R- Fe- B RARE EARTH SI NTERED MAGNET AND METHOD FOR PRODUCI NG SAME TECHNI CAL
FI ELD [ 0001] The present invention relates to an R-Fe-B based rare-earth
sintered magnet including crystal grains of an R2Fel4B type conpound (where
Ris arare-earth elenent) as a main phase and a nethod for producing such
a magnet. Mre particularly, the present invention relates to an R-Fe-B
based rare-earth sintegege MmgaekE enkiE sivieRegdega@dd aib rare-earth el enent
RL (which is at |least one of Nd and Pr) as a major rare-earth elenment R and
in which a portion of the light rare-earth elenent RL is replaced with a
heavy rare-earth el ement RH BnFPR BRODUSANE IMEE el ement sel ected from
the group consisting of Dy, Ho and Tb) and a nethod for producing such a
magnet . BAGKSRIYND, ARTE[P002] An R-Fe-B based rare-earth sintered magnet,

i ncl udi ng an NdZFeIZB type conpound phase as a nmain phase, is known as a
per mmnent magnet with the hi ghest performance, and has been used in

vari ous typ(é?goéi mot Bt BURYEHs anvaitdencordlafstsortq V@M RFBe-B hased di sk
drive and a notor for a hybrid car and in numerous types of consuner

el ectronic | LANGES 4 S ' ' dew ces, the
R- Fe-B basé%grga%e- eartshxg?%&jergggfﬁ%ggg%lggﬁ%% \ég%%g%]fs ?’%gg{lnsal Eé\r{c'esi%ztance
and coercivity that are high enough to wthstand an operating environnent
at an el ev&:eeh:Benpee atoneurfd008As & nears fare-isacktkasilagetthe @oescivity
of an R-Fe- B based rare-earth sintered nmagnet, a nolten alloy, including a
heavy rare-earth,element. RH as .a ditional .el enmen may_be used.

Accor di ng fngglflhipgaﬁ%t Red, & h“éestlhloéh?tdorrar%€%§%cilﬁgelSeur%fnta R%‘:"g%trt:hM?Ee
included as a rare-earth element Rin an R2Fel4B phase, is replaced with a
heavy rar epeatibuBayent tiH, rardehberiefene iohherdaiagnret ocoysiml Ri-re-g

ani sotropy (which is a physical quantity that determ nes the coercivity) of
t he R2Fe14% gh(?se i npr oves. . However, al though the magnetic nonent of the
light rare 83Ftn E%erent "RE P 1%e "RIRE L4 1 d8°hydes e @R dPFection as
that of Fe, the magnetic nonments of the heavy rare-earth element RH and Fe
h?vehrrut uakbytBpposhde il echiins.isThat isdhbrdehegneateia the pes cent age
of the

major rare-earth element R and in which a portion of the
light rare-earth element RL is replaced with a heavy rare-
earth element RH (which is at least one element selected from

the group consisting of Dy, Ho and Tb) and a method for

producing such a magnet.

BACKGROUND ART

[0002] An R-Fe-B based rare-earth sintered magnet,

including an Nd,Fe;sB type compound phase as a main phase, is

known as a permanent magnet with the highest performance, and



light rare-earth elenent RL replaced with the heavy rare-earth el enent RH,
the | ower the remanence Br woul d be. [0004] Meanwhi |l e, as the heavy
rare-earth elenent RHis one of rare natural resources, its use is
preferably cut down as much as possible. For these reasons, the nethod in
which the light rare-earth elenment RL is entirely replaced with the heavy
rare-earthglenpah RebdsiNalaAogberypd JOQRLTO 98tn the La)ickVibyl
i ncreased effectively with the addition of a relatively snmall anount of
the heavy rare-earth element RH, it was proposed that an alloy or conpound
powder, i nctafdrngVeMl otorof hhed héksly drave- @z tth netereher RH Y& iddded to a
mai n phase material alloy powder including a ot of the light rare-earth
el ement RL -t.h ' e.pe t i.n cor gi to
e A R A e S S i R
vicinity of the grain boundary of the R2Fel4B phase, and therefore, the
magnet ocr ysts@d iive wrticawt ropy ofridue REel4Bephase, caheb&-FapBoweded
efficiently on the outer periphery of the main phase. The R-Fe-B based
rare-earth sjntered nagnet s .a _nucl eation-type..coercivi.ty generating
mechani sm “Tiat gﬁgghmflg?n?eraeglao?ag&eg £ gu%(ga\%x?%lr%-tg%?ﬁ“halelre(%éﬁ%aﬁﬂsi S
distributed on the outer periphery of the main phase (i.e., near the grain
boundary t hereabprcihityragnret aceyitgh |l émaicaniteotiopytaid add @repstahggr ai ns
is inproved, the nucleation of reverse nmagnetic domains can be interfered
with, and the . coercivity increases as a result. At the core of the crystal
grai ns tha@nﬁﬁégn%%T:éﬁ%?PiBg?%9999itﬁ8P35§FH§Lthe coercivity, no |ight
rare-earth element RL is replaced with the heavy rare-earth el ement RH
Consequent Ipoothe degs easRahB FEABNRICAsBhg Cale ke drchy it g esk thereret 00.
[0006] If this nmethod is actually adopted, however, the heavy rare-earth
el ement RH has an increased diffusion rate during the sintering process
(which is GaPPPed BB¥e =D Siperaedreasiety, Go0CdbeRo21l900 Melugingn
i ndustrial scale) and could diffuse to reach the core of the crystal
grains, tog. hEQyy thale 18R8ANe1dtier S RAOL €S Yad cAkLAN Ne i BfefX PGl eHCrySt al
structure. [0007] As anot her method for increasing the coercivity of an
R-Fe-B based rare-earth sintered nagnet, a nmetal, an alloy or a conpound
i ncl udi ng ashéavyrearediswr tte chémenetiRpdli Sheddgeditt sdrencatid: suefaoe of t he
sintered magnet and then thermally treated and di ffused. Then, the
Coerciv LY REONLAs e LECONENAROlad NCRGR00. M MOt RC AN 19 W)Re ] gMaNence
s. 1, and .

so nuch (see Patent cuments
phase, 1is replaced with a heavy rare-earth element RH, and
therefore, the magnetocrystalline anisotropy (which is a
physical quantity that determines the coercivity) of the
R Fe;sB phase improves. However, although the magnetic moment
of the light rare-earth element RL in the R,Fe;4B phase has the
same direction as that of Fe, the wmagnetic moments of the
heavy rare-earth element RH and Fe have mutually opposite

directions. That 1is why the greater the percentage of the



[ 0008] Pat ent Document No. 1 teaches formng a thin-filmalloy |ayer,
including 1.0 at%to 50.0 at% of at | east one elenent that is selected from
the group consisting of Ti, W Pt, Au, C" Cu, Co, Al, Ta and Ag and R as
t he bal ance (which is at | east one elenment selected fromthe group
consisting of Ce, La, Nd, Pr, Dy, Ho and Tb), on the surface of a sintered
magnet body) {ghtbearackdned «1ER009]Hatept sDogumen tNe. neaw) sehesesrthat a
netallic elenent R (which is at | east one rare-earth el enent selected from
the group consisting of Y, Nd, Dy, Pr, Ho and Th) is diffused to a depth
that is at Q%ﬁﬂﬁpteagaﬂjﬁblpwérr%hﬁtﬁ?méﬂe%?%é%awoﬁ¥%ﬂﬁ% exposed on the
uppernost surface of a small-sized magnet, thereby repairing the danage
done on thergmahi nedysurfiace and imcngasing. {BJmY. o[ 0040] Fat eat ;Pocunent
No. 3 discloses that the nmagnetic propertfies could be recovered by
depositing a C/D film consisting nostly of a rare-earth elenent, on the
surface of &f nEgeenakiiral arediukesss 168 2semior pielsxral@0 tUf Pdrent aPocunent
No. 4 discloses a nethod of sorbing a rare-earth elenment to recover the
coercivity a_ye | | R Fe- e | nter r i o] r.

Accor di ng E§L¥h§¥n%¥ﬁ% 5% nggnﬁhgggu%%%¥gﬁé.%g?ngggﬁ%%?Vbﬁﬁﬁﬁ a ,gmhich
is arare-earth netal such as Yb, Eu or Smwith a relatively | ow boiling
poi nt, and ldagher yraasmakbrRa FelBmbase®Lsi it epedimelgnetrepraddds povderhar e

m xed together, and then the m xture is subjected to a heat treatnent to
heat it uniforn1¥ in a Vs cu¥n1 ilé% stirr%n k; ug. As a result of this
heat treat HERtY Fhe” rareleSrtAThetA s Rot"SHi% *d8posi ted on the surface
of the magnet but also diffused inward. Patent Docunent No. 4 al so

di scl oses amoeshodi nefntgetn thbi ebercinaneg- eactdagit alf fect bvalhivghhbehtéi ng
poi nt such as Dy is sorbed. In such an enbodi nent that uses Dy, for

exanple, Dy is selectively heated to a high tenperature by an induction
heat i ng pr6f§§§?o¥b%£v%r¥g%3Flﬁﬁéyasﬁ%&*i?ﬁ}ﬁ&ﬁiﬁ GPe2?%€@¥05V?A€€6FBing to
Pat ent Docunent No. 4, Yb with a boiling point of 1,193 00 should be heated
to a tenperatuest ok 800 O @r850s88 duHt £HOW1dPobrbechealed swwbiti-ciently
by a normal resistance heating process. Considering this disclosure of

Pat ent Docunent No. 4, it is presuned that the Dy be heated to a

t enper at ur éREXEEERHT Ny 10000 001q desay tReereastl PRt BdeukentdNed 4 al so
di scl oses that the tenperature of the very snmall R-Fe-B based sintered
magnet and (bt s RQuHebnhse Pref&ral viTenbalaer Whihiddhe naRgs:0(nl00 00
to 850 00. Patent Docunment No. 1: JapaneSe Patent Application Laid- Open

Publ i cati on No. 62-192566
light rare-earth element RL and then the mixture be compacted

and sintered. According to this method, the heavy rare-earth
element RH is distributed a lot in the vicinity of the grain
boundary of the R.Fe 4B phase, and therefore, the
magnetocrystalline anisotropy of the RyFe;sB phase can be
improved efficiently on the outer periphery of the main phase.
The R-Fe-B based rare-earth sintered magnet has a nucleation-

type coercivity generating mechanism. That is why if a lot of



Pat ent Docunent No. 2: Japanese Patent Application Laid-Open Publication
No. 2004- 304038 Patent Docunent No. 3: Japanese Patent Application
Lai d- Open Publication No. 2005-285859 Patent Document No. 4: Japanese
Pat ent Application Laid-Open Publication No. 2004-296973 DI SCLOSURE OF
| NVENTI ON PROBLEMS TO BE SOLVED BY THE | NVENTI ON [ 0012] Al I of the
t echni ques wiesal darePat et DosuiRNtS: Nos. dibre rdpaRda 3oMergcdevekoped to
repair the danage done on the nmachined surface of a sintered magnet. That
is why the nmetallic element, diffused inward fromthe surface, can reach no
farther thafraPSa¥yalé ré§ crisf AREesi (it 6r ed NRAGNERS EHRIphdOWEasyn, | f
the magnet had a thickness of 3 nmor nore, the coercivity could hardly be
increased efifectiyel ¥ne 3L ile accodi toe t c j onal
t echni que di scl os)eld i n Pat ent Dgggﬁé%lﬁ% 4, at%lé)?g- eé;frt%@%re?;&%g%%h as Dy
is heated to, and deposited at, a tenperature that is high enough to
vapori ze it9r@assl s Mhovied, whipe theclgapdont porraverse vagretin geewinhan t he
diffusion rate in the magnet, and a thick Dy filmis deposited on the
surface of e .nagre resyl t, i . T egi f. the magnet
(with a dept oégasgl\qlﬁeerrgfésltegns g#l’p %Hlash?r%aggr%ggﬁ% %Iﬁé;regausrefsacae ,ga bi g
difference in Dy concentration at the interface between the Dy film
deposited amdufhe simtecbd negaetofbodye shogstchli nevatrabl yhgenésas enatdri vi ng
force to diffuse Dy into the main phase as well. Consequently, the
remanence %%n%&?l?st'e[oglﬁ an t ap of ! hat, _accor di n]? tg. thqie met hod _of Pat ent
Document NGOTATTPRES r &Y el BErTAT et &S $ORFS8Y HehosTe et H ot® Sh SGh&Rpect ed
portions of the deposition system(e.g., on the

element RL is replaced with the heavy rare-earth element RH.

Consequently, the decrease in remanence B, can be minimized
there, too.

[0006] If this method is actually adopted, however, the
heavy rare-earth element RH has an increased diffusion rate
during the sintering process (which 1is carried out at a
temperature of 1,000 °C to 1,200 °C on an industrial scale)
and could diffuse to reach the core of the crystal grains,
too. For that reason, i1t is not easy to obtain the expected
crystal structure.

[0007] As another method for increasing the coercivity of
an R-Fe-B based rare-earth sintered magnet, a metal, an alloy

or a compound including a heavy rare-earth element RH is



inner walls of the vacuum chanber) other than the magnet during the
deposition process, which is against the policy of saving a heavy
rare-earth elenent that is one of rare and val uabl e natural resources.

[ 0015] Furt hernore, according to the enbodi nent that uses a rare-earth
metal with a | ow boiling point such as Yb, the coercivity of each very
smal | R Fe-Basedasidm efied magpgte can hes esovened tadgheterd nedegree.
But it is difficult to prevent the sorption netal fromnelting and sticking
to the RFe-B based magnet during the heat treatment process for diffusion
or to separ%h%?mﬁﬁéﬁ1??QﬁﬁQ§aéﬁdog¥@ﬁuﬁfﬁterTbﬁ@rrkhﬂ rrEat viEnt gdeeBds. That
istosay, it is virtually inevitable that unreacted sorption netal (RH)
remains on fthe,gucface ofnd e shntared, ragRete M nouldrdecr case,t he
per cent age of nmagnetic conponents in tﬁe magnet conpact (i.e., deteriorate
the magnetic properties thereof). In addition, since a rare-earth netal is
very acti vewahd (easi Patanti @ozabértbWosat Ur €2 dtat3)unr eact ed sorption net al
shoul d often start corrosion in practical use, which is not beneficial.
Besi des, sifigsiNe Mxiyfe HoaRto e rotaled, Jo feShirLed tp andy
subj ected to he hea Feat ment in d vacuum at the sare tinme, a Special
type of equi pnment that can maintain a predeterm ned thernmal resistance and
a prescri bedlpyedsyee, (dncaundinght ness)s ahd abs® antl oflestaleatat baa
mechani sm woul d be required. That is why the initial equipnment cost,

product qual,it nd stabilit f production would all, be prohlens to

Peal | se mmed BEBEUCETbn s viereqhehdren hen o SRer Sl a8 tad e nil
material of the sorption netal, sone safety precautions should be taken so
as not to frtr,eauhe cpowder on, dooanyl hardan £ hagredndodi ess ang: idalwedkd t ake
a lot of trouble and increased cost to prepare the powder in the first

pl ace. [0016] Furthernore, according to the enbodi nent that uses a
rare-earth WOtal wiihas highShoidengepeisitt sdeheakeby fxORe St pOreHP
material and the nmagnet are both heated by an induction heating process.
That is whydnkiksif@tofasy, ti heat, orl ypiheppapgaedst h setale tRu@ace
sufficiently high tenperature and yet maintain it at a tenperature that is
| ow enough to avoid affecting the magnetic properties. As a result, the
magnet w | [Pfoft ehntriasd HagBaEcpodt e ber mackigrsd -snal | size and is not
easily subjected to the induction heating process in either case. [0017]In
order 1o OVgheOe [ ey Riabl BOR.ASAC! hhed ADeYE de PLESENL Thuanbign has
an object of providing an R-Fe-B based rare-earth sintered magnet, 'I'n which
a small amount of heavy rare-earth element RHis used efficiently and has
been diffusédment t Re (Gut@r periaphbeastoforgy ystral-egrahnslefertthesaimicneghase
everywhere in the magnet, even if the magnet is relatively thick. MEANS FOR
SOLVI NG THE, PROBLEME, (00181 AL hod Ler pr qducing ap, R fe- B hased

rare-earth
diffused to a depth that is at least equal to the radius of
crystal grains exposed on the uppermost surface of a small-
sized magnet, thereby repairing the damage done on the
machined surface and increasing (BH)max.
[0010] Patent Document No. 3 discloses that the magnetic

properties could Dbe recovered by depositing a CVD film,



sintered magnet according to the present invention includes the steps of:
(a) providing an R-Fe-B based rare-earth sintered magnet body including, as
a mai n phase, crystal grains of an R2Fel4B type conpound that includes a
light rare-earth elenment RL, which is at |east one of Nd and Pr, as a nmmjor
rare-earth elenent R, (b) arranging a bul k body including a heavy
rare-earth @nrerBiindthodtiyChri § Alrd-@astnoder@enent seteatadckr em fhe
group consisting of Dy, Ho and Th, along with the R Fe-B based rare-earth
sintered magnet body in a processing chanber; and (c) heating the bulk
body and tﬁ@gRﬁFeWBtfba?sééllﬁg?%s%é?ftﬁ §MnPerk¥smagnet body to a tenperature
of 700 C.: to 1,000 00, thereby diffusing the heavy rare-earth el enent RH
into the R-['B%—@E]baseﬁlaéé{te%tn@nglﬂ&er@ddf@c%%tesbgdmema &S Wpbyhgg the
heavy rare-earth elenent RH fromthe bulk body to the surface of the R-Fe-B
based rare-earth sintered magnet body. [0019]In one preferred enbodi nent,
the step (@ reHeledies: sdepanyi by tdvevisyl khoomeriditieoR FerBybggedl
rare-earth sintered magnet body out of contact with each other in the
processi ng e r a en d W t hin
t he range C%C@%”% iér{fln&tg%i r@g F‘%%Ig%']e &ggnt%t g?g%*fﬁf e‘lr\% dtl oglgml%%n?(t§ t he
step (c) includes setting a dlfference in tenperature between t he R—FeB
based rareweahbtl sf ntared magnetnbodly. and & erbul &n bodyawi tWhiich20sTa
[0021] I n still another preferred enbodi ment, the step (c) includes
adj usting the pressure of an trms eri Pprogcessi.n nmber
within the ragﬁg%arsh 185 a4 E[Cuogﬁ %mn ‘”f/lre}t% anot h eleft ﬁ)’g% ?P‘éJd
enbodi ment, the step (c) incl udes mal ntai ning the tenperatures of the bul k
body and tm@iRiE@-Bohas,eobﬂcarae-Myt hengilnt er-ed - Fagaseéd betht adechinaghbe range
of 700 00 to 1,000 00 for 10 mnutes to 600 m nutes. [0023] I n yet anot her
preferred enbodl ment, the sintered magn bod ncl udes. 0.1 nass%to 5.0
ERPE A

mass% of aNeaWy rtEleFard e ePereht & geer e 58¢ B‘ﬁétﬁ%méﬁt
selected fromthe group consisting of Dy, Ho and Tb.

subjected to a heat treatment to heat it uniformly in a vacuum

while stirring it up. As a result of this heat treatment,

the rare-earth metal is not only deposited on the surface of

the magnet but also diffused inward. Patent Document No. 4

also discloses an embodiment in which a rare-earth metal with

a high boiling point such as Dy is sorbed. In such an

embodiment that uses Dy, for example, Dy is selectively heated

to a high temperature by an induction heating process.

However, Dy has a boiling point of 2,560 °C. According to

Patent Document No. 4, Yb with a boiling point of 1,193 °C

should be heated to a temperature of 800 °C to 850 °C but



[0024] In this particular preferred enbodi nent,the content of the heavy
rare-earth element RHin the sintered magnet body is within the range of
1.5 mass%to 3.5 mass% [0025]1n yet another preferred enbodi nent, the bul k
body includes an alloy of the heavy rare-earth el enent RH and an el ement X,
which is at | east one elenent selected fromthe group consisting of Nd, Pr,
La, Ce, Al .colflg Stbr Cbe Reathcs AQraNdiddt1yl 0926]d NnaraReCifdeg sPEgtLr red
enbodi ment, the elenment X is at |east one of and Pr. [0027]1In yet

anot her preferred enbodi nent, the nethod further includes the step of

subj ect i ng heRE 1R FerBogsed réareidaring si mter eddigwetrbodptt o Pahent
additional heat treatnent process after the step (c) has been perforned.

[ 0028] Anot higf., fEL HOf,T oy priedud) ng. A BaFenB based gangs galtdy sintered
magnet accorélng to the present invention includes the steps of: 0OQ
arrangi ng a conpact of an R-Fe-B based rare-earth magnet powder, i ncluding
a |light rareneardtued eaetidedng Whj @dp | C attd easy ahe dfeaNd.andPBRegnas a
maj or rare-earth elenent R, in a processing chanber such that the conpact
faces a bulk body incluyding a.heavy rare-earth el ement RH, Lch is at

| east one &l °SHEN tséTegtgég?r%ﬁﬁEwééiﬁrBﬁﬁt?8%%ff?pﬁéa%¥rixﬁéﬂégeaﬁﬁr%b; (B)
performng a sintering process in the processing chanber, thereby making an
R- Fe- B basetaiar erRepstth shadeer edsimagnetl bestyndthclardi ngter ypbablegr ai®s of an
R2Fel4B type conpound as a main phase; and (C) heating the bul k body and
the R-Fe-B based rare-earth sintered nagnet body in t%@ processi ng chanber,
t hereby di PEGSPRIPIhEHELIY PR rE-tedrt hie| BastRt FRHPAL & tRe®R F&B based
rare-earth sintered nagnet body while supplying the heavy rare-earth

el ement RH fronphbenduldciedy we.the sipdace ohibhe Roferddiasedaiare-earth
si ntered magnet body. [0029]1n one preferred enbodi nent, the step (B)

i ncl udes .
Open Publication No. 62-192566

Patent Document No. 2: Japanese Patent Application Laid-
Open Publication No. 2004-304038
Patent Document No. 3: Japanese Patent Application Laid-
Open Publication No. 2005-285859
Patent Document No. 4: Japanese Patent Application Laid-

Open Publication No. 2004-296973

DISCLOSURE OF INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0012] All of the techniques disclosed in Patent Documents

Nos. 1, 2 and 3 were developed to repair the damage done on



performng the sintering process for 30 mnutes to 600 mnutes with a
vacuumof 1 Pa to 105 Pa created in the processing chanber and with an

at nrosphere in the processing chanber maintained at a tenperature of 1,000
(.7, to 1,200 00. [0030]In another preferred enbodi nent, the step (C

i ncludes performng the heating process for 10 mnutes to 600 mnutes with

a vacuum ofeplx (h0nInEa Lordaka &f eat gohidydih@aphecessirAgc-chanhgy and with
an atnosphere in the processing chanber naintained at a tenperature of 800

00 to 950 00. QOBllI n still another preferred enbodi ment, the nethod
further indlatdddichel sy ( Bif fopeddiustichd one tHegeeel asfe v &8BueRAlt he
processi ng chanber within the range of Ix10-5 Pa to 1 Pa after the

tenperaturqm@%a&@ﬁeﬁtQﬁﬁpapg%gfgcgh§egion of the sintered magnet. For

that reason, if the magnet had a thickness of 3 mm or more,
the coercivity could hardly be increased effectively.

[0013] Meanwhile, according to the conventional technique
disclosed in Patent Document No. 4, a rare-earth metal such as
Dy 1s heated to, and deposited at, a temperature that is high
enough to vaporize it easily. That is why the deposition rate
is far higher than the diffusion rate in the magnet, and a
thick Dy film is deposited on the surface of the magnet. As a
result, in the surface region of the magnet (with a depth of
several tens of Y m as measured from the surface), a big
difference in Dy concentration at the interface between the Dy
film deposited and the sintered magnet body should inevitably
generate a driving force to diffuse Dy into the main phase as
well. Consequently, the remanence B, drops.

[0014] On top of that, according to the method of Patent
Document No. 4, the rare-earth metal is also deposited a lot

on unexpected portions of the deposition system (e.g., on the



processi ng chanber has decreased to 950 00 or less and after the step (B)
has been perforned. [0032] 1 n yet another preferred enbodi nent, the nethod
further includes the step (B") of performng a heat treatnent process for
30 minutes to 300 mnutes with the degree of vacuumin the processing
chanber adjusted within the range of 1 x 10-5 Pa to 1 Pa and the

t enper at ur g Rkt h@1atthosphene ivacubie dH-eeessi Rgneharen comd rebheg Wi thin
the range of 1,000 (...; to 1,200 C.: and then lowering the tenperature in
t he processing chanber to 950 00 or less after the step (B) has been
per f or med. qu@B33] Ahe IR thaseHr PR cal i RN s At eI TPa(HEt PREEBY dPhg to
the present invention is produced by a nethod according to any of the
preferred eabodiments Qf, LG PLESEAL hBYEM | PRadesCr idied Fbove and,g

i ncludes, as a main phase, crystal grains of an R2Fel4B type conpound t hat
includes a light rare-earth element RL (which is at |east one of Nd and Pr)
as a nmaj or veavebearndivekéneasowRcefhe magnet further includes a heavy
rare-earth element RH (which is at | east one elenment selected fromthe
group consist,i of T, Qg%% i n_jntr C romits
surface by[SP%?% boJﬁ%ﬁ%%QH??€U§%ﬁn. ﬁggkénng%ggggg?%ﬁ;o %#hggﬁ%g%et,
which is defined fromthe surface to a depth of 100 p m there is a

di f f er ence refreatatdasthetiaiat 96 et wedowt eiddngemoiati eucdf ashevieawye
rare-earth elenment RH at a center portion of the crystal grains of the
R2Fe1413 type_conpound and, t hat of e_heavy rare-earth element RH on a
grain boun&8F§cﬁgg ecgfe?ﬁg %??éﬁ?ﬁﬁgrﬁrﬁ% oF g Sﬁ@?%T%%“F@BgtCSﬁ%ound.
EFFECTS OF THE | NVENTI ON [ 0034] According to the present invention, by

produci Nng @&e recovered to a certain degree. But it is difficult to

prevent the sorption metal from melting and sticking to the R-

Fe-B based magnet during the heat treatment process for

diffusion or to separate them from each other after the heat

treatment process. That is to say, it is virtually inevitable

that unreacted sorption metal (RH) remains on the surface of

the sintered magnet, which would decrease the percentage of

magnetic components in the wmagnet compact (i.e., deteriorate

the magnetic properties thereof). In addition, since a rare-

earth metal is very active and easily oxidizable by nature,

that unreacted sorption metal should often start corrosion in

practical use, which 1is not beneficial. Besides, since the

mixture needs to be rotated to be stirred up and subjected to



grain boundary diffusion of a heavy rare-earth elenent RH (which is at

| east one el enent selected fromthe group consisting of Dy, Ho and Tb), the
heavy rare-earth el enent RH can be supplied deeper into a sintered magnet
body, and the light rare-earth elenment RL can be efficiently replaced with
the heavy rare-earth elenent RH on the outer periphery of the main phase.
As a resul tyhd heepoer &tk e Heh GaRREuhNeEeased swhnkh tandeckre |lal
remanence Br minimzed. BRI EF DESCRI PTI ON OF DRAW NGS [0035]F is a
cross-sectional view schematically illustrating the _configuration of a
process vess@le tHat cEHPIELuSEEt eFPPBCIPIBEF IR N2 aPPRoRERINIGA fhedieing an
R-Fe-B based rare-earth sintered nagnet according to the present invention
and an exe@arsxaar;éaaaerreﬂppésﬁrib%al koRedi,es a@@ sl teednoBgnetQodi es
in the process vessel is a graph showi ng how the tenperature
and pressure of the atnDspherrc gas in the processing chanber may change
with tinme inls® snaledeng avdadief usiagnprocesslhdeorgingred. t apr ésent

i nvention, where the one- dot chain curve represents the atnospheric gas
pressure a S r S t rature.
Flo s ts o g ane Shutifh K ERRET EORE, el SRARLLE PR AT

at nospheric gas |n t he processrng chanber may al so change with tine in the
sintering afd difddusicngnprwecesd o0&l hebr eserkbldmsyeritd omeailliece trhesone- dot
chain curve represents the atnospheric gas pressure and the solid curve
represents the atnopspheri.c gas tenperat.uyre, set of
photograph§)§ﬁ%ﬁ%nanthe‘@eggl%g ng se%tlongpwgﬁﬁA“gnglﬁg¥§ﬁtﬁ%tt&ﬁs
carried out on Sanple #2, representlng a specific exanple of the present

i nvention, mshereah &f Ghe 4paptridh stad(clonadsd{«l)y arecaappats phetogr aphs
representing a backscattered el ectron inage (BEI') and the distributions of
Nd, Fe and espectively is a set of photographs show ng
the resul t £5 Fa%egeﬁ?lﬁﬁdeEﬁﬁﬁfaﬁﬁl§§?39Tﬁ%¥7ﬁﬁéd8a?P$ Hﬁﬁ”bnmgéﬁple #4,
representing anot her specific exanple of the present invention, wherein
FIGS. 5(a) poalb), aBlcC)tapsufd Daiar & Mapped phoelegtaphs [eprasent iddgra
backscattered el ectron image (BEI) and the distributions of Nd, Fe and Dy,
respectively. FIG 6 is a graph showi ng the Dy concentrations that
wer e measurt@dPagPEfRe denterdsf Hmitiicphages @t the grain boundary triple
junction of Sanples #2 and #3 representing specific exanples of the present
| nvention. (gors) Fl G0 3ph-ShANANGo! bfe DinfRAGEAL! Bl ONghat were
neasured at the center of main phases and at the grain boundary triple
junction of Sanples #4 and #5 representing ot her specific exanples of the
present invemerearth metalr| GB:h 8¢ahighdb8ibjnar pogrtaphschespedvi vehy
showi ng how the remanence Br and the coercivity I-1,] change with the

process tegg%ggg%e'material and the magnet are both heated by an
induction heating process. That is why it is not easy to heat
only the rare-earth metal to a sufficiently high temperature
and yet maintain it at a temperature that is low enough to
avoid affecting the wmagnetic properties. As a result, the

magnet will often have a powder state or a very small size and

is not easily subjected to the induction heating process in
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FIGS. 9(a) and 9(b) are graphs respectively show ng how t he remanence Br
and the coercivity Ficj change with the process tine. FIGS. 10(a) and 10(b)
are graphs respectively showi ng how t he remanence Br and the coercivity Hcj

change with the atnospheric gas pressure. FIG 11 is a
cross-sectional view show ng an arrangenent in an M pack that was used in
a specific exajmpl e;9f the present invention. FIG 12 is a set of
phot ographs showi ng how t he appearance of the inner walls of the M pack
changed after the heat treatnment process. FIG 13 is a
cross-sect i Gifdl7lvi ew!Bhovniely e @rareegemshe PHOBREVD Rk ibigat aheseused in
a specific exanple of the present invention. FIG 14 illustrates an

ar r angenent t e .si.ntere nqgﬁ.t badi i t her specific
exanpl e ofti e Iiiéﬁﬁe§ﬂ§£%€?§n5gs G %Ftngzgﬁghgggﬂgfggrggﬁg %homﬁng
how t he magnetic properties change with the distance froma magnet body to
a Dy pl at e.based rafpCad®h isiraegedssageeti oial wivicdw ad [dmedtlr amongtant
arrangenent of a Dy plate and sintered magnet bodi es. FIG 17 is a

set of graphs.showi ng how t he nmagnetic _properties ch e wth th
arrangem&*nIt%'E;z‘)aTVYDyraﬁ;Fg‘teaerst\./il1 elemen F?g.lf8ufggae§gfc%ﬁﬁﬁ; 0988r§6ﬁ5%§58mﬁng
the results of an EPMA anal ysis that was carried out on the surface of a

t hermal | y tdigdtiedd sont ete dburegnete rbodyrwheh avByapl gtei nmasofarahangadnonl y
under the sintered magnet body, wherein FIG 18(a) is a pair of photographs
showi ng the results of analysis on the center of the upper surface of the
sintered megReEt bSYT AT R GIR18tl) "¢98%hai reH™ ph toggﬁpH§“¥Wﬁ5M A§ t he
results of analysis on the center of the | ower surface of the sintered
magnet bodyelatively thick.

