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Abstract
The weldability of steel under the water is limited due to the influence of the environment. Water causes limited visibility, 
presence of the residual stresses, increasing the cooling rate, and increasing the diffusible hydrogen content in deposited metal, 
leading to the formation of brittle microstructures in heat-affected zone (HAZ). The paper presents the results of mechanical 
properties testing of S420G2+M steel welded joints made with covered electrodes in the water with salinity values: 0‰, 
7.5‰, and 35‰. The non-destructive tests: ultrasonic (UT) and radiographic (RT), and destructive tests: Vickers HV10 
measurements, Charpy impact, and bending and metallographic macro- and microscopic tests were performed. Moreover, the 
diffusible hydrogen content in deposited metal by the mercury method was measured. It was observed that water salinity has 
an influence on the stability of the welding arc and the properties of joints. In particular, it was found that increasing the water 
salinity provides to: decreasing the hardness of HAZ (from 211 HV10 to 193 HV10), increasing the impact strength (from 82.5 
to 101.3 J/cm2). Additionally, a slight increase in the diffusible hydrogen content in deposited metal (up to 65 ml/100g) was 
observed. The number of microcracks in the joints decreased with increasing the water salinity.

Keywords  Underwater wet welding · S420G2+M steel · High-strength low-alloy steel · Manual metal arc welding · Water 
salinity · Diffusible hydrogen

1  Introduction

Each year, the number of marine and offshore structures as 
pipelines, platforms etc., increases [1, 2]. These structures 
may undergo failures, which require repairs directly in 
the water. Underwater welding could reduce the cost of 
the process by avoiding transport of offshore and marine 
structures into the air. It also allows to perform processes 
directly in a water environment, which could be helpful in 
necessity repairs in a short time [3–6]. There are three main 

methods of underwater welding [7, 8]. The first, named dry 
welding, in which the welding area and the welder are isolated 
from the surrounding environment [3]. However, there 
is a necessity to build special, high-cost chambers, which 
provide limitations of usage of this method. The second of 
underwater welding methods is local cavity welding. In this 
method, there is a small chamber, which provide isolation of 
the welding arc and the welding pool from the water [9]. The 
diver–welder is in direct contact with the water. Local cavity 
welding is not so widely used in real applications due to its 
limited visibility of the welding area. The third and the most 
often used underwater welding technique is wet welding. The 
process is carried out with direct contact of the welding area 
and welding pool with the surrounding environment [10]. 
In the case of underwater welding, the main problems are 
as follows [11, 12]: instability of the welding arc, limited 
visibility, high residual stresses, and high susceptibility to 
cold cracking. The last one is treated as a main factor in 
underwater weldability assessment.

Many offshore structures require the usage of high-strength 
low-alloy (HSLA) steels and ultra-high-strength steel [13–15]. 
Increasing the mechanical properties of steel allows to reduce 
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the cost of structures resulting from reduction of the thickness 
of elements [16–18]. However, it often leads to decreasing the 
material weldability [19–21]. Many investigations proved that 
the quality of underwater joints is lower than in the case of 
joining in the air. However, recent investigations showed that 
it is possible to produce similar quality structures [22–24].

Klett et al. [25] proved that increasing welding depth 
allows to reduce the tendency to cold cracking by reducing 
the diffusible hydrogen amount in deposited metal. The same 
could be achieved by changing of welding parameters, which 
was proved by Fydrych at al. [26]. Increasing the welding 
heat input may also be a way to improve the quality of HSLA 
steels’ underwater welded structures. Tomków et al. [27] 
proved that higher heat input allows to reduce the number 
of cold cracks both in the heat-affected zone (HAZ) and 
in weld metal. Additional ways to improve the quality of 
underwater welded structures may be: modifications of 
welding consumables [28], ultrasonic wave application [11], 
and temper bead welding (TBW) [29].

