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Abstract

:

Collision welding processes are accompanied by the ejection of a metal jet, a cloud of particles (CoP), or both phenomena, respectively. The purpose of this study is to investigate the formation, the characteristics as well as the influence of the CoP on weld formation. Impact welding experiments on three different setups in normal ambient atmosphere and under vacuum-like conditions are performed and monitored using a high-speed camera, accompanied by long-term exposures, recordings of the emission spectrum, and an evaluation of the CoP interaction with witness pins made of different materials. It was found that the CoP formed during the collision of the joining partners is compressed by the closing joining gap and particularly at small collision angles it can reach temperatures sufficient to melt the surfaces to be joined. This effect was proved using a tracer material that is detectable on the witness pins after welding. The formation of the CoP is reduced with increasing yield strength of the material and the escape of the CoP is hindered with increasing surface roughness. Both effects make welding with low-impact velocities difficult, whereas weld formation is facilitated using smooth surfaces and a reduced ambient pressure under vacuum-like conditions. Furthermore, the absence of surrounding air eases the process observation since exothermic oxidation reactions and shock compression of the gas are avoided. This also enables an estimation of the temperature in the joining gap, which was found to be more than 5600 K under normal ambient pressure.
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1. Introduction


The use of the ideal material for every single component of a structure can contribute to a reduction of the total mass, a lower consumption of resources, or to cost-saving. This development intensifies the requirement of modern joining technologies to be able to join dissimilar metals with strongly different mechanical, physical, or chemical properties. Many conventional fusion-based welding processes cannot be used for this purpose because of the heat-induced formation of brittle intermetallic phases lowering the weld quality [1].



Collision welding processes such as explosive welding (EXW), magnetic pulse welding (MPW), vaporizing foil actuator welding (VFAW) and laser impact welding (LIW) are based on the oblique collision of metallic surfaces at high velocities [2,3]. They are often described as “cold” solid-state processes since the mechanism for the bond formation is dominated by the prevalent pressure instead of fusion. The creation of intermetallic phases is therefore limited to an uncritical extent. Flat and tubular joints in overlap configuration can be manufactured [4]. In EXW, which was patented in 1962, the required pressure to accelerate one of the joining partners is generated via a controlled detonation [5]. EXW is mainly used for large scale cladding operations [6]. Compared to EXW, MPW processes are easier to control via the electrical charging energy stored in a capacitor bank. The precise energy input allows joining of smaller and thinner parts. So-called welding windows are used to plot the welding result as a function of the collision kinetics [7], characterized by the collision angle β and the impact velocity vimp or axial collision velocity vc at the point of collision, respectively. A crucial influencing factor is the exposure of the joining partner surfaces to the material flow phenomenon, called “jetting”. Jetting is often described as a necessary criterion for the bond formation. There are several approaches to investigate this phenomenon. Some analytical theories describe the material flow due to the fluid-like behavior of the metals in the collision zone during EXW [8]. This assumption is based on the occurrence of high strain rates up to 106 s−1 and high pressures up to several gigapascals at the collision point [9,10]. Different numerical approaches used mesh-less methods to simulate the jetting [10,11,12]. Experimentally, the jet was observed by high-speed imaging [13,14,15] or collected after leaving the gap using so-called witness plates that enabled a quantitative analysis of the composition of the ejected material [16,17,18]. Another imaging method that has been used for the analysis of EXW is pulsed radiography [19]. Comparing the findings of the afore mentioned literature reveals that “jetting” is not necessarily a cumulative stream but can occur as a “cloud of particles”, too. This differentiation was introduced by Deribas et al. [20] and supported by Groche et al. using high-speed imaging and a subsequent investigation of the microstructure [14]. Both phenomena are depicted in Figure 1. The stream can either remain in a cumulative shape or disperse in particles during the further progression of the collision, depending on the collision conditions and involved materials. This is defined as a “jet” [3]. Additionally, brittle oxide layers and other surface contaminations spall from the surfaces due to high strain rates at the point of collision. This “cloud of particles” is the result of the dispersed material stream, the spalled surface layers, or both phenomena. If a cumulative metal stream is formed and sustained during the collision, it might partly be hidden by the cloud of particles [13]. In case of a comparable low energy input, it might even be too small to be visually detectable during the high-speed observation [14].



Taking a closer look at the microstructure at the bond interface of Al3Cu welded by EXW, a thin layer of ultrafine grained (UFG) microstructure has been observed within the newly formed interface, which might be the result of melting and rapid solidification [21]. In contrast, adjacent regions showed strongly elongated grains in welding direction without any macroscopic contraction of flyer and parent. Interestingly, UFG and columnar grown grains, which indicate local melting, were found at the interface for aluminum welds produced by MPW and at comparatively low energies, too [22,23]. In comparison, copper joints with similar weld parameters exhibited an UFG microstructure, but no columnar solidification grains. This indicates that copper did not melt at the collision point and the UFG microstructure was a result of dynamic recrystallization due to the high strain rates at the collision point [23].



