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Abstract

:

In recent decades, beam welding processes have been set up as a key technology for joining applications in automotive engineering and particularly in gearbox manufacturing. Due to their high beam quality, energy efficiency, reliability as well as flexible beam guidance, modern solid-state lasers offer numerous advantages, but also pose increased requirements on the production and positional accuracy of the components for the joining process. In particular, small-focus diameters present a challenge for components with process-induced tolerances, i.e., disc carriers in automatic transitions. Furthermore, welding processes utilizing solid-state lasers show an increased spatter formation during welding at high welding speeds. Accordingly, the primary objective of the presented work consists in extending the current areas of application for solid-state laser beam welding in gearbox manufacturing through an improved process reliability regarding tolerance compensation and spatter formation. Therefore, this experimental study aimed to describe the effects of a dynamic beam oscillation in combination with a reduced ambient pressure in the process environment on both gap bridging ability and spatter formation during the laser beam welding of case hardening steel. For basic process evaluations, laser beam welding at reduced ambient pressure and laser beam welding with dynamic beam oscillation were initially studied separately. Following a basic process evaluation, samples for 2 mm full-penetration-welds with varying gap sizes were analyzed in terms of weld seam geometry and weld spatter formation.
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1. Introduction


The current trends in the automotive industry show an increased demand for the power beam technologies, particularly in the sheet metal processing as well as in powertrain manufacturing, induced by the continuous development in laser beam sources, optics and electronics [1]. In comparison with conventional fusion welding processes, the power beam welding processes offer new perspectives in manufacturing due to the concentrated and reduced energy input. Depending on the power density on the surface, the welding takes place either in the conduction, in the transition or in the keyhole regime [2,3]. Deep-penetration keyhole welding processes are generally performed with a high-power focused electron or laser beam, having an excellent beam quality, achieving sufficient intensities on the surface of the workpiece. The electron beam welding, which is commonly applied in the manufacturing of powertrain components and work pieces having large wall thicknesses, exhibits several advantages over the laser beam processes, such as a higher quality and increased power of the beam, better inner weld seam quality as well as deeper penetration [4]. Furthermore, the process is normally carried out in high vacuum, which prevents the material from oxidation, leading to a cleaner welding process. However, due to the significant disadvantages (e.g., higher machine and operating costs, generated X-ray during welding and sensibility on external magnetic field), the manufacturers tend to replace such systems with solutions based on novel high-brilliance solid-state laser sources [5]. These are characterized by a small spot size and a high beam quality, which generally provide the possibility of more precise manufacturing. In contrast to welding with CO2 gas laser sources, the fiber lasers offer the possibility of an enhanced beam guidance and therefore a high flexibility [6]. However, the smaller spot sizes require a zero gap and consequently, the increased quality of weld seam preparation, which is generally a machining process, such as turning of milling. Keeping a constant zero gap challenges the manufacturing, causing high machining costs. Very often, the needed zero weld gap cannot be guaranteed due to the given dimensional and form tolerances of the part. Therefore, a multi-spot beam, a beam oscillation or a defocused beam should be applied in order to improve the gap bridging ability. However, due to the excellent beam quality and thus, very small beam divergence, the possibilities of the defocusing are limited, since it does not cause a huge increase of the spot diameter, which would be necessary for improved gap bridging. Hence, a dynamic beam oscillation can be a promising approach. The results of Aalerink et al. [7] show that using filler wire with single-spot or twin-spot largely increases the gap bridging ability. Without using multi-spot beam or filler wire, the maximum allowable gap width is 0.2 mm in case of welding of aluminum alloys. Schultz et al. [8] have conducted experiments to improve the gap bridging ability in laser beam welding of thin aluminum sheets. It has been worked out that a beam oscillation and the application of filler wire help to provide a complete fusion of the weld edges. Fixemer et al. have investigated the seam guided laser remote welding with automated gap bridging for welding of thin aluminum alloys and deep-drawing steel [9], focusing on overlap joints commonly applied in the automotive industry. Based on an integrated process model, the beam oscillation parameters were varied depending on the beam parameters and the gap size acquired with a laser triangulation feature. Using an adaptive