SPECI FI CATI ON  PERVANAENT MAGNET AND METHOD OF MANUFACTURI NG SAME [Field of
the I nvention] [0001] The present invention relates to a pernmanent nagnet
and a nethod of wmanufacturing the permanent nagnet, and nore particularly
to a permanent magnet having hi gh magnetic properties in which Dy and/or Tb
are diffused into grain boundary phases of a Nd-Fe-B sintered nmagnet, as
well as to a nethod of manufacturing the permanent nagnet. [Description of
Background Art ] [0002] A Nd-Fe-B sintered nagnet (so-called neodym um
magnet) conprises a conbination of Fe and el enents of Nd and B that are
cheap, abundant and constantly i ural resources and thus can be
manuf actured at a |ow cost and gg |H?§gggpgﬁﬁés hi gh magneti c properties
(its maxi num energy product is about 10 tinmes that of ferritic nagnet).
Accordingly the Nd-Fe-B sintered nagnet has been used in various kinds of
articles such as el ectroni PERMANAENTMACGNRI ANdopted in notors and

el ectric generators for. _hybrid cars. [0003 On the other hand, since the
Curie tenperature of tﬁﬂﬁﬁ%@@ QFMANM U FAREHRING SéeMiEow as about 300G,
there is a problemin that the Nd-Fe-B sintered nmagnet woul d be
demagneti zed by heat when heated to a tenperature exceeding a predeterm ned

t enper at urFFf‘éTcggf‘{:ﬁe fﬁ{%ﬁﬁ&‘ circunstantial condition in its adopted
n addi ere

articles. ion s a further problemin that the magnetic
properties{ygpi]d be extrenmely 1 deteriorated by defects (e.g. cracks etc.)
or strains in grains of the sintered

The present invention relates to a permanent magnet and a method of

manufacturing the permanent magnet, and more particularly to a
permanent magnet having high magnetic properties in which Dy and/or Th
are diffused into grain boundary phases of a Nd-Fe-B sintered magnet, as
well as to a method of manufacturing the permanent magnet.

[Description of Background Art ]

[0002]

A Nd-Fe-B sintered magnet (so-called neodymium magnet) comprises a
combination of Fe and elements of Nd and B that are cheap, abundant and
constantly obtainable natural resources and thus can 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 magnet has been used in various kinds of articles such as electronic
devices and recently adopted in motors and electric generators for hybrid
cars.

[0003]

On the other hand, since the Curie temperature of the above sintered
magnet is as low as about 300°C, there is a problem in that the Nd-Fe-B
sintered magnet would be demagnetized by heat when heated to a
temperature exceeding a predetermined temperature under a certain
circumstantial condition in its adopted articles. In addition there is a

further problem in that the magnetic properties would be extremely



magnet whi ch are sonetines caused when the sintered magnet

i s machi ned

to a

desired configuration suitable for a particular article. [0004] Therefore,
Nd- Fe-B sintered magnet is obtained, it is considered to add Dy

when t he

and Tb which largely inprove the grain magnetic
phase because they have magnetic ani sotropy of 4f

of Nd and because they have a negative Stevens factor simlar to Nd.

However,

orientation negative to that of Nd in the crystal
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product exhibiting the magnetiC properties is extre

since Dy and Tb take a ferrimgnetism structure having a spin
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y reduced. (0005]
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filmof Dy and Tb to a predeterm ned thickness (to be formed in a film
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n] [Problens to be Solved by the Invention] =~ (0006] The permanent
magnet marsléaesnlackdmtiidre thhpve Ntk sewl bedhuwet theg¢ 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
thin film of Dy and Tb to a predetermined thickness (to be formed in a film
thickness of above 31 m depending on the volume of the magnet) over the
entire surface of the Nd-Fe-B sintered magnet; then to perform heat
treatment at a predetermined temperature; and to thereby homogeneously
diffuse the Dy and Th that have been deposited (formed into film) on the
surface into the grain boundary phases of the magnet (see non-patent
document 1).

[Non-patent document 1] Improvement of coercivity on thin Nd2Fel4B
sintered permanent magnets (by Pak Kida (in Chinese reading) of Tohoku
University, Doctor Thesis, March 23, 2000) |

[ Disclosure of the Invention]

[Problems to be Solved by the Invention]

[0006])

The permanent magnet manufactured in the above-described method



has an advantage in that: because Dy and Th diffused into the grain
boundary phases inprove the grain nagnetic anisotropy of each of the grain
boundary surfaces, the nucleation type of coercive force generation
mechanismis strengthened; as a result, the coercive force is largely

i nproved; and the maxi num energy product wll hardly be lost (it is
reported in non-patent docunent 1 that a magnet having a perfornmance of,
e.g., the remanent flux density: 14.5 kG (1.45 T), maxi mum energy product:
50 M3Ce (400 Kj/nB), and coercive force: 23 KCe (3 MVm). [0007] By the
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havi ng strong nmagnetic rce can be obtal even | I cknes of the
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products using this kind of pernmanent nagnets by deceasing the size,
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it is afirst object of the invention to provide a permanent nagnet which
has ext r eI MO0gM0xEgine)yend cocesvafitedi PhKorgiEEMA/np operties, and it is
a second object._ of the invention to provide a nethod of manufacturing a
per manent %ﬂ of extremely high coercive forces and hi gh magnetic
properties, I

ich the, pernanent nmagnhet c e manufactured at a high
productivity \é\{heowaé’oéﬁz ?-g"['@a‘?ﬁ)@r?‘é’ﬁ @ﬁe\ﬁﬁ%g‘ra?ﬁ 1F5‘FIE§‘[S’IV§%@? permanent
magnet having strong magnetic force can be obtained even if the thickness
of the permanent magnet is made thin. Therefore, in order to try to
minimize the products using this kind of permanent magnets by deceasing
the size, weight, and power consumption thereof, it is desired to develop
permanent magnets having higher coercive forces and higher magnetic
properties as compared with the above-described conventional art. In
addition, since there are used Dy and Tb which are scanty in natural
resources and stable supply cannot be expected, it is necessary to efficiently
perform the film formation of Dy and Thb on the surface of the sintered
magnet and diffusion into the grain boundary phases, to thereby improve
the productivity and reduce the cost.
[0008]

Therefore, in view of the above-described points, it is a first object of
the invention to provide a permanent magnet which has extremely high
coercive forces and high magnetic properties, and it is a second object of the
invention to provide a method of manufacturing a permanent magnet of
extremely high coercive forces and high magnetic properties, in which the

permanent magnet can he manufactured at a high productivity and low cost.

[Means for Solving the Problems]



3 [0009] 1In order to solve the above-described problens, a nethod of

manuf acturing a permnent magnet according to claim1 conprises: a
filmform ng step of evaporating netal evaporating material containing at

| east one of Dy and Tb and adheri ng evaporated netal atons to a surface of
an iron-boron-rare earth sintered magnet; and a diffusing step of performng
heat treatnment to diffuse nmetal atons adhered to the surface into grain
boundary phases of the sintered magnet. The netal evaporating naterial
contains at | east one of Nd and Pr. [0010] According to this invention, by
containing[$bobfast one of Nd and Pr in addition to at |east one of Dy and
Tb, Dy and Tb are replaced by the grains of Nd. Thus, in addition to the
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material fosudery GhaReEs $EThatsiheast magactal Bhe aheidfl dvaosddup mersiAt i ng of
A, Cu, and Ga. According to this arrangenent, due to pluralistic eutectic

ef fect, tkentmhsiatideqsiiorie of NMdzrd Ph phase | owers. The diffusion velocity
of netal at(8(r)r150)of Dy and Tb further

According to this invention, by containing at least one of Nd and Pr in
addition to at least one of Dy and Tb, Dy and Tb are replaced by the grains
of Nd. Thus, in addition to the improvement in the magnetocrystalline
anisotropy, the strains and defects in the grain boundaries are repaired to
thereby possess a higher coercive force. In addition, since Nd, etc., unlike
Dy and Th, takes a spin orientation in the same direction as Fe, remanent
flux density and maximum energy product become high. As a result, as
compared with the conventional one, it is possible to obtain a permanent
magnet that has higher magnetic properties. On the other hand, the
eutectic point of Nd-Fe is lower than the eutectic point of Dy-Fe or Tb-Fe (by
about 200°C). Therefore, the diffusion velocity of Dy, Th becomes higher in
the grain boundary and, as a result, the diffusion process can be performed
at a shorter time, thereby attaining higher productivity.

[0011]

Preferably, the metal evaporating material further comprises at least
one material of the group consisting of Al, Cu, and Ga. According to this
arrangement, due to pluralistic eutectic effect, the melting point of Nd-rich
phase lowers. The diffusion velocity of metal atoms of Dy and Tb further

increases. In other words, in the diffusion process, elements of Al, Cu and



I ncreases. In other words, in the diffusion process, elenents of A, Cu and
4 Ga find their way into the Nd-rich phases to thereby forma conplicated
eutectic of Dy(Th)-Nd(Pr)-Fe-Al (Cu, (), and the like. In this case, the
eutectic point of the Nd-rich phases which are near the grain boundaries is
| ower in the case of the polytopic systens as conpared with the eutectic
point of the binary system of Dy-Fe(Th-Fe). Therefore, the diffusion
velocity of the nmetal atoms of Dy, Tb becones still faster. In addition, at
the tinme of diffusion process, due to the cleaning effect as a result of
operation of the above-described el enents on the grain boundaries, and due
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reduction of the rare earths oxides through preferenti atron of the
above- desceuieetic elfePeftls) NiliBreFeal (@u,000) nad theptksRNEAtthiB@ass, tHat has
a still higher coercivity. In this case, as a result of positive reaction
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above-described elements, there can be obtained a permanent magnet that
has a still higher coercivity. In this case, as a result of positive reaction
with harmful elements such as C which is the cause for the lowering in
coercivity, the effect of detriment can be lowered.

[0012]

Even in case the above-described metal evaporating material further
comprises at least one material of the group consisting of Ag, B, Ba, Be, C,
Ca, Ce, Co, Cr, Cs, Er, Eu, Fe, 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
Zz, there can be obtained a similar effect as above.

[0013]

If the film-forming step comprises; a first step of heating the
processing chamber to evaporate the metal evaporating material disposed in
the processing chamber to thereby form metal vapor atmosphere in the
processing chamber; and a second step of transporting the sintered magnet
that has been maintained to a temperature lower than the temperature in
the processing chamber to thereby selectively cause the metal atoms in the
metal vapor atmosphere to adhere to, and deposit on, the surface of the

sintered magnet due to a difference in temperature between an inside of the



nmetal vapor atnosphere to adhere to, and deposit on, the surface of the
sintered magnet due to a difference in tenperature between an inside of the
5 processi ng chanber and the sintered nagnet, the netal evaporating

material can be deposited (filmforned) on the surface of the sintered
magnet to a predeterm ned thickness at a high speed, whereby the
productivity is further inproved. In addition, Dy and Tbh which are scanty

as natural resources and cannot expect a stable supply can be recovered at a
hi gh yield, thereby reducing the cost. [0014] 1In this case, if the netal
vapor at MBRRASKRE Sl Akl R0 ShahBal Tk, HIRCERRAO BRRRIng t e
netal evaporating material containing at |eas bne of : ‘Fb an aeg
filmformthteeiapasin &) depotibed SWThREANED BR ShOtREBte BRUMRL siitefedi gh
speed. [0015] On the other hand, it may be so arranged that the
filmfornnegmetepo angredeednidaditigckhess arte apdrifhr speedyy whiireppsthrg and
heating the tal, evaporating material and the sintered magnet in a sane
processi an‘ﬁé%’é’r 14 Buithey apprexeshorlat additionddnpndvEp srhich myemgenty al ;
causing the vaporated netal ato to pe ered to the surface.of the

si nt er ed %Bﬁg\lrﬁtrﬁﬁ?uWﬁ Bﬁ’zle‘ﬁ"r’r@gfeé‘@ef a§g’b S F?rnﬁ%ﬁ’er%ﬁwefié?%r ature,
t he adherj el %%ﬁ L ' i ng an anmount of supply of the netal

at ons; angfgq]dﬁnfgﬁjsr}?lﬁg e a HZ Zﬂé:‘%@%ﬂm atons into the grain boundary phases
of the sifumeEr4d nmagnet before a thin filmnade of the netal evaporating
material 1s formed on the surface of the sintered magnet. [0016] According
to this arranfenhid casd)af eliapncail echpit flmeiphiede 45 én S ypphiaedd andieaithered to

the surface of the sintered magnet that has been heated to the
pr edet er ntheedraceapagacharebemithe hingtali emapora@ngimatareal containing at least

one of Dy, Th can be film-formed (deposited) to the surface of the sintered
magnet at a high speed.
[0015]
On the other hand, it may be so arranged that the film-forming step

and the diffusing step are performed by; disposing and heating the metal
evaporating material and the sintered magnet in a same processing
chamber to thereby evaporate the metal evaporating material; causing the
evaporated metal atoms to be adhered to the surface of the sintered magnet
that has been heated to substantially the same temperature, the adbering
being made while adjusting an amount of supply of the metal atoms; and
diffuging the adhered metal atoms into the grain boundary phases of the
sintered magnet before a thin film made of the metal evaporating material
is formed on the surface of the sintered magnet.
[0016]

According to this arrangement, the evaporated metal atoms are
supplied and adhered to the surface of the sintered magnet that has been
heated to the predetermined temperature. At this time, the sintered
magnet is heated to the temperature at which the most appropriate
diffusion velocity can be obtained, and the amount of supply of the metal

atoms to the surface of the sintered magnet is adjusted. Therefore, the

6



magnet is heated to the tenperature at which the nost appropriate diffusion
vel ocity can be obtai ned, and the anpbunt of supply of the netal atons to
the surface of the sintered nmagnet is adjusted. Therefore, the 6 netal
atons adhered to the surface are sequentially diffused into the grain
boundary phases of the sintered magnet before the formation of the thin
film(i.e., the supply of netal atons of Dy, Th, and the like to the surface
of the sintered magnet and the diffusion into the grain boundary phases of
the sintered magnet can be perfornmed at the same tine in a single
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substantially t sane as the state riormance

above- desmmmypﬁaa@@ss ofitHe sihttsd MRASNSHHAGR e [HenREbABTHe PRGNEt
manuf actured can be prevented fromdeteriorating (from becom ng poor in

surface riilmKnesshe stpoly iof matat tikemkaif, Dy, HEb, exob slsé Vigediof fhessunfaed oDy and
Th into the grain boundaries near the surface of the sintered nmagnet can be
r est r ai nelde Poteregrmegaet pad thediffasiomintoithel graiy bpuydareshasercekihe

ttaini .a, hi gh ductivity. .[001 t hi , 11t i nt t
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netal evaporating materia I sposed in the processing chanber 'is

vari ed t ahuigtR@sarficeddCitRaga mdieh toriiighlet @hagRROIRId &h bk Prevoefifidant
tenperature, thereby adjusting the anount of supply of the nmetal atons, the

amount offrempdeterddratives rtfoat beabmingt podihén sunfame rofighhessi ntderddinmagnet
can be advantageously adjusted wthout the change in the constifution of
t he apparﬁbﬁrlﬁ@ug%ié Hheeexpessiye diffusiqniohd)m andpdbatndo het gradn hoyrdaddisng or
decr easi nlgesfrht%easnw:?r age 8{" tRe %Prht%red magnet can be restrained. Post process is
thus not particularly required, thereby attaining a high productivity.
[0017])
In this case, if the sintered magnet and the metal evaporating material
are disposed at a distance from each other, when the metal evaporating
material is evaporated, the melted metal evaporating material can be
prevented from directly getting adhered to the sintered magnet.
[0018] |
In addition, if a specific surface area of the metal evaporating material
to be disposed in the processing chamber is varied to increase or decrease
the amount of evaporation at a constant temperature, thereby adjusting the
amount of supply of the metal atoms, the amount of supply of the metal
atoms to the surface of the sintered magnet can be advantageously adjusted
without the change in the constitution of the apparatus such, e.g., as
providing a sepafate part for increasing or decreasing the amount of supply
of the metal atoms to the surface of the sintered magnet.
[0019]

Prior to the film-forming step, in order to remove the stains, gas and

moisture adsorbed into the surface of the sintered magnet before diffusing




of the metal atons to the surface of the sintered magnet. [0019] Prior to
the filmformng step, in order to renove the stains, gas and noisture
adsorbed into the surface of the sintered magnet before diffusing 7 the
netal atons of Dy and Tb into the grain boundary phases, it is preferable
to reduce the pressure inside the processing chanber to a predeterm ned
pressure and to nmaintain the tenperature thereat after disposing the
sintered magnet inside the processing chanber. [0020] In this case, in
order to accelerate the renoval of the stains, gas and nvoisture adsorbed
into the f biad r ' d hg
pr ocessi ngh%:hlggnﬁdelr h%%ﬂltghgf gjr%d%ﬁasﬁ ﬁggop\?g%gﬂag?"l%cﬁ%dag ogggg?%ﬁgﬁchsanber S
heat ed t opeefpraisdet es nicdede t i aiRbsiR aARGideMhat idtb&ankhehimbeer &f W e
thereat. (0021] On the other hand, in order to renove the oxide filmon the
surface opredefiermsinademedssmgnendbéd aneindiafid udiengemiperaintral thadress aftedDy, Tb,
and the like | nt%the grain boun_dar_(i/fét)hases, preferably, prior to the
filmfornfisgosingshe uiptered magnetomsidathe preseseingdvanbérs cl eaned by pl asna.
[ 0022] Fu{]dds@’ after having diffused the netal atons into the grain

a

boundary p of the sintered nmagnet, a heat treatnent is preferably
performed of r ' h | . ature
Pover than t et Besarisp L Sk4R B Bloeldf R THINAGH TR ik S TR ¢

Er operti emotird ca@frpbAethtbN N & ridae ﬁawgfrbfe%tabfé‘ thad a8Rer Ghvd orce
ave been further inproved or recovered. (0023] Further, in order to solve
t he aboveradesedi thd proddseimg; dhmnber to the predetermined pressure, the
processing chamber is heated to a predetermined temperature and
maintaining the temperature thereat.
[0021]

On the other hand, in order to remove the oxide film on the surface of
the sintered magnet before diffusing the metal atoms of Dy, Tb, and the like
into the grain boundary phases, preferably, prior to the film-forming step,
the surface of the sintered magnet is cleaned by plasma.

