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Abstract The arc plasma behavior and droplet transfer are
investigated using laser-MIG (metal insert gas) hybrid
welding assisted by an external longitudinal magnetic field.
The characteristic of arc plasma and droplet transfer can be
recorded via combining sensing of the welding current and arc
voltage with a high-speed imaging. Results indicated that the
external longitudinal magnetic field had a significant impact
on the arc shape, droplet formation, droplet size, and
detaching. Under the magnetic field, the arc shape became a
triangle gradually, and the off-axis arc and droplet gradually
pointed to the axis of the filler wire. In addition, it has been
found that with increasing the magnetic induction intensity,
the droplet diameter and cycle time can be reduced. Themech-
anism of these phenomena was also further analyzed.

Keywords Magnetic field . Laser-MIG hybridwelding . Arc
plasma characteristic . Droplet transfer

1 Introduction

In recent years, laser-arc hybrid welding technology has re-
ceived a significant attention, because of its many advantages,
including deeper welding penetration, the ability to bridge
relatively large gaps, a higher welding speed, and so on [1].
Laser-MIG hybrid welding is one of the most promising pro-
cesses in the development of a high-efficient and high-quality

manufacturing because it overcomes the individual drawbacks
associated with the MIG and laser welding.

So far, many researches on laser-arc hybrid welding have
been done to study the arc characteristic. The most important
phenomenon of the arc characteristic is the interaction and
coupling effect between the laser-induced plasma and arc. It
is well-known that the laser compresses the arc and attracts the
arc. The current, laser power, and the distance between the
laser and arc (DLA) are the most three important parameters,
influencing the interaction of the arc and laser-induced plasma
[2, 3]. Wang et al. [4] showed that the hybrid plasma formed a
curved channel between the welding wire and keyhole. Gao
et al. [5] discovered that the efficient synergetic effect between
the laser and arc can be only obtained with suitable shielding
gas parameters. And for the mechanism of the phenomenon
[6], the most commonly accepted explanation is that laser-
induced plasma produces ionized plasma and this ionized
plasma has a number of charged particles to form a current
path which offers less resistance than the arc. Because of the
principle of minimum voltage, the welding current tends to
pass through the path with the least resistance and a low
voltage.

In general, there are three major droplet transfer modes
including short-circuiting, globular, and spray. The factors that
affect the droplet transfer mode are the hybridwelding current,
DLA, laser power, and shielding gas. Campana et al. [7] indi-
cated that the optimal DLA for laser-MIG hybrid welding was
2–3 mm in order to avoid turbulence in the weld pool and
disturbance of the keyhole formation and achieve synergy
between the processes. Tani et al. [8] reported that a 30 up to
40% helium content gas can stabilize the droplet transfer and
form a good appearance. Liu et al. [9] found that the arc
energy determined the mode of droplet transfer. Zhang et al.
[10] proposed that laser-induced plasma significantly affected
the forces acted on the droplet that determined the droplet
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transfer mode, and the changed electromagnetic force that
increased droplet size and droplet formation time. Liu et al.
[11] and Gao et al. [12] found that the droplet transfer mode
related to arc power and laser power affects the behavior of
droplet transfer in laser-MAG (metal active gas) and MIG
hybrid welding. Guen et al. [13] observed that the short-
circuiting transfer occurred between 100 and 200A, the glob-
ular mode between 200 and 250A and the spray mode from
250 to 400A in the YAG laser-MAG arc welding processes.

The study on application of the longitudinal magnetic field
to arc welding started early. As early as 1970s, Blinkov et al.
[14] started to investigate the interaction between the longitu-
dinal magnetic field and TIG (tungsten electrode insert gas)
arc. In recent years, it is widely investigated, including the
application to TIG welding, MIG welding, short-circuit
MAG welding, swiveling-jet MAG welding, submerged-arc
welding, and cold metal transfer welding [15–19]. The com-
mon discoveries were that the arc rotated at a high speed, the
shape became a bell-type, and arc-upside shrank while arc-
bottom expanded. Furthermore, Hartz-Behrend et al. [20] in-
dicated that the magnetic field reduced the energy load, the
molten metal, and the thermal stress of the workpiece during
arc welding. Chang et al. [21] analyzed the impact of the
external longitudinal magnetic field on droplet transfer during
short-circuit MIGwelding, and found the resultant force in the
z direction and horizontal direction could be increased by low-
frequency magnetic fields (5–25 Hz), and these positive im-
pacts could promote the metal transfer and reduce the spatter.

