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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



(g/cc) Hall flow (s/50g) 1 3% SoMb Green 97% 3% 2 7% SoMo Green 93%
7% 2.89 33 3 9% SoMb Green 91% 9% 4 15% SoMb Green 85% 15% 5 3%

SoMb +325 Wi sd10/966%803 %0 PCT/US2009/043992

10

15

20

25

30

-8-

of the pulse combustion system 22 at low pressure, whereupon it flows through a unidirectional air
valve 56. The air then enters a tuned combustion chamber 58 where fuel is added via fuel valves
or ports 60. The fuel-air mixture is then ignited by a pilot 62, creating a pulsating stream of hot
combustion gases 64 which may be pressurized to a variety of pressures, e.g., in a range of about
15,000 Pa (about 2.2 psi) to about 20,000 Pa (about 3 psi) above the combustion fan pressure. The
pulsating stream of hot combustion gases 64 rushes down tailpipe 66 toward the atomizer 68. Just
above the atomizer 68, quench air 70 may be fed through an inlet 72 and may be blended with the
hot combustion gases 64 in order to attain a pulsating stream of hot gases 50 having the desired
temperature. The slurry 20 is introduced into the pulsating stream of hot gases 50 via the atomizer
68. The atomized slurry may then disperse in the conical outlet 74 and thereafter enter a
conventional tall-form drying chamber (not shown). Further downstream, the composite metal
powder product 12 may be recovered using standard collection equipment, such as cyclones and/or
baghouses (also not shown).

In pulsed operation, the air valve 56 is cycled open and closed to alternately let air into the
combustion chamber 58 and close for the combustion thereof. In such cycling, the air valve 56 may
be reopened for a subsequent pulse just after the previous combustion episode. The reopening then
allows a subsequent air charge (e.g., combustion air 51) to enter. The fuel 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
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
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 5bis a
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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the teachings provided herein will comprise a wide range of sizes, and particles having sizes ranging
from about 1 pm to about 100 pm, such as, for example, sizes ranging from about 5 um to about
45 pm and from about 45 pm to about 90 um, can be readily produced by the following the
teachings provided herein. The composite metal powder product 12 may be classified e.g., at step
28 (Figure 2), if desired, to provide a product 12 having a more narrow size range. Sieve analyses
of various exemplary composite metal powder products 12 are provided in Figure 7, which is a plot
of the particle size distributions (by Tyler mesh) of the “green” composite metal powder product
12 produced by slurry compositions comprising 3, 7, 9, and 15% by weight sodium molybdate 18.

As mentioned above, the sodium/molybdenum composite metal powder 12 is also of high
density and is generally quite flowable. Exemplary composite metal powder products 12 have Scott
densities (i.e., apparent densities) in a range of about 2 g/cc to about 3 g/ce, 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
(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
specifically, the liquid component 18 of slurry 20 is substantially removed or driven away by the
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 ofliquid (e.g., liquid 18 and/or binder 48, ifused) may
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.
Some sodium may be lost during heating 26, which will reduce the amount of retained sodium in
the sintered or feedstock product 24. Itis 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
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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 um), with a
substantial amount of product being in the range of about 5 pm to about 45 pm (i.e., ~325 Tyler
mesh) and again in the range of about 45 pm to 90 um (i.e., -170+325 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 shury composition. 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
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
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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typically attainable by the diffusion of sodium from soda lime glass. The sodium/molybdenum
composite powder and films produced by the powder or deposited from metal articles produced by
the powder provides a means for increasing the sodium content in the CIGS layer and to achieve
efficiency gains.

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, glass, 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 i‘ange 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,
gallium, 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 be regarded as limited to any
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
pariner layer 78 may comprise one or more selected from the group consisting of cadmium sulfide
and zine 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. In addition, 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 or greater 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 resulting 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 o 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 variefy 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 and 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.

Asmentioned, 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 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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TABLE Il
Slurry Sodium % Weight Na
Example Viscosity Conc. %0 %N loss Distribution
Sec. Zahn#1 (wt.%) during (EDS)
Sintering
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% 293% | 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%

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 photovoltaic cells in the manner already described. Of course, the sputter targets 44 could be used
to deposit sodium-containing molybdenum films in other applications as well.

