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Abstract: The trend towards lightweight design, driven by increasingly stringent emission targets,
poses challenges to conventional joining processes due to the different mechanical properties of
the joining partners used to manufacture multi-material systems. For this reason, new versatile
joining processes are in demand for joining dissimilar materials. In this regard, pin joining with
cold extruded pin structures is a relatively new, two-stage joining process for joining materials such
as high-strength steel and aluminium as well as steel and fibre-reinforced plastic to multi-material
systems, without the need for auxiliary elements. Due to the novelty of the process, there are currently
only a few studies on the robustness of this joining process available. Thus, limited statements on the
stability of the joining process considering uncertain process conditions, such as varying material
properties or friction values, can be provided. Motivated by this, the presented work investigates
the influence of different uncertain process parameters on the pin extrusion as well as on the joining
process itself, carrying out a systematic robustness analysis. Therefore, the methodical approach
covers the complete process chain of pin joining, including the load-bearing capacity of the joint by
means of numerical simulation and data-driven methods. Thereby, a deeper understanding of the pin
joining process is generated and the versatility of the novel joining process is increased. Additionally,
the provision of manufacturing recommendations for the forming of pin joints leads to a significant
decrease in the failure probability caused by ploughing or buckling effects.

Keywords: pin joining; joining by forming; versatile joining process; robustness analysis

1. Introduction

Considering the current energy and environmental crisis that can cause energy short-
ages for both industry and private households in Europe, it is important to reduce general
energy consumption with only a slight loss of prosperity. In consideration of the goal of
transforming into a resource-efficient and competitive economy, which was passed by the
European Union in the European Green Deal [1], it is necessary to strongly reduce man-
made greenhouse gas emissions over the coming years in order to achieve a net greenhouse
gas emission of 0 by 2050. In the European Union, road mobility accounts for about 20%
of greenhouse gas emissions, with around 60% of CO2 emissions coming from private
transport by car and motorbike [2]. Thus, the goal is to reduce emissions in the transport
sector by 90% by 2050. In order to achieve this ambitious goal, the general energy consump-
tion of both internal combustion engines and electric motor vehicles must be significantly
reduced. One way to reduce emissions is to reduce vehicle weight. For this reason, the
popularity of multi-material systems or hybrid components as well as the use and the
combination of high-strength sheet materials made of steel and aluminium in industrial
applications is increasing, as the advantages of different materials can be combined in this
way. However, when joining dissimilar materials, established joining processes reach their
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process-related limits due to different mechanical properties and chemical incompatibilities.
Consequently, research is being conducted into new, versatile, and often mechanical joining
processes with the potential for joining dissimilar materials [3]. However, there are also
other non-mechanical joining processes for joining dissimilar materials, such as magnetic
pulse welding [4].

Joining with extruded pin structures is a process with the potential to join unequal
materials such as steel and aluminium as well as steel and fibre-reinforced plastics (FRP) [5].
In the two-stage joining process, mostly cylindrical pin structures are first extruded axially
from the sheet plane by cold extrusion. In the next step, these pins are joined by means
of either direct pin pressing, in which the pin is pressed into the joining partner, or by
caulking, where the pin is placed through a pre-punched joining partner and is upset at the
pin head. This creates an undercut and consequently a form-fit and force-fit connection.
In the scientific environment, pin structures are already used frequently, especially in
combination with fibre-reinforced plastic composites [6], and are being investigated with
regard to the reinforcement of bonded metal/plastic composites [7]. However, in the
literature, pin structures extruded from the sheet metal plane are rarely used to join metal
and fibre reinforced plastics or dissimilar metals, although it has been demonstrated that
load-bearing metal/FRP [8] and metal/metal joints [9] can be produced. Instead, alternative
manufacturing processes are used to attach the pins to the surface of the component to
be joined. This covers processes such as laser powder bed fusion [10], direct energy
deposition [11], or processes such as cold metal transfer [12], metal injection moulding [13],
or COMELDTM [14].

In contrast, the process of forming pins by cold extrusion from the sheet metal plane,
which was proven feasible by Ghassemali et al. [15] and Hirota [16], has the advantage that
the process can be integrated into existing manufacturing processes and that the the pins
have improved mechanical properties due to work hardening during the extrusion process.
This increase in the strength of the pin structures also makes it possible to use metallic pins
to produce dissimilar metal/metal joints. In addition, it was demonstrated in [9] that the
variation of the extrusion process parameters, such as the ratio of punch diameter to die
diameter or the punch penetration depth, has an effect on the strain hardening of the pin
structure. In the context of joining with extruded pin structures, which is still a very new
joining process in comparison to established joining methods such as welding or riveting,
there are still hardly any considerations with regard to the robustness of the joining process.
Thus, no statement can yet be made about the uncertainties and instabilities of the joining
process against varying material or friction conditions [17]. For this reason, the aim of this
work is first to identify the influencing parameters on the pin extrusion, by building on
the findings in [18], and then to numerically investigate the effect of varying conditions
on the pin extrusion and joining process. Through this, it is possible to gain a deeper
understanding of the entire pin joining process chain. In addition, recommendations for
pin joining are given on the basis of the obtained results. This can pave the way to a robust
pin extrusion as well as load-bearing capabilities in future works.

