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Abstract

:

Underwater wet welding (UWW) combined with the shielded metal arc welding (SMAW) method has proven to be an effective way of permanently joining metals that can be performed in water. This research was conducted to determine the effect of water flow rate on the physical and mechanical properties (tensile, hardness, toughness, and bending effect) of underwater welded bead on A36 steel plate. The control variables used were a welding speed of 4 mm/s, a current of 120 A, electrode E7018 with a diameter of 4 mm, and freshwater. The results show that variations in water flow affected defects, microstructure, and mechanical properties of underwater welds. These defects include spatter, porosity, and undercut, which occur in all underwater welding results. The presence of flow and an increased flow rate causes differences in the microstructure, increased porosity on the weld metal, and undercut on the UWW specimen. An increase in water flow rate causes the acicular ferrite microstructure to appear greater, and the heat-affected zone (HAZ) will form finer grains. The best mechanical properties are achieved by welding with the highest flow rate, with a tensile strength of 534.1 MPa, 3.6% elongation, a Vickers microhardness in the HAZ area of 424 HV, and an impact strength of 1.47 J/mm2.
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1. Introduction


Indonesia is a maritime country with water territory that has a lot of potential in the industrial sector, food production, mineral mining, pharmaceuticals, maritime service development, and tourism [1]. This potential arises from the fact that Indonesia has territorial waters with an area of 284,210.90 km2 and waters of the Exclusive Economic Zone (ZEE) with an area of 2,981,211.00 km2 and is supported by abundant marine resources [2]. Utilization of marine resources has begun to develop along with the emergence of marine technology such as offshore oil platforms, submerged pipelines, marine power plants, maintaining nuclear power equipment, and other underwater constructions [3,4]. In its operation, the construction certainly requires continuous maintenance and repairs in case of damage. The connection and cutting of damaged construction components such as pipes that are underwater are carried out by welding directly in the water [4].



Underwater welding technology has become essential and is often used to repair damage to underwater infrastructure such as bridges, offshore structures, and other submerged constructions. Underwater welding technology allows repairs to be carried out directly without moving the water construction onto land, which is less time consuming and more cost efficient [4,5]. The wet welding process that is conducted directly in the water would affect the welding arc, the weld’s droplet transition, and the heating and cooling cycle due to the water environment, such as water flow rate and water pressure.



Underwater welding is an extension of the welding process that is commonly used. Broadly speaking, underwater welding has two methods that can be applied depending on the tool and the properties of the welding results you want to obtain. These methods are underwater wet welding (UWW) and dry underwater welding [5]. Wet welding is carried out directly in a wet environment using special electrodes, and welding is carried out manually similar to welding in general, in the sense that the electrode and the workpiece are in direct contact with water [6], whereas in welding on land, the method used is no different from welding in the open air. This can be carried out with the help of a piece of high-pressure equipment called the dry hyperbaric weld chamber, which is designed to be waterproof similar to a submarine [4].



Underwater wet welding is carried out at ambient pressure by submersion into the water, and there is no mechanical barrier between the water and the welding arc, as shown in Figure 1. The simple welding process makes it possible to weld geometrically complex structures onto the water construction, such as submerged pipelines and cranes and offshore oil platforms [7].



The electrodes used in UWW are special electrodes that are water resistant or have been modified to be so. The welding methods commonly used in underwater welding are shielded metal arc welding (SMAW) and flux-cored arc welding (FCAW), which include welding with a self-shielded wire. Wet welding with these covered electrodes is considered the most versatile method of operation in underwater environments [7,8].



Poor quality of welds can occur in wet environments, resulting from uneven heat transfer distribution, lack of visibility of the welder, and the presence of hydrogen in the arc during the penetration process, which can cause porosity [9]. When the base metal and arc weld area are surrounded by water and there is no heat build-up on the metal from the arc weld, it creates a quench effect in the weld metal, which traps some hydrogen and also results in weld solidification, thereby reducing toughness and ductility [9,10]. A water environment produces such things as waves and a high water flowrate, which can be determining factors of the welding result due to shrinkage of the welding arc and unstable droplet transition [4].