A special process model test rig, which operates at relatively low-impact energies, was applied for the determination of the welding window for aluminum and copper. It allowed to differentiate between the macroscopic cloud of particles (CoP), visible in the high-speed images, and a jet in the shape of a metal stream with a thickness of a few microns [14]. Both phenomena were used to describe the boundaries of the welding window in terms of the impact velocity and the collision angle [24]. Bond formation required the metal stream or the CoP to be formed as a result of the plastic deformation of boundary layers close to the colliding surfaces. Due to the high strain rates, oxide layers and contaminations were removed from the surfaces and then ejected. With increasing impact velocity and, thus, induced energy, bonds could also be formed at larger collision angles. The investigation showed that for aluminum and copper, in addition to process-related variables, the yield strength of the material played an important role in the description of this highly dynamic process. Thus, the plastic deformation of the boundary layers had an influence on the formation of joints, even at low energies. In contrast, the lower boundary angle, which was almost constant for different impact velocities, was limited by the possible ejection of the CoP. If the gap was too small and hindered the outflow of the CoP material, it was incorporated into the newly formed interface and prevented bond formation or led to a porous microstructure [25].



Furthermore, the shape of the CoP was determined by fluid dynamic effects depending on the collision angle [14]. For small angles, the CoP appeared as a turbulent flow due to the wall friction at the surfaces of the joining partners. At larger collision angles, flow separations occurred due to boundary layer friction and widening of the joining gap. Therefore, the central flow part moved faster than the ones at the edges. These findings can also be transferred to MPW [15], where the collision angle was identified as a crucial parameter for a thermal surface activation prior to the contact of the surfaces and a successful weld formation [26].



The collision was observed by high-speed imaging and the shape, velocity, and vertical thickness of the CoP were investigated and related to the geometrical bond properties and its strength. A certain velocity of the CoP was required to achieve the targeted geometry and high strength of the bond. At this point it should be mentioned that the increase of the CoP velocity was related to a higher energy induction in the process zone. In contrast, an increased vertical thickness of the CoP reduced the bond strength due to an enhanced formation of intermediate layers, cracks, and voids. It was concluded that a CoP with higher thickness can be trapped more easily in the closing gap and may disturb the bond formation [14,15].



Experiments in a varied gas atmosphere confirmed these results concerning the role of the CoP during bond formation. Pabst and Groche used gases with different densities and found that lower gas densities led to higher CoP velocities and to a successful weld formation even at lower charging energies [27]. This effect became even more apparent in high vacuum where sound welds were achieved already at lower charging energies, probably due to the escape of the ejected particles which was facilitated by the absence of the surrounding medium [28].



Collision welding processes are also accompanied by a bright and characteristic impact flash (“process glare”). Bellmann et al. [29] showed that this impact flash is a necessary, but not a sufficient criterion for the weld formation in ambient atmosphere. The light emission can be a key parameter for an assessment of the temperature conditions in the joining gap [30]. First results indicated that for a few microseconds the local temperatures can exceed the melting temperatures of most metals, which appears to contradict the theory of collision welding as a “cold” process. These findings are supported by Khaustov et al. [31], who identified the shock-compressed gas in the joining gap and the plastic deformation of the joining partners as potential heat sources.



Thus, there are many hints and proofs for very high temperatures before or during the surface contact in collision welding processes. Nevertheless, the influences of certain input parameters on the properties of the CoP are still not completely understood, neither its effect on weld formation. This paper aims for a deeper understanding of collision welding processes and addresses the following questions:




	
How do material properties, surface properties, the collision environment, and the collision kinetics influence the characteristics of the CoP?



	
What is the temperature in the joining gap due to the CoP or compressed air?



	
Is the process glare a multiple superposition of different effects, depending on the process environment?



	
Under which conditions can the process glare be used as a sufficient welding criterion?









2. Materials and Methods


2.1. Nomenclature and Overview


Table 1 lists all symbols that are used within this paper to shorten the captions of figures and tables. The questions mentioned above cannot be answered by a single experiment due to multiple influencing factors. Thus, three different joining setups were used; their specific characteristics are summarized in Table 2. After the welding experiments, the result in terms of weld quality was checked by manual peel testing, as presented by Bellmann et al. [32]. Peel testing of test rig samples was not necessary since non-welded samples were easily identifiable due to the separation of flyer and parent part right after the collision. Some of the welded samples were further prepared for different types of microscopy, see Table 2.




2.2. Test Rig


The first part of the experiments was executed with a special test rig performing the collision process in a purely mechanical approach [33]. The joining partners, two material strips, were mounted at the end of two rotors, see Figure 2a. The rotors rotated in the same turning direction, but started with a phase offset of 45°. When both rotors reached half of the intended impact velocity, the phase offset was eliminated and the joining partners collided with high accuracy and high repeatability in the center between the rotor points, Figure 2b,c. By bending of one joining partner prior to the collision experiment, the oblique collision angle β could be adjusted to a desired value. In the applied configuration the test rig allowed experiments with a maximal absolute impact velocity of 262 m/s; the sheet thickness was kept constant at 2 mm.



Table 2 were taken with a digital single-lens reflex camera (DSLR) Canon 5D with a 100 mm macro lens that was positioned at an angle of approximately 45° to the rotor center axis. The exposure time was set to two seconds, the aperture fixed at F13, and the light sensitivity ISO 100 was applied. An image intensifier camera hsfc pro from PCO working at a dynamic range of 12 bit was used to observe the closing gap between the colliding joining partners [35,36]. Due to the highly dynamic process a short exposure time of 20 ns was necessary. Sufficient lighting was ensured by the laser (CAVILUX Smart by Cavitar, Tampere, Finland) with a wavelength of 640 nm, which was used in a transmitted light configuration. Overexposures of the high-speed images due to the process glare were suppressed by an optical band pass filter.



