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Flbrous Tantalum and Capacitors Made Therefrom
. TECHNICAL FIELD

The field of art to which the invention pertains is
particulate tantalum and capacitors made therefrom.

5 BACKGROUND ART

Solid-electrolyte tantalum capacitors have been a major
contributor to the miniaturization of electronic circuitry.
They also operate over a wide temperature range and have good
shelf 1life, 1long service and are useful in extrenme

10 environments. ‘

Such capacitors are typically manufactured by compressing

tantalum powder into a pellet and sintering the pellet to forn

a porous body. The porous body'is then anodized in a suitable
electrolyte to form a continuous dielectric oxide film on the

15 sintered body. The pores are filled with an electrolyte and
a lead wire is attached to form the capacitor.

In order to improve the specific capacitance (and

volumetric efficiency) the particle sizes of the tantalum

powder used to form the capacitors have been reduced to a

20 smaller and smaller size. With the reduction in size, the

temperature required to sinter the particles has dropped

dramatically. However, it is alsoc necessary to raise the

- temperature of the particles high enough during sintering to

purify the particles, which has in turn limited the smallest

_ 25 particle size capable of being used %0 as to net excessively

- ‘< - ‘Puse it during the high temperature purification.
T Another problem .associat€d with  using ‘very small
particles is encountered durinq the subsequent anodization of

the capacitor anode body. Because the anodlz&tlon process

30 consumes the anode metal in an amount prog®rtional to the
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and have good shelf life, long service and are useful in extreme
environnments. Such capacitors are typically manufactured by com pressing

t ant al um powder Rnt Il'et ‘and sintering the pellet to forma perAwH2/04548
body. The p_qrous‘b§38{/ﬂpibet hen anodi zed in a suitable electrolyte ?o forma

continuous dielectric oxide filmon the sintered body. The pores are filled
with an electrolyte and a lead wire is attached tpo formthe capacitor.

anodization voltage, the requirements for specified voltage
ratings implies severe limitations on how small the particles
in a capacitor can be. Particles smaller than a critical size
will be totally consumed by the anodization process.

5 l Accordingly, there is a constant search in this art for
particles with increased surface area which would be able to
withstand temperatures necessary during sintering for cleaning
and purification without excessive fusing and loss of surface
area, and which will be stable during the anodization process.

10 BRIEF SUMMARY OF THE INVENTION

The present invention is directed to tantalum fibers
particularly adapted for use in capacitors. In one embodiment
of the invention cylindrical metal fibers are described having
a substantially circular cross-section.

15 In another aspect of the invention, a bonded body of
metal fibers comprising short metal fibers, randomly oriented
in a substantially non-aligned, porous array is described.
The fibers can be tantalum, columbium, or alloys thereof.

- In this embodiment, the fibers optionally can also have a

20 'substantially circular cross section.

In other aspects of the invention the above fibers can
be formed into substantially spherical agglomerates of fibers;
felt; or pellets.

A method of makiné felt capacitor material containing
25 fibers of tantalum, columbium, or glloys thereof, is also
ggscriped. The fibers are dispersed in a carrier such as
water. The fibers typically having a length of up to 400
~.4qyicrons. The water or other 'car;r_zer is removed by filtering,
thereby forming a felt of fibers randomly oriented in a

30 substantially non-aligned porous array partlcularly adapted
for use in a capacitor. _ —— ié_f
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In order to |nprove the speci f.ic capacitance (and volunetric efficiency)
t'he particle sizes of the tantal um powder used to formthe capacitors have
been reduced to a srmaller and snaller size. Wth the reduction in size, the

tenggéature
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ited the smallest particle size capable of deing used so
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r eoworoagb2bys si nter the particles has dropped dranati d’ﬁIWVS92/04548
i s al so necessary to raise the tenperature of the particles
ing sintering to purify the particles, which has in turn

A method of making cylindrical metal fibers of tantalunm,
columbium, or alloys thereof is also described. The fibers
are heated.at a temperature and for a period of time
sufficient to produce a substantially circular cross-section.

A method of making partiéles (spherical agglomerates) of
bonded, fibrous tantalum, columbium, or their alloys is also -
described. The fibers are tumbled so as to cause them to
randomly orient in a substantially non-aligned, porous array.
The fibers typically have a length of up to about 400 microns.

A method of making metal fiber containing capacitor
material is also described. Particles of bonded, fibrous
tantalum, columbium, or their alloys,'are pressed and heated
so as to bond the particles together. The fibers are randomly
oriented in a substantially non-aligned, porous array. The
capacitor material can alsd be heated so as to purify the
fibers, and further heated to cause the individual fibers to
form a substantially circular cross-section.

Capacitors made from the above methods and articles
exhibit improved specific capacitance (and volumetric
efficiency), while alsoc benefitting from a high degree of
chemical clean-up from high temperature thermal treatment.
The circular cross-section further provides for a stable
surface area during anodization.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an SEM (scanning electron micrograph) of
tantalum. f_ibers prepared according %o known metallurgical
dr8wing techniques.

. . ' - 7;&: - -
Figure 2 is an SEM of the tantalum fibers of Figure 1
after randomizing and cylindricalizing.

b4
.
&
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Figure 3 is an SEM of the fibers of F: ure 1 without
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as to not excessively fuse it during the high teﬁperature purification.
Anot her probl em associated with using very snmall particles is encountered

during the subs
t he anodi - zati

pr aporti onal

consunes the anode netal in an armunt

odi - zation of the capacitor anode body.
gﬂﬂ‘éﬁ}&&@'@s PEFASY S /04548

to the anodi zation voltage, the require-
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randomizihg but still cylindriéalized.

Figure 4 is an SEM of particles of bonded fibers
according to the present invention.

Figure 5 is a typical capacitor according to the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

The starting material for the fibers of the present
invention can, for example, be tantalum powder produced by
conventional methods e.g. by hydriding an electron bean
melting tantalum ingot. Note commonly assigned U.S. Patent
4,502,884, the disclosure which is incorpbrated by reference.
The tantalum hydride is crushed, screened, degassed and mixed
with an auxiliary metal such as copper powder. The powder
mixture is placed in a tube and the tube subject to working
on a rolling mill. The rolling action causes the tantalum
powder in spherical fbrm_to elongate into short rods. Because
of the body center cubic (BCC) nature of the tantalum crystal
structure when it is extruded in this manner, the tantalum
elongates by slipping along its planes. So although they are
referred to as "rods" of material, they are more ribbon shaped
or shaped like blades of graSs. The individual rods of
tantalum are obtained by removing the copper with mineral
acids. Either starting material may also be from drawn
tantalum rods, e.g., via wire~type processing as described in
Example 1.

Although many of the advantaged of the present invention

.A*an be accomplished with the ribbon-like form of this material

with the crlt:.cal randomlz:mg step recited below, even greater

aelan W

30

advantages can be reallzed wien the random:.zmg step is
coupled with the cy:_l.:.ndr:.callzlng ‘step also described below.

The next step in the process, wh:.c@ 'is critical to

_
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- 2+ nments for speC|f|ed voltage ratings inplies severe lim- tations on
‘how smal | the particles in a capacitor can be. Particles smaller than a
«critical size will be totally con- sumed by the anodization process.
Accordingly, tWwey®sds7g constant search in this art for particl RCHLISA2/04548
‘i ngTeased surface area which would be able to withstand tenperatures
necessary during sinter-

- 5 -
obtaining the improved properties described for both the
bonded particle and the capacitor is the randomizing step.
.By randomizing is meant causing the ribbon-like fibers to be
randomly oriented in a substahtially non-aligned array. Such
5 random non-alignment is essential to preserve the surface area
and attendant improved capacitance of the tantalum powder in
subsequent heat treatment or sintering steps. If the fibers
are not forced into this substantially non-aligned array, the
sintering, purifying or cylindricalizing of the felt,
10 particles or pellet will cause adjoining tantalum fibers to
fuse together along their length, forming a body '
with significantly reduced surface area and capacitance.

The randomizing step can be accomplished in many ways.
The preferred method for randomizing the fibers is to tumble
15 the fibers in a glass container while misting with a volatile
carrier such as water or alcohol (preferébly methanol alone,
although binders can be added such as paraffins, e.g. stearic
acid). The methanol (or other carrier with or without a
binder) causes the fibers to temporarily bond together causing
20 a substantially spherical agglomerate of fibers. These
agglomerates can be observed forming through - the glass
container. From time to time the contents of the container

is emptied and screened, typically through a -40 mesh
screen. The smaller particles fall through the screen and are
25 . collected. The larger particles are broken up and returned
to the tumbler. The smaller particles are heated in a vacuum
to evaporate the methancl binder and cause the fibers to bond
in an immobile form such that they cannot realign. Additional
'heating can also cause the fibers to be pﬁrified, and
30 cylindricalized ‘(see below). The agdiomerates (or particles)
- o t¥bically have a diameter up to about 2,000 microns,
- preferably up to about 500 m1crons, and most_ preferably

las W

between about 25 and 250 mlcrons.

As mentioned above, the body of the capa itor can be a
35 felt material. The felt capacxtor material cﬁitainlng fibers

———
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ing for cleani
surface area,
use of fibers

ng. and purification w thout excessive fusing and | oss of
and which will be stable during the anodi zati on process. The

WAEDIBHT, TG Up Lo about 100 morone are dedent BRpRe

to about 10 nmic

US- A-4502884. As noted on page 4 herein, such fibers have a ribbon- shaped
Tantal um fi bers of the sane type and havi ng di am

Cross-secti on.

~

5

10

15

20

25

30

of tantalum, columbium, or alidys thereof, can be made by

dispersing the fibers in a carrier, typically water, the
fibez_'s having a 1length of up to about 400 microns, and
removing the water or other carrier by filtering. The fibers
in the felt are also randomly oriented in a substantially
non-aligned porous array.

If the prdper temperatures are used for the bonding step
this causes the ribbon-like fibers to also become cylindrical
in form,  thereby further increasing the thermal and
electrochemical stability of the fibers. The randomized
bonding which takes place with the cylindrical fibers is less
reducing to the available surface area than similar bonding
with the ribbon-like fibers. Although higher temperatures can
be used for lesser periods of time, in view of the 30 minute
time frame typically used in commercial-type processes, based
on the size of the fibers, temperatures of at .least 1400°C are
typically used (e.g. 1400°C to 2400°C) to cylindricalize the
fibers, and preferably temperatures in excess of 1450°C (e.g.,
1450°C to 1470°C; 1750°C) for periods of time of at least 20

_ minutes, and typically at least 30 minutes.

The temperatures used for the bonding, purifying, and
cylindricalizing can vary depending on the diameter and length
of the fibers. By purifying is meant burning off impurities
and reducing oxygen 1levels in the fibers.. Purification
typically takes place at temperatures in excess of 1200°C and
can go as high as 2400°. These temperatures should be
maintained for at least 10 minutes and preferably at least 30

minutes.
>

4>, The purification and cylindricalization stéps remove

superfluous surface texture with its associated high oxygen

“““Content thus allowing for a low#xygen product. Also removed

are other impurities such as carbon and metals which could

‘disrupt the formation of the oxide dielectrig layer which

-could adversely affect the performance of tk?‘i{:apacitor, for
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Leters in the range 1-20 m crons are futher disclosed in DE-A-3227077,

such

'fibers being produced by tech- niques anal ogous to textile processes and
.may be cut to staple fiber lengths. The present invention is di
| culPsr USSbee

metal fibers WO&0EBum nol ybdenum or al |l oys thereof particul

fof“hse in capacitors. The fibres are cylindrical and have a substantially

circdMar cross-section of up to 3 microns in dianeter.

-7 -

example by causing leakage current or complete failuré'by
dielectric breakdown.

The fibers are typically up to about 1 micron in
diameter, preferably up to about 0.33 micron in diameter, and
5 most preferably about 0.2 to about 1 micron in diameter. The
length of the fibers is typically up to about 400 microns in
length, preferably up to 250 microns in length, and most
preferably 50 microns to 100 microns in length. These fibers
typically have an aspect ratio of at least 10 to 1, and

10 generally up to about 20 to 1.

For fibers of this size, after being randomized, the
bonding, purifying and cylindricalizing, can be done serially
as described above, or can all take place at the one
temperature, e.g. at about 1500°C.

15 Once the (preferably ~-40) mesh particles are formed, they
are  processed into pellets by the conventional processes
currently used to form such pellets from conventional tantalum
powder. '

- The pellets formed by this process are next subjected to

20 anodizing to form a dielectric oxide layer on the surface of

the fiber. The oxide layer is typically Ta,0s. The

anodization is performed in convenﬁional manner by making the
tantalum the anode in the presence of the electrolyte .