beam oscillation, a vertical bridging of gap sizes up to 50% of the sheet thickness was achieved. Franciosa et al. have been dealing with a closed-loop gap bridging control at overlap welding of aluminum [10]. During their experimental work, a model has been developed for selecting appropriate welding process parameters such as beam oscillation to control the weld pool and improve the gap bridging possibility. It has been reported that the model gives a good approximation about the process behavior and makes possible the selection of feasible parameters. Another problematic issue of the solid-state laser is the fact that the keyhole mode welding often entails a high amount of spatter, which is in several applications, such as gearbox manufacturing, not acceptable [11]. In studies performed in recent years, it has been shown that through reduction of the ambient pressure, the process boundaries can be extended and the spatter formation can be reduced. Börner et al. [12] were focusing on the spatter formation and weld seam quality in laser-beam welding with solid-state laser at reduced ambient pressure. It has been shown that the penetration depth increases with the decrease of the ambient pressure, reaching a saturation at 100 mbar, especially in case of welding speeds below 3 m/min. At higher welding speeds, no influence of the ambient pressure was observed. Furthermore, the reduction of the ambient pressure leads to a minimized spatter formation due to the reduced friction between the metal vapor and the liquid phase. In addition, since the ambient pressure essentially determines the formation of the weld pool and vapor cavity, a more stable keyhole and thus, a reliable welding can be achieved even with lower vapor pressures and therefore, with reduced energy input. Arata et al. [13] have conducted experiments in a high-power CO2 laser process under vacuum conditions in order to describe the behavior of laser plasma, the weld pool and the keyhole. It has been shown that the laser plasma appearing at keyhole welding was almost completely suppressed through the reduction of the ambient pressure. As the plasma does not longer shield the laser light, the absorption in the keyhole and thus the penetration increase, especially at lower welding speeds. According to Reisgen et al. [14], the process stability of the laser beam welding of copper at welding speed levels below 2 m/min is increased by a reduction of the ambient pressure to the range of 0.1 mbar. As main reasons, the reduced boiling point of the material, the eased formation of the vapor capillary as well as the suppressed metal vapor plume are assumed. These phenomena are also beneficial when welding low and unalloyed carbon steels as well as fine grained steels [15,16]. The research of Abe et al. [17] deals with the welding of X5CrNi18-10 (1.4301) stainless steel and AlMg2.5(B) (3.3523), using a high-power solid-state laser and reduced ambient pressure. In the case of stainless steel, 0.1 mbar ambient pressure leads to the highest penetration depth, causing a vase-form weld seam. In contrast to that, the highest penetration in the aluminum specimen was observed at 10 mbar, without a vase-formed weld geometry. Katayama et al. [18] reported about low amount of spatter and narrow weld seams, if reduced ambient pressure is used. It has also been found that humping may occur below 1 mbar; however, it can be suppressed with appropriate defocusing. Jiang et al. have investigated the processing window for full penetration laser welding of thick high strength steel under atmospheric and sub-atmospheric pressure conditions [19]. Using reduced ambient pressure, the processing window to achieve a full penetration weld was widened. At decreased ambient pressure, a parallel weld seam shape was obtained, in contrast to the nail-head shape appearing when using atmospheric pressure. Under 10 hPa, no further change of the weld geometry was observed. Peng et al. also investigated the weld formation and mechanical properties of solid-state laser welded aluminum alloys using subatmospheric pressures [20]. Below 1 hPa, large penetration depth and high process stability were achieved, combined with a significant reduction of the plasma plume. With decreasing pressure, a more uniform microstructure was observed. Furthermore, the average hardness and tensile strength have been increased, attributed to the inhibited porosity defects, the more uniform grain size distribution and the decreased burning loss of alloying elements. Based on the research findings, it can be stated that laser welding at reduced ambient pressures is generally beneficial due to the increased penetration depth and lack of spatter. Using the benefits of the vacuum combined with the high focusing ability of the laser beam, the process efficiency can be increased due to the possibility of using higher welding speeds or lower powers [21]. However, since the weld pool dynamic and melting point of a metal are affected by the vacuum, an altered gap bridging ability is to be expected compared to atmospheric conditions. Hence, the gap bridging ability shall be investigated at different welding speeds, gap sizes and ambient pressures. It can be assumed that with reduced ambient pressure and applying dynamic beam oscillation, an effective welding process with a low amount of spatter and good gap bridging ability can be achieved.




