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brittle intermetallic phases and mismatched thermophysical properties; therefore,
mechanical joining (e.g., SPR) is used. Though conventional SPR requires tool
changes for different stack-ups. Versatile self-piercing riveting (V-SPR) addresses this
with an extended punch actuator and a multi-range-capable rivet (Kappe in PERD
16:363-378, 2022), enabling joints up to 600 MPa across varying thicknesses without
retooling. With the use of ultra-high-strength steels up to 1000 MPa, optimisation is
required. This study quantifies how rivet shank geometry affects joint formation using
a design of experiments and validated 2D axisymmetric FE simulations. The optimum
depends strongly on the material system. For CPT000-EN AW-6014, maximum
interlock f is predicted for a medium shank thickness of about 0.73 mm, a small
internal foot radius of 0.620 mm and a deeper drill depth of 3.136 mm, yielding f;. =
04503 mm with a desirability of 0.954. For EN AW-6014-EN AW-6014, the optimum
shifts to a thinner shank of 0.670 mm, a larger internal foot radius of 0.820 mm and

a shallow drill depth of 2.30 mm, giving f;. = 0.3023 mm with a desirability of 1.0. A
compromise geometry of 0.713 mm shank thickness, 0.776 mm internal foot radius
and 2.755 mm drill depth achieves f;. = 0.3641 mm for CP1000-aluminium and

fe. = 0.1851 mm for aluminium-aluminium with an overall desirability D = 0.6378,
expanding V-SPR to ultra-high-strength steel-aluminium joints while maintaining
aluminium joinability.

1 Introduction

In the automotive industry, the reduction of carbon dioxide (CO,) emissions has become
a fundamental objective driven by increasingly stringent environmental regulations and
the global push toward sustainable mobility [2]. One of the most effective approaches
to meet these demands is the implementation of lightweight construction strategies [3].
In practice, these strategies increasingly rely on multi material body in white concepts
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that combine aluminium and ultra high strength steels, and this material mix creates
critical joining interfaces where UHSS elements such as rocker panels, B pillars and side
ring reinforcements must be connected to aluminium floor assemblies, side panels, roof
frames and cast or extruded nodes, which places high demands on the applied joining
technology [4]. However, the implementation of such lightweight concepts frequently
relies on the use of multi-material systems, which pose substantial challenges for con-
ventional joining processes. In particular, thermal joining technologies, such as fusion-
based processes that involve local melting and solidification, often reach their limits
when applied to dissimilar materials, such as aluminium alloys and high-strength steels,
due to the formation of brittle intermetallic phases and mismatches in thermophysical
properties [5]. In contrast, mechanical joining technologies provide a viable and increas-
ingly important alternative [6].

2 Self-piercing riveting

Self-piercing riveting (SPR) is particularly suited to joining multi-material combinations,
such as steel and aluminium, without the need for a pre-hole. The joining principle is
based on a combination of form and force closure, achieved in a single stroke with acces-
sibility from both sides of the joint. Figure 1 shows the process sequence.

The riveting sequence begins with the positioning of the components between the
punch and die. The blank holder applies a preload to prevent displacement of the com-
ponents during the process. The rivet is then advanced toward the sheets and pressed
into the punch side sheet by the punch. As the rivet has cut the punch side sheet, its
shank reaches the die side sheet and is radially spread and compressed by the resistance
of the die geometry. This expansion results in the formation of the interlock, which binds
the sheets in a form-fit and force-fit connection. After the forming stage, the punch and
the blank holder retract, and the joint remains completed [7]. This sequence enables a
high degree of process reliability and repeatability, especially in automated production
environments. However, due to the rigid tool system, the formation of a correct con-
nection depends on the correct selection of the rivet die combination for the respective
material geometry combination [8].

