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Abstract. In this paper, the application possibilities of the ultra-high strength (UHSS)
Domex 960 steel in the underwater welded structures are analyzed. In the research, the
investigated material has been tested in bead-on-plate wet welding conditions with the
usage of different heat input values, namely 0.63 kJ/mm, 0.72 kJ/mm and 0.93 kJ/mm.
Specimens were performed by the manual metal arc (MMA) welding method with the
usage of rutile covered electrodes. Firstly, the nondestructive visual testing (VT) was
carried out. In the next step, the metallographic macro- and microscopic tests were
performed. Finally, the hardness of the weld metal and heat-affected zone (HAZ) was
measured by the Vickers HV10 method. The performed experiments allow the statement
that the Domex 960 steel could be welded in a water environment. It also showed that
increasing heat input leads to decreasing the hardness in HAZ by 30 HV10. It may
result in decreasing the susceptibility to cold cracking during butt- and filet welding in
the water environment.

Key Words: Underwater Welding, Ultra-high Strength Steel, Microstructure,
Macroscopic Testing, Hardness Measurements, Cold Cracking

1. INTRODUCTION

Underwater welding is a special process, which requires special equipment or high-
qualified welders. Underwater processes could be classified in three groups. Dry welding
allows us to isolate the welding area and welder from the surrounding environment by
locating them in a special chamber [1]. The biggest limitation of this method is a high cost
of the chamber. Following this, it is used only for building underwater structures, e.g.,
pipelines. Another underwater welding method is local cavity welding [2]. It uses a small
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chamber, which isolates the welding arc and molten metal from the water environment.
However, the welding equipment and welder diver are located directly in the water [3,4].
While using this method, the welding area is covered by the chamber. Following this,
there are problems with controlling the process, which is the biggest disadvantage of local
cavity welding. The third and most used method is wet welding [5]. In wet welding, the
welder diver and the whole welding area are in direct contact with water. It is mostly
carried out by Manual Metal Arc (MMA) welding [6,7] and Flux Cored Arc Welding
(FCAW) [8,9]. Wet welding is the most often used underwater welding method, due to
cheaper and smaller equipment.

Water generates some problems during welding. Firstly, it creates water bubbles near
the welding arc, which leads to limited visibility [10]. This makes it difficult for welders
to control the process [11]. Another problem is instability of the welding arc, which
decreases the quality of the performed joints [12,13]. Furthermore, water provides slag
inclusions in the weld metal, which decrease the mechanical properties of welded
structures [14]. The next problem generated by water is high diffusible hydrogen content
in the deposited metal, which is one of the factors responsible for the cracking of steel-
welded joints [15]. Fydrych and tfabanowski [16] showed that a water environment
generates at least two times higher amounts of hydrogen than during welding in air. Klett
et al. [17] performed investigations, which showed that no significant differences in the
diffusible hydrogen content could be found between the samples of varying geometry.
This amount depends on the used materials. One of the underwater welding problems is
the increased cooling rate. A high cooling rate generates brittle microstructures in heat-
affected zone (HAZ) [18]. Mentioned factors are responsible for high susceptibility to
cold cracking of steel during welding in a water environment [19]. Cracking phenomenon
leads to decreasing the weldability in wet welding conditions, which is the reason of the
poor quality of welded structures [20].

Offshore steel structures in marine environment face a high degree of damage due to
dynamic environmental and operational factors such as corrosion, fatigue cracking, or
cold cracking [16,18,21,22]. Many repairs have to be performed in the water environment
[23]. Underwater repair processes have been described for mild steels and high-strength
low-alloy steels [7,11,20]. However, for offshore structures, ultra-high strength steels
(UHSS) are used increasingly each year [24]. Their behavior during underwater welding
has not been investigated earlier. The literature analysis showed that there are some
problems with welding the S960 UHSS in the air, which is popular as a material for
offshore structures. Welded joint parameters and microstructural characterization strongly
depend on the parameters of a welding process [25,26]. Improper parameters lead to
angular distortion of the joint [27], form brittle structures in the HAZ [28] and form
welding imperfections [29,30]. Mician et al. [31] focused on the influence of the cooling
rate on the mechanical properties of the joints. They showed that a lower cooling rate
leads to decreasing the yield point and tensile strength of S960 steel joints. Similar results
were observed by Szymczak et al. [32]. It was stated that micro-jet cooling, which
increases the cooling rate, leads to improve the mechanical properties of welded joints. It
suggests that this material may be welded in a water environment, where the cooling rate
is very high. However, the S960 steel is characterized by high susceptibility to hydrogen-
assisted cracking [33]. Schaupp et al. [34] demonstrated that cracks occur in the coarse-
grained HAZ. This area of cracking is typical for underwater processes [16,18].
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Furthermore, Schaupp et al. [35] in their next paper showed that S960 UGSS is
characterized by a high risk for hydrogen-assisted cracking both in the weld metal and in
the HAZ. These investigations suggest that the S960 steel may be characterized by very
high susceptibility to cold cracking in underwater conditions, due to a high amount of
water during joining in this environment.