During the initial experiment the aluminum alloys EN AW-1050 H14 and EN AW-6060 in T4 condition with their chemical composition given in Table 3 served as flyer and parent material, respectively. Both joining surfaces were laser ablated to Ra ~ 0.5 with the laser system CL50 (Nd:YAG laser, 1064 nm wavelength by Clean-Lasersysteme, Herzogenrath, Germany) prior to joining to remove debris. Within this study, the influence of an increased surface roughness of the parent sheet was investigated. The surface topography was generated via laser ablation, too, and exhibited a wavy structure perpendicular to the welding direction with heights of approx. 15 µm (Ra ~ 3.2) and 30 µm (Ra ~ 7.8), see Figure 3.



In the next step, the parent material’s strength was successively increased by replacing it with oxygen-free high conductivity copper (OFHC-Cu) with a purity of more than 99.99 weight percent in two different conditions: as delivered and ultrafine grained after severe plastic deformation by equal channel angular pressing (ECAP) with average grain sizes of ~176 µm and 1.2 µm and yield strengths of 70 MPa and 520 MPa, respectively [40].




2.3. MPW Process


The second part of the impact welding experiments was performed on two commercial pulse generators. In contrast to the test rig, the acceleration of the flyer part was driven by the magnetic pressure pm between a coil and the electrically conductive flyer workpiece. Higher impact velocities were achievable compared to the test rig, but the adjustment and measurement of the collision conditions was more challenging. The sheet welding setup offered the possibility to execute impact welding experiments under vacuum-like conditions and, thus, suppressed oxidation effects and shock compression of the surrounding air [41]. The process analysis in vacuum via long-term exposures [26] or high-speed camera was simplified due to the lowered intensity of the impact flash. The velocity of the jet or of the CoP, respectively, could be estimated by dividing the progressing distance between two photos by the known time shift. Furthermore, the flash starting time tf,start of the process glare and the emission spectrum of the process glare could be analyzed with the setup depicted in Figure 4 by means of a time-resolved flash measurement and diffraction grating, respectively. This procedure allowed an estimation of the temperature in the joining gap while the material combination EN AW-1050 and EN AW-6060 in T4 temper in the sheet configuration was welded. A constant acceleration gap g of 1.5 mm was chosen, and the charging energy E was varied between 9 and 16 kJ. The flat coil B80/10 by PST products was used in combination with the pulse generator PS48-16 manufactured in 2011 by PST products, resulting in a discharging frequency of approx. 18 kHz.



For a spectral analysis of the process glare at the sheet welding configuration, a simple setup consisting of two polymer optical fibers, the transmission diffraction grating GT50-08 by thorlabs (Newton, MA, USA) (830 lines/mm), and the same DSLR used for the long time exposure shots of the welding process was applied, see Figure 4. The first optical fiber was aligned parallel to the coil wire and monitored a position in the welding gap close to the initial contact point (position 1). The second fiber monitored the outer region of the welding gap, which was not affected by the welding process (position 2). The wavelength and sensitivity calibrations of this setup were done with two known wavelengths (green laser pointer λ = 532 nm, bandpass filter λ = 640 ± 12 nm) and a 60 W incandescent bulb modeled as a blackbody emitter at 2700 K.



The movement of the flyer part was monitored and recorded using Photonic Doppler Velocimetry (PDV). This laser-based technology is capable of measuring velocities up to several kilometers per second [32]. The laser source was a 1 W fiber laser module by Redfern Integrated Optics Inc (Santa Clara, CA, USA). The wavelength of the emitted laser beam was 1550 nm; with this setup part velocities of up to approx. 1200 m/s can be recorded. Two PDV probes were applied, which recorded the movement of the flyer through small holes in the parent part, see Figure 4. For instance, the impact velocity vimp could be determined.



The tube welding setup shown in Figure 5 included witness pins with a diameter of 2 mm close to the joining zone. They were made of different materials (St-steel, W-tungsten, and C-graphite) and vaporized by the CoP. A tracer copper coating was placed on the parent surface, beginning at a distance of five millimeters from the initial collision point. The surfaces of the steel and tungsten pins were investigated after MPW using scanning electron microscopy (JSM-6610LV by Jeol, Tokyo, Japan) and energy dispersive X-ray spectroscopy (X-Max 80 mm2, Model 51-XMX0002 by Oxford instruments, Abingdon, UK). The surface topography of the graphite pins was scanned with a microscope (VHX-5000 and universal zoom lens VH-Z100UR by Keyence, Osaka, Japan) The collision angle between flyer and parent workpiece could be modified via the working length lw, as described in [26]. It is defined as the axial overlap between the flyer part and the concentration zone of the working coil, see Figure 5. The charging energy of the pulse generator MPW 50/25 by Bmax was set to 4.5 kJ and led to a maximum tool coil current of approx. 377 kA at a discharge frequency of approx. 20 kHz. The chemical composition and selected mechanical properties of the flyer material aluminum EN AW-6060 and the parent material steel C45 are also listed in Table 3.





3. Results


3.1. Test Rig


The experiments with the initial material combination of the aluminum alloys EN AW-1050 and EN AW-6060 in T4 temper revealed a welding window for collision angles β between 4.5° and 6.6° at a constant impact velocity vimp of 262 m/s. Increasing the roughness of the parent surface to 15 µm narrowed and shifted the range for successful welds to a collision angle of 9.1°. The amount of ejected material for both roughness conditions within their specific welding windows was similar, see Figure 6c,d, while the intensity of the process glare was reduced, see Figure 6f,g. Furthermore, polished cross sections revealed that the waviness of the joining zone increased and exhibited pockets for the laser structured surface (b) instead of a continuous layer (a) along the interface. A roughness of 30 µm inhibited the CoP formation, the process glare and welding completely at the given impact velocity, see Figure 6e,h, respectively.



