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@ Modular segmented cathode plasma generator.

@ A supersonic plasma system in which a vacuum independently powered by separate D.C. power
source creates a low static pressure environment sources (99A, 99B, 99C) are also independently
within an enclosure containing a plasma gun (16) cooled by separate cooling water systems as is the
and a workpiece (24) has plural cathodes (84, 88, common anode. The cooling systems are configured
88) of sealed, modular constructicn in conjunction °~ i{o produce swirling of the cooling water so that
with a common anode, to provide higher levels of cooling action is maximized.

operating power and other advantages which flow
from a segmented cathode gun configuration. Inert )
gas independently introduced into the piural cath- Fig. 2
godes (84, 86, 88) undergoes swirling notion over the
cathode tips. The anode is of modular construction
P for easy replacement in order to change the configu- v
ration of a nozzle, a plurality of arc chambers receiv- ;. ! l‘_ el
ing the plural cathodes or a central mixing chamber ! Plasma
= hotween the nozzle and the arc chambers within the  on! | |SGURCE
anode and coupled to a ceniral powder feed (72). T‘tgt(-)cvsghg
The powder feed includes a replaceable insert which 9aa L |-SOURCE |
includes at least one and preferably a piurality of [SWITCHABLE |
Q. powder feed ports into the various arc chambers. , QASSNSSVEER - oI
LUl Alternatively, metal which has already been heated | (SUPPLIES |
{0 a molten state can be fed directly into the central WORKPLECE 24

mixing chamber. The modular cathodes which are
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MODULAR SEGMENTED CATHODE PLASMA GENERATOR

The present invention relates fo plasma sys-
tems of the type in which a supersonic plasma
stream is generated, and more particularly to plas-
ma systems in which the plasma gun or generator
has a plurality of electrodes of common polarity
such as a segmented cathode in conjunction with
an electrode of opposite polarity such as an anode.

Supersonic plasma systems are well known as
shown, for example, by U.S. Patent 3,839,618 of
Muehiberger, which patent issued October 1, 1974
and is entitled "METHOD AND APPARATUS FOR
EFFECTING HIGH-ENERGY DYNAMIC COATING
OF SUBSTRATES". Such systems combine the
infroduction of an inert gas with an electrical poten-
tial difference at the electrodes io generate a plas-
ma stream. The plasma stream establishes a trans-
fer arc between the plasma generaior or gun and a
workpiece or target spaced a selected distance
from the gun. The plasma stream may be used to
heat the workpiece. The plasma siream may also
be used to deposit a metallic coating on the work-
piece such as where powdered metal is introduced
into the plasma siream within the gun. The cou-
pling of a vacuum or similar phmping source fo an
enclosure containing the plasma gun and the work-
piece produces a low static pressure environment,
resulting in a supersonic plasma stream. Such su-
personic plasma systems have been found to be
highly advantageous for many applications.

An improved supersonic plasma system is de-
scribed in U.S. Patent 4,328,257 of Muehlberger et
al, which patent issued May 4, 1982 and is entitled
"SYSTEM AND METHOD FOR PLASMA COAT-
ING". In the plasma system disclosed in the Mueh-
Iberger et al patent, a plasma gun is disposed
within a closed chamber together with a workpiece.
D.C. power supplies are coupled to the plasma gun
and fo the workpiece, and motion mechanisms are
provided so that the gun and the workpiece may
undergo various motions relative to one another. A
powder feed mechanism is provided so that metal-
lic powder can be injected into the plasma gun for
spraying and deposition onto the workpiece. A low-
er end of the closed chamber downstream of the
workpiece and the plasma gun is coupled through
various filter and heat exchanger units to vacuum
pumps for providing a low ambient pressure. The
plasma gun contained at the upper end of the
closed chamber is of conventional configuration
and includes a single cathode and a single anode.
As described in the patent a D.C. transfer arc
power source coupled beiween the gun and the
workpiece may be selectively switched in polarity
to provide a reverse transfer arc where desired.

For certain applications of plasma systems, it
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has been found advantageous to provide a plasma
generator or gun having plural or segmented elec-
trodes of like polarity in conjunction with a common
electrode of opposite polarity. Typically, the plural
electrodes of like polarity are comprised of a seg-
mented cathode which provides two or more sepa-
rate cathodes in conjunction with a common anode.
Examples of this are provided by Japanese Patent
Publication No. 51(1976)-7556, of March 9, 19786,
and Japanese Patent Publication " No. 61(1986)-
230300, dated 1986. The Japanese patent publica-
tions describe plasma guns having segmented
cathodes in which three separate cathodes are
provided in conjunction with a common anode.
Among other things, such a segmented electrode
configuration enables metallic powder or other
spray material to be iniroduced through a central
injection port extending along the central axis of
the plasma gun and the common elecirode. This
facilitates injection of such material when contrasi-
ed with the more conventional single cathode guns
in which injection is made from the side of the gun,

-typically at an angle of 90" or more relative to the

central axis of the gun.

Segmented cathode plasma systems such as
the systems described in the Japanese patent pub-
lications noted above are designed to operate with
an ambient pressure at or close to atmospheric
pressure. As such, the systems do not enjoy the
substantial advantages that flow from operation of a
plasma system at low ambient pressure such as is
provided through use of a vacuum pumping sys-
tem. Heretofore, however, segmented cathode sys-
tems have not been designed for use in a vacuum
or similar low ambient pressure environment, prob-
ably because of the complexities of designing such
a system so that it will even operate let alone
operate efficiently. The presence of the plural cath-
odes with their individual arc chambers in conjunc-
tion with the common anode presents a number of
complicated problems. Such problems further
make adaptability to different operating conditions
extremely difficult. Still further complications are
presented by the central powder delivery system
which must be carefully integrated with other por-
tions of the multi-electrode system.

Accordingly, it would be desirable to provide a
multi-electrode plasma system such as a segment-
ed cathode system which may be operated in a
vacuum or similar low ambient pressure condition.
it would furthermore be advantageous to provide
such a system which is adaptable or adjustable to
different operating conditions and parameters, in-
cluding in particular operation under relatively high
power conditions. )
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Plasma systems in accordance with the inven-
tion advantageously incorporate a multi-elecirode
configuration such as a segmented cathode con-
figuration into a vacuum or similar low ambient
pressure environment so as to provide a greatly
improved plasma system utilizing the advantages
of both segmented electrode operation and low
ambient pressure operation. By understanding the
important factors that influence the operation of
such system and by incorporating that understand-
ing into certain design changes and system adapt-
ability, it is possible to scale up the system to
power levels previously unattainable and to adapt
the system for use in a variety of different applica-
tions.

The ability to operate at higher power leveis
brings with it the ability to spray greater volumes of
materials within a given period of time, as well as
the ability to provide greater heating or cleaning
action at the workpiece. The greater adaptability of
systems according to the invention enables the
utilization of the multi-electrode configuration in the
presence of low ambient pressure, for a variety of

different operating environments and requirements

therefor including the ability to spray a variety of
different materials, introduced in different forms,
using different power levels, different gases, dif-
ferent gas delivery rates, and other variable factors.

In plasma systems according to the invention
which have a segmented cathode plasma generator
or gun, the cathodes are of modular construction to
facilitate the pressure sealing thereof as well as to
provide easy installation in and removal thereof
from the plasma gun. Inert plasma gas is sepa-
rately supplied to each cathode assembly where it
is caused to flow through a path which insures a
desired gas velocity, volume and swirling action at
the cathode tip within the arc chamber. The angle
of incidence formed by the axis of elongation of the
cathode assembly with the central axis of elonga-
tion of the gun and of the anode and which can be
varied over a substantial angular range is chosen to
provide successful operation under a variety of
conditions. Angles of incidence of as litle as 30°
or as much as 105  may be used, although 45° is
satisfactory for most operating conditions.

In plasma guns according to the invention, the
common ancde which is centrally located within the
gun is also preferably of modular construction to
facilitate easy installation in and removal from the
gun. The anode provides and therefor determines
the configuration of the arc chambers surrounding
the tips of the various cathodes. The size and
shape of the cavities within the anode defining the
arc chambers combines with other factors such as
gas pressure and gas spiral to determine the arc
paths extending from the cathode tips. By provid-
ing the anode in a modular, easily replaceable
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configuration, the anode can easily be changed to
provide different arc chamber configurations so that
operation of the plasma system may be optimized
for different operating conditions. The spiraling mo-
tion of the gas in the region of the cathode tips
enhances arc stability, while the arc path controls
the temperature within a central mixing chamber in
the anode adjacent the various arc chambers.

The presence of the separate mixing chamber
within the anode in accordance with a further fea-
ture of the invention defines a sonic region just
above the supersonic nozzle chamber at the bot-
tom of the anode. The presence of the separate
mixing chamber allows for mixing of the gas and
the material to be sprayed before acceleration
thereof through the nozzle. The size and shape of
the mixing chamber can be varied to adjust such
things as plasma temperature and arc path. For
example, the length of the mixing chamber can be
varied to accommodate the different melting points
of different powders, in order to prevent unwanted
deposition of the powder on the anode walls. The
mixing chamber configuration also plays a major
role in determining the shape of the spray pattern.
Again, the modular nature of and easy interchange-
ability of the anode facilitates the use of different
anodes having different mixing chamber configura-
tions in order to optimize operation of the plasma
system for different operating conditions.

In accordance with the invention the plasma
gun is provided with a powder insert holder to
which is removably attached a powder insert. The
removal powder insert which is disposed within the
anode determines the flow configuration of powder
being introduced into the mixing chamber. The
interchangeability of powder inseris allows for the
use of different insert configurations so that factors

‘such as the material injection point within the mix-

ing chamber can be varied for different applica-
tions. The feed port diameter and the material of
the insert are also readily changed in this manner.

in accordance with the invention, the powder or
other material to be sprayed with the plasma
stream is preferably introduced through a plurality
of different feed ports, each of which is associated
with a different one of the cathodes. Each feed port
terminates within a different one of the arc cham-
bers. The multi-port injection configuration is pref-
erably provided by a powder insert of appropriate
design. Because the powder inserts are readily
interchangeable, the multi-port configuration can
easily be changed to accommodate different ap-
plications of the plasma system. The angle of each
powder feed port relative to the central axis of the
associated cathode assembly is important in op-
timizing system operation, as is the diameter of the
port.

