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Abstract
304 stainless steel, which is widely used in the industrial field due to its excellent thermostability, corrosion resistance, and 
welding performance, was welded using local dry underwater pulse metal inert gas (LDU-PMIG) welding technology in 
this study. The effect of different pulse peak currents on droplet transfer behavior and weld formation was investigated. The 
results show that short circuit transfer, globular transfer, and projected transfer were observed in the LDU-PMIG process. 
With the peak current of 240 A, the droplet transfer modes were short-circuit transfer and globular transfer; the weld forma-
tion was irregular with large particle spatters around the weld. With the peak current increased to 260 A, the droplet transfer 
mode changed into the globular transfer, and the weld formation quality was improved. With the peak current of 280 A, the 
droplet transfer mode was projected transfer, the weld formation was satisfied with a few spatters, and the coefficient of weld 
formation was the largest, and projected transfer was the most stable mode. With the increase of the peak current from 300 
to 320 A, the droplet transfer mode did not change, but the instability of the welding arc resulted in poor weld formation 
with serious spatters and undercuts.
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1  Introduction

304 stainless steel exhibits the advantages of significant cor-
rosion resistance and excellent mechanical property, which 
has been widely used in the marine environment, oil and 
gas industries, and nuclear sector [1]. Underwater welding 
is one of the most significant technology for the manufac-
turing and remanufacturing of 304 stainless steel structures 
in the marine equipment, including offshore drilling plat-
form, marine engineering vessel, offshore wind power, and 
nuclear power plant [2]. Underwater welding technique 
mainly includes wet welding, dry welding, and local dry 

welding [3]. Among them, local dry underwater welding 
(LDUW) has gradually become a research hotspot in the 
field of underwater welding due to high flexibility, good 
adaptability, low cost, and good weld formation [4, 5].

In the LDUW process, the drainage device is adopted to 
drain the water around the welding area to provide a stable 
local dry cavity for underwater welding, which is similar to the 
condition of on-land welding [6]. Recently, researchers have 
conducted a great deal of research on LDUW. Di et al. [7] used 
a drainage device to carry out welding experiments in LDUW 
successfully and concluded that the rapid cooling effect of 
underwater environment could improve the impact toughness 
and tensile strength of welds. Hu et al. [8] obtained duplex 
stainless steel welded joints under different simulated water 
depths by adopting local dry welding technique, and revealed 
that the austenite content of the weld joints increased initially 
and decreased afterwards. Han et al. [9] designed a micro-drain 
cover based on the shrinkage nozzle principle with a dual air 
curtain structure and carried out a series of experiments; they 
reported that the micro-drain cover could ensure the stability 
of welding process and the good quality of weld formation.

Pulse metal inert gas welding is an efficient welding 
method with low average input current, which is suitable 
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for all-directional welding of aluminum, magnesium, copper, 
and stainless steel, etc.; it can improve the stability of drop-
let transfer and obtain excellent weld formation. Hence, the 
combination of LDUW method and pulsed MIG technique 
(LDU-PMIG) has broad application prospect and important 
engineering application value.

Welding current has a significant impact on the weld-
ing process [10], which is mainly reflected in changing the 
heat input and the stability of welding process; these factors 
will greatly affect the quality of weld formation. Guo et al. 
[11] explored the effect of pulse current on the stability of 
welding process and weld formation in FCAW; they dem-
onstrated that the stable mass transfer process and welding 
arc could increase the efficiency of heat input, decrease the 
acicular ferrite content, and increase the pre-eutectoid ferrite 
content in welds; the hardness and tensile strength of welds 
were similar to the in-air weld. Singh and Agrawal [12] 
studied the effect of welding current on the weld formation 
in tungsten inert gas welding. They put forward that with 
the increases of welding current, the weld penetration, weld 
width, and weld reinforcement all increased. Tabrizi et al. 
[13] researched the effect of pulse and continuous current 
on the mechanical performance of AISI 316L stainless steel 
joints in gas tungsten arc welding. They drew a conclusion 
that the welded joints under pulse current mode had higher 
hardness and toughness. Karunakaran and Balasubramanian 
[14] analyzed the effect of pulse current on the mechanical 
properties and microstructure characteristics of aluminum 
alloy joints welded by gas tungsten arc welding technique; 
they revealed that pulse current welding could improve the 
tensile strength of welds. However, researchers mainly focus 
on the analysis of weld formation quality for the effect of 
welding current on the welding process; few studies have 
concentrated on droplet transfer for that.