Heat transfer due to high convection that occurs in water will cause heat loss in the welding process. Welding with water flow will have a greater heat transfer capability than welding without water flow. This can be seen from the Nusselt number which reflects the intensity of heat convection. Chen et al. stated that the heat loss will increase due to the heavier water flow, and it is proven by the Dittus–Boelter equation:


Nu = 0.023Re0.8Pr0.3,



(1)






Re = Du ρ/μ,



(2)




where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandtl number, D is the linear dimension characteristic, u is the characteristic velocity of water, ρ is the density of water, and μ is the dynamic viscosity of water. Based on these two equations, it can be concluded that heat loss will increase with increasing water flow rate [4].



Chen et al. conducted research on the effect of water flow rate on arc stability which affected the weld characterization using underwater welding conditions. The study explains that the transfer process in upstream welding will make the metal transfer behind the electrode because it is carried away by the water flow [4]. Zhang et al. studied the effect of metal transfer on the weld and demonstrated that the repelled grobular transfer mode is the main cause of the asymmetric and less uniform appearance of the weld [11]. Zhai et al. studied metal transfer modes and weld morphology in local welding on land and found that the widths of the slag column transfer and continuous liquid transfer welds were greater than those of the no-contact transfer [5]. Guo et al. found that the size of the protective bubble increased dramatically, increasing the arc stress [12]. Feng et al. found that welding current and arc voltage exert strong pressure on dynamic bubbles, with increasing change of shape and frequency [13].



The stability of the welding arc transfer mode and the metal transfer process play a key role in the welding quality. This stability is influenced by various factors in the water environment such as flow rate, temperature, water type, and water pressure. The fluid flow rate in terms of visual velocity can be divided into two: uniform and non-uniform flow. In natural environments, such as seas, rivers, and lakes, non-uniform flow types are often encountered. This non-uniform flow has characteristics such as the shape, direction, and velocity vector of the fluid which change according to the path of the fluid. In this research, we adjusted the variables by using baffle plates or not using baffle plates for non-uniform flow.



Non-uniform flow with baffle plates tends to have a smaller flow rate so that its vector and direction are more uniform than those without baffle plates. Whereas, non-uniform flow without baffle has a relatively high flow rate and results in a complex flow; the paths of motion of the particles are more irregular. The two flow factors will result in different welding arc stability and different weld characterization.



Given the limited information regarding comparison between the physical and mechanical properties of welding on land and underwater wet welding using SMAW without flow and non-uniform flow with baffles and without baffle, research is needed for further understanding the effect of water flow on welding. In this study, the results of weld penetration, microstructures, tensile strength, impact strength, and Vickers microhardness are presented.




2. Materials and Methods


2.1. Welding Process


The material used in this experiment is ASTM A36 low-carbon steel (see Table 1 for the chemical composition) with dimensions of 300 mm × 400 mm × 4 mm, which was cleaned on the surface using grit 150 sandpaper before welding. The welding process was carried out in the water in the test stand with a spray pump that was made in such a way to obtain a specified water flow rate. This test stand had a water stream of 1.25 l/s and pipe diameter of 50.8 mm as an inlet equipped with a valve to regulate the flow rate and a 101.6 mm outlet equipped with a plate to control the drain flow. The water flow rate was 0.6 m/s, with a water level of 0.5 m from the bottom of the test stand. The water used in this research was fresh water at a temperature of 27 °C. Dry and underwater welding was performed with welding travel speeds of 3 mm/s and 4 mm/s. These speeds were chosen to avoid too much heat input, which could lead to welding defects. A KOBEWEL KA-602 welding machine was used, with a welding current of 120 A, a voltage of 24 V, and an E7018 electrode of 4 mm diameter (see Table 2 for the chemical composition). The test stand system is shown in Figure 2.




