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Disclosure of Invention

A method for producing a composite metal powder according to one embodiment of the
invention may comprise: Providing a supply of molybdenum metal powder; providing a supply of
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may comprise: Providing a supply of a composite metal powder comprising molybdenum and
sodium; mixing the supply of composite metal powder with a vehicle, and depositing the mixture

of the composite metal powder and the vehicle on the substrate by printing.

30 Brief Description of the Drawings

Ilustrative and presently preferred embodiments of the invention are shown in the

accompanying drawing in which:
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densities (i.e., apparent densities) in a range of about 2 g/cc to about 3 g/cc, as identified in the
various Examples set forth herein. Hall flowabilities range from about 35s/50g to as low as
30s/50g, again as identified in the various Examples set forth herein. One example composition

20 (i.e., Example 12) had no flow, however.

As already described, the pulse combustion system 22 provides a pulsating stream of hot
gases 50 into which is fed the slurry 20. The contact zone and contact time are very short, the time
of contact often being on the order of a fraction of a microsecond. Thus, the physical interactions
of hot gas 50, sonic waves, and slurry 20 produces the composite metal powder product 12. More

25 specifically, the liquid component 18 of slurry 20 is substantially removed or driven away by the
sonic (or near sonic) pulse waves ofhot 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, residﬁal amounts of liquid (e.g., liquid 18 and/orbinder 48, ifused) may

30 remain in the resulting “green” composite metal powder product 12. Any remaining liquid 18 may
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.
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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
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
periods of time. However, such higher temperatures will usually reduce the amount of retained
sodium in the final product.

It may also be noted that the agglomerations of the metal powder product preferably retain
their shapes (in many cases, though not necessarily, substantially spherical), even after the heating
step 26. Flowability data (Hall data) in heated and/or green forms are also generally very good (e.g.,
in a range of about 30-35 s/50g), as described relative to the Examples provided herein.

As noted above, in some instances a variety of sizes of agglomerated products may be
produced during the drying process, and it may be desirable to further separate or classify the
composite metal powder product 12 into a metal powder product having a size range within a
desired product size range. For example, most of the composite metal powder material produced
will comprise particle sizes in a wide range (e.g., from about 1 pm to about 150 pm), with a
substantial amount of product being in the range of about 5 pm to about 45 pm (i.e., -325 U.S. Tyler
mesh) and again in the range of about 45 pm to 90 pm (i.e., -170+325 U.S. Tyler mesh). See Figure
7. A process hereof may yield a substantial percentage of product in this product size range;
however, there may be remainder products, particularly the smaller products, outside the desired
product size range which may be recycled through the system, though liquid (e.g., water) would
again have to be added to create an appropriate slurry cofnposition. Such recycling is an optional
alternative (or additional) step or steps.

The 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, 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.

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
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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 molybdenum layer
typically used to form an ohmic contact of the photovoltaic cell. Such efficiency gains are
automatically realized in CIGS structures wherein the molybdenum ohmic contact is deposited on
a soda-glass substrate. However, they are not realized in structures wherein soda-glass is not used
as a substrate.

Referring now to Figure 3, a photovoltaic cell 36 may comprise a substrate 34 on which a
sodium/molybdenum film 32, 32', 32" may be deposited. The substrate 34 may comprise any of a
wide range of substrates such as, for example, stainless steel, flexible poly films, or other substrate
materials now known in the art or that may be developed in the future that are, or would be, suitable
for such devices. A sodium/molybdenum film 32, 32', 32" may then be deposited on the substrate
34 by any of a wide range of processes now known in the art or that may be developed in the future,
but utilizing in some form the sodium/molybdenum composite metal powder material 12. For
example, and as will be described in further detail below, the sodium/molybdenum film may be
deposited by thermal spray deposition, by printing, by evaporation, or by sputtering.

Once the sodium/molybdenum film (e.g., 32, 32', 32") is deposited on substrate 34, an
absorber layer 76 may be deposited on the sodium/molybdenum film. By way of example, the
absorber layer 76 may comprise one or more selected from the group consisting of copper, indium,
and selenium. The absorber layer 76 may be deposited by any of a wide range of methods known
in the art or that may be developed in the future that are, or would be, suitable for the intended
application. Consequently, the present invention should not beregarded as limited to any particular
deposition process.

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
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
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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be utilized to construct a CIGS photovoltaic cell will not be described in further detail herein.

