SCDI UM MOLYBDENUM POADER COVPACTS AND METHODS FOR PRODUCI NG THE SAME
Technical Field This invention relates to netal powder conpositions in
general a0 20ovesmspeci fically to sodi unf nol ybdenum powdecTase@aotmoand

met hods for maki ng sodi unf nol ybdenum powder conpacts. Background Art

Mol ybdenum coati ngs are well-known in the art and may be applied by a
variety of processes in a wde variety of %? i cations. One application for
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photovoltaic cell involves an absorber |ayer conprising CulnGaSe9. Such
photovoltaic cells are commonly referred tp as "Cl GS" photovoltaic cells
after the el enments conprising the yer. In a common construction
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Res. Appl. 11 (2003), 225; John H. Scofield et al., Proc. of the 24t h | EEE
Phot ovol tai c Specialists Conference, |EEE, New York, 1995, 164-167. Wile
such efficiency gains are automatiBfkbyuhéald zed in structures wherein the
Cl GS cell |s de osited on soda-line glass substrates, it has proven
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515, 208 3ﬁ7a6c&ﬁ1¥18n construction, the CulnGaSe, absorber layer is formed or “grown” on a

soda-lime glass substrate having a molybdenum film deposited thereon. Interestingly, it has been

15 discovered that small quantities of sodium from the soda-lime glass substrate diffusing through the
molybdenum film serve to increase the efficiency of the cell. See, for example, K. Ramanathan et
al., Photovolt. Res. Appl. 11 (2003), 225; John H. Scofield et al., Proc. of the 24th IEEE
Photovoltaic Specialists Conference, IEEE, New York, 1995, 164-167. While such efficiency gains
are automatically realized in structures wherein the CIGS cell is deposited on soda-lime glass

20 substrates, it has proven considerably more difficult to realize efficiency gains where other types
of substrates are used.

For example, there is considerable interest in forming CIGS cells on flexible substrates so
that the cells may be made lighter and may be readily conformed to a variety of shapes. While such
cells have been made and are being used, the flexible substrates involved do not contain sodium.

25 Consequently, the performance of CIGS cells manufactured on such substrates may be improved
by doping the molybdenum layer with sodium. See, for example, Jae Ho Yun et al., Thin Solid
Films, 515, 2007, 5876-5879.

Disclosure of Invention

A method for producing a metal article according to one embodiment may include:

30 Providing a supply of a sodium/molybdenum composite metal powder; compacting the



Di scl osure of Invention A nmethod for producing a netal article according to
one enbodi nent may include: Providing a supply of a sodi um nol ybdenum
conposi t evoevaopmsader ; conpacti ng t hesodi uni nol ybdenumpcongseaviesnet al
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Figure 4 is a scanning el ectron m croscope i mage of a sodi unf nol ybdenum
conposidessityet al powder nixture; Figure 5a is a spectral map produced by
energy di spersive x-ray spectroscopy show ng the

Brief Description of the Drawings

15 Hlustrative and presently preferred embodiments of the invention are shown in the
accompanying drawing in which:
Figure 1 is a schematic representation of one embodiment of basic process steps which may
be utilized to produce a sodium/molybdenum composite metal powder;
Figure 2 is a process flow chart depicting methods for processing the composite metal
20 powder mixture;
Figure 3 is a enlarged cross-sectional view in elevation of a photovoltaic cell having a
sodium/molybdenum metal layer;
Figure 4 is a scanning electron microscope image of a sodium/molybdenum composite metal
powder mixture;
25 Figure 5a is a spectral map produced by energy dispersive x-ray spectroscopy showing the
dispersion of sodium in the image of Figure 4;
Figure 5b is a spectral map produced by energy dispersive x-ray spectroscopy showing the
dispersion of molybdenum in the image of Figure 4,
Figure 6 is a schematic representation of one embodiment of pulse combustion spray dry
30 apparatus; and
Figure 7 is a plot showing the screen fraction distributions of exemplary composite metal

powders produced in accordance with the teachings provided herein;



di spersion of sodiumin the image of Figure 4; Figure 5b is a spectral nmap
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15 Referring now primarily to Figure 2, the sodium/molybdenum composite metal powder 12

may be used in its as-recovered or “green” form as a feedstock 24 for a variety of processes and
applications, many of which are shown and described herein, and others of which will become
apparent to persons having ordinary skill in the art after having become familiar with the teachings
provided herein. Alternatively, the “green” composite metal powder 12 may be further processed,

20 e.g., by sintering 26, by classification 28, or combinations thereof, before being used as feedstock
24. The sodium/molybdenum composite metal powder feedstock 24 (e.g., in either the “green”
form or in the processed form) may be used in a thermal spray deposition process 30 in order to
deposit a sodium/molybdenum film 32 on a substrate 34, as best seen in Figure 3. Such
sodium/molybdenum films 32 may be used to advantage in a wide variety of applications. For

25 example, and as will be described in further detail below, the sodium/molybdenum film 32 may
comprise a portion of a photovoltaic cell 36 and may be used to improve the efficiency of the
photovoltaic cell 36. In an alternate deposition process, the composite metal powder 12 may also
be used as a feedstock 24 in a printing process 38 which may also be used to form a
sodium/molybdenum film or coating 32' on substrate 34.

30 In still yet another embodiment, the composite metal powder feedstock 24, again in either
its “green” form or in its processed form, may be consolidated at step 40 in order to produce a metal

product 42, such as a sputter target 44. The metal product 42 may be used “as is” directly from



formor in the processed forn) may be used in a thermal spray deposition
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compositions shown and described herein.

20 A significant advantage of the present invention is that it provides a combination of
molybdenum and sodium that is otherwise difficult or impossible to achieve by conventional
methods. Accordingly, the present invention provides a means for attaining a significantly higher
concentration of sodium within a sodium/molybdenum powder and within a metal article produced
from the powder that is difficult or impossible to achieve using ingot metallurgy processes.

