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Abstract

Single-step joining of dissimilar material combinations between ultra-high-strength steels and high-strength aluminium alloys
with sufficient mechanical joint properties by using conventional resistance spot welding equipment has not been reported yet. In
this research paper, a novel single-step joining technology, so-called self-penetrating resistance element welding, is introduced.
First, the motivation for this novel joining technology, the state of the art in joining, and the process characteristics are presented.
In the results section, the welding rivet geometry is first determined using forming simulations and validated by head tensile tests.
Followed by the description of the welding process and its characteristics, the mechanical joint properties are reported. The results
show that a numerically optimised welding rivet geometry can guarantee sufficient joint strength. By this welding rivet geometry,
a thermally assisted penetration of aluminium and therefore welding to steel is possible with and without adhesive. Furthermore,
it is shown that the welding process can be designed by means of simulations. Finally, the shear tensile tests prove that an overall
sufficient joint strength is ensured.

Keywords Multi-material design - Ultra high-strength steel - High-strength aluminium - Resistance element welding - Joining

process simulation

1 Introduction

In order to meet the legal requirements [1] for pollutant emis-
sions, most of the automotive manufacturers use lightweight
design and materials to reduce the car body weight [2]. In
body-in-white manufacturing, materials such as ultra-high-
strength steels, high-strength aluminium alloys, and fibre-
reinforced plastics are suitable for this purpose [3]. The
targeted mixing of these materials is referred to as multi-
material design. Joining of dissimilar materials by using ther-
mal joining technologies (e.g. arc welding, laser welding, re-
sistance spot welding) is highly challenging due to significant
differences in the material-physical properties (e.g. melting
points, thermal conductivities, electrical resistances) [4]. For
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this reason, mechanical joining and adhesive bonding are
widely applied for joining dissimilar materials in multi-
material design [4]. However, the use of mechanical and ad-
hesive bonding requires additional investments (e.g. equip-
ment investment, additional personnel, training), reducing
the cost-effectiveness of multi-material design [S]. A possible
solution is the reutilisation of the already existing joining
equipment. By combining the mechanical (riveting) and ther-
mal (welding) joining principles, a new joining technology
called resistance element welding (REW) is created. REW
enables the multi-material design in mass production since
conventional resistance spot welding (RSW) equipment can
be used. REW can be understood as a thermal-mechanical
joining technology which combines the advantages of me-
chanical (form-fit) and thermal (metallic bond) joining princi-
ples and enables a boundary stretch of joining dissimilar ma-
terial combinations. The two-step version of REW is investi-
gated in several research papers and dissertations [6 — 13]. In
this case, the welding rivet (steel) is punched into the light-
weight construction material (aluminium/plastic) first, and in a
second step, this welding rivet is welded to a steel sheet. In
between these two steps, the aluminium or plastic must be
transported to the steel structure. In [6], the two-step REW
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using a welding rivet with a countersunk head is developed. In
[7], a two-step process is developed, in which the first step
operates free of protruding. In [8], a two-step joining process
using a welding rivet which gets formed during punching is
developed. In [9], a semi-hollow welding rivet according to
self-pierce riveting (SPR) is developed and welded to the steel
sheet. In [10], a short-time (< 20 ms) welding process is in-
vestigated. In [11], the shear tensile-properties are analysed.
The joinability of magnesium to stainless steel and the
joinability of aluminium to ultra-high-strength steel are stud-
ied in [12, 13], respectively. Since the idea of reducing the car
body weight is old [14], the first application of multi-material
design in mass production was implemented in the Ford
Model T (comparing Ford Model T from 1915 to Ford
Model T from 1925) [15]. In series production of the Audi
A8 D2 (1994-2002), the Audi Space Frame (ASF) enabled a
body in white made of aluminium [16]. In this case, mechan-
ical (riveting, clinching, screwing, and hemming), adhesive
bonding, and hybrid (riveting + adhesive bonding) joining
technologies were used [17]. Adhesive bonding is widely used
in body in white manufacturing due to its flexibility in joining
similar and dissimilar materials, its low requirements for ac-
cessibility, and its simple process sequence [18]. Otherwise,
significant disadvantages remain in surface pre-treatment, ad-
hesive curing, non-destructive testing, and strength under peel
tensile load [18, 19]. Mechanical joining technologies, e.g.
clinching or SPR, are commonly used for joining materials
with lower strength and higher ductility [20]. Clinching is a
mechanical joining technology which enables form-locked
joints without any additional auxiliary joining element.
Conventional clinching is only suitable when the joined ma-
terials are relatively ductile, and the tensile/yield strength is
low [16]. Press-hardened steels in dissimilar joints can only be
joined by shear-clinching [21]. SPR is a mechanical joining
technology for joining thicker aluminium sheets by using a
semi-hollow rivet [16]. Both clinching and SPR provide a
good material-thickness-flexibility and heatless process se-
quences [20]. However, these joining technologies have dis-
advantages in tool-set-frequency and relatively long process
duration compared to RSW [22]. In the Ford F150 Gen. 13, an
aluminium car body was implemented by mostly using me-
chanical joining technologies. Comparing the Ford F150 Gen.
12 (mostly steel, about 3000 spot welds, and no SPR) to the
Ford F150 Gen. 13 (mostly aluminium, about 100 spot welds,
about 2300 self-pierce rivets, and about 120 clinching joints)
shows that RSW no longer plays a role in the Ford F150 Gen.
13 [15]. In general, mechanical and hybrid joining technolo-
gies are used when similar aluminium or dissimilar joints are
manufactured [23]. On the other hand, RSW is most widely
used for the joining of steel-based car bodies [24]. RSW there-
fore continues to play a dominant role in body-in-white pro-
duction, and the vast majority of joining equipment is oriented
towards RSW. For joining dissimilar material combinations
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(aluminium to steel), RSW is only suitable for fixing/bonding
and does not work with additional adhesive [25]. Figure 1
shows the body in white of the Audi A6 C8 (left) beside
exemplary joining tasks and the corresponding joinability by
SPR and REW (right). All joints are either not or only restrict-
edly joinable by SPR. By the use of REW, these joints expe-
rience a significantly increased joinability.

