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A driving force in electronic circuitry today is the increasing move toward lower Equivalent
Series Resistance (ESR) and Equivalent Series Inductance (ESL). As IC performance increases with
submicron geometry, there is a need for lower power supply voltage and noise margin. At the same
time, increasing IC speeds require higher power needs, These conflicting requirements create a
demand for better power management. This is being accomplished through distributed power supplies
30 which need larger currents for decoupling noise. Increasing IC speeds also mean lower switching
times and higher current transients. The electrical circuit must, thercfore, also be designed to reduce
the transient Joad response. This broad range of requirements can be met if the circuit has large
enough capacitance but low ESR and ESL. |

Aluminum capacitors typically provide the largest czpacitance of all capacitor types. ESR

35  decreases with increase in capacitence. Therefore, currently a large bank of high capacitance
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manufacturing costs for making and/or refining niobium powders and other metal powders.

A further feature of the present invention is to provide niobium powders and other valve
25  metals, preferably having high surface areas and physical characteristics, which permit the nicbium
powders and other valve metals to be formed into a capacitor having high capacitance.
Another feature of the present invention is to provide niobium powders and other valve metals
which, when formed into capacitors, have a low DC leakage.
An additional feature of the present invention is to provide niobium powders and other valve
30  metals having better impregnation properties.
A feature of the present invention is to provide wet-milled metal flakes.
A further feature of the invention is to provide wet-milled valve metal flakes, for example,
flaked niobium and flaked tantalum.
Another feature of the present invention is to provide a wet-milling process which uses an

35  inert wet-milling fluid or solvent that causes little or no contamination of metal flakes formed from the
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25 In addition, the present invention relates to a process to reduce contaminants involving the
step of milling niobium powder or other metal powders at high temperatures and in the presence of at
least one liquid solvent. Also, the present invention relates to methods to increase czpacitance and/or
decrease DC leakage in a capacitor anode mvolving the steps of milling niobium powder or other
valve metals at high temperatures and in the presence of at least one liquid solvent and then forming
30 the niobium powder or other valve metal into a capacitor anode.
The present invention further reiatcs to a niobium powder having a carbon content of from
about 40 ppm to about 200 ppm and an iron, nickel, and chromium content of from about 5 ppm to
about 200 ppm.
In addition, the present invention relates to a niobium powder having a carbon amount of from

35  about 40 to about 200 ppm when the BET surface area is about 1.0 m*/g and a carbon amount of less
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Figure 4 is a graph showing the amount of carbon impurities present in niobium powders

25  having various BET surface areas and prepared differently.

DETATLED DESCRIPTION OF THE PRESENT INVENTION

The present invention relates to methods to prepare niobium powders and other metals,

preferably having high eapacitance and/or low DC leakage capabilitics. The present invention further
30 relates to niobium powder and other metals having reduced impun'tiés and methods to reduce these
impurities.

The present invenﬁon, in part, also relates to metal flakes and wet-milling or wet-grinding
processes for making metal flakes. More particularly, the ﬁresent invention relates to valve metal
flakes, including, but not limited to, tantalum flakes and niobium fiakes. Examples of niobium flakes

a5 are described in U.S. Patent Application Serial No. 09/071,537 and in PCT Application US97/19949,
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In general, the valve metal, such as niobium, can be prepared by taking a niobium ingot and

making the ingot brittle by subjecting it to hydrogen gas for hydriding. The hydrided ingot can then

30  be crushed into an angular powder, for instance, with the use of a jaw crusher and impact milled one
or more times. The angular powder can then be clezned with the use of an acid leach or the like. The
hydrogen can then be removed by heating in a vacuum and the degassed angular powder can then be
subjected to milling, such as with use of a stirred ball mill where the powder is dispersed in a fluid
medium (aqueous or non-agueous) and the medium may include a lubricating agent such as steanc

35 acid or the like, to form the flaked powder or high surface arca powder by the impact of the stainless
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temperatures of 300°F or more. More preferabiy, the milling temperature is at a temperature of from

- about 300°F to about 420°F and, even more preferably, from about 330° F to about 380° F.
Preferably, the milling occurs in a ball mill, and more preferably in an attritor ball mill.

3o With respect to the liquid solvent, preferably, the solvent is tolerable with respect to the
particular elevated temperatures used and should remain a liquid during the entire milling process.
Furthermore, the solvent is preferably a glycol type solvent, such as polyethylene glycol or
tetraethylene glycol. Other suitable examples of solvents include, but are not limited to, Dowtherm®
fluids from Dow Chemical. With respect to the amount of solvent present during the milling step,

35  preferably the solvent is present in an amount to permit the milling of the powder to form the miobium
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Ausimont USA, Inc. solvent designations indicate the boiling point of each solvent.

Particularly preferred fluorinated fluids for wet-milling according to the present invention
include perfluorinated fluids, more preferably, perfluorinated perfluoroalkanes. One exemplary
perfluorinated fluid is the 3M performance fluid PF-5080. PF-5080 is a non-ozone depleting

30  perfluorohexane compound that has a boiling point of 102°C, a viscosity of 0.7 ¢St at room
temperature (25°C), no flash point, and a 11 ppm solubility of water at room temperature (25°C).
PF-5080 is a particularly preferred milling solvent due to the strength of the C-F bonds and the
ability to support free oxygen. As with other perfluorinated fluids, the strength of the C-F bond
provides for lower carbon contamination in the resulting flakes and the solvents ability to support

35 free oxygen provides for lower iron contamination in the flakes. An additional benefit to using a
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even higher purity and/or higher capacitance niobium powder,

Preferably, in such a milling process, intermittently the niobiﬁm powder, which is being

30 milled, is subjected to a deoxidation. Any deoxidation method can be used, such as magnesium
deoxidation. Preferably, a high termperature magnesium deoxidation is used. Other deoxidation
methods that can be used include, but are not limited to, gefter composites like getter methods, such as

those recited in U.S. Patent No. 4,960,471 incorporated in its entirety by reference herein. After such

a step, the niobium powder can then be acid leached to remove any residual magnesium, if this type of

35  deoxidation method is used, Afterwards, the niobium powder can then be subjected to further milling,
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subj ect 87" IFRAKPIP RN S 25rrPhied frefrigery 2inephers 1kp iaga. pdkache can have
a phosphegnegums devkidition tspehedlly fors siifidicdtitizlensd 4tRQuieieh @Rtk B SMbJeace area

during h treatmept. The heat .treatnent can be any tenperature
suf £ e PR beebd BRI S e obid R iR b M vl Doipeme o
reduci nér theenaguesifia cleoxaiatian. is Sorh ebpelahitutes tb SvoulERiurs] e FofeRdferdly Mt Ch can be

used is |- Y, | .0 r-30 m nutes. However the tenperature and
e canhooq Mg tobyg 5” it e e R el et und

precipitates out, e.g. as MgO,, for instance, on the cold wall of the furnace in this magnesium

deoxidation step. Any remaining magnesium is the preferably substantially removed by any process
30 such as acid leaching with a dilute nitric acid and hydrofluoric acid solution.

After milling, the niobium powder is then subjected to a heat treatment and, preferably the
niobjum powder can have a phosphorus content to help in minimizing the reduction in surface area
during the heat treatment. The heat treatment can be any temperature sufficient to generally cause
agglomeration and preferably without reducing the surface area. A temperature for heat treatment

35 which can be used is approximately 1100°C for 30 minutes. However the temperature and time can be



PCT/ US00/ 07051 nodified to ensure that the high BET surface area islB&EP 2003
reduced. Other valve netals and other netal powders can be prepared. i-n the
same or si{igg@kegpnner as described above in the vari ous nethods. The

met hods of the present invention have the ability to red®€USPOGTOFI m ze t he
anount of s inpurities present in niobiumpowders. N obium powders
processed through the present inventigon preferably have carbon | evel s of
200 ppm or | ower and nore preferabl y'IQt | evel s of fromabout 40 ppmto
about 200 ppm Furthernore, the iron, nickel, and chromumlevels are also
reduced BPfedieensyss BatdpedighBESsuéasprca isnaredemdi ned amount of 200 ppm or | ess
and nore pr ef@pakhye Bl HARIHBE about S ppm to about 200
ppm These anpunts are wel | belo coh@gﬁnﬁn{eg%é%@ ’ﬁ%ﬁrs?wvri‘g’rﬁ]érrfﬁ@ﬁ?rs“for

ni obi um J5ERRB%I2badn e wsiousmpathods. net al s. Preferably, the ni obi um powder of
the present ThBVRMbAUT dR8Testht GREMR ..Qf from about. 4Q to aboyt 200
ppm when, t he. surfac_eS ar ea ie abou?ﬂlllf[a.@g%%l)lg "QHEEE L EVFBBRE DBt | ess .

