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[57] ABSTRACT

A method and apparatus for producing ultrafine metal
powders in which a laser beam is focused on the surface
of a workpiece or feedstock and moved thereacross so
as to create a cavity within the workpiece through
melting and vaporization that contains the metal melted
to form the cavity. A subsonic pulsating blast of inert
gas is directed at the cavity to atomize the molten metal,
rapidly cool the resulting droplets, and transport the
droplets to a collection area. The cavity formed by the
laser beam is a “keyhole” of deep cavity having a depth
approximately three to four times greater than its width.
The focal point of the laser beam is moved across the
workpiece at a rate from approximately 50 to 80 inches
per minute to ensure that the molten metal remains in
the cavity prior to the gas atomization.

Alloy metal powders can be produced by this method
of laser blast atomization providing an alloying metal at
the base metal where the cavity is formed so that, upon
melting of the base metal, the alloy metal will melt into
solution with the molten base metal in the cavity prior
to gas atomization. Additionally, nonmetallic impurities
may be removed from the molten metal contained
within the cavity formed by the laser beam by vaporiza-
tion.

21 Claims, 3 Drawing Figures
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METHOD AND APPARATUS FOR FORMING
ULTRAFINE METAL POWDERS

The present invention relates to powder metallurgy,
and more particularly to a method and apparatus for
producing ultrafine, substantially homogeneous metal
particles for subsequent use in powder metallurgy pro-
cesses.

BACKGROUND OF THE INVENTION

Powder metallurgy techniques, by which products
are made by compacting metal powders into a mold and
sintering, have become increasingly important in the
production of products for, e.g., aerospace applications.
Power metallurgy proves particularly useful for making
parts of refractory metals that have such high melting
points that conventional melting and casting is difficult.

10

Powder metallurgy results in a finer and more uniform -

grain size, with a minimum of segregation and grain
boundary precipitates.

Many methods have been used for producing the
metal powders used in powder metallurgy including,
among others, crushing, atomizing, condensation, re-
duction, precipation, electrodeposition and the charac-
teristics of the powders depend, to a great extent, on the
specific manufacturing process utilized. Perhaps the
most important characteristic is the size of the individ-
ual particles made by the process. As the particles be-
come smaller, the cumulative surface area of the parti-
cles increases very rapidly. This has an extremely im-
portant bearing on the properties of the powder, its
behavior during processing into solid bodies, and the
ultimate properties of these products Finer homogene-
ous (i.e. having an amorphous and/or microcrystalline
structure) grains promote better strength, toughness
and corrosion resistance. Further, ultrafine grain size
(particles having a mean diameter of less than 125 mi-
crons) often make it possible to achieve superplastic
behavior, which is of enormous benefit in near-net
forming the material.

Another factor affecting the processing behavior of
the metal powder and the final properties of the prod-
ucts made therewith is the shape of the individual parti-
cles. This, too, proves highly dependent upon the
method of the producing the powder. Spherical pow-
ders are most desirable as they permit the maximum
number of particles to fill a given volume.

One advantageous method of creating the metal pow-
ders for use in powder metallurgy is to melt a metal
workpiece, create droplets of the molten metal, and
rapidly solidify the molten droplets. Several processes
are reviewed in Rapid Solidification Processing of Tita-
nium Alloys, Journal of Metals, September 1983,
namely: laser surface melting, electron-beam melting
and splat quenching, laser melting/spin atomization,
and ultrasonic gas atomization. Laser surface melting

_involves the self-quenching of a thin melted surface
layer on a bulk material substrate by irradiating the
surface of the material with a laser beam that trans-
verses the surface at rates of between 1 and 50 cm per
second to create melt depths of 10-1,000 microns. The
molten droplets may be expelled by centrifugal force or
by use of an ultrasonic gas jet having a high velocity
(Mach 2-2.5), and a high frequency (80-100 kHz) to
create inert gas pulses to rapidly atomize and solidify a
stream of molten metal. Such techniques have resulted
in homogeneously distributed, fine, incoherent disper-
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2

soids. However, because these processes involve rotat-
ing the feedstock at high angular velocities (up to 30,000
rpm), they are limited to materials that can be conven-
tionally melted and formed into complex feedstock
shapes. This, consequently, limits the different types of
materials that can be made into powders, as well as
limiting the amount of powder that can be produced
from a given workpiece. Further, the melting of the
material prior to the casting of the feedstock also adds
contaminants. New powder applications require the
manufacture of powders from alloying materials having
widely different physical characteristics. New pro-
cesses for making powders must also eliminate contami-
nation while retaining powder homogeneity. Further, it
is desirable to obtain higher yields of ultrafine (in the
25-50 micron range), spherical particles at higher rates
of production, while obtaining a greater consistency
and predictability in the production thereof.

