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Abstract

:

The Cu/Al dissimilar joint, welded by high-power ultrasonic welding technology, is still facing challenges despite the significant research attention it has attracted. In this work, the microstructure and mechanical properties of resistance heat-assisted high-power ultrasonic welding of Cu/Al are investigated, in order to obtain high-quality joints. The intermetallic compound (IMC) at the interface of hybrid welding is primarily composed of Al2Cu, and the additional resistance of heat reduces the thickness of this brittle IMC layer. The average shear stress for the joint prepared by hybrid welding is ~97 MPa, which is higher compared to the joint strength without resistance heat (90 MPa). Moreover, the duration of the hybrid welding process is shorter. Finally, the fracture of the hybrid weld is found to be a brittle–ductile hybrid mode.
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1. Introduction


Ultrasonic welding can produce welds faster and with less material loss than other common welding methods of dissimilar lap joints, such as laser welding (LW) [1,2] and friction stir welding (FSW) [3,4]. It also requires lower energy input than resistance spot welding (RSW) [5]. These advantages make this method suitable for welding dissimilar metals, such as copper and aluminum, which have high thermal and electrical conductivity and are widely used in the aerospace industry and battery packs [6,7]. Recently, the dissimilar copper and aluminum joint, welded by high-power ultrasonic welding (HPUSW) technique, is becoming more attractive due to its ability to join thicker sheets [8]. However, a major challenge of this technique is the thick continuous intermetallic compound (IMC) layer that is formed at the Cu/Al interface, which reduces the mechanical properties of the joint and leads to poor welding quality [9,10]. This issue inhibits the wider commercialization of this technique. Recently, interlayer metals, such as Al and Zn, were placed on the Cu/Al interface and were used to enhance the ultrasonic welding quality of the joint [11,12]. However, the metallurgical reaction at the specimen/interlayer interface is very complicated, making it difficult to understand the effects of the interlayer on the mechanical properties of the joints [13]. In addition, during the ultrasonic metal welding process, the metal interlayer will widen the heat-affected zone [14].



In order to improve the joint quality, several types of energy sources have been used to assist the ultrasonic welding, such as laser beam and resistance heat. Dehelean et al. [15] carried out hybrid ultrasonic-resistance welding of advanced materials and found that the resistance heat results in low weld strength. In our previous work, resistance heat-assisted low-power ultrasonic welding was proposed and it was found that the additional resistance heat can significantly increase the peak power of ultrasonic vibration and the welding strength [16]. Unfortunately, this welding method is only suitable for joining thin sheets. The finite element method was used to study the influence of additional resistance heat on the interface temperature and plastic deformation of the material, during ultrasonic welding [17]. However, the mechanical properties and microstructure of joints prepared by resistance heat-assisted high-power ultrasonic welding (RUSW) have not yet been reported. In this paper, the mechanical properties and microstructure of Cu/Al joints prepared by RUSW are studied, in order to obtain high welding quality.




2. The Principle of Hybrid Welding


The RUSW system includes a lateral-driven high-power ultrasonic welder and an inverter resistance power supply. The current and ultrasound vibrations act on the workpiece simultaneously. In RUSW, a high pressure creates sufficient contact between the upper and lower workpieces to ensure electrical conductivity between them. The ultrasonic waves from the sonotrode pass through the upper workpiece, causing local relative vibration at the upper/lower specimen interface and thus generating friction. Resistance, friction, and plastic deformation heat cause the interface temperature to rise rapidly, resulting in solid-state joining. Figure 1 shows the schematic diagram of the RUSW process.



In RUSW, the generated heat QRUSW includes one part from ultrasonic vibration QUSW and another part from electrical resistance QRSW, as described below:


QRUSW=QUSW+QRSW .



(1)







Ultrasonic vibration energy QUSW, is converted into friction heat Qf and plastic deformation heat Qq [18], as shown in Equation (2):


QUSW=Qf+Qq.