Two-step REW was initially applied in mass production of
car bodies within the Volkswagen Passat B8 [27]. In this re-
search paper, the advanced version of two-step REW, so-
called self-penetrating resistance element welding (SPREW),
is presented and described in detail. Figure 2 shows the pro-
cess sequence of SPREW, which can be divided into three
subprocess steps. Within the first step, the sheets and the
welding rivet are positioned between the electrode caps. A
holding force is built up, which causes the welding rivet tip
to partially penetrate the aluminium sheet. For a further pen-
etration of the aluminium sheet, it is necessary to soften the
aluminium by Joule heating. This process step is referred to as
hot penetration [16, 28, 29]. Due to the current flow, the steel
sheet and the welding rivet are heated up, and the aluminium
sheet softens due to the heat absorption [30]. The thermally
induced softening of the aluminium enables a full penetration
of the aluminium sheet. After hot penetration, the welding
process starts by welding the welding rivet tip to the steel
sheet. During the welding process, the molten nugget grows
into the welding rivet shank, and a metallic bond between the
welding rivet and the steel sheet is created [31].

2 Experimental procedure
2.1 Welding rivet geometries

Figure 3 shows the initial welding rivet geometry [16] (left),
which is divided into a welding rivet head and a welding rivet
shank (centre), and the numerically optimised welding rivet
geometry (right).

2.2 Welding equipment

Figure 4 (left) shows the welding configuration consisting of a
robot-mounted welding gun in C-frame design (Nimak
PowerGun 2-C) and a 1000-Hz MFDC current source
(Harms + Wende Genius HWI) with a constant current control
system. The electrode caps, which are water-cooled with a
minimum flow rate of 4 1/min, are mounted on shafts with a
diameter of 16 mm. In order to ensure a reproducible position-
ing of the welding rivet, a dedicated welding device is used.
The device illustrated in Fig. 4 (right) is used for this purpose.
The pneumatically driven device can be attached to the elec-
trode shaft using a clamping lever. The welding rivet holder is
attached to the pivot arm, which can be rotated. An inductive
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Fig. 1 Self-supporting steel body of the Audi A6 C8 utilising a side panel made of steel (left side) [26], and the joinability of selected joints by self-pierce

riveting (SPR) and resistance element welding (REW) (right side)

sensor is attached to the pneumatic device, which triggers the
pivot arm to move the welding rivet holder back to the initial
position.

3 Test materials

Table 1 shows the chemical and mechanical properties of the
test materials. The 6000 series aluminium alloy AIMg0.4Si1.2
(EN AW-6016) belongs to the group of heat-treatable wrought
alloys. The aluminium is welded in the T4 condition and test-
ed in the T66 condition by heating up the specimens to 180°C
for 30 min. This heat treatment simulates the dip-painting
process [17]. The steel alloy 22MnBS5 is a press-hardenable,
boron-alloyed steel which is characterised by an ultra-high
strength in heat-treated condition [32]. The steel alloy
20MnB4 is mainly used for auxiliary joining parts, such as
screws and rivets, and has similar chemical, thermal, and elec-
trical properties as the 22MnBS.

The used adhesive is a one-component, heat-curing, epoxy-
based adhesive especially developed for the body shop [33].

The adhesive is applied automatically on the aluminium sheet
with a layer thickness of approx. 0.3 mm without pre-treat-
ment. Table 2 shows the physical and mechanical properties
of the adhesive.