2. Research Questions

While previous works mainly analysed the applicability of the pin joining process for
the realization of multi-material connections in versatile process chains, this contribution
additionally focuses on uncertain input parameters, such as variations of sheet thickness,
and their impact on the resulting pin joint properties. In this context, after the introduction
of the applied material and methods, the determination of Pearson’s correlation coefficients
and the following robustness analysis provide a deeper understanding of the joining
process and enables us to answer three research questions (RQ).

In particular, the previous definition of parameter spaces combined with the selection
of suitable distribution functions (e.g., Gaussian or uniform distribution) ensure the sam-
pling of a sufficient database. Based on this, the following Pearson’s correlation analysis
offers the opportunity to answer the question: which uncertain input parameters have
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a significant impact on individual pin joining characteristics and which factors are less
relevant (RQ1). Subsequently, the robustness analysis provides a deeper understanding of
the pin joining process. In this context, the definition of boundary values (minimum and
maximum) for the generated pin heights enables us to evaluate how robustly the particular
joint properties react to the varying process and friction parameters (RQ2). Based on this,
the definition of adapted input parameter spaces combined with the performance of a
second robustness analysis allows us to answer the question of whether an improvement
of the process reliability can be achieved, and which recommendations can be given for
future joining tasks (RQ3).

3. Materials and Methods
3.1. Materials

In this work, two different materials are applied for the investigation of pin joining.
The dual phase steel HCT590X+Z (DP600) was used for pin manufacturing. In this regard,
dual phase steels are characterised by a balance between strength and ductility and a
high work hardening during forming processes [19]. DP600 is frequently used in car
body production in the automotive sector, especially for structural components. The
precipitation-hardening aluminium magnesium silicon alloy EN AW-6014-T4 is used as
the joining partner, which is also used in car body production. Typical areas of application
are the vehicle exterior trim, such as hood outers and fenders [20]. The flow curves used
for the numerical simulation are shown in Figure 1a. For the DP600, the yield curve was
determined by means of a uniaxial tensile test according to DIN EN ISO 6892-1 [21] at 0◦

to the rolling direction and extrapolated using the Swift [22] strain hardening model. For
the aluminium material, the curves were determined using a Bulge test according to DIN
EN ISO 16808 [23] and extrapolated using the Hockett–Sherby [24] strain hardening model.
For the material, the values were calculated on the basis of the experimental investigations
mentioned above. Therefore, the formulas for the extrapolation of the two materials based
on the strain-hardening models shown in Figure 1a are given below.

DP600 σ = 994.47·(εpl + 0.00188)0.17 (1)

EN AW − 6014 − T4 σ = 408.76 − (408.76 − 103.67)·e−2.11·ε0.55
pl (2)
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Figure 1. (a) Flow curves of the material used for the numerical simulation. The flow curve of DP600 
was derived from the uniaxial tensile test in the rolling direction and extrapolated using the Swift 
[22] strain hardening model. The flow curve of EN AW-6014-T4 was derived from the bulge test and 
extrapolated using the Hockett–Sherby [24] strain hardening model. (b) Mechanical properties of
the used materials.

Figure 1. (a) Flow curves of the material used for the numerical simulation. The flow curve of DP600
was derived from the uniaxial tensile test in the rolling direction and extrapolated using the Swift [22]
strain hardening model. The flow curve of EN AW-6014-T4 was derived from the bulge test and
extrapolated using the Hockett–Sherby [24] strain hardening model. (b) Mechanical properties of the
used materials.

3.2. Cold Extrusion of Pin Structures

Pin joining is a two-stage joining process in which pin extrusion is the initial stage.
For this, a multi-acting tool system is necessary to ensure independent control of the
blank holder and the punch. The general setup of the extrusion process, based on the



J. Manuf. Mater. Process. 2022, 6, 122 4 of 18

approach in [9], and the effective plastic strain of an exemplary pin is shown in Figure 2.
For pin forming, the blank holder first moves axially downwards onto the sheet and
applies the blank holder pressure σBH = 250 MPa. The blank holder prevents the sheet
from bulging during extrusion and reduces the radial material flow due to the prevailing
friction conditions between the sheet and the blank holder. Consequently, as the blank
holder pressure increases, more material flows axially into the die, resulting in a larger pin.
After the blank holder pressure is applied, the punch of diameter dP = 3 mm moves axially
downwards and penetrates the sheet of thickness t0 = 1.5 mm, thereby displacing the
sheet material both axially downwards into the die of diameter dD = 1.5 mm and laterally
outwards in the sheet metal plane as well as laterally inwards into the die. The punch
penetration depth s, which is primarily responsible for the final pin height h, is limited by
mechanical stops. Dionol ST V 1725-2 was used for lubrication during the process. In the
last step, the blank holder and the punch move axially upwards, and the specimen can be
ejected. The pin structure extruded from the sheet metal plane is now used in the following
step for joining by direct pin pressing.
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Figure 2. Illustration of the pin extrusion process and relevant process parameters.

