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Abstract

With the rapid developments of marine resource exploitation, mounts of marine engineering equipment are settled
on the ocean. When it is not possible to move the damaged equipment into a dry dock, welding operations must

be performed in underwater environments. The underwater laser welding/cladding technique is a promising and
advanced technique which could be widely applied to the maintenance of the damaged equipment. The present
review paper aims to present a critical analysis and engineering overview of the underwater laser welding/clad-

ding technique. First, we elaborated recent advances and key issues of drainage nozzles all over the world. Next, we
presented the underwater laser processing and microstructural-mechanical behavior of repaired marine materials.
Then, the newly developed powder-feeding based and wire-feeding based underwater laser direct metal deposition
techniques were reviewed. The differences between the convection, conduction, and the metallurgical kinetics in the
melt pools during underwater laser direct metal deposition and in-air laser direct metal deposition were illustrated.
After that, several challenges that need to be overcame to achieve the full potential of the underwater laser welding/

materials, Mechanical property, Diffusible hydrogen

cladding technique are proposed. Finally, suggestions for future directions to aid the development of underwater
laser welding/cladding technology and underwater metallurgical theory are provided. The present review will not
only enrich the knowledge in the underwater repair technology, but also provide important guidance for the poten-
tial applications of the technology on the marine engineering.

Keywords: Underwater laser welding, Underwater laser direct metal deposition, Drainage nozzle, Marine metal

1 Introduction

Surface cracking and damage, including seawater cor-
rosion, abrasion and surface fatigue cracks, are very
likely to generate on the marine engineering equipment.
Unpredicted failures of the marine engineering equip-
ment may be caused those surface damages. Generally,
it is often at great cost and impracticable to move the
damaged marine engineering equipment to the dry dock
to finish the repair work. The estimated time and cost
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for dry welding repairs are twice those for wet welding
repair [1]. Thus, it is of great significance to develop on-
site repair techniques to restore the performance of the
damaged offshore engineering equipment. The underwa-
ter welding technique is generally considered as the most
important technique to apply to the repair and mainte-
nance of marine engineering equipment.

Underwater welding techniques are widely used in the
construction of marine engineering equipment which
includes crude oil transmission pipeline, offshore drill-
ing platform, underwater manned submersible and
watercraft. The underwater welding technique has been
developed by many countries, such as Japan, America,
Germany, Poland and China for the past thirty years
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[2-6]. The commonly employed repair techniques are
composed of underwater arc welding (UAW) and newly
developed underwater laser beam welding (ULBW). The
UAW technique consists of underwater dry welding,
underwater wet welding and underwater local dry weld-
ing [7].

Over the past decades, research has been conducted
on the development of underwater wet welding tech-
nique. During the underwater wet welding, the elec-
trode, welded material and welder are all in direct contact
with the water [4]. When the underwater wet welding
is directly carried out in underwater environments, the
surrounding water can deteriorate the arc stability. The
instability of arc results from the complex interaction
among bubbles, arc, melt droplets and ambient pressure
in underwater environments [8—10]. When the steels
are welded by the underwater wet welding, cold crack-
ing and hydrogen induced cracking are prone to occur in
the butt joints because of the high hardness and the high
diffusible hydrogen content [5, 11]. The cooling effect
of the surrounding water and generation of consider-
able amounts of hydrogen lead to the poor properties of
the as-welded material [4]. Generally, the adverse influ-
ence of the water environment can be excluded by both
underwater dry welding and underwater local dry weld-
ing techniques.

For underwater dry welding, a highly specialized cham-
ber is employed to generate a water-free zone for marine
metal structures to be welded [12]. However, the weld-
ing system for underwater dry welding is much more
expensive [4]. The emergence of underwater local dry
welding technology has solved this problem [13]. Com-
pared with underwater dry welding, underwater local
dry welding would cost less and the post-repair perfor-
mance would not be degraded [13, 14]. It is reported that
the butt joints with excellent toughness and high strength
can be obtained by the underwater local dry welding [15,
16]. Underwater local dry welding is considered as one of
the most promising methods in the field of underwater
welding repair [17]. At the same time, the local dry drain-
age device is considered as one of the key components of
underwater remote control welding equipment [18].

Nowadays, with the rapid developments of high-power
laser devices, laser welding has gradually replaced the
traditional welding techniques and become the key
technology for the welding with high quality. Addition-
ally, laser welding is especially suitable for the welding of
steel materials with large thickness [19]. The underwater
laser beam welding/cladding has been developed for the
past twenty years because of its low heat accumulation,
excellent stability, precise heat input and high power den-
sity of laser [20-23]. Unlike land, the underwater envi-
ronment has a critical influence on the manufacturing
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process and metallurgical process during the underwater
welding process. When the laser irradiated water, then
water can strongly shield the laser beam, resulting in the
reduction of the absorption efficiency of laser upon the
work surface [24]. The formation of a dry region that can
be acted as a beam channel is necessary for the successful
implement of underwater laser welding [25]. Therefore, a
drainage device is needed to produce a dry area on the
surface of damaged marine structure to keep the water
away and ensure the operation flexibility and high manu-
facturing quality.

The underwater laser welding/cladding technology
is so new that the corresponding literatures about this
technology are limited. Although several recent studies
have focused on this technology [20, 21, 24, 26], none of
state-of-the-art has summarized and reviewed the devel-
opment histories and the latest advances of the underwa-
ter laser welding/cladding technology. This underwater
manufacturing technology has shown great application
prospects towards the repair of marine metal structures.
This is the primary motivation for this work as a compre-
hensive study on the key aspects and research trends for
the development of drainage nozzles and further studies
of this new technology.

