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Wi res. i's a obj ect o present |nvent|onto reduce sintering
and bond| ng patmhgttmnd lnardngsg/wtth@tfsmfwem datfiment torelegtEcal lakag® i nvent i on
to inpr ove n| c}?ﬁ'ﬁﬂ’f rvg o0 overcone the above-described di sadvant ages

wi t hout s n|f Rﬁk |rrpact|ngthe el ectrical properties of the wire
and W re- anode assidhiym anddTioliim akoy deahwipeaeitly mettouszdeivation22 2
SUMVARY OF TH I ENTI1 ON «or making a
capacitor gra epp@gﬁg gocﬁgg&gél}g%wge?éﬁ%niogm@%ﬁﬁprr@lﬁ;S;fﬁngei (a) formng a
| ow oxygen nlp?bcesgldﬂymﬂhav&lpwwwtnchl leakage absintening teoperaturas 6f obi um bar
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havi ng . Fi sher1SAG agabhups Foweves taauies ass finvtef B ens e SUanglf 8p8T e Chan
about 150 ¥ Crt@?&nes@%%hﬁékﬂh@ﬁw &hﬁuﬁw%mwm%@mmah {ow deoxi di zi ng

t he povvder formn OW OX gen ni obi um powd (Mg bl endi ng .t he | ow
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powder by cold oﬁéa%ﬁcﬁgp ﬁg bggrag%fg Oftﬁgboﬁbﬁﬁrﬂ?rﬂ?ﬁlpﬁgw%lw

processing the ectin e rod’to a conbination
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zirconium have better tensile strength then pure niobium wires of meit
20 process origin and acceptable electrical leakage above 1150°C. However
above 1050°C zirconium diffuses off the wire and contaminates the
anode, making it unacceptable as a capacitor lead wire.
It is an object of the present invention to improve chemical,
mechanical, metallurgical, and functional consistency of capacitor grade
25 lead wires.
It is a further object of the present invention to reduce sintering and
bonding problems.
It is yet a further object of the present invention to improve niobium
wire to overcome the above-described disadvantages without significantly
30 impacting the electrical properties of the wire and wire-anode assembly.
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anode conpacts; I's a ectrica | eakage as a
function of sucﬁermrahgthq empyntanfmﬂ@onﬁaw%tqm abeut 150 tarabout 600 pAMal | oy wire
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ni obi um and ni o W re derl rom i ngot neta
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invention is a.lead wre ilico

Ni obi um powder"4ORIUID Wity ﬁ'efﬁ“m/a' Equﬁ?tr{%@g%dﬁ %%cugw%gg‘@%fﬁ%éﬁ)um and
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Di ameter), deHPfP H‘fﬁé?ﬂ'ﬂ}i 85%19'35&}993‘ E@E@" ﬁt"f Sy Pﬁ&gfﬁe@cess as

di scl osed i n Wohtent béffw £50 ppin, Evermhnéngmcc&hsaaaddimmdmewwime(with a
conbi ned dehydr| di ng deq |dat|on}“ s des- crjbed U. S Pat %nt 6, 261, 337

of Kumar, incdi/pbdeived niekiumy,apg niobium-silicon wires also?\ave increase
hardness that exceeds hardness of capacitor-grade wire of I/M niobium

25 and niobium-zirconium wires and electrical leakage within current
specifications at sinter temperatures of about 1150°C and above, or about
1250 and above. The P/M source material if sintered at well below about
1150°C or 1250 °C and above, and/or attached to anode compacts
sintered below about 1150°C or below 1250 °C would have higher

30 leakage. But at about 1150°C or 1250°C and above, the differences
become minimal.