Furthermore, except for the investigation of arc
welding assisted by magnetic field, applying the magnet-
ic field into the laser welding is also widely studied.
Zhou and Tsai [22] pointed out that the reinforcement,
cross-sectional shape, and the top surface of the weld
bead can be changed by applied an external magnetic
field. Liu et al. [23] suggested that the magnetic field
can increase the penetration of the laser welding by re-
ducing the density of the plasma. And the magnetic stir-
ring by applying the magnetic field has a significant
influence on the dilution of the weld bead in laser
welding, indicating that the magnetic field can reduce
the welding defects, like hot cracks and porosity [24,
25]. Bechmann et al. [26] simulated the influence of a
transversal magnetic field on weld shape combined with
experimental work in high-power laser welding of thick
aluminium parts. It found that the shape of weld bead
changed from a wineglass shape to a V-shape. Yu et al.
[27] discovered that the rotated magnetic field can refine

the grain in laser welding of Al-Si12 alloy. It was explained that
the liquid metal in molten pool rotated because of the Lorentz
force, which caused by the induced current of magnetic field
cutting the liquid metal. Besides, the magnetic field can be as a
support force to improve weld sagging. Experimental and simu-
lative results have shown that a proper magnetic induction inten-
sity can allow the single-pass laser welding without sagging or
drop-out of melt [28]. Sun et al. [29] found that the sidewall
penetration increased obviously with increased magnetic induc-
tion intensity or decreased magnetic field frequency in TIG nar-
row gap welding.

Considering the discussions above, few researched have been
reported on the application of magnetic field to laser-MIG hybrid
welding. However, there are some problems in the application of
laser-MIG hybrid welding, such as the arc drifting, lack fusion of
sidewalls during narrow gap hybridwelding, humps during high-
speed hybrid welding, etc. Hence, how to improve the stability of
the hybrid welding further is becoming quite important, and the
magnetic field is a good way to make it. In this paper, an external
longitudinal magnetic field was brought into laser-MIG hybrid
welding. In addition, a high-speed camera systemwas performed
to analyze the effect of magnetic field on arc plasma and droplet
transfer with the aim of optimizing laser-MIG hybrid welding.

2 Experimental method

2.1 Materials

SUS316L austenitic stainless steel with the dimension of
200 mm × 150 mm × 4 mm was employed in this study.
The specimen surface was chemically cleaned by acetone be-
fore welding to eliminate surface contamination. Austenitic
stainless steel ER316LSi filler wire was also used with
1.2 mm diameter. The chemical compositions (wt%) of base
metal and filler wire are given in Table 1.

2.2 Experimental equipment

Bead-on-plate welds were made using a 4 kW fiber laser (IPG
YLR-4000). The fiber laser with an emission wavelength of
1.07 μm can deliver in continuous wave (CW) mode. Laser
beam was passed through focusing mirror with the focal length
of 250 mm and was finally focused as a spot of 0.3 mm in
diameter. A Fronius TPS4000 digital inverter arc-welder power
was used as the MIG welding power, achieving the integration
of regulation of current, voltage, and wire feed rate. So, the

Table 1 The chemical
compositions of base metal and
filler wire

C Mn Si S P Cr Ni Mo Fe

Base metal ≤0.03 ≤2.00 ≤0.75 ≤0.030 ≤0.045 16.0–18.0 10.0–14.0 2.0–3.0 Bal.

