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Introduction

There are three basic methods of welding in the water en-
vironment [1÷4]:
– wet welding – due to the low costs most often used, it 

does not require specialized equipment, during the pro-
cess the area of the formed joint and the electric arc are 
in contact with the water environment;

– dry welding – the most expensive method of underwa-
ter welding, which results from the need to build special 
chambers that isolate the welder, joint area and electric 
arc from the environment, the method occurs in two va-
rieties – isobaric (pressure equal to air pressure) and hy-
perbaric (pressure resulting from welding depth);

– welding with the local dry chamber – is an indirect 
method, isolated from the water is only the welding area 
with the electric arc, while the welder is in the water, the 
method allows to obtain better joints than in the case  
of dry welding, however, due to the arc not being visible 
to the welder does not find as wide application as the two 
above.
The diagram of underwater welding methods is present-

ed in Figure 1.

Jacek Tomków, Anna Janeczek

The most common method of wet welding is welding with 
covered electrodes. In addition to economic reasons, its 
broad application also results from the fact that it provides 
the welder with a relatively large freedom of movement [5÷7]. 
Unfortunately, this method carries a lot of problems that sig-
nificantly worsen the quality of joints made in an aquatic 
environment. From the point of view of the implementation 

Fig. 1. Schematic diagram of underwater welding methods
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Abstract

There are three main methods of underwater welding: dry, wet and intermediate 
between them, by using the local dry chamber. Due to low costs, the most common 
method is the wet welding with the use of covered electrodes. Water as a welding 
environment carries out a lot of problems. The first is limited visibility and instability  
of the welding arc. The biggest problem during underwater welding is high suscepti-
bility to cold cracking, resulting from the increased diffusible hydrogen content in de- 
posited metal and high stress values.

In the work, Tekken joints from S355J2C+N steel were made in air and in water 
environment. The joints were subjected to non-destructive visual (VT) and penetrant 
(PT) tests. Then, macroscopic tests and hardness measurements were performed. 
The results confirm the literature reports that the water environment causes an in-
crease in hardness in the heat affected zone (HAZ), which promotes the formation  
of cracks in welding joints.
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Fig. 2. The schema of the underwater welding at shallow depths: 
1 – welding power source, 2 – control panel wire feeder, 3 – table, 
4 – plate, 5 – electrode, 6 – tank

Table I. Chemical composition of S355J2C+N steel, % wt

Table II. Mechanical properties of S355J2C+N steel, acc. to PN-EN 
10025-2:2007

of the process, the biggest problem is the instability of the 
electric arc’s burning. This in turn directly affects the qual-
ity of welds, which can be characterized by porosity, shape 
errors or cracks [8÷10]. The last ones are the biggest prob-
lem encountered during welding in the aquatic environment. 
There are several reasons for the forming of cold cracks,  
and among the most important ones that are encountered in 
the aquatic environment are [11÷15]:
– increased cooling rate of joint, translating into high stress 

value;
– high content of diffusible hydrogen in deposited metal;
– brittle microstructure in HAZ.

The water environment significantly hampers the preven-
tion of cold cracks. In the case of welding in the air, many 
effective methods are known, such as pre-heating or drying 
the electrodes. When running a process under water, a signif-
icant number of them is impossible or difficult to implement 
due to prevailing conditions. Currently, a global research trend 
is observed, the aim of which is to develop effective meth-
ods that can be applied during underwater welding. Prom-
ising results were obtained for induction heating of welded  
sheets, which, however, causes large problems with arc sta-
bility [16]. Additional methods are ultrasonic support [17,18], 
reduction of the amount of gas bubbles emitted, which af-
fects the amount of diffusible hydrogen [19] and welding 
with the use of tempering beads [8,20].

The aim of the research was to assess the impact of the 
welding environment on the properties of Tekken test joints 
made of S355J2C+N steel with the use of covered elec-
trodes. Two Tekken test joints were made in accordance 
with the guidelines of PN-EN ISO 17642-2:2005. One sample 
was welded in the air and the other in an water environment. 
The samples were subjected to non-destructive visual (VT) 
and penetration (PT) tests. Then, macroscopic tests and 
hardness measurements using the Vickers HV10 method 
were performed.

