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(57) Abstract: A system and method for welding combining plasma welding and MIG (Metal-Inert-Gas) welding. The system
includes a plasma torch having a constant-current power supply (49) to make a non-consumable plasma electrode (38) negative with
& respect to the workpiece (31), and also includes a MIG arc torch having a constact-voltage power supply (48) to make a filler wire
o~ (39) positive with respect to the workpiece (31). A separating body between the plasma electrode and the filler wire, preferably
in the form of a nozzle (33) substantially surrounding the plasma electrode (38), guides a gas flow past the surface of the plasma
electrode. Optionally, an auxiliary power supply maintains an arc between the non-consumable electrode (38) and the separating
body to facilitate the starting of the main arcs and to prevent thermal shock to the plasma torch when the main arcs start. The welding
system is moved relative to the workpiece (32) such that the plasma arc precedes the MIG arc (40).
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MIG-PLASMA WELDING

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to a system for welding and a method for employing the
system, and more particularly to a combination of Metal-Inert-Gas (MIG) welding and Plasma
Arc welding.

MIG Welding technology has been widely known for many years and 1s broadly used 1n
industrial applications.

The MIG process, also known as Gas Metal Arc Welding (GMAW), incorporates
aatomatic feeding of a continucus consumable electrode, the consumable electrode being
shielded from the atmosphere by externally supplied gas. Of special importance 1S the transter
of metal from the consumable electrode to the workpiece. The transfer may occur via any one
of the following three basic modes:

(a) Short-circuiting transfer;

(b) Globular transfer; and

() Spray transfer.

Mode (a), short-circuiting transfer, is characterized by the low welding currents and
«mall electrode diameters. Metal is transferred only while the electrode is in contact with the
weld pool. No metal is conveyed across the arc gap. This mode is suitable mostly for joimng
thin sections and for bridging large root openings. Processing speed and resulting overall
process productivity are very low, and penetration is shallow.

Mode (b), elobular transfer, is characterized by transfer of drops of metal with diameter
oreater than the diameter of the electrode. Gravity has a very significant effect upon these large
drops, limiting successful welding to workpieces that lie substantially horizontally beneath the
welding arc. In addition, if the arc length is too short, as occurs when the voltage is close to the
short-circuiting transfer voltage, the large drops may -cause a short between the electrode and
the workpiece, thus producing considerable spatter. The arc must therefore be long enough to
prevent such shorting. However, a weld made using higher voltage is often unacceptable
because of lack of fusion, insufficient penetration and excessive deposition of unneeded metal.

These characteristics significantly limit the use of the globular transfer mode 1n production

app]ication's.
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Mode (c), spray transfer mode, is possible 1n argon-rich shielding gas. The spray is a
highly directed stream of discrete drops, the drops being accelerated by arc forces sutficiently
strong to overcome the effects of gravity. Spray transfer mode is possible if the arc current 1S
higher than the so-called transition current, the value of which depends on wire diameter and
type of material. Operating 1n spray transfer mode 1s highly desirable.

However, the high deposition rate typical of the spray transfer mode may produce a
weld pool too large to be supported by surface tension in vertical or overhead positions. As
illustrated in the graph of Figure 1, the deposition rate mcreases as welding current increases,
and the rate of increase increases as welding current increases. This leads to excessive electrode
melting and excessive consumption of filler metal.

The above considerations limit welding speed and the thickness of the material that may
be welded in one pass when operating in any of these three modes, leading to the need for
multipass welding with different groove types. In addition, the large welding pool produce§ a
high level of welding distortion. c

If the rate of heat transfer to the workpiece can be accelerated without increasing the
filler metal deposition rate, penetration depth and welding speed can be dramatically increased.

A combination of commonly used MIG welding with plasma welding can improve
welding fusion and increase productivity.

In US Patent No. 3,612,807, A.J. Lifkens and W.G.Essers present a method and
apparatus for plasma welding with axial feeding of filler wire. This work has been further
developed, as seen in further US Patents, Nos. 4,016,397, 4,039,800, 4220844, 4,205,215,
4.234.778, and 4,142,090. Figure 2 éhows a typical embodimgnt of the apparatus presented 1n
the above-mentioned US Patent aNo. 3.612,807. A first arc (plasma arc) 21 is maintained
between non-consumable electrode 20 and workpiece 12 within a gas stream flowing from gas
inlet 9 Plasma stream 15 is constricted by nozzle 6. Plasma stream 15 passes through
constricting nozzle 6 and continues within stream 22 towards workpiece 12. Consumable
electrode 3 is guided into stream 22 coaxially therewith, and a second arc (MIG arc) 1s
maintained between the end of consumable electrode 3 and workpiece 12. 'The end of
consumable electrode 3 and the MIG arc are both immersed in plasma stream 22.

Careful consideration of this prior-art arrangement, as well as of the physics behind this
prior-art invention, clearly shows that to achieve the claimed goal of the invention, as well as

for the welding head to be operational, electrode 3 and electrode 20 must both be of the same
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polarity, either both positive or both negative.

Indeed, if the electrodes 3 and 20 are of different polarities, electrical discharge
immediately occurs between these electrodes 3 and 20, and hence electric current does not pass
through the workpiece 12 and no melting of workpiece 12 by the arc takes place. Furthermore,
due to the axial feeding of filler wire 3, filler wire 3 has a long region of contact with the
plasma arc, leading to additional heating of filler wire 3. This results in extremely high
deposition rates, without actual penetration of workpiece 12.

