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Marine structures such as ports, bridges, pipelines, vessels, and platforms are an essential part of
modern infrastructure, where the use of higher-strength steel provides savings in logistics and
construction. However, the repair of higher-strength steels can be challenging, especially underwater.
Wet shielded metal arc welding is the most widely used and least expensive method for underwater
welding repairs, but is very susceptible to hydrogen-induced cracking. Thus, researchers andwelding
engineers aim to reduce the amount of hydrogen in the weld material. Recent success has been
achieved through the use of austenitic welding consumables, such as austenitic stainless steel and
nickel-based electrodes. The use of these consumables drastically reduces the amount of diffusible
hydrogen in the weld metal. However, these austenitic materials usually have different corrosion
potential as compared to the structural steel the weld beads are applied to. This creates the risk of
severe galvanic corrosion. In the presented study, the corrosion behavior of welds created with
austenitic stainless steel and nickel-based electrodes were studied. Samples were aged for 1.5 years
in the Baltic Sea. Simultaneously, the effectiveness of corrosion protection systems such as coating
and Impressed Current Cathodic Protection (ICCP) were evaluated. Localized corrosion occurred in
the heat-affected zone when austenitic electrodes were used in the corrosive environment. The
localized corrosion depth after 1.5 years in the Baltic Sea and in the salt spray layer was approximately
250 µm and 390 µm, respectively. The ICCP system and the use of a coating were effective in
preventing localized corrosion. The lowpitting corrosion density of 2.5 × 103m−2 corresponds to grade
A1 according to the standard andwas found to be negligible as compared to the localized corrosion in
the heat-affect zone.

The field of underwater arc welding can be divided into two major groups
referred to as dry underwater welding and wet underwater welding.
Underwater dry welding uses a habitat that isolates the process zone from
the surrounding water. Thus, this technique is associated with high costs. In
underwater wet welding, the electrode, the workpiece, and the arc are in
direct contact with the water. Wet welding is usually performed as shielded
metal arc welding (SMAW), or, in scientific studies, by using flux-cored arc
welding1,2.

The direct contact of the welding area with water creates several
challenges: The rapid cooling tends to cause the formation of martensitic

and bainitic phases in the heat-affected zone (HAZ), resulting in micro-
structures with high hardness3. For underwater wet welding, the critical
cooling time may vary in a range of 1–6 seconds (Δt8/5)

3,4. In addition, the
contact of the arc with water results in dissociation, ionization, and
recombination of oxygen and hydrogen.

Fractions of these gases are absorbed into theweldmaterial1,5–7, and part
of the hydrogen diffuses into the mentioned hard microstructures, where it
can lead to cold cracking. The total amount of dissolved hydrogen, the resi-
dual stresses, and the hardness of the microstructure in the HAZ are factors,
directly correlated to the likelihood of the formation of cold cracks8–10.
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According to standard ISO EN 2560, the amount of diffusible hydro-
gen in dry weldingmust not exceed 15ml/100 g11,12, or additional pre-, and/
or post-heatingmust be performed in order to control the risk of cold cracks
in the weld microstructure. However, the amount of diffusible hydrogen
found inwetwelded samples using ferritic stick electrodes generally is in the
range of 30–100ml/100 g8,13–17. An alternative that has been shown to be
efficient in reducing the amount of diffusible hydrogen in the weld metal is
theuseof austenitic stainless steel or nickel-basedelectrodes,which allow for
a reduction of the diffusible hydrogen content in the weld metal to values
ranging from 5 to 25ml/100 g14. This reduction can be attributed to the fact
that the solubility of diffusible hydrogen is significantlyhigher inmetalswith
face-centered than in body-centered crystalline structures18. Additionally,
the diffusion coefficient of hydrogen in austenitic metal is lower compared
to ferritic metal. This leads to significantly reduced diffusion of hydrogen
from the weld bead to the heat-affected zone at room temperature, conse-
quently reducing the risk of hydrogen-induced cold cracking there.

