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Abstract

:

This article presents a cost-effective and reliable method for welding 30 mm thick sheets of shipbuilding steel EH36. The method proposes to perform butt welding in a two-run technique using hybrid laser arc welding (HLAW) and submerged arc welding (SAW). The HLAW is performed as a partial penetration weld with a penetration depth of approximately 25 mm. The SAW is carried out as a second run on the opposite side. With a SAW penetration depth of 8 mm, the weld cross-section is closed with the reliable intersection of both passes. The advantages of the proposed welding method are: no need for forming of the HLAW root; the SAW pass can effectively eliminate pores in the HLAW root; the high stability of the welding process regarding the preparation quality of the weld edges. Plasma cut edges can be welded without lack of fusion defects. The weld quality achieved is confirmed by destructive tests.
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1. Introduction


The use of thick-walled steel plates is very common in industrial manufacturing. The main areas of application include the oil, gas and chemical industries. Other important fields of application are wind energy and shipbuilding. In offshore wind-turbine construction, for example, plates made of S355 steel with a thickness of up to 120 mm are used to construct the foundations [1]. In shipbuilding, demand for heavy plates with a good combination of high strength, toughness and weldability for the construction of large container ships has recently increased significantly. The successful application of a thermomechanical control process (TMCP) with the latest innovative alloying concepts has led to the development of EH36, EH40 and EH47 grade steel plates [2]. Alloying elements such as boron, copper and nickel have been added, and the rolling and cooling processes have been strongly and precisely controlled to improve strength and toughness simultaneously. ASTM A131 steel, grade EH36, for high heat input welding was successfully developed with good toughness at heat affected zones (HAZ) by increasing the thermal stability of TIN particles at high temperatures [3]. This high-strength steel is used extensively for structural parts not only in shipbuilding but also in the oil and gas industry. For example, the Japanese steel manufacturer JFE offers TMCP steel plates for shipbuilding with a maximum thickness of 200 mm at a maximum width of 4 m [4].



The challenging aspect in terms of welding technology is that such thick-walled components can usually only be joined using multilayer arc-based welding processes, such as gas metal arc welding (GMAW) or submerged arc welding (SAW). This requires a very high welding time and increases manufacturing costs. At the same time, the heat input into the component is significant, which needs to be taken into account when processing high-strength fine-grain structural steels. Preheating or post-weld heat treatment leads to a considerable increase in manufacturing times and costs. An essential goal is, therefore, to keep the weld cross-section and the heat input as small as possible in order to achieve technological advantages such as less distortion and residual stresses and better mechanical-technological properties [5].



The hybrid laser arc welding (HLAW) process is characterized by a higher penetration depth, a higher welding speed and a lower heat input and can thus be considered as an alternative high-performance welding process for joining thick-walled structures. Representative examples from previous research show that a 16 mm thick pipe segment can be half-orbital welded in a butt joint with a laser power of 19 kW at a relatively high welding speed of up to 2.2 m/min [6]. The 20 mm thick plates of API 5L X65 steel were successfully welded with a laser power of 19 kW at a welding speed of 1.9 m/min [7]. The line energy of the HLAW process depends on the welding process parameters applied. In the single-pass welding of 20 mm thick sheets of API 5L X120 high-strength steel, the line energy ranged from 1.4 kJ/mm to 2.9 kJ/mm [8]. In the double-sided HLAW welding of 25 mm thick S690QL high-strength steel, successful welds with a penetration depth exceeding 15 mm were obtained with line energies in the range between 1.7 kJ/mm and 2.4 kJ/mm [9]. The provided examples show that HLAW processes do not exceed the maximum line energies of 3.5 ± 0.2 kJ/mm recommended by DIN EN 10225-1 [10] for fine-grained structural steels in the offshore sector. On the other hand, the cooling time (Δt8/5) measured in the HAZ and at the root side of HLAW welds on thick sheets made of high-strength steels is quite short and can be less than 1.0 s (cooling rate ≥ 300 °C/s) depending on the heat input from the welding process [11,12]. Such a short cooling time Δt8/5 indicates a rather unfavorable welding thermal cycle, which favors the formation of a brittle martensitic structure of the weld metal (WM). This fact can be seen as a limitation for the applicability of HLAW for certain steel grades. Thus, an HLAW process design with an extended cooling time Δt8/5 appears to be of practical interest. As a reference, the recommended cooling rates during welding of high-strength low-alloy steels are in the range of 10 °C/s to 60 °C/s, corresponding to cooling times Δt8/5 of between 30 s and 5 s [13,14,15].



