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The load-bearing capacity of hybrid riv-bonded aluminum-magnesium lap joints under shear-tensile loading was
studied with particular focus on their static strength and fatigue performance. Sheets of 1.5 mm-thick EN AW-
6016-T4 aluminum alloy were joined with sheets of 2 mm-thick AZ91 magnesium alloy using two high-
strength steel rivets and epoxy-based adhesive. Local deformation-induced fracture of the comparatively
inductile magnesium alloy sheet at the rivet holes during riveting at room temperature was intentionally
tolerated. The lap joints were heat-treated to peak-age the aluminum alloy (condition T4 — T6) and to cure the
Adhesive adhesive between the sheets. Characteristic cross-section features and hardness maps were measured for
Self-piercing riveting assessing the quality of the joints and thus for proving the general capability of the riv-bonding process. The
SPR fracture behavior of the inductile magnesium alloy sheet determined the static strength as well as the fatigue
Static strength performance at load ratios of 0.1 and 0.5. Both, load amplitude and mean load, influenced the site of fatigue
Fatigue performance crack initiation and the path of crack propagation. Local fracture of the inductile magnesium alloy sheet at the

rivet hole is tolerable, if riv-bonded lap joints are just exposed to cyclic loading with low amplitudes.

1. Introduction

Substitution of conventional mild steels with materials of higher
strength-to-weight ratio, such as advanced high-strength steels, light
metal alloys and composite materials, can significantly decrease the
vehicle weight, increase the fuel efficiency and, thus, reduce CO2
emissions during service [1,2]. In particular, aluminum alloys [3,4] and
magnesium alloys [5-7] are of interest for multi-material design of
lightweight car bodies. However, dissimilar solid state and fusion
welding [8], as well as mechanical joining [9,10] of these alloys are
challenging, as aluminum and magnesium possess different thermo-
physical properties, brittle intermetallic phases may form at elevated
temperature, and magnesium has poor formability at room temperature.
Nevertheless, integrating hybrid aluminum-magnesium (Al-Mg) com-
ponents into car bodies-in-white (BIW) requires capable and cost-
efficient joining technologies. In this respect the combination of self-
piercing riveting (SPR) [11,12] and adhesive bonding [13,14], so-
called riv-bonding, has emerged as the key technology for joining
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dissimilar materials in the automotive series production.

Riv-bonding processes, which include (i) applying the viscous ad-
hesive onto the sheet surface, (ii) stacking the sheets, (iii) clamping the
stack, and finally (iv) pushing the rivet into the stack (i.e., setting the
rivet), are usually conducted at room temperature where the formability
of most magnesium alloys is quite poor. Preheating magnesium alloy
sheets to about 200 °C prior rivet setting, e.g., using a laser beam [15],
an electric heating plate [16], or an induction coil [17], as well as
simultaneous heating of the magnesium alloy sheets during rivet setting
by, e.g., its own electric resistance [18], may improve the formability
and thus reduce local cracking. Improved formability of magnesium
alloy sheets is also achieved in friction self-piercing riveting (F-SPR),
where frictional heat is generated by high-speed rotation of the rivet
against the sheets during setting [19-24]. However, as additional
technological measures obviously complicate the joining process and
increase the overall process costs, their use in automotive series pro-
duction has yet been limited. Hence, measures should be avoided if they
are not absolutely necessary for achieving reliable joints.
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Evaluating characteristic features of joint cross-sections (height of
the rivet head, horizontal undercut of the rivet and minimum bottom
thickness of the lower sheet) is a common practice for assessing the
general quality and for analyzing the influence of different process pa-
rameters on the integrity of SPR joints of similar and dissimilar metals
[25-29]. Moreover, characteristic features are often used for validating
the results of numerical simulations of SPR processes [30-35] and of riv-
bonding processes [45,47,48]. The detailed evaluation of cross-sections
of Al-Mg joints enables identifying crack formation and local fracture,
which may typically occur in the inductile magnesium alloy sheet next
to the rivet [23,36,37], in particular, if the sheet is placed on the die
side. Not only the cross-sections, but also strain hardening and residual
stresses which are due to plastic deformation of the components during
the SPR process influence the mechanical performance of Al-Mg joints
[38-40].

