*2206241 1 "METHOD OF MAKI NG A PERVANENT MAGNET" The present inyenti on .
relates to a nethod of making a pernmanent magnet froman all oyzcglhbb g|1¢g|a
Jare earth, iron and boron (R-Fe-B). The term"rare earth", as used in this

spemiycatlon 5 s to be understood to include yttri um (Y). At
present, the following three nethods are in practice used for manufacturing
a magnet from such an alloy:- (1) A silnteri ng net hod based upon a powder
metal | urgy techni que (Reference No. 1); 10 (2) A nmethod in

which rapidly quenched ribbon fragnents having a thickness of about 30

m crons are prepared by a nelt spinning apparatus and are used for
produci ng an - armrphoummioloymhﬁgrmgamgﬁmmng\dmde fromthe ribbon
fragments by a resin-bondi ng techni que (Reference No. 2); and 15

(3) A nmethod. in which a nechanical alignment treatnment is performed on
t he fragnents prepared byheheredeoveinvenhimh 2)atips to 2 siethpdiof pakdsgi ng
techni que:(Reference No. 2). Reference No. 1: M Sagawa, S. Fujinmura, N
Togawa, H Yanmanoto aneermanktt Fagnet fyapean 2Dloy comprising a rare earth,
Appl i ed Physics Vol. 55(6), 15 March 1984, p2083. Reference No. 2: R'W
Lee; Applied Physicsiren @8 sborgs| (BdFeB): 15 April 1985, p790. The prior

art techniques-nmentioned above are expl ai ned bel ow. 25
The term "rare earth", as used in this specification

. é: | is to be understood to include yttrium (Y).
At present, the following'th:ee methods are in practice
- used fér manufacturing a magnet from such an alloy:-
(1) .A sintering method based upon a powder metallurgy
technique (Reference No. 1);
10 -. | (2) A method in which rapidly quenched ribbon fragments
| ‘having a thickness of about 30 microns are prepared by a
melt spinning apparatus and are used for producing an armorphous
alloy, the magnet being madg from the ribbon fragments by
a resin-bonding technique (Reference No. 2); and
15. | (35 A methed in which a mechanical alignment treatment is
~/ : - éerformed on the fragmgnts p:epared by the above method (2)
by a 2-step.hot pressing technique,(Refeience No. 2).
Reference No. 1: M. Sagawa, S. Fujiyura, N. Togawa,
 H; Yamamoto and Y. Matsuura; Japan
20 Applied Physics Vol. 55(6), 15 March
1984, p2083.
Reference No. 2: .R.W. Iee; Applied Phyéics Letters,
Vol 46 (8), 15 April 1985, p790.

The prior art techniques mentioneﬁ above are explained

25 below.



2 In the sintering nethod (1), an alloy ingot is nade.by nelting and

casting, and then the ingot is pulverized to a fine powder whose particle

di aneter is about 3 mcrons. The powder is then kneaded with a binder whish .
serves as a 5 moul ding additive and is press-nmoulded in a 4
magnetic field to obtain a noul ded body, The noul ded body is sintered in an
argon at nosphere for 1 hour at about 11600C and thereafter quenched to room
tenperature. After sintering, the body is heat-treated at about [err],

t hereby increasing 10 . its intrinsic coercivity. In the nethod .

(2), quenched ribbon fragnents of R-Fe-B alioé“are prepared by a nelt

spi nni ng appar at us whi cHspi Siateringopethedni Dubanr atleyy éngnti 18 mafincby
obt ai ned fragnents are ri bbon-shaped, and have a thickness of 30 mcrons,
and consist of an aBYregdt 2%h BFtR% AR RSB ARedterisi Buliadzad tAngst r ons
or less. These fragpents ate fragile apnd are magnetically isotropic since
the grains are di stgj?rtﬁnpg'dé?rsﬁ‘?g"pip@éﬂ&e ?ﬁ%"‘?‘%égﬁrﬁ’é’“gr-’e HHErMfedT®® form
particles of suitable size d thes articles are kneaded with resin and
are press-nmoul ded. &R Thi §° tatlr}’r%l,P’ﬁ?gege%lstlht§%&stﬁe‘5?ﬁgw§?%VFFa?s i% 85

volume gercent undeg, A RheSsu¥ieifd BROH peedshBUTALL N 4 magnetic fiera
to obtain a moulded body. The moulaed body is sintered in
an a;goﬂ atmoéphere for 1 hour a£ aﬁout 1100°¢ and
thereafter quenched to room temééfaturé. After sintering,
the body is heéﬁ-treated at aboutGGOOOC, thereby increasing
10 its intrinsic coercivity. |
In the method (2), quenched ribbon fragments of R-Fe-B
alloy are prepared by a melt ﬁp;ﬁﬁiﬁé apparatus which spins
af'an optimﬁm substrate velocity} fﬁe obtained fragments are
ribbon-shaped, and have a thickneés of'30 microns, and
. consist of an aggregation of grains whose-diameter is 1000
Angstroms or'lesé. These f:agmenﬁsla;e fragile and are
magnetically isotfopic since the érains'are distributed (-
isotrépically. The fragments are crushed to form particles
of suitable size and these particles are kneaded with resin
) and are press-moulded. At this time, the density of the
2 material is 85 wolume percent under a pressure of about
7 tons/cmz.'
In the methbd (3), the rapidly quenched ribbons or .
fragmentS'aré péésed into a graphite or other suitable

high-temperature die which has been pre-heated in a vacuum

25 " or in an inért gés atmosphere to abou£'700°C. When the



"I'n the method (3), the rapidly quenched ribbons or fragnents are passed
into a graphite or other suitable high-tenperature die which has been
.prezheated in a vacuum 25 or in an inert gas atnosphere to about
700 & When the 3 tenperature of the ribbons rises to the predeterm ned
tenperature, the ribbons are subjected to a unidirectional pressure. The
tenperature and the time are not linmited although it is desirable that the
teénmperature should be 725 [err] 2 5 and that the pressure should
be P 1. 4ton/[err] +-so as to achieve sufficient plasticity. At this tine,
the grains of the magnet are slightly aligned in the pressing direction but
are isotropic as a whole. A further hot pressing process is performed using

a 10 larger g e % Qiée‘é' o Eﬂegp%e:%ﬁ?x?éd‘g s

effected at- a tenper ure o a pressure on/[err] for

a period of several.saconds. . Ths ;igsoma%ngﬁ,gee ed 88 FALAh Aledsgnk pduced

by half of the initra ness a magnet| I gnnent I ntroduced

parallel to 15 pressubé. %@e&:ﬂg&a{e&re%ﬁ&smagtm taQaththqiauéw DBGRIER
ani sotropi-c. The above process is called a "two-stage hot-press procedure

By using this procegurid agsaabsettiaRi endjtbfpdtataté Aholbg Rt 706 Nizgh°clensity
is produced. It is preferable to nake the particle dianeter of the
' _5 . : :end that_the pressure should be F ~ 1. 4ton/cm2 s0 as to
” y achieve.spfficient plasticity. At this time, the grains of the
magnet are.slightly aligned in the pressing direction but are
isotropic as a whole.
A further hot pressing process is performed using a
!9_ - larger cross-section die. As a rule, the hot pressing is
effected at a temperature of 700°C and at a pressure of
_0.7 ton/cm? for a period of several seconds. Then the
thickness of the material is reduced by half of the initial
thickness and a magnetic alignment is introduced parallel to
15 o the direction of pressing so that the alloy becomes anisotropic.
The above process is'qalled a "two-stage hot-press
~procedure”. By using this procedure an anisotropic R-Fe-B
series magnet of high density is produced.:

It is preferable to make the particle diameter of the

grains of the ribbon fragments initially prepared by the

20... . .
melt spinning method slightly smaller than the grain diameter
at which the maximum intrinsic coercivity is produced. This is
because, since the grains become coarse to some degree during'
the hot-preee_procedure, if the grain diameter of the crystals
before the_hot-press procedure are a little smaller than the
25

ocptimum diameter, they will be the optimum size after the



20 grains of the ribbon fragnents initially prepared by the nelt

spi nning nethod slightly smaller than the grain dianmeter at which the

insic coercivity is produced. This is because, since the grdimns
beconme coarse to sone degree during the hot-press procedure, if the graih
di ameter of the crystals before the hot4press procedure are a little . . .
smal l er than the optimumdi anmeter, they will be the optinmum size after the

maxi mimintr

4 procedure.

The prior art techniques nentioned above, however, have sone

di sadvantages. In the sintering nmethod (1), the alloy nust be ground to 5
a fine powder. However,a R-Fe-B series alloy is extrenely easily oxidized
and so a R-Fe-B ®EPFe®IL-| oy powder is all the nore easily oxidized.

Accordi ngly,

t he oxygen concentration of the sintered body is inevitably

hi gh. Furthernore, REIfMiaEY terbnpaufementipneddikevre hewever, havg|ich as,

for exanpl e,

zinc stearate is necessary. Although such an additive is

el i ni nated prior P8 tHE2QVIRAGLR/y process, sone of the additive remains in

the final nmagnet in the formof carbon. car bo reat|ly deteriorates
the magnetic perfor rraH’c@LBijé’tR?Fé‘l Ee%‘b‘ﬁgﬁs]' %‘e al1oy ‘mast bergrowng,tied

body, af%er
e n

called t
handle..Ther
10
15
20
25
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more easily ogiaized. Acéordingly, thé oxygen concentration
of the sintered body is inevitably'high.
Furthermore, when moulding the powder, an additive
such as, for example, zinc stearate is necessary. Although
such an additive is eliminated prior to the sintering process,
‘some of the additive remains in the final magnet in the
- form of carbon. Such carbon greatly deteriorates the magnetic
performance of 3 R-Fe-B magnet.
‘The moulded body, after the moulding with the moulding
additive has been effected, is called the "green body" and
this is easily breakable'and very difficult to handle.
- Therefore, it is very difficult to place thé'gréeh;bodies in the
sintering furnace in good order, which is a big disadvantage.
Because of the above diSadvantages, in order to ﬁanufacture
R-Fe-B series sintered magnets, expensive equipmeht has been
necessary. 'Moreover, productivity has been éxtremely low,
which has resulted in high manufacturing costs for this type
of magnet,
Thus, the sintering method (1) is not a séﬁisfactory

method for making good use of the advantage of the cheap

"



