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BETWEEN A SHAFT AND A HUH FOR A DI SK HARD DRI VE Cross Reference to Rel ated
Applications This application clains priority fromUnited States
Provi si ona i cations r60116, 758 f idcatbsdanser
22,1999) ngﬁgrgﬁtnﬁgf 5 60/117mmmumm“manMEnuary 29, 1999, Serial %unber
60I121,687 filed February 25). 1999 wwwmdoiberi al Nunber 60/ 124,629 filed Mrch
16, 1999. Field of the Invention 10 The present invention relates generally
to the field of disc drives, and nore particularly to an apparatus and
met hod for provi ferrof| udi c sea a hub and a shaft
of a spindle nnt%#gﬁ‘ﬂﬁpgmgggﬁﬁF é““ﬁ&@&b?@ﬂﬂ?“é?“#ﬁé“?%bé%t|on 15 Di sc
drives, including magnetic disc drives, optical disc drives and
nagneto-optical di sc drives) are mﬁdely used for storing information. A
typical disc drive has one or nore discs for storing information in a
plurality of concentric circular tracks. This information is witten to and
read fromthe 20 discs using read/rite heads nounted on actuator arnms which
are noved WO 00/ 43698 PCT/ US00/ 01567 fromtrack to track across surfaces
3L_tﬂe_difcs bé gn actuatg{ nec?anifn1 The ?Lscs a;e nnun;edhonda spindge
ich is turned by a spindle notor to pass e surfaces of the discs under
the read/wite heads. The spindle notor generally includes a shaft fixed to
a baseplate and a hub) to which the spindle 5 is attached, having a sleeve
into which the shaft is inserted. Permanent magnets attached to the hub
interact with a stator winding on the baseplate to rotate the hub relative
to the shaft. One or nore bearings between the hub and the shaft facilitate
rotation of the hub. 10 The spindle notor also typically includes an
exclusion seal to seal interfacial spaces between the hub and the shaft.
This i s necessary, because lubricating fluids or greases used in the
bearings tend to give off aer | s or v nents that mgrate or
di ffuse out of the spind@ soReterange toRelated ARPUCAEABS, i n whi ch t he di scs
are mai ntai ned. This vapor often transports 15 other particles, such as
mat eri al abraded fromthe bearings or, other conponents of the spindle

nmotor, into the disc E'ﬁ&ﬁﬁ'é’lat'oﬂ'ﬂéwRf!&’ﬁ'&)‘rféo"&Hﬂ't%$ﬁtQﬁ%@Vﬁ@ﬁékpqte%tn t he

read/write heASﬁn@ﬂQn&Qenaawufnﬁfe?somatmf.fadsmuamsm@ G2RBANUrhBert he di scs
and the read/wite heads as they pass over the discs. Thus, the mgration

of these cont 8114828 flagpnuae ZR. J898Renind Numbsy 604 21 584 figbhetryaryTo
prevent the gt fidensh ok KAAISABOMDAAY fiod Bk i, flisee chamber ¢ he

| at est generatlon of spindle notors utilize a erro | Ui di c seal between the
shaft and the hub. Ferrofluidic seals ace described in, for 25 exanple,

U S Pat. No. 5,473,484, which i erein by reference. A
ﬁeld‘ h%%@é

typical ferrofluidic seal consists o ferrofTuid, an axially polarized
annul ar
10 The present invention relates generally to the field of disc drives,

and more particularly to an apparatus and method for providing a reliable,
ferrofiuidic seal between a hub and a shaft of a spindle motor in a disc drive.

Background of the Invention
15
Disc drives, including magnetic disc drives, optical disc drives and
magneto-optical disc drives, are widely used for storing information. A typical
disc drive has one or more discs for storing information in a plurality of
concentric circular tracks. This information is written to and read from the
20 discs using read/write heads mounted on actuator arms which are moved
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magnet and two nagnetical |y perneabl e annul ar pol e pieces attached to
opposi ng faces of the nmagnet. The ferrofluid is conventionally conposed of
a suspensi on of magnetically perneable particles suspended in a fluid
carrier. 3QuGeh8kal |y, the nmagnet and the pol e pieces arepdjgifgoisg; t he hub
and extend close to but do not touch the shaft. Mgnetic tlux genérated by

mgnet Poal 1y BOM gsk BHEE AR FEBRF T Iedditos BF of dtdatoretiieriom? 71 o
the ferrofl ui dheisggsmreyeounied ontrespiodle Vplmetuastuarmd bhe spindle matbrtoeby
oL 10, 2 e ahasdholBHBLANINE hictliddh ind RLERIhEbAe SFRH SoINGE ief0! A1 10

design in 5 he e Ces are s ub) and
the ferroflui gemu)smvxiudbsashaﬁtﬁmbctﬂo@rbaseplatém;gmhuhltewﬂmhtga spiadlewor ked

wel | for conv ener ors
otate at i g SisRERg. RBHPE.:" aRBLE e g bBLSHan B BERAHL BB oy
TBeI cent r:c f ugaiaghe?scmmcdedm tbredebaFteswﬂwdm agbtasc]pc)e/adsmgfdnetheeaeqﬂdtet hef i d
ability of t 1 rotluidic.seal's netic ux .t rroflui
Soa nst the oipaoleta fip Bty Blishgto ek o beauis trdveel e o

resul ting i n bhetiersHaft faciifaté fraticer dfahé Huli c seal to mai nt a| n a her rreti c
seal . Accordingly, there is a need for a ferrofluidic seal that seals an

outer 15 surtace of a shaft to an inner surface of a hub di sposed about the

shaft.jgt is desi rabTﬁebbiﬁBletrHQtofQrsb%fdleﬁl@hﬁclﬁdt@arpéwuéiﬁw 8esllts wehiur e that
is reliable at high rotational eds. Theére is also a need for a nethod of

forming such & ?’fﬁq%ﬁ%ﬁ%@t‘gﬁ%ﬂ h@i’i‘é!? apd the shat. J,Iawggggeagam@ecause
manuf act ur i ngltbh&?tur@ﬂtﬁ&%ﬁqr&ﬁéesaﬁs%%m tHBeingRitérH © givé eff abfbs Wﬁ gh the

seal is used. 20 The present invention providés a soluUtion to these and
ot her probl en¥araiads efmpenrents that migiateer diffiuse evtaf thengpipgle sroterrand iMgnmar y  of

the I nvention t seal i ng
the outer surPasg CormBennitior e BRe: &b menEhe, fhisVaitbBRERdierchls SE0.
the shb¥t thaotheolmcle&eseﬁb\ae materiabrabraded Awoo rthenbearingsner @therdi nent, a
seal is provi w 919% ra pi eces
coupled to op%@ﬂ? ereoﬁ{mdplg po dﬂc‘f%hce a\jg'egﬁk% ar shapes and
wi th interior pardidies délms:temethear@ei/wﬁie heaﬁsommm%ummmeomsas? t han the -
radi us of the th f L3 |l udes a
Cross-secti ong (5;1 rﬁﬂé\{ﬂ&ﬁgg sscﬁgaég?é {Mafj&wéekgﬁgg%%ﬁwgcp%%(il éc:)'ihfai on
parallel to adnswf'ﬂms tife rigeatioml of thidsetdoatamigamts intatite diss bioarhber nastt | cal
porti o, paral he outer surface of the shaft. A ferrofluidis

magnetical | y %PEF ﬁgi%en the 5 vertical portion of the top pole piece and
outer surface of the shaft to forma seal therebetween. Generally, the top

pol e piece is separated fro he outer syrface of, the ap that
is smaller than theat‘? s‘l’ﬁ%@%’@p@%ﬂ‘ Oklﬁ'ée%eoﬁo'b@méﬂﬁﬂ %d@tof %mgisge bot t om
pﬁl fet pibece blawam@eretﬁmmtémryanetmnmftsmmé eicdeblitiize uppgfonadicbealt the
sha y a bear

211 xed 1o ¢ rEEHERn R ENaHeayh g BUG o SEmLidle Seplscare described i, for | °°
25 example, U.S. Pat. No. 5,473,484, which is incorporated herein by reference.
A typical ferrofluidic seal consists of a ferrofluid, an axially polarized annular
magnet and two magnetically permeable annular pole pieces attached to
opposing faces of the magnet. The ferrofluid is conventionally composed of
a suspension of magnetically permeable particles suspended in a fluid carrier.
30 Generally, the magnet and the pole pieces are fixed to the hub and extend
close to but do not touch the shaft. Magnetic flux generated by the magnet
passes through the pole pieces and the shaft, which is also magnetically



di stance separating the top pole piece frominner race of the bearing.
Preferably the top pole piece has a curved corner where the vertical
portion joins the horizontal portion to spread a nagnetic flux gradi ent
over a | argaooasea t hereby enabling the ferrofluid to be K067 a | ar ger
area. More 15 preferably, the vertical portion also includes a curved tip
at its |ower @BfmedbleasaidypeticihodidireierrciuRitdbapsbativeeh drthdi@piesesl i ng an
outer surface of a nmagpetic I# ernmeabl e shaft to an inner surface of a
hub di sposed éﬁﬁﬁlﬂewggﬁ‘%f?gy 8?“@'%%3?3'%5 an annul ar magnet, with top and
20 bottom pol e pi eces coupled to opposite poles thereof, and the top and
bottom pol e pi eces facing a contoured portion of the outer surface of the

shaft. More particul A8Inpled aRovey sudantdarrptividicsgalssusema sotativg ABSigRIMt i onshi p
with the integjh hathagnetlankiifbid BRBOLR BNSEE (o IRNAWY, laidné forfBiaRFL i cal |y
held in a gap separating the to Bofe plece fromthe outer suriace of the
shaft to formsaalgswitkad fixesr shaftwedithoagle thisndesigadhabrworsed i well ddces a
magneti c fl ux Jo ] Lald t ig:n the gap
bet ween t he tggﬁ po_tlgn%olié (':e l%?\’ﬁ“@#&ﬁ&%ﬁﬁ@%@%@??i%ﬁ"%ﬁ FS{ ﬁ{téstae%%} ment )

t he cont our ed speeds, often exdegding 13,000 reealutiensper minwte fpe)i Aha céntofuggl

rel ati onship w t pgl i . C d r W D med by a
pai r of axial W%%ﬁ%ggioggd g‘#%oﬁfegs% ﬁé%%qsnéﬁgﬁi?%éﬁggﬁgn?ﬁgﬁyl §f fta out the
out er $wr f ace ferfofluidic séalstmagnédticrfiuxdo holdutbe ferrofluiagdiestube shathdugtmoves

that is raiseq relative to the groqQves. ternatively).the.contoured
portion can iﬂbq dﬁ@cgwr?cﬂﬁrl‘ti ﬂggsic{he 3?5’ l‘i%e@gltlﬁ@'ﬂ%ljgﬁo H@G'?Pglﬁtaces

i ntersecting #rréidigésl 16 mdintaimd hernsieseall a ri ng about the shaft. The
ring can be a separate elenment coaxial with and affixed to the shaft, or an
integral part of the shaft itself. In a preferred version of this

enbodi ment) the top Ppet&rdMghS thefé Rl Phediddsca RAGNLIARBeabthaBsdalPdn diiter
substantially L-shaped 5 with ong, hori zontal portion rallel to a

p th al I
surfack of a gufaceef 3 shafhigandpnerswifage ohg hubdisposed éQPUfgg?ﬁP%fﬁ Itis
substanti al | y gagiratié Hat e fhRMIKESeH Provide a dlrubitfe Bihd relidbR dtdigHPol e
piece is positioned so that the vertical portionis in a facing
rel ati onshi p Vptationalspeeds-odihete porisp hnead forma anrthad of fameing )such &
invention is g [ in& kRS Bbtsdoshaft to
an inner surfg%:rz\&%;&gsérégé%é??gg Pﬁhﬁie?%%?gﬁ%ﬁﬂﬁ@&%?@ﬂo eld about stﬂe shaft.
The seal incl adegmbling=amapindie metgnixwhich theassealis used. annul ar pol e pi eces
coupl egly t o opposite poles thereof positioned between the shaft and the hub.
The pol'e pieces are made froma nmagnetically 15 perneable material and have
exterior radii that @The meeénteinvehtiom arovidtisua sdlutidre to rthese sodfetber of t he

hub. The seal f r.| ffi . he i nner surface of

t he hub. The BL?LBéé{gg ?r@]@h&gﬁﬁmﬁlgﬁ%ﬁﬁﬁgé%&%ééﬁgp{’rg%rlk'l y perneable materi al
that has a curved surface in a facing relationship to the exterior radii of
the pole pieces. The ferrofluig is ma ically.held in a gap 20 separating
the pole pieces fromthe Catchgpn}%arfyg&erﬁ%gkg Uofher ebet ween, so that when
the hupsis rotated relative to the shaft, splashing and outward m gration
of the ferrofluid is_greatly, reduced. Preferably, the curvyed, surface has a
cross-sectional ar eaTﬂﬁ\Pf‘?ﬁf%&“Mggﬁ'ﬁb‘@,'at%@ @%a@%fewgaf%amﬂgm WPHN to the
exterior radiguffcd 8Fa §ﬁ>éft3tdoétarﬁﬁﬁ§r S@rfddacdf 4 M iBgesedboudthd siaftihahape 25

extend radially inward past e exterior radii of the pole pieces. The
catcher can b&okasithe akaveprablggISe pi ece) or can have a top and a bottom
portion that are joined to formthe curved surface) and one of which can be
integrally formed with the hub. The catcher is affixed to the hub with an
adhesi &, and an o- r Ageperdingdo pne embediment seal is prawded bavrg aa aenyadi nent ,
peopl e pi eces ; i p?é?:@ ; i gal |y
conductive mﬁ%%gf,?lgrﬂlfgh‘%nﬁ)aq&@hgﬂggl e plsgggg@gﬁgggpg%'ﬁ?@%%W%%Upl ed to
the shaft, thdheaqolepieges have anadlar shapasyansbwith énferior nadis thatlase fargees and to

the catcher, and the catcher is 5



WO 00/ 43698 PCT/ US00/ 01567 el ectrically coupled to the hub. Mre .
preferably, the outer radii of the pole pieces and the inner radius of the
hub are selected so that the surface area of ferrofluid electrically

coupling i gl e pieces to the catcher provider resi $3R&6Ake €ss than
about 1X108¢d(ﬁﬁ3é§ 5 In yet another aspect, the present invent ?Oon 6|s

di d haf

fo a rotati ngtTne SRR ot BEioBiersbitaco 3R sndf TFE TG ReBinARREY 20211
cause the fer am:fdmsi-séclhonaiwm tratig L shapet hwitima torgthavizoatat portiem paratiell

f || ui di I d 10 | it f.th : ic fl

to hold the f Fupaudeh Rfe e QilF memcRl sod st o bolg PRaieLa |

i ':1 sel ftt? thehcsmétdum“r&upfaeélaﬁthe slaaﬂ.?‘!&fm:bﬂm?gﬁfagﬂeﬂdfullglhdlmﬁewvésrt\ ﬁiet aCEed to
the ro in u netic shjeld ar r rough an
i nner dﬁa am&*tg el %Fa&%{%ﬁfrﬁbfﬁ%a E(ﬂ"?e;ﬁ'@c%‘ge'b?urfg?g Ogi‘?ﬁ %‘%5’50"? Re )

rotating rragneéalehérhbemear memtaﬂpdaelt@dp@bIpiecerw\@éphréueemowmelo‘ﬁtérub to the

poi nt between t ve 00|t ra i ent of
the ferrofl ui éu'g%“&n&gg h%gﬁéﬂ&pﬁ?'ﬂrﬁ ?W@ﬁ‘?rdF%’P F’P?Q‘Y%‘FP%E@’ % erragnet ic

shi el d arm t oygy g§le i e%iﬁ@bb%ﬁ@bléﬁx@ﬁéc% Bhe Ehitbodifneént, ﬁ‘bé hib #si zi ng
thi s approach, the erro | uid nearest the shaft approaches the RPM of the

notor but wit FptataPWPOEﬁ6@P99‘ theishplt bb’kibb%%!'lr@c'ﬂﬂyd'ﬁg anBNeriBEBONui d near
20 th t
ejgragne tq%gglé?%ﬁ te‘r?]g§ afi x%«{ﬂu' gfﬁbu&%{doﬁ ][q%% lé%r eV idh

decrease in velocit . erro at the sha the orce tﬁat woul d
normal |y tenddﬁtﬁmﬁsm%ﬂﬂgné’\ef tap @oleapieedroni inhen tansdob the Ibgeringe

integrity of F’P& fvthbsto;ggblggffé ﬁt‘% s #2ur/B cBFr%?%%ré fh‘ée\;btdtéy‘pgﬁlon

particularly use in a or suc as use na disc drive.