There are many modes of droplet transfer in MIG welding 
process; the transfer modes have a significant influence on 
weld formation quality [15, 16]. Therefore, researchers have 
conducted many studies on droplet transfer in welding pro-
cess. Ma et al. [17] investigated the influence of the main arc 
voltage on arc behavior and droplet transfer in tri-arc twin 
wire welding. It indicated that with the increase of the main 
arc voltage, the droplet transfer changed from an unstable 
mixing transfer to a stable repulsion particle transfer. Wang 
et al. [18] explored the effect of ultra-high frequency on 
arc behavior and droplet transfer. Through experiments and 
theoretical analysis, they verified that ultra-high-frequency 
pulse alternating current cold metal transfer arc exhibited a 
good stability, with the pulse frequency increased from 60 
to 80 kHz; the length of welding arc and the droplet diam-
eter were maintained within an optimum range. Yang et al. 
[19] studied the influence of wire feeding speed on droplet 
transfer and weld formation in GMAW for high nitrogen 
austenitic stainless steel. The results revealed that stable 

short circuit transfer, unstable short circuit transfer, and 
spray transfer would be observed in the process; the weld 
formation for stable short-circuit transfer was the best qual-
ity with few spatters. Cai [20] supplied Ar and He alternately 
as shielding gas in MIG welding for 5A06 aluminum alloy; 
they found that when the shielding gas was alternately sup-
plied, the welding current fluctuated and the droplet transfer 
mode would change alternately. Wang et al. [21] studied 
the effect of pulse frequency on droplet transfer and weld 
formation in MIG welding. They demonstrated that with the 
increase of pulse frequency, the frequency of droplet transfer 
decreased. However, considering that changing pulse fre-
quency during underwater welding will lead to the distor-
tion of current waveform and discontinuity of heat input, the 
adjustment range of pulse frequency is narrow, which limits 
the control ability of pulse frequency for droplet transfer; it 
is not conducive to improve the weld formation quality. In 
the existing studies, there is little research about the effect of 
pulse peak current on droplet transfer behavior in the process 
of LDU-PMIG. Therefore, it is difficult to explain the effect 
of pulse current on the quality of weld formation from the 
perspective of droplet transfer behavior.

In this study, LDU-PMIG experiments were performed 
under different pulse currents, by collecting the electrical 
signals and droplet transfer images; the effects of pulse cur-
rents on droplet transfer and weld formation quality in the 
LDU-PMIG welding technique were investigated.

2 � Experimental procedure

The test platform of LDU-PMIG is mainly composed of 
the welding robot, self-developed underwater welding 
power supply with the rated power of 15 kW, wire feeder, 
micro-drainage device, image capturing device, electrical 
signal acquisition device, and gas supply device, as shown 
in Fig. 1. Image capturing device includes the dysprosium 
lamp with the power of 1.8 kW and the high-speed camera 
with a frame rate of 2000 fps, which can be used to capture 
the images of droplet transfer during the welding process. 
The electrical signal acquisition device includes Hall sensor 
and oscilloscope, which can be adopted to detect welding 
current and voltage parameters during the welding process.