In this work, we first summarize the developments
and applications of drainage nozzles utilized in under-
water laser welding/cladding processes. Then the rela-
tionship between the underwater laser welding/cladding
processes and microstructural-mechanical properties of
repaired marine metal materials is thoroughly reviewed.
At last, the problems, challenges, and the further devel-
opments in the field of underwater laser welding/clad-
ding are proposed. The engineering overview from this
work highlights the promising outlook for the develop-
ment of advanced underwater laser processing technolo-
gies towards on-site repair of marine metal materials
with high performance.

2 Developments of Drainage Nozzles
for Underwater Laser Welding/Cladding
Processes
2.1 Drainage Nozzles with Gas Drainage Method
In 1996, GKSS Forschungszentrum Geesthacht in Ger-
many developed a sealed nozzle [6]. This nozzle can pro-
duce and maintain a dry working space with acceptable
gas flows and an extension range of 4 mm (Figure 1(a)).
The developed underwater drainage nozzle was tested
successfully during the underwater welding repair of
a stainless steel pipe at a water depth of 3 m. In 1997,
Ishikawajima-Harima Heavy Industries Co., Ltd. (IHI)
in Japan reported a simple underwater laser wire feeding
welding drainage device [27]. This device is characterized
by a small drainage radius, and the protective gas is also
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6] and (b) developed by Toshiba in Japan [28]

the drainage gas. The developed device can be used in the
drainage work of flat welding and overhead welding. In
2006, Toshiba in Japan developed a ULBW technique to
repair underwater equipment which suffers from stress
corrosion cracking [28]. During the ULBW process, a
local dry area can be created with the help of shielding
gas injected from the laser welding head. The schematic
of the ULBW process is presented in Figure 1(b).

In 2018, Guo et al. [20] from Harbin Institute of Tech-
nology in China designed a double-layer gas curtain noz-
zle which can be used for the formation of a local dry
area (Figure 2(a)). This gas curtain nozzle has several
features, such as reduction of the use of inert gas, sta-
ble local dry area and reduction of the welding cost. The
compressed air from the air compressor is transmitted
to the outer layer of the double-layer gas curtain nozzle
and the shielding gas is delivered to the inner layer of the

nozzle. Meantime, in 2018, the authors’ group [29] from
Southeast University in China designed two types of gas
curtain nozzles to generate a local dry area in underwa-
ter environments. The first type of gas curtain nozzle is
presented in Figure 3(a). Based on the first type of nozzle,
in 2018, the authors’ group also designed a gas curtain
nozzle with an annular buffer to generate a more stable
local dry area (Figure 2(b)). The innovative structure of
buffer near the processing area of the gas curtain noz-
zle can strengthen the stability of dry area. The annular
buffer can increase the drainage depth, which is verified
by a group of numerical simulations about the flow field
of different drainage models. Additionally, Wang et al.
[30] from South China University of Technology in China
developed a set of miniature drainage device, as shown in
Figure 3(c), (d). This nozzle consists of specially designed
inlets, outer nozzle and composites made waterproof. A
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Figure 2 Schematic of (a) a double-layer gas curtain nozzle developed by Harbin Institute of Technology in China [20] and (b) a gas curtain nozzle
with an annular buffer developed by the author’s group in Southeast University in China [29]
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Figure 3 Structure of the (a) first type and (b) second type gas curtain nozzles developed by the author’s group in Southeast University in China
[29], and (c), (d) 3D schematic of the drainage device with spiral air inlet developed by South China University of Technology in China [30]

stable dry zone can be achieved, and the pressure in the
center of the dry zone is lower than that in the surround-
ing area, which is conducive to reducing the negative
impact of water pressure on the arc.

2.2 Drainage Nozzles with Water Drainage Method

The flow rate of the drainage gas increases with the water
depth to effectively drain the water. The high-pressure
gas will affect the morphology of the melt pool and the
interaction between laser and feedstock. To overcome
the difficulties, the water drainage method is developed
when ULBW is employed in deep water environments.
In 2001, Hitachi collaborated with Daihen Corp. in Japan
developed a water curtain underwater laser torch [31].
Figure 4(a) presents that this water curtain is used in
both downward and horizontal directions. A high surface
tension and a heavy and viscous film are essential for the
formation of a stable gas space upon the V or U groove.
They claimed that the water curtain nozzle can meet the
above mentioned requirements based on a two-phase

hydrodynamic analysis and experiments. The water cur-
tain is verified to be very stable because of the water vis-
cosity, water mass and strong surface tensile force. Their
results demonstrated that a local dry area with a diam-
eter of 10 mm or more was essential for real-time moni-
toring by IR or UV as well as following up 10 mm deep,
single U or V grooves. Zhang et al. [32] from Tsinghua
University in China designed a water-curtain drainage
nozzle (Figure 4(b)) and conducted a detailed study on its
drainage effect. Their experimental results showed that
the water and gas flow rates determined the stability of
the dry zone, and the structure size of the drainage device
was closely related to the process window and quality of
drainage.

2.3 Drainage Nozzles with Water & Gas Hybrid Drainage
Method

The authors’ group from Southeast University in China

developed one kind of drainage nozzle utilizing the water

& gas hybrid drainage method (Figure 5) based on the
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Figure 4 Schematic of the drainage devices with water curtain developed by (a) Hitachi in Japan [31] and (b) Tsinghua University in China [32]
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drainage method developed by Southeast University in China

previous gas curtain nozzle in Figure 3(b). Water and
compressed gas first enter the channels through the water
inlets and gas inlets, respectively. Then the water and gas
are injected from the outlets, as shown in Figure 5. The
air curtain is arranged within the scope of water curtain.
The water curtain can promote the stability of the gas
curtain because the water curtain can resist the influx
of external water from the environment. The advantage
of the water & gas hybrid drainage method is that the
stability and dryness of the whole cladding area can be
ensured. At the same time, the interaction between the
laser and powder is not disturbed.

