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Abstract Amagnetic arc oscillation system for tungsten inert
gas (TIG) narrow gap welding is developed to prevent insuf-
ficient sidewall fusion and improve efficiency and quality for
thick component welding. The characteristic of the system is
that a double magnetic pole is induced by exciting current
flowing through the field coil to generate the magnetic field
within the welding area. This optimization of double magnetic
pole not only enhances magnetic flux density compared with
conventional single magnetic pole but also provides reliable
melting of the sidewall. In this article, a new experimental
method for the determination of the resulting heat input into
the workpiece is proposed. Measurements of arc voltage and
welding current flowing through the sidewalls are used to
validate the redistribution of the arc heat. Furthermore, the
difference of linear heat input of the sidewalls caused by cur-
rent division ratio difference and arc voltage difference was
the main reason why the formation characteristics occurred.

Keywords Magnetic arc . Formation characteristics . Narrow
gapwelding . Arc voltage . Current division ratio

1 Introduction

Narrow gap welding reveals an important technique for increas-
ing productivity in the manufacture field of thick-walled com-
ponents because of significant cost savings, minor distortion,
and high quality [1–3]. However, the difficulty of maintaining
enough sidewall penetration bottlenecks the development of the
tungsten inert gas (TIG) narrow gap welding due to its low heat
input and small molten weld pool. In order to minimize the
insufficient fusion in TIG narrow gap welding, the pulse arc
welding technology [4], which improves the heat input, and
the mechanically tungsten electrode oscillating welding technol-
ogy [5, 6], which promotes the diffusion of the arc heat, were
developed to decrease the tendency of the lack of sidewall pen-
etration. These two systems are effective on the sufficient side-
wall penetration in some degree, but the former system requires
greater heat input with coarse grain. Additionally, increase of the
heat input could not absolutely solve the problem [7]. In the case
of the latter, this system can have high efficiency for its mechan-
ical oscillation and deep penetration, but the equipment is rela-
tively complex with high cost, which seems to be a problem.

Therefore, a magnetic field externally is utilized in the
welding in order to control the arc altering the original arc
path under the action of Lorentz force [8, 9]. The interaction
of the magnetic field and the electrons within the arc exerts the
force, and this force can deflect the arc and consequently ho-
mogenize the heat distribution [10]. In the TIG narrow gap
welding, many efforts by Belous et al. [11, 12], Starling et al.
[13], and Sun et al. [14] have beenmade in an attempt to apply
Lorentz force to overcome the insufficient sidewall penetra-
tion and obtain the satisfying welding joint. However, all of
the aforementioned studies adopting single magnetic pole
were restricted because the single magnetic pole needs more
coil turns and larger exciting current. Furthermore, the excita-
tion devices and process procedure were too complicated to
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promote their rapid development in comparison with the size
of the welding torch. Thus, the study on the reconstruction of
the TIG narrow gap welding using the external magnetic field
can yield a great significance [15].

Previous studies have concerned primarily on the effect of
the magnetic arc oscillation with double magnetic pole on flat
position welding [8, 15–20] but typically neglect the applica-
tion for the TIG narrow gap welding. Therefore, magnetic arc
oscillation with double magnetic pole instead of conventional
single magnetic pole is selected and observed by TIG welding
in narrow groove in this study. The electromagnetic analysis of
single and double magnetic poles is observed comparatively via
finite element method (FEM), and the effects of magnetic field
on arc image and weld formation are thoroughly investigated.
The emphasis is placed on the formation characteristics and its
generating mechanism from the point of the heat input.

2 Development of welding head and electromagnet

2.1 Experimental principle

The schematic of magnetic arc oscillation in the present study
is shown in Fig. 1. The formation principle of magnetic arc
oscillation is that a double field core acts as a magnetic con-
ductor connecting to field coil. It is on both sides of the tung-
sten electrode and lowers into the narrow groove. The arc is
periodically oscillated by Lorentz interaction generated by the
moving of welding current through the transversal alternating
magnetic field. The width of arc oscillation is primarily de-
pendent upon the welding current, the arc length, and the
external magnetic field [16, 21].

