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Underwater Pulse-Current FCAW —
Part 1: Waveform and Process Features

Regulating metal transfer using pulse current
improved welding process stability

BY C.JIA, J. WU, Y. HAN, Y. ZHANG, Q. YANG, AND C. WU

ABSTRACT

The typical metal transfer mode in conventional under-
water wet flux cored arc welding (FCAW) delivers large
droplet repulsive transfer with low frequency. The process
stability and the weld quality are seriously deteriorated with
significant spatter and frequent arc extinctions. It is
thought the repulsive forces applied on droplets can be
reduced by rapidly decreasing the welding current, making
the droplets sag and oscillate. A novel underwater pulse-
current FCAW was proposed to periodically regulate the
forces applied on droplets. The experimental system was
developed with specially designed pulse current and reli-
able arc length control. Visual and electrical signals were
collected simultaneously to study the process features. It
was found that the maximum droplet diameter decreased
to less than 5 mm; the temporary arc-extinguishing
frequency decreased significantly; there was almost no
short-circuit transfer and surface-tension transfer; and the
stability of the welding process was significantly improved.
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Introduction

Underwater welding technology is one of the indispensa-
ble technologies in modern offshore engineering, such as
offshore platform construction, submarine pipeline laying
and maintenance, bridge construction and maintenance,
and nuclear power plant maintenance (Refs. 1-4). The self-
shielded underwater flux cored arc welding (FCAW) process
does not need special drainage equipment and an evacuated
chamber for underwater dry welding methods. Compared to
manual welding, automated welding has many advantages,
including easy operation, high efficiency, and low cost (Ref.
2). Due to the special and complex underwater environ-
ment, the quality of underwater wet welding is influenced

by many factors, such as arc plasma characteristics, metal
transfer, and bubble behaviors. Many studies have proved
that metal transfer plays an important role in weld forma-
tion, process stability, heat input, and arc burning (Refs.
5-8). Scholars have also conducted a great deal of research
on metal transfer control schemes (Refs. 9, 10). Some have
reduced the surface tension of droplets by adjusting the type
of shielding gas, wire material, and wire feeding methods,
thus reducing the size of droplets when they detach from
the tip of the wire and decreasing the production of spatter
(Refs. 11, 12).

With the performance improvements of the welding
power supply (digital, inverters, and controlled waveform),
more and more scholars use current waveform to control
metal transfer in various welding processes. According to
the different characteristics of each phase of metal transfer,
corresponding welding current and voltage waveforms were
input to ensure a more stable metal transfer and to reduce
generated spatter. Among these methods, the most repre-
sentative one was surface tension metal transfer (Ref. 13).
This method is mainly applied in low-current welding. It en-
sures smooth metal transfer under the effect of surface ten-
sion by reducing welding current at the initial stage of short
circuit and increasing short-circuit welding current at the
later stage of short-circuit transfer. The welding current is
significantly reduced at the moment when the droplet con-
tacts the molten pool to form a short circuit; the welding arc
is reignited after the metal is transferred to the molten pool,
so as to avoid the liquid “bridge” being heated sharply to
form a burst resulting in significant spatter. In the process
of smooth short-circuit transfer by means of surface ten-
sion, the pinch current will be raised again; the electromag-
netic contraction force at the neck of the shrunken droplet
will be greatly increased, which will have a squeezing effect
on the droplet, promoting the metal transfer and shortening
the transfer time.

Y. M. Zhang et al. proposed an active control method for
pulsed gas metal arc welding (GMAW-P) based on the syner-
gistic use of droplet oscillation momentum and electromag-
netic force (Ref. 7). The droplet oscillates when the welding
current changes from peak to base. When droplets grow to
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Fig. 1 — Experimental platform and signal acquisition system.

the appropriate size, the pulse current is switched to the
valley current, and then the welding current is switched to
the excitation current with higher amplitude when droplets
oscillate downward. The droplet’s downward momentum
and the sudden increase of electromagnetic force were used
to produce sufficient force to make the droplet detach from
the tip of the wire. As a result, the smooth and regulated
metal transfer was achieved. In recent years, G. J. Zhang

et al. proposed the application of pulsed-laser and negative-
pulse current to achieve the free transfer of droplets using
low welding current (Ref. 14). On one hand, the evaporative
reaction force caused by the laser beam was used to promote
droplet dropping; on the other hand, the resistant arc force
to droplet falling was reduced by rapidly reducing the weld-
ing current. The electromagnetic spot resistance of droplets
decreased instantaneously with the decrease of the welding
current. The droplets changed from a repelled state to a nat-
ural sagging state, and returned to the axial position of the
wire flexibly (in about 7 ms).

