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ABSTRACT

An apparatus and a process for the production at high capacity of high purity powders

from a large diameter wire or rod using a combination of plasma torches and induction

heating are disclosed. The process provides a superior productivity, by incorporating a

more effective inductive preheating system. A mechanism is also included In the
apparatus, which allows adjusting the position of the plasma torches and their angle of
attack with respect to the wire, which has a direct effect on the mechanical and thermal

energy transfer from the plasma plume to the wire, allowing a fine control over the particle

size distribution as well as the production capacity. Furthermore, varying the induction

frequency allows for the optimization of the temperature profile inside the wire, which can

be directly correlated to the resulting mean particle size.
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TITLE

PLASMA APPARATUS FOR THE PRODUCTION OF HIGH QUALITY SPHERICAL
POWDERS AT HIGH CAPACITY

CROSS REFERENCE TO RELATED APPLICATIONS

This Application claims priority on U.S. Provisional Application No. 62/171,618, now
pending, filed on June 5, 2015, which is herein incorporated by reference.

FIELD

The subject matter of the present disclosure relates to the production of high purity

spheroidal powders for use mainly in additive manufacturing (3D printing) and Hot
Isostatic Pressing (HIP).

BACKGROUND

There is a growing demand for fine high quality spherical metallic powders. For example,

one major application for such powders is the 3D printing industry, which has been
demanding for narrow size cuts of high quality spherical satellite-free Ti-6Al-4V (titanium
alloy), of generally between 45 and 45 microns. or 45-106 um. The 106-250 um cut size

cut is used for Hot Isostatic Pressing (HIP).

This application has raised the bar in terms of quality, as it consumes the highest quality
of powders currently available on the market. Many criteria are used to rate the quality of
a powder: its spheroidicity, its particle size distribution, the absence of satellites
(significantly small particles that are attached to the main particles). One current problem
is that the production capacity of such quality powder is very limited. Another one is that

a typical atomization system produces a wide range of particle size, while the industry
asks for very narrow and specific cuts.
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Numerous methods have been developed over the last years to produce powders by

atomization.

For example in US Patent No. 5,707,419, a method Is disclosed whereby plasma torches

are used to melt and atomize a titanium wire. In this disclosure, the feed rate for example

for titanium is limited to 0.75 kg/h using a wire diameter limited to 3.2 mm (1/8”), and the
plasma torches are fixed in position at a 30° angle with respect to the axis of the feed.
This 30° angle had been determined as being the optimal angle under certain

circumstances. Heré, the torches are locked at this specific angle to insure the alignment
with the wire. While this method has the advantage of repeatability between runs, as well
as minimizing the chances of aiming beside the wire, applicant's experience

demonstrates that this configuration is not optimal.

In PCT Patent Publication No. WO 2011/054113, a method is proposed to improve
productivity of the plasma atomization using electrodes for preheating. Using electrodes
for preheating is a very complicated process. In this arrangement, there are typically (3)
electrodes as well as three (3) plasma torches to ensure a uniform heating. The wire Is
heated by arcing each electrode to the wire. Therefore, 3 currents are passing through
the wire and heat it by resistive heating. This means that 6 power supplies are required

to operate, noting that the more power sources there are, the more difficult it is to manage

the heat going to the wire, in addition to this also increasing the capital and operating cost

significantly.

There are also a number of mechanical inconvenients to this arrangement. For example,
for plasma atomization to take place, the torch alignment according to the wire is very
critical. All the electrodes and the torches, as well as the wire, must converge at the same
exact point. The space around the apex convergence point being very limited, the design

of the assembly is therefore dictated by mechanical constraints rather than by the process
itself.

Therefore, it would be desirable to have a simplified device to allow for increasing the

productivity of plasma atomization. There would also thus be a gain in having a system

that allows controlling the particle size distribution.
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SUMMARY

it would thus be highly desirable to provide a novel apparatus for producing quality

powders.
It would also be highly desirable to provide a novel method for produ_c_ing. quality powders.