[0022]

Further, after having diffused the metal atoms into the grain
boundary phases of the sintered magnet, a heat treatment is preferably
performed of removing the strain of the permanent magnet at a
temperature lower than the temperature. Then, a permanent magnet of
high magnetic properties can be obtained in which the magnetization and
coercive force have been further improved or recovered.

{0023]

Further, in order to solve the above-described problems, the
permanent magnet according to claim 13 is made by evaporating metal
evaporating material containing at least one of Dy and Tb and at least one
of Nd and Pr to a surface of an iron-boron-rare earth sintered magnet.
Metal atoms of the evaporated metal evaporating material are thereby

adhered to the surface and the adhered metal atoms are subsequently




per mmanent magnet according to claim13 is nmade by evaporating netal
evaporating material containing at |east one of Dy and Tb and at | east one
of Nd and Pr to a surface of an iron-boron-rare earth sintered magnet.

Met al atons of the evaporated netal evaporating material are thereby
adhered to the surface and the adhered netal atons are subsequently 8
diffused into grain boundary phases through heat treatnent. [0024] In this
case, preferably, the nmetal evaporating material further conprises at |east
one material of the group consisting of Cu, Al, and Ga. [0025] In addition,

t he net al A0 Bl r] r [ rise . at .| east one material
of the grgﬁ% con%#g{%gﬁg%hguig%rﬁﬂﬁfg %ggu%ﬁ%(r%t t%aea,tn:@&t.q, Cs, Er, Eu,
Fe, G&d, Ge[ot#4] Ho, In, K La, Li, Lu, My, Mh, Mo, Na, Nbo, N, P, Pd, Ru,
S, Sbh, Si, Sm Sn, Sr, Ta, Ti, Tm V, W Y, Yb, Zn, and Zr. [Effects of the
I nvention] [ 0826hisAxades grefadbher ehaabexel dhgopgtinRNetdterddnéirtheeor di ng
to the inventjon has an effect in that, as conpared wth the conventi onal
one, the CeBRrSEYatieasieonesmateral offiehgtiuphcomsipieng of Enopdrand&a. Accor di ng
to the nm turing nmethod of manufacturing the permanent magnet of this
i nvention, per manent magnet can be manufactured with high productivity
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materi al ¥sf BroBud®ecGdy €k, ITef, ¢ld)dhnt &, 1.5 GaPsedEOMRE Mo, Na, Nb, Ni, P,
Pd, Ru, S, Sh, Si, Sm, Sn, Sr, Ta, Ti, Tm, V, W, Y, Yb, Zn, and Zr.
[ Effects of the Invention]
[0026]

As described hereinabove, the permanent magnet according to the
invention has an effect in that, as compared with the conventional one, the
coercive force is higher with high magnetic properties. According to the
manufacturing method of manufacturing the permanent magnet of this
invention, the permanent magnet can be manufactured with high
productivity at a low cost.

[Best Mode for Carrying OQut the Invention}
[0027]

With reference to Figs. 1 and 2, a permanent magnet M of the present
invention can be manufactured by simultaneously performing a series of
processes (vacuum vapor processing) of> a film-forming step in which metal
evaporating material V to be described hereinafter is caused to be
evaporated and the evaporated metal atoms are adhered to a surface of a
Nd-Fe-B sintered magnet S machined to a predetermined shape; and a
diffusing step in which the metal atoms adhered to the surface of the
sintered magnet S are diffused into the grain boundary phases so as to be

homogeneously penetrated.

[0028]




evaporated and the evaporated netal atons are adhered to a surface of a

Nd- Fe-B sintered magnet S machined to a predeterm ned shape; and a
diffusing step in which the netal atonms adhered to the surface of the
sintered magnet S are diffused into the grain boundary phases so as to be
honobgeneously penetrated. [0028] 9 The starting material of the Nd-Fe-B
sintered magnet S is manufactured as follows by a known nethod. That is,
first, an alloy nmenber having a thickness of 0.05nm 0.5 mmis nmanufactured
by the known strip casting nethod by forrmulating Fe, B and Nd at a

d 1 ned L ) } ly, | . nb havi .
P ahnese. o aBBRRAEHHLEN mBtd il b Y. NORRH OGBNRPT BRI S e g
met hod. A nSiRithctRBE s Bll0%d byZh knlb¥en H2thol. Ph %},{ TRt 05 fUGethdhksei n

during the fornmulation. Then the manufactured a meriber 1S once ground
by the knhawingydthg&negs bH0i0TgniH-00&ESmm g rhaenfaptinedrhy et Byiotviestpgt - m | |
pul veri zing process. [0029] The sintered magnet nentioned above can be
manuf act ureabting Mmethvdgbyhdoynulatingraferi Bl amd aNor eddetar prevedermined
configuration such as, .a rectangul ar_parall el opi ped or a. cyli nd&;g{)n a nold

by using negRRAsIEOR; eMgernsiiely. ain ollosynember haHgst hdhidimasei Inabewt each
of LD 3t Bl ooy BRKAELRL OB B PHESSLATR TBAS RS, ORI A
range of 7S]Hﬁﬂ1 a'IﬁQth 0&’1101%,81?12?% f'h{,h%f'gr @f‘?ﬂ%%b rhcgieﬁnﬁ{e?'@iﬂ auk’ e than 7

y m since the spinning rains durirng generation of the
magneti ¢ ff@hdilafiohNAHR2SERe nhACufadB@FRe alby Ok RiHeR 1508ndeS o SR Bedtland

additionally the surface area of grain
known hydrogen grinding process and then pulverized by the jet-mill
pulverizing process.
[0029]

The sintered magnet mentioned above can be manufactured by
forming the ground material to a predetermined configuration such as a
rectangular parallelopiped or a cylinder in a mold by using magnetic field
orientation. By optimizing the conditions in each of the steps for
manufacturing the sintered magnet S, the mean grain size of the sintered
magnet S may be in the range of 1 x m~5 x m or in the range of 7y m~20 1
m,

{0030]

If the mean grain diameter is larger than 7 um, since the spinning
force of the grains during generation of the magnetic field is increased, the
degree of orientation is improved and additionally the surface area of grain
boundaries is reduced, it is possible to efficiently diffuse Dy, Tb and the like,
thereby obtaining a permanent magnet M having a remarkably high
coercive force. If the mean grain diameter is larger than 25y m, the rate in
the grain boundary of grains including different grain orientation in one
grain is extremely increased and the degree of orientation is deteriorated

and, as a result, the maximum energy product, remanent flux density and

the coercive force are reduced, respectively.

10



boundaries is reduced, it is possible to efficiently diffuse Dy, Tb and the
i ke, thereby obtaining a permanent magnet M having a remarkably high
coercive force. If the nean grain dianmeter is larger than 25 ,u m the rate
in the grain boundary of grains including different grain orientation in
one grain is extrenely increased and the degree of orientation is
deteriorated and, as a result, the maxi num energy product, remanent fl ux
density and the coercive force are reduced, respectively. 10 [0031] On the
other hand if the nean grain dianeter is smaller than 5 m the rate of

single dorra[qu{]]ai ns is increased and, as a result, a permanent nmagnet
havi ng very high coercive force can be obtained. |If the nmean grain dianeter

is smaller thapplile btheshaed #hedndhl HAAIRRNEE N BMIFR! tha®F . m,
conplicated, the tinme required for performng the diffusing process nust be

extrenmel y tht endesf sindld dumdihegrpindicincressed sndoas aneduld, G0 tmaRsnts hown
in Fig. 2, a vacuum vapor processing apparatus 1 has a vacuum chanber 12 in
whi ch a prE@xsget heying aere dughdoarivi dptceatamm bembsained: f thel meas guaid (e. g.

1 X 10-' Pa). vi ] ti A1 h t - npl | ,
cryopur, -GG o SHRS thag | e ke Uk dretn by SpAREDFRR DRI
hanmb 12 d . | S| t I . | | el opi ped t
T3a havi nce SPRRE the i TBhhReldof v Sh-RRaE i D Ris R ARl e

f th . 131 is f d
he ontircoareaeny bxtbifed P Pus PRl SRererRE%T, 0 part 130 s

mount ed i n [@82i on on the upper surface of the box part 13a, the flange
131 is fit into the outer wall of the box part 13a (in this case, no vacuum
seal is providdd shwiman Higelak vaealh, vapor pabeesspigepparaigiscAabbera 130 i s
defi ned Vm\lza?crllmlrg cilfa%l:tgéf d12f rn? rgviﬂzi a pressure can be reduced and kept at a
predetermined pressure (e.g. 1 X107 °Pa) via an evacuating means 11 such
as turbo-molecular pump, cryopump, diffusion pump, and the like. There
disposed in the vacuum chamber 12 a box body 13 comprising a rectangular
parallelopiped box part 13a having an open top and a lLid part 13b
detachably mounted on the open top of the box part 13a.
[0033]
A downwardly bent flange 131 is formed over the entire circumference
of the lid part 13b. When the lid part 13b is mounted in position on the
upper surface of the box part 13a, the flange 131 is fit into the outer wall of
the box part 13a (in this case, no vacuum seal is provided such as a metal
seal), so that a processing chamber 130 is defined which is isolated from the
vacuum chamber 12. Tt is so arranged that, when the vacuum chamber 12
is reduced in pressure via the evacuating means 11 to a predetermined
pressure (e.g. 1X 107 °Pa), the processing chamber 130 is reduced in
pressure to a pressure (e.g. 5 X 10”7 “Pa) that is higher substantially by half a
digit than that in the vacuum chamber 12.
[0034]

The volume of the processing chamber 130 is determined so that the

metal atoms can be supplied onto the sintered magnet S directly or from a
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vacuum chanber 12. It is so arranged that, when the vacuum chanmber 12 is
reduced in pressure via the evacuating neans 11 to a predeterm ned pressure
(e.g. 1 x 10 - "Pa), the processing chanmber 130 is reduced in pressure to a
pressure (e.g. 5 x 10-"Pa) that is higher substantially by half a digit
than that in the vacuum chanber 12. [0034] The volune of the processing
chanber 130 is determned so that the netal atons can be supplied onto the
sintered magnet S directly or froma 11 plurality of directions by repeating
several collisions, in consideration of the average free stokes of

t . j. 1 . i- t
vl ¢ RSy of RSk LBhs by rEREaRRt RREtaraMiERs. H SRt dn ot R
means to besdes Frédethieer i dabeitedondral MarBAS] O q‘hen@&;@Eiaﬂ! 18hafddoes not
react with the nmetal evaporating material V. [0035] 1In other words, in case

Al t 0 3 the GH partof3bearasetlin wdh thicltineasas sy aeuot @ppadefarsndds whead when
t he net al evaporating material Vis an alloy of Dy and Th, there is a
fi

possi bi | i hgateddy the haating maans éo baplescribeddwrhoradtamand aveavadoiofa Al 203

and form produc of , reaction on th surface, resulting i asy breakage of
the box b%&;‘;eriéf ﬁa@é&ﬂeairﬁmrfa%wﬂhbﬁw medyl @vafsorﬁﬁalg,mag@f@ ¥ M, W V, Ta
or these atltdnogﬁ (including rare earth elenents added Mo alloy, Ti added M
al l oy and i ke), CaOQ, YZO3 or oxides of rare earth elenents or

structured by ' ti.on r epn . C; | t ysS are
coated as inn:([al?qlﬁPﬁ# nrbgw(%’ blga‘r}lg%g%gﬁ(% beﬁgré@ggnﬁe@gﬁ p tCJHrra |%I§7 of M

W res (e.gacuhd afpabdond G isedawhanosh dhethl @fa@@@aahgi Rederigl Ghts fahom t he
bottom surface in the processing chanber 130 on which a plurality of

si nt er ed aignef DH mah Te thaecens ai pesdlyilitydthat Dy thd Mdhex thandapdthe net al
evaporating materials V are appropriately placed on a bottom surface, side
sur f aces ajmesphepe sweyldceeast whb pldegihdorm products of reaction on the

surface, resulting in easy breakage of the box body 13. Accordingly the bbx
body 2 is made, e.g., of Mo, W, V, Ta or these alloys (including rare earth
elements added Mo alloy, Ti added Mo alloy and the like), C20, Y,0; or
oxides of rare earth elements or structured by heat insulation member on
which said elements or alloys are coated as inner lining. A bearing grid 132
for example of plurality of Mo wires (e.g. 0.lmm~10mm ¢ ) is arranged at a
predetermined height from the bottom surface in the processing chamber
130 on which a plurality of sintered magnets S can be placed side by side.
On the other hand, the metal evaporating materials V are appropriately
placed on a bottom surface, side surfaces or a top surface of the processing
chamber 130.
[0036]

As the metal evaporating material there is used one which contains: at
least one of Dy and Tb which largely improve the grain magnetic anisotropy
of principal phase; and at least one of Nd and Pr (in this case, there may be
used didymium which is an alloy of Nd and Pr). The evaporating material
V is mixed at a predetermined mixing ratio and by using, e.g., an electric arc
furnace an alloy in bulk form is obtained and is placed in a predetermined

position in the processing chamber 130. It may also be so arranged that Dy,
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chanmber 130. [0036] As the nmetal evaporating material there is used one

whi ch contains: at |east one of Dy and Tb which largely inprove the grain
magneti c ani sotropy of principal phase,- and at |east one of Nd and Pr (in
this case, there may be wused didymumwhich is an alloy of Nd and Pr). The
evaporating material V is mxed at a predetermned mxing ratio and by
using, e.g., an electric are furnace an alloy in bulk formis obtained and
is placed in a predetermned position in the processing chanber 130. It may
al so be so arranged that Dy, 12 Tb in bulk formor in granular formor their

al l oy or NIb iRbulk bifidr i3l $RAEL forseBRTRER! avuegA SPRRCPrig thesr MMAEESI NY
chanber 130 at a predeterm ned weight ratio. (0037] "According to this

ar r angenensepamtagdiispored aint bhe f pricetdiat, chimbhe 130mat af peiddtuminbred nt o
the grain boundary, phases, Dy (Th) is replaced by Nd (Pr) of grain
particles W@lghfe‘ﬁﬁélﬁy i nprove the crystalline magnetic anisotropy, the
strain and ts in the grain boundaries are repaired, whereby a still

hi gher coer t*y can be possessed. In addition, since Nd and the like take

(1,281, OCL et ki e, YU i AR ERTDL LTS B2

t hereby resulting in m-ener gy

pr oduct . ther, I
B 1 hi ghey e bt o B T e oLl s The ot her

hand, si ncgrdihepatiches te thetedly @hphetlicsc Nire ey @abieutrogP0fhe t han
the eutectic point of Dy-Fe or Th-Fe, the diffusion velocity of Dy, Th in
the grai nsttaun@ad dsfests dnethehigyhiar banddaresasresepairedheidirebysi onilkt ep

can be performed at a short tinme, thereby attaining a high productivity. In
this casef,ﬂa%ﬁfPﬂ%r%&tslca&kﬁaﬁ%ﬁeﬁﬁ@i-rrairbaiiémqn,cﬁém%maa# tﬁ@algkeba%@e of Nd

and P U SBET Sh¥RehBb5S Shald Dy PR Ll S Rl 52080
thereby resulting in a higher remanent flux density and maximum energy
product. As a result, there can be obtained a permanent magnet that is
still higher in magnetic properties than the conventional one. On the other
hand, since the eutectic point of Nd-Fe is lower (lower by about 200°C) than
the eutectic point of Dy-Fe or Th-Fe, the diffusion velocity of Dy, Th in the
grain boundaries becomes higher and, as a result, the diffusion step can be
performed at a short time, thereby attaining a high productivity. In this
case, if the metal evaporating material V contains at least one of Nd and Pr,
the coercive force of the permanent magnet M can be increased, irrespective
of the mixing ratio (wt %), as compared with the case in which at least one
of Dy and Tb is made the metal evaporating material V.

