; €3eVS>6HT13 Sept enber 2004 DESCRI PTI ON PERMANENT MAGNET ‘| NCLUDI NG MULTI PLE
FERROVAGNETI C PHASES AND METHOD FOR PRODUCI NG THE MAGNET TECHNI CAL FI ELD
The present invention generally relates to a nethod for producing a

per manent magnet effectively applicable to notors and agj §ahfehtbepioouar i ous
types, and nore par- 10 ticularly relates to a nmethod for producing an
iron-based rare earth alloy magnet includ ing nmultiple ferronmagnetic
phases. BACKGROUND ART Recently, it has becone nore and nore necessary to
further enhance the per- 15 formancée of, and further reduce the size and
wei ght of, consuner electronic apﬁjES’@RfI’P’EiUNe aut omati on appliances and
vari ous other types of electric equipnent.” FOr ‘these purposes, a pernanent
magnet for use in each of these appliances is required to maxi mze its
performance to wei ght ratio when operated as a magnetic circuit. For

exanpl e, a permanent nagnet wt [ 0.5 T or nore is nowin
hi gh demand. Hard 20 ferrite W?WMﬁd w del y because nagnets
of this type are relatively inex- pensive. However, the hard ferrite
magnets cannot sho 1 X (. nore. 1 13

Sept ember 2004 An @@W@%ﬁﬁ%%&ﬁ@g%ﬁﬁw cal process,
is currently known as a typical permanent magnet with that high remanence
Br of 0.5 T or nore. Exa [WoTe R nets include

Nd- Fe- B type nagnets pr o%%ﬁ%ngﬁggmiﬁﬁWr mel t quenchi ng
process. An Nd-Fe-B type magnet of the for 5 ner type is disclosed in

Japanese Lai d- Qpen Publication No. 59-46008, for exanple, and an Nd-Fe-B
type magnet of the latter type i's disclosed in Japanese Lai d-OQpen Publi -

cation No. 60-9852, for i nstance.mﬁﬁ@nm magnet i s expensive,
because Sm and Co are both expen- \ = 10 As for the Nd-Fe-B
type nagnet on t . han t he net is mainly com posed of
relatively i nex;’)ﬂgl%sé}é%%&énv(ep ﬁ?éa?qf&%g@%}am Adnethed o pepduaing A@enmsnent t he

total quantit nd.i s much Jess expensive than the Sm Co nagnet.
Never t ﬂel eg'%a;éf'%ﬁ eﬁg&g@fx FpRi&?B dp \i@tgﬁ Fidornaasonstnf MOEet)@esygﬂl moCpir-

This is par.tly.because huge equi pnent and a great nunber of process steps
are neelfed tieplaglygalatasdo amacthed fcfr)pmdncing)amiwmbasdd)talfeﬁearth?alldr@ﬂd@& #meReL i on,
Nd, which ysually accounts for 10 at%to 15 at% of the total quantity.

Al so, a povwmufiplefirronyignatic phaseess normal Iy requires a relatively |arge
nunber of proc- ess steps by its nature. -

BACKGROUND ART

Recently, it has become more and more necessary to further enhance the per-

- 15 formance of, and further reduce the size and weight of, consumer electronic appliances,
office automation appliances and _Yarious other types of electric equipment. For these
purposes, a permanent magnet for use in each of these appliances is required to maxi-
mize its performance to weight ratio When operated as a magnetic circuit. For example,
a permanent magnet with a remanence B, of 0.5 T or fnoré is now in high demand. Hard

20

ferrite magnets have been used widely because magnets of this type are relatively inex-

pensive. However, the hard ferrite magnets cannot show that high remanence B, 0£ 0.5 T

Or more.



Conpared to an Nd-Fe-B type sintered nmagnet forned by a powder

nmet al | urgi cal process, an Nd-Fe-B type rapidly solidified mgnet can be
produced at a | ower process 20 cost by a nelt quenching process. However,
to obtain a permanent magnet in bulk by a melt quenchi nf 8pgefstser 200p0nded
magnet shoul d r o] undi a_magnet powder, made froma rapidly
solidified all %{%‘ Q@m‘ ‘tgﬁ%ap‘%hgg’i ﬁl%gl“%"gfegg aAB‘?:"B‘?edi mefellurgiead nraeess,nist cupewder
normal | 'y t about 80.valu % of the nol ded bonded 13
Sept ember ﬁg%g% %%g‘%ggc.aﬁhf@iga?‘eg??ﬁﬁpﬁl it gW gﬁ@ smaiengs B, o Oned drymarerel t
guenchi ng ' - netically isofropic. For these reasons, an

Nd- Fe- B t 53%‘9? %S ?Jg ont%g gﬁ @qu{?aéﬁn%@ﬁ%e%%m%é‘éﬂ-ﬁ&&m Imagmets pedtiuagd by ocess
has a rengggﬂae Br bower than that of a nagnetically anisotropic Nd- 5 Fe-B
type sintéfed Heghet G acegltspenchingipreeesset AnNd-HedBatypp negastof thS for-

di scl o§ed i n Japanese Lajd-Qpen Publication No. 1-7502, a technique of add-
ing at 1 e¥¥t %‘?fglse isglepad belapenese Itaid@peh PublioationCNBS 59146008 oy %Ramblf%; Mo,
Hf, Ta and Wand at | east one nore el enent sel ected fromthé group ’
consi st i ngban Nd-FerBaype Begiat of e lahérngpe B dic o4l h Bpahe b PLIANS e Py
magnetic properties of an Nd-Fe-B type rapidly solidi- 1 I ed ‘magn th.'
t hese el ep@$ionN@68-3852e for indtendeagnet can have its coercivity H- and
anti corrosiveness increased. However, the only known effective techni que of
i mprovi ng theBIr_Ierranence Br is increasing the density of a bonded magnet. As
for an Nd- Fe- BHoypeenrtignSin,Cafanbess b h @l was proposed by
R Coehoorn et al., in J, de Pha%?, mﬁb?ﬂﬁg%gwﬁ%@oﬁ%%&% GFh

mat eri al $imsmmtekmlgonposition including a rare earth el enent at a
relatively low nole fraction ,(i.e., around Nd3.8Fe772B19, where the
subscripts are indicated in atomc percentages) and an Fe3B pri- mary

phase.l0 Thi s peAsdbetHe NBIRES [ ' i ned.by heating and
crystal lizing an anorphous al oyﬁlta%gé’tt @Eg%té@ﬁqﬁ?@péﬁé’aawf 5 Wmanly eem@nchi ng

: ' i 2ol terial h t ast abl t t [
bt ch- ot naonet veRlaRenst kA IR pounafor D vl frtCeBbobeton and
i n which. a ' f very small sizes (i.e., on_the order of several
nanomet er @gé@’ %}‘g%gf%“g‘%ﬁ%ﬁ fre lé{gghﬁﬁ'rff’? éfrhp? rgagngt.c odysvsithhedess it ihatile t wo

crystalli hases. For th eason, . a rragnet nade fromsuch a material is
called a %gﬂ%?%ﬁwgpyge '5?&3%? e‘.% fype magnete pditieis pattlt becansertoge ryoiphicat
magnet like this has a 3 13 Sept enber 2004 remanence B~ of as high as 1 T
or nore. Bit? giat mEmberiafipr Jeeps-stepseare ateded to sémirity ahdg plufl, of to ébtainibty fehe
range from 160 1cA/mto 240 1cA/m Accordingly, this permanent nmagnet is
appl i d2bl P'YRnyeagtien Noewbisbrusualhygaquoimts faf 10 B0 W05 @1%ioF the Rftal REGH t has
been proposed that various nmetal elenents be added to the material afloy of

5 a nanoc8kpos poederageteliurpial procesd kRN REIRES Srabit ' f..See,
for exanple, Japanese Lai d-Open Publi cat}imgﬁ. No. r3 2%%%1%g%f?ﬁl}'{$§égg?%’tcés
Pat ent Noess4teB8by 868atudnpanese Lai d- Open Publication No. 7-122412, PCT

| nt ernati onal Publication No. WO 00/ 03403 and W C. Chan et. al., "The

Ef fects of Refractory Metals on the Magnetic Properties of a
- Fe/ R2Fel , , B- t @o@phiaaas amREFE - BSrype siffehedT: by s e NTER, 10, MAG
99, Kyongi u, Koreg, pp. 3265- 3267 %%&%%@éfo%%g&ggquqﬁ%ﬁwgw ed

process, an Nd-Fe-B type rapidly solidified magnet can be produced at a lower process

When

20 cost by a melt quenching process. However, to obtain a permanent magnet in bulk by a

melt quenching process, a bonded magnet should be formed by compounding a magnet
powder, made from a rapidly solidified allby, with a resin binder. Accordingly, the mag-

net powder normally accounts for at most about 80 volume % of the molded bonded

]



techni ques can always obtain a sufficient "characteristic value per cost".

" DI SCLOSURE OF | NVENTI ON An obj ect of the present invention is to provide
a method for producing an it on 15 based all oy permanent magnet, exhibiting
excel l ent nmagnetic properties including a high coerciyvi ,
4801cA/ mor nore and a high remanence B~ of e.g., 0.85 ‘[Ié'ggb%onfgee’r%g?a | ow
cost. An iron-based rare earth alloy magnet according to the present

i nvention has a conposition represented by the general fornmula:

(Fel _mIm | oa. x-y-ZQ "RyMZ~ where T is at 20 | east one elenment selected from
the group &H88fst i/?%%ir- raggdigriglitified@lioy, frmee dyta 08K qRbRhIRHrosRk 66 1eg- f rom
the group consisting of Band C; Ris at |east one rare earth el enment

subst ant i affYcali¥dsof@pitg La and Ce; and Mis at |east one netal element
selected fromthe group consisting of Ti, Zr and Hf and al ways includes Ti.
In this formula, the nole frac a 13 Septenber 2004 tions X, y, z and m
meet the i nequaFpt these trfasails, ah W-F-Bs ty2R rapi s@liéﬁﬁ%ﬁnaﬁn& ;grgdtﬂ:te%’o Q it %0 ~
z <12 at% and 0 < m< 0:5, respectively. The nagnet has two or Tore

f er r omagne&h¥chinggiraddss has phanaserics B, Wit ahdehe: e nseidi ARYIRELE, Pchﬁg.es-
An average grain size of the hard nmagnetic phase Is egual to or greater

t han 10 SnnFedktitype siaterédmapndt gasdifvet b %e?ﬂleté’fﬁ'r%i@aly?&fesgf the soft
magneti c phase is equal -to or greatef than 1 nm and equal "to or |ess than
100 nm In one enbodi nent of the present invention, the nole fractions x, y

and z pref erabAy disbdsetilia Jh}ﬁ@ﬁb@thdL@ﬁerpf’uﬁllQaﬁ?énWN?.01(-75?2}17aat§%1f@]%u?e o/ T

<- 9.3 at% and 0.5 at%z < 6 at% respective
enbodi ment ingf attléest piecelement R¥RMd £8m ¢ 8 e, rige, ph an - Fe
phase may coexi st in the same netal s%@“ﬁ?g@%ﬁ&@tﬁ; W’gﬁ’e&%@@&g
crystal grandatdeds€ ofd nfod€ eRui I hases i.s. pref _erably from1l nm
to 50 nm Mbre speci F1cal Ieyfneg & go?.%é‘ln&ﬁ% uBrcgf‘%ﬁ’a\‘EI(\?'ﬁln{élaﬂ‘él iy gom-
i r on- basedpR@fib erriu netic properties. In this particular
enbodi ment ,  the i rortlfvglasec};rg{éérsﬁg‘g FEOFRG Bmpﬁﬁaeﬁ@?aaé\@%ﬁmwy Feliddh. I n
still agot di ggnt,..the nole &-actions x and z preferably neet the
condi - ta’i onhg‘; @gg :1%‘%‘ these rlements areeaddedtheimagnat can haveritsl coefoiatytHLgand of
the rare e%tsck(l)rrel.enentfg R nmay be 9.5 at%or less. 5

ostveness increased.” However, the only known effective technique of improving

the remanence B, is increasing the density'of a bonded magnet.

As for an Nd-Fe-B type magnet, an alternative magnet material was proposed by

R. Coehogrn et al,, in J. de Phys, C8, 1998, pp. 669-670. The Coehoorn material has a

15 composition including a rare earth element at a relatively low mole fraction (i.e., around
Nd; gFes; ,B,o, where the subscripts arg indicated in atomic percentages) and an Fe;B pri-
mary phase. This permanent magnet material is obtained by heating and crystallizing an
amorphous alloy that has been prepared by a melt quenching process.  Also, the crystal-
lized material has a metastable Sﬁ'ucture in which soft magnetic Fe,B and hard magnetic

20

Nd,Fe4B phases coexist and in which crystal grains of very small sizes (i.e., on the order
of several nanometers) are dispersed finely and uniformly as a composite of these two
crystalline phases.  For that reason, a magnet made from such a material is called a

13 : H o
nanocomposite magnet”. It was reported that a nanocomposite magnet like this has a



13 Septenber 2004 Alternatively, the nole fraction y of the rare earth
elements) R may also be 9.0 at% or |less. In yet another enbodi nent, the
magnet may have been shaped in a thin strip with a thickness of 10 ~c mto
300 ,u m 5 In yet another enbodiment, the maghet may hoyvgeheribeP2bys" | zed

I Nt o powglgh hC hi Lcl ' f ;t he powder rticles
:s pr gf er abaldsﬁﬁ%hé)g%s hégi%gétqg%gﬁ gﬂ;mp u%{h%ect%.c cgﬁﬁtlﬁ%pcé?fggﬁf H’F?Y Wla

t WY ' ti { ) ted b .
Codr el vi Ty e Bhies i TR o DICRRR' PA bty a5 GRopaa msenstd . 1

yet anot . ' t he magnet. may,al sa exhi bit hard nmagnetic proper
ties as r I}nggg)wgépglerog% s%BB%Qy%Pﬁtﬁgggflﬂrlerﬂm-e, a maxi mum ener gy.
product (BIT)m- of 120 kJ/nB or nore and an intrihsic coercivity HJ of 480
KA/mor nore. 15 A bonded nmagnet according 'to the present invention is
formed by nol gill}?a bﬁe‘?ﬁB@l?Qfer@gWO“? metal glempnishe addadito thsanaterale@llopioft he
inventive iron-based rare earth alloy magnet, with a resin binder. A

rapi dPy &J1PeLOMRAite magpetde debevisdhe sagnasicpropastics thereofit i Bee, far exanmpleer i al
for an 2Q it on-based' rare earth alloy nmagnet. The alloy has a conposition
r epr esent &RNESF idid-Qpendiublicationie.3-26 164, Uiitgd Statex PytentQIRy4\836,86808pal i S at
| east one el enent selected fromthe group consisting of Co and Ni; Qis at
| east on&c¥ &ahOper|Bblieatidr dio. th&22418u PQID Astestationel oPutBicatich Glo. RWG at

| east one rare earth el ement substantially excluding La and Ce; 6 13
Sept enbe 0083403 and W i Gltanl etaslt, “Tte Bfftad of RefactbryisMetslt @d the Whddde@cgr oup
consisting of Ti, Zr and Hf and always includes Ti. In this formula, the

mol e fraPropentesxof w.-Fe/RaPé|,BatyReNahdtompsited® AEEE han@f Mbgn aki¥0s< 20 at %
6 at%s y <10 at% 0.1 at%c z ~ 12 atpg}o and 0 mc 0.5,%?@?3&&‘% y. s In

one egbodAENHIOK yoligiup KeR& pp! 3266 A0kPN19doNe  aRbeILY R3k i_oqi tiflés%dprgll)cl)s%&

prefera :
techniques can always obtain a sufficient “characteristic value per cost”.

DISCLOSURE OF INVENTION
- An object of the present invention is to provide a method for producing an iron-
15 based alloy permanent magnet, exhibiting excellent magnetic properties including a high

coercivity H; of e.g., 480 kA/m or more and a high remanence B, of e.g., 0.85 T or more,

at a low cost.

An iron-based rare earth alloy magnet according to the present invention has a
composition represented by the general formula: (Fe 1-m L m)100-%-y-2QxRyM,, where T is at

20 least one element selected from the group consisting of Co and Ni; Q is at least one ele-
ment selected from the group consisting of .B and C; R is at least one rare earth element
substantially excluding La and Ce; and M is at least one metal element selected from the

group consisting of Ti, Zr and Hf and always includes Ti. In this formula, the mole frac-



bly has a structure, in which substantially no a -Fe phase is included but
R2Fel14B com pound and anorphous phases are included and in which the
R2Fe, 4B phase accounts for a 60 vol une percent or nore. Specifically, the
nole fractions x, y, and z preferably nmeet the inequalijjggpfimbet20840 at %
<X <17 at% 8 at% < y ~ 9.3 at%. and 0. S at%<-_z <-_ 6 at%
respectively. The R2Fel4B phase, accounting for 60 vol ume percent or nore
of the alloy, preferably has an average grain size of 50 nmor |ess.

Anot her rapidly solidified alloy according to the present invention is also
a ma terial tibmy x,an 4 aehnbaseediHe : l1ln0Mo 5 .The solidified
alloy is prepared by 15 rapi dltg/qgg%l%?%%@%ﬁrygl%Aor?g%?a?t%f’ié;f‘to/g%y(%io at%;

conpri si ng && atR=R<ardatdi., 30 Ohics east age el emept selected from
the. group consisting of B an _C?ﬁi‘ag'c?’ ﬁ%{)%&lé'e ar %&PT‘&?%E%@Y&‘”WW@ fer-

solidified mm : . iLch _an anmor phous. phase i s included
and in which he‘eg\zl;lte ﬁ??fa}gstt %&f‘f{l‘f’ts‘%‘%rgt‘*s'a%‘%\lh”%%89@%“‘@8‘?1%%&%&3@9@%%| i el preasge

wth an RZ i )] . re before starti to grow an a -Fe
crystalli n?éﬁggg Mt;%@g'ﬁ} ?ﬁ\a}%ﬁnehﬁxcpégsﬁéf Fﬂiﬁ‘? o %?%%@grh@@% and gquab s edlessar e

earth al § oyihaR9 I ; e steps of.: preparing a nelt of a material
al l oy that incl gg??ggﬁﬁ%&%ﬁ°%ﬁ‘8 S?%‘,IEWSP%P Sods &EUA] dast greater $laanentn and

selectedfréqn,f{cg . cahsisting of Band C, and Ris a rar a earth
el enent ; cooui ngetilﬁéesggr@ Hibcs)mﬂ'ake a solidified alloy including an anor phous
13 Septenber 2004 phase; and heating the solidified alloy to start grow ng

a conpound crystgld,i i an R Fel ~3,crystalline structure and then
an a -Fe crystalline pﬁg(gs}gﬁ]%fﬁr/l\%%ﬁg REFRSBLinYERtion the melerestions X, pvedt mef- t he

melt is pr ked by.a strip casting process. Another inventive
net hod for e%?é)lga{éiger? gﬂgh‘?ﬂ“&%@?a%iabﬁé’rig ’éﬁrlg L% B oy B3 atle;] ande 5 s
step of prepar+pnQ..a nelt of a material alloy. The material alloy has a
conpositi ong?zrehf)ggg/ghﬁe&ewelﬁ’he general formula: (Fel.ml~, )too-xy-ZQxRyM,
where T is at |east one elenent selected fromthe group consisting of Co
and Ni; ,Qis at Jeast, one ele ment _selected fromthe group consisting of B
and C Kis at 1'B8othcmbogdimgniaf the piEEané i vebtions Rkt Bphade] BoLd€ pHekiend
La and Ce; %Eid 'l\/i:i s, at |east one metal elenent selected fromthe group -
consi sting ¥-I'e phasgeay-poexist imthaagme immtalstrestfd, . ' The nole fractions x,
y, z and mmneet the inequalities of 10 at% < x ¢ 20 at% 6 at% <y < 10
at% 0.1 at% ~ z 12 at% and 0 s m~ 0.5, respectively. The nethod further
i ncl udes the st elRecHicalypaninveragmtrystal drhia sigel df the PBeQanad HYoRAL gi,g/ses is pref-
solidified.alloy in which an R2Fel4B crystalline phase is and an Aot pﬁous
phase coexi%ebly &gt tmygstoedlnmi ng the rapidly solidified alloy to forma
structure in which two or nore ferromagnetic crystalline phases, including
hard arid soft rrl%gneti c phases, exist. An average grain size of the hard
magneti ¢ phase iMosgspcificallg) the HoRE eqgual fo l.ess .t han
200 nm while that o?m{che sgft magng ?é:sgﬁﬁeafé‘%bwgggﬁ&@0’85335%%@?th an 1
nm and équdkrromagtieticispdriey) 100 nm 20 Iri one enbodi nent of the present
invention, the rapidly solidified alloy nade in the cooling step preferably
i ncludes an R2Fel4B phase at 60 vol une percent or nore.

In this particular embodiment, the iron-based boride preferably includes Fe,B

and/or Fe,;B.

In still another embodiment_, the mole fractions x and z preferably meet the condi-
tion z/x=0.1.
20 In yet another embodiment, the mole fraction y of the rare earth element(s) R may

be 9.5 at% or less.



