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Abstract

:

To reduce vehicle weight and improve energy efficiency, automotive manufacturers are increasingly using aluminum body panels. However, the traditional joining method, Resistance Spot Welding (RSW), presents challenges like weld porosity and electrode degradation when used with aluminum. These issues have driven the industry to explore alternative, more effective methods for joining aluminum in vehicle manufacturing such as Refill Friction Stir Spot Welding (RFSSW). This research reports on a comparison of the microstructure and mechanical properties of welds made with RSW and RFSSW in AA6061-T4 automotive sheets. This comparison includes CT scanning, optical and SEM imaging, statistical microscopy, hardness testing, tensile testing, and fatigue testing. The results showed that RFSSW produced fully consolidated welds with a refined, equiaxed grain structure that outperformed RSW’s dendritic grain structure by as much as 73% in tensile testing and 2600% in fatigue testing. These results suggest that future designs utilizing RFSSW could incorporate fewer joints, reducing processing time, energy consumption, and tool wear. Cost studies also found that RFSSW consumes 2.5% of the energy that RSW does per joint, demonstrating that RFSSW is positioned as the preferred method for joining aluminum automotive sheets.
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1. Introduction


As automotive manufacturers strive to create more energy-efficient vehicles, reducing vehicle weight has emerged as a key strategy. A leading method for lightweighting vehicles is the substitution of aluminum body panels in place of traditional steel panels. This switch alone can result in as much as a 50% reduction in the weight of the panels [1,2]. However, the switch from steel to aluminum body panels is not a trivial task as joining aluminum can be challenging. Resistance Spot Welding (RSW) is used to join steel body panels. RSW, shown in Figure 1, works by clamping the part with two copper electrodes while simultaneously applying a current. The current generates resistance at the interface of the two sheets, producing enough heat to melt the material. The current is then removed, and the material solidifies to form a weld nugget. While RSW has proved to be a reliable and cost-effective way to join steel, there are challenges when applied to joining aluminum. Specifically, RSW of aluminum alloys tends to produce porous welds that are prone to cracking [3,4]. RSW of aluminum also leads to accelerated degradation of the electrode due to the formation of inter-metallic compounds (IMCs). The formation of IMCs consumes the electrode and creates an insulating layer, resulting in the energy of the current being drawn away from the formation of a weld nugget and leading to poor weld quality [5]. The issues with weld porosity and electrode degradation during RSW of aluminum have been mitigated by the industry. However, the solutions employed add additional cost and time to the joining technology. As a result, automotive manufacturers are researching alternative methods for joining aluminum body panels.



Self-Piercing Rivets (SPRs) have become a popular alternative for joining aluminum body panels as it has proven to be reliable. Research comparing SPRs and RSW shows that while both joints have comparable static strengths, SPRs demonstrate greater fatigue life [6,7,8]. Despite these results, the cost and additional weight of having a rivet at each joint makes the process less attractive from a manufacturing perspective [6,7].



Friction Stir Spot Welding (FSSW), a predecessor to Refill Friction Stir Spot Welding (RFSSW), has been used previously in automotive joining of aluminum body panels. The most notable cases are in the Mazda RX-8 and the Toyota Prius [9,10]. FSSW is a solid-state joining process, using pressure, temperature, and strain to the material to create a diffusion bond [11,12]. FSSW does this by plunging a rotating pin tool into a lap joint configuration, utilizing frictional heat to soften the material which allows the pin to stir the material together.



Several studies have been performed comparing FSSW and RSW. Research by Mustafa et al., Karthikeyan et al., and Bozkurt et al. found that they were able to produce joints with higher tensile strength than RSW in a variety of aluminum alloys [13,14,15]. This research shows that FSSW has matured and is a capable joining process for aluminum alloys. However, slow cycle times (multiple seconds) and the presence of an exit hole has limited the adoption of FSSW in mass production.