t han 5250 BIFHREHWAETF I @IBEom rowwdera c Niohimm powfert precessed irauph he\pebesnt inSentifit om about
2 t o abouéferdblp hiR /b 3 Evdi\® 260501 Basvd f Fe/N.LCr. is.less than 100
ppm when the . BET surface ar eaﬁgc%_ t he %%@%”6%’%%54 et ]eivglsﬁgg‘ﬂi?a 0.“64@12/9 and
| ess t ha®™p 8t DY FPEp Frsiserere, e TBETickE, andi¢Hrorsiem devela arie 3156 redmeabaitre 2. 0 N2/ g
t 0 aboutpréferBblyBre@nt il BSofBibdd AbiSunP b 20 S b8 LY SRELo0 would . al g0 lead to
i mproved purity levels of other val vgp net %Fgﬁdéﬁl}ée/%tc%m&ﬁéy\%w Eﬁéﬁnt of
irpuri t i BIOF52800 7 PR 1Pt 200:prsbnShessyprountsfree Wb bélermegevienal dmpurihe
presant dnfou@ior 6iobilh pbRETBEE duitt R nBRAGH:, whEwgaRagl tar anode has
a reduced DC | eakage. The DC Ieakz&e can 'ﬁ%l}?%gg%ga&ﬁswgrofglﬁg’ieseg?@ and
mor e pr SFEPEBINGS 2,$2r0R ZRpunt ofgfpomabept Adte@bent di0mpabihpn PO sufecd asit abbb%hd 0 about

20% due 'y dnbie cpboacathR0leQfihah DR HinQich e BRYIGE L5l L NG, IBLNGGS Of T he.
i nvention further permﬂ]ts 3 A ng tinme to

present Jnvention. Tlr]f B_Eesent er
forma partiethP WertL s sddhesomhingd pmoprs of FefNiGriitlasstiiay 1p&phurebkn thor
i nst anc BET sagfacs an®ofBehichilin @6erad M8sut 9.0 np ROl W BRWSH A gepi eved in
about, 5({,%9[ 9 about 9 %t%bthe convent izongl il ng ti e .anh .(r?rlbcre
preférably i A abdiil PBUsdha & o2t 4.5 /g dheympthqds gf the prescrtyipientidnl wouleded t o
achi eve dsaéad @inpBied patity leadeofathevalvOmetals par t i cul ar  ni obi um powder. The
ni obi um powd of . ot her t owders_(e.g. flaked, angular, nodular, and
mxtures t hgugo ‘5“‘ ‘S‘S‘Frrf'é'ﬁ’“”‘%f’gj‘mpﬁfr‘rﬁs ?fr“&?gé%%‘g%fe"f%% whercleripbipm pewrer ofy
pr ef er atshgprivent EwentiBEE forned e caaeitr @bdsihe cpRSt andde Al a rBiuRed Hleaidpd NoOT €

| east about 2.0 nR/g, and even 30

prefera Dt bout 1.0 n2/.g, qr at .
more pr ?P%r al%?a;l/(&gt% i"I t%és ucegéﬁﬁttlgg.s g’ ”r?g/’lj’red’? cfegpdly at lrag 19%p9nd mast grefepsbly and nost
pr ef28r alsk Jeasil 5% daattouB20%6 dR/tg the padeeskitg 61 thbnibbiliR pewdeR Bfingdthe IBRSds dtlqut 6.0
2/ g, anghLRRYSs ] rom about 6.0 to about 15.0 n2/g, and ranges from about
8.0 to about 150 n2/g. The BET ranges are based on pre-aggl onerat ed
ni obi um powd&hepreseittimventiop irthen poavind e miltisg tinketo yrsinaipeichl 2 BETQRTRY fed ged. Al so,
the ni obkUPONAet-s6aR Hr waBk WPLAL 3T die 3L 20300 S020288,,

achieved in about 50% to about 90% of the conventional milling time, and more preferably in about

25 50% or less of the milling time typically needed to achieve the same BET surface areza for a particular
niobium powder.

The niobium powders or other metal powders (e.g. flaked, angular, nodular, and mixtures
thereof) formed from the process of the present invention preferably have a BET surface area of at
least about 0.5 m'/g, and more preferably at least about 1.0 m?/g, or at least about 2.0 m?/ g, and even

30 more preferably at least about 3.0 m¥/g or at least about 4.0 m?/g and most preferably at least 5.1 m*/g,
at least 5.5 m’/g, and at least about 6.0 m’/g, and ranges from about 6.0 to about 15.0 m’/g, and ranges
from about 8.0 to about 15.0 m%/g. The BET ranges are based on pre-agglomerated niobium powders.

The niobium powder can be hydrided or non-hydrided.  Also, the niobium powder can be
agglomerated.



Wth respect to the preferred flaked ni obi um powder, the flaked ni du§ BbR 7003
"powder can be characterjzed as flat, plate shaped, and/or platelet. Al so,
the flak Orabggb%m powder can have an aspect ratio (ratio of dianeter to

t hi ckness) ~0 m about 3 to about 300, and preferabl yPCFUSHMERIut 200 to
about 300. The fl aked ni obi um powder permts enhanced surface area due to
its norphology. 5 Preferably, the BEI surface area of the flaked ni obium
powder is fromabout 0.5 n2/g to 15.‘b1‘n2/g, and nore preferably from about
1.0 n2lg to about 15.0 n2/g, and even nore preferably at least 5.5 n2/g
and at IeastW&bé@PC%.tCthPrWengeﬁbﬂd(céwahmﬁm@dgr &t Eeleed Imobiuinspanded eade about
7.0 nR/ I r fagge : i.obi um
-powder g:rareaa%%agggtﬁ% ﬁ{ggga%?r%? gd/‘?ﬁﬂécgéguf&%ﬁhgﬁﬁg? é%glr%%ﬁé%?%gae eaﬁabl y from
about 82eciytg (ratp eftsiametentp tockness)pf dromfapeid dbabont 300, @udR¢ferabiy feboabout11. O

M2/ g. 38 «J DouBb. TRNGES: ASRnPARRE RAnRIRrARE LIRS ééagage Uf%‘érﬁ%ﬂ%igggi um

‘powders. The fl aked ni obi um powder ‘can be aggl oner at ni obi um

powder Bafirellste BET shifae trererf tesrilalsesniohjum pateer.is Tore bayt.omie e bW milaked
ni obi umgaGNse m&&ﬁiﬁﬁ@m&éuﬂfg@m% 2CBbilt @@G&?}F,‘t b efthy ﬁ‘lﬁﬁﬁfg{ggﬁ’g PROYSE <35 g/ i n3,

and nore,preferably aboug to about 35 g 3. T 200 nerated fl aked
ni obi unfMysadet lepst afaut Ghmye, pdeven mroprefomings at {pap fhopicledlmish Frefertsdmanges2,  and

more pr gf grehkiee dr&SHr hONIBRRHIR B%W(ﬁr £ 5813 -abdul 60 grg@% yt;outt 3% A9ghamer at ed

fl aked ni obi um powder has a flow o reater than , s, nore preferably
fr.om abB@te PaveraRly omgbarbdlim7e (roebayy/13-0 mifger fpm iBhauh?-povie & abewd 1dprizonal | y

haveo an TREYEIS Angee ire Biked on PRCagaldREREd AlkePXMRSI&RQL ENt  can be about 2, 000
ppm or bel ow _or_above. The niobium powder for instance can have has an

oxygen cont Soft fakrd pieipm apvAst c2p bp@eelgismtado TanBtked siobigp@opdmrantivdenat i vel y,

the fl akppided @BoaRYRide@ e Bidtfierated akd RRDRE Hoky h&m@mm@s&@éﬂw oxygen
content, such as 'l ess than 1, 000 p%m Furt her, the njobium powder can al so

have a Phis® Utoor# B End mere refreably, 2bay 40 dgy2brit & BhoSisHBREEOT e or with
?xyge n. ﬂ??g&gi_dbipin?ﬂwﬂér plecRRbR hedY Stéﬂi’t Daiélﬂ)f(_h’f 1884 ﬂ)?lhalﬁm $P fiﬁﬁt'#l&? bﬁ{]ﬁb@ﬁlesso pt :jo nal .
n one [ 0 resent iny on, e anmount of phosphorus doping
of The TRREBPUPBovkiEk s HeaseohFai SRt RO oAl 3 Srer S T eos
t han abeigts, AGe pieferablydfroch ab@s B0 R's prabduesm@bigk, | ess t han about 25 ppm O her
conventi onal ddibt.i ves inc%ﬂ%iw dopants, can be included. The niobium