The welding material was AISI 304 stainless steel 
plate with a dimension of 300 mm × 100 mm × 5 mm. The 
welding wire was selected as 308Lsi with the diameter 
of 1.2 mm. To ensure the exploratory experiments under 
different pulse currents, parameters can be performed suc-
cessfully, and multiple groups of pre-experiments were 
conducted. Considering the welding process stability and 
weld formation quality, the exploration range of peak cur-
rent was set from 240 to 320 A. The welding robot was 
employed to perform the overlay welding experiments on 
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the stainless steel plate; the welding process was oper-
ated in a transparent water tank with a depth of 200 mm. 
The welding parameters are shown in Table 1. A mixed 
gas of 98% Ar and 2% CO2 was used as the shielding gas 
and drainage gas. Compared with traditional on-land MIG 
welding, LDU-PMIG technique has a more complicated 
welding process due to the effect of rapid water cooling 
and larger gas flow. To avoid the huge interference of the 
complex underwater environment in the experiments, each 
group of pulse current parameters was carried out three 
times to reduce the errors.

After conducting the welding experiments, the electri-
cal signals detected were processed to obtain the U-I dia-
grams; the stability of droplet transfer process was studied. 
The droplet transfer videos were edited into pictures to 
investigate the droplet transfer under different peak current 
parameters. A stereo microscope was adopted to detect 
the dimensions of the weld cross-section when the welds 
were cut, sampled, polished, and corroded. The corrosive 
solution was composed of picric acid, nitric acid, and 
ethyl alcohol. In addition, the mechanical model of droplet 
transfer was established to explain the formation mecha-
nism for different droplet transfer modes and explore the 
influence of the droplet impact force on weld penetration.

3 � Results and discussions

3.1 � Stability analysis of welding process

The U-I diagrams under each peak current were obtained 
as shown in Fig. 2. The trajectory of working points during 
the welding process can be clearly observed, and the con-
centration degree of working points can reflect the stability 
of welding current and voltage [22].

The U-I diagram of 240 A is illustrated in Fig.  2a; 
three typical arc state regions were observed, including 
arc-extinguishing region (I), short-circuit region (II), and 
arc-burning region (III). In arc-extinguishing region, the 
welding peak current was too inadequate to guarantee the 
stability of arc combustion. In short-circuit region, the 
droplet with welding wire was contacted with the molten 
pool before it separated from welding wire and caused the 
short circuit. At this moment, the arc voltage was small 
and the arc length was very short. The voltage detected was 
the output voltage of the welding power source, which was 
related to the welding wire, cable, and other resistances; 
therefore, the welding voltage would not reach 0. The 
occurrence of arc extinguishing and short circuit led to the 
extreme instability of the electrical parameters, which was 

Fig. 1   Schematic diagram of 
LDU-PMIG test platform

Table 1   Parameters of welding 
test

Group Base 
current 
(A)

Peak 
current 
(A)

Pulse 
frequency 
(Hz)

Peak current 
duty cycle

Welding 
speed (mm/s)

Drainage gas 
pressure (MPa)

Shielding gas 
pressure (MPa)

A 100 240 100 32% 15 0.2 0.2
B 100 260 100 32% 15 0.2 0.2
C 100 280 100 32% 15 0.2 0.2
D 100 300 100 32% 15 0.2 0.2
E 100 320 100 32% 15 0.2 0.2
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not conducive to the stable arc burning. The U-I diagram 
under 260 A is shown in Fig. 2b, the arc-extinguishing 
region and the short-circuit region disappeared, and the sta-
bility of welding process was improved. The U-I diagram 
of 280 A is shown in Fig. 2c. The welding voltage and 
current of the welding process had the least fluctuations, 
which indicates the arc stability of this parameter was the 
most satisfied. In the arc-burning region under this current, 
it could be observed that the U-I signal had an obvious 
circuit; A, B, C, and D regions were respectively the base 
current stage, the climbing stage from the base current to 
the peak current, the peak current stage, and the falling 
stage from the peak current to the base current. With the 
peak current increased from 300 to 320 A, the electrical 
parameters became unstable; that was because with the 
peak current increasing, the gap between the peak and 
base current became larger, and welding current frequently 
climbed vertically from the base current to the peak cur-
rent, and then dropped vertically from the peak current to 
the base current, which would inevitably lead to violent 
fluctuations of welding arc.