3.3. Joining by Direct Pin Pressing

For pin joining, several process strategies can be used to connect the pins with the
joining partner. In the following, direct pin pressing will be discussed, which was investi-
gated in more detail in the context of this work. The process sequence and process setup,
based on the approach in [9] as well as the effective plastic strain of an exemplary pin
pressing joint, are shown schematically in Figure 3. For this, the sheet metal component
with the previously extruded pin is placed on a conventional upsetting tool. Since the
pin has to be axially supported in the punch cavity during the joining process in order to
avoid bending or damage to the pin and the surrounding material, sheet metal discs are
inserted into the punch indentation. The aluminium joining partner is then placed over the
pin structure and the upper upsetting tool moves axially downwards at a constant speed
and applies the joining work. The pin penetrates the softer joining partner and displaces
the material axially upwards and radially outwards due to the local upsetting of the sheet
metal. This results in a constant increase in force, while the aluminium sheet and the pin
structure are continuously compressed. Depending on the material pairing or strength
gradient, as well as the pin height between the joining partners, the pin is compressed to
a greater or lesser extent during this phase. Due to the high local compressive stresses
that occur, the aluminium surface curves above the pin structure as the process progresses,
which is illustrated in Figure 3. As soon as the aluminium sheet contacts the steel sheet, a
strong increase in force appears since in this phase the bulge on the surface of the joining
partner is levelled out and the main compression of the pin structure simultaneously occurs.
Depending on the pin height, a radial material flow within both the pin structure and the
aluminium joining partner starts. Due to the continuous compression of the pin structure,
an undercut is formed within the joining partner which leads to a form-fit and force-fit pin
joint. The completion of the levelling of the joining partner surface and the associated steep
linear increase in the joining force marks the end of direct pin pressing.
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3.4. Numerical Models of Pin Extrusion and Joining Processes
3.4.1. Pin Extrusion

For the numerical simulation of the pin extrusion process, which was set up according
to the design in Figure 4 on the right and represents a bulk sheet metal forming process,
the multiphysics solver LS-Dyna and, more precisely, the solver version smp_d_R12.0 was
used for the calculation of the FE simulation. Since the extrusion of the pins is a rotationally
symmetrical problem and to reduce the computing time, the simulation was designed as
a 2D axisymmetric simulation. In this way, it was possible to manage the large scale of
variant simulations that were carried out as part of the investigation of the robustness
analysis. The model design, the dimension of the sheet metal, and the tools used, as well as
relevant parameters of the simulation, are summarised in Figure 4.
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Figure 4. Relevant parameters of the FE-Simulation of the pin extrusion process as well as the
FE-model design with the initial dimensions.

For the discretisation of the tools and the sheet metal, a quadrilateral mesh was used,
and a four-node fully integrated axisymmetric element (elform 15) was involved as the
element formulation. A maximum edge length of 0.3 mm was applied for meshing the
die. A minimum of 8 elements over the radius was ensured when meshing the edge
radius at the opening of the die. This rounded edge is not present in the real process, as a
sharp-edged die opening was used in the experimental investigations, manufactured using
a wire EDM machine. Due to the fact that this sharp edge cannot be reproduced in the FE
model or would lead to problems in the simulation, a radius of 0.1 mm was added to the
die opening. An element size of 0.04 mm was used for the mesh of the punch and the blank
holder. Due to the high plastic deformations that occur during the pin extrusion process
and the resulting strong mesh deformation, which would lead to a termination of the
numerical simulation, it is necessary to implement remeshing of the sheet material during
the simulation. For this purpose, 2D r-adaptive remeshing is applied, which rebuilds the
mesh with a constant element edge length of 0.04 mm at a defined frequency. The tools
were modelled as elastic bodies in order to achieve a more accurate representation of the
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process, whereby the movement of the tools is carried out by rigid bodies. The materials
used for the tools are tungsten carbide for the die (E-modulus: 450 GPa) and the punch
(E-modulus: 650 GPa) and steel (E-modulus: 210 GPa) for the blank holder, using the
001-Elastic material card. For the DP600 sheet material used for extrusion, the material card
024-Piecewise_linear-plasticity was used, with an E-modulus of 210 GPa and the flow curve
in Figure 1 extrapolated according to Swift. The pin extrusion simulation itself was set up
with an implicit time integration. For mapping the tribology of the model, different friction
coefficients were used depending on the contact pairing. For the friction model, Coulomb’s
law of friction was applied to the individual processes. According to [25], both are within
the limits of the validity of Coulomb’s law including the varied friction values presented
below. In Kraus et al. [26], the coefficient of friction for the material pairing of DP600 and
carbide in the lubricated state was determined experimentally with a value of µ = 0.078,
which corresponds to the material pairing for the punch and the DP600 sheet in this work.
This was consequently used for the contact between the die/sheet and punch/sheet. A
coefficient of friction of µ = 0.1 was used for the contact between the blank holder and the
sheet metal.

