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Abstract: The paper presents the effects of waterproof coatings use to cover electrodes on the
weldability of high-strength, low-alloy (HSLA) steel in water. With the aim of improving the
weldability of S460N HSLA steel in water, modifications of welding filler material were chosen. The
surfaces of electrodes were covered by different hydrophobic substances. The aim of the controlled
thermal severity (CTS) test was to check the influence of these substances on the HSLA steel
weldability in the wet welding conditions. The visual test, metallographic tests, and hardness
Vickers HV10 measurements were performed during investigations. The results proved that
hydrophobic coatings can reduce the hardness of welded joints in the heat-affected zone by 40-50
HV10. Additionally, the number of cold cracks can be significantly reduced by application of
waterproof coatings on the filler material. The obtained results showed that electrode hydrophobic
coatings can be used to improve the weldability of HSLA steel in underwater conditions.

Keywords: high-strength low-alloy steel; underwater welding; wet welding; weldability;
hydrophobic coating

1. Introduction

Each year the usage of high-strength, low-alloy (HSLA) steels increases. These
materials are characterized by their mechanical properties, which allow the weight of
structures to be reduced [1]. They are used as the elements of many welded structures,
e.g., bridges, wind farms, and building skeletons [2,3]. Additionally, HSLA steels are the
most often used materials for marine and offshore structures, which are in direct contact
with water, e.g., ships, wharfs, pipelines, and tanks [4]. These structures may undergo
damage that has to be repaired in underwater conditions [5,6].

There are three different methods of underwater welding. The first is dry welding,
in which the welder and the process area are isolated from the surrounding water by
special chambers [7,8]. The second method is local cavity welding, whereby the welding
area and welding arc are located in a small chamber without water, however the welder—
diver is located in the aqueous environment [9]. The last method is wet welding [10],
whereby the welder and the joining area are in direct contact with the water [11]. Due to
the low cost of this process and it requiring the cheapest equipment, wet welding is the
most widely used underwater welding processes. The most often used welding processes
in wet welding are flux-cored arc welding (FCAW) [12] and manual metal arc (MMA)
welding [13]. Despite its wide range of applications, there are many problems during wet
welding. From a technological point of view, the most important is the instability of the
welding arc. This lowers the quality of the welded joints. Wang et al. [14] stated that
stability of the welding arc depends on the welding parameters. They found that lower
welding current values increased the stability of the welding arc in wet welding
conditions. However, the quality of welded joints was greater with higher current values.
Moreover, it was stated that the welding arc stability was much lower than during
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welding in air. The instability of the welding arc in underwater conditions resulted from
gas bubbles being created in the water, which was proven by Xu et al. [15]. Such bubbles
are filled with hydrogen, which can also penetrate into welded joints. The diffusible
hydrogen content in the deposited metal lowers the quality of underwater wet-welded
joints [16]. Tomkow et al. [17] stated that the diffusible hydrogen content is 50% higher in
underwater conditions than during air welding. The hydrogen content does not change
significantly when varying the water depth, which was proven by Klett et al. [18]. The
next problem that occurs in wet welding conditions is the formation of brittle structures
in the heat-affected zone (HAZ) [19]. Wang et al. [20] proved that the brittle microstructure
in the HAZ of their specimen resulted from the high cooling rate during underwater
welding. In the same investigation, the authors stated that such brittle structures result in
deteriorated corrosion resistance in the welded joints. Increasing the depth of welding
decreases the corrosion rate, as shown by Surojo et al. [21].

Existing problems affect the high susceptibility to cold cracking of HSLA steels in
water [5,9,10], in turn decreasing the quality of underwater-welded joints. Due to this, the
investigations of underwater welding are focused on the possibility of improving the
weldability of different grades of steels. One of such method, which is widely used in
open-air conditions, is heat treatment [22]. However, aqueous environments do not allow
traditional processes to be performed. One method that allows similar results to be
obtained is temper bead welding (TBW), which showed positive effects in open-air
conditions [23,24]. This method involves depositing one or more welding beads
(tempering) on a previously laid bead (tempered), reducing the hardness in the HAZ,
which results from microstructural changes caused by the influence of heat from
tempering beads. The TBW method was used during wet welding of S460N HSLA steel
by Tomkéw et al. [25]. Investigations were performed with different pitch values
(percentage of overlap between two beads). The TBW method applied with the
recommended pitch reduced the hardness in the HAZ by 40-50 HV10 in S460N steel.
Additionally, the grain size was decreased and the brittle structures were tempered in the
HAZ. However, there was a big problem with controlling the required value of the pitch
due to the limited visibility and operability during MMA wet welding. Another
investigated method that improved the weldability in underwater conditions was
ultrasonic-assisted welding. This method is based on creating ultrasonic vibrations in the
filler material. Wang et al. [26] proved that this method can improve the stability of the
welding arc, improving the quality of FCAW joints. Ultrasonic-assisted welding can
improve the mechanical properties of FCAW joints, as found by Chen et al. [27]. However,
the high ultrasonic power involved generates cavitation bubbles. The cavitation bubbles
produced by ultrasonic-assisted welding are then left in the weld metal and become
welding pores. Another disadvantage of the proposed method is the need to use special
equipment, which limits the possibility of applying this method in non-laboratory
welding conditions. The literature analysis showed that improved methods are still
required in order to improved the weldability of HSLA steel.

