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Abstract


In recent years, the automotive industry has increasingly adopted aluminum alloys in vehicle bodies to improve fuel efficiency. However, it is known that applying resistance spot welding—widely used in automotive production lines—to join steel and aluminum alloys results in the formation of brittle intermetallic compounds at the joint interface, leading to reduced joint strength and increased variability. In this study, the anchor effect—defined as mechanical interlocking at the interface—was examined, and the effect of introducing a rectangular interface on tensile shear strength (TSS) was investigated. The rectangular interface was formed by pre-machining a groove on the steel sheet prior to welding. The effect of the rectangular interface on TSS was examined by comparing joints with and without the interface. The results showed that TSS increased in joints with the rectangular interface. Furthermore, TSS was influenced by the groove geometry, as variations in groove depth and width resulted in changes in TSS. These results indicate that appropriate control of the interface geometry can effectively enhance joint strength.
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1. Introduction


In recent years, increasing environmental concerns have driven the automotive industry to adopt multi-material structures, particularly those combining steel and aluminum alloys [1]. This approach enables significant reductions in vehicle weight, thereby contributing to enhanced fuel efficiency and decreased emissions [2,3]. Therefore, when resistance spot welding (RSW), a widely used joining method in automotive manufacturing, is applied to dissimilar materials composed of steel and aluminum alloys, joints are formed through the formation of an intermetallic compound (IMC) layer at the interface [4,5,6]. On the other hand, it is well established that excessive growth of the IMC layer degrades joint strength [7]. In resistance spot-welded joints, peel strength and shear strength are commonly used to evaluate joint strength. A previous study focused on the shape of the joint interface, reporting that forming a rectangular interface alters the orientation of the IMC layer, thereby increasing peel strength [8].



However, the effect of rectangular interfaces on tensile shear strength (TSS) remains unclear. In addition, it is expected that the formation of a rectangular interface could improve TSS through the anchoring effect in the shear direction. Therefore, this study investigates the improvement of TSS in joints with rectangular interfaces, as well as the relationship between interface geometry and the anchoring effect, which arises from mechanical interlocking at the interface.




2. Materials and Methods


2.1. Materials and Welding Conditions


The materials used were 980 MPa-class steel sheets (1.2 mm thick) and A6061-T6 sheets (1.0 mm thick). The chemical composition of each material is shown in Table 1 and Table 2. Welding was performed using a resistance spot welding system equipped with a DC inverter power supply operating at 60 Hz. The electrode force was applied pneumatically. During welding, the steel sheet was placed on the positive electrode side, while the aluminum alloy sheet was placed on the negative electrode side. The welding conditions are shown in Table 3. The electrodes were made of alumina dispersion-strengthened copper. A type R100 electrode was used on the anode side, and a type R25 electrode was used on the cathode side.




2.2. Method for Fabricating a Joint with Rectangular Interface


Figure 1 schematically illustrates the fabrication method of the rectangular interface in this study. As shown in Figure 1a, a groove was pre-machined on the steel sheet using a flat-end mill. The aluminum alloy sheet was then welded onto the grooved steel sheet, resulting in the formation of a rectangular interface (Figure 1b,c). The groove dimensions used in this study are summarized in Table 4. The W1.0/D0.4 condition corresponds to the groove geometry reported in previous studies to improve peel strength. The D0.6 and D0.8 represent increased groove depths, whereas the W1.5 and W2.0 conditions represent increased groove widths.




2.3. Methods for Cross-Sectional Observation and Determining IMC Layer Thickness


Cross-sectional observations and measurements of the IMC layer were conducted to evaluate the joint quality. The welded joints were sectioned at the center of the indentation and observed using an optical microscope, as shown in Figure 2. The IMC layer thickness distribution was determined by capturing images of the IMC layer region at 200 µm intervals from the left edge to the right edge. The IMC layer thickness was measured at five locations in each image, and the average value was calculated. Also, Figure 3 shows the measurement locations of the IMC layer formation length in a joint with a rectangular interface.