However, the mentioned papers did not focus on the 
type of water. Only 3% of Earth’s water is fresh while 97% 
is saline [30]. There are limited literature proceedings 
showing influence of water salinity on the underwater 
welding process and its results. Most of them focused on 
the influence of the salinity on the diffusible hydrogen 
content in deposited metal. Kononenko [31] focused on 
underwater flux-cored arc welding (FCAW). It was proved 
that increasing the water salinity resulted in decreasing 
the diffusible hydrogen content in deposited metal. 
Similar results were observed for underwater wet welding 
with manual metal arc (MMA) welding by Fydrych and 
Rogalski [32]. In this study, two states of the water were 
compared—fresh water and saline Baltic Sea water. It was 
proved that fresh water as a welding environment generates 
59.45 ml/100g hydrogen in deposited metal, compared 
to 72.32 ml/100g in freshwater. Some important aspects 
of water salinity were studied by Yushchenko et al. [33]. 
Firstly, it was confirmed that with the higher water salinity 
the hydrogen content of weld metal decreases by 5–10% 
and the oxygen content increases by 5–15%. Authors 
proved that the additional quantities of potassium, sodium, 
magnesium, and calcium salts get into the arc gas. The 
higher concentrations of the mentioned elements in the 
arc gas change the character of heat transfer to a droplet 
causing the increase in the degree of its overheating. 
Higher temperature of droplets resulted in more intensive 
oxidation, which leads to the metal absorption of hydrogen, 
since oxygen, while being a surface-active element, blocks 
the interface and decreases hydrogen solubility. The next 
aspect investigated by the authors was the influence of water 
salinity on the stability of the welding arc. According to 
observed results, welding arc stability in the freshwater is 
lower than in sea water, which may result in lower quality 

of welded joints. This effect is explained by the presence of 
dissociated salts. Moreover, increasing the salinity of water 
provides to increasing the cooling rate of 1.25–1.43 times. 
It is explained by weakening of the protective role of vapor 
jacket at sample surface due to the presence of compound 
HCl in sea water.

Analysis of literature showed that the influence of 
water salinity on the properties of underwater wet MMA 
welded joints still needs to be investigated. There are no 
investigations in the field of multipass butt joints welding 
with the usage of high-strength low-alloy steel in water with 
different levels of salinity. Increasing usage of HSLA steels 
required investigations of their behavior during welding in 
sea water. The presented paper focused on the three states of 
water—fresh water, Baltic Sea water, and oceanic water, as 
representatives for assessment of the effect of water salinity 
to the properties of underwater welded structures.

2 � Materials and methods

As a base material (BM) S420G2+M steel plates with 
dimensions 150 mm × 85 mm × 15 mm were chosen, which 
is well suited for a harsh environment including seawater. 
It is used in high-strength oil and offshore structures, 
mostly in marine drilling and offshore platforms [21]. For 
welding, MMA welding method was selected due to the 
most common usage of this process in a water environment. 
As a filler material, the rutile underwater 4.0-mm diameter 
electrodes (nearest equivalent E 42 2 1Ni RR 51) were used. 
The chemical compositions and mechanical properties of 
used materials are listed in Tables 1 and 2. The chemical 

Table 1   Chemical composition of used materials wt. %

Material C Mn Si Ni CeIIW

S420G2+M by analysis 0.10 1.57 0.44 0.07 0.37
E 42 2 1Ni RR 51 electrode in 

accordance with manufacturer 
data

0.05 0.50 0.45 0.30 -

Table 2   Mechanical properties of used materials in accordance with 
manufacturer certificates

Weld no. Yield point, Re
(MPa)

Tensile strength, 
Rm
(MPa)

Elongation, A5
(%)

S420G2+M 520 612 27.1
E 42 2 1Ni RR 

51 electrode 
deposit

- At least 540 At least 26.0
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composition of the BM has been tested by emission 
spectroscopy with a spark excitation method.

For investigations, three levels of water salinity were 
assumed: fresh water—specimens 1 and 2, the Baltic Sea 
salinity (which averages 7.5‰)—specimens 3 and 4, and 
oceanic water (which averages 35‰)—specimens 5 and 
6. Six (two for each state of the water) specimens were 
performed at 0.5 m (20 °C) depth in the underwater welding 
stand (Fig. 1). The welding parameters were chosen to obtain 
similar heat input values for the same layers in the range 
0.9–1.1 kJ/mm. This range allows to minimize the number 
of cracks in welded structures, which was proved during 
preliminary investigations [27].

S420G2+M steel plates were prepared with a “Y groove” 
(60 °, 0.5-mm distance) and were joined by tack welds at the 
root side before test welding. All specimens were multipass 
welded with 7 welding passes, in which the last one was 
wave welded to form a flat weld face. The schematic view 
of the way of beads arranging during welding is presented 
in Fig. 2.

