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Abstract. The versatile self-pierce riveting (V-SPR) is a further development of semi-tubular self-
pierce riveting. V-SPR enables adaptation to changing boundary conditions, such as a change in
the material thickness combination, without varying the rivet die combination due to increased
punch actuation and the use of multi-range capable rivets [1]. The inner punch first sets the rivet.
The outer punch then forms the rivet head to the respective sheet thickness. For this, the rivet
requires a hard shank and a ductile rivet head, which is achieved by an inductive local hardening
process [2]. Until now, the joint formation of rivets with graded hardness profile has been
challenging to estimate in the FEM simulation due to the inhomogeneous material conditions in
the rivet. In this study, a method capable of reproducing the experimentally determined hardness
levels of rivets in detail is shown. This FE model enables the realistic modelling of the mechanical
properties of the rivet on the basis of the hardness profile in order to predict the correct deformation
processes and stresses during the riveting process. First, the detailed experimental hardness
mapping of the locally heat-treated rivets is transferred into the FE model. The FEM material
model can predict the local strength of the rivet based on hardness by scaling the flow curves. To
estimate the predictive capability of the FEM model, the joint formation of rivets with different
graded hardness profiles is compared experimentally and simulative. Based on the validated
model, the influence of different rivet hardness profiles on the joint formation is analysed
numerically. By adapting the material model, a high level of correlation between the experiment's
joint formation and the simulation can be achieved.

Introduction

The European Union has committed to significantly reducing CO> emissions by 2030 [3]. The
automotive industry, one of the primary sources of CO2 emissions, is a particular focus of attention.
In order to reduce emissions, it is focussing on new drive concepts and lightweight construction
strategies to reduce weight [4]. One standard method is multi-material construction, in which
materials with different properties are combined in order to optimise the structure to the loads. As
thermal joining processes are often unreliable with these material combinations, mechanical
processes such as self-pierce riveting (SPR) are predominantly used.

Self-pierce riveting (SPR) enables the joining of different types of materials as two or more
layered joints under the condition of accessibility from both sides. Four process steps characterise
the continuous process sequence, see Fig. 1. The first step describes fixing the sheets using the
blank holder. In the second step, the rivet is then fed through the punch, causing the rivet to
penetrate the punch-side sheet metal and pierce it. The resulting slug is collected in the rivet shank.
The third process step is characterised by the expansion and compression of the rivet and the
resulting formation of the interlock. This creates a form- and frictional joint. And in the fourth
process step, the tools retract and release the connection [5].
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Figure I — Process sequence for self-pierce riveting (SPR) [5].

One restriction of SPR is the requirement to adapt the rivet-die combination to changing
boundary conditions, such as a change in sheet thickness or the material used. For this reason,
research is being carried out into more versatile and adaptable joining processes to enable an
extended range of applications.

One approach to reducing rivet-die combinations is the use of a two-part die principle with a
movable die element, which is demonstrated in [6]. This enables local overlapping of the joining
zones with compressive stresses, which avoids cracks in die-cast aluminium components and
extends the application of mechanical joining to brittle materials [7].

Another approach is versatile self-pierce riveting (V-SPR) [1]. This is characterised by an
extended tool kinematics and a multi-range capable rivet, which increases the application range
for different sheet thicknesses without requiring the rivet-die combination to be adapted. The
process sequence is shown in Fig. 2.
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Figure 2 — Process sequence for V-SPR with head deformation [1].

The process sequence differs essentially from the SPR because of the split tool arrangement on
the punch side, which consists of an inner and outer punch. The rivet is set by the inner punch,
after which the outer punch enables the rivet head to be moulded to the respective sheet thickness.
The multi-range rivets are currently manufactured by machining. Subsequent heat treatment
ensures tempering to 480 HV, which corresponds to the H4 condition of conventional rivets [5].

Previous research into the V-SPR process has focussed on process development and joint
formation. For aluminium joints in particular, a single rivet-matrix combination made it possible
to join different material thicknesses [1]. Multi-material joints were also successfully realised [8].
However, the use of steel as a punch-sided material, especially in thin sheet thicknesses, proved to
be problematic, as considerable deformation of the rivet head is required, which increases the risk
of cracking. The rivet can be hardened by inductive localised heat treatment, which results in the
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rivet having a ductile head area for forming the rivet head protrusion and a stiff shank for punching
the punch-side sheet. This study aims to transfer the inductively generated hardness grading of the
rivet to the numerical simulation using a novel method to include different flow curves for the
respective graded areas in LS-Dyna.

