
Title Investigation of the meandering bead formation
process in metal inert gas welding

Author(s) Aoyama, Kai; Komen, Hisaya; Tanaka, Manabu et
al.

Citation Welding in the World. 2025

Version Type VoR

URL https://hdl.handle.net/11094/103005

rights This article is licensed under a Creative
Commons Attribution 4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Vol.:(0123456789)

Welding in the World 
https://doi.org/10.1007/s40194-025-02149-5

RESEARCH PAPER

Investigation of the meandering bead formation process in metal inert 
gas welding

Kai Aoyama1 · Hisaya Komen1   · Manabu Tanaka1 · Kyohei Konishi2 · Koichi Taniguchi2 · Satoshi Igi2,3

Received: 25 March 2025 / Accepted: 14 August 2025 
© The Author(s) 2025

Abstract
In this study, the meandering bead formation process during a Metal Inert Gas Welding (MIGW) was investigated, and the 
factors causing bead meandering were identified. An experimental system with six tungsten cathodes arranged in a circular 
pattern, capable of linear movement in the radial direction, was used to simulate the behavior of the cathode spots and the 
molten wire during MIGW. As a result, it was observed that when there was a bias in the distribution of the cathode spots 
and the welding current, molten metal droplets detached from the wire tip were carried to the side opposite to where the 
cathode spots and welding current were concentrated. The correlation coefficients between the welding current bias and the 
angle of the molten metal column, as well as the droplet transport position, were 0.92 and 0.97, respectively, indicating a 
strong positive correlation. From these results, it was suggested that meandering bead formation during MIGW was caused 
by the molten metal droplets transported intensively away from the weld line due to unbalanced driving forces acting on the 
molten wire, which were caused by the unbalanced cathode spot distribution and welding current. It was suggested that in 
MIGW, the crawling behavior of the cathode spots induced the destabilization of the molten metal droplet transfer formed 
at the wire tip, leading to the formation of meandering beads.
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1  Introduction

Gas Metal Arc Welding (GMAW) is a welding process in 
which a welding wire that is used as a consumable electrode 
is continuously supplied. The wire tip is heated and melted 
by Joule heating and heat transfer with the arc plasma, form-
ing a molten metal droplet. The molten metal droplets are 
detached from the wire tip and transported to a weld pool 
as a heat input, and finally the joining is achieved when 
the molten metal solidifies after the heat source passed. 
This welding process is widely used in various industries 
because of its high deposition rate. GMAW is classified into 
Metal Active Gas Welding (MAGW) in which a mixture 

gas contained active gases, such as O2 and CO2, is used as 
the shielding gas, and Metal Inert Gas Welding (MIGW), 
in which inert gas such as Ar is used as the gas. During 
MAGW, O is mixed into the weld pool, and the toughness of 
the weld metal decreases [1–3]. On the other hand, MIGW 
is known to produce high-quality weld beads because the 
shield by inert gas prevents the oxidation and the nitrida-
tion of the weld metal. However, its application is limited to 
aluminum alloys that have a strong oxide film on the base 
metal surface, and it is difficult to apply it to carbon steels 
that have a relatively thin oxide film or no oxide film at all.

One of the factors limiting the range of applications of 
MIGW is the instability of the cathode spot when inert gas 
is used as shielding gas. Ushio et al. [4] reported that when 
an Ar-O2 mixed gas containing a small amount of O2 was 
used as the shielding gas, an oxide layer was continuously 
formed on the weld pool surface and cathode spots occurred 
in a fixed area, resulting in stable welding. In contrast, they 
clarified that in MIGW, no oxide layer was formed on the 
weld pool surface, which led to the instability of the cath-
ode spots and the formation of a meandering bead. In order 
to prevent the formation of the meandering beads, some 
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welding technologies have been developed to suppress these 
unstable cathode point behaviors and unstable molten metal 
column behaviors. For example, Sakurai et al. [5] applied 
an external magnetic field to the arc plasma in a MIGW 
to control the cathode spot behavior and successfully sup-
pressed the formation of meandering beads. Nakamura et al. 
[6–8] developed the coaxial hybrid solid wire to suppress 
the unstable molten metal column behavior and prevent the 
meandering bead formation. This wire had a core wire with 
a low melting point and a hoop material with a high melting 
point. The stable metal transfer was achieved by preferen-
tially melted core wire, and the formation of the meandering 
bead was prevented.

