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Abstract

:

Hot-dip galvanized components offer a great potential for corrosion protection of up to 100 years, while laser beam welding in vacuum (LaVa) has the advantage of high penetration depths Combined, this process chain can be economically used in steel construction of bridges, wind turbines, or other steel constructions. Therefore, investigations of butt joint welding of galvanized 20 mm thick S355M steel plates using LaVa were carried out. The butt joints were prepared under different cutting edges such as flame-cut, sawn, and milled edges, and they were studied with and without the zinc layer in the joint gap. For this purpose, the laser parameters such as the beam power, welding speed, focus position, and working pressure all varied, as did the oscillation parameters. The welds performed using an infinity oscillation with an amplitude of 5 mm represented a pore-free weld up to a zinc layer thickness of 400 µm in the joint gap. The seam undercut increased with increasing the zinc layer thickness in the joint gap, which can be explained by the evaporating zinc and consequently the missing material, since no filler material was used. The joint welds with zinc only on the sheet surface achieved a sufficient weld quality without pores.
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1. Introduction


Laser beam welding under vacuum (LaVa) offers the advantage of large welding depths [1], while hot-dip galvanized components offer significant potential for corrosion protection of up to 100 years [2]. Combining these processes in the steel construction industry—especially for bridges and wind turbines—can increase productivity and sustainability. The fabrication of large structural buildings is constrained by the complicated and expensive manufacturing process of the steel components [1]. Moreover, hot-dip galvanizing of large structures is problematic due to the limited zinc pool size and temperature gradients over the size of the component, which can lead to constraints and uneven expansions and consequently to crack formation, especially liquid metal embrittlement (LME) [3]. From a manufacturing and economic point of view, it is more cost effective to galvanize smaller semi-finished products before welding them together. These smaller semi-finished products reduce the complexity, the size of liquid zinc pool, as well as the heavy transporter size. In steel bridge constructions, the joining of hot-dip galvanized components is carried out by protecting the areas of the future joints from zinc layer formation during the galvanizing process with masking paint [4]. The masking varnish will be removed, and the joining process is carried out on the locally ungalvanized joining partners. Afterwards, the joint itself and the surrounding ungalvanized area are again protected against corrosion by spray metallization [1]. Often, these connections are welded with multilayers technology using conventional arc processes. An alternative method can be laser beam welding in a vacuum (LaVa), which enables welding depths of up to 110 mm in butt joint connection while generating a small heat-affecting zone [5]. The high focused energy input of LaVa can evaporate the zinc from the joining gap while the welding process takes place. In addition to typical stationary processes, the use of a mobile laser welding system (MoVak) is conceivable, which already generates welding depths of up to 40 mm [6]. However, the fast-evaporating zinc coating leads to process instabilities and results in welding defects. To overcome this process limit for LaVa, this paper examines the influence of beam oscillation geometry on joining hot-dip galvanized thick metal sheets.




