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Abstract:Underwater wet welding (UWW) is widely used in
repair of offshore constructions and underwater pipelines
by the shielded metal arc welding (SMAW) method. They
are subjected the dynamic load due to sea water flow. In
this condition, they can experience the fatigue failure. This
study was aimed to determine the effect of water flow speed
(0 m/s, 1 m/s, and 2 m/s) and water depth (2.5 m and 5 m)
on the crack growth rate of underwater wet welded low car-
bon steel SS400. Underwater wet welding processes were
conducted using E6013 electrode (RB26) with a diameter
of 4 mm, type of negative electrode polarity and constant
electric current and welding speed of 90 A and 1.5 mm/s
respectively. In air welding process was also conducted
for comparison. Compared to in air welded joint, under-
water wet welded joints have more weld defects including
porosity, incomplete penetration and irregular surface. Fa-
tigue crack growth rate of underwater wet welded joints
will decrease as water depth increases and water flow rate
decreases. It is represented by Paris’s constant, where spec-
imens in air welding, 2.5 m and 5 m water depth have aver-
age Paris’s constant of 8.16, 7.54 and 5.56 respectively. The
increasing water depth will cause the formation of Acicular
Ferrite structure which has high fatigue crack resistance.
The higher the water flow rate, the higher the welding de-
fects, thereby reducing the fatigue crack resistance.
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1 Introduction
Underwater welding is a welding process which is carried
out in water [1]. This welding process has been widely ap-
plied for offshore constructions, underwater pipe joints
and ship hulls welding [2, 3]. The advantages of this weld-
ing technique are that it is relatively inexpensive and the
preparation required is much shorter than other joining
techniques.

Based on the welding process, underwater welding
can be divided into 2, namely underwater wet welding and
underwater dry welding [4, 5]. Underwater dry welding is
an underwater welding process which is conducted in a
special chamber designed appropriate to shape and size of
underwater construction. Underwater weld chamber serves
as a protective room to avoid the adverse effects of water
and ensure the underwater welding quality is equivalent
to that of welding in air. Due to complex structure of un-
derwater welding chamber, underwater dry welding is ex-
pensive [6]. Meanwhile, underwater wet welding is an un-
derwater welding process which is carried out directly in
water so the electrode and workpiece are in direct contact
and surrounded by water [7, 8]. Underwater wet welding is
widely applied in the underwater welding process because
it is simple and cheap. On the other hand, underwater wet
welding has a weakness, where the water depth of under-
water wet welding greatly affects the stability of the arc
and the molten metal transfer. The transfer of molten metal
from the electrode to the weld metal will be hampered by
water pressure so that it will facilitate the occurrence of
welding defects [9, 10]. In addition, the underwater wet
welding process is also prone to inclusions. Large amounts
of inclusions in weld metal can increase the rate of fatigue
cracks propagation [3].
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Fatigue is a type of structural failure caused bydynamic
loading [11, 12]. The mechanism of fatigue can be divided
into 3 stages, namely crack initiation, crack propagation,
and static fracture [13]. Fatigue failure of welded joint is
greatly influenced by welding defects of weld metal, where
the defect cannot only be an initial crack but also accelerate
the rate of crack propagation [4, 14].

Information about fatigue crack propagation in under-
water wet welded joints related to the depth and speed of
water flow is still very limited. There have been many previ-
ous studies on underwater wet welding, but it was carried
out on a laboratory scale only, where the depth was less
than 1 meter [15, 16]. Research on underwater wet welding
in flow water conditions focused on the transfer of molten
metal and arc stability only [7, 17]. Even though in its ap-
plication, underwater wet welding is carried out at a water
depth of more than 1 meter and a sea water wave causes
water to flow around the welding environment. Yasinta et
al. [18] and Paundra et al. [19] have conducted research on
underwater wet welded joints with varyingwater depth and
speed of water flow, but the characterization of underwater
wet welded joints was still limited to physical properties
and basic mechanical properties including hardness and
tensile strength. Because underwater construction experi-
ences dynamic loads caused by sea waves, it is very impor-
tant to continue the research on the fatigue crack growth
rate of underwater wet welded joints. This work aimed to
investigate the effect of water flow and depth on the fa-
tigue crack growth rate of underwater wet welded joint low
carbon steel SS400.

