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 sinterege mgnek ekt EIiINeGREgega@HT aRb rare-earth el enent
RL (which is at least one of Nd and Pr) as a major rare-earth elenment 12
and in which a portion of the light rare-earth elenent RL is replaced with
a heavy rare-earth el ement RHTHRHI ERR | RRODUCINGSFAMhe el ement sel ected from
the group consisting of Dy, Ho and Tb) and a nethod for producing such a
magnet . BAGKERFND, ARer,d 0002] An R-Fe-B based rare-earth sintered magnet,

i ncl udi ng an NdZFeJZ4I3 type conpound phase as a main phase, is known as a
per mmnent magnet with the hi ghest performance, and has been used in

vari ous typ[@goéi nmotBts BIRIEHS BViidencor¢lanstsortq van) Rf Be-B hased di sk
drive and a notor for a hybrid car and in numerous types of consuner

el ectronic | LARGES o S i [ dew ces, the
R- Fe-B basgdggrga%e- eartSﬁM\g‘lgfr}?&jerg1 gfﬁ%ggg%lggﬁ%% \eég%%E%]fS ?’%gg{lrsal %\r@es%gtance
and coercivity that are high enough to wthstand an operating environnent
at an el ev&teeh:B enpee atomeurfd008fAs & nears fare-ieackbasiagetthe pesxcivity
of an R-Fe- B based rare-earth sintered nagnet, a nolten alloy, including
a heavy rare-earth_el nt. RH.as an additional el enent, nmay be used.

Accor di ng 'lt&%l?h' télaﬁ%t %8 % h“(laetlahlogﬁalltforrar%€c?a(?';UIr(:tli%lgeISeurﬁem?hntaxl RESSHAT chPEe
included as a rare-earth elenment Rin an R2Fel4B phase, is replaced with a
heavy rar epeatitnkedyent tiRH rardehherafueneiohherdiagnret ocoysial Ri-pre-B

ani sotropy (which is a physical quantity that determ nes the coercivity) of
t he R2Fei 4% ghase irrprovgs. . However, althouygh.the gagneti Jmonment of the
light rar e 85Ff EIBment "REIT 1% "RORB 14 B b e PAalIthe® A tdirrERTi on as
that of Fe, the magnetic nonments of the heavy rare-earth element RH and Fe
h?vehrrut uakbytopposhdre: il eciHis.isThat iawhpdehegneatala the pes cgnt 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 nmuch as possible. For these reasons, the nethod in
which the light rare-earth elenment RL is entirely replaced with the heavy
rare-earth elenral RbbasinolaRogberyeds JO0Q3LTe g&tn tde LaRNickvVibyl

i ncreased effectively with the addition of a relatively snmall anmount of
the heavy rare-earth element RH, it was proposed that an alloy or conpound
powder , i nAlA@gVaMl otcrof hRed heksly draive- at tth melteneftr RHLYbE 1ddded to a
mai n phase material alloy powder including a ot of the light rare-earth
el ement RL -t.h ' e t i.N or di to
e e R e S A
vicinity of the grain boundary of the R2Fel4B phase, and therefore, the
magnet ocr ysts@ld iine erticsst rapy ofridue R2Eet4Bephase, caheb&-FapBoveded
efficiently on the outer periphery of the main phase. The R-Fe-B based
rare-earth sinter et s a _nucl eation-type..coercivity generating
mechani sm rﬁ%%t ?g&v\hngg? erae%laor?ag(]:r)lfelé tsﬁgu%(ga\%x%lrte-‘g%?ﬁnhalelre%éﬁ%aﬁﬂsi S
distributed on the outer periphery of the main phase (i.e., near the grain
boundary t kerdeabprcthiecnagret eceystgh | émmicanitsotiopytaid adrd auepstahggr ai ns
is inproved, the nucleation of reverse magnetic dormains can be interfered
with, and the.coercivity increases as a result. At the core of the crystal
grains thaf“ﬁ&égnﬁ%T:éﬁ%?PiBﬁ?%?ﬁ%?itﬁ8P35§VH§Lthe coercivity, no |ight
rare-earth element RL is replaced with the heavy rare-earth el ement RH
Consequent Iypothe degs easeahp FepanRfIeesBhgcame karcal it zesk thereret 00.
[0006] If this nmethod is actually adopted, however, the heavy rare-earth
el ement RH has an increased diffusion rate during the sinterjing process
(which is GaPPPed bate gl Snpepatdrea®Biety, G00CELed 31500 00 GHidany

i ndustrial scale) and could diffuse to reach the core of the crystal
grains, to@. nhEgyythate 238ANe1ddierltS RAOL SRS Yad®i tAkhah Nel bifeBXPaEledeCryst al
structure. [0007] As anot her nmethod for increasing the coercivity of an
R-Fe-B based rare-earth sintered magnet, a netal, an alloy or a conpound

i ncl udi ng #shéavyAferdiowr e éhémenetiRi Shaddgadit sarencamid: suielgoe of the
sintered magnet and then thermally treated and di ffused. Then, the
coercivitypgoulgd; be {)%CBY%% rassl %‘i&%%%g%%i“% hotlndecreas! N9 g/ gmanence

so nuch (see Patent cunment s
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, N, Cu, Co, A, Ta and Ag and R
as the balance (which is at |east one el enent selected fromthe group
consisting of Ce, La, Nd, Pr, Dy, Ho and Tb), on the surface of a sintered
magnet body: {htbeapackdned «1EAORO]Ratept aBeg umM tNe. hdad) selesesrthat 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 qlﬁ?Ptea’galtfteo 1OWBT r Etfi FEMBPCRES St-alOgtAilifs exposed on the
uppernost surface of a small-sized magnet, thereby repairing the danage
done on thergmahi nedysadiace and neneasings{BRIx. L 0040] Fat ent ;Pocument
No. 3 discloses that the magnetic propertfies could be recovered by
depositing a CVD film consisting nostly of a rare-earth elenent, on the
surface of &f n@geemariiral aresnuieess 168 2semidrPresralgoTef PAPent 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 t“glfct%g\én%%gﬁ%%@oéf' nggn?h%%l%uﬂ%%&{\sb. %g?nggggédpﬁnor‘f&lkga ,gv\,hi ch
is arare-earth netal such as Yb, Eu or Smwith a relatively | ow boiling

poi nt, and lagnér yrasmalkebhrRh FelBubase®lsi d eprdinsighetepladads povdechar e

m xed together, and then the m xture is subjected to a heat treatnent to

heat it unikfe%rm¥ Lp & vacuym while stirrin eifterl%§a As a result of this
heat treatnent? the rare-earth tal “i’'sTnotTonly "deposited on the surface

of the magnet but also diffused inward. Patent Docunent No. 4 al so

di scl oses amoesbodi NnEditgdth thli ebedcinareg- eactdadgrmt alf fatt hval hiwghhbehti ng

poi nt such as Dy is sorbed. In such an enbodi nent that uses Dy, for
exanple, Dy is selectively heated to hi gh tenperature by an induction
heat i ng pr@t@élég?o%ﬂév%r:f B ixg YaS‘B%f)r iaﬁ%)uﬁ’ﬁi EE 5ﬁe2?1%%@¥cfafﬁc'€6rahng to
Pat ent Docunent No. 4, Yb with a boiling point of 1,193 C should be heated
to a tenperaknest oky 800 Gds0 pBBBokedUtnatcail dinetl, be beapths Wdiaei-ent!y by

a normal resistance heating process. Considering this disclosure of Patent
Docunent No. 4, it is presunmed that the Dy be heated to a tenperature
exceedi ng J},ngéed@%asg@/t tPhle Fheadteavwatiéne -PREUERteMBt &RHal $6 diddefoses
that the tenperature of the very small R-Fe-B based sintered nagnet and its

powder i's preherabhy pHRLAt i fed Wi thhp,t B, 82008, of 08 & 1850 Cn.Pat ent
Docunent No. 1: Japahese Patent Application Laid- OQpen Publication 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 Docunent No. 4: Japanese

Pat ent Application Laid-Qpen 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 tdiesal dafrePab £t oGR8 Nas. ailbcrd panda 3onergedevyekboped to
repair the damage done on the nachined surface of a sintered magnet. That
is why the netallic element, diffused inward fromthe surface, can reach no
farther th&PTAPEEFYalé 8Gi A1R16f BHFECsi (it-6r ed RAENSES EBRIhAtouneasyn, if
the magnet had a thickness of 3 nmor nore, the coercivity could hardly be
increased effgebiyel ¥ne [QQ3EMeaBWN 118, a&x@&@d ta,4 hg;¢o nal

t echni que di scl os>eld i n Patent Docgrrent No. 4, a rﬂgrge’ earth rre{&\aé?%hgh as Dy
is heated to, and deposited at, a tenperature that is high enough to

vapori ze it9r@ase| ys Thatovies, m/é?etlﬁeilcﬁépe@iflt@%nr@@tréel wagaetin gleowinkan t he
diffusion rate in the magnet, and a thick Dy filmis deposited on the
surface of e g resyl t, . J egi fsshe, net
(with a dept oégasglgtté?xé teglns"?lo p %{gsEﬁgagé%ggﬁ%%ﬁn% %egaﬁre aceEI)TBga bi g
difference in Dy concentration at the interface between the Dy film
deposited amdufihe siit ecbd megnetofbodye shogdtchli nevatrebl yhygenéoas enatdri vi ng

force to diffuse Dy into the main phase as wel | . Consequently, t he
remanence 2, g }t? [991:{111101 tap h%h%to accor din to, thhﬁ net hod_of Patent
Document NG Be® r aP e 18T H mgtatl 5FSH h%om A ot on “GhERpect 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 netal
with a | ow boiling point such as Yb, the coercivity of each very small

R- Fe- B basegysntenedinaghnet scapahe HeCcauRr edi i @dcerdpidt dggreenByt it is
difficult to prevent the so.L tion nmetal fromnelting and sticking to the
RFe- B based magnet during the heat treatnment process for diffusion or to
separ at e t HEIR T RoAY eEdrGrthepdafiBiusede héhent ridit FORECHY Hoes®UlThRE is to
say, it is virtually inevitable that unreacted sorption netal (RH) remains
on the surface.Qlc8ne si Nared ARrgnehouthieh woul 4 dest eagpafbe.pergent age
of magnetic conponents in the magnet conpact (1.e., deteriorate the
magnetic properties thereof). In addition, since a rare-earth netal is very
active and rem$i [(geoxPaticrgbPechyemat Mos,. Lhat an# 8act ed sorption netal
shoul d often start corrosion in practical use, which is not beneficial.
Besides. sifg@eine MLl DORHRLCRE TOLALEH, L0 RS hLr et ln 20y
subj ected to he heat treatnent in a vacuum at the same tine, a Speci al
type of equi pnment that can maintain a predeterm ned thernmal resistance and
a prescri bedlpyvedsyee, (dncandinght ness)% and abs® &ntl aflestaleatat boa
mechani sm woul d be required. That is why the initial equipnment cost,

duct i tabjljty of duct i 1d all, | er
Feal i s acs PFBRUEET b VRl TS Tirgt Fheashauer WS 0ed al t h-

material of the sorption netal, sone safety precautions should be taken so
as not to fdcr,eahe cpowster ot, dooanyl hardan & hagedndadi ess angk 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 WOtaR wiihak hlghShoidlenge ISt sGeheasehy frORe S pEroHP
material and the magnet are both heated by an induction heating process.

That is whydnkiksii®tofasy, i heat, orl yoihenpargaearih setdle tirdace
sufficiently high tenperature and yet maintain it at a tenperature that is
| ow enough to avoid affecting the nagnetic properties. As a result, the
magnet wi | [Pfoft ehntrEAs §apBRE POt d0eber mackirsd smal | size and is not
easily subjected to the induction heating process in either case. [0017)In

order to ovgpeefe the, Rrabl 898, EERCT Hed 2abeVEs10ses that a metallic

element R (which is at least one rare-earth element selected
from the group consisting of Y, Nd, Dy, Pr, Ho and Tb) is
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,



the present invention has an object of providing an R Fe-B based rare-earth
sintered magnet, in which a small anobunt of heavy rare-earth elenent RHis
used efficiently and has been diffused on the outer periphery of crystal
grains of the main phase everywhere in the magnet, even if the magnet is
relatively thick. MEANS FOR SCLVI NG THE PROBLEMS [ 0018) A net hod for

produci ng aniike: iy hasedyr aF ea eaddd esirhh e BdhdiRgNEh eBs andifRget 8rthe
present invention includes the steps of: (a) providing an R Fe-B based
rare-earth sintered magnet body including, as a main phase, crystal grains
of an R2Fef#E1eypel dorpsina enat 9indl et al95ght rare-earth el enent RL,
which is at |east one of Nd and Pr, as a major rare-earth elenment R7 (b)

ar r angi ng arlot@qllr body, i el Ustichthedr NRBYYa I @ & 18RELN 2ehermnt ﬁH,so\efeaﬁgr i's at

| east one el enent selected fromthe group consisting of Dy, b,
along with the R-Fe-B based rare-earth sintered magnet body in a

processi ng hanberir Ghe LEBFnRet? i TRFRE BOE kedss@y vathid ®he RS- Bmbased
rare-earth sintered nagnet body to a tenperature of 700 00 to 1,000 00,

t her eby d'ff¥§'§gb%9§in§§%¥re a%%%!ﬂnﬁhﬁgeg wgt%'”t&béé¥al %o tﬁﬁsed
rare-earth sintered nmagnet e supplying the heavy rarqe eart

el ement RH fromthe bul k body to the surface of the R-Fe-B based rare-earth
si nt ered magtebdbotlyPafdidl Tocnmene Yo efser reecdscepbodn neaital t hvisheps(g)

i ncludes arranging the bul k body and the R- Fe 13 based rare-earth sintered
magnet body out of conta wi th each ot the. roces er and
setting an)éaver aget%ap Weer]h tHve %Wo% es WIV{]hI h % he r‘%%rlvfaali n‘g mm t o
300 mMm [0020] I n anot her preferred enbodi ment, the step (c) |ncI udes
setting a dicfifiengnpeinm, tanper atare hellleerrehr BakeB basedadamnagaatt h
sintered magnet body and the bul k body wi thi n 20 C. [0021] In still another
preferred enbodi nent,_ the steg )&@3 i ncl des dﬁs |%9 H pressure of an

at mospher i €gass PP procesei ey chadd e%t e Gige "ot 1BE 51Pa to
500 Pa. [0022] In yet another preferred enbodi nent, the step (c)

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



i ncl udes maintaining the tenperatures of the bul k body and the R-Fe-B based
rare-earth sintered magnet body within the range of 700 Cto 1,000 C for 10
mnutes to 600 mnutes. [0023]1n yet another preferred enbodi nent, the
sintered magnet body includes 0.1 nass%to 5.0 nass% of a heavy rare-earth
el ement RH, which is at |east one elenent selected fromthe group

consi sting 1By, ndt0 88d HbacdPOZAME N 1S yPabT T Gl 8brRa el &fd8dance
enbodi ment,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]In yet
anot her préféfried erboditfent ,Calvddpulka bodlyid nclirfdesancal Pey ERteRe heavy
rare-earth elenment RH and an elenent X, which is at | east one el ement

sel ected f&%%h&?ﬁtgﬁ Up490Q§i$$§rEké§hm?g’t ét Lae @B B nddbedSho QI 0,

Fe, Ag and In. [0026]In a specifi’c preferred enbodirnent, the elenment X is
at | east one of Nd and Pr. [0027]1n yet another preferred enbodi nent, the
nmet hod f ur ttheperachtwlesxtdsiisicepl pfos ulff ectd ngay hehR- PeeBtbhasedarane- eart h
sintered magnet body to an additional heat treatnent process after the

step (c) h%%cgr%grrl]t c;.f o rzﬁgb disocolZoBJeénghggrtk@tt%%%el;ggupé Oo%u%ihrégvg‘gy R-Fe-B
based rare-
small R-Fe-B based sintered magnet and its powder 1is
preferably maintained within the range of 700 °C to 850 °C.
Patent Document No. 1l: Japanese Patent Application Laid-
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



earth sintered magnet according to the present invention includes the steps
of: (A arranging a conpact of an R Fe-B based rare-earth nmagnet powder,
including a light rare-earth element RU (which is at | east one of Nd and
Pr) as a nmajor rare-earth elenent R, in a processing chanber such that the
conpact faces a bulk body including a heavy rare-earth el enent RH, which is
at | east onecelhRrBAhegebertost fEOmM t ben AU eeRSE St REa0T i By wnilocpad Th;
(B) performing a sintering process in the processing chanber, thereby
maki ng an R-Fe-B based rare-earth sintered nmagnet body including crystal
grai ns of &FPR2E&TABLEYPE coipbunacdasnwpithifrophabe; SWHRqC) ReatrPaght he
bul k body and the R-Fe-B based rare-earth sintered magnet body in the
processi ng t i ff usi I = t men H into
t he R—Fe-Brﬁgge €$2¥ég§%$t %ﬁfﬁfggegg%%gﬁégggﬁﬁyS&ﬁ??géid%% f%ﬁg %ﬁg heavy
rare-earth elenent RH fromthe bulk body to the surface of the R-Fe-B based
rar e- eart h tdiant epedomngniet tidyagrfcd029]d . orve ghnefer péd3emdodirmeate, t he
step (B) includes performng the sintering process for 30 minutes to 600
minutes wi . acvacuim of 4,fa ho- 40508, arealed: i Lhe; prgeessing chamber
and wi th an at nosSphere”in The processi ng chamber mainfal ned at a
tenperature of 1,000 00 to 1,200 00. [0030] I n another preferred enbodi nent,
the step (QpOoiLAEI udesegeifiden rgcbhdiheatonghpr coessnt ormal0 traaiutigset o 600
mnutes with a vacuumof 1x 10 5 Pa to 1 Pa created in the processing

hanb W th at h inth [ h i.ntai ned at
Cempor at ur G16F 800 {11 GAGB0C 00 O0a P niath | 1 AnOrnEr BTt rpicd o

enbodi ment, the nethod further includes the step (B') of adjusting the
degree of Dy is 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



vacuum in the processing chanber within the range of Ix 10 5 Pa to 1 Pa
after the tenperature of the atnosphere in the processing chanber has
decreased to 950 00 or less and after the step (B) has been perfolLned.
[0032] I n yet another preferred enbodi nent, the nmethod further includes the
step (B") of performng a heat treatnent process for 30 mnutes to 300

m nutes wi tihrhe wWedrsee, of cyacusuui tdhRamBEeresshag Qﬂlﬁﬂi‘f’e&'h@-d}nﬁﬁﬁ@@ wi thin
the range of 1x10-5 Pa to 1 Pa and the tenperature of the atnosphere in

t he processing chanber controlled within the range of 1,000 'ID to 1,200 C
and then | SWeRPAQERReRIFISALPUPECTIE S he P PFBC 28 sPIR tarfbér PP619B0°D0 or

| ess after the step (B) has been perfolued. [00333An R-Fe-B based

rare-earth sintered ymgnet, AcCoLding c1kRedNe RELSERt JrRVent i phd S,k oduced
by a nethod according to any of the preferred enbodi mnents of the present

i nvention descri bed above and includes, as a main phase, crystal grains of
an R2Fel4Bvieypabtonpouwrdlt hasourasdsudes a |ight rare-earth el ement RL (which
is at least one of Nd and Pr) as a major rare-earth elenent R The magnet

further incl a hgavy n. -e I, i.gh i | e one

el enent seﬁggggg fron1ﬁ%ﬁ“@%gﬁb%%%ﬁéﬁgﬁgﬁg5dﬁub&¥@?%ﬂ§%§:%%@§n§§gﬁh?ch has

been introduced fromits surface by grain boundary diffusion. In a surface

regi on of trheeragmet , matnlchwish def ilwed Haidimghecosotf aveht asa dept hhef 100 p
m there is a difference of at |east | at% between the concentration of the

heavy rare-earth elem taRH<9t a cente _pohgio%e f the crystal grains of
t he R2Fe4B“type cﬁﬁﬁggﬂﬁ &nd ?ﬂ%t“@ﬁ t he" fie Jvlrgrg-gﬁ?E% é}@ﬁ&gtcﬁﬁ on a
grai n boundary phase of the crystal grains of the
be 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