2. Materials and Methods


Considering applications in power train manufacturing, the investigations on gap bridging capability and beam oscillation were carried out using case hardening steel 1.7131 (16MnCr5) at an unhardened stage. The chemical composition is given in Table 1. Full penetration welds were performed as bead on plate welds as well as butt joints with different gap sizes using a plate thickness of 2 mm.



The sample dimensions used in the welding trials are given in Figure 1. Prior to sample preparation, the sample surface was ground, whereas the weld joint surface was milled. To investigate the gap bridging capabilities a pre-set gap was adjusted using metal spacers (gauge tape). The samples were than tack-welded at the front sides using TIG-welding. In order to maintain constant gap sizes during welding, an additional spacer was positioned at the center of the weld length. After sample preparation, the gap was measured and evaluated using an optical microscope, ensuring that the pre-set gap size was within the 10% limit in relation to the nominal gap size. Following a visual examination of the resulting weld seams according to ISO 13919-1, samples were taken at one third of the weld seam length for metallographic analysis. The samples were polished and etched using Nital etchant. A metallographic analysis was performed using an incident light microscope (Leica DM4000M, Leica Microsystems GmbH, Wetzlar, Germany). Based on the cross sections, the weld seam geometry was evaluated using Imagic image analysis (Imagic Bildverarbeitung AG, Glattbrugg, Switzerland) regarding geometric criteria (undercuts, shrinkage grooves, incompletely filled grooves, excess weld metal) according to ISO 13919-1. As a decisive factor for the gap bridging ability, the missing cross-section of the bond was determined as the difference between the sheet thickness s and the minimal cross-section s’ (see Figure 1 (right)). The missing cross section (s-s’)/mm weld length is determined in weld seam length direction and expressed in mm2/mm length.



The welding trials were performed at a custom-built vacuum chamber. Figure 2 shows an overview of the vacuum chamber as well as the schematic design of the beam guidance. The chamber with a volume of approx. 0.25 m3 contains a XY-cross table for weld specimen movement. The maximum travel speed of the XY-cross table is 10 m/min with an axis acceleration of 0.5 m/s2. With the stated setup a positioning accuracy of ±0.1 mm at a repeatability of 0.02 mm can be achieved. The laser beam is fed into the chamber via two coupling glasses. As shown in Figure 2 (right), the first protection glass is sealing off the ambient pressure, whereas the second protection glass is inserted between the first one and the weld specimen in order to protect the main coupling glass from weld fumes and spatter. Furthermore, the beam path between the second glass and the specimen is rinsed with nitrogen to prevent welding fumes from condensing at the glass. The vacuum system connected with the chamber consists of a multiple stage Roots pump with a discharge pressure of 0.01 hPa. As beam source a diode-pumped Yb:YAG disc laser (TruDisc 6002 by TRUMPF, Ditzingen, Germany) with a maximum output power of 6 kW was used. The beam guidance between laser source and processing optics (TRUMPF PFO-3D, Ditzingen, Germany) was implemented using an optical fiber with a core diameter of 200 μm. Based on the optical configuration the spot diameter of the laser beam at the focus position was 375 μm. All welding trials were performed in focal position. In order to obtain comparable results, laser beam welding at atmospheric and reduced ambient pressure was performed without the use of shielding gas at ambient atmosphere. Unless stated otherwise, welding trials at reduced ambient pressure were performed at 10 hPa. To provide further information on weld spatter behavior, weld spatter formation was qualitatively determined through process monitoring using videography (Nikon D800, Tokyo, Japan).