In welding engineering, protective coatings are often used to improve the properties
of welded metals. Coatings are deposited on the surfaces using different welding
techniques, such as pad welding, thermal spraying, or plasma deposition [28,29]. Most of
the layers improve the mechanical properties of the surfaces [30]. However, the
implementation of hydrophobic substances is also a well-known process. Gnedenkov et
al. [31] used plasma electrolytic oxidation to improve the welded joint corrosion
resistance. The possibility of improving the corrosion resistance by using hydrophobic
coatings deposited on metals was also proven by Zhang et al. [32]. The properties of
welded joints result from the properties of the filler materials [33-36]. Following this
reasoning, hydrophobic substances are used for modification of welding wires and
electrodes. Amaral et al. [37] used polytetrafluoroethylene as a flux ingredient in
underwater flux-cored arc pad welding. The experiment showed that the hydrophobic
substance, as a part of the flux, decreases the diffusible hydrogen content in the deposited
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metal. Menezes et al. [38] used polymer-agglomerated electrodes for MMA pad welding
in wet welding conditions. The performed experiments showed decreased hydrogen
content in the deposited metal and improved quality of the pad welds. The influence of
waterproof coatings on the quality of pad welds was investigated by Tomkow et al. [39].
It was proven that a waterproof coating affects the quality of layers welded in wet welding
conditions. It was stated that the use of paraffin wax decreased the hardness and number
of cold cracks in a tap water environment.

The aim of this paper was to study the influence of electrode hydrophobic coatings
on the weldability of HSLA steel in water. To the author’s best knowledge, the usage of
waterproof coatings during wet welding of joints with fillet welds had not previously
been investigated. Different commonly used substances were chosen as hydrophobic
coatings. These substances were applied on commercial covered electrodes.

2. Materials and Methods
2.1. Materials

As a base metal (BM), S460N HSLA steel (12 mm thick) was chosen. This material is
characterized by cold cracking in aqueous environments, which was proven in previous
investigations [40]. For welding, two grades of covered electrodes (ISO 2560-A: E 38 0
R11); (4.0 mm in diameter) and general-purpose mild steel electrodes (4.0 mm diameter;
nearest equivalent E42 2 1INi RR 51, named “underwater electrodes”) were chosen for
underwater welding. Both are made of rutile, which is widely used for wet welding,
allowing welds characterized by high ductility [41]. It helps to decrease the susceptibility
of the metal to cold cracking. The first electrodes were modified by depositing different
hydrophobic substances. The chemical compositions of materials are presented in Table
1. Their mechanical properties are shown in Table 2.

Table 1. The chemical compositions of the used materials (wt.%).

Material C Mn Si Ni Cr P Cu Cenw3
S460N 1 016 151 053 005 007 0.020 0.13 0.464
E38 OR11 0.07 055 044 - 0.04 0.010 0.05 -

electrode 2
E42 2 INi RR 51

electrode 2 005 050 045 030 - 0025 - .

! In accordance with emission spectrometry with spark excitation analysis. 2 Following
manufacturers’ data. 3 Carbon equivalent as per International Institute of Welding.

Table 2. The mechanical properties of the used materials following the manufacturers’ data.

Yield Point, Tensile Strength, Elongation,

Material Re (MPa) Rm (MPa) A5 (%)
S460N 511 626 27.3
E38 0 R.ll 503 538 26.0
deposit
E422 INi RR 51 ] 540 26.0
deposit

2.2. Procedure and Methodology

Investigations were performed in tap water (0.5 m depth) at 20 °C, using the MMA
method. Before welding, E38 0 R11 electrodes were modified by surface application on
the commonly used hydrophobic substances. In previous investigations carried out on
pad welds, different waterproof coatings were tested [39]. Following these investigations,
for this research the concrete impregnate, liquid foil, and paraffin wax were chosen. These
substances offered the best results in improving the quality of pad welds in wet welding
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conditions [39]. The surfaces of covered electrodes were coated with hydrophobic
substances using the brush painting process. A description of the used hydrophobic
substances is presented in Table 3.

Table 3. Description of the used hydrophobic substances.

Type of Hydrophobic Substance Composition
Impregnate for concrete Silane-siloxane resins based.
Liquid foil 1,2-benzisothiazol-3(2H)-on, 3:1 isothiazoline mixture.

Paraffin wax

Mixture of hydrocarbon molecules containing
between twenty and forty carbon atoms.

For this research, the control thermal severity (CTS) test was selected, which resulted
from the fact that fillet welds are the most commonly used in underwater-welded
structures. Additionally, the CTS test assesses susceptibility to cold cracking in all regions
of welded joints. A scheme of the CTS specimens is presented in Figure 1a. The specimen
was housed in a special jig. The test welds were deposited symmetrically in the flat
position (PA) in a single pass and in a single direction, across the full width of the block
(Figure 1b).
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Figure 1. Control thermal severity (CTS) specimen: (a) scheme of CTS test; 1 ~hole 13 mm
diameter, 2—top plate, 3—root notch gap, 4—bottom plate, 5—root notch depth, 6 —rolling
direction, 7—test welds, 8 —anchor welds; (b) the location of the specimen during welding; 1—jig,
2—covered electrode.