I n anot her enbodi nent of the present invention, the cooling step preferably
in cludes rapidly cooling the nelt wthin an anbient gas at a pressure of
30 kPa or nore to 13 Septenber 2004 nmake a rapidly solidified, alloy

i ncl udi ng an RZFel 4B phase with an average grain size 043 §4pwmggrzlogas. I n
this particul Liment . the cooling step may include: bringing the nelt
into contact \% ]tt%[{?ﬁ(i‘gel%’tfp‘? Inale %‘TACBO‘F Htogtﬂi“?léafﬁ ﬁi’l{h elegientp) Ranaybalad he .0 '
supercoolagﬁbl ig#i d alloy; 5 and dissipating heat fromthe supercool ed all oy
into the (f “gas to grow the R2Fel , ~B phase after 'the supercool ed al |l oy
has left the chill roller. In still another enbodinment, the nethod may

i ncl ude the step of hfpati ng and crystallizing the rapidly solidified alloy
to forma strJBOEH &qhergmbodiment ke spagnet way hyve heahishapedinashim stiipetitdi ng
at | east R2Fel4B conpound, a -Fe and boride phases, are in to eluded. In
this proceduckeesnl huavee 30 womystal grain size of the RZFel 4B phase is
set equal to or greater than 20 nm and equal to or less than 150 nm while
that of the a -Fe and boride phases is set equal to or greater than 1 nm

and equal to dn Jetssothtrmembaliment, Sre aisghetainby havd edDpileriBhBERo BH&SF abl y
i ncl udes an iron-based boride with fer romagnetic properties. Mre

parti cul gpdriicles he i ron-based boride preferably includes Fe3B andl or Fe23B6.
In yet anot her enbodinment, the nelt may be cooled by a strip casting
process. An inventive nmethod for producing a bonded magnet includes the

steps of: pre Tieen, agn E sife dfhtBe ipbmepﬁéﬁgl?% gs[@efa%m? £k QY ;{Tﬁggqet by

the second inventive nethod for producing t ase are ear | oy
magnet ; argh pmeduci ng a bonded zo magnet using the powder of the iron-based
rare earth all oy magnet. 9 13 Sept enber 2004 BRI EF DESCRI PTI ON OF
DRAWNGS FIG 1 is a graph illustrating a relationship between the maxi num

energy prod ucy jeB'EMﬁie%ddﬁieﬁl? LR R SthibeheR }n'?igx?élicl\grbp':grﬁgs hype

nanoconposi t e magnet

10 represented by a coercivity H; of 480 kA/m or more and a remanence B; of 0.7 T or

more.

In yet another embodiment, the magnet may also exhibit hard magnetic proper-
ties as represented by a remanence B, of 0.85 T or more, a maximum energy. product

(BH)nax of 120 kJ/m® or more and an intrinsic coercivity H; of 480 kA/m or more.

15 - A bonded magnet according to the present invention is formed by molding a
magnet powder; including the powder particles of the inventive iron-based rare earth

alloy magnet, with a resin binder.

A rapidly solidified alloy acéording to the present invention is a material for an

iron-based rare earth alloy magnet. The alloy has a composition represented by the

20 general formula: (Fej.mTm)100-y-2QxRyM,, where T is at leést one element selected from
the group consisting of Co and Ni; Q is at least one element selected from the group con-

sisting of B and C; R is at least one rare earth element substantially excluding La and Ce;
‘ 6



s towhich no Ti is added. FIG 2 is a graph illustrating a relationship
bet ween the maxi num energy prod uct (BH)",~ and the concentration of boron
in an Nd-Fe-B type nanoconposite nmagnet to which Ti is added. FIG 3 is a
graph schematically illustrating secondary cooling effegf8epfentier2004 | O
ent gas by a relationship between the tinme passed since a cooling process
was started and the tenperature of an alloy. FIG 4 schematically
illustrates RZFel 4B conpound and (Fe, Ti)-B phases included in the magnet of
the present invention. FIG 5 schematically illustrates how three types of
rapi dly soldndiNiiedt daktoptse Ml BRm EEP RSt i ' jtive Ti. a
conposition including Vor. Cr eglsﬂegtnﬁgl terﬁg?it\*}g%gwj%dé?fegg%ﬁg?% 2t a%d-ﬁf
conposi t i ormndrdkakd iR \ r .native _additive, .respec
tively, change tﬁﬁeyi rmr%wgigg?r%ctﬁgfgén@%%%g{otl%g& géé%t b Ffé‘ai"bﬁleﬁ Bfe‘gg‘es
t her eof . Fldaalifiés bf <SARFhb o \d id lL.ystrat i veral |

arr angementcg:c or abﬁe}léta&%ﬁ%(?hl n%/‘pr’rgc tﬁ\%?fwolrd eﬁg’zbt lgat@%%galf ?at%’dlr’? 0=
solidified alloy for the iron-based rare earth 20 alloy nagnet of the

pr esent inwggd.g,ry;esx;ggqvag,g 6B illustrates part of the nmachine shown in
FIG 6A, where a nelt is quenched and rapidly solidified, to a |arger
scale. to 13 Septenber 2004 FIG 7 is a graph illustrating the

Coon) of sanp as” N iddiien: 4 e pRERRGOUA Ao BBIA) Sihed MilipFing °
the XRD pattighas a@hrublife, 1 Tl SHEaAATRLSS HORhask s gﬁ&%gg b RFewB Somr 15

a graph illustrating the ,denmagneti za n curve 3 iy 17,

pat torns. of oL ha % atbrpifed ol @R ik B 3R T SR it Ry
d. FI ' hill ing the XRD f th I :
17 bt or o o TemePelel flale 112 SR i 1y roated, FIG 1215 8 o aph

illustrati ng.t,he XRD patterns of sanple No. 21 before the sam

Specifically, the mole fractions x, y and z preferably meet the inequalities of: 10
10 athh<x<17 at%; 8 at%<y=9.3 at%; and 0.5 at%=<z=<6 at%, respectively.  The

RyFe4B phase, accounting for 60 volpme percent or more of the alloy, preferably has an

average grain size of 50 nm or less.

Another rapidly solidified alloy according to the present invention is also a ma-

terial for an iron-based rare earth alloy magnet. ~ The solidified alloy is prepared by

15 rapidly cooling a melt of a material alloy comprising Fe, Q, R and Ti, where Q is at
least one element selected from the group consisﬁng iof_ B and C; and R is a rare earth
element. The solidified alloy haé.a. structure in which an amorphous phase is included
and in which heat treatment starts to grow a compound crystalline phase with an R,Fe;,B
crystalline structure before étarting to grow an ¢ -Fe crystalline phase.

20

An inventive method for producing an iron-based rare earth alloy magnet in-
cludes the steps of: preparing a melt of a material alloy that includes Fe, Q, R and Ti,

where Q is at least one element selected from the group consisting of B and C, and R is a

rare earth element; cooling the melt to make a solidified alloy including an amorphous
7




ple is heated and crystallized and after it has been heat-treated at 640C

for 6 mnutes. FIG 13 is a graph illustrating the demagnetizati on curves

of sanples Nos. 21 and 26, respectively. 15 BEST MODE FOR CARRYI NG QUT THE

| N\VENTI ON The iron-based rare earth all oy nagnet of the130§g§@mbér%g@ti on
th

i's fornmedpiter amd Hhoti [ d solidifying a,nelt of a rare ear

el ement - i Ir)on-’bor on ti/r%g Sl %Sﬁgegnég)% %’rﬁtﬁ’é g%pv_vmgh% cpmppnd, cryslailifief pleade al | oy
i ncl udes &#¢ Ny Ses. ver, jf nec essary, the alloy is heated
and further}i%?l%%%g’l“ﬁicgg%?ﬁ esyﬁ%&?@é & pode crystallimeephase. i nvent or s

found that when Ti is added to an iron-based rare earth al loy wth a
conposition defjned b . parti.cul ar conbination of nole fraction ranges,
the crystal gri)dwp rﬁe Slﬁl%gﬁmgen_tpét REentony entianh ther meld isvpreferablpeooRltby &
cool ed, iiléisuggressi ble, and the crystal growh of an R2Fel4B phase can
proceed p P& EiPEPES§S-and unifornly. s The basic idea of the present
invention lies in this fording. Unless Ti is added to the material all oy,
the a -Fe phase easily nucleates and grows faster and earlier than the
crystal growt nARf iveptive Bighedsfor produning aglhmn—bdswrdrbaaﬁﬁranewnagm
solidified Iloe{1 has been thernally treated, the a -Fe phase with soft
magnet i ¢ ’ﬁF@‘G@? esteppf preparing ymeitofexnasdalatioy. The At R0 3Phas é’\ﬁ%? Ti
is addeddit)o_t'{ijgle. nater;ng{ma{ll oy, the crystallization kinetics o? the a -Fe
phase wouPQFIRRN s¢psoRemt ,the .general tformulhd(Reak | o [ rrthe a -Fe
phase to nucl eate and grow. Thggs‘, the pr es(ene?mgﬁgg’ﬁ?%gg’ll}g’i’ii@%/efégtaép%t

NdzFel 4B loasi omewbanheht stketedtfon tl a8l cmtigg?gggejngrﬁ. rtcgﬁ ag ,le?ﬁlszﬁgfpﬁh se has

grown coarsely For that reason, where Ti ‘1S , Crys % he
Nd2Fel4B mphatselesd Hemahe dnki 3 Ve i rsed unifor bef ore
the a - Fe phase grows too%@% 'ﬁﬁ%ﬁ%gfjlﬁﬁ%nc’?%lg%ggﬁ? éal?Sa‘ghﬁQﬁ{e@tthe
cryst ad | i subbiagfalBf edchtiind 2§ Stron to B

(] . Si.nce, Ti_ has affinit
Ti stabilizes the iron- bas_egq%?r%f grgcg%ilss%g?aﬁ ?rfedﬁgtﬂbglFﬁePtff@?eﬁﬁﬁdi%@ﬁK? n the
G ai i 25 Cap ORT T T 2 o B indC ARk nghidEs KB BhS auple ertonsmcy. e Fe |
phases), 1 di spersign of the NdzFel 4B phase and increase in
vol ure fr%{g?‘éﬁe%?ﬁ‘{nﬁﬁq ,‘%&@B“ﬁﬁ%é@é%oat%ééa %S 160 eBhpddiatk Emghet

can have ff§t° oer cdgi'ﬁx and renmanence _in creased sufficiently and can have
S =

the |oop SqtaPeRedST=0 rerpretijiebt-i ZBhe method further inchrdes €. steb? of: rapidly

cooling the melt to make a rapidly solidified alloy in which an RyFe4B crystalline phase

15 and an amorphous phase coexist; and crystallizing the rapidly solidified alloy to form a
structure in which two or more ferromagnetic cx;ystalline phases, including hard and soft
maggetic phases, exist. An average grain size of the hard magnetic phase is equal to or
greater than 10 nm and equal to or less than 200 nm, while that of the soft magnetic phase
is equal to or greater than 1 nm and equal to or léss‘than 100 nm.

20

In one embodiment of the present invention, the rapidly solidified alloy made in

the cooling step preferably includes an R,Fe;4B phase at 60 volume percent or more.

In another embodiment of the present invention, the cooling step preferably in-

cludes rapidly cooling the melt within an ambient gas at a pressure of 30 kPa or more to

8




13 Sept enber 2004 Hereinafter, the iron-based rare earth alloy magnet of
the present invention will be described in further detail. The inventive
iron-based rare earth all oy magnet is preferably represented by the general
formula: (Fel _mr", )1 o00. X-Y-ZQXRyMZ where T is at |east ppgeflaniBuati2098! ected
s fromthe group consisting of Co and lii; Qis at |east one el enent

sel ected fromthe group consisting of Band C, Ris at |least one rare earth
el enent substantially excluding La and Ce; and Mis at |east one netal

el enent sel ected fromthe group consisting of Ti, Zr and Hf and al ways

i ncl udes Ti™ rapifily splidified eHey inclyding amRpkk /B phisast evitbdry aveegle dchi@ size of
inequalities of 10 at%< x 10 ~ 20 at% 6 at%<y <1 0 at% 0.1 at%c z ~
| 2 at% ar@moeripss: 0. S respectively. The iron-based rare earth all oy
magnet ~of the present invention includes a rare earth elenent at as small
a nole fraction as 10 at% or |ess. However, since Ti has been added to the

material alloy tihehisoparticiler embedimers, mmtmg:mp&hiyahﬁldd@bi-l@gg%ﬁé a1t
ef fects of keeping, or even increasing, the remanence B~ and | ovi ng the

| oop 15 squnlicervatst vithtthe sulfe @ifatrodtihi CRIlIGIME 0 lIBEHE Y KSR bRAL - .
alloy not including Ti. In the iron- ba%ed rare garth al lll%é;g rrag(ﬁgcll&g]aﬁ{?&ﬁe

present 3 nwedtdisipatihh esdtém MRgsupeidotled Q\ﬂéﬁ td WeLarfbid oz‘g%leohv ?%3%—?5‘2 €.

Accordingly, the r espective constituent phases . ar .a

through exqihasuyeiter fiesupeidotRa allbP had RBAlthd &A% RllereVen though soft magnetic
phases, like iron-based boride and a -Fe phases, exist therein in 20

addition to the hard magneti ¢ R2Fel4B phase, the alloy as a whole can show

excel | ent squar dnasil akothércci{BONARALIHEhARE WAL 0 welfig IaERthYC,

iron-based rare earth all oy nmagnet prefera

Sept enber  29(4a1neH 5Q: ' turation netization
equal to, or” even ig%gﬁﬂﬂ? asr?,laff%gtaﬁgjs't ﬁé%ﬁﬁ%gedﬂ ch ITRCHYY he

and Fo. 366 oyt Pasen iutiBnE3? fetshKbredh RObO: 6-FEARY boridn piasesere e
R2Fel ~B, phagginas aturation magneti zation of about 1.6 T and the a -Fe s
phase has a sa .Ura]?’i%‘hq‘ I?Fﬁ‘fj‘?‘?éﬂe?aﬁ‘igéﬁeréﬂe orystal graip sizglaf yhe Riem B phaserivbat
fraction x of 1B is greater than 10 at% and the nole fraction y of the rare
earth el emSifH2R0; U greaieh tham 29 agd aquel tReFlessBBan 4 5 nog widle. thifofale y -Feven
when a material alloy with such a conposition is used, the addition of Ti

can producénfdreds phasee isset equil to orfeeeatercharRPR028B3qudl fo of RS BAESE Rk,
invention. These to iron-based borides contribute to increasing the
remanence. ,

Specifically, the boride phase preferably includes an iron-based boride with fer-

romagnetic properties.

15 More particularly, the iron-based boride preferably includes Fe;B and/or Fe,3Be.

In yet another embodiment, the melt may be cooled by a strip casting process.

An inventive method for producing a bonded magnet includes the steps of: pre-
paring a powder of the iron-based rare earth alloy magnet by the second inventive
method for producing the iron-based rare earth alloy magnet; and producing a bonded

20 magnet using the powder of the iron-based rare earth alloy magnet.



As a result of experinents, the present inventors discovered that only when
Ti was added, the remanence did not decrease but rather increased as
opposed to any other netal elenent additive such as V, C, M), Nbo or M.
Al so, when Ti was added, the |oop squareness of the dengﬂgg},*'emér%ogurve
was much better than that obtained by 15 adding any of the elenments cited
above. Furthernore, these effects attained by the additive Ti are
particul arly remarkabl e [ QN ' is greater than 10
at% Hereinafter, this pgﬁﬁ‘ PURIPIZON OBRAWINGS erence to FIGS. 1 and
2. FIG 1is a alph iIIuEt,@ati ng a relationship between the maxi num ener gy
prod 20 uct (BH),~ SritiBtaRa ICeWREAR aaelaganship betwsan ithe maxisurfenBrdyymedimgnet
to which no Eﬂ)i s added. In FIG 1, the white bars represent data about
sanpl es cWitBnadgnddha coneanimation 0 batows iarmh Nid-Fet Bitypehidnecéhifosileagderaar S
represent data about sanples containing Nd at between 8 at%and 10 at% On
t he ot hertosigh ngilGis #ided. a gr aph illustrating a relation 14 13
Sept enber 2004 ship between the maxi num energy product (BH m- and the
concentration of boron in an Nd-Fe-B type magnet to which Ti is added. In
FIG 2, the whFi® Disrsgaiphdllusting antladathipbeawees %%ﬁﬁinﬁﬁﬂ%ﬁ&%’}% at

t

between 10 at% and 14 at% while the bl ack bars al so represent a about
sanpl es cent(@IHi.aqnkdthatcoheint@bdn &f BbiraithnlNd B t7eAS i ffom
FIG 1, once the concentration of boron exceeds 10%% tﬁ%h@gsrlr%ﬁg%ne{

i ncl udi ngtorwehic¢h Thawldedei r maxi mum ener gy products (B~m~ decreased no nat
ter how nuch Nd is contained therein. Were the content of Nd is between 10
at% and 14 at% this decrease is particularly noticeable. This tendency has

been wel | knovBIG. 8 ishegaph saﬁ%dtftal:ggmu?@&&g‘é%é&l Eodil kA ds B

per manent magnet, including an Nd2Fel4B to ase ds 1ts>prinar

shoul do nog I : 0 or _instance, United,States
Patent. Mo Eog 58 ATeBRORIAN Betuith He KDl b e € ol afRdest wes sneasmd a

tion of b@kedy mb5 at%to 9.5 at% This patent teaches that the
concentration %?}a%gér%%&sﬂg)gl d preferably be equal to or greater than 4 at%

and less than 12 at% nore preferably from4 at%to | Oat% 15 In

contrast, as c seen.frorii FIG 2 fhe sa es. including the additive
Ti have their %?@%@xgﬁ%a&@ IBP%Wt %EBé-CQH%POHK‘i prdisdliy-B ﬁl%wrinahuried ange
wher e t he; ncen tration is greater than 10 at% This increase is

parti cul alﬁ%g?}ggﬁalé);ﬁﬁ%pwgv RYOINd content is between 8 at% and 10 at %

FIG. § schematically illustrates how three types of rapidly solidified alloys having
15 acomposition including additive Ti, a composition including V or Cr as an alternative ad-
ditive and a composition including Nb, Mo or W as another alternative additive, respec-

tively, change their microstructures during the crystallization processes thereof.

'FIG. 6A is a cross-sectional view illustrating an overall arrangement for a melt
quenching machine for use to make a rapidly solidified alloy for the iron-based rare earth

20  alloy magnet of the present invention; and

FIG. 6B illustrates part of the machine shown in FIG. 6A, where a melt is

quenched and rapidly solidified, to a larger scale.

10



Thus, the present invention can reverse the conventional msbelief that a B
20 concentration of greater than 10 at % degrades the magnetic properties
and can attain the unexpected effects just by adding Ti to the nateri al
alloy. Next, it will be described how to produce the irpglsggé%gr%g,;eart h
al l oy magnet of the present invention. is 13 Septenber 2004 In the
i nventive process, a nelt of the iron-based rat a earth alloy with the
above conposition is rapidly cooled within an inert gas environnent,
thereby preparing a rapidly solidified alloy including an R2Fe~4B phase at
60 vol une % or nEIGE.7 idh 1l [R8%a i i 14 hase .in the
ol th D dBh oo Ve P B o e

quenched alloy is SO nmor |ess, for . exa neces

quenched algopyonrefthb@yfieRtis 1658 pa e .anpr pho phases renaining in
the alloy can be cr ys?]al i ged&?n gam lgéalg??'eghngé‘o%‘}ff)ﬁ%ﬁf},' the nelt is
rapidly cooled within an environnment at a pressure of 3 0 kPa or nore.

Then, the nelt iIH@StislabsinH AR hod ou h ntact wth_a chill
rol ler but also further Lé'?:opol egkgﬁégﬁggsecoh%%ﬂfgo?é% FW@R@PP éﬁ%‘PL’:iﬁi‘@dz’by
the to anbizgid pas even after the solidified alloy left the roller. By

appropriately adjusting the circunference velocity of the chill roller, it
is pos Bible to transformthe alloy into a supercool ed liquid when the

all oy | eaves thepriehig ik o @'51 \f & lLleaving . the chill roller, the alloy in
t he supercool ed |'i qui a as%}t) e huaségﬁ‘%thﬁeaﬁaﬁﬁ%@u%?%?s ?ﬁﬁaglﬁl?ﬁeNS?rb]i-?’e gas
SO as to be17(;feégécﬁvleiy;ed. 15 20 Next, it wll be described with reference

to FIG 3 how the anbient gas brings about the secondary cooling effects.
FIG 3 is a graph schematically illustrating a relationship between the

ti d si ; ' : i tarted d the_t t
of tho ai L oy. Frac 30 if FREERIaT e BOXRRTCRA, ifbé i Al atbageon and

b associ at Wiat | ati hi and relatively | ow anbi ent gas pressures
of greaterq?%an %S&Féaggag%ﬁfié?g&ﬂ% erpal y(,tff&Fedr espectively. The ranges in
whi ch a -Fe, Nd2Fel ~B and Fe23B6 phases crystallize are illustrated in FIG

3 as well, wher indi cates. the neltin oint of the alloy and Tg
i ndi cates the gﬁgg}?l‘? H&ﬁﬁ%ﬂmuw@g ¢ paftares of the samplet¥o.sebefbreomdr| G

3, where the apgbi ent gas has a rel ati vel | ow pressure 16
fo a%erm% samplegls themlally treated. : Y 'p

FIG. 12 is a graph illustrating the XRD patterns of sample No. 21 before the sam-

ple is heated and crystallized and afterl it has been heat-treated at 640°C for 6 minutes.