As mentioned above, the sodium/molybdenum layer or film 32, 32', 32" may be deposited
by any of a wide range of processes. Generally speaking, it is believed that sodium concentrations
of about 1% by weight will be sufficient to provide the desired efficiency enhancements.
Accordingly, the retained sodium present in the feedstock material 24 may be adjusted or varied as
necessary in order to provide the desired level of sodium in the résulting sodium/molybdenum film
32. Generally speaking, retained sodium levels ranging from about 0.2% by weight to about 3.5%
by weight in the feedstock material 24 will be sufficient to provide the desired degree of sodium
enrichment in the sodium/molybdenum film 32. As indicated in the Examples, such retained
sodium levels (e.g., from about 0.2 wt.% to about 3.5 wt.%) may be achieved in “green” and
sintered (i.e., heated) feedstock material 24 produced by slurries 20 containing from about 3 wt.%
to about 15 wt.% sodium molybdate.

In one embodiment, a sodium/molybdenum film 32 may be deposited by a thermal spray
process 30 utilizing the feedstock material 24. Thermal spray process 30 may be accomplished by
using any of a wide variety of thermal spray guns and operated in accordance with any of a wide
range of parameters in order to deposit on substrate 34 a sodium/molybdenum film 32 having the
desired thickness ahd properties. However, because thermal spray processes are well known in the
art and because persons having ordinary skill in the art would be capable of utilizing such processes
after having become familiar with the teachings provided herein, the particular thermal spray
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
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
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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until it evaporates, whereupon the evaporated material would be deposited on substrate 34, forming
the sodium/molybdenum film 32". Evaporation process 39 may utilize any of a wide range of
evaporation apparatus now known in the art or that may be developed in the future that could be
used to evaporate the feedstock material 24 and deposit film 32" on substrate 34. Consequently,
the present invention should not be regarded as limited to use with any particular evaporation
apparatus operated in accordance with any particular parameters. Moreover, because such
evaporation apparatus 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 evaporation apparatus that may be utilized will not be described in further detail herein.

In yet another embodiment, a sodium/molybdenum film 32" may be deposited on substrate
34 by a sputter deposition process. The feedstock material 24 would be processed or formed into
a sputter target 44, which would then be sputtered in order to form the film 32". Any of a wide
range of sputter deposition apparatus that are now known in the art or that may be developed in the
future could be used to sputter deposit film 32" on substrate 34. Consequently, the present
invention should not be regarded as limited to use with any particular sputter deposition apparatus
operated in accordance with any particular parameters. Moreover, because such sputter deposition
apparatus 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 sputter
deposition apparatus that may be utilized will not be described in further detail herein.

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
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
isostatic pressing processes or any of a wide range of hot isostatic pressing processes that are well-
known in the art. Asisknown, 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

consolidate or form the composite metal powder feedstock material 24 into the desired shape. Hot
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isostatic pressing processes may be conducted at temperatures of 900°C or greater, depending on
the green density of the sodium/molybdenum composite metal powder compact and the retained
sodium loss that could be tolerated in the final product.

After consolidation 40, the resulting metal product 42 (e.g., sputter target 44) may be used
“as is” or may be further processed. For example, the metal product 42 may be heated or sintered
at step 46 in order to further increase the density of the metal product 42. It may be desirable to
conduct such a heating process 46 in a hydrogen atmosphere in order to minimize the likelihood that
themetal product 42 will become oxidized. Generally speaking, it will be preferred to conduct such
heating at temperatures below about 825°C as higher temperatures may result in substantial
reductions in the amount of retained sodium, although higher temperatures (e.g., temperatures of
1050°C or greater) could be used. The resulting metal product 42 may also be machined if
necessary or desired before being placed in service. Such machining could be done regardless of

whether the final product 42 was sintered.

EXAMPLES

Several examples have been run using molybdenum metal and sodium molybdate powders
14, 16, specified herein and available from Climax Molybdenum and/or Climax Molybdenum, Ft.
Madison Operations. Various ratios 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
comprised about 20% by weight water (i.e., liquid 18), with the remainder being molybdenum metal
and sodium molybdate powders. The ratio 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.

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 arange 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 contact time were very short, the contact
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

of a “green” sodium/molybdenum composite metal powder 12 produced by a slurry 20 comprising
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9% by weight sodium molybdate is presented in Figure 4. Data in Tables I and II are presented for

the various examples in both “green” form, and after being sintered or heated in a hydrogen

atmosphere at the temperatures and for the times specified. Data are also presented for screened

green material (+325 mesh moly) as also indicated in Tables I and II.