Replacing the parent material with the copper alloy Cu-OFHC enabled welding for collision angles between 6.6° and 7.5°, while welding was not achievable in this range with the ultrafine grained copper as parent material. Although the shadows in the joining gap and, thus, the CoP densities seemed to be comparable, the process glare was significantly reduced, see Figure 7




3.2. MPW Process for Sheets


MPW experiments with the same material EN AW-1050 for both the flyer and the parent sheet were performed at ambient pressure first. Due to missing PDV measurements, the non-welded samples processed with 18 kJ charging energy are not listed in Table 4. Nevertheless, they enabled the definition of the lower process boundary at 19 kJ charging energy since welding occurred at this energy level with an impact velocity of 224 m/s. Reducing the ambient pressure in the joining gap to approx. 100 Pa enabled welding even with lower impact velocities of 203 m/s. At this point it should be mentioned that due to the design of the vacuum chamber, the distance between the coil wire and the flyer sheet in the active zone increased during the evacuation process of the vacuum chamber, leading to a reduction of the acceleration distance between the joining partners. This effect was compensated by adjusting the charging energy E in 30 preliminary tests to ensure the targeted level of impact velocity vimp and monitor it via PDV.



The reduced ambient pressure in the joining gap not only decreased the lower process boundary, but also influenced the process glare and the interfacial microstructures. Compared with the experiment in ambient atmosphere at an impact velocity of 243 m/s, the process glare under reduced pressure decreased significantly and appeared in an orange to red color, see Figure 8. In addition, the welded area increased, see Table 5. The interface did not contain a porous layer close to the central gap, which resulted in a smooth transition from the non-welded zone in the middle to the adjacent welded regions in Figure 9.



The combined inverse pole figure (IPF) and Band Contrast/Image Quality (IQ) maps in Figure 9 reveal some interesting differences of the weld interfaces caused by the change in ambient pressure. Most notably, the central gap at 100,000 Pa is wider close to the initial weld compared to the sample welded at 100 Pa ambient pressure. The detail map at 100,000 Pa ambient pressure in (b) reveals a slightly porous layer in the weld interface with many very small grains, although to a smaller extend compared to previous reports [22,25]. In comparison, the initial weld interface produced at 100 Pa ambient pressure in (d) is smoother and without a nano-crystalline interlayer.



The high-speed images reveal a CoP that dispersed in the joining gap and glowed brightly in normal ambient atmosphere. If the ambient pressure was reduced, the appearance of the CoP changed to a dark and tongue-like shape, see Figure 10. In both cases no band pass filter was used. The CoP velocity was estimated by dividing the propagation distance between two time steps. It was approx. 4 to 6 km/s in normal ambient atmosphere and about 10 km/s at reduced ambient pressure.



All optical spectra of the process glare in Figure 11 show a prominent peak at short wavelengths, which can be assigned to the intense characteristic aluminum emission line at approximately 396 nm [42]. Although the overall shape of the spectra is unchanged between the two different positions under reduced ambient pressure, the intensity is increased over the whole spectral range at normal ambient pressure. Due to the limited spectral resolution, it is impossible to distinguish bundles of individual emission lines and the continuous blackbody radiation. However, the different process glare colors in Figure 8 and the shift of the intensity maxima to longer wavelengths in normal ambient pressure from the position close to the initial collision point (Pos. 1) to the end of the joining gap (Pos. 2) allow for two main conclusions:




	
The temperature of the light-emitting medium is much higher at normal ambient pressure compared to the reduced pressure conditions.



	
At normal ambient pressure, the temperature rises further during the propagation of the collision point. Using Wien’s displacement law (see Appendix A for discussion) and an upper boundary for the photon emission maximum of λ = 650 nm, the temperature of the process glare under normal ambient pressure can be expected to exceed 5600 K.









3.3. MPW Process for Tubes


The collision angle during MPW can be controlled by the working length lw [34]. It influences both the appearance of the process glare and the welding result [26]. A working length of 4 mm led to an initial collision angle of approx. 9° where welding was not achievable in the given setup. Increasing the working length to 8 mm decreased the collision angle to approx. 3° and allowed for a weld formation between the aluminum flyer and the steel parent [34]. Moreover, an evaluation of the process glare in the joining gap under vacuum-like conditions revealed a significant temperature increase far above the vaporization temperature of the involved materials. Now, additional MPW experiments were performed at normal ambient pressure to gain deeper insights into the relation between the collision angle and the formation of the CoP as well as its interaction with the witness pins that consisted of three different materials, see Figure 12a. The witness pins were placed side by side at the 180° position of the tool coil. The pin diameter of 2 mm was small compared to the inner circumference of the flyer tube with 116 mm. Thus, the influence of the different radial positions can be neglected. The results are summarized in Table 6. The CoP penetrated into the soft graphite pin, see Figure 12b, while it was deposited on the surfaces of the tungsten and steel pins, as shown in Figure 13 and Figure 14, respectively. In both figures, sections (a) and (b) show the pin surfaces after the cutting procedure before the MPW experiments. Obviously, the deposited layer in (e) and (f) consisted mainly of the aluminum flyer material as well as the dominating iron parent material. Furthermore, the increased oxygen content indicated a partial oxidation of the CoP during MPW.



