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Abstract Tungsten inert gas (TIG) narrow gap welding using
magnetic arc oscillation is one of the most important methods
for joining thick components. Today’s developments are
aimed at increasing a sophisticated process understanding,
especially concerning the physical effect of arc behavior,
which can provide many strategies to enhance weld prediction
and joint quality. In this article, the arc behaviors studied by its
arc pressure, static characteristic, and arc profile in terms of
arc force are presented. With the help of the forces acting on
the welding arc, arc profile can be considered separately to
allow an improved investigation of narrow gap welding in-
volved. Measurements of arc pressure distribution are used to
validate the weld formation and the final welding result.
Under the same conditions, the uniformity of arc pressure
distribution in both the bottom and sidewall improved with
the increase in magnetic flux density. Furthermore, a compar-
ative study of arc static characteristic with magnetic field and
non-magnetic field has also been carried out. The reduction in
the difference of arc static characteristic is attributed to the
inverse effect between electromagnetic pinch force and
Lorentz force with the increasing welding current.
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1 Introduction

The development of narrow gap welding has accelerated in
recent years in the manufacture field of thick-walled compo-
nents owing to a small heat affected zone resulting in minor
distortions and significant cost savings [1-3]. Most of the
processes are advanced with higher productivity in terms of
robotization and automation [4]. Furthermore, the advent of
magnetic arc welding offers great potentials of improving the
sidewall penetration in the flat position [5—7], automatic joint
tracking [8, 9], and preventing the molten pool sagging in the
applications of horizontal and overhead welding [10, 11].
Therefore, the study on tungsten inert gas (TIG) narrow gap
welding using novel magnetic arc oscillation is able to pro-
mote the development of heavy plate welding technology.
The main tasks of process development are to ensure a high
process reliability and a high weld quality, but it is inevitably
pointed out that the quality of arc welding greatly depends
upon arc characteristics and behavior [12, 13]. It is known that
arc plasma allows reliable information about arc characteris-
tics and behavior [14]. The arc plasma carrying the arc current
is a mixture of almost equal amounts of electrons and ions and
required to ionize the gas in the arc column. The charged
particles flow out from the electrode and are forwarded into
the workpiece, which can be considered as a current conductor
of gas that transforms electrical energy into heat energy [15].
Up to the present time, most investigators have concentrated
on the understanding of arc plasma and their inherent proper-
ties to enhance weld prediction and joint quality [16—18]. The
change in shape of the deflected arc is clearly visible [19].
However, given that the arc deflection is not always equal to
the location of the largest energy input, then the shape of the
deflected arc does not allow in accord with the distribution of
heat input into the workpiece [20]. Also, arc pressure gener-
ated on the anode base metal is to understand physical arc
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phenomena, which is an easier experimental method than for-
mer researchers have pursued [21, 22]. Increasing the arc
pressure can cause a more concave surface of the weld pool
[23]. In addition, the flow of the arc plasma may affect the
molten pool. The distributions of temperature and velocity in
molten pool can affect the weld geometry, microstructure, and
mechanical properties [24]. Therefore, there is a significant
interest in the representation of arc behavior.

To determine the effect of arc behavior on the flat
workpiece, many factors should be considered routinely,
such as heat flux, arc pressure, current density, arc shape,
etc. The methods of the split anode and photography have
been utilized. These methods allow the quantification of
the arc behavior acting on the flat workpiece [20, 25].
However, in narrow gap welding, diagnostic to determine
the exact arc behavior was rarely reported, specifically
with additional magnetic field. Therefore, a basic under-
standing of the mechanisms of the magnetic arc physical
effects involved in narrow groove is still imperative and
will be the most useful for precise control of the weld
geometry, process monitoring, and the arc stability.
Notably, the emphasis is placed on the correlation be-
tween additional magnetic field and arc behavior includ-
ing arc profile, arc force, arc pressure, and arc static
characteristic.

