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Abstract: Thick-walled X80 pipelines for oil and gas transportation are difficult to relocate due to
their large size. In the process of narrow-gap overhead welding, welding defects, such as bulges
and lack of sidewall fusion, can appear easily. To avoid these defects and to improve the welding
quality of thick-walled pipelines, the GMAW welding method is adopted in this paper. The formation
characteristics of the weld and the influence of arc oscillation parameters, such as the oscillation
width and sidewall dwell time, on the formation process of narrow-gap overhead welding seams are
studied. In this research, it was found that, in the NG-GMAW overhead welding position, there was a
downward trend in the middle of the formed surface of the weld pool. Defects, such as finger-shaped
penetrations and lack of sidewall fusion, were prone to occur due to gravity. The increased oscillation
width was beneficial for reducing the protrusion in the middle of the weld seam, but an excessive
oscillation width can easily cause undercut defects. The sidewall dwell time has little effect on the
protrusion in the middle of the weld seam, but it can increase sidewall penetration, thereby avoiding
the occurrence of incomplete sidewall penetration.

Keywords: oscillation arc; NG-GMAW; overhead welding; weld bead formation

1. Introduction

Long distance pipelines are the main means of long-distance oil and gas transportation.
With the rapid development of the energy industry, the construction of long-distance
pipeline projects has developed rapidly. Welding is the main process technology for long-
distance pipeline construction. In the welding process of these large thick-walled parts,
due to their large volume, complex structure, and the difficult displacement of the pipeline,
the all-position welding process emerged as required. Narrow-gap gas metal arc welding
(NG-GMAW) has the advantages [1] of high efficiency, low heat input, and use of less
filler metal. It has been applied to the connection of thick-walled components in the fields
of oil and gas pipelines, nuclear power, and ships. During the production process of the
all-position NG-GMAW welding of actual pipelines, 80% of welding defects were found
at the overhead welding position, seriously affecting the safety of pipeline use. At the
overhead welding position, the flow and spreading area of the molten pool metal is reduced
by the action of gravity, and the molten metal is more prone to flowing downward, even
dripping, which can easily cause welding defects [2] such as lack of fusion of the weld
sidewall and surface protrusion, which seriously affect the molding quality of the welded
joint.

In order to avoid surface protrusion and insufficient penetration of sidewalls in narrow
gap welding and obtain high-quality welded joints, domestic and foreign scholars have
conducted a series of studies on narrow gap welding. Cui et al. [3] studied the narrow-gap
GMAW with a swing arc system in the horizontal position. They found that the swing
arc can effectively control the formation of a horizontal welding seam, and increasing the
swing frequency and amplitude can effectively suppress the outer convex weld formation,
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which has a certain inhibitory effect on the flow of the molten pool. Xu and Lin et al. [4,5]
used a self-made oscillating arc narrow-gap welding torch to study in depth the influence of
the oscillation parameters [6] of the GMAW weld formation process for narrow gap vertical
welding on the weld formation and the center convex height, and also studied the influence
of the parameters of the weld formation process on the droplet transfer [7] of the oscillating
arc narrow gap GMAW. The basic principle of the oscillating arc is the use of methods such
as the oscillation of the entire welding torch [8], the bending of the welding wire [9], and of
the contact tip [10], and alternating magnetic fields [11] to oscillate the arc back and forth
on both sides of the groove to ensure sidewall fusion. The narrow-gap welding torch with a
high-speed rotation arc was developed first by Japanese scholars [12,13]. Wang et al. [14,15]
improved the rotating arc narrow gap MAG welding system, and based on this, focused
on studying the influence of welding parameters and oscillation parameters on the weld
formation at the flat position of narrow-gap welds. Yang and Guo et al. [16,17] optimized
the narrow-gap welding torch with a rotating arc. Liu et al. [18–20] designed a narrow-
gap gas shielded three-wired indirect arc welding torch, greatly improving the welding
efficiency. After the narrow-gap three-wired indirect arc, a tungsten electrode arc was used,
making the convex shape of the weld surface change into a concave shape. The method
of electromagnetic controlled pool welding (ECMP) was proposed by the University of
Ryukyu in Japan [21] to obtain an ideal joint in the flat position; Shelyagin [22], Wahba [23],
Yu [24] and others [25] have studied the process method of laser arc hybrid welding in the
flat position. For narrow-gap welding, research on specific methods, such as optimizing
the parameters of the welding process, oscillating arc, rotating arc, multi wire welding, and
composite welding [26,27] has greatly optimized weld formation and improved welding
efficiency. However, most research focuses on flat or vertical welding positions, and the
selected welding materials are mostly low-carbon steel or aluminum alloy [28]. There are
few studies on narrow-gap overhead welding positions for thick-walled X80 pipes.

