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round of tWO %2888 on The present i-nvention pertains to the P
wrought metal base all oy products wi th inproved chem cal and physi cal
characteristics, and nore particularly to products of tantalum or niobium
metal base al |l oys cont ai ni ng quantltles of slricon and a dopant such as
yttﬂ)um n|tr|de .

. 'WROUGHT TAN‘I-'ALUM OR NIOBIUM ALLOY HAVING SILICON AND A COMPOUND DOPANT"

‘The present invention pe_mihs to the field of wrought metal base alloy products with

- improved chemical and physical characteristics, and more particularly to' products of

5  tantalum or niobium metal base alloys oonmmng quantities of silicon and a dopant such
" as yttrium nitride.

‘Tantalum alloys have been recognized as preferred materials in the field of fumace
equipmem:'such"--as trays and heating elements, and radiation shielding where the thermal
stability of the alloy is maintained and the life span of the product is enhanced by

10 'r'educed embrittlement. Tantalum alloys have also been employed in the manufacture
of wire and m;)xe particularly as electric component leads where product characteristics
such as ductility, high dielectric constant, resistance to grain growth at elevated
temperatures, and improved processability are required. In the production of capacitors,
for example, the lead wires may either be pressed into the tantalum powder anode and

15  subsequently sintered at high terliperamres, or spot welded to sintered capacitor bodies.
See U.S. Patent No. 3,986,869.

. % it _‘, P
In both electrical component and furnace equipment products, contamination by oxygen W

contributes to embrittlement and piece failure. For example, in wire products, the area
where a lead wire leaves an anode body is highly susceptible to embrittiement due to

20  migration of oxygen from the sintered body to the wire. Lead wires which become
embrittled or break results in the loss of the entire piece. Substantial economic benefit
can be gained from a tantalum or niobiuni base alloy which does not lose strength or
ductility due to embrittlement after exposure to high temperatures.

For purposes'of simplicity, reference hereafter will be made solely to tantalum even
- 25  though it is understood that mobmm is also contemplated. The chemical similarities
between the two elements are well known to those skilled in the art.
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Tant al um al | oys have been recogni zed as preferred materials in the field of
sfurnace equipnment: such as trays and heating el enents, and radiati o

shi el di ng wher e WRP2(30828m| stability of the alloy’is maintained ﬁ@. Phe
life span of the product is enhanced by reduced enbrittlenment. Tantal um

dl l oys have al so been enployed in the manufacture of wire and nore

pa_,r,lfg'écul arly as electric conponent | eads \Ahe'r7e‘_ product characteristics such
as-gdctility, high dielectric _constant, resistance to grain growth at,

el evated t enper at ,uﬂ;@§,tef&h6ﬂ4¢ﬁiiw5\i%5?fﬁag¥8§m jo,mgan-a percentage increase; in Jer
production of capaghd fef) prior to failure in a tensile test.

The term "bendhdcﬁlity" is a physical charactexist_ic, synonymous with redu
 embrittlement or ability to withstand repetitive bending. The term is typic:
5  represented as a number bf successful bends in an anode after single or double sinteri:
in vacuum. | '

. Oxygen e_ﬁxbﬁttlerﬂent' occurs in tantalum base alloy prbducts by several mechanisms.
Tantalum acts as a getter for oxygen in addition to other gaseous impurities present in

~ sintering operations such as carbon monoxide, carbon dioxide, and water vapor.
10  Attempts have been made to reduce tantalum oxide formation by doping tantalum with
carbon or a carbonaceous material. Oxygen reacts with the carbon at the surface of the

- metal rather than diffusing into the tantalum thereby minimizing embrittlement. While
enhanced ductility levels may be achieved with carbon addition, the dopant may
advérsely effect the piocssability and electrical characteristics of the metal. Carbon

15  particles on the surface of the tantalum may result in increased electrical leakage due to
the non-uniform adherence of tantalum oxide film.

The term “dopant® is known to those skilled in the art to mean a trace quantity of
material which is normally added to a base material.

| The term "processability® is defined here after as the ratio of tensile strength to yield
20  strength. Processability is measured by mechanical evaluation of tantalum alloy by a
variety of methods including standardized ASTM testing referenced hereafter. '

U.S. Patent Nos. 4, 128,421 and 4,235,629 disclose the addition of silicon and/or carbon
to tantalum to increase ductility. Silicon is volatilized in part during processing and
therefore must be added in excess in the original master blend.
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for exarrpl e, the Iead Wi res may e|ther be pressed into the tant al um powder
zanode and’ subseggapiiggrgi Ntered at high tenperatures, or spot wel Her/usS92/04131
sintered capacitor bodies. See U S. Patent No. 3,986,869. In both

el ectrical conponent and furnace equi prent products, contani nation by

oxygen contributes to enbrittlement and pigep.failure. For exanple, in wire

SUSE

ptible to e
body to the W|re

prodﬁcts the area where a. lead wire | eaves an anode body is highly
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excess s:hcon may effect the electrical charactmsucs of the wire product by the same

| o mechamsm descnbed above for arbon or wbonaceous materials.
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" The dopihg of tantalgm powder with phqépherns is generally disclosed in U.S. Patent

Nos. 3,825,802, 4,009,007, and 4,957,541 as a means for improving the electrostatic
mpabity of capacitors and flow propenies of the tantalum powdefs. Some significance

-is attributed to the amount of dopant added in the 007 patent (ranging from 5 to 400

ppm). *Although the mechanism by which phosphorous functions as a dopant to tantalum
metal is not completely known, one theory is that it reduces the sintering rate of

- tantalum by decreasing the surface diffusion of tantalum.

Another mechanism for reducing the embrittlement of tantalum base alloy products

_involves the doping of tantalum powder with yttrium, U.S. Patent Nos. 3,268,328,

3,497,402; or thoria, U. S. Patent No. 4,859,257; or oxides therefrom.U.S. Patent No.
3,268,328 discloses a yttrium oxide doped tantalum alloy having an average grain size
of 4 to 6 (ASTM).

The term "grain-size” may be defined as the number of grains of tantalum as compared
with a standard ASTM grain size chart at 100X magnification. The term “fine
grain-size" may be defined to mean an ASTM value of greater than ASTM 5

or less than about 55 microns. The term "uniform grain-size” refers to a grain-size
which does not vary by more than one ASTM number according to the testing procedure
discussed above.

A combination of dopants in a tantalum base alloys for wrought wire applications is
disclosed in U.S. Patent No. 4,859,257, The patent discloses an alloy formed by adding
125 ppm silicon and 400 ppm thoria to tantalum powder. An ASTM grain size No. 10

and No. 5 are obtained for a doped and an undoped control of pure tantalum powder.
This translates into a doped tantalum: base alloy graxn size of 10 microns in comparison
to a control of 55 microns. It is maintained that the mechanisms where silicon functions
as an oxygen getter and where metal oxxde functions as a grain boundary restraint,
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enbrittled or break results in the loss of the entire piece. Substanti al
2 econrom ¢ ‘benef i ty, 6@5/2&@2&3&' ned froma tantal um or niobi um base -al | Fyr/v89z/04131
does not |ose strength or ductility due to enbrittlement after exposure to
hi gh tenperatures. For purposes of sinplicity, reference hereafter will be
- made solely to tantalumeven though it is undgerstood that niobiumis also
enpl ated. The chemical simlarities between the two elenents are well

kno to those ski kgsini the aSis %ok -the reported fine grain size and ductility. The mechanisms,
- however, suffer from previously dlscussed problems of product quahty due to silicon
_ 'evaporanon and grain growth after exposure to high temperatures due to dlspersant
. particle growth A tantalum based alloy whxch provxdes consistently high ducuhty and
.5 - processablhty after exposure to high temperamres would be a consxderable advance in
| the field of tantalum metallurgy |

Anot_l_ier '_object'of the present in'vention_ is to provide tantalum ailoy which maintains
processability and ductility with low concentrations of dopants.

A further object of the present invention is to provide a doped tantalum alloy which
10°  maintains a high level of processability and ductility and wherein the dopants resist
- coarsening after exposure to high temperatures.

Yeta funher object of the present invention is to provide a wrought wire product from
tantalum base alloy which maintains processability and duenhty, and which minimizes
DC electrical leakage.

15  Accordingly, the present invention alleviates the above mentioned problems and achieves
the cited objectives in a wrought metal alloy product comprising a tantalum or niobium
base metal, a quantity of silicon between about 10 to about 1000 ppm, and between
about 10 to about 1000 ppm of a dopant comprising a metallic and a non-metallic
component. The dopant has a Gibbs free energy of formation higher than compounds

20 formed from the tantalum or niobium base metal selected and the non-metallic
component of the dopant, and a Gibbs free energy of formation lower than oxides
formed of the dopant metal component.

The present invention further comprises in a wrought metal alloy product, the
. combination of a tantalum or niobium base metal with about 100 to about 500 ppm
25  silicon and about 100 to about S00 ppm yttrium nitride. The product further includes
a ductility of about 20% after exposure to elevated temperatures of greater than 1300°C,
and exhibits a fine uniform grain size of about 3 to about 30 microns. Low levels of
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2 The term dUCtI|Ity I S typ| caIIy understood to mean a percentagp
tincrease in | eng¥@ 9342083 netal prior to failure in a tensile testPCTR§92/04131
term"bend-ductility” is a physical characteristic synonynmous with reduced
enbrittlenent or ability to withstand repetitive bending. The term is

typically | _ _-5-_
5\ carbon and oxygen impurities are mamtamed at about 50 and 300 ppm respectiVely As
discussed below, the inventors have dxscovered that the unexpected physxcal and
) chemxcal propemes of the mvenuon are largely due to the synergxsnc effect of sxlxcon

~and yttrium nitride dopants

__ 5 A further advantage is that yttnum silicide is more resistant to dlspersant partxcle growth
- than metal oxxdes such as yttnum or thonam oxides.

A further advahtége of the prese_xl_t'in\r'enticﬂf is that wrcught metal alloy products.
produced have improved ductility after exposure to elevated temperatures and improved
: bend ductility..'

10 _ _
A further advantage is that excess quantities of dopant formerly needed to replace
evaporated silicon are not required. The grouping of excess dopant on the surface of the
wrought alloy product and the associated problem of discontinuous tantalum oxide
msulatmg, is also alleviated.

15 BriefD - f the Dravi

The disclosed objects, features, and advantages are further illustrated by the drawings,
detailed description, and claims pmented.below:

Eigure 1 illustrates the microstructures of tantalum wire made by doping with
silicon plus ymim nitride; thoriam oxide; silicon plus yttrium oxide; and silicon; all
20  after annealing at 1300 °C;

Figure 2 illustrates a graph of the bend ductility of the wire compositions
illustrated in Figure 1 after sintering; '

E;gnm_z xllustratee mxcrostmctures of 0.38 mm tantalum sheets doped with
silicon and yttrium mtnde with thoriam oxide; with silicon plus yttrium oxide; and with
25  silicon; all after annealing at 1800°C;
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represented as a number of successful bends in an anode after single or

- doubl e si'nteri ng, SHygRum Oxygen enbrittlement occurs in tantal perAsd/04131-
al l oy products by Several mechanisns. Tantal um acts as a getter for oxygen

in addition to other gaseous inpurities present in sintering operations
such as carbon nonoxi de, carbon di oxi de, andgyat er vapor. Attenpts have
beerm nmade to reduce tantal um.oxide formation by doping tantalumw th carbon

or ‘&’ car bonaceous Mt ergigire LRGeS SR ietuth difrtbfiof BAR Gt'0.Bmd Ui e
P d°P°d wnh sxhcon and yttrium nitride after annealing at 1500°C;

Exgur_e_i isan electio_n diffraction pattem of 0.38mm tantalum sheet doped with
- silicon plus yttrium oxide after annealing at 1500°C; and :

5 - Figure 6 is an electron photomicrograph of 0.38mm tantalum sheet used in
Figures 4 and 5, which illustrates the size of precipitates after annealing at 1500°C.

The wrought metal alloy product of the present invention is made generally from a

process where tantalum base metal powder is blended with a quantity of silicon between

10 about 10 to about 1000 ppm, and a quantity of dopant between about 10 to about 1000

ppm. The dopant comprising a metallic and a non-metallic component with the metallic

portion. selected from a group comprising yttrium, thorium, lanthanum, hafnit_xm,

titanium and zirconjum. The non-metallic component is selected from the group

. comprising nitrogen, sulfur, selenium, tellurium, arsenic, antimony, carbon,

15  phosphorous, and boron The dopant is further characterized to include a free energy

of formation greater than compounds formed from the base metal and non-metallic

component, and less than oxides of said metallic component. For example, the present

invention preferably includes the use yttrium nitride which has a Gibbs free energy value

of 64.8 (taken as an absolute number) which falls above a low free energy value of

20 tantalum nitride of 52.4 and below a high value of yttrium oxide of 145 kcal/atom. Other

dopants, having metallic and non-metallic components falling within the free energy

range parameters of the base metal and non-metallic component, and the oxide of the

metallic component, are readily ascertamable to those skilled in the art by an
examination of the corresponding free energy values of the compounds selected.

25  Bars were made by first biending the base metal alloy, silicon, and dopant powders by
- mechanical means such as a twin cone blender, and then subjecting the powder to cold
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metal rather than diffusing into the tantal umthereby nninizing
‘enbrittlement. Wyd §2/26838nced ductility levels may be achieved wi t PCTAUSI2M04131
addition, the dopant may adversely effect the processability and el ectri cal
characteristics of the nmetal. Carbon particles on the surface of the
tant alummay result in increased electrical. lqakage due to the non-uniform
heﬂence of tantalumoxide film The term "dopant” is known to those .
X

ed inthe art E&Wﬂfgrﬁ% ODBPSL! [DheBardWerR'théll phibEdoif 4 fachirh Chhmber and

added to a base materia
o _ smtered by direct rwstance smtenng at between 2350 to 2400°C for about 4 hours

" The doped mntalum' bar stock may be used to generat'e a vanety of 'wrougnt produ'oté_
| '_ mcludmg fumaoe trays and leads for electromc components. For the purpose of
5  simplicity, the followxng descnptxon shall pertam pnmanly to wrought wire products

‘Wrought wire was made from the "sin'tered bars by rolling to a 20mm by 20mm

cross-sectxon followed by annealing. This was ‘accomplished at l300°C for two hours

ina standard vacuum furnace. The annealed bar was then rolled to a cross-section of

9mr_n by 9mm and _reunneeled at 1300°C for two more hours. Futther processing was
10 - accomplished by drnwing through various dies and anneeling at 1300°C.

The tantalum powder may be made by several methods including the processes disclosed
in U.S. Patent No. 4,684,399, assigned to the present assignee, Cabot Corporation. The
process disclosed in Columns 4, 5 and Examples 2-9 are incorporated by reference
herein. |

15  Referring to Figure 1, photomicrographs were taken of 0.25mm diameter tantalum
wires, made by doping with various dopants and annealing at about 1300°C for two
hours. As illustrated, tantalum wire doped with 100ppm yttrium oxide and 400ppm
silicon, exhibits incomplete recrystallization. In comparison, the wire made by doping
tantalum powder with yttrium nitride and silicon, made according to the procedure of

20 Example 1 below, and illustrated in Figure 1, exhibits full recrystallization and a
uniform fine grain structure. Grain sizes ranging from about 2 to about 55 mlcrons are
preferable. ' .

Figure 2 illustrates improved bend ductility-of wire produced by the procedure and
materials of Example 1. Bend ductility ranged from 0.1 bends for tantalum doped with

25 = thorium oxide, to about 4.2 for tantalum doped with silicon and yttrium nitride after
exposure to temperatures of greater than 1500°C. .