The electrolyte used in the capacitor is typically
25 conventiocnal MnO, or sulfuric acid. It is introduced into the

pressed pellets by impregnation under Pressure, or in the case
- ofAMn0,, by the thermal decomposition of a manganous nitrate
-« solution.

aiiag W

- ;ﬂ’ -

F

The anode terminal is typically tantalum wire although

. 30 other conductors can be used. The length and q& meter of the

wire depends on the use which the capacitors wi%l be put. The

et Has Been Reraced .
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.Another_aspect of the invention relates to a bonded body of the aforesaid
nmetal fibers, randomy oriented in a substantially non-aligned, porous

.array. The inventio rovides a nmethod of naking cylin- drical td
of tantalum colmﬂ?’ﬁ?nor alloys thereof in which metal fi bersnzég},ﬁegag?glaas _
for at least 20 minutes at a tenperature of at |east 1400[err]C to produce -
fibers having a substantially circular cross-section. The invention further*
provi des a net hod of making -8 - '

wire can be welded to the tantalum pellet or simply inserted

and pressed along with the pellet.
EXAMPLE 1

A tantalum rod 1 centimeter in diameter was encased in

5 copper and drawn to small size through appropriate dies. The

resultant wire was cut into short lengths and bundled into a

second copper billet. This process of drawing, cutting, and

rebundling was repeated until the contained tantalum pieces

had been reduced to 1 micrometer in diameter. At this stage

10 the product was digested in nitric acid to remove the copper

and liberate the contained tantalum fibers. These are shown

in Figure 1. 1In this form the material exhibits the rough

surface, irregular cross-section shape, and high degree of

‘alignment characteristic of tantalum fibers described

15 previously. 1In this form the fibers cannot provide the high

degree of sintering stability featured by fiber processed

according to the present invention. Further, because of the

ribbon-like cross-section shape of these fibers, they would

suffer a largé loss of microfarad volts per gram (ufv/g) as

20 the anodizing voltage is increased, seriously limiting the
useful voltage for capacitors made from such fibers.

EXAMPLE 2

The extruded. tantalum fiber described in Example 1 was

mechanically chopped to millimeter lengths and dispersed in

25 a liquid to randomize the fibers. This suspension was
filtered to recover the random network of fibers in the form

of a felt disk. This felt was sPntered at 1750°C for 5600

- ) ~*3econds without the use of any sinter-inhibiting substances

. . such as phosphorus. The structure of this material is shown

) 30 in Figure 2. This felt ﬁadﬁ%b,ooo ufv/g cap;citance when

anodized to 80 volts with only 15 ufv/g loss per volt. The

combination of high ufv/g and low rate of Sufv/g loss on

anodizing is highly unusual for a tantalum gﬁgacitor sintered

This Sheet Has Been RTI
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t.he bonded body of netal fibers of lengths up to 400 microns wherein the
fibers are tunbled in a volatile car- rier, the carrier renoved and the
randomy ori- ented and substantially non-aligned porous array of
fib- ers is heatvwgo2m@2078 enperature of at |east 1400[err]C to BETAISR /48
t'o _bond in said non-aligned porous array for

resul t ant
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at 1750°C, and is a direct consequence of this unique anode
micro-architecture. ' |

EXAMPLE 3

Tantalum fibers prepared by the conventional extrusion
techniques described in Example 1 were hydrided and comminuted
to short lengths (about 100 micrometers long). These short
individual fibers were tumbled to randomize their relative
orientations. This tumbling process was controlled so as to
provide the formation of =40 mesh sized, mechanically bound,
agglomerates of fibers. This reproduced a powder wherein. each
particle agglomerate had a 'microstruct.ure of randomly oriented
fibers. When this powder was heat treated at 1600°C for 1800
seconds, the individual fibers were cylindricalized, and the
random agglomerate structure stabilized by fiber-to-fiber
bonding (sintering). This powder product is shown in Figure
4. This powder was pressed into anode pellets at 5.0 g/cc
density and sintered, as per the conventional practice of
making capacitors from tantalum powders, at 1462°C for 1800
seconds, 1554°C for 1800 seconds, and 1649‘;C for 1800 seconds.
The pellets were then anodized to 80 volts and their
capacitances measured. The ufv/g at the three sinter
conditions were respectively 21,008; 19,672; and 17,169.
These illustrate the low loss of ufv/g on sintering that is
unigue to the current invention product.

EXAMPLE 4
Tantalum fiber prepared by tl;xe extrusion technigues

dﬁe\scribed in Example 1 was cylindricalized through exposure
to' heat treatment at 1720°C for 1800 seconds without the

«jenefit of the randomizing procegs of the present invention.

This example was intended to "-'de_monstrate the detrimental
effects of not randomizing ' the fibers prior to
cylindricalizing. The product of this exaxg__}_?; is shown in
Figure 3. This shows the rneed for the andomizing step -

This Sheei Has-Been Replaced
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'ét | east 20 mi nutes whereby the fibers are cylindfical- I sed and sintered
to provide the said bonded body. The volatile carrier my be water which is

‘renmoved by filt it may be nethanol which is renoved by e I,.on.
The invention a\%’oﬁ%ﬁé& es to a felt capacitor material containi x’g‘}?{@;ﬂ&&s
bonded netal filmof the invention. Capacitors nade fromthe above nethods

and ar- ticles exhibit |nproved speci fic capacitance (and vol u-
- 10 =-

because of the obvious formation in this case of many
multi-fiber clusters which coalesced during cylindricalizing
into large, unstable, low surface area shapes. By comparison
the fibers in Figure 3 have clearly stabilized at uniformly
5 small diameter cylinders because of their random orientation.
The powder in this Example was pressed into capacitor anode
pellets and sintered at 1480°C for 1800 seconds, 1560°C for
1800 seconds, and 1650°C for 1800 seconds. When anodized to
100 volts, these pellets showed the following levels of ufv/g
10 at the respective sinters: 11,773, 11,633, and 10,836. These
data show the ufv/g.was approximately half of that achieved
when the randomizing step was used in Example 4 proving the
large benefit gained from this aspect of the present
invention.

15 All of the fibers, particles, felt, and pellets can be
tantalum, columbium, or alloys thereof although tantadum is
preferred. The pellets typically have a diameter up to about
2,000 microns. The pellets typically have a length up to
4,000 microns. Larger pellets can also be made.

20 While the ribbon form of the fibers can be used to make
up the particles and the pellets, the cylindrical form is
preferred. The particles formed from the fibers are typlcally
spherical in shape.

The comminuting, e.g. as disclosed in Example 3, can take
25 place using any conventional method which can generate fibers
of the desired 1length. However, the problem with most
conventional methods, i.e. ball milling, is the generation of
ultra-fine particles which can inferfere with the desired
- - ~Fibrous shape, causing additional problems during sintering.
30 . :I‘he preferred method would be_ to comminute the hydrided
tantalum fibers by placing théﬁ in a liquid medlum such as
water in an apparatus which would cause an intense turbulence
in the medium, such as a conventional high speed blender (e.g.

Waring) until the desired fiber length is aﬁﬁ{eved (e.g. for

his Sheet Has Been Replaced
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netric eff|C|ency)

whil e al so benefiting fron1a hi gh de- gree of chem ca

‘cl egn-up from high tenperature ther- mal treatnent. The circul ar
»cross-section further provides for a [err] ble surface area during.

,anadi zati on.

BRIO92/2203€R! PTI ON OF THE DRAW NGS Figure 1 is an SHNT/USA2/04548

eIéEfron m crograph) of tantalumfibers prepared according to known netal
drawi ng techni ques.
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starting lengths of about 6 inches, agitating for about a
minute will reduce most of the fibers to lengths less than 200
microns).

The pellet can be formed into a conventional capacitor,
for example, see Figure 5, where t_he tantalum pellet (1)
containing the fibers (including an oxide layer and an
electrolyte) is covered with a layer (2 - typically carbon),
a layer of metal (3 - typically silver or tantalum), and
finally a polymer (4 - typically polyethylene, polypropylene,
or an aCryiic polymer). A tantalum lead wire (5) is also
shown.

The cylindrical metal fibers also consist essentially of
tantalum, columbihm, or alloys thereof. The fibers are
typically heated at a temperature and for a period of time
sufficient to produce a substantially circular cross-section.
Typically, the heating takes place at a temperature of at
least 1400°C for a period of time of at least 30 minutes.

As stated above, the bonded particles of tantalunm,
columbium, or alloys thereof, are made by tumbling the fibers

's0 as to cause them to randomly orient in a substantially

non-aligned, porous array. The fibers have a length of up to
about 400 microns. The tﬁmbling typically takes place in
methanol which causes the particles to hold together in this
array prior to the heat treatment. The heating can take place
at this stage in basically three levels, at a temperature high
enough to cause them to bond in said non-aligned array,
heating the fibers at a temperature high enough to cause the
individual fibers to form a ’spbstantially circular

‘dross-section, and finally heating the fibers at a
— hemperature high. enough to purify the fibers. (It should be

£
noted that the purification taKes place continually as the
fibers are heated, e.g. different impurities or levels of
impurities are removed at different temperatg;?is.)

, This Sheet Has Been Relplac
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ngUre.Z is an SEM of the tantalumfibers of Figure 1 after

rrandom zi ng but %&é3¥8$*élndricalized' Figure 4 is an SEM of parti

bonded fibers ac

| NVENTI ON
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to the present invention. Figure 5is a
capacitor according to the present invention. DETAILED DESCRI PTI ON OF

random zi ng and
cylindricalizing. Figure 3 is an SEMof the fibers of Figure 1 wthout

%@ijég Joasas

THE

When making the capacitor, the particles of randomly
oriented, substantially non-aligned, porous array of fibers
are pressed in conventional manner and heated at a temperature
sufficient to bond the particles together.

5 fibers can be heated at a temperature high enough to purify
the fibers. Additional heating can also be performed to cause
the individual fibers to form 'a substantially circular

cross—-section.

Optionally, the

The capacitors of the present invention have utility and
tantalum

10 advantages similar to those of conventional

capacitors in that they can be used for miniature circuits at

high temperatures with great reliability.
fibers in the capacitors have increased surface area,

However, since the

the

capacitors according to the present invention have improved

15 specific capacitance (and volumetric efficiency).

What this

translates into is that more charge can be held for capacitors

the same size as conventional capacitors,

capacitor can be used to hold the same charge

or a smaller
a

conventional . sized capacitor. In either case additional

20 . miniaturization can be used. Furthermore,

because of the

cylindrical shape of the fibers, higher temperatures can be
used to clean (purify) the tantalum without significantly
increased loss of surface area. This means that cleaner

fibers can be wused resulting in greafer reliability,

25 performance etc. of the capacitors attendant with a cleaner
starting material. As was shown, another benefit of the
substantially circular cross-section shape in the preferred

= form of the invention is a low loss of ufv/g during the

anodization process.

. >
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.-The starting material for the fibers of the present in- vention can, for
‘exanpl e, be tantal um powder produced by conventional nethods e.g. by
<hydriding an el ectron beamnelting tantalumingot. Note comonly assigned
U. S. Patent 4\w03d282478 t he di scl osure which is incorpo- rated bpOretssxodsds
'‘Thétant al um hydride is crushed, screened, degassed and mxed with an

auxitiary netal

10
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25

such as copper powder. The pomder nix%uﬁﬁLi:Linggggl__h__

s O O o

1. Cylindrical metal fibers having a substantially circular
cross-section up to about 3 microns in diameter consisting
essentially of tantalum, columbium, or'alloys thereof.

2. The fibers of claim 1 having a diameter up to about 1
micron.

3. The fibers of claim 1 having a diameter up to about 0.33
micron. '

4. The fibers of claim 1 having a diameter of about 0.2 to
about 1.0 micron.

5. The fibers of claim 1, 2, 3 or 4 having an aspect ratio
of at least 10 to 1.

6. The fibers of claim 5 having an aspect ratio of up to 20
to 1. ' '

7. The fibers of claim 1, 2, 3 or 4 having a length up to
400 microns.

8. The fibers of claim 1, 2, 3 or 4 having a length up to
250 microns.

9. The fibers of claim 1, 2, 3 or 4 having a length of 50

microns to 100 microns.

10. A bonded body of metal flbers comprising short metal
fzbers, randomly oriented in a substantially non-aligned,

_,pprous array, consistlng essentlally of tantalum,-columblum,

or alloys thereof.
11. The body of claim 10 wherein the fibers have a diameter

up to about 1 micron. . ‘é?
e
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.-4-'in a tube and the tube subject to working on a rolling mll. The

rolling action causes the tantalum powder

e gt o

tal um el ongates by slipping along its‘pl &nes. &0 +a

12. The'body of claim 10 whereih the fibers have a diameter .

- 14

up to about 0.33 micron.

i

in spherical formto el ongate
BCC) nature of

thi s manner, Pﬁ@%ﬁ)gﬁgys

13. The body of claim 10 wherein the fibers have a diameter
of about 0.2 to about 1.0 micron.

5 14. The body of claim'lo, 11, 12, or 13 wherein the
have an aspect ratio of at least 10 to 1.

