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METHODS AND APPARATUS FOR SPRAY
FORMING, ATOMIZATION AND HEAT
TRANSFER

RELATED APPLICATIONS

This application claims priority to and is a divisional
application of U.S. patent application Ser. No. 09/882,248,
filed Jun. 18, 2001, now U.S. Pat. No. 6,772,961 which
claims priority to U.S. Provisional Application No. 60/212,
122, filed Jun. 16, 2000, which are incorporated herein by
reference.

FIELD OF THE INVENTION

The present invention is directed to methods and appa-
ratus that use electrostatic and/or electromagnetic fields to
enhance the process of spray forming preforms or powders.
The present invention also describes methods and apparatus
for heat transfer using non-equilibrium plasmas and for
atomization.

BACKGROUND OF THE INVENTION

Spray forming is a process by which a stream of molten
metal is atomized by a gas stream impinging upon it. The
resulting atomized droplets are then directed to a target by
the gas stream, or the resulting atomized droplets are cooled
to form a powder. Producing powders by typical prior spray
forming methods results in a yield loss of 10-15%, and much
of the loss is associated with powder being trapped in
various areas of the apparatus rather than being delivered to
the collection vessel during the process. In producing solid
workpieces, known as preforms, typical prior spray forming
methods result in a yield loss of 25-40%, and a significant
portion of the loss is usually caused by over-spray and
particles bouncing off the surface due to their angular impact
relative to the normal of the preform surface. Various
methods have been described to recover and reuse overspray
powder, such as, for example, U.S. Pat. No. 5,649,993, but
these are not wholly satisfactory.

Because many powders and preforms are susceptible to
damage to their chemical structure by air and oxygen, they
are often produced in a shield gas environment of nitrogen
or argon. The flow of shield gas, however, must be turned off
to allow workers to enter the chamber for cleanup,
changeover and maintenance. Thus, any powder or preform
remaining in the chamber becomes contaminated and unus-
able when air and oxygen enter the spray forming apparatus
after the flow of shield gas is turned off.

Previously, gas streams or jets have been used to direct the
path of the particles involved in the spray forming process.
The gas streams typically consist of argon or nitrogen as the
means of directing the particles, and heat is removed from
the workpiece through conduction or convection.

Current processes for making powder metal products,
particularly in materials used for critical aerospace applica-
tions, use a conventional gas atomizing process. In this
process, high-pressure gas is directed at a molten metal
stream to break it into smaller droplets. The droplets solidity
as powder. For critical applications, the resultant powder is
then blended with batches of powder from other small melts.
The blend is screened to a small mesh size (325 mesh),
canned and consolidated by extrusion into product suitable
for manufacture into an aircraft component. This method of
manufacture is not efficient because several small melts are
required for blending, melts are made in conventional
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ceramic lined furnaces and hence result in oxide contami-
nation, several powder handling operations offer opportunity
for contamination, and many steps in the process make the
production operation costly.

Heat transfer using non-equilibrium plasmas has hereto-
fore been poorly understood and often incorrectly or inef-
ficiently applied. There is a need in the art for methods and
apparatus that improve the yield and quality of powders and
preforms produced by spray forming. The present invention
is directed to these, as well as other, important ends.

SUMMARY OF THE INVENTION

The present invention overcomes the limitations of the
conventional powder process by permitting a significantly
larger melt to be manufactured to powder, thereby eliminat-
ing the blending steps. They also are melted and atomized in
a ceramicless system, thereby minimizing the contamination
from the furnace linings. They are atomized in vacuum,
thereby eliminating the need for screening and handling.
They can either be containerized and sealed in a vacuum or
rapidly solidified to form a solid preform in vacuum, thereby
eliminating sources of handling and hence possible contami-
nation. Finally, the present invention will have considerably
fewer handling steps than conventional powder making, and
thus will be more cost effective.

In one embodiment, the present invention describes appa-
ratus comprising dispensing means, collecting means, and
means for directing molten particles from the dispensing
means to the collecting means comprising an electrostatic
field and/or an electromagnetic field. Optionally, the appa-
ratus may further comprise atomization apparatus and/or
non-equilibrium heat transfer apparatus.

In another embodiment, the present invention describes
spray forming methods comprising directing molten par-
ticles from dispensing means to collecting means by pro-
ducing an electrostatic field and/or electromagnetic field
between the dispensing means and the collecting means.
Optionally, the apparatus may further comprise atomization
apparatus and/or non-equilibrium heat transfer apparatus.

