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Abstract

:

The paper deals with the evaluation of the quality of Cu-Al-AlMg3 structural transition joints (STJ) made by explosion welding proposed for the renovation of galvanizer hangers. The three-layer joint consisted of electrolytic copper with a thickness of 25 mm, 2 mm of aluminium represented by the AW1050 alloy, and 25 mm of the EN AW 575 aluminium alloy. Light microscopy analysis confirmed the wavy pattern of both interfaces of the welded joint and significant plastic deformation in close proximity to the waves. Microhardness measurement revealed a partial strain hardening of the AW5754 copper-aluminium alloy near the interface and a significant increase in microhardness in the vortex zone of waves, reaching a value of up to 863 HV 0.025. Microcracks were also observed in these places. The intermetallic phase Al2Cu was identified in the vortex zones by XRD analysis. As a continuous layer of intermetallic phase was not observed in the interface of the welded joint, it is possible to consider the used welding parameters as appropriate. A semi-quantitative EDX analysis revealed a diversity of chemical composition in the vortex zones, which does not correspond to the phase composition based on the equilibrium binary Al-Cu diagram due to non-equilibrium conditions in the formation of the welded joint interface. The bond strength of three-layer welded joint evaluated by the strength test ranged from 151 to 171 MPa, which represented approximately a two-fold increase in comparison to the ultimate tensile strength of alloy AW1050, while the failure occurred in all samples at the AW1050-AW5754 alloy interface.
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1. Introduction


Structural transition joints (STJs) represent important structural nodes that allow for the connection of metals with different mechanical, physical, and chemical properties [1,2]. Direct joining of these materials by fusion welding methods is often not possible due to different melting temperatures or the formation of intermetallic phases causing embrittlement of the joint. Typical STJs are steel-aluminium bimetals [3,4], which find their application, e.g., in shipbuilding and allow joining the steel hull of the ship with an aluminium deck that better resists the corrosive environment of seawater [5]. In addition to improving corrosion resistance, transition joints allow financial savings to be made as it is possible to create combinations of cheaper and more expensive materials. Examples include Au-Cu, Ag-Cu, Pt-Cu, Al-Cu, and others.



Aluminium, copper, and their alloys are the most commonly used metals after steel. The joining of aluminium with copper has important role, because the combination of their properties provides benefits in numerous industrial applications. This material combination is utilized across a variety of applications, particularly those that benefit from the excellent thermal and electrical conductivity of these metals [6]. Aluminium’s low density contributes to reduce the overall weight of components. The application of Al-Cu components can be found in various areas of industry, e.g., automobiles, aeronautics, electronics, refrigeration, electric power, household appliances, etc. [7,8,9,10,11].



The welding methods suitable for the production of STJs can be solid state welding methods [12]. These methods are characterized by a lower welding temperature than the melting temperature of the welded materials and the simultaneous application of pressure. The use of these methods significantly reduces the formation of intermetallic phases when joining a combination of materials prone to their formation, and the mutual mixing of the joined materials at the joint interface is reduced.



Among the solid state welding methods suitable for the production of STJ, beside roll bonded cladding [13], explosion welding has a dominant position [14,15]. This technology makes it possible to make large-scale semi-finished products, from which it is subsequently possible to produce a large number of STJs. The combinations of joined materials differ and usually depend on specific requirements of corrosion resistance, electrical and thermal conductivity, or saving precious metals [16,17,18,19,20,21]. In order to increase heat resistance, if necessary, it is also possible to create multi-layer joints (e.g., steel-Ti-Al) [22]. When creating large-area bimetals, the stability of the welding parameters along the entire length and width of the welded materials is important. There may be the formation of defects, or the formation of a very narrow molten areas at the interface of the welded joint and the formation of intermetallic phases. In addition, it is possible to observe microscopic or macroscopic cracks in the interface, which can decrease the mechanical and fatigue properties of the joint. The interface of the welded joint made by explosion welding has a typical wavy character, which is significantly strain-hardened to a distance of hundreds of micrometres. Another characteristic feature of welded joints made by explosion welding is their subsequent deformation after the welding, depending on the thickness of the materials used [23].



