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Summary

The metallurgical grade tantalum powder is used for producing parts and mill
products. Some of the key requirements include purity, physical
characteristics (flow, fill density and compressibility) and interstitial contents.
A process to produce 99.99% pure tantalum powder with less than 150 ppm
oxygen has been developed.
This powder was consolidated into metallurgical products via conventional
P/M processing; resulting products had high purity and low oxygen. It also
retained fine grain-size and uniform properties inherent in P/M-derived
products. In addition, the desired crystallographic texture was obtained by
controlled thermo-mechanical processing (TMP) of the consolidated powder.
Fully dense products of this powder were tested for various applications,
such as deep drawing, sputtering, ballistics and capacitors. Critical functional
requirements in these applications along with the results of evaluations are
discussed.
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1. Introduction

One common method of producing P/M (powder metallurgy) mill products of
tantalum is to cold isostatically press the powder into a preform, such as a
bar or rod, followed by resistance sintering at a relatively high temperature(1'
2). The resistance sintering simultaneously lowers the oxygen content (from
over 500 ppm to about 100 ppm) and densities the preform.
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However, there are many disadvantages in utilizing resistance sintering to
densify and remove oxygen. First, resistance sintering may only be utilized
with limited shapes, generally bars or rods. For resistance sintering, the
cross-section of the preform must be uniform along the path of electrical
current in order to prevent localized overheating and hot shorting. Also, the
cross section must be small enough so that the oxygen reduction in the
center of the preform occurs before the disappearance of the interconnected
porosity. The preform must be small enough to prevent sagging associated
with creep during unsupported resistance sintering. Thus, the preforms
generally do not weigh more than about 15 kg.
A new family of metallurgical grade tantalum powders has been produced(3).
Its oxygen content is less than about 150 ppm. Other impurities are typically
those of electron-beam melted tantalum ingot.
Since this oxygen level is acceptable for most of tantalum products, a
reduction in oxygen during consolidation and/or subsequent processing is not
required, thereby circumventing the need for resistance sintering for oxygen
reduction. It opens-up the opportunities for processing tantalum powder by
conventional P/M processing methods.
The objective of this paper is to discuss the properties of powders and the
products made therefrom.

2. Properties of the Powder

The starting material for these powders is tantalum ingot. Therefore, metallic
impurities will be similar to those in tantalum ingot; purity levels of 4N (99.99
%) and 4N5 (99.995 %) are achievable. Tables land 2 give chemical and
physical properties of the powder.

Table 1: chemical composition of tantalum powder

Element
C
N
Mo

ppm
10
25
6

Element
O
Si
Nb

ppm
125
5
15

Others: below detection limit ( DCP)
Table 2: physical properties of tantalum powder

Screen Size | Weight | Surface Area
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+80 Mesh
80/100 Mesh
100/325 Mesh
-325 Mesh

(%)
3
20
62
15

(m=7g.)
0.09
0.11
0.21
0.25

The morphology of the powder is shown in figure 1. Powders are generally
isotropic.

Figure 1: SEM micrograph of low oxygen metallurgical grade tantalum
powder

3. Properties of the Mill Products

This tantalum powder with low oxygen is suitable for all the typical
applications of metal powders, including wrought P/M processing, molding
and sintering and surfacing. So far, our research has been focussed on
producing and evaluating mill products. Limited work has been done on P/M
parts. Results of on-going investigation are given below.
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3.1 P/M Tantalum Sheet/Foil for Deep Drawing and Rupture Disks

Once the development of different methods for primary consolidation makes
resistance sintering obsolete, the P/M route of sheet and foil manufacture is
not limited to batch sizes of about 15 kg anymore. Coil sizes of 50 kg and
more seem feasible. Also, using H.C. Starck's P/M technology the sheet bar
size can easily be adjusted to the desired dimensions of the final product.
This ensures a high yield of the process.
P/M sheets from 0.5 to 0.25 mm thickness and up to 600 mm width can be
produced. Also, P/M foil of 0.05 mm thickness and a width of 300 mm has
been made and proved to be of excellent quality.
Table 3 lists the basic tensile properties which are typically found for H.C.
Starck P/M tantalum sheet of 0.25 mm thickness.