In contrast, research in RFSSW, undertaken by Al-Zubaidy, Larsen et al., and Hovanski et al., has shown that sound RFSSW joints can be created with sub-one second cycle times, making the process very competitive with RSW from a manufacturing perspective [16,17,18]. Short cycle times combined with improved mechanical properties from a solid-state joining process, positions RFSSW to potentially replace RSW as the leading technology for joining aluminum body panels. RFSSW can be broken down into four stages: clamping, plunging, refilling, and lifting (Figure 2). RFSSW tooling consists of three pieces: the clamp, the shoulder, and the probe. During clamping, all three pieces move down together onto the work piece, ending with the clamp applying pressure onto the work piece to hold it in place. Next, during plunging, the rotating shoulder plunges into the work piece. Simultaneously, the rotating probe moves up and away from the work piece, creating a cavity that is filled by material that has been displaced by the shoulder. In the refilling stage, the shoulder and the probe move back to their original positions, refilling the joint with material. Finally, in lifting, all three pieces lift off the work piece, leaving a fully consolidated weld with a smooth flat top.



Because RFSSW is a solid-state process, the resulting RFSSW joint is believed to be stronger and more ductile than comparative RSW joints. It is also believed that RFSSW joints can be made with less energy consumption. However, little research has been conducted to compare both joining methods.



Direct comparisons of RFSSW and RSW have been conducted by both Dudek et al. and Schmal et al. [19,20]. Dudek et al. investigated the effects of corrosion protection methods on each joint type, while Schmal et al. investigated how each joining method combined with adhesives. In both studies, a base tensile strength of each joining method was reported before corrosion protection or adhesives were applied. Dudek et al. reported that the RSW joint was 11% stronger, while Schmal et al. reported that the RFSSW joint was 50% stronger. These contradictory results make it difficult to compare RFSSW and RSW as joining methods for aluminum sheets.



The goal of this study is to better quantify how RFSSW compares to RSW by providing detailed data on both technologies, making the comparison of the two technologies easier. This study presents a comprehensive comparison of the microstructure and the mechanical performance of both RFSSW joints and RSW joints. A plethora of material tests were used to quantify each joint type, including surface topography, cross-sectioning, CT scanning, statistical microscopy, microhardness testing, static tensile testing, and fatigue cycle testing.



In partnership with Toyota Motor North America, a door welding cell was selected as a case study. The cell utilized in this research uses nine industrial robots, creating eight unique RSW joints, and a total of 85 aluminum joints on every door. A previous study by the authors focused on evaluating the viability of using RFSSW in place of RSW in this welding cell [21]. The study utilized a digital twin to simulate both the current RSW process and a future RFSSW version of the process, considering cycle times, maintenance times, and tooling life. The study concluded that RFSSW is currently capable of producing the same quantity of doors as RSW currently does. These results incite a need to characterize the microstructure and mechanical performance of each technology side by side.




2. Materials and Methods


For this study, three unique stack-ups were chosen from the cell to represent a thin, median, and thick joint, shown in Table 1. All the joints in the cell are made from AA6061-T4 sheets, whose example composition and tested mechanical performance can be found in Table 2 and Table 3, respectively. It should be noted that the material was older than the manufacturer’s recommended 90-day shelf life and had thus naturally aged out of a true T4 state. Sample coupons were 100 mm × 30 mm and welded in a lap joint configuration with a 28 mm overlap, as shown in Figure 3. All material was welded in the condition it was received in, which best replicates the Toyota case study.



All RSW was performed by Toyota, utilizing an Obara servo driven weld gun, and applying Toyota-developed welding parameters. Details on RSW weld schedules and cycle times can be found in Table 4. All RFSSW was performed at Brigham Young University (BYU) in their Friction Stir Research lab, utilizing a Bond Technologies RFSSW end effector. The probe and shoulder were made of W360 tool steel with a diamond-like-carbon (DLC) coating. The clamp was made of H13 Tool Steel with a Ti-Carbide Di-Sulfide coating. Coatings were applied to the tools to increase the life of the tools, as demonstrated by Lauterbach et al. [24,25]. RFSSW parameters and cycle times, shown in Table 5, were optimized to achieve good surface finish and nugget pullout fractures. Nugget pullout fractures are a preferable failure method in automotive sheet welding as they are a more ductile fracture mode, making them more reliable and more energy absorbent than interfacial fractures.



Surface Topography images and cross-sectioned images were captured using a Keyence VHX-7000 digital microscope. Surface Topography testing allows for quantification of the surface finish of each technology, which is important when considering where welded joints can be located and what post-processing may be required to achieve acceptable product surface finishes. Cross-section samples were polished to 1 μm, then etched using Keller’s reagent (Table 6), and imaged on the Keyence at 100× magnification.



