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EXECUTIVE SUMMARY

For underwater wet welding, the improvement of manual methods
and systems are necessary since fully mechanized and automatic
repair are not always available for already existing pipelines and
offshore structures. A suitable method must be available for
emergency repair work. The development of fully mechanized methods
will take a long time before they are operationally ready. Recent
investigation indicates that wet semi-automatic flux cored arc
welding process will show the greatest potential.

In this project, automatic flux cored arc welding was first
conducted underwater to eliminate human factors. The base metal
used was a ASTM A36 mild steel, the filler materials were two
ferritic steel wires and an austenitic stainless steel wire. Before
the underwater wet welding, the welding gun was waterproofed with
the addition of O-ring gaskets placed at the bottom of the head
tube and within the nozzle extension. A gas cup unit was developed
to get a better shielding effect of the wet welds. Two sets of gas
cup with the same design were made, one set is made or brass, for
general purpose applications, another set made of plastic, for the
embedding of thermal couples to moniter the average temperature
inside the dynamic bubbles. Originally, both carbon dioxide and
compressed air were tested for the shielding purpose, after a
series of evaluations, compressed air was chosen as the shielding
gas. A blanket made of aluminum was also designed aiming at slowing
down the cooling rate of the weld zone at a critical temperature
range by the water enviromment. After welding, comprehensive
evaluations were carried out on the wet welds, including chemical
analysis, metallurgical evaluation, hardness survey, mechanical
property tests and fracture analysis.

During the tests, it was obsgserved that, for underwater wet
welding, a higher heat input, more precisely a higher arc voltage
level is needed to achieve a weld with acceptable bead appearance,
weld contour and weld properties. Thig is thought to be caused by
two factors: the fast cooling rate and the lower wettability of the
liquid metal on the surface of the base metal in a water
environment. Both chemical and metallurgical evaluations of the
welds showed that the change in weld metal microstructure of the
stainless steel wire may be caused by the change of sclidification
modes instead of the change of weld metal chemical composition. No
weld metal and heat-affected zone cracks were observed for both the
ferritic steel wires and austenitic stainless steel wire made
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underwater. Mechanical property test results show that maximum
strain to failure of the all weld metal tensile test samples
especially the one of the stainless steel welds was almost the gsame
as the air weld, the bending ductility of the wet welds were wuch
better than that of other underwater wet welds.

The concept of a smart wet underwater welding process was
proved very successful. It seems that the finalized smart process
will integrate the flexibility of the manual welding process, the
feedback control of the automatic welding process and the slow
cooling rate of the semi-dry welding process. It is the addition of
the gas cup unit and the shielding gas that makes the improvement
of the performance of the electrodes tested underwater. With the
addition of the gas cup unit and the shielding gas, the partially
mixed zone in the weld metal of the austenitic stainless steel wire
is the narrowest in comparison to those of the air welds and
underwater wet welds without the addition of the gas cup unit.
Penetration is greatest when no gas cup unit and shielding gas were
used. The introduction of the average temperature monitoring of the
dynamic bubbles makes it possible for the implementation of the
feedback control of the smart underwater wet welding process. More
benefits will be obtained from the new smart underwater wet welding
process in the future, with further development of the process.
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1.0 INTRODUCTION

1.1l Background

Current underwater welding technology can produce ‘“code-
quality” welds if a dry chamber system is used. But the large
pressurized air chamber used to exclude water from the work area
has high operational costs which make the process economically
unfeasible. The alternative to the “dry” welding process is the
‘wet” welding process performed manually. However, the economic
advantage of this simple welding process must be offset by the
adverse effects of the water environment. The water environment
greatly restricts the visibility of the welder and the freedom of
manipulation of the welding process. In addition, underwater
‘wet” welds are plagued by the rapid quenching effect of the
surrounding water and by a susceptibility to hydrogen
embrittlement. In comparison to their in-air counterparts, the
inferior quality of underwater ‘“wet” welds due to rapid quenching
and hydrogen embrittlement is well known. These two inherent
problems remain today'™.

Since 1585, the proposer has taken a new approach to the
underwater “wet” welding problems. A series of research programs,
individually sponsored or co-sponsored by the Ohio Sea Grant
College Program, The Thomas Edison Program of the State of Ohio,
National Coastal Research Institute, The Ohio State University
and two Ohio companies, have resulted in the development of a
fitness-for-service design solution, including a new design
methodology and an improved underwater “wet” welding electrode”®

This design approach can fulfill underwater structural
requirements using the existing underwater “wet” welding
technology.

As part of a parallel effort to the design solution, the
operational efficiency and the “wet” weld quality can be improved
through process development. A smart underwater “wet” welding
process, which will ease the visibility and manipulation
difficulties when welding in an open-water environment, can be
developed using a semi-automatic process, pressure  and
temperature sensors, and the same “wet” welding principles. This
system could then be packaged and used as a unit.




1.2 OBJECTIVES

The objectives of this project are threefold: 1) Develop the
smart underwater welding system based on existing technology, 2)
Establish technical data to support the use of this smart system,
and 3) Demonstrate and disseminate the technology to the
industrial users.

1.3 METHODOLOGY

The smart underwater welding process requires modifying
existing flux-cored arc welding technology with the following
design characteristics:

1) The flux ingredients must produce sufficient gas of low
ionization potential to maintain a stable welding arc. The flux
ingredients must also counteract the water environment effects by
containing appropriate chemicals to reduce the hydrogen effect
and alloying elements to enhance the physical and metallurgical
properties of the weldment. The weld quality resulting from this
study will be measured by the requirements of the BAmerican
Welding Society D3.6-93 Specifications (AWS D3.6)°, Type “a”
welds.