In another embodiment, the present invention is directed
to apparatus comprising a melt chamber that comprises at
least one orifice; a means for expelling a molten material
through the at least one orifice in the melt chamber; and a
means for applying a rapid electrostatic charge to the molten
material. Preferably, the means for forcing the molten mate-
rial through the at least one orifice in the melt chamber is a
mechanical or electromechanical actuator or a pressure
means. In a preferred embodiment, the apparatus further
comprises a means for cooling the molten particle. Prefer-
ably, the means for cooling the molten particle comprises a
means for generating a non-equilibrium plasma.

In another embodiment, the present invention describes
methods for forming particles comprising producing a first
molten particle; and applying a rapid electrostatic charge to
the first molten particle, wherein the rapid electrostatic
charge causes the first molten particle to form at least one
smaller second particle. Preferably, the first molten particle
is expelled through at least one orifice in the melt chamber
via mechanical means or by a pressure means. In a preferred
embodiment, the at least one smaller second molten particle
is cooled, preferably by a non-equilibrium plasma.

In another embodiment, the present invention is directed
to apparatus for transferring heat between a heat-transfer
device and a workpiece comprising the heat-transfer device,
wherein the heat-transfer device is electrically charged or
held at a potential; the workpiece, wherein the workpiece is
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mechanically separate from the heat-transfer device; and
means for transferring heat between the workpiece and the
heat-transfer device comprising a means for generating a
non-equilibrium plasma. The heat-transfer device can be
either a heat sink or a heat source.

In yet another embodiment, the present invention is
directed to methods of transferring heat between a heat-
transfer device and a workpiece comprising producing a
non-equilibrium plasma capable of transferring heat
between the heat-transfer device and the workpiece, wherein
the heat-transfer device is electrically charged or held at a
potential, and wherein the heat-transfer device is mechani-
cally separate from the workpiece. The heat-transfer device
can be either a heat sink or a heat source.

Accordingly, in various embodiments, non-equilibrium
plasmas are advantageously employed to effect optimal heat
transfer, and the non-equilibrium plasma must act with a
heat sink/source that has a thermal conductivity capable of
removing the desired quantity of heat. While two or more
electrodes have been used in the past to produce a plasma in
a region of high heat, such as a weld zone, so that the plasma
would serve to conduct heat outward from the weld zone,
thereby increasing the surface area for heat, embodiments of
the present invention are directed to the discovery that a
non-equilibrium plasma may be used to introduce heat into
a workpiece as well as from a workpiece. It has further been
surprisingly discovered that under the correct conditions a
non-equilibrium plasma can be used to efficiently transfer
heat in a vacuum.

The novel methods of the present invention are particu-
larly useful in preparing any metal article, such as articles
for gas turbine engines, including, for example, airfoils,
blades, discs and blisks.

Accordingly, in one aspect, there is provided according to
the present invention an apparatus comprising: a dispensing
means; a collecting means; and a means for directing a
molten particle from the dispensing means to the collecting
means comprising at least one of an electrostatic field or an
electromagnetic field. In another aspect is provided the
apparatus described above, wherein the means for directing
the molten particles from the dispensing means to the
collecting means comprises an electrostatic field or an
electromagnetic field. The apparatus may further comprise
at least one magnetic coil, and may also further comprise a
means for charging the molten particles. In one embodiment,
the means for charging the molten particles may comprise a
thermionic emission source or a tribocharging device. The
dispensing means of the apparatus may be a gas atomizer,
and may further comprise a means for transferring heat from
the molten particles. The means for transferring heat from
the molten particles may comprise gas conduction and/or
convection and/or a non-equilibrium plasma.

In another aspect, there is provided according to the
present invention an apparatus comprising: a dispensing
means; a collecting means; and a means for directing a
molten particle from the dispensing means to the collecting
means comprising at least one of an electrostatic field or an
electromagnetic field, and further comprising a means for
transferring heat from the collecting means. The means for
transferring heat from the collecting means may comprise a
means for generating a non-equilibrium plasma. In a par-
ticular aspect, the means for transferring heat from the
molten particles comprises a first heat sink, wherein the first
heat sink is electrically charged or held at a potential; and a
means for transferring heat from the molten particles to the
first heat sink comprising a means for generating a non-
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equilibrium plasma. The non-equilibrium plasma may be a
glow discharge or a cold corona discharge.

