

  crystals-12-01757




crystals-12-01757







Crystals 2022, 12(12), 1757; doi:10.3390/cryst12121757




Article



Electron-Beam Welding Cu and Al6082T6 Aluminum Alloys with Circular Beam Oscillations



Darina Kaisheva 1,2,*, Angel Anchev 3[image: Orcid], Vladimir Dunchev 3, Georgi Kotlarski 1[image: Orcid], Borislav Stoyanov 4, Maria Ormanova 1 and Stefan Valkov 1,5[image: Orcid]





1



Academician Emil Djakov Institute of Electronics, Bulgarian Academy of Sciences, 72 Tzarigradsko Chausse Blvd, 1784 Sofia, Bulgaria






2



Department of Physics, Neofit Rilski South-West University, 66 Ivan Michailov Street, 2700 Blagoevgrad, Bulgaria






3



Department of Material Science and Mechanics of Materials, Technical University of Gabrovo, 4 Hadji Dimitar Street, 5300 Gabrovo, Bulgaria






4



Department of Industrial Design and Textile Engineering, Technical University of Gabrovo, 4 Hadji Dimitar Street, 5300 Gabrovo, Bulgaria






5



Department of Mathematics, Informatics and Natural Sciences, Technical University of Gabrovo, 4 Hadji Dimitar Street, 5300 Gabrovo, Bulgaria









*



Correspondence: darinakaisheva@abv.bg







Academic Editor: Bolv Xiao



Received: 28 October 2022 / Accepted: 1 December 2022 / Published: 4 December 2022



Abstract

:

In this study, we present the results from electron-beam welding operations applied on copper and Al6082T6 aluminum alloys. The influence of beam-scanning geometries on the structure and mechanical properties of the welded joint is studied. The experiments were conducted using a circle oscillation mode with an oscillation radius of 0.1 mm and 0.2 mm. The beam deflection was set to 0.4 mm with respect to the side of the aluminum alloy, and the beam power was set at 2700 W. The phase composition of the obtained welded joints was studied by X-ray diffraction (XRD). Scanning electron microscopy (SEM) was used for the investigation of the microstructure of the joints. The chemical composition was investigated by using energy-dispersive X-ray spectroscopy (EDX). The mechanical properties were studied by micro-hardness investigations. The fusion zone of the weld seam contains three phases—an aluminum matrix, an ordered solid solution of copper and aluminum in the form of CuAl2, and pure copper. Electron beam-scanning geometries have significant influences on the structure of the weld. Increasing the beam oscillation’s radius leads to a decrease in intermetallic phases and improves homogeneity. The measured microhardness values in the fusion zone are much higher than the ones measured in the base metals due to the formation of intermetallic phases. The microhardness of the weld joint formed using an oscillation radius of 0.2 mm was much lower compared to the one formed using an oscillation radius of 0.1 mm.
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1. Introduction


The processes of joining dissimilar materials are required in many industries. The goal of these processes is to obtain a compound that combines and utilizes the properties of each individual material. Copper and aluminum joints are used in various industries—electrical mobility, automotive, shipbuilding, aerospace, etc. [1,2,3,4]. These compounds are used in electrical connections because both materials have good electrical conductivity and corrosion resistance [2,4]. Compounds such as copper and aluminum are lighter and cheaper than pure copper and copper alloys, and they have the same electrical conductivity. Aluminum and copper have very different physical properties—melting temperature, thermal conductivity, thermal capacity, and the coefficient of thermal expansion [5,6]. For this reason, joining them is a difficult process. In fusion processes, brittle intermetallic phases are obtained, which deteriorate the mechanical characteristics of the joint. In a review article [7], the influence of various factors on the formation of intermetallic phases when welding copper and aluminum (the solubility of both metals, their physical characteristics, technological parameters, filler metals, and heat treatment) was examined in detail. Various methods were used to improve the quality of the joints, such as adding a filler, preliminary and subsequent heat treatments, etc. [8,9]. In this regard, the choice of the appropriate technology is very important. The butt joints of copper and aluminum obtained by laser welding [4,10] and friction stir welding [11,12,13,14] have been reported, in addition to the use of other technologies for joining thin sheets—explosive welding [15], laser brazing [16], laser spot welding [17], friction stir spot welding [18,19], ultrasonic welding [20,21,22], etc.