In order to describe the effects of a reduced ambient pressure and beam oscillation on the gap bridging ability during laser beam welding, the experiments were subdivided in three stages:



A first set of experiments was performed to determine the influence of a reduced ambient pressure on the gap bridging ability without applying beam oscillation. Therefore, welding trials at different welding speeds of 0.5–5.0 m/min were performed at ambient pressure as well as at 10 hPa under variation of the preset gap size (zero gap up to 0.3 mm) using a full factorial design of experiments.



Secondly, different beam oscillation patterns were investigated at both atmospheric and reduced ambient pressure aiming to increase the gap bridging abilities. The purpose of the experiments was to increase the melt pool volume and simultaneously ensure a homogeneous filling of the gap. Therefore, a basic evaluation of different oscillation patterns was conducted to determine the effect of oscillation parameters on the weld outcome. Compared to conventional laser beam welding, additional parameters such as oscillation pattern, amplitude and frequency can affect the welding outcome while welding with beam oscillation and therefore have to be considered for process settings. Based on common oscillation patterns used during electron beam welding, four different patterns were considered for further investigation (line, circle, eight frame (crosswise) and eight frame (lengthwise)). In this set of experiments, the welding parameters laser power and ambient pressure as well as the oscillation parameters amplitude and frequency were varied at a set welding speed of vs. = 1.0 m/min and the resulting welds were evaluated regarding weld seam quality and spatter formation. The oscillation frequency was varied at three stages. Thereby, a minimal frequency was set at the value where the beam displacement during one period equals the beam diameter (25–45 Hz, depending on the oscillation pattern). Additionally, the maximum possible frequency based on the deflection rate of the scanner optics (210–520 Hz, depending on the oscillation pattern) and a medium frequency (mean value between min. and max. frequency) were evaluated. The laser power was adjusted for each parameter setting to ensure a full penetration weld.



Based on the optimized parameter settings, a case-study approach was adopted to determine the gap bridging abilities using beam oscillation. Therefore, welding trials using the previously regarded oscillation patterns were performed under variation of the gap size and ambient pressure at a third stage.




3. Results


3.1. Gap Bridging at Reduced Ambient Pressure


During the first sequence of welding experiments, the laser power was adjusted in order to reach a full penetration and obtain a good weld geometry at corresponding welding speed and ambient pressure. Table 2 provides an overview of the applied welding speed, laser power as well as the energy input per unit length.



Based on the metallographic cross sections as well as the process monitoring, the gap bridging ability of the process was analyzed at different welding speeds and ambient pressures. During these tests, no beam oscillation was applied. The investigations have revealed that gap sizes up to 0.1 mm do not affect the process stability, causing neither excessive root penetration nor significant loss in the joint cross section independent from the applied ambient pressure. Figure 3 shows the macrographs of the welded joints, which were prepared with 0.2 mm gap and welded at atmospheric and reduced ambient pressure, applying different welding speeds. The welding process exhibits a lower sensitivity on the gap size, if atmospheric ambient pressure is used. At lower welding speeds (up to 1 m/min), a complete fusion without any external weld imperfection can be achieved. At elevated welding speeds, weld seams with a good integrity have been realized, although partial incomplete fusion and consequently small loss in the joint cross section were observed. It can be clearly seen in the figure that the gap bridging ability significantly decreases at reduced ambient pressure. When applying reduced ambient pressure at low welding speed, a distinct weld root dropout can be observed. In contrast, welding speeds higher than 0.5 m/min result in a severe loss in the joint cross section.



Further increase of the gap size led to a rapid decrease of the process stability under atmospheric pressure, enabling welding only using a travel speed lower than 1 m/min. The reduction of the ambient pressure led to an incomplete fusion of the groove faces and therefore to an excessive loss or even a complete missing of the joint cross section. Figure 4 reveals the missing cross section of the joints in dependence of the welding speed and the gap sizes at atmospheric and reduced ambient pressure. What stands out in this figure is the phenomenal growth of the missing cross section with the increase of the gap size at atmospheric as well as reduced ambient pressure. Furthermore, the increase of welding speed results in an enlarged missing section under atmospheric pressure conditions. At reduced ambient pressure and gap sizes up to 0.1 mm, the missing cross-section can be decreased through increase of travel speed.



