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VCS 032 PCT SG +2 TI- POWDERS FOR RARE EARTH MAGNETS, RARE
vEARTEH MAGNETS,AND METHODS FOR MANUFACTURING THE SAME
TECHNICAL FIELD 5 [0001]The present invention relates to powders for rare
earth-iron-boron-metal (R-Fe-B-M) permanent magnets and to methods of
producing the powders and the magnets. 10 BACKGROUND
[0002]Permanent rare earth-iron-boron-metal (R-Fe-B-M) magnets are
generally produced by powder metallurgical methods. Firstly, an ingot is
prodkiPUBISa R R e AR HARNEL 35 IRAGE ARIAMEDE EasiG the
molten alloy into giETeloh%/TerR ieCRIs ADTURANGIVERESIOMNE Alternatively,
the ingot may be produced by a rapid solidification method such as strip
casting. The solidified ingot is typically given an annealing heat treatment to
ThRemMogehise the.eomposition. 20 [0003]The ingot may then be given a
hydrogenation treatment which is typically used to coarsely pulverise the
solidified ingot due to the effects of hydrogen embrittlement of phases within
[{H& lioy. THE dotSorresuling toarsely 25 RveliSed taterial, is thér e
churther ptdvetised t0-peadiice a-poyvaen [0QR4JAamagnet isypeaducadifrem the
der by powder metallurgy. The powder is compacted in a magnetic field
e & B o Bofly eet & (Fort o A dring st
treatment in order to produce a permanent magnet. VCS 032 PCT SG +2

BACKGROUND

[0002] Permanent rare earth-iron-boron-metal (R-Fe-B-M)

magnets are generally produced by powder metallurgical methods.

Firstly, an ingot is produced by a casting method. The ingot
may be produced by casting the molten alloy into a mold, where
it cools comparatively slowly. Alternatively, the ingot may be
produced by a rapid solidification method such as strip
casting. The solidified ingot is typically given an annealing

heat treatment to homogenise the composition.

[0003] The ingot may then be given a hydrogenation
treatment which is typically used to coarsely pulverise the
solidified ingot due to the effects of hydrogen embrittlement
of phases within the alloy. The ingot, or resulting coarsely
pulverised material, is then further pulverised to produce a

powder.

[0004] A magnet is produced from the powder by powder
metallurgy. The powder is compacted in a magnetic field to
form a textured green body which is then given a sintering

heat treatment in order to produce a permanent magnet.
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2 [0005]It is known that the magnetic properties, in particular the coercive
vfotce andthe squareness of the J(H) curve, as well as the corrosion
resistance and the temperature stability of the sintered magnet depend on
the grain size as 5 well as on the composition of the magnet. The
composition and grain size of the sintered magnet are, in turn, dependent on
the particle size and composition of the powder. R-Fe-B-M powders are,
however, rather difficult to manufacture in large quantities and, consequently,
[tHPpdwders AndThEHAEGNERAT0 PrEdTCEd BSikg hEPR aFé FTelatively

pexpensive[0006]1t is therefore, desitacito- peodige-high-gualily rare-earth)
iron boron (R-Ifcﬁ-B-M)t intered magnets moretcost effecgv%l S0 as to .
“promote’all kinds 6f applicationsin 15 which they ¢an e used. It1s"als6” " ©
stlesitéd to Improve the corosibnrstabdity @edethe temperatweastabitity ef as
w846h Mmagpets;, SUMMARY {00071 The inventign seeks o provides (R-F6:B:M)

powder and (R-Fe-B-M) sintered magnets which have high quality magnetic

Ipfoigerieécan imphsved BerRperatliid 3RE rfosion stabifity AT WHIEH tafbe
tmoreLosi-efiectively producedpR008]thedavention alsgeseeks-to=provide
cost-effective methods of manufacturing (R-Fe-B-M) powder and permanent
R M) SR aahels SO000T e i LroGtES & powdor 19 I
quse in aiRFe-ML, B type permahent nidgnataritt 4 R FelM-Betypedierhtanent

phagnet gonsisiing-essentiadly by weight, of 28,00,4:R & 32.00%, where VCS
032 PCT SG +2 3

[0006] It is, therefore, desired to produce high-quality
rare earth iron boron (R-Fe-B-M) sintered magnets more cost
effectively so as to promote all kinds of applications in
which they can be used. It is also desired to improve the
corrosion stability and the temperature stability of such

magnets.
SUMMARY

[0007] The invention seeks to provide (R-Fe-B-M) powder and
(R-Fe-B-M) sintered magnets which have high quality magnetic
properties, an improved temperature and corrosion stability

and which can be more cost-effectively produced.

[0008] The invention also seeks to provide cost-effective
methods of manufacturing (R-Fe-B-M) powder and permanent (R-

Fe-B-M) sintered magnets.

[0009] The invention provides a powder for use in a R-Fe-M-
B type permanent magnet and a R-Fe-M-B type permanent magnet

consisting essentially by weight, of 28.00 £ R £ 32.00%, where
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R is at least one rare earth element including Y and the sum of Dy + Tb > 0.5,
B0 H B +2.00%, 0.50 H Co H 3.50%, 0.050 H M H 0.5%, where M is one
or more of the elements Ga, Cu and Al, 0.25 wt%< 0 H 0.5wt%, 0.15% or
less of C, balance Fe. 5[0010]The powder comprises an oxygen content of
0.25 wt%< 0 H 0.5wt%. Although, in principle, an Increased oxygen content is
undesirable as the fraction of the hard magnetic phase and the remnance of
the magnet is reduced, an oxygen 10 content in this range has been found to
Rpfgvidé ahSinfirovetl powde CRoF U eSiheRaFe-MIBtypé i pernfanést ragnesn
o@ndan:improvement in the properies, obithe magnets.{00i1Magnetsy. 050 <
Mp&od&c d fror}rg a gol\\;lvder having a very low %5t%>éygeln conttent,Gin this cont xtA 1
avery fow oXygen dontentis Usad B-describe Al oxygah Contertof 18s§ Han
0025 wi%s easily gebatcoarse grairpstrietsise whiCh hasltwocdisBevantages.
During the sintering process, the particle size of the powder having an

oxygen content of less 0.25 wt% is 20 observed to Increase, generall
[Qﬁéiliing, by ef Rt G arctifthfes. PRefTSMRE™ FOWHET Withtad a?éré’éé <
opdrtcle size.oid prvprogduces amaghetlwithan aversgesgrain size=af 12 pm.
However,. as the grain size of the magnet Increases, the coercive field . .
B R R R T B T e At Behim i by
pirsparicte Sire olthepowder THis problest isiaveideéddsyincreasingahe
cOXYgen content of the powdgrdorovide,aRewder with an0xygen,eeptany in
the range 0.25 wt%< 0 H 0.5wt%. 30[0012]A further problem which is
POBSER et h MaGnets Withan 'oXydgel CoRteritoti8ss Hisi'e 25 #fith ikithe
iappearamcetofiabnornalgnain giewthe Abriermal grainsgrowth is used to
VCS 032 PCT SG +2 4 describe the phenomenon in where a few grains grow
faster and reach a size of several hundred microns whereas the rest of the
[Haghet has's apfhal BraIA 26 of ToF exaRPlIéafotiad 129pm. Whnorial
ogfaia grewth teads tha deteriostionof thevery low oxygen content is

used to describe an oxygen content of less than 0.25 wt%,
easily get a coarse grain structure which has two
disadvantages. During the sintering process, the particle size
of the powder having an oxygen content of less 0.25 wt% 1is
observed to increase, generally speaking, by a factor of
around three. Therefore, a powder with an average particle
size of 4 um produces a magnet with an average grain size of
12 ym. However, as the grain size of the magnet increases, the
coercive field strength is reduced. Therefore, the properties
of the magnet are limited by the particle size of the powder.
This problem is avoided by increasing the oxygen content of
the powder to provide a powder with an oxygen content in the

range 0.25 wt%< O £ 0.5wt%.

[0012] A further problem which is observed in magnets with
an oxygen content of less than 0.25 wt% is the appearance of

abnormal grain growth. Abnormal grain growth is used to
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5 squareness of the B-H loop. [0013]It has been found that, by providing the
vRawges with.an oxygen content in the range according to the invention, the
sintering activity is reduced. Consequently, the average grain 10 size in
magnets sintered from powder according to the invention is approximately
only double rather than treble the average particle size of the powder.
[0014]For example, for a powder according to the invention 15 which has an
oxygen content 0.25 wt%< 0 A 0.5wt% and , a magnet produced from this
dp6waEP Wit &n Riverage particle size bF4pritiadan average Grainssize otnd
ratundhBpme This isdncantrast 1o posvaers Mith anrxygen eontept sutside
tgf the range %ccordingfto the invention ,whichfnroguce a magnet with 28 an
a\(?e%agj%ngrain 3ize’of’ ﬁnﬁ)arln fr ]fﬁlhnpgwagr With ar ]év%?iéaén p%rt?cﬁéj size o12 4
vpm. Ahereforé, the:coerriverfieldLsteaisgthooftheéerhagnet fabricated from

sRowder, of a particylarpastiglg size is increased as the grain size of the
sintered magnet is reduced. For the same reason, abnormal grain growth is

also 25 reduced. [0015]If the oxygen content is greater than 0.5 wt%, the
[EImBance iS moresigadicantyredueced andytheadviantiage previdedday-thei th
actease In ine eoercive field stienglh is 30.lost.In a furlher embodiment. e,

oxyggr(lgcontent iS 0.3 Wi% 01 045 Witdh. VES 632 PC %G w08 ’
s[0DIB]PoWdRE far piaducing REFesB-M fnagreatsshdig scéempositiore grain
saceording to;tha invention.algo simplifiesthe according to the
invention is approximately only double rather than treble the

average particle size of the powder.