The embodiments described herein provide in one aspect an apparatus to produce

powder from a wire by plasma atomiiation, comprising:

- adevice for preheating the wire;

- at least one plasma torch for heating the wire to atomization: and

- a chamber for cooling atomized particles to solid state.

Also, the embodiments described herein provide in another aspect an apparatus to

produce powder from a wire by plasma atomization, comprising:

- plasma torches for atomizing the wire, the plasma torches being adapted to

swivel and rotate on a reactor: and

- a chamber for cooling atomized particles to solid state.

Furthermore, the embodiments described herein provide in another aspect an apparatus

o produce powder from a wire by plasma atomization, comprising:

- plasma torches for atomizing the wire, the angle of the plasma torches with the

wire being adapted to be adjusted for adjusting powder particle size distribution; and
- a chamber for cooling atomized particles to solid state.

Furthermore, the embodiments described herein provide in another aspect a method to

produce powder from a wire by plasma atomization, comprising:
- preheating the wire;

- heating the wire to atomization; and

- cooling atomized particles to solid state.
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Furthermore, the embodiments described herein provide in another aspect a method to

produce powder from a wire by plasma atomization, comprising:

- providing plasma torches, the plasma torches being adapted to swivel and rotate

on a reactor;

- adjusting the position of the plasma torches on the reactor;
- using the plasma torches for atomizing the wire; and ‘

- cooling atomized particles tc solid state.

Furthermore, the embodiments described herein provide in' another aspect a method to

produce powder from a wire by plasma atomization, comprising:
- providing plasma torches for atomizing the wire,

- adjusting the angle of the plasma torches with respect to the wire for adjusting

powder particle size distribution;
- using the plasma torches for atomizing the wire; and

- cooling atomized particles to solid state.

Furthermore, the embodiments described herein provide In another aspect a powder

produced by any of the above methods.

Furthermore, the embodiments described herein provide in another aspect a powder

produced by any of the above apparatuses.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the embodiments described herein and to show more
clearly how they may be carried into effect, reference will now be made, by way of

example only, to the accompanying drawings, which show at least one exemplary

embodiment, and in which:

Figure 1 is a general schematic representation of a plasma apparatus in accordance with

an exemplary embodiment;
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Figure 2 is an enlarged detailed cross-sectional view of an induction coil and wire guide

iIn accordance with an exemplary embodiment;

Figure 3 is an enlarged detailed cross-sectional view of a torch angle adjustment

mechanism using ball flanges in accordance with an exemplary embodiment:

Figure 4 is schematic representation of the effect of the induction frequency onto the

temperature profile in the wire; and

Figures 5a and 5b show a comparison of the torch angles and closeness of the tip to the

wire between a conventional torch and a torch in accordance with an exemplary
embodiment, wherein in Figure 5a, the convéntional torch provides a fixed angle of 30°
which results in longer distance: whereais" in Figure 5b, the present torch shdv{?s. a more
aggressive angle, which translates into a. much closer nozzle, thereby maximizing the

heat and momentum transfer between the plasma and the wire. |

DESCRIPTIVE OF VARIOUS EMBODIMENTS

In order to produce high quality powders, controlling particle size and maximizing
production rate in a plasma atomization.reactor, an apparatus P and a method by which

torch angle can be adjusted and wire preheated are hereby presented. It has now been

demonstrated that varying the angle and the proximity of the tip of the nozzle to the wire

can have a significant effect on the capacity as well as the particle size distribution.