In addition, the spatter and metal vapor plume formation were observed at all welding tests. The reduction of the ambient pressure led to a significant decrease of the spatter formation and suppression to the metal vapor plume, as is shown in Figure 5 and was stated in the previous studies [12,13,18,20].




3.2. Gap Bridging Using Beam Oscillation in Combination with Reduced Ambient Pressure


3.2.1. Basic Evaluation of Oscillation Patterns


In the case of welding with beam oscillation, scanner optics was used to perform the beam pattern movement, which was superposed with the cross-table movement, resulting in the trajectory of the welding path. As provided in Figure 6, the resulting trajectories of the actual beam paths show major differences in symmetry and motion dynamics. Therefore, different effects on weld seam formation as well as processing behavior can be expected.



Based on the parameter evaluation of different oscillation patterns the following key findings can be derived:




	
While using a beam oscillation, the most frequent weld seam irregularities are notches and lateral spill of the melt pool.



	
At atmospheric pressure, the weld seam formation is in most parts independent of the oscillation frequency. Significant differences depending on the oscillation frequency could be observed using a circle pattern. Thereby, high frequencies led to an asymmetrical cross-section of the weld seam.



	
At reduced ambient pressure, the formation of weld seam irregularities is largely dependent on the oscillation frequency. However, no universal criteria on the connection between parameter settings and irregularities could be found.



	
Based on the results from process monitoring, the weld spatter formation is generally diminished at reduced ambient pressure.








The results of the basic process evaluation of oscillation patterns indicate that the amplitude as well as the oscillation pattern affect the size of the fusion zone. Furthermore, a change towards higher melt viscosity during laser beam welding at reduced ambient pressure is described in the literature [12,15]. Therefore it is assumed, that the change in melt viscosity also changes the specific damping of the melt pool, causing lateral spills of the melt pool at specific excitation frequencies of the beam oscillation. To complement these findings, the detailed analysis of eigenfrequencies depending on the melt pool size should therefore state the scope of further research.



For the selection of suitable process settings, the data suggest that optimized parameters have to be determined separately according to the oscillation pattern. Based on the results, the optimized parameter settings for the investigation of gap bridging ability are summarized in Table 3.



In zero gap configuration, weld seams without geometrical irregularities (Group B according to ISO 13919-1) could be achieved through the adjustment of oscillation frequency and laser power depending on the applied oscillation pattern. Figure 7 shows the cross-sections of laser beam welds obtained using different oscillation patterns. Compared to non-oscillated welding trails, the weld seam width could be generally increased using beam oscillation. With the exception of the eight frame (crosswise) pattern, the weld seams show parallel joint faces. Further, the eight frame (crosswise) pattern led to a narrower weld seam geometry, which can be attributed to a concentrated energy input in the middle of the weld seam due to the trajectory of the weld path. What stands out from the welding trials at reduced ambient pressure is that the weld seams were generally slightly narrower and more defined compared to welding at atmospheric pressure. In case of the circle pattern, an asymmetrical formation of the weld bead could be observed. Therefore, it is assumed, that welding at reduced ambient pressure is more sensitive to the energy distribution during welding.



The spatter formation during welding was observed using video imaging. In order to ensure comparability, single frames from one second of the welding process were extracted and superposed. The superposed images are provided in Figure 8. During welding at atmospheric pressure, a bright radiation of the vapor plume as well as an intense formation of weld spatters are visible on the top and bottom side of the weld specimen. At reduced ambient pressure (10 hPa), the vapor plume and the spatter formation on the top side of the specimen are visible weakened, whereas the bottom side of the specimen still exhibits a distinct weld spatter formation. Generally, at reduced ambient pressure, the reduction of weld spatter formation was found to be lower while welding with beam oscillation compared to stationary laser beam.