MEANS FOR SOLVING THE PRORLEMS

[o018] A method for producing an R-Fe-B based rare-earth
sintered magnet according to the present invention includes
the steps of: (a) providing an R-Fe-B based rare-earth
sintered wmagnet body including, as a main phase, crystal
grains of an RyFe4B type compound that includes a light rare-
earth element RL, which is at least one of Nd and Pr, as a
major rare-earth element R; (b) arranging a bulk body
including a heavy rare-earth element RH, which is at least
one element selected from the group consgisting of Dy, Ho and

Tb, along with the R-Fe-B based rare-earth sintered magnet

11



FIG 19 is a set of photographs showi ng a seventh specific exanple of the
present invention. FIG 20 is a cross-sectional view show ng an
arrangenent of a Dy-X plate and sintered nagnet bodies in a process vessel
that was used in a manufacturing process of an eighth specific exanple of

t he present invention. FIGS. 21(a), 21(b) and 21(c) are graphs
respectivel ] |Rpe o r cdyigd Jen@n o]

squar eness %Iﬁ?%%@oé%egﬁ%%gnggﬁﬁ%t hﬁ?ﬂemgdr)e ﬁnéé%i‘n?; t%l%e%ﬁlgtghg)gd%f t he
present invention. FIG 22(a) shows an arrangenent of sintered magnet

bodi es and aDytlpt aReFarkl RGP 2tbystrantht eindieysfaliaggeaphiicslyorientat i ons
of a sintered nmagnet body. FI GS. 23(a) and 23(b) are graphs show ng

t he remanence Br _and coer.civity He, ' th re neasured on ninth specific
exanpl e of rkterﬁr‘geﬁ?gléré%tofn@é)ntéotn‘? t, 000 al(rlzl \é\;@hezrfqys éfglrl%b %?&Mhﬁﬁvﬁow t he
coercivity Hcj changes with the machined depth in the ninth specific

exanpl e. rare-ppESh 25(eajenandRES( bitar etlper Spéet Bvebaseds shawicagtivhi ch
surface portion of a sintered nmagnet body was covered with Nb foil in a
tenth specif.i X I t.he pr t inventiaon. FI G5, 26(a nd
26(b) are gsrlggﬁge?g%‘ﬁ 8t% ;veﬁoydygh‘g@mleﬁneg \5,3??1;5(1'%%51:% HAJe3v Y tl?laerec%g%égvi ty
and variations AB, in the remanence of magnets with conpositions L through
P as neasurefdment hrRa Brbmt taeemulk bodyFlGS.ch27(dayrfand 27( kheamre rgraphs
respectively show ng the neasured val ues of the remanences Br and
coerciviti %%SI(;I%J of twel ye _sa I es. DESCRI PTI ON OF REFERENCE NUMERALS

rare-earth sintere agnet body.
[0019] In one preferred embodiment, the step (c¢) includes
arranging the bulk body and the R-Fe-B Dbased rare-earth
sintered magnet body out of contact with each other in the
processing chamber and setting an average gap between the two
bodies within the range of 0.1 mm to 300 mm.
[0020] In another preferred embodiment, the step (c)
includes setting a difference in temperature between the R-Fe-
B based rare-earth sintered magnet body and the bulk body
within 20 °C.
[0021] In still another preferred embodiment, the step (c)
includes adjusting the pressure of an atmospheric gas in the
processing chamber within the range of 107> Pa to 500 Pa.

[0022] In yet another preferred embodiment, the step (c)

12



[ 0036] 2si ntered magnet body 4RH bul k body 6processi ng chanber 8Nb net BEST
MODE FOR CARRYI NG QUT THE | NVENTI ON [ 0037] An R-Fe-B based rare-earth
sintered magnet according to the present invention includes a heavy
rare-earth el enment RH that has been introduced into a sintered body through
its surface by a grain boundary diffusion process. In this case, the heavy
rare-earth jglclapept RS iakinheasd ceheiB sxelcaet sdif eyt haageup
consisting of Dy, Ho and Tbh. [0038] The R-Fe-B based rare-earth sintered
magnet of the present invention is produced preferably by supplying the
heavy rare-fedet B BRep@nfaRH Proh alneaal Mageckabpfy bt i iBodre( WARER wi | |
be referred to herein as an "RH bul k body") to the surface of a sintered

magnet body dif fusin vy, I are-ear deeper into the
sintered béﬁ?qﬁgoégfﬁbhég?§2g5@§ﬁe¥%o F%fggBQ?lﬁhfﬁggﬁﬁggfacturing process
of the present invention, a bulk body of a heavy rare-earth el enent RH
that is notl0@asi|y vaporekakheter subfériss edmbpsdngniar éhearstintsirater ed
magnet body are heated to a tenperature of 700 00 to 1,000 C.:, thereby
reduci ng t orj zati r. subli Lo ft H _hul k he poi nt
t hat the g?%ﬁ%%gr% é?o#ﬁg% ?%?nh%ggﬁoggegb%§§%§§lfgﬁfbﬁgg' h%%r he rate
of diffusion of RHinto the magnet and diffusing the heavy rare-earth

el ement RHeamhihchléasnt ravelvédchoiseachld¢dwr suref @demefit t drel ssitetiefedmmagnet
body, into the magnet body quickly. At such a tenperature falling within

t he range %%_700 'ID to.1,000 T.; tge he wy rare-earth el enent RH hardly
vapori zes (GF SUBIF ned)Si5hendi F Udes "8ctiVel’y in an R Fe-B based rare-earth
sintered magnet. For that reason, the grain boundary diffusion of the heavy
rare-earth [@loeagnt RHhi ntaikhe pgegnetldhodypeafehedaccelekanedt, the
preferentially than the filmformation of the heavy rare-earth el ement RH
on the surface of the nmagnet body. [0040% It should be noted that taq

di ffuse a KERVFLT aPé- édft HAImERr SRAPF hE 0 ©428F Rt efBd tRadiét BEFF Efom t he
surface thereof while supplying the heavy rare-earth elenent RH froma
heavy rarexgahth BodK ROGY thwhi ©fk Wahbeber refenladst eohereindisssas an " RH
bul k body") to the surface of a sintered magnet body will be sonetines
sinply referred to herein as "evaporation diffusion". According to the
present iniéREPbn, the YehvieErs- egefRrepenBRPOTRIPSHY | RS f%@g aedy
penetrate into the magnet at a higher rate than the heavy rare-earth

el ement RHdiffuslngy | 81 9of hes BhO RDESE HOAL dchocatsdnbear the aurface

of the sintered nagnet.

element X, which is at least one element selected from the
group consisting of N4, Pr, La, Ce, Al, Zn, Sn, Cu, Co, Fe, Ag
and In.

foo02¢6] In a specific preferred embodiment, the element X
is at least one of Nd and Pr.

[0027] In vyet another preferred embodiment, the wmethod
further includes the step of subjecting the R-Fe-B based

rare-earth sintered magnet body to an additional heat

13



[0041]In the prior art, it has been believed that to vaporize (or subline)
a heavy rare-earth el enment RH such as Dy, the magnet body shoul d be heated
to a tenperature exceeding 1,000 00 and that it would be inpossible to
deposit Dy on the magnet body just by heating it to a tenperature as |ow as
700 ct: to 1,000 00. Contrary to this popular belief, however, the results
of experi mgnLs kb BELRQAL LAVENTQLS scapr ted aut peevead.adiat the heavy
rare-earth element RH could still be supplied onto an opposing rare-earth
magnet and diffused into it even at such a | ow tenperature of 700 00 to
1,000 C. [ 0O42BAccordivighan ndtdodopenpirofatinechni jute of Hagem mgra-fil m of
a heavy rare-earth elenent RH (which will be referred to herein as an "RH
film) ont ur f i r ngﬂﬁ} dy d i ffusi he

el enent inf%gFﬁe %ﬁﬁ%ﬁ%ﬁd%ﬁglﬁgf ggay y a Egatt@?eé%%%%?gpfgg§§2?05
so-called "intragrain diffusion" will advance significantly in the surface
regi on t hatinicdufdas coh¢ astepd t bf t heA R frdryinpghes awiperck orét ieng Ri-e-B
properties of the nagnet. On the other hand, according to the present

i nvention, e_the he rare-earth el enen IS S |.ied onta e
surface of si'At 8r eéadrat\r%yag“ﬁae%net?oé)f W\I/glwe'tr h t ﬁ%iﬁﬁo}iﬁ h rgf%mofraﬁ?é eﬁﬁwi | m
decreased and the tenperature of the sintered nagnet body is naintai ned at
an appropr icaeechevel. flanichfisgshonlebhe beavyfrBdeaedr Ph) ekenmanimaRbirt hat
has reached the surface of the nmagnet body quickly penetrates into the
sintered magnet body by a grain poundary diffusiqn process, That is why
even in thé%§ﬁFF%E%Xr%éF8ﬁglﬂhe “br%iﬂr%ﬁﬁﬁﬁéﬁy‘gpﬁ%ﬁ§iEHCha& aﬁcégennre
preferentially than the "intragrain diffusion". As a result, the decrease
in remanencemBaceafadtas M BulkZBa@nthdiei6§es Chadhy rHek-eafc e liereheased
effectively. [0043] The R-Fe-B based rare-earth sintered nmagnet has a

nucl eation type coercivity generating nmechanism Therefore, if the
nagnetocry§ﬁélWﬁﬁ@haﬂﬁéo%?og?aﬁg PREr €ds8abn SERBBER e FTPRr EPReFFOHP a mai n
phase, the nucleation of reverse magnetic domains can be reduced in the
vicinity of.chBesgral npoundar yiophase surroundi RerEbenimi NaPhase.c Asga
result, the coercivity Hcj” of the main phase can be increased effecglvely
as a whole. According to the present invention, the heavy rare-earth

repl acenenprgges déanthe frorredsoro t heamkanr Perighvempkdhot ke Maifie-Bhase
not only in a surface region of the sintered magnet body but al so deep

i nsi de the e Co uec n r ine I r an be
i ncreased F%EEEGE%% T%%%%ngékggﬁ%h?ﬁ% gog%g vf%§ﬂ£ékgof§?%§£%§%rap magnet
i ncreases sufficiently. Therefore, according to the present invention, even

i f the anowuifit aof Ruhe.Reayper apepeard hael @meatn Rbhaonsuwmell {(® smadtlingt he
heavy rare-earth elenment RH can still diffuse and penetrate deep inside the

sintered b : form a_ | ayer including the heavy rare-earth

el enent RH%g¥ Qéﬂggﬁx%én q%?&ﬁiﬁﬁ%%ééfkéF%#tT dﬁafﬁg Sﬁﬁﬁ?r% MREFy of
the main phase, the coercivity Hcj can be increased with the decrease in
remanence Boapl AhMazed.pid4d) kgnshdepéng therdmei ditjudihge waponaiavgn
diffusion, the cost and other factors, it is nost preferable to use Dy as
the heavy rare-earth elenment RH that replaces the Ii%ht rare-earth el enent
RL on the G&FE&rePert pHedrest t RE ndihophiEde. HdifePer PofRe rare-earth
magnet ocrystal I i ne ani sotropy of Tb2Fel4B is higher than that of Dy2Fel4B
and is about tbree tdgBaras,duyahyasid hatpgly Ne2FeddB. ndhat berahyadch Tb is
evaporated and diffused, the coercivity can be increased nost efficiently
wi t hout decreasing the remanence of the sintered magnet body. VWien Tb is
used, the évaperat RBnfdPrhf GEEoRUls podvertablihccafrifedeoftt dthen hikshér
tenperature and in a higher vacuumthan a situation where Dy is used.

[0045] As can.bg seen Lashl ¥:ifformd Rgheregoapy

sin
he"

[0029] In one preferred embodiment, the step (B) includes
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description, according to the present invention, the heavy rare-earth
el enent RH does not al ways have to be added to the material alloy. That is
to say, a known R-Fe-B based rare-earth sintered magnet, including a |ight
rare-earth element RL (which is at |east one of Nd and Pr) as the
rare-earth elenent R, may be provided and the heavy rare-earth el ement RH
may be difflused haMgrchd ramthens WiRreesokot ey maGRets t& QY Yihhees
conventional heavy rare-earth |ayer were formed on the surface rare-earth
el ement RH deep inside the magnet even _at an el evated diffusion
t enper at ur &/ tHovieversuuae cof di ngat ¢ot He’ pres emeaitaderiti die byrqsesdieing t he
grai n boundary diffusion of the heavy rare-earth el enment RH, the heavy
rare-earth t C e _suppl.j i ci.en t .1 he
peri phery égkﬁ egnéﬁﬁ'p ggg Fﬁatg%gﬁgggggegjgeggxiﬁgf)égghggsf%%ggéﬁ magnet
body. The present invention is naturally applicable to an R Fe-B based
sintered magnetaited vt eh tehpeheawe bar e; ear t°8 ebenEano RE. was al ready added
when it was a material alloy. However, if a lot of heavy rare-earth el ement
RH wer e add the.materi.al_ all the.effect..of {he esent i nvention
woul d not b@%gtgﬁi eve:(EJIn su?rf?t?}eernt P%%fﬁﬁ?e(% ha "%roéiéggrrll%’ a %ﬁ atsitﬁ3 ly (gﬂal I
anount of heavy rare-earth elenent RH nay be added in that early stage.
[ 0046] Next ,iraiuéxanmpdef @fmiagpreteheedird ffrusieen pooCES snactesdicngebo t he
present invention will be described with reference to FIG 1, which
illustrates an exenpl ary arrangenent of sintered nagnet bodi es 2 and RH
bul k bodi e AUtER PREDeRaMFIEUN [Ohstl At Rd iH® AIG 1 1Fat Kee’F#f etBd thEignet
bodi es 2 and the RH bul k bodies 4 are arranged so as to face each ot her
with a pregebeepsnesl gapudaf tahetwean ddbesthdsiideca ipr 0aes Shigchanher 6
made of a refractory netal.The processing chanber 6 shown in FIG 1
includes a nmenber for holding a plurality of sintered nmagnet bodies 2 and a
nenber for dheMEERgaiEaRReBulk dodyrreraspeeidh G0 VW it %BReexanpl e shown
in FIG 1, the sintered magnet bodies 2 and the upper RH bul k body 4 are
hel d on a neb38; mader,0f sNpy 1 HaweMEL, ﬁg%&&r@here%%daaaeﬁﬁ, bediese2ngnd the
RH bul k bodies 4 do not have to be held in this way but may al so be held
usi ng any ot her nenber. Neverthel ess, a nenber that closes the gap between
t he sinter édriraghetinbbdies Rhandtehe R bk ddiiwsing shivtl deavee befused.
As used herein, "facing" nmeans that the sintered magnet bodies and the RH
bul k bodi es _are opposed to each. ot her wi thaut_.havi their p .cl psed.
Al so, evenvFFuFﬂogﬁeé &r rgggs%ﬁ?%ué%ﬁﬁ%%ﬁ)¥ﬁ§ g) ﬁﬁ%@l@%@ﬁ %%hé%*féit does
not necessarily nmeans that those two nenbers are arranged such that their
princi pal ®earftaces Baeapaeanl kek ttempachtoetdhepf the04tBgphenti ng the
processi ng chanber 6 with a heater (not shown), the tenperature of the
processing chanber 6 is chanber 6 is controlled %9 t he ran%F of 700 00 to
1,000 (C, ROPESHFErerIHWPE0 Hate de5nGaset 880° 0t & 950 €59 RriGuéhtsr
tenperature range, the heavy rare-earth elenment RH has a very | ow vapor
pressure amdehatédy(njapess zesn barfdendar.i or art, it has been commonly
believed that in such a tenperature range, a heavy rare-earth el enent RH,
vapori zed froman RH bul k body 4, be unable to be supplied and deposited on
t he surfacé08?2fhe sttht &FEd ﬂ%ﬁﬁﬁ?’bﬁ%ﬁi%frﬂﬁooﬁ%T@%ﬂgﬁﬁh, the 6ﬁ§§@ﬁt
i nventors discovered that by arranging the sintered nagnet body 2 and the
RH bul k bodyrdné&t ose-tRegacheotbep, (B0l oM LaiAat ny Lhneach: atheknca heavy
rare-earth nmetal could be deposited at as low a rate as several p m per
hour (e.g., in the range of 0.5 p mhr to 5 p mhr) on the surface of the
si ntered nRgAEESHodYPr2.3 Wb s i 8 ov@PediiidieshyWiddht Flot | PRgreéhect
tenperature of the sintered nagnet body 2 within an appropriate range such
that the temperat Wl &f fheskahgr ed. Magnetahadya2,Ves:soual Lor Jhi gher
than that of the RH bul k body 4, "the heavy rare-earth el enent RHt hat had
been deposited in vapor phase could be

1x10°°> Pa to 1 Pa and the temperature of the atmosphere in

15



di ffused deep into the sintered nagnet body 2 as it was. This tenperature
range is a preferred one in which the RH netal diffuses inward through the
grai n boundary phase of the sintered magnet body 2. As a result, slow
deposition of the RH netal and quick diffusion thereof into the nmagnet body
can be done efficiently. [0049] According to the present invention, RH that
has vapori zag | yslocekbghy! yegsndgscrdhed aboye | s deposined gh a | gw rate
on the surface of the sintered magnet body. For that reason, t%ere IS no
need to heat the processing chanber to a high tenperature that exceeds
1,000 C.: or c@pPply ®o viblayéCt and hehesi ntcereed ngaghet t&ayragurRHibukkebody as
in the conventional process of depositing RH by a vapor phase deposition
process. [ Al ding t he. present. invention, wth e
vaporizatig%§§%ﬁszgglgﬁ%¥$%% %? %ﬂ% gHﬂﬁﬂ eﬁ%ﬂ%}%ﬁfnfﬁfzg ?ptﬁ%ph83§y
rare-earth element RH that has arrived at the surface of the sintered
magnet bodydesn gar€kimedi f f used i nside the nagnet body. For that purpose,
the RH bul k body and the sintered magnet body preferably both have a
tenperature ,falling,wthin_the range of 7 00 tao 1,000 00. [0051] The gap
bet ween the[os?i3r?1§b er edArr;ra%nme Bbg’%e@ ]ganr(? teﬁégg@-frbtuﬁrf 889n%tias°{cs?§gl%‘% fall
within the range of 0.1 nmto 300 mm This gap is preferably 1 nmto 50 nm
nore preferablthe2praver iresstiandievercdmee pryetemabhyd 1-dondangl ess. As

| ong as such a di stance can be kept between them the sintered nmagnet

bodi es 2 and_the bul k godiqg 4mga¥,be arrapgeg_either vertically or
horizontalﬁ?yofﬁﬁgyh%véﬁe EXHOVeGPRIHITRE tOF edCfi FIFEL ENeVR P REPRsS, the
di stance between the sintered nagnet bodies 2 and the RH bul k bodies 4
preferablyd@eﬁahﬂédtiﬁbﬁﬁﬂaﬁdduhbmgdé@ﬁzﬁwapak@hi@ﬂagéfféﬁ&éﬂalp§Q§@§§- Al so,
an enbodi ment in which the sintered nagnet bodies are contained in a
rotating barrel and processed while be stirred up is not preferred.
Furt her nor &f &tndeFenE \Fapsr iCPBHORM chbpler Bat8desur f bIFtRIT e 3pher e

wi thin the distance range defined above, the area of their opposing
surfaces ig1BRbnParti GUheEl Yidi it edabutQven: thgi hnRapLpwest jsyrfaces may
face each other. The present inventors discovered and confirnmed via
experinments that when the RH bul k bodi es were arranged perpendicularly to

t he magnet F2AET SRt ¢ Etaon R . eThet hegeehxifardheectinonyded ahbéesimtered
magnet bodies 2, RH could diffuse into the sintered nmagnet bodies 2 nost
efficientl his r | ¥, 0 ; if es | t.hrough the
grain boun%gfg % g%ﬁfﬁfﬂgﬂg g?n?@re ﬁ%g%giﬁgggkeéHg,é%%égﬁﬁf %&%Fgﬁgrate in
t he magneti zation direction is higher than that in the perpendicul ar

di rection. fThat tdef Berencecnaidi fdqusoHnDyat dobetnieeTb t hedhmagheth zakson and
per pendi cul ar directions should be caused by a difference in anisotropy due
to the crystal structur 0052]I.n_a_conventi onal evapgration system a
good i st Brcs DROUFHUSE (B BEewelRFare doastram RGCRaTar I 3 bry
section and the target being processed because a nechani sm surroundi ng the
evapor at i ngnmat eti-tdcesupgplibrsedt itk washde make: dint &8s f&senee ardnshayl d be
exposed to an el ectron beamor an ion beam For that reason, the
evaporating material supply section (corresponding to the RH bul k body 4)
and the tafgetadseiFy %réééggeaf(ééprésﬁonéhﬁﬁetéStﬁedﬁfﬁ?éﬁéﬁﬁnﬁén@t body
2) have never been arranged so close to each other as in the present

invention. 188s@ 1 esi thethdecfasnbeesnbeld onednt Bat Bl 8ss hey.evaperati ng
material is heated to a rather high

element RH at a center portion of the crystal grains of the

RyFe ;4B type compound and that of the heavy rare-earth element

RH on a grain boundary phase of the crystal grains of the
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tenperature and vaporized sufficiently, plenty of the evaporating materi al
could not be supplied onto the target being processed. [0053]1n contrast,
according to the present invention, the RH netal can be deposited on the
surface of the magnet just by controlling the tenperature of the overal
processi ng chanber w thout using any special nechanismfor vaporizing (or
sublim ng) #be avapos atdpgungterial. As used herein, the "processing
chanber ™" broadiy refers to a space in which the sintered magnet bodies 2
and the RH bul k bodies 4 are arranged. Thus, the processing chanber may
mean the processing chanber of a heat treatnent furnace but may al so nean a
processi ng contai ner housed in such a processing chanber. [0054] Al so,
according t p i hon, the RH netal vaporizes little but the
sintered négﬁ%?%ﬁoggsgﬁ%Ipﬂgﬁgiéﬁulk body are arranged close to each ot her
but not in contact with each other. That is why the RH netal vaporized can
be depositeldodnlt he Bwrdabegoftot hbespnteerd nagetidmodypyefrfiodhentyyaand is
hardly deposited on the wall surfaces of the processing chanber.
Furthernore, _i.f th || surfaces of .the processin h er.are made of a
heat-resisﬁ%ﬁ%naﬁ¥%§%gﬁglﬁgfgﬁgﬁ%? fgrE%xgﬁ%Y%,rgrgeg%ﬁg%,e%gm%ﬂ§ ggher

mat eri al that does not react to RH then the RH netal deposited on the wall
surfaces w(whivapois zetagacsstandne | ¢ldermdepesi¢ed=dn firhe sthd ageoap t he
sintered magnet body after all. As a result, it is possible to avoid an
unwant ed situation whe t he heavy re-earth el enent RH ich is_gne of
val uabl e né?ﬁ?é?t?%%dﬁésﬁg,?¥éaﬁésFég'i%mﬁéﬁﬁyy[6@%@]9@?@?2Q¥ﬁ5nﬁr8§essing
tenperature range of the diffusion process to be carried out according to
the presentcannyentd@plitdeqBepdul knhody sevesrdielisgynet $obyensnbutnthe RH
metal vaporizes (sublines) fromits surface. For that reason, the RH bul k
body does not change its appearance significantly after havi ng _gone through
t he processi§fEprptstedride, ST Eh&FefCaPe Pec &AthEIBREY refRdaced! Yiflnunber
of tinmes. [0056] Besi des, as the RH bul k bodi es and the sintered nagnet

bodi es are takr anged £dasetoneathnothety dheRUBReErOferiphery of the

main phase. As a result, the coercivity He; can be increased

with a decrease in remanence B, minimized.

BRIEF DESCRIPTION OF DRAWINGS

[0035] FIG. 1 1is a cross-sectional view schematically

illustrating the configuration of a process vessel that can

be used effectively in a process for producing an R-Fe-B

based rare-earth sintered magnet according to the present

invention and an exemplary arrangement of RH bulk bodies and

sintered magnet bodies in the process vessel.
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si ntered magnet bodies that can be | oaded into a processing chanber with
the sanme capacity can be increased. That is to say, high loadability is
realized.In addition, since no bulky systemis required, a normal vacuum
heat treatnent furnace may be used and the increase in manufacturing cost
can be avoided, which is very beneficial in practical use. [0057]During
the heat treatngnt. process, sanyddper t sRLPRSPhERE [ EhPr ebepabd il phai ned

i nside the processing chanber.” As used herein, the "inert atnosphere”
refers to a vacuumor an atnosphere filled with an inert gas. Also, the
"inert gas'Puegyube afrehe FawsephehiasIag goh thar PrgassHing mipr®esonBe any
other gas as long as the gas is not chemcally reactive between the RH bul k
body and t i,at e net dy., T EERT f theeld L.S.reduced
so as to bggF%ggr %Eg%n?%gﬁat%%Spﬁer?gng%essurg@81fhgﬁgu%ggisgggcg “the

at nosphere inside the processing chanber were close to the atnospheric
pressure, tdveerthes REbnmehal pweakdt ndnvéset isupplvled ceddiel yorfe-drtt lvdaRM bul k
body to the surface of the sintered magnet body. However, since the anount
of the RH ' | S, det 1N t rat f_diffusign f t he
surface ofQﬁﬁggnggkgggggvgrﬁg?h§£ﬁ%3g%rgér |§n£$ﬁ%5§6?,a%% ghguﬁgﬁgg]enough
to lower the pressure of the atnosphere inside the processing chanber to
102 Pa or lesse tepreseanpl ehe Thatodphetrdcsays tewerrbtutde pressure of the

at nosphere inside the processing chanber were further |owered, the anount
of the RH netal diffused (and eventually the degree of increase in
coercivity) moufgénogSCHEng% §Pﬁﬁ#§ig%ﬂ¥VV3 THE ariunt SBPEIRE R ABtal
diffused is sensitive to the tenperature of the sintered magnet body,

rather thamribeupsessuties Jtde8hdhec Rrhdretalc Hehatrobassinaveletet-onkgach t he
surface of the sintered nagnet body and then be deposited there starts to
diffuse toward the inside of the magnet through the grain boundary phase
under the &'F9i F§2REF cBEEYyenkiaatidy ék?t%ﬁ?tﬁééPgan@hglgf%%gﬁhéﬁ§m§ﬁa t he
difference in RH concentration at the interface of the nagnet. In the
meanti ne, rpothé o fsehe 1dghicibar e-gaddtd ehemese Rotl Nchiie, R2Ge14B phase
is replaced with the heavy rare-earth elenent RH that has diffused and
penetrated fromthe surface of the magnet. As a result, a layer including

t he heavy FaPEcearth ehenehnosiestica disglrresnesat radi ¢hei SHodneEdrea t he
outer periphery of the R2Feld4B phase. [0059] By form ng such a | ayer

including RE,ALs@nfld e atmospheric gas temperature.

FIG. 4 is a set of photographs showing the results of a
sectional EPMA analysis that was carried out on Sample #2,
representing a specific example of the present invention,
wherein FIGS. 4(a), 4(b), 4(c) and 4(d) are mapped photographs
representing a backscattered electron image (BEI) and the
distributions of Nd, Fe and Dy, respectively.