Electron-beam welding (EBW) technology is used successfully for joining dissimilar materials [23]. Aluminum is oxidizable, which causes the appearance of an oxide layer on the surface of the weld and impairs its electrical conductivity. This oxide layer prevents the complete melting of the materials used for fusion welding processes [24]. An advantage of EBW is the absence of an atmosphere since the process takes place in a vacuum. Due to this fact, no impurities are introduced into the weld. During EBW processes, a narrow and deep seam with a small heat-affected zone is obtained. The process can be carried out by precisely controlling the technological parameters. During EBW processes, the input energy is precisely supplied to an exactly defined area, and it is possible to distribute the source energy over a larger area by oscillating the electron beam [25]. The electron beam can move along different trajectories—a segment in the longitudinal or transverse direction, a circle, an ellipse, an infinity-shaped trajectory, a triangle, a square, and others [26,27]. In addition, a deflection of the electron beam toward one of the materials (offset) was also applied [28].



The authors of [29] showed that during the electron-beam welding of Cu and Al, an offset relative to the aluminum plate leads to the successful formation of a welded joint between both materials. However, these experiments were realized without the applying oscillations relative to the e-beam. Furthermore, the thickness of the Al and Cu plates was 3 mm, which characterized them as very thin.



Based on the presented above review of the scientific literature, it is clear that the electron-beam welding process of Al and Cu materials using a scanning electron beam in a circular scanning pattern has not yet been studied. Furthermore, experiments on welding Al alloys, namely Al6082T6, with pure Cu are not prevalent in scientific reports. Therefore, the aim of the present work is to evaluate the influence of the circular oscillation geometry of the electron beam during the EBW processes of copper and aluminum alloy Al6082T6 on the structure of the weld and the formation of intermetallic phases in the weld seam, and thick Al alloy and Cu plates are examined. The formation mechanism of the resultant structure and properties of the obtained welded joints are discussed with respect to the applied technological welding conditions (defined by the diameter of the beam’s oscillation).




2. Materials and Methods


Plates with dimensions of 100 × 50 × 8 mm comprising both materials (pure copper and Al6082T6 aluminum alloy) were welded by electron-beam welding processes. The chemical composition of Al6082T6 used is as follows (wt%): 98.16% Al, 1.15% Mg, 0.32% Si, and 0.36% Mn. EBW was carried out on an EvoBeam Cube 400, Evobeam GmbH, Nieder-Olm, Germany, welding machine. The technological conditions were determined based on preliminarily conducted experiments, which aimed to find the optimal conditions for obtaining a quality weld in terms of appearance and strength. The initial experiments were conducted without preheating, but the welds were not successfully obtained. The resulting welds were extremely fragile, and after removing the welded samples from the vacuum chamber, the integrity of the formed joints was broken. For this reason, the plates were preheated to a temperature of 200 °C. Another important factor that was necessary for the formation of a strong joint is the offset of the beam toward the aluminum alloy [29]. Our previous studies [30] demonstrated that shifting the electron beam toward the metal with lower melting temperature results in the formation of a higher integrity weld.



A scheme of the EBW experiment of pure Cu and Al6082T6 is shown in Figure 1.



The parameters of the EBW, which did not change during the fabrication of the different samples, are described as follows: accelerating voltage U = 60 kV; beam current Ib = 45 mA; focusing current If = 1480 mA; welding speed v = 15 mm/s; beam frequency f = 20 kHz; offset of 0.4 mm toward the aluminum alloy’s side. Two welded samples were obtained by varying the radius of oscillations of the beam rosc from 0.1 mm to 0.2 mm. The electron beam’s oscillation exhibited the form of a circle. The specimens were removed from the vacuum chamber 10 min after welding to achieve pre-cool the weld, after which they were placed in a thermal chamber at a temperature of 100–120 °C until they were cooled to room temperature. The EBW parameters of copper and aluminum alloy samples are shown in Table 1.



