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for Multi-material Body-in-White Structure

Daniel Heidrich, Fan Zhang, and Xiangfan Fang

Cost-efficient multi-material design requires suitable joining techniques, ideally with low investment cost by
re-using existing assembling lines. The recently developed resistance rivet spot welding (RRSW) technique
combines mechanical joining with spot welding and enables cost-efficient joining of aluminum (Al) to steel
for multi-material body-in-white structures. Here, the static and fatigue strengths of different hybrid Al-
steel specimens made by RRSW were measured and compared to other state-of-the-art joining techniques,
such as self-piercing riveting (SPR) and RSW. The static strength of RRSW matched or exceeded that of
SPR regardless of the sheet thickness, whereas the fatigue strength of the RRSW joints showed a strong
dependency on the thickness of the steel sheets. For thinner steel sheets, the fatigue of the RRSW-joined
metal sheets was lower in comparison with SPR. Fatigue cracks were initiated in thin steel sheets around the
weld nugget. By contrast, for thicker steel sheets, the fatigue strength of RRSW matched or exceeded that of
SPR. With a thicker material combination of 1.5 mm steel and 1.0 mm Al, fatigue cracks occurred only in
the Al sheet in both SPR and RRSW. For suitable steel sheet thickness, RRSW is thus a durable technique

to join steel and Al

Keywords aluminum-steel  hybrid specimen, car body
engineering, H-specimen, hybrid joining,
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1. Introduction

Lightweight design is a key technology for reducing the fuel
consumption of vehicles with conventional combustion engines
as well as extending the range of electric vehicles. Due to the
higher cost of lightweight materials, such as fiber-reinforced
plastics or aluminum (Al) alloys, in comparison with steel, a
multi-material car body structure consisting of steel and Al can
be a compromise in terms of weight saving and cost reduction.
To join dissimilar materials, such as Al and steel, a wide range
of innovative joining techniques have been developed, such as
self-piercing riveting (SPR) (Ref 1-4), resistance element
welding (REW) (Ref 3, 5), friction element welding (FEW)
(Ref 3), joining with flow drill screws (FDS) (Ref 3-6), or high-
speed bolt joining (Ref 3).

SPR is currently the most widely used mechanical joining
technique in the automotive industry for joining Al or Al to
steel (Ref 1, 4, 7, 8). Besides the quasi-static properties reported
in Ref 9-11, fatigue properties are essential for automotive
structure development. The fatigue behavior of SPR for joining
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Al sheets (Ref 12-15) or Al and fiber-reinforced plastics (Ref
16) has already been analyzed in several studies.

In Ref 13, 14, 17 and 18, the fatigue behavior of different
joining techniques, such as resistance spot welding (RSW),
SPR, and clinching, for Al-alloys was investigated. In Ref 13
and 14, SPR showed the best mechanical properties under
fatigue load in comparison with spot welding and flow drill
screws. The SN-curve inclination for SPR and flow drill screws
ranged between k = 5-7.6, whereas welded joints showed a
steeper inclination of k= 4.7-5.6. In Ref 17, the fatigue
behavior of SPR-joined Al sheets and spot-welded Al sheets
was investigated. The Al sheets joined with SPR showed twice
the fatigue life in comparison with spot-welded Al specimens.
Similar results were obtained in Ref 18, where Al spot welding
showed 25-100% lower fatigue life in comparison with SPR.

In Ref 19, spot welding and SPR on low carbon steel and
high-strength steel showed that the static strength of spot-
welded joints exhibits the SPR, whereas the SPR joints
revealed better fatigue performance. In Ref 20, fatigue tests
on dual phase steel using single-point lap-shear specimens
showed a higher fatigue life for SPR in comparison with a spot-
welded specimen as well.

Together, these studies demonstrated that riveted joints tend
to exhibit a higher fatigue life than spot-welded joints, even if
the static strength of the riveted joints is lower than the spot-
welded joints. According to Ref (13), the work-hardening effect
due to the SPR process increases the yield strength of the joined
materials, which also leads to increased fatigue properties. By
contrast, annealing in the spot-welding process reduces the
yield strength, and thus the fatigue strength of the spot-welded
joints decreases. This leads to higher inclinations of the SN-
curve and consequently lower durability at higher load cycles
(see also Ref 14 and 15).

Given that fatigue investigations with single-point speci-
mens do not take load redistribution into account (Ref 21),
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multi-point specimens for SPR and spot welding were inves-
tigated in Ref 22, 23, and 24. In multi-point specimens, load
redistribution occurs; that is, if one joint is damaged, a
neighboring joint may carry more load. Therefore, in Ref 23
and 24, a 2-point lap shear specimen was introduced. Further-
more, if thin metal sheets are joined, the sheet metals of the lap
shear specimens tend to be bended when a tensile load is
applied. This leads to a mixed load situation of shear and pull-
out tension. The fatigue behavior of a flat specimen can thus not
be directly transferred to the fatigue behavior of a component.

Consequently, more complex shaped specimens with several
joining elements must be considered. The 10-point H-specimen
was developed for spot welding (Ref 25) and later used for
fatigue investigations of SPR (Ref 22, 23) after small
geometrical adaptions with regard to flange lengths were
conducted. These H-specimens can be implemented for shear or
peeling tests. In Ref 23 and 24, a SPR and a spot-welded H-
specimen (1.5 mm HSLA steel H280 LAD) were tested in a
tension—tension fatigue test (R = 0.1). For the SPR shear and
peeling H-specimen, the SN-curve inclination was k = 6.2,
whereas for the spot-welded H-specimen, k = 5.3 was
determined. Fatigue tests with a spot-welded peeling H-
specimen made of mild steel DX54 and HSLA steel CR320
LA (both 1.8 mm) exhibited an SN-curve inclination of
k = 3.1-4.7. Both investigations showed that peeling stresses
reduce fatigue life in comparison with shear stresses, suggest-
ing that the fatigue strength of SPR exceeds the fatigue strength
of spot welds and confirming the results obtained with flat lap
shear specimens (Ref 13, 14, 17, 18, 20).