reference in their entirety, both said patents are of comon assi gnnent 30
with this application and M. Kumar as a joint inventor of the present

i nvention. The ni obi um powder preferably is attained with an oxygen | evel
WO 2004/ 003nB0E98949S2003/ 001822 4 bel ow 400 ppm pr ef BFyHﬁi}"’ﬂéﬂ% 200
ppm A silicon additive powder is bléhded with the | ow oxygen niobi um
powder, conpacted by cold isostatic pressing (at up to 60 KSI) to a
preformbillet for extrusion or sinter bar preferably yeilding a bar

approxi mately 1.3 i,p%hg%e%ﬁi@g&ﬁd thzhs?tlhgﬁe E&e&i&ﬁ%&ﬁ&@&%ﬁ@ﬁ' y
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fol l ows: Anneal ed Higdf fsQEIRIresthe uitiniee fehsile strendthwis fuUngfor of wiewut  2700F
f_or atine ran ing fromabout 0.5 h(fura, to IF\bout ng _hourS'i Rolled froma
di anet er rangi fiametesef selsat nigbium-and pjoBiyR lioy Wee ofthe present inypation o -

Anneal ed at aae%imarfr%wbgwganabmufgymmtomuﬁm@mumunza F for a

time ranging fromabout 0.5 hours t'0 about 2.0 hours; Reduced from about 1
inch to about wite denves frafeingot metdlir@.: Drawn to a finish dianmeter. 25 The

di ameter afy the wr | S\aqf%? hd X PiHCtiBR of 8imterimange from
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temperature of select niobium and niobium alloy wire of the present
invention derived from powder metallurgy compared to niobium and
niobium alloy wire derived from ingot metallurgy.
20 DETAILED DESCRIPTION OF THE INVENTION
One of the preferred embodiments of the invention is a lead wire of
silicone-doped niobium made as follows. Niobium powders are formed by
hydriding an ingot or bar of niobium and grinding or otherwise milling the
ingot or bar to create a powder at a size range of less than 150 microns
25 FAPD (Fisher Average Particle Diameter), dehyriding and deoxidating.
The hydride-grind process as disclosed in U.S. 3,295,951 of Fincham et al
and the deoxidation (with a combined dehydriding deoxidation) is des-
cribed in U.S. Patent 6,261,337 of Kumar, incorporated herein by
reference in their entirety, both said patents are of common assignment
30  with this application and Mr. Kumar as a joint inventor of the present
invention. The niobium powder preferably is attained with an oxygen level
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below 400 ppm, preferably below 200 ppm. A silicon additive powder is
blended with the low oxygen niobium powder, compacted by cold isostatic
pressing (at up to 60 KSI) to a preform billet for extrusion or sinter bar
preferably yeilding a bar approximately 1.3 inches diameter. The bar is
5 thermomechanically processed to a rod. The rod is then rolled (or swaged)
and cold drawn, typically with a schedule of reductions and intermediate
anneals as follows:
Annealed at 2500°F for 1.5 hours;
Rolled to 0.440 inches diameter,
10 Annealed at 2500°F for 1.5 hours,
Reduced to 0.103 inches diameter;
Drawn to 0.0346 inches diameter wire;
Drawn to a finish diameter.
Stated in general terms, the rod can be rolled (or swaged) and cold

16  drawn, typically with a schedule of reductions and intermediate anneals as
follows:

Annealed at a temperature ranging from about 2100°F to about
2700°F for a time ranging from about 0.5 hours to about 2.0 hours;
Rolled from a diameter ranging from about 1 inch to about 0.25

20 inches diameter;

Annealed at a temperature ranging from about 2100 to about

2700°F for a time ranging from about 0.5 hours to about 2.0 hours;
Reduced from about 1 inch to about to 0.075 inches diameter,
Drawn to a finish diameter.

