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Abstract: Triple-wire gas indirect arc welding (TW-GIA) is a new technology with the
advantages of low heat input and high deposition rate. However, the humping bead
restricts the improvement of welding efficiency. In this article, the high-speed cameras
and infrared thermal imaging system were used to characterize the formation
mechanism of the TW-GIA humping bead. The physical model was established to
discuss the force mechanism of the weld poor. And The influence of process parameters
on humping bead was studied. The results showed that the increase of the welding angle
reduced the arc pressure and droplet impact force in the opposite direction of welding,
which was beneficial to eliminate the hump. When the welding height was lower than
3 mm, the excessive arc pressure led to the humping bead with arc crater. When the
welding height was greater than 20 mm, the distance between the droplets of side wires
was far, forming the humping bead with "double bead" defect. In addition, the flow
distance of the liquid metal shortened as the welding current decreased, which could
suppress the humping bead. When the ratio of the total wire feeding speed to the
welding speed was 10, the critical current was 360 A, and the critical current increased
as the ratio increased. The maximum TW-GIA welding speed of bead on plate was 4.2
m/min, which was 137% higher than that of high-speed GMAW.

Key words: Triple-wire gas indirect arc welding, humping bead, welding efficiency,

force mechanism, process parameters

1 Introduction

With the increase in market demand, methods to improve welding efficiency have

become the focus of modern industrial research. Increasing deposition rate to reduce



[1-3 [4,5]

welding time is the most direct method!!l. For example, Tandem welding!*°! utilizes
two wires to melt synchronously, which significantly improves welding efficiency.
T.ILM.E welding!®" increases the allowable current by changing the gas composition,
and it has been proven that the deposition rate can reach triple times that of the
traditional GMAW!®!. However, the prerequisite for these technologies to increase
deposition rate is to increase the welding current. The heat input of base metal increases
accordingly, which is prone to defects such as undercut® and welding deformation!'?!,
Bypass coupled arc welding!!!"'*) allows part of the welding current to pass through the
auxiliary wire and the rest to pass through the base metal. This achieves the effect of
increasing deposition rate and reducing heat input. To further reduce heat input, the
twin-wire indirect arc welding (TWIAW)['%13) yses the method of separating the base
metal from electrode. The positive and negative electrodes of the power are connected
by two independent wires, so that the current does not flow through the base metal. The
heat-carrying mechanism of base metals is changed to realize the decoupling effect of
heat input and deposition rate. However, due to the asymmetrical spatial distribution of
the magnetic field, the arc diverges seriously under large welding current. The
adjustment of process parameters needs to be very precise, which increases the
difficulty of the welding process!'®.

Recently, a new high-efficiency welding technology called triple-wire gas indirect
arc welding (TW-GIA) has been proposed!!”). In this technology, two indirect arcs are
generated between the wires and are coupled into one body in space. The symmetrical
space magnetic field enables the arc to withstand large welding current and is more
tolerant to small error of process parameter adjustment. Liu et al.l'8! explored the
process parameter range of TW-GIA, and results showed allowable current could reach
more than 480 A (twice of TWIAW). Due to the expansion of the process parameter
range, TW-GIA solved the sidewall non-fusion defect that appears in the thick plate
welding process of TWIAW!Y, However, the special metal transfer and weld pool flow
characteristics make it prone to humping bead when the welding speed exceeds 2.8
m/min, which severely restricts the further improvement of TW-GIA welding efficiency

[20]