2.2 FEM of the electromagnet

FEM simulations of the electromagnet by using the commer-
cial finite element package Ansoft Maxwell were performed

for the design of electromagnets and analysis of the difference
between single and double magnetic poles applied in TIG
narrow gap welding. Figure 2 shows the numerical model of
the electromagnet composed of field core, field coil, double
magnetic pole, and the TIG narrow gap welding torch.

Figure 3 illustrates the magnetic field lines and distribu-
tions of magnetic flux density under conditions of 1000 coil
turns and 2.5-A exciting current on the coil for single and
double magnetic poles. For the single pole magnetic field
(Fig. 3a), the magnetic flux density decreases gradually along
the magnetic pole axis direction (denoted by the direction of
the red arrow) and the density at the center of the welding area
is approximately 3.3 mT. However, under the application of
double pole magnetic field, the magnetic flux density is on the
symmetry axis of the tungsten electrode axis direction and
increased to 6 mT in the welding area, which is enough for
arc oscillation, as shown in Fig. 3b. Furthermore, using double
magnetic pole also produces more uniform distribution of
magnetic field lines than that using conventional single mag-
netic pole. So it is beneficial for the electromagnet with double
magnetic pole to improve magnetic flux density increasing by
81.8 % in the welding area and optimize the structure of weld
torch.

3 Results and discussion

3.1 Arc image

A high-speed video camera was applied to monitor the mag-
nitude of magnetic arc oscillation qualitatively. The welding
experiments were made in a red copper water-cooled groove
with a 10-mm root opening under the following conditions: a

Fig. 1 Schematic of double magnetic pole arc TIG welding
Fig. 2 Finite element method model of the electromagnet with narrow
gap welding torch
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welding current of 200 A, welding speed of 60 mm/min, con-
tact tip-to-workpiece distance of 3 mm, and magnetic flux
density of 6 mT. Table 1 shows the arc images at magnetic
field frequency of 5, 10, and 20 Hz, respectively. If arc oscil-
lation width is set to the deviation of the arc centerline [15],
then there is no significant change in the oscillation width with
increasing magnetic field frequency. Despite operating differ-
ent frequencies, the arc shape is the same as each other. It
merely results in the difference of arc oscillation frequency
in one cycle.

Table 1 also displays the arc images with different magnetic
flux densities, in which the magnetic field frequency was fixed
to 10 Hz. The oscillation width increased with increasing
magnetic flux density. When the magnetic flux density was
3 mT, the oscillation width was small, and arc oscillation
effect could not be anticipated. At 9 mT, the deflected arc
was enlarged and affected near the both sidewalls with high
potential to undercut in both sidewalls. When the magnetic
flux density was equal to 6 mT, the deflected arc was pointing
to the corner between the sidewall and the bottom.

Table 1 Effect of magnetic field frequency and magnetic flux density on arc images

(a)

(b)

Fig. 3 Magnetic lines and
distributions of magnetic flux
density under a single magnetic
pole and b double magnetic pole
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3.2 Formation of weld bead

Magnetic field frequency and magnetic flux density are the key
magnetic field parameters. The study of their effect on the for-
mation of weld bead can promote the understanding of magnet-
ic arc narrow gap welding process. Figure 4 shows the cross
sections of weld bead in a magnetic field of 6 mTunder various
frequencies from 0 to 20 Hz with 304 stainless steel. As 304
stainless steel is a non-magnetic material, applying magnetic
field to the welding area cannot lead to flux density loss. As
shown, sidewall penetration P was virtually zero, while weld
penetration H was quite large in conventional TIG welding
without arc oscillation. It readily resulted in the insufficient
fusion into the both sidewalls. While the magnetic field was
applied to the arc, it was observed that the side penetration P
with arc oscillation is deeper than that without oscillation. As

the magnetic field frequency varied from 0 to 5 Hz, the side
penetration P increased obviously to the maximum, while the
weld penetrationH decreased to the minimum. As the magnetic
field frequency varied from 5 to 20 Hz, the sidewall penetration
P apparently decreased and the weld penetration H increased
with increased magnetic field frequency.