The above research provides a theoretical basis for im-
proving the metal transfer in underwater wet FCAW. In con-
ventional wet FCAW, droplets are mainly repelled by com-
plex upward forces in bubbles, which makes it difficult for
them to drop freely. They are forced to grow to a large size
and even be excluded from the wire axis. According to the
analysis of the forces applied on droplets under water (Ref.
15), it is known that the drag force of gas in bubbles mainly
comes from the decomposition of flux cores, the decomposi-
tion or evaporation of water, and the irregular flow of metal
vapor in the molten pool. Therefore, arc heat is the funda-
mental reason for the repulsive forces. The arc force mainly
includes spot pressure, the axial component of electromag-
netic force. The repulsive force magnitudes depend mainly
on the welding current.

Considering the aformentioned research, merely increas-
ing welding current or voltage can theoretically reduce sur-
face tension and improve plasma flow force, but it will in-
evitably intensify flux-core decomposition and water de-
composition or evaporation, and increase the drag force of
gas flow on droplets. At the same time, the arc spot pressure
under the droplet increases with the increasing welding cur-
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Fig. 2 — Schematic of the pulse-current waveform and as-
sumed metal transfer.

rent. The droplet is still subject to large upward repulsive
forces and cannot transfer freely. It is difficult to obtain
higher frequency and smaller size metal transfer.

To improve metal transfer stability and weld formation,
it was proposed to use pulse current to regulate the metal
transfer during underwater wet welding. A novel underwa-
ter wet pulse-current FCAW process and its features were
investigated. The waveform design, arc length control, and
metal transfer processes were comprehensively studied and
discussed. The control mechanism, based on pulse current,
provided important data and theoretical basis for further
optimization of this technology.

Experimental Procedure

To analyze the relationship between the metal transfer
processes and the electrical parameters, a data acquisition
and control system was built based on LabVIEW, as shown
in Fig. 1. All the experiments were conducted at the water
depth of 0.5 m in a water tank. The data acquisition system
included a data acquisition card, terminal board, Hall effect
current sensor, voltage sensor, and computer. The sampling
acquisition frequency was 100 kHz. The range of the voltage
sensor was 0 to 100 V. The range of the current sensor was 5
to 500 A. The acquisition and control system can fulfill the
requirement of synchronous analog/digital data acquisition
and output.

The employed voltage sensor was also designed according
to the Hall effect principle. The sensor first converted the
collected voltage signals into current form through the de-
signed electric circuit, then output them to the acquisition
card. The base metal was Q235 with 8-mm thickness. Bead-
on-plate welding experiments were carried out using a spe-
cially designed flux-cored wire for underwater wet welding
made by E. O. Paton Electric Welding Institute, Kiev,
Ukraine.

In underwater FCAW, the visual signal acquisition is usu-
ally disturbed by many factors, such as bubbles and welding
fumes. The fluctuation of the water surface would change
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Fig. 3 — Schematic of the closed-loop control system.

the optical path from the welding area to the camera. The
x-ray-assisted photography technique could obtain metal
transfer images, but would lose important information such
as the arc and bubble evolution processes (Ref. 16).

In light of the problems detailed above, a visual sensing
system based on a high-speed camera was designed. The res-
olution of the camera was 640 x 480 pixels with frame rate
up to 2000 fps. Clear images of the underwater wet FECAW
process (Ref. 17) were obtained, containing rich and impor-
tant information, including metal transfer, bubble evolu-
tion, and arc behaviors. Experiments were designed with the
pulse-current waveform, to explore its control effect on met-
al transfer behaviors in underwater wet welding. Experi-
mental parameters are shown in Table 1 and Table 2. Please
note the experiments under constant voltage were conduct-
ed to compare and study the welding process stability in
pulse-current FCAW.

