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Abstract

:

Ultrasonic spot welding (USW) represents one of the unique solid-state joining methods for lightweight materials such as magnesium alloy and aluminum alloy. However, the sonotrode vibration may have a detrimental impact on the sheet material and the existing welds, depending on the component geometry and vibration frequency. In this study, a modal analysis tool based on steady-state dynamics was developed for ultrasonic spot welding which features a cyclic load applied to the sheets during the joining process. Through predicting relative motion and shear stress at the faying surfaces, coupon geometry and weld spacing are identified as two major factors that affect the welding reliability and joint quality in USW. The model was validated via welding experiments on aluminum alloy and magnesium alloy and relevant characterization of temperature distribution, joint strength as well as fracture location.
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1. Introduction


Ultrasonic spot welding (USW), as a solid-state joining method, can be used to join a variety of alloys, metals and plastics without filler material or excessive heat [1,2,3,4]. With the global trend of vehicle lightweighting, high-strength aluminum (Al) alloy, magnesium (Mg) alloy and carbon fiber composites are increasingly used in the aerospace and automotive industries [5]. Compared with resistance spot welding, ultrasonic welding not only has less constraint in material type selection and combination but also enables a joint to be formed at a much lower temperature, hence resulting in better energy efficiency. Nevertheless, the dynamics involved in USW may cause bond failure and sheet material damage in multiple spot welds, deteriorating the strength and reliability of the welding joint. A fundamental understanding of global dynamics and constraint effect is critical to the wide adoption of USW in manufacturing sectors.



Experimental trial–error procedure can be employed to identify the optimum process condition for a small coupon cost-effectively and efficiently. However, it is very challenging and costly to carry out such experimental design and repeated tests for a large component with multiple spot welds. On the other hand, the process simulation of ultrasonic welding at the vibration-cycle level [6,7] can be extremely time-consuming due to highly nonlinear material behavior and coupled multi-physics, and, usually, a 2D model [8] has to be used for qualitative study. As a result, the state-of-the-art 3D finite element simulations are mostly limited to a short event (e.g., 0.1–0.5 s) of USW analysis. Recent studies [9,10,11] for Mg–Mg and Mg–Steel ultrasonic welding revealed that a longer welding time (0.5–2.5 s) are needed to form a strong bond. Thus, direct thermomechanical modeling of temperature and deformation during the joining of actual components consisting of multiple welds is unrealistic within the available computational framework.



The modal analysis approach can be used to determine the vibration mode and natural frequencies of a structure within a short computational time. To date, most modal/dynamic analyses [12,13,14] were focused on tool design in order to achieve the resonance response and desired vibration mode at the sonotrode tip under a given oscillatory frequency. Daniels [15] examined the relationship between the bond area and the length of metal strips for the USW of aluminum and copper. The sharp decrease in weld bond area was attributed to energy dissipation in the strips due to mechanical resonances at certain lengths. De Vries [16] studied the coupon length effect on joining performance in Al alloy USW. An analytical formulation of vibration force is derived for the longitudinal vibration. Jagota and Dawson [17] investigated the lateral vibrations in thin-wall thermoplastic ultrasonic joining through experiments and natural frequency studies. They found that the weld quality is inversely affected by the amplitude of lateral vibration at the interface. Kang [18] proposed a one-dimensional continuous vibration model for the battery tab during ultrasonic welding. They found that axial normal stresses resulting from longitudinal and flexural vibrations could cause cracks near the weld zone. Despite the above experimental and analytical work on dynamics, an engineering tool to proactively design the weld geometry and process condition for welding quality control is yet to be developed.



In the present study, a prediction model for modal vibration of thin sheets was developed based on harmonic excitation at applied frequency during ultrasonic welding. Numerical and experimental studies on the ultrasonic welding of lightweight materials including magnesium alloy and aluminum alloy sheets were conducted to understand the interfacial relative motion and stress concentration phenomenon at various weld configurations, with correlation to the crack occurrence and bond failure. The effect of coupon geometry and weld spacing on joining performance at single/multiple spot level was investigated. An infrared camera was used to monitor the temperature of the coupon during USW for model validation. Then, the weld spacing was investigated to clarify its effect on the magnitude of relative motion and the resultant shear force applied on the exiting welds. The modal analysis results were also validated by experimental data in the literature as well as fully coupled thermomechanical finite element analysis.




