
INTRODUCTION

Underwater works can be divided into two 
main groups: fabrication of structures and re-
pair (maintenance) works [1÷3]. In both cases, 
different technologies are used: joining, cutting, 
fastening, bolting, concreting, cleaning, apply-
ing protective layers and inspections [4÷6]. The 
growing number of aging (with exceeded service 
life) ocean and offshore structures necessitates 
obtaining data for the development of guidelines 
for the implementation of these works. Among 
the underwater processes, welding processes play 
a significant role [7, 8]. Three main groups of un-
derwater welding methods are distinguished: dry 
welding, local cavity welding and wet welding. 
Dry welding is carried out in special chambers, 
which isolate welder and all welding area from 
environment [9]. The cost of designing and mak-
ing such chambers is very high, but the quality of 
the joints is similar to those made in air environ-
ment. The second method – local cavity welding, 
uses special chamber of limited size and isolate 

from water only small welding area [10]. The 
welded joint is not covered by the chamber during 
the entire cooling process, and the water affects 
its properties, causing e.g. unfavorable transfor-
mations in the solid state. Wet welding carried out 
directly in water is the least expensive and is still 
the most popular method of underwater welding 
[11, 12]. The basic advantages determining the 
popularity of wet welding include: low cost due 
to the lack of the need to use a chamber and no 
restriction of the welder diver’s operability [13].

Water environment generates some impor-
tant weldability problems. From the technologi-
cal point of view, the most important are limited 
visibility and instability of welding arc, which 
is generated by the pressure generated by sur-
rounding environment and the presence of gas 
bubbles and solid particles [14, 15]. The most 
important problem generated by the water, is 
high susceptibility to cold cracking of welded 
steel. Cold cracks are commonly observed in 
the heat affected zone (HAZ), and run parallel 
to the fusion line. They could appear even 48 
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h after welding process [16]. Cold cracks are 
caused by simultaneously presence of three fac-
tors: residual stresses [17, 18], brittle structures 
[19, 20] and high diffusible hydrogen content in 
deposited metal [8, 21÷23]. All of mentioned 
factors are cumulated during underwater weld-
ing. According this, there is necessity of under-
water welding investigations, which may results 
in decreasing the susceptibility to cold cracking 
of steels used for underwater structures.

Most of the investigations in the field of un-
derwater wet welding are focused on the steels 
with yield point lower than 500 MPa [10, 24, 25]. 
However, the usage of materials with higher me-
chanical properties is rising. High strength steels 
are commonly used for pressure vessels, road 
restraint systems, pipelines, ships, offshore struc-
tures and especially wind tubular jackets [26÷31]. 
Many of mentioned structures may undergo fail-
ures in the water environment [32, 33], which ne-
cessitates their immersion repair [34, 35]. 

S700MC steel is a candidate material for heav-
ily environmental stressed marine structures. Its 
high mechanical properties resulted from termo-
mechanically process combined with influence of 
alloying micro-additions as Nb, Ti and V [36]. The 
S700MC steel is characterized by an unbalanced, 
fine-grained bainitic–ferritic microstructure and 
is known as well weldable in the air environment 
[36÷42]. It was found, that proper welding pa-
rameters allow to obtain good quality of S700MC 
steel joints welded in the air, as it was stated by 
Skowrońska et al. [42]. Szymczak et al. [43] 
proved that investigated material is very sensitive 
to the welding process. They stated that properties 
of S700MC welded joint are strongly influenced 

by welding parameters. Węgrzyn et al. [44] proved 
that increased cooling rate does not significantly 
decrease the properties of S700MC welded joints. 
It suggests that investigated steel could be tested in 
water environment in high-cooling rate conditions.

The aim of presented paper was to inves-
tigate the influence of heat input value on the 
properties of bead-on-plate welds on S700MC 
steel in wet welding conditions by Manual 
Metal Arc (MMA) welding.

MATERIALS AND METHODS

For investigations the S700MC steel plates 
with dimensions 10 mm x 150 mm x 100 mm were 
prepared. As a filler material the underwater rutile 
electrodes 4.0 mm diameter; nearest equivalent 
E42 2 1Ni RR 51 (following EN ISO 2560:2021) 
were chosen. The commonly used under water 
undermatched consumable was selected, because 
there are no electrodes on the market dedicated 
to underwater welding of high strength steels. 
Moreover, in previous investigations [24, 46] it 
was proved that used electrodes allow to perform 
good quality underwater structures. The chemical 
composition and mechanical properties of used 
materials are presented in Table 1 and Table 2.