FIG. 13 is a graph illustrating the demagnetization cuwés of samples Nos. 21 and

26, respectively.
15
BEST MODE FOR CARRYING OUT THE INVENTION
The iron-based rare earth alloy magnet of the present invention is formed by
rapidly cooling and solidifying a melt of a rare earth element-iron-boron type alloy con-
20 - taining Ti. The rapidly solidified alloy includes crystalline phases. However, if nec-

essary, the alloy is heated and further crystallized.

11



13 Septenber 2004 (corresponding to the passage b), the anbient gas woul d
not bring about so great seconda~.y cooling effects. Accordingly, in that
case, the surface.velocity of the chill roller is set higher, thereby

increasing the rapid cooling (i.e., primary cooling) raj®sgptenisor@ook!
roller ATt or Higprkaa LREnSHl RARE Bl WM 1L gl bl o BEA L% R 7 oW ¥

cooled by the am’'s bient gas at a relativel W ndary
cool i ng ' : t . t he,coglin ssage b corresponds
o a poi noY A cofbdhdh pefindd 15, BaFcRlar bR TAGPN 8F ritn SaHOTJRgss
wher e the_anhi ent has_a relatively high pressure (corre sponding to the
passage a“)“{sqj?qr%"‘é{#gﬁ?é agke P%‘P?%@ée_‘hﬁ fve%%[%gﬁwlts‘%@m%ﬂ%lmtﬂsmg@, 10
ef fects, taug shor eni@a_lthe tinme it takes for the alloy to pass the range
where th poivete! rawih Pk ap RediguBdphape sBmprgceed prafhrestialisasah uniforenlyr owt h
of the Ndﬁ_lFe,4_B.phase is suppressed _and an Nd2Fe, 4B phase with a small
grain iz ecb&ﬁl%éeacﬂﬁﬂa?ﬁ@émtm‘teéﬁﬁnhmnéhlﬁfmdingeen, where the pressure of
the anmbient gas is set |ower than 30 kPa, the R2Fel4B phase, produced in
the rapidly solidified alloy, will have an excessively large 15 crystal
grain size, tHénless Tiis addedriatthagnathualradloyl then -Fagrhase pasilyanicleaates dlamever
if the anbient gas has too high a pressure (i.e., higher than the atnos
pheri c prarewafasfer andearlidn¢hanthe engsta asowthdrcNBF el Baped heicorBAglyhehdre! t
and the chill roller and affects the cooling rate considerably. As a

resul t, ttherapidlylsolidifiee allephaciees Mrmalle treled, the!fd J'Féiz;msé With I&%Ehagﬁ&i -Fe
o] ood hard

phase with a very large grain size precipitates and therefore

magneti c p}bp@gégﬁ,gph@@rg@@bngﬁce@giyaz_ned. According to the results of
experiments the present inventors tarned out, while the rapid cooling
process is perfornmed, the anbient gas should have its pressure controlled.

Pégl,er‘ﬂﬁ'ré 17 B el aﬁ@%%%?%?’%#%iﬁ? W%?%iéﬁi%ﬁ%éf %ﬁéﬁgﬁ%, >
0 kR 6 Pa. [
nas o prcaeuf 2y R W BESHRR, it i dE yablh kP onetdes e crce.

vel oci tyeéﬁ t he crli | | ral ler i ST}E‘ESeferabI%/ from4 neters/second (=nfsec) to
~0 5 m sekiaS§HY Quplgatg and graw; ¢ » 1R prepend ipyesters heligyg thg NdoFephethashan 4
m sec, then the RZFel (iB phase, inctuded in_the rapidly solidified alloy,

wi || haveWaRdetat {anycleate gad erqps baforgthei sFe phasethas gedwse coarsaly.R2Eer (haB
phase will further increase its size when-thermally treated, thus possibly
det er i or afeRsRYL tWiere dd b tadded, nerystat grains mpthet NdgFe Bnphdse can bergroamdsuffif t he
r oiler surface velocity is higher than 50 n~/sec, then the 1o rapidly.

sol i dilfi edcienily opd disptrsbé uaifomplyiteéste shoresFe phase! @bwh Yormdcls UbFhepddigbh Y NO
R, Fel 4B phase will precipitate. Accordingly, while the alloy is heated and

crystal | | a&; agpearsRa eal4Re ﬂli@@x?smdlizhﬁmpirbﬁ-ﬁas@a%ﬂdési. Z RihcR Y 83s 8 $tron
considerably to have a non-uniformstructure. As a result, the magnet%c

properti eaffrapheB, g staBRiz8Y #d iron-based borides by partitioning in the borides.

In the present invention, the additi\}e Ti contributes to considerable reduction in

grain size of the soft magnetic phases (e.g., iron-based boride and « -Fe phases), uni-

20 form dispersioﬁ of the Nd,Fe 4B phase and increase in volume fraction of the Nd,Fe,,B
phase.  As a result, the composite magnet can have its coercivity and remanence in-

creased sufficiently and can have the loop squareness of its demagnetization curve im-

proved.
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According to the experinmental results the present inventors obtained, the
roller sur 15 face velocity is nore preferably from5 nisec to 30 nisec,
even nore preferably fromS msec to 20 misec. In the present invention,
the rapidly solidified alloy has either a structure in wggb eMBbdIPpg N0 CX
-Fe phase with an excessively large grain size precipitates E)ut an RZFel 4B
phase exists instead or a structure in which an R2Fel4B phase and an

anor phous phase 20 coexist. Accordingly, a high-perfornmnce conposite
magnet, in which crystal grains in soft magnetic phases are dispersed
finely or distrHotiraftemitic0foH-Yaded raftCeahaillbyRANERGY tHeSFb At H’R;e)ﬁﬁ&?“hlﬂe
hard magneti c phases, can be obtai ned. As uséed herein, the term " anorphous
phase" neabs dosiribedliy fidtherpldgse i N which the atomc arrangenment is suffi 1s
13 Septenber 2004 ciently disordered, but also a phase containing enbryos
for crystallization, extrenely small crystalline regions (size: several

nanoneters or | &h8 )invetidkeokoRbad¥dCrafd E§xrtlﬁ bioy 3%50§Fts é&féﬂﬁié{%ﬁt lr¥9{8$eg'§§‘f Er m

"anor phous phase" neans the phase that the cr Annot
defi ned by ti@n hhfar [ th T ion. In th [

art, oven whes ora R A TR TR T 1R 2F siFnant ctlaTRE. 60
vol e, % osoote b UhekiF eSS O Kuf BAL LR, FBL Sl i 2

conposition simlar 'to that-of the pré&sen

wi Il have @osdidtiteldf e ahd MR ot of a -Fe phase has .grown_ coarsely.
Thus, when the g%l oy Is ﬁgg\t%%tgen eryé eaﬁap:ﬁ_zeé%mé’?ls‘éw?wgﬁx e’f‘ilu‘é‘&ég ls~F¢§\“1‘]'5hase
W I i ncreggeahd &1 grai ' ¥ epslvel v e soft 1o nmagnetic, phases,
including the a - Fg %ﬁ%ésg%ﬁ‘ﬁave g?e&}ﬁ?%t%lf)d%@ﬂfn '?‘Fl@“ﬂﬁ’g‘??é‘ 1?*}5‘?&)%?44@%
the all oy ‘ijﬁ{aﬁi I gni-f.i cantly, thus making it virtually inpossible to
produce a qua Ptay%ém%%‘?tﬁhagnet out of such an alloy. Particularly with
a material alloy containing boron at a relatively high percentage |like the
all oy of the pr even if the nelt is cooled at a | ow rate,

_ eIrsqgnt ie?ve"lti.‘on, _ I
crystal line 15 phidd¥e dEACHEES BeYr el MeRreSirbly sae) thedaequalities o 10meYaciown
met hod. This,jis pecause baoron highly - likely creates an anorphous phase. For
- that re sonéfzé) ﬁt.();f’)’kéatlp%#gd?<épta,t%é8érﬁt?/ﬂf-—<—éﬁéZtQt%esnd B Smaige). 5, aespapti vy
solidified alloy including 60 volune % or nore of R2Fel4B phase by '
decreasing the ¢ool.ing rate of the nmelt sufficiently, not only the RZFel 4B
phase but al so t'h& Epr-pasedragceeasth alicy magesirafdhe prdskntrineaitiontintlede 4 pire
Thus, when that alloy is zo heated and crystallized after that, the cx -Fe
phase wi | | SAtiR ekeanengapas smatlea adlo fiattiort belOratkedr 1pssopeHbiveserobinch iaak oy
seriously. Thus, it was widely believed that the best way of obtaining a
nanoconposibeen aedpddo thé tiateriahalidy theesof] the inventive 8RkhaGaA aiBhihdindected
increased rate to anorphize nost of it 19 13 Septenber 2004 first and
t hen form rffeatshofykespifig,ner @ven Uﬁtﬁe@ﬁﬁ%sﬂxé%hﬁh&é}y}gh%ﬁ 'iﬂﬂa g@_ﬂgiqulg%)p

o H1E MY r
crystallizing the anorphous phases. his i s becausé they 't

disg h iye. |11 zi ny
Smor phous. phasee < o gl aapueige i Gy S RO bR of B Aoningdie”

obtain a nanoconposite structure in which fine crystal grains in vari s ous

phases are disp b I ! jglaY] r | ief .- C...Chap et_al .,
reported a tec hgfl zlgéglrg? I%g%)étﬁali‘a% ﬁ%“@l%gﬁlﬁé?eg r?g %&e Pﬁgl%er';ﬁv fLeaLion, tp‘ﬁ soft mag-
sizes on t 0r several tens nm ,According.to Chan's technique, La,
whi ch exceltillgtll8 %gr"'ég‘{?é’ Py V?rH'eS’a%E 5B UNZ8 ha ereordingly gthe respectivergorstitagnt
al l oy. Ne~, the material all is nelt quenched to obtain a rapidly

sol i dified pi‘ésegl ?Sf"Hﬁféﬂl Vgﬁ'gﬁb%ea%f“ﬁh@gan@ﬁew@%& phawsthatAregserheavethe
alloy is heﬁ)t%eé1 ar%g crys tallized. See W' C Chan et al., "The Effects of
Ref ract or y ‘W&l oihmagheti¢ phasggnldis sombasedriarisle wid o~Fe PhdsesFexist Bhdryipen
Nanoconposi tes”, |IEEE Trans. Magn. No.S, 1INTERVAG 99, Kyongiu, Korea,

pp. 32652826 Aditipgdg. thethiasd maghetid B,Fd, & phesectiesalloyads AodiblRocan shel @eknént
netal elenment such as Ti in a very small anpbunt (e.g., 2 at% inproves the
1 s magriet isqugengse at the dlemagndtiration bevewlegeofr acti on of Nd, rare earth
element, is preferably increased from9.5 at%to 11.0 at% to reduce the
grain sizes of the Nd2Fel4B and a -Fe

The inventive iron-basqd rare earth alloy magnet preferably includes iron-based
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- like iron-based borid

phases. The refractory netal is added to suppress borides |i ke R2ZFe~~B3 and
Fe3B from bei ng produced and to nmake'a magnet consisting of Nd2Fel4B and a
-Fe phases only. In contrast, according to the present invention, Ti added
can suppress not only 20 the nucleation of the a -Fe ph’?@SthéHHHizbb@ rapid
sol i di {1 Cigdri e ACESpHLs & e Nt toRANeL LG phases
Zpands amﬁ%e ag.ﬁa@&?}n%%% ’%\‘éﬁ‘%}hg‘i%%g‘? ?‘g%)g‘& CE Iy | ng

ases da

sed 1 non SECCF 9RO 3o WRel BRARDI Bt BReAbondl it el o DPhE R0 21
emanence i cusbefriol AR LAl P SRR et a5 i 1 87 "

dermagneti zati on curve, can be obtai ned. As descri bed above, the inventive
magnet calthire ‘f‘?iﬁgﬁeﬁdﬁh@?eﬂ%ﬂsiatﬁ%ﬁt&bﬂ%@%‘zm ¢fpbort 1 RdP med- B @hBs e
nucl eate and grow faster and earlier in the cooling process so that the
NdZFe, 2B gl‘ﬁi% a3 yeqtecatien magaetizatiomef pérlcent age and yet by suppressing the
grain coarsening of the soft magnetic phases. Al so, the renmanence thereof

i ncreases probably because Ti added can produce a boride phase (e.g.,
ferromagnet i ¢ NeoRalnswhengshe aeds fiactiomx 0@ B giester than Magtietand thernmgibous
phases existing in the rapidly solidified alloy and can reduce the vol une
per cent ag&adion yeofrtbe ramgereth demantr RHe fonpitastss to 8na?s)i Rfei:B; ihprodassed and
crystallized alloy. . The rapidly solidified alloy obtained this way is

pr ef er abl Yomegaer dvemvwhen psnaittisl aidy withrsacke a samposition i wsed, the additioh f Wit h
three or nore crystalline phases including RZFel 4B conpound, boride and a

- Fe phasesan fitedubeRsFé¢, B dlenBatanidso pie et Bifey;Bapin the poesehieivanition. i tBhese
tenperature and duration controlled in such a manner that the R2Fe~4B phase

W 'l haveiren-bayel ngRles cyatiBlite @6 Ricteasing thedbmbledt®) t 0 200 nm and that the
boride and a -Fe phases will have an average crystal grain size of 1 nmto
50 nrn. The RZFel 4B phase normally has an average crystal grain size,of 30

nmor nore, Whizh PERMIRT RBeriEbRt, ﬂﬁrﬁfzéliﬁpmh%gsr ?gc&hﬁ%&gﬁ@}gél)g aenqq the

ot her hand, the soft magnetic phases, e zo e an ses,

everal nanaRaRde ROFeriineibe A dBodufukpuich eplea f TbpBE AR s’ o
Cenemat | cigP Stk Rnt A oRE AT b ORF of 801 “Atsps S bbracoonatbsr

this magnet. As shown in FIG 4, fine crystal grains in soft magnetic
phases ar EOC&H squarensss of the, demagnatization merae ywass mpeh Beftercthan |that btaingd bal
grains in the R2Feld4B phase. Even though.the R2Fel ~B phase has a relatively
| ar ge Hverddingpnyiof the elementsitedpboveagnet i ¢ phases have a rel atively smal |l
average grain size. Accordingly, these constituent phases 5 are coupl ed

t oget her through exchange interaction and the magneti zation direction of

t he soft magnethusthgrmeresthese effents attdinetibybthetadditivarld anmparticilarlp hererkable
Consequently, the alloy as a whol e can show excell ent | oop squareness in
its demagneltdre ahé oonaentrution bf Bt isqzreateietiian M@ pvoCedkreihafdrdss poiat ®aHIHey
produced as descri bed above. The reason is probably as follows. Wen a

rapi dly sdesctibedeslitinkéfopencd®oHIGS. taapesed of the to RZFe~4B phase, is nmade,
t he anor phous phases existing in the solidified alloy should con taro an
excessi ve anount of boron. Accordingly, when the alloy is heated and

crystal |ized, FiGat B gaphilllstragns atrela@bliBip SereeEBN R Masinum eﬁér’]k@ prod-

nucl eating and growi ng 1n profusion. However, if that boron, contained in

t he amss pheyu$BPhasasd s %&eﬁt%idﬁeﬁ{bo}ér?ﬂdgiﬁﬁadﬁtﬁ’ﬂ%% rhé&gnef B84hith GRS and

produces conpounds wth [ ow remanences, _
added. InFIG. 1, the white bars represent data about samples containing Nd at between

=t

10 at% and 14 at%, while the black bars represent data about samples containing Nd at

between 8 at% and 10 at%. On the other hand, FIG: 2 is a graph illustrating a relation-
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~s the magnet as a whole will have its remanence decreased. As a result of
experinents, the present inventors discovered that only when Ti was added,
t he remanence di d not decrease but ‘rather increased as opposed to any ot her
nmetal elenent additive such as V, G, Mi, No or Mb. Al's ., T,
in particular) was added, the |oop squareness of the de{r?agﬁgttaeﬁ'zﬂgri(zgggcurve
was nmuch better 20 than any of the elenents cited above did. Accordingly,
the present inventors believe that Ti plays a key role in suppressing the
production of borides wth | ow remanences. Particularly when relatively
smal | anpugh; [ i i teri | kth e .
conposition geﬁﬁgﬁﬁ E% %h“‘élﬂ{p@ése gﬁx{g?ﬂﬁ\g/g%?i(%#jﬁﬁx ?é%?%ea‘g(%antfg%tﬁﬁod‘e%% Q\ﬁ)rto g

f err omagnet,j ) i i S, Y duri t al i s heat-treated.
I m suoh . ShoWPFRTRLKkSTatle bp €Sk 125, h R Ad vh¥ ke AR ratsie o
anor phous S ul d _be absorb into the iron-b d borides. For that
reason, thggﬁoaﬁoz)ﬁ%\gaﬁréﬁeﬁ cﬁ%ﬁ%ﬁg ﬁﬁﬁ’gg’% P]roeﬁ%]ﬁ‘?‘ﬁng o1 YRilg thepblagk bass ¢ he
al | oy has tgl?ser heae{nsg a% Cr%{%pﬁlél i zed, decrease theig vol une percent age
but the fefronBigiEtt £aiga)eytAmpies conaung N abbatween § at%and,Heather cent age
instead, thus increasing 5 the remanence B~. Hereinafter, this point wll
be furtt’ger detaiJed with r ferlgf(ge-to FIG 5. FIG 5 schematically

i | lustrates how/th¥8dPe sepadrogt FlGint. gnge the| opeqntiation pf bgren excseds 18 at%, the
conposition i n%IFud'i ng addit.ive gg a conposition including Vor C as an

al ternati vé*5§ t“?“\}‘é‘gﬁﬁﬁo 1 bgks thetrmaHmupengEhRrofiEsts (i Dowx dscreasashen mat-
alternati ve q_godi ti vg %ezg)ecti Vﬁgy,_ change 1 o their mcrostructures during
the cryst al'fi BRY FENH DY s&outinediacreis . \heredherpontent afbdds betvecen dQiatscansnt h
of the soft magnetic phases is suppressed ~ in a tenperature range

exceedi ng tiAeAt7e Mt de¢tgrse inpatishlanlymoticeablere Phia tendgnayvisas hepin ell. knasrain
result, excellent har d magnetic properties can be maintained. In contrast,
where any dhe arienditthas baest widelst beliewed that anygpermbient Magit, inehuding anSNaFdes, |
the grain growth of the respective constituent phases ~s advances

remar kabl y phast asie mimhgndese shiglld ngt eomdig nidde §Ran DAL DI BBAIENTF ok thstdiRer €l a
tively high tenperature range in which the a -Fe phase grows rapidly: As a
resul t;, theUniesl$thRE PataiNaNs 858 8b¢ V € i 3
decreased. First, a situati oﬁ’m\?\ﬁ’ggsegﬁlg@%f%rc h@xv’{éegiag@%%gl %ﬁﬁp%%ﬁégﬁ?bed.

O o caston dffbkitpieel Ry morh 94 179 sedk! ©Ebadhy b RLARINAL ol BMlcaton

tenperature range where no a -Fe 20 phase’ precipi

nmagneti c proRekd,d ! i superior. |lo uar e ne of , th

demagnet i zat i on(gﬂcgj’[?o\}%(l;1 Bfe;érfée}gf&lgs)aﬁ eﬁﬁ’ﬁ“@ °1I5Y%3% @gﬁ‘ gﬁ’@ﬁﬁﬁ%&@%ﬁ% 2P ROB at
such a | ow rature, h er, R-Fel 4B crystalline particles wuld be

di spersed iéfgféﬁ@%ﬁﬂ%ﬁﬁ‘éﬁﬁo %rphous phases and the all oy does not have
t he nanoconposite magnet structure. Also, if the alloy is heat-treated at

an even hi gher tmerature, then the a -Fe 23 13 Septenber 2004 phase
nucl eat &3 and grisviOnBast &% canthe saemirprRdilS. ghths samplem inclusing e silditise Tohavther e

Ti is
their maximum energy products (BH)ma increased in a certain range where the B concen-

o

tration is greater than 10 at%. = This increase is particularly remarkable where the Nd

content is between 8 at% and 10 at%.

Thus, the present invention can reverse the conventional misbelief that a B
20 concentration of greater than 10 at% degrades the magnetic properties and can attain the

unexpected effects just by adding Ti to the material alloy.