Filler wire ≤0.03 1.0–2.5 0.83 ≤0.020 ≤0.030 18.0–20.0 11.0–14.0 2.5–3.0 Bal.
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current was the only parameter to express the arc parameters in
this paper. The angle between laser and perpendicular direction
was 10°, and the angle between MIG torch and perpendicular
direction was 35°. A ferrite permanent magnet with a dimension
of 110 mm × 105 mm × 15 mm, which the surface magnetic
induction intensity was 120 mT, was used as the source of mag-
netic field. And the magnetic induction intensity can change by
adjusting the distance between the permanent and the basemetal.
A high-precision gauss meter (HT-201) was used to measure the
magnetic induction intensity. The schematic of the setup is
shown in Fig. 1.The shielding gases used for arc torch are the
pure argon (99.999%Ar), flowing velocity of which was 20 L/
min. The welding parameters are provided in Table 2. A CMOS
MV-D1024E high-speed camera (Photonfocus, Switzerland)
with a recorded speed of 38,000 frames per second was used to
capture thewelding phenomena, as shown in Fig. 2. In this paper,

the sample frequency for arc/plasmawas 2267 frames per second
and 2686 frames per second for droplet, respectively.

The hybrid welding current was measured by a Hall-effect
current sensor (CS300E2, Chieful). The hybrid welding volt-
age was measured by a Hall-effect voltage sensor (VSM025A,
Chieful) at the contact tip. The data acquired by these two
sensors was recorded using a high-performance multichannel,
digital, and timing I/O board (6211E, NI) to a computer, and
processed by LabVIEW.

2.3 Measurement of arc characteristics and droplet
transfer

As schematically shown in Fig. 3, the arc characteristics of
hybrid welding, defined by its root diameter (DR), bottom

Fig. 1 Schematic of laser-MIG
hybrid welding with an external
longitudinal magnetic field setup

Table 2 Welding parameters

Welding parameters

Laser power P (kW) 2.0

MIG current I (A) 150

Welding speed vm (m/min) 1.1

Angle of MIG torch and laser torch θ(°) 45

Focal point position Δf (mm) 0

Distance between laser and arc DLA (mm) 2

Magnetic induction intensity B (mT) 0, 8, 12, 16, 22
Fig. 2 MV-D1024E high-speed camera
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diameter of arc (DB), was suitably measured by a prop-
erly professional computerized software using these
high-speed images. The behavior of droplet transfer
was also studied by the measurement of diameter (D)
and droplet transfer cycle (TC).

2.4 Experimental process

The schematic of the experimental setup is shown as
Fig. 4. The samples were firmly fixed flat on the jig
so that the welding optics were inclined to the direction
of the welding and the workpiece surface to prevent
splash metal from damaging the lens during the laser
welding. And the permanent magnet was fixed under
the samples con currently. During this process, the
welding speed was set up via control l ing the
numerical-controlled machine, ensuring that the high-
speed camera was alignment to the region of arc/
plasma.

3 Results and discussion

3.1 Arc plasma phenomena of hybrid welding assisted
by magnetic field

Figure 5 graphically shows the typical arc/plasma phe-
nomena of laser-MIG hybrid welding without magnetic
field. From these images, it is obviously that the arc
and laser-induced plasma are a whole, and the direction
of arc is not parallel with the direction of filler wire but
has a deflection to keyhole because of laser-induced
plasma attracting. However, the hybrid plasma is unsta-
ble, which means the arc cannot be attracted or coupled
steadily. As revealed in Fig. 6, when there is a longitu-
dinal magnetic field during the hybrid welding process,
the arc/plasma shape and coupling effect change obvi-
ously. Compared with Fig. 5, the common transforma-
tion of arc with the magnetic field is that the bottom
diameter of arc is bigger than that without magnetic
field and arc rotates with a high velocity. And with

Fig. 4 Schematic of the experimental setup for arc plasma and droplet transfer observation of hybrid welding phenomena

Fig. 3 Schematic of a arc and
droplet dimensions of hybrid
welding and b typical arc/plasma
of hybrid welding

2188 Int J Adv Manuf Technol (2017) 92:2185–2195



increasing the magnetic induction intensity (B), the shape of arc
becomes triangle gradually. The arc appears a condition, the root
shrinks of which and bottom enlarges. The further results, as
displayed in Fig. 6a, b, clearly demonstrate that the arc direction
is parallel with the filler wire. In addition, Fig. 6c presents the arc
points to downward direction of filler wire when B is equal to
16 mT. But with B increasing to 22 mT, shape of arc is unstable
by comparison to (a)–(c). From Fig. 6d, it is obviously that arc
rotating velocity is too large so that the arc waggles acutely. On
the other hand, the laser-induced plasmaweakenswith increasing

B. And the arc is dominant for the coupling of these two heat
sources. Considering these results, what happens is that arc ro-
tating with high velocity enhances the arc stiffness, which
strengthens the ability to resist in attracting by laser-induced plas-
ma. This rotation leads the arc to a more perpendicular position
with increasing B. Moreover, Fig. 6 reveals that an appropriate
magnetic field further improves the arc stabilization further in
comparison to Fig. 5.