3.4.2. Validation of the Pin Extrusion Simulation

For evaluating the quality of the numerical simulation, the FE models were validated
by comparing the experimental results with the data generated by the simulation. The
validation procedure was derived from the methodology presented by Tekkaya in [27].
Since the pin height and the solidification of the pin structure during extrusion are two
decisive parameters for the subsequent connections, both are used to compare the results
with the numerical simulation. For this purpose, pins with a diameter of 1.5 mm were
extruded from a 25 mm circular blank made of DP600 with different penetration depths,
and subsequently, the pin height was measured. Figure 5 shows the results of the punch
penetration depth-pin height combination. In addition, the results were fitted using a 2nd
degree polynomial. In addition to the experimental results, different punch penetration
depths were also calculated in the numerical simulation and the corresponding pin heights
were measured. Comparing the experimental and numerical data, a satisfying agreement
can be identified. By analysing the values of the fitted curves of the two data sets with each
other, a mean deviation of the pin height of 0.03 ± 0.01 mm is obtained, which means that
slightly higher pin heights are achieved in the numerical simulation than in the experiment.
The deviations may be caused by the complex friction conditions and the above-mentioned
fact that a small die entry radius had to be used in the simulation, as a sharp edge cannot
be reproduced in the simulation.

In addition to a quantitative, geometric validation of the numerical simulation, a
qualitative comparison of the results was carried out in order to investigate how well
the mechanical properties are reproduced by the numerical simulation. For this purpose,
the hardness of an extruded pin with a height of 2.0 mm and a diameter of 1.0 mm was
measured by means of microhardness measurement HV 0.015 with a Fischerscope HM2000
from Helmut Fischer GmbH in accordance with ISO 14577-1 [28]. The results are shown in
Figure 6. Additionally, the effective plastic strain for an equivalent pin from the numerical
simulation is compared with the hardness measurement. Since the increase in hardness and
the plastic deformation are correlating, according to [29], the microhardness distribution
of the experiment can be qualitatively compared with the effective plastic strain of the
numerical simulation.

The analysis of the data presented in Figure 6 shows a sufficient representation of the
hardening of the material by the numerical simulation. Particularly, in the area of the die
entry, the high plastic deformation and the different areas of the plastic hardening in the
pin are well mapped, showing the validity of the model and confirming that the extrusion
process as well as the resulting properties of the component are well represented.
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with a height of 2 mm and a diameter of 1.0 mm.

3.4.3. Pin Joining

For the simulation of the joining process, which was set up according to the design in
Figure 7 on the right, LS-Dyna and the same solver as for the pin extrusion were used. In
addition, analogous to the extrusion simulation, a 2D axisymmetric numerical simulation
along with a quadrilateral mesh for the discretisation of the tools and the sheet metal
was used again due to the rotational symmetry of the joining point. The pin structure
for the joining simulation was exported with the stress-strain data from the pin extrusion
simulation, maintaining the forming history of the pin. For the discretisation of the pin as
well as the aluminium joining partner, an element size of 0.04 mm was again used and,
due to the high plastic deformation of the aluminium sheet in particular, 2D r-adaptive
remeshing was used for both the aluminium sheet and the pin structure to avoid too
much mesh distortion during the process. For the lower and upper tools, an element size
of 0.05 mm and an element size of 0.1 mm for the pin support was used. The material
model for the pin from DP600 was taken from the extrusion simulation and the material
card 024-Piecewise_linear-plasticity with an E-modulus of 70 GPa and the Hockett–Sherby
extrapolated yield curve from Figure 1 for the EN AW-6014-T4 were also used for the
aluminium joining partner. For the mapping of the tribology of the model, a coefficient
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of friction of µ = 0.1 was used for the tool/sheet contacts, and a friction value of µ = 0.15
was used for the contact between the joining partners for a DP600/EN AW-6014 pairing,
according to [30].
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3.4.4. Validation of Pin Joining Simulation

For the validation of the numerical simulation for direct pin pressing, in addition to the
geometric validation via a micrograph of the joint, a validation of the force-displacement
curve of the joining process was used. For the geometric validation, a joint of the material
combination investigated in this work was used with sheet thicknesses of t0 = 1.5 mm for
the DP600 and the EN AW-6014-T4 sheet. Figure 8a compares a micrograph of the direct
pin pressing joint with an initial pin height h of 1.38 mm with the contour of the numerical
simulation to investigate the mapping accuracy of the joint geometry. The numerical
simulation shows a high qualitative agreement of the joint geometry. The wedge-shaped
geometry of the pin, which is created by the upsetting during the joining process, is well
reproduced. However, a slightly higher residual pin height can be seen in the simulation
and the pin penetrates slightly further into the aluminium sheet. One reason could be
the friction conditions between the upsetting tool and the aluminium sheet, which has
an influence on the material flow of the aluminium and thus on the axial upsetting of the
pin structure.

