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            Abstract
          
        

        
          The ultrasonic metal welding technique has been widely used because of the need to weld different materials for meeting high quality performance requirements. The key part in this type of welding is the horn, which plays an important role in the weld quality. Longitudinal vibration has so far been the most popular vibration mode for ultrasonic horns, but the longitudinal mode coupled with torsional mode is gaining a lot of attention these days owing to its better performance compared to the pure longitudinal mode. Although there are many studies on the performance of these two mode horns, comparative studies based on the performance of these two modes, particularly in ultrasonic metal welding, are very rare. This study focuses on the welding performance comparison of these two horns with 20 kHz resonant frequency. Experimental results show that the performance of the longitudinal-torsional horn is better than that of the longitudinal horn in terms of welding strength.
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      1. Introduction
      Ultrasound metal welding (UMW) has been considered as a promising application of ultrasonic in engineering where an ultrasonic welding horn vibrating at a very high frequency (i.e. 20 or 40 kHz) is used to join the two or multiple sheets of metal foils.1 Ultrasonic metal welding is a solid-state diffusion welding technique applied at the ambient or low temperature at which the welding is conducted by transferring high frequency vibration energy to particular parts under a certain pressure. Frictional energy caused by vibration is generated due to relative vertical and horizontal movements between the two welding surfaces; the vibration energy generated in the welding boundary surface removes the oxide films and contaminants dispersed throughout the boundary surface.2

      Recently ultrasonic metal welding is applied for similar and dissimilar materials of thin sheets that are difficult to weld with ordinary methods. It is an economical and eco-friendly welding technique that does not require the use of supplementary lead or solders. Also, since the welding time is within one second generally, it can be easily grafted onto automation processes and applied to secondary battery electrode lead bonding,1 heat pipe joining for solar battery panels,3 aluminum wire bonding4 and aluminum alloy vehicle manufacturing.5 In addition, ultrasonic horn is used for pattern forming6 and polymer sheet forming.7 The key part in ultrasonic metal welding is the horn, which has the greatest effect on weld quality. Longitudinal vibration has been by far the most popular vibration mode for ultrasonic horns, but longitudinal mode coupled with torsional is gaining a lot of attention these days owing to its better performance compared to pure longitudinal mode. The longitudinal mode (L Mode) horn vibrates only in the longitudinal direction and the longitudinal and torsional mode (L-T Mode) horn vibrates in both longitudinal and torsional directions. There are different ways of achieving composite mode in welding horns. It can either be achieved by the introduction of the slanting grooves to the front part of the horn8,9 or by using coupled transducers where two sets of piezoelectric polarized in thickness and tangential directions are used.10,11

      Previous studies using L-T mode horns showed that the high strength welds were formed with comparatively shorter welding times and smaller vibration velocities when using L-T mode in UMW.12,13 Besides the ultrasonic welding applications, in rotary ultrasonic machining (RUM), the L-T mode tool could reduce the cutting force by 55% and the edge chipping size by 45% compared to the conventional RUM.14 The cutting forces have also shown to decrease substantially in ultrasonic-assisted milling when the L-T mode horn was used.15

      Although many kinds of research studied the performance of longitudinal and L-T modes ultrasonic devices in different contexts such as cutting and drilling, the comparative studies based on the performance of longitudinal and L-T modes particularly in the ultrasonic metal welding are very rare.

      This study, therefore, focuses on the welding performance comparison of longitudinal and L-T modes horns with 20 kHz resonant frequency. The longitudinal mode horn was a commercial product, and the longitudinal-torsional mode horn was manufactured by introducing slanting grooves at the front mass of the horn, which is described in our previous research.8 During each experimentation welding parameters such as pressure, time, and amplitude were selected the same for both horns. Finally, the welds were tested via a tensile testing machine and weld strengths were compared for both horns.