In another aspect, there is provided according to the
present invention an apparatus comprising: a dispensing
means; a collecting means; and a means for directing a
molten particle from the dispensing means to the collecting
means comprising at least one of an electrostatic field or an
electromagnetic field, and further comprising a means for
expelling the molten particle through at least one orifice in
the dispensing means; and a means for applying a rapid
electrostatic charge to the molten material. The means for
expelling the molten particle through the at least one orifice
may comprise a mechanical or electromechanical actuator.
In one aspect, the means for expelling the molten particle
through the at least one orifice may be a pressure means that
produces a pressure in the dispensing means that is greater
than the pressure on the outside of the dispensing means.
The pressure means may cause interrupted flow of the
molten particle from the dispensing means. The rapid elec-
trostatic charge may be an arc discharge or an electron beam.

In another aspect, the present invention provides for a
spray forming method comprising directing molten particles
from a dispensing means to a collecting means by producing
at least one of an electrostatic field or an electromagnetic
field between the dispensing means and the collecting
means. The electromagnetic field may be produced by, for
example, means comprising at least one magnetic coil. The
method according to this aspect of the invention may further
comprise charging the molten particles. Charging the molten
particles may be accomplished, for example, using a ther-
mionic emission source or a tribocharging device. In one
aspect, the dispensing means may be a gas atomizer. Accord-
ing to this aspect of the invention, the method may further
comprise transferring heat from the molten particle. Trans-
ferring heat from the molten particles may be accomplished,
for example, by gas conduction and/or convection and/or
non-equilibrium plasma. In another aspect, the method of
the invention further comprises producing a second electro-
magnetic field. According to the invention, the method may
further comprise transferring heat from the collecting
means, which may be by a non-equilibrium plasma.

In another aspect, the present invention provides for a
spray forming method comprising directing molten particles
from a dispensing means to a collecting means by producing
at least one of an electrostatic field or an electromagnetic
field between the dispensing means and the collecting
means, further comprising applying a rapid electrostatic
charge to the molten particle, wherein the rapid electrostatic
charge causes the molten particle to form at least one smaller
molten particle. In a particular aspect, the rapid electrostatic
charge may be an arc discharge or an electron beam. In
another aspect, the method of the invention may further
comprise transferring heat from the molten particle com-
prising producing a non-equilibrium plasma that transfers
heat from the molten particle to a first heat sink, wherein the
first heat sink is electrically charged or held at a potential.
The non-equilibrium plasma may be a glow discharge or a
cold corona discharge.

In another aspect, the invention is directed to an apparatus
comprising a melt chamber comprising at least one orifice;
a means for forcing a molten material through the at least
one orifice in the melt chamber; and a means for applying a
rapid electrostatic charge to the molten material. The rapid
electrostatic charge may be an arc discharge or en electron
beam. The apparatus of the invention may further comprise
a means for cooling the molten material. In a particular
aspect, the means for cooling the molten material may
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comprise a first heat sink, wherein the first heat sink is
electrically charged or held at a potential; and a means for
transferring heat from the molten material to the first heat
sink comprising a means for generating a non-equilibrium
plasma. The non-equilibrium plasma may be a glow dis-
charge or a cold corona discharge.

In another aspect, there is provided a method for atom-
izing a particle comprising producing a first molten particle;
applying a rapid electrostatic charge to the first molten
particle, wherein the rapid electrostatic charge causes the
first molten particle to form at least one smaller second
molten particle. According to the method of the invention,
the first molten particle may be produced by melting a
material in a melt chamber, and expelling the first molten
particle through at least one orifice in the melt chamber. The
rapid electrostatic charge may be an arc discharge or en
electron beam. The method of the invention may further
comprise cooling the second molten particle by producing a
non-equilibrium plasma that transfers heat from the second
molten particle to a first heat sink, wherein the first heat sink
is electrically charged or held at a potential. The non-
equilibrium plasma may be a glow discharge or a cold
corona discharge.

In another aspect, the invention provides for an apparatus
for transferring heat between a first heat-transfer device and
a workpiece comprising a first heat-transfer device, wherein
the first heat-transfer device is electrically charged or held at
a potential, and wherein the first heat-transfer device is a
heat sink or a heat source; a workpiece, wherein the work-
piece is mechanically separate from the first heat-transfer
device; and means for transferring heat between the work-
piece and the first heat-transfer device comprising a means
for generating a non-equilibrium plasma. The non-equilib-
rium plasma may be a glow discharge or a cold corona
discharge. The apparatus of the invention may further com-
prise an external means for generating or maintaining the
non-equilibrium plasma. The external means for generating
or maintaining the non-equilibrium plasma may be a ther-
mionic emission, an RF electromagnetic radiation, an elec-
tromagnetic radiation, a magnetic field or an electron beam.
The first heat-transfer device of the apparatus of the inven-
tion may comprise a plurality of heat-transfer devices. In a
particular aspect, the apparatus of the invention may further
comprise a second heat-transfer device that may be
mechanically and electrically separate from the first heat-
transfer device, wherein the second heat-transfer device is a
heat sink or a heat source, and wherein the potential between
the first heat-transfer device and the second heat-transfer
device produces a non-equilibrium plasma.

