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Abstract. This work investigates the influence of the sheet edge condition on the fracture behavior 
of riv-bonded aluminum-magnesium lap joints under monotonic-static and cyclic-dynamic shear-
tensile loads. Therefore, sheets of 1.5 mm-thick EN AW-6016-T4 aluminum alloy were joined with 
sheets of 2.0 mm-thick AZ91 magnesium alloy using two C5.3×6.0-H4 rivets and epoxy-based 
adhesive. The side edges of the sheets were either shear-cut or milled after cutting. Before testing, 
the joints were heat-treated at about 180-200 °C for 20 min in order to cure the adhesive and to 
peak-age the aluminum alloy. The cyclic load maximum was about 40 % of the monotonic load 
maximum. The cyclic load minimum was 10 % of the cyclic load maximum, i.e., the load ratio was 
R = 0.1. The edge condition of the sheets did not have any significant influence in monotonic-static 
testing; however, in cyclic-dynamic testing the number of cycles to fracture was about four-times 
higher for samples with milled side edges than for samples with shear-cut side edges. Hence, the 
potential load capacity of riv-bonded aluminum-magnesium joints cannot be exploited under cyclic 
loading, if the magnesium sheet has edges with poor quality. 

Introduction 
The high specific strengths of wrought aluminum and magnesium alloys make them potentially 

suitable for building multi-material lightweight car bodies [1-5]. However, due to different thermo-
physical properties of aluminum and magnesium, the formation of brittle intermetallic compounds 
and the limited formability of magnesium at room temperature, both dissimilar welding [6] as well 
as mechanical joining [7] are quite challenging. Especially self-piercing riveting (SPR) combined 
with adhesive bonding, so-called “riv-bonding”, has been established for the joining of dissimilar 
materials in automotive manufacturing. Combining both of these technologies increases the joint 
stiffness and improves the noise, vibration and harshness (NVH) performance of car bodies [8]. 

In order to assess the quality and the load capacity of dissimilar aluminum-magnesium joints 
investigations have mainly been focusing on the SPR process (e.g., on the stack orientation) and on 
features of the SPR joints (e.g., on characteristic cross-section dimensions, plastic deformations or 
residual stresses) [9-12]. Only a few studies considered the influence of the adhesive; however, just 
for similar aluminum-aluminum [13-15] or dissimilar aluminum-steel joints [16]. The load capacity 
of riv-bonded joints under monotonic and cyclic loadings depends on a variety of parameters 
including the processing history of the sheets or components to be joined. Therefore, the present 
work aims for investigating the influence of the edge condition of EN AW-6016-T4 aluminum alloy 
and of AZ91 magnesium alloy on the fracture behavior of riv-bonded lap joints subjected to shear-
tensile loads. 
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Materials and Methods 
Material specifications. Small sheets with dimensions of 100 mm × 90 mm were shear-cut from 

commercial 1.5 mm-thick EN AW-6016-T4 aluminum alloy and from commercial 2.0 mm-thick 
rolled and annealed AZ91 magnesium alloy by using a hydraulic guillotine. The side edges of the 
sheets, which are marked in Figure 1 (a) with green dashed lines, were either maintained as-cut or 
they were milled after cutting. Table 1 provides chemical compositions of both light metal alloys 
according to the supplier’s specifications and Table 2 contains their basic tensile properties in rolling 
direction tested after heat treatment of the joints. The applied heat treatment increased the strength 
and decreased the ductility of the aluminum alloy from the as-delivered condition (T4) to the peak-
aged condition (T6), but it barely affected the mechanical properties of the magnesium alloy. Even 
though yield strength and ultimate tensile strength of both, EN AW-6016-T6 and AZ91, were 
similar, the elongation to fracture and thus the ductility and formability of AZ91 was much lower. 
 

Table 1: Chemical compositions of EN AW-6016-T4 and of AZ91 (wt%) 

Alloy Al Si Fe Cu Mn Mg Zn Ti 

EN AW-6016-T4 bal. 1.0‒1.5 ≤ 0.50 ≤ 0.20 ≤ 0.20 0.25‒0.60 ≤ 0.20 ≤ 0.15 
AZ91 8.9 0.05 ≤ 0.002 ≤ 0.001 0.19 bal. 0.53 n.a. 

