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Abstract: The local dry underwater laser welding of cp-Ti, with air as an assisting gas, and in a
simulated underwater facility was researched, aiming to find a viable and economical method for
repairing titanium alloy underwater vehicles in situ in the future. Macro-morphology, microstructure,
and microhardness of the cp-Ti laser welds, as a function of welding parameters, were experimentally
characterized. The oxidation and hardening behaviors of the welds were also studied in detail. It
was found that local dry underwater laser welding with air assisted blowing is feasible for obtaining
a complete and glossy weld. Compared with a weld in atmosphere, the cross-section morphology of
the weld was almost unaffected by the special underwater welding environment. The weld presented
a three-layer structure. High temperature and high pressure water vapor and local blowing are the
direct causes of weld oxidation, and porosity defects further aggravate the oxidation behavior. The
oxygen-enriched areas were mostly concentrated in the top area of the weld center and near the
fusion zone, because of the higher number of grain boundaries and phase boundaries. In addition,
the partial oxidation caused by local blowing and water vapor atmosphere, and also the higher
strength acicular martensite caused by the rapid cooling effect of water, will lead to weld hardening.
However, adjusting the welding process parameters, such as increasing the welding speed, can
effectively reduce the microhardness of the weld. Our findings can provide an understanding of the
influence of water environment on underwater laser welding, and verify the feasibility of a more
economical method for the in situ repair of large underwater facilities.

Keywords: underwater laser welding; local dry method; microstructure; microhardness; oxidation

1. Introduction

Underwater laser welding can realize in situ joining and repair of underwater op-
erating facilities. Especially for large-scale facilities and structures, it is an ideal repair
technology, because of greatly reducing the cost of part disassembly and transportation [1,2].
The water will greatly affect the laser transmission and molten pool behavior, resulting in
poor weld surface morphology and other problems [3,4]. Local dry underwater welding,
which uses gas to drain the water in the local area around the weld of the workpiece, so
as to reduce the shielding effect of water on the laser beam, is considered as an effective
solution to realize underwater joining and repair [5–7]. However, in order to keep the
welding area dry, a large amount of shielding gas needs to be continuously output. With
the increase of underwater depth, the environmental pressure increases, and the consump-
tion of shielding gas is huge. Therefore, the cost of underwater welding is increased. In
order to reduce the cost of expensive inert gas and the complex operation of replacing
protective gas cylinders, in coordination with the long-distance flexible transmission of
laser fiber, cheaper air is considered as an assisting gas. In this way, air can be continuously
transported into the underwater environment through a pipe together with the optical
fiber to realize economical and feasible underwater laser welding.
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In 1983, Sepold and Teske [8] proposed a new underwater laser welding technology at
the “International Congress on Applications of Lasers and Electro-Optics (ICALEO)”, and
verified the feasibility of underwater welding of carbon steel. In the mid-1990s, researchers
in Germany, Japan, and the United States first began to devote themselves to the research
of underwater local dry welding, and developed underwater laser welding equipment
for displacing the water in the area to be welded [9–13]. In addition to the design and
optimization of the structure and function of the underwater local dry laser welding
drainage cover, some researchers focused on the process and mechanism of underwater
welding. Bucurel et al. studied the influence of the underwater local dry laser welding
process parameters on the mechanical properties of the material [14]. The results showed
that the effect of water on the heat affected zone (HAZ) is similar to tempering. Zhang
et al. established the relationship between infrared light signals and weld shapes under
different shielding conditions, and used the stability of the infrared light signal to reflect
the internal state of the local drying chamber [15]. Luo et al. revealed the mesoscopic
dynamic behaviors of a keyhole and weld pool in underwater local dry laser welding
by numerical simulation [16]. The results showed that the cooling effect of the water
environment has a significant effect on the flow mode of the weld pool. Di et al. studied
the effect of welding cooling rate on metal microstructure, inclusions, and mechanical
properties [17]. Guo et al. compared the microstructure and mechanical properties of TC4
underwater and in-air welded joints in local dry laser wire filling welding [18]. In the
experimental results, the microstructure in the fusion zones was acicular martensite, both
in the underwater process and in-air weld metals. The microhardness values were basically
the same for underwater and in-air joints. Çolak et al. studied the weld ability of AH36
ship steel [19]. The research suggested that underwater welds had a higher microhardness,
and the highest microhardness was measured on the HAZ. The research by Hu et al. found
that the microhardness of the weld metal was higher than the base metal in underwater
hyperbaric flux-cored arc welding [20]. The microstructure and performance of underwater
welds had obviously changed. Therefore, it is necessary to clarify the characteristics of
underwater welding, to assist in actual underwater engineering. In addition, previous
research on the underwater laser welding of titanium alloy adopted argon as shielding
gas for obtaining the local dry area. However, on the one hand, it is inconvenient and
uneconomical to use inert gas in the process of in situ repair of underwater facilities. On the
other hand, even if the local dry method is used in the actual underwater welding process,
there is still an oxygen-enriched ambience caused by high temperature water vapor [21].
Therefore, local dry underwater laser welding using air as the assisting gas in simulated
underwater facilities was investigated, in order to provide a possible method for repairing
titanium alloy underwater vehicles in the future.

