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Abstract Arc appearance is a key factor to sidewall fusion in narrow gap MAG
welding (NG-MAG). By observing arc images with high-speed video and weld
cross-sections at different arc-sidewall distances in NG-MAG vertical welding, it
was discovered that the arc ascended along the groove sidewalls and arc appearance
changed from cone to olive when the arc-sidewall distance was relatively small,
which contributed to large weld concavity and significant “bead separation” phe-
nomenon. On the other hand, arc length and arc appearance were stable as the
arc-sidewall distance was relatively large. Due to not being heated directly and
effectively by the arc high temperature zone, the sidewall penetration was low and
weld was convex. Only when the arc-sidewall distance was controlled in the range
of 2.0 to 3.0 mm, the arc was stable and the weld appearance was concave. Also,
the penetration of groove sidewalls was deep. Thus, the sidewall fusion in
NG-MAG vertical welding is highly sensitive to process parameters under the low
heat input conditions. The laws being discovered above will make a good prepa-
ration for the realization of thick high strength low alloy steel (HSLA) plates with
NG-MAG automatic welding technology in ocean engineering.
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1 Introduction

In recent years, with increasing on the size of welded structures and the thickness of
steel plates, high production efficiency and quality, and excellent joint mechanical
properties are required, which conventional welding methods can not meet [1].
However, Narrow gap MAG welding (NG-MAG) is an energy-saving technology
of welding joints of large wall thickness in a narrow gap with minimum groove
dimensions. Correspondingly, such gaps should result in a decrease in the
cross-section areas of the welding gap, and a decrease in the consumption of
welding consumables, welding time, electric energy, deformation and stresses in
welding structures [2].

NG-MAG, as a special industrial technology, needs to solve a key technical
problem of improving the stability of double sidewall penetration. Studies have
shown that the most direct factor, influencing sidewall fusion, is the heat effect of
arc on the sidewalls [3]. Currently, the main approach to enhance this heat effect is
changing the arc appearance near groove sidewalls, such as bending the wire [4–6],
oscillating the electrode [7–10], moving the arc up and down in the gap [11], swing
the arc transversely and periodically in groove with applied magnetic field [12],
constraining the arc with flux [13] and so on. But it was discovered that sidewall
fusion is sensitive to NG-MAG welding process parameters under low heat input
conditions in practical applications. If the arc-sidewall distance (the distance
between wire tip i.e. the center of arc and the sidewall) is not controlled properly,
short arc-sidewall distance will lead to arc climbing up along the groove sidewalls
and destroy the arc appearance, while long arc-sidewall distance will contribute to
no effective heating to the sidewalls with arc high energy zone. Both conditions
above will result in poor sidewall fusion. Therefore, controlling a reasonable
arc-sidewall distance is the basic premise to maintain a desirable arc heating shape
and the basic guarantee to achieve uniform sidewall fusion.

Reference [14] employed deposition experiments to research two typical visual
arc appearances (conical and wispy) and the characteristics of heating on the weld
pool in pulsed metal arc welding. Reference [15] adopted mathematical derivation
and numerical calculation methods to analyze the heat input distributions in tra-
ditional V-shaped and U-shaped grooves in swing arc welding. Reference [3]
analyzed the errors of the arc-work position in the process of narrow gap welding,
and studied the influence of the arc-work position on the continuous fusion of the
thick wall with corresponding experimental. Reference [16] combined the structure
characteristics of small-diameter thick-walled pipe and the properties of
40CrMnMo steel, applied narrow gap pulsed MAG welding technique to the oil
drill collars and investigated the gas protection, arc morphology, arc stability, and
weld appearance in narrow groove. However, the influence of arc-sidewall distance
on arc appearance and sidewall fusion in NG-MAG welding has not been reported.
Therefore, in order to get the optimal arc-sidewall distance for heat effect of arc on
the wall sidewalls, a large number of experiments about the influence of
arc-sidewall distance on arc appearance in robot NG-MAG pulsed welding were
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conducted in this paper. This would contribute to define the adaptive ranges of
welding process parameters to the errors of groove width and assembly, and pro-
vide technology support for thick plates with NG-MAG automatic welding.