All welded joints were subjected to the non-destructive 
test (NDT)–visual (VT) following requirements of 
EN ISO 17637:2017 standard, radiographic (RT) 

following requirements of EN ISO 5579:2014 standard, 
and ultrasonic phased array (UTPA) tests following 
requirements of ISO 13588:2019 standard. For RT, the 
ANDREX 300-kV X-ray stand was used. Following 
preliminary investigations, the focal length 700 mm, 
exposure time 5 min 30 s, voltage 185 kV, and anode 
current intensity 4.5 mA parameters were chosen. UTPA 
test was performed using Phasor XS flaw detector, with 
16 an element head, with the angle of inclination at 36°. 
During tests, type A and S imaging were obtained. The 
aim of these tests was the assessment of the quality of the 
prepared joints, and selection of the appropriate places for 
cutting samples for further investigations.

Then, the areas for destructive tests were selected. 
Samples were cut, ground, polished, and etched (Nital 
4%). Performed destructive tests included the following: 
metallographic macro- and microscopic conducted in 
accordance with EN ISO 17639:2013, Vickers HV10 
hardness measurements following the EN ISO 9015-
1:2011, Charpy impact test, and three-point bending test. 
The Vickers measurements were performed in accordance 
with the EN ISO 9015-1:2011 using Sinowon V-10 
hardness tester with a load of F = 98.07 N (HV10). For 
Charpy impact test, from each joint, two specimens were 
cut and performed with V-notch located in the weld. The 
V-notch has been made with an angle of 45° and a depth 
of 2 mm. The width and height of the sample were 10 mm. 
Tests were performed with requirements of the EN ISO 
148-1:2017 standard. Two specimens were prepared for a 
bending test. The criterion of acceptance was defined as a 
bend angle of 180°. Additionally, the diffusible hydrogen 
content in deposited metal was determined by mercury 
measurement method according to ISO 3690:2018 
(specimen B). This method is characterized by greater 
accuracy compared to glycerine method, which also can 
be used for high hydrogen welding processes [25, 27]. 
Measurements were conducted in the stand presented in 
Fig. 3.

Fig. 1   Underwater welding stand: (1) control panel, (2) welding 
power source, (3) welding table, and (4) water tank

Fig. 2   Schematic view of way of beads arranging, numbers mean order of welding
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3 � Results and discussion

During welding, the influence of water salinity on the process 
was observed. Increasing the water salinity causes higher stability 
of the welding arc, which confirmed previous investigations [31]. 
Also, the differences in electrode behavior was observed—they 
melted more stable in water characterized by higher salinity.

3.1 � Non‑destructive tests

During VT, some of the typical underwater welding 
imperfections [34, 35] as undercuts and porosity were 

observed. In the next step, the RT test was performed (Fig. 4). 
The presence of internal imperfections was detected in 
specimens welded in each state of the water salinity. However, 
the potential cracks were detected only in specimens 
performed in freshwater (Fig. 4a). Cold cracks occurred 
while three factors appeared: high diffusible hydrogen 
content, residual stresses, and brittle microstructures [24, 29]. 
While one of them does not occur, the possibility of cold 
cracking is also limited, which suggests that water salinity 
has influence on the properties of welded joints, which will 
be checked in other tests. Moreover, it was stated that the 
highest number of imperfections (especially slag inclusions) 
was observed in specimens performed in fresh water.

In the next step, the UTPA test was performed. The 
exemplary photos are presented in Fig. 5. The ultrasonic 
scans were taken in regions, in which the biggest areas of 
imperfections were found in RT. Moreover, the potential cracks 
were scanned. UTPA showed that imperfections are observed 
mostly from the middle of the depth of the specimens. However, 
the biggest and the strongest indications are located near the 
root of the weld. Moreover, it was stated that increasing the 
water salinity provides for decreasing the size of imperfections, 
which confirmed results from previous RT. Specimens welded 
in freshwater (Fig. 5a) were characterized by bigger indications 
than specimens from Baltic Sea and oceanic water (Fig. 5b).