This Sheet Has Been Replaced

ARHRREA |II|




- The-term™processabitity” is defined -here after as the ratio of tensile
. stréength.to yi e%;#l @agth. Processability is measured by mechani BEF/US92/04131
eval uation of t-an um alloy by a variety of nethods including standardized
ASTM testing referenced hereafter. U S. Patent.Nos. 4,128,421 and 4, 235, 629
di sclose the addition of silicon and/or carb®na to tant alumto increase
du,et\l lity. Silicon is.volatilized in part during processing and therefore

mist’ be added i'n egesRgitd Figite 9 taithRifi shedts, MideByene procedure of Examples 1 to 4, were
' subjected to elevated temperatures of 1800°C. In addition to the apparent differences
_ in grain-sizes, a mixture of large and small grains (commonly known as duplex or .
abnormal grain structure) are visible in the sample where yttrium oxide was used as the
5 | dopant. Coalescence of thermodynamically stable oxide particles is known to be
" responsible for this phenomenon in oxide doped metals and alloys. Although the
mechanism is not completely understood, one theory accounting for dopant particle
_ growth or "dispersant coaxsenmg is that the coarsening occurs due to the high diffusion
: 'r_ate of oxygen and metal atoms of oxides in refractory metals which is driven by the
10  interfacial energy of the dispersoids. Enlarged dispersant particles have lower surface
energ§ and therefore cannot function to restrain grain boundary migration. Grain growth
in turn, results in loss of ductility.

Under normal manufacturing temperatures of about 1300 °C, metal oxides act to reduce
grain growth by pinning the grain boundaries. Metal oxides typically have higher Gibbs

15 free energy and are more sﬁble-in comparison with nitrides. Metal oxides, however are
generally not stable after being subjected to elevated temperature conditions such as are
encountered in furnace environments. One skilled in the art would expect nitrides to
form oxides when exposed to oxygen environments at elevated temperatures and exhibit
metallurgical properties similar to oxides. Applicant’s have discovered unexpected

20 improved microstructure stability and bend ductility in a wrought base metal alloy
product formed from tantalum powder doped with a material having lower Gibbs values
(absolute) than that found in oxide dopants.

As illustrated in Figures 4 and 5, the disabilities associated with increased lattice strain
encountered are due to the presence of yttrium oxide . The diffraction patterns of lattices
25 indicate a significant difference between the effects of oxide and nitride additions as
dopants. It appears that straining of the lattice associated with oxides is substantially
more than with nitrides. Although the present invention should not be so limited, one
theory accounting for the strained lattice is that the higher thermodynamic stability of .
oxides could prevent the interaction between oxides and the matrix and hence the
30 straining of matrix. The higher stability may also prevent the dissolution of oxide
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3 Wile it IS specul ated that silicon functlons as a getter simlar
» carbon, the addwo g2r20828excess silicon may effect the electrical

PCT. / US92/04131

characteristics of the wire product by the sane nmechani sm descri bed above
f.or carbon or carbonaceous materials. The doping of tantal um powder wth
phosphorus is generally disclosed in U S PaPent

10

15

20

25

particles into matrix. With the prolonged exposure to elevated temperatures (as
encountered dunng processmg and apphmmon procedures), oxide particles might grow
via mechamsms akm to Ostwald npemng, thereby resultmg in grain-growth. The size
of precipitates for sheet metal produced in accordance with the procedures of Examples
land 3 and 111ustmted in Figure 6, suggest elevated gram—growth where yttrium oxide

' and silicon were used. The formation of yttrium silicide leads to an alloy which includes

the chmctensncs of improved ductility, a high degree of processabthty, and improved

: mtcrostructure smblhty which resists grain gmwth after exposure to temperatures of

greater than about 1500°C.

Applieant’s have unexpectedly discovered improved ductility in a product formed from
tantalum powder doped with a material having higher Gibbs value (absolute) than yttrium

oxide.

As illustrated in Table 5 below, x-ray diffraction analysis of compositions produced by
the proceduree of Examples 1 and 3 shows that the blend containing the composition of
yttrium nitride and silicon indicated the presence of yttrium silicide, dispersed in the
base metal matrix while the yttrium oxide and silicon blend did not. Although, the latter
did have yttrium silicate, the thermodynamic stability of yttrium oxide apparently
prohibits its decomposition. It is believed that yttrium oxide preempts the formation of
yttrium silicide. Silicide cannot be formed, and an oxide (yttrium silicate) is formed
instead. The stebility of the silicate is expected to be similar or higher than that of
yttrium oxide. Similarly, the silicates effectiveness as a dispersoid will have limitations
similar to those of yttrium oxide. The formation of yttrium silicide therefore is
unexpected due to the potential for oxidation of yttrium nitride into the more stable form
of yttrium oxide during processing.

Example 1

Tantalum powder was blended w’itlt silicon and yttrium nitride powders (nominal
particle size <200 mesh) to obtain a nominal composition of 400 parts per million of
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hbs 3 825 802 4 009 007 and 4,957,541 as a neans for inproving_t
el ectrostatic cwgay;yjmwf capaci tors and flow properties of the t%‘ﬁf’&ﬁ?ﬁ“‘“l
powders Some significance is.attributed to the anount of dopant added in
the '007 patent (ranging from5 to 400 ppn). Al though the mechani sm by

whi ch phosphorous functions as a dopant to-tlerrt alumnetal is not conpletely

~one theory is that it:-reduces the sintering rate of tantal um by

deéce: easi ng t he sursilicos and 100 parts\pertmillion of yitriumnnistidechy weightawitk therbalance tantalum
redum ng t he errbr 'ptotwldgpe %&mﬁingtwar}ta%egmpl?s%ﬁu?“ow 2%hiRAHE i a twin cone blender The

- total wexght ot' ‘the blend ‘was about 50 pounds. Physical and chenucal propemes of

| ='stamngtantalumpowderareg1venm’rablelbelow _'

10

15

20

] .The blended powder was cold 1sostaueally pressed into two bars at 60, 000 PSI; each bar
, welghed about 22 pounds The cross-section of the bar was about 4immx 41mm The

bars were smtered by duect resutanee smtenng in a vacuum fumace at a temperature

of between about 2200 2400°C. = The bars were mamtamed through this temperature
| range for about 4 hours. _Smtered bars were rolled to a 20mm x 20mm cross-section and

annealed at a teinperature of 1300°C for a period of about 2 hours. The bars were then

" rolled to 9mm x 9mm and reannealed at 1300°C for an additional 2 hours. As indicated

above, the bars were subsequently drawn through various dies and annealed at_é
temperature of about 1300°C. The final wire diameter generated for purposes of the
examples of the present invention is 0.25mm.

PROPERTIES OF STARTING TANTALUM POWDER
Chemical Analysis

C 10 ppm

0, 840
. H <5

N, <25

Others Not Detected
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i nvol'ves the doping of tantalum powder with yttrium U S. Patent Nos.
' 3,268,328, 3,49hvéX3720888 thoria, U S. Patent No. 4,859,257, or oxpCERts92/04131
therefromU. S. Patent No. 3,268, 328 di scloses a yttrium oxi de doped
t‘ant alum al |l oy having an average grain size of 4 to 6 (ASTM. The term
“grain-size" may be defined as the number ot jgr.ains of tantalum as. conpared
wi fma standard ASTM grain si.ze chart at 100X magni fication. The term"fine
grérn size" may be defined to mean an ASTMgjaleUgndl¥sigir €at er than ASTM 5

10

15

20

+60Mesh o |
60/100Mesh 0

100/200 Mesh 188 %
'2001'_325 Mesh  31,6%

Analytical ASTM test procedures were utilized to dt_:termii\e the particle size (B-214),
grain size (B-112), and tensile strength and elonga_tit_m (E-8), of the doped t_antalum base
powder and products of the present invention.

- Example 2

The procedure for making a tantalum base alloy wire by doping with thoriam oxide was
accomplished by the decomposition of thoriam nitrate into thoriam oxide during
sintering. A solution of thoriam nitrate was mixed with tantalum powder to give about
100 ppm of thoriam by weight. The total ﬁveight of the blend was about 50 pounds.
The physical and chemical properties of the stanmg tantalum powder are presented in
Table 1 above '

The blended powder was cold isostatically pressed into two bars at 60,000 psi with each
bar weighing about 22 pounds. The cross-section of the bar was about 4lmm x 41mm.
Bars were vacuum sintered by direct resistance sintéring at temperatures of
approximately 2200 to 2400°C. The bars were maintained at this temperature for about
4 hours.

Sinteredbamwerepmoaudintombymep:ocedumpmtedinﬁmnple 1.
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or l'ess than about 55 microns. The term"uniformgrain-size" refers to a

+ grain-size whi C&ﬂ%ﬁ@“@% vary by nore than one ASTM nunber accor Qrgus92/04131
the testing pro scussed above. A conbination of dopants in a

tant al um base all oys for wought wire applications is disclosed in U.S.

Patent No. 4,859,257. The patent discloses agpalloy forned by adding 125
ppansi | i con and 400 ppmt horia to tantal um powder. An ASTM grain size No.
18&dnd No. 5 are obtai ned for. a doped and -a d control of pure

t ant a4 um powder o _ W

:_}' 'l‘antalum powder was blended with sxhcon and yttrium ox:de powders (nommal particle

o _srze < 200 mesh) m obtain a nommal composmon of 400 pans per million of silicon
“and 100 parts per mllhon of yttnum oxide by welght in predomma.ntly tantalum powder

5 Blending was accomphshed in about 2 minutes in a twin cone blender. The total weight
- of the blend was about 50 pounds. The physical and chemxeel properties of starting

.tantalumpowderarepresentedm'l'ablel |

The .blended pdwder was proeessed into bars and then wire by the procedure of Example
" _ _

10 l. | | Example 4

Tantalum powder was blended with silicon powder (nominal particle size < 200 mesh)

to obtain a nominal composition of 400 parts per million of silicon weight in

predominantly tantalum powder. Blending was accomplished in about 2 minutes in a

twin cone blender. The total weight of the blend was about 50 pounds. The physical
15  and chemical properties of starting tantalum powder are presented in Table 1.

The blended powder was processed into bars and then wire by the procedure of
Example 3.

Polishing and etching of wire samples produced by the procedures of Examples 1 to 4
was performed in accordance with commercially accepted procedures known in the art.

20  The microstructure of wire produced by Example 1, together with those of wires from
Examples 2, 3 and 4, is shown in Figure 1. Wire doped with the combination of yttrium
nitride and silicon exhibits full recrystallized yet fine particles. In contrast, wire made
from tamalumdoped wxﬂlyttnum oxide and silicon exhibits less than full recrystallized

| parucles. Table 2 nges the grain-size, mechanical and chemical properms ‘of wires
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Thi s"'t ransl ates into a doped tantal um base al |l oy grai n size of 10 microns

*i-n conparison Loz ol of "55 microns. It is maintained that tBer/use2/04131
mechani sms where sil1con functions as an oxygen getter and where netal
OXIde functions as a grain boundary restraint, 4
) -13-
form Examples 1,2, 3and 4 High strength and ducuhty of the wire from Example 1
are ev1dent ' : R o S
53 WIRES
- Examples N 1 2 | .3. | 4
Grain Size R
in micrometers 28 6 20 6
l ! ] - l s‘ l ~
10 Tensile Strength 87.1 - 734 90.2 74.1
(KSD '
Yield Strength 67.7 54.2 79.9 53.2
(XSD)
Elo_nganon (%) 24.8 23.8 20 24.6
15 Chemical C .
(in ppm) .. - : -
Si 225 - 250 250
Y 30 - 40 -
Th S 80 . - -
20 C : 45 45 ' 65 50
N, a5 35 30 10
0, 190 145 120 75

Others " None None None None

@ Not fully recrystallized (NFR).
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epr ain the ba5|s for the reported fine The

mechani snms, ho

fer from previously di scussed pr obl ens of PQF/&S32/04131

qual ity due to SPIFCon evaporation and grain growh after exposure to high
tenperatures due to dispersant particle growth. A tantalum based alloy
which provides consistently high ductility._ 3pd processability after
exp”’s.ure to high tenperatures would be a considerable advance I n the field

of tantal umnetal |l urgy. - Example S

10

15

20

| Wires from Examples 1to 4 were pressed into tamalum powder, sintered under vacuum,
and tested for bend-ducuhty in accordance thh the test procedure presented below.

' Three sintering cycles were used. In the _first cycle, the furnace was evacuated and the

temperature was raised -_to 1670°C for 30 minutes and then shut-off. The second cycle
is the same as the first Cycle except that the furnace was back-filled with argon after the
evacuation, reevacuated, and then the temperature was raised to 1670°C and, after 30
minutes, the furnace was shut off. The third cycle is the same as the first except that
wire/powder assemblies were reheated for 2 minutes at 1670°C.

It should be noted that all three sintering cycles simulate industrial practices and should
be familiar to those skilled in the art. '

Procedure for Bend Test:

The bend-ductility of the sintered wire is determined by securing a sintered anode
preformed with one inch wire embedded therein. A 54 gm dead weight is attached to
the lead extremity. ‘The anode is then pivoted through a 180 degree arc causing the wire
to bend at the juncture with the anode. 'For purposes of the present invention, one bend
is defined as the complete pivoting of the anode through a 90 degree arc and returning
to the starting position. The number of bends are counted. Ten anodes are tested and
the bend ductility is average on the basis of ten runs.

Table 3 compares the bend-ductility of wire formed by the procedures set forth in
Examples 1 10 4. The wire produced according to the procedure of Example 1) exhibits
has 57% improvement in comparison with tantalum wire doped with silicon and yttrium
oxide after 30 minutes of sintering followed by an additional two minutes. '

———
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Anot her object of the present invention is to provide tantal um al whi ch
‘mai'nt ai ns pr ocayea®2rdos2s and ductility with | ow concentrations ofP@é!ﬁ?ﬂlﬂﬂﬁ
A further object of the present invention is to provide a doped tantal um
all oy which maintains a high Ievel of processability and ductility and
'V\/nerel n the dopants resist coarsening after 18xposure to high tenperatures.

JABLE D

Examplé _ 1 2 3 -4

. Blend Compositions 100 YN + 100ThO, - 100Y,0,+ 400 Si
5 (inppm) . 400 Si 400 Si :
Thermal Cycle - | I
1670°C/30 min 4.2 5 0.5 - 4 4
1670°C/30 min :
after purging - - - 3.5 0.1 2.9 2.2
10 with Argon '
and Re-evacuation
Re-evacuation _
.1670°C/30 min | X ;.
+ 2 min | 2.2 0.1 1.4 0.9
15
Example 6

Composition of Examples 1, 2, 3 and 4 were also processed into 9mm x 9mm annealed
bars which were rolled into 0.38mm thick sheets. The sheets were annealed at various
temperatures to demonstrate the high temperature stability of composition of Example .
20 1. Samples were polished and ewched prior to evaluation and taking of the
~ photomicrographs illustrated in Figure 3. Table 4 compares the gram-stzes of sheets
produced by the Examples listed.
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Yet a further objection of the present invention is to provide a w ought

* Wiré product fr

m base al |l oy whi ch mai ntai ns processabi | igor/sa892/04131

ductility and which mnimzes DC el ectrical |eakage. Accordingly the
present invention alleviates the above nentioned problens and achieves the
cited objectives in a wought nmetal alloy prqguct conprising a tantalum
bas€7pr ni obi um base netal, a quantity of silicon between 10 and | 000ppm a
quahtlty bet ween 10 and 1000ppm of a- . TABLE 4

10,

15

20

Exam 'ple"' 2 3 4

" Blend Composmon- 100 YN + 100ThO,  100Y,0, 400 Si
@inppm) . 400 Si | 400 Si '
‘Annealedat ' _ |
1500°C/2hr/Vac 1 2 140 16
~ Annealed at . '
1650°C/2hr/Vac 14 2 17 25
Anneal at

1800°C/2hr/Vac 22 135 27 57

® NFR = Not Fully Recrystalhzed

Example 7

Sheets of compositions produced by the procedure of Examples 1 (400Si + 100YN) and
3 (400Si + 100Y,0,) were evaluated via electron microscopy after annealing at 1500°C.
Discs were cut to about 250 micmmeteré in thickness using a slow speed diamond saw.
The discs were then ion milled to a thickness of 50-100 micrometers and then
electropolished in a 90% H,SO, + 10% HF solution until they developed
microperforations. Diffraction patterns of lattices of samples of compositions of
Example 1 (400Si + 100YN) and Example 3 (400Si + 100Y,0;) were also taken as
illustrated in Figures 4 and 5. The electron microscopy was performed in the vicinity
of the perforations as illustrated in Figure 6. Scanning electron micrographs xn the
vicinity of mxcro-puforanons demonstrate the size of yttrium oxide preclpxtates in
comparison with yttrium nitride. Pre_cxpmm are visible as bright areas. The size of
precipitate in the sample of composition of Example 1 (400Si + 100YN) is about 0.7

.This Sheet Has Been Re’ilac
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dopant conprising a netallic and a non-netallic conponent, wherein m
non-nmetal | i c cowmeeype828s nitrogen, sulfur, selenium tellurium E?i 3{0‘“3‘
anti nony, carbon, phosphorous, or boron and wherein said dopant has a G bbs
free energy of formation greater than conpounds fornmed from said base netal
and said non-netallic conponent and | ess thal¥ oxi des of said netallic
conpgnent. The present invention further conprises in a wrought netal alloy
s x 0.9 micrometers and the size of precipitate in the sample of composition of Examiple

3 (400Si + 100Y,0,) is about 1.2 x 3 micrometers.

