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Abstract
The represented multi-material design contains an aluminium EN AW-6016 and a high strength steel CR330Y590T-DP. This dissimilar combination is an example for affordable lightweight design solutions, but it requires an adapted joining technology. Hybrid joining technologies such as self-piercing riveting (SPR) in combination with a structural adhesive enable an assembly of such dissimilar material combinations. Besides higher manufacturing costs for mechanical joining the design process still requires a great amount of effort. This study provides a simple approach to assess hybrid joined multi-material connections. Therefore, tests on several combinations of the most relevant parameters on the fatigue life (material properties, sheet thicknesses, load cases) were performed under quasi-static and cyclic loads. Based on the data acquired, it is shown that the fatigue life of the hybrid joined connections can be estimated by superposing the contributing fatigue lives of the purely SPR and purely adhesive joints.
Introduction
Lightweight design for conventional combustion engine vehicles still contributes to fulfilling emission targets. The design of battery electric vehicles (BEV) needs light but strong materials to meet requirements e.g. regarding the safety of battery packs and the vehicle's range. Especially for sheet metal designs (body and chassis) technical lightweight solutions require adapted joining techniques, which are widely available usually at a higher cost compared to conventional joining techniques like e.g. resistance spot welding (RSW). The next step is to reduce such costs and thus to adopt them for the volume segment.
An affordable and promising multi-material combination is aluminum and high strength steel. The assembly of such dissimilar material combinations leads to challenges for RSW. Mechanical joining such as self-piercing riveting (SPR) in combination with structural adhesive allow an assembly of such dissimilar material combinations. Although the materials are likely affordable, the manufacturing of mechanical joining and the design process still require a great amount of effort. Especially, the development of reliable simulation methods is still ongoing.
Several studies investigated the behavior of structural adhesives and hybrid joined connections. Thereby for the lap shear configuration, for both the spot welds [1]–[3] and the self-piercing rivets [4]–[8], a significant improvement of the fatigue performance is obtained with the additional adhesive. Especially for load cases with a high portion of shear loads the adhesively bonded and hybrid joined connections show superior performance compared to welded or riveted connections. In a stress analysis on finite-element models of SPR-adhesive hybrid joints Wu [9] shows that the rivet has an insignificant influence on the stress distribution at the edges of the adhesive layer with negligible small effects on the resulting fatigue performance. The advantages of the adhesive on the strength values are also due to the significantly larger overlap area of the adhesive in relation to the effect of only one rivet. Nevertheless, Li and Fatmi [10] found that the positive effect of the additional adhesive on the fatigue behavior of SPR-bonded hybrid CP specimen is more significant at lower loads, while the SPR has a greater impact at higher loads. Since the likeliest fatigue failure locations in body structures are joints, reliable approaches for fatigue life calculations are mandatory. Present approaches for assessing hybrid joined multi-material connections usually neglect the improvements of fatigue performance due to the adhesive. This routine of concentrating on the SPR leads to conservative results for fatigue life but do not fully exploit the lightweight potential. 
The motivation of this study was to provide insights according to the fatigue performance of multi-material connections hybrid joined by SPR and adhesive. Therefore, in addition to the well investigated lap-shear configuration, the coach peel test, which is more critical for the adhesive, is examined for all joining techniques. According to an assumption resulting from investigations within this work and former studies[5], [6], the fatigue life of hybrid joined connections can be superposed by the contributions of each joining technology. The methodology described in this study contributes to a more accurate assessment of the adhesive's contribution to the fatigue life of hybrid joint connections. 


Experimental
Materials and specimen geometry
The main investigations within this study aim on a combination of a dual-phase steel CR330Y590T-DP (according to VDA 239-100) and an aluminum alloy EN AW-6016-T4. The quasi-static tensile properties of the sheet materials are given in Table 1.
	Material
	Abbreviation
	E
	Rm
	Rp0.2
	A80

	 
	
	GPa
	MPa
	MPa
	[%]