Generally speaking, itis 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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by weight and an oxygen content of less than about 6% by weight. Itis also generally preferred that
the sputter targets 44 be substantially chemically homogeneous with respect to sodium, oxygen, and
molybdenum. Thatis, the quantities of sodium, oxygen, and molybdenum should not vary by more
than about 20% throughout a target 44. It is also generally preferred that any such targets 44 be
substantially physically homogeneous with respect to hardness. That is, the material hardness
should not vary by more than about 20% over a given target 44.

Referring now primarily to Figures 2, 8a, and 8b, a metal article 42 (Figure 2), such as, for
example, a sputter target 44 (Figures 2, 9, and 10), may be produced by compacting a quantity of
sodium/molybdenum composite metal powder 12 (i.e., as a feedstock material 24) under sufficient
pressure to form a preformed metal article 82. See Figure 8a. The preformed metal article 82 may
then be placed in a container or form 84 sunitable for use in a hot isostatic press (not shown). The
form 84 may then be sealed, such as, for example, by welding a lid or cap 86 on the form 84 to
create a sealed container 88. See Figure 8b. The cap 86 may be provided with a fluid conduit or
tube 90 to allow the sealed container 88 to be evacuated to degas the preformed metal article 82 in
the manner that will be described in greater detail below.

The sodium/molybdenum composite metal powder 12 (i.e., as a feedstock 24) used to form
the preformed metal article 82 may be used in its as-recovered or “green” form from the pulse
combustion spray dryer in the manner described above. Alternatively, and as already described
above, the composite metal powder 12, may be further processed, such as, for example, by heating
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-
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
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,



WO 2010/ 098780PCPUS2009/ 043992 - 20- In an alternate enbodi nent,
the preforned article 82 may be fornmed by a cold isostatic pressing

process, WigsAlvsbde feedstock material 24 (Figure 2) begrRkaasbishd a
suitable nold or form (not shown) and subjected to "cold" iIsostatic

pressure in order to conpress or conpard the powdered feedstock
material 24 to formthe preforned article 82. Cenerally speaking,

i E ost at it€a t@ﬁmai(‘ms i eﬁan'géloﬁesbbaﬂ‘ﬂgiﬁl"()fto a]hﬁlg EO(T@fB%ME"oﬁa 80 BetivedDatoat 2 hd s
about 414 a (ahoyt 30 tsi), w provi de s i cient conpacti on.
After t ﬁ%d%%ub% %@@uagwlwiensﬁ CH@QO%@gw%%gwt@suPJeﬁyd t?gl?lalavwempcrature
pressin to j ' Ik g
e e L T
manner désgwmmisbed herein. Optionally, however, the "green" preforned

artdcle 82 be f her 0 dri,ed.by heating the prefo darticle
52 et or o sel FHG (Y EXFRCHAL A FEreCirer, Bt REReT mgBr CERs R
serve t gehl pMﬁd@fpfonBMfm#ef%ﬁlﬁé@n@rsuM@h@Hnﬂ? Scr6REW 04 e & refBYin BR powder
present in preformed article 82. Generally speaking, such heating

coul d bazessherifedlerein for the yariqup examplessddpieien thepayider ved dnfabrieate part 4 in
ou P el " ! L od
o UhcuuRlin e i ariéh b LRANE I (RYGH.ARRAOR &, B SR B B

82 may bhe tledagledtehmediture Biatin@issecidtedpith sep2@. THearied pawdaa DY ®aothersdaghed

1QQC to_about, 200C (.about 110C preferre for a tinme in a range of

aggut 8% ‘?frg‘éiegﬁ)o eHGhin t ﬁp?%‘?ﬁ?%_fsa"%ﬂﬁe‘%)rﬂﬁﬁ?’?nml%f erred).