2.4 Drainage Nozzles with Multi-function

In 2009, Toshiba Corporation in Japan developed a
multi-function laser welding head (Figure 6(a)) [33]. The
dimensions of the developed head height, width and
depth are approximately 85 mm, 85 mm and 45 mm,
respectively. It is capable to create narrow areas in the
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reactor components with the help of the developed head
which is very compact. The developed head has several
functions. It can be used to carry out underwater laser
peening as preventive maintenance. It can also be used
to perform laser ultrasonic testing and laser welding for
inspection, or be used to laser welding for repair [33]. In
2012, Toshiba Corporation developed a ULBW system
for reactor vessel nozzles of pressurized-water reactor
[34]. The welding machine consists of a welding head and
an accessing unit. Figure 6(b) displays the work process
for reactor vessel nozzles. First, foreign material exclu-
sion barriers are installed in the back of nozzles. Second,
the underwater excavation machine is used to prepare
the weld groove. Third, flaw detection inspection is car-
ried out to inspect flaws. Fourth, the welding machine is
used to finish the primary water stress corrosion crack-
ing resistant welding. Fifth, the underwater excavation
machine is used to finish the surface after welding. Sixth,
final acceptance inspection is carried out and the foreign
material exclusion barriers are removed finally. This pro-
cess does not need to seal up and drain the work area in
reactor vessel, reducing the work period to less than half
of a conventional system which needs draining.

In summary, for underwater laser welding/cladding,
the gas drainage method can generate a stable local dry
area in shallow water depth (the reported maximum
water depth is 3 m [6]), while the water drainage method
can realize this function at a water depth up to 30 m [31].
The developed drainage nozzle with hybrid gas and water
drainage method is expected to obtain a better drain-
age quality in a larger water depth. The combination of
the gas curtain and water curtain in a single drainage
nozzle synergistically benefits the formation of a stable
local dry area and overcomes the drawbacks of the gas
drainage method. Drainage nozzles with multifunction

Fiber connection (b)

Shield cover

in Japan [34]

FME barrier Groove Flaw detection
installation excavation inspection
o
PWSCC resistant Final Final acceptance =~ FME barrier
Laser Filler wire tip welding contour inspection removal

Figure 6 (a) Graph of the multifunction laser welding head [33] and (b) work process for reactor vessel nozzles developed by Toshiba Corporation




Sun et al. Chinese Journal of Mechanical Engineering (2022) 35:5

collaborates inspection, groove excavation with ULBW
process to perform the whole work process for repair of
reactor vessel nozzles, which realizes the actual applica-
tion in nuclear power plant equipment.

3 Underwater Laser Processing

and Microstructural-Mechanical Behavior

of Repaired Marine Materials
3.1 Studies of Underwater Laser Welding/Cladding

Processes Performed in Japan

Due to its relatively small land area and lack of traditional
energy materials, Japan is committed to developing wind
power, nuclear power and other new energy sources. One
third of Japan’s electricity supply comes from the nuclear
power plants. When the nuclear power plant is approach-
ing the designed service life, it is urgent to maintain the
equipment. Therefore, underwater laser welding has been
developed along with the underwater repair of nuclear
power plant facilities. Basically, stress corrosion cracking
on a reactor component has become the greatest threat
for the aged reactors in recent years.

In 2001, Hitachi and Daihen Corp. in Japan developed
a water-curtain laser torch which successfully realized a
stable underwater dry space [31]. They also carried out
underwater laser welding for downward and horizontal
direction repairs in a U groove by filling welding wire

Page 6 of 19

under the pressure condition of 0.3 MPa. In 2004, IHI
developed a set of laser welding equipment used for the
maintenance of nuclear reactors in underwater environ-
ments [35]. They manufactured test pieces with SUS304
as the base material and Y308L as the filler solid wire.
The results of visual inspection, liquid penetrant test and
organization observation are shown in Figure 7(a). The
result of the tensile test shows that the strength of the
butt joint was higher than the standard value of the base
material. The result of the bend test shows that there was
no defect in the butt joint after the bending experiment.
In 2006, IHI carried out underwater laser welding on
Ni-base alloy and stainless clad materials using Nd:YAG
laser [8]. To prevent corrosion attack by the service envi-
ronment, alloy 690 was chosen as weld filler material for
a corrosion resistant overlay on 304 stainless steel plates.
Figure 7(b) displays the results of penetration tests and
the graphs of bead appearances for each position by
underwater laser welding. All the bead appearances for
the flat, horizontal, and vertical downward position weld-
ing presented metallic brightness. No surface defect was
detected except several irregular bead shape areas and
craters of each pass. In contrast, the bead surface for ver-
tical upward position welding was oxidized and rough.
The main reason is that the solidification area of the
welding melt pool was extruded from the dried region

Macroscopic test

(b)

Position

Bead
appearance

T =
Penetration ﬁ
test g
TrrrTrTETET——YY | -

Figure 7 Results from IHI in Japan: (a) Visual inspection, liquid penetrant test and organization observation of Y308L coating by underwater Nd:YAG
laser welding [35] and (b) bead appearance and penetration test of underwater Nd:YAG laser cladding for each position [8]
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which was formed by the shielding gas. In addition, to
reduce the adverse effects of nuclear radiation in mainte-
nance work and improve the detection and maintenance
ability, IHI began to carry out experimental testing of the
robot in the tank in 2008, and the results showed that the
detection quality and speed of the robot had been greatly
improved [36].

In 2004, Toshiba reported several laser-based repair
techniques which can be used in the nuclear power
plants [37]. They employed laser shock peening technol-
ogy on reactor components in the boiling-water reactor
plants. The results of the laser peening for Alloy 600 and
the applicability for bottom-mounted instruments and
reactor vessel head of pressurized-water reactor were
confirmed by the experimental measurement. They also
confirmed that the crack tip could be repaired by under-
water laser seal welding technology. The schematic of
experimental set for underwater laser seal welding is
shown in Figure 8(a). Figure 8(b) presents the welding
sequence and the results using a mock-up. It can be seen
from Figure 8(b) that the surface of the deposited mate-
rial presented a metallic color without oxidation. At the
same time, a good welding bead could be acquired, which
is the same as the flat test piece.