In the ease where both electrodes 3 and 20 are of positive polarity the operational
window for the plasma arc current is limited to a maximum of approximately 100 amperes, due
to the risk of overheating the non-consumable electrode 20. The above effect is widely known
for regular plasma arc welding when plasma electrode 20 is of positive polarity. This results in
shallow penetration and only allows a relatively slow welding speed. It is possible to increase
the deposition rate only by increasing the MIG current, and deep penetration welds are not
obtained.

It 1s much more desirable that plasma arc electrode 20 be negative, as this is the
normally used polarity for plasma arc welding. See for example, American Welding Society
Welding Handbook, Eighth Edition, American Welding Society, 1991, Chapter 10, Plasma Arc
Welding. However, a MIG arc of negative polarity tends to be very unstable, this instability
being a widely known and well-investigated issue for the MIG welding process. See for
example, American Welding Society Welding Handbook, Eighth Edition, American Welding
Society, 1991, Volume 2, particularly page 119. Furthermore, negative polarity causes the MIG
consumable electrode 3 to melt at a higher rate than when the MIG electrode 3 is of positive

polarity. Thus, as in the case when both electrodes 3 and 20 are of positive polarity, the result

when both electrodes 3 and 20 are of negative polarity will be increased deposition rates, rather

than increased penetration and welding speed.

Summing up the above, it can be concluded that a design according to the above-
mentioned US Patent No. 3,612,807 will not allow an increase of either penetration depth or
welding speed, or both. Therefore, it would be impossible to achieve high speed welding of
thin sheets or thick section welding without grooving, which are the main disadvantages of

MIG or Plasma arc welding alone.
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There is thus a widely recognized need for, and it would be highly advantageous to
have, a system for welding that provides the benelits of both plasma welding and MIG welding,
and where the MIG wire does not traverse a longer portion of the plasma arc than necessary,
and where the plasma arc is of negative polarity and the MIG arc is of positive polarity. Such a

system will allow deep penetration welds with a minimum of workpiece preparation.

SUMMARY OF THE INVENTION

According to the present invention there is provided a system for welding a workpiece,
the system including: (a) a first electrode; (b) a second electrode; and (c) a separating body
located substantially between the first electrode and the second electrode, the separating body
operative to guide a flow of gas along a surface of the first: electrode.

Preferably, the system further includes: (d) a power source operative to impose upon the
first electrode a first electrical potential relative to the workpiece, the power source also
operative to impose upon the second electrode a second electrical potential relative to the
workpiece, the second electrical potential opposite in pol arity to the first electrical potential.

Preferably, in the system, the power source includes a first-direct-current power supply,
the first direct-current power supply having a positive terminal, the first direct-current power
supply also having a negative terminal, and the positive terminal of the first power supply 1s for
connecting to the workpiece and the negative terminal of the first power supply is connected to
the first electrode.

Preferably, in the system, the first direct-current power supply includes a substantially
constant-current power supply.

Preferably, in the system, the first direct-current power supply includes a pulsed direct-
current power supply.

Preferably, in the system, the power source includes a second direct-current power
supply, the second direct-current power supply having a positive terminal, the second direct-
current power supply also having a negative terminal, and wherein the positive terminal of the
second power supply is connected to the second electrode and wherein the negative terminal of
the second power supply is for connecting to the workpiece.

Preferably, in the system, the second direct-current power supply 1ncludes a
substantially constant-voltage power supply.

Preferably, in the system, the second direct-current power supply includes a pulsed
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direct-current power supply.

Alternatively, in the system, the power source includes: ( 1) an alternating-current power
supply having a first terminal and having a second terminal, the first terminal and the second
terminal differing in phase; (ii) a first diode having an anode and having a cathode; and (111) a
second diode having an anode and having a cathode, wherein the first terminal of the
alternating-current power supply is for connecting to the workpiece, and wherein the second
terminal of the alternating-current power supply is connected to the cathode of the first diode
'nd wherein the anode of the first diode is connected to the first electrode, and wherein the
second terminal of the alternating-current power supply is also connected to the anode of the
second diode and wherein the cathode of the second diode is connected to the second electrode.

Preferably, in the system, an angle between an axis of the first electrode and an axis of
the second electrode is at most about forty-1ive degrees.

Preferably, the system further includes: (d) a feed mechanism operative to advance the
second electrode.

Preferably, the system further includes: (d) an electrode holder operative to hold the
first electrode and in electrical contact with the first electrode.

Preferably, the system further includes: (e) a film composed of a material that is
thermally conductive and electrically insulating, the film being located between the electrode
holder and the separating body.

| Preferably, in the system, the film includes a film selected from the groﬁp consisting of
polyimide films and polyamide fiims.

Preferably, the system further includes: (d) an auxiliary direct-current power supply
having a positive terminal, the auxiliary power supply also having a negative terminal, and the
negative terminal of the auxiliary power supply 1s e]ectrica]iy connected to the first electrode
and the positive terminal of the auxiliary power supply is connected to the separating body.

Preferably, in the system, the first electrode includes a channel for transporting a
cooling fluid.

Preferably, the system further includes: (d) a mechanism operative to move the fluid
through the channel.

