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ABSTRACT 

 

Increasing public demand for better fuel economy has led the automotive industry to use 

more aluminum components in vehicles.  The present study deals with the problem of 

joining aluminum structural panels and examines the tensile test results of resistance spot 

welded and self-pierced riveted aluminum joints.  It investigates the effect of combining 

these two technologies with the adhesive bonding technology, resulting in “hybrid joints”.  A 

“peak-by-peak” analysis approach assesses the relative contribution of each joining element 

to the overall performance of the joint.  Stress analysis was performed to define the failure 

criteria for the joining elements; tentative engineering design rules are proposed.  The impact 

of the presence of adhesive on the spot welding and riveting process has been evaluated.  

Optimal joining solutions are recommended. 
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Figure 5-8. Cross tension loading of a self-pierce rivet. 

 

Table 5-1: Rivet dimensions used in the joint stress calculation. 

��� (1.3 mm) 7.1 mm 

��� (1.3 mm) 6.4 mm 

�� (1.3 mm) 1.55 mm 

��� (1.3 mm & 1.75 mm) 7.5 mm 

��� (1.75 mm) 7.3 mm 

�� (1.75 mm) 2.4 mm 

��  (1.75 mm) 2.3 mm 

 

 

The bending moment induced in cross tension loading condition causes the material 

surrounding the rivet to deform. Figure 5-9 (a) shows that the joint button has assumed an 

elliptical shape (whose longer axis is aligned with the y axis in figure).  Four points have been 

highlighted in Figure 5-9; in correspondence of points 2 and 4, the deformation of the joint 

button can significantly reduce the mechanical interference between the rivet skirt or head 

and the aluminum sheets; consequently the load carrying area is reduced too.  Additional 

proof of this phenomenon comes from the presence of shearing lips only at points 1 and 3, 

while at points 2 and 4 no evident sign of shearing is noticeable (Figure 5-9 (b)).  To account 

for this reduction of the effective load carrying area the coefficient k  in Equation 5.5 and 

5.6 is set equal to two. 
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Figure 5-9. Deformation (a) and shearing (b) of the SPR joint button loaded in cross tension mode. 

 

The results of the calculations showed that an extremely high value of compressive stress 

��, in the gigapascal range, because of the considerably small area over which the load is 

distributed.  The failure mode shown in Figure 5-9 (b) however showed clearly that the 

critical quantity determining the strength of the joints is the shear stress at points 1 and 3.  

The compressive stress �� will be then disregarded in the presented results.  Summarizing, 

the following methodology will be followed for the stress calculation of cross tension joints: 

• The shearing stress #� is calculated as from Equation 5.5, with k = 2 

• The equivalent axial stress is calculated as [54] 

 

 �� '  √3#� (5.7) 

 

The coach joint loading mode is, for the purpose of this analysis, simplified with the same 

scheme presented in Figure 5-7 and Figure 5-8 for the cross tension geometry.  In a coach 

joint however the forces are considered applied only to one side of the overlap.  This in turn 

translates into a reduction of the effective load carrying area, as ideally only half of the rivet 

is carrying load.  Taking into account also the considerations made for the cross tension joint 

regarding the ovalization of the joint button a value of the coefficient k equal to 4 was used 

in Equation 5.5.  Equation 5.7 was then used to calculate the equivalent axial stress. 

In lap joints the external load is applied perpendicularly to the rivet legs, as shown in 

Figure 5-10.  In particular, due to the two forces being non-coaxial, a force couple is 

generated.  Two reaction forces have then to arise to counteract this couple and assure the 

rivet equilibrium. In particular, the force on the rivet tail �� has been drawn in the middle of 
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the rivet skirt while the force on the head side �� is at two third of the radius head from the 

center of the rivet. The following reasons lie behind this choice: as mentioned before, the 

ovalization of the joint button significantly reduces the mechanical interference of the rivet 

with the aluminum sheet at the tip of the rivet foot while it allows for the load to be held at 

the center of the rivet (points 1 and 3 in Figure 2-8).  Figure 5-10 clearly shows two shearing 

lips in the central portion of the joint button while no shearing is visible on the left hand side 

of the button.  Differently from Figure 5-9 the shearing lips are in this case tilted, clearly 

indicating that the rivet has rotated during the joint deformation around an axis 

perpendicular to the joint axis, as explained by Atzeni et al. [43].  

