SPECI FI CATI ON  PERVANENT MAGNET AND METHOD OF MANUFACTURI NG SAME [ Techni cal
Field] [0001] The present invention relates to a permanent nagnet and a

met hod of nmanufacturing the permanent nmagnet, and nore particularly rel ates
to a permanent magnet having hi gh magnetic properties in which Dy and/or Tb
is diffused into grain boundary phase of a Nd-Fe-B based sintered nmagnet,
and to a nethod of manufacturing the pernmanent magnet. [Background Art]

[ 0002] A Nd- Fe-B based sintered magnet (so-called neodym um magnet) is nade

of a combination of iron and el enen nd B that are inexpensive,
abundant, and stably obtainable éﬁ@bﬁgi}é@&}f@& ces and can thus be

manuf actured at a | ow cost and additionally has high nmagnetic properties
(its maxi num energy product is about 10 tines that of ferritic nagnet).

Accordingly, the Nd-Fe-B si NIBGRA PREN used in various kinds
of articles such as el ectro%gi\%gvi ces an(g’hﬁ%@e recently come to be adopted

in notors and el ectri cNETEI@DAQF MANUFAOTURENE SARPA3] On the other
hand, since the Curie tenperature of the above-described sintered magnet is

as | ow as about 300C, there is a problemin that the Nd-Fe-B sintered
magnet sonetines rises in tenperature beyond a predeterm ned tenperature
dependi ng BFechnicadiFielddst ances of service of the product to be enpl oyed and
t herefore i‘fﬂﬁ)t it will be demagnetized by heat when heated beyond the

pr edet er m 1t]errperature. In using the 1 above-described sintered magnet in

a desired pr O%%tpretsgl?{ fhvention te gtevgqt%re? permanent magnet and a method of

manufacturing the permanent magnet, and more particularly relates to a
permanent magnet having high magnetic properties in which Dy and/or Tb
is diffused into grain boundary phase of a Nd-Fe-B based sintered magnet,
and to a method of manufacturing the permanent magnet.

[Background Art}

[0002]

A Nd-Fe-B based sintered magnet (so-called neodymium magnet) is
made of a combination of iron and elements of Nd and B that are
inexpensive, abundant, and stably obtainable natural resources and can
thus be manufactured at a low cost and additionally has high magnetic
properties (its maximum energy product is about 10 times that of ferritic
magnet). Accordingly, the Nd-Fe-B sintered magnets have been used in
various kinds of articles such as electronic devices and have recently come to
be adopted in motors and electric generators for hybrid cars.

[0003]

On the other hand, since the Curie temperature of the above-described
sintered magnet is as low as about 300°C, there is a problem in that the
Nd-Fe-B sintered magnet sometimes rises in temperature beyond a
predetermined temperature depending on the circumstances of service of
the product to be employed and therefore that it will be demagnetized by

heat when heated beyond the predetermined temperature. In using the



the sintered magnet nust be fabricated into a predeterm ned shape. There is
then another problemin that this fabrication gives rise to defects (cracks
and the like) and strains to the grains of the sintered nagnet, resulting in
a renmarkable deterioration in the nmagnetic properties. [00041 Therefore,
when the Nd-Fe-B sintered nagnet is obtained, it is considered to add Dy
and Tb which largely inprove the grain magnetic anisotropy of principal
phase because they have magnetic ani sotropy of 4f-electron |arger than that

of Nd and becayse they .have .a negative Stevens . factor simlar to Nd.
However , 8P9i& wrimﬁ Btetadanaenet AdgREe Jepdust §Bers BrGRReRgY BeLepi n

or' entat o, BRGRIR gbel Rl PR TGy PhElase AL Sy ffe | Pl 1t P

phase, the streéengt ghetic accord m enér gy

product exhitkint ARGkHeR HraBRRR I GHAE QRE! LbRfeatDnCKvES FRleVto ASHUGE@radiQ005[  I'n
order to solve this kind of problem 1t has been proposed: to forma film

of Dy andafd the likepredesteainsn@diHeieiness td sidterddommet Nrezultihgnin tahi ckness
of above 3 pm depending on the volume of the magnet) over the entire

surface ofemhekalde det@1eraticr outlmygreemeticipenpedieaxecut e heat treatnent at a
predeterrﬁ&gﬂ tenperature; and to thereby honogeneously diffuse the Dy and
Tb that hal@0Gden deposited (forned into thin filnm on the surface into the

or i . boundr fy phaee. ol fe ARG iCSRe 0N DR Sl FOCUTRRL B). {00001 The
ecvan 20ech bl WPSRRITS D TR AR bR, ghURAR Y, o
nucl eat i ofn{bPRPY of PRIkdiYE] PHace BEAYA{HRY ABGOARLEALLE #nisotropy of
4f-electron larger than that of Nd and because they have a negative Stevens
factor similar to Nd. However, since Dy and Tb take a ferrimagnetism
structure having a spin orientation negative to that of Nd in the crystal
lattice of the principal phase, the strength of magnetic field, accordingly the
maximum energy product exhibiting the magnetic properties is extremely
reduced.
[0005]

In order to solve this kind of problem, it has been proposed: to form a
film of Dy and Tb to a predetermined thickness (to be formed in a film
thickness of above 3 pm depending on the volume of the magnet) over the
entire surface of the Nd-Fe-B sintered magnet; then to execute heat
treatment at a predetermined temperature; and to thereby homogeneously
diffuse the Dy and Tb that have been deposited (formed into thin film) on
the surface into the grain boundary phase of the magnet (see non-patent
document 1).

[0006]

The permanent magnet manufactured in the above-described method
has an advantage in that: because Dy and Tb diffused into the grain
boundary phase improve the grain magnetic anisotropy of each of the grain

surfaces, the nucleation type of coercive force generation mechanism is



strengthened; as a result, the coercive force is dramatically inproved; and
t he maxi mum energy product will hardly be lost (it is reported in non-patent
docunent 1 that a magnet can be obtai ned having a perfornmance, e.g., of the
remanent flux density: 14.5 kG (1.45 T), nmaxi mum energy product: 50 M3XCe
(400 kJ/ nB), and coercive force: 23 kCe (3 MAIM). [00071 By the way, as an
exanpl e of nethod of manufacturing Nd-Fe-B based sintered magnet, there is
known a powder netallurgy process. In this nethod, first, Nd, Fe, and B are

formul ated in predeterm ned conposition ratio, nelted,. and cast to

t her eby nﬁﬁ%\‘é@w ' 88 HreYilty the coprcrre foree yhdzamats elmapEaved; angr ound by
a hydroge rind na ste an hen subsequent. |y, finel r.ound b .g., jet
11§ perhsPiadhg Bhe ey Ptk JAR SEHATS BE AN e A2k B0 Phir O ¢ e
obt ai ned ' | | | ) el gnament in
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field is hghageshdhgedensitiereby Gt & a5 M) amiRisiesn aebtrey Thrsduer! ded body
is then sintered under predeterm ned conditions to thereby manufacture a

si nt er ed N@0et(40Q BINGRY), aAd meravpfess] 2 ke (3 Md/m3l.hod in the magnetic
field, there iz general ly used a uni axial pressurizing type of conpression
nmol di ng mekM107d. This conpression nolding machine is so arranged that all oy

dre, ”‘SEL 2" Cofr Ui v, é@éﬁﬁgpﬁéi@zx{e&g&&d gﬁ&ggﬁ%ﬁ,ﬁmg@f Snij”ha
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punches, gie bRthbd FirkON NHTORG, AR a%l % rfammbfipwrpféa%gﬁﬂﬁﬂe' Iled

into the cavity and due to friction between the alloy raw ne powder and
the wal | &dthpedicionofatid,nteliied, tdial chst s€tthefeliyosdnwctutet B8 AWchawa hi gh

orientation cannot be obtained, resulting in a problemin that the nmagnetic
properti ematerinhtwhieh is once coarsely ground by a hydrogen grinding step, and
then subsequently finely ground by, e.g., jet mill fine grinding sep to thereby
obtain alloy raw meal powder. Then, the obtained alloy raw meal powder is
oriented in magnetic field (alignment in magnetic field), and is
compression-molded in a state in which the magnetic field is being charged,
thereby obtaining a molded body. This molded body is then sintered under
predetermined conditions to thereby manufacture a sintered magnet.
[0008]
As a compression molding method in the magnetic field, there is
generally used a uniaxial pressurizing type of compression molding machine.
This compression molding machine is so arranged that alloy raw meal
powder is filled into a cavity formed in a penetration hole in a die, and a
compression (pressing) force is applied from both upper and lower directions
by a pair of upper and lower punches to thereby form the alloy raw meal
powder. At the time of compression molding by a pair of punches, due to
friction among the alloy raw meal powder that is filled into the cavity and
due to friction between the alloy raw meal powder and the wall surfaces of

the die that is set in position in the punch, a high orientation cannot be

obtained, resulting in a problem in that the magnetic properties cannot be



3 inproved. [0009] As a solution, it is known to add to the obtained all oy
raw nmeal powder a |ubricant such as zinc stearate. In this manner, by
securing flowability of the alloy raw neal powder at the tinme of
conpression nolding in the magnetic field, the orientation is inproved and
also nold releasing fromthe die is facilitated (see non-patent docunent
2). [ Non-patent docunent 11 Inprovenent of coercivity on thin Nd2Fel4B
sintered pernmanent magnets (by Pak Kite of Tohoku University, Doctor
Thesi s, March 23 2000) [ Non-patent document 21 JP-A-2004-6761 (see, e.g.,

t he descr?BPVBW of the colum of prior art) [Disclosure of the Invention]

[ Probl ens Sol ved by the Invention] [0010] In a sintered magnet nade
by sinteri g an alloy material containing a Iubricant, nuch carbon (ashes

of lubri Ca”t)Agedelﬁﬁoh%ttﬁ Jlﬂf@ﬁ o Bﬂﬂttb‘%h‘é%btal'f{eﬂrﬁll | favf 3dal gdwdddse the

above-descri bed process for Tusi ng Dy, hered"to the surface of the

si ntered gagpgtani$ecH QQZQ{@StﬁaMéndaﬁ)thtﬁ’lﬂl&Qner,Sbﬁ Sedif 18X Howiadility 4fh t he
sintered magnet nmanufactured in this manner, there are cases where Dy, Tb

reacts withe talloyr ea;Wdqualcmxbdetr (s ties tode Oflilcompansspn medding hy tihe

di sturbance of diffusion of , Tb into the grain boundary phase. If the
di f f usi onn:@fgn@plc di ?hq)mtlﬁatagmrsmmm@dwr%ab@ mgld wleasingdaomt the

di f fusion t be execu d i n aFEFort time, resulting in poor

wor kabi | i El& 18 6@‘ 1th€ &8¢ dogrraten F‘éWGB ‘he above points, a first object
of this i ”B’ﬁﬁ%l %%yﬁ?ggwm%&l?viljeIﬁlﬂfﬁ@gﬁgnf’fof”&%‘:’&@%%h”&ﬁ RaLFENBN

magnet in
sintered permanent magnets (by Pak Kite of Tohoku University, Doctor

Thesis, March 23, 2000)

[Non-patent document 2] JP-A-2004-6761 (see, e.g., the description of the
column of prior art)

[ Disclosure of the Invention]

[Problems to be Solved by the Invention]

[0010]

In a sintered magnet made by sintering an alloy material containing a
lubricant, much carbon (ashes of lubricant) remains in the grain particles.
From this fact, in case the above-described process for diffusing Dy, Tb
adhered to the surface of the sintered magnet into the grain boundary phase
is to be executed with the sintered magnet manufactured in this manner,
there are cases where Dy, Tb reacts with the residual carbon (ashes of
lubricants), resulting in disturbance of diffusion of Dy, Tb into the grain
boundary phase. If the diffusion of Dy, Tb into the grain boundary phase is
disturbed, the diffusion process cannot be executed in a short time, resulting
in poor workability.