2 Experimental Procedure

In Fig. 1 is seen the robot NG-MAG pulsed vertical welding system with 11
degrees of freedom (DOF). The whole workstation consists of 6-DOF robot system
cooperated with KUKA-KR16, 3-DOF gantry HLV03-13, 2-DOF L-type positioner
HDS50 and power source EWM PHOENIX 521 ForceArc. The arc-sidewall dis-
tance (described by d) experiments were carried out with segmented vertical up
welding, and the base metal is Q345B with a groove of 20 mm in width and 12 mm
in depth and 3 mm in fillet radius. Shielding gas is Ar mixed with 20 % CO2 with
flow rate in the range of 15–18 L/min. The other detailed welding process
parameters are shown in Table 1. The processes of arc-dynamic changes are
recorded by a high-speed video in different arc-sidewall distance experiments.
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Fig. 1 Experiment Device of
Robot NG-MAG Welding. 1
3-DOF gantry, 2 welding
power, 3 robot, 4 controller, 5
teach pendant, 6 L-type
2-DOF positioner

Table 1 Process parameters of NG-MAG welding

Pulse
current
(A)

Background
current (A)

Arc
voltage
(V)

Pulse
frequency
(Hz)

Welding
speed
(m/min)

aWeaving
amplitude
(mm)

Weaving
frequency
(Hz)

Dwell
time (s)

400–405 50 21.3–22.2 84–108 0.13 6.0–8.8 0.5–0.6 0.2–0.3
aCorresponding arc-sidewall distance d = 1.2–4.0 mm
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Fig. 2 Torch oscillation positions for measuring arc images

Fig. 3 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 1.2 mm
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3 Results and Discussion

3.1 Effects of Arc-Sidewall Distance on Arc Appearance

It can be found that the different visual arc appearances are dependent on the
changing process of the instantaneous arc appearances in NG-MAG vertical pulsed
welding by analyzing the photos taken by high-speed video. As illustrated in the Ref.
[14], if the duration of pulse current is long enough, in the vicinity of the weld center,
the bright zone of arc (arc appearance) has a dynamic process of changing from
wispy to conical. Moreover, after the wispy arc appearance changing into conical,
the arc appearance shall keep conical even the role of the pulse current continues
until the pulse current stopped. In order to facilitate the analysis of the influence of
arc-sidewall distance on the arc appearance in NG-MAG vertical welding, photo-
graphs taken in experiments were chosen in accordance with the arc positions shown
in Fig. 2. Among the positions shown in Fig. 2, Point A and Point G are at the weld
center. Point B and Point F are the positions where arc and sidewall are contacting
and detaching with each other in a half cycle of arc swing. While Point C, Point D

Fig. 4 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 1.6 mm
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and Point E respectively are at the initial, middle, and end position where arc moved
to the edge of weld (maximum swing point). Figures 3, 4, 5, 6, 7 and 8 show the
instantaneous arc appearances when the arc is approaching to and departing from the
sidewall in the range of arc-sidewall distance of d = 1.2–4.0 mm.

As can be seen from Figs. 3 and 4, the phenomenon of arc climbing up was
obvious when the arc-sidewall distance is small (d = 1.2 or 1.6 mm). The arc was
lengthening and changing from conical to olive. Also, the wire tip was ascending
with the arc approximating to the sidewall successively. While the arc length and
arc appearance recovered as the arc was detaching from the sidewall. Generally
speaking, the arc length can be maintained stable by inherent self-regulation with
constant speed wire feeding in gas metal arc welding (GMAW). That means the arc
length can be adjusted by the wire melting rate. In other words, when the arc length
is shortened by some factors, the welding current will increase to accelerate the wire
melting speed immediately to restore the arc length. According to the principle of
minimum voltage, if the arc-sidewall distance was shorter than arc length in the
process of NG-MAG welding, the arc would burn between wire and sidewall.
Although welding current was increasing rapidly, the cathode spot was climbing up
along the sidewall. The ability of self-regulation of arc was lost with the arc

Fig. 5 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 2.0 mm
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ascending. However, the arc length could be shortened by reducing the wire
melting speed with its inherent self-regulation in the subsequent departure from the
sidewall.