In another aspect is provided a method for transferring
heat between a first heat-transfer device and a workpiece
comprising producing a non-equilibrium plasma that trans-
fers heat between the first heat-transfer device and the
workpiece, wherein the first heat-transfer device is electri-
cally charged or held at a potential, wherein the first heat-
transfer device is mechanically separate from the workpiece,
and wherein the first heat-transfer device is a heat sink or a
heat source. The non-equilibrium plasma may be a glow
discharge or a cold corona discharge. The method may
further comprise generating or maintaining the non-equilib-
rium plasma via an external means. In an aspect, the external
means for generating or maintaining the non-equilibrium
plasma comprises a thermionic emission, an RF electromag-
netic radiation, an electromagnetic radiation, a magnetic
field or an electron beam.

In another aspect, the invention provides for a preform
produced by the methods of the invention. The preform of
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the invention may be a near net preform. There is also
provided an article of manufacture produced by the method
of the invention.

These and other aspects of the present invention will
become more apparent from the following detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view of an apparatus of the present invention
wherein an electrostatic field directs and accelerates molten
particles to a preform.

FIG. 2 is a view of an apparatus of the present invention
wherein an electrostatic field directs and accelerates par-
ticles to produce a near net shape preform, and a non-
equilibrium plasma controls the temperature of the molten
particles.

FIG. 3 is a view of an apparatus of the present invention
wherein an electromagnetic field directs and accelerates
molten particles to a preform, a first non-equilibrium plasma
controls the temperature of the molten particles, and a
second non-equilibrium plasma controls the temperature of
the preform.

FIG. 4 is a view of an apparatus of the present invention
wherein an electromagnetic field directs and accelerates
molten particles to control particle collisions and resultant
particle growth, and a non-equilibrium plasma cools the
molten particles to form a powder.

FIG. 5 is a graph showing deflection versus applied
voltage for a molten tin particle, as described in Example 2.

FIG. 6 is a view of a non-equilibrium plasma heat transfer
apparatus wherein the heat-transfer device and the electrode
producing the non-equilibrium plasma are a single element
and a dielectric fluid is used to transfer heat from the
heat-transfer device to a large thermal mass.

FIG. 7 is a view of a non-equilibrium plasma heat transfer
apparatus wherein the heat-transfer device and the electrode
producing the non-equilibrium plasma are a single element
and the heat-transfer device is coupled to a large thermal
mass via a heat pipe.

FIG. 8 is a view of a non-equilibrium plasma heat transfer
apparatus that can be used to cool powders or small work-
pieces (e.g., molten particles or preforms) in a vacuum.

FIG. 9 is a view of a non-equilibrium plasma heat transfer
apparatus wherein the heat-transfer device and the electrode
producing the non-equilibrium plasma are separate ele-
ments.

FIG. 10 is a view of an apparatus wherein a vacuum and
pressure chamber serves as the dispensing means (e.g., melt
chamber) for a molten material, pulsed pressure in the head
space above the molten material produces molten particles
through a plurality of nozzles at the base of the dispensing
means, and rapid electrostatic charging is applied as the
molten particles exit the nozzles to produce smaller molten
particles.

FIG. 11 is a view of an apparatus wherein a flow control
rod in a dispensing means (e.g., melt chamber) is manipu-
lated to produce molten particles, and rapid electrostatic
charging is applied as the molten particles exit the nozzle to
produce smaller molten particles.

FIG. 12 is a view of multiple electrostatically induced
atomizations wherein a droplet is atomized to form a plu-
rality of smaller droplets which are further atomized to form
a plurality of still smaller droplets. FIG. 14 is a photograph
of the droplets shown in FIG. 12.
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FIG. 13 is a graph showing how primary atomized drop-
lets are not sensitive to high voltage levels or electrode gaps
once a critical value is reached for a particular geometry.