Equipment for galvanic coating uses STJ produced by explosion welding. Due to the high intensity of electric current, excellent electrical conductivity and minimal transition resistance of the welded joint are required. To save copper, the galvanizer hanger is made of aluminium alloy AW5754. This alloy has good mechanical properties and good weldability. The connection part of the hanger is equipped with a copper contact. The connection part (STJ) consists of three layers (Cu (25 mm)—AW1050 (2 mm)—AW5754 (25 mm)) produced by explosion welding. The STJ is welded on the AW5754 alloy side to the electrolyzer hanger by the MIG method, while the temperature is monitored to avoid overheating of the STJ and the formation of intermetallic phases (Figure 1). After the copper contact wears out, the transition piece can be cut off from the hinge and a new, unworn STJ can be welded. This results in a significant saving of material because the galvanizer hanger can be used repeatedly.



This paper deals with the quality evaluation of three-layer welded joints made by explosion welding and the assessment of the suitability of their use for the production of STJ for galvanizing equipment.




2. Materials and Methods


The three-layer joint was made in two steps. First, a Cu joint with a copper of 25 mm thickness (stable material) and an EN AW1050 aluminium alloy with 2 mm thickness (accelerated material) was made. In the next step, a layer of aluminium alloy EN AW5754 with a thickness of 25 mm was plated on previously produced bimetal from the AW1050 side. All welded materials were in the form of rolled sheets. The stable material was placed on a woodblock board on a sand base, and the distance between the flyer plate with an explosive charge and the base material was realized with wooden spacers (Figure 2). The dimensions and designation of the materials used are listed in Table 1. The chemical composition and mechanical properties provided by manufacturers of the welded materials are listed in Table 2 and Table 3, respectively. The welding parameters are listed in Table 4.



After welding and cleaning the joint, an ultrasonic test was performed. No defects were identified at the welded joint interface.



A cutting plan, including samples for microstructural analysis and mechanical properties (tear test and microhardness test), is shown in Figure 3. To evaluate the consistency of the explosion welding process, samples representing the beginning, middle, and end part of the three-layer joint were selected for analysis in terms of its length and width.



The samples intended for optical microscopy were cleaned after cutting the three-layer joint with a band saw and subsequently a water-cooled grinding saw, and then embedded in epoxy resin. After hardening, the samples were prepared for metallographic examination on a PHOENIX 4000 device (Buehler, Lake Bluff, IL, USA). This consisted of wet grinding on metallographic papers with grain sizes of 240 μm, 600 μm, and 1200 μm, followed by polishing with diamond suspensions with grain sizes of 9 μm, 6 μm, 3 μm, and 1 μm. Due to the different properties of copper and aluminium alloys, two types of etchants were necessary. The copper microstructure was highlighted by electrolytic etching in a 10% ammonium persulfate solution ((NH4)2(SO4)2) at 6 V for 10 s. The structure of aluminium alloys AW1050 and AW5754 was highlighted by electrolytic etching in a Keller etchant (2.5 mL HNO3, 1.5 mL HCl, 1 mL HF, 95 mL H2O). Etching time was 30 s. The microstructures were observed on a Neophot 32 light microscope (Carl Zeiss, Jena, Germany) under both unpolarized and polarized light.



The measurement of microhardness at the interface of the welded joint was carried out on a Buehler IndentaMet 1100 microhardness tester (Buehler, Lake Bluff, IL, USA) at a load of 0.025 N and a holding time of 10 s. Microhardness was measured in the direction perpendicular to the interface. The distance between individual indents was 100 µm. The second indentation line, 100 µm away from the first line, was realised in close proximity to the interface, where the plastic deformation is the most intense. The distance between indents was again 100 µm, but the indents were offset vertically by 50 µm, increasing the indentation density in the interface region.



A JEOL JSM 7600 F scanning electron microscope (JEOL, Nieuw-Vennep, The Netherlands) equipped with an Oxford Instruments EDX analyser with an X-max 50 mm2 detector was used for a more detailed analysis of the chemical composition at the interface of the welded joint and fracture surfaces after the strength test.