2. Numerical Model


A steady-state dynamics model was developed to predict the structural response of the thin sheet coupon under ultrasonics vibration. The basic concept, finite element formulation, analysis procedure and model setup are introduced. Meanwhile, the fully 3D coupled model developed in an earlier work [11] was employed to validate the simulation results of the proposed modal analysis tool. The relative motion at the faying surfaces was then predicted and compared between the two models to elucidate the difference in interfacial relative motion and heat generation rate for various USW cases.



Figure 1 shows the geometry and finite element model for the ultrasonic welding of AA6061-T6 aluminum alloy, which is referred to in the experimental work by Veries [16]. The clamping load was 1600 N, and welding time was 0.2 s. The sonotrodue vibrated in the longitudinal direction (along coupon length). The bottom Al sheet had a fixed geometry in different welding cases. The extension length L of the top Al sheet was varied to study the influence of ultrasonic vibration on relative motion at the faying surfaces, heat generation and joint strength. For this fundamental example, modal analysis as well as a thermo-mechanical analysis will be ultilized to explain the experimental observation and scientific findings.



2.1. Steady-State Dynamics under Given Frequency


The steady-state dynamic analysis procedure [19] was used to obtain the modal vibration response of a workpiece under continuous harmonic excitation from a sonotrode tip. It is assumed that the vibration cycles have the same amplitude throughout the welding process and the mechanical response of all materials is elastic to facilitate the numerical analysis. The matrix form of the structure’s dynamic response can be written as


      K   N M   −   Ω   2     M   N M       u   M   =   P   N    



(1)






    P   N   =   ∫    S   t         N   N   · t   d S  



(2)




where KNM is one term of stiffness matrix considering initial stresses and deformation as expressed by Equation (3).   Ω   is the the vibration frequency, B is the strain matrix, u denotes the nodal displacement, Del is the elasticity matrix, σ0 is the stress tensor under base state, MNM is the corresponding term of mass matrix, ρ is the material density, N is the array of shape function of the finite element and t is the surface traction force vector.
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In actual ultrasonic joining, the vibration amplitude of the sonotrode is closely related to welding power and sonotrode force in vibration direction. Here, the shear force is assumed to be propotional to sonotrode speed, which is analogous to the damping force. The vibration of the sonotrode u(t) is given by Equation (5), and the velocity can be obtained from the time derivative of displacement as written in Equation (6):


  u   t   =   u   0     sin     2 π f t      



(5)






  v   t   =   v   0     cos     2 π f t      



(6)







Here, u0 is the averaged vibration magnitude, f is the vibration frequency and t is the welding time. Therefore, the sonotrode force can be defined as the function of peak force F0, vibration frequency f and welding time t. Welding power can also be calculated through the integration of sonotrode force and velocity as shown in Equations (7) and (8).


  F   t   =   F   0     cos     2 π f t      



(7)






   Q =   ∫  0   ∆ t    F v d t / ∆ t     =   F   0   ·   v   0     π f   



(8)







In the literature [16], it is shown that sonotrode force and vibration amplitude reaches a stable state in USW after a dramatic ramp-up at the beginning. The force is influenced by material softening due to temperature rise, indentation depth, clamping load and vibration mode in different coupon dimensions. In this study, the sonotrode force is cut off at the clamping load through assuming the maximum friction coefficient reaches 1.0. Such estimation is reasonable for the early ultrasonic welding stage when the sonotrode tip remains at a relatively shallow indentation depth. Three-dimensional hexahedron elements with a bilinear shape function are used in the finite element model. Due to the assumption of elasticity, only Young’s modulus and material density at room temperature are needed for modal analysis. The detailed values can be found in Table 1. In this study, a constant friction coefficient of 0.6 was adopted in the simulation based on the experimental results of Veries’s work. The contact and friction were defined for sonotrode tip/top sheet, top sheet/bottom sheet and bottom sheet/anvil interfaces. The two faying surfaces were allowed to slide against each other and separate after contact.




2.2. Simulation by Coupled Thermo-Mechanical Analysis


The modeling results from modal analysis were also validated using a 3D transient thermomechanical finite element model [11]. The major challenge in such a detailed simulation is the computational cost due to coupled motion–thermal–mechanical analysis and enormous vibration cycles. Nevertheless, the thermal history, temperature distribution, plastic strain, residual stress and distortion can be modeled in that simulation framework, which provides insights into joining mechanism and process optimization. In the present study, we employed the 3D transient simulation model to predict the relative motion as well as peak temperature at the early stage of USW for different interfaces.



