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Abstract
In this study, the effect of the transverse magnetic field on the arc characteristics and droplet transfer behavior is investigated 
during Laser-MIG hybrid welding of Ti-6Al-4 V. Especially, transverse magnetic fields with 0 mT, 8 mT, 16 mT, 24 mT, 
and 32 mT are studied. Results indicate that an appropriate magnetic field can increase the stability of arc characteristics, 
improve the droplet detachment efficiency, and reduce the welding defects such as incomplete fusion and undercut. By 
applying 24-mT transverse magnetic field, the maximum arc area can decrease by 48.7% with its variance changing from 
2.81 to 1.06 mm2, indicating that an appropriate transverse magnetic field can shrink the arc and improve its stability. The 
reason of arc shrinkage is that the electric streamline in the arc rotates away from the laser side to the droplet side due to 
the influence of external magnetic field. On the other hand, the droplet transfer process becomes more uniform under the 
appropriate magnetic field. This phenomenon is mainly attributed to the change of Lorentz force direction during droplet 
rotation, which resultantly increases effective detachment energy. This phenomenon leads to the reduction of the contact 
time between droplet and molten pool. The droplet transfer form changes from short-circuit transfer to meso-spray transfer 
under 24-mT magnetic field because of the reduction of the contact time. Therefore, the incomplete fusion and undercut 
disappears. At last, the appropriated magnetic field parameters during the laser-MIG parameters (2 kW, 160 A, 2 m/min) 
are concluded as B = 24 mT.
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1  Introduction

Titanium alloys have been used in aerospace, electronic 
communication, precision instruments, and petrochemi-
cal industries owing to their low density, high-specific 
strength, good ductility, and excellent mechanical proper-
ties at high temperatures [1, 2]. The hybrid laser-arc weld-
ing technique has been widely recognized because it com-
bines both laser and arc welding, and exhibits good joint 

bridging performance, deep weldability, and high welding 
efficiency[3]{Gao, 2016 #5;Zhengwu, 2020 #66}. In recent 
years, this technique used to weld Ti-6Al-4 V, which is one 
of the most widely used titanium alloys owing to its stable 
structure and good connection performance [4–6].

However, several problems arise during the laser-MIG 
hybrid welding of Ti-6Al-4 V, such as the formation of weld 
bead, welding stability, and weld defects [7]. Recent studies 
on these concerns indicate that the stability of the welding 
process and the appearance of welding beads are influenced 
by the arc performance [8] and droplet transfer behavior[9]. 
Liu et al. [10] demonstrated that the distance between the 
laser and arc (DLA) could affect the plasma behavior and 
transfer mode and hence of the hybrid welding; the welding 
penetration depth is changed. Zhang et al. [11] observed the 
plasma characteristics and droplet transfer in a CO2 laser-
GMAW-P hybrid welding and concluded that the droplet 
size and formation time increased with changes in the elec-
tromagnetic force, resulting in an off-axis droplet phenom-
enon. Wang et al. [12] demonstrated that a curved channel 

 *	 Chen Yue 
	 yue30008@126.com

	 Annan Yin 
	 annan_yin@hust.edu.cn

	 Dehua Huang 
	 huangdehua@hust.edu.cn

1	 The State Key Laboratory of Digital Manufacturing 
Equipment and Technology, School of Mechanical Science 
and Engineering, Huazhong University of Science & 
Technology, Wuhan 430074, People’s Republic of China

/ Published online: 30 September 2021

The International Journal of Advanced Manufacturing Technology (2022) 118:2481–2495

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-08089-w&domain=pdf


1 3

forms between the welding wire and keyhole during the fiber 
laser-MIG hybrid welding of ZL114. Chen et al. [13] inves-
tigated the influence of the welding position in CO2 laser-
arc hybrid welding and concluded that the mean droplet 
transfer frequencies affected the appearance of the welding 
bead. Tang et al. [14] indicated that the plasma temperature 
increased with an increase in the amount of shielding gas, 
thereby increasing the penetration depth and weld width in 
laser-MIG hybrid welding. Based on the above studies, it 
can be concluded that the arc performance and metal transfer 
behavior significantly affect the microstructure properties 
of the weld, welding penetration depth, and welding bead 
appearance.