For investigations three specimens were wet 
welded in tap water (20 °C) at 0.25 m depth, us-
ing the MMA (111) process. Bead-on-plate speci-
mens welding was performed in the flat (PA) 
position with negative polarity (DC-) following 
the electrode manufacturer data with the usage of 
electrodes from the same package. Filler materi-
als from different packages may generate different 

Table 1. Chemical composition of used materials, wt. %
Material C Mn Si S P Al Nb Ti V CeIIW***

S700MC* 0.058 1.68 0.16 0.005 0.01 0.027 0.044 0.12 0.006 0.34

E42 2 1Ni RR 41 
electrode **

0.05 0.50 0.45 - 0.025 -- - - - -

* - analysis by spark emission spectrometry, ** - manufacturer data, *** - carbon equivalent by International 
Institute of Welding

Table 2. Mechanical properties of used materials following the manufacturer data

Material
Yield point, Re  

[MPa]
Tensile strength, Rm 

[MPa]
Elongation, A5 

[%]

S700MC* 768 822 19.0

E42 2 1Ni RR 41 
electrode deposit**

- 540 26.0

* - analysis by spark emission spectrometry, ** - manufacturer data



Advances in Science and Technology Research Journal 2021, 15(3), 288–296

290

properties of welded joints [45]. Each specimen 
was welded with different parameter values (in 
the range suggested by filler material manufac-
turer). It resulted in different values of heat input 
(ql) calculated as [12]:

𝑞𝑞𝑞𝑞 = 𝐼𝐼 ∙ 𝑈𝑈
𝑉𝑉𝑉𝑉  (1)

The values of used heat input were chosen 
near 1 kJ/mm following the previous investiga-
tions carried out on high-strength steels [24]. It 
was proved that mentioned heat values allow to 
perform wet welding process with the lowest 
instability of welding arc. Welding parameters 
are presented in Table 3.

After welding, specimens were subjected to 
non-destructive and destructive tests. Firstly, the 
visual test (VT) was carried out 48 h after speci-
men preparation following the requirements of 
EN ISO 17637:2017 standard. The 48 h time is 
required due to the susceptibility to forming cold 
cracks [16]. In the next step, from each specimen 
the cross-section from the middle part of weld 
bead was made. After cutting, specimens were 
ground, polished and etched by Nital (4 %). Then, 
the metallographic macro- (using Canon EOS 
1200D camera) and microscopic (using Olympus 
BX51 light microscope) tests were performed 
following EN ISO 17639:2013 standard. The last 
step during investigations were Vickers HV10 
hardness measurements (using Sinowon V-10 

instrument) following the EN ISO 9015-1:2011 
standard. The scheme of distribution points for 
hardness measurements is presented in Figure 1. 

RESULTS AND DISCUSSION

During welding the instability of welding 
arc was observed, which is typical for wet weld-
ing process [18÷20]. This instability decreased 
with increasing heat input values. The results of 
welding process were observed during VT, and 
are presented in Figure 2. Based on the results 
of the VT, areas for further investigations were 
selected. However, some imperfections char-
acteristic for underwater welding [1, 46] were 
observed. In Specimen 1 the open surface pore 
was detected (Fig. 2a). This pore was observed 
in area of the biggest instability of welding 
arc. Moreover, this region is characterized by 
smaller width of the weld, than in the rest of 
specimen. Pores were also detected near begin-
ning of the Specimen 2 (Fig. 2b). Specimen 3, 
which was welded with the highest heat input is 
characterized by the best quality of the welds’ 
face. However, shape defects and porosity in 
crater were observed (Fig. 2c). During VT the 
differences in bead width were observed. The 
bead width increased with increasing heat input. 
Specimens for further investigations were cut in 
areas without presence of the imperfections.

Table 3. Welding parameters

Specimen no.
Welding current, I  

[A]
Arc voltage, U 

[V]
Welding speed, Vw 

[mm/s]
Heat input, ql 

[kJ/mm]

1 204 25.3 5.7 0.91

2 224 27.5 6.5 0.96

3 248 29.8 7.0 1.05

Fig. 1. Distribution points for hardness measurements
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In the next step, the metallographic macro-
scopic test was performed. The exemplary results 
are presented in Figure 3. There was no occur-
rence of cracks, the presence of which was re-
ported in many studies concerning the weldability 
of steel under water [13, 24, 46]. However, the 
typical imperfection as undercut was observed 
in Specimen 2 (Fig. 3b). The macroscopic re-
sults proved that different heat input results in the 
changes in geometry of weld bead. With increas-
ing heat input, the width of HAZ also increases. 
The same effect was observed for butt welding in 
the air by Njock Bayock et al. [47]. 

The microstructure of base metal (BM) is pre-
sented in Figure 4. Used S700MC high strength 
steel is characterized by mixed bainitic and fer-
ritic microstructure, with a visible effect of the 
thermomechanical treatment process.