The reacting force on the head side of the rivet is distributed on the right hand side of the 

rivet head and it linearly increases from the center to the tip of the rivet head, in a triangular 

manner (Figure 5-10 (a)); thus, the average force can be placed at two thirds of the distance 

between the rivet head center and tip. 

Based on the failure mode shown in Figure 5-10 (b), a value of area correction coefficient 

n equal to 2 was chosen. 

 

 

Figure 5-10. (a) schematic representation of a rivet under lap shear loading mode. (b) Detail of the failure mode of 
an SPR lap joint. 

 

The results of the calculation are plotted in Figure 5-11, Figure 5-12, Figure 5-13 and 

Figure 5-14. 

Analyzing the results it can be concluded that: 

• The stress predicted by the proposed model is comparable for all the joint 

geometries when considering the same stack thickness; in particular all the 1.3 

mm SPR joints showed a stress at failure on average around 250 MPa while for 

the thicker stack the stress at failure was generally higher, close to 300MPa for 
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lap and coach joints and in between 300MPa and 350 MPa for cross tension 

joints. 

•  The highlighted differences in the results obtained with the two stack 

thicknesses seems to suggest that the model is not able to fully account for the 

impact of the increase in stack thickness. 

• The geometrical quantities reported in Table 5-1 were measured from the cross 

section of a 1.3 mm SPR NA and a 1.75 mm SPR NA samples. Possible 

variations induced by the presence of the adhesive have not been taken into 

account; this could be the reason for the differences in the stress predicted 

between the NA and the hybrid samples (often higher for the NA samples). 

 

 

Figure 5-11. Stress at rivet  yielding plotted on true stress-true strain tensile curve of base material; SPR cross 
tension. 
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Figure 5-12. Stress at rivet yielding plotted on true stress-true strain tensile curve of base material; SPR coach 
joint. 

 

 

Figure 5-13. Stress at rivet  yielding plotted on true stress-true strain tensile curve of base material; SPR lap joint. 
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Figure 5-14. Stress at rivet yielding plotted on true stress-true strain tensile curve of base material; SPR Joints, 
superposition of the obtained results. 

 

5.3 Adhesively bonded joints 

The calculation of the stresses in the adhesive layer will be performed using the model 

proposed by Bigwood and Crocombe [46], which has been already introduce in Section 

2.5.4.1.  The material properties and the geometrical dimensions of the joint used for the 

calculation are summarized in Table 5-2. 

 

Table 5-2.  Adhesive overlap data used for the calculation of the stresses in the adhesive layer16. 

Young modulus (aluminum) 69600 MPa 

Young Modulus (adhesive) 1942 MPa 

Poisson ratio (aluminum) 0.33 

Thickness adhesive layer 0.5 mm 

Overlap Length 25 mm 

Overlap width 40 mm 

                                                 
16 The same mechanical properties have been used for both the adhesives 
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 Figure 5-15, Figure 5-16 and Figure 5-17 represent the distribution of the shearing and 

peeling stress in the adhesive layer as function of the position on the overlap; in particular, 

the origin of the position axis corresponds to the edge of the overlap.  

In all the analyzed cases the peak stress is registered at the edge of the overlap.  In coach-

peel loading mode the adhesive layer is subjected to peeling stress only.  The stress drops 

dramatically and becomes negative within few millimeters of distance from the edge of the 

overlap.  After rising to zero again, its value is maintained constant and equal to zero over 

the rest of the overlap.  In lap shearing loading mode both the components of stress are 

non-zero and they assume very similar values at the edges of the overlap.  The stress 

distribution in the adhesive layer of  cross tension joints share similarities with both coach 

and lap joints; at the overlap edge both the stress components are different from zero and 

the peeling stress is about double compared to the shearing stress.  In addition, the peeling 

stress shows a symmetric distribution with respect to the center of the overlap while the 

shearing stress assumes opposite values on the two sides of the overlap (Figure 5-17). 

Goglio et al. [45] performed a similar study and obtained the same shape as in the 

mentioned Figures for the stress distribution.  In addition, they varied the characteristic joint 

dimensions (overlap length, adherends and adhesive thickness) in order to create a wide 

combination of shearing and peeling stress.  The obtained results suggest that the failure 

criterion, defined as the envelop enclosing the stresses at failure, assumes a rectangular 

shape.  