The identification of the phases present in the region of the welded joint interface was carried out by X-ray diffraction analysis. Diffraction patterns were collected with a PANalytical X’Pert PRO diffractometer equipped with a conventional X-ray tube (Co Kα radiation, 40 kV, 30 mA, point focus), an X-ray mono-capillary with the exit diameter of 0.1 mm, and a multichannel detector X’Celerator with an anti-scatter shield. A sample holder for single crystal XRD measurement was adapted by adding z-(vertical) axis adjustment (Huber 1005 goniometer head).



X-ray patterns were taken between 20 and 65° degrees 2theta with the step of 0.0334°. XRD patterns were not pre-treated before interpretation as no background correction was needed.



Qualitative phase analysis was performed with the HighScorePlus software package (Malvern PANalytical, The Netherlands, version 5.1.0) [24], with the Diffrac-Plus software package (Bruker AXS, Germany, version 8.0) and the PDF-4+ database, release 2022 [25].



The strength test was carried on cup-shaped samples (Figure 4) on the LabTest 5.250 SP1—VM device (Labortech Ltd., Prague, Czech Republic). The dimensions of the samples and the strength test scheme can be found in Figure 5. Two samples were tested from the beginning (RA1, RB1), the middle (RA4, RB4), and the end (RA6, RB6) of the three-layer welded joint with regard to the beginning of the explosive initiation. During the test, the samples were placed in the fixture and their destruction was realized by compressive force. The loading speed was 1 mm/min. The maximum force to failure and the elongation were recorded.




3. Results and Discussion


The results of light microscopy, microhardness measurement, semi-quantitative EDX analysis, micro-X-ray diffraction analysis, mechanical properties, and analysis of fracture surfaces by scanning electron microscope are presented in further subsections.



3.1. Light Microscopy


The copper microstructure consisted of polygonal grains of various sizes with no signs of grain deformation. Both aluminium alloys, AW1050 and AW 5754, were characterized by a fine grain structure.



The character of the interface of the samples from the beginning, middle, and end of the three-layer joint with respect to the place of initiation of the explosive was similar. Therefore, it can be concluded that there were no significant deviations in the welding parameters at the beginning and at the end of the joint during welding. In the direction parallel to the direction of propagation of the detonation wave, the interface had a periodic wavy pattern (Figure 6a); in the direction perpendicular to the direction of propagation of the detonation wave, the periodic wavy character of the interface disappeared (Figure 6b). This is typical for joints made by explosion welding due to high-velocity collision, plastic deformation, and jetting in the direction of propagation of the detonation wave.



The amplitude of the wavy interface in the direction parallel to the direction of propagation of the detonation wave was approximately three times greater in the case of the interface between aluminium alloys compared to the interface copper—AW1050 (Figure 6). Similarly, the wavelength was about fourfold in the case of the interface between aluminium alloys compared to the interface of copper—AW1050 (Figure 6).



The character of the wave region neighbourhood corresponds to the typical welded joint made by explosion welding. The intense plastic deformation of all three layers near the waves was observed. Moreover, the deformation twins were found in the copper region (Figure 7). In addition to the intense plastic deformation, localized melt zones, mechanical mixing regions, and the presence of intermetallic compound regions were also discovered. The formation of vortexes, which is typical for explosion welding of dissimilar materials, was primarily observed at the copper-AW1050 interface (Figure 7). Micro cracks and cavities were detected in the vortexes, and their location was approximately perpendicular to the welded joint interface (Figure 7). These cracks could have been formed during the welding process, a phenomenon also reported by other authors [26], but they could also have developed during the metallographic preparation of the samples.



The lack of joining was revealed by light microscopy in the AW 1050-AW5754 interface of sample T1.2 at the beginning of the joint (Figure 8a), whereas its detail is showed in Figure 8b.



No discontinuities or lack of joining were observed in the other examined areas of the AW 1050-AW5754 interface, nor in the Cu-AW 1050 interface.




3.2. Microhardness Measurement


Explosion welding is characterized by intense plastic deformation of the welded materials at the welded joint interface and their strain hardening. Microhardness measurement indirectly allows the identification of the degree and localization of the strain hardening at the welded joint interface, as well as the detection of the presence of formed intermetallic phases. In Figure 9, the measurement of microhardness on sample T3.2 was realised in two different locations. The microhardness profiles are documented in Figure 10.