15.

The body of claim 14 wherein the fibers have an
ratio of up to 20 to 1.

16. The body of claim 10, 11, 12

10 have

17,
have

l8.
have

15 19.

have

20.

21.

22.

a length up to 400 microns.

The body of claim 10, 11,
a length up to 250 microns.

The body of claim 10, 11,

12

12

a length of 50 microns to 100

The body of claim 10, 11,

12

or 13 wherein the
or 13 wherein the
or 13 wherein the

microns.

or 13 wherein the

a substantially circular cross section.

fibers

aspect

fibers

fibers

fibers

fibers

The body of claim 10, 11, 12 or 13 in the form of a
substantially spherical particle.

The particle of claim 20 having a diameter up to about

20 2,000 microns.

- . 800 microns.

‘ailag W

23.

The particle of claim 20 haviflg a diameter up to about

The particle of claim-ﬁoiﬁgving a diameter of about 25
to about 250 microns.

5!
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though they are referred to_as "rods" of naterial ,- they are nore ribbon

"shaped or shaped

+obtained by re the co
Jial my also“gg¥y?ﬂﬁ§dramn t

acids. Either stpé‘t,i %gzm-
Via wire- type processing

.* .

| i ke bl ades ofﬂﬂr ass. The Iﬁﬂi vidual rods of tantalum are

"as déscrlbed in Exanple 1. Although nany of t he advantages of the present
in- vVéntion can be acconplished with the ribbon-1ike form of this material

with the critical

10

15

20

25,

randon12|ng step recited
24. -The body of claim 10, 11, 12 or 13 in the form of a

- pellet.

25. The pellet of claim 24 also containing a lead wire.
26. The pellet of claim 25 wherein the fibers are ancdized.

27. The pellet of claim 26 whé:ein the body is impregnated
with electrolyte.

28. The pellet of claim 27 covered with successive layers of
a conductor, a metal, and a polymer.

29. The pellet of claim 28 wherein the conductor is carbon,
the metal 1is silver, tantalum, or columbium, or alloys
thereof, and the plastic is polyethylene, polypropyléne, or
acrylic polymer.

30. The body of claim 10, 11, 12 or 13 in the form of a felt.

31. 2 method of making felt capacitor material containing
fibers of tantalum, columbium, or alloys thereof, comprising
dispersing the fibers in water, the fibers having a length of
up to about 400 microns, and removing the water by filtering,
thereby forming a felt of fibers randomly oriented in a
substantially non-aligned porous array particularly adapted
for capacitor use.

32. A method of making cylindrical metal fibers consisting
essentially of tantalum, columbium, or alloys thereof
comprising heating said fibers at a2 temperature and for a
peviod of time sufficient to produce fibers having a
substantially c1rcu1ar cross-sectzon.

aeieg W - =ﬂ’ -
33. The process of claim 32 wherein the heating takes place
‘at a temperature of at least 14000C. 2

5

——
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~be|dw'.even greater advéntages can be realized when the random zing step is
coupled with the cyllndrlcal|Z|ng—s%ep—a#se—deseFfbed bel ow. The next step

*in the process
descri bed for

is essenti al

which is critica
¥R B2/22978h onded part”ﬂlﬂlﬂ
step. By randomi zing is neant causi

oriented in a substantially non- allgned array Such random non-al i gnnent

10

15

20

25

e inproved properties
[l Hmm tor is the PGHYSR/OHHE
ke fibers 'to be randomy .

- 16 -

34. The brocess of claim 32 wherein the heating takes place
at about 14000C to about 24000C. ’

35. The process of claim 33 wherein the heating takes place
at about 14500C to about 14700C.

36. The process of claim 32 wherein the heating takes place
at about 17500C,

37. The process of claim 33, 34, 35, or 36 wherein the
heating takes place for at least 20 minutes.

38. The process of claim 33, 34, 35, or 36 wherein the
heating takes place for at least 30 minutes.

39. A method of making particles of bonded metal fibers
consisting essentially of tantalum, columbium, or alloys
thereof, comprising tumbling the fibers so as to cause them
to randomly orient in a substahtially non-aligned, porous
array, the fibers having a length of up to about 400 microns.

40. The method of claim 39 wherein the tumbling takes place
in methanol. '

41. The method of claim 39 including heating the fibers at
a temperature high enough to cause them to bond in said non-
aligned array.

42. The method of claim 41 including heating the fibers at
a temperature high enough to cause the individual fibers to
form a substantially circular crossZsection.

AN

(T34 ey

43. The method of claim 42 including heating the fibers at

L Py -

a temperature high enough to purlfy the fibers.

44. - The method of claims 35, 39, 40, 41, 42 0?353 wherein the
resultant particles are ~40 mesh. el —
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to preserve t he surface area and attenelecm——r—n@m#e%ea-—pacrtance of the
t-ant al um powder i n subsequent heat tr ng steps. If the
fibers are not forced into this subst [E !H B m;ed array, the

sintering, purikwoog29e7scy!indricali zi

articl es oPCp#S92104548

vi | " gause adjoining tantalumfibers:to fuse toget her along their |ength,
formnng.a body with significantly re- duced surface area and capacitance.
The random zi ng step can be acconplished in mapyi17 -

10

15

ey W - . - ’;.
.

45. A method of making metal fiber containing capacitor
material comprising pressing particles of bonded metal fibers

‘consisting essentially of tantalum, columbium, or alloys

thereof, randomly oriented in a substantially non-aligned,
porous array, the fibers having a length of up to about 400
microns, and heatihg the pressed particles at a temperature
sufficient to bond the particles together.

46. The method of claim 45 including heating the fibers at
a temperature high enough to purify the fibers.

47. The method of claim 45 including heating the fibers at
a temperature high enough to cause the individual fibers to
form a substantially circular cross-section.

48. The method of claim 31, 32, 39, or 45 wherein the

starting fibers are comminuted to the desired 1length by
turbulent mixing in a liquid medium. '

W
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.ways. The pr'efe'rred nmet hod for random zing the fibers is to tunble the
fibers in a glass container while.msting with a volatile carrier such as
.wat er or al cohol (prefera- bly methanol al one, although binders can be

added such aswppgaasdogres, €.9. stearic acid). The nethanol (or pCharsyeamsiser
W ™ or without a binder) causes the fibers

B 172
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to tenmporarily bond together causing a substantially spherical agglonerate
of fibers. These aggl onerates can be observed formi ng through the gl ass
coritainer. Fromtinme to tinme the contents of the container is enp- tied and
creened, typi aedby2pgmgough a - 40 mesh screen. The smaller partigles. {]
fhrf%ﬁ\gh the screen and are col- lected. The |l arger particles are'r(b'?%&eﬁh 568
and refwurned to the tunbler. The smaller particles are heated in a vac- uum
to evaporate the nethanol binder and cause 2A2

S
|
) L/
AN 5 FIG. §
——— J— / ’
o — N 3
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fibers to bond in an i mobile form such that they cannot realign.
Addi ti enal heating can al so cause the fibers to be purified, and
cyfindricalized (see below). The ag- glonerates (or particles) typi “l
have a diameter up to about 2,000 microns, preferably up to about M"’JE
cron§\ and nost preferapty[bet ween “@bvaE@ECwndPRgﬁBﬂmﬁ@mmwNAs ment Ngaet

In ernano reau

above;the body of the capacitor can be a fe material. The felt capacitor
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{57) Abstract

A method of making a tantalum capacitor of improved specific capacitance (and volumetric efficiency) is described. <!
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cles can be processed in conventional fashion thereafter to form the capacitor. Cylindricalized fibers and pellets of mcreascd :
face area are also described.
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Flbrous Tantalum and Capac1tors Made Therefrom

TECHNICAL FIELD

The field of art to which the invention perﬁains is

pafticulate tantalum and capacitors made therefrom.

BACKGROUND ART

Solid-electrolyte tantalum capacitors have been a major

contributor to the miniaturization of electronic circuitry..

They also operate over a wide temperature range and have good
shelf 1life,

environments.

long service and are useful 1in extreme

Such capacitors are typically manufactured by compressing
tantalum powder into a pellet and sintering the pellet to form
a porous body. The porous body is then anodized in a suitable
electrolyte to form a continuous dielectric oxide film on the
sintered body. The pores are filled with an electrolyte and
a lead wire is attached to form the capacitor.

In order to improve the specific capacitance (and
volumetric efficiency) the particle sizes of the tantalum
powder used to form the capacitors have been reduced to a
smaller and smaller size.: With the reduction in size,'the
temperature required to sinter the particies has dropped
Howevef,

dramatically. it is also necessary to raise the

“temperature of the particles high enough during sintering to
"purify the particles, which has in turn limited the smallest

particle size capable of being used so as to not excessively
fuse it during the high temperature purification.
small

Another problem .associated with. using very

particles is encountered during the subsequent anodization of

the capacitor anode body. Because the anodization process

consumes the anode metal in an amount ';'SroTta;’;a’.'cna.:l;....tsz_.'l'.h&_.l
- REPLACEMENT SHEET
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and el ectrochem cal stability of the fiberg. RﬁsﬂC’E ] bondi ng which
takes place with the cylindrical fibers isf{l he avail abl e
surface area than simlar bonding with thelribbon-1like fibprg. Al though

hi gher tenperatures can be used for |esser|p¢ribd ] n view of the
30 mnute tine frame typically used in conprefci al -type processes, based on
the size of the fibers, tenperatures_of atfleast Clare typically
used (e.g. 1400[err]C to 2400[err]C) t6 cyHndricaljze the fli bers,

anodization voltage, the requirements for specified voltage
'ratiﬁés'impliés severe limitations on how small the particles
in a capacitor can be. Particles smaller than a critical size
will be tdtally consumed by the anodization process.

Accofdingly, there is a-constant search in this art. for
particlés with increased surface area ﬁhich would be able to
withstand temperatures necessary during sintering for cleaning
and purification without excessive fusing and loss of surface
area, and which will be stable during the anodization process.

BRIEF SUMMARY OF THE INVENTION

The present invention is directed to tantalum fibers
particularly adapted for use in capacitors. In one embodiment
of the invention cylindrical metal fibers are described having
a éubstantially circular cross-section.

In another éspect of the invention, a bonded body of
metal fibers comprising short metal fibers, randomly oriented
in a substantially non-aligned, porous array is described.
The fibers can be tantalum, columbium, or alloys thereof.

In this embodiment, the fibers optionally can also have a
‘substantially circular cross section. '

In other aspects of the invention the above fibers can
be formed into substantially spherical agglomerates of fibers;
felt; or pellets. '

A method of making felt capacitor material containing
fibers of tantalum, columbium, or alioys thereof, is also
described. The‘fibers,are dispersed in a carrier such as
water. The fibers typically having a length of up to 400
microns. The water or other carrier is removed by filtering,
thereby forming a felt of fibers randomly oriented in a
'subétantially non-aligned porous array particularly adapted
for use in a capacitor.

This Sheet Has Been
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and preferably tenperatures in excess of 1450[err]C (e.g. 450[err]C to
«1470[err]C, 1750[err]C) for periods of tife as¢HeE® fi nutes, and
typically at |east 30 m nutes. -6- The t@ Uﬁ%ﬁﬁﬁnc used | for the

bondi ng, purifying, and cylindricalizing gan vary deperdi ngion the di aneter
' Z FEB 1997

-3 -

A method of making cylindrical metal fibers of tantalum,
columbium, or alloys thereof is also described. The fibers
are heated at a temperature and ‘for a perlod of time
sufficient to produce a substantlally circular cross-section.

A method of making particles (spherical agglomerates) of
bonded, fibrous tantalum, columbium, or their alloys is also
described. The fibers are tumbled so as to cause them to
raﬁdomly orient in a substantially non-aligned, porous array.
The fibers typically have a length of up to about 400 microns.

A method of making metal fiber containing capacitor
material is also described. Particles of bonded, fibrous
tantalum, columblum, or their alloys, are pressed and heated
so as to bond the particles together. The fibers are randomly
oriented in a substantially non-aligned, porous array. The
capacitor material can also be heated so as to purify the
fibers, and further heated to cause the individual fibers to
form a substantially circular cross-section.

Capacitors made from the above methods and articles
exhlblt 1mproved specific capacitance (and volumetric
eff1c1ency), while also benefitting from a high degree of
chemical clean-up from high temperature thermal treatment.
The circular cross-~section further provides for a stable
surface area during anodization.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is an SEM (scanning electron micrograph) of

tantalum flbers prepared according to known metallurgical
draw;ng technlques.

| Figure 2 is an SEM of the tantalum fibers of Figure 1
after randomizing and cylindricalizing.