* sintering furnace in good order, which is a big disadvantage. 20

Because of the above di sadvantages, in order to manufacture R-Fe-B series
sintered magnets, expensive equi pnent has been necessary. Moreover,
productivity has been extrenely | ow, which has resulted in high
manufacturing costs for this type of magnet. Thus, the sintering nmethod (1)
ks not a satisfactory 25 nethod for naki gg good use of the advantage of the
cheap raw material cost of an R Fe-B series magnet. In nethods (2) and
(3), a vacuum el t spinning apparatus is used. At present, however, this
apparatus has a | ow output and is expensive. In nethod (2), the crystals of
the resulting magnet are isotropiec and so the energy production is |ow and

the squareness of theuhysle@iesicost Pak REFER, sbsidiOhagied. Therefore, the
magnet produced by the nethod (2) has bad tenperature coefficients and is

unsatlsfactory in practlﬁahems 8 and (3), a vacdhnmdBt RBEnAiRY i s perforned
In two stages and is therefore very inefficient. According, therefore, to

the present inventi Qippaidt@keis shd OutOsbsantPhbnshed! trlsi Agpadap@d MaNent
magnet conprising nelting and casting an all oy whose constituents conprise

at 15 | east nHaeea riaweowtdit hand i®rexpaskiver on; hot working the cast
al | oy |ngot at a hot working tenperature of at least [err] and at -4
5 In method (2), the crystals of the resulting magnet
are isotropic and so the energy production is low and the
squareness of the hysteresis loop thereof is not good. Therefore,
the magnet produced by the method (2) has bad temperature
céefficients and is unsatisfactory in practical use.
10, The.method (3) is performed in two stages and is
therefore very inefficient.
According, therefore, to the present invention, there
is provided a method of making a permanent magnet comprising
melting and casting an alloy whose constituents comprise at
15 least one iare earth, iron and boron; hot working the cast
alléy.ingot at aihot working temperature of at least 500°c and at
a strain rate de/dt ia the ramge of 10_-4 to 1 per second, where
€ is the logarithmic strain and t is time; and forming the
hot worked alloy ingot into a permanent magnet.
20 | | Tﬁe logarithmic strain g= ln. 12/21, where 21 is the
length of the cast alloy.prior to the said hot working, and
22 is its length after the said hot working,i?.n being the
natural logarithm Roge.
The permanent magnet is preferably‘ahnealed at a

25 temperature of at least 250°¢.

The hot worked alloy may be pulverized to form a powder,



a strain rate [err]/dt in the range of [err] to 1 per second, where e is
the logarithmc strain and t is tine; and form ng the hot worked all oy
ingot into a permanent magnet. 20 The logarithmc strain [er—L]
where [err] is the 1 length of the cast alloy prior to the said hot
working, and [err] is its length after the said hot working,[err] being the
natural logarithm[err]. The permanent nfgnet is- preferably anneal ed at a
25 tenperature of at least [err]. The hot worked alloy nay be

pul veri zed to form a powder, 6 the powder being kneaded with an organi c
bi nder. The said hot working tenperature is preferably in the range of 800
Cto [err]. The haheVdwieRbdingl Kdealdby Akthesd Srgadivdueddedn ratio 5 of
at least 60%in the thjcknes cross-sectional area or dianeter af the cast
a1y ingot. Thus if & PEULEPEOPERERE, SPRRRALPER SonPTHETERTCRREEE t he
reduction rati o nmaxgnpe otfepmes}embemsagc{ err] - [err]. x 100 (%, where d is

the thickness 10 of thﬁmc%%gkﬁl&'t gé%%]aggy t#ﬁwtesl ?%&u@ior}/@?gipg and d2

is its thickness after the sai oy nmay contairn a total
of 8 to 30 atoni c ofeatdersvf603nin dihenthicknesss epeasdrsectional|dreg omy contain

2 to 28 atomc perd‘i@ﬂéte?‘f 0P¥h@Ncad® alloy ingotlhUShdd1@f HteO¥edBidod Xs

exanpl e, contain 8 to
a reduction in the thickness, the reduction ratio may be

represented as d1 - d2 x 100 (Z), where d1 is the thickness
. _-—EI—_-
10 - of the cast alloy prior to the said hot working and d., is . ;_;

its thickness after the said hot working. :
The alloy may contain a total of 8 to 30 atomic percént
of one or more rare earths. '
The alloy may contain 2 to 28 atomic percent of boron.
15 Thus the alloy may, for example, contain 8 to 30
atomic percent of R, 2 to 28 atomic percent of B, 50 or less
atomic percent of Co, 15 or less atomic percent of AL, the
balance being iron and impurities which are inevitably
included during the preparation process.
20 The invention also comprises a method of making a
pefmanent magnet comprising melting and casting a

Ce3Pr10NdloFe73 4 alloy; hot working the cast alloy ingot v

at-a hot working temperature of at least 500°C, and a
strain rate de/dt in the range of 10—4 to 10 per second
25 where € is the logarithmic strain and t is time;
and forming the hot worked alloy ingét into a permanent

magnet.



‘atomi c percent of R 2 to 28 atomi c percent of B, 50 or |ess atom c percent
of Co, 15 or less atomc percent of Aferr], the balance being iron and
Jmurities which are inevitably included durlng t he preparation process. 20
"The™ nnyentlon al so conprises a nethod of meking a pernmanent magnet
conprising nelting and casting a [err] alloy; hot working the cast alloy
imgot O at a hot working tenperature of a8a |l east 500 C, and a strain rate
[err]/dt inthe range of 10 - to 10 per second 25 where J[err] is the

| pgarithmc strain and t is time; and formng the hot worked all oy ingot
into a permanent nagnet. 6a The present invention further conprises a
method of making a peniBNALefRAReln B LI thap dabtiAd 2lcRapting an alloy
whose constituents conprise at |east one rare earth, iron and boron; hot
wor ki ng t he castofaPalgipg| qsEnagens pagnes compsisinggneliperandurestdneerr], and

at a strain raten 811dy “Whisel Bonstithéhtcab@Rrobe Y leds? dik RAFe SRZOR where C
is the Iogarlthnlc straln and t is tinme, and form ng the hot worked all oy

ingot into a pert8 at hotaoTing, thfo G2tk Al ey ﬁ%t BYofrP%tet hods for
preparing a $0 neekirgatédperacires of i KO0Des mpdent ameepadh, rdteedetfde sintering

met hod and-the. %%engamgggombhb%o t110?“/p%1"t Qeecoagstﬁle%tel ¥e is the logarithmic

strain and t is time; and forming the hot worked alloy ingot
1nto a permanent magnet.
: As described before, the known methods for preparlng a

— 10 rare earth-iron series permanent magnet, i.e. the sintering -
method and the quenching method, have the respective
disadvantages that handling of the powder is difficult and
that productivity is poor.



di sadvant ages that handling of the powder is difficult and that
productivity is poor. 7 It has been found, however, that if the alloy
has the preferred conposition referred to in the previous paragraph, the—
alloy will be nmade fine and anistropic by the hot working. The hot morkpﬁg
on the cast ingot at the tenperature of [err] 5 or higher may be
such as to produce -fine crystal grains7whose grain axis is aligned in a

specific direction, thereby maki ng the cast alloy magnetically anisotropic.

In order to inprove-the magnetic properties and especially to increase the

intrinsic coercivity of the resulting magnet, 10 the all oy may
consist of 8 to 25.atonic percent of R 2 to 8 atom c percent of B, 40 or

| ess at om c percent a#"; Ol ok &f S nal &L 8 [% Jhast bal ance
being iron and |npur|t|es g%e |nev€$%blgﬁ%ncP'3a%aé n&st >

preparation procgsgret i E&sPHdiloh rmeﬂ-edo%ngl 'E&G“ﬂéxﬁéhé ba%&gé‘;ﬁ)ed 15

by heat-treatment at a tenperature of [err] nore. In.this caSe,
sufficient intriRgeCalef’ i e mfadFiak NaH Hﬁ‘{éﬂr)bpbé’ Hynend dlotWaékiimg. For
resi n-bonded magnets, an alloy of the above conposition may be pul verized
to a fine powder Thy hit WoZkiny iohSthy @pet tihget R the tempedaturde proshofcng a
hydr ogenat ed conpound, the said fine powder being kneaded with an organic
bi nder arsd t hen ourbihHer niyt &ensach @si te (wdece Ifigaetrystal acptadng whose

resi n-bonded magnet by the usual pulverization,
grain axis is allgned in a spec1f1c dlrection, thereby making

the cast alloy magnetlcally anisotropic. o k_)'

In order to improve the magnetic properties and especially
to increase the intrinsic'céércivity of the'resuif;ng magnet,
10 the alloy may consist of 8 to 25 atomic percenf of R, 2 to 8
atomic percent of B, 40 or less atomic percent of Co, 15 or
less atomic percent of A%, the balance being iron and
impurities which are inevitably included during the preparation
process, the resulting magnet being magnetically hardened
15 by heat-treatment at a temperature of 250°C or more. In this
case, sufficient intrinsic coercivity is obtained merely by the
hot working.
For resin-bonded magnets, an alloy of the above composition
may be puiverized to a fine powder by utilizing its property of
20 easily producing a hydrogenated compound, the said fine powder
being kneaded with an organic binder and then cured to obtain
a resin-bonded magnet.
To obtain a resin-bonded magnet by the usual pulverization,
the poivder may be such that, by utilizing the property that
25 the grains are easily made fine by the hot working, each grain