Successful examples of the use of HLAW are known from shipbuilding, where sheets with a thickness of up to 15 mm are joined at high speed and with lower distortion [16]. There are initial research results for single-pass welding of up to 30 mm thick plates [17,18] or for double-side welding of up to 50 mm thick plates [19,20]. However, an industrial breakthrough of high-power lasers for joining higher sheet thicknesses has not yet been achieved due to process-specific limitations. First, it was found that the stability of the process decreased at higher laser powers. A scaling of the penetration depth and the required laser power is not given above 20 kW laser power. Further limitations are droplet formation on the weld root, sensitivity to manufacturing tolerances such as gaps or edge misalignment and deteriorated mechanical-technological properties, due to high cooling rates and inhomogeneous distribution of the filler metal over the entire weld depth.



Droplet formation during single-pass laser beam welding (LBW) and HLAW of higher plate thicknesses takes place due to the increasing hydrostatic pressure inside a keyhole [21,22,23,24]. A weld pool support is necessary to counteract this effect. The installation and mechanical removal of the commercially available ceramic or copper backings is uneconomical because it increases the production time. A contactless electromagnetic weld pool support has been shown to be very effective in previous tests [25,26]. Currently, electromagnetic support systems are being further developed to be adapted for industrial manufacturing conditions.



The aim of the present work is to investigate a cost-effective and reliable method for welding 30 mm thick plates of high-strength, low-carbon steel. It is proposed to perform butt welding in two passes, using the HLAW method for the first pass and the SAW method from the opposite side for the second pass. The main advantage of the proposed welding method is its relatively simple implementation. It is not necessary to support the weld pool and form the root. The HLAW parameters are chosen in such a way that no full penetration welding is achieved. The SAW pass intersects the HLAW pass and remelts any defects, such as pores in the HLAW root. The weld quality achieved is examined by destructive testing.




2. Materials and Methods


2.1. Materials


The base metal (BM) used was a commercial TMCP steel of grade EH36 according to ASTM A131 with a plate thickness of 30 mm. The chemical composition of the used steel is shown in Table 1. Mechanical properties are listed in Table 2.



The welding wire used for HLAW was Union K 52 Ni solid wire according to EN ISO 14341-A: G 50 6 M21 Z3Ni1 with a diameter of 1.2 mm. The solid wire BA S2 according to EN ISO 14171-A (EN 756) with a diameter of 4 mm in combination with BF1 agglomerated welding flux of the aluminate rutile type was used for SAW. The gas mixture 18% CO2 in Argon with a flow rate of 20 L/min served as process gas for the HLAW.



For the laboratory tests, plates of EH36 with dimensions of 300 × 100 × 30 mm3 were prepared for butt welding (Figure 1). This specimen size was determined based on the handling techniques available in the laboratory. Previous experience with HLAW tests has shown that a specimen length of at least 300 mm is sufficient to make a statement about the weld seam quality. After subtracting the start and end crater area, about 250 mm of the weld length can still be used for further destructive and non-destructive testing. As a rule, welding procedure qualification tests of welding procedures intended for the use for construction of marine structures are to be carried out in accordance with the recognized standards such as ISO, EN or requirements entailed by Classification Societies, such as: Bureau Veritas [27], Lloyd’s Register [28] or Det Norske Veritas (DNVGL) [29].



The edge quality was plasma cut. The samples were prefabricated by the steel manufacturer using a CNC plasma-cutting system. The reason for not using mechanical edge preparation is that it provides welding conditions that can also be found in industry. Thus, there is no 0 mm gap between the workpieces. For the plasma-cut specimens, it is typical that the gap is nearly 0 mm at the bottom and that there is a slight V-shaped opening towards the top. A better idea of the geometrical properties of the plasma-cut edges is given by own measurements on 20 mm thick sheets of high-strength low-alloy steel [30]. The surface profile of the weld edges was measured with a scanCONTROL laser profile scanner (MICROEPSILON company). The edge profile scan is shown in Figure 2.



The interpretation of the measurement results states that the edge is inclined upwards (see section A-A in Figure 2) and this deflection is up to 2.7 mm. For this reason, the edges of plasma-cut specimens are similar to a V-groove seam preparation.




