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ABSTRACT

For gas tungsten arc welding (GTAW), the effects of filler
wire on the GTA are worth being clarified, which will help
deepen the understanding of arc characteristics and in-
spire new ideas for the real-time monitoring of weld quality.
To this end, this work proposed a novel sensing method of
detecting probe voltages (i.e., the voltage signals between a
filler wire and tungsten electrode/workpiece). Based on this
method, in this first part of the work, a tungsten probe was
used to replace the filler wire and to interact with the arc in
the specific experiments to elucidate the static and dy-
namic interaction mechanisms between the GTA and filler
wire. The results showed that the filler wire intervention de-
flects the arc to various degrees and will change the volt-
age signals. As a metal conductor, the filler wire will in-
crease the arc voltage by increasing the average electric
field strength. However, its effects on the different areas of
the arc are not always consistent, which makes the change
trend of the probe voltages not always the same. Moreover,
due to thermal inertia, the probe voltage does not strictly
change synchronously with the arc voltage under the dy-
namic disturbance. This work lays a theoretical foundation
for monitoring the stability of the GTAW process.
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Introduction

Gas tungsten arc welding (GTAW) is one of the precision
welding techniques for obtaining high-quality weldments. It
can weld a variety of industrial structural metals and is
widely used in aerospace, atomic energy, pressure vessels,
and other industrial fields. Due to its wide application, the
quality assurance of GTAW is particularly important. How-
ever, even with optimized welding parameters, it is still dif-
ficult to guarantee weld quality with automated GTAW in
complex environments because of its uncertainty and time

variation. This situation requires the development of on-line
monitoring and control technologies for weld quality.

The geometry of the weld pool is closely related to the real-
time welding state and largely determines the formation of
welds after solidification. Therefore, the accurate extraction of
weld pool geometry will help to understand and then monitor
the dynamic welding process, and it will also contribute to pro-
viding useful feedback for the real-time control of weld quality.
The extraction of weld pool geometry is often based on visual
sensing techniques. Chen et al. used passive visual sensing to
extract the distance between the tungsten electrode tip and its
reversed reflection in the weld pool under suitable exposure
conditions, to characterize the height of the weld pool surface
(its concavity/convexity) (Ref. 1). Fan et al. developed a three-
way passive visual sensing system to simultaneously detect the
weld pool geometry from both sides of the workpiece (Ref. 2).
Taking laser as an auxiliary light source, Zhang and Song et al.
reconstructed the weld pool by virtue of the designed 3D visu-
al sensing system (Refs. 3-5), and based on this system, Liu
and Dong et al. have extracted the geometric parameters of the
3D weld pool for modeling of weld-quality control (Refs. 6, 7).

In addition to the weld pool geometry, the dynamic be-
haviors of the weld pool have also received much attention.
During autogenous GTAW, the weld pool is excited to oscil-
late by pulse current. The frequency and amplitude of weld
pool oscillation can be used to describe the weld penetration
status because both of them will change as the volume of
the weld pool changes. When the solid restraint at the bot-
tom of the weld pool disappears, the weld pool will have a
sudden subsidence, and its oscillation frequency and ampli-
tude will be abruptly changed accordingly. This abrupt
change can be used to characterize the critical complete
joint penetration status. These dynamic behaviors of the
weld pool can be monitored by the arc voltage (Refs. 8-11)
or the evolution of the laser pattern reflected from the weld
pool surface in the structured-laser visual sensing system
(Refs. 12-14).

Arc sound is also a noteworthy information source that
can reflect the weld pool status. It can be roughly considered
that the arc sound signal in pulsed GTAW is determined by
the arc sound source and the modulating arc sound channel.
The sound source is generated from the arc energy change,
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Fig. 1 — Schematic diagram of the sensing principle.

and the sound channel can be considered as a cavity covered
by the shielding gas atmosphere (Refs. 15-17). According to
Lv et al. (Refs. 16, 17), statistical characteristics of the arc
sound in time domain can be used to distinguish different
penetration statuses due to the difference in the arc energy,
and the different penetration statuses will also result in dif-
ferent formant distribution of the sound channel because of
the change in the sound channel state (e.g., an excessively
penetrated weld pool will destroy the sound channel). Zhang
et al. used the Fisher distance and principal component
analysis to select the frequency components reflecting the
weld penetration status in pulsed GTAW, then established a
classification model and successfully distinguished the dif-
ferent weld penetration statuses (Ref. 18).

