The State of the Art of Underwater Wet Welding
Practice: Part 1

This paper chronicles advancements in steel wet welding from the past ten years

BY E. C. P. PESSOA AND S. LIU

ABSTRACT

Developments in underwater wet welding (UWW) over
the past four decades are reviewed, with an emphasis on
the research that has been conducted in the last ten
years. Shielded metal arc welding with rutile-based coated
electrodes was established as the most applied process
in the practice of wet welding of structural steels in shal-
low water. The advancements achieved in previous
decades had already led to control of the chemical com-
position and microstructure of weld metals. Research and
development in consumables formulation have led to con-
trol of the amount of hydrogen content and the level of
weld porosity in the weld metal. The main focus of
research and development in the last decade was on
weldability of naval and offshore structural steels and ac-
ceptance of welding procedures for Class A weld classifi-
cation according to American Welding Society D3.6, Under-
water Welding Code. Applications of strictly controlled
welding techniques, including new postweld heat
treatment procedures, allowed for the welding of steels
with carbon equivalent values greater than 0.40. Classifi-
cation societies are meticulously scrutinizing wet welding
procedures and wet weld properties in structural steels at
depths smaller than 30 m prior to qualifying them as Class
A capable. Alternate wet welding processes that have
been tested in previous decades — such as friction stir
welding, dry local habitat, and gas metal arc welding —
have not achieved great success as originally claimed. Al-
most all of the new UWW process developments in the
last decade have focused on the flux cored arc welding
(FCAW) process. Part 1 of this paper covers developments
in microstructural optimization and weld metal porosity
control for UWW. Part 2 discusses the hydrogen pickup
mechanism, weld cooling rate control, design, and qualifi-
cation of consumables. It ends with a description of the
advancements in FCAW applications for UWW.
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Introduction

This paper focuses on the advancements in wet welding
of steels that were accomplished in the last ten years. This
process is performed with no mechanical barrier between
the water and the welding arc. The principal advantage of
the process is its intrinsic simplicity, which allows it to be
applied even in the most geometrically complex structures
(Refs. 1-6).

The first comprehensive paper on underwater welding
was published in 1976 (Ref. 7), and other important studies
were published between 1990 and 2000 (Refs. 1, 2, 8-10). In
2001, Rowe and Liu (Ref. 11) conducted extensive research
containing experimental underwater wet welding (UWW),
and they provided the results in detail. In the 2000s, there
was some minor research conducted on UWW, but it did not
include in-depth reporting of experimental work data (Refs.
5,12, 13). Additionally, UWW was discussed at the 3" Inter-
national Workshop on UWW held on November 2010 in
Houston, Tex., during which some research was reported
and future trends were discussed (Ref. 15). The last impor-
tant research in this field was performed in 2012 (Ref. 16)
by Liu et al. and is included in the American Welding Society
(AWS) Welding Handbook.

This research highlights current developments in UWW
processes. It shows that the progress made in previous
decades has allowed researchers in the past ten years to de-
velop state-of-the-art UWW processes. Part 1 of this paper
focuses on consumable composition optimization. Part 2
discusses UWW weldability, consumables and procedure
qualification, and alternate wet welding processes. The au-
thors of this research aim to share this knowledge regarding
recent developments in the art of wet welding with practic-
ing welding engineers and researchers.

Consumable Composition Optimization —
Microstructural Optimization

In no other welding process does the chemical composi-
tion of the weld metal change so much with ambient pres-
sure as in wet welding. Studies performed by Ibarra, Grubbs,
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Fig. 1— Underwater wet weld metal manganese and silicon

Fig. 2 — Underwater wet weld metal oxygen as a function of
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Fig. 3 — Product of [C][O] as a function of depth (Refs. 20, 2I).

and Olson (Ref. 17) on the metallurgical aspects of UWW re-
ported that weld metal manganese contents reduced by as
much as 250% going from the surface to a 300-ft (91.4-m)
water depth. Silicon experienced a 50% loss in the same
depth range — Fig. 1. After a certain water depth, (e.g., 200
ft), the weld deposit was described as essentially iron with
very small amounts of manganese and silicon. With such
large changes in manganese and silicon content, the weld
metal microstructure and mechanical properties were ex-
pected to change accordingly.

Hyperbaric welds that are conducted in pressurized
chambers according to water depth but maintained at an es-
sentially dry atmosphere presented similar trends regarding
Mn and Si, both of which decreased with increasing water
depth (Ref. 18). Carbon, on the other hand, showed a small
decrease instead of the increase observed in underwater wet
welds. An important consequence from the observations
made in wet and hyperbaric welds was the proposal of devel-

oping consumables for separate water-depth ranges (Ref. 19).