However, in flowing seawater austenitic stainless steels and nickel-
based alloys have a corrosion potential (Ecorr (vs. Ag/AgCl electrode)) of at
least 200mV above the corrosion potential of structural steels. This may
cause the formation of a critical galvanic corrosion cell19,20. For galvanic
corrosion to occur, some factors are simultaneously required, such as
electrical contact between two metals with a corrosion potential above
200mV in thepresence of an electrolyte21,22.At the anode themetal dissolves
in the first step as Fe2+ 20,23–25. In the cathodic area, corrosion products are
usually formed in a cathodic reaction20.

Additionally, stainless steel may suffer pitting corrosion when
aged in marine environments. The presence of halides (e.g., Cl−) can
cause the breakdown of the protective chromium oxide layer of
stainless steel and nickel-chromium alloys as used in the present
study. This breakdown in the protective layer generates differences, in
corrosion potential, creating a corrosion cell within the austenitic
phase itself26,27. A method of evaluating pitting corrosion

susceptibility is through the pitting resistance equivalent number
(PREN), shown in Equation 1 and Eq. 220,28.

The ways to prevent corrosion in marine environments is through the
use of barrier coatings and/or cathodic protection systems22. Underwater
coatings are used for the protection of submerged surfaces against corrosion
and other forms of degradation caused by the environment. In such a weld
joint, the coating acts as a barrier, in order to avoid the contact of the weld
metal and base material with the electrolyte (seawater), thus avoiding the
formation of galvanic corrosion22,29. Cathodic protection is another well-
known technique for preventing corrosion on structures. The metal to be
protected acts as the cathode in the electrochemical reaction,whichprevents
the metal from being corroded30. There are two main types of cathodic
protection: sacrificial anode cathodic protection and impressed current
cathodic protection (ICCP). ICCP is a method that uses an external power
source to apply an electric current to a metal structure to prevent
corrosion30,31. The ICCP systems consist of three main components: an
anode, a rectifier, and a reference electrode30,32.

The ICCPmethod as a control of the corrosion process was evaluated in
the present study. Specifically, the corrosion behavior of dissimilar joints
betweenweld seamsmade of austenitic stainless steel and nickel-based alloys
with the structural steels S355JR and S460NL was evaluated. For this eva-
luation, welded samples were submerged in the Baltic Sea for one and a half
year, and in parallel samples were tested in a salt spray chamber. Corrosion
testing in the Baltic Sea brings the conditions as close as possible to future
applications, and allows for including sea currents, temperature, micro-
organisms, etc. in the evaluation33–35. Part of the sampleswas coated toprevent
galvanic corrosion. Additionally, an ICCP system was evaluated in the lab
environment. The corrosion potential, localized corrosion, and pitting cor-
rosion were evaluated. The overall aim of the study was to analyze and
understand the corrosive behavior of welded joints between austenitic
stainless steelsornickel alloys and structural steels, and toevaluatemethodsof
protection against galvanic corrosion.

Results and discussion
Electrochemical analysis
The corrosion potential (Ecorr) was measured on all the samples. As
the base materials S355JR and S460NL are low alloyed structural
steels, the Ecorr was around −500 mV in both cases (Ecorr
−510 ± 10 mV for S355JR and Ecorr −525 ± 10 mV for S460NL). The
polarization curves are shown in Fig. 1a.

In the welding process, the HAZ is often the most sensitive part of a
welded joint36,37. The heat input promotes grain growth, generating the
appearance of coarse grains, as well as, in ferritic/pearlitic structural steels
the formation of martensitic and bainitic phases. Thus, the HAZ typically
has the highest hardness, lowest ductility, and lowest corrosion
resistance24,38–40. As shown in Fig. 1a, it can be seen that for both basemetals,
the HAZ featured the lowest corrosion potentials (Ecorr −565 ± 20mV for
S355JR and Ecorr −555 ± 15mV on S460NL).

Subsequently, polarization curves of the weld metal were recorded, for
the different welding electrodes used (Fig. 1b, c). On both base metals, the

Fig. 1 | Polarization curves. a base materials and heat-affected zones, b austenitic and nickel-based weld bead on S355JR, c on S460NL.