The course of microhardness was similar for both investigated waves (Figure 10a,b). In close proximity to the AW1050-AW5754 interface, a slight increase of the AW5754 aluminium alloy hardness can be seen due to its strain hardening during welding. In the area of the AW1050 alloy, an increase in microhardness was not observed. As a result of intense deformation of copper grains (Figure 9), a slight increase in hardness can be observed at the Cu-AW1050 interface up to a distance of about 400 µm. These results correspond to the results published by Huang et al. [27].



The measured microhardness HV 0.025 in the area of the vortex, marked in Figure 9a,b by a rectangle, is shown in Figure 11. Figure 11a,b shows that the interval of measured hardnesses is very wide. The reason may be a different degree of strain hardening, a different chemical composition in the measured areas, and the presence of formed intermetallic phases due to extreme pressures and temperatures and rapid solidification during the explosion welding process.



The light grey areas (Figure 11a,b) correspond to the hardness of the AW1050 alloy, which has the lowest hardness among all three materials of the three-layer joint. Conversely, the dark grey areas show an enormous increase in hardness. In the case of wave No. 2 (Figure 11a), this value reaches 863 HV 0.025; for wave No. 7 (Figure 11b), the value is approximately half (447 HV 0.025). Both values significantly exceed the hardness of copper.



As the authors of [28] state, the hardness in the areas of intermetallic phase presence also depends on the thickness of the explosive charge. In the case of a larger explosive charge thickness, higher hardnesses were observed in the welded joint area due to the introduction of more kinetic energy into the welded joint interface. They also identified four types of Al-Cu intermetallic phases and different hardnesses in the area of the welded joint interface in the Al-Cu connection. Based on the results of these authors and our microhardness measurements, we can assume that the dark grey areas in Figure 11 are intermetallic phases rich in copper and aluminium.




3.3. Semi-Quantitative EDX Analysis


As some authors [29] state, the heating rate at the interfaces reaches approximately 109 K/s, while the cooling rate is around 107 K/s. That is why the solidification conditions at the interfaces of explosively bonded materials closely resemble those observed during rapid solidification, where metastable crystalline, quasicrystalline, or glassy phases could be observed.



The heterogeneity of the chemical composition in the region of the wave islands in the interface of the welded joint was analysed by semi-quantitative EDX analysis. The chemical composition at selected points of the Cu-AW1050 welded joint interface (Figure 12) is shown in Table 5.



The chemical composition (Table 5) in points 1, 5, and 7 corresponds to copper. The chemical composition of the area shown by the light microscope as light grey (Figure 11) is represented by Spectrum point 6 (Figure 12a, Table 5) and corresponds to alloy AW1050. The chemical composition in other points of analysis (Spectrum 2, 3 and 4) shows different proportions of aluminium and copper. The middle part of vortex, marked in Figure 12a as “DETAIL”, is magnified in Figure 12b and the chemical composition in selected points of this area is provided in Table 6. Even in this case, the chemical composition shows different proportions of aluminium and copper.



The microstructure of the Cu-AW1050 interface and the marking of individual points of the performed semi-quantitative EDX analysis is shown in Figure 13a. The chemical composition in these areas is shown in Table 7. The detailed chemical composition in the marked points of this area (Figure 13b) is shown in Table 8. The peripheral boundary of the island with the chemical composition Spectrum 2 was subjected to EDX line analysis in the area marked in Figure 13a as LINE PROFILE. The line profiles for Cu and Al are shown in Figure 13c.



