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Abstract: The demands on joining technology are constantly increasing due to the consistent
lightweight construction and the associated increasing material mix. To meet these requirements,
the adaptability of the joining processes must be improved to be able to process different material
combinations and to react to challenges caused by deviations in the process chain. One example of a
highly adaptable process due to the two-step process sequence is thermomechanical joining with
Friction Spun Joint Connectors (FSJCs) that can be individually adapted to the joint. In this paper, the
potentials of the adaption in the two-stage joining process with aluminium auxiliary joining elements
are investigated. To this end, it is first investigated whether a thermomechanical forming process
can be used to achieve a uniform and controlled manufacturing regarding the process variable of the
temperature as well as the geometry of the FSJC. Based on the successful proof of the high and good
repeatability in the FSJC manufacturing, possibilities, and potentials for the targeted influencing
of the process and FSJC geometry are shown, based on an extensive variation of the process input
variables (delivery condition and thus mechanical properties of the raw parts as well as the process
parameters of rotational speed and feed rate). Here it can be shown that above all, the feed rate of the
final forming process has the strongest influence on the process and thus also offers the strongest
possibilities for influencing it.
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1. Introduction

Current global challenges require the optimisation of energy and resource efficiency
of conventional vehicles, facilities, and production processes. One example of a sector in
which energy and resource efficiency is becoming increasingly important is the automotive
industry [1]. With the consistent lightweight construction of vehicles, resources can be
saved on the one hand during production. In addition, fuels and emissions can also be
reduced during the vehicle’s use phase [2,3]. Taking consistent lightweight construction
into account, a variety of different construction materials such as high-strength steels,
aluminium, and fibre-reinforced plastics are used, resulting in a multi-material mix [4,5].
The use of fibre composites in particular is increasing, which brings new challenges for
joining technology [6]. Thermal joining by welding of dissimilar material pairings is very
challenging and, in some cases, not even possible [7]. One possibility to thermally join
dissimilar metallic material pairs is the use of resistance spot welding (RSW) [8]. Despite the
fact that dissimilar metallic material pairs (such as aluminium and steel) can be joined with
this process, some challenges remain as the incompatible thermo-physical properties such
as melting temperature, different coefficient of thermal expansion and thermal conductivity,
along with the formation of brittle intermetallic compound (IMC) [9]. Investigations show
that the joining of non-metallic components (such as fibre-reinforced plastics) with steels
is also possible [10,11]. However, this usually requires complex process alternatives of
resistance spot welding, which lose their adaptability accordingly.
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To overcome some of the challenges of the thermal joining processes, mechanical
joining methods such as self-pierce riveting or mechanical clinching have been increasingly
used in recent years [12,13]. The investigations of the past years on the mechanical joining
processes show that due to the manifold influencing variables, the most different material
combinations can be joined, but also the extensive influences of the process parameters
have to be researched [14,15]. The versatile joining of different material combinations
can be implemented by different mechanical joining processes with and without auxiliary
joining elements [12,16]. Each of the joining processes has separate requirements for the
joining partners or the accessibility of the joining point [17]. A prerequisite for clinching,
for example, is sufficient ductility of the materials to be joined, which significantly reduces
the range of materials to be processed and increases the risk of cracks occurring in materials
with low ductility [18]. Another limitation of mechanical joining processes (such as, e.g.,
self-piercing riveting) can be the fact that the fibre structure of fibre-reinforced plastics is
damaged during joining by the forming of the sheet materials [19].

One possibility to overcome the challenges described above, i.e., the lack of ductility
of the sheets to be joined and the lack of transformability, is the use and formation of an
auxiliary joining element in the direct vicinity of the joining process. Thermomechanical
joining processes, which are characterised by the combination of mechanical and thermal
treatment of the material to be formed, are suitable for this purpose [20]. One example of a
thermomechanical joining process with an auxiliary joining element and accessibility only
required on one side is flow drilling screwing [21]. This process uses a rotating bolt-shaped
auxiliary joining element to form a thread in the resulting draft [22]. Due to the frictional
contact as well as the relative speed between the sheets and the auxiliary joining element,
heat is generated, the flow stress of the sheets to be formed is reduced and thus the process
supports the forming of the draft [23,24]. Challenges are posed by the need for auxiliary
joining elements specially adapted to the joint in advance as well as the limited joinability
of thin sheets due to the necessity of forming a thread. A thermomechanical joining
process that does not require an auxiliary joining element is friction stir welding [25].
In this process, friction and thus heat are generated by the contact of the rotating die
with the joining partners, the sheets are plasticised, and a joint is created [26,27]. Due
to the low process temperature compared to conventional welding methods, friction stir
welding has several advantages, such as the elimination of the need for post-processing [25].
Nevertheless, the strength of the joint depends on the process parameters used and, above
all, on a suitable process temperature [28]. Despite the extensive advantages, the limitation
remains that the connection between the materials is only realised by the material bond.
Comparatively high forces occur in the process and the arrangement of the joining partners
and the design of the joint itself is limited.