In 2008, Tamura et al. [2] in Toshiba conducted under-
water Nd:YAG laser welding of composite materials used
in nuclear power plant vessels. They assessed the propen-
sity of composite layers for stress corrosion cracking. The
results show that when the filler metal with high Cr con-
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element in the base material from diffusing to the clad-
ding metal, which helps to obtain a cladding layer with-
out defects and with a better corrosion resistance.

In 2009, Hino et al. [21] in Toshiba conducted laser
beam welding and underwater laser cladding experi-
ments. 304 stainless steel and alloy 600 were used as the
base material. The sulfur content of 304 stainless steel
was 0.029%. Two filler metals, ERNiCrFe-7A and ERNi-
CrFe-7 were evaluated in their study. The experimental
condition is shown in Table 1. The ERNiCrFe-7A is a
modified alloy of ERNiCrFe-7 to reduce the rate of duc-
tility dip cracking. The deposition rate of ERNiCrFe-7 on
Alloy 600 is 22 mm?®/s.

Figure 9(a)—(c) show the typical cross-sectional micro-
graph welded at different deposition rates. The experi-
mental results showed that both cladding materials could
obtain good macroscopic morphology. No cracks or other
defects were found in the microscopic structure detec-
tion. Some of the US old nuclear plants employed high S
stainless steel. When ERNiCrFe-7A was directly cladded
on the high S stainless steel, several cracks were formed
in the cladded material, as shown in Figure 9(d). It sug-
gests that the element S moved from the high S stainless
steel to the cladded material. When Y309L barrier layer

Table 1 Experimental conditions of the underwater laser beam
welding [21]

Step Base metal Filler metal Deposition rate

tent was directly fused to the base metal with high sul- :

fur content, sulfur transferred from the base metal to the |~ Aloy 600 weld metal ERNﬁcheJ L‘?W
cladding metal, resulting in many tiny cracks in the clad- 2~ Alloy 600 weld metal ERNﬁQFeJ Hfgh
ding layer. Adding a layer of Y309L between the stain- -  Alloy600weldmetal  ERNiCre-7A High
less steel base material and ERNiCrFe-7A cladding metal ~ * Ztyepeel fsﬁfsutfi@ﬁim E;g‘%ﬁ‘f;ﬁiﬂz{e” High
as the barrier layer can effectively prevent the sulfur 0.029%) layer)

(@) optical fiber Laser oscillator (b) Deposition sequence Appearance

(core dia 0.8mm, length 60m)
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T

Welding wire case

XY-stage

Welding
wire case

Shielding gas

Compact
optical head

Water, R
| Shielding optical head
gas (Ar)

| Test piece

— Fixture

mock-up test of laser seal welded 304L stainless steel [37]

Weld directiol

Seal weld layer

! TIG weld

imm
—

Figure 8 Results from Toshiba in Japan: (@) Schematic of experimental setup for laser seal welding and (b) deposition sequence and result of
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Figure 9 Results from Toshiba in Japan. Cross-sectional micrograph of multi-layered cladding: (a) at low deposition rate and (b), (c) at high
deposition rate. Penetrate test result and cross-sectional micrograph of ERNiCrFe-7A cladded layers: (d) directly on the high S stainless steel and (e)
with Y309L as the barrier layer on high S stainless steel, (f) Typical bead appearance, penetrant test and cross-sectional micrograph of multi-layered

was cladded previous to the ERNiCrFe-7A cladded layer,
there were no cracks in the cladded layer. The results
indicated that the initiation of cracks can be effectively
decreased by the insertion of barrier layer, as shown in
Figure 9(e). Figure 9(f) presents a typical bead appear-
ance and penetrant test results as well as the cross-sec-
tional micrograph of multi-layered underwater laser seal
welding to isolate stress corrosion cracks from corrosion
environment. Underwater seal welding was conducted
on a specimen with an artificial crack on the top surface.
Defects such as porosity, undercut and cracks were not
observed. It can be claimed that the cracks can be sealed
by underwater laser seal welding and the cracks can be
isolated from the water environment after repairing.

3.2 Studies of Underwater Laser Welding/Cladding
Processes Performed in the United States

In 2009, Westinghouse Electric Company (WEC) and
Electric Power Research Institute (EPRI) in the United
States conducted a collaborative study in which the
underwater laser welding technology was used to repair
cracks. In 2010, the American Welding and Repair Tech-
nology Center developed laser underwater welding

technology to solve the repair problems within the lim-
ited accessibility of nuclear power plant vessels, pipelines,
etc. [3]. Bucurel et al. [38] studied the effect of underwa-
ter YAG laser welding process on the structural mechani-
cal properties and material properties. A three-layer
Alloy 52MS was deposited on a low-alloy steel substrate.
It is observed that the mechanical properties obtained
from single-side bending and all-weld-metal tensile
tests, as well as the material properties such as diffused
hydrogen and § ferrite content were not affected by the
underwater welding. Meanwhile, the Charpy impact and
hardness tests showed that the heat-affected zone had a
tempering effect during the underwater laser welding
process, which was favorable for the laser beam welding
repair. The side-band test sample, all-weld-metal tensile
samples and the microstructure of the three-layer coating
are shown in Figure 10(a)—(c), respectively.