FIG. 14 is a photograph showing primary, secondary and
tertiary droplets produced from the experiment in Example
5. FIG. 14 is a photograph of the droplets schematically
drawn in FIG. 12.

FIG. 15 shows an apparatus used for liquid metal flow
against the direction of gravity.

FIG. 15A is a schematic illustration of FIG. 15.

FIGS. 16 and 17 show drops and droplets collected from
an exemplary series of experiments described in Example 4.
For each figure, the larger drops (upper portion of the figure)
are those collected during the control experiments, and the
smaller droplets (lower portion of the figure) are those
collected during experiments using an electrostatic field
according to the invention.

FIGS. 18-25 show various views of a section of CPVC
pipe, placed in the assembly of the apparatus of the inven-
tion in such a way as to surround the extractor ring and its
supporting arm, permitting substantially higher potential
differences between nozzle and extractor before arcing and
voltage breakdown. FIGS. 18, 19 and 20 show consecutive
frames of the atomization of liquid metal against gravity
without any applied mechanical force other than that due to
the head of liquid in the reservoir. FIG. 18A is a schematic
illustration of FIG. 18.

FIG. 26 shows twin electrode melting as the source for the
molten metal for electrostatic atomizing.

FIG. 27 shows electron beam melting as the source for the
molten metal for electrostatic atomizing in vacuum.

FIG. 28 shows clectron beam cold hearth melting as the
source for molten metal for electrostatic atomizing in
vacuum.

FIG. 29 shows ESR/CIG melting as the source for the
molten metal for electrostatic atomizing in vacuum.

FIG. 30 shows the atomized powder being collected in the
bottom of the atomizing chamber.

FIG. 31 shows electrostatically atomized powder being
collected as a solid preform after the powder is cooled via a
non-equilibrium plasma.

FIG. 32 shows electrostatically atomized powder being
collected in a can, where the can is transferred into a smaller
chamber without breaking the vacuum. In the smaller cham-
ber, the lid may welded to the can prior to hot working to a
final product.

FIG. 33 shows the production of a solid ingot in a mold
from a powder produced by electrostatic atomization.

FIG. 34 shows three stages of electrostatic atomizing
using plasma and one stage of electrostatic steering of the
atomized powder.

FIG. 35 is a schematic diagram of the experimental set-up
described in Example 5 for heat transfer using non-equilib-
rium plasmas.

FIG. 36 is an enlarged schematic diagram showing the
dimensions of Blocks A and B described in FIG. 35.

FIG. 37 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
in atmospheric pressure, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 51 keV, and Block A was in —ve potential.

FIG. 38 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
at a pressure of 10~" Torr, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.7 keV with a current maintained at 20
mA, and Block A was in —ve potential.
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FIG. 39 is a graph showing the temperature decay in air
from Block A with the non-equilibrium plasma (changing
polarity of Block A) and without the non-equilibrium plasma
at a pressure of 107" Torr, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.6 and 0.8 keV with a current maintained
at 20 mA.

FIG. 40 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
at a pressure of 107" Torr, where the gap between the blocks
was 4 inches, and the voltage applied for the non-equilib-
rium plasmas was about 0.7 keV with a current maintained
at 20 mA, where Block A was at a —ve potential.

FIG. 41 is a graph showing the temperature decay in argon
from Block A with and without the non-equilibrium plasma
at a pressure of 10~! Torr, where the gap between the blocks
was 4 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.6 to 0.9 keV with a current maintained
at 20 mA.

FIG. 42 is a graph showing the temperature decay in
helium from Block A with and without the non-equilibrium
plasma at a pressure of 10~ Torr, where the gap between the
blocks was 4 inches, and the voltage applied for the non-
equilibrium plasmas was 0.6 to 0.7 keV with a current
maintained at 20 mA, where Block A was at a —ve potential.

FIG. 43 is a graph showing the temperature decay in air
from Block A at various current with the non-equilibrium
plasma at a pressure of 10" Torr, where the gap between the
blocks was 4 inches, and the voltage applied for the non-
equilibrium plasmas was 0.5 to 1 keV with a current at 10
mA, 15 mA or 20 mA, where Block A was at a —ve potential.

FIG. 44 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
at a pressure of 1072 Torr, where the gap between the blocks
was 4 inches, and the voltage applied for the non-equilib-
rium plasmas was 1.2 to 1.6 keV with a current at 20 mA,
where Block A was at a —ve potential.