of the powder includes a plurality of magnetic RzFe14B grains

o/

4



‘the powder may be such that, by utilizing the property that 25 t he
grains are easily nmade fine by the hot working, each grain of the powder
Jnclydes a plurality of magnetic [err] grains 8 even after the
pul véization has been effected, and the powder is kneaded with the organic
bi nder and cured to obtain the resin-bonded nmagnet. In the nmethod of the
ptesent invention, the hot working, 5 whi ch may be effected to make
the ingot anistropic, my be only a one-setage process and not a two-stage
peocess as in the quenching nmethod di sclosed in Reference No. 2, Moreover,
the intrinsic coercivity of the product will be substantially increased
because the grains are made fine. Furthernore, since 10 ‘it is not
essential to pulverize the cast ingot, it is not necessary to strictly
control the ‘at nogyRerafteyr the pudvérigasieh deosdveent htfesibpdgrasdd the r educi ng
the equi pnent cost. It is another advantage of the present invention that
t he resi n-bonded PREGRRtLsWkpeateda Be thtndneic hinder amdt prredito obtaipf the
present invention is not originally isotropic as is the nagnet obtained by
the usual quenchith§ ?ﬁlﬁc‘)W%ﬂg?@ BRHtetan ani sotropi c resi n-bonded magnet can
easily be obtained. Thus the advantages of R-Fe-B magnet of
hi gh- per f or mance  and Irowhe geathedrofhahacesent] inygntion, the hop wexkdrg. on t he
magnetizatg' on of an alloy in the bulk state has been presented by Hiroaki
M ho et al®> (Thevhégh fe¥ Reafifpgtet tPheakeaShndagot ASHRRICof BNEDS s,
Aytumm 1985, .
only a one-stage process and not a two-stage process as in the
e quenching method disclosed in Reference No. 2, Moreover, the

intrinsic coercivity of the product will be substantially
increased because the grains are made fine. Furthermore, since
10 it is not esséntial to pulverize the cast ingot, it is not
necessary to strictly control the atmosphere for sintering
and so on, thereby greatly reducing the equipment cost.
It is another advantage of the_present invention that
the resin-bonded magnet which can be cbtained by the method
15 ; of the present invention is not originaily isotropic as is
\y/ ST the magnet obtained by the usual quenching method and that
an anisotropic resin-bonded magnet can easily be obtained.
Thus the advantages of R-Fe-B magnet of high~-performance and
low cost can be achieved.
20 . . A report on the_magnetization of an alloy in the bulk
- state has been presented by Hirocaki Miho et al. (The Lecture
- Meeting of The Japanese Institute of Metals, Aucumn 1985,
Lecture No. 544). However, thié report refers to small alloy

samples having a composition of Nd CO

16.2F%50.7%22.6V1.3 Bg.>

25 .which are melted in air, exposed to an argon gas spray



Lecture No. 544). However, this report refers to small all oy sanpl es having
a conposition of [err] 16.2 50.7 22.6 1.3 9.2 25 Which are nelted
in air, exposed to an argon gas spray 9 and then ‘extracted for s
sanpling. Accordingly, it is considered that, in the study of this repowsf,
the fine grains obtained by quenching ogcurred because of the e

smal | -quantity sanpling. We have found, however, that, in the conposition 5"
disclosed in this report, the grains of the main phase [err] thereof becone
coarse when they are cast by the usual casting nethod. Al though it is - »
possi ble to make an all oy of the conmposition Nd Fe Co V B

ani sotropi ¢ by 16.,235heh éRtfacted £or? shab1iWgl Kidt@Goraing1y, Ve M sdedddiaetda t o
obtain sufficient 10 intrinsic coercivity as a pernmanent magnet for

the resulting bodynhathl 54, the statg dORLs depbit, Rher firle goairhi abtaimedagnet

of sufficient intrinsic coercivity even by the usual casting nethod, the
conposition of theysqserichifg radicakred behauded ofiathe Eball-quanttyBsgmgoling.
conposition of 8 to 25 atomc percent of R 2 to 8 atom c percent of B, 50
or | ess atom c percentWeoha®@, fotbdorhdwever atthat ¢ ipethememppsition] | t he

bal ance being Fe and inpurities. A typical optinmumconposition for a R-Fe-B

series naynet of wdhecinsedrimrthissrepariteVihe guains RESHE pBEN Bhashdih Fep,B0
Ref ererice No. 1. In this conposition, R and B are richer

thereof become coarse when they are cast by the usual casting
method. Although it is possible to make an alloy of the
composition Nle.ZFe50.7c°22.6V1;339.2 anisotropic by
hot working, it is very difficult to obtain sufficient

10 intrinsic coexcivity as a permanent magnet for the resulting
body.

Also, we have foﬁnd that,lin order to obtain a magnet

of sufficient intrinsic coercivity even by the usual casting
method, the composition of the starting material should have

15 a B-poor composition of 8 to 25 atomic percent of R, 2 to 8
atomic percent of B, 50 or less atomic percent of Co, 15 or
less atomic percent of A%, the balance being Fe and impurities. \;J

A typical optimum composition for a R~Fe-B sgries magnet

of the prior art is believed to be R, Fe,_ By as shown in

20 Reference No. 1. In this composition, R and B are richer
than in the composition R11.7Fe82.485.9 which is equivalent-
in atomic percentage to the main phase R2Fe14B compound.
This is because, in order to obtain sufficient intrinsic

coercivity, not only the main phase but also the non-magnetic

25 phase of R-rich phase and B-rich phase are necessary.



*than in the conposition [err] which is equivalent in atonic percentage to
the mai n phase R Fe B conpound. 2 14 This is because, in order to obtain
suffjcient intrinsic coercivity, not only the main phase but also the
non-ﬁagnetlc 25 - phase of R-rich phase and B-rich phase are
necessary. 10 I'n the conposition B-pogy region referred to in the
pﬁecedlng par agraph but one, the intrinsic coercivity becomes a nmaxi num
when B is poorer than in the usual conposition. Generally, such a B-poor
conposition shows a b great decrease in intrinsic coercivity when
the sintering method is applied and therefore this conposition region has
not been considered very carefully in the past. However, if the usual
casting nethod is enpl oygd intrin |c coerc V|t s gbtai.ned only in
the said conposition 10 £ e "M PPE@F‘(%‘ e ES efrcfﬁgctoorrﬁgsg?el on
which is the main ¢ Ii0 r e LN e

R84 L gu{{%g ¥ ?%L‘ i Lﬁ!ﬂ 91@%52 by 1 kD!

i ntrinsic: coercivit I'S no €’ reason t he above i s

considered to be as gdaabh m&umwﬂ. sbYs gmkgy'eaqneiﬁ RRE Fuahnt ering

met hod 15 - - -oor t castlng met od 0 present invention, the

i ntrinsic coercivit %aBeHtbaM Q;‘fentab@u@agg@éh il B4lclori SorigosBELAT dAMRE Wi th a
nucl eation nodel. This is proved by the fact that the initial nmagnetization

curve of she magnet grayt hiches®d RAdenEIAMEc TcekeBR Ly MferS khe | AntéPing
exanpl e,
method is_applied and therefore this composition region has
W _ . * not been considered very carefully in the past. However,
if the usual casting method is employed,an high intrinsic
. coercivity is obtained ohly in the said composition
_?pu region and, in the B-rich composition which is the méin
composition region for the sintering method, the intrinsic
"coercivity is not sufficient. |
fhe reason for the above is considered to be as
3 follows. Primarily, by employing either a sintering method
15 or the casting method of the present invention, the
intrinsic coercivity mechanism of the magnet itself.
is in accordance with a nucleation model. This is proved
by the fact that the initial magnetization curve of the
magnets by both methods shqys a steep rise similar for example,

20

to that of SmCo.. A magnet of this type has the intrinsic

5
coexcivity according to tlesingle domain model. Namely, if

~the grains of R2Fe B compound having a large crystal

14
magnetic anisotropy are too large, magnetic domain walls
25 are introduced into the grains and accordingly movement

of the magnetic domain walls causes the reverse magnetization



20 to that of [err]. A magnet of this type has the intrinsic
coercivity according to the single donmain nodel. Nanely, if the grains of.
[err] compound having a | arge crystal nmagnetic anisotropy are too |arge, P

magnetic domain walls 25 are introduced into the grains and ‘s
accordingly novenent of the magnetic domain walls causes the reverse. . 4
magneti zati on 11 to be easily invertedi thereby decreasing the intrinsic-

coercivity. Wuereas, if the grains of [err] conpound are snaller than a
specific size, the magnetic walls disappear fromthe grains. In this case, .
since the reversal of the 5 magnetization is caused only by the
rotation of the magnetization, the intrinsic coercivity decreases. Thus, in
order to obtain sufficient coercivity, the [err] phase is required to have
adequat e grain di atretber easily. inyrutedi Otheireby rdecrogeing hke dintrinsieg net hod
Is applied, 10 the grain dianeter can be suitably adjusted by the
adj ust ment of t he FRARFEVLIEH -ankheNeages bf &¢hej sxadnEngf RiEfpyfecompgundhareast i ng
nmet hod, the grains diiameter of the %err . conmpound is determ ned when the
liquid material i sSTOLRHi 12242 RECIFT HR§: the PRIMRKAES Ry fLsampseFol the
conposition and thg 15 sQlidification. ,process . with great_ care. The
conposition i s espR=aith 3587t ?ﬁ‘tgi’ﬁ FRE §i§5ﬁt r8¥e’isﬁg 1S is nore
than 8 attomi c percent. . il _J.S V Lkel e_gqr.ai. he [err] phase
in the nrggnet afte"??a 5‘55##91%&% ?éaa%é‘? %ﬁgnh@l&bgrﬁ%a%ﬁgs O%I:E'%?di ngly,
magnetization, the intrinsic coercivity decreases.
u

Thus, in order to cbtain sufficient coercivity, the

R,Fe, B phase is required to have adequate grain diameter,
i.e. about 10 microns. When the sintering method is applied,

10 the grain diameter can be suitably adjusted by the adjustmént
cf the powder diameter before'sintering. However, by the casting
method, the grains diameter of the RZFe14E compound is
determined when the liquid material is solidified. Accordingly,
it is néecessary to control the compoéition and the

solidification process with great care. -

15
The composition_is especially important. If the B W/
content of the alloy is more than 8 atomic percent, it is |
very 1ikel§'that the grains of the R2F214B phase in the magnet
after casting are larger than 100 microns. Accordingly,
20 in this case, sufficient intrinsic coercivity is difficult

_to obtain in the cast state without using a queriching
device as used in Reference 2. On the contrary, in the said
B-poor composition region, the diameter of thg grains of.the
magnet is easily reduced by adjusting the kind of mould, the .