The collision angle had a big impact on the penetration of the CoP in the graphite witness pin and the structure of the vaporized surfaces on the steel and tungsten witness pins, respectively. For high collision angles the penetration depth in the graphite witness pins was approx. 1 mm, see Figure 12b. There were many single particles deposited on the tungsten pin, leading to a coarse and ragged structure. Energy dispersive X-ray spectroscopy (EDX) revealed no copper, neither on the tungsten pin nor on the steel pin, see Figure 13f and Figure 14f, respectively. In contrast, small collision angles led to a line-shaped penetration area in the graphite pin. Based on the distance of 15 mm to the initial collision point, the angle of ejection could be calculated. It is within a range of 1.9° to 5°, which is in good agreement with the simulated collision angle of 3.4° [34]. At this small angle, a homogeneous aluminum layer with a copper content of ~2 weight percent from the tracer coating and with only a few single aluminum particles was deposited. Compared to large collision angles, the thickness of the layer was lower since the subjacent tungsten was detectable during EDX analysis, too.





4. Discussion


The experimental results presented in this study clearly confirm the hypothesis that high temperatures occur within the joining gap during collision welding processes. The experiments at reduced ambient pressure showed that the temperature increase also takes place in the absence of the surrounding air. Thus, it seems reasonable to relate the temperature increase to the material that is ejected from the process zone. Depending on the collision kinetics and the involved materials, material ejection can either occur as a dense material flow as a jet and/or as a CoP in case of lower impact energies and depending on the collision angle. The thermal energy of the CoP enables and supports all three bonding types that have been reported for collision welding processes so far. Depending on the impact kinetics at the propagating collision point either solid-state bonding, solid–liquid coexistence state bonding, or liquid-state bonding can occur [44]. The influence of the material properties, surface properties, the collision environment, and the collision kinetics on the characteristic features of the CoP were investigated in three different experimental setups, as discussed and listed below:




	
Test rig experiments: Decreasing the grain size of the parent material led to an increase in the material’s strength and hindered plastic deformation in the joining zone. This makes it difficult to generate a sufficient CoP for the heating of the surfaces and to form a solid jet that uncovers the base materials.



	
Test rig experiments: The escape of the CoP was hindered by an increased surface roughness, which also led to a reduced process glare. The high-speed picture frames as well as the melting pockets in the cross section point to the conclusion that the CoP was partly entrapped in the wavy surface during the movement of the collision point. This effect can be detrimental for the weld formation if the kinetic or thermal energy of the CoP is too high and leads to extensive melting along the interface. Furthermore, it weakens or hinders bond formation due to a lack of direct contact of the activated surfaces of the base material.



	
Sheet welding setup: The surrounding gas lowered the velocity of the escaping CoP, as also reported in [27]. This led to a porous microstructure if the CoP was partially enclosed in the joining zone. In contrast, the microstructure revealed no pores when MPW was performed under vacuum-like conditions, see also [25]. Similar to the observations reported in [28], the necessary impact velocity for a successful weld seam can be reduced in vacuum compared to normal atmosphere. Moreover, the process glare is reduced significantly, either due to the absence of chemical interactions with the surrounding oxygen or because of shock compression of the gas in the joining gap, as described in [45].



	
Tube welding setup: The collision kinetics have a big impact on the characteristics of the CoP. The deep and voluminous craters that are formed by the CoP in soft graphite pins indicated that the kinetic energy of the CoP was higher for larger collision angles, whereas smaller collision angles only led to a single line in the graphite witness pin with significantly reduced depth. The structures of the vaporized surfaces of the witness pins made of steel and tungsten provided insights into the thermal energy of the CoP: Small collision angles led to a higher degree of compression of the CoP in the joining gap and, thus, pronounced heating of the surfaces in the joining zone. The copper tracer that was placed at the end of the actually welded area was detectable on the surface of the witness pins. Since the impact velocity, the plastic deformation, and, thus, the heating due to forming were reduced compared to the initial collision point, the thermal and kinetic energy of the compressed CoP must have been responsible for the melting and transportation of the copper tracer towards the witness pins. The finely dispersed structure of the vaporized pin surfaces supports the hypothesis that the high temperatures in the joining gap resulted from the thermal energy of the CoP. In contrast, compression and heating were reduced for large collision angles, leading to the ragged surface of the witness pins. The surface contained larger aluminum particles and no signs of copper from the tracer surface coating. The chemical composition of the CoP was dominated by approx. 80 weight percent aluminum due to its lower melting temperature and lower strength compared to steel. Consequently, the amount of aluminum that was plastically deformed, melted and finally contributed to the CoP is higher.








One of the key results of the present study is that the temperature in the joining gap at ambient pressure was found to exceed 5600 K. Due to the arrangement of the spectral measurements it can be concluded that this temperature occurred in the rapidly closing welding gap in front of the actual point of collision. This effect can be suppressed at reduced ambient pressure. However, to determine the temperature of the CoP under vacuum-like conditions, a different setup with an increased spectral sensitivity in the infrared range would be needed.



Furthermore, the findings of the present study point to the conclusion that the process glare results from a superposition of multiple, different effects that depend on the process environment:




	(a)

	
In ambient atmosphere, the shock compression of the surrounding air led to a thermal glow. Furthermore, the remarkably high oxygen content on the witness pins provided evidence of an exothermic reaction of the metal vapor with the surrounding oxygen. This reaction contributed to the flash effects, too.