2} The Welding gun must have the ability to sense the bubble
stability and, through a feedback linkage, control the welding
current and electrode feed rate to ensure sufficient energy to
produce the appropriate amounts of gas generation.

3} The welding gun must be self-contained with the filler
wire and wire feed system as an integrated part of the gun. The
gun must be designed for easy manipulation and with an
illuminated transparent gas cup for the diver/welder to visually
track the joint. A seam tracking device may be an alternative but
this may complicate the welding gun and reduce the
manipulability.

4) A gas blanket to be dragged behind the gun can reduce the
weld metal cooling rate and enhance the weld properties. It has
been reported that energy loss from the weld behind the arc is
responsible for rapid cooling of the underwater wet welds (Tsai
et al. 1979). Therefore, a means to create a stable gas film
covering the weld behind the arc would reduce the cooling rate.




Using the flexible gas blanket is conceptually feasible but needs
to be investigated.

The smart underwater welding process uses the flux-cored arc
welding principles which produces coalescence of metals by
heating them with an arc between a continuous tubular wmetal
(consumable) electrode and the work. Shielding is provided by a
flux contained within the tubular electrode. The vaporized flux
ingredients produce shielding gas which displaces water by
forming dynamic bubbles, thus protecting the arc and the molten
weld pool during welding. The deoxidizing constituents in the
flux counteract the humidity and pressure effects and improve the
weld properties.

Researchers at E.O. Paton Electric Welding Institute in
Kiev, Ukraine have studied underwater “wet” welds made by the
flux-cored arc welding process since 1974. This welding process
has been used for repair of cracked pipelines at a depth of 10 to
12 meters. The impact strength of weld metal was reported having
an average Charpy-V notch value of 43 ft-1lbs at 0 degree celsius
and 28 ft-lbs at -20 degree Celsius. These test results would
qualify the flux-cored  ‘“wet” welds for the AWS D3.6
Specifications, Type "“A” welds. Unfortunately, the impact values
of the heat-affected zone were not reported. It must also be
noticed that the favorable assessment of weld metal impact
strength of the flux-cored “wet” welds was based on limited
number of Charpy tests.

The flux-cored arc welding wires manufactured by E.Q. Paton
and Hobart Brothers, a U.S. company, have been tested at the Ohio
State University Welding Engineering Laboratory. Neither filler
wires performed well. The Paton process has also been tested and
evaluated by several US companies where the reported results by
the Paton Institute could not be reproduced. In addition,
information on chemistry designs of the Paton welding flux has
been kept as a commercial secret. The fundamental understanding
of the relationships among the flux chemistry, the welding
process parameters, and the resulting weld quality is not
available. Therefore, in addition to the development of a
practical underwater welding process, the proposed project will
also develop the engineering knowledge of the flux-cored arc
welding technology used underwater.

Several factors will be studied during the developmental
course of the smart system. They are the parameter control
3




database (e.g. water depth effect), gun design, dynamic bubble
characteristics, flux chemistry, and working range of the welding
parameters. To ensure practical use of the project results by the
industrial users, the parameter control database which shows the
common operational ranges of the underwater welding work will be
developed. This parameter control database defines the underwater
operation conditions under which the new underwater welding
process can be qualified for industrial applications. This
database will set the limits for the factorial studies in the
development of the smart underwater welding process.




2.0 LITERATURE REVIEW

2.1 General

Underwater welding can be classified into three categories:
dry underwater welding, locally dry underwater welding and
underwater wet welding. Dry underwater welding reguires that the
water surrounding the work be eliminated, normally by use of a
pressurized enclosure with controlled atmosphere and pressure.
The dry process is costly, but produces welds which are generally
equal in quality tc welds made above water. The locally dry
techniques, by means of which the welding site is shielded by an
independently supplied gas atmosphere, have been developed
especially for the application of inert gas welding methods®®.
The gas cavity is thereby supported by appropriate measures. The
new underwater welding techniques that wmainly used in marine
engineering in recent years were the wet welding with stick
electrode and the locally drying C0O, semiautomatic arc welding
process’’. Underwater wet welding is done at ambient pressure
with the welder-diver in the water without any mechanical barrier
between the water and the welding arc. The shielded arc process
is commonly used.

The versatility, speed, and lower cost of wet welding makes
the process highly desirable for underwater welding when
“average” quality is acceptable. Wet welding can be accomplished
without special fixturing. Where repair needs are the greatest-in
salt water areas-the success of wet welding is greatly enhanced,
since the higher the salinity of the water the greater the
stability of the wet welding process. The dissolved salts in the
water increase its electrolytic qualities, thus enabling a hotter
arc and a more efficient welding operation. Still the use of
underwater wet welding is restricted by the low quality of the
welds, which do not fulfill the higher quality specifications of
the AWS standard. Therefore, further investigations and
improvements of wet underwater welding are necessary.




2.2 Weldability Considerations in Underwater Wet Welding

2.2.1 Thermal Experience

Brown and Masubuchi® developed a model for the heat transfer
process involving the energy input from the welding source and
the energy input from the welding source and the energy losses to
the environment during underwater welding. These investigators
hold that boiling and radiation account for the major heat losses
from the plate. The bubbles generated during welding carry
considerable heat as they leave the plate and are responsible for
the faster cooling rates experienced in underwater wet wvelding.
Thus, the cooling rate, expressed as the time it takes to cool
from 800 to 500 °C , is approximately two to four times faster
than in surface welding”. Hamann and Mahrenholtg®’ investigate
the influence of the surface heat transfer on the temperature
distribution during wet underwater welding, and the results show
that the neglecting of undercooled boiling leads to cooling
velocities that are too small.