 
Table 2: Tensile properties of EN AW-6016-T6 and of AZ91 after heat treatment 

Alloy Yield strength 
(MPa) 

Ultimate tensile strength 
(MPa) 

Elongation to fracture 
(%) 

Strain hardening coeff. 
(‒) 

EN AW-6016-T6 189 275 23 0.19 
AZ91 200 311 10 0.16 

 
Sample preparation. For obtaining samples as exemplarily illustrated in Figure 1 (a), aluminum 

sheets and magnesium sheets were riv-bonded using two C5.3×6.0-H4 high-strength steel rivets and 
about 1 g of SikaPower®-498/3 single-component epoxy-based adhesive. The application tempera-
ture of the adhesive was about 50-60 °C. The thickness of the adhesive layer was about 0.1-0.2 mm. 
A manual Tucker riveting system including an ERT80 spindle and a Tucker T031 pip die were used 
for setting the rivets. The magnesium sheet was placed at the punch side (upper sheet) and the 
aluminum sheet was placed at the die side (lower sheet). The velocity and the stroke of the riveting 
punch were 100 mm/s and 9.5 mm, respectively, and the blankholder force applied for clamping the 
magnesium/adhesive/aluminum stack was 8 kN. Before testing, the joints were heat-treated at 180-
200 °C for 20 min in order to cure the adhesive and to peak-age the aluminum alloy (condition T6). 
This heat treatment procedure simulates the cathodic dip coating (CDC) process which is usually 
applied to the car body-in-white (BIW). Moreover, a sheet strip was glued on the backside of each 
sheet to ensure that the tensile load applied on the sample was in-plane with the adhesive layer in 
between the sheets. 

Quality assessment of the joints was based on metallographic sectioning as marked with the 
yellow dashed line in Figure 1 (a), and on determining characteristic dimensions at the joint cross-
section. Characteristic dimensions include in particular the height of the rivet head, the horizontal 
undercut of the rivet and the minimum bottom thickness of the lower sheet. Figure 1 (b) shows in 
detail the typical cross-section of a hybrid aluminum-magnesium joint after final heat treatment, 
i.e., with cured adhesive. Owing to the limited ductility of the AZ91 alloy local crack formation and 
even brittle shear fracture occurred when the rivet pierced the upper magnesium sheet in the SPR 
process. Even though fracture of the magnesium sheet at the rivet hole was inevitable, sufficient 
horizontal undercut between the rivet and the lower aluminum sheet was achieved for ensuring safe 
mechanical interlocking. Moreover, the minimum bottom thickness of the aluminum sheet was also 
sufficient. 
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(a)  (b)  
Figure 1: (a) Sample dimensions and (b) typical cross-section of hybrid aluminum-magnesium joint 

 

Shear-tensile testing and fracture surface analysis. A mechanical spindle-driven Zwick/Roell 
Z100 testing machine with a 100 kN-load cell was used for monotonic-static testing, whereas a 
servo-hydraulic Instron 1255 testing machine with a 500 kN-load cell was used for cyclic-dynamic 
testing. Both machines were equipped with mechanical grippers for clamping the samples. The 
testing speed applied for determining the monotonic load maximum was 5 mm/min. The preset 
cyclic load maximum was 12 kN which was about 40 % of the monotonic load maximum, and the 
load ratio was R = 0.1. Accordingly, the load minimum was 1.2 kN, the load amplitude was 5.4 kN 
and the load mean value was 6.6 kN. Sinusoidal cyclic loading with the frequency of 5 Hz was 
applied. For validation additional cyclic tests at identical load ratio of R = 0.1, but at different load 
maxima of 10 kN and 15 kN, were performed using samples with milled side edges. The parameters 
considered for both monotonic-static and cyclic-dynamic testing are summarized in Table 3. 
 