	(b)

	
Under vacuum-like conditions, the intensity of the light emission was reduced, and its appearance depended on the involved materials. In [13], a bright appearance was reported for magnesium (which has a lower boiling temperature than copper), where only a dark metal jet was observed. Thus, it can be concluded that even in the absence of the surrounding air, particles of the involved joining partners with temperatures above the vaporization temperature emitted light and contributed to the process glare. Depending on the local temperatures and pressures, the formation of plasma is also conceivable, but the present study does not provide direct evidence for this phenomenon.









To conclude, it should be noted that the process glare alone cannot be used as a sufficient welding criterion because multiple parameters contribute to the light emission, weld formation, and the corresponding side effects. In a conventional ambient atmosphere, the lightning effect is dominated by the interaction with the surrounding air. Thus, the effect of the collision angle, which significantly influences the welding result, is not directly accessible. Nevertheless, the process glare can be seen as a necessary criterion while additional conditions must be fulfilled to ensure a good weld quality. For example, the thermal properties of the involved materials must be suitable to ensure the cooling of the materials after the contact, as described in [26].




5. Conclusions, Research Highlights, and Outlook


The experimental results at normal ambient pressure indicate temperatures more than 5600 K in the joining gap that enable not only solid-state bonding, but also solid–liquid coexistence state bonding or liquid-state bonding. The process glare consists of different components and depends on certain factors. It occurs if the kinetic energy of the moving joining partner is sufficient to extract a certain number of particles from the surfaces by plastic deformation during the collision. The particles accumulate and then form a CoP. The CoP is compressed in the closing joining gap and heats up until it glows. This effect can be intensified by small collision angles where high temperatures are reached by a higher compression rate and comparatively more effective wall friction, sufficient to melt the surfaces of the joining partners. To form a sound weld, the CoP must leave the joining zone before the joining partners come into contact. Thus, smooth surfaces and vacuum-like conditions are preferable for collision welding. The absence of surrounding air eases the process observation since exothermic oxidation reactions and shock compression of the gas are avoided. Nevertheless, the occurrence of the process glare is not a sufficient welding criterion, but just a necessary condition.



From these findings, technological guidelines can be derived for collision welding processes. For example, the formation of the CoP is facilitated by soft materials; a small collision angle increases the temperature and surface activation; a low surface roughness supports the escape of the CoP.



Nevertheless, an important question that remains is which mechanism is ultimately responsible for the activation of the joining surfaces. On the one hand, it might be the kinetic energy of the flowing CoP that rubs intensively against the surfaces. On the other hand, surface activation could also be attributed to the heat transfer between the compressed CoP and the surfaces. Furthermore, the possible plasma state might as well play an important role for surface activation, since plasma activation is a well-established technology, see [46]. Although plasma formation during collision welding in normal ambient atmosphere was only attributed to the shock-compressed air in [23], it may also occur under vacuum-like conditions. The CoP itself could be transferred into plasma due to the sudden compression and heating in the joining gap. Future investigations should focus on the time-resolved measurement of the temperature in the joining gap to identify the dominating mechanisms during collision welding. Furthermore, to determine the temperature of the CoP under vacuum-like conditions, a different setup with sufficient spectral sensitivity in the IR range would be needed.




6. Patents


The flash measurement system enables the identification of suitable collision conditions and can be used for quality assurance during production. It is patented for different impact welding processes [47,48].
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Appendix A. Blackbody Model for Temperature Estimation


According to Planck’s law, power density    M λ O    in the range between  λ  and   λ + d λ   for thermal emission can be calculated as


   M λ O   (  λ , T  )  d A   d λ =   2 π h  c 2     λ 5     1   e   (    h c   λ  k B  T    )    − 1   d A   d λ    



(A1)







However, the sensitivity of imaging sensors (complementary metal-oxide-semiconductor, CMOS) is proportional to the photon flux, which can be calculated from the power density distribution as


   J λ  p h    (  λ , T  )  d A   d λ =   2 π c    λ 4     1   e   (    h c   λ  k B  T    )    − 1   d A   d λ    



(A2)







As can be seen in Figure A1 that these two expressions yield different shapes of the thermal emission spectra and subsequently different maxima.
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Figure A1. Spectral power density and photon flux density for thermal emission at T = 4500 K. 
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A simple method for estimating the temperature of a thermal emitter is the tracking of those spectral maxima. According to Wien’s displacement law, higher temperatures cause a shift of emission maxima to shorter wavelengths in both distributions.


   λ  m a x    M  =   2897.8   μ m ⋅ K  T     λ  m a x    J  =   3669.7   μ m ⋅ K  T     



(A3)