2. State of Art


2.1. Hot-Dip Galvanizing


Hot-dip galvanizing is a non-detachable corrosion protection process in which a cathodic protection effect occurs because of the element zinc, which is less noble than iron. The zinc becomes a galvanic anode and minor damage to the zinc layer does not automatically lead to a loss of corrosion protection [7]. In this process, the pickled and fluxed steel immerses in a liquid zinc melt at temperatures of approx. 450 °C. Thus, zinc deposits directly on the surface and creates differently concentrated hard and brittle phases out of iron–zinc alloys. On top of the intermetallic phases, a phase of pure zinc enriches the surface. The zinc layer thickness mainly depends on the silicon content of the steel. Those phases form through diffusion of the liquid zinc with the surface and depend on the melting temperature, the time in the zinc bath, and the steel composition. From a metallographic point of view, the iron–zinc layer consists of a heterogeneous structure. The different phases are characterized by different degrees of hardness and, due to their adhesion, have a high resistance to the removal of the layers or other mechanical loads [8]. Seen from the sample, the Γ-, δ- and ζ-phase form the iron–zinc alloy layer, which is completed by the η-phase, which is a pure zinc layer. The alloying elements silicon and phosphorus have a significant influence on the formation of the zinc coating. The proportion of the ζ-phase in particular increases with a higher silicon content [9]. For this reason, structural steels to be galvanized are divided into four different areas, the low-silicon, Sandelin, Sebisty, and high-silicon areas, which are differentiated according to their respective silicon and phosphorus content. When galvanizing steel in the Sebisty range, much lower zinc layer thicknesses are to be expected than in the Sandelin or high silicon range. In addition to the alloying elements, the immersion time also influences the thickness of the zinc coating. This increases with increasing the immersion or dwell time in the zinc bath [3]. According to the German Standard DIN EN 14713-2 [10], the various thermal cutting processes (plasma cutting, oxy-fuel cutting, laser cutting) also have an influence on the zinc layer thickness, as the steel composition and microstructure change in the area of the cut surface. The oxidation of silicon-to-silicon oxide results in silicon deactivation, which causes the steel to be in the low silicon range locally. This reduces the thickness of the zinc coating. Therefore, the resulting surfaces should be ground down and sharp edges removed when using the thermal separation process in order to ensure a reliable coating thickness. In the welding process, the cut edge preparation essentially determines the joint gap width [11], which can lead to deeper penetration depth or seam collapse [12]. In addition, impurities such as thick scale layers on the cut edge can lead to process instability in the form of strong welding spatters. In the galvanizing process, the immersion process is the most critical factor, as it involves uneven heating and therefore prevents constant thermal expansion in the component. In addition, during the galvanizing process of steel structures, there are various mechanical influences due to different conditions. These conditions include stationary and transient conditions during immersion or while the material is dwelling in the molten zinc. These conditions, in turn, have an influence on the temperature, the strain development, and the ductility development of the components [3]. As a result, they can lead to cracking during the hot-dip galvanizing process and consequently to liquid metal-induced stress corrosion cracking [13]. The study shows a wide variety of liquid metal-induced stress corrosion cracking applications, such as a crack in a bottom chord of a floor beam.




2.2. Laser Welding


The first study for laser beam welding in vacuum attempts to suppress the plasma flare above the weld, which is harmful for welding with the CO2 laser and can scarcely be avoided under ambient pressure [14]. Thereby the results established a strong correlation between the working pressure and the achieved welding depth in deep penetration welding. With the shorter wavelength of Nd:YAG solid-state lasers, the plasma flare is almost suppressed and further investigations focused largely on phenomenological effects, mainly dealing with the effect at different pressures and beam powers as welding depth, as shown for example in [15,16,17]. Further process development shows the suitability for thick-walled components made of unalloyed steels and corrosion-resistant duplex steels [5,18]. Those components present reproducible high-quality joints on unalloyed steels (S355 to S690) up to 50 mm plate thickness on one side and up to 110 mm plate thickness with positional and counter-positional welding. They demonstrate an increasing welding depth of 200–300% by reducing the working pressure while the other parameters remain constant. Nowadays, this advantage of LaVa is already used in the series production of mobile powertrain components with welding depths of up to 25 mm on transmission construction [19]. The results of the stationary welds can be also transferred to a mobile, local vacuum chamber, which provides a reduced working pressure only in the immediate vicinity of the process zone. This mobile vacuum system (MoVac) can weld unalloyed steel plates with a thickness of 40 mm thick and joint gaps of up to 0.5 mm [6]. In the long term, a construction site mobile container unit is conceivable similar to the laser welded gas pipelines in [20]. Welding of pipelines or monopiles can be easily implemented thanks to the simple welding geometry and the existing knowledge of orbital welding. However, field studies still need to be carried out, firstly to demonstrate the feasibility, and secondly to investigate the influence of the entire process chain on the MoVac welding process. More complex components such as the butt joint of a T-beam would probably require a specially manufactured vacuum chamber, which still needs to be developed.