As Illustrated in FIG. 1, a wire 2 provided on a metallic wire spool 1 is uncoiled therefrom
and is then fed through a wire feeder and straightener 3. The straight wire 2 is fed through
a pass-through flange 4. Then, the wire 2 enters into a wire guide 5 that is surrounded by
an Induction coil 6, prior to being atomized by three plasma torches 7 at the apex 8 thereof
(the apex being the meeting point of the wire 2 and the three torches 7). The powder so

produced passes through an aperture plate. O and cools down as it falls down C reactor
10. '

Once preheated, the wire 2 then reaches the apex 8, which is the zone where th_e wire 2

and the three plasma torches 7 meet for the atomization. The melting atomized particles
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freeze back to solid state as they fall down into a chamber of the reactor 10. The powder
11 is then pneumatically conveyed to a cyclone 12. The cyclone 12 separates the powder
from its gas phase. The powder is collected at the bottom of a canister 14 while clean gas
s then sent, via outlet 15, to a finer filtering system (not shown). The canister 14 can be

isolated from the cyclone 12 by a gas-tight isolation valve 13.

Now turning our attention to the induction coil 8, the current apparatus P uses an induction
coil to preheat the wire 2, which uses a single power supply and as the heat source does
not encumber the apex zone. In this configuration, the wire preheating comes from a
single uniform and compact source. Wire temperature can be controlled by adjusting

induction power, which is a function of the current in the induction coil 6.

The induction preheating device is illustrated in FIG. 2. The pass-through flange 4 is
made of a non electrically conductive material to ensure that the whole reactor is insulated
from the coil. The pass-through flange 4 has .twO gas-tight holes equipped with

compression fittings 21 used for passing the leads 22 of the induction coil 6 into the

reactor 10.

The wire guide 5 can be designed to either react with or to be transparent to induction.
For example, the wire guide 5 could be made of alumina, or silicon nitride, which are
transparent to induction. It could also be made of silicon carbide or graphite, which reacts

with induction. In the latter case, the hot wire guide, heated by induction, will radiate heat

back into the wire 2.

For example, when the wire used was a 1/4” diameter Ti-6Al-4V Grade 23 ELI, the optimal
iInduction frequency for this wire has been found to be between 170 and 290 kHz. The
optimum frequency varies with the materials as well as the shape and dimension and the

nature of the material used for the wire guide.

FIG. 3 illustrates an adjustable torch angle mechanism, which inclnudes' swivelling ball
flanges 30. The three plasma torches 7 are used to atomize the wire 2. These three
torches 7 are herein attached to the body of the reactor head using swivelling ball flanges.
The ball flanges 30 each include 2 flanges that fit into each other, namely a bottom flange

31 and an upper flange 32, which can swivel in accordance to each other. The bottom
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flange 31 that is connected to the reactor head is fixed, whiie the upper flange 32 can

rotate up to an angle of 4° in every axis. Assuming the reactor head has been designed

to have a nominal angle of 30°, this means that the torches 7 could cover any angle
between 26° and 34°.

As varying the torch angle in relation to the wire 2 will also move the location of the apex
8 (the meeting point of the wire 2 and the three torches 7), this will have an effect on
efficiency since the torches 7 have a constant length. In order to avoid such a problem,

longer torches coupled with spacers can be used. The applicant has discovered that the

closer the tip of the nozzles are to the wire, the higher is the capacity is and smaller is the

mean pariicle size. By having longer torches and multiple sizes of spacers, it is poss:ble

to attain any angle while keeping the location of the apex 8 at the same place.

Pivoting the torches 7 seems to have an important effect on the plasma atomization
process. Conventional systems stated that the optimal angle was to be fixed at 30°.
Although one could have been tempted to doubt this statement, being able to swivel the
torches was not an obvious alternative. Therefore, going with a fixed angle was justified

In the case of the previous systems. The present arrangement suggests giving flexibility

to the system by adding the swiveling ball flanges 30 to the design.

Varying the angle of attack between the wire 2 and th'e plasma jets can affect the
atomization in several ways. The major difference between plasma atomization in regards
to traditional gas atomization is that heat is supplied by the jet. Therefore, there are two
major considerations to take into account: namely heat transfer from the torch 7 to the

wire 2, and the atomization by itself.