The transient simulation model basically shares the same model as modal analysis except for the differences in boundary condition and analysis procedure. The sonotrode vibration is predefined as the reciprocating motion following a sinusoidal displacement-time curve. According to the high-speed digital image correlation (DIC) measurement results in previous publications [9,10], the vibration amplitude of a sonotrode slightly changes during the USW process. Here, the objective of this study is to evaluate the heat generation and relative motion at the faying interface for different geometries of the workpiece. Therefore, the amplitude of the sonotrode vibration is assumed to be constant, and the bottom sheet is fixed at the anvil side to constrain the specimen. Heat generation consists of two parts: one is related to the frictional heat produced by the materials sliding at the interface, and the other is the plastic dissipation when the material undergoes severe plastic deformation [20] and a high strain rate as shown in Figure 2. The free body diagram is utilized to explain the heat generation and thermal contact behavior at the interface. The heat generation due to frictional work is equally distributed onto the two sides of surface, and the gap heat conductance takes a value between 5000–30,000 W/m2/K, which linearly changes with pressure within range of 0.1–10 MPa [21,22,23], while the heat transfer coefficient was defined as 30 W/m2/K [24] for all surfaces that are exposed to the environment.



The control equation for thermal conduction during USW can be written as Equation (9):


  ρ c   ∂ T   ∂ t   − ∇ ⋅   k ∇ T   −  q V  = 0  



(9)




where ρ is the material density, c is the specific heat and k is the heat conductivity. The temperature-dependent material properties of AA6061-T6, used in thermo-mechanical analysis, are listed in Table 1. The material density is considered as a constant 2700 kg/m3. The volumetric heat source qv denotes the heat generation rate during plastic dissipation, which can be calculated through the integration of plastic work at each material point using Equation (10):


   q V  = η  σ  :    ε ˙   p   



(10)




where η is the fraction of plastic work converted into heat, σ is the stress tensor and      ε ˙   p    is the plastic strain rate.



During integration of Equation (9), a heat source term on the sliding surface will appear as a boundary condition. Here, the heat flux qf is the heat generated through frictional work at the interface, and it can be written as Equation (11). It is assumed that 100% of friction work is converted into heat.


   q f  = f ⋅ P ⋅ v  



(11)




where f = f(T, P) is the friction coefficient of the interface which can be dependent on temperature (T) and pressure (P). v is the slipping rate at the interface between the two contacting surfaces. A user subroutine VFRIC can be defined to dynamically update the friction coefficient as a function of temperature and pressure [9]. To save computational cost, the geometric details of the sonotrode tip and indentation process on the top surface were not considered. Instead, an increased friction coefficient that is 0.5 times larger than that used for the Al/Al faying interface was used to mimic the effect of sonotrode teeth engaging on the shear force at the sonotrode tip/top sheet interface. Displacement control was used in the thermo-mechanical model, and vibration cycles with an amplitude of 16 μm were applied on the sonotrode. The interactions between weld sheets including the contact in normal direction and friction force in plane were taken into account.




2.3. Connection of Simulation Approaches and Experiments


The input data and output results of the two analyses using the proposed modal analysis tool and thermomechanical model, as well as those from the physical experiment, are depicted in Figure 3. Due to the assumption of elastic strain and a steady state in modal analysis, only the relative motion at the joint interface can be compared with the thermo-mechanical model, which is validated using measured temperature and deformation [9]. Meanwhile, the high-stress region predicted via modal analysis may result in extensive plastic dissipation that transforms into heat which can be captured using IR imaging. The joint strength and fracture can also be indicators of joining performance corresponding to vibration mode and high stress.





3. Results and Discussion


3.1. Al Alloy USW Vibration and Joint Strength


In order to validate the proposed simulation method, the experimental Al-Al USW cases by de Vries were numerically studied using both modal analysis and thermo-mechanical analysis. The effect of coupon length on relative motion and joint quality was investigated using the USW model as shown in Figure 1. Such a welding condition represents an approximate one-dimensional (1D) problem that can be solved analytically and used to facilitate the understanding and comparison with numerical modeling. It is noted that sonotrode vibration direction is along the longitudinal direction to trigger the resonance vibration at a specific coupon geometry and processing condition. The top sheet was welded without any restraint such that the left end could move freely. The extension length L from sonotrode position to the short edge was defined as a variable influencing the vibration and joint quality. The wavelength λ of ultrasonics propagation in the Al material can be calculated using formula   λ =   1   f      E   ρ      as 252 mm. The results in Figure 4 reassembles the stress wave shape of the material under ultrasonics vibration and stress propagation, with the differences in the node and anti-node positions. For L = ¼ λ and L = ¾ λ, the sonotrode tip has only a few microns of vibration amplitude, appearing to be the node position. Taking the case of L = ¼ λ as an example (red curve), the start point of the horizontal axis, which is the center of sonotrode tip, corresponds to a vibration amplitude of less than 5 μm, and the relative motion at the faying interface is expected to be even smaller. On the other hand, the vibration amplitude of the sonotrode is more than 20 μm when L = 1/2 λ or L = λ. For the case with L = λ (green curve), the sonotrode vibration amplitude is nearly 25 μm under the given ultrasonic power, which is favorable for frictional heat generation at the joint interface.