Olson and Ibarra (Ref. 20) also found that, aside from

Fig. 4 — Underwater wet weld microstructure of rutile-based
electrodes as a function of water depth (Ref. 28).

manganese and silicon, carbon appeared to increase with the
water depth for welds made with rutile electrodes, as shown
in Fig. 1. They found that as the water depth increased,
there was less carbon loss because of a complex interaction
between alloying elements (Mn, Si), Fe, and C. After about a
200-ft (61.0-m) water depth, C remained approximately
constant even though the P.,/P, ratio showed carburizing
conditions.

Oxygen measurements also revealed an interesting rela-
tionship with water depth — Fig. 2 (Refs. 17, 20). As the
depth increased, the oxygen increased rapidly until about 50
ft (15.2 m), where it tended to level off. Pope and Liu (Ref.
21) as well as Perez-Guerrero and Liu (Ref. 22) later con-
firmed this trend, even when using different groups of elec-
trodes. Pope and Liu used oxidizing electrodes (Ref. 21),
whereas Perez-Guerrero and Liu utilized modified oxidizing
electrodes with alloying additions (Ref. 22). The electrodes
used prior to this were the rutile type (Refs. 17, 20).

Examining the C and O data, Olson and Ibarra (Ref. 20)
plotted the product [C][O] with pressure and found a linear
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Fig. 5 — Underwater wet weld microstructure of rutile-based
electrodes with optimized Fe-Mn and Ti-B as a function of
water depth (Ref. 28).

relationship indicating that a C-O reaction in the first 100 ft
(30.5 m) controls the chemistry of the weld pool. At greater
depths, the [C][O] became constant, indicating that the weld
pool chemistry was no longer controlled by the C-O reaction
— Fig. 3. They proposed that the H-O reaction became the
controlling mechanism for greater depths (Ref. 23).

The C-O reaction in the weld pool at 10 m sea water
(msw) appeared to obey chemical thermodynamics (Ref. 24),
and the UWW weld metal microstructure strongly depended
on this reaction. The Fe-O reaction control proposed by
Pope and Liu (Ref. 21) at greater depths relies on the
amount of slag and Fe that varies accordingly even though
the composition remains constant.

In the period between the 1970s and 1990s, it was gener-
ally recognized that the wet steel weld microstructure was
generally coarse with grain boundary ferrite, side-plate fer-
rite, and ferrite with an aligned second phase (Refs. 25-27).
The understanding of interactions between alloying ele-
ments and flux systems in the welding arc and weld pool al-
lowed for the design of consumables with proper alloying
contents such that as-solidified weld metal microstructures
became optimized. Rowe et al. (Ref. 28) showed that welds
made with rutile-based electrodes at a 70-ft (21.3-m) water
depth contained 80% ferrite with second phase (FS) and
20% primary ferrite (PF). At 300 ft (91.4 m), they contained
55% PF, 40% FS, and only 5% acicular ferrite (AF) — Fig. 4.

Strategies developed and tested to modify wet weld mi-
crostructures included the following: 1) increases in alloy hard-
enability; 2) increases in acicular ferrite nucleation sites; and
3) poisoning of the prior austenite grain boundaries. It was
recognized that the coarse microstructure was mainly a result
of the loss of Mn and Si with the increasing water depth (Refs.
17, 20, 29), thus replenishing Mn was attempted as the first
approach. From studies in the 1980s on titanium and boron-
containing consumables, Ti-based inclusions were reported to
nucleate acicular ferrite more effectively. Boron atoms, diffus-
ing to the prior austenite grain boundaries, were able to poi-
son those sites against grain boundary ferrite nucleation.
Therefore, Ti and B were also added to the welds (Refs. 23, 24,
28). As a result, designed electrodes with optimized Fe-Mn
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Fig. 6 — 3D imaging and rendering of inclusions in the weld
metal deposited by rutile-type electrodes at a 0.5-m water
depth by synchrotron microCT. (Courtesy of Dr. Valter dos
Santos and Prof. Sidnei Paciornik.)

and Ti-B contents produced weld metal microstructures with
almost 90% of AF at a 70-ft (21.3-m) water depth. Even at a
300-ft (91.4-m) water depth, as much as 60% AF was observed
(Ref. 28) — Fig. 5.