	EN AW-6016-T4
	6016
	69
	225
	126
	24

	EN AW-6016-T4 + 170/20
	
	69
	260
	177
	21

	CR330Y590T-DP
	DP600
	205
	651
	410
	21



[bookmark: _Ref21344186]Table 1: Quasi-static tensile properties of the sheet materials investigated in this study. For the 6016 alloy, T4 represents the condition at the joining operation, T4 + 170/20 represents the condition during mechanical testing, see text for details.
Lap shear (LS) and coach peel (CP) specimen were used to represent the most relevant load cases, see Fig. 1. Especially for the CP specimen the dimensions were defined to represent real automotive flange dimensions [11]. The width of 50 mm was defined to apply failure criteria used in automotive component fatigue testing (see later in the text). Three different joining techniques were investigated: purely riveted connections, purely adhesively bonded connections and hybrid joined (SPR plus adhesive) connections. Countersunk head self-piercing rivets from Tucker GmbH, Germany with a diameter of  was used in this study. In multi material joints the steel sheet was always the top sheet while the aluminium sheet was always the bottom sheet. The adhesive Teroson EP5089 from Henkel AG & Co. KGaA [12] is a one-component epoxy-based structural adhesive and was applied with a layer thickness of 0.2 mm. The hybrid connections were fabricated with a fixing method, in which the adhesive is first applied on the sheets, then the rivet fixes the sheets in the correct position. The adhesive and the SPR were applied in the center of the overlap. As mentioned before, the position of the adhesive layer and the SPR is oriented on flange geometries from production and considered recommendations regarding optimum edge distances. Fig. 1 shows the hybrid joined specimen. All specimens were heat treated at 170°C for 20 minutes, which simulates the automotive E-coating manufacturing step which initiates the heat curing of the adhesive.
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[bookmark: _Ref18585949]Fig. 1. Test specimen dimensions. a) Lap shear (LS) specimen, top view. b) Coach peel (CP) specimen, side view. All dimensions in mm.
[bookmark: _Ref18509835]This paper focusses on the material combinations shown in Table 3. However, the general validity of the presented method was verified by additional material combinations [4].
	Top sheet
	Bottom sheet
	Rivet diameter [mm] *
	Abbreviation used in this study

	DP600, t = 0.9mm
	6016, t = 1.5 mm
	5
	DP600-6016

	DP600, t = 0.9mm
	DP600, t = 0.9mm
	5
	DP600-DP600

	6016, t = 1.5 mm
	6016, t = 1.5 mm
	5
	6016-6016


[bookmark: _Ref20472599]Table 3: Material combinations tested in this study. * only for SPR and hybrid joints.
Test setup
In this study, all quasi-static tensile tests were performed in displacement controlled mode with a rate of 10 mm/min. The displacement was measured with a video extensometer. The load controlled fatigue tests were performed at a load ratio of  using a servo hydraulic test machine. The frequency for purely SPR connections was set to 30 Hz. To avoid thermal effects in the adhesive, the frequency for hybrid joined and adhesively bonded connections was set to 10 Hz. As the relevant area of fatigue life is within the low cycle fatigue (LCF) regime, the applied loading amplitudes were determined according to the pearl string method [13]. The 50% failure probability line was calculated according to the procedure given in [13]. This regression line is described by the Basquin equation:
	
	
	(1)


with C = position of the finite life line and m = slope of the regression line.
Results and discussion
Quasi-static tensile tests
Quasi-static tensile tests were performed to assess the quasi-static stiffness of the joints, which is represented by the slope of the linear portion of the F-l curve (Fig. 2). This data may be used to verify the stiffness of the finite element models for each joining technology.
Fig. 2 shows the experimental results for the material combination DP600-6016, which are representative for all material combinations listed in Table 1. For both load cases investigated in this study, CP and LS, respectively, the maximum static load for the LS load case was significantly higher than for the CP load case independent of the joining technique (SPR, adhesive or hybrid). As shown in Fig. 2a for the LS load case the maximum shear loads for purely SPR connections are the lowest compared to all other joining techniques. No failure of the SPR itself was observed under these conditions. That is, the load is transmitted directly into the sheet materials which suggests that the static strength of the SPR joint increases with increasing strength of the sheet materials. Hybrid joints reach comparable maximum static load values as adhesively bonded joints. This means that the adhesive dominates the joint strength in shear loaded hybrid connections. Again, the advantages of the adhesive on the strength values are especially due to the significantly larger overlap area of the adhesive in relation to the effect of only one rivet. Nevertheless, the insights can provide a basis for a potential numerical stress based assessment of the fatigue life.
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[bookmark: _Ref20149389]Fig. 2: Results of quasi-static tensile tests for the DP600-6016 combination. a: LS load case. b: CP load case.
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[bookmark: _Ref21510358]Fig. 3: Adhesively bonded CP specimen under load and crack initiation site.
As shown in Fig. 2b, for the CP load case, the maximum load values for the SPR joints are only slightly higher than for the adhesively bonded joints. For hybrid joints, on the other hand, the maximum load values are significantly higher compared to the other joining techniques. The inflection point of the hybrid curves suggest that after the adhesive fails at a certain load level the rivet significantly extends the load bearing capacity and elongation. Due to the geometry of the specimen, failure in the adhesive is initiated at the location shown in Fig. 3 as a result of local increased stresses arising from deformation of the structure. That is, the higher the yield strength of the assembled sheets and the higher the stiffness of the joint geometry, the higher is the maximum failure load of adhesively bonded and hybrid joints.
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[bookmark: _Ref20209754]Fig. 4: Results from quasi-static tensile tests on adhesively bonded configurations. a: LS load case. b: CP load case. The numbers in the graphs indicate the sheet thicknesses.