FIG. 5 is a set of photographs showing the results of a

sectional EPMA analysis that was carried out on Sample #4,
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concentration, the magnetocrystalline anisotropy can be inproved and the
coercivity licj can be increase on the outer periphery of the main phase.
That is to say, even by using a small anount of RH netal, the heavy
rare-earth el enent RH can diffuse and penetrate deeper into the nagnet and
the layer including RH at a high concentration can be forned on the outer
periphery ofepirbeefBidy Phasscigff | chgtdipic ASetarifsul tor t hengoerekubhy Hcj of
the overall nmgnet can be increased with the decrease in remanence Br
mnimzed. [0060]1n the prior art, the rate of deposition of a heav

rare- eart h EIVeRERPN RV IEH 1a§ 185 - oh(2)he S f afdcbf are s iHerred W&@E@% body
(i.e., afilmgromh rate) is much higher than the rate of diffusion of the
heavy rare-garbh,heient, RedeLovas da t heci Nsicde0f LhecSidi ahedemmgRe] body
(i.e., adiffusionrate). That 1S why an RHfilmis deposited to a

t hi ckness of several p mor nore on the surface of the sintered nmagnet body
and t hen t fedhéheydisirabeaiohs edfedght FRHRSG Y f rgsedctromvt-hat RH film
toward the inside of the sintered magnet body. However, the heavy
rare-earth ele t hat b : Led,f i l.mi.n id
phase, not in ng%iagﬁﬁgg;gqﬁé? %ﬁ f‘é??%%sg% %ﬁﬂ%%%%agikgiﬁégﬁg ggﬁ%dary
but al so makes an intragrain diffusion inside the main phase that is

| ocat ed i nntcheused f ate tegi arnokrt hef smater gthavegnedndody, thwisgeausi ng a
decrease in remanence Br. That region in which the heavy rare-earth el enent

RH makes s%%h an in%ra iain diffusiog i.nsi de t%g nainﬁggagg to ke the RH
concent r at FORERDY ditf Bt Bnt "Bt 1EenCt 2RI T afid §Fai i bolriary phaSes is
limted to the surface region of the sintered nagnet body (with a thickness
of 100 p mspecless,efasplexaspl e driesthe owesalilonmagnet is thin, however,
sonme decrease in remanence Br is inevitable. [0061] On the ot her hand,
according to the_present invention, the heavy rare-earth el enent RH such
as Dy that has B&Bn Suppli €42Ph SBPURIphEEePY nfitrFEstah the Sif'f 88 0f t he
sintered magnet body and then quickly diffuses toward the inside of the
sintered magneti-r&@dwr This nRarsrt hat befer ediskbusing and e egrAgnt he
mai n phase that is located in the surface region, the heavy rare-earth
element RH will diffuse through the grain boundary phase at a higher rate
and penet r PendeEpefript® hReCEiGN e@gdSﬁrﬁ@hﬁ Bédypnd [#Foeyeassindiing to the
present invention, in the surface region up to a depth of 100 p m as
measured feometNepslidiaCexofpidie o Rbg! fodmanah hadyont here is a
difference of at lTeast 1 at@gbetmeen the concentration of the heavy
rare-earth elenent RH at the center of crystal grains of an R2Fel4B type
conpound and t hBIG®f &t hwmal )8 (kar exsardrepébemeape®RH onl vt hayriagn hbwundary
phase of the crystal grains of the R2Fel03 type conpound. To minimze the
decr ease i@hgegQQ§Q§e Bé’ a qggg@%gagiqﬂidg{ferggge ottgttﬁgag&mg at%is
pref er abl y "6 eat 6t S 0063]) THe EEnt SRt b Phé RIT 1696 Fitile 1S HrosFsrabl v
within the range of 0.05 wt%to 1.5 w% of the overall magnet. This content
range i s prefhperadidzecause the decrease in remanence Br coul d be out of
control at an RH content of nmore than 1.5 w % but because the increase in
coercivity Hcj | d t. be significant at an RH content of |ess than 0.1
W% By conductiTg a DE THbel tRntTpr GEEEEST GFOREtH 250 TAHUPEs "Rt hi
the tenperature range and the pressure range defined above, an anount of

di ffusion @heOrdmaMhdeor]l MPore keakbzetsy HE dHLRRSHithNEndBARTcasperi od
of time in which the RH bul k

time.

FIGS. 10(a) and 10(b) are graphs respectively showing how

the remanence B, and the coercivity He change with the
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body and the sintered nmagnet body have tenperatures of 700 T to 1,000 00
and pressures of 10-5 Pa to 500 Pa. Thus, during this process tinme, their
tenperatures and pressures are not always kept constant. [0064] The surface
state of the sintered magnet is as close to a netal state as possible to
allow RHto diffuse and penetrate easily. For that purpose, the sintered
magnet is f j an activation treatnment such as acid

cl eani ng oE&%F§§?9%¥%§%$%§9%%gg%gance. According to the present invention,
however, when the heavy rare-earth el ement RH vaporizes and gets deposited
in an active st &fi€.obltie ssurbaseseft tdrmlsivierr edowbgheatn lvodpngehenheavy
rare-earth element RHw | diffuse toward the inside of the sintered nmagnet
body at a hi_gh t a e posi tion rat . & sol i e t is
why the sur aég{oggtﬁgggiEF%?e&g%ag%SF ﬁgby§n§§8%}§%§H%%%“%g%HS%x?g?zed to
a certain degree as is observed right after a sintering process or a
cutting praeoessnt|[ 006&jtiAecording to the present invention, the heavy
rare-earth el ement RH can be diffused mainly through the grain boundary
phase. For that reasopn, the heavy rare-earth el epent . RH can be diffused
deeper into theFﬁggne 2 nore éYfF@Fen?fy ékPQQ%ﬁFngliﬁEfY*ﬂg pP@@es%L?ine.

[ 0066] I n addition, the vaporization rate of the heavy rare-earth el enent RH
can al so bepgeatantd edt hyneadhust ivig lisherpers M eek then@gsdcazsirnghe

at nosphere. That is why the RH bul k bodies nay be arranged in the system
before the sintering process is started and the sintering reaction my be
advanced at*©3tr BF&R TV&ty PRPGRSSt nospheric gas pressure during the sintering
process with the vaporization of RH mnimzed. In that case, after the
sintering procegsci s1PVES o Ihesat BRSPIIIC \das BhesSHY ealmBy-Redeeheased to
advance the vaporization and diffusion of RH at the sane tine. In this
manner, the sintering process and the coercivity increasing process can be
carri ed outiNcot i ¥rRionafy E@ﬁhgwﬁﬁeu§§ﬁejéqu@pﬁﬁﬁ@%fEmcﬁxﬁmgg%h@@ wWhel be
described in detail later for a second preferred enbodi nent of the present
invention. [QQ67] The, shapg and size of the RH bul k bodies are not
particular?& l'imted. For exanple, the RH bul k bodi es may have a pl ate shape
or an indefinite shape (e.g., a stone shape). Optionally, the RH bul k

bodi es nay haveF&G| otl4of iVersrraseal lathokesangetendi anét éhvs platseverall tens
of p mThe RH bul k bodies are preferably made of either an RH netal

i ncluding at_least one hea rare-.earth el ement Qr an | oy i nc¢luding
R A S0 CHBER ghel “EREC vaar Ehr deour e BIT ne et b B e RHBI k

bodi es, the greater the anobunt of RH that can be introduced per unit tine
and t he nopeeeéht cirerintioxi.des, fluorides and nitrides including a heavy
rare-earth el ement RH have so | ow vapor pressures that evaporation

di ffusion hardlé occurs under the conditions allinghmﬁthin t hese ranges of
tenperatures ant degrées of2vEEGut FOFaRHat SPRYEYR, PeYerr 'S TIFERRACHUI k

bodi es are made of an oxide, a fluoride or a nitride including the heavy
rare-eart hpebgaefe RENARR GARKCIHHE YiiGaBAGE Beohner @agadrebbagt tyeky.

Dy plate.

FIG. 16 1s a cross-sectional view 1illustrating an
arrangement of a Dy plate and sintered magnet bodies.

FIG. 17 1is a set of graphs showing how the magnetic

properties change with the arrangement of Dy plates.
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[ 0068] According to the present invention, even if the given magnet has a

t hi ckness of 3 mmor nore, the remanence Br and coercivity Hcj of the
magnet can be both increased using just a small anmount of heavy rare-earth
el ement RH, thus providing a high performance nagnet, of which the nagnetic
properties do not deteriorate even at high tenperatures. Such a high
performance mageet. contid Qukes LMBNeLy¥abes r&aljiabngne aedihtiageall high
out put nmotor. The effect of the present invention Gtilizing the grain
boundary diffusion can be achieved significantly on a magnet with a

t hi ckness &FMR0 Falorsibesshat 0089] Asgordinguto Phe tPreesenrfaewenti on, the
heavy rare- earth elenent RH may di ffuse and penetrate either fromthe
entire surf h i r e rofr j.ust p of the
surface. Té%%gﬂgiﬁﬁ gf%%ﬁ%% %%1 peﬁé%ﬁ'%g¥f%8g&juseha%bar %%5?%ew%%rface
of the sintered nmagnet body, the sintered magnet body may be thermally
treated justrrasge@sonipedndbovehwi tshintheedt hegneor bbdn, ofvheheisi Ater ed
magnet body, in which the diffusion and penetration should not occur,

masked, for .ex | e. According to such nmet ho ith partially
LedRli v o P 5 ﬁ%ﬁnﬁﬁﬁ?lﬁas gone

u a a_magnhet
i ncreased coercivity Hcj Can é“%ﬁ?%%nea?OTﬁﬁﬁg?Ffr?ﬁgfﬁﬁé)
t hrough the evaporation diffusion process of the present invention is
subj ect ed e aheacklittdrondl theaipddreatieate psOaeSS sihberededeineict yodde] can
be further increased. The conditions of the additional heat treatnent
process, including the processing tenperature and the process tinme, may be
the same a&"fhble- fjoar(%t)hése?}a%%’r t3foRPCBPFF IR0 FPproRas e FissiEE ¢b say,
the magnet is preferably naintained at a tenperature of 700 T to 1,000 00
for 10 to @0Q1pE1Wwtes. thd0Ld)cdhe &ddifd ondlehaatr rthcealientePracesseamy be
carried out just by thermally treating the magnet with the parti al
pressure of Ar increased to about 103 Pa after the diffusion process such
that the h839)ct ¥earth el ement RH does not vaporize. Alternatively,
after the diffusion process has been finished once, only the heat treatnent
may be carried put, under;the sape condihibens-asnd hendifhysion pLogess
W t hout putting the RH evaporation source. [T0072] By subjecting the sintered
magnet body to the evaporation diffusion process, the transverse rupture
strengt h afBeether arecivdni chl the rmmpemtofinvhet ¢mt er ed magnet body can be
i ncreased, which is beneficial in practical use. This is presunably because
the degree of mpiching Jaebween.the. orystal \9al o8 9lad N8, MBI BhASS, and
t hose of the grain boundary phase fias 1 ncr eased as a7 esult "6 9the "t enoval
of the internal strain fromthe sintered magnet body, the repair of damage
on the machifned Pay¥r pletet hendli sfinseéned ohaghet heéadyes arier ear tdrocess

vessel that was used in a manufacturing process of an eighth
specific example of the present invention.

FIGS. 21(a), 21(b) and 21(c) are graphs respectively
showing the remanences B,, coercivities Hc; and loop squareness
(Hg/Hey) of sample magnets that were made by the method of the
present invention.

FIG. 22(a) shows an arrangement of sintered magnet
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el ement RH during the evaporation and diffusion process. |If the degree of
mat chi ng i ncreases between the crystal grains of the main phase and those
of the grain boundary phase, the grain boundary can be consolidated and the
resistance to rupture of the grain boundary can be increased.

[0073] Hereinafter, a preferred enbodi nent of a nmethod for producing an
R-Fe- B basegbdide- eafd h si Nty edpmpghet ;agcorgidg t o2 the peesent icpkention
wi |l be descri bed. [0074]ENBCDINENT 1 Material alloy First, an alloy
including 25 mass%to 40 mass% of a light rare-earth element RL, 0.6 mass%
to 1.6 mass%WTBLOBHRRNC &fd P2 RIS REVRt b SFTEshiaphet Badyuriti es as the
bal ance is provided. A portion of B may be replaced with C (carbon) and a
portion (50 at%aggl e§§)<a9f aﬁs BBYpPeafepLacst it aRother Itern%%hueon
nmetal el enent such as Ni . For various purposes, this alloy may
contain about 0.01 nass@bto about 1.0 mass% of at | east one additive

el enent M thatands opelreev ey f HFomtbhe qre@apmeéﬁlslr@i 91y of nipth Wpeotficr, M,
Ni, Cu, Zn, G, Zr, Nb, M, Ag, In, , Ta, W Pb and Bi. [0075] Such
an alloy is,preferabl ngQQE anmelt of a material alloy by a
strip castlﬁ%'gggcggsyh r g%éﬁp ?%lnafter a met hod of meking a
rapidly solidified alloy by a strip casting process wll be described.
[0076] First, a mater R4l iald gyapht lshbhéngonpositd aoedeseiibet, abowreeks
melted by an induction heating process within an argon atnosphere to nmake a
melt of the te ital _allo this nelt _ is ke heat ed .at about 1, 350
(.1: and thegﬁhuéncﬂeghﬁ§%5dfpﬁélén ??éF”B¥b€8§§?£Fﬁé?§H§ﬂ§btalnlng a
flake-l1i ke alloy block with a thickness of about 0.3 mm Then, the all oy

bl ock thus obtaFmed.i gw)veshaedsi(b)o {4akesrvbédt Bvesi zeewf khnwmihg 10 mm
bef ore being subjected to the next hydrogen pul verization process. Such a
nmet hod of ki ng a terial alloy_ by a strip casting process is dlsclosed
in United g Spatent RBrtEP%Séf9%881?B?r%&dWﬁ?Em [ 7" ESarsyered

pul veri zation process Next, the material alloy block that has been
coarsely pulieer imedsbnt o i akes ansnl aasied £l Bt & xanydr ogenchur nacaeapd then
subj ected to a hydrogen decrepltatlon process (which will be sonetines

referred to herein as a "hydrogen
invention.

FIGS. 26(a) and 26(b) are graphs respectively showing
variations A H.; in the coercivity and variations A B, in the
remanence of magnets with compositions L through P as measured
with a B-H tracer.

FIGS. 27(a) and 27(b) are graphs respectively showing
the measured values of the remanences B, and coercivities H.s

of twelve samples.

DESCRIPTION OF REFERENCE NUMERALS
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pul verization process") within the hydrogen furnace. Wen the hydrogen

pul veri zation process is over, the coarsely pulverized all oy powder is
preferably unl oaded fromthe hydrogen furnace in an inert atnosphere so as
not to be exposed to the air. This should prevent the coarsely pul verized
powder from being oxidized or generating heat and would eventual ly inprove
the magneti gyprgperthes aof;decressiantapgnet. [0078] As a result of this
hydr ogen pul veri zati on process, the rare-earth alloy is pulverized to sizes
of about 0.1 nmto several mllineters with a nean particle size of 500 p m
or less. Af¢er tHebhyidringen pul verization, the decrepitated material alloy
is preferably further crushed to finer sizes and cooled. If the nmaterial

al I oy unl oaded i ively high tenperature, then the all oy
shoul d be ggoleg&?%%sgﬁﬁ%%ggﬁkggne. [ 0079] Fi ne pul veri zati on process
Next,the coarsely pul verized powder is finely pulverized with a jet mll

pul veri zi ng machibneet A cyclone classifier is connected to the jet mll

pul veri zing machine for use in this preferred enbodi nent. The jet m |

pul verizing machine is fed with the rare-earth alloy that has been coarsely
pul verized in the coarse pul verization process (i.e., the coarsely

pul veri zed powder) and gets the powder further pulverized by its

pul veri zer .BeBTe MpDBOROR GHERMINGasUDerHE INvENTIOED by the pul verizer, is
then collected in a collecting tank by way of the cyclone classifier. In
this manner, a ;inel pul veri zed powder mﬁtﬂ Sj zes of about 0.1Ip,n1to
about 20 p MY pi cal VX F D EPESS 1P AR e SN BaT ThE P PeRP i ng
machi ne for use in such a fine pul verization process does not have to be a
jet mll bulo ree dregehe anvaididd dmcAndasbal hefid | ra@Ptéonal lalemdnt

| ubricant such as zinc stearate nmay be added as an aid for the

pul veri zati on process. [0080] Press conpaction process In this
preferred &fhddRreRBs 0S8R Wi oL EFAUGESY iT€@&At 2 §1BEGERL tPTarnd aauesd 1kft h, the
magneti ¢ powder, obtained by the nethod descri bed above, in a rocking

m xer, thergby,coati ng éx@%r?‘ﬁohﬁ@lgrwdif‘ﬁ;s@'o'nogrB@&‘Q&r PAf tiioleswth the

| ubricant. Next, the nagnetic powder prepared by the nethod descri bed above
i s conpacted under an aligning nmagnetic field wusing a known press nachi ne.
The al i gni tdenalggrstt créreterutd belappit edHnais hate bexit eageh dfengns to 1.7
tesla (T), for exanple. Al so, the conpacting pressure is set such that the

green Compagh A & AeeRgPSlH Yocs:3D2HE S HhE B! gnabaYL 4.5 of cnB.

[0038] The R-Fe-B based rare-earth sintered magnet of the

present invention is produced preferably by supplying the

heavy rare-earth element RH from a heavy rare-earth bulk body

(which will be referred to herein as an “RH bulk body”) to the

surface of a sintered magnet body and diffusing the heavy

rare-earth element RH deeper into the sintered body from the

surface thereof.

[0039] In the manufacturing process of the present
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[ 0081] Si ntering process The powder conpact described above is
preferably sequentially subjected to the process of naintaining the conpact
at a tenperature of 650 (IDto 1,000 'Xl:: for 10 to 240 m nutes and then
to the process of further sintering the conpact at a higher tenperature (of
1,000 00 to 1,200 'C.:, for exanple) than in the maintaining process.
Particul arly,yhenoa, | Lapi gk PHasE 46 Pradused durbagit hey sidkerkngnREoCess
(i.e., when the tenperature 1s 1n the range of 650 00 to 1,000 00), the
R-rich phase on the grain boundary phase starts to nelt to produce the
liquid phasiee Thier easiler , varmrigiaptler i (v prodegebadvantds & orfusrmeatsi nt ered
magnet eventually. The sintered magnet body can al so be subjected to the

evaporation_ diffusion process even _if its surface has been j di.zed as
Goobr bed dHOUE-ERoP T FENeGHe PRECE] rbrbd STRGABL Body: nay b6 To
subjected to an aging treatnent (at a tenperature of 400 C.; to 700 T.;) or
machi ned t a ,adjoust ,i ttheskre. rEQOEA]Fviaporaidan zdtidusion puoression)

Next, the heavy rare-earth element RHis made to diffuse and penetrate
efficiently into i.ntered magnet hody, thus_.obt ai ned, thereby ingcreasing
t he coerciJF%fkﬁb%gﬁﬂz?%gfﬂywﬁ?eQ@%é§i gc% ?§,t%ﬁ]QQQW§§|ﬁa%%d§,aﬁng udi ng
the heavy rare-earth elenent RH, and a sintered magnet body are put into

t he processiing dkamber exbewsi vl FIHGghtrandahhehe heatedof tduerfelay odi bFusi ng
the heavy rare-earth elenent RH into the sintered nagnet body while
supplying the heavy rare-earth elenment RH fromthe RH bul k hody onto the
surf ace ofE?%éﬂ§9n¥8?eﬂaﬁﬂﬂhé¥“%63fﬁufﬁﬁ%§?Fh1Fﬁ@YdFPFﬁ§??ﬁF r%%ﬁﬁ%?tof this
preferred enbodinent, the tenperature of the sintered magnet body is
preferably et egual hhe @rabibober céhasathatnodf sthedaulde bady. s As eiead
herein, when the tenperature of the sintered magnet body is equal to or

hi gher than that of the bulk body, it neans that the difference in

t enper at ur 3FBEHePthe $PRPeretf mEGHABEL bdRFYanduiFel hul k BBAYSHE wht hi n 20
00. Specifically, the tenperatures of the RH bulk body and the sintered
magnet bod y t. 1wt Qi ange %00 . T. ', ~000 C.

Al so, the éﬁﬁégggagg% ¥%§t2¥%s%¥%%%n§3%e%g§8%yggnggphégRﬁEbu’f%goﬁg’should
be within the range of 0.1 nmto 300 mm preferably 3 mmto 100 nm and
mor e pref ertélsl pedvymrane -50rivm eheneles ®RH beddabovapofiges4 Ak senblimespr essur e
of the atnospheric gas during the evaporation diffusion process preferably
falls withinthe tange ofc A Pa, Lo S0GPa (Then. .Lbe eyanerallQl.q

di ffusi on process can be carrited out snoot hly wth the vapori zation
(sublimation) of the RH bul k body advanced appropriately. To carry out the
evapor at i omadnéf usi Bor pricoesssaeibhi, ctkat §yain Heoymdessudeéf Ofis ide «ft mhepheri c
gas preferably falls within the range of 10-3 Pa to 1 Pa. Furthernore, the
amount of tinme for_ _nmaintajni the t eratures of the RH bul k body and the
Stered mSASY HRNEGPEREn TSP EngRl o860 S8 “FESASHOGBY | STor SFor abl y
10 to 600 mnutes. It should be noted that the "tinme for naintaining the

t enper at ur escel ef £t t prarPesnichling Whgh the RH iUl kobeglyi andot hensi nt er ed
magnet body have tenperatures varying within the range of 700 00 to 1, 000
00 and pressures varyin%-mjthin the range of 10-5 Pa to 500 Pa_and does
not necessaffVy F&ferEas aeb%???ﬁ1331qﬂthﬁ et RIS B kB o8P Psrit er ed
magnet body have their tenperatures and pressures fixed at a particul ar

tenperaturgognd;a pardi EHA@I3 PHESSMERY that to diffuse a heavy rare-

earth element RH into a sintered magnet body from the surface
thereof while supplying the heavy rare-earth element RH from

a heavy rare-earth bulk body (which will be referred to herein
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[ 0085] The diffusion process of this preferred enbodinment is not sensitive
to the surface status of the sintered nagnet body, and therefore, a film of
A, Zn or Sn may be deposited on the surface of the sintered nagnet body
before the diffusion process. This is because Al, Zn and Sn are | ownelting
metal s and because a small anount of A, Zn or Sn would not deteriorate the
magnetic propeht he§ 9f1 el Rot o I fHLIh@EE- M dh f RE ndLifuSiQherebbASr . It
shoul d be noted that the bulk body does not have to be made of a single

el ement but may include an alloy of a heavy rare-earth el enent RH and an

el enent X, witilchbd ssaetlimgst somelel saderrese| et keirfiroma hee\pROypLtéonsi sting
of Nd, Pr, La, Ce, A, Zn, Sn, Cu, Co, Fe, Ag and In. Such an el enent X
woul d | ower4.t el ting IO e .grai dar a

hopef ul I y pdrlofggtsggl‘ltlh'e grpg‘%lﬁggéﬁ dtfg'?yt i°f f%ﬁg%%eo?r%oﬁggﬁgg'vyegg\rl\gl%g?th

el ement RH. By thermally treating, in a vacuum the bul k body of such an
al l oy and amrNdesinih ecédmamign@®H twidtl adef Spaceahd r pemebichtcot hetqQ the heavy
rare-earth element RH and the el enent X can be not only evaporated and
deposited on the surface of the net .but .also diffused.into th gnet

t hr ough thgm'nggnagoﬁn é?ye%hg%%s( -ﬁﬁ%%? Eﬁggg)r?ﬁ%te éhptﬁhgﬁg gin 0 a

| i qui d phase preferentially. [0086] Al so, during the heat treatnent for

di ffusi on, asgrryssngl intanauwet saoh MNhsndhPr vaposdazed neartties graifacboundary
phase. That is why the element X is preferably Nd and/or Pr because in that
case, the elenent X would conpensate for the Nd and/or Pr that has
vaporized.CFb%E?]%iﬁ??ﬁﬁﬁ W??gg?ter the diffusion process is over, the
addi ti onal heat treatnent process described above may be carried out at a
tenmperat ure k1700 06ht @hd, GO R0 ard f NECessaryeerdNbalidiged r eddTERDL S
also carried out at a tenperature of 400 00 to 700 00 . If the additional
heat treatnment at a tenperature of 700 00 to 1,000 Q0 is carried out, the
agi ng treatifPRELFe pPEf ErBbIYRIpet f BEREY BFETTCHNKE &dEMENBbnEH KESE BFeat nent
has ended. The additional heat treatnment and the aging treatnment nay be
conducted iy t hepsanRPHLCegshPI SAAMRET pel 0R8]dd RACHI CEemtditicSi-Bt ered
magnet body "t hat has been subjected to the evaporation diffusion process is
preferably subjected to sonme surface treatnent, which may be a known one
such as Al exvapdiagi bmocel’éctndcahaiNi ipletilny ey impebpikbattinglddekdte t he
surface treatnent, the sintered nmagnet body may al so be subjected to a

known pre ieatmenl susheesnaandhlast, Abasian propsss. hasel.alr asion

process, etcéhing pro grin tiona ter the

low as 700 °C to 1,000 °C. Contrary to this popular belief,
however, the results of experiments the present inventors
carried out revealed that the heavy rare-earth element RH
could still be supplied onto an opposing rare-earth magnet and
diffused into it even at such a low temperature of 700 °C to
1,000 °C.

[0042] According to the conventional technique of forming a

film of a heavy rare-earth element RH (which will be referred
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di ffusion process, the sintered magnet body may be ground to have its size
adj usted. Even after having gone through any of these processes, the
coercivity can also be increased al nost as effectively as al ways. For the
pur pose of size adjustnent, the sintered nmagnet body is preferably ground
to a depth of 1 p mto 300 p m nore preferably to a depth of 5 p mto 100
p m and even japee,prefer abby £l ond deptReokulfh e Wrt @ 30nfMed magnet

[ 0089] EMBODI MENT 2 First, an alloy including 25 mass%to 40 nmass% of
rare-earth elements (0.1 mass%to 5.0 mass% of which is a heavy rare-earth
el ement RHROSY ©he BaPancefbisidd die £lgvphghintar ebeaf itHgleehErenft), 0.6
mass%to 1.6 mass% of B (boron) and Fe and inevitably contained inpurities
as the bal i §,provi ) i y r ed. .car bon)
and a port?%%Q(S%yatgbggﬁﬁésg}Q%¥$%§pn§§oggg$bpﬁﬁﬁéﬁﬂgggh é%%%%’?agﬁ
transition nmetal elenment such as Co or Ni. For various purposes, this alloy
may cont ai iiidfoato®’ 0tihhss@ydocaboignilfi®amadsy Ylof tée |eadbcenegegddintive
elenent Mthat is selected fromthe group consisting of Al"™ Ti, V, C, M,
Ni, Cu, Zn, , Zr,. No, M, Ag..ln_.Sn_. H..Ta, P nd H_. .[00 In this
manner , ac&gﬁ iﬁf f@'tcpgaSFe %F#eaheeﬁ%o§3%%htFM%ﬁ19%§?%05P51é30%%%55960f
heavy rare-earth elenment RHis added to the material alloy. Specifically, a
known RFe- Brivasedi¢are™ edet haghet er exh magnethet nadnddi agcardimghttor ahe- eart h
element RL (which is at |least one of Nd and Pr) and 0.1 mass%to 5.0 mass%
of heavy rare-earth element RH as the rare-earth elengntﬁ R _Is grovided
and the he&FySPRF e BEPTH-WentM RIS WHFRUSET T PERFEnE T Fack t dfard t he
inside of the magnet by the evaporation diffusion process. [0091]1In this
preferred empedis@nintd hecRser&dasedneakenterBhillinst nbededsiragrat body
yet to be subjected to the evaporation diffusion process includes, as a
mai n phase, crystal grains of an R2Fel4B type conpound including a |ight
rare- eart h P¥RBntaRE 8§ fhs ﬁﬁj6F1Waﬁé9é%?§?ﬁeﬂégkﬁﬁeF??ﬂﬂf?&FPé%d?f
includes 0.1 mass%to 5.0 mass% of heavy rare-earth el enment RH This heavy
rare-earth cgkegeRte R inBigPEESEHAy BT haQRhEedralt Rhagerapsi K tikGgrain
boundary phase. That is why conpared to the situation where no heavy
rare-earth element RHis added to the material alloy, the difference in the
concentr at ifen oftiffhsipaavythar eyt hraterremt hRHe deegdas &Y omhathe hear f ace
of the sintered nmagnet body during the evaporation diffusion process. The

i ntragrain._di i i e i h i |y . (.S .
concentratf%haggéf€$%ﬁ§%?ag%d0?ﬁggéﬁg%§$tigg%édﬁgg%ﬁgﬂggﬂggr%$%féPng
enbodi ment. As a result, the grain boundary diffusion advances

preferenti ahky. s Conseguenbbyet evierdy f byheaanpumin ofocuhdabgavyi fifarséoeart h

el ement RH supplied onto the surface of the magnet body is decreased, the
heavy rare-%arth elegg t RH q%ﬂ still, bq:diffu%ed effectivq! inside the

si nt er ed nﬁgﬁg?s%bdy.zgfdﬁ§?1 THE' other**hd&Nd, °FR TR TP nter’ed HEghet body
to which no heavy rare-earth el ement RH has been added in advance, the

di f f er encebbuntifey carnigenbi i1 onnd@bntbe heaey paeeeeaidinlelenmeidn Ridhe

i ncreases on the surface, thus producing the intragrain diffusion into the

mai n phase nore often and decreasi ng the percentage of the grain boundary
diffusion_“lntragraln diffusion”. As a result] the decrease in

remanence B, can be minimized and the coercivity H can be
increased effectively.
[0043] The R-Fe-B based rare-earth sintered magnet has a

nucleation type coercivity generating mechanism. Therefore,

26



[0093] It should be noted that if the sintered nmagnet body yet to be
subjected to the evaporation diffusion process included 5 nass% or nore of
heavy rare-earth elenent RH, the difference in the concentration of the
heavy rare-earth el enent RH woul d al so decrease at the grain boundary phase
and the coercivity could not be increased so nuch by the evaporation

di f fusi on ptocess mibattosrywhpltionproduce robe g¢ aidvileouadasy ehd fdigieen of
the heavy rare-earth elenent RH efficiently, the sintered magnet body yet
to be subjected.to thg evapor ation di ffusion process preferably includes
1.5 mass% ti° 3 TYs 886 Bf "AtABISEr e F85r PHO BT REIER ORHI S BD¥2] IEGTding t o
this preferred enbodi nent, a sintered nagnet body already including a

pr edet er m n@shameuRbtnobeheauycE@r a1 eatd Ny ialigrept cRHche usthesosihigcted to
the process of producing the grain boundary diffusion of the heavy
rare-earth element RH fromthe surface of the sintered nagnet body. As a
result, thePIaghEUraPEREHE (Fhel BRERtPIRISCcan®Be? r egfidded tHF t FORFF ety
efficiently on the outer periphery of the main phase. As a result, the
coercivity ig) oﬁad’heb%laﬂiﬂckri‘l%ﬁ@@dcé’ﬂ R e deCLLasE JR 1 LETRNENCE Rl e

m ni m zed. [0095] EMBODI MENT 3 In a nethod of producing an R Feé-B
based rare-earth sintered nmagnet according to a third preferred enbodi nent
of the predEforidapgnttion theherprssedssinyep ioh,si pher ihsgval compactarsh an

R- Fe-B based rare-earth nagnet powder and the process step of diffusing a
heavy rare- re.pe d t 'y _I he s

processing c éﬁ%gﬁ%ﬁﬁxﬁgyéﬁlganfP%a%%%&ggé?fggﬁég%gggs e%gp%?é§’6%g§g§s step
(A) of arranging a conpact of an R Fe-B based rare-earth nagnet powder,

i ncl udi ng ardingbhasaresteantlly eheaemirfRice( whgthn i st dthe edsteoa® mefgnNd and
Pr) as a major rare-earth elenent R, in a processing chanber such that the
conpact fa a | K_body Jj ncluding a heavy rare-earth el ene RH, which is
at | east oﬁg%gléﬁéhtagg eéigg f%%ﬁ%a?héﬂﬁ?oéﬁg%%%sist'?ﬁf%ﬁ“eﬁggykbtﬁﬁd Tb.