Even though research activities on dissimilar mechanical joining of
aluminum alloys with magnesium alloys have mainly focused on simple
SPR joints, hybrid riv-bonded joints are of greater practical importance
in the automotive industry. However, only a few studies investigated the
influence of the adhesive on the riv-bonding process of similar steel
joints [41-43], similar aluminum alloy joints [44-47], and dissimilar
aluminum-steel joints [48]. The adhesive layer must be considered in
the riveting process, as local cracking of the sheets may occur, if the
adhesive layer becomes too thick and if large volumes of viscous ad-
hesive must be displaced during the riveting process. The riv-bonding
process, the static strength, the energy absorption and the fatigue per-
formance of the joints are considerably influenced by the adhesive layer
[49].

Compared to SPR joints, riv-bonded joints possess significantly better
mechanical performance under quasi-static and cyclic loadings. This
was demonstrated for similar joints of 0.8 mm-thick AM50 magnesium
alloy sheets [50], as well as for similar joints of 2 mm-thick AA-5754-
H32 [51], 2 mm-thick AA-6111-T4 [52] and 1.5 mm-thick EN AW-
6016-T6 [53] aluminum alloy sheets. Moreover, the influence of the
adhesive layer was studied for dissimilar joints of 2 mm-thick AA-5182-
O aluminum alloy sheet with 1 mm-thick HSLA350 or 1.6 mm-thick
DP600 high-strength steel sheet, respectively [54], and for dissimilar
joints of 2.5 mm-thick AA-5052 aluminum alloy sheet with 1.5 mm-
thick DC52D low-alloyed steel sheet [55]. However, to the author's
knowledge detailed studies on the riv-bonding process and on the load-
bearing capacities of dissimilar riv-bonded joints of ductile aluminum
alloys and inductile magnesium alloys are lacking.

Fretting wear between the sheets caused by relative movement
during cyclic testing was identified as the key mechanism that initiates
fatigue cracking during cyclic loading of simple SPR joints of EN AW-
6016-T6 aluminum alloy [53], AA-5754 aluminum alloy [56,57], AA-
5052 aluminum alloy [58], AA-6111-T4 aluminum alloy with
HSLA340 steel [59,60], and AA-6082 aluminum alloy with AM60
magnesium alloy [39,61]. However, the mechanism of fatigue cracking
of hybrid riv-bonded joints is different, as the adhesive layer prevents
direct fretting contact between the sheets and retards crack propagation
[51-53]. In general, the adhesive layer determines the load-bearing
properties, but the actual fracture mode of a specific joint configura-
tion (fracture of the joint vs. fracture of the sheet) strongly depends on
the particular loading conditions including load amplitude and mean
load applied during cyclic testing [53,59,60].

Even though the manufacturing process, the static strength and the
fatigue performance of simple self-piercing-riveted Al-Mg joints have
basically been studied, fundamental knowledge about hybrid riv-
bonded Al-Mg joints is still lacking. In particular, the influence of
production-related defects (e.g., of surface cracks) requires deeper un-
derstanding. Therefore, the present work investigates the load-bearing
capacity of riv-bonded joints of ductile 1.5 mm-thick commercial EN
AW-6016-T4 aluminum alloy sheet and comparatively inductile 2 mm-
thick commercial AZ91 magnesium alloy sheet under both quasi-static
and cyclic shear-tensile loadings. This joint configuration can be used
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in car bodies, e.g., for joining an outer deep-drawn body panel (Al alloy)
with a thicker inner reinforcement panel (Mg alloy) of higher strength.

2. Materials and methods
2.1. Material specifications

Sheets with dimensions of 100 mm x 90 mm were shear-cut from
commercial 1.5 mm-thick EN AW-6016-T4 aluminum alloy which is
typically used for producing outer-skin panels of car bodies, and from
commercial 2 mm-thick rolled and annealed AZ91 magnesium alloy
using a hydraulic guillotine. The aluminum alloy sheet was 4 thinner
than the magnesium alloy sheet. The side edges of each sheet were
milled after cutting, since the condition of the side-edges of the mag-
nesium alloy sheet was identified as critical with respect to the fracture
behavior under cyclic loading [37]. The sheets were riv-bonded using
two commercial Tucker C5.3x6.0-H4 (C-type semi-tubular rivet of
hardness class H4 with diameter of 5.3 mm and height of 6.0 mm)
manganese-boron steel rivets [62] and about 1 g of SikaPower®-498/3
single-component epoxy-based adhesive [63].