Furthermore, it was observed that the stiffness of the adhesively bonded and hybrid joint connections depends on different parameters for the different load cases. As can be seen in Fig. 4a, under shear loads, the stiffness is dominated by the Young's moduli of the assembled sheets and not by the sheet thickness. For this reason, a thinner steel connection (DP600(t=0.9)- DP600(t=0.9)) is stiffer under shear loads than a thicker aluminium connection (6016(t=1.5)- 6016(t=1.5)). Fig. 4b shows that the stiffness of the thicker sheet connections is higher compared to the thinner sheet connections. The reason for this is that under bending loads the resulting stiffness is rather driven by the area moment of inertia than by the Young’s modulus. The sheet thickness is used in the moment of inertia with the third power.


Fatigue tests
Failure criteria
In fatigue testing of automotive components, so called “technical” cracks, i.e. cracks with a length of several millimetres that can be detected with the naked eye, are often used as a failure criterion. Automotive components are typically E-coated. That is, a crack cannot be detected and monitored starting from crack initiation because micro cracks are invisible underneath the E-coating. Practical experience suggests that a crack length of about 15 mm can be visually detected on an E-coated component with a high probability. Such cracks are associated with a degradation stiffness of the design. That is a drop in stiffness is often used as the failure criterion because it is relatively easy to measure. A typical parameter for evaluating stiffness degradation during a fatigue test is the relative dynamic stiffness  with  defined the actual stiffness at N = i and  defined as the initial stiffness at N = 1. The definition of  is explained in detail in [14] and [15]. In [15] several failure criteria were investigated before recommending a stiffness drop of 40%, i.e.  for laser welded, RSW and SPR connections. Since the failure criterion has a decisive influence on the final FN curve (F = load amplitude and N = number of cycles to failure), the definition of a failure criterion using a stiffness drop value was further refined for the joints investigated in this study.
For all investigated LS load cases, the number of cycles of crack propagation and the associated stiffness drop was less than 5% of the number of cycles of total specimen separation. Since for this load case, the duration of the damage is very short and thus, the influence of any failure criterion using a stiffness drop on the resulting FN curve is minor, complete specimen separation was defined as the failure criterion for all LS load cases.
However, the damage and thus the progression of stiffness was clearly different for the CP specimens. For the investigated SPR joints, the crack usually occurs in the top sheet near the rivet and subsequently propagates outwards. As soon as the crack appears, it was measured microscopically and plotted against the stiffness that was simultaneously obtained. As a result, a crack with a length of 15 mm results in a stiffness drop of 25% for the riveted CP specimens (Fig. 5a, b).
Since the crack on adhesively bonded connections initiates on the edge of the adhesive layer (see Fig. 3) and propagates within the adhesive layer, the crack length cannot be monitored during the fatigue test. For this reason, the crack initiation and propagation in the adhesive layer of CP specimens was analyzed using a dye penetrant test. The fatigue tests were stopped at defined stiffness drops while black paint was applied to penetrate into the crack. The fatigue test was continued until a further defined stiffness drop, and the process was repeated with blue paint. Crack lengths measured at the separated specimen could then be correlated with the corresponding stiffness drops. Analyzing this data revealed a linear relationship between the crack length and the stiffness drop up to a stiffness drop of 50% (Fig. 5c). That is, the failure criterion for adhesively bonded CP specimens was set to a stiffness drop of 50% (Fig. 5a, c).
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[bookmark: _Ref20727768]Fig. 5: CP load case: failure criteria for SPR, adhesive and hybrid joints. a) schematic for SPR and adhesive joints. b) example of a crack around a SPR joint. c) relationship between crack length and stiffness drop for adhesive joints. d) schematic for hybrid joints.