3.3 Studies of Underwater Laser Welding/Cladding
Processes Performed in China

In 2004, Zhang et al. [39] from Tsinghua University in

China investigated the relationship between the weld

quality and optical emissions during the underwater
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Figure 10 (a) Side-bend test samples, (b) all-weld-metal tensile samples and (c) three-layer ER308L weld on 304L SS plate using the underwater
laser beam welding technique [38]

Nd:YAG laser beam welding. To detect the ultraviolet
and infrared waveband of the optical emissions generated
during the welding process, they set up a sensing system
which contained two optical sensors. They proved that a
local dry area was necessary for the successful execution
of ULBW. The signal stability can be used to determine
the best shielding condition needed for ULBW. In 2006,
Zhang et al. [32] investigated the influence of the shield-
ing conditions of the local dry area on the weld quality
of 304 stainless steel by underwater Nd:YAG laser weld-
ing. They concluded that the maximum water depth that
deep penetration welding can be performed was approxi-
mately 2 mm. Therefore, if the water depth is beyond
this value, a local dry area is essential. When the weld-
ing parameters are determined, the welding quality of
ULBW is primarily decided by the shielding conditions of
the underwater local dry area. Sound weld quality with-
out any porosity and surface defects can be obtained in

ULBW under good shielding conditions. Figure 11 shows
the influence of gas flow rate on the weld width and
penetration depth when the water flow rate is constant
[32]. The penetration depth tended to decrease with the
increase in gas flow rate. The value of penetration depth
did not vary much comparing with that in air at the same
gas flow rate. In contrast, the width of weld bead tended
to become large with the increase in gas flow rate.

From 2017 to 2020, Harbin Institute of Technology in
China reported the investigation on underwater laser
welding [5, 20, 24]. In 2017, Guo et al. [24] investigated
the influence of water depth (0-8 mm) on the weld-
ing process and welding quality of 304 stainless steel by
underwater fiber laser welding. It is observed that when
the thickness of water layer in the laser welding zone was
less than 3 mm, water had a slight effect on the ULBW.
They claimed that it might not be necessary to drain the
water completely around the welding zone. However,
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Figure 11 Penetration depth and weld bead width as the function of gas flow rate when the water flow rate is constant [32]
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when the thickness of water layer in the laser welding
zone was larger than 7 mm, water showed a strong hin-
dering effect on the laser beam. In 2018, Guo et al. [20]
reported the results of 304 stainless steel by ULBW with
a double-layer gas curtain nozzle. They focused on the
relationship between the gas rates and the shielding con-
dition at a water depth of 120 mm. The high-quality butt
joint without welding pores was fabricated under opti-
mal process parameters. The impact toughness and ten-
sile strength of the ULBW welded joints were almost the
same as those of the in-air welded joints. The influence
of welding speed on the macro cross-section and welded
joints appearance of butt joints is shown in Figure 12.
It can be seen from Figure 12 that all the tested weld-
ing speeds can lead to the complete penetration. When
the welding speed was 1.0 m/min, no welding porosity
or cracks was detected. In 2020, Guo et al. [40] reported
the microstructure and properties of Ti-6Al-4V titanium
alloy by underwater laser welding at a water depth of 60
mm. A double-side gas-shielding nozzle was utilized to
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perform the underwater laser welding. The defocus dis-
tance and heat input were optimized by analyzing the
weld quality. They stated that when the laser beam was
focused on the upper surface, excellent impact toughness
and tensile strength can be obtained. The values of ten-
sile strength and impact toughness of the joint by ULBW
were approximately 90% of the values for the joint by in-
air laser beam welding.

In 2020 and 2021, Fu et al. [41-43] from Harbin Insti-
tute of Technology in China reported the fabrication of
Ti-6Al-4V alloy by wire-based underwater laser clad-
ding technique at a water depth of 60 mm. Figure 13(a),
(b) display the cladding layers of Ti-6Al-4V alloy prepared
in underwater and in-air environments [41]. There were
several long cracks and spatters distributed on the clad-
ding layer surface. They stated that the water fast cooling
rate during underwater laser cladding contributed to the
increase in the amount of o and the decrease in the thick-
ness and the grain size of o microstructure. Additionally,
Fu et al. [42] investigated the influence of gas flow rate on

Welded joint appearance

Cross section
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surface
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surface

Upper
surface

(b)
Lower
surface
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Figure 12 Welded joint appearance and cross section of butt joints of 304 stainless steel at different welding speeds: (a) 0.6 m/min, (b) 0.8 m/min,
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Figure 13 Wire-based laser cladding layers of Ti-6Al-4V in (a) underwater and (b) in-air environment [4
deposited in underwater and in air environments: (c) 10 L/min, (d) 18 L/min, (e) 20 L/min, (f) in- alrenwronment [42]

]; Cross sections of the single track Ti-6Al-4V

geometry characteristics, cladding appearances, micro-
structural features and mechanical properties of depos-
ited tracks. Figure 13(c)—(f) show the cross sections of the
single track which were built in underwater and air envi-
ronments. When the gas flow rate increased to 20 L/min
(Figure 13(e)), the interface and macroscopic pores in the
as-deposited Ti-6Al-4V disappeared. The results demon-
strated that sound metallurgical bonding can be obtained
by the underwater laser cladding technique. In addition, Fu
et al. [43] reported the fabrication of thin-walled Ti-6Al-
4V deposits by underwater laser cladding technique. The
protection effect of the nozzle played a key role in deciding
the deposition appearance. The microstructural evolution
and grain growth of the as-built Ti-6Al-4V were studied in
detail in the literature [43].

In 2021, Fu et al. [44] reported the results of the 304
stainless steel by underwater laser cladding technique
at a water depth of 60 mm. The laser cladded coating
was porosity and crack free. Solidification mode slightly
changed due to the high cooling rate in the underwater
environment. Figure 14 presents the graphs of cladded
samples by underwater laser cladding technique and in-air
laser cladding technique. It can be seen from Figure 14(c)
that gaps distribute between the adjacent cladding tracks
and the surface of cladding zone is uneven. In contrast, for
the in-air laser cladding coating (Figure 14(b)), the surface
is uniform and flat. In addition, there is no gap generated
at the interface between the adjacent cladding tracks, as
shown in Figure 14(b).