25 Moreover, even though the sodium/molybdenum composite metal powder comprises a powdered
material, it is not a mere mixture of sodium and molybdenum particles. Instead, the sodium and
molybdenum sub-particles are actually fused together, so that individual particles of the powdered
metal product comprise both sodium and molybdenum. Accordingly, powdered feedstocks 24
comprising the sodium/molybdenum composite powders according to the present invention will not

30 separate (e.g., due to specific gravity differences) into sodium particles and molybdenum particles.
Furthermore, coatings or films produced from the sodium/molybdenum composite metal powders
will have significantly higher amounts of sodium for increasing the efficiency of CIGS photovoltaic

cells. The chemical compositions of the thin films may be similar to the compositions of the
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pressing an
sodium/molybdenum films and coatings. In one embodiment, such sodium/molybdenum films may

20 used to increase the energy conversion efficiencies of photovoltaic cells.

Having briefly described the sodium/molybdenum composite metal powders 12 of the
present invention, methods for producing them, and how they may be used to produce
sodium/molybdenum coatings or films on substrates, various embodiments of the composite
powders, as well as methods for producing and using the composite powders will now be described

25 in detail.

Referring back now primarily to Figure 1, a method 10 for producing sodium/molybdenum
composite powders 12 may comprise a supply of molybdenum metal powder 14 and a supply of a
sodium compound 16. The molybdenum metal powder 14 may comprise a molybdenum metal
powder having a particle size in a range of about 0.1 pm to about 15 um, although molybdenum

30 metal powders 14 having other sizes may also be used. Molybdenum metal powders suitable for
use in the present invention are commercially available from Climax Molybdenum, a Freeport-
McMoRan Company, and from Climax Molybdenum Company, a Freeport-McMoRan Company,

Ft. Madison Operations, Ft. Madison, lowa (US). Alternatively, molybdenum metal powders from



sintering processes, hot axial pressing processes, and extrusion. The high
flowability all ows the powders disclosed herein to readily fill nold
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sodi um nol ybdate is soluble in water. Sodi um nol ybdate _ ,
a binder 48 may be used as well, although the addition of a binder 48 is not required. Binders 48

suitable for use in the present invention include, but are not limited to, polyvinyl alcohol (PVA),

Carbowax, and mixtures thereof. The binder 48 may be mixed with the liquid 18 before adding the

20 molybdenum metal powder 14 and the sodium molybdate 16. Alternatively, the binder 48 could

be added to the slurry 20, i.e., after the molybdenum metal 14 and sodium molybdate 16 have been
combined with liquid 18.

The slurry 20 may comprise from about 15% to about 25% by weight liquid (e.g., either

liquid 18 alone, or liquid 18 combined with binder 48), with the balance comprising the

25 molybdenum metal powder 14 and the sodium compound 16. The sodium compound 16 (e.g.,

sodium molybdate) may be added in amounts suitable to provide the composite metal powder 12

and/or final product with the desired amount of “retained” sodium. Because the amount of retained

sodium will vary depending on a wide range of factors, the present invention should not be regarded

as limited to the provision of the sodium compound 16 in any particular amounts. Factors that may

30 affect the amount of sodium compound 16 that is to be provided in slurry 20 include, but are not

limited to, the particular product that is to be produced, the particular “downstream” processes that

may be employed, e.g., depending on whether the sodium/molybdenum composite metal powder

12 is sintered, and on whether the desired quantity of retained sodium is to be in the powder
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sonic speeds. The sonic pulses of hot gas 50 contact the slurry 20 and drive-off substantially all of

20 the water and form the composite metal powder product 12. The temperature of the pulsating
stream of hot gas 50 may be in a range of about 300°C to about 800°C, such as about 465°C to
about 537°C, and more preferably about 500°C. Generally speaking, the temperature of the
pulsating stream of hot gas 50 is below the melting point of the slurry constituents, but not below
the melting point of elemental sodium. However, the slurry 20 is usually not in contact with the hot

25 gases 50 long enough to transfer a significant amount of heat to the slurry 20, which is significant
because of the low melting point of sodium metal. For example, in a typical embodiment, it is
estimated that the slurry 20 is generally heated to a temperature in the range of about 93 °C to about
121°C during contact with the pulsating stream of hot gas 50.

As mentioned above, the pulsating stream of hot gas 50 may be produced by a pulse

30 combustion system 22 of the type that is well-known in the art and readily commercially available.
By way of example, in one embodiment, the pulse combustion system 22 may comprise a pulse
combustion system of the type shown and described in U.S. Patent No. 7,470,307. Referring now
to Figure 6, combustion air 51 may be fed (e.g., pumped) through an inlet 52 into the outer shell 54
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menti oned above, the pul sating stream of hot gas 50 nmay be produced by a

pul se allows a subsequent air charge (e.g., combustion air 51) to enter. The fuél valve 60 then re-admits
fuel, and the mixture auto-ignites in the combustion chamber 58, as described above. This cycle
of opening and closing the air valve 56 and combusting the fuel in the chamber 58 in a pulsing

20 fashion may be controllable at various frequencies, e.g., from about 80 Hz to about 110 Hz,
although other frequencies may also be used.

The “green” sodium/molybdenum composite metal powder product 12 produced by the
pulse combustion spray drying process described herein is illustrated in Figures 4, 5a, and 5b, and
comprises a plurality of generally spherically-shaped particles that are themselves agglomerations

25 of smaller particles. As already described, the sodium is highly dispersed within the molybdenum,
comprising a substantially homogeneous dispersion or composite mixture of sodium and
molybdenum sub-particles that are fused together. More specifically, Figure 5a is a spectral map
produced by energy dispersive x-ray spectroscopy (“EDS”) that illustrates the presence of sodium
within the sample of the composite metal material 12 that is shown in Figure 4. Figure 5b is a

30 spectral map produced by energy dispersive x-ray spectroscopy that shows the presence of
molybdenum within the sample. As can be seen by comparing Figures 4 and 5a and 5b, the sodium

is generally evenly and widely dispersed throughout the composite metal powder product 12.