Next, it will be described how to produce the iron-based rdre earth alloy magnet of
the present invention.
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added, the a -Fe phase rapidly grows and increases its grain size
excessively. As a result, the exchange coupling anong the constituent
phases weakens and the | oop squareness of the demagnetization curve
deteriorates considerably. s On the other hand, where T{3 §spteffled 2004
nanoconposi te ctur i ncl udi gge m fr ocrystalline RZFel~3, iron-based
boride, .and al-'PeRVERUKEPEISEsS AdBelhol Hiedran-bassd rarg earia alpy avithathd abbree
grains.in the respectiye constituent phases are dispersed finely and
uni f or m YOMROSHON A Eapincopled withinman ingr) grreenvieonmiest, treaeby preparitg axbpidhe a
-Fe phase. Were V or O is added, any of these additive netal elenents is
coupl ed aelifitied gllpg incduding en RoBe 4l phaserat 68 vohimieoYaoranese! i d'he avertab® Prairt hus
decreasing the remanence con siderably. The additive V or C cannot
suppr ess SizeeofitbaR,Fe e phmsetin itidquendhat aloy ig50wihosleds, e exafdple. i hbgk. and
deteriorates the | oop squareness of the demagnetization curve. Accordingly,
only whersafy, this qacithhed allbemey be hoht-daddd) JRASAE hﬁgtgﬂoug Pﬂas@s fe'r:r?airﬁpgﬁ? can
be suppressed appropriately and iron-based borides th ferromagnetfc prop
1 s ertiefe Glloyken 8BtAjsBfgedrur thernore, Ti, as well as B and C, plays an
inportant role as an €lenment that delays the crystallization of Fe initial
crystals (i.e., y -Fe that will be transformed into a -Fe) during the rapid
cool i ng procesks DARffdrher s A6 | ¥ . j‘."%.’f ‘ ool ed
|'i qui d. Accordingly, eveﬁg?(?‘au?ﬁﬂg’ t&%ﬁ?@i&&{%ﬁ?ﬁ’%%’%g&i nc %‘HF‘E@ dﬁ:ﬁgs&raapi dly
cool ed ange i v 5o re | i t about 20 1
e B ndre! STRERCAG, ek e A e AR o Rl 7

OzC/ sec and about |105C/ sec, a rapi

e
cost 1SUUHLeR £ DRPARETRPSIRIPRATIE GRS, L S Toans Lhat o st p

2004 tion, can be enployed as a rapid cooling technique. The strip casting

techni que is hi ghly .productiyve and. cost-effective thod for obtaining a,
sol i di 19 i ed al -?%R}a V"\FI’HE{E @‘ﬁB%E'Ei‘ﬁacﬁc efenge velopity effhfl C%élﬂ rller, it gosrsg

because in cast"f&g nmet hod, t flowrate of the nelt does not
2 o

btge St rtj g_,a 1 ( i

have to bEClEdRA{TPRsPER ths tor g, upsEseoled lignid when the elley ieawes the ghiyl mollepour ed
directly froma turndish onto a chill roller. To anoiphize the nelt of an
R Fe- B 1 afdkigaVRg P&fnll Foller, dbe allpy) in theesuparegeled diguid: stptechas dtsehean diskie
strip casting nmethod, normally B (boron) should be added at 10 at % or nor
e. Howevebated mtpthedarhientgas baes tmbeterystadibzednot j ust non- magneti c anor phous
phases but also a -Fe phase and/or soft nmagnetic Nd2Fe~B3 phase will. grow
preferentially. That is to io say, no uniform mcrocrystalline structure
can bdSobt ai nelextast will dsudescrittelevitlo refareneeto FEGt hgewothet asbibar gag petiC
phases decreases, the remanence drops and the vol unme percentage of the

Nd2Fei dB plivas ¢heodeondted coaliSefidot)S SRR 8 s, grhpie sehefiatibaliyt muﬁﬁﬁi&xgtaaﬁgﬁa-t he

noti ceably. However, if Ti is added as in the present invention,

" emanencetibhiPagaaen i e phAM dnbedRehsd cbifle frobaRliskiteh i Hietlna! I oY,

i ncludi ng the Nd2Fel4B phase at a high vol une percentage, could-inprove the

resul tant Ré@ﬁﬁ@bfﬁl‘ié)ﬁﬁé}t.i 6%1@93%113%@4;&%@&@%@0? qhi ké&gfg gﬂé%a%%s iag%{ygi ng

t he anor phous phases at” a high vo ercéntage. Accor vol unme

B hery ot Bfiakasy M Enalal RTaR LaV, B0 BB Uit Bl el BBl
val ue %75 18000184 B3 SPPRIRAS Iy S PR LORE R Nunill: & Fe RE I OEoY e, i,
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phases crystallize are illustrated in FIG. 3 as well, where Ty, indicates the melting point of

the alloy and T, indicates the glass transition point of the alloy.

As can be seen from FIG. 3, where the ambient gas has a relatively low pressure
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Qis either B (boron) only or a conbination of B and C (carbon). The nol ar
fraction of Cto Qis preferably 0.25 or less. 25 13 Septenber 2004 |If
the nole fraction x of Qis.10 at%or less, then it is difficult to nake
the desired rapidly solidified alloy, in which the m cracgestbmiber 2604

R2Fel ~, B and anor phous phases coexist, at the |ow cooling rate between
about 10'° C/sec to about 105 C/sec. - Also, even if the alloy is
heat-treated after that, the resultant H~ will be as low as |ess than 5 480
KAlm In addition, the strip casting nethod, which is one of the nost

cost - ef f ecfcowespondingi toubs pasaROb) #id &HbicAitEisOvaAQ hbBHIEATNRESe ofANMbnDe

adopted in that case, and the price of the resultant permnent “magnet

product ridey coolimg effédtonakbaordiablyt BetHat BRE, ﬂﬂ@@ﬁfaciefveld%%%?ltﬁe é}ﬁ@%ﬂe?% X of

Q exceeds 20 at% then the vol une percentage of the anorphous phases,

remai ni ng sen Higterathefhy GHadasidd e fpR1 BOIIRYE (78S ggﬁﬁgrv @8@1&@ r?:ﬁ.gof the chill

crystallized, in 1o creases. In addition, {he percerntage

phase, whi elilehasA@ehieaia tfeafudfaal Fﬁ&e%ﬂpféﬂef- acﬂéBFﬂﬂagi i @ﬂyﬁ?%o&&i&& e oo

constituent phase, decreases and e remanencde ops n Vi

ts, bi I | | t h t.% and
caual 15 o Toge i FAgeaNot Ble Re B SE RO ol E P Rt L0nHiSE and oss
th 17 at§ ' : d f t.h h ..
ol amont s analort ererine poay bR ENd TR pA G e aiEl Fefrbp anity no

La and subgjigptially ,no Ce, because the existence of La or Ce decreases

the coercivity and the | oop squareness of the demaneti zation curve.
However, there is no problem of degrading the nagnetic properties if very

smal | amounts ( % | ess f la and Ce exist.as inevitable

i mpurities. Thepgﬁlc}? g,%e &%@e‘?%fﬁgﬁ%é{@ﬁ &P g‘asn% relaf ylg%d;ressure corre-
"subst ant i .excluding La "means that the con 20 tent of La (Ce) is
0.5 at % or%é‘é%?g B tﬁ? @F%P&% Pi %ﬁ% eﬁf@&@é gpst gwga\@%rwkm sgrendaipiceoling

el enent,, part of which nmay be replaced with Dy and/or Th. If the nole
fracti dh yeﬁ?"th this| segerting, Ahe timeygt taken for the ellgys touipasyr thiensnge twherdidhe

m crocrystalline RZFel 4B structure, which is needed for expressing the
coer ci vi t yNdelg14lbphase jssprafudede Pudtiablyi fentHisreasom, theeoewthi ofithe NtsFep @ise kA/ m
or -nore cannot be obtained. On the other hand, if the nole fraction y of R

26 13 Septsuppressed@fd ah NdgBey#B phaseowitlps a4l praidsine & RtcWaitddaAstbie
percentages of the iron-based borides and a Fe with ferromagnetic

properties both decrease. For these reasons, the nole fraction y of the

rare earth el endstcaiRbe seqn; ehereaht gre@ﬁh‘abf the a@ibidht 844 i85etl16WEr BaR8H%PRGNL €SS
than 10 at% (e.g., from6 at%to 9.5 at%, nore preferably 8 at%to 9.3

at% and nBsFe i ghesea Produbs®m theBradidy %l@nd %ug,s;,"oérviﬂ ezﬂp&cie%/ﬁ?\g/e%l/ ?f%ggt s)

M nmust include Ti and. may further include Zr an ~optiona
attain tshe cBROY grat §i96 Woretl détéridr A SRE RERARME mAe]iSsLkLed above, the ad
However, if the ambient gas hasvtoo high a pressure (i.e., higher than the atmos-
pheric pressure), then the ambient gas would be trapped between the melt and the chill
roller and affects the cooling raté considerably.  As a result, the chill roller cannot cool
the melt sufficiently. Then, an @ -Fe phase with a very large grain size precipitates and

20  therefore good hard magnetic properties cannot be attained.

According to the results of experiments the present inventors carried out, while the
rapid cooling process is performed, the ambient gas should have its pressure controlled

preferably at 30 kPa or more and the atmospheric pressure (=101.3 kPa) or less, more
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ditive Ti increases the coercivity H-, remanence B~ and nmaxi num ener gy
product (BI~",~ and inproves the | oop squareness of the denmagnreti zation
curve. If the nole fraction z of the netal elenment{s) Mis less than 0.5
at% then the above effects cannot be attained fully evesskpfiiber@004s

added. Nemerd-hal es If2 0t l& fgaction z of th tal elenments) M
exceeds 1LYIZ atf%' tﬁ‘éer?h ﬁ?eﬂi\%o%@r@ lf)rfaai’%‘é e Pff»éfagﬁblﬁﬁwsm‘“bh&e@q 60
remai ni ngep) the alloy even after the alloy has been heated and-

crystallized, increases and the remanence B~ likely drops. In view of these
respects, the nole fraction z 15 of the netal elenents) Mis preferably

fromO0.5 at% t % | ower. L.imt .a npre preferable z range is 1.0
at% and t he upg[e}%?ﬁ ?lrﬁl%nti{%ngrgg%}qgﬁ %P'%s"?%‘f%fﬂs)eﬂ%rwgﬁwmwrofrthqﬁp preferredrapges nor e
pr ef er abl . e s . 6.0.at%, Al .so, the higher the nole fraction x of Q
the nore H%F-isg{fgpﬁg%eéo %Pgﬂ‘ﬁ&&%#&é&? Prleﬁﬁéqh!ﬂdﬁﬁ@ 4rnetsrsisecnindd=arfmanto 56 Q
(e.g., bo%né, a,i,ﬁl f.ormed. Accordingly, the nole 20 fraction z of the netal
el enent s)PRC&houl S g5 dieesuss i theeroller stnfagh evelavitysiadewaf thahidsnvses, 8ef the SO.
Specific Iﬂy the nole fiactions x and z should be adjusted preferably to
meet the Refdedphasg, inchaded in the rapidiyotidified hloghbiji Hae BREksiVER 1ArBeaHAlal t Y
z/x? 0. I S, As described above, the netal elenents) M nust includé Ti
because TaHSts Uethat 2ase, tHSRENiR phase ROD Aty dicdsy iﬂsrkizehwﬁe&ﬁfe%nange
atom c percentage of Ti to the total netal elenments) Mis preferably 70 at %
or nore affieaterh tspossiblyateteriopdlingt the fesultak maghbie prepanee of the alloy, ot her
than the elements Q R and M may be Fe al one. , part of Fe may be
replaced with gt lIweast one transition nmetal elenment T selected from5 the ,
group consi sti@Qg thé otber Aand, NF thehetiauaefatd 9eldemy | "tHar"B8@RGLdC rties
are also attainable. However, if nore than 5 %sgggllli:%t?s reg?%égégﬁ&mgpﬁ T, .
t hen ao hi mpidiynseiidified Bioyofwil. # 0 tal Far qthat
il e PR AR ot MO o oo

reason, the percentage of Fe replaced is prefera _ :
curve | ooy is B L  Asr Sl e AR i ool ol TR "
opl aced u C A TUES: YRR BU RSk dfrPised Yoty FERRETs nor-undore.

The acconstirey &s Britfithe pliePals BRertyclich pr@eravath | n t hi s enbodi ment
a material alloy is prepared using a nelt quenching nmachi ne such as that

shown in FIGS. @666 gnd 6B. The .alloi/ p‘rlllgsp ration process is performed within
an inert gas envivomFdHGGPEIGRAE res PEssent|inventassy obtained.Hhe tlleasws rar e
eart hlgal egﬁgt ]I§ %d Fe tha% re easi|ly oxidizable, from being oxidized. The
i nert 'gas ray HEMES Were grefesptly drom grnfseq tou3A BYsesr ejsn, mérerprefeeatpyt fony S
nitrogen.?]&ge r%\fervgas of heliumor argon is preferred to nitrogen, because
ni trogen E{Q $¥Ct he rare earth elenent Rrelatively easily. The

machi ne shown in FIG 6A includes material alloy nelting and quenching
chanbers 1 and_ 2, in which a vacuumor an inert gas environnent is created
at an ad2s ' Isthesmessnbievertinnstherspidh sligifiessalivg haSpider i seabtue inFligch 6A
illustrates an overall arrangenent for the machine, while FIG 6B

i |1 ustrat@moshne ®fF¢ hhasenwith ar ekcessivelyrigge maml Sze precipitates but an R,Fe;,B

phase exists instead or a structure in which an RyFe B phése and an amorphous phase
20 coexist. Accordingly, a high-performance cbmposite ma@et, in which crystal grains in
soft magnetic phases are dispersed finely or distributed uniformly in the grain boundary
region between the hard magnetié phases, can be obtained.  As used herein, the term

“amorphous phase” means not only a -phase in which the atomic arrangement is suffi-
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As shown in FIG 6A, the nelting chanber 1 includes a nelting furnace 3, a
melt crucible 4 with a teemng nozzle 5 at the bottomand an airtight
conpounded material 5 feeder 8. A material alloy 20, which has been
conpounded to have a desired magnet alloy conposition apfsssteRibefg064 ~0m
the feeder 8, is nelted in the nelting furnace 3 at an el evated
tenperature. A nelt 21 of the material alloy 20 is poured into the crucible
~L, which is provided with a heater. (not shown) for keeping the tenperature
of the melt teened therefromat a predetermned |evel. 1Q The quenching

chanber 2 icleptiyditsordéred Otk iang £ e 7 [ I ing _and
solidifying the melrt S?L’ thata has Iﬁggggné&d%dp%%éder{lﬁ%igﬁ c&%a@%azlﬁphgmﬁ%]}?ye 5.

In this nmaghiall i t Lpnside the nmelting an
quenchi ng chanb%é};%mgniﬁegl%&ggg&csgﬁ r%ﬁ#@grfegg rg\not Relg 1 ?}}dZ%rcaft‘?IB’é:cfl ‘ﬂ@eg’.lorpor

t hat pur poggecifeHive ke ts b, 2b apnd 8b and outlet ports la, 2a
and 8a are g?cévi déa@%@t g%%br%%?%p&agg PS80 s BN 8o} a?‘ﬁghar?a ﬁi%“ﬁl gfructure

particul ar r{, 2a &S connected to ump to control the
absol ut e p?%éggﬁrcgﬂ?(ﬁgég‘égé %%ﬁéﬁgdﬁgc&m@pﬁig Wﬁpﬁ)ﬂbssr‘fa&ﬁ@e fiom 30 kPa

to atnospheric pressure. The nelting furnace 3 may be inclined at a desired
angle tg pour t : . through a funne| i.nto t, cruci ble 4. The nelt
21 is heated inrl?ktlﬁegaél&%m 1€, ntOHSL{QES We‘g’(t@%‘ a(rﬁﬁ‘gg’sﬁ%‘aﬁf)ed aflpy indudingg

nozzl e 5 of, ible 4 i itioned on the boundary wall be tween the
mel ti ng angoyégjr?g%%ﬁ%r ‘Bﬂ%?r?féfzgglgé é’hasegi’yt 1gPighy ¢poling a malten alloy withigecompesi-bl e
~t onto th susr.che O{héghf chill roller 7, which is |ocated under the

nozzl e 5. i 10cthal of thespregant dnysationgba resulfantialio Wil havha stoxtire i5 may
be in a I‘al"l’ﬂ_ﬁ fr?mg.S mmto 2.0 mm for exanple. If the viscosity of the
melt 21 is Wighe 1atek e diserhaes haszrowasaaselyl okhesmhenthetatioy ixteated dndeags-| y .
In this enbadi nent, however, the pressure inside the quenching chanber 2 is
kept | over Walfizgs afies thate sl ceFe mbiaste wilh énaresise iits graih aive xcdssivalye OF dindd syt
there exists an appropriate pressure.difference between the nelting and

hi ahrgrbtic phakesrinclddingtice hE '
quenchi Wy phakes, ing e PRhde, Hébefgi‘ﬂwﬁ%&rﬁﬂéf?%eﬁﬂ?%&ggy?feﬁ%ls

attain a good thermal conductivity, the chill roler 7 may be

alloy, io0 Gf thtlatlyy detstivedte Sigaeicanhly 28%s Mlt%maﬁgg@??g%ﬁéﬁ rr?tdﬁgl;'ea

roller 7 is preferably made of Cu, because Cu realiz

mechani cal qﬁhﬁ@qﬁhhmqgm@ﬂargﬁ@mﬂgpg&hg?%noyﬁhe di ameter of the roller 7 may
be in a range from 300 mmto 500 mm fTor 1nstance. The wat er=cooling

capability of a water cooler provided inside the roller 7 is calcul ated and

adj ust abl e basedagfud t SRk i.on_and the volune of the
nelt teenmed per uni T ‘{}}3’”@ h'%%at?rg@hﬁl% S| owrhé h&%{“ég.a r@%"é"ﬁ?ﬁ RELSFOPRESi dl y

lidify 1Q; ' [ 0. 2 ' . le. . Th
1oy st arri e eP Rt Treeti Beedion Syt AR ol 2dPile( Gy altingon)

22 Wi ths tdﬁia%%%ﬁﬁot%e pidluced 7 eta(s)ﬂ}?’ ggco%dirrpg B At hethod. This is because

boron highly likely creates an amorphbus_ phase.  For that reason, in the prior art, even if

one tries to make a rapidly solidified alloy including 60 volume % or more of R,Fe,,B
phase by decreasing the cooling rate of the melt sufficiently, not only the R,Fe;4B phase
but also the « -Fe phase or its precursor will precipitéte alot. Thus, when that alloy is
20  heated and crystallized after that, the o -Fe phase will further grow to deteriorate the

magnet properties of the alloy seriously. -

Thus, it was widely believed that the best way of obtaining a nanocomposite mag-

net with a high coercivity is cooling a melt at an increased rate to amorphize most of it
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of 2 Mmto 3 mMm Melt quenching process First, the nmelt _ 21 of the
material alloy, which is represented by the general for 20 mula descri bed
above, is prepared and stored in the crucible 4 of the nelting chanmber 1
shown in FIG 6A Next, the melt 21 is dripped through j98§epepiBer200922l € 5
onto the hti | 1 téﬁ(})qlfler.? to conme into cont act wi th, and be rapidly cool ed
and sol i ¥iand then orpeng dhighly %mMmlmwewmﬁhﬁrmngsgfm@?me I n
this case, ag appropriate rapid so 30 13 Sept enber 2004 lidification

t echni qué™ usgheses. cdbisiingecaasethey wokdt forlpkmtd @i thefeYshoRldWe! B &ﬁer
adopted. In the illustrated enbodi nent, the nmelt 21 shoul d be quenchéed and

sol i di f i @HerpAdYe butbtystalizing tirt embshoee ?hésea< thQaSHh g'ﬁieﬁn? Océ&%glgaﬁeogs ec,

nore preferably at a rate be tween 1 X 104C sec an %

i nterval mmmpMEmotdbmjﬂglnhn&%ﬂpﬁswﬁqﬁaﬁg i!?%h}cﬁ ge hc%ivslft %{ggl ler 7 1is

equiva lent to an interval between a polnt | et YBRESVarht o

contact s phdsbeareidisperselignece of the rotating chill roller 7 and a point
intine the alloy | eaves the“roller 7. In the nmeantinme, the alloy has its
tenperature decreased to becone a supercool ed liquid. Thereafter, the

super cool ed alQmyhi§ t avel i thip the inert gas envi
to ronment. \Wile tg%btﬁ%ﬂs@gﬁ ?\‘p‘)}' S'I (él})/&rgt %‘f;”a{/e@f’ﬁ?%l, pet“ﬁ%‘qﬁ? 10§ yolzigingt s

heat di sngBégdah@tcp_fteqﬁ, L . resul t he tenperature of the
alloy further drops. Accorﬁi nlgp%rggfﬁéesﬁletggﬁfd%fﬂté‘?ﬁ'ﬁ‘ﬁﬁ?ﬂst% pfexsding of

t he anbi @Cha®s téchntdhel 0. :.l"a to atpos pheric pressure.
Thus, the heat of&ﬁh@ehpﬁ’o@ﬁgg%x%%?gi ég Fﬁcé?%a’el qﬁﬁpggfé" Rhassse th adgdad tewen
mor e ef f golidisg! nd | 4B phase can nucl eate and grow uniformy in
the all oy. éldéﬁ |a¥°§ho§%%btggﬁﬁ%&§ﬁﬁ%¥ 1%?@%6%%@5@%@ atrepidiyoolidifiet

ele t s 2o T1) ha en added tq the material alloy, then the a -Fe
phaglél Ianu%:qlg?%gﬂ‘é ﬁﬁ‘)‘ja?ﬁ\%s"l%%é%%?rp fes Rhapesi erAndihemtheralloy s heatsal dndi dryed

al | oy, tlﬂzifls E%ﬁt egi orvgti ng the resultant nmagnet properties. In this

enbodi neft  Zfhe SEF Mack- %@P@@ﬁ @}, §The Effeetsloff Refiaciosy dtls topckhi Mh@ekicWi t hi n
a range from| 0 nfsec to 30 msec and the pressure of the anbient gas is

set to 3OTOREPIESAT aoFaiBRobe i typenanmohipesitest,OIRKE YraROMARf, ggfsequE?{qused
i Nclu

by the anbient gas. In this manner, a rapidly solidified alloy di ng

60 vol unMpEr B_rkyangiwdteren ppR26s-328701999¢ VHHidafible AYES t@gcﬁ’mtegﬁﬁ.& Qgcﬁ%gzg of as
entr on,

small. as 80 nmor less, is prepared. In the present 1nv
techni quesfiictorp phethlyclement fehtAeTiRl 4 viry Aol LhSidqd st & 34

15

) improves the

magnetic properties and that the mole fraction of Nd, rare earth element, is preferably in-
creased from 9.5 at% to ll.b at% to reduce the grain sizes of the Nd,Fe,,B and o -Fe

phases. The refractory metal is added to 'supp;ess borides like R,Fe,;B; and Fe;B from

being produced and to make a magnet consisting of Nd,Fe B and « -Fe phases only.

