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Abstract

:

Self-piercing riveting (SPR) is one of the mechanical joining processes, and its application to Al/Fe dissimilar materials combination, which is hard to weld, is expanding in the automotive industry. The main process parameters in SPR are types of rivet and die, setting force, and rivet setting speed. Previously, the relationship between the main process parameters and output parameters such as cross-sectional characteristics and joint strength has been studied to optimize the SPR process. In practical applications, there are unexpected and abnormal process conditions such as poor fit-up, angular misalignment, edge offset distance, and inaccurate setting and pre-clamping forces, and their effects on the joining quality have not been discussed. In this study, parametric investigation was performed using an experimental design on SPR joints for 1 mm-thick high strength steel (590 DP) and 2 mm-thick Al alloy (Al5052-H32). The main effect of each level of the abnormal process parameters on the output parameters was statistically investigated, and the analysis of variance was performed for each abnormal process parameter. In the range of abnormal process conditions applied, the set force was the most significant factor affecting the output parameters, and the effect of pre-clamping force on the output parameters was the least significant.
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1. Introduction


In order to improve fuel efficiency and crashworthiness in the automotive industry, the application of various materials rather than the conventional mild steel has been expanding [1]. Increased application of non-ferrous metals and dissimilar material combinations now requires non-conventional joining processes instead of resistance spot welding (RSW) and gas metal arc welding (GMAW), which are the main joining processes in car body manufacturing. Since non-ferrous metals and dissimilar materials have poor weldability due to poor solubility, cracking, porosity formation, and so on, mechanical joining processes have been applied instead of fusion welding processes. The representative mechanical joining processes are blind riveting, clinching, self-piercing riveting (SPR), and high speed bolt joining such as flow drilling screw [2,3,4].



Compared with other mechanical joining processes, SPR process has several advantages such as a wide range of base materials, no need for a pre-drilled hole, high load-bearing capacity, and fast cycle time. In the automotive industry, it has been successfully applied to high-volume vehicles such as the Ford F150, which sold over 1 million units. [5]. During the SPR process, a semi-tubular rivet is penetrated into two or more sheets, and its skirts flare into the bottom sheet with the guidance of a die. A high setting force and rigid C-frame are also essential requirements for the SPR process because it is a cold-forming process with piercing and flaring phases [5,6].



As the need for SPR process increases, various kinds of studies have been published. Porcaro et al. presented the failure load model for Al SPR joints under pull-out and shear loading conditions [7]. Haque et al. also evaluated the joint strength in lap-shear and cross-tension loading conditions [8]. Sun et al. [9] and Haque et al. [10] defined the cross-sectional characteristics that can alter the mechanical properties of the joint. Previous studies have discussed the joint characteristics according to various combinations such as Al/Fe [11,12], CFRP/metal [13], CFRP/steel/Al [14], clad steel/Al [15], and pre-coated steel sheets [16]. As the hardware elements of the SPR process, various combinations of rivet and die have been experimentally evaluated to investigate the effects of shape [17,18,19] and coating [20,21,22]. Numerical models have been developed to simulate the riveting process and optimize the rivet, die, and process parameters [23,24]. Galvanic corrosion as an important issue in dissimilar metal joints has been discussed in the literature [25,26]. The fatigue behavior of SPR joints has been investigated for Al alloys [27,28,29,30] and dissimilar material combinations [28,31].



In most studies, the rivet, die, and setting force are considered as the main process parameters for given material combinations. In a few publications, a rivet setting speed was additionally considered as a process parameter when a servo gun was used [32,33]. From extensive experiences of RSW for sheet metal, it is known that there are diverse abnormal process conditions that are not usually considered as process control parameters but affect the quality of welding. Brown et al. suggested four setup faults such as angular misalignment, fit-up faults, axial misalignment, and edge welds during RSW [34]. Li et al. added poor cooling and electrode wear as abnormal welding conditions regarding an electrode, and they investigated the relationship between abnormal conditions and RSW quality [35,36,37]. Recently, there have been attempts to apply optimization using machine learning algorithms to automotive spot welds [38,39]. The distinction between control and noise parameters is a prerequisite for process parameter optimization and database construction. However, most studies for the SPR processes have only focused on the main process parameters, and far too little attention has been paid to the study of abnormal process conditions.