spi ndl e rmtorJOgmt@emdrvowabp@rtlbaé@smean aamapaétic fuxugradient berea lergeind a hub
havi ng an inn St e ft. An
enbodi nment of Sé?as*eﬁaf %‘Rﬁ%ﬁg ‘zﬂ{ﬁd ?@ggm&? I’??//g{]%ﬁ%f?e? ré%s |\tﬁé}gned

bet weelf t he sbwferablydtheheerlmﬂbpomoeaﬁo muedema(eurvaﬁ trpm’tﬁtad@\n/mfertd’le shaft to
the inner surface of the hub and to electrically couple the shaft to the
hub. 6 WO 00/ 43698 PCT/ USOOI 01567 These and various other features as

wel | as advant ages wni afiothéraembbeinient, éfseaprsepmmdebﬁbeeéblm s loutdve
apparent upon_readi ng_of t | 1 owi ng .detail ed descri nd r VI ew of
t he associ at eﬁ“"g‘? ﬂ@smagnél"?@f pBE(EE%? 15t5hg h 9ran Pf?é‘elﬁr%ﬁﬁa I'—e? @“ 1 (prior
art) is a pl adisposed about tHe Shaflr iThe sgal \Wak Gl @nr&ﬂhrﬁﬁbgnétpmh top@adpor ati ng
a ferrgof! ui dlé‘? eal accordin [ [

tqQq.the e nt o presen nvention is
aspeciZl 1y usBrii pef Hiies cBlplliooPanas POl inerech AR EISCE 8R0 bpldior o
enbodi ment of p @e%ﬁbd&ﬁ'féblrg@é@6ntbﬂre‘d’po€tﬁbri$f¢h@6@t§ﬁ§ﬁrfdc@\&ﬂidQiéftl mareef ul
illustrating a ferrotluidic seal according to the prior art. 15 FIG 3 is a

partial sectiBadicularlydhe cantogred Rartien isund f@C@GdP'aH%"\ﬁ%Wém the BQIIRED t op
pol e piece acgifi BE the t6p P PECBENFeRbAliACisPhaghstically M P gap

separating the top pole piece from the outer surface of the shaft to form a
25 seal therebetween. The contoured portion introduces a magnetic flux
gradient that axially concentrates the ferrofluid in the gap between the top
pole piece and shaft. In one version of this embodiment, the contoured
portion includes a raised curved surface in a facing relationship with the top
pole piece. The curved surface may be formed by a pair of axially separated
30 grooves machined circumferentially about the outer surface of the shaft to
form a curved surface between the grooves that is raised relative to the
grooves. Alternatively, the contoured portion can include two inclined



FIG 4 is a partial sectional side view of ferrofluidic seal having an 20
L-shaped top pole piece in a facing relationship with a contoured shaft
according to an enbodi nent of the present invention. FIG 5 is a parti al
sectional ww@ley4sésgw of ferrofluidlc seal having an L-shapscrwsoporset e pi ece
in a facing relationship with a contoured ring about 25 a shaft according

to an enmbodi NR{Ha&s ihteesdbting At anidhgRMo B tid Epeﬁofénagwbanhth‘éwng the
gradient in magnetic flux introduced in a ferrofluidic seal using any

cont our ed shafihedingganie gseparate glgmentcoaxialvith ?féﬁ affixed t.the; Qﬂ@gl Okj de vi ew
of ferroflui digp jsegtal Bﬁﬁbf‘&ﬁha‘ﬁ'nfﬁaﬁpﬁﬂa Esnfg?eﬂ?éﬁ %@Idﬁ(}ﬁ this ey afRétour ed

surtace In a facing relationship w traight shaft according to an

enmbodi nent of th%topm(é%éfﬂcelW@GFP@&SeﬁlonaWe@dhaBﬁ%le@Dﬁl@JBObﬁbw FIG 8
tial b,
is a pajtia W ﬁ@hoﬁi&%l Pﬁ?ﬂngjarglﬁffoquﬁaﬁb%f aFBL e JHo r‘ﬁggﬁ%t %aft

L- shaped top celna at1ons st rar ght
according to airshertbmﬁrtmpottibnﬁhbstpnulerp’arallnlﬁerﬂneMEFSJFFGOQOfmeisha& gr aph

sing 8 bent 106 GRRi PEREE cSitbhud sbThbpReAREntd Rt I MR 0T

si de vi ew of aelatnmnsﬁhipewrhtmttwcmﬂwrag partioout si de ferrofluidic seal with a
catcher according to an enbodi nent of the 10 present invention. FIG 11 is
a partial sectional side view of a spindle notor with a fixed shaft and a
stationary ferrofl ui¢h ancthet aspechtitk ingehitorals dirsbieditoardeabfor sbalingrasent

I nvention. 15 talled scription FIG Ian Vi of a etic disc
i ve tor vin OHES SUTRSRIPES SEATIC ATpnAgurtace f BriadtrtEablbfmebiitg 1o t he
present i nvenidisposéd aBOutithé shafl] ThbsetFiRtbes Bafahuiah endghebWith alpaig di sc
drive 100 typi caII i ncl udes a haousin g 105 havin Ig%_a pase 110 joined to a

cover 115. On&f 8PnUigHROIGPiEgRS cQupiedtaBRAOsHE Bales & EOQ%‘WQMG’V%Wh a

magneti c nmedi ghd BRAT HHAMhE ﬁ@d NBENBbleCHbtes BFOMdNR fromOa Magticane
attached to a spindl e 140. spindle notor (not shown in this figure) turns

the spihdle 1mrmeablgmter'a'r?@dmay@§xm@rmuptagtarleeﬁmlwltw AGaiSS 945 vii ch
are suspended yabgr B OPhehid. Thelss) wificin N%é!s%b‘e’it@ﬁéisdfﬁ%&d% gassenbly

150. In operation, Iscs 130 are rotat speed past t
read/ wite hedner 1sm5‘aom iof dhe hubs ubpeasicber isran ass@lﬁblnyrg 1®mm@aume

ooy on” e ST G AT TGN el ShohgRpag et s (7
read/ write headteribdadiof tmpolarpieassi tlherfagofiid agnnlagnemaﬂmmld j infaogapat i on to
[ hearraRet' S TogeR o HekP e R Bl A eI BbRREERLES, |, o,
of a spindle mmtonhétﬁmeohula id yqiatedhietdﬂvé&oals@sh'aﬁj *sgiasmag wdndi outdiast dri ves
100. Typi call ¥m ?on o% H\e f%rrgﬁmg is greatly reduced. Preferably, the curved surface
has a cross-sectional area having a U-shape, and is oriented with relation to
the exterior radii of the pole pieces so that the open ends of the U-shape
25 extend radially inward past the exterior radii of the pole pieces. The catcher
can be made from a single piece, or can have a top and a bottom portion that
are joined to form the curved surface, and one of which can be integrally
formed with the hub. The catcher is affixed to the hub with an adhesive, and
an o-ring or a plastic bonder. In one preferred embodiment, people pieces,
30 ferrofiuid, catcher and hub are made of electrically conductive materials such
that the pole pieces are electrically coupled to the shaft, the ferrofluid is
electrically coupled to the pole pieces and to the catcher, and the catcher is



includes a rotatable hub 160 having an inner surface 165 di sposed about an
5 outer surface 170 of a shaft 175. A ferrofluidic seal 185 seals the outer
surface 170 of the shaft 175 to the inner surface 165 of the hub 160. One

or nore ma 0 attached to a periphery 195 of the h 1:;1?% I ract
with a stat%g(‘rﬂmjﬁsn ing 205 attached to the base 110 to caﬂltste g"’ﬁ%ﬁ 160 to

rotate. The hu IS t t S ' arings
215, 10 such aésieétﬁg?ﬂ(x %3’#% tﬁggr?'phghg&ﬁ ré)}gfes%&oﬁygér“' ?éggﬁﬁﬁ ng{eﬁlﬁg 2159as
shown in FI G peces drad thebiemariradiug ef thedhubyarerseleated so that the sarfacelmed s 220

| oosely held b ret.ainer .225 befween an inner r 3 outer race
235 1 nt ert aci i Cup i Reiety BRI R Bt Rlechai L Bather BV or °55s
and t he inner raesidtanctef losadksn 2BEUtARFY° etans.be filled with a |ubricating
fluid or grease 15 to facilitate novenent of the balls 220. The structure
of the Bearing 215 is not material to the invention. What is significant is
that the ferrofl uidi ansysl addihermaspediBithiy préscht NeVaRtibh Ciss@ivéctégtitaesn t he
outer surface 170 of {he S.Baft 175 and the inner suyrtace %65 ofv\ﬁ_he hub 160
so that the fIsiapnagy tegoliuigicsest ioesedlipgastationancshalt tgadetaling Bubwi b t he

bearing 215 cagiels seMetentifugdl S6%ed WhidPtent thiddusathd tdrfdtluidiodinevseal 185,
such as shown in FIG 2, includes a |lam nate 250 consisting of an annul ar

magnet 255, wiawax Gemdhe magnebal  6pavesiticaalderratyidisssal arsdipyeraoms tpposi t e
ol es tigereof. e " : I j d ttached and
pol es yjer abﬁhg dre@e §e£§ﬁg§§?ett%gﬂ@ﬁ é@irgirz@ﬁés J@F’ggggﬁg’g'@ €h t .ﬁ

seal ed, using an epoxy or So [ ] of the hub 160
or the outer sauntared byeffisingithe seaiitself toiBe siatipaanyshatii afosmed magnefier r of | ui d

270) is magnetjieal | &) fs . 265,
and the outer éshur g)c‘rghg?gagtﬁbt ogﬁkghrgﬁ%ngg@wgg&gﬁ]ég?gmé;g&eagnghggglggzﬁ of the
hub 160 to sedgirotridesstimthrough arhionemdiametanof theamadnet lapd polepiecestdfdhe

ferrofluid 27 Hcal I { rilclh e Fe30 or
magnetite, col e})al}'.gg y{r%éutjg{éghggﬁn%ﬁég@gg%?(g\r&%@é,&a'é‘tl}glﬁwggdﬁ&ﬁﬁer ocar bon
or syntlbeti c dutbeto thespainf betwkenl theamagmeteanid theashdfbravofhatiitok veloedty 9 WO

00/ 4369S PCT/ TJSQQ/ 85). t he f fluid 270 f t ' 280,
as shown in FI@&gnPﬁ]ﬂﬁﬁ? %ﬁ(f%qufdsg%@fﬁé%ﬁ%co%a?d;f{?@ﬁ@é @ﬂﬁ%ﬁﬁa@?ﬁ@iﬁng and
][n' gr a]'E : o_ndof f tthﬁgrieﬁfcrgg?ldiaindtm(dms ?ﬁlhbiv}‘sigt&dnaipsmléa@(rﬁf ttmds?m. tiye .
erro | of t, r apl ro | r,ro [ C seal. | asni an

i orati on can tilgea s dplah: heeefin Beardsl b ol opich el RS
hermetic seal .offie idbsrdiuiath adbweheelbéity; whllelthd velsoitglof i feprofigitigieag to the

present _inventjon that solves, these problens will now described in

et ai | 20 ' r hemasel ad paiGpieses pFtriiReal SupRc e e o HrcSate

ferrof | uidi c sgablotftpofPeiferratiidan®e shaftt the fbreanatsvéiiaeermaly tehd tdie hub
160 and in a.facing, non contact relationship with the outer surface 170 of

(b ohaft 175 dinesse dia Buid 148 GearLaIminigted AR thal ther eREn Phierteal ar

surface 165 bynhaRtairdy.t abl e neans, such as an adhesive (as shown), a press
fit or a snap ring (not shown). The ferrofluidic seal 185 includes an
annul ar magnet 255, with top 15 and bottom pol e pi eces 260, 265) coupled to

ol e pPicbe and the. anedraset fiveRladisbapilad JRRRIF o SAntle mpter sl 1Pon 17
the shaft to taseusednora dige deve Acpingdle matomgenerally. hasha bpee withi axskaft 260,
265, have genesghle¥ tREVA, 3hd a hub having an inner surface disposed about an outer
surface of the shaft. An embodiment of a seal according to the present
invention is positioned between the shaft and the hub to seal the outer
30 surface of the shaft to the inner surface of the hub and to electrically couple

the shaft to the hub.