2 Experimental procedure

The schematic of magnetic arc oscillation in the present study
is shown in Fig. 1 [26]. The formation principle of magnetic
arc oscillation is that a double field core acts as a magnetic
conductor connecting to field coil. It is on both sides of the
tungsten electrode and lowers into the narrow groove. As
compared to the traditional type [5, 6], this new system is

\ Field coil
Tungsten
electrode
Field core Field core
Double Welding
magnetic pole are

..

Fig. 1 Schematic of magnetic arc oscillation using double magnetic pole
[26]
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made smaller, lighter, and the magnetic flux density can in-
crease. The arc is periodically oscillated by Lorentz interaction
generated by the moving of welding current through the trans-
versal alternating magnetic field.

The magnetic arc narrow gap welding head is shown in
Fig. 2. The system consists of welding gun, electromagnet,
and field core. The field core is built into the both sides of
welding gun with an 8 mm thick. The field core is fed through
the axial rectangular hole of the electromagnet. The magnetic
field line is first generated by the electromagnet, and then the
field core transmits the magnetic field line to the arc zone.
Finally, the magnetic field is applied to the welding arc in
parallel to the welding direction. The tungsten electrode is
fed through the axial hole of the welding tip and the surface
of the axial hole is coated with ceramic. Consequently, the
body of the welding tip is insulated from the tungsten elec-
trode. The welding tip made of red copper with high thermal
conductivity is cooled by forced water flow to prevent its
temperature from rising above its melting temperature. The
length and width of the welding head are 280 and 150 mm,
respectively. Furthermore, the length is mainly determined by
the thickness of welding material.

A digital control power supply (Fronius, Magicwave 5000)
is employed. The welding process is performed under the
direct current electrode negative (DCEN) condition. During
the experiments, the workpiece is fixed and the welding torch
is moved at a constant speed of 60 mm/min. Pure argon at a
constant rate of 25 L/min is supplied for shielding.

Fig. 2 Magnetic arc narrow gap welding head
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Fig. 3 Arc profile under different
welding forms. a Non-magnetic
field. b Magnetic arc welding
without narrow groove. ¢
Magnetic arc welding in narrow
groove

3 Results and discussion
3.1 Arc profile

A notable characteristic of magnetic arc oscillation is the
decentralized physical effects of the arc, which results in the
expandation of the arc area acting on the workpiece and pro-
vides a shallow penetration. A high-speed video camera (1500
frames/s) is applied to capture arc profile under different
welding forms in real time. The base plate with a gap geom-
etry of 10-mm width is modified in a water-cooled red copper
under the following conditions: a welding current of 200 A,
contact tip-to-workpiece distance of 3 mm, magnetic field
frequency of 10 Hz, and magnetic flux density of 6 mT.

Figure 3 illustrates arc profile under different welding forms.
Due to optimum parameters, the welding arc is steady and seems
to be bell-shaped during conventional TIG welding (non-mag-
netic field), as shown in Fig. 3a. When the magnetic field is
applied to the welding arc, it is observed that whether or not
the narrow gap welding head exists in narrow groove, the mag-
netic field plays a major role in the arc profile. When there is no
narrow groove, the welding arc can be deflected perpendicular to
the welding direction. Meanwhile, part of the arc is pushed away
from the workpiece surface, as shown in Fig. 3b. With the exis-
tence of the narrow groove, the deflected arc is towards the
comer between the sidewall and bottom. At the same time, the
upward movement of the arc also appears in Fig. 3c. The reason
of this behavior can be explained as follows.

welding current Plasma jet force

streamline

Fig. 4 Schematic of the forces acting on the arc with magnetic field

The forces affecting the arc determine the arc profile, as
demonstrated by Qi et al. [18]. Therefore, it is necessary to
analyze arc force condition in order to explore the influence
mechanism of magnetic field on arc profile. It should be noted
that plasma flow force and electromagnetic pinch force are
recognized as the main compositions of arc force [27]. The
electromagnetic pinch force can be expressed as