In this study, five factors such as poor fit-up, angular misalignment, edge offset distance, and inexact setting and pre-clamping forces are selected as abnormal process conditions in the SPR process. An experimental design was implemented to analyze the effect of abnormal process conditions on the cross-sectional characteristics and tensile shear strength of the SPR joint.




2. Experimental Setup


The base metals used were 1.0 mm-thick dual phase steel DP 590 on the top and 2.0 mm-thick Al alloy Al 5052-H32 on the bottom. The material properties are given in Table 1 [12].



The joining trials were performed on a hydraulic-type riveting machine (Rivset Gen2, BÖLLHOFF) with a maximum setting force of 78 kN. The rivet was made of boron steel with a hardness of 480 ± 30 HV, and it has an Almac® coating, which is a mechanical coating with Al and zinc. The rivet and die were supplied by BÖLLHOFF, and their schematic diagram and dimensions are given in Figure 1.



In total, five abnormal process conditions were considered in this study; two parameters were related to the forces, and three parameters were related to the specimen setting. On the automotive manufacturing sites, a large number of welding power supplies are connected to the main power supply, sometimes without individual power regulators. The variation in the electric power and pneumatic supply may lead to an inaccurate welding current and electrode force in RSW. Similarly in SPR, the fluctuations in the electric power input to the individual machines resulted in inaccurate forces from the rivet guns. So, an inaccurate setting force and pre-clamping force are considered as the force-related abnormal process conditions, and their levels in the experimental design are shown in Table 2. Poor fit-up, angular misalignment, and edge offset distance are considered as the specimen setting-related abnormal process conditions. Their definitions and levels are given in Figure 2 and Table 2, respectively. In particular, in manufacturing fields, there are various modes of joint gaps, so six levels are assigned for poor fit-up.



An L18 (61 × 34) experiment design was adopted as shown in Table 3, and five specimens per condition were prepared according to ISO 14237 (Figure 3). For two samples per condition, cross-sections were observed using an optical microscope to measure the cross-sectional characteristics of head height, bottom thickness, and interlock, which are known as the main geometric aspects to be controlled (Figure 4) [5]. The static tensile-shear test for three samples per condition were conducted according to ISO 14273. In the tensile-shear test, the head speed was 5 mm/min, and the tensile load at fracture was measured and called the tensile-shear strength (TSS) in this paper.



The measured and averaged data per condition were analyzed with the commercial statistics software MINITAB®. In this study, the main effects of input parameters, which are the means of output at each level of the input parameters, were calculated. In addition, the analysis of variance (ANOVA) for each input parameter was conducted, and the p-value, p was calculated. When p is less than 0.05, the effect of the input parameters on the output parameter is statistically significant at a significance level of α = 0.05, which means that there is a 5% risk to conclude that the effect of the parameter is significant. Correlation between output parameters was analyzed using a Pearson correlation coefficient.




3. Results and Discussion


The statistical calculation results are summarized in Figure 5 and Table 4. The effects of abnormal process parameters on outputs are explained in the following sections.



3.1. Head Height


In this study, the head height was defined by the height difference between the rivet head and the top sheet (Figure 4). The head height is related to the cosmetic appearance, the tightness of the joints, the vacancy between the bottom of rivet head and the top sheet, the damage of the rivet to the top sheet, and so on [5]. The head height is also related to the effective length of the rivet in the bottom sheet teff, which is important for joint strength in the cross-tension test [8,9] and the tensile-shear test [8].