However, the behavior of UHSS during wet welding has not been investigated yet.
The aim of the presented research was to assess the possibility of welding the S960 steel
in wet welding conditions. Moreover, the influence of heat input on the microstructure
and hardness in different areas of underwater welded structures were investigated.

2. MATERIALS AND METHODS

2.1 Materials

As a material for the experiment, S960 thermomechanically rolled steel plates with
dimensions of 150x100x6 mm were chosen. There is a lack of filler material for welding
in water for the materials with grade S960. However, the common E42 2 1INi RR 51
covered electrodes (4.0 mm diameter) for underwater welding were selected. The
chemical compositions of the used materials are presented in Table 1, and their
mechanical properties are shown in Table 2. Presented values are in accordance with the
manufacturer data.

Table 1 Chemical composition of used materials, wt. %

Carbon
Material C Si Mn Cr S P Ni Al equivalent
Cenw
S960 steel 0.18 0.50 2.1 17.57 0.010 0.020 - 0.018 0.50
E422 INi RR 51 0.05 0.45 0.5 19.00 0.025 0.025 0.3 -
electrode -
Table 2 Mechanical properties of used materials
. Re Rm As
Material [MPa]  [MPa] [%]
S960 steel min. 960 960-1250 min. 8
E42 2 1Ni RR 51 electrode deposit - min. 540 min. 10

2.2 Methods

The welding process was performed manually using the MMA process. Three
specimens were bead on plate welded in tap water (20 °C) at 0.25 m depth in the flat
position (PA). Each specimen was prepared by laying one bead in the middle of the plate.
For welding, the negative (DC-) polarity was used following the filler material
manufacturer requirements. Welding parameters such as welding current (I) and arc
voltage (U) were selected in the range required by the covered electrode manufacturer.
The welding speed (Vsp) was chosen to obtain different heat input (gl) values to show the
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influence of heat input on the properties of wet welded specimens. Welding parameters
are presented in Table 3.

Table 3 Welding parameters

I U Vsp ql
[A] [V] [mm/s] [kI/mm]
1 196 26.8 8.34  0.63
2 220 28.8 8.80 0.72

3 232305 754 093

Specimen

After welding, each specimen was subjected to nondestructive and destructive testing.
Firstly, the visual test (VT) following the EN ISO 17637:2017 standard was performed.
This test started 48 h after welding, which is necessary to avoid cold cracks after VT.
Secondly, the specimens were cut, ground, polished, and etched (Nital 4 %) for
destructive testing. The metallographic macro- and microscopic tests were performed in
accordance with EN I1SO 17639:2013 standard. Macrographs were taken using a Canon
EOS 1200D camera. For microscopic investigations, the Olympus BX51 light microscope
was used. In the last step, the Vickers HV10 hardness measurements were performed.
Hardness was measured in the measurement line following Fig 1. This line was located in
the axis of the weld bead.

