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Abstract: To understand the relationship between microstructure and corrosion, in this study, un-
derwater bead-on-plate laser welding was compared with the in-air laser welding of 10-mm-thick
304 stainless steel plates at different laser powers (2, 4, and 6 kW). Welding was performed via local
dry underwater laser welding (UWLW) using a custom-designed nozzle and a fiber laser at a water
depth of 70 mm. The best weld quality was obtained in both underwater and in-air environments
using 2 kW of laser power. To understand the relationship between the microstructure and corrosion
resistance of 304ss in underwater laser welding (UWLW), this study was conducted using a custom-
designed nozzle. The grain boundary analysis revealed that the specimen prepared by UWLW
had high-angle grain boundaries content approximately 1.5 times higher than that of the specimen
produced by in-air laser welding, and the fraction of the coincidence site lattice (CSL) boundaries
was increased remarkably. High residual stress and microchromium precipitation were observed
in the UWLW specimen, and the corrosion rate of the same at 2 kW laser power was considerably
similar to that of the in-air laser weld specimen.

Keywords: characterization; laser methods; grains and interfaces; laser welding; underwater welding

1. Introduction

Austenitic stainless steel has been widely used as a material in industries such as the
nuclear power and marine structure industries, owing to its remarkable corrosion resistance.
With aging, the parts used in these industries must be repaired and maintained underwater.
Underwater welding has been studied as a repair and maintenance technique for maritime
applications and nuclear facilities [1-5]. Over many years, various underwater welding
methods have been developed. These include underwater wet welding, dry underwater
welding, and local dry underwater welding [5]. Underwater arc welding, which is the most
widely used method, has disadvantages such as high crack sensitivity and a significant
decrease in weld strength [6-8]. Because of these problems, underwater wet friction taper
plug welding has been studied. Xiong at al., observed the microstructural characteristics of
an X52-grade welded steel pipeline that had undergone underwater wet friction taper plug
welding, and evaluated the effect of the welding parameters on the microstructure. The
results showed that that the microstructure of the welded joint was inhomogeneous and
very different from the base metal [6]. Cui et al., investigated welding properties such as
the microstructure and impact toughness of underwater welded joints prepared via friction
taper plug welding. It was found that the defect-free friction taper plug welding could be
obtained with a 7000 kN [9].

Recently, much research has been conducted on underwater laser welding (UWLW)[4,10-14].
The UWLW technique has several important advantages, such as excellent welding quality,
remote operation, and low heat input [4]. In particular, compared with underwater wet laser
welding, local dry UWLW can generate high-quality welded parts [6]. Fu et al., generated a
stable local dry cavity around the weld area using a gas flow rate of 50 L/min and obtained
welds with tensile strengths and an impact toughness that were not significantly different from
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those of in-air laser welds [11]. Wang et al., found that when pure nitrogen rather than other
gases was used as the shielding gas, the weld region exhibited better corrosion resistance [12].
Guo et al., explored the dependence of the welding morphology and mechanical properties
on various process parameters in UWLW using a custom-designed double-layer gas curtain
nozzle, and suggested that underwater laser beam welding has lathy ferrite and that some
equiaxed crystals were replaced by the columnar dendrites [13]. Zhang et al., investigated
the relationship between the shielding condition of the local dry cavity and weld quality. The
results indicated that the steady of the local dry cavity was the main factor used to monitor the
underwater laser beam welding [4]. Guo et al., reported UWLW with control of various process
parameters performed using a double-layer gas protective cover, and the surface appearance,
microstructure, and mechanical properties were characterized [14].

However, few studies have been reported that compare the microstructural properties
of weld areas prepared via UWLW and in-air laser welding. In particular, studies on the
corrosion resistance properties of parts welded using local dry cavities have not been
reported in detail. In this study, the grain boundary (GB) characteristics, residual stress,
microhardness, and elemental distributions in the weld regions were investigated, and
the relationships between these factors and corrosion occurring in the weld zone were
investigated. In addition, the quality of the weld obtained under the optimal UWLW
conditions was investigated by comparison with an in-air laser weld specimen.

2. Materials and Experimental Procedures
2.1. Materials and Laser Welding Process

A hot-rolled 304 stainless steel (304 SS) plate was used in this study, and its chemical
composition is listed in Table 1. The dimensions of the specimens were 100 mm x 100 mm
x 10 mm. Figure 1 shows a schematic illustration of the local dry UWLW process. After
underwater welding, it was cut into 20 mm x 20 mm x 10 mm pieces via wire-cut electro
discharge machining to examine the weld microstructure.