3.1 Simulation models

Figure 5 shows the 2D axis symmetric forming simulation
models for welding rivet design realised in Simufact®
Forming 13 (Hexagon Corporate Services Ltd./MSC
Software GmbH). The left simulation model for shank design
is used to determine the optimum tip angle (o). Here, the
punch is moved down towards the aluminium sheet and is
fixed to the shank. The right simulation model for head design
is needed to determine the optimum head height (hyeq). In
contrast to the simulation model for shank design, here, a stiff
tensile loading ring is fixed to the aluminium sheet. In order to
simulate a head-tensile load case, the loading ring is moved
upwards. In addition, the welding rivet is fixed to the steel
sheet.

Positioning Hot penetration
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E EIe(:c;tFr)c;de Aluminum
14 sheet
2
5 / \
Steel
-|. vJ \j F® sheet

Current | 1
Force F F
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Fig. 2 Process sequence of self-penetrating resistance element welding (SPREW)
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Fig. 3 Initial welding rivet geometry (left), subdivided in welding rivet head and shank (centre), and the numerically optimised welding rivet geometry

(right)

Figure 6 shows the used 3D welding simulation models
implemented in Sorpas® 3D. The models are used to deter-
mine the temperature fields and the dynamic resistances dur-
ing welding. In this case, only the welding process is simulat-
ed since hot penetration cannot be simulated within 3D due to
missing damage criteria in the computational model. The sim-
ulation models consist of an upper electrode, an already
inserted welding rivet, a pre-holed and formed aluminium
sheet, one or two steel sheets, and a lower electrode. The
electrode cap (CuCrlZr) geometry F1-16-8.0-R50 corre-
sponds to the geometry which is used in the experiments
and is therefore water-cooled (see lower section in Fig. 6).
Between each object, an interface is included. Three and four
interfaces are included in the welding simulation model for
two-sheet application and in the model for three-sheet appli-
cation, respectively.

4 Results
4.1 Welding rivet design

In this section, the optimised welding rivet geometry (Fig. 3,
right) is determined using forming simulations. Finally, this
welding rivet geometry is verified using numerical and exper-
imental head tensile tests. Figure 7 shows results of forming
simulations for shank design. The diagram includes results of
the minimum deformation energy (W = F - Al), which is ap-
plied to move the punch towards the aluminium sheet to its
final position (Alg,,) and simultaneously deform the shank.
Furthermore, the diagram includes the minimum punching
force, which is needed to move the shank to its final position.
The diagram illustrates that the deformation energy is decreas-
ing, while the tip angle (o) is increasing. This circumstance

Welding gun and welding control unit

Joining device / rivet holding device

Welding
control unit

Pneumatic Clamping lever

device W Rl k. B

Welding gun: Nimak PowerGun 2-C (max. 8 kN)
Welding control unit: Harms+Wende Genius HWI
(1000 Hz MFDC) (max. 65 kA)

Robot: Kuka KRC 240 (max. 240 kg)
Electrode caps: ISO 5821 F1-16-8.0-R50

Consisting of pneumatic device, pivot arm,welding
rivet holder, clamping lever and sensor
Power unit: pneumatic
Trigger mechanism: automatic
Sensor type: inductive sensor

Fig. 4 Welding gun and control unit mounted on an industrial robot (left) and the pneumatic joining device developed especially for SPREW (right)
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Table 1 Chemical composition and mechanical properties of the investigated materials

Material Weight [%] R, [MPa] A [%]
Al B C Cr Cu Fe Mg Mn Mo Si Ti Zn

AlMg0.4Si1.2 T4 96.55 - - 0.1 0.2 0.5 0.6 0.2 - 1.5 015 02 250 24

AlMg0.4Si1.2 T66 300 10

22MnB5 PH 0.05 0.1 025 02 0.1 97.6 - 1.5 0.1 03 005 - 1550 6

20MnB4 - 0.05 023 03 025 9767 - 1.2 - 03 - - 520 14

arises due to the condition of constant shank volume, and thus
the total length of the shank decreases. The minimum
punching force is increasing while the tip angle is also increas-
ing. In this case, shanks with larger tip angles generate less
cutting effect, which means that higher forces are necessary to
penetrate the aluminium sheet. Due to the opposing curves, it
can be assumed that the shank length reduction, resulting from
the tip angle increase, has a greater effect on the energy ab-
sorption than on the minimum punching force. Looking at the
corresponding images (centre), the aluminium sheet lifts while
the tip angle increases. In this case, higher tip angles block the
radial material flow during penetration, and therefore, the
displaced material cannot move laterally, and a gap emerges
between the aluminium and the steel sheet. This gap can lead
to the kissing bond effect and should be kept as small as
possible. Furthermore, Fig. 7 shows that a full displacement
of the aluminium is not possible when a tip angle of 90° is
chosen, and therefore, the shank gets deformed unfavourably.
The aim of this numerical shank design is to optimise the tip
angle for an optimum penetration process with low forces, low
deformation energy, and a small gap between the aluminium
and the steel sheet. For this reason, a tip angle of 45° should be
chosen, which allows a full penetration of the aluminium with
a small gap of 0.7 mm, a low minimum punching force of 3.0
kN, and a deformation energy of 16.3 J.