See Figs. 5, 6 and 7, it is clear that the arc was stable with good sidewall fusion,
in the whole process of arc approaching to and departing from the sidewall suc-
cessively, when the arc-sidewall distance d = 2.0–3.0 mm. And the change of wire
extension, arc length and arc appearance was smaller than that of arc-sidewall
distance d = 1.2 or 1.6 mm.

With increasing the arc-sidewall distance d, the arc almost remained conical
shape. However, the heat effect of arc on the sidewalls was weakened. When
d = 4.0 mm, as shown in Fig. 8, the arc edge could just touch the sidewall. In this
case, the sidewall was mainly heated by the arc heat radiation and heat conduction
of weld pool. Comparing to the occasion that the sidewall was heated by the arc
directly (see Figs. 5, 6 and 7), there was a greater chance of emerging poor fusion at
the sidewall due to insufficient heat. That’s because when the arc-sidewall distance
is becoming larger, the high energy zone can not heat the sidewall effectively under
low heat input conditions.

Fig. 6 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 2.4 mm
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In short, the sidewall fusion has higher sensitivity to process parameters under
low heat input conditions in NG-MAG welding, which also confirms the statements
above. The arc can maintain a relatively stable shape and heat the sidewall effec-
tively and directly when arc-sidewall distance d is controlled in the range of 2.0–
3.0 mm.

3.2 Effects of Arc-Sidewall Distance on Weld Cross Section

By observing the cross section of specimens, see Fig. 9, it’s easy to find that the arc
ascended when the arc-sidewall distance was short (d = 1.2 or 1.6 mm), which
contributed to too much filler metal on sidewall and too little in center, and sig-
nificant “bead separation” phenomenon. While heating the sidewall was limited and
the welding pool could not dissipate timely with long arc-sidewall distance
(d = 4.0 mm), which resulted in high temperature at weld center, the liquid flowing
to the center, weld raised significantly and not being conducive to the subsequent

Fig. 7 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 3.0 mm
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Fig. 8 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 4.0 mm

Fig. 9 Weld cross section shape of arc-sidewall distance test: a d = 1.2 mm, b d = 1.6 mm,
c d = 2.0 mm, d d = 2.4 mm, e d = 3.0 mm, f d = 4.0 mm
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welding. Only when the arc-sidewall distance d = 2.0–3.0 mm, the weld could be of
good sidewall fusion and slightly concave weld appearance.

The curve of shape coefficient of the weld cross sections is shown in Fig. 10. As
shown in the figure, the concavity of weld was gradually reduced, and weld
appearance finally transformed from slightly concave (d = 2.0–3.0 mm) to convex
(d = 4.0 mm) with the increasing of arc-sidewall distance d. While the sidewall
penetration kept decreasing with the increasing of arc-sidewall distance d. There
was almost no sidewall penetration when the distance d = 4 mm. The laws are
consistent with the above analysis of influence of arc-sidewall distance on arc
appearance in NG-MAG welding. That is when the arc-sidewall distance d = 2.0–
3.0 mm, continuous and uniform sidewall fusion can be got in NG-MAG welding
under low heat input conditions.

4 Conclusion

1. The process of NG-MAG pulse welding has a high sensitivity to the welding
process parameters under low heat input conditions.

2. The influence of arc-sidewall distance on arc appearance in NG-MAG vertical
welding is significant. If arc-sidewall distance is small, arc will climb up along
sidewall of the groove quickly to the surface. While the sidewall can not be
heated sufficiently as the distance is large, which contributes to large probability
of emerging defects.

3. With the increasing of arc-sidewall distance, the weld appearance gradually
transforms from concave to slightly concave and convex finally. While the
sidewall penetration always shows a tendency of decreasing until it is zero.

4. The welding process is stable and good sidewall fusion can be maintained when
the arc-sidewall distance is in the range of 2.0–3.0 mm.