To further improve the adaptability of the thermomechanical joining process and to
improve the joint strength by using a form-fit as well as a force-fit, a two-stage thermome-
chanical joining process with auxiliary joining element has been researched for a few years.
In this process, the adaptive auxiliary joining elements are manufactured in a thermome-
chanical forming process by means of a shaping tool in a first process step depending on
the requirements of the joint [29] (explanation of the process principle in Section 2). To
date, research has been carried out into the use of aluminium and steel auxiliary joining
elements with a wide range of geometries and (mechanical) properties to be set in the pro-
cess [30]. The manufacturing of auxiliary steel joining elements, which has been extensively
considered in investigations, enables the (pre-hole-free) joining of a wide range of different
material thickness combinations made of aluminium and steel [31]. The feasibility and thus
also the high versatility of the thermomechanical joining process with adaptive friction
elements has thus been successfully demonstrated in past investigations. A high degree of
versatility in the processing of aluminium auxiliary joining elements is provided by the
many possibilities of influencing the process parameters such as rotational speed and feed
rate while pre-rubbing and forming. The large number of process parameters also leads to
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a wide range of influences on the process and the properties of the resulting joint. In this
paper, the possibilities for influencing these parameters are examined in detail.

2. Materials and Methods

This section first describes the principles of the thermomechanical forming process
of the Friction Spun Joint Connectors (FSJCs) and the possibilities to influence this pro-
cess, a characterisation and naming of the properties of the semi-finished products used,
the experimental plan applied, and the methods and measuring devices for evaluation
are described.

2.1. Thermomechanical Forming of the Friction Spun Joint Connectors (FSJCs)

The fundamental idea of the joining process with integrated manufacturing by forming
the Friction Spun Joint Connectors is the possibility of adapting the auxiliary joining part
geometry to the requirements of the respective joining task. This adaptation can and
should take place directly before the actual joint is produced. Based on the extremely
high adaptability, the previously described challenges of conventional joining processes
regarding the adaptation to different material and material combinations are to be solved.
This adaptability to different joining tasks can be achieved by adapting the diameter,
the length, and the geometry of the closing head (the parameters are explained later
in this section) to the individual auxiliary joining element. The precondition for this
adaptation to the geometry is a forming process that provides many degrees of freedom
due to its kinematic shape formation. Figure 1a shows the schematic sequence of the
thermomechanical forming process to be compared with a picture of the real experimental
setup in Figure 1b. The raw shape of the FSJC represents a round bar section that can
be used universally and is also readily available. This round bar section is clamped in a
collet of a suitable milling machine at the beginning of the first process step (Step I). This
horizontally arranged milling spindle from the manufacturer WEISS Spindeltechnologie
GmbH, Maroldsweisach (Germany) allows a maximum rotational speed of nmax = 15,000 rpm,
so that the rotational movement within the forming process is carried out by the workpiece.
As a result, only rotationally symmetrical FSJCs can be produced (without a major effort)
at the time of this publication. The relative movement necessary to create a user-specific
geometry of the FSJC is realised by a cross support (traverse movement in the x- as well
as y-direction) to which the die is attached. Two different process control strategies can
be used to manufacture the FSJC. On the one hand, heat can first be selectively applied
into the workpiece with the (carbide) tool by means of a frictional contact on the face of the
die with the round bar section (Step II). Following this pre-rubbing step, the actual FSJC
geometry is manufactured (Step III). For the second process control strategy, the process
of pre-rubbing can also be omitted and the FSJC can be produced directly by means of
the forming process (Step III). Following the forming process, the properties of the FSJC
can still be adapted to the requirements of the joining point by means of a machining
reworking process (adaptation of the geometry by e.g., grinding or machining) and the
mechanical properties can be adapted to the requirements of the joining point by quenching
(particularly relevant for steel materials) (Step IV) [31].

2.2. Characterisation of the Workpieces and Dies Used

Each of the round bar sections used in the following investigations has a diameter
of d0 = 8 mm, a length of l0 = 35 mm, and is made of the wrought aluminium alloy EN
AW-6060. The chemical composition of the aluminium rods used is listed in Table 1. The
aluminium rods are delivered in the heat treatment condition T66 (solution annealed and
artificially aged with a special control of the process). To assess the influence of the heat
treatment condition on the thermomechanical forming process, one half of the round bar
sections used are transferred to the heat treatment condition T4 (solution annealed and
cold aged). This is done by means of a solution annealing process at a temperature of
T = 540 ◦C (time t = 2 h) in a furnace followed by quenching in a water bath. Due to the



J. Manuf. Mater. Process. 2023, 7, 147 4 of 11

high tool loads associated with the thermomechanical forming process, the tools used for
the investigations are made of sintered carbide KX 40 (Co 9%, WC 91%).
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Figure 1. Thermomechanical forming process to manufacture the FSJC, (a) process steps, (b) picture
of the experimental setup.