Compared to SPR, RSW is still the most dominant joining
technique in the automotive industry because of its low cost
and high quality (Ref 7). Due to the requirements of a flexible
joining technique, using the same joining technique for an all-
steel body-in-white structure and a steel-Al mixed-material
structure, a new resistance rivet spot welding (RRSW) method
was developed (Ref 26). RRSW is a combined mechanical
joining and spot-welding method in which a rivet element with
the characteristics shown in Fig. 1(a) (details see Ref 26) has to
be punched into an Al sheet metal directly after the Al sheet
forming. The rivet forming or punching process is shown in
Fig. 1(b). At the end of the rivet punching process, a form-fit
between the Al and the steel insert is created. This steel insert
punched into Al-sheet metal works as a welding adapter to join

component

the Al sheet to another steel sheet. The results of the welding of
an Al sheet to a steel sheet metal can be seen in Figure 1.

RRSW has several advantages in comparison with SPR.
First, the flange width for RRSW is smaller than for SPR. This
is important given that the package space for lightweight design
must not be sacrificed. Secondly, due to the 1 mm height of the
rivet head, a distinct gap between the Al and steel component is
created [see Fig. 1(c)]. This gap enables the complete wetting
of the steel and Al parts with cathodic dip paint (Ref 26). Thus,
the resistance against galvanic corrosion is sufficient without
using adhesives between the steel and Al, which is necessary
for parts joined with SPR (Ref 1). Quasi-static lap shear tests in
Ref 26 showed that for seven of the nine considered material
and thickness combinations, the strength of RRSW is superior
to that of SPR. However, the fatigue strength of sheet metals
joined using RRSW has not been investigated and is thus the
aim of this work.

2. Experimental Setup

2.1 Materials and Specimen Geometries

Based on the previous static test results in Ref 26, fatigue
tests were conducted in this work to extend the characterization
of RRSW. For this purpose, the two most critical material
combinations according to Ref (26) were chosen for this study,
which are the combination of 0.8 mm CR340 steel with 1.0 mm
Al 6016 and 1.5 mm CR340 steel with 1.0 mm Al 6016. The
first one is defined as material combination C1 and the second
one as C2 in this work. Cl was selected for fatigue
investigations, as the static test results of this material
combination previously exhibited the lowest performance out
of 9 different material combinations. Additionally, material
combination C2 was investigated to address the fact that fatigue
load is usually more severe for thinner sheet metals. The
mechanical properties of both materials are summarized in
Table 1. The rivet was made of the mild steel S355, which
offers high formability and good weldability.

To conduct the fatigue tests, four different specimen types
were used, as shown in Figure 2. Flat lap-shear specimen with
one (a) and two (b) joining elements, and an H-specimen with
10-points that can be loaded in a shear (c) or peeling (d)

Steel
Spot weld

T

Welding
adapter

component

Fig. 1 (a) The geometrical characteristics of the rivet element used as welding adapter (b) Forming process of the steel welding adapter (c) A
micro-section of RRSW connection with 1 mm characteristic gap between Al and steel to avoid galvanic corrosion
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Table 1 Mechanical properties of steel and Al sheet metals used in the experiments (Ref 27)

Material Thickness, mm Yield stress, MPa Ultimate tensile stress, MPa
CR340 LA + Z 0.8/1.5 340-420 410-510
Al 6016 T4 1.0 135 247

\ \
<8 s 7, s
B 8%, |
N8 1Y
&/ &
(@) (b)

Fig. 2 (a) l-point lap-shear specimen, (b) 2-point lap-shear
specimen, (c¢) 10-point shear H-specimen, and (d) 10-point peeling
H-specimen

direction. The force-controlled fatigue tests were conducted
under tension—tension load ratio (R = 0).

The dimensions of the spot-welded 1-point lap-shear
specimen are defined in DIN EN ISO 14324 (Ref 21).
However, for the SPR study, the width, span length, and
overlap of the two sheet metals must be increased to guarantee
sufficient space for joining with SPR. To avoid any size effect,
the modified specimen size for SPR was also used for RRSW,
as shown in Fig. 2(a).

As mentioned in section 1, a 1-point specimen cannot
exhibit any load redistribution effect during the fatigue test
when the joint is damaged. Therefore, the 2-point specimen
specified in Ref 24 was used as well. To achieve an improved
comparability to the situation in a real vehicle structure, the H-
specimen with 10 joining points was chosen, which was
developed for two loading conditions: one for shear (Figure 2¢)
and another for peeling (Figure 2d) load. Both specimen types
were designed and manufactured according to DIN EN ISO
18592 specifications (Ref 25).

Using the two steel and one Al materials, a test matrix with
two material combinations C1 and C2 for the four specimen
types was created, as presented in Table 2.

2.2 Manufacturing of SPR Specimens

The SPR lap-shear specimens with one and two rivets were
manufactured with a handheld HRBS electro-hydraulic rivet
setter (Henrob; New Hudson, MI, USA). To guarantee high
reproducibility, a positioning aid was used. The rivet elements
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with a height of 5.5 mm and a diameter of 5.0 mm were
stamped through the Al sheet into the die-sided steel sheet.
Therefore, the pipped die Bl DZ 0902050 by Henrob was used.