Preferably, in the system, the separating body includes a channel for transporting a
cooling flhmd.

Preferably, the system further includes: (d) a mechanism operative to move the flud
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through the channel.

Preferably, in the system, the separating body includes a tube, the first electrode being
located substantially within the tube.

Preferably, in the system, the tube includes a constricted end.

Preferably, the system further includes: (d) a mechanism for providing a gas having low
reactivity to substantially surround a tip of the first electrode.

Preferably, the system further includes: (e) a mechanism to instill a rotational motion in
the gas.

Preferably, in the system, the gas 1s selected from the group consisting of nitrogen,
hydrogen, noble gases, and mixtures thereot.

Preferably, the system further includes: (d) a mechanism for providing a shielding gas
having low reactivity to substantially surround a portion of the workpiece and a portion of the
second electrode.

Preferably, the system further includes: (e) a mechanism to instill a rotational motion 1n
the shielding gas.

Preferably, in the system, the shielding gas 1s selected from the group consisting of
nitrogen, hydrogen, carbon dioxide, noble gases, and mixtures thereof.

Preferably, in the system, the first electrode includes a material selected from the group
consisting of tungsten, tungsten alloys, molybdenum, and molybdenum alloys.

Preferably, in the system, the second electrode includes a material selected from the
oroup consisting of mild steel, 1ron, iron alloys, nickel alloys, cobalt alloys, aluminum,
aluminum alloys, copper, copper alloys, titanium, and titanium alloys.

Preferably, the system further includes: (d) a magnetic shield located between the first
electrode and the second electrode.

Preferably, the system further includes: (d) a control mechanism operative to coordinate
operation of the first electrode and the second electrode.

According to the present invention there 1s provided a method of welding a workpiece,
the method including the steps of: (a) providing a first electrode; (b) providing a second
electrode; (¢) providing a separating body located substantially between the first electrode and
the second electrode; (d) imposing an electrical potential on the first electrode that is negative
with respect to the workpiece, so as to maintain an electric arc between the first electrode and

the workpiece; and (e) imposing an electrical potential on the second electrode that 1S positive
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with respect to the workpiece, soO as to maintain an electric arc between the second electrode
and the workpiece.

Preferably, the method includes the further step of: () moving the first electrode and the
<econd electrode relative to the workpiece in a manner such that the first electrode precedes the
second electrode.

Preferably, in the method, an angle between an axis of the first electrode and an axis of
the second electrode is at most about forty-five degrees.

Preferably, in the method, the electric arc between the first electrode and the workpiece
is energized in a pulsed fashion.

Preferably, in the method, the electric arc between the second electrode and the
workpiece is energized in a pulsed fashion. |

Preferably, in the method, the electric arc between the first electrode and the workpzece,
and the electric arc between the second electrode and the workpiece, are energized 1n
alternation with each other.

Preferably, the method includes the further step of: (f) advancing the second electrode
to compensate for consumption thereof.

Preferably, the method includes the further step of: (f) maintaining an electric arc
between the first electrode and the separating body.

Preferably, in the method, the first electrode includes a channel, and the method further
includes the step of: (f) transporting a cooling fluid through the channel.

Alternatively, in the method, the separating body includes a channel, and the method
further includes the step of: (f) transporting a cooling fluid throu oh the channel.

Preferably, the method further includes the step of: (f) surrounding a tip of the first
electrode with a gas having low reactivity.

Preferably, the method further includes the step of: (g) imparting a rotational motion to
the gas.

Preferably, in the method, the gas is selected from the group consisting of nitrogen,
hydrogen, noble gases, and mixtures thereof.

Preferably, the method further includes the step of: (f) surrounding a portion of the
workpiece and a portion of the second electrode with a shielding gas having low reactivity.

Preferably, the method further includes the step of: (g) imparting a rotational motion to

the shielding gas.
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Preferably, in the method, the shielding gas 1s selected from the group consisting of

nitrogen, hydrogen, carbon dioxide, noble gases, and mixtures thereof.

Preferably, the method includes the further step of: (f) inserting a magnetic shield

between the first electrode and the sccond electrode.

{n

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the

accompanying drawings, wherein:

Fioure 1 is a graph of wire feed speed 1n MIG welding as a function of welding current,

10  for carbon-steel electrodes;

Figure 2 is a schematic-illustration of a prior-art device combining MIG and plasma

welding, according to US Patent No. 3,612,807,

Figure 3a is a schematic illustration of plasma welding according to prior art;

Figure 3b is a schematic illustration of plasma welding according to prior art at high

15  welding speed;

Fioure 3¢ is a schematic illustration of combined MIG and plasma welding according to

the present invention;

Figure 4 is a schematic illustration of combined MIG and plasma welding according to

the present invention, illustrating further details of the apparatus of the present invention;

20 Figure 5 is a schematic illustration of combined MIG and plasma welding according to

the present invention including direct-current power supplies;

Figure 6 is a schematic illustration ot combined MIG and plasma welding according to

the present invention including an alternating-current power supply.

»s  DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of a system that combines plasma welding with MIG welding

in a single integrated system.

The discussion below, by way of example only, shows how the present invention may
be applied to the construction of systems for welding, and to the welding process itself. The

30  main goal of the proposed invention is t0 Increase productivity of the combined plasma and

MIG processes, by enhancing the benefits offered by both methods:

(1) the high power density and deep penetration of plasma arc welding, and
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(2) the high arc efficiency and ability to bridee large gaps between workpieces of
MIG (GMAW).

