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Abstract

:

Self-piercing riveting (SPR) as a solid-state joining technology has recently found extensive applications in the automotive industry, mostly in the joining of car body aluminium sheets. To achieve an acceptable joint, key operation and tooling parameters, including set force, die profile, and rivet shape and hardness, should be selected appropriately. To evaluate joint performance, the interlocking parameters and joint strength have to be determined. In the current laboratory and industrial practices, joint quality is assessed according to requirements of individual applications, lacking a systematic assessment method. The goal of the present study is to develop a method to determine the SPR conditions that produce a joint of the best quality, based on an analytic hierarchy process (AHP), which is a methodology for relative measurement. A general AHP model was proposed for analysing SPR and joint performance in different conditions and with an unlimited number of criteria and alternatives. Joints of two layers of 2.5 mm thick AA6082 aluminium sheets in T6 condition were produced using various dies, rivets, and SPR processing conditions. A selection of seven joints, which achieved minimum requirements in terms of interlocking parameters and strength, was nominated for AHP assessment. With the application of six criteria, including head height, bottom thickness, minimum bottom thickness, deformed rivet diameter, shear strength, and peel strength, the AHP assessment was able to define the best conditions for the SPR joining of the aluminium alloy sheets.
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1. Introduction


In spite of the long history of riveting in metal joining, going back to the Bronze Age, its applications have been limited by the availability of weldable metals and feasible rivet materials for less expensive and easy automation welding techniques [1]. Self-piercing riveting (SPR) as a development of riveting process started to find its way in industrial applications since 1975, due to its unique features [2]. Compared with the traditional joining methods, SPR has the following advantages [2]:




	(1)

	
Less environmental pollution;




	(2)

	
Can be used to join both similar and dissimilar materials;




	(3)

	
No need for pre-drilling or punching holes;




	(4)

	
No prerequisite for surface pre-treatment;




	(5)

	
Capability to use lubricants and adhesives;




	(6)

	
High speed production rate;




	(7)

	
Long tool life;




	(8)

	
High static and fatigue joint strengths;




	(9)

	
Ability to automate and monitor the process easily.









The SPR process is used to join two or more similar or dissimilar sheet materials by driving a rivet through the top sheet and partially to the bottom sheet. The process creates an interlock between the sheets by flaring the rivet skirt, directed by a suitable die, without piercing through the bottom sheet [2,3]. SPR is a cold process, and unlike the conventional riveting process, does not require a pre-drilled hole, therefore possessing the same joining speed as that of the resistance spot welding [4]. As shown in Figure 1a, the performance of an SPR process depends on several parameters, including the stack thickness, set force, die shape, die geometry, and the geometry, shape, and hardness of the rivet [2]. The primary parameter regarding the joint quality is the joint interlock, which can be defined by sectioning the joint. A schematic diagram of a joint section is illustrated in Figure 1b. While deformed rivet diameter (Ddr) and rivet flaring (X) represent the interlocking, bottom thickness (tb) and minimum bottom thickness (tbmin) have a strong effect on the strength of the joint. The procedure that is used by the automotive industry to evaluate the quality of an SPR joint involves measurement of the rivet head height (h) above (or below) the surface of the top sheet and the rivet flaring (X) [5,6]. Preferably, h should be around zero (±0.05 mm), and as long as no crack appears in the rivet, the greater the interlock distance leads to the better quality of the joints. After achieving a satisfactory joint structure, joint strength is typically evaluated by shear and peel tests.