[0014] For example, for a powder according to the invention
which has an oxygen content 0.25 wt%< O < 0.5wt% and , a
magnet produced from this powder with an average particle size
of 4 um has an average grain size of around B um. This is in
contrast to powders with an oxygen content outside of the
range according to the invention which produce a magnet with
an average grain size of 12 uym from a powder with an average
particle size of 4 um. Therefore, the coercive field strength
of the magnet fabricated from powder of a particular particle
size 1s increased as the grain size of the sintered magnet is
reduced. For the same reason, abnormal grain growth is also

reduced.

[0015] If the oxygen content is greater than 0.5 wt$%, the
remnance is more significantly reduced and the advantage
provided by the increase in the coercive field strength is
lost. In a further embodiment, the oxygen content is 0.3 wt$%

<0 £ 0.45 wt%.
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manufacturing process. Since the grain size of the sintered magnet is only
vRRPIpxdmately douple the particle size of the 5 powder, the pulverisation
process can be simplified as a magnet with a given grain size can be
fabricated from powder with a larger particle size. Consequently, the
pulverisation process may be simplified and the process time to carry out the
pulverisation is reduced. The powder and magnets produced 10 from the
powder can, therefore, be manufactured more cost-effectively. [0017]The use
[8Pg4&llium andTofper aeditisitsiicthedpswder forlser FrRibricating sintered

cBrlbeB-M type magnets 4 Scalserrovidesadvantages. Galliyim angkcapper
formfmotlten,phases with Nd and Co/tlie at the sintering tefmgﬁ:rature glthoggh
"fHEY ARGt present int Significant amointsin the hiatd magnéfic phase”®
m20[091 8] Fhereforethe @dvantage of the heoltérephase simteringzwhich the
praguces:a fast densification at relatively low, siptering.tlemperatiires, is
retained. Since only minor amounts of Ga and Cu can be dissolved in the
MRAfihatnétic RZFET4B §Faing, raid orain Growthis stowed doviy powder
wstibstantiallye25 ghetefore, thezgrain grewthuby sinteringds @lsoereeduced and,
as previously described, abnormal grain growth is avpoided. Therefare, th
et B e AR oot Sot AACS Toe alitoHnt patent
tpewedet particle sizerand thedrafsizelst thewsitistered thageetcdnd furtiserced

creduce.the3Q dacrease ingrainsize of a,magnet sintered from powdes of a
particular particle size. VCS 032 PCT SG +2 6 [0019]In a further

c&hiboditient of the powder and permanent magnet, R is one or more of the
elements Nd, Pr, Dy and Th, 0.50% < Co < 1.5%, 0.05% < Ga < 0.25% and

Q9B < Curs, 0.20%. 5[0020]The powder.can have an average paticle size

according to FSSS (Fischer Sub-Sieve Size) in the range of around 4 pm to
Parsifiid 2 Arpcand tohtaiRs fo-padicfes §roater thdrtarouhd 20 ManTans
aakernative iembodiment; {he powderhas.an ayerage particlersize acearding

0 FSSS in the range of 10 around 2.5 pm to arqund 3 pm and contai 0
P Tos Gront (AR af U] 18 pri? T Ae P Cah T SR8 1 Tah g o™
thragnets withtgood seagnetic praperfiesasincenas previoushhdgeseritsed, the
nSempositign,afthe powder with a composition according to the invention,
leads to a reduced grain size of 15 the magnet produced using the powder.

[0018] Therefore, the advantage of the molten phase
sintering, which produces a fast densification at relatively
low sintering temperatures, is retained. Since only minor
amounts of Ga and Cu can be dissolved in the hardmagnetic
RoFesB grains, rapid grain growth is slowed down substantially.
Therefore, the grain growth by sintering is also reduced and,
as previously described, abnormal grain growth is avoided.
Therefore, the additions of gallium and/or copper also
influence the relationship between powder particle size and
the grain size of the sintered magnet and further reduce the
increase in grain size of a magnet sintered from powder of a

particular particle size.
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[0021]The permanent sintered magnet may have an average grain size of
vRound, 7.6-pmito around 4.2 pm. This provides the magnet with magnetic
properties, in particular a J(H) 20 curve and coercive force which are suitable
for a wide range of applications and prgvides a magnet with good corrosion
resistance. [0022]In an embodiment, a magnet has an average grain size 25
of around 7.6 pm and in a HAST corrosion test has a mass loss of less than 1
mg/cm2 after 10 days. [0023]In an embodiment, a magnet has an average

[§FHiA bize IofarbUndE? prlerdimca HAST dorrastolttest s RMaSS fISS
m36:0f tgssthian Gdemgicrzrafterrl@ daysi MESQBARCTSG w2 2iR024]In a
further embodiment, a magpet has an ayerage grain size of around 4. L
Oangl%n A HAST &dgrééiorgn'tggt"hés%amﬁs\é'lc% o%?éﬁssgtlfoa?fl gfem2 §ﬁ%§1° '
100 days. 5[0025]The invention also relates to methods of producing powder

1%y in Rofre-BsM,and te magnets fabricgted. from REe-B1M powders.
[0026]In a method an alloy comprising by weight, of 28.00 10 1 k 1 32.00%,

afhefe RS alehstond rare Bafth®lBmerft VAclodi®y Ydhd tife SGRE6E BY +
aTbunQ.5 Qb0 <oBas 2302902 01505 Ga3d. 56800050 hdl da0.6% 1 wberg-bhiser
ne or more.of.the elements Ga, Cu and Al, 0.25 wt%< 0 1 0.5%, 0.15% or

e b s o Tt T Fe AL St b5 Horm o 4 GAet e
himgjot whErsinIhe Bolidifiebcingot eoaptizes firely disperSedra-Fec andnge of
aR2€d4B. andR-fishconstituents, The atdeastane ingotds apnealed gtaater
temperature in the rangTe of ,
than around 15 um. "This powder can be used to fabricate
magnets with good magnetic properties, since, as previously
described, the composition of the powder with a composition
according to the invention, leads to a reduced grain size of

the magnet produced using the powder.

[0021] The permanent sintered magnet may have an average
grain size of around 7.6 um to around 4.2 um. This provides
the magnet with magnetic properties, in particular a J(H)
curve and coercive force which are suitable for a wide range
of applications and provides a magnet with good corrosion

resistance.

[0022] In an embodiment, a magnet has an average grain size
of around 7.6 um and in a HAST corrosion test has a mass loss

of less than 1 mg/cm’ after 10 days.

[0023] In an embodiment, a magnet has an average grain size
of around 4.2 um and in a HAST corrosion test has a mass loss

of less than 0.1 mg/cm2 after 10 days.
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approximately 800C to approximately 1200C under an inert atmosphere of Ar
vPkupder yacuum toform an ingot which is 20 free of the a-Fe phase. The at
least one ingot is treated in hydrogen gas in order to hydrogenate the R-rich
constituents. The at least one ingot is then coarsely pulverised and a fine
pulverisation of the coarsely pulverised powder is performed in an
atmosphere comprising oxygen, oxidizing the powder. The 25 finely
pulverised powder comprises an oxygen content of 0.25 wt%< 0 1 0.5 wt%.
[[027]1t hasTBeen fourid tataReIdgeRYhay e rfbreledsily pulverisedand

gthat powder having a.smallep particle $izen3Q distbution £asibe preducets a
usinglthe me%hold according Ero the invention. The 8a%tin conditions and

e T trer 10 . . .
"RSMoyhisation conditions of the ifvenfion prodice GRYRgot or ingots which

VCS 032 PCT SG +2 8 are essentially_ freg of the a—lFe phase. This has been
foungh o leag{o a margreliable, pulversation of the,ingpis<[0028]lk hasalsg

been found that the introduction of 5 oxygen during the fine pulverisation
Pprttess s thadiantale thatl af bkide cdatinglis forthéd oh'thé dutsiie of
rthespulvedsed powder particles. This improves distribution of the oxygen and
the stability of the powder. 10[0029]The alloy casting conditions and

hydrogenation treatment of the invention also simplify the pulverisation
[proteks as the raresddreidirieh phiases, fornred duritgitliensasting protess, - afe

<more easily@nd reliably hydiogenaied sThe hydragenation gonditipnsdead to
-a more uniform 15 hydrogenation of the rare earth rich %Bases and to an

gV crackity SPfhe ifgotd. 1P disbhossibia to blirfinate acoardd °/

ocrashing step if sufficient. rackinglis<achiéved byshe hydregenatiom more of

cigatment., 20[00301In a furthex embodiment.an glloy is melted in-which R s
one or more of the elements Nd, Pr, Dy and Tb, 0.50% < Co < 1.5%, 0.05% <

oG« P28F&fd 0°05% € eD.269 [0032}nish Ehfbodimeht, thelesigt at
1igot hassmallest, 25 dimnensionsdn dhe range ©f 5 mgo to 30pM.J{0032}Inan,

Lmbodiment, the Powdernas 40 average RAMlcle stituents. The at
least one ingot is annealed at a temperature in the range of
approximately 800°C to approximately 1200°C under an inert
atmosphere of Ar or under vacuum to form an ingot which is
free of the a-Fe phase. The at least one ingot is treated in
hydrogen gas in order to hydrogenate the R-rich constituents.
The at least one ingot is then coarsely pulverised and a fine
pulverisation of the coarsely pulverised powder is performed
in an atmosphere comprising oxygen, oxidizing the powder. The
finely pulverised powder comprises an oxygen content of 0.25

wt%< O £ 0.5 wt%.