Table 1. Chemical composition of 304 stainless steel specimens (wt.%).

Alloy

Ni

Cr S Si Mn C P Fe

304 SS

18 0.03 0.1 0.2 0.08 0.045 Bal.
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Figure 1. Schematic illustrations of local dry underwater laser welding process.

The experimental system for the local dry UWLW is shown in Figure 2. To form a stable
cavity area in water and to protect the laser welding zone in a subaqueous environment
at a water depth of 70 mm, a specially designed gas-shielding nozzle was used in this
study. The welding process was performed by applying the bead-on-plate method using
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a fiber laser (IPG, YLS-20000-52T) with a two-axis gantry system. The maximum power
was 20 kW, the diameter of the laser beam spot size was 460 um, the laser wavelength was
1070 nm, and the focal length of the lens system at the output of the laser was 460 mm.
Nitrogen (N2) at a pressure of 0.5 MPa was used in this experiment as the shielding gas.
The temperature of the water was 20.8 °C. To determine the influence of the laser power,
welding was performed using 2, 4, and 6 kW of power, and the travel speed was 5 mm/s.
Table 2 lists the welding parameters.

—

fibef laser

*G A

YLS-20000-S2T

N, shielding gas

®°%®

A

Laser welding head

Figure 2. Schematic of local dry underwater laser welding experiment setup.

Table 2. Welding parameters.

. Laser Power Shielding Gas Welding D.efocus Welding
Specimen No. Pressure Speed Distance o
(kW) Condition
(Bar) (mm/s) (mm)

1 2 5 0.5 0 Underwater

2 4 5 0.5 0 Underwater

3 6 5 0.5 0 Underwater
R1 2 5 0.5 0 In air
R2 4 5 0.5 0 In air
R3 6 5 0.5 0 In air

2.2. Microstructure Analysis

The weld surface was examined using an optical microscope (OM, Nikon) and ra-
diographic testing (220 Kvp, 5 mA of the capacity). Then, to analyze their microstructure,
the samples underwent wire-cut electro discharge machining in the depth direction, per-
pendicular to the welding direction, in accordance with the method described in the ASM
Handbook Volume 9, Metallography and Microstructures [15]. Subsequently, the surface in
the direction perpendicular to the welding direction was ground using 2000 grit abrasive
paper and then polished to 0.25 pm using diamond paste. The microstructure was etched
using an etching solution consisting of a mixture of 300 mL of HCI and 100 mL of HNO3.
The microstructure was observed using optical microscopy, and cross sections of the welded
region were observed using field-emission scanning electron microscopy (FE-SEM, Hitachi
SU5000). Vickers microhardness (Matsuzawa, MMT-X7) measurements were performed
with a test load and dwell time of 300 gf and 5 s, respectively, on the cross section through
the welded zone.

The microstructure was also analyzed using electron backscatter diffraction (EBSD,
TSL Hikari Super). The residual stress, GB characteristics, and crystal orientation were
determined from the EBSD measurements. EBSD scanning was carried out over an area of
800 pm x 1000 um perpendicular to the welding direction, using a magnification of %100,
a voltage of 15 KeV, and a step size of 1.5 um. For surface residual stress relief during the
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polishing process, ion milling (IM4000 PLUS CTC) was also performed. The diverse origins
of the EBSD parameters were studied using the OIM software (EDAX, TSL). In this study,
the local strain due to the welding process on the surface of the material was estimated
using kernel average misorientation (KAM) values derived from EBSD. Recently, KAM has
been used to quantify local microscale residual strain distributions [16-20]. KAM is the
average misorientation value between the reference point and a point close to the reference
point [17,18]. Misorientations surpassing the tolerance of 5° are neglected in this study [20].

Classification of GBs into the following three types is possible: low-angle grain bound-
aries (LAGBs), random high-angle grain boundaries (HAGBs), and coincidence site lattice
(CSL) boundaries (3 < Y < 29) [21-24]. It is known that HAGBs are vulnerable to cor-
rosion, while LAGBs and CSL boundaries are resistant to corrosion [17,21-24]. Electron
probe microanalysis (EPMA, JXA-8530F) was also performed to investigate the elemental
distribution in the welded material. This section may be divided by subheadings. It should
provide a concise and precise description of the experimental results, their interpretation,
as well as the experimental conclusions that can be drawn.