Generally speaking, the composite metal powder product 12 produced in accordance with
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specifically, the liquid component 18 of slurry 20 is substantially removed or driven away by the

20 sonic (or near sonic) pulse waves of hot gas 50. The short contact time also ensures that the slurry
components are minimally heated, e.g., to levels on the order of about 93°C to about 121°C at the
end of the contact time, temperatures which are sufficient to evaporate the liquid component 18.
In certain instances, residual amounts of liquid (e.g., liquid 18 and/or binder 48, if used) may
remain in the resulting “green” composite metal powder product 12. Any remaining liquid 18 may
25 be driven-off (e.g., partially or entirely), by a subsequent sintering or heating step 26. See Figure
2. Generally speaking, the heating or sintering process 26 is conducted at a moderate temperatures
in order to drive off the liquid components and oxygen, but not substantial quantities of sodium.
Some sodium may be lost during heating 26, which will reduce the amount of retained sodium in
the sintered or feedstock product 24. It is also generally preferred, but not required, to conduct the
30 heating 26 in a hydrogen atmosphere in order to minimize oxidation of the composite metal powder
12. Retained oxygen is low, less than about 6%, and generally less than about 2%, as indicated in
the Examples provided below. Heating 26 may be conducted at temperatures within a range of

about 500°C to about 825°C. Alternatively, temperatures as high as 1050°C may be used for short
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The composite metal powder 12 may be used in its as-recovered or “green” form as a

20 feedstock 24 for a variety of processes and applications, several of which are shown and described
herein, and others of which will become apparent to persons having ordinary skill in the art after
having become familiar with the teachings provided herein. Alternatively, the “green” composite
metal powder product 12 may be further processed, such as, for example, by heating or sintering
26, by classification 28, and/or combinations thereof, before being used as feedstock 24.

25 As mentioned above, the sodium/molybdenum composite metal powder 12 may be used in
various apparatus and processes to deposit sodium/molybdenum films on substrates. In one
application, such sodium/molybdenum films can be used to advantage in the fabrication of
photovoltaic cells. For example, it is known that the energy conversion efficiency of a CIGS
photovoltaic cell can be increased if sodium is allowed to diffuse into the CIGS layer of the

30 photovoltaic cell. Such efficiency gains are automatically realized in CIGS structures wherein the
molybdenum back conductor is deposited on a soda-glass substrate. However, they are not realized
in structures wherein soda-glass is not used as a substrate. Furthermore, additional efficiency gains

may be realized by increasing the amount of sodium in the CIGS absorber layer beyond the levels
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yield a substantial percentage of product 1n this product size range;
howevemntended application. Consequently, the present invention should not be regarded as limited to any

20 particular deposition process. In addition, the present invention should not be regarded as limited
to the fabrication of CIGS photovoltaic cells but could be applicable to any application containing
molybdenum wherein the addition of significant amounts of sodium would be beneficial.

Next, a junction partner layer 78 may be deposited on the absorber layer 76. Junction
partner layer 78 may comprise one or more selected from the group consisting of cadmium sulfide

25 and zinc sulfide. Finally, a transparent conductive oxide layer 80 may be deposited on junction
partner layer 78 to form the photovoltaic cell 36. Junction partner layer 78 and transparent
conductive oxide layer 80 may be deposited by any of a wide range processes and methods now
known in the art or that may be developed in the future that are, or would be, suitable for depositing
these materials. Consequently, the present invention should not be regarded as limited to any

30 particular deposition process. Inaddition, because processes for fabricating CIGS photovoltaic cells
are known in the art (with the exception of providing the sodium/molybdenum film on the substrate)
and could be readily implemented by persons having ordinary skill in the art after having become

familiar with the teachings of the present invention, the particular fabrication techniques that may
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after having become familiar with the teachings provided herein, the particular thermal spray

20 process 30 that may be utilized will not be described in further detail herein.

In another embodiment, a sodium/molybdenum film 32' may be deposited on substrate 34
by a printing process 38 utilizing the feedstock material 24. Feedstock material 24 may be mixed
with a suitable vehicle (not shown) to form an “ink” or “paint” that may then be deposited on
substrate 34 by any of a wide range of printing processes. Here again, because such printing

25 processes are well known in the art and could be readily implemented by persons having ordinary
skill in the art after having become familiar with the teachings provided herein, the particular
printing process 38 that may be utilized will not be described in further detail herein.

In still another embodiment, a sodium/molybdenum film 32" may be deposited on substrate
34 by an evaporation process 39 utilizing the feedstock material 24. By way of example, in one

30 embodiment, evaporation process 39 would involve placing the feedstock material 24 in a crucible
(not shown) of a suitable evaporation apparatus (also not shown). The feedstock material 24 could
be placed in the crucible either in the form of a loose powder, pressed pellets, or other consolidated

forms, or in any combination thereof. The feedstock material 24 would the be heated in the crucible
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20 As mentioned, the sputter target 44 may comprise a metal product 42 that may be fabricated
by consolidating or forming the sodium/molybdenum composite metal powder 12 at step 40.
Alternatively, the sputter target 44 could be formed by thermal spraying 30. If the sputter target 44
is to be fabricated by consolidation 40, the feedstock material 24, in either its “green” form or
processed form, may be consolidated or formed in step 40 to produce the metal product (e.g., sputter

25 target 44). The consolidation process 40 may comprise any of a wide range of compaction,
pressing, and forming processes now known in the art or that may be developed in the future that
would be suitable for the particular application. Consequently, the present invention should not be
regarded as limited to any particular consolidation process.

By way of example, the consolidation process 40 may comprise any of a wide range of cold

30 isostatic pressing processes or any of a wide range of powder consolidation pressing processes that
are well-known in the art including, but not limited to, hot pressing, hot isostatic pressing, and
extrusion. As is known, both cold and hot isostatic pressing processes generally involve the

application of considerable pressure and heat (in the case of hot isostatic pressing) in order to
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anot her enbodi nent, a sodi um nol ybdenum fil m 32" maybe deposited on
substrate 34 by an evaporation process 39 utilizing the feedstock materi al
26. By way of exanple, in one exdWWHERREKAMPEPSIation process 39 woul d

i nvol ve placing the feedstock material 24 in a crucible (not shown) of a
sui tabl e evF6eaksxampigs payeleess rampsing meltybderwpnmetalpngd sodaasmebldatapeviers 24

could 14, 16, specified herein and available from Climax Molybdenum and/or Climax Molybdenum, Ft.
Madison Operations. Variousratios of the powders 14 and 16 were combined with deionized water
to form the slurries 20. More specifically, the slurries 20 utilized for the various examples

20 comprised about 20% by weight water (i.e., liquid 18), with the remainder being molybdenum metal
and sodium molybdate powders. Theratio of molybdenum metal powder to sodium molybdate was
varied in the various examples to range from about 3% by weight to about 15% by weight sodium
molybdate. More specifically, the Examples involved amounts of 3, 7, 9, and 15 weight percent
sodium molybdate.