Example 8

- Powdefs of .ta.ntaluir.l, silicon, yttrium nitride and yttiium oxide were prepared frdm
S materials made by the procedure of Examples 1 and 3 and were blended in the following
‘proportion: ' L :

Blend-Composition
Ta + 10%YN + 40%Si
Ta + 10%Y,0, + 40%Si

10  The relative amounts of silicon and yttrium nitride, and yttrium oxide were similar to
those used in Examples 1 and 3. Blends were heated at 1300°C for two hours under
vacuum and evaluated \}ia x-ray diffraction. As illustrated in Table 5 below, the blend
containing the composition of yttrium nitride and silicon showed the presence of yttrium
silicide, while the yttrium oxide and silicon blend did not.

This Sheet Has Been Reﬂlaced
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wi th about 100
exposure to

:ng and about 100 to about 500 ppm yttrium npCr/us92/04131

I ncludes a ductility of about 20%

after

and exhibits a

ni obi um base net al
-18 -

product the conbination of a tantal um or
‘ to about 500 ppREe/

The product further

el evated tenperatures of greater than [err]
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fine uniformgrain size of about 3 to about 30 mrcrons. Low |evels of

car'’bon and. oxygewgﬁp;_wies are mai ntai ned at about 50 and 300 pECT/US92/04131
respectively. As discussed below, the inventors have di scovered that the
unexpect ed physical and chemical properties of the invention are |argely

due to the synergistic effect of silicon and pgt-tri umnitride dopants. A
furfher advantage is that yttr| umsilicide is nore resistant to di spersant
part1 cle grovvth than nmet al oxi des such as ytw thorl am oxi des.

i ﬁﬁrs having a dxameter of 6mm and having the eompositions listed in Table 6 were
" produced according to the procedure of Example 1. Annealed bars at intermediate stage
_ of 9mm x 9mm were drawn through various dies ending up with 6mm diameter. Bars
5 | ‘were. annealed at 1300°C and tested for mechanical properties. The synergistic effects
~of yttrium ‘nitride and silicon on the mechanical properties of the bars is evident from

the data presented below |

TABLE 6 .
: PROPERTIES OF émm DIAMETER TANTALUM BARS

10 Blend Composiion  No Additive ~ 400Si  100YN  400Si  400Si

(in ppm) - (pure Ta) : 100YN  500YN
Annule'd.at
1300°C/2hr/vac
. Y.S.(in KSI) 36.7 39.6 40.2 53.7 52.9
1S T.S.(in KSD) 53.8 58.3 58.2 73.4 72.1
Hardness _ '
(DPH) 110 118 114 130 130

Those of ordinary skill in the art will recognize that many changes and modifications can
be made in the above description without departing from the spirit of the invention.

T
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A further advantage of the present invention is that wought netal all oy

* product s produce‘q, I;%y:gvggproved ductility after exposure to el evatger/use2/04131
t enmper at ures and 0, bend ductility. A further advantage is that

excess quantities of dopant formerly needed to replace evaporated silicon

are not required. The grouping of excess dopagt on the m L Igﬁ

wroﬂt al l oy product and the associ at ed pro%lﬁem of dIIS] mﬂﬂm “I] “LI um
oXi de l nsul at i ng, |® %lgi?n al | eV| at ed :

1. A wrought metal alloy product compnsxng, a tantalum or mobmm base metal a
- quantity of s:heon between a.bout 10 to about 1000 ppm, a quantity between about 10 to
) about 1000 ppm ofa dopant eompnsmg a metalhe and a non-metallic oomponent said
S . dopant havmg a free energy of fonnanon greater than oompounds formed from sald base |
| metal and said non-metallic component and less than oxides of said metallic component.

2. The wrought metal alloy product of claim 1 wherein said non-metallic component is
selected from the group consisting of nitrogen, sulfur, selenium, tellurium, arsenic,
antimony, carbon, phosphorous, and boron.

10 3. The wrought metal alioy product of Claim 1 wherein said dopant is yttrium nitride.

4. The wrought metal alloy of Claim 1 wherein said alloy maintains a fine uniform
grain size after exposure to elevated temperatures of greater than 1300°C.

5. The wrought metal alloy product of Claim 1 wherein said product has a ductility of
about 20% after exposure to elevated temperatures of greater than 1300°C.

15 6. The wrought metal alloy product of Claim 1 wherein said product comprises a
silicide of said metallic component of said dopant dispersed in a base metal matrix.

7. The wrought metal alloy product of Claim 4 wherein said fine grain size is from
about 2 to about 30 microns. '

8. The metal alloy product of Claim 7 wherein said produet has a bend-dueuhty of
20 about4aﬁerexposuretotempmtureofgmterthan 1500°C.

9. A wrought metal alloy product comprising a tantalum or niobium base metal, said
base metal doped with a quantity of silicon ranging from about 10 ppm to about 1000
ppm and a quantity of yttrium nitride ranging from about 10 to about 1000 ppm.

' Thls Sheet Has Been Rep Iaced




Brlef Descrlptlon of the Dr awi ng m m‘ ects features and
* advant ages are fwo¢s720828! ust rat ed ﬂﬂ w “ﬁ ﬂ det ai | ed deschﬁfNﬁ?ﬂMUl
and clains presented bel ow. Figure I'Tyst Fat &s 1 he of tantalum -
wire nmade by doping with silicon plus yttriumnitride; thoriam oxide;

silicon pI us yttriumoxide; and silicon; all-2fter annealing at [err];
Fi gfﬁ?}e illustrates a graph of the bend ductility of the wire

CO”DOSI t ions 10. The wrought metal alloy product of Claim 9 wherein said alloy maintains a ﬁne
o R umform gram size after exposure to elevated temperatures of greater than 1300°C.

11. The wrought metal a.lloy product of Claim 10 wherexn said ﬁne grain size is from .-
about 2 to about 30 microns,

5. 12.-The wrought metal alloy product of Claim 10 wherein said product has a ductility
" of about 20% after exposure to elevated temperatures of greater than 1300°C.

" 13. The wrought metal alloy product of Claim 12 wherein said product comprises
 yttrium silicide dispersed in a base metal matrix.

114. The metal alloy product of Claim 12 wherein said product has a bend-ductility of
10 . about 4 after exposure to temperature of greater than 1500°C.

15. In a wrought metal alloy product, the combination of tantalum or niobium metal with
about 10 to about 1000 ppm silicon, and about 10 to about 1000 ppm yttrium nitride,
said metal alloy having a fine grain size of about 2 microns to about 30 microns.

16. The wrought metal alloy product of Claim 15 wherein said product has a ductility
15  of about 20% after exposure to elevated temperatures of greater than 1300°C.

17. The metal alloy product of Claim 15 wherein said product has a bend-ductility of
“about 4 after exposure to temperature of greater than 1500°C.

18. The wrought metal alloy product of Claim 17 wherein said product comprises
yttrium silicide dispersed in a base metal matrix.

" 20  19. The wrought metal alloy product of Claim 18 wherein said tantalum base metal has
alevelofimpuriﬁaofl&thanSOp_pmca_rbonandlossthanMOpmez.

heet Has Been Re‘laced
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| I I ust rat ed in Figure 1 after sint ﬁﬂmﬁﬂ“mw ﬁlﬂmll ustrates
“ mcrostructures WO/¥828m tantal u h silicon and PET/YSIR{04131

nitride; with thoriamoxide; with siliéon plus yttrrumoxrde and with
silicon; all after annealing at [err] 02 FEB 1998
-22-

£ '
T 20. In a wrought metal alloy product, the oombmauon of tantalum or niobium metal with

about 100 to about 500 ppm silicon and about 100 to about 500 ppm yttrium mtnde, said '
.metal alloy having a fine uniform gram size of about 2 rmcrons to about 30 nucrons _
.afterexposuretoelevatedtemperatum - ' '

5 .- 21. ‘l‘he wrought metal alloy product of Claim 20 wherem said product has a ductility
of about 20% after exposure to elevated temperaturu of greater than 1300°C

22. In 2 metal al_loy_wire, the oombination of tantalum base metal with about 100 to

about 400 ppm sxheon and about 100 to about 400 ppm yttrium nitride, said tantalum

base metal having a level of impurities of less than 50 ppm carbon and less than 300
10 ppm 0,. |

- 23. The metal alloy wire of Claim 22 wherein said wire maintains a fine uniform grain
size after exposure to elevated temperatures of greater than 1300°C.

24. The metal alloy wire of Claim 23 wherein said fine grain size is from about 2 to
about 30 microns. ' |

13 25. The metal alloy wire of Claim 24 wherein said wire has a ductility of about 20%
after exposure to elevated temperatures of greater than 1300°C.

26. The metal alloy wire of Claim 25 wherein said product comprises yttrium silicide
dispersed in a base

metal matrix.

20  27. The metal alloy wire of Claim 26 wherein said wire has a bend-ductility of about 4
after exposure to temperature of greater than 1500°C.

This Sheet Has Been Replaced
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Figure 4 illustrates an electron diffraction pattern of 0.38mmtantal um

‘ sheet doped with silicon and yttriumnitride after annealing at [err];
Figure 5 is anvybesiigsg di ffraction pattern of 0.38nmm tantal um sRETIUSHIMHAE31
with silicon plus yttriumoxide after annealing at [err] and Figure 6 is an
el ectron photom crograph of 0.38nm tantal um sheet used in Figures 4 and 5,
V\/nlml | lustrates the size of precipitates] bt er anneali ng at [err].

(400 Si +100 YN ) (100 ThO»)

FIG.1A | FIG.1B

(400 Si +100 Y204) (400 SD

FIG.1C FIG.1D
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Detai |l ed Description of a Preferred Enbodi nent The w ought netal all oy

" product of the prese

nt invention is nmade generally froma process where

tant al um base nmeirhofyopsh8r i s bl ended with a quantity of silicon bRETRN2/04131

about 10 to about 10
aboyt., 1000 ppm The

corrt')'_o;,aent with the netallic portion select

00 ppm and a quantity of dopant between about 10 to
dopant conprising a ne ic and a non-netallic
é?é roma group conprising

yttrium thorium |apthanum hafnium titaniumand zirconium The
non-netal | i c .conponept is sel ected fromthe group -
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conprising nitrogen, sulfix, selenium tellurium arsenic, antinony,

c¢ar bon, phosphorous, and boron. The dopant is further characterized to
include a free qpglogyre8ig f or mati on greater t han conpounds f or me8CY WSH2(03@31
base netal and non-metallic conponent, and |ess than oxides of said

met allic conponent For exanple, the presenﬁ nventi on preferably includes

t he - us‘e yttriumnitride which has a G bbs ( e energy value of 271 kJ/atom
(64.8) ( taken as an absol ute nunber) which falls above a | ow free energy
value of tantalumnitride of 219 kJ/atom (52.4) and

(100 YN +400 S (100 Th Op)

FIG.3A - FIG.3B

(100 Y203 +400 SD ' (400 SD

FIG3C FIG.3D
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¥

ubelqw a high val ue of yftriun1oxide of 607 kJ/atom (145)kcal/atom O her
dopants, -having netallic and non-netallic conponents falling with- _in th

free energy ranggodarieds ers of- the base netal and non-netallic c 8l 04131
and the oxide of the netallic conponent,

are readily ascerta- inable to
those skilled in the art by an exam nation

of. t he correspondi ng free energy
val 4€s of the conpounds sel ected. Bars weré/ﬁhde by first blending t he base

net-al " al l oy, silicon, and dopant powders by
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mechani cal 'méan_s such as a twn cone blender, and then subjecting the
» ‘powder te cold REPLACEMENT SHEET 23 SEP 1998 7

WO 92/20828 PCT/US92/04131
-A 5/6
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—+sgstatic pressing at 414 Mpa (69,000 PSI). The bars were then pl ) A
..~ vaeuum chanber and sintered by :di:rect-resistance sintering atl’(EJzy%Z‘g“ggSO
-to [err] for about 4 hours. The.doped tantal um bar stock may be used to
generate a vari@?‘sﬁf wr ought s products including furnace trays and | eads
for el ectrofy@? nponents. For the purpgse of -sinplicity, the follow ng
description shall pertain primarily to ught wire products.

“




f
w;!

‘Wought wre was made fromthe sintered bars by m by 20mm
cross-section follow ng by annealing. This wa$ [ [err] for
~two hours in a standard vacuum furnace.” The agpng¢al ed bar was en rol | ed
to a cross-section of 9nm by 9nm and reanneal e nor e
hours. Further processing was acconpd tshed by{diaw ng through{ vhri ous dies
and annealing at [err] Tantal um powder useful ifn This 1nvention gan be made
by several nethods . -

*WROUGHT TANTALUM OR NIOBIUM ALLOY HAVING SILICON AND A COMPOUND DOPANT"

Background of the Invention

The present invention pertains to the field of wrought metal base alloy products with
improved chemical and physical characteristics, and more particularly to products of
tantalum or niocbium metal base alloys containing quantities of silicon and a dopant such

as yttrium nitride,

Tantalum alloys have been recognized as preferred materials in the field of furnace
equipment: such as trays and heating elements, and radiation shielding where the thermal
stability of the alloy is maintained and the life span of the product is enhanced by
reduced embrittlement. Tantalum alloys have also been employed in the manufacture
of 'wire and more particularly as electric component leads where product characteristics
such as ductility, high dielectric constant, resistance to grain growth at elevated
temperatures, and improved processability are required. In the production of capacitors,
for example, the lead wires may either be pressed into the tantalum powder anode and
éﬁbsequently sintered at high temperatures, or spot welded to sintered capacitor bodies.
See U.S. Patent No. 3,986,869.

In both electrical component and furnace equipment products, contamination by oxygen
contributes to embrittlement and piece failure. For example, in wire products, the area
where a lead wire leaves an anode body is highly susceptible to embrittlement due to
migration of oxygen from the sintered body to the wire. Lead wires which become
embrittied or break results in the loss of the entire piece. Substantial economic benefit
can be gained from a tantalum or niobium base alloy which does not lose strength or

ductility due to embrittlement after exposure to high temperatures.

For purposes of simplicity, reference hereafter will be made solely to tantalum even
though it is understood that niobium is also contemplated. The chemical similarities

between the two elements are well known to those skilled in the art.

This Sheet Has Been Re laced
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I ncludi ng reduction of potassiumfluorotantalate to tantal um powder using
sodium as a reducing agent in nolten alkali halide diluent salts at
reaction tenperatures in the range of [err]. As disclosed in US patent
4684399 it is preferred to add alkali metal to a reactor .continuously or
increnentally over the course of the reduction reaction as potassium
fluorotantalate is added in increments. Wien the reaction is conplete the

reaction Magfeirsmt oR@Min N tyiaaleehdepst6bd &OMmesn 8 Petcenapel inarezsedn length of um
the metal prior to failure in a tensile test.

The term "bend-ductility” is a physical characteristic synonymous Wwith reduced
embrittlement or ability to withstand repetitive bending. The term is typically -
represented as a number of successful bends in an anode after single or dpuble sintering

in vacuum.