Cooling of the separate cathodes and the.com-
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mon anode is important in terms of proper opera-
tion of the plasma system, particularly at higher
power levels. In accordance with the invention the
individual cathode assemblies and the anode are
separately supplied with cooling water and include
separate cooling systems which are independent of
one another. Each cathode assembly includes a
cooling sysiem configured such that the cooling
water passing therethrough provides adequate
cooling action for the cathode assembly. The cool-
ing requirements for the common anode are par-
ticularly important, and such requirements are met
by a unique cooling system configuration in which
the cooling water is caused to periodically undergo
swirling motion within and adjacent to various dif-
ferent parts of the anode to provide very effective
cooling action. The powder insert holder which acts
as a heat sink for heat in the powder inseri and the
central mixing chamber is cooled by action of an
insert clamp mounted at the top of the anode
assembly. Cooling water passing upwardly through
apertures in the anode assembly is directed onto
the powder insert holder in a swirling pattern by
angled apertures in a lower portion of the insert
clamp, then back out through apertures in an upper
portion of the insert clamp.

in accordance with the invention material such
as metal to be sprayed can be introduced into the
plasma stream in a molten state. The direct central
feeding of the material to be sprayed facilitates the
introduction thereof in a moiten state because of
the ability to heat the material into a molten state
just above and relatively close to the central mixing
chamber within the anode assembly. Introduction of
metal in a moiten state is accomplished using a
metal-feed assembly which has a hollow feed tube
instead of a powder insert and powder insert hold-
er. The hollow feed tube which extends through the
top of the anode assembly to the central mixing
chamber has an upper end terminating at a melt
bowl just below a hollow supply tube. Pieces of
metal placed within the hollow supply tube are
heated to a molten state by one or more D.C.
power supplies coupled to electrodes mounted in
spaced-apart fashion along the metal melt-feed as-
sembly and on the anode assembly. As the metal
melts and flows to the bottom of the supply tube
and then into the melt bowl, it is contained within
the melt bowl by the gas pressure in the central
mixing chamber. Such gas pressure is commu-
nicated to the melt bowl by the hollow feed tube.
When it is desired to deliver the molten metal into
the central mixing chamber, a source of pressur-
ized gas is coupled to the upper end of the supply
tube opposite the melt bowl. This overcomes the
effects of gas pressure from the ceniral mixing
chamber allowing the moiten metal o fiow over the
melt bowl, through the hollow feed tube, and into
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the central mixing chamber.

A better understanding of the invention may be
had by reference to the following specification in
conjunction with the accompanying drawings, in
which:

Fig. 1 is a combined block diagram and
perspective view, paitially broken away, of a plas-
ma system in accordance with the invention;

Fig. 2 is a perspective view of the plasma
gun of the plasma system of Fig. 1 together with
certain other portions of the plasma system;

Fig. 3 is a sectional view of a portion of the
plasma gun of Fig. 2 showing the modular anode of
the plasma gun together with powder delivery ap-
paratus, the anode cooling system and a portion of
one of three modular cathode assemblies of the
plasma gun;

Fig. 4 is a side view of one of the modular
cathode assemblies of the plasma gun of Fig. 2;

Fig. 5 is sectional view of the modular cath-
ode assembly of Fig. 4;

Fig. 6 is a sectional view of the cathode
connector tube within the cathode assembly of
Figs. 4 and 5 taken along the line 6-6 thereof and
showing an annular collar thereof for producing
swirfing motion of inert gas over the cathode tip;

Fig. 7 is a sectional view of the cathode
connector tube of Fig. 6 taken along the line 7-7
thereof and showing one of the obliquely oriented
apertures therein used to produce gas swirl;

Fig. 8 is a sectional view of the integrally
formed body of the modular anode of Fig. 3;

Fig. 9 is a front view of the modular anode of
Fig. 3;

Fig. 10 is a top view, partially broken away,
of the modular anode of Fig. 3;

Fig. 11 is a sectional representation of a
portion of the plasma gun of Figs. 2 and 3 illustrat-
ing four different possible arc chamber configura-
tions;

Figs. 12-14 are sectional representations of a
portion of the modular anode of Fig. 3 illustrating
three different possible configuration of central mix-
ing chambers and adjoining nozzle chambers;

Fig. 15 is a plan view of the powder insert
holder of the plasma gun of Figs. 2 and 3 together
with a removable powder insert for mounting within
the modular anode;

Figs. 16 and 17 are respectively sectional
and end views of a first embodiment of the powder
insert of Fig. 15;

Figs. 18 and 19 are respectively sectional
and end views of a second embodiment of the
powder insert of Fig. 15;

Figs. 20 and 21 are respectively sectional
and end views of a third embodiment of the pow-
der insert of Fig. 15;

Figs. 22 and 23 are respectively sectional
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and end views of a fourth embodiment of the
powder insert of Fig. 15; ;

Figs. 24 and 25 are respectively sectional
and end views of a fifth embodiment of the powder
insert of Fig. 15;

Fig. 26 is a bottom view of the anode con-
nector plate of the plasma gun of Figs. 2 and 3;

Fig. 27 is a top view of the gun body of the
plasma gun of Figs. 2 and 3;

Fig. 28 is a top view of the anode retainer of
the plasma gun of Figs. 2 and 3;

Fig. 29 is a sectional view of the insert
clamp of the plasma gun of Figs. 2 and 3;

Fig. 30 is a sectional view of the insert
clamp of Fig. 29 taken along the line 30-30 thereof
and showing the arrangement of cooling water ap-
ertures in a lower portion of the insert clamp;

Fig. 31 is a top view, partially broken away
and in .section, of the insert clamp of Fig. 29 and
showing the orientation of cooling water apertures
in an upper portion of the insert clamp;

Fig. 32 is a bottom view of the anode con-
nector plug of the plasma gun of Figs. 2 and 3; and

Fig. 33 is a plan view, partly in section, of a
metal melt-feed assembly for feeding moiten metal
to be sprayed into the anode of Figs. 3 and 8-10.

Fig. 1 depicts a plasma system in accordance
with the invention. The plasma system includes a
plasma chamber 10 that provides a sealed
vacuum-maintaining and pressure-resistance in-
sulative enclosure. The chamber 10 is defined by a
cylindrical principal body portion 12, and an upper
lid portion 13 joined thereto. The body portion 12
of the plasma chamber 10 includes a bottom col-
lector cone 14 that leads into and communicates
with associated units for processing the existing
gases and particulates and maintaining the desired
ambient pressure.

A downwardly directed plasma spray is estab-
lished by a plasma gun 16 mounted within the
interior of the chamber lid 13, the position of which
gun 16 is controlled by a plasma gun motion
mechanism 18. Both parts of the plasma chamber
10 are advantageously constructed as double
walled, water cooled enclosures and the lid 13 is
removable for access to the operative parts. The
gun motion mechanism 18 supports and controls
the plasma gun 16 through sealed bearings and
couplings in the walls of the chamber lid 13. A
powder feed mechanism 20 also coupled to the
chamber lid 13 provides controlled feed of a heat-
ed powder into the plasma spray through flexible
tubes that are coupled to the plasma gun 16.

The downwardly directed plasma stream im-
pinges on a workpiece 24 supported on an inter-
nally cooled conductive workpiece holder 25 and
positioned and moved while in operation via a shaft
extending through the chamber body 12 to an
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exterior workpiece motion mechanism 26. Adjacent
one end of the workpiece 24, but spaced apart
therefrom, is a dummy workpiece or dummy sting
28, which is similarly internally cooled and coupled
through a side wall of the chamber body 12 to a
dummy sting motion mechanism 30. Both the wor-
kpiece holder 25 and the dummy sting 28 are
adjustable as to insert position with respect to the
central axis of the chamber 10 and electrically
conductive so that they may be held at selected
potential levels for transfer arc generation during
various phases of operation.

Below the workpiece 24 and the dummy sting
28 positions, the collector cone 14 directs the over-
spray gaseous and particulate materials into a
batfle/filter module 32 having a water cooled baffle
section thereof for initially cooling the overspray
and an in-line filter section thereof for extracting the
majority of the entrained particle matter. Effluent
passing through the baffleffilter module 32 is then
directed through a heat-exchanger module 38,
which may be another water cooled unit, into a
vacuum manifold 38 containing an overspray
filter/collector unit 40 which extracts substantially
all particulate remaining in the flow. The vacuum
manifold 38 communicates with vacuum pumps 42
having sufficient capacity o maintain a desired
ambient pressure within the chamber 10. Typically,
this ambient pressure is in the range from 0.6
atmosphere down to 0.001 atmospheres. The
baffleffilter module 32 and the heat exchanger
module 36, as well as the overspray filter/collector
40 are preferably double walled water cooled sys-
tems, and any of the types well known and widely
used in plasma systems may be employed. The
entire system may be mounted on rollers and
movable along rails for ease of handling and ser-
vicing of different parts of the system. Conventional
viewing windows, water cooled access doors and
insulated feed through plates for electrical connec-
tion have not been shown or discussed in detail, for
simplicity of illustration. The workpiece support and
motion control system is advantageously mounted
in a hinged front access door 43 in the chamber
body 12.

Electrical energy is supplied into the operative
portions of the system via fixed bus bars 44 moun-
ted on the top of the chamber lid 13. Flexible water
cooled cabies couple external plasma power sup-
plies 46 and high frequency power supplies 48 via
the bus bars 44 into the plasma gun 16 for genera-
tion of the plasma stream. The plasma power sup-
plies 48 provide the requisite electrical potential
differences between the electrodes of the plasma
gun 16 and between the plasma gun 16 and the
workpiece 24. The high frequency power supplies
48 are used to initiate the plasma transfer arc by
superimposing a high frequency voltage discharge
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on the D.C. supply from the plasma power supplies
48 in known fashion. A switchable transfer arc
power supply 50 is coupled via the bus bars 44 to
the plasma gun 16, the workpiece holder 25 and
the dummy sting 28. As described in the pre-
viously referred to U.S. Patent 4,328,257 of Muehi-
berger et al, the transfer arc power supply 50 may
be employed to provide a reverse transfer plasma
arc between the plasma gun 16 and the workpiece
24 in advantageous fashion.

Operation of the plasma gun 16 entails usage
of a water booster pump 52 to provide an adequate
flow of cooling water through the interior of the
plasma gun 16, as described in detail hereafter. A
plasma gas source 54 provides a suitable ionizing
gas for generation of the plasma stream. The plas-
ma gas here employed is either argon alone or
argon seeded with helium or hydrogen, although
other gasés may be employed as is well known to
those skilled in the art.

Controtl of the sequencing of the system of Fig.
1, and the velocity and amplitude of motion of the
various motion mechanisms, is governed by a sys-
tem control console 56. The plasma gun 16 is
separately operated under control of a plasma con-
trol console 58. In as much as the functions per-
formed by these consoles and the circuits included
therein are well understood, they have not been
shown or described in detail. Transfer arc control
circuits 60 control switching of the transfer arc
polarity. ,

Except for the plasma gun 16 which employs a
segmented cathode configuration, the remainder of
Fig. 1 is essentially identical to the plasma system
described in previously referred to U.S. Patent
4,328,257 of Muehlberger et al, and reference
thereto is made to the extent that further explana-
tion of one or more portions of the plasma system
may be needed.

