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Abstract
The underwater welding process using flux-cored electrodes presents a significant 
challenge in terms of reliable arc ignition and stability. Therefore, the aim of this 
study is to investigate an underwater welding process that combines laser radia-
tion with an arc to improve seam quality by introducing additional energy into 
the process zone. To examine the arcs safe ignition and stability during welding, 
various process parameters are evaluated by analyzing the resulting arc current and 
voltage characteristics, as well as the spectral process emissions. S235JR (1.0038) 
steel samples with a thickness of 10 mm are welded in a bead-on-plate configura-
tion using flux-cored wire. The laser radiation with a wavelength of 1030 nm and 
a power of up to 2000 W has a supporting effect, influences the arc positively in 
that it fluctuates less and ensures a more uniform weld. The laser-assisted flux-cored 
welding process resulted in an improved seam quality with reduced surface pores 
and increased weld penetration depth and width. The requiered laser power for arc 
stabilization was about 20-30 % of the total energy balance. The arc current and 
voltage characteristcs also showed a reduction of up to 70 % in fluctuation. Overall, 
this study demonstrates that the laser-assisted flux-cored welding process presents a 
promising approach to overcome the challenges of underwater welding.
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Introduction

With around 400,000 employees and an annual turnover of around 50 billion euros, 
the maritime industry is one of the most important sectors of the German economy 
[1]. With regard to energy generation and raw material extraction in coastal regions 
or on the open sea, future challenges arise from increasing climate awareness, which 
is accompanied by a growing importance of underwater technology. Welding tech-
nology in the underwater sector is one of the key competences and is important for 
the maintenance of technical structures such as harbor and hydraulic engineering, 
offshore wind energy, pipeline construction as well as bridges and numerous other 
engineering structures.

Underwater welding is often performed through the manual use of electrode weld-
ing by a diver. In this process, an arc burns between the consumable electrode and 
the workpiece. As the electrode decomposes, the coating forms a shielded gas that 
displaces the water and maintains the arc. The main advantage of this method is that 
a diver can easily and inexpensively apply it. However, this method is characterized 
by disadvantages such as the constant interruption of the welding process to change 
the electrode and the permanent removal of the resulting slag [2].

In addition to the arc welding with a stick electrode, gas metal arc welding (GMA) 
under water has been investigated in studies with the aim of increasing the deposi-
tion rate. This is a continuous welding process and accordingly much more efficient 
and offers the potential for automation [2]. The challenge is the direct contact of 
the arc with the water and the resulting dissociation of hydrogen and oxygen. As a 
result, water embrittlement in the weld and reduced mechanical properties [3]. With 
increasing ambient pressure, the arc is constricted and due to the higher electrical 
resistance in the water, arc voltage drop occurs at greater depths. Accordingly, the 
length of the arc is reduced resulting in a smaller weld pool and pronounced weld 
reinforcement [4]. Another challenge is formed by the rapid cooling rate under water, 
which causes hardening of the weld [5]. Continuous underwater wet welding is not 
yet used and developments on this approach are moving towards welding with self-
protecting flux-cored wires. The interior of such electrodes is filled with a metal or 
mineral powder, so that in the case of self-protecting flux-cored electrodes, similar 
to stick electrodes, external gas protection of the melt is not necessary. The main 
advantage of the cored wire is the low hydrogen contamination of the welds and an 
easily removed slag. However, the process has a tendency to pore formation due to 
the resulting gas. Initial investigations have shown that safe ignition of the arc and its 
stability during welding are major challenges [6, 7].

To overcome this task, a laser-assisted flux-cored arc welding process for the 
underwater area is to be developed. Targeted energy input into the workpiece by the 
laser beam is expected to improve arc ignition and stability, so that process speed can 
be increased and weld quality improved.

Various studies have already been carried out on the use of laser beam welding 
in underwater applications. In [8], laser beam welding under increased pressure was 
summarized. It was found there that the penetration depth decreases with increas-
ing pressure and that welding with additional wire is possible under the conditions. 
The difference of the use of Nd:YAG or CO2 lasers when welding under water was 
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studied in [9]. It was shown that at a water depth of 500 m simulated by increased 
pressure, the Nd:YAG laser radiation was completely scattered and no welding was 
possible. For the CO2 laser, it was observed that a water-free area had formed, allow-
ing the laser beam to reach the workpiece unimpeded. Due to the strong absorption of 
the water in the infrared (IR)-range, a coaxial gas nozzle is often used to form a gas 
jet to displace the water, creating a local dry area [10].