FIGS. 45A-B are graphs showing the argon control and
plasma experimental data and numerical simulation results
(p~1E~-1 Torr) for the modeling of the experimental data set
presented in FIG. 39. Control and non-equilibrium plasma
curves are separated into two graphs to make the curve fit
presentation clearer. FIG. 45A shows argon without plasma
and shows the experimental and model results. FIG. 45B
shows argon in the presence of a non-equilibrium plasma
and shows the experimental and model results. The y factor
necessary to relate the two model curves is y=10.5.

FIGS. 46A-B are schematic drawings of nozzle and
extractor ring by a side view (FIG. 46A) and a view looking
up through the extractor ring toward the nozzle (FIG. 46B).

FIG. 47 shows the profiles of electric field pendent drops,
where the electric field increases from left to right.

FIG. 48 is a graph wherein the line with squares shows the
limiting charge according to the Rayleigh Criterion, and the
line with circles shows the calculated charge applied to a
primary drop using measured voltage and the geometry of
the drop. Though the graph shows that the primary drop
should have been atomized into 4 to 6 times, some charge
may have escaped to the environment or with the secondary
droplets.

FIG. 49 is a schematic diagram of the experimental set-up
described in Example 6 for heat transfer using non-equilib-
rium plasmas.

FIG. 50 is an enlarged schematic diagram showing the
dimensions of Blocks A and B described in FIG. 49.

FIG. 51 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
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in atmospheric pressure, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 51 keV, and Block A was in —ve potential.

FIG. 52 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
at a pressure of 10~" Torr, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.7 keV with a current maintained at 20
mA, and Block A was in —ve potential.

FIG. 53 is a graph showing the temperature decay in air
from Block A with the non-equilibrium plasma (changing
polarity of Block A) and without the non-equilibrium plasma
at a pressure of 10~" Torr, where the gap between the blocks
was 1.5 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.6 and 0.8 keV with a current maintained
at 20 mA.

FIG. 54 is a graph showing the temperature decay in air
from Block A with and without the non-equilibrium plasma
at a pressure of 107! Torr, where the gap between the blocks
was 4 inches, and the voltage applied for the non-equilib-
rium plasmas was about 0.7 keV with a current maintained
at 20 mA, where Block A was at a —ve potential.

FIG. 55 is a graph showing the temperature decay in argon
from Block A with and without the non-equilibrium plasma
at a pressure of 10~" Torr, where the gap between the blocks
was 4 inches, and the voltage applied for the non-equilib-
rium plasmas was 0.6 to 0.9 keV with a current maintained
at 20 mA.

FIG. 56 is a graph showing the temperature decay in
helium from Block A with and without the non-equilibrium
plasma at a pressure of 107" Torr, where the gap between the
blocks was 4 inches, and the voltage applied for the non-
equilibrium plasmas was 0.6 to 0.7 keV with a current
maintained at 20 mA, where Block A was at a —ve potential.

FIG. 57 is a graph showing the temperature decay in air
block-A in plasma and without plasma at pressure 1072 Torr,
gap between blocks was 4", and the voltage applied for
plasma: 1:2 to 1.5 kev, current 20 mA.

FIG. 58 is a graph showing the results for the modeling of
the experimental data set presented in FIG. 53 relating to
argon and without plasma.

FIG. 59 is a graph showing the results for the modeling of
the experimental data set presented in FIG. 53 relating to
argon and with plasma.

FIG. 60 is a graph showing the comparison of with/
without plasma for (Gamma)=10 in Example 7.

FIG. 61 is a graph showing how primary atomized drop-
lets are not sensitive to high voltage levels or electrode gaps
once a critical value is reached for a particular geometry.

FIG. 62 is a photograph showing primary, secondary and
tertiary droplets produced from the experiment in Example
8.

FIGS. 63-64 are tables illustrating two sets of experimen-
tal data for liquid wood’s metal atomization.

FIGS. 65-70 and FIGS. 74-76 are pictures illustrating a
piece of CPVD pipe placed in such a way as to surround the
extractor ring and its supporting arm.

FIGS. 71-72 are pictures illustrating drops and droplets
collected in example 8.