Fig. 2“ghows the plasma guh 16 of Fig. 1. The
-plasma gur 16 includes a generally cylindrical gun
body 70 which houses an anode and a cooling
system therefor together with certain powder deliv-
ery apparatus as described hereafter. Powder or
other material to be sprayed is advanced into the
plasma gun 16 via a powder tube 72 extending
through an anode connection piate 74 at the top of
the body 70.

The water booster pump 52 is coupled to the
body 70 of the plasma gun 16 to provide cooling
water {o an anode cooling system within the body
70. the water booster pump 52 which is coupled to
the plasma gun 16 by two of a plurality of cooling
water supply conduits 75 emanating from the upper
portion of the water booster pump 52 provides a
supply of cooling water to the body 70 via fittings
76 and 78 mounted on the anode connection plate
74. Water which is passed through the cooling
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system for the anode is returned to the water
booster pump 52 via two of a piurality of cooling
water return conduits 79 emanating from the lower
portion of the water booster pump 52. The two
cooling water return conduits are coupled to fittings
80 and 82 mounted on the anode connection plate
74. The anode and the cooling system therefor are
described in detail hereafter in connection with Fig.
3.

The plasma gun 16 is provided with three
different cathode assemblies 84, 86 and 88 which
are described in detail hereafter in connection with
Figs. 4 and 5. Each of the cathode assemblies 84,
86 and 88 is of elongated, generally cylindrical
configuration and extends into the body 70 through
an outer wall such that an axis of elongation 90 of
the cathode assembly intersects and forms an an-
gle of approximately 45° with a central axis 92 of
the body 70. The cathode assemblies 84, 86 and
88 are generally equally spaced around the body
70 so as to be displaced from one another by
approximately 120° relative to the central axis 92.

The cathode assembly 84 receives cooling wa-
ter from the water boaster pump 52 of Fig. 1 via a
separate conduit 93 comprising one of the cooling
water supply conduits 75. In similar fashion the
cathode assemblies 86 and 88 are supplied by
separate conduits 94 and 95 respectively. Cooling
water which is supplied to each cathode assembly
84, 86 and 88 via the conduits 93, 94 and 95
circulates through the cathode assembly to provide
internal cooling as described hereafter in connec-
tion with Fig. 5 before exiting the cathode assem-
bly via fitting 96 at the side thereof. Each of the
fittings 96 is coupled to the water booster pump 52
via a different one of the cooling water return
conduits 79. A further fitting 98 on the side of each
cathode assembly 84, 86 and 88 is coupled via a
conduit (not shown)-to the plasma gas source 54 of
Fig. 1 for providing a supply of plasma gas to the
cathode assembly.

The piasma gun 18 is shown and described in
Fig. 2 and hereafter as being comprised of the
three cathode assemblies 84, 86 and 88 for pur-
poses of illustration only. It will be understood by
those skilled in the art that numbers other than
three of the electrodes of common polarity may be
employed in accordance with the principles of the
invention. Also, as discussed hereafter, the cathode
assemblies 84, 86 and 88 can be mounted so that
their axes of elongation 90 form angles other than
45° with the central axis 92 of the body 70.

As shown in Fig. 2 the plasma supplies 46 of
Fig. 1 comprise three different plasma power sour-
ces 99A, 99B and 99C respectively coupled to the
cathode assemblies 84, 86 and 88. Each of the
plasma power sources 99A, 99B and 99C is com-
prised of a D.C. power source having the positive
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terminal thersof coupled to the anodé within the
gun body 70 and the negative terminal thereof
coupled to the associated one of the cathode as-
semblies 84, 86 and 88. The plasma power sour-
ces 99A, 99B and 99C are separately adjustable so
that the plasma power to the cathode assemblies
84, 86 and 88 is independently variable. As shown
in Fig. 2 the swiichabie transfer arc power supplies
50 are coupled between the anode within the body
70 and the workpiece 24. The high frequency pow-
or supplies 48 which are not shown in Fig. 2 are
preferably comprised of a different high frequency
power supply for and coupled to each of the cath-
ode assemblies 84, 86 and 88 fo initiate the plasma
transfer arc by superimposing high frequency voit-
age discharges on the plasma power sources 99A,
99B and 99C.

Fig. 3 is a partial sectional view of the body 70
and an adjoining portion of the cathode assembly
84 of the plasma gun 16. The cathode assemblies
86 and 88 are omitted from Fig. 3 for simplicity of
illustration.

As shown in Fig. 3 the body 70 is of generally
cylindrical configuration and has a cylindrical bore
100 extending through the center thereof along the
central axis 92 between a top 102 of the body 70
and an opposite bottom 104 of the body 70. The
central bore 100 has an anode assembly 108
mounted therein at a lower portion thereof. The
anode assembly 106 is held in place within the
lower end of the bore 100 by an anode retainer 108
coupled to the bottom 104 of the body 70. The
anode retainer 108 is shown and described in
detail hereafter in connection with Fig. 28.

An anode connector plug 110 comprises a part
of powder delivery apparatus mounted within an
upper portion of the cylindrical bore 100. The an-
ode connector plug 110 extends upwardly from the
top of the anode assembly 102 and is received
within a central aperture 112 in the ancde connec-
tion plate 74 at the top 102 of the body 70. A lower
end of the anode connector plug 110 terminates in
a flange 114 extending into a wall 116 of the
cylindrical bore 100. The anode connector plug 110
has a generally cylindrical bore 118 therein in
which is mounted a feed tube retainer 120. The
feed tube retainer 120, which has threads at an
upper portion thereof secured within mating
threads in an upper end of the anode connector
plug 110 to secure the feed tube retainer 120
therein, has a cylindrical bore 122 therein in which
the powder tube 72 is mounted.

As previously noted the powder fube 72 carries
powdered metal or other material to be introduced
into the plasma stream from the powder feed
mechanism 20 shown in Fig. 1. The powdered
metal or other material is fed under pressure into
the plasma gun 16 through the powder tube 72. As
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shown in Fig. 3 the powder tube 72 terminates at a
powder tube spout 124 attached thereto so as to
be disposed within the cylindrical bore 118 of the
anode connector plug 110. An insert clamp 126
which is mounted within a top portion 128 of the
anode assembly 106 opposite a base 130 of the
anode assembly 106 and which is shown and de-
scribed in detail hereafter in connection with Figs.
29-31 has a hollow, generally cylindrical upper
portion 132 thereof seated within a lower portion of
the cylindrical bore 118 of the anode connector
plug 110 adjacent the powder tube spout 124. The
insert clamp 126 has an opposite lower portion 134
of hollow, generally cyiindrical configuration dis-
posed within the fop portion 128 of the anode
assembly 106. L .

An elongated powder insert holder 136 which is
shown and described in detail hereafter in connec-
tion with Fig. 15 has an upper portion-132 of the
insert clamp 126 so as to receive the powder tube
spout 124 thersin. An opposite lower portion of the
powder insert holder 136 extends into the anode
assembly 106 and has a cylindrical powder insert
138 coupled thereto. The powder tube 72 has a
bore 140 therein which communicates with and
delivers powder to a central bore 142 within the
powder tube spout 124. The bore 142 in turn
communicates with and delivers the powder to a
central bore 144 of the powder insert holder 136.
As described in detail hereafter, the central bore
144 of the powder insert holder 136 delivers the
powder through one or more powder feed ports
within the powder insert 138. The powder insert
138 shown in Fig. 3 contains a single powder feed
port 146 which terminaies at a central mixing
chamber 148 within an integrally formed body 150
of the anode assembly 106.

The central mixing chamber 148 within the
body 160 of the anode assembly 106 commu:
nicates with the outside of.the plasma gun 16 at
the base 130 of the anode assembly 106-wia a
central nozzle chamber 152. The cenfral mixing
chamber 148 also communicates with a plurality of
arc chambers 154 formed within the body 150 of
the anode assembly 106 and each being asso-
ciated with a different one of the cathode assem-
blies 84, 86 and 88. One of the arc chambers 154
is shown in Fig. 3 in conjunction with the cathode
assembly 84.

The body 70 of the plasma gun 16 is provided
with a generally cylindrical aperture 156 therein for
receiving the cathode assembly 84. The cylindrical
aperture 156 is represented in dotted outline form
in Fig. 3. The cyiindrical aperture 156 terminates at
a generally cylindrical aperture 158 which extends
into the body 70 from the aperture 156 and which
is shown partially in dotted outline and partially in
solid outline in Fig. 3. The aperture 158 receives a
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chamber insulator 160 forming a part of the cath-
ade assembly 84 together with a cathode tip 162
mounted within the chamber insulator 160. The
chamber insulator 160 terminates at and the cath-
ode tip 162 extends into the arc chamber 154. The
cathode assembiies 86 and 88 which are not
shown in Fig. 3 are mounted in the plasma gun 16
in similar fashion.

As described hereafter the cathode assembly
84 is operative to cause the flow of an inert gas in
a swirling pattern along a gas passage 164 formed
by an annular space between the cathode tip 162
and an inner wall 166 of a generally cylindrical
bore 168 of the chamber insulator 160. The plasma
power source 89A shown in Fig. 2 is coupled
between the cathode tip 162 of the cathode assem-
bly 84 and the body 150 of the anode assembly
106 to provide a desired electrical potential dif-
ference therebetween. This combines with the flow
of inert gas over the cathode tip 162 to form a
plasma arc within the arc chamber 154 and a
resulting plasma streamn which flows from the cen-
tral mixing chamber 148 through the central nozzle
chamber 152 and out of the plasma gun 16. The
velocity of the inert gas within the arc chamber 154
is in the subsonic region. As the gas enters the
ceniral mixing chamber 148, the gas mixes with
powder introduced through the powder insert 138.
The mixing chamber 148 defines a sonic region in
terms of the velocity of the plasma stream therein.
The mixture of gas and powder then accelerates
within the nozzle chamber 152 which defines a
supersonic region for the plasma stream. The plas-
ma stream exiting the nozzle chamber 152 contin-
ues on to the workpiece 24 and then out of the
bottom collector cone 14 of the plasma chamber
10 at supersonic speeds due to the action of the
vacuum pumps 42 shown in Fig. 1. A transfer arc
is produced between the anode assembly 106 and
the workpiece 24 by the switchable transfer arc
power supplies 50 shown in Figs. 1 and 2.

While not shown in Fig. 3, the cathode assem-
blies 86 and 88 function in a similar manner in
- connection with their respective arc chambers 154
within the body 150 of the anode assembly 106 to
produce plasma arcs which contribute to the plas-
ma stream flowing from the mixing chamber 148
through the nozzle chamber 152 and out of the
plasma gun 186.

Fig. 3 shows in both solid and dotted outline
form the portion of the cathode assembly 84 that
resides within the body 70 of the plasma gun 16.
Fig. 4 in turn shows the portion of the cathode
assembly 84 extending outside of the body 70,
while Fig. 5 is a sectional view of the entire cath-
ode assembly 84.