At this stage, the causes and suppression measures of humping bead in arc welding
have been deeply discussed. Bradstreet et al.[>! proposed that the main reason for the
formation of humping bead was capillary instability caused by surface tension. Nguyen
et al.l??] believed that the high momentum reverse liquid metal flow in the weld pool
was the main cause of the humping bead. Zahr et al.”*} explored the influence of
shielding gas composition on TIG welding hump, and found that adding helium gas
increased the heat transfer to the workpiece, thereby slowing down the occurrence of
hump defects and increasing the welding speed. Li et al.l**! used double-electrode
welding to distribute the arc pressure over a wider area, resulting in weakening of the
surface depression of the weld pool. This reduced the kinetic energy of the metal liquid
flowing in the reverse direction and eliminated the hump defect. Kanemaru et al.[*’!
adopted a TIG-MAG hybrid welding, which improved the heat transfer of the weld pool,
so that the momentum of the liquid metal flowing in the reverse direction was reduced,
and the occurrence of hump defects was suppressed. Shoichi et al.l*’! used an upward
electromagnetic force to lift the molten metal up in flat hot wire TIG welding with
excessive heat input, and the hump defect was significantly suppressed. Wu et al.l?7-8l
applied an external transverse magnetic field to the weld pool to control the behavior
of the liquid metal, and successfully prevented the weld bulge. Gatzen et al.**! used a
coaxial magnetic field to control the flow of molten metal through electromagnetic
stirring. Experiments and numerical simulations showed that both the frequency of the
magnetic field and the magnetic flux density had an effect on the distribution and
concentration of the elements. Bachmann et al.*" ysed a stable magnetic field to reduce
the flow rate through the hartmann effect in the partial penetration laser welding of
thick aluminum parts, and eliminated the humping bead caused by the hot capillary
flow.

However, the TW-GIA current forms a loop between the triple wires, and the triple
wires melted simultaneously, which increases the complexity of the droplet behavior.
In addition, since the base metal is separated from the electrode, the heating mechanism
of the base metal and the flow characteristics of the weld pool are changed from the

traditional arc welding. So, the existing experience of eliminating the hump cannot be



completely used for reference. This article aims to clarify the formation mechanism of
TW-GIA humping bead and improve welding efficiency. The high-speed cameras and
infrared temperature measurement system were used to record the flow status of the
TW-GIA molten metal. The physical model was built to discuss the force of the weld
pool. And the influence of welding angle, welding height and welding current on
humping bead was analyzed. It is of practical significance to promote the market

application of TW-GIA.

2 Experimental system

Fig.1 is a schematic diagram of the experimental equipment. The TW-GIA welding
system was mainly composed of two welding powers and triple independent wire
feeding mechanisms. The triple wires were arranged as shown in Fig. 1b. The middle
wire was called the main wire, and the other two wires were called the left side wire
and the right side wire according to their positions. The positive poles of the two
welding powers were respectively connected to the two side wires, and the negative
poles were concentrated on the main wire. Therefore, the current formed a loop between
the triple wires, the main wire current Im=I1 +Ir, I and Ir were the left and right side
wire currents respectively, and the welding current referred to in this article was the
main wire current. The triple wires were in point contact before starting the arc, and the
welding height was the distance between the wires intersection point and the base metal.
In the experimental preparation stage, in order to avoid metal bumps at the beginning
of the weld bead, the base metal was farther away from the welding torch. When
starting the arc, the two powers were turned on synchronously so that the current formed
a loop between the triple wires, and the resistance heat and arc heat melt the
continuously fed wires. The base metal moved in according to the predetermined
welding direction to start the welding process.

The shielding gas composition was 80% Ar and 20% CO., and the gas flow rate
was 20 L/min. Q345 steel plate with a size of 500 mmx>160 mmx*3.8 mm was adopted
as base metal. The welding gap was 2.5 mm, and ceramic gasket on the back was used

to constrain the weld pool. The type of welding wire was ER50-6, the diameter of the



main wire and the side wire was 1.6 mm and 1.2 mm respectively, and the extension of
the wires was 15 mm. The angle between the side wire and the base metal was fixed at
80 °, and the angle between the main wire and the base metal was defined as the welding
angle. Table 1 shows the chemical composition of wire and base metal.

Two MS50K high-speed cameras produced by Canadian Mega-speed company
were placed perpendicular and parallel to the welding direction to record the droplet
behavior, with a maximum resolution of 1280x1024 and a spectral range of 400 nm-
1000 nm. Acquired 2000 pictures per second, with an exposure time of 500 us. The
camera lens added a narrow-band filter with a center wavelength of 659.5 nm to reduce
the influence of light of other wavelengths on the captured image. The half-wave
bandwidth was 9.4 nm and the peak transmittance was 58.2 %. The SAT-G95 infrared
thermal imaging system was used to observe the high temperature area. In order to
avoid the overlap of the welding gun on the screen, the angle of the lens and the base
material was 70 °. According to the pre-experimental debugging, the measuring
distance was 1 m, the emissivity was calibrated to 0.84, and the ambient temperature

was set to 15 °C.