Recent work published by Liu et al. included a similar study
on manual metal arc consumable development for UWW. The
effects of Mo, Ti, and B introduced into the flux coatings of 4-
mm-diameter electrodes were examined in welds performed at
a 3-m water depth (Ref. 30). The results indicated that the ad-
dition of Mo depressed the formation of coarse proeutectoid
ferrite. Acicular ferrite nucleation increased with the com-
bined addition of Ti and B, as shown in previous work by Rowe
et al. (Ref. 28). The deposited weld metal with an optimum al-
loy composition ratio (Ti content between 0.016 and 0.018 wt-
%) achieved a tensile strength of 592 MPa, an impact tough-
ness of 53.3 J at 0°C, and a maximum elongation of 16.2%.

Another landmark UWW development reported in the
last decade was the replacement of usual binders (sodium
and potassium silicates) applied in fabrication of shielded
metal arc welding (SMAW) electrodes by polymers to make
the electrodes impermeable in water (Ref. 14). SMAW elec-
trodes produced with water-based binders need to be insu-
lated with external varnish layers before their use in under-
water wet welding. As reported in multiple research, the
substitution of the binder in rutile-based electrode formula-
tions not only avoided the insulation step for the electrodes
but also induced an increase in the amount of acicular fer-
rite in the weld metal (Refs. 14, 31-33). Polymeric binders
were able to coat and insulate individual flux particles, mak-
ing their morphology more uniform to produce a smoother
electrode surface. The closed fissures and sealed electrode
surface resulted in low moisture absorption (Ref. 34).

Discontinuities in UWW

In underwater wet welds, there are three principal kinds of
discontinuities — pores, cracks, and inclusions. They occur in
a wide range of sizes (from nm to tens of microns), shapes
(elongated, platelet, and spherical), orientations (aligned and
not aligned), and spatial distributions (Refs. 35-37).
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Fig. 7 — Impact toughness as a function of Ni addition in
welds produced by oxidizing (Ref. 39), rutile (Ref. 40), oxy-
rutile (Ref. 6), and unknown (Ref. 41) electrodes.

With increasing water pressure, the oxygen content in
the weld metal tends to reach its solubility limit and react
with deoxidizer elements in steel (Fig. 2), leading to the for-
mation of spherical oxide inclusions (Ref. 37). Synchrotron
tomography and focused ion beam scanning electron mi-
croscopy (FIB-SEM) can be used in the characterization of
inclusions (Ref. 37). Volume measurements using FIB-SEM
(Fig. 6) showed that inclusions occupy 0.12 to 1.54 vol-% of
the weld metals produced with rutile and oxidizing elec-
trodes. This reported range of volumes reveals that inclu-
sions can play a role in UWW weld metal mechanical
properties.

Because of the porosity, low-alloying content, and large
number of second-phase particles, impact toughness of wet
welds is typically low. In fact, to classify as AWS Class A welds
(Ref. 38) for 70-ksi yield strength materials, the welds must
exhibit 15 ft-1b when tested at 32°F. Pope et al. (Ref. 39)
added Ni to oxidizing electrodes to improve the impact tough-
ness of wet welds to more than 30 ft-1b when tested at 28°EF
The welds were produced at a 0.3-m water depth, and nickel
was chosen because it is one of the most stable elements that
goes directly to the weld pool (not reacting in the arc atmos-
phere). They attributed the increase in impact toughness to
grain refinement and the stacking-fault energy increase that
facilitated the cross slip of dislocations. Perez-Guerrero et al.
(Ref. 40) added Ni into rutile-based electrodes, which further
increased the impact energy to almost 45 ft-1b.

Dos Santos et al. (Ref. 6) reported Ni content varying be-
tween 0.02 and 2.0 wt-% in weld metal deposited by elec-
trodes covered with an oxy-rutile formulation at 0.5- and
10-m water depths. It was reported that the weld metal ten-
sile strength and impact toughness at 0°C reached 547 MPa
and 42.3 J, respectively. The mechanical property values
achieved show that research results produced in previous
decades were solid and reproducible. The technology was
sufficiently robust to be transitioned to production.
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Fig. 8 — Effect of pressure on the weld metal average porosity
using the following electrodes: commercial (Refs. 44, 45), CaCo,
additions (Refs. 24, 46, 47), low T-low B (Ref. 28), low carbon
(Ref. 49), ultra-low carbon (Refs. 22, 50), and oxy-rutile (Ref. 6).