shapes and with interior radii that are larger than the radius of the outer
20 surface 170 of the shaft 175. In accordance with the present invention,
the top pole piece 260 includes a flat annular disk with a cylinder joined
to an i nnerwoadiasss t hereof to forma cross-sectional areapthakodss?
substantially Lshaped. The L-shaped cross-sectional area has a |ong

hori zontal portion 264feex AAMafuS Hhet! fostrel 8|V be ddvakiahas Suridy the
pol e of the magnet 255) 25 and a shorter vertical portion 260b parallel to
the outer surf gbaractanizeftherpresents invantion @itinbe Aapparent ipanofeaging bbtheom pol e
pi eces 260, 26 d eyl : e ahl rial using a
st anpi ng proce?é!owgggcéﬁéﬁgé%ﬁg}@% gﬁn%r(ﬁ}éévg?t{:hésés%%éﬁg%? (J]ﬁgav S marks or
scratches in surfaces of the pole pieces 260) 265, a thin |ayer or cladding
285 of a.material, such as N lem . | i he surfaces of the pole
pi eces. Sl'he cl addi ng 285 nayaglé?gﬁﬁlcﬁgggﬁcfﬁ%\wﬁﬁm%% PCT/ U500/ 01567
usi ng any suitable technique, such as electroplating) spraying) and a
sputtering or evaporatiQn, deposition processes. .The cl adding 285. enhances
operation of the f_errk*él')u? g?’?”?éél'? fé@a'bﬁ’/'eﬁ’r@fﬁ HISﬁ&f'é{egﬂ%}"ng aﬁPF‘Sp%_n
surtace agai nsimotbi meofpoeatingr 4 edrrafiuitic §8alCico to hel&@bbOMmarPloetHy ece 260
is separated fromthe outer surface 170 of the shaft 175 by a gap 275 which

is smaller thaResedt VRN isESRRERNNS e top pol e piece fromthe bottom
pol e pi gge 265. When, as shown in FIG 3, the shaft 175 is separated from
the hub 160 by a bearing 215 including an inner |Orace 230 on the shaft an
outer race 235 af fi xefl®o2 (PROTA, is @reeciapalside viepaehan egbodimenof ol e

pi ece 260 fro i i d i than t he
i ot ance. scpar SP e REr TR ehderRinbhoritastiul AR SRR g
215. 15 Pref er §pahaccordingtarthadsioparts he vertical portion 260b facing the
outer surface 170 of the shaft 175 is curved or rounded where it joins the
hori zontal portion 260a and at its |ower end or tip 290. Sharp corners
producel@reas of hi ghFtGuXiscepaitialsactianalrsidaviewiof ferrdfiondic sealdvagingant or ce or

pressure i nmedi % he. car ; is.n ry.t I d th
ferrofluid in %%%%@ggﬁ&ﬁhﬁg%zgwﬁgggg%v&E@Hﬁdsﬁdgﬁﬁéﬁgﬁ%ﬁégsﬁ%pgggaﬁtthe
magnetic flux @gwnedtiemt over a |larger area enabling the ferrofluid to be
hel d over a larger area. This in turn makes it possible to inject nore
ferrofluid 270 into the ferrofluidic seal 185 initially, thereby extending

the life of seal, sinEeGiesrappatindsdciohaslSideoviéw of feredfiuidit sexiaiaping athue to
i to, 25 maintain a_hernetic

evapor ajj on) and bel a certain amount, i s unable to

seal . I\/% eover ?—'Wﬁg\go P R I"n@_‘%ﬁ'f‘ﬂtre t'OO?@W,W'HbEaE%@OErI‘?Q Hafe pieces
260) 265) are @péstding t6taArarmBELimEAL 6¥ithe pFeyeRtlineentiR s | s easier and
therefore nore econom cal. Because the surface area of the seal wth the

outer surface 170 of 30 the shaft 175 is directly proportional to the

surtace area of the verdisnla patibi sttidRALIRS vibWDT FEFOMMIE sBAITRINGEH it 1S
it desirable to extend the portion of the top pole piece having a verti cal

cross- sect i onal-¥12pgd 4ep peletpiese ip@faripg delatiprship with a contoured ring about
25 a shaft according to an embodiment of the present invention.

FIG. 6 is a graph showing the gradient in magnetic flux introduced
in a ferrofluidic seal using any contoured shaft as shown FIG. 4.

30 FiG. 7 is a partial sectional side view of ferrofluidic seal having an
L-shaped top pole piece with a contoured surface In a facing relationship with
a straight shaft according to an embodiment of the present invention.



WO 00/ 43698 PCT/ US00/ 01567 way of acconplishing this is to reduce the
interior radius of the bottom pole piece 265 such that the vertical portion
260b of the top pole piece 260 can extend between the bottom pol e piece and
t he outer f 70 of the shaft 175. To do so the vertj jon 260b
of the topsﬁglﬂggﬁ?éce 260 is tapered 5 fromwhere it joi nls)eﬁhsed%ﬁ?:#?zont al
portion 260a to its tip. 290 in gorder to maintain a distance between the top
pol e piece and the boﬂ%‘)rﬁ IS5 Bartipbgctiondl side Viewsolferratwdiciseahhayied gap 275.
To further redygm I-8hFdd BpIpEiki gidbelin é’fébirfgﬂél&ﬁdde‘.hga Wit 2P¥aight' sHarl10 the
outer surface 170 of the shaft 175 a barrier film295 is applired to the
hori zont al por 8¢eRdipgda agembadiment ol rapigsaetdneetdionThe barrier filmis
formed from an ol eophobi ¢ and hydrophobi c fl uoro-pol ynerthat has a surface
energy lower than the surface energy of the material of the top pole piece
and | ower than the suFkGadds@egiaplyahewing e gradiant inumagoetis fllgnatredioedbl e

Nye Lubr i cant s 4 (SeronBR\eS @ KRG R o WiFRGE pidce SRR BGLE, /ey ' 11 o 208

may be formed by applying a thin |ayer or coating of the tluoro-polyner

using any suitable te i . SPiJ i rayhng utter
depositing and photo|f@&gﬂ%ﬁHEB%EE%Z'SQ@I.S?‘f%‘ﬂs&’g’?éfsgﬁfrdé%’%ﬁ%ﬁ?'ﬁ%%B) t he

f 1 uor o- pol yner outsidepfptrofuidioysedi pith ragcatbleert agropdihg tg bacamiddiment of thesol ut i on
of the {Ol uoro-Folﬁrrer nqterial to forma thin | ayer bonded to the

hori zontal por €5 mi@b%[‘ B t he top pole piece 260. A solvent dip is then
used to renove excess material, and the top pole piece 260 25 degreased

usi ng vapori zed sol vept xt, the tlyoro-polynmer js cured using air or
oven drying to form aplgt'r%lﬁ'ﬁ %B?H‘Pﬁe#ﬁop?ﬁ égﬁgﬂe@f 9‘L BSR POt i zont al
portion 260a ofixddéhaftcahddd lstatibhe6ferbfluidicrseanaéderding 1d afl igMitidimémbfshown i n
FIG 4, the outer surtace 170 30 of the shaft 175 facing top pole piece 260
has a cont our efeEe$EUNVEHHOR-0 i ntroduce a magnetic flux gradient that

axi al I yjsconcentrates the ferrofluid 270 in the gap 275 between the top pole
pi ece and shaft. This is desirable 12 = WO 00/ 43698 PCTNS00/ 01567 because
when the magnetic flux al ong t he BelgiledDassripgtion t he t op pol e pi ece 260 and
shaft 175 is uniform the fluid can nove within this gap. Because the
volune of ferrofluid 270 slow y decreases as the spindle notor 155 ages,
the ferrofluid may ndtlGed is@cplaedien oha madnetigdjscariveifar which aasgipdis as to
provi de a conp {: il Gl unt of
ferrofluid. Thbg)?ogi ﬁ%%uég;fﬁgo%mngg%é;}ti P%JCF’ fdd'ig gr a{dhfeeﬂge%gﬁ 6@56%9 %%qgv

ferrof 120 d 270particulady ysgful RefegingdoddGe dna disceldivexioflitypicallysnclades agl e

poi nt, typical . LAl 1 ertical, . porti o .

cont our ed port*%uﬁﬁ%ﬁéﬂlﬁg%%géi@gﬁr'e daﬁéiét{)%és\ﬁe?a@\i ﬁn{fet(ﬂég&%%gpiggg radi us
of the top pol t3phedeg Zaffacesd33 Coleredokithuadmagleticsmedipng@iot showy) foel d i n

the gap 275 separat,ing the ta ol iece.fromthe outer rf.ace 170 of the
shaft 175 to f@?ﬂ{‘%l“cé@éﬁp%'wgr'ﬁi?g?‘a@ﬂ?rﬁ ﬂﬁ%%d\}gr%FB'Hd%ﬂﬁi & dgi nent |
tpe cont f)ured motdri(gm s&BGJniinﬂiiﬂﬂgﬁrealLUrﬁ.% ﬂﬁdsd mmaedowrdtatlelehé drstmdw% a pair
of axi y separate rooves, 3 machi ned circu renti out the outer
our Facnyo” or A eSausie Mo M YRR RS fughanged gBods sueeek BRRH the e

cont our ed portdisds BPA sudPendion def dseemblyCiS0IekHh SErhfsie the Bises 980tdreg at an
angle to formtheg&gex of a ring.310 about the shaft 175. The ring 310 can

be an integral rofa} _ igh sRe thetrg%q%wntqﬂﬁaQH(gﬁmhjle e SUISpepPRAEN e| enent
coaxi al with asgbenibly 160Fmboed the réddrivtite heads in an arc over a number of radially

spaced tracks (not shown) on the surfaces 135 of the discs 130. Thus,

30 enabling the read/write heads 145 to read and write magnetically encoded
information to the magnetic media on the surfaces 135 of the discs 130 at
selected locations.



20 175) as shown in FIG 5. The |ater version has an additional advantage
ih that only the ring 310 need be nade of a magnetically perneable nmaterial
allowing the shaft to be nade of a non-magnetic material, such as stainless

steel , thatwoaguseher desirable properties including high ghn®egsksr hi gh
el ectrical conductivity, |ow cost and ease of machining. 25 In a preferred
version of this enbodinent, the top pole piece 260 has a cross-sectional
area that is substantially L-shaped as descri bed above, and is positioned
so that the vertical Fd6t2ds a2gsitional side aiemMaof agpindleataiors o ofvattipe he

contoured porti . Fl kS- a graph
T i LA i el 2
using a top polirclypdescar ecs i at @am

havi ng a_contoured portion 300 a [N .0 Alternatiyely, as shown
in Flgi . a sﬁ”feo{c%r{?fg 10 ?ﬁ@ ﬁ?/'é‘f‘t‘}?al Apfgi:'f’ﬁ‘gﬂ'cz%q?ﬁ)qg 1843 t%poﬁ%{ e piece
(2160_ fagi ng a S&J&?ﬁ@ﬂ?&b&?& shafi 1?75noﬁ!éiﬂné&mﬂgdaﬁgdtl'tal'iljbﬁ‘lﬁmlgbﬁﬁot he
esired magnetic ux gragdpent. In I s Yersia ro}/es%r&geo t'?h
vertical porti &or%ﬁggr?eégl hgétﬁ‘éh%dn q PEFRNErY g fy IHRIacW
concentrat e t he dthfaewirtfind 205 sttdchel toitheided 109b Bhudtatne huba6exo Adtateent er  of
10 the vertical_portion of the top pole piece 255. In yet another

al ternative) sHORYM1ED ¢ sepparied an fegnialt 16pbyoNe g5iraewe bewinga?16e bent
so that §he vergybgak ARRrdynBmicin Qf(nﬁ@t ﬁﬁwﬁvatgalﬁ?&rhgpg hgﬁa§ f%g.&}rvrg >

having a strai ?__plt outer surface 1/7/0. I n this’ enbod nme e netic
!

flux i's concentl@t 2dAdalithearing generaly insludespnegn mgrebals 920 1qosaly helit t i on
260D whi ch i's @08 etdiffer! D85 Hillber! &n: infibrack 23021 3RNodP Yalo 88°

radient in magnetic flux 1ntroduced in a ferro using a top
% Unie

pol e piece in Baciatapages (ot showsorbetweert be bells/220, hevelaingre253ndthd th t he
out er surface 1y ohoidiferald 239 23e, LAES ko 3 2 AicarBRhRTSE s O the
or benlt t'op g angls

magneti c fl ux gradi ent pol e pieces torm 0 of O,
10, 30 ahd 40 defpaiitaterrmeyroentafitye balls 22(bt ke stiggtaret ofsthebearing RI&Is 10, t he

invention is dir . f | ui,Qld eal .18 [ r 5to
reduce spl ashi rﬂ‘&%ﬁ%ﬂi{'&%m‘* @géﬂo ra%gh%os?ém%c@% Esralr'spﬁ.\??fgﬁgé}@g%gﬁﬁt he
;uer r 011: : ui gi c 568:5 rimstumwtialnaa mwmmiaeealllﬂem&m thealuterisarfate $7(B@ftmelhlmffnt) t Ihe
errofluidic s 185.1 ncl udes. an nyl ar t 5 wth. ai r of  annul ar
pol e pi eces 263?5296‘5’, th@d’ﬂqure%’rf?BeachPgit?%hg@ﬁgg Spﬁg?tef\gﬁ r@&ﬁiﬁ??ﬁ?e%f‘q)et ween
the shaft 175 aferidssepartidédassdtfatedivith theb@singds cimbot maeh gédists om a
magnet i &@I |y pergeabl e material and have 30 exterior radii that are smaller
than a f4dius dP%he inner surface 165 of the hub 160. The catcher 335 is

affixed to the inner surtace 165 of the hub 160. The catcher 335 incl udes
an annul ar ring of nagnet] cag rmeag%e materi al an 001 43698

PCTNS00/ 015C7 has a cdytygigak G%ﬁ@gicisﬁa X SURY ap@hgwpgyhééllﬁ.g.yr\glq &xterior
radii of the p%rﬁinﬁi@?ﬁ?cé’{@@tina@an-ﬁhﬁulfa?ﬁfagﬁéwﬂi it tb5 af@BBREMGRNE ¥ _hel d
in the gap 275 separatil ng the pol e pieces 260) 265) fromthe catcher 335 to
form a seal pieces 260, 265, coupled to opposite poles thereof. The magnet 255 and
25 pole pieces 260, 265, are attached and sealed, using an epoxy or solder, to
the inner surface 165 of the hub 160 or the outer surface 170 of the shaft 175.
A ferrofluidic fluid (ferrofluid 270) is magnetically held in a gap 275 between
the pole pieces 260, 265, and the outer surface 170 of the shaft 175 or the
inner surface 165 of the hub 160 to seal the shaft to the inner surface of the
30 hub. The ferrofluid 270 typically includes ferromagnetic particies, such as
Fe,;O or magnetite, colloidally suspended in a carrier fluid, such as a

hydrocarbon or synthetic ester based fluid. In a conventional ferrofluidic seal



t her ebet ween, so that when the hub 160 is rotated relative to the shaft
175) 5 splashing and outward migration of the ferrofluid 270 is greatly
reduced. Preferably, the curved surface has a cross-sectional area having a

sem ci rcul % hape, and which is oriented with rel at
exterior ra M#Btshe poI e p| eces 260, 265) so that open gﬁ@gg@oﬁg?