2.2. Methods


The HLAW tests were performed using a 20 kW Yb fiber laser YLR 20000 of IPG. The laser light was transmitted through an optical fiber of 200 μm in diameter. The laser optics BIMO of HIGHYAG with a magnification factor of 2.8 and a focal length of 350 mm provided the focus diameter of the laser beam (df) of 0.56 mm. A welding machine, QineoPulse 600 of Cloos, with a maximum current of 600 A was applied as a power source for the arc. GMAW was performed with direct current of positive polarity (DC+). The relatively high current and voltage values of the GMAW process ensured that an arc with spray transfer mode was set. The wire feed speed (vf) was automatically adjusted according to the synergy curve programmed in the welding machine. The laser optics and GMAW torch were mounted on the robot arm, where the laser axis was positioned 90° to the weld specimen surface and the GMA torch was tilted at an angle (γ) 25° relative to the laser axis. All the experiments were carried out with an arc leading orientation and a distance (a) of 4 mm between the two heat sources. The focal position of the laser beam (∆z) was −6 mm relative to the workpiece surface. The wire stick-out (S) was set to 18 mm. The HLAW process configuration can be seen in Figure 3a.



Temperature measurements were performed on the top side of the specimens. For this purpose, type K thermocouples were placed at a distance of approx. 4 mm to 6 mm from the joint, which also made it possible to record the welding thermal cycle in the immediate vicinity of the fusion zone (FZ). The high-temperature thermal paste was used to protect the thermocouples against irradiation from the arc. The experimental setup for HLAW tests with temperature-measurement system is shown in Figure 3b.



The SAW tests were carried out in a large-scale welding facility for multi-wire SAW on sheet metal and large pipes at Fraunhofer IPK in Berlin. Up to five arcs with a total current of up to 7500 A can be used for SAW. The arcs were individually controlled and supplied with welding current by five electronically controlled welding machines PERFECTarc® 1500 AC/DC of SMS group GmbH.





3. Results


3.1. Hybrid Laser Arc Welding of 30 mm Plates EH36


The parameters of the HLAW process such as the laser power (PL), the arc power (Parc) and the welding speed (vw) were selected so that no full penetration occurs. The HLAW creates a partial penetrated weld that reaches almost to the bottom of the plate. As a comparison of results in Figure 4 shows, such conditions could be achieved within a wide parameter window.



AThe penetration depth of over 25 mm could be reached both for a slow vw = 0.6 m/min (Figure 4a) and for an increased vw = 1.15 m/min (Figure 4b). To compensate for the decrease in the penetration depth when increasing the welding speed, it was necessary to increase the laser power PL from 12 kW up to 15 kW. The arc power was kept constant at Parc = 15.6 kW. The cooling time ∆t8/5 measured at the upper side of the sample was 12.5 s for the HLAW performed with vw = 0.6 m/min and 9.5 s for the HLAW performed with vw = 1.15 m/min.




3.2. Submerged Arc Welding of 30 mm Plates EH36


After the EH36 plates were partially welded with HLAW, the SAW welds were performed from the opposite side of the specimens. The parameters of SAW were selected to ensure sufficient penetration depth from one side and, thus, a reliable intersection of the SAW weld and the HLAW weld. From the other side, an economically interesting welding speed of the SAW (vSAW) of above 1 m/min was aimed for. To meet these criteria, a three-wire SAW process was used. The main welding parameters are listed in Table 3. The arrangement of the welding torches to the specimen and the welding result are shown in Figure 5a,b.



The cross-sections in Figure 6a,b show that the partially penetrated HLAW seams are properly overlapped, resulting in a completely closed weld cross-section. The SAW layer is free of undercuts and has a smooth transition from the base metal to the weld metal.



The distances from the contact tip to the weld specimen (stick-out) were 35 mm for all wire electrodes and the distances between the electrodes were set at 15 mm and 10 mm. The calculated heat input of the three-wire SAW process was 3.27 kJ/mm and the deposition rate reached 22.5 kg/h. For comparison, a single-wire SAW provides a typical deposition rate of about 8 kg/h, with conventional welding speeds typically limited to 0.6 m/min [31,32]. The high deposition rate of the three-wire SAW process could be converted into a relatively high welding speed of 1.2 m/min while maintaining the stability of the welding process. The leading electrode was supplied with direct current positive pole (DC+) to achieve the maximum weld penetration depth. The subsequent electrodes 2 and 3 were supplied with alternating current (AC) with a phase shift of 90° to minimize magnetic blowout effects. The trailing angle of −5° of the leading electrode also had a favorable effect on the penetration depth. With the selected welding parameters and torch configuration of the SAW process, a weld penetration depth of at least 7.7 mm was achieved.