Table 1. Chemical composition of the EN AW-6060 round bar used in the investigations.

Elements Al Fe Si Cu Mn Mg Zn Ti Cr

Mean value in wt% Balance 0.17 0.54 0.01 0.03 0.55 0.01 0.01 <0.01

2.3. Experimental Plan

The manufacturing of FSJCs with different dimensions (e.g., from round bars as well
as from tubes) has been successfully demonstrated in past investigations. The central object
of this investigation is to show the influence of the process parameters of the thermome-
chanical forming process on the process itself as well as the geometry of the FSJCs. On the
process side, the rotational speed of the round bar section as well as the feed rate of the
die can be influenced in a wide interval both during the pre-rubbing phase and during
the forming phase. Together with the material condition, five factors are varied in a wide
spectrum in each case. For the rotational speed in the pre-rubbing process, six points
between 0 rpm (no pre-rubbing) and 14,500 rpm are considered as well as six different
feed rates between 0 mm/min (no pre-rubbing) and 150 mm/min during pre-rubbing.
For the forming process, five rotational speeds between 6000 rpm and 14,500 rpm as well
as five feed rates between 25 mm/min and 700 mm/min are considered, which in total
represents a wide range of parameters. In addition, the material condition and thus also the
mechanical strength and ductility of the raw shapes in the form of the round bar sections
are varied between T4 and T66. Due to the high number of experiments that had to be
carried out for a full factorial experimental plan, a partial factorial experimental plan is
used. For each of the considered experimental points, four additional repeat experiments
are carried out, so that a total of 454 experiments are considered for the evaluation. The
order of the experiments was randomised.

2.4. Analysis and Evaluation of the Experiments

Five target variables are considered for the following evaluation. The relative weight
loss represents a measure of the loss of material, i.e., a cutting removal of material. Due to
the optical properties of aluminium, it is not possible to measure the temperature accurately
and correctly using a thermographic camera. Instead, a tactile measurement approach with
a type K thermocouple, which is located on the stationary die approx. 5.5 mm away from
the contact point with the workpiece, is used in the investigations. Due to this indirect
measuring principle, the measured temperature serves as a qualitative comparison value,
as it will be below the true workpiece temperature. Furthermore, three geometric target
values (shown in Figure 2) are considered for the evaluation. To achieve the best possible
form fit, the parameters of the undercut u (difference of l2 and l1) and the flange diameter
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df must be maximised. In addition, the shaft diameter of the FSJC d1 is examined in
the evaluation.
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3. Results and Discussion

The introduction of this publication motivates research on versatile thermomechanical
processes for joining a wide variety of material combinations. Due to the many influencing
parameters (e.g., kinematic shape generation or process parameters such as rotational speed
and feed rate), extensive basic research into the effects of the individual process parameters
must be carried out before industrial application. The results presented in the following
are intended to contribute to the understanding of the influencing variables as well as the
possibilities for the repeatable manufacturing of FSJCs. For this purpose, the results of
the investigations with regard to the repeatability of the FSJC production of a geometry
with identical parameters are first discussed. Subsequently, it will be highlighted which
process-side influencing factors have the strongest effect on the targeted adjustment of the
geometric characteristic values of the FSJCs.

3.1. Evaluation of the Repeatability

The results of the investigations on the repeatability of the manufacturing process of
the FSJCs are presented below under the consideration of exemplary series of experiments.
For each identical process parameter combination, four additional repetition experiments
are carried out. From two series of experiments with a significant different feed rate, one
FSJC (raw material condition T66) each is shown (high feed rate in Figure 3a and a low
feed rate in Figure 3b to illustrate the influence of the feed during forming. In addition,
the mean values and standard deviations of central geometric parameters of the entire test
series (consideration of all five FSJC produced) are compared in Table 2. The FSJC produced
with the high feed rate shows a flange inclined towards the later joining partner with a
positive undercut, which is well suited for achieving a form fit in the joined connection. In
comparison, the low feed rate results in an FSJC geometry with a flange inclined towards
the collet, which is not well suited for joining. Despite the flange geometry suitable for
setting a form fit, the FSJCs produced at a high feed rate show smaller cracks (Figure 3a)
over the outer diameter.

Table 2. Central geometric parameters and associated deviations for the entire test series with high
as well as low feed rates.