As stated by Mokhtari et al. [30], based on the Cu-Al binary diagram, intermetallic phases Al2Cu, AlCu, Al3Cu4, Al2Cu3, and Al4Cu9 exist at temperatures below 300 °C. These phases were confirmed after annealing of Al-Cu joints by other authors [27,31]. Paul et al. [32] identified equilibrium phases CuAl, CuAl2, and Cu9Al4 in the interface of Cu-Al welds. Moreover, they additionally identified the metastable intermetallic phases and CumAln-type phases that are not present in the Al-Cu phase diagram under equilibrium conditions. Therefore, employing annealing heat treatment to forecast the exact phases created during welding is not feasible since certain compounds are formed under non-equilibrium conditions. The results of the performed EDX analysis in the interface of the Al-Cu welded joint correspond to the findings of the authors mentioned above. In our case, locations with chemical compositions corresponding to the AlCu phase (Table 5, Spectrum 3) and the Al2Cu phase (Table 8, Spectrum 1) were observed. The chemical composition in most of the examined areas did not correspond to the stoichiometric ratio of phases present in the equilibrium binary Al-Cu diagram. That is in line with findings of other researchers [8]. As mentioned above, some areas of the Cu-Al1050 interface showed a higher copper content contrary to the minimum solubility of copper in aluminium, which is 5.65 wt.% [33]. Because the diffusion is thermally activated, diffusion coefficients DAl-Cu and DCu-Al increase with increasing temperature. Despite the fact that diffusion coefficient of Cu in Al (DCu-Al) is about four orders of magnitude larger than that of Al in Cu (DAl-Cu) [33], higher content of copper in Al1050 alloy can not be simply explained by solubility and diffusion capabilities of Cu and Al. There are undoubtedly several factors inherent to the explosion welding process. These factors include high temperatures and pressures, the formation of intermetallic phases, mechanical mixing, grain boundary diffusion, and non-equilibrium solidification. As a result, the microstructure becomes complex, exhibiting areas with elevated copper concentrations due to these non-equilibrium effects. Thermal exposure triggers the formation of new phases at the joint interface and promotes the growth of existing phases. Therefore, heat treatment of final trimetals is not recommended.



Details of the interface between AW1050 and AW5754 aluminium alloys are shown in Figure 14a, and the results of the EDX analysis are shown in Table 9. The areas marked as Spectrum 1 and Spectrum 2 correspond approximately to the chemical composition of AW5754 alloy and spectrum 3 to AW1050 alloy. The EDX line profiles for Mg and Al of AW5754 and AW1050 interface are shown in Figure 14b.




3.4. Micro X-Ray Diffraction Analysis


As already mentioned, the results of the EDX analysis revealed significant differences in the chemical composition in the welded joint interface. The chemical composition in some zones corresponded to chemical composition of AlCu and Al2Cu intermetallic phases; however, it was possible to observe zones whose chemical composition did not correspond to the intermetallic phases identified by other authors. For this reason, an XRD analysis was performed. The analysis was performed in the regions of two waves (Figure 9) in the interface Cu-AW1050 and in one wave in the interface AW1050-AW5754. The results of XRD analyses for the Cu-AW1050 interface are shown in Figure 15a,b.



The diffraction lines of the Cu-AW1050 interface appear at 24.07°, 34.31°, 44.342°, 49.30°, 55.59°, and 56.18°, which correspond to the (110), (200), (211), (220), (112), (310), and (202) planes of the tetragonal structure of Al2Cu, respectively. Nevertheless, the AlCu phase was not confirmed by XRD analysis. Similarly, in the AW1050-AW5754 interface, the presence of intermetallic phases was not confirmed.



Some studies [34,35] showed that IMF Al2Cu first forms at the interface of the Al-Cu joint, which changes to IMF Cu9Al4 during heat treatment of the Al-Cu bimetal. It is therefore likely that the identified Al2Cu phase would transform into the Cu9Al4 phase at the interface of the welded joint when the bimetal would be exposed to heat.




3.5. Mechanical Properties


Improperly chosen explosion welding parameters can lead to an insufficient connection of the welded materials, as well as to the introduction of a large amount of kinetic energy, which turns into the heat during their collision. This subsequently enables the formation of intermetallic phases at the interface of the welded joint and its embrittlement. The thickness of the intermetallic phases thus affects the mechanical properties of the joints. A strength test was performed to assess the mechanical properties of the three-layer joints. The design of the samples (Figure 5) and the test procedure allowed for failure either in the welded materials or at the welded joint interfaces. The maximum force at failure, displacement, and the location of the failure were monitored. The samples used for the test represented the beginning, middle, and end of the three-layer joint with regard to the place of the explosive charge initiation. In all samples, failure occurred at the interface of AW1050-AW5754. An example of failure of a sample with an exposed wavy interface of the welded joint after the strength test is shown in Figure 16. The results of the strength test are presented in Table 10.