The relationship between Al–Al interfacial relative motion and the extension length is shown in Figure 5. It is clear that the relative motion between the faying surfaces of the top Al sheet and bottom Al sheet is very low at critical lengths (L = λ/4, 3λ/4, …). The clamped location near the sonotrode appeared to be a node position where the top sheet hardly vibrates against the bottom sheet. In such a case, ultrasonic welding is similar to the scenario of welding on a single sheet, with most of the heat generated on the top sheet surface. Therefore, a severe plastic deformation will be produced on the top sheet, resulting in a weak bond at joint interface as shown by De Vries’s experiment (see Figure 5). The variation in the joint strength of Al ultrasonic welding with respect to extension length L has a good correlation with computed interfacial vibration. A larger interfacial vibration or relative motion is generally needed to clean oxides at the faying surfaces and to achieve higher temperature for diffusion bonding [25]. In actual welding, the node position or node line of the sheet should be avoided to facilitate a sound bond.



Through the 3D transient thermo-mechanical finite element analysis, the temperature field at an actual welding time of 0.2 s in case L = 63 mm (1/4 λ) and L = 126 mm (1/2 λ) is shown in Figure 6. For USW at node position (L = 1/4 λ), the frictional heating is concentrated on the sonotrode/workpiece interface, resulting in a peak temperature about 400 °C outside the sonotrode area. The IR-measured temperature in Vries’s work showed a peak value of 314 °C. Welding for a longer time at such a high temperature will greatly soften the yield strength of the Al alloy and cause severe damage to the top sheet or even join the sonotrode to the sheet. Figure 7 reveals that the top sheet (L = 1/4 λ) is hardly driven to vibrate against the bottom sheet, with average relative motion less than 2 μm. Thus, shear deformation and interfacial sliding are quite limited in order to break the oxides on the interface and generate enough heat to facilitate a bond.



On the other hand, if the top sheet has an extension length of L = 1/2 λ, the relative motion at the joining interface fluctuates between 10 μm and 16 μm, which means ultrasonic energy has been effectively delivered to the faying surfaces. For the 0.2 s USW by de Vries, the measured highest temperature in this weld at the anti-node position is 200 °C, corresponding well with the simulation results for the top surface, which is about 188 °C. From the 3D thermomechanical model, the interfacial temperature reached 350 °C, which can promote diffusion bonding to form a good weld. In actual welding, the welding time and clamping load can be determined using the model to avoid sonotrode welding and extrusion.



For a quantitative validation of the developed modal analysis tool, the peak temperature on the top Al sheet as well as the interfacial relative motion are plotted in a bar chart as shown in Figure 8. For the two typical cases with the sonotrode applied at the node and anti-node position, the modal analysis and thermomechanical analysis show a qualitative agreement on the predicted interfacial vibration. The difference (27%) in the absolute value is due to the assumed elastic material property in modal analysis but temperature-dependent elastic–plastic material model in thermomechanical analysis. The major advantage of modal analysis is the short computational time, which was less than 2 min, whereas the 3D thermomechanical model took about 12 h for the 0.2 s USW process simulation.




3.2. Hot Spot Phenomenon in Lightweight Material USW


Due to wave propagation and superposition, stress may concentrate at certain area of the weld component, showing as a “hot spot”. Such an area may result in a higher temperature increase than the periphery region due to strain energy dissipation. The occurrence of hot spots in the ultrasonic welding of a single joint is investigated using a numerical model and physical experiment.