3.3. Tests


Welds performed with an HLAW speed of vw = 0.6 m/min (Figure 6a) were selected for testing. The Vickers hardness test HV1 was performed according to DIN EN ISO 6507-1 [33]. Hardness measurements were performed for both the HLAW and the SAW layer. The distance between the hardness indentations was set to 1 mm to avoid any interferences between the results. Figure 7 provides some details on the location of the hardness measurement points in the weld cross-section.



Observing of the individual hardness indentations shows that the highest hardness values of 304 HV1 and 260 HV1 are located in the HAZ of the HLAW and SAW seams, specifically in the fine-grain zone (FGHAZ) near the fusion line. Figure 8 shows the hardness values as hardness profiles. Despite an increase in HAZ hardness by up to 90% above the base material hardness, the maximum allowed hardness levels of 350 HV were not exceeded [34].



The three-point side bend test was performed according to the ASME Section IX and DIN EN ISO 5173 [35]. A total of six bend specimens (three specimens per weld) were tested. The bending force was applied transverse to the welding direction so that the entire weld profile was in tension. The side bend test confirmed the good ductility of the welds. The specified bending angle of 180° was achieved for all specimens. Results of the bend test are shown in Figure 9a–c. After testing, no irregularities, such as lack of fusion, cracks and porosity in any direction, were found in the convex surface of the bent specimens.



The Charpy V-notch (CVN) impact test was performed at the test temperature −20 °C on specimens with dimentions 55 × 10 × 10 mm3 according to DIN EN EN ISO 148-1 [36]. The CVN specimens were extracted from the intersection area of the HLAW with the SAW layer. Figure 10a shows the placement of the CVN specimen in the weld thickness and the position of the V-notch in the center of the HLAW weld. Five CVN specimens after testing and individual impact energy values are shown in Figure 10b.



Four of the five fractured CVN specimens exhibited impact energy above 230 J and indicated a ductile fracture mode with a deviation in the fracture path from WM to BM. This phenomena is known at the narrow laser beam and HLAW welds as “fracture path deviation” (FPD) [37]. Only one fractured CVN sample having an impact energy of 173 J indicated a mixed fracture type. The mean value of the impact energy was 237.4 ± 41 J.





4. Discussion


In this work, a relatively high penetration depth of over 25 mm was achieved at moderate laser powers of 12 kW and 15 kW and welding speeds of 0.6 m/min and 1.15 m/min. Existing research results in the field of laser beam and laser hybrid welding on thick sheets indicate that approximately one kilowatt of laser power is required for one millimeter of penetration depth [38]. This approach can be applied for butt joints with a zero gap and a material thickness up to 20 mm [7]. A linear correlation between laser power and weld penetration depth could not be confirmed for higher wall thicknesses. For example, welding tests with a laser power of 100 kW resulted in a maximum welding depth of 70 mm, which corresponds to a penetration of 0.7 mm per 1 kW of laser power [39]. When using special techniques such as welding under reduced ambient pressure or in a vacuum, the welding penetration depth can be significantly increased [40]. In the present work, a penetration depth of up to 2 mm per one kilowatt of laser power was achieved without using any special welding techniques. This effect is due to the nature of the welding edge. The plasma-cut edge has a specific cutting profile that guarantees a V-shaped gap between the weld pieces [30]. The laser beam penetrates through a butt joint with such a gap much more easily than through a full material. This observation was also confirmed for the laser-cut edges, where HLAW could be performed in one pass on 25 mm thick steel with only 14 kW of laser power [41]. Thus, the plasma-cut edge can be seen as advantageous for industrial practice. On the one hand, the costly mechanical machining of the weld edges is not necessary. On the other hand, higher productivity can be achieved due to the increased penetration depth.



Although all tested CVN specimens showed sufficient averaged impact energy of 237.4 J, the dispersion of individual values ±41 J was relatively high. This is due to the fact that, with the same test parameters, the specimens behaved differently in the impact test. Such differences in the impact energy of the HLAW welds can be explained by the narrowness of the FZ as well as the grade of mechanical properties mismatch between the FZ, HAZ and BM, which was indirectly confirmed by hardness measurements. The highest values obtained for the impact energy are due to the fact that the fracture occurs with FPD, with some volume of BM involved in the deformation process. This observation is consistent with the results of the study [37], in which the authors point out some reasons for the FPD formation. These are the narrowness of the FZ and low volume of the WM involved in the deformation process, asymmetry of the stress concentrator due to the specific FZ shape and the presence of zones in the weld with softer metal. These facts favor the crack propagating directly from the notch root into a softer BM throughout the thickness of the specimen. In some cases, the fracture occurs through the center of the WM without FPD. However, one of the conditions for this is an exact placement of the notch tip in the center of the FZ, which is not always possible when machining the CVN specimen.