Fig. 2 | Localized corrosion. Schematic representation of the corrosion processes
localized at the HAZ when using austenitic consumables.
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weldmetal of the Ni-base electrode (N) showed the lowest Ecorr values (Ecorr
−215 ± 5mV on S355JR and Ecorr −265 ± 15mV on S460NL).

Using the Schaeffler diagram, the structure of the N-weldmetal (after
dilution with the base metal) for both base metals should correspond to a
highly stabilized austenitic steel14. The electrodes A1 (Ecorr−290 ± 15mV
on S355JR and Ecorr −330 ± 15mV on S460NL), and A2 (Ecorr
−325 ± 5mV on S355JR and Ecorr −385 ± 10mV on S460NL) presented
similar Ecorr due to the similar chemical composition between the elec-
trodes (both form austenitic steel weld metal on the used base metals14).
The electrode F (Ecorr −550mV± 20 on S355JR and Ecorr −525 ± 20mV
on S460NL) showed similar Ecorr to the base metal due to its ferritic
microstructure (Fig. 1b, c). Galvanic corrosion occurs when the corrosion
potential difference (Ecorr (vs Ag/AgCl electrode)) between metals is

>200mV, provided that there is an electrolyte and electrical contact
between the parts21,41. Based on the polarization curves all the factors for
galvanic corrosion to occur are present if seawater is added as an electro-
lyte. The highest Ecorr is reached by the stick electrode N welded on S355
(Ecorr−215mV). In this case, theHAZ acts as the anode, and the austenitic
areas act as the cathode.

Comparing the corrosion potentials of the base material, it can be
seen that theN, A1, andA2 electrodes had a reduction in Ecorr by≈−50
mV when welded on S460NL as compared to ones on S355JR (Fig.
1b, c). This reduction is due to the change in composition of the weld
bead, due to the different compositions of the base metals. However,
even with this reduction, the corrosion potential is still large enough
for galvanic corrosion to occur.

Fig. 3 | Localized corrosion. a cross section of A1
electrode b–d: top view of contact zone between
weld bead and base material: Weld beads b F elec-
trode cA2 electrode dN electrode showing localized
corrosion on a, c, d. (BM base material / WB
weld bead).

Fig. 4 | Localized corrosion. After 60 days in the
Baltic Sea (A2 (S460NL)) (BM base material / WB
weld bead).
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In all cases, the different Ecorr values of the weld metal and the HAZ
provide the driving force for an accelerated corrosion attack, thus leading to
localized corrosion at the anode (HAZ).

Localized corrosion
After testing in the salt spray chamber, localized corrosionwas found on
samples welded with the electrodes N, A1, and A2. No localized cor-
rosion was observed on the samples where the F electrode was used, due
to the corrosion potential being similar to the base metal. The localized
corrosion can be explained by the creation of a localized galvanic cell,
due to the difference in corrosion potential as shown in Fig. 2. Localized
corrosion is a form of corrosion that leads to the formation of small,
deep pits that weakens the metal and potentially cause failure. For
detailed evaluation, the samples subjected to 720 hours of testing in the
salt spray chamber were analyzed in the scanning electron microscope
(SEM). Figure 3 shows the corrosion attack at the contact point between
the HAZ and the weld metal.

The localized corrosion depth was evaluated for samples depos-
ited in the salt spray chamber for 720 hours as well as for samples aged
for 60 days, 180 days, 360 days, and 547 days in the Baltic Sea. To
measure the localized corrosion depth, cross-sections were cut from
the specimens and then analyzed in the SEM. For the measurements,
the side of the weld bead was taken as the starting point. The area
marked by the red line represents the point on the base metal before
the corrosion process (Fig. 4).

One of the samples using A1 electrode, aged at the Baltic Sea for
60 days, starting November 2021, is shown in Fig. 4. Note that on one
side of the HAZ, the depth of localized corrosion was ≈40 µm, and on
the other side ≈70 µm. This same behavior was observed in the other
samples when the electrodes N, A1, and A2 were used.