Condition nR (rpm) nf (rpm) f R
(mm/min)

ff
(mm/min) ØdF (mm) SD (ØdF) Ød1 (mm) SD (Ød1)

T66 0 0 14,500 700 13.2 0.14 5.45 0.03

T66 0 0 14,500 25 12.4 0.13 4.9 0.07
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Whether these smaller cracks have an influence on the strength of the later manufac-
tured joint connection or whether they can even have a positive influence as an anti-twist
device must be evaluated in future investigations. Regardless of this, such cracks can be
removed during the production of the FSJC (analogous to conventional spinning processes)
or the formation of the cracks can be avoided by using a counter roll.

In addition to the figure, central geometrical and more detailed results of FSJCs from
four series of experiments are presented in Table 3 to mainly show the influence of the
material condition. For each delivery state, five FSJCs manufactured with identical process
parameters (nR = f R = 0, nf = 14,500 rpm, ff = 700 mm/min) are compared. The mean
value of the flange diameter df of the as-delivered condition T66 is df = 13.2 mm (standard
deviation SD = 0.14 mm) which corresponds to 1% (Table 2). For the series of experiments
of the condition T4, the mean value of the shaft diameter is d1 = 5.45 mm (SD = 0.03 mm),
which is less than 1%.

Table 3. Almost identical geometries achievable in a series of experiments with high feed rate for the
conditions T4 and T66 and compared to very different results for a low feed rate.

FSJC Condition nR (rpm) nf (rpm) f R (mm/min) ff (mm/min) u (mm) d1 (mm) df (mm)

I T66 0 0 14,500 700 1.05 5.35 13.3
II T66 0 0 14,500 700 0.95 5.4 13.2
III T66 0 0 14,500 700 1 5.4 12.95
IV T66 0 0 14,500 700 1.15 5.45 13.35
V T66 0 0 14,500 700 1.1 5.5 13.15

I T4 0 0 14,500 700 0.35 5.4 14.35
II T4 0 0 14,500 700 0.5 5.45 14
III T4 0 0 14,500 700 0.55 5.45 13.85
IV T4 0 0 14,500 700 0.65 5.45 13.85
V T4 0 0 14,500 700 0.5 5.5 13.8

I T66 0 0 14,500 25 −4.2 4.9 12.5

I T4 0 0 14,500 25 −3.6 5.4 12.1

The repeatability results for both delivery conditions manufactured with identical pa-
rameter sets are supplemented with one experimental point each with a changed parameter
set (here, a low feed rate during forming of ff = 25 mm/min were used). This shows in this
context that with the variation of the process parameters (as well as the delivery condition)
significant differences in the geometric parameters can be set, which will be considered
in detail in the following subchapter. However, the central findings of the observation of
the experiments presented here for the delivery states T4 and T66 remain the high and
good repeatability in the manufacturing of FSJC with an identical parameter set. The
consideration of further series of experiments (also with identical parameter sets) confirms
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the result described before, the good and high repeatability for a series of experiments with
identical process parameters.

In addition to the consideration of the geometry, conclusions regarding the unifor-
mity and reproducibility of the FSJC manufacturing process itself can be drawn from the
course of the temperature measured at the tool as well as from its maximum value. For
this purpose, Figure 4 shows the temperature curves of two different process parameter
combinations (high and low feed rate of ff = 700 mm/min and ff = 25 mm/min) of three
repeat trials each. The pre-rubbing conditions (f R = 150 mm/min and nR = 11,625 rpm) are
identical and the rotational speed during FSJC forming is comparable (for ff = 700 mm/min
the rotational speed is nf = 14,500 rpm and for ff = 25 mm/min the rotational speed is
nf = 12,375 rpm). The first finding shows that in each case the three repeat trials have an
almost identical course of the temperature curve (measured on the shaping tool). For the
higher feed rate of ff = 700 mm/min, a higher heating rate (i.e., a steeper increase) can
be recorded. Due to the significantly higher feed rate, the process time until reaching the
temperature maximum is significantly shorter for the high feed rate. The average maximum
temperature of TMax = 222.7 ◦C (standard deviation SD = 3.2 ◦C) results for the low feed
rate (due to the longer process time) for all three repetition experiments is considered
and a temperature of TMax = 122.1 ◦C (SD = 1.9 ◦C) for the higher feed rate (due to the
significantly shorter process time). In addition to the central finding that a reproducible
process is also present with regard to the course and the maximum value of the temperature,
the results here confirm that significantly more heat is applied to the workpiece with a
lower feed rate. This can be explained by the higher process temperature as well as the
higher friction path (at identical rotational speed) at a lower feed rate and thus longer
process time. Summarising the investigations described here, it can be highlighted that
both the geometry of the FSJC and the measured process variable of the tool temperature
show a high and good agreement among the repeated experiments. This is (in addition to
the prerequisite for the industrial applicability of this process) also a necessary requirement
for the following investigation of the effects and parameter influences of the input variables
on the thermomechanical forming process.
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Figure 4. Comparison of the temperature curves of three exemplary repeat experiments for two very
different feed rates and otherwise similar parameters.