ot 'lhﬁv

~ powder can opti BAALT POHE F SHP PPGHLIEY- ety & oFYge #PEtthat i onal
Publ i shezh bapixdut 2,600 ypm dibelow/ D aB&E STHEIBobjticHolvEdn 6wl inace 3an HhOs ar ddggenpor at ed
inits L Sty réerence rein.  The varj ous_.ni phi.um powder s
descri bg‘%ll Abov e ca?fﬁmbzéo8 REP R &F0u e é)?a@fn%rl FEaysl Phdekat ueyy graﬁny 0‘5?5
proper t tyesofmatuint ¢candraverndow dxlpgen bortemp such as les than Lea@pmt or usi ng t he ni obi um
powder s of twq&emmj Vx%?“?l k0. 9e |, the niaobiumpowders of the
present invention can _htl)e Foes ed Eoscr) elcgc@rg{p@%r?s w%re% eFt %Y %)Pmﬁr“é%si ng the
ni obi umplyspideys alave oor arithagete dihel depingt off the giobie powds seth phiobérumspdwder  at
appr OP! loffofall CHRRE Hrkbbcifen? B ik BRenP RO ML SEnARIHEAARLIBAGE o1
el ectrolytic capacitor anode I ch can then be su se%uent ested for
el ect ri EBPUPROYELT is dess than SHoE4O0 OVIMPE PEGHBAI86 IREELUSORY Al 5hd mbst
25  preferably less than about 23 ppm. Other conventional additives, including dopants, can be included.
The niobium powder can optionally be doped with nitrogen as described in International
Published Application No. WO 99/57739 published May 3, 1999, incorporated in its entirety, by
reference herein.
The various niobium powders described above can be further characterized by the electrical
30  properties resulting from the formation of a capacitor using the niobium powders of the present
invention. In general, the niobium powders of the present invention can be tested for electrical
properties by pressing the niobium powder into an anode and sintering the pressed niobium powder at
appropriate temperatures and then anodizing the anode to produce an electrolytic capacitor anode

which can then be subsequently tested for electrical properties.



Preferably, the niobium powders and other valve netals of the preseqiep 2003
i nvention have excellent inpregnation properties as reflected by an

i mproved %0'0(9% di ssipation factor, (Df) when forned into capacitor
anodes. Accord %ﬁy, anot her enbodi ment of the present i RCEHEIOSMSEel ates to
capacitors formed from 5 the nitrogen containing niobium powders of the
present invention. Anodes made from sons of the niobiumpowlers of the
present invention can have a capacitdfce of greater than about 62,000 CV/g.
Al so, the capacitor anodes preferably have a | ow Df. Accordingly, the
present i nveRTEaIPLE (et mehiue @bwiders andoother olaive mepdsoiethe widsedd indegian fhavened i nt o

52, 000 G o e SRR b AP ek 5 o RO B0 P e p B IO 1t e

ni obi umfmﬁﬁi@@%ﬁmm‘imd into an el ectrolytic capacitor anode, the anode

h [ | : 150, 00 / d
ot or bl v 1 Fom o e R e Mattintal S88Y b reimu Ry of or bl y

f r omSabdiNireEs) cEBiIdg nipbius Reldes oXEO PRt iDdhipn. Fnede naadAGH SRIRCE TR €

Measur eGiobiim! goddrOb fvirfd t he .ni obi.um powder i roed into an
anode in the I{‘E’ol v N w%ﬁ: %@&{Acaﬁgg‘{eaalcﬂ%lgacﬁ Oﬁﬁrﬁatgrghaﬂ§é‘ﬂ’t ?7060 ce an
anode. TH®: harapeditornedshpreftraldyihave ¢ BWAYL i nches in di ameter X 0.446 inches

in length) andcd@nPaR qm?glq. . tantal um w re wel ded to the
outsi de. The tgrrltré um g%%lml s ﬁ’ge- e ‘WQ‘P%“'PSW EB'HC}EHE‘?\Q@?WA%WOM um
powder , hsiegFlnicarreacity svpder ghe. anGlenbasrd papaditswp of abuve 662,000\CWanRgEmbom 1000 C
t 0 1500 pleferd®tl BHoGd &0l W/d. I BehdiO0mEn; T i ntered ni.obi um
filled tpgnt,al umcan is théen anp@?bggnﬁgﬁﬁﬁgg?ﬁhﬁ%ﬁgd Vol %“a*g%g"dﬁmzo 10Vf
to 50V “PtHopRde thepngdeheny capagitapea 4t fromhabow AHN0ZEE trabowti 160,6002V/nandbi um

filled tnibfd prleffiblyFdm dbduldd O E951E AbduPh ' TAYI=We ci tance
(uF) of Ggpq(?ég}gygt anmt al Ll!}m can i?tsugéu?é‘é%@%ér%qg%ségg%g%%gn%gﬁof t he

ni obi um 1'% Aodl 2RP0nV /8.0 These Fagacitance gre mepspwed it e fdlowgEmamsaadidng.  The

resul t aniie niRlbfied gow@erlis BRRA W6 8 ahode MARIbERThgWAy:UFV/ 9. In forning the

capagi tor an%des of the present invention, a sintering tenperature is used
25 wi

whi ¢ gl pmcgn payde pEsd IPTPRee aF angdee Thsdantalen canrmensurh é030A dpckese  desi r ed

pr oper t iediaméteret e.nmhmihh@Fm' A4 6Y dpefat dnCEHR SR Rhadla Sankadurh WAL ARQUL ;1100 C to
about 1750.C,..nore prefera fromabout 1100 C to about 1400 C, and nobst

. y ] Cto
pr ef er aPS 95 O BHEHR o1 sobrectilied, vaBday Seabdensity Fiekivmmraider. tisighedcenfir om t he

ni obi umsperadeSiateniy teperraSRIYrargB HORALIOOR (A6 §500° €f 2f sRkYathPESE To0dE 2
vol tagemo{ds0 from about 30 to about 50

£5S1 ha oyt 60 volts, preferabl ) _

volts, an lr)mcr?'ent"?:'st’)"‘ ?e’f“g’f“&b %fdé”t“‘ziﬂbg’f‘ Isfornpprdized nyipg lorpationvoligeand| t ages

ar e 28 sd0Ytie SOBT &d psaficiblye2d VA RS £ 30e usddized D6 sih®fS nidBiue! S¥eddnkiudd 48 Wor ki ng
vol t age formed fromthe niobi owders of the present invention
are fro?rs]tg no%%lgﬁﬁfga pg%%rff’f (ﬁ‘ v Tfagacétﬁ’éfer[rwgpfﬂ ETFRY PPy fa8 3§ sbsted 4 t o
about 1@Fomohe sapacifeme, of the@icbamofitled ténmaluie canfts Pt xeucapiitanos QEYadiss, Of t he
present | r.ef l y_have a | eakage of |ess than about 5.0

R Aol oBh BB T

na/ CV. In an e “invention, the anodes forned from
sone 35 of t Heformingthexpasitonemexiss obthe pleenpimestphta sinfvigficinpetatia asdd wieh | eakage

of f50 m“"f‘lpﬁgt'ﬁxit %c%rﬂ% og\éf :I &pﬁgg}ggod% ha‘gﬁnsg e d%sqrg pr\(/)\jl)?:m%g./ ?r%%?agly: ﬂl}c?)sintering
temperature is from about 1100° C to about 1750° C, more preferably from about 1100° C to about
1400° C, and most preferably from about 1150° C to about 1300° C.