For the hybrid joined CP load case investigations with the use of dye penetration process show that the adhesive layer fails in the first fifth of fatigue life up to the position of the rivet. After that, the rivet supports the connection by carrying additional loads. Once a crack initiates in the top sheet steel around the rivet, a crack propagation took place for the rest of the fatigue life until total specimen separation. The stiffness curve became flatter and the crack can be seen macroscopically in the material. This point is defined as saddle stiffness  and is the reference point for calculating the stiffness drop  after significantly changing the curve (Fig. 5d). With a 30% stiffness drop of , a crack of about 15 mm occurs in the material of the hybrid joined CP specimen, which makes the failure mechanisms comparable.

Results for SPR connections
Fig. 6 shows the FN curves of the three combinations listed in Table 3. In general, it can be concluded that the load case has the most influence on the load amplitudes of riveted connections, i.e. load amplitudes of LS specimens are significantly higher compared to CP specimens. Due to the fact that in most cases the failure occurs in the thinner top sheet around the rivet, it can be reasonably assumed that the fatigue strength values of configurations with the same sheet thickness combinations are driven by the mechanical properties of the sheets, i.e. the higher the strength of the sheet material, the higher the fatigue strength of the joint.
[bookmark: _Ref18586219][image: ]
[bookmark: _Ref20325483]Fig. 6. Fatigue test results for SPR joints. The numbers indicate the slopes (m) of the corresponding FN curves. For manufacturing reasons, a 3 mm SPR was used for combination 6016-6016.
In Fig. 6 the slopes (m, see Eqn 1) of the LS curves show values are around  while the slopes of the CP curves are significantly lower with slopes around . This underlines the tendency seen in former studies [9, 16–19] that the slope of FN curves of riveted multi-material connections decreases with a decreasing portion of shear loads and a simultaneous increase of axial loads.

Results for adhesively bonded connections
Fig. 7 shows the FN curves of the three combinations listed in Table 3. As already observed with the riveted joints, the LS specimens show significantly higher fatigue loads than the CP specimens. Comparing Fig. 6 and Fig. 7 it was found that the slopes of the LS curves and the CP curves do not scatter as much as previously observed for the purely riveted specimens. For the LS load case, the FN curves were found to be very similar. However, statistical evaluation of the data revealed decreasing fatigue loads in the following order: DP600-DP600 > DP600-6016 > 6016-6016. It should be noted that for the LS load case a lower threshold load amplitude was found, below which the failure occurred in the aluminum sheet instead of the adhesive. For the specimens tested in this study, the lower threshold load amplitude was around  resulting in numbers of cycles to failure of around . Since a future numerical approach should assumes a cohesive failure of the adhesive layer, all diverging failure modes e.g. failure in the sheet material were excluded.
For the CP load case, the ranking of decreasing fatigue loads was in exactly the opposite order compared to the LS load case, i.e. 6016-6016 > DP600-6016 > DP600-DP600. As mentioned before that for CP geometry the thicker aluminium sheets increase the bending stiffness and thus the fatigue performance. 
[image: ]
[bookmark: _Ref19540412]Fig. 7. Fatigue test results for adhesively bonded joints. The numbers indicate the slopes m (see Eqn. 1) of the corresponding FN curves.

