usage. Such
permanent magnets contain, as an essential'magnetic
15 phase, grains of tetragonal crystals in which the
proportions of, for example, iron, neodymium and boron
are exemplified by the empirical formula Nd,Fe.B.
These magnet compositions and methods for making them
are described by Croat in US Patent No. 4,802,931
20 issued February 7, 1989. The giains of the magnetic
phase are surrounded by a second phase that is
typically rare earth-rich, as, for example, .
neodymium-rich, as compared with the essential
magnetic phase. It is known that magnets based on
25 such compositions may be prepared by rapidly
solidifying, such as by melt-spinning, a melt of the
composition to prdduce fine-grainéd,
maénetically-isotropic platelets of ribbon-like
fragments. Magnets may be formed from thesé
30 1sotroplc particles by procedures which are .known,
such as bondlng the particles together with a suitable
. resine.s SR A : -
Although the magnets formed from these
1sotrop1c ribbons are satisfactory for some
35 applications, they typically exhibit a magnetic eg;féy
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Perqranent magnets based on conpositions contai ning iron, neodym um
~and7or praseodynmi um and boron are known and are in comrerci al usage.
Such per manent magnets contain, as an essential nmagnetic 15 phase,
grains of tetragonal crystals in which t proportions of, for exanple,
I ron, neodym um and boron . are exenplitied by the enpirical fornula

Nd[ err] Fe[err] B. These magnet conpositions and net hods for nmaking them
are described by Croat in US Patent No. 4,802,931 20 issued February 7,

1989. The gr %:!Fdx?ét mﬂq@,gpeéfcabou%pggs%@rg ﬁ?y,ﬁoygdgg?gy a second

phase that is rare earth-ric exa

neodymi um ri ch79:aé5%04n31§?éﬂ (Rlout R &R ARV 116 me%‘é??‘éeﬁﬁﬁgés It is

known t hat mgpﬁée)b;aseﬁhpéh%‘?s Msp@p@ﬁttf@ﬁ&naw @eh@fepar ed by
rapi dly ng, such_as, nelt S

i nni n
conmposi ti on t FRR elPnde- gTQj HEREOV g%}?ye?§59YoB¥BSBFEteIets
of r.ibbon-kikeit is fkwmrms hdaﬂagpméss malye bﬂséﬁrapﬂcfpa)mihlaes 86

| sotropic par tféle‘n? Smaé’né){Q %&W{E& M&&hé{f"c k&?&@gy product of about
©103,420.7 AT/m to about 171,376.2 AT/m (about 13 to
about 14 MGOe). US Patent No. 4,782,367, issued
December 20, 1988, discloses that the melt-spun

10 isotropic powder can be suitably hot-pressed and
hot-worked by plastic deformation thereof, so as to
create high-strength, magnetically-anisotropic
permanent magnets. Being magnetically anisotropic,
such magnets exhibit excellent magnetic properties,

15 typically having a magnetic energy product of about
22,752.3 AT/m (about 28 MGOe) or higher. However, a
shortcoming of the anisotropic magnets thus formed is
that, because the final forming step is a plastic
deformation process, the shapes 1n which the |

20 anisotropic magnets can be formed are significantly
‘limited, particularly in comparison to the great
variety of shapes which are possible with bonded and
hot-pressed isotropic magnets.

Another shortcoming with the productlon of

25 rare earth-iron-boron anisotropic magnets is that the
several processing steps required are time-consuming,
aq§ the added hot-working step increases the costs of
making these magnets. In addition, the dies and
punches required to hot-work the magnets are generally

30 -compllcated to manufacture and use. As aJresult, rare

| earth iron-boron anisotropic permanent magnets are

. typlcally more expensive to produce apd, again, their-
shapes are limited by the equipment féquired to form

them. 3
ﬁf
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such as bonding the particles together with a suitable resin

Al though the magnets forned fromthese I sotropic ribbons are
satisfactory for sone 35 applications, they typically exhibit a magnetic
ener gy 3 REPLACEMENT
SHEET 2 product (BHMax) of about
63,643.5 AT/ mto about 79,554. 4 AT/ m (about 8 to about 10
megaGaussCer st eds (M3X2)), which is insufficient for many ot her

Magnets composed of bonded anisotropic
particles having a magnetic energy product of about
119,331.6 AT/m to about 143,197.9 AT/m (about 15 to
about 18 MGOe) are known. The anisotropic particles

5 are formed from hot-worked, anisotropic magnets, such
as those described above, by known methods, such as
mechanical grinding, pulverisation and hydrogen
decrepitation methods. The anisotropic particles are
then bonded together with a suitable binder, such as a |

10 thermoset resin or a thermoplastic resin, to form a
permanent magnet. However, to achieve these high
magnetic energy prdduct values, it is necessary to
subject the particles to an alignment field during
processing. As a result, the possible shapes for the

15 permanent magnet are again limited. In addition,
subsequent processing is more difficult and
complicated because the particles are already
magnetised, which can be particularly detrimental in
the computer industry where stray magnetic particles

20 can seriously damage the operation of memory.

' Therefore, although the above prior-art
permanent magnets are suitable for many applications,
it would be desirable to provide a method for forming
permanent magnets exhibiting a magnetic energy préduct

25 of at least 119.331.6 AT/m (15 MGOe) and above, and
preferably about 159,108.8 AT/m (about 20 MGOe) or
greater, in which the method has the advantage of
belng capable of forming permanent magnets having a
great variety of shapes and yet does not requlre

30 either a hot—worklng step or magnetic allgnment during .
hot- press1ng

-z.v A method for forming a hot-gressed rare -
earth-iron-boron permanent magnet according to the
present invention is characterised by the features

35 sgpecified in the characterising portion of claim é%g

/
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app)ications. To inprove the magnetic energy product, 5 it is known to

hot™ press the isotropic particles to - form magnets having a nmagnetic
ener gy product of about 103, 420.7 AT/ mto about 171, 376.2 AT/ m (about
13:to about 14 M3Ce). US Patent No. 4,782,367, issued Decenber 20,
1988, discloses that the nelt-spun 10 isotropic powder can be suitably

hot - pressed and hot - wor ked by plastic defornmation thereof, so as to
create high-strength, magnetically-anisotropic pernanent magnet s.

Bei ng nmagnetical | y ani sqt.rapi such magnet II nt_magnetic
properties, 15 typlcalﬁ&' (ﬁﬂfE? d%é?}c %bﬁﬁgt' e % 8 )

22,752. 3 AT/nm@a@mdviHhIﬂﬁ)@nxsoﬁrqﬂun hdﬁﬁpxﬂssedipermaﬁgntcmngmg?of t he
ani sotropi c n%%:[&i 4 4 % ene‘{#t&apes IS chjtét form ng step

is a plastic t1on process 20

ani sot r opi ¢ nﬂ@*?et@lc-aﬁw AR/ ok iR MGRS) siapd mrefiarably at |¥ﬁ4%’€i
par ticul ardy oA SoFyd O%ztdmcméat withotit itele qehaarenthish are

possi bl e mnth | resseq i sotropic nm ets
magnetlc allgnment urlng ot-pressing
anisotropic particles used to form the magnet.
It is another object of this invention that
such a method be capable of forming substantially
10 anisotropic permanent magnets having a greater variety
of shapes than that possible with conventional
hot -worked, anisotropic permanent magnets.
It is still another object of this invention
that such an anisotropic hot-pressed permanent magnet
15 should have a composition that has, as its magnetic
constituent, the tetragonal crystal phase RE,TM;;B
which is based primarily on neodymium and/or
praseodymlum, iron and boron.
It is a further object of this invention
20 that such a permanent magnet should contain
magnetically-anisotropic particles, with possible
additions of magnetically-isotropic particles, the
relative quantities of each determining the magnetic
properties of the permanent magnet.
25 It is yet a further object of this invention
that such a permanent magnet-should-be formed by
hot -pressing a'quantity of magnetically-anisotropic
particles together to form a permanent magnet which is
substantially anisotropic, or alternative%y, by
30 hot—praﬁﬁsng a quantity of anisotropic and isotropic
particles together to form a permanent magnet which is
- at ie&sﬂxpartially anisotropic. R " -
In accordance with a preferred embodiment of
~this invention, these and other objects and advantages
35 are accompllshed as follows. 5*
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Anat her shortcoming with the production of 25 ‘rare earth-iron-boron

anisotropi ¢ magnets is that the several processing steps required are
ti me-consuni ng, and the added hot-working step increases the costs of
maki ng these nmagnets. 'In addition, the digs and punches required to
hot -work the magnets are generally 30 conplicated to manufacture and use.
As a result, rare eart h-iron-boron ani sotropi c permanent nmagnets are
typically nore expensive to produce and, again, their shapes are

ginited by the equi pmenty [eAH {60 O (1 Presedt’®Bvention, there is

provided a method for forming an anisotropic,
hot-pressed, rare earth-iron-boron permanent magnet,
wherein the permanent magnet exhibits a magnetic

5 energy product of at least 119,331.6 AT/m (15 MGOe),
and preferably at least 159,108.8 AT/m (20 MGOe).
Yet, the magnetic energy products of this invention
are achieved without magnetic field alignment during
hot-pressing of the anisotropic particles and without

10 hot-working of the anisotropic particles.

The method of this invention includes
providing a quantity of anisotropic rare
earth-iron-boron particles, with possible additions of
isotropic rare earth-iron-boron particles, which are

15 thén hot-pressed to form a substantially anisotropic
high magnetic energy product, permanent magnet. As an
anisotropic hot-pressed permanent magnet, a greater
variety of shapes is possible than that for a
hot-worked, anisotropic permanent magnet. In

20 addition, because the high magnetic energy product
magnets are obtained without the
conventionally-required magnetic alignment procedure
during pressing, a variety of complex magnet shapes is
again facilitated by this method. The magnetic

25 properties and shape of the permanent magnet of this
invention can be tailored to meet the particular needs
of a given application. '

) Generally, the magnet composition of this
invention comprises, on an atomic percentgge basis,

30 about gohpo 90 percent of iron or mixtures of cobalt
and iron (TM), about 10 to 40 percent of rare earth

. metélw%RE) that necessarily includes pgodymium and/or-
praseodymium, and at least one-half éércent boron.
Preferably, iron makes up at least 40 atomic perceng
35 of the total composition and neodymium and/or €§£:

o
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Magnet s conposed of bonded ani sotropic

ener gy produc

~particles having a magnetic
t of about 119,331.6 AT/ mto about 143,197.9 AT/ m (about

15 to about 18 M3Ce) .are known. The ani sotropic particles 5 are forned

fram hot - wor k
known net hods,
decrepitation
together with
thernnplastlc
t hese high

subject the p

ed, anisotropic magnets, sugh as those described above,

by

such as mechani cal grinding, pulverisation and hydrogen

met hods. The ani sotropic particles are t hen bonded
a suitable binder, such as a 10 thernoset resin or a

pE:'%.%'eB P&ﬁuﬁ@m up aRENERRANsRAGHImidIPEMRInt I¢E achi eve
LC ener product value i nec
5he; EPEs SOMRORLTIRent MFDd RRRATROLY . FELBA. As a

result, the pgssitene i@aﬁeﬁ ther rtalmgel‘i:f wdwems ey eowr eLcagai n | imited.

I n addltlon
conpllcated b

10

15

20

25

30,

&y &%
boron content may sultably be higher than this

g&gg@-ﬁ:bse g\tl’-[ ré:.og 1S c%%{peosdilénwnc,u'ﬁutart%e total

depending on the intended application. It is further
preferred that iron should make up at least 60 atomic
percent of the non-rare earth metal content, and that
the neodymium and/or praseodymium should make up at
least 60 atomic percent of the rare earth content.
Although the specific examples of this invention given
hereinafter are.given in weight percents which fall
within the above-described atomic percents, it is
noted that the compositions of the various iron,
rare-earth, boron and cobalt constituents may vary
greatly within the preferred atomic ranges specified
above.

Other metals may also be present in minor
amounts up to about one weight percent, either alone
or in combination. These netals include tungsten,
chromium, nickel, aluminium, copper, magnesium,
manganese, gallium, niobium, vanadium, molybdenum,
titanium, tantalum, zirconium, carbon, tin and
calcium. 8Silicon is also typically present in small
amounts, as are oxygen and nitrogen.

The isotropic'particles can be formed by
known methods, such as by melt-spinning a suitable
ra}e earth-iron-boron composition to an over-quenched,
optimum condition. The preferred composition is, on a
weight percent basis, about 26 to 32 percent rare
earth about 2 to about 16 percent cobalt, about 0.7

. to abeue 1.1 percent boron, with the balance being -

35

essentially iron. Particles formed by this process
are generally ribbon-shaped and can be readily reduced
to a desired particle size. g%gf

e b 10 ot b o ey
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magnet i sed, mhlch can be particularly detrimental in t he conput er
i ndustry where stray magnetic particles 20 can seriously damage the

operation of nenory. Therefore, although the above prior-art
permanent magnets are suitable for many applications, it would be
desirable to provide a nmethod for form ng per manent magnets exhi biting
a magnetic energy product 25 of at least 119.331.6 AT/m (15 M3e) and
above, and preferably about 159,108.8 AT/ m (about 20 M3Ce) or

~greater, in which the'“ﬁﬂ%f%ﬁ%ﬁbéf&p VR EOLI & are pRéf@raBppbl e of

not requl e SEOTIedarin AATAIS G SO AR ai ﬁﬁ%iv?ﬂ%rﬁ; foes
hOttEr???nngor%ﬁqt el:;y hot- pré‘séﬁi‘%@%‘h& Q‘éotf-aﬁdﬂi'mg testpopssed rare
LT DO AR PELBI S RO SRS IR conpdh RSO ROVEE! (0D S
of claim1ls to plastically deform the individual grains of the
isotropic particles, resulting in plate-like
anisotropic particles.  The anisotropic hot-worked
body obtained is then comminuted using known methods,
such as mechanical grinding, pulverisation or hydrogen
10 ~ decrepitation methods, so as to form a quantity of
anisotropic particles. The shapes of the hot-worked
bodies that can be used can be simple geometrical
shapes, such as rectangular blocks, cylinders, etc.,
which are easily formed by hot-working processes. The
15 dimensional accuracy and surface finish of the
hot-worked bodies are not very critical to this
invention since the bodies are later comminuted into
particles. All that is needed is a high magnetic
energy product, hot-worked magnet without any specific
20 shape or dimensional accuracy.'

In accordance with this invention, it has
been determined that, by hot-pressing a quantity of
the plastically-deformed, magnetically-anisotropic
particles, a permanent magnet is formed whose magnetic

25 energy product is at least 119,331.6 AT/m (15 MGOe),
and preferably at least 159,108.8 AT/m (20 MGOe),
without the application of a magnetic field during
pressing Alternatively, hot-pressing a mixture of
isotropic and anisotropic particles produces a

30 permanent magnet whose magnetic energy product is
betweern about 119,331.6 AT/m to 167,064.2 AT/m (15 and

- 21 MGQQ%, again without the need ﬁor:gpplying-a -
magnetic field during pressing.

In accordance with a first preferred

35 embodiment of this invention, hot-pressing a quaﬁggty
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REPLACEMVENT SHEET ' 4 It is
therefore an object of this invention to provide an ani sotropic

hot - pressed permanent magnet exhi biting a magnetic energy product of at
| egst 119.331.6 AT/m (15 M3Ce), and:gyeferably at |east 5 159, 108.8
AT/ 'm (20 MXCe), without the requirenent for magnetic alignnment during
hot - pressi ng of the ani sotropic particles used to formthe nmagnet.

It is another object of this invention that such a met hod be capabl e of

form ng SUbStqgfiiﬂiébtropic particles alone produces a
substantially anisotropic permanent magnet whose
magnetic properties are superior to the bonded and
hot-pressed isotropic magnets of the prior art, as

5 well as the bonded anisotropic magnets of the prior
art, and which are more comparable to the magnetic
properties of conventional anisotropic hot-worked
magnets. Yet, the variety of shapes in which the
anisotropic permanent magnets of this invention may be

10 made is far greater than the shapes possible with
conventional hot-worked anisotropic magnets in that,
as a final processing step, hot-working severely
limits the variety of shapes in which a permanent
magnet may be formed.

15 Accordingly, an advantageous feature of this
invention is that magnetic energy products of at least
119,331.6 AT/m (15 MGOe), and preferably at least
159,108.8 AT/m (20 MGOe), may be easily achieved in
magnets produced by this method, yet without the

20 previous requirement for magnetic alignment of the
particles of the magnets during pressing or additional
hot -working thereof.