25 The slurries 20 were then fed into the pulse combustion spray drying system 22 in the
manner described herein. The temperature of the pulsating stream of hot gases 50 was controlled
to be within a range of about 465 °C to about 537°C. The pulsating stream of hot gases 50 produced
by the pulse combustion system 22 substantially drove-off the water from the slurry 20 to form the
composite metal powder product 12. The contact zone and contacttime were very short, the contact

30 zone on the order of about 5.1 cm and the time of contact being on the order of 0.2 microseconds.

The resulting metal powder product 12 comprised agglomerations of smaller particles that

were substantially solid (i.e., not hollow) and having generally spherical shapes. An SEM photo
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9% SoMo +325 91% 9%
mesh
7 15% SoMo +325 85% 15%
mesh
15 8 9% SoMo Sintered 91% 9%
1h. 1050°C
9 7% SoMo Sintered 93% 7% 2.79 32
10 h. 640°C
10 9% SoMo Sintered 91% 9%
10h. 640°C
11 3% SoMo Sintered 97% 3%
6h. 825°C
12 9% SoMo Sintered 91% 9% 2.62 No Flow
6h. 825°C
20 13 15% SoMo Sintered 85% 15%
6h. 825°C




woul d be suitable for the particular application.
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As described above, the sodium/molybdenum composite metal powder 12 may be used to

form or produce a variety of metal articles 42, such as a sputter target 44. The sputter target 44 may

then be used to deposit a sodium-containing molybdenum film (e.g., film 32"") suitable for use in

20

to deposit sodium-containing molybdenum films in other applications as well.

photovoltaic cells in the manner already described. Of course, the sputter targets 44 could be used

Generally speaking, it is desirable that any such sputter targets 44 have a high a density (e.g.,

at least about 90% of theoretical density) to reduce or eliminate the presence of interconnected

porosity in the target, to maximize target life, and to reduce the frequency of target change-out

25

operations. In addition, such sputter targets 44 should have a sodium content of at least about 2.5%
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shoul d not vary
above, the composite metal powder 12, may be further processed, such as, for example, by heating

20 26, by classification 28, and/or combinations thereof, before being used as the feedstock 24 for the
preformed metal article 82.
In addition, and regardless of whether the powder 12 is heated (e.g., at step 26) or classified
(e.g., at step 28), it will be generally preferable to first dry the “green” sodium/molybdenum
composite metal powder product 12 by subjecting it to a low-temperature heating step. Such low-
25 temperature drying of the green sodium/molybdenum composite metal powder product 12 will
remove any residual moisture and/or volatile compounds that may remain in the powder 12 after
the spray drying process. Low-temperature drying of the powder 12 may also provide the added
benefit of increasing the flowability of the powder 12, which can be beneficial if the powder 12 is
to be subsequently screened or classified. Of course, such a low-temperature drying process need
30 not be performed if the powder 12 is to be heated in accordance with step 26 described above,
because of the higher temperatures involved with heating step 26.
By way of example, in one embodiment, the low-temperature drying process may involve

heating the sodium/molybdenum composite metal powder 12 in a dry atmosphere, such as dry air,
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dryi ng_ process need not be performed if the powder 12 is to be heated in
accor déhe Eange rhakaus 53 260 eabopt HbnmKbee;50+270 Tyler mesh).

After having provided the feedstock material 24 (e.g., in either its “green” form or dried
form) of a suitable and/or desired particle size range, the sodium/molybdenum composite metal
20 powder 12 comprising feedstock 24 may then be then compacted to form preformed article 82. In
the particular exemplary embodiments shown and described herein wherein the metal article 42 to
be produced is to comprise a sputter target 44, the preformed article 82 may comprise a generally
cylindrically shaped body, as best seen in Figure 8a. After being fully consolidated in the manner
described herein, the final metal article product 42 (i.e., the now-consolidated preformed cylinder)
25 may then be cut into a plurality of disk-shaped sections or slices. The disk-shaped sections or slices
may be subsequently machined to form one or more disk-shaped sputter targets 44. See Figures 2,
9, and 10. Alternatively, of course, metal articles having other shapes and configurations, and
intended for other uses, could be produced in accordance with the teachings provided herein, as
would become apparent to persons having ordinary skill in the art after having become familiar with
30 the teachings provided herein. Consequently, the present invention should not be regarded as
limited to metal articles having the particular shapes, configurations, and intended uses described

herein.

In one embodiment, the preformed article 82 may be formed by a uniaxial compression



because of the higher tenperatures involved with heating step 26. By way of
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4 5.53 54.2% 68.0%

5 5.55 54.3% 68.2%

6 5.60 54.8% 68.8%

7 5.60 54.8% 68.8%
20 8 5.56 54.4% 68.3%

9 5.59 54.7% 68.6%

10 5.63 55.1% 69.1%

11 5.58 54.6% 68.5%

12 5.56 54.4% 68.3%
25 13 5.57 54.5% 68.4%

14 5.59 54.7% 68.6%

15 5.61 54.9% 69.0%

16 5.60 54.8% 68.8%




may be subsequently nmachined to formone or nore disk-shaped sputter
targets 44. See Figures 2, 9, and 10. Alternatively, of course, netal
articl es wavorgssher shapes and configurations, and i nPemasdoobou3r her
uses, coul d be produced in accordance with the teachings provided herein,
as woul d becone apparent to persons ha¥¥mg ordinary skill in the art after
having becone familiar with the teachings provided herein. Consequently,
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The next step in the process or method for producing a metal article 42 (e.g., sputter target

44) involves placing the preformed article 82 in a container or form 84 suitable for use in a hot
20 1sostatic press (not shown). See Figure 8a. In the embodiment shown and described herein, the

container 84 comprises a generally hollow, cylindrically-shaped member that is sized to closely

receive the substantially solid, cylindrically-shaped preformed article 82. Thereafter, form 84 can

be sealed, for example, by welding a top or cap 86 thereto, in order to create a sealed container 88.