2.2. Riv-bonding process

A heating lamp was used for warming the viscous adhesive, which
was stored in a cartridge, to the application temperature of 50-60 °C as
recommended by the supplier. Before the AZ91 sheet was stacked with
the EN AW-6016-T4 sheet, about 1 g of the adhesive was deposited on
the joint area (90 mm x 20 mm) by using a manual cartridge gun.
Manual compression and pre-fixation of the Al-sheet/adhesive/Mg-
sheet stack using mechanical clamps distributed the adhesive between
the sheets, and portions of the adhesive were even squeezed out of the
joining gap. The overall thickness of the deposited adhesive layer was
about 0.1-0.2 mm, but applying the blankholder force prior setting the
rivets displaced the adhesive from the contact zone of the blankholder.
Thus, the thickness of the adhesive layer decreased next to the rivets, but
it increased at the center of the joint. The variation of the layer thickness
due to the inhomogeneous distribution of the adhesive is characteristic
for riv-bonded joints [44].

A manual Tucker riveting system including a massive C-frame, an
ERC control unit, an electrically driven ERT80 spindle and a T031 flat
pip die [62] were used for setting the rivets at room temperature. To
reduce the cracking tendency, the comparatively inductile AZ91 sheet
was placed on the punch side (upper sheet) and the EN AW-6016-T4
sheet was placed on the die side (lower sheet). Velocity and stroke of
the riveting punch were 100 mm/s and 9.5 + 0.1 mm, respectively, and
the blankholder force applied for clamping the Al-sheet/adhesive/Mg-
sheet stack was 8 kN. Table 1 provides a summary of the parameters
of the riv-bonding process.

As illustrated in Fig. 1, total length, total width and overlapping
length of each riv-bonded sample were 180 mm, 90 mm and 20 mm,
respectively [37]. The distance between the rivet axes was 45 mm. The
nominal cross-sections exposed to tensile loading were 180 mm? and
135 mm? for the AZ91 sheet and for the EN AW-6016 sheet, respectively.
A spacing strip with 30 mm x 90 mm x 1.5/2.0 mm was finally glued
onto the backside of each sheet to ensure that the tensile load could be
applied in-plane with the adhesive layer. For comparing the static

Table 1

Parameters of the riv-bonding process.
Parameter Value
Velocity of riveting punch 100 mm/s
Stroke of riveting punch 9.5+ 0.1 mm
Blankholder force 8 kN
Overall thickness of adhesive layer 0.1-0.2 mm
Application temperature of adhesive 50-60 °C
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Fig. 1. Dimensions of riv-bonded samples. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)

strengths of hybrid riv-bonded and simple SPR joints, three samples
without adhesive were additionally prepared.

2.3. Heat treatment

After joining and before tensile testing, the joints were heat-treated
for 20 min at 180-200 °C to cure the adhesive and to peak-age the
aluminum alloy sheet. This heat treatment simulates the cathodic dip
coating (CDC) process which is usually applied to car bodies-in-white
(BIW) [53]. The stress-strain curves in Fig. 2 illustrate, that both yield
strength and ultimate tensile strength of the EN AW-6016 alloy
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Fig. 2. Engineering stress-strain curves of EN AW-6016 and AZ91 before (T4)
and after (T6) heat treatment.
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increased but the ductility decreased in the peak-aged condition T6 after
heat-treating compared to the as-delivered condition T4 before heat-
treating. In contrast, tensile strength and ductility of the AZ91 alloy
were almost identical before and after heat treatment. Yield strength,
ultimate tensile strength and strain to fracture determined after heat
treatment by quasi-static uniaxial tensile testing were 189 MPa, 275
MPa and 23 % for EN AW-6016-T6, and 200 MPa, 311 MPa and 10 % for
AZ91, respectively [37]. The tensile strength of AZ91 was notably higher
than the tensile strength of EN AW-6016-T6; however, the strain to
fracture was less than half which confirms the poor ductility and
formability of AZ91.

