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Abstract
A new configuration of permanent magnet as a source of external magnetic field has been established to an autogenous tungsten
inert gas (TIG) welding. The external magnetic field is generated by rectangle shape NdFeB permanent magnets of 260 mT and
arranged in cups-type magnetic field (CMF). A charge-coupled device (CCD) is applied to monitor the phenomenon of the arc
shape. The material used in this experiment is SS304 with a thickness of 2 mm. This study aims at investigating the effect of
external magnetic field towards the arc shape and finding the configuration, which can reduce the power consumption and improve
penetration. A significant effect on the improvement of welding efficiency can be achieved by using PR-NNSS-SD (50 or 70mm),
PP-NNSS-SD (70 or 90 mm), or PP-NSNS-Pull (50 mm). These configurations can reduce the power consumption up to 11%.
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1 Introduction

Tungsten inert gas (TIG) welding is one of the most widely
used manufacturing joint process, such as the auto industry,
shipbuilding, and aerospace industry [1]. Although the re-
search related to TIG welding has been matured, the develop-
ment to improve the effectiveness and performance of the
weld process is still going on. An advanced welding technol-
ogy, which introduces an external magnetic field (EMF) dur-
ing the welding process, has been proposed in 1962 by Brown
et al. In fact, the shape of arc plasma is influenced by the
presence of an EMF; this has been proven in many literatures
[2]. In general cases, EMF leads to an unbalance of the elec-
tromagnetic force generated by the welding current. Hence, it
causes a deflection that is called arc blow. Previous studies
using numerical approach have demonstrated that the EMF

has affected the arc plasma in the process of TIG welding.
As a result, the welding arc was not focused on the object
and the weld penetration was reduced [3]. Since the existence
of EMF has many disadvantages, in many cases, it is avoided
in the welding process. However, in some cases, an EMF is
applied on purpose to control the arc plasma deflection [4].

Many researchers have attempted with various configura-
tions of pulsed magnetic field or constant magnetic field and
generated by induction coil or permanent magnet. Based on
various configurations, themagnetic field can be classified cups
magnetic field (CMF), axial magnetic field (AMF), longitudi-
nal magnetic field (LMF), transverse magnetic field (TMF),
and rotating magnetic field (RMF). Nomura et al. [5] investi-
gated arc shape using small permanent magnets. They produce
cups-type magnetic field using four permanent magnets and
results in the arc elliptical shape. Baskoro et al. [6] studied the
effect of rotating magnetic field to the arc shape and the weld
width. Themagnetic field was generated by eight induction coil
that are activated sequentially. Sun et al. [7] employing double
EMF poles and investigated the effect of magnetic field fre-
quency and magnetic flux density on the arc shape, sidewall
penetration, and weld penetration. Double magnetic pole pro-
duces a uniform distribution of magnetic lines and resulted in
enhancing magnetic flux density and also increased the side
wall penetration. Recently, Liu et al. [8] show that the imple-
mentation of LMF could drive particles to rotate and expand the
arc. Blais et al. [9] use wire as a conductor to deflect the arc and
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study the phenomenon using numerical and experimental. This
wire acts like transverse magnetic field (TMF). Lin et al. [10]
studied effect of external longitudinal magnetic field (LMF) on
the arc weld pool. Li et al. [11] and Chen et al. [12] focused on
the effect of axial magnetic field (AMF) using DC source.
Another researcher focused on TMF [7, 13, 14], LMF [8, 15],
CMF [5, 6], AMF [3], and RMF [1].

Many researchers have studied numerical approach for devel-
oping three-dimensional coupled model. Most of them are using
coil to generate induction magnetic field and a few researcher
attempted using permanent magnet as EMF source. Previous
studies [5] found that cups-type arrangement will compress the
welding arc and result in an elliptical-shaped arc model.
However, they do not discuss the influence of external magnetic
field towards the power efficiency. In this paper, a cups-type
configuration using permanent magnet was attempting to find
the best configuration that can achieve increased power efficien-
cy using autogenous TIG welding using DC source.