2.2. Test Preperation


Macro observation was used to identify the weld penetration depth, and it was measured with a stereomicroscope Olympus type SZ2 ILST (Tokyo, Japan)with a magnification of 1.5×. Microstructure observations were made using a Euromex optical microscopy with 100× magnification. The standard procedure for microstructure observation, including cutting, polishing with 150 to 3000 grit sandpaper, and etching, was followed. The etching solution was 95% alcohol, 5% NHO3. The observed areas were base metal, heat-affected zone (HAZ), and weld metal.



A Vickers Highwood test machine type HWMMT-X7 (Fukushima, Japan) was used for the Vickers microhardness test in cross-section to study the hardness value in the microstructure of the weld and the HAZ. The indenter used was a pyramid-shaped diamond with load of 200 gf, due to the small size of the specimen, for 10 s according to ASTM E384 for microindentation testing. A Universal Testing Machine (UTM) SANS type SHT4106 (Guangdong, China) was used for tensile testing with reference to the JIZ 2201 standard, the coupon test, as shown in Figure 3. The tensile test was conducted at a tensile speed of 11.25 mm/s and a cross-section of 25 mm2. The bend tests used the same UTM as the tensile test, with a 55 mm depth penetration of punch. The bend’s coupon test refers to the standard of AWS D1.1. For impact testing, TATONAS type TG-820 (Yogyakarta, Indonesia) was used, with swing load of 9.5 kg and arm length of 0.85 m, at room temperature. The tensile, bend, and impact testing was repeated three times with a different specimen for each variable.





3. Results and Discussion


3.1. Physical Characteristics


3.1.1. Bead Defects Observation


The underwater welding process is very susceptible to welding defects. This is due to the cooling rate and water flow rate, which are always changing in the welding environment [14]. Therefore, it is necessary to observe the underwater welding results of experts in compliance with EN ISO 5817. Figure 4 shows the results of visually identifying defects in dry and underwater welding. Based on visual observation of the underwater welding results, various kinds of defects in the welded joint occur in wet underwater welding conditions. The defects that occur include spatter (S), porosity (P), undercut (U), concavity (V), irregular surface (Z), and underfilled (F) [15].



Table 3 shows the various types of defect identification, the number of defects, and the largest dimensions of the defect in each specimen measured on a plate with an area of 400 mm × 300 m. Welding on land has the most spatter defects of all specimens. Slow cooling also causes the spatter to solidify in the base metal and makes it difficult to remove. The decrease in the amount of spatter in underwater welding is caused by low welding arc temperature due to forced convection during the welding process, which results in less molten metal spatter. This difference is caused by flow turbulence due to the random direction of the water flow, which is not uniform, carrying droplets during the welding process and propagating them following the random and opposite flow of water from the welding direction [16].



Underfilled welding defect is found in specimens from welding on land. This defect arises from the specimen surface of the base metal not being filled with weld metal, because the distribution of the weld metal is not even, resulting in an empty and unfilled weld pool area [15]. The lack of filling in the grooves in the base metal during the welding process is caused by the welding speed being too fast or by electrode changes during the welding process.



Wet underwater welding is very susceptible to the formation of porosity defects as shown in Figure 4B–D. Porosity defects are caused by gas bubbles that arise from water dissociation due to direct contact with the welding arc during the welding process. This results in the breakdown of hydrogen gas, which is trapped in the weld metal because it does not have time to escape due to the fast cooling and solidification rate of the weld metal [14,17,18]. Random water flow and increasing flow rate can cause an increase in the number and size of the weld porosity [19]. Table 3 shows the difference in the largest number and size of porosity that occurs in underwater welding. Underwater welding without flow has the least porosity compared to welding with non-uniform flow with baffle, which has more porosity, and non-uniform flow without baffle, which has the most porosity. This indicates that the increased water flow rate increases the amount of porosity in the underwater welding specimen weld metal.