R2Fel14B type conmpound. EFFECTS OF THE | NVENTI ON [ 0034] According to the
present invention, by producing a grain boundary diffusion of a heavy
rare-earth element RH (which is at | east one elenment selected fromthe
group consisting of Dy, Ho and Th), the heavy rare-earth el enent RH can be
supplied deeper into a sintered nagnet body, and the light rare-earth

el ement RE gan heefdfiGicerhty inepl acedu bR tthe heavy thiake- eardfRcehement RH
on the outer periphery of the main phase. As a result, the coercivity Hcj
can be increased with a decrease in remanence Br mnimzed. BRI EF

DESCRI PTI ONFYXOFE DRAVINGSEO035PRF GeaR Meinteisa- 8EeEF bl DNFfeyhermal
schematically illustrating the configuration of a process vessel that can
be used effectivahyei And R OfASSoAfi®eqPpraducing aR R 6B pasedsy apggearth
sintered magnet according to the present invention and an exenplary
arrangenment of RH bul k bodies and sintered magnet bodies in the process
vessel . also gFpgluges 2 gogjphphn strskiand shovpe ke beerparared e difdtpiessure
of the atnospheric gas in the processing chanber may change with tine in a
sintering Lffust r o i n e t_1oventi. wher e
t he one-dot hgﬁﬁ géﬁgga$é% egéﬁ?g ?Egéég%%g%%%rﬁgggggyp%%§§§$%hgﬁaythe
solid curve represents the atnospheric gas tenperature. FIG 3 is a
gr aph showafg howduetibenperatdir eabhd lpe esswrielapfs t He atrmspheri magas in

t he processing chanber nmay al so change with tinme in the sintering and

di ffusing pro%psg.of the present invention, where the one-dot chain curve
TOQUCL 10T . at_ "1s more 1 3 IPHWder were use ag ggﬁ

representsxihe atnospheri ¢ gas™ pressure and e solid curve repre ts the

at nospheri c gas tenperature. FIG 4 is a set of photographs show ng

t he resul t snaakeraasecst i ralsoEPMPomned ssli, S sbiat saest v airekcaedt Dotis Ghofaapl e #2,
representing a specific exanple of the present invention, wherein FIGS.

4(a), 4(b), 4(c) and 4(d) are pped phot ographs representing a
backscat t b "aKERt FOMs Miide (BN FSaHEE (HOR St Bt PORGIGT R HE8%Rnd Dy,

respectively. FIG 5 is a set of photographs showi ng the results of a

sectional EMAeanahysis wbald WasceCal rid Qutc@0bPaNRhE #dcreadRPl@senti ng
anot her specific exanple of the present invention, wherein FIGS. 5(a),

5(b), 5(c) and 5(d) are napped photographs representing a backscattered
el ectron | FRQETEBETY Wivd PPHECHi St riSufi6Rs B¥2Md, Fe and Dy, respectively.

[0016] Furthermore, according to the embodiment that uses a
rare-earth metal with a high boiling point such as Dy, the
sorption 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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FIG 6 is a graph showing the Dy concentrations that were neasured at the
center of main phases and at the grain boundary triple junction of Sanples
#2 and #3 representing specific exanples of the present invention.

FIG 7 is a graph showing the Dy concentrations that were neasured at the
center of main phases and at the grain boundary triple junction of Sanples
#4 and #5 repnesentidg ot her specific exanples of the present invention
FIGS. 8(a) and 8(b) are graphs respectively showi ng how the remanence Br
and the coercivity licj change with the process tenperature. FI GS
9(a) and 9(HPWEre gr &phsries pertdvalopnehsiengrabhethelsstrmedcebBreand t he
coercivity HO,1 change with the process Line. FIGS. 10(a) and 10(b) are
graphs res i haw remens - oercivity.Hof
change mﬁtﬁggié%%%%ﬁ%spwggggqgggkggeéghre.Qgﬁ i g?%?&%%nés%% RFEYs
cross-sectional view show ng an arrangenent in an M pack that was used in
a speci fi c 'meadplraref edhier priggentedi neenef onin which FH Gmal2 isgwansebf of
phot ogr aphs showi ng how t he appearance of the inner walls of the M pack
changed after . th at_treatnent . process. FIG .13 is .a
cross-sectf%ﬁg& %Fg§/é?éﬁ&rﬁf%ﬁ?ngrggndgngﬁ?diﬁfgﬁcﬁﬁnégbfngh£€sw5§eﬁsed in
a specific exanple of the present invention. FIG 14 illustrates an
ar r angenentdigffuBgd pbat €lse andtesi peet plerpgretciyedbesgrai@natthethespachfi c
exanpl e of the present invention. FIG 15 is a set of graphs show ng
how t he magnetic properties change with the distance froma magnet body to
a Dy plate%h gﬁ$%§whﬁ§eisla C %sfﬁﬁ@?FonaﬁWV}eﬁgiIFE@trQﬂ34%§ ans

arrangenment of a Dy plate and sintered nmagnet bodi es.
relatively 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
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FIG 17 is a set of graphs showi ng how the magnetic properties change with
t he arrangenent of Dy pl ates. FIG 18 is a set of photographs

showi ng the results of an EPMA anal ysis that was carried out on the surface
of athermally treated sintered magnet body when a Dy plate was arranged
only under the sintered magnet body, wherein FIG 18(a) is a pair of

phot ogr aphs, sRowng, té’&%de%%%{;%ﬁim@é@;' Yl on theGept eheObyuhRe yupper
surface of the sintered magnet body and FIG 18(b) is a pair of photographs
showi ng the results of analysis on the center of the |ower surface of the
si ntered negiettiody:Fe-B based| garq-earghy sigitegkdpisuagt apiesiyshiow Ag a
seventh specific exanple of the present invention. FIG 20 is a
cross-sectional view s j Ng.Aan_ar egent _of - X-plate and.sintered
magnet bodi & A a  pr o(%ggs?%vegste? ]{%&?’ \%gs %%eerc%yr?éé%(ﬁlésnﬁfgac%ﬁr %5 V¥r ocess
of an eighth specific exanple of the present invention. Fl GS.
21(a), 21(bkerandaiifc)elamengr apHs LespecthaelRrFehdw hgsthe ramaremcds B,
coercivities Hcj and | oop squareness (Hk/H,J) of sanple nagnets that were
made by the,. f th resent. invention.. Fl 22(a).. shows an
arrangerrenteglgﬁgglggt gnraggd'e?rag)noe %Iruy% aFP%%?}élpl}ﬁ (C:;t%?“i ehr?zaé’?’i ons of & 8 nt er ed
magnet body. FI GS. 23(a) and 23(b) are graphs show ng the remanence
Br and coeredieviehy RHcdrbhatheebelReasdyedoorntha rHuitthcespeci fhe exampbe of
the present invention. FIG 24 is a graph showi ng how the coercivity
Hrj changes with the machined depth in the ninth specific exanple.

FI GS. 25(a§7a§ﬁ8 58%B)°Hre ﬁé?g‘f)]é%{ i“\?@n\e?ite\?\%&é'howi ng whi ch surface portion
of a sintered nagnet body was covered with Nb foil in a tenth specific
exanpl e of [obeopresent bmweptdfitred embolifdht 26€1@ &b 26()b)iRNnesgsaphs
respectively show ng variations A 140,, in the coercivity and variations A
Br in the remanence of magnets with conpositions L through P as neasured
with a B-H3Faeetns the PpHs bedya)andd B bR-B8 B gPasRs revfredrinGel y
showi ng the neasured val ues of the remanences Br and coercivities Hcji of
twel ve sampli@gered 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)
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DESCRI PTI ON OF REFERENCE NUMERALS [0036] 2si ntered magnet body 4RH bul k
body 6processi ng chanber 8Nb net BEST MODE FOR CARRYI NG OUT THE | NVENTI ON

[ 0037] An R-Fe-B based rare-earth sintered nagnet according to the present
invention includes a heavy rare-earth el enent RH that has been introduced
into a sintered body through its surface by a grain boundary diffusion
process. | nddi8esasLindN@ingavie ranpeeattfeelgment Bk @ty keastnene

el enent selected fromthe group consisting of Dy, Ho and Th. [0038] The
R-Fe-B based rare-earth sintered magnet of the resent invention is
produced prieférBbPys®y SRUPHISFERE ©Het Heesl yopare- gaﬁivf hveltefe M RIPREBM a
heavy rare-earth bul k body (which will be referred to herein as an "RH bul k
body™) to thesyricace of oo Sntlech nagmeL bedysandudLtLysing the heavy
rare-earth el enent RH deeper into the sintered body fromthe surface
thereof. [0039]In the manufacturing process of the present i nvention, a
bul k body 0f00Z3heavyl®ravetearrhher ereafeRIEd hetbdds mgst  e&8k| Bingpoedzabl e
(or sublinmable) and a rare-earth sintered nagnet body are heated to a

t enper at ur 0 t . 0 eby reduc] of vaparization (or
sublinatioﬁf%%thﬁggé&ﬁﬁéﬁ%Q%b yltgggﬁé %%i%tyt %%B%ngéﬁgﬁfﬁéf%%ggof an RH
filmis not excessively higher than the rate of diffusion of RHinto the
magnet and edirthusiagettherRtheawnyichal e- earidns ementelRenwhs<ledias fravel ed to
reach the surface of the sintered nmagnet body, into the nagnet body

qui ckly. At .such a tenperature | i within the range of 700 %"; to

1, 000 00, thg eav <¥5F3§gép?hoéﬁ%ﬁe%g ﬁ?ﬁﬂg?dly vapori zes (or sublines)

but diffuses actively in an R-Fe-B based rare-earth sintered magnet. For

t hat reasonoothe graim beundar padiféwsdon ptetdedieawnboarieceart hcakenent
RH into the magnet body can be accelerated preferentially than the film
formation of the heavy rare-earth el enment RH on the surface of the magnet
body. [004GPRFENEhGhI FM5e HFGt¥d TaFs cRbthi FLEEE G RBavy rdfe-BaAreReEl ement
RH into a sintered magnet body fromthe surface thereof while supplying the

heavy rarewgahth ©bgeRt WwRbhihOMa Reavyor al & edlkh byl XK. hagdystwhi ch wil |
be referred to herein

[0025] In yet another preferred embodiment, the bulk body
includes an alloy of the heavy rare-earth element RH and an
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
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as an "RH bul k body") to the surface of a sintered nmagnet body will be
sonetines sinply referred to herein as "evaporation diffusion". According
to the present invention, the heavy rare-earth elenent RH wll diffuse and
penetrate into the magnet at a higher rate than the heavy rare-earth
element RH diffusing into the main phase that is | ocated near the surface
of the S'n&%@%@mﬁﬁ@%ﬁ&m@kgog%leptﬁﬂ@s@ébo(cﬁﬁﬁs bEeﬂggfﬁﬁﬁﬂegel'eved t hat
to vaporize (or subline) a heavy rare-earth el ement such as Dy, the
magnet body shoul d be heated to a tenperature exceeding 1,000 00 and that
it woul d belGi0RBdssi bheothe dapddiod DpropreAechegnet Boty § ﬂi?tseﬁyrﬁéatl ng it
to a tenperature as lowas 700 C.: to 1,000 C. Contrary to this popular

bel i ef ul e QBE} he e % rried
out revealgﬁ&%hat {ﬁiéﬁﬁgavéglg%e-éggéﬁ ené%t %@%c %geggr QR%%%sggplred
onto an opposing rare-earth magnet and diffused into it even at such a | ow
t enper at ur e noflu@@d cket etdpHOOE C. (300A2]Acoodianganpathe of oave ®t-Feonal
techni que of formng a filnrof a heavy rare-earth el enent RH (which will be
referred Q _herein_as | ') .on the su C srntered ghet
body and trlben 5&?1%%9}1 g net Qw nto the ls(irllrfa(‘JEr ed{n%glgnelfarb y a heat
treat nent process so-cal |l ed |ntragra|n di ffusion" wll advance

signi ficantdlgmentt Re quhiaceis egt onehbat ohs ohH FONtadt Pwi t Ast he nBRbboti | m
thus deteriorating the properties of the nagnet. On the other hand,
according to the prese i nvention, since the heavy. rare eIe nt RH
is supplre&a5ﬁt8aF {%W%ﬁﬁa%ﬁ the® sSPREEFHH ¥a 85dfuﬁﬁ ggomrh

rate of the RH fil mdecreased and the tenperature of the srntered magnet
body is maiddhakBedr e 2RPKOPSEALEIJIQMEhg T OIhaivhf usirenecattie deawyt
rare-earth el enent RH that has reached the surface of the nagnet body

qui ckly penetrates into the_sintered magnet bod z a grain boundary

di ffusi on PHoce¥dchThst % WA§SeveRei FlERERSUFFAEE ?%g26ﬁm the 'SgPHPn
boundary diffusion” advances nore preferentially than the "intragrain

di ffusion” ccAsiac{gsuldte, phe decreaserbn remNeReecBhikfNabes fidihzed and
the coercivity Hcj can be |ncreased effectively. [0043] The R Fe-B based
rare-earth sintered magnet has a nucleation type coercivity generating
mechani sm Pieresor én thief prkecragret ceaytzal | ik ey striopy ans R-fer8ased on
the outer periphery of a main phase, the nucleation of reverse magnetic
domai ns Pa%aggdrr?&'»}lé?ed%t% 's*f YLEE i e‘Bf h&‘? 95 &y 10 U@ éé!a)? §ns

sur roundi ng e main ase. ares e coercrvr he main
phase can be increased effectrvely as a whol e. Accordrng to the present

i nventi on, ofhenh&avy..Bargpearthpoepl acenenhalayehasan el f ohngdagninghe
outer periphery of the main phase not only in a surface region of the

mgnet ocr yELAT PERb. HRTRGT by e Be0i RETEhSG THoEkE SALTT St cand ¢ he

coercivity Hcj of the overall nagnet increases suffrcrently Ther ef or e,
accor di ng bedathenpresenirdddvenhyorhafven, i £héheandiitusdhgt heehemayy
rare-earth el ement RH consuned is snall, the heavy rare-earth el enment RH
can still diffuse and penetrate deep |nsrde the sintered bod And by

forming a Fayeredfct udiifgethe REavy™tar etedr th f&Eme e SRA afgﬁe“rﬁa@ﬁh

concentration efficiently on the outer periphery of the main phase, the
coercivitygslhcbre€amabget NI RBSEFH WA h shBﬁl?ﬁﬁ ease i MedBNMBREACE Bin

m ni m zed. [0044] Considering the facility of evaporation diffusion,
element RH from the bulk body to the surface of the R-Fe-B

based rare-earth sintered magnet body.

[0029] In one preferred embodiment, the step (B) includes
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the cost and other factors, it is nost preferable to use Dy as the heavy
rare-earth elenment RH that replaces the |light rare-earth elenent RL on the
outer periphery of the nmain phase. However, the magnetocrystalline

ani sotropy of Tb2Fel4B is higher than that of Dy2Fel4B and is about three
times as high as that of Nd2Fel4B. That is why if Tb is evaporated and

di ffused, thereeRlelVily LaRebend Noiras8drHPSIo @fifluebgntd Yool thautes
decrea3|ng t he remanence of the sintered nagnet body. When Tb is used, the
evaporation diffusion is preferably carried out at a higher tenperature and
in a hi gher"ifdcunyadim 05i tudei 6 WiHer EaDyrrestgdedn F3@ﬂ5Pﬁ§e@ﬁhn@e seen
easily fromthe foregoing description, accordlng to the present invention,
t he heavy r rt I t \RH ggg% al may d t he

mat eri al af%%@bg$hé$ufsgggﬁs§§, a %gge-ﬁQ@BE gﬁxﬁgfgggargﬁgg%gtered
magnet, including a light rare-earth elenent R, (which is at |east one of
Nd and Pr) mesnthénedra: earkhpetanmerst oR 1 payo BE€ poovized *@nd t he heavy
rare-earth element RH nay be diffused i nward frontthe surface of the
magnet. |f Lyt he n I re yer yer r on the
surface oﬂ%@hé]na ngg $¥&%5%$d Qg%%¥¥%$cur%) 8#?Tusé%$h§¢ﬁ§ ngg)
rare-earth el enent RH deep inside the magnet even at an el evated diffusion
t enper at ur einchiodey eperfaoodndi nget bedthimgprresertsi Avent ¢ onndyesproeddcbng t he
grain boundary diffusion of the heavy rare-earth el enment RH, the heavy
rare-earth el ement RH can be supplied efficiently to even the outer

peri phery GFnPﬁesnﬁﬁhhpﬁa§@KPH§tCﬁsiqﬁé%teé*ﬁeeb } n8RdETERESS| MEeFBE magnet
body. The present invention is naturally applicable to an R Fe-R based

si ntered magetssiny Whatbdheahtavitt age- gaiddprelrenent R wasoRlskeady added
when it was a material alloy. However, if a |lot of heavy rare-earth el enent
RH were added to the nmaterial all oy, the effect of the present invention
woul d not Is&2EBRAT eVid tsdnERcaen |SETPESALERRCT SR & P8PaiG vel y smal |
anount of heavy rare-earth elenment RH nay be added n that early stage.