The anodes formed from the niobium powders of the present mvention are preferably formed

at 2 voltage of less than about 60 volts, preferably from about 30 to about 50 volts, and more

30  preferably at about 40 volts. Lower forming voltages are also possible, such as about 30 volts or less.
Preferably, the working voltages of anodes formed from the niobium powders of the present invention

are from about 4 1o about 16 yolts and more preferably from about 4 to about 10 volts. Also, the
anodes formed from the niobium powders of the present invention preferably have a DC leakage of

less than about 5.0 na/CV. In an embodiment of the present invention, the anodes formed from some

35 of the niobium powders of the present invention have a DC Jeaka ge of from about 5.0 na/CV to about



PCT/ USOCQ' 07051 0.50 na/CV. Wth the high capacitance niobium powder! gﬁiEsﬂ@B
form ng vol tages and hi gher working voltages can be used, such as from
about 50 t&ga 38’9&; 80 volts formation and from about 10 to about 20 working
vol t age. Q VSRS additional benefit of the present i nvemrcir®Rogoed he

i nprovenent in DC 5 | eakage, i.e., stable or |Iower DC | eakage as the BET
of the niobiumincreases. The present invention also relates to a capacitor
in accordance with the present inventlBon having a ni obi um oxide filmon
the surface thereof. Preferably, the niobiumoxide filmconprises a

ni obi um%@ﬁ?’&kﬁ-de film Besides niobium the present invention is

appl i cabl e t gy@hy, ahL ' : be mlled, such as 10 valve netals
incl udi ng_tant al u%m%%'hepa}g%gﬁl ‘?bﬁgm lg(é‘?fggf’i ]Pé’” OrreRe yslagesyivd thighprmeorking gher
capaci t aftEaseuEn be ted, sush eifrairoabome G0 forabont BheoltRirabtioR eNERI ABS/18% Hif2d € at ed
for m ng wdkih @98 NOL KL 1y tage, and . inproved or stable DC | eakage are
al so consi def"ral_ed %art of gta ‘gﬁ%glg%eg?\tﬁogﬁh\féﬁn%’ﬁﬁ‘mﬁ*ﬁé 1% f5dmpovamgnion Dhe
presént fakesdte; spbleatirwseDy dralige 7 the BRI dféteyiobfum@igeattgeS such as  aut omoti ve
el ectroni cs; 16&blesth@hvdal : uters, such as nonjtors, nother boards,
and the |ike; 15 cqn‘éun@?&z’lr{gc Toni f:?a(inﬁﬁnﬁf%%”mﬂhﬁﬁP(EFGFEIPVGHUOI‘

pri nt er SPERHT wekum pxidafimsmthy sudface threoed € e fer@il ke @ 6biur i @NR e SmprRRd, di sk
drives. nifdfmiYegsgidmni,nvention will be further clarified by the follow ng
exanpl es, which are intended to be exenplary of the invention. 20 TEST
METHODS CARAEFSTISNEEDIWE TR sant infrérdikeis Elicpbiehtemiy MieinvhiEas b BB bsh asl Anode

Pr epar atva®eimeted inciREiSP Bh&HH1 I f O%ﬁi—% g fabricated Ta can
25 (1) ecoréje\lﬁtﬂhecumjeipght of ]gg{(::cﬁﬁcgnc%ggbsrue s \ '?‘%P%E?Rﬁfé?mfﬂ Fill
t he can "UPPeaiORId [FoTcRe mefal netrderamd/on therelaed damparctoltigecwiig @sltagel ) Recor d
the wei ghpro@f of {dleIReaE: G50 2oraNd [ ring .. 30 (a) 1300 C x 10 m nute
(profile "A"%{h(b L.oad l\ﬁ':l psgr?ssarrp eaﬁéjgﬁglimsécgrrtﬁ?‘ﬂ?m@&n per sinter in a
large tray in™sGPROGrsRirfhepreseptainventioncan biuaded iiol @ntaribty Geiteh® Rises aGchDA

mai Nt ai Aettmotie 2RMrdaics; Bl 358 oo : 6 10, 1% H3PO4
El egér ol gt e %]\_é{:Sm rcl:fjt es o? 20 r?&/n%&é%%%c%%g%éo%&%@e%%%mééﬁd fﬁd‘?ﬁl’V\D
L

60/ 56486 AT (S[ecEenicR pluding BYsrné (GRIp canESiRopTes owiey: supplies) mBEmkaakage Test i ng
-- notebooks; and disk drives.

The present invention will be further clarified by the following examples, which are intended
to be exemplary of the invention.

20 TESTMETHODS
CAPACITANCE METHOD A: flake CV/g electrical measurements

[1] Anode Preparation:
(a) Prepare N=1 per sample of powder into a fabricated Ta can
25 (1) Record the weight of each can before loading with powder

(2) Fill the can full with powder using no force to compact the powder
(3) Record the weight of the loaded can.

2] Anode Sintering:
30 {a} 1300° Cx 10 minute (profile "A")

(b) _Lo"fd-N=1 per s_ample and 1 empty can per sinter in a large tray in such a manner that
individual identification can be maintained.

[3] 35V Ef Evaluation :
35 (a) 35V Ef @ 60° C /0.1% H3PO4 Electrolyte
2V/5minutes or 20 mA/g constant current




70% Ef (24.5 VDC) Test Voltage 60 second charge tine 5 10% H3PO4 SEP 2003

(b)OCapgaci tance-DF Testing: 18%RSOUA@1C 120Hz 10 CAPACI TANCE I\/E'Igl)—léla EP

fl ake povvdg’,r %}é/ el ectrical measurenents [11 Anode Fabrication: (a) 2.5
Do OB

and 3.0 | ubed powder using the No .025" "expardedshewds” 15 (c)
size = 0. 197" dia 0.230" length; (d) powder wt = 340 ng 12] Anode Sintering
(10 /A Ranp): (a) 11000C* 10" 20 1290 C* 10" 1300 C* 10' 25 30 35 3 35V
Ef Anodi zati on: (a) 35V Ef @60 C/0.1% H3P04 El ectrolyte 50 rnAl g constant
current [4 %, a@ﬁﬁcaggkq@gﬁ,ESR Testin : (a) DC Leakage Testi ng --
78%2; 4(t arm‘g ¢r1g hGed2SOA@1C 120 Hz [51 50V Ef Anodization:
aci 4. v
Eag 50{)/ Ef @56%céAdQnd¥%e ng& OEI ectrolyte 50 rnAlg constant current 40 6 DC

Leakagef Capacops; ange4 RcTestin @ (a) DC Leakage Testing -- 70% Ef (35
VDC) Test (Wptir@fnce @@g@md charge time 10% H3PO4 @21 C
18% H2504 @ 21°C

120Hz

10 CAPACITANCE METHOD B: flake powder CV/g electrical measurements

[1] Anode Fabrication:
(a) 2.5 and 3.0 Dp
—_ (b} non-lubed powder using the Nb .025" “expanded leads”
1s (c) size = 0.197" dia 0.230" length;
(d) powder wt = 340 mg

]21 Anode Sintering (10'/A Ramp):
(2) 1100°C*10°
20 1200° C*10
1360° C*10'

I3} 35V Ef Anodization:
(a) 35V Ef @ 60° C/0.1% H3PO4 Electrolyte
25 50 mA/g constant current

[8] DC Leakage/Capacitance-ESR Testing:

{a) DC Leakage Testing ---

70% Ef (24.5 VDC) Test Voltage
30 60 second charge time

10% H3PO4 @ 21¢ C

(b) Capacitance-DF Testing:
18% H2504 @ 21° C
120 Hz

35
[5] 50V Ef Anodization:

(a) S0V Ef @ 60° C/0.1% H3PO4 Electrolyte
50 mA/g constant current

40 [6] DC Leakage/Capacitance-ESR Testing:
{a) DC Leakage Testing -
70% Ef (35 VDC) Test Voltage
60 second charge time
10% H3PO4 @ 21° C
45 (b) Capacitance-DF Testing:
18% H28C4 @ 21° C
120 Hz

Scott Density, oxygen analysis, phosphorus analysis, and BET analysis were determined according to
50  the procedures set forth in U.S. Patent Nos. 5,011,742; 4,960,471; and 4,964,906, all incorporated

hereby in their entireties by reference herein.



45 (b) Capacitance-DF Testing: 18% H2SO4 @21 C 120 Hz PCT/ usdd SZP3m;3
-Scott Density, oxygen anal ysis, phosphorus analysi.s, and BET anal ysis were
determ ned according to 50 the procedures set forth in U S. Patent Nos.