Table 1. Chemical composition (wt.%) of wire and base metal

Materials C Mn Si S P Cu Fe
Base metal
Q345 0.17 1.5 0.5 0.035 0.035 - Bal.
Welding wire
0.10 1.54 0.90 0.020 0.018 0.10 Bal.
ER50-6
Wire fe{lgr Computer
a = [
() j A =
Ir !
+ + g IR | |
I
]
GMAW| |GMAW ! NininWire Iil:lil:ali';d Z];(:;::;l
power power Wire ! Left ging
- - feeder SideWire
Computer‘_‘_l—,_av i . T
Im=IL+Ir ngle \ !
= High speed
Base metal Welding direction camera
———
| High speed
gh sp
camera 1

Fig.1 Schematic diagram of experimental equipment



3 Results and discussion

3.1 Formation mechanism of TW-GIA humping bead

The metal transfer and flow state of TW-GIA is different from that of GMAW.
Therefore, the cognition of the flow characteristics of the TW-GIA weld pool is the
prerequisite for exploring the formation mechanism of the hump. Fig.2 showed the TW-
GIA molten metal flow process. At 802.5 ms (Fig. 2a), the weld pool can be divided
into a pre-arc part and a post-arc part. The liquid between the two parts of the weld pool
formed a depression under the action of the arc force. In 807.0 ms-813.0 ms (Fig. 2b,c),
the droplet of the main wire dripped toward the pre-arc part of the weld pool, and the
droplets of the two side wires dripped into the post-arc part. With the movement of the
arc, the pre-arc part of the weld pool flowed in the opposite direction of welding to
converge with the post-arc part of the weld pool. Therefore, the pre-arc part of the weld
pool was formed by the droplets of the main wire, and the post-arc part of the weld pool
was composed of the side wires droplets, the molten workpiece and the transfer liquid

from the pre-arc part.

Side 802.5 ms 807.0 ms () 813.0 ms
wire Welding
direction

Fig.2 TW-GIA molten metal flow process: (a) 802.5 ms, (b) 807.0 ms, (c) 813.0 ms.

The droplets of the triple wires dropped directly into the gap between the two base
metals during the TW-GIA butt welding process. Due to the space barrier of the base
metals, the high-speed camera cannot capture the entire morphology of the weld pool,
so the bead on plate welding was used to show the formation details of the typical TW-
GIA humping bead. Fig. 3 showed the formation process of the humping bead with a
welding current of 350 A, welding height of 8 mm, and welding speed of 4.5 m/min. In
336.9 ms-405.4 ms (Fig. 3a,b), the main wire droplets and the side wire droplets

transferred to the front and back of the arc, respectively. With the movement of the arc



in the welding direction, the liquid metal in the pre-arc part was constantly moving in
the opposite direction of the welding under the action of the arc force. The large
deposition rate of TW-GIA caused metal accumulation far away from the arc. Since the
thermal conductivity of metallic solids is much greater than that of air, the weld pool
started to solidify from the interface with the base metal. The TW-GIA base metal was
separated from the electrode, so the liquid metal far away from the arc was rapidly
cooled under the effect of low heat input!!”). And the fast solidification speed caused
the accumulated metal to be constrained by the solidification interface before it was
spread. In addition, the solidification interface quickly reached the "valley bottom" in
front of the accumulated metal (Fig. 3c), and the upper surface of the valley had
received the transfer of the side wire droplets. While the blocking effect of the solid
interface caused the counter-flowing liquid metal to accumulate at the front of the
interface, unable to fill the valley bottom, and gradually formed the periodic humping
bead shown in Fig.3 d. Therefore, the reason for the humping bead is that the low heat
input effect of TW-GIA makes the accumulated metal far away from the arc solidify

rapidly, which hinders the subsequent metal filling.

(a) Side 336.9 ms Metal 405.4 ms

A& wire . accumulation
‘-.g/ Welding

Main ‘ direction
wire 2 B
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Fig.3 TW-GIA humping bead formation process: (a) 336.9 ms, (b) 405.4 ms, (¢)
579.5 ms, (d) 729.6 ms.