3.4 Studies of Underwater Laser Direct Metal Deposition
Developed by Southeast University in China

3.4.1 Comparison Investigation of the Differences

between the Convection, Conduction

and the Metallurgical Kinetics in the Melt Pool

during ULDMD and DMD
The authors’ group from Southeast University in China
has been committed to the development of the new
technique, namely powder-feeding based underwater
laser direct metal deposition (ULDMD) for more than
five years. They have developed three types of drainage
nozzles since 2016 [29, 45], as shown in Figure 3(a), (b)
and Figure 5. In 2021, they reported the investigation on
Ti-6Al-4V blocks fabricated by ULDMD at a water depth
of 55 mm [45]. Figure 15(a) shows the deposit appear-
ance of the ULDMD Ti-6Al-4V blocks. The top surface
of the sample fabricated by powder-feed ULDMD is rela-
tively smooth compared with that fabricated by wire-feed
ULDMD (Figure 13(a)). Previous studies on ULDMD
reported the microstructure and mechanical proper-
ties of the ULDMD materials [21, 39, 42—-44]. However,
how the underwater environment affects the convection,
conduction and the metallurgical kinetics in the melt
pool during ULDMD has not been illustrated, which has
a decisive effect on the microstructure and mechanical
properties of the samples fabricated by ULDMD.

Figure 15(b), (c) compare the thermal boundary condi-

tions for the deposition of Ti-6Al-4V by in-air laser direct
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304 stainless steel [44]

Figure 14 The macro-morphology of the transverse section: (@) diagram, (b) in-air laser cladding coating, (c) underwater laser cladding coating of
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metal deposition (DMD) and ULDMD, respectively [45].
The presence of water and forced gas contributed to
the rapid cooling of the deposited part due to the large
heat convection coefficient of the water and forced gas.
As a consequence, the ULDMD samples had a fast cool-
ing rate and steep temperature gradient in the melt pool
zone during the underwater deposition process. For the
sample by in-air DMD, the heat convection coefficient of
gas was small and the main mode of heat dissipation was
the heat conduction between the as-deposited layers and
Ti-6Al-4V substrate. As a result, the temperature of the
deposited part and substrate would continue to increase
during the in-air DMD process. As a result, the cooling
rate and temperature gradient of the melt pool zone were
expected to decrease with the increase of deposition
height. The differences of the thermal histories contrib-
uted to the differences of thermodynamics, thermome-
chanical, microstructural evolution and the resultant
mechanical properties.

In addition, a comparative study was carried out to
investigate the differences of temperature histories,
phase transformation and metallurgical kinetics in the
melt pools during ULDMD and in-air DMD for the
repair of HSLA-100 steel at the water depth from 20
mm to 150 mm [46]. Figure 16(a), (b) show the ther-
mal histories in different positions of thermocouples
obtained by experiment and simulation. For thermo-
couple B, the temperature of the substrate increased
continuously (maximum 193 °C) during the entire in-
air DMD process. However, the underwater substrate
and deposits were cooled below 100 °C after each layer
because of the forced cooling effect by water. This dif-
ference was clearly presented in the position of thermo-
couple A which was close to the repair zone (maximum
306 °C in air compared with that of 120 °C in water),
as shown in Figure 16(b). When in-air DMD was intro-
duced into an underwater environment, the heat dissi-
pation rate in the as-deposited parts increased notably
during ULDMD. Figure 16(c), (d) present that the
dimensions of the ULDMD melt pool are smaller than
those of the DMD melt pool. Furthermore, the peak
temperature of the ULDMD melt pool (2580 °C) was
lower than that of the DMD melt pool (2688 °C). Fig-
ure 16(e), (f) schematically show the microstructural
evolution of HSLA-100 steel during ULDMD and in-
air DMD. The thermodynamically governed dislocation
evolution and phase precipitation process and the rela-
tionship between activation energy and as-deposited
microstructure were different in the ULDMD process
from those in DMD process. The columnar austenite
in the ULDMD samples experienced rapid cooling and
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transformed into fine martensite owing to the water
quenching effect, according to the CCT diagram in Fig-
ure 16(g). The cooling rates of the subsequent layers
were also high enough to promote the formation of lath
martensite [46].

3.4.2 Comparison of Mechanical Properties of Samples
Prepared by ULDMD and in-air DMD

The comprehensive mechanical properties of ULDMD
samples and their in-air DMD counterparts are sum-
marized in Table 2. As for the mechanical properties of
316L stainless steel repaired in air and water (100 mm)
environments, yield strength, ultimate tensile strength
and elongation were approximately the same, as shown
in Table 2. However, the impact toughness at —40 °C
of the 316L stainless steel repaired in air (130%1 J) and
underwater environments (140+2 J) decreased dramat-
ically compared with those of the substrate (23842 J).
In addition, the tensile strength (778 MPa) and impact
toughness (4014 J) of the HSLA-100 samples repaired
by ULDMD at a water depth of 150 mm were com-
parable to those (785 MPa and 4744 ], respectively)
repaired by in-air DMD [46]. However, the mechanical
properties of the HSLA-100 steel (645 MPa and 30+7 J)
repaired by ULDMD at a water depth of 1 m decreased
compared with those repaired by ULDMD at a water
depth of 150 mm. The reason is that for the HSLA-100
steel repaired at the water depth of 1 m, there are some
pores in the repaired zone. Those pores can deteriorate
the mechanical strength. The unstable local dry area
during underwater manufacturing process resulted in
the formation of pores in the repaired zone.