The DR, DB which are the average of the measured values of
30 random selected high-speed camera images, offer an easier

Fig. 6 Typical shape of arc/plasma with different magnetic induction intensity (B) of hybrid welding a B = 8mT b B = 12mT c B = 16mT d B = 22mT

Fig. 5 Typical arc/plasma phenomena of hybrid welding without external longitudinal magnetic field
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way to illustrate the change of the arc shape. Figure 7a points out
thatDR decreases withB increasing, andDR is the smallest under
this condition of 16 mT. As seen from Fig. 7b, DB increases a
little when B is 8 mT. But with the B increasing to 16mT,DB has
a quickly raising. Subsequently, DB falls a little when the B
increases to 22 mT.

With applying the magnetic field, the arc and laser-induced
plasma shapes are extremely changed. In our previous work [30],
it is well revealed that the mechanism of arc changing. The
mechanism analysis of arc rotating under longitudinal magnetic
field was achieved, so they were not described again here. The
arc is a conductor with some flexibility so that it would be influ-
enced. However, under an external longitudinal magnetic field,
because the arc rotates at a high speed, the arc flexibility weakens
while stiffness is greatly enhanced. As B increasing, the arc stiff-
ness is remarkably enhanced. Consequently, it is strengthened for
arc to resist the attracting from the laser-induced plasma. When
there is no magnetic field, because of the laser-induced plasma
containing a lot of metal ionization, according to the principle of
minimum voltage, the arc conducts through the laser-induced
plasma, resulting in deviation of arc, as shown in Fig. 8a. If B
is small (8 and 12 mT), the arc stiffness is greatly enhanced, so a
conductive path directly forms between the filler wire and work-
piece as shown in Fig. 8b. And if B is relatively high (16 and
22 mT), the arc stiffness is enhanced further, so as to lead to the
axis of the arc apart from laser-induced plasma further.

Meanwhile, the impact of laser-induced plasma on arc weakens
to almost negligible, as shown in Fig. 8c. Considering these,
however, it is not signified that the external magnetic field is
not good to laser-arc hybrid welding. Under appropriate magnet-
ic field parameter (12 to 16m T), it is more stable for this process
and the coupling is more mightiness.

3.2 Droplet transfer phenomena of hybrid welding assisted
by the magnetic field

Figure 9 presents the results of the droplet transfer, welding
current, and welding voltage waveforms without external longi-
tudinal magnetic field. These images clearly display the typical
feature of the short-circuiting transfer mode during laser-MIG
hybrid welding. The globules of molten metal periodically brid-
ges the gap between the tip of the wire and weld pool. When the
globule touches the surface of themolten pool, the current rises to
a high value rapidly, while the voltage drops to a much lower
value and the arc dies out simultaneously. Besides, a liquid bridge
is produced under the combination effect of the surface tension
and electromagnetic forces. With rapidly increasing welding cur-
rent, a necking appears at the liquid bridge owing to electromag-
netic pinch effect. And then, the droplet implodes at the liquid
bridge with fine spatters. As soon as the filler wire disaffiliates
from the molten pool, the current and voltage recover to the
normal value and the arc burns again [9]. Then the process above

Fig. 7 At different magnetic induction intensity on a average arc root diameter b average bottom diameter of arc

Fig. 8 Magnetic induction intensity influence on plasma trajectory and droplet appearance on laser-MIG hybrid welding. aWithout magnetic field; b
with relatively low magnetic induction intensity; c with relatively high-magnetic induction intensity
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could be repeated. During this process, the high-speed image, as
seen in Fig. 9b, clearly describes that the droplet is deviation from
the axis of filler wire. And there are two reasons for this phenom-
enon: (1) The vapor jet force is a retention force for droplet
transfer, and its direction is vertically up. (2) The arc is attracted
by the laser-induced plasma which changes the direction of plas-
ma drag force, as shown in Fig. 5. And this force is the main
driving force of droplet transfer. Because of the droplet deviation,
the droplet may shield the route of laser, or falls into the keyhole
nearby, even into the keyhole directly, which affects the coupling
effect and makes more spatters.