3.2 The influence of welding angle on humping bead

Fig. 4 showed the TW-GIA butt weld appearance at different welding angle with

welding speed of 2.0 m/min, welding current of 380 A and welding height of 8 mm.



When the welding angle was 35 °, the weld appearance showed obvious humping bead.
When the welding angle was increased to 45 °, the volume of the hump was reduced,
and the weld appearance was more uniform. When the angle was 55 ° and 65 °, the
humping bead disappeared. This indicated that increasing the welding angle was

beneficial to eliminate humping bead.

Fig.4 The appearance of butt welds with different welding angles: (a) welding angle
35 °, (b) welding angle 45 °, (c) welding angle 55°, (d) welding angle 65°.

The conductive channel of the TW-GIA arc was established between the triple
wires. Therefore, the adjustment of the space position of the wires changed the arc shape
and droplet transfer behavior, which affected the flow of the weld pool. Fig.5 showed
the flow process of the weld pool of bead on plate welding with welding angles of 35 °
and 65 °. When the welding angle was 35 °, the transfer distance between the main wire
droplet and the side wire droplet was 5.7 mm, and the arc was inclined in the opposite
direction of the welding (Fig. 5a). At 170.8 ms, the liquid metal formed a metal
accumulation behind the arc. At 301.8 ms, the subsequent metal was not filled to the
front of metal accumulation in time. At 415.3 ms, a hollow was formed at the unfilled
position, and the counter-flowing metal accumulated in front of the hollow to form a
humping bead. When the welding angle was 65 °, the distance between the main wire
droplet and the side wire droplet was 2.4 mm. The side wire droplets were almost
vertically transferred to the root of the post-arc part of the weld pool, and the arc shape
was basically vertical downward. The weld pool flowed uniformly throughout the

welding process (Fig. 5 e-h).



Angle | Welding current 380 A. Welding speed 3.0 m/min. Welding height 8 mm .
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Fig.5 The flow process of the weld pool with welding angles of 35 ° and 65 °
The TW-GIA weld pool is mainly affected by the arc pressure P,, the side wire
droplet impact force Fy, the surface tension Fs and the gravity Fg, as shown in Fig.6.
Gravity is vertically downward, and has no component in the opposite direction of
welding. The component force Pux of arc pressure in the opposite direction of welding

can be expressed by Formula 1631;

P =P, cos@

2

_ PV, (D

cos @

Where f, is the arc plasma density, ¢ is the angle between the arc and the base

metal. V,is the plasma velocity, which can be expressed by Formula 2031

Hj 2)
27p,

Where ¢ is the permeability, [ is the welding current, and ; is the plasma

density where the arc is in contact with the weld pool. Therefore, the Formula 1 can be

transformed into:

P = ’UJCOSH (3)
47

The adjustment of welding angle did not change the welding current and

permeability. And according to the principle of minimum voltage, the minimum



distance between triple wires was preferentially selected as the arc conductive channel,
resulting in the plasma density from the wires to the surrounding environment into a
Gaussian distribution. The adjustment of the welding angle did not change the arc
conduction path, nor did it affect the plasma density distribution characteristics.
Therefore, under the condition that the welding height and welding current remain
unchanged, the angle between the arc and the base metal was the decisive factor that
affects the arc pressure. When the welding angle was 35 °, the angle between the arc
and the base metal (Fig. 5a) was significantly smaller than that of the welding angle
was 65 ° (Fig. 5b). Therefore, according to Formula 3, it can be considered that the
component of arc pressure in the opposite direction of welding increased with the
decrease of welding angle.

The component of the side wire droplet impact force in the opposite direction of

welding can be expressed by Formula 432!;

F,=F,cosx

4 4)
= —m"v;if cosa
d

Where mq 1s the droplet mass, v, 1s the droplet velocity, f is the droplet transfer
frequency, d is the droplet diameter, and « is the angle between the droplet and the
base metal. When the wire feeding speed and the welding speed were constant, only the
angle between the droplet and the base metal was a variable in Formula 4. Therefore,
similar to the arc force, the component of the droplet impact force in the opposite
direction of the welding decreased as the angle between the droplet and the base metal
increased.