However, due to the limited spectral range and low resolution of the setup used in this work, tracking of those maxima is only feasible for temperatures above 5400 K. Furthermore, the position of those maxima is difficult to track in the noise-afflicted experimental spectra given the low slope of the theoretical spectra for temperatures above 5000 K (Figure A2).
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Figure A2. Modeled thermal emission spectra in the investigated spectral range for temperatures between 2000 K and 8000 K. 
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Figure 1. (a) Macroscopic scheme of the oblique high-speed collision of a metal pair and (b) microscopic view at the collision point C with differentiation between the jet as a cumulative or dispersed stream and the cloud of particles (CoP) that can consist of the dispersed jet, too. 
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Figure 2. (a) Test rig assembly [35], (b) shown in detail: mounted joining partners and the resulting process parameters [35], (c) geometry of the specimen in the test rig and welded specimens [14], (d) welded specimens [35], (e) process glare with two seconds exposure time, (f) high-speed image of the collision welding process with 20 ns exposure time and measured collision angle β [14]. (a,b,d) are reproduced from [35], with permission from Elsevier, 2017; (c,f) are reproduced from [14], with permission from John Wiley and Sons, 2019. 
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Figure 3. (a) Texture and welding directions at the specimen and detailed surface structures after (b) laser ablation and (c) laser structuring. 
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Figure 4. Setup for the analysis of the flyer movement, the formation of the CoP, the flash occurrence, and the emission spectrum in the MPW sheet welding setup. 
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Figure 5. Setup for flash detection, analysis of the CoP composition and properties in the MPW tube welding setup. 
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Figure 6. Influence of the surface structure on (a,b) the joining zone in polished cross sections, (c–e) the formation of a cloud of particles, and (f–h) the process glare at vimp = 262 m/s. Welding direction to the left from the initial collision point. 
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Figure 7. Influence of the parent properties on (a) the joining zone in a polished cross section, (b,c) the formation of a cloud of particles and (d,e) the process glare. Welding direction to the left from the initial collision point. 
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Figure 8. (a) Bright process glare at 100,000 Pa ambient pressure and (b) reduced process glare at 100 Pa ambient pressure in the joining gap at constant impact velocity vimp ≈ 243 m/s. Welding directions to the left and right from the central initial collision point. 






Figure 8. (a) Bright process glare at 100,000 Pa ambient pressure and (b) reduced process glare at 100 Pa ambient pressure in the joining gap at constant impact velocity vimp ≈ 243 m/s. Welding directions to the left and right from the central initial collision point.



[image: Metals 10 01108 g008]







[image: Metals 10 01108 g009 550] 





Figure 9. Combined inverse pole figure (IPF) and image quality (IQ) maps of the interface region obtained at constant impact velocity vimp ≈ 243 m/s at (a,b) 100,000 Pa and (c,d) 100 Pa ambient pressure: the inset in (a) shows the sample positions where the maps were obtained using EBSD measurements. The white outlines in (a,c) mark the positions of the detailed maps in (b,d). Welding direction to the left from the central initial collision point. 
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Figure 10. High-speed images of the MPW process at (a) normal ambient pressure and (b) at reduced ambient pressure with vimp ≈ 243 m/s shortly after the initial collision. Welding directions to the left and right from the central initial collision point. 
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Figure 11. Relative spectral intensities obtained at constant impact velocity vimp ≈ 243 m/s at two different positions under (a) normal ambient pressure and (b) reduced pressure 100 Pa in comparison with the characteristic aluminum emission lines [42]. 
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Figure 12. (a) Detailed sketch of the joining setup and witness pins to study (b) the influence of the collision angle on the indentation depth of the CoP into the graphite witness pin (0 µm-position of the pin is in contact with the inside of the flyer tube during MPW). 
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Figure 13. Surface topography and chemical composition of the tungsten witness pins (a,b) before MPW and after MPW with (c,d) low collision angle and (e,f) large collision angle. 
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Figure 14. Surface topography and chemical composition of the steel witness pins (a,b) before MPW and after MPW with (c,d) low collision angle and (e,f) large collision angle. 
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Table 1. Nomenclature for experimental setup.
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	Symbol
	Parameter
	Symbol
	Parameter





	E
	Charging energy
	Ri
	Inner resistance of the pulse generator



	g
	Initial joining gap
	s
	Thickness of the flyer



	I
	Discharge current
	S
	High voltage switch



	Imax
	Maximum discharge current
	T
	Time



	Li
	Inner inductance of the pulse generator
	tf,start
	Flash starting time



	lw
	Working length (axial overlap between the workpiece and the tool coil)
	Uf,max
	Voltage equivalent to maximum intensity of the impact flash



	p
	Ambient pressure
	vimp
	Impact velocity



	pm
	Magnetic pressure
	vc
	Axial collision velocity



	Ra
	Mean roughness index
	β
	Collision angle
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Table 2. Characteristics of the deployed experimental setups.
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Experimental Setup

	
Test Rig 1

	
MPW for Sheets 2

	
MPW for Tubes 3






	
Manufacturer

	
PtU4

	
PST products5

	
Bmax6




	
Pulse generator

	
Not applicable

	
PS48-16

	
MPW50/25




	
Acceleration

	
Purely mechanical

	
Electromagnetic pulse technology

	
Electromagnetic pulse technology




	
Investigated geometry

	
Sheets 12 × 12 mm2

	
Sheets 100 × 40 mm2

	
Tubes Ø 40 mm




	
Maximum impact velocity 7

	
262 m/s

	
245 m/s

	
270 m/s 8




	
Impact velocity adjustable

	
By rotational speed

	
By discharge current

	
By discharge current




	
Collision angle adjustable

	
By bending

	
By acceleration gap

	
By acceleration gap and working length




	
Ambient pressure

	
Normal

	
Normal/1 mbar

	
Normal




	
High-speed camera

	
hsfc pro by PCO 9

	
hsfc pro by PCO 9

	
No




	
Photonic Doppler Velocimetry (PDV)

	
No

	
Yes

	
No




	
Digital single-lens reflex (DSLR) camera for long time exposures

	
Canon10 5D with a 100 mm macro lens

	
Canon10 5D with a 100 mm macro lens

	
Canon10 EOS 700D




	
Measurement of the impact time

	
Electrical contact between flyer and parent

	
Time-resolved flash detection with phototransistor

	
Time-resolved flash detection with phototransistor




	
Collision angle accessible

	
By high-speed camera and image acquisition

	
By high-speed camera (limited)