Results for hybrid joined connections
All results shown in Fig. 8 refer to the material combination DP600-6016. In addition to the results of the hybrid joints, the results of the SPR joints and adhesively bonded joints are shown as well. For the sake of clarity, only the 50% failure probability curves are shown in Fig. 8. In addition Fig. 8 shows data which was calculated by a linear superposition of the SPR and adhesive data, herein called hybrid-superposition. The main result is that for both load cases, LS and CP, respectively, the measured curves of the hybrid joints and the superposed curves match with a sufficiently high accuracy. This is the experimental proof that the fatigue life of hybrid joints can be superposed by the contributions of SPR and adhesive joints. The fatigue tests for LS load case (Fig. 8a) confirm the insights from the quasi-static tests, i.e. the adhesive carries most of the shear load of the hybrid joints. The fatigue strength values of the purely riveted connection are inferior compared to the remaining joining techniques. Similar to the adhesively bonded joints, the hybrid joints also showed lower threshold load amplitude below which the material failed in the aluminum bottom sheet and not in the joint. The lower limit of the load amplitude of the hybrid joints was about , also similar to the adhesively bonded joints.
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[bookmark: _Ref20331460]Fig. 8: Fatigue test results for DP600-6016 hybrid joints. a: LS load case. b: CP load case. For calculating the hybrid-superposed data, some curves were extrapolated using the respective Basquin equation (see Eqn. 1, dashed lines).

Fig. 8b shows the results for the CP load case. It can be seen that the fatigue loads of each joining technique do not differ as much as for the LS load case. Especially noticeable is that the SPR joint endure significantly more number of cycles for a higher load range than the adhesively bonded connection. This behavior reverses for small load amplitudes. Adhesively bonded connections have a superior fatigue performance for small load amplitudes range compared to SPR connections. Additional investigations with the use of dye penetration process on hybrid joined CP specimen confirm that the adhesive layer fails in the first fifth of fatigue life up to the position of the rivet. After that, the rivet supports the connection by carrying additional loads. Once a crack initiates in the top sheet steel around the rivet, a crack propagation took place for the rest of fatigue life until total specimen separation. 
Since the fatigue performance of hybrid joined lap shear specimen is driven by the ability of the adhesive to bear shear loads an estimation of fatigue life for adhesively bonded connections should lead to an accurate estimation for hybrid joined connection as well. Due to the fact that the SPR rather bears higher load amplitudes for the CP specimen while the adhesive shows better fatigue performance for lower load amplitudes, an estimation of fatigue life of riveted connections is necessary for this load case. Especially because in hybrid joined components usually endure a mix of the mentioned load cases, the estimation for riveted connections is essential. 
Similar results were found for the DP600-DP600 and 6016-6016 combinations. The results and insights of the experiments under quasi-static and cyclic load build a database for numerical approaches for fatigue life estimations. The investigations show the parameters with the highest impact and the contributions to fatigue strength of each joining technology.
Summary and conclusion
An experimental database for the development of a fatigue life calculation of hybrid joined (SPR plus adhesive) multi-material (steel DP600 and aluminum alloy 6016) connections was generated in this study. Therefore, hybrid joints as well as the SPR and adhesively bonded joints were tested. The tests were performed under quasi-static and cyclic loads. Thus, this study contributes to a better understanding of the behavior of multi-material thin sheet connections joined with the above-mentioned joining techniques.
Following the main conclusions can be drawn:
· Shear loads: Under quasi-static and cyclic loads on hybrid joined multi-material connections, the adhesive bears most of the shear loads. The failure loads of the hybrid joined lap shear specimens were similar to the adhesively bonded specimens. Both were much higher compared to self-piercing riveted specimens.
· Peel loads: Stiffness-based failure criteria were defined for all joining technologies.
· Peel loads: For hybrid joined connections, the rivet contributes most of the fatigue strength for higher loads while the adhesive rather contributes for lower load ranges.
· The advantages of the adhesive on the strength values are especially due to the significantly larger overlap area of the adhesive in relation to the effect of only one rivet. 
· For hybrid joints, the fatigue life can be estimated by linear superposition of the fatigue lives of the purely SPR and adhesive joints with a high accuracy.
· The insights from this study can provide a basis for a potential numerical stress based assessment of the fatigue life for each joining technology, which should numerically validate the superposition assumption.
· Even though the data published in this study focus on the above mentioned material mix, further materials and thickness combinations as well as rivet diameters were tested. Additional test data was gathered for a slightly harder aluminum alloy EN AW-6111-T4, a mild steel CR3 (according VDA 239-100) and a smaller rivet diameter of 3 mm. All results verify the general statements presented in this study. The results will be published in [4].
[bookmark: _GoBack]
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