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Abstract

The twin-body plasma arc has the decoupling control ability of heat transfer and mass transfer, which is beneficial
to shape and property control in wire arc additive manufacturing. In this paper, with the wire feeding speed

as a characteristic quantity, the wire melting control ability of twin-body plasma arc was studied by adjusting

the current separation ratio (under the condition of a constant total current), the wire current/main current

and the position of the wire in the arc axial direction. The results showed that under the premise that the total
current remains unchanged (100 A), as the current separation ratio increased, the middle and minimum melting
amounts increased approximately synchronously under the effect of anode effect power, the first melting mass
range remained constant; the maximum melting amount increased twice as fast as the middle melting amount
under the effect of the wire feeding speed, and the second melting mass range was expanded. When the wire current
increased, the anode effect power and the plasma arc power were both factors causing the increase in the wire
melting amount; however, when the main current increased, the plasma arc power was the only factor causing

the increase in the wire melting amount. The average wire melting increment caused by the anode effect power
was approximately 2.7 times that caused by the plasma arc power. The minimum melting amount was not affected
by the wire-torch distance under any current separation ratio tested. When the current separation ratio increased
and reached a threshold, the middle melting amount remained constant with increasing wire-torch distance. When
the current separation ratio continued to increase and reached the next threshold, the maximum melting amount
remained constant with the increasing wire-torch distance. The effect of the wire-torch distance on the wire melting
amount reduced with the increase in the current separation ratio. Through this study, the decoupling mechanism
and ability of this innovative arc heat source is more clearly.
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1 Introduction

Wire arc additive manufacturing (WAAM) has become a
cost-effective additive manufacturing method for metal
components and can challenge traditional manufacturing
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technologies due to its advantages in manufacturing
cost, material utilization and environmental dependence
[1-3]. Most WAAM methods are developed based on
traditional arc welding processes, such as plasma arc [4],
gas tungsten arc [5, 6], variable polarity gas tungsten arc
[7], ultrasonic frequency pulsed arc [8] and cold metal
transfer process [9, 10]. The alternating current time cycle
on layer height in WAAM based on a gas tungsten arc
have been studied by Ayarkwa et al. [11]. Kazanas et al.
[12] demonstrated that walls with various angles ranging
from vertical to horizontal and closed shapes could
be fabricated by WAAM based on cold metal transfer
(CMT). Wang et al. [13] confirmed that the deposition
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rate increased linearly with the increasing wire size under
the same heat input, and the bead geometry had a higher
aspect ratio when the wire size was smaller in plasma
arc additive manufacturing. Wang et al. [14] proposed
twin-wire plasma arc additive manufacturing (PAAM),
and the feasibility was verified. To further improve the
efficiency and performance of WAAM, bypass coupling
arc heat sources have been proposed and used in WAAM
by researchers [15-17]. As the typical form of bypass
coupling arc heat source, the arcing-wire gas tungsten arc
is formed by adding a wire into the gas tungsten arc, and
a side arc is established between the wire and tungsten,
which establishes the gas tungsten arc (main arc) with the
workpiece. A part of the total current that flows through
the tungsten is separated from the main arc and flows
into the wire. Thus, the melting amount of the wire (mass
transfer) is not only dependent on the main arc and can
be controlled effectively with the help of the wire current.

As an extension of the gas tungsten arc, the plasma
arc has the advantages of excellent direction control and
higher energy density. Zhang et al. [18] have proposed
an arcing-wire plasma arc heat source based on the
arcing-wire gas tungsten arc. An increasing number of
studies have focused on WAAM development based
on arcing-wire plasma arcs, which have been named
double-electrode micro-plasma arc, bypass-current
wire-heating plasma arc and twin-body plasma arc in
different studies, they are collectively referred to as the
twin-body plasma arc. Huang et al. [19] and Yu et al.
[20] studied the dynamic behaviour of molten pools and
microstructure and properties of formed parts in the
additive manufacturing of twin-body plasma arc welding
(TPAW). It was reported that with the increase in bypass
current, the liquid metal flow in the molten pool became
unstable, the dendrite arm spacing of the stacking sample
first decreased and then increased, and the dendrite
arm spacing of the stacking sample first increased and
then decreased. Miao et al. [21] carried out research on
droplet transfer behaviour in TPAW and reported that
the droplet transfer form could be controlled accurately
by using the coordinated control of the main/bypass
current and other parameters. Zhang et al. [18] adopted
two kinds of bypass power supply (a constant current
power supply and a constant voltage power supply) to
study the arc stability in TPAW and indicated that the
arc stability is superior with this power supply than with
other power supplies, as the bypass power supply is a
constant current power supply. Zhang et al. [22] analysed
the heat transfer mechanisms of wire in TPAW and
showed that the total power transferred to the filler wire
included the anode effect power and plasma arc power,
which could increase significantly with increasing wire
current. Zhang et al. [23] analysed the droplet transfer
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behaviour and the forces acting on the droplet in this
process and reported that as the total current remained
unchanged, the droplet transfer mode could be changed
from globular to spray under the coordinated control of
parameters, and spray transfer could be realized under a
low current.