The assessment of a joint requires examination and test of a range of parameters and properties, including interlock, sufficient tb and tbmin, around-zero h, and high peel and shear strength. Therefore, comparing joints, ranking them, and choosing the best joint are critically important in determining the best conditions for SPR processing. Generally, these steps are significant in most material and process selection problems [7,8]. In the case of SPR in which a large number of selection criteria are involved, a simple and systematic method for joint analysis and process optimization is needed. For a specified engineering module dependent on several criteria, the proposed multi-criteria decision making (MCDM) [9] approach is a powerful tool to rank the alternatives. Simply, in the selection procedure, the multi-criteria decision making (MCDM) methods have been used commonly for the properties that can be represented by numerical values [10]. In 1990, Saaty [11] introduced a new method of MCDM named the Analytic Hierarchy Process (AHP), which has been frequently used by decision makers facing a complex problem with multiple conflicting and subjective criteria due to its high merit and its simplicity. AHP has several applications in different scientific, management, and manufacturing fields [12]. Despite the high potential of the AHP in both materials selection and process optimization, there are few reports considering AHP in this field. Bagherpour et al. [10] applied this method to select the best Al/SiC composite to satisfy the best combination of strength and workability. The AHP method was utilized in the selection of the most suitable natural fiber to be hybridized with glass-fiber-reinforced polymer composites for the design of a passenger vehicle center lever parking brake component in 2013 by Mansor et al. [13]. The application of AHP to minimize environmental impact in screw manufacturing [14] is a good example for the use of AHP in process optimization. One of the interesting usages of AHP in this field was reported in 2018 [15], where this method was used to determine the best choice of 3D scanner for cultural heritage applications. In some studies, AHP has been used in combination with other selection methods for the more complicated problems [16].



In the present study, a systematic assessment model based on the AHP method is proposed to determine the optimal conditions for obtaining SPR joints of the best quality.




2. Theoretical Basis of the AHP


In a general sense, AHP is a methodology for “relative measurement” [12]. The use of pair-wise comparisons between the quantities instead of direct allocation of their weights is the essence of the relative measurement and of AHP as well [17]. AHP is based on three steps: problem modelling, comparative judgment of alternatives and criteria, and synthesis of priorities [12,17,18]. In materials science, different experimental situations and corresponding samples are considered as alternatives. In addition, each of the calculated and measured properties could be a criterion. In other words, the aim of an AHP model in the selection of the materials or methods is to find the best state of experiments in order to have the best combination of multiple properties [10,15,16,19]. It should be noted that each of the considered properties must necessarily be independent [10].



2.1. Problem Modelling


To facilitate a complex decision problem, AHP has the advantage of permitting a structure of criteria as a hierarchy. At first, AHP overwhelms a complex multi-criteria decision-making problem into a hierarchy of interconnected decision elements, such as criteria (properties), decisions, and alternatives (samples, methods, and experimental conditions). The hierarchical structure of objectives, criteria, and alternatives produced in this step, similar to a family tree, provides the decision makers a better focus on criteria and sub-criteria when assigning the weights. A hierarchy is compounded by a goal, a set of alternatives (X={x1, x2, …, xm}), a set of criteria, and a relation to the goal, the criteria, and the alternatives [11,12].




2.2. Pair-Wise Comparisons and Judgement Scales


After the decomposition of the problem and the construction of the hierarchy, prioritization starts with the purpose of determining the relative importance of the criteria at each level. The pair-wise judgment starts from the second level and finishes at the lowermost level. The criteria are compared pairwise at each level according to their altitudes and based on the specified criteria at the higher level. A decision maker does not need to deliver a numerical judgement; as an alternative, a relative verbal appreciation that is more acquainted to everyday lives is satisfactory [17]. Therefore, the decision maker can declare opinions on pairs using linguistic terms associated with real numbers. In Saaty’s scale [11,12], the verbal statements are converted into integers from one to nine. Table 1 displays the match of Saaty’s scale to verbal judgments used in the weighting of two elements.



The pair-wise comparisons of alternatives for each of the priorities (p1, p2, …, pn) are recorded in positive reciprocal matrices:


Api=[1a12a211…a1m…a2m⋮⋮anm1am2⋮⋮…1]



(1)




where aij is the comparison between elements i and j, and m is the number of alternatives involved in the evaluation.



According to Saaty’s theory, each entry of Matrix A (Equation (1)) is supposed to be the ratio between two quantities:


aij=wiwj ∀i, j



(2)







Considering Equation (1), the condition of multiplicative reciprocity is satisfied as:


aij=1aji ∀i, j



(3)







Inserting Equation (3) into Matrix Api (1):


Api=[1a121a1m1…a1m…a2m⋮⋮1a1m1a2m⋮⋮…1]



(4)







Therefore, the number of performed pair-wise comparisons is m(m−1)2 [20].