In addition to directly influencing the process time, the feed rate also influences the
amount of heat generated in the process and thus also brought into the FSJC, as already
described. The amount of heat brought into the process also changes the properties of the
FSJC. When using a low feed rate (e.g., ff = 50 mm/min), a softening of the FSJC originally
in the T66 state takes place. The hardness following the thermomechanical forming process
is reduced to H = 50 HV (with an original hardness of H = 90 HV). When using a high
feed rate of ff = 700 mm/min, almost no softening of the FSJC takes place and the original
hardness is preserved. It can be assumed that in addition to the mechanical strength, other
properties such as ductility or fracture toughness can also be specifically influenced by the
process control. Due to these process characteristics, there are further possibilities for the
targeted adjustment of central properties, which, however, have a greater potential for FSJC
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steel materials compared to aluminium due to the possibilities for pre-hole-free joining by
means of driving-through softer sheets. Past investigations were able to demonstrate the
targeted hardening of the steel material C45E following the thermomechanical forming
process by means of a targeted quenching process [30].

3.2. Evaluation of the Influences of the Process Parameter

Following the result that the manufacturing process of the FSJC is reproducible and
the previously considered FSJC show a high agreement of the geometric parameters, it is
possible to consider the effects of the different parameters. In addition to the influence
of the process parameters (rotational speed as well as feed rate during both pre-rubbing
and forming), the delivery condition of the round bar sections is varied to determine the
influence of their mechanical properties.

First, the influence of these variables on the process and thus, more precisely, on the
maximum tool temperature as well as on the process time, until the maximum temperature
is reached, is examined. The influence of the factors described above on the two target
values of the maximum temperature and the process time, until the maximum temperature
is reached, are shown in Table 4. The effects of the factors are determined based on a
multivariate, linear regression model using the software Matlab (R2021b), The MathWorks,
Inc. In addition to the coefficients and the p-value, the maximum possible effect based on
the parameter range examined is also listed in the table. Effects with a p-value exceeding
the threshold of 5% are marked accordingly and discarded as non-significant results.

Table 4. Effects of the input variables on the maximum die temperature and its time.

Criteria Value Constant nR nf f R ff Condition

maximum
temperature

TMax (◦C)

Coefficient 160.6900 ◦C 0.0037 ◦C/rpm - - −0.1477
◦C ∗min

mm −5.8032 ◦C
p-value <5% 3 <5% 3 >5% X >5% X <5% 3 <5% 3

Max. effect - 52.9 ◦C - - −99.7 ◦C −11.6 ◦C

time till TMax
(s)

Coefficient 15.8450 s 0.0003 s/rpm - −0.0257 s ∗min
mm −0.0213 s ∗min

mm -
p-value <5% 3 <5% 3 >5% X <5% 3 <5% 3 >5% X

Max. effect - 4.3 s - −3.9 s −14.4 s -

The central result is that the feed rate during the actual forming of the FSJC has the
strongest effect and thus also the strongest influence on the maximum temperature as well
as on the time until this is reached. Here, the negative value of the max. effect means
in this case that with an increasing feed rate during the forming process, the maximum
temperature as well as the process time until reaching it decreases. Furthermore, the
rotational speed of the pre-rubbing also shows a significant and thus positive influence on
the maximum tool temperature. With the higher rotational speed, the length of the friction
path is increased, and thus more energy is applied to the process. The result of the time until
the maximum temperature is reached can be used as a kind of control result. A variation of
the feed rate is automatically accompanied by a variation of the process time. Due to the
identical process sequence for all considered experiments and the symmetrical temperature
curve, it can be assumed that the process time, as well as the time until the maximum
temperature is reached, correlate. The result that a higher feed rate is accompanied by a
shorter process time and thus also time to reach the temperature maximum is therefore in
line with expectations (due to the faster tool movement). The tendency for the feed rate
during the start-up process to reach the temperature maximum at a lower feed rate at a
later point in time can also be seen. Due to the significantly lower proportion of the total
process time in relation to demoulding, the effect is smaller.

The effects of the different predictors on the geometric characteristics of the FSJC
are shown in Table 5 and explained below. The undercut of the closing head of the FSJC
serves to create a form-fit as well as a force-fit connection and is furthermore intended to
enable an additional force-fit component for future investigations by means of subsequent
pressing. In the case of a positive characteristic value u, a closing head is formed that
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is aligned with the upper sheet, which supports the force and form-fit connection. As a
quality characteristic regarding the undercut, it can therefore be stated that this should be
positive and maximised. Considering the results from the multivariate regression analysis,
the significant adjustment of a positive undercut is possible above all when a high feed
rate is used during the forming process (the effect which clearly overlays those of the other
input variables). The effect of increasing the rotational speed during driving or using the
harder material T66 is smaller compared to the effect of the feed rate during forming. The
rotational speed during forming has a reverse effect (compared to the rotational speed
during driving) and increases the formation of a flange that is inclined to the collet, which
is less suitable for the joint.