Oxygen embrittiement occurs in tantalum base alloy products by several mechanisms.
Tantalum acts as a getter for oxygen in addition to other gaseous impurities present in
sintering  operations such as carbon monoxide, carbon dioxide, and water vapor.
Attempts have been made to reduce tantalum oxide formation by doping tantalum with
carbon or a carbonaceous material. Oxygen reacts with the carbon at the surface of the
metal rather than diffusing into the tantalum thereby minimizing embrittiement. While
enhanced ductility levels :ﬁay be achieved with carbon addition, the dopant may
adversely effect the processability and electrical characteristics of the metal. Carbon
particles on the surface of the tantalum may result in increased electrical leakage due to

the non-uniform adherence of tantalum oxide film.

- The term "dopant" is known to those skilled in the art to mean a trace quantity of
material which is normally added to a base material. o '

The term "processability" is defined here after as the ratio of tensile strength to yield
strength. Processability is measured by mechanical evaluation of tantalum alloy by a
variety of methods including standardized ASTM testing referenced hereafter.

U.S. Patent Nos. 4,128,421 and 4,235,629 disclose the addition of silicon and/or carbon
to tantalum to increase ductility. Silicon is volatilized in part during processing and

therefore must be added in excess in the original master blend.

REPLACEMENT SHEET
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powder. Referring to Figure 1, photom crographs r@LE%P’QeMtW 5@{5215
dianmeter tantalumw res, nade by doping with vari d'éb’"a’hr"S""aﬁd eal i ng
ta t

at about [err] for two hours. As il lustrated, P’éﬁqupdwm
100ppm yttrium oxi de and 400ppm silicon, exhi bits i corrp e
recrystallization. I n conparison the3W| re mad | ym powder
wth yttriumnitride and silicon, made accordingjto the procedure

While it is speculated that silicon functions as a getter simi ; ition of

excess silicon may effect the electrical characteristics of the wire product by the same

mechanism described above for carbon or carbonaceous materials.

The doping of tantalum powder with phosphorus is generally discloséd in U.S. Patent
Nos. 3,825,802, 4,009,007, and 4,957,541 as a means for improving the electrostatic
capacity of capacitors and ﬂbw properties of the tantalum powders. Some significance
is attributed to the amount of dopant added in the 007 patent (ranging from 5 to 400
ppm). Although the mechanism by which phosphorous functions as a dopant to tantalum
metal is not completely known, one theory is that it reduces the sintering rate of
tantalum by decreasing the surface diffusion of tantalum.

Another mechanism for reducing the embrittlement of tantalum base alloy products
involves the doping of tantalum powder with yttrium, U.S. Patent Nos. 3,268,328,
3,497,402; or thoria, U. S. Patent No. 4,859,257; or oxides therefrom.U.S. Patent No.
3,268,328 discloses a yttrium oxide doped tantalum alloy having an average grain size
of 4 to 6 (ASTM). '

The term "grain-size" may be defined as the number of grains of tantalum as compared
with a standard ASTM grain size chart at 100X magnification. The term "fine
grain-size" may be defined to mean an ASTM value of greater than ASTM 5

or less than about 55 microns. The term "uniform grain-size" refers to a grain-size
which does not vary by more than one ASTM number according to the testing procedure

discussed above.

A combination of dopants in a tantalum base alloys for wrought wire applications is
disclosed in U.S. Patent No. 4,859,257. The patent discloses an alloy formed by adding
125 ppm silicon and 400 ppm thoria to tantalum powder. An ASTM grain size No. 10
and No. 5 are obtained for a doped and an undoped control of pure tantalum powder.
This translates into a doped tantalum base alloy grain size of 10 microns in comparison
to a control of 55 microns. It is maintained that the mechanisms where silicon functions

as an oxygen getter and where metal oxide functions as a grain boundary restraint,
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of Exanple 1 below and illustrated in Figure F—EXfi-Oira: EET 8
recrystallization and a uniformfine grain str cfitﬁﬁg\ﬁgg‘zg}-nﬁ# zeb rangi ng
fromabout 2 to about 55 nmicrons are preferablé. |
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explain the basis for the reported fine grain sizek_andmducﬁlity.—»«?hewmeéhanisms,
however, suffer from previously discussed problems of product quality due to silicon
evaporation and grain growth after exposufe to high temperatures due to dispersant
particle growth. A tantalum base_d' allby which provides consistently high ductility and
processability after exposure to high temperatures would be a considerable advance in

the field of tantalum metallurgy.

Another object of the present invention is to provide tantalum alloy which maintains

processability and ductility with low concentrations of dopants.

A further object of the present invention is to provide a doped tantalum alloy which
maintains a high level of processability and ductility and wherein the dopants resist

coarsening after exposure to high temperatures.

Yet a further object of the present invention is to provide a wrought wire product from
tantalum base alloy which maintains processability and ductility, and which minimizes
DC electrical leakage.

Accordingly, the present invention alleviates the above mentioned problems and achieves
the cited objectives in a wrought metal alloy product comprising a tantalum or niobium
base metal, a quantity of silicon between about 10 to about 1000 ppm, and between
about 10 to about 1000 ppm of a dopant comprising a metallic and a non-metallic
component. The dopant has a Gibbs free energy of formation higher than compounds
formed from the tantalum or niobium base metal selected and the non-metallic
component of the dopant, and a Gibbs free energy of formation lower than oxides

formed of the dopant metal component.

The present invention further comprises in a wrought metal alloy product, the
combination of a tantalum or niobium ba;e metal with about 100 to about 500 ppm
silicon and about 100 to about 500 ppm yttrium nitride. The product further includes
a ductility of about 20% after exposure to elevated- temperatures of greater than 1300°C,

and exhibits a fine uniform grain size of about 3 to about 30 microns. Low levels of
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Fi gure 2 illustrates inproved bend ductility of wi r—mls@ﬁég%

'I

procedure and materials of Exanple 1. Bend ductil |t l bends
ffor tantal um doped with thorium oxi de, to about 4.2 oped W th
silicon and yttriumnitride after exposure to terrper ter than

[err]. [err] -5-

carbon and oxygen impurities are maintained at about 50 and 300 ppm respectively. As
discussed below, the inventors have discovered that the unexpected physical and
chemical properties of the invention are largely due to the synergistic effect of silicon

and yttrium nitride dopants.

A further advantage is that yttrium silicide is more resistant to dispersant particle growth

than metal oxides such as yttrium or thoriam oxides.

A further advantage of the present invention is that wrought metal alloy products
produced have improved ductility after exposure to elevated temperatures and improved
bend ductility.

A further advantage is that excess quantities of dopant formerly needed to replace
evaporated silicon are not required. The grouping of excess dopant on the surface of the
wrought alloy product and the associated problem of discontinuous tantalum oxide

insulating, is also alleviated.

- Brief Description of the Drawings

The disclosed objects, features, and advantages are further illustrated by the drawings,

detailed description, and claims presented below:

Fjgi.lre 1 illustrates the microstructures of tantalum wire made by doping with
silicon plus yttrium nitride; thoriam oxide; silicon plus yttrium oxide; and silicon; all
after annealing at 1300 °C; '

Figure 2 illustrates a graph of the bend ductility of the wire compositions

illustrated in Figure 1 after sintering;

Figure 3 illustrates microstructures of 0.38 mm tantalum sheets doped with
silicon and yttrium nitride; with thoriam oxide; with silicon plus yttrium oxide; and with
silicon; all after annealing at 1800°C;

OIS
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Referring to Figure 3, tantalum sheets, nmade by|t eqtur ng anples 1
REPL CEM RSy

to 4, were subjected to elevated tenperatures o
apparent differences in grain-sizes, a mixture
(commonly known as dupl ex or abnornal grain stryuctur
sanpl e where yttrium oxi de was used as A he dopaft §

t hernodynam cal | y stabl e oxide partlcré

: fibbn to the

| ar ge and maj | grains
%5 siple in the

~ Coal escencei o

to be %

mm’ tantalum sheet
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Figure 4 illustrates an electron diffraction patte
doped with silicon and yttrium nitride after annealing at 1500°C;

Figure 5 is an electron diffraction pattern of 0.38mm tantalum sheet doped with
silicon plus yttrium oxide after annealing at 1500°C; and

Figure 6 is an electron photomicrograph of 0.38mm tantalum sheet used in
Figures 4 and 5, which illustrates the size of precipitates after annealing at 1500°C.

Detailed Description of a Preferred Embodiment

The wrought metal alloy product 6f the present invention is made generally from a
process where tantalum base metal powder is blended with a quantity of silicon between
about 10 to about 1000 ppm, and a quantity of dopant between about 10 to about 1000
ppm. The dopant comprising a metallic and a non-metallic component with the metallic
portion selected from a group comprising yttrium, thorium, lanthanum, hafnium,
titanium -and zirconium. The non-metallic component is selected from the group
comprising nitrogen, sulfur, selenium, tellurium, arsenic, antimony, carbon,
phosphorous, and boron. The dopant is further characterized to include a free energy
of formation greater than compounds formed from the base metal and non-metallic |
component, and less than oxides of said metallic component. For example, the present
invention preferably inciudes the use yttrium nitride which has a Gibbs free energy value
of 64.8 (taken as an absolute number) which falls above a low free energy value of
tantalum nitride of 52.4 and below a high value of yttrium oxide of 145 kcal/atom. Other
dopants, having metallic and non-metallic components falling within the free energy
range parameters of the base metal and non-metallic component, and the oxide of the
metallic component, are readily ascertainable to those skilled in the art by an

examination of the corresponding free energy values of the compounds selected.

Bars were made by first blending the base metal alloy, silicon, and dopant powders by
mechanical means such as a twin cone blender, and then subjecting the powder to cold

Tkis Sheet Has Been Re laced
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responsi bl e for this phenonmenon in oxi de doped netals and alloys. Al though
t he nechanismis not conpletely understood, one theory accounting for
dopant particle growth or "dispersant coarsening” is that the coarsening
occurs due to the high diffusion rate of oxygen and netal atons of oxides
inrefractory netals which is driven by/the interfacial energy of the

di spersoi ds. Enl arged di spersant particles have | ower surface energy and
therefore casostticipmessingaat 60¢000eRS1: aThe baraiwerd thendalagedringr vacuum. chamben and

h | f il
gr owth in t ntéred %S ucllre%t }eglsta?x?:g sgltergnlécatt beltw}zéyen 2350 to 2400°C for about 4 hours.

The doped tantalum bar stock may-be used to generate a variety of wrought products
including furnace trays and leads for electronic components. For the purpose of
simplicity, the following description shall pertain primarily to wrought wire products.

| Wrought wire was made from the sintered bars by rolling to a 20mm by 20mm
cross-section followed by annealing. This was accomplished at 1300°C for two hours
in a standard vacuum furnace. The annealed bar was then rolled to a cross-section of
9mm by 9mm and reannealed at 1300°C for two more hours. Further processing was

accomplished by drawing through various dies and annealing at 1300°C.

The tantalum powder may be made by several methods including the processes disclosed
in U.S. Patent No. 4,684,399, assigned to the present assignee, Cabot Corporation. The
process disclosed in Columns 4, 5 and Examples 2-9 are incorporated by reference

herein. d

Referring to Figure 1, photomicrographs were taken of 0.25mm diameter tantalum
wires, made by doping with various dopants and annealing at about 1300°C for two
hours. As illustrated, tantalum wire doped with 100ppm yttrium oxide and 400ppm
silicon, exhibits incomplete recrystallization. In comparison, the wire made by doping
tantalum powder with yttrium nitride and silicon, made according to the procedure of
Example 1 below, and illustrated in Figure 1, exhibits full recrystallization and a
uniform fine grain structure. Grain sizés ranging from about 2 to about 55 microns are

preferable,

Figure 2 illustrates improved bend ductility of wire produced by the procedure and
materials of Example 1. ‘Bend ductility ranged from 0.1 bends for tantalum doped with

thorium oxide, to about 4.2 for tantalum doped with silicon and yttrium nitride after

exposure to temperatures of greater than 1500°C.
' : 9,", MH‘T SHEET
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di scovered M
in grain-sizes, a mixture of large and small grains (commonly known as duplex or

abnormal grain structure) are visible in the sample where yttrium oxide was used as the
dopant.  Coalescence of thermodynamically stable oxide particles is known to be
responsible for this phenomenon in oxide doped metals and alloys. Although the |
mechanism is not completely understood, one theory accounting for dopant particle
growth or "dispersant coarsening” is that the coafsening occurs due to the high diffusion
rate of oxygen and metal atoms of oxides in refractory metals which is driven by the
interfacial energy of the dispersoids. Enlarged dispersant particles have lower surface
energy and therefore cannot function to restrain grain boundary migration. Grain growth

in turn, results in loss of ductility.

Under normal manufacturing temperatures of about 1300 °C, metal oxides act to reduce
grain growth by pinning the grain boundaries. Metal oxides typically have higher Gibbs
free energy and are more stable in comparison with nitrides. Metal oxides, however are
generally not stable after being subjected to elevated temperature conditions such as are
encountered in furnace environments. One skilled in the art would expect nitrides to
form oxides when exposed to oxygen environments at elevated temperatures and exhibit
metallurgical properties similar to oxides. Applicant’s have discovered unexpected
improved microstructure stability and bend ductility in a wrought base metal alloy
product formed from tantalum powder doped with a material having lower Gibbs values

(absolute) than that found in oxide dopants.

As illustrated in Figures 4 and 5, the disabilities associated with increased lattice strain
encountered are due to the presence of yttrium oxide . The diffraction patterns of lattices
indicate a significant difference between the effects of oxide and nitride additions as
dopants. It appears that straining of the lattice associated with oxides is substantially
more than with nitrides. Although the present invention should not be so limited, one
theory accounting for the strained lattice is that the higher thermodynamic stability of
oxides could prevent the interaction between oxides and the matrix and hence the

straining of matrix. The higher stability may also prevent the dissolution of oxide
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i nproved microstructure stability and bend ductilji tly T & wote ase
nmetal alloy product formed fromtantal um powder do edami %5 g Eﬁt rial
*havi ng | ower G bbs val ues (absol ute) than that fcugd in R 2 opamts. As
illustrated in Figures 4 and 5, the disabilitiesji{a at-ec. Wi t hii hcreased
lattice strain encountered are due to-he presenge of yttriumoxide . The
diffraction patterns of lattices indicate a signifrlcant drfference between
t he ef f ect s paftictesi ifto amatrixi t rWith thedpralenged aexpibsyrantas elavated pigmperatunes (as
straining of the lattice associated w t.h oxi deseéusres ubst.anti al

encountered during processing and gi”)p&lcanon proc , oxide parncltlzsy might grow
via mechanisms akin to Ostwald ripening; thereby resulting in grain-growth. The size
of precipitates for sheet metal produced in accordance with the procedures of Examples

1 and 3 and illustrated in Figure 6, sﬁggest elevated grain-growth where yttrium oxide

and silicon were used. The formation of yttrium silicide leads to an alloy which includes
the characteristics of improved ductility, a high degree of processability, and improved
microstructure stability which resists grain growth after exposure to temperatures of

greater than about 1500°C.

Applicant’s have unexpectedly discovered improved ductility in a product formed from
tantalum powder doped with a material having higher Gibbs value (absolute) than yttrium

oxide.

As illustrated in Table 5 _below,' x-ray diffraction analysis of compositions produced by
the procedures of Examples 1 and 3 shows that the blend containing the composition of
yttrium nitride and silicon indicated the presence of yttrium silicide, dispersed in the
base metal matrix while the yttrium oxide and silicon blend did not. Although, the latter
did have yttrium silicate, the thermodynamic stability of yttrium oxide apparently
prohibits its decomposition. It is believed that yttrium oxide preempts the formation of
yttrium silicide. Silicide cannot be formed, and an oxide (yttrium silicate) is formed
instead. The stability of the silicate is expected to be similar or higher than that of
yttrium oxide. Similarly, the silicates effectiveness as a dispersoid will have limitations
similar to those of yttrium oxide. The formation of yttrium silicide therefore is
unexpected due to the potential for oxidation of yttrium nitride into the more stable form

of yttrium oxide during processing.