	
By modified parent parts, see [7]




	
Number of trials for each parameter set

	
1

	
1 for the lowest velocity level, otherwise <3

	
1




	
Characterization of weld quality

	

	
Peel test [32]

	
Peel test [32]




	
Microstructural characterization

	
Optical microscopy (GX-51 by Olympus, Tokyo, Japan), scanning electron microscopy (SEM, Neon 40 EsB by ZEISS AG, Oberkochen, Germany) and electron backscatter diffraction (EBSD, DigiView IV camera controlled by TEAM v4.5, EDAX, USA) for samples joined in vacuum-like and normal ambient atmosphere

	
Scanning electron microscopy, energy dispersive X-ray spectroscopy (EDS) and 3D microscopy (see Section 2.3 for details)








1 described in detail in [33], 2 see also [15], 3 see also [26], 4 Institute for Production Engineering and Forming Machines—PtU, The Technical University (TU) of Darmstadt, Germany, 5 Alzenau, Germany, 6 Toulouse, France, 7 for the experiments presented here, 8 based on the flash appearance time tf,start determined in [34], 9 Kelheim, Germany, 10 Tokyo, Japan.
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Table 3. Composition and quasi-static yield strength of aluminum EN AW-1050 alloy, EN AW-6060 alloy, and C45.






Table 3. Composition and quasi-static yield strength of aluminum EN AW-1050 alloy, EN AW-6060 alloy, and C45.





	
Material

	
EN AW-1050 H14 1

	
EN AW-6060 2 T4 3

	
C45 (1.0503) 4, Normalized, Surface Polished (Ra = 1)




	
Element

	
Weight%

	
Weight%

	
Element

	
Weight%






	
Si

	
0.25

	
0.3–0.6

	
C

	
0.42–0.5




	
Fe

	
0.4

	
0.1–0.3

	
Mn

	
0.5–0.8




	
Cu

	
0.05

	
≤0.1

	
P

	
<0.045




	
Mn

	
0.05

	
≤0.1

	
S

	
<0.045




	
Mg

	
0.05

	
0.35–0.6

	
Si

	
<0.4




	
Cr

	
-

	
≤0.05

	
Ni

	
<0.4




	
Ni

	
-

	
-

	
Cr

	
<0.4




	
Zn

	
0.07

	
≤0.15

	
Mo

	
<0.1




	
Ti

	
0.05

	
≤0.1

	

	




	
Quasi-static yield strength approx.

	
102 MPa 5

	
91 MPa 5/60 MPa 6

	
490 MPa 4








1 adapted from [37], 2 adapted from [38], 3 T4 temper: solution annealing for 1 h at 500 °C, sheets quenched in water and aged at room temperature, tubes cooled by air and naturally aged, 4 adapted from [39], 5 determined by tensile test, 6 determined by tube tensile test.
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Table 4. Influence of the impact velocity and ambient pressure on the welding result.






Table 4. Influence of the impact velocity and ambient pressure on the welding result.














	Parameter
	Impact Velocity 1
	Ambient Pressure
	Charging Energy
	Max. Discharge Current
	Flash Appearance Time 1
	Welding Result 2





	Symbol
	vimp
	p
	E
	Imax
	tf,start
	



	Unit
	m/s
	Pa
	kJ
	kA
	µs
	



	
	~190
	100,000
	15
	352
	19.7
	Not welded



	
	~203
	100
	19
	403
	21.6
	Welded



	
	~224
	100,000
	19
	400
	17.9
	Welded



	
	~225
	100
	21
	416
	18.7
	Welded



	
	~243
	100,000
	21
	420
	17.1
	Welded



	
	~245
	100
	24
	451
	18.0
	Welded







1 measured by PDV, 2 checked with manual peel test.
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Table 5. Influence of the ambient pressure in the joining gap on the length of the weld seams at constant impact velocity vimp ≈ 243 m/s.






Table 5. Influence of the ambient pressure in the joining gap on the length of the weld seams at constant impact velocity vimp ≈ 243 m/s.





	Ambient Pressure
	p = 100,000 Pa
	p = 100 Pa





	Weld length, left [mm]
	0.9
	2.4



	Not welded central gap [mm]
	3.7
	2.5



	Weld length, right [mm]
	1.7
	2.4
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Table 6. Influence of the collision angle on the process glare and interaction between the CoP and the witness pins.






Table 6. Influence of the collision angle on the process glare and interaction between the CoP and the witness pins.





	Working Length lW
	4 mm
	8 mm



	Collision Angle β 1
	“Large” (9.5°)
	“Low” (3.4°)



	Welding result 2
	Not welded
	welded



	Voltage equivalent to maximum light intensity Uf,max 3
	6.6 V
	5.8 V



	Depth and shape of the penetration zone in the graphite witness pin 4
	~1000 µm, large area
	~150 µm, line-shaped



	Surface characteristic of the tungsten and steel witness pin
	Many coarse particles
	Homogenous aluminum cover layer with a few coarse particles



	Content of copper on the tungsten witness pin
	0 wt %
	1.6 wt %



	Content of copper on the steel witness pin
	0 wt %
	2.3 wt %







1 by analogy with [34], 2 checked with manual peel test, 3 defined in [43], 4 see Figure 12b.
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