Hua et al. [31] found that the welding current and voltage
became more stable and had less fluctuations with external lon-
gitudinal magnetic field during arc welding. Figure 10 exhibits
characteristics of current and voltage during laser-MIG hybrid
welding. It can be seen that the waveform of the welding current
and voltage shifted a great deal. First, when B is 8 mT, the
welding peak current has a decrease trend compared without
magnetic field. However, it is not outstanding.With B increasing
to 12 and 16 mT, as against these two conditions contrast with
0 mT, it is obviously that the peak currents are smaller than
B = 0 mT. But B increasing to 22 mT, the current amplitude is

not stable. This verified the high-speed images in Fig. 6. The
peak current represents how easily the droplet transfers when
the droplet touches the molten pool. So, it is more easily for
droplet transferring on account of the peak current decrease,
and it may shorten the transfer cycle time. Secondly, the cycle
time of current (TC) becomes distinctly short and stablewhenB is
8, 12, and 16 mT. Twenty-two milliteslas of B of TC is also
shorter, but is not stable. Combined with the high-speed camera
images in Fig. 6b, it suggests that the arc and hybrid composite
plasma are unstable under this magnetic condition. On the other
hand, the voltage oscillogram is identical with the current oscil-
logram, except for drop of peak voltage.

In order to identify the roles played by external longitudinal
magnetic field during the process of droplet transfer, some ex-
periments are carried out using the high-speed camera. The tran-
sient behavior of droplet formation and transfer with different B
are shown in the numbered images in Fig. 11. As demonstrated
in Fig. 11a–b, whose B is 8 and 12 mT, it is obviously that the
droplet direction parallel with the filler wire under 8 and 12 mT.
The size of droplet is visibly smaller than that without magnetic
field. With B increasing to 16 mT, the droplet does not form in
the telos of filler wire but a bevel develops at the tip of wire,

Fig. 9 Droplet transition images,
and characteristics of current and
voltage during hybrid welding
without magnetic field
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where the droplet forms. In case of B increasing to 22 mT, this
phenomenon is still observed. And the droplet forming in the
bevel has a tendency to far away from filler wire telos.

Figure 12 displays impact of B on average droplet diameter
(D) and transfer cycle time (TC). It definitely indicates that the
average droplet diameter decreases with B increasing. And when

Fig. 10 Characteristics of current
and voltage during hybrid
welding for different magnetic
induction intensity

a: 8mT b: 12mT c: 16mT d: 22mT

Fig. 11 High-speed photographs
of plasma with different magnetic
induction intensity
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B increases to 16 and 22 mT, the droplet diameter is almost
invariability, which means the decrease of droplet diameter has
a limitation. Furthermore, TC with the magnetic field is lower
than that without magnetic field. TC is almost same when B
strength is 8, 12, and 16 mT, and there is a decline of cycle time
when B is 22 mT. For the short-circuiting transfer of laser-MIG
hybrid welding, the smaller the droplet diameter and higher the
frequency of short-circuiting, the closer the welding ripple and
more stable of hybrid welding. Thus, the external magnetic field
can improve the stabilization during hybrid welding process.

Results of part 3.2 mean that the droplet transfer under the
magnetic field is greatly different from that without magnetic
field on three aspects: direction of droplet changing,D and TC
decreasing. The droplet growing depends on heat of arc burn-
ing. When there is a magnetic field, TC shortens which sig-
nifies that the time of arc burning shorten. Besides, magnetic
field causes the decrease of arc root diameter. There two rea-
son lead to the heat reducing of arc transmitting to the filler
wire, making a decelerating of filler wire fusion velocity.
Consequentially, the average droplet diameter will decrease.
These two phenomenon is more remarkable with the

increasing of magnetic induction intensity, so D decreases
with the increasing of magnetic induction intensity.