Previous studies [22, 23] have mainly carried out
qualitative analysis on twin-body plasma arc, focusing
on the droplet transfer behaviour, the heat transfer
behaviour, and other properties of the formed part.
However, exactly how this novel arc heat source
decouples the mass and heat transfer is still not entirely
understood. In this paper, the wire feeding speed is set
as the characteristic quantity and used to calculate
the melting amount of wire. The wire melting control
ability of the twin-body plasma arc is studied under the
condition of constant total current (total output) by
changing the current separation ratio. Furthermore, the
effect of the interaction between the wire current and
main current on the wire melting increment is analysed
by adjusting the wire current or main current. The effect
of the position of the wire in the arc axial direction on
melting amount of wire is studied by adjusting the
distance between the filler wire and PAW torch (wire-
torch distance) under different current separation ratios.
The decoupling mechanism and ability of this innovative
arc heat source will be more clear after this study.

2 Experimental Procedure
The twin-body plasma arc experimental system is
shown in Figure 1. It includes a plasma arc welding
(PAW) power supply, constant current power supply,
PAW torch, gas metal arc welding (GMAW) torch,
and workpiece, etc. The positive terminal of the PAW
power supply is connected with the workpiece, and the
negative terminal is connected with the PAW torch to
form the main arc. The positive terminal of the constant
current power supply is connected with the GMAW
torch, and the negative terminal is also connected with
the PAW torch to form the bypass arc. The total current
() includes the main current (/;) and wire current (I,).
The current separation ratio (CSR) is defined as the
ratio of wire current (I,) to total current (/). The signal
acquisition system mainly includes a high-speed camera,
current sensor, voltage sensor, and synchronization
controller, etc. The high-speed camera is installed about
500 mm perpendicular to the plane determined by the
PAW torch and GMAW torch, operating at 10000 Hz and
512x512 dpi. The arc images, current and voltage signals
are detected, collected and recorded synchronously in
the experimental process.

In the previous study, Zhang et al. [23] investigated
the heat transfer mechanism of wire in twin-body
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Figure 1 Schematic diagram of twin-body plasma arc
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Figure 2 Heat transfer mechanism of wire in twin-body plasma arc

plasma arc. The total power transferred to the wire
mainly comes from the plasma arc power and anode
effect power due to the wire current, as shown in
Figure 2. The plasma arc power acting on the wire is
the power transferred to the wire from the plasma arc
through thermal conduction. The anode effect power
acting on the wire consists of the anode fall energy,

electron thermal energy and condensation energy
(work function) of the electrons.
The plasma arc power (Q1) can be expressed as:

d(2,T) n1d(4T)
dxo +2ZIZ dx,, ’

where A is the thermal conductivity of the arc, d(4, T') /dx

is the temperature gradient in the arc near the anode, [ is

the wire length entering the plasma arc, # stands for the

value that the filler wire is divided into several segments.
The anode effect power (Q2) can be expressed as:

Q1 x ’lg( (1)

Q2 = LU, + 1;2 : ;I<(Te — Ta) + L, (2)
where I is the wire current, U, is the anode fall voltage,
K is the Boltzmann’s constant, 7, is the electron
temperature, T, is the electron temperature at the anode,
V¥4 is the work function of the metal.

The total power acting on the wire (Q) can be expressed
as:

Q=0Q + Q. (3)

According to Eq. (1), the plasma arc power (Q;) acting
on the wire is controlled by the energy distribution of
the plasma arc and /. When the total current and other
related parameters for the plasma arc environment
remain constant, the energy distribution of the plasma
arc remains unchanged. Thus, the plasma arc power
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is only determined by [/, which is affected by the wire
feeding speed. According to Eq. (2), the anode effect
power (Q2) acting on the wire is proportional to the
wire current. Therefore, the influences of the current
separation ratio, wire current/main current ratio, and
position of the wire in the arc axial direction on the wire
melting control ability are studied here.