The peak adhesive stresses for the hybrid RSW lap and coach joints investigated in this 

study are reported in Figure 5-18.  Even though the combinations of shear and peel stress 

analyzed are not sufficient to infer the shape of the failure envelop, the peak stresses 

reported in Figure 5-18 could be enclosed inside a rectangular of 50 MPa in peel mode and 

35 MPa in shear mode.  

A similar analysis has been conducted for the rivet-bonded lap and coach joints and the 

results have been plotted in Figure 5-19.  The peak stresses calculated for the lap joint are 

highly comparable to the one obtained with the weld-bonded lap joints.  The coach joints 

showed a lower value of stress, which could be attributed to the failure mode of the hybrid 

SPR coach joints, as explained in Section 4. 

 The peak stresses in cross tension loading mode are significantly higher both compared 

to the results obtained with the other geometries and with the fracture stress of the adhesive 
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itself (about 40 MPa).  As the stress at the edge of the overlap overcomes the yielding point 

of the adhesive, it redistributes on a wider area and thus allows for a load increase before 

final fracture.  This phenomenon however cannot be taken into account with the proposed 

model thus the numerical results for the cross tension joints have not been plotted. 

 

Figure 5-15. Peel and shear stress distribution in coach joint. 

 

Figure 5-16. Peel and shear stress distribution in lap joint. 
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Figure 5-17. Peel and shear stress distribution in cross tension joint. 

 

 

Figure 5-18.  Peak stress of the adhesive layer in hybrid RSW lap and coach joints showing theoretical stress 
combination limit line. 
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Figure 5-19.  Peak stress of the adhesive layer in hybrid SPR lap and coach joints showing theoretical stress 
combination limit line. 

 

5.4 Design rules for the studied joints 

The results of the stress analysis can be summarized in a set of design rules for the 

structural joints studied.  The design rules are grouped by joining method 

5.4.1 Tentative design rules for RSW joints 

The design criteria for the RSW joints can be summarized as follow 

1. The nominal elastic critical stress can be calculated using the model proposed by 

Zhang [47] (Equations 5.1-5.4).   

 

��� ' 4�
b	* (5.1) 

#�� ' �
b	* (5.2) 

�
� ' 3K�
4b	*) (5.3) 

�
� '  68�
b	*) (5.4) 

 

2. Calculate the plasticity corrected stress � !" using the Neuber method 

3. The allowable stress in RSW joints then is 

 

� !" q 0.7 �� (5.8) 
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for lap and coach joint and 

 

� !" q 0.9 �� (5.9) 

 

for cross-tension joints 

4. The study of an appropriate safety factor has not been carried out in the present 

work.  However, a higher safety factor is recommended with cross tension joints 

to account for the wider scatter of the obtained results. 

 

5.4.2 Tentative design rules for SPR joints 

The calculation of the stresses in SPR joints have been achieved by means of a new 

methodology, based on the schematic representation of a rivet as shown in Figure 5-7 

1. From cross-sectioned sample measure the quantities	�� , 	�� , *� and *� indicated 

in Figure 5-7. 

2. Compute the shearing force �y and the corrective coefficient n to account for 

the reduction in the effective load carrying area. 

(a) Lap shear: 

 

i.  �y ' �� (see Figure 5-10) 

ii. n=2 

 

(b) Cross tension 

 

i. �y ' � (tensile test load) 

ii. n=2 

 

(c) Coach joint 

 

i. �y ' � (tensile test load) 

ii. n=4 

 

3. Calculate the shear stress #� using Equation 5.6 

 

#� ' �y
br	�*   (5.6) 

 

4. Calculate the equivalent axial stress �� using Equation 5.7 
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�� '  √3#� (5.7) 

 

5. Depending on the thickness of the material the allowable SPR stress then in  

 

�� q 0.7 �� (5.8) 

 

when t = 1.3 mm 

 

�� q 0.9 �� (5.8) 

 

when t=1.75 mm 

 

5.4.3 Tentative design rules for adhesively bonded joints 

1. The peak elastic stresses in the adhesive layer are calculated using the method 

proposed by Bigwood and Crocombe [46] (Equations 2.7 and 2.8; see also 

Section 2.5.4.1). 