Figure 8 shows the results of simulated head tensile tests
for head design. The diagram includes the results of the de-
formation energy/energy absorption and the maximum force.
At a head height (hyeaq) of up to 0.9 mm, head failure occurs,
which rapidly reduces the energy absorption and the force,
wherefore a head failure must be avoided. At a head height
between 1.1 and 1.5 mm, the force increases due to the in-
creasing head tensile stiffness. In parallel, the total displace-
ment decreases, which results in less energy absorption. In this
case, the head gets deformed, and the failure mode occurs in

the aluminium sheet. Head deformation no longer occurs
when the head height is greater than 1.5 mm. The force de-
creases, the energy absorption stagnates, and the failure occurs
exclusively in the aluminium sheet. Due to higher energy
absorption, a head deformation is tolerated when the final
failure occurs in the aluminium sheet. The optimum head
height can be read from the diagram at 1.1 mm. In this case,
a force of approx. 2.9 kN and an energy absorption of approx.
7.7 J can be achieved.

Figure 9 shows forming simulations which verify the nu-
merically optimised welding rivet geometry. Compared to the
initial welding rivet geometry, the head diameter is reduced
from 10.0 to 9.0 mm, and the shank diameter is reduced from
5.0 to 4.5 mm, which results in a weight reduction from 1.24
to 0.81 g. The volume of the ring groove under the rivet head
is increased to 110% of the shank volume. The top simulation
figure illustrates the welding rivet penetrating the aluminium
sheet in cold state. Here, a tensile load is applied in the
welding rivet head. In the figure below, the head is deformed
due to the head tensile load, and finally, a failure occurs in the
aluminium. The exemplary force-displacement curves show a
good conformity between forming simulatio n (without previ-
ous applied head tensile load) and experiment. The resulting
fracture pattern also illustrates a head deformation due to the
head tensile load and the failure in the aluminium.

4.2 Dynamic resistances and temperature fields

In this section, the resulting dynamic resistances and temper-
ature fields during welding are described. Figure 10 (left)
shows the dynamic resistance curves from the experiments
and simulations. The illustrated cross-sections (etched for
15 s in 3% alcoholic nitric acid HNO3) (centre) from the
experiments are compared to the simulated ones. The welding
parameters (current, electrode force, welding time) for the

Table 2 Physical and mechanical

properties of the adhesive [33] Colour  Density Viscosity Stress at break  Strain at Lap shear Peel strength
[kg/m’] [Pas] [MPa] break [%] strength [MPa] [MPa]
Red 1230 >30 29 11 >29 11
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Simulation model for shank design Simulation model for head design
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Fig. 5 Forming simulation model for shank design (left) and forming simulation model for head design (right), realised in Simufact® Forming 13

(mechanical joining tool)
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sheet combination
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(3) 22MnB5+AS150 PH (1.0 mm) / (4) 20MnB4

Fig. 6 Welding simulation model for two-sheet combination (upper left) and welding simulation model for three-sheet combination (upper right),
realised in Sorpas® (3D welding tool)
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Fig. 7 Results of forming simulations for shank design including an analysis of relevant magnitudes (left), some figures of simulation results (centre),

and relevant test in

welding simulation were selected in accordance with the ex-
periments. In these cases, only a single current pulse without
any up- or downslopes was selected to guarantee a simple
process control. The dynamic resistance curves from the ex-
periments are divided into hot penetration and welding

formation (right)
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(according to Fig. 2). The simulated dynamic resistance
curves (shown in Fig. 10, left) are not divided into these sub-
sequences since the welding rivet is already located in its final
position. Between 200 and 260 ms, a drop in the dynamic
resistance curves (experiments and simulations) can be

Fig. 8 Results of forming simulations for head design including an analysis of relevant magnitudes (left), simulation results (centre), and relevant test

information (right)

@ Springer



1906

Weld World (2021) 65:1899-1914

Exemplary force-displacement curves

Testing method

Cold Head tensile test

penetration Testing speed v
10 mm / min

Sheet material 1
(1) AIMg0.4Si1.2 (1.2 mm)
Sheet material 2
(2) 22MnB5+AS150 PH (1.5 mm)

|=— Experiment ' =
4.5 {--- Simulation |- %
R "
4.0 --d-cboededeeboodee- - 8-
S
7]
3.5 -4 -
= ] 2
230 it -5
w g ¥
§ 2.5 T “g‘
5] 1 =3
w ©
______ =

20 1

N
Y Head

Welding rivet material
tensile

(4) 20MnB4+ZnNi (6 pm - 12 ym)
Joining technology
SPREW
Electrode caps
F1-20-16-8.0-R50
Simulation software