See Figure 8b. Cap 86 may be provided with a fluid conduit or tube 90 to allow the sealed container
25 88 to be evacuated.

The various components (e.g., 84, 86, and 90) comprising the sealed container 88 may
comprise any of a wide range of materials suitable for the intended application. However, care
should be exercised in selecting the particular material to avoid those materials that may introduce
unwanted contaminants or impurities into the final metal article product 42 (e.g., sputter target 44).

30 In embodiments utilizing the sodium/molybdenum powders 12 described herein as feedstock 24,
the container material may comprise mild (i.e., low-carbon) steel or stainless steel. In either case,
it may be beneficial to line the interior portions of the form 84 and cap 86 with a barrier material

to inhibit diffusion of impurities from the form 84 and cap 86, particularly if they are fabricated



article 82. Generally speaking, such heating could be conducted in a dry,
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container 88 should be heated to a temperature that is less than the optimal sintering temperature

20 of the molybdenum powder component (such as, for example, a temperature less than about
1250°C) while subjecting it to isostatic pressure for a time sufficient to increase the density of the
preformed metal article 82 to at least about 90% of theoretical density. For example, isostatic
pressures within a range of about 102 megapascals (MPa) (about 7.5 tsi) to about 205 MPa (about
15 tsi) and that are applied for a time period within a range of about 4 hours to about 8 hours will

25 be sufficient to achieve density levels of at least about 90% of the theoretical density, and more
preferably at least about 97% of the theoretical density.

After being heated and subjected to isostatic pressure, the final compacted article may be
removed from the sealed container 88 and machined into final form. In the particular embodiments
shown and described herein, the compacted article may be machined in accordance with techniques

30 and procedures generally applicable to the machining of molybdenum metal. However, the use of
water-based coolants and/or lubricants during machining should be avoided, as water will be
absorbed by the sodium molybdate contained in the compacted article.

Generally speaking, and particularly where the metal article 42 is to be used as a sputter
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the articles produced by the Run 1 process. The metal articles 42 (e.g., sputter targets 44) produced

20 by the process of Run 2 did not exhibit any visually detectable dark spots or inhomogeneities, as
best seen in Figure 10.

Moreover, subsequent analysis indicates that the metal article sputter targets 44 produced
by the Run 2 process are substantially chemically homogeneous with respect to sodium, oxygen,
and molybdenum. In the particular example embodiments described herein, the sodium, oxygen,

25 and molybdenum levels vary by less than about 13% throughout the material. The metal article
sputter targets 44 are also substantially physically homogeneous with respect to hardness, with
hardness variability (on the Rockwell hardness “A” scale) being generally less than about 10%.
Sodium concentrations of the metal article sputter targets 44 are generally greater than or
equal to 2.5% by weight, as determined by inductively-coupled plasma emission spectroscopy
30 (ICP), with oxygen levels being generally less than about 6% by weight (as determined by ICP).
Also significantly (i.e., for sputter targets intended to produce sodium-containing molybdenum
films for photovoltaic cell manufacture), iron levels are less than about 50 ppm, even with sodium

levels of at least about 2.5% by weight. Purity of the sputter targets 44 exceeds about 99.9%,
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process displayed significant inhomogeneiaties 92 (e.g., in the form of dark spots) throughout the

material, as best seen in Figure 9. In contrast, the metal articles 42 (e.g., sputter targets 44)
produced by the Run 2 process did not display any visually discernable inhomogeneiaties, as best

20 seen in Figure 10.

Run 1 Process:

The preformed metal article 82 used for the Run 1 process was formed from a “green”
sodium/molybdenum metal powder 12 produced in accordance with the teachings provided herein.
The green sodium/molybdenum metal powder 12 was screened so that the particle size was less than
25 about 105 pm (-150 Tyler mesh). The screened powder was then cold pressed under a uniaxial
pressure in a range of about 225 MPa (about 16.5 tsi) to about 275 MPa (about 20 tsi) to yield a
preformed cylinder or article 82. The preformed cylinder 82 was then placed in a container 84 of

low-carbon steel and sealed in the manner described herein.
After being placed within sealed container 88 (Figure 8b), the preformed cylinder 82 was
30 degassed by heating it to a temperature of about 400°C under a dynamic vacuum (e.g., about 750

millitorr) in the manner already described. The degassed sealed container 88 was then subjected
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centimeter (g/cc). The densities presented in Table IV were determined by measuring the
dimensions of the machined disks to calculate the disk volume. The measured mass of each
machined disk was then divided by its measured volume to arrive at the density. Apparent density,
expressed as a percentage of theoretical density, is also presented. Table IV also presents the

20 hardness of both the dark spots 92 and the light areas 94, as expressed on the Rockwell Hardness

“A” scale (HRA), at a distance of about 15 millimeters (mm) from the outside diameter of the disk.