An ultrasonic welding machine by Sonobond® with a fixed vibrational frequency of 20 kHz was employed in the present study. The welding machine has a maximum power of 3500 W and clamping pressure of 100 psi. The sonotrode tip has a round shape with a diameter of about 10 mm, and it was preset in the holder with the teeth on the contact surface parallel to the long edge of sheets, since the vibration direction is perpendicular to the long edge. The nominal clamp pressure of the USW machine was preset as 0.414 MPa (60 psi), and the actual load as calibrated was about 1300 N. The anvil has a cylinder shape (diameter D = 16mm) with many tiny sharp teeth on the top surface. Two AZ31 thin sheets in the same dimension (25.4 × 101.6 × 1.0 mm) were stacked up with the long edge aligned and overlapped at a distance of 35–45 mm. The surface of the two magnesium sheets was ground using SiC abrasive paper with a grit size of 80 to remove original painting and oxides. The top surface of the upper Mg sheet was sprayed with high-emissivity painting to facilitate the infrared (IR) measurement. The welding location had the same distance to the two long edges of the top sheet. The Mg sheets were welded under a welding power of 2000 W and processing time of 2.5 s with the ultrasonic welding machine and sonotrode. IR imaging was employed to record the overall surface temperature evolution during USW.



The temperature of the test coupon at 1.0 s is shown in Figure 9, with grayscale to highlight the temperature increase of the coupon. In addition, the cut-off temperature was set as 160 °C for comparison. The maximum temperature rise at the hot spot area can be as high as 50 °C. Through offsetting the top sheet −5 mm or +5 mm, the hot spot can be avoided. The numerical model has reproduced well the stress concentration on the edge, with maximum stress over 200 MPa far exceeding the yield strength of AZ31, which is about 160 MPa.



A similar phenomenon is observed in Al alloy USW, as shown in Figure 10. At an overlap distance of about 40 mm, hot spots appeared on the two edges of the top Al sheet, corresponding well with those in the Mg–Mg weld scenario. This is because the two materials have very similar acoustic speed at room temperature, and the geometric dimension of the sheets as well as the sonotrode vibration direction are the same. More interestingly, a visible crack was observed in the hot spot region of one specimen, probably due to low-cycle fatigue from ultrasonic vibrations. In addition to changing overlap area of the two sheets, the joining location, vibration direction and thickness of metal sheets can be investigated with the developed modal analysis tool to avoid such hot spot and crack consequences. Compared with the 3D thermal-mechanical FEA, the modal analysis is much more efficient since each case is analyzed within several minutes.



The hot spot phenomenon which occurred in the USW of a Mg alloy sheet and an Al alloy sheet is summarized in Table 2. It is clear that the overlap length or extension length of the top sheet has a decisive role in triggering the hot spots. In this case, an analytical solution is hard to find for the transverse vibration due to the 2D feature of the problem. With the modal analysis tool, the welding condition can be pre-screened in order to avoid the critical length configuration. To compare the modeling results and experimental measurement quantitatively, the distances of hot spots relative to the sonotrode center are listed in Table 3 for both Mg and Al sheets USW. The measured distances according to IR imaging are about 30–32 mm and those obtained through model prediction are 28–33 mm, showing good agreement between the two approaches. The high stresses induced by ultrasonic vibration are mainly due to the bending deformation in the transverse direction (or sonotrode vibration direction), which is probably close to the anti-node position of the sheets.



The clamping fixture can be used to mitigate the hot spots induced by ultrasonics, as shown in Figure 11. The fixtures were represented by solid elements in the model, and a fixed boundary condition was applied on the outer surface, while a contact condition was applied on the inner surface. A static analysis of pressure loading was carried out first, followed by the harmonic excitation modal analysis. The numerical results of modal analysis predict much lower principal stress (max. 20 MPa) in the top sheets under two symmetric fixtures. This is because the frictional force is exerted on the free ends of the sheets to limit vibration. The bending deformation in the vibration direction is greatly reduced; hence, the in-plane stress is also controlled to a much lower level. Such a prediction successfully explains the observation in the experiment, which achieved crack-free specimens. This kind of close fixture is necessary in multiple spot welds to protect both the base material and existing welds. Recent work by Becker and Balle [25] is a good example to make use of fixtures to weld two spots on the same coupon.




3.3. Mg Alloy Multi-Spot Welding


The multi-spot joining of Mg to Mg, as shown in Figure 12a, was analyzed by means of modal analysis. The effect of weld spacing on ultrasonic joining performance was investigated. The length of the top sheet is 127 mm (5″), which is half the wavelength of Mg material. Two cases with different weld spacing were numerically studied with the developed modal analysis tool. The first case has even spacing with a = 25.4 mm (1″) among the four weld spots. The second case has even spacing with a = 31.8 mm (1.25″) among the four weld spots. Each model starts from a bond-free condition, and a tie constraint will be added between the faying surfaces if the location has been ultrasonically joined. The relative motion at the current joining interface and shear stresses at the previously joined interface will be used as two indicators for USW performance evaluation.