2.3. Corrosion Testing

Potentiodynamic polarization corrosion testing was performed according to the test
method KS D ISO 17475 prescribed in the guidelines for measuring potential and potential
polarization; each test was repeated twice for reproducibility [25]. From the observed
polarization behavior, the corrosion potential and corrosion current density were extracted
and evaluated. The potentiostatic anode polarization testing was executed using a poten-
tiostat/galvanostat (Bio-Logic SP-240) and an electrochemical corrosion cell consisting of a
working electrode (WE) and high-purity platinum mesh counter electrode (CE) connected
to the anode and cathode, respectively. The test solution was a 3.5% NaCl solution, which
is an environment known to facilitate corrosion, and a constant-temperature water bath
was used to control and maintain the solution temperature at 25 £ 1 °C.

The open circuit potential (OCP) was measured for 1 h to ensure that the potential
of the specimen reached a stable state in the solution before polarization testing was
commenced. The material was anodically polarized up to a potential of +0.80 V (SCE)
from -0.1 V at rate of 0.167 mV/s. Using Tafel extrapolation, the corrosion potential Ecorr
and corrosion current density Icorr were estimated from the polarization curve, and the
polarization behavior was analyzed.

3. Results
3.1. Surface Morphology and Radiographic Testing

Figure 3 shows photographic and radiographic images of the surface welded using
different laser powers, in the air, and underwater; the welding speed and pressure of
the shielding gas were kept at 0.5 mm/s and 5 bar, respectively, during the preparation
of these specimens. As the laser power was increased, the weld surface morphology
was increasingly irregular (Figure 3b,c,e,f). In particular, in Figure 3f, surface defects are
apparent, and surface defects are also visible in Figure 3b,c.e. Among the six different
welding conditions, those with laser powers of 2 kW produced the best surfaces in the
welding region (Figure 3a,d). Radiographic testing demonstrated that few defects were
present on the weld surface and inside the weld in these cases, indicating that the welding
process was stable. Microscopy and X-ray imaging experiments at 2 kW laser power
revealed no significant difference between the quality of the surfaces welded underwater
and in air, and there were no obvious defects such as surface porosity in the specimen
welded underwater. These observations indicate that a stable cavity and excellent protection
conditions were achieved during UWLW using the custom-designed nozzle.
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Figure 3. Photographs and X-ray images of specimens welded underwater and in air using different
laser powers: (a) 2 kW, (b) 4 kW, and (c) 6 kW (all underwater); (d) 2 kW, (e) 4 kW, and (f) 6 kW (all
in air).

3.2. Analysis of Weld Area Microstructure
3.2.1. Optical Microscopy

Figure 4 shows the microstructure in a cross section through the weld area in the
specimen prepared via in-air laser welding. Bands can be observed at the bottom of the
weld region, and a view of these are expanded in Figure 4b. As can be seen in Figure 4c,
the microstructure of the in-air laser weld zone usually consisted of cellular dendrites
that started from grains at the ends of the weld region and grew along the temperature
gradient toward its center. The development of cellular dendrites is known to occur when
a significant temperature gradient exists during the cooling process of the weld [5,26,27].
In addition, as the cellular dendrites grew toward the center of the weld bead owing
to the high cooling rate, the presence of alloying elements and impurities increased the
degree of supercooling in the center of the bead, and equiaxed crystals were formed at
the center of the weld bead [5]. Figure 4a shows equiaxial crystals near the welding
center. Austenite and ferrite microstructure were apparent in the optical micrographs, and
incomplete ferrite-to-austenite transition in laser welding is known to be caused by high
cooling rates [10,26].
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Figure 4. Optical micrographs showing microstructure in weld area cross section for specimen
prepared via in-air laser welding with laser power of 2 kW. The three right-most panels show
expanded views of areas outlined by dashed red lines in the left-most panel. (a) enlarged a,
(b) enlarged b, (c) enlarged c.