Once a pairwise comparison matrix for a priority is completed, there are several ways to derive the priority vector wpi (wpi={w1pi, w2pi,…,wmpi}T), such as eigenvector [11,18] and geometric mean [21] methods. In the current study we use the geometric mean method due to three main reasons. Firstly, the method can avoid the “rank reversal” problem for scale inversion associated with the eigenvalue method [17]. Generally, the rank reversal can be expressed by changing the priorities by adding a new alternative. Further discussions about the “rank reversal” problem are beyond the scope of this paper and readers are referred to references [12,21] for more information. Secondly, contrary to the eigenvector method, weights can be expressed as analytic functions of the entries of the matrix in this approach [12]. Thirdly, the final weights achieved from the whole hierarchy can be uttered as analytic expressions of the entries of all the matrices involving in the hierarchy. According to this method each component of wpi is obtained by:


wpi=∏j=1maijm∑i=1m∏j=1mmijm



(5)







To complete the analysis, the described procedure is repeated for all subsystems in the hierarchy. In order to synthesize the various priority vectors, these vectors are weighted with the global priority of the parent criteria and synthesized. Therefore, each of the priority vectors make one of the columns in the total pairwise comparison matrix (Am×n):


A=[w1p1w1p2w2p1w2p2…w1pn…w2pn⋮⋮wmp1wmp2⋮⋮…wmpn]



(6)








2.3. Consistency


Priorities are acceptable only if obtained from consistent or near consistent matrices. Therefore, the last step in the AHP is the consistency check. For a perfectly consistent matrix, the transitivity rule is essential for all comparisons [17,18]:


aij=aik·ajk ∀i, j, k



(7)







Inconsistency can occur in the formation of A. Inconsistency happens when the priority (property) has a qualitative nature and cannot be quantified. In this case, components of A are defined using Saaty’s scale (Table 1). Because weighting using Saaty’s scale is made independently, the transitivity rule is not necessarily satisfied. In other words, if all the priorities are quantities, then all of the Apis will be completely consistent. Otherwise, A must be checked to satisfy the consistency.



Among several methods proposed to check the consistency (for more detail please refer to references [9,12,17]), the Consistency Index (CI) [22] and Geometric Consistency Index (GCI) [23] have attracted more attention. In spite of its high popularity, the CI has been criticised due to the permission of inconsistent matrices [24] or rejection of rational matrices [25]. Therefore, GCI was selected for the consistency check in this research. GCI is defined as [26]:


GCI(A)=2(n−1)(n−2)∑i<jlog2eij



(8)




where eij=aijwj/wi. Once GCI is calculated, the consistency index can be calculated using [26]:


CR=GCIk(n)



(9)




where k(n) is a parameter depending on n and can be found in Table 2. According to AHP, the consistency is acceptable as long as CR is less than 0.1 (CR = 10%). To satisfy this condition, GCI should be less than 0.3147 for n = 3, 0.3256 for n = 4, and 0.370 for n > 4 [17].





3. Experiments


3.1. Experimental Procedure


Extensive SPR experiments were performed in order to obtain the required data for AHP modelling. AA6082 aluminium coupons in T6 condition with the dimensions of 40×40×2.5 mm3 and of 120×40×2.5 mm3 were used for the SPR processing. Two layers of the AA6082 sheets were joined together in the center with one rivet. The joined samples with the dimensions of 120×40×2.5 mm3 were machined for peel strength and shear strength tests. For SPR joints of different geometries, three jigs were designed and constructed to ensure that the same riveting position was applied for different strength testing conditions. The schematic diagrams of the jigs and the position of the sheets on the stacks are shown in Figure 2. These jigs provide repeatability and accuracy of the joint for strength tests. As seen, after placing the jig in the appropriate position over the die, the sheet stack are placed on the jig and then the riveting process can be started. The mechanical tests were carried out on an INSTRON 3367 universal testing machine with a capacity of 50 KN with 0.1 mm/s displacement speed. Three samples were prepared for every joint condition and test.