Alternativel Morets?eciﬁémg%e@ﬁbbﬁhﬁt@%séaqafob@ﬁﬁ@lﬁ&%ﬂnémham a!rtriq[l% 82 in the
wei ght . e

di spl ays no addi tional "1 oss of _ . e next step in
pr ocessRuk 1 preedso was srecpedgilt Hgonfained pdrticlestsingller than apeutd 03 umyfise.1-€50 Tyler

t ar get i lL.aci n e preformed. article 82 in a.congai.ner
or ' for g Y R fRBedt o8 AR DR HOBRRG oot el ReBT Bl
See Fi gutmebeBal -3) Weichsoandde il atees N powidaand seeset kb edtoRen@inpartidle smaller
cqnt ai ner 8b4 conpr i gies a_general I% hol I ow, cylindrically-shaped
m(iﬁ‘per {;ﬂa% PEIG kB ol DleIgesk déiepefermed siet eristeiSa1(1.S neginugber 4) for
cyl i ndrihgRbh Y pRReR&hs HAL @B Wikl 1 Ch W31 scrgé}l%fé ?cf%te‘c@ Eont:Iiﬁ)FeiHiglés \Qﬂﬁlsige%

seal ed, for exanple, by welding a top or cap 8 reto, fn order t
creat e ia agegead abontbaipmeto @sut 388 enF(igy #0260 Tgapm8dh)may be provi ded

wth a fluid conduit or. 0,to.allow seal ed contai ner, 2588 t
be. ovacuat ed 16 Kavink piiidid R ek Ghnardit e By Sfbaf Ffedth ol artd
conpr i sfoif) éthesustablle @d/eOBdsaed Birti8i8 si)arpeMhE isd@uBiYol fdeAuiicdRpb AR Gfetal
of materials suitable for the intended application. However, care

sBBul d neavdey b eqnaaisingfeadstosk 24 mgy thea b thep cempasted a fam nisformpedayitles2. In
t hose }: | ] .

o CregeiEE: bRl RHE HNE G EARATMAAL treert atigle 4200
t ar get bédroducddisito cempristiarpntte targetl4idzthn grefiremed adicierf2nmdyydotdemisern generally

powders 12 descr.i bed herei.n as feedstock 24, the container terial

may corFﬁ’}I‘P%‘bCaﬁrY F‘&P%‘? beut, =5 ik et B hgurgﬁ%e%ﬂ%be%;sﬂ wazolidpigg n thp pranner

ei ther fesGed hérefiBthe BRaliengfahitd hrodwet k2 O%.,Eﬂ'é%lol\%ﬁlfaﬁteﬁ?fég&??a cfinder)
|

the form84 and cap 86 with a barrier material to inhibi usion

o5 i npurdstthensbercubimio andurmliyof iak-shaped saoti®s, or plines.i Theldiskisharicd sedtieys enskices

fabric L A US2009/ 043992 -21- from | ow caLb

steel - ks GRetehd MR RA e RomPar b st IR oh b st S 4P S en

shown) ,9, ahd houghteptatiesly, et @uisa) GetelattilehRavisother shapes oAl eBhifidud@ions, and

prefornmed netal article 82 has been sealed wthin the container 88,

it may WBERIrar ?@elblé*eaé@alééédﬂfwce%meqrﬂﬁ&et“ﬁ@ tpeisachinesisoddas heramiae

vacuum.piPsde Bk el peRonshaFROHRA Ry HBEin ALV 180 BB winh

any unwant ed noi sture or vol ati conpounds that nay cont al ne

w8 hi n thoteactiimesrpré@ded hereihal Causequentdy, 82e prebmat doetidnnsioultotby régarded as

heat ed ]Prxlljl{celdqg n{[e’pa ar%\r/: e(s: H%}illlgo the gr?ig&grsshgges?go%ﬁsghra{ignsz Qn% igt%g(?esdsulsgsgdescribed
herein.

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



-22- target 44 for the purposes of depositing a sodi um contai ning

mol ybdenum filmfor use in fabrication of photovoltaic cells, it wll
be prefer ) 91i/s544b) ect the seal ed container 88 to teppprdisESedaust
bel ow the nelting tenperature of the sodi um contai ni ng conmponent
(e.g., sodium nol ybdate) of the feedstideck nmaterial 24, while al so
usi ng higher isostatic pressures. For exanple, sputter targets 5 44
pr oduc egrocess aehareid alncieedstdch nﬁdmmaﬂ) Qéb CEigere @ ishlaved in( 4 cy&w.ndn@dlly&haped die (not

t enperature of ~ahout 1250C and a p sure of about 102 MPa)
found t BT ﬁl%aecmddparqa{ Dregiirs i %&Wawr oL PHBS dgock