To increase the acceptance of the LaVa process, it is important to demonstrate the advantages by expanding the range of applications, such as the welding of galvanized thick sheets. Until now, galvanized sheets could only be welded with lasers to a limited extent, as the high intensity of the laser immediately vaporizes the zinc layer. In the automotive industry, the thin zinc sheets are often joined together in a lap joint, whereby the vaporizing material in the capillary behaves like a nozzle and leads to heavy spatter formation. In order to produce a solid welded joint with reduced spatter, a gap must be created in the design to allow the zinc to evaporate [21]. In the butt joint, galvanized sheets can only be joined with a uniformly defined cut edge and a suitable circular oscillation [22]. In this study, the cut edges produced with laser cutting present a lower strength compared to a shear cut, which is probably due to the oxidation of the cut edge. The variation of the gap due to the rough-cut edge, as well as the evaporating zinc, can be controlled by circular oscillation, as more material is melted on the one hand and pores from the solidified melt are melted again by the return movement of the laser. For fillet welds in an overlap configuration, tests show that a laser beam offset of approx. 0.2 mm to the weld produces a weld seam that is virtually pore-free. The high-speed images indicate that outgassing of the zinc through the capillary in the center must be made possible in order to avoid contamination [23]. Recent studies show that 1.2 mm thick galvanized steel sheets, which are used in the automotive industry, can be joined in butt joint configuration without additional wire and with a beam diameter of 600 µm [24]. Despite the high strength of the material of 490–590 MPa, the tensile specimens outside the weld seam travel with the strength of the base material. The associated bending tests also reach 180° without traveling. Identical results can also be seen in tests with a slightly thinner material of 1,0 mm an with a lower strength of 270–355 MPa [25]. In the area of thick-walled hot-dip galvanized sheets (>20 mm) that are used in steel constructions such as wind turbines, bridges, container ships or buildings, the authors are not aware of any investigations having been carried out and published.



The first self-conducted welding trials on hot-dip galvanized sheets with an electron beam welding process reveal the basic problem of the extreme evaporating zinc coating. The zinc layer evaporates at lower temperatures compared to iron [26] and therefore ejects the melting pool almost completely from the joining zone. As a result, the two parts are not joined together. Also, the large amount of evaporating zinc leads to significant fluctuations in the electron beam welding chamber, which causes vacuum instabilities during the welding process. A remedy is LaVa, which operates in a higher pressure range (0.1–100 mbar) compared to electron beam welding (<10−3 mbar) through which it is less vulnerable to vacuum fluctuations. In addition, as in electron beam welding, beam oscillation is possible, which can influence the capillary and the molten pool. Both together—pressure level and beam oscillation—offer the possibility to master the difficult welding processes of galvanized thick plates, which is investigated in this study.





3. Setup


Laser beam welding under vacuum was performed using the FOCUS LaVa 95 system, which allows a pressure regulation between 1–100 mbar. A TRUMPF TruDisk 16002 disk laser with a 200 µm fiber and a connected IPG D50 scanner optics produced a spot diameter of 400 µm at the focal point. The coaxially mounted camera STC-HD93DV from SENTECH made it possible to observe the welding process with a resolution of 1280 × 720 pixels and a frame rate of 60 FPS. An installed ring-shaped exhausting system removed the emissions from the beam path in addition to the OptiShield [27] that protects the coupling laser window, as shown in Figure 1. During the evacuation process, the ring-shaped suction unit was deactivated, and the vacuum chamber was pumped out via the main connection. When the target pressure was reached, shielding gas flowed into the chamber via the OptiShield, the main connection was closed, and further vacuum generation took place via the ring-shaped suction unit.



The used constructional steel S355M with a thickness of 20 mm conducted a tensile strength between 470 and 630 MPa, according to DIN EN 10025-4 [28]. The chemical composition listed in Table 1 was analyzed with an optical emission spectroscopy (OES). The hot dip galvanizing of the material used an up to 98.5 wt% pure zinc coating, according to DIN EN ISO 1461 [29]. The zinc coating thicknesses on the top surface ttop of the samples varied between 200 and 400 µm depending on the batch.



For the test, welding samples with dimensions of 20 × 120 × 150 mm were butt-jointed with different cut grades (saw cut, milled, flame cut). The zinc layer thickness in the joint gap was adjusted, specifically by making the cuts before or after the hot-dip galvanization. As a result, zinc layer thicknesses tz in the joint gap varied between 0 and 800 µm. With a zinc layer thickness of tz = 0 µm, the zinc layer was removed from both joining edges, while a zinc layer thickness of tz = 800 µm referred to the sum of both joining edges in the butt joint configuration. The thickness of the zinc coating on the top of the sample and on the cut edge was measured and documented before each welding process.



About 155 welds were performed and analyzed in this study. The main outcomes are presented in this publication. Before the welds were performed with varying oscillation parameters, the welds were carried out with varying laser power PL and welding speed vs. the non-galvanized samples at the constant working pressure pvac to ensure sufficient welding penetration. After, the galvanized samples with zinc in the joining gap were used and the oscillation geometries (line, circle, infinity, triangle), the oscillation width Aosc, and the oscillation frequency fosc were adjusted, as listed in Table 2. In the last iteration, the promising parameters were further used and welded with a variation of the focus position fz.