This goal is attained by combining 1n one processing torch both a consumable electrode
-nd a non-consumable electrode, in such a way that the axes of both the non-consumable
plasma arc electrode and the consumable (MIG/GMAW) electrode have an acute angle facing
the workpiece, and the axes of the electrodes lie in a plane that intersects the workpiece
substantially at the weld line. The present invention capitalizes on the major advantages of the
plasma arc on the one hand, and the high arc efficiency and rapid metal transfer of MIG-
GMAW on the other hand. This is achieved by means of the interaction of the plasma arc and
the MIG arc. |

The principles and operation of a-welding system according to the present invention
may be better understood with reference to the drawings and the accompanying descfiption.

Referring now to the drawings, Figure 3¢ illustrates schematically a preferred
embodiment of a welding system according to the present invention, combining plasma and
MIG welding.

Plasma arc 32 burns between nonconsumable electrode 38 and workpiece 31. Plasma
arc 32 is constricted by nozzle 33. A MIG arc is established between consumable electrode 39
and workpiece 31. Tip 56 of electrode 39 1s immersed in plasma stream 41 created by plasma
arc 32. |

Combined welding torch 58, including electrodes 38 and 39, and associated

components, is moved in the direction of arrow 46 substantially along a surface of workpiece

31 The direction of arrow 46 is known as the welding direction.

Extensive theoretical and practical investigations have shown that penetration depth and
welding speed can be substantially inf:reased, as compared with plasma and MIG/GMAW
alone or any of the existing prior-art plasma-MIG augmentations, by maintaining an acute
angle, o, between axis 35 of plasma arc electrode 38 and axis 36 of MIG electrode 39, and by
maintaining spacing, D, between the point were axis 36 of consumable (MIG) electrode 39
crosses the surface of workpiece 31 and the point were axis 35 of non-consumable (plasma)
electrode 38 crosses the surface of workpiece 31. The result in some cases 1s at least a triphing
of penetration depth and processing speed, without need for grooving or any other edge
preparation technique, as opposed to either plasma welding or MIG/GMAW alone, or 1n

comparison to any prior-art augmented plasma-MIG technology.
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The above-mentioned acute angle, a, between axes 35 and 36 of electrodes 38 and 39,
and distance, D, between intersections of axes 35 and 36 with workpiece 31 are not obvious or
evident from the prior art, and the combinations of acute angle a, and distance D, taught by the
present invention provide significant improvements in penetration depth and processing speed.
Furthermore, the present invention is based on an understanding of the physical processes
taking place in plasma-MIG welding that is entirely different from the understanding
underlying the prior art.

It 1s well-known to those skilled in the art that when the plasma arc welding speed is too
great, weld pool 34 created by plasma arc 32 remains behind, with respect to welding direction
46, the intersection of axis 35 of plasma electrode 38 with the surface of workpiece 31, as
illustrated schematically in Figure 3b, causing undercuts and lack of penetration. Prior-art
plasma welding, as illustrated schematically in Figure 3a, provides good welding resulits, but,
depending upon the material being welded, and the thickness thereof, welding speed is usually
restricted to less than 1 meter per minute. When plasma arc electrode 38 is negative, as is the
preferred mode of operation for plasma arc welding (see for example, Robert L. OBrien,
Plasma Arc Metalworking Processes, American Welding Society, June, 1967) so as to achieve
maximum speed and penetration, and MIG electrode 39 is positive, as is the preferred mode of
operation for MIG welding so as to achieve maximum processing speed, minimize spatters, and
operate In the spray transfer mode, magnetic forces F, illustrated schematically in Figure 3c, are
produced as a result of the interaction between currents 42 and 43 and arcs 32 and 40. These
magnetic forces F, due to electric currents running in different directions, cause a deflection of
the plasma arc towards the front, with respect to welding direction 46, of welding pool 34, thus
compensating for the plasma arc's natural and well-known tendency to fall behind the plasma
arc axis 35 during high-speed welding. Hence, there results a substantiai increase in rigidity and
stability of plasma arc 32, without plasma arc 32 falling excessively behind, with respect to
welding direction 46, axis 35 of plasma electrode 38 while welding at high speed. This leads to
a substantial increase of the penetration depth and welding speed, thus eliminating the need for
edge preparation or grooving, which are necessary for prior-art MIG welding. Magnetic forces
F depend upon the angle a, between electrode axes 35 and 36, and upon the distance D,

between the points where the electrode axes 35 and 36 intersect the surface of the workpiece
31.



10

20

25

30

CA 02505731 2005-05-10

WO 2004/043639 PCT/IL2003/000953

i1

There is also a significant effect of the plasma arc 32 upon the way metal is transferred
from consumable electrode 39. In the present invention plasma arc 32 only atfects tip 56 of
consumable electrode 39 . In the existing prior-art arrangement of Figure 2 consumable
electrode 3 passes through the entire volume of plasma arc 21, which results in substantial
overheating of consumable electrode 39. Hence, as discussed above, this necessitates a high
filler-wire consumption rate, resulting in spattering and excessive deposition of welding metal.