In 2015, Guo et al. (Ref. 41) produced a very similar work
to those produced in 1995 (Ref. 39) and 2003 (Ref. 40) by
Pope et al. and Perez-Guerrero et al., respectively. These au-
thors analyzed joints produced by welder divers at a 3-m
freshwater depth using optical microscopy, x-ray fluores-
cence, SEM, and energy dispersive spectroscopy. The em-
phasis was placed on studying the effect of the Ni content
on the variation of the microstructure, tensile strength, and
low-temperature toughness of the underwater wet weld
joint. Their results showed an optimized impact toughness
that reached 63.59 J at 0°C and 14% elongation (all weld
metal tensile) when 2.45 wt-% Ni was added to the weld
metal. These researchers also reported that when the Ni
content was between 2.04 and 2.45 wt-%, more than 30%
AF was found in the weld metal. These results also con-
firmed findings from previous research studies, which are
summarized in the graph plotted in Fig. 7.

Elucidation of the Porosity Formation
Mechanism in Wet Welds

Studies developed in previous decades concluded that CO
formation, H diffusion to the pores, and short-circuiting
transfer are responsible for pore growth in underwater wet
weld metal (Refs. 4, 45, 49, 54).

Another factor that plays a role in the level of weld metal
porosity is the slag as well as its behavior and properties.
Slag/metal chemical reactions are also important in transfer-
ring alloying elements, reducing hydrogen content, and deoxi-
dizing molten weld metal (Refs. 21, 39, 42). Uniformly distrib-
uted slag assists in shaping the weld deposit. The viscosity of
the liquid slag controls its fluidity and, consequently, its cover-
ing ability and the shape of the weld bead, which allows for
out-of-position welding. The difference in linear expansion co-
efficients between the weld metal and the slag controls slag
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Fig. 9 — Different pore sizes in a cross section of a UWW V-
groove weld produced at a 20-m water depth using an E6013
commercial electrode (Ref. 52).

detachability (Ref. 43). Detachability of the slag is also con-
trolled by its lattice and bonding nature. The crystal lattice and
welding direction produce slag layers that automatically tilt or
are accompanied by transverse cracking after welding. Good
slag removal was reported when titania crystals were formed
in an amorphous slag matrix (Refs. 22, 42, 43).

Slag physical features basically depend on the composi-
tions of the main elements in the solidified slag, denominat-
ed as the slag system. The TiO,-Si0,-CaO slag system is the
most commonly used in UWW due to its physicochemical
properties. This system presents viscosity that results in a
good covering (consistent thickness), a homogeneous sur-
face of the weld beads, good detachability, and good me-
chanical properties of the weld metal.

Other systems studied and applied in UWW are Fe,O,-
SiO,-Ca0 and Fe,0,-TiO,-SiO, (Ref. 6). As alloying elements
formed oxides, Fe,O;-based systems did not present good
slag detachability, and mechanical properties of the weld
metal were found to be inferior to the TiO,-based systems.
On the other hand, it presented low-diffusion hydrogen
in the weld metal. Another system that presented low-
diffusion hydrogen was the one based on CaF,. The basicity
index of a slag system represents an approximate numerical
value of the degree of polymerization in a complex oxide
melt. The ratio of network modifiers to network formers in
the slag system can classify it as acid, basic, or neutral (Ref.

Table 1 — Area and Number of Pores Measured in a Cross Section of
BOP Deposited at Two Different Water Depths (Refs. 52, 53)
Number of Pores

Electrode and Size of Pores

Polarity (mm?)

50m 100 m 50m 100 m
E6013 DCEP 004 017 70 204
E6013 DCEN 028 034 143 314
E7024 DCEP 058 068 108 216
E7024 DCEN 079 070 ng 277
E7018 DCEP 055 043 101 246
E7018 DCEN 026 129 180 193
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Fig. 10 — 3D rendering of the detected pores. Pores are elon-
gated and aligned orthogonally to the welding direction.
(Courtesy of Dr. Valter dos Santos and Prof. Sidnei Paciornik.)

28). Medeiros and Liu (Ref. 42) as well as Rowe et al. (Ref.
28) showed that in a slag of neutral basicity, the amounts of
hydrogen and oxygen reduced in the arc atmosphere and
weld pool, which reduced the weld metal porosity. They also
proposed that water vapor solubility in slags, breakdown of
silicate networks, and oxidation of carbon and hydrogen in
the weld pool were minimized in a slag system of neutral ba-
sicity, which also reduced weld metal porosity.

Medeiros and Liu (Ref. 42) studied the effect of hydrogen
pickup by the slag on the weld metal diffusible hydrogen con-
tent for SMAW in both direct current electrode positive
(DCEP) and direct current electrode negative (DCEN) polari-
ties. The chemical analyses showed the weld metal hydrogen
pickup was strongly dependent on the solubility of water in
the slag systems. The total and diffusible hydrogen content in
the weld metal increased monotonically with the increasing
slag hydrogen content. The slag/metal interface was identified
as being responsible in controlling the weld metal hydrogen
pickup. The model assumed hydrogen was present in the slag
as (OH)  ions, and FeO displayed an ideal solution behavior.
The x-ray diffraction conducted on different slags showed the
lower diffusible hydrogen values were always associated with
the presence of fayalite (2FeO-SiO,).