As mentioned above, so much valuable and potential infor-
mation has been continuously mined, the relevant mecha-
nisms have been deeply explained, and various sensing meth-
ods have been proposed to serve on-line monitoring and con-
trol of GTAW quality. However, the reported studies in the aca-
demic field have focused more on autogenous GTAW than
GTAW with filler wire. Furthermore, researchers have devoted
more attention to studies on weld pool status, often ignoring
the effect of the liquid metal generated from the filler wire (if
it is employed) on the process. Although the employment of
the filler wire will expand the application of GTAW, it will also
interfere with the GTA and impact the extraction of character-
istic information about the weld pool (e.g., disturbing its regu-
lar oscillation frequency under pulse current), which is not
conducive to the welding process stability and monitoring of
the weld pool. Yudodibroto et al. studied the effects of filler
wire on weld pool oscillation in GTAW and thought the oscilla-
tion frequency could still be measured to reflect the weld pene-
tration status under the mode of uninterrupted metal transfer
(Ref. 19), but the further study has not been reported yet; for
instance, the interaction mechanisms between the filler wire
and GTA are still unclear.

The purpose of this work is to clarify the effects of the
filler wire intervention on the GTA. For this purpose, a
novel sensing method of detecting the probe voltages (i.e.,
the voltage signals between the filler wire and tungsten elec-
trode/workpiece) was proposed. Moreover, this work was
split into two parts for elaboration. This first part aims at
expounding the principal interaction mechanisms between
the GTA and filler wire, and the second part will discuss the
behaviors of liquid droplets. In the first part, to simplify the
study, a tungsten probe was used to replace the filler wire
and to interact with the arc through specific experiments.
This work helped to enhance the understanding of electrical
arc characteristics and laid the foundation for on-line moni-
toring and control of the GTAW quality when the filler wire
was employed.

Sensing Methodology

In the autogenous GTAW process, electrical arc is estab-
lished between the nonconsumable tungsten electrode tip
and liquid weld pool surface. Weld pool behaviors will
change arc length and thus change arc voltage (U, i.e., the
voltage between the tungsten electrode and the workpiece).
When the filler wire is introduced into the GTA, the feeding
motion of the filler wire, the resulting metal transfer, and
the pendant liquid droplets that oscillate at the end of the
filler wire will affect the arc, and the filler wire itself as a
suspended electrical conductor will also become an interfer-
ence. The resultant interference signals will be coupled into
the arc voltage, thereby obscuring the characteristic signals
contained in the arc voltage that reflect the weld pool be-
haviors. It is difficult to distinguish their respective signal
components and to clarify the interaction mechanisms be-
tween the filler wire and arc plasma with the arc voltage
alone. Therefore, it may be possible to consider introducing
additional sensing signals to help explain the relevant con-
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Fig. 2 — Experimental apparatus.

cerns.

Electrical arc is a self-sustaining discharge plasma whose
electrical characteristics can be diagnosed by immersing
metal probes (Ref. 20). Active (Ref. 21) or passive (Ref. 22)
probe-sensing methods have also been used to monitor the
keyhole process in plasma arc welding. Inspired by these, the
filler wire can be regarded as a ready-made probe immersed
in the arc atmosphere of GTAW, and probe voltages can be
readily measured to provide more sensing information.
Here, two probe voltages are detected, that is, the voltage
between probe and tungsten electrode and the voltage be-
tween probe and workpiece, which are denoted as U, and
U,,, respectively. It can be roughly thought that these two
probe voltages divide the arc voltage into upper and lower
parts. In addition to the voltage drop of the upper or lower
arc column region (denoted as U, and U, respectively), these
two probe voltages also contain the voltage drop of the cath-
ode region (U,) and the voltage drop of the anode region
(U,), respectively.