25 The diameter of the wire made in accordance to the invention can
range from about 0.005 inches to about 0.1 inches. The wire of the
present invention can contain other additional ingredients such as other
metals or ingredients typically added to niobium metal, such as tantalum,
zirconium, titanium, or mixtures thereof. The types and amounts of these

30 additional ingredients can be the same as those used with conventional
niobium and would be known to those skilled in the art. TABLE 1 below
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lists the chemistry of the specimens used in certain Experiments 1-5 of
silicon doped niobium wire of powder metallurgy origin as reduced to 0.5
inch diameter and 0.103 inch diameter.
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As can be seen from the results in TABLE 2 and Fig. 1, the
niobium-silicon wire had a much higher tensile strength and hardness than
the niobium-zirconium wire at about 0.050 inches diameter and below.

Also, electrical leakage tests (40 volts at 90%) were conducted for
wire (wire-anode assemblies in capacitor test conditions) or anodes with
select silicon master blends (Experiments #1 and #2) and presented in
Fig. 2. The tests were conducted for anode assemblies with lead wires
made at various sintering temperatures. As can be seen from the resuits
in TABLE 3 below and Fig. 2, the niobium-silicon wire is acceptable for
use at sintering temperatures of 1250°C and above, but not lower,
complying with the current tantalum capacitor grade wire specification

leakage of 0.6 pA/in® at 1250°C.

TABLE 3
(@1250°C)
Leakage

yA/in

niobium ingot 0.1
niobium-zirconium 0.25
Experiment #1 0.35
Experiment #2 0.6
Specification 0.6

Side and front views of examples of niobium-silicon capacitor lead
wires of the present invention bonded to anode compacts are illustrated in
Figs. 3A-3F. Figs. 3A and 3B illustrate a niobium-silicon capacitor lead
wire 10 butt welded to an anode compact 12. Figs. 3C and 3D illustrate a
niobium-silicon capacitor lead wire 10 imbedded for a length 14 within
compact 12. Figs. 3E and 3F illustrated yet another attachment technique
of welding the lead wire 10 to the top 16 of the compact 12. The lead wire
10 of any of Figs. 3A-3F and/or the compact 12 of any such figures can be
circular or flat (ribbon form) or other shapes.
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As can be seen fromthe results in TABLE 2 and Fig. 1, the niobiumsilicon
wire had a much higher tensile strength and hardness than the

ni obi um zi rconiumwi re at about 0.050 inches dianeter and bel ow. Al so,

el ectrical |eakage tests (40 volts at 90% were conducted for 5 wire
(wire-anode assenblies in capacitor test conditions) or anodes with select
silicon master bl ersy, blaenttal [BaRbgo (5He) oR arO0VpwerEadRIlited foFi 0. 2. The
tests were conduc& ed for anode ssembl i e made, at vari ous
sintering tenp¥réiresanod Rsaft,séﬁ‘bji‘és %@Paicﬁg#??tﬁ’é’"sggﬂmﬂ@anwe?ﬂ@ﬁE 3 bel ow
and Fig. 2, thedpt Q#Hbérmn%lstermdwsﬁperﬁnm§#amaéﬁdesﬁa:ﬁd préSente@ imt sintering

terrperatures of 1250C and above, but not | ower
5 Fig. 4. The tests were conducted for anode assemblles with lead wires

made at various sintering temperatures. As can be seen from the results

in TABLE 4 below and Fig. 4, the niobium-silicon wire is acceptable for

use at sintering temperatures of 1150°C and above, but not lower,

complying with the current tantalum capacitor grade wire specification
10  leakage of 0.6 pA/in? at 1150°C.

TABLE 4
(@1150°C)
Leakage

pA/in

niobium ingot 0.1
niobium-zirconium 0.25
Experiment #3 0.09
Experiment #4 0.118
Experiment #5 0.103

Specification 0.6

Artifacts of electrolyte impregnation and pyrolysis cathode
15 attachment and packaging all well known to those skilled in the art are
omitted from the figures for convenience of illustration
Other embodiments of the present invention will be apparent to
those skilled in the art from consideration of the specification and practice
of the invention disclosed herein. It is intended that the specification and
20 examples be considered as exemplary only.