FIG. 73 and FIGS. 77-79 are pictures illustrating an
apparatus used for example 8.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides methods and apparatus for
enhancing spray forming for the production of solid work-
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pieces, known as preforms, and for powders. It has surpris-
ingly been found that the amount or yield of powder
collected during spray forming can be controlled to an
unexpectedly high degree by using an electrostatic and/or
electromagnetic field to direct the trajectory of particles in
the spray forming process. Additionally, the speed and/or
direction of the particles can be controlled to produce a solid
workpiece using an electrostatic and/or electromagnetic
field. Using an electrostatic and/or electromagnetic field, the
particles can be directed to various areas of the preform at
various times during the spray forming process to produce
shapes. Using an electrostatic and/or electromagnetic field,
particle size and trajectory can be controlled to avoid
particle collisions, and the resulting growth in particle size
that occurs when particles collide, or to cause particle
collisions if larger particle size is desired for any purpose.
Using an electrostatic and/or electromagnetic field, the par-
ticles can be directed to areas where heat can be added or
removed from the particles to control the macrostructure of
the preform or powder being produced. The shape of the
electrostatic and/or electromagnetic field can also be
manipulated to produce near net shapes by directing where
particles build up to form the preform at various times
during the process. Spray forming using an electrostatic field
and/or an electromagnetic field can enhance the yield of the
process as well as improve (and control) the density of the
resulting preform.

The present invention describes methods and apparatus
using electrostatic fields and/or electromagnetic fields for
selectively controlling the yield, quality or density of solid
workpieces (preforms) and powders produced by spray
forming. Surprisingly, the methods and apparatus of the
present invention have been unexpectedly found to provide
enhanced yields of 95-99%, and unexpectedly provide
workpieces that have a density that is 11-14% greater than
the density of conventionally-formed workpieces.

Preferably, the methods and apparatus of the present
invention comprise a source of molten particles; a means for
collecting the molten particles; and a means for directing the
molten particles from the source of molten particles to the
means for collecting the molten particles.

The molten particles can be metallic or non-metallic. The
term “metallic” includes metals and alloys, including, for
example, iron, cobalt, nickel, aluminum, hafnium, zinc,
titanium, niobium, zirconium, tin, copper, tungsten, molyb-
denum, tantalum, magnesium, stainless steels, bronze, brass,
lithium alloys and nickel/cobalt based superalloys.

The source of molten particles may also be referred to
herein as a “dispensing means.” The dispensing means can
be any known in the art including, for example, a container,
an atomizer, a grinder, or other means of producing and/or
dispensing the molten particles. The dispensing means is
generally electrically insulated. Preferably, the dispensing
means is a gas atomizing means. Any gas atomizing means
known in the art may be used as the dispensing means in the
present invention.

The acceleration, speed and/or direction of the molten
particles can be manipulated and controlled by an electro-
static field and/or an electromagnetic field. The term “elec-
trostatic field” can refer to a single electrostatic field or a
plurality of electrostatic fields. The term “electromagnetic
field” can refer to a single electromagnetic field or a plurality
of electromagnetic fields.

The means for collecting the molten particles may be
referred to herein as a “collecting means.” Generally, the
collecting means is electrically insulated. For spray forming
powders, the collecting means can be a hopper or other
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container. The container may comprise a lid and a mecha-
nism for closing the lid. The collecting means may have a
geometric shape, including, for example, a near net shape.
Preferably, the distance between the dispensing means and
the collecting means is from about 10 cm to about 250 cm,
more preferably, from about 20 cm to about 100 cm, and
even more preferably, from about 25 cm to about 75 cm.

The invention may further comprise means for charging
the molten particles before and/or after they leave the
dispensing means. The means for charging the molten
particles may comprise, for example, a thermionic emission
source, a tribocharging device, or the like.

In one embodiment, an electrostatic field is produced
between the dispensing means and the collecting means by
connecting the collecting means to the positive or negative
polarity of a high voltage DC power supply and by ground-
ing the dispensing means. Preferably a positive polarity is
used. Generally, the high voltage DC power supply is
between about 4 kV and about 250 kV; more preferably,
between about 8 kV and about 125 kV; and even more
preferably between about 12 kV and about 100 kV. The
molten particles may be induction charged by the electric
field. The induction charge causes the molten particles to
move along the electrostatic field lines, thereby controlling
the speed and direction of the molten particles and directing
the molten particles from the dispensing means to the
collecting means.

In another embodiment, an electrostatic field is produced
between the dispensing means and the collecting means by
connecting the dispensing means to the positive or negative
polarity of a high voltage DC power supply and by ground-
ing the collecting means. Preferably, a positive polarity is
used. By connecting the dispensing means to the positive or
negative polarity of a high voltage DC power supply, the
molten particles become electrically charged. The electro-
static field causes the electrically charged molten particles to
move along the electrostatic field lines, thereby controlling
the speed and direction of the molten particles and directing
the molten particles from the dispensing means to the
collecting means.