The number of positive and negative charges per unit
volume at every moment is considered to be approximately
equal in the GTA plasma, so the arc plasma is quasielectric-
ally neutral. After the filler wire is introduced, electrons
lighter than the positive ions will fly out of the arc plasma
around the filler wire and flow to the surface of the filler
wire at a faster rate, charging its surface to negative, relative
to the arc plasma. As a result, a nonelectrically neutral tran-
sition layer, namely plasma sheath, will be formed between
the arc plasma and the surface of the filler wire. Accordingly,
the plasma sheath voltage is also implicit in the probe volt-
ages. Although the sheath voltage (U,) may be very small, it
is the plasma sheath that connects the filler wire to the arc
plasma. A simplified schematic of the above description is
demonstrated in Fig. 1, and the approximate relationship of
these voltage signals can be expressed by Equation 1:

U,=U,+U+U;

Upc: Uc+ Uu_ Us (1)
U=U0,+U+U;+U,=U0,+U,
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When U is measured to reflect the overall electrical char-
acteristics of GTA, U,, or U,, can be additionally used to re-
flect the local electrical characteristics of different regions of
the GTA. Moreover, since the filler wire directly becomes a
signal acquisition terminal, the probe voltages may be more
suitable for characterizing the dynamic behaviors of the
droplet at the end of the filler wire.

Experimental System and Design

Experimental System

The experimental system mainly consisted of the follow-
ing three parts: welding system, high-speed camera system,
and multichannel electrical signal acquisition system. The
welding system was composed of a Fronius MagicWave 4000
GTAW power source (constant current mode), welding
torch, and welding workbench. The Acuteye high-speed
camera system equipped with optical dimmers and filters
was used to provide auxiliary visual information about the
arc shape. For the electrical signal acquisition system, elec-
trical signals of interest were measured by Hall sensors and
transmitted to a computer via a USB-4711A data acquisition
card. The signal monitoring and recording was implemented
by MATLAB® programming. The sampling frequency of elec-
trical signals was 1024 Hz. The original images were cap-
tured at a frame rate of 1024 frames per second and their
resolution was 256 x 256 pixels.

Experimental Design

The experimental materials were Q235 mild steel plates
with a dimension of 300 x 60 x 4 mm as the base metal and
pure argon of 99.99% with a flow rate of 10 L/min as the
shielding gas. The diameter of the tungsten electrode was
2.4 mm and the length of the tungsten electrode protruding
nozzle was 5 mm. Bead-on-plate welding was employed in
the flat position.

Based on the proposed sensing method, three groups of
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Fig. 3 — Diagram of relative position change (0 < D, < D, < D).
Table 1 — Experimental Parameters
Experiment 1(A) v (cm/min) ETWD* (mm) H (mm) D (mm) AT(S)
#1 65 7 7 3,21 - =
#2 65 7 6.5 2 0,05 76,5 4,3210
#3 65 7 6 15 - -

*Note: ETWD means electrode tip to workpiece distance.

experiments (#1, #2, and #3) have been designed and con-
ducted. In all the experiments, a tungsten probe with a di-
ameter of 2.4 mm was immersed into the arc atmosphere in-
stead of the filler wire, and a relatively small welding current
(I) was employed, which can ensure that the probe was not
burnt as much as possible and the surface of the workpiece
was slightly melted, thus avoiding the metal transfer and dy-
namic evolution behaviors of the weld pool. This way, the
probe can simulate the filler wire to interfere with the arc
plasma, thereby simplifying the objective of this study. Since
the focus of this part of the work is only the inner interac-
tion mechanisms between the GTA and filler wire, although
this simulation is not equivalent to the actual filling process,
it can also be considered that the effect of the filler wire as
conductive metal on arc plasma follows similar mechanisms
to that of the probe.

Figure 2 presents the schematic diagram of the experi-
mental apparatus. As shown in Fig. 2, a tungsten probe was
suspended parallel to the workpiece, and one end of this
probe was fixed to the clamping apparatus. This clamping
apparatus was placed on the welding workbench and isolat-
ed by nonconductive insulating tape. The axis of the welding
torch was perpendicular to the workpiece surface. There are
two positional parameters, D and H, in Fig. 2, where D is the
horizontal distance between the probe tip and the symme-
try axis of the electrode, and H is the height difference be-
tween the probe and the workpiece surface. When the hori-
zontal relative position of the symmetry axis of the elec-
trode and the probe tip is as shown in Fig. 2, D is positive,
and when the vertical relative position of the workpiece sur-
face to the probe tip is as shown in Fig. 2, H is positive.