The exemplary micrographs showing the 
weld metal are presented in Figure 5. The dendrit-
ic structure of the welds in each case contained 
martensite (Figs. 5a–f). Dendrites are arranged 
with columns raising to the axis od performed 

beads, which is typical for crystallization of mol-
ten metal during welding [48]. With the increase 
of heat input, the presence of bainite was ob-
served (Figs. 5e and 5f). In Specimen 2 in weld 
metal the cracks were detected (Figs. 5c and 5d). 
The crack propagation path is typical for cracking 
phenomena in steels [13, 24, 46, 49].

The overheated zone was chosen for micro-
scopic observations (Fig. 6) due to results ob-
served in previous investigations [12, 13, 24]. 
In investigated region the cold cracks were 
detected. Performed investigations showed ef-
fect of heat input value on the microstructure 
in HAZ of bead-on-plate wet welded struc-
tured. The microstructure of Specimen 1 (ql 
= 0.91 kJ/mm) consists martensite (Fig. 6a). 
With increasing heat input, the bainite could 
be observed (Figs. 6b and 6c). However, the 
highest content of bainite mixed with martens-
ite was observed in specimen 3 (ql = 1.05 kJ/

a)

c)

b)

Fig. 2. Results of VT: a) Specimen 1 – pore, big shape 
defects, b) Specimen 2 – pore, big shape defects, 

c) Specimen 3 – small shape defects, porosity in crater

a)

b)

c)

Fig. 3. Exemplary macrographs: a) Specimen 1, 
b) Specimen 2 – undercut, c) Specimen 3
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mm) – Fig. 6c. It is worth noting that the HAZs 
of each specimen were free of cracks. It sug-
gest that investigated S700MC steel could be 
used in wet welding conditions, but the devel-
opment of guidelines for the wet welding pro-
cedure of this steel grade requires additional 
tests aimed at reducing the susceptibility of the 
weld to form cold cracks. The use of the tem-
per bead welding technique can be considered 
particularly promising [50, 51].

Results of hardness measurements are pre-
sented in Figure 7. Hardness of wet welded 
joints strongly depends on the welding param-
eters, which was proved by Surojo et al. [52]. Fig. 4. Microstructure of S700MC steel

Fig. 5. Exemplary micrographs of weld metal: a) Specimen 1, b) Specimen 2 - cracks, c) Specimen 3

a)

b)

c)
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They proved that hardness increase with in-
creasing cooling rate. Similar results were ob-
served in presented investigations. However, 
the increase in hardness is not large due to the 
low value of the carbon equivalent of the test-
ed steel (CeIIW=0.34). The maximum hardness 
of HAZ does not exceed the criterion recom-
mended by the standards (maximum 380 HV10 
according to EN ISO 15614-1:2017). Welding 
with higher heat input value leads to reduction 
of the hardness of HAZ by about 25 HV10. It 
confirms results of microscopic observations. 
The lowest HAZ hardness were observed in 

Specimen 3 welded with 1.05 kJ/mm, in which 
the mixture of martensite and bainite was de-
tected. No significant influence of heat input 
on the weld metal hardness was observed. The 
hardness of weld metal is lower than BM hard-
ness. It resulted from the presence of solidifi-
cation microstructure consists coarse grains in 
weld metal, and fine-grained microstructure in 
BM created during metal forming process. The 
fine-grained microstructure is typical for high-
strength steels [53]. Properties of weld mainly 
depends on the properties of deposited metal 
(consumable grade).

Fig. 6. Exemplary micrographs of HAZ: a) Specimen 1, b) Specimen 2, c) Specimen 3

a)

b)

c)
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CONCLUSIONS

The analysis carried out comparing properties 
of S700MC bead-on-plate wet welds performed 
with different heat input values allows to draw 
following conclusions:
1. S700MC steel can be successfully welded in 

the underwater wet welding conditions by un-
dermatched covered electrodes. Surprisingly, 
no cold cracks were found in the HAZ in bead-
on-plate specimens.

2. Heat input value plays significant role during 
wet welding of S700MC steel. With increasing 
value of heat input, the hardness of overheated 
HAZ decreased (about 25 HV10) to a level 
250–260 HV10. This is due to the influence of 
heat input value on allotropic changes resulting 
in differences in the volumetric shares of indi-
vidual structures of the welded joint.

3. In underwater conditions the S700MC high 
strength steel should be welded with heat input 
higher than 1.05 kJ/mm. This allows to obtain 
the appropriate hardness of the HAZ structure 
and avoid cold cracks formation in all zones of 
the welded joint.
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