Without considering the viscous force between the liquid metal and the base metal,
the moving distance of the liquid metal before solidification can be expressed by

Formula 5:

P +F )t
m

Where v, is the velocity vector in the opposite direction of welding when the

weld pool is formed, ¢ is the solidification time, and : 1is the quality of the liquid



metal. It can be seen that the moving distance of the liquid metal is proportional to the
combined force of the arc pressure and the droplet impact force. When the welding
speed and wire feeding speed were unchanged, the quality of the liquid metal in the
weld pool per unit time was constant. Combining the analysis of Formulas 3 and 4, it
can be seen that the increase of the welding angle reduced the resultant force of the
liquid metal flowing in the opposite direction of the welding, thereby shortening the

flow distance of the liquid metal.

(a) Side P Z
wire Welding : X
direction “TTTTTY
Main e

Ty

Weld pool

Base metal Fg
(b) Main wire Side wire PY
droplet area droplet area : X

arc area ;

Pre-arc part

Post-arc part
Base metal

Fig. 6 Force diagram of TW-GIA weld pool: (a) front view, (b) top view.
The difference in intermolecular attraction between liquid metal and air will
produce surface tension, which is an obstacle to the spread of the liquid metal. It can be
expressed by Formula 6!%3:
F=F'-AT-T,)—-k (6)
Where F’ is the surface tension of the liquid metal at the melting point, A is
the effective coefficient of surface tension (4.3x10-4 N/(m-k)), T is the temperature

of the weld pool, T is the melting temperature of the metal, and & is the coefficient

related to the degree of gas activity. It can be seen that the higher the temperature of the

liquid metal, the lower the surface tension. The cooling rate of liquid metal can be



expressed by Formula 7034:

20AT
E=
pey

VP

Where, « is the heat transfer coefficient of liquid-solid interface, AT is the

temperature difference between liquid metal and base metal, o is the density of liquid

metal, c isthe specific heat capacity of metal, and y is the width of weld pool. When

the welding angle was less than 45 °, the liquid metal flowed farther in the opposite
direction of the welding, resulting in a larger distance from the arc. Since the thermal
conductivity of the solid base metal is greater than that of air and liquid metal, a large
temperature difference is formed between the base metal and the weld pool, resulting
in an increase in the cooling rate of the liquid metal. When the welding angle was
greater than 45 °, the shortening of the distance between the liquid metal and the arc
causes the temperature difference between the weld pool and the base metal to decrease,
which reduced the cooling rate of the liquid metal. The advance rate of the liquid-solid
interface was slowed so that the subsequent liquid metal was not hindered by the liquid-
solid interface. In addition, the reduction of the distance between the main wire droplet
and the side wire droplet led to a shortening of the convergence time of the two parts
of the weld pool. It was beneficial for the pre-arc part of the weld pool to be filled to
the hollow in front of the post-arc part of the weld pool in time.

In conclusion, the increase of welding angle can not only shorten the flow distance
of liquid metal in the opposite direction of welding, but also promote the liquid metal

to fill the hollow, which is beneficial to eliminate the humping bead.

3.3 The influence of welding height on humping bead

The TW-GIA arc conduction channel was established between the triple wires.
Changing the welding height did not affect the arc characteristics, but changed the
contact range between the base metal and the arc. Fig.7 showed the appearance of butt
welds with different welding heights. When the welding height was 1 mm, periodic
hump defects appeared in the weld bead, and a wave-shaped arc crater existed in front

of the hump. When the welding height was 5 mm and 15 mm, the hump weld bead



disappeared and the weld seam was uniform. When the welding height was 25 mm, the

humping bead reappeared, and the "double bead" defect appeared between the humps.

(a)Welding height lmm || (b) Welding height

Arc crater

5 66 8 9 Ji=E=o= s

(d) Welding height 25 mm -
D oul;le bead Hymp Doub}e bead Hump

‘mw“ﬁ: “‘w\\\'l“\“

== 4 nm

5878 9100 28 8.8 ¢ 7 o e
Fig. 7 the appearance of butt welds with different welding heights: (a) welding height
1 mm, (b) welding height 2 mm, (c) welding height 3 mm, (d) welding height 4 mm.