The quality of the flat shear and complex H-specimens
joined with SPR was checked by microscopic analysis. Figure 3
shows the micro-sections of the SPR connection of the
thickness combination C1 (0.8 mm steel and 1 mm Al) and
C2 (1.5 mm steel and 1 mm Al).

According to Ref 11, the head height of the rivet, the bottom
sheet thickness, and the interlock distance are important
characteristics of the SPR connection. A head height between
0.3 mm and -0.5 mm (negative head height means that the rivet
head is below the surface of the top sheet) is recommended,
which is also in good agreement with the guidelines of Henrob.
According to Henrob specifications, the minimum interlock
distance must be 0.2 mm and the bottom sheet thickness is
recommended to be at least 0.2 mm.

With the maximum riveting force of the rivet setter (50 kN)
and the chosen rivet element, a head height of 0.15 mm for C1
and 0.2 mm for C2 could be realized. For both thickness
combinations, the interlock distance exceeded the minimum
required interlock distance of 0.2 mm (Ref 28). However,
Figure 3a shows that the remaining bottom sheet thickness was
below the recommendations. As the remaining bottom sheet
thickness is mandatory for corrosion and NVH behavior,
although it has a minor influence on joint strength, the bottom
sheet penetration for material combination C1 is acceptable.
Therefore, the rivet sizes and the riveting parameters mentioned
above were used for all four specimen types in this study,
including the H-specimens for shear and peeling. Due to poor
accessibility with the C-frame of the handheld rivet setter, the
H-specimens for peeling were manufactured at the technical
center of the rivet machine manufacturer, Henrob, with the
same riveting parameters as the other specimens.

2.3 Manufacturing of Resistance Rivet Spot Welding
(RRSW) Specimens

To manufacture the RRSW lap-shear specimens with one
and two welding points, based on the description in Figure 1,
holes with a 6.5 mm diameter were punched into the Al sheet
(Figure 4a). Subsequently, the welding adapter, a steel rivet
element made of mild steel S355 with a 6.5 mm rivet height
and a 5.6 mm nominal diameter [see Fig. 1(a)] was stamped
into the hole of the Al sheet with a forming force of 50 kN per
rivet (Figure 4b). In the next step, the Al sheet including the
steel welding adapter and the steel sheet were positioned using
a fixture (Figure 4c) and spot welded (Figure 4d) using the
stationary spot welding machine PMS 14-6 MF (Dalex;
Wissen, Germany).

A welding parameter optimization was carried out on the
simple one-point lap shear test samples, since the fatigue
performance of the spot weld is highly influenced by the
welding quality. If the welding heat input in the Al around the

Journal of Materials Engineering and Performance



Table 2 Test matrix for fatigue test of SPR and RRSW joining techniques with four different specimen types and two

material combinations

1-point specimen

2-point specimen

H-specimen shear H-specimen peel

Self-piercing

riveting (SPR)
Resistance rivet

spot welding (RRSW)

Material combination C1 = 0.8 mm CR 340 + 1.0 mm Al 6016
Material combination C2 = 1.5 mm CR 340 + 1.0 mm Al 6016
Material combination C1 = 0.8 mm CR 340 + 1.0 mm Al 6016
Material combination C2 = 1.5 mm CR 340 + 1.0 mm Al 6016

Head height

SPR quality parameters

Material

Combination el e

Interlock distance

0,478 0,541
(mm]

Head height

0,150 0,210
[mm]

Residual bottom

sheet thickness [mm)] 0,08 0,161

(b)

Fig. 3 Micro-section of self-piercing riveting (SPR) with thickness combination (a) C1 (1 mm Al 6016 + 0.8 mm CR340 LA) and (b) C2 (1.5
mm + CR340 LA) to evaluate the joining quality; recommended tolerances: interlock distance > 0.2 mm, head height 0.3 mm to -0.5 mm

steel welding adapter is too high, the Al will be annealed or
even melted, which lowers the fatigue limit of the material. By
contrast, too-low welding heat input in the steel welding
adapter might cause a poor weld nugget diameter, which can
also lower the fatigue strength of the connection. Thus, during
the spot-welding parameter optimization, the weld nugget size,
the grade of Al melting, and the connection behavior in the
chisel test were taken into consideration. The optimized spot-
welding parameters for each specimen type are shown in
Table 3. Since the H-specimens must be spot welded by the
welding company, Dalex, due to the complex shape with a
different welding machine, the H-specimen welding parameters
were slightly different from the one- and two-point specimens.

In addition to the chisel test, the quality of the RRSW joints
was also investigated using micro-sections, as shown in
Fig. 1(c). The targeted 1 mm gap between the Al and steel
sheets, which allows for a full wetting with fluid in a cathodic
dip painting process, is precisely achieved. The interlocking of
the steel rivet in the Al sheet is around 0.75 mm, which is
nearly twice the interlock distance, which was measured for
SPR. The nugget size of 4.6 mm for material combination CI
and 5.0 mm for material combination C2 is sufficient according

Journal of Materials Engineering and Performance

to welding guidelines (d ~ 4-5 /7, t: minimum sheet metal
thickness).

To insert the steel rivet into the Al component of the H-
specimen, a C-frame tool was designed and manufactured,
which enabled flexible accessibility for complex-shaped spec-
imens and components. Using a hydraulic hand pump, a rigid
punch is actuated, which punches the steel rivets with a riveting
force of 50 kN into the pre-drilled hole of the Al profile.
Afterwards, the steel and the Al profiles of both the H-specimen
types, shown in Fig. 5(a) and (b), were joined by RRSW with a
Dalex PL 100 machine at the technical center of the welding
machine manufacturer Dalex.

