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Abstract
The aim of the paper was to determine the metallurgical and mechanical behaviors of a high-strength low-alloy (HSLA) steel 
pad-welded specimen used in the structures of industrial and naval parts. Then to predict the metallurgical consequences 
(nature of the phases present) and the mechanical properties (hardness and impact strength) of the pad-welded steel obtained 
by underwater wet welding with different heat input values. The XRD patterns clearly reveal a ferritic alpha steel S460N for 
both parameters. The ferritic quantification is above 70 wt% for low-alloy steel. The welded specimens are characterized by 
the presence of different phases. In a specimen performed with higher heat input, the complex oxide  Mn2TiO4 was found to 
be around 7 wt%. Moreover, the solid solution formed with iron and manganese was observed. The hardness results obtained 
by indentation showed that the higher heat input resulted in higher hardness values (54 HRC) than for specimen performed 
with lower parameters (45 HRC). The impact test showed that the toughness of both pad-welded layers is greater than the 
toughness of the base material (40 kV for S2 and 34 kV for S1 about 27 kV for low-alloy steel). Moreover, it was observed 
that higher heat input results in increasing the impact strength of pad welds.

Keywords Underwater welding · High-strength low-alloy steel · X-ray diffraction · Hardness · Wet welding

1 Introduction

Welding processes generate thermal cycles that lead to 
phase transformations in the solid state in the heat affected 
zone (HAZ) and in the liquid state in the molten zone (MZ). 
These metallurgical changes depend on the local chemical 
composition of the base material and the welding condi-
tions such as process parameters, welding environment, and 
cooling conditions [1–3]. Repair welding in the open air is 
a well-known process and often results in joints with good 
mechanical properties. However, it needs time and cost of 
transportation structures out of the water. A way to perform 
necessity repairs is wet welding directly under the water. 
Compared to other underwater welding methods such as dry 

welding [4] and local cavity welding [5], wet welding allows 
the process to be performed in the shortest time [6, 7]. How-
ever, direct contact with water generates some significant 
problems such as imperfections and the lower mechani-
cal properties of underwater joints in comparison to joints 
made in the open air. The weldability of steel joints made 
in air conditions is often better than those made in the water 
[8–10]. However, there are some methods, which allow to 
improve the quality of underwater welded structures. A num-
ber of studies on changing the heat input values to improve 
the weldability have been reported [11–13]. Zhang et al. [14] 
compared the weld morphology and microstructure obtained 
from welding in water and in air. The results indicated that 
the real heat input during underwater welding was about 8% 
lower than in air. Because of the lower total heat input and 
higher cooling rate, the HAZ of underwater welds contained 
less pro-eutectoid ferrite (PF). Li et al. [15] determined that 
the width of the overheated zone in HAZ near the fusion 
line increased with the welding heat input in underwater wet 
welding of E40 steel using Ni based self-shielded flux-cored 
wires. Both the ultimate tensile strength and impact tough-
ness increased through solid-solution hardening due to the 
dissolution of more alloying elements (e.g., Fe, Mn, and Cr). 
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Gao et al. [16] noted that a low welding heat input generates 
better mechanical properties of the weld metal. However, it 
also increased the susceptibility to cold cracking in the HAZ. 
Hu et al. [17] welded duplex stainless steel with underwa-
ter local dry FCAW at different depths. The results showed 
that the austenite formation was reduced with increasing the 
water depth. It was connected with increasing heat dissipa-
tion at higher depth. Zhai et al. [18] reported that the amount 
of acicular ferrite (AF) transformed during various droplet 
transfer modes differed in underwater local cavity tungsten 
inert gas (TIG) welding using a flux-cored wire. The weld 
metal corresponding to the continuous liquid transfer mode 
with the lowest heat input contained more AF and less PF. 
Gao et al. [19] analyzed the influence of leading ultrasonic 
vibrations on the process forces in the friction stir welding 
with and without ultrasonic. It was found that the effect of 
ultrasonic vibrations on traverse force is more pronounced 
than that on the tool torque and axial force. The ultrasonic 
effect on welding forces is found to be governed by the travel 
speeds of both the tool and workpiece.

