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Introduction

     More and more metal structures
have been serving in the sea for ex-
ploring natural resources and conduct-
ing many other activities. Due to cor-
rosion, storm loads, damage made by
vessels, dropped objects, and fatigue,
maintenance and repair of the metal
offshore structures have necessitated
research and development on under-
water welding technologies (Ref. 1).
The arc welding methods applied un-
der water mainly include hyperbaric
and wet welding (including local-dry
underwater welding). Generally, the
hyperbaric underwater welding meth-
ods are considered as a technology

that can obtain high-quality weld
joints via avoiding the harmful impact
from the water environment (Ref. 2).
However, according to Liu and Olson,
the cost of hyperbaric welding is much
higher than that of wet welding, and
the wet welds have already been made
on carbon steel structures at depths as
low as 200 m (Ref. 3).
     In addition to underwater arc weld-
ing, it is worth mentioning that under-
water friction welding and laser beam
welding have also been developed. Fric-
tion welding can be utilized to avoid
many problems associated with the arc
welding process under water (Ref. 4),
but the joint geometry is limited (Ref.
5). Also, underwater laser beam weld-
ing has a critical requirement of the

shielding condition (Ref. 6).
     Consequently, wet welding meth-
ods have been more widely utilized be-
cause of two main significant advan-
tages, i.e., low cost and convenience.
As a typical wet welding method, un-
derwater flux cored arc welding
(FCAW) has been developed for auto-
matic and semiautomatic processes
particularly in deep water, and it has
great potential to be applied to repair
or even construct oceanographic struc-
tures based on remote-operated vehi-
cles or autonomous underwater vehi-
cles (Ref. 7). The greatest challenges
are the extreme conditions around the
welding area caused by the wet water
environment. Direct contact with wa-
ter of flux-cored wire makes arc main-
tainance, metal transfer, and solidifi-
cation of the weld pool totally differ-
ent from conventional FCAW in air.
The comprehensive, theoretical, and
experimental research on the compli-
cated physic-chemical and metallurgi-
cal process has been strongly required
(Ref. 8).
     For consumable arc welding meth-
ods, e.g., gas metal arc welding, metal
transfer and arc behaviors are two of
the most important factors to deter-
mine welding process stability and final
weld joint quality (Ref. 9). Similarly, the
metal transfer process (from solid wire
to liquid weld pool) during underwater
FCAW has significant influence on fluid
flow in weld pool, weld formation, and
weld joint quality. In addition, the un-
derwater arc acts as the main heat
source to generate sufficient energy to
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produce the molten droplets and weld
pool continuously. However, the metal
transfer as well as welding arc burning
process occurs in the periodically chang-
ing bubbles in water. Consequently, the
welding area becomes a very complex
system with intense interactions in the
welding arc, metal transfer, and bub-
bles. Understanding the system ele-
ments, behaviors, and interaction
mechanisms is fundamental for improv-
ing the process stability and weld-joint
quality.
     The mechanisms of interaction be-
tween underwater arc plasma and the
water environment have been studied
based on spectroscopic analysis and
simulation. Based on the Damkohler
principle and Stark broadening, Pan et
al. demonstrated that underwater plas-
ma flew at equal rates and had suffi-
cient electron density; namely, it was in
local thermodynamic equilibrium un-
der certain conditions (Ref. 10). This
certified the validity of spectroscopic
analysis on underwater plasma. For un-
derwater manual metal arc welding,
Wang et al. found the temperature of