An important aspect for plasma atomization is the quality of heat transfer between the

torches 7 and the wire 2. Indeed, a proper alignment is required. The angle of attack also

has an effect on the heat transfer, in two different ways: steeper (or smaller) the angle is,

the surface area (A) that will exchange heat will increase. On the other hand, a shallower
(higher) angle will promote a higher exchange coefficient (h). Also, bringing the nozzle

closer will increase the temperature of the plasma plume as seen as the wire as well as
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its velocity, which will result in a higher temperature difference (AT) and a higher

exchange coefficient (h), respectively.
Q=hAAT
where: Q is the heat transferred;
h is the heat transfer coefficient:
A Is the surface area used for exchange; and
AT is the temperature difference between the wire and the torch.

The above equation is a classic heat transfer formula. The objective is to maximize the
value of Q. The angle will have an effect on both the h and the A. From a heat transfer
point of view, the optimal angle is the one that maximizes Q for a specific wire feed x,ﬁr._ait,_e, {

size and maternal.

For atomization to occur, some micro drOpIets must form at the surface of the wire 2

(heating phase). Then a gas flow is used to detach that droplet from the wire 2 and carry
it in suspension into the gas phase _(atomiz'ation phase). It is known that high velocities

are required to break the bond between the wire and the droplet. The following equation,

taken from water atomization of aluminum literature [2], relates the mean particle size to

angle between the melt stream and the argon jet:
D=C/V sin«
where: V Is the plasma jet velocity;

C is a global constant regrouping the different parameters and

conditions: and
« Is the angle between the melt stream and the plasma jet.

Although the application is slightly diﬁerent, the c;oncept' IS similar; the plasma jets herein
replace the water jets and the jets are herein used for heating instead of cooling. Indeed,
the formula shows that higher gas velocities are able to detach finer particles, which
makes sense as it requires more force to detach.a finer droplet from a melting wire.

According to this equation, the angle have a similar effect according to this formula, which
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makes sense considering that the mechanical energy transfer is analogous to the heat
transfer, and the angle would have as much a of an effect on the mechanical energy

transfer coefficient that it has on the heat transfer coefficient (h) mentioned earlier..

it becomes clearer that in order to optimize the plasma atomization process, the angle
has to be variable in order to adapt to different conditions. The two previous equations
have shown how the parameters are intertwined, and that being able to vary the angles

constitutes. a significant feature of the present apparatus P.

The apparatus P thus includes inter alia (1) an inductive preheating of the wire to increase

capacity; and (2) torches that are installed onto the reactor head, using swivelling ball

flanges 30 which allow flexibility in regards to the angles that can be reached by the torch

alignment, to allow for controlling particle size distribution (powder quality).

It is noted that conventional systems allowed for a production rate of approximately 0.75
kg/h with a mean particle size of around 80 um. Indeed, the optimal scenario would be to
Increase significantly the capacity while reducing the mean particle size distribution
simultaneously. However, it was generally accepted that increasing the capacity would

unfortunately also lead to a coarser particle size distribution using the known techniques.

As opposed to the previous methods, the current method allows for the optimization of

both parameters simultaneously by increasing the mechanical and thermal energy

transferred of the process.

Plasma atomization uses supersonic plasma jets which have their core temperature at

around 10 000 K, to melt and atomize metal coming from a wire source in a single step

process. Although very powerful, the proceSs Is energefically inefficient; only a mere
fraction of the heat from the plasma is transferred to the wire to heat and melt it (roughly

0.4 % for conventional systems), and only a negligible amount of kinetic energy coming
from the nozzle is used to break up the droplets into finer ones (less than 0.001 % for

conventional systems).

Generally speaking, increasing the heat transferred would result in a higher capacity, and

Increasing the mechanical energy that is transferred (from kinetic energy of the pl’um‘e to

bubble break up) results in finer particles. For example, shifting the mean particle size

S
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distribution from 80 um to 45 um would require an increase of about 78% in kinetic energy

(momentum). These can be achieved by either increasing the raw energy put in,

improving the quality of the transfer, or a combination of both. While, increasing the raw
energy can increase the operation cost of the technology, it is often not the case of

improving the energy transfer.