2.4 Fatigue Test Equipment

All fatigue tests of the 2-point shear specimens and H-
specimens were conducted using the Sincotec PowerSwing
resonance pulsator (SincoTec; Clausthal-Zellerfeld, Germany)
(Figure 6). The test machine was equipped with a 12.5 kN load
cell for the flat specimen with relatively low force amplitudes
(Figure 6a, b), whereas for the H-specimens, a 100 kN load cell
was used (Figure 6c¢).

Volume 30(5) May 2021—3809
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Fig. 4 Specimen manufacturing process of resistance rivet spot welding (RRSW): inserting Al 6016 sheets with (a) a pre-punched hole, (b)

stamping the welding adapter into the hole, (c) using a positioning aid to fix for spot welding and (d) spot welding of steel welding adapter and
steel sheet

o @ Pre-hole for RRSW rivet

Table 3 Spot welding parameters for rivet resistance spot welding

Specimen Steel sheet Squeeze Up slot time, Welding Welding Pulse, Hold time, Electrode force,
type thickness, mm time, ms ms current, KA time, ms - ms daN
1-point 0.8/1.5 600 40 11 150 1 600 200
10-point 0.8/1.5 600 20 10 160 1 600 200

RRSW
welding
adapter

Fig. 5 (a) RRSW shear H-specimen with 10 joining elements and (b) RRSW peeling H-specimen

For the flat lap-shear specimen, standard clamping jaws
were utilized. The free span length is defined as 160 mm
according to DIN EN ISO 14324 (Ref 21). Compensator sheets
were used in the clamping jaws to vertically align the two metal
sheets with different sheet thicknesses. To properly clamp the
H-specimen, a fixture was manufactured according to DIN EN
ISO18592 (Figure 6¢) (Ref 25).

A resonance pulsator works in the eigenfrequency range of
the oscillation systems. Thus, the test frequency in the fatigue
test must be determined by the resonance pulsator depending
on the stiffness of the whole test system, which consists of the
specimen and the test bench itself.

3810—Volume 30(5) May 2021

The fatigue tests on the 1-point lap-shear specimens were
performed on the pneumatic test bench Dynamess TP 10 with a
test frequency of 10 Hz, as the 1-point SPR specimen showed a
too low stiffness to be fatigue tested in the resonance test bench.

3. Static Lap-Shear Tests and Evaluation

Prior to the fatigue investigation, static lap-shear tests were
carried out to analyze the failure behavior in quasi-static load
cases, which can be compared to fatigue failure behavior.

Journal of Materials Engineering and Performance



1-point lap shear
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Fig. 6 Fatigue test setup for 1-point and 2-point shear specimens in (a) resonance test bench Sincotec PowerSwing 12.5 kN for the thicker
steel sheets, (b) pneumatic test bench Dynamess TP 10 kN for the thinner steel sheets, and (c) test setup for the H-specimen in resonance test

bench Sincotec PowerSwing 100 kN

Further, the initial load level for the SN-curves was determined
with quasi-static tests. All quasi-static tests were conducted
with the tensile test machine Z100 (ZwickRoell; Ulm, Ger-
many). The cross head speed was set to 2 mm/min to guarantee
quasi-static loading conditions (Ref 29, 30), and the free span
length was set to 160 mm (Ref 21). Compensator sheets were
used in the clamping jaws to vertically align the two metal
sheets with different sheet thicknesses. The compensator sheets
for the RRSW specimen had to take the characteristic 1 mm
gap between the steel and Al into account.

3.1 Results of the 1-Point Lap-Shear Tests

Figure 7 shows the force displacement curves of SPR and
RRSW with the two different thickness combinations (C1 with
0.8 mm steel and 1.0 mm Al; C2 with 1.5 mm steel and 1.0
mm Al) according to the test matrix, which is defined in
Table 2. Due to the very good reproducibility of the static lap-
shear tests only 3 specimens per test were used. For SPR, the
averaged maximum force for both thickness combinations was
Frax nusn = 2.5 kN. For RRSW, the averaged maximum force
for the thinner thickness combination (Cl) was
Faxrrsw = 2.34 kN, and for the thicker thickness combina-
tion (C2) was about Fp, rrsw = 2.1 kN.

The failure pattern of the SPR connection showed for the 0.8
mm steel thickness a failure in both the Al and steel. However,
for the 1.5 mm steel thickness, failure occurred only in Al. The
differences in failure for these two combinations are caused by
the different bottom sheet thickness, which was lower for the
0.8 mm steel sheet (see Figure 3a-b), and the loading
conditions. The thinner specimen C1 exhibited an overlapped
shear-out and rivet pull-out failure due to the excessive bending
of the specimen, due to its low stiffness. For the thicker
specimen C2, the bending was smaller, resulting in a smaller
overlapped pull-out force and a predominant shear failure.

Journal of Materials Engineering and Performance

Nevertheless, for both steel sheet thicknesses, SPR exhibited
the same failure force level.

For RRSW, the failure patterns of both combinations C1 and
C2 were also different. For C1 with the thinner steel sheet, the
loading condition was not purely shear but also an overlap by a
higher pull-out force, as stated above. The failure was a
combination of shear and rivet pull-out. For C2 with the thicker
steel sheet, the failure occurred predominantly by shear
(Figure 8). The shear failure resulted in a lower maximum
force in C2.

3.2 Results of the 2-Point Lap-Shear Tests

Figure 8 displays the results of the lap-shear test with a 2-
point specimen under the same circumstances as the test for the
1-point specimen. A comparison of the test results of 1- and 2-
point specimens for the SPR test series revealed that the force
level was simply doubled, indicating that the same load acted
on each joining element. For RRSW, the force value was also
doubled for C1 (0.8 mm steel). Its failure appearance of strong
pull-out of the rivets was quite similar to the 1-point lap-shear
test, as both specimen types experienced severe bending due to
their low stiffness. However, for the 1.5 mm steel sheet
thickness, the averaged maximum force of Fy,ax rrsw = 7.3 kN
was three times higher with regard to the RRSW 1-point
specimen. The failure occurred mainly by shear. The higher
lap-shear strength of the 1.5 mm specimen in comparison with
the 0.8 mm specimen was due to the higher stiffness of the 1.5
mm specimen, which resulted in less bending overall.