[0011]

Therefore, in view of the above points, a first object of this invention is

to provide a method of manufacturing a permanent magnet in which Dy, Tb

adhered to the surface of the sintered magnet containing lubricants can be



adhered to the surface of the sintered magnet containing |lubricants can be 4
efficiently diffused into the grain particle phase, and in which the

per mmnent magnet of high nmagnetic properties can be manufactured at high
productivity. Further, a second object of this invention is to provide a

per manent magnet in which Dy, Tb is efficiently diffused only into the grain
particle phase of the Nd-Fe-B based sintered nmagnet containing |lubricants
and whi ch has high magnetic properties. [Means for Solving the Probl ens]
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Tb  adher ggrrh néhtemulgnedsr vﬂiich@y,Sﬂ‘mis?éiﬁ@iéiﬁgﬂéiffdééﬂ%rﬂFJthb Bewipelany phase
of the sintered magnet; wherein the sintered magnet enployed is

manuf act upartidle pdrasawdrthgeNdrBe-B3 bagel wirttbred mageyeoatavhipgnlubriBamim [ 0013]
According to this invention, by setting the average grain size to a range
of 4 pm - agd prhicihhagrhigbrmagnefde prerprtiest he surface of the sintered nagnet
can be effj}cientl iffused intao the grain boundary phase w thout being
af f ect ed bVERBS &Ry ?}Nu}%g% r‘6'?01‘:*'5“}I‘iubri cant) residual inside the sintered
magnet , thﬁfd?ﬁg attaining high productivity. In this case, if the average
grain size*is™Smaller than 4 pm although there can be obtained a pernanent

Lt e e A
addi ng t hfhdniifaétedile bOpéhiBaRéhiohdghitt RapBaUsier fikst sfpt of alhéAfg at
least one of Dy and Tb to at least part of a surface of a sintered magnet
made by sintering iron-boron-rare earth based alloy raw meal powder
containing a lubricant; a second step of heat-treating the sintered magnet at
a predetermined temperature to thereby disperse at least one of Dy and Th
adhered to the surface of the sintered magnet into grain boundary phase of
the sintered magnet; wherein the sintered magnet employed is
manufactured in an average grain size within a range of 4 pm ~ 8 pm.
[0013]

According to this invention, by setting the average grain size to a
range of 4 ym ~ 8 nm, Dy and/or Th adhered to the surface of the sintered
magnet can be efficiently diffused into the grain boundary phase without
being affected by the carbon (ashes of a lubricant) residual inside the
sintered magnet, thereby attaining high productivity. In this case, if the
average grain size is smaller than 4 pm, although there can be obtained a
permanent magnet having a high coercive force because Dy and/or Tb has
been diffused into the grain boundary phase, there will be diminished the
effect of adding the lubricant to the alloy raw meal powder in that, at the
time of compression forming, flowability can be secured to thereby improve

the orientation. Therefore, the orientation of the sintered magnet becomes



time of conpression formng, flowability can be secured to thereby inprove
the orientation. Therefore, the orientation of the sintered magnet becones 5
poor and, as a result, the remanent flux density and the maxi mum ener gy
product show ng the nmagnetic properties are |owered. [0014] On the other
hand, if the average grain size is larger than 8 pm the coercive force

| owers because the grain is too large and, in addition, the surface area of
the grain boundary becones snaller, and the ratio of concentration of the
resi dual carbon_(ashes of lubricant) near the grain . boundary becones

hi gher, tReMedyd) aF gerepulledheineaananthur depsity prd the maxuming gpereyhe

resi dual carpo eacts wth and/or Tb and,the diffusion of Dy into the
gai n bounﬁﬁﬂ‘ﬁlcgﬁé@g”ﬁ fhe H:éaqlﬁleﬁ RTOReT YRR ARLIOWHTEd i ffusion  tinme becomes

| onger and[ddﬁ wor kabi lity beconmes poor. [0015] Preferably, the method
further conprises: disposing the sintered nagnet in the processing chanber

and heating thepgaie;otheahiand, sm;heewa@@_@t%r h 5Bk a5 latgcr Mol Hipng tHe | east
one of Dy and Tb, the evaporating material being disposed in a same or

anot her pemeesei fogee lowbey becawss the drhin evaporlargs aevdapor addingpnyatheri al to
be adhered to the surface of the sintered nmagnet by adjusting an anmount of
suppl y of sufacee\axpar af ddie gvaipobauindgryrehesoimsls smatli;e', sand dbe ovatio hef
sintered magnet; diffusing at |east A one of Dy _and Tb inn the adhered

evapor at i fRICeREAtIOR of i residyabicarbepy (askes, of Habsicanth measi theegtinnagnet

verore 2 hRLTuth BLTE: Shehlie Y AR0LL A TR P e AR o
LB, L0OAeoRl i b oL Dpnd e To R amioRet 10
that has Dy into the gain boundary phase will be hindered, whereby the diffusion

time becomes longer and the workability becomes poor.

[0015]
Preferably, the method further comprises: disposing the sintered

magnet in the processing chamber and heating the same; heating an

evaporating material containing at least one of Dy and Tb, the evaporating

material being disposed in a same or another processing chamber; causing

the evaporated evaporating material to be adhered to the surface of the

sintered magnet by adjusting an amount of supply of the evaporated

evaporating material to the surface of the sintered magnet; diffusing at least

one of Dy and Tb in the adhered evaporating material into the grain

boundary phase of the sintered magnet before a thin film made of the

evaporated material is formed on the surface of the sintered magnet; and

then executing the first step and the second step.

[0016]
According to this configuration, the evaporated evaporating material is
supplied to, and adhered to, the surface of the sintered magnet that has
been heated to the predetermined temperature. At this time, since the

sintered magnet was heated to a temperature at which the most optimum

diffusion speed can be obtained, and since the amount of supply of the



been heated to the predeterm ned tenperature. At this tine, since the
sintered magnet was heated to a tenperature at which the nost optinmum

di ffusi on speed can be obtained, and since the amount of supply of the 6
evaporating material to the surface of the sintered nagnet was adjusted, the
metal atons of Dy and/or Th in the evaporating material that was adhered to
the surface were sequentially diffused into the grain boundary phase of the
sintered magnet before the thin filmwas fornmed (i.e., the supply of the
metal atons such as D% Th and th I|ke to.the 3urface of the sint red
magnet aneVaRpEaoermaraak oturfageptithe sipterad ppagret-yapadrstad.d dheoxecut ed

condi ¢ 1 onBetR! RiREbal AR hath o Che BVBEREARE Fan ey A meok s alfbediloeC”®
before eXEFgﬁé Qdrf0E PARVEs {dlﬂﬁﬂlﬂééﬂeﬁ-&g&%fe %ﬁa‘?n%ﬁlfrﬁ%‘%yg%t ted % -t ed

manuf act ured per manent magnet be prevent

(surface tlugiiessd ifpmncheediientheiincilm Rdeforhidl did f tisd 8ppf ofltheand/ or
Th into the grain boundary near the surface of the si nt er ed magnet can be
pr event edmednl atomparsuchulaar Dpodth pndcHssilikg trechaesunfate of ahei siederedher eby
attaining a hi gh product|V|ty [00171 Further, by causing Dy and/or Th to

be diffustwngnel apdebhe diéfvsipmedesesl iintwo thee sgrim rbmmhaar hpsmsareof t he
sintered magn% there .can be obtai ned a er manent ne ha a
Dy-rich pﬁ’é“s“é‘ ehdp & single W@‘F?%H%g aeewamsaw% bRk, ange of

5- 80% Ln b dar t Iof £ an qQr. Tb onl

in the /?1e? B?ﬁ' ﬁ%%@ltbqns %@1 8#@3@3% nié}éneé i n%ubsrligmegg hre g UPE B whi %:/h
has a hi [ [

case the??ﬁg\%&gﬁfﬁggéﬁ%%gggc@ﬁ ? c&r%’c B%él r%%g%gé ale?llsle r?ggff%g héefl tg{tﬁ)rface of
the sint epthufagitebd atpdri@anditenfifgriedbrdagat ben Wevefitedi Mdhedgdregipet ,

there will be forned -rich phase and/or Tb-rich phase on the inside
t her eof , tbersrated tarfadenpughmess from becoming worse). Excessive diffusion
of Dy and/or Tb into the grain boundary near the surface of the sintered
magnet can be prevented, and a particular post processing becomes not
required, thereby attaining a high productivity.
[0017]

Further, by causing Dy and/or Tb to be diffused and spread
homogeneously into the grain boundary phase of the sintered magnet, there
can be obtained a permanent magnet that has a Dy-rich phase and/or
Tb-rich phase (phase containing Dy, Tb in the range of 5 ~ 80%) in the grain
boundary phase, that has diffused Dy and/or Th only in the neighborhood of
the surface of the grains and, as a result of which, has a high coercive force
and high magnetic properties. In addition, in case there have occurred
defects (cracks) to the grains near the surface of the sintered magnet at the
time of fabrication of the sintered magnet, there will be formed Dy-rich
phase and/or Tb-rich phase on the inside thereof, thereby recovering the
magnetization intensity and the coercive force.