The pure copper–Al6082T6 aluminum alloy welded joint specimens (Table 1) were subjected to a phase analysis and the “as received” materials were also examined for comparisons. An X-ray diffractometer “Bruker D8 Advance”, Brucker Corp., Billerica, MA, USA, and a “Coupled Two Theta” method were used. For the experiments, Co Kα characteristic X-ray radiation with a wavelength of λ = 1.78897 Å, a range of 20–125°, a step of 0.1°, and a registration time for a step of 0.5 s was used. Information regarding the phase composition was obtained using the database from the International Centre for Diffraction Data (ICDD) by comparing the current results with Power Diffraction Files (PDFs): #040836, #040787, and #250012.



The scanning electron microscope (SEM) used is “LYRA3 I XMU”, TESCAN ORSAY HOLDING, a.s., Kohoutovice, Czech Republic. Back-scattered electrons (BSEs) were used to investigate the structure of the welded specimens. Energy-dispersive X-ray spectroscopy (EDX) “Quantax 200”, Brucker Corp., Billerica, MA, USA, was used for the determination of the chemical elements’ distribution in the weld.



The microhardness experiment was carried out on a semi-automatic microhardness tester “ZWICK/Indentec - ZHVμ-S”, ZwickRoell GmbH & Co. KG, Ulm, Germany. The metallographic cross sections of the specimens comprised welded materials in the transverse direction of the weld. The microhardness was measured in a linear pattern formed with three lines along the depth of welding sample. A load force of 0.49 N was used for all experimental points.




3. Results and Discussion


3.1. Structure and Phase Composition


Figure 2 shows the X-ray diffraction patterns of the studied samples, which were welded in a circular electron beam oscillation mode where the radius was chosen to be 0.1 mm and 0.2 mm; the beam power was 2700 W. As a reference, the diffraction patterns of the raw copper and aluminum substrates were investigated as well.



The results exhibit the diffraction maxima of pure Al, pure Cu, and the intermetallic CuAl2 phases. The CuAl2 intermetallic compound, also known as the θ phase, is characterized by a body-centered tetragonal structure. Aluminum and copper both have their typical face-centered cubic structure. From the acquired results, it can be seen that the circle radius does not affect the phase composition of the formed weld with respect to the number of detected diffraction maxima.



The experimentally obtained cross sectional SEM images using back-scattered electrons are shown in Figure 3. The results for the chemical composition of the welded joint by the smaller oscillation radius (0.1 mm) are presented in Table 2. It is visible that the electron beam weld has not achieved full penetration using the above-mentioned technological conditions. Moreover, a large pore is visible at the root of the joint. The structure of the seam has the form of a double-phase structure. According to the results summarized in Table 2, the intermetallic CuAl2 is distributed within the base aluminum matrix. Following the binary Al-Cu phase diagram, the elemental composition of the intermetallic structure corresponds to the aforementioned phase, meaning that the results obtained by the SEM/EDX experiments confirm those of the XRD analysis.



The experimentally obtained cross-sectional SEM images using back-scattered electrons are shown in Figure 4. The results for the chemical composition of the welded joint by the larger oscillation radius (0.2 mm) are presented in Table 3. The results show a successfully formed welded joint with full penetration. No pores at the bottom of the root, as well as within the entire cross section of the seam, were observed, meaning that its quality is significantly better in comparison with the joint obtained by an oscillation radius of 0.1 mm. The considered specimen exhibits a double-phase structure with respect to the intermetallic compound, CuAl2, which is distributed within the base aluminum matrix. This is, again, in agreement with the results obtained by the XRD experiments. The results obtained confirmed that the oscillation radius does not influence the phase composition of the joint. It should be noted that the distribution of the intermetallic structure is more scarcely within the fusion zone when the beam oscillation with the larger radius (0.2 mm) was used in comparison with the smaller one (0.1 mm). Moreover, the penetration depth of the joint formed by an oscillation of 0.2 mm is much higher than that of 0.1 mm, although the input energy density is larger in the case of the smaller scanning figure.