The microstructure in a cross section through the weld region of a specimen prepared
via UWLW is shown in Figure 5. The rapidly cooled weld microstructure consisted of
austenite and ferrite phases, as was seen in the specimen prepared by in-air laser welding.
In Figure 5¢, cellular dendrites grew rapidly from the end of the weld grain to the center
of the weld bead. Additionally, it can be seen that there were ferrite crystals in the shape
similar to in-air laser welding in the center of the welded area. This is because of the
influence of water on the UWLW procedure: the relatively high cooling rate compared with
that of in-air laser welding leads to the generation of a steep thermal gradient. As a result,
cellular dendrites developed rapidly from the edge of the weld zone to its center, and the
fraction of equiaxed crystals in the central area of the welding zone was reduced compared
with that seen in the in-air laser weld specimen (Figure 5a) [5]. The ferrite size is strongly
related to the cooling rate during the welding process [27]. Reduced heat inputs result in
increased cooling rates in the welding zone, which further inhibit the ferrite-to-austenite
transition and result in the formation of fine ferrite dendrites and a decrease in the average
spacing between dendrites [27]. In addition, because of the steep thermal gradient, the
welding width generated during the underwater process was measured 4.82 mm using
optical microscope, which was narrower than that generated in air (5.31 mm). When the
laser power was 4kw, the welding width was 6.08 mm for UWLW and 6.97 mm for in-air
laser welding, and for 6kw of laser power, the welding width was 6.98mm for UWLW and
6.73 mm for in-air laser welding. From this, it can be seen that the welding width of UWLW
was narrower than in-air laser welding due to the rapidly cooling rate from water. Figure 6
shows SEM images of magnified views of the microstructure in the central portion of the
cross section of the welded specimens prepared using 2 kW of laser power. Both the in-air
(Figure 6a) and underwater (Figure 6b) specimens consisted of lathy and skeletal ferrites.
In particular, in Figure 6b, smaller austenite and ferrite crystals are seen in comparison with
those seen in Figure 6a because of the higher cooling rate for the UWLW process [28-30].

Figure 5. Optical micrographs showing microstructure in weld area cross section for specimen
prepared via underwater laser welding with a laser power of 2 kW. The three right-most panels
show expanded views of areas outlined by dashed red lines in the left-most panel. (a) enlarged a,
(b) enlarged b, (c) enlarged c.
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Figure 6. Scanning electron microscopy images showing expanded views of microstructure in
cross sections of the center of weld zones in (a) in-air laser-welded specimen and (b) underwater
laser-welded specimen.

3.2.2. Electron Backscatter Diffraction

It is important to investigate the residual stress and deformation in the weld area
because these can result in reduced fatigue strength and corrosion [16-20,31,32]. The
shrinkage that occurs during the cooling of weldments is known to induce tensile stress in
welded parts. Moreover, volume expansion caused by the phase transition from austenite
(face centered cubic, FCC) to ferrite (body centered cubic, BCC) occurring in the weld
zone during the welding process induces compressive stress in the heat-affected zone
(HAZ) [20,31].

Several studies involving the evaluation of residual stress using KAM have been
reported in the literature, including some recent papers detailing the extraction of KAM
data from EBSD results [18-20]. In these studies, KAM values were used to indicate the
amount of plastic deformation or residual stress, but there is a limit to identifying the
residual stresses of the extensive area. Therefore, the KAM map was applied to determine
the local strain distributions in strained microstructures. Among the six welded specimens
prepared using three different laser powers, the two specimens prepared under the optimal
welding conditions (2 kW of laser power) were selected to investigate the microstructure of
the weld bead in more detail. Figures 7a—c and 7d—f show various maps extracted from
EBSD data of specimens prepared via UWLW and in-air laser welding, respectively.

Figure 7a,d show KAM value maps obtained from EBSD measurements. In the figures,
blue areas represent populations of recrystallized or relatively unstrained grains, whereas
green areas represent relatively deformed or strained grains. These indicate that UWLW
created high residual stress, which can be attributed to the phase transition by a high
cooling rate. The average KAM value calculated by OIM software was 0.51 in underwater
laser welding and 0.34 in in-air laser welding, indicating that the underwater laser welding
had a higher KAM value. Figure 7b,e show inverse pole figure (IPF) maps obtained via
EBSD for the specimens prepared in air and underwater. These demonstrate that the
average grain size as obtained via EBSD was 10.06 um for the underwater specimen and
11.13 pum for the in-air one, that is, UIWLW results in a finer microstructure. As mentioned
earlier, as the cooling was increased, the inhibition of the ferrite-to-austenite transition and
grain refinement were increased.