Figure 3 is an SEM of the fibers of Figure 1 without

is Sheet Has Been Replaced
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and length of the fibers. By purifying is meant burping off inpurities and
= reduci ng oxygen levels in the fibers. Purification [YRERRACEMENR EP ace at
tenperatures in ex- cess of 1200[err]C and can go a quh—39124§gEerr C.
These tenperatures should be maintained for at |eas}. utes gnd.
preferably at |east 30 m nutes. The purification an cyl1|2nﬁEBcH972¢t ifon

steps renove superfluous surface texture with its sipciated high dx- ygen
content thus allowing for a | ow oxygen 4product Al -

réndomiziﬁg but still cylindricalized.

UJ

'Figure 4 is an SEM of particles of bonded fibers
according to the present invention.

Figure 5 is a typical capac1tor according to the present
inventlon.

DETAILED DESCRIPTION OF THE INVENTION

The starting ﬁatérial for the fibers of the present
invention can, for example, be tantalum powder produced by -
conventional methods e.g. by hydriding an electron bean
melting tantalum ingot. Note commonly assigned U.S. Patent
4,502,884, the disclosure which is incorpbrated by reference.
The tantalum hydride is crushed, screened, degassed and mixed
with an auxiliary metal such as coppef powder. The powder
mlxture is placed in a tube and the tube subject to working
on a rolling mill. The rolling action causes the tantalum
powder in spherical form to elongate into short rods. Because
of the body center cubic (BCC) nature of the tantalum crystal
structure when it is extruded in this manner, the tantalum
elongates by slipping along its planes. So although they are
referred to as "rods" of material, they are more ribbon shaped
or shaped like blades of graés. ~ The .individual rods of
tantalum are obtained by removing the copper with mineral
acids. Either starting material may also be from drawn
tantalum rods, e.g., via wire~type processing as described in
Example 1.

Although ﬁany of the advantages of the present invention
can be accomplished with the ribbon-like form of this material
with the critical randomizing step recited below, even greater
advantages can be realized when the randomizing step is
coupled with the cylindricalizing step also described below.

The next step in the process, which is critical to
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so renoved are other inmpurities such as carbon and netals which coul d

sdisrupt the formation of the oxide dielectric |ayer
affect the perform ance of the capacitor, for exanpl
current or conplete failure by dielectric breakdown. {The fibers are

typically up to about 1 micron in di- ameter, preferably d@ FéBalgout
mcron in diameter, and nost preferably about 0.2 to pbput 1 micron i,

PR

aneter. The Iength of the fibers is typieally up to apott

B4ly
kage

0.:33
.n d|

'~obtain;ng the improved properties describe or both the
‘bonded particle and the capacitor is the randomizing step.
By randomizing is meant causing the ribbon-like fibers to be
randomly oriented in a substantlally ncn-allgned array. Such
random non-alignment is essential to preserve the surface area
and attendant improved capacitance of the tantalum powder in
subsequent heat treatment or sintering steps. If the fibers
are not forced into this substantially non-aligned array, the
sintering, purifying or cylindricalizihg of the felt,
barticles or pellet will cause adjoining tantalum fibers to
fuse together along their length, forming a body
with significantly reduced surface area and capacitance.

The rahdomizing step can be accomplished in many ways.
The preferred method for'fandomizing'the fibers is to tumble
the fibers in a glass container while misting with a volatile
carrier such as water or alcohol (preferably methanol alone,
"~ although binders can be added such as paraffins, e.g. stearic
acid). The methanol (or other carrier with or without a
binder) causes the fibers to temporarily bond togetherlcausing
" a substantially spherical agglomefate of fibers. These
agglomerates can be observed forming through the glass
container. * From time to time the contents of the contdiner
is emptied'and screened, typically through a -40 mesh
‘screen. The smaller'particles.fall through the screen and are
collected. The larger particles are broken up and returned
~ to the tumbler. The smaller particles are heated in a vacuum
"to evaporate the methanol binder and cause the fibers to bond
in an immobile form such that they cannot realign. Additional
heating can also cause the fibers to be purified, and
cylindricalized (see belbw); The agglomerates (or particles)
typically have a diameter up to about 2,000 microns,
preferably up' to about 500 microns, and most preferably
between about 25 and 250 microns.

As mentioned above, the body of the capacitor can be a
felt material. The felt capacitor material containing fibers

This Sheet Has Been Replaced




400 microns in I ength, preferably up to 250 Cﬁéﬁl}ﬁﬁﬂﬁﬁl\\ﬁgﬂgﬁ and nost
Y

s preferably 50 mcrons to 100 mcrons in | engt
an aspect

(preferably -40) mesh particles are~

pi cal |y have

_ ratio of at least 10 to 1, and gene ly up to aboyt |20 to 1. For
fibers of this size, after being randoni zed, fhe BE&nBEBg99purfi flyi ng and
cylindricalizing, can be done se- rially as scri bed above, {or] can al
take place at the one tenperature, e. 96 at about TI500TerrJC—Ofce the

of tantalum, columbium, or alloys thereof, can be made by
dlsperSLng the fJ.bers in a carrler, typically water, the

f:.bers having a 1ength of up to . about 400 microns, and
- remov.mg the water or other carr:.er by filtering. The fibers
in the felt are also randomly oriented in a substantially
non-aligned porous array.

If the prc;per temperatures are used for the bonding step
this causes the ribbon-like fibers to also become cylindrical
in form, thereby further increasing the thermal and
electrochemical stability of the fibers. The randomized
bonding which takes place with the cylindrical fibers is less
reducing to the available surface area than similar bonding
with the ribbon-like fibers. Although higher temperatures can
be used for lesser periods of time, in view of the 30 minute
time frame typically used in commercial-type processes, based
on the size of the fibers, temperatures of at least 1400°C are
~ typically used (e.g. 1400°C to 2400°C) to cylindricalize the
fibers, and preferably temperatures in excess of 1450°C (e.g.,
1450°C to 1470°C; 1750°C) for periods of time of at least 20
_.'minutes, and typically at least 30 minutes.

The temperatures used for the bonding, purifying, and
cylindricalizing can vary depending on the diameter and 'length
of the fibers. By purifying is meant burning off impurities
and reduciné oxygen 1levels in the . fibers.. Purification
typically takes place at temperatures in excess of 1200°C and
can go as high as 2400°C. These temperatures should be
maintained for at least 10 minutes and preferably at least 30
minutes. '

The purificétion and ¢ylindricalization steps remove :
superfluous surface texture with its associated high oxygen
content thus allowing for a low oxygen product. Also removed
are other impurities such as carbon and metals which could
‘disrupt the formation of the oxide dielectric layer .which
could adversely affect the performance of the capacitor, for
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formed, they are processed into pellets by the cMPEAGEMEMn&H{E&Irccesses
s currently used to formsuch pellets from convern i prat—tantatumpgwder. The
pellets fornmed by this process are next subject} led Loggaqﬂgéirg to forma
X

dielectric oxide layer on the surface of the filoédr. Th llayjer is
typically Ta2Q err]. The anodi zation is perfor Ln _conventionall manner by
maki ng the tantalum the anode in the presence of the electrolyte.

-7 -

example by causing 1eakage current or complete failure by
dielectric breakdown. ' '

The fibers are typically up to about 1 micron in
diameter, preferably up to about 0.33 micron in diameter, and
most preferably about 0.2 to about 1 micron in diameter. The
length of the fibers is typically up to about 400 microns in
length, preferably up to 250 microns in length, and most
preferably 50 microns to 100 microns in length. These fibers
typically have an aspect ratio of at least 10 tb 1, and
generally up to about 20 to 1.

For fibers of this size, after being randomized, the
bonding, purifying and cylindricalizing, can be done serially
as described above, or can all take place at the one
temperature, e.g. at about 1500°C. .

Once the (preferably -40) mesh particles are formed, they
are processed into pellets by the conventional processes
currently used to form such pellets from conventional tantalum
-powder. '

The pellets'formed_by this process are next subjected to
anodizing to form a dielectric oxide layer on the surface of
the fiber. - The oxide layer is typically Ta,0;. The.
anodization is performed in conventional manner by making the

* tantalum the anode in the presence of the electrolyte .

The electrolyte used in the capacitor is typically
conventional MnO, or sulfuric acid. It is introduced into the
pressed pellets by impregnation under pressure, or in the case
of MnO,, by the thermal decomposition of a manganous nitrate
solution. '

The anode terminal is typically tantalum wire although
- other conductors can be used. The length and diameter of the
" wire depends on the use which the capacitors will be put. "The
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7 'i'he el ectrolyte used in the capacitor is typical

‘M err]

i npregnation under pressure. or in the case of M
deconposition of a manganous nitrate sol ution.

or

>“?Eé'mcs»»pi\rﬁtO SArE

| bx‘%pe t her mal

we

sul furic acid. It is introduced into tfh

fl
H

-8 - sl

wire_can be welded to the tantalum pellet or simply inserted
and pressed along with the pellet..

EXAMPLE 1

A tantalum rod 1 centimeter in diameter was encased in
copper and drawn to small size through appropriate dies. The

by

resultant wire was cut into short lengths and bundled into a

second copper billet. This process of drawing, cutting, and
rebundling was repeated until the contained tantalum pieces
had been reduced to 1 micrometer in.diameter. At this stage
the product was digested in nitric acid to remove the copper
and liberate the contained tantalum fibers. These are shown
in Figure 1. 1In this form the material exhibits the rough
surface, irregular cross-section shape, and high degree of
alignment characteristic of tantalum fibers described
previously. In this form the fibers cannot provide the high
degree of sintering stability featured by fiber processed
according to the present invention.. Further, because of the
ribbon-like cross-section shape of these fibers, they would
suffer a large loss of microfarad volts per gram (ufv/g) as
the.anoqizing voltage is increased, seriously limiting the
useful voltage for capacitors made from such fibers.

EXAMPLE 2

The extruded. tantalum fiber described in Example 1 was
mechanically chopped to millimeter lengths and dispersed in
a liquid to randomize the fibers. This suspension was
filtered to recover the random network of fibers in the form

of a felt disk. This felt was sintered at 1750°C for 5600
seconds without the use of any sinter-inhibiting substances -

such as phosphorus. The structure of this material is shown
in Figure 2. This felt had 20,000 ufv/g capacitance when
anodized to 80 volts with only 15 ufv/g loss per volt. The
combination of high ufv/g and low rate of ufv/g loss on
anodizing is highly unusual for a tantalum capacitor. sintered
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The anode terminal is typically tantalumwre al - tors

ccan be used. The length and diameter of the wire d CEMENRESHEEE fwhi ch
the ca- pacitors will be put. The wire can be weld¢djto thetam 1 Ithm
pellet or sinply inserted and pressed along with the peﬂQeFtE.B %?\/PI_ 1A
tantalumrod 1 centineter in dianeter was en- case n copper d drlawn to

smal | size through appro- o

€ et

at 1750°C, and is a direct consequence of this unique anode

micro-architecture.
EXAMPLE 3

Tantalum fibers prepared by the conventional extrusion
techniques described in Example 1 were hydrided and comminuted
to short. lengths (about 100 micrometers long). These short
‘individual fibers were tumbled to randomize their relative
orientations. This tumbling process was controlled so as to
'provide the formation of -40 mesh sized, mechanically bound,
agglomerates of fibers. This reproduced a powder wherein. each
particle agglomerate had a microstructure of randomly oriented
fibers. When this powder was heat treated at 1600°C for 1800
seconds, the individual fibers were cylindricalized, and the
random agglomerate structure-stabilized by fiber-to-fiber
bonding (sintering). This powder product is shown in Figure
4. This powder was pressed into anode pellets at 5.0 g/cc
"density and sintered, as per the conventional practice of
making capacitors from tantalum powders, at 1462°C for 1800
seconds, 1554%:for 1800 seconds, and 1649°C for 1800 seconds.
The pellets were then anodized to 80 volts and their
capacitances ' measured. ‘The 'ufv/g at the three sinter
conditions were respectively 21,008; 19,672; and 17,169.
These ‘illustrate the low loss of ufv/g on sintering that is
unigue to the current invention product.