The p-value for the setting force is 0.0, so the effect of the setting force on the head height is definitely significant. This denotes that the difference of head height is obvious if the setting forces have a variation of 5 kN. By increasing the setting force, the head height decreases (Figure 5a). The setting force plays a predominant role in the piercing and flaring of SPR, and its fluctuation should be strictly managed. The p-values for the pre-clamping force and angular misalignment are relatively low, between 0.05 and 0.1. A low pre-clamping force of 1 kN caused the lowest head height, while no angular misalignment led to the lowest one. A low head height by a low pre-clamping force was originated from a large vacancy between the bottom of the rivet head and the top sheet (Figure 4). The angular misalignment induced asymmetry, increasing the head height. The effect of poor fit-up and edge offset distance on head height were not significant.




3.2. Bottom Thickness


The bottom thickness has an important role in noise, vibration, harshness (NVH), and corrosion [5]; however, high bottom thickness is generally accompanied with high head height and small teff, which reduces the static joint strength [8,9].



The bottom thickness was significantly affected by all parameters more or less, and only the p-value for the pre-clamping force was higher than 0.5. Similar to the ANOVA results for the head height, the difference according to the setting force levels was most obvious. The bottom thickness was inversely proportional to the setting force (Figure 5b). As for the poor fit-up, the difference between type 1 (no gap) and type 2 (constant gap) is smaller than the difference between type 1 and the other types (types 3 to 6) with various angular gaps. The lowest bottom thickness was found at the highest pre-clamping force, no angular misalignment, and non-negative edge offset distance.



The bottom thickness has a Pearson correlation coefficient of 0.642 for the head height, with a p-value of 0.004. This denotes that the strength of linearity between the bottom thickness and the head height is 0.642, while a Pearson correlation coefficient of 1 indicates that both parameters have a perfectly positive linearity, and there is a 0.4% risk to conclude the linearity.




3.3. Interlock


The interlock determines the locking strength between the rivet and the bottom sheet [5]. It is correlated with the joint strength under the tail pull-out mode in the cross-tension test, and the joint strength in the tensile-shear test as demonstrated analytically and experimentally in the literature [8,9].



Only the setting force was a statistically significant parameter with a p-value of 0.001, and the interlock increases as the setting force increases because a higher setting force enhanced the flaring of the rivet skirt (Figure 5c). The other parameters had p-values higher than 0.1.



The interlock has Pearson correlation coefficients of −0.873 and −0.637 for the head height (p = 0.0) and the bottom thickness (p = 0.004), respectively, so the interlock has stronger linearity with the head height compared with the bottom thickness.




3.4. Tensile-Shear Strength


For the tensile-shear strength, the setting force with a p-value of 0.001 was the only parameter that was statistically significant at a significance level of α = 0.05. By increasing the setting force, the tensile-shear strength linearly increased. In addition, the angular misalignment and the edge offset distance have p-values between 0.05 and 0.1, and their levels may affects the tensile-shear strength, which means that an angular misalignment of ±20° and edge offset distance of ±5 mm can affect the tensile shear strength. To achieve consistent tensile-shear strength, these three parameters should be regulated within the ranges narrower than those in this experiment, or they should be considered as control parameters in the experimental design.



The tensile-shear strength has a positive Pearson correlation coefficient of 0.762 for the interlock (p = 0.0), and it has negative Pearson correlation coefficients of −0.846 and −0.636 for the head height (p = 0.0) and the bottom thickness (p = 0.005), respectively.





4. Conclusions


In this study, the effect of abnormal process conditions during self-piercing riveting (SPR) on four output parameters such as the cross-sectional characteristics (head height, bottom thickness, and interlock) and the tensile shear strength of the SPR joint were investigated by using parametric investigation. Six types of poor fit-up, setting force with a variation of 5 kN, pre-clamping force with a variation of 3 kN, angular misalignments of ±20 °, and an edge offset distance of ±5 mm were considered as abnormal process conditions in the experimental design, and the following conclusions were derived.



	-

	
Among five abnormal process parameters, the effects of the setting force on all the output parameters were statistically significant at a significance level of α = 0.05. Especially for the head height, the bottom thickness, and the tensile shear strength, the setting force was only one significant parameter at a significance level of α = 0.05.




	-

	
The pre-clamping force has no significant effect on the output parameters at a significance level of α = 0.05.