In addition, in recent years, the use of high alloy 
components in line with the increase in material strength has 
made it difficult to ensure the required weld joint properties 
using conventional methods. For example, in automobile 
suspension parts using high-strength steel plates, the 
amount of slag (an oxide) generated increases, reducing the 
corrosion resistance of the weld joint, which is an issue [9]. 
To solve this problem, the MIGW stabilization technology 
for carbon steel has been developed. Konishi et al. [10] have 
used high current pulses to control the unstable molten metal 
droplet transfer in MIGW to periodic short-circuit transfer, 
making it possible to obtain high-quality weld beads without 
meandering.

In these previous studies, formation of the meandering 
bead was suppressed by preventing either unstable cathode 
spot behavior or unstable molten metal column behavior. 
However, the mechanisms of how these unstable behaviors 
of the cathode spot and the molten metal column affect 
meandering bead formation have not been clarified yet. In 
this study, the behaviors of the cathode spot and molten 
metal column were observed to clarify the effect of welding 
current bias on the molten metal column behavior. In 
addition, this study attempted to elucidate the mechanism 
of meandering bead formation based on the experimental 
results.

2 � Experimental method

Figure 1 shows schematic illustrations of the experimen-
tal system developed in this study to simulate the cathode 
spot behavior during GMAW. Figure 1b shows an enlarged 
view of area A surrounded by the red dotted line in Fig. 1a. 
In the experimental system (Fig. 1b), a welding wire was 
used as the anode, six tungsten electrodes installed at 60 
deg. intervals were used as cathodes, and arc plasma was 
generated between the electrodes [11]. Each tungsten cath-
ode was placed on a jig equipped with a rack (Fig. 1c). A 
pinion attached to a stepping motor (Oriental motor, CRK-
523PAKD) moved the rack linearly. The tungsten cathode 

was moved perpendicular to the welding wire axis utilizing 
this cathode moving system to simulate the cathode spot 
behavior during MIGW.

Table 1 shows experimental conditions for simulating 
cathode spot behavior during MIGW. 3.2 mm diameter 
W-2wt.% La2O3 electrodes whose tip angle was set at 30 
degrees were used as the cathode. As shown in Fig. 1b, the 
vertical distance between the contact and cathode tips was 
set to 25 mm. The distance between the tips of the tungsten 
electrodes facing each other was set to 6 mm.

Figure 2 shows a schematic illustration of the experimen-
tal setup used to observe the molten metal column while 
simulating the cathode spot behavior during MIGW. The 
molten metal column was captured using a color high-speed 
camera (Nac Image Technology, MEMRECAM ACS-1 
M16). The camera consisted of a single-focus lens (Nikon, 
ED AF MICRO NIKKOR 200 mm 1:4 D), a teleconverter 
(Kenko, TELEPLUS HDpro 2X DGX), and two neutral den-
sity filters (Kenko, ND8). The frame rate, exposure time, 
and aperture value were set to 5,000 fps, 5.0 µs, and f/32, 
respectively. The currents flowing through the welding wire 
and each tungsten electrode during the experiment were 
measured using clamp meters (HIOKI, Clamp-On AC/DC 
HiTester model 3285 or CT7742 connected to CM7290) and 
data logger (KEYENCE NR-HV04).

This experimental system was utilized to quantitatively 
evaluate the behavior of a molten metal column when the 
welding current was concentrated on one side. Figure 3 
shows the measurement parameters of the molten metal 
column used in this study. Argon and metal plasmas are 
shown in the red and blue regions, respectively. The dotted 
dashed lines indicate the central axes of the welding wire, 
molten metal column, droplets, and tungsten electrodes. The 
angle of the molten metal column, θ, and the transport posi-
tion of droplets, x, were measured from still images taken 
by a color high-speed camera using the image-processing 
software ImageJ [12, 13].