The anode spot is the area on the positive MIG electrode 39 where the current of MIG
arc 40 passes from positive MIG electrode 39 to MIG arc 40.

In the present invention, due to the influence of the plasma only on tip 56 of
consumable MIG electrode 39, the anode spot of MIG arc 40 remains at a fixed location. This
prevents anode spot expansion. Furthermore, the constrained location of the anode spot allows
+ considerable reduction in the set-back distance of the end of contact tube 60, through which
consumable electrode 39 is fed, from the end of consumable electrode 39, without overheating
of contact tube 60. This is of considerable practical advantage, because it 1s easier to feed an
electrode 39 over the shorter set-back distance to the preéise Jocation of the weld pool. When
consumable electrode 39 is not concentric with plasma arc nozzle 33 a more concentrated MIG
arc 40 is produced without the rotation effect that occurs in the prior-art system of Figure 2,
where positive-polarity MIG electrode 3 1s substantially concentric with plasma stream 15.

The arrangement of the present invention, in which plasma electrode 38 and MIG
electrode 39 are at an acute angle o, with respect to each other, and a distance D, exists
between the intersection of plasma electrode axis 35 and the surface of workpiece 31, and the
‘ntersection of MIG electrode axis 36 and the surface of workpiece 31, 1s significant and
innovative with respect ‘io obtaining the best possible synergy between plasma welding and
MIG welding, in that the combined system 1s much more effective, compared to prior art. This
increased effectiveness results in a substantial increase of both processing speed and
penetration, and allows welding of metals without the need for edge preparation or grooving.
Moreover, in the arrangement of the present invention, the plasma system can be brought closer
to the surface of the workpiece, increasing the efficiency of operation because of the greater
concentration of heat flux, which in turn results in deep penetration. Hence, it 1s possible to use
single pass welding instead of multipass welding, which substantially improves weld quality,
welding process productivity, and economic efficiency. In addition, welds free of spatter and

excessive metal are obtained.
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According to one aspect of the present invention, a combined method of plasma arc and
MIG arc welding is provided. In this method, a plasma arc 32 1s maintained, within a flow of
inert gas, between an end of a non-consumable electrode 38 and a workpiece. Plasma arc 32 1s
constricted by a constricting nozzle 33, and produces a plasma stream, which flows out from
orifice 64 of constricted nozzle 33. Consumable electrode 39 is guided into an area of the
plasma stream outside constricting nozzle 33, and a MIG arc 40 is maintained between tip 56
of consumable electrode 39 and workpiece 31. This is in contradistinction to what is taught 1n
US Patent No. 3.612,807, illustrated schematically in Figure 2, wherein consumable electrode 3
extends through a much longer portion of plasma stream 15. In the present invention, non- |
consumable electrode 38 is of negative polarity, which is a favorable condition for plasma arc
welding, and consumatle electrode 39 is of positive polarity, which is a favorable condition for

MIG welding. Because both arcs 32 and 40 are operating in conditions favorable to their

respective types, a substantially wider range of arc currents 1s allowed, yielding a stable

combined process. This provides for a highly productive welding process.

According to a further aspect of the present inﬁention, illustrated schematically mn
Figure 3, a single processing torch 100 1s provided, including a housing 101 with a cover 102 at
the upper end of housing 101, housing 101 also having a shielding nozzle 116 at the lower end
of housing 101. Cover 102 is equipped with a first cavity 134 and a second cavity 138, cavities
134 and 138 not being parallel to each other. First cavity 134 contains a hollow inner body 104
having a constricting nozzle 105 at its downstream end, and a non-consumable electrode 107 i1s
located within this inner body 104. There is also provided a port 140 for passing gas having

6w reactivity through inner body 104. Suitable gases for this application include, but are not

limited to, nitrogen, hydrogen, noble gases, and mixtures thereof. Noble gases include the

elements, also known as inert gases, found 1n column 3 of the Periodic Table of the Elements.
Although hydrogen is ordinarily considered quite reactive, hydrogen is of low reactivity with
respect to tungsten. Optionally, a mechanism such as vane 142 introduces a rotational motion
into the gas.

Second cavity 138 contains a hollow tube 103 which serves to guide a consumable
electrode 112 into an outlying region of the plasma stream, so that the tip of consumable
electrode 112 lies behind nozzle 105, with respect to welding direction 148, and within
shielding nozzle 116 at the downstream end of housing 101, shielding nozzle 116 surrounding

the tip of consumable electrode 112 and constricting nozzle 105 of inner body 104. Thus,



10

15

20

25

30

CA 02505731 2010-09-08

WO 2004/043639 PCT/IL2003/0009353
13

consumable electrode 112 and non-consumable electrode 107 are oriented along welding
direction 148, with non-consumable electrode 107 slightly ahead of consumable electrode 112
with respect to welding direction 148.

Referring now to Figure 4, a plasma arc 32 is maintained between workpiece 31 and
non-consumable electrode 38, in inert gas flow 54. Orifice 64 of nozzle 33 constricts plasma
arc 32 and directs plasma arc 32 toward workpiece 31. A consumable electrode 39 is guided
into an outlying area of plasma arc 32, MIG arc 40 being maintained between consumable
electrode 39 and workpiece 31. The negative terminal of a first power supply 49 is connected to
non-consumable electrode 38, and the positive terminal of first power supply 49 is connected to
workpiece 31. The positive terminal of a second power supply 48 is connected to consumable
electrode 39, and the negative terminal of second power supply 48 is connected to the
workpiece 31. Shielding gas 51, e.g. a mixture of argon and carbon dioxide, flows out through
shielding nozzle 52. Suitable choices for shielding gas 51 include, but are not limited to,
nitrogen, hydrogen, carbon dioxide, noble gases, and mixtures thereof. Although hydrogen is
ordinarily considered quite reactive, hydrogen is of low reactivity with respect to some metals.