Figure 5 compares the samples after 1 year of aging in theBaltic Sea.On
the left side (a), it is shown that there was no localized corrosionwhen using
the F electrode due to the similar potential difference to the base material.

Fig. 5 | Samples after 1 year aging. a—F electrode b—N electrode c EDS analysis of the corrosion product d—EDS Analysis of the slag (BM base material / WB
weld bead).

Fig. 6 | Depth of localized corrosion. Samples welded with austenitic stainless steel
and nickel-based electrodes after aging in the Baltic Sea. Fig. 7 | Depth of localized corrosion. Samples welded with austenitic stainless steel

and nickel-based electrodes after aging in the Baltic Sea.
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On the right side (b), it is shown that there was localized corrosion when
using the N electrode, where the depth of localized corrosion penetration
was ≈110 µm. A weld defect (undercut) can also be seen in the weld bead.

The EDS analysis in Fig. 5c, revealed that the startingmaterial acted as
the anode in the galvanic reaction and was finally transformed into iron
oxide,while theweldbead actedas the cathode (Fig. 2).The spectra inFig. 5d
shows the presence of a significant amount of elements such as Ti, which
cannot be explained based on the composition of the base metals. In this
context, it is important to note that rutile-basic type coated electrodes were
used, and some of the slags remained in the material after the welding
process, which is then detected in the EDS spectra.

The localized corrosion depth of the samples with each of the A1, A2,
andNelectrodes, onbothbasematerials is shown inFigs. 6 and7. In general,
an increase in corrosion depth with an increasing duration of aging can be
observed.

Pitting corrosion
The so-called pitting corrosion equivalent number (PREN) empirically
predicts whether the specimen will suffer pitting corrosion based on its
chemical composition. To determine the chemical composition, the cross-
sections of the sampleswere examined using EDS. Based on the determined
chemical composition, the PREN value was calculated, where Equation 1
and Eq. 2 are used for stainless steel and nickel-based alloys, respectively20,28.
Using the determined chemical compositions, the formula for the pitting
corrosion number was applied, and the PREN was determined. According
to literature, steelswith aPRENabove40donot suffer pitting corrosion, as is
the case with super duplex steels26–28.

PRENStainless Steel ¼ %Cr þ 3:3x%Moþ 16x%N ð1Þ

PRENNi ¼ %Cr þ 1:5 %Moþ%W þ%Nbð Þ ð2Þ

The composition analysis was performed point by point along a 5mm
long line running fromthebasemetal to the topof theweldbead.Thegraphs
in Figs. 8–10 demonstrate the steep gradient in chemical composition
obtained with the A1, A2, and N electrodes welded on the S355JR and
S460NL steels.

Using the average chemical composition obtained from the weld bead
(Figs. 8–10), the PREN was calculated, cf. Table 1.

Both theDIN 11463 and theASTMG46 standards describe the pitting
evaluation process and specify the same approach to evaluate pitting den-
sity, size, anddepth42,43. In the samples, small pitswere foundwith awidth of
~250 µm, with an elliptical shape according to the shape classification.

The number of pittings in the samples removed after 180 and 360 days
from the Baltic Sea was counted on the whole surface of the weld beads, and
the surface area of the pittings was measured. The density was converted
into pittings/square meter and compared with the table provided in the
standard. The pitting density was graded as A1 (2.5 × 103 m−2), the size less
thanB1 (0.5mm2), and thedepth asC1 (0.4 mm), according to the standard.

The low number of pittings (A1—2.5 × 103 m−2), can be explained by
the high PREN, which also indicates that the PREN can be used to predict
the behavior of underwater welds. Moreover, it is known that the Baltic Sea
has a low salt concentration of≈5 g per kg ofwater, whereas other seas reach
values up to 35 g per kg of water44. This appears to be another factor that
influenced the amount of pittings. Overall, the localized corrosion in the
HAZ was more severe than the pitting corrosion.