    

    

  
    
      2. Ultrasonic Metal Welding
      Fig. 1 shows schematics of ultrasonic metal welding. The converter or transducer converts an alternating current of 50-60 Hz into mechanical energy of 20 or 40 kHz, and the booster reduces or amplifies the amplitude of the converter. The horn, a key part of the ultrasonic welder, transfers the mechanical vibration energy to the welding materials. During welding, welding specimen is clamped under a predetermined load between vibrating horn and anvil, resulting in the development of high strain rates and temperatures at the weld interface. When the amplified ultrasonic vibration energy is transmitted to the weld through the horn, strong joining is achieved by solid-state diffusion in the weld interfaces. Ultrasonic welding is a coupled thermal-mechanical phenomenon since frictional heat generation stimulates severe plastic deformation at the weld interface with a temperature increase and introduces material softening, which forms a weld finally.16

      
        
        

        Fig. 1 
				
        

        
          Schematic principle of the ultrasonic metal welding
        
        

        

      

      In ultrasonic metal welding, welding parameters are clamping pressure, welding time, and amplitude of horn vibration. These parameters have great effects on the weld quality, and they should be appropriately selected. The welding energy delivered by the machine is directly proportional to pressure P, amplitude A, and time t. Welding energy E can be described as a product of these three parameters as following:
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      where the pressure P is in MPa, amplitude A in μm, and time t in seconds.

    

    

  
    
      3. Experimental Methods
      
        3.1 Welding Materials and Welding Machine
        The welding materials used in this experiment are Cu and Ni. Two sheets of 0.1 mm thick copper (Cu 99.9%) and nickel (Ni 99%) are welded. The fabricated specimen was 10 mm wide and 50 mm long.

        The welding machine shown in Fig. 2 is D9800, which is made in Durasonic Co. Ltd., Korea. This machine has four operation modes (Time Welding, Absolute Time, Correlative Length, Energy) and three monitoring functions (Rime, Welding Energy, Depth). Besides, the histories of 200 welding results can be saved with welding result graphs, which can be used to monitor or check the welding process.

        
          
          

          Fig. 2 
				
          

          
            Ultrasonic welding machine
          
          

          

        

        Fig. 3 shows a schematic diagram of the ultrasonic metal welding experiment and specimen setup. The direction of vibration is determined by longitudinal or longitudinal-torsional depending on the horn type.

        
          
          

          Fig. 3 
				
          

          
            Schematics of ultrasonic welding experiment
          
          

          

        

      

      
        3.2 Ultrasonic Horns
        Two different types of horns are used for the experimentation (i.e., L and L-T Mode). The L mode horn vibrates only in the longitudinal direction and the L-T mode horn vibrates in both longitudinal and torsional directions. Two horns are shown in Figs. 4(a) and 4(b) respectively. The L mode horn was a commercial product, and the L-T mode horn was manufactured by introducing slanting grooves at the front mass of the horn, which is described in our previous research.8

        
          
          

          Fig. 4 
				
          

          
            The welding horns used in the experiments
          
          

          

        

        As the knurling pattern is an important factor that affects the weld quality in ultrasonic metal welding, the same type of pattern was used for both horns and the pattern is shown in Fig. 5.

        
          
          

          Fig. 5 
				
          

          
            Knurling pattern of tip (Unit: mm)
          
          

          

        

      

      
        3.3 Welding Parameters
        In this study, clamping pressure between horn and anvil, welding time, and amplitude of horn vibration were selected as welding parameters. As these three parameters have great effects on the weld quality, their values should be appropriately selected. Three different levels of these parameters were chosen for experimentation and the values of these parameters are shown in Table 1. These levels are widely used when performing ultrasonic welding for the type and thickness of the welding material used in this study.

        
          Table 1 
				
          

          
            The welding parameters for the experimentation
          
          

        

        
          
            
              	Welding parameters
              	Levels
            

          
          
            	Pressure [Mpa]
            	0.1, 0.2, 0.3
          

          
            	Amplitude [μm]
            	16, 24, 32
          

          
            	Time [s]
            	0.1, 0.2, 0.3
          

        

        

        Although the original amplitudes of L and L-T mode horns are 58 and 40 μm respectively, all welding parameters were kept the same for both of the horns to compare their performances. To collect enough data for comparison, seven experiments were made against each combination of the welding parameters for both horns. As there were 9 different values of three different parameters, there were 27 unique welding conditions.