Own research

The tests were carried out using construction steel sheets 
with a thickness of 16 mm, normalized with S355J2C+N  
(according to PN-EN 10025-2:2007). The chemical compo-
sition of the steel has been analyzed using the emission 
spectrometry method with spark excitation, the results of 
which are presented in the Table I. Table II shows selected 
mechanical properties of the tested steel.

Welding was done in tap water at a temperature of about 
20 °C and a depth of 105 mm, the diagram of which is pre-
sented in Figure 2.

Element content, % wt

C Si Mn P Cr Mo Ni S Cu V CeMIS

according  
to the control analysis 0.196 0.501 1.1 0.017 0.02 0.001 0.001 0.006 0.016 0.005 0.386

Yield Stress 
YS [MPa]

Ultimate Tensile 
Strength UTS [MPa]

Minimal elongation 
A5 [%]

355 470 17

The Omnia (E 38 0 R 11) rutile covered electrodes from Lin-
coln Electric with a diameter of 4.0 mm were used for welding. 
These electrodes were chosen due to the universality of use, 
not only depending on the environment, but also the welding 
position and good plastic properties of the weld metal and the 
ease of ignition of the welding arc. Their chemical composi-
tion and mechanical properties are shown in Table III.

During the research, two Tekken samples were made, one 
on air and one in an water environment. Both were DC- weld-
ed, as recommended by the electrode manufacturer. The 
Tekken sample scheme is shown in Figure 3. Process pa-
rameters are presented in Table IV.

During welding, a significant difference in the process 
was observed. In the case of welding in the air, no problems 
were encountered related to the stability of the electric arc’s 
burning. The transfer of the process to the water environ-
ment caused that the arc required higher voltages, and the 
process itself was unstable.

Table III. Chemical composition (wt.%) and mechanical properties 
of Omnia rutile electrodes [21]

Chemical composition (% wt) Mechanical properties

C Mn Si YS [MPa] UTS [MPa] A5 [%]

0.07 0.55 0.44 503 538 26

Fig. 3. Schematic illustration of the Tekken test specimen acc.  
to PN-EN ISO 17642-2
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Fig. 6. Results of macroscopic testing for specimen welded in the water; a) Specimen W1.1, b) Specimen W1.2 – crack run through  
the fusion line and HAZ

Fig. 4. Results of non-destructive testing for specimen W1, welded in the water, a) VT – wrong shape, b) PT – indication through the all 
length of the weld

Fig. 5. Results of non-destructive testing for specimen P2, welded in the air, a) VT – crack in the crater, b) PT – crack in the crater

Non-destructive testing
The next step after making the samples were non-de-

structive tests. They were carried out in accordance with the 
recommendations of PN-EN ISO 17637:2017-02 (VT) and 
PN-EN ISO 3452-1:2013-08 (PT). Figures 4 and 5 present the 
results of non-destructive testing for both samples.

Metallographic examinations
Metallographic examinations were carried out in accord-

ance with the guidelines of PN-EN ISO 17639:2013-12. Two 
microsections were evaluated in each sample for the occur-
rence of cracks in the heat affected zone and on the fusion 
line. Samples prepared in this way were etched with 4% of ni-
tal. A significant difference was observed for samples made  

in different environments. The joint made in the air did not 
have any imperfections. In the case of a joint made under-
water, a cold crack was identified in the HAZ near the fusion 
line or through the fusion line that separated the joint into 
two fragments. The exemplary results of macroscopic ex-
aminations are presented in Figures 6 and 7.