25 moulding temperature and so on. However, in either case, the



20 in this case, sufficient intrinsic coercivity is difficult to
obtain in the cast state w thout using a quenching device as used in
Refepence 2. on the contrary, in the said B-poor conposition region, the
di aneter of the grains of the magnet is easily reduced by adjusting the
kLnd of nould, the 25 noul di ng tenperature and so on. However, in
ei ther case, the 12 grains ofthe main phkase [err] are made finer by
perform ng the hot working and so the intrinsic coercivity of the magnet
-increases after the hot working. The conposition region in which there is
sufficient 5 ~ intrinsic coercivity in the cast state, i.e. the said
B- poor conposition, can also he called a Fe-rich conposition. At the
solidifying state, Fe first appears as the primary phase and then the
R2Fe14B phase appefF3aing chthe masnirhasesRjReqpB site mhde fiher byspexfortnieg

cool ing -speed is much higher than the 10 speed of equilibrium
reaction, the sanpltbeirotsyprking; apfl is§ She Hniriggict eearcimbty ofrthegphase
surrounds the primary phase Fe. Since this conposition region is B-poor,
the B-rich phase aB2ER&hipfrepsedr3fternthiheetWitkAngs the typi cal .
conposition suitable for use in %ih_e_.si ntering nethod is necessarily so 15
smal | in quantity that tHeCERPEEHPHESE Tadn NGt threnty EFLELenthe heat
treat ment senpl-oyed; for. the said.B.poor conposjitiopn ig used to djffuse the
primary phase Fe aﬁ%t{lgsgft%?eﬁcﬁwt%qg?l%ggﬁﬁ ss[tgg%', 1§ 115t ST BrRRPS nsi ¢

coercivity of -the E&?}"gstlltg& ,n%gﬂeélsgrggtéa)flgg %ee‘g§n'%% %o%ll fé'lns.i a0 a'fe Fe.
N o 561iaifyiﬁg state, Fe first appeafs as the priﬁary phase
lIAnd'then.the R2Fe14B phase appears by pefitectic reaction. At
:'this time,.since.the cooling speed is much higher than the
10 speed of equilibrium reacﬁion, the sample is'ﬁolidified in
such a way that the R2Fe14B Phase surrounds the primary phase

Fe. Since this composition region is B-poor, the B-rich phase as
157¢775g

suitable for use in the sintering method'is nécessarily so

seen in a R magnet which is the tyﬁical composition
15 gmall in quantity that the B-riéﬁ phase can almost be neglected.
.The heat treatment employed for the said B-poor composition
is ﬁsed to diffuse the primﬁry phase Fe and to attain an
equilibrium state, so that ﬁhe intrinsic coerciﬁity of the
resulting magnet greatly depends on the diffusion of.fe.
26' S A resin-bonded magneﬁ.is actually prepared by the queﬁching
" method of Refereﬂce No. 2. However, since the powder obtained
by the quenching method consists of isotrqpic aggregation of
polycrystals whose diameter is 1006 Angstroms or less, the
'powaei ié magnetically isotrqpié. Thus, an anisotrdéic magnet

25 cannot be obtained and the advantages of a k-Fe-B series magnet,



20 A resin-bonded magnet is actually prepared by the quenching
nmet hod of Reference No. 2. However, since the powder obtained by the
guenchi ng net hod consi sts of |sotrop|c aggregation of polycrystals whose ™

di aneter is 1000 Angstroms or |less, the powder is magnetically isotropicé
Thus, an ani sotropi c magnet 25 cannot be obtained and t he advant ages
of a [err] series magnet, 13 i.e. lowdcost and high performance, are not
achi eved according to the quenching nethod. Wien a R Fe-B series magnet is
to be prepared, the-intrinsic coercivity of the magnet is kept sufficiently .
hi gh by a pul verizing step conprising hydrogen 5 decrepitation which
causes little nechanical distortion, and accordingly the resin-bonding can
be achi eved. The &r ead adst"Bhd thigh ﬁéﬂf&rﬂﬁc@)dafé nbBadcraRvadi tebr @it

magnet can be prepared otherw se than by the nethod of Reference No. 2.

There are two reatnasqwdihrhing aritho@oWhed R-F-FebB FRries nbgnet iAgode can be-
prepared by pulverizing the alloy by using its property of easily producing
an hydr ogenat ecpmepapedindthekir@cdnsdic tdrercbeitiyt ofigtheomaigretwiis tkept or gani c

bi nder; and curing the alloy to obtain a resin-bonded nmagnet. First,
attention shoul shfifécgentdy high by &aprlveniginghetes comprigingi hydrogenli us of

the single domain of the [err]conmpound is nmuch smaller than that of [err]

and so orP and idecaepitationqehicyf causnd dibkle meehgnica) tdistaryiam.faatult to

pul verize material to such a snall_ grain dianmeter by the usual nechani cal
pul verization. 3MSPESIRILY the marmiﬁsm beaghdgved g by Freatost ed and
merit of this method is that an anisotropic magnet can be (‘)

prepared otherwise than by the_metﬁod qf_Reference No.2.
There are:two reasons why a résinfbonded 3-Fg-8 séries
10 magnet can be prepared by pulyerizing the alloy by using its
property of eésily producing an hydrogenated_cqmpound;.
kneading the résulting powder with an organic binder, and
curing the alioy to obtain a :esin-bonded magnet.
First, attention_should be given to the fact that the
is5 critical radius of the'.single domain of the R2Fe1 4B compound is._ much
smaller_than th;t of 8p005 and so on and is of_the order of .
subm@cfons. It is extremely_difficult to pulverize material ~
_to such a sma;l grain diameter by the usual mechanigal'pulverization..
“Moreover,.the obtained_powder is too highly activated and
20. consequgntly is oxidized énd ignited_very_easily, and theréforg
the intrinsic coexrcivity of the resulting magnet is very low
for its grain diameter; As_ﬁ result of a study of the relationship
between the grain diameter and the resulting intrinsic coercivity,

however, we have found that the intrinsic coercivity was at

25 most some kOe and did not increase even by performing surface



. 20 consequently is oxidized and ignited very easily, and therefore the
intrinsic coercivity of the resulting magnet is very lowfor its grain
diamgter. As a result of a study of the relationship between the grain

di ameter and the resulting intrinsic coercivity, however, we have found
that the intrinsic coercivity was at 25 nost sone [err] and did not

I ncrease even by perform ng surface 14 tgeat ment on the nagnet. Anot her
“problemis a distortion caused by nechani cal working. For exanple, if a
magnet having an intrinsic coercivity of [err] in the sintered state is
mechanically 5 pul veri zed, the resulting powder of a grain dianeter
of 20 to 30 m crons possesses a coercivity as low as less than[err]. If a -
SnmCo magnet, which is considered to have a simlar nucleation nodel, is
mechani cal | y pul veri $Eeptmeptrm thedagast- of the intrinsic coercivity does
not occur .and a.powder having 10 o sufficient coercivity is easily
prepared. The reason for PEAERRL PRARYSHES h Sistordd gneepusedky megkanisalef f ect

of the distortion and on caused hy pul verizati on and working on a R-Fe-B
series nmagnet is con%P Sbléc’.r PRRWPLEr f B PRINEL PRYINGRR pHBBRBSAGhen a
prel] TROTeL such 2SeRtLely 18 sonoe 15 BRI Slnglicd SR (RS Ryl oh
o et oer ol 2 R AT e LUy R oLy TR s
S 30 microns possesses a coercivity as low as less than 1 kOe.
k~/ " If a SmCo magnet, which is considered to have a similar
' nucleatidn model, is mechanically pulverized, such a decre&se
of the intrinsic coercivity does not occur and a powder having
10 sufficient coercivity is easily prepared. The reason for such
a phenomenon is aésumed to be that the effect of the
distortion and so on caused by pulverization and working
‘on ; R-Fe-B series magnet'is considerable. This effect is
a critical problem when a small magnet such as a rotor
15 ' magnet of a step motor for a watch, is cu£ from a sintered
magnet block.

For the above reasons, namely, that the critical radius
is small and that the effect of mechanical distortion is
considerable, a resin-bonded magnét cannot be'obtaihed

20 " by the usual pulverization. In order to obtain a powder
having sufficient intrinsic coercivify, a powder whose grains
" include a proportion of R2Fe14B grains as disclosed in
Reference No. 2 should be prepared. However, the quenching

method of Reference No. 2 has low producHvity. Furthermore,

25 it is actually impossible to prepare a powder of this kind



20 by the usual pulverization. In order to obtain a powder having
sufficient intrinsic coercivity, a powder whose grains include a proportion
of [err] grains as disclosed in Reference No. 2 should be prepared.

However, the quenching method of Reference No. 2 has | ow productivity. "
FurthernDre 25 it is actually inpossible to prepare a powder of this
ki nd 15 by pul verization of a sinterggl body because the grains grow

| arger to sonme degree during sintering and it is necessary to nake the

grain diameter before sintering smaller than the dianeter finally desired. -
However, if the grain dianeter of the 5 powder is so small, the oxygen
concentration thereof is extrenely high and the performance of the magnet

is far from sati fact t_pr.ese I ' ' ter of
the [err] corrpou%’éf 3‘1’ lza%tc’é‘r f’ggalss’fn Pe b%&r%%g'lri’ggr@q’hgugaﬁbg Qio%ma

| nrinsi ¢ Coercivabed Sof SO Alokle %@9&& saﬁe&ﬁigt Sha it YE'deabiany tx\é have

al so consi dered mat t er I ning of gralins by hot working.” It is

relatively easy 4o, 0nkR 8:R 5 uBacaMBuRskd 2168 1RB LMY 51l Ofe about the

sane 2 14 size as the gralns prepared by sintering. So, by perform ng 15
hot working on aggastedd e¢kalngyiaesiredRFadiievaas & Okhé Nitaifr dilabeter &f the

grains are nade finer and aligned, and are pul verized
5 powder is so small, the oxygen concentration thereof is
extremely high and the performance of the magnet is far from
satisfactory. _ . _ g K_)

Thus, at present,_the allowable grain diameter of the

R2Fe14

the intrinsic coercivity is reduced to alﬁost zero after

B compound after sintering is about 10 micfons; but
10
pulverization.
We have also considered the matter of the fining of
grains by hot working. It ig relatively easy to make a