Coating
The coating was applied and cured underwater, simulating the process a
professional diver would perform in the open sea. The coated specimens
welded with A1, A2, N, and F electrodes were evaluated after 60 days,
180 days, 360 days, and 547 days of aging in the Baltic Sea. Overall, no
localized corrosion was found in any of the specimens, as shown in Fig. 11.
This shows that the use of coating can be an alternative to using austenitic

and nickel-based stainless-steel electrodes in wet underwater welding pro-
vided that the coating will not get damaged during operation.

Impressed current cathodic protection
The constructed ICCP system was also effective against corrosion on the
samples, as no degradation was observed after 120 days. The average tem-
perature during 120 days of exposure was 25.4 °C. In tests without cathodic
protection, an orange coloration from the iron oxide was observed after a
few hours, whereas this was not observed in the tests with the ICCP system
active. Twodays after starting the tests, the potential stabilized at−1099mV
with a current of 0.01 A, and remainedconstant until the endof the 120days
test period. The pH of the artificial seawater solution before the tests was 8.1
andafter 120days itwas 8.3,where the slight increase inpHcanbe explained
by the reaction at the cathode generating ions (OH−), which is typical when
using ICCP system45,46. The specimens were subjected to metallographic
analysis as shown in Fig. 12 and no evidence of localized corrosion found
any case. It can be concluded that the ICCP system is effective in preventing
corrosion when austenitic electrodes are used. Therefore, the use of auste-
nitic stainless steel and nickel-based electrodes for underwater welding can
be an option for cathodically protected structures such as ships, monopiles,
and offshore structures.

A layer was detected on the samples, which based on composition
corresponds to calcium carbonate. This typically precipitates in artificial
seawater when using an ICCP system47,48. The cathodic reduction of oxygen
produces local alkaline surface conditions, which precipitates CaCO3 and
Mg(OH)2

35:

Ca2þ þ HCO�
3 þ OH� ! H2Oþ CaCO3 ð3Þ

Mg2þ þ 2OH� ! MgðOHÞ2 ð4Þ

In this study, the corrosion behavior at the joint between structural
steel, austenitic stainless steel, and nickel alloy weld seams formed by
underwater welding was investigated. The main results can be summarized
as follows:
• Localized corrosion occurred in the HAZ resulting from the welding

process. Thedepthof localized corrosion increasedwith exposure time.
Themaximumcorrosion depthwas≈250 µmafter one and a half years
of exposure in theBaltic Sea and≈385 µmafter 720 hours in a salt spray
chamber.

• The differences in severity of corrosion attack was found to be only
minor between the different substrate/weld electrode combinations.
Moreover, the localized corrosion in the HAZ could be prevented
through the use of an epoxy coating, which can be applied by divers
underwater. Thus, electrode materials can be selected with a focus on
other issues such as reducing the amount of diffusible hydrogen in
the weld.

• The use of an ICCP system was also efficient in preventing material
degradation by corrosion.

• The austenitic stainless steel and nickel-based electrodes had corrosion
potentials between −215mV and −385mV, while the base material
and HAZ had corrosion potentials ranging from −510mV to
−570mV. Thus, in the galvanic reaction, the austenitic stainless steel
and nickel-based electrodes acted as the cathode and the basematerials
as the anode.

• There was a low amount of pitting (2.5 × 103m−2) on the samples
exposed for one and a half years in the Baltic Sea.

Methods
Welding station, base material, and electrodes
The samples were welded using the SMAW process, and fillet welds were
made, in order to simulate possible field applications. The experiments were
carried out in a welding tank with dimensions 2m × 3m× 1m. The
movement of the x and y axis was done fully automated at constant speed13.
The movement of the z axis was done by controlling the arc voltage. With
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Fig. 9 | EDS line scan. Data across the weld bead/HAZ interface generated with the A2 electrode a on S355JR, b on S460NL.

Fig. 10 | EDS line scan. Data across the weld bead/HAZ interface generated with the N electrode a on S355JR, b on S460NL.