3.2 � Droplet transfer modes under different peak 
currents

Stable droplet transfer process is essential for high-stability 
welding process. Therefore, it is necessary to study the 
droplet transfer process under different peak current param-
eters and clarify the correlation systems between pulse cur-
rents and droplet transfer modes. With the peak current 
increased, three types of droplet transfer modes occurred in 
the welding process that were short circuit transfer, globu-
lar transfer, and projected transfer.

3.2.1 � Short circuit transfer

Small peak current leads to the insufficiency of heat input 
at the peak stage, resulting that the wire feeding speed is 
greater than the melting speed of welding wire; the droplet 
with the welding wire entered the molten pool early before 
separating from the welding wire. The whole process of 
droplet transfer takes place inside the molten pool, which 
forms the short-circuit transfer. When the peak current was 
240 A, the droplet transfer modes were short-circuit trans-
fer and globular transfer. The short-circuit transfer process 
is illustrated in Fig. 3. At the beginning, the welding wire 
was continuously fed into the molten pool, and no obvious 
droplet was observed at this moment. After 14 ms, a dis-
tinct droplet was developing, and then the droplet grew and 
began to approach the molten pool. At 18 ms, the welding 
wire with a large droplet contacted directly with the molten 
pool, which formed the short-circuit transfer. The arc volt-
age decreased rapidly and the arc light disappeared; only 
the appearance of the droplet could be observed, and the arc 
reignited at 24.5 ms. When short-circuit transfer was in pro-
cess, the arc voltage decreased rapidly, while the welding 
current increased sharply. The whole process was matched 
with the electrical signal detected by acquisition system, as 
shown in Fig. 4; it is found that the electrical parameters 
under the short-circuit transfer mode were extremely unsta-
ble, and the current curve had a huge peak, which was not 
conducive to welding process.

3.2.2 � Globular transfer

When the peak current is small, the surface tension of the 
droplet prevents the droplet from separating from welding 

Fig. 2   a–e U-I diagrams of dif-
ferent peak currents
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wire, which results in metal accumulation at the root of the 
welding wire. At this moment, the droplet volume continu-
ously increases. Then the droplet detaches from the weld-
ing wire under the action of gradually increasing grav-
ity, which forms the globular transfer. Figure 5 illustrates 
the process of globular transfer with the peak current of 
260 A. At the initial moment, it could be clearly observed 
that the droplet gradually grew at the root of the welding 
wire. The droplet began to separate from the wire at 5 ms, 
and then it kept a regular spherical shape. At 11 ms, the 
droplet transferred smoothly to the molten pool. At 15 ms, 
the droplet was contacted with the molten pool and the 
globular transfer process was completed. Figure 6 shows 
the output current and voltage waveforms of 260 A, the 
fluctuations of the electrical signals were slight, and the 
smooth globular droplet transfer mode can be obtained 
under this process parameter.

3.2.3 � Projected transfer

With the further increase of the peak current, the arc force 
generated by welding current makes the droplet separate 
from the welding wire before it grows, and the droplet shoots 
into molten pool at a high speed, which forms the projected 
transfer. When the peak current increased from 280 to 320 
A, the droplet transfer mode was projected transfer. Figure 7 
illustrates the whole process of droplet transfer with the peak 
current of 280 A. After separating from welding wire, the 

overall shape of droplet was a regular ellipsoid. At 2 ms, it 
could be clearly observed that two droplets existed at the same 
time, and the droplets quickly dropped into the molten pool. 
It took 6 ms to complete the whole transfer process, which 
was generally the mode of many droplets in one pulse cycle. 
The diameter of the droplet was significantly decreased, and 
the dropping speed increased. According to the droplet trans-
fer images and the output electrical signal waveforms of 280 
A (Fig. 8), projected transfer was the most satisfied droplet 
transfer mode.