The general experimental procedure was to keep the
welding workbench stationary, suspend the probe at a
height of H, and move the welding torch at a welding speed
(v) in the horizontal direction to change D (v is too small to
affect the arc shape). When the absolute value of D de-
creased, the direction of v was considered positive, indicat-
ing that the welding torch and the probe were approaching.

The schematic relative position at different Ds can be seen
in Fig. 3. During the experiments, arc voltage and probe
voltage were collected, and the welding current was meas-
ured to ensure the voltage fluctuations were not caused by
the current fluctuations. Experimental data was filtered by a
simple moving average. Each average was calculated over a
sliding window of 151 sample points, which was centered
about the element in the current position.

The specific experimental designs and parameters are re-
spectively shown in Fig. 4 and Table 1. Experiment #1 is
mainly used to investigate the static effects of a probe on
the GTA. As demonstrated in Fig. 4A, during Experiment
#1, the welding torch moved horizontally several times to
gradually go away from the probe tip until no probe voltage
was detected. It moved 1 mm each time (e.g., D,, — D, =D,
— D, =1 mm), and remained stationary for a while (10 s) af-
ter each movement. Experiment #1 had been conducted at
different Hs, and in this way, the electrical signals can be ob-
tained when the probe is in different spatial positions of the
arc column.

Experiment #2 aimed to study the dynamic effects of an
intermittent/continuous reciprocating probe on the GTA.
The design of Experiment #2 is presented in Fig. 4B. The
welding torch reciprocated equidistantly between position
D = 0 mm and position D = D,, = 0.5 mm. Whenever the
welding torch was horizontally displaced from its original
position to the new position in the same reciprocating mo-
tion mode, it stayed at the new position for a period of time
(AT) and then proceeded to the next step. Different ATs
(e.g., AT, > AT,) have been set during Experiment #2. When
AT was 0 s, the probe generated a continuous interference,
and when AT was a non-zero value, the probe caused an in-
termittent interference.

Experiment #3 was about the dynamic effects of a continu-
ously moving probe on the GTA at different positions. As
shown in Fig. 4C, the welding torch reciprocated equidistantly
several times between different horizontal positions to con-
tinuously generate dynamic interferences. The distance of
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Fig. 4 — Experimental designs (v, = 7 mm/s). A — Experiment
#1; B — Experiment #2; C — Experiment #3.

each movement was 1 mm, and at intervals, the welding torch
moved to a farther distance from the probe for a new recipro-
cating motion (e.g., D,,— D, =D, —D,=1 mm).

Results and Discussion
Static Effects

Figure 5 displays the electrical signals measured in Exper-
iment #1, where U, and U,, were measured separately. In
Fig. 5, D increases stepwise as time goes on. For ease of de-
scription, the process was roughly divided into phases A, B,
and C, which respectively corresponded to the situation
where the end of the probe was located in the original core
area of the arc (the brightest area), the original noncore area
of the arc, and the area outside the arc (no strict demarca-
tion between the areas). The typical shapes of the core area
of the arc can be seen in Fig. 6. Both the voltage signals and
the arc shape were affected by the metal probe.

When the probe occupies the space area that originally
belonged to the arc plasma, a plasma sheath will form near
the probe surface and it will become a new partial edge area
of the arc plasma. Accordingly, the overall arc shape will be
changed. From phase A to B, U drops stepwise and each drop
resulted from an increase in D, while the growth in D did
not cause such a change in U during phase C. Therefore, the
metal conductor caused an increase in the arc voltage after it
had immersed into an area of the GTA.