- EXAMPLE 4

" Tantalum fiber prepared by the extrusion techniques
described in Example 1 was cylindricalized through exposure
to "heat treatment at 1720°C for 1800 seconds without the
benefit of the randomizing process of the present invention.
'This example was intehded to demonstrate the detrimental
effects of not randomizing - the fibers prior to
cylindricalizing. = The product of this example is shown in
Figure 3. This shows the need for the randomizing step -

This Sheet Has Been Rerlaced
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priate dies. The resultant wire was cut into short EHEQLAQEMENT suméd into
a second copper billet. This process of drawing, c kﬁg——aﬁﬂ"feb dlfi ng

was repeated until the contained tantalum pieces h beq égg‘ﬁﬁﬂ o}l
m cronmeter in dianmeter. At this stage the product S g% d nitjric

acid to renove the copper and |iberate the containe antalum fibeds.} These
are shown in Fig- ure 1. Inthis formthe material Exhibits the rough sur-
face, irregular cross-section shape, and%i~gh degree-of

because . of the obvious formation in this case of many
multi-fiber clusters which céglesced during cylindricalizing
into large, unstable, low surface area shapes. By comparison
the fibers in Figure 3 have clearly stabilized at uniformly
small diameter cylinders because of their random orientation.
The powder in this Example was pressed into capacitor anode
pellets and sintered at 1480°C for 1800 seconds, 1560°C for
1800 seconds, and 1650°C for 1800 seconds. When anodized to
100 volts, these pellets showed the following levels of ufv/g
at the respective sinters: 11,773, 11,633; and 10,836, These
data show the ufv/g-was approximately half of that achieved
when the randomizing step was used in- Example 4 proving the
large benefit gained from this aspect of the present
invention.

All of the fibers, particles, felt, and pellets can be
tantalum, .columbiun, or alloys thereof although tantaldum is
preferred. The pellets typically have a diameter up to about
2,000 microns. The pellets typically have a length up to
4,000 microns. Larger pellets can also be made.

While the ribbon form of the fibers can be used to make
up the particles and the pellets, the cylindrical form is
preferred. The particles formed from the fibers are typlcally
spherical in shape.

The comminuting, e.g. as disclosed in Example 3, can take
place using any conventional method which can generate fibers
of the' desired 1length. However, the problem with most
. conventional methods, i.e. ball milling, is the generation of
ultra-fine particles whic¢h can interfere with the desired
fibrous shape, causing additional problems during sintering;.
The preferred method would be to .comminute the hydrided
tantalum fibers by placing them in a liquid medium such as
water in an apparatus which would cause an intense turbulence
in the medium, such as a conventional high speed blender (e.g.
Waring) until the desired fiber length is achieved. (e.g. for

This Sheet Has Been Repla
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allgnnent characteristic of tantalumfibers described previously. In this
*formthe fibers cannot provide the high degree off—stnter s&ﬁ%
featured by fiber processed according to the preseﬁi Mﬁ@ﬁ Eua

t her,

because of the ribbon-Ilike cross-section shape of| tfhese flbers, they woul d
suffer a large loss of mcrofarad volts per gram{(yfv4g)res ?@p anedi zi.ng

voltage is increased, seriously limting the usefful voltage orc?pacitors

made fron1such fibers. - 11 -

starting lengths of’ about 6 inches, agl
mlnute will reduce most of the flbers to lengths less than 200
mlcrons) )

The pellet can be'formed_into a cqﬁveptional capacitor,
for example, see Figure 5, where the tantalum pellet (1)
containing the fibers (including an 'oxide ‘layer and an
electrolyte) is covered with a layer (2 - typically carbon),
a layer of metal (3 - typically silver or tantalum), and
. finally a polymer (4 - typically'polyethylene, ﬁolypropylene,
or an acrylic polymer). A tantalum lead wire (5) is also
shown.- '

The cylindrical metal fibers also consist essentially of
tantalum, columbiﬁm, or alloys thereof. The fibers are
typically heated at a temperature and for a period of time
sufficient to produce a substantially circular cross-section.
Typically, the heating takes place at a temperature of at
least 1400°C for a period of time of at least 30 minutes.

As stated above, the bonded particles of tantalum,
‘columbium, or alloys thereof, are made by tumbling the fibers
'so as to cause them'to'raﬁdomly orient in a substantially
non-aligned, porous array. The fibers have a length of up to
about 400 microns. The tumbling typically takes place in
methanol which causes the particles to hold together in this

- array pribr to the heat treatment. The heating can take place
at this stage in basically three 1eVeIs,'at a temperature high
enough to cause them to bond in said non-aligned array,
heating the fibers at a temperature high enough to cause the
individual - fikers to form a substantially circular
cross-section, and finally heating the fibers at a '
temperature high enough to purify the fibers. (It should be
noted that the purification takes place continually as the
fibers are heated, e.g. different impurities or levels of
impurities are removed at different temperatures.)

This Sheet
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EXAMPLE 2 The extruded tantalumfiber described in Exanple 1 was
*mechanically chopped to mllineter |engths and dispersed in aliquidto
random ze the fibers. This sus- pension was filtered to recover the random
network of fibers in the formof a felt disk. This felt was sintered at

|
- 12 - 5
When making the capacitor, the particles of randomly
.oriented, substahtially non-aligned, porous array of fibers
are pressed in conventiohal manner and heated at a temperature
- sufficient to bond the particles together. Optionally, the
fibers can. be heated at a temperaturé high enough to purify
‘the fibers. Additional heating can also be performed to cause
the individual fibers to form a substantially circular
' érogs-sectiqn.

The capacitors of the present invention have utility and
'advantdges similar to those of conventional tantalum
capacitors in that they can be used for miniature circuits at
high temperatures with great reliability. However, since the
fibers in the capacitors have increased surface area, the
capacitors according to the present invention have improved
specific capacitance (and volumetric efficiency). What this
translates into is that more charge can be held for capacitors
the same size as conventional capacitors, or a smaller
capacitor can be used to hold the same charge as a
conventional . sized capacitor. In either case additional

. miniaturization can be used. Furthermore, because of the
cylindricai shape of the fibers, higher temperatures can be
used to clean (purify) the tantalum without significantly
increased loss of surface area. This means  that cleaner
fibers can be used resulting in greater reliability,
performance etc. of the capacitors aﬁtendant with a cleaner
starting material. As was shown, another benefit of the
substantially circular cross-section shape in the preferred
form of the invention is a low loss of ufv/g during the

anodization process.
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1?50[err]C for 5600 seconds w thout the use of any sinter-

I nhi biting

» subst ances such as phosphorus. The struc- ture of this material is shown in
Figure 2. This felt had 20,000 ufv/g capacitance when anodized to 80 volts
with only 15 ufv/g | oss per volt. The conbinatio igh ufv/ g and | ow

capacitor sintered at 1750[err]C, and L§ 2 direct

rate of ufv/g loss on anodizing is highly unu- su7l for a
uni que anode m cro-archi - tecture.

CLAIMS ©

1. Cylindrical metal fibers having a substantially circular
cross-section up to about 3 microns in diameter consisting

essentially of tantalum, columbium,'or'alloys thereof.

2. The flbers of claim 1 having a dlameter up to about 1

micron.

3. ‘The fibers of claim 1 having a diameter up to about 0.33

micron.

4. The fibers of clalm 1 having a diameter of about 0.2 to

about 1.0 micron.

5. The fibers of claim 1, 2, 3 or 4 haﬁing an aspect ratio

of at least 10 to 1.

6. The fibers of claim 5 having an aspect ratio of up to 20

to 1.

7: The fxbers of clalm 1, 2, '3°or 4 having a length up to

© 400 microns.

' 8. The fibers of claim 1, 2, 3 or 4 having a length up to

250 microns.

- 9. The fibers of claim 1, 2, 3 or 4 having a length of 50

microns to 100 microns.

10. A bonded body of metal fibers comprising short metal _
fibers, randomly oriented in a. substantially non-aligned, -

porous array, consisting essentially of tantalum, columbium,

or alloys thereof. '

11. The body of claim 10 wherein the fibers have a diameter

up to about 1 micron.

REPLACEMENT SHEET
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EXAMPLE 3 Tantal um fibers prepared by the conventional extru- sion

. techni ques described in Exanple 1 were hydri ded—and comni nuted to short
| engt hs (about 100 microne- ters |ong). These-Ihort i ndi vi dual fibers were

tunbl ed to randomize their relative orientatio E ﬂ‘lﬂ" mnu process was
chani cal Ly

controlled so as to provide the formation of -

bound, aggl onerates of fibers. This reproduced a pomder Whér ei*n each par-
‘ - 14 -

12. The body of claim 10 wherein the fibers have a diameter
up to about 0.33 micron.

13. The bbdy of claim 10 wherein the fibers have a diameter
of about 0.2 to about 1.0 micron.

14. The body of claim 10, 11, 12, or 13 wherein the fibers
have an aspect ratio of at least 10 to 1.

15. The body of claim 14 wherein the fibers have an aspect
ratio of up to 20 to 1.

16. The body of claim 10, 11, 12 or 13 wherein the fibers
have a length up to 400 microns.

17. The body of claim 10, 11, 12 or 13 wherein the fibers
have a length up to 250 microns.

18. The body of claim 10, 11, 12 or 13 wherein the fibers
have a length of 50 microns to 100 microns. R

19. The body of claim 167.11, 12 or 13 wherein the fibers
have a substantially circular cross section.

20. The body of claim 10, 11, 12 ‘or 13 in the form of a
substantially spherical particle.

21. The particle of claim 20 having a diameter up to about
2,000 microns.

22. The particle of claim 20 having a diameter up to about
500 microns.

23. The particle of claim 20 having a diameter of about 25
to about 250 microns.
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ticle aggl onerate had a mcrostructure of randomy ori- ented fibers. Wen
.this powder was heat treated at 1600[err]C for 1800 seconds, the individual
fibers were cy- lindricalized, and the random agglenerate—structure sta-

bilized by fiber-to-fiber bonding (sintering). ' duct is shown
In Figure 4. This powder was pressed into anoB“jﬂHmmﬁgﬂg“gnﬁ glcc density
and sintered, as per the conventional practiceyor; ~eapacitors from
tant al um powders, at 1462[err]C for 38Q6 seconds, 1554[err]C

24. Thg_bédy of:claim;lo,.ll; 12 or 13 in the form of a
pellet. S :

25. The pellet of claim 24  also containing a lead wire.
26. The pellet of claim 25 wherein thé fibers are anodized.

27. The pellet of claim 26 wherein the body is impregnated
with electrolyte. '

- 28. The pellet of claim 27 covered with successive layers of
a conductor, a metal, and a polymér.

29. The pellet of claim 28 wherein the conductor is carboen,
the metal is silver, tantaluh, or columbium, or alloys
thereof, and the plastic is polyethylene, polypropylene, or
acrylic polymer.. -

30. The body of claim 10,.11; 12 or 13 in the form of a felt.

31. A method of makihg felt capacitor material containing
.fibers of tantalum, columbium;. or alloys .thereof, comprising
dispersing the fibers in water, the fibers having a length of
up to about 400 microns, and removing the water by filtering,
thereby forming a. felt of fibers randomly oriented in a
substantially non—aligned!porous-array:particﬁlarly adapted
for capacitor use.

32. A method of making cylindrical metal fibers consisting
essentially of tantalum, columbium, or alloys thereof
comprising heating said fibers at a temperature and for .a
period of time sufficient to produce fibers having a
substantially circular cross-section.

33. The process of claim 32 wherein the heating takes place
at a temperature of at least 14000C.

REPLACEMENT SHEET
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for 1800 seconds, and 1649[err]C for 1800 seconds. The pellets were then
-anodi zed to 80 volts and their capac- itances—weasured—The ufv/g at the

three sinter condi- tions were respectively nd 17, 169.
These illustrate the |ow |l oss of ufv/g on si IﬂﬂiHﬁmH"?m gque to the
current invention product.

- 16 -

34. The process of claim 32 wherein the heating takes place
at about 14000C to about 24000C. ‘

" .35... The process of claim 33 wherein the heating takes place
at about 14500C to about 14700C.

36. The process of claim 32 wherein the heating takes place
at about 17500C.

37. The process of claim 33, 34, 35, or 36 wherein the
heating takes place for at least 20 minutes.

38. The process of claim 33, 34, 35, or 36 wherein the
heating takes place for at least 30 minutes.

39. A method of making particles of bonded metal fibers
consisting essentially of tantalum, columbium, or alloys
thereof, comprising tumbling the fibers so as to cause them
to randomly orient in a substantially non-aligned, porous
arraj, the fibers having a length of up to about 400 microns.

40. - The method of claim 39 wherein the tumbling takes place
in methanol. :

41. The method of claim 39 including heating the fibers at
a temperature high enough to cause them to bond in said non-
.aligned array.

42. The method of claim 41 including heating the fibers at
a temperature high enough to cause the individual fibers to
form a substantially circular cross-section.

43. .The method of claim 42 including heating the fibers at
a temperature high enough to purify the fibers.