2.4. Quality assessment

The quality of the riv-bonded joints was assessed on the basis of
characteristic cross-section features including height of the rivet head,
horizontal undercut (interlock) of the rivet and minimum bottom
thickness of the lower sheet. For that purpose the joints were sectioned
as marked with the blue dashed line in Fig. 1 and embedded into epoxy
resin. The cross-sections of the joints were ground, polished and finally
captured using a Keyence VHX-6000 digital microscope. The topogra-
phies of the fracture surfaces after testing were captured using a Keyence
VHX-7100 digital microscope equipped with a VHX-E500 objective lens
for high-resolution three-dimensional imaging. Moreover, hardness
maps for visualizing strain hardening of the sheets due to plastic
deformation during rivet setting were captured at the cross-sections
using an automated EMCO-TEST DuraScan G5 hardness tester. The
distance between the HV0.05 hardness imprints in x- and y-direction
was 0.1 mm. The Matlab software package was used for processing the
measured data and for visualizing the hardness map.

2.5. Mechanical testing

A mechanical spindle-driven Zwick/Roell Z100 testing machine
equipped with a 100 kN-load cell was used for quasi-static testing,
whereas a servo-hydraulic Instron 1255 testing machine equipped with
a 250 kN-load cell was used for cyclic testing. The 250 kN-load cell was
calibrated particularly within the range of 10-100 kN to improve the
measurement accuracy at low and medium loads. According to this
calibration the relative measurement error was 0.55 % (55 N) at the load
of 10 kN and 0.12 % (120 N) at the load of 100 kN. Quasi-static testing
was performed with the constant speed of 5 mm/min. As proposed in
[53], sinusoidal cyclic loading was applied with frequencies of 2 Hz at
the low-cycle fatigue regime and 10 Hz at the high-cycle fatigue regime
with load ratios of R = 0.1 and R = 0.5, respectively. R is the ratio be-
tween the cyclic load minimum, Fp;,, and the cyclic load maximum,
Fpnax. Positive load ratios (i.e., R > 0) indicate that the samples were
permanently under tension during cyclic testing. In each of the tests the
number of cycles to failure of the sample was monitored. If the sample
did not fail even though > 3 million cycles had been reached, cyclic
testing was stopped. The highest load level which did not cause fracture/
failure was considered as fatigue limit.

3. Results and discussion
3.1. Joint quality

Fig. 3(a) shows the representative cross-section of a riv-bonded
sample after heat treatment, i.e., after the adhesive had been cured.
The thickness of the adhesive layer between the upper magnesium alloy
sheet and the lower aluminum alloy sheet was non-uniform. At the
middle of the joint the local thickness was about 0.2-0.3 mm, which is
moderately thicker than the initial layer thickness. Fig. 3(b) provides a
more detailed view on the cross-section of the hybrid joint. It is evident
that cavities filled with adhesive formed during the riveting process
between the sheets next to the rivet. Moreover, a virtually adhesive-free
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Fig. 3. (a) Typical cross-section of a riv-bonded sample, and (b) detailed view on the cross-section of a riv-bonded joint.

zone of d ~ 2 mm occurred, since applying the blankholder displaced the
adhesive from this circular zone. Horizontal undercut (interlock) of the
rivet, u, and minimum bottom thickness of the lower sheet, t, were both
sufficient, and the height of the rivet head, h, was almost flush with the
upper edge of the AZ91 sheet.

However, the low ductility of the magnesium alloy caused local
fracture of the pierced upper sheet next to the rivet shaft during rivet
setting. In contrast, cracking did not occur at the closing head of the joint
next to the rivet tip, since the aluminum alloy sheet was more ductile.
Even though local fracture of the upper sheet could not be avoided
during riveting at room temperature, sufficient horizontal undercut of
the rivet in the lower sheet ensures safe mechanical interlocking. As the
riv-bonded joints had good dimensional quality, any possible scattering
in their static strength and fatigue performance was obviously not
related to any quality issues.