Therefore, the arc performance and droplet transfer 
behavior must be managed to control the weld bead qual-
ity. A magnetic field has been used to control the arc per-
formance and droplet behavior to regulate and manage the 
welding process[15, 16]{Chen, 2020 #82;Zhengwu, 2020 
#66;Sun, 2018 #86}. However, in laser welding, the weld-
ing process is affected when the magnetic field threshold 
exceeds 200 mT. Chen et al. [17] investigated the influence 
of a 240-mT magnetic field on the laser welding of dissimi-
lar materials and reported that the magnetic field was benefi-
cial in the weld bead appearance and microstructure. Avilov 
et al. [18] observed the appearance of welding beads under 
alternating magnetic fields during laser beam welding and 
concluded that the alternating magnetic field had a beneficial 
effect on the inhibiting gravitational drop-out and sagging 
of the weld. However, the welding process was considerably 
affected when the magnetic field threshold was below 50 
mT for arc welding. Guan et al. [19] demonstrated that the 
external magnetic field (12.5ternal frequency significantly 
impacted the arc shape and movement, which affected the 
arc temperature gradient and undercooling degree, thereby 
affecting the weld appearance and mechanical properties in 
GMAW welding. Chang et al. [20] indicated that a synchro-
nous electromagnetic field, including low-frequency mag-
netic fields for the arc-burning phase and high-frequency 
magnetic fields for the short-circuit phase, can be introduced 
to the short-circuit GMAW to improve the frequency of 
metal transfer and reduce spatter. Sun et al. [21] reported 
that magnetic arc oscillations could alter the arc voltage 
and cause the weld current to flow through the sidewalls, 
thereby increasing sidewall penetration and redistribution 
of arc heat. Wang et al. [22] demonstrated that while the arc 
pressure at the bottom of the molten pool decreased, that of 
the sidewall improved the morphology through TIG welding 

via a transverse magnetic field (4 mT). The voltage of the 
magnetic arc is invariably high compared to a non-magnetic 
arc, which decreases with an increase in the welding cur-
rent. Moreover, laser-MIG hybrid welding is profoundly 
influenced by the external magnetic field with a threshold 
below 50 mT. Zhang et al. [23] demonstrated that, in the 
laser-MIG hybrid welding of 316 L, an external longitudinal 
magnetic field (16 mT) increases the stability of the welding 
arc and affects the force on the droplet transfer. Zhu et al. 
[24] further indicated that a laser and magnetic field (16 
mT) combined induced a periodically altered axial asym-
metry of the arc along the welding direction in the laser-MIG 
hybrid welding of 316 L. Based on the literature above, we 
can conclude that an appropriate magnetic field significantly 
impacts the arc performance and droplet behavior in laser-
MIG hybrid welding.

However, there are only a few systematic studies on the 
arc performance and metal transfer in transverse magnetic 
field-assisted laser-MIG hybrid welding of Ti-6Al-4 V. In 
this study, we demonstrate the influence of an external mag-
netic field on the arc performance and droplet transfer in 
laser-MIG hybrid welding for Ti-6Al-4 V, which can be used 
to improve welding stability and weld quality.

2 � Experimental procedures

2.1 � Materials

A 4-mm-thick Ti-6Al-4 V titanium alloy base metal and a 
1-mm-thick Ti-6Al-4 V filler wire were used in this study. 
The chemical compositions of the base metal and wire are 
listed in Table 1. The oil contamination on the surface of 
the sheets was removed using acetone, before welding. Sur-
face treatment was carried out to remove the oxidation film 
and residual acetone by laser cleaning using a 300-W laser 
device. To protect the welding joint from oxidation, pure 
argon was used as the shielding atmosphere, with a flow 
rate of 2 m3/h.