Based on previous research, this paper conducts in-depth research on the overhead
welding process through a self-built oscillating arc NG-GMAW welding system. Firstly,
the formation characteristics of the oscillating arc NG-GMAW overhead welding seam
are studied, and then the formation law of the narrow-gap overhead welding seam is
studied by adjusting the oscillation parameters, and its working principle is discussed.
This provides an important basis for avoiding sagging in the middle of the NG-GMAW
overhead welding seam and the insufficient penetration of the side wall, improving the
stability of the welding process, and obtaining high-quality overhead welding joints.

2. Materials and Methods

Based on previous research, a pipeline all-position oscillating arc NG-GMAW welding
system has been independently built, as shown in Figure 1. The system adopted the
structure of soft band + welding vehicle, carrying a welding torch with an oscillating
mechanism and crawling on the soft band laid on the surface of the pipeline to achieve
the all-position welding of the pipeline. The model of the welding power supply was
Artsen_Plus 500 (MEGMEET, China). The wire feeder was a supporting equipment for
the welding power supply. The welding torch is a water cooled welding torch. The
water-cooled machine model was CT-20 (B). The remote controller and control box were
independently designed and processed. The entire welding system used a motion control
card as the control unit. The step angle of the stepping motor is 1.8◦, and the angular
displacement accuracy of 4.5 × 10−4◦ can be realized with 4000 subdivision of the stepping
motor driver. The ball spline adopts THK LT16X imported from Japan, and the lead
accuracy is 0.011 mm. Therefore, the theoretical control accuracy of the system can reach
0.01 mm, and the actual displacement accuracy of the system can achieve 0.5 mm by
measuring with the laser rangefinder. Before welding, the motion control card receives the
welding parameters issued by the process parameter management software of the upper
computer through Ethernet communication. During the welding process, the operator can
adjust the welding parameters in real time through a pendant, and the welding parameters
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are displayed and can be recorded through the man-machine interface and the upper
computer for the subsequent analysis and optimization of the process parameters. During
the welding process, the arc and droplet behavior were collected and observed using a
Phantom VEO1310 high speed camera. The high-speed camera had a shooting frequency
of 5000 frames/s with an exposure time of 1 us, and a resolution of 560 × 504. The
background light source was a diode high-frequency pulsed laser with a power of 400 W
and a wavelength of 640 nm. The model was CAVILUX_ Smart.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 11 
 

welding parameters in real time through a pendant, and the welding parameters are dis-
played and can be recorded through the man-machine interface and the upper computer 
for the subsequent analysis and optimization of the process parameters. During the weld-
ing process, the arc and droplet behavior were collected and observed using a Phantom 
VEO1310 high speed camera. The high-speed camera had a shooting frequency of 5000 
frames/s with an exposure time of 1 us, and a resolution of 560 × 504. The background 
light source was a diode high-frequency pulsed laser with a power of 400 W and a wave-
length of 640 nm. The model was CAVILUX_ Smart. 

 
Figure 1. Schematic diagram of the oscillating arc NG-GMAW overhead welding. 

The welding base material was X80 steel. In the actual welding process, the outer 
diameter of the pipe was 1420 mm, and the wall thickness was 25.7 mm. The pipe groove 
was a double V groove, formed by splicing two pipes, with a pairing gap of 0 mm. It was 
processed by a hydraulic beveling machine. After the root-layer welding of the pipeline 
was completed by the internal welding machine, it was used for the subsequent welding 
experiments, as shown in Figure 2a. This article focuses on the influence of oscillation 
parameters on the weld formation of the filler layer f3 in the overhead welding position 
of narrow gap welding. Therefore, the groove form during the test was simplified as 
shown in Figure 2b, and the size of the test piece was 300 mm × 160 mm × 25.7 mm. The 
welding wire was Lincoln 80Ni1 with a diameter of 1.0 mm. The chemical compositions 
of the base metal and welding wire are shown in Table 1. The GMAW welding method 
was adopted, with a shielding gas of 80% argon + 20% carbon dioxide and a gas flow rate 
of 30 L/min. The arc oscillation mode was straight, as shown in Figure 3a. The ball spline 
converts the rotary motion of the stepper motor into the horizontal reciprocating motion 
of the welding torch, causing the welding torch to move at vx speed in the x-axis direction. 
The welding torch was directly connected to the ball spline, and the welding torch and 
control mechanism were all installed on the welding vehicle. In the actual welding pro-
cess, the welding vehicle moves on the soft band with the welding torch oscillating mech-
anism, causing the welding torch to move at vy speed in the y-axis direction. The final 
trapezoidal welding trajectory was formed, as shown in Figure 3b. After welding, in order 
to avoid the contingency of the shape of the weld section, it was necessary to cut three 
metallographic samples at different positions in the same weld and to take their common-
ness in subsequent experiments. Then, the metallographic sample was chemically etched 

Figure 1. Schematic diagram of the oscillating arc NG-GMAW overhead welding.