Figure 5 illustrates the cross sections of weld bead with
different magnetic flux densities, in which the magnetic flux
density varies from 0 to 9 mT and the frequency is fixed at
10 Hz in accordance with previous experiments. Increase of
magnetic flux density caused increase of arc oscillation width,
as mentioned above. Therefore, sidewall penetration P in-
creased with the increase of magnetic flux density. Weld pen-
etration H without arc oscillation formed a fingerlike style
surface because of the concentration of arc heat. Simulta-
neously, undercut occurred in the sidewall at a magnetic flux
density of 9 mT caused by the excessive oscillation width.
Thus, the optimal magnetic flux density should be set to
6 mT for the excellent weld formation without defect. The
same results could be achieved by investigating the effect of
magnetic flux density on arc images as shown in Table 1.

Based on these observations, the heavy plate TIG narrow gap
welding using external magnetic field was carried out. Figure 6
shows the macrophotographs of multilayer single pass welding
on 22-mm-thick plate. A deposition of 2–3 mm each layer is
obtained at welding current 200 A, arc length 3 mm, welding

Fig. 7 Welding voltage waveforms of magnetic arc process with AC
exciting current of 2.5 A

Fig. 6 Cross section of weld joint and weld appearance

Fig. 5 Effect of magnetic flux density on bead shape

Fig. 4 Effect of magnetic field frequency on bead shape
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speed 60 mm/min, wire speed 0.6 m/min, magnetic flux density
6 mT, and magnetic field frequency 10 Hz. The weld formation
of each layer is very smooth and shapely without overlap defects
or undercut. This demonstrates that using magnetic arc oscilla-
tion can share a stable uniform penetration into both sidewalls.

3.3 Formation characteristics

The magnetic arc welding process can effectively improve the
weld formation through the above research in TIG narrow gap
welding. In other words, magnetic arc welding process presents
technical advantages for the redistribution of linear heat input.
Accordingly, the effect of magnetic arc welding process on
formation characteristics was explored through using the linear
heat input in both sidewalls as the entry point in this paper. The
linear heat input is dependent on welding current, arc voltage,
and welding speed [7, 22]. However, magnetic arc oscillation
leads to a change of arc length, which in turn periodically
changes arc voltage and welding current flowing through the
sidewalls [12, 15]. Hence, the effects of arc voltage andwelding
current flowing through the sidewalls on the linear heat input
can be investigated as follows by using external magnetic field.

The waveforms of arc voltage were monitored by using an
oscilloscope to ascertain the relationship between arc voltage
and exciting current, as shown in Fig. 7. It implies that arc
voltage is seriously affected by magnetic field in the welding
area. Subsequently, assuming root-mean-square (RMS) value
of the arc voltage in an arc oscillation period as a valid value,
the relationship between arc voltage and magnetic flux density
is shown in Fig. 8. It can be seen that arc voltage has a peak at
magnetic flux density of 6 mT. With further increase of mag-
netic flux density, the arc voltage presents a decreased trend.
The reason of this behavior can be explained as follows.

The schematic diagram of the variation of effective arc
length is shown in Fig. 9. When arc was deflected to the
extreme position where the value of Sb was larger than that
of Ss (Fig. 9a), the value of effective arc length L was larger
than that of contact tip-to-workpiece distance. Therefore, the
arc voltage increased obviously with an increase in magnetic
flux density. At 6 mT, the largest arc voltage was occurred to
where Sb was equal to Ss (Fig. 9b), and the effective arc length
L was the maximum value. It means that the deflected arc was
shifted to the intersection of the sidewall and bottom. When
magnetic field was over 6 mT where Sb was smaller than Ss
(Fig. 9c), the effective arc length L was inferior to the maxi-
mum value. Therefore, the arc voltage decreased gradually.

Figure 10 shows the experimental scheme of the unit to
measure welding current quantificationally. In order to mea-
sure the current flowing through the bottom Ib and sidewall Is,
respectively, a split-anode method of Nestor [23] is applied to
determine the distribution of the welding current. The narrow
groove is reproduced via two decoupled copper blocks, and
the border of two decoupled copper blocks is isolated with
0.1-mm-thick insulating board, as shown in Fig. 10a. The
variation of Ib and Is with the change of arc oscillation time
is shown in Fig. 10b. The magnitude of arc oscillation can be
characterized clearly by welding current division ratio δ:

δ ¼ I s
Iw

ð1Þ

(a) (b) (c)
Fig. 9 Schematic of effective arc
length when the arc is deflected to
the extreme position: (a) Sb > Sc;
(b) Sb = Sc; (c) Sb < Sc

Fig. 8 Effect of magnetic flux density on arc voltage
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where Is is the current flowing through the sidewall at the right
side, and Iw is the total welding current.