In previous studies, the respective degree of deformation within partitioned areas was specified
for modelling locally different material states in the rivet and different material strengths were
mapped using implemented flow curves [9]. In addition, the adjustment of graded rivet properties
by the cold impact process was analysed, both numerically and experimentally [10]. In a study
by [11], a two-part material approach was used for the numerical simulation of case-hardened
flow-drill screws. The yield stress of the core material and the hardness values of the core and the
outer layer were determined experimentally. The ratio of the Vickers hardness values between the
hardened outer layer and the core was used to determine the yield stress of the hardened layer. The
realistic modelling of the mechanical behaviour of the hardened layer was demonstrated by
transferring the hardness values to the simulation through a correlation with the tensile strength.
However, only two distinct hardness ranges were numerically modelled. In the following study, a
continuous hardness grading over the entire geometry will be investigated.

Experimental procedure

The multi-range-capable rivet consists of the material C35 B+Cr. The aluminium alloy

EN AW-6014 temper T4 with a sheet thickness of 1.0 mm on the punch side and a sheet thickness

of 2.0 mm on the die side was selected. The chemical composition properties of the rivet material

and the investigated materials EN AW 6014 and HCT590X are shown in Table 1.

Table 1 — Chemical composition properties of rivet material C35 B+Cr [12] and sheet materials
EN AW-6014 temper T4 [13] and HCT590X [14].

Chemical composition C35 B+Cr (weight %)

Elements Si C Cu Mn P S Cr Mo B

Min. 0.35 0.60 0.0008

Max. 0.3 0.40 0.25 0.90 0.025 0.025 0.3 - 0.005
Chemical composition EN AW-6014, T4 (weight %)

Elements Si Fe Cu Mn Mg Cr Zn Ti v

Min. 0.30 0.05 0.40

Max. 0.60 0.35 0.25 0.20 0.80 0.20 0.10 0.10 0.10

Chemical composition HCT590X (weight %)
Elements C Si Mn P S Al CrtMo Nb+Ti
Min. 0.15 0.75 2.5 0.04 0.015 0.15 1.4 0.15

The localised heat treatment of the rivets is achieved using an inductive heating process. Fig. 3
shows the geometry of the multi-range capable rivet (a) and the experimental setup of the inductive
local heat treatment (b). During induction heating, the rivets are placed on a chamotte rivet holder
and fixed in the induction coil with a spring-loaded rod. The position of the rivet within the
induction coil can be adjusted by setting the height of the device. In addition, the air supply enables
targeted quenching of the rivets. By varying the holding times and temperatures as well as the
positioning of the rivet in the induction coil, different local hardness profiles can be set within the
rivet [2]. Hardness mapping is carried out using the Vickers hardness test to determine the hardness
profile obtained. This represents the surface hardness profile of a sample as a 2D or 3D colour
representation, as well as the HV values assigned to the x-y coordinates. The KB 30 S hardness
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testing machine from KB Priiftechnik GmbH is used for this purpose. This has an adjustable
support table and a diamond pyramid as an indenter.

a) b)
A k

Air supply

'4\

z £ o {
v‘j- E, Rivet fixation  —j Induction coil
= Chamotte .
rivet holder Helght
adjustment

—_— A =
Figure 3 — Illustration of the rivet geometry (a), experimental set-up for local heat treatment by
means of induction (b) [15].

In this study, two rivets with different graded hardness profiles are analysed, see Fig. 4. The
parameters of the inductive local heat treatment of rivet A are a temperature of 860 °C with a
holding time of 5 s and a subsequent quenching process by changing the coil position. The rivet B
is heat treated at 860 °C with a holding time of 6 s without a subsequent quenching process [15].
These different heat treatment strategies allow different hardness profiles to be generated.

Rivet A Rivet B

- 205 |260 | 315 |370 |425 |480 | 535 |590 |645 -

Hardness in HV

Figure 4 — Hardness Mapping of the multi-capable rivet with different graded hardness profiles
[15].

Compression tests according to DIN 50106 [16] were carried out to determine the flow curve
of the rivet material C35 B+Cr in the H4 condition [17]. The experimental data, see Fig 5 H4 exp.,
were extrapolated based on the ideal plastic material behaviour in the compression test using the
mathematical approach according to Voce. In previous studies, an ideal plastic material behaviour
of the 38B2 was also assumed [18]. The table in Fig. 5 was used to determine scaling factors for
the flow curves of the different hardness grades based on the flow curve of the hardness grade H4

[5].
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Figure 5 — Flow curves of the rivet material C35 B+Cr in different hardness grades, the
hardness grade in HV [5] and the scaling factor to H4.

For the joining process, a system is employed that allows independent movement of the inner
and outer punches, as previously described. As shown in Fig. 6, the upper tool, comprising both
punch components and a blank holder, and the lower tool are positioned within a column-guided
frame [1].