[0038]

Preferably, the metal evaporating material includes at least one
material of the group consisting of Al, Cu, and Ga. According to this
arrangement, due to pluralistic eutectic effect, the melting point of Nd-rich
phase lowers. The diffusion velocity of metal atoms of Dy and Th further
increases. In other words, in the diffusion process, elements of Al, Cu and

Ga find their way into the Nd-rich phase to thereby form a complicated
eutectic of Dy(Th)-Nd(Pr)-Fe-Al (Cu, Ga), and the like. In this case, the

13



of the mxing ratio (W %, as conpared wth the case in which at |east one
of Dy and Tb is nade the netal evaporating material V. (0038] Preferably,
the netal evaporating material includes at |east one naterial of the group
consisting of Al, Cu, and Ga. According to this arrangenent, due to
pluralistic eutectic effect, the nmelting point of Nd-rich phase |owers. The
diffusion velocity of nmetal atons of Dy and Tb further increases. In other
words, in the diffusion process, elenents of Al, Cu and Ga find their way
into the Nd-rich phase to thereby forma conplicated eutectic of

Dy(Tb) - Nd( Bajecte-pin 68th&Nd-rRMdphi® WHigh id RehPihe %§§ﬁ1 atti8les 13 1&WéeCt i C

point of the Nd-rich phase which Is near the grain articles is lower in
case of thin paseyvbpie polbpitssytenanpacetpaired witk thotetbetdc poimt obfhd he
bi nary sysiem of Dy-Fe(Thb- ;21%9 Therefore, the diffusion velocity of the
met al ~ at onblr@frywys am 96 cBrHe (@i Fe). t dBhenefonen thediffusion avelosisy tofnehef

the ' abovelieL AHad o Uiers h%bﬁﬁ%%%ﬁf fa%%%%?t rchd %‘o'afmé’%aﬁg ool
i ncrease | &lffliéi'@ég)frg&%%tsl \&?le f%pr e%lélge ec |a%ge|rta§]tﬂtth§. gﬁ IIlogf ﬁ{e the

rare earth as a resu

above- descgbhrdd&dcermeat éleméd%@rfﬁr thE g%n?%?h@ﬁe@ Qnﬁe&d@&? Bl fREERde fhat has

a still higher coercivity. his case, "as a resu positive reaction

wi t h har nfthe effeotns Srasacdsaxahs Cémwtm@ hlues tb hgheC asbecticnt of thel @Ry ieBgth N
coercivity, the effect of detrinment can be lowered. [0039] [In order to
obt ai n t heoxidae asf# rendt aof préferendali esthithedobitioy ehotehdesarsieal e lemaemtsatl ng
mat eri al Vnayfurth conprise at |east one material of . the group,

consi st ng ¥ agn g b olpigin " rEmeanebonsenet (i e st bighemtoegaVitvge, 1
Ho, 'In, Sh, ,Si

e e

which is the cause for the lowering in coercivity, the effect of detriment can
be lowered.
[0039]

In order to obtain the same effects as the one described above, the
metal evaporating material V may further comprise at least one material of
the group consisting of Ag, B, Ba, Be, C, Ca, Ce, Co, Cr, Cs, Er, Eu, Fe, 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, T4, Tm, V, W, Y, Yb, Zn, and Zr (hereinafter referred to as
“element A”).

[0040]

A heating means 14 is arranged in the vacuum chamber 12. The
heating means 14 is made of a material that does not react with the metal
evaporating material V, in the same manner as with the box body 13, and is
arranged so as to enclose the circumference of the box body 13. The
heating means 14 is made up of 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 inner side thereof and has a
filament of Mo make. By heating the box body 13 by the heating means 14

at a reduced pressure, the processing chamber 130 is indirectly heated
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"element A"). [0040] A heating neans 14 is arranged in the vacuum chanber
12. The heating neans 14 is nmade of a nmaterial that does not react with the
netal evaporating material V, in the sane manner as with the box body 13,
and is arranged so as to enclose the circunference of the box body 13. The
heating means 14 is nade up of a thermal insulating material of M nake
which is provided with a reflecting surface on the inner surface thereof,
and an electric heater which is disposed on the inner side thereof and has
a filament of Mo nake. By heating the box body 13 by the heating neans 14

at a reduc t ' ajther 1 i s.indi.rec 14
Fhr ough t ne Eavett i s PAERETSTRRHTS, et ot BroRBubigidmBsgasd 30
can be heatgd Ubsitedlsudstan iy uo¥m1},0041]  Then a description will be
made of the manufacture of a permanent “magnet M using the above-descri bed
vacuum proc¢86ithp apparatus 1 by perfornmng the nmethod of this invention.
First of all, sintered magnets S nmde in accordance with the nethod

descri bed abovélhare apllegsziptoon vhé béeaade gl ghiedmb3fadturd @fbopeperaned8a, and

an al |l oy of %/ ang/gl\ld_to formthe_ netal evaporating materials V is placed

on the bot % r PaS1BE theeabevedpegriberh yacuHos prpeessing pPdrabighdt 8YS and

th tal ti terial Vv [ d f h oth LN th

pr ocessi ng FEREABETE 126 meRpod ot this, Apksth: olrreh o8l sPBRTEAdnRERS Pt 130

on the OPehyiippeh SbFEEFedbribh YheP Mot ddiPinciNEnBAX RO WMabdai 6y Rhaced Tn
y the hea n

a predeterm ned position enclose I'ng nmeans e vacuum

chanber 12heagiRghidd 132 of iRNboxt Féﬁugﬂa,t 4¥ed aviesla bNDyBah Nd do Fhen tREUUM
chanber 12 is evacuated until it reaches a predeterm ned pressure (e.g. 1 X

10 - ' Pa) nfe¢thé epaporgsnggnataraibey 1d Iflaced evathmbettono sarfacessiitlee box

substantially half-digit higher than
part 13a (thus the sintered magnets S and the metal evaporating materials
V are disposed away from each other in the processing chamber 130). After
having mounted in position the lid part 13b on the open upper surface of the
box part 13a, the box body 13 is placed in a predetermined position enclosed
by the heating means 14 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 130 is evacuated to a pressure substantially half-digit higher than
1X10"*Pa) and the processing chamber 130 is heated by operating the
heating means 14 when the vacuum chamber 12 has reached a
predetermined pressure.

{0042]

When the temperature in the processing chamber 130 has reached a
predetermined temperature under the reduced pressure, the metal
evaporating material V placed on the bottom surface of the processing
chamber 130 is heated to the substantially same temperature as the
processing chamber 130, and starts evaporation, and accordingly a metal
vapor atmosphere is formed inside the processing chamber 130. Since the

sintered magnets S and metal evaporating material V are disposed at a

distance from each other, when evaporation starts, the metal evaporating

156



1 X 10-'Pa) and the processing chanber 130 is heated by operating the
heati ng nmeans 14 when the vacuum chanber 12 has reached a predeterm ned
pressure. (0042] Wen the tenperature in the processing chanber 130 has
reached a predeterm ned tenperature under the reduced pressure, the netal
evaporating material V placed on the bottom surface of the processing
chanber 130 is heated to the substantially sanme tenperature as the
processi ng chanber 130, and starts evaporation, and accordingly a netal
vapor atnosphere is fornmed inside the processing chanber 130. Since the
sintered magnets S and netal evaporating material V are disposed at a

di stance fhameach @ilenet \b@e@ir@(\!ﬁdﬁoicﬁiérgﬂ £} 8hé Ssintdied Mhehef\PRHGREI N9 15
material V will not be directly adhered to the sintered magnet S whose

surface Naurfade Ndaseh ipthavelisedeltéde Thiamesiloatomé oDYTTD) or NA(H))ini n  t he
metal vapor atnosphere are suggl i ed and adhered to the surface of sintered
nmagnet S Hést Bgteb vaper misasphete substapnlied 1and ladhezark tasthehaurfete dfhe

The-or i n SRR AYA PSS BBl frod SPHPETSR GBI R R ISABT RIS o
! SPRPErRd et rsp
nd o a f A2 Agal tysetpdethe ARislt bad i Stieed Pa@R e B RERIRHD 5f 7Dy

and Nd i nihheRebdhin H&B%aﬁ%%ﬁ#ﬂﬁﬁ%ﬂ' Iifggnépss 'E'ﬁex%%&f(?&ﬁiﬂhﬁghgan

si ntered magnet so that a contai ning”Dy and
be forned.a NdmdeposimiagtheoMt he surface of the sintered nagnet S as

recrystallized will extrenely deteriorate the surface of the pernmanent
magnet M (JQG'&&]:e roughness beconmes worsened). In addition, Dy deposited on
the surface of sjntered magnet S that has been heated to substantially the
sane As shown in Fig. %, in case a film-forming step and a diffusing step are
performed at the same time, when metal atoms of Dy and Nd in the metal
vapor atmosphere are supplied to the surface of the sintered magnet S so
that a layer (thin film) L1 containing Dy and Nd can be formed, Nd
deposited on the surface of the sintered magnet S as recrystallized will
extremely deteriorate the surface of the permanent magnet M (surface
roughness becomes worsened). In addition, Dy deposited on the surface of
sintered magnet S that has been heated to substantially the same
temperature during the processing is melted and excessively diffused into
the grains in a region R1 near the surface of the sintered magnet S, and
thus the magnetic properties cannot be effectively improved or recovered.
[0044]

That is, if a thin film containing Dy and Nd is once formed on the
surface of the sintered magnet S, the average composition on the surface of
the sintered magnet S becomes Dy-rich composition. Once the Dy-rich
composition is formed, the liquid phase temperature lowers and the surface
of the sintered magnet S becomes 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 increase. In addition, Dy excessively penetrates into the grains

together with a large amount of liquid phase and thus the maximum energy
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tenperature during the processing is nelted and excessively diffused into
the grains in aregion Rl near the surface of the sintered nagnet S, and
thus the magnetic properties cannot be effectively inproved or recovered.
[00441 That is, if athin filmcontaining Dy and Nd is once forned on the
surface of the sintered magnet S, the average conposition on the surface of
the sintered magnet S becones Dy-rich conposition. Once the Dy-rich
conposition is fornmed, the liquid phase tenperature |lowers and the surface
of the sintered nagnet S becones nelted (i.e. the principal phase is nelted

andthear&g)ltbra [ W Tednt I NGE . r i near the
surface of t htélcg ieﬁ%l gg%q 5%93%2’?3%‘9%@ g@?ﬁ%%lﬁ%ﬂ% c;c ﬁ??ﬁé%%fﬁ%ﬁtdﬂﬁg u s&’tsgtg’a

asperi ti esajenfifirtasewordendddi ti on, Dy excessively penetrates into the grains
together with a | arge anount of |iquid phase and thus the maxi mum energy 16
product exHiOMblng the magnetic properties and the remanent flux density
are further worsened. k00451 According to the exanple of the present

i nvention, metArcardimtatthaexameplerifathevpresendlikvention( mebak evanerating

her i | h i [ f it [ un; i fi
it ace: il 3 épofufk SHPpniPhbt oA mrhsread; shans) phevsss pngredanber
130 i i f.17-10% b ight of t i pt d t t d
the amunt GBSy A0 Aol VELBE (RasiOs shsBich: free) T Lapeedort When ¢ he
netal evapgjtedrh NGurTRLE rdfafhevprb&s%gg'&ﬂg%ert h8ot FIMBeLAGY r(ﬁ %3()1(9‘1%1 (B)go c

processing chanber 130 is arranged e set to a range o
pref er abl yw&ighivf 1ROGIntered anbstd sd1ds thhedhedthd GiniRantSofldv {Rratiohhs

saturated vapor pressure of Dy is about 1 X 10- P ~-1 X 10-1 Pa when the
t enper at ureeconstahe tgnperessiragic hdditam, ivvh@) ke mdADeodporfadiigtinaterial V
is Dy and Nd, the temperature in the processing chamber 130 is arranged to
be set to a range of 800°C~1050°C, preferably 900°C~1000C by controlling
the heating means 14 {(e.g. the saturated vapor pressure of Dy is about 1X
107?~1x10"'Pa when the temperature in the processing chamber is 900°C
~1000°C).
[0046]

If the temperature in the processing chamber 130 (accordingly the
heating temperature of sintered magnet S) is lower than 800°C, the velocity
of diffusion of Dy atoms adhered to the surface of the sintered magnet S into
the grain boundary phases is decreased and thus it is impossible to make
the Dy atoms to be diffused and homogeneously penetrated into the grain
boundary phases of the sintered magnet before the thin film is formed on
the surface of sintered magnet S. On the other hand, at the temperature
exceeding 1050°C, the vapor pressure increases and thus metal 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 in the
grains is greatly reduced and, therefore, the maximum energy product and

the remanent flux density are further reduced.

[0047]
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|f the tenperature in the processing chanber 130 (accordingly the heating
tenperature of sintered magnet S) is |lower than 800C, the velocity of

di ffusion of Dy atons adhered to the surface of the sintered magnet S into
the grain boundary phases is decreased and thus it is inpossible to nmake
the Dy atons to be diffused and honbgeneously penetrated into the grain
boundary phases of the sintered magnet before the thin filmis formed on
the surface of sintered magnet S. On the other hand, at the tenperature
exceedi ng 1050C, the vapor pressure increases and thus netal atons in the

vapor at nosphgy CARESS! Mel ' 0 @iﬁ/ | atered
magnet S. In adglf(?eirrgtr?, &?aﬁeﬁssﬁ@%@sﬂi@?ﬁ% %&J.[lﬁa d%\%gtﬁq{ d s%g%gﬁr?usgd into
t he graithe. thhdilhd cbiytdifikh Dused N iD fdriedbal the, surfifec BIUNRL diadddedn i n the
grains is greatly reduced and, therefore, the maxi mum energy product and

t he r emamegtef Suskhelealso f adwealk sutfher aredofCdd medddalapbratinganderidlo di f f use

Dy and Nd i.nto the (%rai n boundary phases before the thin film containing Dy
and Nd % dispaped ohthadoitomanetage ehthe pnecsseing phamber 330 teartatalo of a

I f h | J Lal, V. di h
bot tom SUFTHECABH ¢hEhAGHEEet s EHdnB SR 61 dhEdrearing BPRRde2aPea of t he
ot _ HIRS g e _
chanber Pagtog-sstof cBRRRRE £ 1o W30 19 pShfeeot 5001 SR REPUITRED,

ot her twaﬂm%th@ﬂw@?%elrefgia&-oﬂ 16~ X«lz‘)xgoat @E(%x%t ﬁi&cgﬁe@h@f%e a

predetermned thin filmis fornmed on the surface o e sintered nmagnet S

and t hupradeerimnedtthindiled i$domed binothdearBte of phepehtdred wmapnet Sbe
obtained. In this case, the above-described ratio shall preferably fall

Wit hi n asnd thige aoperixanent MEH®t and nizhlei ghb mezrdemcpidpedtieatcaonot be X 10- 2
A-1 X 102 js nore preferable. [0048] _According to the above_ arrangenent,
as a redbtaing. 3 Indhts eese, she abpvgdescribed ratio sgall preferably fall within

a range of 1X1073~1X10°, and the above-described ratio of 1X10™*~1X

10% is more preferable.
[0048]

According to the above arrangement, as a result of a combined effect of
the fact: that the amount of supply of metal atoms to the sintered magnet S
is restrained by lowering the vapor pressure and the amount of evaporation
of the metal evaporating material V is reduced; that the diffusion velocity
becomes higher 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, and by adding at least one
of Nd and Pr to Dy(Th) as the metal evaporating material V, the Dy atoms
adhered to the surface of the sintered magnet S can be efficiently diffused
into the grain boundary phases of the sintered magnet S before a thin film is
formed on the surface of the sintered magnet S (see Fig. 1). As a result,
the permanent magnet M can be prevented form deteriorating on the
surface thereof, and the Dy can be restrained from being excessively
diffused into the grain boundaries near the surface of the sintered magnet.
In this manner, by having a Dy-rich phase (a phase containing Dy in the

range of 5~80%) in the grain boundary phases and by diffusing Dy only in
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the fact: that the anmount of supply of netal atons to the sintered magnet S
is restrained by |lowering the vapor pressure and the anmount of evaporation
of the metal evaporating material V is reduced; that the diffusion velocity
beconmes hi gher by heating the sintered magnet S at a predeterm ned
tenperature range while arranging the average grain dianeter of the
sintered magnet S within a predeterm ned range, and by addi ng at | east one
of Nd and Pr to Dy(Th) as the netal evaporating material V, the Dy atons
adhered to the surface of the sintered magnet S can be efficiently diffused

into the gral.n: e t Sl r.ed net bef or thin film
is forne eolﬁ&l‘#'gggﬁﬁ%gz 0 g%agkg’i %% r%géﬁn%tgﬁaet?&g a(nsdegog;%b‘f% %r%e éj “a
result, éﬁ&tﬁ@lﬂﬁﬁi&v@&%&%e&ﬂv@%ﬂ.bewrfdﬁﬁgb?? thefdNcdRt BE | SHighidagaon the
surface thereof, and the Dy can be restraine rom bei ng excessively

di f f used perimaridiet 1gaghat Mbtinslardgsraresd finishiadvedeand thigissdupieeicednmagnet .
In this manner, by having a Dy-rich phase (a phase containing Dy in the
range of B080%ivVitH. t he grai n boundary phases and by diffusing Dy only in 18
t he nei ghtt rg d of the grains, the magnetization and coercive force are
effectivel @Q ﬁ‘gr oved or recovered. In addition, there can be obtained a

per manent na t M ﬁmt r gui es _no fi n'gshi n vvorg and that i.s syperior in
productivity. !'[%6)6‘49§ © V\ﬁgﬁ Fﬁﬁi MIgte d® ndfndPr e f ﬁegl,avéPger %8vi ng
b ¢ : . . : . .
Fro 4 8 T B L B e B B e R e e

ext renel ythdenigital gthopuetit® @enbeatitered A3kt Would abdSsdmetififes
princi pal phase of the surface of the sintered magnet (see Fig. 4 (a)).