As for Ti-6Al-4V titanium alloy, the ultimate tensile
strength of the samples repaired by ULDMD was larger
than that of the substrate [49], as shown in Table 2.
However, the yield strength, elongation and impact
toughness at room temperature decreased compared
with those of the substrate. For the block samples
manufactured by ULDMD at a water depth of 55 mm
[45], the specimen extracted from the bottom region
of the as-deposited block presented the best compre-
hensive mechanical properties (good properties in
both strength and ductility) with a high strength (>900
MPa) and large elongation to failure (>8%; Standard
ASTM F1108 [50]). According to the abovementioned
mechanical properties of marine metal materials,
strength, and ductility of the ULDMD samples are com-
parable to those of in-air DMD counterparts when a
stable local dry area can be successfully created during
underwater manufacturing process.
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3.4.3 Comparison of Diffusible Hydrogen Content of Samples
Prepared by ULDMD and in-air DMD
When the in-air welding/cladding process is transferred
to the underwater environment, the risk of cold-cracks
induced by diffusible hydrogen would increase [52, 53].
As mentioned before, the underwater dry welding is car-
ried out in a large dry chamber. Disadvantageous effects
of water can be eliminated because the filled gas can

exhaust the water in the chamber [12]. However, for the
underwater wet welding and underwater local dry weld-
ing/cladding, the water vapor which surrounds the melt
pool can contribute to a high diffusible hydrogen content
in the deposited metal. In addition, the fast cooling rate
of the deposited metal might trap a number of diffusible
hydrogen [54]. Generally, hydrogen cracking occurs as
the following three factors appear at the same time [55]:
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Table 2 Summary of mechanical properties of samples by ULDMD and in-air DMD (YS: Yield strength, UTS: Ultimate tensile strength,

EL: Elongation and RT: Room temperature)

Material Processing condition YS (MPa) UTS (MPa) EL (%) Impact toughness at Ref.
—40°C(J)
316L SS Substrate 240 582 58 23842 [47]
In-air (Repair) 270 584 68 13041 [47]
Water depth: 0.1 m (Repair) 262 590 70 14042 *
HSLA-100 Substrate 778 831 28 165 [48]
In-air (Repair) 785 831 22 4745 [48]
Water depth: 0.15 m (Repair) 778 826 22 4044 [46]
Water depth: 1 m (Repair) 645 715 12 30+7 *
Ti-6Al-4V Substrate 93244 97648 13+0.7 16 (RT) [45]
Water depth: 0.06 m (Repair) 848 1029 52 14 (RT) [49]
Water depth: 0.055 mm (Block) 902+14 997+13 83+16 - [45]
As cast (ASTM F1108) 758 860 8 - [50]
As wrought (AMS 4928R) 827 896 10 - [51]
Note: The symbol * represents that the data were obtained by the authors
Table 3 Summary of diffusible hydrogen content in samples prepared by underwater laser/arc welding/cladding techniques
Material Processing condition Water depth (m) Hydrogen content Ref.
(mL/100 g)
316LSS Repaired by In-air DMD 0 1.286 *
Repaired by ULDMD 1 2.051 *
HSLA-100 Repaired by ULDMD 0.02 0.562 [46]
Repaired by ULDMD 0.08 0337 [46]
Repaired by ULDMD 0.15 0618 [46]
Repaired by ULDMD 1 1.685 *
ER308L Underwater local dry laser cladding - 0.5 [38]
HSLA S355 Underwater local dry arc welding - 5-21 [52]
S235JRG2 Underwater wet welding - 45.90-87.40 [56]
S235JR Underwater wet welding 0.2 25.85-44.12 [57]
E40 Underwater wet welding 0.5 18.6-24.5 [58]
E40 Underwater wet welding 150 66.3 [59]
E40 In-air flux-cored arc welding 0 <15 [59]
[IW Standard Welding - <5 [38]
Ti-6Al-4V Repaired by In-air DMD 0 0.0066% (Wt.%) [49]
Repaired by ULDMD 0.055 0.0095% (wt.%) [49]
AMS 4911L standard - 0.015% (wt.%) [60]

Note: The symbol * represents that the data were obtained by the authors

(1) Tensile stresses which are close to the yield strength
are presented; (2) A critical number of diffusible hydro-
gen diffuses within the lattice; (3) The microstructure
of the metal material is easily influenced by hydrogen
cracking.

Table 3 summarizes the diffusible hydrogen content
in samples prepared by underwater laser/arc welding/
cladding techniques. Note that the values of hydrogen
contents of samples prepared by ULDMD are far below

the standard for hydrogen content (< 5 mL/100 g) in
the welded joint according to the International Institute
of Welding (II'W) [38], as shown in Table 3. It indicates
that formation of a stable local dry area is important
for the control of diffusible hydrogen content ULDMD.
The ultra-low level of diffusible hydrogen content in the
deposited metal significantly reduces the risk of hydro-
gen embrittlement in underwater environments. In con-
trast, Table 3 shows that the diffusible hydrogen content
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in the samples by underwater automatic gas metal arc
welding is in the range from 5 to 21 mL/100 g [52], which
are much higher than the underwater laser beam weld-
ing and higher than the standard of II'W. For the samples
by wet welding [56-59], the diffusible hydrogen con-
tents were much higher than that the standard of IIW, as
shown in Table 3. Swierczynska et al. [57] claimed that
the hydrogen content could not be reduced by tech-
nological methods below 21 mL/100 g. Therefore, the
application of drainage nozzles during underwater weld-
ing/cladding is necessary for the decrease in hydrogen
content.

4 Conclusions, Challenges and Prospects

Many researchers have made unremitting research and
exploration on underwater welding technology to expand
the applications of this technology in the marine engi-
neering. In this article, we presented an engineering
overview of the underwater laser welding/cladding tech-
nique as one of the promising techniques for the on-site
repair of marine metal materials. Current progress and
situation, organization performance, underlying mecha-
nisms and challenges about the underwater laser weld-
ing/cladding technique were summarized. In addition,
some suggestions on the future research in underwater
laser welding/cladding were provided.