In contrast, according to the present invention, Ti added can suppress not only
20  the nucleation of the  -Fe phase during the rapid solidification process but also the grain
growth of soft magnetic phases like iron-based boride and o -Fe phases during the heat-

ing/crystallizing process.

According to the present invention, even though the material alloy used includes
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13 Septenber 2004 the single roller nelt-spinning method descri bed above.
Exanmpl es of other applicable techniques include twin roller nethod, gas
atom zation nethod, strip casting nethod requiring no flow rate control
using nozzle or orifice, and rapid cooling technique ut{dg%ﬁtgg,gehggopl | er
and atom zation nethods in conbination. 5 Anong these rapid cooling
techni ques, the strip casting nmethod results in a relatively |ow cooling
rate, i.e., 102C/ sec to | 05C/ sec. According to this enbodi ment, by adding
an appropriate volunme of Ti to the material alloy, a rapidly solidified

" ap o terial rapi dl v sol i difi
be. obtal nea cven by i iy § IARCN ) RECHAABO 16, 53 bt Rogkh Brmearp "

ool | ng. et e ARMEAE L ARIMENISIN Riprg TG A0 sHinaeesgeet dom aggre-
solidified W Lp_castin thod i.s nuch nore effective than the
single rol Ing'%sj @ﬁé%sr%gl%gg%%aﬁ%n%‘ﬁﬁ’zﬁg‘i‘ggagtﬁ}niegab! e to mass production.
However, if no elenent Mis added to the material alloy or if C, V, M,

. Mo, Ta and/or .5 added thereto.instead of Ti, then a netal structure
including a | ot \%fﬁ%ulﬁﬁ(?ﬁg% & ibi/givﬁpgvmagnﬁecaﬁrléﬁi’ﬁdwcmﬁﬂ tncreasgch by

rapi dl olidi.fied oy, prepared by the strip casting. nethod..

Consequént IR B PR PhER TCleeiolott e danomdserishirionedvlinseroeess so

t reat nent Itgatttgéﬁdefnb‘gfi ment, the heat treatment is conducted within-an
argon envi ronneAt c2pnet BYASH frreasesdisayqlyme peregptageenchyet by tsuppressing the griis e
rate of S-/sec 1.0 2 %eseﬁ; kept. gﬁﬂa 20 err&agrature bet ween S50C and 850C
for a periodrof™{'¢ rSOHhBIBNEUT BAR§ES- t OA'EQ’ Aemaenge ther4of inceenstsepiobably oom
terrperatur% Thi Zﬁhe t treatnment results in nucleation and/or crystal

growt h of MECYEE Iaéj%ﬁﬁéfé’ééi‘“?q\lc& ar eoridenpliage {ergr, fhwomagitetis dront-bused boridéshg a
nanoconposite mcrocrystalline structure. According to the present

i nvention, @%%B'H%H%WM@MHBUDHDU& Rhases gstingl inrthe Nehidig | séBdified 8oy

al ready accounts for 60 volune % or nore of the total alloy when the heat
treat melt iagdgppredige trhvelumeipercenthge bethe Monenigmetic amsrphoas phdsesreditiigho

t hese conditions, soft magnetic phases will not increase their size t 00
much and t Ha thetaatedepdetystalliged aisy.wi | | be di spersed finely and uniformy in
a grain boundary between 5 ~ the microcrystalline NdzFe, 4B grains If the
heat treahnent tenperature is |ower than 550C, then a | ot of anorphous

phases may remmiTheesapidlpbslitifischslldyeattainee ahianiy ?s_’"ﬂ‘efe?ﬁal? ¢etleli Y crystal-
coercivity may not reach the desired | evel dependi'’ng on the con |t|r%ns of

the rapid diveliifigetsses93s.fofh d élﬁxcﬁir@%iﬂhﬂ'gg% ]pk Inh&é@r%gty?ﬁﬁné g@%tegz&tluding

tenperatt:re exceeds 850C, the grain grow 10 Sp

consti tuent ] AHWRRAC S t hug- asing.t.he r enee B~
and deteri (ﬁ%?ﬁgﬂnﬁl@umbp squ%qr&e%g-gg"tg{gs The 3@%@3@&?@%% p&f%%ﬂ/ By

t hese reqas t _ t enper at | i S preferabl rom 550C to
8500, oy o s P MU bR AR R e ARR cRbtlfec B Bef mvbRrch et the Ko
gas causes ndary coolin ffects sq 15 that a sufficient anmount of
crystal gr aéﬂr%ge ﬁlﬁfg?lvee %ﬁ’éﬁgﬁ ﬁﬂgﬁig@% P8 Pgllp ingbtoAi0rm gng that therbamideyand n
the rapidly Sﬁ| idified alloy. Accorrdingly, even if the rapidly solidified
al l oy i s nof “heRbases é@k@aye ?n@magmrlyata? graih size of linns & 50 aan  eThe W,Fe,g@od
enough nagnet properties. That is to say, the In.at treatnc;nt for

crystal | i zateghnpEaliythas aeipvqregrserital groin sizeeofifitemmiot nite, waliith Ry HIGRUET ,
to further inprove the magnet properties, the heat treatnent is pref erably
conduct ed. 9rmeigdiepemding et dohditighs.t hOn hisabther BaidrBiRisoft mapREhd Brhsed! likat

| ower tenperatures than the known~process, the magnet properties still can

be i mpr v edbaidefandciveRit bitases| @fien eed an taheragé ) tal bRim Bk 18 30%iH 10f $s shie

heat treatnment is preferably con
typically several nanometers at most.

In the resultant magnet, the R,Fe,,B phase has an average crystal grain size

greater than that of the o -Fe phase. FIG. 4 schematically illustrates the metal structure
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13 Septenber 2004 ducted within an inert gas (e.g., Ar or N2 gas)
environnment. The heat fi eatnment nmay al so be perfornmed within a vacuum of
0.1 kPa or less. Before the heat treatnent, the rapidly solidified alloy
may include netastable phases such as Fe3B, Fe;3B6, anch3Fséséniberbases in
addi tion ~Fe, ,,<B.conpo nd anor 5 phous phases. In that case,
when the %gﬁ%ﬁgggnerﬁs slhé)w(')l\/'g::b?&[ ﬁ’e RS Ar¥stalgrains An sofhimagnetis/phadessarp désar ed.
| nst ead, ins. of, an _dron-based boride (e.,g., Fe~3B6), showing a
saturat i oﬁ{%g%dﬁéta?égp{kgﬁnm S relatiygly E’&@F‘)ﬁt@r@m Huihetfale B fPhRere ByBn
phase, or -F e can be .growmn, In the present invention, even if the
sof t mgng}%u%lﬁgg%???lké Riee bgs apglatively dargei average grain sibe the softtmagnetiagnet ,
excel l ent _nmagnetic properties still can be attained because the soft and
hard mag nglga}sgs ?)‘1‘?6?5‘%@&@5’ sragjhavaragel grginsivep| edcoutimgiiiahesehvonstitbier? phkRRge
interaction. After the heat treatnent, the Nd~Fel,~B phase shoul d have an
average cfif<eyplegdtogathasitheough egdimngmimerattizmsandih efeghstizativh HlleeidFROINGL i C
donmmi n size, The average crystal 15 grain size of the NdZFe, 4B phase Is

pr ef er abl §oft megneis phasdsds teMstramedrbyrike bz[rﬁfnﬂgabdi&ph%@;e.”m?bﬁsehg&ngm e@Mo¥ Ne

ot her hand, if the boride and a -Fe phases have an average cry fatﬁ grain
size of navawhblercabShowextdiRnt 1dop sQULARETR iisrﬂeﬁ{a%ﬁétlz‘aﬂoﬁ@mg ‘the respective
constituent phases weakens, thus déteriorating the | oop squareness of the
demagneti zati on curve and decreasing (BHyma, ~. And if the average crystal

grain size of lhthednpémbesprosesdbdrites atd@aild producedas dRsdindl H86E.CH ¥hLY-
cannot be attained. For these reasons, the soft magnet phases, such as the

bori de antbason Beprpbatsigas folomd.d Wheh aragtl %ﬁﬁﬁielaglslgﬁ_/,%ﬁsq@hcguﬁ?@gﬁdeo%ai n

size of 1 nmto 50 nm nore preferably 30 nm or ted

that tibe RbFey,Bphdsp, i9 fmécfé,et}fe%ixcﬁ'bﬂon%cﬁgxgﬁs) fe&ﬁﬂnﬁiﬂ t?x%;( 5@?@’1{}?& ﬁ%O}ﬁé%?lldy co?ff.l

~13 Sept enber 2004 cut or pul verize re subjec

treat t tai ' r . ARt ti | is finel :

pulver: 2ed t o' oo AieRl Bbolb AR, IR Bfigf s febecmb@isagner
b f | f ' k t t hi

poncor . 1 s g AbR RS oS, ety sif T idcamal e exsnpdned

rare eart . i $; compoupded. wi t h an .epoxy or nylon resin binder and then
mol ded i n r(gﬁgél@e{si flgavegﬁhﬁﬂﬂmgpom contaiped irhthgwmeaphqus\phesesdfefara yhohéns f
type (e.g -l Sm F&-}hT magnet powder or hard ferrite magnet powder) may be
m xed wi t FCEMENH DRBIS Ihetdet elemsnisend msodises campounds tveith lswutdnantndesnthed
magnet , tors, actuators and other rotating machi nes can be 1o produced.
When t‘ﬁeW?P&gﬁ@neb@mhowwﬂmvpﬁtewmnenmmm.i s used for an

i nj ection-nolded bonded magnet, the powder is preferably pulverized to have
a nean particle size of 200 ~c mor less, nore preferably from30 ,u mto
i50 a m On th&sqtiesult bficdperihents, thaeréseueinivenersTagedler&PWHE bniyswhsedif or a
conpr essi on- nol ded bonded magnet, the powder is is preferably pulverized to

have a nmewas pdddd, tHeerepiazenod didGidt decréasebut £8Ber IHB'E%SH ragfoﬁpgm&bﬁo éﬁg %g al u-m

to 250 ,u mand even ,nore -preferably 50 ;u mto 2

si ze di st mekltelentent hilditivewueh RE VD €l ER! R@tor N thgtlp(g gnlgpe%r:@d-is
r eat nent,

subjected to a surface treatnent (e.g., coupling’ etSPYn
coating oticylkgtwagdddedethe dSpREWREHess ¥F 1R 8GR Rtization curve was much better

20 than any of the elements cited above did. Accordingly, the present inventors believe
that Ti plays a key role in suppressing the production of borides with low remanences.
Particularly when relatively small amounts of B and Ti are included in a material alloy

with the composition defined by the present invention, iron-based borides with ferromag-

netic properties will easily grow during the alloy is heat-treated.  In such a case, Boron
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20 magnet can have its noldability inproved no matter how t he powder is
nmol ded. In ad dition, the resultant. bonded nmagnet can have its

anti corrosiveness and thermal resistance both increased. Alternatively,
after a bonded magnet has been once fornmed by nolding t{iespomerideri20b® 2
desired shape, the surface of the nagnet may al so be treated, 13

Sept enber 2004 e.g., covered with a plastic or conversion coating or
plated. This is because anticorro siveness and thernal resistance of the
bonded nagnet can al so be increased in that case. Exanples First, exanples

and conpariaeiuded éx theph@s majgietishimbrphbss piises %ﬁl@tlﬁeoﬁb%oﬁbe&riﬂtozt}mé’firoﬁ-.q%&ﬂd M
ely, W e de

meet 10 at% < x < 15 at%and 0.1 at% < z < 10 at% respectiv

he respect] ve mteria e B c  ran gt ERHal i, IR OB oo
of 99. 5% ciftemtitccalisyr keasvies REsted nd B@&mﬂ&%@%ﬁeﬁgﬁ @g&lget ué%xf? fi‘%%:}}“?g%i 2019

and then the.m xture was injected into a cr

sanpl es Noerromaffet ERARHE HhasX BldkdkES: dyvention, while
sanpl es Nos. 9 ??12 I?epr esgirillta1 c%%%%tﬁ?go@%g&%%éﬁ@%% h’fé‘@éfﬁsglﬂ)er

2004 e.y. theemgadcBt.h a plastic or conversion coating or plated. This is
because anticorro siveness and thermal resistance of the bonded nagnet can
al so be increased in that case. Exanples First, exanples and conparative

exanmpl es, in wWyeRiddRr, Wﬁisepofiﬁta\%li B8 Furthef ngta%ng fwx% r%e?%ge E/I% %g(g: 1‘,% g'@%% (I)5/Oor< X

< 15 at%and 0-1 at%< z <10 at% -Fespectively," :
o ot 51D e ) LRl e Sl
o e MR S Sl 2% At S
oo 3 1o oPREASHHEATEN o st SeblneschermiBuiaditng repvti ehan

10 their microstructures during the crysfallization prbcesses thereof. Where Ti is added, the
grain growth of the soft magnetic phases is suppressed in a temperature range exceeding
the temperature at which the o -Fe phase grows rapidly; As a result, excellent hard
magnetic properties can be maintained. 1In contrast, where any of the other meta] ele-
ments (e.g., Nb, V, Cr, etc.) is added, the grain growth of the respective constituent phases
15 advances remarkably and the exchange coﬁpling among those phases weakens in the rela-

tively high temperature range in which the « -Fe phase grows rapidly:  As a result, the

resultant demagnetization curves have their loop squareness decreased.

First, a situation where Nb, Mo or W is addéd will be described. In this case,

if the alloy is thermally treated in a relatiﬁely low temperature range where no o -Fe

20 phase precipitates, then good hard magnetic properties, including superior loop square-
ness of the den1ag11etizati0n curve, are attainable. In an alloy that was heat-treated at

such a low temperature, however, R;Fe B crystalline particles would be dispersed in the

non-magnetic amorphous phases and the alloy does not have the nanocomposite magnet

structure.  Also, if the alloy is heat-tréated at an even higher temperature, then the ¢ -Fe
23




The surface of the nelt was, pressurized with Ar gas at '?6.7 kPa, thereby
propel ling the nelt against the outer circunference of a copper: chill
roller, which was located 0.7 nmunder the orifice. The roller was rotated
at a high velocity while being cooled inside so that thg 8Mmber 2004

ci rcunfergnce uld have its tenperature kept at around room5 tenperature.
Accor di ngPV=° PHECET f0d ghewe Ruhaliths amerphonpphasesi oinlikertheisihuatibe whkie TiGe,
cane into?f%fﬁt ct with the surface ~f the chill roller to have its heat

di ssi pat e¥CHEF Ji RIS wpishy srpwsoandducreases apgrinsizeseesivelyne A0t @khpg
chill roller. The nelt was continuously expelled through the orifice ont o
the surf at¥ sFhange coupling amangithe costitecnt phases wealedns dinfl g ls@¥arkikis bP the
shape of an elongated tli.n strip {or ribbon) with a width of "2 to 3% run
to and a ideRmagaatizafior? Ourve d&t@rierates cbisiddagbly.si ngl e) roller nmethod adopted
in ;hose exanples, the cooling rate is deter m ned by the circunference
velocity of the roller and the weight of the nelt dripped per unit tine,

whi ch depends On thheotlenheidr where TF @5 sd&Ctd LY e orjfjce and
the pressure on the melt. In the present exanpl eg?ﬁlg)ﬁ%%eo%?cltt‘gg’ H’é’uaéng

di t mificrOcrstaiiin, 28. 3 ~1h |, t d
the Gr [ ppi NG rate mac T riany SoR RS porkl; fnd Byt B BBRIt ey befuliRies cnce
locity thk al ; i 0 Tabl . Next h )i dl
S0l i 1 eq ol e S he fralfiio SRERAREDS UM} BrlB0nE dringtNet tinely d Glls.

Speci 11 catdntily. ¢ P8sg 36 Shotiiebf bl bausailSrs kephy 2L Lhe, respect ve

heat treatnent ?o tenperatures s #Bbass. Table 1 for
6 m nutes and then cooled to roomtenperature. Thereafter, the magnetic

Tmonet omet or . T Neeh o8 (AL ofF 8T MR BN s lodni T SOl ans-
26490802 a0 a4 8 1EA8Thl oeBBibihodi diatngisbemancics con-

84658101" %8%2&282 80.%&739125 0. 80224') 00. 6 98-"1 10.86479801

20. 749558 an1 D& addiive V Q5 fregnnet syppressdhehentieatment-inducebgrasembwih

i nventi onvgjaowet?abnﬁg netjc properties that were superior to those of the
conpar at i EHERER, FrAer, anddsteriopetas the loup squarebess of dediethaghetizatiemedrive. al
effects (i.e., a highly uniformdistribution of fine crystal s graizis)
could not be attained fully and the remanence B~ dropped noticeably where
the nol e fract PEPreingly.tandy mdenaTidaraddeds|theveryistaR grdid)coameningtofohe t heFs ange
6 at%cy <10 at% FIG 7 illustrates the demagneti zati on curves of

sanpl es Nolse sanhe) supprescedpppropoiatelhandires-based buriies Wwath) feArBthagASR] Sropo- 11
(conparative exanple). In FIG 7, the orduiate represents the renanence

whi | e 1€ heersis earsraobiameds e FusththeorelTiRgNWll 2681 ¢, fthys & ifRYHalt role as
an element that delays the crystallization of Fe initial crystals (i.e., y -Fe that will be

transformed into « -Fe) during the Irapid cooling process and theréby facilitates the

production of the supercooled liquid. Accordingly, eveﬁ if the melt of the alloy in-

cluding Ti is rapidly cooled and solidified at a relatively low cooling rate between about

20 10*°C/sec and about 10°C/sec, a rapidly solidified alloy, in which the « -Fe phase has not
precipitated too much and the microcrystalline RyFe ;B and amorphous phases coexist,

can be obtained.  This greatly contri_butés to the cost reduction of nanocomposite mag-

nets because this means that a strip casting method, particularly suitable for mass produc-
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39 13 Septenber 2004 As can be seen fromFIG 7; the demagnetization
curves of the exanples have | oop squareness nuch better than that of the
conparati ve exanple. The conparative exanple showed deteriorated | oop
squar eness probably because the crystal grain siza was Jl@SG?tenWtzooEaCh of
sanples Nos. 1 to 8 representing the exanples of the present inven5 tion
was anal yzed using Cu-T~. a characteristic X-radiation to identify the
respective con stituent phases thereof As a result, the existence of Fe~3B6
and a -Fe phases, as yell as R2Fe, 4B phase, was confirned. As for sanples
hdos. 9 aritwmmmmgbpeamgafawwouhg&cﬁﬁ arative exanpl es on the other
hand, no R2Fe, 4B phase, which is a hard magnetic phase, was identified and
it was found that those sanples consisted of R-Fe23B3 and a io0 Fe phases,

whi ch are soft rEgnstipcaphaseehnifie 4Bl renr esentd ng_anot her. com
parative exanple, a m xture of hgrd -magg;idt I&Odggt?&%@(gor%?gﬁés%ﬁF ’Wg%?fgf‘?lc a

-Fe ph abeeining @sol il i o6 d - bori.d
found. FIG. 8 11 aetrat o ok ofer Ty PORALR ek dradfindi o) DUSihe
Nos. 2 dig i ' i No. 11 ti
xampl ). Im E G P Rt E ol P IR SWE Rl b BOVhab g e b ool uoing
di ff t3 onh j : ' th I f diff tion. As

e soon 1ror | A cohee BRPELERA HARLERER.] drdful Fin s Rradiin pud Schiibrateea of

Nd2Fe, ,i B, ® @S [ een fornied in the exanpl es of
t he present i?\lﬁglgﬁ{li@gﬁeﬁ%sﬁtbff%??ﬁg Bc%?r%%arlg'{ ai‘e@oé' @)&??ﬁp%gBﬁet’%eéphn&abﬁa‘ﬁd,

el oved that an oy Recaiigg RIRET oG 5 Xpbl fahnq E SRR ALl ko mpre.

structure. ' r i.ssion el ech on.mcroscope, (TEM, the netal
structure m;m?’éé%tr ’?gbhea Hl‘?%ﬁf%ﬁ%’%‘sm?q Vst SPp-maAsagtiomerphaisrhasesbut 2lspo 8

representing_ examles of the.pre 40 13 Septenber 2004 sent invention.
As a resul tfg fﬁgh%?eagg}rﬂr SPﬁWﬁV@WHM‘? Wik grost prefesentialipnp (That a0 a
nanomnet J-s.cal ed Cé)ystal.l ine structure with an average crystal grain size

of 10 t0 254 FHETY, BuERerystalianstneiued can beroblameed Fampiesultithe Voluiak Per-an
atom probe to find that part of Ti had been replaced with Fe contained in
the respect®piseohthe ferromagpitimsphasdsudectensds, testmanedbe Tiopsahd R difint @&-gr
ai n boundary phases Next, other exanples of the present "i nvention an

reference exaige of thv Nd,Fe,Biphae mlsb&%créﬁbsﬁacﬁo&fe%iégﬁ%e%@%Béﬁﬁ/itgfdgg:%ggesx N

present invention, the nole fractions x and z of M neet

20 at % and r®tideadPo <Howevar ifaki%e ad&IPRGEH! ee%* g hand, itl.the
reference exanples, the mole fraction X (§1¥ a%]gs;}]-‘;ﬁgﬁoﬁet@%tﬁr?{‘%@c?mi 2 0
creases. "

15 It should be noted that a rapidly solidified alloy, including the Nd,Fe,,B phase at a

high volume percentage, could imi;rove the resultant fnagnet propetties more easily than a
solidified alloy including the amorphous phases at a high volume percentage. Accord-
ingly, the volume percentage of thc Nd,Fe 4B phase to the entire solidified alloy is pref-

erably 50 volume % or more, more specifically 60 volume % or more, which value was

20  obtained by Mossbauer spectroScopy.