Fig. 4 illustrates the hardness map captured at the cross-section of a
representative riv-bonded joint after heat-treatment. In general, the
upper magnesium alloy sheet was softer than the lower aluminum alloy
sheet, although the tensile strength and the ductility of both alloys,
Fig. 2, would indicate an opposite tendency. Therefore, estimating the
formability of dissimilar sheets just based on hardness measurements
would be misleading, as low hardness is usually associated with higher
ductility and better formability.

Severe plastic deformation during rivet setting caused strain hard-
ening and local fracture of the upper AZ91 sheet next to the rivet shaft.
However, strain hardening without any macroscopic fracture was
observed at the lower EN AW-6016-T6 sheet next to the rivet tip at the
closing head of the joint. The hardness of the heat-treated and peak-aged

8
x-coord. (mm)

——

EN AW-6016-T6 sheet was about 90 HV0.05 at some distance to the rivet
and about 110 HVO0.05 at the severely deformed closing head of the
joint. These hardness values are in good agreement with values reported
for similar riv-bonded joints of identical sheets [53]. The AZ91 sheet
showed comparatively low hardness of about 70 HV0.05 at some dis-
tance to the rivet, although notable local hardening of the sheet was
observed next to the rivet shaft. Since deformation-induced strain
hardening influences the material properties, the actual deformation
history must be considered for predicting the static strength and/or the
fatigue performance, as demonstrated for Al-Al [31,32] and Al-Mg [39]
SPR joints. Hence, plastic deformations at joining spots should also be
considered in the analysis of the fracture behavior of riv-bonded joints.

3.2. Quasi-static load-bearing capacity of joints (static strength)

Fig. 5(a) shows the force-displacement curves monitored during
quasi-static shear-tensile testing of riv-bonded and of self-piercing-
riveted Al-Mg lap joints (red continuous curves). For comparison, the
diagram also includes the force-displacement curves of similar Al-Al lap
joints (grey dashed curves, [53]). The dimensions of the Al-Mg and Al-Al
joints were basically identical; however, one has to consider that the
upper AZ91 sheet of the Al-Mg joint was 2 mm-thick, whereas the upper
EN AW-6016-T6 sheet of the Al-Al joint was only 1.5 mm-thick. Even
though the adhesive was identical for both types of joints, rivets of
different length and hardness were used to ensure stable piercing of the
different upper sheets and sufficient interlock between the rivet and the
identical 1.5 mm-thick lower sheet.

Al-Mg joints were generally less stiff than Al-Al joints, as the initial

9 10 11 12 13 14 15 16 17

100

— —

Hardness (HV0.05)

Fig. 4. Hardness map captured at the cross-section of a riv-bonded Al-Mg joint, which indicates strain hardening related to plastic deformation of the sheets. Each
pixel represents one hardness imprint. The hardness of the embedding resin was <« 70 HV0.05 (dark blue areas) and the hardness of the rivet was > 120 HV0.05
(dark red area). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Comparison of (a) force-displacement curves and (b) energy absorption
determined in quasi-static testing of riv-bonded and self-piercing-riveted Al-Mg
and Al-Al [53] lap joints.

Riv-bonding

slope of their force-displacement curves is notably flatter. Fracture of
each joint was initiated at the tensile force maximum. The force maxima
of riv-bonded and self-piercing-riveted Al-Mg joints of about 32 kN and
6 kN, respectively, were generally lower than the force maxima of the
corresponding Al-Al joints of about 34 kN and 9 kN, respectively. The
ratio of about ¥ between the force maxima of self-piercing-riveted and
riv-bonded joints indicates, that the adhesive layer provided the main
contribution to the total load-bearing capacity of the joints, whereas the
rivets contributed just little. Previous studies confirmed this character-
istic behavior [49-51,53,55]. In general, Al-Mg joints showed lower
force maxima than Al-Al joints, but also less displacement to final
fracture, which occurred for both types of joints when the rivets were
rotated/pulled out from the lower sheet.