However sixtcemelyhdetByroratdll gphase genefatioredf ormdkkani grsiinkeimthe peimmipdks of
grains near the _surface of the sintered magnet by perform ng the vacuum
vapor pr ¢dessioithe sadaer gf the shydered moaguaein ek Figy 4fadhddpwegensinceoer ci ve
force ar E’Ehg%g-\{'%heghase 1s formed on the inside of the cracks of grains near the
surface of the sintered magnet by performing the vacuum vapor processing
(see Fig. 4 (b)), the magnetizing properties and coercive force are recovered.
[0050] |
Cobalt (Co) has been added in the neodymium magnet of the prior art
as a measure to prevent corrosion of the magnet. However, according to the
present invention, since Dy-rich phase having extremely high 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 phases, it is possible to obtain a permanent magnet
having extremely high corrosion resistance and atmospheric corrosion
resistance without using Co. Furthermore, in case Dy (Tb) that has been
adhered to the surface of the sintered magnet is diffused, since there is no
intermetallic compound containing Co in the grain boundary phases of the
sintered magnet S, the metal atoms of Dy and Tb adhered to the surface of
the sintered magnet S are further efficiently diffused.
[0051]

Finally, after having performed the above-described process for a

predetermined period of time {e.g. 4~~48 hours), the operation of the heating
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[ 0050] Cobalt (Co) has been added in the neodym um magnet of the prior art
as a neasure to prevent corrosion of the magnet. However, according to the
present invention, since Dy-rich phase having extrenely high corrosion

resi stance and at nospheric corrosion resistance as conpared with Nd exists
on the inside of cracks of grains near the surface of the sintered nagnet
and in the grain boundary phases, it is possible to obtain a permnent
magnet havi ng extrenely high corrosion resistance and at nospheric corrosion
resi stance without using Co. Furthernore, in case Dy (Tb) that has been

adhered to e@ﬁssﬂi fiQCs 0@%%4,h§1' fsé]a\rg%t %{ﬁlﬂnﬁﬁﬁgg iril ﬂggfzgdjzgg) tﬁ- g)gggésgﬁ{%e hies no

intermetal I'I'c conpoun ai ni gra oundary p

sintered nEgnabeS13bRhAroRER! Qapb¥diafe of
the sintered naanet S gr eéfSr%ﬁiﬁgﬁ?ﬁ%?ﬁ%ﬁég@g?ggaaﬁ%%%] aﬁFianal ly,

af t er havi ofjtipenfetahedapdratazonerdaat M becgioppedesnd fthe tamperatigtoeintlned
period of tinme (e.g. 4748 hours), the operation of the heating 19 neans 14
i s st oppedprosesgiag abrambeikipdl iis onpe dowerssdtd ﬁeaﬁ.r@omnu@s@vnge hesdinger 130

t hrough a gas introducin ans ot illustrated), evaporation _of ihe netal
evapor at i ngleﬁﬁfséﬂi 3 OWTPEQQS%%EHB éﬁﬁlﬂeﬁét‘%r@ﬂﬁe%hﬁ pFAsesHng Khampes i ng

oporated adartt A P BRE BT TROV e BrCHEAS Meatmtntet R Be e o &
range of 45063 630Ge a9 RESLL fn%?gbfﬁ]{:#r?éd Bﬁf%vfdlghépﬁng%%% chiedt heE

per manent magnet IS carried out er |1 nprove or recover the coercive
force. Fingld Yeoetdife VRGBIMRIAANTDEhE 2 vhSuti@Pi Blayn166301 1€ is Sphisitintdoalddy to

roomtenperature and the box bocfy 13 is taken out of the vacuum chanber 12.
10052] | nsulisdaetialplte ofont Kempresant amd eheibarx, badyt A8ughtakenhas bicgre
descri bed vacuum chamber 12.
{0052]
In the example of the present invention, although it has been described
that an alloy of Dy and Nd is used as a metal evaporating material V.
However, there may be used an alloy containing Thb with a low vapor
pressure and at least one of Nd and Pr in a range of heating temperature
(800°C~1000°C). Or else, an alloy containing both Dy and Tb and at least
one of Nd and Pr may also be used. It is so arranged that there is used a
metal evaporating material V in bulk form and having a small specific
surface area 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 13a to contain in the pan the metal evaporating material
V in granular form or bulk form to thereby reduce the specific surface area.
In addition, after having contained the metal evaporating material inside
the pan, a lid (not illustrated) having a plurality of openings may be
mounted.
[0053]

In the example of the present invention, it has been described that a

sintered magnet S and the metal evaporating material V are disposed inside
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that an alloy of Dy and Nd is used as a netal evaporating material V.
However, there nmay be used an alloy containing Th wwth a | ow vapor pressure
and at | east one of Nd and Pr in a range of heating tenperature
(900C*-1000C). O else, an alloy containing both Dy and Tb and at |east one
of Nd and Pr may al so be used. .1t is so arranged that there is used a netal
evaporating material V in bulk formand having a small specific surface
area in order to reduce the anmobunt of evaporation at a certain tenperature.
However, wi thout being limted thereto, it may be so arranged that a pan

having a r %ﬁésﬁ%eéﬂgﬁg%&%%i’i’g%(gecHo%x)e% dhSHos dFOI ig,?ﬁb%e.tb hﬁeﬁ’to’qlga”

13a to contain int | evaporating mate i'n granufar form

or bulk forimfe@ed haghyt 'Sdase tHe HPRAI BlEpSMiiRl fnafadl V haddidead.
after having contained the netal evaporating naterial inside the pan, alid

(not il ustestpediturasi ng evpbarading yhoinbepeGimghemMrobssing ehhather] @053] I n
t he exanpl e _of the present invention, it has been described that a sintered
magnet S ardusirated eig-cvapdreapravidemingifa thy vacoudi chawbdr il9siside Som he

processi ng chanber 130. .However,, in grder to enahle to he the .sinjered
magnet S akde tHECHEIAE \A@?rall?’ﬂg%’l’at @FPQ}el\/ﬁﬁﬁtIHgf‘P@?Eﬁt Ortl?éﬁﬁ?}é‘?‘%ltf]? es, an

[ . i hanb il .
oy b pr oo SRd s GRRT s R ANFRL TS By B o e R B atFrg
chamber 13Qavadiel @RRlhEfedGRk] %tﬁ?%ﬁoﬁ'ﬁ?&%ﬁé%rﬂ]e infU8PREA L fEuphanber

is provided. It may thus be so arrange after having evaporated the

met al evapochatibeg, thd eidtal atomisde theviperuhinosphsRetan Heesuiiledd 86 @k in
t he vapor atnosphere can be supplied to the sintered nagnet inside the

processi ngstulanser magnethr dagjdea tloonpuodasaingig chasgewge WAO chthronghni zat es
the pr Ocesgi}l;]l%ll(l:l’lri%g%%rg ég’sosag%nv?rhgcr]]ae cgr\él%?gﬁﬁgtgsg tﬁg %gggésstiggg %thg(xaxgber 130
and the evaporating chamber together.
{0054]

In this case, in case the metal evaporating material V contains Dy, the
evaporating chamber may be heated to a range of 700°C~1050°C (at 700°C
~1050°C, the saturated vapor pressure is about 1 X10 *~1x10"'Pa ). At
a temperature lower than 700°C, the vapor pressure cannot reach a level at
which Dy can be supplied to the surface of the sintered magnet S so that Dy
1s diffused and homogeneously penetrated into the grain boundary phases.
On the other hand, in case the metal'evaporating material V contains Tb,
the evaporating chamber may be heated to a range of 900°C~1150C. At a
temperature lower than 900°C, the vapor pressure cannot reach a level at
which Tb atoms can be supplied to the surface of the sintered magnet S. On
the other hand, at a temperature higher than 1150°C, Th will be diffused
into grains and thus the maximum energy product and the remanent flux
density will be decreased.

[0055]
In order to remove sdil, gas or moisture adsorbed on the surface of

sintered magnet S before Dy and Th are diffused into the grain boundary

phases, it may be possible to reduce the pressure in the vacuum chamber 12

21



10054] In this case, in case the netal evaporating material V contains Dy,
the evaporating chanber may be heated to a range of 700C 1050C (at 700C
1050C, the saturated vapor pressure is about 1 X 10- 4 ~-1 X 10-'Pa). At a
tenperature | ower than 700C, the vapor pressure cannot reach a | evel at

whi ch Dy can be supplied to the surface of the sintered magnet S so that Dy
is diffused and honogeneously penetrated into the grain boundary phases. On
the other hand, in case the netal evaporating material V contains Th, the
evaporating chanber may be heated to a range of 900C 1150C. At a

tenper at urg 4 peBdetehdinddPresdihe (HPAX PHESPAN ﬁlr‘éﬁgﬂ‘%he 19360 @nk Qﬂé‘dnsgt

whi ch Th atons can be supplied to the surface of the sintered nmagnet

t he ot her hhadd tatkeeptieapehatpuessuredben predntckhblied pERiod of tibe aftéf tiged
into grains and thus the maxi num energy product and the remanent fl ux
densi ty wiPresgBrejit thapsetessngselambear dBtdrast earerasized dbla prpssuoe (api sture

dsor bed . f sinter . hef d Tb are diffused
"o the gf 211D bobbngheh subaliially detpaisat ohan e GFRERuIEndn phissur o
inth 12.21 det er mi ped pr. .1 x 10- 5P
i ough ¢ N QuSATRRRIRATLZ AL 8D SR T BT eBais K BppEaflopiottsig
predet er m AaanpeF 194 67 o &l M@ BY %?atiﬂé?ﬁ?("r&e%{th&a%rﬁr PLERA! {30 epanber

130 has been reduced to a pressure (e.g. gher substantially

by hal f - ditdiit téporitiee fo£s predeiciniied peaivdus tghrnber 12. At this tine, it
may be possible to heat the processing chanmber 130 to, e.g., 100C by
operating tloesedat i ng neans 14 and to keep this tenperature for a

pr edet er mi ned &eri od of tine. [0056) On the other hand, it may be possible
to provide a kH8wH9I0hBem hagsh eif amiaygba mnesthlastq peevide| & krawe dylasma

generat | ngge%‘rerg{inlélea}:%a%est&?s tn%ttiﬁ%_strated) for generating Ar or He plasma in the
vacuum chamber 12 and to perform a preliminary treatment for cleaning
the surface of sintered magnet S by plasma prior to a treatment in the
vacuum chamber 12. In ease the sintered magnet S and the metal
evaporating material V are disposed in the same processing chamber 130, it
may be possible to arrange a known conveyor robot in the vacuum chamber
12 and to mount the lid part 13b in the vacuum chamber 12 after the
cleaning has been completed.

[0057]

Further in the example of the present invention, it is described that
the box part 13 is structured by a box part 13a and a lid part 13b to be
mounted on the upper surface of the box part 13a. However, if the
processing chamber 130 is isolated from the vacuum chamber 12 and can be
reduced in pressure accompanied by the pressure reduction in the vacuum
chamber 12, it is not necessary to limit to the above example. For example,
after having housed the sintered magnet S into the box part 13a, the upper
opening thereof may be covered by a foil of Mo make. It may be also
possible to constiruct the processing chamber 130 so as to be tightly closed in
the vacuum chamber 12 so that the processing chamber can keep a

predetermined pressure independent of the vacuum chamber 12.
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vacuum chanber 12 and to performa prelimnary treatnent for cleaning the
surface of sintered nmagnet S by plasma prior to a treatnent in the vacuum
chanber 12. In case the sintered magnet S and the netal evaporating
material V are disposed in the sane processing chanmber 130, it nay be
possi ble to arrange a known conveyor robot in the vacuum chanber 12 and to
nmount the lid part 13b in the vacuum chanber 12 after the cleaning has been
conpleted. [00571 Further in the exanple of the present invention, it is
described that the box part 13 is structured by a box part 13a and alid
part 13b tda®&8]mounted on the upper surface of the box part 13a. However,
if the processing chanber 130 is isolated fromthe vacuum chanber 12 and
can be reduceEur Eﬁrés§h¢@baﬁeﬁh@ambe@ehgnuﬂe prdesstiption dihischéammiadet he

vacuum ch er g@g‘ necessary tolimt to t he above exanple. For
exanpl e, ?’ére’f?aq}P 1‘1‘10‘& the permanead W@gﬁﬁ’éﬁ iﬁwﬂlbaltllfécbtiﬁdp?d}ta 13a,

t he upper in reof cpver.ed mak y be
al so posspr%Png[ 9&% Otr%lggn%e ESELPR S Ha?ﬁ‘) LES%‘fggl S?‘?}’ e 1iIHight ly
closed in g4 umwl;uag;% o} t n ep a
pr edet er msﬁélg@pylggésjure in epen%gng h&ﬂ&%e gg"é’%m ?ﬁgﬁﬁbg?&%g@gépo?g&%]e
Further, imatdi®alaVaray dRSeided toh@ARhEre @IS dPidDRdNAS thReIur RGO an
exanpl e in which the permanent nagnet Mis manufactured in a process of -
per f or mi nghehNdfFé¢-i tortared nsdg@mptafdottherelh ¥ fforsh g pe¢ dtethindd thivafidmt i me.

W t hout be| ng |]imted thereto, first, netal evaporating material V may be
caused t o (Himalereying step) swd, d@p@sbrauelﬁwmmm asheftadreatmenth dhpgmegaly

tep) andtVARGHFEYE SRR I tgt SaRebRen ﬁ%ﬁésﬁéeﬂ 93? he SElae TRV
material thap, h@&ﬁﬁ%ﬁnnﬁ%‘)?ﬁétgl%lﬁnbgﬂﬁdgluy HeedBYr l%ﬁecgn%exded magnet,
(diffusion step), thereby manufacturing a permanent magnet .
[0059)

In this case, as the film-forming apparatus to perform the film-forming
step, there may be used a vapor deposition apparatus of the known
construction of electric resistance heating or the one provided with an
electron gun. However, in order to increase the yield of Dy and Th which
are scanty as natural resources and a stable supply thereof cannot be
expected, and also in order to improve the productivity by shortening the
film-forming time, it is preferable to make use of the following film-forming
apparatus 10 in the film-forming step.

[0060]

With reference to Figs. 5 and 6, a film forming (film deposition)
apparatus 10 is constituted by vertically connecting a processing chamber 2
and a preparatory chamber 3. The processing chamber 2 that is positioned
on an upper side is disposed inside a cylindrical vacuum chamber 10b which
is capable of maintaining a predetermined degree of vacuum (e.g. 10X 10~
6Pa) by means of an evacuating means 10a such as a turbo molecular pump,
cryopump, diffusion pump, and the like.