3.2.2. Investigation of Gap Bridging Ability


In order to identify the gap bridging ability using laser beam welding with different beam oscillation patterns, samples with preset gaps of 0.2 mm and 0.4 mm were welded at both atmospheric and reduced ambient pressure and analyzed. From visual inspection of the weld seam top and root surface, a significant decrease in weld quality could be detected for specimens welded using the circle pattern at reduced ambient pressure with a gap present. Accordingly, these samples were not further evaluated. By contrast, samples welded at atmospheric pressure using the circle pattern showed no significant loss in quality. Figure 9 and Figure 10 provide an overview of micrographs of the welded joints prepared with a 0.2 mm and 0.4 mm gap. It can be seen from the micrographs that all samples showed more or less distinct undercuts of the upper weld bead due to the size of the present gap. Thereby, the undercut is most pronounced for the eight frame (crosswise) pattern. Compared to other oscillation patterns, less metal is molten at the joint faces and therefore only a limited amount of molten metal is available to fill the gap, resulting in a significant reduction of the load-bearing cross-section. In general, a decreased gap bridging ability was found for welding at reduced ambient pressure (10 hPa). These results are likely to be related to the formation of narrower weld seam geometries observed during welding at reduced ambient pressure.



According to ISO 13919-1 all evaluable samples welded with a gap of 0.2 mm matched the geometric criteria (undercuts, shrinkage grooves, incompletely filled grooves, excess weld metal) for level C or level B in case of line pattern at atmospheric pressure. With a gap of 0.4 mm, the quality of the weld was found to be lowered to level D or outside of the specification for weldments using the eight frame (crosswise) pattern. Compared to welding with a non-oscillated laser beam (see Figure 3), an improvement in gap bridging ability could be observed for welding with beam oscillation due to an increased seam width at both atmospheric and reduced ambient pressure.



A key factor regarding the component integrity is the load-bearing cross-section. Therefore, samples were analyzed regarding the missing cross-section due to undercut, incompletely filled grooves and root relapse. A quantitative overview of the missing cross-section depending on the gap size during welding is given in Figure 11. For welding at atmospheric pressure, the chart illustrates that the cross-section was reduced by an average of 0.2 mm2/mm when the gap was 0.2 mm. With a gap of 0.4 mm the missing cross-section was increased to approx. 0.5 mm2/mm and up to 0.9 mm2/mm for the eight frame (crosswise) pattern. At reduced ambient pressure, both eight frames showed an increased missing cross-section while the line pattern could match the values at ambient pressure.



In summary, the results show that different oscillation patterns in combination with different ambient pressure can lead to varying gap bridging abilities. In this study, oscillation patterns, which resulted in narrower weld seam geometries (eight frame) provided lower gap bridging ability compared to line or circle pattern. Furthermore, the asymmetrical energy distribution using a circle oscillation pattern was found to result in an unstable welding process at reduced ambient pressure and is therefore not unrestricted recommendable.






4. Conclusions


Laser beam welding with solid-state laser sources offers numerous advantages for automotive applications, including low energy input, high processing rates and a high level of process availability thorough laser processing networks. Due to decreasing sizes of the focal spot, modern laser beam sources place high requirements on weld seam preparation, allowing only minimal gaps. Likewise, a minimized weld spatter formation is required in many applications. The aim of the present research was to assess the influence of both a reduced ambient pressure in the process environment as well as beam oscillation on the gap bridging ability during laser beam welding. Based on the welding experiments and the weld quality analysis, the following conclusions are derived:




	
During single spot laser beam welding without beam oscillation, using the applied optical configuration, gaps exceeding 0.1 mm can lead to significant loss in weld quality.



	
A reduction in welding speed has positive impact on the gap bridging ability at the considered range of vs. = 0.5–5.0 m/min.