5 TABLE 1
Molybdenu Sodium Apparent
Examole Batch m metal Molybdate Density Hall flow
P (Wi%) (SoMo) (g/cc) (s/50g)
(Wt%)

1 3% SoMo Green 97% 3%

2 7% SoMo Green 93% 7% 2.89 33

3 9% SoMo Green 91% 9%

10 4 15% SoMo Green 85% 15%

5 3% SoMo +325 97% 3%
mesh

6 9% SoMo +325 91% 9%
mesh

7 15% SoMo +325 85% 15%
mesh

8 9% SoMo Sintered 91% 9%
1h. 1050°C

15 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

13 15% SoMo Sintered 85% 15%
6h. 825°C
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TABLE II
Shurry Sodium % Weight Na
Example Viscosity Conc. %0 %N loss during Distribution
Sec. Zahn#1 (wt.%) Sintering (EDS)
1 33.8 0.74% 1.23% | 0.0020%
5 2 1.39% 2.14% | 0.2500%
3 35 1.74% 2.64% | 0.0075% Na varies in
particles from
3% to 12%
4 3.11% 5.58% | 0.0295%
5 1.22% | 0.0016%
6 1.84% 2.93% | 0.0101% No Na peak
found by EDS
10 7 3.09% 5.16% 0.196%
8 0.73% No Na peak
found by EDS
9 1.36% 1.36% | 0.0000% 0.97%
10 1.85% 1.85% | 0.0018% 1.85% 4%
11 0.22% 0.22% | 0.0011% 1.79%
15 12 1.32% 1.32% | 0.0010% 3.90% 1.86%
13 2.39% 2.39% | 0.0015% 4.84% 2.89%

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. Theinvention shall therefore only be construed in accordance with the following claims:
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CLAIMS:

1. A method for producing a composite metal powder,
comprising:

providing a supply of molybdenum metal powder;

providing a supply of a sodium compound;

combining said molybdenum metal powder and said
sodium compound with a liquid to form a slurry;

feeding said slurry into a stream of hot gas; and

recovering the composite metal powder, said

composite metal powder comprising sodium and
molybdenum.
2. The method of claim 1, wherein providing a supply

of a sodium compound comprises providing a supply of sodium

molybdate powder.

3. The method of claim 1, wherein feeding said slurry
into a stream of hot gas comprises atomizing said slurry and

contacting said atomized slurry with the stream of hot gas.

4. The method of claim 1, wherein combining said
molybdenum metal powder and said sodium compound with a
liquid comprises combining said molybdenum metal powder and

said sodium compound with water to form a slurry.

5. The method of c¢laim 1, wherein said slurry

comprises between about 15% to about 25% by weight liquid.

6. The method of claim 1, further comprising:

providing a supply of a binder material; and
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compound with a . liquid to for rgpu;‘{}ﬁrry; feeding said slurry into a

stream of hot gasi and recovering the conposite netal powder, said
conposi t enet al powder conpri si ngsodi unmand nol ybdenum 2. The
met hod of claim 1, wherein_ providing supply of _a sadi um coppound
conprises pr ovilT']di ng sdb?ﬁ@“gf ebdi Giﬁﬂrﬁ‘l yBdat & satd® bynder
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hot gas conprises atom zing said slurry and contacting said atom zedp
sl urry wiadnsist gt edmsfl hoinygasilcohol amgd cRwdawsthod of claim 1,
wherei n conbi ni ng sai d nol ybdenum netal powder and sai d sodi um
conpound with a [iquid conprises conbining said nol ybdenum net al
powder and saigl sodingm aospiosdid »ft hchater %0 f ehmraisl urgaid sodium
5. The nmethod of claim1l, wherein said slurry conprises between about
15% t o alGHP 2B HyPTeT gFtS | Fa@%ﬂm Bolyhdahet R ohedSditmSE1G uF tierY

conpri si NG A i (G fe SHPRbYut 01 58 Riddes et g aby, and o1l 8riquid,
conbi ni ngsai dbi nder materialw thsaid nol ybdenum net afy povw?er, sai d
sodi um canpourrbouEnd sdid akedwr 2% Yorweiglst wwinder, from Bbdufe 1% by

thod of cl aim6 i n. saj d bind i from th
el oot ed 1TEHTHE GO0 cone: ELPRY of CROPYaLRyT B GROr AP dar Boheht

weight to about 84% by weight molybdenum metal powder.

9. The method of claim 6, further comprising heating
the recovered composite metal powder at a temperature

sufficient to drive-off substantially all of said binder.