[0018]

In the above-described processing, if the sintered magnet and the

evaporating material are disposed at a distance from each other, when the



magneti zation intensity and the coercive force. [00181 1In the
above-descri bed processing, if the sintered nagnet and the evaporating
material are disposed at a distance fromeach other, when the 7 evaporating
material is evaporated, the nolten evaporating material can advantageously
be prevented fromdirectly getting adhered to the sintered nagnet. [00191
Preferably, the adjustnment of the amount of supply of the evaporating
material to the surface of the sintered magnet is executed by varying a
specific surface area of. ihe evaporati&g nat§¥ial at a certaing%fnperature,
ther eby i FYaRX8FIRG BrateEal 48 SViAROrHedathe iRolenevaRATatingh mateEs! didky t o

this confiquration, w-thout the f changing t ar rangsnent t he
appar at us"auervaepgpsi o BivdEa 15, Gieatiy Re8e Aiheipd AT Brehlec e

W th sepa gparts required for increasing or decreasing the amunt of
supply of and/or Tb to the surface of the sintered magnet, the anount of
supply to [dEIurface of the sintered magnet can be easily adjusted. [00201
In order to renove stains, gases, and noi sture adhered to the surface of

t he sintered Pagieeablyetloe adpistesitrof thg amdint of bupplyoof the gwiporatimgdar y
phase, it is preferable to reduce the pressure in the prqcessi ng chanber
and nai nt B1ateripb tprihes anefaceafcthe gintered anagnet iy exerutgfobe SGINING Wanber

L O UL N Y R
SUr12Ce:  HenhsDOELSHARE B ABhAHEYHF Babiegt RLASRTIT, LTPBRELE, 3 nea
t enper at ugig a0 fRIrAtidhD WiltRoh€ TRE R 6§f changing the arrangement of the

apparatus such, for example, as providing inside the processing chamber

with separate parts required for increasing or decreasing the amount of

supply of Dy and/or Tb to the surface of the sintered magnet, the amount of

supply to the surface of the sintered magnet can be easily adjusted.

[0020]

In order to remove stains, gases, and moisture adhered to the surface
of the sintered magnet before diffusing Dy and/or Tb into the gain boundary
phase, it is preferable to reduce the pressure in the processing chamber
and maintain the pressure thereat prior to heating the processing chamber
in which the sintered magnet is disposed.

[0021]

In this case, in order to accelerate the removing of the stains, gases,
and moisture adsorbed to the surface, it is preferable, after reducing the
processing chamber to a predetermined pressure, to heat the processing
chamber to a predetermined temperature and maintain the temperature
thereat.

[0022]

On the other hand, in order to remove oxidized film on the surface of

the sintered magnet before diffusing Dy and/or Tb into the grain boundary

phase, it is preferable to clean the surface of the sintered magnet by plasma



thereat. (00221 On the other hand, in order to renove oxidized filmon the
surface of the sintered magnet before diffusing Dy and/or Tb into the grain
boundary phase, it is preferable to clean the surface of the sintered
magnet by plasma 8 prior to heating the processing chanber in which the
sintered magnet is disposed. [0023] Further, after having diffused Dy
and/or Tb into the grain boundary phase of the sintered nmagnet, heat
treatnment is preferably executed to renobve strains in the permanent magnet
at a tenperature | ower than the smdtmmaaune According to this

confi gur aption tot heatéang dhehprosbssinacthaanbereinamiich vhegsintensd magnataisnet i c
propertie |ch the magnetization intensity and coercive force are
further aﬁ recovered. [0024] 1In order to solve the above-described
probl ems, fdﬁ? ernanent magnet according to claim9 is nmade by: sintering

I ron-boron-rare earth based alloy raw neal powder containing a Iubricant;

adhering at | ?%%Ehé%n%fﬁéfr Vi gd%ffﬁlseg%ﬁtadd?@ﬁtrbpﬁ{tb He gréﬂr héesd Ay

sintered magnet whi ¢h 1's manu ture as to have an verage gral n SI e

of 4 gm -pBagMofatld eieerdd Ndabeed, hédteatoitiiendt isappsfedahler skatrded esiper at ure
so t hat at | east one of Dy and Tb adhered to the surface of the sintered
magnet i sreihbveistrhingto theapermimentdeagnpehate témpheatsiratlewed thagntdie.
[Effects of the Invention [0025! As descri bed herei nabove, the nethod of
manuf act uﬁaldgtemwﬁmnt coon@ima toathis canfiguratiom, theracant honbtmsed e
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intensity and coercive force are further improved or recovered.
[0024]

In order to solve the above-described problems, the permanent magnet
according to claim @ is made by: sintering iron-boron-rare earth based alloy
raw meal powder containing a lubricant; adhering at least one of Dy and Th
to at least part of a surface of a sintered magnet which is manufactured so
as to have an average grain size of 4 pm ~ 8 pm; and executing heat
treatment at a predetermined temperature so that at least one of Dy and Tb
adhered to the surface of the sintered magnet is diffused into grain
boundary phase of the sintered magnet.

[Effects of the Invention]
[0025]

As described hereinabove, the method of manufacturing a permanent
magnet according to this invention has the efffects in: that Dy and/or Th
adhered to the surface of the sintered magnet containing therein a lubricant
can be efficiently diffused into the grain boundary phase; and that a
permanent magnet having a high productivity and high magnetic properties
can be manufactured. Further, the permanent magnet according to this
invention has an effect in that it has high magnetic properties and has a
particularly high coercive force.

[Best Mode for Carrying Out the Invention]



can be efficiently diffused into the grain boundary phase; and that a

per manent nmagnet having a high productivity and high magnetic properties
can be manufactured. Further, the permanent magnet according to this

i nvention has an effect in that it has high nagnetic properties and has a
particularly high coercive force. [Best Mbdde for Carrying Qut the Invention]
9 [00261 Wth reference to FIGS. 1 and 2, a permanent nagnet M of the
present invention is manufactured by simultaneously executing a series of
processes {ﬁéﬁﬁuun1vapor processi ng) of evaporating an evaporating materi al
% contajrﬁ t |least one of Dy and Tb; causing the evaporated evaporating

material v to adhered to urfase of a Nd-Fe-B b dSintered . .mgnet
S'that has belhThatReRecr IOFICS, Idndfh RereREpt idkmtafior e wedine et o
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mat eri al  {(vculBDWHsiru prbcasigd bfwevaporatii® Wwn Nevd)statipatmbteridley B, Nd
are fornulated at a predetermned ratio of conposition to first nanufacture

an al | oycomtaixingl atoleadt Gmenod Dy0ahd ifh:byatsimg khevevapiorafedc esdporgtimet hod.
Alternatively, an alloy material having a thickness of about 5 mm may be
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boundary phase.
[0027]

The Nd-Fe-B based sintered magnet S as the starting material is
manufactured as follows by a known method. That is, Fe, B, Nd are
formulated at a predetermined ratio of composition to first manufacture an
alloy material of 0.05 mm ~ 0.5 mm by the known strip casting method.
Alternatively, an alloy material having a thickness of about 5 mm may be
manufactured by the known centrifugal casting method. In addition, a
small amount of Cu, Zr, Dy, Al or Ga may be added therein during the
formulation. Then, the manufactured alloy material is once coarsely
ground by the known hydrogen grinding process and subsequently finely
ground by the jet-mill fine grinding process, thereby obtaining alloy raw
meal powder.

[0028]

At the time of executing a forming step in the magnetic field as
described hereinafter, the alloy raw meal powder has added thereto a
lubricant in a predetermined mixing ratio, and the surface of the alloy raw
meal is coated with this lubricant for the purpose of improving the
orientation by securing the flowability of the alloy raw meal powder and also
for the purpose of facilitating the releasing of the formed body off from the

metal mold, and for other purposes. As the lubricant, solid lubricants or
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At the tinme of executing a formng step in the magnetic field as described
hereinafter, the alloy raw neal powder has added thereto a lubricant in a
predeterm ned m xing ratio, and the surface of the alloy raw neal is coated
with this lubricant for the purpose of inproving the orientation by
securing the flowability of the alloy raw nmeal powder and also for the
purpose of facilitating the releasing of the fornmed body off fromthe netal
nol d, and for other purposes. As the lubricant, solid lubricants or 10
liquid lubricants having a | ow viscosity are used so that they do not danage
t he net al ligpidjlubxicanie hawing allowr vieeonity archused saphafethaysdeaor damager

OO el oo BRI ol o ona BT e
e oAby PSL TS MBI £ S b CTBESER b,
s0_ Daseth, mulih ) i shFBAL (RALEIY IS RLETAN fohshriar

ot her hanfkeRSorgagid ilﬁ?ﬁ%dlyhfdrﬁdMEE hiedsedc aligdatid iybsh ﬂﬁtsdﬂ,alhi% rease
material (vegetable oils such as castor oil, coconut oil, palmoil, and the
| i ke; mi neliphatit basegefattyt acih amekesbasa datthecid kefer Easgddpngaalln somp

nol ecul ar_ materials (I ovv-?rade al i phatjc based, |owgrade fatty acid am de

based, | ohaggdadand heylikel.d Hsiepagtisularly inreferaple tpcusariye steduatabl e to

use liquid fatty agid, li.quid tfatty acid ester, and liquid fluorine

| ubri cant & yﬂ?%gﬂllﬁ%’bﬂ“igﬁpgoe}ﬁ‘@r&@@ &t Csurfactant or by diluting with
sol vent . Tw'OZ arbon residue content of the lubricant that remains after
sintering towers the coercive force of the magnet. Therefore, it is

e e o Lot BReRASE TSI 1R el atel g gy faf ol

al | oy rawgr@ak mavsiesl Regetable oils such as castor oil, coconut oil, palm oil, and
the like; mineral oils; petroleum grease; and the like), and organic low
molecular materials (low-grade aliphatic based, low-grade fatty acid amide
based, low-grade fatty acid ester based). It is particularly preferable to use
liquid fatty acid, liquid fatty acid ester, and liquid fluorine lubricant.
Liquid lubricants are used with surfactant or by diluting with solvent. The
carbon residue content of the lubricant that remains after sintering lowers
the coercive force of the magnet. Therefore, it is preferable to use low
molecular weight materials to facilitate the removal in the sintering step.

[0030]

In case a solid lubricant is added to the alloy raw meal powder P,
addition may be made in a mixing ratio of 0.02 wt% ~ 0.1 wt%. If the
mixing ratio is less than 0.02 wt%, the flowability of the alloy raw meal
powder P will not be improved and, consequently, the orientation will not be
improved. On the other hand, if the mixing ratio exceeds 0.1 wt%, the
coercive force lowers under the influence of the carbon residue content that
remains in the sintered magnet when the sintered magnet is obtained.