The lower force maximum and the lower displacement to final
fracture reduce the energy absorbed by each of the joints. Fig. 5(b)
compares the energy absorption of riv-bonded and self-piercing-riveted
Al-Mg and Al-Al joints. The energy absorbed during quasi-static shear-
tensile testing was calculated by numerical integration of the area below
each of the curves shown in Fig. 5(a). In general, the energy absorption
of self-piercing-riveted joints was about 70-80 % lower than the energy
absorption of riv-bonded joints. The average energy absorption of riv-
bonded and self-piercing-riveted Al-Mg joints was about 70 J and
13.5 J, respectively, which was significantly lower than the average
energy absorption of Al-Al joints of about 119 J and 31 J, respectively.
The main reason for the difference in the energy absorption of Al-Mg and
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Al-Al joints was the limited ductility of the AZ91 magnesium alloy which
promoted crack initiation and propagation. This confirms the compar-
atively low strain to fracture of about 10 %, as shown in Fig. 2.

3.3. Cyclic load-bearing capacity of joints (fatigue performance)

The results of the cyclic tests are summarized in the logarithmic
Woehler diagram [64] shown in Fig. 6, which correlates the load
amplitude applied during cyclic testing, Fop, with the number of cycles,
N, counted until fracture of the joint occurred. Since the scattering of the
markers is quite low, the applied riv-bonding process can be regarded as
reliable. Markers showing large scattering because of poor joint prepa-
ration (e.g., samples with notches on the side edges of the magnesium
alloy sheet [37] or with incomplete adhesive layer [53]) were inten-
tionally excluded from the diagram. In general, N increased with
decreasing Fgyp. Moreover, N was notably higher for R = 0.1 (brown
circular markers) than for R = 0.5 (orange square markers). Hence, the
fatigue performance of Al-Mg joints increased not only with decreasing
load amplitude, Fgyp, but also with decreasing mean load, Feqn, as
indicated by the decrease of the load ratio from R = 0.5 to 0.1. Within
the medium- and high-cycle fatigue regimes Al-Al joints showed
generally superior fatigue performance compared to Al-Mg joints. Below
Famp =~ 10 kN for R = 0.1 and below Fmp ~ 6 kN for R = 0.5, Al-Al joints
showed higher N than Al-Mg joints. This mainly resulted from the higher
ductility of the aluminum alloy sheet in comparison to the magnesium
alloy sheet, which reduced the propagation rate of fatigue cracks.
However, Al-Mg joints showed better fatigue performance than Al-Al
joints at the low-cycle fatigue regime.

The relationship between the mean load, Fpeqn, and the load ampli-
tude, Fanp, at the fatigue limit is presented in the Haigh diagram [64]
shown in Fig. 7. Measured values are marked with filled circles, whereas
extrapolated values are marked with empty circles. Based on the average
quasi-static force maximum at R = 1 (Fgyp = 0) extracted from the curves
displayed in Fig. 5(a), and based on the fatigue limit at R = 0.1 (Fgmp =
3.38 kN) and at R = 0.5 (Fgmp = 3 kN) marked with arrows in Fig. 6, the
fatigue limit at R = 0 (Fgmp = 3.45 kKN = Fpeqy) and at R = —1 (Fgpp =
3.63 kN, Fpeqn = 0) was estimated. This estimation, however, does not
consider any excessive buckling of the thin sheets which may occur
under compression loadings. As the grey curve is located above the red
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Fig. 6. Comparison of fatigue curves of riv-bonded Al-Mg and Al-Al [53] lap
joints determined in cyclic testing at load ratios of R = 0.1 and R = 0.5.
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curve within the entire range of R = —1 to R = 1, the fatigue limit of Al-
Mg lap joints can be generally considered as lower than the fatigue limit
of comparable Al-Al lap joints.

The fatigue curves of the Al-Mg joints shown in Fig. 6 have two
different slopes: the curves are comparatively flat within the low-cycle
fatigue regime, i.e., for Fgny > 9 kN at R = 0.1 and for Fgpp > 6 kN at
R = 0.5, whereas the curves are much steeper within the medium- and
high-cycle fatigue regimes, i.e., for Fgyp, ~ 3.5-9 kN at R = 0.1 and for
Famp = 3-6 kN at R = 0.5. The fatigue curve for R = 0.1 shows an offset at
Famp ~ 7 kN, which is not the case for the fatigue curve of the Al-Al joints.
The different slopes as well as the offset of the fatigue curves are related
to the fracture behavior of the samples, which strongly depends on the
particular loading condition.