4. Results and Discussion


First, the welds were carried out on the ungalvanized sheet metal and the sheet metal that were only galvanized on the surface. The zinc in the joint gap was removed before welding. Later, the zinc layer in the joint gap was adjusted. Figure 2 presents the welding results of the ungalvanized samples for the identified parameter with a 0.3 mm circle oscillation geometry at a frequency of 80 Hz. The weld seams have almost parallel flanks and overlap sufficiently in the center of the sheet due to a welding depth of 11.0 mm. The 2.7 mm wide seam top scales were fine and uniform with a few isolated weld beads next to the weld seam, as shown in Figure 2a. The transfer of this parameter to only the surface galvanized sheets, where the zinc was removed from the joining edge (tz = 0 µm), showed almost a similar welding result with a slightly increased welding depth to 12.6 mm. A burn-off of the ttop = 251 µm thick zinc layer on the surface extended approximately 5.6 mm to left and right of the weld seam: see Figure 2b. The weld top scales were finer and without isolated weld beads. One explanation for the finer fish scale could be related to the mill scale of the ungalvanized sheets being removed during the galvanizing process by several pretreatment steps before the specimen was admitted to the zinc tank. The slight increase in the penetration depth might be due to the tolerances of the gap in the butt joint.



However, a direct transfer of the distance parameter to the samples with zinc in the joint gap was not successful. For the parameters with an oscillation width similar to the total zinc layer thickness tz of the two welding samples in the joining gap (sum ~400–800 µm), all welding results presented an insufficient bonding, even for a 0.5 mm width circular geometry as shown in Figure 3. Regardless of the chosen oscillation geometry or frequency, the welding samples have partially melted zinc on the joining edge while the base material remained nearly unaffected. The laser beam formed a 400 µm diameter in focus and oscillated a 0.5 mm circle. This irradiated area covered mainly the zinc layer in the joint gap and only slightly the material on the workpiece surface, causing insufficient melted base material for the joint. As a result, a part of the laser energy vaporized the zinc while the rest passed through and hit the welding fixture.



As a result, increasing the oscillation width as an example of the infinity oscillation from 0.3 mm to 2 mm at a constant oscillation frequency of 200 Hz allowed the two zinc coated samples to bond together: see Figure 4. However, the melt pool drops through the gap were held back by the sheet metal of the fixture and connected the samples in the lower area only, as shown in Figure 4a. The edges of the samples in the upper area were only partly melted and remained parallel while significantly more laser power was applied to the lower area, which was visible through the heat-affected zone. A further increase in the oscillation width up to 4 mm at a nearly identical zinc layer thickness of 98 µm in the joining gap improved the seam drop: see Figure 4c. However, a thicker zinc layer of roughly 360 µm, while the oscillation widthstayed nearly the same, led to elongated pores and humping, as shown in Figure 4b. Inside the elongated pores, zinc deposited on the upper walls, which indicated that the evaporating zinc was not able to vanish through the capillary. Moreover, the zinc layer in the non-welded butt joint below the weld seam was also removed. One possible explanation for this effect is that the zinc at the welding depth itself can escape via the capillary, but not the zinc below the melt pool. This zinc layer also vaporizes when the temperature increases and the vapor pressure pushes the molten metal upwards, where it partially solidifies again on the walls. This theory would explain the welding result and the spatter-free welding process itself, but it can only be confirmed by X-ray analysis, as shown in [30]. The oscillation width of 5 mm at a constant laser power of 6300 W expanded the weld seam width, reduced the weld seam depth, and resulted in pore-free weld seams. The zinc layer below the weld, as marked in Figure 4d, remained unaffected. There were only marginal border notches on the weld seam. However, the welding process of this circular oscillation pattern was observed to be unstable with strong splashes that resulted in repeating investigations into the contamination of the coupling window and consequently to the termination of the welding process.



Coaxial video recordings were made to identify the cause of the heavy spatter formation and consequently to improve the process. As is known, the metal flow and fluid dynamic strongly depend on the oscillation parameters [31]. Therefore, the beam oscillation geometry was adjusted to improve the evaporation of zinc while reducing the spatter formation. A visual observation with a coaxial camera made it possible to qualitatively evaluate the process behavior and welding result. Figure 5a shows the recording of the circular oscillation. The molten pool forms according to the oscillation figure. The video recordings show qualitatively that the spatter formation took place at the front and rear of the circular oscillation, at the transition of the joining gap and in the middle of the melt pool, as schematically shown in Figure 5b. Identical behavior was also observed for the triangular oscillation, which is why this figure was not investigated any further. Based on the video recordings and the findings from the literature listed in the previous article, it was concluded that it is not advantageous for a melt pool to be generated in the middle of the joint. On the contrary, the zinc must evaporate via the capillary, as shown in [21].