SPR experiments were performed on a Henrob servo-electric SPR machine using ϕ 5.3 mm (nominal ϕ 5 mm) rivets of various configurations. This machine works by storing kinetic energy in a rotating mass (maximum advance velocity of 380mm/s), which sets the rivet into the joint stack with the help of a linear roller screw. There is no force control in the process. The velocity of the rotating mass is the main controlling condition and the riveting force is determined by the velocity together with the other SPR conditions, such as the material to be joined and the workpiece stack, the die, and the rivet. Therefore, the velocity of the rotating mass was the main operation parameter and a range of velocities were applied to examine their impact on the SPR performance. Stainless steel rivets of a mechanically plated alloy of zinc and tin (H00 serious of Henrob products) 5.3 mm (nominal 5 mm) in diameter and 6.5, 7, 7.5, and 8 mm in length were used in this study. The shape of the rivets is flared-hole semi-tubular. The hardness of the rivets varied from 420 to 460 Hv. Flat bottomed dies with diameters of 9.0 and 10.0 mm and various depths of 1.2, 1.4, 1.6, and 1.8 mm were employed.




3.2. Experimental Results


As described in the previous section, different joining conditions were tested to achieve an acceptable joint. Among trials of more than 40 combinations of conditions, only a limited number of them achieved the requirements of a good quality joint. There are several reasons responsible for the failure of joints, including the following:




	(1)

	
Insufficient interlock;




	(2)

	
The rivet tip breaking through into the die;




	(3)

	
Rivet collapsing;




	(4)

	
Under- or over-flashing of the head;




	(5)

	
Excessive flaring;




	(6)

	
Leg or tip tearing;




	(7)

	
Formation of circumferential cracks;




	(8)

	
Asymmetric deformation of the rivet;




	(9)

	
Formation of bottom cracks.









Examinations of the failed joints as illustrated in Figure 3 revealed that there were a few reasons responsible for the failure of joints, such as surface cracks on the bottom sheet, under- or over-flashing of the head, over-flow of the rivet (Excessive flaring), and asymmetrically deformed rivets, resulting in low shear and peel strength. Figure 4 shows the crack formation in the joint when over-flow of the rivet happens. When the rivet flared excessively, the material around the flared rivet, either in the outer or inner regions of the rivet tail in the top sheet suffered high tensile stress, which is considered to be the main cause of crack initiation and propagation. The joints that passed the initial quality check were selected for assessment by the AHP model. Figure 5 shows a cross-section of an accepted joint, which is free from cracks in the bottom sheet. Besides, all the interlocking parameters (h, tb, tbmin, and Ddr) are in acceptable ranges. A summary of the SPR conditions for the accepted joints is presented in Table 3.



To evaluate the strength of the joint, acceptable joints were examined by shear and peel tests. Figure 6 shows the results of these tests. Interestingly for all of the samples, the failure mode of the joints is the rivet pull-out from the bottom sheet (see inset images in Figure 6). The detailed results are given in Table 4. The data reported in this table are average values alongside the variance. It can be seen from Figure 6 and Table 4 that the highest shear (11.21 kN) and peel strengths (3.1 kN) correspond to J5 and J3 joints, respectively. The interlocking parameters and joint strengths (in Table 3) summarized in Table 4 are used for AHP analysis.





4. SPR Joint Assessment Using AHP


4.1. Problem Modelling, Pair-Wise Comparison, Priority Derivation, and Consistency Evaluation


The aim of this work is to select a joint having the best combination of interlocking, head height, and strength. To achieve this goal, six criteria (n=6), including rivet’s head height (h), bottom thickness (tb), minimum bottom thickness (tbmin), deformed rivet diameter (Ddr), shear strength (Fs), and peel strength (Fp), were taken into account. Therefore, the decision hierarchy structure for selecting a joint with the declared criteria among m (J1, J2, …, Jm) number of the joints is the one shown in Figure 7. For all criteria, except the head height, a higher amount means better quality. In the case of head height, it is important that the head has good contact with the top sheet, as moisture can gather and cause corrosion issues, which means the ideal head height is zero. Also, it is possible to have a head height with an amount of less than zero, which is evident when the rivet is beneath the sheet’s surface. Therefore, Equation (2) cannot be applied for evaluation. To overcome this problem, a reference head height, h0, is introduced as the goal for the criteria. Hence, the target for a joint is to have a relative height, |h0hi|, close to 1. The absolute value is used to fit the AHP model requirement, although hi can be negative in practice. In this case, using Equation (2), the entries of the pair-wise comparison matrix for the head height (A(h)) are:


aij=hjhi ∀i, j



(10)