Results

Pulse-Current Waveform Design

GMAW using solid wire, increasing the welding current
or voltage can reduce the surface tension and improve the
plasma flow force, thus the high-frequency free metal trans-

fer or projected transfer can be realized. The free metal
transfer mode is the transition form the droplet falls into in
the weld pool after falling off from the welding wire end and
moving freely through the arc space for a certain distance.
However, for underwater wet welding using flux-cored wire,
higher current or voltage will inevitably intensify the flux
core’s decomposition and the water decomposition or evapo-
ration, as well as increase the drag force of gas flow. In addi-
tion, the arc spot pressure and electromagnetic force acting
upward on the droplets also increase along with the in-
creased welding current. Thus, the repulsive forces are
strengthened with a larger extent than the arc forces. The
droplets are still subjected to a large upward force and can-
not drop freely. As a result, it is difficult to obtain high-
frequency droplet transfer with small diameter droplets.
Therefore, the authors proposed that the free metal trans-
fer in underwater wet FCAW can be realized based on pulse-
current control and regulation. The drag force and arc force
were controlled by adjusting welding current, so as to realize
the one drop per pulse free metal transfer mode with higher
frequency and smaller droplet size. As shown in Fig. 2, the
pulse-current waveform was designed with four sections: back-
ground current I, valley current I, pinch current I,, and valley
current I,,. The preset function of each section was as follows:
The waveform of background current is shown in the t,~t;
period. The wire melted in a short time at a high current,

Table 1 — Experiment Parameters Under Pulse-Current Mode

Wire Feed Rate

Welding Speed

Average Current Frequency

Welding Parameters 4.4 m/min

180 mm/min

200 A 20 Hz

Table 2 — Experiment Parameters Under Constant-Voltage Mode

Arc Voltage

Wire Feed Rate

Welding Speed Wire Diameter

Welding Parameters 27V

4.4 m/min

180 mm/min 1.6 mm
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Fig. 4 — Arc voltage fluctuation features and recognition in
underwater constant-voltage FCAW.

and the droplet grew to a certain size. At that time, there
were large repelling forces consisting of the drag force, elec-
tric arc force, and buoyancy. At the “c” moment of metal
transfer, the grown droplet was repelled by the complex
forces, which stopped the droplet’s downward movement.

The waveform of valley current I, is shown in the t,-t, peri-
od. When the droplet grew to a certain size at t;, the welding
current was sharply decreased to the valley current. In this
case, the repulsive forces decreased subsequently, including
the arc force and drag force. The force balance of droplets was
then destabilized. According to the previous analysis, it was as-
sumed that the sharply decreased welding current would sig-
nificantly reduce the repulsive forces. Subsequently the re-
pelled droplet moved downward and hung at the end of the
wire. This transition produced a certain oscillation. The
droplet size grew larger with the ongoing welding process, and
the necking occurred due to the gravity and the downward mo-
mentum. The characteristics of metal transfer are shown the
moments “d” and “e” in the corresponding graphs.

The pinch current I, is shown in the t,-t; period of the
figure. Once the droplet grew large enough, the downward
forces became higher than the upward forces, as shown at
the “e” moment, when the necking phenomenon of the
droplet happened. As the welding current was increased
sharply from valley current to pinch current, the radial and
downward axial components of the electromagnetic contrac-
tion forces got much stronger and accelerated the metal
transfer process. In addition, the downward inertia momen-
tum offered additional contribution to the droplet detaching
process. The detaching and transfer processes are described
at moments “f” and “g” in Fig. 2.

Subsequently, the welding current was reduced to valley
current I, when the droplet was about to detach from the
wire end, so as to prevent the excessive heat input, reduce
repulsive forces, and avoid spatter. The characteristics of the
metal transfer are shown as “g” in the corresponding graph.
Stable arc burning and bubbles generation were maintained.
Then the welding current was raised to the background cur-
rent to start the next cycle.

Arc Length Control Strategy

To realize the reliable and accurate output of the preset
current waveform, the welding power source was controlled
by an external program through an industrial computer. Be-
cause the arc self-regulation effect under constant-voltage
was not effective in the pulse-current mode, the correspon-
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Fig. 5 — Collected welding current and arc voltage signals in
pulse-current wet FCAW before (top) and after (bottom) ap-
plying the arc length control.

ding control for maintaining a stable arc length was critical
for FCAW process.

As shown in Fig. 3, a closed-loop control system was de-
veloped to avoid arc extinguishing or short circuit caused by
arc length variations. The arc length was adjusted by chang-
ing the welding current appropriately based on the collected
arc voltage signal as feedback. Specifically, when the arc
length was too long, the arc voltage was higher than the pre-
set threshold value (= 27 V), the output current of welding
power source was reduced, thus the melting rate of the weld-
ing wire slowed down, and the arc length was shortened,
correspondingly. When the arc length was too short, the arc
voltage was lower than the threshold value (< 27 V), the out-
put current was increased to accelerate the melting rate of
the wire, and the arc length was then increased accordingly.