Table 5. Effects of the input variables on the geometry of the FSJC.

Criteria Value Constant nR nf f R ff Condition

undercut u
Coefficient −0.56886 mm 0.00004 mm/rpm −0.00007 mm/rpm - 0.00311 min 0.34449 mm

p-value <5% 3 <5% 3 <5% 3 >5% X <5% 3 <5% 3
Max. effect - 0.65 mm −0.63 mm - 2.10 mm 0.69 mm

relative
weight loss

Coefficient 1.999% −0.00006 %/rpm 0.00008 %/rpm - 0.004807 % ∗min
mm -

p-value <5% 3 <5% 3 <5% 3 >5% X <5% 3 >5% X
Max. effect - −0.92% 0.67% - 3.24% -

shaft
diameter d1

Coefficient 5.4338 mm - - 0.00072 min 0.00011 min 0.17599 mm
p-value <5% 3 >5% X >5% X <5% 3 <5% 3 <5% 3

Max. effect - - - 0.11 mm 0.07 mm 0.35 mm

flange
diameter df

Coefficient 14.345 mm 0.00008 mm/rpm −0.00004 mm/rpm 0.00338 min 0.00039 min −0.12368 mm
p-value <5% 3 <5% 3 <5% 3 <5% 3 <5% 3 <5% 3

Max. effect - 1.09 mm −0.35 mm 0.51 mm 0.26 mm −0.25 mm

The output variable of relative weight loss gives an indication of what percentage
of the material is effectively used to manufacture the FSJC and what percentage of the
material is removed by the tool contact. Here, too, the feed rate during forming shows a
significantly stronger effect compared to the also significant predictors of rotational speed
during both pre-rubbing and forming. In line with the results of the undercut, a conflict of
objectives in the optimisation of the feed rate during forming can be shown. This should be
selected maximally for setting an optimum of the undercut and minimally for the lowest
possible weight loss.

Since the shaft diameter of the FSJC is not varied by changing the path geometry in
the investigations presented here, this shaft diameter should be constant at one value for
all investigation points and independent of the input variables. Due to process-related
effects (such as the formation of a built-up cutting edge due to aluminium adhesion), there
are significant influences (p-value < 5%) for the variation of the feed rates as well as the
material condition on the shaft geometry. Compared to the influences on the process side,
the effect of the material condition clearly predominates. When using the hardened (and
less ductile) round bar sections in the T66 condition, FSJCs with a larger shaft diameter
are manufactured. Here, correspondingly less material is advanced into the flange by the
shaping carbide tool. When processing the softer round bar section in the T4 condition, a
smaller shaft diameter is set (despite identical tools and path geometry), which may be
an indication of stronger aluminium adhesions on the tool. These possible differences in
the adhesion tendency must be investigated in future studies and proven with suitable
friction tests.

All five predictors investigated have a significant effect on the flange diameter df of
the FSJC. A high rotational speed as well as a high feed rate during the driving phase lead
to a larger flange diameter. This indicates that the pre-rubbing phase (which is omitted
in some study points) is important for targeting a high flange diameter. A high rotational
speed during the forming of the FSJC as well as the use of semi-finished products from
condition T66 results in a smaller flange diameter.
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The previously described and explained results of the multivariate regression anal-
ysis allow the aluminium FSJC to be influenced in a wide process window. Although
pre-rubbing the cross-sectional surface of the semi-finished sections lengthens the entire
manufacturing process, it is important for setting a high flange diameter. With a high feed
rate during the forming process, two desirable goals can be achieved: maximising the
undercut and minimising the process time. At the same time, however, there is still a con-
flict of objectives in that the weight loss of the FSJC increases with a high feed rate during
forming. However, this disadvantage is clearly outweighed by the improved geometry and
the reduction of the process time to a few seconds.