The following shows a comparison of the two arts.

Table 1 — Comparison of the conventional method versus the present method

Conventional

method

New method

It is important to note that the data in Table 1 are example of what can be achieved, but

the actual improvements are not limited to these values. For example, with. some

adjustments, the capacity could increase to around 10 kg/h With an even smaller mean
particle size.

All of the following suggested improvements are working in synergy to improve both the

capacity and the particle size distribution simultaneously, but could be used
Independently:

Increase wire diameter size - In the previdus methods, the wire size was limited to 1/8".
The current method suggests that the bigger the wire is, the higher can be the capacity,

for two reasons: a) the residence time of the wire in the plasma is increased, and b) the
surface area of the exchange is increased as well. Both results in an increased heat

exchange between the plasma plurmes and the wire.

Inductive Wire preheating — In the previous systems, the wire was not preheated prior to

be fed to the plasma atomization zone, or was preheated using a complicated resistive

10
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heating apparatus. Wire preheating improves the overall heat balance of the system, as
more efficient heating technologies can be used to do the heavy lifting. Inductive heéting
possesses humerous advantages over other heating technology, mainly becatise it can
heat an object remotely with a good efficiency (~10-40%). The wire preheating can bring
the wire up to melting temperature (or even above locally), up to operate using a liquid
feed. Overheating the partially liquefied wire has'a positive effect on the particle size
distribution as it can reduce its viscosity and surface tension of the melted metal
significantly. Therefore, the majority of the heat coming from fhe plasma can be used to
melt and atomize or simply atomize, instead of being wasted mainly in latent heat. Wire
preheating can have a considerable effect on the production capacity and the particle size

distribution.

it is important to note that induction preheating c.an be used for both metallic and non-
metallic materials, but using a different approach. Electrically conductive materials such
as mefals and alloys can be used with a wire guide made of a material that is either
transparent to induction or not. On the other :hand, wire feedstock made of non-conductive
materials, such as ceramics, will not couple with induction, and therefore must be
preheated using an insert that is conductive and sensitive to induction heating within the
range of frequency used. In the latter case, the wire will be preheated indirectly from the

wire insert only, via a combination of conduction, radiation and convection.

In the case where the feed material can couple with the wire, the induction frequency can
be used to fine tune the temperature profile in the wire. Doing so will have a tremendous

effect on the shape of the wire at the apex location, so indirectly to the particle size

distribution (FIG. 5). A lower frequency leads to a more uniform temperature, while a high
frequency will lead to temperature gradients in the wire. The induction frequency is varied

easily by changing the coil length, where longer coils lead to lower frequencies.

Rotating ball flanges — In the previous systems, there was an inaccurate paradigm that

the ideal angle was 30° and the flanges holding the torches were therefore fixed to that

value. On the other hand, applicant has now herein determined otherwise. The concept
of rotating ball flanges gives great flexibility regarding the quality of heat and momentum

transfer. The distance also varies with the angle (FIG. 5a vs FIG. 5b). Indeed, the closer

11
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the tip is to the wire, the higher is the temperature of the plume and the faster is the

velocity of the jet as seen by the wire. Also, the closer the tips of the nozzles are to the

wire, and the closer to pefpendicular they are with the latter, the higher Wilil be the

coefficients of heat and momentum exchange.

Increasing the inlet argon pressure — Increasing the argon inlet pressure translates into a
higher gas velocity and mass flow. Increasing the pressure has a cubic relationship effect

on the kinetic energy as the formula is :
Exk = V2 mv?

Where m is the mass flow of the gas, v is the velocity of the gas and Ex is the resulting

Kinetic energy.
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It is noted that the feedstock could be made of a wide range of materials and is not limited
only to metals. Examples of materials that could be herein atomized are, but nqt limited

to, titanium (both commercially pure and titanium-based alloys), aluminum, §tain|e$s
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steels, Hastelloy™, Inconels, tungsten. Examples of non-metal materials could include

ceramics, as long as they can be made under the form of wire or rod.