Once the difference between the collected and preset
threshold voltage was obtained, the controller output a con-
trol variable, which decides the average welding current level
for the next cycle. As shown in Equation 1, a proportional-
integral (PI) controller was used to calculate the correct out-
put average current in real time. In other words, the ampli-
tude and directions of the welding current adjustment were
determined for eliminating the voltage variation.

u, = P[e(z‘)+ T

l

j e(t)dt} )

where, u, is the output value at t moment, K} is the propor-
tional gain, T, is the integral time, e(t) is the obtained differ-
ence between the collected and preset threshold voltages at t
moment, and ¢ represents the current moment for calcula-
tion. Based on the employed PI controller, the accumulated
controlled variables and the initial waveform parameters
both determined the required current waveform for a stable
arc length. Note that the gain settings associated with the
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Fig. 6 — Typical metal transfer in pulse-current wet FCAW
(No. 1).

controller were tuned manually according to experience and
experimental data.

However, because the wet welding process is vulnerable
to short arcs and frequent disturbances, the above controller
might output impropriate values. For example, if arc distin-
guishing happens, the detected arc voltage would show
ultra-high values (close to open-circuit voltage) and the con-
troller would produce an ultra-low welding current; if short
circuit happens, ultra-high welding current would be output.
Therefore, some restrictions were added to the computer
program considering possible exceptions. Thus, the con-
troller became a relatively sophisticated hybrid controller
that combined a traditional PI controller with an expert sys-
tem that is responsible for detecting the disturbances and
avoiding wrong output.

Figure 4 shows the arc voltage fluctuations and features
in underwater constant-voltage FCAW. The features of dif-
ferent signal fluctuation conditions are recognized, includ-
ing arc interruption, droplet detaching or spatter genera-
tion, normal fluctuation, short circuit, and real arc length
variation. In the control program, a function of real-time
analysis of the signal data was added to the PI controller and
acted as an auxiliary expert system. Based on certain judg-
ment conditions, the changing rates of voltage signals in
each pulse cycle were calculated for the automatic feature
recognition.

When the arc interruption happened, the arc voltage
sharply rose to open-circuit voltage (80 V). When the large
droplet detached from the wire end and formed a spatter
or transferred to the weld pool, a sudden rise of the arc
voltage was observed. During the stable wet FCAW, the arc
voltage fluctuations still existed due to the complicated arc
and metal transfer processes in the water environment. It
was not suitable to recognize the “normal” fluctuations as
“abnormal.” In other words, the waveform did not need
any adjustment. In comparison, the continuously increas-
ing or decreasing arc voltage signals with certain slopes in-
dicated the real changing arc lengths. The control system
needs to output the required adjustment of the welding

Fig. 7 — Typical metal transfer in pulse-current wet FCAW
(No. 2).

current according to Equation 1. In addition, except for the
large droplet repulsive transfer, short-circuit transfer hap-
pened resulting in the sharply decreased arc voltage (close
to 0). Considering the above exceptions, the controller out-
put judged the fluctuation types first and gave an appro-
priate slight adjustment of the current waveform.

Thus, the controller made the right decisions consider-
ing the voltage fluctuation trends and other abnormal dis-
turbances. Please note that the update rate of the con-
troller was actually equal to the pulse-current frequency.
That is to say, the average current of each cycle of wave-
form was determined according to the controller output.
Additionally, according to the requirement for different
welding processes, the pulse and control frequencies
ranged from 10 to 100 Hz.

Figure 5 shows the real welding current and arc voltage
signals under the pulse-current mode with arc length con-
trol. The two sets of signals represented the processes be-
fore and after applying the aforementioned arc length con-
trol, respectively. It appeared that arc extinguishing and
short circuit happened many times during the welding
process without arc length control. In comparison, after ap-
plying the arc length control strategy, the arc voltage was
maintained in a reasonable range; no arc interruption or
long-time arc extinguishing happened; the average level of
the pulse current was adjusted by the hybrid PI controller.
This indicated the well-controlled arc length in the under-
water wet FCAW.

Visualization of the Metal Transfer in Pulse-
Current FCAW

Figures 6 and 7 show the synchronously obtained visual
and electrical signals in pulse-current underwater wet
ECAW. The two selected metal transfer cycles well showed
the regulation effect by the pulsed welding current.

As shown in Fig. 6, along with the periodically varying weld-
ing current, the detailed metal transfer process in a com-
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droplet stage.

plete cycle from 4.361 to 4.524 s was clearly observed. Over-
all, there was only one cycle of metal transfer in three cycles
of pulse-current waveform. According to the preset pulse-
current frequency (20 Hz), the metal transfer frequency had
been increased to 5-6 Hz, which is higher than that in con-
ventional wet FCAW (4.44 Hz) (Ref. 16).