The averaged maximum force of the 1.5 mm RRSW lap-
shear specimen exceeded the force level of the corresponding
SPR 2-point specimen by more than 50%. The joining strength
of SPR was based only on form fit, which is mainly influenced
by the rivet’s interlocking width in the die-sided sheet.
Similarly, for RRSW, the interlocking of the steel rivet in the
Al contributed to the joint strength. Since the interlocking of

Volume 30(5) May 2021—3811
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Fig. 7 Static Force-displacement curves of 1-point lap-shear test (a) material combination C1 and (b) C2; (pictures on the right depict the

specimen from both sides)

the rivet in RRSW was generally larger than in SPR (see Fig. 3
in comparison with Fig. 1), a higher level of force could be
reached with RRSW, as long as the Al strength was equal for
both joining techniques.

Table 4 summarizes the maximum forces obtained in all
static lap-shear tests. For all the RRSW static test series, it can
be summarized that no failure was observed in the steel sheets.

4. Fatigue Tests and Evaluation

The fatigue test setup for 1-point, 2-point, and H-specimens
is shown in Fig. 6. All tests were conducted force controlled
with tension—tension load case (R = 0). The fatigue behavior
was investigated in the range of 10* to 107 load cycles.

4.1 Results of the 1-Point Specimen Tests

In Figure 9a, the SN-curves of the fatigue tests are plotted.
For material combination C1 (1 mm Al and 0.8 mm steel), the
fatigue strength of RRSW was much smaller than that of SPR,
although their static strengths were similar (see Table 4). For
C2 (1 mm Al and 1.5 mm steel), the two SN-curves showed
nearly the same inclination (k = 5 for RRSW, k = 4.9 for SPR).
In comparison with the SPR specimen, the SN-curve of the
RRSW specimen was horizontally shifted to the right, indicat-
ing that the force amplitude at 10° load cycles was ~10%
higher.

3812—Volume 30(5) May 2021

The failure pattern of the RRSW specimen with thickness
combination C1 (Figure 9b) exhibited cracks in the 0.8 mm
CR340 steel sheet around the welding nugget. During the
fatigue test, it was observed that the first crack always occurred
in the 0.8 mm steel sheet around the welding nugget. The initial
failure in the 0.8 mm steel sheet was followed by a failure in
the Al sheet, which finally led to the breakage of the whole
specimen. This is a major difference in comparison with the
static loading condition, where no failure in the steel sheet
around the spot weld could be observed. In contrast to C1, in
the C2 specimens, no failure in the steel could be observed.

The SPR specimens showed no failure on the steel sheet
side. The fracture of the SPR specimen started in the Al sheet as
a sickle shape (“eyebrow failure™) over the rivet and propa-
gates after a few cycles through the whole Al sheet cross-
section, which led to specimen breakage. The failure pattern
was clearly different from that of the static loading conditions,
where the specimen initially exhibited a shear-out failure and
finally a rivet pull-out due to the bending of the specimen.

The failure mode of the RRSW specimen in thickness
combination C2 was similar to both the 0.8 mm and 1.5 mm
SPR specimens, suggesting that failure occurred only in the
1.0 mm thick Al sheet.

4.2 Results of the 2-Point Specimen Tests

All 2-point specimen tests were conducted in the same way
as the 1-point tests shown in Fig. 6(a). The SN-curves of the
tests are shown in Figure 10. The scatter of the fatigue tests
with the 2-point specimen was lower for both SPR and RRSW

Journal of Materials Engineering and Performance
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Fig. 8 Static Force-displacement curves of 2-point lap-shear test (a) material combination C1 and (b) C2; (pictures on the right depict the

specimen from both sides)

Table 4 Maximum static lap-shear strength of 1-point and 2-point SPR and RRSW specimen

Max. static lap-shear strength, kN

1-point specimen

2-point specimen Material combination

Self-piercing riveting (SPR) 2.56
2.50
Resistance rivet spot welding (RRSW) 234
2.10

5.00 Cl
4.67 C2
4.98 Cl
7.44 C2

in comparison with the 1-point test series. This phenomenon
can be explained as follows: In a 2-point specimen, due to the
load redistribution effect, small errors in specimen manufac-
turing do not necessarily result in specimen breakage.

With a force amplitude of F, = 564 N at 10° cycles and k =
4.9, the finite life fatigue strength of the 0.8 mm steel joined
with RRSW was 35% lower than that of SPR, which exhibited
a load amplitude of F, = 885 N at 10° cycles and k = 4.12. At
F, = 0.5 kN, the SPR specimen (k = 5.5) reached the fatigue
limit of 107 load cycles, whereas the corresponding fatigue life
for RRSW was 6 e 10° load cycles.

The C2 RRSW specimen exceeded the fatigue strength of
the SPR specimens at the highest load amplitude level
(F, = 1.5 kN), similar to the static tests (Figure 8b). However,
with decreasing load amplitudes and increasing load cycles, the
SPR specimen showed a higher durability. The SN-curve
inclination of the SPR specimen (k=4.12) for the thickness
combination C2 was similar to RRSW (k = 4.2). The difference
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is that the SN-curve of SPR was shifted to the right side of the
diagram. Therefore, the fatigue life of SPR at 10° load cycles
was 11% higher than that of RRSW.