CT scans of the welds were captured with a Rigaku CT Lab GX scanner using 90 kV of voltage, 88 μA of current, and a voxel size of 72 μm. CT scanning allows for non-destructive and full-thickness verification of weld consolidation. Scans were taken through the entirety of the weld, moving perpendicular to the top of the weld. Three replicates of each joint were scanned; still shots of the scans are provided in this report.



Statistical microscopy was completed using a ThermoFisher Scientific Apreo C scanning electron microscope equipped with a TSL EBSD detector. Statistical microscopy allows for detailed and quantified analysis of the resulting microstructure of each technology, allowing for an improved insight into why each technology performed as it did. Samples were polished to 0.05 μm aluminum silica before scanning. Scans were taken with 20 kV, at 3.2 nA, and the resulting data were processed with OIM Analysis 8.



Microhardness testing was completed on a Suntec CM-402AT Vickers Micro Hardness indenter. Microhardness testing allows for quantification of the width of severity of the HAZ. Hardness points were measured every 0.25 mm in both the X and Y direction. A load of 300 g, held for 10 s, was used to create the indents.



Quasi-static tensile testing was completed on an Instron 4204 Tensile Tester. Samples were pulled at a rate of 10 mm/min, where the ultimate tensile strength (UTS) and the resulting force over displacement data were recorded. Tensile testing provides a quantitative comparison of the ultimate strength of each joint as well as the method of failure, which can indicate how much energy the joint can withstand before fracture. A spacer was placed on the thinner sheet to center the weld in the tester. For the three-sheet stack-up, an additional spacer was added between the outer sheets. Twelve replicates were pulled for each joint to ensure low sampling error.



Fatigue testing was completed on an MTS Series 809 Axial/Torsional test system. Fatigue testing provides a quantified measure for how the joint will perform across the life of the product. A tension–tension fatigue test was conducted using forces set at 80%, 60%, and 30% UTS of the weaker weld technology, with an R value of 0.1. Three replicates were run for all 80% and 60% tests to reduce sampling error. Only one sample was run at 30% because of time restraints. An additional set of fatigue testing was performed at 80%, 60%, and 30% UTS of the stronger weld, again with an R value of 0.1. Run out was defined as 1 million cycles.




3. Results and Discussion


3.1. Weld Surface


Figure 4 shows the surface profiles of each joint in this study. The two joining processes each create a unique surface finish; specifically, RSW creates a crater-like surface indentation, whereas RFSSW results in a smoother, step-down feature. The nominal range of depth for each of the welds is reported in Table 7. The RSW surface finish remained very consistent in both shape and depth across the three-weld stack-ups. It should be noted that, while one profile is shown, the profile is imprinted onto both sides of the coupon. The same clamping pressure was also used across all the RSW joints. In contrast, the RFSSW feature depth continued to increase as the weld stack-up became thicker. This is because, as the material stack-up increases in thickness, the RFSSW tool set must heat and plunge through more material, requiring more force. The increased force required for deeper welds inherently leaves a deeper imprint on the surface. Increased force can also induce flash forming around the edge of the weld. This is caused by a combination of high forces extruding material into the gap between the shoulder and the clamp, as well as that gap increasing as the outer diameter of the shoulder wears through normal use.



For both technologies, the surface indentation is considered minimal by automotive standards and can easily be smoothed over with current paint techniques. This allows both joining methods to be in areas of the vehicle that are visible to the consumer. However, the difference in surface indentation results in the RSW joint being as much as 400% thinner than the RFSSW joint, remembering that the RSW indentation is on both sides of the part. The thinning of the joint will have a negative impact on the mechanical performance of the joint.




3.2. Weld Consolidation


CT scanning is an effective, nondestructive evaluation method for void detection. Scans of the RFSSW joints showed that all the welds were fully consolidated. In contrast, scans of RSW joints only showed full consolidation in both the 0.8 mm/1.2 mm and the 2.5 mm/1.2 mm stack-ups, and notable void formation in the center of the 2.0 mm/2.5 mm/1.2 mm weld nugget. Void formation in RSW occurs due to aluminum’s changing solubility for hydrogen during phase changes. More specifically, molten aluminum has a high solubility for hydrogen from the surrounding atmosphere, creating a solution of aluminum and hydrogen. During solidification, aluminum’s solubility of hydrogen reduces, and the excess hydrogen escapes and forms bubbles within the weld, resulting in void formation in the weld nugget. The appearance of voids in the thickest stack-up is likely due to there being excessive heat and liquid material without an adequate amount of time before solidification for the hydrogen to escape. Increasing the slope down time would likely mitigate this issue. As RFSSW is a solid-state process, this problem is avoided. A comparison of CT scans from a RFSSW joint and a RSW joint is shown in Figure 5.