The welding base material was X80 steel. In the actual welding process, the outer
diameter of the pipe was 1420 mm, and the wall thickness was 25.7 mm. The pipe groove
was a double V groove, formed by splicing two pipes, with a pairing gap of 0 mm. It was
processed by a hydraulic beveling machine. After the root-layer welding of the pipeline
was completed by the internal welding machine, it was used for the subsequent welding
experiments, as shown in Figure 2a. This article focuses on the influence of oscillation
parameters on the weld formation of the filler layer f3 in the overhead welding position of
narrow gap welding. Therefore, the groove form during the test was simplified as shown
in Figure 2b, and the size of the test piece was 300 mm × 160 mm × 25.7 mm. The welding
wire was Lincoln 80Ni1 with a diameter of 1.0 mm. The chemical compositions of the
base metal and welding wire are shown in Table 1. The GMAW welding method was
adopted, with a shielding gas of 80% argon + 20% carbon dioxide and a gas flow rate of
30 L/min. The arc oscillation mode was straight, as shown in Figure 3a. The ball spline
converts the rotary motion of the stepper motor into the horizontal reciprocating motion of
the welding torch, causing the welding torch to move at vx speed in the x-axis direction.
The welding torch was directly connected to the ball spline, and the welding torch and
control mechanism were all installed on the welding vehicle. In the actual welding process,
the welding vehicle moves on the soft band with the welding torch oscillating mechanism,
causing the welding torch to move at vy speed in the y-axis direction. The final trapezoidal
welding trajectory was formed, as shown in Figure 3b. After welding, in order to avoid the
contingency of the shape of the weld section, it was necessary to cut three metallographic
samples at different positions in the same weld and to take their commonness in subsequent
experiments. Then, the metallographic sample was chemically etched with a 3% nitric
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acid ethanol aqueous solution. The cross section morphology of the weld under an optical
microscope was observed.
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Figure 2. Schematic diagram of the simplified groove: (a) double V-shaped groove during actual
welding process; (b) Simplified groove in the experiment.

Table 1. The chemical compositions of the base metal and welding wire.

Material C Mn Si S P Ni Cu Cr Fe

Substrate 0.063 1.83 0.28 0.0006 0.011 0.03 0.04 0.03 Bal.
Wire 0.08 1.37 0.59 0.012 0.012 0.011 0.10 0.021 Bal.
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3. Results
3.1. Formation of the NG-GMAW Overhead Welding Seam

Figure 4 shows the welding formation with the following welding parameters: wire
feeding speed of vw = 8.7 m/min; welding speed of vy = 353 mm/min; average current
of I = 162 A; voltage of U = 21.4 V; oscillation speed of the motor in the perpendicularly
to the welding direction of vx = 1413 mm/min; oscillation frequency of f = 5.5 Hz; and
oscillation width of W = 0.5 mm, twell = 70 ms. Figure 4a presents a schematic diagram
of the forces acting on the weld pool at the oscillating arc NG-GMAW overhead welding
position [29–31]. The weld pool is subjected to its own gravity G, the arc lifting force Pa, the
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droplet impact Fd [32,33] and the surface tension Fσ. When the molten metal tends to fall
under the action of G, the Fσ to prevent the downward flow of molten metal in the opposite
direction to G, and Pa and Fd are the main forces that overcome G [34]. Figure 4b shows
a high-speed camera image of the oscillating arc NG-GMAW overhead welding position
when the arc dwells on the right sidewall, and Figure 4c shows a high-speed camera image
of the oscillation arc NG-GMAW overhead welding position when the arc dwells on the
left sidewall. It can be seen that the weld pool metal gathers at the tail, the middle of the
weld pool tail is convex, and the weld pool metal at the bottom of the arc is relatively
small. Under the action of Pa, the molten metal moves in the opposite direction, and Fd
acts on the molten metal, causing the oscillation of the molten pool. This -is consistent
with the literature [5]. Figure 4d shows the cross-sectional morphology of the weld at
the oscillation arc NG-GMAW overhead welding position. In this figure, Hc is the weld
seam bump height, Hp is the weld penetration, Hw is the weld penetration width, and
Hsp is the weld sidewall penetration. As can be observed in Figure 4d, at the overhead
welding position, the degree of sag in the middle of the weld section is apparent, and the
height of the sidewall molten base metal is lower than the height of the intermediate filler
metal, forming a finger-shaped penetration at the weld. These phenomena can easily lead
to some defects, such as poor interlayer fusion bonding and incomplete sidewall fusion,
which seriously affect the molding quality of the welded joints. Therefore, minimizing the
degree of weld sagging in the middle is an important part of the research on the process of
oscillating arc NG-GMAW overhead welding.
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3.2. Effect of the Oscillation Parameters on the Formation of the Weld