[0027] It has been found that the ingots may be more easily
pulverised and that powder having a smaller particle size
distribution can be produced using the method according to the
invention. The casting conditions and homogenisation

conditions of the invention produce an ingot or ingots which
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size (FSSS) in the range of around 4 pm to around 2.1 pm and contains no

vharticles greaterthan around 20 pm. 30 VCS 032 BCT SG +2 9 after said
fine pulverisation has an average patrticle size (FSSS) in the range of around
4 pm to around 2.1 pm and contains ng particles greater than around 20 pm.
5[0034]In an embodiment, the hydrogenating is performed at a temperature
between around 450C and 600C. [0035]In an embodiment, the

hydrogenating is performed at a temperature between around 500C and
ag50€s 100036l i embvdirent theshydregenating ¥s peffopeed dieterc0.5°

1t 4. 5cbars efdhydregengasforbeiween.arobndok howe ta ageunrd 10 hours.
15[0037]In an embodiment, the hydrogenating is performed in 1 bar of
hydrogen for around 5 hours. [0038]In an embodiment, after said
[Apdrdhenatiny, said mbet ideeoletictoralotingtl 00E€ under Alugds. 20 [P039]It

o 9§JHU89E*ﬂ%thr?nge%@Q%ﬁ%‘%ﬁ@&t‘@@ﬁ%%@éj&@eﬂa@’ selectingsht age
hydrogenation temperatures of greater .
that an oxide coating is formed on the outside of the

pulverised powder particles. This improves distribution of the

oxygen and the stability of the powder.

[0029] The alloy casting conditions and hydrogenation
treatment of the invention also simplify the pulverisation
process as the rare earth rich phases, formed during the
casting process, are more easily and reliably hydrogenated.
The hydrogenation conditions lead to a more uniform
hydrogenation of the rare earth rich phases and to an improved
cracking of the ingots. It is also possible to eliminate a
coarse crushing step if sufficient cracking is achieved by the

hydrogenation treatment.

[0030] In a further embodiment an alloy is melted in which
R is one or more of the elements Nd, Pr, Dy and Tb, 0.50% < Co

< 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.

[0031] In an embodiment, the said ingot has smallest

dimensions in the range of 5 mm to 30 mm.

[0032] In an embodiment, the powder has an average particle
size (FSSS) in the range of around 4 um to around 2.1 um and

contains no particles greater than around 20 um.

[0033] In an embodiment, the at least one ingot has

dimensions in the range of 15 mm to 25 mm and said powder
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than 450 C. By avoiding decomposition of the ingots, the ingots can be more
veasilysremppyed from the furnace and the 25 composition of the final powder
is more reliable as the ingots are less likely to absorb impurities such as 0, C
and N. [0040]By selecting a hydrogenation temperature of less than around
600C, the absorption of hydrogen is reduced to a 30 level at which
decomposition of the hardmagnetic Nd2Fel14B compound into NdH2, a-Fe
and Fe,B is avoided. VCS 032 PCT SG +2 10 [0041]In a further
aéibodiment, thesind puretisationts pefformetMptMeLsiepst Tals size

(emodiment hastheadvantage that a reduced average particle Sizes as well
as a smaller particle size distribution can be provid gzgzy a simple

“f&:paNETisAtioR s bf the findy B \‘?ériste&‘%o%%l%f“fg 42)RMirst fine
pulverisation of the coarsely- pulverised powder is performed in an inert

[amasphere; A secand finepylverisafion,ofsaiddingaly pyiverised powdenis, «

10 then performed in an atmosphere comprising oxygen, oxidizing said finely
2pURABREEE PHRdEE TNy Piilveriset pofier EdMprises an oxygen

content 0.25 wt%< 0 A 0.5 wt% after the second fine pulverisation.

[0043]In an embadiment, the first fine %verisati n and said second fine
R e Aokl el il e L e
afifstfipepulvessdioane powderhas ancaverdge Parficle size 20(FSSS) of

around 4 pm and a particle size distribution in

[0036] In an embodiment, the hydrogenating is performed
under 0.5 to 1.5 bars of hydrogen gas for between around 1

hour to around 10 hours.

[0037] In an embodiment, the hydrogenating is performed in

1 bar of hydrogen for around 5 hours.

[0038] In an embodiment, after said hydrogenating, said

ingot is cooled to around 100°C under Ar gas.

[0039] It was found that the decomposition of the ingots is
reduced by selecting a hydrogenation temperatures of greater
than 450° C. By avoiding decomposition of the ingots, the
ingots can be more easily removed from the furnace and the
composition of the final powder is more reliable as the ingots

are less likely to absorb impurities such as O, C and N.

[0040] By selecting a hydrogenation temperature of less
than around 600°C, the absorption of hydrogen is reduced to a
level at which decomposition of the hardmagnetic Nd,Fei 4B

compound into NdH,, o-Fe and FeyB is avoided.
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which 30% of particles have a diameter of more than around 10 pm and
vRound, 1%-of the particles have a diameter of greater than between around
20 pm and around 25 pm. 25[0045]In an embodiment, after said second fine
pulverisation, the powder has an average particle size (FSSS) in the range of
around 4 pm to around 2.1 pm and contains no particles greater than around
20 pm. 30[0046]In an embodiment, the powder has an average particle size
(FSSS) of around 4 pm and a particle size distribution in which 30% of
[Bartitles have aparticle: diarrdte? bffRore the® VICSDIVPTT- Ser 2o 15

parotiehta pm, and asedpd 1% hayexdiameterofigreaterofhaiueenarouns:
ZO%‘n and around 25£m the the first fine pulvg isation. The Plowder hats, a

“particte graif 'sizé FSSY) in thé range of Arolind 4 pin o Afdund™2.159m and ©

s¢ertadiss ho Bopartivles gredter thanry adsund $0gpmiafteredhessarvohdefinesat ion

oRulvedsation,[004 7]The jnvention alsp provides a method by which R-Fe-
B-M powder is produced from a pre-cast ingot. 10 [0048]An alloy is provided

which comprises by weight, of 28.00 A R A 32.00%, where R is at least one
[erexarth elenentinchiidiag :and the sw of &y +hb 2dhbs050-A B A
0%, 0.55) A C%A 3.50% 06950 A M A 0.5%, where M is one or mofe of 15
vVerise W T %g ere

2
ptlhg e ementslo a, 86 e:anSd %ﬁ mv?/t/oérb 3“0.%%?0.1% 0 %?]fess of C,

shakamteRecTive hiley hasttherforrh ofeaiingote[0049]Simitaedoheder is
 RESYIQlS embrdiment sthe-prescastdpgot is@rnealed ala temperaturs inthe

range of
said finely pulverised powder. The finely pulverised powder
comprises an oxygen content 0.25 wt%< O £ 0.5 wt% after the

second fine pulverisation.

[0043] In an embodiment, the first fine pulverisation and

said second fine pulverisation is performed using a jet mill.

[0044] In an embodiment, after said first fine
pulverisation, the powder has an average particle size

(FSSS) of around 4 uym and a particle size distribution in
which 30% of particles have a diameter of more than around 10
um and around 1% of the particles have a diameter of greater

than between around 20 um and around 25 um.

[0045] In an embodiment, after said second fine
pulverisation, the powder has an average particle size (FSSS)
in the range of around 4 um to around 2.1 um and contains no

particles greater than around 20 um.

[0046] In an embodiment, the powder has an average particle
size (FSSS) of around 4 um and a particle size distribution in

which 30% of particles have a particle diameter of more than
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20 approximately 800C to approximately 1200 C under an inert atmosphere
vPEAR 95 upder vacuym to form an ingot which is free of the a-Fe phase. The
ingot Is then treated in hydrogen gas in order to hydrogenate the R-rich
constituents and then coarsely pulverised. A fine pulverisation of the coarsely
25 pulverised powder is performed in an atmosphere comprising oxygen,
oxidizing said powder. The finely pulverised powder comprises an oxygen
content of 0.25 wt%< 0 A 0.5 wt%. [0050]In an embodiment, an alloy is
aprovided th Whictt Ris33PBRE drmbre of thelefdriérts Rd, PEERYAndPTh,

pR:BR% < EPctAd %0 0:85%nt Ga shd5%6 and 0.06% <tGd <0:20% 5 MES
0%2 PCT StG +2 125100511% an %mbodiment, thelpowder,has an avera%e ,

PRarticle 86 5SSy in fie'fange 6f afburtf 2.5 g toarotnd®3 pm. [0052]in™"

tar embodinenta tiverirgot has dimensionstir? the Brraage of@0-mim£0:30 mm.

ol0s8lInan embadiment, the, hydrogenating is performed atadlemperature
between around 450C and 600C. 10[0054]In an embodiment, the

Phydiogeratingis performed at a temperature of between around 500C and
550C. [0055]In an embodiment, the hydrogenating is performed  under 0.5

t0,1-» bars }?h drogen, gas for.between around 1 15 hour to arohm(iql%_ _
[houf’s]. [005 r?y ahner%gqu%eﬁt,Stﬁe%?%‘r%é%ﬁat?nén ?stpgéorr%e tinder ggr
Bothydrédien fo? apaadd Shodrsom a pre-cast ingot.