3.3. Microstructure


3.3.1. Statistical Microstructure


EBSD scans were performed on the nugget center and the nugget edge into the heat affected zone (HAZ) of both the RFSSW and RSW 0.8 mm/1.2 mm joints (Figure 6A). The scans showed that RFSSW produced a refined equiaxed grain structure while RSW produced a dendritic grain structure (Figure 6B). The equiaxed grain structure in RFSSW should result in a more ductile joint as this grain structure resists crack initialization and instead can evenly distribute stress across the entire joint. In contrast, RSW’s dendritic grain structure, which resembles a jagged tree-like structure, is prone to forming stress concentrations that result in crack initialization in the weld nugget, resulting in a more brittle joint [26,27]. The average in-nugget grain sizes of RFSSW and RSW are 2.58 μm and 64.83 μm, respectively. The distribution on grain sizes is given in Figure 6C.



While the heat affected zone (HAZ) does not go through any significant grain restructuring, the heat from the weld does cause grain growth in this region. As defined by the Hall–Petch relationship, this grain growth results in the material becoming softer in this region than the surrounding base material. Figure 6B shows the HAZ of both RFSSW and RSW in the 0.8 mm/1.2 mm stack-up. The EBSD scan of the RFSSW weld shows a minimal HAZ without a clear interface between the weld nugget and the HAZ. The high speed of this weld (250 ms cycle time) resulted in little heat input and resulted in an extremely small HAZ. Previous research has demonstrated that slower cycle times, similar to the other two stack-ups, do produce a HAZ [28,29]. The interface between the weld nugget and the HAZ of the RSW is clear, as the grain size and structure are notably different. In RSW, the grains in the HAZ are smaller than those in the weld nugget and are oriented and elongated in the rolling direction of the sheet.




3.3.2. Hardness Testing


In both welding technologies, the generated heat has a negative impact on the hardness and strength of the weld. Figure 7 shows that in RFSSW, the heat is generated in a column known as the stir zone and dissipates outward, while in RSW, the heat is generated at the material interface, forms a weld nugget, and dissipates out radially. Testing showed that the stir zone of the RFSSW is between 5 and 10 Vickers harder than that of the weld nugget in RSW. In RSW, the HAZ remains similar in size across all the weld stack-ups as the energy input into each weld is similar. In contrast, the RFSSW HAZ increases as the stack-up thickness increases. This correlation exists because, as the weld stack-up becomes thicker, RFSSW parameters are changed to increase the energy input, resulting in a larger and more severe HAZ. It can also be observed that after RFSSW in the thicker stack-ups, the top sheet is notably softer than the bottom sheet(s). This is because the tool enters and extracts from the top, exposing it to the most friction and, therefore, the most heat.





3.4. Mechanucal Properties


3.4.1. Static Tensile Testing


The average tensile strength of each weld is reported in Table 8. All RFSSW joints experienced nugget pullout as their fracture mode, while only the 0.8 mm/1.2 mm RSW joint experienced nugget pullout. The remaining two RSW joints experienced an interfacial fracture across the weld nugget. Each of these fractures’ modes is pictured in Figure 8A. A notable trend is the increasing difference in UTS between RSW and RFSSW as the total sheet thickness increases (Figure 8B). The strength of joints created with RFSSW are correlated with the overall sheet thickness. This is because these joints fail in the HAZ and, as the base material gets thicker, more force is required to fracture them. In contrast, the RSW weld nugget, which is a comparably smaller amount of material than the surrounding HAZ, governs the strength of the joint, resulting in the joint strength being reliant on the size of the weld nugget generated.



Elongation at UTS for each weld stack-up is given in Table 9. Like the tensile strengths, similar elongation was achieved by RFSSW and RSW in the 0.8 mm/1.2 mm stack-up, but an increasing difference in elongation appears between RFSSW and RSW as the joint thickness increases (Figure 9A). This gap can be attributed to the different grain structures and resulting fracture mechanics that each welding technology produces. Figure 9B shows SEM imaging of the fracture surfaces for both RFSSW’s nugget pullout, featuring ductile dimple rupture, and RSW’s interfacial fracture, featuring brittle fracture for the 2.5 mm/1.2 mm stack-up. Ductile dimple rupture is characterized by soft rolling peaks (dimples) prevailing across the surface of the fracture. In contrast, brittle fracture is characterized by flat surfaces with sharp, cliff-like edges.