Fig.8 showed the maximum welding speed of bead on plate welding with different
welding heights. The dotted line in the figure is the reported maximum speed of high-
speed GMAW 1.77 m/min!**), The maximum welding speed increased first and then
decreased with the increase of welding height. The maximum welding height was 4.2
m/min at a welding height of 5 mm, which was 137% higher than that of the high-speed
GMAW welding. The hump weld bead with a welding height less than 3 mm was often
accompanied by arc crater defects, and the humping bead with a height greater than 20
mm was often accompanied by "double bead" defects.

As analyzed above, the plasma density within the arc conduction channel was in a
Gaussian distribution. As shown in Fig. 9, as the welding height decreased, the closer
the base metal was to the center of the conductive channel, the higher the plasma density
at the point where it collides with the weld pool. This caused the arc pressure to increase
as the welding height decreased. Therefore, it was considered that when the welding
height was less than 3 mm, the strong arc pressure caused a large-volume depression in
the weld pool and pushed the liquid metal to flow rapidly behind the depression,
resulting in metal accumulation. When the accumulated liquid metal was not fully
spread and the subsequent liquid metal failed to fill the depression, the humping bead

accompanied by the arc crater shown in Fig. 7a was caused.
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Fig. 9 Schematic diagram of the plasma conduction channel

The flow process of the weld pool with welding heights of 5 mm and 25 mm was
shown in Fig. 10. When the welding height was 5 mm, the pre-arc part of the weld pool
was generated under the convergence of the main wire droplets (Fig. 10a,b). In 639.2
ms-644.7 ms, the liquid metal in the pre-arc part of the weld pool flowed in the opposite
direction of the welding, and filled the depression to make the height of the weld
uniform (Fig. 10c,d). When the welding height was increased to 25 mm, the weld pool
was basically out of arc contact. In 309.2 ms -412.2 ms (Fig. 10e,f), The pre-arc part
and the post-arc part of the weld pool were formed separately. At 675.7 ms (Fig. 10g),
the arc moved in the welding direction and passed through the pre-arc part. But the

liquid metal did not flow, basically stayed in the original position, and gradually



increased under the filling of the subsequent side wire droplets. The reason was that the
arc was basically completely out of the arc contact. According to Formula 5, the arc
pressure was too small to cause the liquid metal to flow. The depression could not accept
the filling of the liquid metal of the pre-arc part, and only the dripping of the side wire
droplets, which caused it impossible to reach the height of the front and rear weld bead.
When the arc completely passed through the pre-arc part (Fig. 10h), this part of the
liquid metal was continuously filled with the side wire droplets, and the stack height

was greater than that of the front and rear weld bead, resulting in the formation of the

humping bead.
Welding | Welding current 320 A. Welding speed 3.2 m/min. Left/Right side wire
height | feeding speed 5.8 m/min. Main wire feeding speed 8.7 m/min.
620.2 ms 622.2 ms 639.2 ms 644.7 ms
Welding (b)
direction
B A e &
309 2 ms 412.2 ms 675 7 ms 726 2 ms
\\ elding (f)
25 mm \ dlrECtlon , ‘
» < ‘ . .
“a ‘

Fig.10 Liquid metal flow process with the welding heights of 5 mm and 25 mm

The "double bead" defect was caused by the special droplet transfer behavior of
TW-GIA. Fig. 11 showed the TW-GIA droplets transfer from a viewing angle parallel
to the welding. The main wire droplets dripped almost vertically, and the side wire
droplets showed the characteristics of mutual repulsion transfer under the action of
electromagnetic force!!”). During the descent process of the droplets, the distance L

between the droplets of the two side wires can be expressed by Formula 8:

2

(8
m

Where V, is the velocity vector on the Y axis (parallel to the base metal) when

the droplet leaves the wire, t is the transfer time, Fy is the resultant force in the Y

axis direction at the moment the droplet leaves the wire, and : is the droplet mass.