2 Experiment methods

The materials used in this study are stainless steel 304 with a
thickness of 2 mm. The specimens are cut into a dimension of
80 × 25 × 2 mm. The welding process used a power TIG 2200
AC/DC pulse welding machine. Figure 1 schematically shows
the experimental setup of TIG welding and measurement with
external magnetic field apparatus. The autogenous welding is
performed with or without using external permanent magnet. A

charge-coupled device (CCD) camera is employed to monitor
the arc shape. Table 1 shows that welding parameters are
used in this experiment. A static external magnetic field
is generated by rectangle shape NdFeB permanent mag-
nets with a size of 25 × 15 × 3 mm. A gaussmeter is
used to measure the magnetic induction intensity; it
shows the intensity around 260 mT.

The configuration of the magnetic poles is classified into
four types which are NNNN, SSSS, NNSS, and NSNS where
N is the north pole and S is the south pole. Distance between
magnets in all configurations is 50 mm except NNSS where
three types of distance are applied, which are 50, 70, and
90 mm. The NNSS with distance between magnets is divided
into three categories based on arc phenomenon, which are side
deflection (NNSS SD), forward deflection (NNSS FD), and
backward deflection (NNSS BD). The NSNS configuration is
divided into two categories which are NSNS Pull and NSNS
Press. Where the definition of pull means that the arc is
stretched tangential to the welding direction, while press
means that the arc is stretched normally to the welding direc-
tion. The configuration of magnetic pole surface reference is
divided into two categories which are perpendicular (PP) and
parallel (PR). Hence, there are 18 types of configuration per-
manent magnet for design of experiment in this paper. The
schematic arrangements of external permanent magnet are
shown in Fig. 2 and Table 2 shows the configuration of mag-
netic poles. Measurements are performed by measuring the
top bead width, back bead width, and deflection of the weld
from the weld line. The bead width is measured using vernier

Fig. 1 Schematic illustration of the experimental equipment
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caliper in eight locations and measured from 10 mm at the
beginning of the weld bead and the overall value is averaged.
Figure 3 illustrates the schematic of measurement of the de-
flection of the weld lines due to the effect of EMF.

3 Model for external magnetic field

Based on the arrangement of static permanent magnetic
field apparatus model, it needs to establish a 2D FEM
model to map the direction and distribution of magnetic
field and magnitude. The main consideration is the in-
fluence of external permanent magnetic field to generate
the electromagnetic force and changing the shape of the

arc welding. The magnetic field of a permanent magnet
can be derived from the vector potential equation:

B
!¼ ∇ � A

! ð1Þ
where B is the magnetic flux density (or magnetic field) and A
is the magnetic vector potential. The magnetic flux density in
the presence of permanent magnet can be described as:

B ¼ μo H þMð Þ ð2Þ
where H is the magnetic field intensity, M is the magnetization
produced by the permanent magnet, and μo is the permeabil-
ity of free space. Magnetostatic or the magnetic field is con-
servative; the secondMaxwell’s equation can be simplified to:

∇ ∙B ¼ 0 ð3Þ

so a magnetic scalar potential φ as follows:

H ¼ −∇φ ð4Þ

Inserting Eqs. (2) and (4) into equation Eq. (3) will obtain:

∇ ∙ −∇φþMoð Þ ¼ 0 ð5Þ

This can be solved using Vizimag 3.18 software to model
in 2D Cartesian form. The assumptions condition for the cal-
culation as follows:

& Homogeneous media with uniform permeability μ = 1.1

Fig. 2 Schematic experimental set up of magnet arrangement: a permanent magnets are arranged parallel (PR) to the workpiece; b permanent magnets
are arranged perpendicular (PP) to the workpiece

Table 1 Welding conditions used in the experiment

Parameter Unit Value

Power source Dimensionless DCEN

Welding current (I) A 80, 90

Welding speed (v) mm/s 2

AWS classification Dimensionless E W Th-2

Electrode diameter (d) mm 2.4

Nominal arc length (h) mm 2

Shielding gas Dimensionless 100% Ar

Upper shielding gas flow rate (Qu) L/min 10

Bottom shielding gas flow rate (Qb) L/min 3
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& No external source except the permanent magnet ∂B/∂t =
0 (magnetostatic case)