The welding process was carried out following the methodology required by the EN-
ISO 17642-2:2005 standard [42]. The second test weld was performed 48 h after the first
test weld. In total, five CTS specimens were welded —one with the usage of E38 0 R11, one
with an underwater electrode, and three with modified covered electrodes (48 h after
application of hydrophobic substances). All specimens were welded manually with
negative polarity (DC-). The welding speed (Vsp), welding current (I), arc voltage (U), and
heat input (q) were chosen in accordance with the range required by filler material
manufacturers. The welding parameters led to changes in the properties of the welded
joints [43]. The control of welding parameters is common in air welding conditions [44].
However, in water conditions, changes in heat input occurred, resulting from problems
generated by the environment. In the presented investigation, the welding parameters
were kept at similar levels in order to obtain the most comparable conditions. The welding
parameters are presented in Table 4.
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Table 4. The welding parameters.
Specimen No.  Electrode Condition ~ Weld 1(A) U(V)  '°P 1
P ' (mm/s)  (kJ/mm)
i 1 161 24.0 421 0.92
1 E38 0 R11 —non modified 5 161 210 364 0.93
1 160 27.7 4.23 1.05
2 Underwater electrode 5 160 285 384 119
3 Impregnate for concrete ! 160 26.0 4.55 0.92
preg 2 160 285  3.71 121
.. . 1 159 275 3.59 1.23
4 Liquid foil 2 159 275  3.99 1.10
. 1 161 20.7 3.67 0.91
> Paraffin wax 2 160 220 333 1.06

Following the appropriate standard [42], each test weld was examined using a non-
destructive test (NDT), namely the visual test (VT), following the EN ISO 17637:2017
standard [45]. The first tests were started 48 h after the second test weld [46]. In the next
step, the destructive tests (DTs) were performed. From each test weld, two samples were
cut—samples numbered as 1 and 2 from weld no. 1, and samples numbered as 3 and 4
from weld no. 2. Specimens were ground, polished, and etched (Nital 4%). Then, the
metallographic macroscopic tests were undertaken following the EN ISO 17639:2013
standard [47] using a Canon EOS 1200D camera (Canon, Tokyo, Japan). This test was
started 48 h after NDTs. In the next step, the Vickers HV10 hardness was measured based
on the requirements listed in the EN ISO 9015-1:2011 standard [48]. The Sinowon V-10
instrument (Sinowon, Dongguan, China) was used for measurements. At the end of the
process, the microscopic test following the requirements listed in the relevant standard
[47] was undertaken using an Olympus BX51 light microscope (Olympus, Tokyo, Japan).
All tests were performed at 20 °C.

3. Results and Discussion
3.1. Process Observations

The first differences between electrodes surfaced when different hydrophobic
substances were observed during welding. The joining with non-modified E38 0 R11
electrodes (specimen 1) resulted in stability of the welding arc. There were no problems
with slag removal. Similar results were observed during welding of specimen 2, which
was joined by an underwater electrode. Using the concrete impregnate (specimen 3) led
to problems with the welding arc initiation. However, during the process, the arc was
stable. No problems were observed during slag removal. The biggest problems occurred
during welding of specimen 4 using electrodes coated with liquid foil. There were
problems with arcinitiation, which burned in an unstable manner during the process. The
highest number of gas bubbles was observed during welding of this specimen. This
proved the connection between a high number of gas bubbles and instability of the
welding arc, which had been previously stated in the literature [15]. Additionally, the
water became very contaminated, which affected the visibility of the welder. Welding
using electrodes coated with paraffin wax led to instability of the welding arc. However,
there were no problems during arc initiation. Moreover, the slag was removed easily.
Similar phenomena were observed in previous investigations, which were performed for
pad welds [39].

3.2. Visual Testing

Exemplary photos of the VT are presented in Figure 2. The lines mark places
identified for sample cutting in further investigations. The VT focused on the selection of
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cutting locations for further investigations, due to the fact that underwater wet welding
in most cases is treated as a repair method. Our observations showed differences between
specimens performed using electrodes with different surface coatings. Both test welds in
specimens 1 and 2 are characterized by their proper geometry. However, pores were
observed in one weld in each specimen (Figure 2a,b). Welding of specimen 3 generated
excessive spatter (Figure 2c), which was not observed for other specimens. The worst
results were observed for the specimen welded using electrodes coated with liquid foil.
The width of the weld was two-fold smaller than in other specimens. Additionally, a lack
of fusion and undercuts was observed (Figure 2d). The biggest difference between two
welds in the same specimen was observed for specimen 5. Weld 2 performed with higher
heat input and was characterized by its proper geometry. Moreover, no imperfections
were observed. The VT for weld 1 showed many imperfections, such as shape defects and
pores, which started in the middle of the weld (Figure 2e). Guo et al. [49] proved that the
heat input value is crucial to the quality of offshore welded steel joints. Additionally, in
the author’s previous investigations [25], it has been shown that higher heat input values
lead to improvement of the quality of S460N steel wet-welded joints.