In this paper, the weld morphology, microstructure, and microhardness of underwater
local dry laser welding were analyzed systematically. The oxidation and hardening behav-
iors of welds were discussed. The combination of experimental and simulation methods
was used to validate our hypothesis. This study can provide a physical understanding
of the oxidation and hardening behavior of underwater welding pure Ti, and verify the
feasibility of a more economical method for the underwater welding process of titanium
alloy.

2. Materials and Methods

The experimental platform of underwater laser welding used in this paper is shown
in Figure 1. It consists of a fiber laser, atmospheric pressure tank, side nozzle, high speed
camera, welding robot, and so on. Concretely, the laser used in the experiment was the
YLR-4000 fiber laser of the IPG Company (Oxford, MA, USA). The maximum output
power was 4 kw, and the output laser wavelength was 1.07 µm. The laser beam can be
transmitted through the optical fiber for long distance flexible transmission and focused
on the condenser lens in the laser head. The laser spot diameter was 0.3 mm, and the
focal length of the lens was 250 mm. For protecting the laser mirror the laser head was
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set to have an angle of 10◦ between the axial and vertical direction. The robot used in
this paper was an ABB IRB4400 (Zurich, Switzerland) industrial robot with a maximum
load of 60 kg and a repeat positioning accuracy of 0.07 mm. A phantom V611 high speed
camera (Wayne, NJ, USA), with a maximum shooting speed of 69,000 FPS, was used. An
auxiliary illuminant was used for eliminating the interference of other light during welding.
Weld-on-plate was adopted for a more effective extrapolation to other welding methods.
The local dry area was a circular area about 50 mm in diameter. The welding material was
cp-Ti of 130 mm × 60 mm × 8 mm. The schematic diagram of the local dry area is shown
in the illustration in the upper right corner of Figure 1.
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Figure 1. Schematic diagram of the underwater laser welding experimental platform.

In the experiment, experimental results were obtained by changing the welding speed
and welding environment. The experimental parameters are shown in Table 1. Other
parameters remained the same. The defocus was 0 mm. The total distance of the beam
moving along the welding direction was 64 mm. The imaging speed of the high speed
camera was 5000 FPS.

Table 1. The investigated laser welding parameters.

Process No. Power P (kW) Welding Speed
v (m/min)

Raw Water
Depth D (mm)

Welding
Environment

1 3 1.0 0 Atmosphere
2 3 1.0 2 Local dry
3 3 1.5 2 Local dry
4 3 2.0 2 Local dry
5 3 2.5 2 Local dry
6 3 3.0 2 Local dry

After welding, we cut cross-sections in the middle of the welds, then ground them
layer by layer with sandpaper. Polishing was done with an aluminum trioxide abrasive.
Kroll reagent was used to corrode the metallographic samples. Then, the samples were
rinsed with water and ethanol immediately after the surface became gray and black. The
morphology of the cross-section was recorded by Triocular Microscope SZX51 (Olympus
Corporation, Tokyo, Japan). The microstructural was observed using an Ultra-Depth Three-
Dimensional Microscope VHX-1000C (Keyence, Osaka, Japan). The Vickers hardness was
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recorded by a MH-3 microhardness tester (Mitutoyo, Kanagawa, Japan). The testing points
were near the weld at 50 µm from the upper surface of the plate. The load was 300 g and
the pressure holding time was 15 s. The distance of each test point of Process No.1–5 was
0.25 mm. While the distance of each test point of Process No.6 was 0.2 mm, for obtaining
more characteristic points in the narrow seam area.