To explore the wire melting control ability under
the condition of a constant total current in the twin-
body plasma arc, the minimum wire feeding speed,
middle wire feeding speed and maximum wire feeding
speed were selected as characteristic quantities, and
the corresponding melting amount of the wire was
calculated. The minimum wire feeding speed is the
critical speed at which the wire melts at the arc edge on
the feeding side, at which point a large droplet can be
formed stably, although the bypass arc shows an unstable
trend (as shown in Figure 3(a)). The middle wire feeding
speed is that the wire melts at the central axis of the arc,
where the stabilization of metal transfer is most easily
realized (as shown in Figure 3(b)). The maximum wire
feeding speed is the critical speed at which the wire melts
at the arc edge, and the wire will directly pass through the
arc without melting if the wire feeding speed is further
increased (as shown in Figure 3(c)). The melting mass
range is also set as a characteristic quantity, which is the
difference in the melting amount corresponding to two
different wire feeding speeds, to represent the control
ability of wire melting in this heat source. The effects of
current separation ratios of 0% (traditional plasma arc),
10% (wire current is 10 A), 30%, 50% and 70% on the
control ability of wire melting are investigated on the
premise of a total current of 100 A and the wire feed
direction is nearly perpendicular to the direction of the
PAW torch.

To explore the effect of the interaction between the
wire current and main current on the wire melting
increment, two methods were adopted. In the first
method, the wire feeding speed is fixed, and the wire
melting position in the arc radius direction is set as the
characteristic quantity. In the second method, the wire
melting position is fixed, and the wire feeding speed is set
as the characteristic quantity. The study was carried out
by increasing the wire current from 30 A to 100 A at an
interval of 10 A while the main current remains at 50 A
and by increasing the main current from 30 A to 100 A
at an interval of 10 A while the wire current remains at
50 A.

The position of the wire in the arc axial direction is
also an important factor affecting its melting amount.
The changes in the position of the wire in the arc axial
direction would change the plasma arc power, and then
the total energy acting on the wire changes. The position
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Figure 3 Schematic diagram of melting ability evaluation:
(@) Minimum wire feeding speed, (b) Middle wire feeding speed,
(€) Maximum wire feeding speed

of the wire in the arc axial direction is the distance
between the filler wire and PAW torch (wire-torch
distance (DWT)) (as shown in Figure 4). On the premise
of the total current 100 A, the effects of a DWT of 2 mm,
3 mm, 4 mm, 5 mm and 6 mm on the melting ability
with a traditional plasma arc and the effects of a DWT
of 2 mm, 3 mm, and 4 mm on the melting ability under
different CSRs were investigated.

The melting amount (M) is calculated based on Eq. (4):

M = pV = paR%, (4)

where p is the density of wire (7.8x10° kg/m?), R is the
radius of wire, v is the wire melting speed (equal to wire
feeding speed).

During all the experiments, an ER 70s-6 wire with a
diameter of 1.2 mm was set as the filler wire, and the steel
plate with a thickness of 3 mm was set as the workpiece.
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Figure 4 Schematic diagram for the position of wire in the arc axial direction
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The shielding gas and plasma gas were both 99.99%
Ar, the shielding gas flow rate was 10.0 L/min, and the
plasma gas flow rate was 3.0 L/min. The PAW torch had
a 3 mm orifice diameter, a 4.8 mm tungsten electrode
diameter and a 4 mm tungsten electrode setback. The
distance from the torch end to workpiece was set as 10
mm.