3.4. Fracture behavior

Fig. 8 compares the predominant fracture behavior of riv-bonded Al-
Mg samples which had been exposed to (a) quasi-static and to (b-f) cyclic
shear-tensile loadings at different Fgyp, but at constant load ratio of R =
0.1. A recent study on the fracture behavior of self-piercing-riveted and
riv-bonded Al-Al samples identified five different fracture modes: mode I
is related to quasi-static loading, modes II and III are mainly related to
cyclic loading of self-piercing-riveted joints, whereas modes IV and V are
mainly related to cyclic loading of riv-bonded joints [53]. Because of the
lower ductility of AZ91 compared to EN AW-6016-T6, similar — but not
identical - fracture behavior as for Al-Al joints was observed for the Al-
Mg joints in the present work.

At quasi-static loading fracture of the upper magnesium alloy sheet

Al-kg=19

occurred directly at the joint. As shown in Fig. 8(a) the crack propagated
through both rivet holes (mode IV). After cohesive failure of the adhe-
sive layer, fracture of the inductile upper magnesium alloy sheet was
initiated perpendicular to the load direction more or less simultaneously
at both pre-cracked rivet holes. Failure without any fracture of the upper
sheet just by rotating/pulling out both rivets from the lower aluminum
alloy sheet as proposed for Al-Al joints (mode I) did not occur for Al-Mg
joints.

At the low-cycle fatigue regime, i.e., at high Fgy, where the fatigue
curve is comparatively flat, fracture also occurred directly at the joint.
The low-cycle fatigue fracture behavior was almost identical to the
quasi-static fracture behavior, since the fatigue crack was initiated at the
rivet holes. As illustrated in Fig. 8(b), final fracture of the joint occurred
at the upper magnesium alloy sheet after failure of the adhesive layer
(mode IV). Moreover, one of the rivets was additionally rotated/pulled
out from the lower aluminum alloy sheet at a few samples, as demon-
strated in Fig. 8(c). However, completely different fracture behavior was
observed at the medium- and high-cycle fatigue regimes, i.e., at medium
and low Fyp where the fatigue curve is steeper.

At Fgpp =~ 7 kN the fatigue curve for R = 0.1 shows an offset which
can be explained by the different fracture behavior of the samples. At
Famp = 7-9 kN fracture of the upper magnesium alloy sheet occurred
exclusively next to the joint (mode V), as shown in Fig. 8(d). At Fgpp ~
3.5-7 kN fatigue fracture was initiated at only one of both rivet holes,
but the crack propagated through the magnesium alloy sheet, as illus-
trated in Fig. 8(e). As the adhesive layer was able to retard the propa-
gation of fatigue cracks, N was higher for fracture initiation at the rivet
hole directly at the joint, than for fracture initiation at the magnesium

Ab= - 46

Fig. 8. Predominant fracture behavior of samples in (a) quasi-static and (b-f) cyclic shear-tensile testing at R = 0.1. From left to right the number of cycles to

fracture, N, increases and the load amplitude, F,

, decreases. The yellow arrows mark the positions of the detailed fracture surfaces shown in Fig. 9. (For inter-

pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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alloy sheet next to the joint. At Fgpp =~ 3.5 kN the aluminum alloy sheet
failed next to the clamp of the testing machine (mode V), as shown in
Fig. 8(f). This indicates that at low Fgyp, the aluminum alloy sheet was
more sensitive to local stress concentrations than the magnesium alloy
sheet. Fracture of the sheets next to the rivets (modes II and III, as
typically observed for SPR joints) did not occur, since the adhesive layer
prevented fretting.