Undercut defects in underwater welding can occur due to a decrease in arc temperature by heat dissipation and arc shrinkage [4,18]. According to Nguyen et al., shrinkage of the weld arc will cause an imbalance in the metal transfer process and the formation of a weld pool vortex, so that the heat transfer process does not occur properly and causes undercut defects and burn through [20]. The existence of the flow rate in underwater welding will further reduce the arc temperature and arc shrinkage and increase the current density, thereby exacerbating undercut defects [18,20,21]. If the undercut defect is not removed, it can interfere with the mechanical properties of the welding result [20].




3.1.2. Weld Penetration


The results of measuring the penetration depth of the weld metal are shown in Figure 5, proving that the water flow in the welding process affects the penetration of the weld metal. The depth of penetration in welding on land specimens is higher than underwater welding specimens without flow for several reasons. The emergence of heat loss in the welding arc due to convection by water and shrinkage of the welding arc due to hydrostatic pressure will interfere with the penetration process, and the formation of a weld pool on the base metal results in sub-optimal penetration of the underwater welding specimen without flow [4,20,22].



Increased penetration occurs in underwater welding specimens that are welded using water flows in the opposite direction to the welding direction (upstream). The increase in penetration is due to the water flow rate, which reduces the droplet size of the weld metal but increases the transition frequency of the fallen metal. The liquid droplet from the weld metal collects and increases the pressure on the base metal surface because the droplets are pushed by the water flow opposite the welding direction toward the back of the electrode [4].



The weld penetration of the welding on land specimens has an average depth of 1.8 mm. Underwater welding without flow produces the shallowest penetration depth of 1.6 mm. The depth of penetration in wet underwater welding with non-uniform flow with baffle is 2.16 mm. Specimens with non-uniform flow without baffle have the deepest penetration depth of 2.28 mm. A graph comparing the penetrative depth of the four specimens is presented in Figure 6.



Greater movement and flow rates have a greater heat transfer capability. The ability of the flow to transmit heat better causes the heat loss to be greater, thus reducing the heat received by the base metal [4]. Heat loss will interfere with arc penetration in underwater welding conditions without flow and downstream welding as evidenced by the shallower penetration, but the increasing heat loss along with the increasing water flow rate in upstream welding will increase the weld current density and decrease the arc, concentrating the heat. The increasing of the welding current density and heat concentrated in the arc will increase weld penetration [4,19].




3.1.3. Microstructure


Weld metal in welding on land has three types of mixture: grain boundary ferrite (GBF), ferrite with second phase (FSP), and polygonal ferrite (PF). The microstructure of weld metal in underwater welding is almost the same as in welding on land but with the addition of the appearance of the acicular ferrite (AF) structure.



The weld pool region is heated to temperatures as high as 1900–1600 °C (Figure 7a), the dissolved oxygen and deoxidizing elements in liquid steel react to form complex oxide inclusions. In the temperature range 1530–1400 °C (Figure 7b), solidification to δ-ferrite starts and envelops these oxide inclusions; and this δ-ferrite transforms to austenite. The PF structure is nucleates at the prior γ–γ boundaries and grows by a diffusional mechanism and eventual coverage of these boundaries at a temperature of 850–680 °C (Figure 7d,e) after the formation of austenite at a temperature of 1400 to 850 °C (Figure 7c). GBF is formed at a temperature of 1000–650 °C along the grain boundaries of the austenite and will be the formation site for the FSP core, which is formed at a temperature of 700–550 °C (Figure 7f). This explains why the FSP is always close to the GBF. Further cooling to around 500 °C (Figure 7g), the acicular ferrite would nucleate on the inclusions located in the austenite grain interiors and grow in needle form. Table 4 shows that the appearance of PF and GBF structures, which are larger and more dominant than wet underwater welding. This is because the heat input received by the welding on land is relatively large, so that the grain size increases and the relative amount of FSP and AF decreases with increasing GBF and PF [17,23,24]. The HAZ and weld metal photo of every variation was taken in a fine grain area.