A combination of laser and arc welding within one process zone is called hybrid 
laser beam arc welding and is usually used with a laser power of more than 1 kW. 
The advantages of a good gap bridging ability, a high welding speed that can be 
achieved and the possibility of deep welding are offset by the disadvantages of the 
high investment and operating costs for the laser beam source. When used with laser 
power < 500 W the process is referred to as laser- assisted arc welding. The aim of 
this approach is to reduce the above-mentioned costs while retaining the advantages 
of the process combination [11]. In contrast to the hybrid process, the laser should 
neither melt the material nor form a vapor capillary, but stabilize the arc. In the past, 
many investigations have been conducted regarding the laser assisted arc process and 
its interactions have been observed. Overall, stabilization and guidance of the arc by 
the laser has been demonstrated. Only 10 to 20% of the total power is required by the 
laser to achieve the positive effect of arc stability [12, 13].

Due to the cooling of the water, the laser stabilizing arc process, which has been 
otherwise been studied on the atmosphere, cannot be easily transferred to the under-
water environment. In this study, the use of a flux-cored electrode is intended to 
protect the molten metal and the weld. The laser radiation should stabilize the arc so 
that a uniform weld seam can be produced.

Experimental Setup

The setup of the laser-assisted flux-cored arc welding process underwater is shown 
in Fig. 1. The laser stabilizing the arc is a solid-state disk laser (Trudisk 16,002 
from Trumpf SE + Co. KG) with a wavelength of 1030 nm and a beam quality of 
8 mm*mrad. The optical system consists of an optical fiber (200 μm), a collimator 
(200 mm) and a focusing lens (200 mm). The optics can be adjusted in its position 
and angle in relation to the workpiece. A gas nozzle with a diameter of 3.5 mm is 
attached to the processing optics, in which the laser beam can be guided coaxially by 
displacing the water. Based on studies of laser stabilization at atmosphere, the laser 
beam is defocused by + 20 mm above the workpiece. This creates a larger overlap 
between the arc and the laser beam. In addition, this increases the distance from the 
gas nozzle to the workpiece so that the gas pressure does not displace the melt.

The GMA-welding process supplies the main process energy. The Hybrid 4000 M 
from AMT GmbH is used as power source. The torch can also be adjusted in posi-
tion and angle. The electrode is a self-shielded flux-cored wire with a diameter of 
1.2 mm (diamondspark 31 NG from voestalpine Böhler Welding Group GmbH). The 
material composition (wt%) includes 0.25 C, 0.40 Si, 1.00 Mn and 1.50 Al. With the 
flux-cored wire used as the electrode, the ground is connected to the torch and the 
positive pole to the workpiece. The stickout is set constant to 10 mm via the tests 
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and aligned with the point of incidence point of the laser beam so that the working 
distance is 0 mm.

Results

Parameters such as welding speed from 3 to 6 mm/s, laser powers from 1000 up to 
2000 W and wire feed rates from 5.5 to 6.5 m/min were varied for the experiments. 
For the current-guided process, the arc current is set up to 200 A. Figure 2 shows an 
exemplary weld and the associated arc voltage and current measurements over time.

A arc current of 190 A at an average arc voltage of 20 V was set for the seam. 
Halfway through the weld, the laser radiation with a power of 2000 W and a defocus 
of 20 mm above the workpiece was added. The welding speed was 4 mm/s. It can be 
clearly seen that the arc is unstable at the beginning of the welding process and the 
weld seam has many pores. As soon as the laser is switched on in the middle of the 
process, the seam is much more homogenous. It is noticeable that the frequency of 
spatter formation increases with the combined process, which is due to an increase in 
the deposition rate of the flux-cored wire and therefore higher dynamics in the melt 
caused by the produced gas. The width of the weld, which is essentially related to the 
arc voltage, fluctuates until the middle of the weld and improves with the influence of 
the laser radiation. These fluctuations and subsequent stabilization are reflected in the 
arc voltage and current measurements over time. The short circuits come more regu-
larly with the addition of the laser radiation, which is also noticeable in the acoustics. 

Fig. 1 Experimental setup
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The instability of the arc can be recognized on the one hand by the pores in the seam 
surface and on the other hand by the arc current and voltage peaks caused by the con-
stant extinguishing and reigniting. The average arc current has been reduced by about 
20 A with a simultaneous reduction in the standard deviation of about 83% with the 
laser radiation. The arc voltage, on the other hand, was increased by 2 V on average 
with a reduction in the standard deviation of about 70%. This effect may be due to the 
change in the conductivity of the arc caused by the laser radiation.

Figure 3 shows the resulting arc power PGMA varying the parameters welding 
speed, laser power and wire feed rate. While the individual parameters are changed, 
the other remains constant in order to be able to describe the simple influence of the 
parameters. In a), the wire feed rate is 5.5 m/min and the laser power is 1500 W. In b) 
the wire feed rate is kept constant at 5.5 m/min and the welding speed is kept constant 
at 3 mm/s. In c), the feed rate is 6 mm/s and the laser power is 2000 W.