In this paper, the influence of the heat input values on 
the properties and chemical composition of underwater pad 
welds performed with covered electrodes was investigated. 
For studies, S460N high-strength low-alloy (HSLA) steel 
was selected. This material is characterized by high suscep-
tibility to cold cracking in wet welding conditions, which 
was proved in previous investigations [20]. To the best of the 
author’s knowledge, the influence of heat input on the pad 
weld properties and their chemical composition for HSLA 
steel in wet welded conditions with covered electrodes has 
not been investigated earlier.

2  Materials and experimental procedures

2.1  Materials used

Sheets of  S460N HSLA steel  of  dimensions 
150 mm × 100 mm × 12 mm were selected for research pur-
poses. Steel’s chemical composition and mechanical proper-
ties are presented in Tables 1 and 2. The chemical composi-
tion of the base material was analyzed by the spark emission 
spectrometry method with the usage of Metavision-1008i 
(Metal Power, India).

For the research, a special rutile electrode for underwater 
works (nearest equivalent E42 2 1 Ni RR 51) with a diameter 

of 4 mm was used. The chemical composition of filler mate-
rial can be found in Table 3.

2.2  Welding procedure

Welding was performed using the manual metal arc (MMA) 
method in a laboratory welding stand (Fig. 1).

According to the filler material manufacturer’s recom-
mendations, welding current with negative polarity (DC −) 
was used. The welding process was performed at the depth 
of about 150 mm in fresh water of temperature about 20 °C. 
Welding parameters were selected following manufacturer 
data and preliminary investigations. They allow the creation 
of a stable welding arc during the process. Samples were 
welded with different heat input values to compare the influ-
ence of this parameter on the quality of wet-welded layers. 
The heat input values were calculated following Eq. 1. The 
coefficient “k” equal to 1 was used, which is commonly used 

Table 1  Chemical composition of S460N steel

Fe C Mn Ni S P

Bal 0.16 1.51 0.05 0.0003 0.02

Table 2  Mechanical properties of the materials used following the 
manufacturer’s data (certificate 3.1 in accordance to EN 10204)

Yield point, Re (MPa) Tensile strength, Rm 
(MPa)

Elongation,  A50 (%)

515 626 27.3

Table 3  Chemical composition of the weld deposit in Barracuda elec-
trode in percent (%) following the manufacturer’s data

Ti C Si Mn P S

Bal 0.07 0.45 0.5 0.025 0.025

Fig. 1  The welding stand: 1—welding power source and wire feed 
unit, 2—tank, 3—welding table
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for underwater welding, because its value is unknown in the 
water environment [12, 20].

in which: ql—heat input (kJ/mm), U—voltage (V), I—weld-
ing current (A), Vsp—welding speed (mm/s).

The welding speed was calculated using the following 
procedure (Eq. 2) and presented in Table 4. Firstly, the 
length of pad weld, and the welding time were measured.

in which: Vsp— welding speed (mm/s), l—weld length (mil-
limeter), t—welding time (seconds).

Welding parameters are presented in Table 4.
Testing welds were laid following the scheme presented 

in Fig. 2.

2.3  Microstructural and structural characterization

The microstructural analysis and identification of the 
phases was obtained by using the scanning electron micros-
copy (SEM) and XRD diffraction. The surface of samples 
was ground using SiC paper with different gradation and 
finally polished. Microstructures were observed on speci-
men surfaces and in cross sections using a scanning elec-
tron microscope (SEM, JEOL brand type JSM6360LV, 
Japan). The X-ray diffraction patterns were recorded using 

(1)ql = k × (U × I)∕Vsp

(2)Vsp = l∕t

diffractometer X'PERT PRO MRD (MALVERN PANalyti-
cal, UK), equipped with a copper anode X-ray tube and a 
curved graphite monochromator in the diffracted beam set 
of Cu K radiation, which includes the Kα1 and Kα2 α wave-
lengths. The strong presence of defects in these materials 
creates a significant background noise; to improve counting 
statistics and increase the peak/background ratio, an acqui-
sition time of 40 s per angular step of 0.04° and a count 
time of 5 s per step has been used in the interval ranging 
between 10 and 110° (2θ). The identification of the crystal 
phases was performed by comparison of the observed lines 
with those appropriate phases contained in the database 
ICDD-PDF2.