 

 #�� ' XJ cosh(RS+) U X) sinh(RS+) U XP (2.7) 

 

 �� ' _J cos(RW+) cosh(RW+) U _) cos(RW+) sinh(RW+)
U _P sin(RW+) cosh(RW+) U _T sin(RW+) sinh(RW+) 

(2.8) 

 

2. The allowable elastic peak stresses in the adhesive layer are: 

a. Lap joint and coach joints  

 

�� q 50�Gx 

 

#�� q 35 �Gx 

 

No design rule can be inferred for the cross tension joints based on the obtained results; 

further studies are recommended. 

5.4.4 Tentative design rules for hybrid joints 

In Chapter 4 it has been illustrated that the hybrid joints show two clearly distinct peaks, 

corresponding to the yielding of the adhesive layer and of the nugget or the rivet.  Thus, in 

the design of a hybrid joints the design rules proposed for the adhesively bonded and the 

RSW or SPR joints can be simply adopted simultaneously, to take into account of the two 
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joining method used.  It is important though to keep into account of the failure sequence of 

the joining elements used. For example, if a hybrid joint has to be designed such that the 

stress does not cause the failure of any joining element, the failure stress in the adhesive layer 

becomes the crucial designing parameter, as the adhesive layer is the first joining element to 

yield in all the analyzed geometries. 
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6 Chapter 6 

Impact of the adhesive layer on the RSW and SPR process 

This chapter details the investigation into the impact of the adhesive layer on the RSW 

and SPR processes.  For the RSW process, two parameters are considered: the porosity of 

the weld nugget, and the microhardness of the various areas of the weldment (parent 

material, HAZ and fused nugget).   

The cross section of some riveted joints will be shown afterward and the influence of the 

adhesive layer will be analyzed. 

6.1 Impact of the adhesive on the RSW joints 

As mentioned in Chapters 2 and 4, the strength of a RSW joint is highly influenced by the 

quality of the weld nugget and the strength of the HAZ.  These two characteristics are often 

assessed by studying the porosity of the weld nugget, and by measuring the variation in 

microhardness from the parent material to the HAZ and into the fused zone of the weld 

nugget [41] [42] [55]. 

In this thesis in particular, both analyses have been conducted to compare the RSW NA 

joints with the hybrid joints, and thereby to determine whether the presence of the adhesive 

layer has introduced any kind of modification in the welded area, i.e., increased weld nugget 

porosity or a different HAZ hardness. 

6.1.1 Weld nugget porosity 

For the analysis of the weld nugget porosity, nine samples (3 NA, 3 Sika and 3 Dow) 

were cross sectioned through the weld nugget and prepared metallographically.  They were 

analyzed on an optical microscope using the image analysis software Image-Pro Plus. 

A weld nugget cross section is shown in Figure 6-1(a).  The sample shows both porosity 

and a crack through the lower central portion of the nugget.  Similar cracks where often 

noticed in the other samples.  Figure 6-1(b) shows a screenshot of Image-Pro Plus; the 

software is able to recognize the darker areas corresponding to the pores, highlighted in red, 

and allows for the calculation of the area fraction of the pores.  In order to consider only the 

“macropores” and to avoid the erroneous inclusion in the calculation of second phase 
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particles and impurities, a filter was set to disregard all the recognized elements smaller than 

50�}).  

The results are reported in Table 6-1.  The results have been normalized with respect the 

area of the nugget.  Sika samples showed the highest level of porosity and Dow samples the 

lowest; however, the difference between the measured values was less than 0.5%, thus 

proving that the welding process of the hybrid joints was accomplish effectively. 

 

Table 6-1. Calculation of the porosity in the weld nugget. 

 NA SIKA DOW 

Normalized pores area 1.47% 1.92% 1.45% 

 

 

 

Figure 6-1.  Analysis of the weld nugget porosity; (a) cross section of a weld nugget, (b) screenshot of the image 
analysis software. 

 

6.1.2 Microhardness  

One sample per condition (NA, Sika and Dow) was used for the Vickers microhardness 

test.  A load of 25 grams was applied for ten seconds on the pyramidal shaped diamond 

indenter.  The position of the indentations is shown in Figure 6-2 (a).  For each point shown 

in the figure, three measurements were taken; the average and the standard deviation were 

calculated. 