From Equations (3) and (10), the pair-wise comparison matrices for each of the criteria are as below:


A(h)=[h1/h1h2/h1h1/h2h2/h2…hm/h1…hm/h2⋮⋮h1/hmh2/hm⋮⋮…hm/hm ],



(11)






A(tb)=[tb1/tb1tb1/tb2tb2/tb1tb2/tb2…tb1/tbm…tb2/tbm⋮⋮tbm/tb1tbm/tb2⋮⋮…tbm/tbm ],



(12)






A(tbmin)=[tbmin1/tbmin1tbmin1/tbmin2…tbmin1/tbminmtbmin2/tbmin1tbmin2/tbmin2…tbmin2/tbminm⋮⋮⋮⋮tbminm/tbmin1tbminm/tbmin2…tbminm/tbminm],



(13)






A(Ddr)=[Ddr1/Ddr1Ddr1/Ddr2Ddr2/Ddr1Ddr2/Ddr2…Ddr1/Ddrm…Ddr2/Ddrm⋮⋮Ddrm/Ddr1Ddrm/Ddr2⋮⋮…Ddrm/Ddrm ],



(14)






A(σs)=[Fs1/Fs1Fs1/Fs2Fs2/Fs1Fs2/Fs2…Fs1/Fsm…Fs2/Fsm⋮⋮Fsm/Fs1Fsm/Fs2⋮⋮…Fsm/Fsm ],



(15)




and


A(σp)=[Fp1/Fs1Fp1/Fp2Fp2/Fp1Fp2/Fp2…Fp1/Fpm…Fp2/σpm⋮⋮Fpm/Fp1Fpm/Fpm⋮⋮…Fpm/Fpm ].



(16)







The next step is to construct the priority vector for the matrices of Equations (10) to (14). Using Equation (5), priority vectors are defined as:


w(h)={∏1mhih1∑1m∏1mhihi,∏1mhih2∑1m∏1mhihi,…,∏1mhihm∑1m∏1mhihi}T,



(17)






w(tb)={tb1∑i=1mtbi,tb2∑i=1mtbi,…,tbm∑i=1mtbi}T,



(18)






w(tbmin)={tbmin1∑i=1mtbmini,tbmin2∑i=1mtbmini,…,tbminm∑i=1mtbmini}T,



(19)






w(Ddr)={Ddr1∑i=1mDdri,Ddr2∑i=1mDdri,…,Ddrn∑i=1mDdri}T,



(20)






w(σs)={Fs1∑i=1mFsi,Fs2∑i=1mFsi,…,Fsm∑i=1mFsi}T,



(21)




and


w(σp)={Fp1∑i=1mFpi,Fp2∑i=1mFpi,…,Fpm∑i=1mFpi}T.



(22)







At this step, the pair-wise comparison matrix (A) for the whole hierarchy can be derived by assembling all the priority vectors (Equations (17–22)). For this purpose, each of the priority vectors forms one of the columns in the comparison matrix (A):


A=[∏1mhih1∑1m∏1mhihitb1∑i=1mtbitbmin1∑i=1mtbminiDdr1∑i=1mDdriFs1∑i=1mFsiFp1∑i=1mFpi∏1mhih2∑1m∏1mhihitb2∑i=1mtbitbmin2∑i=1mtbminiDdr2∑i=1mDdriFs2∑i=1mFsiFp2∑i=1mFpi⋮⋮⋮⋮⋮⋮∏1mhihn∑1m∏1mhihitbm∑i=1mtbitbminm∑i=1mtbminiDdrm∑i=1mDdriFsm∑i=1mFsiFpm∑i=1mFpi].



(23)







Before further progress, the consistency of the pair-wise comparison matrix (A) should be checked using Equation (9).



Until now, the pair-wise comparison matrix was formed without any prioritization among the criteria. For this reason, a decision maker should prioritize each of the criteria by giving them a weight (W) using Saaty’s scale (Table 1). Applying the same procedure as that used for the criteria, the weight vector of the whole hierarchy is defined as:


W={Wh∑W,Wtb∑W,Wtbmin∑W,WDdr∑W,WFs∑W,WFp∑W}T.



(24)







By multiplying A to W (A·W), the rank of the alternatives is defined by the resultant vector.