      

      
        3.4 Tensile Strength Test of Welding Specimens
        Once the welding experiments were completed, the tensile tests were made using COMETECH tensile test machine with a 1 kN load cell shown in Fig. 6. A pulling speed of 10 mm/min was used to minimize the unnecessary dynamic effects.

        
          
          

          Fig. 6 
				
          

          
            Tensile test machine
          
          

          

        

        There are several methods to measure the welding strength, but in this study, the U-Tensile test was used in consideration of the size of the welding mark (i. e., The Area of the Horn Tip). The configuration for the U-Tensile tests is shown in Fig. 7, where the copper and nickel sheets are colored yellow and gray respectively.

        
          
          

          Fig. 7 
				
          

          
            Shape of the welding specimen for U-Tensile strength test
          
          

          

        

      

    

    

  
    
      4. Experimental Results and Discussions
      
        4.1 Failure Behavior of the Weld
        Fig. 8 shows the welding specimen before the tensile test, and the welding mark caused by pressure at the tip of the horn is observed on the weld surface. Figs. 9(a) and 9(b) show two modes of failures after the tensile test, i.e., the separation mode shown in Figs. 9(a) and the tearing mode shown in 9(b).

        
          
          

          Fig. 8 
				
          

          
            Welding mark before the tensile test
          
          

          

        

        
          
          

          Fig. 9 
				
          

          
            Two modes of weld failure after tensile test
          
          

          

        

        As shown in Fig. 9(a), the weld interface of the two welding materials is separated without tearing, but some of the other materials are finely attached to both surfaces due to solid- phase diffusion, which is an important characteristic occurring in ultrasonic welding. As seen in Fig. 9(a), the copper material adhered to the surface of the nickel material in the weld interface. In the tearing mode as shown Fig. 9(b), the weld interface does not separate and adheres strongly to each other, causing one of the two materials to tear along the edges of the welding mark.

      

      
        4.2 Welding Strength of the Welding Specimen
        Tensile strength tests were performed as described in 3.4 above. Fig. 10 shows an example of the test results. During the tensile test, the weld failure starts at point ① and ends completely at point ②. In the period between these two points, the weld interface gradually separates. In this test maximum tensile strength is about 19.5 N.

        
          
          

          Fig. 10 
				
          

          
            Shape of the weld specimen for U-Tensile strength test
          
          

          

        

        To increase the reliability of the tensile strength test, five tests were made for each combination of the welding parameters for both horns. The mean strength of these five maximum strengths was calculated as the representative strength for each welding experiment.

        From Figs. 11 to 16 show the variations of welding strength when the three welding parameters (Welding Time, Welding Pressure, and Ultrasonic Vibration Amplitudes of the Horn) are changed. In all Figs., the L-T horn and L horn represent horns using the longitudinal-torsional mode and only the longitudinal mode respectively. ‘A’ means the vibration amplitude of the horn, ‘P’ means welding pressure, and ‘t’ means welding time.

        Fig. 11 shows the comparison of the welding strength of the two horns according to the change of welding time when the welding pressure is 0.1MPa and the amplitude is 16 and 24 μm. It is shown the overall welding strength is high when using the L-T horn. Besides, as the welding time increases, the welding strength tends to increase, too. Exceptionally, when the amplitude is 32 μm and the welding time is 0.3 sec, the welding strength of the L horn is larger. This is considered to be the result of excessive plastic deformation or micro-cracks in the welding material due to excessive welding energy by the addition of torsional vibration. That is, severe welding conditions may lower the welding strength, so it is desirable to select appropriate welding conditions.

        
          
          

          Fig. 11 
				
          

          
            Welding strength vs. welding time (Pressure 0.1 MPa, Horn amplitude A16 and A32 μm)
          
          

          

        

        Fig. 12 shows the welding strength when the welding pressure is 0.3MPa and shows the same trend as when the welding pressure is 0.1MPa.