2.1 Tumbling self-piercing riveting

Tumbling self-piercing riveting is an innovative joining process that improves control
of material flow and increases process versatility by superimposing an orbital tum-
bling motion onto the punch during riveting [9]. First, the components to be joined are
positioned and securely fixed, and the rivet element is placed. The punch then initially

Blank
holder

Punch

Punch-sided

sheat Rivet

Die-sided
sheet

Die

1. Fixation 2. Cutting 3. Spreading and 4. Backstroke
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Fig. 1 Process sequence of the self-piercing riveting (SPR) [7]
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penetrates the upper joining partners in a purely linear motion, comparable to the con-
ventional self-piercing riveting process. At a defined penetration depth, the superim-
posed tumbling motion of the punch begins, altering the contact conditions between
the punch, the rivet, and the material. As a result of the combined linear and tumbling
movements, the rivet is formed, and the characteristic joint geometry is created. The
process offers a high degree of flexibility, as it can be adapted to different material com-
binations without requiring tooling changes. In addition, the required process forces are
reduced due to the optimised contact conditions, and the applicability of the process is
extended to multi-material systems with differing mechanical properties. However, the
available literature mainly addresses dual-phase steels such as HCT590X + Z with ten-
sile strengths of around 600 MPa. For steels with tensile strengths of up to 1000 MPa, no
direct application data are reported in the investigated studies, indicating that the pro-
cess has not yet been established for these high-strength steel grades.

2.2 Low-frequency vibration-assisted riveting

Another innovative process is low-frequency vibration-assisted self-piercing riveting
(LV-SPR), specifically developed for joining CFRP-aluminium composites [10]. The pro-
cess addresses key limitations of conventional self-piercing riveting, particularly CFRP
brittleness, which leads to material damage and insufficient interlock, thereby reduc-
ing joint load-bearing capacity. LV-SPR extends the conventional self-piercing rivet-
ing process by superimposing a controlled low-frequency oscillation in the punch feed
direction using a servo-hydraulic system. This vibration concept enables stable, pre-
cise process control under high joining forces and represents an alternative to ultra-
sonic vibration assistance, which is generally constrained by system-level limitations in
power transmission and load-bearing. During rivet penetration into the CFRP, periodic
changes in friction direction reduce friction forces and significantly mitigate fibre break-
age, delamination and interfacial debonding, while also lowering the required joining
force. After CFRP penetration, vibration-induced material softening enhances radial
expansion of the rivet shaft in aluminium, thereby increasing interlock. The combined
effect of reduced CFRP damage and improved interlock results in enhanced mechanical
performance, as evidenced by higher tensile-shear strengths compared to conventional
self-piercing riveting [10].

2.3 Versatile self-piercing riveting

Versatile self-piercing riveting (V-SPR) is a novel approach to mechanical joining that
addresses the limitations of rigid tool systems in multi-material constructions [1]. This
process utilises a multi-range capable rivet and extended actuator technology to join dif-
ferent material thicknesses with a single rivet-die combination. Numerical investigations
have demonstrated that rivet geometry, particularly shank geometry and length, has a
significant influence on joint characteristics and material flow [11]. The versatile self-
piercing riveting process proceeds in four stages, as shown in Fig. 2. On the left side of
each step is a thin sheet combination, and on the right side is a thick sheet combination
illustrated. In the first step, the sheets are fixed by the blank holder. In the second step,
the inner punch drives the rivet through the punch-side sheet until it is cut. In the third
step, the rivet expands into the die-side sheet, forming the interlock. After that, the outer
punch deforms the rivet head protrusion onto the punch-side sheet, allowing the joint to
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Fig. 2 Process sequence of the versatile self-piercing riveting (V-SPR) [1]

Good joining Leg compression Leg fracture Leg bending

Fig. 3 Defects for joining of punch side ultra-high strength steel and die side aluminium sheets [13]

adapt to the actual sheet thickness and be additionally secured from the punch side. The
fourth step is the backstroke of the two punches and the blank holder. This combined
action of rivet expansion in the die-side material and head reshaping on the punch-side
creates a force-fit and form-fit connection, ensuring a high load-bearing capacity and
enabling flexible adaptation to varying material thickness combinations without the
need to change rivets or dies [1].

Research in the field of V-SPR has so far focused primarily on the use of aluminium
materials and mixed-material joints with steels up to a strength of 600 MPa in com-
bination with aluminium [12]. However, in order to further qualify the technology for
future lightweight construction requirements, the range of applications must be specifi-
cally expanded to include the use of ultra-high-strength materials with strengths of up to
1000 MPa.

2.4 Joining high-strength sheets with SPR

Joining ultra-high-strength steels with aluminium presents significant challenges for
self-piercing riveting (SPR). The elevated strength of ultra-high-strength sheet metal on
the punch side often leads to various rivet failure modes, including upsetting, fracture,
or bending of the rivet shank, see Fig. 3 [13].