[0061]
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to be diffused into the grain boundary phases of the sintered nmagnet

(di ffusion step), thereby manufacturing a permanent nagnet. [0059] In this
case, as the filmform ng apparatus to performthe filmformng step, there
may be used a vapor deposition apparatus of the known construction of

el ectric resistance heating or the one provided with an electron gun.
However, in order to increase the yield of Dy and Tb which are scanty as
natural resources and a stable supply thereof cannot be expected, and al so
in order to inprove the productivity by shortening the filmformng tine,

it is preferab o%@gs?i NP 10 in
the filmform %esﬁr 8%%3‘?%%‘11% %Fg?l\ggc |IIgdsﬂ(‘IyEl>%gﬂkI of ﬁ Fl?l

form ng (fwhielleRowpehonh tHRPAWEHSsdiabs &ﬁﬂ'sié tdsnpd ublYcated t bﬁﬂilihe
connecting a processing chanber 2 and a preparatory chanber 3.

processi ngpudparhtrry2chdraber S plosivghotiesl openidh ouptier leiéie siffade Stheﬁe&ﬂ'. i nsi de
a cylindrical vacuum chanber 10b which 1is capable of maintaining a

pr edet er ni heg ‘@é@ﬂ@écbﬂm)ﬁmulﬂh t%pgowﬂed)om@ts @reymfprencanstbfinamladig uat i ng
means 10a su a turbo | ecuj ar punp , diffusion pu and t he
li ke. [006‘%3%%31?%”%@3@8% Yid’aéi% ept ifar &gﬁilﬁ?@r BYHrAAGey 1R r‘i‘dlﬁlicgpi hespaki ng

| ate 21 th f h th
Br gpgr atory c egﬁf A oagﬁet %va%%a?ﬁ%#be gvre?et%ﬂ %‘{ﬁgﬁlﬂg LP?‘%‘%?%ftaﬁ)gr gbef eThe
vacuum Ch%ﬁéﬁlatlﬂ? dléte%é’:lvﬁii SHeNatd $r ? ?% ey %Fﬁ’ﬂﬂ&y"tﬁft %lebtﬂ‘ﬁ:“h@ ehd 23

material constituted by carbon excep r the*lower surtface in |ch t he
soaki ng pladiag?leles OPenwhidh acompegatdeh¥@enst hfoH0aki NMecBlding 34 ahds t he
insulating material 22 there are provided a pI urality of electric heaters 23
usi ng, e. garrangemlenthitaepesiible ¢o heat,i ng thedoatindoneands A§ inovaduvam, the

soaking plate 21 enclosed by the insulating material 22, and to substantially
uniformly heat the treatment chamber 2 by indirectly heating the
processing chamber 2 through the soaking plate 21.

[0062]

The processing chamber 2 is provided inside thereof with a pan 24
with a recessed cross-section on which the metal evaporating material V is
placed. The pan 24 is formed into an annular shape so that the metal
evaporating material of granular or bulk form can be disposed around the
sintered magnet S to be moved into the processing chamber 2 by a
transporting means which is described hereinafter. The pan 24 is mounted
on a wall surface on an inner side of the soaking plate 21. The pan 24 need
not be formed into an annular shape, but may be disposed in the
circumferential direction at an equal distance from one another. In this
case, although Dy and Tb are high in melting points, by using an alloy of Nd,
Pr, Al, Cu or Ga, and the like as the metal evaporating material V, the time
for forming metal vapor atmosphere inside the processing chamber can be
shortened.

[0063]
On a lower side of the processing chamber 2 there is formed a first

space 4. The first space 4 is provided with a shut-off means 5. The
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arrangenment, it is possible to heat, by the heating neans 23 in vacuum the
soaki ng plate 21 enclosed by the insulating material 22, and to
substantially wuniformy heat the treatnment chanber 2 by indirectly heating
the processing chanber 2 through the soaking plate 21. [0062] The
processi ng chanber 2 is provided inside thereof wwth a pan 24 wth a
recessed cross-section on which the netal evaporating material Vis placed.
The pan 24 is forned into an annul ar shape so that the netal evaporating
mat eri al of granular or bul k fornlcan be di sposed around the sintered

Which i s dduliatb B B mads, 0 oF8 RS bady & livebedirivias mogas pLsHRace. on
t K] i nt

2 annul artSALpar ‘E‘q%rm &l t@ﬁe‘;‘%ggﬁ% R G i R

an equal dh@éﬁ@@elsfﬁl@%lﬂ@%sﬁﬂ% QeFving 'inéﬂls'S 52%@%eﬁlé1{19b’&@089¥1tﬂ?p(tig are

high in nmelting points, by using an alloy of r Ga, and t
like as thateehalshewapir #ignd) imisdrichlth¥, vdlke Hodye51 beindsoths pepcesdiak vapor
at mosphere inside_the processing chanber can be shortened. [0063] On a

| over si dehgmbare? gt ébeingpenatvne chaber 8 irgof @mmednicatioswithpack 4. The
first spa

s mae e e ¢ &ssé%p@ﬁg%%%‘%?%%&e%& ﬁyéh&aéés fxﬁgta&%ft%q?ans )

[ 5
movabi e by A e <R Eaet B bHARRINE MIEh R Topert i tfiee P dlae | ©
and the pronoiay o ARsE Al Y“ﬁ't%ﬁé%ﬁﬁﬁ%?%%?ﬁbé‘% TR R CPIRssiBhy e 2

cl osed poshhindierl NAMHEIEH het VBLY G068l tIRl vaBAEBolPtAL ?sb%@ﬁﬂbd Withhat he
peri pheral part of an opening which is forned in a ceiling plate 41

second heating means.
[0064] |
On the lower side of the first space 4 there is provided a second space
3a. A gate valve (not illustrated) is provided on a side wall 30 which
defines the second space 3a. Transportation into, and out of, the sintered
magnet S is performed by opening and closing this gate valve. The sintered
magnet S is held by a holding means 6. The holding means 6 is made up
of: three supporting columns 61 which are vertically disposed on the same
circle at a predetermined distance from one another; and two bearing grids
62 which are supported by each of the supporting columns 61 and provided
horizontally at a predetermined distance from each other from the bottom
en-d of the supporting columns 61 upward. Each of the supporting columns
61 is constituted into a small diameter so as to minimize the conduction of
heat. This is to make it difficult for the heat from a pressing member 74,
described hereinafter, to be transferred to the sintered magnet S through
the supporting columns 61.
[0065]
In order to enable film forming on the sintered magnet S also to the
surface lying on the side of the bearing grid 62 on which is mounted the

sintered magnet S, the bearing grid 62 is preferably disposed by arranging
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defining the first space 4, thereby hernetically closing the processing

chanber. Although not illustrated, the valve body 51 is provided with a
second heating nmeans. [0064] On the lower side of the first space 4 there
is provided a second space 3a. A gate valve (not illustrated) is provided

on a side wall 30 which defines the second space 3a. Transportation into,
and out of, the sintered nmagnet S is perforned by opening and closing this
gate valve. The sintered magnet S is held by a holding neans 6. The hol di ng
means 6 is nade up of three supporting columms 61 which are vertically

i sposed OfildiCoRfB ~SitheisRladidl FASLe ThacH AL ANEE L Om R A0t Ner

and two bearing grids 62 which are supporte e suppor

col utms 61g¥idd 62rioWed @dnsidRilZOHa hbittataf Phe tReMihRadntirel 3R%Endtf M each
other fromthe bottom end of the supporting colums 61 upward. Each of the

suppor t i ngThelhoidisig Breains & ondispostddn atcircalsmdidk 68 arleickris goarledoin
mnimze the conduction of heat. This is to nake it difficult for the heat
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sintered net,S through the s rting.col ums 61. [006 .n.arder to
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0. 17- 10mMm pdcbadihe eBafiyep 2. The di stance between the bearing grids 62 is set
considering the height and the like of the sintered magnet S. The hol di ng
means 6 is [@0§pdsed on a circular disk 63 which is provided in the second
space 3a and which has in the center thereof an opening 63a through which a
supporting t ablbe dewderibbdfl thersmking apkte TAE flirsefifing thdi ppomesingn a

ring-s hap%?la%lulg&% t1$|,, qa:e t nebglgm%l} n\{\lgégfgci:lfre%rg)\z/ iadn%gtgr?alt tr}]gt does not react
with the metal evaporating material, such as Mo, W, V, Ta or an alloy
thereof (including rare earth elements added Mo alloy, Ti added Mo alloy
etc.), Ca0, Y, 0, or oxides of rare earth elements, or constituted by forming
a film of these materials as an inner lining on the surface of other heat
insulation members.
[0067]

On a lower side of the second space 3a there is formed a third space
3b. The second space 3a and 3b constitute the preparatory chamber 3. To
the preparatory chamber 3 there is connected an evacuating means 31 such
as a turbo molecular pump, cryo-pump, diffusion pump, and the like. By
means of the evacuating means 31 the preparatory chamber 3 and the
processing chamber 2 which is communicated with the preparatory chamber
3 through the first space 4 can be kept to a predetermined degree of vacuum.
At the bottom of the preparatory chamber 3 there is provided a driving
means 71 such as an air cylinder, and the like. To the front end of a shaft
portion 72 that is projected into the preparatory chamber 3, there is
attached a circular support 73. The driving means 71 and the support 73

constitute the transportation means 7. The support 73 is made movable

between a predetermined position (lowered position) inside the preparatory

26



processi ng chanber 2. 10066] The material of the soaking plate 21 for
defining the processing chanber 2 is, |like the above, manufactured by a
material that does not react wth the netal evaporating material, such as
M, W V, Ta or an alloy thereof (including rare earth el enents added M
alloy, Ti added Mo alloy etc.), CaO, or oxides of rare earth el enents, or
constituted by formng a filmof these nmaterials as an inner lining on the
surface of other heat insulation nenbers. (0067] On a |ower side of the
second space 3a there is formed a third space 3b. The second space 3a and
3b constit chentee @r epal ad opyediharmetied. pdtiohhéliftedppositivy ¢hdabechd there
I s connected an evacuating neans 31 such as a turbo nol ecul ar punp,

cryo- punp, Papgesssigothagnher 2and the |ike. By neans of the evacuating means
31 the prepgé@éfmy chanber 3 and the processing chanber 2 which is

communi cat e the preparatory chanber 3 through the first space 4 can

be kept t ' . f At the bott f.th
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support 73supgpertdr3.viTige peasiing n@nbet ITa Se#pBOithe Phrp6snsf 1iftihe tho/lisk
transportation neans 7. The support 73 is made novable between a
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3 and a predeterm ned position (lifted position) inside the processing
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peripheral portion of the opening formed in the ceiling plate 41. The
pressing means 74 is provided with a third heating means (not illustrated).
[0069]

The second space 3a which constitutes the preparatory chamber 3 is
provided with a plasma generating means having: a coil (not illustrated)
which is connected to a radio-frequency source, and a gas introduction
means 32 for introducing inert gases. The inert gas may be rare gas such
as He, Ar, and the like. Plasma is generated in the preparatory chamber 3
to perform preparatory processing by plasma in the form of cleaning of the
surface of the sintered magnet S prior to the film-forming in the preparatory
chamber 2. In this case, an electric heater (not illustrated) using, e.g., W
may be disposed in the preparatory chamber 3 so that, together with the
preparatory processing of cleaning the surface of the sintered magnet S by
heat treatment, heat treatment may be performed in vacuum atmosphere on
the sintered magnet S which has finished film forming.

[0070]

A description will now be made of film forming of metal evaporating
material V using the above-described film forming apparatus 1. First, the
Nd-Fe-B sintered magnet S manufactured as described hereinabove is

placed on the bearing grid 61 of the holding means 6. In doing so, it is
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support 73. The pressing nenber 74 serves the purpose of lifting the disk
63 when the transporting neans 7 is noved to the |ifted position to thereby
urge a sealing nmenber (not illustrated) such as nmetal seal, and the |ike
which is provided at the peripheral portion of the disk 63, against the
peri pheral portion of the opening fornmed in the ceiling plate 41. The

pressing nmeans 74 is provided with a third heating nmeans (not illustrated).
[ 0069] The second space 3a which constitutes the preparatory chanber 3 is
provided with a plasnma generating neans having: a coil (not illustrated)

which is oorfiechbidid plateriadb @hht ¢HE@ASY aSASLRagABH2zAti0ASs pat4ULThen
means 32 for introducing inert gases. The inert gas may be rare gas such as
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[0070] A description will now be made of filmTormng of nmetal evaporating
materi al Vhasibey theuabdvehdesdntdred finhghédr i ngaahpar at ysrelletdrintisied t he
Nd- Fe- B sintered mag(gﬁt S manufactured as descri bed hereinabove is placed

on the bedPMigraiitg Ghe dempesahyeditnghitdaRy @) iin ditusel sof ohly infothe
preferable to place i.t, so.,that the easy .axis of magnhetizatiqn is parallel to
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al | oy, e. g 09{ Dy and Nd is placed on the pan 24 inside the processing
chanber 3. Pn older to inprove the yield, the total anount of the netal

Then, the gate valve disposed on the side wall 30 is opened to
transport the holding means 6 on which the sintered magnet is placed, into
the second space 3a and place it on the disk 63a. Then, the gate valve is
closed and each of the evacuating means 11, 31 is operated to thereby-
evacuate the vacuum chamber 12 and, also evacuate the preparatory
chamber 3 as well as the processing chamber 2 through the first space 4
until they reach a predetermined pressure {e.g., 10X 1076Pa). In this case,
the shut-off means 5 is in the “open” position.

[0072]

Then, once the pressure in the processing chamber 2 and the
preparatory chamber 3 has reached the predetermined value, the shut-off
means b is moved to the “closed” position by the driving means 52 to thereby
hermetically seal the processing chamber 2 by the valve body 51. By
operating the heating means 23 and the second heating means in the valve
body 51 in the shut-off means 5, heating is continued until the temperature
inside the processing chamber 2 reaches a predeternﬁned temperature. It
is preferable to set the temperature in the processing chamber 2 to a range
of 1000°C~1700°C. At the temperature below 1000°C, the vapor pressure

is not attained at which the film of the metal evaporating material V can be
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evaporating nmaterial V to be placed on the pan 24 shall be limted to an
anmount required to keep the Dy vapor atnosphere inside the processing
chanber 2 until the sintered nmagnet S reaches a predeterm ned tenperature
(the tenperature at which Dy (Th) is diffused not only into the grains of
the sintered magnet but also into the grain boundary phases). [0071] Then,
the gate val ve di sposed on the side wall 30 is opened to transport the
hol di ng means 6 on which the sintered magnet is placed, into the second
space 3a and place it on the disk 63a. Then, the gate valve is closed and
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pr edet er m desiraklepéimat thiekness cha be ebemabll et tao hish dphed! eMhenataimestiah t he
processing chamber 2 to a range of 1000C -4700C. At the tenperature bel ow
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surface of the sintered magnet S that is at room temperature when taken
into the processing chamber.
[0073]
On the other hand, while the metal evaporating atmosphere is being
formed in the processing chamber 2, the preprocessing work of cleaning the
surface of the sintered magnet S is carried out in the preparatory chamber 3.
That is, after the preparatory chamber 2 (in this case, this chamber
constitutes a processing chamber for preprocessing) has reached a
predetermined pressure (10 X 10 6Pa), that state is kept for a predetermined
period of time. According to this arrangement, stains, gases and moisture
adsorbed on the surface of the sintered magnet can be removed. In this
case, in order to accelerate the removal of the gases and moisture adsorbed
on the surface, the preparatory chamber may be heated to a predetermined
temperature (100°C) and keep it thereat. Further, in order to remove oxide
films on the surface of the sintered magnet S, prior to heating of the
preparatory chamber in which the sintered magnet has been placed,
cleaning of the surface of the sintered magnet by means of plasma may be

performed. In this case, until the pressure in the preparatory chamber 3

reaches a predetermined value (e.g., 10X10 1Pa), it may be so arranged
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uniformfilmformation cannot be nmade. The processi ng chanber 2 shal
preferably be kept to a tenperature range of 1200C ~-1500 C, nore
preferably of 12009C 14009C. In these tenperature ranges filns of desirable
filmthi ckness can be formed at a high speed. Then, a netal evaporating

at nosphere having a vapor pressure of I OPa at, e.g., 1300Cis forned inside
t he processi ng chanber 2. Since convection takes place inside the
processi ng chanber 2 at 10 Pa, filmcan be formed over the entire surface
of the sintered magnet S that is at roomtenperature when taken into the
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pl aced, cle@mMhg of the surface of the sintered magnet by nmeans of plasma
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chanber 3 reditees enqer ¢Het formatich vl etk egapodfing Inidphere tinmike be so
arranged 29 that inert gas such as Ar is introduced into the preparatory
chamber 3pPredespingrchaisbems dnd Hhriderning abthessedfacaafithhaintersd megnst
f ! . .

requencySsl%u{}?eepreparatory chamber 3 have been finished, inert gas such as Ar is
introduced into the preparatory chamber 3 through the gas introduction
means 32 until the pressure in the preparatory chamber 3 reaches a
predetermined value (e.g., 1000 Pa) so that the two-digit pressure difference
or more occurs as compared with the processing chamber 2. Once the
pressure in the preparatory chamber 3 has reached the predetermined value,
the shut-off means 5 is moved to the “open” position to thereby bring the
processing chamber 2 into communication with the preparatory chamber 3.
In this case, since there is maintained a pressure difference between the
processing chamber 2 and the preparatory chamber 2, Ar will flow from the
preparatory chamber 3 into the processing chamber 2, whereby the pressure
in the processing chamber 2 will increase. Although evaporation will stop
once (the operation of the heating means 23 does not stop), the metal atoms
of Dy and Nd as evaporated in the processing chamber 2 are prevented from
entering toward the preparatory chamber 3.