Spot s OmaffiisCRl Ried ifHREIRE S agr?eaﬂ?%m%atss SE@ErdIR s E %?fg?cognpgx{ﬂﬁq pressures in

i nhonogenei ties 92 were present generall'y throdgho
mat er i ak rangepSabquedht MRa fabpyt S(shavdensawr squate indhe(tsiy) oabogeh £03 Mes (@2ut 80
conptain evat ed vel s of and, c or, e

ool e Bog RIS e tpe B B e P Riosk M e e
i nhormgpmﬁmhe@smmsalvﬂﬂobeamwo 4yifh¥eahy sutde@itht QXMRAR dndSpr&desdnd without

about 507 parts per mll|ion by weight é%@) carbon. This conpares with
oxygen gipipetign. ablepativelyy s, sqdivmimolidanwn comnositeympig! ppweold rrm?oe
ppmin r WA r

PO 1 SREERT 58t e PR U AR R BROAE e

el i m natpecifibgind Dabdr illng t he tenperature and increasing the isostatic

pressur

e. Significantly,

density of the resulting netal
the test data presented in Tabl es MgVl ,

~

a

nmet al

this can be done w t hout
article 42.

rticles 42 produced by the process of Run 2 are geperally on

reduci ng the

| ndeed, as evi denced by

the densities of the

par wt
articleg
sputter
exhi bi t

h, BRHdSONBt | GRS, Dleh@ht |
S produced|by the Run"1
t d¥upehes 44) prdélseed 20

any visuallly detectabl efd

Dr 0Cess.
)y tﬂkm9600e5<

WML

or RapLEntt han, the
The et al

i t he
Jepathisagsf the
b of (Rvrto Rudk of Mixtures)

i nhonogeneities, as
bquent analysis indicate

best s¢
that th
procesg
sodi um
descri
by3 | esq

en in Figurp 10

—al

icle sgutter |

ar 965551%4 pr

hanmnoaon

)duced by tgygggun 2

Wat B Tal

IILI(J.I 'y \JIICIII

d nol g8enum

e netal ara
oxygden,

Jal ] _y IIUIIUuCII

I n t3e7%parti g

cul ar exar’rmsa%rnbodl ment s

ed hereim,

The Sodr Um0
t har? about

13% $-Af ougho

(yge
it t hed- At er |

25 ana

Mot ybdenum tevets—vary
hl . The met@@0%irticle

sputt er
r espect

targets 44

to hardness

} are shfo sub

har dn

>tant %y phy

hSS VA hi Li

sically h%%qggneous W tH
kwel |

har dnes

s " A's scah

ot 1 o o

=) bepoSgener

wat-ol ot

aIIy §ﬁ§§ t ha

y (on the
" about 10%8296 Sodi ur

-

concent
gr eat ef

LIIC e Al ar t

qual t26@.5% b

ract it vllio UI

t hare or e

t
\JIC J'JUI.I.CI

y weiigy% as

IS)
Het er m ned 618}8%

i nducti
oxygen

vVelry-coupl

SO prasTE ems
| evel’s bei

g genef@l ly |

5T on specrros
bSS t 0abou

copy- 30 Ubg Wit
6% by weif§#* (as

det erm

i%ﬁendf

ned Qy | CP

bd t 0 pr adu

o <odt 3 cant

a?iur]t#“y%l yhd

for sputt argets
ppum fil nw 6?(%)

phot ov(¢

ppm e\
of the

caont
Dl tai @ cel | nanufgggure)
e f—wth—Soh

|r0@4ﬁ%els

l_anct
Oll.

are | ess t hgogbout 50

I ’) IZOA h\l Wed nhf Dllr 4=\

l o
sputi@r tar

TTCTIOT MUU

ds almsut?s 99. 9

MD 691%

2010/ 0¢
and sof

gets ﬁ@Sexcee
F8780PCT/ USP0097/ 043992 -2
i um lhs det

o= EXCI 0] ng
om1d| ar ge

@
Jases (C,— 0, N —and )

mass spectﬁ@éﬁbpy ( GDVB) .