A new liquid droplet was formed at 4.395 s, and the rela-
tive positions of the droplet, arc, and wire were clearly seen.
Due to the complex situation, the droplet was repelled leav-
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ing the wire axis with an offset. Subsequently, at 4.472 s the
droplet had grown to an ellipsoid, under the influence from
bubbles and welding arc, with a maximum diameter of 2.53
mm as measured in the figure, which was much smaller than
the reported 7.2 mm in conventional wet FCAW (Ref. 16). In
addition, at the moment of 4.472 s, the pinch current was
applied by the preset waveform. The droplet was then re-
pelled, due to the pinching forces to the right side at 4.498 s.
From 4.498 to 4.501 s, the droplet detached and dropped
into the weld pool. It was calculated that the presented met-
al transfer happened from 4.361 to 4.518 s, which took 157
ms in total.

Another metal transfer process closely following the fin-
ish cycle shown in Fig. 7 was the transfer of the second
droplet. The last droplet’s detachment time (4.518 s) was set
as the starting time of the current metal transfer. A newly
formed small droplet was seen at the tip of the wire at 4.582
s. Despite the small volume, the droplet was located on one
side of the wire due to the repulsive forces. At 4.613 s, it
returned back to below the wire and close to the wire axis.
After 119 ms (4.518 to 4.637 s), the droplet grew to a size
slightly bigger than the wire diameter. From 4.637 to 4.650
s, the welding current experienced a sudden increase. Ac-
cordingly, the arc voltage also increased suddenly and then
decreased, and the droplet on the side of the wire detached
from the wire end. The droplet maximum diameter was 2.8
mm, and the whole transfer time was 152 ms.

During the two stages, it was noted that the droplet-
detaching behaviors of the two droplets were similar. Under
the rapidly varying welding current, the droplets were
dragged and pushed by complex forces. The oscillation of
the liquid droplets was intensified.
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Fig. 10 — Comparison of the U-I diagrams during pulse-current and constant-voltage wet FCAW processes.

Discussion

Metal Transfer under Pulse Current

Based on the observation and statistics results, the metal
transfer mode in pulse-current wet FCAW is still categorized
as repelled globular transfer. However, it had a smaller
droplet size and higher frequency than that in conventional
wet FCAW. Compared to the proposed control strategy
shown in Fig. 2, the real metal transfer seemed different
from the assumed situation. The detailed metal transfer
process in pulse-current wet FCAW and its characteristics
were discussed in this session.

As shown in Fig. 8, a typical metal transfer cycle in pulse-
current wet FCAW can be divided into six stages according
to the relative positions of the arc, droplet, and wire. That is
initial stage, growing, deviation, deviated large droplet, de-
taching, and transferring, as shown in Fig. 8A-F, respective-
ly. It can be seen that the relative positions of the droplet,
arc, and wire kept varying along with the increasing liquid
volume and changing applied forces.

First, in the initial stage of metal transfer (Fig. 8A), the
droplet with small volume hung at the end of the wire and
was mostly wrapped in the arc. The resistance forces stop-
ping the droplet from detachment played the predominant
role. For example, the surface tension exerted a great influ-
ence on the liquid metal. Comparatively, the downward pro-
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motion forces applied on the droplets, such as gravity, elec-
tromagnetic force, and plasma flow force, were lower.

As shown in Fig. 8B, the droplet continued to grow until
its diameter exceeded that of the wire. The welding arc could
not cover the droplet volume anymore. The arc anode spot
was located on the surface below the liquid droplet. There-
fore, the plasma-flow force did not apply to the droplet. Un-
der the impact of gas flow due to thermal decomposition of
the flux core, the inner gas flow of the bubbles, and so forth,
the repulsive forces pushed the droplet upward and to the
side of the wire, as shown in Fig. 8C.

Note that when the FCAW was carried out in air, the
grown droplet also deviated to one side of the wire. Howev-
er, it soon detached from the wire end and was transferred
to the molten pool in a short time. Comparatively, in an un-
derwater environment, due to the special interactions be-
tween the bubbles, arc, and droplets, the droplet would be
pushed upward and outward by the repulsive forces. Thus,
the droplet continued to grow when hanging at the wire end
and deviated from the wire axis, as shown in Fig. 8D.