Table 10 shows that the average strength related to the position of explosive charge initiation increased along the joint length. The increase in strength at the end of the three-layer joint compared to its beginning was 13.4%. The ultimate tensile strength of the AW5754 alloy (Table 3) was 197 MPa. Strength at the AW1050-AW5754 interface was thus approximately 77 to 87% of the ultimate tensile strength of the AW5754 alloy, depending on the locations within the three-layer joint. On the other hand, the obtained values from the strength test exceed the original ultimate tensile strength of the AW1050 alloy by 2.1 to 2.4 times. It is worth mentioning that the shape of the samples and the method of loading during the strength test and the static tensile test are different.




3.6. SEM Analysis of Fracture Surfaces


Analysis of the fracture surfaces after the strength test was performed with a scanning electron microscope. As was already mentioned, failure occurred at the interface of AW1050-AW5754 alloys. A detail of the fracture surface after failure by the strength test of sample RA6 is shown in Figure 17a. Morphology of the fracture of all samples had ductile morphology with typical dimples. However, the deposits at the bottom of the dimples with different morphology were observed as well. The EDX analysis of the areas marked as Spectrum 1 and Spectrum 2 (Figure 17b) revealed slightly increased content of magnesium in Spectrum 1 (Table 11). It can be concluded that the deposits represent the residues of AW5754 alloy, while the surrounding area belongs to the AW1050 alloy. This fact explains why the strength test exceeds the ultimate tensile strength of AW1050 alloy.





4. Conclusions


This work describes the manufacturing procedure of Cu-Al-AlMg3 three-layer joints by explosion welding and evaluates their quality. The joints are used in the production of transition joints for electrolyser hangers. The obtained results can be summarized as follows:




	
Electrolytic copper with a thickness of 25 mm served as the base material. An AW1050 alloy, 2 mm thick, was initially cladded as a transition layer, followed by cladding of AW 5750 aluminium alloy with a thickness of 25 mm.



	
Visual and ultrasonic inspection of the produced three-layer joint revealed no defects.



	
The interface of the welded joint displayed a wavy structure aligned with the direction of the detonation wave propagation, a characteristic typical of explosion welding.



	
Intense plastic deformation resulted in observable grain deformation at both interfaces, indicated by increased microhardness extending approximately 400 µm into the copper side and 200–250 µm into the AW5754 alloy side.



	
Microhardness measurements in the vortex zones reached up to 863 HV 0.025.



	
Light and scanning electron microscopy revealed microcracks in the vortex areas exhibiting increased hardness; however, these microcracks remained isolated and did not propagate into the base or flyer plate.



	
Examination of the chemical composition through EDX analysis in wave zones and vortices indicated significant variability, which did not align with the phases shown in the Al-Cu equilibrium binary diagram, confirming the disequilibrium conditions during explosion welding.



	
XRD analysis identified the presence of the Al2Cu intermetallic phase at the interfaces of the welded joint.



	
Mechanical property tests conducted on cup-shaped samples yielded strength values between 151 and 171 MPa, representing more than a twofold increase compared to the ultimate tensile strength of the AW1050 alloy. When compared to the ultimate tensile strength of the AW5754 alloy, the joint strength was found to be 77% to 87% of the original strength, depending on the sample location within the three-layer joint.



	
The welding parameters were low enough to prevent the formation of a continuous and brittle intermetallic layer while remaining high enough to achieve a continuous welded joint without defects.