From all of the above procedures, one can simply select the best condition of riveting following the steps of the flowchart shown in Figure 8.




4.2. Ranking the Alternatives


Before starting the analysis for the current empirical case, it is important to consider the possibility of insertion of all of the experimental situations regardless of their quality and whether they can pass the predefined limits or not. However, to reduce the size of analysis and to decrease the number of calculations, it is better to decrease the number of alternatives by eliminating unacceptable conditions, considering the point that the low quality conditions spontaneously will be placed at the end of the ranking by AHP. Therefore, eliminating the poor conditions does not have any effect on the final assessment. Inserting data in Table 4 into Matrix (A) (Equation (23)), the comparison matrix is defined as:


A=[0.1790.1460.1510.1420.0890.1370.1400.1530.1490.1570.1490.1480.1280.1450.1310.1470.1390.1490.0810.1780.1690.1440.2240.1130.1170.1420.1490.1320.1320.1370.1260.1300.1630.1460.1620.1430.1280.1360.1400.1330.1510.138]



(25)







Using Equation (8), with inconsistency issues in consideration, GCI is calculated as zero (<0.370), which means that the comparisons are completely consistent. This is reasonable, since all of the presented data in the current work are quantitative.



Furthermore, in this step, it is necessary to rank the criteria based on Table 1, which means the pair-wise comparison of the criteria. It is the decision maker’s responsibility to verbally judge between the criteria based on their knowledge, scientific or industrial requirements and standards, and the customer’s demand. The selected Saaty’s scale is summarized in Table 5. The scales in Table 1 are used when i has an equal or higher importance in comparison to j. This means that if the weight of i over j is x according to Saaty’s scale, then the weight of j over i is simply 1/x, which could not be found in Table 1. The most important parameter in performance assessment of a joint is its strength. Therefore, the highest relative importance numbers are associated with shear and peel strength over others. However, the relative importance of shear and peel strengths were assumed to be the same, although in real applications they may have different importance. The second important parameter is the head height and minimum bottom thickness. There are strict rules and standards on head height in different applications, especially in the automobile industry. Hence, giving a high priority to head height is meaningful. Also, the minimum bottom thickness is crucial because of its role in the failing of a joint. Although the importance of the bottom thickness is lower than that of head height/minimum bottom thickness, it is more important than deformed rivet diameter. As long as the rivet is stable (do not lose its strength or fail), a higher deformed rivet diameter can provide a stronger interlock.



Using scales in Table 5 and Equation (24), the weight vector of the whole hierarchy is calculated as:


W={0.153,0.088,0.154,0.55,0.274,0.274}T.



(26)







By multiplying Equation (25) with Equation (26), final priorities of the alternatives is obtained. The final priorities and rank of the joints are presented in Table 6.



J5 is ranked as first. Considering the properties of this joint in Table 4, it is evident that the highest shear strength and the lowest head height correspond to this joint. Its peel strength is the same as that of J1, which is placed third in Table 6. The second rank in Table 6 is occupied by J3, which has the highest peel strength. Also, it has a higher deformed rivet diameter and lower bottom and minimum bottom thicknesses in comparison to J5. Paying attention to the condition of the joints in Table 3, it is interesting to see that for the rivets with a hardness of 460 Hv, the best joint was achieved by applying a velocity of 350 mm/s. On the other hand, for the rivets with a lower hardness of 440 Hv, the performance of the joint is the best at a higher velocity of 360 mm/s. This contradicts a pre-assumption that using the lower hardness rivets and keeping all other parameters unchanged, a joint with the same performance can be achieved with a lower force. This is a simple example to declare the importance of AHP in multi-criteria problems in materials science, such as SPR joints.



Figure 9 shows the microstructure changes in different areas of the best quality joint (J5). As seen in Figure 9a, the microstructure of the as-received sheet consists of almost equi-axed grains, with an average grain size of 45 µm. In the area near the rivet’s tip grain refinement happens (see Figure 9b) as a result of the deformation that happens in this area and the compressive stress applied by the insertion of the rivet. Also, the grains are elongated as a result of the material flow. The average grain size in this area is approximately 40 µm. By approaching the rivet’s tail, grains become more elongated and the grain refinement increases. The approximate grain size of the grains in this region (Figure 9c) is 25 µm. This means the decrease in the grain size by 38% is noteworthy. As seen in Figure 9d, the microstructure around the joint is more equi-axed in comparison to the other regions and the microstructure is more similar to the as-received one, with an average grain size of 36 µm.