3 Experimental Results
3.1 Control Ability of Wire Melting in Twin-Body Plasma
Arc
When the total current is 100 A and the current
separation ratio gradually increases from 0% to 10%,
30%, 50% and 70%, the typical arc images are shown in
Figure 5. The wire melting amounts under different
current separation ratios were calculated and the results
are shown in Figure 6. In this figure, each vertical line
represents a set of current separation ratios. “Min”
means the minimum melting amount, “Mid” means the
middle melting amount, and “Max” means the maximum
melting amount. The length of the vertical line represents
the melting mass range. The length of the blue line, which
is the difference between “Mid” and “Min’, is defined as
the first melting mass range, and the length of the red
line, which is the difference between “Max.” and “Mid., is
defined as the second melting mass range.
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As shown in Figure 6, when the current separation
ratio is O (the wire current is 0 A), the minimum melting
amount is approximately 0.26 kg/h, the middle melting
amount is approximately 0.69 kg/h, the maximum
melting amount is approximately 1.06 kg/h, and the
melting mass range is approximately 0.79 kg/h. When
the current separation ratio increases to 10% (the wire
current is 10 A), the minimum and middle melting
amount remain unchanged, the maximum melting
amount increases to approximately 0.26 kg/h, and the
melting mass range increases to approximately 1.06 kg/h.
When the current separation ratio increases to 30%, the
minimum, middle and maximum melting amount all
increase, and the melting mass range is approximately
1.32 kg/h. As the current separation ratio continues to
increase, the minimum, middle and maximum melting
amount all increase significantly, even showing a
linear increasing trend. When the current separation
ratio increases to 70%, the minimum melting amount
increases by approximately 200% to approximately
0.79 kg/h, the middle melting amount increases by
approximately 77% to approximately 1.22 kg/h, the
maximum melting amount increases by approximately
100% to approximately 2.12 kg/h, and the melting mass
range increases by approximately 66% to approximately
1.32 kg/h. With the increase in the current separation
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Figure 6 Wire melting amount under different current separated ratios (DWT =2 mm)
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ratio, the first melting mass range remains approximately
0.42 kg/h, and the second melting mass range increases
from 0.37 kg/h to 0.9 kg/h. In summary, on the premise
that the total current remains unchanged, as the
current separation ratio increases, the minimum and
middle melting amount increase at approximately the
same speed, and the first melting mass range remains
unchanged; the maximum melting amount increases
at twice the speed of the increase in the middle melting
amount, and the second melting mass range expands.

3.2 Effect of Wire Current/Main Current on the Wire
Melting Increment

In this part, the wire feeding speed was fixed and the
wire melting position was changed with the wire current/
main current increasing to qualitatively study the effect
of the wire current/main current on the wire melting
increment control ability. The wire feeding speed was
fixed at 3.0 m/min, and typical arc images are shown in
Figure 7. Figure 7(a) shows the typical arc images when
the main current remains at 50 A and the wire current
increases from 30 A to 100 A at an interval of 10 A. The
melting state of the wire changes from almost no melting
(wire current is 30 A) to melting (wire current is 40 A)
to melting at nearly the center of the arc when the wire

)

11)40 A III) 50 A

VIII) 10

|

IV)60A™

1

VIII) 100"

Figure 7 Typical arcimages under different currents: (a) Wire
current increases from 30 A to 100 A while the main current remains
constant, (b) Main current increases from 30A to 100A while the wire
current remains constant
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Figure 8 Relationship between the changes in melting position
and currents

current increases from 30 A to 100 A. The wire melting
position clearly shifts from left to right. Figure 7(b) shows
the typical arc images when the wire current remains at
50 A and the main current increases from 30 A to 100 A
at an interval of 10 A. When the main current increases
from 30 A to 100 A, the wire is always melting, and the
wire melting position also shifts from left to right, but the
wire melting position remains near the left edge of the
arc.

To clearly understand the change in the wire melting
position, the amount of movement in the wire melting
position under different currents was measured based
on the wire melting position, in which the wire current
and main current are both 50 A (the reference position).
The relationship between the amount of movement in
the wire melting position and the wire current or main
current is shown in Figure 8. Because the wire is not
melting when the wire current is 30 A and the main
current is 50 A, the amount of movement in the wire
melting position under a wire current of 30 A is not
shown in Figure 8. In Figure 8, a positive value means that
the wire melting position is to the left of the reference
position, while a negative value means that the wire
melting position is to the right of the reference position.

As shown in Figure 8, the amount of movement in
the wire melting position caused by the change in main
current is significantly smaller than that caused by the
change in the wire current when the main current and
wire current are at the same current level. The amount
of movement in the wire melting position caused by the
main current is approximately 1.6 mm when the main
current is 40 A, and that caused by the wire current is
approximately 2.8 mm when the wire current is 40 A. The
range of movement in the wire melting position caused
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by the main current is obviously smaller than that caused
by the wire current. The range of movement in the wire
melting position is approximately from 2.1 mm to —1.2
mm when the main current increases from 30 A to 100
A. The range of movement in the wire melting position
changes from oo to approximately —2.3 mm when the
wire current increases from 30 A to 100 A. Relatively
speaking, the amount of movement in the wire melting
position is more susceptible to the wire current than to
the main current. This indicates that the wire melting
increment is more susceptible to the wire current, and
the effect of the wire current is significantly greater than
that of the main current.