2.4  Mechanical characterization

2.4.1  Hardness test

The Rockwell hardness measurements were performed on 
the polished surface of pad welds using hardness tester 
ZHV10 type (Zwick, Germany) under a load of 293 Kgf 
and a dwell time of 15 s. The loading and unloading speeds 
were 0.5 mm/min and 0.1 mm/min, respectively. For each 
indentation test, the computer-controlled device provides, 
according to the Test Xpert software. An average hardness 
was calculated from 5 measurements per specimen.

2.4.2  Charpy test

The Charpy test was performed in accordance with EN 
10045 standard at impact velocity 5.52 m/s [21] (Charpy test 
Metrotec brand type PIT-25, UK). The test method involves 
impacting a standard test piece with a falling mass, which 
is free to rebound after impact. In this method, a pendulum 
impact is provided at its end with a knife, it develops a given 
energy at the impact. The equipment used in a pendulum 
machine is equipped with a clamping device, a centering 
reference of test specimens, and a meter on which you can 
read the energy in joules after the rupture of the specimen. 
The samples of high-alloy chromium-cast iron balls have 
a dimension of 10 × 10 × 55  mm3, the angle through which 
the samples move before impact is set to V-notch 45°. The 
energy absorbed by the specimen is calculated by the fol-
lowing equation, Eq. 3:

The impact resistance Kcv is equal to W/S [J/cm2].

P  load (N),

h  height (meters),

(3)W = P(h0 − h1)

Table 4  Parameters used to 
weld samples

Code S1 S2

I (A) 195 272
U (V) 26 25.75
Vsp (mm/s) 8.2 7.1
ql (kJ/mm) 0.62 0.99

Fig. 2  Scheme of specimens and real view of sample after welding 
and initial cutting for metallographic tests
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Kcv  impact resistance (J/cm2)

2.4.3  Waviness profile determination

To test the waviness profile, the sample was clean and 
secured onto a stable surface using clamps. Th111e rough-
ness characteristics of all test specimens were measured by 
using high-sensibility contact by equipment Veeco dektak 
150 stylus profiler. The profilometer was calibrated accord-
ing to these parameters: L cutoff: 0.25 mm, speed: 0.5 mm/s, 
N. cutoff: 5, Filter: Gaussian. Then an appropriate stylus was 
mounted, considering the characteristics of the surface being 
tested (e.g., surface finish and material hardness). Accord-
ingly, the roughness information was taken from an area 
of 130 mm to 42 mm. Results of the two measurements 
for each roughness profile were initially averaged by the 
device’s software and recorded for the subsequent analysis. 
The extracted waviness profile was used to assess the sur-
face's characteristics. This may involve quantifying param-
eters such as waviness amplitude, wavelength, and form.

3  Results and discussion

3.1  SEM images

Figure  3 shows the cross sectional optical macro-
scope images of the welded joint obtained in the water 
environment.

In the visual testing, no surface imperfections were 
observed in the middle areas of both specimens. However, 
partial start and finish defects were observed in the joints on 
the last pass, especially in specimen S2 welded with higher 
heat input values. Some typical [6, 19] underwater welding 
imperfections (wrong geometry) were found in specimen S1 
(Fig. 4). Moreover, the width of the weld bead of the joint 
obtained under higher heat input values (S2) was larger than 
that of the specimen S1. It resulted from limited visibility 
in the water environment. Figure 4 presents SEM pictures 

of the specimens. As seen in Fig. 4, there were a number of 
burn-through defects on the side of the weld bead of both 
specimens. However, less macro- and microcracks were 
observed in specimen S1, which was expected following 
previous investigations of S460N steel [6]. Ultrasonic tests 
showed lack of penetration in some areas of sample S1, but 
compared to the sample S2, the S1 is characterized by higher 
quality. In recent research, the impact of various process 
parameters on the microstructure in arc welding for mild 
steel was examined. According to Jin-Hyeong Park et al. 
[22], process parameters, which encompassed factors such 
as root gap distance, travel speed, and weaving, emerged 
as the primary influencers affecting both back-bead forma-
tion and microstructural characteristics. The accumulation 
of the molten pool was found to play a significant role in 
creating a cushioning effect at the center of the arc. Regard-
ing the microstructures found in the weld metal, they pre-
dominantly consisted of acicular ferrite, along with some 
presence of grain boundary ferrite. However, when weaving 
was incorporated, it was observed that the microstructure 
within the HAZ primarily encouraged the formation of fer-
rite and pearlite. In contrast, in instances where weaving was 
not employed, the microstructure within the HAZ tended to 
promote the development of coarse bainite, accompanied by 
a certain amount of ferrite and martensite.