the underwater arc was lower than that
in air, which was thought to be caused
by the cooling effect from continuously
generated, growing, and bursting bub-
bles (Ref. 11).
     Li et al. found that under increasing
pressures the densities of H, H+, O, C,
O+, C+ in bubbles increased as well, but
the average ionization degrees were not
influenced (Ref. 12). Furthermore, the
authors verified the existence of H in
the underwater plasma, and also de-
duced that in either environment of air
and water, the arc plasma was mainly
composed of self-shielding gas and
evaporated metals with only minor ef-
fects stemming from the interaction
with water (Ref. 13).
     Tsai et al. investigated the rapid
cooling mechanisms in water, and the
bubbles’ dynamics were simulated to
determine the boundary conditions,
concluding that the rapid cooling was
mainly caused by the surface heat con-
duction behind the arc (Ref. 14).
Ghadimi et al. investigated the effect
of the material, surrounding fluid, and
the method of heat losses through

modeling and analyzing, showing that
the convective heat transfer is more
effective than the radiation, which
therefore can be neglected (Ref. 15).
     Subsequently, the research by Liu
and Olson showed a typical wet-weld-
ing procedure reportedly had t8/5 val-
ues between 1 and 6 s (in contrast
with the air welding of 8 to 16 s), and
the greater cooling rate produced sig-
nificant amounts of heat-affected zone
(HAZ) martensite in nearly all low-
carbon steels (Ref. 3). As such, addi-
tional induction heating was applied
to reduce the cooling rate of the joint
in underwater wet welding for a high-
er-quality weld joint (Ref. 16).
     These indirect proofs are not suffi-
cient for investigating the internal
physical mechanisms of droplets, arc,
and bubbles. Visual sensors have been
recognized as one of the most effective
methods for studying metal transfer
and arc behaviors during consumable
arc welding. Kim and Eagar (Ref. 17)
used high-speed videography to study
the metal transfer modes’ transition
during conventional GMAW. Further-
more, Shi et al. defined four metal
transfer modes for the dual-bypass
GMAW based on images with 0.5-ms
intervals between each frame (Ref.
18). As far as the underwater welding
was concerned, Prof. Madatov et al.
studied the wet welding method (1.2-
mm-diameter wire) based on an x-ray
high-speed camera in 1965, and found
that the droplet size was about 2–3
times that of the wire (Ref. 19).
     Guo et al. also used the x-ray trans-
mission method to monitor the metal
transfer and spatters during underwa-
ter FCAW (Ref. 20). With the same
method, Fu and Feng et al. (Ref. 21)
defined the classification of the metal
transfer modes, including globular re-
pelled, surface tension, explosive
short-circuit, and submerged arc
transfer (from 237 to 440 A). Howev-
er, the bubbles and welding arc are
generally difficult to recognize in the
research papers due to the inherent
physic principle of the x-ray transmis-
sion. Conventional CCD cameras were
employed to monitor the weld pool by
Shi (Ref. 22) and to sense the welding
arc behavior during underwater FCAW
by Liu (Ref. 23). Although the weld
pool edge and welding arc profile were
extracted with limited resolution, the
details of welding arc, droplets, and

Fig. 1 — Schematic of the image capture system for underwater wet FCAW.

Fig. 2 — Spectral radiation curve during underwater wet FCAW.
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bubbles were difficult to observe be-
cause of the serious disturbances from
the harsh environment.
     To conclude, the exact shapes and
behaviors of welding arc, droplets, and
bubbles are still not clear enough ac-
cording to current research results. Re-
search on the mechanisms of the inter-
actions under the impact of the water
environment strongly requires the sup-
port of the visual images to further un-
derstand and improve the technology.
     In this paper, a high-speed camera
was employed to construct a visual
sensing system to monitor the weld-
ing arc, droplets, and bubbles. Clear
images were acquired to provide evi-
dence of some given inferences about
the complex physic-chemical phe-
nomenon. The bubbles’ evolution,
metal transfer, arc behaviors, and
weld joint appearance were carefully
described and analyzed. Furthermore,
the relevant interaction mechanisms
were preliminarily discussed by the
authors.