15 -ttt

1.0 +

0.5

0.0

LyE"

012345678910
Displacement s [mm)]

® Fixed

Simufact Forming 15
Specimen geometry
LWF®-KSII-Specimen 90°

W) 26 mm
4) I
q\_ <<
2
L

F
-»

Fig. 9 Results of forming simulations including force-displacement-curves (left), simulation results (centre), and relevant test information (right)

detected. The reason for this drop is the reduction in contact
resistances. In the experimental resistance curves of SPREW,
there is a short increase from 260 to 300 ms. The arrangement
and shape of the electrodes concentrate the current flow in the
steel sheet. This creates a molten zone in the steel first, in-
creasing the resistance. At 300 ms, the welding rivet head
touches the aluminium sheet, a shunt occurs due to lower

material resistance of aluminium, and the dynamic resistance
curve drops again. The final position of the welding rivet is
reached at 340 ms. Now, the molten nugget expands from the
steel sheet into the welding rivet. The simulated dynamic re-
sistances increase between 260 and 350 ms because the weld
nugget is created, and it expands from the steel sheet into the
welding rivet. Due to the missing hot penetration in

1500

Testing method

{~l- Experiment Experiment
{-&- Simulation

1250

1375

1125 -

500 ms

1000

Welding experiments / simulations
Sheet material 1
(1) AIMg0.4Si1.2 T4 (1.2 mm)
Sheet material 2
(2) 22MnB5+AS150 PH (1.5 mm)
Sheet material 3
(3) 22MnB5+AS150 PH (1.0 mm)

Simulation

875

750

625 £
500 ik

Welding rivet material
(4) 20MnB4+ZnNi (6 pm - 12 ym)
Welding equipment
C-frame gun + 1000 Hz MFDC
Joining technology
SPREW /RSW
Electrode caps

Dynamic resistance R [uQ]

375 L4
250
125 |

0 500 ms

F1-20-16-8.0-R50
Process parameters

------------------------------------------

K500 ms _zew

200 300 400 500

LYZ"  Timetms]

25mm<d;=d,<3.0mm
47mm<d;=dy;<5.1 mm

0 200 400 600 800 1000
Time t [ms]

Fig. 10 Experimental and simulated dynamic resistances (left), cross-sections and simulation results (centre), and relevant test information (right)
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simulation, the simulated dynamic resistance curves differ
from the experimental ones by up to 320 ms. However, the
shape is very similar, and at 320 ms, the experimental and
simulated dynamic resistance curves are superimposed. The
comparison of experimental and simulated cross-sections il-
lustrates that the molten zones in steel and aluminium only
show minor deviations. For this reason, it can be assumed that
the temperature fields in the experiments correspond to the
simulated ones.

4.3 Metallurgical joint properties and chemical
composition

In this section, the metallurgical structure of the joint and the
chemical composition within the welding nugget and outside
the shank are described. Figure 11 shows a two-sheet joint
which is welded with higher energy input. The cross-section
contains two areas, A and B, which are examined with a scan-
ning electron microscope (SEM) and are illustrated in detail
below. The cross-section illustrates a high welding nugget
penetration within the welding rivet and a greater molten area
in the aluminium (compared to figure 10) due to the higher
energy input. The higher energy input leads to pores (left side
from shank) and a gas duct (lower right from shank) within the
aluminium. Furthermore, the slight head penetration in the
aluminium is also caused by the molten aluminium under
the head. The figure from the SEM in area A shows slight
imperfections (pores). Aluminium inclusions can be detected
at the geometric notches, which define the nugget diameter.
The figure from the SEM in area B shows a small gas duct.
The SEM figure of area B illustrates that the ferrite (Fe =

green), which is mainly included in steel sheet and welding
rivet, and the aluminium (Al = red) are sharply separated from
each other. Only a very thin layer, which arises from alumin-
ium oxides (AlSi-coating), is visible between the welding riv-
et and the steel sheet. This thin layer defines the geometrical
notch (areas A and B) since in this area, a full weld cannot be
expected. However, this layer is much thinner than the AlSi-
coating and therefore cannot be replaced during hot penetra-
tion and welding.

Table 3 lists the points =1 to =6 from the SEM figures A and
B in Fig. 11. The table contains the weight and the atomic
percentages of aluminium (Al), iron (Fe), and silicon (Si).
Other elements are also detected, but for the sake of a clear
arrangement, they are not illustrated in this table. Point =4 in
the SEM figure A is furthermost from the virtual separating
line and illustrates the lowest Al-content within the welding
nugget at 0.11% (compared to table 1, Al = 0% to 0.05%).
Points =1 and =3 are the closest to the virtual separating line
and include the highest Al-content of 0.21% and 0.24%, re-
spectively. It can therefore be assumed that small proportions
of Al-atoms diffuse into the steel due to the proximity to the
notch. Above the virtual separating line at point =5, the Fe
content is the lowest at 94.2%. The reason for this low Fe
content in this area is a relatively high carbon (2.64 weight-%,
10.78 atom.-%) and a relatively high oxygen (1.30 weight-%,
4.00 atom.-%) content. These high contents occur due to
carburisation during press-hardening [34]. In figure B, points
=5 and =6 include Al-contents of 0.16% and 0.22%, respec-
tively. Point =3 shows proportions of Al 6.2%, Si 2.19%, and
Fe 89.02%. The proportions of Al and Si indicate that the
AlSi-coating is diffused into the steel, compared to the