Preferred composition

Q is either B (boron) only or a combination of B and C (carbon). The molar
fraction of C to Q is preferably 0.25 or less.

25




10 , at% nor does the nole fraction z of Mneet 3.0 at% < z< 12 at% For
each of sanples Nos. 13 to 19 shown in the follow ng Table 3, the :
respective materials B, C, Fe, Co, Ti and Nd with parities of 99.5%or nore
were wei ghed so that the sanple had a total weight of 3 gegtashbeh2004 he

m xture was injected into a crucible of quartz. Is 20 41 13 Sept enber
2004 [ Tabl e 3If tReleleHEadticanpo$iQ iivd0 at% or less, then it is difficult to make the

(at$) Surfacetreat mentvel oci tytenperatureF aQ~ . M secCl

3Fe68. 5BA&hEa. rapililyd 268 6dd 4Fey, GnOwiieR -tﬁ@hﬁbﬂﬁn@iﬁllﬂ?@ﬁ%‘ﬁ and amorphous
5Fe71. 5B14+C1Nd8. 5Ti 5127001 6Fe66. 5B15Nd8, 5, T::10."

2572017 Fpiffied BAIENKS ab t1ROKRP éoﬁlﬁﬁjfat@ Bk I abbli? 1%27 YWdec to aboyg 11i0; ,?C/SF% r

9Fe75. 5B15Nd6. 5Ti 3207g0 I n Table 3, the col um I ncl udes
exanpl e, App at.% .af 11 rial,all,oy, and
T ean e e MiRallon 3 e Modtel and) AP uciHifinl B SRS T B8 ik

o1l 5t e R 2Bk sl L e QARSI T oD B PP RORILANRYS, 25
AR TS N R T R S M e TR AL TN

al | oy am)r.ﬁ)h%}ltz d eaﬁérllty becau§e t he aléoi/,cont ained B at a relatively high

concent r BETORt U ruigntRermaneat magndd ppodyst riggspingdentionally. s A theothgsdand,3 ¢ o

19 were heat-treated within Ar .. Specifically, the rapidly solidified

al | oys wgftge sl g&?“‘t%o Qﬁf&%ﬁ‘g% Fhéathen theyolume peeseptage of theanarpheusi n
Table 3 for 6 m nutes,and then cooled to roomtenperature. Thereafter, the

 magnetic PB?Ssﬁemeaégn%ﬁn theealloysaiep| afier (her dlayelasi heea deatsr pgd srystallizad, iy

sanpl e magnetoneter. The results are shown in the follow ng Table 4: 42

13 Selft effsasesp00n 3drhtiore thy peveeniagd of the opedfe phessr which)hablashighir)saaxgtions/ m)  (
‘kJ/mB8 )'I 30 83957 ~y 1 ~'I 40 79906 , 1051 50.82826104'1 60. 701073 ~78'1

. 70. 63197 28ighe8ftioR 1h&P ansb 6thed tonBiBEELP phaser decrbases and tlie mumahaideeBAdropanpl es
Nos. 13 to 16 representing exanples of the present invention showed .'

magnet i ¢ Ipvigveof ihese tdpectyyehemplpfiudtion 3t of QhiepeefofabBagihesthheg0 #% dnd t0 19
representing the reference exanples. FIG 9 illustrates the demagneti zation

curves ofeqs&pbelesiifn 203t Node/prefefably feater than 10 at% and less than 17 at%.

R is at ]east one element selected from tﬁe fare earth elements and/or yttrium (Y).

15 Prefe;ably, R includes substantially no La and substantially no Ce, because the existence
of La or Ce decreases the coercivity and the lbop squareness of the demanetization curve.
However, there is no problem of degradir_lg the magnetic properties if very small amouﬁts

(i.e., 0.5 at% or less) of La and Ce exist as inevitable il;lpurities. Therefore, the

term “substantially no La (Ce)” or “substantially excluding Lé (Ce)”means that the con-

20 tent of La (Ce) is 0.5 at% or less. | R preferably includes Pr or Nd as an indispensable
element; part of ;Nhich may be replaced with Dyv and/or Tb. If the mole fraction y of R is

less than 6 at%, then fine crystalbgrains with the microcrystalline RyFe 4B structure, which

is needed for expressing the coercivity, do not crystallize sufficiently and a coercivity Hy

of 480 kA/m or more cannot be obtained. On the other hand, if the mole fraction y of R
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9, the ordinate represents the remanence while the absci ssa.represents the
demagneti zation field strength. As can be seen fromFIG 9; the

demagneti zation curve of sanple No. 13 has | oop squareness nmuch better than
that of sanple No. 17. to FIG 10 illustrates the XRD paté&itember 2664! e
No. 13 before and after the heat treatnent, while FIG 1.1 illustrates the
XRD patterns of sanple No. 17 before and after the heat treatnent. 43 13
Sept enber 2004 As can be seen fromFIG 10, where Ti was added, no
diffraction peaks representing crystallinity were observed in the alloy yet
to be heat -if °8%aldd of greater tham Hha%, tassiheperch@age) of toWoNBhsedddres Lie oal | oy
had been heat-ti Bated , at 660C for 6 m nutes, sone diffraction peaks,

showi ng t hePewith fesrmragrketia propenies bothntbas@sed tHar iese Nasdig] thB RIS EXSId

I
structure, were observed. In this case, diffraction peaks correspongliyn%fto
the a Fe plihesaraeah alesenoRe prfetablytequblietol o lopdiirith &6 E@@%ﬁ@feag/\ﬁ{aﬁ 19%0,SO

t he

hi gh. And when the heat treatnent was conducted at 780C, I ~action

peaks corr dsigorfthm§ at% tb 1965 &%) RoRI1Refratls BSR4 BNl &lié d%’%g@éé %ga%iy fromm

Accordingly, the crystallization tenperature of the a

hi gher tHarB.3 bgb t1©9.0tadps. Nd2Fel4B phase. 10 On the ot her hand, where no Ti
was added, no diffraction peal,, showi ng the exis tence of a conpound phase
with the NdZFel 4B crystal structure, were observed, but a dif fraction peak

cor respondi ng_t JTdIdNivEleRtARS Mt iy T! SR hEHeF LR %Al o 12

been heat-treated at 660C for m nutes. Thi S can easi e

resul ts shawsiohally:! Go akéthin Bl $Bove difedts’ %‘?Hliﬁdigﬁ}%ﬁﬁz 2%%#%%@@%%%?(5%%25%3%

nucl eated and grown earlier 1 s than the cry

phase. ~ AVl BelelSs MGddoetd; n c dycted at 780C, the
diffraction peak of ?%g a -Oﬁgélﬁﬁ;agg’ ]}eﬂ\éﬁgﬁcggg afl#glai’q{?‘é‘ﬁﬂl?rﬁy CERAICHE by .
Thus, it capg r ai i ze of t.he, a -Fe phase increased
excessi vel y. 2@’@@%9Bﬁeé@%%i%f%ﬁ?ﬁég%é%ww@ﬂw- the nole fraction x
of Qis 15 at%or nore, the nole fraction z of Mis preferably greater than
3.0. ?0 t..of an_.alloy wth a conmposition Nd9Fe~g. ?Bto. 3Ti 2
(wher e %‘ﬁl:)i%f}eexﬁgg?&acpp%ﬁg? H}eén?técﬁl%a%ré@) Misdessithan G aderthergibe pbovesetfeasi dl y
cooled with thet ressure ﬁ{é t he am bi ent gas and the surface velocity of
the rol | er FHEN EAaHed Tylhypyon theygh i is addedi Nevepthelpss: ifithe trioke fradtionizast an
orifice with a dianeter of 0.8 mmat the bottom Accordingly, 44 - 13

Sept enber 289 %t#eclemens(s) iM sixoetids d 2t 4itks ehernthe nickirse persertid 6Cith Nk dighslidar t z
crucible to be a nelt, which was then dripped down through the orifice. The

mat eri al alRb@§eswsemainingdd they aloy eygn dfterehe) dBGE HasBsthi Hedte ARG eyt 4N 12N
argon environment at a pressure of 1.33 I~"a.” In the illustrated exafples,

t he tenper aéreases aid theeemmhdncaBslikely digps] H9PEw offiBess Y& bh as
pressurized with . Ar gas at 26.7 kPa,@t her eby poropesl ISFﬁ%gttﬁim%e%@agiZnst

the out & ocifithe mictal eterernfs) M ¢OpR&TAKYifdm 0F Weh Va9 hosated, 0.7 mm
under the orifice. The other conditi ogs V\%re Jg‘g{)gsotléfn ti/{)a]il |y frllge{s%al%’té’ga
those pl acadoenpreffadies s isl.¢ 804 Und the upper limit thereof is 8.0 at%. The upper

limit of an even more preferable z range is 6.0 at%.

Also, the higher the mole fréctioh xof Q, thé more likely the amorphous phases,

including an excessive ainount of Q (e.g., boron), are formed.  Accordingly, the mole

120 fraction z of the metal element(s) M should preferably be set higher because of this rea-
son also.  Specifically, the mole fractions x and z should be adjusted preferably to meet

the inequality z/x = 0.1, more preferably to meet the inequality z/x=0.15.

As described above, the metal element(s) M must include Ti because Ti acts very
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In these exanpl es, the pressure of the quenching environnment, roller
surface 1 o velocity and heat tr eatnent tenperature were changed as shown
in the following Table 5 [Table 5] Environnent pressure (kPa)Roller
surface velocity (nfs)Heat treatnment tenperature 13 September

ey 2004
6 06902610 Una. 068005 a0 s, g aeatl Recsnigedt 11 ol MdA enaifisbN 3004
The rapi cﬁryfeﬁaﬂlji%Bﬂ"x@@rﬁidr@%n@%&ké%rgfeg%éfg%?{g@?gﬁggethese rapi d cool i ng

processes were anal yzed usi ng "A' -radiation. Using a
TEM the present inventors confirnmed that each of sanples Nos. 20 to 25

cont ai ned 60 9 I f has al confirnmed the

exi st ence of Yﬁ{eéﬂg@%@gogn gOQQé@QgUE%é@? qqﬂn%fgﬁlﬁ’]g{ F’?Cf)&[:tIBaYt beFnalme14B
hase. ' | ~D.paLterns. of sanple No. 21. In FIG 12, the

Br ofile f%ﬁ@%‘i gt gé qﬁé’égé §%&a&ed :%Véﬁ’t SISt ppernition melah elgmentgT s¢locted fiodi f i ed

all oy yet ¢ ed. G also illusifrates an ~XRD pattern of sanple
No. 2 i’ t htg% %ffg% %ﬁ?léﬁ% Ogg&i‘“ﬁi\é& bacaeéee@et eirgpard waggetirepioperpies are)alsAs f or
sanpl e NO¢ %‘%ldif racti Qrt]%g)?a s, show ng the existence of the Nd2Fe~4B, t
0 a -Fe angpRlens Howeyes it giare thag,y00% qbHe is replaged with Totlley aHuglorgmaerencens wer
a observeig'f r ,?arrple No. 27. And for _sanple No. 28, an intense diffraction
peak corr ﬁ@ﬂd (¥ Qe CARNCA be phtajieds e Fanthabreasiny theqeompntagebf Be shipldceacs i on
peaks of th ggg?Fel 4B phase were observed. It should be noted that a | ot of
anor phousPrE:fé EemsQ°%6d0i 3 %s andlse, biorepkiing\part of Fe Witk Qoatiedbdp SqilaldHetd ed

al | oy sam:%ltgstos. 20 to 26 were heat-treated within 15 Ar gas.

Speci f i calltpe demegnetizatibly carvk iimipfdved aad gy Surie £5 ive
heat treatnent tenperatures sﬁ?&n on the right Hggﬁggfﬁérgn&?gkzﬁglﬁgﬁ%éef or 6
m nut é& ansets,ttheninerakiad the the@aam ndher e netic
properties of these sa%pl es mre&ﬁegggiﬂ%mﬁg}lé}g aﬂ\?ﬁ%er?é r}tér% ogiaﬁgpﬁlaced

magnet onewith Co [98ref@aMY ionR H 895 1P in the following Table 6: 20 46 13
Sept enber 2004 [Tabl e bJ RRON! " -

Hereinafter, preferred embodiments of the present invention will be described

with reference to the accompanying drawings. -

Melt quenching machine

15 In ;his embodiment, a material alloy is prepared using a melt Quenching machine

such as that shown in FIGS. 6A and 6B. - The alloy preparation process is performed
within an inert gas ‘enviromnent to prevent the material alloy, which contains rare earth
element R and Fe that are easily oxidizable, from being oxidized. The inert gas may
be either a rare gas of helium or.argon, for example or nitrogen.  The rare gas of he-

20  lium or argon is preferred to nitrogen, because nitrogen reacts with the rare earth ele-

ment R relatively easily.

The machine shown in FIG. 6A includes material alloy melting and quenching

chambers 1 and 2, in which a vacuum or an inert gas environment is created at an ad-
28 |



Magnetic propertiesBr ( T )Hj ( KAICL)( BH) max ( kd/m

) 200. 89705124210. 94650130220. 95600126230. 88683124240. 90670125250. 875881 2026
0.83780114270. 81754103280. 643343g As can be seen fi om Table 6, each of
sanples Nos. 20 to 25 exhibited excellent hard magneti ¢3n§giember2004
including a remanence Br of 0.85 T or nore, an intrinsic coer civity H- of
480 kA/mor nore and a maxi num energy product (B~m- of 120 kJ/nB or 5 nore.
FIG 13 illustrates the denmagnetization curves of sanples Nos. 21 and 26,
respectively. In FIG 13, the ordinate represents the remanence while the

abscissa re d et ron . field strength, As can be seen from
re 50 R bR e RRARGIE TID" B A e amavbrallar Depaufar Srass. of

t he demagnefy: i much better, 1 o than that of sanple No.. 26. The
sanpl e Ng %ﬁ%ﬁ{é}%& %gﬁ}lmeécpap&fﬁh%’aﬁ%@s@%bmﬁyml;ecause t he

crystal .grain size was |arge. Next, each of the heat-treated sanples Nos.

20 to 25 was anal usi -K a characteristic ~-radiation to identify
the respective céﬁéﬁ?%gh}g&b%@e?‘ﬁ ampgel dcjudes p metting fugnage P, o mualt
2004 the copsti gugint .tghgses. we. a determined by TENI. ~ Els a result, the
R~Fe, ~B phase iPAg A with g PHRREIriead ahihsi betiomyand amairtight compoeng@ednmatetiol 100
nm and the - Fe, and iron:agased bori de phases had an average crystal grain
si ze rangi n%efl?ro% 1 “h Mg iab allew20 awhichrhas bepn eempeinded & hawd 28esied tnivgznet her

hand, the tglﬁes of the constituent 5 phases included did not change before
and after The FERROSitanandshpplieddtemithe fesden s, ds meltedin the melting dumatd Dat and

grow h of a_- d Fe2: B~ phases, as well as the R-Fef4B phase, was

conf i r med. egag‘%‘%?%‘épegébw-f r‘grﬁl?elhééé’?ﬁ%@ﬁ@?l ligy 24is ponred gntorthe conibind,
shoul d have_a.pres sure of, 30 kPa or nore. And in that case, the surface
vel ocity of L& Brprovided | with ajheater dnot shasymfoy keeping e teinperahire dEGhentsalt .
| NDUSTRI AL APPLI CABI LI TY According to the present invention; a nelt of a
material al {6ied hrrekpmiahg prdetgsmingddenglti ve, is rapidly cool ed and
solidified, thereby reducing the anbunt of a rare earth ele 1 s nent needed
for a permanent gnet. And yet the resultant magnet can exhibit excellent
magnet i d%pr oper t 188 qushching chamberc? émalides b ypitatingecldll volier it ziaF €66leng

Al so, according to the present invention, even if a rapidly solidified

al loy is prangielidifyiyg thermelt 21 thmd hanbeaw dripged tixbugh teesndingdosAeki Ny rat e,
the addition of Ti can sup press the precipitation of the a -Fe phase
during the rapid cooling process. Therefore, a 20 strip casting nethod, or

a rapid cooling prthiesmchins/tht lengirofmentaeld PiréssBrelinsiQMHRAREINAY ahd G Bertthe
suitably applicable to nmass production, can be adopted in the présent

i nvention, ¢thambers1 and 2 are controllable within prescribed ranges.  For that purpose, ambient

gas inlet ports 1b, 2b and 8b and outlet ports 1a, 2a and 8a are provided at appropriate

15 positions of the machine. In particular, the gas outlet port 2a is connected to a pump

to control the absolute pressure inside the quenching chamber 2 within a range from 30

kPa to atmospheric pressure.

The melting furnace 3 may be inclined at a desired angle to pour the melt 21

through a funnel 6 into the crucible 4. The melt 21 is heated in the crucible 4 by the

20  heater (not shown).

The teeming nozzle 5 of the crucible 4 is positioned on the boundary wall be-
tween the melting and quenching chambers 1 and 2 to drip the melt 21 in the crucible 4

onto the surface of the chill roller 7, which is located under the nozzle 5. The orifice
29



reduci ng the production cost advantageously. 4s 13 Septenber 2004 It
shoul d be understood that the foregoing descriptionis only illustrative of
the invention. Various alternatives and nodifications can be devised by
those skilled in the art wthout departing fi~omthe i nyesddtember 2004

Accor di ngld{métgle%ﬁ]gsentl ihwvention is intended to enbrace all such

al ternatives, nodill¢atfErsmanae i range Somiphs enmfta 210 mint, fonexanighe Igape of
t he appen s, 4 13 Septenber 2004 CLAIMS 1. (Anended ) An

i ron- bas e?]%égglé'a%fgtﬁ? ﬁ“‘-‘iﬁ po&?%ﬂ;h SeBnHe relic2 Ineagnot flow tthroagh dpmsizle Péasily,
represented by the general fornula: (Fel.nmTm-x-y-zQxRyMZ, where T is” at

| east one |”b‘¥r§ﬁ’$°§’gfp%twervmmq PressyTeCidside dives qusdnchigig GhamBean o iééﬂ{ild Qis
at | east one elenent selected fromthe group consisting of B and C ‘?—li i s at
| east one thagy the peassure dnsidecthe mebiing chantet &, an@csdinply, thede Bk ag»ﬁx%i{ri and_M
is at Iseast oneylgt al elenment selected fromthe group consisting o , Zr
and Hf Sand®ressure yiffarandelsbesech the meliRy Sid uéﬁt@u'rgg)éy%n{ ' X z,.and m
neet the inequalities of: [0 at%x<I7 a'?'l% 6 U< yt;g%i b‘?@f’a%tﬁeb{nflt U<
z_< 6 at %cambelteBmedBridobhly.r espectively, and . wherein said magnet comprises
two or nore ferromagnetic crystalline phases including hard and soft
magneti ¢ phases; an average grain size of the hard nagnetic phase is

between 10 nm dbdttaida godd &ﬁnﬁ&p&ﬁﬂﬁct@sﬁgj, PheSHe r&fer %gtfa A oefextnﬁg??El gP &bﬁ%{ghase

is between 1 nmand 100 nm said averagé graln Size ic

phase is IQraiiy, cixbontshed, Bhsd W, SRf dr SBEREL | ﬁmg;tg%gﬁ%r@}gpha e serving
unme’p (0]

as the hard magnetic phase accounts for a 60 VO Pﬁ?eé?blé{nd

sai d magnetadexdfithi, thecause QY fdaYiztya KR : more. 2. The magnet of
claim1, wherein the nole fraaclti%arll y a&egég%%éﬁl%lﬁs@eflm& qe@?cg@bg‘fﬂc_osg at %6

< 9. 3pat s, 0 .respectively. 50 AVENDED SHEET 13
ée pt e mg er %58 ?Xﬁgagérﬁgﬁh;ég&%%? 73{1 552 ?%i"?na f‘%‘%&é‘}’/’& %ORZ%'{%@%W&S dor instande

phase and - coexi.st in the sa metal structure.
p T8e \fa‘%e_rp&%ﬁgg caprﬁall?ty ofn a water cooler provided inside the roller 7 is calculated

and adjustable based on the latent heat of sdlidiﬁcation and the volume of the melt teemed

per unit time.