Experimental Procedures

Welding System

     Bead-on-plate welding experiments
were designed and conducted in shallow
water (0.4 m) in an oblong tank. It is
worth mentioning that the wet welding
process, even at very shallow water, is
already very different from the air. The
weld appearance was acquired much dif-
ferently from that obtained in air, indi-
cating the seriously compressed welding
arc (Ref. 13). Therefore, the chosen low
depth could maximize the influences of
the water environment and minimize
the influences of other variables that
could be affected by pressure (Ref. 24).
A welding power source, LET 500, was
employed to keep the arc voltage con-
stant during the welding process. Mean-
while, an ordinary wire feeder driven by
a DC motor was controlled to feed the
wire with different speeds via adjusting

the armature voltage using an extra DC
voltage regulator. As such, the welding
current was then automatically changed
by the power source to maintain a cer-
tain preset arc voltage and melt the con-
tinuously fed fire.
     According to many experiments
conducted by the authors, the current
value 205 A and the arc voltage 30 V
were typical and common for under-
water FCAW to acquire the typical
physical process. One of the most
commonly utilized metals, Q235, was
chosen as the base metal in this paper.
As for the welding consumables, one
lime-titania-type flux-cored wire (PPS
series, 1.6 mm diameter) was applied,
which was developed by E. O. Paton
Electric Welding Institute especially
for underwater wet welding. Some
other parameters are listed in Table 1.
     A long copper welding torch (0.7 m)
was designed and inserted in the water
tank with two glass lateral walls.
When welding, the torch was kept sta-

tionary, and the substrate was con-
trolled to move uniformly and in a
straight line. Through the transparent
glasses, a high-speed camera and spec-
trometer could be used to sense the
welding process.

Image Capture System

     There are very complicated reac-
tions and interactions during under-
water wet FCAW. Many factors such as
the intense variation of an arc burning
atmosphere cause complex light route
distortions and other disturbances.
The main problems in capturing clear
images are as follows:
     First, the influences from the water
environments on the high-speed cam-
era should be avoided via designing
waterproof protectors or isolating the
camera by laying it outside a water
tank.
     Second, periodically changed and ir-
regular bubbles cause optical reflec-

Fig. 3 — Typical bubbles during underwater wet FCAW. A — Bubble floatation and new
bubble generation; B — bubble with maximum volume; C — a growing bubble.

Fig. 4 — Dynamic behaviors of the bubbles during underwater welding.

Table 1 — Welding Technical Parameters

Parameters        Material of Base             Workpiece                         Welding                                Welding                            Arc                        Wire
                                     Metal                      Dimension                          Speed                                  Current                        Voltage               Extension
                                                                            mm                              mm/min                            A (average)                           V                          mm

Values                           Q235                     8  300  100                          200                                        205                                 30                           16

A B C
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tions and refractions.
     Third, the amount of weld fumes
floating in the bubbles and surround-
ing water result in light intensity loss
and blurred observations.
     An imaging system was designed to
solve the problems. As shown in Fig. 1,
underwater welding experiments
would be conducted in the water tank
(400  700  500 mm), which was thin
in the vertical direction to reduce the
light intensity attenuation. The water
tank was placed on a platform driven
by a step motor to move linearly along
the welding direction, and meanwhile,
the torch would be kept stationary.
     Subsequently, a high-speed camera
and a background light source were
placed outside the tank and kept at
constant locations with certain angles
according to the welding torch. Note
that the bubbles were assumed regular
round. And the lens diameter of the
light source was required to be bigger
than the bubbles’ diameters to fully
cover the welding area.
     Furthermore, based on the obser-
vation by the authors, the bubbles’ di-
ameters seemed generally smaller than
20 mm. Optical lenses, including a
sharp cut-off filter, a narrow bandpass
filter, and dimmer glass, were em-
ployed to reduce the light distortions
and solve the disturbances from the
strong arc radiation. Note that a big
volume of water was beneficial to the