[0048] An alloy is provided which comprises by weight, of
28.00 £ R £ 32.00%, where R is at least one rare earth element
including Y and the sum of Dy + Tb > 0.5, 0.50 < B £ 2.00%,
0.50 £ Co £ 3.50%, 0.050 £ M < 0.5%, where M is one or more of
the elements Ga, Cu and Al, 0.25 wt%< O £ 0.5%, 0.15% or less

of C, balance Fe. The alloy has the form of an ingot.

[0049] Similarly, to the previous embodiment, the pre-cast
ingot is annealed at a temperature in the range of
approximately 800°C to approximately 1200° C under an inert
atmosphere of Ar or under vacuum to form an ingot which is
free of the a-Fe phase. The ingot is then treated in hydrogen
gas in order to hydrogenate the R-rich constituents and then
coarsely pulverised. A fine pulverisation of the coarsely
pulverised powder is performed in an atmosphere comprising
oxygen, oxidizing said powder. The finely pulverised powder

comprises an oxygen content of 0.25 wt%< O £ 0.5 wt%.

[0050] In an embodiment, an alloy is provided in which R is
one or more of the elements Nd, Pr, Dy and Tb, 0.50% < Co <

1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.
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20[0057]In an embodiment, after the hydrogenation, the ingot is cooled to
vRound, 1006 under,Ar gas. [0058]The invention also relates to a method of

producing a permanent R-Fe-B-M magnet. Powder is provided which

consists 25 essentially by weight, of 28,00 R R R 32.00%, where R is at least

one rare earth element including Y and the sum of Dy + Tb > 0.5, 0.50 R B R

2.00%, 0.50 R Co R 3.50%, 0.050 R M R 0.5%, where M is one or more of

the elements Ga, Cu and Al, 0.25 wt%< 0 R 0.5%, 0.15% or less of C,
[B&afahte Fe.IThépowit BO ComphttetPiffa magretrdfieldadopmpearticle

stexdureckeempast. ckhe eampact is thensiatered teprodusemagnetn VCS
032 PCT SG +2 13 [0059]In an embodiment, the powder has an average
particle size according to FSSS and said magnet has an average grain size.
[Thée Zaverage Hramrsizeloidaic niagridtds noomoré disad 215 timesthelavetage

-Ragicle, sizeyof said poyyder, 5 [0060]In an alternative embodiment, the
average grain size of said magnet is no more than twice the average particle

size of said powder. 10[0061]In an embodiment, a sintered magnet having an
[average grain Size khd sange of aboré 76 phvteabeuhd. 2 pnpisHireducaddn

athce s%agr%ftsui%er%r.\eqt&(gogzwé gufrtljcrithgg @n&bodig’u%toﬂ'&g powder.is fabricated
byelr% a two step fine puelverlsatlon process. The powder after said second
pulverisation has an average particle size according to FSSS of around 4.1

(BBt aroungd 2 6.paand the magnetafigr sintering-has anaverags grai a¢

size of around 7.6§3m to around 4.2 pm. .
a temperature of between around 500°C and 550°C.

[0055] In an embodiment, the hydrogenating is performed
under 0.5 to 1.5 bars of hydrogen gas for between around 1

hour to around 10 hours.

[0056] In an embodiment, the hydrogenating is performed

under 1 bar of hydrogen for around 5 hours.

[0057] In an embodiment, after the hydrogenation, the ingot

is cooled to around 100°C under Ar gas.

[0058] The invention also relates to a method of producing
a permanent R-Fe-B-M magnet. Powder is provided which consists
essentially by weight, of 28.00 < R £ 32.00%, where R is at
least one rare earth element including Y and the sum of Dy +
Tb > 0.5, 0.50 £ B £ 2.00%, 0.50 £ Co £ 3.50%, 0.050 £ M <
0.5%, where M is one or more of the elements Ga, Cu and Al,
0.25 wt%< 0 £ 0.5%, 0.15% or less of C, balance Fe. The powder
is compacted in a magnetic field to form a textured compact.

The compact is then sintered to produce a magnet.
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20 BRIEF DESCRIPTION OF THE DRAWINGS [0063]The invention is now
vEXplained;indetail ip the following with reference to the drawings. 25
[0064]Fig. 1:Graph showing the percentage of H2-absorbed by ingots with a
size of around 20 mm to 30 mm at 40Q € and a H2 pressure of about 1 bar.
30[0065]Fig. 2:Graph showing the percentage of H2-absorbed by ingots with
a size of around 1 mm to 2 mm at 500 C and a H2 pressure of about 1 bar.
VCS 032 PCT SG +2 14 [0066]Fig. 3:Graph showing the percentage of
[A2>28sorbedirby? ihgts WitH'aBize SPEratt 20 MAPtR30 MArAIS50 T ang £

shiZepressyreiohgbest thas. 5:{0064dgmAraph-showing-therpeyseqtage, of
H2- abs%rbed b?y in ots with a sijze of I%round 20 mm to 30 mm at 700 € and a
SH5sresstirs Of aBatt T bar 10[0068]Fig: B-Crap Showirg fie Bfect of Sitter

2rdtationspeedeorraverage particle sizesaccording to. ESS810¢ re-milled
Nd-Fe-M-B alloy powder, where M is Al, Ga, Co, Cu. [0069]Fig. 6:Graph

showmg the effect of sifter . .
[0060] In an alternative embodiment, the average grain size

of said magnet is no more than twice the average particle size

of said powder.

[0061] In an embodiment, a sintered magnet having an
average grain size in a range of about 7.6 um to about 4.2 um

is produced in the step of sintering.

[0062] In a further embodiment, the powder is fabricated by
a two step fine pulverisation process. The powder after said
second pulverisation has an average particle size according to
FSSS of around 4.1 um to around 2.6 um and the magnet after
sintering has an average grain size of around 7.6 um to around

4.2 jum.

BRIEF DESCRIPTION OF THE DRAWINGS

[0063] The invention is now explained in detail in the

following with reference to the drawings.

[0064] Fig. 1: Graph showing the percentage of Hy;-absorbed
by ingots with a size of around 20 mm to 30 mm at 400 °C and a

H, pressure of about 1 bar.

[0065] Fig. 2: Graph showing the percentage of H;-absorbed
by ingots with a size of around 1 mm to 2 mm at 500 °C and a H;

pressure of about 1 bar.
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15 rotation speed N on the particle size distribution of re-milled Nd-Fe-M-B

vRloy, powder, wherg M is Al, Ga, Co, Cu. [0070]Fig. 7:Graph showing the
relationship between  grain size of the sintered magnet and patrticle size of
the 20 powder for different oxygen contgnts. [0071]Fig. 8:Graph showing the
temperature dependence of the coercivity field strength of Nd-Fe-M-B
magnets, where M is Al, Ga, Co, Cu, fabricated from sintered powered
with a 25 particle size of 4.1 pm and 2.6 pm. [0072]Fig. 9:Demagnetisation
curves J(H) of Nd-Fe-B magnets, fabricated from sintered remilled

[Ddelse-M-Brpawder,  where MisM.igar 6, Sk with agaverage-paiisieed
size of 302.6 pm. VCS 032 PCT SG +2 15 [0073]Fig, 10:Grap owing the
b\X/ellgr}%ciﬁérevélséHinaa %@T?éjstad"fwafﬁezhﬂ-[@? & f E/ri’s@ Al él,r& @

magnets, Whére
HE@Ce,swith anfavérage graa size of 7.6 pm and 4.2 pm which were
fabricated from sintered powder with an average particle size 5 of 4.1 pm and
2.6 [%m respe.ctivelgl. [0074]Fig. 11: Graph showing the weight increase in a
[PET test of NdFeM-B-faghets MereIMGE AP B T, 386, With'sn Average
bgraingizesofv7 Ehpen and 4.2 pnawhick wererfabrcated 1@ from sittefed and a
powder with an age plargglre size of 4.1 pm and 2.6 pm respectively.

ver
Hfoéjfﬁsr%%fee 1:O§y5§?ogenating conditions and results of

[0068] Fig. 5: Graph showing the effect of sifter
rotation speed on average particle size according to FSSS of

re-milled Nd-Fe-M-B alloy powder, where M is Al, Ga, Co, Cu.

[0069] Fig. 6: Graph showing the effect of sifter
rotation speed N on the particle size distribution of re-

milled Nd-Fe-M-B alloy powder, where M is Al, Ga, Co, Cu.

[0070] Fig. 7: Graph showing the relationship between
grain size of the sintered magnet and particle size of the

powder for different oxygen contents.

[0071] Fig. 8: Graph showing the temperature dependence
of the coercivity field strength of Nd-Fe-M-B magnets, where M
is Al, Ga, Co, Cu, fabricated from sintered powered with a

particle size of 4.1 um and 2.6 um.