Drives

Servo-electric

Nominal force punches
80 kN
Drive (blank holder)

Pneumatic
Blank holder force
8 kN

Max. joining speed

80 mm/s

Measurement

1 Lower tool

Force and displacement

Figure 6 — Joining system with extended punch-sided tool actuator technology to process the
multi-range capable self-piercing rivets [1].

Numerical simulation

To investigate the influence of different graded hardness profiles on the joint formation, a 2D
axisymmetric simulation model, shown in shown in Fig. 7, was set up. This model is based on the
preliminary investigations by KAPPE ef al. [19]. The FE model was developed using LS-Dyna
simulation software and analysed through implicit calculation. The inner and outer punch are
modelled as elastic components to facilitate a detailed analysis of the forces acting during the
process. A displacement-controlled movement within the model is initiated through the constraint
of the punch nodes. The die was also modelled as an elastic part, with its joining force measured
in the lower area. The blank holder, modelled as a rigid part, applies a constant force throughout
the experimental process. The material properties were implemented in the simulation model using
the experimentally determined flow curves, which were presented for the sheet material and the
rivet material in strength class H4 [17]. The contact behaviour between the rivet and the sheets, as
well as the sheets themselves, was modelled using the static coefficient of friction of 0.2 [20]. The
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cutting of the punch-side sheet was realised using a geometric cutting criterion, induced by the
process conditions.
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. . elastic
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Figure 7 — Numerical setup of the V-SPR joining process.

The 2D simulation model is validated by comparing the micrograph and quality parameters of
the joint formation of the multifunctional rivet with hardness H4, see Fig. 8. This shows very good
agreement between the simulation and the micrograph. In particular, the flow behaviour of the
rivet material is reproduced very well in the simulation.
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Figure 8 — Validation of the simulation model using the joint formation of the multifunctional
rivet with hardness H4.

The graded hardness profile of rivet A and rivet B was transferred to the elements of the rivet
in the simulation model using the experimentally determined hardness mapping. Based on the
material model *MAT TABULATED JOHNSON COOK, different hardness levels of the rivet
material are assigned to the flow curves presented in Fig. 6. The flow curves are interpolated across
the defined hardness ranges. By adapting the material model and the assumption that the different
degrees of hardness are defined, a high level of correlation between the experiment's joint
formation and the simulation can be achieved. Fig. 9 compares the micrographs and quality
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parameters of the joint formation of rivet A and rivet B with the results of the respective
simulations.

The hardness grading of rivet A results in a properly formed joint according to the geometric
parameters. Due to the hardness of the shank area, the rivet is able to cut through the sheet metal
on the punch side and has sufficient ductility for spreading, resulting in the interlock. Rivet B has
a higher hardness in the shank, which reduces the spreading behaviour, thereby reducing the
interlock and the residual base thickness. The model prediction of rivet B shows a higher spreading
behaviour of the rivet foot than the spreading behaviour in the experiment. One reason for this
effect can be the low minimum die-sided material thickness of 0.01 mm to 0.02 mm in the
experiment, which cannot be correctly mapped in the simulation due to the elements and re-
meshing. Furthermore, a change in the influence of friction due to high stresses might be a reason
for the deviation of the model prediction. The rivet head projection of rivet A has sufficient
ductility for forming to the sheet metal on the punch side. The localised heating strategy of rivet B
leads to a higher hardness profile in the rivet head projection. This leads to the formation of cracks
in the rivet head projection during the forming process, which can be recognised in the micrograph.
The FE model used cannot currently represent these cracks, therefore a suitable damage and failure
material model of the rivet must be implemented.
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Figure 9 — Comparison of the joint formation of the experiment and the numerical simulation of
rivets A and B.

In subsequent studies, the FE model is to be expanded to include a suitable damage model,
which will enable the simulative modelling of cracks in the rivet. This FE model will be used to
analyse different hardness grading of the rivet in other material combinations, in particular the use
of the graded rivet in high-strength steel.

Summary

In this study, a method was presented that enables the experimentally determined hardness levels
of rivets to be precisely modelled in the numerical simulation. The FE model allows a realistic
representation of the mechanical properties of the rivet based on its hardness profile and maps the
deformation mechanisms during the riveting process. For this purpose, the detailed hardness
profile of the locally heat-treated rivets was first integrated into the FE model. The FEM material
model reliably predicts the local strength of the rivets based on the hardness by scaling the flow
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curves. In subsequent studies, this method can be used to perform a numerical adjustment of the
graded hardness profile of the rivet for different material combinations of the joining parts.
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