Table 3: Parameters considered for monotonic-static and cyclic-dynamic testing 

Loading Load ratio 
R = Fmin/Fmax (‒) 

Load max. 
Fmax (kN) 

Load min. 
Fmin (kN) 

Load amplitude 
Fa (kN) 

Load mean 
Fm (kN) 

Sheet edge 
condition 

Number of 
samples 

monotonic-static 1.0 measured ≙ Fmax 0.0 ≙ Fmax shear-cut 3 
cyclic-dynamic 0.1 12 1.2 5.4 6.6 shear-cut 2 
cyclic-dynamic 0.1 12 1.2 5.4 6.6 milled 2 
cyclic-dynamic 0.1 10 / 15 1.0 / 1.5 4.5 / 6.75 5.5 / 8.25 milled 1 / 1 

 
The topographies of the sheet edges after manufacturing and the fracture surfaces of the samples 

after testing were captured using a Keyence VHX-7100 digital microscope. A Keyence VHX-E500 
objective lens was used for high-resolution three-dimensional imaging. 

Results and Discussion 
Sheet edge condition. Figure 2 compares typical topographies and cross-section profiles of side 

edges of the magnesium sheets in shear-cut (a,b) and milled (c) conditions. Green bold arrows show 
the cutting direction and thin red arrows mark typical cracks and grooves. The surface roughness Sa 
of the milled side edge was approximately 0.5 µm, but cracks and deep grooves did not allow for 
determining the representative surface roughness of the shear-cut side edges. However, the three-
dimensional representations of the surfaces and the corresponding cross-section profiles allow for 
explaining the mechanisms of the shear cutting process. 
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Figure 2: Typical surface topographies and cross-section profiles of (a,b) shear-cut and (c) milled edges of the 

AZ91 sheets; profile 5 was located next to the fracture surface 

Firstly, the blade of the guillotine deformed and sheared the magnesium sheet, as indicated by 
the comparatively smooth surface profiles at about ¼ of the sheet thickness (shear zone). Secondly, 
longitudinal cracks perpendicular to the shearing direction were initiated at the surface. Thirdly, 
growth and coalescence of these cracks caused brittle fracture of the magnesium sheet and thus 
formation of deep longitudinal grooves (fracture zone). The smooth surfaces of these grooves which 
are oriented perpendicularly to the cutting or shearing direction, respectively, are characteristic for 
the brittle fracture behavior of the magnesium sheet. Moreover, the lack of a distinct cutting flash 
indicates the low ductility of the of the magnesium sheet. 
 

Fracture behavior. Independent on the edge condition fracture in both monotonic-static and 
cyclic-dynamic testing occurred exclusively at the magnesium sheet, but not in the aluminum sheet. 
However, the location of crack initiation and thus the fracture behavior were quite different. 

In monotonic-static testing fracture of the magnesium sheet occurred only at the joint, as shown 
exemplarily in Figure 3 (a). The load maximum calculated as average value from testing of three 
samples was 32 ± 0.5 kN. The actual condition of the side edges (shear-cut or milled) was rather 
negligible in monotonic-static testing, since cracking was initiated at the rivet holes. 

In cyclic-dynamic testing different fracture modes were observed. At joints consisting of sheets 
with shear-cut edges cracking was initiated at the side edge of the magnesium sheet and then crack 
growth propagated almost straight through the sheet, as shown in Figure 3 (b). Stable crack growth 
started at longitudinal grooves which had formed during the shear cutting process, as exemplarily 
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illustrated in Figure 2 (a). In contrast, at joints consisting of sheets with milled edges stable crack 
growth started at microcracks which had formed at the rivet hole when the rivet pierced the upper 
magnesium sheet in the SPR process, as shown in Figure 1 (b). Afterwards, unstable crack growth 
propagated through the magnesium sheet which is illustrated in Figure 3 (c). Hence, the actual 
fracture behavior in cyclic-dynamic testing was considerably influenced by the condition of the side 
edge of the magnesium sheet. 

 

(a)    (b)    (c)  
Figure 3: Typical fracture of AZ91 sheets after (a) monotonic-static and cyclic-dynamic testing of samples with  

(b) shear-cut and (c) milled side edges 

Figure 4 shows details of typical fracture surfaces for fracture initiation (a) at the rivet hole and 
(b) at the side edge of the magnesium sheet. Comparing the fracture surfaces reveals a significantly 
wider zone of stable crack growth when cracking was initiated at the rivet hole, as adhesive bonding 
between the AZ91 and EN AW-6016 sheets counteracted the crack opening during cyclic loading. 
Therefore, the number of cycles to fracture was about four-times higher for samples with milled 
side edges than for samples with shear-cut side edges. However, in both cases final fracture was 
rather brittle, since considerable local necking of the sheet did not occur. 