Plasma arc electrode 38 has an axis 35. Consumable electrode 38 has an axis 36.
Plasma electrode axis 35 and consumable electrode axis 36 lie substantially in a common plane,
the plane being substantially perpendicular to the surface of workpiece 31, and form an acute
angle, a, with each other. Furthermore, the plasma arc 32 lies at the front, with respect to
welding direction 46, of welding pool 34.

Plasma stream 41 from orifice 64 is directed towards the front side, with respect to
welding direction 46, of welding pool 34, passing along the concavity of welding pool 34 and
being deflected toward the rear, with respect to welding direction 46, of welding pool 34, where
metal melted from the tip of consumable electrode 39 has been deposited. MIG arc 40 burns

substantially within plasma stream 41.

A disadvantage of prior-art plasma arc welding is low welding speed, because at high
welding speeds the arc is deflected, resulting in deflection of the plasma stream velocity vector
away from being normal to the workpiece surface. This decreases penetration depth at high
welding speeds, and beyond a particular speed limit destroys welding pool 34. However, in the
present invention, advantage is taken of an electromagnetic interaction between MIG arc

current 42 and plasma current 43. Because these arcs have opposite polarity, this interaction
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results in deflection of plasma arc 32 towards the front, with respect to welding direction 46, of
welding pool 34 compensating for the deflection of plasma arc 32 toward the back, with respect
to welding direction 46, of welding pool 34 caused by motion of plasma arc 32 along the
direction of welding 46. Hence, under certain conditions, the plasma arc velocity vector i1s
nearly normal with respect to the surface of workpiece 31, and the plasma arc penetration 1s
maximized, and the plasma arc shows substantial rigidity (stability). This facilitates substantial
increases in welding speed and penetration. Because these magnetic forces depend on the arc
currents, the distance between the axes of the electrodes, and the angle between the electrodes,
it is very important to correctly position the electrodes and properly adjust the currents flowing
through the electrodes. |

The presence of plasma alters processes at the anode spot of the MIG arc. Therefore, the
way in which metal is transferred from the consumable electrode 1s changed. The result is that
drops are more easily removed from the wire end. Thus, the transition current for establishing
the spray transter Iﬂode is substantially reduced, as compared with conventional MIG welding
technology. In the present invention, the axial velociiy of drops travelling towards the
workpiece is higher than achievable with conventional MIG welding, the velocity vector being
deflected towards the back end, with respect to welding direction 46, of welding pool 34. In
this situation, drops of molten metal reach the back end, with respect to welding direction 46,
of welding pool 34, as in the “back hand” technique, wherein the electrode is pointed opposite
to the direction of welding, increasing penetration.

Average drop volume is larger than can be achieved by spray transfer in conventional
MIG welding. However, the system of the present invention allows welding in any position
with respect to gravity because the plasma stream increases the velocity of the drops towards
the workpiece. Moreover, larger drop volume prevents overheating of the drops while the drops
pass across the arc gap. Preventing or reducing overheating of the drops is a vital factor in
obtaining spatter-free welds, as well as improving the metallurgical integrity and quality of the
weld.

In high speed welding, the present invention makes it possible to decrease consumption
of the consumable electrode (filler wire) per weld length compared to conventional MIG
welding, and to increase penetration depth.

The relationship between acute angle o, distance D, and the arc currents can be

approximately represented by the following equations:
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0° <o <45°
D > KR, [(In/],) tan o]
D < KRy
 <Kp<3
I <Ky <3S

where:

o. = angle between electrode axes

D = distance between points were electrode axes cross workpiece surface

1,,= current of MIG arc

I, = current of plasma arc

R, = radius of plasma stream .

K. = a constant of proportionality for the magnetic influence on the MIG arc, and 1S
dependent upon workpiece composition, wire composition, wire diameter, and other factors.

K, = a constant associated with the shape of the plasma stream near the weld pool
surface, and depends upon plasma gas flow rate, the angle between the electrode axes, and
other factors.

Figure 5 illustrates an embodiment of a device according to the present invention. This
embodiment includes a single processing torch 100 of thé present inventiqn, including a
housing 101, a cover 102 made of an electrically insulating material and having two cavities.
Suitable materials for cover 102 include, but are not limited to, thermally-resistant plastics, and
ceramics such as aluminum-oxide. A wire guide 103 is located in one cavity of cover 102. An
inner body 104 with a constricting nozzle 105 Jocated at the downstream end of inner body
104, is located in the second cavity of cover 102). A cathode holder 106 operative to hold a
cathode 107 made of a conductor, such as tungsten, having a high melting point is located
within inner body 104. Other materials suitable for cathode 107 include, but are not limited to,
tungsten alloy, molybdenum, and molybdenum alloy. Constricting nozzle 105 is located at the
downstream end of inner body 104, having orifice 108 to constrict the plasma arc. Inner body
104 has a channel 110 operative to transport cooling fluid pumped by pump 136. Cathode 107
has a tip 134, and the plasma arc contacts cathode 107 substantially at tip 134 of cathode 107.
Wire guide 103 directs a consumable electrode wire 112 past constricting nozzle 105 to