2.2 � Welding preparation

A 4-kW fiber laser (IPG RYL-4000), capable of providing 
a continuous wave output with a 1.07-μm laser emission 
wavelength, was used to weld the Ti-6Al-4 V plates by 
bead welding. The laser spot, with a 0.3-mm diameter, 
was focused at the center of the sheet. A Fronius TPS 

Table 1   Chemical composition 
of the base metal and the wire 
(wt. %) [6]

Element Al V N H O Fe C Ti

Base metal 5.5–6.8 3.5–4.5 0.05 0.015 0.20 0.30 0.10 Bal
Weld wire 5.8 4.2 0.05 0.015 0.20 0.30 0.10 Bal
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4000 digital power controller was used as the MIG weld-
ing power controller. A transverse external magnetic field 
was generated using permanent magnet blocks, which can 
provide a maximum magnetic field of 60 mT. To ensure 
the external magnetic field is stable during the high-speed 
camera (HSC) shoot, the sheets were placed between two 
magnet blocks, as shown in Fig. 1. Because the magnetic 
blocks and laser head were kept stationary during weld-
ing, the distribution of the magnetic induction lines was 
perpendicular to the welding direction. The magnetic field 
intensity was adjusted by changing the distance between 
the magnetic block and weld plate. During the welding 
process, the control variable method was used to study the 
effect of the magnetic field on the droplet transfer and arc 
performance. The main welding parameters used during 
hybrid welding are listed in Table 2. To observe the drop-
let and arc, the HSC was placed perpendicular to the weld-
ing direction, and the lens parallel to the welding joint.

2.3 � Image processing

The images obtained from the HSC were processed through 
segmentation to reduce the influence of the laser plasma 
and molten pool. Additionally, graying and media filtering 
were used to eliminate the influence of the surrounding 
laser plasma and other noises. Furthermore, binarization 
was used to obtain the area of the arc. Finally, the statisti-
cal result of the pixel number was used to output the area 
of the arc. The frequency of the HSC was 5000 Hz, where 
each image stands for 0.2 ms, as shown in Fig. 2.

Fig. 1   Schematic of the magnetic field assisted laser-MIG hybrid welding. a The magnetic field assisted laser-MIG welding system. b The top 
view of the weld structure. c The weld torch structure

Table 2   Main welding parameters during the hybrid welding

Laser 
power 
(kW)

Welding 
current 
(A)

Welding 
speed (m/
min)

Protection 
gas flow 
(m3/h)

DLA 
(mm)

Magnetic 
intensity 
(mT)

2 160 2 2 3 0–32
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The number of pixels within 1 mm2 was used as the out-
put to calculate the total arc area. Additionally, median filter, 
peak seeking, elimination of accompanying peaks, and curve 
fitting were used to obtain the mean maximum area and vari-
ance of the arc area under varying magnetic fields.

3 � Theoretical background

In laser-MIG hybrid welding, the weld cross-section per-
formance is mainly influenced by the heat resource, weld 
pool flow, and droplet transfer. The heat input (Q) is mixed 

by the laser heat (Qlaser) and arc heat (Qarc) inputs, and is 
given as follows:

where P is the laser power, U is the arc voltage, I is the 
welding current, η1 and η2 are the efficiencies of the laser 
beam and arc power, respectively, and v is the welding speed.

Multiple forces such as surface tension, gravity, plasma 
flow force, electromagnetic force, and external magnetic 
force act on the droplet during hybrid welding, as shown 
in Fig. 3.

(1)Q = Q
laser

+ Q
arc

=
�
1
Plaser + �

2
UI

v

Fig. 2   The arc features extraction processing

Fig. 3   Forces acting on the 
droplet in the transverse mag-
netic field-assisted Laser-MIG 
hybrid welding

2484 The International Journal of Advanced Manufacturing Technology (2022) 118:2481–2495



1 3

As the welding wire melts, a surface tension force is 
formed between the molten metal and plasma, which is 
given as follows:

where rw is the wire radius and σ is the surface tension 
coefficient.

The gravity is given as follows:

where r is the droplet radius, ρ is the droplet density, 
and g is the acceleration due to gravity.