Table 3: typical tensile properties of 0.25 mm thick P/M tantalum sheet.

Property
Oo.2

UTS
Uniform Elongation

Total Elongation

Typical Value
300 MPa
350 MPa

22%
30%

Besides good tensile properties, also grain-size and texture are of utmost
importance for deep drawing.
Large grain-size usually results in a rough surface of the deep drawn
products'4'5| 6). Since the individual grains at the surface deform differently,
they create an undesirable roughness at the surface where the distance
between 'valleys' and 'hills' is correlated to the grain-size. This phenomenon
is widely known as 'orange peel' and can be eliminated only by TMP that
ensures a sufficiently small grain size. H.C. Starck has developed methods to
limit grain-size to about 15 |j,m (ASTM 9) while maintaining excellent deep
drawing quality (see figure 2). If desirable grain size can be as small as 10
|im (ASTM 10). I/M sheet material generally has a grain size of about 25 jim
(ASTM 7).
The good consistency of grain-size and mechanical properties of P/M
products is important in applications like rupture discs for the chemical
process industry, where the reliability is of key importance.
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Figure 2: typical microstructure of 0.25 mm thick P/M tantalum sheet, grain-
size is 15 |LUTI (ASTM 9); top: longitudinal, bottom: transverse

For deep drawing it is desirable to have an isotropic plastic behavior within
the plane of the sheet. This will prevent the sheet from 'earing', which means
that after drawing a cup, for example, the rim of the cup will be of uniform
hight. It is also benificial to design the sheet's properties in a way that it has a
higher strength in its normal direction (ND) as compared to in-plane
directions. This will prevent the sheet form getting thinner and finally fracture
during the deep drawing process. These plastic properties of the sheet are
controlled by the crystallographic texture of the material. For sheet material of
bcc-structure, like tantalum, best performance can be expected in deep
drawing if a strong <111>-fiber texture is found with the fibre axis along the
ND of the sheet. This texture component is also known as y-fiber. Other
texture components should be limited to a minimum; it can be achieved by
judicous thermo-mechanicap processing.
H.C. Starck has developed processes for manufacturing P/M tantalum sheet
with a highly desirable texture for deep drawing. Figure 3 represents the
orientation distribution function (ODF) and a {111}-pole figure of the newly
developed product. It is obvious from the pole-figure that there is an
extremely strong <111>-fibre with its axis parallel to the ND and that this fibre
has a high rotational symmetry around the ND; ODF also shows that other
texture components are very weak. This type of texture is a prerequisite for
good deep drawing performance. The strength of bcc metals is highest in
<111>-directions, and the rotational symmetry of the texture yields in-plane
isotropy.
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Figure 3: texture of 0.25 mm thick P/M tantalum sheet; a) orientation
distribution function, b) {111}-pole figure, all stereographic projections

P/M sheets of various thicknesses have been tested in deep drawing of cups
as shown in figure 4. It was found that surface roughness which is influenced
by grain size and 'earing' which is influenced by texture are far superior to
expectations.

Figure 4: deep drawn cups of various sizes made from H.C. Starck P/M
tantalum sheet material, coutesy of Steward Stamping Corp./EFI, Inc.

3.2 P/M Tantalum Plates for Sputtering
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A growing application for tantalum plate is for sputtering targets to deposit
thin films in optics and electronics. DC magnetron (DCM) sputtering is the
most prevalent physical vapor deposition (PVD) technology used for
depositing tantalum thin films(7). The following properties of the sputtering
target are very important, especially for high-quality thin-films in the
manufacture of ICs:

• Purity, generally 3N5 or higher
• 100 % theoretical density
• Small grain-size
• Uniform grain-size
• Uniform texture
• Consistency from plate to plate

Since the powder used in the new family of H.C. Starck P/M products has
similar metallic impurities as tantalum ingot material, purity for sputtering
targets can be met as required. The chemical composition of the finished
product does not vary significantly form the values listed for the starting
powder in table 1.
H.C. Starck has developed new technologies for primary consolidation of
metallurgical grade tantalum powder which ensure 100 % of theoretical
density.
The other requirements listed above are generally difficult to achieve with
standard processes for plate manufacturing from high purity tantalum ingot
material. P/M technology inherently yields more uniform properties, because
the coarse structure of the ingot has been destroyed in the process of
making the powder. Only non-uniform deformation or non-uniform annealing
during TMP can introduce variations of grain-size and texture throughout the
plate. H.C. Starck has developed manufacturing technology for P/M tantalum
sputtering targets which prevents all undesired non-uniformities to a
previously unknown extend.
In 12 mm thick tantalum plates a uniform grain size of 40 jim (ASTM 6) is
consistently achieved (see fig. 5).
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100(im