Among them, the transfer time ¢ can be expressed by Formula 9:

2
t:«/vz +2gH —v, 9)

8

Where v, is the velocity vector on the Z axis (perpendicular to the base metal)

when the droplet leaves the welding wire, g is the acceleration due to gravity, and H

is the welding height. It can be seen from Formula 8 and Formula 9 that the droplet
spacing of the two side wires increases with the increase of the welding height. When
the welding height was less than 20 mm (Fig.11 b), although the droplets of the two
side wires present a repulsive transfer, the transfer time is shorter and the distance
between the droplets is smaller. In addition, the pre-arc part of the weld pool converged
to the post-arc part, which contributed to the uniformity of the weld pool height. While
the welding height was greater than 20 mm (Fig. 11c¢), the transfer time of the droplets
was longer. As a result, the distance between the droplets of the wire was relatively long,
and the droplets did not touch each other after reaching the base metal, and formed two
separate weld beads. According to the above analysis, the pre-arc part of the weld pool
did not flow in the opposite direction of welding. When the side wire droplets covered
the pre-arc part, the volume of the liquid metal increased and then rapidly solidified to
form a hump. Therefore, the droplets of the two side wires did not converge after
reaching the base metal and did not be supplemented by the pre-arc part of the weld

pool, resulting in the formation of "double bead" defects.

; Welding height
(€:)) e : (b) Main < 20gmmg
Left' side H wire
LS \ "W~ Main wire
Welding Left side P Right side

direction . N Right side
® wire

wire | K wire




Fig. 11 TW-GIA droplet transfer characteristics: (a) droplet transfer characteristics,

(b) welding height less than 20 mm, (¢) welding height greater than 20 mm.

3.4 The influence of welding current on humping bead

In order to ensure the stability of the arc conductive channel, the distance between
the anode and the cathode remains unchanged during the TW-GIA welding process. So,
the change of welding current need to be accompanied by the change of wire feeding
speed. In other words, each TW-GIA welding current of stable arc corresponds to an
independent wire feeding speed. This means that if the TW-GIA welding speed is
consistent and only the welding current is adjusted, the quality of the metal filled into
the weld will be changed. It is meaningless to analyze the influence of welding current
on the humping bead under different metal filling qualities. Therefore, the ratio of the
total wire feeding speed to the welding speed was set to a value of 10 to ensure the

consistency of the filler metal quality, as shown in Formula 10:

V, +V,+V)

10 10
v, (10)

Where V), isthe main wire feeding speed, V, is the left wire feeding speed, V,

is the right wire feeding speed, V;, is the welding speed. The process parameters used

are shown in Table 2.

Table 2 Welding speed and wire feeding speed corresponding to welding current

Welding current (A) 280 320 360 400
Total wire feeding speed (m/min) 15.8 20.4 24.6 27.6
Welding speed (m/min) 1.58 2.04 2.46 2.76

The appearance of butt welds with different welding current was shown in Fig.12.
When the welding current was 280 A and 320 A, the welding bead was smooth and
uniform. The appearance of the welding bead with a welding current of 360 A had slight
hump, which can be considered as the critical current for the humping bead. Obvious
hump appeared on the weld process with a welding current of 400 A. This indicated
that when the quality of the filler metal remained unchanged, increasing the welding
current will induce the formation of humping bead.

Due to the high-speed cameras were unable to capture the entire process of the



weld pool far away from the arc under the interference of the arc's strong light, the
infrared thermal imaging system was used to detect the length of the liquid metal and
the characteristics of the temperature field. The difference in reflectivity between solids
and liquids makes it difficult to directly calibrate the molten pool temperature. So, the
high temperature area above 1500 °C was collected as a similar-liquid metal area, and
the high temperature profile was extracted, as shown in Fig. 13. The similar-liquid metal
length increased from 3.3 mm to 9.4 mm with the welding current increased from 280
A'to 400 A. It can be considered that the length of the actual liquid metal also increased,
that is, the distance between the liquid-solid interface of the weld pool and the arc
increased. The temperature of the central axis of the weld within 5 mm behind the end
of the similar-liquid area was collected, and the collection line M@®@@ was marked
in Fig. 13. The temperature collection result was shown in Fig. 14. With the increase of
welding current, the temperature gradient within 5 mm behind the similar-liquid area

gradually increased.