conplying with the current tantal um capacitor grade wire specification

| eakage of 0.6 A/in2 at 1250C. TABLE 3 (@250C) Leakage in niobiumingotO.1
ni obi um zi r coni unD. 25 Experinment #10. 35 Experinent #20.6 Specification0.6
15 Si de andQ38#P03%U%ws of exanpl es of niobi umsilicon BGFHEIPU0I$2q

wires of the present invention bonded %o anode conpacts are illustrated in
Figs. 3A-3F. Figs. 3A and 3B illustrate a niobiumsilicon capacitor |ead
wire 10 butt wel ded to an anode conpact 12. Figs. 3C and 3D illustrate a 20

ni obi um si | i cowﬁﬁgg amkﬁa}s,wi re 10 i nmbedded for a length 14 within
conpact 12. Figs: 11 ustrated yet another attachment techni que
of wel ding the | eadl.w ré p@cess fonendkiny 4 6ilicdnd-thepedaripbiom |éad wiree | ead wire

10 of any of Féﬂq%. . 3A-3F and/or the conmpact 12 of any such figures can be
circular or fl1¥M™RY§"}on forn) or other shapes. 25 WD 2004/ 003949

PCT/ US2003/ 001822 (8) Al $srmieg addw oryden siebiagepdwidsr by (Aridiag lanieiuM0%) wer e

conducted for ,wre (V\lnp e-anode assenblies jn caﬁ}%&]tor test conditions) or

anodes wit 1P sBPLIQr &niopuphbarARdgringingrMillag Jhe pethedar afth 5y and

presented in Shbtdby rakild8 poRRfeF hdh§ a Fishéd AvBfage Parfidle Drapsgeenbl i es with
|l ead wires nmade at various sinteri ngbobﬁggeratures. As can be seen fromthe

results in TAwErtcle sigerangentiess hana GmiEPOsR si licon wire is
acceptable for us t gi i SREdi ﬁ(qu, ove, but not
| ower, conplying &b_)tah ?ﬁ?ﬁf@gﬁ 8t ant'grgﬁﬁ%%g%%g%?%ra ea@’lﬂ ire

speci fi cat i on depgidatiag theepewdey, and foryningza lew axygeTniobiven powder@ 11500)

Leakage nig@bi um I ngot O. Lahi ' I W) ' (9 .09 Experi nent
#40. 1%8 Ex@eri mantQ 50. %ghggetﬁﬂﬁ:gﬁ&gh%@&ﬁipﬁg@%wg?geﬁ'ﬁe@ rol yt eIO
i npregnati on additiyepowder and aompdetingzthe powdenbycold isbstatickaegssing ol a wel |

known to thosebs_killed in the art are omtted fromthe figures for
conveni ence of°d1 | ustrati on Ot her enbodi ments of the present invention wll

be apparent to th¢de stherhomechanitallyprocdssingthobar ity arodyandf the

AU TCU I e KO AN R MY
only. 15 drawning steps, and forming a capacitor grade silicone-doped wire.
2, The process of Claim 1, wherein the silicon is added in an
amount that is less than about 600 ppm.
3. The process of Claim 1, wherein the silicon is added in an
amount ranging from about 150 to about 300 ppm.

20 4. The process of Claim 1, wherein the rod is subjected to a
schedule of reductions and intermediate anneals involving annealing,
rolling, annealing, reducing, and drawning steps.

5. The process of Claim 1, wherein the rod is subjected to a
combination of steps comprising (i) a first annealing step, (ii) a rolling step,

25 (i) a second annealing step, (iv) a reducing step, and (v) a drawning step.

6. The process of Claim 5, wherein the schedule of reductions
and intermediate anneals involve a combination of steps that involves:
annealing at a temperature of about 2500°F for 1.5 hours; rolling to a
diameter of about 0.440 inches; annealing at a temperature of about

30 2500°F for 1.5 hours; reducing to a diameter of about 0.1 inches diameter;
drawning to a wire having a diameter of at least about 0.005 inches.