2 Methodology
Low carbon steel SS400 with dimensions of 400 mm × 100
mm × 4 mmwas used as test coupon and shown in Figure 1.
Its chemical composition based on the spectrometer test is
shown in Table 1.

Underwater wet welding was carried out using
Shielded Metal Arc Welding (SMAW) machine of KOBEWEL
KA602 inwater reservoirwith length,width anddepthwere
15 m, 15 m and 10 m respectively. Normal, non-treatment
water with temperature of 27∘C and degree of acidity (pH)
of about 7.0 was used. E6013 (RB26) rutile electrode with a

Figure 1: Dimension of test coupon (mm).

Figure 2:Welding scheme (mm).

diameter of 4 mm, thin wax coated was used. SMAWwas
operated manually in negative electrode polarity with av-
erage welding speed and welding current of 1.5 mm/s and
90 A respectively. During welding processes, water was
sprayed with distance of 10 cm and opposite to welding
direction to make variation of water flow speed of 0 m/s, 1
m/s, and 2 m/s as shown in Figure 2. Underwater wet weld-
ing processes were performed in two levels of water depth,
2.5 m and 5 m. In air welding process was also conducted
for comparison.

Radiographic test was used to see the defects of welded
joint. After radiographic checking, the welded joints were
tested for fatigue crack growth rate. It used the MTS Land-
mark 100 kN with a stress ratio (R) of 0.1, a frequency of
10 Hz and a stress level of 30%. The test specimens were
made according to the ASTM E647 standard with a notch
length and angle of 8 mm and 30∘ respectively as shown
in Figure 3. The crack propagation was observed using a
portable digitalmicroscope at 100×magnification as shown
in Figure 4. The seven points incremental method (ASTM

Table 1: Chemical composition of SS400.

Element Fe C Si Mn P Cr S Cu
% 96.4 0.0337 0.193 0.288 0.0018 0.0273 0.005 0.0136



Fatigue crack growth rate of underwater wet welded low carbon steel SS400 | 331

Figure 3: Dimension of fatigue crack growth rate specimen (mm).

E647) was used to calculate the fatigue crack growth rate
and then present it in a da/ N versus ∆K diagram.

3 Results and Discussion
Based on the radiographic test as seen in Figure 5, there are
various kinds of defects in the welded joints, especially un-

 

 

 

 

 

 

          

 

    

                  

            

               

               

               

                 

      

               

               

                

                

               

      

              

            

                 

                

             

               

 

Figure 4: Crack investigation during fatigue crack growth rate test.

derwater wet welded joints including incomplete penetra-
tion (I) that occurs in all welded joints, spatter (S), porosity
(P), undercut (U), concavity (V), and irregular surface (Z).
Incomplete penetration is the lack of molten metal penetra-

Table 2: List of welding defects based on the radiographic test.

Specimen Defect type Number Max. size (mm)
On land Incomplete Penetration (I) 1 400 mm

Spatter (S) 79 3.93 mm
UWW 2.5 m, 0 m/s Incomplete Penetration (I) 1 400 mm

Spatter (S) 5 3.7 mm
Undercut (U) 5 20.4 mm

UWW 2.5 m, 1 m/s Incomplete Penetration (I) 1 400 mm
Undercut (U) 8 27.8 mm

UWW 2.5 m, 2 m/s Incomplete Penetration (I) 1 400 mm
Undercut (U) 7 51.3 mm
Porosity (P) 12 485.02 µm
Concavity (V) 4 5.4 mm

Irregular Surface (Z) 8 51 mm
UWW 5 m, 0 m/s Incomplete Penetration (I) 1 400 mm

Porosity (P) 89 0.5 mm
UWW 5 m, 1 m/s Incomplete Penetration (I) 1 400 mm

Undercut (U) 8 21 mm
Porosity (P) 12 0.6 mm
Concavity (V) 2 10.5 mm

UWW 5 m, 2 m/s Incomplete Penetration (I) 1 400 mm
Undercut (U) 9 24 mm
Porosity (P) 14 1310 µm
Concavity (V) 2 7.2 mm

Irregular Surface (Z) 8 53.5 mm
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Figure 5:Welded joint appearance and radiographic test result.

tion that occurs due to poor welding techniques, especially
low value of heat input. Spatter defects often occur in in
air welding caused by the molten metal temperature is too
high. The largest number and size of defects is resumed in
Table 2.