[ 0046] Next ,[o@B1 exanpie Qilﬁtpéﬁ&@%&ﬁdpfﬁﬁéﬂ%@&“bdyaagﬁeﬁtaC%Qédh@QhEQ the
present invention will be described with reference to FIG 1, which
illustrates an exenplary arrangenment of sintered magnet bodies 2 and RH
bul k bodi e§vgthern thele Feej [stgst r@ ed 9tn FEmsting hehsi Aeegresl Atgnet
bodies 2 and the RH bul k bodies 4 are arranged so as to face each other
wth a pre rm ned ap | eft bet ween them i.nsi.de roceSS| C er

made of a gg%?aﬁtor tﬁetgfoﬁﬁasﬁﬁocgééyﬁﬁ?c]Q%ﬁe glsho FH@??QE

i ncl udes a nmenber for holding a plurality of sintered nagnet bodies 2 and a
menber for Pholtdh nNg PheaREebultkebadyprdraSpeei bF calhky atmespherexanpkeeshown
in FIG 1, the sintered magnet bodies 2 and the upper RH bul k body 4 are
hel d on a net Nb. However, the_sintered net bodies 2 and the
RH bul K b08F8§eisb%9 n%tta'?t%ﬁfe Ro5 BECHEREET nte h7 2 mé{;ﬂ Ogﬂfler?a%/ 2%s§th&  hel d
usi ng any ot her nenber. Neverthel ess, a nmenber that closes the gap between
t he sintereﬁenagaﬁtubodkESb%eanﬂethﬁmRH”bulk bodi es 4 should not be used.
As used herein, "facing" nmeans that the sintered nagnet bodi es and the RH
bul k bodie% ar e opposed to each ot her mnthout havi ng their gap cl osed.

Al so, even PP tho neffber&tar@ A AngRtFigdess £BPPY neachtg h&Pthofdt  does
not necessarily means that those two nenbers are arranged such that their
princi pal surtasesi@i@dear ahkeketp edch ot harrrdr8Q44] Bynbgat i iah dudr
processing chanber 6 with a heater (not shown), the tenperature of the

processing chanber 6 is
process for 30 minutes to 300 minutes with the degree of

vacuum in the processing chamber adjusted within the range of

1x10°°> Pa to 1 Pa and the temperature of the atmosphere in
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chanber 6 is controlled to the range of 700 00 to 1,000 00, nore preferably
to the range of 850 Cto 950 C. In such a tenperature range, the heavy
rare-earth element RH has a very | ow vapor pressure and hardly vapori zes.
In the prior art, it has been commonly believed that in such a tenperature
range, a heavy rare-earth el enent RH, vaporized froman RH bul k body 4, be
unabl e to he,suppliedsand deposided Qpctbe sy froeof the siahgted pagnet
body 2. (0048] However, the present inventors discovered that by arranging
the sintered magnet body 2 and the RH bul k body 4 close to each other, not
in contact Wad &acthe ot Ha0, @ hedvyherarlewearinh bkt aterqmdaduye deposéted at
as low a rate as several pmper hour (e.g., in the range of 0.5 p mhr to 5
p mhr) on fac he_ si red maghet. b 2..\W also discovered

t hat by corﬁllr%e%g%gt ﬁlelg%%%rlbe?%tﬁog ogf Otrhglesslsntag%)eéé %ﬁngﬁegoégs ZEW’;thi n an
appropriate range such that the tenperature of the sintered nagnet body 2
was equal theesr phi§brered.han that of the RH bul k body 4, the heavy
rare-earth el ement RH that had been deposited in vapor phase coul d be

di ffused de i,nto t inter net body, 2 as it Vas. This tenperature
range is a g@gﬁgrre oﬁ%J%H$V§?%%§tngﬁﬁaﬁé?afulﬁ??ﬁ%ggg?%ﬂé¥§ofﬁggﬁgh t he
grai n boundary phase of the sintered nmagnet body 2. As a result, slow
deposi tion taf thhepRebemt alnvand iqui tk piddfutsidobyt hemeohod Mardddengagaet body
can be done efficiently. [0049] According to the present invention, RH that
has vaporized just slightly as.described above is deposited at a |l ow rate
on the surface o Fﬁ% gFﬁféF@ﬁinﬁ UL By, ® rtgﬁatIF?§§8anWﬁ€FéoPs no
need to heat the processing chanber to a high tenperature that exceeds
1,000 C or dappkybéd vaddwageno ihbeuséat efed magnebnhody ofyRHE1buikihedy as
in the conventional process of depositing RH by a vapor phase deposition
process. [00Q50] Al so, according to the present_invention, wth the
vapori zat i 6 &%d FefB1PndPEn COPPPRRY RFEBUI KBRS shi M FEd, *adse cREEDY
rare-earth el ement RH that has arrived at the surface of the sintered
magnet bodyiksefitli RK| Ywal &f usedai nside: the MeONRE BAdY prfOkst hatpHEPOSE,
the RH bul k body and the sintered magnet body preferably both havé a
tenperature falling within the range of 700 00 to 1,000 C. [0051] The gap
bet ween t h&28Fnedridd PRjifett dody Zhandeghet RMrbhek bBsdyudes saséeavy fal |
within the range of 0.1 nmto 300 mm This gap is preferably 1 mmto 50 mm
mor & pr ef eLablye 20 MG heSRy Mt &Y el M § RGEM BRADLY e MDGL | ggs. AS

| ong as such a di stance can be kept between them the sin er ed nmagnet
bodi es 2 and the RH bul k bodies 4 may be arranged either vertically or

hori zont al Eyoor thay geven lrenrbvethg ebfit Dye Ho each Tt hend) Neuech hehess, the
di stance between the sintered magnet bodies 2 and the RH bul k bodies 4
preferably,remains the s dur.ing the evaporati.on. diffusion process. Al so,
B enbodi MREE H L Tha st b oa e HEAr B b GHAG KPR A hiduSina
rotating barrel and processed while be stirred up is not preferred.
Furthernor én si noefdde mapaem z4d tRd @aanet pavkieh uld faxmmddd atBRSpher e

wi thin the distance range defined above, the area of their opposing
surfaces is not particularly Iimted but even their narrowest surfaces nmay
face each Bthe#ce THe preseht PhAveRPoHs™di skever é8 andidésrrraedoli at
experinents that when the RH bul k bodi es were arranged pe pendicularly to

the magnetigagd oN ats 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
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direction (i.e., the c-axis direction) of the sintered nmagnet bodies 2, RH
could diffuse into the sintered magnet bodies 2 nost 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 nmagnetization
direction is higher than that in the perpendicular direction. That
differenceIg@eggfggﬁgQﬁmﬁéhgdbetmeen t he magneti zati on and perpendi cul ar

di rections should be caused by a difference in anisotropy due to the
crystal structure. [0052]1n a conventional evaporation system a good

di stance shoul d be kept between an evaporating nmaterial supply section and
the target being processed because a nechani sm surroundi ng the evaporating
materi al supplpyrsest iQn: Waykdrfake interference and shoul 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 target being
processed (P9Bréspondicerrdiact e sihat eredemmgheteriody  2pyhavedneves deen
arranged so close to each other as in the present invention. As a result,

it has bee i ev t | he .evaporatin teri i ed.to a
rat her hi g%rggéme)oeoﬁlgltdtﬁ?g a&njl f@%ggéi %éfd a}sug?lg\ge%t‘a?g, g%)ft%{rlt %/%?%ﬁH
evaporating material could not be supplied onto the target being processed.
[ 0053] I n conthriakt ,isaceor diegst o dnke present balentedn frohe R metralipcan be
deposited on the surface of the magnet just by controlling the tenperature
of the overall .processi chamber. wi t hout using any speci.al .nmechanjsm for
vapor | 2i ng “CBFBRORS gt A S0ApaPht | HEE TRECER] APTe A U HEFBENEL he
"processing chanber” broadly refers to a space in which the sintered nagnet
bodi es 2 anr@nt he Rdpbukkabedépsr 4iade arsamngatd Midsett BOAPr 0688StEAY
chanber may nean the processing chanber of a heat treatnment furnace but may
al so nean a processing container housed in such a processing chanber.

[ 0054] Al so,119BEoFBFRGEITR I SPrESeRl iCAVeRE GAEIERePRY metRdrcfdpaifies
little but the sintered nagnet body and the RH bul k body are arranged cl ose
to each ot hge BUbv{Olaitdl LoRhacteMedh @AGH tRebutdhabel SorMdy, ire cREl net al
vapori zed can be deposited on the surface of the sintered nmagnet body
efficiently and is hardly deposited on the wall surfaces of the processing
chamber. FOPERePh®FR; i2S thers@it sihPacesretvitie pr oedsshhgintrarted are
made of a heat-resistant alloy including Nb, for exanple, a ceramc, or any
ot her nate%h?h Lhaddaoes ngt  Leact, JopRhhidiben.ghe RH metal deposited on
the wall surfaces w vaporize again and W I bé deposited on the surface
of the sintered nagnet body after all. As a result, it is possible to avoid
an unwanted situation where the heavy rare-earth el enent RH, which is one
of val uabl e natural resources, is wasted in vain. [0055]Wthin the

processi ng sLepper Al M 4 AR08 rObrhRENes

[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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di ffusion process to be carried out according to the present invention, the
RH bul k body never nelts or softens but the RH netal vaporizes (sublines)
fromits surface. For that reason, the RH bul k body does not change its
appearance significantly after having gone through the process step just
once, and therefore, can be used repeatedly a nunber of tines.

[ 0056] Besi des, asgt he; Risbubk diagires saash ddiensintated . argaetc hadi gsgar e
arranged cl ose to each other, the nunber of sintered nmagnet bodies that can
be | oaded into a processing chanber with the same capacity can be

i ncreased. PHFEEUrS 06 thaatusispher badabs | i yhies PreapPoerfl |H28861t BK, si nce
no bul ky systemis required, a normal vacuum heat treatnent furnace nmay be
used and thedaer egse, i nRNULACt Ui BGnCOSInLanRe BYPEGethy WhiEhels very
beneficial in practical use. 0057] During tthe heat treatnent process, an
inert atnosphere is preferably maintained inside the processing chanber. As
used her ei mccomding nept thenmpsphene"” inedrrion, o vierac lm omegdoat wbspher e
filled with an inert gas. Also, the "inert gas" may be a rare gas such as

Chom cal |y TESet iR REe Retn: the " R RURE Body and Che": Arar SHemaGhal body.

The pressure of the inert gas is reduced so as to be |ower than the
at nospher i cupressepeesdrtst hbe pategsiherot ¢de tatmpesphere. i nsi de t he
processi ng chanber were close to the atnospheric pressure, then the RH

metal woul d not suppl.ied easily fromthe bul. k body to the surface of
the sintered na&ggt odﬁ?kbﬁe&@?¥%%iﬁE%mVﬁb g#ﬁuﬁ?“%f%?ﬁgeﬁﬁnﬁﬁiaﬁnaiffused
is determned by the rate of diffusion fromthe surface of the magnet

t owar d t he dragetirpost i e tdieioepherit SwUld iR @roUgBsing | @wibetrh@apr essure

of the atnosphere inside the processing chanber to 102 Pa or |less, for
exanple. That is to say, even if the pressure of the atnosphere inside the

processi ng RENEF Her B ERr tHE Fowete S IntwE 18FoaRt 8F LI RROCEFs
di ffused (and eventually the degree of increase in coerc vity) would not

change signjsf i epat Ipresthe aimunicioh, t hendd mehal did fasedchsisensidttve to

the tenperature of the sintered nagnet body, rather than the pressure.
represents the atmospheric gas pressure and the solid curve
represents the 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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[ 0058] The RH netal 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 atnosphere and the difference in RH
concentration at the interface of the magnet. In the neantinme, a portion of
the |ight rageceant hel egBotndil | Bpddier iR2FeddRiRaserd s tgpl agedswht h the
heavy rare-earth el enent RH that has di ffused and penetrated fromthe
surface of the magnet. As a result including the heavy rare-earth
el ement RHI&VeRthPyh Wesedt F&Fﬁonﬂ%)rro%/(#éd 8nct handwr & peri prePgdof the
R2Fel14B phase. [0059]By form ng such a | ayer including RH at a high

concent rat i DL NRINGT,QCLY S AL | & NS, AN SQLEeRY  Ead-the MRieuedpand the
coercivity licj can be i'ncrease on the outer periphery of thé main phase.
That is to say, even by using a small anount of RH netal, the heavy

rare- eartha@@eﬁﬁﬁtd$%¢ﬁyﬁmtépﬁ$u§ePﬁhdeewetﬂhteréeeee¢lWQﬁM3 t he magnet and
the layer including RH at a high concentratron can be forned on the outer
periphery of thg gl n ahase,6hh1 GLERLLY (hBSnd fasbyal 5, a8LET YLEY M of
t he overal |l magnet can bé rnc ease th the’ decrease 11n remanence Br
mnimzed. [0060]1n the prior art, the rate of deposition of a heavy
rare-eart hmekepead RH stbd asnbgromof heasor fEeeesf andi aterede mggaéd body
(i.e., afilmgrowmh rate) i s much higher than the rate of diffusion of the
heavy rare- earggre E togard tpe ?g Ehs_égntereg magnet body
(i.e., a derusro at%% ?H%f Ih gﬁm misd posr?p(f%? éng

t hi ckness of several p mor nore on the surface of the sintered nagnet body
and then thkecheavy sanplearbh elemrrbeRH isvditionsed fromthat RH film
toward the inside of the sintered magnet body. However, the heavy
rare-earth eIenent RH t hat has been supplied fromthe RHfilmin solid
phase, not in v Bﬁr'bﬁééé ITABE YNNG FRESEYE ?qHQﬁﬂﬁhth%piﬂE§ﬁ§ B6tfidary
but also makes an intragrain diffusion inside the main phase that is

| ocat ed innfchgused f age £RgI QRNOErt Ner Shat A gthame@neindody, thas ggaysi ng a
decrease in remanence Br. That region in which the heavy rare-earth el enent
RH makes such an intragrain diffusion inside the main phase to nake the RH
concent r at POREIREY dFFiktent Ubet iwenct hEamal o afd grdi i boteRIERSEISRESes i s
limted to the surface region of the sintered magnet body (with a thickness
of 100 p M@helesSecfal %&Q@?ﬂé@ ofl knkhgrovatalih, argngt is thin, however,
sonme decrease in renmanence 'S |neV|tabIe [0061] On the other hand,
according to the present invention, the heavy rare-earth el ement RH such
as Dy that has BEeéh. sl iad ih(bhapore ghavssi ppengesivivt hasinfatewof the
sintered magnet body and then quickly diffuses toward the inside of the

Si nt er ed ”%gge%e&?é’rg el 'S £ at[% that befare dififysing,and gotering the
mai n phase at 18 Jocatedin e surface redfon he heavy rare-earth
element RH w il diffuse through the grain boundary phase at a higher rate
and penetr atepéeespere.i nto the sintered magnet body. [00621According to the
present invention, in the surface region up to a depth of 100 p m as
measured fromt e of .t sintered ghet t here

reasur ed {1 oM LDEeSUd e Of LR SaLered fRonet body el ot
rare-earth element RH at the center of crystal grains of an R2Fel413 type
conpound andet Rhatar@indehe, hgay tHeakeeeal F v elereiiakd afchhengr@idzelgundary
phase of the crystal grains of the R2ZFelll3 type conpound. To minim ze the
decrease in remanence 13r, a concentration difference of at least 2 at%is
pref er abl y“éFeat ed.

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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[ 0063] The content of the RHto diffuse is preferably within the range of
0.05 wt%to 1.5 wt% of the overall nmagnet. This content range is preferred
because the decrease in remanence Br could be out of control at an RH
content of nore than 1.5 wt % but because the increase in coercivity Hej
woul d not be significant at an RH content of less than 0.1 wt% By
conductingEﬂmggghe£{@§%gpggegégﬁgss for 10 to 180 minutes within the
tenperature range and e pressure range defined above, an anount of
diffusion of 0.1 wt%to 1 wt%is realized. The process tinme neans a period
of time in whicEhIEhelRHDhW krosedyeantorntde viient ehedimmgieta iyedgehave
tenperatures of 700 00 to 1,000 00 and pressures of 10-5 Pa to 500 Pa.

Thus, duri thi s, pr S, tli hej_r_ .t enpera d ur not

al ways keppgbdggtgﬁt88?%05§%$Ega§u$¥§€%e§?a%egg%gfﬂgﬁs?%% rgﬁ ﬁ%ggé is as
close to a netal state as possible to allow RH to diffuse and penetrate
easi |l y. Fomprehattpinposeiort.he sintered magnet is preferably subjected to an
activation treatnment such as acid cleaning or blast cleaning in advance.
According to th resent jinvention, however, when the heavy rare-earth

el ement RH vapo%%ges gﬂdjjétf d§685i?gd ?¢P%ﬂ?ﬁ§8gﬁvegggﬁ¥gyoﬁowheggﬁrface
of the sintered nagnet body, the heavy rare-earth elenment RHw | diffuse
toward t he dppehdened dhehsi phesedvdmagnet brdywatpaakhichheged atfe@ ctrhanet he
deposition rate of a solid layer. That is why the surface of the sintered
magnet body may al so have been oxidized to a certain degree as is observed
ri ght afte%eétsFﬁ?%ﬁW?ﬁj Proces¥- or a cutting process. [0065] According to
the present invention, the heavy rare-earth el ement RH can be diffused

mai nly through the. offiis ROURAAEY sPBaSEha Pl cWNBho @RS Odh dh@rbeax)t
rare-earth elenent RH can be diffused deeper into the nmagnet nore
efficiently by controlling the process time [0066]1n addition, the

vapori zati 6# rat eMof Pafle RBavy virdr elsear t1 ef eARACLIRT caE s> dE EbAtrol | ed
by adjusting the pressure of the processing atnosphere. That is why the RH
hul k bodi esgRy,be;arL&angsd in the systembefore the sintering process is
started and the sintering reaction may be advanced at a relatively high

at nospheri c gas pressure during the sintering process with the vaporization
of RH minimzedFIEn tl4atithse ragbeeran harsingendnig pfodussristevernndt he

at nospheric gas pressure nmay be decreased to advance the vaporization and
diffusion of R 2y 106,8amg L OE. 4N 5%&&4@”9@& i4ine é&%wpefé 09 Dleha=5° and
t he coerC|V|Py I NCreasi ng process can be carri ¢ out” cont ITUoUS y Using the
sanme equi pnent. Such a nethod will be described in detail later for a
second prebeeredt eirbeditient of the present invention. [0067] The shape and
size of the RH bul k bodies are not particularly limted. For exanple, the RH

bul k bodi es may_have pl ate shape or an indefinite shape.(e.qg., a, stone
shape) . CptionaFF@; PﬁelﬁH BUFR b 3" RBF hi 8Wép$o§°8f%§%ry%xﬁﬁtlc
properties change with the distance from a magnet body to a
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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small holes with dianmeters of several tens of p m The RH bul k bodi es are
preferably made of either an RH netal including at | east one heavy
rare-earth element RH or an alloy including RH Al so, the higher the vapor
pressure of the material of the RH bul k bodies, the greater the anount of
RH that can be introduced per unit time and the nore efficient. Oxides,
fluorides and nitgi des sinel udi nge ?H&%§¥aﬂ51§£ es-rwlt@ ehement, 1R B§V§n50 | ow
vapor pressures that evaporation diffuSion hardly occurs under the
conditions falling within these ranges of tenperatures and degrees of
vacuum FoERRatand@scn, Evan Wast arRHeBul ®utbodhestiwr esnaliecof o4n @xi de, a
fluoride or a nitride including the heavy rare-earth elenment RH, the

coer civity (¢aoRoly e Lasaased llactialy. JA068hancor dhngyio.d he, present

i nvention, even I e gl ven nmagnet ha a thlc ness of Y or nor e,
remanence Br and coercivity Hco- of the nagnet can be both |ncreased u5|ng
just a smalErranpedmt ooly heauyrr ahe- ednthred emephetRHpotihuswpheowindi AgGa hi gh
per f or mance nagnet of mhich the nagnetic properties do not deteriorate
even at hig erat ur.es h rfor ce_maghet ntributes

| mrensel y to rea IZI a'l%an u §h€fﬂ ?Wl%ﬂ W? o %?ts %9 ?EEtSof t he
present invention ut|I|zing the grain boundary dlffu5|on can be achi eved
signi fi canhytba eenmgnetf whé hugpdhisckiess @f tHe BIMOerdES®gnet body