As observed in Fig. 11, the fracture patterns of the 2-point
specimens are similar to that of the 1-point specimen. For the
0.8 mm steel thickness, the SPR specimen failure was observed
only in the Al sheet (Figure 1la), whereas for the RRSW
specimen, failure starts in the steel around the welding nugget
and propagates in a lateral direction through the steel sheet
(Figure 11b). The higher the load amplitudes, the more failure
observed in the Al, similar to the failure pattern of the static
tests displayed in Figure 8. At the lowest load amplitude in the
SN-diagram, which was F, =500 N, no failure in Al was
observed, although failure was seen in the steel part (Fig-
ure 11b).

For the 2-point specimen test series with the thicker 1.5 mm
steel sheet, Figure 11c and d shows the fracture pattern for the
SPR and RRSW specimens, respectively. With both joining
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Fig. 9 (a) 1-point specimen fatigue test of self-piercing riveting (S

PR; solid line) and rivet resistance spot welding (RRSW; dashed line) SN-

curves for material combination C1 and C2 (b) the fore- and backside of a SPR and RRSW fatigue-tested specimen
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Fig. 10 2-point specimen fatigue test of self-piercing riveting (SPR; solid line) and rivet resistance spot welding (RRSW; dashed line) SN-

curves for material combination C1 and C2

techniques, a sickle-shaped failure profile was observed in the
Al sheet. For the RRSW specimen, the failure of the Al was not
located in the heat-affected zone of the spot welds.

4.3 Results of the H-Specimen Tests

The H-specimens were tested using the fixture shown in
Figure 6c¢c. Since the H-specimen consisted of 10 joining
points, the abort criterion of the fatigue test can be more
complex and is not necessarily defined as specimen breakage,
as with the 1- and 2-point specimens. An H-specimen can still
transfer load even if the specimen exhibits visible cracks.
Nevertheless, for the shear H-specimen, specimen breakage
was a suitable abort criterion, whereas for peeling H-
specimen, a stiffness-based abort criterion was found to be
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more suitable. This will be discussed in detail at the beginning
of section 4.3.2.

4.3.1 Shear H-Specimen. The test frequency ranged
between 83 and 95 Hz for the SPR and RRSW fatigue tests
series. The high stiffness of the H-specimen led to higher
eigenfrequencies of the vibration system. The SN-diagram of
the fatigue test using the shear H-specimen is shown in
Figure 12.

The load level at 10° cycles of the SPR shear H-specimen
with the thinner steel C1 is F, = 5.5 kN, which was ~40%
higher than the force level of the corresponding RRSW shear
H-specimen (F, = 3.2 kN). Due to the low inclination of the
SPR H-specimen SN-curve with k = 8.71 in comparison with
k = 4.53 of RRSW, the durability of the SPR was higher,
especially at lower load levels and higher cycles to failure. The
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C1: 0.8 mm steel

C2: 1.5 mm steel

Excessive bending
-> low durability

Less bending
-> higher durability

Fig. 11 Comparison of the fatigue load-induced fracture pattern of
2-point lap-shear specimen on four load levels for (a) SPR material
combination C1, (b) RRSW CI, (c) SPR C2 and (d) RRSW C2

SN-curve characteristics fitted well with the 1- and 2-point
specimen, where SPR was also more durable at higher load
cycles for material combination C1.

Also, for the thicker steel C2, the fatigue test results of the
H-specimen reflect the results obtained with the flat lap-shear
specimen. In contrast to the 1-point specimen tests, the highest
fatigue strength was achieved with RRSW. The force level at
10° load cycles of the SN-curve was F, = 6.07 kN, which was
15% higher than the force level of the corresponding SPR
specimen (F, = 5.1 kN). The SN-curves slopes of SPR and
RRSW for material combination C2 were similar (k = 6.45 for
RRSW and k=6.89 for SPR). However, the SN-curve
inclination of k = 6.45 for RRSW was higher than in the
previous test series using 1- and 2-point specimens. These
findings suggest that due to stress redistribution, small singular
cracks can be compensated by undamaged joining points.

Similar to the previous tests with 1- and 2-point specimens,
only the combination of the thin steel sheet and RRSW as the
joining technique exhibited failure in the steel, whereas the
other three test series showed failure in the Al sheet only
(Figure 12b).

4.3.2 Peeling H-Specimen. The test frequency ranged
between 34-38 Hz for the SPR and RRSW peeling H-specimen
fatigue. The low stiffness of the peeling H-specimen led to low
eigenfrequencies of the vibration system.

For the shear H-specimen, where no base material failure
occurred and the stiffness remained nearly constant until
rupture, specimen breakage was used as the abort criterion of

H-specimen shear

10000 -
9000 W SPRC20.8mmCR340 1 mm Al
) RRSW C1 0.8 mm CR340 1 mm Al
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Fig. 12 (a) Fatigue test of SPR- and RRSW-H-Specimen (Shear) with material combinations C1 and C2 (b) the location of failure in the SPR

and RRSW specimen
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the fatigue test. By contrast, due to the sharp fillet radius of the
Al profiles, failure occurred in the Al base material for both
material combinations [see Fig. 14(b)]. This Al base material
failure in combination with failure around the joining element
led to a smooth but constant drop in stiffness of the peeling H-
specimen. Figure 13 shows representative stiffness profiles of a
peeling H-specimens at a load amplitude of 750 N. After a
relatively short phase, where the specimens typically showed a
5-10% rise in stiffness due to setting and void-filling effects
around the joining element, the specimen stiffness decreases.
To take the base material failure into account for the peeling H-
specimen, 40% stiffness loss was considered to be the abort
criterion. Thus, the SN-curves of the fatigue tests in Fig. 14(a)
were determined using 40% loss of stiffness as the abort
criterion.