44. - The method of claims 35, 39, 40, 41, 42 or 43 wherein the
resultant particles are -40 mesh. :

' RERLAGEMENT SHEET
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-9- EXAMPLE 4 Tantalum fi ber prepared by the extrusion tech- niques
described in Exanple 1 was cylindricalized through exposure to heat
treatnent at 1720[err]C for 1800 seconds wi thout the benefit of the
randomi zi ng process of the present invention. Mm l'ﬂ:m“mmm i ntended to
denonstrate the detrinental effects of not ra ers prior to
cylindricalizing. The product of this §x17

45. A method of making metal fiber containing capacitor
material comprising preésing particles of bonded metal fibers
consisting essentially _df tantalum, columbium, or alloys
thereof, randomly oriented in a subétantially non-aligned,
porous array, the fibers having a length of up to about 400
microns, and heating the pressed particles at a temperature
sufficient to bond the particles together.

46. The method of claim 45 including heating the fibers at
a temperature high enough to purify the fibers.

47. The method of claim 45 including heating the fibers at
a temperature high .enough to cause the individual fibers to
form a substantially circular cross-section.

48. The method of claim 31, 32, 39, or 45 wherein the
starting fibers are comminuted to the desired 1length by
turbulent mixing in a ligquid medium.
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anple is showm in Figure 3. This shows the need for the random zing step

- because of the obvious formation in this case of many nulti-fiber clusters
whi ch coal esced during cylindricalizing into | arge, unstable, |ow surface
area shapes. By conparison the fibers in Figure 3 have clearly stabilized
at uniformy small dianeter cylinders because of their random orientation.
The powder in this Exanple was pressed into capacitor anode pellets and
sintered at 1 480[err]C for 1800-<k8onds, 1 560C for 1800

FIBROUS TANTALUM AND CAPACITORS MADE THEREFROM

ABSTRACT

A method of making a tantalum capacitor of improved
specific capacitance (and volumetric efficiency) is
described. Short tantalum fibers are precipitated out
of a carried liquid to form a felt, or tumbled to form
fiber containing particles, and in either case
subsequently bonded so as to form a felt or particles
containing the fibers in random orientation in
substantially non-aligned array. These particles or
felt are heated to bond the fibers together, purify
and (optically) cylindricalize them. The felt or
particles can be processed in conventional £fashion
thereafter to form the capacitor. Cylindrically fibers
and pellets of increased surface area are also
described. A

FIGURE 4.
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seconds, and 1650[err] C for 1800 seconds. Wen ano- dized to 100 volts,
these pellets showed the follow ng |levels of ufv/g at the respective
sinters: 11,773, 11,633, and 10, 836. These data show the ufv/g was approxi -
mately half of that achi eved when the random zing step was used in Exanple
4 proving the |arge benefit gained fromthis aspect of the present

I nvention. Al of the fibers, particles, felt, and pellets can be tantal um
col umbium or alloys thereof although tyant a-

FIG. |

FIG. 2
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lumis preferred. The pellets typically have a dianeter up to about 2,000
m crons. The pellets typically have a length up to 4,000 m crons. Larger
‘pellets can al so be nade. Wiile the ribbon formof the fibers can be used
to make up the particles and the pellets, the cylindrical formis
preferred. The particles formed fromthe fibers are typlcally spherical in
shape. The comm nuting, e.g. as disclosed in Exanple 3,

2
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FIBROUS TANTALUM AND CAPACITORS MADE THEREFROM
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Description

TECHNICAL FIELD

The field of art to which the invention pertains is par-
ticulate tantalum and capacitors made therefrom.

BACKGROUND ART

Solid-electrolyte tantalum capacitors have been a
major contributor to the miniaturization of electronic cir-
cuitry. They also operate over a wide temperature range
and have good shelf life, long service and are useful in
extreme environments.

Such capacitors are typically manufactured by com-
pressing tantalum powder into a pellet and sintering the
pellet to form a porous body. The porous body is then
anodized in a suitable electrolyte to form a continuous
dielectric oxide film on the sintered body. The pores are
filled with an electrolyte and a Iead wire is attached to .

~form the capacitor.

In order to improve the specific capacitance (and
volumetric efficiency) the particle sizes of the tantalum
powder used to form the capacitors have been reduced
to a smaller and smaller size. With the reduction in size,

the temperature required to sinter the particles has

dropped dramatically. However, it is also necessary to
raise the temperature of the particles high enough dur-
ing sintering to purify the particles, which has in turn lim-
ited the smallest particle size capable of being used so
as to not excessively fuse it during the high temperature
purification.

Another problem associated with using very small

particles is encountered during the subsequent anodi-

zation of the capacitor anode body. Because the anodi-
zation process consumes the anode metal in an amount

‘proportional to the anodization voltage, the require-



tioinal probl ens during sintering. The preferred nmethod would be to
comm nute the hydrided tantalumfibers by placing themdin_a ljquid nedi um

such as water nga&taa—seaa}x@muﬂ whi ch woul d cause an iﬁﬂlé@ﬁﬂfuﬁ@lggm i
~the nmedium suc onal hi gh speed bl ender REPMEIEDNY) U t||
the desired fib h| eved (e. g. for starth ut 6
bou

I nches, agitati a mnute will reduce nost of the fibers to
| engths | ess than 200 microns). -2 -

- ments for specified voltage ratings implies severe limi-
tations on how small the particles in a capacitor can be.
Particles smaller than a critical size will be totally con-
sumed by the anodization process.

Accordingly, there is a constant search in this art for
particles with increased surface area which would be

able to withstand temperatures necessary during sintef- REPLACEMENT SHEET
ing for cleaning and purification without excessive fusirig
and loss of surface area, and which will be stable during| 03 FEB 1998
the anodization process.

The use of fibers of tantalum, columbium or alloys

thereof having diameters up to about 10 microns al
lengths of up to about 100 microns are described in US-
A-4502884. As noted on page 4 herein, such fibers have
a ribbon-shaped cross-section.

Tantalum fibers of the same type and having diam-
eters in the range 1-20 microns are futher disclosed in
DE-A-3227077, such fibers being produced by tech-
niques analogous to textile processes and may be cut
to staple fiber lengths.

The present invention is directed to metal fibers of
tantalum, molybdenum or alloys thereot particularty
adapted for use in capacitors. The fibres are cylindrical
and have a substantially circular cross-section of up to
3 microns in diameter.

Another aspect of the invention relates to a bonded
body of the aforesaid metal fibers, randomly oriented in
a substantially non-aligned, porous array.

The invention provides a method of makmg cylin-
drical metal fibers of tantalum, columbium, or alloys'
thereof in which metal fibers are heated for at least 20

‘minutes at a temperature of at least 1400°C to produce
fibers having a substantially circular cross-section.

The invention further provides a method of making
the bonded body of metal fibers of lengths up to 400
microns wherein the fibers are tumbled in a volatile car-
rier, the carrier removed and the resuitant randomly ori-
ented and substantially non-aligned porous array of fib-
ers is heated to a temperature of at least 1400°C to



The pellet can be forned into a conventional capac- itor, for exanple, see
‘Figure 5, where the tantalumpellet (1) containing the fibers (including an
oxi de layer and an electrolyte) is covered with a layer (2 - typically car-
bon), a layer of netal (3 - typically silver or tantalum, and finally a
polymer (4 - typically polyethylene, polypro- pylene, or an acrylic
polynmer). Atantalumlead wire (5) is also shown. The cylindrical netal

fibers also consi staggefibifld Yond in said non-aligned porous array for
at least 20 minutes whereby the fibers are cylindrical-
ised and sintered to provide the said bonded body.
The volatile carrier may be water which is removed
by fiitering or it may be methanol which is removed by
evaporation. -
The invention also relatesto afelt capacntor material
containing the bonded metal film of the invention.
Capacitors made from the above methods and ar-
ticles exhibit improved specific capacitance (and volu-
metric efficiency), while also benefiting from a high de-
gree of chemical clean-up from high temperature ther-
‘mal treatment. :
The circular cross-section further provides for aﬂsrsg-pmmgm SHEET |
ble surface area during anodization. ni.

03 FEB 1998

BRIEF DESCRIPTION OF THE DHAWINGS

Figure 1 is an SEM (scanning electron micrograph)
of tantalum fibers prepared according to known metal-
lurgical drawing techniques.

Figure 2 is an SEM of the tantalum fibers of Figure
1 after randomizing and cylindricalizing.

Figure 3 is an SEM of the fibers of Figure 1 without .

randomizing but still cylindricalized.
Figure 4 is an SEM of particies of bonded fibers ac-

cording to the present invention.
- Figure 5 is a typical capacitor according to the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

The starting material for the fibers of the present in-
vention can, for example, be tantalum powder produced
by conventional methods e.g. by hydriding an electron
beam melting tantalum ingot. Note commonly assigned
U.S. Patent 4,502,884, the disclosure which is incorpo-
rated by reference. The tantalum hydride is crushed,
screened, degassed and mixed with an auxiliary metal
such as copper powder. The powder mixture is placed



of tantalum colunmbium or alloys thereof. The f
at a tenperature and for a period of tine suffic
substantially circular cross-sec- tion. Typical

at a tenperature of at |east 1 4000C for a perio
mn- utes. As stated above, the bonded particles

bRERLAGEMENT/ [SHEET | |y heat ed
0 |

[ b 0% R, 1S a0

(o) ubi um or

all oys thereof, are nade by tunbling the fibers $0 as to cause themto

randomy orient in a sub- - 4 -

in a tube and the tube subject to working on a rolling

‘mill. The rolling action causes the tantalum powder in

spherical form to elongate into short rods. Because of
the body center cubic (BCC) nature of the tantalum crys-
tal structure when it is extruded in this manner, the tan-
talum elongates by slipping along its planes. So al-
though they are referred to as "rods” of material, they
are more ribbon shaped or shaped like blades of grass.
The individual rods of tantalum are obtained by remov-
ing the copper with mineral acids. Either starting mate-
rial may also be from drawn tantalum rods. e.g., via wire-
type processing as described in Example 1.

Although many of the advantages of the present in-
vention can be accomplished with the ribbon-like form
of this material with the critical randomizing step recited
below. even greater advantages can be realized when
the randomizing step is coupled with the cylindricalizing
step also described below.

The next step in the process, which is critical to ob-

- taining the improved properties described for both the

bonded particle and the capacitor is the randomizing
step. By randomizing is meant causing the ribbon-like
fibers to be randomly oriented in a substantially non-
aligned array. Such random non-alignment is essential
to preserve the surface area and attendant improved ca-
pacitance of the tantalum powder in subsequent heat
treatment or sintering steps. If the fibers are not forced
into this substantially non-aligned array, the sintering,
purifying or cylindricalizing of the felt, particles or pellet
will cause adjoining tantalum fibers to fuse together
along their length, forming a body with significantly re-
duced surface area and capacitance.

The randomizing step can be accomplished in many
ways. The preferred method for randomizing the fibers -
is to tumble the fibers in a glass container while misting
with a volatile carrier such as water or alcohol (prefera-
bly methanol alone, although binders can be added
such as paraffins, e.g. stearic acid). The methanol (or

~ other carrier with or without a binder) causes the fibers



stantially non-aligned, porous array. The th of up to

about 400 microns. The tunbling typically hanol whi ch
causes the particles to hold together in tlhijs array prior |tq the heat
treatment. The heating can take place at thils gizapgBif98adi dal ly three
| evel s, at a tenperature high enough to cause themto bond iin said
non-aligned array, heating the fib- ers at] a=temperature 1|ch enough to

cause the individualfihans g, %orncatoget CIUARY iGfly - section,

and spherical agglomerate of fibers. These agglomerates
can be observed forming through the glass container.
From time to time the contents of the container is emp-
tied and screened, typically through a -40 mesh screen.
The smaller particles fall through the screen and are col-
lected. The larger particles are broken up and returned
to the tumbler. The smaller particles are heated in a vac-
uum to evaporate the methanol binder and cause the
fibers to bond in an immobile form such that they cannot
realign. Additional heating can also cause the fibers to
be purified, and cylindricalized (see below). The ag-
glomerates (or particles) typically have a diameter up to
about 2,000 microns, preferably up to about 500 mi-
crons, and most preferably between about 25 and 250
microns.
As mentioned above, the body of the capacitorcan
- be a felt material. The felt capacitor material containing

fibers of tantalum. columbium, or alloys thereof, can be
made by dnspersmg the fibers in a carrier. typically water.

the fibers having a length of up to about 400 microns,
and removing the water or other carrier by filtering. The
fibers in the felt are also randomly oriented in a substan-
tially non-aligned porous array.