Figure 5: typical microstructure of 12 mm thick P/M plate, grain size is 40 jam
(ASTM 6)

Also, the texture proves to be uniform through thickness as well as
throughout lateral dimensions. This is best represented by an orientation
imaging map (OIM) as shown in figure 6. This map was taken from a
metallographic mount by Electron Back-Scattered Diffraction (EBSD) method
and represents a cross section through the thickness of a 12 mm thick P/M
plate. The map uses a color code to indicate the crystallographic direction of
individual grains which is parallel to the ND of the plate. Blue grains have a
crystallographic direction within a cone of 20° from <001> parallel to the ND
of the plate. The darker the blue, the closer to <001> the direction is. In a
similar way yellow represents grains which have a direction close to <111>
parallel to the ND of the plate, and red represents the <101>-directions.
Green areas show orientations which can be found in the center of the
stereographic triangle, far from all of the above mentioned directions. It is
obvious from figure 6 that there are no clusters or bands of similarly oriented
grains. Numberous texture measurements of this type revealed no sign of
texture non-uniformity as it is frequently found in poorly processed I/M
material. The inverse pole figure for the ND of the plate shows, that most
grains (blue and yellow) have <001>- or <11 Indirections parallel to the ND
of the plate which are frequently observed texture components of rolled bcc
metals.
P/M tantalum plates have been tested in DC magnetron sputtering and
proved to yield a superior thickness uniformity of the deposited thin film as
measured by resistance method(8). The 1 sigma interval of measured film
thicknesses was found to be in the range of 1 to 1.5 % of the mean film
thickness. So far I/M tantalum plates showed a range of 2 to 3 %. This
means that with the use of P/M tantalum sputtering targets the variation of
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film thickness can be reduced by 50 % as compared to I/M tantalum
sputtering targets! Figure 7 shows a used P/M sputtering target. It shoud be
noted that the appearance of the surface is matt and uniform, which is an
indicator for uniformity of grain-size and texture.

b)

Figure 6: texture of 12 mm thick P/M plate; a) orientation imaging map (OIM):
blue - <001 > parallel to ND, yellow - <111 > parallel to ND, red <101 > parallel
to ND; b) inverse pole figure for ND of plate (eaqual area projection)

Figure 7: used P/M tantalum sputtering target (300 mm diameter, 12 mm
thick), courtesy MRC Praxair, Inc.
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3.3 P/M Tantalum for Ballistics

In anti-tank systems tantalum plates are used as an explosively formed
projectile (EFP)(9|10|11). The benefits of tantalum for this application include its
high density (16.7 g/cm3) and its ability to withstand high deformations at
enormous deformation rates.
For a safe design of the EFP the tantalum plates are required to be of
uniform structure within each single plate and also from one plate to the next.
These requirements are very similar to those listed above for sputtering
targets, and for the same reasons P/M tantalum plates can be expected to
perform much more consistent as EFPs than I/M tantalum plates.
The use of H.C. Starck's new metallurgical grade tantalum powder in an EFP
as been demonstrated succesfully by Textron Systems(11) which can be seen
in Figure 8.

Figure 8: Explosively Formed Projectile after firing, this EFP was made from
metallurgical grade tantalum powder, courtesy Textron Systems

3.4 Capacitor Lead Wire

The low-oxygen tantalum was blended with silicon and processed into
tantalum bar, weighing about 135 kg; the weight can be easily scaled-up to
about 350 kg. It should be noted that the weight of bars produced with the
conventional tantalum powder is about 12 kg.
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The consolidated bar was processed into capacitor grade wire by standard
methods(2). Properties of the resulting wire are given below.

100|im

Figure 9: microstructure of annealed P/M tantalum wire

Figure 9 gives the microstructure of the wire; it is fully annealed and uniform.
The grain-size is similar to that of currently available wire.