F. = KI*In(Ry/R,) (1)

where K is the electromagnetic coefficient, / is the welding
current, Ry, is the radius of arc undersurface, and R, is the
radius of arc top surface. The plasma flow force can be
expressed as

7 */W/RbledQ
— Fpdr
P 0 _szl"

. 2Fm' Ry 3
AL / ! e dr (2)
2R o T—e (1 +ar)

where 7, is the average plasma flow force, Fp is the plasma
flow force, F,.x is the pressure at arc axes, r is the radial
coordinate, and a is the distribution curve of concentration
coefficient. Compared with the arc force condition in conven-
tional TIG welding, the Lorentz force (£} ) will also affect the

Fig. 5 Captured images of arc shape under different welding current. a
150 A. b 200 A. ¢ 250 A
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Fig. 6 Cross-sectional
macrograph of joints under
different welding current. a
150 A. b 200 A. ¢ 250 A

arc owing to magnetic field externally applied to the welding
arc. F is represented by

FL = IBL 3)

where B is the magnetic flux density, and L is the moving
length of the particle per unit. The schematic of the force
affecting the arc is shown in Fig. 4. Considering the difference
ofarc force in both sides of the arc axis, it is necessary to select
two particles (locations A and B) as the research objects. The
magnetic field direction is assumed to be perpendicular to the
paper outward.

As seen in Fig. 4, the directions of plasma flow force and
electromagnetic pinch force are based on the arc axis symme-
try at the locations A and B. Furthermore, plasma flow force
acts as the driving force of surface deformation in the molten
pool. Electromagnetic pinch force plays an important role in
arc stiffness. Therefore, the additional Lorentz force primarily
affects the electromagnetic pinch force. The direction of
Lorentz force is in the upper right at the location A and is in
the bottom right at the location B. The difference of the
Lorentz force between the both sides of arc axis can be con-
sidered as the nature of arc change. As the particles on the left
side of arc axis move to workpiece along the bottom right and
that on the right side of arc axis move far away from the
workpiece along the upper right, the welding arc far from
the arc axis is held up. When narrow groove is applied during
TIG welding, the arc deflection is restrained along the welding
width direction. Most of particles are clustered together in the
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corner between the sidewall and the bottom. In addition, part
of particles has a potential of collision with that of workpiece,
which changes the arc trajectory and presents the upward
movement. This result suggests that the analysis of arc force
is quite close to our experimental results in Fig. 3. It is con-
cluded that the arc is deflected by the combination effect of
these forces.

According to the analysis mentioned above, there is anoth-
er interesting phenomenon that catches our attention. It is im-
perative to point out that electromagnetic pinch force and
Lorentz force are both in proportion to the welding current,
while the inverse effect between electromagnetic pinch force
and Lorentz force causes the arc force analysis to be rather
complex. According to Fig. 5, arc oscillation width is almost
identical under different welding currents, i.e., the increasing
current decreases the percentage of the welding arc acting on
the sidewall. However, the sidewall and the weld penetrations
are both apparently increased with the increase in welding
current during the welding process, as shown in Fig. 6.
Besides, the increment of weld penetration is higher than that
of the sidewall penetration in some degree. Therefore, the
variation of arc oscillation width cannot show a good agree-
ment with that of the sidewall penetration.

In order to explain the difference between arc oscillation
width and sidewall penetration, a split-anode method of
Nestor [20, 25] is modified to a narrow gap geometry in order
to allow the quantification of the welding current, given in
Fig. 7. The welding current division ratio § is characterized
by the ratio of welding current flowing through the sidewall to

Field core

Tungsten electrode

Supply Copper block Welding arc

—

piezoresistive
pressure sensor

Current sensor

Il
“[—{>Voltage sensor|

vV

| A/D converter I II Comp |

Fig. 7 Current division ratio and welding current flowing through the
sidewall and bottom with different welding currents
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Fig. 8 Schematic diagram of the arc pressure measurement and the
electrical acquisition system
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Fig. 9 Schematic of eight measuring points
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the total welding current. With the increase in welding current,
the fraction of the current flowing through the sidewall de-
creases, corresponding to the above analysis about the effect
of welding current on arc oscillation width.

