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-1- FI NE GRAI NED ANI SOTROPI C PONDER FROMgere™
MELT SPUN RI BBONS This invention pertains to
rapidly solidified perna- nent magnet material s
based on iron-neodym um boron type connpgyggogs
More particul arl hj |

met hod for treat
melt spun) nmaterials so that t he pomders are mag-

netically anisotropic. =Thig invention pertains t ggcu gg THE
| NVENTI ON 18 Inventiog P et o arS gﬁ 558 §

material s based Wferials based on i ron neoqymyim ity and/ or

praseodym un andbmi¥itions. More particularly,dlthilsaGwid:dw de in
commerci al applications, U.S. hod £ ; Pat . Ngs. 5,110, 374,
4,851,058 and 4,50RH 1 Wihod for treating such matexiglseasmy)e,

di scl ose a bpoadspeatighied ionpiosigremmbldhadf claim 1, so that the
powders are magnetically anisotropic.

Permanent magnets and magnetic materials
based on iron, neodymium (and/or praseodymium) and
boron are used worldwide in commercial applications.

10 U.S. Patents 5,056,585, 4,851,058 and 4,802,931 to
Croat, for example, disclose a broad range of
compositions that characterize the iron-
neodymium-boron permanent magnet family. As indicated
in these patents and in other publications, the

15 'magnets contain a transition metal (TM) compcnent,
usually iron or iron mixed with cobalt; a rare earth
element (RE) component, usually neodymium including
mixtures of neodymium with praseodymium and small
amounts of the other rare earth group elements; and

20 boron. As normally employed in commercial use, these
compositions usually consist essentially, on an atomic
percentage basis, of about 10 to 18 percent of the
rare earth constituent, at least 60 percent of which
is neodymium and/or praseodymium, a small amount up to

25 about 10 percent boron, and the balance mainly iron or
iron and cobalt. Preferably, these magnet
compositions contain 70 percent or more of iron or
iron and cobalt. The compositions may also contain
small amounts of additives for processing or for the

30  improvement of magnetic properties. They contain the
tetragonal crystal phase RE,TM,B where RE and TM are as
indicated above and below.

Sintered versions of these magnetic materials
have received wide commercial acceptance. Sintered
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characterize the iron-neodym um boron per manent

magnet famly. As indicated in these patents and in

‘ot her publications, the magnets contain a transition

metal (TM conponent, usually iron or iron 2ixed with

cobalt; a rare earth elenent (RE) conponent, usually
neodym um i ncl uding m xtures of neodymumwth

praseodym um and snmall amounts of the other rare

earth group el emmagnetandrieomade Ay poepabkliyjgest crystalline powder or

poned in comer agkl%ﬁgs E%@%Elﬁﬁﬁgoaiﬁ%QQﬁ g%u@hgyt?tragonal crystal
consi st essentia | on an atom¢c rce asl S
about 10 to 18 p@théém REETM LR wm:éee%ﬁtxs mqmmwty ngodymium and/or

| east 60 percent ;9f Wik a%edrﬁ'QE1§EH6951@ a$e68n or iron and
dym um, a small anDunt up_ to about 10 percent _Dboron,

and the bal ante FRPRIL}-irdHeoBTRLHS 3X8 t¥Barellprepgr@icromecre or

bl'y, these mgneua&@@ﬁoguthomhaeonhal Powdepet@fnbeOhagnetically
nore of iron or irqgn and cobal t sitio

al so contain smaPligRE t§°8Pa§88dtﬁgg?ngogrSFBnggp%ﬁt and sintered

or for the i nprodensatua mugaenpu pxadéertingsatMhephere. Sintering

contain the tetr I stal E ] ]
RE and TM ar o as PEGALESEed haid afepcpoly RuvERE! Hadhbtec
Sintered veré@on§O@tCnNé§y ma§hehi @ sansergdspRawanent magnet is

characterized by relatively large grains (i.e.,
greater than a few um in diameter) of the 2-14-1 phase
with an intergranular phase having a rare earth
element content greater than the 2-14-1 phase.

15 U.S. Patents 4,981,532 and 5,110,374
(Takeshita et al) disclose a practice of treating an
ingot or a powder of large-grained, polycrystalline
material that includes the RE,Fe,B phase. In the
treatment, hydrogen is introduced into the

20 polycrystalline material to form a hydride(s).
Subsequently, the hydride is decomposed and the
hydrogen removed (desorbed) in order to recrystallize
the 2-14-1 grain structure. In accordance with this
practice, it is possible to form a powder that is

25 either magnetically isotropic or magnetically
anisotropic. Thus, one starts with a material that is
crystalline, contains grains of appreciable size (> 1
um) of the essential 2-14-1 phase and recrystallizes

the grains so as to form usually smaller grains which

30 may be aligned so as to constitute a magnetically
anisotropic material. There is also a substantial
market for permanent magnet compositions of fine grain
Structure (< 500 nm in average largest dimension)

1 Prepared by starting with a melt-spinning or other

Suitable rapid solidification process. The resultant
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recei ved wi de comrerci al acceptance. Sintered mag-

nets are nade by preparing a crystalline powder or particles containing
a grain of the tetragonal crystal phase
RE[err]TMerr]B a where RE is principally nédodym

I um and/ or praseodym umand TMis generally iron or

iron and cobalt. The grains are typically one m crone-

ter or larger such that the powder can be nagnetlcall{

al i gned, conpact exPWIRI GRrykeensedhpac Maked megnesieglly-isotropic,

in vacuum or a nonsirflind e AR, € asShall8l kR0 hot -pressed and

produces a fully dense body having nagnetic coerciv-
ity. Such sinter '@Fﬁgﬁﬁif“%ﬁf *is characterized by

relatively large grains (Ehe mgheahetutbaafarﬁpmdiﬁrs&Di&ﬂfied
dlartor) of (0 G IRl e A g WS panent. magnets
starts w1th a molten alloy of suitable composition and
produces melt-spun ribbon particle fragments. The
rapid solidification practice is usually carried out
by containing the molten alloy in a heated vessel
10 under a suitable non-oxidizing atmosphere. The molten
alloy is ejected in a very fine stream from the bottom
of the vessel through a small orifice onto the
peripheral surface of a spinning, coocled quench wheel.
The quench wheel is usually made of a suitable

15 high-conductivity copper alloy and may have a
wear-resistant coating on the circumferential quench
surface of the wheel. The wheel is typically water
cooled so that prolonged melt spinning production runs
may be carried out without any unwanted decrease in

20 the rate of heat extraction from the molten alloy that

impinges upcon the wheel. It is necessary to maintain
a suitably high heat extraction rate in order to
consistently obtain the desired very fine grain
microstructure.

25 The rate of cooling of the molten alloy is
dependent upon a number of factors such as the amount
of superheat in the molten alloy, the temperature of
the quench wheel, the rate of flow of the molten alloy
through the orifice onto the spinning wheel, and the

30 velocity of the peripheral surface of the spinning
wheel. All other factors being considered, the most
readily controlled parameter of the cocoling of the
molten alloy is the velocity of the peripheral surface
of the quench wheel.
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2 2-1-1 phase. U S. Pat. Nos. 4,981,532 and 5, 110, 374 (Takeshita et
al) disclose, a practice of treating an ingot or a powler of |arge

grai ned, polycrystalline nmaterial that includes the RE[err]Fe[err]B phase.
In the treatment, hydrogen is introduced irto the polycrystalline naterial
to forma the hydride(s). Subsequently, the hydride is decom posed and

t he hydrogen renoved (desorbed) in older to recrystallize the 2-14-1 grain
structure. In accordance wth this practice, is possible to forma powder
that is either magnetical}y tRtTob: swinmhed caldgecidfiisv-  tropic.

Thus, one starts WhhBodifBbA! i 8t thapobsiBl¥Stal obtdimen £odQigS grains of
appreci abl e size (>1 gerrln%aofegher essentlal12£14-1 ﬁhgse and ,
recrystal | i zes theegPanfRt sYagRet BTPBERT L& 8at Ty RFelFEr - IFH TRAFH 3 nay
be aligned so aspyovappshgt guenahmebeeli spééd. antisot plomonemdrerislweTher e
's also a subsgantial; BRLKCL A0k BELTBOS 0 BI8 patent s 4,802,931,
4,851,058 and 5,056,585. As disclosed in these
patents, by employing a given RE-TM-B composition and
employing successively increasing quench wheel speeds
starting with a relatively slcw speed, it is possible
10 to obtain a series of fine-grained crystalline
products that respectively display values of magnetic
coercivity that continually increase toward a maximum
value and then decrease from that value. At the same
time the values of magnetic coercivity are increasing,
15 the values of magnetic remanence also increase over at
least a part of the increasing wheel speed range as
the cocoling rate is increased. In the manufacture of
many members of the family of rapidly solidified
RE-TM-B magnets, it is preferred to operate the quench
20 wheel rate slightly faster than the wheel speed at
which maximum cocercivity is cbtained in the melt-spun
ribbon. These materials are then extremely
fine-grained or even apparently amorphous, and they
can be annealed or hot-worked to a condition of
25 desired high coercivity and magnetic remanence.
Such melt-spun materials are magnetically
isotropic. It would be advantageous to have a
Practice for the treatment of such extremely
fine-grained or amorphous materials which would
30 produce magnetic anisotropy in such melt-spun ribbon
pParticles. It has been possible in the prior art to
Produce magnetically-anisotropic powder from a
melt-gpun ribbon material by producing overquenched,
melt-spun ribbon, hot-pressing the ribbon particles
into a fully-densified body, hot-working the body to

35
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conpositions of fine grain structure (<500 nmin aver- age |argest

di nensi on) prepared starting with a nelt spinning or other suitable rapid
solidification process. The resultant powder can be used to nake
magnetically isotropic, resin-bonded magne?s, as well as hot pressed and
hot wor ked nagnet s. The manufacture of rapidly solidified versions of the
RE-TM B fam |y of pernmanent magnets starts with a nolten alloy of suitable
conposi tion and produces nelt- spun ribbon particle fragnents. The rapid is
solidifica- tionfpraitWwatedsraing o4& mesdesdcady Yc8Ri8PRFRELFhe nol t en

alloy in a heat eghtedsisell, Wi pA vl ilzakblee o0 kStmindlkingg taknosphere. The
nmolten alloy is ejected in.a very fine reamfromthe bottom of the vesse
t hrough a smal | lb#"’r'f"focrg(ec#:t%the;ycpeﬂrﬁh% "?ﬁ#g&&adﬁyaagﬁﬁﬁﬁirﬁﬁ}ccool ed
quench wheel . Thsowdeench Siwdela imagrstdlday liyea@icbtropict pbwder has
b o conduet 41 oAt S WIS EoboliRTES ShalleBsaling on the
cool ed so that pvollshdwl dasdirayientiondeprddgc ta Peedugss amay be carried out
wi t hout any unmaﬂ§§ﬁgtically-anisotropic material directly from (or
in) the melt-spun ribbon particles.
A method of making a fine-grained,
10 magnetically-anisotropic permanent magnet powder
according to the present invention is characterised by
the features specified in the characterising portion
of claim 1.
Accordingly, it is an object of the present
15 invention to provide a method of producing
magnetically-anisotropic powder material from a
melt-spun powder that is initially very fine grained
(typically less than 50 nanometres in grain size) or
even apparently amorphous in its microstructure. It
<0 is a more specific object of the present invention to
introduce such magnetically-anisotropic properties
into a melt-spun material by a practice of absorbing
hydrogen into the fine-grained material and then
removing the hydrogen under conditions which produce a
25 fine-grain material having anisotropic magnetic
properties.
In accordance with a preferred embodiment of
the present invention, these and other advantages are
accomplished as follows.