5, 011, 742WOQYG66471; and 4, 964,906, all incorporated KRETABYG7RSIt heir
entireties by reference herein. 1 9 SEP 2003 WD 00/56486 PCTI1JS00107051
-15 EXAMPLES 1-10 El ectron beam produced ni obi umingot was hydri ded by
heating the ingot in a vacuum of 10:13-torr to 1050 C hol ding at 1050 C for
15 mnutes, and then cooling the ingot under vacuumto 600 C. Once the

i ngot rEXGAVBHES®QO0C, particle pressure hydrogen was |l owered into the
furnace cha f 1d ) | ed under t i glnpressure
.hydrogen fl (I)E\?végelﬁcag‘ pg%gf%gmgi?%ﬁoh%gE%@ﬁ%%g%%\%%%ﬁm %\énsa{% en %&Pmed down

t 0 - 28"tomierl@8f°yC lzoiding # @860hE &k 1 § iningwds, widttlen avodjogth iogot Bidetigeuuie 600pCessur e was
mai ntai@ﬁg At nge L LT ur r her. | e,
.stabili zed?hléil&ér‘)k re\%\%gdgra ﬂézﬁc& ﬁﬁf@%&@%’g wﬁggo“f%gﬁlnéo\zg&e %afﬁ (éhg}}s%ﬁ%épsuch t hat
t he swor300 sefnped agal vas déatkdrpder parsaé presive hydeogen fléw beda pamgd bf 4ddwucr Tahed i nto
angul ar_powder i j heg [ Lbed and then. 10 classified to
5 by 807 m cr o%ss&l‘lglngué*rf% Qlidrg&qgﬁ’agﬁsi ’ﬁé}g‘g} %obg’lek#lﬁvs‘&r %ﬁ%’vtedsfggiml‘lﬁ%e

si ze- r emesaeewahpanteigehuntibthe sinpiratgre pamessgied by Hyork Gatmiongppiehseabpied. it es to 700
Cin ay m i : . roge ei ng
emtted %% t_}ﬁgﬁ.1 %Jgru ?{dgﬁ?g&g e g’gca?gﬁe) an@ﬁﬁ%%ﬁ%&&%ﬁ@é@ ?%E'eghgr ocessed
in a 30engriged doest was ctusliet amo gagular pevdeminl 2 jaivl drushqr 280 impamt Midled atybthen 6 hour s)
where PRI & $BERS Aflcrbi i 3n IR liassiel 2RO R I Ofle DS 6" 15
440C st ai nl ess s?)gel ncerd?ulm I\]/\/(;15 C%af)sr med ?n%ggi?g?igggﬁgoﬁo&e@c 61;2?{:%%@%@“,[ of
st ai nl eydrogenerontainig| partiglsy bxdhcatingtthreragicles V0BT C inct weeiumguritihpresswrAfvaepo t hi s
initial 105%}Affcggdg);ﬁ}@ﬁgg@ggg,gmggﬂ%mpm% upon neasurenent had a surface
area of about 1.5 nRlg. The flaked niobi um powder was then nagnesi um

deoxi di zed udieigeasisd areuler payderng thep pEoprayh &4 10 Srpeva pigiter soredriebpiim  The
magnesi ¢sn §eost 8ahi ORourd GAHE hRedisparsddQNPLEAllER] Abaidh il 1060fs.G/ignd for
about 60 m nutes. The flaked niobi um powder was 20 then renoved and acid

| eathed™Pb SRERGY &cd irdras v darmedih Bed pewdrhbysthe imract |of seRlerspiapikells
acconpl mslee byhye Sdti6RbE Rltiflg Bdrd!M After GRS initlaD nf1GhgAHle l1BIRd nRbiuk @RIdeMhh aked, 400
g/l b. of deionized ice, 200, m/IDb., nh_hr qac;l d, and 2 m /1b. hydrofluoric
aci d ant*SFFEIH PR SHecerAs] Rgtic /e it RIDILn ROPES V2t PERIIZENESI £ | aked
Bi ﬂai umlieiaﬁuﬁ?us}ugsbdﬁhefm apﬁ:mmﬁuﬁadbi giigm af nlobRAmSAREnbsia debkili£libn S]Ei rrﬁd.
a m a urt her | cordance wt t he paraneter, set ort 1IN
Tabl e | mf'ﬂ?cgéhiﬁm8?m?ﬁé’?]$?§$§?°é£“f“§?% aRONTQY myRuIGSS &ﬁfgke@%&oﬁb‘ﬁé’é’,‘”d‘m’f@s aver age
et hanol thed amoyed enfpetiatledcked dolremigyetdie rekidudli Mgnethas. agRE Q¥id Medckhy &bF and

the mlling.s d s approxi mat el y 350 rpm _Th ariahl.es.for h of the
exanpl e%cc%rgpehsgegﬁ}y c’fe\l\%?rigﬁ SR ‘i"gﬁln@gf}f}ﬁ‘ Ogﬂf’lﬁu%g&f‘ﬁé%r%lblﬂ?f@?mzlc m&?@ of the
exanpl eswWbetitrit acid,and 2ml/hehylabieic a6d md prdithtndfinsing @odofitivzidaly bf sk@ek. ni obi um
powder e ﬂg(%li ln%giurrg 1'30|w%(cjr Wi 't reﬁlrgroglpcydq %E) aolf-S §£c%\§ari a 4tng su?rtég Larilll rgﬁlsang teel

further milled in accordance with the parameter set forth in Table 1 for each of the examples. In each

25  of the examples, the average ethanol slurry temperature during the milling was approximately 85¢F
and the milling speed was approximately 350 rpm. The variables for each of the examples are set
forth in Table 1 as well as the results. In each of the examples set forth in the Table, 0.5 pounds of
deoxidized flaked niobium powder was balled milled using 40 pounds of 3/16" 440C stainless steel
media in 2/3 gallon of ethanol and optionally with stearic acid in an amount of about 1% wt (2.5g).



media in 2/3 gallon of ethanol and optionally with stearic acid in ant9 SEP 2003

anount of about

Tabl e |
ni obi um

p

Sl

1% w (2.5g).

renove a

YR

1 9 SEP 2003 WD 00/56486 PCTI USO0/ 07051 -16
stearic acid After the desired deformation into fl ake, the
s then renpved and washed to

present.

The ni obi um powder was then washed wth a m xture of deionized 5 water,

hydr of | uori c acid,
m /1 b deionized water,
acid, and 750 m /I b. hydrochloric acid, all

nitric acid, and
10 m/1b. hy

ydrochloric acid in an anmount of 750
Tofluoric acid, 3501750 m /I b.
based on

nitric

per pound niobiumto

remove carbon and nmetal contaninat¥®¢Xe.g. iron, nickel, chromiumand the

like traRglRE TRANT T PREFONTRGL VI ST JyH teet e ) T HE.ac) d
concentr%iﬁ;nf; MET €| apapt of %/gcly\—fdilsrﬁ]téat(;{)}t Z((%V{? % H yg@d a%ggig 4B-51% HF.
Af t er war ds, th%ugiobiuﬁypsutdr wégmﬁgein shied wi i presy) 0€ ﬁ?ized wat er and
then dried. Tlhe acid washe aked povwder was driengﬂmﬁir “ 150F (650).
The var ifous T9rg OF nib)sbi QT POV e e €34 T TRy RSSEY T to pn ﬁlud mold 5
S S T RN 1 e A

. ,.L 2 I nmu U ] \ IC.OIIIL IC-III

at | ess 0 3—Pa at—the—teat Hotes—-AtH-cat-ee—H—F or 10
ginutes ;#Z; anzdi'giug‘ & !“ig ﬁ:ﬁ n%i cgigﬁan GLH I Dt he form ng
voltage’in icatcé#% §§ 'a@ % t m?ﬁ@-é%@ 102 rsed3PH 0l 1 %%Lght per cent
phosphott elacid bo pri8dbide ol ectldMiEilc32anal2986t | anodes | whi®h Were
washed gndldried’ ThAHN004442 |HA0CEInAhce 20304 ] eB8.838 ck, SWial iated by
measur enenfs an Bhe | ahfHa0.95924r|1800°CH 318 123 f 88396 alci B arke reported
in Tabl @12 _CapAci {ASE | GS2108 ) 116QICAL 2Q_If r H@ifehcy UR.6I20| HxX 7. | i s
reported i¥ unit8 of HrldkMp4d VIAPAE [ped |gr20e98 Cl/JIbp.63hd nisdl of arad vol ts

per cubiBtOBavittdarieaced of anode vol une (CV/cc); DC | eakage, neasured 20 after

1 i . .
a M NWLE K ﬂsg%n%o&?}%o}{ %}Até ?]?:ka?lh

m cr of ar ad-vol t

e R R So%/dienrllgléﬁn

e seen i1n

Lts_of nanga
g e e

e
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e?Eothe

s per

Fi gur e, TRAYeCHY éoebol ioepsnh Theenichiyrapivtdamewes thendwBEE widf 2 triveury af dowmizedxanpl es

mades t Q;ﬁer?l%ﬁﬁ:@h&rﬁqgig, rfic atcﬂ?anﬁ 'ﬂ?cﬁi&:%lo;i

greatly increased uslng th
per m t t EmYBriydioflyaric agic§S4/7

powder . pelpordd RioBRmSE §iindve caltilafid rhetal' M3
was used to formthe anode

€ process o

fromthe f

il e}

e
ﬁaﬂﬁaéoﬁ.(g%

aked

resent

ni

L0hE 285 hiAR bR RS

I nvent1 on
Sed/lo. wiricteidt anfl 7 &bimlfibi hydrottieicfatidleddased obi um
Y 4 G ornfilm 2 60 VOI LS

I um powder that was sintered -

ers were
I ch

at 11508 tRpsigregion gantacy wighstagpleg ige] aflsl g Tiscpeid| cencerjtgtionB@aTe Shout % HC,
about 68-70% HNO, and about 48-51% HF. Afterwards, the niobjum powder was again washed with

10

deionized water and then dried. The acid washed flaked powder was dried in air at 150°F (65°C).