3.2 � Metallographic tests

In the first step, the macroscopic test was performed; 
exemplary macrographs are presented in Fig. 6. This test 
confirmed previous results. The size of observed imperfections 
decreased with increasing water salinity. Moreover, the strong 
tempering effect was observed in each specimen from the 
middle of the depth to the welding root. The HAZ in these 
regions is brighter. In our previous investigations [AS], it 
was proved that this effect resulted from the heat influence 
from beads laid on the previous stiches. However, the cracks 
were found in some macrographs (Fig. 6b), which are located 
both in the fusion line and in the weld, which is typical for 
cold cracking phenomenon [28]. Metallographic test also 
showed differences in behavior of the specimens. It was 

Fig. 3   Specimen geometry and stand for mercury hydrogen content in 
deposited metal measurements

Fig. 4   Exemplary radiographs: 
a specimen 2—fresh water and 
b specimen 4—Baltic Sea water
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found that lower water salinity (Fig. 6a) to provide greater 
angular distortion of performed specimens by 30–50%. 
During welding in freshwater, the heat is less cumulated in the 
welding area following the thermal conductivity of salt water.

During microscopic test the significant effect of water 
salinity on the microstructure of performed joints were 
observed. The exemplary results of microscopic tests are 
presented in Fig. 7. The number of microcracks in the weld 
and in the HAZ decreased with increasing the water salinity. 
Moreover, the characteristics of cracks were different. Samples 
made in fresh water are characterized by presence of cracks 
parallel to the fusion line in the coarse-grained area of HAZ 
(Fig. 7a), which is typical for underwater welding [28, 29]. 
Additionally, cracks were observed near the root of the weld, 
parallel to the material surface. The shape and localization 
of cracks in specimens welded in Baltic Sea  water were 
different (Fig. 7b). They were much shorter and run parallel 
and perpendicular to the fusion line, both in HAZ and in weld 
metal. The lowest number of cracks was observed in specimens 
welded in oceanic water (Fig. 7c). No cracks were found in the 
HAZ in specimens 5 and 6. Some short cracks were observed in 
the weld metal. The biggest differences in microstructures were 
noted in the middle of performed specimens. In each specimen, 
the tempering effect was observed both in the HAZ and in the 
weld. This effect resulted from the heat generated during laying 

the next beads [22, 29]. The widest tempered area was observed 
in specimens welded in oceanic water. It can be stated that 
increasing the water salinity allows to increase the tempering 
effect. The HAZ of specimens 5 and 6 was fine-grained ferrite 
and pearlite compared to specimens 3 and 4 (Baltic Sea water), 
in which the amount of tempered martensite was found. Joints 
welded in fresh water are characterized by the presence of the 
mixed microstructure in HAZ: coarse-grained martensite (near 
fusion line), tempered martensite, ferrite, and pearlite near the 
base material. Higher water salinity allows to increase the heat 
concentration near the welding pool and provides for tempering 
the coarse-grained area of HAZ.

3.3 � Hardness measurements

The Vickers hardness measurements were performed 
following the schematic draw presented in Fig. 8. Twelve 
measurements were performed in the HAZ, and six in the 
axis of the weld. Measurements were taken from the middle 
of the specimen's depth to the root.

The hardness measurements confirmed the results of 
metallographic tests. The biggest values were noticed in the 
specimens welded in freshwater. HAZ hardness significantly 
decreased with increasing the water salinity—211 HV10 for 
joints welded in freshwater, 198 HV10 for Baltic Sea water, 

Fig. 5   Exemplary results from UTPA: a specimen 1—fresh water and b specimen 5—oceanic water

Fig. 6   Exemplary macrographs: a specimen 1—fresh water and b specimen—oceanic water
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and 193 for oceanic water. Lower hardness in HAZ of HSLA 
steel grade suggests that susceptibility to cold cracking may 
be lower in higher salinity of the water environment [23, 28, 
29]. Moreover, it was confirmed that the strongest tempering 
effect was observed in the middle of the specimens. All 

results of hardness measurements are presented in Table 3. 
The comparison of average results with standard deviation 
bars are presented in Fig. 9.

3.4 � Bending test and Charpy impact test

Similar tendencies as in previous tests were observed in the 
bending test and Charpy impact test. Each specimen welded 
in fresh and Baltic Sea water did not obtain the 180° bending 
angle. Aimed bending angle was achieved only for joints 
made in oceanic water. Higher ductility of joints made in 
water of higher salinity was confirmed in the Charpy impact 
test. Results are presented in Table 4.