The arc oscillation parameters of the NG-GMAW overhead welding position mainly
include the oscillation width, oscillation frequency, and dwell time on the sidewall. These
three relationships are as follows:

1
f
= 2

(
W
vx

+ tdwell

)
(1)

where f is the oscillation frequency, W is the oscillation width, tdwell is the dwell time
on the sidewall (abbreviated as dwell time), and vx is the oscillation speed of the motor
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perpendicularly to the welding direction, which remains unchanged. If the oscillation
width and sidewall dwell time increase simultaneously, the oscillation frequency decreases,
If the oscillation width and sidewall dwell time decrease simultaneously, the oscillation
frequency increases. Therefore, this paper only discusses the effects of oscillation width
and sidewall dwell time on weld formation. In subsequent experiments, the welding
parameters were as follows: wire feeding speed of vw = 8.7 m/min; welding speed of
vy = 353 mm/min; oscillation speed of the motor perpendicularly to the welding direction
of vx = 1413 mm/min; twell = 70 ms; average current of I = 162 A; and voltage of U = 21.4 V.

Figure 5 shows the morphology of the weld cross-section obtained at different os-
cillation width for the NG-GMAW overhead welding position, and Figure 6 shows the
effect of the oscillation width for the NG-GMAW overhead welding position on the size of
the weld cross-section. When the oscillation width is 0 mm, that is when the arc does not
oscillate, the weld penetration is large and finger-shaped, with an apparent bump height
in the middle of the weld, a small penetration width, and almost no sidewall penetration.
As the oscillation width of the welding arc gradually increases, the welding penetration
gradually decreases, and the finger-shaped penetration gradually disappears. At the same
time, the welding penetration continuously increases, while the bump height in the middle
of the weld first decreases and then slightly increases in the increase of the oscillation width,
and the side wall penetration slightly increases. It can be observed that the oscillation
type of the welding arc has a certain effect on reducing the bump height in the middle
of the overhead welding seam, but it is not as good as a larger oscillation width, because
narrow gap welding is affected by both sides of the wall. When the oscillation width is too
large, the distance from the welding wire tip to the side wall is smaller than the distance
from the welding wire tip to the bottom of the groove. According to the minimum voltage
principle [35], the arc is prone to arcing on the side wall, causing undercut defects. There-
fore, to obtain an overhead weld with a small bump height in the middle, the maximum
oscillation width should be used to avoid the phenomenon of the arc “jumping over the
wall”. Therefore, the oscillation width of 2.66 mm was more appropriate in this experiment.
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Figure 7 shows the effect of the sidewall dwell time of the NG-GMAW overhead
welding position on the cross-sectional size of the weld. The sidewall dwell times were
0 ms, 35 ms, 70 ms, 105 ms, and 140 ms. It can be observed that with the increase in the
sidewall dwell time, the sidewall penetration increases to a certain extent and remains
unchanged, the weld fusion width increases, the degree of the bump height in the middle of
the weld remains basically unchanged, and the weld penetration continues to decrease. A
lower heat input to the side wall results in less melting metal and lower sidewall penetration
when the sidewall dwell time begins to decrease. As the sidewall dwell time increases, the
heat input obtained by the sidewall increases which can melt more metal, resulting in an
increase in sidewall penetration. When the sidewall penetration reaches a certain level,
it remains almost unchanged as the sidewall dwell time increases. However, continuing
to increase the sidewall dwell time does not lead to an increase in sidewall penetration.
On the contrary, an excessive side dwell time can cause a lack of fusion on the other side
wall [36]. This is because the welding wire moves along the welding direction at a speed of
vy, and the heat obtained and dissipated by the sidewall reaches a dynamic equilibrium
state. Therefore, to ensure the penetration of both sides of the wall, the sidewall dwell time
should be minimized. Therefore, the sidewall dwell time of 70 ms was more appropriate in
this experiment.
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4. Discussion