Fig. 1 Schematic view of hardness measurement points distribution

3. RESULTS AND DISCUSSION

3.1 Visual testing

The main aim of VT was choosing areas without imperfections, from which the
samples were cut for further investigations. Results of VT are shown in Fig. 2. During
welding, some problems typical for wet welding were observed. During Specimen 1
performing, there was a problem with burning the welding arc. However, after burning,
the arc was stable, and no further problems occurred. The geometry of the performed
bead was satisfactory (Fig. 2a). Sample for further investigations was cut in the middle of
the bead. There was no problem with initiating the process in Specimen 2. However, the
instability of the welding arc was observed near the beginning of the bead (green arrow in
Fig. 2b). Moreover, the shape defects were detected in the middle of the sample (red
arrow in Fig. 2b). The sample for further investigations was cut from an area without
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imperfections. No problems were observed during the Specimen 3 preparation. The
welding arc was stable. No serious imperfections were detected during VT (Fig. 2c).
Moreover, the welds showed differences due to different heat input. The narrow weld
morphology can be observed for specimen welded with the lowest heat input (Fig. 2a).
With the increase of heat input, the weld size continues to become wider. Similar results
were observed by Wang et al. [36] and Tomkéw et al. [37].

/,, ﬂ) ;,G
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Fig. 2 Results of VT; a) Specimen 1, b) Specimen 2 — results of instability of welding
arc (green arrow), shape defects (red arrow), c) Specimen 3

3.2 Macroscopic testing

The exemplary results of the macroscopic test are presented in Fig. 3. Performed
investigations showed a significant influence of welding heat input on the size of HAZ.
Increasing heat input leads to increasing the area of HAZ. Similar results were observed
for underwater wet welding of S7T00MC steel [37]. Moreover, in Specimen 3 (Fig. 3c) the
coarse-grained HAZ is the widest, which may result in microcracks typical for welding in
the water environment [11,20]. Besides assessing the HAZ size, macroscopic tests were
carried out to detect welding imperfections. In Specimen 1 two cracks were observed
(Fig. 3a). These cracks run through the HAZ perpendicularly to the fusion line. It suggests
that the heat input (0.63 kJ/mm) is too low for the S960 UHSS welding. Macroscopic test
of Specimen 2 confirmed results of VT. The shape defect of the performed bead was
observed (Fig. 3b). However, no other imperfections were detected. In Specimen 3, no
macrocracks were observed (Fig. 3c), but an undercut was detected. This imperfection is
typical for a high value of heat input, which was demonstrated by Tomkow et al. [37,38].
The macroscopic tests showed differences in weld geometries in different specimens. It
can be seen that the weld width, weld penetration, and weld reinforcement approximately
increase with increasing the heat input.
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Fig. 3 Exemplary macrographs; a) Specimen 1 — cracks in HAZ, b) Specimen 2, c)
Specimen 3 - undercut

3.3 Microscopic testing

The exemplary photographs of the investigated microstructures are shown in Fig. 4.
During metallographic microscopic tests, the weld metal areas and HAZ of each specimen
were observed. Moreover, the base metal (BM) was investigated. BM is characterized by
fine-grained bainitic-martensitic microstructure. The photos of the microstructure in the
weld metal showed a typical dendritic structure (Fig. 4a, 4c and Fig. 4e). Dendrites are
arranged with columns. They rise to the axis of the performed bead. The microstructure of
the weld metal consists of a mixture of bainitic and martensitic phases. With increasing
the heat input, the content of martensite slightly increased. Similar results were observed
earlier by Schaupp et al. [34]. More differences were observed in HAZ for different
specimens. Specimen 1 welded with the lowest value of the heat input presented in the
HAZ mostly coarse-grained martensitic microstructure near the fusion line, with a small
amount of bainite (Fig. 4b). With increasing the heat input value, the content of bainite
also increased (Fig. 4d and 4f). The width of HAZ increased with increasing heat input. It
confirms the results of macroscopic observations. In the area of HAZ located near the
BM, the partially tempered region with a bainitic-ferritic structure may be observed (Fig.
4d). Kurc-Lisiecka and Lisiecki [39] observed the same effect during laser welding of
Domex 960 steel. However, the width of HAZ in their specimens was much smaller than
during underwater welding.