To obtain the average temperature curve of the center of the cross-section (0.5 mm ×
0.5 mm) at the end of the seam, the method of numerical simulation was adopted. The
welding simulation software InteWeld (V1.0, Wuhan, China) was used. The software is
based on the finite element solution format of the thermo-elastic-plastic algorithm, which is
widely recognized in the field of numerical simulation of welding [22,23]. The calculation
of temperature field was based on a heat conduction equation and finite element method.
By setting the convection heat transfer coefficient of different regions, the simulation
of laser welding temperature field under the effect of an underwater environment was
realized. For the underwater welding process, due to the influence of water vapor and local
high pressure blowing, the convection heat transfer coefficient was set to 100 J/(m2·s·◦C)
in the local dry area (about 50 mm diameter, as shown in the insert of Figure 1) and
5000 J/(m2·s·◦C) in the other regions. For the atmospheric environment, the convection
heat transfer coefficient was set to 30 J/(m2·s·◦C) in the welding shielding gas region
and 15 J/(m2·s·◦C) in the other regions. Paraview (Kitware, NY, USA) was adopted for
post-processing.

3. Results and Discussion
3.1. Macro-Morphology

Figure 2 shows the macroscopic morphology of the surface on the weld. Figure 2a
shows the weld in an atmospheric environment. Figure 2b–d shows the welds in a local dry
underwater environment. It can be observed that irregular weld shape, burn-through, and
even varying degrees of blackening appear at the starting position of underwater seams,
and the weld width is also significantly reduced, along with a local incomplete penetration
welded area. The above phenomenon may have been the combined result of a variation of
laser focus caused by the disturbance of water and the accelerated oxidation effect caused
by water dissociation. The appearance of the weld in the local dry area was not as glossy
as that in the atmospheric environment, but the appearance was complete, with hardly any
surface porosity and slag. Therefore, local dry underwater laser welding using air as an
assisting gas is feasible. When the welding speed increased, the weld gradually became
straight and flat. With the increase of welding speed, the degree of weld oxidation in local
dry area seemed to decrease due to the decrease of local energy input. Similar results can
be found in Guo, et al. [18] for reducing welding power.

In addition, the morphology of the cross-section was analyzed, as shown in Figure 3.
Comparing Process No. 1 and No. 2, it is found that the difference of depth and width
of weld is within 1%, and the difference of area is within 2%. Due to the existence of
experimental error, it is considered that the morphology of the weld cross-section obtained
by underwater local dry laser welding was basically consistent with that obtained by
ordinary laser welding. From Process No. 2 to No. 6, it can be seen that the depth and
width of the fusion zone and the reinforcement slightly decreased with the increase of
welding speed, and the cross-sectional area of the whole fusion zone also decreased. This is
because, with the increase of welding speed, the heat input of the weld decreases, resulting
in the reduction of the fusion area. This trend is consistent with the laser welding process
in an ordinary atmospheric environment [21,24–26]. Therefore, compared with the weld
of ordinary laser welding in an atmospheric environment, the air assisted underwater
local dry laser welding process has little effect on the weld cross-section morphology, and
the variation of weld morphology with energy input is the same as that of ordinary laser
welding.
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Figure 3. Characteristic morphology of weld cross-sections. (a) 1.0 m/min, atmosphere;
(b) 1.0 m/min, underwater; (c) 1.5 m/min, underwater; (d) 2.0 m/min, underwater; (e) 2.5 m/min,
underwater; (f) 3.0 m/min, underwater.

3.2. Microstructure

The local dry underwater laser welding process mainly affects the weld microstructure.
In order to find out the influence of the underwater environment on the weld microstruc-
ture, a weld microstructure of 1 m/min in the local drainage area was observed, as shown
in Figure 4a–d. To compare the results, the corresponding position of the weld microstruc-
ture for the atmospheric environment under the same process parameters is also presented
in Figure 4e. Figure 4a shows the top area in the middle of the cross-section, Figure 4b
shows the top area of the right side of the cross-section, and Figure 4c,d show the local
magnification of the area near the top of the weld. In Figure 4a, it can be seen that there are
some round pores in the weld. Some of the pores are nearly 100 µm in size. There is an
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oxide layer on the top surface of the weld, which is tens of microns thick. The weld is a
combination of columnar crystal and equiaxed crystal. The columnar crystal inclines to the
top of the weld centerline. The top region is dominated by irregular polygonal equiaxed
crystals, and its internal microstructure is different from that of the columnar crystals below.
Furthermore, it can be observed in Figure 4b that the microstructure near the top area
on the right side of the weld, which indicates an oxygen-enriched region, is significantly
different. The microstructure of the oxygen-enriched region is coarse α phase, of which the
length-diameter ratio decreases significantly and the distribution is disordered.
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left area of the top of the axis of the weld; (e) A counterpoint of (d) in atmosphere.