Fig. 12 TW-GIA butt weld appearance with different currents: (a) welding current 280
A, (b) welding current 320 A, (c) welding current 360 A, (d) welding current 400 A.
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Fig. 13 Infrared thermal images with different welding current: (a) welding current 280

A, (b) welding current 320 A, (c) welding current 360 A, (d) welding current 400 A.
As mentioned in section 2.2, the hump is related to the accumulation of large

volumes of liquid metal away from the arc and the excessive cooling rate. The arc was

selected as the reference point, and the flow distance D of the liquid metal can be

expressed by Formula 11:

D=V, +Vy)t (11)
Where V, is the flow velocity of the liquid metal, V}, is the welding speed, and

t is the flow time of the liquid metal. When the welding height was constant, the
increase of welding current will increase the number of electrons and electron density
at the collision of the weld pool. According to formula 3, the increase in arc pressure
leads to an increase in the reverse flow velocity of the liquid metal with the same metal
filling quality. And according to Table 2, the welding speed increased with the increase
of welding current. Therefore, the flow distance of the liquid metal increased with the
increase of the welding current. Due to the heat input of the weld pool came from the
arc heat convection, the increase in the flow distance of the liquid metal made the arc
heat less exposed to around the liquid-solid interface. Thereby, the temperature gradient
behind the similar-liquid metal area decreased as the welding current increased, and the
solidification speed of the liquid metal became faster (Formula 7). Based on the above
analysis, when the welding current was less than 360 A, the liquid metal flowed for a
shorter distance under a smaller arc pressure, which caused the liquid-solid interface to
be close to the arc so that the weld pool had sufficient liquid residence time. As a result,
the weld pool could fully accept the subsequent filling of liquid metal to achieve a

uniform weld height. While the welding current was greater than 360 A, due to the



increase of the distance between the liquid-solid interface and the arc, the rapid
solidification of the liquid metal hindered the subsequent filling of the liquid metal,
resulting in inconsistency of the solidified metal in the weld and formed a humping

bead.
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Fig. 14 Temperature distribution at the collection line
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Fig. 15 Critical current with different ratios of total wire feeding speed to welding speed

Of course, the critical current for humping bead was not constant, and it was
affected by the ratio of total wire feeding speed to welding speed. Fig. 15 showed the
critical current of the humping bead on plate welding with different ratios. It can be
seen that the critical current increased with the increase of the ratio. This indicated that

the increase in the quality of the filler metal in the weld was beneficial to eliminate the



humping bead. This is because when the ratio increased, the mass of the liquid metal
increased, and according to Formula 5, the distance liquid metal moves in the opposite
direction of welding becomes shorter. Which was beneficial to slow down the forward
speed of the liquid-solid interface and promoted the spreading of liquid metal, so the

critical current of the humping bead increased accordingly.

4 Conclusion

In order to improve the welding efficiency of TW-GIA, the high-speed cameras
and infrared thermal imaging system were used to characterize the formation
mechanism of the humping bead during the high-speed TW-GIA welding process. The
physical model was established to discuss the force mechanism of the weld pool, and
the influence of the process parameters on the humping bead was studied. The
conclusions are drawn as follows:

(1) The arc pressure and droplet impact force in the opposite direction of welding
decrease with the increase of welding angle, which can shorten the flow distance of
liquid metal and is beneficial to eliminate the humping bead in TW-GIA.

(2) The welding height that is too low will increase the arc pressure on the weld
pool, resulting in the formation of the humping bead with arc craters. Too high welding
height will increase the distance between the droplets of two side wires, and the pre-arc
part of the pool cannot flow, leading to the humping bead with "double bead" defect. 3-
20 mm is the available height range.

(3) When the quality of the filler metal is consistent, the flow distance of liquid
metal increases with the increase of the welding current, and the temperature gradient
at the liquid-solid interface increases, which induced the formation of humping bead.
When the ratio of the total wire feeding speed to the welding speed is 10, the critical
current of the humping bead is 360 A, and the critical current increases as the ratio
increases.

(4) The maximum TW-GIA welding speed of bead on plate is 4.2 m/min, which is
137% higher than that of high-speed GMAW welding. The welding speed of butt weld

with 3.8 mm thick plate can reach 2.46 m/min.
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