4.1 Conclusions

(1) The recent developments of several kinds of drain-
age nozzles which play a decisive role in forming a
stable local dry area in underwater welding/clad-
ding were summarized. For the underwater laser
welding, the gas drainage method can generate a
stable local dry area in a shallow water depth which
was approximately 3 m, while the water drainage
method can extend the water depth up to 30 m. The
drainage nozzle with hybrid gas and water drainage
method was expected to obtain a better drainage
quality at a larger water depth.

(2) Laser-material processing technology and micro-
structure-mechanical properties of underwater
laser beam welded or cladded marine materials
from the publications were summarized. Water had
a slight influence on the ULBW when the thickness
of water layer in the laser welding/cladding zone
was less than 3 mm. However, when the thickness
of water layer in the laser welding/cladding zone
was greater than 7 mm, water had a strong hinder-
ing effect on the laser beam.

(3) An innovative powder-based ULDMD technique
developed by the authors’ research group was intro-
duced in detail. How the underwater environment
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affects the convection, conduction and the metal-
lurgical kinetics in the melt pool during ULDMD
was presented. Mechanical properties of the 316L
stainless steel, HSLA-100 steel and Ti-6Al-4V tita-
nium alloy fabricated by ULDMD were comparable
to those fabricated by in-air DMD.

(4) For the samples fabricated by underwater wet arc
welding, the diffusible hydrogen contents were
much higher than that of the standard for hydrogen
content (5 mL/100 g) in the welded joint accord-
ing to the International Institute of Welding (II'W).
When the material was welded/cladded in the local
dry area by underwater laser welding/cladding
technique, diffusible hydrogen contents in the as-
built materials were far below the standard of the
1Iw.

4.2 Challenges

Despite the advantages presented by the underwater
laser welding/cladding technique, there are several chal-
lenges that might limit the application of this technique.
Those challenges need to be overcame to achieve the full
potential of this technique in the repair of marine metal
materials.

(1) The control of the flow rates of several drainage
gases to achieve a balance between the drainage
effect and melt pool stability is difficult. In addition,
the gas flow parameters are also different for differ-
ent water depths and the processing databases at
different water depths need to be built.

(2) Compared with that of underwater arc weld-
ing techniques, the material deposition rate of the
underwater laser welding/cladding technique is
relatively low. Comprehensive control of process
parameters is particularly important.

(3) Compared with that of underwater arc welding
techniques, the heat input of the underwater laser
welding/cladding technique is small, leading to a
fast cooling rate. The fast cooling rate can contrib-
ute to the formation of hardened microstructures.
In addition, the fast cooling rate of the melt pool
might limit the escape of the diffusible hydrogen,
leading to a high generation probability of hydrogen
induced cracks.

(4) The marine metal structures usually have differ-
ent shapes. The damaged surfaces needed to be
repaired usually have various angles (0-180°). When
the underwater laser welding/cladding is carried
out at a high angle, the stability of the melt pool
might be deteriorated due to the effect of gravity.
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(5) Some features of the in-air laser welding/clad-
ding, including complex inherent heat-treatment,
repetitive rapid heating-cooling thermal cycles
and steep temperature gradients, are involved in
the underwater laser welding/cladding process. In
addition, the underwater laser welding/cladding is
also influenced by the water quenching effect. The
water quenching effect would couple with the spe-
cific thermal history of the laser process and further
increases the complexity of the thermodynamics
and kinetics of the underwater laser melt pool. No
detailed study has been made on the complex phe-
nomenology of the thermal process and phase evo-
lution in the marine metal materials.

4.3 Prospects

To date, several works have been reported for the suc-
cessful fabrication of marine metal materials in under-
water environments. Although some promising results of
underwater laser welding/cladding processes on marine
metal materials have been reported, there are still some
important aspects that require further investigations.
Here we propose several typical features which need
more attention.

(1) According to the published data, the water depth
was generally less than 200 mm. When the water
depth increases, some key issues including the
drainage performance of drainage nozzles, laser-
material interaction and hydrogen absorption
capacity of melt pool at high pressure, become very
complex and need to be evaluated in detail. Note
that more efforts should be devoted to the opti-
mization of drainage nozzle structures to improve
their drainage performance when the underwater
environment pressure increases with the increase in
water depth.

(2) To further advance the fundamental understand-
ing of the process-structure-property relationship
of the marine metal materials by underwater laser
welding/cladding, it is of significance to carry out
multi-physics calculations and theoretical investiga-
tions about the underwater manufacturing process.
Intensive attention should be paid to the numerical
and experimental study on the interaction between
the metal powders, laser beam and melt pool when
the melt pool was surrounded by shielding gas and
drainage gas under high pressure, which determines
the formability of deposited materials. Those stud-
ies could shed light on the understanding of the
heat and mass transfer, melt pool characteristics,
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densifications, etc in the underwater deposition
process.

(3) It is urgent to optimize the underwater laser pro-
cessing parameters and control their effects on
diffusible hydrogen contents, defects formation,
microstructural  evolution, thermomechanical,
thermodynamics-kinetics of metallurgical reaction
in a deep underwater environment and correspond-
ing mechanical properties. Those results could be
used to tailor user-defined mechanical and physical
properties of the repaired marine metal materials.
It is important to emphasize that how to reduce the
welding porosity and diftfusible hydrogen content is
a worthwhile project for improving the quality of
deposited metal materials.

(4) Development of on-line monitoring of melt pool
morphology, temperature field and spectral signals
during underwater manufacturing process, will
be beneficial to the fabrication of sound repaired
structures with less defects and preferred micro-
structure and mechanical properties. In addition,
the use of machine learning for automated defect
detection and non-destructive testing may be use-
ful tools in this field. Those studies are needed to
ensure confidence in the repair performance of the
marine metal materials, which is very important for
the application of underwater laser welding/clad-
ding technique on the marine engineering.
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