WO 2004/ 003949 PCT/ US2003/001822 10 WHAT IS CLAIMED IS: 1. A process for
maki ng a silicone-doped niobiumlead wire conprising: (a) formng a | ow
oxygen ni obi um powder by hydriding a niobium 5 ingot or a niobium bar and
grindi ng oMPI¥PHEY% he i ngot or the bar, and thereby REKIURHPOHUERder
having a Fisher Average Particle Diamdler particle size range of |ess than
about 150 m crons, (b) dehyndi ng and deoxi di zi ng the powder and, optionally
deoxi dating the powder, and formng a | ow oxygen ni obi um powder, 10 (c)

compact ng the.povdler by EGELreEaraam fbbdinihe i ugibreqgfs Pomter ane
t her nromechani caetal cpompoaest seledtéd: froar the graupeconsisting ofitantaiums ubj ecti ng t he
rod to a conbination 31‘ r.olligg an 'Caftjld &‘5? drfavvni ng steps, and formng a
capaci tor gr addrOMUnJiaNIL,aQd gpmbinajonsiiereat, coss of Caim 1, wherein the
silicon is added irg.an ThepidéedssiiClaim | a8erbimdtie alobilim @oWdephas @n The
process of Claim1, wherein ltgqqe silic&&is added in an anount ranging from

about 150 t aPgEniexs! Hiatds briow abeltd0) BRBss of O aim 1, wherein the rod

i's subjected to a gchedyegrofedsHCIAPNSHIRIEINitAE Nirdtrlisad Rnamweal s
i nvol ving annealing, rolling, annealing, reducing, and drawning steps. 5.

The process ofsteangtmexceedingreapacioregrade) niobius wjre and niekium-zirgeRlMat i on of
steps conpri si Hhri " i (ii) arolling step, 25 (iii)
a second annea%'@?(éms’?g%’ja'Eﬁ'Y@P‘?@hggﬁﬁ?@@p, and (v) a drawning step. 6.
The process of d aild 5, Aapacitor grade wiradaning aotensitedstoangtin excesding

R e e TN
di anet er of alfmam ingot dttallucdys swhensin dhe wirg issinade fronpa pedocass of about 30

2500F for 1.5 hours: reducing to a dianeter of about 0.1 inches dianeter;
drawning to a SRMRISING, ng a dianmeter of at |east about 0.005 inches. WO

2004/ 003949 PCT/ US2803/ finirtPa IoLoXygeRimobiimqrasienby Bydviding.a rildbiiri n t he

wire further contains I nponent sel ected fromthe oup, consi sting

. et conponey ] r
of tantalum "299‘_(961% ’H?H'u'_f“i ?Jﬁ"ﬂrﬂ""ﬂﬁ‘@% ng the ipaet ?’HBP@%F.“"& The process
of daim ]‘Sp‘ﬁ]“ﬁ%’%%?‘e%@*% dér Wéc\])hﬁtfﬁ] Fishar AVerage Partitie Dighiéter t hat s bel ow

about 400  The process of aim1, wherein the wre has a tensile
strength exced@rtigle sipzengestigssthaniabsyt 180 olarensand ni obi um zi r coni um

al l oys derived dir ?B)t I yd%ﬁg@dggﬁ??gmkggh&r@ioné&de%x@?gﬁgi%é)r grade wire

having a tensile striength capacitor-gra lumw re and
ni obi um zi r corfowedes angyformiagialow axyger niopiunt powdemgot net al | urgy, wherein

i ponder oy, 1 F3BRERG Y KAPORGR M Poublf SRS i Cvoen
or mllin@0t haddityetpowdet ard bompacting the powder by cold isostatic pressing to a
bar,
(d) thermomechanically processing the bar into a rod, and
(e) subjecting the rod to a combination of rolling and cold
drawning steps, and forming the silicone-doped wire.
25 11. The capacitor grade wire of Claim 10, wherein the silicon is
added in an amount that is less than about 600 ppm.
12.  The capacitor grade wire of Claim 10, wherein the silicon is
added in an amount ranging from about 150 to about 300 ppm.
13.  The capacitor grade wire of Claim 10, wherein the rod is
30 subjected to a schedule of reductions and intermediate anneals involving

annealing, rolling, annealing, reducing, and drawning steps.