Further, in case a liquid lubricant is added to the alloy raw meal powder P,

it may be added in a range of 0.05 wt% ~ 5 wt%. If the mixing ratio is less

11



addition may be nmade in a mxing ratio of 0.02 wt%-' 0.1 ww% If the
mxing ratio is less than 0.02 wt% the flowability of the alloy raw neal
powder P will not be inproved and, consequently, the orientation will not be
i nproved. On the other hand, if the mxing ratio exceeds 0.1 W% the
coercive force |lowers under the influence of the carbon residue content that
remains in the sintered nagnet when the sintered magnet is obtained.
Further, in case a liquid lubricant is added to the alloy raw meal powder P,
it may be added in a range. of 0.05 wt%- 5 W% If the mxing ratlo is | ess

11 than Otlos W05 wite th@\ﬂ@mbllwmf &hﬁeeauoy aPE m@&lenwé@v\d@l wpet (benot be

i mproved and, anseguent I %{l OSS?’?’BL L i t the ri.enta ‘w on wll
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| ubri cant are added e lubricants will be wdely spread to every corner of

the al | oyths#verg@insaaveles sintéved, mdgaet ohendiles sintérddctaigngt &f bBgafined hi gher
orientation can be obtained. Subsequently, by using, e.g., a uniaxial

pr essur i zBygthey peaypfasc thprlabsicantsyolf diath thecholnd lgboicank |arsd the ddquidavi ng a
known construction, the alloy raw neal ﬁowder containing the lubricants: is

formed i niwp rqu@wear@t@ddﬁdaetheslnbp@anbs ! beavgmlycsme@qido gvery [gerresr efer

h d i d k t f t er.ed

by det er niifeallas AR Msa Bosidst Fz%g%hﬂac WA aé§a$$lﬁg§r1§gr#ép§da Heht i s
manuf act UBSQntzIt@oQ?]z?an B to'B‘Ea '§uf>$bf‘};0use&1@1§ @’ 12% gadg HX%ag(Jtl tering

the alloy raw er con a| ni ng ric éven e m xi ng

L s ot St b o, G g
Ther ef or eknbwnRonatdicéion] lBhe alloy raw meal powder containing the lubricants: is
formed into a predetermined shape in the magnetic field; is thereafter
housed inside a known sintering furnace; and 1is sintered under
predetermined conditions, whereby the above-described sintered magnet is
manufactured.
[0031]

By the way, in the sintered magnet made by sintering the alloy raw
meal powder containing lubricants therein, even if the mixing ratio of the
lubricants 1s set as described above, the grains of the sintered magnet have
residual carbon (ash content of lubricants). Therefore, if Dy and/or Tb
reacts with the residual carbon in executing the vacuum vapor processing,
the diffusion of Dy and/or Tb into the grain boundary phase will be
disturbed. As a result, the diffusion processing (and in turn the vacuum
vapor processing) cannot be executed in a short time. In this embodiment,
the conditions of manufacturing the sintered magnet S in each of the steps
were optimized, and the average grain size of the sintered magnet S was
made to fall within a range of 4 pm ~ 8 pm. According to this arrangement,

without being influenced by the residual carbon in the sintered magnet, Dy

and/or Th adhered to the surface of the sintered magnet can be efficiently
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reacts with the residual carbon in executing the vacuum vapor processing,
the diffusion of Dy and/or Th into the grain boundary phase will be

di sturbed. As a result, the diffusion processing (and in turn the vacuum
vapor processing) cannot be executed in a short tinme. In this enbodi nent,
the conditions of manufacturing the sintered nmagnet S in each of the steps
were optim zed, and the average grain size of the sintered magnet S was
made to fall within a range of 4 pm- 8 pm According to this arrangenent,
wi t hout bejng influepced hy the residual carbon in the sintered nmagnet, Dy
and/ or Tbﬁg%ﬂeglqrﬁgﬂ?ét%lﬁﬂ?%@é“gﬁ RrAdUCiiRter ed magnet can be efficiently
12 di ffusegooérégereby attaining a high productivity. [0032) In this case, if
the averagk grdin size is less than 4 pm there can be attained a permanent

t h . : . . H f f d
mgnet. havi ng1g ok Goak thy avephes ehEEASE iDiese Pt By BB OERR Wl [ f use

into the grain boundary phase. Ho ere w educed the effect of
addi ng t hattaihsd GARlesmiahenemalgney Kavinpeal highowsercivd fercef beetudeeDyg t hat
the flowability is secured at the time of conpression nolding in the
magnet i ¢ fndlod BnHas baén diffused artbahie @raisboungayvphaselThdlowieet, ahéen of t he
sintered magnet will thus be worsened and, as a result, the remanent fl ux

density amallthe redncedutheredfegy of rdsingt thenlithyagants tohtheradiest 1asv pneger t i es
than 8 pnPOVHER o HRR cilFet (beia8 61 the NowABHY i gectivdadd: theotimenet aur f ace
concent r abrBHr Gt dpEEhy ot Y85 Bhensdl nefd,autf (Pat Bl axidrBubc s
nddi t1 on. pESWER, | Fhe BBl Gon Urthe! Sntdd BlaereB WIS 1Clbracdb. o\ 1 ped
from getthag, disf husashlt,Ntike trhegn At RKUAEASYy PRad Sshe Wketiahymt BReddye of

di ffusi on becones | onger and the productivity becones poorer.
product indicating the magnetic properties will be lowered. On the other
hand, if the average grain size is larger than 8 um, the coercive force will be
lowered and, in addition, the surface area of the grain boundaries becomes
smaller. As a result, the ratio of concentration of the residual carbon near
the grain boundaries becomes higher, and thus the coercive force is further
lowered largely. In addition, the residual carbon reacts with Dy and/or Tb,
and Dy is disturbed from getting diffused into the grain boundary phase,
whereby the time of diffusion becomes longer and the productivity becomes
poorer.
[0033]

As shown in FIG. 2, a vacuum vapor processing apparatus 1 for
executing the above-described processing has a vacuum chamber 12 in
which a pressure can be reduced to, and kept at, a predetermined pressure
(e.g., 1 x 1075 Pa) through an evacuating means 11 such as turbo-molecular
pump, cryopump, diffusion pump, and the like. There is disposed in the
vacuum chamber 12 a box body 2 comprising: a rectangular parallelopiped
box part 21 with an upper surface being open; and a lid part 22 which is

detachably mounted on the open upper surface of the box part 21.
[0034]
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[0033) As shown in FIG 2, a vacuum vapor processing apparatus 1 for
executing the above described processing has a vacuum chanber 12 in which a
pressure can be reduced to, and kept at, a predeterm ned pressure (e.g., 1
x 10-5 Pa) through an evacuati ng neans 11 such as turbo nol ecul ar punp,
cryopunp, diffusion punp, and the |ike. There is disposed in the vacuum
chanber 12 a box body 2 conprising: a rectangul ar parall el opi ped box part
21 with an upper surface being open; and a lid part 22 which is detachably
nount ed on the open upper surface, of the box part 21. [00341 13 A downwardly
bent flange 2%a flewnwardly abeny dlangent23a 1% deumedr alers otheneenting part

22. \Wen the li.d t i S, i i.1ion t he, ul f th
ggx(pﬁfg‘hg{s?uw'ﬁ%reﬁﬁén@ﬁ%}ﬁ“q%??%h”mfeﬁf 'ttahgﬂ‘@i’é‘aerﬁ _h%prﬁ#ou_frﬁé B8 §a;t ’

i .Cs I S S
to defi nebgmglr%%coensg?enéﬁgﬁgg]bﬁe@%(ﬁy\g?gﬁﬁ ip%rt ?gb%? ggﬁ%? g?haﬁﬁg@g%g%tr% chanber
12, 1t 154180 ou@d WAl 6f théHox YRAN21 e (NACLUYD GRATRAIurhZsda] HRBUSSE 1N

pressure through the evacuating nmeans 11 to a predeterm ned pressure (e.g.,
1 x 10-5 Retal bbsl ¥ peedded)y sohasherdetthe hsproedssing dhanb@s0rwhich &
pressure (e.g., 5 x 10-4 Pa) that is higher substantially by half a digit

t han t hat 1sotatetefrowc thenvehantrechamberf A@35]It iTlse mlﬁgrme(bfti/mh,ewlhuencﬁ'@si ng
chanmber 20 is set, taking into cgnsideration the_nean free path of the
evapor at i KaCHHReshamber 12 jsrredmasd 1pHerensizg thioseh Hrelevpiating mganyy  Th in

(he vapor 1L TosplaLe CADAS, cRURRLISE 1 0SBkl sdmanet s dhtont 1Y o
oo o PSRRI 7, PR RS B PR P bR
her ei naf t gapstaReiadlyShy BEE LAigdt MRHLIARA in! thlvacuum chamber 12.

[0035]

The volume of the processing chamber 20 is set, taking into
consideration the mean free path of the evaporating material v, such that
the metal atoms and the like of Dy, Tb in the vapor atmosphere can be
supplied to the sintered magnet S directly or from a plurality of directions
by repeating collisions. The surfaces of the box part 21 and the lid part 22
are set to have thicknesses not to be thermally deformed when heated by a
heating means to be described hereinafter, and are made of a material that
does not react with the evaporating material v.

[0036]

In other words, when the evaporating material v is Dy, Tb, in case
Al;O3 which is often used in an ordinary vacuum apparatus is used, there is
a possibility that Dy, Tb in the vapor atmosphere reacts with AlzO3 and form
products of reaction on the surface thereof, resulting in penetration of the Al
atoms into the vapor atmosphere of Dy and/or Th. Accordingly, the box
body 2 is made, e.g., of Mo, W, V, Ta or alloys of them (including rare earth
elements added Mo alloy, Ti added Mo alloy, and the like), CaO, Y203 or

oxides of rare earth elements, or constituted by forming an inner lining on

the surface of another insulating material. A bearing grid 21a of, e.g,, a
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does not react with the evaporating material v. (0036] In other words, when
the evaporating material v is Dy, Th, in case A1203 which is often used in
an ordinary vacuum apparatus is used, there is a possibility that Dy, Tb in
t he vapor atnosphere reacts with A1203 and form products of reaction on the
surface thereof, resulting in penetration of the Al atons into the vapor

at nosphere of Dy and/or Tb. Accordingly, the box body 2 is nade, e.g., of
M, W V, Ta or alloys of them (including rare earth elenents added M
alloy, Ti added Me alloy, and the like), O .Y203 or OX|des of rare earth
el enent s, pb%rab&ﬁgfuMet%reﬁ efr inng 50 man &hia)y as ﬁgr«mgedm latti¢eaab aof

T CEEN L S e et e e
et TORE 5k a4 PRFARES 500661 BBl PSSSRIR e 2
side by Bydeﬁde mOhhﬁl@bHEér Rand, th@%v%‘{)@?&ﬁiﬁé'rﬁﬁtéﬁﬂe{r'@' aIYpﬂo?rlately

appropriately placed on a bottom surface, side surfaces or op surface of
t he procephiced o Adbdteom2rf4d037de siatdcorvappr sinfag: ohtles pabcessingere i s
used Dy and/or Tb which largely inproves the grain magnetic anisotropy of
princi pal clpzhlaber 20n addition, there may be used fluorides containing at

| east one 8@ E}% and Th. In addition, there may be used one in which at

| east one and Th is contai ned In this case, the evaporating nmaterial

lectric are AaipaedanaraiiaE giegipiere s erd DyEPAIRE AN Bt nei e
the pr OCeg@bp&e%hamgg;au?%aé&&ﬁéhm&ﬂwBf ptrn?msé(ﬁe,%@&.' th RAEGOR] v Y

conpri se east
there may be used fluorides containing at least one of Dy and Tb. In

addition, there may be used one in which at least one of Dy and Tb is
contained. In this case, the evaporating material v is formulated in a
predetermined mixing ratio and by using, e.g., an electric arc furnace, an
alloy of bulk form is obtained and disposed inside the processing chamber
20.