The metal vaporformed during the welding process gen-
erates a force, which is given as follows:

where Rh is the distribution parameter of the metal 
vapor, V0 is a constant, Na is Avogadro’s constant, KB is 
the Boltzmann constant, Ts is the surface temperature of 
the molten zone, Ma is the molecular weight, U is a cal-
culated constant, and D is the distance between the laser 
and the arc.

The electromagnetic force is one of the most important 
forces acting on the droplet during hybrid welding, which 
is produced by the current passing through the droplet and 
welding arc, and is given as follows:

where I is the welding current, μ0 is the permeability 
of free space, r and rw are the radii of the droplet and the 
wire, respectively, and θ is the angle of the arc-cover area.

The additional magnetic force, produced by the external 
Lorentz force, that is, the external magnetic field acting 
on the current passed through the droplet and the welding 
arc, is another one of the important forces formed when 
the magnetic field acts on the hybrid welding process and 
is given as follows:

where B is the extra magnetic field magnitude, I is the 
welding current, L is the length of the arc influence area, 
and r is the radius of the droplet.
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4 � Result and discussion

4.1 � Effects of the external magnetic field 
on the weld appearance

The effect of different external magnetic fields on the weld 
appearance is listed in Table 3. The appearance of the weld 
without an external magnetic field under high-speed weld-
ing (2 m/min) was not uniform and straight, and showed 
incomplete fusion regions and undercuts, as indicated in the 
images, which may be caused by insufficient droplet transfer 
frequency. The weld quality between a magnetic frequency 
threshold of 8–24 mT indicated an appropriate external mag-
netic field with a positive influence on the weld appearance. 
The figures show that the incomplete fusion gradually dis-
appears, and the weld becomes straight and uniform as the 
magnetic field intensity increases, indicating that the weld 
quality improves under an appropriate external magnetic 
field. Welding defects such as spatter reappear, and the weld 
profile was not uniform under an excessive external mag-
netic field, indicating that an excessive external magnetic 
field negatively impacts the weld quality.

4.2 � Effects of the external magnetic field on the arc 
characteristics

4.2.1 � Effects of the external magnetic field on the stable 
arc performance

The effects of different external magnetic fields on the 
performance of a stable arc are shown in Fig. 4. During 
hybrid welding, the laser attracts and stabilizes the arc. d 
(d = d1 + d2) is the arc length, representing arc shrinkage, 
where d1 and d2 are the forward and backward arc lengths, 
respectively. The external magnetic field benefits arc shrink-
age only when d1 > d2, else the magnetic field causes arc 
divergence and instability, indicating that d, d1, and d2 are 
inconstant values under different magnetic fields. Therefore, 
the average value of d must be calculated to identify the arc 
performance during hybrid welding.

As seen in Fig. 4a, the arc is always oriented toward 
the laser direction without an external magnetic field. d 
changes by 8.35%, from 8.1 to 8.8 mm, in four adjacent 
cycles, indicating an unstable arc during hybrid welding. 
Meanwhile, when d1 = 6.8 mm, d2 = 1.7 mm, and d1 > d2, 
the arc is in the forward situation owing to the laser 
attraction. Figure 4b and c show that the external mag-
netic fields of 8–16 mT can stabilize the arc. d decreases 
from 5.3 to 4.3 mm as the magnetic field increases, where 
d1 = 3.2 mm, d2 = 1.6 mm, and d1 > d2, indicating that the 
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arc spreads perpendicular to the welding direction rather 
than the laser direction, which shrinks and condenses at 
the end of the welding wire as the magnetic field increases. 
At 24 mT (Fig. 4d), d is 2.7 mm and d1 = d2 = 1.4 mm, 
indicating that the arc is compressed to its maximum, 
which causes energy aggregation, increases the unit energy 
density and energy utilization efficiency, and leads to a 
uniform weld and increase in penetration. Furthermore, 
the shape of the arc changes from a bell to a dish with a 
very short arc length, indicating that the droplet transfer 
form changes from short-circuit transfer to meso-spray 
transfer. As seen in Fig. 4e, with an external magnetic 
field of 32 mT, d is 4.1 mm and larger than that under 24 
mT, where d1 = 1.6 mm, d2 = 2.5 mm, and d1 < d2, indicat-
ing that the arc diffuses. The arc deflection was observed 
to be more serious in this set of experimental parameters.