For C1, the SN-curves of the SPR specimens showed a slope
of k = 5.0 and k = 3.8 for RRSW. The fatigue force level at 10°
load cycles of the SPR test series with this combination equals
F. =610 N, indicating a 15% higher force level than the
corresponding RRSW. This result is in good agreement with the
fatigue tests of the shear H-specimen fatigue test results.

For the material combination C2, the SN-curves of both
SPR and RRSW peeling H-specimens nearly overlay. Both
exhibited a force level at 10° load cycles of F, = 680 N and
k =5. Comparable to the shear test, the RRSW peeling
specimens showed fatigue cracks in the 0.8 mm steel around
the welding nugget, which limited the durability of the
connection.

For the RRSW peeling specimen, beside the cracks in the Al
sheet around the welding point, additional failures were
observed in the Al base material, as shown in Fig. 14(b). By
contrast, in the SPR peeling H-specimen fatigue tests, the
cracks started directly from the rivet, indicating that peeling
stress singularities were higher. This effect can be explained by
the higher amount of interlocking, which can be observed in the
micro-section of RRSW (Figure 1c) in comparison with SPR
(Figure 3).

5. Discussion

Since RRSW is a hybrid joining technique consisting of
riveting and welding, its fatigue properties are expected to be
similar to those of spot-welded joints. Several previous studies
have already shown that mechanical joining techniques exhibit
better fatigue behavior in comparison with welding (Ref 13, 14,
17, -20) as described in section 1. The welding heat leads to a
local hardening around the weld nugget, which creates a
metallurgical notch. Notches reduce the durability of a
structure, which normally leads to a lower fatigue limit of
spot-welded structures in comparison with mechanical joints,
such as SPR.

Figure 15 shows the summary of test results on all four
specimens in section 4. For the material combination C1 with a
thinner steel sheet (Figure 15a and b), both the k-values and
fatigue strength of SPR were better than the RRSW. The
phenomenon discovered previously (see section 1) for Al-Al or
steel-steel joining using SPR and RSW that SPR shows always
larger k-value in comparison with RSW can also be confirmed
for RRSW. For C2 with a thicker steel sheet, although the k-
values were better for SPR, the fatigue strengths of the H-
specimens for RRSW were better or equal to SPR. For the 1- or
2-point specimens, SPR was always better than RRSW.
However, since the H-specimens represent the real vehicle
component behaviors much better than the 1- or 2-point
specimens, the results of H-specimens should be used to
evaluate the performance of the joining technique for real
structure in body-in-white.

The different sheet metal thickness dependency of the
relative fatigue strength of RRSW and SPR can be explained by
the geometrical and metallurgical effects.

5.1 Geometrical Effects on RRSW Durability

For C1 with thin 0.8 mm steel sheets thickness, the fatigue
strength of all RRSW specimens was significantly lower in
comparison with the SPR specimens, as described by forces

H-Specimen (Peeling) stiffness profile (Fa =750 N)

1,2

0,8

Normalized Specimen Stiffness (-)

04 —sprct 1.0 Al/0.8 CR340
— RRSW C1 1.0 Al /0.8 CR340
02 __gpre2 1.0 Al/ 1.5 CR340
RRSWC2  1.0Al/1.5CR340
0
1000 10000

0’6—--—--—--—--—--—--—-- —

100000

1000000

Cycles to failure log (N)

Fig. 13  Stiffness profiles of H-Specimen (peeling) of fatigue tests at load level 750 N
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Fig. 14 (a) Fatigue test of SPR- and RRSW-H-Specimen (Peeling) with material combinations C1 and C2 (b) fracture in H-Specimen fillet

radius of the RRSW specimen

that acted on the joint of the RRSW shear specimen (Figure 16)
(Ref 31). Due to the gap (S), which is based on the RRSW
concept (see also Fig. 1), the tension forces F, cause a bending
moment around the center of the joining element, according to
Eq. 1:

My =F - (0.5Ts +S + 0.5T,). (Eq 1)

Thus, the shear stress caused by F' is superimposed with a
tensile force induced by the bending moment M, which is in
Figure 16 referred to as bending stress gz, (Eq 2), which
maximum value is approximately given by Eq 4, if the
difference between the sheet metal thickness of Al and steel is
small:

M,

0, =—%z (Eq 2)
y
with

I, = fzdA (Eq 3)

M, - (0.55 + T,
0z2max(z = 0.58 + Ty) ~ w
My
(Eq 4)

T b Ts - (0.55 + Tg,)

I: bending inertia, b: width of the lap-shear specimen.
If the gap is zero, 62 max = Mp/ (b - T3,).
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Based on Eq 4, it is obvious that the bending stress is higher
for RRSW specimens in comparison with SPR specimens,
which have no gap between the two sheet metals. However,
bending stress is reduced if the steel thickness 7'y, increases. For
a lap shear specimen C2 (1.5 mm steel, 1.0 mm Al) under a
tensile force F of 1 kN and a 1 mm gap a bending stress is
calculated to oz0,a = 15 MPa, whereas for 0.8 mm steel
thickness its value is 36.5 MPa. For SPR under same load
condition but with no gap, bending stress component can be
approximated to oz, =~ 8.3 MPa for C2, respectively 28
MPa for C1. The gap works like a notch. Hence, the crack
forms in the steel sheet if the steel thickness is low and no crack
forms if the steel is thicker. For the same reason, the fatigue
strength of RRSW specimens with thinner steel sheets is lower
compared to SPR. For a thicker steel sheet, the bending stress
increase is limited, so that the fatigue life of RRSW is
comparable or even better than SPR. For the quasi-static tests,
the bending stress is small in comparison with the static stress.
In these cases, the strength of RRSW is equal to or better than
SPR even for small steel thicknesses.