R_Fe, ,B compound in the moulded state of about the same

2" 714
_ size as the_grains prepared by sintering. So, by performing
15 hot working on a cast block havihg a RFeB phase of that grain &;)
size, the grains are made finer and aligned, and are pulverized
thereaftex. By such a method, since the grain diameter of
a powdet for a resin-bonded magnet is between 20 and 30
microns, it is possible to include a plurality of RzFe14B grains
20 in the powder, so that a powder having sufficient intrimsic
coércivity is obtained. Moreover, these obtained powders-are
nét isotropic as they are when obtained by the quenching method
of Reference No. 2 but can be aligned in.the magnetic field,

and accordingly, an anisotropic magnet can be prepared from

the powder of this type. Of course, if the grains are
25 '



‘thereafter. By such a nethod, since the grain dianeter of a powder for a
resi n-bonded magnet is between 20 and 30 mcrons, it is possible to include
a plurality of [err] grains 20 in the powder, so that a powder having
*suf f"f'f'\c_} ent intrinsic coercivity is obtained. Mreover, these obtained
powders are not isotropic as they are when obtained by the quenchi ng net hod
of Reference No. 2 but can be aligned inighe magnetic field, and
accordingly, an anisotropic nagnet can be prepared fromthe powder of this
type. O course, if the grains are 25 16 pul verized by hydrogen
decrepitation, the intrinsic coercivity is maintained better. The reason
for the particular conposition of the alloy used in the present invention

i s explained below 5 As the rare earth elenments used in the
said alloy, one Mag.eoPtidkaoRe rlrédncasdreplieattllonyeete i¥trimsicCe, Pr, Ho,
Nd, Sm Eu, CGd, Th, Dy, Er, Tm Yb and Lu. The hi ghest magnetic perfornmance
i s obtai ned when PeoesciahgCiethathtdiced®derteror in conbination with other
rare earth elenments. 10 Accordingly, for the practical use, a Pr
alloy, a Pr-Nd alloy, arteer&ssdidfat thy pardtisclamn camposisédn of shal | anount
of an additi:ve: consisting of heavy rare earth el enments such as Dy, Th etc.,
may be enpl oyed i nafhey aisedyin VMbeecpresent [igwehtidubis SixpdainesHbekowr e
sonetinmes-:desired ir. the alloy in order to enhance the intrinsic
coercivity. 5 As the rare earth elements used in the said alloy,

.one may employ one of more of the elements Y, La, Ce, Pr, Ho,
~ : ‘N3, Sm, Eu, G4, Tb, Dy, Er, Tm, Yb and Lu. The highest
| magnetic performance is obtained when Pr is_selected either
" alone or in combination with other rare earth elements.
| ib.ﬂ. A:cordingly, for the practical use, a Pr alloy, a Pr-Nd alloy,"
a Ce~Pr-Nd alloy and so on are use&.
| A small amount of an additive consisting of heavy rare
.éarth elements such as Dy, Tb etc., may be.employed in the
' alioy. Moreover, A%, Mo, Si and so on are sometimes desired

| ir. the alloy in order to enhance the intrimsic coercivity.

U e .:._z The main phase of the R-Fe-B series magnet is R2Fe14B.
o nIf R is less than 8 atomic percent, the above compound is
nct present but a body centered cubic compound of the.same
structuré as o-iron is present and consequently high magnetic
. prbpertieﬁ are not obtained. If, on the contrary, R is more
20

| than 30 atomic.percent, the quantity of the non-magnetic
R-rich phase increases #nd the magnetic properties are
extremely reduced. Thus, the amount of R is preferably between
8 énd 30 atémic pefcent. However, the range of R which is
more satisfactdry for a cast magnet is between 8 and 25 afomic

25 percent.



e, T E
15 The mai n phase of the R-Fe-B series magnet is [err]. If Ris less than 8
atom c percent, the above conpound is not present but a body centered cubic
conpound of the same structure as a-iron is present and consequently thD t
magnetic properties are not obtained. If, on the contrary, Ris nore 208«
than 30 atom c percent, the quantity of the non-magnetic R-rich phase- -
I ncreases and the nagnetic properties agfe extrenely reduced. Thus, the )
anount of Ris preferably between 8 and 30 atom c percent. However, the _
range of R which is nore satisfactory for a cast nmagnet is between 8 and 25-
atomc 25 per cerd .is an lessBntialaelessento grodhesahe R#'begr Bduce the R Fe
B 2 14 phase. If Bis less than 2 atom c pergent, the rho Aedral R Fe
series i s presenphase. 3§ Ri i leas rthagi 2 atwaicipercgnt s thet rivipbaherbml
However, as in.the case of a magnet produced by 5 - the sintering
met hod of the prRoFeggeariesfisBrresentcpndcap highiinkningic Feexsivety isf 28
atom c percent, the non-magnetic B-rich phase increases and the residual
magnetic flux deRertgbtiadngdphHoHAYe B§ IbdiectprseTRE Hmageet PaodRssy bY i ni t
of the gount of B for a poul ded magnet is.therefore-8 atom_c _percent. 10
If Bishore thakbs SHGRFENDAMLRP Oft hRe MTAr [aFity] 1Had8 nclnged disk aPned

unl ess a specific cooling iis perfa ., and the intrinsic coercivity .is
I'ow/ P amount ingexceég ° égﬁggémic percent, e non-magnetfc B—rXch

bhase increases and the residual maghétié fiux density is
substéntially'reduced. The preferied ﬁbﬁer liﬁit.éf the i_)
arount of B for a moulded magﬁet is tﬁerefore.s atomic percent.

10 If B is more than 8 atomic percent,.thé fine ﬁ25§¥4s phase is
not dbtained_unless a speéifié cooliné ié perfofmea, and the
intrinsic coercivity is low. | o |

Co is an eleﬁent which is effectiQe to.ehhance the Currie

boint and has the effect basically to substitute the site of the

15 Fe element so as to produce R,CO, ,B. However, this R,CO, B
compound has a sﬁéll crystalline anisofropy field, and the
more the compound C20014B increases, the less is the intrinsic

coercivity of the magnetf Accofdingly,'in order to obtain a. ~
coercivity of at least lkoé,:which is cdnside:ed to be sufficient
20 for a permanent'ﬁagnet, Co should be 50 atomic pereent or less.
" A% has the effect df 1ncreasin§'the intfinsic coercivity
as described in Reference Nd.4; Shang Méocai.et al..Proceedings
of the Bth International Worship on Rare-Earth Hégnets, 1985,
25 P541. This reference No 4 refers only to the effect of AL in

‘the case of a sintered magnet, although the same effect is



Co is an elenment which is effective to enhance the Currie poi nt and has the
effect basically to substitute the site of the 15 Fe el enent so as
jo produce R CO B. However, this [err] conpound has a small crystalline
ani sotgopy field, and the nore the conpound C2Co 14B increases, the less is
the intrinsic coercivity of the nmagnet. Accordingly, in order to obtain a
cBercivity of at least [err], which is considered to be sufficient 20

for a permanent magnet, Co should be 50 atonmic percent or less. [err] has
the effect of increasing the intrinsic coercivity as described in Reference
No 4; Shang Maocai et al. Proceedings of the 8th International Wrship on

Rare- Earth Magnets, 1985, 25 P541. This reference No 4 refers only
to the effect of [err]in the case of a sintered magnet, although the sane
effect is 18 present in case of a cast magnet. However, since [err]is a

non- magneti ¢ el enent PAeFeRhdnafigiheefor qastrmagnes. | arge, the resi dual
magnetic flux density decreases and if nore than 15 atom c percent 5
thereof is .present, the rZeyGht SHBGRAT d512 PenmAsietic jedepenfucdd the t he

| evel- of hard ferrite._ Such net does, not achieve the high performance
of a rare earth matgneatm."“"ﬁe"’rffe1 r‘%, ??ﬁ%e’al"rﬁﬁrﬁesﬁg“a{lef“??“qtécpﬂgP%r ably 15

atomic percent or le The invention is illustrated,
merety by way of exanp gigf r?efﬁ%asée(s:c%rr’r%airfly?%rge g?%ﬂm'tlhg%?m?'ﬁ R#HERAT- Figure 1

illustrates alternatiygrsd€Rs i:ﬂes@nt, the residual magnetic flux density
Y | is reduced to the lewvel of hard ferrite. Such a magnet
does not achieve the high pe;formance of a rare earth
magnet. Therefore, the amount of A% is preferably 15
atomic percent or less.
10 The invention is illustrated, merely by way of example,
in the accompanying drawings, in which:-
Figure 1 illustrates alternative steps in a
methoé ©of producing a maénet in accordance with the present
inventiong
15 | Figure 2 illustrates the alignment of the grains of
W/ ' a magnetic alloy by extrusion hot working,
1 being a hydraulic press,
2 being a die,
3 being a magnetic alloy,
20 4 being an arrow showing pressure, and
5 being arrows showin§ the direction of the easy
magnetization of the magnetic alloy;
Figure 3 shows the alignment of the grains of the
magnetic alloy by rolling hot working,
6 being ro;lers,

25
7 being a magnetic alloy,



met hod of produci-ng a magnet in accordance with the present invention; 15

Figure 2 illustrates the alignnent of the grains of a nmagnetic alloy by
extrusion hot working, 1 being a hydraulic press, 2 being a die, 3 being a
magnetic all oy, 20 4.being an arrow show ng pressure, ahe 5

bei ng arrows showing the direction of the easy magneti zation of the™
magnetic alloy; Figure 3 shows the alighffent of the grains of the nmagnetic
alloy by rolling hot working, 6 being rollers, 25 7 being a magnetic all oy,
19 8 being arrows showi ng the direction of rotation of the rollers, 9 being-
an arrow showi ng the direction of the novenent of the nagnetic alloy, and 5
10 being arrows showi ng the directions of ~easy nmagnetization; and Figure 4
shows the alignnent ofg tagnglarirews Gdhdwifg N@@Natéctabh F RBY¥tStiRAPLAY hot
wor ki ng, 11 being a stanp, 10 12 being a magnetic all oy,

the rollers,

9 being an arrow showing the direction of the movement
of the magnetic alloy, and

10 being arrows showing the directions of easy

5
magnetization; énd
Figure 4 shows the alignment of the grains of the (_)
magnetic alloy by stamping hot working, |
11 being a stamp,
10 12 being a magngtic alloy,
13 being a base plate,
14 being arrows showing thé'aiféction of easy magnetizétioﬂ.
15 being an arrow showing the vertical movement of the
stamp 11, and
15 16 being an arrow showing the airection'of movement of the
base plate 13. _
' o/
Example 1 )
Reference is made to Figure 1 which is a flow diagram
illustrating a method of making a permanent magnet in
20 accordance with the present invention.