[ 0069] According to the present invention, the heavy rare- earth el enent RH
may di ffuse_an te either fro the entire surface of the sintered
magnet body™ §r9F$OR¥ égtlﬁ par ol RECSAPTIRE STEVARR ™ FH TFSHf 18 eChind
penetrate fromjust a part of the surface of the sintered nagnet body, t he
sintered magaeyshodyn Mee beedther npd | yhd r estead Juisthcas cdestel ad-apgye with
the other portion of the sintered magnet body, in which the diffusion and
penetration should not occur, masked, for exanple. According to such a

met hod, a Raghet Redrh partlaIIy i ncreased coerc vity Hcj can be obtai ned.
[0070]If t he magnet that has gone through the evaporation diffusion process
of the present fnyentigoniis subipectgd La-aPgAMdId | ettetut%iat a L eaLgERt
process, the coercivity 110J can be further™increased e conditions of
the additional heat treatnment process, including the processing tenperature
and the pr6eessfi¢ mxampay bé the warends inMeseidwr the evaporation

di ffusion process. That is to say, the magnet is preferably maintained at a

tenperature of 409 Of) t,q 1, 00, Lséétf;t%t%f Q1800 AL Sun L9FLREIRER

addi ti onal heat treatnent process

of a Dy-X plate and sintered magnet bodies 1in a process
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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out just by thermally treating the magnet with the partial pressure of Ar

i ncreased to about 103 Pa after the diffusion process such that the heavy
rare-earth el ement RH does not vaporize. Alternatively, after the diffusion
process has been finished once, only the heat treatnent may be carried out
under the same conditions as the diffusion process w thout putting the RH
evapor at i onp&oiwsce. afd073] ByDﬁubjﬁggﬁé ng ahhe simi.eresgh mgnetknbedy toet he
evaporation diffusion process, the transverse rupture strength and ot her
mechani cal strength of the sintered magnet body can be increased, which is
benefi ci al ?Wsdtagéf’%%ﬂ’hltfs@.rl‘?ﬁi:%t%@Sptoésanﬁm%ﬁrk?@cé‘égée? HReYegr ee of

mat chi ng between the crystal grains of the main phase and those of the
grain boundary pfase Baga) n95§a§§¢bﬁsa9er§§ s Ofndigd QTR alerfnchie
internal strain fromthe sintered magnet body, the repair of damage on the
machi ned | ayer, or the diffusion of the heavy rare-earth element RH during
t he evapor dti GRdam®edict ¥ UsY ofkopitbabsyeref nepeurkdreae df nimltic saryiifacr eases
bet ween the crystal grains of the main phase and those of the grain
boundary p h i e consolidated and the resistance
to ruptur er%?d ﬁ% g?gﬁﬁﬁé %5%%%2?3{%\% qéjgi'ncr eased. [0073] Hereinafter, a
preferred enbodi nent of a nethod for producing an R-Fe-B based rare-earth
si ntered magnet FAGcoR4i hy 4 wudpd pheweny howeritd ovewtlivithe Hiesdranged.

[ 0074] EMBODI MENT 1 Material alloy First, an alloy including 25 mass%
to 40 mass%.of Light rare-earth. element, RL, 0.6.pass%to.1.6 mass% of B
(boron) and’ él grll1 ﬁﬁ%}\lfl‘rfea Idf/ep(%%n A ﬁkéed r%l%%ll?r isplegégg% et)‘ha‘énpt:)%l'ance i's

provi ded. A portion of B nay be replaced with C (carbon) and a portion (50
at % or | ess) of FEesmayi@)r ephaced (b) t hhanobbespécans t voawaetalowehgnment
such as Co or Ni. For various purposes, this alloy may contain about 0.01
mass% to about 1.0 ss% of at | east one addcg ive elenent Mthat is

sel ected frOHPREGFOGD BORSISR i Tk Of SARCOd mREnay R jrs Novesgd zn,
Ga, Zr, Nb, Mo, Ag, In, Sn, Hf, Ta, W Pb and H. [0075]Such an alloy is
preferably wmade iy guenchinngaa vekh ofperifaterd@lmpakl oyr byna SdelsRneasti ng
process, for exanple. Hereinafter, a nethod of making a rapidly solidified
alloy by a strip casting process will be described. [0076]First, a naterial
alloy with Jtnl’féngé%osi tion

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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descri bed above is nelted by an induction heating process within an argon
at nosphere to nake a nelt of the material alloy. Next, this nelt is kept
heated at about 1,350 C and then quenched by a single roller process,

t hereby obtaining a flake-like alloy block with a thickness of about 0.3

mm Then, the alloy block thus obtained is pulverized into flakes with a
size of 1 nmpd)10 n; beforg Lekng.suby gghgd to the next hydrogen

pul veri zation process. Such a nmethod of naking a naterial alloy by a strip
casting process is disclosed in United States Patent No. 5,383,978, for
exanpl e. [0D77] BBabs&k guidreri zati on process Next, the material alloy
bl ock that has been coarsely pulverized into flakes is |oaded into a
hydrogen fuy nac r@BQs&D&? 8¢ted to a hydrogen decrepitation process
(which will be sonetinmes referred to herein as a "hydrogen pul veri zation
process") within the hydrogen furnace. When the hydrogen pul verization
process i s ®ver Nbt hetcoarsely pul verized 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
bei ng oxidized or generating heat and woul d eventually inprove the magnetic
properties of the resultant nmagnet. [0078] As a result of this hydrogen

pul veri zat IBESTPMODESEQR t¢RRRYIING- ourt hHEI 1xosENTIONUl veri zed to sizes of about
0.1 nmto several millinmeters with a nean particle size of 500 p mor |ess.
After the hydrogen pul verjzation, the decrepitated material alloy.is
preferably %ﬁ??ﬂer c%%g%éﬁ*?% FFﬁ%rr%ﬁ%ﬂigrﬁﬁds%ﬁﬁﬁH? .mP?n?%é“ﬁﬁFéfpal al | oy

unl oaded still has a relatively high tenperature, then the alloy should be
cool ed for ta |toRIQrekkAt. 1hPOTO]JH Ne1IUMEr hZakkoh PhBEESS X lLhbBat
coarsely pulverized powder is finely pulverized wth a jet mll| pulverizing
machi ne. A cyclone classifier is connected to the jet m|l| pulverizing
machi ne f & (¥eti RaBhPeepr erbredreentiadPnene iTher $&t PRy | Hipengsr itEfng
machine is fed with the rare-earth alloy that has been coarsely pul veri zed
in the Coa%%QfQHéVﬁylia%féﬂh MRe8sSy (41 Lrusilhepeeacsel v pulMerd zed.powder)
and gets the powder further pulverized by s quverlzer. The powder, which
has been pul verized by the pul verizer, is then collected in a collecting
tank by wayhef h¢Rvycyehbpecaitdsspienent | RHt his minnk?asta Phaelslepehveri zed
powder with sizes of about 0.1 p mto about 20 p m(typically 3 p mto 5 p
m can be gbtaiped: o The U ¥LGLZ I DGTBEDLOS S Oy URE hflasHeh a fine

pul veri zation process does not ‘have to be"a jet" mll but nmay al so be an
attritor or a ball mll. Optionally, a lubricant such as zinc stearate may
be added adoapshi d fTre theFep Uersedatiaon - paocke ssin 80 madnes s ocompact i on
process

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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In this preferred enbodinent, 0.3 w% of lubricant is added to, and m xed
with, the magnetic powder, obtained by the nethod descri bed above, in a
rocki ng m xer, thereby coating the surface of the all oy powder particles
with the lubricant. Next, the magnetic powder prepared by the nethod

descri bed above s conpacted under an aligning magnetic field using a known
press maching.enthenal Lopi g nets G flgld Larke-apphied Ry Ravendt
strength of 1.5 to 1.7 tesla (1), for exanple. Also, the compacting
pressure is set such that the green conpact has a green density of about 4
g/ cnB to abidutndt SeggchB. v{O08EESlat eldmgprigaebde) and PherygsmmeertBonpact
descri bed above is preferably sequentially subjected to the process of

mai ntai ni ng_the ¢ act at tenperature of 650 C to_ 1, 000, or~10 to 240
it 66 and THERcRo Rt o5t S78 R R R o aPehaCTre ChoMiace 8P o

hi gher tenperature (of 1,000 00 to 1,200 00, for exanple) than in the

mai nt ai ni ngL ,PPOCESSs. tRattbgulkadlhyinmhethea ddppidaphase (b5 puledineed odur i ng
the sintering process (i.e., when the tenperature is in the range of 650 C
to 1,000 O e R.ri hase, on_t he grai pn,boundar has tarts tq. nelt to
produce t hedﬁ ittglﬁi gi{plﬁlg{s]{e%o%ﬁertgaweergoql %e@ksl?%t%%el r%og?:gcggée ac vaaﬁfllcggI to
forma sintered magnet eventually. The sintered magnet body can al so be
subj ect ed tfdlivha sevapokateoniehff usichrrprheessheveate fof t&iSusfiane ofias been
oxi di zed as descri bed above. For that reason, the sintered magnet body may

be subjected to ap aging treatnent (at a tenperature of 400 to 700 00)
or machi nedt ¢%48j EE'F ﬁ%"f‘ < 28(-1'{3él FG%é?]gE’\}%p‘bk?eat G YditPf GsFont regceé‘??:

Next, the heavy rare-earth element RHis made to diffuse and penetrate

ef ficientlwd,ntithe naknttenodisagnst rbady thwssebtaiaeast drherebydrear easi ng
the coercivity Hcj thereof. Mirre specifically, an RH bul k body, including
the heavy rare-earth_ elenent RH, and a sintered nagnet body are put into

t he procesSPRGSEnrREH sRABWA | I @a9reandIendneet b, théFth“H%fPusing
the heavy rare-earth elenent RHinto the sintered nagnet body while

suppl yi ng . el h odul ogy. ~0RLO the
surface ofR%ﬁgQE?%¥g%2%§%§g%Lpl%g'g?%Fﬁgggké%n?%eggﬁiugsf%hqﬁﬁégegé’ofthis
preferred enbodinent, the tenperature of the sintered magnet body is

pr ef er abl y téet hegqual raxs-eerhhghbenaHakl harddy vamomigek Bodysubisingsed
herein, when the tenperature of the sintered magnet body is equal to or

hi gher tha hat. e y, 11 gBans t t L n J
tenperatur%u%e?§égés%%eagg%%gsggx%ﬁ%%et bo%yh%%%dtEgr%u%%g%gdiﬁrgﬂﬁfthin 20
C. Specifically, the tenperatures of the RH bul k body and the sintered
magnet bodyapnefer abby twith feglslonwi the ngtdien riangelagt 200G ian Khf0GGReC.

Al so, the gap between the sintered nagnet body and the RH bul k body should
be within

h f 0 t 00 , f bl 3 to, 100 d
nore pref entbgglvgan x QteS‘rE% nrf%e Og%de%ﬂqlﬁgéea%g%‘e.‘régnegmb()%y Carl b

accelerated preferentially than the film formation of the
heavy rare-earth element RH on the surface of the magnet body.
[0040] It should be noted 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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[ 0084] Al so, the pressure of the atnospheric gas during the evaporation

di ffusion process preferably falls within the range of 10 5 Pa to 500 Pa.
Then, the evaporation diffusion process can be carried out snmoothly with

t he vaporization (sublimation) of the RH bul k body advanced appropriately.
To carry out the evaporation diffusion process efficiently, the pressure of
the atnmospheri 9R§ PIAL ¢JRBYY £8l % WitRLB- the 4 andecoba HighdPaprbgyl Pa.
Furthernore, the anount of ftinme for maintaining the tenperatures of the RH
bul k body and the sintered nagnet body within the range of 700 Cto 1,000 C
is preferabiiyllitPa c@BGiFEAUBEEPlY t rehotilafl bed notedin it T HePERfeoRor

mai ntai ning the tenperatures” refers to a period in which the RH bul k body
and the sing. : net nave.te r varyi.ng;w t hip.t nge of
700 G to L o00 T A e Ry ThePanon oF M 0E%RLPT s 500
Pa and does not necessarily refer to a period in which the RH bul k body and
si nt ered nagnet-cbody kdvectheRH tvengeratifves amedl pressiuras fixed ahea
particul ar tenperature and a particul ar pressure. [0085] The diffusion
process of this preferred, enbodi ment.i.s _not _sensitjive t face
B atus of (HETEFnCer B TRt - Doty Und Ihararsr 2rs T51 of AP Ao
may be deposited on the surface of the sintered nagnet body before the
di ffusi on pricgcessng Tt ithebeeansghle tRatand Sreare howr neld isugfaetal s and
because a small amount of Al, Zn or Sn would not deteriorate the nmagnetic
properties or ﬁpuld not interfere with the diffusion, either. It should be
noted that ¥h& Hufk*t §688%hot have to be made of a single el enent but
may include an alloy of a heavy rare-earth elenent RH and an el enent X
which is at[doeast onenelesenirisel estied ftomakhepgdroupeTnsist tng: okoNd, Pr,
La, Ce, Al, Zn, Sn, Cu, Co, Fe, Ag and In. Such an elenent X would | ower
the nelting point of the grain boundary phase and woul d ho efullg pr onot e
the grain DGERYAF§ dPFf G8PbH®f ft‘hEe%‘éﬁév’Qalfedreé‘-réélrﬁ%eé‘Féﬁegﬁ RHCh Bgs
thermally treating, in a vacuum the bul k body of such an alloy and an Nd
sintered magnet fpatpanespaced fLHMMieACR0t heised heheavyrémiagarth

el emrent RH and the el enent X can be not only evaporated and deposited on
the surface of the nagnet but also diffused into the magnet through the
grai n boundarcygephasel (N ’Cchnphaba) thavodiak HeurimpdseRbbe atd i daricd iphase
preferentially. [00861Al so, during the heat treatnent for diffusion, very
smal | anou f rj f rapn.pboun Rhase. JIhat is
why t he elg&ZS% ﬁwgsaggggérgﬁﬁg:kéﬁé%%fgkgggngeggugg ?ngt %ﬁ cazg,aghe

el ement X woul d conpensate for the Nd and/or Pr that has vapori zed.

[ 0087] Opti anal lay, 7abt 8@ theidodd UEl on guraGesy ite awes, pbheladdidliiefal heat
treatnent process descri bed above may be carried out at a tenperature of
700 00 to 1,000 C . ILf necessary,.an _aqging trea nt_is also.carried out at
a t enper at UFESEFT 404 1€ t%esfgésc OF | PPRE TR T i E)C%%I ISAC T eBt el 5t a
tenperature of 700 Cto 1,000 00 is carried out, the aging treatnent is
pref erabl y cpetfet medcaf taredtilka atidit | onal nheay treetsenthhaldeeadedruThe
addi ti onal heat treatment and the aging treatnment nay be conducted in the

sane processing chanber . , ,
could still be supplied onto an opposing rare-earth magnet and

Sn

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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[0088] I n practice, the sintered magnet body that has been subjected to the
evaporation diffusion process is preferably subjected to sone surface
treatnment, which nay be a known one such as Al evaporation, electrical N
plating or resin coating.Before the surface treatnent, the sintered nmagnet
body may al so be subjected to a known pre-treatnent such as sandbl ast

abrasi on processeiRaid eln aRpash Op PrRCESS, SN PROE eSS MRehani cal
grinding.Optionally, after the diffusion process, the sintered nagnet body
may be ground to have its size adjusted. Even after having gone through any
of these prssessad, thhe Ed&Fesvia yhearlamsnt bentackrasetn@nadsmagset
effectively as always. For the purpose of size adjustnent, the sintered
magnet body, s, prefera gr f ) 300; e

pr ef er abl y%tdéﬁ/a ggpt% g#e\éSt pg%gg%rﬁé%b% %%EQ%%H ]esvogr?gllrr%{r%cei p%e#e%gggﬁto a
depth of 10 p mto 30 pm [0085] EMBODI MENT 2 First, an alloy

i ncl udi ng 25.frms$9st owdDl nadsdbad sagre-feaanhlel énerths (Durfagass¥otion5. 0
mass% of which is a heavy rare-earth elenment RH and the bal ance of which
is alight rare-earth elenepnt RL),. 0.6 s%to 1. % Qf..B_(boron) and
Pe and ine&?%%bﬁ% éghfgpﬁsﬁgiWﬁh%iFg%ng§§%ﬁ%’b%%%%cgggié%$g§ﬁaédgki
portion of B nmay be replaced with C (carbon) and a portion (50 at% or | ess)
of Fe may heopeptacedinvitihle anghder tarandkt oomerretaald, ebecerndigucly aseCo or N
For various purposes, this alloy may contain about 0.01 mass%to about 1.0
mass% of at | east one additive elenment Mthat is selected fromthe, group
Consi ati ng PFSATE SRveRFion, ‘SrioaquPh Neasy e Earth, CIRBETRDRIAde |
Sn, H, Ta, W Pb and Bi. [0090]In this manner, according to this preferred
enbodi nent su@plis@ssdd @ne. Buibssdodr theavyntearet eabghBrebemenitiHche added
to the material alloy. Specifically, a known RFe-B based rare-earth

si ntered magnet including a light rare-earth_elenent RL (which is at | east
one of Nd &k@"BR)rahe 0f 1Thas&% ol GerEeRWBDIabaRe r FWEa P ReePénent RH
as the rare-earth elenents R, is provided and the heavy rare-earth el enent
RH is diffusedsihomdden-suetassay omand ihhgihasigle Lf sbBecpronet 1yt he
evaporation diffusion process. [00911In this preferred enbodi nent, the