In an automotive application, increased joint strength and elastic failure results in a joint that will be considered more robust, as it should be able to take shock loads better. This means that the RFSSW joint can absorb more energy in the event of a crash. This advantage in strength and energy absorption is emphasized in the 2.0 mm/2.5 mm/1.2 mm stack-up, which is a high load area of the door.




3.4.2. Fatigue Testing


Fatigue testing loads were conducted at 80%, 60%, and 30% of the UTS of the RSW joints for each stack-up, as RSW had the lower tensile strength in each case (Table 10). The results for the fatigue testing of each stack-up, 0.8 mm/1.2 mm, 2.5 mm/1.2 mm, and 2.0 mm/2.5 mm/1.2 mm, are reported in Table 11, Table 12, and Table 13, respectively. These results show that the RFSSW joints have both higher and more consistent fatigue strength than their RSW counterparts. Even in the case of the 2.0 mm/2.5 mm/1.2 mm stack-up, where the RFSSW fatigue life standard deviation is higher, the overall higher fatigue life still makes this joint more reliable. Further development of that weld could also reduce that standard deviation. All RFSSW fatigue fractures were nugget pullouts, as seen in the tensile test. All RSW fatigue fractures were interfacial fractures of the weld nugget. This can be attributed to the different grain structures produced by the welding technologies. RSW’s dendritic grain structure results in irregularly-shaped grains that are prone to forming stress concentration, resulting in fatigue crack initialization in the weld nugget. In contrast, RFSSW’s refined equiaxed grain structures resist crack initiation, leading to increased fatigue strength in the weld and the resulting nugget pullout fracture. Like the tensile and elongation results, the difference in fatigue strength between RFSSW and RSW increases as the joint thickness increases (Figure 10).



In application, fatigue strength establishes how robust and reliable the joints are. The increased fatigue strength and reduced standard deviation of the RFSSW joints allows engineers to design higher loads on the joints. This can result in future designs utilizing RFSSW to have fewer joints, reducing the overall processing time.



Additional fatigue testing of the RFSSW joints was completed with RFSSW-based loading conditions for better quantification of its fatigue performance. The loading conditions for these tests (Table 14) were 80%, 60%, and 30% UTS of the RFSSW joint. The resulting loading forces were notably higher than the RSW loading conditions used above. The results of the fatigue testing (Table 15) showed that RFSSW has a very consistent fatigue performance across two-sheet stack-ups, in both high and medium loading conditions, and improved fatigue performance in the three-sheet stack-ups. In all cases, the RFSSW experienced nugget pullout as its fracture mode.






4. Environmental Considerations


Other factors outside of microstructure and mechanical performance are critical in manufacturing, and should be considered when selecting a joining technology. One example is Toyota’s 2050 challenge, which is Toyota’s commitment to reduce their carbon footprint and overall energy consumption. So, to quantify the energy consumption of each technology, power draw was measured on both the BOND RFSSW end effector and the Obara servo driven RSW gun. Power was measured between the power source and the machine while a single spot weld was made, resulting in the power consumed by each machine per spot weld. Each machine was evaluated on the 2.5 mm/1.2 mm stack-up presented in this paper. In the case of the BOND RFSSW end effector, current was measured, and a constant voltage was assumed. Measurements of the Obara servo driven RSW gun measured both the current and voltage going into the machine. The results (Table 16) showed that the RFSSW end effector consumed 1 watt hour per spot, while the RSW end effector consumed 40 watt hours per spot. This drastic difference in energy consumption can be attributed to the different heating methods of each technology. The RFSSW end effector consumes energy to power servo-driven tools which creates frictional heat, while RSW must pass energy through invertors, transformers, and then into the work piece to create heat from electrical resistance. While the efficiencies of the subsystems and heating methods for each technology are outside the scope of this work, it is evident that RFSSW is a more energy-efficient method. With the average vehicle having 5000 spot welds, the difference between RFSSW and RSW could be as much as 195 kilowatt hours of energy per vehicle, potentially having a significant impact on both the economic and environmental cost of making a vehicle.