3 � Results and discussion

3.1 � Effect of cathode spot behavior on molten 
metal column behavior

To simulate cathode spot behavior using the developed 
experimental system, the cathode spot behavior during 
bead on plate welding was observed. The welding conditions 
shown in Table 1 were used and welding speed was set to 
10 mm/s. The base metal was mild steel with the mill scale 
removed. Figure 4 shows the behavior of the cathode spot 
when Ar + 2% O2 mixture gas is used as the shielding gas. In 
this figure, each time shows relative time from Fig. 4a, and 
the red circles indicate the areas of cathode spot movement 
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on the base metal surface. As shown in Fig. 4, the areas 
of cathode spot movement were symmetrically distributed 
around the molten metal column when Ar + 2% O2 mixture 
gas was used as the shielding gas. This was thought to be due 

to the formation of an oxide layer on the base metal surface 
by O2 in the shielding gas, and cathode spot was preferen-
tially generated on the oxide layer. Figure 5 shows the bead 

Fig. 1   Experimental setup for 
simulating cathode spot behav-
ior in MIGW
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appearance in this condition. As reported in the previous 
study [4], the weld bead without meandering was formed.

Figure 6 shows observation results of cathode spot behav-
ior when 100% Ar gas was used as the shielding gas. The 
same as Fig. 4, each time shows relative time from Fig. 4a 
and the red circles indicate the areas of cathode spot move-
ment on the base metal surface. As shown in Fig. 6, the 
cathode spot that was generated on the base metal surface (at 
a distance from the center axis of the molten metal column) 
moved over time when 100% Ar gas was used as the shield-
ing gas because there was no oxide layer on the base metal 

surface. Therefore, the cathode spots were widely distributed 
when 100% Ar was used as the shielding gas. Figure 7 shows 
the bead appearance in this condition. In this condition, the 
meandering bead was formed.

Figure 8 shows the behavior of tungsten electrodes used to 
simulate the cathode spot behavior during GMAW. As shown 
in Fig. 8a, each tungsten electrode was assigned a number from 
one to six. As shown in Fig. 4, the area of the cathode spot 
movement was symmetrically fixed to the molten metal column 
when Ar + 2% O2 mixture gas was used as the shielding gas. 
Therefore, tungsten electrodes fixed at their initial positions were 
utilized to simulate the cathode spot behavior with the Ar + 2% 
O2 mixture gas as the shielding gas, as shown in Fig. 8a.

On the other hand, the cathode spot behavior when 100% Ar 
gas was used as shielding gas was simulated by the movement 
of the tungsten electrodes. Furthermore, the red arrows show the 
direction in which tungsten electrodes are moved, and the red 
squares show the state in which tungsten electrodes are stopped. 
Figure 8a shows the moment at which tungsten electrode no. 
1 started to move. Each tungsten electrode (nos. 1–6) was 
moved away from the facing tungsten electrode every 30 ms. 
Additionally, each tungsten electrode was returned to its initial 
position after moving by 4 mm. As shown in Fig. 8c, tungsten 
electrode no. 4 was controlled to move away from the facing 
tungsten electrode no. 1 when tungsten electrode no. 1 returned 
to its initial position. The  tungsten electrodes facing each 
other were moved together (in pairs) to simulate the cathode 
spot behavior with 100% Ar used as the shielding gas.

Figure 9 shows the behavior of the molten metal column 
when the cathode spot behavior of Ar + 2% O2 mixture gas 
as the shielding gas was simulated using tungsten electrodes. 
In this experiment, the welding current was defined as I, 
and the currents flowing to tungsten electrode nos. 2 and 

Table 1   Experimental conditions for simulating cathode spot behav-
ior

Setting welding current 250 A

Setting arc voltage 27 V
Polarity DCEP (direct 

current elec-
trode positive)

Wire MIX-50S 
(JIS Z 3312 
YGW16), � 
1.2 mm

Shielding gas 100% Ar
Gas flow rate 25 L/min
Nozzle inner diameter 16.0 mm
Cathode material W-2wt.%La2O3

Cathode diameter 3.2 mm
Cathode tip angle 30 deg
Vertical distance of contact tip from cathode tips 25 mm
Distance between facing electrodes 6 mm

Fig. 2   Schematic illustration of 
setup for observation of molten 
wire in the experiment of simu-
lating cathode spot behavior
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5 were defined as I1 and I2 , respectively. As shown in this 
figure, stable molten metal column behavior without bending 
in the radial direction of the wire was observed, when the 
cathode spot behavior in MAGW using Ar + 2% O2 mixture 
gas as the shielding gas was simulated with the tungsten 
electrodes. Figure 10 shows the measurement results for the 
welding current I and currents I1 and I2 flowing to tungsten 
electrode nos. 2 and 5, respectively, which were set perpen-
dicular to the shooting direction. This figure confirms that 

the currents flowing through each tungsten electrode were 
almost constant.