This can be explained from two aspects. On one hand, after
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the probe is directly inserted into the arc column, the conduc-
tive cross section in the vicinity of the probe is forcibly re-
duced, which destroys the conductive path with the minimum
energy consumption under the original conditions, thus tend-
ing to change the direction of electron flow. Although the arc
column will resist this change to keep the original conductive
path as much as possible, the conductive path following the
minimal energy principle will still tend to have different de-
grees of deflection (tend to become longer) under new condi-
tions. On the other hand, the probe intervention will alter the
thermal field of the arc column. Since the probe that is cold rel-
ative to the arc plasma increases the arc heat loss, the arc col-
umn will automatically shrink to reduce the contact area with
the external medium, thereby minimizing the heat loss. It will
also contribute to the reduction in the conductive cross sec-
tion of the arc plasma near the probe, which will increase the
average current density and thus increase the average electric
field strength. In this way, the intervention of the metal probe
causes the arc voltage to rise.

The relationship between the static probe at different po-
sitions and the stable arc voltage can be obtained by calcu-
lating the mean value of U in the rectangular frames of Fig.
5A, C, and E, and the results are as shown in Fig. 7. With the
increase in D, U declines more and more gently, and the in-
crease in H contributes to the rise of U. This is because the
ionization in the core area of the arc is more sufficient, so
the interference of the metal probe will gradually weaken as
it moves away from the core region of the arc. In addition,
the cathode is an electron emission source. The closer the
probe is to the cathode, the greater its influence on the GTA
will be. Therefore, the arc voltage will increase as H rises.

It can be further found from Fig. 5 that whenever D is
changed once, U can quickly level off after a small variation,
while the changes in U, U,,, and U, are not completely con-
sistent with one another. During phase A, when Ureaches a
new stable level, U,, and U, are still changing in opposite di-
rections, and any of them has a greater variation than U.
However, during phase B, the variation in U, and U caused
by the change in D becomes modest, and the trend of U,,, in
phase B is opposite to that in phase A. Also, the transition
period of U,  and U,, becomes very short or even inconspicu-
ous. In the final phase C, although U is almost unaffected by
the change in D, the change in D will once again cause U,,
and U,, to change significantly.

As mentioned earlier, the arc voltage signal can reflect the
overall electrical characteristics of the arc, and the probe volt-
age signal can reflect the electrical characteristics of the local
area of the arc. Such diverse variations in U,, and U,, indicate
that the influence of the metal probe on the electrical charac-
teristics of different areas of the arc at different phases is not
always consistent. During phase A, although the arc above the
probe maintained its original shape as much as possible, the
lower part of the arc severely deflected. The larger the H is, the
more severe the deflection will be. This is because the electron
flow needs to reform the shortest conductive path between
the anode and cathode due to the physical barrier of the probe.
As H rises, the electron flow from the cathode will encounter
this barrier earlier and thus be deflected more. In addition, the
decrease in temperature around the probe tends to suppress
the thermal ionization around the probe. Nevertheless, the
neutral particles above the probe can still be directly bombard-



26 ] 70 A 26 e 70 B
24 24
22 | Phase A Phase B Phase C - 60 22 | Phase A | Phase B Phase C 4 60
20 20
18 F 130 18 F 150
<16 F = 216 | o
& 4402 g J402
=R R = E s == = L 3
Sk E Sk g
2 1S Sl 133
8 20
6 6
4 4 10
2 2
0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 O
0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120 140 160 180
Time (s) Time (s)
26 —T T T T 70 c 26 T T T T T T 70 D
21 uf
2y [ PhascA |Phase B Phase C 460 2 [Phase A Phase B Phase C 460
20 20 F
18 F 130 18| 450
=16F = si6f 2
gle ‘ 1402 e J402
PAUY S N N e e W e Y R L R U
=) s D 5]
s 305 sp d305
Sk 173 Sk 3
8 420
6 =
4t 10
2 F 1 —U—U,]
6 0 N N N N ) 0
0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120 140
Time (s) Time (s)
e o e 1L E 26 e ———— 70 F
uE g 21E
» fPhasc A Phasc B Phase C 460 2 _Phase A Phase B Phase C 160
20 F 20 F
18 F 130 b 450
=16 F 2 ~1cL ==
z | 4% Blo {402
o l4F — 7 s 14 :—M st
2 S & 5
gi2r 4305 Si2r £
=10 © S0l S 30(3
sk |
7 (S R =420 8t 120
b F g 5
rys 410 4f
= = =10
2 f —U A . ol—1—vu U,
O 1 1 1 1 1 1 1 ey () 0 1 1 1 1 L 0
0 10 20 30 40T 50 60 70 80 90 100 0 20 40 60 8 100 120
ime (s) Time (s)