The slag acts as an insulating layer to protect the cooling
weld metal from direct contact with the water. The physical
characteristics of the slag, such as regular/constant thickness,
can allow for the escape of trapped gases from the molten pool
(Ref. 22). Slag slows down the cooling while giving enough
time for degassing to occur. The solidified slag exhibits holes
through which the gas evolved from the weld. In UWW condi-
tions, due to fast cooling times, not all the gases are allowed to
escape from the molten steel, resulting in weld porosity. The
liquid slag that covers the weld metal produces better thermal
conditions for degassing the weld metal even in wet welding at
very shallow water depths. Perez-Guerrero and Liu (Ref. 22)
suggested the reason for the absence of pores when welds were
deposited at very shallow water depths (i.e., less than 5 m) was
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Fig. 11 — Average porosity and carbon content along the weld
beads deposited at water depths of 50 and 100 m: 1 — Begin-
ning of weld beads; 2 — middle of weld beads; 3 — end of
weld beads (Refs. 6, 59, 60).

due to the slag, under the protection of a steam bubble sur-
rounding the arc, as well as the low pressure in the arc, which
allows degassing of gases entrapped in the weld metal.

In 1986, Suga and Hasui (Ref. 44) studied the relation-
ship between porosity and water pressure (depth) using high
titanium oxide, ilmenite, and iron-iron oxide-type elec-
trodes. High numbers such as 8 and 9 vol-% porosity were
reported. At a water depth of approximately 165-ft (50-m),
about 6 vol-% porosity was determined — Fig. 8.

Sanchez-Osio et al. (Refs. 24, 46) tested the effect of cal-
cium carbonate in addition to rutile-based coatings. As calci-
um carbonate decomposed, gases such as CO,, CO, and O,
formed in the arc, reducing the activity of hydrogen in the
plasma. The authors observed a minimum in porosity with
12.5 wt-% calcium carbonate addition to the electrode cov-
ering for welds deposited at a 10-m water depth. This study
showed the amount of porosity can be minimized by reduc-
ing the hydrogen content of wet welds — Fig. 8.

Rowe et al. (Ref. 28) tested ferroalloy additions such as fer-
romanganese, ferrotitanium, and ferroboron to rutile-based
coatings. Higher levels of ferromanganese addition produced
less porous welds in most cases. Controlled additions of titani-
um and boron reduced the pore size. By applying strong deoxi-
dizers, it was possible to prevent weld metal porosity that orig-
inates from carbon monoxide and steam. An important result
observed in this work was that both the porosity and hydro-
gen content of the weld metal decreased as the slag basicity
was adjusted toward a more neutral value. Slag basicity also
controlled the weld metal oxygen, and this effect may be relat-
ed to the water-vapor solubility minimum in slags near neutral
basicity.

Perez-Guerrero and Liu (Ref. 22), Liu and Rowe (Ref. 50),
and Andrade et al. (Ref. 49) tested different levels of carbon
on the steel rods of rutile-based coatings. The results ob-
tained in these works, shown in Fig. 8, demonstrated that by
reducing the carbon content of the rods, CO gas bubbles do
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Fig. 12 — Weld metal porosity measured in weld beads de-
posited in different transfer modes (Ref. 22).

not nucleate and grow in the molten droplets and will not be
later transported into the weld pool.

Dos Santos et al. (Ref. 6) tested additions of hematite and
rutile to oxy-rutile-based coatings. Hematite decomposed to
form FeO in the slag, increasing slag basicity as well as weld
metal hydrogen pickup (in a slag of neutral basicity). Addition-
ally, the water vapor solubility in the slag went to a minimum
value. By applying all the concepts studied in previous works,
the porosity values measured and shown in Fig. 8 were very
low for welds deposited in a water depth up to 20 m.