G- shape_ext end 168 h8libofy 276 (BN o 1L mBHISELL B80! AW'sho it BRS PRRPI coes.
The cat cher 33 roma sin pi ece, or can have at and a
bottom porti ondu@mmdmlaomtpperamnm qausenepiasmng amdmgfetlmmf\ttwfesmﬂmdce) and

one of which c i I t r 335 can
be affixed to %Qﬁuégﬂirggé% Jogcr%/ggw% \8'{1 {F'e ﬁ’&ﬁﬁ? %P& ngébggﬁ:@ﬁﬁﬂ such
as an epoxy, afem»ﬂuudmgseat Thigpspiashing armmMatlol&ahmausecmtbmmmmnbfthEhe shaf t
175, th pol e piec rofl uid 270, catcher 335 and hub 160 are
made of eI ectr&'@ﬁ? ﬁo ab‘i?éﬂ%'ée ﬁ%ff'qu'l aSP?' such that the pole pieces are
electrically coupled to the shaft, the ferrofluid is electrically coupled

to the pole pieces and to the cat catc er | el ectrlcally
SN e RS Re M A = A e

265, and the 'ﬁvéﬁtldrﬁﬂiaﬂ%oﬂbsttﬁ@sdwﬁbbi&ﬁ’s i lﬁnéﬁ'&Cﬂégcrﬁfédtlhadetélh%tﬁurface
area of ferrofluid 270 electrically coup ol e pieces to the catcher

335 provi des a'&f¥ENes (hEIG of |ndthis R%?P'%{b%ﬂwqmﬁmgéh%fﬁff?ﬂum%e%r 18Per abl vy,

the surfeace ari%aéha%hédQG'tI‘i’&irﬁf@rtsﬂeréé"'lBg%thé ﬁ§b51t6@”§rﬂ1 i?fa'fé@ﬁ thap 25
about 0.4x109 ohns, and nost preferably |less than O. 09 ohms The pol e

pi eces 260) 268PNtaginrelRtiogshipt WI“&&P?W%@U&W@Q‘F& a79rf g‘ﬁaﬁ'ﬂaf&?§5t hF"BQgh
electrically Vg t s and
The shart. 30 PREIGhicKbalpaI¥abhe Suktiihto td IRt dtRive 188 Hhalny SHIEBED A™Ys
stationary fermeansiMch aL8N adhesyedas rapowng. atnrmﬁiyoe ﬁaﬁftapt e (madt at i ng

directly 15 S0E 45edEr HUE SRR LRERbLRY A RARGR AR RCSy RURR 7 ©

sur f acelSof t heanﬂJbofmwmtm pieces 260y 265 econpledo oppabite pahaa taeree0bo§he| oned to
f h s
R e L Y

above) this r%mtawﬂ?ﬁaﬂﬁmtmfh/lé’lﬁdohemgmtﬂy sedl treecshadtdo thecinberf surfacé | ui d

magnetically h i ece uter surf t he
shart. conttir IRneP R BEE 1600 Rhpdde Ricths 0. 285 ARV aenitalf “Bpllans "o ¢ en
exceed the ab1$hdp¢so§nd Wwith magnat ra:iufthab(anteolal’gﬁrcthadﬂehé eadio$ lofiitle agternst t he
shaft, esultln e ilur heferroflu dic sea i nt

her net i seal . ﬁrﬁén‘g ﬁ?ﬁaﬂf@% L{‘g‘f‘;ﬂ‘i’%}?gr‘ﬁ’/‘ @Pr%???ﬂtéfw@ng%‘éltﬁ%45 f or
sealing a st atmpr;wle/fmafzeoaaaua@s a flabaphiilBe digk wiho2 cqufolﬁQd toahhe
present invention w nowa%e escribed with res ecﬁ'@ﬁ In the

present | nvent NBE, @9‘%%&? Sr'im docress-seehanabaremingh I §”%ﬁt?'§l§”écﬁ- at its

i nner or proxighdpegndr r@@-shﬁp@@cfbék@ecﬁéﬂd‘l%% R49 a0bng MRrisbkbi povéiby shaf t
350 and at a di stal end 375 t a |lam nate 380 of a nmgnet 385 W|th top

and bot t om pol 608 %’6@%"‘3@03@@‘5/ pafakﬁht%a susfagp g6 the: Rolg of e mREPRIASS, The

suppor tysar m 364h¥ shBASr Vértibal dorticH Q@@d phaneing th@to%iér%r@uéfmeofqﬁet he hub
355, leaving just a snmall space to allow for free rotation of the hub past

the stationarysh@ffiol/®t arm Generally, the support arm360 is forned of a
non-magnetic material to elimnate 20 magnetic coupling wth the top pole
pi ece 390. The | am nate 380 can be fastened to the support arm 360 by any
sui t abl e means, i ncl Udensjaliitaetop and hatiemi pale plecep @6p, 26ddanecformed cal

nmeans) such asg ,ﬁ%m E{Tq% t he
support arm and&ére egggl yﬁ%ﬁ'}@glﬁleﬁ t%Balﬁé %Qét%ﬁ{pﬂ#eéfrlof:é’é na ec\gp%gsecure
it in @lace. 2bestamnpiogproceeyoli¢releanes markshurscrdatiegrin serfacesadthepae shi el d
arm 400 whi ch t nt f reto)
such as the o é?easr%@gaggé Glfﬁ Fﬁep%%é%ﬁggo gq_go&g.!g%? l slut% I1ra gif\g&eei'qg\nth t he
hub. The magnenpp:hedm'&Hedsmfanesl@ﬂhe@nlemeémﬂemaﬂbddmg 285 maly bepplied a
conponent 30 affixed thereto) by any suitable nmeans, including solder, an
adhesi ve or

10



epoxy. The magnetic shield arm 400 generally includes a flat annul ar di sk
with a cylinder joined to an inner radius thereof, and which has a cross 16
WO 00/ 43698 PCTNS0010156 7 sectional area that is L-shaped, with a radially
ext endi ng sasbtwaeps400a t hat extends fromthe hub 355 to apqwusw/o1567
intermedi ate the inner radius of the |am nate 380 and the outer surtace 370

of the shaft 3Jathg amY Siitadid Abéhhiqie, eélﬁihngssélb@t!r&blﬂﬁfgt,iéﬁ?aﬁﬂ%bané ghe

magnetic shield arm400 is formed froma magnetically Eermaa |l e materi al

and ferrof | ui FPEfteringonRNARSIatioaIdepositiprPiaseasasa eripdsingeEneniances| e

pi eces 390) 395phtidr 6 the ferdHidi 138 H¥ﬁt%0‘ rd 8mBof urlifofm S} portion
400b to conpl gti)e.the seat %bret vveé%gglﬂe shaft 3lggﬁand the hdbgTodg%ég I n one

preferred enbagainstwhichHbe fergefid 27@ parpsealar m 400 i ncludes a thin |ayer or

cl adding 285 of Nickel on a surface thereof to provide a sufficiently

snooth Surface to enhance the seal of the ferrofluid, as descri bed above.
Si nce the shield portlhetog@ole piece @0 isceepiaratgd fregntbei cutartausiade 47thofl 00 i s

interior tot i ius t he, |.am nat e, 380),. t t net 385,
0 e oh 19 & e SBAERTS Y 80 7 Whn SShAR i tisReE SEParellfe BRIPS oo
vel ?ci ty ?r aﬂipzm piece ifrogn gre t}sdtmnﬁ pblzgfiéw’ %Q?Wf@ecaeabe\ﬁnﬁn BlG.t3)ah¢ ot ating
surface of the t.i ¢c_shi ar rd taoward._t tationary

S face of t nohABdYEls Seddtgedind Tietb T80 BF Phehlf 205 IRuded RO IER ¢ e

L err OI l10i IolI 273?¢¢‘%°ﬁ”“‘*¢2m0 Enidutér(rabﬁ)ﬂs@uéfﬁﬂ?d _t?megFObAmé @dpfﬁ??

ramati ca i mnis ) reove ose centrifugal_forces at are
created by %/hesefﬁfaé'f‘ﬁgﬁe &p P‘illfg péﬁﬁeei@ @Pﬁ?%ﬁ“%%ﬁ%& ﬂ?éoé&'et%@ﬂf'%r rofluid
270 in this regédsmyildrtha®Md @S@ntS sépurfing theltbp PoleResdfremdnigiraéen of the
magnetic shield arm 400 toward the | am nate 380, thereby catching and

retaini ng the 4399f4¢ be@NseiRen the shield portion and the |aminate. Thus,
the integrity of the hernetic seal between the 25 spindle notor 155 and the

di sc chanber is maintained even at high rotational speeds exceeding 13, 000
rpm | A5t he enbodi mediretehaiiy the sprface afthe vewdicalqeriing 460k fasiegribgodter shaped

cr oss. sect | onalu@66470 81 g PTEAINed B Buhde RGBT ML trd HsiRfaRanet | C

flux fromthe top e pilece wever, the top po i ece 390 can al so
have a cross- dw@etioro?fifla andat itsHewer end ordipd9fd Sharplegmersrradutmareasvbr eover ,

ith th t . i Y - d 17
o b e S5 Pl S B o 80 G008 o bl 17,
porti on 400b chovertbé dener thentismeeessavy to dwld28®, feplofividdiesplacédttibove, to

iall tic f i i f f th
Far cof PAF o c” JRaBhS ROdIRE B, Eimets KhrebdS 60 Wt efR R brbiBpt it £ 1 0°
maggeti c tshi ](calla\'gar mew_abﬁn?hfefeg’ggﬁd ttwgbhneaj_ Meérwlargwlawaﬁrﬂl\(isimimrms f
a~', to forma barrier . film s.cri-be ove, . ke a for
Y acament of - akeF BREISTE b inGkamere RrrofRE 2 A0 R e fldfic Sl ST net ur e
bet ween t he shnigaity, frréboextéfding tedifé bEsgaldirade ferrefidie dbstaveptimepfor 400a  of

the magnetic shield arm400. Less 10 critjcally, . i.t has al.so been found
desirabl e to e, Yo 4 evaaratarcand, Belofio sotriAn ARt ds YL & hi o1 d

portions400b fragihtih BheerfiedittsedP O MUredVeR, REP¥E MEnUPURRPpetht bheie@tippor t
arm 360, and to the |ower surtace of the bottom pole piece 395. Applying a

| t A p
barrier film 285auge theopelgtriecas #§G 6% Are madenby samping.i fermingopund | |
elimnate or rRMES igbasie drthfefbldmbR @hbHiich 270 Into the 15 spindle

ier fil |

notor 155. Applying a barrier film295 to the [ower surface of the

Because the surface area of the seal with the outer surface 170 of

30 the shaft 175 is directly proportional to the surface area of the vertical portion
260b of the top pole piece 260, it is it desirable to extend the portion of the top

pole piecq having a vertical cross-sectional area as much as possible. One

I1



bottom pol e piece 395 will further reduced mgration of the ferrofluid 27D
bet ween the bottom pol e piece and the magnetic shield arm 400. Generally, a
barrier film295 is not applied to the inner sealing surface of the shield
portion to pd jnterference with operation of the ferrofjiluidi eal 34.5
20 Homever,all‘?blﬂsggdﬁbeen found that entire magnetic shiel dLglr‘/ruﬁg(ﬂ@gﬁZan be

di pped to for J 95, Qv i r t 0 and wi | |
not i nterferer%l\n%f ﬁ?{?%dgﬂ{&géfrnhg}t%%%o@ r?ﬁtej&%‘@re?iﬁ%ngfrl C st.sgl‘; ei&%ﬁ'&)ﬁréﬁ}?ded t he
| ayer of fl uorpegml§Frsuch thas the vertieal tpoytiarh260b @th&dom pole pibee 26 oamn ant

ts of th i ' it t hasi
Ther ot Puct ur bRtk A Bhie it hrding BRER Sitace 1 10EHAB SAERD oo 20
for seali ?g amxl?ng dsuoEm?m?al?gmmdﬁ{thytqﬁm@woe Zﬁlmagttaneve@n [ nlner
surtace .o a u | SPOS, .a u e S . seal. | uaes, an annul ar
ot Sosi o1 Ot WA foift e Raronis] Saies rel o ol AL SRR tand
bott om pol e pimgtfaplistntObetneenithe thppee fiéce Srd FrobSttomipok: piese and

bottom pol e pieces jncluding a, nater which is 18 WO 001 43698
PCTNS00/ 01567 ?rﬁg”g‘i?éhs&é?ﬁ f%@ﬂﬁ%%ﬁ?%?? nd havi ng annul ar shapes with

interior radii that are larger than the radius of the outer surface of the

shaft, the top pole piece including a cross-sectignal area that is
substantial Iy L-shaped® fuRBeT rsiuge radigl migraticanefdhe fryFefluish 240 pwex fiomy) | v

parall g to a wmudifsiesitface 170! & R s}haﬁ_%gﬁ?ﬁgrr{eg f?ﬂcbg?» Bapdied tyehd i cal

portion in a facing, non-contact relations e outer surface of the
shaft, and a fharizentalportinnghiea ptiieltop Relecpieca b nThe barrier filne isi fofaed | on of

the top pole mlcg-ﬁ?n BIéGgﬁéﬁrrggﬁ{j ﬁ%dg??ﬁéﬁ&ﬁ&&-p%@ﬁé%ﬁagg sURaEB éner@?!

t her ebet ween. n on e top piece I's separated from
t he out er sur flawer han theswfaskteneygyofdae materigh of thedompolerpiedesandlodist ance
separating th J T : p j r
crbod; ment) ¢ RIOE Bufad RASioh bt Mevclfld 37bP R0 SiiRe iGhlN”
separ atlfng t heavaliatile polyomarti dybbsr®, eondmengialtyaavailablerfedrh dvyet lubricantdi st ance

separating th o] I ece, f he inner race of the bearing. In
still anot her%Q%ng%@%%%&ﬁehﬂ?%%%é?%&spi ece includes a curved corner where
the vertical portion joins the horizontal portion to spread a magnetic fl ux
gradient over a larg rea ther enabling t ferrofluld.tp be held over
a larger area. In yeﬁrhgfllﬂﬁrﬁg? P"Q'f‘rg%l'ﬂ@ﬁgf fPﬁ@e%mpé’M'" Erﬁ"o%yﬁ'f % he top
]E)Fl e pi ege i nadoateg oaltlwmuem-;bdlymef] uisihtg) drgv\ajitlaerwltetoﬁna?es pu??ds&dmgget ihcI g
ux gr.adient over a larger area therg enabpl j the ferrofluid to be he
over a’ ar ger Cgﬁgﬁg sTprﬁa)él_&%ﬁPé‘lﬂeEHBB%q'M??d Pﬁggoﬂfg‘f’gfﬁﬂhp?floée?ﬁeécgnl%cl udes
an interior rqﬁeféﬁrebfe@ﬁbddanéuﬁweeﬂuompmymrIiswémﬂie_arbyrmbmgtma‘togfwé op pole
pi ece, and the vertical portion ? e top, pol e piece extend et ween the

: ft D .
interior radi Jdecs 26G,intgatSobtiopA @%H%S-WWP@W@W Q6B Bihin |¥eH5 shaft .

In still anot heyhdedRoMeMBAonthl R 260330 tROtobipal Mbcd 260. L RBOIMtRIPI ece i s
tapered fromwhere it joins the horizontal portion to a lower tip of the

vertical portii®drihen ysedriossemeyr: exrasss materidpapdt thegtaphgoleopiegsl €6Gi ece

; fom te 29 bot t QfEgRMsBdRisfiyBapbRzePSolFeHl! Neit, BPAGKBTIBymér iBBRA Usifg*at i ng i's
PP air or oven drying to form a strong barrier film securely bonded to the

horizontal portion 260a of the top pole piece 260.