A direct increase in rivet hardness is not a feasible solution for preventing these rivet
failures, as it compromises the ductility essential for the rivet expansion during the
spreading process. This limitation is supported by the investigations of Yu et al., who
analysed the influence of process parameters on the joint strength and failure behav-
iour of self-piercing riveted steel/aluminium hybrid joints. Their results show that joint
strength increases only up to a certain rivet strength, depends non-linearly on the thick-
ness ratio, and that, with a sheet thickness > 1.47 mm, the joint direction Al-Steel is
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advantageous. The sheet material, thicknesses, and joint direction are decisive for the
failure mode, not the rivet strength [14].

One possible approach is to generate a graded hardness profile by locally heat-treat-
ing the rivet [15]. This results in different strength levels within the rivet, for example, a
hard rivet shank and a softer rivet head. So far, this method has been investigated only
for punch-side sheets made from steel with a tensile strength of 600 MPa. However, the
process also shows potential for application in ultra-high-strength steels. Another pos-
sible approach is to modify the die geometry to prevent plastic deformation of the rivet
during its penetration into the ultra-high-strength punch-side sheet. The applied punch
force must remain below the product of the rivet material’s yield strength and its cross-
sectional area. Enhancing the size of the die hollow and increasing the depth of the cen-
tral elevation in mandrel dies reduces the requisite punch force [13].

Another option for improving the joinability of ultra-high-strength materials is the use
of heat treatments. Local preheating of the joining zone, for example, by laser heating,
can induce a local softening effect, thereby locally reducing the material strength and
consequently decreasing the load acting on the rivet shank during the punching phase
[16]. In contrast, thermally assisted self-piercing riveting (TA-SPR) employs inductive
preheating of the ultra-high-strength steel sheets prior to conventional SPR. This tech-
nique uses an induction coil to locally increase the temperature of the punch-side sheet
metal, improving formability and facilitating rivet penetration [17].

The review study [5] describes various specialised self-piercing riveting processes rel-
evant to joining ultra-high-strength steels. These include the tumbling self-piercing riv-
eting process described above and the pre-holed self-piercing riveting process explained
below.

The pre-holed self-piercing riveting (PH-SPR) is a suitable process alternative for
increasing the joinability of high-strength to ultra-high-strength materials, as the rivet
load is reduced during the penetration phase. For CEFRP in titanium sheets, improved
form fit and higher joint strength were demonstrated compared to conventional SPR.
The form-fit length and rivet head height are decisive factors, influenced by the metal
sheet’s formability and the joining force [18]. For DP590 and Al alloys, PH-SPR also
reduces riveting force and energy requirements while improving performance, with
a 4.8% increase in peak force and a 3.18-fold increase in energy absorption. The form-
ing quality is primarily governed by rivet parameters such as lower rivet strength and
greater rivet length [19].

Furthermore, there are special rivet geometries, such as the HDZ rivet, which meet
the requirements for joining ultra-high-strength steels with tensile strengths of up to
1500 MPa [20]. However, these are designed for specific material combinations, which
means that the rivet die combination must be adapted for new material combinations.
For this reason, this study develops a versatile rivet geometry that can join both mixed-
material connections made of ultra-high-strength steel and aluminium, as well as pure

aluminium connections.

3 Experimental details

3.1 Materials

The rivet is composed of C35 B+ Cr material. The sheets consist of EN AW-6014 tem-
per T4 and ultra-high-strength steel CP 1000, which has a nominal strength of 980 to
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1140 MPa. The chemical composition properties of the rivet material and the investi-
gated materials, EN AW-6014 temper T4 and CP 1000, are presented in Table 1.

3.2 Experimental set-up

To validate the quality of the results, the simulation studies were compared with sam-
ples produced experimentally. The material combination CP 1000, with a 1.5 mm sheet
thickness in EN AW-6014 T4 and a 2.0 mm sheet thickness, was joined using the rivet
HDZ 5.5 x5 H4 and die FM 0902218. The samples were created by joining square sheet
metal blanks measuring 45 mm x 45 mm using the TUCKER® TRT080 joining system.