Example 1

Tantalum powder was blended with silicon and yttrium nitride powders (nominal

particle siz_e <200 mesh) to obtain a nominal composition of 400 parts per million of

This Sheet Has Been Replaced |

L




nore than with nitrides. Al though the present invention should not be so
limted, one theory accounting for the strained lattice is that the higher
thermodynami ¢ stability of oxides could prevent the interaction between
oxi des and the matrix and hence the straining of matrix. The higher
stability may al so prevent the dissolution of oxide ’
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silicon and 100 parts per million of yttrium nitride by weight with the balance tantalum
powder. Blending was accomplished in about 2 minutes in a twin cone blender. The
total weight of the blend was about 50 pounds. Physical and chemical properties of
starting tantalum powder are given in Table 1 below. '

The blended powder was cold isostatically pressed into two bars at 60,000 PSI; each bar
weighed about 22 pounds. The cross-section of the bar was about 41mm x 41mm. The
bars were sintered by direct resistance sintering in a vacuum furnace at a temperature
of between about 2200 - 2400°C. The bars were maintained through t_his temperature
range for about 4 hours. Sintered bars were rolled to a 20mm x 20mm cross-section and
annealed at a temperature of 1300°C for a period of about 2 hours. The bars were then
rolled to 9mm x 9mm and reannealed at 1300°C for an additional 2 hours. As indicated
above, the bars were subsequently drawn through various dies and annealed at a
temperature of about 1300°C. The final wire diameter generated for purposes of the

examples of the present invention is 0.25mm.

PROPERTIES OF STARTING TANTALUM POWDER
Chemical Analysis

Element Concentration (ppm)

C 10 ppm

0o 840

H, <5

N, <25

Others Not Detected

RtPLAUL&f“\}i SHEET

e

as Been Replaced :

L \\\\\\\\\\\\\\\\\\\\\\\\\




10 particles into matrix. Wth the prol onged exposure to el evated
t.enperatures (as encountered during processing and application procedures),
oxi de particles mght grow via nechanisnms akin to Gstwald ripening; thereby
resulting in grain-growmh. The size of precipitates for gheel_nefal
produced in accordance with the procedur-es of. Exanpl es || dif@#L8CrRMNT SHE T
illustrated in Figure 6, suggest elevated grain-growth gre—yt-tum- ¢
and silicon were used. The fornatloqﬁgﬂaﬁﬁﬂ&ﬂyn15|l|C|d Iea?i to an aIIo
whi ch i ncl udes

+60 Mesh 0 ' m__‘ .
60/100 Mesh 0

100/200 Mesh | 18.8 %

200/325 Mesh 31,6%

~ Analytical ASTM test procedures were utilized to determine the particle size (B-214),
grain size (B-112), and tensile strength and elongation (E-8), of the doped tantalum base

powder and products of the present invention.

.- Example 2

The procedure for making a tantalum base alloy wire by doping with thoriam oxide was
accomplished by the decomposition of thoriam nitrate into thoriam oxide during

- sintering. A solution of thoriam nitrate was mixed with tantalum powder to give about
100 ppm of thoriafn by weight. The total weight of the blend was about 50 pounds.
The physical and chemical properties of the starting tantalum powder are presented in
Table 1 above.

The blended powder was cold isostatically pressed into two bars at 60,000 psi with each
bar weighing about 22 pounds. The cross-section of the bar was about 41mm x 41mm.
Bars were vacuum sintered by direct resistance sintering at temperatures of
approximately 2200 to 2400°C. The bars were maintained at this temperature for about
4 hours.

Sintered bars were processed into wire by the procedure presented in Example 1.
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the characteristics of inproved ductility, a high degree.-of processability,
and i nproved mcrostructure stability which resi st srg&a-A—growt-h-af-t-er
“exposure to tenperatures of greater than about [err].RERDACEIENT 'SEERRAVe
unexpectedly di scovered inproved ductility in a producr“fUrWEd“ﬁrU

tant al um powder doped with a material- §gavi ng hi gher{ G q M@k&ﬁ g H;c
than yttriumoxide. As illustrated in Table 5 bel ow -r§§ P

anal ysis of conpositions produced by Example 3

| ut e)
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Tantalum powder was blended with silicon and yttrium oxide powders (nominal particle .
size < 200 mesh) to obtain a nominal composition of 400 parts per million of silicon
and 100 parts per million of yttrium oxide by weight in predominantly tantalum powder.
Blending was accomplished in about 2 minutes in a twin cone blender. The total weight
of the blend was about 50 pounds. The physical and chemical properties of starting
tantalum powder are presented in Table 1.

The blended powder was processed into bars and then wire by the procedure of Example
1.

Example 4

Tantalum powder was blended with silicon powder (nominal particle size < 200 mesh)
to obtain a nominal composition of 400 parts per million of silicon weight in
predominantly tantalum powder. Blending was accomplished in about 2 minutes in a
twin cone blender. The total weight of the blend was about 50 pounds. The physical
and chemical properties of starting tantalum powder are presented in Table 1.

The blended powder was processed into bars and then wire by the procedure of

Example 3.

Polishing and etching of wire samples produced by the procedures of Examples 1 to 4

was performed in accordance with commercially accepted procedures known in the art.

The microstructure of wire produced by Example 1, together with those of wires from
Examples 2, 3 and 4, is shown in Figure 1. Wire doped with the combination of yttrium
“nitride and silicon exhibits full recrystallizéd yet fine particles. In contrast, wire made
from tantalum doped with yttrium oxide and silicon exhibits less than full recrystallized
particles. Table 2 gives the grain-size, mechaniE:aI and chemical properties of wires
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TABLE 2

PROPERTI F WIRE 0.25 mm DIAM
WIRES
Examples 1 2 3
Grain Size .
in micrometers 2.8 6 20
Mechanical Strength
Tensile Strength 87.1 73.4 90.2
(XSI)
Yield Strength 67.7 54.2 79.9
(XS1)
Elongation (%) 24.8 23.8 20
Chemical Composition
(in ppm) .
Si 225 - 250
Y 30 ' - 40
Th - 80 -
C 45 45 65
N, 45 35 30 -
0, 190 145 120
Others None None None
® Not fully recrystallized (NFR)

i

+

R TANTALUM

74.1
53.2

24.6

250

50
10
75

None



yttriumoxide. Simlarly, the silicates effectiveness
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Wires from Examples 1 to 4 were pressed into tantalum powder, sintered under vacuum,

and tested for bend-ductility in accordance with the test procedure presented below.

Three sintering cycles were used. In the first cycle, the furnace was evacuated and the
‘temperature was raised to 1670°C for 30 minutes and then shut-off. The second cycle
is the same as the first cycle except that the furnace was back-filled with argon after the
evacuation, reevacuated, and then the temperature was raised to 1670°C and, after 30
minutes, the furnace was shut off. The third cycle is the same as the first except that

wire/powder assemblies were reheated for 2 minutes at 1670°C.

N It should be noted that all three sintering cycles simulate industrial practices and should

be familiar to those skilled in the art.
Procedure for Bend Test:

The bend-ductility of the sintered wire is determined by securing a sintered anode
preformed with one inch wire embedded therein. A 54 gm dead weight is attached to
the lead extremity. The anode is then pivoted through a 180 degree arc causing the wire
to bend at the juncture with the anode. For purposes of the present invention, one bend
is defined as the complete pivoting of the anode through a 90 degree arc and returning
to the starting position. The number of bends are counted. Ten anodes are tested and

the bend ductility is average on the basis of ten runs.

Table 3 compares the bend-ductility of wire formed by the procedures set forth in
Examples 1 to 4. The wire produced according to the procedure of Example 1) exhibits
has 57% improvement in comparison with tantalum wire doped with silicon and yttrium

oxide after 30 minutes of sintering followed by an additional two minutes.
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REPLACEMENT SHEET 11 silicon and 100 parts per

400

- BEND-D

Example

Blend Compositions
(in ppm)

Thermal Cycle
1670°C/30 min

1670°C/30 min
after purging

with Argon

and Re-evacuation
Re-evacuation

1670°C/30 min
<+ 2 min

parts

by weight with the bal ance tantal um
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TABLE 3

ITY OF 0.25mm DI

per
mll
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Fb{' At 97

ri de

R OF TANTALUM WIRE

1 2 3 4

100 YN + 100 ThO, 100Y,0,+ 400 Si

400 Si 400 Si

4.2 0.5 4 4

3.5 0.1 2.9 2.2

2.2 0.1 1.4 0.9
Example 6

Composition of Examples 1, 2, 3 and 4 were also processed into 9mm x 9mm annealed

bars which were rolled into 0.38mm thick sheets. The sheets were annealed at various

temperatures to demonstrate the high temperature stability of composition of Example

1. Samples were polished and etched prior to evaluation and taking of the

photomicrographs illustrated in Figure 3. Table 4 compares the grain-sizes of sheets

produced by the Examples listed.
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powder. Bl endi ng was acconplished in about 2 mnutes
bl ender. The total
Physi cal chem cal properties of starting tantal um po
1 bel ow. The bl ended powder was cold isostatically p
at. 41 41Mpa (60,000 PSI); each bar wei ghed6about 9798
cross-section of the bar was about 41lmm x 4lm The b
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Kgh22 :pounds. The
Ars were sintered by

direct resistance sintering in a vacuum at a
about 2200

“tepperature of _between

[err]. The bars were maintained through this tenperature

GRAIN-SIZ F mm TANTALUM SHEETS IN MICROMETERS
Example 1 2 3 4
Blend Composition 100 YN + 100ThO, 100Y,0, 400 Si
(inppm) 400 Si 400 Si
Annealed at
1500°C/2hr/Vac 11 - 22 140 16
Annealed at
1650°C/2hr/Vac 14 26 17 25
Anneal at '
1800°C/2hr/Vac 22 135 27 57
® NFR = Not Fully Recrystallized

Example 7

Sheets of compositions produced by the procedure of Examples 1 (400Si + 100YN) and
3 (400Si + 100Y,0,) were evaluated via electron microscopy after annealing at 1500°C.

Discs were cut to about 250 micrometers in thickness using a slow speed diamond saw.

The discs were then ion milled to a thickness of 50-100 micrometers and then
electropolished in a2 90% H,SO, + 10% HF solution until they developed

microperforations.

Diffraction patterns of lattices of samples of compositions of

Example 1 (400Si + 100YN) and Example 3 (400Si + 100Y,0;) were also taken as
illustrated in Figures 4 and 5. The electron microscopy was performed in the vicinity

of the perforations as illustrated in Figure 6. Scannin

vicinity of micro-perforations demonstrate the size of

g electron micrographs in the
yttrium oxide precipitates in

comparison with yttrium nitride. Precipitates are visible as bright areas. The size of

precipitate in the sample of composition of Example 1 (400Si + 100YN) is about 0.7
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range for about 4 hours. Sintered bars were rolled to a 20mm x 20mMm
cross-section and annealed at a tenperature of [err] for a period of about
2 hours. The bars were then rolled to 9mm x 9nm and reanneal ed at [err] for
an additional 2 hours. As indicated above, the bars were subsequently
drawn t hrough various di es and anneal ed7at a tenperature of about [err].
The final wire dianeter generated for purposes of the exanples of the
present i nven®iS%midremetepband the sizeof precipitate in the sample of composition of Example

3 (400Si + 100Y,0;) is about 1.2 x 3 micrometers.

Example 8

Powders of tantalum, silicon, yttrium nitride and yttrium oxide were prepared from
materials made by the procedure of Examples 1 and 3 and were blended in the following

proportion:

Blend-Composition

Ta + 10%YN + 40%Si

Ta + 10%Y,0; + 40%Si
The relative amounts of silicon and yttrium- nitride, and yttrium oxide were similar to
~those used in Examples 1 and 3. Blends were heated at 1300°C for two hours under
vacuum and evaluated via x-ray diffraction. As illustrated in Table 5 below, the blend

containing the composition of yttrium nitride and silicon showed the presence of yttrium

silicide, while the yttrium oxide and silicon blend did not.
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xample 1

Bars having a diameter of 6mm and having the compositions listed in Table 6 were
produced according to the procedure of Example 1. Annealed bars at intermediate stage
of 9mm x 9mm were drawn through various dies ending up with 6mm diameter. Bars
were annealed at 1300°C and tested for mechanical properties. The synergistic effects
of yttrium nitride and silicon on the mechanical properties of the bars is evident from

the data presented below.

TABLE 6
: PROPERTIES OF 6mm DIAMETER TANTALUM BARS

Blend Composition = No Additive 40081 100YN  400si 400Si

(in ppm) (pure Ta) 100YN  500YN
Annealed at

1300°C/2hr/vac

Y.S.(in KSI) 36.7 39.6 40.2 53.7 52.9
T.S.(in KSI) 53.8 58.3 58.2 73.4 72.1
Hardness

(DPH) 110 118 114 130 130

Those of ordinary skill in the art will recognize that many changes and modifications can

be made in the above description without departing from the spirit of the invention.
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Size
m crons(6
44/ 70
were u
and t el

W % 250 mi crons (+60 Mesfn o 149/ 250
e

%J‘,Q@eemm ed 0 74/149 microns( 1 18. 8
25 Mesh) 31, 6% Anal yt|{ chl ASTM t est prdcedures
ermne the particle size (B-2{4). 12 MAR ¥97e (B 112),

ngth and el ongati on (Eﬁ)., of thejdpped tantalum bjase

We Claim:

1. A wrought metal alloy product comprising, a tantalum or niobium base metal, a
quantity of silicon between about 10 to about 1000 ppm, a quantity between about 10 to
about 1000 ppm of a dopant comprising a metallic and a non-metallic component, said
dopant having a free energy of formation greater than compounds formed from said base

metal and said non-metallic component and less than oxides of said metallic component.

2. The wrought metal alloy product of claim 1 wherein said non-metallic component is
selected from the group consisting of nitrogen, sulfur, selenium, tellurium, arsenic,

antimony, carbon, phosphorous, and boron.
3. The wrought metal alloy product of Claim 1 wherein said dopant is yttrium nitride.

4. The wrought metal alloy of Claim 1 wherein said alloy maintains a fine uniform

grain size after exposure to elevated temperatﬁres of greater than 1300°C.

5. The wrought metal alloy product of Claim 1 wherein said product has a ductility of
about 20% after exposure to elevated temperatures of greater than 1300°C.

6. The wrought metal alloy product of Claim 1 wherein said product comprises a

silicide of said metallic component of said dopant dispersed in a base metal matrix.

7. The wrought metal alloy product of Claim 4 wherein said fine grain size is from

about 2 to about 30 microns.

8. The metal alloy product of Claim 7 wherein said product has a bend-ductility of
about 4 after exposure to temperature of greater than 1500°C.

9. A wrought metal alloy product comprising a tantalum or niobium base metal, said
base metal doped with a quantity of silicon ranging from about 10 ppm to about 1000
ppm and a quantity of yttrium nitride ranging from about 10 to about 1000 ppm.

A T



powder and products of the present invention. Exanpte 2 The procedure for

maki ng a tantal um base alloy wire by dopi'ng with t
dcconpl i shed by the deconposition of thoriamnitr ﬂ[“ﬁ“ﬂi“ﬂ ﬂlml)m de
during sintering. A solution of thoriamnitrate wass mexed weths tantal u

powder to give about 100 ppm of thorirah- by weight The total weight of the
bl end was about 22.68kg/50 pounds. The physical and chem cal properties of

the starti n. Bt wraughp avetiaralkbayeprodecteoft Edimnd wherein said alloy maintains a fine

uniform grain size after exposure to elevated temperatures of greater than 1300°C.

11. The wrought metal alloy product of Claim 10 wherein said fine grain size is from

about 2 to about 30 microns.

12. The wrought metal alloy product of Claim 10 wherein said product has a ductility
of about 20% after exposure to elevated temperatures of greater than 1300°C.

13. The wrought metal alloy product of Claim 12 wherein said product comprises

yttrium silicide dispersed in a base metal matrix.

14. The metal alloy product of Claim 12 wherein said product has a bend-ductility of

about 4 after exposure to temperature of greater than 1500°C.