(b)

Figure 2. The exemplary results of the visual test (VT): (a) weld 1—specimen 1 (non-modified electrode), pores, weld
length 60 mm; (b) weld 2—specimen 2 (underwater electrode), weld length 70 mm; (c) weld 1—specimen 3 (concrete
impregnate), spatter, weld length 60 mm; (d) weld 2—specimen 4 (liquid foil), lack of fusion, undercuts, shape defects,
weld length 70 mm; (e) weld 1—specimen 5 (paraffin wax), shape defects, pores, weld length 70 mm.
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3.3. Metallographic Macroscopic Testing

Exemplary macroscopic photos are presented in Figure 3. The macroscopic
observations also showed differences in specimens welded with different electrodes.
Specimen 1, welded using non-modified electrodes, is characterized by the existence of
porosity in the weld, which proved the results of VT (Figure 3a). Additionally, undercuts
were observed. However, no cracks occurred. These cracks were observed in weld 1
(Figure 3b), which was performed using underwater electrodes (specimen 2). These cracks
were located in the HAZ, parallel to the fusion line. This location is characteristic of cold
cracks occurring in wet welding conditions, as stated for the investigated S460N steel in
previous investigations [39]. Cracks were observed in joints welded (specimen 3) using
electrodes coated with concrete impregnate (Figure 3c). These cracks were longer and
wider than in specimen 2. Additionally, small undercuts occurred in two welds of this
specimen. The biggest imperfections were observed in specimen 4, performed with the
use of liquid-foil-coated electrodes. The quality of both welds was poor, with cracks and
deep undercuts observed in each cross-section (Figure 3d). The macroscopic observations
of specimen 5 showed no imperfections in three out of four observed cross-sections
(Figure 3e). The last cross-section was cut from locations characterized by many
imperfections (Figure 2e), so the macroscopic test confirmed the poor quality of the joint
in this location.

Macroscopic tests showed the presence of many imperfections in all welded joints,
which is typical for underwater conditions [5,7,9]. The most often observed were
undercuts and cracks. Garg et al. [50] stated that increasing the cooling rate results in an
increasing number of undercuts in electric welded joints. The high cooling rate in wet
welding conditions leads to the presence of undercuts in all specimens. The macroscopic
tests of CTS specimens showed differences in comparison to the pad weld observations
performed in previous investigations [39]. No cracks were observed for pad welds. The
presence of cold cracks in joints with filled welds resulted from the different thermal
conditions. These differences are connected to the different shapes of the specimens and
the presence of notches in CTS samples [42].
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Figure 3. Exemplary results of macroscopic testing: (a) weld 1 —specimen 1 (non-modified electrode), pores and undercuts;
(b) weld 1—specimen 2 (underwater electrode), cracks in the heat-affected zone (HAZ); (c) weld 2—specimen 3 (concrete
impregnate), cracks in the HAZ and undercuts; (d) weld 2—specimen 4 (liquid foil), cracks in the HAZ and deep
undercuts; (e) weld 2—specimen 5 (paraffin wax), no imperfections.
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3.4. Vickers HV10 Hardness Measurements
Hardness measurements were performed in one cross-section from the test weld at

19 points: 3 in the weld metal, 6 in the BM, and 10 in the HAZ (5 in each side of the joint).
A schematic of the distribution of the measurement points is presented in Figure 4.

919 !
18
97

Figure 4. The distribution of measurement points.

Following the EN ISO 15614-1:2017 standard [51], S460N steel is classified as a
material from group 1.3. In accordance with requirements listed in this document, the
maximum HAZ hardness for group 1.3 materials cannot exceed 380 HV10.

Hardness measurements showed that the HAZ hardness values in specimen 1 (non-
modified electrode) and specimen 2 (underwater electrode) were similar, with both being
in the range of 400-430 HV10. Previous investigations performed for pad welds [39]
showed that the average hardness for non-modified electrodes was 479 HV10 and for
underwater electrodes was 472 HV10. This resulted from the greater dilution in pad welds
than in welded joints with fillet welds, as stated in the literature by Sun et al. [52]. The
same differences between pad welds and CTS specimens were observed for other
specimens welded using different electrodes. Additionally, it was observed that usage of
concrete impregnate and liquid foil resulted in increased hardness. The hardness of
specimen 3 increased to 448 HV 10, while that of specimen 4 increased to 454 HV 10. The
measurements of specimen 5, which was welded with electrodes, confirmed the results of
previous experiments [39]. The hardness in the HAZ of the joint welded using an electrode
with paraffin was significantly lower. Moreover, some measurements were lower than
380 HV10, which is minimum value required for joints welded in air. It had been proven
previously [25] that higher-quality S460N steel joints are characterized by lower HAZ
hardness. The same effect was observed in the presented investigations. Previous
investigations [39] showed that high HAZ hardness could be observed in structures
characterized by the presence of a greater number of cold cracks. This suggests that the
different hydrophobic coatings investigated in this paper may result in differing
susceptibility of HSLA steels to cold cracks. The Vickers HV10 hardness measurement
results are listed in Table 5. Values higher than 380 HV10 are shown in bold. It was proven
that paraffin wax as a coating on covered electrodes provides significantly decreases the
hardness in the HAZ. The average hardness was higher than 380 HV10, however that
value is recommended for air welding, in which the cooling rate is much lower than in
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wet welding. A graphical comparison of average HAZ hardness values is presented in
Figure 5.

Table 5. The results of Vickers HV10 measurements.