R- Fe- B based rare-
for diffusion, the heavy rare-earth element RH that has

reached the surface of the magnet body quickly penetrates into
the sintered magnet body by a grain boundary diffusion
process. That is why even in the surface region, the “grain
boundary diffusion” advances more preferentially than the
“intragrain 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,
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earth sintered magnet body yet to be subjected to the evaporation diffusion
process includes, as a main phase, crystal grains of an R2Fe4B type
conmpound including a light rare-earth element RL as its nmajor rare-earth

el ement R and already includes 0.1 mass%to 5.0 mass% of heavy rare-earth
el ement RH. This heavy rare-earth elenent RHis present both on the main
phase and off tdtee grughatbotrdany i phaseiscthabyi §s Wnheeerpar ed tioe thiger
situation where no heavy rare-earth elenent RH is added to the nmateri al
alloy, the difference_in the caoncentration of the heavy rare-earth el enent
RH decr eased™ o THeE gﬁr?a@%l?ﬁpﬁﬁﬁ§'sFﬁﬁePﬁﬂl?ﬁﬁﬁQQt0506§V8ﬁ??rﬁf34ﬁ§1c
evaporation diffusion process. The intragrain diffusion into the main phase
heavi | y depsfigsingn chhi $eCeBaEREd ath omdliffangRgeorande t §84 8 O &indasyr educed
inthis preferred enbodinment. As a result, the grain boundary diffusSion
advances preferentially, Consequently, even if the anount of the heavy
rare- ear t h asfe SUTRRMEUDI it66 BAtD RifSesur Pace BISHifte RBENSRSBHILLYS
decreased, the heavy rare-earth element RH can still be diffused

ef fectivel yy i nsf dend hRis Ph@é@dcgfagjéetinteeéxsed [D02E Xt peaothemfand, in
the sintered magnet body to which no heavy rare-earth elenent RH has been
added in advance, the difference in the concentration of the heavy

rare- eart h &1GFEARIRH G nEheassesmtt hensentfiave, thes heeotuciage tdeeth
intragrain diffusion into the main phase nore often and decreasing the

per cent age i ry . di o) 093] | ted that
if the sinfg%gggﬁggﬁgt 0 yQi‘j/le)’t)éteo'f %M%%B?%é%%HC%%e%héggag%3$§f%g&%e

di ffusion process included 5 mass% or nore of heavy rare-earth el ement RH,
the differeaerde phashenaorneent nat & osnifadeheebeanyof dine- eant bred enemtetRH
woul d al so decrease at the grain boundary phase and the coercivity could

not be incr e 0 h t he, evapor.ation diffusion process. That is why
to producek%ﬁﬁvgygina %ﬁn aF? dFF?ﬁ%io%m%fm?ﬁ%e%Eavfgwgggpgﬁgiﬁ’eﬁéﬁent RH
efficiently, the sintered magnet body yet to be subjected to the

evapor at i omadinkfustgat gridees anpeet es@pl yan nisd udesrdadedTaiss %He0 it r#ass% of
heavy rare-earth el enment RH [0094] According to this preferred enbodi nent,
a sintered nagnet bgﬁgPalread . including a predeterm ned amount of heavy

rar e- ear t h "6FETENEPRHIES FUTTher Subfedtedto FUse2pl oRBER 0 1NGHGEEEI ng t he

grain boundary diffusion of the heavy rare-earth elenent RH fromthe

surface of sigisistered mMgheliroRedyacdSrdidLsd tohet Beekbaht i A AL A-@ANt h
el enent Rh can be replaced with RH very efficiently on the outer periphery
of the main phase. As a result, the coerc vity Hoj can be increased with

the decrea§¥ePnlf erlfh e Br O FiRerikRayy rare-arth 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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[ 0095] EMBODI MENT 3 In a nmethod of producing an R-Fe-B based
rare-earth sintered magnet according to a third preferred enbodi nent of the
present invention, the process step of sintering a conpact of an R-Fe-B
based rare-earth magnet powder and the process step of diffusing a heavy
rare-earth el enment RH are perfoined continuously in the sane processing
chamber . Whﬁ%z%ﬁ%%'&ﬁ&@hh%ﬂ~EQEE&E&”%@ fisr 8bst ot BLoEeSS §epy( A) of
arrangi ng a conpact of R-Fe-B based rare-earth magnet powder, "i ncl udi ng
a light rare-earth elenent RL (mhlch is at least one of Nd and Pr) as a

mej or rar e-d@r tragleneht - Rrthn cdeproe el Ay tcrapbares uele theth™t keéreonpact
faces a bul k body including a heavy rare-earth elenent RH which is at

| east one elepent. selact gd {0 rra)ﬁeheo@equppecrq 865} B AheDira i ARLTD.
[0096] Next, the process step ( of performng a sintering process in the
processi ng chanber, thereby nmaking an R-Fe-B based rare-earth sintered
magnet bodVKWWwbudimgmcrysgabtgﬂaY$Eakﬁimﬂ1 R2FedtBryy pefcofpdend assa nain
phase is carried out. After that, perforned in that processing chanber is

t he proces o] heat he buI bod and t.he R-Fe-R bhas

rare- earth%sln ereglﬁat%e Sgy H%ré%& dif u5|ngt?ﬁﬁ§ ﬁ€§§? Pgrg 188t h
element RHinto the R—Fe B based rare-earth sintered magnet body while
suppl yi ng tde tieavyof aNe;eark h elmaenti sRHHy onft e hul kevapdyatedt hadsur f ace
of the R Fe-B based rare-earth sintered magnet body. [0097] The process
steps of thj, referred enbodi.ment are the sane as the coun arts of the
Firot pref eriad=atbodnie Ed64tt Fhed-Bbito SXDRRBLhd At BT g S

di ffusing process step. Thus, only the process step unique to this
preferred eihadiupeatcydddinke t@eseeina@éhce[ QO8NS ntigatknea amshrth fuesiyng
process step The sintering and diffusing process step of the third
preferred enbodi nent will be described with reference to FIG 2, whlch is a
graph showi™§”hot® t Hé ﬂéﬁﬁ%ra?h?efﬁﬁﬁoﬁﬁes@%r@1ffBFl?%e1&td%@ﬁﬁé’ éYgas in
t he processing chanber change with tine in the sintering and diffusing
process step,rhBatBLE GkaRh hihR ON&:fRl-a6RRE NaGHI Y8 TePIRARM S/dNim

at nospheri c gas pressure and the solid curve represents the atnospheric gas
t enper at ur e. [0099{Flrst a conpact of the magnet powder and an RH bul k
body are arfhangedsitratienprbesssingscharer 6 shown in FIG 1 and the
pressure starts to be reduced (mhlch |s t he process step (A)). In this
process st e c ac f ot gﬁef e a

conpactlngqg ?%ﬂelngglv%r?ze pomder ?c as 8£n g?%par %%é a%known
process to nmake a rare-earth sintered nagnet, by a known process, too.

[ 0100] Af t edetheipmignet powdetingonpacthandrehenRHibukkt body the heavy

rare-earth element RH 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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have been arranged in the processing chanber 6, the tenperature in the
processing chanber 6 is raised to a predeterm ned tenperature falling
within the range of 1,000 00 to 1,200 ce to start a sintering process. The
tenperature is preferably not raised until the atnospheric gas pressure

i nsi de the processing chanber 6 has been lowered to a pressure of 1 Pa to 1
X 105 Pa fQir thge Shab&fd NgiPr Qeess- bt digrichPOLLaRt rEQsdmiL At aiRalhe
pressure during the sintering process at a relatively high I evel at” which

t he vaporization of the RH bul k body can be reduced sufficiently. As

descri bed atidvecarhe rdeacpt Ripoffeat ilo8iee tHe heagyet ac¥eBardth ahenent
RH fromthe RH bul k body is reduced significantly when the atnospheric gas
pressure i T i y i he p 0 t bul k
body are bg?h p?ggeE?%thtﬁg %g é%%%ﬁé%singggﬁgﬁiengégétﬂgggr%?e??%g
process can be advanced w thout allowi ng the heavy rare-earth elenent RH to
enter the powdentconpactidy dantpoiducigdat ibeatmesphbeiedyas Pridssdpre Wt hin
an appropriate range. [01011The sintering process (which corresponds to the
process step ( ut e g r eat ed
for 10 to 0 %%%u?g%vgrtﬁrn t gtgtnDQ¥h§?|ghgaskggeggﬁg §Q$enpegature
ranges specified above. In this preferred enbodi nent, the atnnspherlc gas
pressure i slsupposad t cai abke widuldietihesfifangenoiy 1 tRa ¢wer xtAO5 dRaewhen t he
tenperature is raised and during the process step (B). That is why the
sintering react n adyances quick t he vaporizatjon of the bul k
body ni ni mtzédP"f ﬁytﬂg brocBes” E%%% %5at|ts ﬁgeﬁfﬁb érﬁéwdgg gggssure
were |lower than 1 Pa, then the heavy rare-earth el ement RH woul d vapori ze
fromthe RHibukkebodhagnthusdagki NngThe Qrdekiegtl tinvenadyande omMatrhey
sintering reaction On the other hand, if the atnmospheric gas pressure in
the process step (B) exceeded 1X 105 Pa, the gas mght remain in the powder
conpact durERGIERRIZi 7P ePTng - PBF oR e835%hdS SoiRE <CaiaanEs / c 581 &N &P in t he
resultant sintered magnet. For these reasons, the atnospheric gas pressure
in the progRssyStape(Blris Or&fsfaiy Veentarlqtelaegi sQ4da§ LRehakl whthin the
range of 1 Pa to 1 X 105 Pa, nore preferably mnthln the range of 5x102 Pa
to 104 Pa. [0102] After the sintering process (i.e., the process step (B))
has been c&ateg#abuallahe ﬁpwes?WWHtﬂ:agé§tteﬁpﬁﬁ%ﬁxnﬁerﬁnsﬁﬁeht&kﬁm@necessrng
chanber 6 is lowered to a tenperature of 800 Cto 950 C (mhrch wll be
referred tgy,h n e ) i c gas
pressure |3Hrg g%eﬁﬁ%gggopﬁggsﬁggé%gﬁ'%%%é; %Q?%%Q%ga ? # %ﬁE
referred to herein as a "process step (B 2)"). A good tenperature to

di f fuse t hénweavyor ampuddrthoel drentcReval 860LCL D@5 .00 | Fot hehprocess
step (B'1) to |lower the tenperature to this range, the vaporization of

the RH bqu bodx |s Péfﬁgﬁﬁ Iy nl nlzegkt ﬁués &%fgréggte odr
after the atnnspherrc gas te ure been to a ure of

800 Cto 950 C, the atnDspherrc gas pressure starts to be reduced (i.e.,

t he processushep {8 a2)degetia shat ted)ly kBagdi s manner, after the atnospheric
gas tenperature has been |owered to a preferred tenperature for the
evaporatioq di ffusion process, the RH bul k bodg can gtgrt to be vaporized
and the di f{PddPbn pri¥cdss %Iteﬁxi“@} 1Rt b8 PIFFFEEEDUE BF T G eRISFESF0103] I n
the diffusion process step (C, the evaporation diffusion described above

i s advancedcwbt-fii dd1e a3t MsPheré£erdas i PrassHe WRi Nt aenat s tiBba thenrange
of 1)(10[5 Pa to 1 Pa and with the tenperature in the processing chamnber

mai ntai ned within the range of 800 00 to 950 C. In this diffusion process
step (O), FRESHPRATH bbANdARY - di ¥ usi WhtBecut Sliprtafdesnt it | yesgdargsul t of
the evaporation diffusion process. Consequently, the formation of an

i ntragrai ”a@kéﬁé@ﬁé}{t |y &rintapehenigducadand bhendegrepsex i shdrmnence Br

can be m ni m zed

In the example illustrated in FIG. 1, the sintered magnet
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[0104]FIG 3 is a graph showing different variations in pressure and
tenperature fromthose of the preferred enbodi nent shown in FIG 2. In the
exanple shown in FIG 3, before the sintering process step (B) ends, the

at nospheric gas pressure is reduced in the process step (B"1). Next, after
a heat treatnent has been conducted for 10 to 300 m nutes at an atnospheric
gas pressurgodifesl®1@nd Paet fulnbPek abhidl 2 teapgraiiads ofo LhO0QQ Galka 1, 200
Cin the processing chanber in the process step (B"2), the tenperature in

t he processing chanber 6 is lowered to a tengerature of 800 C.; to 950 00
in the pr o@ SLEPT (BI'Y) 2 RredrEETG oS SRR exEhpIed veRBWANE™ Fsdde3a the RH
bul k body starts to vaporize during the sintering process step (B), and
therefore, gf&efsg&a% PEQGERS tEMenLan Re shoriened JQ103liL, shoulg be
noted that '‘before the sintering process step Is starfed, the tenperature
does not al ways have to be increased at a constant rate as shown in FIG 2
or 3. Alterivsdeselipy rhempgpcesshevepinf Figi nflaiimicdgdiehe apowierrcdwpact at
a tenperature of 650 IDto 1,000 00 for 10 to 240 m nutes while the

t enper at ur g, i+S;:bei ng .. AL\ d . . i f ion
process of ef%dhll%s}plgr (%f glrl?g%?g%gol mlr#%rggnﬁggg%%g%c?@vég tszg g dgedsﬂr} a%% status
of the sintered nagnet body, and therefore, a filmof A, Zn or Sn nay be
deposi ted orert heldund aclee GfH tthd ksboptigr éd nageetf ibedyybeiorehd hexadipflBusi on
process. This is because Al, Zn and Sn are lownelting nmetals and because a

smal | amount_of Al, r woul d not deteriorate the etic properties

or woul d nct™ "Rt &P Péf(g \%I’t E%h%“&l‘fﬁe{éim@ﬁ,ne i]??fg es &?Pgﬁgﬁq? y‘fplfeﬁe% | enent

such as Al, Zn or Sn may be included in the RH bul k body. [0107] As can be

seen easi | ypulkomdde 4 aregoidigl desca i pét 0B, maaeobdi My .t 0 Hdwes e, efc@er ed

enbodi ment, the grain boundary diffusion of a heavy rare-earth el enent RH

(which is at, Ieasé one el enent selected fromthe grou consisting of Dy, Ho
d

and Tb) is ProGuEBd™ Pt HoROLEGnE f PRANTS Bhahging rhes chrivemItordive

process, thereby supplying the heavy rare-earth elenent RH deep into a

sintered magnele brdy and thepl @giNgud hhghh158r8e eRE1d € BIEMNElotMeth the
heavy rare-earth elenment RH efficiently on the outer periphery of the main

phase. As a result, the coercivity He,' can be increased with the decrease
i n remanend®™BeTr i niNfveEEhe lEsenpt ese o0 SHBAMALISEE  the gamn ketweenwas
prepared by a strip casting process so as to have a conposition consisting

of 31.8 Massdh ofi \Mred MBS $hAEBe And2 HBSEH Bl COnol:ds BSSYQh OV,
0. 24 mass% of AlmanﬁeFe ags t he bal gnce, nt hgreby ma{i‘;llng Ct)(l(iﬁ)lin arrﬁals?)nycgu Idakes

with thicknesses of 0.2 nmto 0.3 mm [0109] Next, a contai ner was | oaded
with thosenphiheam$@@. 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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fl akes and then introduced into a hydrogen pul verizer, which was filled
with a hydrogen gas atnosphere at a pressure of 500 kPa.ln this manner,
hydrogen was occluded into the thin alloy flakes at roomtenperature and
then rel eased. By 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 nmstg abowf Qpdsnma,d0110lThergadian,r0. 05 whit QfrzicB6i gL earat e
was added to the coarsely pul verized powder obtained by the hydrogen
process and then the m xture was pulverized with a jet mll to obtain a

fi ne powderchaimbhraésiize cofit aphlraskitmattdley @ingm of[ 0201fTGheof ilnéOpoWeler t hus
obt ai ned was conpacted with a press machine to nmake a powder conpact. Mre
specifically, the po r particles were_p n orpact il e_being
T aned wi (K75 RAGRErT L (2] d Epptran. CTheratt & The Bondar SokBadc vs
unl oaded fromthe press machi ne and then subjected to a sintering process
at 1, 020 Ctegpefratnrdourgel nthevheaam farengestht alenagiit Ainibag ei meeyed

bl ocks, which were then machi ned and cut into sintered magnet bodies with a
t hi ckness of 1 a length of .10 and a widith qf . [.01121These
Sintered: magHel “BoH B TRErE 407 d PR T 0 v (T et adbheous
solution, dried, and then arranged in a process vessel with the
confi gur at inal shemncaumdrllG badlidhel phacess sessel tkopeuseuta raigs, paef erred
enbodi nent was made of M> and included a nenber for holding a plurality of

sintered net bodi es and menber for hol di t wo | k _bodies, A gap
of "about B HATY 0P SEBU S AL GHCTY gt BEPUCEHS ol AP eRed Mg RS bhd! eq- and
the RH bul k bodi es. The RH bul k bodies were made of Dy with a purity of

99. 9% and had uBkBBAStONBe OfuSHl IBIK IR dMapoB Mt ed Odrd Y MNexdurtlie PEOERSS
vessel shown in FIG 1 was heated in a vacuum heat treatnent furnace to
conduct a heat treatnent. The conditions for the heat treatnent are as
shown in t FePEBFEOVIRGREeFabBP8Y 12- It shoul d be noted that the "heat treatnent
tenperature” will nmean herein the tenperature of the sintered nmagnet bodies

and that ofiobhg) RH bk Rodi ahe Wiidhdes ARRIOX-IBIELY.08HaL LRt hay of the
sintered magnet bodies, unless otherw se stated.