4 Numerical simulation

For the numerical investigation of the influence of shank geometry on joint formation,
2D axisymmetric simulation models, as shown in Fig. 4, were employed. This modelling
approach builds on the preliminary investigations reported by Kappe et al. [24].

The finite element models were created with LS-DYNA and solved using an implicit
scheme. The punches and the die were represented as elastic bodies to enable a detailed
assessment of the forces acting during the process, and the punch motion was prescribed
by constraining its nodes. The joining force of the die was evaluated in its lower region.
Since no forces are measured within the blank holder, it can be treated as a rigid body to
reduce the calculation time, while exerting a constant force throughout the experiment.
Material behaviour in the simulation was defined using experimentally determined flow
curves for CP 1000, EN AW-6014, and the rivet material in strength class H4. Cutting of
the punch-side sheet was implemented through a geometric cutting criterion that was
activated by the prevailing process conditions. From a sheet thickness of 0.8 mm on the
punch side, the elements are deleted in the numerical simulation. The factor was deter-
mined experimentally by step setting tests, see Fig. 5.

The contact behaviour between the rivet and the EN AW-6014 sheet was modelled
using the static coefficient of friction of 0.2 [25]. The contact behaviour between the
rivet and the CP 1000 sheet, as well as the sheets themselves, was modelled using the
static coefficient of friction of 0.12 [26].

The 2D simulation models are validated by comparing the micrograph, the force-dis-
placement diagram, and the quality parameter of the joint formation of the HDZ rivet
with hardness H4 for CP 1000 in EN AW-6014 with the simulation model of SPR, as
shown in Fig. 6. The comparison reveals a very close correspondence between the simu-
lated results and the experimental micrograph. In particular, the simulation captures the
flow behaviour of the rivet material with high fidelity. The V-SPR model has been vali-
dated for EN AW-6014 in EN AW-6014 in previous studies [27].

In the following, the V-SPR simulation model is used to adjust the rivet shank geom-
etry for the use of the multi-range-capable rivet by Kappe [12], in the following rivet K,
in the material combination CP 1000 in EN AW-6014, as well as EN AW-6014 in EN
AW-6014.
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5 Design of experiment (DoE)

A statistical design of experiments method was employed to organise the sensitivity
analyses effectively and optimise the rivet shank geometry. First, a sensitivity analysis
is used to determine the individual effects of the rivet shank geometry parameters on
the joint formation for the respective material combination. Optimisation is then used
to derive rivet shank geometries that maximise the interlock for the individual material
combinations, ultra-high-strength steel in aluminium and pure aluminium joints, as well
as a rivet geometry that meets the requirements of both joining tasks. Using Minitab
statistical software, a central composite design (CCD) was developed for the study. This
CCD combines a two-factor factorial design with area-centred star points and includes
at least one centre point [28].

5.1 Rivet parameters

The geometry of the rivet shank is particularly important for ensuring the successful cut-
ting of the punch side sheet when using ultra-high-strength materials. The rivet shank
must not deform or collapse during the punching process. Therefore, this study adapts
the rivet shank of the multi-range capable rivet (K-rivet), shown in Fig. 7a, which was
previously designed for materials with a strength of 600 MPa on the punch side in com-
bination with aluminium and pure aluminium alloys [8]. Figure 7c shows the numeri-
cally determined failure behaviour of the K-rivet for the material combination CP 1000
in 1.5 mm sheet thickness in EN AW-6014 in 2.0 mm sheet thickness. The parameters of
the factors are based on the geometric parameters of the HDZ rivet, as shown in Fig. 7b,
at the upper limit and those of the K rivet at the lower limit. The aim is for the new rivet
shank geometry to join both material combinations with CP 1000 on the punch side in
aluminium and pure aluminium alloys.

In this study, the three geometric factors, shank thickness (d), drill depth (T), and
internal foot radius (rf), were selected to investigate their influence on joint formation
numerically. For the numerical investigations, the V-SPR model was used. The valida-
tion presented above. Each geometry factor was tested at three levels (see Table 2). A
design-of-experiments (DoE) screening study was run to determine the factor effects. In
order to minimise the number of tests required for the numerical simulations, a partial
factorial test plan was chosen. The quality-relevant parameter interlock (f) was used as
the response variable. The minimum die-side material thickness (t,) exceeded the critical
value of 0.15 mm for the entire test plan and was therefore not included in the sensitivity
analysis and optimisation.