15 thereby making a powder having a Fisher Average Particle D aneter
particle size range of |ess than about 150 m crons, (b) dehyriding the
powder and, optionally deoxidating the powder, and form ng a | ow oxygen

ni obi um poXs0048B949h| endi ng t he | ow oxygen ni obi um powBEF/URROHOSZ | | con
20 additive powder and conpacting thelbowder by cold isostatic pressing to
a bar; (d) thernonmechanically processing the bar into a rod, and (e)
subjecting the rod to a conbination of rolling and cold drawning steps,
and form ng the silj,con AT 25, The ,capacito rade wire of
daim 10, wherein tfe sﬁhgggﬁgﬁ“@r ggqﬂ?e\ﬁw?lﬁf %'ﬁ"ﬁrjrguﬁﬁgm{heﬁggl'%ss t han
about 600 ppmsubjctéthie aegrabination of stdps vomprisiig () afirst dAneating'kép t he
silicon is added in aq am).slnt ran(gi n f_ron} abg_ut 1%8‘ t o about 300 ppm 13.
The capacitor (& RYiNG $ter.di) gsgeond annegling step. (IMka Fesiucing sigp.and Wit ed to a
schedul e of refdraivnimgsstemd i nt er nedi ate anneal s involving annealing,

rol I'ing, annealing, _reducing, and drawni ng steps. WO 2004/ 003949

PCT/ US2003P001822 192 1}khe gapacitapgradeyirepffelaimi4avigretn theschedulaher ei n t he
rod is subj egFpstcfiods SAdTérIddRIle BhnAIS voRRBPEdmMbIRGLdH of ftepd fhak
anneal i ng step, (||é arolling step, (1ii1) a second annealing step, (iv) a
reduci ng st epinvaiues( (i) annealingiaha temperaure of allout BSE0YafendiG bourgr ade wire of

volve & contslith 4ttt anoft o sa0iicheSranbfind Bt £dfipdBlure 85" ©

t enper at ur e oabel@5002E f6HH .5 hours; Fedueingo a digmbierof About 0N mehbsr of about

0. 440 inches: annealing at a ten':p rature of abqut 2500F for_ 1.5 hours;
8 Favgin e

reduci ng 1% adi@meler d 3 I8 wirg having.a diameteraf atlaast abat M5 g to a wire
havi ng a di anpicResOf at | east about 0.005 inches. 16. The capacitor grade
wre of Claim10, wherein the wire further contains a netal conponent

sel ected fromthe #-ouprhesapasitongrade wirenfClaion]0. wheseintherwirei t ani um and

conbi nat i ons ?%?%ntai"rﬁ a%etaTESmﬁ?ﬁéWcisTe ctédf 7GHR tl‘g gf;?ugfcogsﬁﬁv&ag wherein

the niobi um PO er has an oxygen level that 1s b bout pm 18.
The capaci t or taftalum, greaniun, titerium, aod combinations theradfr e has a tensile
strength ceedi Ngq€apaEist Kz ﬂﬁﬁa | okl [: .ol Zirconi um
al | oys deﬁ(ved di r1e7(::'t I ;ﬁh%&' alg{tlg %?@PP&@;&%MG%RE&J%M&H

powder has an oxygen level that is below about 400 ppm. ‘

18.  The capacitor grade wire of Claim 10, wherein the wire has a
tensile strength exceeding capacitor-grade niobium wire and niobium-
zZirconium alloys derived directly from ingot metallurgy.

20