1.0 1.5 2.0 2.5 3.0 3.5 4.0
-12

-9

-6

-3

0

3

6

W
el

d 
co

nc
av

ity
 h

/m
m

Arc-sidewall distance d/mm

 Weld concavity
 Sidewall penetration

0

1

2

3

4

5

6

Si
de

w
al

l p
en

et
ra

tio
n 

H
/m

m

Fig. 10 Curve of weld cross
section shape coefficient

44 H. Lan et al.



Acknowledgments The authors would like to thank the supports of NDRC Major Funded
Projects (High-Tech No. [2012]2144 of NDRC Office) and National Natural Science Foundation
(51105252).

References

1. Ellis DJ (1991) Narrow gap welding of steel. Welding & Metal Fabrication, vol 59, p 118
2. Zhang FJ, Luo CHH (2000) Narrow gap welding and its new progress. Weld Technol 29

(6):33–35
3. Hu CY, Liu GX, Xiao Y et al (2000) The influence of the arc-work position on the continuous

fusion of the thick wall. J South China Univ Technol (Nat Sci Ed) 30(2):91–93
4. Kawahara M, Asano I (1986) BHK type narrow gap GMA welding process. Narrow Gap

Welding (NGW), The State-of-the-Art in Japan, 39–45
5. Shono S, Matsumoto O, Kamei H (1986) Development and application of narrow-gap GMA

welding process with corrugated wire. Narrow Gap Welding (NGW), The State-of-the-Art in
Japan, 54–59

6. Kanbe Y, Suda K (1986) Narrow gap welding process with oscillating arc Loopnap. Narrow
Gap Welding (NGW), The State-of-the-Art in Japan, 60–64

7. Wang JY, Zhu J, Fu P et al (2012) A swing arc system for narrow gap GMA welding. ISIJ Int
1:110–114

8. Ding M, Tang XH, Lu FG et al (2011) Welding of quenched and tempered steels with
high-spin arc narrow gap MAG system. Int J Adv Manuf Technol 55:527–533

9. Nomura H, Sugitani Y, Kobayashi Y (1986) Narrow gap welding process with high speed
rotating arc. Narrow Gap Welding (NGW), The State-of-the-Art in Japan, 74–80

10. Nakajima H, Nagai A, Minehisa S (1986) Rotating arc narrow gap MIG welding process.
Narrow Gap Welding (NGW), The State-of-the-Art in Japan, 65–73

11. Araya T (1986) General review—the state-of-the-art of narrow gap welding in Japan. Narrow
Gap Welding (NGW), The State-of-the-Art in Japan, 13–33

12. Kang YH, Na SJ (2003) Characteristics of welding and arc signal in narrow groove gas metal
arc welding using electromagnetic arc oscillation. Weld J 82(S):92–99

13. Zheng SHX, Zhu L, Huang BW et al (2009) Constricted arc by flux strips applied to
ultra-narrow gap welding. J Mech Eng 45(2):119–223

14. Wang QL, Yin SHY, Zhang JH et al (1980) The controllability of the arc appearance and its
relation to the metal transfer modes in the pulse MIG welding process. J Harbin Inst Technol
4:103–115

15. Yongjae K, Sehun R (2005) A study of heat input distribution on the surface during torch
weaving in gas metal arc welding. JSME Int J 48(3):144–150

16. Ba LJ, Ma CX, Zhang TJ et al (2013) Narrow gap pulsed MAG welding of 40CrMnMo
thick-walled pipe. Trans China Weld Inst 34(6):101–104

Effects of Arc-Sidewall Distance on Arc Appearance … 45



http://www.springer.com/978-3-319-18996-3


	2 Effects of Arc-Sidewall Distance on Arc Appearance in Narrow Gap MAG Welding
	Abstract
	1 Introduction
	2 Experimental Procedure
	3 Results and Discussion
	3.1 Effects of Arc-Sidewall Distance on Arc Appearance
	3.2 Effects of Arc-Sidewall Distance on Weld Cross Section

	4 Conclusion
	Acknowledgments
	References