Pope et al. (Ref. 45) and Pessoa et al. (Ref. 4) reported ad-
verse effects of porosity on the mechanical properties of un-
derwater wet weld metal. The results indicated that porosity
decreased the tensile strength, ductility, and toughness.
Pope et al. (Ref. 45) reported average porosity values rang-
ing from 0.5 vol-% at a 0.3-m water depth to 0.85 vol-% at a
20-m water depth in wet welds deposited with 3.2-mm-
diameter oxidizing electrodes. Pessoa et al. (Ref. 4) and Liu
et al. (Refs. 52, 53) tested 5-mm-diameter commercial elec-
trodes in both DCEP and DCEN polarities in wet conditions.
They reported porosity amounts of 1.2, 8.4, and 13.1 vol-%
in bead-on-plate (BOP) deposited with E6013 electrodes at
50, 100, and 150-m water depths, respectively. They report-
ed values of 7.3, 14.9, and 20.1 vol-%, respectively, for BOP
deposited with E7024 electrodes under similar conditions.
BOP welds deposited with E7018 electrodes presented strik-
ing porosity values varying from 16.8 vol-% at a 50-m water
depth to 20.2 vol-% at a 100-m water depth. They also re-
ported higher porosity amounts measured in BOP welds de-
posited with DCEN polarity using the same electrodes and
conditions.

As porosity is a determining factor of the mechanical per-
formance of structural welds, the main target of most of the
investigations accomplished before the 1980s was to de-
crease the porosity. With those studies, the origin of the
pores was also determined.

Ibarra, Liu, and Olson (Ref. 8), using nucleation and growth
analysis developed by Trevisan et al. (Ref. 51), tried to explain
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the porosity behavior with water depth. They stated the criti-
cal radius to nucleate a pore increases with water depth, mak-
ing the pore formation more difficult during welding in a wa-
ter environment. For a gas bubble to nucleate, the partial pres-
sure of the gas inside the bubble P, has to be greater than the
sum of the atmospheric pressure P,, the hydrostatic pressure
P,, and the capillary contribution (2y/r) to the pressure, as
shown in Equation 1 (Refs. 51, 8, 22):

P,>P,+P,+2y/2r @

where 7 is the steel surface tension and r is the radius of the
droplet. So, the weld metal porosity behavior reported by
Suga and Hasui (Ref. 44) is contrary to the theoretical ther-
modynamics prediction, suggesting weld underwater metal
porosity depends less on external pressure and more on
chemical reactions that generate gases in the weld pool. The
size distribution and shape of the pores may be affected by
the hydrostatic pressure (Refs. 44, 54, 55). The porosity val-
ues reported in Fig. 8 do not give any indication of the popu-
lation of pores. Figure 9 shows a cross section of a V-groove
weld deposited at a 20-m water depth using an E6013 elec-
trode. It is possible to see the wide range of pore sizes and
different distributions in the same sample. Pessoa et al.
(Ref. 4) as well as Liu and Perez-Guerrero (Refs. 52, 53) per-
formed extensive studies on porosity occurrence in BOP
welds deposited by three different electrode types (AWS
E6013, E7024, and E7018) and DCEP and DCEN polarities
and at simulated water depths of 50 and 100 m (164 and
328 ft). These results are shown in Table 1. They found that
all deposits presented more than a 100% increase in the
measured number of pores. The measured average pore size
indicated a significant variation for the E6013 electrode in
DCEP. These results confirmed that nucleation, coalescence,
and the shape of pores depend on water pressure.

The gas composition contained in the underwater wet
weld metal pores was measured (Refs. 44, 54-56), and the
thermodynamic calculations were performed (Ref. 57). The
amounts found were scattered but proved that the atmos-
phere of pores is formed mainly by hydrogen, with values
ranging from 45 to 96 vol-% in the measurements and from
20 to 30 vol-% in the calculations. The CO presented meas-
ured values between 0.4 and 24 vol-%, and the CO, present-
ed values between 0 and 6 vol-%.

Hydrogen and other gases induce the formation of elon-
gated pores in the weld metal (Fig. 9) and are oriented in the
solidification direction. The elongation is an indication that
the gas evolution rate is comparable to the molten weld met-
al solidification rate. The chemical species are able to reach
the pores to keep the growth characterized by solidification
(Ref. 44). Pore numbers increase with the welding depth, as
the partial pressure of hydrogen increases with the water
pressure, as shown in Fig. 8. Padilla et al. (Ref. 36) and Silva
et al. (Ref. 37) used a laboratory-scale x-ray microCT to ana-
lyze pores as well as specific 3D image processing and analy-
sis routines to render 3D images of the pores for measure-
ments. Figure 10 shows a 3D rendering of the detected
pores in a 5 mm® weld metal sample. They found values of
1.44 vol-% and 122 pores for welds produced at a 10-m
water depth as well as 1.18 vol-% and 508 pores for welds
produced at a 20-m water depth using rutile commercial
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electrodes. This porosity result is contrary to the ones re-
ported in Fig. 8. The sample size used in this work was very
small (5 mm?), and only one sample for each condition was
used to measure porosity. This is a new method that can be
used to measure porosity in UWW, but it requires a larger
sampling size to properly represent the porosity observed in
the weld bead statistically.