30 The practice of the present invention is
Preferably applicable to a melt-spun material of the
RE-TM-B type described that has been melt-spun to an
optimally-quenched or to an overgquenched condition.

" This is to say that the quench rate, typically through

b]

control of the wheel speed, is such that the
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decrease in the rate of heat extraction fromthe nolten alloy that inpinges

upon the wheel. It is necessary to maintain a suitably high heat extraction
rate in order to consistently obtain the desired very fine grain mcro-
structure. The rate of cooling of the noltfen alloy is dependent upon a

nunber of factors such as the anobunt of super- heat in the nolten all oy,
the tenperature of the quench wheel, the rate of flow of the nolten all oy

t hrough the o - 3- _ .
coercivity of the as-quenched powder is optimal as is,

or is less than could have been obtained using a
somewhat lower wheel speed or lower cooling rate. The
resulting material has a very fine-grained

5 microstructure of average grain size less than about
50 to 100 nanometres. It may even be substantially
amorphous (i.e., have no readily perceptible
crystallinity as indicated by x-ray diffraction
pattern or by suitable microscopic technique such as

10 transmission electrcn microscopy, TEM).

The practice of the present invention is
particularly applicable to those RE-TM-B compositions
that contain, on an atomic percentage basis, about 10
to 16 percent of rare earth element where at least 60

i5 percent of the rare earth composition is neodymium
and/or praseodymium. The compositions also preferably
contain a small amount of boron up to about 10 atomic
percent. The balance of the composition is
substantially transition metal, preferably iron or

20 iron with small amounts of cobalt (where cobalt is no
more than 40 percent of iron plus cobalt).
Preferably, the iron or iron plus cobalt content is at
least 70 percent of the total composition. However,
as will be disclosed hereinafter, small amounts of

25 additional alloying constituents may be employed to
enhance the magnetically-anisotropic characteristics
of the final powder. Examples of such additives,
usually employed in amounts of less than one percent
by weight of the overall composition, include (alone

30 or in combination) gallium, zirconium, carbon, tin,
vVanadium or tantalum.
Whilst the practice disclosed in U.S. Patents
4,981,532 and 5,110,374 was successfully carried out
3 by recrystallization of a polycrystalline

large-grained ingot material, the inventors have
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orifice onto the spinning wheel, and the velocity of the peripheral surface
of the spinning wheel. Al other fac- tors being considered, the nost
readily controlled pa- ranmeter of the cooling of the nolten alloy is the
velocity of the peripheral surface of the dquench wheel. In the nelt
spinning of a specific conposition, it is possible to obtain a range of
per manent nmagnet proper- ties in the nelt-spun material by varying quench
wheel speed. The phenonenon is well disclosed and described in U S. Pat.
Nos. 4,802,931, 4i8btveb8dasdrprOstngdy. tiat disclospossiblidese gaileits, by
enpl oying a given - o L LON ' S S | ncreas-
I ng quench wheel ?sggagyé%gtﬁgéﬁ%ﬁ %ﬁr e?&z%?%/g jS/ I%v%/?%?e%d%/ﬂ]%/a%s

possi bl e to obt aimaterieti €Babf Wil hePHPRRFR A tkst B3 s phwfittan t hat

respectively di sphayry¥ahHeSasf pHRGEPt t Ka€ORE¢é VAL FE { Padnc ot puaddy so
i ncrease toward a nBX|$ygégalue and then decrease fromthat value. At the

same tinme the Svala§e§©o ¥t PRILBETCi PP HF PINRERRG YL e he val ues of
magneti c remanence al so iStaxtiesavinteramtop wiantl 13 RAtdnaed ke i ncr easi ng
wheel speed range as Lhe £08! h0%: ! ah6n ' Ral DEIERSSin v i N8 B AL
fragments of said material are subjected to hydrogen
at a suitable elevated temperature under atmospheric
10 pressure or slightly sub-atmospheric pressure for a
brief period of time so as to form hydrides of the
iron and rare earth constituents present in the
material. Hydrogen is then evacuated from the
environment around the powder to totally withdraw (or
15 desorb) it from the powder. The hydrogenation and
dehydrogenation is preferably carried out at a
temperature in the range of about 700°C to 850°C. The
period of hydrogenation and the periocd for hydrogen
removal are both of the order of one hour or less.
20  Upon removal of the hydrogen from the solid material
and cooling to room temperature, it is found that a
fine-grained material has been produced having grains
less than about 500 nanometres, preferably less than
300 nanometres, in average dimension. The
25 microstructure consists essentially of said fine
grains of the RE,Fe(Co).B tetragonal crystal phase with
4 rare earth element-rich grain boundary phase about
each of the tetragonal grains. Surprisingly, the
resultant material, when pulverized to a powder, can

30

be aligned in a magnetic field and hot-pressed or
consolidated with a resinous bonding agent or other
Suitable binding material to produce a magnet which
has preferred magnetic boundaries in the prcperties of
Magnetic alignment.

o Replece?
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ture of many nmenbers of the famly of rapidly solidified RE-TM B nmagnets,

it is preferred to operate the quench wheel rate slightly faster than the
‘wheel speed at which maximum coercivity is obtained in the nelt- spun

ri bbon. These materials are then extrenely f8ne grained or even apparently
anor phous, and they can be anneal ed or hot worked to a condition of desired
hi gh coercivity and nmagneti c renmanence. Such nelt-spun materials are '
magnetically isotropic. It would be advantageous to have a practice for the
treatment of such extrenel$¥hilsle ¢PaiPREGIT ArgsHoan dseried™ whi ch woul d

produce magnetic aisseibeayihnceval 8l brepupréd bbpBodandn el eshetdohas been
possible in the prior ar#.to rodgce magneti cal Ly ani sotropjc pow_der from
a mel t-spun ri bborPtRgEef &?Cﬁg pP dﬁgVﬁgtﬁgﬁ?q% neERR A PYRPE 1B U +3 bbon,

hot pressing the rHekombomopar tiehesyi appanefitil fyotlensddt £11dddy, hot
wor ki ng the body to for n r ai o] netically ani- sotropic
B obeum eLangALEd. 8" h0S, 0o IRGNS

material, and conmnut rng the h Wor ked body to formthe
magneti cal |y ani sotropic powder. Such ani sotropi c powder has very good per-

Example 1
an alloy was prepared having the following
composition on a weight percent basis: total rare
10 earth content, 31.2 percent (of which 95 percent was
neodymium, about 4 percent was praseodymium, and the
balance incidental impurity amounts of other rare
earths); cobalt, 2.5 percent; boron, 0.94 percent;
gallium, 0.5 percent; and zirconium, 0.08 percent,
15 with the balance iron and incidental impurities such
as aluminium, silicon, and carbon. Expressed in terms
of atomic proportions, the RE content was about 14.5
percent, the cobalt content about 2.5 percent, boron
about 6 percent, gallium about 0.5 percent, zirconium
20  about 0.08 percent and the balance iron. This molten
alloy material was inductively heated in a quartz
crucible to a temperature of 1420°C in a dry,
substantially oxygen-free atmosphere. The material
was ejected under a slight pressure of 20.7 kPa (3
25  psig) of argon atmosphere through a 0.635 mm (0.025
inch) diameter orifice in the bottom of the crucible
onto the circumferential edge of a 254 mm (10 inch)
diameter copper quench wheel. The material was
melt-spun in portions at a variety of wheel speeds
ranging from 13 metres per second to 24 metres per
Second. 1In the Table 1 below, the demagnetization
Properties of the as-melt-spun material at the

30

respective wheel speed are summarized.
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manent magnet properties. However, it would be desir- able to be able to
produce a jmagnetically anisotropic material directly from(or in) the
‘mel t -spun jribbon parti- cles. -4-
Accordinglly, it is an object of the present invention to provide a nethod
of producijng magnetically aniso- tropic powder material froma melt-spun
powder thdt is initially very fine grained (typically |ess than 50 nano-
nmeters injgrain size) or even apparently anorphous in its mcrostructure.
It is a n$re specific object of the present invention to introduce such
nagnetica%ly ani so-

wheel Speed B, XG) He, (kQe} BH...(MGQe)
{n/sect

13 7.22 17.70 10.81
15 7.26 17.80 11.0
17 7.53 17.96 12.0
20 5.19 11.92 3.91
22 3.1.8 2.38 0.99
24 1.39 0.53 0

5 It is seen that by varying the wheel speed

whilst keeping the other parameters of the apparatus
that affect rate of cooling substantially constant, a
range of magnetic properties is cbtained in the
material produced. This range is characterized by an
i0 increasing magnetic coercivity with increasing wheel
speed to a maximum magnetic coercivity and
substantially maximum magnetic remanence values at a
wheel speed of about 17 metres per second.
Thereafter, the permanent magnet properties decrease
5 as the cooling rate increases. This is due to the
fact that, as the cooling rate increases, the rapidly-
sclidified material becomes a finer and finer grain
Size and reaches a near amorphous condition at the
higher wheel speeds. It is preferable to practice the
20 process of this invention on the optimally-quenched or
overquenched materials. In other words, it is
Preferable to apply the practice of the present
invention in the case of this example to material that
has been melt-spun at a wheel speed of 17 metres per