The microhardness can be calculated from the measurement of the diagonals of the 

pyramidal indentation as  
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 �� ' 1854 w
	) (6.1) 

  

where L is the load applied in gram-force (gf) and d is the arithmetical average of the 

length of the two diagonals measured in micrometers. 

The results of the measurements of the three samples are superimposed in Figure 6-3.  It 

can be concluded that 

• No significant difference between the three analyzed samples is evident; thus the 

presence of the adhesive did not influence the microstructure of the aluminum. 

• A slight increase in hardness is noticeable at the borders of the weld nugget that 

correspond to the heat affected zone.  The hardness of the parent material and of 

the weld nugget is instead slightly lower.  Based on these considerations the 

points in Figure 6-3 are divided into three main regions: parent material, HAZ, 

and weld nugget.  Similar results have been obtained in [41]. 

It should be mentioned that microhardness measurements of welded joints is usually 

carried out on cross sections of non-tested samples.  The deformation caused during the 

tensile test can induce strain hardening of the aluminum and can bias the results of the 

measurements; however no non-tested welded samples were available.  The previously made 

considerations can be anyway considered as valid as all the compared cases has undergone 

the same deformation. 

 

 

Figure 6-2.  Microhardness measurement; (a) position of the indentations; (b) enlargement of an indentation. 
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Figure 6-3.  Results of the microhardness measurements. 

 

6.2 Impact of the adhesive on the Self Pierce Riveting joints 

Numerous times in Chapter 4 a lower rivet yielding load has been noticed for the hybrid 

joints compared to the NA joints.  In particular, this difference in load is larger for the 

thinner joints.  Figure 6-4 compares the cross section of 1.3 mm thick SPR NA and hybrid 

joints and reports the values for the interlock at the rivet legs.  Both hybrid samples show a 

lower value of interlock, which means a lower anchoring strength of the rivet in the bottom 

sheet.  This observation clearly explains the behavior noticed in Chapter 4. 

Figure 6-5 compares the cross section of a 1.3 mm thick and a 1.75 mm thick SPR + Sika 

joints.  The two joints differ not only in sheet thickness, but also in the rivet length and the 

die profile.  In particular a DP09-175 die has been used for the thinner stack while a DZ09-

025 die has been used for the thicker stack.  The DP09-175 die is characterized by a higher 

pip while the DZ09-025 has a lower pip.  As a consequence most the adhesive remains 

trapped between the rivet legs after the riveting of the 1.75 mm joints while a larger quantity 

of adhesive is pushed away from the rivet in the thinner stack.  This different displacement 

of the adhesive layer from the area involved in the riveting process may explain the different 

impact of the presence of adhesive on the joint strength. 
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Figure 6-4.  Riveted joint cross section; (a) 1.3 mm NA, (b) 1.3 mm Sika, (c) 1.3 mm Dow [Source: Henrob]. 

 

Figure 6-5. Riveted joint cross section; (a) Ø5 x 5 rivet with DP09-175 die (used for 1.3 mm stack), (b) Ø5 x 6 rivet 
with  DZ09-025 die (used for 1.75 mm stack) [Source: Henrob].
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7 Chapter 7 

Summary and Recommendations  

The tensile test results of aluminum alloy structural joints have been studied throughout 

this thesis.  Resistance spot welded joints have been compared to self-piercing riveted joints.  

Additionally the effect of adding two types of adhesives, SIKAPOWER497 and DOW 

BETAMATE 1620US to both the welded and the riveted joints was investigated to 

determine the potential benefits of using hybrid joining techniques.  The impact of the 

variation in thickness of the aluminum blanks was also analyzed too.  The results of the 

tensile tests, in particular the load, were then used for the analytical calculation of the stress 

at failure of the joining elements.  Finally, a metallographic analysis investigated the impact 

of the presence of the adhesive layer on the quality of the RSW and SPR joints. 

 

7.1 Summary 

7.1.1 Tensile test results. 

The results of the tensile tests can be summarized as follow: 

1. The superimposing of the load-displacement curves together with the video 

recording of the tests proved to be useful for the interpretation of the behavior of 

the joints during the tests.  

2. The “peak-by-peak” approach, which segments the specimen fracture into 

specific events such as adhesive failure, nugget failure or SPR failure, allowed for 

the determination of the contribution of the different factors, i.e. joining method, 

sheet thickness to the final shape of the load-displacement curves. 