Sanchez-Osio et al. (Refs. 24 and 47) established the de-
pendence of porosity on the [C][O] partial pressure (chemical
activities) product. They applied the concepts developed by
Chew (Ref. 58), who studied the effects of calcium carbonate
additions to the flux coating of covered steel electrodes on
weld metal porosity. They reported that porosity decreased by
approximately 1.5 vol-% with the increasing calcium carbonate
content from 9 to 12 wt-% in welds deposited at a 10-m water
depth. The porosity level obtained with 12% CaCO, was ap-
proximately 1 vol-% — Fig. 8. In the welding arc, CaCO; de-
composed into the CO gas that reduces the hydrogen partial
pressure in the welding atmosphere, thus reducing the dif-
fusible hydrogen amount in the weld metal (Ref. 58).

Rowe et al. (Ref. 28) investigated the effects of the alloy-
ing additions to the flux covering of SMAW electrodes.
Through replenishment of Mn, the amount of porosity de-
creased from almost 6 vol-% to about 2 vol-%. Thermody-
namic calculations of the weld pool showed the formation of
MnO. Therefore, the deoxidation reaction minimized poros-
ity, indicating that CO was responsible for the formation of
porosity. Further additions of Ti and B only moderately de-
creased the porosity — Fig. 8.

To further substantiate that CO is responsible for porosi-
ty formation, experiments were performed using extra-low
carbon rods with 0.005 wt-% C. Weld beads at a 165 ft (50.3
m) water pressure showed extremely low porosity, below 1.5
vol-%, as found in the other welds reported in the literature
(Refs. 22, 50). The average porosity in these welds was about
0.3 to 0.4 vol-%, which is also shown in Fig. 8.

A study by Andrade et al. (Ref. 49) conducted in the last
decade confirmed the effect of carbon content in the base met-
al and core rod on UWW porosity. They verified the influence
of CO in porosity formation. Experiments were performed us-
ing rutile commercial flux formulation extruded on low- and
high-carbon rods (0.002 wt-% C and 0.62 wt-% C, respective-
ly). BOP welds deposited at a 50-m water depth showed that
the maximum porosity increased 124% on average with the in-
crement of carbon content in the rods. These researchers relat-
ed the increase in porosity to the occurrence of short-circuit-
ing events in the metal transfer during UWW. The number of
short circuits measured increased 75% with the increment of
carbon content in the rods.

With certainty, CO is a major cause of weld porosity. These
pores nucleate on typical nucleation sites, initially along the
fusion line; along the solidification front; and on second-phase
particles that are dispersed in the weld pool. CO bubbles that
form as a result of chemical reactions in the weld pool can be-
come sinks for hydrogen diffusion. Other gaseous-forming ele-
ments or products will tend to migrate toward, and collect in,
the bubbles. Hydrogen atoms can diffuse into the bubbles and
recombine to form molecular hydrogen. Thus, all bubbles will
contain both CO and H, (Refs. 22, 50).

As mentioned earlier, porosity was found to relate to metal
transfer events. Dos Santos et al. (Ref. 6) and Pessoa et al.



(Refs. 59, 60) showed that the chemical composition of a weld
metal changes along the weld length. The metal transfer mode
and porosity also changed. Figure 11 shows the average poros-
ity and carbon content variation along the weld beads deposit-
ed at water depths of 50 and 100 m. CO formation was related
to carbon content variation in the weld metal along the weld
beads. Carbon atoms that are present in the arc atmosphere
and weld pool can combine with oxygen and form CO and CO,,.
These gaseous molecules nucleate bubbles that get trapped in
pores or escape to the slag layer. High CO and CO, formation
implies a reduction of carbon content in the weld metal and
carbide formation. A higher carbon content found in the end
part of the weld beads was strongly correlated with a decrease
in porosity. Figure 12 shows weld metal porosity measured in
weld beads deposited in different transfer modes (Ref. 22).
Perez-Guerrero and Liu (Ref. 22) reported that welds deposit-
ed at different metal transfer modes contained different
amounts of porosity. The droplets collected during transfer
showed definite proof that short-circuiting transfer contained
larger amounts of gas pores that were carried to the weld pool.
The finer droplets contained fewer gas pores and less porosity
after solidification (Refs. 22, 49, 50).

Bracarense et al. (Ref. 61) and Pessoa et al. (Refs. 62, 63)
studied the influence of polarity and arc stability on weld
metal porosity. Welds produced using the SMAW process
with rutile-grade electrodes under the DCEP configuration
exhibited a lower porosity and shallow penetration. The
oxidizing-grade electrodes presented the opposite behavior.