3.3 � Weld formation characteristics

Figure 9 illustrates the weld formation of different peak cur-
rents. When the peak current was 240 A, the transfer mode 
was short-circuit transfer and globular transfer. Among 
them, the short-circuit transfer mode was extremely unsta-
ble, and droplet exploding would generate many explosive 
spatters during the transfer process, resulting in uneven weld 
formation with large particle spatters around the welds. With 
the peak current increased to 260 A, the short-circuit trans-
fer disappeared, and the droplet transfer mode was globular 
transfer. Compared with short-circuit transfer, this mode was 
more stable. On the action of the arc force generated by 
welding arc, the droplet would deviate from the welding wire 
during the transfer process, causing that part of droplet to 
deviate from the molten pool, but the overall weld formation 
quality was improved. When the peak current was 280 A, the 

Fig. 3   Short circuit transfer 
process at the peak current of 
240 A

Fig. 4   The output current and 
voltage waveforms of 240 A
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droplet transfer mode was projected transfer, and the droplet 
dropped into molten pool stably and quickly, which con-
tributed to obtain high weld formation quality with satisfied 
continuity and smoothness. This droplet transfer mode was 
the most stable. When the peak current increased from 300 
to 320 A, the transfer form was still projected droplet trans-
fer. With the heat input further increased, the droplet drop-
ping speed increased and the droplet diameter decreased. 
The instability of arc voltage caused irregular droplet drop-
ping, which led to worse weld formation with some small 
particle spatters and undercuts.

Furthermore, to explore the influence of peak current on 
weld formation quality further, dimension detections were 
carried out on the cross-section of the welds; after the weld 
was sampled, the steel plate thickness of 5 mm was regarded 
as the calibration reference by using stereo microscope, the 
weld penetration (H), weld width (B), and weld reinforce-
ment (h) were obtained.

The coefficient of weld formation is the ratio of the 
weld width (B) to the weld penetration (H), which can be 
used to measure the weld formation quality. Three sets of 
sectional dimension data under each peak current param-
eter were detected and collected, and the average values 
and standard deviations of each sectional dimension were 
obtained. Figure 10 illustrates that with the increase of the 

peak current, the weld width, weld penetration, and weld 
reinforcement increased, and the coefficient of weld forma-
tion first increased and then decreased. The coefficient of 
weld formation of 280 A was the largest. The error bar in 
Fig. 10 represented the standard deviation of each param-
eter. When the peak current was small, three unstable fac-
tors, including short circuit, arc interruption, and reignition, 
inevitably resulted in unstable droplet transfer. And with the 
peak current increased, the arc length increased, the drop-
let size decreased, and the dripping speed increased. Being 
subjected to the large arc force, the droplet transfer became 
disordered, which caused the inconformity of several sets of 
cross-sectional parameters of the same weld.

The increase of heat input would lead to the increase of 
weld penetration. But the strong water cooling effect caused 
by the contact between the rear face of base metal and water 
would lead to rapid cooling of the molten pool, which would 
inhibit the increase of weld penetration. In addition, the 
increase of the heat input would help to increase the weld 
width. However, with the increase of weld penetration, the 
arc length remained unchanged because the welding volt-
age did not change. When the arc dived into the molten 
pool, the decrease of arc swing angle would weaken the 
tendency increase of weld width and limit the growth speed 
of weld width. Besides, the increase of peak current made 

Fig. 6   The output current and 
voltage waveforms of 260 A

Fig. 5   Globular transfer process 
with the peak current of 260 A
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the increase of welding wire melting speed, which caused 
the increase of weld reinforcement accordingly. It could be 
found that with the current increased, the growth extent of 
weld width and weld penetration increased first and then 
decreased, for the reason that the increase extent of weld 
width was greater than that of weld penetration; the coef-
ficient of weld formation increased initially and decreased 
afterwards.