The complete central composite design of the three factors is shown in Table 3.

6 Results and discussion

6.1 Sensitivity analysis of rivet geometry parameters

The sensitivity analysis is conducted in two stages. First, the effects of the rivet param-
eters are analysed for two material combinations: CP 1000 with a sheet thickness of
1.5 mm in EN AW-6014 with a sheet thickness of 2.0 mm, and EN AW-6014 with a
sheet thickness of 1.5 mm in EN AW-6014 with a sheet thickness of 2.0 mm. The opti-
mal riveting parameters were identified for each case by maximising the target variable,
interlock. Subsequently, the optimal parameters for riveting were established for the
two material combinations. Figures 8 and 9 show the main effects diagrams. Each curve
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Table 2 Varied rivet shank factors

Rivet factors | Acronym Range in mm
Shank thickness d 0.67 | 0.735 | 0.80
Drill depth T 2.30 3.20 4.10
e r 062 | 0.72 | 0.82
radius

Table 3 Central composite design of the three factors

1 Shank thickness in mm Drill depth in mm Internal foot radius in mm
0.67 2.3 0.62
2 08 23 0.62
3 0.67 2.3 0.82
4 08 23 0.82
5 0.67 4.1 0.62
6 08 4.1 0.62
7 067 4.1 0.82
8 0.8 4.1 0.82
9 0.67 32 0.72
10 08 32 0.72
Il 0.735 32 0.62
12 0.735 32 0.82
13 0.735 23 0.72
14 0.735 4.1 0.72
15 0.735 32 0.72

Shank thickness in mm

Internal foot radius in mm

Drill depth in mm

0.45-

0.40-

Interlock fin mm

0.35-

0670

Fig.8 Main effect diagram of the material combination CP 1000in 1.5 mm in EN AW-6014 in 2.0 mm related to the
three rivet parameters investigated: shank thickness (d), drill depth (T), and internal foot radius (ry)
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0.800
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1
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T
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Shank thickness in mm Internal foot radius in mm Drill depth in mm
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0.670 0.735 0.800 0.62 0.72 082 23 32 41

Fig. 9 Main effect diagram of the material combination EN AW-6014 in 1.5 mm in EN AW-6014 in 2.0 mm related
to the three rivet parameters investigated: shank thickness (d), drill depth (T), and internal foot radius (ry)
represents the mean predicted response at a given factor level, averaged over the levels
of the remaining factors.

The main effect diagram of the material combination CP 1000 in EN AW-6014 for the
interlock (Fig. 8) displays three clear trends. Firstly, the shank thickness shows a pro-
nounced non-linear relationship: the interlock initially increases, reaches a maximum
around 0.75 mm, and then decreases at higher thicknesses. Both minimal and sub-
stantial shank thicknesses are therefore unfavourable. This is because, with a smaller
shank thickness, the rivet shank is compressed during joining ultra-high-strength steel,
whereas with larger shank thicknesses, the rivet is prevented from expanding. Secondly,
the effect of the internal foot radius is nearly monotonically adverse across the inves-
tigated range. A larger radius consistently reduces the interlock, while a smaller radius
tends to increase it. This is because a smaller foot radius prevents premature rivet com-
pression during punching. Thirdly, the drill depth, similar to the shank thickness, fol-
lows a curved trend with a maximum around 3.1 mm to 3.3 mm; both shallow depths
(around 2.4 mm) and deeper depths (up to 4.0 mm) result in significantly lower inter-
lock. This is due to the fact that a shallow depth prevents the rivet shank from spreading.
At greater depths, the shank is compressed more due to its lower rigidity. A ranking of
the influence strength can be inferred from the vertical span of the subplots: drill depth
(the most substantial effect) > shank thickness > internal foot radius (the most minor but
consistently negative effect).