(2)







QRSW can be expressed as:


QRSW=I2×Rtotal×t



(3)




where I is the electrical current and t is the welding time. R is the total resistance providing thermal input during the RUSW process. Total resistance R involves seven components, as shown in Figure 2, and can be expressed as:


Rtotal=Rst+Rc1+Rcu+Rc2+RAl+Rc3+Rav



(4)




where Rst is the resistance of the sonotrode, RCu is the resistance of Cu plate, RAl is the resistance of Al plate, Rav is the resistance of the anvil, Rc1 is the contact resistance between the sonotrode and the upper specimen, Rc2 is the contact resistance between the upper and the lower specimen, and Rc3 is the contact resistance between the anvil and the lower specimen.



In RUSW, material softening arises from two sources: Ultrasonic softening and thermal softening [19]. Thus, the material softening rate in the welding process can be expressed as [18]:


α=αus×αT=αus×σTσT0



(5)




where, αus and αT are the ultrasonic softening rate and thermal softening rate, respectively. σT and σT0 are the yield stresses of material at temperature T and room temperature, respectively.



According to the above theory, the interaction between the ultrasonic vibration and the electrical resistance can be described as follows: When the ultrasonic vibration is applied to the RSW, the intensity of the material softening is increased, according to Equation (5). This benefits the breaking of the metal oxide film and promotes the resistance heat. When the resistance heat acts on the ultrasonic metal welding, it promotes the increase in interface temperature according to Equation (1), and thus promotes the metallurgical reaction on the interface. These interactions may potentially increase the weld strength of Cu/Al joints.




3. Experimental Details


The RUSW system included a lateral-driven, high-power ultrasonic welder (4.0 kW) and an inverter resistance power supply (Figure 3a). The high-power ultrasonic welder used a lateral spot welder (Telsonic M5000) with a vibration frequency of 20 kHz. A rectangular sonotrode tip with dimensions of 7 mm × 5 mm was used in this study (Figure 3b). To avoid the occurrence of arcs and marks on the Cu/Al interface, the shape of the sonotrode tooth was trapezoidal, instead of triangular. A resistance spot welder with a maximum electrical current supply of 4000 A was used. A zero-to-peak amplitude of 24 μm, current of 3900 A, clamping force of 1975 N and welding time of 0.2 s were selected for the hybrid welding. The interval between each sonotrode tooth was 0.9 mm. In order to avoid high current density occurring at the anvil/Al interface, the interval of the anvil tooth was 0.1 mm larger than that of the sonotrode tooth. For the conventional HPUSW, the welding time was 0.5 s while the clamping force was set to 1575–1975 N. The specimens were 6061-T6 aluminum alloy and pure copper, cut into 100 × 25 × 0.8 mm3 pieces. The overlapping area of the specimens was 25 × 25 mm2. In this work, prior to welding, the samples were ultrasonically cleaned with acetone to remove surface contaminants. The ultrasonic vibration direction (VD) was perpendicular to the length direction of the workpiece (Figure 3d).



The fracture surface morphology was observed by a JEOL JSM-7001F field emission gun scanning electron microscope (FEG SEM) (Jeol, Tokyo, Japan), equipped with an energy-dispersive X-ray spectrometer (EDS). X-ray diffraction (XRD) analysis was carried out using a PANalytical Empyrean (Malvern PANalytical, Almelo, The Netherlands) diffractometer to identify the phases of IMC at the welding interface. The XRD spectra were measured from 20° to 90°, with a step size of 0.02° and a scanning speed of 0.02 °/s. The tensile tests were performed using a Shimadzu AGS-X electronic testing machine (SHIMADZU, Kyoto, Japan). Tensile-shear tests were carried out at a tensile speed of 1 mm/min. At least three samples were tested for each process condition. The mechanical strength of the joints was evaluated according to tensile-shear strength, which was calculated by dividing the maximum tensile-shear force by the sonotrode area of 7 mm × 5 mm.



The temperature was measured using 0.1 mm K-type thermocouples, inserted through a semi-circular groove of radius 0.5 mm on the aluminum sheet surface. Thermocouple tip was placed at 1.5 mm from the center of the Cu/Al interface. Figure 3c,d show a schematic of the tensile-shear and thermocouple temperature measurement tests, respectively.