As seen in Fig. 4, the cathode assembly 84 is
of modular construction, being comprised generally

10

15

20

25

30

35

40

45

50

§5

of an elongated, generally cylindrical body 170
having as its axis of elongation the axis of elonga-
tion 80 of the cathode assembly 84. The modular
nature of the cathode assembly 84 facilitates the
pressure sealing of the interior thereof as well as
making the cathode assembly 84 removable as an
integral unit from the body 70 of the plasma gun
16. The cathode assembly 84 is removably moun-
ted within the body 70 so that the body 170 of the
cathode assembly 84 resides within the mating
cylindrioal aperture 156 shown in dotted outline in
Fig. 3. This seats the chamber insulator 160 of the
cathode assembly 84 within the smaller cylindrical
aperture 158 in the body 70 so that the cathode tip
162 is disposed in the proper position within the
arc chamber 154,

As shown in Fig. 4 the portion of the body 170
of the cathode assembly 84 extending outside of
the body 70 of the plasma gun 16 includes the
water fitting 96 and the gas fitting 98. The conduit
93 supplying cooling water from the water booster
pump 52 shown in Figs. 1 and 2 extends through
an insulator nut 172 secured to an outer end of the
body 170. Cooling water which enters the cathode
assembly 84 via the conduit 93 and which passes
through the cooling system for the cathode. 84 exits
from the cathode assembly 84 via the water fitting
96 which, as noted in connection with Fig. 2, is
coupled via one of the cooling water return con-
duits 79 to the water booster pump 52. Also, as
previously noted, inert gas from the plasma gas
source 54 shown in Fig. 1 is applied to the gas
fitting 98.

In the sectional view of the cathode assembly
84 shown in Fig. 5, the insulator nut 172 which is
screwed onto the end of a cable insulator 174 via
threads 176 at the end of the cable insulator 174 is
not shown. Also, the conduit 93 which is coupled to
a fitting 178 located in a generally cylindrical bore
180 of the cable insulator 174 is not shown. The
cooling water form the water booster pump 52 is
provided to the fitting 178 by the conduit 93, and
such cooling water is represented by arrows 182 in
Fig. 5.

The cable insulator 174 forms a portion of the
body 170 of the cathode assembly 84 together with
the chamber insulator 160, a generally cylindrical
cathode insulator connector 184 and a generally
ring-shaped insulator retainer 186. The cathode in-
sulator connector 184 has a set of threads 188 to
which the cable insulator 174 is secured adjacent a
first end 190 of the cathode insulator connector.
The ring-shaped insulator retainer 186 is secured
to an opposite second end 192 of the cathode
insulator connector 184 such as by bolts 193 to
secure the chamber insulator 160 within an annular
recess 194 in the second end 192 of the cathode
insulator connector 184.
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The cathode insulator connector 184 has a
generally cylindrical bore 196 therein in which is
seated a hollow, generally cylindrical gas conductor
tube 198. The gas conductor tube 198 extends
along a portion of the cylindrical bore 196 from the
chamber insulator 160. the remaining portion of the
cylindrical bore 196 is occupied by a portion of a
cathode connector tube 200. The cathode connec-
tor tube 200 which is of elongated, generally cylin-
drical, stepped configuration has an axis of elonga-
tion coincident with the axis of elongation 90 of the
cathode assembly 84. The cathode connector tube
200 extends from a region adjacent the first end
190 of the cathode insulator connector 184 all the
way to a region adjacent an outer end 202 of the
chamber insulator 160 to mount the cathode tube
162 therein. The cathode connector tube 200 is
stepped down in outer diameter along a portion of
the gas conductor tube 198 and again along a
substantial portion of the chamber insulator 160 fo
form an annular space within an inner wall 204 of
the gas conductor tube 198 and the inner wall 166
of the chamber insulator 160. Such annular space
forms a gas passage 206 having a first portion 208
thereof of generally uniform diameter extending
along a major portion of the gas conductor tube
198 and a second portion 210 thereof of generally
uniform diameter smaller than the uniform diameter
of the first portion 208 extending along most of the
length of the chamber insulator 160. The cathode
connector tube 200 has an annular collar 212
thereon extending into the gas passage 206 adja-
cent a juncture 214 of the first and second portions
208 and 210 of the gas passage 2086.

The cathode insulator connector 184 has an
annular recess in the cylindrical bore 196 thereof
which forms an annular gas inlet chamber 216. The
annular gas inlet chamber 216 surrounds a portion
of the outside of the gas conductor tube 198 and
communicates with the first portion 208 of the gas
passage 206 on the opposite side of the gas con-
ductor tube 198 via a plurality of apertures 218 in
the gas conductor tube 198. The apertures 218 are
spaced around the circumference of the gas con-
ductor tube 198 at the annular gas iniet chamber
216, and one of the apertures 218 is shown in Fig.
5.

The gas fitting 98 which is mounted on the
outside of the body 170 of the cathode assembly
84 as shown in Fig. 4 is used to feed a supply of
pressurized, substantially inert gas to the first por-
tion 208 of the gas passage 206 via the annular
gas inlet chamber 216 and the apertures 218 in the
gas conductor tube 198. The gas fitting 98 which is
not shown in Fig. 5 is coupled to the annular gas
inlet chamber 216 by a passage 220 in the cathode
insulator connector 184. The passage 220 is shown
in dotted outline in Fig. 5, and the flow of gas
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therethrough is represented by a dotted arrow 222.

- The gas which flows through the passage 220

under pressure fills the annular gas inlet chamber
216 and from there flows through the aperiures 218
into the first portion 208 of the gas passage 206.
The gas within the first portion 208 flows to the
annular collar 212 of the cathode connector tube
200 where the gas is forced into a spiral flow
pattern in the second portion 210 of the gas pas-
sage 206 by an arrangement of apertures in the
annular collar 212,

The annular collar 212 is shown in detail in
Figs. 6 and 7, with Fig. 7 being a sectional view of
a portion of Fig. 6. As shown in Fig. 6, the annular
collar 212 is provided with a plurality of aperiures
224 therein disposed in a spaced-apart circum-
ferential pattern just outside of the cathode connec-
tor tube 200. It was previously noted that the cath-
ode connector tube 200 has an axis of elongation
which is coincident with the axis of elongation 90 of
the cathode assembly 84. the apertures 224 are
disposed obliguely relative to the axis of elongation
90, and this is brought out by Fig. 7 which shows
one of the apertures 224 in section. This obiique
orientation of the apertures 224 relative to the axis
of elongation 90 forces the gas info a spiraling
pattern along the second portion 210 of the gas
passage 206 as the gas passes through the ap-
ertures 224 within the annular collar 212.

The swirling pattern of the inert gas continues
as the gas passage over the cathode tip 162 and
into the arc chamber 154 in the anode assembly
106. Such spiraling motion enhances the stability of
the resulting plasma arc that forms within the arc
chamber 154.

As shown in Fig. 5, the cathode tip 162 is
mounted on the end of the cathode connector tube
200 adjacent the outer end 202 of the chamber
insulator 160. the cathode tip 162, which may be
constructed of conventional materials such as tung-
sten or copper, may be attached to the end of the
cathode connector tube 200 by any appropriate
technique such as gold soldering. However, the
cathode tip 162 is preferably attached by a thread-
ed arrangement to facilitate removal and replace-
ment of the cathode 162. The cathode tip 162 has
a threaded end 226 thereof which is received within
a mating threaded aperture 228 in the end of the
cathode connector tube 200.

As previously noted a supply of cooling water
is provided to the cathode assembly 84 by the
conduit 93 from the water booster pump 52. The
conduit 93 extends through the insulator nut 172 at
the end of the cable insulator 174 and into the
cylindrical bore 180 of the cable insulator 174
where the conduit 93 couples to the fitting 178. The
fitting 178 is mounted on an end 230 of an inner
connector tube 232 of elongated, generally cylin-
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drical configuration. The inner connector tube 232
which is mounted on a portion of the cathode
insulator connector 184 opposite the cable insulator
174 and adjacent the first end 190 of the cathode
insulator connector 184 by threads 234 thereon
extends into an elongated héllow interior 236 of the
cathode connector tube 200. The inner connector
fube 232 which forms an elongated cooling tube
member includes a water tube 238 at a forward
end thereof which terminates just short of an end
240 of the hollow interior 236 of the cathode con-
nector tube 200 adjacent the cathode tip 162.

Cooling water infroduced into the fitting 178
flows along a hollow interior 242 of the inner con-
nector tube 232 and then through a hollow interior
244 of the water tube 238. The water flow is
represented by a series of arrows 246. The water
flows out the open end of the water tube 238 at the
end 240 of the hollow interior 236, at which point
the water flow reverses in direction and enters an
annular space 248 formed between the elongated
hollow interior 236 of the cathode connector tube
200 and the outsides of the water tube 238 and the
inner connector tube 232. The annular space 248
leads into an annular chamber 250 which encircles
the inside of the cathode connector tube 200. An
annular recess in the cathode insulator connector
184 on the outside of the cathode connector tube
200 opposite the annular chamber 250 forms an
annular cooling water outlet chamber 252.

The annuiar chamber 250 communicates with
the annular cooling water outlet chamber 252 via a
plurality of apertures 254 spaced around the cath-
ode connector tube 200. One of the apertures 254
is shown in Fig. 5. Cooling water in the annular
space 248 which enters the annular chamber 250
enters the annular cooling water outlet chamber

252 by way of the apertures 254 in the cathode -

connector tube 200. The annular cooling water out-
let chamber 252 is coupled to the fluid coupling 96
shown in Fig. 4 but not in Fig. 5 by a passage 256
which is shown in dotted outline in Fig. 5. The flow
of cooling water through the passage 246 is repre-
sented by a dotted arrow 258.

The dotted representations of the gas passage
220 and the water passage 256 in the cathode
insulator connector 184 are shown as being gen-
erally parallel -to one another and in the same
circumferential position in Fig. 5 for convenience of
illustration only. In actuality, the passages 200 and
256 are offset from one another around the circum-
ference of the cathode insulator connector 184 as
will be appreciated by the offset positioning of the
water fitting 96 and the gas fitiing 98 as shown in
Figs. 2 and 4. .

It will be appreciated from an examination of
Fig. 5 that the cathode cooling system provided by
the fitting 178, the inner connector tube 232, the
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water tube 138, the annular chambers 250 and 252
and the passage 256 provide cooling action along a
substantial portion of the region of gas flow within
the cathode assembly 84. Such cooling system
provides more than adequate cooling in the face of
the delivery of substantiai volumes of inert gas
under relatively high pressure and including the
substantial friction which occurs as the swirling
pattern of the gas is created at the annular collar
212.

As previously noted in connection with the dis-
cussion of Fig. 3, the modular anode assembly 106
is comprised principally of the integrally formed
body 150. Fig. 8 is a sectional view of the body
150. As shown therein the body 150 has a central
axis 260. When the anode assembly 106 is in-
stalled within the lowser portion of the cylindrical
bore 100 of the body 70 of the plasma gun 16 and
held in place therein by the anode retainer 108, the
central axis 260 is generally coincident with the
central axis 92 of the body 70 of the plasma gun
16.