The main effect diagram of the material combination EN AW-6014 in EN AW-6014
for interlock is shown in Fig. 9. The shank thickness has an adverse effect within the
examined range of approximately 0.70 mm to 0.80 mm; the mean interlock decreases
nearly linearly from about 0.17 mm to 0.18 mm to approximately 0.08 mm. Therefore, a
smaller shank thickness favours a higher interlock value. This is because, when joining
aluminium combinations, significantly lower rivet stiffness is required during punching,
resulting in a lower shaft thickness in the area under investigation, which significantly
increases the spreading behaviour. Secondly, the internal foot radius has a positive main
effect. As the radius increases (roughly 0.60 mm to 0.80 mm), the interlock increases
almost uniformly from around 0.06 mm to approximately 0.16 mm. A larger foot radius
is advantageous for use in aluminium, in contrast to use in CP 1000. The larger radius
results in a more tapered rivet foot geometry, which improves cutting performance in
aluminium. This allows the shaft to be filled earlier and gives the rivet increased spread-
ing behaviour. Thirdly, the drill depth has an adverse effect, which is most noticeable at
shallow depths: between about 2.4 mm and 3.2 mm, the interlock drops sharply from
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Value in mm: Shank thickness Internal foot radius Drill depth
minimum 0.8 0.82 41

current [0.7291] [0.62] [3.1364]
maximum 0.67 0.62 23

Maximum interlock f ~ ) \
CP 1000 in g \ / \
EN AW-6014 \ / \
fi. = 0.4503 mm / \
d = 0.95412 : \

Fig. 10 Optimisation diagram of the rivet shank geometry for the material combination CP 1000 in 1.5 mm in
EN AW-6014 in 2.0 mm related to the three rivet parameters investigated: shank thickness (d), drill depth (T), and
internal foot radius (ry)

Value in mm: Shank thickness Internal foot radius Drill depth
minimum 0.8 0.82 4.1
current [0.67] [0.82] [2.3]
maximum 0.67 0.62 23

Maximum interlock f
EN AW-6014 in
EN AW-6014
fi. = 0.3023 mm /
d=1 . / .

Fig. 11 Optimisation diagram of the rivet shank geometry for the material combination EN AW-6014in 1.5 mm in
EN AW-6014 in 2.0 mm related to the three rivet parameters investigated: shank thickness (d), drill depth (T), and
internal foot radius (ry)

roughly 0.18 mm, and the rate of decline then levels off at around 4.0 mm (final values
near 0.08 mm). Due to the large drilling depth, the cavity for accommodating the slug is
large, which means that the rivet is not stimulated to expand by the counterpressure of
the retained slug. The vertical span of the subplots indicates similar levels of influence.
The most significant changes are observed in the internal foot radius and drill depth,

with shank thickness following closely.

6.2 Optimisation of rivet geometry parameters

The optimisation diagrams for the material combination CP 1000 in EN AW-6014
(Fig. 10) and the material combination EN AW-6014 in EN AW-6014 (Fig. 11) confirm
these findings. To improve readability, the desirability value d shown in Figs. 10, 11
and 12 is briefly explained here. The desirability function maps the predicted response
(interlock f) onto a dimensionless scale from 0 to 1, where d =0 indicates an unaccept-
able outcome (below the specified lower bound) and d =1 indicates full fulfilment of the
optimisation target (i.e., the target region defined for maximising interlock is reached).
Intermediate values O<d<1 represent partial target achievement according to the
selected desirability function. In the single-response optimisations (Figs. 10 and 11), d
directly corresponds to the target achievement for interlock (e.g., d=0.954 for CP1000
in EN AW-6014 and d =1.000 for EN AW-6014 in EN AW-6014) together with the pre-
dicted interlock ffc. For the combined optimisation across both material combinations,
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Value in mm: Shank thickness Internal foot radius Drill depth
minimum 0.8 0.82 41

current [0.7133] [0.7756] [2.7545]
maximum 0.67 0.62 2.3

Composite desirability — | __—
D =0.6378

Maximum interlock f
EN AW-6014 in
EN AW-6014
fi, =0.1851 mm
d = 0.59305

Maximum interlock f
CP 1000 in
EN AW-6014
f, = 0,3641 mm
d = 0.68596

Fig. 12 Optimisation diagram of the rivet shank geometry for both material combinations (EN AW-6014in 1.5 mm
in EN AW-6014 in 2.0 mm and CP 1000 in 1.5 mm in EN AW-6014 in 2.0 mm) related to the three rivet parameters
investigated: shank thickness (d), drill depth (T), and internal foot radius (r)

the overall desirability D aggregates the individual desirabilities and therefore quantifies
the compromise quality (Fig. 12).