dilution of the welding fumes in the
water. Therefore, the tank was almost
full before the experiments.
     The selection of background light
source was very important to overcome
the strong arc radiation disturbance.
For this research, two background light
sources were required to monitor the
bubbles inside and outside separately;
one light source should be capable of
penetrating the bubble walls to observe
the droplet and welding arc, while the
other had to have a bigger diameter to
observe the bubbles’ behaviors from
the macro perspective. For the latter
one, a dysprosium lamp with a diame-
ter of about 0.5 m was selected and
placed at the other side of the tank op-
posite to the camera. However, select-
ing the former one was a much more
challenging job.
     Since the specific wavelength and
intensity needed to be determined, it
was proposed that the spectral radia-
tion from the welding process be col-
lected and analyzed to acquire the real
distribution curve at different wave-
lengths (Ref. 13). The wavelength at
which the welding arc had a relatively
lower intensity radiation could be
adopted to choose suitable background
light. In this case, the required laser
power would be lowered to surpass the
arc intensity at the specific wave-
length. Based on the authors’ former
research results and the introduced

spectral analysis method (Ref. 13), the
collected spectrum curve is shown in
Fig. 2.
     The characteristics of the distribu-
tion at different bands can be obtained
in Fig. 2. The ultraviolet band
(200–370 nm) had short wavelengths,
and its relative intensity was much
lower than others. Visible light
(380–760 nm) from the welding area
had the most intensive radiations, es-
pecially at the green and yellow light
bands (520–610 nm). The red light in-
tensity seemed stable within a certain
range. At the band 761–840 nm, a
downward tendency of the near-in-
frared light intensity can be observed
with the mounting wavelength. Ac-
cordingly, the red light and near-
infrared light had lower and more sta-
ble relative intensity. In addition,
longer wavelengths could reduce the
loss when traveling either in the water
or air. Therefore, the background laser
should be elected with the wavelength
in this band to easily eliminate strong
arc disturbances.
     Taking account of the light attenua-
tion in the water and air, a laser was se-
lected with an 808-nm wavelength, and
its rated power was 30 W. In addition,
the laser lens diameter was chosen as
approximately 20 mm. The imaging sys-
tem was then developed based on a
high-speed camera (Optronis Cam-
Record 5000  2) with a frequency of
2000 fps and resolution 512  512.
     Underwater welding experiments
were conducted to visually sense the
welding process. The dynamic behav-
iors of the bubbles, metal transfer, and
arc behaviors were investigated, and
general weld appearance characteris-
tics were described.

Results
Typical Bubble Evolution

     Underwater wet FCAW is a self-
shielded welding method in nature,
which is shielded by the continuously
generated slag and gases. On one hand,
the welding arc burns in the generated
bubbles, which are full of gases. On the
other hand, the slag on the bead surface
protects the weld pool from the water
environment. The two protections pro-
vide the possibility to obtain a stable
welding process and high-quality weld
joints. The mechanism of how the reac-

Fig. 5 — The metal transfer process during underwater wet FCAW.

Fig. 6 — The underwater welding arc behaviors.
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tions happen could be investigated via
visually observing the welding process.
     As shown in Fig. 3, a typical bubble
evolution process was captured with
the dysprosium lamp as the back-
ground light source, and the three im-
ages reflected three different typical
moments, respectively. However, the
droplet transfer and welding arc could
not be observed through the bubble.
     Furthermore, continuous video of
the bubbles was also captured, and
the images at every 3 ms are shown
in Fig. 4.