2.4. Tensile Shear Test Method


Tensile shear tests were conducted to evaluate the effect of interface geometry on joint strength. Tensile shear tests were conducted in accordance with JIS Z 3136 using test specimens measuring 30 × 100 mm, with three tests performed under each condition. (Figure 4) [9]. The crosshead speed was set to 1 mm/min.





3. Results and Discussion


3.1. The Feasibility of Improving TSS in Joints with Rectangular Interface


3.1.1. Interface Geometry and IMC Layer Formation Depending on the Presence or Absence of Grooves


Cross-sectional observations and measurements of IMC layer thickness distributions were conducted to determine whether a rectangular interface was formed in joints with and without grooving. The cross-sectional photographs are shown in Figure 5. As shown in Figure 5, a rectangular interface was formed in the grooved joint. These results confirm that grooving leads to the formation of a rectangular interface, consistent with previous reports showing improved peel strength.



To evaluate the effect of a rectangular interface on IMC layer formation, the IMC layer thickness was measured. Figure 6 shows the measurement results. As shown in Figure 6, a relatively thin IMC layer was observed in joints with a rectangular interface. It is established that the growth behavior of IMC layers at steel–aluminum alloy interfaces is temperature dependent [10,11]. These results suggest that grooving alters the contact configuration between the materials, leading to reduced heat generation during welding.




3.1.2. The Effect of the Presence or Absence of a Rectangular Interface on TSS


Tensile shear tests were conducted to evaluate the effect of a rectangular interface on TSS. Figure 7 shows the results of the tensile shear tests. As shown in Figure 7, TSS increased in joints with rectangular interfaces. To clarify the mechanism of this improvement, post-fracture cross-sectional observations were conducted. Photographs of the post-fracture cross-sections are shown in Figure 8. In joints without a rectangular interface (Figure 8a), fracture occurred at the interface. In contrast, in joints with a rectangular interface (Figure 8b), fracture occurred within the aluminum alloy base metal at the rectangular interface, as indicated by the red circle. These results suggest that the increase in TSS is attributable to the anchoring effect at the rectangular interface.



The results indicate that two main factors contribute to the increase in TSS. First, the formation of a relatively thin IMC layer contributes to improved TSS. Second, fracture analysis revealed that failure occurred within the aluminum alloy base metal at the rectangular interface, indicating the contribution of the anchoring effect. However, the relative contributions of these two factors have not been clearly distinguished. Further investigation is required to clarify the dominant mechanism governing the improvement in TSS.





3.2. The Relationship Between TSS and Anchoring Effect Due to Changes in Rectangular Interface Shape


The previous results indicate that both IMC layer formation behavior and the anchoring effect contribute to the increase in TSS. Therefore, in this section, the effect of rectangular interface geometry on TSS is investigated, with particular focus on the relationship between interface geometry, anchoring effect, and joint strength.



3.2.1. Effects of Groove Dimensions on Joint Interface Geometry and IMC Layer Formation


The groove depth and width were varied to examine their effects on the rectangular interface and joint morphology. Cross-sectional images for each groove condition are shown in Figure 9. As shown in Figure 9, the shape of the rectangular interface varied depending on the groove geometry. The aluminum alloy penetrated into the groove, forming a rectangular interface regardless of the groove shape.



The IMC layer thickness distributions for each condition are shown in Figure 10. Under increased groove depth conditions (Figure 10a), the IMC layer was locally thicker in the central region compared to the W1.0/D0.4 condition; however, the overall IMC layer thickness remained similar. Similarly, under increased groove width conditions (Figure 10b), the IMC layer thickness was comparable to that of the W1.0/D0.4 condition. These results indicate that the IMC layer thickness is largely independent of the rectangular interface geometry.