TABLE IV
Disk No. Density Apparent HRA of Light HRA of Dark
(g/cc) Density (%) Area Spot

1 - - - -
25 2 - - 41 39

3 7.82 96.1% - -

4 7.90 97.0% 43.5 31

5 8.01 98.4% - -

6 8.03 98.7% 41.5 34




The green sodi unif nol ybdenum net al
particle size was | ess than about 105 mm (-150 Tyl er
powder wawothmwnIgmbd pressed under a uni axi al
225 MPa (about 16.5 tsi) to about 275
preformed cylinder or article 82. The

in a container | ow car bon st eel

her ei n.

pr ef or rB;g

400 0C'un

ol

84 of

i

amc

rggesg\@§ Rgx? ga

vacuum

powder

i

and seal ed in the manner

12 was screened so that the

nmesh) .

a (about 20 tsi) to yield a
eforned cylinder 82 was then placed
descri bed

Af t ebabieY ﬁ@esE‘F%E@EP%CPWPW&H%H’%G%HF&PH@FH@@IS(kF(lg-’urséu%}arg?ﬁé‘g
£§ Df,g30ut

VARG RER DRehombf Pl AR

heEnner

The screened
pressur e PATAISc@I®E3%99f about

al readwedeéetemﬁdd atmﬁode@aasmﬂdcﬂeahedneﬂpus&imefﬁﬁd\im Stphﬁﬂcﬂlybit pedigsso a

i sostatic pressure of about 102 MPa

(1.e.

, 7.375 tsi)

f

or

a tine of about 8

hours #id@bast ymilbpmstsrs (mpe, %houhb%mmalaze@bee 25rhan fregu the w@sl%wﬁe@teéaf ﬁ@t al
esBAG e At el A bR i s QcRintindt B b ARl A ltoR?

seq uen
pr oduct(A4Y. anBi IBKICRI rabﬁryudal wasmtqalleen IifohO MaRg@desd, Nen s@éh @hd tha &GOk L ke

produc
each o

cylind

]Edl

%ﬁic

er,

wi t h subsequent di sk nunbers 2-6 descen

g down t

e conpacted

cyli ndéﬁpreﬁeﬁép raEe At pats/Rer it imsaweighk (ppm)eas d@gmmei by glogedisehpyge mass

depi cteS dn% f

bl GN s

Run 1 process contains a plurality of

sputte

r

dark regions or spots.

i nhono

As can be seen with reference to Figure 9,

t he

fromthe cylinder produced in accordance with the

The i nhonobgeneities 92 are present generally
t hroughout the bul k of the naterlaIT?SH5%§huent anal ysis reveal ed that the

OV NS

o

oan L

i nhonogeneities 92, which appear as

af
VCI S—O1

A
aRt—eaf

JUIIUI l.I i) :‘JL CUITY ou ||cu UI Uva.l. Uu | oxXygtn o1 =TT
alddi ti pnDiskaser Ledatiani ¢oriNd GRAY i|ndNaqiCRel ly d®uplled Mhasna el ssijon Cu
spectr ps y)| of the ddrz sp or inhonp eneltles 92 i[ndi cated | ower
| evel s oﬁag 3sten and | pb¥h §§|Ln1eﬁwﬁ Ar ed ? ntai%@ﬁlin t M) ght er
areas 94. Datph di sks 6 are sent Tab V.
speci fically, Lrﬁlg} | \{pr éb«gnt g t h¢£5§ &?Q\ aqf t P dl SkSQIS ni téfof
rams per cubjc |nete /gc e de es sente n Tabl V wer e
t he di sk vol upe. odtee nvasted nass3¢g eacggmnprlnqdodl k wag then o4 vi ded
by it srmeasurgd-votumeTto arriye—at—thedensi-ty—Appargnt—denstty;
expressed3as p pameent age3dR t heor®00 cal| d®A8i tly, i-s al|so presgnted. Table
|V al sp presents the nardness ¢f both the darK|Spors 94 and tn ii?h[ ar eas
94, as|expressediddlet he RAIRwel|l HaPbneds 950 13 110 5
outer 3.77 2.96 880 12 130 7.9
5 inner 3.59 2.97 - - - -
middle 3.77 2.94 - - - -
outer 3.60 2.91 - - - -
15 Run 2 Process:

20

Four (i.e., part numbers 1-4) preformed metal articles 82 were used for the Run 2 Process.

More specifically, preformed metal article part numbers 1-3 were made with “green”

sodium/molybdenum composite metal powder 12 screened so that the particle size was less than

about 105 um (-150 Tyler mesh). The preformed metal article part number 4 was made with a dried

sodium/molybdenum composite metal powder 12 that was then screened to result in a particle

mixture having particles in a size range of about 53 um to about 300 pm (-50+270 Tyler mesh).

The sealed container 88 containing preformed metal article part 1 was fabricated from
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sealed containers 88 were then subjected to a isostatic pressure of about 205 MPa (i.e., 14.875 tsi)
for a time of about 4 hours and at a temperature of about 660°C.

The resulting compacted metal cylinders (i.e., parts 1-4) were then removed from the sealed

20 containers 88. However, it was not possible to separate part 3 from its sealed container. The
compacted metal cylinders that were successfully separated from their respective containers 88
(e.g., parts 1, 2, and 4) where then sliced to form a plurality of disk-shaped articles. Disk number
1 was taken from near the top of the compacted cylinder, with subsequent disks descending down
the cylinder with increasing disk number. The disks were then machined to form the final sputter

25 targets 44. A representative disk (i.e., sputter target 44) from part number 2 (produced in the low-
carbon steel can lined with molybdenum foil) is depicted in Figure 10. Significantly, none of the
articles 42 (e.g., sputter target disks 44) produced in accordance with the process of Run 2 displayed
the inhomogeneities associated with the articles produced by the process of Run 1 and illustrated
in Figure 9.

30 Table VI presents the densities (in units of g/cc) of disks made from the various part
numbers 1, 2, and 4. The densities presented in Table VI were determined by measuring the

dimensions of the machined disks to calculate the disk volume. The measured mass of each

machined disk was then divided by its measured volume to arrive at the density. Apparent density,
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Table VII presents various chemical properties of certain disks taken from parts 1, 2, and

4 produced by the process of Run 2. More specifically, Table VII lists the chemical properties of

the disks taken from top and middle portions of the compacted cylinders and are identified in Table