[ 0096] Next, the process step (B) of performng a sintering process in the
processi ng welarbecrydtadndby rmkisbgrapy R-de-Be basettdyde-ieardide drttieked
magnet body i ncluding crystal grains of an R2Fel4B type conpound as a main
phase is carried out. After that, perforned in that _ processing chanber is
the proces&$PEp FE; bF€ hERETHY tHe Foul K Ity HTdathe MRORRE BlBHSEFes
rare-earth sintered nmagnet body, thereby diffusing the heavy rare-earth

el ement RHsuatoct &g R Fe-Bhasedel ap8c&ad iy sjwtt@lree%r@agﬂ@t iRady 1w | e
supplying the heavy rare-earth elenent RH fromthe bul k body to the surface

of the R-Fe-B based rare-earth sintered nagnet body.
even 1f the amount of the heavy rare-earth 'element RH consumed

is small, the heavy rare-earth element RH can still diffuse
and penetrate deep inside the sintered body. And by forming a
layer including the heavy rare-earth element RH at a high
concentration efficiently on the outer periphery of the main
phase, the coercivity H.; can be increased with the decrease
in remanence B, minimized.

[0044] Considering the facility of evaporation diffusion,
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[ 0097] The process steps of this preferred enbodinent are the sane as the
counterparts of the first preferred enbodi nent descri bed above except the
sintering and di ffusing process step. Thus, only the process step unique to
this preferred enbodi nent will be described. [0098] Sintering and diffusing
process step The sintering and diffusing process step of the third
preferred empodiaent M ldyhe rdessrd bed wit f Lefarancerio £ GsLZpaikch is a
graph showi ng how the tenperature and pressure  of the atnospheric gas in

t he processing chanber change with tine in the sintering and diffusing
process stepe Iheavhi sageapirtht isd epnet dH Eiedi rephpves r gpt esenitts ralre -

at nospheri c gas pressure and the solid curve represents the atnospheric gas
t enper at ur 0 i.rst ,ra _co ct a bul k
body are a??%%%é%gkﬁ%? eRﬁr5%95?%%dng%g%gg?qgggﬁ%mggrﬁ%%l%@q? gﬁggfhe
pressure starts to be reduced (which is the process step (A)). In this
process st émwetvhe, conpacmaghet herysignidtinsowdeisonedye obt afimge 4By is
conpacting a finely pulverized powder, which has been prepared by a known
process to . nmake a rare-garth_sintered gnet .. b known .process, .t po.
10200] Af t o TRE TSGRt CBalclel CORBAE: “Aad &P BT DUt Ie Dody Tave Baen
arranged in the processing chanber 6, the tenperature in the processing
chanmber 6 i= rahsedof oNd,p:eBlet ermianed o ewper af ure fial |dwegposktbinahbe range
of 1,000 00 to 1,200 00 to start a sintering process. The tenperature is

preferably nat raised until the atnospheric,gas pressure insjide th
processingcgﬁgﬁﬁg?'Gtﬁﬁs‘BﬁﬁﬁlVbﬁérgagtgmh ﬁ%@% dt°st Pa %%F¥F3§%¥05 Pa
for the sintering process. It is inportant to maintain the pressure
during the.sitAbet | A RFNLESS tak ehShalde/lfy dheghihe¥etd ahagtchhdahe

vapori zation of the RH bul k body can be reduced sufficiently. As described
above, the rate of vaporization of the heavy rare-earth elenment RH fromthe
RH bul k bodyeRs Tredd€edr@iYni FheartVAPORARHCR hé1AErDsPhertiSc BigRf irddsure is
hi gh. That is why even if the powder conpact and the RH bul k body are both
present 'np%Q?ié@”%uQrQﬁe%§ﬁﬂﬂﬁﬁﬂaq§ﬁ&e§atﬁp§ shAt 6hi RO PIHRESS, LA[LDE
advanced wi thout allow ng the heavy rare-earth elenent RHto enter the
powder conpact by controlling the atnospheric gas pressure within an

appr opri at hpangesif@GPRTWReSE Mwerisngspfocess (whi ch corresponds to the
process step (B)) may be carried out by keeping the powder conpact heated
for 10 to i nut w t.hin the pherj as Ss a rature
ranges spegggﬁg% abg%%. %hthﬁg p?%%gfregggﬁggdiﬁgéﬁ, #ﬁg a?%ﬁ%%%@%?c gas
pressure is supposed to fall within the range of 1 Pa to 1 x 105 Pa when

t he t enper @eaceipsiami seccardnduricgthdeppeseess isvept{@), That heavwhy t he
sintering reaction advances quickly with the vaporization of the RH bul k
body nlnlnkéggleggkﬁié e %%%eﬁﬁ does not always have to be added to the

material alloy. That is to say, a known R-Fe-B based rare-
earth sintered magnet, including a light rare-earth element RL
(which is at least one of Nd and Pr) as the rare-earth element
R, may be provided and the heavy rare-earth element RH may be
diffused inward from the surface of the magnet. If only the

conventional heavy rare-earth layer were formed on the surface
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step (B), if the atnospheric gas pressure were |ower than 1 Pa, then the
heavy rare-earth el enent RH woul d vaporize fromthe RH bul k body, thus
making it difficult to advance only the sintering reaction. On the other
hand, if the atnospheric gas pressure in the process step (B) exceeded

| x105 Pa, the gas mght remain in the powler conpact during the sintering
process and,$Sofks CaXdidies coul,dupe LeflaikRithe: resulstantssi pher edappgnet.
For these reasons, the atnospheric gas pressure in the process step (B) is
preferably controlled so as to fall within the range of 1 Pa to 1 x 105 Pa,
nmore prefer@dley earthi elepent afje 6¢cBxI0B1Pa ttdeloBagRet [ 6Y6R] Aft eRnt he
sintering process (i.e., the process step (B)) has been carried out, the

at nospheri I i psi roc i ch 6 s . lo ed to a
t enper at ur(eél%?%%gng%f?g%%b 8%“?%1%%\%% | gggéf%’erfggggé%ﬁﬁlerté n\ég% a
"process step (B'1)") and then the atnospheric gas pressure is reduced to a
pressure ofpreeehd- 5nPant ol PRay (whmdileingl Ichbe grefer bedndarhetidifusasna
"process step (B 2)"). A good tenperature to diffuse the heavy rare-earth
el ement RH | 0.to 950 C__In th roce st (B 1) to |l ower e
tenperaturéﬁfo§$%i%eﬁgﬁgéénfﬁ§a5g%0552aeggn%g% tggeRﬁengk Eﬁé%f%?gkﬁ
preferably mnimzed. In this preferred enbodi nent, after the atnospheric
gas tenper atlemenhaRtbeem | beeredtlded tefifieriahule ab 808:100the mBeBO, the
at nospheric gas pressure starts to be reduced (i.e., the process step (B 2)
gets started). |n thi nner, after the atnpospheric S tenperature has
been | ower éf™ 8£§r%r8$eggﬁdm?éﬂp8?%ﬁ?w Forifn O%@ﬁﬁb%%??oﬁnﬁﬁéﬁu§P8n
process, the RH bul k body can start to be vaporized and the diffusion
process steintClegamabaecanddagd outrnef fireisent! invieBE03h | A st hesdiffugi on
process step (C), the evaporation diffusion described above is advanced
with the atnospheric gas pressure maintained within the range of 1x10-5 Pa
to 1 Pa andPRi‘tRPHe g%nﬁ%r&fﬁ?éBiﬁa%%% PHYESS FERENDEP MRiAPaithed
within the range of 800 00 to 950 00. In this diffusion process step (O,
the grain beupdary difimsl am Qeeur conpferanttdall vaasqavhesukt @fsthe _
evaporation diffusion process. Consequently, the formation of an intragrain
di ffusion | ayer can be reduced and the decrease in remanence Br can be

m ni mi zed. Matgeroal AGoy3 i Hogeygenaph fskkowlhgodli ffanerarearpatlh gistient
pressure and tenperature fromthose of the preferred enbodi nent shown in
FIG 2. In h%e?éa:gép & .sc%OWHeI Hagérqal3’a198$r9r@hé %f%'c@t GE! DGk roe%%?é step
(B) ends, the atnospheric gas pressure is reduced in the process step
(B"1). Next, after a heat treatnment has been conducted for 10 to 300

m nut es at iameathosphenild gast piessackeiefed x50£5iPaentolyl. Pa Bod athaa
tenperature of 1,000 00 to 1,200 C.; in the processing chanber in the

process ste B"2), t t.enperatu in the cessi ng_chanber i s_| owered
o8 tomerartre of BTG S50 0ot preds Lo ep o B o) S L REES di ng
to the exanple shown in FIG 3, the RH bulk body starts to vaporize during

t he sinter RAgmpY dsestidsidepn( Bhat ard1theeagore, the total process tinme can
be shortened. [0105]1t should be noted that before the sintering process

step is started, the tenperature does not al ways have to be increased at a
constant raP8%8L shdlfin Bt cSXIRle L APt BFRAFFTRT y I tHes o doeesfep of
mai nt ai ni ng the powder conpact at a tenperature of 650 00 to 1,000 00 for

10 to 240 giputesnyhibe die peomarat ureehsi Pl RO11 nekeasad TBY be;1dded.
reference to FIG. 1, which illustrates an exemplary
arrangement of sintered magnet bodies 2 and RH bulk bodies 4.

In the example illustrated in FIG. 1, the sintered magnet
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[ 0106] Al so, the diffusion process of this preferred enbodi nent is not
sensitive to the surface status of the sintered magnet body, and therefore,
a filmof A, Zn or Sn nay be deposited on the surface of the sintered
magnet body before the diffusion process. This is because Al, Zn and Sn are
| ow-nel ting netal s and because a snmall anmount of Al, Zn or Sn woul d not

deteri or at epddiesmagnReti enbr RIPEkE 118 ol woul graoﬁrké"ﬁﬁécf L W tth thee
diffusion, either. Optionally, the el enent such as , Zn or Sn may be

included in the RH bul k body. [0107]As can be seen easily fromthe
f or egoi ng dEEY iOptEENY1HE cordirAgt ¢ iGs Ippel eft diptavsBdi hehtingise grain
boundary diffusion of a heavy rare-earth elenment RH (which is at |east one

el ement selﬁ%&@sﬁﬁgmém_&oue R Stdeng,0f » raéé%&ndmgﬁal I's priduced

wi t hout significantl'y changing the conventional process, ereby suppl yi ng
the heavy rare-earth elenent RH deep into a sintered magnet body and

repl aci ng @idagiseinar ehenbeth €| ehewt RR WIth lhansdadygsr ar eegkerh felrenent

RH efficiently on the outer periphery of the main phase. As a result, the

i m e TEXARGl Be L BLOG] BcapLE Lo I DA PRy a strip

casting process so as to have a conposition consisting of 31.8 mass % of
Nd, 0.97 ness%hofldBnpg 0t RmSsAkobod, 40. 1spasisPoafl 1¢U, i0. 24e nassiplef Al
and Fe as the bal ance, thereby making thin alloy flakes with thicknesses of

0.2 mmto 0,3 mm [ 9].Next , a,contaj ner s, | paded with those thin alloy
fi akes, and TR ERLFBducka Pk B 5OThA GBERS PV d SoGhFLR VR T R od

wi th a hydrogen gas atnosphere at a pressure of 500 kPa.ln this manner,
hydr ogen was:lecdddged iame0 Hdiel tdi na ahdoysf makes oat NbOOM HyPerat whe and
then rel eased. By perform ng such a hydrogen process, the thin alloy flakes
were decrepitated to obtain a powder .in indefinite shapes with sizes of

about 0. 15 STMCEESALBAT: PRHES[ 8130F TH &5F tBrLk 6085w % thdeSEear at e
was added to
to be held in this way but may also be held using any other

member. Nevertheless, a member that closes the gap between
the sintered magnet bodies 2 and the RH bulk bodies 4 should
not be used. As used herein, “facing” means that the sintered
magnet bodies and the RH bulk bodies are opposed to each other
without having their gap closed. Also, even 1if two members
are arranged “so as to face each other”, it does not
necessarily means that those two members are arranged such
that their principal surfaces are parallel to each other.

[0047] By heating the processing chamber 6 with a heater

(not shown), the temperature of the processing chamber 6 is
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the coarsely pul verized powder obtained by the hydrogen process and then
the m xture was pulverized with a jet mlIl to obtain a fine powder with a
size of approximately 3 pm press machine to make a powder conpact. More
specifically, the powder particles were pressed and conpacted whil e being
aligned with a magnetic field applied. Thereafter, the powder conpact was
unl oaded fromsthe pregs dmmghi e and-fihep.gubiached 40 ansi HRJdnd;pL0CeSS
at 1,020 C.: for four hours in a vacuum furnace, thus obtaining sintered

bl ocks, which were then machi ned and cut into sintered magnet bodies with a
t hi ckness afhakbam 6aikerghhroflelD tomtdrd mngiedoll G0010C e [10202] Whese
sintered magnet bodies were acid-cleaned with a 0.3%nitric acid agueous
solution, dried, and then arranged in a.p ve | i th_the
configuratﬁgﬁesﬁgﬁﬁe?ﬁgﬁ1ép f%eTﬁgng?oggséggggiéf)ﬁ%ﬁ u@% i%%tﬁPghp?eferred
enbodi nent was made of M and included a nenber for holding a plurality of
si ntered nagnetrbodiesranyg, atienheavy oradeoledirnly ewondRH R kabodi gsry A gap
of about 5 mMmto about 9 nmwas |eft between the sintered nagnet bodi es and

the RH bul k bodies. The RH bul k bodj.es_were. made qf w.th purity of
00 000 . HEY ARk e Sar St MR TR Eb AR T R tbifhl B L LY

vessel shown in FIG 1 was heated in a vacuum heat treatnment furnace to
conduct a heat bteeatsierinlyThel condi tthansifogudthe heabetseatarenhgar eaas
shown in the followng Table 1. It should be noted that the "heat treatnent

tenperature” wll nmean herein the tenperature. of the sjintered net bodi es
and that ofeRE FRFBUIN Bodt BESRiEh VPROGLAT b 6Py Rackh: £5Fhat of the

sintered magnet bodies, unless otherw se stated. [0114] Table 1 Condition
Tenper at ur @e[ @ahbléMeo[ BE Nsilpplied and deposited on the surface of the

sintered magnet body 2.

[o048] However, the present inventors discovered that by
arranging the sgintered magnet body 2 and the RH bulk body 4
close to each other, not in contact with each other, a heavy
rare-earth metal could be deposited at as low a rate as
several P m per hour {(e.g., in the range of 0.5 Y m/hr to 5 p
m/hr) on the surface of the sintered magnet body 2. We also
discovered that by controlling the temperature of the sintered
magnet body 2 within an appropriate range such that the
temperature of the sintered magnet body 2 was equal to or
higher than that of the RH bulk body 4, the heavy rare-earth

element RH that had been deposited in vapor phase could be
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Pressure [Pa] X 900 30 1.0x10-2 Y 180 Z 950

diffused deep into the sintered magnet body 2 as it was.
This temperature range is a preferred one in which the RH
metal diffuses inward through the grain boundary phase of the
sintered magnet body 2. As a result, slow deposition of the
RH metal and quick diffusion thereof into the magnet body can
be done efficiently.

[0049] According to the present invention, RH that has
vaporized just slightly as described above is deposited at a
low rate on the surface of the sintered magnet body. For that
reason, there is no need to heat the processing chamber to a
high temperature that exceeds 1,000 °C or apply a voltage to
the sintered magnet body or RH bulk body as in the
conventional process of depositing RH by a vapor phase
deposition process.

[0050] Also, according to the present invention, with the
vaporization and sublimation of the RH bulk body minimized,
the heavy rare-earth element RH that has arrived at the
surface of the sintered magnet body is quickly diffused inside
the magnet body. For that purpose, the RH bulk body and the

sintered magnet body preferably both have a temperature
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[0115] After the heat treatnent was carried out under the conditions shown
in Table 1, an aging treatnment was perfornmed for 60 mnutes at a pressure
of 2 Pa and at a tenperature of 500 00. [0116] Meanwhil e, another sanple was
prepared by coating the surface of a sintered magnet body with Al (to a
thickness of 1 p n) by an el ectron beam heating evaporation process (at an

out put of %&H%%O&iépirmt@ét ggl)lgéjsgflﬁg,o@ ‘%artroe!l’,o ha-subjected to the heat

treat ment under the conditions and Y shown in Tabl'e I. After that, the
sanpl e was subjected to an aging treatnment for 60 mnutes at a pressure of
2 Pa and at(0@5lénper Bheir g2lof PSOEe00 thp0$17T Earth wamslte brads Amgnét itked with
pulses with an intensity of 3 MM mand then the properties of the magnet

racer . A'd6 1 RBRo0eR da B0 OR EhY R Ehito ChPsauced by "enirmdzy

Cor poration) how and where Dy diffused inside the magnet. The renmanences Br

and coer ci VA0 @8 . HcThimeasyr ed prefshdiy iLnmt heo f-@ vow ngrd gbfegfe2ably

[0118] Table 2 Sanple # Al coating Heat
20 mm or less, and even more preferably 10 mm or less. As
long as such a distance can be kept between them, the sgintered
magnet bodies 2 and the RH bulk bodies 4 may be arranged
either vertically or horizontally or may even be moved
relative to each other. Nevertheless, the distance between
the sintered magnet Dbodies 2 and the RH Dbulk bodies 4
preferably remains the same during the evaporation diffusion
process. Also, an embodiment in which the sintered magnet
bodies are contained in a rotating barrel and processed while
be stirred up is not preferred. Furthermore, since the
vaporized RH can create a uniform RH atmosphere within the
distance range defined above, the area of their opposing
surfaces is not particularly limited but even their narrowest
surfaces may face each other. The present inventors

discovered and confirmed via experiments that when the RH bulk

bodies were arranged perpendicularly to the wmagnetization
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treatment condition Br [Ti Hcd [KA/m 1 NO No diffusion 1.40 850 2 NO

direction (i.e., the c-axis direction) of the sintered magnet
bodies 2, RH could diffuse into the sintered magnet bodies 2
most efficiently. This is probably because when RH diffuses
inward through the grain boundary phase of the sintered magnet
bodies 2, the diffusion rate in the magnetization direction is
higher than that in the perpendicular direction. That
difference in diffusion rate between the magnetization and
perpendicular directions should be caused by a difference in
anisotropy due to the crystal structure.

[0052] In a conventional evaporation system, a good
distance should be kept between an evaporating material supply
section and the target being processed because a mechanism
surrounding the evaporating material supply section would make
interference and should be exposed to an electron beam or an
ion beam. For that reason, the evaporating material supply
section (corresponding to the RH bulk body 4) and the target
being processed (corresponding to the sintered magnet body 2)
have never been arranged so close to each other as in the
present invention. As a result, it has been believed that

unless the evaporating material is heated to a rather high
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X 1.40 1,211 3 YES X 1.39 1,228 4 NOY 1.39 1,402 5

temperature and vaporized sufficiently, plenty of the

evaporating material could not be supplied onto the target

being processed.

[0053] In contrast, according to the present invention, the
RH metal can be deposited on the surface of the magnet just by
controlling the temperature of the overall processing chamber
without using any special mechanism for vaporizing (or
subliming) the evaporating material. As used herein, the
“processing chamber” broadly refers to a space in which the
sintered magnet bodies 2 and the RH bulk bodies 4 are
arranged. Thus, the processing chamber may mean the
processing chamber of a heat treatment furnace but may also
mean a processing container housed in such a processing
chamber.

[o054] Also, according to the present invention, the RH
metal vaporizes little but the sintered magnet body and the RH
bulk body are arranged close to each other but not in contact
with each other. That is why the RH metal vaporized can be
deposited on the surface of the sintered magnet body

efficiently and is hardly deposited on the wall surfaces of
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YES Y 1.38 1,422 6 NO Z 1.37 1,601 [0119] Sanple #1 representing a
conparati ve exanpl e was not subjected to an evaporation diffusion process
of Dy but was subjected to an aging treatnent under the sane heat treatnent
condition as Sanples #2 to #6. As can be seen from Table 2, Sanples #2 to
#6, which were subjected to the Dy diffusion process of the present

invention, tadgideBssiffress®drcoerstMdiRsetiCh rCORPaL tairampkectl
representing a conparative exanple. The present inventors al so discovered
that even in Sanples #3 and #4 in which an Al coating was deposited to a
t hi ckness dfi€l ProfssRiftHe aFbPaee B thdsi af ered eRigiEE 166y befldPe t he
di ffusi on process, the presence of the Al coating did not particularly

interfere wih,hhgydidhf usbPneQinDe bul Lhe Goer ity |dGiecould 2Ls0 be
i ncreased.
that does not react to RH, then the RH metal deposited on the
wall surfaces will vaporize again and will be deposited on the
surface of the sintered magnet body after all. As a result,
it is possible to avoid an unwanted situation where the heavy
rare-earth element RH, which 1is one of valuable natural
resources, is wasted in vain.
[0055] Within the processing temperature range of the
diffusion process to be carried out according to the present
invention, the RH bulk body never melts or softens but the RH
metal vaporizes (sublimes) from its surface. For that reason,
the RH bulk body does not change its appearance significantly
after having gone through the process step just once, and
therefore, can be used repeatedly a number of times.
[0056] Begides, as the RH bulk bodies and the sintered
magnet bodies are arranged close to each other, the number of

sintered magnet bodies that can be loaded into a processing

chamber with the same capacity can be increased. That is to
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[0120] FIGS. 4 and 5 are photographs showing the results of sectional EPMA
anal yses that were carried out on Sanples #2 and #4. Specifically, FIGS.
4(a), 4(b), 4(c) and 4(d) are napped phot ographs representing a
backscattered el ectron image (BElI) and the distributions of Nd, Fe and Dy,
respectively. The sane goes for FIG 5. In each of these photographs, the
upper surfagce, coff8sponds.diq the surface ,0f thersi ghgred,mgnet body.

[0121] I n t he "‘phot ographs shown™in FIGS. 4(d) and 5(d), portions with
relatively high Dy concentrations have bright shades.As can be seen from

t hese phot cgrlaphssyieni th rslaatice@l y ahi ghrednceatwat | RSt wasrgataseht in
the vicinity of the grain boundary. Even in the vicinity of the surface
of the magnat...By dlfihsedehoahave, s mdas.coneqliations:ip dhe vheinity
of the grain boundar}f/ at the center of very few main phases. According to
the method in which a Dy fil mwas deposited on the surface of a sintered
magnet bodyeardot fed, Dyhiwas idi Véusdenefom éhelrDprbck irahtusda.he sintered
magnet body, a | ot of nmain phases in which Dy diffused to have high
concentratiporz)sS ?ere bservedti n theeatvi c'rné tt¥ne?1ft therosétégfsaceagf tihe gi nt er ed
magnet body."0122] ACEOFH ngtto the pr esemtt IR enti® ST 8ven®'n tAE Sur face
region of a sintered magnet body with a depth of up to 100 p mas neasured
fromthe surthaesehen® DBy dpféfisedhito neactnimhe cendiele okththeprmiagssphases
(i.e., crystal grains of an Nd2Fel4B conpound) and the Dy concentration was
| ower at the center of the main phases than in the vicinity of the grain
boundary. Fﬁi@%ﬁﬁansAﬁhH?e‘Be]F%¥%lrt'het?1ent rAGFLI ACAPTREi%nN %é\%ﬁcéa n the
surface region, Dy had already diffused through the grain boundary phase to
reach deep aksufleothanshohesmtagneat cBodytn Asn aid@slldas.a rnare:eanth
sintered magnet, of which the coercivity Hcj was increased al nost w thout
decreasi ng the remanence Br, could be obtained. [O0123]FIG 6 shows the Dy
concent r at i ASTEhEEs WP RASUrET CatI3EhSUEBNREr 25FO a4 )pliese PUandaHt t he
grain boundary triple junction of Sanples #2 and #3. In FIG 6, the Dy
concentratigns HRaSHLLd Rkt %%sc%%t alo@f JRighPhases; angat cidg ghain
boundary triple junction of Sanples #2 are

reactive between the RH bulk body and the sintered wmagnet
body. The pressure of the inert gas is reduced so as to be
lower than the atmospheric pressure. If the pressure of the
atmosphere inside the processing chamber were close to the
atmospheric pressure, then the RH metal would not be supplied
easily from the RH bulk body to the surface of the sintered
magnet body. However, since the amount of the RH metal
diffused is determined by the rate of diffusion from the
surface of the magnet toward the inner portion thereof, it

should be enough to lower the pressure of the atmosphere
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represented by the solid dianond and by the open dianond O , respectively,
whil e the Dy concentrations neasured at the center of nain phases and at
the grain boundary triple junction of Sanples #3 are represented by the
solid circle and by the open circle 0, respectively. [0124]1n a region
with a depth of approximately 50 p mas neasured fromthe surface of the

sintered magnelcbedies,odde iRy cRRESHM ral i RS pat of Nee SNt &I ki@ Mai n
phases were very | ow, whereas the Dy concentrations at the grain boundary
triple junctions were nuch higher. On the other hand, in a region with a
dept h of appesxiiratel yaB0EYEIMIds theaBueet ¥ ¢rh the 3treERErst iwedsi nt er ed
magnet bodi es, alnost no Dy was detected in any of these two sanples.

[01251 FI G .S Bous Ihen DerGaBEenid Al s pbhalo Nl MEaSHIAth Akt Bgecent er o

of the mai n phases and at t grain boundary triple junctions of Sanples #4
and #5. As for the centers of the main phases of Sanples #4 and #5, a point
wi th the hiRfhesttaDy dddrficead r dehonevehiudldyi déwt iddcedebyfa iawdeaspoint with

the |l owest Dy concentration will be identified by In Sanple #4, the

Dy concentrations. at, the an oi nts at_.the nt e f i.n _phase and
at the graiTeBountary Q%lglSo?uékéﬁ351SéﬁglﬁﬁﬁﬁQgigﬁtegh%ya$$§§%3%% 5gﬁiannnd
, the open triangle A and the open dianond 0 , respectively. On the other

hand, i n Sampleet#h, 8thefdedconsentenhattons ab ttiee temperature of the
sintered magnet body, rather than the pressure.
[0058] The RH metal that has traveled to reach the surface
of the sintered magnet body and then be deposited there starts
to diffuse toward the inside of the magnet through the grain
boundary phase under the driving forces generated by the heat
of the atmosphere and the difference in RH concentration at
the interface of the magnet. In the meantime, a portion of
the 1light rare-earth element RL in the R;Fe;4B phase 1is
replaced with the heavy rare-earth element RH that has
diffused and penetrated from the surface of the magnet. As a
result, a layer including the heavy rare-earth element RH at a
high concentration is formed on the outer periphery of the
R,Fe4B phase.

[0059] By forming such a layer including RH at a high
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a and p points at the center of the main phase and at the grain boundary
triple junction are represented by the solid circle , the open square Oand
the open circle O respectively. [0126] As can be seen fromthese results, in
each of these sanples, there was a difference of at least 2 mol % ( =2 at%
in Dy concentration between the center of the main phase and the grain

boundary phasgent 0427 EXAMRLE Z,3Rkekedsimanet begiiescwese mage byet he

same nethod as that already described for the first exanple and had

di mensions of 7 nmmx7 mmx3 mm The nagnetization direction was defined as
t he directiowreoiefhandhfeRknessr Gfvigymihs THEs LS| itEreeédenagnétebedies wer e
acid-cleaned with a 0.3%nitric acid, dried, and then arranged so as to

face a Dy iS4 o AT RN SHQ@”T;?&%O'%“@ and, Wty {gpuEi Ly of

99. 9% as sﬁ%ﬁ%ﬁpn %I%i 1. ?%%g8fhb§t) t he pﬁbcessgggésel shgﬁnsinéFlG. J.
was heated in a vacuum heat treatnent furnace to conduct a heat treatnent
‘under the cordilt ropsntshoivRH metheé , f obhe oegavy TalyeeedrtinfelamepiaRE ganagi ng

treatment was perfornmed for 60 mnutes at a pressure of 2 Pa and at a
tenperatur%ﬁ%&uégoagg';L%%g%£ggbggegéfw?gayrghe magnet and the layer

including RH at a high concentration can be formed on the
outer periphery of the main phase efficiently. As a result,
the coercivity Hey of the overall magnet can be increased with
the decrease in remanence B, minimized.