If the proper temperatures are used for the bonding
step this causes the ribbon-like fibers to also become
cylindrical in form, thereby further increasing the thermal
and electrochemical stability of the fibers. The rand-
omized bonding which takes place with the cylindrical
fibers is less reducing to the available surface area than
similar bonding with the ribbon-like fibers. Although
higher temperatures can be used for lesser periods of
time, in view of the 30 minute time frame typically used
in commercial-type processes, based on the size of the
fibers, temperatures of at least 1400°C are typically
used (e.g. 1400°C to 2400°C) to cylindricalize the fibers,
and preferably temperatures in excess of 1450°C (e.g.,
1450°C to 1470°C; 1750°C) for periods of time of at
least 20 minutes, and typically at least 30 minutes.
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The temperatures uged for the bonding, purifying,
and cylindricalizing can vary depending on the diameter
and length of the fibers. By purifying is meant burning
off impurities and reducing oxygen levels in the fibers.
Purification typically takes place at temperatures in ex-
cess of 1200°C and can go as high as 2400°C. These
temperatures should be maintained for at least 10 min-
utes and preferably at least 30 minutes.

The purification and cylindricalization steps remove
superfluous surface texture with its associated high ox-
ygen content thus allowing for a low oxygen product. Al-
so removed are other impurities such as carbon and
metals which could disrupt the formation of the oxide
dielectric layer which could adversely affect the perform-

ance of the capacitor, for example by causing leakage

current or complete failure by dielectric breakdown.

The fibers are typically up to about 1 micron in di-
ameter, preferably up to about 0.33 micron in diameter,
and most preferably about 0.2 to about 1 micron in di-
ameter. The length of the fibers is typically up to about
400 microns in length, preferably up to 250 microns in
length, and most preferably 50 microns to 100 microns
in length. These fibers typically have an aspect ratio of
at least 10 to 1, and generally up to about 20 to 1.

For fibers of this size, after being randomized, the
bonding, purifying and cylindricalizing, can be done se-
rially as described above, or can all take place at the
one temperature, e.g. at about 1500°C.

Once the (preferably -40) mesh particles are
formed, they are processed into pellets by the conven-
tional processes currently used toform such pellets from
conventional tantalum powder.

The pellets formed by this process are next subject-

ed to anodizing to form a dielectric oxide layer on the
surface of the fiber. The oxide layer is.typically Ta,Os.
The anodization is performed in conventional manner
by making the tantalum the anode in the presence of the

-electrolyte .



domy oriented, substantially non-aligned, [0 Y bers are
-pressed in conventional manner and heated (ﬂﬁré‘FMH §€EETTSLffiCi ent to
bond the particles together. Optionally, t fi bers can be jhgated at a
tenperature high enough to purify the fiberjs.| A& FEB"®98hgat}i ng can al so
be perforned to cause the individual fibers]tjo forma substfaftially

circular cross-section. The capacitors of t presemnt—Tverit ijon have
utility and advantages sinmlar to those & fonventional tantg-

The electrolyte used in the capacitor is typically con-
ventional MnO, or sulfuric acid. It is introduced into the
pressed pellets by impregnation under pressure. or in
the case of MnO,, by the thermal decomposition of a

. manganous nitrate solution.

The anode terminal is typucally tantalum wire al-
though other conductors can be used. The length and
diameter of the wire depends on the use which the ca-
pacitors will be put. The wire can be welded to the tan-
talum pellet or simply inserted and pressed along with
the peliet. '

EXAMPLE 1

A tantalum rod 1 centimeter in diameter was en-
cased in copper and drawn to smali size through appro-
priate dies. The resultant wire was cut into short lengths
and bundled into a second copper billet. This process
of drawing, cutting, and rebundling was repeated until
the contained tantalum pieces had been reduced to 1

" micrometer in diameter. At this stage the product was
digested in nitric acid to remove the copper and liberate
the contained tantalum fibers. These are shown in Fig-

~ure 1. In this form the material exhibits the rough sur--
face, irregular cross-section shape, and high degree of
-alignment characteristic of tantalum fibers described
previously. In this form the fibers cannot provide the high
degree of sintering stability featured by fiber processed
according to the present invention. Further, because of
the ribbon-like cross-section shape of these fibers, they
would suffer a large loss of microfarad volts per gram

- {ufv/g) as the anodizing voitage is increased, seriously
limiting the useful vo!tage for capacitors made fromsuch
fibers.

EXAMPLE 2

The extruded tantalum fiber described in Example
1 was mechanically chopped to millimeter lengths and
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tenperatures with great reliability. How
capacitors have increased surface area. the ¢apacitors accpr
present in- vention have inproved specificic pa@i;tmagqﬂ_an
efficiency). Wiat this translates into is tithat nore chargejc
capacitors the sane size as con- ventional '
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pension was filtered to recover the random network of
fibers in the form of a felt disk. This felt was sintered at
1750°C for 5600 seconds without the use of any sinter-
inhibiting substances such as phosphorus. The struc-
ture of this material is shown in Figure 2. This felt had
20,000 ufv/gcapacitance when anodized to 80 volts with
only 15 ufv/g loss per volt. The combination of high ufv/
g and low rate of ufv/g loss on anodizing is highly unu-
sual for a tantalum capacitor sintered at 1750°C, and is
a direct consequence of this unique anode micro-archi-
" tecture. '

EXAMPLE 3

Tantalum fibers prepared by the conventional extru-
sion techniques described in Example 1 were hydrided
and comminuted to short lengths (about 100 microme-
ters long). These short individual fibers were tumbled to
randomize their relative orientations. This tumbling
process was controlled so as to provide the formation
of -40 mesh sized, mechanically bound, agglomerates
of fibers. This reproduced a powder wherein each par-
ticle agglomerate had a microstructure of randomly ori-
ented fibers. When this powder was heat treated at
1600°C for 1800 seconds, the individual fibers were cy-
lindricalized, and the random agglomerate structure sta-
bilized by fiber-to-fiber bonding (sintering). This powder
product is shown in Figure 4. This powder was pressed
into anode pellets at 5.0 g/cc density and sintered, as
per the conventional practice of making capacitors from
tantalumpowders, at 1462°C for 1800 seconds, 1554°C
for 1800 seconds, and 1649°C for 1800 seconds. The
pellets were then anodized to 80 volts and their capac-
itances measured. The ufv/g at the three sinter condi-
tions were respectively 21,008, 19,672; and 17,169
These illustrate the low loss of ufv/g on sintering that is
unique to the current invention product.
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Tantalum fiber prepared by the extrusion tech-
niques described in Example 1 was cylindricalized
through exposure to heat treatment at 1720°C for 1800
seconds without the benefit of the randomizing process

of the present invention. This example was intended to .
demonstrate the detrimental effects of not randomizing .
the fibers prior to cylindricalizing. The product of this ex-

ample is shown in Figure 3. This shows the need for the
randomizing step because of the obvious formation in

-this case of many multi-fiber clusters which coalesced

during cylindricalizing into large, unstable, low surface
area shapes. By comparison the fibers in Figure 3 have
clearly stabilized at uniformly small diameter cylinders

~ because of their random orientation. The powder in this

Example was pressed into capacitor anode pellets and
sintered at 1480°C for 1800 seconds, 1560°C for 1800
seconds, and 1650°C for 1800 seconds. When ano-
dized to 100 volts, these peilets showed the following
levels of ufv/g at the respective sinters: 11,773, 11,633,
and 10,836. These data show the ufv/g was approxi-
mately half of that achieved when the randomizing step
was used in Example 4 proving the large benefit gained
from this aspect of the present invention.

All of the fibers, particles, felt, and pellets can be
tantalum, columbium, or alloys thereof although tanta-
lum is preferred. The pellets typically have a diameter
up to about 2,000 microns. The pellets typically have a
length up to 4,000 microns. Larger peliets can also be
made.

While the: ribbon form of the fibers can be used to
make up the particles and the pellets, the cylindrical
form is preferred. The particles formed from the fibers

‘are typically spherical in shape.

The comminuting, e.g. as disclosed in Example 3,
can take place using any conventional method which
can generate fibers of the desired length. However, the
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problem with most conventional methods, i.e. ball mill-
iIng. is the generation of ultra-fine particles which can
interfere with the desired fibrous shape, causing addi-
tional problems during sintering. The preferred method
would be to comminute the hydrided tantalum fibers by
placing them in a liquid medium such as water in an ap-
paratus which would cause an intense turbulence in the
medium, such as a conventional high speed blender (e.
g. Waring) until the desired fiber length is achieved (e.
g. for starting lengths of about 6 inches.- agitating for

- about a minute will reduce most of the fibers to lengths

less than 200 microns).

- The pellet can be formed into a conventional capac-
itor, for example, see Figure 5, where the tantalum pellet
(1) containing the fibers (including an oxide layer and
an electrolyte) is covered with a layer (2 - typically car-
bon), a layer of metal (3 - typically silver or tantalum),
and finally a polymer (4 - typically polyethylene, polypro-
pylene, or an acrylic polymer). A tantalum lead wire (5)

~is also shown.

The cylindrical metal fibers also consist essentially

“of tantalum, columbium, or alloys thereof. The fibers are

typically heated at a temperature and for a period of time
sufficient to produce a substantially circular cross-sec-
tion. Typically, the heating takes place at a temperature
of at least 1400°C for a period of time of at least 30 min-
utes.

As stated above, the bonded particles of tantalum,
columbium, or alloys thereof, are made by tumbling the
fibers so as to cause them to randomly orient in a sub-
stantially non-aligned, porous array. The fibers have a
length of up to about 400 microns. The tumbling typically
takes place in methanol which causes the particles to

- hold together in this array prior to the heat treatment.

The heating can take place at this stage in basically
three levels, at a temperature high enough to cause
them to bond in said non-aligned array, heating the fib-
ers at a temperature high enough to cause the individual
fibers to form a substantially circular cross-section, and

'invéntio'nisalowloss of ufv/g during the 4n TOCProcess. Cl ai nms
212- 1. Metal fibres of tantalum col unbium ()rﬁ %@@%ﬁeﬁi@ﬂ of upto 3
mcrons in dianmeter characterised in that the fibers are cy'l" ndrical and
have a circul ar cross- U3 FEB 1998 |
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section. 2. The fibers of claim1l having a dianeter up to 1 m- cron. 3.
The fibers of claiml having a dianmeter up to 0.33 mcron. 4. The fibers of
claim1 having a dianeter of 0.2 to 1.0 mcrons. 5. The fibers of clains 1,
2, 3 or 4 having an aspect ratio of at least 10 to 1. :

finally heating the fibers étl a-temperature high enough
to purify the fibers. (It should be noted that the purifica-
tion takes place continually as the fibers are heated, e.
g. different impurities or levels of impurities are removed
at different temperatures.) '

When making the capacitor, the particles of ran-
domly oriented, substantially non-aligned, porous array
of fibers are pressed in conventional manner and heated
at-atemperature sufficient to bond the particles together.
Optionally, the fibers can be heated at a temperature
high enough to purify the fibers. Additional heating can
also be performed to cause the individual fibers to form
a substantially circular cross-section.

The capacitors of the present invention have utility
and advantages similar to those of conventional tanta-
lum capacitors in that they can be used for miniature
circuits at high temperatures with great reliability. How-
ever, since the fibers in the capacitors have increased

. surface area. the capacitors according to the present in-
vention have improved specific capacitance (and volu-

metric efficiency). What this transiates into i1s that more
charge can be held for capacitors the same size as con-
ventional capacitors, or a smaller capacitor can be used
to hold the same charge as a conventional sized capac-
ftor. In either case additional miniaturization can be
used. Furthermore, because of the cylindrical shape of

~ the fibers. higher temperatures can be used to clean
(purify) the tantalum without significantly increased loss
of surface area. This means that cleaner fibers can be
used resulting in greater reliability, performance etc. of
the capacitors attendant with a cleaner starting material.
As was shown, another benefit of the substantially cir-
cular cross-section shape in the preferred form of the
invention is a low loss of ufv/g during the anodization
process.




6. The fibers of claim5 havi ng ah aspect

fi bers of any one of the preceding clains having a |length up to 400
m crons. 8. The fibers of claim7 having a length up to 250 m - crons. 9.
The fibers of claim8 having a |l ength of 50 mcrons to 100 m crons.
fi bers of any one of the preced-

body of the netal

- Claims

10.

11.

-_

Metal fibres of tantalum, columbium or alloys there-
of up to 3 microns in diameter characterised in that

‘the fibers are cylindrical and have a circular cross-

section.

The fibers of claim 1 having a diameter up to 1 mi-
cron.

The fibers of claim 1 having a dlameter up t0 0.33
micron.

The fibers of claim 1 having a diameter of 0.2t0 1.0
micrqns. :

The fibers of claims 1, 2, 3 or 4 having an aspect
ratioof atleast 10to 1.,

The fibers of claim 5 having an aspect ratio of up to
20to 1.

The fibers of any one of the preceding claims having
a length up to 400 microns.

The fibers of claim 7 having a length up t6 250 mi-
crons.

The fibers of claim 8 having a Iength of 50 microns
to 100 microns.

A body of the metal fibers of any one of the preced-
ing claims bonded and randomly oriented in a sub-
stantially non-aligned, porous array.