METAL
sputt el

erm n2# by gl
\RTI EXAMPLES | ural
targets 4 56\5@

eq wﬁ% ftal

art i1 cl es 4%§gd%nu’ as

sodi unt nol m

CE4TPOSi

4) were produc
te ngfal pavvders5§72 desc
c 492 Wer-e

he 5
rlbeqﬁh@ ei n.
taan

DV‘ DI’\

Mor e spec%gugally net al

arti cl
mn Run 1!

Tnf‘lllf\ﬂf‘l II[‘I I"L“
TR B i = LAY )

anm4Rm12"Tm5$Mn1

pr ef or
i sost af

TEdTTetatl—=a

i c ptessurp of ab®ut 102

ticre 82 dirsposed—T1m a Sea

pr oc&S’% nvol

ved subjecﬁemga

PooTtooTo

nr ﬁf‘DCCDC DCI gn:\f Df‘l

MPa ¥&fout 7

UU contarnet OO to—an

5 tsi) and@98% enper at ur ¢

16 5.60

54.8%

68.8%




-24- to a isostatic pressure of about 102 MPa (i.e., 7.375 tsi) for a
time of about 8 hours and at a tenperature of about 1250C. The

resul ti ngwapsRaedses metal product (e.g., product 42) wasriBRgyckesed
into six disk-shaped articles, each of which was subsequently

machined to formthe final sputter taraget product 44. Di sk nunmber 1
was taken fromnear the top of the conpacted cylinder, 5 wth
subsequent dlmsia aitendats enBodimelesthe pdiforgnedicanicle B2 noagriedomed WByd ¢odd @bstatle

t at. h d K i.e.,s tt_rt 44) is picted in
i gur o Brestng roR S e e s ap Rl dewreds st 8 apvitemeloge form
target @ht BREWGn) £AMubRRieAYh REIRP iRISRAHE GRsiB 1@%9&Hrq9% \Aﬁi‘@sé Br tHGp 55:“&16

1 process contains a plurality of inhonogeneities 9 appear

dar k r epdwdssedecdsyerkgnatatiad 2¢ it bvmgbe efefirowd agticky &2. p@esmiulv s_g@kmgaisb?tatxc
h h ~reyeal e
that et ks ot et b I AL A eT HRaE A EV e BB B S cnt By

car bon. sdfﬂcxaﬂcﬂohip@monl aser abI ation ICP (inductively coupled plasm
em ssi on spectroscop he dark spots or inhonogeneities 92

i ndi cat ed | oW&#r tll?eﬂfé%gmeq ﬂlﬁﬂﬁé%b@be%@awﬁésé’wma@é‘rﬁiﬁ%@@%WQ%@@“MIG
cont ai nﬁgssﬁ ), 1nﬁa &?é@ wﬂﬁlﬁﬂﬁc% tam@f'ﬁ?@h&[[_&gii% @@%ct%d&n?orsﬁu ﬁI%ES%H?tlg ﬂ'le

I n Tables |V and re speci resents
den3| t i mguret dedveibed hérsm Wptinnally, bciwegneam ‘raegent pmlfméatml&ﬂzéma}(lgdﬁlﬁher

e S G S UPENE o el Gt S e R Gl
rreas ur e;sfoemﬁﬂpg‘en%a@ahm&hm%@blﬂh&br VRgilk Etﬂﬁpdﬁh&ﬂ 2 be pfe&nﬁﬁw&%&d

volume to arrive at the density. Apparent densit expressed as a

per cent#Hee §2. Csaeplbt SR%.Iflnﬁéh@h hepting eoudd bocqndaetedinedry Tagst @tmosph;r@(@ g,
pr esem@&ljﬁg%@ﬂg SalroKltgﬁkﬁeﬁyﬂgu%%{e‘étﬁgoﬁhﬁa b%%f)ﬁ‘cﬂ% ne,l, c%u& 3L 5%y

94, as e Roc
di st ancef e@hnplbpubnaﬁnlmdmammhepmfc(xmd atfticler82 tnfes be itgedia del zafmheémphi'ature

Enrl] g Lid Llf{l.lf(l a A;@g" ]JM Pl\agﬁl&%%ﬁ §&l (%o&g I IOZE _pAgfp %gg%gg aglenrlles 1Inta rangoe of gmt
8 hours to about 24 hours (about 16 hours preferred). Alternatively, the preformed article 82 can
be heated until it displays no additional loss of weight.