For CP 1000, a high composite degree of target achievement (d=0.954) is achieved
with a forecast interlock of f;, = 0.4503 mm. The optimal rivet shank variables are a
shank thickness of 0.7291 mm, the smallest possible internal foot radius of 0.620 mm,
and a drill depth of 3.1364 mm.

For EN AW-6014 in EN AW-6014, the optimisation results for the rivet shank geom-
etry in a marginal optimum with d=1.000 and f;. = 0.3023 mm are a shank thickness
of 0.670 mm (minimum), an internal foot radius of 0.820 mm (maximum), and a drill
depth of 2.30 mm (minimum). The material contrast between the effect directions, with
a small internal foot radius for steel versus a large internal foot radius for aluminium,
and medium versus minimum drill depth, thus becomes quantitatively tangible.

The combined optimisation of the rivet shank for both material combinations, shown
in Fig. 12, results in a compromise with reduced overall desirability (D =0.6378).

The standard setting found is: shank thickness 0.713 mm, internal foot radius
0.776 mm, and drill depth 2.755 mm. Under these conditions, the results are f;, =
0.1851 mm (d=0.593) for aluminium and f;, = 0.3641 mm (d=0.686) for CP 1000.
Compared to the individual solutions, the drill depth is significantly reduced in favour
of aluminium, the internal foot radius is shifted towards larger values, also in favour of
aluminium, while the shank thickness lies between the respective material optima, thus
limiting the loss for CP 1000. The compromise is therefore physically plausible, as it bal-
ances the opposing effects of internal foot radius and drill depth, and positions the shank
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thickness in a range where the CP 1000 still operates close to its parabolic maximum
without failing to meet the aluminium requirements.

Figure 13: Numerical simulation results of the joint formation of the various optimums
of the rivet shank geometry, on the right CP1000 in EN AW-6014, on the left EN AW-6014
in EN AW-6014, (a) Optimal rivet shank geometry for use in CP 1000 on the punch side,
(b) Optimal rivet shank geometry for use in EN AW-6014 on the punch side, (c) Optimal
rivet shank geometry for use in CP1000 and EN AW-6014 on the punch side and the dia-
gram of resulting interlock.

On the right-hand side, the material combination CP 1000 in EN AW-6014 is shown,
and on the left-hand side, the combination EN AW-6014 in EN AW-6014. The figures
illustrate (a) the rivet shank geometry optimised for use with CP 1000 on the punch
side, (b) the geometry optimised for use with EN AW-6014 on the punching side, and
(c) the compromise-based rivet shank geometry for combined use in CP 1000 and EN
AW-6014. In addition, the diagram of the resulting interlock is shown, which quantita-
tively illustrates the respective quality of the connection.

The rivet geometry optimisation (a) shows that, for the combination CP 1000 in EN
AW-6014, a small internal foot radius in conjunction with a medium drill depth of
approximately 3.1 to 3.2 mm and a shank thickness of approximately 0.73 mm proves to
be optimal. This parameter configuration enables good interlock formation. However,
if this geometry is used for EN AW-6014 in EN AW-6014 connections, the connection
quality deteriorates significantly. In particular, the small internal foot radius and the
higher shank thickness hinder the material flow in the more ductile aluminium and thus
reduce the achievable interlock.

The rivet geometry optimisation (b) shows that, in the pure aluminium material com-
bination, a larger internal foot radius (~approximately 0.82 mm), a low shaft thickness
(= approximately 0.67 mm), and a minimum drill depth (= approximately 2.3 mm) have
been identified as optimal. However, when these parameters are applied to the steel-alu-
minium combination with CP 1000, the geometry leads to unsatisfactory results. The

£ 0.35
g 0.3
% 025
[¥]
z 02 :
£ 015 mCP1000 (punch side)
0.1 BEN AW-6014 (punch side)
0'02 —Mean value of interlock
HDZ a) b) c) K

Rivet geometry

Fig. 13 shows the results of numerical simulations of joint formation with different optimisations of the rivet
shank geometry
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Maximum principal stress Effective plastic strain
[MPa] [-]
1900 1
1650 0.9
I 1400 0.8
1150 0.7
900 0.6
ﬁ 650 0.5
400 0.4
150 0.3
f -100 0.2
-350 0.1
-600 0

Fig. 14 Maximum principal stress and effective plastic strain of the rivet geometry (c) during the setting process
of the material combination CP1000 in aluminium

0. J | ENAw-6014 | cp
(punch side) 1000

niOX 1.0 15 2.0 15
mm | mm/| mm | mm

XX | X |4
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Fig. 15 Numerical simulation results of additional material thickness combinations associated with the compro-
mise-based rivet shank geometry (c). Assessment of connectability depending on the material configuration and
sheet thickness

EN AW-6014
(die side)

low shaft thickness promotes upsetting of the rivet shank, which, in combination with
the low drill depth, results in a drastic reduction in interlock.