[0060] In the prior art, the rate of deposition of a heavy
rare-earth element RH such as Dy on the surface of a sintered
magnet body (i.e., a film growth rate) is much higher than the
rate of diffusion of the heavy rare-earth element RH toward
the inside of the sintered magnet body (i.e., a diffusion
rate). That is why an RH film is deposited to a thickness of
several U m or more on the surface of the sintered magnet body
and then the heavy rare-earth element RH is diffused from that
RH film toward the inside of the sintered magnet body.
However, the heavy rare-earth element RH that has been

supplied from the RH film in solid phase, not in vapor phase,
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[Pa] 750 00 800 00 850 00 900C 950 00 30 mMn 30 mn 120 mn 30 mn | x10-2
Sanmpl e 8

not only diffuses through the grain boundary but also makes an
intragrain diffusion inside the main phase that is located in
the surface region of the sintered magnet body, thus causing a
decrease in remanence B.. That region in which the heavy
rare-earth element RH makes such an intragrain diffusion
inside the main phase to make the RH concentrations no
different between the main and grain boundary phases is
limited to the surface region of the sintered wmagnet body
(with a thickness of 100 P m or less, for example). If the
overall magnet is thin, however, some decrease in remanence B,
is inevitable.

[0061] On the other hand, according to the present
invention, the heavy rare-earth element RH such as Dy that has
been supplied in vapor phase impinges on the surface of the
sintered magnet body and then quickly diffuses toward the
inside of the sintered magnet body. This means that before
diffusing and entering the main phase that is located in the
surface region, the heavy rare-earth element RH will diffuse
through the grain boundary phase at a higher rate and

penetrate deeper into the sintered magnet body.
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Sample 9 Sanple 10 Sanple 11 Sanple 12 Sanple 13 1.0 _ _

[0062] According to the present invention, in the surface

regicon up to a depth of 100 g m as measured from the surface
of the gintered magnet body, there is a difference of at least
1 at% between the concentration of the heavy rare-earth
element RH at the center of crystal grains of an RyFe; B type
compound and that of the heavy rare-earth element RH on the
grain boundary phase of the crystal grains of the R,Fey; B type
compound. To minimize the decrease in remanence By, a
concentration difference of at least 2 at% 1is preferably
created.

[0063] The content of the RH to diffuse 1is preferably
within the range of 0.05 wt% to 1.5 wt% of the overall magnet.
This content range 1s preferred because the decrease in
remanence B, could be out of control at an RH content of more
than 1.5 wt$%$ but because the increase in coercivity Hesy would
not be significant at an RH content of less than 0.1 wt%. By
conducting a heat treatment process for 10 to 180 minutes
within the temperature range and the pressure range defined

above, an amount of diffusion of 0.1 wt% to 1 wt% is realized.

The process time meang a period of time in which the RH bulk
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Sanmpl e 14

| x102 _ - Sanple 15 _ [|x105 Atnospheric

body and the sintered magnet body have temperatures of 700 °C
to 1,000 °C and pressures of 10° Pa to 500 Pa. Thus, during

this process time, their temperatures and pressures are not
always kept constant.

[0064] The surface state of the sintered magnet is as close
to a metal state as possible to allow RH to diffuse and
penetrate easily. For that purpose, the sintered magnet is
preferably subjected to an activation treatment such as acid
cleaning or blast cleaning in advance. According to the
present invention, however, when the heavy rare-earth element
RH vaporizes and gets deposited in an active state on the
surface of the gsintered magnet body, the heavy rare-earth
element RH will diffuse toward the inside of the sintered
magnet body at a higher rate than the deposition rate of a
solid layer. That is why the surface of the sintered magnet
body may also have been oxidized to a certain degree as is
observed right after a sintering process or a cutting process.
[0065] According to the present invention, the heavy rare-
earth element RH can be diffused mainly through the grain

boundary phase. For that reason, the heavy rare-earth element
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pressure Ar flow _ _ _ Sanple 16 _ _ [0130] A conparative exanple that was
subjected to an aging treatnent under the sane conditions as those of the
second exanpl e without being subjected to any diffusion process will be
referred to herein as "Sanple #7". After the aging treatnent, the
properties of the magnet (including its remanence Br and coercivity H, J)

vere nmeasurgd wht B.agBr HiddRREpe INentf &SULd SR8 ShOWD &k ithentoll gw ng
Table 4: [0131] Table 4

controlling the process time.

[0066] In addition, the vaporization rate of the heavy
rare-earth element RH can also be controlled by adjusting the
pressure of the processing atmosphere. That 1is why the RH
bulk bodies may be arranged in the system before the sintering
process is started and the sintering reaction may be advanced
at a relatively high atmospheric gas pressure during the
sintering process with the vaporization of RH minimized. In
that case, after the sintering process 1is over, the
atmospheric gas pressure may be decreased to advance the
vaporization and diffusion of RH at the game time. In this
manner, the sintering process and the coercivity increasing
process can be carried out continuously using the same
equipment. Such a method will be described in detail later
for a second preferred embodiment of the present invention.
[0067] The shape and size of the RH bulk bodies are not
particularly limited. For example, the RH bulk bodies wmay
have a plate shape or an indefinite shape (e.g., a stone

shape). Optionally, the RH bulk bodies may have a lot of very
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Sanple # Br[T] Hcj[kA/m 7 1.42 911 8 1.42 923 9 1.42 943 10 1.42

small holes with diameters of several tens of Y m. The RH

bulk bodies are preferably made of either an RH metal
including at least one heavy rare-earth element RH or an alloy
including RH. Also, the higher the wvapor pressure of the
material of the RH bulk bodies, the greater the amount of RH
that can be introduced per unit time and the more efficient.
Oxides, fluorides and nitrides including a heavy rare-earth
element RH have so low vapor pressures that evaporation
diffusion hardly occurs under the conditions falling within
these ranges of temperatures and degrees of vacuum. For that
reason, even if the RH bulk bodies are made of an oxide, a
fluoride or a nitride including the heavy rare-earth element
RH, the coercivity cannot be increased effectively.

[0068] According to the present invention, even 1if the
given magnet has a thickness of 3 mm or more, the remanence B,
and coercivity Hgy of the magnet can be both increased using
just a small amount of heavy rare-earth element RH, thus
providing a high performance magnet, of which the wmagnetic
properties do not deteriorate even at high temperatures. Such

a high performance magnet contributes immensely to realizing
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1,079 11 1.42 1,112 12 1.40 1,352 13 1.40 1,298 14 1.42 1,143 15

an ultrasmall high output motor. The effect of the present
invention wutilizing the grain boundary diffusion can be
achieved significantly on a magnet with a thickness of 10 mm
or less.

[0069] According to the present invention, the heavy rare-
earth element RH may diffuse and penetrate either from the
entire surface of the sintered magnet body or from just a part
of the surface. To make RH diffuse and penetrate from just a
part of the surface of the sintered magnet body, the sintered
magnet body may be thermally treated just as described above
with the other portion of the sintered magnet body, in which
the diffusion and penetration should not occur, masked, for
example. According to such a method, a magnet with partially
increased coercivity Hes can be obtained.

[0070] If the magnet that has gone through the evaporation
diffusion process of the present invention is subjected to an
additicnal heat treatment process, the coercivity He; can be
further increased. The conditions of the additional heat
treatment process, including the processing temperature and

the process time, may be the same as those for the evaporation
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1.42 1,100 16 1.42 909 [O0132] As can be seen fromthese results, although
the thickness of the sintered magnet bodies was 3 nmin this exanple, the
coercivity Hcj could be increased significantly al nost w thout decreasing

t he remanence Br. [0133]FIGS. 8(a) and 8(b) are graphs show ng how the
remanence Br and the coercivity Hcj change with the process tenperature. As

can be seenyfyqmbheseographs nas the demer aticenoluthe Prosass.Oahi ch vas

performed at” a pressure of 1 x 10-2 Pa for “30 m nutes) incr

coercivity Hcj increased.ln these graphs, "as acid-cleaned” refers to a
sanpl e i n whiichathedsatf aceegpetdimrs nifer’r@d r@gnet lbody Wasfokeanedowith a
0.3%nitric acid and then covered with no coating, while "Al -coated" refers
to a sanpl e6(jonpl\§/g' ggsan Al filmwas deposited on the surface of the

|
si ntered magne 3dy by an el ectron beam heati ng evaporation process.

[0134] FIGS. 9(a) and 9(b) are graphs show ng how t he

[0071] The additional heat treatment process may be carried
out just by thermally treating the magnet with the partial
pressure of Ar increased to about 10° Pa after the diffusion
process such that the heavy rare-earth element RH does not
vaporize. Alternatively, after the diffusion process has been
finished once, only the heat treatment may be carried out
under the same conditions as the diffusion process without
putting the RH evaporation source.

[0072] By subjecting the sintered magnet body to the
evaporation diffusion process, the transverse rupture strength
and other mechanical strength of the sintered magnet body can
be increased, which is beneficial in practical use. This is
presumably because the degree of matching between the crystal
grains of the main phase and those of the grain boundary phase
has increased as a result of the removal of the internal
strain from the sintered magnet body, the repair of damage on

the machined layer, or the diffusion of the heavy rare-earth
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remanence Br and the coercivity Hcj change with the process tine. As can be
seen fromthese graphs, as the duration of the process (which was perforned
at a pressure of 1x10-2 Pa and at a tenperature of 900 00) increased, the
coercivity Hcj increased. In these graphs, "as acid-cl eaned" and

"Al -coated" refer to the sanples as descri bed above, and "as cut" refers to
a product tdlamenad RHUSLirhegntBat evhddraa idhasmadacattieion [b3ekEl GS1£10( a)
and 10(b) are graphs showi ng how the remanence Br and coercivity Hcj change
with the prqﬁs e in the process,vessel. In these graphs, the abscissa
represents ?E%%%?éggu? T#% B9t POHFHES RERBEPhEr® iR YPha! pPidiess fessel .
As can be seen fromFI G 10(b), if the pressure was 1x10-2 Pa or |ess, the
coerci vity diecj mdmat dp¥aslependednoset B8 RHRSYYAn biMdawhennthe pregsure
was 1x105 Pa (which is the atnospheric pressure), the coercivity Hcj could
not be increased at all. As a result of an EPMA analysis that was carried
out on the Ei*fackoytdae FEynée, ??n%QiéQ§F§€OV§FEdtg%aﬁeﬁﬁéﬁa@%% BPessur e
in the process vessel was equal to the atnospheric pressure, no Dy diffused
or evapor at:@ghrulBese £185WrkInl 8Y¥&MatNbn! be LN RU@33Ure of the processing
atnosphere is sufficiently high, it i's possible to prevent Dy from
evaporating and diffusing on a nearby sintered nagnet body even when the Dy
plate i s hedt%dd! ForHerenaiéasona byetontadldrbeginget avfospherticl gas
pressure, the sintering process and the Dy evaporation and diffusion
process rm}bxbﬁu%@ﬁéj' @—Fﬁe—%eggggélPaléey—elagtflhgir'?t.aé? d)%ggggﬁlg ocr%alrrrlber:
Specifically, when the sintering process Is carrleéaout, e a nnspﬁerlc
gas pressure is increased so much as to prevent Dy from evaporating and

di ffusi ng faomheheréyergl dneenpnoh iiltlheeatiewsplierd.c gas pressure is reduced
after the sintering process has ended, Dy can be supplied fromthe Dy plate
to the sintgr magn nd can be made to diffuse into the sintered
magnet bod%%oﬁg]the g&%@%ﬂ%%g‘grocess and the Dy diffusion process can be
carried out in the same systemin this manner, the manufacturing cost can
be reduced. [0136}FEXANPLE 1Dy In this exanple, it was anal yzed how t he
deposition of Dy was affected by the pressure (or the degree of vacuum of
the atnospheric_gas in the processing chanber. Specifically, according to
this exanple, ah KﬁtvéﬁkéﬂlPﬁhFE?9Wﬁﬁag e Fafet red 4% "REFEI I & WAt MD
pack”) shown in FIG 11 was used and a Dy plate with di nensi ons of 30 mmx30
XS mMm andawket ba ac PWidngnef rR89. 9% wassknsbal | @dhddisi de BhexMhagky Nb
foil was attached to the inner walls of the Mo pack. The Mo pack shown in
FIG 11 was |oaded into a vacuum heat treatnent furnace and was subjected
to a heat tFeatentR§V1o90l00CPBEAIBY nilpORELt ieFhe apr egtsur balgnre dégr ees of
vacuuns) inside the vacuum heat treatnent furnace were (1) 1x10-2 Pa, (2) 1
Pa and (3) p1804 0 - 12 1 f o] aph Ny ow t he
appearancepof %ﬁ%dinﬁgﬁﬁégfﬁécgf %h@éng%S% éﬁ%ﬁg&%ggf?e?c%ﬂ%%%e%Pg
treatment process. The discolored portions on the inner walls of the M
pack are Dy ®@epbsérethd efitorrs. 1Aest hef degrewy dfe vaplaned 1yitDyanmader
deposited uniformy all over the inner wal I s of the Mo pack. At the
degree of : ited,onl ear the.Dy plate. And at the
degr ee of éggﬁ%g%%é%,m%%%yg%%%ﬁgggfE%ﬁmvéﬁ%r??ednaeg%éasegogndEVﬂguﬁrea of
the Dy deposited region decreased, too. It should be noted that al nost no
Dy fil m wophdprbese beds fdtopdnon ddmeadnsebbor ed qaomkaisensto THwdud 3 .H0 say,
Dy, which had been deposited on the discolored portions of the inner walls

once, woul d_haye vaporized again, By adjusting the degree of vacuum of the
heat treat BN °a?%ﬁ§bﬂ§?ggiﬂ ?rﬁ@é%ﬁ%¥ﬁeF¥e?ﬁ@9¢é tzgﬁiﬁﬁl?%ﬁ§§-ééﬁﬁunt)
and the deposition region of Dy can be controlled. [0138] EXAMPLE 4

Si nt ered nagaegrdadiesstiBaindask bgen saadei byvt he- sae et hed, as, t hat
described for the first exanple and a Dy plate with di nensions of 30 Mmx30
nmx5 nn1ang a uri&y of 99.9% were arranged as shown in FIG 13 and

subj ect ed b’ d hedl®t A8at MBntSt Fd00Te: : Wi P B¢ Bitnutes in a vacuum heat
treatment furnace. The degrees of vacuuns were changed in the order of (1)
1x10-2 Pa, (2) 1 Pa and (3) 150 Pa.
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[0139] Sampl es A, B and C of sintered nmagnet bodies showmn in FIG 13 had
di mensions of 7 mmx7 mmx3 mm (the |ast one is the thickness defining the
magneti zation direction) and only Sanple D had dinensions of 10 nmx10
mmx1.2 mm (the last one is the thickness defining the nmagneti zation
direction). Each of these sintered magnet bodi es was acid-cleaned wth a

0.3% nitriciacisd, driech And1tBensyhictet-g81§ dnichedt ghéeatimNt. melt _

[ 0140] After these sintered magnet bodies were further subjected to an aging
treatnent at 500 (T.: for 60 mnutes at a degree of vacuum of 2 Pa, the
properties Gf & Heteadaet 2{FPe! Ribi hgSHHE rEmaRBACBIBFeShd Bere@PLy - H, J)
were neasured with a B-H tracer. The followng Table 5 shows the wei ghts

and ot her dala;qhr &Pl SR HLAr B8RP ANd: Lhgiik1yRgBel & s OREA b €8y
measured at the degrees of vacuuns (1),” (2) and {3): [0141] Table 5 (1)

Weight (g) before process Wi ght

a strip casting process will be described.
[0076] First, a material alloy with the composition
described above is melted by an induction heating process
within an argon atmosphere to make a melt of the material
alloy. ©Next, this melt is kept heated at about 1,350 °C and
then quenched by a single roller process, thereby obtaining a
flake-1like alloy Dblock with a thickness of about 0.3 mm.
Then, the alloy block thus obtained is pulverized into flakes
with a gize of 1 mm to 10 mm before being subjected to the
next hydrogen pulverization process. Such a method of making
a material alloy by a strip casting process is disclosed in
United States Patent No. 5,383,978, for example.
[0077] Coarse pulverization process

Next, the wmaterial alloy block that has been coarsely
pulverized into flakes is loaded into a hydrogen furnace and
then subjected to a hydrogen decrepitation process (which

will Dbe sometimes referred to herein as a “hydrogen
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(g) after process Difference (g) Area (i) Rate of increase (g/nlll2)

Tot al

(g) Yield (%

pulverization process”) within the hydrogen furnace. When the
hydrogen pulverization process 1is over, the coarsely
pulverized alloy powder is preferably unloaded from the
hydrogen furnace in an inert atmosphere so as not to be
exposed to the air. This should prevent the coarsely
pulverized powder from being oxidized or generating heat and
would eventually improve the magnetic properties of the
resultant magnet.

[0078] As a result of this hydrogen pulverization process,
the rare-earth alloy is pulverized to sizes of about 0.1 mm
to several millimeters with a mean particle size of 500 Py m
or less. After the hydrogen pulverization, the decrepitated
material alloy is preferably further crushed to finer sizes
and cooled. If the material alloy unloaded still has a
relatively high temperature, then the alloy should be cooled

for a longer time.

[0079] Fine pulverization process
Next, the coarsely pulverized powder is finely
pulverized with a jet mill pulverizing machine. A cyclone

classifier is connected to the jet mill pulverizing machine
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Br (T) Hcd (kA/m) Dy plate 32.065 31.984 -0.081 2400 _3.4x10-5 -0.081 45.7

for use in this preferred embodiment. The Jjet mill
pulverizing machine is fed with the rare-earth alloy that has
been coarsely pulverized in the coarse pulverization process
(i.e., the coarsely pulverized powder) and gets the powder
further pulverized by its pulverizer. The powder, which has
been pulverized by the pulverizer, is then collected in a
collecting tank by way of the cyclone classifier. In this
manner, a finely pulverized powder with sizes of about 0.1 gm

to about 20 g m (typically 3 gm to 5 U m) can be obtained.

The pulverizing machine for use in such a fine pulverization
process does not have to be a jet mill but may also be an
attritor or a ball mill. Optionally, a lubricant such as zinc
stearate may be added as an aid for the pulverization process.
[0080] Press compaction process

In this preferred embodiment, 0.3 wt% of lubricant is
added to, and mixed with, the magnetic powder, obtained by
the method described above, in a rocking mixer, thereby
coating the surface of the alloy powder particles with the
lubricant. ©Next, the magnetic powder prepared by the method

described above is compacted under an aligning magnetic field
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using a known press machine. The aligning magnetic field to
be applied may have a strength of 1.5 to 1.7 tesla (T), for
example. Also, the compacting pressure is set such that the
green compact has a green density of about 4 g/cm’ to about
4.5 g/cm’.
[0081] Sintering process

The powder compact described above is preferably
sequentially subjected to the process of maintaining the

compact at a temperature of 650 °C to 1,000 °C for 10 to 240

minutes and then to the process of further sintering the
compact at a higher temperature (of 1,000 °C to 1,200 °C, for
example) than in the maintaining process. Particularly when a
liquid phase is produced during the sintering process (i.e.,
when the temperature is in the range of 650 °C to 1,000 °C),
the R-rich phase on the grain boundary phase starts to melt to
produce the liquid phase. Thereafter, the sintering process
advances to form a sintered magnet eventually. The sintered
magnet body can also be subjected to the evaporation diffusion
process even 1f its surface has been oxidized as described

above. For that reason, the sintered magnet body may be
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subjected to an aging treatment (at a temperature of 400 °C to
700 °C) or machined to adjust its size.
[(0082] Evaporation diffusion process

Next, the heavy rare-earth element RH is made to diffuse
and penetrate efficiently into the sintered magnet body thus
obtained, thereby increasing the coercivity H.; thereof. More
specifically, an RH bulk body, including the heavy rare-earth
element RH, and a sintered magnet body are put into the
processing chamber shown in FIG. 1 and then heated, thereby
diffusing the heavy rare-earth element RH into the sintered
magnet body while supplying the heavy rare-earth element RH
from the RH bulk body onto the surface of the sintered magnet
body.
f0083] In the diffusion ©process of this ©preferred
embodiment, the temperature of the sintered magnet body is
preferably set equal to or higher than that of the bulk body.
As used herein, when the temperature of the sintered magnet
body is equal to or higher than that of the bulk body, it

means that the difference in temperature between the sintered

magnet body and the bulk body is within 20 °C. Specifically,
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the temperatures of the RH bulk body and the sintered magnet

body preferably both fall within the range of 700 °C to

1,000 °C. Also, the gap between the sintered magnet body and

the RH bulk body should be within the range of 0.1 mm to 300
mm, preferably 3 mm to 100 mm, and more preferably 4 mm to 50
mm, as described above.

[o084] Also, the pressure of the atmospheric gas during the
evaporation diffusion process preferably falls within the
range of 10> Pa to 500 Pa. Then, the evaporation diffusion
process can be carried out smoothly with the vaporization
(sublimation) of the RH bulk body advanced appropriately. To
carry out the evaporation diffusion process efficiently, the
pressure of the atmospheric gas preferably falls within the
range of 107° Pa to 1 Pa. Furthermore, the amount of time for
maintaining the temperatures of the RH bulk body and the
sintered magnet body within the range of 700 °C to 1,000 °C is
preferably 10 to 600 minutes. It should be noted that the
“time for maintaining the temperatures” refers to a period in

which the RH bulk body and the sintered magnet body have

temperatures varying within the range of 700 °C to 1,000 °C
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and pressures varying within the range of 10> Pa to 500 Pa
and does not necessarily refer to a period in which the RH
bulk body and sintered magnet body have their temperatures and
pressures fixed at a particular temperature and a particular
pressure.

[0085] The diffusion process of this preferred embodiment
is not sensitive to the surface status of the sintered magnet
body, and therefore, a film of Al, Zn or Sn may be deposited
on the surface of the sintered magnet body Dbefore the
diffusion process. This is because Al, Zn and Sn are low-
melting metals and because a small amount of Al, Zn or Sn
would not deteriorate the magnetic properties or would not
interfere with the diffusion, either. It should be noted that
the bulk body does not have to be made of a single element but
may include an alloy of a heavy rare-earth element RH and an
element X, which is at least one element selected from the
group consisting of Nd, Pr, La, Ce, Al, Zn, Sn, Cu, Co, Fe, Ag
and In. Such an element X would lower the melting point of
the grain boundary phase and would hopefully promote the grain

boundary diffusion of the heavy rare-earth element RH. By
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before process Weight (g) after process Difference (g) Area (m2) Rate of
I ncrease (g/ m®2) Tot al

thermally treating, in a wvacuum, the bulk body of such an
alloy and an Nd sintered wmagnet that are spaced from each
other, the heavy rare-earth element RH and the element X can
be not only evaporated and deposited on the surface of the
magnet but also diffused into the magnet through the grain
boundary phase (Nd-rich phase) that has turned into a liquid
phase preferentially.

[0086] Also, during the heat treatment for diffusion, very
small amounts of Nd and Pr vaporize from the grain boundary
phase. That is why the element X is preferably Nd and/or Pr
because in that case, the element X would compensate for the
Nd and/or Pr that has vaporized.

[0087] Optionally, after the diffusion process is over, the
additional heat treatment process described above may be
carried out at a temperature of 700 °C to 1,000 °C. If
necessary, an aging treatment is also carried out at a
temperature of 400 °C to 700 °C. If the additional heat

treatment at a temperature of 700 °C to 1,000 °C is carried
out, the aging treatment is preferably performed after the

additional heat treatment has ended. The additional heat



(g) Yield (% Br (T) HJ (kA'm) Dy plate 31.984 31.948 -0.036 2400

"1.5)(10-5

treatment and the aging treatment may be conducted in the same
processing chamber.
[0088] In practice, the sintered magnet body that has been
subjected to the evaporation diffusion process 1is preferably
subjected to some surface treatment, which may be a known one
such as Al evaporation, electrical Ni plating or resin
coating. Before the surface treatment, the sintered magnet
body may also be subjected to a known pre-treatment such as
sandblast abrasion process, barrel abrasion process, etching
process or mechanical grinding. Optionally, after the
diffusion process, the sintered magnet body may be ground to
have its size adjusted. Even after having gone through any of
these processes, the coercivity can also be increased almost
as effectively as always. For the purpose of size adjustment,
the sintered magnet body is preferably ground to a depth of 1
Hm to 300 pm, more preferably to a depth of 5 ym to 100 Y m,
and even more preferably to a depth of 10 ym to 30 Y m.
[c089] EMBODIMENT 2

First, an alloy including 25 mass$% to 40 mass% of rare-

earth elements (0.1 mass% to 5.0 mass% of which is a heavy
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rare-earth element RH and the balance of which is a light
rare-earth element RL), 0.6 mass% to 1.6 mass% of B (boron)
and Fe and inevitably contained impurities as the balance is
provided. A portion of B may be replaced with C (carbon) and
a portion (50 at% or less) of Fe may be replaced with another
transition metal element such as Co oxr Ni. For wvarious
purposes, this alloy may contain about 0.01 mass% to about 1.0
mass% of at least one additive element M that is selected from
the group consisting of aAl, Si, Ti, V, Cr, Mn, Ni, Cu, Zn, Ga,
Zr, Nb, Mo, Ag, In, Sn, Hf, Ta, W, Pb and Bi.

[0090] In this manner, according to this preferred
embodiment, 0.1 mass% to 5.0 mass% of heavy rare-earth element
RH is added to the material alloy. Specifically, a known R-
Fe-B based rare-earth sgintered magnet, including a light rare-
earth element RL (which is at least one of Nd and Pr) and 0.1
mass% to 5.0 mass% of heavy rare-earth element RH as the rare-
earth elements R, is provided and the heavy rare-earth element
RH 1is diffused from the surface toward the inside of the
magnet by the evaporation diffusion process.

[0091] In this preferred embodiment, the R-Fe-B based rare-
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earth sintered magnet body vyet to be subjected to the
evaporation diffusion process includes, as a main phase,
crystal grains of an Ry;Fe; B type compound including a 1light
rare-earth element RL as its major rare-earth element R and
already includes 0.1 mass% to 5.0 mass% of heavy rare-earth
element RH. This heavy rare-earth element RH is present both
on the main phase and on the grain boundary phase. That is
why compared to the situation where no heavy rare-earth
element RH is added to the material alloy, the difference in
the concentration of the heavy rare-earth element RH decreases
on the surface of the sintered magnet body during the
evaporation diffusion process. The intragrain diffusion into
the main phase Theavily depends on this concentration
difference, and therefore, 1s reduced in this preferred
embodiment. As a vresult, the grain boundary diffusion
advances preferentially. Consequently, even if the amount of
the heavy rare-earth element RH supplied onto the surface of
the magnet body is decreased, the heavy rare-earth element RH
can still be diffused effectively inside the sintered magnet

body.
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[0092] On the other hand, in the sintered magnet body to

which no heavy rare-earth element RH has been added in

advance, the difference in the concentration of the heavy

rare-earth element RH increases on the surface, thus producing

the intragrain diffusion into the main phase more often and

decreasing the percentage of the grain boundary diffusion.

[0093] It should be noted that if the sintered magnet body

yet to be subjected to the evaporation diffusion process

included 5 mass% or more of heavy rare-earth element RH, the

difference in the concentration of the heavy rare-earth

element RH would also decrease at the grain boundary phase and

the coercivity could not be increased so much by the

evaporation diffusion process. That is why to produce the

grain boundary diffusion of the heavy rare-earth element RH

efficiently, the sintered magnet body yet to be subjected to

the evaporation diffusion process preferably includes 1.5

mass% to 3.5 mass% of heavy rare-earth element RH.

[0094] According to this preferred embodiment, a sintered

magnet body already including a predetermined amount of heavy

rare-earth element RH is further subjected to the process of
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producing the grain boundary diffusion of the heavy rare-earth

element RH from the surface of the sintered magnet body. As a

result, the light rare-earth element RL can be replaced with

RH very efficiently on the outer periphery of the main phase.

As a result, the coercivity He; can be increased with the

decrease in remanence B, minimized.

[0095] EMBODIMENT 3

In a method of producing an R-Fe-B based rare-earth

sintered magnet according to a third preferred embodiment of

the present invention, the process step of sintering a compact

of an R-Fe-B based rare-earth magnet powder and the process

step of diffusing a heavy rare-earth element RH are performed

continuously in the same processing chamber. More

specifically, performed first 1is the process step (A) of

arranging a compact of an R-Fe-B based rare-earth magnet

powder, including a light rare-earth element RL (which is at

least one of Nd and Pr) as a major rare-earth element R, in a

processing chamber such that the compact faces a bulk body

including a heavy rare-earth element RH, which is at least one

element selected from the group consisting of Dy, Ho and Tb.
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(3) Weight (g) before process Weight (g) after process Difference (g) Area
(nmR) Rate of

[0096] Next, the process step (B) of performing a sintering
process in the processing chamber, thereby making an R-Fe-B
based rare-earth sintered magnet body including crystal grains
of an RyFe; B type compound as a main phase is carried out.
After that, performed in that processing chamber is the
process step (C) of heating the bulk body and the R-Fe-B based
rare-earth sintered magnet body, thereby diffusing the heavy
rare-earth element RH into the R-Fe-B based rare-earth
sintered magnet body while supplying the heavy rare-earth
element RH from the bulk body to the surface of the R-Fe-B
based rare-earth sintered magnet body.
[0097] The process steps of this preferred embodiment are
the same as the counterparts of the first preferred embodiment
described above except the sintering and diffusing process
step. Thus, only the process step unique to this preferred
embodiment will be described.
[0098] Sintering and diffusing process step

The sintering and diffusing process step of the third
preferred embodiment will be described with reference to FIG.