The significant difference in the components of the micro-
structure of the cross-section of the same welded joint of S1 
or S2 can be explained through various factors that influ-
ence the welding process and subsequent microstructure for-
mation. The most fundamental reason for the difference in 
microstructure components resulted from the composition of 
the materials being welded. S1 and S2 likely have the same 
chemical compositions but different in ratio; this difference 
of ratio is due to welding involving applying heat to melt and 
fuse the base materials. The specific welding process param-
eters and heat input differences between specimens resulted 
in different conditions of the materials melting, solidifying, 
and cooling, ultimately affecting microstructure formation. 
The diffusion of atoms within the material is a critical pro-
cess during cooling and solidification. Higher heat input 

Fig. 3  Optical macroscope images of the transverse cross-section of a welded joint; S1—specimen S1, S2—specimen S2
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resulted in higher diffusion in the welding joint for specimen 
S2 (Sect. 3.2). Differences in diffusion rate can impact the 
distribution of alloying elements within the microstructure. 
Moreover, the HAZ received more energy (by higher heat 
input) in S2 which affects greater movement of elements like 
Mn on gradients microstructure of HAZ.

3.2  X‑ray diffraction test

The XRD pattern pictures of the performed specimens are 
presented in Fig. 5.

The observed identification of the S460N steel revealed 
the presence of two phases: a majority phase of ferrit-α cubic 
centered structure (JCPDS  no 00–001-1262) with lattice 
parameter (a = b = c = 2.8608, all angles = 90°). The second-
ary identified phase is solid solution constituted mainly with 
iron and small amount of manganese characterized by cubic 
structure (JCPDS  no 03–065-7528) the lattice parameter of 

these crystallite is (a = b = c = 2.8607, angles = 90°), and 
their chemical formula is  Fe19Mn. Moreover, the spectrum 
presents a small amount of iron carbides, which is compre-
hensive with the steelmaking process (iron and carbides).

The XRD test also showed the presence of the same 
matrix in both specimens, due to diffusion and the thinness 
of welding given a cloudy recording element. However, 
the appearances of two small picks on 47.6 and 56.612° 
in the S1 sample were found. The first one was identified 
as a solid solution formed from diffusion between (Ti, Fe, 
and Mn) phases. It is characterized by the presence of cubic 
structure (JCPDS  no 01–082-1298). The second phase is a 
monoclinic crystal system with space group C2/m (JCPDS 
 no 00–046-1237).

On the other hand, the matrix of metallic substrate of 
underwater welding in specimen S2 was the same. The first 
majority phase is a ferrite-α cubic centered structure (JCPDS 
 no 00–001-1262) with lattice parameters (a = b = c = 2.8608, 

Fig. 4  SEM details showing the 
microstructure of the transverse 
cross-section of a welded joint
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all angles = 90°). The secondary phase is a solid solution 
consisting mainly with iron and small amounts of man-
ganese. It is characterized by a cubic structure (JCPDS  no 
03–065-7528); the lattice parameter of these crystallites is 
(a = b = c = 2.8607, all angles = 90°). However, in the spec-
trum of specimen S2, characterized with the same shape, 
the two picks (47.6 and 56.612°) with greater intensity and 
higher crystallization than a pick of specimen S1, were 
observed. Tested weld metal of S2 also includes a complex 
oxide  Mn2TiO4 (JCPDS  no 00–019-0795) and the other 
phases of solid solution formed just with iron and manga-
nese. This may be caused by the influence of higher heat 
input during performing sample S2. Higher energy provides 
the formation of the oxide between Ti and Mn simultane-
ously with the disappearance of rutile phase. The Ti atoms 
are dissolved in other phases.