[0038]

Further, the evaporating material v may comprise at least one
material of the group consisting of Al, Ag, B, Ba, Be, C, Ca, Ce, Co, Cr, Cs,
Cu, Er, Eu, Fe, Ga, Gd, Ge, Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb,
Ni, P, Pd, Ru, S, Sb, Si, Sm, Sn, Sr, Ta, Ti, Tm, V, W, Y, Yb, Zn, and Zr.

[0039]

The vacuum chamber 12 is provided with a heating means 3. The
heating means 3 is made of a material that does not react with the
evaporating material v, in the same manner as is the box body 2, and is
arranged so as to enclose the circumference of the box body 2. The heating
means 3 comprises: a thermal insulating material of Mo make which is
provided with a reflecting surface on the inner surface thereof, and an
electric heater which is disposed on the inside of the thermal insulating

material and which has a filament of Mo make. By heating the box body 2

15



material of the group consisting of Al, Ag, B, Ba, Be, C, Ca, Ce, Co, Cr,
Cs, Cu, Er, EBu, Fe, Ga, &d, Ge, Hf, Ho, In, K La, Li, Lu, My, M1, M, Na,
No, N, P, Pd, Ru, S, Sb, Si, Sm Sn, Sr, Ta, Ti, Tm V, W Y, Yb, Zn, and
Zr. [0039] The vacuum chanber 12 is provided with a heating nmeans 3. The
heating means 3 is made of a material that does not react with the
evaporating material v, in the sane manner as is the box body 2, and is
arranged so as to enclose the circunference of the box body 2. The heating
means 3 conprises: a thermal insulating material of M nmake which is

provi ded by the heptinganenng 3sat 2 aeduend prassurmdhesnotessing sbpadferiitisan

E'a? Ei{ L{ A R e §For§¢3?qdaﬂi d%ﬁg%%lté)??ﬂ%hg}r%gﬂlsﬁ;iz & 2 15
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processi ng er 20 can be heated substantially uniformy. [00401 A
description wll now be made of the nmanufacturing of a pernmanent magnet M

using the abovedéreptidiedilasiwMevaRde ¢ff heemiint@a@RRPHAbHS Jermdndrit of
all, sintered magnets S made in accordance with the above-described nethod

are pl acemhagmet M usiag theg aoverd2deribéd vhewlnmxvamrtpro2dssingchppparatust he
evaporating material v is placed on the bottom surface of the box part 21
(accor di nEinsy i sall,t heingeneder magmatiheSs Bagled ithe acenrdpocat iwighnettheri al v

are di sposed at a di stanc rom each other in the processing chanber 20).
After havit erré‘iﬁﬁ’? i e %‘itair%r?????él pndhshaarme gud gi%"%ﬁgﬁ hFoRATts ur f ace

encl osed B T Teae S Fanttie pade) 38R e f anlbE B &) | Then
£228ﬁ22 ;ﬂger ?c/fg‘tcg%tr%t Eg%”%?gggd&gxgt B tHMECYHE SHABRE rhaghStsS\RCHA heunt il it
evaporating material v are disposed at a distance from each other in the
processing chamber 20). After having mounted in position the lid part 22
on the open upper surface of the box part 21, the box body 2 is placed in a
predetermined position enclosed by the heating means 3 in the vacuum
chamber 12 (see FIG. 2). Then through the evacuating means 11 the
vacuum chamber 12 is evacuated until it reaches a predetermined pressure
(e.g., 1 X 10~¢ Pa) (the processing chamber 20 is evacuated to a pressure
substantially half-digit higher than the above) and the processing chamber
20 is heated by actuating the heating means 3 when the vacuum chamber
12 has reached the predetermined pressure.
[0041]

When the temperature in the processing chamber 20 has reached the
predetermined temperature under reduced pressure, Dy placed on the
bottom surface of the processing chamber 20 is heated to substantially the
same temperature as the processing chamber 20, and starts evaporation,
and accordingly a vapor atmosphere is formed inside the processing
chamber 20. Since the sintered magnets S and Dy are disposed at a
distance from each other, when Dy starts evaporation, molten Dy will not be

directly adhered to the sintered magnet S whose surface Nd-rich phase is
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(e.g., 1 x 10-4 Pa) (the processing chanber 20 is evacuated to a pressure
substantially half-digit higher than the above) and the processi ng chanber
20 is heated by actuating the heating neans 3 when the vacuum chanber 12
has reached the predeterm ned pressure. [00411 Wen the tenperature in the
processi ng chanber 20 has reached the predeterm ned tenperature under
reduced pressure, Dy placed on the bottom surface of the processing chanber
20 is heated to substantially the same tenperature as the processing
chanber 20, and starts evaporation, and_accordingly a vapor atnosphere is
forned i ngiadted: hdhrrofbsin the vapentdmaphes: ax suppbedifrowr 2 plnnalitet of S and
Dy are di sposed at . di,stance from each ot her, when Dy starts evaporation
mol ten DydieFHoRBeifher driestd) gr i araertine (MisiPRscnsd AGHREY S0uHs e

uppi 1 od FPEREE FERapiloret ey SHE Y ke pARERY s P RERkE | g
col |11 onge das el fo bhehs LG Sy AbokhE SLBHRY vdhth, Bl Byt has

been heated to a ténperature substantia e sane as that of t

evapor ati pg thet eapéd atmobpRere i9&supplicdNahfeadidded & hepbeFface ofsthepl i ed
and adhered to the surface of the sintered magnet S that has been heated to

the sanme smntperdimagneisStthat levapeoenthangedretbethieakambr tmpeysturalaist sheof
directions either directly or by repeating collisions. The adhered Dy is
di ffused BVaprrainggmaterisdufiea ya pinealetyopl divections epibernddrretlysor thyer eby

obtain 10, 8, Rer ISRl tranch M, OO0 Th S0 houty LN FLS Bundsnile
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roughness s worsened) as a result of recrystallization of the Dy that
has been adhered to, and deposited on, the

As shown in FIG. 3, when the evaporating material v in the vapor
atmosphere is supplied to the surface of the sintered magnet S so as to form
a Dy layer (thin film) L1, the surface of the permanent magnet M will be
remarkably deteriorated (surface roughness becomes worsened) as a result
of recrystallization of the Dy that has been adhered to, and deposited on, the
surface of the sintered magnet S. In addition, the Dy adhered to, and
deposited on, the surface of the sintered magnet S that has been heated to
substantially the same temperature during processing gets melted and Dy
will be excessively diffused into the grains in a region R1 near the surface of
the sintered magnet S. As a result, the magnetic properties cannot be
effectively improved or recovered.

[0043]

That is, once a thin film of Dy is formed on the surface of the sintered
magnet S, the average composition on the surface of the sintered magnet S
adjoining the thin film becomes Dy-rich composition. Once the composition
becomes Dy-rich, the liquid phase temperature lowers and the surface of the
sintered magnet S gets melted (i.e., the principal phase is melted and the
amount of liquid phase increases). As a result, the region near the surface

of the sintered magnet S is melted and collapsed and thus the asperities
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surface of the sintered magnet S. In addition, the Dy adhered to, and
deposited on, the surface of the sintered magnet S that has been heated to
substantially the same tenperature during processing gets nelted and Dy

wi |l be excessively diffused into the grains in a region Rl near the surface
of the sintered magnet S. As a result, the nmagnetic properties cannot be
effectively inproved or recovered. [00431 That is, once a thin filmof Dy
is formed on the surface of the sintered nagnet S, the average conposition

on the surface of theéajntehéd magnet f ad'oininglthﬁ}thin_filn1b§%pnes
Dy-rich cYMeasei i addition WLy sipsarvevoRengfgathireintey the grainsntogethtli d phase
t enperat ure,l owers and the Surf. of th sintered .magnet. S gets nelted
(et oL heih Aare ARrn o Pt At il PAg B rimDA mred SpRdgE
I ncreases & "R -1 f Lt e magnet
S s ol t SRUATF JFitdnt T (ERLAD, RERILNE, PHE GEmofll pRBORHRL SR ron.
Dy excesskyweh¥r Reh@ledates into the grains together wth a | arge anount of
| i qui d phase and thus the nmaxi mum energy product and the remanent fl ux
density exb@®44]i ng the magnetic properties are further |owered. [0044]
According to this enbodi nent, Ez.in bulk_forn1§sub?tantiaLl spherica
shape) havi ngAgcerding tgthissembadmaepeDim bulkolorme (quséantinly sphereal ar ea)
was dispogﬁd 33Ethe bott om surface of the processing ch er 20 in ratio
of 1 - 1056BREVRRYRE 3rSMMe SUKICE, T anRgn Bl ¥olame bsnestifc BUriage AFdht of
evaporatign at. a caon t .t erature. J.mn addition en t evaporati ng
material Vv aiSs(hﬁ@(,)set%h(zIg ?ﬁﬁ&é’? rsélrfl etq{é&ﬁr 88‘2583835\% c@'ﬁgﬂgg%w \?/ar@téoet to a
range of < s & Vi - I ating
000 o DET < 4000 OB ORI B Y GORE hob
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material v is Dy, the temperature in the processing chamber 20 was set to a

range of 800°C ~ 1050°C, preferably 900°C ~ 1000°C, by controlling the

heating means 3 (e.g., when the temperature in the processing chamber is

900°C ~ 1000°C, the saturated vapor pressure of Dy will be about 1 x 102

Pa~1x 10-1Pa).

[0045]
If the temperature in the processing chamber 20 (accordingly the

heating temperature of the sintered magnet S) is below 800°C, the velocity

of diffusion of Dy atoms adhered to the surface of the sintered magnet S into

the grain boundary phase is retarded. It is thus impossible to make the Dy

atoms to be diffused and homogeneously penetrated into the grain boundary

phase of the sintered magnet before the thin film is formed on the surface of

sintered magnet S. On the other hand, at the temperature above 1050°C,

the vapor pressure of Dy increases and thus the Dy atoms in the vapor

atmosphere are excessively supplied to the surface of the sintered magnet S.

In addition, there is a possibility that Dy would be diffused into the grains.