The top portion 128 of the anode assembly
106 has a generally cylindrical bore 262 therein
having a threaded portion 264 thereof. The thread-
ed portion 264 receives the insert clamp 126
shown in Fig. 3 and in Figs. 29 - 31 which are
described hereafter. Below the threaded portion
264, the cylindrical bore 262 tapers to a circular
chamber 266. The circular chamber 266 is config-
ured to receive a lower end of the powder insert
holder 136 shown in Fig. 3 and in Fig. 15. A
generally cylindrical aperture 268 extends down-
wardly from the circular chamber 266 to a first end
270 of the central mixing chamber 148 and is
configured to receive the powder insert 138 shown
in Figs. 3 and 15. An opposite second end 272 of
the central mixing chamber 148 denotes the junc-
ture between the central mixing chamber 148 and
the ceniral nozzle chamber 152.

As previously described the anode assembly
106 has three of the arc chambers 154 therein
which are spaced equally about the central axis 92
of the body 70 and thus the central axis 260 of the
anode assembly 106. Only one of the arc cham-
bers 154 is shown in Fig. 8. The arc chamber 154
extends into the body 150 from the bottom of an
opening 274 in the side of the body 150. The
opening 174 receives the outer end of the chamber
insulator 160 when the cathode assembly 84 is
mounted in the body 70 of the plasma gun 16. This
places the cathode tip 162 of the cathode assem-
bly 84 in an operative position within the arc cham-
ber 154. -

The arc chamber 154 extends from the bottom
of the opening 274 of the housing 150 to the
central mixing chamber 148 along a central axis
276. The arc chamber 154 is comprised of a gen-
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erally cylindrical portion 278 which communicates
with the central mixing chamber 148 adjacent the
first end 270 thereof. The arc chamber 154 also
has a portion 280 thereof which is of partial conical
configuration and which diverges in the direction
from the cylindrical portion 278 to the bottom of the
opening 274.

The body 150 of the anode assembly 106 has
an annular cavity 282 therein which surrounds the
body 150 adjacent the base 130. As described
hereafter, cooling water within the anode cooling
system is forced into a swirling pattern within the
annular cavity 282 before passing upwardly
through a piurality of apertures in the body 150 to
the cylindrical bore 262. Two such apertures 284
and 286 are shown in Fig. 8.

Fig. 9 is a front view of the anode assembly
108 which is taken from the left side of the sec-
tional view of Fig. 8 so that the opening 274
appears at the center thereof. Fig. 10 is a top view
of the anode assembly 106 with a portion of the
body 150 being broken away to reveal the opening
274 and the associated arc chamber 154. The
anode assembly 106 has two additional openings
of like configuration to the opening 274 for receiv-
ing the cathode assemblies 86 and 88. The two
additional openings do not appear in the views of
Figs. 9 and 10.

As shown in Figs. 9 and 10, a lower portion of
the body 150 is provided with an annular rim 288.
The rim 288 which protrudes outwardly from the
remainder of the body 150 seats within an annular
recess 290 at the lower end of the cylindrical bore
100 in the body 70 when the anode assembly 106
is mounted within the body 70. The rim 288 seats
within the recess 290 to properly position the an-
ode assembly 106 within the body 70 and prevent
upward movement of the anode assembly 106
within the bore 100. With the anode retainer 108
secured to the botiom 104 of the body 70, a
circular flange 292 within the anode retainer 108
and which is shown in Fig. 3 abuts a lower surface
of the rim 288 to hold the rim 288 within the recess
290 and thereby secure the anode assembly 106
within the body 70.

Fig. 10 shows the apertures 284 and 286. The
apertures 284 and 286 are included within one of
three different aperture groups of like configuration
disposed generally equidistantly about the central
axis 260. The aperture 286 is located along with
two other apertures along an inner radius relative io
the ceniral axis 260. The aperture 284 is one of
three apertures located along with two other groups
of three. apertures along an outer radius relative to
the central axis 260. As mentioned previously, and
as described hereafter, the groups of apertures
including the apertures 284 and 286 are employed
to pass cooling water upwardly therethrough to
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provide for cooling of the anode assembly 106.

Fig. 11 is a sectional representation of the arc
chamber 154 together with the central mixing
chamber 148 and the ceniral nozzle chamber 152.
As previously noted, the arc chamber 154 is com-
prised of a partial conical portion 280 for receiving
the cathode tip 162 and an adjoining cylindrical
portion 278. The cylindrical portion 278 commu-
nicates with the central mixing chamber 148 adja-
cent the first end 270 thereof. The swirling inert
gas which flows over the cathode tip 162 and into

" the central mixing chamber 148 via the arc cham-

ber 154 combines with the electrical potential dif-
ference between the cathode tip 162 and the body
150 of the anode assembly 106 to produce a
plasma arc. The plasma arc extends from the cath-
ode tip 162 through the arc chamber 154 to the
region of the central mixing chamber 148. The
shape and the size of the arc chamber 154 com-
bine with such things as the pressure and the
amount of spiral of the gas to determine the path of
the arc. The path of the arc in turn controls the
temperature within the mixing chamber 148. The
spiraling motion of the gas enhances the stability of
the arc by moving the arc slightly so that it does
not concentrate in one location on the walls of the
central mixing chamber 148. The arc chamber 154
is contained within the body 150 of the anode
assembly 106. Due to the modular nature of the
anode assembly 106, the anode assembly 106 can
easily be replaced within the plasma gun 16. By
providing a plurality of different anode assemblies
106, each with arc chambers 154 of different size
and/or shape, the anode assembly 106 can easily
be changed to provide arc chambers 154 of dif-
ferent size and/or shape for different applications of
the plasma system.

The operation of the plasma gun 16 is also
controlled to some extent by the angie of the
cathode assemblies 84, 86 and 88 relative to the
central axis 260 of the anode assembly 106. In the
present example, and as shown in particular by
Fig. 11, the central axis 276 of the cathode assem-
bly 84 and the central axis of the cathode assem-
blies 86 and 88 form angles of approximately 45°
with the central axis 260 of the anode assembly
106. Such angle has been found to be satisfactory
for most applications of the plasma system. Never-
theless, other angles can be used, and apparatus
in accordance with the invention has been success-
fully operated over a range of such angles of 30 -
105° . However, angles substantially in excess of
45° such as 90° have been found to result in
unwanted deposition of the powdered material on
the walls of the central mixing chamber 148,

Fig. 11 depicts four different arrangements of
the arc chamber 154. The arrangement shown in
Fig. 11 in solid outline is preferred for most ap-
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plications of the plasma gun 16 in the present
example. However, other arrangements shown may
be preferred for different applications of the plasma
gun 16.

In a second arrangement of the arc chamber
154 shown in Fig. 11, the cylindrical portion 278 is
considerably shorter in length than in the case of
the first arrangement, and terminates at a location
294 where the partial conical portion 280 begins.
The outline of the partial conical portion 280 in the
second arrangement is shown by a dashed line
296. The cathode tip 162 in the second arrange-
ment assumes a position represented by a dashed
line 298.

In a third arrangement of the arc chamber 154
shown in Fig. 11, the cylindrical portion 278 is even
shorter and terminates at a location 300 where
partial conical portion 280 begins. The configura-
tion of the partial conical portion 280 is represented
by a line 302 of alternating dots and dashes. The
position of the cathode tip 162 in the third arrange-
ment is represented by a line 304 of aliernating
dots and dashes.

In a fourth arrangement of the arc chamber 154
shown in Fig. 11, the cylindrical portion 278 is the
same as in the third arrangement and terminates at
the location 300. Aiso, the partial conical portion
280 is the same as in the third arrangement and is
represented by the line 302 of alternating dots and
dashes. However, the cathode tip 162 in the fourth
arrangement is of more slender configuration and
is represented by a dotted line 306.

The presence of the central mixing chamber
148 in accordance with a feature of the invention
provides for the mixing of powder from the powder
feed port 146 inio the plasma stream within the
sonic region defined by the mixing chamber 148
before the mixture is accelerated within the super-
sonic region defined by the central nozzle chamber
152. Because different powdered materials to be
mixed into the plasma siream melt at different
temperatures and thus have different melting
points, it is desirabie to be able to vary the length
of the central mixing chamber 148. Proper selec-
tion of the length of the mixing chamber 148 pre-
vents premature melting and unwanted deposition
of the powdered material on the walls of the mixing
chamber 148 or the nozzle chamber 152. Because
of the interchangeable nature of the modular anode
assembly 106, it is possible to provide a plurality of
different anode assemblies 106 and having mixing
chambers 148 of different length. Depending upon
the powder to be sprayed and the particular re-
quirements thereof, the anode assembly 106 can
be changed to install an anode assembly 106 with
a mixing chamber 148 that will optimize perfor-
mance. The mixing chamber 148 also influences
the shape of the spray pattern of the powdered
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material, which pattern tends to be generally trian-
gular where three cathodes are present. Variations
in the mixing chamber 148 have been found to
produce variations in the trianguiar shape of the
spray pattern.

Figs. 12, 13 and 14 show three different ar-
rangements of mixing chambers 148, which ar-
rangements involve differences in the nozzle cham-
ber 152 to accommodate differences in the mixing
chamber 148 so that performance may be op-
timized. A first such arrangement which is shown in
Fig. 12 is similar to what is shown in Figs. 3, 8 and
11. In the second arrangement of Fig. 13, the
mixing chamber 148 is substantially longer than in
the arrangement of Fig. 12, and the nozzle cham-
ber 152 is correspondingly shorter. In the third
arrangement of Fig. 14, the length of the mixing
chamber 148 is slightly longer than in the first
arrangement of Fig. 12 but considerably shorter
than in the second arrangement of Fig. 13. The
nozzle chamber 152 is divided into two different
portions 308 and 310 of different divergence. The
portion 308 exiends from the second end 272 of
the mixing chamber 148 with a generaily constant
rate of divergence to a location 312 where the
portion 310 begins. The portion 310 extends from
the location 312 to the base 130 with a constant
rate of divergence that is greater than the rate of
divergence of the portion 308.

The powder insert holder 136 which is shown
in section in Fig. 3 is shown in Fig. 15 together
with the powder insert 138 which is adapted to be
mounted therein. As shown in Fig. 3, the powder
insert holder 136 extends along the inside of the
insert clamp 126 and terminates within the circular
chamber 266 shown in Fig. 8. As shown in Fig. 15
the powder insert holder 136 has an annular recess
314 therein adjacent the upper end thereof for
receiving an O-ring (not shown) to form a seal with
the upper portion 132 of he insert clamp 126. The
powder insert holder 136 also has an annular re-
cess 316 adjacent a lower end thereof for receiving
an O-ring (not shown) to form a seal with the
circular chamber 266 within the body 150 of the
anode assembly 106.