Figure 5 shows the highly magnified sections of the fusion zone, with the specimen welded with a smaller oscillating circle radius on the left (Figure 5a) and that welded with a larger radius on the right (Figure 5b). From the obtained results, it is confirmed that the amount of intermetallic phases (the brighter areas) is significantly greater in case of EBW with a circle radius of 0.1 mm. This is attributed to the lower surface area covered by the electron beam, resulting in a worse heat dispersion compared to when using the larger oscillating radius. This leads to the local melting of both materials, and due to the higher energy density, larger quantities of copper were introduced in the fusion zone. In comparison, a much lower concentration of intermetallic compounds was observed in the weld seam formed using an rosc of 0.2 mm.




3.2. Microhardness


The measured microhardness values along the cross section of the seam at three different levels—below the surface of the specimen, in the middle of the seam, and at the root—are shown in Figure 6. Figure 6a presents the measured values at the top of the weld; Figure 6b shows the hardness in the middle of the weld; Figure 6c exhibits the distribution of the hardness at the root of the weld. It is clearly seen that a significantly higher hardness was measured for sample 1, which was welded with the smaller radius oscillation. The measured hardness reaches more than 600 HV0.05 at the top of the weld, even higher values of about 820 HV0.05 at the middle of the seam, and about 670 HV0.05 at the root. It should be noted that the deviation in the measured hardness of the considered sample is very high, where the highest values are measured near the Cu part. This is attributed to the higher amounts of intermetallic compounds, which are characterized by a much higher hardness than that of pure aluminum and copper [31]. Considering sample 2, the measured values are range from 150 to 210 HV0.05 within the fusion zone. Furthermore, a deterioration in hardness of both the copper plate and the Al6082T6 alloy as observed along the entire cross section of the samples by 30% and 45%, accordingly, after the completion of the welding process in comparison to the as-delivered materials.





4. Discussion


The structural analysis indicates that during welding processes, a CuAl2 intermetallic compound formed. The CuAl2 phase formed as a result of the solidified melt pool’s acceptance in the binary Al-Cu phase diagram, and according to the authors of [32], it is stable up to a temperature of 591 °C. According to the authors of [33], the formation of this phase involves a peritectic reaction with both materials mixing together during their liquid phase, which results in the formation of the η-CuAl phase, which forms the θ-CuAl2 phase later during the final solidification of the melt pool [33]. The results are in agreement with the ones obtained in this work.



In order to gain more detailed knowledge on the structure of the welded seam, both scanning electron microscopy and X-ray diffraction methods of analyses were employed. The results confirm the presence of the CuAl2 intermetallic phase in the structure of both weld seams formed using electron-beam welding and using the two beam oscillation radii of −0.1 mm and 0.2 mm. In the case of the specimen welded with an rosc of 0.1 mm, a higher concentration with respect to the intermetallic phase was observed. At this oscillating radius, local melting processes with respect to both materials were observed. In this case, a larger amount of the Cu element was introduced in the Al molten phase, leading to poor temperature distributions within the welded seam, which in turn leads to the formation of a shallow joint with an irregular shape [34]. As a result, a formation of high-density CuAl2 intermetallic compounds was observed. Furthermore, due to the high solidification rate, a large pore formed at the bottom of the electron beam’s weld. Increasing the oscillating radius of the electron beam to 0.2 mm resolved many previous issues. Using these technological conditions, a weld seam with a relatively uniform structure was observed, and it had a typical electron-beam keyhole shape [35]. The full penetration of the materials indicates an improved temperature distributions. This is primarily aided by the high thermal conductivity of both materials and the low melting temperature of the Al phase [36]. The higher oscillating radius covers more of the surface area of the aluminum specimen, resulting in the melting of a higher volume of the material. This leads to the formation of a larger melt pool. As mentioned, due to the high thermal conductivity of both materials, the molten Al phase melts the copper substrate, introducing the liquid copper phase in the mixture. However, due to the higher temperature dispersion in this case, accompanied by a low specific heat input, low fusion phenomena with respect to both liquid phases were observed. This led to the reduced formation of intermetallic phases.