The various lots of njobium powder were then pressed into an anode mold 5 mm in diameter

around a 0.6 mm diameter niobium lead wire to a density of 3.5 g/cc. Samples of the pressed niobium

powder were sintered in a vacuum (at less than 10 Pa) at the temperatures indicated m Table 1 for 10

minutes, then anodized by applying 20 mA/g constant current at the forming voltage indicated in

15

Table 1 to the anode immersed in 0.1 weight percent phosphoric acid to produce electrolytic capacitor

anodes, which were washed and dried. The capacitor performance characteristics, evaluated by

measurements on the anodes immersed in 18 wt. % sulfuric acid, are reported in Table 1.

Capacitance, determined at a frequency of 120 Hertz, is reported in units of microfarad volts per gram

(CV/g) and microfarad volts per cubit centimeter of anode volume (CV/ee), DC leakage, measured

20

after a 1 minute charge of 35 volts, is reported in units of nanoamperes per microfarad-volt (nA/CV).

As can be seen in Table 1 above, and in the Figure, which sets forth the capacitance and BET

of the various examples made, the capacitance of the anodes formed from the niobium powders were

greatly increased using the process of the present invention which permitted longer milling times

without fracturing the flaked niobium powder. As can be seen in Table 1, when a forming voltage of

25

20 volts was used to form the anode from the flaked niobium powder that was sintered at 1150°C.



Sinter VfCV/ g 2.5Dp Tinme No.(hrs)(n2/g)densitytenp. (flaked)(Press (hSER 2003
Density ) 10.52.081300C3546, 7180.5 20. 751. 391300C3556, 1860. 75 .
312. 32171@%&%@59, 7681. 0 423.141300C3583, 4152.0

© 533. 70. 04 #635102, 51373, 0213. 0 6510. 381300C35129, 8BATTE00/07051
754.91770. 044421300C35120, 70485, 9385. 0'

887. 690. 0560241300C35123, 86188, 3068. 0'

954. 91770. 0521931150C20160, 916114, 67U75. 0’

1087. 690. 0464411150C20204, 498145, 6328.0' 19 SEP 2003 WO 00/ 56486

PCT/ USCEyeGmsiance] 7asPRg4¥4pée i naddtonnhs bt AA8ing Mol and pttehblyicfanol t he

benef i t§iﬂgﬁbdé§gi@glgg1mgmlg{wﬂq d%?zﬁs‘g%ﬁbl g ethanol wth lubricating agents,

| i ke stearic acid was al so observe l:}\'/PLES 11-15 5 I n Exanples 11-15,

the starting ni obium powder was prepared in the sane nanner as descri bed
for Exappheprksi9.isThe forned ni obi um dehydrated chip was then ball mlled
at el evated Temperatures based on the paraneters set forth bel ow. Exanple
11 20 I bs. of nilbBramnleéh)ditiededing hivipumpevdaalds prepdrédae the SicOmARerlabs.  of

Gal of ot re BRI R 10 She ool Bl B Mo G Gilfesdy dviga' "
t enper aETUPERET $3pRG OF Hne Perphdterswgtionth BBOF (results listed as | la through

1l1ic). Exanpl;gm;gyea;o | bs. of niobium dehydrided chip was ball mlled using
40 | bs. of 0SS nedia, for 5 hrs in 2/3 gal of tetraethylene glycol

{TEQ at 3504 {¥nof miekivg dehydisd shimwasball enfisd nenaAOcbsclof 3/16) 48088 melia, foi | | was
chi b ves ol T o] ot et T bR S Gl B g By HEWERR 901 5
gal of LE‘P’F%P@TWF%?I’E‘“@WE%] WS TEGF Gesuisbigedagiia tibeghdldr age sl urry
t enper at ur e BkampBg2t he
2.0 1bs. of niobium dehydrided chip was ball milled using 40 lbs. of 3/16" 440SS media, for 5
hrs in 2/3 gal of tetraethylene glycol (TEG) at 350 rpm. The average slurry temperature during the
15 mill was ~330°F (results listed as 12).
Example 13
2.0 Ibs. of niobium dehydrided chip was ball milled using 40 1bs of 3/16" 440SS media, for 6
hrs in 2/3 gal of tetraethylene glycol (TEG) at 350 rpm. The average slurry temperature during the
mill was ~330°F (results listed a5 13).
20 Example 14
2.0 Jbs. of niobium dehydrided chip was ball milled using 40 Tbs of 3/16" 440SS media, for
7.5 hrs (sampled at 6 hrs) in 2/3 gal of tetracthylene glycol (TEG) at 350 rpm. The average siurry
temperature during the mill was ~330°F (results listed as 14a and 14b).
Example 15
25 2.0 Tbs. of nicbjum dehydrided chip was ball milled using 40 Ibs. of 3/16" 440SS media, for 9
hrs. (sampled at 4 hrs and 6 hrs) in 2/3 gal of polyethylene glycol (PEG} at 350 rpm. The average
slurry temperature during the mill was ~330°F (results Jisted as 15a through 15c¢).
Example 16
2.0 1bs of nicbium dehydrated chip was balled milled using 40 1bs of 3/16" 440 SS media for
30 the milling time indicated in Table 2 in 1 gallon of ethanol for every 4 [bs of niobium at 350 rpm. The
average shurry temperature was about 85°F. The notation "Deox flake-remill” means that the niobium
was deox treated after about 5 hours and then milled again for the remaining milling time. The

milling time for these niobium powders is the combined overall milling time.



M1l was - 330F (results listed as 13). 20 Exanple 14 2.0 Ibs. of ni ol
dehydri ded chip was ball mlled using 40 | bs of 3/16" 440SS nedia, for 7.5
hrs. (sa 6 hrs) in 2/3 gal of tetraethylene glyc at 350
rpm Theng\bg)gjg%éésl uny tenperature during the mll was l%(ééﬁgﬁﬁrose]sul ts
|isted as 14a and 14b). Exanple 15 252.0 | bs. of niobium dehydrided chip
was ball mlled using 40 | bs. of 3/1§" 440SS nedia, for 9 hrs. (sanpled at
4 hrs and 6 hrs) in 2/3 gal of polyethylene glycol (PEG at 350 rpm

slurry tenperature during the mll w?s --330F (results listed as 15a

t hrough 15c). The average Exanpl e #1920 1 bs of niobium dehydrated chip was

bal | ed PELLER#U360% 20 DRS [F 3/ 16 24Gms el a TQiqualt e [Walg Ny ti e
indicated in Tablg,?2 i r@m&g)ga{%,w dpnftingnol | €0k evekiedt | bY 1ohe nNi pbi um at
350 rpm The avegagg sl urry| tenperat urjgpygs| about |85F. The [pgigptipn " Deox
f1 ake-rE{y, daps [ NakgTNggni Ol UM Was depYaghi €qigeh af t er ggbout| 5 hours
aﬂdthe ulgiliea ggal mIKGE Ty T e T 1|5t :'5d3g4tini%G|ne mrting time for
these n T ONT POWGET S |15t T oy TTed ra F e 9~SEP 7003 WO
00/ 5648 H?lc“) Tatpte ’ZJr'\,l/ZU )5-1—8(:%?SE 5%3 O ','_ILJ’%W 7 Ccu?gLi quid MI1ling
Exanpl er#pPenm—(Bho)rtommt CrTCV-gSolcyent I R hrs—)
1) a18. 2bibaap5iadio el 88y ATAN I LogT, [ TEG T 7 1S
| c2. 81. B222527544535FHE3-5
2 3237 |159 | 18550 [375 {90125 1 TEG 6
- 14a 2.1 3.12 300 17730 | 225 86895 TEG 6
14b 2.6 5.67 484 36840 | 400 930352 TEG 7.5
15a 4.2 0.73 165 6734 |35 30235 PEG 4
15b 2.6 1.79 150 13350 [ 50 52152 PEG 6
15¢ 2.3 441 227 25710 | 80 83132 PEG 9
16a 53 1.16 163 8559 | 135 37920 Oncemill- {5
EtCH
16b 22 1.48 283 B386 | 425 53662 Deox flake- | 8
remill EtOH
16¢c 1.9 3.63 393 22950 | 1200 | 90789 Deox flake - | 11
remill EtOH
16d 1.8 37 387 15900 | 1100 Deox flake - | 1}
remill EtOH
16e 1.8 416 466 20810 | 1100 | 96158 Deox flake - | 12
rernill EtOH