While the above description providés examples of the embodiments, it will be app'reciated
that some features and/or functions O_f the descrnbed embodiments are su’sceptib‘le to
modification without departing from the spirit and principles of opération of the described
embodiments. Accordingly, what has been described above has been intended to be
llustrative of the embodiments and non-limiting, and it will be understood bype_rs'dns

skilled in the art that other variants and medifications may be made without departing

from the scope of the embodiments as defined in the claims appended hereto.
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CLAIMS

1. An apparatus to produce powder from a wire by plasma atomization, comprising:

- a device for preheating the wire;

- at least one plasma torch for heating the wire to atomization; and

- a chamber for cooling atomized particles to solid state. '

2. The apparatus of Claim 1, wherein the device for preheating the wire includes an
induction coil.
3. The apparatus of Claim 2, wherein there is provided a wire guide for coupling with

Induction to transfer heat to the wire, for instance mainly by conduction, radiation and

convection.

4. The apparatus of Claim 2, wherein there is provided a wire guide that is transparent

to Induction, whereby heat from the induction coil is transferred directly to the wire.

<) The apparatus of any one of Claims 1 to 4, wherein there is provided a system for

adjusting at least one of an angle and a distance of the torch with respect to the wire.

6.  The apparatus of any one of Claims 1 to 5, wherein there is provided a feeding

device adapted to accommodate larger rods and wire diameters.

/. The apparatus of Claim 6, wherein the feeding device is ""adapted to feed and

straighten the larger rods and wire diameters.

8. The apparatus of any one of Claims 1 to 7, wherein the wire diameters are between

1/8" and 6” inclusively.

9.  The apparatus of Claim 3, wherein, if the wire is electrically conductive, the wire is

also heated by direct coupling at the same time as it is heated by the wire guide
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10.  An apparatus to produce powder from a wire by plasma atomization, comprising:

- plasma torches for atomizing the wire, the plasma torches being adapted to

swivel and rotate on a reactor; and

- a chamber for cooling atomized particles to solid state.

11.  An apparatus to produce metallic powder from a wire by plasma atomization
comprising:

- plasma torches for atomizing the wire, the angle of the plasma torches with the

wire being adapted to be adjusted for adjusting powder particle size distribution:
and

- a chamber for cooling atomized particles to solid state.

12. A method to produce metallic powder from a wire by plasma atomization,
comprising:

- feeding a wire or a rod;

- preheating the wire;

- heating the wire to atomization; and

- cooling atomized particles to solid state.

13.  The method of Claim 12, wherein the wire is preheated by induction heat, either
directly or indirectly. '

14. The method of Claim 13, wherein there is provided a wire guide for reacting with

iInduction to transfer heat to the wire, for instance mainly by radiation and convection.

15.  The method of Claim 13, wherein there is provided a wire guide that is transparent

to induction, whereby heat from the inductions coil is transferred directly to the wire.
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16.  The method of any one of Claims 12 to 15, wherein the rod has a diamet‘e'r of_1/8"’

or larger.

17. A method to produce metallic powder from a wire by plasma atomization,

comprising:

providing plasma torches, the plasma torches being adapted to swivel and
rotate on a reactor:;

adjusting the position of the plasma torches on the reactor:

using the plasma torches for atomizing the wire: and '

cooling atomized particles to solid state.

18. A method to produce metallic powder from a wire by plasma atomization,

comprising:

providing plasma torchés for atomizing the Wire,

adjusting the angle of the plasma torches with respect to the wire for adjusting
powder particle size distribution: |
using the plasma torches for atomizing the wire; and

cooling atomized particles to solid state.

19. A powder produced by the method of any one of CIai_ms 12 to 18.

20. A powder produced by the apparatus of any one of Claims 1 to 11.
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