Figure 6a shows a camera view with the line oscillation, where the molten pool is shaped like a downward-rotated triangle. Using the chosen line oscillation, the laser beam oscillates perpendicular to the welding direction. The liquid metal from both sheets flows backwards and merges behind the welding gap, which allows the zinc to evaporate through the gap. The process was smooth with little to no spatters compared to the circular oscillation. The images show only isolated spatter, which can be detected later on or next to the weld seam, as can be seen in Figure 7. However, the recordings are limited due to the interfering metal vapor, low resolution, and frame rate of the camera, which need to be considered. Nevertheless, the videos give a qualitative insight.



However, the line oscillation geometry produced pores and seam bulging even at a large oscillation width of 5 mm, as shown in Figure 7. Similar to the infinity oscillation, as shown in Figure 4b, in the line oscillation the evaporating zinc below the melt pool was not able to vanish through the welding gap and pushed the liquid metal up, resulting in a long-drawn pore.



The oscillation of the laser beam in an infinity geometry along the welding direction is shown in Figure 6b. It shows a slightly bigger round gap between the two melt pools on each sheet. Out of this round gap, the zinc evaporates while the melt pool flows around. The opening of the round gap is almost constant over the whole welding process and produces almost no spatters. The welding result of the infinity oscillation geometry shows uniform seam scaling with a seam undercut, see Figure 8a. The zinc on the surface evaporates in an area roughly 15.3 mm next to the weld seam due to the high process temperature. This area and the weld seam must be subsequently protected against corrosion in the future. It is not possible to avoid the seam undercut as material is missing in the joint gap due to the evaporating zinc and no filler material is used. The macro section of this oscillation pattern, as shown in Figure 8b–e, indicates no pores and a rising seam undercut with an increasing zinc layer thickness. The oscillation parameters are identical while the zinc layer thickness tz rises from 0 µm up to 664 µm in the joining gap.



Assuming a total zinc layer thickness of 400 μm in the joining gap, the missing cross-sectional area calculates 8 mm2 for a sheet thickness of 20 mm. With a 600 µm total zinc coating thickness, this results in a lack of the 12 mm2 cross section area that needs to be filled. In addition, a part of the base material evaporates as well. Depending on how well the material can flow from the base material, the missing area is bridged. For example, macro-section images in Figure 8d measure an area of the missing material of up to 19.9 mm2 for a zinc layer thickness of 340 µm. Using the identical galvanizing parameters, the zinc layer thickness in the joint gap is mainly determined by the prepared cutting edge. While the zinc layer thickness is the same for cold cutting processes such as water jet, milling, and sawing, that of flame cutting deviates significantly. The burn-off of the alloying elements on the cut edge inhibits the galvanizing process [32], resulting in a zinc coating thicknesses of up to only 100 µm. In addition, however, there is an arithmetic mean roughness value of Ra = 2.12 µm, which is only Ra = 0.61 µm in the case of milling. A comparison of the influence of the arithmetic mean roughness value or waviness on the welding process cannot be made due to the highly differing zinc coating thicknesses.



The project idea is based on the hypothesis that the zinc in the joint gap can serve as an alloy of the weld and thus influence the mechanical–technological properties of the weld seam. However, the hardness measurements according to Vickers and energy dispersive X-Ray spectroscopy (EDX) analyses do not show any indication of this, as shown in Figure 9.



Figure 9b presents the hardness test of the two welding samples, and both were performed with identical laser parameters. The straight lines indicate the hardness of the welding sample without zinc in the joining gap, measured on the top, center, and bottom of the weld. The dotted lines depict the hardness test for the galvanized samples, shown in Figure 9c, having a 200 μm zinc layer in the joining gap. There is a slight increase in hardness values in the weld area but no significant trend difference between galvanized and non-galvanized specimen. The measured values are in a similar range. For example, the hardness measurement of the ungalvanized sample shows a maximum value of 301 HV, but this is to be declared as an outlier, similar to the maximum hardness measurement of the galvanized sample of 309 HV. Both values are harmless for real applications since the majority of the measured values are in the range of the base material. The EDX line measurement in Figure 9d indicates that no zinc binds were in the weld. The fluctuations around the mean value of 0.39 wt.% are due to the measurement inaccuracies and surface deposition caused by the grinding process of the specimen. There is also no diffusion of the upper zinc layer with the base material due to the high process temperatures, as confirmed in Figure 9a. The zinc layer essentially evaporates. The area of the surface measurement highlighted as white shows the material of the embedding of the specimen. Thus, no influence of the zinc on the mechanical–technological properties of the weld metal is measurable. Tensile tests were also carried out occasionally to check the influence of the zinc on the weld seam. However, these behaved as well known in [33], that the fracture propagates in the base material and thus assumes its strength values of approximately 570 MPa. It is therefore not possible to draw any conclusions about the influence of the zinc on the weld seam, and this underlines the EDX results that there is no zinc in the weld metal.