The Metal Transfer Process

     Based on the image capture system
with the laser as the background light
source, the metal transfer process was
visually sensed and observed.
     Figure 5 showed some typical im-
ages of the droplets during a period of
about 0.25 s. At 0.03 s, the welding arc
was short and that was the start of a
metal transfer circle. At 0.029 s, the
welding arc length had grown while
the wire could be observed beginning
to melt, and the liquid droplet had a
diameter equal to that of the wire.
When the time was 0.077 s, the
droplet grew bigger, and the welding
arc cathode spot continuously drifted
on the substrate surface. At about
0.149 s, the droplet volume was larger
and seemed to be deviating from the
axis of the wire.
     It was thought that the compound
repelling forces from the welding area
were the key factor to push the droplet
to lateral directions. At 0.167 and
0.171 s, the droplet gradually swayed
back to the axis center due to gravity
and bigger volume. At 0.179 s, the
droplet grew to the peak volume, while
the welding arc was clouded by the big
droplet and nearly invisible. The oval
liquid metal had a vertical diameter of
about 6.78 mm and a horizontal diam-
eter of 6.02 mm, which were about 4
times that of the wire.
     After that moment, the droplet was

gradually transferred to the weld pool
under the gravity, surface tension, and
electromagnetic force.
     At 0.184 and 0.196 s, it can be seen
the wire that had not been melted ob-
viously extended downward, the oval
droplet merged into the weld pool, and
the arc length was shorter. At 0.228 s,
the welding arc was completely invisi-
ble and a circle of the metal transfer
had finished. At 0.223 s, the welding
arc intensity increased, which meant a
new circle had begun.

The Underwater Welding
Arc Behaviors

     During the monitored welding
process, the welding arc was captured
wandering on the substrate intensive-
ly and continuously. The experiments
were conducted with direct current
electrode positive mode, i.e., the sub-
strate was connected to the negative
electrode. That is to say the cathode
spot on the substrate was not focused
on the nearest point from the wire tip
or molten droplet.
     Figure 6 shows the images of the
wandering underwater welding arc
every 0.5 ms. Even in this very short
period, the cathode spot could be ob-
served drifting around the wire axis.
In most cases, the cathode spot was lo-
cated in different places of the weld
pool, and the switch from one place to
another was very fast. It was calculat-
ed that the welding arc drifting fre-
quency was higher than 2000 Hz, sur-
passing the image acquisition frequen-
cy of the high-speed camera. In addi-
tion, the linear moving speed of the
cathode spot was calculated as about
4.1  102 cm/s. It is worth mentioning
that watching the video with certain
frames per second is a better way to
observe the wandering arc behaviors.

Weld Joint Appearance

     Figure 7 shows the obtained weld
joint appearance and cross section.

     As shown in Fig. 7A, the welding
torch moved along a straight line, but
the weld joint seemed to have an un-
even surface. To some extent, the bead
deviated from the central line and was
a little twisted.
     In addition, the cross section in Fig.
7B shows the oblique bead clearly. For
the specific image, the melted metal
on the left side was apparently less
than that on the right. Subsequently,
the reinforcement was also not sym-
metric and the HAZ had different
widths on the left and right sides. Fi-
nally, the weld width and penetration
were measured with values at about
9.21 and 2.76 mm, respectively.

Discussion

Typical Bubble Evolution
Process Analysis

     The mechanism of the protections
during wet FCAW can be described
more specifically.
     First, the flux-cored wire is directly
exposed in the water environment.
Once the wire contacts the substrate,
the current will produce heat and the
temperature around that area will rise
rapidly.
     Second, the flux in the wire will
melt and the gas will be generated
from the decomposed flux. Mean-
while, the surrounding water will be
ionized into hydrogen and oxygen or
be vaporized into steam. Subsequent-
ly, bubbles around the welding area
will form to provide a protective 
atmosphere.
     Third, the welding arc is then ignit-
ed in the bubbles after the breakdown
of the gas under the open circuit volt-
age. The arc could generate more ener-
gy and heat to produce bubbles contin-
uously. Consequently, the droplet
transfer and molten weld pool behav-
iors also proceed in the bubbles. The