At R = 0.1 fracture was either located at the joint or at one of both
sheets; however, at R = 0.5 fracture was only located at the joint, but not
at any of the sheets. Therefore, the fatigue curve shown in Fig. 7 for R =
0.5 does not show any offset. Moreover, this confirms that the actual
fracture behavior does not depend only on the applied load amplitude,
Famp, but also on the applied mean load, Fineqn, as expressed by the load
ratio, R. Fig. 8 demonstrates that quasi-static strength and low-cycle
fatigue performance are mainly determined by the properties of the
riv-bonded joint which are influenced by the capability of the joining
process (a-c), but the medium- and high-cycle fatigue performance is
rather determined by the properties of the sheets (d-f). This trend was
also observed in fatigue testing of riv-bonded Al-Al joints [53].

Fig. 9 shows details of two fracture surfaces with different sites of
fatigue crack initiation, which significantly influenced the actual frac-
ture behavior of the magnesium alloy sheet. Fig. 9(a) illustrates crack
initiation on the surface of the magnesium alloy sheet (red oval). The
semi-elliptical zone of slow stable crack propagation (smooth fracture
surface enclosed by the dashed yellow line) is well distinguishable from
the zone of fast crack propagation (rough fracture surface beyond the
dashed yellow line). For comparison, Fig. 9(b) illustrates crack initiation
at one of the rivet holes directly at the joint (red oval). As the adhesive
layer between the magnesium alloy sheet and the aluminum alloy sheet
retarded crack propagation during cyclic loading, the zone of slow stable
crack propagation is considerably larger, and the zone of fast crack
propagation is even not visible.

4. Conclusions

The results of this experimental study led to the following conclu-
sions, which are particularly valid if the inductile 2 mm-thick AZ91
magnesium alloy sheet is placed on the punch side (upper sheet) and the
ductile 1.5 mm-thick EN AW-6016-T4/T6 aluminum alloy sheet is
placed on the die side (lower sheet) of the joint:

(1) Riv-bonded lap joints of high dimensional quality were basically
prepared. Interlock of the rivet and minimum bottom thickness of
the lower EN AW-6016-T4 sheet were sufficient, and the rivet
head was almost flush with the upper surface of the AZ91 sheet.
However, local fracture at the rivet holes of the pierced AZ91
sheet occurred during riveting at room temperature.

Tensile strength and thickness were notably higher for the AZ91

sheet than for the EN AW-6016-T6 sheet; however, the inductile

AZ91 sheet affected both the static strength and the fatigue per-

formance of the joints. The number of cycles to fracture decreased

with increasing load amplitude or with increasing mean load as
expressed by the load ratio, respectively.

In cyclic testing the load amplitude and the mean load influenced

both the initiation site of fatigue cracking and the path of crack

propagation. In particular, the offset of the fatigue curve at the
load ratio of 0.1 was related to the change of the fracture
behavior at different load amplitudes.

(4) At quasi-static as well as at low-cycle fatigue loading (i.e., at high
load amplitudes), fracture of the AZ91 sheet was initiated at both
rivet holes and it occurred directly at the joint after failure of the
adhesive. Thus, the quasi-static and the low-cycle fatigue per-
formance, particularly at high load ratio, were mainly influenced
by the actual quality of the joint, which is dependent on the
capability of the riv-bonding process.

(2

—

3

-
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Fig. 9. Details of the fracture surfaces of two samples showing fatigue crack
initiation (a) on the surface of the magnesium alloy sheet and (b) at the rivet
hole of the magnesium alloy sheet. The viewing direction is parallel to the
loading direction, as marked with the yellow arrows in Fig. 8.

(5) Atmedium-cycle fatigue loading, fracture was initiated either at a
single rivet hole or at the AZ91 sheet next to the joint. At high-
cycle fatigue loading (i.e., at low load amplitudes close to the
fatigue limit), fracture was even initiated at the EN AW-6016-T6
sheet. Thus, the medium- and high-cycle fatigue performance was
mainly influenced by the properties of the sheets.

Local deformation-induced cracking of the AZ91 sheet at the rivet
holes is tolerable, if the riv-bonded Al-Mg lap joints are just
exposed to cyclic loading with low amplitudes during service.
Thus, additional technical measures aiming to increase the
ductility of the AZ91 sheet during the riveting process are occa-
sionally unnecessary.

(6

—
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