Fig. 5 — Electrical signals in Experiment #1. A—U,. andU atH=1mm; B—U,, andU atH=1mm; C —U,. andU atH =2 mm; D —
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ed by electrons from the cathode direction and thus be ion-
ized. However, in the area below the probe, because of the
physical block by the probe, it will be difficult for the neutral
particles to be ionized by direct collision of electrons above the
probe, and the originally charged ions will even be recombined
due to insufficient energy. Therefore, during phase A, the de-
crease in D weakened the ionization of the lower part of the
arc and then reduced the electric field, thus bringing U,, down,
which corresponded to a weaker heat production capacity, al-
though the arc length below the probe seemed to be longer.
Meanwhile, the heat production capacity of the upper part of
the arc was enhanced to meet the increased overall heat pro-
duction capacity of the arc column, so the ionization degree
and electric field intensity of the upper part of the arc in-
creased, and U, grew accordingly. In such a way, when the end
of the probe is in the original core area of the arc, as D increas-

es, the main conductive path of the arc is gradually restored,
the arc deflection is reduced, and the gap in ionization be-
tween the upper and lower parts of the arc is narrowed, so U,,,
rises and U,, falls. In phase B, the end of the probe retreated to
the original noncore area of the arc, and the main conductive
path of the original core area was almost restored. The effects
of the probe to the arc were weakened, and the probe no
longer caused apparent arc deflection. The upper and lower
parts of the arc presented as a whole, and the trend of U,, and
U, unified with that of U. During phase C, although the inter-
ference of the probe was not enough to change the arc voltage,
the edge area of the arc still had a gradient distribution of un-
stable charges, so apparent changes in the probe voltages
could still be detected.

Even if the physical medium forcibly intervenes in the
core area of the arc, the arc can still self regulate in a short
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Fig. 7 — Arc voltage with the static probe immersed in differ-
ent positions of the arc column.
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Fig. 8 — Electrical signals in Experiment #2.

time to present a new state of overall stable heat production
with the lowest energy consumption. However, in the area
near the anode, as the probe interference deepens, the arc
stiffness is not as good as before, and it tends to be unsta-
ble. It is conceivable that as the interference increases, the
unstable area starting from the anode side will gradually ex-
pand toward the cathode side. Eventually, the arc will extin-
guish because it will fail to maintain a stable self-sustained
discharge process.

In the actual welding process, the interaction between
the filler wire and arc should conform to the above mecha-
nisms, which will also cause the similar interference to the
arc (except for metal transfer). To minimize the interference
of the filler wire, it may be recommended to keep the end of
the filler wire melted in phase B. This is because, on the one
hand, its interference on the core area of the arc is small; on
the other hand, if the end of the filler wire is melted in
phase C, although the arc shape is stable, the filler wire may
be melted intermittently due to the lack of heat. In addition,
according to Equation 1, only one of the probe voltages,
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Fig. 9 — Electrical signals in Experiment #3.

along with the arc voltage, was sufficient to reflect the relat-
ed effects, so the follow up will only focus on probe voltage
U, to avoid repetition.

Dynamic Effects

In the actual welding process, the effects of the filler wire
on the arc are more inclined to be dynamic effects. Figure 8
shows the electrical signals measured in Experiment #2,
where the end of the probe occupied the original core area of
the arc. Because the arc plasma possessed heat capacity, it
can be observed that if AT was too short (less than the time
constant), U,, would not reach the stable level, and the fluc-
tuation of U, caused by the variation in D would be more
moderate with a decreasing AT.