& 3rd dimension is neglected

4 Results and discussion

4.1 Effect of EMF on the arc shape

4.1.1 Parallel configuration

As a conservative field (where divB = 0), it is essential that the
property of the magnetic flux will form a closed loop around
the permanent magnets. The loop distribution depends on the
position and surface orientation. Figure 4a–c shows the simu-
lation of magnetic field density and the vector direction itself.
These three reference cases of surface orientation from the
side view are from the parallel (PR) NNSS configuration. As
shown in the figure, the color represents the magnitude of B,
the red color shows the high value of |B|, the green shows
medium value of |B|, and dark blue shows very small value
of |B|. The flux located on the upper side of the permanent
magnet can be neglected because it does not affect the arc,
while the flux in the lower side is considered for the main
cause to affect the arc shape. Figure 4a shows the side view
reference of the magnetic field N-N configuration, Fig. 4b
shows the magnetic field of N-S (or S-N) configuration, and
Fig. 4c shows the magnetic field of S-S configuration (typi-
cally the flux shape is the same as N-N but with opposite
direction). The N-N and S-S configurations show the repul-
sive flux line and turn to make a close loop circle, while N-S
(or S-N) configuration shows the attraction flux line.

Figure 5a shows the illustration model for three-dimensional
condition. Figure 5b shows the lower side pole reference of
magnetic field as the main consideration for the analytical mag-
netic force on the arc welding. Figure 6a–g shows the predicted
magnetic field and magnetic force from cups-type arrangement
and the results of the arc shape with all the parallel (PR) config-
urations. Figure 6a, b shows the NNNN and SSSS configura-
tions that have a magnetic field around the arc that come in for
NNNN and come out for SSSS. There is no significant result of

the arc shape from this interaction from external magnetic field.
According to Wu et al. [2], this is similar to the type of axial
magnetic field (AMF) and has a result in a radial force in the arc.
Figure 6c, d shows the phenomenon of arc shape that resulted
from the configuration of magnets NSNS. There are two terms
that indicated the results from NSNS configuration, which are
“pull” and “press”. Pull means that the arc is stretched tangential
to the welding direction; this result will give an elliptical shape of
the arc and wider bead width, while press means that the arc is
stretched normally to the welding direction and resulted in small-
er size bead width. This condition is similar to the longitudinal
magnetic field (LMF) that has a result of an elliptical arc shape.
Figure 6e–g shows the phenomenon of arc shape that resulted
from the configuration of magnets NNSS. There are three terms
that indicated the results from NNSS configuration, which are
side deflection (SD), forward deflection (FD), and backward
deflection (BD). These three cases can be obtained by rotating
the NNSS. This condition is similar to the transverse magnetic
field (TMF) that has a result of deflecting arc shape.

4.1.2 Perpendicular configuration

Figure 7a–c shows the predicted magnetic field from the side
view of three reference cases of the parallel (PR) NNSS

Fig. 3 Schematic illustration of measurement for the deflection of weld lines

Table 2 Experimental magnet
parameters Position of permanent magnets Configuration of

magnetic poles
Category based on
arc phenomenon

Distance between
magnets (mm)

Parallel (PR) and perpendicular (PP) N S N S Pull and Press 50

N N N N – 50

S S S S – 50

N N S S SD, FD, BD 50

N N S S SD 70

N N S S SD 90
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configuration. In this case, the flux located in the outer side
of the permanent magnet can be neglected because it does
not affect the arc, while the flux in the inner side is consid-
ered for the main cause to affect the arc shape. The surface
orientation of the inner side in each permanent magnets is
used for references naming the configuration. Figure 7a
shows the magnetic field N-N configuration, Fig. 7b shows
the magnetic field of N-S (or S-N) configuration, and Fig.
7c shows the magnetic field of S-S configuration.
Figure 8a–g shows the predicted magnetic field and the
simulation of magnetic flux density from top view

projection. Figure 8a, b shows the arc shape to have an
elliptical shape than tends to bend 45° from welding line.
Figure 8c shows NSNS Pull, the arc is stretched tangential
to the welding direction, while Fig. 8d shows NSNS Press,
the arc is stretched tangential to the welding direction.
Figure 8e–g shows the arc shape that resulted from the
configuration of magnets NNSS. The effects of NNSS of
the PR and PP on the arc shape are almost the same, but
strong deflection produced by PP. This is resulted by the
permanent magnets that are arranged perpendicular (PP) that
was stronger than parallel (PR) arrangement. The magnitude