Each phase in the weld metal area has different mechanical properties. AF structures have higher tensile strength and hardness than GBF and PF structures. The FSP phase has the same tensile strength as the AF structure but with lower ductility [17,25].



The microstructure of underwater weld metal shows the presence of AF which is formed at a temperature of 600–400 °C, with a fast cooling rate as shown in the CCT diagram in Figure 7. Underwater welding has water-cooled media, and the heat input received by the specimen is relatively small, which will make the cooling rate even higher, thus increasing AF formation. The high cooling rate in underwater welding results in GBF and PF structures that are flattened and smaller compared to those for welding on land structures [17]. This is in accordance with the observation results shown in Table 4.



Non-uniform flow underwater welding with or without baffle has the smallest GBF and PF compared to other weld specimens because of the flow rate which makes the cooling rate increase. This structural observation is adjusted to the CCT (continuous cooling transformation) diagram according to the carbon content of the steel used. Figure 7 shows a diagram of the CCT phase transformation of the electrode with a C content of 0.09% [26]. Calculation of the cooling rate ∆t8/5 in underwater welding was performed by using the equation from Di et al. and Wengbin et al., which has been validated by experiments and simulations.



The microstructure of the HAZ in both underwater and welding on land contained ferrite and pearlite, as shown in Table 4. The microstructure of HAZ is almost the same as that of the base metal but has different grain sizes and concentrations. Welding on land has a more dominant ferrite concentration than pearlite, as in the base metal structure, whereas in underwater welding the dominance of ferrite is reduced and pearlite appears more, resulting in an increased hardness value. The underwater welding process also makes the grain structure of the HAZ smaller, smoother, and denser. The smallest grains are found in wet underwater welding with non-uniform flow without baffle of 5–10 μm, while the microstructure of welding on land has a much larger grain size of 20–30 μm. Increasing the turbulence in water flow and the water flow rate will increase the heat transfer ability of water, so that the cooling rate will be even greater [15]. An increased cooling rate causes disturbance in grain growth, so that the grain size in the HAZ area of underwater welding is much smaller than in welding on land [11].





3.2. Mechanical Properties


3.2.1. Vickers Microhardness


The hardness profile of the welded joint generally increases from the weld metal to the HAZ and then decreases sharply to the base metal [17]. The lowest hardness value is found in welding on land, with a value of 176 HV for weld metal, 204 HV HAZ area, and 149 HV in base metal. The wet underwater welding specimen with non-uniform flow without baffle has the highest hardness of the four other variations, the value of the weld metal is 287 HV, the HAZ area is 424 HV, and the base metal is 144 HV. The hardness value in wet underwater welding without flow has the lowest hardness compared to other underwater welds, with the highest hardness at 204 HV for weld metal, 304 HV in HAZ area, and 132 HV in base metal. The hardness value in wet underwater welding with non-uniform flow with baffle includes 331 HV weld metal, 340 HV HAZ area, and 138 HV base metal. The results of the Vickers test of four welding variations are shown in Figure 8.



The diagram in Figure 8 shows that the weld metal of non-uniform flow underwater welding without baffle has the highest hardness of the weld metal specimens, although it also has the highest number of porosity defects. Meanwhile, the hardness value in dry weld metal is the lowest, although there is no porosity defect. This is due to the predominance of AF in the microstructure of the underwater weld [17]. The increase in the cooling rate causes the growth of AF and FSP to also increase [24]. Without-flow underwater weld metal has the lowest hardness of the underwater welding groups. This condition is caused by porosity defects, large and rough GBF, and less AF dominance. The hardness of the weld metal in non-uniform flow with baffle underwater welding has the second highest hardness value due to the dominance of AF and the finer GBF structure of the underwater welding without flow.