Fig. 7 — A — Weld seam appearance; B — cross section.
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slag in the weld pool will float up to
the surface to offer protection from
the harmful gas and water environ-
ment, and also improve the mi-
crostructures of the solidifying metal
through metallurgical reactions.
     Therefore, the bubbles play a very
important role in protecting the weld-
ing area and can reflect the complex
reactions between the water environ-
ment and welding process, i.e., arc
burning, metal transfer, and weld pool
solidification. The features of the typi-
cal bubbles in Fig. 3 at the three mo-
ments could be drawn.
     Figure 3A describes a new bubble’s
generation and the previous floata-
tion. Because of the increasing buoy-
ancy caused by the continuously gen-
erated gas, the previous bubble began
to float up and was divided into two
parts. Part of the gas formed a new
bubble covering the welding area with
a diameter of about 10.95 mm (the
smaller bubble with a 5.6 mm diame-
ter was part of the new bubble). Mean-
while, the other part that contained
most of the gas from the previous bub-
ble floated up along with the fumes in-
side. After a short while, the bubble
burst due to the torch disturbance,
and the fumes were then dispersed in
the water. Consequently, the fumes
dropped slowly toward the workpiece
due to gravity, which affected the visi-
bility of the welding area.
     Figure 3B shows the bubble that
had grown to its maximum volume,
i.e., the threshold value before its
breaking. The bubble seemed to be
regular spherical with a diameter of

about 15.6 mm. However, after careful
observation, it could be seen that the
surface was irregular and lumped. At
the bottom of the bubble, a small part
seemed to be “cut off” by the work-
piece, and the interface (the diameter
was about 10.8 mm) provided shield-
ing atmosphere for the high-tempera-
ture zones, including the weld pool.
     Figure 3C shows a growing bubble,
which appears irregular under com-
pound forces such as buoyancy, exteri-
or water pressure, and interior gas
pressure. The central axis of the bub-
ble slightly deviated from the torch. Its
maximum diameter was about 14.6
mm, and the location was about 2.0
mm high from the substrate surface.
By comparison, the bottom interface
had a smaller diameter of 12.6 mm.
Therefore, there was an acute curva-
ture change between the two loca-
tions, which was relevant to the tem-
perature gradient inside the bubble.
     It could be clearly seen that the
bubbles periodically grew, broke away,
and were generated again. A transient
phenomenon was observed that the
bubbles swelled explosively with large
amplitude and immediately shrank
with a smaller one. In other words,
the bubbles grew in a pulsed way with
varying speed rather than in a contin-
uous smooth way. Furthermore, when
the bubbles grew larger, their outer
surface became more irregular and
lumped. The reason may be that the
gas in bubbles is mainly generated by
the decomposed flux and vaporized
and ionized water, which occurred in-
tensively, and were also easily affect-

ed by the molten droplet, the welding
arc, and the high-temperature weld
pool.
     Each circle of the bubble’s evolu-
tion cost about 50–80 ms, and the
frequency was about 12–20 Hz. It was
thought that the wide range fluctua-
tion of the frequency and amplitude
was caused by the rapidly varied
buoyancy, plus interior and exterior
pressures of the bubbles. In addition,
the interactions between the water
environment and droplet transfer,
welding arc, and weld pool behaviors
influenced the gas generation at any
time. Compared with air FCAW, un-
derwater wet welding had intensively
changed arc burning space, atmos-
phere, and pressure, which kept influ-
encing the welding process stability.

The Repelled Globular Transfer
and Irregular Weld Joint

     According to the acquired images in
Fig. 5, the droplet transfer mode dur-
ing this underwater welding experi-
ment was classified as repelled globu-
lar transfer with large droplets. The
circle and frequency were about 0.225
s and 4.44 Hz, respectively.
     Meanwhile, the welding arc burning
atmosphere was seriously influenced
by the water environment. The phe-
nomenon of the drifting cathode spots
on the substrate was captured. In addi-
tion, the welding arc was compressed
with a bell shape (images at 0.029 and
0.167 s) due to the three mechanisms,
namely mechanical compression of the
hydrostatic pressure, a thermal pinch-