Fig. 5 Schematic illustration
model for three-dimensional
condition: a overall view of 3D; b
side view of lower side magnetic
flux line

Fig. 4 Two-dimensional simulation of magnetic field density from side view of parallel (PR) configuration, three reference cases: a side view reference
of the magnetic field N-N configuration; b N-S (or S-N) configuration; c S-S configuration
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Fig. 6 The illustration of
predicted magnetic field with
magnetic force from cups-type
arrangement and the result of the
arc shape in all the parallel (PR)
configuration: a NNNN; b SSSS;
c NSNS-Pull; d NSNS-Press; e
NNSS-SD; f NNSS-BD; g
NNSS-FD

Fig. 7 Two-dimensional simulation of magnetic field density from side view of perpendicular (PP) configuration, three reference cases: a side view
reference of the magnetic field N-N configuration; b N-S (or S-N) configuration; c S-S configuration
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of magnetic field that is measured by Gaussmeter shows that
perpendicular has 97.3 mT, while parallel has 24.3 mT in
the same spot location. Therefore, the welding arc is strong-
ly deflected at perpendicular arrangement compared to the
parallel arrangement.

4.2 Effect of EMF on the weld width

The appearance of the top and back bead of PP-NNSS-SD and
PR-NNSS-SD configuration is shown in Fig. 9a, b. The ap-
pearance of top and back bead of PP-NNNN and PP-SSSS

Fig. 8 The cups-type
arrangement of permanent
magnets, the result of the arc
shape and simulation of magnetic
field with predicted magnetic
force in all the perpendicular (PP)
configuration: a NNNN; b SSSS;
c NSNS-Pull; d NSNS-Press; e
NNSS-SD; f NNSS-BD; g
NNSS-FD

Fig. 9 Appearance of top and back bead at the configuration: a PP-NNSS-SD and b PR-NNSS-SD with I = 80 A and v = 2 mm/s
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configuration is shown in Fig. 10a, b. The appearance of the
top and back bead of PP-NSNS-Pull and PR-NSNS-Press
configuration is shown in Fig. 11a, b. Figure 12a, b shows
the bead width at top and back in the perpendicular (PP) and
parallel (PR) arrangement of NNSS configuration. The max-
imum bead width achieved by using the configuration of PR-
NNSS-SD where the top and back bead width are 8.32 and
5.55 mm, respectively. This configuration has significant in-
crease as compared to the bead width of conventional TIG
welding that have 6.28 mm at top bead and 5.22 mm back
bead. On the other configuration, PP-NNSS-SD have resulted
slightly smaller bead width than conventional TIG welding
process. This is proof that the stronger magnetic field pro-
duces higher arc blow that result in the contact area of heating
process in the weld pool. This corresponds to the results of
several research where the higher arc blow tends to less weld
penetration and more side wall penetration [7, 13]. While in
the PR-NNSS-SD, the deflection of the arc increases the con-
tact area heating process, therefore making the weld pool

wider. Because of higher bend deflection while using PP ar-
rangement, the FD and BD tend to be smaller in size of bead
width compared to the PR arrangement.

Figure 13a, b shows the bead width at top and back in the
perpendicular (PP) and parallel (PR) arrangement of NNNN
and SSSS configuration. As shown in Fig. 13a, b, the PP-
NNNN configuration has slightly increased in top bead width,
while significantly decreased in back bead width. The PP-
NNNN tend to have wider and shallower penetration as com-
pared to the conventional TIG. The PP-SSSS has similar ten-
dencies to PP-NNNN but not significant. PR-NNNN has sim-
ilar results to the conventional TIG. PR-SSSS has similar re-
sults to the conventional TIG but with a smaller size in bead
width. Figure 14a, b shows the bead width at top and back in
the perpendicular (PP) and parallel (PR) arrangement of
NSNS-Pull and NSNS-Press configuration. Theoretically,
PP-NSNS-Pull has an elliptical arc stretched tangentially to
the welding direction, so it will give wider weld pool. While
PP-NSNS-Press and PR-NSNS-Press have an elliptical arc

Fig. 11 Appearance of top and back bead at the configuration: a PP-NSNS-Pull and b PP-NSNS-Press with I = 80 A and v = 2 mm/s