For the case of spacing equal to 25.4 mm, the contour of the vibration amplitude when joining at locations Weld-2 and Weld-3 is plotted in Figure 12b. The relative motion between faying surfaces at Weld-2 is apparently smaller than that at joining location Weld-3. Furthermore, the interfacial shear stress during ultrasonic welding is predicted for each joint location as shown in Figure 12c. When USW is performed at location Weld-3, the peak stress induced during previous welds is much higher than the lap-shear strength of a USW joint, which is typically below 60 MPa [10,25]. Thus, bond failure can occur, especially when the existing welds are not strong.



Figure 13 is a bar chart that summarizes the relative motion at the current weld interface as well as the peak shear stress recorded in adjacent welds when joining a spot weld. From the modeling results in Figure 13a, the case with weld spacing equal to 25.4 mm shows a large variation in relative motion, while the four spot welds in the case with a = 31.8 mm all have a similar level of interfacial motion. From the stress analysis results in Figure 13b, the welding design with weld spacing equal to 25.4 mm is more likely to generate a detrimental stress wave during spot welding at location Weld-3. If the interfacial stress induced by ultrasonics is up to 100–200 MPa, the spot welds basically cannot survive under such high impact force. On the other hand, the design with weld spacing equal to 31.8 mm has a maximum shear stress below 50 MPa in all four welds.



Figure 14 shows the temperature distribution as captured using an IR camera when the pre-setting ultrasonic welding time is about to expire in the two cases of Mg sheet joining with different spacing. The measured peak temperature in the first case with a spacing of 25.4 mm reached about 350 °C in weld spots 1 and 3, whereas that in welding spot 2 was slightly below 300 °C. Such an observation is consistent with the modal analysis prediction of relative motion. On the other hand, the case with weld spacing 31.8 mm exhibits relatively uniform peak temperatures among the four locations, which are also indicated by the numerical results in Figure 13a. The temperature history profiles for the location 6 mm away from the edge are put together in Figure 14c,d. It should be noted that the start time for temperature increase is adjusted to align with the first weld spot in order to facilitate the comparison of the peak temperatures. The temperature in Weld-3 of the 25.4 mm case differs from other profiles in terms of heating rate change and higher peak temperature, which is probably due to the variation in structural constraint during welding.



Figure 15 is the side view of the welded samples with spacing of 25.4 mm, showing the debonding phenomenon at Weld-1 and Weld-2. The gap was enlarged through inserting a 1 mm thick sheet material between the top and bottom Mg sheets. Such fracture behavior at the joint interface is the result of a weak bond due to small relative motion and high impact force induced by ultrasonic vibration, which is consistent with modal analysis. On the other hand, ultrasonic welding with a spacing of 31.8 mm yielded coupons without failure of the weld spots. This is evidenced by the predicted relatively uniform interfacial vibration and low shear stresses at the four weld locations. In future studies, clamping/fixture should be modeled with appropriate contact modeling to isolate the vibration dynamics in the joining area. Large-field high-frequency imaging is necessary to visualize the vibration mode and amplitude. Fixture design guided by computational models will play a key role in advancing ultrasonic spot welding for various metals and alloys. Meanwhile, the optimization of welding energy [20,25] and inclusion of the interlayer [3] can also be applied to improve the joint strength to enable multi-spot welding, especially for dissimilar materials.





4. Concluding Remarks


A finite element modal analysis method has been developed for investigating structural responses in the ultrasonic welding process. The model considers essential features such as clamping load, sheet interaction and friction force. Relative motion at the faying surfaces of the materials to be joined are predicted under given sonotrode force. The following conclusions can be drawn based on modeling results and experimental observations:




	(1)

	
The vibration predicted from the modal analysis has good correlation with the 3D transient thermomechanical analysis. When the sonotrode is applied near the node position of the global vibration mode, much lower relative motion and heat generation are predicted. On the other hand, a large amount of heat generation and relative motion are produced for the coupon with an extension length of anti-node vibration.




	(2)

	
Compared with coupled thermomechanical analysis, modal analysis offers a far more efficient path to evaluate the joining capability and efficiency under the assumption of elasticity and steady-state response. Only a few minutes were needed for modal analysis to complete a prediction.