25

Second or greater (up to about 24 m/sec).
The melt-spun samples produced at the various
wheel speeds were then subjected to a hydrogen
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rties into a nelt-spun material by a practice of absorbing

o the fine grained material and then renoving the hydrogen

i ons which produce a fine grain material having anisotropic
perties. In accordance with &%preferred enbodi ment of our

I nvention, ft hese and ot her advantages are acconplished as foll ows. BRI EF
DESCRI PTI OF THE INVENTION The practice of our invention is preferably
applicablefto a nmelt-spun naterial of the RE-TM B type described that has

tropic pro
hydr ogen i
under condi
magnetic pr

been melt gpun t abaArBptePedeSPrRicHIhFant 1de #F Frddquwenchdd seowdiet i on.
This is tofsay that phecsdwenchs ralsadey/ pircad 11 HhroughnaHy ol of the wheel
speed, is such that the coercivity of the as-quenched powder is optiml as
is, or is less tﬁ&ﬁpﬁﬁﬁ?‘ﬂr%aveﬂﬁeeﬁ‘%%ﬁﬁéﬁff}‘s‘f%a& R B&Rer wheel

speed or |ower ceakknfilbéd wiltte Hehtddemo ored eideadsui®s of \woutf i ne grai ned
o oSt e, ChefEL 95! ot o Sl IR, 28 (i mmareters
crys- § were heated to 800°C over a period of 35 minutes. The
| melt-spun sample in the hydrogen atmosphere was

maintained at 800°C for three minutes. The hydrogen

was then pumped out of the furnace utilizing a vacuum
0 pump with the pumping continuing so as to reach a

pressure of 133.322 x 10 Pa (10 torr). The

desorption step at a temperature of about 800°C was

continued for 10 minutes, and then the treated

melt-spun ribbon particles were removed from the
15 furnace and were cooled to room temperature within 10
minutes under vacuo. The ribbon particles had
retained their shape. They had not been comminuted by
the hydrogen treatment process.

This described process of hydrogen

absorption-desorption was chosen as a result of some

[\9]
(]

experimentation on a variety of melt-spun samples. 1In
general, it is preferable to carry out the hydrogen
absorption on the melt-spun material at a
sub-atmospheric hydrogen pressure above about

25 79,993.2 Pa (600 torr). A pressure range of 79,993,.2
to 101324.7 Pa (600 to 760 torr) is suitable. A
pressure of about 86,659.3 Pa (650 torr) is preferred.
Hydrogenation temperatures in the range of about 700°C
to 850°C are preferred, with hydrogenation times up to

0 one hour being suitable. Thereafter, the sample was
maintained for an additional period of up to one hour
during hydrogen desorption. It is preferable to
continually pump the hydrogen from the furnace by
evacuating the furnace to a pressure of 133.322 x 107

3% pa {(10? torr) or less. The ribbon particles are then

This Sheet Has Been Replaced

I




tallinity gas indicated by x-ray diffraction pattern or by suitable

m cr oscopifc techni que such as transm ssion el ectron m croscopy, TEM. The
practice our invention is particularly applica- ble to those RE-TM B
conpositi gns that contain, on an atomc péﬂcentage basi s, about 10 to 16
percent rd§re earth elenent where at | east 60 percent of the rare earth
conpositign is neodyniun1and/or praseodyniun1 The conpositions al so
preferably contain a _snall oniﬁegercent.

nu Q about %0 a
The bal anfe of t4ﬁ5W58H5891f|0ﬁ P g&ﬁs?&n?PéEF& Br §h&Ft FBA
preferably i ron grocesenng tintonwelsiarbontiedobrcbbalpreabedemaghats.is no

nore t hanf40 pe“&ﬁSIFQBe %thbaéo%qgggt) greferg 8?Eymm eghpon or I ron

pl us cobajt cont 'S at “l'east ercent’ the t oSrtion.
However, Bs vmIImd&@)d|§@p®59§ea§#§lmagnsanﬂsaoisaéabpyohat aehdytag

consti tu- ents %%svb%eaﬁelegy%mgseahaaa@ntee?ccrrega%wﬁkgy ani sot ropi ¢
characterj sti the final powd Ex pl es of suc dditives, usually
enpl oyed § n anounts of The results of the above specific hydrogen

absorption-hydrogen desorption practice are summarized
in the following Table 2. The data summarized is a
result of aligning the treated hydrogen and desorbed
10 powder of 0.043 mm (325 mesh) (obtained by crushing
the ribbon particles) in a magnetic field of 18
kiloOersted strength. The
magnetization-demagnetization properties of the

aligned powder were then measured in a direction

15 parallel to the direction of alignment and in a
direction transverse, i.e., perpendicular, to the
direction of alignment. The demagnetization
properties are summarized in the following Table 2 for
the respective melt-spun samples.
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i ncl ude (al
vanadi um or
Nos. 4, 981,

t han one percent by weight of the overall conposi- tion,

ne or in conbination) gallium zirco nium carbon, tin,

tant al um Wil e the Takeshita et al practice of U S. Pat.
32 and 5, 110, 374 was successfully carried out by :
ation of a polycrystalline |arge grained ingot material, we

recrystalli
have di scofered surprisingly that me can enpl oy an anal ogous practice on
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Starting Wth an optimally quenched or over- quenched nelt-spun material,
we subj ect§ pul verized ribbon fragnents to hydrogen at a suitable el evated
t enper at ufe under at nospheric pressure or slightly subatnospheric pressure
for a bri¢f period of time so as to form hirides of the iron and rare
earth congtituents. W then evacuate hydrogen fromthe environnment around
the powdeg and totally withdraw (or desorb) it. The hydrogenati on and
dehydrogepation is preferably carried out at a tenperature in the range of
about 700ferr] C. to 850F&r AFCSefReLHePFBBIBRT T 8fchiR | BRIBREL € he peri od
for hydrogen rempredlertriedaidmmatitzed dhdeheobbone BableOthkeSsackpen
renmoval of the hydrogen firom the .sqli.d material d,.cooling to roo
tenperat ufe, we Fin géx&fqigaé‘6ngﬁgg§réaﬁﬁngﬁafaVﬁ§8 %ﬁPéFFﬁFH}ess
t han aboul 500 nandyeiregen pbeeralilon -hysdsogean daBorpanoneyeridetinaaver age
di mensionj The m t 1 yc onsi S I al| u =l rai.ns of
the Rezre] - o) Batrib ek psely MRlssd o1 S AL, St alen Fhef PRl By
nment-rich grainS&nmm@@&yﬂ@ﬁaﬁélabﬁapp@§@h6§fl@héhﬁedlrﬁageﬁalpgraﬂhsl
Surprisingly, the resuldjddct®efabriginal particle alignment. In

other words, the material displayed magnetic

anisotropy. The average grain size of the material
10 was about 250 to 300 nanometres as detected by

transmission electron microscopy (TEM). Preferably,

the average grain size of the product should be no

greater than about 500 nanometres. As a result, the

rapidly-solidified, magnetically-anisotropic material

15 1is suitable for many applications that require
slightly higher magnetic properties than the
magnetically-isotropic form of the rapidly-solidified,
permanent magnet material.

20 Example 2

Alloys of the following compositions were
prepared for melt-spinning into an overquench
condition and for subsequent processing by the
hydrogen absorption-hydrogen desorption process. The

25  geveral alloys were composed as follows, where TRE
stands for total rare earth content consisting of
about 95 percent by weight neodymium, 5 percent
praseodymium and the balance trace amounts of other
rare earth elements. The following compositions are

30 given on a weight percent basis.

E alloy contained 30.5 percent TRE, 2.5
percent cobalt, 0.95 percent boron and the balance

iron.
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when pul ver §zed to a powder can be aligned in a mag- netic field and hot
pressed or gonsolidated with a resin- ous bonding agent or other suitable
bi nding mat grial to produce a magnet which_has preferred nmagnetic bound-
aries in thg properties of magnetic alignné t. Whi | e our invention has
been descriped in ternms of preferred enbodi nents thereof, other objects and
ad- vantagep of our invention will becone nore clearly apparent from a

detail ed defpcription therepf whj fol | ows.

- 6- DETRI LED DESCRIPT%giPYIéé§¥§ﬁ¢ﬁ%fned 31.3 percent TRE, 2.5
percent cobalt, 0.91 percent boron, 0.17 percent tin
ané the balance iron.

Alloy 364 contained 31.3 percent TRE, 2.5

5 percent cobalt, 0.84 percent boron, 0.08 percent
niobium and the balance iron.

Alloy 320 contained 30.0 percent TRE, 2.5
percent cobalt, 0.95 percent boron, 0.84 percent
vanadium and the balance iron.

0 Alloy 374 contained 30.1 percent TRE, 2.5
percent cobalt, 1.0 percent boron, 0.49 percent
gallium, 0.10 percent tantalum and the balance iron.

Each of these materials was melt-spun as
described in Example 1 above. Each was melt-spun at a

i5 wheel speed of 20 metres per second so as to produce
an overquenched material. The overquenched samples
were successively subjected to a hydrogen
absorption-hydrogen desorption process exactly like
the specific practice described in Example 1.