Fig. 8 — Droplet images. A — 0.167 s; B — 0.179 s.
Fig. 9 — Deviation of the underwater
welding arc.
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ing effect due to the cold water envi-
ronment, and the electromagnetic
pinch force caused by the increasing
current density in the arc column (Ref.
13).
     As shown in Fig. 8, if we zoom in on
the images at 0.167 and 0.179 s, the
droplets could be observed in more de-
tail. Figure 8A clearly shows the
droplet being pushed away from the
arc and obviously deviating from the
wire axis. The size was more than
twice that of the wire diameter. The
welding arc under the molten metal
was strong and bright. As for Fig. 8B,
the huge droplet was being lifted by
complex forces. And the surrounding
bubble was also growing larger. It can
be inferred that the larger volume
molten droplet extended the high-
temperature field. Subsequently, the
shorter distance from the previous
bubble wall to the molten droplet re-
sulted in more vaporized water.
     According to the research results
of conventional GMAW, a possible
contributor causing the repelled glob-
ular transfer mode was the cathode
jet force on the droplets based on the
static force balance theory (Ref. 16).
Subsequently, it was deduced that the
drifting cathode spot might cause
varying force values and directions,
which resulted in random flying
paths of the droplets. In addition, the
gas flow drag force was also consid-
ered an important part of the com-
plex forces during welding (Ref. 25).
Further research and analysis of the
forces will be conducted in another
paper.
     As previously mentioned, the weld
appearance was uneven and the weld
bead was oblique. This phenomenon
could be explained and predicted by the
complicated droplet transfer and weld-
ing arc behaviors. The captured repelled
large droplet transfer mode especially
caused random flying paths and uncer-
tain landing locations. Large droplets
also resulted in the intense fluctuation
of the weld pool. In this case, the un-
even and asymmetric weld bead was not
an accident. Furthermore, the complex
and periodically evolving bubbles sur-
rounding the arc area had an inevitable
impact on the arc and droplet’s behav-
iors. Some physic-chemical interactions
provided extra forces on the droplets’
and finally affected their transfer paths
and dimensions.

Arc Drifting and Deviation
Behaviors Analysis

     As shown in Fig. 9, the drifting arc
cathode caused the deviation of the
arc from the axis with a big angle,
which was measured at about 30 deg.
     The amplitude was approximately
2.1 mm from the wire axis to the cath-
ode spot. The value was about 1.3 times
that of the wire diameter. According to
the principle of minimum voltage, the
welding arc always consumed the mini-
mum energy along that path. The au-
thors deduced that the oxide distribu-
tion and the cold cathode substrate
caused this phenomenon.
     First, the oxides at the center of the
weld pool were quickly consumed and
removed. By contrast, more oxides ex-
isted at the edge of the weld pool,
which were oxidized by the ionized
oxygen. As a result, the cathode spot
was attracted to the locations enriched
with oxides. Second, the substrate was
a typical cold cathode, which had high
thermal conductivity due to the sur-
rounding water environment. This
typical arc always had a wandering arc
and drifting cathode spot (Ref. 26).
     According to Fig. 6, although the
welding arc cathode spot kept drifting
with high frequency and amplitude,
the arc length varied in a small range.
As shown in Fig. 9, the arc length was
about 3.05 mm, which indicated the
wet FCAW was a typical short-arc
welding method. Since the arc voltage
was about 30 V, the average electric
potential gradient of the arc was about
98.4 V/cm. Taking account of the an-
ode and cathode voltages, which we
assumed to be 1 and 10 V, respectively,
the average electric potential gradient
of the arc column could be calculated
at about 63 V/cm. Compared with the
values of other conventional gas metal
arc welding methods (about 10 V/cm),
the gradient was apparently much
higher.
     This characteristic was in coinci-
dence with the Gerdien arc (Refs. 26,
27), which was stabilized by a vortex
of cold water generating higher cur-
rent density and higher arc voltage
gradient.
     First, the rapid cooling effect from
the surrounding water was similar to
the Gerdien arc. As a result, the weld-
ing arc was significantly compressed
with higher current intensity and