The arc efficiency, and by consequence the effective heat
input, is affected by depth. Avilov'* determined that the
constriction of the arc caused by the water head results in a
decrease in current which in turn raises the voltage of the
welding machine in order to maintain a constant power. Ibarra’®
investigated the effect of depth on the arc characteristic and
reported that as depth increases the arc characteristic curve
intersects the drooping characteristic curve, of a constant
current source, at decreasing currents. This decrease in current
reduces the heat input since in practice the power is not
actually maintained constant, and consequently faster cooling
rates may be obtained.

2.2.2 Hydrogen Cracking

The necessary conditions for hydrogen-induced cracking
require sufficient hydrogen, susceptible microstructures, high
stresses and sensitive temperature range in the weld. These
conditions all exist in the wet welds. For wet welding it has
already been stated that the weld hydrogen level is dramatically
increased and therefore the risk of cracking in underwater
weldments made in the wet is also dramatically increased®™*®.




Although there is little information to provide guidance as
to the 1likely changes in the 1level of residual stress in
underwater welds compared to those made in the air, it 1is
expected that in wet welding the local quenching effects may
alter both the distribution and magnitude of residual stresses
although the extent of any such changes has not been determined.

In general the harder the microstructure the greater the
susceptibility to hydrogen cracking. Any increase in cooling rate
through the transfeormation temperature range will increase HAZ
and weld hardness and hence increase the risk of cracking. In wet
welds the dramatic increase in cooling rate and therefore
hardness would result in an increased risk of cracking. Any
changes in the arc efficiency, i.e. rates of arc energy consumed
converted to heat into the plate, would also be expected to
affect the cooling rate for better or worse depending on the
change in efficiency.

2.2.3 Solidification Cracking

The principal controlling compositional factors in
solidification cracking are now established’®. Thus, increase in
weld metal, C, 8, and P levels and decreases in Mn level increase
the risk of sclidification c¢racking. As a results of pressure
increases the kinetics and equilibrium of normal weld pool
chemistry reactions will be expected to change. In wet welding,
one results of the higher oxygen 1levels may be a resultant
decrease in carbon content and in the level of deoxidants such as
manganese and silicon, lower manganese levels certainly being
detrimental with respect to selidification cracking.

2.2.4 Toughness
Weld Metal

Good toughness results from the balance of a fine-grained
microstructure and a low yield strength giving high resistance to
cleavage and from a low inclusion content giving good resistance
to ductile fracture. Any compositional changes which result in
harder microstructures, i.e. of higher yield strength, without an
improvement in microstructural features, e.g. refinement of
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acicular ferrite grain size, reduction in amount of proeutectoid
ferrite, or upper bainite, would be detrimental, particularly to
the cleavage resistance. Any compositional changes which would
result in a higher inclusion content would be expected to be
detrimental to the resistance to ductile tearing which may be of
particular importance in respect of ©passing bend test
requirements. For wet welds where dramatic increases occur in
weld cooling rate and presumably weld solidification rates, the
trapping of inclusions within the weld metal which in air weld
would have floated out to the slag may also increase inclusion
content and reduce the resistance to ductile tearing, as well as
raising the hardness and yield strength and hence resistance to
cleavage.

Heat Affected Zone

No compositional changes in the HAZ would be expected apart
from a relatively transient increase in hydrogen level. In normal
fabrication welds the hydrogen introduced into the HAZ from the
weld diffuses away to sufficiently low levels so that by the time
the weld experiences service stresses no detrimental effects of
any remaining hydrogen are normally observed. Even repair welds
made under normal ambient welding conditions, which may be
stressed more rapidly after welding than normal fabrication
welds, have not indicated any problems. However, in repairs to
many offshore installations the repair welds may see service
stresses very soon after being made and the effect of the
transient increase in hydrogen level on fracture toughness would
need to be evaluated. In wet welding where cooling rates are very
much enhanced resulting in considerably harder HAZs, in general a
detrimental influence on the HAZ toughness would be expected,
although detailed changes would depend on actual compositions.

2.2.5 Fatique

The fatigue strength of welded joints is almost entirely
controlled by the stress concentrating effects of weld shape,
undercut, and sharp slag intrusions, etc. in the fusion boundary
region®’, particularly if the weld is left unground or
unmachined. The extent to which either weld bead shape
deteriorates, i.e. decrease in contact angle and hence increases
in local stress concentration occur, or slag intrusions at the
toes of the weld are made deeper, for underwater welding of any
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type, should be considered since both of these factors could
decrease the fatigue life of a welded joints. Some research work
had been done at the Ohio State University regarding the wet
welds geometry and the fatigue strength of the cruciform

N . 2
joints®*.

2.2.6 Porosity

The increase in the quality and size of weld pores with
increasing depth has been documented by every investigator of wet
welding. Ibarra, et al.'®, proposed a theoretical approach to the
determination of the critical pore size as a function of
pressure. The formation of these pores is controlled by the
solubility of the various gases (principally hydrogen) in the
molten metal. Subsequent rapid cooling reduces the solubility and
rejects the dissolved gases as molecules which form bubbles in
the molten metal. Wet welding solidification is so rapid as to
prevent these bubbles from rising to the surface of the molten
metal and escaping, thus being trapped within the solidified
metal. These pores reduce the net section of the weld causing a
reduction in strength, ductility and toughness.

2.3 Underwater Wet Welding Processes

There are several wet welding processes presently employed
or under development. They are shielded metal arc welding (SMAW),
gas metal arc welding (GMAW), flux-cored arc welding (FCAW)},
explosive welding (EW), friction welding (FW), and stud welding
(SW) . Recently, other welding processes such as laser welding?®?,
friction stud welding®, “MOSS” modular orbital welding system®.
Underwater robotic arm by graphical simulation techniques were
also used”. The SMAW process is the most widely used of all the
underwater welding methods.