First, an alloy of the desired composition is melted
in an induction furnace and is cast into a die to form a
cast alloy ingot. Then, in order to give anisotropy to the
magnet, various kinds of hot workings are performed on the

25 ingot. In thié’example, use was made not of a general



‘13 being a base plate,
magneti zat i on,

,11,. and 15
"of thesbase plate 13. Exanple 1 Reference is nade to Figure 1 which is a
flow diagramillustrating a nethod of maeking a pernmanent magnet in 20
atcordance wth the present invention. Fieet, an alloy of the desired
conposition is nelted in an induction furnace and is cast into a die to

forma cast alloy ingot.

14 being arrows showi ng the direction of easy

15 being an arrow showi ng the vertical novenent of the stanp

16 being an arrow show ng the direction of novement

Then, in order to give anisotropy to the nagnet,

various kinds of hot workings are perforned on the 25 ingot. In this
use was rmade not of a general 20 moul di ng nmet hod but of a
speci fic noul ding nethod, that is, - the Liquid Dynam c Cbngsftlon met hod

exanpl e,

(Ref erence No. 5; Togldig He‘é‘t“aputﬁf ApgRecifg roubding)

Febhatad§s 1986,

P. 1297) which has a substantlal effect in produ0|3§%f|ne crysta

grai ns by guenchi nfFheThierigtP Frﬁj’“ﬁ’é??&ﬂﬂ‘ peEwd

ferenes&pl ®7 i s one of

and (3) Stampi ng- L o (PHGLFE ati)'p'ga( ol fhysncid &) et ZEBRAERH Or e of

10000C.:
second

In_each 10

10

p. 1297) $AT& n nhD& %EJ:QL ht18] Sdsied 19 belaidihg Qe PEr

. crystal grains by quenching.

The hot working method used in this example is
one of the following:~ (1) extrusion-type (Figure 2),
(2) roiling-type (Figure 3) and.(3) stamping-type (Figure 4)

each being performed at a tempeiature of 1000°C. In each
~3

~ case, the strain rate is from 10 ™ to 10-2 per second

and the reduction ratio is 80%.

In the case of the extrusion-type, in order to apply an

' isostatic pressure to the sample, a means to apply pressure

15 "

to the sample from the side of the die was also provided.

In the case of the rolling-and the stamping-types, the speed
of rolling or étamping was adjusted so as to minimize the
strain rate. Whichever ﬁype thereof is usgd, the axis of

easy magnetization of the grains is substantially parallel

.. to the direction into which the alloy is urged.

20

Alloys Nos 1 to. 14 of the compositions indicated in
Table 1 were melted and made ipto magnets by the process
shown in Figure 1. The hot working applied to each sample
is shown in the Table. |

The annealing after the hot working was performed at

a temperature of 1000°C for 24 hours.



and the reduction ratio is 80% In the case of the extrusion-type, in order

to apply an isostatic pressure to the sanple, a neans to apply pressure to

the sanple fromthe side of the die was al so provided. In the case of the: X
rolling-and the stanping-types, the speed 15 of rolling or stanping was\
adj usted so as to mininize the strain rate. Wichever type thereof is+used,
the axis of easy magnetization of the gdlains is substantially parallel to
the direction into which the alloy is urged. Alloys Nos 1 to 14 of the
conpositions indicated in 20 Table 1 were nelted and made into
magnets by the process shown i gagiggyre 1. The hot working applied to each
sanple is shown in the Table. The ameal ing after the hot working was

performed at a tenperature of 10000 for 24 hours. 21 TABLE 1 Al oy No
Conposi tion ' hot working 1 " . Nd Fe B
‘extrusion [erjplRoy [err] ¢ _ rolling 5
3 Nd22 Nee B| Composition - st anpéhgiotking
Nd Fe B : extrusien 30 B8 12
! Nd8 Fe84 BB : . : extrusion
2 Ndls Fe77 BB rolling
5 3 Nd Fe. . B, ' | stamping g
22 70 78 . U
4 Nd30 'Fe58 812 extrusion
5 Ce3.4 Nd8.5 Pr7.1 Fe75 BG _ rolling
6 ' Nd17 Fe60 Co17 BG. ' stamping
10 . 7 Ndl7 Feg, Coss Y, Bg ‘ extrusion
8 lCe4 ng Pr6 Fe55 C015 A£5 36 rolling
9 .' Ce3 Nle Pr8 Fe52 C015 Mo4 B8 stamping
10 Ce3 Ndlb Pr8 Fe52 Co17 sz 38 " extrusion.
| - | : o/
15 11 Ceq md6 Pr,o Feg, Co,, Ta, 38 rolling
12 Ce3 Ndﬁ Pr8 Feso Co19 T12 312 stamping
13 Ce3 Nd1o Pr6 Feso 0015 Zr2 314 extrusion
14 Ce, N4& '
3 N4, Prs Feg, €O, HE, By rolling
20 The properties of the resulting magnets are shown in Table 2.

For the purposes of comparison, the residual magnetic flux density of
a sample "after casting”, i.e. a sample on which the hot working

has not been performed, is alsoc shown.



5 [err] [err] rolling 6 [err]

stanpi ng 10 [err] 10 7 [err]
gxtrysion 8 [err]] - rolling 9 [err]
stanmpinag 10 [err] extrusion 15 11 [err]
rolling 12 [err] stanpi ng 13 [err]. .
extrusion 14 [err] rogzing 20 The properties of
. the resulting nmagnets are shown in Tabl €“2. For the purposes of conparison,
the residual magnetic flux density of a sanple "after casting”, i.e. a
sanpl e on which the hot working has not been perforned, is also shown.
22 TABLE 2 after hot working after casting Br (KG
bHc(M3Ce) (BH) max ( Moe) Br(KG . (BH).ax(M3Xe) 5 ., 11 9.8
.6 - 5.7 . raptg D1 2 9.7 8.4 4.9
1.3 0.3.3 .8.5 2.97 6.4 1.7 0.5 4
6.4 4.5 5.1 1.8 0.2 5 10.6 8.8
.5.6 2 0 3-te 6—11—8 85 5. 8
1.4 Q.ﬂ | after hot working after .casting
ALl — — —T
‘| No | Br(KG) | bHc(MGOe) | (BH)max(MGOe) | Br(KG) | (BH)max(MGOe)
s 1] 98 2.6 5.7 0.8 | 0.1
~ leleor | 3.4 9 |13 ] o3
| 3] 85 29 | 64 | L7 0.5 -
4] 6.4 45 | - 5.1 1.3 0.2
| sfioe | 8.8 5.6 |1z | 03
10 ,S; ;1.3 319 | 5.8 1.4 | 0.4
7]111.8 10.7 80.1 6.1 2.8
8]11.3 10.7 | 21.5 6.1 1.9
w | sfus | 102 28.9 6.0 | 1.8
w092 | e8 | 158 |55 2.5
s |11] 8.8 7.1 18.2 4.7 8.2
|12] 8.1 6.0 1.8 49 2.1
13/'77 | 5.8 8.2 | 5.1 1.8
u|er | 11 15.1 .2 | 8.1




7 11;9 10. 7 80.1 6.1 2.8 8 11.8 10. 7
27.5 6.1 1.9 9 11.5 10. 2 28. 8 6.0
1.6 100 9.2 6.9 15. 8. 5.5 2.5 11 9.6 ~
7.1 18. 2 4.7 8.2 12 9.1 6.0 K
11.8 4:9 2.1 13 7.7 5.6 8.2 et 51
1.9 14 8.7 7.1 15.1 6.2 8.1 23 From :
Table 2, it is obvious that, irrespective of whether the hot working is by
extrusion rolling or stanplng, the residual magnetic flux density .

I ncreases, and thereby the sanples are made nmagnetically anisotropic. 5
Exanpl e 2 The present exanple enpl oys a general casting nethod. First

al Toys Nos 15 10 31 obLhhaGoamoSitl £ d0dbeRLRde | N LAl eJouicge el ted in.

an induction furnace and cast into a die orm co zones. Hot

working was effechedndd the not wdtkih§'id byséa&g'uggén REEEANGr {dlGpehgai N

rate being maintai ned between [err] and [err]| per second, the reduction

ratio being 80% AR 2EERIA1NEaddRIENENRE: WBSsiG 1 AEF R dnlicehdigely O at
[err] for 24 hours to magnetically harden the sane. After the annealing,

the mean-grain dienekehplds bhe ma@dPhsgnkeically mg&&ogb@ut 15 mcrons. In
contrast, in the case of a cast magnet
5 Example 2
The presehf éxample employs a general.casting méthod.
First alloys Nos 15 to 31 of the comp051tion indlcated O
in Table 3 were melted in an induction furnace and cast
“into a die to form columnar zones. Hot working was effected
10 at 1000°C using hot pressing, the strain rate belng maintained
between 10 and 10 -2 per second, the reduction ratio being
80%. An anngaling treatment was performed on the ingot
‘at IOOO?C for 24 hours to magnetically harden the:s;me.
After the annealing, the mean érain diameter of.tﬂe.sample
15 was about 15 microns.
in contrést, ih the case of a cast magnet
cf the desired éhape which has been made without
ﬁct working, a plane anisotropi¢ magneﬁ utiliziﬁg
the anisotropy of the columnar zone is qbtained; In order

to produce a resin-bonded magnet in a 18-8 stainless steel

20
container at room tempefature,:hydrogen absorptionlin an
hydrogen atmosph: . of about 10 atmospheric pressure ahd
hydrogen desorpti .. at a pressure ofllo-5 torr'wére: |
repeated and the samples were pulverized, and 4 weight percent of
25 epoxy resin was kneaded thereafter. Then the compacts were