Testing method
Cross section analysis / SEM
Sheet material 1
(1) AIMg0.4Si1.2 T4 (1.2 mm)
Sheet material 2
(2) 22MnB5+AS150 PH (1.5 mm)
Welding rivet material
(4) 20MnB4+ZnNi (6 pm - 12 ym)
Joining technology
SPREW
Scanning electron microscope
Zeiss Neon 40
Accelerating voltage
20 kV
Process parameters

0 200 400 600 800 1000
Time t [ms]

Fig. 11 Cross-section of SPREW joint (upper left), figures from the SEM within the weld (A) and outside the weld (B), and relevant test information

(right)
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Table 3 Chemical composition
inside the welding nugget (A) and

Energy dispersive X-ray spectroscopy [weight-%/atom.-%]|

outside the welding rivet shank

(B), indicating the weight- and A B
atomic-percentage
Al-K Fe-K Si-K Al-K Fe-K Si-K

Point =1 0.24/0.47 96.76/90.12 0.25/0.46 61.41/72.44 34.35/19.58 1.18/1.33
Point =2 0.19/0.38 97.02/92.69 0.23/0.45 47.31/57.30 45.49/26.62 0.79/0.92
Point =3 0.21/0.41 97.11/92.86 0.38/0.72 6.20/11.17 89.02/77.48 2.19/3.78
Point =4 0.11/0.21 96.86/91.06 0.37/0.69 96.90/96.45 1.33/0.64 -/-
Point =5 0.19/0.35 94.20/82.89 0.55/0.96 0.22/0.42 96.70/89.89 0.29/0.53
Point =6 0.16/0.31 96.27/89.74 0.33/0.60 0.16/0.31 98.10/93.65 0.33/0.62

interdiffusion layer in [35]. At point =4, the Al-content is the
highest at 96.9%, and a low Fe content of 1.33% is visible.
This suggests that some Fe atoms have diffused into the alu-
minium sheet. Points =1 and =2 are located on the AlSi layer.
Noticeably, the Si content is relatively low—with 1.18% and
0.79%, respectively—compared to the initial content of
approx. 10%. This fact indicates a diffusion of Si into the
aluminium sheet, but this is not proven here. Overall, it can
be stated that the molten aluminium is completely displaced
during hot penetration, and only the AlSi-coating gets dis-
solved within the welding nugget.

4.4 Mechanical joint properties

In this section, the results of shear-tensile tests according to
DVS/EFB 3480-1 under quasi-static (10 mm/min) and crash
load (2 m/s) with two different overlapping lengths (16 mm
and 20 mm) are presented. The quasi-static tensile specimens
(free clamping length of 95 mm) are tested on a static testing
machine (Zwick100) by ZwickRoell, and the crash tensile
specimens are tested on a crash testing machine (VHS 65/
80-20) by Instron. All five specimens per material combina-
tion (5 specimens - 12 material combinations = 60 specimens)
are welded with the same process parameters, which are
shown in Fig. 10 (I = 6 kA, t = 300 ms, F = 3kN). Figure 12
shows the results of quasi-static shear tensile tests
(aluminium-steel joints) with an overlapping length of 20
mm. The left section illustrates exemplary force-
displacement curves for two- and three-sheet combinations
with (hybrid) and without (elementary) adhesive as well as
four cross-sections for the definition of the force application
points. The middle section illustrates the maximum testing
forces Fi . and the resulting energy absorption Wy, in a bar
chart. The bars for elementary two- and three-sheet joints
show maximum forces of 4.54 kN and 4.74 kN, respectively.
Furthermore, the bar chart illustrates that the energy absorp-
tion of the two-sheet joints 13.56 J is slightly lower compared
to the three-sheet joints 14.90 J. The bars for hybrid two- and
three-sheet joints show that maximum forces of 13.03 kN and
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12.86 kN can be achieved and are therefore also similar. In
terms of energy absorption, the trend is reversed compared to
the elementary joints, whereupon the energy absorption of the
three-sheet joints 29.97 J is less compared to the energy ab-
sorption of the two-sheet joints 34.40 J. Overall, it can be
stated that the two- and three-sheet joints have very similar
values, and significant differences are not present.