The improvement of manual methods and systems is necessary
since fully mechanized and automated repair methods which are not
always available for already existing pipelines and offshore
structures. A suitable method must be available and usable
particularly for emergency repair work. The development of fully
mechanized methods will take years if not decades before such
methods are operaticnally ready. Even if fully mechanized or
automated systems exist in the future, the use of human resources
under water will continue to be necessary for special tasks. It
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is expected that the semi-automatic flux-cored arc welding
process will show the greatest potential.

Researchers in the former USSR were actively performing
research with the flux cored process. The first reported usage of
the process underwater was by Avilov®® who described attempts in
improving the quality of SMAW underwater welds by using flux
coated tubular electrodes with argon gas forced through the core.
Even though this early attempt did not improve the quality of
underwater welds this work did provide new ideas and methods for
others to build from.

The first quality underwater FCAW welds were reported by
Savich?’ in 1969. His research was also based on the study of how
alloying elements transfer across the welding arc, but in this
case a flux cored electrode was used for the research. Savich
then compared these results to a similar study in air to
determine the difference in the transfer of alloying elements and
determined that only the transfer of carbon, manganese, and
silicon were significantly different. because arc current,
voltage, and travel speed had been shown to affect the transfer
0of these three elements in SAW welding in air, Savich also
performed similar studies for underwater welding.

From previous studies of the effects of water wvapor
decompesition, rapid cocoling rates, .and arc stability in
underwater welding, a special flux was developed. Although the
exact composition of this flux is not known, it is clearly the
key to the success of these electrodes. Regardless of how the
exact formulation of this electrode it remains as one of the
single most effective underwater FCAW electrode that has been
developed to date.

2.4 Underwater Wet Welding Consumables

Although no commercial welding electrode has been found to
satisfy AWS D3.6 Type-A requirements, there are several
electrodes that could satisfy Type-B standards’. Many efforts
have been made on the improving and evaluation of the underwater
wet welding consumables®® .  The commercial and experimental
SMAW electrodes for underwater wet welding can be classified into
three main categories (according to the type of filler metal
used) : ferritic, austenitic, and nickel  |Dbasged. FPerritic
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electrodes are generally used for welding steels of carbon
equivalent less than 0.4 down to depths of 100 w. Since
austenitic stainless steel and nickel based filler metalg have
higher hydrogen solubility, making them 1less susceptible to
hydrogen-induced cracking, they are used in the welding of higher
carbon equivalent steels. However, even with the nickel based
electrode, hydrogen-induced cracking in HAZs can not be
completely avoided if the carbon equivalent of the base metal is
higher than 0.4%.

2.5 Approaches to Weld Metal Integrity
2.5.1 Microstructural Refinement

The electrode selection for underwater wet welding currently
consists c¢f matching existing commercial electrodes to the
particular structural reguirements of the repair. Through
microstructural refinement of the weld metal, it is possible to
increase toughness and compensate for porosity. This is possible
to through the promotion ¢f acicular ferrite with the addition of
some microalloying elements, such as titanium and boron to the
flux coating of the electrodes.

2.5.2 Porosity Minimization

According to the literature®®??, the main components of the
gas 1n a pore are hydrogen, carbon dioxide, carbon mcnoxide,
hydrogen gas, etc. In theory, if the activity of these gases 1is
reduced, the amount of hydrogen in the weld metal can also be
reduced. Chew and Gretskii®*® have shown that it is possible toO
decrease the amount of weld metal diffusible hydrogen by
increasing the amount of calcium carbonate in the electrode
covering. As calcium carbonate decomposes, gases other than
hydrogen, in particular €O, reduce the partial pressure of
hydrogen.

Ibarra, et al”, argqued that, since the weld metal carbon
pick up increases with depth, the use of electrodes with calcium
carbonate additions to reduce porosity should be restricted to
shallow waters. An alternative method would be the addition of
zeolites {which can be charged with inert gases) to the flux.
These materials may, upon decompcsition, release the argon or
helium charged prior to welding, which can reduce the relative
concentration of hydrogen.
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2.5.3 Design Approach

The design criteria approach is based on the assumption that
all underwater welds have inferior properties than their in-air
counterparts. A flexible intermediate connection pad
(prefabricated on land), which was developed at the Ohio State
Universityg, is wet welded to the structural member tc cushion
the stresses on the weld joints. Minimizing the stresses and
reducing the cracking susceptibility of the welded structures.

The design approach , together with understanding of the
mechanical properties of “wet” welds, has been demonstrated to be
effective in achieving the intended structural performances of
the welded joints using the improved electrodes’. The design
approach to the structural problems asscociated with the “wet”
welds was demonstrated by three ship repair examples, and it is
concluded that underwater wet welds can be used in their present
state for structural repair or construction if a proper design
procedure, such as the procedures currently used by the US Navy,
are used then underwater wet welding can be used without any
modifications. Through proper design the wet welded joints will
£it for their intended service without compromising the
economical advantagesn.

2.5.4 Other Measures

Suga®’ studied the effect of coeling rate on mechanical
properties of underwater wet welds in gravity arc welding, and
indicated that the weld joints obtained by oil putty shielding
have nearly comparable mechanical properties with those of open
air welds. Hutt et al.?® reported that hot tapping was used on a
subsea pipeline, where a unigue induction heating system to
provide continuous preheating of the weld zone under extreme line
flow and pressure conditions was applied. The system, together
with a number of other special techniques, was employed in
October 1994 for the subsea installation of a 36in. by 16in. tee
on the Den Helder gas trunkline.
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3.0 EXPERIMENTAL PROCEDURE
3.1 Approach and Procedures

All the studies at this stage are based on the weld plates
made underwater in the water tank using the automatic flux-cored
arc welding process(FCAW). For comparison, air welds also were
made . After welding, chemical, metallurgical evaluations,
mechanical property tests were conducted to verify the
effectiveness of the gas cup unit concept and other possible
monitoring and control procedures.