20 Following cooling from the hydrogen desorption step,

powdered materials were aligned in a magnetic field
and their magnetic properties measured. The
properties are summarized in the following Table 3.
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EVMBCODI ME EXAMPLE 1 We prepared an alloy of the

foll ow ng gonposition on a wei ght percent basis: Total rare earth content,
31.2 percgnt (of which 95 percent was neodym um about 4 percent was
praseodympm and the bal ance incidental inpurity anounts of other rare
earths; cqgpalt, 2.5 per- cent; boron, 0.94 percent; gallium 0.5 percent;
and zircorjum 0.08 percent, with the balance iron and inci- dental
impuritiegq such as alum num silicon, carbon and the |ike. Expressed in
ternms of om c proportions, the RE content was about 14.5 percent, the

cobalt corgtent about 2.5 percent g boron about 6 percent, galliumabout 0.5
percent, Zirconium about 0.08 peffent and the bal- ance iron. This nolten
alloy matgrial was inductively hépted, i .4 quartz crucible to a tenperature

of 1420[erfr] C. in a dry, substapiiak y oxygen-free atnosphere. The

mat eri al s ejected under a sli @t pressure o3 psig) of argon atnosphere
t hrough a}0.025 inch dianeter origgice in the bottomof the crucible onto
the circugferential edge of a 404 nch diameter copper quench wheel. The
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1.39 .,0.53 .. 0 | t
wi tIPERE RS S SRAAYES THOaTE S AT O PYh AE E
st angrcddasexbrisy arfte heydwmmgmn efosmagndicns hydapeen es i s obt ai ned.

s nelt spun in portions at a variety of wheel speeds ranging
ers per second to 24 neters per second.
tization properties of the as-nelt-spun material at the

wheel speed is sunmari zed. 16 TABLE |
(m sec) Blerr] (kG Herr] (kCe) BHerr]= (MXOe )
7.22 17.70 10. 81 15 7.26 17. 80
17 7.53 17. 96 12.0 20

3.91 It 4% seen tha8 &8ch of tRe38bove 0.99

I, seen that by varying the
{ oed

Imim r ema-
containing a small amount of tin, alloy 320 containing

o PRI TR TR R e reme

a small amount of vanadium and alloy 374 containing
small amounts of gallium and tantalum displayed
stronger magnetic properties than alloy E with no
additives other than the basic iron-cobalt-rare
earth-boron compesition or alloy 364 containing a
small amount of niobium.

Thus, in general, the practice of the present
invention is applicable to optimally-quenched or
overguenched materials based on the RE-TM-B system.

It is possible to obtain a fine-grained (preferably
less than about 300 nanometres in average largest
dimension, suitably no greater than about 500
nanometres) magnetically-anisotropic material. This
has been accomplished by absorbing hydrogen into metal
particles that do not contain large grains of the
2-14-1 phase. Indeed, the starting material consists
of material that is extremely fine-grained or material
in which identifiable grains are not readily
observable. The rapidly-quenched material is usually
characterized by an x-ray diffraction pattern with
diffuse or no peaks; in other words, a pattern that is
characteristic of an extremely fine-grained or
amorphous material. Upon hydrogenation, if the
material is quenched to freeze the microstructure and
an x-ray diffraction pattern produced, diffraction
peaks characteristic of neodymium hydride, iron boride
and alpha iron are observed. There is no semblance of
the essential 2-14-1 phase for permanent magnet
properties in the hydrogenated structure. Following
hydrogen desorption and the heat treatment that is
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nence vajues at a wheel

t he per;l

decr ease
t he cool
finer an
hi gher W
tion on

to apply
been nel

nent nmagnet properties -7-

as the cooling rate increases. This is due to the fact that as
ng rate increases, the rapidly sohidi- fied material becones a
finer grain size and reaches a near anorphous condition at the

heel speeds. We prefer to practice the process of this inven-

he optimally or overquenched materials. In other words, we prefer

the presidssitant ei€RSthe hydidbSee X8t i@t i al that has

n . .
shu égséEptlon steps, very small grains of the 2-14-1

10

15

20

25

30

35

phase, preferably less than about 300 nanometres in
average greatest dimension, are detected by TEM. Also
detectable by TEM is a rare earth element-rich grain
boundary phase around the 2-14-1 grains which
contributes to the magnetic coercivity of the
material.

Thus, in summary, a practice is employed of
rapidly absorbing hydrogen into a rapidly-solidified,
fine-grained material at a suitable temperature,
preferably of the order of 700°C to 850°C without
inducing rapid grain growth of the material. After a
brief periocd of hydrogen absorption, typically less
than one hour, the hydrogen is removed from the
material as rapidly as practical. This process is
also preferably carried out at a temperature of the
order of 700°C to 850°C. The hydrogen is removed in a
matter of minutes, preferably less than 60 minutes.
The dehydrogenated material is then rapidly cooled to
room temperature, such as by back-filling the furnace
with argon, so as to retain the necessary fine-grain
character of the material.

The magnetically-anisotropic powder thus
formed will usually be magnetically aligned and bended
or formed into a permanent magnet body of desired
shape. There are known practices to form such
permanent magnets. The hydrogen treated-hydrogen
desorbed particles may be reduced to a suitable
particle size for the shaping of the desired magnet
configuration. Typically, the particles will be mixed
with or coated (encapsulated) with a suitable bonding
resin(s), stabilizers and the like. The particles may
also be aligned and hot-pressed to a fully-dense,

anisotropic permanent magnet.
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wheel speed of 17 neters per second or greater (up to about 24 msec).

We then subjected the nelt-spun sanples produced at the various wheel
‘'speeds to a hydrogen absorption- desorption practice as follows. A sanple
was placed in a furnace initially at anpgent tenperature. The furnace was
evacuated of air and backfilled with hydrogen to a pressure of about 650
torr. The contents of the furnace were heated to 800[err] C over a period
of 35 mnutes. The nelt-spun sanple in the hydrogen atnosphere was

mai ntained at 800 C.. fqh{1¥e@Hd ptedincThavaydigheRasMBsehhen punped out
0 e furnace_ utiljzing a vacuum_punp Wi th the punping continuing so as
to reach a pri@STHEPed 1-emy (of 'ﬁ]éRfé's’tg;ﬁ |e(5'|"|jp°§1§}§"g"t thersffera- ture
of about 800[ eft Jwill ies Hsprdditskd athdt) dyRdwifRrmsanthidtheéalilhe treated

It - i bb ticl - d f t he .f d | ed
Lo room tem  BEHAThr S0 THRE 1 MAREREAAtter VA OOrie Pibbon  par ti ol es

had retai néd timadikhdpe. addmyeddny ndtodeearki ldedriimuttéed mrtt.he hydr ogen
treatment procgsSerdindlls 68 Uded ¥ RS Hrtle IR ARTORYE 1k

be considered limited only by the scope of the

following claims.

The disclosures in United States patent
10 application No. 903,067, from which this application
claims priority, and in the abstract accompanying this
application are incorporated herein by reference.
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desorption was chosen as a result of sone experinenta- tion on a variety
of nmelt-spun sanples. In general, we prefer to carry out the hydrogen

absorption on our nelt-spun material at a subat m)sphﬁ"l"”g
sure above about 600 torr. A pressure of abagt 650 to ’I ﬂﬂg@ gm
Hydr ogenati on tenperatures in the range of about 700[&rry C. o

C. are preferred, with hydroge- nation tinmes up to one hour being

suitable. Thereafter, we maintained the sanple for an additional period of
up to one hour dgimagshydrogen desorption. Vé prefer to continually punp

the hydrogen fromthe furnace by, . Wnace 1o a ressure of
10[err] torr or |ess. Thefrlb%on péﬁfqﬁﬁes ar 4KH%%%) to a powder

of suitable size mégnﬁﬁiﬁﬁélYpﬁ§é§§§rﬁgl¢nP%rm@@¢mtbmmﬂmm pmwdmm fraessed
magnets. Very fi nsma?t pa&elénésscoﬁsgs ing 59%&?@&1%90& %Er%{r?é Jg@gneti c

ani sotropy but_tend o0 show reduced va coer Cl results of
the above sped fi Ehﬁyﬂ%ﬁéﬁ"&%OFBYSF?an}Pﬁ/%I?oﬁ%ﬁFGe%Q)rxm.Bormpfr}aoin ce are

summari zed in intergranular phase surrounding the grains, where RE

represents one or more rare earth elements including
at least 60 percent neodymium and/or praseodymium, the
value of x is in the range of 0.6 to 1, and the

10 composition of the intergranular phase is richer in
rare earth element content than the tetragonal crystal
phase, which method includes the steps of heating the
particles in a hydrogen atmosphere at a temperature
for forming metal hydrides in the particles, and

15 thereafter removing hydrogen from the particles and
cooling the particles to form said magnetically
anisotropic powder, characterised in that the
composition of said alloy particles is such that, in
molten precursor form, the alloy is susceptible to

20 being rapidly cooled to solidification over a
determinable and controllable range of cooling rates
within which range a series of fine-grained
crystalline products is formed that respectively
display (a) values of magnetic coercivity that

25 continually increase toward a maximum value and
decrease from said maximum value as the cooling rate
is increased and (b) values of magnetic remanence that
increase over at least a part of such range as the
cocling rate is increased, and said method includes

30 the steps of rapidly solidifying said molten precursor
composition at a maximum magnetic coercivity value
cooling rate or greater to form alloy particles in
which the average grain size is no greater than about
100 nanometres; heating the particles in a hydrogen

35 atmosphere at a pressure no greater than atmospheric

; This Sheet Has Been Repl
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- 8- t he follomnng Tabl e 2. The ta summarized is a
resul t of aligning the treated M? 1 r bed
powder of 325 mesh (obtai ned b ”W ﬁmﬁbon
particl es) in a magne3@c field of 18 kil®QGars
strength. The mag- netizati on-demagneti zati on
properties of the aligned powder were then neasured in
a direction parallel to the direction of alignnment and

in a directionpressine $& said temperature forpfogadipandietdilar to the

direction of alhighiRds ith&he particles, and the%&&%«it Iréﬁbw&gpropertles
are summari zed i'n the faol - for the

respective nelﬁu@ﬁﬁﬂg%ﬁﬂﬁHQﬂ;the particles and COJTLH% g%e parfA§EEsz Wheel
Speed Bl ertrd (B@m said magnetHa il KoE)sotropi cBidossdel(, MEBe) time

5 and temperature of hydrogen treatment and removal
being such that the average grain size of the 2-14-1
phase in the powder is no greater than 500 nanometres.

2. A method of making a fine-grained,
magnetically-anisotropic permanent magnet powder

10 according to claim 1, in which the alloy comprises, on
an atomic percentage basis, 10 to 18 percent of a rare
earth element including at least 60 percent necdymium
and/or praseodymium, 0.5 to 10 percent boron, and at
least 70 percent iron or mixtures of iron with cobalt.