[0075]

Thereafter, when evacuation is performed until the pressure in the

processing chamber 2 and the preparatory chamber 3 attains again a

predetermined value (e.g., 10X 10~ ?Pa), evaporation takes place again.
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I's operated to generate plasma inside the preparatory chanber 3, thereby
perform ng the cleaning by plasma of the surface of the sintered magnet.
When the preparatory processing in the formof cleaning has finished, the
sintered magnet will be at a tenperature between roomtenperature 200C
[0074] Then, once the formation of netal evaporating atnosphere in the
processi ng chanber 2 and the cleaning of the surface of the sintered magnet
S in the preparatory chanber 3 have been finished, inert gas such as Ar is
i ntroduced into the preparatory chanber 3 through the gas introduction
means 32 until the pressure in the preparatory chanber 3 reaches a
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the be formed inside the processing chamber 2, and this state is held for a
predetermined period of time. In this case, since the sintered magnet S
that is lower than the temperature in the processing chamber 3 is
transported into the high-temperature processing chamber 2, the metal
atoms of Dy and Nd in the vapor atmosphere will be selectively adhered to,
and deposited on, the surface of the sintered magnet S (film-forming or film
deposition process). According to the above operations, film of the metal
atoms is formed at a high speed only on the surface of the sintered magnet S.
At this time, since the pressing member 74 of the support 73 has been
heated to substantially the same temperature as that of the soaking plate
21 by the third heating means (not illustrated), there is no possibility that
the metal atoms in the vapor atmosphere get adhered to the pressing
member 74. |

[0077]

When the sintered magnet S at room temperature is transported into
the processing chamber 2 that is heated to a high temperature, the sintered
magnet S itself will also be heated by the heat of radiation. Therefore, the
time of retention thereof in the processing chamber 2 where the saturated

vapor atmosphere has been formed is the time for the sintered magnet S to

reach about 1000°C, and shall be the time until the required amount of
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hol di ng means 6 having held the sintered nmagnet S is transported into the
processi ng chanber 2. In this case, the processing chanber 2 is

hernmetical ly seal ed because the sealing nenber such as the netal seal

di sposed in the peripheral portion of the disk 63 cones into abutment with

t he peripheral portion of the opening forned in the ceiling plate 41. [00761
Thereafter, when the heated processing chanber 2 is hernetically sealed
once again, saturated vapor atnosphere of, e.g., 10 Pa at 1300C will Dbe
fornmed inside the processing chanber 2, and this state is held for a
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t enper at ufdgere his shereford a rpgeitility i thael thev nhgaktio feldedtratzthy ande heat
of radiation. Therefore, the tinme of retention thereof in the processing
chamber 2apgeafdmgliie tha umadmunapmeray nogphecte exlibbidng fthengdageetitie time
for:the sintered rr&qggt S t? rdaac about 1000C, and shall be the tine until
the requi PEPerkSsYIbbe targely reduced.

[0078]

In case the sintered magnet S is heated and thermally expanded, the
thermal expansion of the sintered magnet S will show abnormality like
invar alloy below the Curie temperature (about 300°C), and the film adhered
to, and deposited on, the surface of the sintered magnet S is likely to be
peeled off. Therefore, the time of retention shall preferably be limited to
the time at which the maximum temperature of the sintered magnet S
becomes 250°C or less or above 450°C. At a temperature below 250°C the
strain due to abnormality by thermal expansion becomes small and,
accordingly, the peeling of Dy or Nd that has been formed into a film on the
surface of the sintered magnet S is hard to occur. On the other hand, at a
temperature above 450°C, the sintered magnet S partly gets melted and,
accordingly, the adhesiveness between the sintered magnet S and Dy and
Nd that has been adhered to, and deposited on, the surface of the sintered
magnet S improves. As a result, the peeling of Dy and Nd that has been
formed into a film on the surface of the sintered magnet S becomes less
likely to occur.

[0079]

On the other hand, inert gas such as Ar and the like is introduced into
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nmetal atons are adhered to, and deposited on, the surface of the sintered
magnet S ("required anount” nmeans the anount in which Dy is diffused only
into the grain boundary phases to thereby inprove the magnetic properties
of the sintered magnet). Once the sintered nagnet S reaches the tenperature
exceeding 1000C, Dy will penetrate into the grain (grain boundary as
princi pal phase) of the sintered magnet S and, finally, will be equal to
sonmething in which Dy is added to obtain a permanent magnet. There is
therefore a possibility that the magnetic field strength and, accordingly,
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atoms in the vapor atmosphere get adhered to the valve body 51. In
addition, evaporation stops as a result of entering of Ar from the
preparatory chamber 3 into the processing chamber 2. The sintered
magnet on which a film of predetermined metal has been formed is cooled in
the Ar atmosphere.

[0080]

Then, diffusion process is performed in the preparatory chamber 3.
That is, the pressure in the preparatory chamber 3 that is isolated from the
processing chamber 2 1is evacuated by the evacuation means 31 until it
reaches a predetermined value (10X 10"3Pa).7_ The heating means provided
in the preparatory chamber 3 is operated, and heat treatment is performed
on the sintered magnet S on which a film of Dy and Nd has been formed for
a predetermined period of time at a predetermined temperature {(¢.g., 700°C
~950°C) (diffusion process). In this case, subsequent to the heat treatment
in the preparatory chamber 3, heat treatment shall preferably be performed
to remove the strain of the permanent magnet for a predetermined period of
time (e.g., for 30 minutes) at a predetermined temperature (e.g., 500°C~
600°C) that is lower than that in the preceding heat treatment in the

preparatory chamber 3 (annealing process).
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732 the preparatory chanber 3 until the pressure in the preparatory chanber 3
reaches a predeterm ned value (e.g., 1000 Pa) through the gas introduction
nmeans 32. After the | apse of a predetermned tinme after the sintered magnet
S has been transferred into the processing chanber 2, the support 73 is
noved by the driving nmeans 71 fromthe lifted position inside the

processi ng chanber 2 to the | owered position inside the preparatory chanber
3, and the shut-off means 5 is noved fromthe "open" position to the

"cl osed"” position. At this time, since the valve body 51 has been heated by
the second heating neans (not illustrated) to substantially the sane

t enper at ur po@sL}t he soaking plate 21, there is no possibility that the netal
atons in the vapor atnosphere get adhered to the valve body 51. In
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which a fﬁilmff@rmpmmmosem ae dletexminash sobsidaringr teel Heatcloehbaenh timpe  Ar

at nosphere., (008 Then, diffusign proce is performed in the preparator
ehanber 3V011f(m1%99 g}ge SHeos Bagneh 5 ﬁ%dﬁileﬁlfl@pa# &%@gﬁfﬁ%@émeﬁt@gb% s )
i sol ated fr e r SSi ha r 2.1s acyat ed t he.eyacuat,i pn nmeans
I31 unti | hm %@Chelgl tgﬁgr"é%%g&ﬁ%f‘ﬁg e\%?szfliéy(\éédfﬁ?'aﬁ%/deﬁ%fﬁéeaﬁ%épmans
Cded i ¥ e
ert or mot ot BfePtEOBLAELL A BThe iR BR SRV, SO0F BRE MER BRI L

fornmed fopresanpriedeitelddshesament QtheObuifatE al higPhefRi-aidficeefetRARERAL Ur €
(e.g., 700C ~"-950C) (diffusion process). In this case, subsequent to the
heat treatrgnet Mncamebepobiznad dry diffasimer DY, (Fgaintor €at geain dbahdary
preferably be performed to renove the strain of the permanent nmagnet for a
pr edet er nphagespet thel diffusionrprogessy. Itfisr ha@evemde dw) netedathnte sdteay thaned

L:g}(ﬁ)e[ ?é;é@g‘%qeé grﬁeat gggg\ri-ngG og'zcn)ed} trﬁ;[ ﬁirﬁ c!f \Agr(T{J)h?snsrilg t.asi Qoélggrep \?V?ﬁldi b
the volume of the sintered magnet, the time for heat treatment becomes
long at the diffusion process. Therefore, when the productivity is taken
into consideration, it is preferable that metal atoms are adhered to, or
deposited on, at least 80% of the total surface area of the sintered magnet S.
Finally, after cooling for a predetermined period of time, the gate valve on
the side wall 30 is opened and the holding means 6 is taken out.

[0082]

According to the above arrangement, there can be obtained a
permanent magnet in which a film of metal evaporating material V has
been formed over the entire surface of the sintered magnet S and, after heat
treatment, in which a diffusion layer of Dy (Th) has been formed on at least
part of the surface of the sintered magnet S, and in which Dy (Tb) has been
diffused into the grain boundary phases. In this case, due to the fact that
an additional surface treatment process can be omitted, that a thin film
including Dy and Nd can be formed to a predetermined thickness on the
surface of the sintered magnet S at a high speed, and further that the
productivity can be improved further, resulting in a high yield of Dy and Tb,
and further reduction in cost is possible.

[Example 1]
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preparatory chanmber 3 (annealing process). 33 [0081) The filmthickness of
the netal evaporating material at the filmformng process is determ ned
considering the heat treatnment time, volume of the sintered magnet S, and
the like at the diffusion process (e.g., 2 -20,um. In this case, it is
not necessary to adhere and deposit the netal atons over the entire surface
of the sintered nmagnet S. |If netal atons are present in at |east part of
the surface, a high-perfornmnce permanent nagnet M can be obtai ned by
diffusing Dy (Tb) into the grain boundary phases at the diffusion process.
It is, ho gg]to be noted that, when the surface area of having formed
the filmof Dy (Th) is small as conpared with the volune of the sintered

magnet, the tinBsfONNFaB @;@@&m&ﬁa?@é@@emenﬁmgnﬁbhim & Bfplak@aprocess.
Therefore, when the productivity is taken into consideration, it is

pr ef er abl el@® Kt (thidkalesal omm) Aneimglhanatpdsitiontof 282fb3dBred (an] CathdleRst 80%
of the total surface area of the sintered magnet S. Finally, after cooling
for a predeeepntenidobéhe gintered imagnehs Yaeld of H0Epom, amd ayetegavgraingo i s

opened and,the hol ding neans 6 i.s . taken out. [0082) cordi to the above

ar r angemen{1224{8F égjcgﬁ BeWahtkiededal Ee?’l‘?éﬁ@iﬁs &*&gﬁ‘é‘f aLe, G&Aﬁ%%hs%t?]iel of

net al evapgor.at.i iak has.. bgen fornmed qver the tire surface of the

sintered n%&%é? Pg %ﬁ%’?&? tﬁ’gté ve f”?%i?#@ﬁ? ,ro}lﬁﬁ{l\%scﬂf zaéﬁlpfo s%égél%lngyer of
Th) h I t t of th f f th i nt d

Dy (Tb) hag, eﬁgswgﬁ%ﬁg{bﬁ) eas part o e surface o e sintere

magnet S, an has been diffused into the grain boundary
phases. I|n [tgosg]case, due to the fact that an additional surface treatnent
process can be omtted, that a thin film including Dy and Nd can be forned
to a predeternThed &hpakmessntomdget BLnfacebtdinbliebyithbenbavardeseibed at a
hi gh speed, and further that the productivity can be inproved further,
resul ting Va4tUAlohi gIRDPK el RFoedssDye amdiih, the above-described vacuum vapor

processing apparatus 1. In this case, as the box body 13 there was used
one of Mo make having dimensions of 200 x 170 x 60 mm. One-hundred
twenty (120) sintered magnets S were placed on the bearing grid 132 at an
equal distance to one another. Further, as the metal evaporating material
V, Dy and Nd of 99.9 % degree in purity were mixed in a predetermined
mixing ratio, an alloy of bulk form was obtained in an electric arc melting
furnace, and a total of 50 g was disposed on the bottom surface of the
processing chamber 130. In addition, weighing was made to obtain 50Dy
and 50didymium; 50Dy, 25Nd and 25Pr; and 50Dy and 50Pr to thereby
respectively obtain an alloy of bulk form by an electric arc melting furnace,
and an arrangement was made so as to be able to dispose a total of 50 g on
the bottom surface of the processing chamber 130.
[0085]

Then the vacuum chamber was once reduced to 1X 10~ *“Pa (the
pressure in the processing chamber was about 5X 107 *Pa) by operating the
evacuating means, and the temperature in the processing chamber 130 to be
heated by the heating means 14 was set at 900°C. The vacuum vapor
processing was performed for 6 hours in this state after the temperature in

the processing chamber 130 had reached 900°C. Then, heat treatment for
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and further reduction in cost is possible. [Exanple 11 34 [0083] As a

Nd- Fe-B sintered nmagnet, a nenber machined to a plate (40 X 10x5 (thickness)
nm) having a conposition of 28Nd-1B-0.1Cu-1Co-bal. Fe, 02 content of the
sintered magnet S itself of 500 ppm and average grain dianeter of 3,u m
was used. In this exanple, the surface of the sintered nmagnet S was
finished to have the surface roughness of 10,u mor less and then washed by
acetone. [0084] Then a pernmanent nagnet M was obtai ned by the
above-descri bed vacuum vapor processing using the above-described vacuum

vapor  proges&ting tARRAFAhUSR the Iiémaaméncmgneasvés AP &P dYInl thik kgse was
used one of Me nake having dinmensions of 200 x 170 x 60 mm One- hundr ed

twenty (12Me provessiad tragnatsul® wersesqtl @c5H0Ch amidethe procegsigiei tndk8&agt an
equal distance to one another. Further, as the netal evaporating nateri al
V, Dy and 94 d¢¢ $9. omdnwegr eEhereafiar t thawepermanent | magnpt evase ront ndst

m xing ratio, an ,alloy of bulk formwas obtaiped_jn an electric are nelting
furnace, a‘ﬁH‘eéFucr%B‘tnglmi? 3513?‘&%?8?% BUEH 1RO H%léét%BFH-surface of the
processi ng m@gg@er 130. In addition, weighing was nmade to obtain 50Dy and
50di dym um , 25Nd and 25Pr; and 50Dy and 50Pr to thereby respectively

obtain an all opf byl K (oM Mbeae ChRELEL Crlies B hlaihoti! BRffRrtieR"t an

arrangenent was nade so as to e to-di spose a total of 50 g on e

bottom surﬁeaﬁ%ﬁmtﬂﬁ@gﬁémﬁﬁéh%egmﬁbﬁierﬂsagagﬁ@@Bs‘SébbtaTﬁ@n tbBetheaGiith
chanber was once reduced to 1 X 10 4 Pa (the pressure in the processing

chanber wasrezbgeitvabiXes 0f 2Pedndiic ppapaatienpftthe pemaaneni nopgrednshearitiet he
tenperature in the processing chanber 130 to be
permanent magnet was obtained by setting the time of vacuum wvapor
processing to 12 hours (Comparative Example 1a) and 6 hours (Comparative
Example 1b) respectively by using Dy in bulk form of 99.9% degree of purity
as the magnet evaporating material V.  According to this, in the
comparative examples, when the vacuum vapor processing time becomes
longer, the coercive force becomes high; in the Comparative Example 1a, the
coercive force was about 20 kOe. On the other hand, in Example 1, in case
the metal evaporating material V is an alloy of Dy and Nd, the coercive force
is about 24.5 kQOe even if Nd is mixed in the ratio of 99 wt %. It can thus be
found that the permanent magnet in question has a higher coercive force
than those in the Comparative Examples 1a, 1b and that a permanent
magnet of high magnetic properties can be obtained. In addition, in case
an alloy having mixed Nd and Pr to Dy was used as the metal evaporating
material V, the coercive force was above about 27 kOe and can thus obtain a
permanent magnet having a high coercive force and high magnetic
properties. Further, even in case an alloy having mixed only Pr to Nd was
used, it can be found that a permanent magnet of high magnetic properties
having a coercive force of 28.5 kOe can be obtained.
[Example 2]
{0087]
As a Nd-Fe-B sintered magnet, a member machined to a plate (40X 10
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heated by the heating nmeans 14 was set at 900C. The vacuum vapor processing
was perfornmed for 6 hours in this state after the tenperature in the
processi ng chanber 130 had reached 900C. Then, heat treatnment for 35
removing the strain in the permanent magnet was perfornmed. In this case,

the processing tenperature was set to 530C and the processing tinme was set
to 90 mnutes. Thereafter, the permanent nagnet was cut by wre-cutting
into a cylindrical configuration of 0 10 x 5mm [0086] Fig. 7 is a table
showi ng average val ues of magnetic properties of permanent magnets when the

per manent MQ(mEickh%SQbﬁl@i)nl@éjvinngQ@ér\i}ﬁbstiﬁof 299039 OVEC e T P a)TRan ek ¢
properties of the permanent nagnet en the permanent magnet was obt ai ned

by setti ngonbentt ofiethef sirseraimmagst Spitsetssf iRt pph hadr svdrégaparaihi ve
Exanpl e 1a) and 6 hours (Conparative @ Exanple_|b) respectively by using Dy
in bul k fcHpmetenof ¢y gegraseusdd.puk this example, idgneurfecepbitheisigtaraderi al
V. According to this, inth conpartati ve ex | es, . when vacuum vapor
processi ndnggﬂ%t ewaﬁélgusf‘%‘ﬁégra}s %i‘a(‘fﬁé’]' épﬁgnggh-B%%ﬂéESH%hﬂ” 4%%t he

Conmparati vy | e _.coercive force was about 20 kCe. On the other
hand, in é‘éﬁ%ﬁeewﬁrgskgdggs%:etqrﬁé nmetal evaporating material V is an alloy of

Dy and Nd,&bbggtoerci ve force is about 24.5 kCe even if Nd is mxed in the
ratio of 99 w It can thus be found that the permanent magnet in

question has dl'héghg peearimintemhehes M thiad obtwisedi WkihBaheovarnat ivgoexanpl es
la, I'b and that a permanent nmagnet of high nmagnetic properties can be

obt ai ned. procarstig Apparatuschaed the wddwym haagonprotesinddnethdd RlestobBy was
used as the netal evaporating naterial V, the coercive force was above

about 27 KRO&VandncHhst RAMBIS a1t 2a bopebobind® thegrae dfalMagnakeikpvisser cive
orce and e B bbo-ELARCED S5 L ST KU1 SRl B O
hi gh magnetj DIREPEL ta@neegq_u.atl distance to one another on the bearing grid 132, In
addition, as the metal evaporating material V, an alloy of bulk form was
obtained by an electric arc melting furnace by combining 99.9 % degree of
purity of Th and Nd in a predetermined mixing ratio, and the obtained alloy
of 1000 g in total was disposed on the bottom surface of the processing
chamber 130. In addition, weighing was made to obtain 50 Tb and 50
didymium; 50 Tb, 25 Nd and 25 Pr; and 50 Th and 50 Pr. Alloy in bulk
form was respectively obtained in an electric arc melting furnace and 1000 g
in total was arranged to be disposed on the bottom surface of the processing
chamber 130.
[0089]

Then the vacuum chamber was once reduced to 1X 10~ “Pa (the
pressure in the processing chamber was 5 X 107 *Pa) by operating the
evacuating means, and the temperature of the processing chamber 130
heated by the heating means 14 was set at 1025°C and the above-described
processing was performed for 4 hours after the temperature in the
processing chamber 130 had reached 1025°C. Then heat treatment was
performed to remove the strain in the permanent magnet. In this case, the

treating temperature was set at 530°C and the treating time at 90 minutes.