moulded in a magnetic field of 10kOe which was applied



of the desired shape which has been made w thout hct working, a plane

ani sotropi ¢ magnet utilizing the anisotropy of the columar zone is

pbt ai,ned. In order -20 to produce a resin-bonded nagnet in a 18-8
stai ness steel container .at roomtenperature, hydrogen absorption in an
hydr ogen at nosphe of about 10 atnospheric pressure and hydrogen desorpt at
a’pressuréjof 10 torr were repeated and?4 he sanpl es were pul verized, and 4
wei ght percent of 25 epoxy resin was kneaded thereafter. Then the
compacts were nmoul ded-.i.n a netic field oflerr]. which was applied 24
per pendi cul arly PSr‘ﬁ?glﬁ?lgg?g‘g" %}"? i ‘F%@ecp'%’{%érti es of the resulting
Tagnets are shown i 0 ofghl 2ol JABLE deSresuieing macfblhrbOumonm 1n

conposition 15

[err] 18 papid@rr] 19 [err] 20 [err] 15
21 B [err] 22 [err] 23 Pr12 59 25 4
L TABLE 3 '
5 " Alloy
: No. composition
o 15 PrlO Fe86 B4
ie _ Pr16 Feso B4
10 17 1>r22 1.=‘e.74 B4.
18 Per Fe.70 B4
19 | Pr13 Fe85 32
20 : : Pr13 F'e81 BG
15 K Pry3 Fegg By
| 22 Pr12 1='e.74 C010 B4
o/
23 Prlz Fecq Co,c B,
24 Pr13- Fe43 Co‘10 B4
26 P?IG Fe,o B, Si,
27 | Pr16 Fe,. A2.4 B,
28 Pr16 Fe_76 Mo4 B4
29 Nd Fe P B
25 14 "°78 "4 T4
30 Ce3 Nd3 Pr10 I-"e80
31 N<312 Feao A24 B4




24 [err] 20 25 [err] 26 [err]

27 [err] . 28 [err] 29 Nd Fe P B 25
14 78 4 4 30 [err] 31 [err] 25 TABLE 4 ~
Al'loy hot working type resi n-bonded type INc (KCe) (BH)ax & -
(MGCe) Hc (KOe) (BH)sax (M3e) 15 6.1 9.8 w49
5.9 s5 116 15. 8 27.1 12.0 17.6 17 .
11.7 17.5 9.4 25 9.818 . 10.2 11.0
8.2 . 5.6 10 4.1 | 8.0 B 3.0 1.8 20
12.0 | 21.5 9.0 14.2 10 21 6.1
2.2 4.7 11.8 - 22 13.1 25. 8 10. 5
16.8 23 - 7.5 16. 2 TABLE 4 6.2 | 9.7 24 8.6
12. 8 2.9 7.7 25 18.0 - 26.8 __13.4
%Ejj ! Qeﬁﬁﬁg:ghot workigggtype 12'gesin-b093£52t§;e 1p- 4
| iHe(KOe) | (BH)max(MGOe) | iHc(KOe) | (BH)smax(MGOe)
15 6.1 9.8 4.9 5.9
s | w6 158 | 211 12.0 17.6
17 1.7 11.5 9.4 9.8 'S
18 10.2 11.0 8.2 ' _.5.6
19 ‘1 | 3.0 3.0 1.8
20 12.0 21.5 9.0 14.2
o | 2 6.1 2.2 4.7 11.8
29 - 18.1 25.8 10.5 16.8
23 1.5 16.2 6.2 8.7
24 3.6 12.8 2.9 7.1
25 18.0 26.8 13.4 17.4 -
o -
15 26 15.9 24.5 12.5 16.2
27 16.4 25.4 18.9 16.5
28 16.6 25.1 18.8 17.1
29 9.6 12.5 7.5 10.8
30 11.6 15.0 _9.3 13.5
20 | 31 18.7 21.1 - 18.5 14.8




*28 16.6 25.1 - 18.8 17.1 29 9.6

12.5 7.5 10.8 30 11.6 15.0 9.8
,13.5 20 31 16. 7 21.1 - 18.5 14.9 26 As
mnlﬁkgg seen, (BH)max and iHc are greatly increased by the hot working.
This i s because the-grains are aligned by the hot working and the
squareness of the BH curve is very much2fénproved. In the quenchi ng nethod
of Reference No. 2, 5 on the other hand, :iRc tends to be | owered
by the hot working. Accordingly, it is one of the major advantages of the
present invention that the intrinsic coercivity is generally inproved.
TABLE 5 10 Pr Fe B as will be 5&dn,] (Bd)mkNakdlific are grd&xl1ySindredlsedi n

rate 1H C(KCe) . Br (KG | Hc ( KCe) Br (KG ([err}]/dt/second) .
[err] [err] ~  by|tehe hot wokkiflg. ThDs8is because thdGrdins are aligh@dfby err]
15.1 9.5 12.0 10.6 [err] [err] 16.0
8.8 v 7 13. 8he hot workigg9Qafid the square{xqgsr pf the BHocwWve is very 7.0
15.9 7.1 [err] [err] X 15.9
6.8 [err] R much improved. In the quench:mg method of Reference No. 2,

5 -~ 'on the other ha‘nd, iHc tends to be lowered by the hot

working. Accoraingly. it is one of the ma jor advantages

‘©of thHe present invention that the intrinsic coercivity is

o/ L E generally improved..
TABLE 5
10
ctrain rate Pr sFeg;By . CegPryoNd, Fe,3B,
(e /ct/ second) 1H ¢ (KOe) Br (XG) .1Hc (KOe) Br (KG)
-5 -4 _ :
1070 ~ 107%s | 10.6 10.9 9.0 10.7
-4 . -3 : L
107% < 107%/s | 14.3 10.8 10.4 10.6
I T |
35 107° ~ 10" /s | 15.1 9.5 12.0 10.6
~/ 1072 ~ 1075 | 16.0 8.8 13.8 8.9
; 107!~ /s 16.6 7.0 15.9 7.1
1 =~ 10/s - X B D 15.9 6.8
. 2 : . '
20 10 107 /s X X X X
102 ~ 1038 | x X : X X

X : the sample was cracked.



[err] X X X [err] X X
X X X t he sanpl e was cracked. 27 Table 5 above shows the
rel ati onship between the strain rate and the magnetic properties of two-
“al | oys whose conposition is indicated in Table 5. These alloys, whiCh
constitute representative exanples, arepfielted in an 5 i nducti on
furnace and are cast in a die nade of iron, and then they are subjected to
hot pressing at various speeds. The results are shown in Table 5. In this
case, the tenperature is controlled at [err], and the ratio of reduction is-+
80% After the hot pressing, an annealing 10 ' treatnment is
perfornmed at [err] for 24 hours. As shown in.Table 5, when the strain rate
is smaller than [err] p t |.otrLinsic coercivity is creased '
%rab??e“qjgggbve rg%olﬂ the §?gatb onfkh:éﬁ &)Fﬁvéeedxr h of

b
extrenely. The reason for 1S consi dered €

crystal grains is hagtgned.fy a’i'xaetl{éeaﬁgljrétic properti@f'l%ft !{Eﬁc& 41R8Ys P sk 00

bul ky. On the other hand, the strain rate 1s"too sm e productivity is

decreased and thus t&gpdsBBMRAEULAdIGate8tin Fabil 5eaPKkELe o, hgn sy ai n
rate is bigger than 1 per second, sone sanples are cracked due to the

conposi ti on ther eof cortd tate [repaeddrra tovd Rxbmpres’Oare melted iHRAHT actured.
Therefore, the desirable strain rate is from[err] to 1 per second, and
that frof[err] toifductjion (Burnsecnd ase dastriblacdie maadeost i@cgpet
~excellent magnetic =~ o
and then they are subjected to_hot pressing at various
speeds. The results are shown in Table 5. In this case, O/
the temperature is controlled at 1000°C, and ﬁhe ratio
of reduction is 80%. Affe? the hot pressing, an annealing
10 treatment is performed at 1000°C for 24 hours.
As shown in Table 5, when the strain rate is smaller
than 10"4 per second, the intrinsic coercivity is
decreased extremely. The reason for this is-considered to be
that the growth of crystal grains.is hastened by the heat
15 and that they are too bulky. On the other hand, the strain
rate is too small,_the productivity'is decreased aﬁd ﬁhus - W
the manufacturing cost is increaééd. When £he strain rate is
bigger than 1 per second, some samples are cracked due to
the composition thereof, and such samples cannot be
20 manufactured. Therefore, the desirable strain rate is

3 to 10-1 per

‘from 10-4 to 1 per second, and that from 10
second is desirable in order to get excellent magnetic

properties.
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[err] 29 The alloys of the three conpositions indicated in Table 6 as
representative exanples, are nelted in an induction furnace and are cast in
a die made of iron. Then hot working is effected by extrusion at the ~ .
various tenperatures shown, and an annealing treatnent at 1000 C for 24@{
hours is performed. The relatlonshlp of the manufacturing tenperature the
intrinsic coercivity and the C axis orié&%ation rate are shown in Table 6.
The strain rate is arranged -3 -2 to be from10 to 10 per second,
and the reduction ratio is arranged to be 80% Further,the C axis
orientation rate represents the rate (volume % of .the easy nmagnetization
axis of the crystal grains (corresponding to the C axis_of the per manent

magnet of the present TPRZNCYENTE WiECHERSe CARGFHE S IPREFATE et ®i r ect i on.

The bi t hi the fi t whi_ch b
obtaingd.  As ShoviT Fa FoBrerEeah %%%'a?é%%sﬁf’%%egrﬁ% R Al e 1o 1 ecs

than 500 C, the sar ueC%é S%F/ngkegan%ngr IA%P %t alg%aganu;l ﬁ_t eﬁenThe C

axis orientation ra eS|ra al.n exce I’TB. netic

‘properties. In this £agRens g@teﬁmwea%we&egugms Al Ga A d be from

[err] to [err]. However,

e tenperature 1s 11 elntr|n5|c

coercivity is SUbééx&Jé&hé«Héé dRGHEA88E - an' BRAEI NG t4dienbRS at 1000°C
for 24 hours is performed. The relatidnship of the manufacturing
temperéturg, the intrinsic coercivity and the C axis orientation
rate are show? in Table 6. The strain raté is arranged
to be frqm 10-3 to 10-2 per secohd, and the reduction ratio is
arranged to be 80%. |
:Further,the_c axis orientation rate represents the rate
(volume %) of the easy magnetizatioh axis of the crystal
grains (corresponding to the C axis of the permanent magnet
of the present invention) which are aligned in the same
' direcfioné The bigger this rate is, the finer the anisotropic
magnet which can be thained;
As shown in Table 6, if £he ménufacturing temperature
"is less than SOQOC, the sample is cr&ckéd and thus cannot
be manufactured. The C axis orientation rate of 80% is desirable
to obtain excellent magnetic properties. In this case,
the manufactﬁring temperature shbuid_be from 800°¢ to
1100°¢. However, if the température is 1100°C, the intrinsic
coercivity is substantially decreased. Therefore, the best

manufacturing temperature'is from 800°C to 1050°C.