Figure 7 also illustrates that the value of the welding cur-
rent flowing through the sidewall and bottom both increases
rapidly with the increasing welding current. However, the in-
crement of the sidewall is smaller than that of the bottom.
Considering that welding current is directly proportional to
the welding penetration [28], this implies that the results agree
with the above results obtained in Fig. 6. Overall, in spite of
the inverse effect between electromagnetic pinch force and
Lorentz force, the analysis of arc force is suitable for magnetic
arc behavior.

3.2 Arc pressure

The measurement of the arc pressure on the workpiece allows
the characterization of the arc force on the molten pool surface
and therefore the identification of physical arc phenomena,
especially its effect on the penetration. A water-cooled copper
plate with a gap geometry of 10-mm width and 10-mm depth
is used to ensure steady boundary conditions, as shown in

Fig. 8. A piezoresistive pressure sensor is utilized to detect
the arc pressure in the bottom and sidewall of the narrow
groove. Eight measuring bore holes with a diameter of
0.8 mm are installed at intervals of 1 mm along the narrow
groove (Fig. 9), which are marked from 1 to 8.

Among the eight measuring points, the first and sixth
measuring points are special because the first measuring
point is at the center of the groove and the sixth measur-
ing point is at the corner. The distribution of the arc pres-
sure along the welding direction in the first measuring
point under different magnetic flux densities is displayed
in Fig. 10a. By extracting the maximum value of every
distributed linetype, the histogram of the arc pressure in
the first measuring point is shown in Fig. 10b. It can be
seen that the maximum arc pressure without magnetic
field is 197 Pa. Also, the maximum arc pressure decreases
gradually with the increasing magnetic flux density. The
maximum arc pressure reduces to 41 Pa as the density is 4
mT, about 20.8 % of that without magnetic field.

The distribution of the arc pressure along the welding di-
rection in the sixth measuring point under different magnetic
flux densities is shown in Fig. 11a. By extracting the maxi-
mum value of every distributed linetype, the histogram of arc
pressure in the sixth measuring point is shown in Fig. 11b. The
effect of magnetic flux density on maximum arc pressure is
extremely important when applying the same welding param-
eters. The results indicate that the maximum arc pressure
slightly increases with increasing magnetic flux density when
the preset value is less than 3 mT. The maximum arc pressure
reaches the peak value of 53 Pa at a magnetic flux density of
3 mT. When the magnetic flux density is greater than 3 mT, it
can be inferred that due to the larger arc deflection, the arc
impact force acting on the sixth measuring point decreases
with the increasing of magnetic flux density, and thus de-
creases the maximum arc pressure.

The maximum arc pressure in the bottom and sidewall
under different magnetic flux densities are illustrated in
Fig. 12. The uniformity of arc pressure is obviously improved
along weld width direction with the increasing magnetic flux

Fig. 10 Arc pressure in the first 200 - 200
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Fig. 11 Arc pressure in the sixth
measuring point under different
magnetic flux densities. a Arc
pressure along the welding
direction. b Max value of arc
pressure
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density. The increase in the arc pressure of the sidewall con-
firms the changes in arc deflection. These results are consis-
tent with the principle of the magnetic arc method and help
explain the phenomena in the effect of magnetic flux density
on weld formation [26].