Another factor to consider is the cost of the wear items. In RSW of aluminum, the main wear item is the electrodes. A private, independent quote for 1000 RSW electrode sets was acquired, reporting the cost of an RSW electrode set to be USD 1.96. With an average RSW electrode set lasting for 2500 spots in the Toyota weld cell, the cost per spot of RSW tooling works out to be USD 0.0008. In RFSSW, the tool set is the main wear item. A private, independent quote for 1000 coated RFSSW tool sets was acquired, reporting the cost of a RFSSW tool set at USD 385. An internal study at BYU showed that a coated W360 steel tool set, the same used in this research, could produce 5000 spots in AA6061-T4 without a notable drop off in weld quality. As such, this calculation will make a conservative assumption that an RFSSW tool can create 5000 spots, leading to a tooling cost of USD 0.08 per spot, resulting in RFSSW consumables costing two orders of magnitude more than RSW’s.



However, ongoing research is working to bring down that cost by increasing the life of RFSSW tools. Research conducted by Belnap et al. has begun characterizing the effects of more suitable tool materials such as tungsten carbide (WC) on RFSSW weld quality, while work conducted by Masahiro et al. recently reported a RFSSW tool life of over 200,000 spot welds by utilizing a combination of WC tools and a novel tool cleaning solution [30,31,32]. These results could bring the cost of RFSSW tooling to below USD 0.01 per spot. Another RFSSW tool cost reduction method would be to only replace the shoulder while retaining the clamp and the probe for longer periods. It is well documented that the shoulder wears much faster than both the clamp and the probe [11,24,25]. Adding this method with Masahiro et al.’s method could result in tooling costs that are equal to, or less than, that of RSW.




5. Conclusions


This research presented a comprehensive comparison of the microstructure and mechanical performance of RFSSW and RSW joints in AA6061-T4. The data showed that the two technologies created quite different surface topographies and microstructures. RFSSW consistently produced a step-down feature on the top surface, while RSW created a crater-like feature on both surfaces. RFSSW welds were shown to be completely consolidated in all three stack-ups, while only the two thinnest RSW stack-ups were fully consolidated, with void formation taking place in the thickest stack-up. RFSSW created a refined equiaxed grain structure while RSW created a dendritic grain structure. These different grain structures lead to notable differences in the mechanical performance of each technology. In mechanical performance testing, RFSSW joints consistently outperformed RSW joints in both tensile and fatigue strength. RFSSW joints always experienced nugget pullout fracture, correlating the strength of the joint with the thickness of the stack-up. In contrast, as RSW stack-ups became thicker, the fracture mode switched from nugget pullout to interfacial fracture. This leads to the conclusion that the RSW joint strength was tied to the size and strength of the weld nugget, which was consistently weaker than the surrounding HAZ.



RFSSW has a large advantage over RSW in energy conservation, consuming 2.5% of the energy for a given spot weld. Future work could be conducted to better quantify that difference across a wider variety of stack-ups and materials, as well as the overall environmental impact of each technology. RSW has a notably cheaper consumable cost per spot compared to RFSSW. However, future research should be conducted to assess the life span and welding quality of WC tooling, which will help reduce the tooling cost of RFSSW to be closer to that of RSW.



The superior mechanical performance of RFSSW compared to RSW could allow future designs to require fewer welded joints. Not only would this result in less overall processing time, but it would also further reduce the energy consumption of the process and the wear rate on the tooling. A full quantification of this effect would require design work that is outside of the scope of this paper. However, with RFSSW’s tensile and fatigue life being magnitudes stronger than that of RSW’s, a design change would result in a significant processing advantage.



RFSSW has clearly shown to be a competitive joining method in AA6061-T4 automotive sheets, often outperforming RSW in mechanical performance. RFSSW will likely show similar advantages across other 5xxx and 6xxx series aluminum alloys and across a myriad of industries. RFSSW’s ability to weld historically unwelded alloys such as 2xxx and 7xxx series, as well as dissimilar materials, are also advantages that a myriad of industries could exploit. With continued advances in cycle time reduction and tool life expansion, RFSSW is positioned to become the preferred method for joining thin sheet aluminum.




	
RSW’s average surface feature depth is 270 μm while RFSSW’s average surface feature depth is 183 μm.