The compromise-based rivet shank geometry (c) (shank thickness~0.71 mm, inter-
nal foot radius~0.78 mm, drill depth~2.76 mm) represents a balanced solution that is
functional in both material systems. Although it does not achieve the maximum pos-
sible interlock values of the specific optimisation in CP 1000, it does avoid significant
failure mechanisms. In aluminium connections, on the other hand, stable, albeit slightly
reduced, interlock values are achieved. This optimum thus offers the highest flexibility,
as it covers both material combinations with satisfactory joining quality without requir-
ing material-specific geometries to be adapted. Figure 14 shows the maximum principal
stress and effective plastic strain during the setting process of the material combination
CP1000 in aluminium. It can be seen that the rivet undergoes a slight deformation of 0.2
during penetration into the CP1000, but this does not lead to failure.

The suitability of the compromise-based rivet geometry (c) was numerically investi-
gated for other material combinations. The corresponding results are shown in Fig. 15.
For this purpose, additional material thickness combinations were added to the simula-
tion using the identified optimal rivet geometry. The evaluation demonstrates that the
developed rivet can join a broad range of aluminium-aluminium and steel-aluminium
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combinations in a process-stable manner. In particular, stable joint formations with suf-
ficient interlock are achieved for configurations with CP 1000 on the punch side and EN
AW-6014 on the die side.

However, a clear limitation arises for configurations with aluminium positioned on
the punch side at a sheet thickness of 2.0 mm. In these cases, no functional joint can
be formed. The reason is the insufficient shank cavity volume of the rivet relative to
the displaced material volume. The slug generated during penetration cannot be ade-
quately accommodated, preventing sufficient radial expansion of the rivet shank and,
consequently, the formation of a proper interlock. These results indicate that, although
the developed geometry offers a high degree of versatility, it reaches its volumetric
limits when joining thicker aluminium sheets on the punch side. Further adaptation
of the shank cavity volume or drill depth would be required to reliably enable these

configurations.

7 Conclusion

This study has demonstrated that the geometry of the rivet shank has a significant
impact on the joint formation in the versatile self-piercing riveting (V-SPR). In particu-
lar, the parameters of shank thickness, drill depth, and internal foot radius have proven
to be decisive factors for interlock formation and thus for the quality of the joint. While
a medium shaft thickness, medium drill depth, and small internal foot radius produce
the best results for the material combination of CP 1000 and EN AW-6014, a low shaft
thickness, larger foot radius, and lower drill depth prove to be optimal for pure alu-
minium joints. These differences illustrate the contrasting requirements that ultra-high-
strength steel in aluminium joints and pure aluminium joints place on rivet geometry.

However, the investigation enabled the development of a compromise-based rivet
shank geometry that ensures a stable and reliable joining of both material systems
despite reduced interlocks. This has enabled the extension of the application possibili-
ties of the V-SPR process to ultra-high-strength materials, up to 1000 MPa, while main-
taining the joining quality in aluminium combinations. The results thus prove that the
targeted adaptation of the rivet shank geometry is an effective means of overcoming the
limitations of previous joining technologies and significantly increasing the flexibility of
V-SPR with regard to different material combinations.

There are various starting points for future research. First, the geometries determined
in the numerical investigations should be verified by comprehensive experimental stud-
ies to ensure their practical suitability under real production conditions. In addition, it is
necessary to determine the load-bearing capacity of the developed joints. Furthermore,
the applicability of the developed rivet geometry for use with different sheet-thickness
combinations should be systematically investigated.

Overall, it has been shown that optimising the rivet shank geometry makes a signifi-
cant contribution to increasing the versatility of the versatile self-piercing riveting.
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