15. In a wrought metal alloy product, the combination of tantalum or niobium metal with
about 10 to about 1000 ppm silicon, and about 10 to about 1000 ppm yttrium nitride,

said metal alloy having a fine grain size of about 2 microns to about 30 microns.

16. The wrought metal alloy product of Claim 15 wherein said product has a ductility
of about 20% after exposure to elevated temperatures of greater than 1300°C.

17. The metal alloy product of Claim 15 wherein said product has a bend-ductility of

about 4 after exposure to temperature of greater than 1500°C.

18. The wrought metal alloy product of Claim 17 wherein said product comprises

yttrium silicide dispersed in a base metal matrix.

19. The wrought metal alloy product of Claim 18 wherein said tantalum base metal has
a level of impurities of less than 50 ppm carbon and less than 300 ppm O..
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Tabl e 1 above. The bl ended powder ws cold isostatically pressed into two
bars at 414 Moa (60,000 psi) with each bar wei ght atﬁ“l“ﬂumm Mllk]nds.
The cross-section of the bar was about 41nm x 41 nmj

*

sintered by direct resistance sintering at tenperautres %f Lapfﬂroxi mat el y
2200 to 2400 C. The bars were maintai ne@2at this tenperature for about 4
hours. Sintered bars were processed into wire by the procedure presented in
Exanpl e 1. 20. In a wrought metal alloy product, the combination of tantalum or niobium metal with

about 100 to about 500 ppm silicon and about 100 to about 500 ppm yttrium nitride, said
metal alloy having a fine uniform grain size of about 2 microns to about 30 microns

after exposure to elevated temperatures.

21. The wrought metal alloy product of Claim 20 wherein said product has a ductility
of about 20% after exposure to elevated temperatures of greater than 1300°C.

22. In a metal alloy wire, the combination of tantalum base metal with about 100 to
about 400 ppm silicon and about 100 to about 400 ppm yttrium nitride, said tantalum
base metal having a level of impurities of less than 50 ppm carbon and less than 300
ppm O,.

23. The metal alloy wire of Claim 22 wherein said wire maintains a fine uniform grain

size after exposure to elevated temperatures of greater than 1300°C.

24. The metal alloy wire of Claim 23 wherein said fine grain size is from about 2 to

about 30 microns.

25. The metal alloy wire of Claim 24 wherein said wire has a ductility of about 20%

after exposure to elevated temperatures of greater than 1300°C.

26. The metal alloy wire of Claim 25 wherein said product comprises yttrium silicide
dispersed in a base

metal matrix.

27. The metal alloy wire of Claim 26 wherein said wire has a bend-ductility of about 4

after exposure to temperature of greater than 1500°C.
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Exanpl e 3 Tantal um powder was blended with silicon and yttrium oxi de
powders (nom nal particle size < 250 mcrons (200 nesh) to obtain a

norm nal conposition of 400 parts per nmillion of silicon and 100 parts per
mllion of yttrium oxide : o

23

WROUGHT TANTALUM OR NIOBIUM ALLOY HAVING
ILICON AND A COMPO DOPANT

ABSTRACT
A wrought metal alloy product having a tantalum or nicbium
base metal, 10 to 1000 ppm silicon, and 10 to 1000 ppm

yttrium nitride. Fine uniform grain size contributes to
improved ductility.

FIGURE 2.
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by weight in predominantly tantal um powder. Bl ending was acconplished in
about 2 mnutes in a twn cone blender. The total weight of the blend was
about 22.68kg/ 50 pounds. The physical and chem cal preperties of starting
tant al um powder are presented in Table 1. The bl ended powder was processed
into bars and then wire by the procedure of Exanpl e Exanpl e Tantal um powder
was bl ended with silicon powder (nom nal particle size <250 m crons

1. .

(400 Si +100 YN) (100 ThO,)

FIG.1A FIG.1B

(4Q0 Si +100 Y203J' (400 si)

FIG.1C . FIG.1D
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(200 nesh) to obtain a nom nal conposition of 400 parts per mllion of
silicon weight in predom nantly tantalum powder. Blending was acconplished
in about 2 minutes in a twin cone blender. The total weight of the blend
was about 22.68kg/ 50 pounds. The physical and chemical properties of star-
ting tantalum powder are presented in Table 1. The bl ended povvder was

processed into bars and then wire by the procedure of Ex -
2
4.4
4.0 @ \\
. \\ \
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Pol i shing and etching of wire sanples p'r'Od'uced by the procedures of

procedures known in the art. The mcrostructure of [
1, together with those of wires from Exanples 2, 3 4 S
Figure 1. Wre doped with the conmbination of yttri um nltrlde and g
exhibits full recrystallized yet fine particles. Ih cortd MeR 19871 o
fromtantal um doped with yttrium oxide and silicon exhl bits less t
recrystal lized particles. Table 2 gives the grain-bize, nmechanical
chem cal properties of wires S

(100 YN + 400 Si) (100 Th 05}

FIG.3A FIG.3B

(100 Y203 +400 Si) (400 Si)

FIG.3C . FIG.3D

_—
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TABLE 2 . =
| REpL ACEVERT ¢ SHEET

et et e,

14 form Exanples 1, 2, 3 and 4. Hi gh_strength and ductility of the wire
from Exanple 1 are evident. ok
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PROPERTI ES OF WRE 0. 25 nm DI AMETER TANTALUM W RES Exanpl es
2 Gain Size in mcroneters 2.8 - 6
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6" Mechani cal Strength Tensile Strength
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(KSI ) kg/cnR Yield Strength (67.7) 4759 (54.2) 3810 (79.9) 5617
23.8

(53.2) 3740 (.KSl) kg/cn2 Elongation (9% .24.8
- 20 24.6 Chem cal Conposition (in ppn) Si 225
- 250 250
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(400 Si 100 Y503)
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WKOUGHT TANTALUM OR NIOBIUM ALLOY HAVING SILICON
AND A COMPOUND DOPANT

Background of the Invention

The present invention pertains to the field of wrought metal base alloy products with
improved chemical and physical characteristics, and more particularly to products of
tantalum or niobium metal base alloys containing quantities of silicon and a dopant such
as yttrium nitride.

Tantalum alloys have been recognized as.preferred materials in the field of furnace
equipment: such as trays and heating elements, and radiation shielding where the thermal
stability of the alloy is maintained and the life span of the product is enhanced by
reduced embrittlement. Tantalum alloys have also been employed in the manufacture
of wire and more particularly as electric component'lnds where product characteristics
such as ductility, high dielectric constant, resistance to grain growth at elevated
temperatures, and imprdved processability are required. In the production of capacitors,
for example, the lead wires may either be pressed into the tantalum powder anode and
subsequently sintered at high temperatures, or spot welded to sintered capacitor bodies.
See U.S. Patent No. 3,986,869.

In both electrical component and furnace equipment products, contamination by oxygen
contributes to embrittiement and piece failure. For example, in wire products, the area
where a lead wire leaves an anode body is highly susceptible to embrittlement due to
migration of oxygen from the sintered body to the wire. Lead wires which become
embrittled or break results in the loss of the entire piece. Substantial economic benefit
can be gained. from a tantalum or niobium base alloy which does not lose strength or
ductility due to embrittlement after exposure to high temperatures.

For purposes of simplicity, reference hereafter will be made solely to tantalum even
though it is understood that niobium is also contemplated. The chemical similarities
between the two elements are well known to those skilled in the art.| REPLAGEMENT SREET
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- REPLACEMENT SHEET 15 Exanpl e-5 Wres fromExanples 1 to 4 were pressed into
stant al um powder, sintered under vacuum

2

The term "ductility” is typically understood to mean a percentage increase in length of

the metal prior to failure in a tensile test.

The term “bend-ductility" is a physical characteristic synonymous with reduced
embrittlement or ability to withstand repetitive bending. The term is typically
represented as a number of successful bends in an anode after single or double sintering

in vacuum.

Oxygen embrittiement occurs in tantalum base alloy products by several mechanisms.
‘Tantalum acts as a getter for oxygen in addition to other gaseous impu;ities present in
sintering operations such as carbon monoxide, carbon dioxide, and water vapor.
Attempts have been made to reduce tantalum oxide formation by doping tantalum with
carbon or a carbonaceous material. Oxygen reacts with the carbon at the surface of the
metal rather than diffusing into the tantalum thereby minimizing embrittiement. While
enhanced ductility levels may be achieved with carbon addition, the dopant may
adversely effect the processability and electrical characteristics of the metal. Carbon
particles on the surface of the tantalum may result in increased electrical leakage due to

the non-uniform adherence of tantalum oxide film.

The term "dopant” is known to those skilled in the art to mean a trace quantity of
material which is normally added to a base material. '

The term "processability" is defined here after as the ratio of tensile strength to yield
strength. Processability is measured by mechanical evaluation of tantalum alloy by a
variety of methods including standardized ASTM testing referenced hereafter.

U.S. Patent Nos. 4,128,421 and 4,235,629 disclose the addition of silicon and/or carbon
to tantalum to increase ductility. Silicon is volatilized in part during processing and

therefore must be added in excess in the original master blend.

REFLACEMENT SHEET
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and tested for bend-ductility in accordance w | hgEMACERENT GHEERdUr e
presented bel ow. Three sintering cycles were uge@g=F-the~fiT3} Lycle, the
furnace was evacuated and the tenperature was f#ai se@ t@ég@,ﬁ] fof 30

m nutes and then shut-off. The second cycle isithe 4 elflrst cycle
except that -the furnace was back-fillsed with angdn_after t-he-evaguation,
reevacuated, and then the tenperature was raisgd to 1670 C and, after 30
mnutes, LG i Gictuia tfd} 4B Fuincibihs W o/ Gfitar o CRSORA MR Ritidaof | 1St
except that wre/ powder assen{)lles were relfeated for 2 mnutes at [err]

excess silicon may effect the electrical characteristics of the wire product by the same

mechanism described above for carbon or carbonaceous materials.

The doping of tantalum powder with phosphorus is generally disclosed in U.S. Patent
Nos. 3,825,802, 4,009,007, and 4,957,541 as a means for improving the electrostatic
capacity of capacitors and flow properties of the tantalum powders. Some significance
is attributed to the amount of dopant added in the 007 patent (ranging from 5 to 400
ppm). Although the mechanism by which phosphorous functions as a dopant to tantalum
metal is not completely known, one theory is that it reduces the sintering rate of
tantalum by decreasing the surface diffusion of tantalum.

Another mechanism for reducing the embrittlement of tantalum base alloy products
involves the doping of tantalum powder with yttrium, U.S. Patent Nos. 3,268,328,
3,497,402; or thoria, U. S. Patent No. 4,859,257; or oxides therefrom.U.S. Patent No.
3,268,328 discloses a yttrium oxide doped tantalum alloy having an average grain size
of 4 to 6 (ASTM).

The term "grain-size” may be defined as the number of grains of tantalum as compared
with a standard ASTM grain size chart at 100X magnification. The term "fine
grain-size” may be defined to mean an ASTM value of greater than ASTM 5

or less than about 55 microns. The term "uniform grain-size" refers to a grain-size
which does not vary by more than one ASTM number according to the testing procedure
discussed above.

A combination of dopants in a tantalum base alloys for wrought wire applications is
disclosed in U.S. Patent No. 4,859,257. The patent discloses an alloy formed by adding
125 ppm silicon and 400 ppm thoria to tantalum powder. An ASTM grain size No. 10
and No. 5 are obtained for a doped and an undoped control of pure tantalum powder.
This translates into a doped tantalum base alloy grain size of 10 microns in comparison

| to a control of 55 microns. It is maintained that the mechanisms where silicon functions
as an oxygen getter and where metal oxide functions as a grain boundary restraint, |



3§£‘Q ACEMENT (Mﬂ’ ndustri al
iﬂed inthe aft] Procedure for

It should be noted that all three sinterin
spractices and should be famliar to those
Bend Test: The bend-ductility of the sinterje :
securing a sintered anode preformed w th23. 4nm one inch wiiré enmbedded

therein. A 54 gm dead wei ght is attachdd to| the—tead~extreni tty. The anode

I's then pivoted throu h ree arc causi ng the w ben at the
juncture mffwaf’hénﬁnt?fgéﬁ gﬁu?e% fime; 8 B“ggg_rﬂ"di—#%tﬁhyon gﬁ@ bend

mechanisms, however, suffer from previously discussed problems of

V@ REFEB 998 e mi ned by

product quality due to silicon evaporation and grain growth after exposure
to high temperatures due to dispersant particle growth. A tantalum based
alloy which provides consistently high ductility and processability after
exposure to high temperatures would be a considerable advance in the
field of tantalum metallurgy. o
Another object of the present invention is to provide tantalum alloy
which maintains processability and ductility with low concentrations of
dopants. '
A further object of the present invention is to provide a doped
tantalum alloy which maintainé a high level of proceséability and ductility
and wherein the dopants resist coarsening after exposure to high
temperatures.
| Yet a further objection of the present invention is to provide a
wrought wire product from tantalum base alloy which maintains
processability and ductility and which minimizes DC electrical leakage.
Accordingly 'the present invention alleviates the above mentioned
problems and achieves the cited objectives in a wrought metal alloy
product comprising a tantalum base or niobium base metal, a quantity of
silicon between 10 and 1000ppm, a quantity between 10 and 1000ppm of a
dopant comprising a metallic and a non-metallic component, wherein said
non-metallic component is nitrogen, sulfur, selenium, tellurium, arsenic,
antimony, carbon, phosphorous, or boron and wherein said dopant has a
Gibbs free energy of formation greater than compounds 'ft.-)rmed from said
base metal and said non-metallic component and less than oxides of said
metallic component. '
The present invention further comprises in a wrought metal alloy

product the combination of a tantalum or niobium base metal with about
100 to about 500 ppm silicon and about 100 to about 500 ppm yttrium

nitride. = The product further includes a ductility of about 20% after

exposure to elevated temperatures of greater than 1300°C, and exhibits a



I's defined as the conplete pivoting of the anode through a 90 degree arc
sand returning to the starting position. The nunber of bends are counted.
Ten anodes are tested and the bend ductility is average on the basis of ten
runs. Table 3 conpares the bend-ductility of wire forned by the procedures
set forth in Exanples 1 to 4. The wire groduced according to the procedure

of Exanple 1) exhibits has 57% i rrgrovement I n, conpar i son, W H]%é antalumwre
doped wi finesunifersn gxaia size of ahpusc3 de about 30IBiGHORYt Lot lavels e i ng ol | oved
by an adcirbonand oxygenimpurisies are maintained at about 50 and 300 ppm respectively. As

discussed below, the inventors have discovered that the unexpected physical and
chemical properties of the invention are largely due to the synergistic effect of silicon
and yttrium nitride dopants.

A further advantage is that yttrium silicide is more resistant to dispersant particle growth
than metal oxides such as yttrium or thoriam oxides.

A further advantage of the present ifvention is that wrought metal alloy products
-produced have improved ductility after exposure to elevated temperatures and improved
bend ductility.

A further advantage is that excess quantities of dopant formerly nesded to replace
evaporated silicon are not required. The grouping of excess dopant on the surface of the
wrought alloy product and the associated problem of discontinuous tantalum oxide
insulating, is also alleviated. | -

Brief D intion of ¢ 'r .

The disclosed objects, features, and advantages are further illustrated by the drawings,
detailed duct_-ipdon, and claims presented below:

 Figure 1 illustrates the microstructures of tantalum wire made by doping with
silicon plus yttrium nitride; thoriam oxide; silicon plus yttrium oxide; and silicon; ‘all
after annealing at 1300 °C;

Figure 2 illustrates a graph of the bend ductility of the wire compositions
illustrated in Figure 1 after sintering;

. Figure 3 illustrates microstructures of 0.38 mm tantalum sheets doped with
silicon and yttrium nitride; with thoriam oxide; with silicon plus yttrium oxide; and with
silicon; all after annealing at 1800°C; | REPLACEMENT SHEET |
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|

Figure 4 illustrates an electron diffraction pattern of 0.38mm tantalum sheet
doped with silicon and yttrium nitride after annealing at 1500°C;

Eigure J is an electron diffraction pattern of 0.38mm tantalum sheet doped with
silicon plus yttrium oxide after annealing at 1500°C; and

Eigure 6 is an electron photomicrograph of 0.38mm tantalum sheet used in
Figures 4 and 5, which illustrates the size of precipitates after annealing at 1500°C.