[0072] Fig. 9: Demagnetisation curves J(H) of Nd-Fe-B
magnets, fabricated from sintered remilled Nd-Fe-M-B- powder,
where M is Al, Ga, Co, Cu, with an average particle size of

2.6 pum.
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hydrogenated alloys, where tknee is the time after which 15 saturation was
vieached, Am is the weight gain, AV is the specific H2 uptake, and AV/At", is
the maximum absorptions rate, each of which is calculated from the weight
gain and/or the gas quantity added. 2Q[§076]Table 2:Results showing the
powdered decomposition product of hydrogenated and unhydrogenated
ingots after storage in air under various conditions. [0077]Table 3:
Contamination uptake of hydrogenated and 25 unhydrogenated alloys. The
[RYdrogenatéd @toys wereicbgehidétsefore the hydfogeratRirsat 1066C

uis 11206 Hop £ 2hdore0-h- Q78 able, 4i.8uface dasmage of njckel -coated
sintered 30 Nd-Fe-B-M magnets wi hyagious gﬁlgp %%s VC ,012 PCT SG

150 @BETAIL £ DESCRIPTIONComposition 5 [0070] A hSWdér fof Use in a

fReEe-MB: ty e permanent aragrstdeas fabricated usig peweker metbdurgical

oechnigues. Anyaljoy haying.a compasition of 30% Nd, 0,1% Pr, 0,2% Dy,
0,5% Tb, 0,93% B, 0,25% Ga, 0,7% Co, 0,08% Cu, 0,10% Al was melted and
cast to produce plates having a thickness of 20 mm which 10 comprise a

[finely dispensegl.a-Fe: phase.pCastirg and Hamogenising {0086 e easta pCT
t@lsa%e%%’%\Eg—grj‘\ée—@/l@Bs—%gjg%%lgtsi?nw eea%e M is Al, Ga, Co, Cu, with an
average grain size of 7.6 pym and 4.2 um which were fabricated
from sintered powder with an average particle size of 4.1 um

and 2.6 pm respectively.

[0075] Table 1: Hydrogenating conditions and results of
hydrogenated alloys, where type is the time after which
saturation was reached, Am is the weight gain, AV is the
specific H, uptake, and AV/Atu.x is the maximum absorptions rate,
each of which is calculated from the weight gain and/or the

gas quantity added.

[0076] Table 2: Results showing the powdered
decomposition product of hydrogenated and unhydrogenated

ingots after storage in air under various conditions.

[0077] Table 3: Contamination uptake of hydrogenated and
unhydrogenated alloys. The hydrogenated alloys were
homogenised before the hydrogenation at 1060°C to 1120°C for
12h to 60 h.

[0078] Table 4: Surface damage of nickel -coated sintered

Nd-Fe-B-M magnets with various grain sizes.
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15 treatment at around 1120C for 12 hours. The ingots were then cooled to a
viemperatyre.of.hetween around 500C to around 550C under an atmosphere
of argon in the furnace. After the homogenisation treatment, the ingots were
essentially free from the a-Fe phase 20sHydrogenation [0081]A
hydrogenation treatment was then performed on the homogenised ingots in
order to enable the rare-earth rich 25 phases remaining in the alloy to form
Nd-hydrides and hence to be more easily pulverised. The hydrogenation
DiréAtrhent Wascakied it at a temperature in the range 500 to 550C.
[0082]The hydrogenation heat treatment was carried out by 30 replacing the
& oonsli)élhgdrogen and then maintaining the ingots under one bar of
ﬁg&%regeﬁ—a[ﬂthe desired temperature for around five hours. VCS 032 PCT
SG +2 17 [0083]After the hydrogenation heat treatment, the furnace was
kefilled with argon,Lhe ingotsuerg thencqaleqd g a{%@%ﬂ@ﬂﬁ Ar99n and:
then transferred in air into a container 5 which was flushed with argon.
YRODSHIRESGRS Bf eXperifetity 16 tetsrmihethe aisorpfich taté are gierfih! oY
hiablesl aThembsotptiom rate was catoulatetkfrom, the, weight gain andmgas
oUgage;The gas.u é%e yas.1Qto 13 1 1/kg of hydrogep,with 2 maximym, . ,
absorption rate of 10'to 20 I/kgh.

cast to produce plates having a thickness of 20 mm which

comprise a finely dispersed oa-Fe phase.

Casting and Homogenising

[0080] The cast plates were given a solid solution heat
treatment at around 1120°C for 12 hours. The ingots were then
cooled to a temperature of between around 500°C to around
550°C under an atmosphere of argon in the furnace. After the
homogenisation treatment, the ingots were essentially free

from the a-Fe phase

Hydrogenation

[0081] A hydrogenation treatment was then performed on the
homogenised ingots in order to enable the rare-earth rich
phases remaining in the alloy to form Nd-hydrides and hence to
be more easily pulverised. The hydrogenation treatment was

carried out at a temperature in the range 500 to 550°C.

[0082] The hydrogenation heat treatment was carried out by
replacing the argon by hydrogen and then maintaining the
ingots under one bar of hydrogen at the desired temperature

for around five hours.
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[0085]At hydrogenation temperatures of less than 500 C, the surface of the
viRgots, was-qbserved to decompose into a 15 powder. The results of these

experiments are given in Table 2. The formation of a powdered
decomposition product is not desired as, firstly, the ingots cannot be easily
removed from the furnace. Secondly, the composition of the final powder is
adversely affected as the decomposition product easily picks 20 up impurities
such as 0, C and N. [0086]For hydrogenation temperatures of greater than
around 550 C, an unexpectedly large amount of hydrogen was observed to

[be @bsorbed alt isthought that-this issdue to the 25«decampasifionHef thernace
hardm%gg%%NdZFeMB compaund.into NdH2, a-Fe and Fe,l? which is also

was ,re h ar . Jhe . ingots were then .cooled.to arpund
Gfdésire 87T He TSI of flifthet BXperifréfts ate giveh i Figired £ 1

14Gri hich drg effeeh df tieehydrogenatione30 températine and size of the r

wingots onthe maximum,absorptign rate was investigated. These results show
that ingots with a VCS 032 PCT SG +2 18 size of 20 to 30 mm can be fully

hydrogenated in the desired temperature range. [0088]After the
[bydrogenatrasigaidreatmeniarasbeen 5 caniad: otit, ibe ihgotspyeretherm
further processed to produce a pawder..Stability. of Ingats 10[0089]The
DI o iAo oy oLt WAL 126 Tt The TG g
fstoredior 44 102200days mnair adel theagerceRiaye of thes ot watsich halde 15

10ecomposed was defermingdy I hedecompesitienfrodycthas the form of a
powder. Therefore, the percentage was determined by passing the sample
liggﬂl:llrough a 500 pm sieve and weighing the portion of the sample which had

a grain size of less than 500 pm.

[0085] At hydrogenation temperatures of less than 500° C,
the surface of the ingots was observed to decompose into a
powder. The results of these experiments are given in Table 2.
The formation of a powdered decomposition product is not
desired as, firstly, the ingots cannot be easily removed from
the furnace. Secondly, the composition of the final powder is
adversely affected as the decomposition product easily picks

up impurities such as O, C and N.

[0086] For hydrogenation temperatures of greater than
around 550° C, an unexpectedly large amount of hydrogen was
observed to be absorbed. It is thought that this is due to the
decomposition of the hardmagnetic Nd,Fei,B compound into NdH;,

o-Fe and FeyB which is also undesired.

[0087] The results of further experiments are given in
Figures 1 to 4 in which the effect of the hydrogenation
temperature and size of the ingots on the maximum absorption

rate was investigated. These results show that ingots with a
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[0090]The results of these experiments are given in Table 2 and results in
vWaI cdbtiﬂeP@lugé haye been normalised for an 20 ingot size of 25mm and a
storage time of 100 days are given in table 3. Table 3 also gives the results of
experiments to determine the uptake gf30, C and N contamination during
storage. 25[0091]These results show that the ingots hydrogenated at 500 to
550 C can be reloaded from the furnace even at 100 C without significant
increase of the oxygen pickup. Therefore, the handling of the hydrogenated

Sigte fs AlickreaSieFandxorzeqtiehtly chedfes Tontsaretitotthe staRdarsd

tprsesst as30-disglosed in EP 0992309 El. VCS 032 PCT SG +2 19
Pulverisation [0092]The ingots were then crushed to produce a coarse
powder and then finely pulverised by milling the coarsely 5 pulverised powder
[10& §at mill tofroduce<a ppwdeyavitt anraverage pagticiessize (ES SS)<of

ground;3 pm., (009311 i3 kpawpdhat the magnetichropesties, of the ;agnets ce

produced usmg the powder are dependent on the grain 10 size of the
3sita¥ed magnet and on the particle size of the powder. In a further study the
effects of performing a second fine pulverisation of the already finely

k\j/eilsgd poquer was performed. The finely pulverised powder was milled
%rﬁrsetﬁ/n&trme—%—a—‘et mill and the effect of the second 15 treatment on the
average particle size and particle size distribution was investigated. [0094]A

r@resgarth irepdbaremalioy-powder with-an average padicle size-of 4.pm was,
pulverised for a second time in a 20 jet mill with increased sifter rotation

l§b’8§& 148 tah e 88en A figtird! %r?hé LUErsye Barticle Size’décréades Wit -

aimgreasingssiftemsperd.of the ingot which had decomposed was
determined. The decomposition product has the form of a powder.
Therefore, the percentage was determined by passing the sample
through a 500 um sieve and weighing the portion of the sample

which had a grain size of less than 500 um.

[0090] The results of these experiments are given in Table
2 and results in which the values have been normalised for an
ingot size of 25mm and a storage time of 100 days are given in
table 3. Table 3 also gives the results of experiments to
determine the uptake of O, C and N contamination during

storage.