3.4 � Mechanical modelling and analysis of droplet 
transfer

3.4.1 � Formation mechanism of different droplet transfer 
modes

To profoundly explain the influence of different pulse cur-
rents on different droplet transfer modes, the mechanical 
model of droplet transfer was established and investigated. 
Figure 11 illustrates the mechanical model of the droplet 
growing at the root of welding wire. According to the static 
equilibrium theory [23], the droplet is subjected to gravity 
G, surface tension Fs, plasma flow force Fp, and electromag-
netic force Fem. The direction of gravity, plasma force, and 
electromagnetic force is downward; these forces promote 
the droplet transfer into the molten pool, and the direction 

of surface tension is upward, which maintains the droplet 
shape and prevents the droplet breaking away from the wire.

As the welding wire melting, the droplet grows gradually 
and causes the increase of droplet gravity. The calculation 
method of gravity is given by:

where D0 stands for the droplet diameter, ρ is the drop-
let density, and g represents the gravitational accelera-
tion. Before separating from welding wire, the droplet is 
adhered to the welding wire due to surface tension, which 
is expressed as:

where d0 is the diameter of welding wire; γ is the surface 
tension coefficient. The coefficient will change with tem-
perature, which depends on the welding current [24]. The 
relationship between surface tension coefficient γ and weld-
ing current I is expressed by:

Equation (3) reveals that with the increase of welding cur-
rent, the surface tension coefficient decreases accordingly. 

(1)G =
�D3

0
�g

6

(2)Fs = �d
0
�

(3)� = −0.0216 × e
I

43.517 + 4.11379

Fig. 7   Projected transfer process 
with the peak current of 280 A

Fig. 8   The output current and 
voltage waveforms of 280 A
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During the welding process, the conical welding arc makes 
the arc force different on the different section, resulting in 
a pressure difference. Axial thrust caused by the pressure 
difference prompts shielding gas to flow from the root of 
welding wire to the molten pool, forming the plasma flow 
force [25], which provides thrust to drive the droplet move 
towards the workpiece along the axis. The plasma flow force 
is expressed as:

where Ap is the action area of plasma flow force, Cd is the 
tension coefficient of plasma flow force, and ρf is the density 
of plasma that is the density of shielding gas; vf is the plasma 
flow rate.

(4)Fp = APCd�
pf v

2

f

2

In the MIG welding process, electric field and magnetic 
field generated by the welding current flow will provide elec-
tromagnetic force Fem to the droplet, which is expressed as:

where μ0 is the vacuum permeability and θ is the arc root 
angle.

The resultant force F on the droplet can be expressed as:

When the peak current is small, the surface tension Fs 
plays a dominant role in Eq. (6), causing that the resultant 
force F keeps less than 0, and the droplet cannot separate 
from the welding wire, which forms short-circuit trans-
fer. With the peak current increases, the surface tension 
Fs decreases, and the welding wire melting prompts the 
droplet to develop adequately. At this time, the gravity G 
is in the leading position, making the resultant force F be 
more than 0; the droplet separates from the welding wire, 

(5)F
em

=
�
0
I
2

4�
[ln

D
0
sin �

d
0

+
2

(1 − cos �)2
× ln

2

1 + cos �
−

1

1 − cos �
−

1

4
]

(6)F = G + Fp + Fem − Fs

Fig. 9   Weld formation and 
dimensions (unit: mm) of dif-
ferent peak currents: a 240 A; 
b 260 A; c 280 A; d 300 A; e 
320 A

Fig. 10   Weld dimensions of different peak currents Fig. 11   Mechanical model of droplet growth stage
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which forms globular transfer. With the peak current fur-
ther increasing, the electromagnetic force Fem increases a 
lot and becomes the most significant factor, causing the 
resultant force F be more than 0; the droplet detaches from 
the welding wire before it grows, which forms projected 
transfer.