In this study, HLAW tests were performed as partial penetration welding. It is known from the previous studies that partially penetrated welds are more susceptible to the formation of the solidification cracks and pores than fully penetrated welds [42]. These imperfections typically occur in the middle or in the root region of the weld and are the result of an interaction between metallurgical, geometric and thermomechanical factors. As the results of the present work show, any defects in the root of the HLAW seam can be reliably remelted by the SAW layer, so that they no longer have any significance for the functional safety of the component. The occurrence of crystallization cracks in the center of the weld can be counteracted by adjusting welding parameters such as arc power, defocusing of the laser beam and welding speed [43]. Since the aim of the present work was to demonstrate the basic feasibility of the welding method, these aspects were not investigated in depth. They are the subject of the currently ongoing investigations.




5. Conclusions


Thirty mm thick sheets of shipbuilding steel EH36 were butt welded in a two-run technique using HLAW and SAW processes. The seam cross-section was completely filled with a 25 mm deep HLAW layer and an approx. 8 mm deep SAW opposing layer. The intersection of both layers was 3 mm. Thus, the potentially defective root of the partial penetrated laser hybrid weld could be reliably remelted by the SAW layer.



A high stability of the welding process with regard to the preparation quality of the weld edges could be demonstrated. Thirty mm thick plates with plasma-cut edges could be welded without defects and with sufficient mechanical-technological properties.



The proposed method does not require mechanical processing of the weld edges and there is no need for weld pool support. Therefore, the application of the proposed welding method seems to be attractive for industrial use.
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Figure 1. A 30 mm thick weld specimen EH36 with plasma cut edges. 
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Figure 2. Edge profile of plasma-cut plate made of low carbon high strength steel [30]. 
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Figure 3. HLAW system: (a) process configuration; (b) experimental setup with temperature measurement system. 
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Figure 4. Cross-sections of partial penetration HLAW seams performed with different process parameters: (a) lower welding speed und laser power; (b) higher welding speed und laser power. 






Figure 4. Cross-sections of partial penetration HLAW seams performed with different process parameters: (a) lower welding speed und laser power; (b) higher welding speed und laser power.



[image: Jmmp 06 00084 g004]







[image: Jmmp 06 00084 g005 550] 





Figure 5. Submerged arc welding of 30 mm plates EH36: (a) welding torch configuration; (b) outer appearance of the three-wire SAW weld. 
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Figure 6. Cross-sections of partial penetration HLAW seams with SAW as opposite layers: (a) HLAW layer performed with vw = 0.6 m/min; (b) HLAW layer performed with vw = 1.15 m/min. 
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Figure 7. Location of the HV1 measurement points in the cross-section of the weld. 
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Figure 8. Hardness profiles of HLAW and SAW layers. 
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Figure 9. Results of site bend test: (a) bent specimen in the three-point bending machine; (b) top view of bent specimens; (c) convex surface of the bent specimen. 
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Figure 10. Results of CVN impact test: (a) position of the CVN specimen in relation to the weld seam; (b) CVN specimens after testing at −20 °C. 
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Table 1. Chemical composition of used steel EH36, shown in wt%.
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	C
	Si
	Mn
	P
	S
	Al
	N
	Nb



	0.11
	0.21
	1.21
	0.017
	0.005
	0.033
	0.005
	0.003



	V
	Ti
	Cu
	Cr
	Ni
	Mo
	Fe
	Ceq *



	0.071
	0.017
	0.01
	0.03
	0.01
	0.001
	bal.
	0.33







* Ceq = C + Mn/6 + (Ni + Cu)/15 + (Cr + Mo + V)/5.
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Table 2. Mechanical properties of used steel EH36.
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	Charpy at −20 °C

in J
	Yield Strength

in MPa
	Ultimate Tensile Strength

in MPa
	Elongation

in %





	283
	503
	555
	22
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Table 3. Parameters of three-wire SAW process.
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vsaw in

m/min

	
Electrode 1 (DC+)

	
Electrode 2 (AC)

	
Electrode 3 (AC)




	
I in A

	
U in V

	
vf in m/min

	
I in A

	
U in V

	
vf in m/min

	
I in A

	
U in V

	
vf in m/min






	
1.2

	
970

	
29

	
2.3 ± 0.2

	
640

	
34

	
0.9 ± 0.1

	
430

	
36

	
0.6 ± 0.1
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