Fig. 8 | EDS line scan. Data across the weld bead/HAZ interface generated with the A1 electrode a on S355JR, b on S460NL.
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arc voltage control (AVC), the arc remains at a constant length during the
entire welding process. The electrode was positioned vertically at 90° to the
workpiece (welding position PA). A welding power source developed for
underwater welding (AMT Maschinen- und Gerätetechnik GmbH) and
coated electrodes were used. The electrodes were connected to the negative
pole of the welding power source (DCEN). The welding speed was kept
constant at 0.2 m/min, and the current, voltage, and heat input (E) values
used are shown in Table 2.

The samples were T-joints of 100mm length. The surface ratio
between the basemetal and thefilletwas 40:1. Four different electrodeswere
used, and their designations are given. All electrodes used, except for theCr-
Ni—voestalpine Böhler (A1) are commercially available. Among the elec-
trodes used, only the FINOX 4519 AC (A2) electrode is not specifically
developed for underwater welding andwas, therefore, coatedmanuallywith
a varnish. Two different base metals in the form of 10mm thick plates were
used, with compositions given in Table 3. The carbon equivalent (Ceq(IIW))
was calculated using the equation adopted by the International Institute for
Welding.

Visual inspections of all joints revealed no major defects. Energy-
dispersive X-ray spectroscopy (EDS) technique was then used to perform
EDS line scan analysis over a length of 6millimeters of the weld bead, HAZ,
and base metal. Samples varied between the four electrodes used (Table 4)
and the two different steel grades (Table 3). Half of each group of samples
were coated after welding. Samples were processed according to DoE (Full
Factorial Design), as shown in Fig. 13.

Corrosion tests (Baltic Sea)
The sampleswere divided into four packagesof 16 samples each, resulting in
a total of 64 samples. The net bags were placed in the Baltic Sea at Kiel -
Germany (54°21'27.3“N10°08'34.2“E) (Fig. 14), and were hung by a rope at
a water depth of 4 meters.

The samples were placed in the Baltic Sea on November 10, 2021. The
first bag was removed from the water after 60 days submersed (Fig. 15), the
second after 180 days, the third after 360 days and the fourth after 547 days
(Fig. 16).

According to meteorological data49, the temperature variations in the
Baltic Sea are shown in Table 5.

Table 1 | Pitting resistance equivalent number of the weld
beads generated with the austenitic stainless steel and the
nickel-based electrodes

PREN

FINOX 4519 AC—Kjellberg 28

Cr-Ni - voestalpine böhler S355JR 25

AquaSan—ESAB/Surweld U.S. 27

FINOX 4519 AC—Kjellberg 30

Cr-Ni - voestalpine böhler S460NL 26

AquaSan—ESAB/Surweld U.S. 26

Fig. 11 | Coated samples. Coated austenitic stainless steel weld bead (on S355JR)
after 360 days of aging in the Baltic Sea. (BM base material / WB weld bead).

Fig. 12 | ICCP tests. a Sample after the Impressed Current Cathodic Protection test, b deposited layer with composition corresponding to CaCO3 (A2 Electrode (On S355JR)).
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After the corrosion tests, the sampleswere preparedmetallographically
following the guidelines of ISO/TR 20580:2022 37, and were etched with a
5% HNO3 Nital solution.

Corrosion tests (salt spray chamber)
Another group of samples, prepared identically to those submerged in
the Baltic Sea, were tested in a salt spray chamber. DIN EN ISO 9227
describes the procedure used for these tests50. Specifically, the samples
were stored in the chamber in which a 5% NaCl solution with a con-
trolled pH value was continuously nebulized at a temperature of
35 ± 2 °C. The solution flowed at 500 ml/h and the samples were stored
for 720 h (30 days).