 
(a) 
 
 
 
 
 
 
 
(b) 

 
Figure 4: Typical fracture surfaces with fracture initiation (a) at the rivet hole and (b) at the side edge of the 

AZ91 sheet; the red arrows mark the positions of crack initiation 
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Figure 5 visualizes the fundamental influence of the sheet edge condition on the fatigue behavior 
of riv-bonded aluminum-magnesium joints. The diagram compares the number of load cycles to 
fracture, N, for samples with shear-cut and with milled side edges at the load ratio of R = 0.1 and at 
the load maximum of Fmax = 12 kN (load amplitude of Fa = 5.4 kN). Two of these samples are 
exemplarily shown in Figure 3 (b) and (c). In order to confirm the beneficial effect of well-prepared 
side edges, two additional samples with milled edges were tested at identical load ratio, but at lower 
and higher load maxima of Fmax = 10 kN and 15 kN (load amplitudes of Fa = 4.5 kN and 6.75 kN). 
The diagram also contains the number of load cycles obtained from these two tests. 

 

 
Figure 5: Relationship between load amplitude and 
number of load cycles to fracture of the lap joints 

As illustrated in Figure 5, the number of cycles to fracture, N, was about four-times higher for 
samples with milled side edges than for samples with shear-cut side edges, and N decreased with 
increasing load amplitude Fa. This decrease manifests itself as straight line in the logarithmically-
scaled diagram, which agrees well with the typical fatigue behavior of metals. Regardless of the 
load amplitude Fa (5.4 kN, 4.5 kN or 6.75 kN) or load maximum Fmax (10 kN, 12 kN or 15 kN) 
applied, fracture of magnesium sheets with milled edges was initiated at the rivet hole, Figure 4 (a), 
but not at the side edge of the sheet, Figure 4 (b). Hence, the edges of magnesium sheets should 
always be smooth and crack-free in order to exploit the potential load capacity of riv-bonded 
aluminum-magnesium joints under cyclic loading, particularly at low load ratios. The more ductile 
aluminum sheet is uncritical in this respect, as confirmed by cyclic-dynamic testing of a riv-bonded 
aluminum-aluminum lap joint of same dimensions as the aluminum-magnesium joints. Even though 
the aluminum sheets had shear-cut edges, the joint did not show any fracture tendency under 
identical loading conditions at about 4.2 million cycles. 

Conclusions 
The present work investigates the influence of two different sheet edge conditions (shear-cut and 

milled) on the fracture behavior of riv-bonded aluminum-magnesium joints under monotonic-static 
and cyclic-dynamic shear-tensile loads. Based on the results the following conclusions are drawn: 
• The edge condition of the sheets did not influence the fracture behavior in monotonic-static 

testing; the load maximum was almost identical for joints with both shear-cut and milled sheet 
edges. Cracking of the magnesium sheet was initiated at the rivet holes and fracture occurred 
directly at the joint. 

• The edge condition of the magnesium sheet had significant influence on the fracture behavior in 
cyclic-dynamic testing at the load ratio of R = 0.1. Cracking was initiated at the shear-cut side 
edge of the magnesium sheet. At the cyclic load maximum of Fmax = 12 kN the number of cycles 
to fracture was about four-times higher for samples with smooth milled edges than for samples 
with rough shear-cut edges. 
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• If the cutting process of the magnesium sheet provides edges with poor quality, the potential load 
capacity of riv-bonded aluminum-magnesium joints cannot be exploited under cyclic loading, in 
particular not at low load ratios R. The influence of the edge condition on the fracture behavior 
tends to decrease with increasing load ratio R, because no significant influence was observed in 
monotonic-static testing (R = 1). 

• The influence of the edge condition of the magnesium sheet on the fracture behavior and, thus, 
on the load capacity of riv-bonded aluminum-magnesium joints under cyclic loading is evident. 
However, for more comprehensive characterization of the fatigue behavior, further cyclic testing 
at different load levels and load ratios would be necessary. 
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