3. A universal optimal joining solution appears not to exist, because the strength of 

each analyzed joining method was noted to be highly dependent on the joint 

geometry and on the blank thickness.   

4. The addition of adhesive is highly beneficial in lap shearing loading mode, where 

the adhesive yielding peak showed the highest load; in coach peel and cross 

tension loading modes, the adhesive yielding load is comparable or lower than the 

nugget or rivet yielding load. 
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5. The presence of the adhesive often showed a negative impact on the nugget and 

rivet yielding load.  In particular, the 1.3 mm rivet bonded hybrid joints exhibited 

lower loads compared to the 1.3 mm riveted-only joints. 

6.  Different from the failure load, both the energy absorbed by the joints during the 

deformation as well as the stiffness at initial loading of the joint generally 

increased when the adhesive was added.  This increment was less evident for the 

rivet-bonded coach and cross tension joints.   

7. Increasing the thickness of the aluminum blank from 1.3 mm to 1.75 mm had a 

positive impact on the performance of all of the analyzed joining methods.  The 

greatest impact was noticed at the rivet yielding peak, for both load and energy; 

and the smallest impact was seen at the adhesive yielding peak.   

8. The addition of adhesive generally had a higher impact on improving the 

performance of the thinner joints compared to the thicker joints. 

9. The two adhesives showed comparable performance. 

10. Rivet yielding load and energy were higher compared to the nugget yielding load 

and energy in coach and cross tension joints, especially for the 1.75 mm thickness. 

In lap joining mode, the nugget yielding load was higher than the rivet yielding 

load for the thinner stack while comparable loads were measured with the thicker 

stack.  In all the analyzed cases, riveted joints were benefitted more by the 

increment in thickness. 

11. In contrast with point 10, the adhesive yielding load in t-peel and cross tension 

loading mode was higher for the weld-bonded joints than the rivet-bonded joints. 

This gap in load was larger for the 1.75 mm joints.  A similar trend was observed 

for the stiffness at initial loading of the joints. 

12. The energy at final failure of the SPR and rivet-bonded coach and cross-tension 

joints was always larger than the energy absorbed by the corresponding RSW and 

weld-bonded joints.  This observation is due to the higher deformation needed 

before rivet final failure. 

13. The variability of the obtained results was in general considerably larger at the 

nugget yielding peak and at final failure of welded and weld-bonded joints 

compared to the rivet yielding peak and final failure of riveted and rivet-bonded 
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joints.  The variability in the performance of the adhesive layer did not follow a 

clear trend. 

14. A direct correlation between the weld nugget size and the load at nugget yielding 

has been shown.  No significant difference in the nugget size of the hybrid joints 

compared to the welded-only joints was noticed.  The nugget dimension 

compared to square root of the sheet thickness is larger for the thinner stack.  It 

indicates that a larger nugget could have been used with the thicker stack, and as 

such explains the reduced benefit obtained by the increment in thickness of the 

aluminum sheet compared to the SPR joints. 

15. The severe impact of the non-ideal preparation of the samples has been 

highlighted for the coach and the cross tension joints.  Consistency in the test 

sample preparation is noted as a primary factor for future testing. 

16. All the measured results of the tensile tests showed a significant variability, 

especially the RSW joints.  A better consistency of the results was obtained with 

the SPR joints. 

 

7.1.2 Optimal joining solution 

As previously mentioned, a universal optimal joining solution does not exist; the results 

of the three joint geometries are thus analyzed separately. 

• In lap-shearing loading mode, the adhesive layer is considerably stronger than the 

rivet or the weld nugget.  The use of adhesively bonded or hybrid lap joints is 

therefore highly recommended.  The results for the weld-bonded and the rivet-

bonded joints are comparable. 

• An optimal joining solution for the coach and cross tension joints depend on the 

chosen designing criteria.  

1) If maximum load is considered, SPR joints outperform RSW joints, in 

particular when the thicker stack is considered.  Furthermore, the 

addition of adhesive is not recommended. 

2) If the energy at final failure is considered,  rivet-bonded joints are to be 

used with 1.75 mm coach joints while riveted – only joints are 

recommended for 1.3 mm coach joints and for cross tension joints. 
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3) If the design criteria are based on the load at the adhesive yielding peak 

(first peak) or the stiffness at initial loading the RSW + adhesive is the 

most suitable solution. 