10. The method of claim 9, wherein said heating

further comprises heating in a hydrogen atmosphere.

11. The method of claim 10, wherein said heating in a

hydrogen atmosphere is conducted at a temperature in a range

of about 500°C to about 825°C.

12. A sodium/molybdenum composite metal powder
comprising a substantially homogeneous dispersion of sodium
and molybdenum sub-particles that are fused together to form

individual particles of said composite metal powder.
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the recovered conposite nmetal powder at a tenperature sufficient to
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claim?9, ef el ' [ er conprises heating in a hydrogen
at rmspher%&%@ Qeé&ﬁsf h%?e %ti%{dﬁ%f claim 10, wherein said heating
in a hydrogen atnosphere is conducted at a tenperature in a range of
about 500C to apout 825C. _ 2 ,
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powder of claim 12 conprising a Hall flowability in a range of about
30- 35 seconds for 50 grans. 14. The sodi um nol ybdenum

conposi te netals powdesr preducin/ablgbaiemmuh? hextmmgs B SCotdetdansi pywddr
a range of about 2 g/cc to about 3 g/cc. 15. The _

sodi um nASAHERuR £ bl t B2 net AP pbied P OHWREOwE &1 4f pioweight to
conpri si ng,d0m ahout, Q,2%:hy M8 o4 & abay. 3. 5% by wei ght ret ai ned
sodi um 16. The sodi um nol ybdenum conposite netal powder
product of claim 12 conprising | ess than about 6% by wei ght retained
oxygen. 7. Jhe sadiun nol ybdenum conposite. metal powder
roduct of cl alf 17 er 8PH" SABoY NATU il BATTT T RS cBRGPis: P 4dr
conposi t grehalt pefwdel aphodactofpyesshgeselsk ahEang® it auby luPMYH o
about 150 pm 18. The sodi unif nol ybdenum conposite nmetal powder
product dfet@idI9R PAY#Etei n said individual particles conprising said
conposite netal powder product have sizes in a range of about 5 pmto
about 45 pm 19. The sodi um nol ybdenum conposite netal powder
product of cldi‘ta 17Thker eiadisai/hdindiderdual panposits comprilsi ngowded

conposite netal powder product, have sizes in, a range of out 45,
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provi ding a supply of nolybdenum netal powder; providing a supply of

a sodi umaeipsit®t about comst Mgt fafl yBkenum et al powder and
sai d sodi um conpound with a liquid to forma slurry;

18. The sodium/molybdenum composite metal powder
product of «claim 17 wherein said individual particles
comprising said composite metal powder product have sizes in

a range of about 5 pm to about 45 pm.

19. The sodium/molybdenum composite metal powder
product of claim 17 wherein said individual particles
comprising said composite metal powder product have sizes in

a range of about 45 pym to about 90 um.

20. A method for producing a metal article,

comprising:



feeding said slurry into a stream of hot gas; recovering the

conposite netal powder; and consolidating said conposite netal
powder to formthe netal article, said netal article conprising a
sodi unf mol ybdenum netal matri x. _2021. The nmethod of claim 20,

wherein said consolidating said conposite netal powder conprises cold

i sostatic pressing.producin®?a s netdod Horgd MLGettherngivber by:
consol i dating conprises pressing said conposite netal powder into a
shape and sintering the Btapeding a Z3PPihe nef hododivbeleaivm 2metal

2Qer$Ln said sinteg*gwaég;conducted in a hydrogen atnosphere.
. e nmet hod of alm23, wherein said sintering is conducted at a
tenperature of |ess tharpmbaidiB?5C supply o2% sk uretdwdb@indl ai m
20 wherein consol i dat i ng, compr{ses ot | SPSLL] G PLeRSM0,oder ana
said sodium compound with a 1ligquid to form a
slurry;
feeding said slurry into a stream of hot gas:;
recovering the composite metal powder; and
consolidating said composite metal powder to form
the metal article, said metal article comprising a

sodium/molybdenum metal matrix.

21. The method of claim 20, wherein said consolidating
said composite metal powder comprises cold isostatic

pressing.

22. The method of claim 20, wherein consolidating
comprises pressing said composite metal powder into a shape

and sintering the shape.

23. The method of claim 22, wherein said sintering is

conducted in a hydrogen atmosphere.

24. The method of claim 23, wherein said sintering is

conducted at a temperature of less than about 825C.

25. The method of c¢laim 20, wherein consolidating

comprises hot isostatic pressing.