When the droplet continued to grow until the moment
shown in Fig. 8E, the downward promotion forces, especially
gravity and electromagnetic force, prevailed. The droplet
was then forced to detach from the wire end and transferred
to the weld pool, as shown in Fig. 8F.

It should be noted that the given ideal six stages are not
always in accordance with the real situation. For example,
during the first two stages, i.e., the initial stage and the
growing stage (Fig. 8A and B), the droplet rotated or deviat-
ed from the wire rather than keeping coaxial; however, the
surface tension force made it return back in a short time.
For the mentioned deviation stage (Fig. 8C), the droplet had
a sufficient volume, and the surface tension was offset by
the increased gravity; the droplet could not return back any-
more. Comparing the conventional constant voltage and the
pulse-current FCAW processes under the same average cur-
rent level, the three stages (Fig. 8A-C) occurred over almost
the same length of time, approximately 60-70 ms. There-
fore, it could be concluded that shortening the time length
of the three stages requires higher heat input, which could
be considered for following waveform optimization.

For the deviated large droplet stage (Fig. 8D), the time
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length varied in a large range. In conventional constant-
voltage wet FCAW, this stage lasted for 150 to 200 ms. Com-
paratively, in the pulse-current condition, the time length
changed from 30 ms to 200 ms. That is to say, the applied
pulse current in this stage significantly influenced the
droplet detaching behaviors. In the situation of the mini-
mum value of 30 ms, the pulse current decreased the metal
transfer cycle in a large amplitude. However, the effect of
the present pulse current was not stable and accurate. Fur-
ther optimization of the current waveform was required.

Force Analysis and Pulse-Current Influence

According to the above analysis, it was found that the
long duration of the fourth stage of metal transfer (Fig. 8D),
i.e., the deviated large droplet stage, was the main factor
causing the long cycle, low frequency, and instability of the
metal transfer. It was critical to preliminarily analyze the ap-
plied forces on the droplets for precise adjustment and regu-
lation of the behaviors, as shown in Fig. 9.

As can be seen, the droplet was located on one side of the
wire, and the welding arc was located right below the
droplet. Thus, the droplet and arc were both deviated from
the wire axis. The yellow lines represent the main current
flow paths. Due to the complex force applications, the liquid
droplet was repelled upward and outward. Different forces
were discussed based on their orientations.

At this moment, the upward forces (Fy) applied on the
droplet mainly included buoyancy, the drag force, arc forces,
and so on. The buoyancy was produced because the droplet
was immersed in the bubble gases, which was relevant to its
volume and density differences. The drag force was due to
the rapidly flowing gas inside the bubbles. The arc forces
were mainly composed of anode spot forces and evaporation
recoil force. Note that the plasma flow force can be neglect-
ed because the large-size droplet was completely outside and
above the arc plasma flow. Generally, the resultant upward
force was expressed as Fy. The downward force was mainly
the gravity (G), which increased along with the increasing
droplet volume. Please note that the generated electromag-
netic pinching force pointed to the welding current paths.
Because the droplet was repelled upward and outward, the
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Fig. 12 — Comparison of weld appearance under constant-voltage (left) and pulse-current (right) modes.

dramatically changing shapes at the necking point caused
that the resulting pinching force (F,) direction was slanted
downward and outward.

It was thought the rightward forces (pushing the droplet
away from the wire) were mainly caused by the complex and
turbulent gas flow (marked as Fg). On one side, the thermal
decomposition of flux core continuously released an amount
of gases not only from the droplet but also from the below
weld pool. On the other side, the surrounded water was ion-
ized and generated an amount of H,, O,, and vapor. The sur-
face tension Fj tried to pull the droplet back to the wire axis;
therefore, its direction was approximately towards the left.

Overall, the force equilibrium on the droplet was main-
tained temporarily under the above condition. Although the
droplet volume continued to increase, it would not detach
from the tip of the wire until its diameter was three to four
times that of the wire diameter, and the gravity (G) was
large enough. The special relative positions delayed the
droplet necking and detaching processes; large-size droplets
were required due to the gas flow influences in the underwa-
ter environment.

Under the condition of pulse current, the droplets were
forced to oscillate at this stage (the deviated large droplet
stage), as shown in Fig. 7 (note that the oscillation can be
more easily recognized from the video). It was thought that
the rapidly changing welding current resulted in rapidly
changing forces. The force equilibrium was frequently dis-
turbed, which caused the droplet to oscillate. The oscillation

kept stretching or shoving the large droplet from time to
time. Necking was easier to occur, which further strength-
ened the electrometric pinching force (F,) and reduced the
surface tension (F;). Thus, for the metal transfer, the resist-
ance force decreased and the promoting force increased. As
shown in Figs. 6 and 7, at 4.518 and 4.670 s, respectively,
the two droplets detached from the wire end and were trans-
ferred along the slant downward and outward trajectories.