In conclusion, the arc is unstable during high-speed hybrid 
welding, and an appropriate external magnetic field (24 mT) 
can effectively improve the stability and condense the arc. 
Conversely, an excessive external magnetic field (32 mT) 
causes arc divergence, resulting in a serious arc deflection.

4.2.2 � Influence of the external magnetic field on the arc 
characteristics

In a gas medium, an arc is a strong and lasting discharge 
phenomenon between two electrodes, or between electrodes 

and the base metal at a certain voltage. The physical nature 
of the arc is charged particles along with the current and is 
regarded as the aggregation of the electric streamline, which 
can be significantly affected by an external magnetic field. 
The external Lorentz force FB and electromagnetic force Fem 
are the most important forces during hybrid welding.

In laser-MIG hybrid welding, the electromagnetic force 
Fem from the laser to the droplet is the main force acting 
on the arc electric streamline. The arc is attracted by the 
laser in the forward welding direction. The arc length was 
close to the DLA, as shown in Fig. 5a. When an appropri-
ate magnetic field is introduced, the external Lorentz force, 
FB affects the arc, which according to the left-hand rule, is 
perpendicular to the electric streamline. The external Lor-
entz force is backward and downward on the forward elec-
tric streamline, and backward and upward on the backward 
electric streamline. This phenomenon causes the electric 
streamline in the arc to rotate away from the laser direction, 
and the arc shrinks and gathers under the welding wire when 
the resultant force of the external Lorentz force is backward 
and downward, especially under the external magnetic field 
of 24 mT. This improves the stability of the arc and energy 
efficiency, as shown in Fig. 5b. However, as the external 
magnetic field increases, the arc gradually moves against the 
welding direction. Furthermore, when an excessive magnetic 
field (32 mT) is added, the direction of the resultant external 
Lorentz force for the arc is backward and upward. The heat 

Table 3   The weld appearance under different external magnetic field

External 

magnetic 

field

Weld appearance

0 mT

8 mT

16 mT

24 mT

32 mT
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on the wire increases considering the arc gathers and climbs 
along at the end of the wire when the FB is upward, causing 
the arc to separate into two parts. Finally, the arc became 
unstable. The influence of an excessive magnetic field on 
the arc performance is shown in Fig. 5c.

4.2.3 � Effects of magnetic field on the maximum of stable 
arc and arc stability

Image processing was used to analyze changes in the arc area 
with time under different external magnetic fields, as seen 
in Fig. 6. The relationship between the arc area and time, 
without an external magnetic field, is shown in Fig. 6a. The 
cycle of changes in the arc area change consists of unstable 
values, and the maximum area of the static arc showed an 
obvious gradient change. The average and maximum arc 
change cycles were 88.31 ms and 89.83 mm2, respectively, 
which indicates a long arc change cycle and arc diffusion. 

At the end of each cycle, the arc disappears for a long time, 
representing long arc extinguishing time and instability. As 
seen in Fig. 6b, at 8 mT, the cycle of the arc area change 
was 61.91 ms and the maximum area was 58.87 mm2, which 
indicates that the amplitude becomes smaller and the cycle 
becomes shorter compared to that under 0 mT. However, 
long arc extinguishing time exists during welding under an 
external magnetic field of 8 mT, during which the amplitude 
decreases and the long arc extinguishing time disappears 
when the amplitude reaches 16 mT and 24 mT, as shown 
in Figs. 6c and d. The cycle of arc area varied slightly from 
46.33 to 44.61 ms, indicating that the change of arc area 
became more uniform during the process. As seen in Fig. 6e, 
at 32 mT, the long arc extinguishing time reappears in each 
cycle, and the area of arc mutates. The maximum area of the 
arc was 175.81 mm2, which is much larger than that under 0 
mT. Moreover, the stability of the arc weakens under these 

Fig. 4   Effects of external magnetic field on the performance of the arc
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parameters. Furthermore, the surface quality of the welding 
beam was also affected.