Also, as stated previously, another
significant advantage of this invention is that the

25 anisotropic hot-pressed permanent magnets of this
invention have the final geometry thereof determined
bx;a hot-pressing operation. As a result, the
permanent magnets of this invention have a greater
variety of shapes possible than the hot—worked

30 anlsotrag}c magnets of the prlor art, yet are obtained
w1th somewhat comparable magnetlc energy products

- thereeah e - - -
Other objects and advantagéé of this
invention will be better appreciated from the
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T llll




10 ani sotropic permanent nmagnets having a greater variety - of shapes

t han that possible with conventional hot - wor ked, ani sotropi c per nanent
magnet s. It is still another object of this invention

that such an anisotropic hot-pressed pernganent magnet 15 should have a
conposition that has, as its magnetic constituent, the tetragonal
crystal phase RE[err]TMerr]B which is based prlnarlly on- neodym um
and/ or praseodyniun1 iron and boron. ' is a further

obj ect of thisg pgndéQali tdéé@ﬁgtp&ar@ﬂggthgaseea panyhdgcont a n

magneti cal | y- anls roprc particles possi b additi ons of
magnetical | y- |@%ﬂW%ﬁ9%rpﬁ?tW@4%§i t he relative quantities of each

determining the magneti crigurdr PPEIIuSSrofesNs AEKABAED1sHBIBA! cube
It is yet a further object of éhls | nveption t hat such a permanent

“magnet  shoul d ¥¥ farhRuByessed firaReesEPHEed fEaMtity of
nagnetlcalsyzmmgmétimaxiy anjpsotropis pageibkest off arprafperadnent nagnet

which is  substant L@t YufbSPbh OBbfipoflt 2bh " PR h¥ELYaaltbe with a
preferred embodiment of this invention; and
Figure 2 illustrates. demagnetisation curves
along each axis for a hot-pressed magnet formed from
10 the magnetically-anisotropic particles of the
preférred iron-neodymium-boron composition shown in
Figure 1.
The preferred method of the present
invention produces a rare earth-iron-boron high
15 magnetic energy product, anisotropic, pressed
permanent magnet which does not require the presence
of magnetic alignment during pressing or the
additional step of hot-working the particles thereof
to achieve the high magnetic energy product thereof.
20 The preferred method includes hot-pressing a quantity
of anisotropic rare earth-iron-boron particles, with
possible additions of isotropic rare earth-iron-boron
particles, to form a high magnetic energy product
anisotropic permanent magnet.
25 Appropriate compositions for the iron-rare
earth metal permanent magnet of this invention include
a suitable transition metal (TM) component, a suitable
ré}e earth (RE) component and boron (B), as well as
small additions of cobalt, and are generally
30 represgﬁﬁgd by the empirical formula RE;MLAB. The
preferred compositions, as stated previously, consist
-of,‘onnan atomic percentage basisr—aggpt 40 to 90 -
percent of iron or mixtures of cobalt and iron, with
the iron preferably making up at least 60 perxcent of
35 the non-rare .earth metal content; about 10 to 40:§35
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30 _hot-pressing a quantity of anisotropic and isotropic particles

together to forma pernanent magnet which is at least partially

ani sot ropi c. I.n accordance with a preferred enbodi nent of
thizs invention, these and other objects ppd advantages 35 are acconplished
as foll ows. : 5

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 at least
5 one-half percent boron. Preferably, iron makes up at
leagst 40 atomic percent-of the total composition and
the neodymium and/or praseodymium make up at least six
atomic percent of the total composition. The boron
content is preferably in the range of about 0.5 to
10 about 10 atomic percent of the total composition, but
the total boron content may suitably be higher than
this depending on the intended application for the
magnetic composition. Other metals may also be
present in minor amounts up to about one weight
15 percent, either alone or in combination, such as
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon, tin
and calcium. Silicon, oxygen and nitrogen will also
20 ﬁsually be present in small amounts. The useful
permanent magnet compositions suitable for use with
this invention are as specified in US Patent No.
4,802,931.
Specific compositions which have been useful
25 in preparing hot-worked, anisotropic permanent magnets
of this type, and which contain the magnetic phase
consisting of tetragonal crystals of Fe,,Nd,B (or the
equivalent), are, in correspondlng weight percentages,
as follows: about 26 to 32 percent rare earth
30 (wherei.nMat least about 95% of this constltuent is
neoqymium and the remainder is essentially
- prasecdymium) ; about 0.7 to about 1.1 _percent boron; -
and the balance being iron with cobalé being
~substituted for the iron in some instances from about
35 2 to about 16 percent. : jﬁ?
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According to the present invention, there is provi ded a nethod for

form ng an ani sotropic, hot - pressed, rare earth-iron-boron pernmanent
nmagnet , wherein the pernmanent nagnet exhibits a magnetic 5 energy
prqduct of at least 119,331.6 AT/m (15 Me), and preferably at | east
159, 108.8 AT/ m (20 M3Ce). Yet, the magnetic energy products of this

I nvention are achi eved w thout nmagnetic field alignnent during

hot - pressi ng of the anisotropic particles and wi thout 10 hot-working of the

ani sotropic particles. wever, it is!® B hfid¥fstdddd dHmetHon includes
providing a quantltﬁ of anlsotroplc rare earth-iron-boron particles,

Wi th possi bl epPa g5 &f this daventiion are aprliqakde b& dMoarticl es,
which are 15 4R3¢Rehotrapiiassof cdnipdisitd ctidh e dstiibetligrdvidigly  hi gh

ragnet ¢ enor g) WEodll. Mot il e %, Hapuan A0
than that g or r&ferreld)ttal\@ekmraldm &mneamaft[m: renet magnet. In 20
addition, becayse tRS AU REI G R Iuct
Generally, permanent magnetic bodies of this
composition are formed by starting with alloy ingots
which are melted by induction heating under a dry,

10 substantially oxygen-free argon, inert or vacuum
atmosphere to form a uniform molten composition.
Preferably, the molten composition is then rapidly
solidified to produce'en amorphous material or a
finely crystalline material in which the grain size is

15 1less than 400 nanometres at its largest dimension. It
is most preferred that the rapidly solidified material
be amorphous or, if extremely finely crystalline, have
a grain size smaller than about 20 nanometres. Such
material may be produced, for example, by conventional

20 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:
according to this invention.

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

30 temperature in a die and compacting the comp031t10n
between upper and lower punches so as to form a

vsubstantually fully-dense,- flat cyilngrlcal plug of -~

material. Typlcally, when melt-spun material finer

than about 20 nanometres in grain size is heated at .
35 such an elevated temperature for a period of a migyfe_

THIS SHEET HAS BEEN
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magnets are obtained wi thout the conventional | y-requi red magnetic

al ignment procedure during pressing, a variety of conplex magnet shapes
i's again facilitated by this nmethod. The nagnetic 25 properties and
shape of the permanent nmagnet of this i nvention can be tailored to neet
the particul ar needs of a given appliCation. General ly,

t he magnet conposition of this - I nvention conprises, on an atomc

percentage basis, 30 about 40 to 90 percent of iron or m xtures of cobalt

and iron (TM, about 1 0 r t hat
necessarily i (RS ‘h‘g&& §§%I?'"Eo fulf &%Igg%ly% the ”F%éulé east
one- hal f per céddypaima permamemertmlsem r@m%atth%amagﬂgtaﬁom c

percent 35 of ﬁéﬁ&t(ﬁeglféﬁg§§|ﬁééﬁbéqﬁgffpdgﬂlgaﬁfggier(meanlng

. that the magnetic body has a preferred direction of

5 magnetisation). 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 to 100 nanometres.

10 If the hot-pressed body is then hot-worked,
that is, plastically deformed at an elevated
temperature such as to deform the grains, the
resultant product displays appreciable magnetic

anisotropy. The hot-working step is typically carried

15 out in a larger die, also at an elevated temperature,
in which the hot-pressed body is die-upset to form a
cylindrical plug of material. The resulting
cylindrical plug of material is hard and strong, and
is characterised by a density of typically about 7.5

20 grams per cubic centimetre, which is substantially
full density for the magnetic alloy.

If suitably practised, the high-temperature
working produces a fine platelet microstructure,
generally without effecting an increase in grain size

25 above about 500 nanometres. Care is taken to cool the
material before excessive grain growth and loss of
magnetic coercivity occurs. The preferred direction
of magnetisation of the hot-worked product is

typically parallel to the direction of pressing and

30 transvernge to the direction of plastic flow. It is
not_ uncommen for the hot-worked product to have a

y magnét:é energy product of about 222,752.3 AT/m -
(28 megaGaussOersteds) or higher, depending on the
upset ratio.
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6 praseodym um make up at | east six atom c percent of t he total

conp05|t|on Al so, preferably, the boron content is in the range of
about 0.5 to about 10 atom c percent of the total conposition, but the
total 5 boron content may suitably be hjgher than this dependi ng on
the intended application. It is further preferred that iron should nmake
up at least 60 atomc percent of the non-rare earth nmetal content, and
t hat t he neodym um and/ or praseodym um shoul d nake up at 10 |[|east 60

cxanpl e5 of this i nvent O SO ke dermdet 4D ThVel gh

percents whi clunfreignetised, magnetically- anlsotroplc, and has an
appreciable magnetic coercivity. By die-upsetting,
the grains in the body are flattened and aligned with

5 their major dimension lying transverse to the

direction of pressing. The maximum dimensions of the
grains are typically less than 500 nanometres, and
preferably 'in the range of about 100 to 300
nanometres. The grains contain tetragonal crystals in

10 which the proportions of iron, neodymium and boron are
in accordance with the formula NdjFej4B.

The actual temperatures employed to
hot-press and hot-work the bodies can véry and will be
discussed more fully in the specific examples

15 hereinafter. Generally, the hot-pressing and
hot-working procedures are accomplished at the same
elevated temperature, although this is not always
necessary. _

Whilst the above processing steps are

20 generally conventional, at least two additional steps
are required to form the hot-pressed, substantially
anisotropic permanent magnets in accordance with this
invention. Firstly, the hot-worked, anisotropic body
is reduced to a particulate form using conventional

25 comminution methods, such as by mechanical grinding,
pulverisation or hydrogen decrepitation methods, so as
to_form a quantity of magnetically-anisotropic
particles. This process does not change the grain
size or shape of the particles which, as indicated

30 before, Ere plate- -like and less than about 500
nanometres in length, more preferably about 100 to

- about*300 nanometres in lehgth. Thésg, particles are -
then hot-pressed to form an anisotropic permanent
magnet body which is characterised by a magnetic

35 energy product of at least 119.331.6 AT/m (15 MGo§é‘
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Wi thin the above-described atomic percents, itis noted that the
conpositions of the various iron, 15  rare-earth, boron and cobalt

constituents may vary greatly within the preferred atom c ranges

speci fi ed above. _ O her tal's may al so be present in

m nor anounts up to about one wei ght "percent, either alone 20 or in
combi nation. These netals include tungsten, chrom um ni ckel,
-alrnkglunl copper, magnesi um manganese, gallium niobium vanadi um
nol ybdenum i tani I Lgonl Al cal cium
Silicon is aI&HER&H eﬁﬁ%'%§§g£%$m%??§%€l#ﬁgghagﬁ%ﬁg?s?i% ngggtoxygen and
ni t rogen. during predsmng sand oplthouat t the csequhre®entr fe¥ by known
et hods,  such A Ay GEL] -39 TVAbPG: Ay SUE | @Rk Cpart£968. ear t - ron- bor on
conposi tion to an over-quenched, optinmum condition. The preferred.
conposition is, on a 30 h%i%ﬁ&s?kﬁ%ﬁﬁﬁ'B@EFé?lﬁﬁoﬂ?YzhetB°§2P5$?§§§t rare

earth, agogt Zad o PNy 26 Ies Coathe BBl bre8HONG Stdps deborgbedt 1.1
per cent O“mmaggég EQE Egéafggtggéfg particles. If desired,
_quantities of melt-spun isotropic particles may be
mixed in with the anisotropic particles, so as to
preferably modify the resultant magnetic properties of
10 the magnet body since the presence of the isotropic
particles within the composition will slightly lower
the magnetic properties of the hot-pressed body. The
isotropic particles can be obtained directly from the
melt-spinning process or after the isotropic particles
15 are annealed and/or pulverised into a powder.

The result is a substantially anisotropic,
high magnetic energy product, permanent magnet whose
magnetic energy product is less than that of a
hot -worked, anisotropic magnet but is substantially

20 greater than that of a bonded or hot-pressed isotropic
magnet, yet which does not require any alignment by a
magnetic field during pressing or additional
hot-working steps. Specifically, bonded isotropic
magnets typically have a magnetic energy product in

25 the range of about 63,643.5 AT/m to about 79,554.4
At/m (about 8 to about 10 MGOe), whilst hot-pressed
isotropic magnets typically have a magnetic energy
product in the range of about 79,554.4 AT/m to about
111,376.2 AT/m (about 10 to about 14 MGOe). 1In

30 additiqgwhbonded anisotropic magnets typically have a
magnetic energy product of about 111,376.2 AT/m to

- about~=143,197.9 AT/m (about 14 to abogt 18 MGOe) . -
Permanent magnets according to this invention which
are formed entirely from anisotropic particles are |,

$
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essentially iron. Particles forned by this process are generally

ri bbon-shaped and can be readily reduced 35

7

hot - wor ki ng i sotropic

SO as

5

to plastically deformthe individual grains of the

10

15

20

25

30

" ribbons of this composition were formed in an

characterised by a magnetic energy product of at least
159,108.8 AT/m (20 MGOe) and higher.

' The mégnetic properties of hot-pressed,
anisotropic permanent magnets formed in accordance
with this invention were determined using conventional
Hysteresis Graph Magnetometer (HGM) tests. Test
samples were placed such that the axis parallel to the
direction of alignment was parallel to the direction
of the field applied by the HGM. The samples were
each then magnetised to saturation and then
demagnetised. _

The second quadrant demagnetisation plots
are shown in Figures 1 and 2 [47M in kiloGauss versus
coercivity'(H) in kiloOersteds] for the preferred
anisotropic, hot-pressed, permanent magnet of this
invention. Figure 1 illustrates the magnetic
properties of an anisotropic permanent magnet formed
from only anisotropic particles, in accordance with a
preferred embodiment of this invention. Figure 2
illustrates the magnetic properties along each axis of
the magnet of Figﬁre 1.

The specific samples tested are described
more fully below. .

Comparative Example 1

For comparative purposes, a conventional
hot-pressed isotropic permanent magnet was formed and
tested. The nominal composition used to form this, as
well as the other samples investigated, was, in weight
percentage, about 30.5 percent rare earth (at least
about 9§§;°f this constituent being neodymium and the
remainder being essentially praseodymium), about 1.0
percerit*boron, about 2.5 percent cobakt, and the -
balance being iron. Magnetically—isoﬁropic melt-spun

e et tresenn
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to a desired particle size.
The anisotropic particles are preferably f or med,
acgordance wi th net hods known in the pri art, by hot-pressing and
particles having the above preferred conposition
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i sotropic particles, resulting in plate-like ani sotropic particles.

The ani sotropi ¢ hot - wor ked body obtained is then comm nuted using known
nmet hods, - such as nechani cal grinding, pulverisation or hydrogen 10
deqrepitation methods, so as to forma qygntity of ani sotropic
particles. The shapes of the hot-worked bodi es that can be used can be
sinpl e geonetri cal shapes, such as rectangul ar bl ocks, cylinders, etc.,
whi ch are easily fornmed by hot-working processes. The 15 di nensi onal

accuracy ?gdtﬁgéfgcguéﬁgﬁéﬁ 8&n&b€zont%£0% ﬁoéfeghgoﬂéfﬁ -8p&nH%hgvery

critical nventi on Since ies are later onn1nuted into
particles. /MIpr¢s@sssdﬁeeuehedsabpﬁegh magneti c ener gy product,

hot - wor ked magnet withoui gay- ﬁP@EééﬂclggtréﬁﬁéemQQnét”ﬁaél gRah accuracy.
In accordance with this [nvention, it has ae gggrnlged t hat, by
r

hot - pr essi ng af@Emm@rtyFb¥St1Y'tﬁepﬁ?ag?FEaWP§ Be
magnet i cal ky- apis9bhopl &nd thedrthel pse-foprr wasehbt Apgeekeidsatoaned whose

mgnetic 25 engr 9 PP L' Sp8he! 7855 W ud Y698, thd Ebler a
pressure of about 77.22 MPa to about 92.67 MPa (about
5 to about 6 tons per square inch), to form magnets
with a diameter of about 14 millimetres, a height of
10 about 15.5 millimetres and a weight of about 18 grams.
Average values for magnetic properties
obtained for these magnets were about 111,376.2 AT/m
(14.0 MGOe) for a magnetic energy product (BHmax),
about 0.8T (8.0 kiloGauss (kG)) for remanence (Br),
15 and about 14.88 x 105 A/m (18.7 kiloOersteds (kOe))
for intrinsic coercivity (Hei).
Example 2
A magnetic alloy having the same composition
‘as the compositioh of Comparative Example 1 was uséd
20 to form a second magnet. However, this magnetic
composition was in the form of an anisotropic powder,
in accordance with the procedures of this invention.
The anisotropic particles were produced by
hot-pressing and then hot-working a quantity of
25 ribbons formed in accordance with Comparative Example
1. The hot-pressing and hot-working steps were
conducted at a temperature of about 750°C to about 800°
C. The magnetic energy product of the hot-worked
anisotropic magnet was about 278,440.4 AT[m (35 MGOe) .
i 30 "y An anisotropic powder was then obtained by a
conventlonal hydrogen decrepltatlon/desorptlon method.
- The hydrogen decrepitation step was qarrled out at -
about 450°C using hydrogen at about 1/3 atmosphere
_ (about 33.33 Pa (250 millitorr)), while the desorption
35 step was carried out at a temperature of about 6%§$§
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and preferably at |east 159,108.8 AT/ m (20 MXe), wi t hout the
application of a nmagnetic field during pressing. Alternatively,
hot - pressing a m xture of i sotropic and anisotropic particles produces
a 30 permanent magnet whose nmagnetic engLgy product is ~ between about
119,331.6 AT/mto 167,064.2 AT/ m (15 and 21 MXe), again wthout the
need for applying a = nagnetic field during pressing. I n
accordance with a first preferred 35 enbodinent of this invention,
hot - pressi ng %k u%ﬁééiﬁ& of the anisotropic powder was then

hot-pressed at a temperature of about 730°C and at a

pressure of about 77.22 MPA (five tons per square

inch) so as to form a hot-pressed, anisotropic

5 permanent magnet having approximately the same

dimensions as the_hot-préssed magnet of Comparative

Example 1. Magnetic alignment was not required during

the hot-pressing steps in order to achieve the high

maghetic energy products described below.