In another embodiment, and shown in FIG. 4, the outer surface 170

30 of the shaft 175 facing top pole piece 260 has a contoured portion 300 to
introduce a magnetic flux gradient that axially concentrates the ferrofiuid 270

in the gap 275 between the top pole piece and shaft. This is desirable
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to the horizontal portion of the top pole piece to reduce radial mgration
of the 30 ferrofluid away fromthe outer surface of the shaft. In a another
enbodi ment, a Nickel cladding is applied to the top pole piece to provide a
subst anti alWgoeaeet h surface in contact with the ferrotl upcrusonossisy | |

anot her enbodi nent, the 19 WO 00/ 43698 PCTNS001015 67 shaft includes a

contoured porthgauséthehNtPeSRadndtic RRSAIGhE IRSghs PsasetivBén twtdp poid t he hub
so that the vertical portion ole piece is in a facin

of the top p ) a . |
rel ationship tRiegehe6@ A ahaly 15§r'§i%‘fppmﬂtr&?eﬂu'gn‘iﬁmg}ovén‘ﬁ%i‘ Bi§t9aR- he

vertical portigdake thevaiIameR? k&rdtiuREL7d SbWH, ddtrédidstas/ Bk 8bindfe metdrhe outer
5 surface of the shaft to introduce a magnetic flux gradi ent between the

top pol e pi ecel¥rrpasathesiespfiuidimay patibgl ipgated mitbin thataep 279nmeeh aMali d
t her ebetsween. %ﬂg@?ﬁviﬁ@%éﬁﬁpl@?@l,@%dhé@ fﬁ%h%ls%qm PaUthidioh é?ﬁodﬂge top
Cclu sur cing t

pol e piece in S a contoure urface faclng e outer surtace of the
shaft to intrcdfdesofividradhes,iintradugingg magoeatic fivx gragient atowsthegerreflyidece and
t he shaft that 4l entr ; ' wqg ter of
t he contoured %@b ia‘iéeg%qlﬁi@r@eeé%cgéfgt%% ? Eagﬁhé%@ %’lh@le%‘é{ et @8?‘%@@ of the
shaft. The seadxiafcentes gbithes eerticalrpostian 280b. sTpacontouret portios 800lis imaa

i ndl tor,. which, f.urt Jongludes. a b t iLch the.sh i | ed,
Pt o op o SRaBEDE b e (RO Sk e B ARl e P ©
bear i ngohavi ndefrofgid 2n0disanbgreticatheheldf ihithe dyapo2 75 séparatiiptiie topdpdiab

respectively, nmagnets attached to_the b d t r.wnding on.the
basepl at e papafﬂ?% 30"? n{h(?r QEFrnﬁur\;ﬁC‘Ph 1?%"%36%@??5353%0 t‘fﬂﬁ"t%. ¥fllse it to
tur ][1 rel a]'EI ve 2tgereibb&v&!”mn’:lﬂifu lonéliremiwtdgehiswf imerst, thetdontbupéd ﬁ?ﬁbh ag?an (ﬁu'lf)er
surface of a neti ca ernpable shaft to an ipner surface of a hu

i sposed aboutneiias e e agaIoTmRg e el ARG U BHOVEE : ()
form ng a | am 308 RatWRédidirelBnfRFeriBMEARUt IROG@ET ¥arfdted 70T tOSIafPIARe and a
bott om pol e pi ece coupled to opposite poles thereof, the top and bottom

pol e piléces having annul ar shapes with interior radii that are larger than
a radius of the out elagnaivelyae§ sHowhth FIBATE tne! (hidGBa RRHRPSES Bah nC! udli ng
a cross-sectional area that 'S substantially 1_-5 aped, having a |ong

hori zont al porin¢lode dvd iclined surfgcasdntersasting @t anamgﬁa@efom the ppexobd t he
magnet, and a fﬁ@? J It babl: e outer
surtace of the J}O?%boxlggﬁe‘pﬁo@ttﬁghitrhgﬁp ﬁgqﬁgfanﬁhgt% Ig n%tggl\?\agg#ttﬁ té‘%ﬂ%&
surface of thetselignot shown) as ai separate eleimerd coaxialhwitteandhafiixedta thashatte

vertic porti t. ok e i i i ; t.o t he

out cr 20 Face P B Sh8RnHRTI805° b Iar vaRDRAE B Bl A Reh e, | 0%
WO 00/ 43698 PQhalustYitd 6Ag 310 need be made of a magnetically permeable material

allowing the shaft to be made of a non-magnetic material, such as stainless
steel, that has other desirable properties including high strength, high
electrical conductivity, low cost and ease of machining.

25
In a preferred version of this embodiment, the top pole piece 260
has a cross-sectional area that is substantially L-shaped as described above,
and is positioned so that the vertical portion 260b is in a facing relationship
with the contoured portion 300.
30
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vertical portion of the top pole piece and the outer surtace of the shaft
to forma seal therebetween. fn one enbodinent) step (b) includes the step
of positioning the 5 lanm nate so that the vertical portion of the top pole
piece is s 8'of fromthe outer surface of the shaft by pch is
smal | er thgﬁ a gﬁgﬁ ance separating the top pole piece frané[fggdaﬁ)Y\{g om poI e
pi ece. In another enbo nt, t shaft includes and i_nner, race, of

beari ng separati ng tr@gsgg ?W@%}ﬁ’t%ﬂ%@ gréﬂ'S“E‘PéBaQ’W'Ctﬂﬂf‘f’HEqﬁ”FﬁQ:I udes

the step of pogigtfeRBiNGic'sBE! 1|%ru§rf§£to§>cbdlé1§.bce1§6@ R&viBga L-shapealctays- t han a
di st ance separatr ng the top pole piece fromthe inner race of the bearing.

In still anot W'@W@d@%ﬂ@ hawving 3 qogjoure pardien 3PA&SSNeWNdTGs rming a top
pol e pi ece having a curved corner where the vertical portion joins the

hori zontal portion and curved tip at its |lower end to sgread a magnetic
flux grddient over a Altergriivelys @ shewrelsy FKnabl 2 isyrfaee 3érofdhpwiedtiadb be 15
hel d over a | R ﬁ.a(l r d for
seal ing an ou'?‘seér}ﬁéu %‘g%fd‘?tcg}bdlé %’&Iggg fa&?)%?%gggﬁte 17'55q[a(rr;t ﬂ%dﬁner
surface of a mdmtmre@tmlettommedasre;imﬁgnetmﬁlexge&dleﬁtnm thigeersion, déul ar
magnet with to t e poI es
t her eof posi tr%r@gg &\t/?/e%n%(‘t%rtéb%ﬁ %Bbﬁag:lrfgntﬂla%ﬁgfﬁ?%t%&rf% %ﬁgg‘é*s‘é avi ng
i nterior radi itotdoatemrate kie kiyers dfmapretic fidx bad afpdmteteautttera)sajrdeatee 0bf the

shaft, ferrofl uid. netic V, p separating the top pole

pi ece flﬁomthgi‘?id?grcggﬁ?rﬁ%%gﬂ@? *?%§°%Wéttea?%°af orma seal therebetwen and
means for spreading a magnetic flux gradi ent over a 25 large area to enable
the ferrofluid to be hel er area S, !t o the shaft.

In one enbodi ment, tHBY ﬁh%tﬁ?r ?a‘t%'b?t &d?'ﬁ@my étfr@hlf'ﬁﬁﬁ&dhﬁ’a over a

| arge area i n%uu@baasecarybemém 68 ktha e D6ritioA p@frtrdmzﬁomﬂtbﬁhs madingte 820 of the
dri.cal ext nsron in a

top pol e piece, the c ac noncont ac
rel ationship wWiha eh%%&t?a?v'%?eére B‘F’Ut?h@r?r‘r’éﬂg I"hg‘éﬁt q'"\?ﬁi)éfb‘? ment ,

the gapsbet m%aéﬁﬁrc@bﬂkiéﬂﬂcéﬁﬁat@dbﬁh&'l&%@h@ dr 6§ 290 bethe vetticarsoridn t he
shaft is 21 VWO 001 43698 PCTNS00101567 smaller than to a di stance

separating t he2@OPwhieh iscigsesia beshait 1¥Pom G- %'SMVFWIERW'BQ thegradieph st |
anot her embodi r%gnetu@ﬁuﬁﬁ%ﬁuéé& ih faﬁrerrbrtsahré%eﬁr ﬂ%% a tub%oré aeeeﬂt a

bearing separating the shaft fromthe hub, between the
cylindrical exkigsthevestingl wréoetarersveuweerwleﬁ320rwﬂshaf°~tqr§ugﬂﬁr17& 5 than
a distance SeQﬁrtﬁé'sHﬁfétﬂ?S CYinbB&f 1338, 39K AU R334 BHOW Seg{é@ﬁéuéﬁ@? of the

bearing. In yet another aspect, a sea provi ded an outer
surfac@0of a rergdient @alueytmm@emr@e,efrfarmmg@rerea Jnteef a,.rmaaeacm%o hub

di sposed aboutg Qésﬂ% The seal includes an annul ar nmagnet with top
and bottom annu ar po p| e eés coupled to opposite poles thereof positioned
bet ween the shaft and the hub, the pole pieces including a magnetically

adiue of the outer dPRaner gpeRisEhoth sl P, 14 16 bRl e 1,

radi us of the femgheddic seat 685 daviag a)oatbhern335ta)fedube splashingsar owtearcdf t he
shaft, he contour.ed on in | atd or W L h interior
o us 281t he gD A the tetfbrf 270, Beitng st R Rl S LY b B B LG
separating theor.ltsmesedlelnphre@mﬁddmmthtaecﬁerhﬁrurcﬁméaﬂmaﬁ mbluﬂbeaabahmlart o forma
seal therebetween reby t ont our e orti rodu a magpetic fl ux
gradi ent that 'H?Q'%ﬂt\lﬁgg "r‘attC arq@o?ee[?e%qq%ZB% % ween t he
top pole pi ec@oﬁ’éﬂthbl‘ébf%bﬁmbned BetW/eenan®enafi 8 s and e hwwol erhelperee

i ncl udes a cross- s% ﬁgg are that i's substanti al I% zed_a ped, having a

| ong hor i zont A1€G8§40020% FFRMAARITRM § MPgpsligaly pegneplie melgrial apd havey| e of
the magpet, ar&t@.@mrtﬁma?ésmnéﬂtﬁaharaad.trgehhéuh@teumoehlasmrértdbel to the
outer surface of the shaft, and the top pole piece is Fosrtroned so t hat

the vertical pdP iloR Galchen33d saflirg todhaipghatifascedibief thechuy HiG ub

portion. In aflﬁl&l‘ﬁf 385 heRides Bh.anhlfr ARG bPME§RbtRANY b&ﬁté&%lérﬂ@teﬂﬁléﬁd surface
of the shaft includes a raised curved Surtace ina facing relationship with

the top pole piece. In still another 30 enbodi nent, the contoured portion
of the outer surface of the shaft incl ud1e4s two inclined surfaces
intersecting at an angle to forman apex of a ring about the shaft. In yet
anot her enbodi nent, the contoured portion of the outer



22 WD 00/ 43698 PCT/ US00/ 01567 surface of the shaft includes a pair of
axi al | y separated grooves nmachi ned circunferential about the outer surface
of the shaft) to formcurved surtace therebetween. In another enbodi rrent,

the cont oukgflhoRséski on i ncludes a coaxial ring affixed to gdgusabaishs
still another enbodinment, the ring includes 5 a magnetically per rreabl e

T e 9k s p I RRNG ol  So B A pE N

surface of a Ipidredi zqmszas abbetfetroftuic 270tis imagnaticaltie HeldTinetheedapod7$ ncl udi ng

steps of: (a) fo nat e d|n net WI h top
and bottom anﬁﬁpa'fat'ﬁg tﬁe EOECB@C?‘? %891' é%é 3 ega‘%ﬁ ég{’ ﬁ% pol e

pi efces ha}/l ?ﬂ th%bfé![wyenr )sd]thattvh@h thé ﬁubt&lBO@é &dtbteatrelatnvdtoltthﬁcghaﬁ{wsout e][
surface_o e ormin contoured portion on the outer surface
of the shaft; fe)sﬁ ‘gé)GHN‘EﬁHt'H%rEﬁ '?‘@ fSérPﬁlé' 0n§ geely r§ilij‘|'cfegce of the
shaft and the Prefefably, UheadRvéd s&ﬁétehh'é)s §%rb§@§eéﬁ&ﬁa! BieRl haVi n915 depfll us of
the top pole piece is a facing rel ationshi th the contoured portion and

separ at ed t hercFylgrPhY- séaaaa@ndawaicmonqw mtm,gelgthrbtprtbe pxtegor fadh of he gap
betveen the t G palehibacseds! S Bha bhts BPie 9RNkge eﬁtéﬁag?ebuyal ly
held and forma t her ebet ween n one e odl nmen step ncl udes
the step of fdnwandgpast thevexterier rasd afdhe gole Pl@peﬁ)oﬂ'éemaé@@f@é}ﬁlm ke
Cross-ggction rizontal
porti ongsubstgbttﬁffﬁnta%g& ?leﬁgfbgtcgﬂbh?%gé’og%rﬁﬁﬂﬁt&néwg#d&ngg&%@gwg and a
shorter verti dbat qme;mmamtofamthﬁwqd:surfamel antbene hfeﬂtyclepalmbemisgrallsom ng the
| am nate so t j o} ece

subst ant i ai 1y e sl B hitp 1660 he BBl 3 carhPe BRbGA R TR A0y,

faci ng rel at i anylsujiablerhedrsdndoding aneadihpsive, suth asramepmtyeanenh@bmnt step
(b) includes thetStbeB of formng a contoured portion having a raised curved
surface di spoﬂ—ﬁ? 00 aﬁ‘f’erentl ally about the shaft. In still another

enbodi nent, step (b) includes the step of form ng a contoured portion

havi n 30twoinc|indsurfa cti tana le to n apex of
ari ng di sposed ci r cUhf %Peﬁt‘f’aar"f” '??qugﬁame PP g?@Feﬁr%@h % P
errbﬁdl ment,  stfepofiid 2voc¢a\;vct§r03§:5?3r§:t9 tgmpocqﬁ égj ﬂg‘aﬂ? ggge@ﬁkaw eshduefivé ?ndby
machi ning a pa i a rate
grooves Ci rcurW%tPB‘H?lSHFW‘%%B%Polﬁt%e%aﬁr?e?%’@ﬁ)’ﬁ?ﬁ@t?a '2%?'?%83‘

ther ebet ween. féﬂi'ofﬁ]’@ls*’éféctﬁéﬂ?l?‘ébﬂﬁl@& Yo ﬁt"e%lé ﬁ)scéé‘@tﬁdlﬁﬁﬁebb@:héi %ﬂd@ﬁe form ng

a contoured portion by affixing a coaxial ring to the shaft. In yet

anot her0 aspectcatches isaflectsicalocounied fogthedud i w§fetﬁblwutterm§err ta&a@f&te a
magnetical |y %tét&@bé@z@d@éé drid A8 |Hn'%F‘F‘efd|u°sU6fftﬁ&ﬁutPi6@at’%%léﬂt§d)§§ﬁﬂ@t about

the shaft. The seal 1ncludes an annul ar nagnet th top and bottom annul ar
pol e pi eces flt&eauﬁ@cwgagfﬂ@rqulcbm ﬁ@ﬁ@@ﬁ"&p@@lmlﬂ@lﬂ&lpﬁétm tpitRe shaf t

and the hub. —iaenaPlaasiBASs RAdsRirica! &bl uidihbodMit0%6hnisa GBfe tNan

radius of 10 the outer 'surtface o top pole prece including a
cr oss- sect i ondirefgrably, theisurfaceaners araselected tqpmvaqmtesiﬁmoeg)féessdw

hor i zogsal POTabAf SRBIARS, 3hd IncRRRdraby Idkednat b3k RS Al e

magnet; and a's er ver n su ara the outer
surface of theiedeaf 260,a28%r carf Ihel dlen’angale,t icoapley tknettub shafa Yéptwepgh at i ng

t he verti cal of the top 15 e . fromthe outer surtace of the
Shart ro o mebdiSly Shnbddivb gbony obR Rredi i Fenvas e g Plekes BHENRES, o' (1 O
gradi ent that shaftal |y concentrates the ferrofiuid in the gap between a

center of the vertical portion of the top pole piece and the outer surface
of the shaft.