Additionally, Figure 8b shows the experimentally and numerically determined force
path for the direct pin pressing of a pin with a height, h, of 1.49 mm. It can be seen that
the three phases of the joining process described in [31] can be reproduced well by the
numerical simulation and that it shows a satisfying agreement with the force-displacement
curve. The joining process thus begins with the linear increase in the force due to the elastic
deformation of the steel and aluminium. This is followed by the elastic-plastic deformation
of the aluminium and the steel pin, whereby, initially, the aluminium is primarily plastically
deformed. Due to the penetration of the pin into the aluminium joining partner, a bulge
forms on the surface as already described due to the axial material displacement by the pin.
As soon as the aluminium and steel sheet come into contact, the slope of the force increases
sharply and the bulge is smoothed out by the upsetting tool through axially upsetting
the material as well as the pin and, as a result, displaces it radially into the sheet metal
plane. As soon as the upsetting tool is in full contact with the aluminium again, the strong
linear force increase takes place, and the joining process is completed. This strong linear
rise in force occurs around 4% earlier at 1.47 mm in the numeric simulation compared to
1.53 mm in the experimental data. One explanation for this could be a slight deviation
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of the experimental and numerical pin height, which would lead to a deviation from the
beginning of the force increase. Additionally, the friction conditions between the upsetting
tool and the aluminium sheet can again have an influence on the process. With a higher
friction coefficient, the material flow radially outwards is more restricted compared to a low
friction coefficient and therefore, the residual sheet thickness of the aluminium above the
pin structure is increased, slightly influencing the geometry of the joint (c.f. Figure 9). Due
to the good agreement of the force displacement curves for the experiment and numerical
simulation as well as the good geometric representation of the joint, the numerical model is
considered validated.
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Figure 8. (a) The comparison of the geometric properties of a direct pin pressing joint using a
micrograph of a pin with a height, h, of 1.38 mm from a sheet of DP600 with a thickness of t0 = 1.5 mm
and an aluminium joining partner of EN AW-6014-T4 with a thickness of t0 = 1.5 mm, and the results
of the numerical simulation with corresponding parameters. (b) Numerically determined and
experimentally measured force-displacement curves for direct pin pressing.

Table 1. Uniformly distributed input parameters.

Input Parameter A. Unit Spaces

min. max.

Pin extrusion
Friction punch/
primary sheet µI 0.05 0.25

Friction die/
primary sheet µI I I 0.05 0.25

Friction primary
sheet/blank

holder
µIV 0.05 0.25

Pre-straining
primary sheet cI % * 0 10

Pin joining
Friction pri-

mary/secondary
sheet

µI I 0.05 0.25

Friction
secondary

sheet/upsetting
tool

µV 0.05 0.25

Pre-straining
secondary sheet cI I % * 0 10

* Of initial sheet thickness.
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Figure 9. The comparison of a low and high friction coefficient µV (c.f. Table 1) between the upper
upsetting tool and aluminium joining partner.

Following the numerical investigation of the pin extrusion and joining process, the
utilization of validated 3D (shear loading; FShear) and 2D (head tensile loading; FTensile) FE
simulation models enabled the determination of the joint’s loading capacity. In this context,
the setup of the individual models is mainly based on the introduced approaches in [32,33].

3.5. Design of Experiment

Since the investigation of an entire technical system can be highly cost- and time-
intensive, the consideration of an intelligent experimental design enables the coverage of
a large parameter space taking a significantly reduced number of samples into account.
Furthermore, the set-up of a computer-based parameter study involving the previously
introduced FE simulation models provides the opportunity to exactly determine variations
in material properties or surface conditions [34]. In this context, the authors in [35,36]
demonstrated a novel approach for the efficient and automated numerical parameter study
in the field of mechanical joining processes using clinching as an example. Especially,
the use of a Latin Hypercube Design as a statistical method ensures the generation of
near-random sample values based on a multi-dimensional distribution. Thus, the resulting
space-filling parameter space decreases the appearance of spurious correlations between
the individual input parameters whereby a sufficient representation of the investigated
technical system can be achieved [34].

In addition to the selection of a suitable design for the experiment, it is crucial to also
identify relevant input parameters and relating sampling boundary values for the following
performance of a comprehensive Pearson’s correlation analysis and robustness study.
Therefore, the combination of expert knowledge and existing standards or design principles
ensures the reliable and meaningful exploration of varying parameter configurations. Based
on experimental studies, such as in [37], that investigate the influence of friction conditions
during the pin extrusion process, the selected parameters in Tables 1 and 2 in the following
chapter represent uncertain factors within the pin extrusion as well as the joining process
chain. However, since not all uncertainties of the investigated input parameters are precisely
described in tolerance specifications, the selection of suitable distribution functions is of
main interest. For instance, while permissible variations in initial sheet thicknesses rely on
standards, such as DIN EN 485-4:2019-05 [38], and thus are mainly Gaussian distributed
to a mean value, friction values are often based on the available joining process, such
as present tool coating conditions. For this reason, the chosen friction values represent
different tool or sheet surface states.
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Table 2. Gaussian distributed input parameters.

Input Parameter A. Unit Distribution

x ±σ ±3σ

Materials
Thickness

primary sheet tI mm 1.5 0.033 0.1

Thickness
secondary sheet tI I mm 1.5 0.033 0.1

Tensile strength
primary sheet TSI MPa 645 16.67 55

Tensile strength
secondary sheet TSI I MPa 235 11.67 35

4. Results
4.1. Data Sampling Process

For the selection and set-up of an intelligent experimental design, it is crucial to
determine the involved input parameters regarding their boundary values and considered
distribution functions. Therefore, existing process knowledge provided by standards or
norms, such as manufacturing tolerances (e.g., DIN EN ISO 9445 [39]), enables a more
precise definition of factor uncertainties. For instance, the initial thickness of the blanks or
the material properties (e.g., ultimate tensile strength) can differ between specific tolerance
limits. In this regard, each parameter shows a Gaussian distribution around a defined mean
value, whereby the maximum and minimum values truncate a probability distribution
representing 99.7% (six standard deviations) of the parameter space. In summary, Table 2
provides an overview of the chosen input factors and the considered distributions.