4. Results and Discussion


4.1. Interface Temperature


Figure 4 shows the measured temperature as the current changes from 0 to 3900 A. The results show that at the same welding time of 0.2 s, the measured peak temperature at the welding interface in RUSW is 445 °C, which is significantly higher than the interface temperature of 301 °C in conventional HPUSW. The peak temperatures with a current of 1300 A, 2600 A, and 3900 A at the welding time of 0.2 s are 328 °C, 380 °C, and 445 °C, respectively. This means that the temperature rises at a high gradient as the welding current increases, because the resistance heat QRSW has a quadratic relationship with the electric current, according to Equation (3). The higher interface temperature benefits interfacial diffusion, resulting in higher welding strength.



Figure 5 shows the values of the interface temperature during hybrid welding and conventional HPUSW, at different welding moments. It is evident that the peak interface temperature in hybrid welding is similar to that in conventional HPUSW under the same conditions (welding time of 0.4 s, clamping force of 1975 N, welding time of 0.5 s, and welding pressure of 1575 N). This demonstrates that the additional resistance heat can speed up the HPUSW process.




4.2. IMC Layer


During HPUSW of dissimilar joints, the thickness of the IMC layer determines the welding quality [20,21]. Figure 6a,b show backscattered images of the RUSW joint at tw = 0.2 s, FN = 1975 N, and HPUSW joint at tw = 0.5 s, FN = 1575 N, respectively. The thickness of the IMC layer in the joints prepared by hybrid welding and single ultrasonic welding is 1.5 μm and 2.2 μm, respectively. The interface temperature can be measured with good repeatability due to the proximity of the thermocouple to the center of welding spot and stable vibration amplitudes obtained under the same process parameters [22], which produces good repeatability in material vacancy concentration [23]. This results in good repeatability of the IMC thickness measurements. Although the interface temperature of the hybrid welding is the same as that of the conventional HPUSW, the duration of the hybrid welding is shorter, leading to a thinner IMC layer compared to the conventional HPUSW result.



The chemical composition of IMC in joints prepared by RUSW and conventional HPUSW was analyzed using EDS point analysis, and the results are shown in Figure 6c,d, respectively. The chemical composition at points A and B is 54.82 Al-45.12 Cu and 55.02 Al-44.98 Cu (by weight percentage (wt%)), respectively. This result demonstrates that the chemical composition of the IMC layer, in both the hybrid and conventional HPUSW methods, is primarily brittle Al2Cu alloy, according to the binary-phase diagram of Cu-Al [24]. In conclusion, the composition of the IMC layer is quite similar for joints prepared by both hybrid and conventional welding methods. However, the IMC layer is thinner in the hybrid welding approach due to the shorter duration of the welding process, producing better quality results.



X-ray diffraction analysis was performed on the Al side of the fracture surface to further evaluate the phase composition of RUSW, as shown in Figure 7. The results show that the IMC formed during hybrid welding is primarily composed of Al2Cu. Therefore, the XRD results are in agreement with the EDS results.




4.3. Weld Cross-Section


The mechanical behavior was also affected by materials penetration. Figure 8a,b show the profiles of the weld cross-section, for the hybrid welded joint at tw = 0.2 s and for conventional HPUSW joint at tw = 0.4 s, under clamping force of 1975 N. The joint cross-section after hybrid welding has no obvious defects, whereas, in a conventional HPUSW joint, cracks appear on the copper, just under the tip of the sonotrode. This happens because the material is under high-stress concentration below the edge of the sonotrode, due to the action of long-term ultrasonic waves. In addition, in the conventional HPUSW joint, cracks propagate from the base metal to the welding interface under high-pressure action, which reduces the area of the welding and allows the aluminum alloy to leak from the crack and get attached to the sonotrode tip. This effect decreases the welding quality and may even cause damage to the sonotrode [25].