Weld metal of underwater wet welding has a lot of
porosities due to hydrogen presence arising from direct
contact with water. Water around the weld arc have high
temperature and will dissociate into hydrogen and oxygen
gas [20]. Hydrogen and oxygen gases don’t get to the spec-
imen surface and were trapped in the weld metal due to
rapid solidification [10]. Table 2 shows that the number of
porosities in the underwater wet weld metal increases as
increasing of water depth and water pressure.

Undercut is more common in underwater wet welding
in flow water. Water flow increases welding heat dissipa-
tion which decreases arc temperature and arc shrinkage [7].
Underwater wet welding in high water flow velocity (2 m/s)
can make many irregular surfaces of weld bead. Weld bead
becomes too wide or too narrow and bead surface becomes

too convex or too concave. Irregular surface occurs due to
poor welding arc stability and unfavorable transfer process
of molten metal from electrode to weld pool because of
water flow presence [21–23].

Macro and micro structures of underwater wet welded
joints related to water depth and flow have been discussed
in our previous papers [18, 19]. There are differences in
weld penetration depth and porosity due to differences
in water depth and water flow speed of underwater wet
welding. When water flow speed increases, porosity will
increase. Underwater wet welding at 2 m/s water flow in-
dicated the presence of large porosity in the weld metal.
Porosity is caused by trapped gas in weld metal. It will in-
crease as increasing cooling rate of welding process [24, 25].
The heat of underwater welding process will experience a
forced convection heat transfer so there are a lot of heat
lost in underwater welding. The amount of heat lost is di-
rectly proportional to the water flow speed [26]. Due to the
heat lost, cooling rate of underwater wet welding process
is higher than that of in air welding process. Very high cool-
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ing rate makes the weld metal solidify rapidly and leads
the gas in the molten metal is trapped [21, 27]. Welding
process with high heat input will reduce the cooling rate
and solidification time of the weld metal for longer time so
it gives opportunity the gas in the molten metal to come
out [28]. Świerczyńska et al. [29] stated that water is one of
the main sources of hydrogen gas. Diffusible hydrogen con-
tent in weld metal depends on the hydrostatic pressure of
water [30]. Due to high hydrostatic pressure of underwater
wet welding in deep water, the welding shielding gas rise
more quickly to the water surface and make the protection
of the weld metal decrease [2, 4]. Lack of arc welding pro-
tection from bubbles increases the porosity [20]. Figure 6
shows the scheme of the porosity formation in underwater
wet welding due to high hydrostatic pressure.

Figure 6: Schematic force analysis of porosity gas expansion during
droplet transitions [20].

The fatigue crack growth rate test is performed to mea-
sure the relationship between the crack length and the
cycles number. Due to the dynamic load, the rate of the
crack length addition is affected by the load. The greater
the load used, the faster the crack length addition. The fa-
tigue crack growth rate data tests were the crack length and
loading cycle number which were then plotted. Figures 7 is
the illustration of the relationship between crack length (a)
and the number of cycles (N) of the underwater wet welded
joint in water depth of 2.5 m and 5 m respectively. In air
welded specimens experienced a fatigue cycles number of
179,680 and a maximum crack length of 10.69 mm. All of
underwater wet welding specimens have almost similar
maximum crack length but varying fatigue cycles number.
Fatigue cycles number is affected by crack tip condition
during preparing notch using EDM (Electrical Discharge

Machining). Initial crack on the notch tip is significantly
affected by notch tip condition. When the initial crack ap-
pears, crack then will propagate and finally specimen will
fail.

Figure 7: Relationship between crack length (a) and the number of
cycles (N) of the underwater wet welded joint.