In comparison, the selection of suitable parameter spaces for each friction scenario
mainly relies on the applied process and joining tool. For instance, changes in the tool
surface caused by the wear in series production or the consideration of lubrication can
result in a wide range of potential frictional contact mechanics. Thus, to achieve a satisfying
coverage of varying conditions, all investigated contacting parts are represented by a
uniform distribution of the particular friction values. The selected input parameters and
factor spaces can be seen in Table 1. In the following, the steel material is described as the
primary sheet and the aluminium alloy as the secondary sheet. Based on the defined design
of the experiment, an intersection between the design points and the parametrization of the
introduced FE models ensures a consistent and fast generation of 330 pin joint connections.
In addition, the previously explained set-up of numerical 3D shear-tensile and 2D cross-
tensile tests provides the opportunity to measure the impact of varying material properties
and friction values on the resulting joint strengths. Therefore, an algorithm automatically
determines both the resulting geometrical joint characteristics, such as the pin height, as
well as the loading capabilities. In summary, the combination of an intelligent design of
experiment with suitable distribution functions and parametrized FE models provide an
efficient generation of data for the following performance of a Pearson’s correlation analysis
and the subsequent investigation of process robustness considering uncertain material and
process parameters.

4.2. Correlation Analysis

The application of a statistical method provides the opportunity to obtain a deeper
understanding of the investigated pin joining process. Especially, the performance of
Pearson’s correlation analysis enables the calculation of linear relationships between the
input and target variables by measuring their individual associations. For instance, the
identification of a positive correlation between variables means that an increase in one
factor leads to an increase in the second one. In contrast to this, the decrease in a variable
combined with the resulting increase in another parameter indicates a negative correlation
between these parameters.
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Given the aim to achieve a robust generation of pin joint connections, Figure 10 depicts
the calculated Pearson’s correlation indices (r) regarding all varying input parameters
and target variables. In this context, while r tending to 1 indicates a very strong positive
correlation, a value of −1 implies a strong negative correlation. In addition, 0 means there
is no association between the considered parameters.
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Thus, one can see that the pin height (hPin) is mainly affected by the present pre-
straining (cI) in the steel sheet (r = 0.594) as well as the friction (µI) between the punch
surface and the primary material (r = −0.538). For the latter, the calculated Pearson’s
correlation value indicates a moderately negative correlation, which means that an increase
in friction results in a decrease in the achievable pin height. This can be explained by the
fact that, due to the reduced friction between the punch and blank, the radial material
flow inwards of the material that is in direct contact with the punch is promoted. This can
be seen in Figure 11 (left) on the magenta lines, which indicate the material flow for the
material right beneath and in the edge area of the punch. Conversely, higher friction (µI)
between punch and blank limits the radial material flow inwards of the material in direct
contact with the punch and, therefore, leads to an increased material flow outwards into the
sheet metal plane of the material beneath and in the edge area of the punch (c.f. Figure 11,
right). Furthermore, the present friction (µI I I) between the die and the primary joining
material as well as the scale of pre-straining (cI) in this sheet have a positive effect on the
target variable. In this case, the higher the input parameters are, the greater the resulting
pin height. In contrast to this, uncertainties in the ultimate tensile strength (TSI , TSI I)
influence the factor only slightly.
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Focusing on the joint’s resistance against shear loading, one can see that the param-
eter is mainly affected by the input parameters µI (friction between punch and primary
sheet) and µI I (friction between primary and secondary joining part). Especially, the latter
indicates a moderate positive correlation whereby a higher friction coefficient leads to
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an increase in the shear force. Moreover, the generated pin height is highly relevant for
achievable shear loading. In this context, an increase in the pin height leads to a simultane-
ous increase in this target variable. Similar to before, uncertainties in the ultimate tensile
strength (TSI , TSI I) have nearly no impact on the resulting shear loading capacity.

In order to achieve enhanced tensile force values, the input parameters µI I (friction
between primary and secondary joining part) and µV (friction between secondary joining
part and upsetting tool) have to be taken into consideration. Therefore, while an increase in
µI I leads to a moderate improvement in the tensile strength, higher values of µV result in a
reduction in the achievable joint’s resistance against tensile loading.

This is due to the fact that the friction between the aluminium joining partner and the
upper upsetting tool (µV), as already shown in Figure 9, leads to a stronger compression of
the pin structure. As a result, the wedge-shaped pin geometry continuously changes into a
barrel shape, similar to the shape which is common when upsetting cylindrical specimens
for material characterisation. This changes the position of the largest cross-section of
the pin from the pin head toward the pin base. However, the analysis of the numerical
simulations showed that a position of the largest pin cross-section closer to the pin head
has a positive effect on the tensile strength. This is based on the fact that a larger volume of
material of the joining partner is located in the undercut, which leads to an increase in the
load-bearing capacity under tensile load. Compared to this, uncertainties in the available
sheet thicknesses (tI , tI I) have only a slight impact on this target variable.

In summary, one can see that the present friction conditions between the joining tools
and the sheet metals affect the resulting quality-relevant pin joint characteristics rather
than uncertainties in the material properties, such as a varying ultimate tensile strength.
Thus, focusing on the selection of suitable frictional contact mechanics is crucial in order to
control and guarantee a sufficient process robustness.