4.4. The Average Shear Stress


The experiments show that the average shear stress of the joint obtained with additional resistance heat reaches 97 MPa and elongation extends to about 1.2% (Figure 9a). This value is significantly higher compared to the joint prepared without resistance heat, under the same clamping force of 1975 N. In our previous work, the average shear stress of the RUSW joint was also slightly higher than the average shear stress of 90 MPa obtained in conventional HPUSW, at a pressure of 1575 N and welding time of 0.5 s, which are the welding conditions that produce the highest strength in HPUSW of Cu/Al joint [9]. This is attributed to the fact that the additional resistance heat can increase the interface temperature (Figure 4), reduce the thickness of the brittle IMC layer (Figure 6), and avoid cracks at the edges of the weld zone (Figure 8). The strength of the hybrid weld is also much higher than that of RSW, because of the lower interface temperature in RSW. As the resistance of the steel sonotrode is an order of magnitude higher than that of the workpieces, the resistance heat mainly occurs at the sonotrode/Cu interface, rather than at the Cu/Al interface.



It is well known that the repeatability in welding dissimilar materials is poor [6]. The poor repeatability could be related to the fact that IMC may not be uniformly distributed across the entire weld interface (Figure 6a,b) [26]. Moreover, differences in IMC layer thickness may exist in different regions of the weld. While there were issues with repeatability in this study, some general trends in weld strength were observed. Figure 9b plots the weld tensile strength against the current. Although there is a lot of scattering, the figure suggests that a high current can produce welds with increased tensile strength. The duration of hybrid welding is shorter than that of conventional HPUSW technique, and thus the period of ultrasonic excitation is shorter, reducing the risk of fatigue fracture [27].




4.5. Fracture Morphology


Figure 10a,b show the macroscopic fracture morphology of the Cu/Al joint made by RUSW at 0.2 s and by conventional HPUSW at 0.4 s, under a clamping force of 1975 N on the Al side. Figure 10c is an enlarged view of Figure 10a, showing the microscopic topography of the fracture. It is observed that there are differences in fracture behavior. For the joint fabricated with RUSW, only welded regions are observed in the fracture surface. This demonstrates that the fracture of the hybrid welding joint occurs at the IMC of the Cu/Al interface, indicating high welding strength. In the case of a joint fabricated with HPUSW, some welded regions and scratched regions exist in the fracture surface (Figure 10b). There are two fracture models demonstrated in Figure 10c. From the enlarged view of the two regions (Figure 10e,f) from Figure 10c, it is obvious that a large number of dimples of different sizes are present in the c region, while there are some cleavage planes in the f region. These features indicate that the fracture of the RUSW is ductile–brittle type.





5. Conclusions


Dissimilar joints of pure copper and 6061-T6 alloys prepared by RUSW are investigated and compared to those prepared by the conventional HPUSW method. It is found that the additional resistance heat promotes the increase in interface temperature and reduces the thickness of the brittle IMC layer. The short duration of RUSW prevents the formation of cracks on the copper surface. As a result, the mechanical properties of the joint prepared by hybrid welding are significantly improved. Fracture surface morphology exhibits dimples and some cleavage planes, indicating a ductile–brittle hybrid fracture in RUSW.
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Figure 1. The principle of resistance heat-assisted high-power ultrasonic welding (RUSW). 
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Figure 2. Schematic of the resistances in the RUSW system. 
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Figure 3. (a,b) The RUSW machine setup; (c) configuration of the tensile-shear, and (d) temperature measurement tests setup. 
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Figure 4. Measured temperatures for various currents. 
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Figure 5. Measured temperature progress with welding time and pressure. 
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Figure 6. (a,b) Cu/Al interface in the RUSW and high-power ultrasonic welding (HPUSW) joints, respectively; (c,d) EDS results for the lines intersecting the points indicated in (a,b). 
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Figure 7. XRD patterns of the fracture surface. 
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Figure 8. Profile of weld cross-section (a) RUSW at 0.2 s, and (b) HPUSW at 0.4 s. 
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Figure 9. (a) The relationship between lap shear stress and strain; (b) the relationship between lap shear stress and electric current. 
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Figure 10. Fracture surface (a) RUSW at 0.2 s; (b) HPUSW at 0.4 s; (c) enlarge view of (a); (d) region d in (c); (e) enlarge view of (d); (f) region f in (c). 
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