7.1.3 Stress analysis 

Three analytical methods have been used to calculate the stress at failure of the weld 

nugget, the rivet and the adhesive layer. 

• The formulae proposed by Zhang [47] and the Neuber method for plasticity 

correction allowed the calculation of the stresses at failure of the weld nugget.  

Two failure criteria, one for lap and coach joints, and a second for cross tension 

joints seem to exist.  The following tentative design rules have been proposed 

(detailed description in Section 5): 

 

� !" �C� & 
6C
� �6
��� q 0.7 �� � !" 
�6�� ����
6� �6
��� q 0.9 �� 

 

• A new model for the calculation of the failure stress of the riveted joints has been 

proposed.  The obtained results show a good agreement for all the joint 

geometries when considering a single stack thickness.  However, the proposed 

model is not able to incorporate the impact of the stack thickness.  The following 

tentative design rules have been proposed (detailed description in Section 5): 

 

��J.P BB q 0.7 �� ��J.�W BB q 0.9 �� 

 

• The model proposed by Bigwood and Crocombe [46] has been used for the 

analysis of the adhesive layer failure.  A common failure criterion can be inferred 

for lap and coach joints, in accordance with Goglio et al. [45].  The following 

tentative design rules have been proposed (detailed description in Section 5): 

 

�� q 50�Gx #�� q 35 �Gx 
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7.1.4 Impact of the adhesive layer on the RSW and SPR process 

• No significant differences in weld porosity and microhardness between the 

welded-only joints and the hybrid joints have been noticed.  The pre-heating cycle 

added for hybrid joints allowed for an effective process. 

• The presence of the adhesive layer had a different impact on the 1.3 mm thick 

and the 1.75 mm thick SPR joints; namely, the former group is more negatively 

affected.  This behavior has been attributed to the different die profile adopted 

for the riveting of the two stacks, which caused a different displacement of the 

adhesive layer during the riveting process. 

7.2 Recommendations 

This investigation into an optimal joining solution has been based on the tensile test 

behavior of selected joint geometries and configurations. The natural continuation of this 

research is then the analysis of the performance of the same joints in dynamic loading mode, 

i.e., the fatigue strength of the joints.  

The detrimental impact of the non-ideal sample preparation and testing conditions have 

been mentioned throughout the analysis of the results, especially for the coach and cross-

tension joints.  The comparison of the results with those obtained by Sika for adhesively 

bonded coach joints prepared under nearly-ideal conditions gives a clear indication of the 

importance of the sample preparation process, especially when dealing with adhesive 

bonding.  Further study aimed at defining an optimal sample preparation procedure and 

testing procedure is thus recommended. 

Lastly, the stress analysis of the joints and the proposed design criteria are based on 

simple analytical calculations of the stresses, without consideration of the stress intensity 

factors at the weld nugget and the rivet, or of singularity points of the stress field in the 

adhesive layer at the edge of the overlap.  Further investigation of the impact of these factors 

is thus recommended, particularly for the SPR joint, where the proposed model in fact failed 

to successfully assess the impact of the thickness of the aluminum blank.  The possible 

utilization of a correlating coefficient between the geometrical dimensions of the riveted 

joints and the quantities to be used in the proposed model should be also studied.  

Validation of the proposed design rules by means of FEM analysis would be beneficial. 
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8 APPENDICES 

8.1 Appendix A 

Load vs. Displacement curves 

 

 
Figure 8-1. Load - displacement curves 1.3mm Coach Joint RSW no-adhesive 
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Figure 8-2. Load - Displacement curves 1.3 mm Coach Joint RSW + SIKAPOWER 497 

 

 
Figure 8-3. Load - Displacement curves 1.3 mm Coach Joint RSW + DOW Betamate 1620US 
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Figure 8-4. Load - displacement curves 1.75 mm Coach Joint RSW no-adhesive 

 

 

Figure 8-5. Load - Displacement curves 1.75 mm Coach Joint RSW + SIKAPOWER 497 

-5 0 5 10 15 20 25 30
-200

0

200

400

600

800

1000

1200

1400

Lo
ad

 [
N

]

Displacement[mm]