The value of δ is nearly proportional to magnetic flux den-
sity, as shown in Fig. 11. At 6 mT, the fraction of current
flowing through the sidewall is 51.9 % of the total welding
current, which exactly coincides with the largest arc voltage.
So the variation of current flowing through the sidewall shows
a fairly good agreement with that of arc voltage due to arc
oscillation.

Based on these observations, the total linear heat input Ew
is evaluated as

Ew ¼ UIw
Vw

ð2Þ

where Vw is the welding speed, Iw is the total welding current,
and U is the arc voltage.

When the welding speed Vw and total welding current Iw
were determined, the relationship between arc voltage U and
the total linear heat input Ew could be obtained combining the
arc voltage U shown in Fig. 8. The calculated result of Ew in

various magnetic flux densities is shown in Fig. 12. The value
of Ew is directly proportional to the value of U, while it is
irrelevant to magnetic field parameters.

In particular, the change of the current flowing through
both sidewalls can be attributed to the redistribution of the
linear heat input in both sidewalls of Es. The effect of welding
current flowing through both sidewalls on Es was implement-
ed to estimate the formation characteristics. So the linear heat
input in both sidewalls can be calculated as

Es ¼ η
UIwδ
Vw

ð3Þ

The coefficient η is induced by considering the factor that
when arc was deflected from one sidewall to the other, the
welding current is not instantaneously changed but with a 2-
ms lag as shown in Fig. 10b, which can cause that the portion
of arc heat in both sidewalls may be transferred to the bottom
under the action of periodical arc deflection compared to the
unidirectional magnetic field. Increase of magnetic field fre-
quency causes increase of arc oscillation frequency, which
may transfer the heat input to the bottom and increase the heat

Fig. 11 Dependence of the fraction of the current in a sidewall on the
magnetic flux density

(a) (b)

Fig. 10 The scheme of the unit to measure the welding current: a schematic diagram of the unit to measure the current; b the current flowing through the
sidewall at the right side Is and the bottom Ib

Fig. 12 The value of Ew and Es/η in different magnetic flux densities
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input in the bottom in return and, consequently, the value of η
decreases gradually.

Figure 12 also shows the value ofEs/η in different magnetic
flux densities. If magnetic field frequency remains unchanged,
then value of η represents a constant component. The differ-
ence of the two linear heat inputs (Ew−Es) represents the
linear heat input of the bottom and reaches the maximum
when there is no magnetic field. It decreases with increasing
magnetic flux density, meaning that the effective heat input
decreases in the bottom and increases in the sidewalls. This is
the reason that joint characteristics generate owing to the in-
fluence of magnetic flux density as shown in Fig. 5.

If magnetic field frequency changes, then value of η repre-
sents a variable component. The value of η is decreased with
increasing magnetic field frequency, which subsequently
leads to a decrease of Es. It means the decrease of the effective
heat input in the sidewalls and increase in the bottom with
increasing magnetic field frequency, which exactly coincides
with Fig. 4. Therefore, energy distribution characteristics af-
fected by magnetic arc process will be favorable for sidewall
penetration in narrow gap welding.

4 Conclusions

1. A magnetic arc system generated by the double magnetic
pole for TIG narrow gap welding was employed. As com-
pared to the traditional type, this new system was made
smaller and lighter, and the magnetic flux density can
enhance by 81.8 %.

2. The increase ofmagnetic flux density applied in thewelding
area caused the increase of arc oscillation width. The side-
wall penetration increased obviously with increased mag-
netic flux density or decreased magnetic field frequency.

3. Magnetic arc oscillation resulted in the change of arc volt-
age and welding current flowing through both sidewalls,
which in turn caused the redistribution of arc heat. The
welding current division ratio is nearly proportional to
magnetic flux density, and arc voltage has the peak at
magnetic flux density of 6 mT.
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