The average impact strength for each state of water was 
calculated—82.5 J/cm2 for fresh water, 94.4 J/cm2 for Baltic 
Sea water, and 101.3 J/cm2 for oceanic water. Specimens 
obtained under separate conditions showed different fracture 
modes, which is presented in Fig. 10. Specimens made in 
fresh water were characterized by brittle fracture. Moreo-
ver, they showed presence of porosity (Fig. 10a). Specimens 
made in Baltic Sea water presented less brittle fracture and 
lower number of imperfections (Fig. 10b). In specimens 
made in oceanic water, the area includes both brittle and 
ductile fractures (Fig. 10c). Results proved that greater 
number of imperfections provide lowering the mechanical 
properties in the state of impact load and bending. The same 
results were earlier observed for underwater welding [36].

3.5 � Diffusible hydrogen content in deposited metal 
measurements

From the analysis of the average results of tests, it was 
concluded that higher salinity of water causes a slight 
increase in the diffusible hydrogen content in deposited 
metal from 62.1 to 65.3 ml/100g. However, from the 
statistical point of view, this kind of change cannot be treated 
as significant. In qualitative terms, obtained results are not 
consistent with previous information [37], but they do not 
change the assessment of the steel’s susceptibility to cold 
crack formation. All results are presented in Table 5.

4 � Conclusions

The paper presents the results of influe of the water salinity 
on the properties of welded joints made of S420G2+M steel 
by covered electrodes. As a result of this study, the following 
general conclusions can be drawn:

1.	 The level of water salinity as a welding environment 
affects the stability of the welding process and the 
properties of wet welded joints. Increased salinity 

Fig. 7   The exemplary micrographs of fusion line area: a specimen 
1—fresh water, b specimen 4—Baltic Sea  water, and c specimen 
4—oceanic water
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Fig. 8   Schematic draw of the 
hardness measurements

Table 3   Results of Vickers 
HV10 measurements

Measurement 
point

Specimen no.

Fresh water Baltic Sea water Oceanic water

1 2 3 4 5 6

HAZ 1 182 190 184 190 195 190
2 202 196 197 188 184 196
3 202 195 186 194 186 180
4 214 219 193 199 199 200
5 232 227 199 208 209 204
6 218 219 211 211 206 202

Weld metal 7 145 156 143 152 142 163
8 145 150 128 132 157 156
9 149 162 129 130 150 158
10 192 175 150 184 159 172
11 182 169 138 182 168 163
12 198 184 149 186 169 168

HAZ 13 199 208 161 192 181 181
14 195 206 199 190 179 178
15 197 198 190 187 181 183
16 225 224 211 211 195 197
17 232 216 217 200 208 205
18 250 218 212 208 193 202

Fig. 9   Average Vickers HV10 hardness values: a weld metal and b HAZ
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resulted in more stable welding arc, which improves 
welding process and quality of welded joints.

2.	 Hardness of HAZ of joints made in oceanic water 
decreased by 15–20 HV10 compared to joints welded 
in freshwater.

3.	 Water salinity of the water environment affects the 
impact strength. Specimens welded in fresh water are 
characterized by average 82.5 J/cm2. Baltic Sea water 
allows to get impact strength 94.4 J/cm2, and oceanic 
water 110.3 J/cm2.

4.	 The tempering effect during multipass welding depends 
on the water salinity. Higher water salinity allows to 
increase the heat concentration near the welding pool, 
and provides for tempering the coarse-grained area of 
HAZ.

5.	 Increasing the water salinity resulted in slight, but 
statistically insignificant, increasing the diffusible 
hydrogen content in deposited metal by 3 ml/100g to a 
level of 65 ml/100g.

Table 4   Results of Charpy 
impact test

Specimen no.

Fresh water Baltic Sea water Oceanic water

1 2 3 4 5 6

Impact strength (J/cm2) 80.0 85.0 90.7 98.1 112.8 110.3
Average (J/cm2) 82.5 94.4 101.3
Standard deviation (J/cm2) 2.5 3.7 1.25

Fig. 10   Fractured area of a specimen 1—fresh water, b specimen 4— Baltic Sea water, and c specimen 6—oceanic water

Table 5   Results of diffusible hydrogen content in deposited metal 
measurements

Type of water Diffusible hydrogen 
content Hd (ml/100g)

Aver-
age value 
(ml/100g)

Standard 
deviation 
(ml/100g)

Fresh water 61.08 62.06 0.87
61.89
63.21
61.48
62.65

Baltic 
Sea water

62.97 63.35 1.04
63.44
65.09
62.89
62.37

Oceanic water 64.88 65.27 1.01
63.77
66.21
65.34
66.15
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