3.2 Materials

The base metal used in this project is a ASTM A36 steel
which is 1/2” and 3/4” in thickness. The flux-cored arc welding
wires used are:

Innershield NR-204-H (AWS A5.20-79 and ASME SFA-5.20,
0.068");

SOS 308L (1/167);

Russian wire (1/16”).

Chemical compositions of the weld deposit of the NR-204-H
wire, S80S 308L and weld metal of the Russian wire are shown in
Tables 1 and 2.

3.3 Experimental Setup
3.3.1 Underwater Welding Tank

The experimental tests were conducted in the newly
established water tank. The tank is constructed of c¢arbon steel
and is painted with a marine environment paint. A Plexiglas
window is located on the front panel for viewing of the tank
interior. Water fills the tank through an inlet which is centered
on the lower left end on the tank. A ball valve is located at
this point to allow for control ¢of the water flow.

Two independently used outlets are located on the tank for
water drainage. The first is used to prevent the water from
clouding wvisibility. During the welding process, water flows
continually through the inlet and particles generated from

13




welding are removed from the top surface. The second outlet is
on the bottom of the tank on the right side. This outlet is used
for complete drainage of the tank. A shut off valve allows for
the tank to be easily drained. Both water outlets are connected
and the common lead transports water to the drain. Schematic of
the underwater welding tank is shown in Figure 1.

3.3.2 Welding System

The welding system constructed in this project included a
censtant voltage welding power supply, an automatic wire feeder,
a side beam, a travel speed control unit and a fume exhaust
system. The control of the side beam motor and the welding power
supply was done by adding a double pole single throw switch into
the control circuit. This switch allows the operator to turn on
the travel control of the side beam and the welding power supply
trigger all in one motion. Simplified circuit schematic is shown
in Figure 2.

With this type of circuit, the side beam motor control
without welding power supply control can still be performed with
the original switch. The new switch bypasses the original control
switch by running paralleled wires from the contacts of the
original switch and connecting these wires into the contacts of
the new switch. Only one switch should be turned on at a time.
The whole underwater welding system for this project is shown in
Figures 3 and 4. Details of the control units on the welding
machine, wire feeder and the side beam is shown in Figure 5.

3.4 Welding Testa

The welding test was done both in open air and underwater
with and without the addition of the gas cup unit and shielding
gas. In order to determine the working range of the parameters, a
series of welding tests were carried out using different wires. A
choice had to be made regarding the shielding gas. There were
several choices: argon, CO, and air. The selection of the
shielding gas was based on the weld quality criteria and economic
issue. After a series of experimental tests, compressed air was
chosen as the shielding gas for underwater welding, and the
welding parameters used for the evaluation of the welds are set
as follows:
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Arc voltage: See Tables 4 through 6
Welding current: See Tables 4 through &
Travel speed: 107 /min.

Polarity: electrode positive
Electrical stickout : 3/4¢

Shielding gas: compressed air

Water temperature: 15°C

Water depth: 8¢

3.5 Assessment and Evaluation
3.5.1 Visual Examination

After the completion of the weld plates, visual examinations
of the welds were conducted based on ANSI/AWS D3.6-93°
specifications before further evaluations were done.

3.5.2 Chemical Analysis

Chemical compositions of the ferritic steel welds(Russian
wire) and the austenitic staniless steel welds (Stoody wire) were
analyzed using the Arc Spectra Analysis method and EDS (Energy
Dispersive Spectrometry). The sampling sites were in the center
part of each weld.

3.5.3 Metallurgical Evaluation

Metallographic sections were cut from typical welded plates,
transverse to the welding direction. Mechanical polishing
technique was used followed by immersion in enchants. For the
ferritic steel welds, a 2% nital solution was uged, for the
austenitic stainless steel welds, a locally developed etchant
consisting of a mixture of the following chemicals were used:
methyl alcohol, acetic¢ acid, hydrechloric acid, nitric acid,
glycerin and hydrogen peroxide.

3.5.4 Mechanical Property Test

All weld metal tensile({round), reduced section tensile{flat)
and side bend tests were conducted on the weld plates. Those
15




specimens were prepared and tested in accordance with ANSI/AWS
D3.6-93” and ASTM A370°° specifications as applicable.

2.5.4.1 All Weld Metal Tensile Test

Dimensions and sampling of the all weld metal tensile test

plates are shown in Figure 6. The gage length of the specimens
was 2 inches.

3.5.4.2 Reduced Section Tensile Test

Dimensions and sampling of the reduced section tensile test

plates are shown in Figure 7. The gage length of the specimens
was 2 inches.

3.5.4.3 Side Bend Test

Dimensions and sampling of the side bend test plates are

also shown in Figure 7. The thickness of the specimens was 3/9
inches.

3.5.5 Fracture Analysis

Fracture analysis of the welds were conducted using the
Scanning Electron Microscopy (SEM) technology. An visual
observation of the fracture surface was done before the SEM
analysis,
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4.0 Design of Welding Gun

In order to eliminate the human factors and find the
operational range of different welding materials efficiently, an
automatic welding gun was chosen for this peried of test. In the
next stage, a semi-automatic welding gun will be used.