The machine shown in FIGS. 6A and 6B can rapidly solidify 10 kg of material

15 alloy in 10 to 20 minutes, for example. The alloy solidified in this manner is in the
form of a thin strip (or ribbon) 22 with a thickness of 100 u'm to 300 1 m and a width
of 2 mm to 3 mm. |

| Melt quehchin_g process
First, the rnelt\21 of the material alloy, which is represented by the general for-
20

mula described above, is prepared and stored in the crucible 4 of the melting chamber 1
shown in FIG. 6A. Next, the melt 21 is dripped through the teeming nozzle 5 onto the
chill roller 7 to come into contact with, and be rapidly cooled and solidified by, the

roller 7 within a low-pressure Ar environment. In this case, an appropriate rapid so-
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4. The magnet of claim 3, wherein an average crystal grain size of the a
-Fe and bori de phases is between 1 nmand 50 nm 5. The nagnet of claim4,
wherein said boride phase conprises an iron-based boride with ferromagnetic
properties. 6. The magnet of claim5) wherein said ironggsdniter 2064
conprises at | east one of Fe3B and Fe~3Bs. 7. The magnet of claim1,
wherein said nole fractions x and z neet z/x~O 1. 8. (Anmended) The magnet
of claim1l, wherein said soft nmagnetic phase exists in a grain boundary of
sai d hard nagnetic phase. 9. The nagnet of claim 1, wherein said nole
fraction y lpfificdsiom tacleniqad, iiaked @ RM06)indRrdté cOntfbIRLY fEcikaS Sshohft bd AwpRded)
The magnet of one of clains 1 to 6, wherein said magnet iS shaped ina thin
strip with a thickness of between 10 N mand 300 Nm 11. (Anended) The

magnet of . one din th¢ flusatéd eMmbOdinydhE B theP1GhoMAMRIqUBASRSEA Bhﬁlﬁgd hfg?—d
into powder particles. 51 AMENDED SHEET 13 Septenber 2004 15. The gnet

of clai m llerabies el Mtabemann DX Iozﬁﬁecshﬂ&l@éw@@s&?pﬁg gfﬁé&iix‘}'tag%e}a%me- .

between 30 N mand 250 N m 13. The nagnet of one © er ei
sai d magnettw%Rilbd {09@s&081GI ¥ 1 §%CHec. 0f 4801cA/mor nore and a remanence B,
of 0.7 T or nore. 14. The nmagnet of one of clains 1 to 6, wherein said
magnet exhibits a remanence B~ of 0.85 T or nore, a maxi num ener gy product
(BH) =~ of 120 kAhmoara BBy AstiAe Wil 1N e n or
nore. . 15. (Anmended) A bonded magngt flor @ﬁg%ﬁ&%*ﬁ%ﬁfﬁéﬁg%ﬁ@

conpri si ng I%Hﬁto%vﬂ?erwﬁﬂe{\i'é‘elr\easdpcflﬁt I.Lél]QQ'IIl%I El%&h’lg)gcs]c%glers %J;t:s c%gfatﬁggftutﬁ%gircum-

nanoconposite magnet as recite resin

E Cancel | ggg ferenceMFNFR atligchin rdifbr FRLY Bstht e hé anbFAOSet ke sy, 1

the meantime, the alloy has its temperature decreased to become a supercooled liquid.

Thereafter, the supercooled alloy leaves the roller 7 and travels w1thm the inert gas envi-
10 ronment. While the thin-strip alloy is travelling, the aﬁoy has its heat dissipated into the
ambient gas.  As a result, the temperature of the allby ﬁlrthér drops. According to the
present inyention, the pressure of the ambient gas is in the range from 30 kPa to atmos-
pheric pressure. - Thus, ;he heat olf the alloy can be dissipated into the ambient gas even
more effectively and the Nd,Fe 4B phase can nucleate and grow uniformly in the alloy.
15 It should be noted that unless an appropriate amount o.f element M (e.g., Ti) has been
added to the material alloy, then the « -Fe phase nucleates and grows faster and earlier in

the rapidly solidified alloy, thus deteriorating the resultant magnet properties.

In this embodirrient, the.sm.‘face velocity of the roller 7 is adjusted to fall within a

range from 10 m/sec to 30 m/sec and the pressure of the ambient gas is set to 30 kPa or

20 more to enhance the secondary cooling effects caused by the ambient gas. In this
manner, a rapidly solidified alloy, ‘including 60 vqlume percent or more of RyFe 4B phase

with an average grain size of as small.as 80 nm or less, is prepared.

In the present invention, the technique of rapidly cooling the melt is not limited to
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19. (Cancelled) 20. (Cancelled) 53 AMENDED SHEET 13 Septenber 2004 21.
(Amended) A nethod . for producing an iron-based rare earth all oy
nanoconposi te magnet, conprising the seeps of: preparing a nelt of a
material alloy, the material alloy having a conpositi oq3r§éyt§,§,gg;@gb43y t he
general fornul a: (Fel.nmm. oo. X y-z ~ where T is at |east one el enent
sel ected " ?8%?%%0(11&: Jﬁ%]t-g%ﬂwgtmﬁf&ogé%ﬁ&mw- lexamaples of ether applicableement
selected fromthe group .congisting of Band C Ris at |east one rare earth
el enent itﬁWﬁb“cg‘é‘i)ea‘ﬁﬂ-néﬁﬁ%ft,met.hsd’ag%aé?m}zég%f} mgHedpstrip agstingemsthodme net al
el ement selected fromthe group consisting of Ti, Zr and Hf and al ways

i ncl udes GRTING R 1AY) rater Gonttol ysiag ozzle of oxfiee, mndsenid sgolingstethméqueantilizines of -

. 10 at% < x < 17 at% 6 at % y< 9.3 at% 0.1 at%_ z5 6 at% and 0_<_<-
mc 0.5, ribepdier andatpmizationahsthedsdnicombirationel t to nake a rapidly solidified
all oy conprising an RzFet4B crystalline phase at 60 vol une percent or nore;
and thermally treating the rapidly solidified alloy to forma structure in
whi ch 3wo or nbmeng thasemepjdeodling techhights, e gitipcestingi method irasglthar g reind sof t
magneti c phases, exist, an average grain size of the hard nagnetic phase is
equal to tivelgimmcesliig tde, i N10EDMEee ¢ 20 CReQrAdREding i fhis @RibBAAmea thyan
average grain size of the soft magnetic phase is equal to or greater than 1

nrn and emidig dnapproprizgsvéliaie of0R tdiReddersdialof weEHER Blidifidd 2l18E nRist bhe
hard magnetic phase is larger than that -of the soft magnetic phase. 54

AVENDED SKESER has 33trSeiire fReidir® ¥ PlinitFaRRANY ) beJbtalial é%hftfgxtﬂmg;s%r aim

21, wherein said cooling step conprises rapidly cooling the ne In an

ambi ent  gastifd methdHES THe ?IrB&fess?'Qos'f Bﬁm‘érsu{r?)éﬁtiﬁé)m%ﬁ can baBbdlk lﬁ{;\ﬁ'% .legém B% red‘

al l oy including an R~Fel phase wth an average grain size o

I 184 + cl.al 3, i i i t i :

v 180 nERbereRline] AUILAS, ARSHEhEY R Sasa0k M SRS SR, | o,
super cool SHOEMRSHRERUE sr 4ehfind o A bl SRorB Redthe i dhe Slgle Yot

method, and is suitably applicabk_a to mass production. However, if no element M is

added to the material alloy or if Cr, V, Mn, Mo, Ta and/or W are/is added thereto instead
of Ti, then a metal structure including a lot of Fe initial crystals will be produced even in

15 the rapidly solidified alloy prepared by the strip casting method.  Consequently, the de-

sired metal structure cannot be obtained.

Heat treatment

In this embodiment, the heat treatment is conducted within an argon environment.

Preferably, the alloy is heated at a temperature rise rate of 5%C/sec to 20°C/sec, kept at a

20  temperature between 550°C and 850°C for a period of time from 30 seconds to 20 minutes
and then cooled to room temperature.  This heat treatment results in nucleation and/or
crystal growth of metastable phases'in a remainingAamorphous phase, thus forming a

nanocomposite microcrystalline structure. . According to the present invention, the
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RZFel 4B phase after the supercooled alloy has left the chill roller. 25.
The nmethod of claim 21, conprising the step of formng a structure in which
three or nore crystalline phases, including at |east R2Fel4B conpound, a
-Fe and boride phases, are included, an average crystali3®gytémbes2doy of the
R~Fel 4B phase is between 20 nm and 150 nm and an average crystal grain
size of the ct -Fe and boride phases is between 1 nmand 50 nm 26. The

met hod of claim 25, wherein said steps of heating and crystallizing the
rapidly solidified alloy produces a boride phase conprising an iron-based
bori de wi t midrecrystatigneNAE dEOPieist iafiSady2decoliits fares(Nestufle %! Ritare & kAl n

said steps of heating and crystallizing the rapidly solidified all oy

produces aaliey itien Rt GeMRIchSisRhrRl. | TRIN, RARA at ﬂ'@atgﬁ{p'{s icﬁﬁ‘}ﬁlcfcﬁlﬁgr

and/ or Fe~3B6. 2i3. A nmethod fur producing a bonded magn he e

. iias : 0 : .
poner of Fht T opo o Vot ekl il il NEELERAEE e Yalon RUGPRL BE. G

[ f [ - ' ' ‘e, i nt bonded t.
26. "The. magrat o ey ey ift B dRpBEETHRE ohil RN A 5B HunEY Pe R i
ggve(gﬁgeﬁﬁgggé%gﬁmﬁ%aﬁfat ment. 30. (Cancelled) 31. (Cancell ed)
.A:AU.AY.A{.An.AI | ASI.AU. A An.An. Al LA A.AA.AEA .AAU.AAYA2A.
YAV A AL AT T R Ruistls sl 163 dorphcts
yLole [V saealagy sahanl eahole e Akadlathed) 6 he Aabselealig) Galogheal ©

ajc”Ma] ca]ca] ca]ca

0s&t 1?WF7i f . cal cal cal cal] cal cal ¢halc al cal] calcal cal cal caU] cal ca
Voa] oa] ca) SRBLS WL e e SRR e SRt CoBling process. | Ot e

#! 1! ! ! ! ! mn dll mimn 5#.:§§#_##; ' o i

$A${ val gb] Qf%‘ch&]‘ .’a‘]f § Bt depiagns dqrepgratirecenceedscii0dauhe Ay va ey tbifdbg o] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca! A$$$3%6 8004 &8

(x( ((5)}9) ) Spectivecopsttuent phasesryitl dxaneg|teainuah,ahjicdoraibing] thatenmhemded®]and] ca]

caj ca] ca] caj ca] caj ca] ca] cal ca] ca] ca] ca] ca]ca]ca]ca]ca]caJca]jcal . E////C0J11

223445" 556]0660688127hT AGuB8|ualddss of therdeimagnéiziliwedead.c alFeniiesd ralea) grl cal
cal] ca] ca] ca] calU] ca] ca] ca] ca].ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]calca]cal::

5; ;) <o<t <deafircamenkeniporinte @ F&¥erably from 550°C to 850°C, more preferably 570°C to
820°C. ' -

In the preseht invention, the ambient gas causes the secondary cooling effects so

15 thata suflﬁcientvamount of c.rystall grains in the Nd,Fe4B phase crystallize uniformly and
finely in the rapidly solidiﬁéd élloy. | “‘Accordingly, even if the rapidly solidified alloy is |

not heat-treated, the solidified alloy itself can exhibit good enough magnet properties.
That is to say, the heat treatment for crystallization is not indispensable for the present in-
vention. . However, to further improve the magnet propetties, the heat Itreatment is pref-

20 erably conducted.  In addition, even though the heat treatment is carried out at lower

teraperatures than the known process, the magnet properties still can be improved suffi-

ciently.

To prevent the alloy from being oxidized, the heat treatment is preferably con-
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| "&$10%h& ()- opqrsbC "10% & ()- 10% & ()- 10 h.
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10VWV 1OV <: 109AWA&' () - F7a?r SAL! ' $109& ()-!+ ' $109%& () - 0109

$109%%& ()- F3"109%& () - m#10%2& () - Fi }72r SAL963" 109%Z& () - 43" 10%2& ()-

23" 1002& ()- !-' $10%ZZ& ()-&+MLOYZE ()~ | ' $10% & ()- _

10% 0& ()-! 9#10% o' 0& ()- & "10% 0& ()- 10% o0& ()- 10Z 10Z

0,
TS ég/((ziﬁ N |(%Ig/lfgegrjz(e?%%s%oﬁ%??‘%g-tlﬁ%%at/gg&e “EIE " 10% o' 0& ()-f

#1111 dE_@A4T10% 0& ()- 2310% 0& ()-.110% 0& ()- ,310% 0& ()-)10% 0& ()-3

' F109% o& () - ! 1Afier" Hedp Gk @Y BE dedultint HAMR& Lﬂoyl% Andt9 Ritverized to obtain a
10' 0o="10% o0& () &910% o0& () -

7$10% o0&’ ( )mdb %#qﬁéﬁ:'-va}f&@%/p@g of‘goﬁ%d(tﬂag%@s %&Az)derﬁr 1B (gt)vder
10988’ () - mF1 %3& A, 988 () Z1098E: () - @}0%3& () A58S
A$dEDCL- 1Q8
gty@%/(%j EbCL (%%)%)%1%@% 33}00': g(slae/&gbr{ ing a bon magnet,
5 magnet powder of the uon-based rare earth alloy is compounded with an epoxy or nylon
resin bmder and then molded into a desired shape. At this time, a magnet powder of any

other type (e.g., an Sm-Fe-N magnet powder or hard ferrite magnet powder) may be

mixed with the nanocomposite magnet powder.

Using the resultant bonded magﬁet, motors, actuators and other rotating machines can be

10 producegl.

When the magnet powder of tile 'pres‘ent invention is used for an injection-molded
bonded magnet, the powder is preferably pulverizéd io have a mean particle size of éOO
pm or less, more preferably from 30 umto 150 um. On the other hand, where the
inventive magnct powder is used for a compresSmn—molded bonded magnet, the powder

15 is preferably pulverized to havc a mean partlcle size of 300 o m or less, more preferably

from 30 1 mt0250 zm and even more preferably 50 um to 200 4 m with a bimodal

size distribution.

It should be noted that if the powder obtained is subjected to a surface treatment

(e.g., coupling treatment, conversibn coating or plating), then the powder for a bonded

20 magnet can have its moldability improved no matter how the powder is molded. In ad-
dition, the resulfant bonded magnet can have its anticor;osiveness and thermal resis-
tance both increased. Altern_atively, after ébonded magnet has ’been once formed by

molding the powder into a desired shape, the surface of the magnet may also be treated,
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E@lgm( %g [ggge/f?é‘)é_\é‘ e)p-[%g(c):%‘;%n\(lgraégé%;tmo or plated. This is because antxcorro-

0 ! Y' 3" 10%4& 1 FOZ109%4& () -
109k () - S eness bngersual esiseiooso ihq Bonded FonaRaRea) asd bR anermasai ha case.
"10%4&' () - 93" 10%4& ()-2Z7 "10%4& ()-1///C0J112aB @ -
1058$10%1| & () - F" 10%| & () -1 F"10%| & ()-! @10% | & () - 10%| & () -
| 10| & () - 22_33445aB_@ 105, s10%4| & Eramples 10%4| & () - 83" 10%] & () -
9$10%| & ()-!'S 9$10% [ '] & ()-33"10%| & ()-5 556] 6%6_6" 6a6dYNC 105 104| 104|
104| ~ 910%| & (

73" 10%}| & () Yﬁ#&%%ﬂ@lﬁ angpaqmpAratiye) examplss0 Jnvisich thenpobobactioasi £ ¥Cz 15
9#10% 0&' 10% o0& ()- F10% 0& ()-Y S10% 0& ()-4"10% o0& () -
10% 0&35() 87#81)5@@}3993 BYNC X685 at%08ab @1 (J9RS$LA% ai%, (dspectively, will be de-

scribed.

For each of samples Nos. 1 to 12 shown in the followmg Table 1 the respective materials .
B C, Fe, Co, Ti, Nd, Pr, Tb and Dy W1th purltles of 99 5% Or more were welghed so that
the sample had a total welght of 30 g and then the mixture was injected into a crucible of
10 quartz. In Table 1, samples Nos. 1 to 8 represent examples of the present invention,

while samples Nos. 9 to 12 represent comparative examples:

15
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[Table 1]

Roller Heat

Composition (at$%) Velocity] Treatment

temperature
Fe Q R M m/sec T
1 Fe79 B11 | wnd® | Ti1 | 20.0 660
2 Fe78.7 B10.3 ‘N9 Ti2 | 12.0 700
3 Fe76.7 | 810.3 Nd9 Ti4 9.0 760
4| Fe69+co3 B14 | Na3+pr3 | Ti6 9.0 740
5 | Fe68+Co3.5 | B7+c4 | Na9.5 | Ti8 | - 7.0 780
6 Fe78.7 . B10.3 |Nd8+Dy1| Ti2 | 12.0 720
. Fe78.7 |B5+c5.3 | Nd8+Tb1 | Ti2 | 12.0 720
g | F65.7+Co10| B810.8 | Nd9 | Ti5 | 8.0 720
9 ‘Fe81 512 Nd7 - 30.0 | 660
10] Fe80 | B14 | na6 - | 20.0 680
11| Fe80.7 | B10.3 | wNd9 ~ | 250 660
12 Fe76.7 B10.3 Nd11 Ti2 12.0 710

In Table 1, the column “Q” includes “B7-+C4”, for example, which means that 7
at% of boron (B) and 4 1% of carbon (C) were added. ~ Also, the column “R” includes

“Nd3+Pr3”, for example, which means that 3 at% of Nd and 3 at% of Pr were added.

The quartz crucible used for prep'aring the melt had an orifice with a diameter of
0.8 mm at the bottom. Accprdihgly, the alloy including these materials was melted in
the quartz crucible to be a melt, which was then dripped down through the orifice. The
material alloy was melted by a high frequency heating method within an argon environ-

ment at a pressure of 1.33 kPa. In the illustrated examples, the temperature of the melt

10 was setto 1500°C.
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10 0$109% C( & &he surfepgifothie msdt Wis PosLOTEd Sith A) 2aslRHJRkRa, thatioppogel-) -
' Z10% o0& () - GGGG GoGGHHXH~_@ 10 "10% h&Fai) FY"10% h& ()-d "10%
h& () - z! Hag theomel agamgt) the xytey cigumfarencerofloopper chillepkir, Which)wks-logatka
,9810% h&' () - 410% h& () - 3"10% h& () - F3" 10% h&' ()-3mL0% h& () -
0.7 mm under the orifice. ~ The roller wes rotated at a high velocity while being cooled

inside so that the outer circumference would have its temperature kept at around room
5 temperature. Accordingly, the melt, which had been dripped down through the orifice,
came into contact with the surface of the chill roller to have its heat dissipated therefrom

while being forced to rapidly move on the rotating chill roller. = The melt was continu-
ously expelled through the orifice onto the surface of the roller. ~ Thus, the rapidly solidi-

fied alloy was in the shape of an elongated thin strip (or ribt bon) with a width of 2 to 3 mm

10 anda thlckness of 20 to 50 pm.

In the (single) roller method adopted in these examples, the cooling rate is deter-
mined by the circumference velocity of the roller and the weight of the melt dripped per
unit time, which depends on the diameter (or cross-sectional area) of the orifice and the
pressure on the melt. In the present examples, the orifice has a diameter of 0.8 mm, a

15 pressure of 26.7 kPa was placed on the melt and the dripping rate was from about 0.5

kg/min to 1 kg/min.
The circumference velocity of the rollcr was changed as shown in Table 1.

Next, the rapidly solidified .alloy samﬁles Nos. 1 to 12 were heat-treated within Ar

gas.  Specifically, the rapidly solidified alloys were kept at the respective heat treatment

20 temperatures shown on the rightmost column in Table 1 for 6 rrﬁnutes and then cooled to
room temperature.  Thereafter, the magnetic properties of these samples were measured

using a vibrating sample magnetometer.- The results are shown in the following Table 2:
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Magnetic properties .
Br = HCJ (BH) max
(T) | (xa/m) (kJ/m)
1 0. 86 490 94
2 0. 85 605 118
3| o0.85 695 111
4 0. 88 520 102
5 0. 84 740 106
6 0. 84 658 - 101
T 0. 83 . 682 08
8 0.87 | 730 125
9 0. 80 — 22 4
10 0. 69 8 -
11 0. 86 479 80
12 0.74 955 - 88

As can be seen from Table 2, the examples of the present invention showed mag-
nétic properties that were superior to those of the comparative‘ examples. Also, even if
Ti had been added, its beneﬁéial effects (i.e., a highly uniform distribution of fine crystal
grains) could not be attained fully and the remanence B, dropped noticeably where the

mole fraction y of the rare earth element R (Nd) was out of the range 6 at% <=y <10 at%.