The varying arc area average peak value represents the 
stability of the arc, whereas the average peak value repre-
sents the property of arc shrinkage. As seen in Fig. 7, the 
average peak value of arc size decreases by 58.5%, from 
37.33 to 15.49 mm2, as the magnetic field increases from 
0 to 16 mT, and increases by 54.8%, from 15.49 to 23.99 
mm2, as the magnetic field increases from 16 to 32 mT. This 
indicates that the arc shrinks as the magnetic field increases, 
and diffuses under the excessive magnetic field. The variance 
in the arc area average peak value decreases by 62.3% from, 
2.81 to 1.06 mm2, as the magnetic field increases from 0 to 
24 mT, and increases by 74.5%, from 1.06 to 1.85 mm2, as 
the magnetic field increases from 24 to 32 mT. This indicates 
that arc stability improves with an appropriate magnetic field 
(8–24 mT) and decreases under the excessive magnetic field 
(32 mT).

In conclusion, as the appropriate external magnetic 
field (0–24 mT) increases, the cycle of the arc area change 
becomes shorter, the amplitude becomes smaller, and the 
change in the arc area tends to become more uniform. Fur-
thermore, the maximum area of the arc is smaller than that 
without an external magnetic field, indicating that the arc 
shrinks under the action of an external magnetic field. Con-
versely, the arc stability worsens under an excessive external 
magnetic field (32 mT), and the maximum area of the stable 
arc becomes larger.

4.3 � Effects of external magnetic field on the droplet 
transfer behavior

4.3.1 � Effects of external magnetic field on the droplet 
transfer performance

The process of droplet transfer, which is a short-circuit trans-
fer, is shown in Fig. 8. The droplet is first directed toward the 
laser. As the droplet grew, the direction was kept consistent 
with that of the welding wire, with time. The droplet slowly 
grew on the welding wire and separated from the wire when 
it came in contact with the molten pool, considering the wire 
was in direct contact with the molten pool. This transfer 
produces a spatter and a hump.

Figure 9 shows the droplet transfer performance under 
different external magnetic fields. The droplet behavior 
under high-speed hybrid welding without an external mag-
netic field is shown in Fig. 9a. The diameter of the droplet 
was 1.835 mm, indicating a large droplet detachment size. 
As seen in Fig. 9b, an external magnetic field of 8 mT was 
not sufficient to change the droplet transform, and the drop-
let moved toward the weld plate. Herein, the droplet detach-
ment diameter was 1.578 mm, which is larger than the wire 
diameter. The droplet transfer performance at 16 mT was 
similar to that at 8 mT, as seen in Fig. 9c. As the amplitude 
of the external magnetic field reached 24 mT, the exter-
nal magnetic field effectively improved the droplet trans-
fer efficiency, as seen in Fig. 9d. The droplet was inclined 

Fig. 5   The external Lorentz force on the arc under a different magnetic field, the arc performance changed with the different magnetic field with 
the Lorentz force
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Fig. 6   Effects of external mag-
netic field on the change of the 
arc area
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downward and backward. Herein, the droplet detachment 
size was 1.033 mm, similar to that of the wire. The droplet 
transfer form then changes from short-current transfer to 
meso-spray transfer, and the frequency of droplet transfer 
increases. Figure 9e shows the influence of 32-mT external 
magnetic fields on the droplet, where the droplet detach-
ment diameter was 1.098 mm, and the frequency increased. 
However, during this process, the stability of the droplet 

transfer worsened, and the droplet was divided into two 
parts, with one part moving upward along the welding wire. 
Furthermore, the detachment droplet shape was unstable 
producing an incomplete fusion welding defect.