SUMMARY OF THE INVENTION

- Accordingly, it is the principal object of the present
invention to provide an improved method and appara-
tus for producing ultrafine metal particles, such method
and apparatus producing a higher yield of ultrafine
particles than presently known methods and apparatus.

It is an additional object to provide such a method
and apparatus that is sufficiently flexible to permit alloy-
ing the powders with materials having vastly different
physical characteristics, while minimizing contamina-
tion of the powders.

A further object is to provide such a method and
apparatus in which there is a consistency and predict-
ability of results.

These objects and others, which will become appar-
ent upon reference to the accompanying drawings and
the detailed description that follows, are provided by a
method and apparatus in which a laser beam is focused
on the surface of a workpiece or feedstock and moved
thereacross so as to create a cavity within the work-
piece that contains the metal melted to form the cavity.
A subsonic pulsating blast of inert gas is directed
toward the cavity to atomize the molten metal, rapidly
cool the resulting droplets, and transport the droplets to
a collection area. The cavity formed by the laser beam
is a “keyhole” or deep cavity having a depth approxi-
mately three to four times greater than its width: The
focal point of the laser beam is moved slowlyl across the
workpiece at a rate from approximately 50 to 80 inches
per minute to ensure that the molten metal remains in
the cavity prior to the gas atomization. In a preferred
method, the workpiece is preheated to a temperature of
approximately 400° F. with the laser. beam before the
cavity is formed.

Alloy metal powders can be produced by this method
of laser blast atomization by providing an alloying metal
at the base metal where the cavity is formed so that,
upon melting of the base metal, the alloy metal will melt
into solution with the molten base metal in the cavity
prior to gas atomization. Where the alloying metal has
a higher vapor pressure in its molten state than the base
metal, the feedstock is fabricated with a layer of the
alloying material sandwiched therein so as to be located
at the base of cavity to be formed by the laser. Thus, the
weight of the molten base metal that first forms in the
cavity prevents the alloying material from vaporizing
prior to forming a solution with the molten base metal.
If the alloying metal has a melting temperature higher
than that of the base metal, the alloying metal may be
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placed at the surface of the base metal prior to the for-
mation of the cavity. Accordingly, the cavity formed
within the workpiece will contain both the molten base
metal and alloy additions. Additionally, nonmetailic
impurities may be removed from the molten metal con-
tained within the cavity formed by the laser beam by
vaporization.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective-schematic view of an appara-
tus in accordance with the present invention;

FIG. 2 is a schematic, cross-sectional view of the
workpiece surface illustrating the melt and vaporization
zones of the keyhole formed by the laser; and

FIG. 3 is a schematic, cross-sectional view of the
workpiece surface illustrating the gas jet solidification
of the particles at the keyhole.

DETAILED DESCRIPTION

Laser blast atomization of metal and the rapid solidifi-
cation of the droplets formed thereby can produce min-
ute, ultrafine, and very homogeneous particles with
little or no segregation, high levels of chemical unifor-
mity and greatly refined second-phase morphology and
distribution. These particles are the product of using a
laser beam to produce a cavity in the workpiece. This
keyhole cavity formation occurs only at relatively high
laser beam power density levels in the range of 105-106
W/cm2, At a given power density, penetration of the
laser beam increases in proportion to the exposure time
to the 0.6 power. Because the melt zone is quite narrow
due to the sharply focused beam, the melt depth should
greatly exceed the grain size of the starting material.

Describing the surface phenomena of the interaction
of the laser beam with the workpiece, as shown in
FIGS. 2 and 3, a laser beam 10 focused on the work-
piece 11 forms a melt zone 12 on the surface thereof.
The melt zone 12 progresses below the surface of the
workpiece 11 and a vapor zone 13 starts forming on the
surface. Upon continued interaction with the laser
beam, the melt and vapor zones progess well below the
surface of the workpiece to form a cavity, substantially
as illustrated in FIG. 2. In practice, the cavity has a
depth approximately three to four times greater than its
width and is between approximately one-quarter to
one-half inch deep. As the vapor pressure of the metal
exceeds the liquid column presure, particles of the lig-
uid metal are blown up through the cavity. At this time
a gas jet 14 (FIG. 3) is introduced to rapidly solidify the
particles and blow them onto a collector. The gas jet
utilizes an inert gas, preferably helium, having a pres-
sure of approximately 700 psig and pulsed at approxi-
mately 172 Hz. As the workpiece 11 is moved the cavity
is propagated continuously and particles are ejected
therefrom. Preferably, the workpiece 11 is in the form
of a disc that is rotated so that the focal point of the
baser beam 10 moves across the workpiece 11 at a rate
of between approximately 50 and 80 inches per minute.
(In practice, the focal point of the laser beam is below
the surface of the workpiece.)