Figure 7¢ f display GB character maps illustrating the LAGB and HAGB contents. The
blue lines indicate HAGBs (8 > 15°) and the red and green lines indicate LAGBs (1° < 6 < 15°).
The LAGB fraction of the underwater welded specimen as shown in Figure 7c was found to
be 0.549, and the HAGB fraction was 0.427. Comparing these observations with Figure 7f, it
can be seen that the LAGB fraction generated by UWLW was higher than that generated by
in-air laser welding. Indeed, these images indicate that the specimen prepared via UWLW
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had a LAGB ratio approximately 1.5 times greater and a HAGB ratio approximately 0.6 times
less than those of the in-air weld specimen.

Underwater

Rotation Angle
Min Max  Fracion
T 0213

Figure 7. Electron backscatter diffraction maps of an area in the center of the weld bead (see red
dashed outlines in micrographs shown left): (a) kernel average misorientation (KAM) map, (b) inverse
pole figure (IPF), and (c) grain boundary (GB) character map for specimen prepared by underwater
laser welding; and (d) KAM map, (e) IPF, and (f) GB character map for specimen prepared by in-air
laser welding.

In general, it is known that HAGBs are vulnerable to corrosion, and LAGBs are
highly resistant to corrosion [21-24]. GBs with low-)_ CSLs are also resistant to corro-
sion [22,23,33,34]. In Figure 8, the GB character map extracted from the EBSD data shows
the detailed } -boundary structure at the center of the weld bead. In particular, in the speci-
men prepared via UWLW (Figure 8a), it can be seen that the fraction of the } '3 boundaries
was increased remarkably, by approximately 20%, with respect to that of the specimen pre-
pared via in-air laser welding (Figure 8b). For low-}_ boundaries, the relationship between
corrosion and GB variation is described in detail in Section 3.3.

3.2.3. Electron Probe Microanalysis

Figure 9 shows EPMA elemental distribution maps of the center of the weld and
the base metal. In the maps of the base metal, hot-rolling strips corresponding to ferrite
surrounded by Cr-carbides precipitated during hot rolling can be seen (Figure 9c). Cr-
depleted regions formed in austenitic stainless steel, such as 304 SS, are known to be
vulnerable to corrosion [35,36]. From the EPMA analysis illustrated in Figure 9a—c, no
significant areas of localized Cr-carbide concentrations were found in the underwater
and in-air weld zones, which contrasts with the base metal elemental distribution results
(Figure 9c) that indicated the presence of Cr carbides around elongated ferrite crystals due
to the hot rolling. Figure 9d highlights the microscale variation in elemental distributions
of the UWLW specimen. In this figure, it is apparent that the Cr content of the ferrite
phase was higher than that of the austenite phase, and the Ni content of the ferrite phase
was lower than that of the austenite phase. This trend was more pronounced in the laser
weld produced underwater with respect to that produced in air. As UWLW results in a
higher dendrite density, Cr segregation locations are less sparse than those resulting from
in-air welding [35]. Furthermore, the existence of micro-Cr carbide in the weld area of the
specimen produced underwater was confirmed, and localized Cr depletion occurred within
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the same area. The nonuniform distribution of these elements can affect the corrosion

resistance of the material.
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Figure 8. Detailed grain boundary character maps showing the center of the weld bead in the (a)

underwater laser weld specimen and (b) in-air laser weld specimen.
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Figure 9. Elemental distributions (Cr, Fe, and Ni, at far left, center left, and center right, respectively)
and scanning electron microscopic image (far right) obtained via electron probe microanalysis for
specimens prepared by (a) underwater laser welding, (b) in-air laser welding, and (c) for the base

metal; (d) expanded views of (a) highlighting an area of Cr depletion.
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3.2.4. Vickers Hardness

Figure 10 shows the microhardness across the weld area and beyond, and measure-
ments indicated that the microhardness was highest for the welded area. This trend of
microhardness showed typical microhardness characteristics of a welded area using a fiber
laser [37]. Because of the fast cooling rate of the laser welding process, the microstruc-
ture of the fusion zone became finer than the base metal, and a higher microhardness
value was obtained, which is attributed to the Hall-Petch formula [38,39]. In addition,
the microhardness of the specimen prepared by UWLW was higher than that of the one
prepared by in-air laser welding, which was due to the higher cooling rate compared with
in-air laser welding, because of the cooling effect of the water. The microhardness of the
fusion zone was observed to be high in both the specimen prepared via UWLW and that
prepared via in-air laser welding, but was slightly higher in the former. This is considered
to be the result of a combination of factors, such as grain refinement in the weld zone, an
increase in the CSL boundary fraction, an increase in the dislocation density, and carbide
formation [35-38].