10 : The demagnetisation curve for this

hot-pressed anisotropic magnet is illustrated in

Figure 1. The average values for the magnetic

properties obtained for this magnet were a magnetic

' energy product of about 167,064.2 AT/m (21.0 MGOe), a

15 remanence of about 0/98T (9.8 kG) and an intrinsic

coercivity of about 827,320 A/m (10.4 kOe).

As compared to the hot-pressed isotropic
magnet of Comparative Example 1, both the remanence
and magnetic energy product are significantly

20 improved, whilst the coercivity has decreased. Whilst
maximum coercivity is important for some applications,
for many others all that is required is a high
remanence and magnetic energy product, so long as the
coercivity is sufficient. One skilled in the art will

25 recognise that the coercivity of the hot-pressed
anisotropic magnet of this example is sufficient for
such purposes, particularly when coupled with the high
magnetic energy products and remanences of this
invention. R

- 30 hkhF&gure-z shows the magnetic properties of a
rectangular sample cut from a hot-pressed anisotropic
- magnet-gPrepared in accordance witlr Exagmple 2 and shown
in Figure 1. The sample was about 9.4 by 9.4 by 7.6
millimetres in size. This sample was used to evaluate

35 the magnetic properties in the direction in whicggﬁﬁe
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8 . of anisotropic particles alone produces a substantial ly

ani sot ropi ¢ per manent magnet whose magnetic properties are superior to
t he bonded and hot - pressed i sotropi c nagnets of the prior art, as 5
well as the bonded ani sotropic magnets o&sthe pri or art, and which are
nore conparable to the magnetic propérties of conventional anisotropic
hot - wor ked magnets. Yet, the variety of shapes in which the

ani sotropi ¢ per manent nagnets of this invention may be 10 nade is far

greater than the ap 0S wi t h hot : wo
ani sot ropi ¢ neEYHET sﬂ ?f $kﬁmp @?%1?¥?E§é€fo%%§¥$ﬁ% %?ebn %5? wor ki ng
severely |diect idms vaf | Bhy wfo shieipesgomaliaxées stpanswerse to nagnet

may be forned. 1%% 1rec jon of\ ﬂ%%y, an advant ageous feature of this
i nvention is tﬁ] nagne I C enezgy products of at |east

As would be expected, the magnetic
5 properties obtained in the direction of the pressing
operation were essentially the same as is reported
above for the hot-pressed anisotropic magnets of
Example 2, as previously indicated by the curve
labelled "HP". Average values for magnetic properties
10 in the transverse directions were about 55,688.1 AT/m
(7.0 MGOe) for the magnetic energy product, about
0.61T (6.1 kG) for remanence, and about 922,780 A/m
(11.6 kOe) for intrinsic coercivity, as indicated by
the curves labelled "X" and "Y".
15 : From this data, the extent to which this
sample was anisotropic was determined according to the
_anisotropy ratio formula:
Br/((Br)? + (Brx)? + (Bry)?)?*s
where Br is the remanence in the direction of
20 pressing, Bryxy is the remanence in a first direction
transverse to the direction of pressing, and Bry is
the remanence in a second direction transverse to the
direction of pressing and perpendicular to the first
transverse direction. According to this formula, the
25 anisotropy ratio for this sample was found to be 0.77,
indicating the hot-pressed anisotropic'magnet was
approximately 77 percent anisotropic. '
Example 3
To determine whether the hot pressing
30 temperaﬁg;e had any effect on the magnetic properties
of permanent magnets formed in accordance with this
© inventidn, the magnetic alloy of the previous examples
was used to form additional magnets. .These magnets
were formed from anisotropic powder in accordance with
35 the process described in Example 2, with the excggﬂgon

ey .
St e,
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119, 331.6 AT/ m (15 M3Ce), and preferably at |east - 159,108.8 AT/ m (20
MEe), may be easily achieved in magnets produced by this nethod, yet
wi't hout the 20 previous requirenment for nagnetlc al i gnnent of the
particles of the magnets during pressing addi ti onal hot - wor ki ng

t her eof . . Al so, as stated p} V|ously, anot her "signi ficant
advantage of this invention is that the 25 anisotropic hot-pressed

per manent nagnets of this i nvention have the final geonetry thereof

determ ned a . hot_-.pr eration a resu ~ per manent
nmagnet s of thltgl"‘ﬁytn %ﬁlﬁaj@q—g Fbﬁeéga"’tlé’rg Ste&df?%t?%‘#“%%%fe%t possi bl e
t han the hot - \mnipmtaiﬁlramlcﬂ)tahmtc aanfaet §50PCt be EBOEII arTheyet are

obt ai ned ‘ qggr td.5 oduc, t her et o.
Q her objects anéi1 a%vavﬁ]gctghelgé)o %)éfga{&g#ﬁvéen Yt iEon if %)ébe be]??er
appreci at ed f t@plehdelow. _

5 ;
Hot Press Temp. "Br Hci BHmax
(eC) _ T (kG) A/m(kOe) AT/m (MGOe)
680 1.02(10.2) 819,365(10.3) 182,975.1(23.0)
750 1.02(10.2) 827,320(10.4) 182,975.1(23.0)
790 1.02(10.2) 803,455(10.1) 182,975.1(23.0)

From the above, it can be seen that the
magnetic properties of the hot-pressed anisotropic
magnets of this invention remain substantially the

10 same for hot-pressing temperatures of between about
680°C and 790°C. The properties are essentially the
same for all temperatures. Thus, it would appear that
the high magnetic energy products of this invention
are due to the anisotropic magnetic properties of the

15 particles and are not due primarily to the
hot-pressing parameters used to form the magnet, which
is contrary to the conventional teachings with regard
to hot-pressed magnets formed from isotropic
particles. Accordingly, there is an indication that a

20 wide range of hot-pressing temperatures exists which
will produce the desired magnetic properties for the
hot-pressed anisotropic magnets of this invention,
which in turn promotes the large-scale magufacturing

_ of the magnets of this invention.

25 . Example 4

- "a* To determine whether the” magnetic properties
of permanent magnets formed in accordance with this
invention can be influenced by imposing a magnetic

-
iy
-

pre-aligning field prior to hot-pressing, additi.‘

PP
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9 . foll ow ng detail ed description and the acconpanyi ng dr awi ngs,
i n Which: Figure 1 illustrates a demagnetisation curve
for-a hot-pressed magnet forned from 5 magnetically-anisotropic particles
of :a preferred i ron-neodym um bor on fgnposition, i n accordance with a
preferred enbodi mrent of this invention; and Figure 2

Il lustrates demagneti sation curves al ong each axis for a hot-pressed
magnet formed from

magnets were formed of the same composition as before.
As in Example 3, these magnets were formed in
accordance with the process described in Example 2,
with the exception that nine grams of the anisotropic
5 powder were used to form a cylindrical pre-form having
a diameter of approximately 13.7 millimetres and a
length of about 8 millimetres. The pre-form was made
by initially aligning the anisotropic powder within a
magnetic field with a magnetic field intensity of
10 about 11.93 x 105 A/m (15 kOe). The aligned pre-form
was then lubricated and hot-pressed at a temperature
of about 730°C and a pressure of about 77.22 MPa
(5 tons per square inch). '
The remanence for this magnet was determined
15 to be about 1.04 T (10.4 kG), as compared to a
remanence of 1.02 T (10.2 kG) for the hot-pressed
anisotropic magnets of Example 3, indicéting that
magnetic alignment does not significantly improve the
magnetic properties of the hot-pressed anisotropic
20 magnets of this invention. Accordingly, it appears
that the advantages of this invention can be
substantially realised without the need for applying a
magnetic field during processing of the anisotropic
particles, which is again contrary to conventional
25 teachings wherein magnetic field alignment
substantially improves the magnetic energy products of
bonded magnets formed from anisotropic particles.
Example 5
Again, a magnetic alloy having the same
30 - composigégn as in Comparative Example 1 was used to
form additional magnets. These magnets contained
-addittons of isotropic powder to the Qﬁisotropic -
powder to produce magnets which consisted of, by
weight, approximately 75, 50 and 25 percent

35 anisotropic particles, in accordance with this
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10 t he magnetical |l y-ani sotropic particles
i ron- neodym um boron conposition shown in
preferred method of the present
ear{h-iron-boron high 15 nagnetic energy,

of the

Fi

r oduct ,

preferred
gure 1.

i nvention produces a rare

ani sot r opi c,

The

pressed

pernanent magnet whi ch does not

al i gnnment during pressing or the
particl es thereof to achi eve
20 The preferr

rare eart h- |roégﬁoron particles,

require t

e presence

of magnetic

addi ti onal

step of hot-working the

| &L WEFLTO!

t he hi gh magnetic energy product thereof.

E’ﬁ@séﬁ;[‘goéﬁgﬂg%g%é%‘tlclegf waBLsotropic

rons of I1'sotropic

rare earth-ir @reduced bY kﬁ#tPt¢%§ln§oam@rﬁh%nhh@h waykéngcaener gy product

ani sotropic p

the iron-rare i ear¥h net al
_a suitabl e trFRARIEALHER HFXQ

e

conponent gnd fpFoNclds . n@sovﬁIazassotroprralj:owddrtbynnyafogehalt

generally decrepitation.

BENBibbd®s formed in £@869&éhééewﬁeﬁp05't'0n5 for

nggnet of this invention include
R nEhen %‘B‘FT%BPE’-“Q there earth (RE)

and are

rnanent

The anisotropic powder was then mixed with

melt-spun isotropic ribbons in accordance with the

weight percentages
10

noted above. The mixtures were

‘then hot-pressed at a temperature of about 730°C and

at a pressure of about 77.22 MPa (5 tons per square

inch) to form hot-pressed permanent magnets with

dimensions similar

to that fdr Comparative Example 1.

Average values for the magnetic properties

15 _obtained for these

below.

%¥Anisotropic
Powder

Br
T (kG)

hot-pressed magnets are summarised

Héi_ BHmax

A/m(kOCe)

75
50
25

0.95(9.5)
0.88(8.8)
0.85(8.5)

AT/m(MGOe)

147,175.8(18.5)
133,651.4(16.8)
120,922.7(15.2)

875,050(11.0)
1,089,835(13.7)
1,233,025(15.5)

As with the samples of Example 2, the

20

coercivities here were such that the high remanences

and magnetic energy products of these samples would be

suitable for many applications which require a

permanent magnet.
. s, FrOm the
25
© partidiés, with or

F g

above, it can be seen that

hot-pressed permanent magnets formed from anisotropic

-

without additiors @f isotropic

partlcles, of a neodymium-iron-boron comp051t10n

exhibit higher magnetic energy products than that of

hot -pressed isotropic permanent magnets formed 1q;§?

=

- This Sheet Has Been Replaced
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30 represented by the enpirical fornmula RE[err] TMerr]B. The

prefierred conpositions, as stated previously, consist of, on an atomc
percentage basis, about 40 to 90 percent of -iron or m xtures of cobalt
and:iron,. with the iron preferably jng up at | east 60 percent of 35
t he non rare earth netal content; about to 40

10 percent of rare earth netal t hat necessarily includes
neodym um and/ or praseodym um wth the neodym um :

accordance with the prior art. The magnets in
Examples 2 and 3 are formed with only anisotropic
particles. The anisotropic particles in these
examples were made from hot-worked anisotropic magnets
S having magnetic energy products of about 278.440.4
AT/m (35 MGOe), though hot-worked anisotropic magnets
have a potential for magnetic energy products of
nearly about 397,772 AT/m (50 MGOe). Accordingly, it
is foreseeable that magnetic energy products of
10 Dbetween about 198,886 AT/m (25 MGOe) and about
238,663.2 AT/m (30 MGOe) can be realised for
“hot-pressed -anisotropic particles made in accordance
with the procedures of this invention. Again, such
results would be expected to be relatively independent’
15 of the pressing temperature used. _
Whilst the preferred composition necessarily
contains iron, neodymium and/or praseodymium, and
boron, the presence of cobalt is optional. The
composition may also contain other minor constituents,
20 such as tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, wvanadium,
molybdenum, titanium, tantalum, zirconium, carbon,
tin, calcium, silicon, oxygen and nitrogen, providing
that the isotropic and anisotropic particles contain
25 the magnetic phase RE,TM;,B along with at least one
additional phase at the grain boundaries that is
- richer in rare earth. In the essential magnetic
phase, TM is preferably at least 60 atomic percent
iron and RE is preferably at least 60 atogic percent
30 neodymlum and/or praseodymlum.
| . ‘A particularly advantageous feature of this
- inventidn is that high magnetic energy, product,. -
anisotropic'hot-pressed permanent maghets may be
-formed, without the requirement for any magnetic
35 alignment during hot-pressing and also without t%gg?

This Sheet Has Been R laced: , THFS SHEET .HAS BEEN

T RELACED




and/ or praseodym um preferably making up at |east 60 percent of the
rare earth content; and at |east 5 one-half percent boron. Preferably,

i ron makes up

at | east 40 atomic percent of the total conposition and

t he. neodym um and/ or praseodyni um nake uppat |east six atom c percent
of the total conposition. The boron content is preferably in the range
of about 0.5 to 10 about 10 atom c percent of the total conposition, but
the total boron content may suitably be higher than t hi s dependi ng on

the intended a vrﬁnat:[ QLT Yot Noor 1n%9&%§ &n?é’s?f@&éi' OPe?g.Pé& ggtals may

al so be

|n m nor anoun ut one wel g ercent,

ei t her al one mbhanmdzhﬂsmthxgh mmnﬁ%c ene:ggmgnggd\ucléq;,f APk Ohi ckel |

al um nium co
nol ybdenum ti

Silicon, oxygé'fh%ﬁﬁi tyRed h TRIReLS

amounts. ghe
Wi th this

10

15

r rﬁ WRQURP %’&ﬁﬁﬁc&@é'th@pﬂé@@sgﬂhgvaﬂadl um
|u tantal um zi rcom(ggi carbon, tin ﬁl cal ci um
ifihathe %@aﬁ?eggng Fn smal

saflant mApieRISsdis@gnerhesepanée tpansisulasbye for use
Ié&gﬁ%éégbég(¥eat&¥§§'£fegh1£ Lg%gﬁﬁfgﬁ NQThe samples
of Examples 2 and 3, which were formed in accordance
with the preferred embodiment of this invention,
illustrate that hot-pressing a quantity of anisotropic
particles alone produces a substantially anisotropic
magnetic composition whose magnetic properties are
superior to bonded and hot-pressed isotropic magnets
or bonded anisotropic magnets of the prior art.

The results of samples tested in Examples 3
and 4 indicate that the hot-pressed anisotropic
magnets of this invention can be formed within a

'relatively wide range of hot-pressing temperatures and

20

25

30

without the need for any pre-aligning of the
anisotropic partiéles prior to hot-pressing. This
would appear to indicate that the plate-like,
plastically-deformed shapes of the anisotropic
particles provide the high magnetic energy product of
the resultant magnet and do not deteriorate during the
hot pressing operation. As a result, nearly optimal
magnetic properties can be achieved with a relatively
uncomplicated process which is amenable tollarge—scale
manufacturing.