	
While welding at reduced ambient pressure, a reduced gap bridging ability was observed due to a more narrow weld seam geometry. However, the weld spatter formation was significantly improved.



	
Beam oscillation can be applied to increase the weld width and enlarge the melt pool volume to ensure a homogeneous filling of the gap. The results at reduced ambient pressure suggest a heighten sensitivity for a change of process parameters (especially oscillation frequency) and therefore a smaller processing window.



	
Using beam oscillation, gaps with 0.2 mm could reliably be welded. Gaps with 0.4 mm showed sufficient quality.








Building on the reported results, further research should include mechanical-technological examinations to identify the effects of gap induced weld defects on the mechanical properties during static and dynamic loading. Although no internal welding defects could be detected by means of metallographic cross sections, non-destructive testing should be considered to verify these results. Furthermore, high-speed process monitoring of the melt pool behavior during welding with beam oscillation is suggested to establishing results on how the oscillation frequency affects the occurrence of welding defects.
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Figure 1. Sample dimensions for the welding trials (left) and evaluation of the cross-section (right). 
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Figure 2. Experimental setup for laser welding at reduced ambient pressure (left) and schematic beam guidance (right). 
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Figure 3. Macrographs of the specimens prepared with 0.2 mm gap, performed with different welding speeds at atmospheric pressure and 10 hPa. 
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Figure 4. Missing cross-section per mm weld seam length depending on welding speed and gap size for welding at atmospheric pressure (a) and 10 hPa (b). 
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Figure 5. Spatter and metal vapor plume in the case of 0.2 mm gap, performed with 5 m/min welding speed and different ambient pressure ((a): 1000 hPa and (b): 10 hPa). 
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Figure 6. Schematic trajectory of the welding path for oscillation patterns: line (a), circle (b), eight frame crosswise (c) and eight frame lengthwise (d). 
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Figure 7. Resulting weld seam geometry using different laser oscillation patterns at atmospheric pressure and 10 hPa. 
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Figure 8. Spatter formation and metal vapour plume using different laser oscillation patterns at atmospheric pressure and 10 hPa; weld location marked with red circle. 
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Figure 9. Macrographs of specimens prepared with a 0.2 mm gap, welded using different oscillation patterns at atmospheric pressure and 10 hPa. 
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Figure 10. Macrographs of specimens prepared with a 0.4 mm gap, welded using different oscillation patterns at atmospheric pressure and 10 hPa. 
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Figure 11. Missing cross-section per mm weld seam length depending on welding speed and gap size for welding at atmospheric pressure (a) and 10 hPa (b). 
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Table 1. Nominal composition of the case hardening steel 1.7131.
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Chemical Composition (wt %) 1




	
Fe

	
C

	
Si

	
Mn

	
P

	
S

	
Cr






	
Bal.

	
0.14–0.19

	
<0.40

	
1.00–1.30

	
<0.025

	
<0.035

	
0.80–1.10








1 according to manufacturer specifications.
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Table 2. Laser welding parameters selected for the investigation of gap bridging ability.
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Welding Speed

[m/min]

	
Atm.

	
10 hPa




	
Laser Power [W]

	
Energy per Unit Length [J/mm]

	
Laser Power [W]

	
Energy per Unit Length [J/mm]






	
0.5

	
700

	
84.0

	
550

	
66.0




	
1.0

	
950

	
57.0

	
700

	
42.0




	
2.0

	
1375

	
41.3

	
1000

	
30.0




	
5.0

	
2200

	
26.4

	
2150

	
25.8
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Table 3. Laser welding parameters selected for the investigation of gap bridging ability using beam oscillation (vs. = 1.0 m/min).
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	Pattern
	Amplitude 1 [mm]
	Frequency [Hz]
	Laser Power [W]
	Energy per Unit Length [J/mm]





	Line
	2.0
	45
	2000
	120



	Circle
	2.0
	25
	1400
	84



	Eight frame (crosswise)
	1.0
	235
	1100
	66



	Eight frame (lengthwise)
	1.0
	45
	1440
	84







1 transversely to welding direction.
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