Figure 10: scanning electron micrograph of P/M tantalum wire

Figure 10 shows the surface quality of the wire. It is apparent that the surface
of the wire is smooth and similar to that of currently available wire.
Table 4 gives the mechanical properties of the wire in different tempered
conditions; these are similar to those of currently available wire.
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Table 4: mechanical properties of the wire

Temper

Annealed
Ha If-Hard
Extra-Hard

Diameter
(mm)
0.2
0.2
0.2

UTS
(MPa)
520
1080
1370

Elongation
(%)
24.6
2.8
3.4

Table 5 gives DC leakage of the wire after sintering at 1400°C for 20 minutes.
These values are typical for the currently available wire and are significantly
lower than specifications (-0.093 jaA/cm2).

Table 5: DC leakage of the wire

Temper

Annealed
Half-Hard
Extra-Hard

Diameter
(mm)

0.2
0.2
0.2

DCL
(|iA/cm2

)
0.0093
0.0077
0.0093

The wire was used for making anodes using a commercially available ( NA
30 K) with a nominal specific capacitance of 30,000 CV/g. The powder was
pressed to 5.5 g/cm3 with embedded leads and sintered at 1400°C for 20
minutes. The sintered pellets were anodized at 100 Volts and tested at 70
Volts. Table 6 gives the results of electrical tests on the anodes. This data
indicates that the wire is satisfactory for its intended use.

Table 6: electrical properties of anodes with experimental wire

Temper

Annealed
Half-Hard
Extra-Hard

Diameter
(mm)

0.2
0.2
0.2

DCL
(|iA/cm2

)
0.056
0.064
0.062

Sp. capacitance
(CV/g)

27,700
27,400
27,500

It is evident that metallurgical, mechanical and electrical properties of the
wire are similar to those of commercially available wire. It should be relatively
easy to replace the current wire with this experimental wire.
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This new wire offers several advantages. The large weight of the starting bar
assures higher consistency. In addition, the processing steps assure higher
radial and longitudinal uniformity.

3.5 P/M Parts

The compressibility of the powder is shown in table 7. A hydraulic press was
used for producing samples for transverse rupture strength (TRS)
measurements. Standard samples and test methods were used.

Table 7: compressibility of tantalum powder

Compacting
Pressure
(MPa)
275
413
550
620

Pressed Density
(% of Theoretical)

82
88
92
93

Transverse
Rupture Strength
(MPa)
18.5
37.1
44.1
57.6

Generally a minimum strength of about 15 MPa is desired for normal
handling of pressed compacts. Evidently, a pressure of about 275 MPa is
adequate for it. However, the pressed density is lower than desirable at 275
MPa; higher pressures are required for obtaining higher green densities.
While the optimization of sintering cycle is still under development, densities
of over 95 % have been achieved by sintering at 1500°C for 90 minutes;
higher temperatures, longer times and repressing / resintering may result in
densities of over 97%. It is doubtful if 100 % density could be achieved
without HIPing or forging. However, a compact of over 95 % density is
expected to have only closed (isolated and not inter-connected) porosity and
is thus amenable to HIPing or forging without encapsulation.
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4. Discussion

While the research is still in progress, it is evident that this new powder may
be treated like conventional metal powders. Our emphasis, to date, has been
primarily on wrought-P/M processing for several technical reasons. The
wrought-P/M processing gives fully dense mill products with fine grain size.
The desired crystallographic texture is achievable by judicious thermo-
mechanical processing after primary consolidation.
The functional properties of mill products have been measured for certain
applications with satisfactory results.
Certain processing steps are inherent with tantalum. For example, oxygen
pick-up during high-temperature exposure is still a major concern. Due to the
lower surface area, this powder is expected to be stable at room
temperature.
Full density in parts may not be achieved without elevated (>1800°C)
sintering in vaccum. An easier method to produce fully dense parts would be
repressing / resintering or HI Ping / forging of sintered parts with > 97 %
density.

5. Future Plans

It is reasonable to assume that this powder is suitable for injection molding,
laser processing and other processing methods normally used with metal
powders. However, each of these applications / processes needs to be
developed. Our future plans depend on market acceptance and commercial
needs.
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