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 isostatic press (not shown). See Figure 8a. In the embodiment shown and described herein, the
container 84 comprises a generally hollow, cylindricaily-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
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contained within container 88 or metal article 82. The container 88 may be heated during the
evacuation process to assist in the degassing procedure. While the amount of vacuum and
temperature that may be applied during the degassing process is not particularly critical, by way of
example, in one embodiment, sealed container 88 may be evacuated to a pressure in a range of
about 1 millitorr to about 1,000 millitorr (about 750 millitorr preferred). It is generally preferred
that the temperature be below the oxidation temperature of molybdenum (e.g., about 395-400°C).
By way of example, in one embodiment, the temperature may be in a range of about 100°C to about
400°C (about 250°C preferred). The vacuum and temperature may be applied for a time period in
a range of about 1 hour to about 4 hours (about 2 hours preferred). Once the degassing process is
complete, the tube 90 may be crimped or otherwise sealed in order to prevent contaminants from
re-entering the sealed container 88.

The preformed metal article 82 provided within sealed container 88 may then be further
heated while also subjecting the sealed container 88 to isostatic pressure. Generally speaking, the
container 88 should be heated to a temperature that is less than the optimal sintering temperature
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 265 MPa (about
15 tsi) and that are applied for a time period within a range of about 4 hours to about 8 hours will
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
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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target 44 for the purposes of depositing a sodium-containing molybdenum film for use in fabrication
of photovoltaic cells, it will be preferable to subject the sealed container 88 to temperatures just
below the melting temperature of the sodium-containing component (e.g., sodium molybdate) of
the feedstock material 24, while also using higher isostatic pressures. For example, sputter targets
44 produced in accordance with the process of Run 1 (i.e., at a temperature of about 1250°C and
a pressure of about 102 MPa), were found to contain a plurality of inhomogeneities in the form of
dark spots or discolored regions 92, as best seen in Figure 9. The inhomogeneities 92 were present
generally throughout the bulk of the material. Subsequent analysis revealed that the
inhomogeneities 92 contained elevated levels of oxygen and carbon. For example, in the sample
material produced by the Run 1 process, the dark spots or inhomogeneities contained about 4.1%
by weight oxygen (as O,) and about 507 parts per million by weight (ppm) carbon. This compares
with oxygen levels of about 2.1% by weight and carbon levels of about 147 ppm in the non-spotted
areas 94.

Surprisingly, the dark spots or inhomogeneities 92 can be significantly reduced or entirely
eliminated by lowering the temperature and increasing the isostatic pressure. Significantly, this can
be done without reducing the density of the resulting metal article 42. Indeed, as evidenced by the
test data presented in Tables IV and VI, the densities of the metal articles 42 produced by the
process of Run 2 are generally on a par with, and sometimes slightly greater than, the densities of
the articles produced by the Run 1 process. Themetal articles 42 (e.g., sputter targets 44) produced
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,
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
(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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excluding gases (C, O, N, and H) and sodium, as determined by glow discharge mass spectroscopy

(GDMS).

METAL ARTICLE EXAMPLES

A plurality of metal articles 42 (e.g., as sputter targets 44) were produced with the
sodium/molybdenum composite metal powders 12 described herein. More specifically, metal
articles 42 were produced using two different processes, designated “Run 1” and “Run 2.” The Run
1 process involved subjecting a preformed metal article 82 disposed in a sealed container 88 to an
isostatic pressure of about 102 MPa (about 7.5 tsi) and a temperature of about 1250°C for a time
period of about 8 hours. The temperature of 1250°C is below the optimal sintering temperature of
the molybdenum powder component of the sodium/molybdenum composite metal powder 12.

The Run 2 process involved subjecting several preformed metal articles 82 (i.e., parts 1-4)
disposed in sealed containers 88 to an isostatic pressure of about 205 MPa (about 15 tsi) and a
temperature of about 660°C for a time period of about 4 hours. The temperature of 660°C is below
the melting point of the sodium-containing component (e.g., sodium molybdate) of the
sodium/molybdenum composite metal powder 12.