Samol BM HAZ Weld HAZ BM

amp-le 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
11. 179 180 179 400 401 430 422 417 294 296 319 421 410 426 406 408 184 181 184
13. 176 180 178 405 405 410 411 420 252 259 256 413 418 411 405 406 183 181 186
21. 174 176 174 401 402 408 409 407 264 271 267 416 413 408 405 408 177 176 174
23. 180 182 180 403 404 427 430 413 238 246 258 409 409 409 403 401 180 184 184
31, 188 188 187 408 430 433 431 448 255 254 249 426 435 433 418 419 187 190 189
33. 188 187 188 413 420 443 431 436 245 233 238 421 424 421 419 408 187 185 187
41. 187 186 187 412 430 440 430 445 273 306 279 433 421 427 411 411 190 190 186
43. 185 187 190 433 433 446 451 441 265 265 272 454 424 444 426 436 185 189 187
51. 180 176 179 382 384 408 411 419 215 203 203 405 404 401 371 380 178 177 176
53. 175 175 177 372 369 383 407 399 237 248 235 379 365 396 369 362 179 175 173
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Figure 5. The average HV10 hardness values in the HAZ.

3.5. Metallographic Microscopic Testing

The microstructures are shown in Figure 6. The main aim of the microscopic test was
to evaluate the specimens for the occurrence of cold cracks. It had been proven in previous
investigations [39] that the use of electrodes coated with concrete impregnate and liquid
foil generated 85-95 mL/100g diffusible hydrogen in deposited metal. In comparison, the
non-modified electrode generated 75 and the underwater electrode 65 mL/100g diffusible
hydrogen. However, the use of paraffin wax decreased the hydrogenation below 50
mL/100g diffusible hydrogen. These results and the hardness measurements presented in
Section 3.3 suggest differences in specimens welded with different filler materials. From
each specimen, four cross-sections were observed in the HAZ and in the weld metal. Each
joint was characterized by typical microstructures for the underwater-welded HSLA
joints [5,9,25]. The weld metal presented a dendritic structure. The HAZ consists of brittle
structures such as martensite and bainite. There were no significant microstructural
differences in specimens 1-4. In specimen 5, the dimension of coarse-grained martensite
area in HAZ was the lowest. Microscopic observations of specimen 1, which was welded
with non-modified electrodes, showed long cracks in the HAZ running parallel to the
fusion line along 30-40% of its length. (Figure 6a). Additionally, short cracks were found
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in the weld metal. Lower numbers of cracks were observed in the HAZ of the specimen
welded using underwater electrodes (Figure 6b). These cracks ran through 15-20% of the
fusion line length. Both specimens were characterized by similar hardness in the HAZ.
The differences in the number of cracks resulted from different hydrogen amounts in the
deposited metal [38]. No cracks were found in the weld metal. Microscopic tests showed
that concrete impregnate as an electrode coating leads to increased numbers of cracks,
both in the HAZ and the weld metal (Figure 6c). HAZ cracks ran parallel and vertical to
the fusion line. They started in the weld root and propagated along 70-80% of the fusion
line length. The worst results were found during observations of test welds in specimen 4
(Figure 6d). Cracks in the HAZ were wide and long (90-100% of the fusion line length).
However, the number of cracks in the weld was smaller than in specimen 3. It can be
stated that liquid foil and concrete impregnate cannot be used as protective coatings
during wet welding of HSLA steels. Microscopic testing of the specimen welded using
electrodes coated with paraffin wax showed much different results than for other
hydrophobic substances. No cracks were found in the weld metal. In the HAZ, only one
short crack running parallel to the fusion line was found (Figure 6e). Microscopic
observations proved that cold cracks occurred in wet-welded joints. A number of cold
cracks resulted from the presence of brittle structures in the HAZ, characterized by high
hardness, with the highest amount of diffusible hydrogen in the deposited metal [39]. It
was also proven that HSLA steels are materials in which the high cooling rate leads to
creation of the brittle martensitic microstructure [53].
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(e)

Figure 6. Optical micrographs of: (a) specimen 1 (non-modified electrode); (b) specimen 2 (underwater electrode); (c)
scheme 3 (concrete impregnate); (d) specimen 4 (liquid foil); (e) specimen 5 (paraffin wax).

4. Conclusions

The effects of different hydrophobic substances used to cover electrodes on the
weldability of the HSLA S460N steel were assessed. It was proven that paraffin wax, as a
waterproof substance, could improve the weldability of offshore S460N steel welded in
water.

The obtained results allowed the following main conclusions to be drawn:

1. The investigated S460N steel was characterized by cold cracking susceptibility in the
water. Specimens welded using commercial general-use electrodes and electrodes for
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underwater applications were characterized by the presence of cold cracks in the
HAZ. The HAZ hardness exceeded 420 HV10;

2. The usage of paraffin wax as a protective coating on the surface of the filler material
improved the weldability of the investigated material. The HAZ hardness values
decreased by 3040 HV10, and at many measurement points such values were lower
than 380 HV10, which is the required level for S460N steel air-welded joints;

3. The concrete impregnate and liquid foil, which are widely used as protective
waterproof coatings, cannot be used to improve the weldability of steel. Both
substances provide a significant increase of the HAZ hardness of wet-welded
specimens (above 440 HV10). Additionally, both substances lead to increased
susceptibility of the investigated steel to cold cracking;

4. The paraffin wax leads to a decreased number of imperfections, such as pores and
undercuts, which are typical of underwater conditions;

5. The next step in investigations of the usage the waterproof coatings should be testing
the mechanical properties of underwater-welded joints with butt welds and fillet
welds.
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Acknowledgments: The author wants to thank Dariusz Fydrych and Grzegorz Rogalski for their
valuable discussions.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Kik, T.; Gorka, J.; Kotarska, A.; Poloczek, T. Numerical Verification of Tests on the Influence of the Imposed Thermal Cycles on
the Structure and Properties of the S700MC Heat-Affected Zone. Metals 2020, 10, 974, doi:10.3390/met10070974.