Microscopic observations also showed the influence of heat input on the number of
cracks in the HAZ. As well as in the macroscopic tests, the biggest number of cracks was
found in Specimen 1, welded with the lowest heat input. Except the two long cracks
detected in macroscopic investigations (Fig. 3a), the HAZ consists of many short cracks
parallel to the fusion line (Fig. 4b). The location of the presented cracks is typical for
underwater welding [11]. Wang et al. [40] showed that low heat input values of high-
strength steel in underwater conditions lead to an increased number of cracks. It was
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stated that the investigated materials should be welded with a higher heat input, which
allows decreasing of the susceptibility to cracking. A lower number of cracks were found
during Specimen 3 observations. In this specimen, the cracks were located in the coarse-
grained region of HAZ and run perpendicularly to the fusion line (Fig. 4f). Unexpectedly,
the lowest number of cracks was found in Specimen 2. No cracks were observed in
coarse-grained HAZ. However, a long crack (800 um) was found in the region of HAZ,
located near the BM (Fig. 4d).

200 pm

NG

Fig. 4 Exemplary micrographs; a) Specimen 1 — weld metal, b) Specimen 1 - HAZ, ¢)
Specimen 2 — weld metal, d) Specimen 2 — HAZ, e) Specimen 3 — weld metal, f)
Specimen 4 - HAZ
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3.4 Hardness measurements

Results of Vickers HV10 hardness measurements are presented in Fig. 5. Before the
measurements following scheme (Fig. 1), the Domex 960 UHSS hardness was measured.
It was in the range 330-350 HV10. In the next step, the hardness in different regions was
measured in each specimen. No significant influence of the heat input value on the weld
metal hardness was observed. All measurements were in the range of 262-283 HV10. The
hardness in HAZ was higher than the weld metal hardness for all cases, which is typical
for welding steels characterized by high-strength [11,37,40]. Performed measurements
showed a strong relationship between heat input value and HAZ hardness. It was
observed that increasing heat input leads to decreasing the HAZ hardness. The highest
values were found in Specimen 1, which was welded with the lowest heat input (0.63
kJ/mm). Values significantly exceeded 400 HV10 (the highest 448 HV10), and decreased
with the distance from the fusion line, which was observed for each specimen. In other
specimens, each measurement was lower than 400 HV10. The lower values were
observed in Specimen 3 welded with 0.93 kJ/mm. However, microscopic tests showed
that this specimen was characterized by the cracks presence in the HAZ. It suggests that
heat input 0.93 kJ/mm may be too high during welding and can lead to failure of
underwater wet welded structures. The lowest hardness in specimen welded with the
highest heat input confirmed the results of microscopic tests. The HAZ of Specimen S3
consists of a higher content of bainitic microstructure, which is characterized by lower
hardness than martensite [37].
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Fig. 5 Results of Vickers HV10 measurements, N1 — 0.63 kJ/mm, N2 — 0.72 kJ/mm, N3 —
0. 93 kJ/mm

5. CONCLUSIONS

In the paper, the application possibility of the Domex 960 steel in underwater welded
structures was assessed. The assessment was prepared by testing bead on plate welded
structures performed with different heat input values. Investigations showed a significant
influence of welding parameters on the properties and microstructure of wet welded



Application Possibilities of the S960 Steel in Underwater Welded Structures 9

structures made by UHSS. It was showed that the Domex 960 steel may be considered for
underwater welding. However, the heat input values must be carefully controlled. The
main conclusions resulting from the experiments are:

10.

1.

The investigated Domex 960 ultra-high strength steel may be welded in
underwater conditions by covered electrodes. However, there is a range of heat
input, which leads to formation cracks in the HAZ. The lowest number of cracks
was found during welding with 0.72 kJ/mm heat input.

Performed measurements showed a strong relationship between heat input value
and HAZ hardness. It was observed that increasing the heat input allows
decreasing the hardness in the HAZ by 60-70 HV10. The lowest hardness was
found in the specimen welded with 0.93 kJ/mm. However, this value leads to
forming cracks in the HAZ. The highest number of cracks was found in the
specimen performed with the lowest 0.63 kJ/mm heat input.

As a reference range of heat input during welding, the Domex 960 UHSS values
between 0.7 and 0.9 kJ/mm may be used. These values allow decreasing the
hardness in the HAZ after welding. Moreover, the number of cracks occurring in
structures welded with these parameters is much smaller than during welding with
different heat inputs.

Performed investigations are the first, in which the 960 MPa grade steel was
welded in underwater wet welding conditions. To confirm the possibility to
perform underwater welded structures with the mentioned materials, additional
tests should be done: weldability tests (Tekken and CTS), and investigation of the
use of the temper bead welding (TBW) technique in wet welding conditions.
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