Should Dy be diffused into the grains, the magnetization intensity in the

grains is greatly reduced and, therefore, the maximum energy product and

the remanent flux density are further reduced.
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Pa - 1 x 10-1 Pa). [0045] |If the tenperature in the processing chanber 20
(accordingly the heating tenperature of the sintered magnet S) is bel ow
800C, the velocity of diffusion of Dy atons adhered to the surface of the
sintered magnet S into the grain boundary phase is retarded. It is thus

I npossible to make the Dy atons to be diffused and honogeneously penetrated
into the grain boundary phase of the sintered magnet before the thin film
is formed on the surface of sintered magnet S. On the other hand, at the
tenperaturﬁgﬁgﬂve 1050C, the vapor pressure of Dy increases and thus the Dy
atons int por atnosphere are excessively supplied to the surface of

h i d h il h ld b
i fiused into D é’rﬁ?’éﬁ%sdlﬁ“%g{?}fan&/tfb%eg@g‘r‘% FelndRR Bere thliente e
magnet | Zahh?x”ﬁlrﬂtlﬁ%& gd'@n Re sutﬁ}ﬁaaéenéf {1 Gt e'dynf ggx‘é%@ @irad @%E%f ore,

t he maxi num ener nd e remanent sity are urt

reduced. {dtal Qﬁflﬁ]:e ak@a of ¢led sirtesd ePB éli.@b@séch@n ghaibeabRighgad2hase

before the Dy thin filmis formed on the surface of the sintered magnet S,
the ratioimfthe ptoebsdingucianbern28atofa total sinfaeedremgfetheSevasqrasrg on t he
bearing grid 21a in the fproce55| ng chanber 20 to a total surface area of
t he evaporzatirigl vnin duillsl foymi dispobed foor thelbopose susfacehef tur poeesaingace of

the processin chapber 20 is.set to fa]l in_a ran ge of x 10-4 - 2 x 103.
In a rati8L¥DREF 20t’f$a$ﬁtt??ef@§h@éi ginge of 10¢ 407 2 5% frh@r)éata?@ thefses

TRt R R
g i R e, S AR i3
1 x 10 2 hinghet %avﬁ’ﬁgftﬁéﬁ%ﬁgnetlc properties cannot be obtained. In this case,
the above-described ratio shall preferably fall within a range of 1 x 10-3 to 1
x 103 , and the above-described ratio of 1 x 102 to 1 x 10? is more
preferable.
[0047]

According to the above configuration, by lowering the vapor pressure
and also by reducing the amount of evaporation of Dy, the amount of supply
of Dy atoms to the sintered magnet S is restrained. In addition, by heating
the sintered magnet S at a predetermined temperature range while
arranging the average grain diameter of the sintered magnet S within a
predetermined range, the diffusion speed will be accelerated without being
influenced by the remaining carbon inside the sintered magnet. As a result
of combined effects of the above, the Dy atoms adhered to the surface of the
sintered magnet S can be efficiently diffused into the grain boundary phase
of the sintered magnet S for homogeneous spreading before getting adhered
to the surface of the sintered magnet S and forming a Dy layer (thin film)
(see FIG. 1). As a result, the permanent magnet M can be prevented from
deteriorating on the surface thereof, and Dy can be restrained from being
excessively diffused into the grain boundary near the surface of the sintered

magnet. In this manner, by having a Dy-rich phase (a phase containing Dy
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[0047] According to the above configuration, by |lowering the vapor pressure
and al so by reduci ng the anount of evaporation of Dy, the anount of supply
of Dy atons to the sintered magnet S is restrained. In addition, by heating
the sintered magnet S at a predeterm ned tenperature range while arranging
the average grain dianeter of the sintered nmagnet S within a predeterm ned
range, the diffusion speed will be accelerated w thout being influenced by
the remai ning carbon inside the sintered nagnet. As a result of conbi ned
effects of the above, the atonms adhered to the surface of the sintered
magnet S batheange ioéifbnt&%ghmﬁb@@‘aifhtbgundérlgpé}iaﬁelﬁmd"nhﬁr@lffplﬁa‘@DYOf t he

sintered net f or. eneo spreadi ng.bgefore. getting adhered. to the
sur face oggg'hgl §Eﬁt’éﬁ’1§ggg§gq?§t Ogihﬁcﬁvfr S\l g{ﬂ elﬁ?"ai”g"yethe( ghatizaton (see
FIG 1). ' | n %ﬁﬁ . M. cap be (pre t ed f rom

deterior aﬁftﬁg_s%ﬁ%t%ﬁecogggsgggg h reéoff . a ?ng%r? eI e%ql(ﬁﬁloﬁe&hefr offbei ng
excessi vehy dhithiddCH phliRahdift oAbt IR Yod\Bés tRCARMHiAE ool LWA]
sintered nmagnet. In i's manner, by having a Dy-rich phase (a phase

cont ai ni nghddiskApeniorin pradgetiofty5 - 80% in the grain boundary phase and by
diffusing Dy only in the nei ghborhood of the surface of the grains, the
magnet i zat [@48]i ntensity and coercive force are effectively inproved. In

addition, there can be obtained a permanent nagnet Mthat requires no
fini shing wor Rsagkewahigx Fl&. <ipwhesrthen spiterpsk magnat. S| sowgrkedhdnth@an in

FIG 4, en the sintered net Sis wrked into a sired copfiguration
by a i ¢ olgtred s conRration | Be. faiwis HavicRy SR tiecikPeqiRg. haviig
above-desgr.i i I C e._.c ur in
She. o o it lDl ShEGHIDENE e d MR ErE BiHBRES WHELE o LARRSRERLT |

rRaneL; S e AR Bl 1 e bR oI oo o
the sintered magnet, resulting in a remarkable deterioration in the
magnetic properties (see FIG. 4(a)). However, by executing the
above-described vacuum vapor processing, there will be formed a Dy-rich
phase on the inside of the cracks of the grains near the surface (see FIG.
4(b)), whereby the magnetization intensity and coercive force are recovered.

[0049]

Cobalt (Co) has been added to the neodymium magnet of the prior art
because a measure to prevent corrosion of the magnet is required. However,
according to the present invention, since Dy-rich phase having extremely
higher corrosion resistance and atmospheric corrosion resistance as
compared with Nd exists on the inside of cracks of grains near the surface of
the sintered magnet and in the grain boundary phase, it is possible to obtain
a permanent magnet having extremely high corrosion resistance and
atmospheric corrosion resistance without using Co. Furthermore, at the
time of diffusing Dy adhered to the surface of the sintered magnet, since
there is no intermetallic compound containing Co in the grain boundary
phase of the sintered magnet S, the metal atoms of Dy, Tb are further
efficiently diffused.

{0050]
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above-descri bed vacuum vapor processing, there will be forned a Dy-rich
phase on the inside of the cracks of the grains near the surface (see FIG
4(b)), whereby the nagnetization intensity and coercive force are recovered.
[ 00491 Cobalt (Co) has been added to the neodym um magnet of the prior art
because a neasure to prevent corrosion of the magnet is required. However,
according to the present invention, since Dy-rich phase having extrenely

hi gher corrosion resistance and at nospheric corrosion resistance as
conpared with_J Xi s} s an the inside o% cracks of grains near the surface
of the sinte é@ali!ég Br VNG eXrReufpdhithenaboiragsoithede Progessng dasiabl e to

bt ai t t; havi t I hah ' ' d
at mospher PRGOPRBGesh BPes o0 S Rboct uarndesd’ Hies hBFFURR Mitine i me
f diffusj : f et pQt S th
ios nlo |ztS }elggrr%?gl #@ﬁ%g?rp%ﬁr%%oeﬁﬂ%ﬁf%&gg W\ Itﬁﬁg ggﬁ%%gg‘ﬁﬁ%a‘? 35 phase g;e

the sint eppstesBigigeihambéh @0nEidught & EasointEyuclhg aheahs (hoeillugihted ent |y
di ffused. [00501 20 Finally, after having executed the above-descri bed

pr ocessi ngvdmarasionpofethet evaporadimpeniatdrial vtisnstopped). and the A2npeurasyre t he
operation _of the heating neans 3 is stopped, Ar gas of 10 KPa is introduced
i nto the iptle pretessinghelityaber 801iA 0agglowersskta, 9:8.08007Gg Featiaupnsly
illustrated evaporatiop of the eyaporating material v is stopped, and the
t enper at i heﬁtmgn}ﬁa@@e sﬁsngctelﬁs?@é@m%oaaaggo%% tﬁlsmae%}lr% .1@.&195000.
n the  ppekesting “ARAHEE, TBOR et ap ACHIRERICRET GE ST s et i ens
Further | BoromeRlRs Bnblhe S Rin ol JRERTARAN mABABE B dipcufcy 0° 1
chamber 2@urther dpiphoyeCopl ReoSobIhantdatlve ¥rck OONTIRAMRENtHeUpodadinghe box

chamber 20 is rapidly cooled substantially to room temperature and the box

body 2 is taken out of the vacuum chamber 12.

[0051])
In the embodiment of the present invention, a description has been

made of an example in which Dy i1s used as the evaporating material.

However, within a heating temperature range (a range of 900°C ~ 1000°C)

of the sintered magnet S that can accelerate the diffusion velocity, Th that is

low in vapor pressure can be used. Or else, an alloy of Dy and Tbh may be

used. It was so arranged that an evaporating material v in bulk form and

having a small specific surface area was used in order to reduce the amount

of evaporation at a certain temperature. However, without being limited

thereto, it may be so arranged that a pan having a recessed shape in cross

section is disposed inside the box part 21 to contain in the pan the

evaporating material v in granular form or bulk form, thereby reducing the

specific surface area. In addition, after having placed the evaporating

material v in the pan, a lid (not illustrated) having a plurality of openings

may be mounted.

[0052]

In the embodiment of the present invention, a description has been
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body 2 is taken out of the vacuum chanmber 12. [0051] |In the enbodi nent of
the present invention, a description has been nade of an exanple in which
Dy is used as the evaporating material. However, within a heating
tenperature range (a range of 900C -' 1000C) of the sintered nmagnet S that
can accelerate the diffusion velocity, Tb that is |ow in vapor pressure can
be used. O else, an alloy of Dy and Tb nay be wused. It was so arranged
that an evaporating material v in bulk formand having a small specific
surface area was used in order. to reduce the anount oheﬁéfporation at a

certain tEWser ot apcexamplevyr Whick gt siptsred magnebd ap 8YaperatHle be so
d that . hayi . d sh ' ti Ls di d
"nsi de t hBAAIERAhd, ¥er dispogeih i tHS Bropqssit phmber 0ap dfOW Ve HEOEISAI v i n
I _ | ar: _ Y
o o "LoL, o, Bl N AR 80130 Wiy SORRY UG LRFS 00 |