The experiments showed that the applied pulse current
could accelerate the metal transfer process in wet FCAW.
However, the duration of the deviated large droplet stage
varied in a large range (from 30 to 200 ms). It was thought
that the pulse current waveform did not match the corre-
sponding metal transfer processes very well. The improve-
ment of reducing the metal transfer cycle and increasing its
frequency was not stable.

Therefore, according to the experimental data and analy-
sis, the pulse-current waveform needed to be optimized to
change the current immediately when the droplet entered
the deviation and deviated large droplet stages. Thus, the
relevant forces could be changed, promoting the droplet de-
tachment from the wire as soon as possible. The deviated
large droplet stage, as well as the whole metal transfer cycle,
could be greatly shortened.

Welding Process Stability

The U-I diagrams during conventional constant-voltage
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and pulse-current wet FCAW processes were compared to
examine the welding process stability as shown in Fig. 10.
Experiments were designed using the same level of average
welding current. Overall, the U-I distribution in pulse-
current welding was more concentrated, as shown in Fig.
10A-C, than in constant-voltage mode, as shown in Fig.
10D-F. That means that most of the time the electrical sig-
nals were stable without violent fluctuations; the pulse-
current welding process was more stable than the constant-
voltage mode. In addition, the proportions of low (< 50 A) or
high (> 450 A) welding current areas were apparently much
lower than that the constant-voltage mode. It was thought
that low the welding-current area meant arc extinguishing,
or at least unstable arc burning. Therefore, it can be con-
cluded that the arc-extinguishing frequency in the pulse-
current mode was much lower than that in the constant-
voltage mode.

Analyzing the typical U-I signals during constant-voltage
wet FCAW in Fig. 10D-F, it was found that the U-I signals
were gathered in a larger range than the pulse-current con-
ditions. According to the characteristics, three typical distur-
bance areas were given in Fig. 10E, including the complete
arc-extinguishing region (I), the temporary arc extinguish-
ing region (II), and the short-circuit transfer region (III).
The three special U-I areas were used to help analyzing the
welding stability differences between constant-voltage and
pulse-current wet FCAW. According to the authors’ observa-
tion, there were mainly two types of arc extinguishing
in underwater welding, namely complete arc extinguishing
and temporary arc extinguishing. The corresponding electri-
cal signals are shown in Fig. 11.

As shown in Fig. 114, in the complete arc-extinguishing
period, the fluctuation of the electrical signals were typical
and similar to conventional GMAW in air. Actually, the arc
was completely extinguished; the volume of bubbles de-
creased sharply; and the continuity of welding process was
greatly affected. The characteristics of the temporary arc ex-
tinguishing were different because the arc was only tem-
porarily extinguished as seen in Fig. 11B. In the short peri-
od, a sharply decreased welding current and a slightly in-
creased arc voltage were observed. The surrounding bubble
did not shrink much and continued to shield the arc-burning
area. In a short time, the arc was reignited without direct
contact between the wire and the weld pool.

Through analysis and comparison, the following charac-
teristics were found. Firstly, the performance of the con-
stant-voltage mode and pulse-current mode in the complete
arc-extinguishing area (I) was basically the same. The con-
stant-voltage mode had a slightly less complete arc extin-
guishing, so this mode was better. Secondly, the proportion
of the short-circuit metal transfer area (III) was significantly
lower in the pulse-current mode than that in the constant-
voltage mode. Previous analysis showed that surface-ten-
sion transfer or short-circuit transfer was not a perfect
transfer mode for underwater wet welding process. In the
process of metal transfer, arc extinguishing and bubble pro-
duction decreased sharply, which directly affected arc reigni-
tion after metal transfer, thus deteriorating the stability of
the welding process. In the pulse-current mode, the short-
circuit transfer area took less proportionally, which made
the mode of metal transfer more single and improved the
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metal transfer process. It has been demonstrated that the
metal transfer modes are complex (usually two to three
kinds) under various parameters in constant-voltage wet
welding. The experiments in this paper verified that under
the pulse-current mode, the metal transfer mode is single,
which was more conducive to enhancing the stability of the
underwater wet welding process and to improving the metal
transfer mode by other means in the follow-up. Finally, the
pulse-current mode performed better in the temporary arc
extinguishing area than in the constant-voltage mode. In
underwater pulse-current wet welding, there were almost no
short-circuit transfer and surface-tension transfer; the fre-
quency of temporary arc-extinguishing was greatly reduced,
while the stability of the welding process was improved.
Therefore, the performance of the pulse-current wet FCAW
was much better than the constant-voltage welding. Fre-
quent arc extinguishing, as well as more spatter and deterio-
rated process stability, were avoided.