[0091] These results show that the ingots hydrogenated at
500 to 550 °C can be reloaded from the furnace even at 100 °C
without significant increase of the oxygen pickup. Therefore,
the handling of the hydrogenated ingots is much easier and
consequently cheaper compared to the standard process, as

disclosed in EP 0992309 Bl1.
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[0095]The effect of sifter speed during the second 25 pulverisation on the
vharticle sizedistribution was also investigated. As can be seen from the
results shown in Figure 6, the width of the particle size distribution curve,
which was measured by Fraunhofer difffaction, is reduced. It can be seen
that the remilled powders contained essentially no 30 particles with a size
greater than 10 pm. VCS 032 PCT SG +2 20 Magnets [0096]Permanent
magnets were fabricated from these powders. The powders were mixed with
Pa lieadat afgned in a magnetic 5 field and isostatically pressed to form
rods of diameter 40mm and length 195 mm. The green bodies were then
EIEB red at 1T 60 C or %070 C 1‘ort:?1 hours in vacuum and 1 hour in Ar. The
were'then'dgiveha Hiriier ahfealingtreatnient’ é"tofggt‘f@. 10[0097]The
pretatonstip beteeehithelaverageqgragedizeofithé Imagnétssinccompatison
pyithdhe average payticle size of the powder from which ibwasdabricatedyas

investigated, see Figure 7. A magnet fabricated from powder with an average
AESSY BaRtftlé si7eofd Zpritivas Andvetageiytain §%e of 7.6 pm 15 and a

magnet fabricated from powder with an average FSSS particle size of 2.6 pm

average.grain size of 4. . The arajn size of the.magnets i
R S e e g e it
naasThader 20[0098]| A Figine PeMows thecrelaticiship betweehahegrain

s3ize of thersintered magnet-apd particle size- (RecordingtoF3S3) of thene
powder for powders having different oxygen contents. A grain growth factor

PEI'S P wad bifseted tor maghdts pRSauded b powafers With'4 okygerond
feortent bf ©:22 25witYooA grain giowthifactomefl?.dowvasobseevegforder was

pg¥¥g¥%%d. The finely pulverised powder was milled for a
second time in a jet mill and the effect of the second
treatment on the average particle size and particle size

distribution was investigated.

[0094] A rare earth iron boron alloy powder with an average
particle size of 4 uym was pulverised for a second time in a
jet mill with increased sifter rotation speed. As can be seen
in figure 5, the average particle size decreases with

increasing sifter speed.

[0095] The effect of sifter speed during the second
pulverisation on the particle size distribution was also
investigated. As can be seen from the results shown in Figure
6, the width of the particle size distribution curve, which
was measured by Fraunhofer diffraction, is reduced. It can be
seen that the remilled powders contained essentially no

particles with a size greater than 10 um.
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produced from powders with an oxygen content of 0.29 wt%. A grain growth
viactgrof 2,0,was observed for magnets produced from powders with an
oxygen content of 0.43 wt%. A grain growth factor of 1.9 was observed for
magnets produced from 30 powders with an oxygen content of 0.62 wt%.
VCS 032 PCT SG +2 21 [0099]A reduced Increase of the grain size is
observed only for magnets with an oxygen content larger than 0.25 wt%. For
magnets with an oxygen contact of less than 0.25 wt%, there is a large
Mgty to form a very coarse and undesired 5 microstructure. [00100]The
effect of the powder patrticle size on the coercive force of sintered magnets

%a(%’lg ted gsin the powder can be seenfir]ofi ure 8.dT e coer%ve field q
LS{7eRgth IncreASES 10 oM Arotind T3k0ET6F alicy pdwder ith &1 parieiasrs -
Tsizemfvddgnstmamndixeﬁ Iig@ekfpa almlagnet fabricatedfrom Bm alloyagnetic
sRawder, with; an average paticle size.of 2.1 pm..The dH).curyes for thesey,

magnets are shown in figure 9. Because of their higher coercivity, fine
agfainéd frdgrets Cai bé Hppliedcrs apfigherteniperafites 1 €bfrosior
1Resistanee [Q0L01]Theearrasiap uesistance:oflimagneis fabricated:from 20rhe

pawders of dif %rin average particle size was also investigated. Fro % )
e S13HE Nt S ctod St et dt (AT oG B Babe e B0
humidity, 2.6 bar pressure) and the pressure cooker test (PCT: 130 C, 100%

[byrnidity, 2.7har pregsure) areshown infigures 10 and,L1. 25 Thesmagngts
fabricated from alloy powders hav,in% a smaller average grain size have an

tﬁﬁpRﬁ@ﬁﬁ&ﬁTéﬁoﬁ?%g%ﬁ%%QQ with the average paTrticle size of

the powder from which it was fabricated was investigated, see
Figure 7. A magnet fabricated from powder with an average FSSS
particle size of 4.2 um has an average grain size of 7.6 um
and a magnet fabricated from powder with an average FSSS
particle size of 2.6 um has an average grain size of 4.1 um.
The grain size of the magnets is, therefore, less than double

the particle size of the alloy powder from which it was made.

[0098] Also, Figure 7 shows the relationship between the
grain size of the sintered magnet and particle size (according
to FSSS) of the powder for powders having different oxygen
contents. A grain growth factor of 3.2 was observed for
magnets produced from powders with an oxygen content of 0.22
wt%. A grain growth factor of 2.4 was observed for magnets
produced from powders with an oxygen content of 0.29 wt%. A
grain growth factor of 2.0 was observed for magnets produced
from powders with an oxygen content of 0.43 wt%. A grain

growth factor of 1.9 was observed for magnets produced from

powders with an oxygen content of 0.62 wt%.
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[00102] Table 4 shows the results from measurements of the surface
veamage to-Ni coated magnets with a different average 30 grain size. These
results confirm that magnets with a smaller grain size show a reduced
surface deterioration during coating. Y€S 032 PCT SG +2 22 What is
claimed: 1. A powder for use in a R-Fe-M-B type permanent magnet
consisting essentially by weight, of 28.00 h R h 32.00%, Swhere R is at least
one rare earth element including Y and the sum of Dy + Tb > 0.5,0.50 h B h
[0 0%, 0.50* CERFG096 T-656 REhT596] WiéreSMAS orfe BPATOTESST the
oglements Gageerand: Ab0.25 % b0.86%6,:Q.46% oF dess ehen 0015% arcs .
FIess of N balanc,etEe wherein said go%vde{ hag ;LOan a\t/%rageop%ticlet size
(ESBEYiT the Fange oF af6uifr 4 pmtoaround 2.1 pin ahd coritans'mo’
tpanticles gredter trark arolard 20t pm2rA powder/forasesin aRiFerdeB type
nRermanent.magnet, 15according to claim 1, wherein R is one or more of the
elements Nd, Pr, Dy and Th, 0.50% < Co < 1.5%, 0.05% < Ga < 0.25% and
0.05% < Cu < 0.20%. 3. A powder for use in a R-Fe-M-B type permanent
[oEpnet, 20aceordng:ta-clainth avhereda safthpowedes haszan arverage particle
32ed[359in e angs of around. 2.5 pm to around.3 pm,aad no partcles, .
greater than around 1 pm. 252 AR-Fe-m- type permanent r%agnet P

ceonsisting e@ssentigiypure 8. The coercive field strength increases
from around 13kOe for alloy powder with an particle size of 4
um to around 16.5 kOe for a magnet fabricated from an alloy
powder with an average particle size of 2.1 um. The J(H)
curves for these magnets are shown in figure 9. Because of
their higher coercivity, fine grained magnets can be applied

at higher temperatures.

Corrosion Resistance

[00101] The corrosion resistance of magnets fabricated from
powders of differing average particle size was also
investigated. From the results of the highly accelerated
stress test (HAST 130° C, 95% relative humidity, 2.6 bar
pressure) and the pressure cooker test (PCT: 130° C, 100%
humidity, 2.7 bar pressure) are shown in figures 10 and 11.
The magnets fabricated from alloy powders having a smaller

average grain size have an improved corrosion resistance.

[00102] Table 4 shows the results from measurements of the
surface damage to Ni coated magnets with a different average

grain size. These results confirm that magnets with a smaller

grain size show a reduced surface deterioration during coating.
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by weight, of 28.00 h R h 32.00%, where R is at least one rare earth element

vielyding x-and the sum of Dy + Th > 0.5, 0.50 h B h 2.00%, 0.50 h Co h

3.50%, 0.050 h M h 0.5%, where M is one or more of the elements Ga, Cu
and 30Al, 0.25 wt%< 0 h 0.5%, 0.15%or less of C, 0.15% or less of N,
balance Fe, wherein said magnet has an average grain size of around 7.6 pm
to around 4.2 pm. VCS 032 PCT SG +2 23 5.A R-Fe-M-B type permanent
magnet according to claim 4, wherein R is one or more of the elements

Woso%qu% 0.05% < Ga < 0.25% and 0.05% <

Cu < 0.20%. 6. A R-Fe-M-B type permanent magnet according to claim 4,
whereln Sc?ld n%a%net has an averagel\?ram size of around 7 6H9m and 10in

La HASTSOHSSion test s Atwéight 10ss of les€itRah T Migehio ARar 10
days.si.sA RufresMsBriype permanert gagnetdccording to Blaim34,.Whérein

13saidJmnagnet has anayerage grain size of around.4.2 pmcand ina HASTq
corrosion test has a weight loss of less than 0.1 mchmZ after 10 ays
the sum of Dy + Tb > 0.5, 0.50 < B < 2.00% < <
3.50%, 0.050 < M £ 0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 %< O £ 0.5%, 0.15% or less
of C, 0.15% or less of N balance Fe wherein said powder has
an average particle size (FSSS) in the range of around 4 um

to around 2.1 um and contains no particles greater than

around 20 um.

A powder for use in a R-Fe-M-B type permanent magnet,
according to claim 1, wherein
R is one or more of the elements Nd, Pr, Dy and Tb, 0.50% <
Co < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.

A powder for use in a R-Fe-M-B type permanent magnet,
according to claim 1, wherein
said powder has an average particle size (FSSS) in the range
of around 2.5 um to around 3 um and no particles greater

than around 15 pm.