4.1 Waterproof of Welding Gun

The welding gun used for this project is a modified Miller
GA-50A GMAW automatic gun. Modifications to the gun assembly were
made so that the inner torch could be protected from water. The
addition of o-ring gaskets placed at the bottom of the head tube
and within the nozzle extension {See Figure 8) were all that was
needed to seal off the main gun body. The inner and outer
diameters of the torch and nozzle extension were not standard o-
ring splicing kit. The only area left to waterproof was the
contact tip and contact tip adapter (See Figure 9). This was done
by the use of an o-ring at the top of the contact tip adapter and
allen screw plugs in the holes where the gas would usually come
out. The o-ring at the top of the adapter seats into the lead
tube. The gas expulsion holes were threaded and the allen screw
studs were placed into them along with Teflon tape(The use of
silicon epoxy may have to be substituted for the Teflon tape).
This was done to guard against water leaking into the wire sheath
and wetting the flux.

The next step for the modification of the welding gun is the
development ©f a contact tip hole that will seal the wire from
the water at all times. There are some conceptual ideas but
nothing very conclusive on how this will be accomplished.

4.2 Development of Gas Cup Unit

A gas cup unit(made of bronze) was developed during the
first year of this project, as shown in Figures 10 and 11. The
two pieces of metal cups are made of bronze which will not suffer
from corrosion problems when underwater welding is done. The
layer between the two bronze cups is a piece of foam, gases can
pass through this layer slowly and uniformly. With the addition
of the gas cup assembly, the bubble around the welding arc can
grow bigger, and the individual dynamic bubbles escape slower
than they do when welding without the gas cup assembly. The whole
gas cup assembly makes the shielding gas and the gas from the
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bubble escape finely, which results in a more stable arc, and the
narrow weld bead caused by the nonuniform change of the dynamic
bubble can thus be avoided.

4.3 Embedment of Thermal Couples

The addition of a thermocouple embedded in the side wall of
the weld nozzle was studied. The original signal for the feed-
back control system will be the temperature inside the dynamic
bubble. Another set of gas cup unit was prepared (made of
plastics) for the mounting of thermal couple in the unit. With
the introduction of thermal couple (alumina-chromi thermal couple
at this time), the average temperature ingide the dynamic_bubble
can be monitored, which will be used for the feed back control
(basically welding current control) of the underwater FCAW
process.

4.4 Degign of The Gas Blanket

The original design of the air blanket is shown in Figure
12 (See section A), later this design was modified as shown in
Figure 13, the alignment of the slits instead of the nozzles
aimed at more efficient utilization of the air and better
shielding effect of the weld zone within critical temperatures.
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5.0 RESULTS AND DISCUSSION
5.1 Performance of Different Electrodes

The arc stability, bead appearance and weld contour of
different electrodes under different welding conditions were
evaluated. Welding parameters and weld bead summary for different
electrodes tested in air and underwater are shown in Tables 4
through 6. Details of the bead appearance of those welds are
shown in Figures 14 through 18.

During the welding tests it was observed that the Russian
wire and the SOS 308L wire have good operational properties, such
as very little spatter and very fine weld ripples. According to
the test results and observations during the air and underwater
welding processes, Russian(ferritic) and Stoody(austenitic) wires
were chosen for the further evaluation of the smart welding
process.

It is also found that for underwater wet welding, a higher
heat input, more precisely a higher arc¢ voltage level is needed
to achieve a weld with acceptable bead appearance, weld contour
and weld properties. This may be caused by two factors, the fast
cooling rate and the lower wettability of the liquid metal on the
surface of the base metal in a water environment. The addition of
some kind of materials in the flux of the wire may improve the
wettability of the liquid metal on surface of the base metal in a
water environment.

5.2 Effect of the Gas Cup Unit on Performance of Different
Electrodes

Figures 19 through 24 show the weld contour of the Russian
electrode and the 308L stainless steel electrode tested in air
and underwater with and without the addition of the gas cup unit.
From these test results, it can be found that it is the addition
of the gas cup unit and the shielding gas that makes the
improvement of the performance of the electrodes tested
underwater. The reinforcement of the wet welds is much lower than
those of the wet welds without the addition of gas cup unit.
Penetration is greatest when no gas cup unit and shielding gas is
used. The good weld contour of the underwater welds with the
addition of the gas cup unit will definitely contribute to the
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improvement of the fatigue strength of the weldment made
underwater.

Based on the test results, the gas cup unit can affect the
performance of electrodes underwater by the following ways: (1)
weld contour; (2} bead appearance; (3) ductility of the wet
welds; (4) tensile toughness of the welds. All of these factors
are very important for the application of the underwater wet
welding. So far, no open literature is found to report such kind
of test results, which may bring the development of underwater
wet welding to a much higher level. The idea of the introducticn
of the gas cup unit is better than other ideas such as creation
of semi-dry environment both economically and practically.

5.3 Chemical Compositions of Welds

Chemical compositions of the austenitic stainless steel weld
are shown in Tables 6. It can be seen that there is no
significant change in the chemistry of the welds made in air and
underwater with and without the addition of the gas cup unit.
The Dbulk chemistry of different welds made under different
conditions showed the same trend(See Table 7
). From the chemical analysis results, it is expected that the
main change in the weld metal microstructure of the stainless
steel wire is caused by the solidification modes instead of the
change of weld metal chemical compositions.