        
          
          

          Fig. 12 
				
          

          
            Welding strength vs. welding time (Pressure 0.3 MPa, Horn amplitude 16 and 32 μm)
          
          

          

        

        Fig. 13 shows the comparison of the welding strength of two horns according to the change of welding pressure when the vibration amplitude is 16 μm and the welding time is 0.1 sec and 0.3 sec. As the pressure increases, the welding strength tends to decrease, but the change is insignificant. This result means that the change in welding pressure does not have a significant effect on the change in welding strength under the constant welding time and the vibration amplitude of the horn.

        
          
          

          Fig. 13 
				
          

          
            Welding strength vs. welding pressure (Horn amplitude 16 μm, Welding time 0.1 and 0.3 sec.)
          
          

          

        

        However, at the same welding time, the welding strength of the L-T horn is higher, but when the welding time of the L horn is long, the welding strength is higher than that of the L-T horn. This means that the welding time has a greater influence on the welding strength.

        Fig. 14 shows the comparison of the welding strength of the two horns according to the change in welding pressure when the amplitude is 32 μm and the welding time is 0.1 sec and 0.3 sec. The result is almost similar to the result shown in Fig. 13.

        
          
          

          Fig. 14 
				
          

          
            Welding strength vs. welding pressure (Horn amplitude 32 μm, Welding time 0.1 and 0.3 sec.)
          
          

          

        

        Fig. 15 shows the comparison of the welding strength of the two horns according to the variation of the vibration amplitude of the horn when the welding time is 0.1 sec and the pressure are 0.1 and 0.3MPa. As the amplitude increases, the welding strength increases. In special, when the welding pressure is high, the welding strength of the L horn is higher than that of the L-T horn. This means that when the welding pressure acting on thin material with a thickness of 0.1 mm is high, the tip end of the horn penetrates the material deeply and causes excessive plastic deformation in the material, which causes work hardening or fine cracks in the welding area, which reduces welding strength. Moreover, it is judged that such a tendency has increased because the L-T horn uses composite vibrations.

        
          
          

          Fig. 15 
				
          

          
            Welding strength vs. horn amplitude (Welding time 0.1 sec., Welding pressure 0.1 and 0.3 MPa)
          
          

          

        

        Fig. 16 shows the comparison of the welding strength of the two horns according to the variation of the amplitude of the horn when the welding time is 0.3 sec. This result shows that it is very similar to that of Fig. 15. Therefore, when welding a thin material, excessive welding pressure negatively affects the welding strength and can be an important factor causing welding defects, so it is very important to choose an appropriate welding pressure during ultrasonic thin metal welding.

        
          
          

          Fig. 16 
				
          

          
            Welding strength vs. horn amplitude (Welding time 0.3 sec., Welding pressure 0.1 and 0.3 MPa)
          
          

          

        

      

    

    

  
    
      5. Conclusions
      This study focused on the welding performance comparison of longitudinal and L-T modes horns with 20 kHz resonant frequency. The longitudinal mode horn was a commercial product, and the longitudinal-torsional mode horn developed by our previous research was manufactured by introducing slanting grooves at the front mass of the horn. Welding parameters such as pressure, time, and amplitude were selected the same for both horns for performance comparison. Welding strengths were used for the performance index. As a result of the experiment, the following conclusions were obtained.

      The overall welding strength of the L-T horn was higher than that of the L horn. As the welding time and the vibration amplitude of the horn increased, the welding strength also increased. However, when the welding pressure increased, the welding strength decreased or had little effect. In particular, when the welding pressure is high, the welding strength of the L-T horn is lower. It is judged that this is because the tip end of the horn penetrates the material deeply in thin material, causing excessive plastic deformation in the material, which causes work hardening or minute cracks in the welding area. The L-T horn using complex vibration seems to have a greater such tendency. Therefore, when welding a thin material, it is very important to select an appropriate welding pressure because excessive welding pressure negatively affects the welding strength and can be an important factor causing welding defects.
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