Alloy metal powders can be advantageously pro-
duced by “layering” the alloying metal with the base
metal. The method takes into account the differing
melting temperatures and the vapor pressures of the
alloying material and base metal to ensure that the al-
loying material is melted into solution with the molten
base metal before the vaporization or atomization
thereof. Specifically, if the alloying metal has a higher

4
vapor pressure in its molten state than the base metal,
the workpiece is formed with a layer of the alloying
metal disposed or sandwiched under the surface thereof
at a depth equal to approximately the depth of the key-
hole formed by the laser. Thus, a head of molten and
vaporized base material will exert a fluid pressure on the

- alloying metal prior to its being vaporized by the laser.
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This prevents the alloying metal from vaporizing out of
the base metal before it can form a solution with the
molten base metal. If the alloying metal has a higher
melting temperature than the base metal, alloy metal
powders can be formed by distributing the alloy addi-
tion over the surface of the workpiece so that the alloy-
ing metal will melt prior to the melting of the base
metal.

Several advantages accrue to methods described
above. The use of a laser beam for melting the base
metal obviates the need for crucibles and the associated
melt-handling equipment, as the still-solid bulk of the
underlying base metal serves as a crucible for the melt
puddle formed by the laser. This leads to a cleaner melt
devoid of crucible-induced contamination. Laser melt-
ing also produces very high superheat levels in the
molten metal (up to the vaporization temperature). The
resulting low surface tension promotes formation of
very small liquid droplets whose high relative surface
area enhances rapid cooling.

The method also provides for the removal of nonme-
tallic inclusions in the metal stock. Because nonmetallic
inclusions are strong absorbers of 10.6 micron laser
radiation, the inclusions are preferentially vaporized
during the melt sequence, yielding cleaner microstruc-
tures in the particles and minimizing potential heteroge-
nous nucleation sites, thereby promoting greater de-
grees of supercooling before solidification commences.

An apparatus for performing the above-described

‘method is illustrated in FIG. 1. The apparatus, generally

indicated by 20, includes a containment vessel 21 in
which an inert gas atmosphere is maintained. A work-
piece 22 in the form of a disk is attached to the end of a
drive spindle 24 rotated by a belt 25 and motor 26 sup-
ported on a mounting plate 28 that also forms the upper
portion of the containment vessel 21. A CO; laser beam,
generally indicated by 29, is focused through a beam
access port 30 in the containment vessel 21 so that the
beam 31 generated thereby has its focal point below the
surface of the workpiece 22. As the workpiece 22 is
rotated by the drive spindle 24, a melt zone, generally
indicated by the dotted line 32, is formed. The rate of
rotation of the drive spindle 24 is such that the melt
zone moves at a rate between 50 and 80 inches per
minute with respect to the focal point of the laser beam.
This speed ensures that the molten material formed in
the melt zone keyhole previously described remains
substantially within the cavity until atomized by a pul-
sing gas jet. Coincident with the melt zone 32 is a high-
pressure gas jet, indicated by 34, that is connected to a
high-pressure regulator 35. Preferably, helium is used
for the gas jet due to its high ionization potential, which
minimizes plasma formation at the point of laser beam/-
metal interaction. Further, the inert nature of helium
shields the melt and the particles from atmospheric
contamination. The gas jet provides high velocities and
high convective heat transfer coefficients to ensure
rapid solidification.

To pulse the blast created by the jet 34, a flow inter-
rupter disk 36 is mounted on a drive spindle 38 rotated
by a motor 39 mounted on the top 28 of the containment
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vessel 21. The disk 36 is disposed adjacent the nozzie
end of the jet and has a series of holes 40 at the periph-
ery thereof and positioned so that, as the disk 36 rotates,
the holes 40 will move into and out of alignment with
the nozzle of the jet 34 to alternately permit and prevent
the gas from impinging upon the melt zone 32. By selec-
tively rotating the flow interrupter disk 36 at various
speeds, a variety of pulse rates can be obtained. Prefera-
bly, the interrupter disk 36 is rotated to obtain a sub-
sonic pulse rate of approximately 172 Hz. At the bottom
of the containment vessel 36 is a receptacle (not shown)
for receiving the metal powder generated by the appa-
ratus. The molten droplets generated by the laser melt-
/gas blast solidify as they fly to the bottom of the con-
tainment vessel 21 through the helium atmosphere.