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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[0114] Table 1 Condition Tenperature [C] TinmeT [mn.] Pressure |[Pa]
900 30 1.0x10 -2 Y 180

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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Z 950 [0115] After the heat treatnent was carried out under the
conditions shown in Table 1, an aging treatnent was perforned for 60
mnutes at a pressure of 2 Pa and at a tenperature of 500 C

[ 0116] Meanwhi | e, anot her sanple was prepared by coating the surface of a
sintered magnet body with Al (to a thickness of 1 Wnm by an el ectron beam

heati ng evgﬁ%glr}%},l'gogi ﬂlcet%%egﬁé%grbfo%gutc Qf, %@Ogyvotor 30 m nutes) using a

barrel, an cted tot t treatnent under the conditions X and vy
shown in Table 1. After that, the sanple was subjected to an 70 aging
treatment 0580 m nlhesdzr ketpreesstine einpered grmpret odEnpepatiutbeof 500
C. [0117] Each sanple was nmagneti zed with pul ses with an

RH bulk body 4 is set to fall within the range of 0.1 mm to
300 mm. This gap 1s preferably 1 mm to 50 mm, more preferably
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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intensity of 3 MM mand then the properties of the magnet (including its
remanence Br and coercivity 14,j) were neasured with a B-H tracer.
was estimated with an EPVMA EPMB10 (produced by Shinmadzu Corporation) how

Al so,

It

and where Dy diffused inside the nmagnet. The remanences Br and coercivities

HC]

measured are shown in the foll ow ng Table 2:

coating HeajiAdeabtaent condidd enaBhs[ dlrddd dkART theNOintered 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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[0118] Table 2 Sanple # Al



No diffusion 1.40 850 2 NO x 1.40 1,211 3 YES X 1.39 1,228

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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4 NOY 1.39 1,402 5 YES Y 1.38 1,422 6 NO Z 1.37

the processing chamber. Furthermore, if the wall surfaceg of
the processing chamber are made of a heat-resistant alloy
including Nb, for example, a ceramic, or any other material
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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1,601 (0119] Sanple #1 representing a conparative exanple was not subjected
to an evaporation diffusion process of Dy but was subjected to an aging
treatment under the sanme heat treatnment condition as Sanples #2 to 46. As
can be seen from Table 2, Sanples #2 to #6, which were subjected to the Dy
di ffusion process of the present invention, had nuch increased coerc vit
es Hca. compared,if Sergd B i#lcenesanhiingqa coppanahi v, exagph& Ahe
present inventors also discovefed that even in Sanples 43 and #4 in which
an Al coating was deposited to a thickness of 1 p mon the surface of the
si ntered nagnétly bestdyef 68 e neeidedf usi onopradce¥scutthe hgreseisatofnt he Al
coating did not particularly interfere wwth the diffusion of Dy but the
coercivity i u Lhgr . 0] FI ng. p ogr aphs
showi ng théﬁgg?%%tég%?&§g§%§i%ﬁgfﬁ%%%%cg%g%§§%g t gféﬁg?gu%%?%%édggﬁt on
Sampl es #2 and #4. Specifically, FIGS. 4(a), 4(b), 4(c) and 4(d) are nmapped
phot ogr aphsce eprédeqt iwig ca backscatieeeédcedecity pmachagel (BE.) and the
distributions of Nd, Fe and Dy, respectively. The sane goes for FIG 5. In
each of the ot ographs, the upper, surface corresponds to_the .surface of
Che s\ nt er o Widanet SO [ 021 THhe pHEL ST phe Chan | noPl G Chd) and
5(d), portions with relatively high Dy concentrations have bright shades. As
can be seemtiephthese sphprefgaphy, Dyimidimedel ahsMmd y theghpconreeahgat i ons
was present in the vicinity of the grain boundary. Even in the vicinity
of the surface of the magnet . diffused to have simlar cqoncentrations to
the vi ci ni t5%8P%Fhe 6?ane ol é?mihénféﬁtéFm?ﬁpQﬁﬁ%/fﬁgieﬁﬁiﬁopﬁases.
According to the nethod in which a Dy fil mwas deposited on the surface of
a sintered gt obody andodhrerreDyiwasadivi tsed fxom tdw Dy Alidan icAto the
sintered magnet body, a lot of main phases in which Dy diffused to have

hi gh concentrations were observed in the vicinity of the surface of the
si nt er ed nﬁ‘dﬁ@fftbaa?/f may be a rare gas such as argon (Ar) gas but may

also be any other gas as long as the gas 1s not chemically
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

37



[0122] According to the present invention, even in the surface region of a
sintered magnet body with a depth of up to 100 p mas neasured fromthe
surface, no Dy diffused to reach the center of the main phases (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
Thi s means tmeebeﬁergrét&glwgr agLabd- did fusi en advanced ddy thempyef ace
region, Dy had already diffuséd through the grain boundary phase to reach
deep inside the sintered nagnet body. As a result, a rare-earth sintered
magnet , of Thlitchst he %@Erdﬁ#ﬁtyfkmmﬁaEr??ﬁ%%%§€dtﬁ?nﬁstosﬁﬁ%qﬁmﬁpséé@reasrng
the remanence 13,-, could be obtained. [0123]FIG 6 shows the Dy
concentr at i.Qns n f Qﬂﬁ§§§ n t the
grain boun&ggy %??%ﬁ%ﬁﬁﬁﬁ%?ﬁ%%£o ]%%§EQSQQ§ZL§ﬁﬁ%§én%h% FI G GF%tgegDy
concentrations neasured at the center of main phases and at the grain
boundary t mHplretpdnctiifénsed Sanpl esewtucdrly ridyer ekemeed oy inlyeesoti dndi anond
and by the open dianond O , respectively, whi |l e the Dy concentrations
measured at the center of, .mai hases ,9ra b ry
junction of“°8ar Ye%y a%g'ngre§gle yl?he o) d ???C%Mﬁgﬁ: thghe open
circle 0, respectlvely [0124]In a region with a depth of apprOX|nater 50
pm as neaswHedndttadm 8hefstud ace afentheisé nter echaragaebedradires, of hehBy
concentrations at the center of the main phases were very |ow, whereas the
Dy concentratlons at th i n boyndar i unctlons were nuch hi gher.
O the ot h&rfighad 19878 §a§6n ﬁﬁ%ﬁ?r tgg hﬁ §ﬁﬁh5xinately 500 p m as
measured fromthe surface of the s|ntered magnet bodi es, al nbost no Dy was
detected i noapy] of thesert wetsanphes. hdd12&hfied osheusn t e ¥urface
concentrations that were neasured at the centers of the main phases and at

the grain boundary triple junctions of Sanples 44 and 45. As for the
of the &intered 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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centers of the main phases of Sanples 44 and 45, a point with the highest
Dy concentration will be identified by a and a point wwth the | owest Dy
concentration will be identified by In Sanple 44, the Dy
concentrations at the a and p points at the center of the nmain phase and at
the grain boundary triple junction are represented by the solid dianmond

the open trianghe A a0d t ha,openf-apphdsihllihespestikvelypy Oncihe gt her
hand, in Sanple 45, the Dy concentrations at the a and p points at the
center of the main phase and at the grain boundary triple junction are
represent edipyrovhé sufli ghei fe¢ecivityhdlopen RfuartCPafil Phe tofeRuERFcle 0
respectively. [0126] As can be seen fromthese results, in each of these

sanpl es, t if.fer e t | t | %, (= [l
concentratﬂ%%%'g?a%g%pﬁﬁgag%%ﬁeyg%?éthéﬁgiiﬁ%pggségghdgfﬁi%%}égﬁg%oﬁndary

phase. [0127] EXAMPLE 2 Sintered magnet bodies were nade by the sane net hod
‘as small amount of RH metal, the heavy rare-earth element RH can

diffuse and penetrate deeper into the 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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that al ready described for the first exanple and had di nensions of 7 mx7
nMx3 mm The magnetization direction was defined as the direction of the
t hi ckness of 3 nm Those sintered nagnet bodies were acid-cleaned with a
0.3%nitric acid, dried, and then arranged so as to face a Dy plate with
di mensi ons of 30 Mx30 mMx5 mmand with a purity of 99.9%as shown in FIG

1. [0128] Nexdr, chhe QIO6esESs ¥assedh Shewgrhin Fhb&andayasubeat &4 nia@ce@_ yacuum
heat treatnent furnace to conduct a heat treatnent under the conditions

shown in the follow ng Table 3. After that, an aging treatnment was
performed forrregrmiputestuion presdardiomainpphantl &Rah Yempscatdr énof 500
C. [0129] Table 3 Pressure [Pa] 750 DC 800 T., 850 C 900 C 950 C 30 nmin

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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30 mMn 120 mn 30 mn | x10-2 Sanple 8 Sanple 9 Sanple 10 Sanple 11 Sanpl e
12

[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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Sample 13 1.0 _ _ _ Sanple 14 _ _ |x102 -

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

42



Sampl e 15

| x105 At nospheric pressure Ar flow _ _  Sanple 16 _

RH can be diffused deeper into the magnet more efficiently by
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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[ 0130] A conparative exanple that was subjected to an aging treatnent under
the sanme conditions as those of the second exanple w thout being subjected
to any diffusion process will be referred to herein as "Sanple #7". After
the aging treatnent, the properties of the nmagnet (including its renmanence
Br and coercivity H,J) were neasured with a B-H tracer. The results are

shoun | 0 thg, 091 howL00, TeR! 8 dhed QA3 TablR AnSamlee ot B Ll Fehl ki 7
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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923 9 1.42 943 10 1.42 1,079 11 1.42 1,112 12 1.40 1,352 13

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 o©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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1.40 1,298 14 1.42 1,143 15 1.42 1,100 16 1.42 909 [0132]As can be seen
fromthese results, although the thickness of the sintered nagnet bodies
was 3 mmin this exanple, the coercivity 140J could be increased
significantly al nbst w thout decreasing the remanence Br.

diffusion process. That is to say, the magnet is preferably
maintained at a temperature of 700 °C to 1,000 °C for 10 to
600 minutes.

[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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[0133] FIGS. 8(a) and 8(b) are graphs showi ng how the remanence Br and the
coercivity licui change with the process tenperature. As can be seen from

t hese graphs, as the tenperature of the process (which was perforned at a
pressure of 1) 10-2 Pa for 30 minutes) increased, the coercivity Hcj

i ncreased. I n these graphs, "as acid-cleaned" refers to a sanple in which

t he surfaceslbfmerlne R&i mhetied oAgNetamady ivwas aabeanedusidh @ dde3% ni trki ¢ aci d
and then covered with no coating, while "Al -coated" refers to a sanple in
whi ch an A“:fil was dgposi ed on the surface of the sintered nagnet body
by an el ect'th AT heht THE evEpoP et 01T pPEEBSS [HPL SAYRIES 904 &Rd 9(b)
are graphs showi ng how the remanence 13, and the coercivity 11, 0- change

Wi th the pragessaii nphafs &8 bRoseen:f rom these waphsryapnkhe, dynation of
the process (which was perfornmed at a pressure of |x10-2 Pa and at a
tenperature of 900 Y.;) increased, the coercivity Hoj increased. In these
graphs, "asi@0Pd-RPwsiiEY Gl DAl - eontdddargferanido F#% $&RPFBEINGS descri bed
above, and "as cut" refers to a product that had just been cut with a

di amond cuthgiturk0d85Hd GPaihObain@nd, LA6O)e af 8- WaRRS showi ng how the
remanence Br and coercivity 14,J change with the pressure in the process
vessel. In these graphs, the abscissa represents the pressure of the argon
gas at nosph&9¢3in t hBepr breddsrvesseref ferachrenbodiment f ebm FlaGhotOEb), i f
the pressure was 1x10-2 Pa or less, the coercivity 1-1,0 hardly depended on
t he pressur 1 4.h \ i | S e ..
atnnspherigﬁgfggéﬁgé%?q?ﬁ%h§og%§§€?%§%%$§grggu%%%ég%é%ggagﬁ%#é%%%&déﬁgalI. As
a result of an EPMA anal ysis that was carried out on the surface of the
magnet, it WWashdi prevented nvhat iwheni ltthéepdessuited.n t he process vessel was
equal to the atnospheric pressure, no Dy diffused or evaporated. These
results reVﬁ%g4ﬁhat %&Béﬁﬁﬁﬂﬁegsure of the processing atnosphere is
sufficiently hiigh, it TS 'possible to prevent Dy from evaporating and

di ffusing on a nearby sintered magnet body even when the Dy plate is

heat ed. For thaMateasah,aldyycontrolling the atnospheric gas pressure, the
sintering process and the Dy evaporation and diffusion process may be
carried out sequentially in the sane processing chanber. Specifically, when
the sintering prE%%sE?ZEGEPViéHC§3¥¥E&Hé Q?ﬁﬁgdﬁéﬁﬁbnﬁﬁ§fp?%§%dﬂ@th

I ncreased so nmuch as to prevent Dy from evaporating and diffusing fromthe
Dy plate. Andeltattie aldgRsphRL] Co JASAFRSEY! €. & Sndfducedpalt&fod)neng
sintering process has ended, Dy can be supplied fromthe Dy plate to the
sintered magnet body and can be made to diffuse into the sintered magnet
body. If thE s¥Pf erPRYLprobesSCRRAIRSE DypPuritiasi 66 prlocebslense béscarried
out in the sane systemin this manner, the manufacturing cost can be

reduced. 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 or 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 Al, Si, Ti, V, Cr, Mn, Ni, Cu, Zn, Ga,

Zr, Nb, Mo, Ag, In, Sn, Hf, Ta, W, Pb and Bi.
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[ 0136] EXAMPLE 3 In this exanple, it was anal yzed how t he deposition
of Dy was affected by the pressure (or the degree of vacuun) of the

at nospheric gas in the processing chanber. Specifically, according to this
exanpl e, an Mo vessel (which will be referred to herein as an "M pack")
shown in FIG 11 was used and a Dy plate with dinensions of 30 nmx30 nmmx5
mm and wi t hig7eyr it ys@én @3 A% ¥as; 4 nstaalh-gd1§ Neldie yhgudcipaeka No1foi | was
attached to the inner walls of the Mo pack. The M pack shown in FIG 11
was | oaded into a vacuum heat treatnment furnace and was subjected to a heat
treatment &t FoFGETEHE 2BEOY Pt sSt TR 5EE488r BEOTRTS ddre&&egPl9acuuns)

i nsi de the vacuum heat treatnent furnace were (1) I1x10 2 Pa, (2) 1 Pa and

(3) 150 Pa.gedQi3fieF) G u;le?clhioa fefssgkpﬁg photRgdraphsosheming hawethsy

appearance of the inner walls of the My pack changed after the heat
treatment process. The discolored portions on the inner walls of the M
pack are D@ ¢&poBi ¢k imggboasesAtwitliebdedeeeridgiedvacuum (1), Dy was
deposited uniformy all over the inner wal I s of the Mo pack. At the
degree of v (2) e was, d it o] ear, . t,he pl t the
degree of Jg@ﬁggl(S)?l%%ﬁ a%%uﬁ%ﬂ%?£53 vgg%??zggléecr%%%edagﬁﬁséﬁgogrea of
the Dy deposited region decreased, too. It should be noted that al nost no
Dy fil m woudlegchaved bebnvéorimednalteachebyi sool iordedtpont ilers inFhatrocssto say,
Dy, which had been deposited on the discolored portions of the inner walls
once, woul . haye vaporized agai, By adjyshing, the, degeee,of yvacuumof the
heat treatnen aumsﬁ1 € in P8 hanner "% e vapori zation rate (anount)
and the deposition region of Dy can be controlled. [0138] EXAMPLE 4
Si ntered nagnetl . bogkes, t fials had theen wepde nbyrtheasanBoethodoasCt hal
described for the first exanple and a Dy plate with di nensions of 30 nmB830
nB5 mm and_ a puritg of 99.9% were arranged as shomg'ianl 13 .and

i hEEESPY P

subj ect ed 08 ABERCRGEANENZEL605°6EEF 1 OLSE Smi AF&c¢tUtnfheat
treatment furnace. The degrees of vacuuns were changed in the order of (1)
181012 Pa, f(1dkel1Ree andi6¥) pio0kPayvi tl0139)kaeRhess AofB andhitC of3 st ered
magnet bodies shown in FIG 13 had dinensions of 7 mx7 nmx3 mm (t he | ast

one is the thickness defining the magnetization direction) and only Sanple
D had di med$FBnstd ablomPleHmEius RRTIIIRG |1ds PUdNET i 8eF henthifdRiESs

defining the nmagnetization direction). Each of these sintered nagnet bodies

was acid-cleaped with &£0.:3%Nidd 1 £o A dpe bt L e 1 dlisrcsuhi ect gdeto a
heat treatment. [O01l40]After these sintered nagnet bodi és were further
subjected to an aging treatnent at 500 T.: for 60 mnutes at a degree of
vacuum of 2epRh, hy@eoqrroperlvess zat iotheorragset  (Snchudi ngthde afemakenge B,
and coercivity H/J) were neasured with a B-H tracer. The following Table 5

shows the \é'e'n%@%%%{'d 9§%r%ga£as‘8h$a@§§?£ )tl]é)e £ a&'dldsct gLk magnetic
properties neasure at greés of vacuu . (2) an (é): Oiﬁl]TabIe
5 I-
United States Patent No. 5,383,978, for example.
[0077] Coarse pulverization process
Next, the wmaterial alloy block that has been coarsely
pulverized into flakeg igs 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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(1) Weight (9) before process Wight (9) after process Difference (9) Area

(nmR) Rate of
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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i ncrease (g/ Tn2) Total (9) Yield (8) Br (T) HcJ (kA/in) Dy plate 32.065

31.984
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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(2) Weight (g) before process

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



Weight (g) after process Difference (g) Area (mMmR) Rate of
(g) Yield

Tot al

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 1is 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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[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;uB 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 Dbased 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 unigque 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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(3) Weight (g) before process Wight (g) after process

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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[0106] Also, the diffusion process of this preferred

embodiment is not sensitive to the surface status of the

gintered magnet body, and therefore, a film of Al, Zn or Sn

may be deposited on the surface of the sintered magnet body

before 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. 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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Examples
[0108] EXAMPLE 1

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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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 or the Nb foil)/(decrease in
the weight of the Dy plate)x 100. The | ower the degree of vacuum the higher
the Dy yield. At the degree of vacuum (3)1 the Dy yield was approxi mately
83% Al so, ery r f ) , e i ncr ease
in the meigﬁ%ng thegﬁg ?g?fI%é?gﬁﬁgkg%rgggééééqnéﬁ?Iigﬂgécgﬁgnw?%ht%e
sintered magnet body. This result reveals that on the surface of Nb that
does not reawtsst machiae, tdowskaot pakécancatpast wi t¥rDysradiidipplparticl es
that have traveled to reach the Nb surface and get deposited there

: e d to reac e eposi ted there
he N of 1 RecRe, SIS 00 n ) T M Pt e BB b rom the

Dy plate evaporate and diffuse on the sintered magnet body preferentially.
Consequent lag,ignedpat ed 4 onspteed c coHiwiehtapphabddi fThesiear tprocess gmwdele Dy
yield can be increased significantly, thus contributing to saving val uabl e

tural ' Iy, - [O143] EXAVMPLE 5 . . G d t bodi
That had bGHERGHC"D) EhG"Lafto” RBE UL &% cChal= 98 PRR0ho) TREFEFSL

exanple and a Dy plate with dinensions of 20 Mmx30 mMmx5 mm and a purity of

99. 9% wer e @ aRgadeasns oMt dsl LGy, d4o and rpubjreciedot s aheatvddi.eat ment
at 900 Dat Ix 10-2 Pa.In this exanple, the distance between the nmagnet and

the Dy plate was changed as shown in the follow ng Tahl.e 6. The sintered
magnet bodif¥<PRE8” di MBiTsi BRE2VHLDE nitkE RS ﬁﬁPEF%e I Pongerg hen

t hi ckness defining the nmagnetization direction) and had been aci d-cl eaned
with a 0. 3%Rnthbs a6k de@ndi Al edncbbternddingaeen subhest eh iyeasheat
treatnment, these sintered magnet bodies were further subjected to an aging
treatnment at SOO DC for 60 mi nutes at a degree of vacuum of 2 Pa, and then
t he propertifed BF: thelangihert (1 hcudindgat HedkeRndfc®™B, and coerciv ty
were neasured with a B-H tracer.