The structural quantification of phases of both samples 
is plotted in Fig. 6. The X-ray diffraction spectra of the low-
alloy steel is revealed in Sect. 3.2. The presence of a main 
phase is identified with a major amount neatly 70% content 
for the two parameter welding. The quantification of phases 
of welding showed some diffusion on atoms for sample S1 
and S2 zones. We note clearly the changes occur for the fer-
rite phase, which is a minor amount of 40% for sample S1 
and 30% for sample S2. The most phases present in the weld-
ing zone is FeTiMn for S1 (content 54%) and FeTi (content 
63%) for S2 becomes very dominant. It was noticed from the 
identification phases that there was a lack of Mn atoms in 
the solid solution in sample S2. The treatments carried out 
different heat input values to favor a diffusion; one also notes 
the presence of the form of an complex carbide  Mn2TiO4 
under parameter S2 about 7% was also observed. In the case 
of S1, the feedstock rutile appeared with a low composition. 

From quantification of phases, it clearly appeared the effect 
of parameter in diffusion of atoms of manganese, it allows 
to form small amount of complex carbides, and enhance the 
mechanical properties; in contrast, we found in parameter S1 
the atoms of manganese is hold in solid solution and could 
not bilk the welding zone.

3.3  Mechanical characterization

3.3.1  Rockwell hardness measurements

The hardness of the various zones of both specimens was 
measured by Rockwell indentation with a load of 391 Kgf 
during 30 s. For each processing, the calculated average 
standard deviation is based on the average of 6 measure-
ments. The results of hardness measurements following the 
distance from the top of layers are illustrated by the histo-
gram in Fig. 7.

From the top of both samples to 3 mm depth, the hard-
ness is similar with an average of 57 for specimen S2 and 54 
for S1. Between 4 and 7 mm depth, the hardness decreases. 
However, the differences were observed with an average 45 
HRC in specimen S1 and 52 HRC in specimen S2, which 
confirmed differences in microstructures observed in previ-
ous tests. From 8 mm depth, measurements were taken in 
the substrate, and the hardness of both specimens is simi-
lar, equal to the hardness of S460N steel. The sample S2 
performed with higher values of heat input is characterized 
by higher hardness, which resulted from the segregation of 
elements that form phases that harden or soften the mate-
rial. The hardening mechanisms in crystalline materials are 
varied and therefore result from a decrease in the mobil-
ity of dislocations. Hardening a metal therefore makes it 

Fig. 5  X-ray diffraction spectrum of the a sample S1 and b sample S2
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potentially more brittle. One of the causes of hardening can 
be attributed to interactions between dislocations. Indeed, 
when deformation starts, the numerous dislocations cre-
ated will interact to form an entanglement. The dislocations 
eventually become immobilized and the movement of new 
dislocations is considerably hindered as they pass through 
this “forest” of immobile dislocations [23, 24].

From X-ray diffraction, Sect. 3.1, it clearly shows the 
diffusion of element magnesium from matrix formed by 

steel to the welding joint did not allow enough energy to 
move in specimen S1. Moreover, this sample has more 
ability to form combined oxide with rutile than in speci-
men S2, where the amount of energy provides a deep mod-
ification on the inner structure of the welded layer, which 
formed harder phase  Mn2TiO4.

3.3.2  Charpy test 

Impact tests are performed on both samples S1 and S2. 
The results of Charpy impact tests are presented in Fig. 8. 
It was found that specimen S2 is characterized by higher 
toughness than specimen S1. This is due to the forma-
tion of complex fine carbide  Mn2TiO4 type in S2, which 
therefore promotes the impact resistance. Ni et al. [25] 
investigated the effects of welding parameters on residual 
stresses. It was stated that longitudinal tensile residual 
stresses and transverse compressive residual stresses were 
observed in the vicinity of the weld zone joints. Moreover, 
it was found that in joints produced with a higher welding 
speed (lower heat input), both the longitudinal and trans-
verse residual stresses were slightly higher compared to 
joints welded using lower welding speed values. These 
findings may be one potential reason why specimen S2 is 
characterized by higher  KV about 40 (J/Cm3) compared to 
S1 (35 J/cm3).