3.2.2. Tensile Strength Test


Tensile testing refers to the JIS Z 2201 standard, with each variation carried out three times with weld reinforcement which was not removed. Figure 9 shows the results of the specimen tensile test, where all the specimens have a fracture around the HAZ and base metal area. The fracture that occurs in the HAZ area is caused by the weld reinforcement which was not removed during the tensile test. Weld reinforcement makes the area of the weld metal stronger against the tensile load applied during the test, so that fractures tend to occur in the HAZ area.



Figure 10 shows the tensile test simulation performed on a specimen with weld reinforcement on both sides. It can be seen that the load distribution appears first on the weld toe, which will be the cause of the initial fracture [27].



The tensile strength of the welding specimens is presented in Figure 11, which shows that the maximum stress value of the welding on land is the smallest, namely, 416.1 MPa, but with highest elongation of 4.4%, while in underwater welding the average tensile strength and elongation are 508 MPa and 3.3%, respectively. The tensile strength of underwater welding without flow is increased in comparison with welding on land. The results of the tensile test show that a specimen that is welded underwater without flow has an average tensile strength of 488.2 MPa and an elongation of 3.4%, while in non-uniform flow with baffle there is tensile strength and elongation, namely, to 513.4 MPa and 3.53%, respectively. The greatest tensile strength is found in non-uniform flow without baffle, namely, 534.1 MPa and 3.6% of elongation, respectively.



Welding on land has the highest percentage of elongation because the fracture location is around the HAZ and base metal area, so it has a shrinkage in the area of the fracture (necking) as shown in Figure 9. The location of the fracture at the end of the HAZ is caused by the large thickness of the weld reinforcement, and the absence of a shrinkage of the weld pool width as experienced by underwater welding with upstream welding [4,27]. The smallest percentage of elongation in underwater welding without flow is caused by undercut defects on the weld toe, so that there is no necking before the specimen breaks [20].



In contrast to the without-flow underwater welding specimens that do not have a necking, the underwater welding specimens have a slight necking before fracture, so that the tensile strength and elongation values are greater than those of the without-flow underwater welding specimen. The graph of tensile test results in Figure 11 shows the tendency of increasing the percentage of elongation and ultimate tensile strength (UTS) along with the increasing rate of cooling in the welding process. The rapid cooling rate increase in underwater welding gives the HAZ micro-structure grains an increased pearlite concentration and decreased size of grain, smoother and denser, as shown in Table 4. The smaller grains will make the dislocation distribution random, thus increasing the tensile strength and hardness of the material [23,28].




3.2.3. Impact Toughness Test


Impact testing was carried out by making a notch on the HAZ and using a reinforced specimen that made the fracture spread to the HAZ and base metal area because the weld metal was stronger in receiving impact loads and stresses [21,27,28]. The specimens of the impact test results are presented in Figure 12, which shows a mixed fracture between brittle and ductile in land welding and underwater welding.



The graph data of impact testing in Figure 13 show a trend of the amount of energy that can be absorbed; the impact strength, which increases with the cooling rate; and a flow rate that increases at each welding condition. This trend is contrary to the results of other studies, which concluded that a higher cooling rate will make the grain structure of ferrite and pearlite smaller and make the hardness and tensile strength increase but reduce the toughness [17,23,28].



The highest impact toughness was obtained in the specimens that were welded underwater with a non-uniform flow without baffle, with an impact strength of 1.47 J/mm2 and energy absorption of 28.78 J. The lowest toughness value was obtained in welding on land at 1.31 J/mm2, with 20.48 J of absorbed energy. The specimen that welded underwater without flow could absorb energy of 25.76 J and had an impact value of 1.33 J/mm2, while specimens in underwater non-uniform flow with baffle welding can absorb energy of 28.36 J, with an impact value of 1.43 J/mm2.