4.3. Robustness Analysis of Cold-Formed Pin Joints

In the context of this contribution, the following robustness analysis provides addi-
tional information to the previously determined Pearson’s correlation values. Therefore,
the main scope is to acquire a better understanding of the underlying process uncertainties
and frequency distributions of the target variables caused by differing process and material
conditions. Furthermore, in order to evaluate whether the pin joining process is robust,
boundary values are defined in which joint characteristics should be located. Especially,
the resulting pin height has to reach a value of at least 1.45 mm to avoid ploughing [31] and
a maximum of 2.25 mm to prevent buckling effects, which could be detected in preliminary
tests. In this regard, Figure 12 illustrates the distributed quality-relevant pin joint charac-
teristics, including the kernel density estimation. One can see that the results of the pin
height are Gaussian distributed around the mean value of 1.8 mm. However, 6.41% of the
generated joints did not reach the lower boundary and 3.51% exceeded the upper value,
which represents a potential failure probability of 9.92%. Focusing on the shear force, the
results are located between 1150 N and 1700 N (mean value of 1378 N, standard deviation
of 95 N). In addition to this, the frequency distribution of the tensile force shows a variation
range between 170 N and 550 N (mean value of 327 N, standard deviation of 81 N).

In summary, while the results of the pin height as well as the tensile loading indicate a
Gaussian distribution around the mean value, the data of the tensile force tend to show a
slightly skewed distribution. In this regard, the scope and purpose of this contribution are to
evaluate the robustness of the pin joining process and to provide process recommendations
to the design engineer in order to increase the reliability of the resulting joint connection
as well as the robustness of the entire joining process. Thus, the following section focuses
on the definition of a suitable process configuration based on the calculated relevance
(Section 4.2) of individual input parameters.
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4.4. Process Optimisation and Derivation of Process Windows

Since a failure probability of around 10% can lead to significant challenges within the
joining process chain, this section focuses on the identification of more suitable limit values
of the particular input parameters (process windows). Therefore, the aim is to increase the
robustness of the pin joining process by simultaneously achieving a satisfying distribution
of the pin height and thus ensuring a high resistance of the joint against shear and tensile
loading. Based on the previous calculation of Pearson’s correlation values, the friction
coefficients µI (friction between punch and primary joining part) and µI I I (friction between
die and primary joining part) in particular, as well as the present state of pre-straining
within the primary joining part (cI), are relevant for the formation of a pin structure. Since
the latter mainly depends on previous forming steps, such as deep drawing, the setting of a
high level of pre-straining is often hard to achieve and sometimes requires a cost- and time-
intensive adjustment of the entire joining process. Thus, the recommendation is to apply
the pin joining technology only in areas where a maximum of 5 percent pre-deformation
is already present. This can also reduce the risk of buckling effects caused by pin heights
exceeding the specified limit of 2.25 mm.

As previously explained, while lower friction values between the punch and primary
joining part are preferable, the application of a coated die tool configuration or lubrications
can be highly beneficial for the resulting pin height. Furthermore, and based on the results in
Section 4.2, it is also advisable to choose tool configurations that tend to reach higher friction
mechanics between the die and primary joining part. Thus, Table 3 illustrates the adapted
parameter spaces for the subsequent performance of the second robustness analysis.

Table 3. Overview of the initial and adapted parameter spaces for the robustness analysis.

Input Parameter Initial Parameter Space Adapted Parameter Space

µI (punch and primary
joining part) µI = 0.05–0.25 µI = 0.05–0.15

µI I I (die and primary
joining part) µI I I = 0.05–0.25 µI I I = 0.15–0.25

cI (pre-straining primary
joining part) cI = 0–10% cI = 0–5%

Although the demand on tighter permissible ranges of the tool friction conditions
can result in higher production costs, since the die and punch have to be controlled and
exchanged more frequently, Figure 13 demonstrates a significantly positive effect on the de-
termined pin joint distribution and thus on the robustness of the entire pin joining process.
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One can see that the failure probability for ploughing decreased by around 52% (6.41%
to 3.03%) and for buckling by over 56% (3.51% to 1.52%). In this context, the mean pin
height slightly increased to a value of 1.86 mm (σ = 0.21 mm), still showing a Gaussian
distribution of the results. Focusing on the loading capacity, it can be noted that while the
distribution of the shear forces indicates a slightly increased mean value (1387 N to 1404 N)
and standard deviation (95 N to 104 N), the results of the tensile force depict an opposite
effect. Therefore, both the mean value (327 N to 308 N) and standard deviation (81 N to
68 N) demonstrate a reduced range. Especially, the latter effect can be referred to as the
limitation of the permissible pre-straining of the primary joining part (see Section 4.2). To
compensate for the decrease, the inclusion of a coated upsetting tool or lubrication between
the primary and secondary joining part need to be investigated in future works.