In the weld, as shown in Figure 4c,d, there are long and thin α + β. According to
the shape and distribution of the α strips, the morphology of Widmanstatten is parallel,
cross, or mixed. In the process of laser welding, the overheated temperature makes α

phase rapidly transform to β phase. Due to the rapid reduction of temperature below
the transition temperature, β phase cannot completely transform into α phase. The β

phase without phase transition will be coarsened during solidification, forming a coarse
primary β grain. Then grain boundary α and bar α precipitate from the primary β grain
boundary. Finally, needle-like α + β and primary β grain boundaries, or strip like α + β

and primary β grain boundaries, are formed in the weld. Comparing the microstructure of
the corresponding position of the weld, it can be seen that the acicular martensite was finer
in the water than that in air, as shown in Figure 4d,e.

3.3. Oxidation Behavior of Underwater Weld

The weld of local dry underwater laser welding presents a three-layer structure of an
oxide layer, an oxygen-enriched area, and an oxidation free area, as shown in Figure 5a.
Underwater welding itself is in a high temperature and high pressure water vapor ambi-
ence, which provides rich hydrogen and oxygen ions, and local blowing for drainage can
easily affect the flow of the molten pool and involve gas in the welding process, causing
porosity defects in the weld. The pores in the oxide layer, which are shortcuts for oxygen
ions to diffuse further into the weld, will cause the formation of oxygen-enriched areas, as
in Figure 5a,b. In addition, the pores located deeper in the weld may lead to the forma-
tion of local oxygen-enriched areas in the weld area outside the oxygen-enriched areas,
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as shown in Figure 5a,c. Therefore, in underwater welding, high temperature and high
pressure water vapor and local blowing are the direct causes of weld oxidation, while the
porosity defects further aggravate the oxidation behavior. Therefore, reducing the heat
input may reduce the weld oxidation by reducing the decomposition reaction of the water
and oxidation reaction. Moreover, changing the blowing direction of the assisting gas, to
improve the gas-liquid two phase flow, may be a possible method for reducing the effect of
pore defects caused by blowing.
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According to the microstructure of the weld, the oxygen-enriched areas were mostly
concentrated in the top area of the weld center and near the fusion zone. When the
weld solidified, the plate was subjected to water cooling; the cooling rate was fast, the
undercooling degree was large, and a mixed crystal area with a large number of grain
boundaries was formed, as in Figure 6a. However, due to the small temperature gradient
and low cooling rate in the top area of the weld center equiaxed crystals formed easily, as
in Figure 6c. Relative to the columnar crystal area in Figure 6b, there were many grain
boundaries and phase boundaries near the fusion zone (Figure 6a) and the top area in
the center of the weld (Figure 6c) due to the physical behavior of the weld solidification.
Oxygen belongs to the stable element of α phase, which rapidly dissolves in α phase in
large amounts. This will lead to the combination and growth of α grains and the formation
of coarse grains. There are many grain boundaries and phase boundaries around the fusion
zone and in the center of the weld, which are the diffusion channels for oxygen [27]. The
oxidation resistance of the above area is relatively poor. The microstructure, α phase, of
the oxygen-enriched regions above is blocky or flaky, extending from the surface of the
weld into the interior. Therefore, the microstructure oxidation of underwater welds mainly
occurs in the top area of the weld and fusion zone.
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3.4. Hardening Behavior of Underwater Welds

The mechanical properties of welds will be affected because of the change of the
microstructure. The microhardness of the welds at a 50 µm distance from the upper surface
of the plate in the underwater environment and in the atmospheric environment were
measured. In Figure 7, the microhardness test results of a 1.0 m/min weld in atmosphere,
and 1.0 m/min, 1.5 mm/min, and 3.0 m/min welds underwater are shown. The first
and last measuring points of each set of data are located outside the weld fusion line.
It can be seen that the microhardness of the weld area is obviously higher than that of
the heat affected zone. By comparing the results of 1 m/min in different experimental
environments, the microhardness of the weld in a water environment is seen to be higher
than that in atmosphere. In addition, comparing the weld of local dry laser welding at
different welding speeds, it can be found that the microhardness of the weld decreases
with the increase of welding speed.