15 3. A method of making a fine-grained,
magnetically-anisotropic permanent magnet powder
according to claim 1, in which said molten precursor
composition is cooled at a maximum coercivity value
cooling rate or greater so as to form particles in

20 which the average grain size is no greater than about
50 nanometres, the particles are heated in a hydrogen
atmosphere at a pressure in the range of about
79,993.2 to 101324.7 Pa (600 to 760 torr) at a
temperature in the range of 700°C to 850°C for forming

25 said metal hydrides in the particles, and thereafter
removing hydrogen from the particles and cooling the
particles to form said magnetically anisotropic
powder, the time and temperature of hydrogen treatment
and removal being such that the average grain size of

30 the 2-14-1 phase is no greater than 300 nanometres.

4. A method of making a fine-grained,
magnetically-anisotropic permanent magnet powder
according to any one of claims 1 to 3, in which the
rapidly-solidified precursor composition comprises at

35 least one additive selected from the group consisting
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(m sec) Par al | el Perpendi cul ar Par al | el Per pendi cul ar Parall el

7.78 6. 76 12.73 13. 06 12. 89 9.44
It is seen by exam nation of the nmagnetic properties
sunmmari zed in the above tabl e that each of the ra é
sol i dified mat &5 §3F8Fat Ul bjEELEEd U &rog'éﬁa ium and
absor pti on- hydrdgesomiesor pti on yi el ded a per manent

magnet material that displayed preferred or stronger
magneti c properties in the direction parallel to the di-
rection of original particle alignment. In other words,
the material displayed nagnetic anisotropy. The aver-

age grain size of the material was about 250 to 300
nanoneters as detected by transm ssion electron ni-
croscopy (TEM. W prefer that the average grain size

of our product be no greater than about 500 nanone-

ters. As a result, our rapidly solidified, magnetically
anisotropic material is suitable for many applications
that require slightly higher properties than the magneti -
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cally isotropic formof the rapidly solidified, permanent

magnet materi al . EXAVPLE 2
We prepared alloys of the follow ng conpositions for

melt spinning into an overquench conditionzand for

subsequent processing by the hydrogen absorption-

hydr ogen desorption process. The several alloys were

conposed as fol | GINEMERAINER SOERO] ,

earth content consisting of about 95 percent by melght

neodym um 5 percent praseodym um and the bal ance trace
anount s of ot herAk&kzaghrth el enents. The fol | ow i ng
are on a wei ght percent basis.

A method is disclosed for producing a
rapidly-solidified, fine-grained,
magnetically-anisotropic powder of the RE-Fe-B type.
The rapidly-solidified material is optimally-quenched

5 or slightly overquenched and is subjected to a

. hydrogen absorption-hydrogen desorption process that
produces a fine-grained material containing the
essential magnetic phase RE,TM,B and an intergrénular
phase and is magnetically anisotropic.

7?77/”/7721777/////////1”1’7“
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E alloy contained 30.5 percent -TRE,, 2.5 pereen cobal ts, 0.95 percent boron
~and the bal ance iron. Al l oy 223 contained 31.3 percent TRE, 2.5 percent
cobalt, 0.91 percent boron, 0.17 percent. tim and the.bal ance iron. Al | oy
364 contained 31.3 percent TRE, 2.5 percent cobalt, 0.84 percent boron,
0.08 percent niobi um and the bal ance irchz e,LlL\py 320 contained 30.0

percent TRE, 2.5 percmgcgm éﬁgrg cent vanadi um
and t he bal ance iron. Al l oy 3%4 ? q}&g er cent 2.5 percent
cobalt, 1.0 percent boron 0 49 percen gall1u .10 percent tant al um and

t he bal ance iron. Eact \CXQB r}ﬁ q?o% geat erlgl éﬁfg‘é’fﬂig glﬁs:Bun as described in

Exanpl e 1 above. Sters per
second so as to produ%‘a“éﬂaw Imt S ial y?ﬂ'ém 'PRuenched
sanmpl es were type compositions. Morc particu ar]y, ‘this Invention

relates to a method for treating such rapidly solidified
{e.g., melt spun) materials so that the powdcrs arc mag-
netically anisotropic.

BACKGROUND OF THE INVENTION

Permanent magnets and magnetic materials based on
iron, neodymium (and/or praseodymium) and boron
arc used worldwide in commercial applications, U.S.
Pat. Nos. 5,110,374, 4,851,058 and 4,802,931 to Croat,
for example, disclose a broad range of compositions that
characterize the iron-neodymium-boron permanent
magnet family. As indicated in these patents and in
other publications, the magnets contain a transition
metal (TM) component, usually iron or iron mixed with

_cobalt; a rare earth element (RE) component, usually
neodymium including mixtures of neodymium with
prascodymium and small amounts of the other rare
earth group elements; and boron. As normally em-
ployed in commercial use, these compositions usually
consist essentially, on an atomic percentage basis, of
about 10 to 18 percent of the rare earth constituent, at
least 60 percent of which is neodymium and/or praseo-
dymium, & small amount up to about 10 percent boron,
and the balance mainly iron or iron and cobalt. Prefera-
bly, these magnet compositions contain 70 percent or
more of iron or iron and cobalt. The compositions may
also contain small amounts of additives for processing
or for the improvement of magnetic properties. They
contain the tetragonal crystal phase RE;TM 4B where
RE and TM are as indicated above and below.

S Sintered versions of these magnetic materials have
REPLACEMENT Q 2T received wide commercial acceptance. Sintered mag-
“‘]_ ! nets are made by preparing a crystalline powder or

5 FEB 1998 ' ‘, particles containing a grain of the tetragonal crystal

2 . | phase RE;TM 4B a where RE is principally neodym-
—~-——== 1 jum and/or praseodymium and TM is generally iron or

iron and cobalt. The grains are typically one microme-
ter or larger such that the powder can be magnetically
aligned, compacted into a green compact and sintered
in vacuum or a nonoxidizing atmosphere. Sintering
produces a fully dense body having magnetic coerciv-
ity. Such sintered permanent magnet is characterized by
relatively large grains (i.e. greater than a few um in
diameter) of the 2-14-1 phase with an intergranular
phase of a rare carth clement content greater than the

- ——



successi vely subjected to a hydrogen absorption-hydro- gen desorption
process exactly like the specific practice described in Exanple 1

Fol Il owi ng cooling fromthe hydrogen desorption step,
were aligned in a magnetic field and their

The properties are sunmarized in the-fpl4ow ing Table 3.

powdered naterial s
magneti c properties neasured.

TABLE 3 Blerr] (kG Herr] (KGe) BH err] (M3Ce)
Al'loy Parallel Per pendi cuI ar Parall el Perpendicular Parall el

Per pendi cul ar 6. 63 11.74 11. 92 10. 87

9.26 223 7. 84 9.56 364
7.18 6. 64 9 N°s 4 Oftrigg 3qtadts (rxé’%??ﬂ 7. 44

6. 64 12. 94 6. 94

12. 40 12. 67 ¢ gran}ib Redycrysial ht gt melydest (he above
conposi tions dis- b‘l?etﬂhés“anl’bé’[‘? ‘@Fflér O0g§np¥ocessed by the
hydr ogen absor pti on- 1ﬂ @ggnatcxpgl tosfogaed that all oy 223

containing a snall
vanadi um and

C(F) rSUbSQWQW y32echydddeiinglegomial | amount  of

scd and the hydrogen removed (desorbed) in older to
rccrystalhzc the 2-14-1 grain structure. In accordance
with this practice, is possible to form a powder that is
either magnetically isotropic or magnetically aniso-
tropic. Thus, one starts with a material that is crystal-
line, contains grains of appreciable size (> 1 pm) of the
essential 2-14-1 phase and recrystallizes the grains so as
to form usually smaller grains which may be aligned so
as to constitute a magnetically anisotropic material.

There is also a substantial market for permanent magnet
compositions of fine grain structure (<500 nm in aver-
age largest dimension) prepared starting with a melt
spinning or other suitable rapid solidification process.
The resultant powder can be used to make magnetically
isotropic, resin-bonded magnets, as well as hot pressed
and hot worked magnets.

The manufacture of rapidly solidified versions of the
RE-TM-B family of permanent magnets starts with a
molten alloy of suitable composition and produces melt-
spun ribbon particie fragments. The rapid is solidifica-
tion practice is usually carried out by containing the
molten alloy in a heated vessel under a suitable nonoxi-
dizing atmosphere. The molten alloy is ejected in a very
fine stream from the bottom of the vessel through a
small orifice onto the peripheral surface of a spinning,
cooled quench wheel. The quench wheel is usually
made of a suitable high-conductivity copper alloy and
may have a wear-resistant coating on the circumferen-
tial quench surface of the wheel. The wheel is typically
water cooled so that prolonged melt spinning produc-
tion runs may be carried out without any unwanted
decrease in the rate of heat extraction from the molten
alloy that impinges upon the wheel. It is necessary to
maintain a suitably high heat extraction rate in order to
consistently obtain the desired very fine grain micro-
structure.

The rate of cooling of the molten alloy is dependent
upon a number of factors such as the amount of super-
heat in the molten alloy, the temperature of the quench
wheel, the rate of flow of the molten alloy through the

REPLACEMENT Si’ff ,
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all.oy 374 containing small amounts of galliumand tanta- [|um displayed
stronger magnetic properties than alloy E with no additives other than the
basic iron-cobalt-rare earth-boron conposition or alloy 364 containing a

smal | amount of niobium Thus, in general, our practice is applicable to
opti- mally quenched or overquenched materials based on the RE-TM B
system W are able to obtain a fine - 3 - -
10 - grained (preferably | ess than about 300 nanoneters in average

| ar gest di nension, suitably no greater than

orifice onto the spinning wheel, and the velocity of the
peripheral surface of the spinning wheel. All other fac-
tors being considered, the most readily controlled pa-
rameter of the cooling of the molten alloy is the velocity
of the peripheral surface of the quench wheel.

In the melt spinning of a specific composition, it is
possible to obtain a range of permanent magnet proper-
ties in the melt-spun material by varying quench wheel
speed. The phenomenon is well disclosed and described
in U.S. Pat. Nos. 4,802,931, 4,851,058 and 5,056,385. As
disclosed in these patents, by employing a given RE-
TM-B composition and employing successively increas-
ing quench wheel speeds starting with a relatively slow
speed, it is possible to obtain a series of fine grained
crystalline products that respectively display values of
magnetic coercivity that continually increase toward a
maximum value and then decrease from that value. At
the same time the values of magnetic coercivity are
increasing, the values of magnetic remanence also in-
crease over at least a part of the increasing wheel speed
range as the cooling rate is increased. In the manufac-
ture of many members of the family of rapidly solidified
RE-TM-B magnets, it is preferred to operate the
quench wheel rate slightly faster than the wheel speed

. at which maximum coercivity is obtained inthe melt-
spun ribbon. These materials are then extremely fine
grained or even apparently amorphous, and they can be
annealed or hot worked to a condition of desired high
coercivity and magnetic remanence.