The CuAl2 intermetallic phase is characterized by its superb microhardness, as confirmed by the authors of [37]. These results are in agreement with the ones obtained in the present study. In the case of electron-beam welding processes with an rosc of 0.1 mm due to the high concentration of intermetallic compounds in the structure of the weld seam, a high Vickers hardness was observed, with the highest detected value being 820 HV0.05. Although, in some cases, such a high hardness can be considered a desirable outcome, in the case of copper and aluminum weld joints, it is considered as highly disregarded. The CuAl2 intermetallic phase is not only highly brittle, but due to its high hardness values, it can cause fractures in the weld seam along its edges where it preludes the base materials. In the case of welding processes with an oscillating radius of 0.2 mm, a much lower concentration of intermetallic compounds was observed, resulting in a welding seam that exhibits a much lower Vickers hardness of a maximum of 210 HV0.05. This reduces the brittle nature of both the weld seam and the intermediate space between it and the base materials. However, in both cases, whether it was due to the precursory heating of the substrates to a temperature of 200 °C or the high temperature achieved during the process of welding and the high thermal conductivity of the materials, a noticeable degradation of the hardness of the substrates was observed after the welding process. The initial hardness of both the copper and the aluminum alloy specimens was about 100 HV0.05. Completing the process of welding was closely followed by a decrease in hardness to values of about 60 HV0.05. Previous studies show that reversing the process of heat treatments with respect to aluminum alloys is possible by heating them to a temperature within the range of 200 °C to 350 °C [38]. This means that the potential culprit for the reduction in hardness could be the initial heat treatment carried out in this work. Despite the obvious decline in microhardness of the base materials, the process of preheating is absolutely necessary since aluminum and copper both have high thermal conductivity, which results in the incredibly fast cooling of the welded seam during the welding process [39]. The high thermal gradient leads to the formation of a non-uniform structure with a high quantity of defects in the form of solidification pores, hot cracks, or others [40]. The process of fast melting followed by rapid cooling also leads to the introduction of high amounts of strain in the weld, which could lead to the formation of cracks due to the fatigue of the material depending on the technological conditions [41]. Previous experiments carried out with aluminum and copper substrates are in agreement with the discussed issues, and one of the solutions to this problem was to heat the substrates in order to reduce the thermal gradient and, thus, limit the formation of defects and strain in the structure of the weld joint.



The current study discusses some issues regarding the electron-beam welding of aluminum and copper, along with a possible solution to some of them. A substantial amount of progress was achieved regarding the selection of the right technological conditions in order to form welds with good mechanical properties and to reduce the amount of intermetallic compounds. Despite the current progress, more detailed work should be carried out in order to optimize the technological conditions for welding copper and aluminum in order to achieve high-strength and high-durability welds. Heating substrates reduces their microhardness; thus, finding a solution to this problem is recommended in order to produce even higher quality welds that can be applied directly in industrial fields.




5. Conclusions


In the current study, two weld joints comprising pure copper and Al6082T6 aluminum alloy were fabricated by electron-beam welding. The experiments were performed scanning the electron beam in a circular manner, where the influence of the oscillation radius of the electron beam was studied. The following conclusions can be drawn:




	(1)

	
A larger volume melt pool formed during the electron-beam welding procedure with an oscillating radius of 0.2 mm. This corresponds to the full penetration of the flux of accelerated electrons and the formation of a full-penetration weld seam.




	(2)

	
Both specimens have a structure consisting of pure aluminum, pure copper, and a CuAl2 intermetallic compound. The aluminum and copper phases both have a face-centered cubic structure compared to the intermetallic compound, which is characterized as having a body-centered tetragonal crystal structure. A higher concentration of the CuAl2 intermetallic phase was observed in the case of electron-beam welding processes using an oscillation with a radius of 0.1 mm. This is attributed to the poor thermal dispersion within the welded specimens, resulting in the local melting of the samples. Due to the high local temperature density, the fusion of the copper and aluminum molten phases increases, resulting in the rapid formation of intermetallic compounds.