As seen in Fig. 9, the droplet size was larger at 0 mT than 
between 8 and 24 mT, and unstable at 32 mT, indicating that 
the droplet spread unevenly on the weld beam at high weld-
ing speeds. The experiment can be divided into three cases: 

Fig. 7   The maximum area and 
the variance of arc area under 
different external magnetic 
fields

Fig. 8   The droplet transfer process in Laser-MIG welding
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insufficient droplet transfer, appropriate droplet transfer, and 
excessive droplet transfer. Although the welding quality was 
insufficient in cases 1 and 3 and excellent in case 2, the mecha-
nisms in cases 1 and 3 were different, considering that the sur-
face tension force was too large in case 1 to prevent the droplet 
from detaching from the wire, whereas the wire melting speed 
was too fast in case 3 to fit the droplet transfer process.

In conclusion, the trajectory of the droplet changes with 
an increase in the external magnetic field (case 2). A suit-
able external magnetic field (24 mT) can efficiently improve 
the droplet transfer frequency and decrease the droplet 
detachment size. Considering a small magnetic field (8 mT) 
cannot change the droplet transfer form, and an excessive 
external magnetic field (case 3) decreases the droplet trans-
fer process stability; the most appropriate magnetic field 
parameter was 24 mT.

4.3.2 � Influence of the magnetic field on the droplet 
transfer behavior

The main force acting on the droplet during the droplet 
transfer process can be identified based on the theoretical 

background. However, considering the droplet behavior and 
the force changes as the external magnetic field increases, 
the direction, and magnitude of these forces should be 
clearly identified to study the relationship between the drop-
let behavior and the external magnetic field.

The direction of the forces depends on the location of 
the welding head. Figures 10a, b, and c show the forces act-
ing on the droplet during MIG welding when the laser was 
added, and when an external magnetic field is added during 
hybrid welding, respectively. The direction of Fg is verti-
cally downward, and its magnitude increases as the droplet 
size increases. Fg reaches its maximum value before droplet 
detachment and can be calculated using Eq. (3). The direc-
tion of Fv is vertically upward, which is consistent with the 
steam movement direction. According to Eq. (4), Fv is neg-
ligible when DLA is larger than the droplet diameter. The 
direction of Fem is determined by the arc characteristics and 
position of the droplet, which is parallel to the arc direction 
and can be calculated using Eq. (5). Fσ acts on the interfaces 
between solid, liquid, and gas, and its direction points to the 
contraction direction at the tangent of the three interfaces 
(liquid–gas, solid–liquid, and gas–solid). The direction of the 

Fig. 9   Effects of different mag-
netic fields on droplet transfer 
performance
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resultant force among the entire interface is from the center 
of the droplet to the welding wire, which can be calculated 
using Eq. (2). The external magnetic field is a transverse 
magnetic field. According to the left-hand rule, the direction 
of the FB is perpendicular to the current direction, that is, 
backward and downward, and can be calculated using Eq. (6).

Based on the information from the HSC images seen in 
Fig. 11, the maximum droplet detachment size, angle of the 
arc-cover area, and detachment cycle are influenced by the 
external magnetic field, which was used to calculate the 
forces acting on the droplet under different magnetic fields. 
The values of the forces under different external magnetic 
fields are listed in Table 4.

The droplet detachment criterion is given by the 
following:

The droplet transfer form is a short-circuit transfer if 
FD < Fσ before the droplet contacts the molten poo, wherein 
the surface tension Fσm between the droplet and the molten 
pool promotes droplet detachment. This force is determined 
by the contact area between the droplet and the molten pool, 
which is proportional to the contact time. Hence, the contact 
time between the droplet and the molten pool is proportional 
to the difference between FD and Fσ.