Such melt-spun materials are magnetically isotropic.
It would be advantageous to have a practice for the
treatment of such extremely fine grained or amorphous
materials which would produce magnetic anisotropy in
such melt-spun ribbon particles. It has been possible in
the prior art to produce magnetically anisotropic pow-
der from a melt-spun ribbon material by producing
overquenched, melt-spun ribbon, hot pressing the rib-
bon particles into a fully densified body, hot working
the body to form elongated grains of magnetically ani-
sotropic material, and pulverizing or comminuting the
hot worked body to form the magnetically anisotropic
powder. Such anisotropic powder has very good per-
manent magnet properties. However, it would be desir-
able to be able to produce a magnetically anisotropic
material directly from (or in) the melt-spun ribbon parti-
cles.

o——
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about 500 nanoneters) magnetically anisotropic mate- rial. This has been
acconpl i shed by absorbing hydrogen into netal particles that do not
contain large grains of the 2-14-1 phase. Indeed, the starting nmateri al
consists of material that is extrenely fine grained or material in which
identifiable grains are not readily ob_sgr_\_/abl e. Qur rapidly quenched
material is usually characterized by an x-ray diffraction pattern with

di ffuse or no peaks; in other words, a pattern that is characteristic of
an extrenely fine gr alm@@rdmgiﬁmmwsbmmfthb pregemt inventiongenat i on, i f
the material is quencteepravidé remethotihsf producisg maghetiealngniso- x- r ay

di ffraction pattern ptropic phwéet maictil fion 8 melsam powdaciintisst i ¢ of
neodym um hydride, iinftiallfovesiefiad grahéd gypicullyfegs B850 adno-There is no-
senbl ance of the essempiedt i gidinki ea,';ee‘)‘cgra i-émiy hgw&et properties

in the hydrogenated sf whitdstructirel pyy Rnb gy and the heat
treatment that is c if0kn t{%ggﬁt nd desor ption
steps, very small gﬁ m tﬁyg]‘ mﬁ’trc é? % t han about
300 nanoneters in aveéra gsorgm%a en m?o Py rai TEM Al so

det ect and then removmg the hydrogen under conditions
which produce a fine grain material having anisotropic
magnetic properties.
In accordance with a preferred embodiment of our
invention, these and other advantages are accomplished
as follows.

BRIEF DESCRIPTION OF THE INVENTION

The practice of our invention is preferably applicable
to a2 melt-spun material of the RE-TM-B type described
that has been melt spun to an optimally quenched or to

- an overquenched condition. This is to say that the
quench rate, typically through control of the wheel
speed, is such that the coercivity of the as-quenched
powder is optimal as is, or is less than could have been
obtained using a somewhat lower wheel speed or lower
cooling rate. The resulting material has a very fine
grained microstructure of average grain size less than
about 50 to 100 nanometers. It may even be substan-
tially amorphous (i.e., have no readily perceptible crys-
tallinity as indicated by x-ray diffraction pattern or by
suitable microscopic technique such as transmission
electron microscopy, TEM). _

The practice of our invention is particularly applica- ~
ble to those RE-TM-B compositions that contain, on an ‘ REPLACEMENT SHEET
atomic percentage basis, about 10 to 16 percent rare
earth element where at least 60 perceat of the rare earth ! ‘ 98
composition is neodymium and/or praseodymium. The | ! 25FEB 1
compositions also preferably contain a small amountof | 1§ _.
boron up to about 10 atomic percent. The balance of the !

composition is substantially transition metal, preferably - -
iron or iron with small amounts of cobalt (where cobalt
is no more than 40 percent of iron plus cobalt). Prefera-
bly, the iron or iron plus cobalt content is at least 70
percent of the total composition. However, as will be
disclosed, small amounts of additional alloying constitu-
ents may be employed to enhance the magnetically
anisotropic characteristics of the final powder. Exam-
ples of such additives, usually employed in amounts of



able by TEMis a rare earth elenment-rich grain bound- ary phase around the
2-14-1 grains which contributes to the coercivity of the material.

Thus, in summary, we enploy a practice of rapidly absorbing hydrogen into
a rapidly solidified, fine grained naterial at a suitable tenperature,
preferably of the order of 700 C. to 850[gerr] C wthout inducing rapid
grain gromh of the material. After a briet period of hydrogen absorption,
typically | ess than one hour, the hydrogen is renoved fromthe material as
rapidly as practical. This process is also preferably carried out at a

tenperature of the ordiar f 700 C._to 85(\)4err] aﬁE(\:/dro en i s renoved
cggh .01?385"

Th
in a mtter of mnutes;> i@?gce?teg% . .ﬁioﬁ%gé
dehydr ogenat ed mat eri aH® szwp (aloms QF jn COTIURYHYD, Pef&Pat ure such as

by ~backfilling the fuPRERCATPIR B gANBRIBOrIBNAMM n t he necessary fine
grain character of the nthdle the Takeshitagyabpragtioe ol RatopNas powder wil |
usual |y be magnetical #HP84i58grad Sahd Pénwasisuncessbithy gagrindoowt Ber - manent
magnet body of desiredreirugallizatien ef apelyaerysallingrlargd grainadoingot m such
per manent magnets. CQur mayehial; we have discovered surprisingly that we can

employ an analogous practice on essentially a nongran-

ular material that will produce 2-14-1 grains (with an

intergranular phase) that have sufficient alignment so as

to display magnetic anisotropic properties.

Starting with an optimally quenched or over-
quenched melt-spun material, we subject pulverized
ribbon fragments to hydrogen at a suitable elevated
temperature under atmospheric pressure or slightly
subatmospheric pressure for a brief period of time so as

“to form hydrides of the iron and rare earth constituents.
We then evacuate hydrogen from the environment
around the powder and totally withdraw (or desorb) it..
The hydrogenation and dehydrogenation is preferably
carried out at a temperature in the range of about 700°
C. to 850° C. The period of hydrogenation and the
period for hydrogen removal are both on the order of
one hour or less. Upon removal of the hydrogen from -

. the solid material and cooling to room temperature, we

. find that we have produced a fine grained material less
than about 500 nanometers, preferably less than 300
nanometers, in average dimension. The microstructure
consists essentially of such fine grains of the RE;Fe(-
Co0)14B tetragonal crystal phase with a rare earth ele-
ment-rich grain boundary phase about each of the te-
tragonal grains. Surprisingly, the resultant material
when pulverized to a powder can be aligned in 2 mag-
netic field and hot pressed or consolidated with a resin-
ous bonding agent or other suitable binding material to
produce a magnet which has preferred magnetic bound-
aries in the properties of magnetic alignment.

While our invention has been described in terms of
preferred embodiments thereof, other objects and ad-
vantages of our invention will become more clearly
apparent from a detailed description thereof which
follows.
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gen treated-hydrogen desorbed particles nmay be re- duced to a suitable
particle size for the shaping of the desi red magnet
configuration. Typically, the particles will be mxed with or coated
(encapsul ated) with a suitable bonding resin(s), stabilizers and the |ike.
The particles may also be aligned and hgf _pressed to a fully dense,

ani sotropi ¢ permanent nagnet. Wil e our invention has been described in
terns of a
DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS
EXAMPLE !

We prepared an alloy of the following composition
on a weight percent basis: Total rare earth content, 31.2
percent (of which 95 percent was neodymium, about 4
percent was praseodymium, and the balance incidental
impurity amounts of other rare earths; cobalt, 2.5 per-
cent; boron, 0.94 percent; gallium, 0.5 percent; and
zirconium, 0.08 percent, with the balance iron and inci-
dental impurities such as aluminum, silicon, carbon and
the like. Expressed in terms of atomic proportions, the
RE content was about 14.5 percent, the cobalt content
about 2.5 percent, boron about 6 percent, gallium about
0.5 percent, zirconium about 0.08 percent and the bal-
ance iron. This molten alloy material was inductively
heated in a quartz crucible to a temperature of 1420° C.
in a dry, substantially oxygen-free atmosphere. The
material was ejected under a slight pressure (3 psig) of
argon atmosphere through 2 0.025 inch diameter orifice
in the bottom of the crucible onto the circumferential
edge of a 10 inch diameter copper quench wheel. The
material was melt spun in portions at a variety of wheel
speeds ranging from 13 meters per second to 24 meters
per second. In the Table 1 below, the demagnetization
properties of the as-melt-spun material at the respective
wheel speed is summarized.

TABLE |
Wheel Speed
(m/sec) B, (kG) Hei (kQe)  BH e (MGOe)
13 1.2 17.70 10.81
15 7.26 17.80 11.0
17 7.53 17.96 120
20 5.19 11.92 3.91
22 3.18 2.38 0.99

24 1.39 0.53 0

It is seen that by varying the wheel speed with the
other parameters of the apparatus that affect rate of
cooling substantially constant, a range of magnetic
properties is obtained. This range is characterized by an
increasing coercivity with increasing wheel speed to a
maximum coercivity and substantially maximum rema-
nence values at a wheel speed of about 17 meters per
sccond. Thereafter, the permanent magnet propertics
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speci fic enbodi nent thereof, it will be appreciated that other forns could
readily be adapted by those skilled in the art. Accordingly,
our invention is to be considered limted only by the foll ow ng clai ns.
The enbodi nents of the invention in which an exclu- sive property or

privilege is clainmed are defied as foll ows: 1. A nethod of

grai ned, magnetically ani sotropic pernanent nagnet powder

consi st -

decrease as the cooling rate increases. This is due to the
fact that as the cooling rate increases, the rapidly solidi-
fied material becomes a finer and finer grain size and
reaches a near amorphous condition at the higher wheel
speeds. We prefer to practice the process of this inven-
tion on the optimally or overquenched materials. In
other words, we prefer to apply the practice in the case
of this example to material that has been melt spun at a
wheel speed of 17 meters per second or greater (up to
about 24 m/sec).