[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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[0144] Table 6 X/mm 5 30 80 160 30 min. 0 0 O - 120 mn.

in a wvacuum heat treatment furnace to conduct a heat
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 Pm) by an electron beam heating evaporation process (at
an output of 16 kW for 30 wminutes) wusing 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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_(r) (r) O [O145]As can be seen fromTable 7 and FIG 15, the degree of
I ncrease in coercivity changed with the distance between the sintered
magnet body and the Dy plate. Wien the distance was up to 30 nm 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

di stance i ST, , C I Vit a e.¢ necr
ext endi ng tsahgrei%heat Q%F@%ﬁefrﬁrhgrooggégé%% n%t %ﬁ%}é_&}gﬁl%f ;E: %?sa‘(%% Qﬁci ERA/ nj

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

71



Br [T] Hcd [KA/m Oiginal material 1.42 911 (r) 1.41 1,289 01.42 1,096

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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e 1.42 1,255 0 1.42 1,102 0 1.42 1,010 0 1.42 1,033

the grain boundary. Even in the vicinity of the surface of

the magnet, Dy diffused to have similar concentrations to the

vicinity of the grain boundary at the center of very few main

phases. According to the method in which a Dy film was

deposited on the surface of a sintered magnet body and then Dy

was diffused from the Dy film into the sintered magnet body, a

lot of main phases in which Dy diffused to have high

concentrations were observed in the vicinity of the surface of

the sintered magnet body.

[0122] According to the present invention, even in the

surface region of a sintered magnet body with a depth of up to

100 P m as measured from the surface, 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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[ 0147] EXAMPLE 6 Sintered nagnet bodies that had been nade by the
sane nethod as that described for the first exanple and a Dy plate with
di rensions of 30 mMX30 nmx5 mm and a purity of 99.9% were arranged as shown
in FIG 16 and subjected to a heat treatnent at 900 C and at 1x10-2 Pa in a
vacuum heat treatnent furnace. In this exanple, the heat treatnent was

carried out with t |_at arranged oyer an nder. .t h i ntered magnet
bodies, ré thélt?flitv\é\%/r%ﬁqf‘ﬁ gﬁgijﬁ%}‘i‘aé%wep%ﬁt é:oél?(rigkr)l%eo tgﬁﬁﬁa()ver t he

sintered magnet bodies and with a single Dy plate arranged only under the
si ntered mapnet:1bodi esc. The sdmiwer edhsagnet dodieesrhadomk merisitonsveat 7 mMmx7
nx3 mm (the last one is the thickness defining the magneti zation
direction) and had been acid-cleaned with a 0.3%nitric %ci d_and dri ed.

[ 0148] Ther é5Fa=8r et Hfs e tEP nt & HE Inaghet"8di RESRS e22F uthel "Sulf"édfed to

an aging treatnment at 500 OC for 60 mnutes at a degree of vacuum of 2 Pa,

and then thepiaper tigsofyuhbe: sRInetsddonekugh nghd kg .r emanence &Br cand
coercivity HO3) were neasured with a B-H tracer. FIG 17 shows the nagnetic
properties thus neasured. [0149] As shown in FIG 17, no natter where the Dy
pl at e(s) wddl WOPECBEFANGEE VEREVERIRL Ity CaNWAY Of Mer8aBBySeTRE 2§

probably because the vaporized Dy particles would have been present

uni formy ighd heypuiei Nib¥n@br) her siyiface @bt be sbnt esabmgnet, badices
during the vacuum heat treatnent. [0150]FI G 18 shows the results of an
EPMA anal ysi s that

represented by the solid diamond ¢ and by the open diamond

¢ , respectively, while the Dy concentrations measured at the
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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was carried out on the surface of the thermally treated sintered nmagnet
body when the Dy plate was arranged only under the sintered nmagnet body.
Specifically, FIG 18(a) shows the 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 |lower surface of the sintered nagnet body.
It can be sgerwtbat aby thadcevapes ap edc@ndngif flisedsi rindl m@stenkhesane way
at the respective centers of the upper and | ower surfaces of the sintered
magnet body. This nmeans_that the vaporized Dy particles were distributed
unifo my rREANIERE SHEPAR eSURFt IRE 9fnt8éméaeﬁagﬁeﬁn%o&§; [ 625 fPEXARPLE 7

A non-wetting test was carried out at 80 C and with 90% RH on sanpl es that
had been subjget-edokorhhenevapenatkons déffid-0n4PLAGEES, UNARS; g, ¢gndition
X (900 C and 30 mnutes) of the first exanple. FIG 19 Iis a set of

phot ographs show ng how rusty the surface of the magnet body got after the
non-wet t i ng-Heestighlest FDG cb8cetimsataicind-willéamed "ideegtéf Sed oby i nkeded magnet
body that was acid-cleaned with a 0.3%nitric acid, dried and then

subj ected tg. . ing e f n - rature
of 500 C 1o 'C0 eEucsetnteatt o SRR aerel v T Vs 2 FEnE

di ffusion process."1-A" refers to a sintered magnet body that was

aci d-cl eandd .unden thepsamg4icondet Dgnsocasehheat asnsacid- cheaoedansi Ig er ed
magnet body and then subjected to the evaporation diffusion process and the
agi ng treatnent under _fhe conpditiqgn of the first exanpl.e described above.
"1-8" ref erpsOltntSSa ag:I ntF e erﬁg‘aﬁeto bot§§/e t fat" éag%i -ngl eaatneg tndéfthe same
conditions as the "as acid-cleaned"” sintered nagnet body, coated with Al
under the samedeonpditimins jasicthoseadescsepiratdnien bhethersdl exanphendand
then subjected to the evaporation diffusion process and the agi ng treatnent
under the condition X of the first exanple described above. As can be seen
fromFI G 19: Eofnicdd tEeaRREe “as28ei the I @sRediaganmpl e, FREPHIH-VRttability
increased in both "1-A" and "1-13" sanples. This should be because by

per form ng dhhendi bEHST O, 0GeS Saeb1é hgs prasenty idavesht sk ichdenrsenai xed
phase structure of Dy or Nd is forned and the uniformty of the potenti al

i ncreases, thus preventing corrosion due to a potential difference from
advanci ng Papiegy B [ 0252 EXANPLE: Scamt aNd & nitler evh imagrieset katl was tpeoduced
under the conditions of the first exanple so as to have a conposition
consi sting 49t i 31,8uABSSY0 of: %@Jti%s%’@&fre%re%e%%egﬁ%%‘y%%fe @148 1
mass% of Cud, 0.24 nass% of , 0Omass% of Dy, and Fe as the bal ance was
machi ned and cut into a nunber of workpieces with dinmensions of 10 nMmx10
mMx3 mm (tleerkast one ithet heperagsetibzat i“on énect tlon) opthoseinudekpd eces are
arranged as shown in FIG 20, thermally treated for 120 m nutes at a

t enper at ur nd at a pressure of |x10-2 Pa and then subjected to
an agi ng t?8§%%§§%?985 120 mnutes at a tenperature of 500 00 and at a
pressure of 2 Pa. The conpositions of several Dy-X alloys are shown in the
foll owi ng Tabkbe] 8: [AL53nTalel @e8n 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 X Dy

mass% a % Dy 100 O 100 O Dy-Nd 50

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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50 47 53 Dy-Al 25 75 67 33 Dy-Fe 88 12 72 28 Dy-In

second example without being subjected to any diffusion
process will be referred to herein as “Sample #7”. After the
aging treatment, the properties of the magnet (including its
remanence B, and coercivity Hes;) were measured with a B-H

tracer. The results are shown in the following Table 4:

[0131] Table 4
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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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 nmass%to 50 nmass%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
sanpl es (including the remanence Br and coercivity I-1,j) before and after

the evaporafiQnaand. di ffiUS{QLPrOCeIS Weig NRasuLed Medh a-BsH tracer.
FIGS. 21(a), 21(b) and 21(c) are graphs show ng the remanence Br,

coercivity NeJ and | oop squareness (Hk/H, J), respectively. [0156] As can be
seen from t¥@rgeaph sWoeR itheFsarf2ag byl the eberiad tPIREF PREredsed in
all of the sanples. This is because the diffusion of Dy into the sintered

magnet body.would have Té”??g%anli%¥§%e"é{icria a i oLy concand ratipnygnd with

hi gh ani sotropi ¢ magnetic eld ont outer periphery of the nmain phase
(i.e., Nd2Fel43 crystals). As for Dy-X other than Dy-Al, the coercivity

i ncreased toadlimgst whhee st degredé cohpas eth t@ Bynwlleone, wWiitchdeeor dases in
remanence and | oop squareness (Hk/H,J) could be mnimzed. This is

presunmabl y ause t-he evappration and.diffusi.qn of. j ut. al so
t he eleneanQSMB%Fddﬁgg%l€%§é¥%§ thuﬁ%???ﬁ§§6%¥h%lgpg%%%q§%ggﬁ %QSXdary
phase and further pronoted the diffusion of Dy. This effect was achi eved
remar kabl y when thecetemebnXheacingdedaNdraThen peaseaswoul d be that as the

bul k body supplied Nd to the sintered magnet body, Nd woul d have
conpensat ed. faqr, .t he smgl | amount of rare-earth elenment such as Nd or
Pr t hat had“vgﬁérizeﬁfégbnggﬁg d?ﬁ%nggﬁhnanggﬁﬁf of PHE % ?%ré%enagnet
body during the heat treatnent.

remanence B, and the coercivity Hc; change with the process
time. As can be seen from these graphs, as the duration of
the process (which was performed at a pressure of 1x107° Pa and
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
procesg vessel. In these graphs, the abscissa represents the
pressure of the argon gas atmosphere in the process vessel.

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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[0157] The present inventors confirnmed, by the sanme nethod as that described
above, that simlar effects were achieved by various elenents (including
La, Ce, Cu, Co, Ag, Zn and Sn) other than the elenents X shown in Table S.
[ 0158] EXAMPLE 9 A sintered magnet body that was produced by the sane
met hod as that already described for the first exanple was machi ned and cut
into a nu i nter t | £S,3M 3 h d} sign f i.n the
magnet i za??ﬂénd |}}ezlc&h%n%q§g§9n?’r§6w%qndi Tlfl%septasi((r%]!thgrE gdhgrag}rll(gt ag%%ge}gérgﬁd Dy

pl ates were arranged as shown in FIG 22(a). Specifically, the Dy plates
wer e ar r angeitksewee) andhangdeere¢hel i dicer eel ¥thghet o diresrenser wtataltthe
magneti zation direction of the sintered magnet bodi es becane substantially
per pendi cul 1 4 0141 ORROSINGAM! 1368500 LRL: UPRETcANd JOugl By Rt es.
The sintered magnet bodies Iin such an”arrangenent were subjected to a heat
treatnment for 120, 240 and 600 minutes, respectively, at a tenperature of
900 C and aturfageessiir ehef thaxhdi)- 2 iPa was a Alacovaradatthieteavhent ther nace
and then subjected to an aging treatnent for 120 mnutes at a tenperature
of 500 13 re re _of 2 Pa. [0159] FI G 22( h .
crystalIog%%s%%r%rﬁgnts%t%i ﬁscgfstﬁgsé?%tvé%sede ag%e@b%%%ﬁ#‘ﬁ%gerif(b), a
pl ane of the cubic sintered nagnet body that intersects with the c-axis
(defi ni ng thessagret hzaby odi tliusect oanpvapordtght. amylees rsshabeledead "aa

pl ane” and anot her plane of the sintered magnet body that does not
intersect wiith the c-axis at right angles as "ac plane". [0160]Duri.ng the
heat treat nght" d crit%l’gd EBGIEYTONI §F t e % w5 S5 HRes * P BUPIBT & he Ssi x

pl anes of the sintered magnet body were exposed in sanple aa2 and the other
four planessifitaceehtwer entver ed Witdh MdskobleW th aptééakness, of£Qn05 mMm
In the same way, in sanple 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 nm [ FI6PPTREIRAgABEI 1pFBPpErTi 88 &f IR WanptEErErndlagdichg Pade
remanence Br and coerciv ty Hai-) before and after the heat treatnment were
neasured Wid#zna Bhdh t EBECIDy plate is heated. For that reason, by

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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[0162]FIG 23 is a graph showi ng how nuch the coercivity hcj increased and
how much the renmanence Br decreased. Once the heat treatnent process tine
exceeded 240 mi nutes, the remanences Br of the sanples aa and ac decreased
to al nost the same degree but the coercivity Hcj of the sanple aa increased
approximately 100 kA/Amnore than that of the sanple ac. [0163]Next, to
estimte t nfipﬂd‘sfiuﬁ' ?;go?ééé apgRSpaf DYy é@eoﬁ@frﬁhe§héa%_af%@d Rc2ehhat, had
been thernmally treate or 240 m nutes had their magneti c properties
measured with a B-H tracer every tine the sanples were nmachined 0.2 nm as
measur ed frioms menserf ade potéd¢FIGnaR4ops eamgrgphieshowi ng t he
coercivities Hcj that were neasured in this manner. In the sanple ac2, when
t he machi ne thr proximately 0.6 nmin total, the coercivity
l'icj becarrepoa%gsﬁoxi rrggﬁeﬁll?%g%gagal to the value before the heat treatnent. On
the other hand, in the sanple aa, when the nmachi ned depth reached

approxi matel y 1.I12 romiisnetetnale, t he wvaer en¥lyzed ikngw bdsang@pprornnetel y
equal to the val ue before the heat treatnment. As can be seen easily from
these results, the diffusion rate in the c-axis diirection. (i.e., .th

manet] o 1T 48 PgRRERESAPT bt oy i¢ R 6B s geShet Migh Sl o8
diffusion rate in the direction that is perpendicular to the c-axis.

[ 0165] EXAMRIe Himospher#t Sdd¥ elred heaagretebollyy tdraimbeas pepdocectdiyyt he sane
met hod as that already described for the first exanple so as to have a

t hi ckness of 3 rrmgin t he magneti zation direction), a {yg]lg h of .25 mm and a
wi dth of 25GRHABY apift oxithdt eF5ASI% of 27t S urFace! co withl NESfoi | as
shown in FIG 25(a). Next, the sintered nmagnet body was arranged as shown
in FIG 1, Adiekiall Yot heatied f0mnl2Qonmpaetes MHowa tianmpesatur eyLf 2QQ C and
at a pressure of 1 X 10-2 Pa in a vacuum heat treatnment furnace, and then
subjected to an aging treatnent for 120 mnutes at a tenperature of 500 C
and at a prasisgr @yoblatPavifft giimeheipreaitoft rrdammEA0, mpdp ymhjand eviy was
deposited on the Nb foil and could be easily renoved w thout reacting to,
and fusing gM bR, Lhessidu %{a@ﬂiﬂ@gélﬂeé)(-'i%éidgogﬁe@]lfg YR&NT Sk hes il

treated sanple, portions wth a

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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t hi ckness of 3 nmm (in the magnetization direction), a length of 7 mmand a
width of 7 mmwere cut out with a dianond cutter at the regions shown in
FIG 25(b). Then, the nagnetic properties (including the remanence Br and
coercivity 14,j) of the portion in which Dy was allowed to diffuse and
penetrate (Sanple E) and the portion wapped in the Nb foil (Sanple F) were
measured wi ity @ BsH {faGer. a[c9<1.67]z§r@et1£<§5&lég{1%e0foft he TBAsULeMeRnLs axe shown
in the follow ng Table 9. 'Iphe present inventors confirmed that fhe
coercivity licj increased in the portion that was not wapped in the Nb
foil but whesmoshfedasniy |rswed the By filpde -andnpedettiiat egspparied’ayuthe
portion that was wapped in the Nb foil. Thus, according to this exanple,
by selectively diffusing D¥r if), apart Loyl AL RUERODNET ¢ e siterad Jpgnet
body, the magnetic properties of that portion can be nade different from
those of the other portions. [0168] Table 9 Sanple Br[T] Ilc, TTkA/m E 1.40
1,254 F 1. 42y 8¥posited 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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[ 0169] EXAMPLE 11 Using alloy ingots that had been prepared so as to have 96
the five different conpositions shown in the followng Table 10, thin alloy
flakes with thicknesses of 0.2 mMmito 0.3 nmwere nmade by a strip casting
process. [0170] Next, a container was |oaded with these thin alloy fl akes
and then introduced into a hydrogen pulverizer, which was filled with a

hydr ogen gas sphere .at..a pressur f 5 kPa.ln thi nner, hydrogen
was occl uded" ?ﬁ% 'ﬁ%e DeRi ALAF S(’)zilonfsl ao(lzfeg a Q?o%ﬂ??e%er(% %pga%néjqehéﬁ

rel eased. By perform ng such a hydrogen process, the alloy flakes were
decr epi t at edhe ot lobtkaiessa dedwdeng | phe noedriatiize tshapasredtivngi zest oimlabout
0.15 mmto about 0.2 mm [0171] Thereafter, 0.05 w % of zinc stearate was

dded lverization aid to t Iy pulyer| wder _obtai ned b
he: hydr ogeM T Beds EoAnT YHEH TRe i ki PE Wal™ kb1 aFl SEHow Th @ ot om 11 Lo

obtain a fine powder with a particle size of approximately 3 pm [0172] The
fi ne powdertlidushiaihasnede nasi repnpac vednat idnta opr esdsemacdiine tkadmke a
powder conpact. Mre specifically, the powder particles were pressed and

compact ed Wile belng.ald gned. (g roneti g Lhel sl apnl | ety Thereater.

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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conpact was unl oaded fromthe press nmachine and then subjected to a
sintering process at 1,020 C for four

obt ai ning sintered bl ocks,

[ 0173] Tabl

whi ch were then machi ned and cut

hours in a vacuum f ur nace,

t hus

into sintered
magnet bodies with the dinensions shown in the follow ng Table 11:

10-Conposttion NdBy; Fe-13-Co-Gu A - t32-0-0
et@ﬁ% Weighk Difference" Area rAte of °F Yoraa 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 (@) (@) (mm?) | increase (9) (%) (T} | (ka/m)
before after (g/mm?)
process | process
Dy | 31.984 | 31.948 -0.036 2400 | _q.g5x105 | -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%10°5 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) (@) (m?) | 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°6 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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M29.5 2.5

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.