As shown in Fig. 15 the powder insert 138 is
provided with threads which are received within the
lower portion of the powder insert holder 136 to
mount the powder insert 138 therein. With the
powder insert holder 136 mounted within the insert
clamp 126 and the caihode assembly 106, the
powder insert 138 is disposed within the cylindrical
aperture 268 within the body 150 of the anode
assembly 108. Material which is supplied by the
powder tube 72 and the powder tube spout 124 is
fed via the central bore 144 of the powder insert
holder 136 to the central mixing chamber 148. The
powder insert 138 has a lower tip 320 thereof
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which is disposed at the first end 270 of the central
mixing chamber 148. The powder insert 138 is
provided with either one or a plurality of different
powder feed ports to feed powder into the mixing
chamber 148 in various different configurations as
described hereafter in connection with Figs. 16 -
25.

One of the major advantages of a multi-cath-
ode configuration is that by locating plural cathodes
around the anode, a ceniral powder delivery is
facilitated. The use of the separaie, replaceabie
powder insert 138 in accordance with a feature of
the invention provides for considerable flexibility.
The ability to use different powder inserts allows
for variations in the material injection point within
the mixing chamber 148. Also, the configuration
and the diameter of the powder feed port or ports
can be varied, as can the material of the powder
insert 138. In accordance with a further feature of
the invention discussed hereafier, each of the three
different arc chambers 154 is provided with its own
powder feed port. Powder inserts 138 having a
variety of different multi-feed port configurations
are described hereafter in connection with Figs. 15
- 25. An important aspect of having the separate,
replaceable powder insert 138 is that the angle of
the various feed ports within the respective arc
chambers can be varied to optimize performance.

Figs. 16 and 17 show one arrangement of the
powder insert 138 in which a single powder feed
port is employed. As shown in the sectional view of
Fig. 16, powder insert 138 has a central bore 322
therein extending along a portion of the length of
the powder insert 138 from a threaded end 324
thereof opposite the lower tip 320. The ceniral bore
322 extends along a portion of the length of the
powder insert 138 from the threaded end 324 to a
location 326 at which the bore 322 terminates. A
single powder feed port 328 extends along the
remainder of the length of the powder insert 138
from the location 326 io the iower tip 320. The
terminus of the powder feed port 328 comprises a
portion 330 of diverging, partially conical configura-
tion. The powder feed port 328 including the por-
tion 330 thereof extends along a central axis 332 of
the powder insert 138, as does the central bore
322.

With the powder insert 138 of Figs. 16 and 17
installed within the anode assembly 106, the cen-
tral axis 332 thereof is coincident with the central
axis 260 of the anode body 150 and the central
axis 92 of the body 70 of the plasma gun 16. The
lower tip 320 of the powder insert 138 terminates at
the first end 270 of the central mixing chamber 148
so that powder introduced into the central bore 322
of the powder insert 138 is introduced into the
mixing chamber 148 along the central axis of the
mixing chamber 148. As best shown in Fig. 17 the
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lower tip 320 of the powder insert 138 is provided
with three different rounded grooves or flutes 334
generally equally spaced about the tip 320.

In multi-segmented cathode plasma guns of
the type described, improved performance has
been found where the powder is delivered sepa-
rately by a plurality of different powder feed ports
to the different arc chambers 154. Figs. 18 and 19
show one particular arrangement of the powder
insert 138 which employs three different powder
feed ports 336, 338 and 340. All three of the
powder feed ports 336, 338 and 340 are shown in
Fig. 19. Only the lower powder feed port 338 is
shown in the sectional view of Fig. 18. The three
powder feed ports 336, 338 and 340 extend from
the location 326 at the end of the central bore 322
to the lower tip 320 in generally straight-line fash-
ion so as to form relatively small acute angles with
the central axis 322. Each of the powder feed ports
336, 338 and 340 terminates at-the lower tip 320 in
an outwardly diverging portion 342 thereof. When
the powder insert 138 shown in Figs. 18 and 19 is
installed in the anode assembly 1086, each of the
powder feed ports 336, 338 and 340 terminates at
a different one of the arc chambers 154 adjacent
the juncture of the arc chamber 154 with the first
end 270 of the central arc chamber 148.

Where multiple powder feed ports are used in
conjunction with a multi-segmented cathode plas-
ma gun, the performance of the gun has been
found tfo vary in accordance with such things as the
angle and the size of the powder feed ports. Be-
cause of the easily replaceable nature of the pow-
der insert 138, it may be advantageous to provide
a number of different configurations of the powder
insert 138 for different applications.

The arrangement shown in Figs. 20 and 21 is
similar to the arrangement of Figs. 18 and 19 to the
extent that the central bore 322 extends from the
threaded end 324 to a location 344 within a central
portion of the length of the powder insert 138.
Beyond the location 344, the central bore 322
terminates in a generally conical portion 346 there-
of. Three different powder feed ports 348, 350 and
352 which are generally equally spaced about the
central axis 332 extend from the conical portion
346 to the lower tip 320 of the powder insert 138.
in the arrangement of Figs. 20 and 21, most of the
lower tip 320 is comprised of three relatively large
flutes 354, 356 and 358. The powder feed ports
348, 350 and 352 terminate at portions of the flutes
354, 356 and 358 adjacent a cylindrical side sur-
face 360 of the powder insert 138. The powder
feed ports 348, 350 and 352 do not terminate in
outwardly diverging portions such as the portion
330 of the arrangement of Figs. 16 and 17 and the
portion 342 of the arrangement of Figs. 18 and 19.
Also, the powder feed ports 348, 350 and 352 form
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acute angles with the central axis 332 which are
substantially larger than the acute angles formed
by the powder feed ports 336, 338 and 340 with
the central axis 332 in the arrangement of Figs. 18
and 19.

In the arrangement of the powder insert 138
shown in Figs. 22 and 23, the central bore 322 is
shorter in length than in the arrangements of Figs.
16 - 21. The central bore 322 terminates at a
location 362. Three different powder feed ports
364, 366 and 368 which are generally equally
spaced about the central axis 332 extend from the
end of the central bore 322 at the location 362 to
the lower tip 320. The lower tip 320 is principally
comprised of three different flutes 370, 372 and
© 374, with each of the powder feed ports 364, 366
and 368 terminating at one of the flutes 370, 372
and 374. Each of the powder feed ports 364, 366
and 368 in the arrangement of Figs. 22 and 23
forms a relatively small acute angle with the central
axis 332 similar to the acute angle formed by each
of the powder feed ports 336, 338 and 340 with the
central axis 332 in the arrangement of Figs. 18 and
19. However, in the arrangement of Figs. 22 and
23, the powder feed ports 364, 366 and 368 are of
considerably larger diameter than are the powder
feed ports 336, 338 and 340 of the arrangement of
Figs. 18 and 19 or for that maiter the powder feed
ports 348, 350 and 352 of the arrangement of Figs.
20 and 21. As in the arrangement of Figs. 20 and
21, the powder feed ports 364, 366 and 368 of the
arrangement of Figs. 22 and 23 terminate at the
flutes 370, 372 and 374 without the presence of
outwardly diverging portions.

In the arrangement of the powder insert 138
shown in Figs. 24 and 25, the ceniral bore 322
extends from the threaded end 324 along a sub-
stantial portion of the length of the insert 138 to a
location 376. Three different powder feed ports
378, 380 and 382 which are generally parallel to
and equally spaced about the ceniral axis 332
extend from the end of the central bore 322 adja-
cent the location 376 to different ones of three
different flutes 384, 386 and 388 within .the lower
tip 320 of the powder insert 138. The powder feed
ports 378, 380 and 382 are of relatively large
diameter as in the case of the powder feed ports
364, 366 and 368 of the arrangement of Figs. 22
and 23. )

A major advantage of multi-segmented elec-
trodes in plasma guns such as the multi-segment-
ed cathode plasma gun 18 is the ability to scale up
operation thereof to power levels considerably in
excess of those which are achievable in connection
with single cathode plasma guns. Such scale up is
made possible by the presence of the multi-seg-
mented electrodes and by observing and adjusting
the various factors previously described to optimize
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operation of the plasma system in the face of the
multi-segmented electrodes. However, the in-
creased power levels bring with them a greater
cooling requirement, particularly in the case of the
anode assembly which is common to the entire
plasma gun 16. The cathode assemblies 84, 86
and 88 are independently and separaiely cooled
with each having its own cooling system, as pre-
viously described in connection with Figs. 2 and 5.

Referring to Fig. 2, it was previously noted that
the water booster pump 52 supplies cooling water
to the fittings 76 and 78 on the anode connection
plate 74 of the plasma gun 16 via two of the
cooling water supply conduits 75. After the cooling
water has been circulated through the anode cool-
ing system which is described hereafter, the water
exits via the fittings 80 and 82 and is returned to
the water booster pump 52 by two of the cooling
water return conduits 79.

Fig. 26 is a bottom view of the anode connec-
tion plate 74 showing the locations of the fittings
76, 78, 80 and 82 on the other side thereof in
dotted outline. The fittings 76 and 78 which are
spaced at like radial distances from the central axis
92 on opposite sides of the central axis 92 commu-
nicate with the underside of the anode connection
plate 74 via apertures 390 and 392 respectively.
The fittings 80 and 82 which are disposed on
opposite sides of the central axis 92 by like radial
distances smaller than the radial distances of the
fittings 76 and 78 from the axis 92 and 90° re-
moved from the fittings 76 and 78 relative to the
ceniral axis 92 are coupled to the bottom of the
anode connection plate 74 by apertures 394 and
396 respectively. The apertures 390 and 392 lie
within an annular path 398 around the bottom of
the anode connector plate 74, which annular path
398 is defined by a pair of concentric grooves 400
and 402 in the bottom of the anode connection
plate 74, The grooves 400 and 402 contain seals
404 and 406 respectively which are shown in Fig.
3. With the anode connection piate 74 mounted on
the top 102 of the gun body 70, the seals 404 and
406 act to seal the annular path 398 around the
bottom of the anode connection plate 74 from
areas of the plate 74 outside of the groove 400 and
from an inner annular path 408 disposed between
the groove 402 and the central aperture 112 of the
anode connection plate 74. The apertures 394 and
396 which communicate with the fittings 80 and 82
reside within the inner annular path 408.

Fig. 27 is a top view of the gun body 70 with
the anode connection plate 74 removed. As such,
Fig. 27 shows the top 102 of the body 70 together
with the cylindrical bore 100 through the body 70.
The top 102 of the body 70 is provided with three
threaded apertures 410, 412 and 414 which align
with corresponding aperiures 416, 418 and 414
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which align with corresponding apertures 416, 418
and 420 at the outer periphery of the anode con-
nection plate 74 when the plate 74 is mounted on
the top 102 of the body 70. Bolts are placed
through the apertures 416, 418 and 420 in the
anode connection plate 74 and are screwed into
the threaded apertures 410, 412 and 414 to secure
the anode connection plate 74 on the top 102 of
the body 70. One such bolt 422 is shown in Fig. 3.