5. Conclusions


The aim of this work was to investigate the weldability of hot-dip galvanized thick plates by laser beam welding under vacuum, since this process chain has great economic potential in steel construction. For this purpose, welding tests were successfully carried out on 20 mm thick S355M steel sheets with different edge preparations. In the case of sheets with a galvanized joining edge, joining has proved to be difficult because the zinc evaporates from the gap under the action of the laser and entrains the molten metal. However, this effect could be reduced by using a beam oscillation width of 5 mm and an infinity oscillation geometry at an oscillation frequency of 200 Hz. The infinity oscillation geometry reduces the spatter formation, lowers the seam drop, and prevents pores. In contrast, the circle, triangle, and line oscillation geometries did not show sufficient weld quality. This can be attributed to the changing melt pool flows. In addition, it could be shown that the seam drop is reduced by the infinity, but not completely suppressed due to the lack of material in the joining gap once the zinc has evaporated. The reduced zinc layer in the joining gap due to the flame cut could be used to set different zinc layer thicknesses and consequently investigate its influence on the welding process. This varied between 70 and 120 µm. No difference was found between the cold cutting processes of sawing and milling. The zinc layer thickness in the joint gap with these processes was between 300 and 670 µm. With an increasing zinc layer thickness on the joining edge, the negative influence on the weld quality increases further.
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Figure 1. Vacuum system with welding setup. 
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Figure 2. Welding parameters and comparison of (a) macro-section of non-galvanized and (b) surface galvanized sheet and removed zinc from the joining edge (tz = 0 µm), (c) weld seam of non-galvanized and (d) surface galvanized sheet and removed zinc from the joining edge (tz = 0 µm). 
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Figure 3. Welding parameters and (a) surface of the galvanized joint edge and milled edge preparation showing no structural bond after welding and (b) top view. 
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Figure 4. Welding parameters and influence of oscillation width on weld seam with remaining zinc circled in red for (a) flame cutting edge and tz = 88 µm, (b) milled cutting edge and tz = 360 µm, (c) flame cutting edge and tz = 98 µm, (d) milled cutting edge and tz = 332 µm. 
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Figure 5. (a) Snapshot of camera recording for 5 mm circular oscillation; (b) schematic view of the observed spatters. 
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Figure 6. Snapshot of camera recording for 5 mm (a) line and (b) infinity oscillation. 
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Figure 7. Welding parameters and (a) weld seam with linear oscillation; (b) macro-section of the weld seam with milled edge preparation. 
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Figure 8. Welding parameters and weld seams with infinity oscillation and macro-sections of the weld at various zinc layer thicknesses in the joining edge (a) weld seam (b) zinc removed with saw cut (c) flame cutting (d,e) milled edge preparation. 
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Figure 9. Vickers hardness and EDX measure of weld seam to analyze zinc in weld seam. (a) element mapping (b) comparison of weld seam hardness (c) macro section of weld seam (d) element line scan for base material and weld seam. 
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Table 1. Chemical composition S355M measured with OES.
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	C

[wt%]
	Si

[wt%]
	Mn

[wt%]
	P

[wt%]
	S

[wt%]
	Cr

[wt%]
	Nb

[wt%]
	Ti

[wt%]
	V

[wt%]
	Residual

[wt%]





	S355M
	0.771
	0.377
	1.580
	0.013
	0.003
	0.043
	0.033
	0.015
	0.033
	0.055










 





Table 2. Investigated oscillation parameters.
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	Line
	Circle
	Infinity
	Triangle





	Aosc[mm]
	1–5
	0.3–5
	2–5.5
	4



	fosc[Hz]
	200
	30–200
	50–300
	200
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