Figure 13 shows the resulting fracture patterns of shear ten-
sile tests for two- (left section) and three-sheet (right section)
joints with (lower section) and without (upper section) adhe-
sive. In this case, the elementary joints fail by bearing deforma-
tion of the aluminium sheet (10/10). The hybrid joints also fail
by bearing deformation of the aluminium sheet (10/10).

Figure 14 shows the results of quasi-static and crash shear
tensile tests (aluminium-steel joints) with a reduced overlap-
ping length of 16 mm. The bar chart illustrates that the ele-
mentary joints, which are tested under quasi-static load, can
achieve a maximum force of 3.20 kN and an energy absorp-
tion of 8.13 J. The elementary joints, which are tested under
crash load, can achieve a maximum force of 5.27 kN and an
energy absorption of 11.74 J. Considering the hybrid joints,
which are tested under quasi-static load, the maximum force
increases to 11.79 kN, and the energy absorption increases to
21.64 J. The hybrid joints, which are tested under crash load,
show that the maximum force increases to 13.82 kN, and the
energy absorption increases to 150.93 J. This increase can be
described by the necking of the aluminium sheet.

Figure 15 shows the resulting fracture patterns of shear
tensile specimens under quasi-static load (left section) and
crash load (right section) with (lower section) and without
(upper section) adhesive. The elementary joints fail by bearing
deformation of the aluminium sheet (10/10). The hybrid joints
also fail by bearing deformation of the aluminium sheet (10/
10), and the necking of the aluminium sheet is visible (lower
right).

Figure 16 shows the results of quasi-static shear tensile
tests (steel-steel joints) with an overlapping length of 20
mm. The bars for elementary two- and three-sheet joints show
maximum forces of 15.73 kN and 17.32 kN, respectively.
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Fig. 12 Results of shear tensile tests for aluminium-steel joints (overlap-
ping length 20 mm) under quasi-static load including exemplary force-
displacement curves for two- and three-sheet combinations with and

Furthermore, the bar chart illustrates that the energy absorp-
tion of the two-sheet joints 3.46 J is slightly lower compared
to the three-sheet joints 4.27 J. The bars for hybrid two- and

without adhesive (left), the achievable maximum forces and energy ab-
sorptions (centre), and relevant test information (right)

three-sheet joints show that maximum forces of 31.81 kN and
34.07 kN can be achieved. In terms of energy absorption, the
trend is the same compared to the elementary joints,

1Testing speed 10 mm / min
4)

Testing speed 10 mT)/ min

Without adhesive

With adhesive

Adhesive

—

(1) AIMg0.4Si1.2 T66 (1.2 mm) / (2) 22MnB5+AS150 PH (1.5 mm)
(3) 22MnB5+AS150 PH (1.0 mm) / (4) 20MnB4+ZnNi (6 ym - 12 ym)

Fig. 13 Fracture patterns of aluminium-steel shear tensile specimens (overlapping length 20 mm) tested under quasi-static load for two- (left section) and
three-sheet (right section) combinations without (upper section) and with (lower section) adhesive
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Fig. 14 Results of shear tensile tests (overlapping length 16 mm) under
quasi-static and crash load including exemplary force-displacement
curves for two-sheet combinations with and without adhesive (left), the

whereupon the energy absorption of the two-sheet joints
5.05 J is less compared to the energy absorption of the three-
sheet joints 6.34 J. Overall, it can be stated that the two- and
three-sheet joints have very similar values, and significant

achievable maximum forces and energy absorptions (centre), and relevant
test information (right)

differences are not present. Furthermore, it can be concluded
that adhesive leads to an increase of maximum force by
approx. 100% and to an increase of energy absorption by
approx. 47%. Comparing the energy absorption of hybrid

1Testing speed 10 mm / min

Testing speed 2 m4/ s

ONG

Without adhesive

With adhesive

.]5/5

(1) AIMg0.4Si1.2 T66 (1.2 mm) / (2) 22MnB5+AS150 PH (1.5 mm)
(4) 20MnB4+ZnNi (6 um - 12 um)

Fig. 15 Fracture patterns of aluminium-steel shear tensile specimens (overlapping length 16 mm) tested under quasi-static (left section) and crash (right
section) load for two-sheet combinations without (upper section) and with (lower section) adhesive
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Fig. 16 Results of shear tensile tests for steel-steel joints (overlapping
length 20 mm) under quasi-static load including exemplary force-
displacement curves for two- and three-sheet combinations with and

joints with the results from Fig. 12, it is obvious that adhesive
does not improve the joint properties as much as it does when
joining aluminium to steel.

without adhesive (left), the achievable maximum forces and energy ab-
sorptions (centre), and relevant test information (right)

Figure 17 shows the resulting fracture patterns of shear
tensile tests for two- (left section) and three-sheet (right sec-
tion) joints with (lower section) and without (upper section)
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(1) AIMg0.4Si1.2 T66 (1.2 mm) / (2) 22MnB5+AS150 PH (1.5 mm)
(3) 22MnB5+AS150 PH (1.0 mm) / (4) 20MnB4+ZnNi (6 pm - 12 pm)