Referring again to Fig. 27, the top 102 of the
gun body 70 is provided with an annular cavity 424
therein. The annular cavity 424 is connected o the
bottom 104 of the body 70 by three different
groups 426, 428 and 430 of three apertures each.
One such aperture 432 comprising one of the three
apertures of the group 426 is shown in the section
view of Fig. 3. With the anode connection plate 74
mounted on the top 102 of the body 70, the an-
nular cavity 424 is generally coextensive with the
annutar path 398 at the bottom of the anode con-
nection plate 74. Cooling water entering the gun
body 70 via the fittings 76 and 78 flows through the
apertures 390 and 392 and into the annular cavity
424, From the annular cavity 424, the cooling water
flows downwardly through the groups of apertures
426, 428 and 430 to the bottom 104 of the gun
body 70. The flow of cooling water is represented
by arrows 434 within the aperiure 432 and else-
where throughout Fig. 3

Fig. 28 is a top view of the anode retainer 108.
The anode retainer 208 has three different ap-
ertures 436, 438 and 440 therein adjacent the outer
periphery thereof. The anode retainer 108 is se-
cured to the bottom 104 of the gun body 70 by
bolts which extend through the aperiures 436, 438
and 440 and into mating threaded apertures in the
bottom 104 of the body 70. Fig. 3 shows one such
bolt 442 extending into one such threaded aperture
444 through the aperture 436 in the anode retainer
108.

With the anode retainer 108 bolted in place on
the bottom 104 of the gun body 70, a seal 446
disposed within an annular groove 448 in the top
surface of the anode retainer 108 abuts the bottom
104 of the gun body 70 as shown in Fig. 3 to seal
an annular cavity 450 within the anode retainer 108
from the outer peripheral portions of the anode
retainer 108. The annular cavity 450 which extends

between the circular flange 292 and a circular wall

452 just inside of and concentric with the annular
groove 448 is disposed beneath and in commu-
nication with the groups of apertures 426, 428 and
430 in the gun body 70. Cooling water flowing
downwardly through the groups of apertures 426,
428 and 430 enters the annular cavity 450 where it
surrounds the circular flange 292. The circular
flange 292 has an array of angled siots 454 therein
as shown in Fig. 28. Because the slots 454 are
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angled about the circular flange 292, the cooling
water is forced into a swirling, spiral pattern as it is
forced under pressure from the annular cavity 450
through the slots 454.

As previously noted in connection with Fig. 8
the anode assembly 106 is provided with an an-
nular cavity 282 that surrounds the base 130 there-
of. The annular cavity 282 which is also shown in
Fig. 3 receives the swirling, spiraling cooling water
at the inside of the circular flange 292. This swirl-
ing, spiraling action of the cooling water maximizes
the heat exchange which takes place through the
walls of the anode assembly 106 between the
annular cavity 282 and the nozzle chamber 152.

The swirling, spiraling cooling water within the
annular cavity 282 leaves the cavity 282 by flowing
upwardly through apertures or passages in the
body 150 of the anode assembly 106 such as the
apertures 284 and 286 shown in Fig. 3 as well as in
Figs. 8 and 10. The aperiures or passages which
extend upwardly between the various arc chambers
154 provide additional cooling of the anode assem-
bly 108 in that region.

As the cooling water reaches the top ends of
the apertures including the apertures 284 and 286,
the water flows principally through the lower portion
134 of the insert clamp 126. Fig. 30 which is a
sectional view of the insert clamp shown in Fig. 29
shows that the lower portion 134 thereof is pro-
vided with a plurality of angled apertures 456 there-
in disposed about the lower portion 134. This again
forces the cooling water into a swirling, rotating
pattern as the water is directed onto the outside of
the powder insert holder 136, thereby providing
considerable cooling of the powder insert holder
136. Such cooling action which occurs within an
annular passage 458 formed beiween a holiow
interior 460 of the insert clamp 126 and the outside
of the powder insert holder 136 is particularly im-
portant because the powder insert holder 136 acts
as a heat sink. The considerable heat generated
within the central mixing chamber 148 passes up-
wardly through the powder insert 138 which is
made of material such as tungsten to the powder
insert holder 136 which is made of copper and
which therefore acts as a heat sink. The swirling
water within the annular passage 458 provides the
substantial cooling action of the powder insert hold-
er 136 as needed.

As the cooling water within the annular pas-
sage 458 continues flowing upwardly, such water is
directed through a plurality of apertures 462 in the
upper portion 132 of the insert clamp 126. Such
apertures 462 which are angled upwardly but not
relative to the central axis of the insert clamp 126
are shown in the partial sectional view of Fig. 31.
Cooling water flowing through the apertures 462
enters an annular chamber 464 which lies outside
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of the upper portion 132 of the insert clamp 126
and beneath the flange 114 of the anode connecior
plug 110.

Fig. 32 is a bottom view of the anode connec-
tar plug 110 showing the bottom of the flange 114
thereof. As shown in Fig. 32 the flange 114 is
provided with a series of eight different slots 466
therein generally equally spaced about the flange
114. The slots 466 permit the cooling water within
the annular chamber 464 to pass therethrough on
the way to an annular passage 168 formed be-
tween an outer surface 470 of the anode connector
plug 110 and the cylindrical bore 100 in the gun
body 70.

Cooling water which flows into the annular pas-
sage 468 flows upwardly to an annular recess 472
in the top 102 of the gun body 70. The annular
recess 472 which surrounds the cylindrical bore
100 is disposed adjacent the inner annular path
408 at the underside of the anode connection plate
74. Consequently, cooling water within the annular
recess 472 flows upwardly through the apertures
394 and 396 to the fittings 80 and 82. From the
fittings 80 and 82, the cooling water returns to the
water booster pump 52 via two of the cooling water
return conduits 79.

An examination of Fig. 26 as well as Fig. 2
shows that the fitting 76 is approximately 90°
removed from the fitting 82 relative to the central
axis 92. For convenience of illustration, however,
the fitting 76 is shown in Fig. 3 as being disposed
directly across from the fitting 82 in line with the
central axis 92.

The plasma gun 16 has thus far been de-
scribed in connection with the delivery of spray
material in powdered form. The introduction of met-
al or other material to be sprayed into the plasma
stream in powdered form is well known in the art.
The powdered form of the spray material enables
the material to be delivered to the appropriate
location within the plasma gun through relatively
long and in some cases relatively tortuous feed
paths. Plasma guns having a single cathode cen-
trally disposed above the anode, for example, typi-
cally have such a difficult powder feed path which
enters the side of the plasma gun.

While metals or other materials in powdered
form are relatively easy to handle and to deliver to
the inside of the plasma gun through feed paths
that may be long or tortuous, the need to provide
such materials in powdered form carries with it
certain disadvantages. For one thing, materials
such as metals are difficult and expensive to pro-
duce in powdered form. Once produced, such pow-
dered materials often require special handling so
‘as to minimize such things as oxidation thereof. For
this reason it would be advantageous to be able to
introduce the spray material in liquid or molten
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form. Such an approach is facilitated by multi-
segmented plasma guns where the material deliv-
ery is accomplished through a central portion of
the gun at the top of the anode assembly. This
provides for the use of relatively short and direct
material delivery apparatus, so that the dangers of
the molten material solidifying along the way or
otherwise encountering problems are thereby mini-
mized.

Fig. 33 provides an example of apparatus
which may be used to deliver metal or other ma-
terial to be sprayed in molten form in accordance
with the invention. The apparatus shown in Fig. 33
comprises a metal meli-feed assembly 474. The
assembly 474 is designed to be installed in the
plasma gun 16 where it replaces the powder tube
72, the feed tube retainer 120, the powder tube
spout 124, the powder insert holder 136 and the
powder insert 138. Thé metal melt-feed assembly
474 shown in Fig. 33 has its own feed tube retainer
476 which is of similar configuration to the feed
tube retainer 120 shown in Fig. 3. The feed tube
retainer 476 has a threaded upper portion 478
thereof which is screwed into the mating threaded
portion of the anode connector piug 110 when the
assembly 474 is installed within the plasma gun 16.

* With the feed tube retainer 476 instalied within the

anode connector plug 110, a lower end 480 of a
hollow feed tube 482 mounted within a hollow,
generally cylindrical insulator 484 on the inside of
the feed tube retainer 476 extends downwardly
from a lower end 486 of the feed tube retainer 476.
The lower end 480 of the hollow feed tube 482
extends through the cylindrical aperture 268 to the
first end 270 of the ceniral mixing chamber 148 in
the anode assembiy 1086.

The hollow feed tube 482 has an upper end
488 thereof which terminates within a generally
cylindrical feed tube connector 490 having a melt
bowi 492 therein. The melt bowl 492 which is of
hollow, generally cylindrical configuration is dis-
posed within and forms an annular passage 494
with an inner wall 496 of the feed tube connector
490. A lower end 498 of the annular passage 494
extends inwardly and terminates at the open upper
end 488 of the hollow feed tube 482. A spout 500
extends partly into the holiow interior of the melt
bowl 492 from a lower end 502 of a hollow supply
tube 504. The spout 500 is seated within an upper
end of the feed tube connector 490.

The hollow supply tube 504 terminates at an
upper end 506 thereof which has a plug 508 re-
ceived therein. Coupled to the plug 508 is a gas
fiting §10. The plug 508 with its included gas
fitting 510 may be removed from the upper end
506 of the hollow supply tube 504 to provide ac-
cess to the interior of the supply tube 504. With the
plug 508 removed from the upper end 506 of the
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supply tube 504, the hollow interior of the supply
tube 504 may be filled with solid pieces of metal or
other material to be sprayed. The plug 504 is then
replaced on the upper end 506 of the supply tube
504 and power is applied to heat the metal within
the supply tube 504. The power is supplied by a
D.C. power source 512 which is coupled to a pair
of electrodes 514 and 516. The elecirode 514 is
coupled to the hollow supply tube 504 at the upper
end 506 thereof. The electrode 516 is coupled to
the hollow feed tube 482 between the top of the
feed tube retainer 476 and the bottom of the feed
tube connector 490.

The electrodes 514 and 516 are shown in
large, symbolic form in Fig. 33, but in actuality are
of much more compact configuration to facilitate
installation of the metal melt-feed assembly 476
within the plasma gun 16. similar comments apply
to an electrode 518. The electrode 518 is coupled
to the hollow supply tube 504 adjacent the lower
end 502 thereof. A D.C. power source 522 is coup-
led between the electrode 518 and the anode body
150.

The D.C. power source 512 when coupied fo
the electrodes 514 and 516 generates enough heat
within the hollow supply tube 504 to melt the solid
pieces of metal placed therein. The D.C. power
source 522 when coupled to the electrode 518 and
the anode body 150 provides enough heat to pre-
vent the moiten metal from solidifying when it is
delivered from the hollow supply tube 504 through
the melt bowl 492 and the hollow feed tube 482 to
the central mixing chamber 148 within the anode
assembly 106.