Hardness measurements
The next step was to measure the hardness using the 

Vickers HV10 method in accordance with the requirements 
of PN-EN ISO 9015-1:2011. A hardness measurement de-
vice manufactured by the Sinowon Company (model HV-
50M) was used to carry out the tests. Schematic layout 
of hardness measurement points’ distribution is present-
ed in Figure 8. 380 HV10 in accordance with PN-EN ISO 
15614-1:2008 was accepted as the hardness limit for steel 
S355J2C+N.

It was observed that the transfer of the welding process 
to the water environment influences a significant increase 
in the hardness of both the heat affected zone and the weld 
metal itself. In the case of a joint made in the air, in no case 
was the exceeding of the accepted hardness limit noted. 
However, when measuring the hardness of a sample welded 
under the water, exceeding the 380 HV10 criterion was noted 
for every measurement. The results of hardness measure-
ments are presented in Table V. Examples of distributions 
for individual points can be found in Figure 9.

a) b)

a) b)

a) b)

Table IV. Welding conditions of Tekken test joints

No. of the 
sample

I 
[A]

U 
[V]

Vsp 
[mm/s]

ql  
[kJ/mm]

Sample made under the water

W1 184 27 6,87 0,72

Sample made in the air

P2 162 23,6 3,47 1,10

Fig. 7. Results of macroscopic testing for specimen welded in the air; a) Specimen P2.1, b) Specimen P2.2 – no imperfections 
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Fig. 9. Layout results of hardness tests: a) hardness distribution across W1.2 joint welded under the water, HV10max = 491, b) hardness 
distribution across P1.2 joint welded in the air, HV10max = 378

Fig. 8. Schematic layout of hardness measure-
ment points distribution, BM – base material

Table V. Results of Vickers HV10 hardness tests

No.  
of the 

sample
BM HAZ Weld’s metal HAZ MB

Sample welded under the water

W1.1 172 183 176 429 393 483 337 328 306 491 483 475 178 181 183

W1.2 178 181 185 456 453 445 294 291 288 456 474 471 186 174 177

Sample welded in the air

P2.1 175 184 174 338 341 305 230 215 215 336 307 340 184 187 179

P2.2 181 177 175 352 378 363 227 222 210 334 315 357 182 184 178

Weld HAZ point
Measurement 

BM

a)

Weld’s metal
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Weld’s metal
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Summary and Conclusions

Tekken tests carried out allowed to state that S355J2C+N steel is characterized by good weldability during welding  
in the air and bad in underwater conditions. It was found that the transfer of the process to water has a significant impact 
on the properties of joints made with coated electrodes. Already during non-destructive testing, it was found that water,  
as a welding environment, negatively affects the quality of joints. This conclusion was confirmed during metallographic 
tests. The welds made of welded joints in the air were devoid of welding imperfections, while samples made in the water 
environment contained cracks that separated the joint into two fragments. The Vickers HV10 hardness measurements 
showed negative influence of water on joint properties. It has been proven that the water environment has contributed to  
a significant increase in hardness in both the HAZ and the weld. For samples made under water, for each measurement point 
in the HAZ, it was found that the accepted hardness limit value (380 HV10) was exceeded, according to PN-EN ISO 15614-
1:2008 value 380 HV10, while this value was not exceeded for any samples welded in the air.

As a result of the research, the following conclusions were formulated: 
1. The water welding environment significantly affected the deterioration of the quality of Tekken joints made of S355J2C+N 

steel made with covered electrodes. The samples contained cracks separating the joint into two parts. No imperfections 
were found in the case of samples from the joint welded in the open air.
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2. Welding environment significantly affects the hardness of joints. In the case of transferring the process under the water, 
an increase in hardness in the HAZ from 378 to 491 HV10max and in the weld metal from 230 to 337 HV10max was noted.

3. On the basis of the performed tests, it can be concluded that S355J2C+N steel is characterized by good weldability during 
welding in the air and bad in underwater conditions.

4. In order to more accurately assess the impact of the welding environment on the properties of the joints, microscopic 
tests are recommended.

5. In order to improve the weldability of S355J2C N steel in the water environment, welding with the use of the tempering 
stitch technique can be proposed.
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