3.2.2. The Effect of Rectangular Interface Shape on TSS


Tensile shear tests were conducted to investigate the relationship between the anchoring effect and TSS for different rectangular interface geometries. First, since it is necessary to examine the relationship between IMC layer formation length and TSS based on differences in rectangular interface shapes, Figure 11 summarizes the data by IMC layer formation length and TSS. The results show that under the W2.0, D0.6, and W1.5 conditions, TSS tends to increase as the IMC layer formation length increases. Under the W1.5 condition, TSS increased compared with the W1.0/D0.4 condition, even though the IMC layer formation length decreased. Furthermore, under the D0.8 condition, TSS decreased despite an increase in IMC layer formation length compared with the W2.0 and D0.6 conditions. This suggests that the shape of the rectangular interface may have influenced TSS more than the IMC layer formation length. Therefore, Figure 12 summarizes the differences in rectangular interface shapes and TSS. The results show that, as shown in Figure 12a, TSS decreased with increasing groove depth compared with the W1.0/D0.4 condition. In contrast, as shown in Figure 12b, under increased groove width conditions (Figure 12b), TSS increased at W1.5 but decreased at W2.0. A previous study has shown that reducing the thickness of aluminum alloys affects the reduction in TSS [12]. In this study, the reduction in the thickness of the aluminum alloy sheets may be attributed to differences in the rectangular interface geometry. However, under the W1.5 condition, although thinning of the aluminum alloy sheets is conceivable due to increased penetration into the grooved area compared to the W1.0/D0.4 condition, the TSS actually increased; therefore, it is considered that the effect of aluminum alloy thinning caused by differences in rectangular interface shapes on the TSS is minimal. In addition, in the previous section, since no significant differences in IMC layer thickness were observed under the various groove dimension conditions, the observed variation in TSS indicates that these results suggest that the anchoring effect associated with interface geometry strongly influences joint strength.



To investigate the relationship between the shape of the rectangular interface geometry and TSS, post-fracture cross-sectional observations were conducted. Photographs of the post-fracture cross-sections are shown in Figure 13. As shown in Figure 13, in the joints with increased groove depth (Figure 13a,b), damage to the aluminum alloy base metal occurred at the bottom of the rectangular interface, as indicated by the red arrows. In contrast, in the joints with increased groove width, crack propagation was observed in the aluminum alloy at the rectangular interface under the W1.5 condition, whereas failure occurred at the joint interface under the W2.0 condition. The mechanisms underlying these results are illustrated in Figure 14. As shown in Figure 14b, increasing the groove depth leads to a higher shear load at the rectangular interface, resulting in increased shear stress and a decrease in TSS. Conversely, as shown in Figure 14c, increasing the groove width increases the cross-sectional area of the rectangular interface, thereby reducing the shear stress and contributing to an increase in TSS. However, under the W2.0 condition, TSS decreased despite the increased groove width. It was considered that this was due to the fracture occurring at the joint interface. To clarify this behavior, the IMC layer formation was examined using cross-sectional observations. Figure 15 shows the distribution of the IMC layer under increased groove width conditions. As shown in Figure 15, under the W1.0/D0.4 and W1.5 conditions, the IMC layer formed up to the outer periphery of the rectangular interface. In contrast, under the W2.0 condition, the IMC layer was not observed at the outer periphery of the rectangular interface. These results indicate that although increasing the groove width reduces shear stress, the presence of an IMC layer at the interface periphery is essential for maintaining high TSS. Based on these results, TSS in joints with a rectangular interface is enhanced by both IMC layer formation at the interface periphery and the anchoring effect associated with the interface geometry.






4. Conclusions


This study investigated the feasibility of improving TSS in steel/aluminum alloy dissimilar material RSW joints using a rectangular interface. Joints with rectangular interfaces were fabricated, and cross-sectional observations and tensile shear tests were conducted. The following results were obtained.



	
The TSS increased in joints with rectangular interfaces due to the formation of a thin IMC layer and the anchoring effect.



	
The IMC layer thickness was generally similar among joints with different groove dimensions.