FIG. 7 illustrates the demagnetization curves of samples Nos. 2 and 3 (examples of
the present invention) and sample No. 11 (comparative example). InFIG. 7, the ordinate

represents the remanence while the abscissa represents the demagnetization field strength.
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Next, each of samples Nos. 1 to 8 representing the examples of the present inven-

comiparative example
T\ P

5  tion was analyzed using Cu-K o characférisficl X;radiéﬁon to identify the respective con-
stituent phases thereof, Asa result, the e;\':isten'ce‘bf 'Fe;;;Bs and o -Fe phases, as well as
RoFe4B phase, was confirmed. As for éamples' Nos. 9 and 10 representing two of the
comparative examples on the othér hand; nb'RzFéMB' phaée,' wh:ich is d hard magnetic
phase, was identified aﬁd it was found that those samples consisted_of R;FeB3 and o -
Fe phases, which are soft magnetic phases. In sample No. 11 representing another com-
parafive example, a mixture of hafd rﬁ_agnetic RoFe;4B and soft magnetic « -Fe phases

was identified but no ferromagnetic iron-based borides were found.

FIG. 8 illustrates the XRD pattéms of the heat-freated samples Nos. 2 and 3 (ex-
amples of the present invention) and No. 11 (comparative example). In FIG. 8, the

ordinate represents the intensity of diffraction, while the abscissa represents the angle of

diffraction.

As can be seen from FIG. 8, it was found that a metallic structure, comprised of
NdyFey B, «-Fe and FeyBg phases, had been formed in the examples of the present in-
vention.  As for the comparative example on the other hand, only Nd,Fe;,B and « -Fe

phases were identified. Accordingly, it is believed that an excessive amount of B existed

in the resultant alloy structure.

Using a transmission electron microscope (TEM), the metal structure after the heat

treatment was investigated on samples Nos. 1 to 8§ representing the examples of the pre-

40




()~ 110% U () - @"10% U& () - FOF" 10% U& () -3310% U& ()- f>ggggg’ hdEmb@
l1%:!(f)>/<’.10f>/ou&'()9),90100/OU&'()-f%iOfVOU&'()-"10fyou&'()- y F 10%u&\()-§33 10%
Ug ()- "hjjjjjij\l_= 10:1#109%& ()-! |110%c& ()- 10 U 10 U 10 U 910%

U& ()-Y7ml0% U& ()- ' "10% U& ()- \Ingnmml nnaB_= 10: ! 10%§e§,§emberzoo4 )
"10% & ()-29%10% & ()-Yf "10% & ()-2ZY L310% & ()'.G! n#lOO/@( - Nonoo pdpqdE_=
10:1/ "10% & ()-s- "10% & ()-1 *310% & ()-3' 10% & ()-3% "10% & () - Fl

sent invention. ~ As a result, the present inventors found that each of these samples had a
naﬁometer—scaled crystalline structu'ré with an average cfystal graih size of 10 to 25 nm.
The present inventors also analyzed sample No. 2 using an atom probe to find that part of
Ti had been replaced with Fe cbntained 1n the respective constituent phases but that most

5 of Ti existed in the grain boundary phases

Next, other examples of the present invention and reference examples will be de-
scribed.  In each of the examples of the present invention, the mole fractions x and z of
Q and M meet 15 ai% <x <20 at% .and 3.0 af%<z< 12 at%, respectively. On the other
hand, in the reference eXampleé, the mole fraction x of Q does not meet 15 at%<x <20

10" at%, nor does the mole fraction z of M meet 3.0 at% <z <12 at%.

For cach of samples Nos. 13 to 19 shown in the following Table 3, the respective
materials B, C, Fe, Co, Ti and Nd with purities of 99.5% or more were weighed so that the

sample had a total weight of 30 g and then the mixture was injected into a crucible of
quartz.

15

20
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16| re66.5 B15 | Nd8,5 |Ti10| 25 720

17 Fe76.5 B15 | Nd8.5 - 30 760

18| Fe74.5 | B15 | na8.5 | Ti2 15 780

19| re75.5 B15 | Nda6.5 | Ti3 | 20 780

10

In Table 3, the column “M” includes “Ti8”, for example, which means that § at%

of Ti was added to the material alloy, and “—* means that no Ti was added thereto.

Samples Nos. 13 to 19 were subjected to a rapid solidification process under the

same conditions as those specified for samples Nos. 1 to 12.

The resultanf rapidly solidified alloy structures were analyzed using Cu-K o char-

acteristic X-radiation. As a result, each of these samples was found an amorphous alloy.

The material alloy amorphized easily because the alloy contained B at a relatively high

concentration.

Next, the rapidly solidified alloy samples Nos. 13 to 19 were heat-treated within
Ar gas.  Specifically, the rapidly solid_iﬁéd alloys were kept at the respective heat
treatment temperatures shown in Table 3 for 6 minutes and then cooled to room
temperature.  Thereafter, the magnetic propgrties of these .samples were measured using

a vibrating sample magnetometer. The results are shown in the following Table 4:
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Magnetic properties

B, (T) Heoy (BH) max

(kA/m) (kJ/m3)
13 0. 83 957 111
14 0.79 906 105
15 0. 82 826 104
16 0.70 1073 78
17 0. 63 197 28
1 8' 0. 71 462 - 56
19 1.0 30 ' 12

As can be seen from Table 4, 'Isamples Nos. 13 to 16 representing examples of the

. present invention showed magnetic properties that were superior to those of samples Nos.

5 1710 19 representing the reference examples.

FIG. 9 illustrates the deniagnetization curves of samples Nos. 13 and 17. InFIG.
9, the ordinate represents the remanence while the abscissa represents the demagnetization

field strength. As can be seen from FIG. 9, the demagnetization curve of sample No. 13

has loop squareness much better than that of sample No. 17.

10 FIG. 10 illustrates the XRD paftems of sample No. 13 before and after the heat

treatment, while FIG. 11 illustrates the XRD patterns of sample No. 17 before and after
the heat treatment. |
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representing crystallinity were observed in the alloy yet to be heat-treated (i.e., in the “as-
spun” state).  However, after the alley had been heat-treated at 660°C for 6 minutes,
some diffraction peaks, showing the existence of a compound phase with the Nd,Fe,,B

5  crystal structure, were observed. In this case, diffraction peaks corresponding to the « -
Fe phase were also observed but the intensities thereof were not so high. And when the
heat treatment was conducted at 780°C, the diffraction peaks corresponding to the o -Fe

phase increased their intensities.  Accordingly, the crystallization temperature of the « -

Fe phase would be higher than that of the Nd,Fe,B phase.

10 On the other hand, where no Ti was added, no diffraction peaks, showing the exis-
tence of a compound phase with the Nd,Fe 4B crystal structure, were observed, but a dif-
fraction peak corresponding to the o -Fevphase was clearly identified after the alloy had
been heat-treated at 660°C for 6 minutes. This can be easily seen from the results shown
in FIG. 11.  Also, this result shows that the ¢ -Fe phase had nucleated and grown earlier

15 than the crystallization of the NdéFedé phase. | And where the heat treatment was con-
ducted at 780°C, the diffraction peak of the o -Fe phase increased its interisity considera-

bly. Thus, it can be seen that the grain size of the « -Fe phase increased excessively.

As can be seen from these results, where the mole fraction x of Q is 15 at% or

more, the mole fraction z of M is preferably greater than 3.0. -

20 Next, a melt of an alloy with a composition NdyFe;5 7Bw 311, (where the mole frac-
tions are mdlcated in atomic percentages) was rapidly cooled with the pressure of the am-
bient gas and the surface velocity of the roller changed. The quartz crucible used for

preparing the melt had an orifice with a diameter of 0.8 mm at the bottom. Accordingly,
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was then dripped down through the orifice. The material alloy was melted by a high fre-

quency heating method within an argon environment at a pressure of 1.33 kPa. In the

illustrated examples, the temperature of the melt was set to 1500°C.

The surface of the melt was pressurized with Ar gas at 26.7 kPa, thereby propel-
ling the melt against the outer circumference of a copper chill roller, which was located
0.7 mm under the orifice.  The other conditions were substantially the same as those

placed on samples Nos. 1 to 19.

In these examples, the pressure of the quenching environment, roller surface

10 velocity and heat treatment temperature were changed as shown in the foIlowingITable 5

[Table 5]
. Roller Heat
Environment
surface treatment
pressure. .

velocity temperature

(kPa) - (m/s) (°C)

20 - 40.0 : 10.0 620

21 35.0 15.0 640

22 40.0 . 20.0 . . 650

23 80.0 23.0 660

24 60.0 12.0 640

25 40.0 28.0 690

26 10.0 15.0 680

27 A 40.0 . 35.0 : 700

28 - 40.0 : 5.0 - 600

-
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410% & ()tidn tofthd 86d} e, (B phhstO VoG 12 illustrates XRD patterns of sample No. 21. In FIG.

12, the profile labeled as “as-spun” is the XRD pattern of a rapidly solidified alloy yet to

be heated.  FIG. 12 also illustrates an XRD pattern of sample No. 21 that had already

been heated (see the following description).

Aé for sample No. 26, diffraction peaks, sﬁowing the existence of the Nd,Fe,,B,

10 a-Fe and FeyBg phases, were confirmed. However only halo patterns were observed
 for sample No. 27. And for sample No. 28, an intense diffraction peak corresponding to
the o -Fe phase and barely recogmzable d1ffraction peaks of the Nd,Fe,,B phase were

observed. It should be noted that a lot of amorphous phase existed in sample No. 26.

Next, the rapidly solidified alloy samples Nos. 20 to 26 were heat-treated within

15 Ar gas. Specifically, the rapidly solidified alloys were kept at the respéctive heat
treatment temperatures shown on the rightmoét column in Table 5' for 6 minutes and then
cooled to room temperature. Thereafter, the magnetic properties of these samples were

measured using a vibrating sample magnetometer, The results are shown in the follow-

ing Table 6:
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Br (T) | Hey (KA/m) (BH) nax (K3 /10)

20 | 0.89 705 ~ . 124

21 | 0.94 650 | 130

22 | 0.95 600 126

23 | 0.88 683 124

24 | 0.90 670 125

25 | 0.87 588 120

26 | 0.83 | 780 114

27 | 0.81 | 754 | 103
- 28 0.64 334 38

As can be seen from Table 6, each of samples Nos. 20 to 25 exhibited excellent
hard magnetic properties including a remanence Br of 0.85 T or more, an intrinsic coer-

civity Hy; of 480 kA/m or more and a maximum energy product (BH) . of 120 kJ/m® or

5 more.

FIG. 13 illustrates the demagnetization curves of samples Nos. 21 and 26, respec-
tively. In FIG. 13, the ordiriate represenfs the remanence while the abscissa represents
the demagnéﬁzation field strength. As cé.n be seen from FIG. 13, the demagnetization
curve of sample No. 21 has loop squareness of the demagnetization curves much better

10 than that of sample No. 26. The sample No. 26 showed deteriorated loop squareness

probably because the crystal grain size was large.

Next, each of the heat-treated samples Nos. 20 to 25 was analyzed using Cu-K o

characteristic X-radiation to identify the respective constituent phases thereof, The size of
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109%& () - nt 10%&A§)for §ar;1810/ Ends: & 1d1?8 on the other hand, the types of the constituent

5 phases included did not change before and after the heat treatment. But for sample No.

27, the nucleation and growth of o -Fe and Fe,;B; phases, as well as the RoFe4B phase,

was confirmed.

" As can be seen from these res ult the quenching environment should have a pres-

sure of 30 kPa or more. And in that c;ase, the surface velocity of the chill roller is pref-

10 erably from 10 m/sec to 30 m/sec.

. INDUSTRIAL APPLICABILITY

According to the present i.nventiorn,’ a melt of a miaterial alloy, containing Ti as an
additive, is rapidly cooled and solidified, thereby reducing the amount of a rare earth ele-
15 ment needed for a permanent magnet.  And yet the resultant magnet can exhibit excellent

magnetic properties, or has sufficiently high coercivity and remanence.

Also, according to the present invention, even if a rapidly solidified alloy is pre-
pared by a rapid cooling process at a deereased ceoling rate, the addition of Ti can sup-
press the precipitation of the « -Fe phase during the rapid cooling process. Therefore, a

20  strip casting method, or a rapid cboling proeess resulting in a relatively low cooling rate

and suitably applicable to mass production, can be adopted in the present invention, thus

reducing the production cost advantageously.
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ig 02 3§ 8 f% (}/(? lj%‘ }é(ﬁ‘())lﬁlhl%eol/e X §F%éigwg%l¢§}égom escrlgilér} is Iiv ilfustrative of the

invention.  Various alternatives and modifications can be devised by those skilled in
the art without departing from the invention. Accordingly, the present invention is

intended to embrace all such alternatives, modifications and variances which fall within

5  the scope of the appended claims.
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CLAIMS

1. (Amended ) An ijron-based rare earth alloy nanocomposite magnet with a
composition represented by the general f0rmula:>(Fc;.mT,,,)mo-x.y.zQnyMz, where T is at
least one element selected from the groﬁp consisting of Co and Ni; Q is at least one element
selected from the group consisting of B and C; R is at least one rare earth element including
La and Ce at 0.5 at% or less; and M is at least one metal element selected from the group
consisting of Ti, Zr and Hf and always includes Ti,

wherein the mole fractions x, y, z and m meet the inequalities of:

10 at% < x < 17 at%,;

6 at%s y< 9.3 at%;

0.1 at%=< z£ 6 at%; and

0< mg 0.5, respectively, and .

wherein

said magnet comprises two or more ferromagnetic crystalline phases including
hard and soft magnetic phases;

an averz‘x.gc grain size of the hard mggﬁetic phase is between 10 nm and 200 nm;

an average grain size of the soft magnetic phase is between 1 nm and 100 nm;

said average grain size of the hard magnetic phase is larger than that of the soft
magnetic phase;

R>Fe14B phase serving as the hard magnetic phase accounts for a 60 volume
percent or more; and

said magnet exhibits a coercivity Hey of 480 kA/m or more.

2. The magnet of claim 1, wherein the mole fraction y and z meet the
inequalities of:
8 at%< y< 9.3 at%; and

0.5 at%s zs 6 at%, respectively.
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3. The magnet of claim 1, wherein RoFeyyB phase, boride phase and a -Fe

phase coexist in the same metal structure.

4. The magnet of claim 3, wherein an average crystal grain size of the a -Fe

and boride phases is between 1 nm and 50 nm.

5. The magnet of claim 4, wherein said boride phase comprises an iron-based

boride with ferromagnetic properties.

6. The magnet of claim 5, wherein said iron-based boride comprises at least one

- of FC;B and FCz3Bs.
7. The magnet of claim 1, wherein said mole fractions x and z meet z/x=0.1.

8. (Amended) The magnet of claim 1, wherein said soft magnetic phase exists in

a grain boundary of said hard magnetic phase.

9. The magnet of claim 1, wherein said mole fraction y of the rare earth

element(s) R is 9.0 at% or less.

10. (Amended) The magnet of one of claims 1 to 6, wherein said magnet is

shaped in a thin strip with a thickness of between 10 p m and 300 p m.

11. (Amended) The magnet of one of claims 1 to 6, wherein said magnet has

been pulverized into powder particles.
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19. (Cancelled)

20. (Cancelled)

53
AMENDED SHEET



"JI0% & ()-))))))) _2vU4&& S "J10% & ()- "JI0% & ()- "JI0%W & ()-.

"J10% & ()-#31 "J10% & ()-))))))) <vWi&& S #3l "J10%W & ()- "J10% & ()-
"J10% & ()- "J10% & ()-#31))))))) DvU4&& S #3 "J10% & ()-#31 "J10% & () -
"JI0% & ()- "JI0% & ()- "JI10% & ()-))))))){_?vU4&& S #{':,Jg%%éﬁ{b@}zom
"J10% & ()-#31 "JI0% & ()- "JI0W & ()- "JI0% & ()-)*****x yUAEE S #
"JI0% & ()- "JI0W & ()- "JI0W & ()-#31 "JI0W & ()- "JI0W & ()-***r**

1 *3*reX78& 9 10% Y& ()- 10#10#10# 9<10%t& ()- "J10% & () - #3l

"J10% & () - 3** 2%, (AnjehdeR7 &8 me@bd $LBYpRARu¢ing 1aDf itQUDARA( yarE CAEH OMHE () -
9,,%$10% %' ()- 9"10% 9%&' ()- 910% %& ()-1-m./'0%*0-0.0|[:-710\r%

910% r % &nENCCOMPSY Eove At (CompIBingithosepaof( ) - 9% $10% %R ()- 9"10% 9%&' ()-Y
90" nt' 10% %& () - . 0/ Q00BOLOMDaObOCOhLO1@ 0%#& () - <@ 0%t& () - <@0%t& () - <@ 0%#
& ()-< 9S 109%Rep§unga melt of a material alloy, the material alloy having a composition

| 109%#& () - 10\ r % 10\ r % c0d0e0n0| 000" <hL01@L0#3e&@ 0%+& () - <@ 0%& () - <@ 0%*&
' () - <@LOYBERFLEFRIER DO ecﬁfeefa%mm"&o@&@ 'x-q-)Qz%%e@m%E&;e)mA@s@m' (6<@
1098 () - S@O%#E, () - <P000Q00{ ?2hLOL1@O#@LOYE () <@LO%& () - <#3e@O0%& ()-<
@0%#&'( % ) éi‘@ib@&fé%d- g@ﬁb ém‘?ﬂ f@’i@‘ﬁ&&@g%&“@)fﬁk%dw&dwl 2@@%@9%) - <#3e

e e T e 08 e IO i ﬁ%ﬁ%@ %%?%*(%{‘@%E/i f“(é;
omRt () - . a1 O/ R R () -< MR (.- 04t R

o caoswarnBE wy SR MR AaN M ISR e e 2 B G oot

' () - <@LO%¥ém(the slolyiebadidtinkzdflTi> ik QAP #nd %a}(@%@ﬂd@l TiNthe mole fra%tiLodxi@

I FL098& () - FQLOWE () - <#3e@O%& () - <@OW&" () - <1#2+22) 3~33[ [ :
- 3#10%b4z(ahd m @¢IAHHEENdqualties@Ff " 10%B& () - T @" 10%B& () - ~ (10%& () -

@6 10988 () - 3444444' 5-5vU4L " YG' 109G %C& ()- | G 10%3$CE () - 10$10$10%
<1098 () - OBUIYRE)TF at@ 510%B& () - Z~555666+77| [vU4l
"10%G UG8 ()-m  Z10%G UG8 () - ' 10%GGR ()- " 10%G UG8 () -F

Tqf T #1095 UG § MBS fysHA.0%8%( ) - s7778u889| [ vU4l © " 3,)10%5 %K ()-4°
L1096 %K ()-3 7 $3"10%5 % ()-F T M109%G %% ()-F T, 10%G 9%’ () -
C10%6G %K () - OhethszS fatBlUad © CF 610%G %R ()-  CFF4 109G %6’ ()-F
T, @: $10‘%G_‘%G&'é )-F "3&03"10% %&' ()-F " 3-3"10% %% ()- , Z10%5 %% () - 3;
Lon o U u<vUds mE 05 oeRpeetelys Cf " 1096& () -m T GLOWB& ()-
109%8$& ()-10n"10n".10n" f8F10%" & é - u<<<<<<<<>v 4 ‘@335 ?o #& ()-. L
1098 ()- 0@ Mo E 084 G8dbyd BLkoammp gy soldiigentsy, complising an
RFe 4B crystalline phase at 60 volume percent or more; and
thermally treating the rapidly solidified alloy to form a structure in which two or
more ferromagnetic crystalline phases, inéluding hard and soft magnetic phases, exist,
an average grain size of the hard magnetic phase is equal to or greater than 10 nm and
equal to or less than 200 nm, and an average grain size of the soft magnetic phase is
equal to or greater than 1 nm and equal to or less than 100 nm and said average grain

size of the hard magnetic phase is larger than that of the soft magnetic phase.
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phases is between 1 nm and 50 nm.

26. The method of claim 25, wherein said steps of heating and crystallizing the
rapidly solidified alloy produces a boride phase comprising an iron-based boride with

ferromagnetic properties.

27. The method of claim 26, wherein said steps of heating and crystallizing the
rapidly solidified alloy produces a boride phase comprising an iron-based boride

comprises Fe;B and/or Fe;3Be.

28. A method for producing a bonded magnet, the method comprising the steps
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of:
preparing a powder of the iron-based rare earth alloy magnet by the method as
recited in one of claims 22 to 29; and

processing the powder into a bonded magnet.

29. The magnet of claim 11, wherein the powder particles have surfaces that
have been subjected to a surface reatment.

30. (Cancelled)

31. (Cancelled)

32. (Cancelled)

56
AMENDED SHEET