During the intermittent interference period (e.g., when AT
was 4 s), the local maximum of U,,, did not appear when U
stayed at a lower level (when D was 0.5 mm), but approximate-
ly at a point when U was rising (when D was falling from 0.5 to
0 mm), or probably when U had just risen to the stable level



(when D had just completed the drop from 0.5 to 0 mm). Simi-
larly, the local minimum of U,,, in Fig. 8 generally occurs when
U has just completed a drop, rather than when U keeps at a
higher level. The above-mentioned changes are mainly due to
the variation in D that can cause a sudden change in the con-
ductive cross section, which can immediately change the cur-
rent density and thus change electric field strength, while the
arc itself has thermal inertia.

In the core area of the arc, the blocking by the probe tends
to promote the ion recombination below the probe, while the
ion recombination will lag behind the decrease in D due to the
thermal inertia. Thus, below the probe, the decrease in the
electric field strength caused by the ion recombination will lag
behind the decrease in D. On the contrary, the decrease in D
will lead to the sudden decrease in the conductive cross sec-
tion, resulting in an immediate increase in electric field
strength. Therefore, in the early stage of the decrease in D, U,,,
will rise because of the immediate increase in electric field
strength caused by the sudden decrease in the conductive
cross section. If D has enough time to continue to decrease,
the effect of ion recombination below the probe on the electric
field strength will gradually emerge, thus reversing the growth
in U,,. Likewise, the gas ionization below the probe will also lag
behind the increase in D, and U,,, will change in the opposite
direction. Therefore, the rate of ion recombination and the
rate of gas ionization will affect the moments at which the lo-
cal maximum and local minimum of the U, occur, respectively.
It can be observed that during the intermittent interference,
the initial decline in U,,, is steeper than its initial rise, which
shows that the rate of ion recombination is faster than that of
gas ionization in the early period after D starts to vary. The
same mechanism is also suitable for the continuous interfer-
ence process. Thus, in Fig. 8, U usually reaches the peak be-
fore D falls to 0 mm and falls to the bottom when D has just
risen to 0.5 mm.

Figure 9 shows the electrical signals measured in Experi-
ment #3 and that the dynamic probe continuously interfered
with different areas of the arc column. It can also be seen that,
in the core area of the arc, U, can reach the local minimum be-
fore U drops to the bottom. This is mainly because the change
amount of D becomes 1 mm; it can rise to meet the moment
that the decrease in U,,, is reversed by the increase in local elec-
tric field strength caused by the gas ionization of the lower
part of the arc. Therefore, when the continuous interference
occurs in the original core area of the arc, an impression is pre-
sented that U,, does not strictly change synchronously with U,
but often reaches peak or trough ahead of U. However, in the
noncore area of the arc, the changes in U,, and U seem to be
more synchronous, and the dynamic relationship between
them was more consistent with their static relationship be-
cause the effects of the probe on the arc were weakened. Addi-
tionally, the fluctuation of U,, became significant again outside
the arc, which indicated that there is a large ionization gradi-
ent, so that the movement of probe can be detected particular-
ly clearly. Although the droplet behavior was not covered here,
the mechanism of its dynamic interference should also follow
the above description.

Conclusions

This part of the work mainly studied the mechanism of

the effects of the filler wire as a metal conductor on GTA
based on the proposed arc-sensing method of detecting
probe voltages. The main conclusions drawn are as follows:

1) When the filler wire as a metal conductor is fed into
the arc, the arc voltage (U) will rise due to the increase in the
average electric field strength of the arc. The closer the filler
wire is to the core area of the arc, the greater the U will be.

2) The probe voltages (UW and Upc) can reflect the electri-
cal characteristics of different local areas of the GTA. The ef-
fects of the filler wire as a metal conductor on the different
areas of the arc at different phases are not always consis-
tent. When the filler wire is immersed in the original core
area of the arc, the arc will be deflected, U,, will drop, and
U, will grow. When the filler wire is immersed in the origi-
nal noncore area of the arc, the upper and lower parts of the
arc will act as a whole, and the trend of U,, and U, will fol-
low that of U.

3) When the filler wire as a metal conductor causes dynam-
ic reciprocating interference to the arc, the probe voltage does
not strictly change synchronously with the arc voltage, but
sometimes reaches peak or trough ahead of the arc voltage due
to the thermal inertia. Nevertheless, the dynamic effects on
the arc can indeed be reflected in the probe voltage.
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