	
The TSS decreased in joints with increased groove depths of 0.60 mm and 0.80 mm.



	
The TSS increased at a groove width of 1.5 mm, whereas it decreased at 2.0 mm.



	
In joints with increased groove width, regions without IMC layer formation at the rectangular interface were observed under the W2.0 condition.
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Figure 1. Schematic diagram of the method for fabricating rectangular interface: (a) Grooving method; (b) Before current application; (c) After current application. 
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Figure 2. Methods for cross-sectional observation. 
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Figure 3. Schematic diagram at the measurement location of the IMC layer formation length. 
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Figure 4. Dimension of tensile shear test specimen. 
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Figure 5. Cross-sectional macro photographs showing the presence or absence of rectangular interface: (a) Without rectangular interface; (b) With rectangular interface (W1.0/D0.4). 
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Figure 6. The effect of rectangular interface on IMC layer thickness in the IMC layer formation zone. 
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Figure 7. The effect of rectangular interface on TSS. 
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Figure 8. The effect of rectangular interface on fracture morphology; (a) Without rectangular interface; (b) With rectangular interface (W1.0/0.4). (The red circle indicates the location where fracture occurred within the aluminum alloy base metal at the rectangular interface). 
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Figure 9. Formation morphology of rectangular interface due to changes in groove dimensions: (a) D0.6; (b) D0.8; (c) W1.5; (d) W2.0. 
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Figure 10. Thickness of IMC layer distribution during changes in rectangular interface shape: (a) Increased groove depth dimension; (b) Increased groove width dimension. 
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Figure 11. The relationship between IMC layer formation length and TSS. 
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Figure 12. The relationship between rectangular interface shapes and TSS: (a) Increased groove depth dimension; (b) Increased groove width dimension. 
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Figure 13. The effects of rectangular interface shape on fracture morphology: (a) D0.6; (b) D0.8; (c) W1.5; (d) W2.0. (The red arrows indicate the location where fracture occurred within the aluminum alloy base metal at the rectangular interface). 






Figure 13. The effects of rectangular interface shape on fracture morphology: (a) D0.6; (b) D0.8; (c) W1.5; (d) W2.0. (The red arrows indicate the location where fracture occurred within the aluminum alloy base metal at the rectangular interface).
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Figure 14. Schematic diagram illustrating the effect of rectangular interface geometry on shear stress: (a) W1.0/D0.4; (b) Increasing groove depth dimension; (c) Increasing groove width dimension. 
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Figure 15. Formation zones of IMC layer in rectangular interface shapes due to increased groove width: (a) W1.0/D0.4; (b) W1.5; (c) W2.0. 
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Table 1. Chemical composition of 980 MPa-class steel (wt%).






Table 1. Chemical composition of 980 MPa-class steel (wt%).





	C
	Si
	Mn
	P
	S
	Fe





	0.084
	0.481
	2.53
	0.012
	0.003
	Bal.










 





Table 2. Chemical composition of A6061-T6 alloy (wt%).






Table 2. Chemical composition of A6061-T6 alloy (wt%).





	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al





	0.61
	0.42
	0.28
	1.0
	0.24
	0.24
	0.05
	0.04
	Bal.










 





Table 3. Welding conditions for rectangular interface joints.
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	Electrode Force, F (kN)
	Current, I (kA)
	Current Time, tW (Cycles)
	Hold Time, th (Cycles)





	3.7
	16
	12
	99










 





Table 4. Conditions for groove dimension with changed width and depth increased.






Table 4. Conditions for groove dimension with changed width and depth increased.





	
Condition Name

	
Outer Diameter, Do (mm)

	
Groove Width, W (mm)

	
Groove Depth, D (mm)






	
W1.0/D0.4

	
8.0

	
1.0

	
0.4




	
D0.6

	
0.6




	
D0.8

	
0.8




	
W1.5

	
1.5

	
0.4




	
W2.0

	
2.0
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