The narrow gap welding oscillating arc increases the welding path and changes the
energy of the welding line. As shown in Figure 3b, the welding wire moves back and forth
in a uniform linear motion along the x-axis at the speed of vx, and the dwell time when the
welding wire moves to the side wall is tdwell. At the same time, the welding vehicle drives
the welding torch uniformly in a straight line along the positive direction of the y-axis at a
welding speed of vy. From this, it can be observed that:

1. When the welding wire moves in the middle of the groove, the movement speed v1 of
the welding wire is:

v1 =
√

vx2 + vy2 (2)

The energy of the welding line E1 is:

E1 =
UI
v1

(3)

2. When the welding wire dwells on the sidewall, the movement speed v2 of the welding
wire is:

v2 = vy (4)

At this moment in time, the energy of the welding line E2 is:

E2 =
UI
v2

(5)

In the overhead welding position, the speed of the welding wire in the x-axis is
vx = 1413 mm/min, the welding speed in the y-axis is vy = 353 mm/min, the voltage is
U = 21.4 V, and the average current is I = 162 A. Then, E2

E1
≈ 4, that is, the linear energy

E2, when the arc dwells on the sidewall, is four times greater than the linear energy E1
when the arc oscillates in the middle of the groove. In order to achieve a greater sidewall
penetration and avoid a lack of sidewall fusion, it is necessary to distribute sufficient linear
energy when the arc dwells on the sidewall. From Equation (3), it can be observed that
E1 has no relationship with the oscillation width W. However, when W is too small, the
welding wire cannot oscillate to the side wall and dwells at the groove. Then, the linear
energy of the arc is E2, meaning that E2 > E1. Because the arc energy at the place where the
welding wire dwells increases sharply, the height of the weld seam bumping in the middle
becomes larger. When W exceeds a certain level, the welding wire is sufficient to oscillate
to the side wall, but in this case, the increase in the oscillation width has no effect on the
line energy in the middle of the groove, so W has almost no effect on the bump height in
the middle of the weld. According to Equations (3) and (4), E1, E2, and the sidewall dwell
times tdwell are irrelevant, so tdwell has almost no effect on the bump height in the middle
of the weld. As E1 is smaller when the arc oscillates in the middle of the groove, the bump
height in the middle of the weld is smaller. E2 is greater when the arc dwells on the side
wall, and the penetration of the weld side wall is greater. E1 is related to vx and vy. When
vx and vy increases, E1 decreases. E2 is related with vy. When vy decreases, E2 increases.
Therefore, in order to obtain an oscillation arc NG-GMAW overhead weld with a small
bump height in the middle and sufficient sidewall penetration, welding parameters with a
relatively high vx and a relatively low vy should be used.

5. Conclusions

This paper presented the formation characteristics of a weld and the effects of arc
oscillation parameters, such as the oscillation width and sidewall dwell time, on the
formation of a narrow-gap overhead welding seam. This research avoided welding defects,
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such as weld seam bump and lack of sidewall fusion, during the overhead welding of
narrow-gap thick-walled X80 pipes, and improved the welding quality of thick-walled
pipes. The conclusions are as follows: (1) In the overhead welding position, the effect of
gravity on the weld pool is apparent. The oscillation arc NG-GMAW welding process in the
overhead position has an obvious weld formation feature with a bump height in the middle,
which can easily cause specific defects, such as a poor interlayer fusion and incomplete
sidewall fusion. (2) With the increase in oscillation width, the weld fusion width increases,
while the bump height in the middle of the weld decreases firstly and then increases. If the
oscillation width is too large, undercut defects can easily occur. Increasing the dwell time
increases the weld penetration width and has a relatively small impact on the bump height
in the middle of the weld, but it can increase the sidewall penetration to a certain extent,
further reducing the lack of sidewall fusion. (3) In the process of oscillation arc NG-GMAW
welding, E1 < E2. E2 affects the penetration of the sidewall, while E1 mainly affects the
height of the weld bump in the middle. To obtain an oscillation arc NG-GMAW overhead
weld with a small bump height in the middle and sufficient sidewall penetration, welding
parameters with a relatively high wire oscillation speed and a relatively low welding speed
should be used. This study laid a theoretical foundation for the further optimization of
the overhead welding process of NG-GMAW thick-walled pipelines and has important
implications for the actual production.

The purpose of this article was to research the formation of an oscillating arc NG-
GMAW overhead welding seam. However, the correlation between the coupling effect
of the arc, droplet, and molten pool and the formation of the weld seam was not studied.
In order to fundamentally improve and better understand the process of oscillation arc
NG-GMAW overhead welding, future work will aim to provide a multi-scale coupled
model and user-defined functions combined with simulation software to evaluate the
impact of arc-droplet-melt pool on the formation of an oscillating arc NG-GMAW overhead
welding seam.
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