Several studies were published about porosity distribu-
tion along the weld beads (Refs. 6, 59, 60) and porosity loca-
tion on the weld bead (Ref. 64). Porosity was found to de-
crease along the longitudinal axis of the weld bead, and this
change was related to the increase in carbon content in the
weld metal and reduction of short-circuiting events in the
metal transfer along the same direction. Pessoa et al. (Refs.
59, 60) tried to reduce the porosity in the final weld metal
by melting the previous pores, grinding previous weld pass-
es, or changing the metal transfer mode.

Decades of studies proved that wet weld metal porosity
can be minimized by reducing hydrogen and CO by means of
adding deoxidizers, hydride formers, and oxygen-potential
modifiers to the consumable electrodes. Advances in porosi-
ty mitigation made the wet welding technique an underwa-
ter structural repair option (Ref. 65).

Recent studies (Ref. 6) reported porosity values of about
0.05 vol-% in welds produced at a 10-m water depth using
oxy-rutile electrodes (low hydrogen and carbon). Re-
searchers stated that not only was porosity responsible in
reducing elongation values on tensile test samples, but hy-
drogen also induced transverse cracking on underwater
welded metal.

Summary

After organizing all results obtained from the literature
on UWW and reviewing published developments on UWW
over the past four decades, with special emphasis on the ad-
vancements achieved in the most recent decade, it is possible
to summarize the main conclusions as follows:

1) Consumable formulation and weld microstructural op-
timization was accomplished by understanding the govern-

ing mechanisms that control the chemical composition of
the weld metal in a pressurized water environment. Alloying
elements such as carbon, manganese, and silicon are influ-
enced by C-O, H-O, and Fe-O reactions that occur in the
welding arc. Understanding the interactions between the el-
ements of flux systems, the high-oxygen and high-hydrogen
environment, and the base metal that occurs in the arc at-
mosphere and the weld pool has made the designing of con-
sumables with proper alloying contents and a refined weld
metal microstructure possible. By adding specific elements
into the flux (e.g., nickel) and controlling the oxygen and hy-
drogen content of the SMAW electrodes, it was possible to
increase toughness and increase microstructures like acicu-
lar ferrite. Mechanical properties exhibited by underwater
wet weld metal are at similar levels to those obtained in dry
welds. The replacement of usual binders by polymers in the
fabrication of SMAW electrodes allowed for the control of
moisture absorption and promoted a higher toughness mi-
crostructure during UWW.

2) Discontinuities in underwater wet welds were studied
and quantified. Through application of modern techniques
of measuring and detection — and through new under-
standing of the mechanism that controls the formation of
inclusion, porosity, and diffusible hydrogen — underwater
wet welds presented mechanical properties and perform-
ance that adhere to all requirements of AWS D3.6, Underwa-
ter Welding Code.

3) Nonmetallic inclusions reduced weld metal mechanical
properties in a manner similar to pores by interrupting the
continuity of the matrix. The amount and size of inclusions
were controlled by the amount of oxygen as well as the in-
teraction between the liquid slag and the liquid weld metal.
A properly designed slag system (e.g., TiO,-SiO,-CaO) pre-
sented viscosity and physical characteristics that refined the
weld metal before its solidification, thus reducing the
amount of nonmetallic inclusions.

4) Porosity also depended on slag systems and their in-
teraction with the weld metal. The porosity formation
mechanism in UWW was elucidated. CO and CO, formation
in the liquid droplets and weld pool controlled the nucle-
ation of the bubbles. Dissolved hydrogen and other gases
contributed to the pore-growing process. Slag properties di-
rectly controlled the balance between weld metal solidifica-
tion and pore evolution and indirectly controlled the weld
bead shape and amount of degassing. The porosity in the
weld metal is determined by CO and CO, formation, the
amount of hydrogen dissolved in the weld metal and arc at-
mosphere, the weld metal transfer mode, and the slag sys-
tem’s properties.

5) By elucidating the porosity mechanisms in UWW, it
was possible to reduce porosity to levels that met all specific
code requirements. Very low porosity levels were achieved
by controlling CO and CO, formation, the hydrogen content
in the arc atmosphere and weld metal, and the liquid slags
that allow gases to escape from the weld pool. The Fe,O,-
based flux systems produced the smallest amount of porosi-
ty, as reported in the literature. Calcium carbonate,
hematite, ultra-low carbon rods, and the TiO2-Si02-CaO
slag systems have proven to be effective in reducing weld
metal porosity. Conversely, short-circuiting metal transfer
increased porosity in UWW.
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