4. Conclusions

Based on an extensive experimental plan, this paper presents the potentials and
influencing factors of the joining point-dependent manufacturing of different aluminium
auxiliary joining elements. For this purpose, in a first step, it is shown that a reproducible
manufacturing of uniform Friction Spun Joint Connectors (FSJCs) is possible with the
thermomechanical forming process used, considering several series of experiments with
four repetition experiments each. This applies both to the geometric parameters considered
here (i.e., the undercut and shaft diameter) and the process variable of the maximum tool
temperature. This finding is essential both for an industrial application of this process
and for further investigations into the variability of the FSJC geometry. The influences
of different predictors (influencing variables) on a wide range of values on the geometry
of the FSJC as well as on relevant process variables are presented in a second part of
this paper. By means of multivariate regression analysis, it can be shown, among other
things, that the optimization of the feed rate during the forming of the FSJC significantly
reduces the process time and simultaneously optimises the undercut, which is important
for the subsequent joining process. Based on the results obtained here, it is important to
investigate in future studies whether comparable phenomena can also be demonstrated for
other materials under investigation, such as the harder steel C45 E.
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6. Galińska, A. Mechanical Joining of Fibre Reinforced Polymer Composites to Metals—A Review. Part I: Bolted Joining. Polymers
2020, 12, 2252. [CrossRef]

https://doi.org/10.1016/j.apenergy.2019.114074
https://doi.org/10.1021/acs.est.8b04249
https://doi.org/10.1016/j.rser.2022.112158
https://doi.org/10.1016/j.susmat.2021.e00263
https://doi.org/10.1016/j.tws.2017.11.011
https://doi.org/10.3390/polym12102252


J. Manuf. Mater. Process. 2023, 7, 147 11 of 11

7. Sadeghian, A.; Iqbal, N. A review on dissimilar laser welding of steel-copper, steel-aluminum, aluminum-copper, and steel-nickel
for electric vehicle battery manufacturing. Opt. Laser Technol. 2022, 146, 107595. [CrossRef]

8. Soomro, I.A.; Pedapati, S.R.; Awang, M. A review of advances in resistance spot welding of automotive sheet steels: Emerging
methods to improve joint mechanical performance. Int. J. Adv. Manuf. Technol. 2022, 118, 1335–1366. [CrossRef]

9. Kalyankar, V.; Chudasama, G. On the metallurgical challenges of intermetallic compound in steel/Al dissimilar resistance spot
welding: Significance, growth and controlling mechanisms. Adv. Mater. Process. Technol. 2023, 1–33. [CrossRef]

10. Nagatsuka, K.; Xiao, B.; Wu, L.; Nakata, K.; Saeki, S.; Kitamoto, Y.; Iwamoto, Y. Resistance spot welding of metal/carbon-fibre-
reinforced plastics and applying silane coupling treatment. Sci. Technol. Weld. Join. 2018, 23, 181–186. [CrossRef]

11. Xu, H.; Fang, X. Resistance insert spot welding: A new joining method for thermoplastic FRP–steel component. Weld. World 2023,
67, 1733–1752. [CrossRef]

12. Meschut, G.; Merklein, M.; Brosius, A.; Drummer, D.; Fratini, L.; Füssel, U.; Gude, M.; Homberg, W.; Martins, P.; Bobbert, M.; et al.
Review on mechanical joining by plastic deformation. J. Adv. Join. Process. 2022, 5, 100113. [CrossRef]

13. Mori, K.; Bay, N.; Fratini, L.; Micari, F.; Tekkaya, A.E. Joining by plastic deformation. CIRP Ann. 2013, 62, 673–694. [CrossRef]
14. Groche, P.; Wohletz, S.; Brenneis, M.; Pabst, C.; Resch, F. Joining by forming—A review on joint mechanisms, applications and

future trends. J. Mater. Process. Technol. 2014, 214, 1972–1994. [CrossRef]
15. Lechner, M.; Kappe, F.; Römisch, D.; Rostek, T.; Wituschek, S. Innovative mechanical joining processes in versatile process

chains—Potentials, applications and selection procedures. In Proceedings of the Sheet Metal 2023: 20th International Conference
on sheet Metal, Erlangen-Nürnberg, Germany, 2–5 April 2023; Materials Research Forum LLC: Millersville, PA, USA, 2023;
pp. 101–108.

16. Popp, J.; Kleffel, T.; Römisch, D.; Papke, T.; Merklein, M.; Drummer, D. Fiber Orientation Mechanism of Continuous Fiber
Reinforced Thermoplastics Hybrid Parts Joined with Metallic Pins. Appl. Compos. Mater. 2021, 28, 951–972. [CrossRef]

17. Siddique, A.; Iqbal, Z.; Nawab, Y.; Shaker, K. A review of joining techniques for thermoplastic composite materials. J. Thermoplast.
Compos. Mater. 2023, 36, 3417–3454. [CrossRef]

18. Martinsen, K.; Hu, S.J.; Carlson, B.E. Joining of dissimilar materials. CIRP Ann. 2015, 64, 679–699. [CrossRef]
19. Liu, Y.; Zhuang, W.; Luo, Y.; Xie, D.; Mu, W. Joining mechanism and damage of self-piercing riveted joints in carbon fibre

reinforced polymer composites and aluminium alloy. Thin-Walled Struct. 2023, 182, 110233. [CrossRef]
20. Reisgen, U.; Schiebahn, A.; Naumov, A.; Maslennikov, A.; Erofeev, V. Thermo-mechanical model of the friction stir welding

process and its application for the aluminium alloy AA5754. In Mathematical Modelling of Weld Phenomena 12; Graz University of
Technology: Graz, Austria, 2018.