The samples of Example 5 illustrate that
hot-pressing a mixture of isotropic and anisotropic
partlclis produces a magnetic composition whose
magnetic properties are also superior to bonded and

- hot-pressed isotropic magnets of the'grlor art. -

35

Moreover, it is truly an advantageous
feature of this invention that the permanent magnets
have their final geometry determined by a hot-preg#ing
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4,802, 931. Speci fic conpositions which have been useful 25
in preparing hot-worked, anisotropic pernanent magnets of this type,
and-whi ch contain the nagnetic phase consisting of tetragonal crystals
of Fe[err]Nd[err]B (or the equivalen% are, in correspondi ng wei ght
percentages : as follows: about 26 to §2 percent rare earth 30 (wherein
at | east about 95% of this constituent is neodym um and t he remai nder
is essentially praseodym un ; about 0.7 to about 1.1 percent boron;

and the bal ance being iron.with cob n tuted f r the iron
in sone instaneRETRELA abodf 35T3U1 5 ggﬁthBSEQPg ﬁiy ahisobropic

permanent magnets of this invention have a greater
variety of shapes possible than the hot-worked
anisotropic magnets of the prior art. The variety of
5 shapes in which hot-pressed permanent magnets may be
made is far greater than that possible with hot-worked
anisotropic magnets in that the hot-working process
limits the types of shapes which can be produced.
Therefore, whilst this invention has been

10 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
of the magnetic particles could be varied within the
preferred weight and atomic ranges, with or without

'15 other constituents as described above, or different
and/or additional processing steps may be employed to
produce the isotropic and anisotropic particles.
Accordingly, the scope of this invention is to be
limited only by the scope of the following claims.

20 The disclosure in United States patent
application No. 979,030 from which this application
claims priority, and in the abstract accompanying the
application are incorporated herein by reference.
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11 ' However, it is to be understood that -the procedur es

of this invention are applicable to the | ar ger fanily -
as ~descri bed previously in atom c percentages, and whi mlgmﬁﬁ)"lmmil HH _
5 referred to generally hereinafter as a? I ron-neodym umt bor on

conposi tion. General ly, %anent magneti c bodies of this.

conposition are formed by starting with alloy ingots which are nelted
by induction heating under a dry, 10 substantially oxygen-free argon,

inert or vacuum- , atnosphere to forma uniformnolten conposition.
Preferably, tﬁgEHEFPen conmposition is then rapidly solidified to
produce an anor phous matkeri & method of ffomhing rgshot tpresaederade in which

the orain si 26 ] 8 kS rd P Sodd bAAAMO RAGRS: Erbhoa| hgest di mension

earth-iron-boron alloy, in which the alloy is

5 subjected to the steps of hot-pressing and hot-working
so as to produce a hot-worked body having a fine
platelet microstructure, characterised in that the
method comprises the further steps of: comminuting
said hot-worked body so as to produce therefrom a

10 quantity of magnetically-anisotropic rare '
earth-iron-boron alloy particles having a plate-like
structure; and then hot-pressing the quantity of
magnetically-anisotropic rare earth-iron-boron alloy
particles together to form a hot-pressed,

15 magnetically-anisotropic rare earth-iron-boron alloy
permanent magnet having a magnetic energy product of
at least 119,331.6 AT/m (15 MGOe), which step of
hot-pressing can be carried out in the absence of a
magnetic alignment field without substantial affecting

20 the magnetic anisotropy and the magnetic energy
product of the hot-pressed, magnetically-anisotropic
rare earth-iron-boron alloy permanent magnet; said
hot-pressed, rare earth-iron-boron alloy permanent
magnet having a structure formed from plate-liké

25 grains and exhibiting a magnetic anisotropy and a
magnetic energy product which is greater than that of
a.pot-pressed magnetically-isotropic magnet having a
substantially similar composition, and which is less

- than that of said hot-worked body.

. 30 ;Mhz' A method of forming a hot-p;essed rare
earth-iron-boron permanent magnet from a rare
- eartlr=iron-boron alloy according to glaim 1, in which-
the magnetically-anisotropic rare earth-iron-boron
alloy particles are formed from a composition

35 comprlslng, on a weight percent basis, about 26 Eggéz
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I's nost preferred that the rapidly solidified materi al
if étrenely finely crystalline, have a grain size s
20 nanonetres. Such mat eri al may be produced, for exa mﬂé 1i||ﬂ [IHII'

conventional 20 nelt-spinning operations., Conventional.

substantlally anor phous or n1crocrystalllne, mel t - spun

I ron-neodym um boron ribbons are then mlled to a powder, though the
ri bbons can be used directly according to this invention. 25

The iron-neody é&#ﬁéRQrQQrgaéékﬁhes E@bﬁgllzf?BBEtg?QESthB%hEy 1gSOLT Opi ¢ at

this point, reése ressure and duration
to fornla.Per¢§ndqubah§teandlabebhv@nﬂl§ﬁaﬁbVUttﬁ|§ percentachi eved by

heating the COHBPéht'\%thotﬁeSHhiaﬁl:S ﬁemgeaagéataanynﬁ«oﬁl e and

conpacting the conposition er .and | ower ~punches so as to
forma substantlalIy3fulﬁymﬁﬁhg§ °ﬁ|Egrﬁﬁpsnarheﬁrpgﬁﬁgeéfrare

material . Bypi éaktN-inBRAbBEOA- petManBhEr magnétN€om a ka&a about 20
nanomet res 1 gratn stag barBSehPlop! adoratal) 83 SASYA ST SRR Tor
-the magnetically-anisotropic rare earth-iron-boron
alloy particles have a grain size of not more than 500
nanometres.

10 4. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
.earth-iron-boron alloy according to claim 1, in which
magnetically-isotropié rare earth-iron-boron alloy
particles are mixed with the magnetically-anisotropic

15 rare earth-iron-boron alloy particles prior to the
" hot-pressing step so as'to form a homogeneous mixture
therewith. -
5. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
20 earth-iron-boron alloy accordihg to claim 4, in which
the magnetically-isotropic rare earth-iron-boron alloy
particles are formed from a composition comprising, on
a weight percent basis, about 26 to 32 percent rare
earth, optionally about 2 to about 16 percent cobalt,
25 and about 0.7 to about 1.1 percent boron, with the
balance being essentially iron.

- 6. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron—boron alloy according to claim 1, in which

30 the magnetlcally anisotropic rare earth-lron boron
alloy partlcles are formed according to a method.

- compriisdng the steps of: producing a gpantity of -
magnetically-isotropic rare earth—iroﬁ-boron alloy
particles; hot-pressing the quantity of

35 magnetlcally isotropic rare earth-iron-boron allggg?

S
peot Has Been Replaced | _ ITHIS SHEET- HAS BEEN
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12

been

time,

or

it will

10

15

so and hot-pressed to full density, th

then have a grain size in the

particles to form a magnetically-isotropic magnet
body; hot-working'the'magnetically-isotropic magnetic
body so as to.plastically deform the grains thereof,
so as to form said hot-worked body; and then
comminuting the hot-worked body so as to form
therefrom the magnetically-anisotropic rare
earth-iron-boron alloy particles.

7. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 6, in which
the magnetically-anisotropic rare earth-iron-boron
alloy particles are formed by a hydrogen decrepitation
and desorption process.

8. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy comprising, on a weight percent
basis, about 26 to 32 percent rare earth, at least 90
percent of which is neodymium, optionally about 2 to

- about 16 percent cobalt, about 0.7 to about 1.1

20

25

30

percent boron, and the balance being essentially iron,
the method comprising the steps of: melt-spinning said
rare earth-iron-boron alloy to form over-gquenched
ribbons; forming magnetically-isotropic rare
earth-iron-boron alloy particles from the ribboné;
hot-pressing the magnetically-isotropic rare
earth-iron-boron alloy partidles to form a
magnetically-isotropic body; and hot-working the
méénetically-isotropic body so as to plastically

deform the microstructure thereof, so as to form a
&

magnetii?lly-anisotropic body;
. ~
the method includes the further steps of comminuting

- the magnetlcally anisotropic body -so as to form .

35

therefrom magnetlcally-anlsotroplc rare
earth-iron-boron alloy particles; and hot-pressing the
magnetically-anisotropic rare earth-iron-boron a%§g§

" This Sheet Has Been Replaced -
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e Tesultant _____body s
a pernmanent magnet. Furthernore, the magnetic body(“m“g m!“\ﬂml ﬂ“‘
magheti cal |l y ani sotropic (neaning that the magneti

preferred direction of 5 magnetisation)a7 If the particll ate naterlal
hel d at the hot-pressing tenperature for a suitable

THIS SHEET HAS BEEN |
REPLAGED

T |

has

period of



range of about 20 to about 500 nanometres, preferably abodt 20 to 100

nanonetres. 10 I f the hot-pressed body is t hen hot - wor ked,

that is, plastically deformed at an el evated nperature such as to
deformthe grains, the resul t ant prd%yct dlsplays appreH m w |“”
ani sotropy. The hot-working step is typi‘tally carried 15 mﬂl
die, also at an elevated tenperature, I n which the hot - presse body Yis”
di e-upset to forma cylindrical plug of material. The resulting

cylindri cal

by a density &%

substanti al | yalignimert ddedid vd dommha hegmquiesssd gsare
sui tably. pracised. e bl SRS anen gl RAVHESS @ 11 NS

I f t h d.s '
rhER PR 5 30 Rt T Fotr o, whi ch i<

|

pl atel et nrcrggtructure out eftecti an increase in
grain size ZSHM%@I{EIEOR@M r%'-:s atcaasts Jt:'a%e}?g]t Mt he

mat eri al bef org sexfptiaaadistelsiWt h and | oss of magneti c coercivit
occurs. The preferred d|rect|o Y
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A ethod of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 8, in which
the magnetically-anisotropic rare earth-iron-boron

‘alloy particles are formed by a hydrogen decrepitation

process.

10. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 8, in which
the magnetically-anisotropic rare earth-iron-boron
alloy particles have a grain size of not more than 500
nanometres.

11. A method of forming a hot-pressed rare

‘earth-iron-boron permanent magnet from a rare

earth-iron-boron alloy according to claim 8, in which
the material of the hot-pressed rare earth-iron-boron
alloy permanent magnet further comprises one or more
minor additives chosen from the group consisting of
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niobium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon,
tin, calcium; gilicon, oxygen and nitrogen.

12. A hot-pressed magnetically-anisotropic
rare earth-iron-boron alloy.permanent magnet
compriei&g, on a weight percent basis, about 26 to 32
percent of rare earth, of which at least 90 percent

- thereofi*is neodymium, optionally abou}, 2 to about 16 -

percent cobalt, about 0.7 to about 1.1 percent boron,

~and the balance being essentially iron; which

permanent magnet has the grains thereof plastlcalggr

T



of nagnetfsatlon of the hot-worked producf S typi cal rallel to the

diréction of pressing and 30 transverse to the direction of T
It ks not uncommon for the hot-worked product to have a ,ﬂmtyma“ m,”m B
energy product of about 222,752.3 AT/ m 29 (28 negaGaussCEr

hi gher, depending on the upset ratio.

13 The hot-wor ked, die-upset body is

deformed and characterised by being of an essentially
plate-like structure, and which exhibits a magnetic
energy product of at least 119,331.6 AT/m

(15 megaGaussOersteds).
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unmagnet i sed, magnetically- anlsotroplc and has an -appreci abl e nagnétic

coefcivity. By die-upsetting, the'grains in the body are flattened and
aligned with 5 their major dinension lying transverse to the direction
of pressing. The maxi num di nensi ons of t 8 grains are typically |ess
than 500 nanometres, and - preferably In the range of about 100 to 300
nanonetres. The grains contain tetragonal crystals |n 10 mhlch t he
proportions of iy RTINS s RO SEWHERS t he
formul a Nd2Fel4B. The actual tenperatures enp oyed to
hot - press and hot-work the bodies can vary and will be di scussed nore
fully in the ueaifder exanples 15 hereinafter. Cenerally, the

hot - pr essi ng and hot - wor ki ng procedures are acconplished at the sane
el evated tenperature, although this is not always necessary.

Wi | st the.above processhmethepsiarprovidedntonl fgrpingeat hbghl , at | east
;‘Sﬁs ?gﬁit |t ;f’r;'maﬁw?é)éic ené¥ &y 'SFOAEEY, (Rad it L8R POLnPESEREE i,
hot-pressed rare earth-iron-boron alloy permanent
magnet without the requirement for magnetic alignment
5 during pressing or additional hot-working steps. The
method of this invention includes providing a quantity
of magnetically-anisotropic rare earth-iron-boron
alloy particles and hot-pressing the particles so as
to form a substantially mégnetically-anisotropic
10 permanent magnet. The hot-pressed permanent magnet of
this invention can be made in a greater variety of
shapes as compared to conventional hot-worked
magﬁetically—anisotropic permanent magnets. As a
result, the magnetic properties and shape of the
15 permanent magnet of this invention can be tailored to
meet the particular needs of a given application.

ilag W - - - -- - - -
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TN
sotroplc rmanent magnets in accordance with this I nventi on.

tly, the hdt - wor ked, ani sot ropi ¢ body I's reduced to a particul ate

¥oLm usi ng “conventional 25 comminution methods, such as by nechani cal

grkndlng, pul veri sation or hydrogen decrepitati on nethods, so as to
forma quantity of magnetically-anisotropic particles. This process

does not change the grain si ze or shape of the particles which, as

i ndicated 30 before, are plate-like and | ess than about 50 nanonet r es

in length, nore preferably about 100 to about 300 nanopetres in |ength.
These particles are t hen hot-pressed to forman ani sotfopi c pernmanent

magnet body which is characterised by a nagnetic 35 energy W oduct of at
least 119.331.6 AT/m (15 MXe) ‘

8
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14 Wi thout the requirenent of any nmagneft duri AG0YEF - |
g y megnefTEeArARFRNSHEET §

phe55|ng and wi thout the requirenment for- a ng of the
“partlcles The ani sotropic parti¢les may be hot-pressed 5
according to the same hot-pressing steps describgd 20 DEGAW fbrithe

i sotropic particles. If desired, quantli.-ti eg ¢f melt-spun_isotropic
particles may be mxed in with the anisotrqpitparticles, solas to

-preferably nodify the resultant nagnetic propenties o net body
since the presenccHaT-PRESSED. MA | (RORLCe SRBBERE: o

will slightly |ower - the magnetic properties of the hot-pressed body.
The  isotropic particlegneanaeeph! antedtdontgenerd1ap Wil ates to

the making of high magnetic energy product permanent

magnets based primarily on iron, neodymium and/or
praseodymium, and boron. More specifically, this
5 invention relates to a method of forming a hot-pressed
rare earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy as specified in the preamble of
claim 1, iﬁ which the alloy is -subjected to the steps
of hot-pressing and hot-working so as to produce a
10 hot-worked bddy having a fine platelet microstructure.
o Permanent magnets based on compositions'
containing iron, neodymium and/or praseodymium, and
boron are known and are in commercial usage. Such
permanent magnets contain, as an essential magnetic
15 phase, grains of tetragonal crystals in which the
proportions of, for example, iron, neodymium and boron
are exemplified by the empirical formula Nd,Fe,;B.
These magnet compositions and methods for making them
are described by Croat in US Patent No. 4,802,931
20 issued February 7, 1989. The grains of the magnetic
phase are surrounded by a second phase that is
typically rare earth-rich, as, for example,
neodymium-rich, as compared with the essential
magnetic phase. It is known that magnets based on
25 such compositions may be prepared by rapidly
solidifying, such as by melt-spinning, a melt of the
composition to produce fine-grained,
magnetically-isotropic platelets of ribbon-like
fragments. Magnets may be formed from these
30 isotropic particles by procedures 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
35 applications, they typically exhibit a magnetic energy




-~

: né]t-spinning process or after the isotropic particles 15 anneal ed
and/'or pulverised into a powder. - The result is REPLACEMENT SHEET

stibstantial ly ani sotropic, hi gh magnetic energy product,

magnet whose

hot - wor ked, ani sotropic magnet but is substgntially 20 gres
hot - pressed i sotropic magnet, yet which do
any alignnment by a magnetic field during pressing or adcitlonal
hot - wor ki ng steps. Specifically, bonded isotropic magnet '

of a bonded or

have a magnetic
about 79,554.4

magneti c energy product is less than that df
r 2ﬁbﬂEEH596

require

—

® E%tpr@%&w %fZ%botdte JH WS | ﬁ%\ituﬁ%} 43 5 AT/mto

t/ m (‘about to about , Whi I st hot-pressed

i sotropi c magnet d t:§§|4(>él AT/ i@bouta dh & @% megaianrfdersted® range
of about 79, 554. 4m&bet,0 wHiQH is 1ﬁ§ﬁ¥ﬁ1@iéﬁﬁxﬁdﬁ(ﬁﬁﬁ&”oﬂﬁéfo about 14

MXe). In 30 addit Qonded ani sotr gnets typically have -
magnetic energy B’PBB&&P%P%OU&O_L FE’ E’% magge fo zﬁﬁﬁr’%/ 5’)‘:@ AT/ m
(about 14 to mbodt i8 kodmn to hd%apnassﬂthanﬂxdtrdpmnnphrundlbéfud

i nventi on which

10

15

20

25

30

form magnets having a magnetic energy product of about
103,420.7 AT/m to about 171,376.2 AT/m (about 13 to
about 14 MGOe). US Patent No. 4,782,367, issued
December 20, 1988, discloses that the melt-spun
isotropic powder can be suitably hot-pressed and
hot-worked by plastic deformation thereof, so as to
create high-strength, magnetically-anisotropic
permanent magnets. Being magnetically anisotropic,
such magnets exhibit excellent magnetic properties,

typically having a magnetic energy product of about

22,752.3 AT/m (about 28 MGOe) or higher. However, a
shortcoming of the anisotropic magnets thus formed is
that, because the final forming step is a plastic '
deformation process, the shapes in which the
anisotropic magnets can be formed are significantiy
limited, particularly in comparison to the great
variety of shapes which are possible with bonded and
hot-pressed isotropic magnets.