5.4 Microstructural Features of welds

Figures 25 through 35 show the weld metal and fusion line
and heat-affected zone microstructures of the Russian and 308L
stainless steel wires tested in air and underwater with and
without the addition of gas cup assembly. For the welds of the
Russian wire, the microstructures in the weld metal consists of
grainboundary ferrite, side plate ferrite and bainite. There is
no significant change in microstructures of the air weld and
underwater weld in this case. For the welds of the 308L wire, the
microstructure in the weld metal is mainly dendritic structure.
There are some differences between the microstructure in the air
welds and the underwater welds with and without the addition of
gas cup unit. Among those welds, the underwater welds with the
addition of the gas cup assembly has the smallest partially
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mixed zone which wmay be beneficial for the reduction of the
formation of hydrogen-induced cracking in this zone when weld
steels with higher carbon equivalent. During the metallurgical
evaluation, it was alsco found that the weld metal of the
underwater welds are more sensitive to the etchant than that of
the air weld, which may be caused by the different solidification
modes in air welds and underwater wet welds.

Neither  hydrogen-induced cracking nor solidification
cracking was found in the weld metals and the heat-affected zones
of the ferritic steel electrodes and the austenitic stainless
steel electrode.

5.5 Tensile Properties of Welds

In this section, Tensile strength, tensile
ductility (maximum strain to fracture} and tensile toughness of
the wet welds will be discussed.

Figure 36 shows all weld metal tensile test samples of
different welds. Table 8 shows the tensile test results of
different electrodes. Figures 37 through 39 show the stress-
strain curves(engineering stress-strain curves) of different
welds. It is found that in the case of flux cored arc welding
with a gas cup unit, the tensile properties especially the
maximum strain to fracture are much better than those welded
using shielded metal arc welding electrodes in general. Again,
the tensile strength is not a problem for both the ferritic steel
weld and the austenitic stainless steel weld. For the austenitic
stainless steel weld, the maximum strain to fracture ocf the
underwater wet weld is almost the same as that of the air weld,
this can be further proved in the bending ductility session. As
the maximum strain to fracture increases, the tensile toughness
of the welds also increases(the area under the tensile stress-
strain curve). All this kind of information will be very
important for the selection of the underwater wet welding
materials and processes. It is also indicated that the concept of
the gas cup unit is very successful.
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5.6 Bending Ductility of Welds

Figures 40 to 41 show side bend test samples of gifferent
welds. Table 9 is the side bend test results of different welds.
For the austenitic stainless steel weld, one of the bending angle
reaches 180°, which indicates an approximately 20% of the
ductility of the weld, for underwater wet welding, this is so far
the best results according to the open literature. The test
results are also in good agreement with the tensile test results.
It is thought that the concept of gas cup unit is the key factor
contributing to the good ductility of the wet welds prepared by
the smart welding process.

5.7 Fracture Morphologies of Welds

Figure 42 shows the fracture analysis results of different
welds. Both Figure 42a and b(underwater wet welds)show dominant
fibred fracture surfaces, which are a sign of ductile fracture
mode. In comparison with the air weld fracture surface (Figure
42c), the fracture surface of the underwater wet welds show
subcracks which are thought to be caused by the hydrogen effects
of the underwater wet welds. Figure 43 a and b show fisheyes in
the fracture surface of the ferritic steel underwater wet welds,
and Figure 43c shows quasicleavage fracture mode inside the
fisheye, which shows the local hydrogen embrittlement of the
underwater wet welds. However, it can be seen that in this case
the shapes of the fisheyes are more irregular than the welds made
with shielded metal arc welding electrode underwater-', which
means a better ductility and toughness of the former case. Figure
44 shows the dimple fracture mode of different welds, it can be
seen that the difference between the fracture mode of the
underwater wet welds and the air weld is that there are some
tearing ridges in the fracture surface of the air weld instead of
the underwater wet welds. This indicates that for underwater wet
welds, be it ferritic steel or austenitic stainless steel, the
ductility is always worse than those of the corresponding air
welds, one of the dominant factor is the hydrogen embrittlement
effects. Figure 45 shows subcracks in different underwater wet
welds, again, this is a typical hydrogen embrittlement sign.
Figure 46 shows both the ductile fracture mode (dimples) and
brittle fracture mode (quasicleavage) at the same fracture of the
austenitic stainless steel weld.
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From the test resultg in this section, it can be concluded
that for all underwater wet welds, hydrogen embrittlement can not
be thoroughly avoided, be it ferritic steel weld or austenitic
stainless steel weld. However, the extent to  hydrogen
embrittlement can be reduced by proper shielding effect, as
mentioned above, the addition of shielding cup unit.
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6.0 CONCLUSIONS

A flux-cored arc welding system was set up and a gas cup
unit was developed to improve the gquality of underwater wet
welds. The effectiveness of the gas cup unit was observed. Main
conclusions are summarized as follows:

1. The heat input, especially the arc voltage to get
acceptable weld bead appearance and weld contour for the
underwater wet welds is higher than that of the air welds. Fast
cooling rate and lower wettability of the liquid metal on surface
of the base metal in a water environment contribute to this
phenomenon.

2. The addition of the gas cup wunit can improve the
underwater wet welds performance especially the weld contour
significantly by making the bubble and the gas within the arc
cavity escape slowly and uniformly.

3. There is no significant change in chemical compositions
of the air welds and underwater wet welds with and without the
addition of the gas cup unit under these test conditions.

4. The change of microstructure of the air weld and the
underwater wet welds of the stainless steel wire is expected to
be caused by the solidification mode differences instead of the
change of chemical compositions. The partially mixed zone in the
weld metal of SOS 308L wire with the addition of the gas cup unit
is the narrowest in comparison to those of the air weld and
underwater wet weld without the addition of the gas cup assembly.