We then subjected the melt-spun samples produced at
the various wheel speeds to a hydrogen absorption-
desorption practice as follows. A sample was placed in
a furnace initially at ambient temperature. The furnace
was evacuated of air and backfilled with hydrogen to a
pressure of about 650 torr. The contents of the furnace
were heated to 800° C. over a period of 35 minutes. The
melt-spun sample in the hydrogen atmosphere was
maintained at 800° C. for three minutes. The hydrogen
was then pumped out of the furnace utilizing a vacuum
pump with the pumping continuing so as to reach a
pressure of 10—2 torr. The desorption step at a tempera-
ture of about 800° C. was continued for 10 minutes, and
then the treated melt-spun ribbon particles were re-

_ moved from the furnace and were cooled to room tem-

perature within 10 minutes under vacuo. The ribbon
particles had retained their shape. They had not been
comminuted by the hydrogen treatment process.

This described process of hydrogen absorption-
desorption was chosen as a result of some experimenta-
tion on a variety of melt-spun samples. In general, we
prefer to carry out the hydrogen absorption on our
melt-spun material at a subatmospheric hydrogen pres-
sure above about 600 torr. A pressure of about 650 torr
is preferred. Hydrogenation temperatures in the range
of about 700° C. to 850° C. are preferred, with hydroge-
nation times up to one hour being suitable. Thereafter,
we maintained the sample for an additional period of up
to one hour during hydrogen desorption. We prefer to
continually pump the hydrogen from the furnace by
evacuating the furnace to a pressure of 10—2 torr or less.
The ribbon particles are then comminuted to a powder
of suitable size for further processing into resin-bonded
or hot pressed magnets. Very fine particle sizes, e.g.,

~ 500 mesh, show greater magnetic anisotropy but tend

to show reduced values of coercivity.

The results of the above specific hydrogen absorp-

tion-hydrogen desorption practice are summarized in

t he scope of

maki ng fine

particles

;..‘ T o euE
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ing essentially of grains of the tetragonal crystal phase
RE[err](Fe[err]Co[err])[err]B[err] with an intergranul ar phase sur

roundi ng the grains,

where RE represents one or nore rare earth el
i ncluding at | east 60 percent neo- dym um and/or praseodym um the val ue of

enent s

Xx isin the range of 0.6 to 1, and the caonposition of the intergranu- |ar
phase is richer in rare earth el enent corft ént than the tetragonal crystal

phase, the composition of said pow der being further characterized in that

solidification over a det
wi thin which range a seri
that respec- tively displ;

& the abbon, parpicles) ¢

in nolten precur- sor forfy fd‘:ltlo.?x Tﬁg@piiﬂceﬁtg sﬁﬁin? .rgp' dl ‘g oled to
r ol napl nd .c 0 abl e %ﬁfg f ing rates
g%gggg%géﬁ%jg}z& g’@%ﬂq ffso ‘B?éﬂﬂ%’éﬁr is for meﬂd

continually increase towdh@d magaskicfisld ¢

B kilgQersied strengtbcThe svgsuch val ue

as the cooling rate is imetizatienrdemagperzatignupsopsirtinnpfethe alignedence t hat
i ncrease over at |east aReavderoWesathen megsured ibedivectiomgaradlebtés i n-
creased, said nethod conphe diregtion ofiplighmeaphndlid ¥ idipcton arahsverse en

precur sor conposi -

demagnetization properties are summarized in the fol-
lowing Table 2 for the respective melt-spun samples.

TABLE 2
Wheel Speed B, kG) H.; (KOe¢) BH g MGOe)
{m/sec) Paraliel Perpendicular Parallel Perpendicular Parallel  Perpendicular
17 7.86 6.85 13.25 . 13.62 133 9.80
20 7.78 6.84 12.86 13.25 12.59 9.63
22 7.70 6.93 13.64 13.92 12.51 10.02
24 7.78 6.76 12.73 13.06 12.89 9.44

It is seen by examination of the magnetic properties -

summarized in the above table that each of the rapidly

‘solidified materials that were subjected to hydrogen

absorption-hydrogen desorption yielded a permanent
magnet material that displayed preferred or stronger
magnetic properties in the direction parallel to the di-
rection of original particle alignment. In other words,
the material displayed magnetic anisotropy. The aver-
age grain size of the material was about 250 to 300
nanometers as detected by transmission electron mi-
croscopy (TEM). We prefer that the average grain size

. of our product be no greater than about 500 nanome-

ters. As a result, our rapidly solidified, magnetically
anisotropic material is suitable for many applications
that require slightly higher properties than the magneti-
cally isotropic form of the rapidly solidified, permanent
magnet material.

EXAMPLE 2

We prepared alloys of the following compositions for
melt spinning into an overquench condition and for
subsequent processing by the hydrogen absorption-
hydrogen desorption process. The several alloys were
composed as follows where TRE stands for total rare
earth content consisting of about 95 percent by weight
neodymium, 5 percent praseodymium and the balance
trace amounts of other rare earth elements. The follow-
ing arc on a weight percent basis.

t iornpertpeaditakdirmontke alicdctionyoff aligemesn| Thg rate or

1
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greater to formfine-grained particles in which the average grain size

IS no greater than about 100 nanonet er s, heati ng YouEE
solidified particles in a hydrogen at m)sphere at a pRMﬁ

t han at no- spheric pressure at a tenperature for fqrning netal }
hydrides in the particles, and thereafter renoving h drogf fERMesBie
particles and cooling the particles-t8 provide sai gnetlcally ani so-
tropic powder, the tine and tenperature of hydro- geN

renmoval being such that the average grain size of the 2-14-1 phs j

no greater than SRO0alimnemRtaied 30.5 pércedit TERI)A2.6f pérekfifig 11 ne- grai ned,
magnetically ani sogsit, ©.9% gf\bof@gm tiRo¥si8hcdaoh! Cl es com  pri sing,
on an atom c percent agfiq %Bscoxﬁﬁnge E'tTREf 2% halcgnearth el ement

i ncludi ng at | east

0.5 to 10
percent boron, and &ﬂf % percen |ronp%?a{aﬁ§res of iron wth

Cﬁbalt thfa corrp05| @ag 3 %od V\ge;lga nt LERE tzt%e{)er%gn{ acterized in
that in nolten precur f pcrcent boron, 008 percent niobium and

the balance iron.

Alloy 320 contained 30.0 percent TRE, 2.5 percent
cobalt, 0.95 percent boron, 0.84 percent vanadium and
the balance iron.

Alloy 374 contained 30.1 percent TRE, 2.5 percent
cobalt, 1.0 percent boron, 0.49 percent gallium, 0.10
percent tantalum and the balance iron.

Each of these materials was melt spun as described in
Example 1 above. Each was melt spun at a wheel speed
of 20 meters per second so as to produce an over-
quenched material. The overquenched samples were
successively subjected to a hydrogen absorption-hydro-
gen desorption process exactly like the specific practice
described in Example 1. Following cooling from the
hydrogen desorption step, powdered materials were
aligned in a2 magnetic field and their magnetic properties
measured. The properties are summarized in the follow-

ing Table 3.
TABLE 3
B, kG) H; (KOe¢) BH oy MGOx)
Alloy Parallel Perpendicular Parallel Perpendicular Parallel Perpendicular

E 133 6.63 11.74 11.92 10.87 9.26
223 T.84 6.39 11.91 12,29 11.85 9.56
364 7.18 6.64 - 12.88 13.03 10.29 8.83
320 7.44 6.64 12.94 13.04 1173 9.91
374 7.58 6.94 12.40 12.67 11.52 9.68

It is seen that each of the above compositions dis-
played magnetic anisotropy after being processed by
the hydrogen absorption-hydrogen desorption process.
It is seen that alloy 223 containing a small amount of tin,
alloy 320 containing a small amount of vanadium and
alloy 374 containing small amounts of gallium and tanta-
lum displayed stronger magnetic properties than alloy
E with no additives other than the basic iron-cobalt-rare
earth-boron composition or alloy 364 containing a small
amount of niobium.

Thus, in general, our practice is applicable to opti-
mally quenched or overquenched materials based on
the RE-TM-B system. We are able to obtain a fine



- 13 - susceptible to being rapidly cooled to solidification over a
determ nabl e and control |l able range of cooling rates wt h%@PWFﬂE r
series of fine grained crystalline products is forned tHhat SHect

di splay (a) values of magnetic coercivity that continual{ly increase to
a maxi mum val ue and decrease from such val ue as the coolji jg 2 StEEB 4998
I ncreased and (b) val ues of nmagnetic remqaggnce t hat incriegse over at |east
a part of such range as the cooling rate IS increased, gaid nethod com

grained (preferably less than about 300 nanometers in
average largest dimension, suitably no greater than
about 500 nanometers) magnetically anisotropic mate-
rial. This has been accomplished by absorbing hydrogen
into metal particles that do not contain large grains of
the 2-14-1 phase. Indeed, the starting material consists
of material that is extremely fine grained or material in
which identifiable grains are not readily observable.
Qur rapidly quenched material is usually characterized
by an x-ray diffraction pattern with diffuse or no peaks;
in other words, a pattern that is characteristic of an
extremely fine grained or amorphous material. Upon
hydrogenation, if the material is quenched to freeze the
microstructure and an x-ray diffraction pattern pro-
duced, diffraction peaks characteristic of neodymium
hydride, iron boride and alpha iron are observed. There
is no semblance of the essential 2-14-1 phase for perma-
ment magnet properties in the hydrogenated structure.
Following hydrogen desorption and the heat treatment
that is concomitant with the hydrogen absorption and
desorption steps, very small grains of the 2-14-1 phase,
preferably less than about 300 nanometers in average
greatest dimension, are detected by TEM. Also detect-
able by TEM is a rare earth element-rich grain bound-
ary phase around the 2-14-1 grains which contributes to
the coercivity of the material.

Thus, in summary, we employ a practice of rapidly
absorbing hydrogen into a rapidly solidified, fine
grained material at a suitable temperature, preferably of
the order of 700° C. to 850° C. without inducing rapid
grain growth of the material. After a brief period of
hydrogen absorption, typically less than one hour, the
hydrogen is removed from the material as rapidly as
practical. This process is also preferably carried out at a
temperature of the order of 700° C. to 850° C. The
hydrogen is removed in a matter of minutes, preferably
less than 60 minutes. The dehydrogenated material is
then rapidly cooled to room temperature such as by

backfilling the furnace with argon so as to retain the
necessary fine grain character of the material.