The data in Figure 13 show a trend of the amount of energy that can be absorbed; the impact strength, which increases with the cooling rate; and a flow rate that increases at each welding condition. According to Colak et al., results that differ from the theory may occur because the underwater welding specimen fracture occurs in the base metal area, such as the fracture scheme shown in Figure 14. The fracture in the base metal area was caused by the reinforcement of the impact test specimen and the different HAZ area depending on the variation of the heat input. Underwater welding specimens have fractures that spread to the base metal area due to the narrow area of the HAZ. This is because the heat input is smaller because the arc heat undergoes forced convection by water. Welding on land specimens have fractures in the HAZ caused by large weld heat input because the heat of the welding arc does not undergo convection, so the HAZ area becomes wider [21,27,28].



The fracture in the base metal will make the toughness value of the underwater weld specimen bigger because the area of the base metal is not exposed to heat, so it does not undergo a grain structure transformation, which can reduce the toughness of the material [28]. This result is also supported by Di et al., who conducted research using electrode variations with different heat input in land and underwater welding; the highest impact test results were obtained from specimens that were welded with electrodes that had the smallest heat input [22].




3.2.4. Bending Test


The bending test is carried out on the test specimen from the welding result by referring to the AWS D1.1 standard with the type of face bend test. The face bend test is used to determine the quality information of the welding results, especially on the upper surface of the weld seam, which can be seen from the toughness properties of the material after welding. The test was carried out with three-point bending, which used a 20 mm diameter of punch with a depth penetration of 55 mm and a 30 mm diameter roller. The bend test scheme is showed in Figure 15. The bending test on the weld specimen using the face bend position resulted in an acceptable dry weld specimen because it had no cracks. This is because welding on land has no defects and has large grains, providing it with good toughness [28]. The specimens of the bending test results are shown in Figure 16.



In contrast to welding on land, which is declared accepted, underwater welding specimens have a fracture extension caused by undercut defects. There was a crack extension exceeding 3 mm in the underwater welding specimen, which previously had a fracture of less than 2 mm in length. Undercut defects are caused by the process of forming a weld pool that is not optimal due to the shrinkage of the welding arc by forced convection [4,20]. The flow rate in underwater welding causes an increase in the density of the weld current, which also causes undercut defects [4,21]. The elongated cracks are caused by the load distribution that appears first in the undercut defect area when tested.



The microstructure of the HAZ of underwater welding contains increased pearlite concentrations due to the high cooling rate. The pearlite content is strong but brittle and more sensitive to fracture; thus, fracture propagation occurs more easily [28]. Following the AWS D1.1 standard, if defects that arise in specimens b, c, and d are initially less than 2 mm and, due to bending tests, expand to cracks greater than 3 mm, the specimens are declared rejected. This methodology may be extended to investigate thin-walled structures which use A36 and other marine steels as parts of their constructions, e.g., ship and offshore platform [29,30,31,32,33,34,35,36,37,38].






4. Conclusions


The conclusions that can be obtained from the results of this research on the effect of water flow on the physical and mechanical properties of underwater welding of bead on plate on A36 steel are as follows:




	
The presence of flow and an increase in flow rate in underwater welding causes greater porosity defects. In underwater welding with non-uniform flow without baffle, there are porosity defects and undercuts that occur the most. The deepest penetration is in underwater welding with non-uniform flow without baffle, with an average of 2.28 mm.



	
The effects of water flow on physical and mechanics properties of underwater wet welded low-carbon A36 steel have been investigated. Based on the observation of microstructures, the volume fraction of ferrite in weld metal structures increases with the cooling rate due to the increasing water flow rate.



	
The highest microhardness was measured on the HAZ, followed by the weld metal and the base metal, for all the test samples. The mechanical properties of the specimen increase with the rate and variability of water flow. The best mechanical properties are possessed by welding with the highest flow rate, with a tensile strength of 534.1 MPa and 3.6% elongation, whereas Vickers microhardness in the HAZ area is 424 HV and the impact strength is 1.47 J/mm2.
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Figure 1. Scheme of wet underwater SMAW process. 