(not il ugiffareat) thayerstuded) Uil eldp&fatBReNtRRbeFBYa R hEPURNESEbssi}052] I n
t he enbodi nent of the present invention, a description has been 21 nade of

an exanpl ehambehi ndt ilhestsatedd medy egpmividedinsitbeheveganahi cdigmbat ¢2j al v
were di sposed in the processing chanber 20. However, in order to enable to
heat the spideciren ﬁmsgpe@cessmmglnmber/a@oraadi anpther deiaging me@ansdnhy dreent

t enper at ur es, ot

1 st rat B0)Vidag (B8 BAUREIARe] HSTRIEAEHE CATROR crARBErMARE GERAEAIom ¢ he
orocesel gy N0RRGR A% USRI S TANTR LD ABSRS R RATAERL 1 o
oL S e ARG SRR b NP e L1
i nsi de t hgifeRcemighet $AATEehe PRoéd¥sBDEh BnbBOIDUhEAIFE communicating
passage which communicates the processing chamber 20 and the
evaporating chamber together.
[0053]
In this case, if the evaporating material v is Dy, the evaporating
chamber may be heated in a range of 700°C ~ 1050°C (at the time of 700°C ~
1050°C, the vapor pressure of Dy will be about 1x 10-¢ ~1x 10-!Pa). At a
temperature below 700°C, a vapor pressure will not be reached at which Dy
can be supplied to the surface of the sintered magnet S so as to
homogeneously spread Dy into the grain boundary phase. On the other
hand, in case the evaporating material v is Tb, the evaporating chamber
may be heated in a range of 900°C ~ 1150°C. At a temperature below
900°C, the vapor pressure will not be reached at which Tbh atoms can be
supplied to the surface of the sintered magnet S. On the other hand, at a
temperature above 1150°C, Tb will be diffused into the grains, thereby
lowering the maximum energy product and the remanent flux density.
[0054]
In addition, in this embodiment, description has been made of a case in

which vacuum vapor processing is executed in order to attain a high

productivity. This invention can also be applied to the case in which a
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passage whi ch conmuni cates the processi ng chanber 20 and the evaporating
chanber together. [00531 |In this case, if the evaporating material v is Dy,
t he evaporating chanber nmay be heated in a range of 700C - 1050C (at the
time of 700C - 1050C, the vapor pressure of Dy will be about |x 10-4 -1x
10-'Pa). At a tenperature below 700C, a vapor pressure wll not be reached
at which Dy can be supplied to the surface of the sintered magnet S so as
to honobgeneously spread Dy into the grain boundary phase. On the other

hand, in case the evaporating material v is Th, the evaporating chanber may
be heat edP§imaneRpasset ypoktained bycauging:Dyantenibrte brondberedgodhet he
vapor pressuyre wgdl,not. he reached at,.which Tp .atons can he supplied to the
surface of“f'A%¥ scfflmtg? eﬁmrb'rﬁbeﬁgtmégné (firat ostqﬁg)rb Mandeing: 2y KoxheYaRr e above
1150C, Tbyx Aty ' Lt ai,n by, o] ' I mum
ener gy pr%%dgktlgﬁdg##e@grgmggng \E‘ﬁﬁt}géghs?f) 95@%05%1‘5!%%&%?%@?, ’E?Qri this
enbodi mengxecligify dpfis6n rﬁeﬁ)c@%ﬁg%dga@sfe the€ @3 dri/oMTIC A dhaset b idReOr
processing is executed in order to attain a high productivity. This

i nvent i onswdaceatsbe kdffapgd ivid the glwendosadany phiash of the Ziperedmeagnetagnet i s
obt ai ned by causing Dy and/or Tb to be adhered to the surface of the
sintered bagreng (4 iheat tweapingbiproscedsecondosiepl.apdrpereposit magreppefr at us or
a sputteri_qr)gg:L appar atus, and subs quthlé by .executing diffusion processing
to cause WASRAHC Pronertigearcthysbe pltalaedt ace to be diffused into the
grain boung(%d% phase of the sintered magnet by using a heat treating
furnace (skcC (] step). A permanent nmagnet of high nagnetic properties can

thus be obtai f'ﬁ"g)rrdtzpqgfsllemé)\'fb Qb %ak Br' EITRMGrS UdsorBas o thP s icE fdsor bed

on the surface
sintered magnet S before Dy and/or Tb is diffused into the grain boundary

phase, it may be so arranged that the vacuum chamber 12 is reduced to a
predetermined pressure (e.g., 1 x 10-5Pa) through the evacuating means 11
and that the processing chamber 20 is reduced to a pressure (e.g., 5 X 104
Pa) higher substantially by half-digit than the pressure in the processing
chamber 20, thereafter maintaining the pressures for a predetermined
period of time. At that time, by actuating the heating means 3, the inside
of the processing chamber 20 may be heated to, e.g., 100°C, thereafter
maintaining it for a predetermined period of time.
[0056]

On the other hand, the following arrangement may be made, ie., a
plasma generating apparatus (not illustrated) of a known construction for
generating Ar or He plasma inside the vacuum chamber 12 is provided and,
prior to the processing inside the vacuum chamber 12, there may be
executed a preliminary processing of cleaning the surface of the sintered
magnet S by plasma. In case the sintered magnet S and the evaporating
material v are disposed in the same processing chamber 20, a known
conveyor robot may be disposed in the vacuum chamber 12, and the lid part
22 may be mounted inside the vacuum chamber 12 after the cleaning has

been completed.
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sintered magnet S before Dy and/or Tb is diffused into the grain boundary
phase, it may be so arranged that the vacuum chanmber 12 is reduced to a
predeterm ned pressure (e.g., 1 x 10-5Pa) through the evacuating neans 11
and that the processing chanber 20 is reduced to a pressure (e.g., 5 x 10-4
Pa) higher substantially by half digit than the pressure in the processing
chanber 20, thereafter maintaining the pressures for a predeterm ned period
of tinme. At that tinme, by actuating the heating neans 3, the inside of the
processi ng, chanber 20 may be heated to, e.g., 100C, thereafter nmintaining
it for a pkQftler mi ned period of time. [0056] On the other hand, the

foll ow 1 b d i o€ I [ t t
1 ustrated) SRHR R eperee bR Fis bR AP Pngons » GesPaP BPRIR i msi de
the Vacuu%ngﬁ‘afﬂggé (%fzahseﬁlﬂi%éj‘?ﬂ #h%kh tRE! Rix tb%dk].hﬁ PagCeiRktdtdd ' Hhyde the
vacuum chanber , there may be executed a prelimnary processing of

cl eani ng pHuntitd AeelidlpdRBoNtaey @fperBaiitte & the BbRpARt 21N CRYWRVehe
sintered magnet S and the evaporating material v are disposed in the sane

processi nif theaphieessitlg chdmbem 20densemosd famettheeyadwinichpasisd 12 alde vacuum
chanber 12, and the lid part 22 may be nounted inside the vacuum chanber 12
after thecah deniedycadsin pressure mscempdnia by ode7pressure heduttion Ha dhebodi nment
of the present invention, a description has been nade of an exanple in which
the box b¥aguumghambers 2t iiis fogynecaesaryitadimtetq the phete ovamplan Ygper

S e B MRERY e ferb o BERES R SHTRef ol
cecomen ok Wb boBLeRR U A OUEL Al YR SRR Logp fnd < 1t
the sint epgithrRaELit Traybe doh@nBeruckeéd thatlthe processing chamber 20 can be
hermetically closed in the vacuum chamber 12 so as to be maintained at a
predetermined pressure independent of the vacuum chamber 12.
[0058)

As the sintered magnet S, the smaller is the amount of oxygen content,
the larger becomes the velocity of diffusion of Dy and/or Tb into the grain
particle phase. Therefore, the oxygen content of the sintered magnet S
itself may be below 3000 ppm, preferably below 2000 ppm, and most
preferably below 1000 ppm.

[Example 1]
[0059]

As a Nd-Fe-B based sintered magnet, there was used one whose
composition was 20Nd-5Pr-2Dy-1B-1Co0-0.2A1-0.05Cu-0.1Nb-0.1Mo-bal.Fe
and was fabricated into a rectangular parallelepiped of 5 X 40 X 40 mm. In
this case, Fe, Nd, Pr, Dy, B, Co, Al, Cu, Nb and Mo were formulated in the
above-described composition ratio to manufacture an alloy of 30 mm by a
known centrifugal casting method. The alloy was once roughly ground in a
known hydrogen grinding step and was subsequently finely ground by a jet
mill fine grinding step, thereby obtaining an alloy raw meal powder.

[0060]
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t he upper opening thereof may be covered by a foil of Mo nmake. On the other
hand, it nay be so constructed that the processing chanber 20 can be
hernmetically closed in the vacuum chanber 12 so as to be nmintained at a
predet erm ned pressure independent of the vacuum chanber 12. [0058] As the
sintered magnet S, the smaller is the amount of oxygen content, the |arger
becones the velocity of diffusion of Dy and/or Tb into the grain particle
phase. Therefore, the oxygen content of the sintered nagnet S itself may be

bel ow 3000 pp preferably. bel. ow 2000 ppm agnd nost . preferably bel ow 1000
ppm [ Exanpl eg]rpsecg'eﬁm@q, t p%aﬁoma%msaﬁa@@ egw&%@tﬁﬁdweﬁgd&%m aas used
one whose_commosi i.i

20N 5pr - B e g o BB v Bk of NBPEISIEST BnfPHRRFdobIER ed i nto
a rect ang%lﬁpoﬁﬁ&%ﬂdﬂgé gﬁtﬁev%i@fméta;[ saft ﬁhb@&gﬁ‘ﬂ@ WL“E ﬁlléallibﬁlt%aé @avi%f ’o(t; gd Pr,

Dy, B, Co were formulated 1n the ove-describ

conposi t i RAowat 4 Qiiaxii npHedslitiihgd By bﬁﬁoﬁfpr%iﬁﬁr!rﬁﬁlcﬁn%Kﬁﬁ&!ﬁrﬁef&hﬂi fugal
casting nethod. The all oy was once roughly ground in a nown hydre('l)bgen

gri ndi ng smspormddvimso supsatpternined shape/ 1y momagneyicafi¢ldt (formidg &
grinding step, thereby obtaining an alloy raw neal powder. [0060] 24
Subsequenihy melded bodyothwnebtaiapd poanidispased agia knewnpyinbering gurngcea
Compodnd &R A 8Tt Fidfe PaFOLiar mipe ePRdons Ginier it atontt ol LB ty of
AR ST A R A T R R
Ine ! s s LA ipanl PSSO P Thar 1p ffpnce ond

that the oxygen content became 500 ppm. By the way, an average grain

size of the sintered magnet was obtained, after having etched the surface of

the sintered magnet, the surface being perpendicular to the magnetic

alignment direction, in a segment method by drawing 10 random lines on a

microscopic composition photograph.