Weld Appearance

As shown in Fig. 12, the obtained weld appearances un-
der the constant-voltage mode and pulse-current mode were
compared. The more stable welding processes resulted in
improved weld formation.

The left set of images of Fig. 12 show that the weld ap-
pearance varied significantly even with the exact same weld-
ing parameters. It indicated that the metal transfer process-
es, as well as the bubble evolution and arc burning, were not
stable. During the complicated welding processes, the weld
formation was influenced randomly by the surrounding wa-
ter without any regulation. Although good topside appear-
ance was occasionally achieved in the second one, more spat-
ter or interrupted weld was observed in the other three ex-
periments, which led to overlap defects on the surface or
discontinuous welds.

Comparatively, as shown in the right set of images of Fig.
12, the obtained welds under the pulse-current mode were
generally acceptable. Based on the regulated metal transfer by
pulse-current waveform, the generated spatter was significant-
ly reduced, and more uniform welds were acquired. In this
case, the pulse current successfully avoided the droplets flying
outside the bubbles and changing into spatter.

Conclusions

1. A novel underwater pulse-current wet FCAW was pro-
posed to regulate complicated metal-transfer processes. The
corresponding current waveform was preliminarily pro-
posed, designed, and realized. The arc length control strate-
gy was designed to maintain stable arc burning. Acquired
electrical signals showed arc voltage was successfully main-
tained in a reasonable range; no arc interruption or com-
plete arc extinguishing happened; and arc length control
was effectively maintained using a hybrid controller.

2. Analyzing the synchronously collected electrical and vi-
sual signals in two typical metal transfer cycles, the metal
transfer mode in pulse-current FCAW is still categorized as
repelled globular transfer. Compared to the initially pro-
posed control strategy, the regulated metal transfer needs



three or four pulse cycles to transfer one droplet, which does
not match the assumed situation.

3. According to the relative positions between droplet, arc,
and wire, the metal transfer process under pulse current can
be divided into six stages, i.e., initial stage, growing, deviation,
deviated large droplet, detaching, and transferring. The time
length for the deviated large droplet stage varied in a large
range. The applied pulse current changed the period from 150
to 200 ms in the constant-voltage mode into 30 to 200 ms.
Long duration of the deviated large droplet stage was the main
factor causing the long cycle, low frequency, and instability of
the metal transfer. The pulse current in this stage significantly
influenced the droplet detaching behaviors and decreased the
metal transfer cycle in a large amplitude. However, the effect
of the present pulse-current was not stable and accurate.

4. Force analysis showed that the special relative position
of droplets to the welding wire changed the direction of arc
force. The upward forces applied on the droplet mainly in-
cluded buoyancy, the drag force, and arc force. The right-
ward forces (pushing the droplet away from the wire) were
mainly caused by the complex and disorderly gas flow (F,).
Special relative positions delayed the droplet necking and
detaching processes; large-size droplets were required due to
the gas flow influences. The rapidly changing welding cur-
rent resulted in rapidly changing forces; therefore, the ap-
plied pulse current forced the droplets to oscillate at the de-
viated large-droplet stage.

5. Process stability analysis showed that, in pulse-current
wet FCAW, there was almost no short-circuit transfer and
surface-tension transfer; the frequency of temporary arc ex-
tinguishing was greatly reduced while the stability of weld-
ing process was improved. The performance of the pulse-
current wet FCAW was much better than that of constant-
voltage welding, avoiding frequent arc extinguishing, spat-
ter, and deterioration of the process stability.

6. During the constant-voltage welding process, the weld
formation was influenced randomly by the surrounding wa-
ter without any regulation, causing spatter or an interrupted
weld. Comparatively, the pulse-current FCAW obtained opti-
mized weld formation by regulating the metal transfer and
avoiding the droplets flying outside the bubbles and chang-
ing into spatter. Additionally, the effect of the underwater
bubbles cannot be neglected and the behavior of the bubbles
under pulsed current needs further analysis.
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