How the forces acting on the droplet determines the metal
transfer process, such as droplet formation, direction, and cy-
cle time. There are detaching forces and retention forces dur-
ing hybrid welding process. As shown in Fig. 13, detaching
forces include plasma drag force Fp, gravity force mg, elec-
tromagnetic force Fem, while retention forces include surface
tension FS and vapor jet force FRL. As the results of part 3.1
show, the arc shape and direction of arc changed a lot, which
has a significant effect on forces acting on the droplet.
Combined with the high-speed images, the high-speed rotat-
ing arc makes the laser-induced plasma not eject upward di-
rectly, but eject along the rotating arc, causing the FRL not
acting on the droplet. Besides, owing to the change of the
arc axis, Fp is changed along with the change of arc axis.
Therefore, with B increasing, Fp is gradually far away from
laser. These two reasons make the droplet direction changing
with magnetic field.

Ulteriorly, this changing of arc can influence the current
line distribution. The literature showed a close correlation be-
tween the current line distribution and the electromagnetic
force Fem, which can be described by following Eq. [32]:

Fem ¼ μ0I
2
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−
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Where I is the welding current, rd is the droplet radius, rw is
the wire radius, θ is the arc hanging angle and μ0 is the per-
meability of free space. Figure 14 shows the current line dis-
tribution of different B. It is clear that θ is gradually decrease
with B increasing, and the difficulty of a neck needing to be
forming also reduces with B increasing because of the droplet
diameter reducing. When there is not a magnetic field, part of
the current lines go through the laser-induced plasma, making
the rest of current lines leave the droplet from a smaller area at

Fig. 12 Impact of magnetic induction intensity on average droplet diameter and transfer cycle time

Fig. 13 Schematic of forces affecting droplet in hybrid welding
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the bottom of the droplet and thus induce an inward and upward
electromagnetic force for repelling the droplet. With a relatively
low B, as shown in Fig. 14b, current lines are more uniform and
concentrated, and do not depend on the laser-induced plasma.
Therefore, the direction of electromagnetic force is inward and
downward for drive droplet. Following B increasing to relatively
high, current lines is more concentrated than Fig. 14b, and the
inward and downward electromagnetic force is more significant,
which promotes the droplet transfer. Further, a group of electro-
magnetic force variation curves calculated with Eq. (1) for dif-
ferentB is shown in Fig. 15. Analysis indicates thatFem increases
rapidly with B increasing. Thus, a neck will form and be broken
faster with B increasing, making Tc shorter. On the other hand,
the droplet diameter reducing and the peak current decreasing
also prove that the droplet transfer is more easily and more
smoothly. Consequentially, TC becomes shorter assisted by ex-
ternal longitudinal magnetic field.

4 Conclusions

In this study, the effect of external longitudinal magnetic field
on arc plasma characteristics and droplet transfer has been
reported during laser-MIG hybrid welding. The results obtain-
ed in this research are summarized as follows:

(1) The arc rotates and expands under an external longitudi-
nal magnetic field, which makes the arc stiffness greatly
enhances, and then the ability of arc resisting the laser-
induced plasma attracting enhances. And the conductive
path of arc changes from passing the laser-induced plas-
ma to pass itself directly.

(2) The welding current and voltage waveforms indicate that
the droplet transfer mode is short-circuiting transfer
mode. With the magnetic induction intensity increasing
in an appropriate range, the stableness of welding current
and voltage enhances, and the peak current decreases
compared with the situation of no magnetic field.

(3) The external longitudinal magnetic field significantly af-
fects the forces acting on the droplet transfer. With the
magnetic induction intensity increasing, the off-axis
droplet gradually points to the axis of the filler wire.
And when the magnetic induction intensity is relatively
high, the end surface forms a bevel where droplet forms.

(4) As magnetic induction intensity increasing, because of
current lines distributions, the electromagnetic force in-
creasing, which results in the droplet diameter and trans-
fer cycle time reducing obviously.
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