 

 

1

2

3
4

5

0 5 10 15 20 25 30 35
-200

0

200

400

600

800

1000

1200
 LTR 145968

Lo
ad

 [
N

]

Displacement[mm]

 

 

1

2

3
4

5



 

184 
 

 

Figure 8-6. Load - Displacement curves 1.75 mm Coach Joint RSW + DOW Betamate 1620US 

 

 

Figure 8-7. Load - Displacement curves 1.3 mm Coach Joint SPR + NA 
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Figure 8-8. Load - Displacement curves 1.3 mm Coach Joint SPR + SIKAPOWER 497 

 

 

Figure 8-9. Load - Displacement curves 1.3 mm Coach Joint SPR + DOW Betamate 1620US  
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Figure 8-10. Load - Displacement curves 1.75 mm Coach Joint SPR + NA 

 

 

Figure 8-11. Load - Displacement curves 1.75 mm Coach Joint SPR + SIKAPOWER 497 
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Figure 8-12. Load - Displacement curves 1.75 mm Coach Joint SPR + DOW Betamate 1620US 

 

 

Figure 8-13. Load - Displacement curves 1.3 mm Lap Joint RSW Na 
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Figure 8-14. . Load - Displacement curves 1.3 mm :Lap Joint RSW + SIKAPOWER 497 

 

Figure 8-15. Load - Displacement curves 1.3 mm :Lap Joint RSW + DOW Betamate 1620US 
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Figure 8-16. Load - Displacement curves 1.75 mm :Lap Joint RSW Na 

 

Figure 8-17. Load - Displacement curves 1.75 mm : Lap Joint RSW + SIKAPOWER 497 
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Figure 8-18. Load - Displacement curves 1.75 mm : Lap Joint RSW + DOW Betamate 1620US 

 

Figure 8-19. . Load - Displacement curves 1.3 mm Lap Joint SPR Na 
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Figure 8-20. Load - Displacement curves 1.3 mm : Lap Joint SPR + SIKAPOWER 497 

 

Figure 8-21. Load - Displacement curves 1.3mm Lap Joint SPR + DOW Betamate 1620US 
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Figure 8-22. Load - Displacement curves 1.75 mm Lap Joint SPR Na 

 

Figure 8-23. Load - Displacement curves 1.75 mm : Lap Joint SPR + SIKAPOWER 497 
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Figure 8-24. Load - Displacement curves 1.3mm Lap Joint SPR + DOW Betamate 1620US 

 

Figure 8-25. . Load - Displacement curves 1.3mm Cross Tension Joint RSW NA 
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Figure 8-26. Load - Displacement curves 1.3mm Cross Tension Joint RSW + SIKAPOWER 497 

 

Figure 8-27. Load - Displacement curves 1.3mm Cross Tension Joint RSW + DOW Betamate 1620US 
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Figure 8-28. Load - Displacement curves 1.75 mm Cross Tension Joint RSW NA 

 

Figure 8-29. Load - Displacement curves 1.75 mm Cross Tension Joint RSW + SIKAPOWER 497 
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Figure 8-30. Load - Displacement curves 1.75 mm Cross Tension Joint RSW + DOW Betamate 1620US 

 

Figure 8-31. Load - Displacement curves 1.3 mm Cross Tension Joint SPR NA 

0 10 20 30 40 50 60
-500

0

500

1000

1500

2000

2500

3000

Lo
ad

 [
N

]

Displacement[mm]

 

 

1

2

3
4

5

0 10 20 30 40 50 60
-500

0

500

1000

1500

2000

2500

3000

Lo
ad

 [
N

]

Displacement[mm]

 

 

1

2

3
4

5



 

197 
 

 

Figure 8-32. Load - Displacement curves 1.3 mm Cross Tension Joint SPR + SIKAPOWER 497 

 

Figure 8-33. Load - Displacement curves 1.3 mm Cross Tension Joint SPR + DOW Betamate 1620US 
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Figure 8-34. Load - Displacement curves 1.75 mm Cross Tension Joint SPR NA 

 

Figure 8-35. Load - Displacement curves 1.75 mm Cross Tension Joint SPR + SIKAPOWER 497 
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Figure 8-36. Load - Displacement curves 1.75 mm Cross Tension Joint SPR + DOW Betamate 1620US 
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