As mentioned above, the metal articles 42 (e.g., sputter targets 44) produced by the Run 1
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

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
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
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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of oxygen and carbon. In addition, laser ablation ICP (inductively coupled plasma emission
spectroscopy) of the dark spots or inhomogeneities 92 indicated lower levels of tungsten and
potassium compared to those contained in the lighter areas 94, Data from disks 1-6 are presented
in Tables IV and V.

15 More specifically, Table IV presents the densities of the disks in units of grams per cubic
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/ce) 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
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15 Run 2 Process:

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 pm (-150 Tyler mesh). The preformed metal article part number 4 was made with a dried
20 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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stainless steel. The sealed container containing part 2 was fabricated from low-carbon steel and
lined with molybdenum foil. The sealed containers containing parts 3 and 4 were fabricated from
low-carbon steel and were un-lined.

The various powders used to fabricate the preformed metal articles 82 (i.e., corresponding
to part numbers 1-4) were 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 preformed cylinders (e.g., preformed metal
articles 82) having the densities provided in Table IlI presented above. Specifically, cylinders 2,
5,9, and 13 identified in Table III were used in the Run 2 process.

Before being placed into the various containers 84 (e.g., fabricated from stainless steel or
low-carbon steel and lined orun-lined with molybdenum foil, as specified), the preformed cylinders
82 were heated to a temperature of about 110°C in a dry air atmosphere for a period of about 16
hours in order to remove residual amounts of moisture and/or volatile components that may have
been contained in the preformed cylinders 82. The dried cylinders 82 were then placed in their
respective containers and sealed in the manner described herein. The sealed containers 88 were
then degassed in the manner described herein by heating the sealed containers to a temperature of
about 400°C while subjecting them to a dynamic vacuum (about 750 millitorr). The degassed,
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
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
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.

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

10 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

VII 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 “0”

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

15 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

20 glow discharge mass spectroscopy (GDMS).
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TABLE VII
Part Disk/ Na 0, Fe W Si Cr Co Ni
No. | Position (wt.%) | (wt.%) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
1 T/0 3.4 479 25 190 5.3 22 5.8 8.8
T/C 3.37 4.95 38 200 59 38 3.8 8.3
M/C 3.0 5.01 21 200 6.8 38 1.6 6.0
2 T/0 3.1 5.13 33 210 6.5 27 6.3 7.8
T/C 3.16 4.83 26 240 8.2 39 8.9 7.7
M/C 3.13 4.86 29 190 3.7 35 1.7 6.3
4 T/0 3.46 5.76 24 170 12 34 23 8.2
T/C 3.6 524 28 240 9.5 21 5.5 6.3
M/C 3.51 5.5 27 160 94 22 1.9 8.8

Still other variations are possible for producing metal articles with the sodium/molybdenum
composite metal powders described herein. For example, in another embodiment, a closed die can
be filled with a supply of sodium/molybdenum composite metal powder. The powder may then be
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
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, itis 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:
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WHAT IS CLAIMED IS:
1. A method for producing a metal article, comprising:
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;
raising the temperature of the sealed container to a temperature that is
lower than an optimal sintering temperature of molybdenum; 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.

2, Themethod of claim 1, wherein raising the temperature of the sealed container
comprises raising the temperature of the sealed container to a temperature in a range of

about 660C to about 1250C.

3. Themethod of claim 1, wherein raising the temperature of the sealed container
comprises raising the temperature of the sealed container to a temperature of about

660C.

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

pressure comptises subjecting the scaled 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
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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.

8.  Themethod 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 to about 1,103 MPa to form the preformed article.

9. The method of claim 1, wherein said compacting comprises subjecting the
sodium/molybdenum composite metal powder to a cold isostatic pressure in a range of

about 138 MPa to about 414 MPa to form the preformed article.
10. The method of claim 1, further comprising degassing the preformed article
before said subjecting the sealed container to an isostatic pressure by evacuating the

sealed container while heating the sealed container.

11. The method of claim 10, wherein said degassing comprises evacuating the

sealed container to a pressure of about 750 millitorr.

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

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 100C to about 400C.

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

container to a temperature of about 250C for a time of about 2 hours.

15. The method of claim 1, wherein said subjecting the sealed container to an
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