2, which is a graph showing how the temperature and pressure
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of the atmospheric gas in the processing chamber change with
time in the sintering and diffusing process step. In this
graph, the one-dot chain curve represents the atmospheric gas
pressure and the solid curve represents the atmospheric gas
temperature.

[0099] First, a compact of the magnet powder and an RH bulk
body are arranged in the processing chamber 6 shown in FIG. 1
and the pressure starts to be reduced (which is the process
step (A)). In this process step, the compact of the magnet
powder may be obtained by compacting a finely pulverized
powder, which has been prepared by a known process to make a
rare-earth sintered magnet, by a known process, too.

[0100] After the magnet powder compact and the RH bulk body
have Dbeen arranged in the processing chamber 6, the
temperature in the processing chamber 6 1is raised to a
predetermined temperature falling within the range of 1,000 °C
to 1,200 °C to start a sintering process. The temperature is
preferably not raised until the atmospheric gas pressure
inside the processing chamber 6 has been lowered to a pressure

of 1 Pa to 1Xx10° Pa for the sintering process. It 1is
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important to maintain the pressure during the sintering
process at a relatively high level at which the vaporization
of the RH bulk body can be reduced sufficiently. As described
above, the rate of wvaporization of the heavy rare-earth
element RH from the RH bulk body is reduced significantly when
the atmospheric gas pressure is high. That is why even if the
powder compact and the RH bulk body are both present in the
same processing chamber 6, the sintering process can be
advanced without allowing the heavy rare-earth element RH to
enter the powder compact by controlling the atmospheric gas
pressure within an appropriate range.

[0101] The sintering process (which corresponds to the
process step (B)) may be carried out by keeping the powder
compact heated for 10 to 600 minutes within the atmospheric
gas pressure and temperature ranges specified above. In this
preferred embodiment, the atmospheric gas pressure is supposed
to fall within the range of 1 Pa to 1% 10° Pa when the
temperature is raised and during the process step (B). That
is why the sintering reaction advances quickly with the

vaporization of the RH bulk body minimized. In the process
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step (B), 1f the atmospheric gas pressure were lower than 1
Pa, then the heavy rare-earth element RH would vaporize from
the RH bulk body, thus making it difficult to advance only the
sintering reaction. On the other hand, if the atmospheric gas
pressure in the process step (B) exceeded 1%10° Pa, the gas
might remain in the powder compact during the sintering
process and some cavities could be left in the resultant
sintered magnet. For these reasons, the atmospheric gas
pressure in the process step (B) is preferably controlled so
as to fall within the range of 1 Pa to 1 X 10° Pa, more
preferably within the range of 5x10° Pa to 10* Pa.

[0102] After the sintering process (i.e., the process step
(B)) has been carried out, the atmospheric gas temperature
inside the processing chamber 6 is lowered to a temperature of
800 °C to 950 °C (which will be referred to herein as a
“process step (B’;)”) and then the atmospheric gas pressure is
reduced to a pressure of 1%x10° Pa to 1 Pa (which will be
referred to herein as a ‘“process step (B';)"). A good

temperature to diffuse the heavy rare-earth element RH is

800 °C to 950 °C. In the process step (B’;) to lower the
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temperature to this range, the wvaporization of the RH bulk
body is preferably minimized. In this preferred embodiment,
after the atmospheric gas temperature has been lowered to a
temperature of 800 °C to 950 °C, the atmospheric gas pressure
starts to be reduced (i.e., the process step (B’;) gets
started) . In this manner, after the atmospheric gas
temperature has been lowered to a preferred temperature for
the evaporation diffusion process, the RH bulk body can start
to be vaporized and the diffusion process step (C) can be
carried out efficiently.

[0103] In the diffusion process step (C), the evaporation
diffusion described above is advanced with the atmospheric gas
pressure maintained within the range of 1%10> Pa to 1 Pa and
with the temperature in the processing chamber maintained
within the range of 800 °C to 950 °C. In this diffusion
process step (C), the grain boundary diffusion occurs
preferentially as a result of the evaporation diffusion
process. Consequently, the formation of an intragrain
diffusion layer can be reduced and the decrease in remanence

B, can be minimized.
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[0104] FIG. 3 is a graph showing different wvariations in
pressure and temperature from those of the preferred
embodiment shown in FIG. 2. In the example shown in FIG. 3,
before the sintering process step (B) ends, the atmospheric
gas pressure ig reduced in the process step (B”,). Next,
after a heat treatment has been conducted for 10 to 300
minutes at an atmospheric gas pressure of 1X10> Pa to 1 Pa and
at a temperature of 1,000 °C to 1,200 °C in the processing
chamber in the process step (B”;), the temperature in the
processing chamber 6 is lowered to a temperature of 800 °C to

950 °C in the process step (B”3). According to the example

shown in FIG. 3, the RH bulk body starts to vaporize during
the sintering process step (B), and therefore, the total
process time can be shortened.

[0105] It should be noted that before the sintering process
step 1s started, the temperature does not always have to be
increased at a constant rate as shown in FIG. 2 or 3.
Alternatively, the process step of wmaintaining the powder

compact at a temperature of 650 °C to 1,000 °C for 10 to 240

minutes while the temperature is being increased may be added.
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1.42 1200 [0142] As can be seen from Table 5, the properties of the

sintered magnet bodies A through D inproved al nost wi thout variations. Dy
yi el ds were cal cul ated based on the variations in weight before and after
the heat treatnent shown in Table 5. In this case, the "Dy yield" is given
by (the increase in Dy of the nenber being processed (such as the sintered

magnet body;progihe Ny £91 1 )/{decsieage;bn the,uekghtrof tltli"@ Dy et e hX
100. The Iomer the degree of vacuum the higher the Dy yield. At the degree

of vacuum (3), the Dy yield was approximtely 83% Also, at every degree
of vacuum (q\)lzod(l@}énbr ie3)nott heepattelwsf Facrdgsesyntacke %@tgll‘ft of tthe Nb
foil per unit area was nuch lower than in the sintered magnet body. This

result reveal s ihat .onabien gy agh Ahndfacbiat doesnober 836t chocl! o . does

not nake an particles’t ave traveled to reach
the Nb surface and get deposited there tenporarily vaporize again and do
not contri butye deo degrasiingdaoby thiel suohatheoNbthei binterest heanasr dsdyt he Dy
particles that have vaporized fromthe Dy plate evaporate and diffuse on

the sinter qﬂgg%ne% b8d¥fgreferent|%IIy Tgbnsggug % ggnpare%_%osother
i I “Che I el

conventi ona fusron pr OCESSé) ncrease
significantly, thus contributing to saving val uable natural resources
i Mmensely. afe0143} EXAMRIE etals andibdened sagnell bodiues vhatl hath been nmade
by the sane nmethod as that described for the first exanple and a Dy plate
Sn would not deteriorate the magnetic properties or would not
interfere with the diffusion, either. Optionally, the element
such as Al, Zn or Sn may be included in the RH bulk body.
[0107] As can be seen easily from the foregoing
description, according to this preferred embodiment, the grain
boundary diffusion of a heavy rare-earth element RH (which is
at least one element selected from the group consisting of Dy,
Ho and Tb) is produced without significantly changing the
conventional process, thereby supplying the heavy rare-earth
element RH deep into a sintered magnet body and replacing a
light rare-earth element RL with the heavy rare-earth element
RH efficiently on the outer periphery of the main phase. As a

result, the coercivity Hes can be increased with the decrease

in remanence B, minimized.
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wi th dinmensions of 20 nmx30 nmmx5 nm and a purity of 99.9% were arranged as
shown in FIG 14 and subjected to a heat treatnment at 900 C.: and at 1x10-2
Pa.ln this exanple, the distance between the magnet and the Dy pl ate was
changed as shown in the follow ng Tabl e 6. The sintered nmagnet bodi es had

di mensions of 7 mmx7 mmx3 mm (the | ast one is the thickness defining the
magneti zation direction) and had been acid-cleaned with a 0.3%nitric acid
and dried. After having been subjected to a heat treatnent, these sintered
magnet bodi es were further subjected to an aging treatnent at 500 00 for 60
m nut es at Exaegeee of vacuum of 2 Pa, and then the properties of the
magnet (including the remanence Br and coercivity H/J) were neasured with a

B-H tracer. [41%18114] TaEkEM&E X nm 15 30 80

An alloy was prepared by a strip casting process so as to
have a composition consisting of 31.8 mass% of Nd, 0.97 mass%
of B, 0.92 mass% of Co, 0.1 mass% of Cu, 0.24 mass% of Al and
Fe as the balance, thereby making thin alloy flakes with
thicknesses of 0.2 mm to 0.3 mm.

[0109] Next, a container was loaded with those thin alloy
flakes and then introduced into a hydrogen pulverizer, which
was filled with a hydrogen gas atmosphere at a pressure of 500
kPa. In this manner, hydrogen was occluded into the thin
alloy flakes at room temperature and then released. By
performing such a hydrogen process, the thin alloy flakes were
decrepitated to obtain a powder in indefinite shapes with
sizes of about 0.15 mm to about 0.2 mm.

[0110] Thereafter, 0.05 wt% of zinc stearate was added to
the coarsely pulverized powder obtained by the hydrogen
process and then the mixture was pulverized with a jet mill to

obtain a fine powder with a size of approximately 3 U m.
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160 30 mn. 00 (r) - 120 mn. _ 0 (-_) O [0145]As can be seen from Tabl e
7 and FIG 15, the degree

[0111] The fine powder thus obtained was compacted with a
press machine to make a powder compact. More specifically,
the powder particles were pressed and compacted while being
aligned with a magnetic field applied. Thereafter, the powder
compact was unloaded from the press machine and then subjected
to a sintering process at 1,020 °C for four hours in a vacuum
furnace, thus obtaining sintered Dblocks, which were then
machined and cut into sintered magnet bodies with a thickness
of 1 mm, a length of 10 mm and a width of 10 wmm.

[0112] These sintered magnet bodies were acid-cleaned with
a 0.3% nitric acid aqueous solution, dried, and then arranged
in a process vessel with the configuration shown in FIG. 1.
The process vessel for usge in this preferred embodiment was
made of Mo and included a member for holding a plurality of
sintered magnet bodies and a member for holding two RH bulk
bodies. A gap of about 5 mm to about 9 mm was left between
the gintered magnet bodies and the RH bulk bodies. The RH
bulk bodies were wmade of Dy with a purity of 99.9% and had

dimensions of 30 mmX30 mmX5 mm.

f0113] Next, the process vessel shown in FIG. 1 was heated
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of increase in coercivity changed with the di stance between the sintered
magnet body and the Dy plate. Wien the distance was up to 30 mm the
degrees of increase were not so nuch different. However, the greater the
di stance, the smaller the degree of increase. Nevertheless, even if the
distance is 30 mmor nore, the coercivity can also be increased by

extending t {*E haeatvatcggat rrf,@gt prtq%%ﬁaem mee, 101461 Tabl eodaudr LT] nHed [KA/ N
Br [T] Hcj Oiginal materi al

treatment. The conditions for the heat treatment are as shown
in the following Table 1. It should be noted that the “heat
treatment temperature” will mean herein the temperature of the
sintered magnet bodies and that of the RH bulk bodies, which
is approximately equal to that of the sintered magnet bodies,

unless otherwise stated.

[0114] Table 1
Condition Temperature Time Pressure
[oC] [min ] [Pa}
X 900 30
Y 180 1.0%x107?
Z 950
[0115] After the heat treatment was carried out under the

conditions shown in Table 1, an aging treatment was performed

for 60 minutes at a pressure of 2 Pa and at a temperature of

500 °C.

[0116] Meanwhile, another sample was prepared by coating

the surface of a sintered magnet body with Al (to a thickness

of 1 Ppm) by an electron beam heating evaporation process (at

an output of 16 kW for 30 minutes) using a barrel, and

subjected to the heat treatment under the conditions X and Y

shown in Table 1. After that, the sample was subjected to an
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1.42 911 CD 1.41 1,289 0) 1.42 1,096 QD 1.42 1,255 CD 1.42 1,102

aging treatment for 60 minutes at a pressure of 2 Pa and at a
temperature of 500 °C.

[0117] Each sample was magnetized with pulses with an
intengity of 3 MA/m and then the properties of the magnet
(including its remanence B, and coercivity H.3) were measured
with a B-H tracer. Also, it was estimated with an EPMA EPM-
810 (produced Dby Shimadzu Corporation) how and where Dy
diffused inside the magnet. The remanences B, and

coercivities H.; measured are shown in the following Table 2:

f0118] Table 2
Sample # Al coating Heat Br HcJ
treatment [T] (kA /m]
condition
1 NO No 1.40 850
diffusion
2 NO X 1.40 1,211
3 YES X 1.39 1,228
4 NO Y 1.39 1,402
5 YES Y 1.38 1,422
6 NO Z 1.37 1,601
[0119] Sample #1 representing a comparative example was

not subjected to an evaporation diffusion process of Dy but
was subjected to an aging treatment under the gsame heat
treatment condition as Samples #2 to #6. As can be seen from
Table 2, Samples #2 to #6, which were subjected to the Dy

diffusion process of the present invention, had wmuch
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gbh 1.42 1,010 CD 1.42 1,033 [ 0147] EXAMPLE 6 Si ntered nmagnet
bodi es that had been nmade by the sanme nethod as that described for the
first exanple and a Dy plate with di mensions of 30 Mmx30 mMx5 mm and a
purity of 99.9% were arranged as shown in FIG 16 and subjected to a heat
t r eat ment

increased coercivities H.; compared to Sample #1 representing
a comparative example. The presgsent inventors also discovered
that even in Samples #3 and #4 in which an Al coating was
deposited to a thickness of 1 g m on the surface of the
sintered magnet body before the diffusion process, the
presence of the Al coating did not particularly interfere
with the diffusion of Dy but the coercivity Hgy could also be
increased.

[0120] FIGS. 4 and 5 are photographs showing the results of
sectional EPMA analyses that were carried out on Samples #2
and #4. Specifically, FIGS. 4(a), 4(b), 4(c) and 4(d) are
mapped photographs representing a backscattered electron image
(BEI) and the distributions of Nd, Fe and Dy, respectively.
The same goes for FIG. 5. In each of these photographs, the
upper surface corresponds to the surface of the sintered
magnet body.

[0121] In the photographs shown in FIGS. 4(d) and 5(d),
portions with relatively high Dy concentrations have bright
shades. As can be geen from these photographs, Dy with

relatively high concentrations was present in the vicinity of
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at 900 00 and at 1x10-2 Pa in a vacuum heat treatment furnace. In this
exanpl e, the heat treatnent was carried out with two Dy plates arranged
over and under the sintered magnet bodies, respectively, with a single Dy
pl ate arranged only over the sintered nagnet bodies and with a single Dy
pl ate arranged only under the sintered magnet bodi es. The sintered magnet
bodi es had 'ggngL n 7 3. : L. 0 1S, L.ckpess
defi ni ng tH%{ gné%i?gﬁﬁg%r%?reg??%n Hg%%éﬂgHL%§§ g%i -§|§§ﬁ§§h§j? a 0.3%
nitric acid and dried. [0148] Thereafter, these sintered nmagnet bodi es were
further subjlectrednto, aby adi M stedeabeate as iG0Gr0@ochoen &R Hangt ¢ ahea
degree of vacuum of 2 Pa, and then the properties of the magnet (i ncl uding

t he remanence .Br._and.coercivity.H J)_ wer sur Wi - er. FIG
17 shows A ARG E Dot e e (TS e eh ot A Mo ] B8R 17
no matter where the Dy plate(s) was/were arranged, the coercivity always

i ncreased. pHisesi.s phrobabiiyndecausaet hethadorirzedhDyh par thycl éslnmoubd have

been present uniformy in the vicinity of the surface of the sintered

magnet bodi es during the vacuym heat treatnent. 01501 FI G, 18 shows t he
B R U G RR E RE ag A  R g

thermally treated sintered magnet body when the Dy plate was arranged only
under t hevssi At erededragiat thedyy Speciihiteathy, s fteret8hagnshawsivt he
results of analysis on the center of the upper surface of the sintered
magnet body and FIG 18(b) shows the results of analysis on the center of
the | ower Siif a€é ofaihe BEPRedr et maghist bBYy. Fif g dheteecitthatiB) had
evaporated and diffused in alnost the sane way at the respective centers of

the upper angcbawes: SdHd aees Bbsdhe-Biint ehedyi@dgnel, Bedyne Thiscdreans t hat
t he vaporized Dy particles were distributed uniformy near the surfaces of

the sintered magnet body. [0151] EXAMPLE 7 A non-wetting test was
carri ed outthgt sgotered magngtwpedy 90% RH on sanpl es that had been subjected
to the evaporation diffusion process under the condition X (900 T and 30

mnutes) of(ghhe)fir Sheldahle. 5 Brel%ictedes elnfilachbAl 0AARhS; shaykng how
rusty the surface of the nagnet body got after the non-wetting test. In
FIG 19, "as acid-cleaned" refers to a sintered nagnet body that was

aci d- cl eaneginfipth we®i@%di tr ptnaeiall mdoned body tvhidm subBfech eek tvp &n agi ng
treatment at a pressure of 2 Pa and at a tenperature of 500 C, for 60

m nutes w thout being subjected to fhe evaporation
100 B m as gmeas red %rom the surfaa%e, no Dy diffused to reach

the center of the main phases (i.e., crystal grains of an
Nd,Fe;4B compound) and the Dy concentration was lower at the
center of the main phases than in the vicinity of the grain
boundary. This means that before the intragrain diffusion
advanced in the surface region, Dy had already diffused
through the grain boundary phase to reach deep inside the
sintered magnet body. As a result, a rare-earth sintered

magnet, of which the coercivity He; was increased almost
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di ffusion process."1-A" refers to a sintered nagnet body that was

aci d-cl eaned under the sane conditions as the "as acid-cl eaned" sintered
magnet body and then subjected to the evaporation diffusion process and the
agi ng treatnent under the condition X of the first exanple described above.
"1-B" refers to a sintered nmagnet body that was acid-cl eaned under the sane
conditions as . the "as ach-chaned" sintered nagge%ab%g%i %8ated wth Al
under the SHHEESNAFTTHHE Hs “PRoSEUEESFi Bed F8F Yt Re F1rst “exanpl e, and

t hen subjected to the evaporation diffusion process and the agi ng treatnent
under the cpndiztii on Xzof tée didwst exanpbe descrdnhedtabove.ttAs carrbe seen
fromFIG 19, conpared to the "as acid-cl eaned" sanple, the non-wettability
increased in both "1-A" and "1-B" sanples. This shoul% gﬁ beﬁause b

per f or ni ng TREVIRRT RS oAlBr ctdEE 0f Ot h&PPestSSSnvalti 6, K Uef$Ehi xed
phase structure of Dy or Nd is fornmed and the uniformty of the potenti al

i ncreases, BdiHaRyeVRIMING GRELESI &N 168 f2 patentsi.al 1di Ffer egcenkr om
advancing rapidly. [0152] EXAMPLE 8 An sintered magnet that was produced
under the conditions of the first exanple so as to have a conposjtion
consi sting Bf PLCENRBEREHBT RASUDEY P IESSUSBPLE O 92 1ARBRIFDT B 6. 1
mass% of Cu, 0.24 mass% of A, 0 nmass% of Dy, and Fe as the bal ance was
machi ned and,Luty,isNho &c0HAREY (ﬁrﬂ&m$pb%&£§i$hthgﬂl”@Qﬁh%@s of2 1Qamx10
nmx3 mm (t he Iaé% one Is the magneti zation direction). Those workpi eces are
arranged as shown in FIG 20, thermally treated for 120 m nutes at a

t enper at ur eregfre860t 80 apdthé aopi@s§iareorsf *x140r@ Ba @iml ¢pwn SwHyoect ed to
an aging treatnent for 120 mnutes at a tenperature of 500 00 and at a

o T ow oo an FeppeSe SRIROSHI9R° (8L BFVEbAe Rt i8hL NE AP IR e

center of main phases and at the grain boundary triple
junction of Samples #3 are represented by the solid circle e
and by the open circle © , respectively.

[0124] In a region with a depth of approximately 50 Y m as
measured from the surface of the sintered magnet bodies, the
Dy concentrations at the center of the main phases were very
low, whereas the Dy concentrations at the grain boundary
triple junctions were much higher. On the other hand, in a
region with a depth of approximately 500 U m as measured from
the surface of the sintered magnet bodies, almost no Dy was
detected in any of these two samples.

[0125] FIG. 7 shows the Dy concentrations that were
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[0153] Table 8 Dy X Dy X mass% at% Dy 100 O 100 O

measured at the centers of the main phases and at the grain
boundary triple junctions of Samples #4 and #5. As for the
centers of the main phases of Samples #4 and #5, a point with
the highest Dy concentration will be identified by a and a
point with the lowest Dy concentration will be identified by
B . In Sample #4, the Dy concentrations at the a and f
points at the center of the main phase and at the grain
boundary triple junction are represented by the solid diamond
¢ , the open triangle 2 and the open diamond ¢ , respectively.
On the other hand, in Sample #5, the Dy concentrations at the
a and B points at the center of the main phase and at the

grain boundary triple junction are represented by the solid

circle ® , the open square 0O and the open circle o ,
respectively.

[0126] As can be seen from these results, in each of these
samples, there was a difference of at least 2 mol% (=2 at%)

in Dy concentration between the center of the main phase and

the grain boundary phase.

[0127] EXAMPLE 2

Sintered magnet bodies were made by the same method as
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Dy-Nd 50 50 47 53 Dy-A 25 75 67 33 Dy-Fe 88 12 72

that already described for the first example and had

dimensions of 7 mmX7 mm*X3 mm. The magnetization direction was

defined as the direction of the thickness of 3 mm. Those
sintered magnet bodies were acid-cleaned with a 0.3% nitric

acid, dried, and then arranged so as to face a Dy plate with

dimensicns of 30 mmX30 mm*5 mm and with a purity of 99.9% as
shown in FIG. 1.
[0128] Next, the process vessel shown in FIG. 1 was heated

in a vacuum heat treatment furnace to conduct a heat treatment

under the conditions shown in the following Table 3. After
that, an aging treatment was performed for 60 minutes at a

pressure of 2 Pa and at a temperature of 500 °C.

f0129] Table 3
Pr"igs‘ffe 750 °C | 800 °C | 850 °C 500 °C 950 °C
a . : .
30 min 30 min | 120 min | 30 min
1x10-2 Sample | Sample | Sample | Sample Sample | Sample
8 9 10 11 12 13
1.0 . R . Sample . B
14
1x102 . R _ Sample . _
15
1x105 . . . Sa?gle . .
Atmospheric
pressure Ar flow
[0130] A comparative example that was subjected to an

aging treatment under the same conditions as those of the
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28 Dy-In 85 15 80 20 [0154]As Dy-Nd is an alloy, 100% of which forns a
solid "solution, Dy and Nd had a ratio of 50 mass% to 50 mass% in their
conposition. As for the other alloys, ratios that would nake Dy and X form
a eutectic conmpound were selected. [0155] The magnetic properties of these
sanples (including the remanence Br and coercivity Hcj) before and after

t he evapofaéé%dangxgsggiélsmfihehece@&ﬁ/@fr%uﬁ?@éw@d oW thn@ Biib duacsr

FIGS. 21(a), 21(b) and 21(c) are graphs show ng the remanence Br,
coercivity licj and | oop squareness (Hk/HcJ) , respectively. [0156] As can
be seen fromadessgraph BhovgfameR| & Raye) ashéSeveteiti'ty HAdternéreased in
all of the sanples. This is because the diffusion of Dy into the sintered
magnet body mﬂl r Wit hea hi.g o] t L0 nd with
hi gh ani sotT opl cdcn%%\rég‘te%g PFgfgp%%yt té\@lgu{zggr tggr P‘S%Mé?)@/ g%?{}ltged%rrlgi Etghase
(i.e., Nd2Fel4B crystals). As for Dy-X other than Dy-Al, the coercivity

i ncreased txewmnepse tthe mdhrecdegrios tyorpal edere Dieasugreé, YHuth decBedses in
remanence and | oop squareness (Hk/Hcj) could be mnimzed. This is
presunmably because the evaporation .and dif i .not .j Dy but al so
the el ement™XWoul d %%vree ug\%gr aeﬁet%%wrrrleﬁfli %gép%%lnl%t%glgtﬁiég%%éﬁ'n boundary
phase and further pronoted the diffusion of Dy. This effect was achi eved
remar kabl y whien it he shenemn X i ncl uded Nd. The reason would be that as the
bul k body

Sample # B, [T] Heg [kA/m]
7 1.42 911
8 1.42 923
] 1.42 943
10 1.42 1,079
11 1.42 1,112
12 1.40 1,352
13 1.40 1,298
14 1.42 1,143
15 1.42 1,100
16 1.42 909
[0132] As can be seen from these results, although the

thickness of the sintered magnet bodies was 3 mm in this
example, the coercivity Hc; could be increased significantly
almost without decreasing the remanence B,.

[0133] FIGS. 8(a) and 8(b) are graphs showing how the
remanence B, and the coercivity H.; change with the process
temperature. As can be seen from these graphs, as the
temperature of the process (which was performed at a pressure

of 1%x10? Pa for 30 minutes) increased, the coercivity Hg;
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supplied Nd to the sintered magnet body, Nd woul d have conpensated for the
very small anmount of rare-earth elenent such as Nd or Pr that had vapori zed
fromthe grain boundary phase of the sintered magnet body during the heat
treatment. [0157] The present inventors confirned, by the same nethod as
t hat described above, that simlar effects were achi eved by various
el enents (ingludipg. La,r0enddt GoprAY, 23 and oSe) cother thand he,ehenents
X shown in Table 8. [0158] EXAMPL §) A sintered magnet body that was
produced by the sane nethod as that already described for the first exanple
was nmachi netmdg cut Whics &haustsfaed of ntlee edimeryinst "edieés brdyhwas
di mensions of 6 mm (in the magnetization direction)x6 mMmx6 mm These
sintered nvart%eao%%tﬁ and oDy, Platesc vers qardangatasshonmy | 9 B Gu022(a).
Specifically, the ates were arranged over and the sintered
magnet bodi es such that t he magneti zation direction of the si ntered magnet
bodi es becammtsuobst ahtial 'yl perpeddi cafars to thesoppesiimg vwuchaees 20f t he
upper and | ower Dy plates. The sintered magnet bodies in such an
ar r angenent re_subject d eat treat t .for_ . 120, 5240 an 0
m nut es, ré%pectlve ?Osﬁza f%hﬁgrafure 6j€ and fé%lgﬁessureggf 1 x
10-2 Pa in a vacuum heat treatnent furnace and then subjected to an aging
treat ment fyr abh268lattntdredeatn Bedeimereaatpbeaoforb@FoCesand at a pressure of 2
Pa. [0159]FI G 22(b) shows the crystall ographic orientations of the
sintered body_l n. FI 2(b), | ane of th c Sintered ghet
body thatnaﬁF§4%ectsFaf%h Skégcfﬁ&%sgf ef?ﬁ?néﬁfﬁ’ %ﬁt%ﬁ3§atp8% d*fecti on)
at right angles is | abeled as "aa plane" and another plane of the sintered
magnet bodydrdakngees, nahdi Rher seek-cM ity t g Cxigs alithi gHe an@essas "ac
pl ane”. [0160] During the heat treatnent descri bed above, only the two "aa
pl anes” out of the six planes of the sintered magnet body were exposed in
sanpl e aa2 & t hédSotder oyl 476y thereoPraRte Vet WHAF1RB PSi1 with

a thickness of 0.05 mm In the sane way, in sanple ac2, only the two "ac
pIanes" wer, angd .the n f oV, wi th Nb
pLanes" ons.expased, A the, oL or Lo pkanes, Lieteal er e £ousy e
sanpl es (i ncl udi ng

at a temperature of 900 °C) increased, the coercivity Heg

increased. In these graphs, “as acid-cleaned” and “Al-coated”
refer to the samples ag described above, and “as cut” refers
to a product that had just been cut with a diamond cutter.

[0135] FIGS. 10(a) and 10(b) are graphs showing how the
remanence B, and coercivity H.; change with the pressure in the
process vessel. In these graphs, the abscissa represents the
pressure of the argon gas atmosphere in the process vegsel.

As can be seen from FIG. 10(b), if the pressure was 1%107?% pa

or less, the coercivity He; hardly depended on the pressure.
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the remanence Br and coercivity Hcj) before and after the heat treatnent
were nmeasured with a B-H tracer. [0162]FIG 23 is a graph show ng how nuch
the coercivity Hcj increased and how nuch the remanence Br decreased. Once
the heat treatment process tinme exceeded 240 m nutes, the remanences Br of
the sanples aa and ac decreased to al nobst the sane degree but the

coercivity S r PR el 0 re than
t hat of theQ%%‘afe g%e %Fg%ggf%b eid %§§g€?ha§§ékﬁaag'%?%s?%ﬁ#g s?ghces of
Dy, the sanples aa2 and ac2 that had been thermally treated for 240 m nutes
had their nRigarstire) pr 6per cpescividsuried wpedd an®- Hpe r bewreadedr ywtt iad -t he
sanpl es were machined 0.2 mmas neasured fromthe surface. [0164]FIG 24 is
a graph shoyd ng Lhe GOerCiyi tdfs E,Eﬁ?é tf‘ﬁ‘% JRAsU L dgn otu*E' %nm%’?l'%er In
t he sanpl e ac2, en the nachi ned reached approxi mately mm i n
total, the coerciV|ty HcJ becane apprOX|nater equal to the value before

t he heat t reaticest . oOn thiee ovédeest hand, was t ke ssenpted aghawhenheme timechi ned
depth reached approximately 1.2 nmin total, the coercivity Hcj becane
approximately e uaI .to he vaIue before the heat trea As .can be seen
ea5| |y frorﬁ%ﬁtegﬂe réélultts Rhe~ar ff"u5| on rate in: ]the ché&.é Speh(‘:etl on
(i.e., the magnetic field alignnent direction) is alnbst twce as high as
the diffusipregsate,i not bhe @i faciddonrt babpbdsatper.permtiecul apst Dt heevesaxi S.