A R-Fe-M-B type permanent magnet consisting essentially
by weight, of 28.00 < R £ 32.00%, where R is at least one
rare earth element including Y and the sum of Dy + Tb >
0.5, 0.50 £ B < 2.00%, 0.50 £ Co £ 3.50%, 0.050 <M <
0.5%, where M is one or more of the elements Ga, Cu and
Al, 0.25 wt%< O0 £ 0.5%, 0.15% or less of C, 0.15% or less
of N, balance Fe, wherein said magnet has an average grain

size of around 7.6 um to around 4.2 um.
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8. A R-Fe-M-B type permanent magnet according to claim 4, 20wherein said

v@loag&e} h@&a%év%age grain size of around 4.2 pm and in a HAST corrosion

test has a weight loss of less than 1 mg6cm2 after 100 days. 25 9. A method
to produce powders for use in R-Fe-B-M type permanent magnets
comprising: - melting an alloy consisting essentially by weight, of 28.00 h R h
32.00%, where R is at least one rare earth element including Y and the sum
of Dy + Tb > 0.5, 0.50 30B2.00%, 0.50 h Co h 3.50%, 0.050 h M h 0.5%,
where M is one or more of the elements Ga, Cu and Al, 0.25 %< 0 h 0.5%,

50.15% atless uf €, 0,15%ek lessf N mAieS 032 REI 56 +2 24-balance, Fe,

ca tinrgesaid alloy to form at least one ingot, wherein the solidified ingot
cOmprises finely dispersed a-Fe, and R2Fe14B and R-rich constituents; 5-
afnealinrg saigringot at afteniperatwresntheNdngéof dpprexindtely 800C+to<

appraximately 1200:¢ under an jnest atmogpherssaf Ar of undgr yaeuum to
form an ingot which is free of said a-Fe phase; - treating said ingots in
hydrogen gas in order to 10hydrogenate the R-rich constituents; coarsely
pelverisigrsaid-iBgetppederming-a finespulverisation af sgid-coarseiyn 4,
p%\{gigt;d powder in an atmosphere comprising oxygen, oxidizing said
powder; {5wherein said finely pulverised powder comprises an oxygen
said magnet has an average grain size of around 7.6 pm and

in a HAST corrosion test has a weight loss of less than 1

mg/cm® after 10 days.

A R-Fe-M-B type permanent magnet according to claim 4,
wherein
said magnet has an average grain size of around 4.2 um and
in a HAST corrosion test has a weight loss of less than 0.1

mg/cm? after 10 days.

A R-Fe-M-B type permanent magnet according to claim 4,
wherein
said magnet has an average grain size of around 4.2 um and
in a HAST corrosion test has a weight loss of less than 1

mg/cm® after 100 days.

9. A method to produce powders for use in R-Fe-B-M type

permanent magnets comprising:

- melting an alloy consisting essentially by weight, of
28.00 £ R £ 32.00%, where R is at least one rare earth
element including Y and the sum of Dy + Tb > 0.5, 0.50
< B < 2.00%, 0.50 £ Co £ 3.50%, 0.050 <M < 0.5%, where
M is one or more of the elements Ga, Cu and Al, 0.25

$< O £ 0.5%, 0.15% or less of C, 0.15% or less of N,
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content of 0.25 wt%< 00.5 wt%, and said ingot has smallest dimensions in
vihe rangepfla mmito 25 mm and said powder after said fine pulverisation

has an average particle size (FSSS) in the range of around 4 pm to around
202.1 pm and contains no particles greater than around 20 pm. 10. A method
to produce powders for use in R-Fe-B-M type permanent magnets according
to claim 9, wherein R is one or more of the elements Nd, Pr, Dy and Tb,
0.50% < 25Co0 < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%. 11. A
metR6d 38 prodEée powders for use in R-Fe-B-M type permanent magnets
accergling toclaimdd . avhereine saichpawdesias amaverage paificle size
(FSSS) in the range 300f around 4 pm to around 2.1 pm and contains no
partic egs a?gdtg%%%é%rg arodia 20 PR VES d%i‘ PET SCE25512% A fethod
to produde pewders fbriusel imRdee-B-M tygpe-permanent magnets according
to_claim g, wherein ;said payvder-has apayerage particle;size (E355)Jn the
range of around 2.5 pm to around 3 pm and no particles greater Sthan
aro AP IS HM2EsIA Methdd tPprduce p8\wasrs/ fordd iIcRYBEB- My pe
permasent maghneis aceording t0 €laithQewheseilum t said hydsegenating is
performed at a temperature between 18@5%%@ 450C and 600C.

- treating said ingots in hydrogen gas in order to

hydrogenate the R-rich constituents;

- coarsely pulverising said ingot;

- performing a fine pulverisation of said coarsely
pulverised powder in an atmosphere comprising oxygen,
oxidizing said powder;
wherein said finely pulverised powder comprises an oxygen
content of 0.25 wt%< O < 0.5 wt%, and said ingot has
smallest dimensions in the range of 15 mm to 25 mm and
said powder after said fine pulverisation has an average

particle size (FSSS) in the range of around 4 um to around

2.1 uym and contains no particles greater than around 20 um.

10. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 9, wherein

R is one or more of the elements Nd, Pr, Dy and Tb, 0.50% <

Co < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.

11. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 9, wherein
said powder has an average particle size (FSSS) in the range
of around 4 um to around 2.1 um and contains no particles

greater than around 20 um.
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14. A method to produce powders for use in R-Fe-B-M type permanent
vmagnets gegokding fo claim 9, wherein said hydrogenating is performed
at a temperature between 15around 500C and 550C. 15. A method to
produce powders for use in R-Fe-B-Mstype permanent magnets according to
claim 13, wherein said hydrogenating is performed under 0.5 to 1.5 bars
of 20hydrogen gas for between around 1 hour to around 10 hours. 16. A
method to produce powders for use in R-Fe-B-M type permanent magnets
Ldecordify té eRirCL D WRERSN POWARhRd Rgdrdtehatingiisiserforthéd/ e

apunch: dar of hykegen 2aferarapnebs hiowrs. b7. Anvethod to produce
powd rs for usegl R-Fe-B-M tdpe permaneTt magnets accogdlng to clalm 14,

ere| WA i G My Oy SNt & performied untier 0.5 1.5 bars of *2"9°

SOtﬁydmgamgés ﬁombetWeexmmuhoBl lmourtd aroupd A0l kdes. VES 032

Pg;a§6a;g%pgrgn?gent magnets according to claim 17, wherein said
hydrogenating is performed at around 1 bar of hydrogen for around 5 hours.

5 19. A method to produce powders for use in R-Fe-B-M type permanent
13agretsaceording te ctaint9, wheseinsafterrsaid hytrogeating, saigirgot is
cooled 1o around 1OQC under Ac{l%

ent magnets accor ‘to claim 9, wherein
said hydrogenating is performed at a temperature between

around 450°C and 600°C.

14. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 9, wherein
said hydrogenating is performed at a temperature between

around 500°C and 550°C.

15. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 13, wherein
said hydrogenating is performed under 0.5 to 1.5 bars of

hydrogen gas for between around 1 hour to around 10 hours.

16. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 15, wherein
said hydrogenating is performed at around 1 bar of hydrogen

for around 5 hours.

17. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 14, wherein
said hydrogenating is performed under 0.5 to 1.5 bars of

hydrogen gas for between around 1 hour to around 10 hours.

18. A method to produce powders for use in R-Fe-B-M type



5

10

15

20

25

30

10 20. A method to produce powders for use in R-Fe-B-M type permanent

vmagnets gegokding fo claim 9, wherein said fine pulverisation is performed in

two steps. 21. A method to produce powders for use in R-Fe-B-M type
15permanent magnets according to claim 20, wherein a first fine pulverisation
of said coarsely pulverised powder is performed in an inert atmosphere and a
second fine pulverisation of said finely pulverised powder is performed in an
atmosphere comprising oxygen, oxidizing said finely 20pulverised powder,
whRFEIANSHId fiel) PR etised sovidetComprises ‘afr o¥§Ageit €bntent 0.25
WE%s0 @ BowEhafterdheseconefine pulverisationd 1 BarAdnethad-iden
p%oodrucg powders Looruursse in R-Fe-B-M type 25permanent magnets according
to claim 20, wheérein said first fine pulverisation and said second fine
pulverisation is performed using a jet mill. 23. A method to produce

1gowders, faniuse inRAFe-B: M typs, 30permapent magnets accarding Jo claim
20, wherein after said first fine pulverisation, said powder has an average
pARTCIE B (PSS dfardtnd 4 pifaha £partitle sizd" SAE$ D32 PCT SG +2
2% tlistribution, whereine30%iefgrains have godiametes 6f sapredthansaneand
19 e an(Ij1 g\er(%u%d 1 Oa/osof grains have a diameter of greater than between
aroun§26 pm and around 25 pm. 5 24. A method to produce powders for use
in R-Fe-B-M type permanent magnets according to claim 20, wherein after

2%aid secand.fine pylvyerisation, saichrewder hasan average-particle size

(FSSS) in the range of around 4 pm to around 2.1 pm and contains no

pgﬁﬁmigﬁﬂﬁngﬁﬂ%§¥ﬁnﬁﬁﬁfiﬁéaqnﬁp claim 9, wherein

said fine pulverisation is performed in two steps.

21. A method to produce powders for use in R-Fe-B-M type

permanent magnets according to claim 20, wherein

a first fine pulverisation of said coarsely pulverised
powder 1s performed in an inert atmosphere and a second fine
pulverisation of said finely pulverised powder is performed
in an atmosphere comprising oxygen, oxidizing said finely
pulverised powder, wherein said finely pulverised powder
comprises an oxygen content 0.25 wt%< O £ 0.5 wt% after the

second fine pulverisation.