The apparatus can further comprise a high voltage DC
power supply and one or more electrodes that are placed
between the dispensing means and the collecting means to
shape the electrostatic field between the dispensing means
and the collecting means. The electrostatic field then directs
the molten particles to the collecting means.

The apparatus can also comprise a plurality of high
voltage DC power supplies each attached to one or more
electrodes that are placed between the dispensing means and
the collecting means that change the shape of the electro-
static field between the dispensing means and the collecting
means in a time dependant manner to direct the molten
particles to specific areas or points on the collecting means.
This embodiment can produce near net shapes.

In another embodiment, an electromagnetic field is pro-
duced between the dispensing means and the collecting
means by placing a magnetic coil between the dispensing
means and the collecting means. The magnetic coil is
connected to a power supply. The molten particles leaving
the dispensing means are directed by the electromagnetic
field to the collecting means. Preferably, the magnetic coil is
capable of moving so that it can direct the molten particles
to specific areas or points on the collecting means. The
molten particles can be directed to produce, for example,
near net shapes.

In another embodiment, a plurality of magnetic coils can
be placed between the dispensing means and the collecting
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means. The electromagnetic fields that are produced by the
plurality of magnetic coils, which are singly or multiply
energized to different magnetic field intensities, direct the
molten particles to specific areas or points on the collecting
means. The molten particles can be directed to produce, for
example, near net shapes.

The embodiments of the invention presented in the fol-
lowing figures are for purposes of illustration only, and are
not intended to limit the scope of the invention or the
appended claims.

In FIG. 1, a dispensing means 201 produces molten
particles 202, and an electrostatic field 203 is produced
between the dispensing means 201 and the collecting means
204. The electrostatic field 203 charges the molten particles
202, which then causes the molten particles 202 to accelerate
toward the collecting means 204. The acceleration causes
the solid workpiece (preform) 205 to build up on the
collecting means 204 with a minimum of over-spray and
bounce-off, thereby enhancing the yield of the process. The
process can also enhance the density of the resulting solid
workpiece (preform) 205. As shown in FIG. 1, the electric
field is preferably intensified in the area where the molten
particles 202 leave the dispensing means 201. The inventors
have unexpectedly discovered that the electrostatic field is
most intense and compressed at the point just after the
molten droplet leaves the nozzle. Surprisingly, pulling a
droplet apart works for water, but does not work for liquid
metal. To atomize a liquid metal, the inventors have discov-
ered compressing the liquid or molten metal droplets.

In FIG. 2, a dispensing means 201 produces charged
molten particles 202, and an electrostatic field 203 is pro-
duced between the dispensing means 201 and the shaped
collecting means 206 to accelerate the charged molten
particles 202 toward the shaped collecting means 206. The
acceleration and directional control of the charged molten
particles 202 enhances the density of the solid workpiece,
and produces a near net shape solid workpiece 207. Option-
ally, a non-equilibrium plasma 24 is created in the path of the
molten particles 202 between two heat sink electrodes 209
which are connected to an outside thermal mass 210 by a
dielectric liquid which flows through pipes 211 by the
motive force provided by pumps 212. The arrangement
between the heat sink electrodes 209 and the outside thermal
mass 210 allows heat to be removed from the molten
particles 202. The non-equilibrium plasma 24 between the
heat sinks 209 is produced, for example, by means of an AC
glow discharge or a corona discharge. The non-equilibrium
plasma 24 transfers heat from the molten particles 202 to the
two heat sink electrodes 209 which transfer the heat to the
outside thermal mass 210.

In FIG. 3, a dispensing means 201 produces charged
molten particles 202, and an electromagnetic field 213 is
produced by a magnetic coil 214 which directs the molten
particles 202 towards the collecting means 204. This direc-
tional control of the molten particles 202 can reduce over-
spray, thereby enhancing the yield of the spray forming
process. The invention can also enhance the density of the
solid workpiece 205. Optionally, a non-equilibrium plasma
24 is created in the path of the molten particles 202 between
two heat sink electrodes 209 which are connected to an
outside thermal mass 210 by a dielectric liquid that flows
through pipes 211 by the motive force provided by pumps
212. The arrangement between the heat sink electrodes 209
and the outside thermal mass 210 allows heat to be removed
from the molten particles 202. The non-equilibrium plasma
24 between the heat sink electrodes 209 is produced, for
example, by means of an AC glow discharge or a corona








































