Skowrdnska, B.; Chmielewski, T.; Golanski, D.; Szulc, J. Weldability of S7T00MC steel welded with the hybrid plasma + MAG
method. Manuf. Rev. 2020, 7, 4, doi:10.1051/mfreview/2020001.

Sajek, A. Welding Thermal Cycles of Joints Made of S1100QL Steel by Saw and Hybrid Plasma-Mag Processes. Adv. Mater. Sci.
2020, 20, 75-86, d0i:10.2478/adms-2020-0023.

Zhang, X.; Guo, N.; Xu, C; Tan, Y.; Chen, H.; Zhang, D. Flux cored arc welding of 304L stainless steel within glycerol
environment. J. Mater. Process. Technol. 2020, 283, 116729, doi:10.1016/j.jmatprotec.2020.116729.

Fydrych, D.; Labanowski, J.; Rogalski, G.; Haras, J.; Tomkow, J.; Swierczyﬁska, A.; Jakdbcezak, P.; Kostro, L. Weldability of
S500MC Steel in Underwater Conditions. Adv. Mater. Sci. 2014, 14, 37-45, d0i:10.2478/adms-2014-0008.

Parshin, S.G.; Levchenko, A.M.; Maystro, A.S. Metallurgical Model of Diffusible Hydrogen and Non-Metallic Slag Inclusions in
Underwater Wet Welding of High-Strength Steel. Metals 2020, 10, 1498, d0i:10.3390/met10111498.

Parshin, S.; Levchenko, A.; Parshin, S. Underwater hyperbaric dry welding of high strength steel arctic oil and gas pipelines.
IOP Conf. Ser. Earth Environ. Sci. 2020, 539, 012159, d0i:10.1088/1755-1315/539/1/012159.

Sun, K;; Hu, Y.; Shi, Y.; Liao, B. Microstructure Evolution and Mechanical Properties of Underwater Dry Welded Metal of High
Strength Steel Q690E Under Different Water Depths. Pol. Marit. Res. 2020, 27, 112-119, doi:10.2478/pomr-2020-0071.

Tomkow, J.; Janeczek, A.; Rogalski, G.; Wolski, A. Underwater Local Cavity Welding of S460N Steel. Materials 2020, 13, 5535,
doi:10.3390/ma13235535.

Labanowski, J.; Fydrych, D.; Rogalski, G.; Samson, K. Underwater Welding of Duplex Stainless Steel. Solid State Phenom. 2011,
183, 101-106, doi:10.4028/www scientific.net/ssp.183.101.

Wang, J.; Liu, Y.; Feng, J.; Sun, Q. Microstructure evolution of E40 steel weldments in ultrasonic-wave-assisted underwater
FCAW. Weld. . 2021, 100, 106-120. doi: 10.29391/2021.100.009.

Zhao, B.; Chen, J.; Wu, C; Shi, L. Numerical simulation of bubble and arc dynamics during underwater wet flux-cored arc
welding. . Manuf. Process. 2020, 59, 167-185, doi:10.1016/j.jmapro.2020.09.054.

Klett, J.; Hassel, T. Influence of Stick Electrode Coating’s Moisture Content on the Diffusible Hydrogen in Underwater Wet
Shielded Metal Arc Welding. Adv. Mater. Sci. 2020, 20, 27-37, d0i:10.2478/adms-2020-0020.

Wang, J.; Sun, Q.; Ma, J; Jin, P,; Sun, T.; Feng, J. Correlation between wire feed speed and external mechanical constraint for
enhanced process stability in underwater wet flux-cored arc welding. Proc. Inst. Mech. Eng. Part B ]. Eng. Manuf. 2018, 233, 2061—
2073, doi:10.1177/0954405418811783.

Xu, C; Guo, N.; Zhang, X.; Chen, H.; Fu, Y.; Zhou, L. Internal characteristic of droplet and its influence on the underwater wet
welding process stability. |. Mater. Process. Technol. 2020, 280, 116593, d0i:10.1016/j.jmatprotec.2020.116593.


http://mostwiedzy.pl

A\ MOST

Materials 2021, 14, 1364 14 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Klett, J.; Wolf, T.; Maier, H.J.; Hassel, T. The Applicability of the Standard DIN EN ISO 3690 for the Analysis of Diffusible
Hydrogen Content in Underwater Wet Welding. Materials 2020, 13, 3750, doi:10.3390/ma13173750.

Tomkow, J.; Fydrych, D.; Rogalski, G.; Labanowski, J. Efecto del sistema de apantallamiento de la soldadura y el tiempo de
almacenaje de los electrodos en el contenido de hidréogeno difundido en el metal depositado. Rev. de Met. 2019, 55, 140,
d0i:10.3989/revmetalm.140.