5.2 Metallurgical Effects

The steel rivet, which is used as a welding adapter in the
RRSW process, exhibited a thickness of 3 mm. To weld this
thick rivet together with a thin steel sheet, the weld current must
be limited to avoid metal expulsion. Therefore, the nugget size
was also limited. To increase the nugget size to meet
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Fig. 15 Summarizing comparison of the SN-curve inclinations and relative fatigue forces at 10° load cycles for the self-piercing riveting (SPR)
and rivet resistance spot welding (RRSW) fatigue test for C1 ( 1.0 mm Al 6016 sheet joined to a thin 0.8 mm steel sheet (a), (b) and for C2
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Fig. 16 Forces acting on the rivet resistance spot welding (RRSW) lap-shear specimen: tension force in the specimen longitudinal direction
causes a bending moment (My) on the joint due to the gap (S) [31]
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specifications, in this work, a relatively large current was
chosen for the 0.8 mm steel thickness, which might result in
partial Al-melting in the Al sheet metal.

To investigate the influence of the welding heat on the Al
and steel microstructure, a micro-hardness test according to
Vickers with HV0.2 for Al and HV0.3 for steel was conducted.
The micro-hardness measurement results are shown in
Fig. 17(a) for the 0.8 mm steel sheet thickness (C1) and in
Fig. 17(b) for the 1.5 mm steel sheet thickness (C2). Since both
micro-sections were cut from a fatigue-tested shear H-speci-
men, voids could be found between the rivet and the metal
sheets on the right side of the cross section. The micro-sections
also revealed that the spot weld was not in perfect vertical
alignment with the borehole in the center of the Al sheet,
indicating that the micro-hardness was not symmetrically
distributed over the whole cross section. Consequently, the
hardening effect in both sheet metals and rivet base material
was more distinct on the left side of the cross section.

A comparison of the hardness around the spot weld with the
raw material hardness showed an overall increase in the
hardness of the rivet base material and the steel sheet. An
approximately 20% loss of hardness (from ~82 HV to 62 HV)

in the heat-affected zone of the Al sheet in the C1 combination
was found, whereas for the thicker C2 combination, the
hardness reduction of Al sheet was very small (HV changes
from 82 to 78). For Cl, it was difficult to determine if the Al
sheet was partially melted during welding. For C2, this was
eventually excluded. Since the fatigue cracks in Al sheet metal
touched the weld spot, it could have been caused by the
hardness reductions around the weld spot.

Considering the hardness changes in the steel sheet,
Figure 17 shows a distinct drop in hardness in both steel sheet
thicknesses C1 and C2. For Cl, it dropped from 375 HV to
195 HV and for C2, from 389 HV to 187 HV. This strong
hardness drop created a metallurgic notch in the steel sheet.
Fatigue failure will originate from the metallurgic notch if the
stress is high enough. This was the case for the thinner steel C1,
as discussed above in 5.1.

However, even if fatigue failure could be observed in the
thinner steel sheets, the micro-sections and the characteristic
eyebrow failure pattern over the HAZ were comparable to
resistance spot welding of steel to steel sheets (Ref 18, 32).
Interfacial failure of the spot weld was avoided, indicating that
welding parameters were adequately obtained.

| >400 HV | |

| | >100-200 HV | | <100 HV |

Fig. 17 Micro-hardness tests according to Vickers (units in HV0.2 for Al and HV0.3 for steel) of a fatigue-tested rivet resistance spot welding
(RRSW) connection cut from an H-specimen with (a) material combination C1 (0.8 mm steel) and (b) C2 (1.5 mm steel)
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6. Summary and Conclusion

Both quasi-static and fatigue tests were conducted on
different kinds of steel-Al-specimens that were joined by
RRSW and SPR. Static lap-shear tests on one-point shear
specimens showed that RRSW has almost equal mechanical
properties compared to SPR. RRSW lap-shear specimens with
two joining points consisting of a thicker 1.5 mm CR340 steel
showed even a 50% higher force level at failure in comparison
with the corresponding SPR specimens.

For fatigue tests, RRSW joints were found to reach a higher
fatigue life than SPR if the steel exhibited sufficient sheet
thickness. By contrast, SPR exhibited higher durability with
thinner steel sheet thickness. Based on a geometrical and
mechanical analysis, the effect of the small gap between the
steel and Al sheet metals in RRSW was implicated as a
reasonable explanation for this fact. In addition to this effect,
the metallurgical analysis showed that for both thin and thick
steel sheets, there were distinct hardness changes from weld
nugget to base materials so that metallurgical notches were
present. The obtained results for the thin steel sheet are in good
agreement with state-of-the-art results, which indicate that
fatigue loads are more severe to welding-based joints in
comparison with mechanical joints. Fatigue-loaded flat lap-
shear specimens qualitatively showed the same fracture pattern
as the 10-point H-specimen. Since the H-specimen can take
load-redistribution into account, the SN-curve inclination was
slightly higher in comparison with the 1- and 2-point speci-
mens.

In summary, the findings regarding the H-specimen, which
is similar to real vehicle structures, revealed that RRSW shows
both better quasi-static and fatigue strength in comparison with
SPR if thicker steel sheet metal of 1.5 mm is joined to 1 mm Al-
sheet metal. In case of 0.8 mm steel sheet to 1.0 mm Al, the
quasi-static strength of RRSW is better than SPR, and the
fatigue strength is lower. For vehicle applications, RRSW can
be recommended if thicker steels have to be welded to Al. For
thinner steels, the number of RRSW welding points must be
increased compared to the SPR design. Since the spot weld
distance in vehicle body is usually large enough, it is possible
to shorten the distance.
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