VIl as disks “T” (for top) and disks “M” (for middle), respectively. The chemical properties for the

top “T”” and middle “M” disks were measured at two positions on each disk, an outer position “O”

and a center position “C”. The outer position “O” was located at a position in a range of about 5

mm to about 10 mm from the outside diameter of the disk, whereas the center position “C” was

located at a position in a range of about 25 mm to about 35 mm from the outside diameter of the

disk. The sodium and oxygen content at each position was determined by the ICP analytical

technique and are presented in terms of weight percent. Iron, tungsten, silicon, chromium, cobalt,

and nickel amounts are presented in units of parts per million by weight (ppm) as determined by

glow discharge mass spectroscopy (GDMS).
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produc ic&gf)@siﬂ%%é&l pRRldefsl RscrbRUBEleR. Hhr eRmlE,dh M tRer MM & . #losed die can
sodi unm nol ybdenum conposite nmetal powder; conpacting the sodi uni nol ybdenum

conpos bt &lladwith agopwle of sodden/nsdyfdesirembmposite metal powder. The powder may then be
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10 axially compressed at a temperature and pressure sufficient to increase the density of the resulting
metal article to at least about 90% of theoretical density. Still yet another variation may involve
providing a supply of the sodium/molybdenum composite metal powder and compacting the powder
to form a preformed metal article. The article may then be placed in a sealed container and heated
to a temperature that is lower than the melting point of sodium molybdate. The sealed container

15 may then be extruded at a reduction ratio sufficient to increase the density of the article to at least
about 90% of theoretical density.

Having herein set forth preferred embodiments of the present invention, it is anticipated that
suitable modifications can be made thereto which will nonetheless remain within the scope of the

invention. The invention shall therefore only be construed in accordance with the following claims:



pressure to forma preforned article; placing the preforned article in a
seal ed container; raising the tenperature of the sealed container to a
t enper at LW 20108788 | ower than an optimal sintering tenperatsaes/0afoo2
nmol ybdenum and subjecting the seal ed ntainer to an isostatic pressure
for a tinme sufficient to increase the ‘dénsity of the article to at | east
about 90% of__theoretical density. 2. The nethod of claim1, wherein raising
t he tenperaf“?%xgisF%@Jggg?gﬁ cont ai ner conprises raising the tenperature
of the seal cong ai r re:l of about 660 C to about
1250 C. 3. The né%%3§E%¥%8P§P%§%g%&ﬁéééfﬁhgéﬁgﬁﬁg he tenperature of the
seal ed cont ai ner mowdingsesippBifiangdiuhembBspenat vsBpeditetnidalyoaldes] cont ai ner
to a tenperature of about 660 C. 4. The nethod of claim1, wherein
subj ecting the selMmRdcihihsi spdrunp/anadypdenyyt comnosise axeialrrovdsrpnferegitficient
supj ectin | ner n isostatic pressure in a range of
aggtt 102g a§?§&§E§%P9§B%%b%§§a§3ﬂ$he met hod ofpclain11, V\/nereing
subj ecting the segaidtk thepidbmedd driclalin b S@SéPddntaifdressur e conpri ses
subj ecting the seal ed container to an isostatic pressure of about 205 Mra.
6. The nethod of reilsaigthetempriaiuse af thepyatastdontpines & astemperdture thais fasverthanganhot
i sostatic pr i r i ondugt for a,tinme in a range of about 4
hours to abé%ﬁﬁkv%8%P§g?éﬁp%%%&ﬁggﬁéﬁﬁg?u%¥3?%11, wherei n subjecting the
seal ed contai ner subjedtidOthel ARH abhiy &6 ShNgoRAtRCHSSsulS frongduet weqdiot: B
time of about 4 hours. 8. The nethod of claim1, wherein said conpacting
cbhpri ses suamgreaseithrydansisy elbidie arfichroioyh trastiabor oo of theoreticalldepsitider to a
uni axi al pressure in a range of about 67 MPato about 1,103 MPa to formthe
preformed article. 9. The method of claim1, wherein said conpacting
conpri ses sgbj ectinednéthed $0diauf IMHHERIE P ShE PP RS JefatifR ol thd QWA cdnpaifercol d
isostatic pressure in a range of about 138 MPa to about 414 MPa to formthe
pr ef or ge@pPEpesireiFiag thegemperatuneeiitabealied contpimerto atampangnredoapngsdfagoddgas€i ng
the prefor dicle before said subjecting the sealed container to an

% gbogl‘ji%g{j ¢

i sost at'i re by evacuating the seal ed container while

3. The method of claim 1, wherein raising the temperature of the sealed container
15 comprises raising the temperature of the sealed container to a temperature of about 660°C.

4, The method of claim 1, wherein subjecting the sealed container to an isostatic

pressure comprises subjecting the sealed container to an isostatic pressure in a range of about 102

MPa to about 205 MPa.

5. The method of claim 1, wherein subjecting the sealed container to an isostatic
20 pressure comprises subjecting the sealed container to an isostatic pressure of about 205 MPa.
6. The method of claim 1, wherein subjecting the sealed container to a hot isostatic

pressing process is conducted for a time in a range of about 4 hours to about 8 hours.

7. The method of claim 1, wherein subjecting the sealed container to a hot isostatic

pressing process is conducted for a time of about 4 hours.

25 8. The method of claim 1, wherein said compacting comprises subjecting the

sodium/molybdenum composite metal powder to a uniaxial pressure in a range of about 67 MPa



heating the seal ed container. 11. The nethod of claim 10, wherein said
degassi ng conpri ses evacuating the sealed container to a pressure of about
750 m | | iworn10/02780 The net hod of claim 10, wherein sai d PAEGBIE00EEICDNPr i SEs
heating the seal ed container to a terrpﬁ@ature bel ow an oxi dati on

tenperature of nol ybdenum 13. The net'hod of claim 10, wherein said

degassi ng, conpr.ises heating the sealed container to a tenperature in a
range 6?%9%33101?36§€t9 Hgﬁg‘ﬁ{)re%b@e%_aﬁﬂﬁ} The method of claim 10, wherein
sai d degassi ng conprises heating the seal ed container to a tenperature of
about 250 OC for a time of about 2 hours. 15. The nethod of claim1,

wher ei n sai @. subjEet inethotihef skathet] ohatesi Reid ¢@n@HRtihg adhplises PllEeSiHzEthe