Four trial runs were made with the above-described
apparatus in which the workpiece was a wrought Inco-
nel 600 disk having a thickness of 3 inch. A laser beam
having a power of 12 KW was aimed to have its focal
point coincident with the disk surface and the exposure
time of the laser beam on the workpiece was 30 seconds.

In the first run, an effective beam scan rate of 84
inches per minute was employed with the helium gas jet
of 700 psig being pulsed at a rate of 172 Hz. This re-
sulted in the production of 41.2% (by weight) of parti-
cles having a diameter of less than 125 microns, with
79.2% of these particles being roughly spherical with a
mean spherical diameter of 55 microns.

In the second run, the effective beam scan rate was 60
inches per minute, while, once again, a helium gas jet at
700 psig was pulsed at a rate of 172 Hz. This produced
particles of which 39.2% (by weight) had a mean diam-
eter of less than 125 microns, with 77.9% of these parti-
cles being roughly spherical with a mean spherical di-
ameter of 50 microns.

In a third run, the effective beam scan rate was 60
inches per minute with the beam scanned over the disk
for three revolutions prior to initiating the gas blast.
Once again, the helium gas jet of 700 psig at 2 pulse rate
of 172 Hz was employed. This produced particles
where 42.1% (by weight) were less than 125 microns in
diameter, with 68.6% of these particles being roughly
spherical, with a mean spherical diameter of less than 25
microns. '

In a fourth run, the effective beam scan rate was 60
inches per minute and a continuous gas blast of helium
at 700 psig was employed. The beam scanned over the
disk three revolutions prior to initiating the gas blast.
This produced particles in which 15.2% were less than
125 microns in diameter, with 72.4% of these particles
being roughly spherical with a mean spherical diameter
of less than 25 microns.

As indicated by runs 3 and 4, it is believed that the
beam preheating resulted in higher yield of small spheri-
cal particles and that the pulsating gas blast and preheat-
ing of the workpiece enhanced the formation of spheri-
cal particles. Examination of the particles of run 3 re-
vealed a spherical grain morphology, indicating super-
cooling in excess of 170° C. and a cooling rate on the
order of 106° K./s. While runs 3 and 4 were conducted
with the laser preheating the workpiece, bulk preheat-
ing of the stock prior to laser processing may also be
employed. The preheating increases the absorptivity of
the workpiece and promotes higher levels of superheat,
thus minimizing surface tension to generate smaller
particles. -

Accordingly, it can be seen that an improved method
and appratus for producing ultrafine metal powders has
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been provided. While the invention has been described
in terms of the preferred method and apparatus, there is
no intent to limit it to the same. On the contrary, it is
intended to include all modifications within the scope of
the appended claims.

What is claimed is:

1. A method for producing metal powders from a
pre-formed metal workpiece comprising:

(a) focusing a laser beam through the plane at the
surface to a focus below the surface of the work-
piece;

(b) moving the focal point of the laser beam relative
to the workpiece;

(c) creating a cavity below the surface of the work-
piece through melting and vaporization with the
laser beam, the cavity containing the metal melted
to form the cavity; and )

(d) directing a pulsating blast of inert gas at the cavity
to atomize the molten metal, rapidly cool the re-
sulting droplets, and transport the droplets to a
collection area.

2. The method of claim 1 including the step of pre-
heating the workpiece to a temperature of approxi-
mately 400° F.

3. The method of claim 2 wherein the workpiece is
preheated with a laser beam.

4. The method of claim 1 wherein the laser has a
power density between approximately 105 and 106
W/cm?.

5. The method of claim 1 wherein the focal point of
the laser beam is moved across the workpiece at a rate
from approximately 50 to 80 inches per minute.

6. The method of claim 1 wherein the cavity created
in the workpiece by the laser beam has a depth approxi-
mately 3 to 4 times greater than its width.

7. The method of claim 5 wherein the cavity created
in the workpiece by the laser beam has a depth approxi-
mately 3 to 4 times greater than its width.

8. The method of claim 6 wherein the cavity is be-
tween approximately one-quarter to one-half inch deep.

9. The method of claim 7 wherein the cavity is be-
tween approximately one-quarter to one-half inch deep.

10. The method of claim 1 wherein the inert gas has
a pressure of approximately 700 psig and is pulsed at
approximately 172 Hz.