30 In yet another aspect, the present invention is directed to a
stationary ferrofluidic seal for sealing a stationary shaft to a rotating hub. in
a conventional ferrofluidic seal the magnet and pole pieces are directly

15



20 I'n one enbodinent, the nmeans for providing a magnetic flux gradient

i ncl udes a contoured portion of the outer surface of the shaft in a facing’
rel ationship with the vertical portion of the top pole piece. In another
enbodi nent) toured portion includes a raised curvegdcppsd ,di sposed
circunfer en‘{vlbg I%/@gbout the outer surtace of the shaft. In sti Ioqugnot her 25

enbodi nent, the contoured EOI"[I on !ngﬂludes a pair of axial |r¥ se arat ed
gr ooves machi n@tacher 0 atBee e ianensace: ofdhg fiubr orstie Qiter $4M1a990Tdhart t o

forma curved siii ame ér@?b@ﬂ@ﬁé@&ﬂfacéQh@@@ﬁr@ﬁfon@ﬁ@eﬁﬂacé S%ica!l tRgovi ded
for sealing an outer surface of a magnetical |y perneabl e shait to an

i nner surtace f@rfoﬁu'ﬁlﬁ’oSQﬁléﬁnégéfH‘eéﬂb@Jf‘etM@ awhfatatesydthsthg hyth abeitdbe an

annul ar magnet n te poles
fhoreof posi t1 o el sed Tt oL S e B e P RRY 01567
the hubS the plerefipidsaagnetioallyheldbetwesn direpole aiaces pad Msouter sufageidhl and

h t f f
aving exter | ofholsfdl cloRfiuddfortBBlib RlioddiA 1 AR AydiEodeBBfefUI ! ace

of the hub, a catc ner sur ace of t e catcher
made of a nagn@taeedlthq/alp&wm&tﬂ magmt@rﬂualtoanld th@fﬂftﬂﬁUltgaMSiMmdsfmﬁ ring

having a 5 C“rﬁé‘éguﬁé’rr{ ﬁt%efaﬂﬂeto?%d @Fr?f] fc segflfoqﬁal}\{é? ]rmH;cesgaLl'r ved

surface in a facrngre At T Ongm exte e pol e pieces,
and ferrofluid magnetically heId in a gap separatlng the pol e p| eces from

t he catcher affixed tp the i.nner urfaeof th he hub

r ot at eal%r elative to tﬁéegﬁgﬂm%’& ?nftﬁg 5@(%#" ﬁ]eé\{ni‘{qeg% ng"ﬁf%

fer][ofl ui d :tdétatimﬂwtsﬁmsw toya rcﬂdm@ld;baﬁsbaowiagwbmbh reseﬂt(;n\zdrn]udonurved g
surface incl ude 0S ar e \, U- sha an e open ends
ot neC UL enapavil riouf S Hsiiad W reste SRl . e R I BSent eSS0 T ot o
pi eces. Iln an%t{bi@bn@ﬁﬂh?diof@ﬂbmdbbwrﬁc&ﬂ@bﬂicghélalfdtltdﬁﬁleaot@Dxﬁiﬁieb@%@{jﬂ ]
portion. In sti anot at east one o t an ottom
portions of caP@u ?"ss‘i’{?ﬁggsgqu WW\P'@# a%BtaPﬁ“g d%ﬁét@\er

enbodi mgnt, t hg |fhaihateesao §f@Hég\ﬁ@dSB@MﬁboWahB baRoRUPEIE ipidtesBYOBIS, Ng or a
pl astic bonder. In another enbodi nent) the pole pi eces?) ferrofl UI d, catcher

and hub i ncl udeuplesktor PRRasity Rolafitneradfe The %H‘Rpé?ﬂsamhﬁﬁ taxensisi '@digleces are
electrically Cé?h'\%?ﬂ) fhe |ﬁﬂéﬁ0§§@\'?éoe dftRe fh@brssfsl wa@mgsjugpa %hmtsrdae@té y
coupled to the Pleces and to the catcher, the catcher is
electrically oaj{c)m fegiree retaiomelithe hub Pﬁﬁ@“@@taépna'a/cﬁqppéft FMe Griesally, eces and
the inner radiy afggbﬁ Caft368I 8 l%?rhé&tcﬁda FBnirRdinehic SHRIGHEP 18 cfiirke
ferrofluid electrl I coup ole pieces to the catcher provide a
resi st fce of még@ettcrmupamwthlt edop @h&espleceﬁgm I Thealagtimate 3@1%@!!1 bent, the
pol e pi eces ariﬁst% ef & tHe'd bh%n‘ﬁ%ﬁ'bg% EtQ@e?ﬁ@J&s [n% r,an
electrically con |ve ep y or a pr et ween’ e pl eces and
the shaft. In a;ihesiveemoemw. aequqhaalcabmeads ofucheas bmgam(MtSémwswface of

a magneti cal | Ywid d about
the 30 shaft i'% ptﬁ gFea'B e@rﬁ&ﬁéﬁ% h'g{;th?%gﬁé%fﬁ'% gﬁgsgfgﬁj eG?R?P%,?gQ@ﬁ

| am nat e i ncl uddiug of threalgménateite Secure itiim ptarbeannul ar pole pieces fixed to
opposi ?g pol es thereof, the pole pieces having exterior radii that are
smal | er"than a radius of 25

The other key element to this design is a magnetic shield arm 400

which is attached to the hub 355 or a component affixed thereto, such as the
outer race 235 of the bearing 215, so that it rotates with the hub. The
magnetic shield arm 400 can be fastened to the hub 355 (or a component
30 affixed thereto) by any suitable means, including solder, an adhesive or
epoxy. The magnetic shield arm 400 generally includes a flat annular disk
with a cylinder joined to an inner radius thereof, and which has a cross-
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WO 001 43698 PCT/ LTS00/ 01567 the inner surface of the hub; (b) providing a
catcher nmade of a magnetically perneable material, the catcher including an
annul ar ring having a curved surface on the interior radius thereof; (c)
posi tioni Nn@yd fzbsgm nate inside the catcher so that the cpdwb®b0issy di sposed
coaxially about the lamnate with the 5 curved surface in a facing

rel ationship ts%ch&?al %%ﬁrﬁt’ﬁs I’.%ﬂb%&’h&r{‘& r%(ﬁ.la% @h&ﬁcﬁ@g f%@ o%eE@d%{q%?

therefrom by a nat e
therein, tot rmctendseﬁromw{edum 355 tha pribt mtermdhatear&tme)dhnmrladlusm theet hod

e el o ool R il SUBF AR L GA DAY L e WGP oy
hel d and for mexteriiig $iieldgtoetion400b. | N anot her enbodi ment, the step of

injecting the ferrofluid is pertormed before affixing the catcher to the
i nner sfrtace of the hub. In still another enbodi ment) step (b) includes

the step of providinghe aigabee éh@!d Wnﬁwomp@fﬁﬂeenﬁ@mdabmbg@éﬂcéﬁy portion
t hat when j oi ned fo‘ram nag&aﬁ@rve ﬁ’ and stepwg i ncl udes the steps
of placing thdarRgpplg: @a B fewe '-i"$§79n'§ PBgRLicARO NEldoisa H7P #8% ni ng t he
top and bott orehRéén Hapold ﬂea@éawggbeﬂh@wﬁ%te anégﬁlmrie'fsoﬁéae stese for
sealing an outer surtace 20 of a magneti cal q%@ per neabl e shaft to an inner

surface of a rﬁh‘!ﬁ‘@P@ﬁ'@@é@oa%Gﬂn‘Plﬁé‘a o592l bafweesdhe Shﬁéﬁﬁ@légd&w Bwhul ar
magnet (gith a ir C t; t her eof
posi ti o?ned bets\;\sger!n? hgeﬂs?ﬁfék ae?tgi c)(al!{{’?éfﬂ ﬁf rﬁﬁ@tﬁ%hm? gﬁggﬁpn@ﬁ %seé
magnetical | y pibiﬂrrbdbl or raladding28&nef Nickehgn eatsarf’am thar@pf te mIOVlaeea smal | er

than a radi s afnddifisftin SN efhaidiing 3ol nd BroRIL Uskumaed | cal |y

held in a gap e pi eces an i nner sur hub to
forma seal t‘abogbebinsenhe amadmmmeaarofmmmgngagnwcfsmemmmm n the

gap so that g or
outward m gr%?@ﬁé{}ﬁtph rro%‘ﬁ‘s (gftf'\g la?\’éfn\sé 4&"%}?{ @Q@f&g% 0 In one
enbodi Mént , t hehicke snstafianary,ardtheishgftt35e, Werchos blsodstatrmiauyjdbearemait)cher
affixed to the jnmner surtac f e t he catcher in WO
00/ 43698 PCTN§569'ﬁﬁé@'ngn%ﬁgﬁeﬁ’ﬂﬂd %Z@ ‘%‘?5’3558%&'\9511{*‘? Eg Fonterior
r.ag! us ]E he[1 eofth? trﬂi@nwt:\sﬁwlﬁurrﬁam? outward gmam@ tmebﬁtlommugfabe o}fluee exterior
radii of the e not odi ment) t curved. s C

i ncl udes a crﬁ% ’?g%ggﬁngpuﬁ'r 5“1?& rrg Prees ARG ﬁbetl %ngﬁoeﬁﬁg of the
U-shape ext encourficabise/ if tovalyd obt I@ﬁ&hetd@ aaseéneoardmloal|pfdlmhﬁsml e

pi eces. In still another enbadi ma‘; the catcher is affixed . to hub with an

adhesi \?@) an dVereRyerothese renttifuga torersr that are craated bydpe @ dotptign gidhe j 5
provi ded for spfid pertidh 4@95%..&916& HereRbA@d 270k tHidfegicRiitnolaedd to Nner
surtace of a hub SUP ported rotati on about the
force it from the shleld portion of the magnetic shield arm 400 toward the
laminate 380, thereby catching and retaining the ferrofiuid between the shield
portion and the laminate. Thus, the integrity of the hermetic seal between the
25 spindle motor 155 and the disc chamber is maintained even at high rotational

speeds exceeding 13,000 rpm.

In the embodiment shown in FIG. 11, the top pole piece has a z-

shaped cross-sectional area, such as commonly used to concentrate the

30 magnetic flux from the top pole piece 390. However, the top pole piece 390
can also have a cross-sectional area that is L-shaped as described above.
Moreover, either the outer surface of the vertical portion 260b of the L-shaped
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10 shaft by at |east one bearing having an inner race and an outer race
affixed to the shaft and hub respectively. The seal includes an annul ar
magnet with a pair of annular pole pieces coupled to opposite pol es thereof
positioned hetwagl the shaft and the hub, a magnetic shi eyt endi ng
fromsaid outer race over but not connected to the inner race to a position

magnet cal |y R BOBRGRCR PR ARAEaPE R R il Rk AU Bl ELER T o

forma seal bebmeered pertioha285, aalsb tdescribdad aboveyrte aarmtydcmrmehtratmmerragnet
has an interior ra t s _of .the outer surface
of the shaft) maaet ?ﬁﬁ 6F%re8 5{? ﬁ‘g\}Pﬁgfe‘ﬂ%@??%F §qu%$ are | arger
than the radius of the outer surface of the shaft but smal l er than the
interior radius of t net ., and,t netl shi el d..arm ext en bet ween
the inndr radii of tﬂé ‘% . gl gpeartg ﬂgetsH& fFe"rarQ"SHBF 'rdx i ment ,
the magnetic %bh @b(to@tdu wmb lﬂld@lﬁb poly‘rh@s sudkab lh@@@lar@afoe@nh%arnér 715

subst ant i aIIy sha a radial segnent fastened to the guter race

at of suffici @ﬁ? as 'Plquoa eﬁd‘edﬂ%rarﬁ%@ﬁmﬁ(‘&"i‘%\tOfﬁ‘qwr‘?rrfﬂ'@rz%ce and a
axi al - seqrent i AQHERSHIREARhEINRETRNEln 1 A SBah ADA et ween the

shaft and the poles of the magnetic seal. In still another enbodinment) the

seal furt her thicragirlly %tmppﬂ@nrﬂo@at@rmen@amtlmshyeld BoMm409e ket i onary
shaft t Omhﬁgcéuyf‘ut Ry® als% Siée%tfapna @@él?éblé’Fo EB@&%‘JHMEF glﬁf{ 594 F PiRet he shaft

supportl ng ara outer end of the annul ar net and annular pole
pi eces, the anntﬂraurfmﬁiaﬁ\eahwl@nmmaﬂogbrfa;:npg &teeei\aéﬁwrmﬂhg prcmunall |y

i nward toward / support
arm I n yet aSaeRep ohts.cimed sl shdté WlplerQlnat et ind OBoh BRe™ DENC i ¢
shi el d arm t opiesdudds. r Adplyingnd drasrierdiimo298 ke tifeeoutef Isurfaceanhshef siieidt he seal .