[ 0165] EXAMPLE 10 A sintered magnet body that was produced by the sane
met hod as t at alread described for_the first exanp | e so as to have a

t hi ckness df*® nmhf(i he PREGAET za?§ on“ i r &GS % | BhECTPE 25 1¥m and a
wi dth of 25 mm had approximately 50% of its surface covered with Nbo foil as
shown in Fl&arfdsfapc1Nextigt he i ntiey edoxagpet bedy pasvard anged m&mshown
in FIG 1, thernmally treated for 120 m nutes at a tenperature of 900 00 and
at a pressure of 1 x 10-2 Pa in a vacuum heat treatnent furnace, and then
subj ect ed t/2RRTAGIAG PPEaCHEAESERY 920 ami BRAMY oF 10 F&Ap&IRENGe ROY500 00
and at a pressure of 2 Pa.After the heat treatnent, very little Dy was
deposited an.dnhe,bh fehk and goutd Q% eﬁ@ﬂdéﬁ re”Q%ﬁd whihoykakeact ikhg to,

and fusing with, the sintered nmagnet

controlling the atmospheric gas pressure, the sintering
process and the Dy evaporation and diffusion process may be
carried out sequentially in the same processing chamber.
Specifically, when the sintering process is carried out, the
atmospheric gas pressure is increased so much as to prevent Dy
from evaporating and diffusing from the Dy plate. And if the
atmospheric gas pressure 1s reduced after the sintering
process has ended, Dy can be supplied from the Dy plate to the
sintered magnet body and can be made to diffuse into the

sintered magnet body. If the sintering process and the Dy
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[0166] Fromthis thermally treated sanple, portions with a thickness of 3
mm (in the magnetization direction), a length of 7 mmand a wwdth of 7 mm
were cut out with a dianond cutter at the regions shown in FIG 25(hb).
Then, the magnetic properties (including the remanence Br and coercivity
licj) of the portion in which Dy was allowed to diffuse and penetrate

(Sanpl e E) @Pé’futs@%np%%%%?é;%‘g%%ggg?t ich%b%%NQutf, ok} RaMLfcFkMELR MRasured

with a B-Htracer. | S 0 e nmeasurenents are’shown i n the
following Table 9. The present inventors confirnmed that the coercivity licj
i ncreased ithisheapoeti orhe manhupast nomavcappeck! et medibed oi | but where Dy
was allowed to diffuse and penetrate conpared to the portion that was

wr apped in b foj according to this exanple, by selectively
di ffusing Ebhﬁﬁﬁ; pa?%%%%ﬁgﬁgportion of a sintered nagnet body, the

magnetic properties of that portion can be made different fromthose of the
ot her portions. In0t68kTabkbepfe Sanpl eaBr piglHosd [k NMjheE Adephd it i2B40E 1. 42

Dy was affected by the pressure (or the degree of vacuum) of
the atmospheric gas in the processing chamber. Specifically,
according to this example, an Mo vessel (which will be
referred to herein as an “Mo pack”) shown in FIG. 11 was used
and a Dy plate with dimensions of 30 mmX30 mmX5 mm and with a
purity of 99.9% was installed inside the Mo pack. Nb foil was
attached to the inner walls of the Mo pack. The Mo pack shown
in FIG. 11 was loaded into a vacuum heat treatment furnace and
was subjected to a heat treatment at 900 °C for 180 minutes.
The pressures (or degrees of vacuums) inside the vacuum heat
treatment furnace were (1) 1x10°? Pa, (2) 1 Pa and (3) 150 Pa.

[0137] FIG. 12 is a set of photographs showing how the
appearance of the inner walls of the Mo pack changed after the
heat treatment process. The discolored portions on the inner
walls of the Mo pack are Dy deposited regions. At the degree

of vacuum (1), Dy was deposited uniformly all over the inner
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870 [0169] EXAMPLE 11 Using alloy ingots that had been prepared so as to
have 96 the five different conpositions shown in the follow ng Table 10,
thin alloy flakes with thicknesses of 0.2 mMmmto 0.3 nmwere made by a strip
casting process. [0170] Next, a container was | oaded with these thin alloy
fl akes and then introduced into a hydrogen pul verizer, which was filled
with a hydrpgen ods aldmapher al A PLessuldaf H00ddan nobhi o manger
hydr ogen was occluded into the thin alloy f1akes at roomtenperature and
then rel eased. By perform ng such a hydrogen process, the alloy flakes were
decr epi t at edenarigetapnl v powdéhei By imiddfe . ni fed shapges Weehesi esvasfiuabout
0.15 mmto about 0.2 mm [0171] Thereafter, 0.05 w % of zinc stearate was
added as a | verj_zat i i - S l.yerize i.ned by
he. hydr oger B csea aa t Herlf RSt Fens e Ve il var e w & St 11 To
obtain a fine powder with a particle size of approximately 3 p m

Dy deposited region decreased, too. It should be noted that

almost no Dy film would have been formed on the discolored
portions. That is to say, Dy, which had been deposited on the
discolored portions of the inner walls once, would have
vaporized again. By adjusting the degree of vacuum of the

heat treatment atmosphere in this manner, the vaporization

rate (amount) and the deposition region of Dy can be
controlled.
[0138] EXAMPLE 4

Sintered magnet bodies that had been made by the same
method as that described for the first example and a Dy plate
with dimensions of 30 mmX30 mmX5 mm and a purity of 99.9% were
arranged as shown in FIG. 13 and subjected to a heat treatment
at 900 °C for 120 minutes in a vacuum heat treatment furnace.

The degrees of vacuums were changed in the order of (1) 1x10°?
Pa, (2) 1 Pa and (3) 150 Pa.

[0139] Samples A, B and C of sintered magnet bodies shown
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[0172] The fine powder thus obtained was conpacted with a press nmachine to
make a powder conpact. More specifically, the powder particles were pressed
and conpacted while being aligned with a nagnetic field applied.

Thereafter, the powder conpact was unl oaded fromthe press machi ne and
then subjected to a sintering process at 1,020 00 for four hours in a

vacuum f ur nace h bt.ai.ni ng si nter.ed bl ks ich re then nachi ned
and cut int bnslflnc%'e;iéd%ﬁggﬁé?e i s S 9hmfngg Tcrllinﬁ%@i“o t\él\fﬂ?eéﬁlo‘_’\l/\ﬁtl.E it hE
followi ng Table 11: [0173] Table 10 Conposition Nd Dy Fe B Co Cu Al L

the thickness defining the magnetization direction) and only
Sample D had dimensions of 10 mmX10 mmX1.2 mm (the last one is
the thickness defining the magnetization direction). Each of
these sintered magnet bodies was acid-cleaned with a 0.3%
nitric acid, dried, and then subjected to a heat treatment.

[0140] After these sintered magnet bodies were further
subjected to an aging treatment at 500 °C for 60 minutes at a
degree of wvacuum of 2 Pa, the properties of the magnet
(including the remanence B, and ccercivity Hey) were measured
with a B-H tracer. The following Table 5 shows the weights
and other data of Samples A through D and their magnetic
properties measured at the degrees of wvacuums (1), (2) and

(3):

[0141] Table 5
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32.0 0 balance 1.0 0.9 0.1 0.2 M29.5 2.5

Weight Weight | Difference | Area Rate of Total Yield | Br HeJd
(1) (9) (g) (g) (ram?) increase (9) (%) (T) | (kA/m)
before after (g/mm?)
process | process
Dy | 32.065 | 31.984 -0.081 2400 | _5 4x10°5 | -0.081 - -
plate
Nb 0.358 0.359 0.001 1552 | g 4x10°7 - -
foil
A 1.120 1.137 0.017 182 9.3%10°5 45.7 {1.41 1299
0.037
B 1.129 1.138 0.009 182 4.9%10°° 1.41| 1318
c 1.131 1.137 0.005 182 5 7x10°5 1.41| 1290
D 0.520 | 0.525 0.005 248 5 0%X10°5 1.41} 1319
Weight | Weight | Difference | Area Rate of Total Yield | Br Hed
(2) (9) (g) (g) {tom?) increase (g) (%) (T) | (kA/m)
before after (g/mm?)
process | process
Dy | 31.984 | 31.948 -0.036 2400 | _q g5x10-5 | -0.036 - -
plate
Nb 0.363 0.364 0.001 1552 | ¢ ax10”’ - -
foil
A 1.130 1.136 0.006 182 3.3%10°5 77.8 [1.41| 1299
0.028
B 1.130 1.139 0.009 182 4.9%x10°° 1.41| 1303
c 1.131 1.138 0.007 182 3 .8x10°° 1.41( 1300
D 0.513 0.518 0.005 248 5. 0x10°5 1.41| 1320
Weight Weight | Difference | Area Rate of Total Yield | Br Hed
(3) (9 (g) (@) (mm®) | increase (g) (%) (T) | (kA/m)
before after (g/mm?)
process | process
Dy 33.668 33.662 -0.006 2400 -2.5x10°¢ -0.00s6 - -
plate
Nb 0.352 0.353 0.001 1552 | g 4x1077 - -
foil
A 1.131 | 1.132 0.001 182 5 5x10°° 83.3 |1.42| 1164
0.005
B 1.130 1.131 0.001 182 5 5x10° 1.42( 1192
c 1.128 1.129 0.001 182 5 5x10° 1.42 | 1180
D 0.512 0.513 0.001 248 4.0%10°¢ 1.42 1200
[0142] As can be geen from Table 5, the properties of the

sintered magnet bodies A through D improved almost without

variations.

Dy yields were calculated based on the variations
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N 27.0 5.0

0 24.5 7.5

in weight before and after the heat treatment shown in Table
5. In this case, the “Dy yield” is given by (the increase in
Dy of the member being processed (such as the sintered magnet

body or the Nb foil)/ (decrease in the weight of the Dy plate)x

100. The lower the degree of wvacuum, the higher the Dy
yield. At the degree of wvacuum (3), the Dy vyield was
approximately 83%. Also, at every degree of vacuum (1), (2)
or (3), the rate of increase in the weight of the Nb foil per

unit area was much lower than in the sintered magnet body.
This result reveals that on the surface of Nb that does not
react to (i.e., does not make an alloy with) Dy, the Dy
particles that have traveled to reach the Nb surface and get
deposited there temporarily vaporize again and do not
contribute to forming a Dy film on the Nb foil. In other
words, the Dy particles that have vaporized from the Dy plate
evaporate and diffuse on the sintered magnet body
preferentially. Consequently, compared to other conventional
diffusion processes, the Dy yield can be increased
significantly, thus contributing to saving wvaluable natural

resources immensely.
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P 22.0 10.0

(unit: mass% [0174] Table 11

[0143] EXAMPLE 5
Sintered magnet bodies that had been made by the same
method as that described for the first example and a Dy plate

with dimensions of 20 mmX30 mm*5 mm and a purity of 99.9% were

arranged as shown in FIG. 14 and subjected to a heat treatment

at 900 °C and at 1x102% Pa. In this example, the distance
between the magnet and the Dy plate was changed as shown in

the following Table 6. The sintered wmagnet bodies had

dimensions of 7 mmX7 mm*3 mm (the last one is the thickness
defining the magnetization direction) and had been acid-
cleaned with a 0.3% nitric acid and dried. After having been
subjected to a heat treatment, these sintered magnet bodies
were further subjected to an aging treatment at 500 °C for 60
minutes at a degree of vacuum of 2 Pa, and then the properties

of the magnet (including the remanence B, and coercivity Hg)

were measured with a B-H tracer.

[0144] Table 6
X /mm
15 30 80 160
30 min. ® ® -
120 min. ] @ ® ®
[0145] As can be seen from Table 7 and FIG. 15, the degree
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Condi tion Evaporation diffusion condition Process tinme D nensions of nagnet
(thickness/length/wdth) a I x10-2 Pa 900C, 120 mn. 3 mmX7 mMmxX7 nmri

of increase in coercivity changed with the distance between
the sintered magnet body and the Dy plate. When the distance
was up to 30 mm, the degrees of increase were not so much
different. However, the greater the distance, the smaller the
degree of increase. Nevertheless, even if the distance is 30
mm or more, the coercivity can also be increased by extending

the heat treatment process time.

[0146] Table 7
B, Heg By Hes
[T] [kA/m] [T] [kA/m]
Original 1.42 911 1.41 1,289
material
0 1.42 1,096 1.42 1,255
® 1.42 1,102 1.42 1,010
©) 1.42 1,033
[0147] EXAMPLE 6
Sintered magnet bodies that had been made by the same

method as that described for the first example and a Dy plate

with dimensions of 30 mmX30 mmX5 mm and a purity of 99.9% were

arranged as shown in FIG. 16 and subjected to a heat treatment

at 900 °C and at 1x10°? Pa in a vacuum heat treatment furnace.

In this example, the heat treatment was carried out with two

Dy plates arranged over and under the sintered magnet bodies,
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6 Mmx7 mmx7 mMmY 240 mn 3 mMmx7 nmx7 mm 6 6 Mmx7 nmmx7 mm [0175] These
sintered magnet bodies were acid-cleaned with a 0.3%nitric acid agueous
solution, dried, and then arranged in a process vessel with the
configuration shown in FIG 1. The process vessel for use in this preferred
enbodi nent was made of M and included a nenber for holding a plurality of

sintered ”&&&%%c?@@&??,awﬁuﬁ §Egtﬁ§14(%yt¥ﬂé¥é“h§ﬂ%%g@@ Qﬂh§ over the
sintered magnet bodies and with a single Dy plate arranged
only under the sintered magnet bodies. The sintered magnet
bodies had dimensions of 7 mmx7 mmX3 mm (the last one is the
thickness defining the magnetization direction) and had been
acid-cleaned with a 0.3% nitric acid and dried.
[0148] Thereafter, these sintered magnet bodies were
further subjected to an aging treatment at 500 °C for 60
minutes at a degree of vacuum of 2 Pa, and then the properties
of the magnet (including the remanence B, and coercivity Hg,)
were measured with a B-H tracer. FIG. 17 shows the magnetic
properties thus measured.
[0149] As shown in FIG. 17, no matter where the Dy plate(s)
was/were arranged, the coercivity always increased. This is
probably because the vaporized Dy particles would have been
present uniformly in the vicinity of the surface of the
sintered magnet bodies during the vacuum heat treatment.
[0150] FIG. 18 shows the results of an EPMA analysis that
was carried out on the surface of the thermally treated

sintered magnet body when the Dy plate was arranged only under
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bodi es. A gap of about 5 mmto about 9 mMm was | eft between the sintered
magnet bodi es and the RH bul k bodi es. The RH bul k bodi es were nade of Dy
with a purity of 99.9% and had di nensions of 30 nmx30 mmx5 nm [0176] Next,
t he process vessel shown in FIG 1 was heated in a vacuum heat treatnent
furnace to conduct a heat treatnent to trigger evaporation and diffusion.
The conditions 4:0fcthe Regted NQABNGRESE A ShOWR 1N Tabhe didows tershoul d
be noted that the "heat treatnent tenperature” will nmean herein the
tenperature of the sintered nagnet bodies and that of the RH bul k bodi es,
whi ch is approxiteaél ynebuads tan tthat conteheoksimcereperagnetatodifesheunl ess
otherwi se stated. [0177] After the evaporation diffusion process was carried
out under t it S [ a 11, ' t t S

per f or med f%ﬁn%%%%iHE%@%tapggﬂ%rgggu?g%df:53%£ gﬁgﬂgi gﬁ?egggﬁéggrgfof 500
00. [0178] Before the evaporation diffusion process and after the aging
treat nent, asclyssanpine thas aragaet bZedhwi tthwpul sesfavd hofantliet ensgidnedof 3
MANV m and then the properties of the magnet (including its remanence Br and
coercivity Hcj re.. measured with a B-H tracer. A_so, sed th
results of T?ﬁﬁgtﬁggga?eneﬁﬁﬂ %%?i%?i&ﬁ?niﬁjg%ér% vFFé ﬁ?%gﬁﬁatggnﬁﬁbnce Br,
caused by the evaporation diffusion process (aging treatnent), were

cal cul at ed dififfluseespectlihost hehe oeaned Wy aticjthendesemranence ecBiteafs edch
sanple yet to be subjected to the evaporation diffusion process. [0179] FI G

26(a) is a graph show n he variations A_Hej in the caercivity of the
si ntered maghet "B e@n&/i ﬁﬁw?ﬁe SESHPOST t |O(;)ns‘J e MGG, "9 eE @°Y6( a) ,
the data points O

This means that the vaporized Dy particles were distributed

uniformly near the surfaces of the sintered magnet body.
[01511 EXAMPLE 7

A non-wetting test was carried out at 80 °C and with 90%
RH on samples that had been subjected to the evaporation
diffusion process under the condition X (900 °C and 30
minutes) of the first example. FIG. 19 1is a set of
photographs showing how rusty the surface of the magnet body
got after the non-wetting test. In FIG. 19, “as acid-cleaned”
refers to a sintered magnet body that was acid-cleaned with a
0.3% nitric acid, dried and then subjected to an aging

treatment at a pressure of 2 Pa and at a temperature of 500 °C

for 60 minutes without being subjected to the evaporation
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C3 and represent the variations A Hcj in the coercivity of the sanples
that were subjected to the evaporation diffusion process under the
conditions a, p, y and 6 , respectively, shown in Table 11. [0180]On the
ot her hand, FIG 26(b) is a graph showing the variations A Br in the
remanence of the sintered nmagnet bodies with the conpositions L through P.

In FIG 26(8)srdhendahacrebnts G Q. adr sl @Rresepinddieavaldle0npay Br in
t he remanence of the sanples that were subjected to the evaporation

di ffusion process under the conditions a , p, y and 6 , respectively,
shown in Tabix 1425 ahed silepacdd urdghett D@ tRVCofesiEiens B2Ei i8Pudiasg 2. 5%
of Dy) achieved the highest coercivity Hcj with the decrease in remanence

Br mnimzed.; e ubj.gc t apqr atj.on

i £ usi on prosess choun | o an e LT Sad CRD. Sampl 6" t PAt Tad pacn 4] ect ed
to the evaporation diffusion process (and the aging treatnent) had their
cross sectiomppeltishedidhdsidrenpsadyectad t tha IAM@narssirenysiurglean EPVA
EPM 1610 (produced by Shimadzu Corporation). The follow ng Table 12 shows

t he concentrations,.of Dy, (1mass? t the centers of .th i.n. phasgs .gnd at
tﬁ% oﬁﬁlglon X ?P é%@ f%rs% 8%%@? abe%xﬁakegbggbve. B

the grain boundﬁry triple junctions: | nposition Wi th 0%

of Dy

refers to a sintered magnet body that was acid-cleaned under
the same conditions as the “as acid-cleaned” sintered magnet
body, coated with Al under the same conditions as those
described for the first example, and then subjected to the
evaporation diffusion process and the aging treatment under
the condition X of the first example described above. Asg can
be seen from FIG. 19, compared to the “as acid-cleaned”
sample, the non-wettability increased in both “1-A” and “1-B”
samples. This should be because by performing the diffusion
process of the present invention, a dense mixed phase
structure of Dy or Nd is formed and the uniformity of the
potential increases, thus preventing corrosion due to a
potential difference from advancing rapidly.

[0152] EXAMPLE 8

An Nd sintered magnet that was produced under the
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Conposition Mwith 2.5 % of Dy Conposition Nwith 5 0% of Dy Before
evaporation diffusion nmain phase 0 2.8 5.4

conditions of the first example so as to have a composition
consisting of 31.8 mass% of Nd, 0.97 mass% of B, 0.92 mass% of
Co, 0.1 mass% of Cu, 0.24 mass% of Al, 0 mass% of Dy, and Fe
as the balance was machined and cut into a number of
workpieces with dimensions of 10 mmX10 mmX3 mm (the last one
is the magnetization direction). Those workpieces are arranged
ags shown in FIG. 20, thermally treated for 120 minutes at a
temperature of 900 °C and at a pressure of 1%x10? Pa and then

subjected to an aging treatment for 120 minutes at a

temperature of 500 °C and at a pressure of 2 Pa. The

compositions of several Dy-X alloys are shown in the following

Table 8:
(0153] Table 8
Dy | X Dy X
masss ats%

Dy 100 0 100 0
Dy-Nd 50 50 47 53
Dy-Al 25 75 67 33
Dy-Fe 88 12 72 28
Dy-In 85 15 80 20

[0154)] As Dy-Nd is an alloy, 100% of which forms a solid

solution, Dy and Nd had a ratio of 50 mass% to 50 mass% in

their composition. As for the other alloys, ratios that would

make Dy and X form a eutectic compound were selected.
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Grain boundary phase 0 5.5 8.2 After evaporation diffusion nmain phase 5.9
7.8 9.6

[0155] The magnetic properties of these samples (including
the remanence B, and coercivity Hq) before and after the
evaporation and diffusion process were measured with a B-H

tracer. FIGS. 21(a), 21(b) and 21(c) are graphs showing the

remanence By, coercivity He; and loop squareness (Hyx/Heg),

respectively.
[0156] As can be seen from the graph shown in FIG. 21(b),
the coercivity He; increased in all of the samples. This 1is

because the diffusion of Dy into the sintered magnet body

would have formed a layer with a high Dy concentration and

with high anisotropic magnetic field on the outer periphery of

the main phase (i.e., NdyFe;sB crystals). As for Dy-X other

than Dy-Al, the coercivity increased to almost the same degree

compared to Dy alone, but decreases in remanence and loop

squareness (Hx/Hey) could be minimized. This is presumably

because the evaporation and diffusion of not just Dy but also

the element X would have lowered the melting point of the

grain boundary phase and further promoted the diffusion of Dy.

This effect was achieved remarkably when the element X

included Nd. The reason would be that as the bulk body
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Grain boundary phase 16.2 27.5 29.0 Variation nmain phase 5.9 5.0 4.2 Gain
boundary

supplied Nd to the sintered wmagnet body, Nd would have
compensated for the very small amount of rare-earth element
such as Nd or Pr that had vaporized from the grain boundary
phase of the sintered magnet body during the heat treatment.
[0157] The present inventors confirmed, by the same method
as that described above, that similar effects were achieved by
various elements (including La, Ce, Cu, Co, Ag, Zn and Sn)
other than the elements X shown in Table 8.
[0158] EXAMPLE 9

A sintered magnet body that was produced by the same
method as that already described for the first example was
machined and cut into a number of sintered magnet bodies with
dimensions of 6 mm (in the magnetization direction) X6 mmXé mm.
These sintered magnet bodies and Dy plates were arranged as
shown in FIG. 22(a). Specifically, the Dy plates were
arranged over and under the sintered magnet bodies such that
the magnetization direction of the sintered magnet bodies
became gubstantially perpendicular to the opposing surfaces of
the upper and lower Dy plates. The sintered magnet bodies in

such an arrangement were subjected to a heat treatment for
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phase 16.2 22.0 20.8 [0184] Good magnetic properties were achi eved by the
sanple wth the conposition M presumably because the sanple with the

conposition Mcould produce the diffusion of Dy toward the grain boundary
phase nost efficiently as can be seen easily from Table 12. [0185] EXAMPLE
12 An all oy ingot was prepared by a strip casti ng process so as to

R R i L N e e

t hereby making thin alloy flakes with thlcknesses of 0.2 mmto 0.3 mm
[ 0186] Next , s@ ctht admter avas |wadeadrai tdf t heseothipa ald oy fMaakes argtct hen
i ntroduced into a hydrogen pul verizer, which was filled with a hydrogen gas

at mosphere at ressure of 500 gPa.I th| ) nner, )ﬁdrggegtwas cl uded

"nto the thITERITO) FIERES 4P GOR SHPG aEdr b-and THEW ol 64Sed By
120 minutes at a temperature of 500 °C and at a pressure of 2
Pa.
[0159] FIG. 22(b) shows the crystallographic orientations
of the sintered magnet body. In FIG. 22(b), a plane of the
cubic sintered magnet body that intersects with the c-axis
(defining the magnetization direction) at right angles 1is
labeled as “aa plane” and another plane of the sintered magnet
body that does not intersect with the c-axis at right angles
as “ac plane”.
[0160] During the heat treatment described above, only the
two “aa planes” out of the six planes of the sintered magnet
body were exposed in sample aa2 and the other four planes
thereof were covered with Nb foil with a thickness of 0.05 mm.
In the same way, in sample ac2, only the two “ac planes” were
exposed and the other four planes thereof were covered with Nb
foil with a thickness of 0.05 mm.

[0161] The magnetic properties of the samples (including
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perform ng such a hydrogen process, the thin alloy flakes were decrepitated
to obtain a powder in indefinite shapes wth sizes of about 0.15 nmmto
about 0.2 mm [0187] Thereafter, 0.05 w % of zinc stearate was added as a
pul verization aid to the coarsely pul verized powder obtained by the
hydrogen process and then the mxture was pulverized with a jet mlIl to
obtain a ipg. Ponlel Wt b pATLELE, 576, 0f ARRLAXLTR ghye pm [ O186] The
fi ne powder th tai ned” was compac th a press machine

powder conpact mnth di mrensions of 20 mMx10 nmmx5 mm (the | ast one is as
measur ed i nttémngintegbromaefsuragnei tic f ileHdyraddore specifically, the powder
particles were pressed and conpacted whi | e bei ng aligned with a magnetic
field appli Ther eaf he powder_ conpact was unl 0@ fronrthe. ress
machi ne and?aﬁxﬂ arrgﬁged n‘8 prdteRs W%ﬁg h "the gonfrgﬁr%&Y%) shown
in FIG 1. The process vessel for use in this preferred enbodi nent was nade
of M and imngl udedeasarendier Haw hoadiditg argdlameabet g, ofie €ormpact.s antta
menber for holding two RH bul k bodies. A gap of about 5 mmto about 9 nm
was | eft betmee the co acts and the RH bul k bog The RH bul k dres
were mude of" Byl AFERIEH: abPUFTEy b T80 SSART hAA0dIHENS RS

nMx30 nmx5 mm [ 0189] This process vessel was |oaded into a vacuunrfurnace
and subj ect eghdr@nacsi B} &Jf RGPEORSESs and aaqdbEf @ed @ eroeesa1mbwier-Hhe
conditions shown in the follow ng Table 13, which shows the conditions of
the sintering and di ffusion processes for twelve sanples 1-A through 6-B.
In Tabl e 133z ff9Ese" Rutr Epe eSeprcigidiplies It tHIsi CRPhE PBWIRFrIRsACt S
are arranged along with Dy plates as shown in FIG 1 and subjected to the
heat treat Mo WhhEe1garm) &S /Md3dd i8R €88PI£AMRALANLYE gxanples in

whi ch the powder conpacts were subjected to the heat treatnent under the
same conditions with no Dy plates arranged. Each of these sanples was

subj ect ed t Pl@3lagi njekE edterEmstifmare 100 Mifduedont distiamaser af ube, ofhe500 C
and at a pressure of 2 Pa after the diffusion process.

samples aa2 and ac2 that had been thermally treated for 240
minutes had their magnetic properties measured with a B-H
tracer every time the samples were machined 0.2 mm as measured
from the surface.

[0164] FIG. 24 is a graph showing the coercivities Hcs; that
were measured in this manner. In the sample ac2, when the
machined depth reached approximately 0.6 mm in total, the
coercivity Hy; became approximately equal to the value before
the heat treatment. On the other hand, in the sample aa, when
the machined depth reached approximately 1.2 mm in total, the

coercivity H.s; became approximately equal to the value before
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[0190] Tabl e 13 Sintering process Heat treatnent process Tenperature 1,040
00 900 X; Degree of vacuum 103 Pa 150 Pa 1x10-2 Pa -

the heat treatment. As can be seen easily from these results,
the diffusion rate in the c-axis direction (i.e., the magnetic
field alignment direction) is almost twice as high as the
diffusion rate in the direction that is perpendicular to the
c-axis.
[0165] EXAMPLE 10

A sintered magnet body that was produced by the same
method as that already described for the first example so as
to have a thickness of 3 mm (in the magnetization direction),
a length of 25 mm and a width of 25 mm had approximately 50%
of its surface covered with Nb foil as shown in FIG. 25(a).
Next, the sintered magnet body was arranged as shown in FIG.
1, thermally treated for 120 minutes at a temperature of
900 °C and at a pressure of 1x10?% Pa in a vacuum heat
treatment furnace, and then subjected to an aging treatment
for 120 minutes at a temperature of 500 °C and at a pressure
of 2 Pa. After the heat treatment, very little Dy was
deposited on the Nb foil and could be easily removed without
reacting to, and fusing with, the sintered magnet body.

[0166] From this thermally treated sample, portions with a
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| x102 Pa 1-A _ 180 min. 120 min(with diffusion) 1-B 120 min.(with no

di ffusion) 2-A
thickness of 3 mm (in the magnetization direction), a length
of 7 mm and a width of 7 mm were cut out with a diamond cutter
at the regions shown in FIG. 25(b). Then, the magnetic
properties (including the remanence B, and coercivity Hgy) of
the portion in which Dy was allowed to diffuse and penetrate
(Sample E) and the portion wrapped in the Nb foil (Sample F)
were measured with a B-H tracer.
[0167] The results of the measurements are shown in the
following Table 9. The present inventors confirmed that the
coercivity Hgy increased in the portion that was not wrapped
in the Nb foil Dbut where Dy was allowed to diffuse and
penetrate compared to the portion that was wrapped in the Nb
foil. Thus, according to this example, by selectively
diffusing Dy in a particular portion of a sintered magnet
body, the magnetic properties of that portion can be made

different from those of the other portions.