Our magnetically anisotropic powder will usually be
magnetically aligned and bonded or formed into a per-
manent magnet body of desired shape. There are known
practices to form such permanent magnets. Qur hydro-
gen treated-hydrogen desorbed particles may be re-
duced to a suitable particle size for the shaping of the



prising rapidly solidifying a said nolten precursor conposi- tion at

a maxi num coercivity value cooling rate or greater to formfine-grained
particles in which the average grain size is no greater than about 100
nanonet ers. heating said rapidly solidified particles in a hydrogen

at nosphere at a pressure no greater than atno- spheric pressure at a
tenperature for form ng netal hydri dedlim the particles, and thereafter
renovi ng hydrogen fromthe particles and cooling the particles to
provi de said magnetically aniso- tropi c powder, the tine and
tenperature of hydro- gen treatnment and renoval being such that the
materi al consists essentially of the tetragonal crys- tal phase

RE[ er r] (Fe[ er r] Co[ er idepired mpagneticonfignratinne Gypically, the particlgsase
surroundi ng the grai neill bhemixeREwitipioe- coated (encapsulated)r withr @ rare earth
el ement's i ncl udi ng atsuitablel maxling Gesie(s).estabitizersy and the dikeoTher aseodym
ium the value of X iparticies myr#l5¢ bealighed ahd Hot pressed to atfuflyconposi tion of
the intergranul ar phakasé, anisothsic permanent magnet.
While our invention has been described in terms of a

specific embodiment thereof, it will be appreciated that

other forms could readily be adapted by those skilled in

the art. Accordingly, the scope of our invention is to be

considered limited only by the following claims.
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in rare earth element content than the tetragonal crystal phase, and

the average grain size of the 2-14-1 phase is ter than 500
nanonet ers. 3. A nethod of making fine-grained, WE@ HJ’”/ tropl C
per mmnent magnet powder particles consist- ing essent of t he

tetragonal crystal phase RE[err](Fe[err]Co[err])[err]B[err] W|th a*n

i ntergranul ar phase sur- roundi ng the-glains, where RE represents one or
nore rare earth elenments including at | east 60 percent neo- dym um and/ or
praseodym um the value of x is in the range of 0.6 to 1, and the

conposition of the int ranu- | ar OIF} se.is richer in rare earth el enent
content than the tetrag-gaém%’ﬂ}@?’&qs R %@V@H@né%hﬂaghﬁpﬁﬁd&r said pow der

bei ng further characS®€ PEIPertY ORaprivilesmliy 6%60%"3— defined @ m it is
susceptible to bei ngfﬁl:!\?j\i"érl y cooled to solidification over a determ nabl e
and control | abl e rangelof cuathodgfr makingvingigramede magnetically seri es of fine
grai ned crystalline pnisdtropi perrfapentohaghet powedgrparticles consist-
ing essentially of grains of the tetragonal crystal phase
RE;(FexCoj—x)14By with an intergranular phase sur-
rounding the grains, where RE represents one or more
rare earth elements including at least 60 percent neo-
dymium and/or praseodymium, the value of x is in the
- range of 0.6 to 1, and the composition of the intergranu-
lar phase is richer in rare earth element content than the
tetragonal crystal phase, the composition of said pow-
der being further characterized in that in molten precur-
sor form, it is susceptible to being rapidly cooled to
solidification over a determinable and controllable
range of cooling rates within which range a series of
fine grained crystalline products is formed that respec-
tively display (a) values of magnetic coercivity that
continually increase toward a maximum valae and de-
crease from such value as the cooling rate is increased
and (b) values of magnetic remanence that increase over
at least a part of such range as the cooling rate is in-
creased, said method comprising
rapidly solidifying a said molten precursor composi-
tion at 2 maximum coercivity value cooling rate or
greater to form fine-grained particles in which the
average grain Size is no greater than about 100
nanometers,
heating said rapidly solidified particles in a hydrogen
atmosphere at a pressure no greater than atmo-
spheric pressure at a temperature for forming metal
hydrides in the particles, and thereafter
removing hydrogen from the particles and cooling
the particles to provide said magnetically aniso-
tropic powder, the time and temperature of hydro-
gen treatment and removal being such that the
average grain size of the 2-14-1 phase is no greater
than 500 nanometers. _
2, A method of making fine-grained, magnetically
anisotropic permanent magnet powder particles com-
prising, on an atomic percentage basis, 10 to 18 percent

of a rare earth element including at least 60 perce
neodymium and/or praseodymium, 0.5 to 10 per
boron, and at least 70 percent iron or mixtures of irgn
with cobalt, the composition of said powder being fur-| 25 FEB 1998
ther characterized in that in molten precursor form, itis . 5
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- 14 - tively display (a) values of magnetic coercivity that continually

i ncrease toward a nexi num val ue and de-

cooling rate is increased and (b) val ues of magnetic remanenc
i ncrease over at least a part of such range as the

creased, said method comprising  rapidiy solidifyi mﬁlllmmwg!“”'

tion at a maximum_coercivity val ue cooling rate or

precur sor conposi -

greater to formfine-grained particles 7 A3whi ch the

is no greater than about 50 pano-

susceptible to being rggi%?; géoled to solidification over
a determinable and controllable range of cooling rates
within which range a series of fine grained crystalline
products is formed that respectively display (a) values
of magnetic coercivity that continually increase toward
a maximum value and decrease from such value as the
cooling rate is increased and (b) values of magnetic
remanence that increase over at least a part of such
range as the cooling rate is increased, said method com-
prising

rapidly solidifying a said molten precursor composi-

tion at a maximum coercivity value cooling rate or
greater to form fine-grained particles in which the
average grain size is no greater than about 100
nanometers.

heating said rapidly solidified particles in a2 hydrogen

atmosphere at a pressure no greater than atmo-
spheric pressure at a temperature for forming metal
hydrides in the particles, and thereafter

removing hydrogen from the particles and cooling

the particles to provide said magnetically aniso-
tropic powder, the time and temperature of hydro-
gen treatment and removal being such that the
material consists essentially of the tetragonal crys-
tal phase RE(FexCo1—_x)14B1 with an intergranu-
lar phase surrounding the grains, where RE repre-
sents one or more rare earth elements including at
least 60 percent neodymium and/or praseodym-
ium, the value of x is in the range of 0.6 to 1, and
the composition of the intergranular phase is richer
in rare earth clement content than the tetragonal
crystal phase, and the average grain size of the
2-14-1 phase is no greater than 500 nanometers.

3. A mecthod of making fine-grained, magnetically
anisotropic permanent magnet powder particles consist-
ing essentially of grains of the tetragonal crystal phase
RE;(FexCo1—-x)14B; with an intergranular phase sur-
rounding the grains, where RE represents one or more
rare earth elements including at least 60 percent neo-
dymium and/or praseodymium, the value of x is in the
range of 0.6 to 1, and the composition of the intergranu-

crease from such val ue as the

average grain size

lar phase is richer in rare earth element content than the

* tetragonal crystal phase, the composition of said pow-

der being further characterized in that in molten precur-
sor form, it is susceptible to being rapidly cooled to|
solidification over a determinable and controllable ;
range of cooling rates within which range a series of |
fine grained crystalline products is formed that respec-
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heating said rapidly solidified particles in a hydrogen at nosphere at a
pressure in the range of about 600 to 760 torr at a tenperature in the
range of 700[err] C to 850[err] C. for formng nmetal hydrides in the
parti - cles, and thereafter removi ng hydrogen fromthe particles and
cool i ng the particles to provide said nagneti cal I wﬂwmum(y
powder, the tine and tenperature of hydrq, gen tr "ymﬁ
bei ng such that the average grain size of the 2-14-1 phése”l s na
greater t han 300 nanonet ers. 4. A nethod as recited in claim1l where
the rapidly solidified conmposition conprises at |east one additive sel ected
fromthe group consisting of carbon, gallium tantalum tin, vanadi um and
zi rconi um 5. A nettieglyadispRei (ﬁdvﬂﬂdlbfﬁlrﬁhgném:ewcﬁdi!ﬁty amndl y solidified
conposi tion conpri sescaitidi@fY! inefasd deivhid/ 8 zﬁﬁhﬁﬁﬁx?%meomé g& group
consi sting of carbon, Fro@ st afudngs t‘ab coni um
A nmethod as recited |£h 'JBL?&S‘M?%%MBS r&gm’ ﬁ]ﬁl v&Pposi tion
conprises at | east Ong &Y' § part of such range as the coolmg rate is in-
creascd said method comprising
rapidly solidifying a said molten precursor composi-
tion at a maximum coercivity value cooling rate or
greater to form fine-grained particles in which the
average grain size is no greater than about 50 nano-
meters,
heating said rapidly solidified particles in a hydrogen
atmosphere at a pressure in the range of about 600
to 760 torr at a temperature in the range of 700° C.
to 850° C. for forming metal hydrides in the parti-
- cles, and thereafter
removing hydrogen from the particles and cooling
the particles to provide said magnetically aniso-
tropic powder, the time and temperature of hydro-
gen treatment and removal being such that the
average grain size of the 2-14-1 phase is no greater
than 300 nanometers.
4. A method as recited in claim 1 where the rapidly
solidified composition comprises at least one additive
selected from the group consisting of carbon, gallium,’
tantalum, tin, vanadium and zirconium.
5. A method as recited in claim 2 where the rapidly
solidified composition comprises at least one additive
selected from the group consisting of carbon, gallium,
tantalum, tin, vanadium and zirconium.
6. A method as recited in claim 3 where the rapidly
solidified composition comprises at least one additive
selected from the group consisting of carbon gallium,
tantalum, tin, vanadium and zirconiurm.
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sel ected. fromthe group consisting of carbon gallium tantalum tin,
vanadi um and zirconi um
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ABSTRACT

FINE GRAINED ANISOTROPIC POWDER FROM MELT -
SPUN RIBBONS.

A method is disclosed for producing a rapidly solidified,
fine grained, magnetically anisotropic powder of the
RE-Fe-B type. The rapidly solidified material is opti-
‘mally quenched or slightly overquenched and is sub-
jected to a hydrogen absorption-hydrogen desorption
process that produces a fine grained material containing
the essential magnetic phase RE;TM 4B and an inter-
“granular phase and is magnetically anisotropic.
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