The forces acting on the droplet without a magnetic 
field are shown in Fig. 11a. Considering Fσ is larger than 

(7)�⃗F
D
= ���⃗Fg +

�����⃗Fem + ���⃗Fv +
���⃗FB > �⃗F𝜎

the resultant force of FD, the droplet cannot be detached 
from the wire. Moreover, the contact time between the 
droplet and the molten pool was so long that the stabil-
ity of the droplet transfer decreased. The external Lor-
entz force FB is the detachment force, with a contrasting 
direction to that of Fσ, which can reduce the contact time 
between the droplet and the molten pool. The forces act-
ing on the droplet at B = 8 mT are shown in Fig. 11b. FB 
is smaller than Fσ and had no significant impact on the 
droplets, with a direction almost perpendicular to Fσ. As 
the magnetic field increases, FB rapidly increases. The 
forces acting on the droplet when B = 16 mT were similar 
to those at 8 mT. FB was over 50% smaller than Fσ. As 
seen in Fig. 11c, when B = 24 mT, Fσ was 28.2% larger 
than FD, which promotes the best contact time between 
the droplet and the molten pool. The contact time was so 
small that the droplet transfer mode changes from short-
circuit transfer to meso-spray transfer, thereby improving 
the droplet transfer stability. This phenomenon is mainly 
attributed to changes in the Lorentz force direction during 
droplet rotation, which increases the effective detachment 
energy. The forces acting on the droplet at B = 32 mT are 
shown in Fig. 11d. The direction of FB was backward and 
upward. This process was not conducive to the separation 
of droplets from the wire. The droplet moves backward 
and is divided into two parts under an excessive magnetic 
field. The droplet moved upward along the wire, leading 
to the occurrence of the droplet department. Therefore, 

Fig. 10   Schematic of the forces acting on the pendant droplet in different welding processes
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an external magnetic field of 24 mT can promote effec-
tive detachment energy improvement and droplet transfer 
stability.

5 � Conclusion

In this study, we investigated the effect of transverse mag-
netic fields of 0 mT, 8 mT, 16 mT, 24 mT, and 32 mT 
on the arc performance, droplet transfer, and weld bead 

appearance during the laser-MIG hybrid welding of Ti-
6Al-4 V. B = 24 mT was observed to be the most appro-
priate magnetic field parameter during the laser-MIG 
parameters (2 kW, 160 A, 2 m/min). The main results are 
summarized as follows:

(1)	 An appropriate external magnetic field (case 2) can 
improve the weld quality and reduce welding defects, 
such as incomplete fusion and undercutting. However, 
an excessive external magnetic field (case 3) causes 
new welding defects, such as spatter, hump, and incom-
plete fusion.

(2)	 The arc performance depends on the distribution of the 
electric streamlines. An appropriate transverse mag-
netic field (24 mT) can shrink the arc and improve its 
stability, causing the arc shape to change from a bell to 
a dish. The arc shrinkage and stability further affect the 
stability of the welding process and the wire melting 
speed.

(3)	 The droplet transfer cycle transfer size decreased, 
which led to a reduction in the contact time between 
the droplet and molten pool. The droplet transfer form 

Fig. 11   Main forces acting on the droplet under different external magnetic fields. a Without magnetic field. b Insufficient magnetic field (8 mT). 
c Appropriate magnetic field (24 mT). d Excessive magnetic field (32 mT)

Table 4   The forces on the droplet under different magnetic field

Mag-
netic 
field

Fv(N) Fg(N) Fσ(N) Fem(N) FB(N)

0mT 0 1.42 × 10−4 4.99 × 10−3 1.93 × 10−3 0
8mT 0 8.27 × 10−5 4.99 × 10−3 1.48 × 10−3 1.55 × 10−3

16mT 0 3.96 × 10−5 4.99 × 10−3 9.14 × 10−4 2.48 × 10−3

24mT 0 2.32 × 10−5 4.99 × 10−3 4.57 × 10−4 3.11 × 10−3

32mT 0 2.78 × 10−5 4.99 × 10−3 6.13 × 10−4 4.41 × 10−3
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changes from short-circuit transfer to meso-spray trans-
fer, which implies that the droplet transfer stability 
increases at 24 mT.

(4)	 The external magnetic field is mainly attributed to 
changes in the Lorentz force direction during drop-
let rotation, which increases the effective detachment 
energy and decreases the contact time between the 
droplet and molten pool, and promotes an effective 
detachment energy improvement and droplet transfer 
stability.
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