To find out the reason for the increase of microhardness of underwater welds, the
average temperature versus time curve of the local area of weld section was measured. As
shown in Figure 8, the peak of the regional average temperature of the underwater weld
was around 2800 K, which was lower than the 3200 K in the atmospheric environment. In
addition, the temperature of the underwater weld decreased faster. Although the water
around the welding area was basically drained, the water-cooling effect will still affect
the solid-state phase transformation process of the weld, and the weld surface will still
be affected by high temperature water vapor due to the action of the laser. First, the
supercooling effect will increase the microhardness overall by making the microstructure
of the weld finer. Due to the effect of the water, the temperature gradient is larger. A larger
temperature gradient leads to a higher cooling rate for molten pool, which increases the
undercooling degree. The cooling rate of underwater welding exceeds that of ordinary
laser welding in air. Therefore, when the molten pool is cooling, finer α phase precipitates
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from the β phase. The formation of a needle-like martensitic microstructure increases weld
microhardness. Therefore, the supercooling effect in the water environment is considered
to be an important cause of the increase of microhardness in the whole range of the seam.

Figure 7. Microhardness of the weld.
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In addition, the local oxidation microstructure of the weld greatly increases the local
microhardness of the weld. The microstructure of the underwater weld showed a special
coarse α phase, for which the length–diameter ratio decreased significantly, especially
around the fusion zone and the top area of the weld center. Laser welding energy density
is very high, which causes the titanium to be easily oxidized. At the same time, because of
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the local blowing, high temperature, and high pressure water vapor ambience, the weld is
prone to oxidation, especially on the surface. The above factors will lead to weld oxidation,
which will increase the microhardness of the weld.

The increase of the microhardness in the underwater welding may have been due to
the hardening of the weld caused by oxygen and the acicular martensite produced by rapid
cooling in the water environment. In addition, when the welding speed of underwater
welding increases, the microhardness decreases. This is consistent with the changeable rule
in an atmospheric environment, that with the increase of welding speed the heat input of
the weld decreases, so the oxidation degree of the weld decreases. Although the effect of
water, in rapid cooling and oxidation, will increase the microhardness of the weld, when
the welding speed was increased to 3 m/min, the microhardness of the weld was almost
the same as that in the atmospheric environment. Therefore, in an actual underwater
environment, it is possible to realize air-assisted local dry underwater laser welding by
adjusting process parameters.

4. Conclusions

In this paper, the morphology, microstructure, and microhardness of underwater local
dry laser welding of cp-Ti, using air as an assisting gas, were systematically studied. The
main conclusions are as follows:

(1) The weld morphology of underwater local dry laser welding is smooth and slightly
oxidized, which is better than that of underwater wet welding. With the increase of
welding speed, the oxidation degree of the surface of the weld decreases due to the
decrease of local energy input.

(2) Compared with a weld with the same process parameters in atmosphere, the cross-
section geometric morphology was almost unaffected by the special underwater
welding environment. The variation law of the cross-section morphology was the
same as that in ordinary atmosphere laser welding.

(3) The weld of underwater local dry laser welding presents a three-layer structure of an
oxide layer, an oxygen-enriched area, and an oxidation free area. High temperature
and high pressure water vapor and local blowing are the direct causes of weld
oxidation, and the porosity defects further aggravate the oxidation behavior. Reducing
the heat input and adjusting the blowing direction of the assisting gas may reduce
the weld oxidation.

(4) The water environment will affect the solid-state phase transformation process, accel-
erate the cooling of the molten pool, and form fine acicular martensite. It will increase
the overall microhardness of the weld in water. In addition, the oxygen enriched
ambience is the cause of the increase in local microhardness.

(5) With the increase of welding speed, the microhardness of a weld in water decreases.
When the welding speed was increased to 3 m/min, the microhardness of the weld
was almost the same as that in the atmospheric environment. In this way, local dry
underwater laser welding with air assistance is a cost-effective method, which is
promising for the in situ repair of large-scale underwater facilities.
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