' Another shortcoming with the production of
rare earth-iron-boron anisotropic magnets is that the
several processing steps required are time-consuming,
and the added hot-working step increases the costs of
making these magnets. In addition, the dies and o
punches required to hot-work the magnets are generally
complicated to manufacture and use. As a result, rare
earth-iron-boron anisotropic permanent magnets are
typically more expensive to produce and, again, their
shapes are limited by the equipment required to form
them.
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are formed entirely fromanisotropic particles are
15 characteri sed by a magnetic energy product of a R@&B@EMENT SHEET
159, 108.8 AT/'m (20 M3Ce) and hi gher. The mapngETTC propertie
of hot - pressed, ani sotropi c permanent magnets formed fn aqggqﬁgmeHS
with this invention were determ ned using cé@ventional steresis G aph
Magnet oneter (HGW) tests. Test \

Magnets composed of bonded anisotropic
particles having a magnetic energy product of about
119,331.6 AT/m to about 143,197.9 AT/m (about 15 to
about 18 MGOe) are known. The anisotropic particles

5 are formed from hot-worked, anisotropic magnets, such
as those described above, by known methods, such as
mechanical grinding, pulverisation and hydrogen
decrepitation methods. The anisotropic particles are
then bonded together with a suitable binder, such as a

10 thermoset resin or a thermoplastic resin, to form a |
‘permanent magnet. However, to achieve these high
magnetic energy product values, it is necessary to
subject the particles to an alignment field during
processing. As a result, the possible shapes for the

15 permanent magnet are again limited. 1In addition,
subsequent processing is more difficult and
complicated because the partiéles are already
magnetised, which can be particularly detrimental in
the computer industry where stray magnetic particles

20 can seriously damage the operation of memory.

Therefore, although the above prior-art
permanent magnets are suitable for many applications,
it would be desirable to provide a method for forming
permanent magnets exhibiting a magnetic energy product

25 of at least 119.331.6 AT/m (15 MGOe) and above, and
preferably about 159,108.8 AT/m (about 20 MGOe) or
greater, in which the method has the'advaﬁtage of
being capable of forming pefmanent magnets having a
great variety of shapes and yet does not require _

30 either a hot-working step or magnetic alignment during
hot-pressing.

A method for forming a hot-pressed rare
earth-iron-boron permanent magneﬁ according to the
present invention is characterised by the features

35 specified in the characterising portion of claim 1.
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séhples were placed such that the axis parallel to the direction of
alignment was parallel to the direction of the field aIREP[mENMTtMtT
HGM The sanpl es' were 10 each then nagneti sed to sat ur at ijo—are—then

demagnet i sed. The second quadrant demagnetijsdti t
are shown in Figures 1 and 2 [4[err]Min kil oGauss versug nggkg"§9§y

(H in kiloCersteds] for the preferred 15 ahisotropic, hdqdt-lpressed
per manent magnet of this invention. Figure 1 illustrgtes the magnetic
properties of an anisotropic permanent nmagnet fornmed f-orm-ory

ani sotropic particles, in accordance with a preferred enbodlnent of
this invention' Figure 2 20ti ibuthezeforehanneliectcofr 5pdst L8YeRLdRF each

axis of the ?ggﬁfgvgﬁeFhﬂu?ﬁﬁ%otggPlc hot -pres&Be §E9&hhbﬁt5%ﬁ@h%%

tested are descr Conpar ati ve

Exanple 1 25  exhibitipgr acwagae ﬁFvénEEB¥o§€§d”&t08ﬁvéﬁtﬂéﬁéF
hot -pressed isotjgpi §3RCENATIR (TBIMEDYGS ahdr préfardbly at least

5 159,108.8 AT/m (20 MGOe), without the requirement for
magnetic alignment during hot-pressing of the

anisotropic particles used to form the magnet.
It is another object of this invention that
such a method be capable of forming substantially

10 anisotropic permanent magnets having a greater variety
of shapes than that possible with conventional
hot-worked, anisotropic permanent magnets.

It is still another object of this invention
that such an anisotropic hot-pressed permanent magnet

15 should have a composition that has, as its magnetic
constituent, the tetragonallcrystal phase RE,TM;,B
which is based primarily on neodymium and/or
prasecdymium, iron and boron.

It is a further object of this invention

20 that such a permanent magnet should contain
magnetically-anisotropic particles, with possible
additions of magnetically-isotropic particles, the
relative quantities of each determining the magnetic
properties of the permanent magnet.

25 It is yet a further object of this invention
that such a permanent magnet should be formed by
hot-pressing a quantity of magnetically-anisotropic
particles together to form a permanent magnet which is
substantially anisotropic, or alternmatively, by

30 hot-pressing a quantity of anisotropic and isotropic
particles together to form a permanent ﬁagnet which is
at least partially anisotropic. '

In accordance with a preferred embodiment of
this invention, these and other objects and advantages

35 are accomﬁlished as follows.
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tested. The nomi nal conposition used to formthis, as wel | as the
ot her sanples investigated, was, in weight per cent afe .
percent rare earth (at |east 30 about 95% of this const tﬁ@ﬂ@&g@ﬁﬁﬁfﬁEET

neodym um and t he remai nder being essentially prasegdym un), about [.
percent boron, about 2.5 percent cobalt, and the - bak ance?2 0 PEQ 996N
Magneti cal | y-isotropic nelt-spun ri bbors of this cofpdsition were
formed in an ' 16
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According to the present invention, there is
provided a method for forming an anisotropic,
hot-pressed, rare earth-iron-boron permanent magnet,
wherein the permanent magnet exhibits a magnetic
energy product of at least 119,331.6 AT/m (15 MGOe),
and preferably at least 159,108.8 AT/m (20 MGOe) .

Yet, the magnetic energy products of this invention
are achieved without magnetic field alignment during
hot-pressing of the anisotropic particles and without
hot-working of the anisotropic particles.

The method of this invention includes
providing a quantity of anisotropic rare
earth-iron-boron particles, with possible additions of
isotropic rare earth-iron-boron particles, which are
then hot-pressed to form a substantially anisotropic
high magnetic energy product, permanent magnet. As an
anisotropic hot-pressed permanent magnet, a greater
variety of shapes is possible than that for a
hot-worked, anisotropic permanent magnet. 1In
addition, because the high magnetic energy product
magnets are obtained without the
conventionally-required magnetic alignment procedure
during pressing, a variety of compiex magnet shapes is
again facilitated by this method. The magnetic
properties and shape of the permanent magnet of this
invention can be tailored to meet the particular needs
of a given application.

Generally, the magnet composition of this
invention comprises, on an atomic percentage basis,
about 40 to 90 percent of iron or mixtures of cobalt
and iron (TM), about 10 to 40 percent of rare earth
metal (RE) that necessarily includes neodymium and/or
praseodymium, and at least one-half percent boron.
Preferably, iron makes up at least 40 atomic percent
of the total composition and neodymium and/or



over-quenched condltlon by use of the nelt-spinning p

above. A hot - pressed isotropi c magnet was t eHH%ACEMBNﬁéHEET
Firstly, a pre-formwas nmade fromthe 5 ribbons, and thenjt|fie pre-1orm wab
hot - pressed at a tenperature of about 750[err]C to abgu 8@8&%_‘@1@6 ahd
under a pressure of about 77.22 MPa to ebout 92. 67 MPa (about St
about 6 tons per square inch), to form magnets wth ajdi

14 millinetres; a height of 10 about 15.5 millinmetres and a wei ght of
about 18 grans. - Aver age val ues for nagnetic Properties

obt ai ned. for t hgsed@shahtunafigkabgyitatl WeldE. 2iATdEdmic éﬁcé’nm) for a

Cemanence (Br) °%c§%aé§€%ﬁx%%l%m 1okise; BrtfeRanly Ga% $Fehe (kCe))

for intrinsic caossmient yig Ho )the range of about 0.5 to abofixanple 2

A magnetic all Oyaé@yiélgpépc?eﬁé‘r@f Cﬂ@%ééifncomposition, but the total

5 Dboron content may suitably be higher than this
depending on the intended application. It is further
preferred that iron should make up at least 60 atomic
percent of the non-rare earth metal content, and that
the neodymium and/or praseodymium should make up at
10 least 60 atomic percent of the rare earth content.

Although the specific examples of this invention given
hereinafter are given in wéight percents which fall
within the above-described atomic percents, it is
noted that the compositions of the various iron,

15 rare-earth, boron and cobalt constituents may vary
greatly within the preferred atomic ranges specified
above.

Other metals may also be present in minor
amounts up to about one weight percent, either alone

20 or in combination. These metals include tungsten,
~chromium, nickel, aluminium, copper, magnesium,
manganese, gallium, niobium, vanadium, molybdenum,
titanium, tantalum, zirconium, carbon, tin and
calcium. Silicon is also typically present in small

25 amounts, as are oxygen and nitrogen.

The isotropic particles can be formed by

known methods, such as by melt-spinning a suitable
rare earth-iron-boron composition to an over-quenched,
optimum condition. The preferred composition is, on a

30 weight percent basis, about 26 to 32 percent rare

- earth, about 2 to about 16 percent cobalt, about 0.7

to about 1.1 percent boron, with the balance being

essentially iron. Particles formed by this process
are generally ribbon-shaped and can be readily reduced

35 to a desired particle size.




as;the conposi tion of Conparative Exanple 1 was used_2q-to—#ekﬁha_secanﬂ

nagnet. However, this magnetic conposition was in tﬁEPEAﬁEMEM SHEET
ani sot ropi c pomder i n accordance with the proceduteg This _
i nventi on. The ani sotropic particles were produced} by [gggégkﬁfsldg
and then hot-working a quantity of 25 ribbdns formed {n accor h
Conpar ati ve Exanpl e 1. The hot-pressing and hot - wof kHrg~st-eps-.uere
conducted at a tenperature of about 750[err]C to about|800[err] C. The
magneti c energy product of the hot-worked ani sotroprc nagnet~mas-abebt
278, 440. 4 AT/ m (35 MoOe). Tbe anisotropignpaxtisiesprzeppresera®dvt hen

obt ai ned by a foﬁﬁé&?nihoaahobadhéeeﬂl&ﬁcﬁéﬁhbab'Rﬁb@ﬁSQhPEh%n bhod.
The hydrogen decrepit tlgn stegﬁ caralﬁ % about ,450[err]C
usi ng’ hydr ogen a®¥anoflY 2P8-BF §bﬂgr§n °Ea386 18g 480pgopisoy _

- mllitorr)), whipartbeldeshapingntBé abbee paefearededoapbsatlanle&pe@ature
- of about.650@prrig:

plastically deform the individual grains of the
isotropic particles, resulting in plate-like
anisotropic particles. The anisotropic hot-worked
body obtained is then comminuted using known methods,
such as mechanical grinding, pulverisation or hydrogen
10 ~ decrepitation methods, so as to form a quantity of
anisotropic particles. The shapes of the hot-worked
bodies that can be used can be simple geometrical
shapes, such as rectangular blocks, cylinders, etc.,
which are easily formed by hot-working processes. The
15 dimensional accuracy and surface finish of the
hot-worked bodies are not very critical to this
invention since the bodies are later comminuted into
particles. All that is needed is a high magnetic
energy product, hot-worked magnet without any specific
20 shape or dimensional accuracy.

In accordance with this invention, it has
been determined that, by hot-pressing a quantity of
the plastically-deformed, magnetically-anisotropic
particles, a permanent magnet is formed whose magnetic

25 energy product is at least 119,331.6 AT/m (15 MGOe),
and preferably at least 159,108.8 AT/m (20 MGOe),
without the application of a magnetic field during
pressing. Alternatively, hot-pressing a mixture of
isotropic and anisotropic'particles produces a

30 permanent magnet whose magnetic energy product is
between about 119,331.6 AT/m to 167;064.2 AT/m (15 and
21 MGOe), again without the need for applying a
magnetic field during pressing.

In accordance with a first preferred

35 embodiment of this invention, hot-pressing a quantity



-

17 A quapti;y of the anisotropic powder was then hot - pressed at
a tenperature of about 730[err]C and at a pressure of a

(Tive tons per square inch) so as to forma hot-pressegﬁpggﬁiﬁﬁﬁgﬁggﬁé
per manent magnet havi ng approxi mately the sane di rengi gns_as t he

hot - pressed magnet of Conparative Exanpl e 1. Magneti ¢ al i%ﬂr&ﬁﬁm N0f
required during the hot-pressing steps n order to a¢hileve the high
magneti c energy products described bel ow. 10 The demagnetisati oh
curve for this hot - pressed ani sotropi c nagnet is il tst+ated. in

10

15

20

25

30

of anisotropic particles alone produces a
substantially anisotropic permanent magnet whose
magnetic properties are superior to the bonded and
hot-pressed isotropic magnets of the prior art, as
well as the bonded anisotropic magnets of the prior
art, and which are more comparable to the magnetic
properties of conventional anisotropic hot-worked
magnets. Yet, the variety of shapes in which the
anisotropic permanent magnets of this invention may be
made is far greater than the shapes possible with
conventional hot-worked anisotropic magnets in that,
as a final processing step, hot-working severely
limits the variety of shapes in which a permanent
magnet may be formed. |

Accordingly, an advantageous feature of this
invention is that magnetic energy products of at least
119,331.6 AT/m (15 MGOe), and preferably at least
159,108.8 AT/m (20 MGOe), may be easily achieved in
magnets produced by this method, yet without the
previous requirement for magnetic alignment of the
particles of the magnets during pressing or additional
hot-working thereof.

Also, as stated previously, another
significant advantage of this invention is that the
anisotropic hot-pressed permanent magnets of this
invention have_the final geometry thereof determined
by a hot-pressing operation. As a result, the
permanent magnets of this invention have a greater
variety of shapes possible than the hot-worked
anisotropic magnets of the prior art, yet are obtained
with somewhat comparable magnetic energy products
thereto. - ;
' Other objects and ‘advantages of this
invention will be better appreciated from the
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Figure 1. The average values for the nmagnetic properties O —
th?s magnet were a gagnetic energy product of about 167,j0 .ghégﬁkNT SHEET
(21.0 MECe), a 15 remanence of about 0/98T (9.8 kG and an ilntlrinsic
coercivity of about 827,320 A/m (10.4 kCe). Ay qonR® PECI199%

t he hot-pressed isotropic magnet of Conpérative Exanple|l, both the

r emanence and magnetic energy product are significantly 20 THproved;
whilst the coercivity has decreased. Whilst  maxinumcoetcivity is

i mportant for sone applications, - for many others all that is required

is a high r enfinddoviagd detgideidc deserdptiomand tie lavwpmparitiag

coercivity is suffLGi jlhed in the art will 25 recognise that t he
coercivity of theﬁhgkig'gggg&'%&lbghisotropic.nagnet of this exanple is

sufficient for such pur fégege paddilustyatysiiee deragnesd saittifont laxhiegh

magnetic energy peggugat hoRlpredsRachagned! fkined £rddivention. 30
Figure 2 shows_the ma netli roperties qQf a . rectangul ar sanple cut from
a hot-pressedf%niQBHPg§F€a l@-a isotropic particles of a preferred

iron-neodymium-boron composition, in accordance with a .
preferred embodiment of this invention; and
Figure 2 illustrates demagnetisation curves

along each axis for a hot-pressed magnet formed from

10 the magnetically-anisotropic particles of the
preferred iron-neodymium-boron composition shown in
Figure 1. _

The preferred method of the present

invention produces a rare earth-iron-boron high

15 magnetic energy product, anisotropic, pressed
permanent magnet which does not require the presence
of magnetic alignment'during pressing or the
additional step of hot-working the particles thereof
to achieve the high magnetic energy product thereof.

20 The preferred method includes hot-pressing a quantity
of anisotropic rare earth-iron-boron particles, with
possible additions of isotropic rare earth-iron-boron
particles, to form a high magnetic energy product
anisotropic permanent magnet.