	
RSW was able to create fully consolidated, void-free welds in 0.8 mm/1.2 mm and 2.5 mm/1.2 mm stack-ups, but created voids in the 2.0 mm/2.5 mm/1.2 mm stack-up, while RFSSW was able to create consolidated welds in all three stack-ups.



	
RSW created dendritic grains with an average grain size of 64.83 μm, while RFSSW created refined equiaxed grains with an average grain size of 2.58 μm.



	
RFSSW weld nuggets were consistently 5–10 Vickers harder than RSW weld nuggets.



	
RFSSW outperformed RSW in quasi-static tensile strength, with RFSSW joints being between 16 and 73% stronger than RSW joints.



	
RFSSW outperformed RSW in quasi-static elongation, with RFSSW joints having as much as 53% more elongation at UTS.



	
RFSSW outperformed RSW in fatigue strength, with RFSSW joints achieving as much as 2600% more cycles before fracture.



	
RFSSW used 2.5% the energy that RSW used to create a single spot weld.



	
RFSSW tooling costs approximately USD 0.08 per spot while RSW tooling costs approximately USD 0.0008 per spot.
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Figure 1. The RSW process. 






Figure 1. The RSW process.
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Figure 2. The four stages of RFSSW: (A) clamping, (B) plunging, (C) refilling, and (D) lifting. 
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Figure 3. (A) Drawing of the test coupon’s width, height, and weld placement in (B) 2 sheet stack-ups and (C) 3 sheet stack-ups. 
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Figure 4. Surface profiles of RFSSW and RSW. 
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Figure 5. CT Scan images of 2.0 mm/2.5 mm/1.2 mm stack-up utilizing: (A) RFSSW, (B) RSW. 
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Figure 6. (A) Locations of EBSD scans for RFSSW (Top) and RSW (Bottom); (B) Grain maps of RFSSW (Left) and RSW (Right) at 1000× magnification; (C) Grain size distribution of RFSSW (I. nugget center and II. Nugget edge) and RSW (III. Nugget center and IV. Nugget edge). 
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Figure 7. Microhardness heat maps of RFFSW and RSW welds (Vickers). 
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Figure 8. (A) Fracture modes (nugget pullout and interfacial fracture); (B) Difference in tensile strength between RFSSW and RSW. 
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Figure 9. (A) Elongation at UTS for RFSSW and RSW; (B) SEM images at 2500× magnification of the fracture surfaces, RFSSW (ductile dimple) and RSW (brittle fraction). 
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Figure 10. Fatigue life curves of RFSSW and RSW. 
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Table 1. Three joint stack-ups tested.






Table 1. Three joint stack-ups tested.





	Joint

Stack-Ups:
	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm










 





Table 2. Chemical composition of AA6061-T4 [22].
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	Al
	Mg
	Si
	Fe
	Cu
	Cr
	Zn
	Mn
	Ti





	Bal.
	0.8–1.2
	0.4–0.8
	0.7
	0.15–0.4
	0.04–0.35
	0.25
	0.15
	0.15










 





Table 3. Tested material properties of each sheet. Testing was completed in accordance with ASTM E8/E8m-22 [23].
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	Sheet

Thickness
	Yield Strength

(0.2% Strain)
	Tensile Strength
	Elongation %





	0.8 mm
	100 MPa
	279 MPa
	23.4%



	1.2 mm
	94 MPa
	271 MPa
	25.8%



	2.0 mm
	102 MPa
	256 MPa
	29.2%



	2.5 mm
	109 MPa
	251 MPa
	29.5%










 





Table 4. RSW welding schedule.






Table 4. RSW welding schedule.











	
	Current
	Pressure
	Time





	Pre-Weld
	12 kA (2 Sheet Stack-Ups)

20 kA (3 Sheet Stack-Ups)
	5 kN
	162 ms



	Weld
	35 kA
	5 kN
	292 ms



	Total
	Na
	NA
	454 ms










 





Table 5. RFSSW welding parameters.
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	Spindle RPM
	Shoulder Plunge
	Time





	0.8 mm/1.2 mm
	2200 RPM
	1.2 mm
	250 ms



	2.5 mm/1.2 mm
	2500 RPM
	3.0 mm
	1000 ms



	2.0 mm/2.5 mm/1.2 mm
	2500 RPM
	5.0 mm
	1750 ms










 





Table 6. Composition of Keller’s reagent used for etching.
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	Distilled Water
	Nitric Acid
	Hydrochloric Acid
	Hydrofluoric Acid





	Balance
	15%
	10%
	5%










 





Table 7. Nominal depth of RFSSW and RSW joints.
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	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm





	RSW Depth
	280 μm
	240 μm
	290 μm



	RFSSW Depth
	140 μm
	160 μm
	250 μm










 





Table 8. UTS and standard deviation for each weld.