Klett, J.; Hecht-Linowitzki, V.; Griinzel, O.; Schmidt, E.; Maier, H.J.; Hassel, T. Effect of the water depth on the hydrogen content
in SMAW wet welded joints. SN Appl. Sci. 2020, 2, 1-14, d0i:10.1007/s42452-020-3066-8.

Fu, Y.; Guo, N.; Wang, G.; Yu, M,; Cheng, Q.; Zhang, D. Underwater additive manufacturing of Ti-6Al-4V alloy by laser metal
deposition: ~Formability, gran growth and microstructure evolution. Mater. Des. 2021, 197, 109196,
doi:10.1016/j.matdes.2020.109196.

Wang, J.; Ma, J.; Liu, Y.; Zhang, T.; Wu, S.; Sun, Q. Influence of Heat Input on Microstructure and Corrosion Resistance of
Underwater Wet-Welded E40 Steel Joints. ]. Mater. Eng. Perform. 2020, 29, 6987-6996, doi:10.1007/s11665-020-05160-7.

Surojo, E.; Wicaksana, N.I; Saputro, Y.C.N.; Budiana, E.P.; Muhayat, N.; Prabowo, A.R. Effect of Welding Parameter on the
Corrosion Rate of Underwater Wet Welded 55400 Low Carbon Steel. Appl. Sci. 2020, 10, 5843, doi:10.3390/app10175843.

Kik, T.; Moravec, J.; Novakova, I. New method of processing heat treatment experiments with numerical simulation support.
In Proceedings of the IOP Conference Series: Materials Science and Engineering, Bali, Indonesia, 1-2 April 2016; IOP Publishing,
Bristol, UK: 2017; Volume 227, p. 012069.

Mician, M.; Winczek, J.; Gucwa, M.; Konar, R.; Malek, M.; Postawa, P. Investigation of Welds and Heat Affected Zones in Weld
Surfacing Steel Plates Taking into Account the Bead Sequence. Materials 2020, 13, 5666, doi:10.3390/ma13245666.

Dobrot, D. Optimizing the Shape of Welded Constructions Made through the Technique “Temper Bead Welding.” Metals 2020,
10, 1655, d0i:10.3390/met10121655.

Tomkoéw, J.; Fydrych, D.; Rogalski, G. Dissimilar underwater wet welding of HSLA steels. Int. ]. Adv. Manuf. Technol. 2020, 109,
717-725, d0i:10.1007/s00170-020-05617-y.

Wang, J.; Sun, Q.; Zhang, T.; Tao, X,; Jin, P.; Feng, J. Arc stability indexes evaluation of ultrasonic wave-assisted underwater
FCAW using electrical signal analysis. Int. |. Adv. Manuf. Technol. 2019, 103, 2593-2608, d0i:10.1007/s00170-019-03463-1.

Chen, H.; Guo, N.; Xu, K; Liu, C.; Wang, G. Investigating the Advantages of Ultrasonic-assisted Welding Technique Applied
in Underwater Wet Welding by in-situ X-ray Imaging Method. Materials 2020, 13, 1442, d0i:10.3390/ma13061442.

Szala, M.; Latka, L.; Walczak, M.; Winnicki, M. Comparative study on the cavitation erosion and sliding wear of cold-sprayed
Al/AlOs and Cu/ALOs coatings, and stainless steel, aluminium alloy, copper and brass. Metals 2020, 10, 856,
doi:10.3390/met10070856.

Czuprynski, A. Comparison of Properties of Hardfaced Layers Made by a Metal-Core-Covered Tubular Electrode with a Special
Chemical Composition. Materials 2020, 13, 5445, d0i:10.3390/ma13235445.

Rakoczy, L.; Hoefer, K.; Grudzien-Rakoczy, M.; Rutkowski, B.; Goty, M.; Auerbach, T.; Cygan, R.; Abstoss, K.G.; Zieliniska-
Lipiec, A.; Mayr, P. Characterization of the microstructure, microsegregation, and phase composition of ex-situ Fe-Ni-Cr—-Al-
Mo-TiCp composites fabricated by three-dimensional plasma metal deposition on 10CrMo09-10 steel. Arch. Civ. Mech. Eng. 2020,
20, 1-19, d0i:10.1007/s43452-020-00132-z.

Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Vyaliy, L.E.; Egorkin, V.S.; Gnedenkov, S.V. Corrosion of the Welded
Aluminium Alloy in 0.5 M NaCl Solution. Part 2: Coating Protection. Materials 2018, 11, 2177, d0i:10.3390/ma11112177.

Zhang, Y.; Blawert, C.; Tang, S.; Hu, J.; Mohedano, M.; Zheludkevich, M.L.; Kainer, K.U. Influence of surface pre-treatment on
the deposition and corrosion properties of hydrophobic coatings on a magnesium alloy. Corros. Sci. 2016, 112, 483-494,
doi:10.1016/j.corsci.2016.08.013.

Sirohi, S.; Pandey, C.; Goyal, A. Role of heat-treatment and filler on structure-property relationship of dissimilar welded joint
of P22 and F69 steel. Fusion Eng. Des. 2020, 159, 111935, doi:10.1016/j.fusengdes.2020.111935.

Swierczynska, A.; Landowski, M. Plasticity of Bead-On-Plate Welds Made with the Use of Stored Flux-Cored Wires for Offshore
Applications. Materials 2020, 13, 3888, doi:10.3390/ma13173888.