ar m to0.pr ovi ABoGoRAop i e Bt Aflca R RBRRr S Rl e TR e =" ©

ferrotluid. | aplsulel ﬂnowndtSISerAmymgllantmmer filve29® po thel lewer sadacenof thdes a

ror  zontal poPPItah Rabdas o T hEPt Peqcen ROBIRR.0oPE PR & (ne

magnet, and abstweenehe bembmcp@Ie piecd amdthemagrieticiship!d &inat0o. nebh@ra%y th and

substantially para I S ort of the magnetic,shiel.d arm In
Jet anot her 18 BB A6 T R GRnlieBdathadpaergtreind SHEss B B SBece

includes a copbRiohed awlaaﬁ@rfem&gwme:p%mt@indopmet ferfofiaidid Reamagmet i c _
shield armto, jintrodyce a magnetlc flux gradi ent between the t F@!P pol e pi ece

and t h#9 shi el Hlopgves dhhahbeed ipund }hﬁfo"rfﬁ'é?ltnﬁa&@"t%@'q &PotIULFLR B8t ween a

center of thedppalw it éuéﬁr@emnoﬁgs BeeMﬁé bhﬁl%' sUPRICE itikstean dnd v St el d
portion of the magnetic shield arm 15 In still another as ct spi ndl e

motor is provind@rderedyiththe qneration; of theifqrinfiuidicsea shdrevided Bie lrken Afdes a

base, a stati gigbVpoiftAbr s SaHiRlepdly tifin.t he base) the shaft having an outer
surface, a hub supported for rot at| on about the shaft by at |east one

bearing having inner and outer races affixed to the 20 shaft and hub

respecjqd vely, and a ,ﬁ?y to an
i nner %5urface of theéﬁﬁ% Jf%e rﬁaﬂ sﬁg%a%%ﬁﬁﬁvmrtrg“@tl ﬁé\nwzb a pair
of annul ar por@qamtbtesfuttmmmnhasaedppmstruetumIfwmtlohend@fdvpmiages oned between
the outer surface of the shaft and the inner surface of the hub, a magnetic

shield armextending fromsaid outer race over but not connected 25 to the
i nner race to a posi b are dspeckensaahés osided dordsdalieg aaguédr sunfdcpof @ pi eces,

ahield ar m 1 o POPETEENE befrieare ST Mo RE T Rutdfe B0 b EF SR Rt R 0a e
t he nmeynet hashafh Thetsealincludesi2niannutertmagnéet posjitioned between the shaft and
the hub, a top pole piece and a bottom pole piece coupled to opposite poles

of the magnet, the top and bottom pole pieces including a material which is
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30 than a radius of the outer surface of the shaft, and the pole pieces
having interior radii that are larger than the radius of the outer surface
of the shaft but smaller than the interior radius of the magnet, and the
magneti c siwaebdokzesm 28 WO 001 43698 PCT/ U500J01567 ext enetsrassbossen t he
inner radii of the pole pieces and the shaft. In another enbodi nent, the

magneti ¢ shi el fagidiichily ér‘ﬂ%%bﬁs ﬁﬁ@ﬁénﬁg?&ﬁm%‘r%haﬁéﬁﬁntﬁ Wéndr?acﬁllﬂ‘?&ta?é‘t ially
L-shaped) having a ra segnment fastened to t outer race at of

sufficient | er@iogr f@%ﬁ@éﬁ&'%rthﬁﬁ&tqfrﬁ%ﬁa%ﬂft‘@ shaft,i thadep palecpigeel a axi al
S5 segnent ext qn&lu&nag%taeéésagadt@héwareﬁfrﬁétis%ub%fénha@y EBﬁéé @mlgv@gtagﬂaﬁ@ the
shaft and the poles gnetic seal. I'n still ano er e nt, the
seal further .mlzgmekp@rtlgnspwan@aﬂmp@ml@hm a]gunfamftawgolgtcéttha)mgyetshaft

radi aliy towar he shaft
support |¥ng t heé?];jnén .i}]fori%'r‘ %rn@afﬁo?ﬁog{ in aefgizlﬂg (t.JHfa& Véigf?éris}l?g{t'@tﬂé ﬁmel‘ magnet
and annul ar 1Gupface Of)tfm:ﬁlaftexméra:lﬁerrgfltmddn@ﬂepcawmmd bebvesrdthetveeticahaf t from

non- magnet i ¢ ] e 1 B0IE BlecE TS Bllor kiR e idTol A 4RET L s o

magneti c st ai theebetwennl material. 15 In yet another aspect, seal is
provided for sealing an outer surtace of a stationary shaft to an inner
surface of a hub supported for rotation about the shaft by at |east one
beari ngohavi ng i nner modeen-ttm:mactemeaépﬁ 'p«xlecbuéce it Beparatdd frem dhéroliter

respectively I ncl.ydes an ul ar net h a i r of annual
ol & pi eces o uRER of trempudViodonBER s Shalk Bt Histand $RelatBa 150 1 ne
shaft and hub)toﬁbbﬁlmbd@mﬁ tisd BNt polefpiaue. tlhﬁn&hbﬁémbaﬁmwefmdhééﬁéff udi ng up
t hrough an inner dianmeter of the radially extending annular magnet bet ween

the magnet andUthf in¢ldadesoend gn dmer faceaqw beariag sEPRAIFHIAI e Shaft¥ERde cal | y
hel d between tfig, Qﬁ’dfﬁe@aﬁ%§m§ﬁ9 tmﬁa a&%eé keparhlifg theltdp ﬁélé%fécb\n@n}’ forma

seal between the shaft and the I n anot her aspect, a seal
pravl dédl for dB@iNNgHrase Qf@?%?e%ﬂﬂgt é'&ét"bﬁm(éh%ft%ﬁbmﬁ?t Hhedop pole l%iﬁcﬁ nner

surtace of a NiuPAIEdedAer KAERIAOerEAbrichToiRbREndi¥oRtel htfist one

bearing having I nner and outer races fixe he shaft and
respectivel y. io1sprensad magnetic dyx Qfadaentmvar affargeeared therepypenabliag ts® annual

pol e pi eces C?gﬁbfﬁﬁdtu? b%pﬁ’éiﬁ'cf\% té}gée% )Fé?%'nbt ﬁgn&gﬁ%ﬁt”tﬁé]e shaf t

and hub, shi el nmeans su t n out er race ari hg and
rotating wth venticabportion roathe mpcpcﬂmmeoejirmludleala cmmbd tip atits IoWenagdnm ic 29

bet veef0c ho SHPETSH RUBAGVfC ot e Ber ACiekger Atep dherens, StapRgRRL | 75
means rel ati vdetrofididhé babslkltover aubigengraan la anbthed evrﬂdcm!drheryt greantbtmm
decreasing fraomthe qucﬁaen surf.ace of

Lot Taotry Ll g THEHaraRis bl SMafie dosh B RS e el lE ot
under st ood t hahe ¢otepolehpiegd) andrehewertichapatibe iof e top pole piece extends

between the interior radius of the bottom pole piece and outer surface of the

25 shaft. In still another embodiment, the vertical portion of the top pole piece
is tapered from where it joins the horizontal portion to a lower tip of the
vertical portion to increase the distance separating the top pole piece from the
bottom pole piece. In yet another embodiment, a Nyebar® coating is applied
to the horizontal portion of the top pole piece to reduce radial migration of the

30 ferrofluid away from the outer surface of the shaft. In a another embodiment,
a Nickel cladding is applied to the top pole piece to provide a substantially
smooth surface in contact with the ferrofluid. In still another embodiment, the

19



and advant ages of various enbodi nents of the present invention have been
set forth in the foregoing description, together wwth details of the
structure and function of various enbodi ments of the invention, this

di scl osure Woh%{gﬁtratlve 10 only, and changes may be na%ﬁu@ggoﬂﬁ&ﬁ"
|

especially ers of structure and arrangement of parts w nthe
principles of th resent invention, to the full exten; cat ed t he

D oad bener al SHESNHEOEE ochBlcEd 8RR 1 e sealds pEntieeL PERiREn 4P
expressed. Thughafit & §ROMED 86 thitetha NeativAe Boftioni dTRthE h@pllpdlewprec@es ingited to
the preferred enbodi nents descri bed herein. 30 WO 0

PCT/ US00/ OL5_6fcigdelafionshinjo g cpatoures! nostion) I yepageiper PB‘POS'&ﬂ"it dB€an outer

surface of a npgHeligeridny oPtleRBYSe f’pli@:fetfohﬁs% ARHE relativéd 36 thbuerhub
dlsposed about the shaft, the seal conprising: (a) an annul ar magnet

posi ti ofed bet%@\qepﬁ@eﬁaﬁto intfadygea rnaanet X@"Q%@t}%%ﬁ% tbedomple a bottom
pol e pi ece COU;HE@éjaﬁ@tHbOQ%?t' thét %I@%o%eﬁtt'ﬁemhoﬂﬁlﬁQhér@Peﬁ\Rﬁnb%t om pol e

pl eces conprising a mat er 1 al IS magnet I cal er meab havi ng
annul ar shapesthgianathen embodimenddhe verigal partion afrtggrton pola piers ineludessa of t he

outer surtace oludligyNice bhfg! 68 ROLP RIEEE FORY LSS, F5RES. o0t 07

area that is rizon portion
subst anti al | y pagréticdluxtgradiesUbdtereen e tmpmdl@p@betalnd the.ghaft Ihaimtlaﬂyshor ter
vertic

of tho 10nort . AgERustes e RronlAIERIRAER cbite bt MRS BRukie SOttt ol
pOI’][ [ ?Re(r)fe bte Pam'hx;al pohmnmrmbthegnﬂbrtdwfaoetoéItrlle;?tndftlac'éheﬂrseamttﬁgaitresemO}‘ gr m a
Srace 1o sopantvation; s RepfiRlasf Rl i A drindle Mofkt IR Risthel MAURR £ 1S, <
smal | er 2t5 hg(r)\ abai;istbamﬂmw thepaafazs Gm?gtdgfZbﬁqa;mmﬁ?ah@oeommz]??ﬂth% (c;n pol e
Corpr i ses. and (R ReRaeeuP BB hebafind Do e ang 4ler B8 eMEBIR the hub,
and whgsei n thﬁe%ﬁfﬂ@dsrmﬂ fegpedtively, maynétsamhéeﬂartﬁé hie, érlmaatﬂ@topol e

pi ece fromthe jinner F}%géof t he beari seal accor di n%éto claim1

wherei n the t J¥nNEBHEON] S%ﬂtﬁr@%@eé’f%ﬂﬁ”@ﬁwﬁb it the mAgRets PRdhgBYR i cal

portion joins thhRaubeititd Qrh 2tlafh’ folthd shaft.spread a magnetic flux gradi ent
over a larger area thereby enabling the ferrofluid to be held over a | arger

area. 31 WD 00/43698 PCT/ US0O0/ 01567 5. A seal according to claiml

wherein a Nickel cladqidipther adpelt,esl rﬁélhé@%ftééléli | Bbﬁé?esu‘i'@c@rd?Vé de a
substantially snmooth surface in contact wth t errofluid. 5 6. A seal

accor di2ig t o dnagnfticaliraraeablerrbagaan "‘k&‘éﬁﬁ#ffa§e§fa hub dlsposed about the
shaft is provided. The method including steps of: (a) forming a laminate

including an annular magnet with a top pole piece and a bottom pole piece
coupled to opposite poles thereof, the top and bottom pole pieces having
annular shapes with interior radii that are larger than a radius of the outer
25 surface of the shaft, the top pole piece including a cross-sectional area that
is substantially L-shaped, having a long horizontal portion substantially
parallel to a surface of a pole of the magnet, and a shorter vertical portion
substantially parallel to the outer surface of the shaft; (b) positioning the
laminate between the outer surface of the shaft and the inner surface of the
30 hub so that the vertical portion of the top pole piece is substantially parallel to
the outer surface of the shaft; and (c) injecting a ferrofluid between the
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contoured portion, and wherein the seal is positioned between the shaft and
the hub" so that the vertical portion of the top pole piece is in a facing
rel ationship to the contoured portion. 10 7. A spindle notor conprising the
seal of cl ay8oduzedshe spindl e notor further conprising: (apctubifessgz0 Whi ch
the shaft is coupl ed (b) a bearing capable of rotatably supporting the hub
about the shaf o the
cbout the. halekadaGoBAEH A KL AN DR B SEFecsfe AR 1o
stator w ndi nga seallth&reb%hate capabl e of |nt eracting with the nagnets on
the hub to cause it to turn relative to the shaft. 20 8. A seal for sealing
an outer surface of a shaft to an inner surface of a magnetically perneabl e
hub di sposed about t he csleadmbodiment estep (h)npn:lhéésngte gtep oirpoaitinmhgrth@ragnet

th f | t es (1 h
bosi t honad bot/aBRTRG AtrBRUE RLEEBortoR B if 10 hdRBREp b SRRt HETFT g 4
rrﬁgnetl calj! y Q&.:cté\‘ﬁlbfaEe nfamershaﬂ baa@abamidtngs emhﬁengmmadm:ancbhep?@mg 3 rr;al | ?L
t han a radi us e | nner catcper, a e (0] e
o Lol dS 188 19mBola iste MRS BAGom AatR.P RS o aRdlas SEPymBal SE | ¢

material and cowERrih@LAEs aRd 3R iMEIHAEd of & PBaRRy se;garanﬁgifneeﬁmaemémqse on the
interior radius thereof, the curved surface in a facing relationship to the

exterior radiihub antstepdbiiusther insludgs the WG@P%@B"W/'@L‘JM@%B’?NC)
ferroflygid mqgspw&'éruania%{r%n'dh.@taa@@saﬁﬁrr@thgwmeBeksfrehﬁﬁe nfehomthe
catcher af fi xe I nner surface of wher eby when

rotated rel atirgee pfdhemagn@ftn%lblaagwiehgmbpdlmﬁmm@ (@) incadesihostepiot
ferrofluid it JP'\S/"%@& fo?rBdlé‘ lete RAMES curved- cﬁé%eré%@'v@hf&ﬁl {a/ SHigh ai m 8

wherein the ¢ ace onprlses a cross-sectional area Ing a

U- shape, and \dﬁléﬁethﬁ rwl;nn@hcp@ﬂm and curvedafie abtselower afidatd gpieadad d past

the exterior f | aim 8

wherein the po Hpeltgélgg ?ET\ %t(;%tvP,'g&?é %Q%QW%T%@ ugnggﬁ%ﬂggﬁg}t@% rically
conductlSve natheld aver,a @rgendiea.ein the pol e pieces are electrically coupl ed
to the shaft) the ferrofluid is electrically coupled to the pole pieces and
to the catcher, and the catcher 15 is electrically coupled to the hub, and
wherei n the outer radnstilbdndtiner aspéet, psexd Bpravided foe sealimgranadensairfaée t he hub

Dol e pi eces. t PlamPtnsREAlPerBaPRENaR loaTbheisttafe Sf S6ub RBRE AR 1. 100
ohns. 20 11. Ahéenaft.fTHe seind@iesmnannalar twddnae ith toprasd bbitemanpulahaft to
an

20 pole pieces fixed to opposite poles thereof positioned between the shaft and
the hub, the pole pieces having interior radii that are larger than a radius of
the outer surface of the shaft, a ferrofluid magnetically held in a gap
separating the top pole piece from the outer surface of the shaft to form a
seal therebetween and means for spreading a magnetic flux gradient over a

25 large area to enable the ferrofluid to be held over a larger area across the gap
to the shaft.

in one embodiment, the means for spreading a magnetic flux

gradient over a large area includes a cylindrical extension of the inner radius

30 of the top pole piece, the cylindrical extension in a facing noncontact
relationship with the outer surface of the shaft. In another embodiment, the

gap between the cylindrical extension and the outer surface of the shaft is
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i nner surtace of a hub supported for rotation about the shaft by at |east
one bearing having an inner race and an outer race affixed to the shaft and
hub respectively, the seal conprising: (a) an annul ar magnet with a pair of

annul ar pol 25 coupl ed to opposite pol es thereof bet ween
t he shaft aﬁﬁﬂkﬁ ﬁub (b) a magnetic shield arm extendi ng ?ﬁ%ﬁ?ﬁ%ﬁd out er

race over but not connected to the inner race to a égs_ltlon bet ween t he
shaft and the AegHetthamte arlistanes sapasatingtae edinddgal gxteapiopion HepaBe®Bt i cal | y

hel d between t pi | I seal
bet ween t he shgﬁltep@%\%'t Lrggﬁﬁ%ﬂqeﬁé}ﬁ@g%ﬁ : t%%%“%%{ﬁlﬂs%%%‘%g%‘%é)%ga %R seal

according to cinmiemrage wherksaiingrrepatafingt thrashadinfromtthei b, rangi UBetggat i s
larger than a g égﬁ tR‘If'ﬁ iﬁﬂn@élte {en§Hﬁta‘?‘|ﬁ‘?hé){)%tEP§1r§l@fotft eagiﬁlftt@gmgﬁére pi eces

havi ng interior arger than e radi us outer surface
of the shaft btttansaﬂ'sﬂaecesewatamrmmnylmdmaleom:hs;mfocimtthaamnameepfthmd 5

wherein the magneti c shield armextends between the inner radii of the pole
pi eces and the 8% 13. A seal accordi ng to claim 11l wherein the magnetic
shield arm conprises a cross-sectional area that is substantially L-shaped,
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form a seal therebetween, whereby the contoured portion introduces a
magnetic flux gradient that axially concentrates the ferrofiuid in the gap
20 between the top pole piece and the shatft.