25 Appropriate compositions for the iron-rare
earth metal permanent magnet of this invention include
a suitable transition metal (TM) component, a suitable
rare earth (RE) component and boron (B), as well as
small additions of cobalt, and are generally

30 represented by the empirical formula RE,TM;,B. 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
the iron preferably making up at least 60 percent of

35 the non-rare earth metal content; about 10 to 40



magnet prepared in accordance with Exanple 2 and shown FaEigure 1. The

sanpl e was about 9.4 by 9.4 by 7.6 mllinetres in SIﬂEPLAU’EhEI\ﬁaHHEE?V S
used to eval uate 35 the magnetic properties in the dirdctfromimwhi-eh—the

18 sanpl e of Exanple 2 was pressed, as well as iln thg P3§§ect|0ns
of the two orthogonal axes transverse to 10the directic f’%ﬁ :
As woul d be expected, the nmagnetic : |

percent of rare earth metal that necessarily includes
necdymium and/or praseodymium, with the neodymium
and/or praseodymium preferably making up at least 60
percent of the rare earth content; and at least |
5 one-half percent boron. Preferably, iron makes up at
least 40 atomic percent of the total composition and
the neodymium and/or praseodymium make up at least six
atomic percent of the total composition. The boron
content is preferably in the range of about 0.5 to
10 about 10 atomic percent of the total composition, but
the total boron content may suitably be higher than
this depending on the intended application for the
magnetic composition. Other metals may also be
present in minor amounts up to about one weight
15 percent, either alone or in combination, such as
tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niocbium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon, tin
and calcium. Silicon, oxygen and nitrogen will also
20 usually be present in small amounts. The useful
permanent magnet compositions suitable for use with
this invention are as specified in US Patent No.
4,802,931. | |
Specific compositions which have been useful
25 in preparing hot-worked, anisotropic permanent magnets
of this type, and which contain the magnetic phase
consisting of tetragonal crystals of Fe,,Nd,B (or the
equivalent), are, in corresponding weight percentages,
as follows: about 26 to 32 percent rare earth
30 (wherein at least about 95% of this constituent is
neodymium and the remainder is essentially
praseodymium) ; about 0.7 to about 1.1 percent boron;
and the balance being iron with cobalt being
substituted for the iron in some instances from about
35 2 to about 16 percent. '



_transverse to the

5 properties obtained in the direction of the pressing [-@ﬁétﬁﬂENMNTWGREET
essentially the sane as is reported above for the hot-{prj I

ani sotropi ¢ magnets of Exanpl e 2, as previously indicategd

| abel | ed "HP". Average values for magnetic properties 10 Ji

directions were about 55,688.1 AT/ m (7.Q1M30e) for the

product, about 0.61T (6.1 kG for remanence, and abouf 922,780 A/'m
(11.6 kGCe) for intrinsic coercivity, as indicated by {he Tturves

| abel led "X' and "Y". 15 Fromthis data, the extent to which
this sanpl e was ani sot repwevens fet £sntocbeaafidedstgolothAe the

i sot tio f : . s .Br/((B : B
CBryy[err])[orr] PROCRiEres o ERifciPERRRIRATR PRELAFRBLEI B bRe20” |
pressing, Brx is lawegeenfaweily of aompositﬂbnscasodegcribednprev$¢usmy¢he
di rection of prESEﬁrEh%ﬁTQC§%¥céﬁ a esthgn&egﬁggﬂcgahgé? ﬁﬁffn edlrectlon

ITectli cular

: Ton o reéS|ng_an per pen 0 the first
transverse di fect¥eferredotrdi ggnevaihyshesespriterhas an

iron-neocdymium-boron composition.

Generally, permanent magnetic bodies of this
composition are formed by starting with alloy ingots
‘'which are melted by induction heating under a dry,

10 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

15 1less than 400 nanometres at its largest dimension. It.
is most preferred that the rapidly solidified material
be amorphous or, if extremely finely crystalline, have
a grain size smaller than about 20 nanometres. Such .
material may be produced, for example, by conventional

20 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
according to this invention.

25 ' The iron-neodymium-boron particles, which
are magnetically isotropic at this point, are then
hot-pressed at a sufficient pressure and duration to
form a fully-dense material. Conventionally, this is
achieved by heating the cémposition to a suitable

30 temperature in a die and compacting the composition
between upper and lower punches so as to form a
substantially fully-dense, flat cylindrical plug of
material. Typically, when melt-spun material finer
than about 20 nanometres in grain size is heated at

35 such an elevated temperature for a period of a minute




25 anisotropy ratio for this sanple was found to be 0.77,
the hot-pressed ani sotropi c magnet was

ani sot I’Opl C.

det ermi ne whet her the hot pressing 30

appr oxi mat el
Exanpl e 3
t enperature had

any errecr-on

magneti c properties of permanent magnetsg.fornmed injagc th t
invention, the magnetic alloy of the previoag exanpl es ngzﬂﬁga@hio f
addi ti onal magnets. These magnets were fornmed fronja

in accordance with 35

exception
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the process described in Exanpleg 2, with the

I ndi cating
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or so and hot-pressed to full de%gity, the resultant
body is a permanent magnet. Furthermore, the magnetic
body is slightly magnetically anisotropic (meaning
that the magnetic bddy has a preferred direction of
magnetisation). If the particulate material has been
held at the hot-pressing temperature for a suitable
beriéd 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. _
If the hot-pressed body is then hot-worked,
that is, plastically deformed at an elevated |
temperature such as to deform the grains, the
resultant product displays appreciable magnetic
anisotropy. The hot-working step is typically carried
out in a largef die, also at an elevated'temperature,
in which the.hot-pressed body is die-upset to form a

cylindrical plug of material. The resulting

~ cylindrical plug of material is hard and strong, and
'is characterised by a density of typically about 7.5

grams per cubic centimetre, which is substantially
full density for the magnetic alloy.

If suitably practised, the high-temperature
working produces a fine platelet microstructure,
generally without effecting an increase in grain size
above about 500 nanometres. Care is taken to cool the
material before excessive grain growth and loss of
magnetic coercivity occurs. The preferred direction
of magnetisation of the hot-worked product is
typically parallel to the direction of pressing and
It is
not uncommon for the hot-worked product to have a

transverse to the direction of plastic flow.

magnetic energy product of about 222,752.3 AT/m
(28 megaGaussOersteds) or higher, depending on the
upset ratio.



that the final hot pressing step was conducted at temperatures of about

680[err]C, 750[err]C or 790[err]C. The results of thig i hﬂﬁﬁi

atre provided in the t abl e bel ow. Hot Press Tenp. REP@@EL* SHEET
Hei BHMax ([err] O T(kG ' A/BSBKOEE

AT/ m( MCe) 680 1.02(10. 2y-3 819, 365(10. 3 182} 1898. 0)
750 1.02(10.2) 827,320(10.4) 182,975.1(23.0) 790
1.02(10.2) 803,455(10.1) 182;975.1(23.0) From t he above,
it can be seen that the magneti c properties of the hot—p+essed

ani sotropic
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The Rot-worked, die-upset body is'
unmagnetised, magnetically-anisotropic, and has an
appreciable magnetic coercivity. By die-upsetting,
the grains in the body are flattened and aligned with

their major dimension lying transverse to the
" direction of pressing. The maximum dimensions of the

grains are typically less than 500 nanometres, and
preferably 'in the range of about 100 to 300
nanometres. The grains contain tetragonal crystals in
which the proportions of iron, neodymium and boron are
in accordance with the formula NdjFej4B.

The actual temperatures employed to-
hot-press and hot-work the bodies can vary and will be
discussed more fully in the specific examples
hereinafter. Generally, the hot-pressing and
hot-working procedures are accomplished at the same
elevated temperature, although this is not always
necessary.

Whilst the above processing steps are
generally conventional, at least two additional steps
are required to form the hot-pressed, substantially
anisotropic permanent magnets in accordance with this
invention. Firstly, the hot-worked, anisotropic body
is reduced to a particulate form using conventional
comminution methods, such as by mechanical grinding,
pulverisation or hydrogen decrepitation methods, so as
to form a quantity of magnetically-anisotropic
particles. This process does not change the grain
size or shape of the particles which, as indicated
before, are plate-like and iess than about 500

nanometres in length, more preferably about 100 to

about 300 nanometres in length. These particles are
then hot-pressed to form an anisotropic perﬁanent
magnet body which is characterised by a magnetic
energy product of at least 119.331.6 AT/m (15 MGOe)




magnets of this invention remain substantially the 10 s T - SN
t enperatures of between about 680[err] C a%d 790[err]?%.$"%i§ﬂ@'ﬁg§§éﬁi S )
are essentially the sane for all tenperatures. Thys,} it woul d appga
that ~ the high magnetic energy products of this inJerfti2@® DEC 99§ dug to
the ani sotropic magnetic properties of the 1l particlg¢s]and are not dye
primarily to the hot - pressi ng paraneters used to florm the Tagmet; i ch
is contrary to the conventional teachings with regard{___to hot-presse
magnets forned fromisotropic particles. Accordingly, there is an

i ndi cation that gi28cwedeneareguitref@intp ofs 2nyy ragmetriat wldgnmerst s whi ch
w || produce the desired magnetic pro %%Fi s . tar .the. Qﬁ}' Ggssed

ani sot ropi ¢ magn8HEige PEES 1ﬁ$éﬁ?%oﬁa ou q%?ﬁﬁf%?ﬁoro%%{es t he

| ar ge- scal e manuhaditiongl hoteivorke ngpgifettheofparttisliessent i on. 25 .

Exanpl e 4 Tq, deter.g oL ' i el d

of permanent magnets forme qenagggg&%g%g%%rﬁ%ég%? ikf]evg{rﬁq?g#écﬁedbe

i nfl uenced bys i npesorglimgrdgndthec same hot-pressing steps described
above for the isotropic particles. If desired,

quantities of melt-spun isotropic particles may be
mixed in with the anisotropic particles, so as to
preferably modify the resultant magnetic properties of
10 the magnet body since the presence of the isotropic
particles within the composition will slightly lower
the magnetic properties of the hot-pressed body. ‘The
isotropic particles can be obtained directly from the
melt-spinning process or after the isotropic particles
15 are annealed and/or pulverised into a powder.

The result is a substantially anisotropic, -
high magnetic energy product, permanent magnet whose
magnetic energy product is less than that of a
hot-worked, anisotropic magnet but is substantially

20 greater than that of a bonded or hot-pressed isotropic
magnet, yet which does not require any alignment by a
magnetic field during pressing or additional
hot-working steps. Specifically, bonded isotropic
magnets typically have a magnetic energy product in

25 the range of about 63,643.5 AT/m to about 79,554.4
At/m (about 8 to about 10 MGOe), whilst hot-pressed
isotropic magnets typically have a magnetic energy
product in the range of about 79,554.4 AT/m to about
111,376.2 AT/m (about 10 to about 14 MGOe). 1In

30 addition, bonded anisotropic magnets typically have a

'magnetic energy product of about 111,376.2 AT/m to
about 143,197.9 AT/m (about 14 to about 18 MGOe) .
Permanent magnets according to this invention which
are formed entirely from anisotropic particles are



pre-aligning field prior to hot-pressing, additional REPLACEMENT SHEET
20 magnets were forned of the sane conposition as bgf gre: AT
Exanpl e 3, these magnets were forned in accordance with th r Eﬁh
described in Exanple 2, wi th the exception that nine grans%%ﬂtﬂgé 6
ani sotropic 5 powder were used to forma @y indrical pre-forn '

di aneter of approximately 13.7 mllinmetres and a
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characterised by a magnetic energy product of at least
159,108.8 AT/m (20 MGOe) and higher.

The magnetic properties of hot-pressed,
anisotropic permanent magnets formed in accordance
with this invention were determined using conventional
Hysteresis Graph Magnetometer (HGM) tests. Test
samples were placed such that the axis parallel to the
direction of alignment was parallel to the direction
of the field applied by the HGM. The samples were
each then magnetised to saturation and then
demagnetised.

The second quadrant demagnetisation plots
are shown in Figures 1 and 2 [4nM in kiloGauss versus
coercivity (H) in kiloOersteds] for the preferred
anisotropic, hot-pressed, permanent magnet of this
invention. Figure 1 illustrates the magnetic
properties of an anisotropic permanent magnet formed
from only anisotropic particles, in accordance with a
preferred embodiment of this invention. Figure 2
illustrateé the magnetic properties along each axis of
the magnet of Figure 1.

The specific samples tested are described
more fully below. '

Comparative Example 1

For comparative purposes, a conventional
hot-pressed isotropic permanent magnet was formed and
tested. The nominal composition used to form this, as
well as the other samples investigated, was, in weight
percentage, about 30.5 percent rare earth (at least
about 95% of this constituent being neodymium and the
remainder being essentially praseodymium), about 1.0
percent boron, about 2.5 percent cobalt, and the
balance being iron. Magnetically-isotropic melt-spun
ribbons of this composition were formed in an




| ength of about 8 mllinetres. The pre-formwas nade by—nitially. . .
al.igning the anisotropic powder within a magnetic fiel i RERUACEMBRDISMEET
fTeI? intensity 'of 10 about 11.93 x 10[err] A/m (15 kQCe). '
pre-form was then lubricated and hot-pressed at a tenpgrhat

about 730[err]C and a pressure of about 77.22 MPa - (SHFDn E@?D@Eh§%§
i nch) . The remanence for thil¥ magnet was deterki-ned 15 _1Q
about 1.04 T (10.:4 kG, as conpared to a remanence of {1.02 T (10.2 kG

for the hot-pressed ani sotropi ¢ nagnets of Exanple 3, TTrcattrg—that
magnetic al i.gnnent does not significantly inprove the magneti c
properties of tbwenotupneheddcenddsirapby 2oe iy dies mel tFpinndneht i on.

Accordingly, it @Pﬂgggsdescrﬁgéh Lhevadvant ages of this |nvent|on can be
substantial ly rBarrse hout the need for apptélng a netic field

during processing of the &hhesrP¥sseed isphxropd :QaQHﬁQﬂV%gs n contrary
to conventlonalfg§meaeachhagglybe@ep&emm@rmnwad|madéaﬁnqmnaﬂa

substanti al Ig/ ! r’rggg\c/,%ss't dr’r%glnet It(f\leer;]:%"eq% rrxnoqwua.cst %o(?:f -pressed at a
temperature of about 750°C to about 800°C, and under a
pressure of about 77.22 MPa to about 92.67 MPa (about
5 to about 6 tons per square inch), to form magnets
with a diameter of about 14 millimetres, a height of

10 about 15.5 millimetres and a weight of about 18 grams.

Average values for magnetic properties

obtained for these magnets were about 111,376.2 AT/m
(14.0 MGOe) for a magnetic energy product (BHmax),
about 0.8T (8.0 kiloGauss (kG)) for remanence (Br),

15 and about 14.88 x 105 A/m (18.7 kiloOersteds (kOe))
for intrinsic coercivity (Hci).

Example 2
A magnetic alloy having the same composition

as the composition‘of Comparative Example 1 was used

20 to form a second magnet. However, this magnetic
composition was in the form of an anisotropic powder,
in accordance with the procedures of this invention.
The anisotropic particles were produced by
hot-pressing and then hot-working a quantity of

25 ribbons formed in accordance with Comparative Example
1. The hot-pressing and hot-working steps were
conducted at a temperature of about 750°C to about 800°
C. The magnetic energy product of the hot-worked
anisotropic magnet was about 278,440.4 AT/m (35 MGOe).

30 An anisotropic powder was then obtained by a
conventional hydrogen decrepitation/desorption method.
The hydrogen decrepitation step was carried out at
about 450°C using hydrogen at about 1/3 atmosphere
(about 33.33 Pa (250 millitorr)), while the desorption

35 step was carried out at a temperature of about 650°C.



bonded nmagnets formed from ani sotropic particles.
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Exanple 5 -Again, a magnetic alloy having the
conposition as in Cbnparat|ve Exanple 1 was used to f gﬂ%ﬁ onal
magnets. These magnets cont ai ned addi ti ons of |sotrop|c po €998

ani sotropic

wei ght, approximately 75, 50 and 25 percent 35 anisotrop
accordance with this 21
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powder to produce magnets Whi ch consistedfo
particles,

A quantity of the anisotropic powder was then
hot-pressed at a temperature of about 730°C and at a
pressure of about 77.22 MPA (five tons per square
inch) so as to form a hot-pressed, anisotropic
permanent magnet having approximately the same
dimensions as the hot-pressed magnet of Comparative
Example 1. Magnetic alignment was not required during
the hot-pressing steps in order to achieve the high
magnetic energy products described below.

The demagnetisation curve for this
hot-pressed anisotropic magnet is illustrated in
Figure 1. The average values for the magnetic
properties obtained for this magnet were a magnetic
energy product of about 167,064.2 AT/m (21.0 MGOe), a
remanence of about 0/98T (9.8 kG) and an intrinsic
coercivity of about 827,320 A/m (10.4 kOe).