As can be seen from Table 2, obtaining high surface area niobium flaked powder can be

achieved in relatively short periods of time by milling at elevated temperatures. Furthermore, the

s contaminants can be minimized using elevated hot milling temperatures. The anodes formed from the
niobium flaked powder resulied in acceptable capacitance as set forth in Table 2. |

In more detail, a comparison of niobium powders prepared according to the present invention

are compared with a milling process using lower temperatures and an ethanol solvent. As can be seen

in Figure 2, the time to form higher BET surface areas was significantly shortened using the process of

10 the present invention wherein hot-TEG and hot-PEG are representative of the present invention and

EtOH at approximately 85°F is represented of the state of the art, technology. Further, Figure 3

compared the same three niobium powders (as in Figure 2) and the amount of Fe/Ni/Cr contaminants

was significantly lowered using the processes of the present invention. This is especially true when

the surface area was greater than 1.0 m%/g or more. Finally, Figure 4 compared the amount of carbon

15 contaminants present in the same three niobium samples and again, it can be seen that the amount of

carbon contaminants was significantly lowered at a variety of surface areas. Thus, the methods of the



123. 15. 261882347019596827TEGS  132. 63. 231591855037590125TEGG 19 SEP 203
14a2.°13. 123001773022586895TEG5 14b2. 65. 674843684040093052TEG/. 5
15a4. 20. 3%?;@é$43530235PEG4 15b2. 61. 79190133505052152PEGS
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15c2. 34. $8083132PE® 16a5. 31. 161638559135379200REE/URMINFOSI 5 Et OH
16b2. 21. 48283838642553662Deox flake - 8 rem || EtOH

16c1. 93. 6339322990120090789Deox flake - 11 rem || EtOH

16d1. 83. 71387159001100Deox flake - 1t#-remi || EtOH

16el. 84. 1646620810110096158Deox flake - 12 rem || EtOH As can be seen from
Tabl e 2preesnt avemiionchate thhabdity b deveer the emoit ofriootaminkrakend ppovidel bigh esficezea achi eved
inrela i I Vi tures.
Furt her Trnr%{régb&vdﬁl@%r ac%ﬁ%%%gﬁsgﬁt lécthc%ﬁn E%AJHOIIS An'ag)e@&bglllz gor%teog\?gt? ﬂg%ﬁgt mlling
t enper asfezarcapRudesin tienificenslymedicadmuling #recs. ni obi um f | aked powder resulted in
accept abl e CRACI AR 1R Gheskf kol wiPH %ﬁm o%&@%ﬁne‘é% Bk bt 6k

conpari son of niobium powders prepared accordin resent I nvention
are EonpapErignrhthespasifidationgnipprentiesel thpsmwghqndwelpscﬁ bﬂperhtsme@mﬂran et hanol
sol vent I surface
ar eas ms@fﬁ%ﬁlfﬁnﬁ?ﬁ& béh%?{%egég u5|mnxﬁ£f0£]yﬁé}%:ggggo¥w&%h§ élggr%gsent

i nvent i SeRIeBpaeindirgied @Hmvmﬂﬁlmmdam@vateeqatbe@eﬂu ative of the present
invention and EtOH at approximately 85F is represented of the state of the
art, technol ogy. Further, Figure 3 conpared the sanme three niobi um powders
fas in Figure 2) and the anount of Fe/N/Cr contam nants was significantly
| owered using the processes of the present invention. This is especially
true when the surface area was greater than 1.0 n2/g or nore. Finally,
Figure 4 conpared the anmpbunt of carbon 15 contam nants present in the sane
t hree ni obi um sanpl es and again, it can be seen that the anmount of



carbon contam nants was significantly |owered at a variety of surfagr;g SEP ?f[”
areas. Thus, the nethods of the 1 9 SEP 7003 WO 00/ 56486 PCT/ US00107051 -19
present invention have the ability to | ower the anobunt of contam nants and
provi de high surface area netal powders for a variety of uses, such as in
capacitors, and permt the formation of such high surface area powders in
significantly reduced mlling tinmes. O2her enbodi nents of the present
invention will be apparent to those skilled in the art from 5

consi devHAITaS ©f AIMEDSIReci fi cati on and practice of the invention disclosed
herein. Tt is intended that the specification and exanples be considered
as exenpl ar y mdihod of ivlif MotiuntFoveCRMpAdh BiRink hiobith chiffat ele QU hRAnk& 0

i ndi caimatk fyseida@r d10dabtone R@idsbBEd o fafcniGKiuHh Yo R vbertin edi@Abvated Shpaafired @3 20
VHAT | Sehigvéd ByER2 itiBsdudtion Af ieat duin safd nifBikg RGiciiéve impaiafiesseRvatdQBPVeisst MGandl | | i Ng
ni obi usaffidiénp® daky &l @xabdwork hrdenizbaueisr iaBadld nibbiurh pevder.esence of at | east one
| i quid sol vent to form ni obi um powder, wherein said el evated tenperatures
are aeéhi ev&he msthadd claint I, etiereinisodligiid dobert ischt lehst gneShibdinanadIfluidng t 0 achi eve
tenperatures el evated above 85 F., and sufficient to delay an onset of a
wor k har deniriggthed of ingling niohivm ppwiéersiomprinineavitliog niobium Thips stelevrted tepipesiuagsand
wher ei [ thenrepence gt deag one/lianid splyenyto fpabrjebiumpovidetisherairataisicrlevited @mp@aturAismbt hod
of naklef“r”’é399 &bi um powder conprising mlling niobiumchips at el evated
tenperatures, and in the presence of at |east one liquid saolvent to form

ni obi u?g 0 g;;mWPé'ro MG e il ETPEIREe & 2 fegpgipture of o abpih3¢9° Fao The
nmet hod"‘cﬁ’;3t4 ai'm 3, wherein said elevated tenperature is at a tenperature of
from about 0O FE t abput 420 .F. 5 The method of claim 3, wherejn said
el evat ge)‘d te?r%erf'%{'foﬁl rogdf"l%"b%?P"é%mgﬁ%‘g‘flw@f%teﬁl.perf'%reé‘bfg?ﬁ ab?%*o’%w-é". ab?ﬁésﬁe}:?hod of
claimpg, whefrei ri temaet hvl ene, ql,yco

pol yo! Bylanah h@;:;tﬂ;%ﬂrﬁ Wit i Rt PRER bR SRR IC B Bk iRtese

h 0@, %?mf ré/sq

wherein“said liquid solvent conprises at |east one glycol. 8. The method of
claim3, Whesahdhcadr aitd 3 Wheleifi i Bftbd dofreR t&EHERLs al Qas@She%@Mnt of from about
1/2 gallons to about 2 gallons of |iquid solvent per to 5 pounds of

ni obi ugn POWIKY methbd of BIBiM B Wh@éin @fid Kdudd sBlvent isMABER inanSMbEht 67 fhdnk NGl 192 RAbls
m | i n@.abdd)2 gdllvas drdighio doladnt ek &tod pdundsloehietivin fedddr.m | [ ing is acconplished in

an attritor ball mll. 11. The nethod of claim 3, wherein said mlling
occur s9.f or &hemetipdef clhimywhireiu taiBillingictal snilliog. about 10 hours. 12. A net hod
of maki ng ni obi um powder conprising mlling niobiumchips at el evated

t enper & ur eSheanhodioficlaime’, phersia paikmiblingay ackaeplithed mean|ajtrpon el soll.vent to form

ni obi um powder and then subjecting the niobium powder to deoxidization and
t hen cbht i nthepetiodiofclaim 3, heyein paidmiliing e forn timpad &pmgbous Blmintiestto about 10
terrper%ﬁ“tfr es and in the presence of at |least one |liquid solvent.