Detiled Description of 2 Preferred Embodi

The wrought metal alloy product of the present invention is made generally from a
process where tantalum base metal powder is blended with a quantity of silicon between
about 10 to about 1000 ppm, and a quantity of dopant between about 10 to about 1000
ppm. The dopant comprising a metallic and a non-metallic component with the metallic
portion selected from a group comprising yttrium, thorium, lanthanum, hafnium,
titanium and zirconium. The non-metallic component is selected from the group
comprising nitrogen, sulfur, selenium, tellurium, arsenic, antimony, carbon,
phosphorous, and boron. The dopant is further characterized to include a free energy
of formation greater than compounds formed from the base metal and non-metallic
component, and less than oxides of said metallic component. For example, the present
invention_uref_exably includes the use yttrium nitride which has a Gibbs free energy value
of 27.1 kd/atom (64.8) ( taken as an absolute number) which falls above a
low free -energy value of tantalum nitride of 2.19 kJ/atom (52.4) and
below a high value of yttrium oxide of 607 kJd/atom (145)kcal/atom.
Other dopants, having metallic and non-metallic components faﬁi ng with-

in the free energy range parameters of the base metal and non-metallic
component. and the oxide of the metaliic component are readily ascerta-

inable to those skilled in the art by an examination of the corresponding

free energy values of ‘the compounds selected.
Bars were made by first blending the base metal alloy, silicon, and dopant powders by
mechanical means such s a twin cone blender, and then subjecting the powder to cold

T e——
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isostatic pressing at 414 Mpa (60,000 PSI). The bars were then placed in
a vacuum chamber and sintered by direct resistance sintering at between
2350 to 2400°C for about 4 hours.

The doped tantalum bar stock may be used to generate a variety of
wrought products including furnace trays and leads for electronic
components.  For the purpose of simplicity, the following description
shall pertain primarily to wrought wire products.

Wrought wire was made from the sintered bars by rolling to a 20mm by
20mm cross-section following by annealing. This was accomplished at
1300°C for two hours in a standard vacuum furnace. The annealed bar
was then rolled to a cross-section of 9mm by 9mm and reannealed at
1300°C for two more hours. Further processing was accomplished by
drawing through various dies and annealing at 1300°C.

Tantalum powder useful in this invention can be made by several methods
including reduction of potassium fluorotantalate to tantalum powder using
sodium as a reducing agent in molten alkali halide diluent salts at reaction
temperatures in the range of 600-950°C. As disclosed in US patent
4684399 it is preferred to add alkali metal to a reactor continuously or
incrementally over the course of the reduction reaction as potassium
fluorotantalate is added in increments. When the reaction is complete the
reaction mass is cooled and leached to dissolve salts and recover tantalum
powder. '

Referring to Figure 1, photomicrographs were taken of 0.25mm diameter
tantalum wires, made by doping with various dopants and annealing at
about 1300°C for two hours. As illustrated, tantalum wire 'doped with
100ppm yttrium oxide and 400ppm silicon, exhibits incomplete
recrystallization. In comparison the wire made by doping tantalum
powder with yttrium nitride and silicon, made according to the procedure

of Example 1 below, and illustrated in Figure 1, exhibits full



and Re-evacuati on Re-evacuation [err] mn + 2 mn 2.2

0.1 - . 1.4 0.9 Exanple 6 Conposition of Exanples 1, 2, 3 and
4 were al so processed into 9nm x 9nm anneal ed bars which were rolled into
0.38mm t hi ck sheets. The sheets were anneal ed at various

recrystallization and a uniform fine grain structure. Grain sizes ranging
from about 2 to about 55 microns are preferable.

Figure 2 illustrates improved bend ductility of wire produced by the
procedure and materials of Example 1. Bend ductility ranged from 0.1
bends for tantalum doped with thorium oxide, to about 4.2 for tantalum
doped with silicon and yttrium nitride after exposure to temperatures of

greater than 1500°C.
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Referring to Figure 3, tantalum sheets, made by theprocedt

1 to 4, were

subjected to elevated temperatures of 1800°C. In addition to the apparent differences
in grain-sizes, a mixture of large and small grains (commonly known as duplex or
abnormal grain structure) are visible in the sample where yttrium oxide was used as the
dopant.  Coalescence of thermodynamically stable oxide particles is known to be
responsible for this phenomenon in oxide doped metals axid alloys. Although the
mechanism is not completely understood, one theory accounting for dopant particle
growth or "dispersant coarsening” is that the coarsening occurs due to the high diffusion
rate of oxygen and metal atoms of oxides in refractory metals which is driven by the
interfacial energy of the dispersoids. Enlarged dispersant particles have lower surface
energy and therefore cannot function to restrain grain boundary migration. Grain growth

in turn, results in loss of ductility.

Under normal manufacturing temperatures of about 1300 °C, metal oxides act to reduce
grain growth by pinning the grain boundaries. Metal oxides typically have higher Gibbs
free energy and are more stable in comparison with nitrides. Metal oxides, however are
generally not stable after being subjected to elevated temperature conditions such as are
encountered in furnace environments. One skilled in the art would expect nitrides to
form oxides when exposed to oxygen environments at elevated temperatures and exhibit
metallurgical properties similar to oxides. -Applicant’s have discovered unexpected
improved microstructure stability and bend ductility in a wrought base metal alloy
product formed from tantalum powder doped with a material having lower Gibbs values
(absolute) than that found in oxide dopants.

As illustrated in Figures 4 and 5, the disabilities associated with increased lattice strain
encountered are due to the presence of yttrium oxide . The diffraction patterns of lattices
indicate a significant difference between the effects of oxide and nitride additions as
dopants, It appears that straining of the lattice associated with oxides is substantially
more than with nitrides. Although the present invention should not be so limited, one
theory accounting fqr._.tlie strained lattice is that the higher thermodynamic stability of
oxides could prevent the interaction between oxides and the matrix and hence the

straining of matrix. The higher stability may also prevent the dissolution of oxide
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particles into matrix. With the prolonged exposure t6 mc.l;vated temperatures (as
encountered during processing and application procedures), oxide particles might grow
via mechanisms akin to Ostwald ripening; thereby resulting in grain-growth. The size
of precipitates for sheet metal produced in accordance with the procedures of Examples
1 and 3 and illustrated in Figure 6, suggest elevated grain-growth where yttrium oxide
and silicon were used. The formation of yttrium silicide leads to an alloy which includes
the characteristics of improved ductility, a high degree of processability, and improved
microstructure stability which resists grain growth after exposure to temperatures of
greater than about 1500°C.

Applicant’s have unexpectedly discovered improved ductility in a product formed from
tantalum powder doped with a material having higher Gibbs value (absolute) than yttrium

oxide,

As illustrated in Table 5 below, x-ray diffraction analysis of compositions produced by
the procedures of Examples 1 and 3 shows that the blend containing the composition of
yttrium nitride and silicon indicated the presence of yttrium silicide, dispersed in the
base metal matrix while the ytrium oxide and silicon blend did not. Although, the latter
did have yttrium silicate, the thermodynamic stability of yttrium oxide apparently
prohibits its decomposition. It is believed that ytrium oxide preempts the formation of
yttrium silicide. Silicide cannot be formed, and an oxide (yttrium silicate) is formed
instead. The stability of the silicate is expected to be similar or higher than that of
yttrium oxide. Similarly, the silicates effectiveness as a dispersoid will have limitations
similar to those of yttrium oxide. The formation of yttrium silicide therefore is
unexpected due to the potznnal for oxidation of yttrium nitride into the more stable form
of ytrium oxide dunng processing.

- Example 1

Tantalum powder was blended-with silicon -and yttrium.nitride powders. .(nominal.
particle size « 74 microns (200 mesh) to obtain a nominal
composition of 400 parts per million of
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Recrystallized Exanple 7 Sheets of conpositions produced by the procedure
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el ectron mcroscopy after annealing at [err]
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silicon and 100 parts per million of yttrium nitride by weight with the balance tantalum
powder. Blending was accomplished in about 2 minutes in: a: twin. cone blender. The

total weight of the blend was about.22.68 kg/50 pounds. Physical chemical
properties of starting tantalum powder are given in Table 1 below.

The blended powder was cold isostatically pressed.into two bars at.4/4Mpa (60,000 PSI);each bar
weighed about 9.98kg/22 pounds. The cross-section of the bar was about 41m x 4lmn. The

bars were sintered by direct resistance sintering in 2 vacuum furnace at a temperature

of between about 2200 - 2400°C. The bars were maintained through this temperature

.range for about 4 hours. Sintered bars were rolled to 2 20mm x 20mm cross-section and
annealed at a temperature of 1300°C for a period of about 2 hours. The bars were then

rolled to 9mm x 9mm and reannealed at 1300°C for an additional 2 hours. As indicated

above, the bars were subsequently drawn through various dies and annealed at a
temperature of about 1300°C. The final wire diameter generated for purposes of the
‘examples of the present invention is 0.25mm.

<25
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Discs were cut to about 250 mcroneters in thickness using a slow speed

di anmond saw. The discs were then ion mlled to a thickness of 50-100

m cronmeters and then el ectropolished in a 90%[err] + 10% HF sol ution until

t hey devel oped microperforations. Diffraction patterns of rees—-6

sanpl es of conpositions of Exanple 1 (400Si + 100YN) and l_xg%ﬁ&fﬁff:(&'ﬁ(f,%|

[err]) were also taken as illustrated i Figures 4 and 5. Fe el ectron——1
hN

+J

m croscopy was performed in the vicinity of the perforati Ty at
in Figure 6. Scanning el ectron m c§iggs Apilgsis n t he zfﬂéfy%‘?@ 58

-

Size wi%
250 microns  4-60 Mesh ) 0
149/250 microns60/100 Mesh ') 0
74/149 microns(100/200 Mesh ) 18.8 %
44/78 wicrons (200/325 Mesh) 31,6%

Analydcal ASTM test procedures were utilized to determine the particle size (B-214),
' grain size (B-112), and tensile strength and elongation (E-8), of the doped tantalum base
powder and products of the present inveation.

.- Example2

The procedure for making a tantalum base alloy wire by doping with thoriam oxzde was
accomplished by the decomposition of thoriam nitrate into thoriam oxide during
sintering. A solution of thoriam nitrate was mixed with tantalum powder to give about

100 ppm of thoriam by weight. The total weight of the blend was about 22.68g/50 pounds.
The physical and chemical properties of the starting tantalum powder are presented in

Table [ above.

The blended powder was cold isostatically pressed into two bars af 4/4Mpa (60,000
psi) with each bar weight about 9.98kg/22 pounds. The cross-section of
the bar was about 4lmm x 41 mm. Bars were vacuum.sintered by direct _
resistance sintering at terriperautt-"es' of approximately 2200 to 2400 C.
The bars were maintained at this temperatﬁre for about 4 hours.

Sintered bars were processed into wire by the procedure presented in Example 1.

heet Has Been Replaced
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Tantalum powder was blended with silicon and ytrium oxide powders (nominal particle

size <250 microns (200 mesh) to obtain a norminal composition of 400

parts per million of silicon and 100 parts per million of yttrium oxide -
by weight in predominantly tantalum powder. Blending was accomplished in
about 2 minutes in a twin cone blender. The total weight of the blend was .
about':22.68kg/50 pounds. The physical and chemical preperties of starting
tantalum powder are presented in Table 1.

The blended powder was processed into bars and then wire by the procedure of Example
1.

Example 4

Tantalum powder was blended with silicon powder (nominal particle size <250 microns '
(200 mesh) to obtain a nominal cbmposition of 400 parts per million of
silicon weight in predominantly tantalum powder. Blending was accomplished
in about 2 minutes in a twin cone blender. The total weight of the blend
was about 22.68kg/50 pounds. The physical and chemical properties of star=
ting tantalum powder are presented in Table 1.

The blended powder was processed into bars and then wire by the procedure of
Example 3. .

Polishing and etching of wire samples produced by the procedures of Examples 1 to 4
was performed in accordance with commercially accepted procedures known in the art.

The microstructure of wire produced by Example 1, together with those of wires from
Examples 2, 3 and 4, is shown in Figure 1. Wire doped with the combination of yttrium
nitride and silicon exhibits full recrystallized yet fine particles. In contrast, wire made
from tantalum doped with yttrium oxide and silicon exhibits less than full recrystallized
particles. Table 2 gives the grain-size, mechanical and chemical progexﬁes of wires -
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form Examples 1, 2, 3 and 4. High strength and ductility of the wire from Example |

are evident.

TABLE 2
WIRES
Examples 1 2
QGrain Size
in micrometers 2.8 6
Mechanical Strength
Tensile Strength (87.1) 6123 (73.4) 5160
(KSI) kg/cm?
Yield Streng? (67.7) 4759 (54.2) 3810
(KSD) kg/cm '
Elongation (%) 24.8 23.8
Chemical C ..
(in ppm)
Si 225 -
Y 30 -
Th - 80
C 45 45
N, 45 35
(0 190 145
Others None None

@ Not fully recrystallized (NFR)

2(!)

(90.2)
(79.9)
.20

250

30
120

None

6341 (74.1 5209
5617 (53.2) 3740

24.6

250

50
10
75

‘None



Ta + 10%/N + 4096 Ta + 10%/203 + 40%6i The rel ative anounts of silicon and
yttriumnitride, and yttriumoxide were simlar to those used in Exanples 1

and 3. Blends were heated at [err] for two hovlg‘_?&gﬁ@wwﬁggﬁ end eval uat ed

via x-ray diffraction. As illustrated in Tablp

nd

containing the conmposition of yttriumnitride}ahd silicon showed the
presence of yttriumsilicide, while theigttrium oxj2¢Fe@ o8 l§cion blend did

not .

Wires from Examples 1 to 4 were pressed into tantalum powder, sintered under vacuum,
and tested for bend-ductility in accordance with the test procedure presented below.

Three sintering cycles were used. In the first cycle, the fumace was evacuated and the
temperature was raised to 1670°C for 30 minutes and then shut-off. The second cycle
is the same as the first cycle except that the furnace was back-filled with argon after the
evacuation, reevacuated, and then the temperature was raised to 1670°C and, after 30
minutes, the furnace was shut off. The third cycle is the same as the first except that
wire/powder assemblies were reheated for 2 minutes at 1670°C.

It should be noted that all three sintering cycles simulate industrial practices and should
be familiar to those skilled in the art.

Procedure for Bend Test:

The bend-ductility of the sintered wire is: determined -by- securing -a sintered -anode
preformed with?5.4m one inch wire erbedded therein. A 54 gn dead weight is attached to
the lead extremity. The anode is then pivoted through a 180 degree arc causing the wire
to bend at the juncture with the anode. For purpases of the present invention, one bend
is defined as the complete pivoting of the anode through a 90 degree arc and returning
to the starting position. The number of bends are counted. Ten anodes are tested and
the bend ductility is average on the basis of ten runs.