	(3)

	
The developed modal analysis tool also provides detailed information about structural stress concentration during ultrasonic welding. Hot spots have been observed in the USW of Mg alloy and Al alloy at the condition predicted using the numerical model, which can be related to crack occurrence in lightweight metal joining.




	(4)

	
With the aid of modal analysis, hot spots can be pre-screened, and the welding condition can be optimized by means of changing overlap length or applying clamping fixtures.




	(5)

	
Multi-spot welding of Mg-alloy thin sheets was simulated via modal analysis, which successfully revealed high shear stress in the sheet with shorter weld spacing as validated by the fracture behavior in the existing bond. Weld spacing can be optimized to avoid high impact force to achieve multiple joints on the same work piece.
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Figure 1. Finite element model and weld coupon dimensions. 
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Figure 2. Illustration of part motion, heat generation and gap conductance in ultrasonic welding. 
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Figure 3. Input and output of numerical models and experiment as well as validation dataset. 
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Figure 4. Vibration amplitude of material along the coupon length. 
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Figure 5. Dependence of interfacial relative motion (current simulation) and experimental weld strength [16] on extension length. 
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Figure 6. Temperature field predicted through coupled thermomechanical analysis. (a) L = 63 mm. (b) L = 126 mm. 
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Figure 7. Top sheet vibration relative to bottom sheet predicted via thermomechanical analysis. 
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Figure 8. Comparison of modeling and experiment results: (a) peak temperature on top Al sheet and (b) relative motion at the mating interface. 






Figure 8. Comparison of modeling and experiment results: (a) peak temperature on top Al sheet and (b) relative motion at the mating interface.



[image: Metals 13 01735 g008]







[image: Metals 13 01735 g009] 





Figure 9. Predicted stress distribution under harmonic excitation and IR imaging of temperature rise in 1.0 mm AZ31 USW. 
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Figure 10. Modeling and experiment of AA5754 sheet USW: (a) coupon dimension and welding configuration; (b) transient stress distribution predicted using model; (c) IR image during USW in grayscale. 
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Figure 11. Mitigation of hot spots through applying fixtures on the two ends of top sheet: (a) stress prediction via modal analysis; (b) experiment validation of AA5754 USW. 
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Figure 12. Computational vibration mode and shear stress distribution for even-spacing (a = 25.4 mm) ultrasonic spot welding: (a) configuration of weld spots; (b) vibration amplitude of the sheets and interfacial motion; (c) shear stress distribution induced by ultrasonics. 
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Figure 13. Relative motion and maximum shear stress at the faying interface, predicted via the modal analysis: (a) Relative motion (b) Interfacial shear stress. 
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Figure 14. Temperature field and history measured via IR camera: (a) IR image in welding with spacing 25.4 mm; (b) IR image in welding with spacing a = 31.8 mm; (c) welding temperature in case a = 25.4 mm; (d) welding temperature in case a = 31.8 mm. 
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Figure 15. Failure of existing welds due to ultrasonic vibration in multi-spot AZ31 ultrasonic welding. 
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Table 1. AA6061 material properties used for transient thermo-mechanical simulation.
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	Temperature (°C)
	25
	205
	315
	370



	Young’s modulus (GPa)
	68
	59
	47
	38



	Yield strength (MPa)
	275
	130
	34
	21



	Heat conductance (W/m/°C)
	167
	193
	206
	217



	Heat capacity (J/kg/°C)
	896
	1030
	1078
	1104










 





Table 2. The occurrence of hot spots in lightweight metal USW.
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Material

	
AZ31 Mg Alloy

	
AA5754






	
Overlap length

	
35

	
40

	
45

	
40




	
Model prediction

	
No

	
Yes

	
No

	
Yes




	
Experiment result

	
No

	
Yes

	
No

	
Yes











 





Table 3. The distance from the center of each hot spot to the sonotrode.
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Material

	
AZ31 Mg Alloy

	
AA5754






	
Hot spot Location

	
Left

	
Right

	
Left

	
Right




	
Model prediction

	
32.9

	
31.0

	
27.9

	
31.1




	
Experiment result

	
31.3

	
31.8

	
30.9

	
31.5

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
......






media/file4.png
Umid 1

Anvil

T

(1
Umid 2

(1) Frictional heat
(2) Gap heat conductance

(3) Plastic dissipation induced heat





media/file30.png
Weld-1 and Weld-2 failed when joining Weld-3.