Figure 11 shows the molten metal column behavior when 
the cathode spot behavior during welding using 100% Ar as 
the shielding gas was simulated using tungsten electrodes. 
Figure 12 shows the measurement results of the currents 
flowing in the welding wire and tungsten electrode nos. 2 
and 5. At 0 s, shown on the horizontal axis, the tungsten 
electrodes began to move. The black dashed lines indicate 
the time from t0 to t3 shown in Fig. 11. As shown in Fig. 12, 
the currents flowing through the tungsten electrodes were 
changed with the movement of the electrodes. As shown 
in Figs. 11 and 12, the tungsten electrode no. 2 was moved 
toward the welding wire over time, and the current flow-
ing through the electrode increased. On the other hand, it 
was confirmed that the tungsten electrode no. 5 was moved 
away from the welding wire over time, and the current flow-
ing through the electrode decreased. The molten metal col-
umn flowed to the opposite side of tungsten electrode no. 
5, where the current increased at t1 . Similar molten metal 
column behavior was observed at t3 . These results suggested 

Fig. 3   Schematic illustration of measurement items in the observation of molten metal column

Fig. 4   Cathode spot behavior 
of bead on plate welding using 
Ar + 2% O2 as shielding gas

(a) 0 ms (b) 10.0 ms

3 mm

Area of cathode spots movement

Molten wire

3 mm

Fig. 5   Weld bead appearance obtained by bead on plate welding 
using Ar + 2% O2 as shielding gas
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that the molten metal column during bead on plate welding 
was affected by unstable cathode spot behavior.

3.2 � Effect of welding current bias on molten metal 
column behavior

The relationship between the welding current bias and 
molten metal column behavior was investigated to quan-
titatively evaluate the effect of the cathode spot behavior 
on the molten metal column behavior. Figure 13 shows the 
movement of the tungsten electrodes used to investigate the 
effect of the welding current bias on the molten metal col-
umn behavior. As shown in this figure, tungsten electrode 
nos. 1–3 were fixed, and tungsten electrode nos. 4–6 were 
moved away from the welding wire. Through these move-
ments, the welding current was concentrated on electrode 
nos. 1–3. Then, the evolution in the transport position of 

droplets, x, and the angle of molten metal column, θ, with 
time were measured.

Figure 14 shows the results for the molten metal col-
umn when the welding current was concentrated on one 
side. Figure 15 shows the measured results of the cur-
rents flowing in the welding wire and tungsten electrode 
nos. 2–5 in this experiment. Figure 16 shows the percent-
age of the total current flowing through tungsten elec-
trodes 1–3. As same as Fig. 12, the 0 s shown in Figs. 15 
and 14 are the moments when the tungsten electrodes 
were started to move. Each dashed line indicates the time 
at which the observation results shown in Fig. 14 were 
obtained.

As shown in Fig. 14, when tungsten electrode nos. 4–6 
moved away from the welding wire, the molten metal column 
flowed in the direction of motion of tungsten electrodes. As 
shown in Fig. 15, the current I2 flowing to tungsten electrode 
no. 5 decreased as tungsten electrode nos. 4–6 moved away 
from the welding wire. Furthermore, it was confirmed from 
Fig. 16 that the percentage of current flowing to the tungsten 
electrode nos. 1–3 increased from approximately 50% to 
approximately 100% as the tungsten electrode nos. 4–6 moved 
away from the wire.