Another stimulating result of the analysis is J1. It is ranked third, however this joint is standing higher than J7, J4, and J2, despite its lower shear strength. This confirms that it is not correct to select the condition of the best joint based on only one parameter, even though that parameter is the most important one (shear strength) among the others. Also, this shows that by lowering the die depth, longer rivets with lower hardness are required for an acceptable joint.



Finally, it is possible to insert other criteria into this analysis, depending on decision makers’ requirements. Also, it is possible to use qualitative criteria, such as the appearance of surface cracks and deflection of the sheet, in the mentioned model. The point is that in this case, a consistency check will be an important step and can be used either for the pair-wise comparison matrixes of each criterion, or the total pair-wise comparison matrix.





5. Summary


The aim of this work is to select a joint having the best combination of interlocking and strength among the approved SPR joints. The Analytic Hierarchy Process (AHP) was used as the multi-criteria decision-making method. A general AHP model, which can be used in different conditions and with unlimited number of criteria and alternatives, was proposed. As a practical example, SPR experiments were carried out using AA6082 aluminium sheets in T6 condition with a thickness of 2.5 mm. A number of parameters, such as die shape and geometry, rivet shape and hardness, and the riveting velocity (force), were tested to achieve acceptable joints. Using cross-sectional investigation and strength tests, seven SPR joints were selected among a large amount of joints, despite the fact that it is possible to insert all of the empirical cases into the analysis. Four criteria were nominated to evaluate the interlocking, including head height, bottom thickness, minimum bottom thickness, and deformed rivet diameter. Additionally, two criteria, namely shear strength and peel strength, were selected for strength assessment. Findings from the AHP method showed that the best combination of the strength and interlocking conditions for the joining of AA6082 aluminium sheets in T6 condition with a thickness of 2.5 mm was achieved by using a die with a diameter of 10 mm and depth of 1.4 mm and a rivet with a length of 6.5 mm and a hardness of 4.6 Hv with a velocity of 350 mm/s. The AHP analysis also showed that by lowering the die depth, longer rivets with lower hardness are required for an acceptable joint. Furthermore, AHP modelling results suggested that selecting joints without considering all of the involved parameters could result in a wrong decision and the selection of the best condition using the most important parameter(s) may lead to a misjudgment.
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Figure 1. Schematic representation of a self-piercing riveting (SPR) joint: (a) the stack of the process; (b) different parameters of the joint. 
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Figure 2. Schematic representation of the jigs and the stacks used to join AA6082-T6 sheets using SPR for (a) macro- and micro-structure investigation, (b) shear strength, and (c) peel strength tests of the joints. 
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Figure 3. Different failed joints that could not fulfill the requirements of an acceptable joint: (a) surface cracks on the bottom joint performed using ϕ 9 mm die with a depth of 1.8 mm and a rivet with a length of 7 mm and hardness of 420 Hv with a velocity of 270 mm/s; (b) over-flowing of the rivet (large deformed rivet diameter) of a joint using ϕ 10 mm die with the depth of 1.2 mm and a rivet with a length of 7 mm and hardness of 420 Hv with a velocity of 360 mm/s; (c) asymmetrically deformed rivet appearing after a joint using ϕ 10 mm die with a depth of 1.4 mm and a rivet with a length of 6.5 mm and hardness of 440 Hv with a velocity of 350 mm/s. 
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Figure 4. Crack appearing in an upper sheet of a SPR joint with a highly flared (over-flow) rivet. This joint was achieved using ϕ 10 mm die with a depth of 1.2 mm and a rivet with a length of 7 mm and hardness of 420 Hv with a velocity of 360 mm/s. 
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Figure 5. An acceptable joint made using a die with a diameter of 10 mm and depth of 1.4 mm, and a rivet with a length of 6.5 mm and hardness of 460 Hv with a velocity of 345 mm/s. (a) The surface quality of the riveting point in the bottom sheet, and (b) the cross section of the joint. 
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Figure 6. Representative experimental force–displacement curves for (a) the shear, and (b) peel tests of different joints. 
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Figure 7. Decision hierarchy structure. 
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Figure 8. Flow chart to conduct analytic hierarchy process (AHP) study for SPR processing. 
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Figure 9. Microstructure of the joint in different areas: (a) far from the joint (as-received sheet); (b) around rivets tip; (c) near the rivet’s wall; (d) the joint. 
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Table 1. Pair comparison evaluation scale (Saaty’s scale) [11,12].
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	Relative Importance (aij)
	Description (i over j)