	(3)

	
The studied microhardness of both joints indicates that the sample produced using an oscillating radius of 0.1 mm had a much higher hardness compared to the sample formed using a radius of 0.2 mm. The highest microhardness was observed in the middle of the welded seam, where most of the intermetallic compounds are formed. Furthermore, the specimens welded with an oscillating radius of 0.1 mm had much higher differences in the local maxima of the hardness due to the vastly different mechanical properties of the base materials and the intermetallic compounds. Due to the lower concentration of intermetallic compounds in the joint of the sample with an oscillating radius of 0.2 mm, increasingly homogeneous microhardness values were detected that were closer to those of the base materials. In addition, in both cases, a lower microhardness along the entire cross section of the base materials was measured in comparison to bulk copper and Al6082T6.









Welding aluminum and copper substrates is a difficult task, and it includes the careful choice of the right technological conditions in order to achieve a highly homogeneous structure and the optimal mechanical properties of the joint. This is possible only if a reduction in the CuAl2 intermetallic compound’s phases is achieved, as proven by this current research study. The further optimization of the EBW processes of aluminum and copper needs to be carried out in order to form sufficient quality welds that can be implemented in industrial fields.
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Figure 1. Scheme of the experiment of the EBW process of pure copper and aluminum alloy Al6082T6 with beam offsets toward the aluminum alloy’s side. 
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Figure 2. X-ray diffraction patterns of: (a) pure copper; (b) Al6082T6; (c) weld seam with an oscillation radius of 0.1 mm; and (d) weld seam with an oscillation radius of 0.2 mm. 
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Figure 3. SEM images of a cross section of sample 1 (0.1 mm radius of oscillation): (a) SEM image of the obtained joint; (b) higher magnification SEM image of the copper–fusion zone (FZ) interface; (c) higher magnification SEM image of the fusion zone (FZ); (d) higher magnification SEM image of the fusion zone (FZ)–aluminum alloy interface; (e) SEM image of a magnified section of the fusion zone (FZ). 
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Figure 4. SEM images of a cross section of sample 2 (0.2 mm radius of oscillation): (a) SEM image of the obtained joint; (b) higher magnification SEM image of the copper–fusion zone (FZ) interface; (c) higher magnification SEM image of the fusion zone (FZ); (d) higher magnification SEM image of the fusion zone (FZ)–aluminum alloy interface; (e) SEM image of a magnified section of the fusion zone (FZ). 
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Figure 5. Highly magnified SEM images of the fusion zone of Cu/Al6082T6 samples: (a) sample 1, prepared with rosc = 0.1 mm; (b) sample 2, prepared with rosc = 0.2 mm. 
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Figure 6. Microhardness in cross section of Cu/Al6082T6 samples along a line: (a) 1 mm below the top surface; (b) at the middle of the seam; (c) 1 mm above the seam root. 
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Table 1. Technological parameters of EBW of Cu/Al6082T6.
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	Sample
	U, kV
	Ib, mA
	Q, W
	v, mm/s
	rosc, mm





	1
	60
	45
	2700
	15
	0.1



	2
	60
	45
	2700
	15
	0.2
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Table 2. Chemical composition of each point marked on the SEM images of the fusion zone of sample 1 in Figure 3e.
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	Element, wt. %
	Point 1
	Point 2





	Cu
	44.08 ± 1.3%
	3.39 ± 0.2%



	Al
	55.92 ± 2.7%
	96.61 ± 5.3%
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Table 3. Chemical composition of each point marked on the SEM images of the fusion zone of sample 2 in Figure 4e.
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	Element, wt. %
	Point 3
	Point 4





	Cu
	51.35 ± 1.8%
	4.52 ± 0.4%



	Al
	48.65 ± 2.6%
	95.48 ± 5.3%
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