In Fig. 13, the maximum arc pressure of the bottom and
sidewall under different welding currents is present. Arc
pressure of all measuring points presents the even distribu-
tion for every welding current. Meanwhile, as the welding
current increases, the arc pressure slightly increases from
measuring point 1 to 7, which corresponds with the phe-
nomena shown in Fig. 6. At the highest point 8, the arc
pressure of 120 A is lower than that of 80 and 100 A.
Such phenomenon can attribute to the degree of arc deflec-
tion which cannot be of unlimited increase at larger
welding current for the same magnetic field parameters,
due to the inverse effect between electromagnetic pinch
force and Lorentz force. The results indicate that magnetic
arc makes the distribution of arc pressure relatively more
uniform.
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3.3 Arec static characteristic

Magnetic arc oscillation leads to a change of arc length, which
in turn periodically changes the arc voltage. Therefore, the
additional magnetic field acting on welding arc changes the
arc static characteristic. Hall effect sensor (LEM LT1005-S
and LV 28-P) is employed to measure the welding current
and voltage, as shown in Fig. 8.

Figure 14 shows the measured arc static characteristics
with and without magnetic field. It can be observed that every
curve displays three regions, i.e., drooping characteristic, flat
characteristic, and rising characteristic. In addition, static char-
acteristic curve of magnetic arc shows obvious upward trend
owing to the larger arc length induced by arc deflection com-
pared to conventional TIG welding. However, the increment
in magnetic arc voltage is lower than that of non-magnetic arc
with the increasing welding current. In other words, the
change in the static characteristic of conventional welding
arc is more pronounced than that of magnetic arc with the
increasing welding current. The reason for this phenomenon
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Fig. 12 The maximum arc pressure of eight measuring points in the
bottom and sidewall under different magnetic flux densities
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Fig. 13 The maximum arc pressure of eight measuring points in the
bottom and sidewall under different welding currents
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Fig. 14 Static characteristic curve of the welding arc with and without
magnetic field

is due to the inverse effect between electromagnetic pinch
force and Lorentz force. According to Egs. 1 and 3, electro-
magnetic pinch force and Lorentz force are both in proportion
to the welding current. The former is a retaining force that can
restrict the arc deflection, while the latter is a detaching force
that can promote the arc deflection. As the welding current
increases, these two forces both increases, which means that
the inverse effect between the two forces is more obvious. In
this situation, the degree of inverse effect between the two
forces (A) is characterized by the ratio of electromagnetic
pinch force to Lorentz force qualitatively:
F. Kin(Ry/R,)

SR i . .4 4
A= BL “)

Based on Eq. 4, the value of ) is directly proportional to the
value of I. Atlow welding current, the A value is too small and
the Lorentz force (F1) is dominated, leading to the larger arc
oscillation width. Hence, the arc voltage of magnetic arc is
substantially higher compared to non-magnetic arc when the
welding current is lower. As the welding current increases, the
A value increases and the Lorentz force (F1) is subordinate,
while the electromagnetic pinch force (F,) is dominated. In
this case, due to the larger retaining force, the magnetic arc
cannot be sufficiently deflected for the same magnetic field
parameters. So the difference of arc static characteristic with
magnetic field and non-magnetic field decreases gradually
with increasing welding current. This finding suggests that
the arc oscillation width is seriously affected by the welding
current. If the welding current is higher enough, the welding
current has maximal effect on the variation of arc oscillation
width. It is concluded that arc deflection induced by the mag-
netic field changes the static characteristic of the welding arc
compared with conventional TIG welding.

4 Conclusions

From the present study, arc behavior of magnetic arc has been
explored. Arc profile, static characteristic, and arc pressure
should be considered when ascertaining the physical effect
of arc behavior. Some conclusions can be obtained that:

1. Under the action of magnetic field, the magnetic arc is
deflected and presents a trend of the upward movement,
which is caused by additional Lorentz force and sidewall
restraint.

2. Arc pressure of the bottom decreases while that of the
sidewall increases as magnetic flux density increases.
Magnetic arc renders the distribution of arc pressure rela-
tively more uniform.

3. There are three static characteristic regions referring to
drooping characteristic, flat characteristic, and rising char-
acteristic for TIG welding with and without magnetic
field. The voltage of magnetic arc is invariably higher
than that of non-magnetic arc, and the difference de-
creases with the increasing welding current.
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