3.4.2 � The effect of impact force on weld penetration

To further explore the influence of peak current on weld 
penetration, it is necessary to calculate the momentum and 
impact force of the droplet before it falls into the molten 
pool. After the droplet transfer images were captured, the 
droplet diameters under different peak currents were calcu-
lated. Because of the same size of each picture, the welding 
wire diameter d0 of 1.2 mm was regarded as the reference 
substance.

As shown in Fig. 12, d1 and D1 stand for the welding wire 
diameter and droplet diameter measured by the picture, respec-
tively; the actual droplet diameter D0 can be calculated:

Then, the droplet mass m is expressed:

The high-speed camera was employed to capture the droplet 
transfer images with the frame rate of 2000 fps, and the time 
interval T of each picture was 0.5 ms, selecting three pictures 
of the droplet before falling into the molten pool, as shown in 
Fig. 12. According to the method of welding wire diameter 
reference, the displacement difference of three pictures were 
obtained as h1 and h2 respectively, and the velocity v and accel-
eration a of the droplet before entering the molten pool were 
approximately calculated by:

(7)D
0
=

D
1
d
0

d
1

(8)m =
��D3

0

6

(9)v =
h
1
+ h

2

2T

According to Eqs. (7), (9) and (10), the actual diam-
eter, velocity, and acceleration of the droplet under differ-
ent peak currents were calculated, as shown in Fig. 13. It 
reveals that with the peak current increased, the diameter 
of the droplet decreased, and the speed and acceleration 
of the droplet increased.

Then, the momentum p and the impact force Q of the 
droplet is expressed as:

Figure 14 shows the effect of momentum and impact 
force of droplet on weld penetration under different peak 
currents. With the peak current increased, the droplet 
diameter decreased, and the droplet velocity increased; 
these two factors led to a decrease in droplet momentum. 
Figure 14a depicts that the weld penetration increased with 
the decrease of droplet momentum. It is obviously unrea-
sonable to adopt droplet momentum as a reference for 
determining the weld penetration. Figure 14b illustrates 
that the impact force of droplet falling into the molten pool 
increased continually and had an evident positive effect 
on the weld penetration; that was, the greater the impact 
force, the deeper the weld penetration. Consequently, the 
droplet impact force can be regarded as the reference for 
determining the weld penetration.

(10)a =
h
2
− h

1

T2

(11)p = mv =
��D3

0
(h

1
+ h

2
)

12T

(12)Q = ma =
��D3

0
(h

2
− h

1
)

6T2

Fig. 12   Solution schematic diagram of droplet diameter, velocity, and 
acceleration

Fig. 13   Droplet diameter, velocity, and acceleration of different peak 
currents
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4 � Conclusions

In this study, several sets of LDU-PMIG welding experi-
ments under different pulse currents (240 ~ 320 A) were 
conducted; the electrical parameters, droplet transfer 
images, and weld formation quality were investigated, then 
the mechanical model of the droplet transfer was estab-
lished and investigated. The conclusions are summarized 
as follows:

1.	 With the increase of pulse peak current, the droplet 
transfer modes changed from short-circuit transfer and 
globular transfer (240 A) to globular transfer (260 A), 
then to projected transfer (280 ~ 320 A). Projected trans-
fer was the most stable mode.

2.	 With the peak current of 280 A, the output electrical 
signals were ordered with the least fluctuates. The weld 
formation was satisfied with smoothness, uniformity, 
and absence of spatters and undercuts, and the coeffi-
cient of weld formation was the largest.

3.	 The mechanical model of droplet transfer revealed that 
with the peak current increased, the surface tension, 
gravity, and electromagnetic force would respectively 
take the leading place, which led to short-circuit transfer, 
globular transfer, and projected transfer, respectively.

4.	 With the peak current increased, the droplet diameter 
decreased, the droplet velocity and droplet impact force 
increased, but the droplet momentum decreased. The 
impact force had an extremely positive effect on the 
weld penetration, which could be adopted as the refer-
ence for determining the weld penetration.
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