Fig. 17 Fracture patterns of steel-steel shear tensile specimens (overlapping length 20 mm) tested under quasi-static load for two- (left section) and three-
sheet (right section) combinations without (upper section) and with (lower section) adhesive
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adhesive. Since the welding nugget diameter of approx.
4.9 mm is sufficiently dimensioned, the two-sheet joints fail
by plug failure mode (10/10). The failure mode of the three-
sheet joints differs since a shear failure can always be detected
(10/10). It is likely that this effect is caused by the additional
aluminium layer, thereby increasing the stiffness of the shear
tensile specimen and permitting less peel load. Furthermore,
the fracture patterns of hybrid joints show a chipping of the
AlSi-coating on the steel surface (see Fig. 17 (lower section)).
Overall, the adhesive joints fail by cohesion failure, and the
nugget failure mode is acceptable. Finally, it can be assumed
that the selected process parameters generate sufficient joint
strengths, and the welding nugget diameters d > 4 - V(tyi, =
1.0 mm) are therefore sufficiently dimensioned.

5 Discussion

For the numerical welding rivet design in cold-state, an
initial geometry was divided into a head and a shank for
excluding mutual interactions. This subdivision allows an
independent design of experiments (one factor at a time)
and therefore a simplified evaluation. It could be shown
that the tip angle has an influence on the material flow
and a gap increase could be detected when tip angles larger
than 40° were used. The forming simulations for head de-
sign showed that the head height has an influence on the
maximum head tensile force and the resulting energy ab-
sorption. When a head height less than 1.1 mm was used,
the maximum force rapidly decreased. Therefore, head
heights larger than 1.1 mm are recommended. The results
of numerical and experimental head tensile tests showed a
good accordance. Thus, this approach can be recommend-
ed for welding rivet design. Nevertheless, it should be con-
sidered that the heat input during hot penetration has an
influence on shank deformation and metallurgical notches.
Therefore, an experimental alignment should always be
executed. The welding simulations, which were carried
out to determine the temperature fields and dynamic resis-
tances, also illustrated a good accordance to the experi-
ments. However, the experimental resistances differed
from the simulated ones due to missing hot penetration.
The typical shunt, which is characterised by a dip in resis-
tance curves due to contact between welding rivet head and
aluminium sheet, was not represented in welding simula-
tions. On the other hand, the resulting molten zones in
aluminium and steel showed a good accordance. Thus,
the used welding simulation models can be recommended
for determining nugget diameters and molten zones. The
metallurgical and chemical investigations proved that alu-
minium could be fully penetrated during hot penetration
due to its molten state. Only small amounts of aluminium
(Al) and silicon (Si) were detected within the welding
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nugget. However, these amounts can be explained by the
diffusion of the AlSi-coating within the molten nugget.
Finally, the shear tensile tests with different overlapping
lengths and testing velocities reported that the welding
nugget guarantees a higher joint strength than the form-fit
since failure always occurs in the aluminium instead of the
welding nugget (shear failure). The application of an adhe-
sive layer could further improve the mechanical joint prop-
erties. Under crash-load, the adhesive could improve the
energy absorption by approx. 1185%. It is highly recom-
mended to apply adhesive between aluminium and steel
due to its joint improvement, electro-chemical separation,
and electrical insulation. The application of an additional
adhesive layer between steel sheets should be considered
optional since the improvement in energy absorption by
approx. 47% is relatively low. An improvement in the
achievable maximum tensile shear forces by approx.
100% might potentially justify an additional process step.
In summary, the results show that SPREW is very well
suited for joining mixed joints in two- and three-sheet
applications.

6 Summary

In this research paper, it was shown that REW represents a
suitable solution to overcome the metallurgical incompatibil-
ity of dissimilar material compounds. In a large review [36],
REW was compared to other welding technologies. In this
review, REW was seen to provide a high joint quality. It thus
represents a promising approach for manufacturing dissimilar
joints in multi-material design. In this research paper, the ad-
vanced version of REW, so-called self-penetrating resistance
element welding (SPREW), was introduced. First, the welding
rivet geometry was determined using forming simulations.
The welding process and its characteristics as well as the
chemical composition of the resulting dissimilar joint were
described. Finally, the mechanical joint properties were inves-
tigated using shear tensile tests with and without additional
adhesive. The results showed that the simulations matched the
experiments, and the aluminium is fully displaced during hot
penetration. The shear tensile tests illustrated that the welding
nugget between the welding rivet and the steel sheets enables
sufficient joint strengths since failure always occurs in the
aluminium. Furthermore, it was presented that a combination
of one aluminium and two ultra-high-strength steel sheets
could be joined by SPREW, which is not possible to accom-
plish within a single step by means of any other joining
technology.
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