Figure 17 shows the measurement result of the angle 
of molten metal column θ when the welding current was 
concentrated on one side. The horizontal axis in this 
figure shows the percentage of the total current flowing 
through the tungsten electrodes nos. 1–3, and the vertical 
axis shows the angle of molten metal column θ. This 

Fig. 6   Cathode spot behavior 
of bead on plate welding using 
100% Ar as shielding gas

(a) 0 ms (b) 14.2 ms

3 mm

Area of cathode spot movement

Molten wire
3 mm

  

(c) 15.9 ms (d) 19.3 ms 

3 mm 3 mm

Fig. 7   Weld bead appearance obtained by bead on plate welding 
using 100% Ar as shielding gas
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figure confirms that the angle of the molten metal column 
increased as the percentage of current flowing through the 
tungsten electrode nos. 1–3 increased. Using this result, 
the correlation coefficient between the welding current 

bias and θ obtained from Eq. (1) [14] was 0.92, confirming 
a strong positive correlation.

(a) 0 ms (b) 30 ms

(c) 90 ms (d) 150 ms

(e) 210 ms (f) 270 ms

6 mm
Tungsten electrodes

Initial position 

of electrodes tip

6 mm

Moving direction

6 mm 6 mm

6 mm 6 mm

Fig. 8   Movement of tungsten electrodes for simulating cathode spot behavior during bead on plate welding
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where r is the correlation coefficient (-), x is the welding cur-
rent bias (%), and y is measured values, the angle of molten 
metal column (deg.) and transport position of droplets (mm).

Figure 18 shows the measurement results of the transport 
position of the droplets x when the welding current was con-
centrated on one side. The horizontal axis of this figure shows 
the percentage of the total current flowing through tungsten 
electrode nos. 1–3, and the vertical axis shows the transport 
position of the droplets x. From this figure, it was confirmed 

(1)r =

∑

i(xi − x)(yi − y)
�

∑

i (xi − x)
2
⋅

∑

i (yi − y)
2

,

that the molten metal droplets were transported away from the 
central axis of the welding wire as the percentage of current 
flowing through the tungsten electrode nos. 1–3 increased. The 
correlation coefficient between the welding current bias and the 
transport position of the droplets was 0.97, and a strong positive 
correlation was confirmed.

These results confirm that the molten metal droplets were 
transported away from the central axis of the welding wire 
when the welding current was concentrated on one side. These 
experimental results were discussed with a focus on the forces 
acting on the molten metal column. Figure 19 shows the 
schematic illustrations of process of unbalanced forces that 
acted on the molten metal column when the welding current was 
concentrated on one side. As shown in Fig. 19a, an arc plasma 
with the spray transfer mode during MIGW was separated into 
argon and metal plasmas, and the welding current preferentially 
flowed to the argon plasma, which had a high temperature 
and electrical conductivity [15]. When the welding current I⃗ 
(A) was concentrated on one side, the magnetic flux density 
vector �⃗B (T) given by the Ampère’s law (Eq. (2)) was generated 
asymmetrically along the central axis of the welding wire 
(Fig. 19b). As shown in Fig. 19c, the Lorentz force vector �⃗F (N), 
expressed in Eq. (3), also acted asymmetrically on the molten 
metal column along the axis.

where � is the permeability (H/m), r is the distance from the 
current (m), and j⃗ is the current density vector (A/m2). Fur-
thermore, from the Bernoulli equation shown in Eq. (4), the 

(2)�⃗B =
𝜇I

2πr
,

(3)�⃗F = j⃗ × �⃗B,

Fig. 9   Molten metal column in 
the experiment of simulating 
cathode spot behavior when 
Ar + 2% O2 mixture gas was 
used as shielding gas

(a) 0 ms (b) 10 ms

3 mm I

I I

Welding wire 

(Anode)

Tungsten electrodes 

(Cathode)

I3 mm

I I

0

50

100

150

200

250

300

0 20 40 60 80 100

)
A(tnerruC

Time (ms)

I
I1
I2

Fig. 10   Current waveforms in the experiment of simulating cathode 
spot behavior when Ar + 2% O2 mixture gas was used as shielding gas
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Fig. 11   Molten metal column 
in the experiment of simulating 
cathode spot behavior using 
100% Ar as shielding gas

(a) (0 s) (b) (0.33 s)

(c) (0.37 s) (d) (0.41 s)

3 mm
I

I I

Welding wire 

(Anode)

Tungsten electrodes (Cathode)

I

I

I

3 mm

I I

I3 mm

I

I

I

3 mm

Fig. 12   Current waveforms in 
the experiment of simulating 
cathode spot behavior when 
100% Ar gas was used as 
shielding gas
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arc pressure P (Pa) increased at the point where the plasma 
flow changed its direction when the velocity vector �⃗v (m/s) 
of the plasma flow, the fluid density � (kg/m3), and the height 
z (m) on the same streamline were assumed constants.