workpiece 115. Suitable materials for consumable electrode wire 112 include, but are not
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limited to. mild steel, iron, iron alloys, nickel alloys, cobalt alloys, aluminum, aluminum alloys,
copper, copper alloys, titanium, and titanium alloys. Wire 112 is driven through wire guide 103
by a wire feed mechanism 130. A shielding nozzle 116 at the downstream end of housing 101
surrounds the end of wire 112 and constricting nozzle 105. A channel 132 1n mner body 104
and contiguous with channel 1190, is operative 10 transport cooling fluid for cooling mner body
104, cathode holder 106, and nozzle 105. Cathode holder 106 has a conical shape and 1s Jocated
in a hole in inner body 104. Cathode holder 106 is separated from inner body 104 by an
electrically insulating film 109 made of a material with high thermal conductivity and able to
tolerate temperatures of approximately 200°C. Suitable materials for film 109 mclude, but are
not limited to, polyimide films such as DuPont Kaptoh“‘f, and polyamide films. Due to the high
thermal conductivity and small thickness of insulating film 109 there 1s go'gd heat transfer from
cathode holder 106 to body 104, aliowing the device to operate without special. cooling of
cathode 107, thus permitting a simpler design for the device.

Tungsten cathode 107 is connected via cathode holder 106 to the negative terminal of a
first direct-current (DC) power supply 120, also referred to as the plasma power supply 120.
Wire 112 is connected via wire guide 103 to the positive terminal of a second DC power supply
121. also referred to as the MIG power supply 121. The positive terminal of first power supply
120 and the negative terminal of second power supply 121 are both connected to workpiece
115. Preferably, first power supply 120 has a constant-current outpul chal*agteristic, which
provides a stable plasma arc, and second power supply 121 has a constant-voltage output
characteristic, so that the length of the MIG arc is self-stabilized, which, 1n turn, stabilizes the
process of wire melting. An optional third, auxiliary, DC power supply 122 is connected across
cathode 107 and constricted nozzle 105. If auxiliary power supply 122 1s used, constricted
nozzle 105 must be made of a conductive material. Auxiliary power supply 122 maintains a
low-current arc between cathode 107 and nozzle 105. Typical currents for this low current arc
range from 2 amperes to 30 amperes. This low-current arc bums before welding begins and
provides for preheating of cathode 107, preventing thermal shock damage to cathode 107 when
the main plasma arc starts. In addition, this low-current arc provides a plasma flow out toward
the workpiece 115, facilitating starting of the main arcs.. If optional auxiliary power supply 122
is not used, a high-frequency oscillator, not shown, may be used to facilitate starting of the
main arcs, although use of such an oscillator may cause electromagnetic interference problems,

and does not prevent thermal shock to cathode 107.
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When operating voltage from first power supply 120 and second power supply 121 i1s
applied to cathode 107 and consumable electrode wire 112, the voltage is not sutficient to
ionite an arc directly between cathode 107 and wire 112. However, the low-current arc between
cathode 107 and nozzle 105 aids in the ignition of an arc between cathode 107 and workpiece
115, which in turn aids in the ignition of an arc between workpiece 115 and wire 112. Once
these arcs have been ignited, magnetic forces and gas tlow prevent direct arcing between
cathode 107 and wire 112.

In some applications, such as welding 1n vertical or overhead positions, 1 order to
compensate for the effect of gravity on the weld metal it is desirable to reduce heat mput. Low
heat input allows the molten pool to freeze quickly. Tn this case, it is desirable that MIG power
supply 121 work in pulse mode. The desired pulse duration and ﬁpu]se.peak current depend
upon the diameter of wire 112 and the material of which wire 112 1s made.

Another embodiment of the present inventiop is illustrated schematically in Figure 6. In
this embodiment. an alternating-current (AC) power supply 125 is utilized instead of two of the
DC power supplies 120 and 121. One terminal of AC power supply 125 is connected to
workpiece 115, and the other terminal of AC power supply 125 is ¢onnected to cathode 107 via
4 first diode 126 and cathode holder 106, and to consumable wire 112 via a second diode 127
and wire guide 103. The anode of first diode 126}8 connected to cathode holder 106 and the
cathode of first diode 126 is connected to AC power supply 125. The cathode of second diode
127 is connected to wire guide 103 and the anode of second diode 127 1s connected to AC

power supply 125. Thus, the MIG arc current and the plasma arc current flow during alternate

‘halves of the AC cycle. This reduces the magnetic interaction between the twvo arcs. This in

turn reduces the heat input and allows a reduction in weld pool length by reducing the distance
between the plasma arc and the MIG arc.

In another embodiment of the present invention, a magnetic shield 150 1s located
hetween nozzle 105 and consumable electrode 112. MIG arc currents greater than 300 amperes
can lead to magnetic forces that deflect the plasma arc too far, such that the plasma arc
impinges on nozzle 105, overheating nozzle 105 and reducing the efficiency of energy transfer
from the plasma arc to workpiece 115. Magnetic shield 150 reduces the magnetic field 1n the
region of the plasma arc, thus reducing the influence of the MIG arc on the plasma arc.