5. Discussion

Reflecting on RQ1, namely the question of which uncertain input parameters have a
significant impact on individual pin joint characteristics, Figure 10 depicts the results of
the Pearson’s correlation analysis. While the variation of several friction values showed a
significant impact on all investigated pin joint properties, uncertainties within the applied
material, such as the ultimate tensile strength or the sheet thickness of the secondary
joining part, are rather irrelevant. In truth, variations of the friction (µI , µI I I) between
both extrusion tools (punch and die) and the primary joining part, as well as the level
of pre-straining (cI), affect the resulting pin height. Focusing on the shear and tensile
force, the friction between the primary and the secondary joining part (µI I) as well as the
friction between the secondary joining part and the upsetting tool (µV) are particularly
relevant for the achievement of a high loading capacity. However, the Pearson’s correlation
coefficients are based entirely on the previously selected design of the experiment and
the chosen parameter distribution functions and boundaries. For instance, the selection
of the friction ranges was defined on the basis of empirical values and less experimental
data. A more precise specification of these ranges can lead to an even better evaluation of
the parameter relevancies. In this context, the inclusion of the cross-domain knowledge
introduced in [40] can pave the way to a deeper understanding of the pin joining process.
In summary, the presented results are only valid for the introduced parameter spaces and
can vary for changed conditions, but already provide a useful and better understanding of
the pin joining process.

Referring to RQ2 and the question of how robustly the particular joint properties react
to the varying process and friction parameters, Figure 12 shows that the involvement of
boundary values for the pin height (minimum 1.45 mm; maximum 2.25 mm) leads to rather
poor robustness (potential failure probability of 10%) of the pin joining process for the
given input parameter spaces and joining task. In this context, the probability of 6.41%
regarding ploughing and 3.51% for buckling can cause significant challenges within the
joining process chain. However, the selection of the boundary values mainly relies on
expert knowledge and only a few experimental studies. A more detailed adjustment of
the values in future work may lead to an even more precise evaluation of the process’s
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robustness. Furthermore, the use of a 3D numerical simulation could significantly improve
predictability in this regard, since buckling cannot be taken into account in an axisymmetric
2D simulation, but it has the disadvantage of a significantly higher computing time due to
an increased number of elements.

In answer to the question of whether an improvement of the process reliability can be
achieved and which recommendations can be given for future joining tasks (RQ3), Figure 13
illustrates a significant improvement of the pin joining process robustness. Therefore, the
adaptation of only a few input parameter spaces already led to a reduction in the failure
probability. As mentioned before, the investigated friction mechanics within the joining
process chain were specifically indicated to have a significant influence on the resulting
pin joint properties. However, while the increase in some values (e.g., µI I I and cI) can
lead to higher pin heights, the adjustment of other values (e.g., µI) showed indications
of the opposite effect. Thus, it is important to achieve a well-balanced adaption of the
permissible input parameters to avoid strongly skewed distributions of the results. For
instance, an updated parameter setting may reach a no failure probability for buckling but
have a significantly increased level of ploughing. The second robustness analysis showed
that the reduction in the friction values between the punch and the primary joining part,
using, for example, coated tools or lubrications, can be beneficial for the achievement
of greater pin heights. In contrast to this, the Pearson correlation analysis in Section 4.2
indicated that rather high friction mechanics between the die and the primary joining part
are preferable for the resulting pin height. Additionally, it is recommended that the pin
joining process should be applied in areas including a small pre-straining of the primary
joining part. Based on this, the application of the joining technology in versatile process
chains can be significantly increased, since a reduced failure probability leads to a robust
and reliable generation of joining connections in future joining tasks.

6. Summary and Outlook

Summary: The introduced approach represents a systematic analysis of the pin joining
process regarding the influence of varying input parameters on individual pin joint prop-
erties. Carrying out a robustness analysis combined with the determination of Pearson’s
correlation coefficients enables the evaluation of the reliability of the pin joining process.
Therefore, uncertain input parameters, such as varying sheet thicknesses, have to be focused
on in more detail. In this context, the setup of validated and parameterized finite element
simulation models in combination with the subsequent automated and algorithm-based
determination of joint properties provided the generation of a comprehensive numerical
database. For this purpose, the sheet metal HCT590X (1.5mm) as the primary joining
part and EN AW-6014 (1.0mm) as the secondary joining part are used as an example. In
summary, the investigations provided the subsequent results:

• The friction mechanics between the extrusion tools (punch and die) are highly relevant
for the achievement of satisfying pin joint properties. In comparison to this, uncertain-
ties within the materials, such as the ultimate tensile strength or the sheet thickness of
the secondary joining part, are less relevant.

• The use of coated tools, especially for the punch, and the application of the pin joining
process in areas including a small pre-straining level are recommended.

• However, a good balance between the adjustments of particular process parameters is
highly important as even small changes can lead to a significant shift in the distribution
of the resulting pin joint properties.

• An increase in the robustness of the pin joining process resulted from the described rec-
ommendations. In this context, the failure probability was reduced from 9.92% to 4.54%.

Outlook: The results presented in this contribution can pave the way to strengthen
the application of pin joining as a sustainable and climate-friendly joining technology in
versatile process chains. In this context, future research should try to establish a holistic
approach to the pin joining process chain with a 3D simulation to address the limitation of
the 2D axisymmetric simulation regarding the buckling of the pin during the joining process.
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Furthermore, since this work does not take the failure of the pin structure into account,
the load bearing capacity of the joints is increased compared to the experimental results.
Therefore, it is important to establish and subsequently implement a failure criterion for
the material into the numerical simulation.
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