Sample-1

Sample-2






media/file18.png
S,

Si1

(Avg: 75%)

X

+2.1e+08
+2.0e+08
+1.7e+08
+1.3e+08
+1.0e+08
+6.7e+07
+3.3e+07
+4.0e+00
-3.3e+07
-6.7e+07
-1.0e+08
-1.3e+408
-1.7e+08
-2.0e+4+08
-2.2e+08

4
1
A

45 25
N 4
40 31
®
34 37

4

A

Q8






media/file21.jpg





media/file31.png





media/file26.png
Relative motion at interface (um)

B Weld-1 ®mWeld-2 ®Weld-3 B Weld-4

" Lower heat generation

/

a=25.4mm (1.0") a=31.8mm (1.25")

(a)

100 ¢

Maximum interfacial shear stress (MPa)

- mMWeld-1 ®mWeld-2 ®mWeld-3 m Weld-4

10 |

-
& B

\,_ "~ Highimpact force

a=25.4mm (1.0") a=31.8mm (1.25")

(b)





media/file27.jpg
Tansent tempeature (¢

Weld-4 was ot done
due to fracture 3t
Weld-1 and Weld-2

ot temperature (<)

&

&

§

&

Time )

@





media/file3.jpg
Anvil

e o1

() =)
o2
s
2 tl] Umid 2

(1) Frictional heat
(2) Gap heat conductance
(3) Plastic dissipation induced heat





media/file22.png
S, Max. Prnincipal (Abs)

(Avg: 75%)
+2.05e+07
+1.69e+07
+1.33e+07
+9.69e+06
+6.10e+06
+2.50e+06
-1.10e+06
-4.70e+06
-8.30e+06
-1.19e+07
-1.55e+07
-1.91e+07
-2.27e+07

(a)





media/file19.jpg
40mm

25mm

Sheet material AAS754
Thickness 1.0 mm
Dimension 1”x4”
(25.4 mm x 101.6 mm)





media/file7.jpg
15604

£ 1oem

g L

g

3 Y

£ soe0s | sonoucd NN

g iton N

s

§  ooewol

3 02 025

=

s
50605 —C1aR eee a2

——L3/AN —ed

-1.0£.08

Distance from sonotrode tip (m)





media/file28.png
L
» 1)
ey

Weld-2 I

no

Weld-4 was not done
due to fracture at
Weld-1 and Weld-2.

400 400
(%) (8) Weld-1
& g
v 300 @ 300 | - = Weld-2
‘E & eeees Weld-3
Q
8 200 g— 200 — =\Neld-4
E Q
s 3
e & o S s -
& 100 @ 100
L n
G -
i } -
= =
O 1 1 1 1 1 0 1 1 1 1 1

Time (s) Time (s)

(c) (d)





media/file10.png
(N) Yyiduauais uior SN pa1saL

(wnl) 2oejia3ul e uoIioW BAIR|DY

) o o = (] o
o o (@] D o (] o
(Vg - (Vg o (Vg o )
o o N (@) — — (W) (@]
(Vs)
Q
=
>
>
L o-
= 9
e @
Q O
S5
e
(V5]
ety
= Wz
D W e e
J
:
o \
G
1 =15
1 dN
g
(= e
O < =
= L 7
o) CN
&
Q /
2
e Y L -l D S,
1 1. Ee
e O
* Q
(Fp] o w o W o (¥ o
m ™ (oY o~ — —

0.15 0.2 0.25 0.3
Extension length of top sheet L (m)

0.1

0.05





media/file14.png
Relative motion at joint interface (m)

2.0E-05

1.5E-05

1.0E-05

5.0E-06

0.0E+00

-5.0E-06

-1.0E-05

-1.5E-05

-2.0E-05

—Ll=%A —L=YA

|

0.0005 0.001 0.0015
Time from start of welding (s)

0.002





media/file11.jpg





media/file6.png
Input

data:
Process Harmonic excitation 3D dynamic thermo Physical experiments:
based Modal analysis: mechanical analysis IR imaging, tensile test
_— NT11
NV
4 N | :
|
! Temperature fiel ;
Output l ; . |
I Deformation etc !
results I N :
and : | } |
5 . ! y - I (e By II |
rE|atl0n. : [ Vlbrat|0n mOde J I LOcaI pressure :| [ Joint Strength ] |
- J I ¢ J [ |
[ ' ) L :
| : . ; u «
I [ High-stress region ](‘ - Tool penetration = ,{ Hot spot, fracture ] :
| I \ J II :






media/file15.jpg
Peak temperature near sonotrode tip (C) In