Table 8. UTS and standard deviation for each weld.











	
	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm





	RSW UTS
	2481 N
	3662 N
	7102 N



	RSW STD
	129 N
	92 N
	405 N



	RFSSW UTS
	2878 N
	5308 N
	12297 N



	RFSSW STD
	169 N
	34 N
	429 N










 





Table 9. Elongation and standard deviation at UTS.






Table 9. Elongation and standard deviation at UTS.











	
	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm





	RSW Elongation
	1.22 mm
	1.38 mm
	1.93 mm



	RSW STD
	0.06 mm
	0.10 mm
	0.17 mm



	RFSSW Elongation
	1.27 mm
	2.94 mm
	3.59 mm



	RFSSW STD
	0.14 mm
	0.14 mm
	0.57 mm










 





Table 10. Fatigue test forces at RSW loads with an R value of 0.1.
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	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm





	80% UTS
	1985 N–248 N
	2930 N–366 N
	5681 N–710 N



	60% UTS
	1489 N–248 N
	2197 N–366 N
	4261 N–710 N



	30% UTS
	744 N–248 N
	1099 N–366 N
	2130 N–710 N










 





Table 11. Reported average cycles to fracture and standard deviation of fatigue testing for 0.8 mm/1.2 mm.
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	0.8 mm/1.2 mm
	80% UTS
	60% UTS
	30% UTS





	RSW Average Cycles
	325
	4838
	1,000,000



	RSW STD
	289
	3717
	NA



	RFSSW Average Cycles
	3716
	5920
	1,000,000



	RFSSW STD
	166
	309
	NA










 





Table 12. Reported average cycles to fracture and standard deviation of fatigue testing for 2.5 mm/1.2 mm.
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	2.5 mm/1.2 mm
	80% UTS
	60% UTS
	30% UTS





	RSW Average Cycles
	1111
	8918
	1,000,000



	RSW STD
	122
	2783
	NA



	RFSSW Average Cycles
	6030
	93,463
	1,000,000



	RFSSW STD
	119
	7319
	NA










 





Table 13. Reported average cycles to fracture and standard deviation of fatigue testing for 2.0 mm 2.5 mm/1.2 mm.
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	2.0 mm/2.5 mm/1.2 mm
	80% UTS
	60% UTS
	30% UTS





	RSW Average Cycles
	3586
	140,303
	1,000,000



	RSW STD
	3501
	14,118
	NA



	RFSSW Average Cycles
	99,202
	324,911
	1,000,000



	RFSSW STD
	21,190
	98,688
	NA










 





Table 14. Fatigue test loads for RFSSW stack-ups.
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	0.8 mm/1.2 mm
	2.5 mm/1.2 mm
	2.0 mm/2.5 mm/1.2 mm





	80% UTS
	2302 N–288 N
	4240 N–530 N
	9837 N–1230 N



	60% UTS
	1727 N–288 N
	3180 N–530 N
	7378 N–1230 N



	30% UTS
	863 N–288 N
	1590 N–530 N
	3689 N–1230 N










 





Table 15. Reported average cycles to fracture and standard deviation of fatigue testing of RFSSW stack-ups.
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	RFSSW
	80% UTS
	60% UTS
	30% UTS





	0.8 mm/1.2 mm Average
	578
	2560
	463,565



	0.8 mm/1.2 mm STD
	147
	738
	NA



	2.5 mm/1.2 mm Average
	620
	2586
	829,266



	2.5 mm/1.2 mm STD
	122
	352
	NA



	2.0 mm/2.5 mm/1.2 mm Average
	2821
	30,254
	1,000,000



	2.0 mm/2.5 mm/1.2 mm STD
	377
	7979
	NA










 





Table 16. Energy consumption of RFSSW and RSW.






Table 16. Energy consumption of RFSSW and RSW.










	
	RSW
	RFSSW





	Energy per Spot
	40 watt hours
	1 watt hours



	Energy per Vehicle

(5000 Spots)
	200 Kilowatt hours
	5 Kilowatt hours
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