[0168] Table 9
Sample B, [T] Hey [kA/m]
E 1.40 1,254
F 1.42 870
[0169] EXAMPLE 11

Using alloy ingots that had been prepared so as to have
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120 min. 60 mn. 60 mn(with diffusion) 2-B 60 mn.(wth no diffusion)
3-A _ 90 mn.
the five different compositions shown in the following Table
10, thin alloy flakes with thicknesses of 0.2 mm to 0.3 mm
were made by a strip casting process.
[0170] Next, a container was loaded with these thin alloy
flakes and then introduced into a hydrogen pulverizer, which
was filled with a hydrogen gas atmosphere at a pressure of 500
kPa. In this wmanner, hydrogen was occluded into the thin
alloy flakes at zroom temperature and then released. By
performing such a hydrogen process, the alloy flakes were
decrepitated to obtain a powder in indefinite shapes with
sizes of about 0.15 mm to about 0.2 mm.
[0171] Thereafter, 0.05 wt% of zinc stearate was added as a
pulverization aid to the coarsely pulverized powder obtained
by the hydrogen process and then the mixture was pulverized
with a jet mill to obtain a fine powder with a particle size
of approximately 3 { m.
[0172] The fine powder thus obtained was compacted with a
press machine to make a powder compact. More specifically,
the powder particles were pressed and compacted while being

aligned with a magnetic field applied. Thereafter, the powder
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90 min. 30 mn(with diffusion) 3-B 30 min.(wth no diffusion) 4-A 180
mn. 120 mn(wth

compact was unloaded from the press machine and then subjected

to a sintering process at 1,020 °C for four hours in a vacuum
furnace, thus obtaining sintered blocks, which were then
machined and cut into sintered magnet bodies with the

dimensions shown in the following Table 11:

[0173] Table 10
Composition| Nd Dy Fe B Co Cu Al
L 32.0 0]
M 29.5 2.5
N 27.0 5.0 |balance| 1.0 0.9 0.1 0.2
0] 24.5 7.5
P 22.0 10.0
(unit: mass%)
[0174] Table 11
Condition Evaporation Process Dimensions of magnet
diffusion time (thickness/length/width)
condition
a 120 min. 3 mmX7 moX7 mm
1x10°* Pa
B 6 mmX7 mmX7 mm
900 °C ]
Y 240 min 3 mmX7 mmX7 mm
o) 6 mmX7 mmX7 mm
[0175] These sintered magnet bodies were acid-cleaned with

a 0.3% nitric acid agqueous solution, dried, and then arranged

in a process vessel with the configuration shown in FIG. 1.

The process vessel for use in this preferred embodiment was

made of Mo and included a member for holding a plurality of

sintered magnet bodies and a member for holding two RH bulk
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di ffusion) 4-B 120 min.(with no diffusion) 5-A 120 min. _ 60 mn. 60 mn
(with diffusion) 5-B

bodies. A gap of about 5 mm to about 9 mm was left between
the sintered magnet bodies and the RH bulk bodies. The RH
bulk bodies were made of Dy with a purity of 99.9% and had
dimensions of 30 mmX30 mm*5 wmm.

[0176] Next, the process vessel shown in FIG. 1 was heated
in a vacuum heat treatment furnace to conduct a heat treatment
to trigger evaporation and diffusion. The conditions for the
heat treatment are as shown in Table 11. It should be noted
that the “heat treatment temperature” will mean herein the
temperature of the sintered magnet bodies and that of the RH
bulk bodies, which is approximately equal to that of the
sintered magnet bodies, unless otherwise stated.

[0177] After the evaporation diffusion process was carried
out under the conditions shown in Table 11, an aging
treatment was performed for 60 minutes at a pressure of 2 Pa
and at a temperature of 500 °C.

[0178] Before the evaporation diffusion process and after
the aging treatment, each sample was wmagnetized with pulses
with an intensity of 3 MA/m and then the properties of the

magnet (including its remanence B, and coercivity Hg) were
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60 mn.(with no diffusion) 6-A 90 mn. _ 90 min. 30 mn(with diffusion) 6-B

measured with a B-H tracer. Also, based on the results of
this measurement, variations in coercivity H.; and remanence
By, caused Dby the evaporation diffusion process (aging
treatment), were calculated with respect to the coercivity Hgg
and remanence B, of each sample yet to be subjected to the
evaporation diffusion process.

[0179] FIG. 26(a) is a graph showing the variations A Hg in
the coercivity of the sintered magnet bodies with the
compositions L through P. In FIG. 26(a), the data points ¢ ,
O ¢ and ® represent the variations A Hey in the coercivity

7

of the samples that were subjected to the evaporation

diffusion process under the conditions o , B , Vv and & ,
respectively, shown in Table 11.

[0180] On the other hand, FIG. 26(b) is a graph showing
the variations A By in the remanence of the sintered magnet
bodies with the compositions L through P. In FIG. 26(b), the
data points ¢, O, ¢ and B repregsent the variations A B, in
the remanence of the samples that were subjected to the
evaporation diffusion process under the conditions a , B, y

and O , respectively, shown in Table 11.
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30 min.(wth no diffusion) [0191] The resultant sanples had their magnetic
properties (including remanence Br and coercivity Hcj) neasured with a B-H
tracer. [0192]FIG 27(a) is a graph showi ng the actually neasured val ues of
t he remanences Br of these twelve sanples and FIG 27(b) is a graph show ng
the actually nmeasured values of the coercivities Hcj of these twelve
sanples. [0 can.b e f g S e S i exanple
of the presé(ﬁgé]Earflven'?&“lso(r?fa?1 %% Sre%m teg?% %?%Q EI%Q SéléaA(:’}a{l)nd&)r?A%é ﬁ))
coercivity 1-l1cj was nmuch hi gher than its associ ated conparative exarrpl e
(i.e., 1-B,tke BiBeBeddnBynst Bvidtid ®mBpsiniarfpl e d-lAding paF¥ icullan, the
decrease in remanence Br was the smallest. This neans that if the

evapor ati on i ff are star fter. SI nt er| n ocess has
been perfor rr%?ildea\% a H§+ a?lll\gfgﬁy hlccherctl }’)he}?ci’c gé:g pr essur eg %f/

di ffuse through the grain boundary phase nost effectively and the
coercivity tedgrjencanBbeninicieased efficiently.

[0182] The samples yet to be subjected to the evaporation
diffusion process shown in Table 11 and the samples that had
been subjected to the evaporation diffusion process (and the
aging treatment) had their cross sections polished and then
subjected to a ZAF analysis using an EPMA EPM-1610 (produced
by Shimadzu Corporation). The following Table 12 shows the

concentrations of Dy (mass%) at the centers of the main phases

and at the grain boundary triple junctions:

[0183] Table 12
Composition | Composition | Composition
L with 0% M with N with 5.0%
of Dy 2.5 % of Dy of Dy
Before main phase 0 2.8 5.4
evaporation Grain 0 5.5 8.2
diffusion boundary
phase
After main phase 5.9 7.8 9.6
evaporation Grain 16.2 27.5 29.0
diffusion boundary
phase
main phase 5.9 5.0 4.2
Variation Grain 16.2 22.0 20.8
boundary
phase
[0184] Good magnetic properties were achieved by the sample
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[ 0194] EXAMPLE 13 Using an alloy that was prepared so as to have a
conposition consisting of 32.0 mass% of Nd, 1.0 mass% of B, 0.9 nass% of
Co, 0.1 mass% of Cu, 0.2 nass% of Al and Fe as the bal ance, a sintered
magnet body was made as in the first exanple described above. Then, this
sintered magnet body was cut into a nunber of workpieces wth di mensions of

7 mMmx7 nmx3 019 r.eat 0 t f 1. nut at a
tenperaturewo 5%536%%§ng§%ﬁga?§ﬁ%%gha§@%r%%%%#% g elg%ggggﬁghﬁhéﬁﬁb Tb
plates as the RH bul k bodies 4 in the arrangenent shown in FIG 1.

Ther eaf t er, camcgitignt Meatavdrt pvasiucar rthed dadttuboen 120 Miynutesirdt tée
tenperature of 500 00 and at a pressure of 2 Pa. [0196] The nagnetic
properties (including the remanence Br_.and ercivity Ficj) of the . sanples
bef ore and éf?%ﬁl§?ﬁ§%'65p5&3??0ﬁoaffﬁég%%ﬁ$%§3 cégkcﬁ%}é“%é%gﬁ}e? Su'th a B-H
tracer. As a result, the magnet body exhi bited nmagnetic properties

i ncl udi ng afBsm akbledD2T and an Hcj of 850 kA/m before the evaporation

di ffusion process and exhi bited magnetic properties including a Br of 1.40
T and an Hcjp of 1,250 kA/lmand a Br of 1.40 T and an Hcj of 1,311 KA/m
respectivel??l%ﬁﬁer fHe"BVApot ati on di ffusion process. [0197] Based on these
results, the present inventors confirned that by producing the evaporation
and di ffusion ofanThi1b{ieikRar Gaki byeploiec Oyl d beripcipased prébaid so
decreasing the remanence Br. [0198] EXAMPLE 14 Sintered nagnets were
made as sanples as in the thirteenth exanpl e descri bed above. Those sintered
magnets wet® & rEV§ed SSVBPDWN I PRELSTIRH P hen 8t REs&vapbr¥ti dh %And

di ffusion of Dy was produced fromthe RH bul k bodies 4 toward the sintered
magnet bodi g 5sSRRCIE | abbymagshegt &J eal nentwas cgopduchess atads of
tenperature of 900 00 and at a pressure of 1x10-2 Pa for either 60 m nutes

or 120 m nutes.
Al and Fe as the balance, thereby making thin alloy flakes

with thicknesses of 0.2 mm to 0.3 mm.

[0186] Next, a container was loaded with these thin alloy
flakes and then introduced into a hydrogen pulverizer, which
was filled with a hydrogen gas atmosphere at a pressure of 500
kPa. In this wmanner, hydrogen was occluded into the thin
alloy flakes at room temperature and then released. By
performing such a hydrogen process, the thin alloy flakes were
decrepitated to obtain a powder in indefinite shapes with
sizes of about 0.15 mm to about 0.2 mm.

[0187] Thereafter, 0.05 wt% of zinc stearate was added as a

pulverization aid to the coarsely pulverized powder obtained
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[ 0199] Sonme of the sanples were subjected to the evaporation diffusion
process and then to an aging treatnent at a tenperature of 500 C.; and at a
pressure of 2 Pa for 120 m nutes. The other sanples were subjected to a
heat treatnment for 120 minutes at a tenperature of 900 'ID and at a
pressure of 1x 10-2 Pa with the RH bul k bodies 4 renoved fromthe

arr angenent ?h&‘ﬁ@ 1‘1 Ffan &;ex%%gs%ggﬁgadg%gc%ﬁg @ A 2909 ﬁﬁf@éﬂ%’&i for

120 m nut es “at erat u 0 at a pressure of

Thereafter, the magnetl c properties of these sanples were rreasured with a
B-H tracer.wifie a gsafl s lar €oshbwain na t fievd gdwoisirngiTabheprddticJe0200ETabl e
14 Evaporation diffusi on process ting[mn] Wth no additional heat

tr eat nent Wft h addition r}eat tr eat nent
of approximate y

[0188] The fine powder thus obtained was compacted with a
press machine to make a powder compact with dimensions of 20
mm*X10 mmX5 mm (the last one is as measured in the direction
of magnetic field). More specifically, the powder particles
were pregssed and compacted while being aligned with a
magnetic field applied. Thereafter, the powder compact was
unloaded from the press machine and then arranged in a process
vessel with the configuration shown in FIG. 1. The process
vessel for use in this preferred embodiment was made of Mo and
included a member for holding a plurality of compacts and a
member for holding two RH bulk bodies. A gap of about 5 mm to
about 9 mm was left between the compacts and the RH bulk
bodies. The RH bulk bodies were made of a Dy plate with a
purity of 99.9% and had dimensions of 30 mm*30 mmX5 mm.

[0189] This process vessel was loaded into a vacuum furnace
and subjected to a sintering process and a diffusion process

under the conditions shown in the following Table 13, which
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Br[T] HcJ [kA/nj Br[Ti Hcd [kA/n] Original material _ 1.40 850 1.40 870

shows the conditions of the gintering and diffusion processes
for twelve samples 1-A through 6-B. In Table 13, samples “A”
represent examples in which the powder compacts are arranged
along with Dy plates as shown in FIG. 1 and subjected to the
heat treatment, while samples “B” represent comparative
examples in which the powder compacts were subjected to the
heat treatment under the same conditions with no Dy plates
arranged. FEach of these samples was subjected to an aging

treatment for 120 minutes at a temperature of 500 °C and at a

pressure of 2 Pa after the diffusion process.
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G 60 1.39 1,150 1.39 1,250 H 120 1.39 1,220 1.39 1,370 [0201] The present
I nventors discovered that the coercivity

[0190] Table 13
Sintering process Heat treatment
process
Temperature 1,040 °C 900 °C
Degree of 10° Pa 150 Pa 1x107° Pa 1x10°° Pa
vacuum
1-A 120 min (with
B 180 min. R diffusion)
1-B 120 min. (with no
diffusion)
2-A 60 min (with
_ 120 min. 60 min. diffusion)
2-B 60 min. (with no
diffusion)
3-A 30 min (with
. 90 min. 90 min. diffusion)
3-B 30 min. (with no
diffusion)
4-A 120 min (with
180 min. . } diffusion)
4-B 120 min. (with no
diffusion)
5-A 60 min {(with
120 min. . 60 min. diffusion)
5-B 60 min. (with no
diffusion)
6-A 30 min (with
90 min. . 90 min. diffusion)
6-B 30 min. (with no
diffusion)
[0191] The resultant samples had their magnetic properties

(including remanence B, and coercivity H.;) measured with a B-

H tracer.

[0192] FIG. 27(a) is a graph showing the actually measured

valuegs of the remanences B, of these twelve gamples and FIG.

27(b) is a graph showing the actually measured values of the

coercivities H.y of these twelve samples.

[0193] As can be seen from these graphs, in every specific
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Flcj could be further increased by conducting the additional heat
treatnment. | NDUSTRI AL APPLI CABI LI TY [ 0202] According to the present

i nvention, main phase crystal grains, where a heavy rare-earth el enment RH
is present at a high concentration on its outer periphery, can also be
formed efficiently inside a sintered magnet body, too, thus providing a

hi gh- perforg;gam‘F net, _h e enc nd shi,gh ,cqergi yity

al i ke. CLAI M5 AT ethe %\r%g%(r)lg ?Hv%%;b uc{?;\g2 aan-% 2BA%a53e§ r%r)e& earth
sintered magnet, the rret hod conprising the steps of: (a) providing
an R-Fe- B badedanar é-2art ihsi noeredvigndts bedy mwddt udisiger ashannaica phase,
crystal grains of an R2Fel4B type conpound t hat incI udes a light rare earth
el ement RL, i n nd Pr rare-eart

el ement R aé’g&ﬁgt%% gar ragr%‘(} ﬁ’% gx%ﬁjtybgld% i'ncl udl ng a %eav;?l r%are earth

el ement RH, which is at |east one elenent selected fromthe group

consi sti ng afd Dy;BHo arnich Tham@leong-A t hint herRiEeiBrpaskd rareeeast in
sintered magnet body in a processing chanber; and (c) heati ng t he
bul k body and the R- FBe B basgg rare- arth si nt.ered rra bodyé g

t enper at ur & GF786° C; "t 0"3° 0060073 c?rséby di ]ﬁsﬁ%‘@ ﬁ@ﬁvyl aréfearth
element RHinto the RFe B based rare-earth sintered magnet body while

suppl yi ng tdheheavyor afed edrfithisebgnent bR fd asparteabukkebodys i dhiagsur f ace
of the R Fe-B based rare-earth si ntered nagnet body. 2. The net hod
of claim1, wherein the step (c¢) includes arranging the bul k body and the
R Fe- B baséf F°&FE- &aft he&rnPEréa Hagnat Bod%?lﬁﬁg ?Y cOHTACRERRIHIEEEN ot her
in the processing chanber and setting an average gap between the two bodies
within the JaangeegbuPe 1 mNddh QB chrough FhelREaABt BOGh@{r£1HaRel,
wherein the step (c) includes setting a di fg% erence in tenperature between
the R-Fe-B based rare-earth sintered nmagnet body and the bul k body within
20 C. mosk  FhEeqrEtvedd ofndl &ibm 1coSHErEtE tHhe stadp P€) imeiasges
adjusting the pressure of an atnospheric gas in the processi ng chanber

wi thin the J:@ange.Qf1,0-5 Pa to 500 Pa.

[0194] EXAMPLE 13

Using an alloy that was prepared so as to have a
composition consisting of 32.0 mass% of Nd, 1.0 mass% of B,
0.9 mags% of Co, 0.1 mass% of Cu, 0.2 mass% of Al and Fe as
the balance, a sintered magnet body was made as in the first
example described above. Then, this sintered magnet body was
cut into a number of workpieces with dimensions of 7 mmX7 mmx3
T .

[0195] A heat treatment was conducted for 120 minutes at a

temperature of 900 °C or 950 °C and at a pressure of 1x10° Pa
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5. The nmethod of claim1, wherein the step (c) includes naintaining the
tenperatures of the bul k body and the R-Fe-B based rare-earth sintered
magnet body within the range of 700 C, to 1,000 (.3 for 10 mnutes to 600
m nut es. 6. The nethod of claim1l1l, wherein the sintered nagnet body
includes 0.1 mass%to 5.0 mass% of a heavy rare-earth element RH, which is
at least o t l.ect.ed 0 nsg sfin f d Tb.
7. The net rr}gs (?e azf%etG% G\Serecell{en r%%g&u}:lg{l%l %f Sz't h%ﬂ h%%é\iya%%neg’ég\ae?l? h
element RHin the sintered nagnet body is within the range of 1.5 mass%to
3.5 mass% shown in8FIBhe lnet Fbdreffidmai ranl agiher éirpathentbuide bodyrliedcl udes
an alloy of the heavy rare-earth el enent RH and an el errent X, which is at

| east one el enept s cted fromthe gr nsi st Pr, La, Ce, A,
e O P SR RS et G NRE Rl N F Sherern the

el ement X is at |east one of Nd and Pr. 10. The met hod of claim1,
further comprdssiumg the2 steep of subjecting the R-Fe-B based rare-earth

si ntered magnet body to an addi ti onal heat treat rrent process after the
step (c) ha n perforne ho pr ducm an R- Fe-B
based rare- éoa{‘%%ﬁ si n By e‘aa%egtﬁ& prtoﬁgrﬁje?%ogjl X P%l ﬁg tﬁ%m TEPE Gt

(.7) arranging a conpact of an R-Fe-B based rare-earth nagnet powder,

i ncl udi ng ard ghbetraie-gar tily) el ementheRLsdmplicth bsrate | east oneeof thd and
Pr) as a mpjor rare-earth element R in a processing chamber such that the
conpact faces a bulk body including a heavy rare-earth el enent RH, which is
at | east or?é’a@PéﬁEh?ns%ll eqnf PE e W&FSu‘ﬁe%%‘ffé‘?dsthﬁﬁ BfEDy, tHa5eand Th:

(B) perfamng a sintering process in the processi ng chanber, thereby naking

an R-Fe-B hased ratgrear the shabeLedpBagNRLNROYCd nﬁégﬁéiﬁg: Cﬁyéé&ltl%a' ns of
an R2Fel4B type conpound as a nain phase; and (O heating the bul k

body and the R-Fe-B based rare-earth sintered nagnet body in the processing
chanber, théengiasf fudngtt fe*Redvyrndaral dart RTelterts/RH Jafaet HaeR- Fe- B
based rare-earth sintered magnet body while supplying the

evaporation diffusion process and exhibited magnetic
properties including a B, of 1.40 T and an He of 1,250 kA/m
and a By of 1.40 T and an Hg of 1,311 kA/m, respectively,
after the evaporation diffusion process.
[0197] Bagsed on these 7results, the present inventors
confirmed that by producing the evaporation and diffusion of
Tb, the coercivity He; could be increased without decreasing
the remanence B..
[0198] EXAMPLE 14

Sintered magnets were made as samples as in the

thirteenth example described above. Those sintered magnets
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heavy rare-earth elenent RH fromthe bulk body to the surface of the R-Fe-B
based rare-earth sintered magnet body. 12. The method of claim11,
wherein the step (B) includes performng the sintering process for 30

m nutes to 600 mnutes with a vacuumof 1 Pa to 105 Pa created in the
processi ng chanber and with an atnosphere in the processi ng chanber

mai ntai ned @ir-& 469PGEAT HE esiwnl 100G 16 S1 £0a 161900 the evapordSion gt hod
of claim1l, wherein"the step (C) includes perform ng the heating process
for 10 mnutes to 600 m nutes with a vacuumof 1)(10-5 Pa to 1 Pa created
in the proc@ssiurgoehafbBy wmel niaducad arapsprreridl imlkheopgioeesstopshanber
mai ntai ned at a tenperature of 800 C to 950 C. 14. The net hod of
claim1l, f her,«comprisi t p (B .adjusting f
vacuumin t eé p%)r(l:essi ngﬂﬁi %ﬁb%&d\?\n‘gtghi n%tp)ﬁgg%:éﬁgg'ie}%f %xh%%Sgg%ﬁen% Pa
after the tenperature of the atnosphere in the processing chanber has
decreased twad5rBuoreliess antkemmfdraerutreocst e (°B) ahas abeenprpeniar rard.

15. The method of claim 11, further conprising the step (B") of perfol nmng
a heat treatment prqcess.for 30 m.nutes to O mnutes with the degree of
vacuumin ?H%lopr Og)caeggffnalté%ea‘ht?é}r MAEPESTE Y \Rn% hPh™tHe® r ange of 1x10-5 Pa to
1 Pa and the tenperature of the atnosphere in the processi ng chanber
control |l ed Widsln t heonangefof the00GLtesl, 280and ddigrckoder icag the
tenperature in the processing chanber to 950 'I.; or less after the step
(B) has been perforned.. . . 16. An R-Fe-B based rare-earth sintered
magnet conptiEAGE 88 glﬁfaﬁfoﬁhéﬁréfceé?yé‘flgl EBFRi hS 8F AH'FOFRIAE TSl
conpound that includes a light rare-earth elenent RL (which is at |east one
of Nd and R) AS:aniBLeLrs a5L- €84 t0 el@MeRt sRpressure WEr £l sl the- nagnet
further includes a heavy rare-earth el ement RII-)I (which is at |east one

el enrent selected fromthe group consisting of Dé Ho and Tb and) which has
been i ntrodUcedefr onT ¢ R FEBPLSS gretich SHEUREEPY R fF BSPEntredd SHYer ei n
in a surface region of the magnet, which is

for 120 minutes at a temperature of 900 °C and at a pressure
of 1x107° Pa with the RH bulk bodies 4 removed from the
arrangement shown in FIG. 1 and then subjected to an aging
treatment for 120 minutes at a temperature of 500 °C and at a
pressure of 2 Pa. Thereafter, the magnetic properties of
these samples were measured with a B-H tracer. The results

are shown in the following Table 14:
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defined fromthe surface to a depth of 100 p m there is a difference of at
| east 1 at % between the concentration of the heavy rare-earth el enent RH at
a center portion of the crystal grains of the R2Fel4B type conpound and
that of the heavy rare-earth element RH on a grain boundary phase of the

crystal grains of the R2Fel4B type conpound.
[0200] Table 14
Evaporation| With no additional With additional
diffusion heat treatment heat treatment
process THmm T m, | mom | o
[kA/m] [kA/m]
Original _ 1.40 850 1.40 870
material
G 60 1.39 1,150 1.39 1,250
H 120 1.39 1,220 1.38 1,370
[oz201] The present inventors discovered that the coercivity

He; could be further increased by conducting the additional

heat treatment.

INDUSTRIAL APPLICABILITY

[0202] According to the present invention, main phase

crystal grains, where a heavy rare-earth element RH 1is

present at a high concentration on its outer periphery, can
also be formed efficiently inside a sintered magnet body, too,
thus providing a high-performance magnet having both high

remanence and high coercivity alike.
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CLAIMS

1. A method for producing an R-Fe-B based rare-earth
sintered magnet, the method comprising the steps of:

(a) providing an R-Fe-B based rare-earth sintered magnet
body including, as a main phase, crystal grains of an R;Fe;4B
type compound that includes a light rare-earth element RL,
which is at least one of Nd and Pr, as a major rare-earth
element R;

(b) arranging a bulk body including a heavy rare-earth
element RH, which is at least one element selected from the
group consisting of Dy, Ho and Tb, along with the R-Fe-B
based rare-earth sintered magnet body in a processing chamber;
and

(c) heating the bulk body and the R-Fe-B based rare-earth
sintered magnet body to a temperature of 700 °C to 1,000 °C,
thereby diffusing the heavy rare-earth element RH into the R-
Fe-B based rare-earth sintered magnet body while supplying the
heavy rare-earth element RH from the bulk body to the surface

of the R-Fe-B based rare-earth sintered magnet body.
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2. The method of claim 1, wherein the step (c) includes
arranging the bulk body and the R-Fe-B based rare-earth
sintered magnet body out of contact with each other in the
processing chamber and setting an average gap between the two

bodies within the range of 0.1 mm to 300 mm.

3. The method of claim 1, wherein the step (¢} includes
setting a difference in temperature between the R-Fe-B based
rare-earth sintered magnet body and the bulk body within

20 °C.

4, The method of claim 1, wherein the step (c) includes
adjusting the pressure of an atmospheric gas in the processing

chamber within the range of 10° Pa to 500 Pa.

5. The method of claim 1, wherein the step (c¢) includes
maintaining the temperatures of the bulk body and the R-Fe-B

based rare-earth sintered magnet body within the range of

700 °C to 1,000 °C for 10 minutes to 600 minutes.
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6. The method of claim 1, wherein the sintered magnet
body includes 0.1 mass% to 5.0 mass% of a heavy rare-earth
element RH, which is at least one element selected from the

group consisting of Dy, Ho and Tb.

7. The method of claim 6, wherein the content of the
heavy rare-earth element RH in the sintered magnet body is

within the range of 1.5 mass% to 3.5 mass%.

8. The method of claim 1, wherein the bulk body includes
an alloy of the heavy rare-earth element RH and an element X,
which i1is at 1least one element selected from the gréup
consisting of Nd, Pr, La, Ce, Al, 2n, Sn, Cu, Co, Fe, Ag and

In.

9. The method of claim 8, wherein the element X is at

least one of N4 and Pr.

10. The method of claim 1, further comprising the step

of subjecting the R-Fe-B based rare-earth sintered magnet body
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to an additional heat treatment process after the step (c) has

been performed.

11. A method for producing an R-Fe-B based rare-earth
sintered magnet, the method comprising the steps of:

(A) arranging a compact of an R-Fe-B based rare-earth
magnet powder, including a light rare-earth element RL (which
is at least one of Nd and Pr) as a major rare-earth element R,
in a processing chamber such that the compact faces a bulk
body including a heavy rare-earth element RH, which is at
least one element selected from the group consisting of Dy, Ho
and Tb;

(B) performing a sintering process in the processing
chamber, thereby making an R-Fe-B based rare-earth sintered
magnet body including crystal grains of an RpFe;4sB type
compound as a main phase; and

(C) heating the bulk body and the R-Fe-B based rare-earth
sintered magnet body in the processing chamber, thereby
diffusing the heavy rare-earth element RH into the R-Fe-B

based rare-earth sintered magnet body while supplying the
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heavy rare-earth element RH from the bulk body to the surface

of the R-Fe-B baged rare-earth sintered magnet body.

12. The method of c¢laim 11, wherein the step (B)
includes performing the sintering process for 30 minutes to
600 minutes with a vacuum of 1 Pa to 10° Pa created in the
processing chamber and with an atmosphere in the processing

chamber maintained at a temperature of 1,000 °C to 1,200 °C.

13. The method of claim 11, wherein the step (C)
includes performing the heating process for 10 minutes to 600

minutes with a vacuum of 1x10° Pa to 1 Pa created in the

processing chamber and with an atmosphere in the processing

chamber maintained at a temperature of 800 °C to 950 °C.

14. The method of claim 11, further comprising the step
(B’) of adjusting the degree of wvacuum in the processing

chamber within the range of 1% 10° Pa to 1 Pa after the

temperature of the atmosphere in the processing chamber has

decreased to 950 °C or less and after the step (B) has been
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performed.

15. The method of claim 11, further comprising the step
(B”) of performing a heat treatment process for 30 minutes to
300 minutes with the degree of wvacuum in the processing
chamber adjusted within the range of 1%X10™° Pa to 1 Pa and
the temperature of the atmosphere in the processing chamber
controlled within the range of 1,000 °C to 1,200 °C and then

lowering the temperature in the processing chamber to 950 °C

or less after the step (B) has been performed.

16. An R-Fe-B  based rare-earth sintered magnet
comprising, as a main phase, crystal grains of an R;Fe;4B type
compound that includes a light rare-earth element RL {(which is
at least one of Nd and Pr) as a major rare-earth element R,

wherein the magnet further includes a heavy rare-earth
element RH (which is at least one element selected from the
group consisting of Dy, Ho and Tb and) which has been
introduced from its surface by grain boundary diffusion, and

wherein in a surface region of the magnet, which is
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defined from the surface to a depth of 100 P m, there is a

difference of at least 1 at% between the concentration of the
heavy rare-earth element RH at a center portion of the crystal
grains of the RyFe;4B type compound and that of the heavy rare-
earth element RH on a grain boundary phase of the crystal

grains of the RyFe;,B type compound.
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