37



having a coercive force of 28.5 kCe can be obtained. [Exanple 2] [0087] As
a Nd-Fe-B sintered nagnet, a nenber machined to a plate (40X 10 36 X 5
(thickness) mm) having a conposition of 28Nd-1B-0. 1Cu-1Co-bal. Fe, 02
content of the sintered nmagnet S itself of 500 ppm and average grain
diameter of 3 g mwas used. In this exanple, the surface of the sintered
magnet S was finished so as to have a surface roughness of 10 u in or |ess
and then washed by acetone. [0088] Then, a pernanent nmagnet M was obt ai ned
usi ng the vacuum vapor processing apparatus 1 and the vacuum vapor

processi naFim@lIRothd @eeizpeat RAEHEt wdk tht %fﬁf@b@bﬁr@é idtPaXcypsiridad, the
one of Mo make having dinensions of 200 X 170 X 60 nm was used. And 120

si ntered rmagfigusaigon afe¢dilaned¥Xdt man. equal di stance to one another on the
bearing griid 132. In addition, as the netal evaporating material V, an
alloy of bdPR99brm was obtained by an electric arc melting furnace by

conbi ni ng 99. 9% degree.of . rity of Th and,Nd n a predeterm ned, m xing
atto and ¢ nePBbEaR At r iy Higk ARGt iaep Ttk af MgsthedposetioPRE bott om

obt ai 50 U B EHSRE i APAR A LR A" oo AR BRITRAC 12
Al loy in Qiﬂbleka%é QM¥asf Id yebper2Risal it He fbr2h £3HY nffRt™Raki NG

furnace and 1000 g 1n total was arranged to be di'sposed on the bottom
surface ofobthmedr bgeasinggthe haedatrevhiporalif@g8lateriab v tTie of deulkmicipardfer was

once reduced to 1 X 10-4 Pa (the pressure in the processing chanber was 5 X
10 - 3 Pa)9%topegraei oigpundy, andclaauivny vepmrsprogaskingetimenpasataire a2 t he
processi n%o%q'g %rmpla\:gr%tive Example 2a) and 4 hours (Comparative Example 2b),
respectively. According to the above, in the comparative examples, the
longer becomes the vacuum vapor processing time, the higher becomes the
coercive force. In the Comparative Example 2a, the coercive force was
about 21 kQOe. On the other hand, in the Example 2, in case the metal
evaporating material V was an alloy of Tb and Nd, the coercive force was
about 28.5 kOe even in case 90 % by weight of Nd was mixed. It can thus
be found that there can be obtained a permanent magnet of high magnetic
properties that has a higher coercive force than those of the Comparative
Examples 2a, 2b. In case an alloy obtained by mixing Nd and Pr with Tb
was used as the metal evaporating material V, it can be found that there can
be obtained a permanent magnet of high magnetic properties that has a
coercive force of 31 kOe which is higher than those in Comparative
Examples 2a, 2b and, even in case an alloy obtained by mixing only Pr with
Th was used, it can be found that a permanent magnet of high magnetic
properties with coercive force of 33 kOe was obtained.
[Example 3]
{0091]
As a Nd-Fe-B sintered magnet, 2 member machined to a shape of 40X

10X 8 (thickness) mm having a composition of 20Nd-1B-5Pr-3Dy-bal. Fe,

content of the sintered magnet S itself of 500 ppm, and average grain
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heated by the heating nmeans 14 was set at 1025C and the above-descri bed
processi ng was performed for 4 hours after the tenperature in the

processi ng chanber 130 had reached 1025C. Then heat treatnent was perforned
to renmove the strain in the permanent magnet. In this case, the treating
tenperature was set at 530C and the treating time at 90 mnutes. 37 Finally
t he permanent nagnet was cut by wire-cutting into a cylindrical
configuration of 10 nmX 5 mm [00901 Fig. 8 is a table in which an
average val ue of magnetic properties when the permanent nagnet was obtai ned

as above [giaBAUP 4085} hewal Liien 1VEHAOEAYA U Sl PRANGE e PLARELY oS

when t he pernanent magnet was tai ne usi'ng the evapor ati ng

material ohaghe®B Wakkihiehed oo a9 % Hovdes rs%@feféfe I@ﬁE}l(ﬁL\éSS aRGovaRULFdERPOr
processing time was set to 12 hours (Conparative anpl e 2a) and 4 hours

( Conpar at i ared Ehxanplash2d)hy niteiepedd.i vel y. According to the above, in the
conparati ve exagpl es, the |onger becones the vacuum vapor processing tine,
t he hi gher 9888kes t he coerci ve force In the Corrparative Exanpl e 2a, the
coercive for e about he ot in.the Exanple 2, in

I

case the neta %fp@ﬁaﬁ%%agpﬁq ViR © Fﬁ%‘P dgﬁlas thy YHIIWR vane

[ f 90
i xed. 1 1EtalE anDRfbt R R RE ol er i IR Afer PR e
of hi gh magpgki qn mhﬂp%ahée§stga&mbq%d§ thh%r BHQV&EY@oﬁpﬁﬁﬁkéhﬁﬁwhgose of
the Conparative Exanples 2a, 2b. In case an | oy obtalned by m xing Nd and

Prow th Thiimnwasidasedf &00ke70etal neviapekatisdd) rmmre(}alsmterea @apnbi Bound
that there can be obtained a permanent magnet of hi magneti c properties
t hat has aivelreqdaced(atfa@rﬂplaifdlstaﬂc@éomcﬂnqthehDgrthe%ielaahlg gindedld2n In

Conpar ati ve Exarrpl es 2a, 2b and, even in case an al] oy gﬁl aj ned by m xi ng
only Pr wiadditien, pasthesmetal evanorating susterialay, anpdiownnéhulkgre W hi gh

magnetic obtained by an electric arc melting furnace by weighing to have 90 Dy and
10 Nd and thereafter mixing element A in a predetermined mixing ratio.
The obtained alloy of 30 g in total was disposed on the bottom surface of the
processing chamber 130,
[0093]
Then, the vacuum chamber was once reduced in pressure to 1X107*
Pa (the pressure in the processing chamber was 5X 107 *Pa) by operating
the evacuating means, and the temperature of the processing chamber 20
heated by the heating means 14 was set at 850°C. When the processing
chamber 130 reached the temperature of 850°C, the above-described
processing was performed in this state for 16 hours. Then, heat treatment
was performed for removing the strains of the permanent magnet. In this
case, the processing temperature was set at 530°C, and the time of
processing at 90 minutes. Thereafter, the product thus obtained was cut by
a wire cuter into dimensions of ¢ 10 mm X5 mm.
[0094]
Fig. 9 is a table showing together an average value of the magnetic
properties of the permanent magnet obtained in the above-described

Example 3 and an average value (Comparative Example 3) of magnetic
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properties with coercive force of 33 kOe was obtained. [Exanple 3) [0091)
As a Nd-Fe-B sintered magnet, a nenber machined to a shape of 40X 10X8

(thi ckness) mm having a conposition of 20Nd- 1B-5Pr-3Dy-bal. Fe, content of
the sintered magnet S itself of 500 ppm and average grain 38 dianmeter of 3
/2 mwas used. In this case, the surface of the sintered nmagnet S was
finished so as to have a surface roughness of 50 u mor |less and then
washed by nitric acid. [0092] Then a permanent nagnet M was obtai ned using
t he vacuum vapor processing apparatus 1 and the vacuum vapor processing

ke hav: RibbdRfes BB pbPmillels {3 SRRk M nt anl‘ahéw%i? E O
magnet s Son&@gpl %%@&cﬁﬁg% G5 3k bse}?ene&erkﬂreomc@%sh h&? ol ng

grid 132 dition he netal evaporating nmateri a oy of

bul k f or mthaCompiaittbedERsindle &, €hé cberave fored blflEE:aerﬁl@aE&ra@y{iEV\B’f‘@B g to
have 90 Dy and 10 Nd and thereafter mxing elenment Ain a predeterm ned

m xi ng ratkiOe by fneinbekiment Aldstheahe®d ayaporathgimaigsiadi sposet tiws bbe
bottom surface of the processing chamber 130. [0093 Then, the vacuum
chanber wdeuishthat derieearchve fores digsdurthar nmved. Pdn (thisecasieadbat keash t he

processin cha 5 X 10- n he eva nmeans, and
t he tenpeggf’lﬁ‘a a]’\tl\cﬁzthﬁr%@ggsqoﬁﬁl%ﬂmfz@ Wg‘étééedlso?q‘?%atﬁ?@é%@ﬁﬂv%ans 14
was set a rocessi ng chanber 130 reached the tenperature of
8509C, thgoﬁgggg gk} rﬁljé%a@' processing was perfornmed in this state for 16
hour s. The[lEXQﬁﬂﬂew]eat ment was perfornmed for renoving the strains of the
per manent magnet. In this

[0095]

As a Nd-Fe-B sintered magnet, there was used one which was obtained
by machining into a shape of 40 x 10 x 8 (thickness) mm with
20Nd-1B-5Pr-3Dy-bal. Fe, Oz content of sintered magnet S itself of 500 ppm
and average grain size of 3y m. In this case, the surface of the sintered
magnet S was machined to a surface roughness of 50 u m or less and washed
with nitric acid.

[0096]

Then, by using the vacuum vapor processing apparatus 1, there was
obtained a permanent magnet M in the above-described vacuum vapor
processing method. In this case, as a box body 13, the one of Mo-Y make
having dimensions of 200 X 170 X 60 mm was used. And 60 sintered
magnets S were placed at an equal distance to one another on the bearing
grid 132. In addition, as the metal evaporating material V, weighing was
made to have 90 Th and 10 Nd, and element A was mixed in a
predetermined mixing ratio. An alloy of bulk form was obtained by an
electric arc melting furnace. The obtained alloy of 500g in total was
disposed on the bottom surface of the processing chamber 130.

[0097]
Then, the vacuum chamber was once reduced to 1X 10~ *Pa (the

pressure in the processing chamber was 5X 10 ®*Pa) by operating the
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case, the processing tenperature was set at 530'C, and the tine of
processing at 90 m nutes. Thereafter, the product thus obtained was cut by

a wre cuter into dinmensions of ¢j 10 nrm X 5 nm [0094] Fig. 9 is a table
show ng toget her an average val ue of the nmagnetic properties of the

per manent magnet obtained in the above-described Exanple 3 and an average
val ue (Conparative Exanple 3) of magnetic 39 properties when a pernmanent
magnet simlar to the one in Exanple 3 was obtained. According to this,
while the coercive force was about 30 kOe in the Conparative Exanple 3, the

coerci ve f.9h68a12he BXRIRLE a3dVeRe %rx?é\]éé%tgxée I&ﬁt}@’ P '&sgﬁge lRHRHer 18§ the

netal evaporating material. It can und "t hat e coercive force

was furthéreateheveite Heatindd saasel4iwastsdtegsps0qe Thé eibork-deketibed gr oup
consisting of Al, Cu, and Ga is m xed, the coercive force further inproved.

(Exanpl e #lrocedfbivasArrforitkd-forBl S hotey atithiaghate, afitetlse taspersddrone whi ch
was obtained by machining into a_shape of 40 10 x 8_(thickness) mmw th

20Nd- 1B- 5phe gmpeessing chargerc bl dind Brackied: %5%@- netpiebest itrepdprenbiwapo ppm

magnet S LA G nave,the stiais Th g ReEERtiont BogSitor 1habis &k ThShed
aghet = ; v . .

appar at us Sertb terh el WiRser S80I IR EIRRE RPRAALAL. o

yacuum VaahallPri¢eesSimantBl HosndNwhii &ﬁ@%ix@%ﬁtﬂ?@‘hﬁ%dﬂ Bindrtg) one of

-Y make having di nensions of 200 x 170 60 mm was used. And 60 sintered

magnet s Scuefiguplthaedf 20 nam @ U@BInmi st ance to one anot her on the bearing
{0098]

Fig. 10 is a table showing together an average value of the magnetic
properties of the permanent magnet obtained in the above-described
Example 4 and an average value (Comparative Example 4) of magnetic
properties when a permanent magnet similar to the one in Example 3 was
obtained without mixing element A. According to this, while the coercive
force was about 35 kOe in the Comparative Example 4, the coercive force of
Example 4 was 37.2~ 424 kOe by mixing element A as the metal
evaporating material. It can thus be found that the coercive force was
further improved. In this case, too, if at least one material of the group
consisting of Al, Cu, and Ga is mixed, the coercive force further improved.

[Example 5]
[0099]

In Example 5 a Nd-Fe-B sintered magnet was obtained under the
same conditions as in Example 3. By using the above-described vacuum
vapor processing apparatus 1, a permanent magnet M was obtained by the
above-described vacuum vapor processing method under the same
conditions as in Example 3. However, as the metal evaporating material
element A was mixed with Dy of 99.9 % degree of purity in a predetermined
mixing ratio. An alloy in bulk form was obtained in an electric arc melting

furnace and 500g in total of alloy was disposed on the bottom surface of the
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Tgrid132. Tnaddition, as the netal evaporating material V, weighing was
made to have 90 Tb and 10 Nd, and elenent A was mxed in a predeterm ned

m xing ratio. An alloy of bulk formwas obtained by an electric are nelting
furnace. The obtained alloy of 5009 in total was disposed on the bottom
surface of the processing chanmber 130. (0097] Then, the vacuum chanber was
once reduced to 1 X 10 Pa (the pressure in the processing chanber was 5 X
10- 3 Pa) by operating the 40 evacuating neans, and the tenperature of the
processi ng chanber 130 heated by the heating neans 14 was set at 950C. The
above-descri bed processing was perfornmed for 12 hours at this state after
the tenperabidsBindchdi®eprigoessi ng chanber 130 had reached 950C. Then heat
treat ment was erfornmed to renove the strain in the permanent nagnet. In
this case, [0h@0] treating tenperature was set at 530C and the treating tine
at 90 mnutes._ Finally the permanent nagnet was cut by wire-cutting into a
cylindrical dJdosfildusat itehleoshawingtogesheman] ageske rlge of Chesmagnabit e
showi ng toget her an ,average val ue of the gnetic . properties of the
pernanentIﬁﬁ@ﬁ%#*oH#éﬁﬁ%dg?ﬂnﬁﬁénﬁbﬁﬁﬁmﬁés% o Ekd%ﬁléhwvﬁ' Sgﬁﬂﬁ@erage
val ue (Co rative Ex | e 4) of negk ¢ [ Qpertd es epy aper.nmangnt
magnet sigggg&ﬁ@ogtﬁgagﬁ%’Fﬁ%éﬁﬁﬁ%ﬁge3&%%§pg%ﬁﬁgi#EEHW&Ehgbfiﬁp?gﬁS&%Ienent
A. Accordi - dhi i j - - t [ he
Corpar at | VaoRSzaics)rhan pFidient 3 hifCsint O 196 0B, Hmnpi 5,850 "o by

m xi ng el efefined Rithb€ MBLak clemaperAt i ABcdraigf t@lthid, twkad thBUsehgvé ound
that the coercive force was further inproved. In this case, too, if at

| east one fomeevasabboft CRk@e dnphe dbnmpatating: BikaAiple Gy thardefedve forveo€d, the
coercive fE(g(raggplfeu%t hvg‘f:\s ! %50’!62%.5 L(IE))éarlggl emiSX]ing element A as the metal
evaporating material. It can thus be found that the coercive force was
further improved. In this case, if at least one material of the group
consisting of Al, Cu, and Ga is mixed, the coercive force further improved.
[Example 6]
[0101]

In Example 6 a Nd-Fe-B sintered magnet was manufactured under the
same conditions as in Example 4. By using the above-described vacuum
vapor processing apparatus 1, a permanent magnet M was obtained by the
above-described vacuum vapor processing method under the same
conditions as in Example 4. However, as the metal evaporating material

- element A was mixed with Th of 99.9 % degree of purity in a predetermined
mixing ratio. An alloy in bulk form was obtained in an electric arc melting
furnace and 1000g in total of alloy was disposed on the bottom surface of the
processing chamber 130.