Here, g is gravitational acceleration (m/s2). Therefore, 
when the streamline of a high-speed plasma flow is affected 
by a strong Lorentz force, the arc pressure is higher when 
the direction of the flow changes. Using these asymmetric 
Lorentz forces and arc pressures, the molten metal column 
flowed in the direction opposite to the welding current 
concentration, and the molten metal droplets were transported 
away from the central axis of the welding wire (Fig. 19e). 
When welding current bias is absent, the Lorentz force and 
arc pressure were considered to act almost symmetrically. 
The molten metal column, subjected to axisymmetric forces, 
grew almost along the wire center axis, and the molten metal 
droplets were thought to be transported near the central axis 
(Fig. 19f).

As stated above, it was suggested that meandering bead 
formation during MIGW was caused by the molten metal 
droplets transported intensively away from the weld line 
due to unbalanced driving forces acting on the molten wire, 

(4)P +
1

2
𝜌|
|

�⃗v|
|

2
+ 𝜌gz = const.

which were caused by the unbalanced cathode spot distri-
bution and welding current.

4 � Conclusions

In this study, the behaviors of the cathode spot and 
molten metal column were observed to clarify the effect 
of welding current bias on the molten metal column 
behavior. In addition, this study attempted to elucidate 
the mechanism of meandering bead formation based on 
the experimental results. The results of this study are 
summarized as follows:

1.	 Behavior of the molten metal column when the 
cathode spot behavior of Ar + 2% O2 mixture gas 
as the shielding gas was simulated using tungsten 
electrodes. As a result, stable molten metal column 
behavior was observed, and the currents flowing 
through each tungsten electrode were almost constant. 
On the other hand, when the cathode spot behavior 
during welding using 100% Ar as the shielding gas 
was simulated using tungsten electrodes, it was 
confirmed that the molten metal column was curved as 
the tungsten electrodes moved, and the current flowing 
through each tungsten electrode was changed.

Fig. 13   Movement of tungsten 
electrodes for the concentration 
of welding current on one side

(a) 0 s (b) 0.5 s

(c) 1.0 s (d) 1.5 s

6 mm
Tungsten electrodes

Initial position 

of electrodes tip

6 mm

6 mm 6 mm
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Fig. 14   Molten metal column 
behavior when welding current 
was concentrated on one side

(a) (0 s) (b) (0.2 s)

(c) (0.4 s) (d) (0.7 s)

3 mm
I

I I

3 mm
I

I I

3 mm

I

I I

3 mm

I

I I

Fig. 15   Current waveforms 
when welding current was 
concentrated on one side
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2.	 The correlation coefficient between the welding 
current bias and the angle of the molten metal column 
was 0.92. Similarly, the correlation coefficient between 
the welding current bias and the transport position of 

the droplets was 0.97, and strong positive correlations 
were confirmed.

3.	 When the welding current was concentrated on one 
side, the molten metal column flowed in the direction 
opposite to the welding current concentration using 
asymmetric Lorentz forces and arc pressures, and the 
molten metal droplets were transported away from the 
central axis of the welding wire.

Fig. 16   Percentage of current 
flowing left electrodes when 
welding current was concen-
trated on one side
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Fig. 17   Angle of molten metal column for different percentages of 
current flowing left electrodes
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(a) Concentration of welding current (b) Unbalanced magnetic field

(c) Unbalanced Lorentz force (d) Unbalanced arc pressure

(e) Molten metal behavior when welding current was 

concentrated on one side

(f) Molten metal behavior when welding current 

flowed on both sides

Welding current

Lorentz force

Arc pressure

Ar plasma

Metal plasma

Local strong 

magnetic 

field lines

Local weak 

magnetic 

field lines

Welding wire

Tungsten

electrodes

Strong 

magnetic field

Weak 

magnetic field Strong 

plasma flow
Weak 

plasma flow

Droplet

Welding wire

Tungsten

electrodes

Fig. 19   Influence of welding current concentration on molten metal column behavior
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