	
The analyses confirmed the suitability of the proposed welding parameters and procedures in producing three-layer welded joints, providing substantial copper savings and excellent properties for their intended application. Further research in this area will focus on the thermal stability of welded joints.
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Figure 1. Detail of the electrolyser hanger with a welded structural transition joint. 
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Figure 2. The assembly of materials to be welded and an explosive charge. 
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Figure 3. Cutting plan and distribution of samples for quality assessment of Cu-ETP-AW 1050-AW5754 three-layer joint. Designation legend: T—samples intended for microstructural analysis and microhardness test, RA, RB—samples intended for strength test). 
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Figure 4. Strength test samples. (a) Overall shape of the samples; (b) Detail of the sample surface with a visible wavy interface. 
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Figure 5. Sample dimensions and strength test principle. (a) Dimensions of strength test samples; (b) Principle of strength test. 
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Figure 6. Character of the welded joint interface, sample T3.2. (a) Periodic wavy pattern, direction parallel to propagation of the detonation wave; (b) Non-periodic pattern, perpendicular direction to propagation of the detonation wave. 
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Figure 7. Vortex at Cu-AW1050 interface, parallel to the direction of propagation of the detonation wave, sample T3.2. 
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Figure 8. (a) AW 1050-AW5754 welded joint interface, perpendicular to the direction of propagation of the detonation wave, sample T1.2. (a) The lack of joining; (b) Lack of joining close-up. 
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Figure 9. Microhardness measurement line across the welded joint interface of sample T3.2. (a) Wave No. 2; (b) wave No. 7. 
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Figure 10. Course of microhardness across the interface of the welded joint, sample T3.2. (a) Wave No. 2; (b) Wave No. 7. 
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Figure 11. Microhardness of the vortex area in the interface of the welded joint, sample T3.2, (a) wave No. 2; (b) wave No. 7. 
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Figure 12. EDX analysis of the chemical composition in the interface of the Cu-AW1050 welded joint. (a) Entire vortex; (b) Marked area. 
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Figure 13. Detail of Cu-AW1050 welded joint interface microstructure, sample T1.2. (a) Marked points of EDX analysis; (b) Marked points for detailed analysis near boundary; (c) Line EDX analysis in marked area. 
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Figure 14. Microstructure detail and EDX analysis of the AW1050-AW5754 interface, sample T1.2. (a) Marked points of EDX analysis; (b) Line EDX analysis Mg and Al elements in marked area. 
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Figure 15. X-ray pattern of the vortex zone at the interface of the Cu-AW1050 welded joint. (a) Wave No. 2; (b) Wave No. 7. 
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Figure 16. Detail of failure after strength test, sample RA1. 
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Figure 17. Fracture morphology, sample RA6. (a) After strength test; (b) EDX analysis of fracture area after strength test. 
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Table 1. Dimensions of welded materials.






Table 1. Dimensions of welded materials.





	Material
	Designation
	Dimensions (l × w × t) [mm]





	Technically pure copper
	Cu-ETP
	604 × 150 × 25



	Aluminium alloy
	EN AW1050
	700 × 220 × 2



	Aluminium alloy
	EN AW 5754
	714 × 230 × 25










 





Table 2. Chemical composition of welded materials provided by manufacturers.
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	Element Content [wt. %]
	Cu-ETP
	AW 1050
	AW 5754





	Cu
	99.990
	0.050
	0.039



	Ag
	0.0017
	–
	–



	Bi
	0.00004
	–
	–



	Al
	–
	99.61
	balanced



	Mg
	–
	0.0170
	2.80



	Fe
	–
	0.26
	0.29



	Si
	–
	0.0850
	0.22



	Mn
	–
	0.0030
	0.27



	Cr
	–
	–
	0.024



	Ti
	–
	0.0070
	0.036



	Zn
	–
	0.0030
	0.051



	O
	0.0034
	–
	–



	P
	0.00213
	–
	–










 





Table 3. Mechanical properties of welded materials provided by manufacturers.
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	Material
	Rm [MPa]
	Rp0.2 [MPa]
	A5 [%]
	A50 [%]
	Hardness





	Cu-ETP
	215
	55
	56
	–
	40 HV10



	AW 1050
	71
	45 *
	–
	51
	66 HBW



	AW 5754
	197
	101
	–
	23.8
	68 HBW







* Rp.













 





Table 4. Welding parameters.
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	Parameter
	
	Cu/AW 1050
	AW 1050/AW 5754





	Type of explosive used
	
	Semtex S25
	Semtex S25



	Explosive charge density
	[g·cm−3]
	1.202
	1.201



	Set-off distance
	[mm]
	2
	25



	Charge to flyer plate ratio
	[-]
	4.47
	0.54



	Time constant
	[μs]
	3.74
	9.54



	Deflection angle for selected stand-off distance
	[deg]
	28.65
	8.09



	Dynamic collision angle for selected stand-off distance
	[deg]
	28.65
	8.09



	Flyer plate velocity for selected stand-off distance
	[m·s−1]
	938.54
	305.77



	Speed of movement of the collision point for selected stand-off distance
	[m·s−1]
	1896.77
	2167.34










 