Figure 1. Scheme of wet underwater SMAW process.



[image: Metals 11 00682 g001]







[image: Metals 11 00682 g002 550] 





Figure 2. Schematic of water flow simulation on test stand. 
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Figure 3. Tensile test specimen (mm). 






Figure 3. Tensile test specimen (mm).



[image: Metals 11 00682 g003]







[image: Metals 11 00682 g004 550] 





Figure 4. View of underwater wet welded joints. (A) Welding on land, (B) underwater welding without flow, (C) non-uniform flow underwater welding with baffle, (D) non-uniform flow underwater welding without baffle. 
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Figure 5. Morphology of welding results. (A) Welding on land, (B) underwater welding without flow, (C) non-uniform flow underwater welding with baffle, (D) non-uniform flow underwater welding without baffle. 
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Figure 6. Graph comparing data of welding penetration. 
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Figure 7. Schematic illustration of HSLA weld metal phase transformation in continuing cooling conditions. Further explanation of the phase can be accessed in [23]. 
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Figure 8. Vickers microhardness of welding specimen. 
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Figure 9. Tensile specimens: (A) Welding on land, (B) underwater without flow, (C) underwater non-uniform flow with baffle, (D) underwater non-uniform flow without baffle. 
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Figure 10. Simulation of load distribution in tensile testing with reinforced specimens [27]. 
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Figure 11. Graph data of the tensile test specimen. 
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Figure 12. Impact test results. (A) Welding on land, (B) underwater without flow, (C) underwater non-uniform flow with baffle, (D) underwater non-uniform flow without baffle. 
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Figure 13. Summarized data of the impact test results. 
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Figure 14. Schematic of impact fracture. (A) Fracture in welding on land, (B) fracture in underwater welding. 
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Figure 15. Three-point bending test scheme. 
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Figure 16. Bending test results. (A) Welding on land, (B) underwater welding without flow, (C) non-uniform flow underwater welding with baffle, (D) non-uniform flow underwater welding without baffle. 
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Table 1. Chemical composition of A36 steel.
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	A36
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Cu
	Nb





	(wt%)
	0.19
	0.128
	0.472
	0.044
	0.053
	0.025
	0.014
	0.015
	0.0082
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Table 2. Chemical composition of E7018 electrode.
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	E7018
	C
	Si
	Mn
	P
	S
	Cr
	Ni





	(wt%)
	0.08
	0.68
	1.55
	0.02
	0.01
	0.07
	0.06










[image: Table] 





Table 3. Observation results of welding defects.
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Specimen

	
Defect

	
Total

	
Max. Size






	
A

	
Underfilled (F)

	
1

	
1.0 mm




	
Spatter (S)

	
84

	
1.2 mm




	
B

	
Porosity (P)

	
7

	
1.5 mm




	
Spatter (S)

	
8

	
4.1 mm




	
Undercut (U)

	
8

	
6.1 mm




	
C

	
Porosity (P)

	
9

	
1.0 mm




	
Spatter (S)

	
4

	
3.2 mm




	
Undercut (U)

	
12

	
8.8 mm




	
D

	
Porosity (P)

	
12

	
1.2 mm




	
Spatter (S)

	
3

	
3.1 mm




	
Undercut (U)

	
14

	
8.4 mm
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Table 4. Microstructure of the specimens.
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Variation

	
Base Metal

	
Heat-Affected Zone

	
Weld Metal






	
Welding on Land

	
 [image: Metals 11 00682 i001]




	
 [image: Metals 11 00682 i002]

	
 [image: Metals 11 00682 i003]
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Without Flow
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Non-uniform

with Baffle
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Non-uniform

without Baffle
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