Then the wire melting position was fixed in the
middle of the arc, and the middle wire feeding speed
was changed as the wire or main current was increased.
The effect of the wire current/main current on the
wire melting increment control ability was studied
quantitatively. The calculated middle melting amount is
shown in Figure 9. The black line means that the middle
melting amount increases as the wire current increases
from 30 A to 100 A, while the main current remains at
50 A. The red line means that the middle melting amount
increases as the main current increases from 30 A to 100
A, while the wire current remains at 50 A. The melting
amount in Figure 9 exhibits a rapid and nearly linear
increase and increases approximately from 0.79 kg/h
to 1.59 kg/h when the wire current increases from 30 A
to 90 A. The average increment of the melting amount
is approximately 0.013 kg/h per A as the wire current
increases. When the main current increases from 30
A to 90 A, the melting amount shows a slow and nearly
linear increase and increases approximately from 0.95
kg/h to 1.16 kg/h. The average increment of the melting
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Figure 9 Melting ability under different currents
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amount is approximately 0.0035 kg/h per A as the main
current increases. Relatively speaking, the wire melting
increment with the increase of the wire current is
significantly greater than that with the increase of the
main current. The average wire melting increment with
the increase of the wire current is approximately 3.7
times that with the increase of the main current.

3.3 Effect of the Position of the Wire in the Arc Axial
Direction on Wire Melting Amount

When the total current is 100 A and the current
separation ratio is 0, the wire melting amounts under
different wire-torch distances (from 2 mm to 6 mm)
were calculated and are shown in Figure 10. As shown
in Figure 10, the minimum melting amount is basically
maintained at 0.26 kg/h as the wire-torch distance
increases from 2 mm to 6 mm; the middle melting
amount increases approximately from 0.69 kg/h to 0.79
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Figure 11 Comparison of the melting ability under different current
separated ratios
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kg/h as the wire-torch distance increases from 2 mm
to 4 mm and then remains constant as the wire-torch
distance continues to increase; the maximum melting
amount increases approximately from 1.06 kg/h to 1.59
kg/h as the wire-torch distance increases from 2 mm to 5
mm and then remains constant as the wire-torch distance
continues to increase.

Figure 11 is the line graph showing the melting amount
of wire when the current separation ratio increases from
0 to 70% and the wire-torch distance increases from 2
mm to 4 mm. As shown in Figure 11, when the current
separation ratio increases from 0% to 70%, the minimum
melting amount remains constant at approximately 0.26
kg/h as the wire-torch distance increases from 2 mm to
4 mm. For the middle melting amount, when the current
separation ratio is less than or equal to 10%, it increases
by approximately 0.1 kg/h as the wire-torch distance
increases from 2 mm to 4 mm. When the current
separation ratio is greater than 10%, the amount of
middle melting remains unchanged with the increasing
wire-torch distance. For the maximum melting amount,
when the current separation ratio is less than or equal to
30%, it increases by approximately 0.26 kg/h as the wire-
torch distance increases from 2 mm to 4 mm. When
the current separation ratio is greater than 30%, the
maximum melting amount remains unchanged with the
increasing wire-torch distance.

In summary, the minimum melting amount is not
affected by the wire-torch distance. There is a threshold
current separation ratio at which the effect of the wire-
torch distance on the middle and maximum melting
amount diminishes. When the current separation ratio is
more than the threshold value, the middle and maximum
melting amount remain constant as the wire-torch
distance increases.

4 Analysis and Discussion

When the current separation ratio is 0, the total power
acting on the wire corresponds to the plasma arc power.
When the current separation ratio is greater than 0, the
total power acting on the wire is composed of the plasma
arc power and anode effect power. For the first melting
mass range, the wire feeding speed is changed between
0.5 m/min and 2.3 m/min with the increase in the current
separation ratio and is relatively small. The effect of wire
feeding speed on the plasma arc power can be ignored,
and the anode effect power is the only variable causing
an increase in the middle and minimum melting amount.
Therefore, the middle and minimum melting amount
increase approximately synchronously with the increase
in the current separation ratio, and the corresponding
range remains basically unchanged. For the second
melting mass range, the maximum wire feeding speed
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changes between 2.0 m/min and 4.0 m/min with the
increase in the current separation ratio and is relatively
large. The plasma arc power increases with the increasing
wire feeding speed, and the plasma arc power and anode
effect power are the two factors causing the increase in
the maximum melting amount. Therefore, the growth
rate of the maximum melting amount is twice that of the
middle melting amount, and this range expands with the
increase in the current separation ratio.