22. A method to produce powders for use in R-Fe-B-M type

permanent magnets according to claim 20, wherein said first
fine pulverisation and said second fine pulverisation is

performed using a jet mill.

23. A method to produce powders for use in R-Fe-B-M type

permanent magnets according to claim 20, wherein after said
first fine pulverisation, said powder has an average

particle size (FSSS)of around 4 um and a particle size
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25. A method to produce powders for use in R-Fe-B-M type permanent
vmaghets gegokding 4o claim 20, wherein said powder has an average particle
size (FSSS)of around 4 15pm and a particle size distribution, wherein 30% of
grains have a particle diameter of morgjthan around 10 pm, and around 1 %
have a diameter of greater of between around 20 pm and around 25 pm after
the first fine pulverisation and said powder has an particle grain size (FSSS)
in the range 20of around 4 pm to around 2.1 pm and contains no particles
gFEREF taH arsund’ RO 5ih Taftel the setbadtie plivetisationS26 TAThethot

ok praducing apawdemnforise inthenzbmanuiactyre, ofR-he<B-M typ&meter

permanent magnets, comprising - providing an alloy consisting essentially by
Welght: GF 28.00 A N300, RGrR i At IBast Shé rare darth efbment
including Y and the sum of Dy + Tb > 0.5, 0.50 h B h 2.00%, 0.50 h Co h

23.50%, Q.030-8 M b Q.p%. where, Wis.ane or 30morg,okthe. elements Ga, Cu
and Al, 0.25 %< 0 C 0.5%, 0.15% or less of C, 0.15% or less of N, balance

FBE SER Aty Filé\?iﬂ@ttﬁe%ﬁﬂ}iﬁffjéw ingot© AA38 0% PETRSE B2 28
anfiealing saudl ingoebat atemperaiurerndhe range f appsoximaatetys 808€ to

approximately 1200 C under an.j atmosphere of Ar or under vacyum t
ok LT G Has o (o e Bnbs, S atins saut tioed i o
hydrogeh gas indrdertodyuregenatetizAtrich eénstittiehes; tbarseyround
pylyerising said ingot;  performing a fine pulverisation of said coarsely
pulverised powder in an atmosphere comprising oxygen,

25. A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 20, wherein
said powder has an average particle size (FSSS)of around 4
um and a particle size distribution, wherein 30% of grains
have a particle diameter of more than around 10 um, and
around 1 % have a diameter of greater of between around 20
um and around 25 um after the first fine pulverisation and
said powder has an particle grain size (FSSS) in the range
of around 4 um to around 2.1 um and contains no particles
greater than around 10 um after the second fine

pulverisation.

26. A method of producing a powder for use in the
manufacture of R-Fe-B-M type permanent magnets, comprising
- providing an alloy consisting essentially by weight, of
28.00 £ R £ 32.00%, where R is at least one rare earth
element including Y and the sum of Dy + Tb > 0.5, 0.50 £ B <
2.00%, 0.50 £ Co £ 3.50%, 0.050 £ M < 0.5%, where M is one or
more of the elements Ga, Cu and Al, 0.25 %< O < 0.5%, 0.15%
or less of C, 0.15% or less of N, balance Fe, said alloy

having the form of an ingot;
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10oxidizing said powder; wherein said finely pulverised powder comprises an
vOXygen ceptent of 0,25 wt%< 00.5 wt% A is one or more of the elements Nd,
Pr, Dy and Th, 0.50% < Co < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu <
0.20% and said powder has an averagg 15particle size (FSSS) in the range
of around 2.5 pm to around 3 pm. 27. A method to produce powders for use
in a rare earth magnet according to claim 26, wherein 20said ingot has
dimensions in the range of 15 mm to 25 mm. 28. A method to produce
powdlers forltise FPatare 8afthahagnECRBESTING fo ERimR27 fwhefeiR £

saigdhdrogenating és performesat-a temperatyre o between Zs5araund A50C
ancti 600%. 29. A £nethod to uprgduce owders foE use in a rare etarth makllgnet
aBCOIUTRG T Clafm 27, Whetdin©® VS5 dr8gaRating is perdrmad’ata *°
temmperatdresof. Betwéen B0assund 500C and 550C. VCS 032 PCT SG +2 29

magnget aceprding {9 claim, 28, M%?@?%Lgrhyggggggag%&p@gormed

under 0.5 to 1.5 bars of hydrogen gas for between around 1 hour to around
10 ¥t 5731 SA TEtHO A to Prodice powaBIs for use in a rare earth magnet
aecareling ta ¢laim13Q,nwberein saidihydmpgenating is performed at around 1
b§r5¥%¥%¥%3355309995598 s%risation of said coarsely
pulverised powder in an atmosphere comprising oxygen,
oxidizing said powder;
wherein said finely pulverised powder comprises an oxygen
content of 0.25 wt%< O £ 0.5 wt% R is one or more of the
elements Nd, Pr, Dy and Tb, 0.50% < Co < 1.5%, 0.05% < Ga <
0.25% and 0.05% < Cu < 0.20% and said powder has an average

particle size (FSSS) in the range of around 2.5 um to around

3 um.

27. A method to produce powders for use in a rare earth
magnet according to claim 26, wherein

said ingot has dimensions in the range of 15 mm to 25 mm.

28. A method to produce powders for use in a rare earth
magnet according to claim 27, wherein
said hydrogenating is performed at a temperature of between

around 450°C and 600°C.

29. A method to produce powders for use in a rare earth
magnet according to claim 27, wherein
said hydrogenating is performed at a temperature of between

around 500°C and 550°C.

30. A method to produce powders for use in a rare earth
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10 32. A method to produce powders for use in a rare earth magnet
vREeCorging to.clgim,29, wherein said hydrogenating is performed under 0.5 to
1.5 bars of hydrogen gas for between around 1 hour to around 10 hours. 15
33. A method to produce powders for pige in a rare earth magnet according to
claim 32, wherein said hydrogenating is performed at around 1 bar hydrogen
for around 5 hours. 20 34. A method to produce powders for use in a rare
earth magnet according to claim 26, wherein after said hydrogenating, said
ifY IS EoBleerierarelingc1 00€ hdet Arg&s <2535, A method to produce a

RsEeB-M treypernangnt magnet comprising=rproviding powdek egnsisting
esse tiallg/ by wei%ht, of 2§.OO h R h 32.00% wheretR is at least %Zn rare
edrtR'SEmMEnT cliding™y AR theSTiTs 6y}l@r16 >6.5770°56 30B2.06% °
0.50 h Co h 3.50%, 0.050 h M h 0.5%, where M is one or more of the

Sglements.Ga. Guand AL 25 wiss b G536, 153001 esnf C,048% or
less of N, VCS 032 PCT SG +2 30 balance Fe; compacting said powder in a
niagHetic fictd 6 Foff attextdreticotipatfesimtéring said compact to produce
adnagnety Swhereit saigl pewderhasmsbaverageospardicle size ageordmgntoror
FSSS agd§a}ild magnet has a average grain size, wherein said average grain
aroynd. Ours-. . . .
size of sai magnet is no more than 2.5 times the average particle size of
said powder. 10 36. A method to produce a R-Fe-B-M type permanent

smagnet aceqrding 4o claign 38, WhekeIs for use in a rare earth
magnet according to claim 29, wherein
said hydrogenating is performed under 0.5 to 1.5 bars of

hydrogen gas for between around 1 hour to around 10 hours.

33. A method to produce powders for use in a rare earth
magnet according to claim 32, wherein
said hydrogenating is performed at around 1 bar hydrogen for

around 5 hours.

34. A method to produce powders for use in a rare earth
magnet according to claim 26, wherein
after said hydrogenating, said ingot is cooled to around

100°C under Ar gas.

35. A method to produce a R-Fe-B-M type permanent magnet
comprising:
- providing powder consisting essentially by weight, of
28.00 £ R £ 32.00%, where R is at least one rare earth
element including Y and the sum of Dy + Tb > 0.5, 0.50
< B < 2.00%, 0.50 £ Co £ 3.50%, 0.050 <M < 0.5%, where
M is one or more of the elements Ga, Cu and Al, 0.25

wt%< O £ 0.5%, 0.15% or less of C, 0.15% or less of N,



in said step of sintering a sintered magnet having an average grain size in a
viange;of abgut;£.6,pm to about 4.2 pm is produced. 15 37. A method to
produce a R-Fe-B-M type permanent magnet according to claim 35, wherein
said powder after said second pulverisgtion has an average patrticle size
according to FSSS of around 4.1 pm to around 202.6 pm and said magnet
after sintering has an average grain size of around 7.6 pm to around 4.2 pm.

balance Fe;

- compacting said powder in a magnetic field to form a

textured compact;

- sintering said compact to produce a magnet.

wherein said powder has an average particle size according

to FSSS and said magnet has a average grain size, wherein

said average grain size of said magnet is no more than 2.5

times the average particle size of said powder.

36. A method to produce a R-Fe-B-M type permanent magnet
according to claim 35, wherein
in said step of sintering a sintered magnet having an
average grain size in a range of about 7.6 um to about 4.2

um is produced.

37. A method to produce a R-Fe-B-M type permanent magnet
according to claim 35, wherein
said powder after said second pulverisation has an average
particle size according to FSSS of around 4.1 um to around
2.6 um and said magnet after sintering has an average grain

size of around 7.6 um to around 4.2 um.