conpri ses. subj e%ti ng the seal ed container to an isostatic pressure for a
time sdf H“E}l}’é‘ﬁ]fy e eerapesee pptal pemles tp aurold isastatiq preswre iy agangefeboudst
97% of ' I ] of claim1, further conprising
dryi ngl\%1 %%%Pg%irﬁelgﬁgﬁé ?%Pe&lgg%ggnégl%g@@%’g the prefornmed article in a

seal ed container by heating the preforned article to a tenperature in a
range of about 100C to about 200 OC. 17. The nethod of claim 16, wherein
sal d dryi ng 10he prhemesthediofglaine].duhsnsompasing dsgaspigs threprsfasmed paigledeafore| e
to a ter . r .1l f t .16.hours. 18. .The ,met hod
of ol ai PR scBisshndthr b Ron i Lol A B A SR SR e
conposihegtinpethakeahaddataikef or e sai d conpacting by heating said supply of
sodi unf mol ybdenum conposite netal powder to a tenperature in a range of
about 100Ct o about 200 C. 19. The nmethod of claim 18, wherein said drying

sai d supply .of sadi enum ¢ osit.e metal powder conpri.ses heating
sai d suppl ylgf sg%eu ﬂﬁr% %tgcgaelﬁju{rgé@l%%%ls 1§ dﬁ%‘fs%llngﬁf%mg?estea’ggua‘flg ersgglﬁge of
about 1d&&inkdfo BpressiBe dfrabaut A90gRiIRbmabout 2 hours to about 24 hours. 20. A
nmetal article conprising nol ybdenum and sodi um said sodi um bei ng present

in an anount of at |east about 2.5% by weight. 21. The netal article of
nti al chem cal | eneous

CllOai m 20, W@Er ei Q"gt hlg?:r[g&}o )‘fc’()ly élga%;,[ql lg)lngvl}i%qiéggl f,] Ig'assmgI Xompnses %eatn}/g &%rrsg ed

With respect™to sodiu
container to a temperature below an oxidation temperature of molybdenum.

13. The method of claim 10, wherein said degassing comprises heating the sealed

container to a temperature in a range of about 100°C to about 400°C.

14. The method of claim 10, wherein said degassing comprises heating the sealed
15 container to a temperature of about 250°C for a time of about 2 hours.
15. The method of claim 1, wherein said subjecting the sealed container to an isostatic

pressure comprises subjecting the sealed container to an isostatic pressure for a time sufficient to

increase the density of the article to at least about 97% of theoretical density.

16.  The method of claim 1, further comprising drying the preformed article before
20 placing the preformed article in a sealed container by heating the preformed article to a temperature

in a range of about 100°C to about 200°C.

17. The method of claim 16, wherein said drying the preformed article comprises heating

the preformed article to a temperature of about 110°C for a time of about 16 hours.



22. The netal article of claim20, wherein the netal article is

substantially physically honogeneous with respect to hardness. 23. The
nmet al artwol2e10a8mbai m 20 having a purity of greater thaoTaiseww/0e®9ID%
excl udi ng gases and sodi um as det erm’g?d by GDVS. 24. The netal article of
claim 20, wherein the oxygen content of said netal article is |ess than or

equal to abouyt 6 percen y ight. 25. The netal article of claim 20,
wherein the ! talﬂl’frtm@ﬁl@gi §\9§& anlvi drthers (ompgising, (dyingeaid supply of

i nhonmo A i I : : al
i ol e e g o Y e RN RleE pOlor AL PEBR A B BOfling shid SRR 2,
27. Theodeteinobbtiemnine cafpasitaintetl Qowdbres e teinsaatdrair b ddngabf attlue 1 CEIoiabest

| ess than, about 50 parts per million by weight iron. 28. A nethod for

pr oducithg & netal article, conprising:providing a supply of a

sodi unf mol ybdenum conposite netal powder; conpacting the sodi unf nol ybdenum
conposite netal powder under sufficient pressure to forma preforned
arxicle; pldeéing Theen@hed of ¢ieich 88, tvitken baid Arfpgbad sesply af SRliim/malgdeguhhe
tenperature of the sealed container to a tenperature that is |lower than the
mel t i nGopBPite BetakpIdsicampytss edlingsai Spp)yertspigmy melybdeuacamprsiE mstalt o
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produced in accordance with the nmethod of claim28. 30. The netal article
of claim 29, wherein the sodiumcontent of the netal article is greater
than or equdP- t o “eBstd adick geameising mslyhdangmand sediumy saidpedipm deingpresentfin

claim Zu?a&%ﬁhﬁ&a?%agga%%upfg%eﬁl;wglfghtl ess than about 50 parts per mllion by
wei ght . ' '

10 21. The metal article of claim 20, wherein the metal article is substantially chemically

homogeneous with respect to sodium, oxygen, and molybdenum.

22. The metal article of claim 20, wherein the metal article is substantially physically

homogeneous with respect to hardness.

23. The metal article of claim 20 having a purity of greater than about 99.9%, excluding
15 gases and sodium, as determined by GDMS.

24, The metal article of claim 20, wherein the oxygen content of said metal article is less

than or equal to about 6 percent by weight.

25. The metal article of claim 20, wherein the metal article is substantially free of

localized inhomogeneities having elevated levels of oxygen and carbon.
20 26. The metal article of claim 20, wherein said metal article comprises a sputter target.

27. The metal article of claim 20, wherein said metal article comprises less than about

50 parts per million by weight iron.

28. A method for producing a metal article, comprising:



WO 2010/098780 PCT/US2009/043992
-32-
providing a supply of a sodium/molybdenum composite metal powder;
compacting the sodium/molybdenum composite metal powder under sufficient
pressure to form a preformed article;
placing the preformed article in a sealed container;
5 raising the temperature of the sealed container to a temperature that is lower than the

melting point of sodium molybdate; and
subjecting the sealed container to an isostatic pressure for a time sufficient to

increase the density of the article to at least about 90% of theoretical density.

29. A metal article produced in accordance with the method of claim 28.

10 30. The metal article of claim 29, wherein the sodium content of the metal article is

greater than or equal to about 2.5 percent by weight.

31.  Themetal article of claim 29 having an iron content of less than about 50 parts per

million by weight.