As compared to the hot-pressed isotropic
mégnet of Comparative Example 1, both the remanence
and magnetic energy product are significantly
improved, whilst the coercivity has decreased. Whilst
maximum coercivity is important for some applications,
for many others all that is required is a high
remanence and magnetic energy product, so long as the
coercivity is sufficient. One skilled in the art will
recognise that the coercivity of the hot-pressed
anisotropic magnet of this example is sufficient for
such purposes, particularly when coupled with the high
magnetic energy products and remanences of this
invention. -

Figure 2 shows the magnetic properties of a
rectangular sample cut from a hot-pressed anisotropic .
magnet prepared in accordance with Example 2 and shown
in Figure 1. The sample was about 9.4 by 9.4 by 7.6
millimetres in size. This sample was used to evaluate
the magnetic properties in the direction in which the




invention. As before, the anisotropic particles were pRICLACERERY SHEET

hot - pressi ng and then hot-working a quantity of ribbbnfFformed-inr
accordance with Conparative Exanple 1, and then comn thPQ? g&g 5
particles into an ani sotropi-c powder by hydrogen = deckepifa P 1996
The ani sotropic powder was then m xed with 18 nelt-spun isetropic ribb

ns

I n accordance with the wei ght percentages noted aboJe. The m xtures

were 10 then hot-pressed at a tenperature of about 730[€rriCand at
pressure of about 77.22 MPa (5 tons per square inch) to form
hot - pressed per nueseamplenghicExampliea 2 wasli pepesseds asnwedl as tthathéor

oot v®, ST Erderions of st oyd)SEOSMRL Rkt rhUBLTRORE! b8
bel ow. the direction of pressing.
As would be expected, the magnetic
5 properties obtained in the direction of the pressing
operation were essentially the same as is reported
above for the hot-pressed anisotropic magnets of
Example 2, as previously indicated by the curve
labelled "HP". Average values for magnetic properties

10 in the transverse directions were about 55,688.1 AT/m
(7.0 MGOe) for the magnetic energy product, about
0.61T (6.1 kG) for remanence, and about 922,780 A/m
(11.6 kOe) for intrinsic coercivity, as indicated by
the curves labelled "X" and "Y".

15 From this data, the extent to which this
sample was anisotropic was determined according to the
anisotropy ratio formula:

Br/((Br)2? + (Brx)? + (Bry)?)?*
where Br is the remanence in the direction of

20 pressing, Brx is the remanence in a first direction
transverse to the direction of pressing, and Bry is
the remanence in a second direction transverse.to the
direction of pressing and perpendicular to the first
transverse direction. According to this formula, the

25 anisotropy ratio for this sample was found to be 0.77,
indicating the hot-pressed anisotropic magnet was
approximately 77 percent anisotropic.

Example 3
To determine whether the hot pressing

30 temperature had'any effect on the magnetic properties
of permanent magnets formed in accordance with this
invention, the magnetic alloy of the previous examples
was used to form additional magnets. These magnets
were formed from anisotropic powder in accordance with

35 the process described in Example 2, with the exception
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Exanple 2, the 20 coercivities here were such that the high

and magnetic energy products of these sanples would be sui table for

many applications which requjre a erm ~—~—From.. f
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CtS than t t-pressed I sotropl c permanent
magnet s forned table below.
5
Hot Press Temp. Br Heci BHmax
(°C) T (kG) A/m(kOe) AT/m (MGOe)
680 1.02(10.2) 819,365(10.3) 182,975.1(23.0)
750 1.02(10.2) 827,320(10.4) 182,975.1(23.0)

790 1.02(10.2) 803,455(10.1) 182,975.1(23.0)

From the above, it can be seen that the
magnetic properties of the hot-pressed anisotropic
magnets of this invention remain substantially the

10 same for hot-pressing temperatures of between about
680°C and 790°C. The properties are essentially the
same for all temperatures. Thus, it would appear that
the high magnetic energy products of this invention
are due to the anisotropic magnetic properties of the

15 = particles and are not due primarily to the
‘hot-pressing parameters used to form the magnet, which
is contrary to the conventional teachings with regard-
to hot-pressed magnets formed from isotropic
particles. Accordingly, there is an indication that a

20 wide range of hot-pressing temperatures exists which
will produce the desired mégnetic properties for the
hot -pressed anisotropic magnets of this invention,
which in turn promotes the large-scale manufacturing
of the magnets of this invention.

25 . Example 4

To determine whether the magnetic properties
of permanent magnets formed in accordance with this
invention can be influenced by imposing a magnetic.
pre-aligning field prior- to hot-pressing, additional
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The magnets in Ekag o
3 are fornmed with only anisotropic particles. The ani sotro?ﬁyl'gggmﬁﬁ OHEET

in these exanpl es were made from hot-worked ani sotropic nagnets 5
havi ng- magneti ¢ energy products of about 278.440.4 AT/ m (|35 MBDEDEC

t hough hot -wor ked ani sotropi ¢ nmagnets hayg a potential fqgr {magnetic
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magnets were formed of the same composition as before.
As in Example 3, these magnets were formed in
accordance with the process described in Example 2,
with the exception that nine grams of the anisotropic
powder were used to form a cylindrical pre-form having
a diameter of approximately 13.7 millimetres and a
length of about 8 millimetres. The pre-form was made
by initially aligning the anisotropic powder within a
magnetic field with a magnetic field intensity of
about 11.93 x 105 A/m (15 kOe). The aligned pre-form
was then lubricated and hot-pressed at a temperature
of about 730°C and a pressure of about 77.22 MPa
(5 tons per square inch).

The remanence for this magnet was determined
to be about 1.04 T (10.4 kG), as compared to a
remanence of 1.02 T (10.2 kG) for the hot-pressed
anisotropic magnets of Example 3, indicating that
magnetic alignment does not significantly improve the
magnetic properties of the hot-pressed anisotropic
magnets of this invention. Accordingly, it appears
that the advantages of this invention can be
substantially realised without the need for applying a
magnetic field during processing of the anisotropic
particles, which is again contrary to conventional
teachings wherein magnetic field alignment
substantially improves the magnetic energy products of
bonded magnets formed from anisotropic particles.

Example 5

Again, a magnetic alloy having the same
composition as in Comparative Example 1 was used to
form additional magnets. These magnets contained
additions of isotropic powder to the anisotropic
powder to produce magnets which consisted of, by
weight, approximately 75, 50 and 25 percent
anisotropic particles, in accordance with this




nearly about 397,772 AT/ m (50 M3Ce). Accordingly, it I
t hat magnetic energy products of 10 between about 198,886 jA]
238,663.2 AT/ m (30 M3e) can be realised for
ani sotropic particles made in accordance

and about

hot - pressed
with the procgdjir SCOES gy
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The anisotropic powder was then mixed with

melt-spun isotropic ribbons in accordance with the

weight percentages noted above. The mixtures were

‘then hot-pressed at a temperature of about 730°C and

at a pressure of about 77.22 MPa (5 tons per square
inch) to form hot-pressed permanent magnets with
dimensions similar to that for Comparative Example 1.
Average values for the magnetic properties
obtained for these hot-pressed magnets are summarised

-below.
¥Anisotropic Br Hci BHmax
Powder T (kG) A/m(kOe) AT/m (MGOe)
75 0.95(9.5) 875,050(11.0) 147,175.8(18.5)
50 0.88(8.8) 1,089,835(13.7) 133,651.4(16.8)
25 0.85(8.5)

1,233,025(15.5) 120,922.7(15.2)

- As with the samples of Example 2, the
coercivities here were such that the high remanences
and magnetic energy products of these samples would be
suitable for many applications which require a
permanent magnet.

From the above, it can be seen that
hot-pressed permanent magnets formed from anisotropic
particles, with or without additions of isotropic
particles, of a neodymium-iron-boron composition
exhibit higher magnetic energy products than that of
hot-pressed isotropic permanent magnets formed in



phase, TMis preferably at |east 60 atom c percent |roﬂrﬁg¢
preferably at |east 60 atom c percent 30 neodym um and/gr p f
A particularly advantageous feature of this i nventio
magneti c energy product, ani sotropi ¢ hot-pressed per
be formed, without the requirenent for zny nagnetlc
during hot-pressing and al so wi thout the
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accordance with the prior art. The magnets in
Examples 2 and 3 are formed with only anisotropic
particles. The anisotropic particles in these
examples were made from hot-worked anisotropic magnets

5 having magnetic energy products of about 278.440.4
'AT/m (35 MGOe), though hot-worked anisotropic magnets
have a potential for magnetic'energy products of
nearly about 397,772 AT/m (50 MGOe). Accordingly, it
is foreseeable that magnetic energy products of

10 Dbetween about 198,886 AT/m (25 MGOe) and about
238,663.2 AT/m (30 MGOe) can be realised for
hot-pressed anisotropic particles made in accordance
with the procedures of this invention. Again, such
results would be expected to be relatively independent

15 of the pressing temperature used.

Whilst the preferred composition necessarily
contains iron, neodymium and/or praseodymium, and -
boron, the presence of cobalt is optional. The
composition may also contain other minor constituents,

20 such as tungsten, chromium, nickel, aluminium, copper,
magnesium, manganese, gallium, niocbium, vanadium,
molybdenum, titanium, tantalum, zirconium, carbon,
tin, calcium, silicon, oxygen and nitrogen, providing
that the isotropi¢ and anisotropic particles contain

25 the magnetic phase RE,TM;,B along with at least one
additional phase at the grain boundaries that is
richer in rare earth. In the essential magnetic
phase, TM is preferably at least 60 atomic percent
iron and RE is preferably at least 60 atomic percent

30 neodymium and/or praseodymium.

' A particularly advantageous feature of this
invention is that high magnetic energy product,
anisotropic hot-pressed permanent magnets may be
formed, without the requirement for any magnetic

35 alignment during hot-pressing and also without the



conventional hot-working steps previously required to obtain these hi gh

magneti c energy products, both of whi ch procedures unTuEﬁPLU” 608
the processing of t hese types of magnets and limt thg NTHE&ST
resul tant magnet bodies. These are particularly advan} ageous ftéeatur

of this invention. The sanples of Exanpbgs 2 and 3, whi Eh e gired
I n accordance with the preferred enbodi ment of this ihnvention, '
illustrate that hot-pressing a quantity of anisotropic 10 e
produces a substantially anisotropic magneti ¢ conposiifion whose
magneti c propertl PEBt 1ona S URSE LRbrk QogééﬁsaﬁgeOQBuﬂi?S§§&ui§ghrEB'“
magnet s or ed ani sotrop| c_ magnets, of rior

The results of sdﬁ%ﬂ%%ntﬁg?%ﬂ HoEmagnesia EBergﬁdPH°§HHF§atbthanthe
hot - pressed ani safHiD@h CproceMBHBET Sn@uLlY heémphyeateOBheaprBeek8iHBd oW t hi n

e el o0y e, range ol ol pLeseLEg | SpeT BT EE a0l Chou
hot - pressi ng. sThisesultant magnet bodies. These are particularly
advantageous features of this invention. The samples
of Examples 2 and 3, which were formed in accordance
with the preferred embodiment of this invention,
illustrate that hot-pressing a quantity of anisotropic
10 particles alone produces a substantially anisotropic
magnetic composition whose magnetic properties are
superior to bonded and hot-pressed isotropic magnets
or bonded anisotropic magnets of the prior art.
The results of samples tested in Examples 3
‘15 and 4 indicate that the hot-pressed anisotropic
magnets of this invention can be formed within a
relatively wide range of hot-pressing temperatures and
without the need for any pre-aligning of the
anisotropic particles prior to hot-pressing. This
20 would appear to indicate that the plate-like,
plastically-deformed shapes of the anisotropic
particles provide the high magnetic energy product of
" the resultant magnet and do not deteriorate during the
hot pressing operation. As a result, nearly optimal
25 magnetic properties can be achieved with a relatively
uncomplicated process which is amenable to large-scale
manufacturing.
The samples of Example 5 illustrate that
hot-pressing a mixture of isotropic and anisotropic
30 particles produces a magnetic composition whose
magnetic properties are also superior to bonded and
hot-pressed isotropic magnets of the prior art. '
Moreover, it is truly an advantageous
feature of this invention that the permanent magnets
" 35 have their final geometry determined by a hot-pressing



20 woul d appear to indicate that the plate-like, plastically-deformed

shapes of the anisotropic particles provide the high

ptr oduct of . the resultant magnet and do not deteriorate dﬂﬂﬂ@EME@TSHEET
hot pressing operation. As a result, nearly optiml 25 tircC -as
can be achieved with a relatively unconpl,i cated process ' '
anenable to | arge-scale nanufactljring.m}‘L h sanppg§‘€?6
"Exanple 5 illustrate that hot - pressing a m xture of i dotropte—and

anisotropic 30 particles produces a nmagnetic conpositionjwhose

T oPe SR aE 340 ADE] EebuLl, PR uBlgne s 10 ISR —
advant ageous pesiahenef magnetsnvénthis thyenthenpbavenangreagest s 35
have their final geoggtry detgnnbaedoRyiB1BotnBReEE"dot -worked
anisotropic magnets of the prior art. The variety of
5 shapes in which hot-pressed permanent magnets may be
made is far greater than that possible with hot-worked
‘anisotropic magnets in that the hot-working process
limits the types of shapes which can be produced.
Therefore, whilst this invention has been

10 -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
of the magnetic particles could be varied within the
preferred weight and atomic ranges, with or without

15 other constituents as described above, or different
and/or additional processing steps may be employed to
produce the isotropic and anisotropic particles.
Accordingly, the scope of this invention is to be
limited only by the scope of the following claims.

20 The disclosure in United States patent
application No. 979,030 from which this application
claims priority, and in the abstract accompanying the
application are incorporated herein by reference.
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1. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy, in whichrthe alloy is
subjected to the steps of hot-pressing and hot-working
so as to produce a hot-worked body having a fine
platelet microstructure, characterised in that the
method comprises the further steps of: comminuting
said hot-worked body so as to produce therefrom a
quantity of magnetically-anisotropic rare
‘'earth-iron-boron alloy par;icles having a plate-like
structure; and then hot-pressing the quantity of
magnetically-anisotropic rare earth-iron-boron alloy
particles together to form a hot-pressed,
magnetically-anisotropic rare earth-iron-boron alloy
permanent magnet having a magnetic energy product of
at least 119,331.6 AT/m (15 MGOe), which step of
hot-pressing can be carried out in the absence of a
magnetic alignment field without -substantial affecting
the magnetic anisotropy and the magnetic energy
product of the hot-pressed, magnetically-anisotropic
rare earth-iron-boron alloy permanent magnet; said
hot-pressed, rare earth-iron-boron alloy permanent
magnet having a structure formed from plate-like
~grains and exhibiting a magnetic anisotropy and a
magnetic energy product &hich is greater than that of
a hot—pressed'magnetically—isotropic magnet having a
substantially similar composition, and which is less
than that of said hot-worked body.

2. A method of forming a hot-pressed rare
earth-iron-boron pefmanent magnet from a rare
earth-iron-boron alloy according to claim 1, in which
the magnetically-anisotropic rare earth-iron-boron
alloy particles are formed from a composition

comprising, on a weight percent basis, about 26 to 32
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one skilled in the art. For exanple, the conposition

particles cgp+d‘be_M§LLg%5!LLE;n t he preferred wei gh
. ranges, wth constituents as describ
di fferent M m’l processing steps nmay be g
produce the |s’ot rcQ MOtropl C partigées. Acdlor
of this invention is to be limted only by the scopq of the follomﬁng
clainms. 20 - The disclosure in United States paten
application No. 979,030 fromwhich this application clainms priority,
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boron, with the balance being essentially iron.
3. A method of forming a hot-pressed rare
5 earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 1, in which
the magnetically-anisotropic rare earth-iron-boron
alloy particles have a grain size of not more than 500
nanometres. _

10 . 4. A method of forming.a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 1, in which
magnetically-isotropic rare earth-iron-boron alloy
particles are mixed with the magnetically-anisotropic

15 rare earth-iron-boron alloy particles prior to the
hot-pressing step so as to form a homogeneous mixture
therewith.

5. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare

20 earth-iron-boron alloy according to claim 4, in which
the magnetically-isotropic rare earth-iron-boron alloy
particles are formed from a composition comprising, on
a weight percent basis, about 26 to 32 percent rare
earth, optionally about 2 to about 16 percent cobalt,

25 and about 0.7 to about 1.1 percent boron, with the
balance being essentially iron.