Table 3 compares the bend-ductility of wire formed by the procedures set forth in
Examples 1 to 4. The wire produced according to the procedure of Example 1) exhibits
has 57% improvement in comparison with tantalum wire doped with silicon and yttrium
oxide after 30 minutes of sintering followed by an additional two minutes.
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TABLE 3

BEND-D LITY OF 0.25mm DIAMETER OF TANTAL WIRE

Example 1 2 3 4

Blend Compositions 100 YN + 100 ThO, 100Y,0,+ 400 Si

(in ppm) 400 Si 400 Si

Thermal Cycle

1670°C/30 min 4.2 0.5 4 4

1670°C/30 min

after purging 3.5 "~ 0.1 2.9 2.2

with Argon

and Re-evacuation

Re-evacuation

1670°C/30 min

+ 2 min 2.2 0.1 1.4 0.9
Example 6

Composition of Examples 1, 2, 3 and 4 were also processed into 9mm x 9mm annealed
bars which were rolled into 0.38mm thick sheets. The sheets were annealed at various
temperature:s to demonstrate the high temperature stability of composition of Example
1. Samples were polished and etched prior to evaluation and taking of the
photomicrographs illustrated in Figure 3. Table 4 compares the grain-sizes of sheets
produced by the Examples listed.
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Example 1 2 3 4

Blend Composition 100 YN + 100ThO,  100Y,0, 400 Si

(in ppm) 400 Si 400 Si

Annealed at _

1500°C/2hr/Vac 11 22 140 16

Annealed at

1650°C/2hr/Vac’ 14 ... 26 17 _ 25

Anneal at

1800°C/2hr/Vac 22 135 27 57

® NFR = Not Fully Recrystallized

Example 7

Sheets of compositions produced by the procedure of Examples 1 (400Si + 100YN) and
3 (400Si + 100Y,0,) were evaluated via electron microscopy after annealing at 1500°C.
Discs were cut to about 250 micrometers in thickness using a slow speed diamond saw.
The discs were then ion milled to a thickness of 50-100 micrometers and then
electropolished in 2 90% H,SO, + 10% HF solution until they developed
microperforations. Diffraction patterns of lattices of samples of compositions of
Example 1 (400Si + 100YN) and Example 3 (400Si + 100Y,0;) were also taken as
illustrated in Figures 4 and 5. The electron microscopy was performed in the vicinity
of the perforations as illustrated in Figure 6. Scanning electron tmcrographs in the
vicinity of micro-perforations demonstrate the size of yttrium oxide precipitates in
comparison with yttrium nitride. Precipitates are visible as bright areas. The size of
precipitate in the sample of composition of Example 1 (400Si + 100YN) is about 0.7
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of 'yttriumnitride and silicon on the nechani cal hg bars is
.evident fromthe data presented bel ow. TABLE 6 :j DI AVETER
- TANTALUM BARS Bl end Conposition No Additive 400Si
400Si (in ppm (pure Ta)

500YN Anneal ed at
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x 0.9 micrometers and the size of precipitate in the sample of composition of Example
3 (400Si + 100Y,0,) is about 1.2 x 3 micrometers.

E le

Powders of tantalum, silicon, yttrium nitride and yttrium oxide were prepared from
materials made by the procedure of Examples 1 and 3 and were blended in the following
proportion: '

Blend-Composition

Ta + 10% YN + 40%Si

Ta + 10%Y,0; + 40%Si
The relative amounts of silicon and yttrium nitride, and yttrium oxide were similar to
those used in Examples 1 and 3. Blends were heated at 1300°C for two hours under
vacuum and e_valuawd via x-ray diffraction. As illustrated in Table 5 below, the blend

’ containing the composition of yttrium nitride and silicon showed the presence of yttrium
silicide, while the yttrium oxide and silicon biend did not.
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21 CLAI M5 1. A wrought netal alloy product conprising a tantal um base or
.ni obi um base netal, a quantity of silicon between 10 and 1000ppm a

20
‘Example 10

Bars having a diameter of 6émm and having the compositions listed in Table 6 were
produced according to the procedure of Example 1. Annealed bars at intermediate stage
of Smm x 9mm were drawn through various dies ending up with 6mm diameter. Bars
were annealed at 1300°C and tested for mechanical properties. The synergistic effects
of yttrium nitride and silicon on the mechanical properties of the bars is evident from
the data presented below. '
TABLE 6
: PROPERTIES OF émm DIAMETER TANTALUM BARS

Blend Composition = No Additive 400Si 100YN  400Si 400Si

(in ppm) | (pure Ta) : 100YN  S00YN
Annealed at

1300°C/2hr/vac

Y.S.(in KSD) kg/ar?  (36.7) 2500 (39.6) 2763(40.92826 ( 53.7)3775 (52.9) 3719
T.S.Gn KSI) ko/on? ('53.8)3782  (58.3)409 ( 58.2) 4091(73.45760- (72.1) 5069
Hardness '

(DPH) 110 118 114 130 130

Those of ordinary skill in the art will recognize that many changes and modifications can
be made in the above description without departing from the spirit of the invention. .
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quantity between 10 and 1000ppm of a dopant conpri si ng a netallic and a
non-netallic conponent, wherein said non-netallic conponent is nit roaen

sul fur,

bor on and wherein said dopant has a G bbs free ener ,!ljm llltl
t han conpounds forned from said base netal and sal d
and | ess than oxides of said netallic ciponent.

selenium tellurium arsenic, antinony, car hOSShorous

[l

al | oy produ&tLﬂMgl. aim1 wherein said dopant is

1. A wrought metal alloy product comprising a tantalum base or

niobium base metal, a quantity of silicon between 10 and 1000ppm, a

reat er
rrponent

The wr ought et al

quantity between 10 and 1000ppm of a dopant comprising a metallic and a.

non-metallic component, wherein said non-metallic component is nitrogen,
sulfur, selenium, tellurium, arsenic, antimony, carbon, phosphorous, or
boron and wherein said dopant has a Gibbs free energy of formation
greater than compounds formed from said base metal and said non-

metallic component and less than oxides of said metallic component.

2. The wrought metal alloy product of claim 1 wherein said dopant is

yttrium nitride.

3. The wrought metal alloy of claim 2 comprising 100 to 500ppm
silicon and 100 to 500ppm yttrium nitride.

4, The wrought metal alloy of claim 2 comprising 400ppm silicon and

100ppm yttrium nitride.

5. The wrought metal alloy of any one of the preceding claims
wherein said alloy maintains a fine uniform grain size less than 55

microns after exposure to temperatures of greater than 1300°C.

6. The wrought metal alloy product of claim 5 wherein said fine grain

size is from 2 to 55 microns.

7. The wrought metal alloy product of claim 5 wherein said fine grain .

size is from 2 to 30 microns.
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ytt}ium nitride. 3. The wrought netal alloy of mcomng—loo to

500ppm si | icon and 100 to 500ppmyttriumnitri de m mr met aI
all oy of claim2 conprising 400ppm silicon and 10 ﬂ "mmmm :
The wrought netal alloy of any one of the precedi ng cfai s 'WhéI’EI*n sal d
alloy maintains a fine uniformgrain size |less than 55

22

8. The wrought metal alloy product of claim 7 wherein said product
" has a bend-ductility of about 4 after exposure to temperaturé of greater

than 1500°C.

9. The wrought metal alloy product of any one of the preceding claims
wherein said product has a ductility of about 20% after exposure to

" elevated temperatures of greater than 1300°C.

10. The wrought metal alloy product of any one of the preceding claims
wherein said product comprises a silicide of said metallic component of

said dopant dispersed in a base metal matrix.

11. The wrought metal alloy of any one of the preceding claims
wherein the base metal is tantalum and has a level of impurities of less

than 50ppm carbon and less than 300ppm 0,.

12. A metal alloy wire formed from the wrought metal alloy product of

any preceding claim.
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m crons after exposure to tenperatures of greater than [err] 6. The
wrought netal alloy product of claim5 wherein said fine grain size is from

2 to 55 microns. 7. The wrought netal alloy product of claim5 wherein
said fine grain size is from2 to 30 m crons.
23

WROUGHT TANTALUM OR NIOBIUM ALLOY HAVING
SILICON AND A COMPOUND DOPANT

ABSTRACT

A wrought metal alloy product having a tantalum or niobium
base metal, 10 to 1000 ppm silicon, and 10 to 1000 ppm
yttrium nitride. Fine uniform grain size contributes to
improved ductility. '

FIGURE 2.

]
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22 8. The wrought netal alloy product of claim7 wherein said product
has a bend-ductility of about 4 after exposure to tenperature of greater
than [err] 9. The wrought netal alloy product of any one of the preceding
clainms wherein said product has a ductility of about 20% after exposure to

(400 Si +100 YN )

FIG.1A

(400 Si +100 Y504) (400 Si)

FIG.1C | FIG.1D
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el evated tenperatures of greater than [err]. 10. The wought netal all oy
product of any one of the preceding clains wherein said product conprises a
silicide of said netallic conponent of said dopant dispersed in a base

metal matrix. 11. The wought netal alloy of any one OfREF’Q pregé‘ﬁ",%g .
S

cl-aims wherein the base netal is tantalum and has a | gvel |Hnurrt of
| ess than 50ppm car bon and | ess than 300ppm 02.
- 2 02 FEB 1998
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12. A netal alloy wire forned fromthe wought netal alloy product of any
precedi ng claim

{100 YN +400 S (106 Th Oy)

FIG.3A FIG.3B

(100 Y203 +400 Si) (400 Si)

FIG.3C | FIG.3D
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(400 Si +100 YN)
FiG.8A

(400 Si +100 Y504)

FIG.6B
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Eizure 4 illustrates an electron diffraction pattern of 0.38mm tantalum sheet
doped with silicon and yttrium nitride after annealing at 1500°C;

Eigure J is an electron diffraction pattem of 0.38mm tanalum sheet doped with
silicon plus ytrium oxide after annealing at 1500°C; and

- Figure 6 is an electron photomicrograph of 0.38mm tantalum sheet used in
Figures 4 and 5, which illustrates the size of precipitates after annealing at 1500°C.

Detailed Description of 2 Preferred Embodi

The wrought metal alloy product of the present invention is made generally from a
process where tantalum base metal powder is blended with a quantity of silicon between
about 10 to about 1000 ppm, and a quantity of dopant between about 10 to about 1000
ppm. The dopant comprising 2 metallic and 2 non-meu!iic component with the metallic
portion selected from a group comprising yttrium, _thoxiuni, lanthanum, hafnium,
titanium and zirconium. The non-metallic component is selected from the group
comprising nitrogen, sulfur, selenium, tellurium, arsenic, antimony, carbon,
phosphorous, and boron. The dopant is further characterized to include a free energy
of formation greater than compounds formed from the base metal and non-metallic
companent, and less than oxides of said metallic component. For example, the present
invention preferably includes the use ytrrium nitride which has a Gibbs free energy value
of 271 kJ/atom (64.8) ( taken as an absolute number) which falls above a
low free energy value of tantalum nitride of 21% kJ/atom (52.4) and
below a high value of yttrium oxide of 607 kJ/atom (145)kcal/atom.
Other dopants, having metallic and non-metallic components faﬁi ng with-

in the free energy range parameters of the base metal and non-metallic
component,; and the oxide of the metalliic component, are readily ascerta-

Rogy3£~q a0 s

inable to those skilled in the art by an examination of the corresponding

free energy values of 'the compounds selected.
Bars were made by first blending the base metal alloy, silicon, and dopant powders by
mechanical means such 2§ 4 twin cone blender, and then subjecting the pawder to cold

REPLACEMENT SHEET
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silicon and 100 parts per million of yttrium nitride by weight with the balance tantalum
powder. Blending was accomplished in about 2 minutes in. a: twin cone blender. The

total weight of the blend was about.22.68 kg/50 pounds. Physical chemical
properties of starting tantalum powder are given in Table 1 below.

The blended powder was cold isostatically pressed.into two bars at. 414Mpa (60,000 PSI);each bar
weighed about 9.98kg/22 pounds. The cross-section of the bar was about 4lm x 4lm. The
bars were sintered by direct resistance sintering in a vacuum furnace at a temperature
of between about 2200 - 2400°C. The bars were maintained through this temperature
.range for about 4 hours. Sintcied bars were rolled t0 a 20mm x 20mm cross-section and
annealed at a temperature of 1300°C for a period of about 2 hours. The bars were then
rolled to 9mm x 9mm and reannealed at 1300°C for an additional 2 hours. As indicated
above, the bars were subsequently drawn through various dies and annealed at a
temperature of about 1300°C. The final wire diameter xenera.ted for purposes of the
examples of the present invention is 0. 25mm

C 10 ppm

0

H, <S5

N, <25

Others Not Detected

i
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Size W%
250 microns (60 Mesh ) 0
149/250 microns60/100 Mesh ) 0
78/149 microns( 1001200 Mesh ) 18.8 %
" - 44/74 microns (200/325 Mesh) 31,6%

Analytical ASTM test procedures were utilized to determine the partcle size (B-214),
- grain size (B-112), and tensile strength and elongation (E-8), of the doped tntalum base
~ powder and products of the present invention.

. Example2
The procedure for making a tantalum base alloy wire by doping with thoriam oxide was
accomplished by the decomposition of thoriam nitrate into thoriam oxide during
sintering. A solution of thoriam nitrate was mixed with tantlum powder to give about
100 ppm of thoriam by weight. The total weight of the blend was about 22.68kg/50 pounds.
Thephynmlandchema!propcmuofmesmung tantalum powder are presented in
Table 1 above. :
The blended powder was cold isostatically pressed into two bars at 414 Mpa (60,000
psi) with each bar weight about 9.98kg/22 pounds. The cross-section of
the bar was about 4lmm x 41 mm. Bars were vacuum .sintered by direct
resistance sintering at teniperautr’es of approximately 2200 to 2400 C.
The bars were maintained at this temperature for about 4 hours.

Sin;eredbanwe:epmcssedimowimbymepmcedmpmwdinﬁnmple 1.
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Exampie 10

Bars having a diameter of 6mm and having the compositions listed in Table 6 were
produced according to the procedure of Example 1. Annealed bars at intermediate stage
of Smm x 9mm were drawn through various dies ending up with 6mm diameter. Bars
were annealed at 1300°C and tested for mechanical properties. The synergistic effects
of yurium nitride and silicon on the mechanical properties of the bars is evident from

the data presented beiow.

TABLE S
: PROPERTIES OF 6émm DIAMETER TANTALUM BARS

Blend Composiion = No Additive 400Si 100YN  400Si 400St

(in ppm) (pure Ta) 100YN  500YN
Annealed at

1300°C/2hr/vac ;

Y.S.(in KSD) kg/c? '(36.7) 2580 (39.6) 2763(40.92826 ( §3.7)3775 (52.9) 3719
T.S.(n KSI) ‘kg/an? ('53.8 )3782 (58.3)4008 ( 58.2) 4091(73.4 5160 (72.1) 5069
Hardness '

(DPH) 110 118 114 130 130

Those of ordinary skill in the art will recognize that many changes and modifications can
be made in the above description without departing from the spirit of the invention.
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1. A. wrought metal alloy product comprising, a.
tantalum or niobium base metal, a quantity of silicon
between 10 and 1000 ppm, a quantity between 10
and 1000 ppm of a dopant comprising a metallic and a
non-metallic component, said dopant having a free
energy of formation greater than EOmpounds formed from
said base metal and said non-metallic component and
less than oxides of said metallic component.

2. The wrought metal alloy product of claim 1 wherein
said non-metallic component is nitrogen, sulfur,
selenium, tellurium, arsenic, antimony, carbon,

phosphorous, or boron.

3. The wrought metal alloy product of claim 1 or
claim 2 wherein said dopant is yttrium nitride.

4. The wrought metal alloy of claim 3 comprising 100
to 500 ppm silicon and 100 to 500 ppm yttrium nitwide.

5. The wxought metal alloy of claim 4
comprising 400 ppm silicon and 100 ppm yttrium
nitride.

6. The wrought metal alloy of any one of the

preceding claims wherein said alloy maintains a fine
uniform grain size after exposure to elevated
temperatures of greater than 1300°C.

7. The wrought metal alloy product of claim 6 wherein
said fine grain size is from 2 to 55 microns.

8. The wrought metal alloy product of claim 7 wherein
said fine grain size is from 2 to 30 microns.
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9. The metdi alloy product of &laim 8 wherein said

 product has a bend-éuctility of about 4 after exposure
to temperature of greater than 1500°C.

10. The wrought metal alloy product of any one of the
preceding claims wherein said product has a ductility
of about 20% after exposure to elevated temperatures of
greater than 1300°C.

1. The'wrought metal alloy product of any one of the
preceding claims wherein said product comprises a
silicide of said metallic component of said dopant
dispersed in a base metal matrix.

12. The wrought metal alloy of any one of the
preceding claims wherein the base metal is tantalum and
has a level of impurities of less than 50 ppm carbon

and less than 300 ppm 02.

13. A metal alloy wire formed from the wrought metal
alloy product of claim 12.