Electrochemical tests
Polarization curves were recorded using a Gamry Reference 600
potentiostat. The measurements were made according to ISO 1747538.
An electrochemical pen (EC-Pen - IPS Elektroniklabor GmbH & Co.
KG) was used, composed of a platinum counter electrode and a
reference electrode (Ag/AgCl electrode)(1 MKCl). The basemetal was
connected to the working electrode terminal. The tip of the EC-Pen
probed an area of 1 mm2. The cross-section of the specimens was
prepared metallographically. Polarization curves were obtained for
the weld beads after dilution with base metal (only one weld bead), the
HAZ, and the base metal. The electrode tip was placed in the area of
interest, and three polarization curves were measured for each con-
dition. The corrosion potential (Ecorr) was obtained by Tafel extra-
polation. The Ecorr values reported represent the average between the
three values obtained. The scan rate was 0.4 mV/s, and the scan cov-
ered a range of 0.2 V around Ecorr.

Table 2 | Welding parameters and heat input; designations are
based on the resulting weld metal structure (Nickel, Fe-aus-
tenite, Ferrite)

Electrode Welding
current,
A

Arc
voltage,
V

Heat Input,
J/mm

Designation

AquaSan Ni 50—ESAB/Sur-
weld U.S.

100 31 931 N

Cr-Ni—voestalpine Böhler 120 33 1189 A1

FINOX 4519 AC (coated)—
Kjellberg

110 32 1057 A2

AQUAWELD—Kjellberg 140 30 1261 F

Table 3 | Chemical composition of the base metals in wt.%

Base Metal C Mn P S Si Al Cu Ceq(IIW)

S355JR ≤0.24 ≤1.6 ≤0.035 ≤0.035 ≤0.55 − ≤0.55 0.37

S460NL ≤0.20 1–1.70 ≤0.025 ≤0.020 ≤0.60 ≥0.02 ≤0.55 0.45

Table 4 | Chemical composition and microstructure in wt.%

Electrode C Si Mn Mo Ni Cr Fe Microstructure

N 0.04 0.3 2.4 6.6 63.8 13 Balance Austenitic/nickel alloy

A1 0.06 0.5 0.6 3.0 25 16 Balance Austenitic/stainless steel

A2 0.03 0.9 1.5 4.5 25 20 Balance Austenitic/stainless steel

F 0.05 0.25 0.5 0.5 - - Balance Ferritic/non-alloyed steel

Fig. 13 | DoE. Schematic representation of the
analyzed samples.

Fig. 14 | Corrosion tests. a nets with samples, b net
containing a group of samples at 4 meters depth in
the Baltic Sea.
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Corrosion protection (coating)
The coating was intended to isolate the contact between the weld bead
and the electrolyte (seawater), and thus prevent against galvanic

corrosion. A 2-component epoxy-based coating for underwater
application was used29. The coating was applied to the welded samples
using a brush. The curing process of the coating was carried out
underwater for 48 hours and the thickness of the coating was mea-
sured with the help of a thickness gauge at multiple points of the
sample. In order to achieve a coating thickness between 0.3 and 1 mm
as recommended by the manufacturer, an additional layer had to be
applied to some samples and left subsequently for an additional
48 hours of curing.

Corrosion protection (ICCP)
The ICCP system was set up to mimic an ICCP system as employed
offshore structures. The ICCP system consisted of an anode, a rectifier,

Fig. 15 | Corrosion tests. Samples before a and after b 60 days submerged in the Baltic Sea.

Fig. 16 | Corrosion tests. Samples before a and after b 547 days submerged in the Baltic Sea.

Table 5 | Season of the year, average temperature, and pH49

Season Average temperature (°C) pH

Winter 3.2 8 to 8.5

Spring 8.4 8 to 8.5

Summer 16.6 8 to 8.5

Autumn 12.5 8 to 8.5
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and a reference electrode. A graphite electrode was used as the anode,
while the samples were connected to the negative terminal acting as a
cathode. The NACE-SP-0169 standard was followed for evaluation32.
Figure 17 schematically shows the configuration of the ICCP system
setup. A total of 16 samples were subjected to the test, as shown in. A
50-liter solution of DIN artificial seawater, prepared according to test
standards51,52 was used as the electrolyte. The solution was topped up
to the initial level (50 liters) once every 30 days, and stirred once a day
on weekdays.

Data availability
Data are available upon request to the corresponding author.
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