[0102]

Fig. 12 is a table showing together an average value of the magnetic
properties of the permanent magnet obtained in the above-described
Example 6 and an average value (Comparative Example 6) of magnetic

properties when a permanent magnet similar to the one in Example 6 was

obtained without mixing element A. According to this, while the coercive
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[0099] In Exanple 5 a Nd-Fe-B sintered nmagnet was obtai ned under the sane
conditions as in Exanple 3. By using the above-described vacuum vapor
processi ng apparatus 1, a pernanent magnet M was obtai ned by the
above-descri bed vacuum vapor processing nmethod under the sanme conditions as
in Exanple 3. However, as the netal evaporating material elenent A was
mxed wth Dy of 99.9 % degree of purity in a predetermined mxing ratio.
An alloy in bulk formwas obtained in an electric arc nelting furnace and
5009 in total of alloy was di sposed on the bottom surface of the 41
processi ngebapheabdibod. 4 RAAGL MdICokbartide IRl RIBMIG LAVRINTRAN
average value of the magnetic properties of the pgr manent magnet o%t ai ned
in the abofExiaapld edvadnphe3dsak@eabyavdkige l@huat (Loapahat nugaExanpl e
5) of magnetic properties when a pernmanent magnet simlar to the one in
Exanpl e Sevieporathtgainmeeridlt hdutcan ’hug bel fovent that Abeocatiroryet forediveas whi | e
t he coerciive force was about 22 kCe in the Conparative Exanple 5, the
coerci ve Fither grmpyoyaspl dns thiss cage,9ibat sleask ane makariplepErikgt grows t he

metal evapor.atin terial . At.can t be found that the.coerciye force
s urt Rarinn 0 AR Ehnipdid iBixed thetOerdty Topie thedhdr aETBTd e, or oup
consi sti ngyei; . i ] - the coercive force further inproved.
[ Exanpl e G}B%IS%ffgiPﬁgﬁigﬁgﬁe r@%ﬁ%g] Fe-B sintered magnet was manuf act ured
under the [gajg] conditions as in Exanple 4. By using the above-descri bed
vacuum vapor processing apparatus 1, a pernmanent nmagnet M was obtai ned by
the above-dedtgi ledsvacsthvwvaporeqlanetimyngidet o wrdes-sddiiors afethe

conditions as in Exanple 4. However, as the netal evaporating materi al
permanent magnet manufactured in accordance with the present invention;

Fig. 2 a schematic view of the vacuum processing apparatus for
performing the processing of the present invention;

Fig. 3 i1s 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 sintered magnet manufactured in
accordance with the present invention;

Figs. 5 is a schematic view showing the construction of a film forming
apparatus for performing the film-forming step;

Fig. 6 is a perspective view showing how the sintered magnet is held
inside the processing chamber of the film-forming apparatus;

Fig. 7 is a table showing average values of magnetic properties of the
permanent magnet manufactured in accordance with Example 1;

Fig. 8 is a table showiﬁg average values of magnetic properties of the
permanent magnet manufactured in accordance with Example 2;

Fig. 9 is a table showing average values of magnetic properties of the
permanent magnet manufactured in accordance with Example 3;

Fig. 10 is a table showing average values of magnetic properties of the

permanent magnet manufactured in accordance with Example 4;
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element A was mxed with Tbh of 99.9 % degree of purity in a predeterm ned
mxing ratio. An alloy in bulk formwas obtained in an electric are nelting
furnace and 1000g in total of alloy was disposed on the bottom surface of
the processing chanber 130. [0102] Fig. 12 is a table show ng together an
average value of the magnetic properties of the pernmanent magnet obtained
in the above-described Exanple 6 and an average val ue (Conparative Exanpl e
6) of magnetic properties when a permanent nmagnet simlar to the one in
Exanple 6 was obtained without mxing elenent A According to this, while
the coercive 42 force was about 24.2 kGCe in the Conparative Exanple 6, the
coercive force: 2 - K 1.X1:n t s the
F%{-?'.Ofl Exz?%ﬁ s%o}@?i%g efbe%ﬁgé V%gu%%f;% nléa{grhgtm Sﬁ%gﬂ?&s of t1

nmetal evaporating material- an t et coercive force

was f urtheim hRBEoN&Enel &éﬁﬁfﬁeﬁﬁ%&ig‘Jccéfdalxﬁ%%i_tﬁ@xaﬁﬁb?ef 524n@f the group
consisting of Al, Cu, and Ga 1s m xed, the coercive force further inproved.

(Brief Descripig.ort if a thbleD¥law ivgsd vdrd g0 Ihludd ¢f mhghstia propermdd 6f the
explanatory view of a cross-section of the pernmanent nagnet manufactured in
accor danceemmahenimagnes sxnufavanedan;ackoylameavisbHéxmnple 6 ew of the vacuum
processin ppar at us r. performng, the ocessi ng of the present

i nventi on;gusﬁ’sﬁ?lp?qlkm;ﬁ%@ﬁ%ﬁpﬁn’@%ﬂ% g*&“@?‘@ﬁﬁgf a cross-section of a
per manent qt manuf actured in accordance with a prior art; Fig. 4 (a) is
an expl anm vi ew show ng deterioration of the surface of the sintered

magnet causqd by LN ?ﬂﬁ i: IS an explanatory view show ng
t he surfaceqcondiﬁgﬂ@?%?rn erggélnggaﬁ)ggﬁqé%%%f actured in accordance with

t he present jionvenRtjeaiim Fh8shbe? IS @ schematic view showi ng the construction
of a filmformng

2 processing chamber

3 heating means

S sintered magnet
M permanent magnet
v

metal evaporating material
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apparatus for performng the filmformng step; Fig. 6 is a perspective view
showi ng how the sintered nagnet is held inside the processing chanber of
the filmformng apparatus; Fig. 7 is a table show ng average val ues of
magneti c properties of the pernmanent magnet manufactured in accordance with
Exanple 1; Fig. 8 is a table show ng average val ues of nagnetic properties
of the permanent magnet nanufactured in accordance with Exanple 2; Fig. 9
is a tabl e showi ng average val ues of nmgnetic properties of the pernanent
magnet manufactured in accordance with Exanple 3; Fig. 10 is a table show ng

.aver age vmg{gh@mé@?opertles of the permanent magnet manufactured

I n accordance W 43 Fig. 11 is a table show ng average val ues
of magnetic properties of the pernmanent magnet manufactured in accordance
with Exanple 5; and Fig. 12 is a table showi ng average val ues of magnetic

properties of 1heA metHonshafBgRehrimabashihet h&g@féﬁef)ﬂ%@fﬁng th Exanple
6. [Description of Reference nunerals and Characters] [0104] vacuum

vapor processiagfibpplarating stép vaf uevamiraningr Retrlocaspongtinhanbeteriad
heating nmeans S,sintered nmagnet M pernmanent magnet V netal evaporating
materi al fontganing gt deagtver pEDy1and Theand diddfermanayaparatéthgretapatomaent
magnet conpri sing: filmformng st .0f evaporatin tal evaporatin
ma? eri al TB a surl}gce gf 1ron- 01'0n'1'aréJ eart psmtered Ig)lagneti a%drre P J
a diffusing step of performing heat treatment to diffuse metal atoms
adhered to the surface into grain boundary phases of the sintered magnet,

wherein the metal evaporating material contains at least one of Nd

and Pr.

2. The method of manufacturing a permanent magnet according to
claim 1, wherein the metal evaporating material further comprises at least

one material of the group consisting of Al, Cu, and Ga.

3. The method of manufacturing a permanent magnet according to
claim 1 or 2, wherein the metal evaporating material further comprises at
least one material of the group conéisting of Ag, B, Ba, Be, C, Ca, Ce, Co, Cr,
Cs, Er, Eu, Fe, 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.

4. The method of manufacturing a permanent magnet according to
any one of claims 1 through 3, wherein the film-forming step comprises;

a first step of heating the processing chamber to evaporate the metal
evaporating material disposed in the processing chamber to thereby form
metal vapor atmosphere in the processing chamber; and

a second step of transporting the sintered magnet that has been
maintained to a temperature lower than the temperature in the processing

chamber to thereby selectively cause the metal atoms in the metal vapor
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containing at |east one of Dy and Th and adhering evaporated netal atons to
a surface of iron-boron-rare earth sintered magnet; and a diffusing step of
perform ng heat treatnment to diffuse nmetal atons adhered to the surface
into grain boundary phases of the sintered magnet, wherein the netal .
evaporating nmaterial contains at |east one of Nd and Pr. 2. The net hod of
manuf acturing a permanent magnet according to claim1, wherein the netal
evaporating material further conprises at |east one material of the group
consisting of Al, Cu, and Ga. 3. The nethod of manufacturing a pernmanent
magnet acgemdipllereto £4Bérd o, AhdZdepMafy $i 't HehGLTRIAH DAt &lddngaBREET | al
further conprises at |east one nmaterial of the group consisting of Ag, B,
Ba, Be, Cdu€aio @ediffrenCe,in @smpEraturt, béitveesd anCnsitf , ofHehe IpFocdésidg, Li,
Lu, My, M, Mo, Na, Nb, N, P, Pd, Ru, S, Sb, Si, Sm Sn, Sr, Ta, Ti, Tm
V, W Y, vhampar aadthersinteredtmagmethod of manufacturing a permanent nagnet
according to any one of clains 1 through 3, wherein the filmformng step
conprises; a first step of heating the processi ng chanber to evaporate the
nmetal evaporatingynateria i.sposgd,in the processing chanber to thereby
form et al vapor TEBEinEs o ARREL ket pRyaRb et m ot i st op of
Lranspor { Lage! BewhbRlier b FRAAFYadAohidAs GRMN, R4 LhakRRdl Pa HEIRET alur e
| ower than the tenperature 1n the processing chanber to thereby selectively
cause t hepf@®eabingtchEnbér.t he netal vapor 45 atnosphere to adhere to, and
deposit on, the surface of the sintered magnet due to a difference in

t enperature between an inside of the processing chanber and the sintered
magnet. 5. The method of manufacturing a permanent magnet according to

clai m 4, wher & nTiwemphad afapenuiacivsite aepermanent magneit aecosdiagetd n t he

- i h . . : ;
Processi NGy A laims 1 through 3, wherein the film-forming step and the

diffusing step are performed by;

disposing and heating the metal evaporating material and the sintered
magnet in a same processing chamber to thereby evaporate the metal
evaporating material;

causing the evaporated metal atoms to be adhered to the surface of the
sintered magnet that has been heated to substantially the same
temperature, the adhering being made while adjusting an amount of supply
of the metal atoms; and

diffusing the adhered metal atoms into the grain boundary phases of
the sintered magnet before a thin film made of the metal evaporating

material is formed on the surface of the sintered magnet.

7. The method of manufacturing a permanent magnet according to
claim 6, wherein the sintered magnet and the metal evaporating material

are disposed at a distance from each other.

8. The method of manufacturing a permanent magnet according to
claim 6 or 7, wherein a specific surface area of the metal evaporating

material to be disposed in the processing chamber is varied to increase or
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6. The nethod of manufacturing a pernmanent magnet according to any one of
clains 1 through 3, wherein the filmformng step and the diffusing step
are perforned by; disposing and heating the nmetal evaporating material and
the sintered magnet in a sane processing chanber to thereby evaporate the
metal evaporating material; causing the evaporated netal atonms to be
adhered to the surface of the sintered nagnet that has been heated to
substantially the same tenperature, the adhering being nade while adjusting
an anount of supply of the nmetal atons; and diffusing the adhered netal

at oms i nt detRsOr fid AROSTALY PRPSLELIGR atl BE cohdthat adnimaactrdeftRreb thin

filmmade of the netal evaporating material is formed on the surface of the
si ntered mdpring the #heustdfedpply ofiwhel metalratogmsa per manent nagnet accordi ng
to claim6, wherein the sintered magnet and the netal evaporating material

are di sposed at a distance fromeach other. 8. The nethod of manufacturing a

per manent nagnet ,gccor di nan%f clgim6 . or 7, wherein a specific_surface area
of the metal e&vapdtaf?ig? manlactyring @ ppreagenh Ragned 8ecoEdNg e harber

. Teta N f O
constant PEGEREPERRSE L AR MICE SRS AIBURG ot HPRTERS BB e ot
atoms. 9. p}&k%sé{ﬁ{gﬂoéh%b%n\‘,iﬁa%ﬂﬁb&ﬂ 2o PY ”ﬁ?ﬁ%ﬁtf?@%ﬂ?% QEEQRHLNGAP any

one of clains rough 8, erein, prior to't rmng step, the

processi neghihedibeng ithe tetipeesiure thepsadefier dldpediny gassinteddmagabnigi ni ng
the tenperature thereat after disposing the sintered magnet in the

pr ocessi nthe hooreesinglchanther.net hod of nmanufacturing a per manent magnet
according to claim9, wherein, after having reduced the processing chanber
to the

10. The method of manufacturing a permanent magnet according to
claim 9, wherein, after having reduced the processing chamber to the
predetermined pressure, the processing chamber is heated to a

predetermined temperature and maintaining the temperature thereat.

11. The method of manufacturing a permanent magnet according to
any one of claims 1 through 10, wherein, prior to the film-forming step, the

surface of the sintered magnet is cleaned by plasma.

12, The method of manufacturing a permanent magnet according to any
one of claims 1 through 11, wherein, after having diffused the metal atoms
into the grain boundary phases of the sintered magnet, a heat treatment 1s
performed of removing the strain of the permanent magnet at a

temperature lower than the said temperature.

13. A permanent magnet made by evaporating metal evaporating
material containing at least one of Dy and Th and at least one of Nd and Pr
to a surface of an iron-boron-rare earth sintered magnet, metal atoms of the
evaporated metal evaporating material being thereby adhered to the surface,

the adhered metal atoms being subsequently diffused into grain boundary
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predeterm ned pressure, the processing chanber is heated to a predeterm ned
tenperature and nmaintaining the tenperature thereat. 11. The nethod of

manuf acturi ng a permanent nagnet according to any one of clainms 1 through
10, wherein, prior to the filmformng step, the surface of the sintered
magnet is cleaned by plasma. 12. The nethod of manufacturing a pernmanent
magnet according to any one of clains 1 through 11, wherein, after having
diffused the netal atons into the grain boundary phases of the sintered
magnet, a heat treatnent is perforned of renoving the strain of the

per manent HB&QFHH%E Ig%&q@ggﬁﬁéﬁgalomer than the said tenperature. 13. A
per manent nagne y evaporating netal evaporating material containing
at | east one of Ey and Tb and at | east one of Nd and Pr to a surface of an
iron-boron-rare earth sintered nmagnet, netal atons of the evaporated netal
evapor at i ngl4rat'Ehe glerbeimmitt hﬂfge]by agbetiag to cldien & fwbercinttthe adiealr ed
met al atons bei ng subsequent diffused into grain boundary 47 phases

t hr ough hewaparagagnarterml mﬁ@rpmrmm@eﬁ atrdemeit one goatirie) afothel arawpl 3,
wherein the netal aeoratl material further conprises at |east one

mat eri al %ﬁn$%@ngpggé Eoﬁ§d2%¥ng of Al, Cu, and Ga. 15. The pernanent
magnet according to claim 13 or 14, wherein the netal evaporating materi al
further conprises at | east one material of the group consisting of Ag, B,

Co v, b, T, TG PR gt et dyjor@Bed el 38 or I8 whrql i T
V, WY, ffi%,talzevaﬁél@tﬁ{g nfdterial further comprises at least one material of the
group consisting of Ag, B, Ba, Be, C, Ca, Ce, Co, Cr, Cs, Er, Eu, Fe, 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.
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