12. A method of making niobium powder comprising milling niobium chips at elevated temperatures and
in the presence of at least one liquid solvent to form niobium powder and then subjecting the niobium powder
to deoxidization and then continuing said milling of said niobium powder at elevated temperatures and in the
presence of at least one liquid solvent.

13. The method of claim 12, wherein the step of subjecting the niobium powder to deoxidization is
repeated one or more times during the milling of the niobium powder.

14. The method of claim 12, wherein said deoxidization comprises an inorganic deoxidization.

15, The method of claim 12, wherein said deoxidization is a magnesium deoxidization,

16. The method of claim 12, wherein said milling is accomplished by an attritor mill.

17. The methed of ¢laim 12, wherein said niobium powder is flaked.

18. A method of making a metal powder comprising milling metal chips at elevated temperatures and in

the presence of at least one liquid solvent to form metal powder. wherein said elevated temperatures are
achieved by the introduction of heat during said milling to achieve temperatures elevated above 85° F. and
sufficient to delay an onset of a work hardening barrier in said metal powder.



13. The method of claim 12, wherein the step of subjecting the niobfl 9nEP 200
powder to deoxidization is repeated one or nore times during the mlling
of the niobium powder. 14. The method of claim 12, wherein said

deoxi di zati on conpri ses an inorgani c deoxidization. 15. The nethod of
claim12, wherein said deoxidization is a magnesi um deoxi di zation. 16. The
met hod of claim 12, wherein said mlling is acconplished by an attritor
mll. 17. The nmethod of claim 12, wherein said niobiumpowder is flaked.
18. A m®t hogh®rhetARiIf Bdind1 8T RhRin RS ic@REhsi ng m | 1ing netal chips at

el evated tenperatures and in the presence of at |east one liquid solvent
to forou.met ahe KSR claithBX, Rhdieifs idel &by RInpslatli@ MLk BY0e$. are achi eved by
the introduction of heat during said mlling to achi eve tenperatures

el evat ed ab@kem@bodref clairdl9, hdréih CidddvateOtefpér@ire At HREPératdie 0B v alouhspeeNi N
barri eto aboutd20°d. net al powder. 1 9 SEP 1003 21 19. The nethod of claim 18,
wherein said netal is tantalum 20. The nethod of claim 19, wherein said

el evat @l t eiflremethadrod clpisn ¥t whezeis said3@PidFolvét conipiess martadtindene glycdl giolpethPlenewher ei n
sai d eBlcahtoenintwesdbaresfure is at a tenperature of from about 3000 F. to
about 420 F. 22. The nmethod of claim 19, wherein said |iquid sol vent

conpri 4&s t Ehemehadaf el 1§} yhestin sagsdiapidisply¢ns prmprigds pdedst ong glypdlxt ur es t her eof .
23. The method of claim 19, wherein said |liquid solvent conprises at |east
one gl ytol .Theza‘?thOF'wéclPa@tWoUh%qm@rdamﬁhnw,bamgk@-n said nilling is ball
mllin 25, The nethod of claim 19, wherein said mlling is acconplished
" an Bt r i TBGEOr e 15 weren R RUR GGGl fhan gitritopball Bilh said milling
occurs,for ti of. fro out 30 about 1Q hoqurs 27. The ne d of claim
6. bt oi it e SR i e iyt o MU s About SR 4G et o
powder £ oMbih ShAha'e bibib % Wk saf iﬂﬁlﬁfbtbfaﬁhﬁté%}hege { gl”perat“res and in the

presence of at [east one Ii1quid solve 0 powder, wherein said

el evat gd t eARRHAl YF fadik ﬂe&gﬁﬁ%gﬁgg’f il mﬁ-&?cﬂi&ﬁa afdh teﬁagﬁg}t;%%{i R
efal le i i-
_ &

wher ei fle SRicEIraMRlEche HENP S SRt SidWievhi-@18n

about rF. 30. The nethod of claim28, wherein sald elevated tenperature
is fromabout 330 F. to about 380 F. 31. The nethod of claim 28, wherein
sai d | pqqui dTEOhstRIAlof EIRIHIS] SRSeit Ald ALY @PRat@t $GUmpeREry St BHR 30@IFY GO
or m xibsuwerRothereof . 32. The nethod of claim 18, wherein said liquid

sol vent conprises at |east one glycol. 33. The nethod of claim 3, wherein
sai d nibmbi ufihequoatberof tlaimf A8akietein sadklevatbitempdrdnirel isdfomcdbauit 3R F, towban 881 Fsai d
netal 3k a Viad mathadef dhim 283&herelinaidtigtidodvenf coanlpasesteBdethyidne plgéal, pelyetiyieral ve
metal is tagyel,wnmixBées therevt hod of reducing the nmilling tine to forma high
surface area netal powder conprising mlling netal chips at el evated

t enper & ur eSheaprthadief elpim 1§y wheeqiwsaiddiquidisolventepmpgses af lpaguane glyedlvent to form
nmet al powder, wherein said elevated tenperatures are achieved by the

i ntroduction of heat during said mlling to achieve
33. The method of claim 3, wherein said niobium powder is flaked.

34, The method of claim 28, wherein said metal is a valve metal.
35. The method of claim 34, wherein said valve metal is tantalum.
36. A method of reducing the milling time to form a high surface area metal powder comprising milling

metal chips at elevated temperatures and in the presence of at least one liquid solvent to form metal powder,
wherein said elevated temperatures are achieved by the introduction of heat during said milling to achieve
temperatures elevated above 85° F., and sufficient to delay an onset of a work hardening barrier in said metal
powder.

37, A method to reduce the amount of contaminants in a niobium powder comprising milling said
niobium powder at elevated temperatures and in the presence of at least one solvent to form a niobium
powder having reduced contaminants, wherein said elevated temperatures are achieved by the
introduction of beat during said milling to achieve temperatures elevated above 85° F., and sufficient
to delay an onset of a work hardening barrier in said niobium powder,



tenperatures el evated above 85 F., and sufficient to delay an onset 10@{ EE‘P 2003
wor k hardening barrier in said netal powder. 37. A nethod to reduce e
anount of contam nants in a ni obi um powder conprising mlling said niobium
powder at el evated tenperatures and in the presence of at |east one sol vent
to forma niobium powder having reduced contam nants, wherein said

el evated tenperatures are achi eved by the introduction of beat during said
mlling to achieve tenperatures el evated above 85 F., and sufficient to

del ay a§) ongaefetdh oPmiiQida MREARD @a'n];?@fn% Welmilithg 33letht piviR! iH R PRYIEE of atlett SEP
2003 2gne3RoriditddBhufa0ndin SRIAME Rerdl SRSt RAARF b #4KE tNBlumThdrdl 8 2

netal  RANEIREaid WetlrN BinP [sAPENGRI Rinp@thufe® ARilachiQR@by tha!Rfrbdued e idatlhfing VWEK& N

sai d f hakgdo BaMiedt teinperdtufet lsartd MROEINP MRLACON 1ideldy ak SdedcR R vl WaIBRE2! . and
wher ei parétlifkaldeiakédirhdtdlng i s at el evated tenperatures and achi eved by the

i ntroduction of heat during said wet- mlling to achieve tenperatures

el evat 89 abUhemébodot clainrB8swhdidic ta@ifluotitated@bpouadis @ pe@lordbtedcompbindnar deni ng
barrier in said flaked netal. 39. The method of claim 38, wherein said

fl uori #at edTomglmdrediclrisn 38, pleardih sagkmavd iseshtahompound.  40. The method of claim
38, wherein said netal is tantalum 41. The nethod of claim 38, wherein

sai d nétal The méthsdiofinimBB, wigrgipsafdoukta fs ninbkimag val ve nmetal powder conpri sing
mlling valve netal chips at elevated tenperatures and in the presence of
at | ea%t oné methedictmakinenelve me@l ropdencomprising milling vabisvietal cliprdit eledaigdsubj ect i ng

t he valcleerpBresindiniie pesenes af adsasiing Hauibielvande fore pelvegrrtal rewdsgansddhe sWhisctinghg of
sai d ng valveagial poydshipasieoxddization and then gontigpipgesaidk milling obsid velne mifal n9vd¥éhce of at
| east BREA fqRFEtuts pRAA the presencergfat lgast s ae sdyest m 42, wherein sai d val ve

et al !13S t a?lgealllghngd of claim 42, wherein said valve metal is tantalum.