Fig. 10 Appearance of top and back bead at the configuration: a PP-NNNN and b PP-SSSS with I = 80 A and v = 2 mm/s
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Fig. 12 The bead width a at top and b back in the perpendicular (PP) and parallel (PR) arrangement of NNSS configuration

Fig. 13 The bead width a at top and b back in the perpendicular (PP) and parallel (PR) arrangement of NNNN and SSSS configuration

Fig. 14 The bead width a at top and b back in the perpendicular (PP) and parallel (PR) arrangement of NSNS-Press and NSNS-Pull configuration
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stretched normally to the welding direction, so it will give
narrower weld pool. This experimental results correspond to
the theoretical approach. However, PR-NSNS-Pull does not
give the similar results like PP-NSNS-Pull. This is probably
due to lack of magnetic field strength to produce magnetic
force. Hence, it could not stretch the arc very well.

4.3 Deflection of weld lines

As shown in Fig. 15, the effect of distance between magnets
on the deflection of the weld bead from the welding line using
configuration of PP-NNSS-SD and PR-NNSS-SD. The vari-
able distances used in this study are 50, 70, and 90 mm. The
result shows that for PR arrangement, the deflection of weld
line increased when the distance between the magnets de-
creased. However, the PP arrangement increased distance

between magnets that have the same results of the deflection
of weld line. The maximum deflection of weld line can be
obtained using the configuration of PR-NNSS-SD with a dis-
tance between magnets of 50 and 3.21 mm. The possibility
reason is because the area contact of welding arc on this con-
figuration is wider; hence, the center of weld bead shifted
further. The minimum deflection of weld line can be obtained
using PR-NNSS-SD with 90 mm distance between magnets.

4.4 Efficiency of TIG welding process

As shown in Fig. 16, PP-NNSS-SD uses 70 and 90 mm dis-
tance betweenmagnet achieving better results compared to the
50 mm. Because 70 or 90 mm gives less strength of magnetic
field compared to the 50mm, hence, the arc is less to bend and
has more contact region for heating process, therefore

Fig. 15 The effect of distance
between magnets on the
deflection of the weld bead from
the welding line using
configuration of PP-NNSS-SD
and PR-NNSS-SD

Fig. 16 Comparative result of bead width a at top and b back of PR-NNSS-SD (50 and 70 mm), PP-NNSS-SD (70 or 90 mm), or PP-NSNS-Pull
(50 mm) with no magnets 80 and 90 A
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increasing the weld bead width. The 90 mm distance for PP-
NNSS-SD is the optimum distance, whereas the 50 mm dis-
tance is the optimum distance for PR-NNSS-SD. This attrib-
uted to the arrangement of PP produced stronger magnetic
field compared to PR. However, too strongmagnetic field will
result in higher blow of arc and lessen the contact heating.
Therefore, the optimum distance must be applied in order to
generate the optimum magnetic field; hence, the optimum
angle of arc blow can be achieved.

The simple comparative argument used in this paper for
increasing the efficiency is using the current comparative with
matching the geometry of the top and back bead width. In this
case, the comparative method can only be used with a 2-mm-
thick stainless steel. Hence, PR-NNSS-SD, PP-NNSS-SD, or
PP-NSNS-Pull (Fig. 16) using 80 A have the equivalent result
compared to the conventional welding of 90 A; this means
that it reduces the power consumption up to 11% and produces
almost same penetration due to the results of the back bead
width. Thereby, the power efficiency is increased further.

5 Conclusions

The conclusions from this paper can be drawn as follows:

1. The PP arrangement generates a stronger magnetic field
as compared to the PR arrangement.

2. The minimum deflection of weld line is PR-NNSS-SD
with 90 mm distance between magnets.

3. Using an external permanent magnet, the TIG welding
process using 80 A can achieve the equivalent weld ge-
ometry to the conventional TIG welding using 90 A.

4. Using PR-NNSS-SD (50 and 70 mm), PP-NNSS-SD (70
or 90 mm), or PP-NSNS-Pull (50 mm), power consump-
tion can be reduced up to 11%; therefore, with this con-
figuration, the efficiency is increased.

5. Therefore, PP-NNSS-SD with 90 mm distance is the best
option to achieve better efficiency and minimum deflec-
tion of weld line.
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