In another embodiment of the present invention, the mechanism for supplying inert gas

for the plasma arc includes a mechanism, such as vane 142 for imparting a rotational motion to
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the gas. Similarly, a mechanism such as vane 144 may be used to impart a rotational motion to
the shielding gas surrounding the MIG arc.

Optionally, embodiments of the present invention include, as shown schematically 1n
Figure 5, a control mechanism 146 operative t0 coordinate the operation of the various parts of
the system. Such a control mechanism 146 may be operative to control one or more parameters
including, but not limited to, power supply voltages, power supply currents, gas pressures, gas
flow rates, cooling fluid pressure, cooling fluid flow rate, cooling fluid temperature,
consumable electrode feed rate, and welding speed. Such a control system 146 may also be
operative tO Sense one Or more parameters including, but not limited to, operator Inputs, power
supply voltages, power supply currents, arc voltages,’arc currents, gas pressures, gas flow rates,
cooling fluid pressure, cooling fluid flow rate, cooling ﬂuaid temperature, consumable electrode
feed rate, electrode temperatures, and welding speed. Sensing of parametefs may be
incorporated in one or more feedback loops for adjustmen? of controlled parameters. For
simplicity, control system 146 1s shown as being connected only to power supply 120 and
power supply 122, although other connections are possib]'e and within the scope of the present
invention.

While the invention has been described with respect to a limited number of
embodiments, it will be appreciated that many variations, modifications and other applications

of the invention may be made.
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WHAT IS CLAIMED IS
L. A system for welding a workpiece, the system comprising:
(a) a first electrode:
(b) a second electrode;
(C) a separating body located substantially between said first electrode and

said second electrode, said separating body operative to guide a flow of gas
along a surface of said tfirst electrode;
(d) a magnetic shield located between said first electrode and said second
electrode; and
(€) a power source operative to mmpose upon said first electrode a first
clectrical potential relative to the workpiece, said power source also operative
to impose upon said second electrode a second electrical potential relative to
the workpiece. said second electrical potential opposite in polarity to said first
electrical potential, said power source including:
(1) an alternating-current power supply having a first terminal and
having a second terminal, said first terminal and said second terminal
diftering in phase;
(11) a first diode having an anode and having a cathode; and
(111)  a second diode having an anode and having a cathode,
wherein said first terminal of said alternating-current power supply 1s
for connecting to the workpiece, and wherein said second terminal of
said alternating-current power supply is connected to said cathode of
said first diode and wherein said anode of said first diode 1s connected
to said first electrode, and wherein said second terminal of said

alternating-current power supply is also connected to said anode of said
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second diode and whereimn said cathode of said second diode i1s

connected to said second electrode.

2. The system of claim 1, wherein an angle between an axis of said first electrode

and an axis of said second electrode 1s at most about forty-five decrees.

3. The system of claim 1, further comprising:
(1) a feed mechanism operative to advance said second electrode.

4, The system of claim 1, further comprising:
(1) an e¢lectrode holder operative to hold said first electrode and in
electrical contact with said tirst electrode.

S. The system of claum 4, turther comprising:
(2) a hilm composed of a material that 1s thermally conductive and
electrically insulating, said film being located between said electrode holder
and said separating body.

6. The system of claim 5, wherein said film includes a film selected from the

egroup consisting of polyimide tilms and polyamide films.

7. The system of claim 1, wherein said first electrode includes a channel for

transporting a cooling tlud.
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3. The system of claim 7, turther comprising:

(1) a mechanism operative to move said fluid through said channel,
9. The system of claim |, wherein said separating body includes a channel for
transporting a cooling fluid.
10.  The system of claum 9, further comprising:

(1) a mechanism operative to move said fluid through said channel.
11. The system of claim 1, wherein said separating body includes a tube, said first

electrode being located substantially within said tube.

12. The system of claim 11, wherein said tube includes a constricted end.
13.  The system of claim 1, further comprising:
(1) a mechanism for providing a gas having low reactivity to substantially

surround a tip of said first electrode.

14. The system of claim 13, further comprising:
(g) a mechanism to instill a rotational motion in said gas.
15, The system of claim 13, wherein said gas 1s selected from the group consisting

of nitrogen, hydrogen, noble gases, and mixtures thereof.
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16. The system of claim 1, further comprising:
(1) a mechanism for providing a gas having low reactivity to substantially

surround a portion of the workpiece and a portion of said second electrode.

17. 'The system of claim 16, further comprising:
(g) a mechanism to instill a rotational motion in said gas.
18. The system of claim 16, wherein said gas is selected from the group consisting

of nitrogen, hydrogen, carbon dioxide, noble gases, and mixtures thereof.

19. The system of claim 1, wherein said first electrode includes a material selected
from the group consisting of tungsten, tungsten alloys, molybdenum, and

molybdenum alloys.

20.  The system of claim 1, wherein said second electrode includes a material
selected from the group consisting of mild steel, iron, iron alloys, nickel alloys, cobalt
alloys, aluminum, aluminum alloys, copper, copper alloys, titanium, and titanium

alloys.

21. The system of claim 1, further comprising:
(1) a control mechanism operative to coordinate operation of said first

electrode and said second electrode.
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