Fig.6  Quantification phases of 
samples: a low-alloy steel S1, 
b welding zone S1, c low-alloy 
steel S2, and d welding zone S2

Fig. 7  Profile of hardness HRC of samples welded with parameters 
S1 and S2
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3.3.3  Waviness analysis

The waviness profiles were depicted in Fig. 9 of the two 
samples welded with different tension parameters. Based 

on the provided surface roughness parameters, Ra (average 
roughness), Rq (root mean square roughness), Rt (maximum 
peak-to-valley height), and Rmax (maximum peak height) 
are mentioned in Table 5. Data was analyzed with an in-
house code.

Although the evaluation length used in the calculations 
was equal to the traverse length. The selection of the sam-
pling length, which is defined as the distance over which the 
surface parameters are assessed, is of critical importance 
since this length should include enough surface data within 
it to ensure a reliable statistical calculation and enable the 
removal of the waviness [18]. Three different sampling 
lengths of 5 mm, 30 mm, and 50 mm were considered in 
this study among them. This is due to the fact that a practical 
solution to ship hull roughness measurement works based on 
a height parameter accepted as ISO standards [26].

The first sample (S1) has an average deviation of the 
surface from the mean line roughness (Ra) of 0.302 µm. 
The root mean square roughness (Rq) is slightly higher at 
0.394 µm, suggesting a higher variation in the surface rough-
ness across the measured area. But the maximum vertical 
distance between the highest peak and the lowest valley in 

Fig. 8  Impact test of samples welded with parameters S1 and S2

Fig. 9  Waviness test profile a S1 and b S2
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the surface profile (Rt) is 3.833 µm; this indicates significant 
height variations on the surface of the first sample. Whereas, 
the second sample (S2) has a lower average roughness (Ra) 
of 0.261 µm compared to the first sample, indicating a rela-
tively smoother surface. The root mean square roughness 
(Rq) is also lower at 0.330 µm, suggesting less variation in 
roughness across the measured area. We note Rt is the lowest 
valley compared to the first sample, the maximum peak-to-
valley height is 2.310 µm. This suggests a more consistent 
surface profile with fewer extreme height variations.

4  Conclusions

Performed investigations focused on the underwater pad 
welding process, which was carried out with direct contact 
with the water by wet welding method. The results of the 
investigations showed a significant effect of the welding 
parameters on the structural and hardness resistance of the 
produced layers, which has not been so deeply investigated 
yet. The effect was observed for both specimens S1 and S2, 
which were welded in the water with different values of 
heat input. The performed examinations allow us to draw 
the main conclusions:

1. The observed identification of the steel S460N revealed 
the presence of two phases: a majority phase of ferrite-α 
cubic centered structure (near 70 wt% for S1 and S2), 
the secondary phase is solid solution constituted mainly 
with iron and a small amount of manganese having cubic 
structure (less than 30 wt%).

2. The X-ray diffraction shows clearly the difference of 
oxides formed in wet-welded specimens. They pre-
sent the same shape; however, the remark was the two 
picks (47.6 and 56.612°) which had more intensity and 
more crystallization than a pick obtained under welding 
specimen S1 made by lower heat input value. The phase 
formed in specimen S2 is a complex oxide  Mn2TiO4. For 
S2, it was not observed in specimens welded with lower 
heat input.

3. The hardness in the water environment depends on the 
heat input (54 HRC for S2 rather than 45 HRC S1).

  The complex oxides appear on X-ray diffractograms, 
resulting from greater energy transferred to the specimen 
S2 (40 kV for S2 and 34 kV for S1).

4. It was confirmed that the toughness of underwater 
welded structures is strongly connected with welding 
parameters. The sample carried out with S1 has a rough-
ness of 0.302 µm whereas the second sample (S2) has a 
lower roughness (Ra) of 0.261 µm.

5. To achieve a wider knowledge about properties of 
underwater welded structures, the next investigations 
should focus on fatigue life and hydrogen embrittlement. 
Moreover, the novel investigations of the tribological 
and electrochemical behaviors of low-alloy steel pad 
wet-welded layers will be carried out.
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