Iin one embodiment, the top pole piece includes a cross-sectional
area that is substantially L-shaped, having a long horizontal portion
substantially parallel to a surface of a pole of the magnet, and a shorter

25 vertical portion substantially parallel to the outer surface of the shaft, and the
top pole piece is positioned so that the vertical portion is in a facing
relationship with the contoured portion. In another embodiment, the
contoured portion of the outer surface of the shaft includes a raised curved
surface in a facing relationship with the top pole piece. In still another

30 embodiment, the contoured portion of the outer surface of the shaft includes
two inclined surfaces intersecting at an angle to form an apex of a ring about
the shaft. In yet another embodiment, the contoured portion of the outer
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In yet another aspect, a seal is provided for sealing an outer surface
of a magnetically permeable shaft to an inner surface of a hub disposed about
the shaft. The seal includes an annular magnet with top and bottom annular
pole pieces fixed to opposite poles thereof positioned between the shaft and
the hub, the pole pieces having interior radii that are larger than a radius of
the outer surface of the shaft, the top pole piece including a cross-sectional
area that is substantially L-shaped, having a long horizontal portion
substantially parallel to a surface of a pole of the magnet, and a shorter
vertical portion substantially parallel to the outer surface of the shaft, a
ferrofluid magnetically held in a gap separating the vertical portion of the top
pole piece from the outer surface of the shaft to form a seal therebetween,
and, means for providing a magnetic flux gradient that axially concentrates
the ferrofiuid in the gap between a center of the vertical portion of the top pole
piece and the outer surface of the shaft.

In one embodiment, the means for providing a magnetic flux
gradient includes a contoured portion of the outer surface of the shaft in a
facing relationship with the vertical portion of the top pole piece. In another
embodiment, the contoured portion includes a raised curved surface disposed
circumferentially about the outer surface of the shaft. In still another
embodiment, the contoured portion includes a pair of axially separated
grooves machined circumferential about the outer surface of the shaft to form
a curved surface therebetween.

In another aspect, a seal is provided for sealing an outer surface of
a magnetically permeable shaft to an inner surface of a hub disposed about
the shaft. The seal includes an annular magnet with a pair of annular pole
pieces coupled to opposite poles thereof positioned between the shaft and
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splashing or outward mlgratlon of the ferrofIUId it is substantially reduced.
10
in one embodiment, the curved surface includes a cross-sectional
area having a U-shape, and the open ends of the U-shape extend radially
inward past the exterior radii of the pole pieces. In another embodiment, the
catcher includes a top and bottom portion. In still another embodiment, at
15 least one of the top and bottom portions of catcher is integrally formed with
the hub. In yet another embodiment, the catcher is affixed to hub with an
adhesive, an o-ring or a plastic bonder. In another embodiment, the pole
pieces, ferrofluid, catcher and hub include electrically conductive materials,
and the pole pieces are electrically coupled to the shaft, the ferrofiuid is
20 electrically coupled to the pole pieces and to the catcher, and the catcher is
electrically coupled to the hub, and the outer radii of the pole pleces and the
inner radius of the hub are selected so that a surface area of ferrofluid
electrically coupling the pole pieces to the catcher provide a resistance of less
than about 1x10° ohms. In still another embodiment, the pole pieces are
25 electrically coupled to the shaft through an electrically conductive epoxy or a

press fit between the pole pieces and the shaft.

In still another aspect, a method of sealing an outer surface of a

magnetically permeable shaft to an inner surface of a hub disposed about the

30 shaft is provided. The method including steps of: (a) forming a laminate
including a magnet with a pair of annular pole pieces fixed to opposite poles

thereof, the pole pieces having exterior radii that are smaller than a radius of
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oPE In one embodiment, the method further includes the step of injecting
10 a ferrofluid into the gap between the pole pieces and the curved surface of
the catcher to be magnetically held and form a seal therebetween. In another
embodiment, the step of injecting the ferrofiuid is performed before affixing
the catcher to the inner surface of the hub. In still another embodiment, step
(b) includes the step of providing a catcher having a top portion and bottom
15 portion that when joined form name curved surface, and step (c) includes the
steps of placing the laminate between the top and bottom portions and joining
the top and bottom portions.
In yet another aspect, a seal is provided for sealing an outer surface
20 of a magnetically permeable shaft to an inner surface of a hub disposed about
the shaft. The seal includes an annular magnet with a pair of annular pole
pieces coupled to opposite poles thereof positioned between the shaft and
the hub, the pole pieces including a magnetically permeable material and
having exterior radii that are smaller than a radius of the inner surface of the
25 hub, ferrofluid magnetically held in a gap between the pole pieces and the
inner surface of the hub to form a seal therebetween, and, means for
containing the ferrofluid in the gap so that when the hub is rotated relative to
the shaft splashing or outward migration of the ferrofluid it is substantially
reduced.
30

In one embodiment, the means for containing the ferrofluid includes
a catcher affixed to the inner surface of the hub, the catcher including an
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a pair of annular pole pieces coupled to opposite poles thereof positioned
between the shaft and the hub, a magnetic shield arm extending from said
outer race over but not connected to the inner race to a position between the
15 shaft and the magnet and pole pieces, and a ferrofiuid magnetically held
between the pole pieces and the magnetic shield arm to form a seal between

the shaft and the hub.

In one embodiment, the magnet has an interior radius that is larger

20 than a radius of the outer surface of the shaft, and the pole pieces having
interior radii that are larger than the radius of the outer surface of the shaft but

smaller than the interior radius of the magnet, and the magnetic shield arm

extends between the inner radii of the pole pieces and the shaft. In another
embodiment, the magnetic shield arm includes a cross-sectional area that is

25 substantially L-shaped, having a radial segment fastened to the outer race at
of sufficient length to extend over and interior to the inner race and a axial

segment extending substantially paraliel to the shaft and between the shaft

and the poles of the magnetic seal. In still another embodiment, the seal

further includes a support arm extending axially from the stationary shaft

30 towards the hub, a distal region of the support arm from the shaft supporting
a radially outer end of the annular magnet and annular pole pieces, the

annular magnet and annular pole pieces extending radially inward towards the
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in still another aspect, spindle motor is provided for use in a disc
drive. The spindle motor includes a base, a stationary shaft coupled to the
base, the shaft having an outer surface, a hub supported for rotation about
the shaft by at least one bearing having inner and outer races affixed to the
20 shaft and hub respectively, and a seal for sealing an outer surface of the shaft
to an inner surface of the hub. The seal includes an annular magnet with a
pair of annular pole pieces coupled to opposite poles thereof positioned
between the outer surface of the shaft and the inner surface of the hub, a
magnetic shield arm extending from said outer race over but not connected
25 to the inner race to a position between the shaft and the magnet and pole
pieces, and a ferrofiuid magnetically held between the pole pieces and the
magnetic shield arm to form a seal between the shaft and the hub.

In one embodiment, the magnet has an interior radius that is larger

30 than a radius of the outer surface of the shaft, and the pole pieces having
interior radii that are larger than the radius of the outer surface of the shaft but

smaller than the interior radius of the magnet, and the magnetic shield arm
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and the poles of the magnetic seal. In still another embodiment, the seal
further includes a support arm extending from the stationary shaft radially
towards the hub, a distal region of the support arm from the shaft supporting
the annular magnet and annular pole pieces, the annular magnet and annular
10 pole pieces extending radiaily inward towards the shaft from the support arm.
In yet another embodiment, the support arm includes a non-magnetic
material. In another mind, the magnetic shield arm includes a magnetic

stainless steel material.

15 In yet another aspect, seal is provided for sealing an outer surface
of a stationary shaft to an inner surface of a hub supported for rotation about
the shaft by at least one bearing having inner and outer races affixed to the
shaft and hub respectively. The seal includes an annular magnet with a pair
of annual pole pieces coupled to opposite poles thereof positioned between

20 the shaft and hub, shield means supported from the outer race and protruding
up through an inner diameter of the radially extending annular magnet
between the magnet and the stationary shaft, and a ferrofluid being
magnetically held between the pole pieces and the magnetic shield to
effectively form a seal between the shaft and the hub.

25
In another aspect, a seal is provided for sealing an outer surface of
a stationary shaft to an inner surface of a hub supported for rotation about the
shaft by at least one bearing having inner and outer races affixed to the shaft
and hub respectively. The seal includes an annular magnet with a pair of
30 annual pole pieces coupled to opposite poles thereof positioned between the

shaft and hub, shield means supported from an outer race of the bearing and
rotating with the outer race and the outer hub and formed of magnetic
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It is to be understood that even though numerous characteristics

and advantages of various embodiments of the present invention have been
set forth in the foregoing description, together with details of the structure and
function of various embodiments of the invention, this disclosure is illustrative
10 only, and changes may be made in detail, especially in matters of structure
and arrangement of parts within the principles of the present invention to the
full extent indicated by the broad general meaning of the terms in which the
appended claims are expressed. Thus, the scope of the appended claims
should not be limited to the preferred embodiments described herein.
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opposite poles of the magnet, the top and bottom pole pieces comprising a

10 material which is magnetically permeable, and having annular shapes with
interior radii that are larger than the radius of the outer surface of the shaft,
the top pole piece comprising a cross-sectional area that is substantially L-
shaped, having a long horizontal portion substantially parallel to a surface
of a pole of the magnet, and a shorter vertical portion in a facing, non-

15 contact relationship to the outer surface of the shaft; and

(c) aferrofluid magnetically held between the vertical portion

of the top pole piece and the outer surface of the shaft to form a seal

therebetween.

20 2. A seal according to claim 1 wherein the top pole piece is
separated from the outer surface of the shaft by a gap which is smaller
than a distance separating the top pole piece from the bottom pole piece.

3. A seal according to claim 2 wherein the shaft further comprises

25 and an inner race of a bearing separating the shaft from the hub, and
wherein the gap is smaller than a distance separating the top pole piece
from the inner race of the bearing.

4, A seal according to claim 1 wherein the top pole piece comprises

30 a curved corner where the vertical portion joins the horizontal portion to
spread a magnetic flux gradient over a larger area thereby enabling the
ferrofluid to be held over a larger area.
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contoured portion, and wherein the seal is positioned between the shaft
and the hub so that the vertical portion of the top pole piece is in a facing
relationship to the contoured portion.

10 7. A spindle motor comprising the seal of claim 1, the spindle motor
further comprising:
(@) abase to which the shaft is coupled;
(b) a bearing capable of rotatably supporting the hub about
the shaft, the bearing having inner and outer races affixed to the shaft and
15 hub respectively;
(c) magnets attached to the hub; and
(d) a stator winding on the baseplate capable of interacting
with the magnets on the hub to cause it to turn relative to the shaft.

20 8. A seal for sealing an outer surface of a shaft to an inner surface
of a magnetically permeable hub disposed about the shaft, the seal
comprising:

(a) an annular magnet with a pair of annular pole pieces
coupled to opposite poles thereof positioned between the shaft and the

25 hub, the pole pieces comprising a magnetically permeable material and
having exterior radii that are smaller than a radius of the inner surface of
the hub;

(b)  a catcher affixed to the inner surface of the hub, the
catcher made of a magnetically permeable material and comprising an

30 annular ring having a curved surface on the interior radius thereof, the
curved surface in a facing relationship to the exterior radii of the pole

pieces;
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U& ()-Vv@Bm@ 10 (c) ferrofluid magnetically held in a gap separating the pole

pieces from the catcher affixed to the inner surface of the hub,
whereby when the hub rotated relative to the shaft splashing or
outward migration of the ferrofluid it is substantially reduced.

9. A seal according to claim 8 wherein the curved surface
comprises a crass-sectional area having a U-shape, and wherein open
ends of the U-shape extend radially inward past the exterior radii of the
pole pieces.

10
10. A seal according to claim 8 wherein the pole pieces, ferrofiuid,
catcher and hub comprise electrically conductive materials, and wherein
the pole pieces are electrically coupled to the shaft, the ferrofluid is
electrically coupled to the pole pieces and to the catcher, and the catcher

15 is electrically coupled to the hub, and wherein the outer radii of the pole
pieces and the inner radius of the hub are selected so that a surface area
of ferrofluid electrically coupling the pole pieces to the catcher provide a
resistance of less than about 1x10° ohms.

20 11. A seal for sealing an outer surface of a stationary shaft to an
inner surface of a hub supported for rotation about the shaft by at least one
bearing having an inner race and an outer race affixed to the shaft and hub
respectively, the seal comprising:

(a) an annular magnet with a pair of annular pole pieces

25 coupled to opposite poles thereof positioned between the shaft and the
hub;

(b) amagnetic shield arm extending from said outer race over
but not connected to the inner race to a position between the shaft and the
magnet and pole pieces; and

30 (c) aferrofiuid magnetically held between the pole pieces and
the magnetic shield arm to form a seal between the shaft and the hub.
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pole pieces and the shaft.

13. A seal according to claim 11 wherein the magnetic shield arm
comprises a cross-sectional area that is substantially L-shaped, having a

10 radial segment fastened to the outer race at of sufficient length to extend
over and interior to the inner race and a axial segment extending
substantially parallel to the shaft and between the shaft and the poles of
the magnetic seal.

15 14. A seal according to claim 13 further including a support arm
extending axially from the stationary shaft towards the hub, a distal region
of the support arm from the shaft supporting a radially outer end of the
annular magnet and annular pole pieces, the annular magnet and annular
pole pieces extending radially inward towards the shaft from the support

20 arm.

15. A seal according to claim 11 wherein a Nyebar® coating is
applied to the magnetic shield arm to reduce radial migration of the
ferrofiuid away from the seal.

25
16. A seal according to claim 11 wherein a Nickel cladding is applied
to the magnetic shield arm to provide a substantially smooth surface in
contact with the ferrofluid.

30 17. A seal according to claim 11 wherein the top pole piece

comprises a cross-sectional area that is substantially L-shaped, having a
long horizontal portion substantially parallel to a surface of a pole of the
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magnet, and a shorter vertical portion in a facing relationship with and
substantially parallel to a shisld portion of the magnetic shield arm.

18. A seal according to claim 17 wherein the vertical portion of the
top pole piece comprises a contoured surface facing the shield portion of
the magnetic shield arm to introduce a magnetic flux gradient between the
top pole piece and the shield portion that axially concentrates the ferrofluid
between a center of the contoured surface of the vertical portion and the
shield portion of the magnetic shield arm.

19. A seal according to claim 11 wherein the support arm comprises
a non-magnetic material.

20. A seal according to claim 11 wherein the magnetic shield arm

comprises a magnetic stainless steel material.
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