The results show a stabilization of the arc over all test, which is evident from the 
reduction of the standard deviation. As a result, an increase in arc power over the 
seam length can be seen. In a), the change in welding speed is shown. At a welding 
speed of 3 mm/s, the variations were reduced by 55% and at the higher speed by 70% 
in each case. In b) the change of the laser power is shown. There it can be seen that 
the stabilization starts at a laser power of 1500 W by 55%. The increase to 2000 W, 

Fig. 2 Welded steel sample with a current of 190 A, laser power of 2 kW (from the half of the seam), 
constant welding speed of 4 mm/s and a defocus of 20 mm

 

1 3

270



Lasers in Manufacturing and Materials Processing (2023) 10:266–275

on the other hand, has no significant change compared to the 1500 W laser power in 
stabilization. In c), the different wire feeds are shown. Increasing the wire feed rate 
results in a shortening of the arc and thus a lower arc voltage. This effect can be seen 
in the resulting arc power at the high wire feed rate. On the other hand, a significant 
change in stability with respect to the standard deviation cannot be seen when the 
wire feed rate is changed.

Figure 4 shows an exemplary welding result with the corresponding spectral pro-
cess emission measurement. Since the laser radiation raises the level by default, the 
signal was adjusted to use the relative standard deviation. In the case, the standard 
deviation was normalized with respect to the mean value by including 500 ms each in 
the calculation. A high relative standard deviation represent flickering of the process 
light and can be attributed to the instability of the arc.

An arc power of 4600 W was used with a laser power of 1500 W from halfway 
through the seam. A high peak can be seen on the graph at the beginning of the mea-
surement. This indicates the ignition of the arc. The deviation then stabilizes at a level 
of 100%, which indicates a strong flickering of the process light. When the laser is 
switched on, the level drops to about 50%, which indicates smoother process lighting 
and correspondingly stabilized arc.

Cross-section were made based on a weld seam, which was produced once with 
and once without assisting laser radiation while maintaining the same parameters. 
Fig. 5 shows in each case exemplary cross-sections and the evaluation of the weld 
geometry. 

First of all the weld seam is more pronounced in terms of higher weld penetration 
depth, weld width, weld protrusion and larger heat affected zone (HAZ). The reason 

Fig. 3 Comparison of different parameters with and without laser radiation. Constant parameters: a) 
wire feed 5.5 m/min; laser power 1500 W. b) wire feed 5.5 m/min; feed rate 3 mm/s. c) feed speed 
6mm/s; laser power 2000 W.
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Fig. 5 Cross-sections (a, b) and the geometric measurement (c) of a weld seam without (a) and with 
laser radiation (b). Current of 190 A, laser power of 2 kW, constant welding speed of 4 mm/s and a 
defocus of 20 mm

 

Fig. 4 Exemplary measurement of the process light at an arc power of 4600 W and a laser power of 
1500 W
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for this is probably the additional energy input in the form of preheating of the base 
material by the laser radiation. The increase in the welding power of the arc process 
due to the additional laser radiation has already been shown in Fig. 3 and is consistent 
with these results. On the basis of the cross-section, pores can be seen over all speci-
mens, which is probably related to the flux-cored wire and the resulting gas forma-
tion. With regard to the stabilization of the arc, the differences of the individual cross 
section can be used. Especially for the weld penetration depth and the weld width, the 
change along the weld seam with the additional laser radiation is significantly lower 
than with the GMA-process.

Conclusion and Outlook

The stabilization of the arc by low-energy laser radiation in the atmosphere has 
already been demonstrated in various studies. The transfer to underwater technology 
poses further challenges. On the one hand, the surrounded water absorbs the laser 
energy and the water causes dissociation of hydrogen by the arc, depending on the 
water depth, and due to rapid cooling, increases the instability of the arc. By using 
self-protecting flux cored wires in conjunction with the gas nozzle of the process-
ing optics, it was possible to create a local cavity in which the arc can ignite and 
burn. The coaxial gas nozzle displaces the water, allowing the laser radiation to reach 
the workpiece unimpeded. The surface images show that the ambient conditions 
can make the arc unstable and the laser radiation has led to a more homogeneous 
and a significant reduction of surface pores. In addition, stabilization was evaluated 
through measurements of arc voltage characteristics and spectral emissions. The 
variation of the parameters in Fig. 3 have shown that with increasing the process 
speed the instability of the arc increases and the laser radiation keeps its stabilizing 
influence. Furthermore, it has been shown that at 1000 W there is still no influence of 
the laser power and that this can only be seen from laser power of 1500 W onwards. 
Cross-sections showed an increased weld penetration depth and weld width due to 
the additional laser radiation. Across the weld, the change in weld geometry was 
reduced, indicating a more stable process. The laser power required to stabilize the 
arc was about 20-30% of the total energy balance.

For further investigations, the influencing factors are statistically evaluated with 
the experimental design and thus examined for interactions and quadratic effects. 
By using the design of experiment, the process can be made more robust. Further-
more, the influence on pore formation and weld penetration depth is investigated by 
extensive tests on micrographs. The tests are extended to butt and fillet welds and arc 
stabilization for use in constrained positions is investigated.
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