Data of crack length and number of cycles were used to
determine the crack growth rate (da/dN) and stress inten-
sity factor (∆K) using the incremental polynomial method
based on the ASTM E647 standard. The calculated values
of da/dN and ∆K were then plotted in logarithmic curves so
that the material constant (C) and the exponential constant
(m) were obtained. The exponential constant (m) repre-
sents the slope of the curve and is known as Paris constant.
In general, the curve part which is considered for the m
calculation is a linear part which has a regular crack prop-
agation rate. The Paris constant is the value which is used
to characterize the fatigue crack growth rate where it illus-
trates how fast the crack is propagating. The greater the
Paris constant (m), the faster the crack propagation [31].

Figure 8: da/dN - ∆K diagram for underwater wet welding in water
depth of 2.5 m.
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Figure 9: da/dN - ∆K diagram for underwater wet welding in water
depth of 5 m.

Table 3: Paris constant (m) and material constant (C)

No. Spcimen Material
constant (C)

Paris
constant (m)

1. In air (A) 6 × 10−15 8.16
2. 2.5 m; 0 m/s (B) 4 × 10−14 7.68
3. 2.5 m; 1 m/s (C) 2 × 10−13 6.96
4. 2.5 m; 2 m/s (D) 9 × 10−15 7.97
5. 5 m; 0 m/s (E) 9 × 10−12 5.44
6. 5 m;1 m/s (F) 6 × 10−11 4.57
7. 5 m; 2 m/s (G) 3 × 10−13 6.67

Figure 8 and 9 show the relationship between the fatigue
crack growth rate (da/dN) and the stress intensity factor
(∆K) for in air welding and underwater wet welding in wa-
ter depth 2.5 m and 5 m respectively. It is known that in
air welding specimen has Paris constant (m) of 8.16 and
material constant (C) of 6 × 10−15. Paris constants (m) and
material constants (C) for all fatigue crack growth rate test
specimens are presented in Table 3.

Based on the data in Table 3, it is seen that material
constant (C) is varying and there is no certain correlation
trend between C and welding condition. Material constant
(C) is parameter which illustrates the material resistance to
initial crack formation. Since the notch of all fatigue test
specimenswere deliberatelymachined, the condition of the
notch tip greatly influenced the initial crack formation dur-
ing cyclic loading. Shortly after the actual crack is formed,
it will propagate according to the conditions of each ma-
terial. This crack propagation is represented by the value
of the Paris constant (m). Based on the Paris constant in
Table 3, it can be seen that the crack propagation rate of on
land welded joint generally is higher than all of underwater
wet welded joints. It means that the crack in on land weld
metals will propagate faster than in underwater wet weld

metals. Based on our previous research [19, 32], the main
microstructure of underwater wet weld metal was acicular
ferrite which had small grain and good toughness. It will
resist themovement of propagation crack. Conversely, weld
metal of in air welding had coarse grain boundary ferrite
and polygonal ferrite in which cracks can propagate easily.

In case of underwater wet welding, the fatigue crack
growth rate decreases as increasing the water depth due
to the increased cooling rate during the welding process.
Muhayat et al. (2020) presented the continuous cooling
transformation (CCT) diagram of low carbon steel and
showed that thermal cycle of underwater wet welding in
water depth of 5 m and 10 m will pass through the acicular
ferrite region for more time and allow more opportunities
for acicular ferrite to be formed [32]. Gao et al. [16] and Bar-
bosa et al. [33] stated that the acicular ferrite (AF) structure
contributes to the resistance of the fatigue crack propa-
gation and increases the tensile strength of underwater
welded joints. In addition, the acicular ferrite (AF) can also
function as an interlocking structure that can inhibit the
propagation of cracks.

Beside the water depth, water flow also affects the cool-
ing rate of welding process. Therefore, underwater wet
welding in flowing water with flow speed of 1 m/s has more
acicular ferrite structure than that in without flow water.
Consequently, weld metal of underwater wet welding in
flowing water of 1 m/s has higher tensile strength and resis-
tance of the fatigue crack propagation than that in without
flow. It is evidenced by the Paris constant (m) whereas weld
metal of underwater wet welding in flowing water of 1 m/s
has lower Paris constant (m) than that in without flow both
in water depth of 2.5 m and 5m. However, if velocity of flow-
ing water is increased, turbulence flow will occur around
theweld arc so it will disturb the stability of weld arc, conse-
quently increase weld defects. It is proven by radiographic
test which showed that underwater wet weldmetal in water
flowof 2m/s hasmoreweld defects in the form of undercuts
and porosity. According to Ottersboc et al. [34], undercut
defects reduce the strength of a material, while Fomin et
al. [35] and Arias [36] stated that porosity can accelerate the
propagation of fatigue cracks. Another factor that affects
the increase of the fatigue cracks growth rate is an inclusion
in underwater wet welding.