Swierczyniska, A. Effect of Storage Conditions of Rutile Flux Cored Welding Wires on Properties of Welds. Adv. Mater. Sci. 2019,
19, 46-56, d0i:10.2478/adms-2019-0021.

Gucwa, M.; Winczek, J.; Wieczorek, P.; Mician, M.; Konar, R. The analysis of filler material effect on properties of excavator
crawler track shoe after welding regeneration. Arch. Metall. Mater. 2021, 66, 31-36, doi:10.24425/amm.2021.134755.

Amaral, E.C.; Moreno-Uribe, A.M.; Bracarense, A.Q. Effects of PTFE on operational characteristics and diffusible H and O
contents of weld metal in underwater wet welding. J. Manuf. Process. 2021, 61, 270279, d0i:10.1016/j.jmapro.2020.11.018.
Menezes, P.H.R,; Pessoa, E.C.P.; Bracarense, A.Q. Comparison of underwater wet welding performed with silicate and polymer
agglomerated electrodes. |. Mater. Process. Technol. 2019, 266, 63-72, doi:10.1016/j.jmatprotec.2018.10.019.

Tomkoéw, J.; Fydrych, D.; Wilk, K. Effect of Electrode Waterproof Coating on Quality of Underwater Wet Welded Joints.
Materials 2020, 13, 2947, d0i:10.3390/ma13132947.

Tomkow, J.; Labanowski, J.; Fydrych, D.; Rogalski, G. Cold Cracking of S460N Steel Welded in Water Environment. Pol. Marit.
Res. 2018, 25, 131-136, doi:10.2478/pomr-2018-0104.

Moreno-Uribe, A.M.; Bracarense, A.Q.; Pessoa, E.C.P. The Effect of Polarity and Hydrostatic Pressure on Operational
Characteristics of Rutile Electrode in Underwater Welding. Materials 2020, 13, 5001, d0i:10.3390/ma13215001.


http://mostwiedzy.pl

A\ MOST

Materials 2021, 14, 1364 15 of 15

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

EN ISO 17642:2005. Destructive Tests on Welds in Metallic Materials—Cold Cracking Tests for Weldments— Arc Welding Processes;
ISO: Geneva, Switzerland, 2011.

Tomkéw, J.; Sobota, K.; Krajewski, S. Influence of Tack Welds Distribution and Welding Sequence on the Angular Distortion of
Tig Welded Joint. Facta Univ. Series: Mech. Eng. 2020, 18, 611-621, doi:10.22190/fume200520044t.

Jamrozik, W.; Gorka, J. Assessing MMA Welding Process Stability Using Machine Vision-Based Arc Features Tracking System.
Sensors 2020, 21, 84, doi:10.3390/s21010084.

EN ISO 17637:2017. Non-Destructive Testing of Welds— Visual Testing of Fusion-Welded Joints; ISO: Geneva, Switzerland, 2017.
Wilhelm, E.; Mente, T.; Rhode, M. Waiting time before NDT of welded offshore steel grades under consideration of delayed
hydrogen-assisted cracking. Weld. World 2021, 1-13, doi:10.1007/s40194-020-01060-5.

EN ISO 17639:2013. Destructive Tests on Welds in Metallic Materials. Macroscopic and Microscopic Examination on Welds; ISO: Geneva,
Switzerland, 2013.

EN ISO 9015-1:2011. Destructive Tests on Welds in Metallic Materials. Hardness Testing. Hardness Test on Arc Welded Joint; 1SO:
Geneva, Switzerland, 2011.

Guo, Q.; Du, B;; Xu, G.; Chen, D.; Ma, L.; Wang, D.; Zhang, Y. Influence of filler metal on residual stress in multi-pass repair
welding of thick P91 steel pipe. Int. . Adv. Manuf. Technol. 2020, 110, 2977-2989, doi:10.1007/s00170-020-05921-7.

Garg, S.; Kakkar, I.; Pandey, A.; Gupta, M.; Kishor, N. Effect of different coating composition’s rutile-type welding elec-trodes
on undercut defect in manual electric arc welding. Int. J. Mech. Eng. Res. 2013, 3, 381-388.

EN ISO 15614-1:2017. Specification and Qualification of Welding Procedures for Metallic Materials—Welding Procedure Test—Part 1:
Arc and Gas Welding of Steels and Arc Welding of Nickel and Nickel Alloys; ISO: Geneva, Switzerland, 2017.

Sun, Y.; Hamelin, C; Vasileiou, A.; Xiong, Q.; Flint, T.; Obasi, G.; Francis, J.; Smith, M. Effects of dilution on the hardness and
residual stresses in multipass steel weldments. Int. J. Press. Vessel. Pip. 2020, 187, 104154, doi:10.1016/j.ijpvp.2020.104154.
Heydarinia, A.; Koushki, A.; Rasooli, N.; Hosseinzadeh, M.R.; Sohrabi, M.].; Mehranpour, M.S. Synergistic Investigations of
Post-Deformation Annealing and Initial Microstructure on the Mechanical Properties of High Strength Low Alloy (HSLA)-100
Steel. Steel Res. Int. 2021, d0i:10.1002/srin.202000627.


http://mostwiedzy.pl