5. The performance of the Russian wire and the SOS 308L wire
is better than the Innershield NR-204-H wire under these test
conditions

6. Hydrogen embrittlement of underwater wet welds, including
reduction of mechanical properties especially the reduction of
ductility and toughness, can be reduced significantly by the
FCAW process in this study. The most important idea is the
addition of the gas cup unit. With the modification o¢f the
utilization of the gas cup unit, further improvement of the
underwater wet welds can be expected. This may direct the
research and development of underwater wet welding to a new
stage.
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7.0 Recommendations for Continuity

1. The effects of the gas cup assembly on the performance of
different electrodes and the weld properties should be further
investigated in order to improve the present gas cup unit.

2. Modification of the Gas Blanket Assembly is necessary for
the improvement of wet weld quality.

3. Development of the Feedback Control System

4. Implementation of the Vision System

5. A specific method instead of high speed photography
should be developed for the study of dynamic bubble around the
welding arc.

6. It is necessary to measure the hydrogen level in the weld
metal of the underwater wet welds to verify the effect of
shielding gas on the reduction of partial pressure of hydrogen in
the arc atmosphere.
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Figure 3 The Underwater Welding System
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Figure 5 Schematic of the welding control units
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Wire Outiet Guide
O-Ring

Liner Bushing
Liner

" Remove O-ring and bushing (if
present) from linar and install on
new liner ong Inch (25 mm) from
and.

' § QGunFeeder Adapter
Head Tube

Contact Tip Adapter
Contact Tip

Nozzis Extension

10 Nozxzia

Choose correct parts for wire size,
(see Table 5-4) and disassemble
gun as necessary to install new
parts. Install new paris, and reas-
somble gun. Reinstall into wire
drive assembly,

bW N =

o o o

Figure 8 Waterproof of the Head Tube and Nozzle extension
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Figure 9 Waterproof of the Contact Tip and Contact Tip Adapter
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WATERPROOF CASING
POWER CABLE
POWER CABLE
WIRE _Lzmm/ \Dzu WIRE LINER
e -

s S
S CONTROL WIRE
COUPLING CONNECTION

CONTROL LEVER MAGNETICALLY INDUCED
CONTROL SWITCH
SKIRT CLAMP

CONTACT TIP MAGNETIC MATERIAL

SPONGE SKIRT

Figure 10 Schematic of the Welding Gun Assembly
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Figure 11 Plans of the Gas Cup Assembly
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Figure 14 Bead Appearance of the NR-204H Welds
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Figure 15 Bead Appearance of the SOS 3081 Welds
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Figure 16 Bead Appearance of the SOS 308L Welds

Figure 17 Bead Appearance of the SOS 308L Welds
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Figure 18 Bead Appearance of the Russian Welds
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Figure 19 Cross Section of the Russian Weld(air weld) 10X
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Figure 20 Cross Section of the Russian Weld(underwater weld without gas cup unit) 10X
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Figure 21 Cross Sec
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Figure 23 Cross Section of the SOS 308L Wire(underwater weld without gas cup unit) 10X
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Boundary Microstructures of the Russian Weld

10N

27 Fus

igure

F

) 200X

1t

(underwater weld without gas cup un

ire

f the Russian W

tcrostructure o

28 Weld Metal M
{underwater weld w

igure

F

200X

ith gas cup unit)

61




29 Fuston Boundary Microstructures of the Russian Wire
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Figure 30 Weld Metal M
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Figure 31 Microstructures near Interface of the SOS 308L Weld(air weld) 400X
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Figure 32 Weld Metal M
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Figure 33 Microstructure near Interface of the SOS 308L Weld

(underwater weld without gas cup unit) 400X

Figure 34 Weld Metal Microstructure of the SOS 3081 Wire

(underwater weld with gas cup unit) 400X
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Figure 35 Microstructures near Interface of the SOS 308L Weld
(underwater weld with gas cup unit} 400X
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a. Ferritic steel (Russian) weld, underwater.

b. Austenitic stainless steel (Stoody) weld, underwater

c. Austenitic stainless steel (Stoody) weld, air weld

Figure 36 All Weld Metal Tensile Test Samples of Different Welds
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Figure 37 All Weld Metal Stress Strain Curve of the Russian FCAW Wire
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Figure 38 All Weld Metal Stress Strain Curve of the Stoody FCAW Wire
(underwater weld)
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Figure 39 All Weld Meta! Stress Strain Curve of the Stoody FCAW Wire
{(air weld)
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a. 2t, broken b. 4t. broken

c. 4t, bending angle: 30°

d. 4t, bending angle: 40°

Figure 40 Side Bend Test Samples of Ferritic Steel (Russian) Underwater Welds
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b. 4t, bending angle: 40°(upper sample) and 657 (lower sample)

c. 4t, bending angle: 40°

Figure 41 Side Bend Test Samples of Austenitic Stainless Steel (Stoody) Underwater Welds
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b. Austenitic stainless steel (Stoody wire)underwater weld
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c. Austenitic stainless steel (Stoody wire) air weld

Figure 42 Fracture Surfaces of Different Welds(from AWT samples), 13X
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a. 100X

b. 300X
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c. details inside the fisheye, 1000X

Figure 43 Fisheyes in Fracture Surfaces of Ferritic (Russian wire)Underwater Welds
(from AWT sample)
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c. Austenitic stainless steel (Stoody wire) air weld

Figure 44 Ductile Fracture Morphology in Fracture Surfaces of Different Welds
(from AWT samples), 750X
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c. Austenitic stainless steel (Stoody wire)weld, 400X

Figure 45 Subcracks in Fracture Surfaces of Different Underwater Welds
(from AWT samples), 750X
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Figure 46 Ductile and Quasi-cleavage Morphologies in Fracture Surface of Austenitic Stainless
Steel(Stoody wire) Underwater Weld(from AWT samples), 750X
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