[0061]
Then, by using the above-described wvacuum vapor processing

apparatus 1, a permanent magnet M was obtained by the above-described

vacuum vapor processing. In this case, 100 pieces of sintered magnets S

were disposed on the bearing grid 21a inside the box body 2 of Mo make at

an equal distance to one another. In addition, as the evaporating material,

there was used Dy of bulk form of 99.9% purity and a total amount of 10 g

was disposed on the bottom surface of the processing chamber 20. Then, by

actuating the evacuating means, the vacuum chamber was once reduced in

pressure to 1x 10—4 Pa (the pressure inside the processing chamber was 5 x

10-3 Pa) and the heating temperature of the processing chamber 20 by the

heating means 3 was set to 950°C. After the processing chamber 20 has

reached 950°C in temperature, the above-described processing was executed

in this state for 1 ~ 72 hours. Then, heat treatment was executed for

removing the strains in the permanent magnet. In this case, the heat
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case, by optimzing the formng step and the sintering step, a sintered
magnet S was obtained in a range of average grain size of 2 pm- 10 pm so
that the oxygen content becane 500 ppm By the way, an average grain size
of the sintered nmagnet was obtained, after having etched the surface of the
sintered magnet, the surface being perpendicular to the nmagnetic alignnent
direction, in a segnent nethod by drawing 10 randomlines on a mcroscopic
conposi tion photograph. [0061) Then, by using the above-described vacuum

e Bt AR o o gﬁﬁﬁ&@ﬂ@i@%&ﬁﬁ%@ﬁé&@f .
body 2 of %%ﬁ{\}} a;gff@éﬁeﬁ:l&ﬁ& élgﬁlmt a%%lté)eg% gﬁlo% g{% 31}1% élﬂl H-{ Q" as the

evapor at i Bgtaﬂﬁttﬁé'}ﬁghe%;l?ﬁgﬁg%i’g?ggﬁ&%e@&v %OMIKG&Q{. % Eh g‘%t r(\%)@ﬂﬁhﬁny and a

total anmount of on the bottom sur processi ng
chamber Zﬁmél'ﬂﬁ-rdlfmlona@ﬁpyll ng the evacuati ng neans, the vacuum chanber was
once reduced in pressure to |x 10-4 Pa (the pressure inside the processing
chanber wab0®2] 10-3 Pa) and the heating tenperature of the processi ng
chanber 20 by _the heating neans 3 was set to 950C. After the processing
chamber 20 hadl Gr&es]@dt@g@@hqwmgn@@ragar\@luem f 4bevmmagaebie ifyeHeiascessi ng

exacut cd PR 4@%&5&%@%&‘%@ SPREPRS WA OHaOT ABGnBbovs AR Lase,
the heat EondiERLI Aol SRETHINLE W% PRI oL o000 YU 0n0t80% g £ e

was set t mhu vapor processi

12 con oEANAS S iRt TR GRS AR o e
aver age V38l hagrsoreddlinEanpbbe wrRABityeSIt can also be seen that, when the
average gain size was above 9 um, the coercive force cannot effectively be
improved. On the other hand, when the average grain size of the sintered
magnet was 4 ~ 8 um, the most optimum vacuum vapor processing time was
4 ~ 6 hours. It can also be seen that there was obtained a permanent
magnet with high magnetic properties whose maximum energy product was
" above 51 MGOe, remanent magnetic flux density was above 14.5 kG, and
the coercive force was about 30 kQOe.
[ Brief Description of the Drawings]
[0063]
FIG. 1 is a schematic explanatory view of a cross-section of the
permanent magnet manufactured in accordance with this invention;
FIG. 2 is a schematic view of the vacuum processing apparatus for
executing the processing of this invention;
FIG. 3 is a schematic explanatory view of a cross-section of a
permanent magnet manufactured in accordance with a prior art;
FIG. 4 (a) is an explanatory view showing deterioration of the surface
of the sintered magnet caused by machining, and FIG. 4 (b) is an

explanatory view showing the surface condition of a permanent magnet

manufactured in accordance with this invention; and
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when the pernmanent nmagnet was obtai ned under the above-descri bed
conditions. According to this, when the average grain size was below 3 pm
or above 9 lzm the npbst optinmum vacuum vapor processing tinme was above 8
hours, resulting in poor workability. It can also be seen that, when the
average gain size was above 9 gm the coercive force cannot effectively be
i nproved. On the other hand, when the average grain size of the sintered
magnet was 4 - 8 pm the nost optinmum vacuum vapor processing tine was 4 -

6 hours. It c al_so be seen that there was obtai ned a per manent gnet
wi th high maghilr & i Eeblei dhoWiRBAYSHass NaRS 199 Epp Ua REPPoHASS ofdife 51

MXe, re ic f i Kk e cpercive
Force wasPanBnrest Heeter pdnfEalet, S AT eh v P iaBlle 1058 o c °1
is a sche i i ; ~section of the permanent nagnet
manuf act u%tﬁﬁﬁﬂ% g%&%nymh?ﬁf?%?%sﬁﬁ\%ﬁ??bn; FIG 2 is a schematic view
of the vac|Dsam@iptiessf Refearppes Muiiefads and@eartsicoarsihe processing of this
invention; FIG 3 is a schematic explanatory view of a cross-section of a
per menent [RAFEt manufactured in accordance with a prior art; FIG 4 (a) is
an expl anatory view showi ng deterioration of the surface of the sintered
magnet caused by VASHMINhVAROr RERFESIBE APRARIES an  expl anatory vi ew showi ng
t he surface , condition oﬁ ag)ermanent magnet manufactured in accordance with
this invent}on; WHWS Y s a table showi ng average val ues of magnetic

properties ﬂj th r&ggﬁﬁggﬂgmnet manuf actured in accordance wi th Exanple
la and a nost ogtfl fum vacuum vapor processing tine. [Description of

Ref erence Nuyrer alig,apglhyCharacters]  (0064]
21 box part

22 lid part
3 heating means
S sintered magnet

M permanent magnet

v evaporating material
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1 vacuum vapor processing apparatus 12 vacuum chanber 20 processi ng chanber
2 box body 21 box part 22 lid part 3 heating neans S sintered nagnet M
per manent magnet v evaporating material 27 WHAT IS CLAIMED IS: 1. A nethod
of manufacturing a permanent magnet conprising; a first step of adhering at
| east one of Dy and Tb to at |least a part of a surface of a sintered nmagnet
made by sintering iron-boron-rare earth based alloy raw neal powder
containing a lubricant; a second step of heat-treating the sintered magnet

at a pred rmne merature to thereby disperse at | east one of Dy and
Tb adhere Iﬁéﬂ]{%&éﬁﬁ%v f the sintered magnet into grain boundary phase

f th ' d h ' d | d i
manuf act ured in ATy gbRRgRlRe gt el A B s om 2. The
ot hod of My ek utd 09 SaRSHRBNRbalEORE b BRCARE MY B 1Rl dr L her

conpri sing: di'sposin he sint magnet 1n-"the processing chanmber and
heating Ehffaé@BBa dififireAdnatney ai@edhy BINtEFN ireh-bosth Fhié BArtd baoRAst one
of Dy and Th, the evaporating material being disposed in a sane or anot her
pr ocessi nglloy bawhmeal powder containing a lubricant;

a second step of heat-treating the sintered magnet at a predetermined
temperature to thereby disperse at least one of Dy and Tb adhered to the
surface of the sintered magnet into grain boundary phase of the sintered
magnet;

wherein the sintered magnet employed is manufactured in an average

grain size within a range of 4 pm ~ 8 pm.

2. The method of manufacturing a permanent magnet according to
claim 1, further comprising:

disposing the sintered magnet in the processing chamber and heating
the same;

heating an evaporating material containing at least one of Dy and Tb,
the evaporating material being disposed in a same or another processing
chamber;

causing the evaporated evaporating material to be adhered to the
surface of the sintered magnet by adjusting an amount of supply of the
evaporated evaporating material to the surface of the sintered magnet;

diffusing at least one of Dy and Tb in the adhered evaporating
material into the grain boundary phase of the sintered magnet before a thin
film made of the evaporated material is formed on the surface of the
sintered magnet; and

then executing the first step and the second step.

3. The method of manufacturing a permanent magnet according to
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causi ng the evaporated evaporating material to be adhered to the surface of
the sintered magnet by adjusting an anmount of supply of the evaporated
evaporating material to the surface of the sintered magnet; diffusing at

| east one of Dy and Tb in the adhered evaporating material into the grain
boundary phase of the sintered magnet before a thin filmnade of the
evaporated material is forned on the surface of the sintered nagnet; and
then executing the first step and the second step. 3. The method of

manuf act urj ng per mnent magnet according to, 28 claim?2, wherein the
sint ered ﬁlagwe? reHp theapitrtarq glmeérm& e eVaPQLsbIgy matexiali axeance

fromeach other, 4. The nethod of uf acturing a permanent magnet according
to clai mdbqp(gpe%pgﬁ#lgfaqmg? neatchg)%gaf‘ust ment of the anount of supply of

the evaporating material to the surface of the sintered magnet is executed
by wvarying a specific surface area of the evaporating nmaterial at a certain

tenperature, yhermgRynidthb@ast MAnUfactQSiRAS! Prnh AferdM PNt f aRY¥pdiaEatd ON. 5.
The net hod of manufacturing a permanent magnet according to any one of

clainms 2 thlimuBlordclaimrd, hehersanpthiesadjgstmenoof the easumgof kepplyr afcdssi ng
chanmber in which the sintered magnet is disposed, reducing the pressure in
t he proceg&saprratingnbeaterial tadihet suninesyof bee sirtesed anageetels exazutathdymet hod

of manufactur,ing a pergmanenf, magnet according to claimb5, further .
conpri si n§argfeet Srlgﬁlfg‘iﬁﬁ&r g %‘r‘@c@g§ﬁﬁge‘@%¥ﬁgpgt Braterig] cife efeRiARY

, Jheati ' h det i ned t t d
i nt ai o S BR e BebBY B3k aRne Y Bl Ing BB G & Rt EPPR T "

per mmnent magnet according to any one of clainms 2 through 6, further
conprising, prior to heating the processing chanber in which the sintered

magnet is di sgosdthe le@R0HNE @ ufSetihAEL aOperi@nntn iRt "B@Bedingytdd! asma.
any one of claims 2 through 4, further comprising, prior to heating the
processing chamber in which the sintered magnet is disposed, reducing the

pressure in the processing chamber and maintaining the pressure thereat.

6. The method of manufacturing a permanent magnet according to
claim 5, further comprising, after reducing the processing chamber to a
predetermined pressure, heating the processing chamber to a

predetermined temperature and maintaining the temperature thereat.

7. The method of manufacturing a permanent magnet according to
any one of claims 2 through 6, further comprising, prior to heating the
processing chamber in which the sintered magnet is disposed, cleaning the

surface of the sintered magnet by plasma.

8. The method of manufacturing a permanent magnet according to any
one of claims 2 through 7, further comprising, after having diffused metal
atoms into the grain boundary phase of the sintered magnet, executing heat
treatment to remove strains in the permanent magnet at a temperature

lower than the said temperature.
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8. The method of manufacturing a pernmanent nagnet according to any one of
clainms 2 through 7, further conprising, after having diffused netal atons
into the grain boundary phase of the sintered magnet, executing heat
treatment to renove strains in the permanent nagnet at a tenperature | ower
than the said tenperature. 29 9. A permanent magnet made by: sintering
iron-boron-rare earth based alloy raw neal powder containing a |ubricant;
adhering at |east one of Dy and Th to at |east part of a surface of a
sintered magnet which is manufactured so as to have an average grain size
of 4 pm- 8 pm and executing heat treatnment at a predeterm ned tenperature
so that at tjéﬁh red to the surface of the sintered

| gast one ofel%/ and
magnet is di fuéﬁbﬁ TTHEB % HAEIEL I phase of the sintered nagnet. 30
sintering iron-boron-rare earth based alloy raw meal powder

containing a lubricant;

adhering at least one of Dy and Tb to at least part of a surface of a
sintered magnet which is manufactured so as to have an average grain size
of 4 pm ~ 8 pm; and

executing heat treatment at a predetermined temperature so that at
least one of Dy and Tb adhered to the surface of the sintered magnet is

diffused into grain boundary phase of the sintered magnet.

30