The body of claim 10 in the form of a substantlally

T | ANy Hlll H Illf

spherical partncle
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ratio of up to 20 to 1. 7. The

10. A



|ng.cla|ns bonded and randomly oriented in a sub- stantially non-aligned,
porous array. 11. The body of claim 10 in the formof a substantially

spherical particle. - 13 - 12. The partlcIe'Uf‘CraranI“havrng—a

drameter wp to LU

- 13 -

12. The particle of claim 11 having a diameter up to
2.000 microns.

13. The particie of claim 11 having a diameter up to SC0
microns. |

14. The particle of claim 11 having a diameter of 25 to
about 250 microns.

15. The body of claim 10 in the form of a pellet.
16. The pellet of claim 15 also containing a lead wire.

17. The pellet of claim 16 wherein the fibers are ano-
dized.

18. The.pellet of claim 17 wherein the body is impreg-
nated with electroiyte.

19. The pellet of claim 18 covered with successive lay-
- ers of a conductor, a metal, and a polymer.

20. The pellet of claim 19 wherein the conductor is car-
bon, the metal is silver, tantalum, or columbium, or

alloys thereof, and the plastic is polyethylene, poly-| REPLAGEMENT SHEET
propylene, or acrylic polymer. "

03 FEB %98

21. The body of claim 10, in the form of a felt.

22. A method of making the metal fibres of any one of
claims 1 to 9 characterised in that metal fibers of
tantalum, columbium or alloys thereof are heated
for at least 20 minutes at a temperature of at least
1400°C whereby cylindrical fibers havmg a circular
cross-section are abtained.

23. The process of claim 22 wherein the heating takes
place at 1400°C to 2400°C.



2.000 nicrons. 13. The particle of claim 11 having a—dianeter up to 500

m crons. 15. The body of claim1l0 in the formof a p
of claim15 also containing a.lead wre. 17. The pel
the fibers are ano-dized.

mcrons. 14. The particle of claim 11l having a di ame 1&%",@ to about 250
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- 24. The process of claim 23 wherein the heating takes
place at 1450°C to 1470°C.

25. The process of claim 24 wherein the heating takes
place at 1750°C.

26. The process of any one of claims 22 to 25 wherein
the heating takes place for at least 30 minutes.

27. A method of making the bonded body according to
claim 10 comprising metal fibers of tantalum, co-
flumbium or alloys thereof having a cross section up
to 3 microns in diameter and up to 400 microns in
length, characterised in that the fibers are tumbled

in a volatile carrier, the carrier removed and the re-

REPLACEMENT SHEET ultant randomly oriented and substantially non-
e ligned porous array of fibers heated to a tempera-

G2 FEB 1998 re of at least 1400°C for at least 20 minutes

hereby the fibers are cylindricalised and sintered

e {o provide a body of fibers having a circular cross-

section bonded in a non-aligned porous array.

hos ...

28. A process according to claim 27 wheren the fibers
are heated in the range 1400°C to 2400°C.

29. A process according to claim 28 wherein the fibers
are heated to a temperature of at least 1450°C.

30. A process according to any one of claims 27 to 29
wherein the fibers are heated for at least 30 min-
utes.

31. A process according to any one of claims 27 to 30
wherein the carrier is water and is removed by fil-
tering to provide a felt material.

32. A process according to any one of claims 27 to 32
wherein the carrier is methanol and is removed by
evaporation to provide a body of temporarily bond-
ed fibres.

| et
erein



18. .The pell et of claim17 wherein the body is inpreg- nated Wit h
electrolyte. 19. The pellet of claim 18 covered wth successive |ay- ers of
a conductor, a nmetal, and a polyner. 20. The pel | et—oef—€lai-m-19 wherein the

conductor is car- bon, the netal is silver, tantal ug ' | or
al l oys thereof, and the plastic is polyethylene, po[m‘muﬂE ,ﬁ“,

acrylic polynmer. 21. The body of clai m1150, in the f

J3. A process according to any one of claims 27 to 32
wherein the starting fibers are comminuted to the
desired length by turbulent mixing in a liquid medi-
um.

34. Felt capacitor material made according to the proc-
ess of any one of claims 27 to 33.

- REPLAGEMENT SHEET
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22. A nethod of making the netal fibres of any one of clains 1 to 9
characterised in that netal fibers of tantalum col unbiumor alloys thereof
are heated for at least 20 m.nutes at a tenperature of at |east 1400[err]C
wher eby-cylindrical fibers having a circular cross-section are obtained.

23. The process of" cIa|n122 mhereln the heating takes place at 1400[err]C -
to 2400[err]C :

FIG. |
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FIG. 2
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- 14 - 24. The process of claim 23 wherein the heating takes place at
1450[err] C.to 1470[err] C. 25. The process of claim24 wherein the heating
takes place at 1750[err]C. 26. The process of any one of clains 22 to 25
wherein the heating takes place for at |east 30 m nutes. _ '

2

FIG. 4
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27. A nmethod of making the bonded body according to clai éﬁ_mgm]\ﬁfﬁﬂ&ﬁ'f
nmetal fibers of tantalum co- |unbi.um-or~alloys thereof F& Ing a cross -
section up to 3 mcrons in dianeter and up to 400 mcrons in |ength,
characterised in that the fibers are tunbled a volatile carrier, the
carrier renoved and the re- sultant randomy oriented and substantially
non- aligned porous array of fibers redfet to a tenpera- re of at |east
1400[err] C for at |least 20 m nutes

FIBROUS TANTALUM AND CAPACITORS MADE THEREFROM

ABSTRACT

A method of making a tantalum capacitor of improved
specific capacitance (and volumetric efficiency) is
described. Short tantalum fibers are precipitated out
of a carried liquid to form a felt, or tumbled to form
fiber containing particles, and in either case
subsequently bonded so as to form a felt or particles
containing the £fibers in random orientation in
substantially' non-aligned array. These particles or
felt are heated to bond the fibers together, purify
and ~ (optically) cylindricalize them. The felt or
particles can be processed in conventional fashion
thereafter to form the capacitor. Cylindrically fibers
and pellets of increased surface area are also
described.

FIGURE 4. REPLACEMENT SHEET
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to claim 27 wherein the fiber

heated for atileast 30 nmin- -2 -

ments for specified voltage ratings implies severe limi-
tations on how small the particles in a capacitor can be.
Particles smalier than a critical size will be totally con-
sumed by the anodization process.

Accordingly, there is a constant search in this art for
particles with increased surface area which would be
able to withstand temperatures necessary during sinter-
ing for cleaning and purification without excessive fusing

and loss of surface area, and which will be stable during

the anodization process.
The use of fibers of tantalum, columbium or alloys

thereof having diameters up to about 10 microns at

lengths of up to about 100 microns are described in US-
A-4502884. As noted on page 4 herein, such fibers have
a ribbon-shaped cross-section.

Tantalum fibers of the same type and having diam-
eters in the range 1-20 microns are futher disclosed in
DE-A-3227077, such fibers being produced by tech-
niques analogous to textile processes and may be cut
1o staple fiber lengths.

The present invention is directed to metal fibers of
tantalum, molybdenum or alloys thereot particularly
adapted for use in capacitors. The fibres are cylindrical
and have a substantially circular cross-section of up to
3 microns in diameter.

Another aspect of the invention relates to a bonded
body of the aforesaid metal fibers, randomly oriented in
a substantially non-aligned, porous array.

The invention provides a method of making cylin-
drical metal fibers of tantalum, columbium, or alloys
thereof in which metal fibers are heated for at least 20
minutes at a temperature of at least 1400°C to produce
fibers having a substantially circular cross-section.

The invention further provides a method of making
the bonded body of metal fibers of lengths up to 400
microns wherein the fibers are tumbled in a volatile car-
rier, the carrier removed and the resultant randomly ori-
ented and substantially non-aligned porous array of fib-

- ers is heated to a temperature of at least 1400°C to

Hots62-5 IPes

rr] C. 29. A process according to clalmg
prs are heated] tjo a tenperature of at least 1 450[err]C 30.
' e of clains 27 to 29 wherein the fibers are

HEET



utes. 31. A process according to any one of clains 27 to 30 wherein the
carrier is water and is renoved by fil- tering to provide a felt material.
32. A process according to any one of clains 27 to 32 wherein the carrier
is methanol and is renoved by evaporation to provide a body of temporarily
bond- ed fibres.
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" CLAIMS

1. Metal fibres having a cross-section of up to 3
microns in diameter consisting essentially of tantalum,
columbium, or alloys thereof.

2. The fibres of claim 1 having a diameter up to 1

micron.

3. The fibres of claim 1 having a diameter up to 0.33

micron.

4. The fibres of claim 1 having a diameter of 0.2 to

1.0 micron.

5. The fibres of claims 1, 2, 3 or 4 having an aspect
ratio of at least 10 to 1.

6. The fibres of claim 5 having an aspect ratio of up
to 20 to 1.

7. The fibres of any one of the preceding claims
having a length up to 400 microns.

8. The fibres of claim 7 having a length up to 250

microns.

-

9. The fibres of claim 8 having a 1length of 50

microns to 100 microns.
. >

- - l‘$.h‘ - .
' 10. The fibres of any one of the preceding claims

having a substantially circular-crg;s—section. -

11. A bonded body of the metal fibres of any one of
the preceding <claims randomly orientg%;f in a
substantially non-aligned, porous array.



- '15- 33. A process according to any one of clains 27 to 32 wherein the
starti-ng fibers are commnuted to the desired length by turbulent mxing in
a’li'fquid medi- um 34. Felt capacitor nmaterial nade according to the proc-
ess of any one of clainms 27 to 33.
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12. The body of «claim 11 in the form of a
substantially spherical particle.

13. The particle of claim 12 having a diameter up to
2,000 microns.

14. .The particle of claim 12 having a diameter up to
500 microns.

15. The particle of claim 12 having a diameter of 25
to about 250 microns.

16. The body of claim 11, in. the fqrm of a pellet.

17. The pellet of claim 16 also containing a lead

wire.

18, The pellet of claim 17 wherein the fibres are

anodized.

19. The pellet of claim 18 - wherein the body is
impregnated with electrolyte.

20. The pellet of claim 19 covered with successive

layers of a conductor, a metal, and a polymer.

21. The pellet of claim 20 wherein the conductor is
carbon, the metal is silver, tantalum, or columbium, or
alloys thereof, and the plastic is polyethylene,
polygfggylene, or acrylic polymer. ’

49 227*+The body of claim 11, in the ;prm'bf a felt. .

23. A method of making felt capacitor material
containing the metal fibres of any one of clajgs 1 - 10
comprising dispersing the fibres in water, the fibres
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having a length of up to 400 microns, and removing the
water by filtering, thereby forming a felt of fibres

. randomly oriented in a substantially non-aligned porous

array particularly adapted for capacitor use.

24. A method of making cylindrical metal fibres from
the fibres of any one of claims 1 - 10 comprising
heating said fibres at a temperature and for a period
of time sufficient to produce fibres having a
substantially circular cross-section.

25. The process of claim 24 wherein the heating takes
pPlace at a temperature of at least 1400°C.

26. The process of claim 24 wherein the heating takes
place at 1400°C to 2400°C.

27. The process of claim 26 wherein the heating takes
place at 1450°C to 1470°C.

28. The proéess of claim 26 wherein ‘the heating takes
place at 1750°C.

29. The process of claims 25,26,27 or 28 wherein the
heating takes place for at least 20 minutes.

.30. The process of claim 25,26,27 or 28 wherein the

heating takes place for at least 30 minutes.

31. ;@Elmethod of making particles ,of bonded metal
fibres from the fibres of any one of claims 1 - 9,
cofipfising tumbling  the fibres- sg,as to -cause them to
randomly orient in a substantlally non~-aligned, porous
array, the fibres having a length of up, to 400
microns. jéﬁ
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32. The method of claim 31 wherein the tumbling takes
place in methanol.

33. The method of claim 31 including heating the
fibres at a temperature high enough to cause them to
bond in said non=-aligned array.

34. The method of «claims 31 to 33 wherein the
resultant particles are -40 mesh.

35. A method of making metal fibre containing
capacitor material comprising pressing particles of
bonded metal fibres of any one of claims 1 =~ 11
randomly oriented in a substantially non-aligned,
porous érray, the fibres having a length of up to 400
microns, and heating the pressed particles at a
temperature sufficient to bond the particles together.

36. The method of claim 33 or 35 including heating the
fibres at a temperature high enougitr to purify the
fibres.

37. The method of claim 33 or 35 including heating the
fibres at a temperature high enough to cause the
individual fibres to form a substantially circular

cross—section.

38. The method of claim 23,24,31 or 35 wherein the
starting fibres are comminuted to the desired length by
tﬁrbq%&pt mixing in a liquid medium.

L