When the wire current remains unchanged and the
main current increases, the anode effect power remains
unchanged, and the plasma arc energy increases.
According to Eq. (1), the plasma arc power acting on
the wire increases. The plasma arc power is the only
variable causing an increase in the total power acting
on the wire and wire melting amount. When the main
current remains unchanged and the wire current
gradually increases, the anode effect power acting on
the wire and the plasma arc power acting on the wire
both increase with the increasing wire current. The
plasma arc power and the anode effect power are the
two factors causing an increase in the total power acting
on the wire and wire melting amount. Therefore, the
average wire melting increment with the increase of the
wire current is approximately 3.7 times that with the
increase of the main current increase. The average wire
melting increment caused by the anode effect power is
approximately 2.7 times that caused by the plasma arc
power. The wire melting increment is mainly controlled
by the change in anode effect power, and the plasma arc
power is the second-most affected factor. The average
wire melting increment is most significantly affected by
the anode effect energy, and the plasma arc power is the
second-most affected factor.

The radius of the plasma arc increases with the
increasing wire-torch distance, and [ increases.
According to Eq. (1), the plasma arc power acting on
the wire increases. For the minimum melting amount, it
corresponds to the right edge of the arc, and the plasma
arc power basically remains unchanged because the
change in the wire-torch distance has little influence on
the environment of the arc edge. The total power acting
on the wire remains unchanged, and the minimum
melting amount remains unchanged with the increasing
wire-torch distance. For the middle melting amount,
when the current separation ratio <10%, the anode
effect power acting on the wire is relatively small (less
than 50% of the increment for total power acting on the
wire (as the current separation ratio increases from 0 to
70%)), the total power acting on the wire increases with
the increase in the wire-torch distance, and the melting
amount increases; when the current separation ratio
>10%, the anode effect power is relatively great (more
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than 50% of the increment for total power acting on the
wire), the increment of plasma arc power caused by the
increase in the wire-torch distance can be ignored, the
total power acting on the wire remains constant with the
increasing wire-torch distance, and the melting amount
remains constant. For the maximum melting amount,
when the current separation ratio <30%, the anode
effect power acting on the wire is relatively small, and
the melting amount increases with the increasing wire-
torch distance; when the current separation ratio >30%,
the anode effect power is relatively large, and the melting
amount remains constant with the increasing wire-torch
distance. Therefore, when the current separation ratio
is less than the threshold value in the twin-body PA,
the maximum melting amount and the middle melting
amount can be adjusted by adjusting the wire-torch
distance. When the current separation ratio is greater
than the threshold, the wire-torch distance can be set to
any value suitable for process stability.

5 Conclusions

The wire melting control ability of the twin-body plasma
arc is studied by adjusting the current separation ratio
(wire current), the wire current/main current and the
wire-torch distance. The following conclusions can be
drawn from this study:

(1) Under the premise that the total current remains
unchanged (100 A), as the current separation ratio
increases, the increase in plasma arc power caused
by the increase in the wire feeding speed in the first
melting mass range can be ignored. The middle and
minimum melting amounts increase approximately
synchronously under the effect of the anode effect
power, and the first melting mass range remains
constant. The plasma arc power increases with
the increase in maximum wire feeding speed, the
maximum melting amount increases twice as fast
as the middle melting amount increase rate, and the
second melting mass range expands.

(2) When the wire current increases, the anode effect
power and the plasma arc power are the factors
causing the increase in the wire melting amount;
however, when the main current increases, the
plasma arc power is the only factor causing the
increase in the wire melting amount. The average
wire melting increment with the increase of the
wire current is approximately 3.7 times that with
the increase of the main current. The average wire
melting increment caused by the anode effect
power is approximately 2.7 times that caused by the
plasma arc power.
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(3) The effect of the wire-torch distance on the
melting amount can be divided into two parts: The
minimum melting amount is not affected by the
wire-torch distance under any current separation
ratio, and the effect of the wire-torch distance
on the middle and maximum melting amounts is
determined by the threshold value of the current
separation ratio. When the current separation ratio
is greater than the threshold value, the anode effect
power is greater, the increase in plasma arc power
caused by the increase in the wire-torch distance
can be ignored, and the middle and maximum
melting amounts remain constant.
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