—a— Underwater
230 — Fusion zone —o— In-air

220 -
)
L
210 . E E‘ /\
S A | i .|
1:’ \\ R / ,/ \
2 2% " f( \/\:'f! l, e .
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5 190 | v ‘.‘ \ \
< ufhy . \
o 7 / o N Jede o4 "u
§ 180 - o/ ® ’. | e
] % s * “" e X\
oy ¢ e ooy
170 o v 2
. ) |
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Distance from the weld center (mm)

Figure 10. Vickers microhardness of specimens prepared by underwater laser welding and in—air
laser welding.

3.3. Corrosion Characteristics of Weld Area
3.3.1. Potentiodynamic Polarization Corrosion Testing

Figure 11 shows the potentiodynamic anodic polarization curves measured in a 3.5%
NaCl solution for specimens prepared via UWLW and in-air laser welding, and for the
base metal. The corrosion potential (Ecorr) and corrosion current density (Icorr) can be
determined from the polarization curves, and these are listed in Table 3. Figure 11a,b
indicate similar electrochemical corrosion behavior (similar shapes of the polarization
curves) for the two welds. From current density 107 A/cm? to 10~7 A/cm?, a rapidly
rising potential graph resulted from the partial remove of the passive film. The average
values of the corrosion potential readings for the underwater weld, in-air weld, and base
metal were approximately 0.066, —0.084, and —0.226 V (SCE), respectively. It can be seen
that the weld region had a potential that was very different from that of the base material.
In general, the higher the corrosion potential and the lower the corrosion current density,
the greater the corrosion resistance. In this study, the average corrosion current density
of the base material was found to be 0.68 pA/cm2, and the corrosion current densities of
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1.00

the water and in-air specimens were both less than 0.001 pA /cm2. In the electrochemical
polarization behavior, the current density of the base material increased rapidly with the
potential (Figure 11c), but in the case of the UWLW and in-air laser welding specimens
(Figures 11a and 11b, respectively), the current density did not show an increase up to
the 0.5 V (SCE) potential value, and it exhibited passivation behavior. The corrosion rates
calculated from the corrosion current densities of the specimens were <0.1 mm/year for
the base metal and <0.01 mm/year for the in-air and underwater welds. These low values
for the welds highlight their excellent electrochemical corrosion resistance. In addition, it
should be noted that the electrochemical corrosion properties of the weld regions generated
under in-air and UWLW conditions were similar.
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Figure 11. Potentiodynamic anodic polarization curves for (a) underwater laser weld, (b) in—air laser
weld, and (c) base metal specimens.

Table 3. Electrochemical data obtained from measured potentiodynamic anodic polarization curves
of specimens in 3.5% NaCl solution at 25 °C.

. Corrosion

Specimen Ecorr (V, SCE) Icorr (MA/cm3) (mm/Year)
B No.1 —0.237 0.748 0.01
Maiel No.2 —0.215 0.613 0.01
cta Average —0.226 0.680 0.01
No.1 0.120 0.001 0.00
In air No.2 0.012 0.001 0.00
Average 0.066 0.001 0.00
No.1 —0.067 0.000 0.00
Underwater No.2 —0.101 0.001 0.00
Average —0.084 0.001 0.00