-



imanufacturing tenperature is fromf[err] to [err]. 30 TABLE 7 ratio of

[err] _ O J[err] reduction C axis orientation -

,C axis (KCe) rate (9 (KGe) orientation rate %0 4.3
58. A .7 5.5 60 5 - 20 4.7 68

6.7 . 66. 40 - 4.9 71 7.4 70 60 6.9
80 9.0 81 70 3P 7 90 10. 8
93 80 8.6 96 12, 4. 98 10 90

9.4 95 - ' . 128 98 The all oys of the conpositions

indicated in Table 7 are nelted and cast by the same nmethod as those of
Tabl e 6. Then hot working is effected by an extrusion nethod in this case
at a 15 tenperature of 1000 C, thﬁu&gdyction rati o being varied. Then an
annealing treatnment at a tenperature—of—[err] for 24 hours is perforned.
The rel-ationshi-p of the reduction ratio, the intrinsic coercivity and the C

axis orientation rate are shown in Table 7. Further, the strain rate is
arranged to:be from 20 [err] to [err] per second. As shown in Table
7, if the Caxis grlentarlo PELE Fes, TEJUITEd 1O DE |RE70 Fe NBONET, TE |
reduction ratio sheaid be 60% ot? hi g'ﬁef. — 30 "°55715 _
: Aucti axis orien ion C axis
i:) ction (KOe) | rate (%) {KOe) orientation
rate %
o/ 0 4.3 58 5.5 60
5 20 4.7 68 6.7 66
40 4.9 71 7.4 | 70
60  |6.9 80 9.0 81
70 7.7 90 _ 10.8 93
80 8.6 96 | - [12.4 98
10 o 90 9.4 95 12.8 98

The alloys of the compositions indicated in Table 7 are
melted and cast by the same method as those of Table 6. Then hot
" working is effected by an extrusion method in this case at a
’ temperature of 1000°C, the reduction ratio being varied. Then
an annealing treatment at a temperature of 1000°b for 24 hours
is performed. Thelrelationship of the reduction ratio, the
intrinsic coercivity and the C axis orientation rate are shown
in Table 7. Further, the strain rate is:arranged to be from

20 1073

to 10_2 per second. As shown in Table 7, if the C axis
orientation rate is required to be 80% or higher, the reduction

ratio should be 60% or higher.



31 The present invention thus enabl es a pernmanent magnet of sufficient
intrinsic coercivity to be provided nmerely .by carrying out a hot worKking

wi t hout pul verizing the ingot as in the usual sintering nmethod. 5 i
“Furthernore, the hot working is only a one-stage process and is not a- \‘

t wo- st age process as in the quenching nethod. Mreover, the hot morklng not
only makes the magnet ani sotropic but allso increases the intrinsic
coercivity. Thus the present invention provides a nethod of naking 10

a permanent nmagnet ahich is much sinpler than the sintering nmethod or the
guenching nethod in the prior art. Mreover, by hydrogen decrepitation or
‘pul verization of the sanples after the hot working, an anisotropic

resi n-bonded magnet cammal sfedeatpimiendesh |thuﬁ(mﬁbdesl(aepatmineh5 t he
present invention. 32 CLAI MS 1. A met hod of maki ng a per manent magnet
conprising mel ti ngmagibtcastsuffianeral Loyrinsis ccaausvityudnt be conpide at

| east one rare earth, iron and boron; hot working the cast alloy ingot at a
hot working tenpersaérely b arrVeagtOl{teFrl}Ot Sorking withoufnpulverszing &he rate

[err]/dt in the range of 10 to 1 per second
ingot as in the usual sintering method.

5 : S Furthermore, the hot working is only a one-stage
process and is not a two~-stage process as in the quenching
method. Méreover, the hot working not only makes the magnet tuj_
anisotropic but aléo increases the intrinsic coercivity. - |

Thus the present invention provides a method of making

10 a permanent magnet which is much simpler than the sintering
meﬁhod or the quénching method in the pfior art.

Moreover, bf hydrogen decrepitation or pulverization
of the samples after the hot working, an anisoﬁropic
resin-bonded magnet can also be provided in accordance with

15 the present invention.



imhere is the logarithmc strain and t is tine; and fofﬁ*n9~Lﬂ§\39£\¥gL§$d
alloy ingot into a permanent nagnet. 2. A nethod as clained inC

in which the permanent magnet is anneal ed at a tenﬂ' | east
10 ', - 250 C 3. A nethod as clainmed in clai m’ \w/ the
hot worked alloy ingot is pulverized to forma powder, “tHe po

kneaded wi th an organi c bi ndeft. 4. A3gethod as clained in any
preceding claimin 15 whi ch the said hot working tenperature is in
“tthe range of [err] to [err]. 5. A nmethod as clainmed in any precedi ng
claimin which the hot working effects a reduction ratio of at |east 60%in
t he thickness, cross-sectional area or dianeter of the 20 cast
all oy ingot. 6. A nmethod as claiagesl i n any preceding claimin which
the alloy contains a total of 8 to 30 atonic percent of one or nore rare
earths. 33-.7. - A nmethod as clained in any preceding claimin which
the alloy contains 2 to 28 atom c percent of boron. 8. . A net hod as
clainmed in any precedilng cl aimethnd wifi sékingea alelrpynentnbagnes aimpkisisy 50
atom c percent of iron. 5 - 9. A method as clainmed in any preceding
claimin which the al heytingnirsd respingsapaytdyiwhodd) constithentst fowprisec| ai med

I n any precedl ng clraimin which
at least one rare earth, iron and boron, hot working the

foramt

cast alloy ingot at a hot working tempetature of'at leastSOOOC,
) _ ~and at a strain rate de/dt in the range of 10-4 to 1 per second
where € is the_logarithmic strain and t is time; and
forming the hot worked alloy ingot intb a peimanent magnet.
2. A méthod as claimed in claim 1 in which the permanent
- magnet is annealed at a temperature of at ;east
100 250%. |
3. A method as claimed in claim 1 or 2 in which the
hot worked alloy ingot is pulverized to form a powder, the
powder being kneaded with an organic binder.
41 A method as élaimed in any precediﬂg claim in
_:;;5“ o which the said hot working temperature is in the range
of 800°%¢ to 1050°.
5. A method as.claimed in aﬁy p?eceding claim in which
.the hot working effects a reduction ratio of at least 60%
in the thickness,'cross4se5tional area or diameter of the
20 cast alloy ingot. |
6. _ A metﬁqd as claimed in any preceding claim in
which the alloy contains a total of 8 to 30 atomic percent

of one or more rare earths.



the alloy contains one or nore of the elenents [err] , [err] and Si. 10
11. A nethod as clained in any preceding claimin which the alloy
contains 50 or |ess atom c percent of Co. 12. A nethod as claiwed im™ ~

any of claims 1-6 in which the conposition of —theaftoy 7s substantiatly*

that of any of Alloys Nos 1-31. 15 13. A net hod of i a -
per manent nmagnet conprising nelting andsé:asti nﬂ"muﬁ“ M I gﬂﬁot wor ki ng
the cast alloy ingot at a hot working tenperat Uiksiigl r], and at

a strain rate de/dt-in the range of [err] to 10 per -second where [err] is *
the logarithmc strain and t is 20 time; and form ng the hot worked . _
all oy ingot into7a per&nmmrehdd regabdiimeddin any precedingd cdéimukiwigich per manent
Tagnet  compr i si ng, 1gh§ 1 NQ,a0ch A9 {NGak AL YortASSECHBNL Uuent s compri se

at least one rare earth, 1Tron an oron; hot rking the cast alloy 25

i ngot at a hot wdr ki ngAtmethed asucbaiged] & epy precading stain dpevideh] err]/ dt

in the range of &l 2118y 18nPSinsS8EOMNAsYIRY Grodid petdtt! OOALANM C strain
and t is time; and formng the hot worked alloy ingot into a pernanent
i

magnet. 15.5 % met hbdedhodrags AtriRefelhdngmreraging it dantHar y as
described in anyrd alihsy RsatPimeS prddeodymiund per manent magnet when nmade by

the met hOd' clai nﬁg I_n ay)éxeefngeagl cr:].'gai%leglzm any preceding claim in which

. the éiloy contains one or more of the elements AL , Mo and
si. | | - |

10 11. A method as claimed in any preceding claim in . W/
which the alloy contains 50 or less atomic percent of Co.
12. .A.method as claimed in any of claims 1-6 in which
the composition'bf-the alloy is subétaﬁtiélly that of any
of Alloys Nos 1-31.. '

15  13. . A method of making a perman;nt magnet comprising
melting and césting a Ce3Pr10Nd10Fe7aB4 alloy; hot working
the cast alloy ingot at a hot working temperature of at
least SOOOC, and at a strain rate de/dt in the fange of 10-4

to 10 per second where € is the logarithmic strain and t is

20 time; and forming the hot worked alloy ingot into a permanent
magnet.
14, A method of'making a permanent magnet comprising </
melting and casting an alloy whose constituents comprise at least

- one rare earth, iron and boron; hot working the cast alloy

ingot at a hot working temperature of 1000°C and a strain rate
of de/dt in the range of 10~2
logarithmic strain and t is ‘time; and forming the hot worked

to 10 per second where € is the

alloy ingot into a permanent magnet.
15. A method of making a permanent magnet substantially
as described in ény of the Exampleé;
16. A permanent magnet when made by the method claimed

in any preceding claim.