higher electric potential gradient. Sec-
ond, with the impact of the surround-
ing water environment, vaporized and
ionized water produced hydrogen and
oxygen that take part in the ionization
of the arc plasma (Refs. 13, 28). Note
that a big proportion of the complex
gases was H2 (62–95%) (Ref. 28).
     Due to different thermal conductiv-
ity and the thermal pinch effect, the
arc column electric potential gradients
in the hydrogen, vapor, and oxygen at-
mosphere were about 20, 8, and 4
times that in the argon atmosphere,
respectively (Ref. 26). Therefore, the
water environment and special mixed
gas led to the high arc electric poten-
tial gradient.
     The welding current density in the
arc column could be calculated based
on the set current (measured as 205 A)
and arc diameter. At the anode spot on
the wire tip, the arc diameter was
about 2.28 mm, and correspondingly,
the arc diameter at the substrate was
about 4.98 mm. Subsequently, the 
current density in the arc column has
a maximum value about 5024 A/cm2

and a minimum value about
1053A/cm2 (near the substrate). As-
suming the arc was a circular truncat-
ed cone, the average current density
through the arc can be calculated ac-
cording to the given equation:

where I meant the welding current, VC

meant the assumed arc volume with a
circular truncated cone shape, and h
meant the arc length.

Conclusions
     1) During underwater wet FCAW,
the bubbles, welding arc, and molten
droplets continuously interacted with
each other, and the very complex be-
haviors were captured by the devel-
oped visual sensing system. Two back-
ground light sources, i.e., a large dys-
prosium lamp and laser were em-
ployed to monitor the bubbles inside
and outside, respectively. The bubbles
grew violently in a pulsed way with
varying speed rather than in a contin-
uous, smooth way. And the bottom
bubbles on the substrate surface could
cover the weld pool.

I = I
VC / h

= 205
1
3
�(4.982 + 4.98 � 2.28 + 2.282 )/400

=1894 A/cm2 (1)
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     2) The typical droplet transfer
mode during this underwater welding
experiment was classified as repelled
globular transfer with large droplets
and low frequency. Under the given
condition, the metal transfer frequen-
cy was obviously lower than the bub-
bles’ evolution frequency. This may
have caused the extra forces on the
droplets due to the unstable gas flow
of the evolving bubbles. The big vol-
ume molten droplets were repelled by
the complex forces, among which the
cathode jet force and gas flow drag
force may have contributed.
     3) The arc cathode spot was cap-
tured drifting on the substrate inten-
sively and continuously with very high
frequency and speed. This behavior
was negative for maintaining a stable
welding process and made the forces
on the droplets more complicated. The
authors deduced that the oxide distri-
bution and cold cathode substrate
caused this phenomenon. Adding
more oxides in the flux was considered
a feasible method to reduce the arc
drifting and deviation.
     4) Under the impact of the water en-
vironment, the average electric poten-
tial gradient of the arc column was ap-
parently much higher than other con-
ventional GMAW methods. The special
arc burning atmosphere, including hy-
drogen, oxygen, and vapor, caused the
higher thermal conductivity and conse-
quently higher electric potential gradi-
ent. The welding arc current density in-
creased significantly due to the com-
pression by the environment.
     5) The asymmetric weld appearance
and uneven surface with distortions
were closely concerned with the com-
plicated physical welding process.
High-frequency evolving bubbles, low-
frequency droplet transfer, and drift-
ing arc were the main factors influenc-
ing the welding process stability. The
repelled large droplet transfer mode
especially caused random transfer
paths, uncertain landing locations,
and intense fluctuation of the weld
pool. And it was considered one of the
most important factors causing the
uneven weld appearance.
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