	-

	
The bottom thickness was influenced by all input parameters except for the pre-clamping force.




	-

	
The tensile shear strength was affected by the setting force at a significance level of α = 0.05, and it was also affected by the angular misalignments and the edge offset distance at a significance level of α = 0.1. If the consistency of the tensile shear strength is required in process parameter optimization or database construction, these parameters should be considered as control parameters, or the ranges of these parameters should be narrower than those in this experimental design.




	-

	
The output parameters are correlated with each other. Among the cross-sectional characteristics, the head height has the highest Pearson correlation coefficient with the tensile shear strength.
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Figure 1. Dimensions of rivet and die. (a) Rivet; (b) die. 
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Figure 2. Abnormal joining conditions. (a) Poor fit-up; (b) angular misalignment; (c) edge offset (inaccurate setting force and pre-clamping force are not shown). 
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Figure 3. Dimensions of specimen. 
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Figure 4. Cross-sectional characteristics. 
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Figure 5. Main effects for control parameters. (a) Head height; (b) bottom thickness; (c) interlock; (d) tensile-shear strength. 
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Table 1. Mechanical properties of base materials.






Table 1. Mechanical properties of base materials.





	
Base Materials

	
Mechanical Properties




	
Yield Strength (MPa)

	
Ultimate Tensile Strength (MPa)

	
Elongation (%)






	
DP 590 steel

	
374

	
609

	
28




	
Al 5052-H32

	
193

	
228

	
12
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Table 2. Joining parameters applied in this study.
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Parameters

	
Level 1

	
Level 2

	
Level 3






	
Setting force, F (kN)

	
25

	
30

	
35




	
Pre-clamping force, C (kN)

	
1

	
4

	
7




	
Angular misalignment, β(°)

	
−20

	
0

	
20




	
Edge offset distance, δ (mm)

	
−5

	
0

	
5




	
Poor fit-up, G

	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5

	
Level 6




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
Type 5

	
Type 6




	
d = 2 mm

	
θ = 7.6°
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Table 3. Experimental design L18 (61 × 34).
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	No.
	Poor Fit-Up, G
	Setting Force, F (kN)
	Pre-Clamping Force, C (kN)
	Angular Misalignment, β (°)
	Edge Offset Distance, δ (mm)





	1
	Type 1
	25
	1
	−20
	−5



	2
	Type 1
	30
	4
	0
	0



	3
	Type 1
	35
	7
	20
	5



	4
	Type 2
	25
	1
	0
	0



	5
	Type 2
	30
	4
	20
	5



	6
	Type 2
	35
	7
	−20
	−5



	7
	Type 3
	25
	4
	−20
	5



	8
	Type 3
	30
	7
	0
	−5



	9
	Type 3
	35
	1
	20
	0



	10
	Type 4
	25
	7
	20
	0



	11
	Type 4
	30
	1
	−20
	5



	12
	Type 4
	35
	4
	0
	−5



	13
	Type 5
	25
	4
	20
	−5



	14
	Type 5
	30
	7
	−20
	0



	15
	Type 5
	35
	1
	0
	5



	16
	Type 6
	25
	7
	0
	5



	17
	Type 6
	30
	1
	20
	−5



	18
	Type 6
	35
	4
	−20
	0
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Table 4. AVOVA results for the experiments with Table 3.
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Parameters

	
p-Value




	
Poor Fit-Up, G

	
Setting Force, F

	
Pre-Clamping Force, C

	
Angular Misalignment, β

	
Edge Offset Distance, δ






	
Head height

	
0.661

	
0.0 *

	
0.056

	
0.056

	
0.369




	
Bottom thickness

	
0.013 *

	
0.003 *

	
0.085

	
0.045 *

	
0.008 *




	
Interlock

	
0.108

	
0.001 *

	
0.135

	
0.277

	
0.136




	
Tensile-shear strength

	
0.184

	
0.001 *

	
0.228

	
0.051

	
0.071








* p-value ≤ 0.05.
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