As the solid pieces of metal within the hollow
supply tube 504 melt in response to the application
of the D.C. power source 512, the molten metal
flows downwardly through the spout 500 and into
the melt bowl 492. The molten metal fills the melt
bowl 492 but does not overflow the top of the melt
bowl 492 and into the annular passage 494 due to
the action of gas pressure communicated from the
central mixing chamber 148 of the anode assembly
106. The introduction of inert gas into the cathode
assemblies 84, 86 and 88 to form the plasma arcs
and the resulting plasma stream as previously de-
scribed creates a gas pressure within the central
mixing chamber 148. This gas pressure is commu-
nicated upwardly through the holiow interior of the
feed tube 482 and the annular passage 494 to the
cop of the melt bowl 492 where such gas pressure
prevents the molten metal from flowing over the
top of the melt bowl 492. The resuliing state: of
equilibrium is maintained in the presence of the
molten metal until such time as it is desired to
deliver the molten metal into the central mixing
chamber 148 of the anode assembly 106.

When delivery of the molten metal from the
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melt bowl 492 into the central mixing chamber 148
of the ancde assembly 106 is desired, gas pres-
sure is applied to the upper end 506 of the hollow
supply tube 504. While not shown in Fig. 33, a gas
line is adapted to selectively couple a source of
inert gas such as argon to the gas fitting 510 at the
top of the plug 508. Application of the argon gas to
the hoilow interior of the supply tube 504 at the
upper end 506 thereof overcomes the effects of the
gas pressure from the central mixing chamber 148,
causing the molten metal within the melt bow! 492
to flow over the top thereof and down through the
annular passage 494 and through the lower end
498 to the holiow interior of the feed tube 482. The
molten metal flows down through the hollow interior
of the feed tube 482 and into the central mixing
chamber 148 within the anode assembly 106 where
it is mixed into the plasma stream. The D.C. power
source 522 provides enough heat to prevent un-
wanted solidification of the molten metal as it flows
through this downward path.

When it is desired to terminate delivery of the
molten metal into the central mixing chamber 148
of the anode assembly 106, application of the
argon gas to the fitting 510 is terminated. This
again allows the gas pressure within the central
mixing chamber 148 to establish an equilibrium
condition in which the molten metal no longer over-
flows the top of the melt bowl 492.

While various forms and modifications have
been suggested, it will be appreciated that the
invention is not limited thereto but encompasses all
expedients and variations falling with the scope of
the appended claims.

Claims

1. A plasma system having an enclosure defin-
ing a plasma chamber in which a pressure environ-
ment is lower than an atmospheric pressure, a
plasma gun arranged in the enclosure in a oper-
ative relationship with a workpiece so as to form a
plasma stream for directing, together with inert gas,
a material to be deposited onto the workpiece,
characterized in that said plasma gun (16) com-
prises a common anode (106) and a plurality of
cathodes (84, 86, 88) arranged so as to surround
said common anode.

2. A plasma system according to claim 1, char-
acterized in that direct current power supplies (46)
which are independently controllable are separately
arranged between the common anode (106) and
the plurality of cathodes (84, 86, 88), and that a
switchable transfer arc power supply (50) is ar-
ranged between the common anode (106) and the
workpiece (24) subjected to the deposition.

3. A plasma system according to claim 1 or 2,
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wherein each of the cathodes (84, 86, 88) is con-
structed as a module which is easily detachable
" and replaceable, permitting a position and an angle
of the cathode to be varied with respect to the
common anode or a varying of the electric arc
distance between the cathode and the common
anode.

4. A plasma system according o claims 1 10 3,
characterized in that the common anode (106) de-
fines a central space (148) and a nozzle (152) at a
downsiream side thereof, and that each of the
cathodes defines an arc space (154) having a small
volume which communicates with said central
space (148).

5. A plasma system according to claims 1 {0 4,
characterized in that a powder feed device (72,
136, 138) having an opening (146) is provided for
an introduction of said material to be deposited,
said opening being open to and located above a
space (148) encircled by the piurality of cathodes
(84, 86, 88).

6. A plasma system according to claim 5, char-
acterized in that said device includes a sleeve
(138) which allows the device to be easily replace-
able, so that a desired dimension of the opening
(146) for introduction of the material to be depos-
ited can be easily obtained.

7. A plasma system according to claim 6, char-
acterized in that said sleeve has a bottom end
defining a plurality of branched ports (338, 340,
342; 348, 350, 352; 364, 366, 368; 378, 380, 382),
and the branched ports define branch axes which
are selected to obtain a desired characteristic of an
introduction of the material to be deposited to a
desired position in the central chamber (148) of the
anode (106).

8. A plasma system according to claim 5, char-
acterized in that a liquid material feed device (480,
486, 490, 492, 504, 512, 522, etc.) is provided on
the portion above the central chamber (148) for
melting the material to be deposited and for bsing
introduced into the space (148) of the anode (108).

15

20

25

30

35

40

45

50

55

18

34



e )

dNNd
WNNMNOVA

Q]
I A

EP 0 351 847 A2

)

8¢ [m 9
X1 T 1NAOW
SN HWAH eI
1 Le=mllBE /37144v8 9z
o s||CATU|© S~ Y
coll3Tu-D WSINVHO3IW
Wm l/w 5 WSINVHOIW m e N NOILOW
z||S Bl ot NOLLOW |4l (=% B!~ 3031d350M
S < ONLLS >_>__>So/q az ! |
Ay v 5 ‘ Vi v I'370SNOD
ob oe o) —— b o — TOHLNOD
INSTNVHOIW Al R HC ﬁm VISV d
a334 R N m.Jm
d430M0d " J3o0n0S
- | ¢l ( A SV9 O0OwWw
I / N vWSYd] ||| |o o <
0oc INSINVHDAN SHvE mwk
817 |NO1IOW NNO| |44 dWnd O m
tr_SNE gasooaHlll[F o=
. t ] | d3aitvm| ||| |m e
1 I N i 2G (m,w
s311ddNS
s3114ddNS sS3Tlddns
HAMOd DYV LSO SaMod IL SL1NDHID
HI4SNVHL YINSY 1d | | AONZNDAYH| 104 LNOD
m._quut\smd_ HOTH ﬁ DMV HIASNVHL

. 7 X | r
| DI 0% ot g 09




EP 0 351 847 A2

0S

P2 303TdHHOM
(X1

S311ddNS I._
d3MOd D4V

dIASNVHL
J1EVHOLIMS

324N0S
d3IMOd

VWSV 1d

-+

324N0S
43MOd

el
9] —
o8 86
26 6. v%m :
RANY, 7
dnnd &£ !
4315008 .
HIALYM
)
G/l

VNS Vd

324N0S
d3IM Od
VNSV 1d




EP 0 351 847 A2

re

Fig. 3

/92
She
472 120 §§f
[ 0|74 N ”0@402 422
; 5112{%\ \ | r" >
sl S
i @:Q/ N\ ﬁ/ 22 404
\ SN =2 206
. 470 \\; NIEN F122 ; } e
h N N RN - 118
N f\\:f 434 ?-432
‘ ) ‘§2t§5 Fils <ﬁ
so | 2 NI e T2 4 0o
114 \ \mzj % /
322 § N H 21 a3a
458 o= = N 6] 1
4 7 iz 7
o AN il 5134 ]
156">—\/”/168 \ %144 1 138
’/ 166 § %/ :284 o
158 N % | £
Thiiee
1 160 17 Bils 244
" s N S %%’
50—~ T/ g1, 04
_V'\_/ z l ~Y / :
Nl 7777 Z / AT 259 T1436
282 130 /92 JQ&LB 106 292\105 442
154 150

D
D
)}



EP 0 351 847 A2

pgl B80S NNN 8¢S 9G<2

mmN , 0,97

oz \ 08}

opz .\ B2 N@/ oI\ ,mqm/ _NmN: om\ a8l 9/l
00c €6 | R N

222 // ﬁ 7 \
202 s 7 . i P ARNm_
06, ~ e e B @ - C
2ol " ! === gl @
222 5 G e .
a9 o2 904 /7% m \.H\

o8l

gze/ 9%t< SN\ o) vmqt
9ot/ g¢z AL

b2 ) —

- 04l v8 o,

DI




EP 0 351 847 A2

|- 224

212

S
S 3
N
N
Vg

262  k._ 260 /264

\‘
\
|~
\]
\\\}
N
(90

SINII
N
A\

Ul
@)

W

- 266

4

274 N /_/%
L 7 /fzes

WX %-4’//
276 — : lﬂ%/; 4 270
280 NP ZN %.._,-106
154 — \\ ) A oea

T8, ¥

272~/ i KV e8e

N
\
pya
AR

N
@
@

— / | 282
/ ’/ ,/// { { : 4
. N



EP 0 351 847 A2

Fig. 9

128

274

106

280

1 11288

~l- 278

NN

1I50—r

154

/L




EP 0 351 847 A2

260 -] 152



EP 0 351 847 A2

2G| o¢l 26l (o]! 2G| ol
N at N C N C
o_mx/ /
2l .
80¢ 2.2
2.z
cse av1”| av!
8yl
\HWWAW// 042
01z | 047
| D14 ¢l b1 ARIE



EP 0 351 847 A2

Fig. 15

@

314

L 138
P 316
=
3]8\_/4
ilL/ISB




EP 0 351 847 A2

Fig.16 e
322 / 328 334 138
322~M\\ SRS 330 é%észe
s ol gy 330
/ NN 332 334
324'W \:138 320 ) 320
o 22 a0’ 138
322 % {320 336
g — \/ '/;332 2 342
; 334
324 fW/// ZZZN 307 338 3
. 138 38 F_I 2/
i J 20 WADS 7T J 138
300 m\ \E;\L 34 253 /‘/ggg
———NNE
INVVVN P YV NNNNN N, 332
324 318 N\ L\320 352 356
: 346 \13g -
Fig.22 w2 3618:19. 2%38
322 PR \\\ S
== \J: 374 ‘{% 640
—NNN - 320
324 W\\ Y *% 572 366
: 138 :
FI g 24 : 3/76 320 3851 g‘ 2284
" —~ 138
322 RN s\\\\f s 3
- ] 320
fWW N7 332 286
324 318 \‘138 gBO 386 380



EP 0 351 847 A2




EP 0 351 847 A2

Fig. 32




EP 0 351 847 A2

I
‘Q
N)
©

Zi A\ 132
%'l /"2/
L d s
462\/ | é/‘/
L1
L]
) .

126




EP 0 351 847 A2

512

D. C.
POWER VM

SOURCE

504

I 502

l
I

AR A AR 2
L s A ke ar /e

\“x \0

S22

D. C.
POWER
SOURCE

TO
ANODE BODY
150



	bibliography
	description
	claims
	drawings