6. A method of forming a hot-pressed rare
‘earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 1, in which

30 the magnetically-anisotropic rare earth-iron-boron
alloy particles are formed according to a method .
comprising the steps of: producing a quantity of
magnetically-isotropic rare earth-iron-boron alloy
particles; hot-pressing the quantity of

35 magnetically-isotropic rare earth-iron-boron alloy

1 _
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CLAI VS: A nethod for forming a hot pressed |ﬁo o :
met al pernanen thod conprising the steps of Qrpﬁﬁééﬁ%ﬂfhsqur
provi di ng pl at Mﬂ ropic iron-rare earth metal articles,
wherei n the :ani $ote re earth netal particles ar forﬁﬁMDEc
conposi ti on conpri sing, onsan* tom c percent dbsis, about 40jto about 90
percent iron or a m.xture of cobalt and iron, about 10 to @bout 40 percent
rare earth, and at |east about 0.5 percent boron and hot

pressing a quantity of the anisotropic iron-rare earth netal particles In
the absence of a rpgatiicdes itgndorm B glagnafdealiat- isetronispmagnet

iron-rare earth ”eb%ldypa'htdtdvﬁ:%k%@ TS rdidfried il 05 IMRANGIItG-H e Wﬁ?&étﬂf@d
during the hot pressifng step, the_hot ,pressing step fornlng the ho pressed
ani sotropic iron- r&P@Yeéptﬁsnéthlﬁéﬁﬁﬁéii thee SFRAIGH dheke

iron-rare earth, mgbakspeorERit saa@ﬁomwmwlbﬁcﬁ}etarﬁm&ugh grains and

exhibiting a netlc anl Qtro and.an enpe oduct i ch. is greater
than that of a hot <H % @oﬁaw&{e}éé X st Pﬁ:%ﬁ"‘fy simlar

conposition, and whhehaﬁrche$hdﬂmagnammcaﬁ1y}dnnsonrdgxteraﬁanroplc magnet
havi ng a S“bSta”t'%5&%h§&§%k?%d%-gﬁ%ﬁﬁ%§°$artlcle wherein the hot

pressed anisotropi C 1ron-tare ear erimanent’ magnet exhi bits an
energy product of at |east aljout Al@WsM@@ ot-pressed rare

earth-iron-boron permanent magnet from a rare

10 earth-iron-boron alloy according to claim 6, in which
the magnetically-anisotropic rare earth-iron-boron
alloy particles are formed by a hydrogen decrepitation
and desorption process. _

8. A method of forming a hot-pressed rare

15 earth-iron-boron permanent magnet from a rare ,
earth-iron-boron alloy comprising, on a weight percent
basis, about 26 to 32 perxcent rare earth, at least 90
percent of which is neodymium, optionally about 2 to
about 16 percent cobalt, about 0.7 to about 1.1

20 percent boron, and the balance being essentially iron,
the method comprising the steps of: melt-spinning said
rare earth-iron-boron alloy to form over-quenched
ribbons; forming magnetically-isotropic rare '
earth-iron-boron alloy particles from the rlbbons,

25 hot-pressing the magnetically-isotropic rare
earth-iron-boron alloy particles to form a
magnetically-isotropic body; and hot-working the
magnetically-isotropic body so as to plastically
deform the microstructure thereof, so as to form a

30 magnetiéally-anisotropic body; characterised in that
the method includes the further steps of comminuting
the magnetically-anisotropic body so as to form
therefrom magnetically-anisotropic rare
earth-iron-boron alloy particles; and hot-pressing the

35 magnetically-anisotropic rare earthQiron-boron alloy
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2. A method for formng a hot pressed iron-rare earthf I peT e e ft—
magnet. as recited in claim1 wherein the anisotropi ir n?ﬁgﬁkp ThSHETal

particles are—forned froma conposition conprising, on g veight percent

basi s, about nt rare earth, about 0.7 to 4bqut2p. Nt
boron with t mﬂmﬂmgﬂm&lﬁm’essent ially irg. 3. 26 %\Eﬁet od|f ¢r
form ng a hot *pressed 2re earth netal pernmanent grmet—as—rect+teed i f
claim 2, wherein the conposition further conprises abouf_2 to about 16
percent cobalt. 4. A nmethod for formng a hot pressed 1ron-rare
earth nmetal per ”ﬁé@ﬂ'c‘ﬁgnﬁbﬁéﬁéh@@cﬁh@@h@ aBsinBel thel aidyridteiaani sot ropi c
iron-rare earth tal partic %s have a grain, size of not nore than about
500 nanoneters. alignmentsfie dAtﬁb.ﬁﬁa‘Fobqgﬂﬂﬁqﬁfﬁénﬁﬁr%wessed iron-rare
earth netal pernageih-Taensboadn elilioyd permenent hagreteibavisg reopi c

T on- _ ; _
'ron-rare eart h et 2Ry Unghey FrodliatedeVdd iidise 119,331.6 AT/m
5 (15 megaGaussOersteds).
9. A method of forming a hot-pressed rare

earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 8, in which
the magnetically-anisotropic rare earth-iron-boron

10 alloy particles are formed by a hydrogen decrepitation
process. .

10. A method of forming a hot-pressed rare
earth-iron-boron permanent magnet from a rare
earth-iron-boron alloy according to claim 8, in which

15 the magnetically-anisotropic rare earth-iron-boron
alloy particles have a grain size of not more than 500
nanometres. _

11. A method of forming-a hot-pressed rare
earth-iron-boron permanent magnet from a rare

20 earth-iron-boron alloy according to claim 8, in which
the material of the hot-pressed rare earth-iron-boron
alloy permanent magnet further comprises one or more
minor additives chosen from the group consisting of
tungsten, chromium, nickel, aluminium, copper,

25 magnesium, manganese, gallium, niobium, wvanadium,
molybdenum, titanium, tantalum, zirconium, carbon,
tin, calcium, silicon, oxygen and nitrogen.

12. A hot-pressed magnetically-anisotropic
rare earth-iron-boron alloy permanent magnet

30 comprising, on a weight percent basis, about 26 to 32
percent of rare earth, of which at least 90 percent
thereof is neodymium, optionally about 2 to about 16
percent cobalt, about 0.7 to about 1.1 percent boron,
and the balance being essentially iron; which

35 permanent magnet has the grains thereof plastically
e ;
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-26-  anisotropic iron-rare earth rretal particles prior tHe lﬁﬁ Fe55+-0g
of Lﬁﬁf

step so as to f xture. = A method for MENStSHEET
pressed iron- ﬂﬂmmmﬂ!l errranent magnet as recitedjip claimb
wherein the | earth netal particles areff

conposition conprising, on a weight percent basis, about 6 tgpgéhﬁgﬁgght
rare earth, about 0.7 to about 1.1 percent boron, with th

essentially iron. 7. A nmet hod for formng hot pressed
iron-rare earth nmetal permanent magnet as recited in claimb6, Wierermtte

conmposi tion f yelFbemedoRRd TR ARG riged by ®elinkf dfe et Risseehdldlly
plate-like structure, and which exhibits a magnetic
energy product of at least 119,331.6 AT/m

(15 megaGaussOersteds) .
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8. A nmethod for formng a hot pressed iron-rare earth e
magnet as recited in claim1l wherein the anisotropic ironrrpre earth met
partieles are formed according to a method conprising thel stegd BEC 1995
providing a quantity of isotropic iron-raré earth netal parlicles;

hot pressing the quantity of isotropic iroggrare earth mgtal particlTes to-

forman isotropic nmagnet body; : hot working the ilsatrapic pagpetic

body so as to plastically deformthe grains of the |sotrop|c iron-rate
earth netal parti ¢cg D IMAENETS_F 5T RO BO , AR
commi nuting the anisotropic magnet body so as to forn1the anlsotplc
iron-rare earth nmetal particles fromthe ani sotropic nmagnetic body.

9. A met hod fxpstedt ng a hot pressed iron-rare earth metal pernmanent
magnet as recited in claim8 wherein the conm nuting step conprises a
hydrogen decrepitation and descrption process 10. A et hod
for formng a hot pressed Arm@thggel%aprﬂvhﬁedlfsﬁrﬁﬁﬁ@ﬁngnﬁghégh

conprising, on amag%&@icpéﬁéf‘&& QféaﬁctabﬁHéngélEﬁl§ -BAREBRECRALS earth
wherei n at | east ercent of thls consituenf i s neod ¥ﬁ1un1 about

0.7 to about 1. ]h?kg2§9$sg@r5§reagﬂrth iron-boron alloy permanent
magnet without the requirement for magnetic alignment

5 during pressing or additional hot-working steps. The
method of this invention includes providing a quantity
of magnetically-anisotropic rare earth-iron-boron
alloy particles and hot-pressing the particles so as
to form a substantially magnetically-anisotropic

10 permanent magnet. The hot-pressed permanent magnet of
this invention can be made in a greater variety of
shapes as compared to conventional hot-worked
magneﬁically—anisotropic permanent magnets. As a
result, the magnetic properties and shape of the

15 permanent magnet of this invention can be tailored to
meet the particular needs of a given application.
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the bal ance being essentially iron, the nethod conprising |t REPEAGEMENGT SHEET
melt spinning a hot pressed iron-rare earth netal conposi tji gmtoform
over quenched ri bbons; form ng isotropic iron-raife{e rhi el @s
fromthe ribbons; aébkb@é%
hot pressing the isotropic iron-rare earth et al particl e$ te-form.an |
| sotropi ¢ magnet body; hot working the isotropic magneti c body so as
to plastically deformthe iron-rare earth netal particl es of~thet+set+repic
magnet body, so as to form an ani sotropic nagnet body; chrgri nut i ng
t he ani sotropic magnet body so as to form pl atel et-shaped ani sjptropic
12
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i ron- rare eart fromthe ani sotroplc magnet bod
ho?v pl’e'SSI ng & lm @ﬂb{'lﬂ”ﬂ?am sotropic iron-rare earth net aFEBml\é?'\g SHEET
in the- absence ignment  fi el d such t-hat the ani sot ropic _
iron-rare earth netal particles are subsi;sant ially magnetically nonali gned = .

during the hot -pressing step, the hot pressing step forning the hot pressed

iron-rare epamisiet al - per manent magnet ; whereby the iron-rare earth
net al per manent magnet exhi bits an ener gy produﬁi 3 | east about 15
- megaGaussCerteds. - A nmethod-for fo a hot pressed

- com nat .eneaéiq:f;‘iéﬁpr Pl E“y’aﬂ%%ﬁ&ov%%r b ot it At Rl bbb fdghel ) ©
A et hed f mlshtztﬂlpstea'mfd iron-rare earth netal permanent magnet
parti ol s have a or o e ity plaflch SerRBaIUe SRt Gpn b8 fehf pliteliE) herein
13. A nethsenispepi¢ irondrarg earth otetab pasicles arerfomcchﬁ'emeanmuposmoalcompnmgm
e ahens SEBbRE plrbeot b bl 405) Sy SB Sell by REERACHRH RO I R q%?a%a e
gr oup consébaut 49 tadbonti#Q) peroent rare earth, and af least about 0. 5 percent boron; and
hot pressing a quantity of the anisotropic iron-rare earth metal particles in the
absence of a magnetic alignment field such that the anisotropic iron-rare earth metal
particles are substantially magnetically nonaligned during the hot pressing step, the hot
- pressing step forming the hot pressed anisotropic iron-rare carth metal permanent magnet,
the hot pressed iron-rare earth metal permanent magnet having platelet-shaped grains and
exhibiting 8 magnetic anisotropy and an energy product which is greater than that of a hot
pressed isotropic magnet having a substantially similar composition, and which is less than
that of a hot worked anisotropic magnet having a substantially similar composition;
wherein the hot pressed anisotropic iron-rare carth metal permanent magnet
exhibits an energy product of at least about 15 megaGaussQersteds.

| 2. A method for forming a hot pressed iron-rare earth metal permanent magnet
as recited in claim | wherein the anisotropi¢ iron-rare carth metal particles are formed from
a composition comprising, on a weight percent basis, about 26 to 32 percent rare earth,
about 0.7 to about 1.1 percent boron with the balance being essentially iron.

3. Amethod for forming a hot pressed iron-rare earth metal permanent magnet

as recited in claim 2, wherein the composition further comprises about 2 to about 16 percent
cobalt. :

4, A method for forming ahot pressed iron-rare earth metal permanent magnet

as recited in claim 1 wherein the amsotropxc iron-rare earth metal particles have a grain size
of not more than about 5 00 nanometers.

5. A method for forming a hot pressed iron-rare earth metal permanent magnet
as recited in claim 1 wherein isotropic iron-rare earth metal particles are mixed with the
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chrom um .nickel, al uni num opper, magnesi um manganese, gal | iﬂmAaEMEN[u&HEET

_v-anadr-um m)l_y'bd antalum zircom un, .:carbon, tin, calcium
silicon, oxygen m{!“m“ngmﬂmﬂ " 14. A method for forni ng a hot- .
pressed iron-raresecat mat als perrranent magnet as recited in claim10, .
wherei n said magnet further conprises apgut 2 to about 16 percent cobalt.

anisotropic iron-rare carthi metal particles prior to the hot pressing step so as to form a

6. A method for forming a hot pressed iron-rare earth metal permanent magnet
as recited in claim S wherein the isotropic iron-rare earth metal particles are formed from a
composition comprising, on a weight percent basis, about 26 to 32 percent rare earth, about
0.7 to about 1.1 percent boron, with the balance being essentially iron.

7.  Amethod for fonhing a hot pressed iron-rare earth metal permanent magnet
as recited in claim 6, wherein the composition further comprises about 2 to about 16 percent
cobalt.

8 A method for forming a hot pressed iron-rare earth metal permanent magnet
 as recited in claim 1 wherein the anisotropic iron-rare earth metal particles are formed

according to a method comprising the steps of:

providing 2 quantity of isotropic iron-rare earth metal particles;

hot pressing the quantity of isotropic iron-rare carth metal particles to form an
isotropic magnet body; |

hot warking the isotropic magnetic body $o as to plastically deform the grains of the
isotropic jron-rate earth metal particles, so as to form an anisotropic magnet body; and

comminuting the anisotropic magnet body so as to form the anisotropic iron-rare
earth metal particles from the anisotropic magnetic body. '

9. A method for forming a hot pressed iron-rare earth metal permanent magnet
as recited in claim 8 wherein the comminuting step comprises a hydrogen decrepitation and
desorption process.

10. A method for forming a hot pressed iron-rare earth metal permanent magnet
comprising, on a weight percent basis, about 26 to 32 percent rare earth wherein at least
about 90 percent of this constituent is neodymium, about 0.7 to about 1.1 percent boron, and
the balance being essentially iron, the method comprising the steps of:

melt spinning a hot pressed iron-rare earth metal composition to form overquenched
ribbons; |

forming isotropic iron-rare earth particles from the ribbons; REPLACEMENT SHEET
| 2 4 SEP 1999
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hot pressing the isotrapic iron-rare earth metal particles to form an isotropic magnet
body; | o | R
hot working the isotropic magnetic body 50 s to plastically deform the iron-rare
earth metal particles of the isotropic magnei b’odj, 50 as to form an anisotropic magnet
body; . E ' o
" comminuting the anisotropic magnet body so as to form platelet-shaped snisotropic
iron-rare earth metal particles from the anisotropic m.ﬁgnct body; and -
hot pressing a quantity of the anisotropic iron-rare earth metal particles in the

absence of a magnetic alignment field such that the anisotropic iron-rare earth metal
- particles are substantially magnetically nonaligned during the hot pressing step, the hot

pressing step forming the hot pressed iron-rare earth metal permanent magnet;
| ' whereb}' the iron-rare earth metal permanent magnet exhibits an energy product of at
‘least about 15 megaGaussOersteds.

1. Amethod for forming a hot pressed iron-rare carth metal permanent magnet
as recited in claim 10 wherein the comminuting step comprises a hydrogen decrepitation
process.

_ 12 A method for forming & hot pressed iron-rare earth metal permanent magnet
as recited in claim 10 wherein the anisotropic iron-tare earth metal particles have a grain
size of not more than about 500 nanometers.

13. A method for forming a hot pressed iron-rare earth metal permanent magnet
as recited in claim 10 wherein the hot pressed iron-rare carth metal permanent magnet
further comprises one or more additions chosen from the group consisting of tungsten,
chromium, nickel, aluminum, copper, magnesium, manganese, gallium, niobium, vanadium,

molybdenum, titanium, tantalum, zirconium, carbon, tin, calcium, silicon, oxygen and
nitrogen. '

14. A method for forming a hot pressed iron-rare earth metal permanent magnet

as recited in claim 10, wherein said magnet further comprises about 2 1o about 16 percent
cobalt. '
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A method is provided for forming a high
magnetic energy product, magnetically-anisotropic,
hot -pressed rare earth-iron-boron alloy permanent
magnet without the requirement for magnetic alignment
during pressing or additional hot-working steps. The
method of this invention includes providing a quantity
of magnetically-anisotropic rare earth-iron-boron
alloy particles and hot-pressing the particles so as
to form a substantially magneticaily—aniéotropic
permanent magnet. The hot-pressed permanent magnet of
this invention can be made in a greater variety of
shapes as Compared to conventional hot-worked
magnetically-anisotropic permanent magnets. As a
result, the magnetic properties and shape of the
permanent magnet of this invention can be tailored to
meet the particular needs of a given application.

'FIGURE 1
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