Table 5. Chemical composition in selected points (Figure 12a) of welded joint interface Cu-AW1050 in atomic %.
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	Spectrum
	Al
	Cu
	Total





	Spectrum 1
	0.51
	99.49
	100.00



	Spectrum 2
	72.51
	27.49
	100.00



	Spectrum 3
	49.16
	50.84
	100.00



	Spectrum 4
	81.22
	18.78
	100.00



	Spectrum 5
	0.00
	100.00
	100.00



	Spectrum 6
	100.00
	0.00
	100.00



	Spectrum 7
	0.22
	99.78
	100.00










 





Table 6. Chemical composition in selected points of the welded joint interface Cu-AW1050 (in atomic %).
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	Spectrum
	Al
	Cu
	Total





	Spectrum 1
	69.48
	30.52
	100.00



	Spectrum 2
	58.65
	41.35
	100.00



	Spectrum 3
	51.57
	48.43
	100.00










 





Table 7. Chemical composition at selected points of the Cu-AW1050 interface (Figure 13a) in atomic %.
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	Spectrum
	Al
	Cu
	Total





	Spectrum 1
	0.81
	99.19
	100.00



	Spectrum 2
	75.89
	24.11
	100.00



	Spectrum 3
	75.30
	24.70
	100.00



	Spectrum 4
	99.88
	0.12
	100.00



	Spectrum 5
	0.21
	99.79
	100.00










 





Table 8. Chemical composition at selected points of the Cu-AW1050 interface (Figure 13b) in atomic %.






Table 8. Chemical composition at selected points of the Cu-AW1050 interface (Figure 13b) in atomic %.





	Spectrum
	Al
	Cu
	Total





	Spectrum 1
	68.20
	31.80
	100.00



	Spectrum 2
	9.65
	90.35
	100.00



	Spectrum 3
	7.98
	92.02
	100.00



	Spectrum 4
	1.44
	98.56
	100.00



	Spectrum 5
	69.90
	30.10
	100.00










 





Table 9. Chemical composition at selected points of the AW1050-AW5754 interface (Figure 14a) in atomic %.






Table 9. Chemical composition at selected points of the AW1050-AW5754 interface (Figure 14a) in atomic %.





	Spectrum
	Mg
	Al
	Si
	Total





	Spectrum 1
	2.84
	97.16
	0.00
	100.00



	Spectrum 2
	1.86
	97.89
	0.25
	100.00



	Spectrum 3
	0.12
	99.88
	0.00
	100.00










 





Table 10. Strength test results.






Table 10. Strength test results.





	
Sample

	
Fmax [N]

	
D [mm]

	
d [mm]

	
S [mm2]

	
A [%]

	
Aavg [%]

	
Rm [MPa]

	
Rmavg [MPa]






	
RA1

	
28,519.5

	
20.1

	
11.95

	
205.15

	
8.83

	
9.16

	
139.02

	
151.12




	
RB1

	
34,039.8

	
20.09

	
11.75

	
208.56

	
9.48

	
163.21




	
RA4

	
33,875.7

	
20.1

	
11.9

	
206.09

	
9.54

	
9.61

	
164.37

	
166.42




	
RB4

	
34,666.2

	
20.09

	
11.9

	
205.77

	
9.67

	
168.47




	
RA6

	
35,388.9

	
20.08

	
11.96

	
204.33

	
9.72

	
9.71

	
173.19

	
171.33




	
RB6

	
35,291.7

	
20.08

	
11.75

	
208.24

	
9.69

	
169.47








Fmax—maximum force at failure, A—ductility, D—outer diameter of the sample, d—inner diameter of the sample, S—intercircle area, Rm—tensile strength, Rmavg—average tensile strength of samples from the same zone, RA1, RB1—start of three-layer joint, RA4, RB4—middle of the three-layer joint, RA6, RB6—end of the three-layer joint (Figure 3).













 





Table 11. Chemical composition at selected points of the AW1050-AW5754 interface fracture in wt. %.






Table 11. Chemical composition at selected points of the AW1050-AW5754 interface fracture in wt. %.





	Spectrum
	Mg
	Al
	Fe
	Total





	Spectrum 1
	0.37
	99.32
	0.31
	100.00



	Spectrum 2
	0.00
	99.73
	0.27
	100.00
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