21. Huang, Z.-C.; Huang, G.-H.; Shan, F.-W.; Jiang, Y.-Q.; Zou, Y.-Q.; Nie, X.-Y. Forming Quality and Microstructure Evolution of
AA6061-T6 Aluminum Alloy Joint during Flow Drill Screwing Process. Adv. Eng. Mater. 2023, 25, 2300054. [CrossRef]

22. Altvater, S.; Sikora, S.P.; Siefkes, T. Transition between flow-drill screwing systems considering joining process and joint
characteristics. Adv. Ind. Manuf. Eng. 2022, 5, 100091. [CrossRef]

23. Costas, M.; Morin, D.; Sønstabø, J.K.; Langseth, M. On the effect of pilot holes on the mechanical behaviour of flow-drill screw
joints. Experimental tests and mesoscale numerical simulations. J. Mater. Process. Technol. 2021, 294, 117133. [CrossRef]

24. Aslan, F.; Langlois, L.; Balan, T. Experimental analysis of the flow drill screw driving process. Int. J. Adv. Manuf. Technol. 2019,
104, 2377–2388. [CrossRef]

25. Kumar Rajak, D.; Pagar, D.D.; Menezes, P.L.; Eyvazian, A. Friction-based welding processes: Friction welding and friction stir
welding. J. Adhes. Sci. Technol. 2020, 34, 2613–2637. [CrossRef]

26. Rana, H.; Patel, V.; Buffa, G.; Fratini, L.; Di Lorenzo, R. Influence of distinct tool pin geometries on aluminum 8090 FSW joint
properties. In Proceedings of the Sheet Metal 2023: 20th International Conference on sheet Metal, Erlangen-Nürnberg, Germany,
2–5 April 2023; Materials Research Forum LLC: Millersville, PA, USA, 2023; pp. 195–202.

27. Lertora, E.; Gambaro, C. AA8090 Al-Li Alloy FSW parameters to minimize defects and increase fatigue life. Int. J. Mater. Form.
2010, 3, 1003–1006. [CrossRef]

28. Heidarzadeh, A. Tensile behavior, microstructure, and substructure of the friction stir welded 70/30 brass joints: RSM, EBSD, and
TEM study. Arch. Civ. Mech. Eng. 2019, 19, 137–146. [CrossRef]

29. Wischer, C.; Wiens, E.; Homberg, W. Joining with versatile joining elements formed by friction spinning. J. Adv. Join. Process. 2021,
3, 100060. [CrossRef]

30. Wischer, C.; Homberg, W. A contribution on versatile process chains: Joining with adaptive joining elements, formed by friction
spinning. Prod. Eng. 2022, 16, 379–388. [CrossRef]

31. Wischer, C.; Homberg, W. Further Development of an Adaptive Joining Technique Based on Friction Spinning to Produce
Pre-Hole-Free Joints. Key Eng. Mater. 2022, 926, 1468–1478. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.optlastec.2021.107595
https://doi.org/10.1007/s00170-021-08002-5
https://doi.org/10.1080/2374068X.2023.2206175
https://doi.org/10.1080/13621718.2017.1362159
https://doi.org/10.1007/s40194-023-01528-0
https://doi.org/10.1016/j.jajp.2022.100113
https://doi.org/10.1016/j.cirp.2013.05.004
https://doi.org/10.1016/j.jmatprotec.2013.12.022
https://doi.org/10.1007/s10443-021-09892-0
https://doi.org/10.1177/08927057221096662
https://doi.org/10.1016/j.cirp.2015.05.006
https://doi.org/10.1016/j.tws.2022.110233
https://doi.org/10.1002/adem.202300054
https://doi.org/10.1016/j.aime.2022.100091
https://doi.org/10.1016/j.jmatprotec.2021.117133
https://doi.org/10.1007/s00170-019-04097-z
https://doi.org/10.1080/01694243.2020.1780716
https://doi.org/10.1007/s12289-010-0939-1
https://doi.org/10.1016/j.acme.2018.09.009
https://doi.org/10.1016/j.jajp.2021.100060
https://doi.org/10.1007/s11740-021-01094-8
https://doi.org/10.4028/p-1n6741

	Introduction 
	Materials and Methods 
	Thermomechanical Forming of the Friction Spun Joint Connectors (FSJCs) 
	Characterisation of the Workpieces and Dies Used 
	Experimental Plan 
	Analysis and Evaluation of the Experiments 

	Results and Discussion 
	Evaluation of the Repeatability 
	Evaluation of the Influences of the Process Parameter 

	Conclusions 
	References