The failure of the fatigue specimen is caused by re-
peated loading. The failure mechanism in fatigue testing
can be divided into three stages, namely the crack initiation,
the crack propagation and the final fracture. Fractographic
observations were carried out in the fatigue crack propa-
gation area. The propagation of fatigue cracks is initiated
with the opening of the cracks because of shift in the crystal
field due to increasing stress concentration. Furthermore,
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        Figure 10: Failure mechanism in fatigue testing [37].

when there is an increase load, the tip of the crack will
blunt and then become sharp again when fatigue load de-
creases. Figure 10 shows the mechanism of fatigue crack
propagation.

Figure 11 shows the fatigue fracture surface of in air
welded joint. Fatigue fracture is characterized by micro-
scopic striation. Thedistance of striation indicates the crack
propagation rate. The longer distance of striation, the faster
crack propagation and vice versa [33, 38]. Figure 12 and 13
are the fatigue fracture surface of underwater welded joint
in water depth of 2.5 and 5m respectively. The surfaces frac-
ture of fatigue crack growth rate test supported the data of
Paris constant, where the surface fracture of in air welded
joint specimen had coarse striation while that of underwa-
ter wet weld specimens had fine striation. The coarse stri-
ation represents the high crack growth rate while the fine
striation represents the low crack growth rate. The figures
also show that inclusion appeared in underwater wet weld-
ing with flowing water of 2 m/s both in water depth of 2.5
and 5 m. Inclusion is oxides and other non-metallic objects
that are trapped in the weld metal [23, 37, 39]. During the
underwater wet welding process, the spherical inclusions
are pushed into the molten metal by the water flow and
then trapped due to very high cooling rate of weld metal.
Inclusion has a negative impact on weld metal, because it
can reduce fatigue strength due to micro void (air bubbles)
on the edges of the inclusion [14, 37]. During the fatigue test,
the stress will concentrate on the micro void around the

inclusion so the crack will initiate. It will continue to prop-
agate, then merge with other cracks to make macrocrack
and finally make specimen fail [14, 23]. This mechanism is
illustrated in Figure 14.

During taking data analysis of underwater wet welded
joint test, it is found that there was interesting relation-
ship between tensile strength and fatigue crack growth rate.
By taking the tensile test of underwater welded joints [19],
the relationship between tensile strength and fatigue crack
growth rate represented by Paris constant can be illustrated
in Figure 15. It shows that there is a proportional relation-
ship between tensile strength and fatigue crack growth rate.
Sample with low tensile strength has high Paris constant
and vice versa. Material with low tensile strength means it
has low grain bonding force so crack will propagate easily
when it has initial crack.

Figure 11: Fatigue fracture surface of on land weld.
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(a) 0 m/s (b) 1 m/s (c) 2 m/s

Figure 12: Fatigue fracture surface of underwater wet welding in water depth of 2.5 m.

(a) 0 m/s (b) 1 m/s (c) 2 m/s

Figure 13: Fatigue fracture surface of underwater wet welding in water depth of 5 m.

Figure 14:Mechanism of crack propagation around the inclu-
sion [23].

4 Conclusions
The conclusions obtained from this study are as follows:

1. There were many kinds of underwater wet welding
defects such as incomplete penetration (I), spatter
(S), porosity (P), undercut (U), concavity (V), and
irregular surface (Z) defects.

2. Fatigue crack growth rate of on land welded joint is
higher than that of underwater wet welded joint.

Figure 15: Relationship between tensile strength and Paris constant.

3. Fatigue crack growth rate of underwater wet weld
decreased as increasing water depth due to the for-
mation of acicular ferrite structure.

4. Fatigue crack growth rate of underwater wet weld
decrease as increasing velocity of flowing water due
to the defects.
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