3.3.2. Multiple Factors Govern Corrosion

In this study, we investigated the correlation between corrosion and various factors
that affect it for specimens prepared underwater and in air by laser welding. Figure 12
summarizes the KAM value and GB fractions of these specimens calculated from Figures 7
and 8 using OIM software. As mentioned in Section 3.2.2, residual stress and deformation
occurring in the weld area are important factors that reduce fatigue strength and cause
corrosion [31]. The KAM values of the UWLW-prepared specimen were observed to be
higher than those of the in-air laser welding-prepared specimen (Figure 12a). Therefore,
it can be predicted that UWLW produces a higher strain rate than in-air laser welding,
resulting in greater vulnerability to corrosion. In addition, the precipitates generated
during the welding process also increased the corrodibility of the steel. As mentioned in
Section 3.2.3, localized chromium carbide precipitation or chromium depletion inside the
weld renders the material susceptible to corrosion. As shown in Figure 9, the underwater
weld specimen exhibited slightly greater localized chromium carbide precipitation and
chromium depletion phenomena compared with the in-air welded specimen, so it could
be vulnerable to corrosion. Figure 12b shows the fractions of HAGBs, LAGBs, and CSL
boundaries present in the two welds. It can be seen that in the specimen prepared by UWLW,
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the relative amounts of LAGBs and } 3 boundaries, which are known to be correlated
with strong corrosion resistance, were higher. However, in the in-air weld specimen, the
proportion of HAGBs, which are associated with vulnerability to corrosion, was found
to be greater. Therefore, contrary to our original expectations based on the existence of
precipitates and the residual stress evaluation, it can be seen that UWLW produced strong
corrosion resistance similar to that offered by air welding. Thus, we suggest that among
the various factors that affect corrosion, the GB characteristics have the greatest influence.

I underwater I underwater
I in-air I in-air

Fraction

- L B B B — T T T
2 3 4 5 LAGB HAGB ¥3 35 37 ¥9 Y11 313 ¥13b
KAM [degrees] GB characterization
(@) (b)

Figure 12. (a) Kernel average misorientation values and (b) grain boundary fractions in specimens
prepared by underwater laser welding and in-air laser welding.

To summarize, corrosion is dominated by a combination of factors, such as welding
residual stress, GB size, precipitates in the grains, and GB characteristics. Among these
factors, the GB properties are the most critical for determining the corrosion potential. Our
results indicate that the UWLW process used in this work has potential as a technology for
the maintenance and repair of structures in underwater environments. Laser welding is
typically characterized by a swift cooling rate, and hence the HAZ is narrow. Therefore, in
this study, the HAZ was not considered, and the corrosion tests were performed only on the
welded zone. Further research on the HAZ should be carried out in the future. In addition,
the study reported herein was focused on planar observations and a characterization of
weld zones. Corrosion is a phenomenon that is not limited to a single plane but occurs in
three dimensions. Therefore, additional research and three-dimensional investigation may
be necessary to thoroughly understand the influences of the various factors on corrosion in
the weld area.

4. Conclusions

In the present study, a bead-on-plate laser welding of 304 SS was performed underwa-
ter and in air using a custom-designed nozzle. Detailed microstructural analyses based on
OM, SEM, EBSD, EMPA, and microhardness allowed us to compare and contrast the phases
within the specimens prepared via UWLW and in-air laser welding. From these results, the
correlation between corrosion and various factors affecting it was investigated. Importantly,
although some differences were seen, the weld morphology and microstructures were
similar. The principal conclusions are summarized below.

(1) Using both UWLW and in-air laser welding processes, welded regions with no defects
were obtained when 2 kW of laser power was used and both specimens consisted of
lathy and skeletal ferrites in the center of the weld area. In particular, UWLW was
characterized by the formation of fine ferrite with remarkably high microhardness
because of the higher cooling rate for the process. The welding width generated during
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the UWLW was 3.82 mm due to the steep thermal gradient, which was narrower than
that generated in air (4.8 mm).

(2) The specimen prepared via UWLW had high residual stress because of the high
cooling rate. It had a LAGB ratio approximately 1.5 times higher and a HAGB ratio
approximately 0.6 times less than those of the specimen prepared via in-air laser
welding. In particular, for UWLW, the fraction of the } ;3 boundaries was increased
remarkably, by approximately 20%, compared with the in-air laser-welded specimen.

(3) The UWLW specimen had a higher residual stress and relatively frequent micro-Cr
carbide in the weld area than the in-air laser-welded specimen, and it was expected
to be susceptible to corrosion. However, there was no significant difference between
the corrosion rate of both welded specimens. It resulted from the small average
grain size and excellent GB characteristic of UWLW. Corrosion was not determined
by a single factor. Welding residual stress, GB size, precipitates in the grains, and
GB characteristics were factors that had complex effects on the corrodibility of the
welded part. However, among these factors, the GB properties were shown to have
the greatest impact in our corrosion studies.
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