	1
	Equal importance



	2
	Weak



	3
	Moderate importance



	4
	Moderate plus



	5
	Strong importance



	6
	Strong plus



	7
	Very strong importance



	8
	Very, very strong



	9
	Absolute importance
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Table 2. Values of k(n) for n=3,…, 16 [26].
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	n
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16





	k(n)
	3.147
	3.526
	3.717
	3.755
	3.755
	3.744
	3.733
	3.709
	3.698
	3.685
	3.674
	3.663
	3.646
	3.646
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Table 3. SPR parameters for the acceptable joints.
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	Joint
	Die Type
	Die Diameter, mm
	Die Depth, mm
	Rivet Type
	Rivet Diameter, mm
	Rivet Length, mm
	Rivet Hardness, Hv
	Velocity, mm/s
	Force, Kgf





	J1
	Flat bottomed die
	10
	1.2
	flared hole- semi tubular
	5
	7
	420
	360
	82.8



	J2
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	8
	440
	360
	82.4



	J3
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	6.5
	440
	360
	85.4



	J4
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	6.5
	440
	340
	77



	J5
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	6.5
	460
	350
	82.6



	J6
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	6.5
	460
	345
	80.7



	J7
	Flat bottomed die
	10
	1.4
	flared hole- semi tubular
	5
	6.5
	460
	340
	78.9
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Table 4. SPR joint specifications, including interlocking parameters and strengths.
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	Joint
	Head Height (h), mm
	Bottom Thickness (tb), mm
	Minimum Bottom Thickness (tbmin)
	Deformed Rivet Diameter (Ddr), mm
	Shear Strength (Fs), kN
	Peel Strength (Fp), kN





	J1
	0.05±0.01
	1.42±0.1
	1.1±0.1
	6.3±0.1
	8.78±0.15
	3.01±0.03



	J2
	0.1±0.02
	1.33±0.16
	1.02±0.08
	6.4±0.1
	9.04±0.13
	3.06±0.04



	J3
	0.06±0.01
	1.53±0.12
	1.08±0.11
	6.35±0.11
	9.54±0.2
	3.1±0.06



	J4
	0.11±0.02
	1.73±0.18
	1.23±0.15
	6.32±0.1
	8.68±0.16
	2.71±0.05



	J5
	0.04±0.01
	1.1±0.04
	0.82±0.1
	6.3±0.1
	11.21±0.1
	3.01±0.04



	J6
	0.06±0.01
	1.28±0.06
	0.96±0.12
	6.25±0.1
	11.11±0.09
	3.01±0.03



	J7
	0.07±0.01
	1.32±0.07
	1.02±0.1
	6.22±0.1
	10.38±0.12
	2.87±0.05
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Table 5. Relative importance of the criteria.
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	Parameters
	Head Height
	Bottom Thickness
	Minimum Bottom Thickness
	Deformed Rivet Diameter
	Shear Strength
	Peel Strength





	Head height
	1
	2
	1
	3
	0.5
	0.5



	Bottom thickness
	0.5
	1
	0.5
	2
	0.33
	0.33



	Minimum bottom thickness
	1
	2
	1
	3
	0.5
	0.5



	Deformed rivet diameter
	0.33
	0.5
	0.33
	1
	0.25
	0.25



	Shear strength
	2
	3
	0.5
	4
	1
	1



	Peel strength
	2
	3
	0.5
	4
	1
	1
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Table 6. Rank of joints (alternatives) and their priorities.
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	Rank
	Final Priorities
	Joint





	1
	0.155
	J5



	2
	0.147
	J3



	3
	0.146
	J6 and J1



	4
	0.140
	J7



	5
	0.133
	J4



	6
	0.132
	J2
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