84



27.0 5.0 balance 1.0 0.9 0.1 0.2 0 24.5 7.5

[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. ® ©) B
120 min. ] @ ® ®
[0145] As can be seen from Table 7 and FIG. 15, the degree
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P 22.0 10.0 (unit: mass% [01741Table 1]. Condition Evaporation

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
Br HCJ Br HCJ
[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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di ffusion condition Process tinme D nensions of nmagnet

(thickness/length/width) Q 1X102 Pa 900 T; 120 mn. 3 mmx7 mMmx7 nm 13
respectively, with a single Dy plate arranged only 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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6 Mmx7 nmmx7 mMmY 240 min 3 Mmx7 mMmx7 nm 6 Mmx7 nmmx7 mm [0175] These
sintered magnet bodies were acid-cleaned with a 0.3%nnitric 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 magnetshedies ARGh& MRIReEr fs%%c@i@élﬂgz,tmeRHl@%)k shadi 8% A gap
of about 5 mMmto about 9 nmwas l'eft between the sintered nagnet bodi es and
the RH bul k bodies. The RH bul k bodies were nmade of Dy with a purity of

99. 9% and heeFWitrersi ensl v iSEIMAB0 CARkS: M the upper surface of the

sintered magnet body and FIG. 18(b) shows the results of
analysis on the center of the lower surface of the sintered
magnet body. It can be seen that Dy had evaporated and
diffused in almost the same way at the respective centers of
the upper and lower surfaces of the sgintered magnet body.
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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[0176] Next, the process vessel shown in FIG 1 was heated in a vacuum heat
treatnment furnace to conduct a heat treatnent to trigger evaporation and

di ffusion. The conditions for the heat treatnment are as shown in Table 11.
It should be noted that the "heat treatnent tenperature” will nean herein
the tenperature of the sintered nagnet bodies and that of the RH bul k

bodi es, whi ghr# & :2pPrP-EBREEl Y equal (g t-hat 0ofy t he, s RlenedHmgngisybodi es,
unl ess otherwi se stated. [0177] After the evaporation diffusion process was
carried out under the conditions shown in Table 11, an aging treatnment was
perfornmed foraBOWFE nBted Hicaacpr essigre tof Zapg aivddatiant eAperdur'@sof 500
C. [0178] Before the evaporation diffusion process and after the aging

treatment, each SORLE Was,BAReti£ed Wby PYhgesnih t Bugfbdilens L, of 3

MANV m and then the properties of the magnet” (i ncluding its remanence Br and
coercivity Hcd) were neasured with a B-H tracer. Al so, based on the results
of this neaswrEmantonvaifausboms procoer cinvd t yhdH03caral Fesan@mnte Brdercaused
by the evaporation diffusion process (aging treatnent), were cal cul ated

wth respect.d O e cg0eTEl ot (I3 and Lerpnence B ogh eagh, sarple et Lo

be subjected to thé evaporation usi on process. 26(a) is a
graph showi ng the variations A Hej in the coercivity of the sintered magnet
bodi es wi t hrdflrerscanpesidinorsed thagoeighbddy IthafEl Gas26Cal; ctdémahtndeai nts 0
, and represent the variations A Hca in the coercivity of the sanples

that were %HQJ%ﬁ%&§ié&%d%@?oggaggrgﬁéonas 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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di ffusion process under the conditions a, p, y and 6 , respectively,
shown in Table 11. [0180] On the other hand, FIG 26(b) is a graph show ng
the variations A Br in the remanence of the sintered magnet bodies with the
conpositions L through P. In FIG 26(b), the data points 0, 9, and
represent the variations AB, in the remanence of the sanples that were

subj ected tQ,i1g ieMaPOEathan rdi-5f USLOR, Y 0GeSSs underadde; condbddonga . P .
y and 6 , respectively, shown in Table 11. the sintered nmagnet with
conposition B (including 2.5% of Dy) achieved the highest coercivity 1-1,J
with the deersdséing eembinénoesBr of Mdvi Pe@7 POIBR[ThE. sAnpt st oHfo be
subjected to the evaporation diffusion process shown in Table 11 and the
Sanples Lhale hafl DGeRes Bk el edy L9, i 8vaROnal | BndL L] Ul af, Pagess (and
t he agi ng treatnent Rad theit cross Ssections poli shed and t'hen subjected
to a ZAF anal ysis using an EPVA EPM 1610 (produced by Shi nmadzu

Cor porati orgs The fbhlawiag whabl sad2irsftowsntiheceonciertor ati omsnigdr Dy f( nass%)
at the centers of the main phases and at the grain boundary triple
junctions:\L9¥§3]Table, 2 _Conpasition

rkpieces with dimensions of 10 mmX10 mm*3 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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L with 0% of Dy Conposition Mwith 2.5 % of Dy Conposition N wth 5.0% of
Dy Before evaporation diffusion main phase 0 2.8

[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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5.4 Gain boundary phase 0 5.5 8.2 After evaporation diffusion main phase
5.9 7.8

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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9.6 Gain boundary phase 16.2 27.5 5.0 29.0 Variation main phase 5.9 4.2

120, 240 and 600 minutes, respectively, 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.

[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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Grain boundary phase 16.2 22.0 20.8 [0184] Good magnetic properties were
achi eved by the sanple wth the conposition M presunably because the
sanple with the conposition Mcould produce the diffusion of Dy toward the
grai n boundary phase nost efficiently as can be seen easily from Table 12.
[ 0185] EXAMPLE 12 An al |l oy ingot was prepared by a strip casti ng

process so @ﬁe@er&%‘é %Og c'%q%séf%l&? )ic:un&%rfi%nﬁ E@&?z{@r} 0 97

mass% of B, mass rrass mass % Fe as
t he bal ance, ther eby making thin alloy flakes wi th thicknesses of 0. 2 mmto
0.3 mMm [ 018&}Nmwent accomesverdwasth caded wrabet hese thin all oy

[0162] FIG. 23 is a graph showing how much the coercivity
Hes increased and how much the remanence B, decreased. Once
the heat treatment process time exceeded 240 minutes, the
remanences B, of the samples aa and ac decreased to almost the
same degree but the coercivity He; of the sample aa increased
approximately 100 kA/m more than that of the sample ac.

[0163] Next, to estimate the diffusion distances of Dy, the
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 H.; 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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fl akes and then introduced into a hydrogen pul verizer, which was filled
with a hydrogen gas atnosphere at a pressure of SOO kPa.ln this manner,
hydrogen was occluded into the thin alloy flakes at roomtenperature and
then rel eased. By perform ng such a hydrogen process, the thin alloy flakes
were decrepitated to obtain a powder in indefinite shapes wth sizes of
apout O 15 08 tRA00UL, (et ALOLAC]JNCIRAN LEK 1) 2t ieol Zddin of carat e
was added as a palverlzatlon ald to the coarse y pul'veri zed powder obt ai ned
by the hydrogen process and then the m xture was pulverized with a jet mll
t o obtain acle neffonder witeh im phet ¢ cdeissidiacot iapptiow - mat ke ym@petme
[01881The fi ne pomder t hus obtai ned was conpacted with a press nachine to
make a powd r h di Lons .of asy one is
as neasure é%?%%%lé%‘ @Egggeﬁgcéﬁ‘ ngxgﬂbreéggg%§%lca%l??lthe
powder particles mere pressed and conpacted while being aligned with a
magneti c fidlfifuapphi edtdhéneaht edjrd¢diegpowtier denpacpewdsculdroagedHer om t he
press machine 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 “WB“*&nd incl uded a member for holding a plurality of conpacts
and a nenber for holding two RH bul k bodies. A gap of about 5 mmto about 9
mm was | ef t [dedaneen theveompacts and the RH bul k bodi es. The RH bul k bodi es
were made of a Dy plate with a purity of 99. 9% and had dinensions of 30
mMx30 mmx5 nm [ 0189] This process vessel was | oade (% t?Pﬁuumfurnace
and subj ected t & S¥TRES MPPEScfNYanh e dr#f ubrs u‘b‘? c8§s det*he

~conditions shown in the follow ng Table 13, which
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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shows the conditions of the sintering and diffusion processes for twelve
sanples 1-A through 6-B. In Table 13, sanples "A" represent exanples in
whi ch the powder conpacts are arranged along with Dy plates as shown in
FIG 1 and subjected to the heat treatnent, while sanples "B" represent
conparati ve exanples in which the powder conpacts were subjected to the

heat (1 cat it ynder oehe. SAMR sGoRdLt ons i b AR B Bhalsy ard angeds, Fach

of these sanples was subjected to an aging treatment for 120 minutes at a
tenperature of 500 T, and at a pressure of 2 Pa after the diffusion
process. [©190]Mmabhé 43wi@imtodr Tngm processitHeat witdatameiienprécesger
Tenperature 1,040 00 900 00 Degree of vacuum 103 Pa 150 Pa
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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1x10Pa 1x10 -Pa 1-A 180 min. 120 min(with diffusion) 1-B 120 min.(wth
no diffusion)

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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2-A 120 min. 60 mn. 60 mn(with diffusion) 2-B 60 mn.(wth no
di ffusion) 3-A
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
O 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
1%X107? 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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90 min. 90 mn. 30 mn(with diffusion) 3-B 30 min.(with no diffusion)
4-A 180 min.

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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120 mn(wth diffusion) 4-B
60 mn(w th diffusion)

m n.

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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120 min.(with no diffusion) 5-A 120 m n.

60



5-B 60 min.(wth no diffusion) 6-A 90 mn. 90 mn. 30 mn(wth

di ffusion) 6-B

[0181] As can be sgeen easily from FIGS. 26(a) and 26 (b),

the sintered magnet with composition B (including 2.5% of Dy)

achieved the highest coercivity He; with the decrease in

remanence B, minimized.
[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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30 min.(wth no diffusion) [0191] The resultant sanples had their magnetic
properties (including remanence Br and coercivity 14,)) measured with a
B-Htracer. [0192]FIG 27(a) is a graph showi ng the actually neasured

val ues of the remanences Br of these twelve sanples and FIG 27(h) is a
graph showi ng the actually nmeasured val ues of the coerc vities 1-1,J of

t hese twel ve. e 03; h vord ry
Spoci i ¢ cusmpl oot TRa b Seoal Hsvanaioh 1 et 19% S5 wrieh TR Y5
and 6-A) the coercivity 1i0j. was nuch higher than its associ ated

conpar at i vecexarglteofii Me.goull-dB,pr@dBce3+tBe 4iBfuSi8rand GvyB)tdwar8amplee 4- A,
in particular, the decrease in remanence Br was the small est. This neans

that if thegrain boundary phase most efficiently as can be seen easily

from Table 12.
[0185] EXAMPLE 12

An alloy ingot 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.
[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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evaporation and diffusion of Dy are started after a sintering process has
been perfornmed at a relatively high atnospheric gas pressure, Dy can

di ffuse through the grain boundary phase nost effectively and the
coercivity 14, T can be increased efficiently. [0194] EXAMPLE 13 Usi ng
an alloy that was prepared so as to have a conposition consisting of 32.0
mass% of 1 9 % 0 % : ss% of
Al and Fehg%ytﬁgaggﬁgﬁ%%%'?”g%ﬁ?@?g 3&38%85Q88d$1ﬁg§§%a%égaé&?¥§%%§ﬁ?irst
exanpl e descri bed above. Then, this sintered nagnet body was cut into a
nunber of werkpicedes wiiflh dinmehsabnsa ofire mwwZernwdthr fnpafolgs] Aireat
treatnment was conducted for 120 m nutes at a tenperature of 900 C or 950 C
and at a prﬁésure of 1&%@- Pa using Tb plates as the RH bul k bodies 4 in
the arrangeerdPSREMMAT T FI°GH M. Thereafter, an aging treatment was carried
out for 120 mnutes at a tenperature of 500 'la and at a pressure of 2 Pa.

[ 0196] The nbgrs]i ¢ propefinespéwded udiusg cbhieinedranesn ceolracrd coehciavi ty
11, 3) of the sanples before and after the evaporation diffusion process
were neasured with %.B-H tracer. As adresuItLd %he.gggnet body ex i%kted
magnet i c priopert ESTEREI bai By R BrEBICE. A0™PGhd AR HT KA/ fi’bef or e
t he evaporation diffusion process and exhi bited magnetic properties

including anBt1@fmrix 40nd @k amdd bt ofs b2 kArBnand endraofedsi4d T and
an Ha] of 1,311 kA/m respectively, after the evaporation diffusion

process. [Olgz%g?sed on these results, thekgégsent i nventors confirnmed that
by produci if tHEEFdforafitBh: antioHF f FRRT bt ¥b, ‘PRePEBETLIRATY HES7 coul d
be increased w thout decreasing the remanence Br. [0198] EXAMPLE 14

Sintered magnet s peEgcARAEN@S SAFRIREdaSwhi1é heodihig t @entheexamilie a
descri bed above. Those sintered nmagnets
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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were arranged as shown in FIG 1 and then the evaporation and diffusion of
Dy was produced fromthe RH bul k bodies 4 toward the sintered nagnet

bodi es. Specifically, a heat treatnent was conducted at a tenperature of
900 ce and at a pressure of |1x1012 Pa for either 60 m nutes or 120 m nutes.
[ 0199] Sone of the sanples were subjected to the evaporation diffusion
process an n ' r nt, . ‘ W, at a
pressure 01Ejs kg&%a t?%r %%ﬁggémﬂ%lu% eogfa ersétﬁ %%%%%%g?l%rﬁggéﬁﬁg%%e %'% 0 a
heat treatnment for 120 minutes at a tenperature of 900 C and at a pressure
of 1 X 102 Ra wivtthveheaRMH drulk-2badiresgd ¢ hovead fleddet he, asarenigemed’ shown
in FIG 1 and then subjected to an aging treatnent for 120 mnutes at a
tenperature_of 500 00 _and at a pressure of 2 Pa. ter, the nmagnetic
br oper {1 66 SHE0E SHAPTKE it VRIS el Rek o BT f e HHeREN s
are shown in the follow ng Table 14: (0200)Table 14 Evaporation diffusion
process ti ne[dnignjwihht bynplatkk taongoveathn trreat reahdWsthj eddid itenalhe

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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heat treat nent

1. 40 850

Br[T] licj [kAn 13,[T] licj [kKAn] Oiginal material
[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 Hes)

H tracer.

[0192]

FIG.

27 (a)

measured with a B-

is a graph showing the actually measured

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

27 (b)

coercivities H.y of these twelve samples.

[0193]

As can be seen from these graphs,

105

is a graph showing the actually measured values of the

in every specific




1.40 870 G 60 1.39 1,150 1.39 1,250 H 120 1.39 1,220 1.39 1,370

example of the present invention (i.e., 1-A, 2-A, 3-A, 4-A,
5-A and 6-A), the coercivity Hy was much higher than its
associated comparative example (i.e., 1-B, 2-B, 3-B, 4-B, 5-B
and 6-B). In Sample 4-A, in particular, the decrease in
remanence B, was the smallest. This means that if the
evaporation and diffusion of Dy are started after a sintering
process has been performed at a relatively high atmospheric
gas pressure, Dy can diffuse through the grain boundary phase
most effectively and the coercivity He can be increased
efficiently.
[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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[ 0201] The present inventors discovered that the coercivity coul d be
further increased by conducting the additional heat treatnment. | NDUSTRI AL
APPLI CABI LI TY [ 0202] According to the present invention, nain phase crystal
grains, where a heavy rare-earth elenent RHis present at a high
concentration on its outer periphery, can also be fornmed efficiently inside
a sintered nagnet 0 t el I gh-per NRNCE, Jmanet

havi ng botﬁﬂﬁggﬁt?gﬁg%gﬁ%quhéhﬁfﬁﬁ{2%%&%P%X?§Qa%iKg? tt]%ir_AIIVB %%1. An
R-Fe-B based rare-earth sintered nagnet conprising, as a nain phase,

crystal grashmynofinarIR2Fa1413heypef conpounddinat tiraetveles vwed iginried
rare-earth element RL (which is at |east one of Nd and Pr) as a nmjor
rare-earth el engent t he net i ncl udi n heavy. rare-garth el ement RH
(Which is &0 eB% oA ARBHBRT S8 dot KON ERe T ol cGnsi Bt gt of Dy, Ho
and Tb), wherein the magnet further conprises a region to which the
heavy r ar e-rearstshrel efrentpaRH has been diffused froma surface of the magnet
and in which the coercivity of the magnet gradually decreases inward from

t he surface, of the net, and erein a net surface regiqn in

wht cht ho  hEEVST ar o1 Bar 1o e i oREE hAS bOHTE TR Ps S0 ahe GAILEE |
defined fromthe surface to a depth of 100 p m has a structure in which

t he concentamt i esepfititg hgayy oar ehear tinelamepefBH i sairldi gheteat thhe outer
peri phery of the crystal grains of the R2Fel4B type conpound than at a
center portion of the crystal grains of the R2Fel4B t, Be coq?ound, and is

| ower by atSYPERLALIDtWHMSERB REMSTS PEEi Bﬁa%lfretdné“’% y&t ArH grdiasE -of t he
R2Fel4B type conpound than at the grain boundary triple junction in a grain
boundary phase; ofethifr Cr Y8L ahaghai Npoal hei FRREed 4RabyHel COPRPE i es 2.
The R-Fe-B based rare-earth sintered nagnet of which the coercivity of the

magnet gradually decreases in the c-axis direction of the magnet.
including a By of 1.40 T and an H.y of 850 kA/m before 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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3. The R Fe-B based rare-earth sintered magnet of claim1l1, wherein the
magnet surface region, which is defined fromthe surface to a depth of 100
p m has a predeterm ned region and the other region, the predeterm ned
region having the structure in which the heavy rare-earth el enment RH has
been diffused, the other region not having the structure in which the heavy

rare-earth glement-BHehags beendiiff ¥sed. 1 and then the evaporation and
diffusion of Dy was produced from the RH bulk bodies 4 toward
the sintered magnet bodies. Specifically, a heat treatment
was conducted at a temperature of 900 °C and at a pressure of

1X10°? Pa for either 60 minutes or 120 minutes.

[0199] Some of the samples were subjected to the
evaporation diffusion process and then to an aging treatment
at a temperature of 500 °C and at a pressure of 2 Pa for 120
minutes. The other samples were subjected to a heat treatment
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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[0200] Table 14

Evaporation| With no additional With additional
diffusion heat treatment heat treatment
[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. An R-Fe-B based rare-earth sintered magnet
comprising, as a main phase, crystal grains of an R;Fe,B
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, the magnet including a heavy rare-earth element
RH (which is at least one element selected from the group
consisting of Dy, Ho and Tb),

wherein the magnet further comprises a region to which
the heavy rare-earth element RH has been diffused from a
surface of the magnet and in which the coercivity of the
magnet gradually decreases inward from the surface of the
magnet, and

wherein a magnet surface region in which the heavy
rare-earth element RH has been diffused and which is
defined from the surface to a depth of 100 p m, has a
structure in which the concentration of the heavy rare-
earth element RH is higher at the outer periphery of the
crystal grains of the RpFe;sB type compound than at a center
portion of the crystal grains of the RyFe;uB type compound,
and is lower by at least 1 at% at the center portion of the
crystal grains of the RyFe;uB type compound than at the
grain boundary triple junction in a grain boundary phase of

the crystal grains of the R,Fe;4B type compound.

2. The R-Fe-B based rare-earth sintered magnet of

claim 1, comprising a region which has anisotropy and in
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which the coercivity of the magnet gradually decreases in

the c-axis direction of the magnet.

3. The R-Fe-B Dbased rare-earth sintered magnet of
claim 1, wherein the magnet surface region, which is
defined from the surface to a depth of 100 1 m, has a
predetermined region and the other region, the
predetermined region having the structure in which the
heavy rare-earth element RH has been diffused, the other
region not having the structure in which the heavy rare-

earth element RH has been diffused.
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