11. The method of claim 10 wherein the inert gas is
helium.

12. A method for producing metal powders from a
pre-formed metal workpiece comprising:

(a) focusing a laser beam below the surface of the

workpiece;

(b) moving the focal point of the laser beam relative
to the workpiece;

(c) creating a cavity within the workpiece through
melting and vaporization with the laser beam, the
cavity having a depth approximately 3 to 4 times
greater than its width, the depth being between
approximately one-quarter to one-half inch deep,
the cavity containing the metal melted to form the
cavity;

(d) directing a pulsating blast of inert gas at the cavity
to atomize the molten metal, rapidly cool the re-
sulting droplets, and transport the droplets to a
collection area.

13. A method for producing alloy metal powders by

means of laser blast atomization, the steps comprising:

(2) forming a workpiece of the base metal;

(b) providing an alloying metal to the base metal;
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(c) focusing a laser beam below the surface of the
workpiece;

(d) moving the focal point of the laser beam relative
to the workpiece;

(e) creating a cavity within the workpiece through
melting and vaporization with the laser beam;

(f) melting the alloying material within the cavity and
combining the melted alloy material with the base
metal to form a molten metal solution;

(g) directing a pulsating blast of inert gas at the cavity
to atomize the molten metal solution, rapidly cool
the resulting droplets, and transport the droplets to

. a collection area.

14. A method for producing alloy metal powders by
means of laser blast atomization wherein the alloying
metal has a higher vapor pressure in its molten state
than the base metal, the steps comprising:

(a) forming a workpiece of the base metal with a layer
of alloying material a pre-determined distance
below the surface thereof;

(b) focusing a laser beam below the surface of the
workpiece;

(c) moving the focal point of the laser beam relative
to the workpiece;

(d) creating a cavity within the workpiece with the
laser beam to the depth of the layer of alloying
material, the cavity containing the metal and alloy
addition melted during the formation of the cavity;

(e) melting the layer of alloying material at the base of
the cavity, where high vapor pressures, caused by
the weight of the molten metal that forms the cav-
ity walls, to prevent the alloying material from
vaporizing prior to forming a solution with the
molten base metal; and

(f) directing a pulsating blast of inert gas at the cavity
to atomize the molten metal solution, rapidly cool
the resulting droplets, and transport the droplets to
a collection area.

15. A method of producing alloy metal powders by
means of laser blast atomization wherein the alloying
metal has a melting temperature higher than the base
metal, the steps comprising: _

(a) distributing the alloying metal over the surface of

a workpiece made of the base metal;

(b) focusing a laser beam below the surface of the
workpiece;

(c) moving the focal point of the laser beam relative
to the workpiece;

(d) creating a cavity within the workpiece through
melting and vaporization with the laser beam, the
cavity containing the metal and alloy addition
melted to form a molten solution during the forma-
tion of the cavity; and *
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(e) directing a pulsating blast of inert gas at the cavity
to atomize the molten solution, rapidly cool the
resulting droplets, and transport the droplets to a
collection area.

16. A method of removing nonmetallic impurities
from a workpiece when producing metal powders com-
prising:

(a) focusing a laser beam below the surface of the

workpiece;

(b) slowly moving the focal point of the laser beam
across the workpiece;

(c) creating a cavity within the workpiece through
melting and vaporization with the laser beam, the
cavity containing the metal melted to form the
cavity;

(d) suspending the impurities in the molten metal
within the cavity;

(e) vaporizing the impurities with the laser beam; and

(f) directing a pulsating blast of inert gas at the cavity
to atomize the molten metal, rapidly cool the re-
sulting droplets, and transport the droplets to a
collection area.

17. An apparatus for producing ultrafine metal pow-

ders comprising, in combination,

(a) containment means having an inert gas atmo-
sphere therein;

(b) means for supporting and moving a workpiece
associated with the containment means;

(c) laser beam means associated with the containment
vessel so that the focal point of the laser beam is
coincident with and penetrating into the work-
piece; and

(d) pulsating gas jet means associated with the con-
tainment vessel and directed toward the work-
piece.

18. The combination of claim 17 wherein the pulsat-
ing gas jet means comprises nozzle means, flow inter-
rupter means having a plurality of apertures therein
movable into alignment with the nozzle means to permit
the flow of gas toward the workpiece and out of align-
ment with the nozzle to obstruct such flow, and means
for moving the flow interrupter means.

19. The combination of claim 18 wherein the pulsat-
ing gas jet means pulses helium at aproximately 172 hz
and at a pressure of approximately 700 psig.

20. The combination of claim 17 wherein the laser
beam means has power density between appoximately
105 and 106 W/cm2.

21. The combination of claim 17 wherein the work-
piece supporting and moving means moves the work-
piece at a rate between approximately 50 and 80 inches
per minute with respect to the focal point of the laser

beam means.
* * * * *



