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Abstract: The multi-material design and the adaptability of a modern process chain require join-
ing connections with specifically adjustable mechanical, thermal, chemical, or electrical properties.
Previous considerations primarily focused on the mechanical properties. The multitude of pos-
sible combinations of requirements, materials, and component- and joining-geometry makes an
empirical determination of these joining properties for the clinching process impossible. Based on
the established and empirical procedure, there is currently no model that takes into account all
questions of joinability—i.e., the materials (suitability for joining), design (security of joining), and
production (joining possibility)—that allows a calculation of the properties that can be achieved.
It is therefore necessary to describe the physical properties of the joint as a function of the three
binding mechanisms—form closure, force closure, and material closure—in relation to the applica-
tion. This approach illustrates the relationships along the causal chain “joint requirement-binding
mechanism-joining parameters” and improves the adaptability of the mechanical joining technology.
Geometrical properties of clinch connections of the combination of aluminum and steel are compared
in a metallographic cross-section. The mechanical stress state of the rotationally symmetrical clinch
points is qualified with a torsion test and by measuring the electrical resistance in the base material,
in the clinch joint, and during the production cycle (after clinching, before precipitation hardening
and after precipitation hardening).

Keywords: clinching; binding mechanism; process chain; torsion test; electrical test

1. Introduction

The technical task of joining materials leads against the background of steadily in-
creasing functional integration in production to expanded or new requirements for joining
technology. Joining connections of the most diverse materials are becoming increasingly
important. In order to enable a function- and cost-related mixed design on a larger scale,
further developments in joining technology and a material overview for these mixed con-
structions are necessary. This means increased planning effort in design and logistics, but
offers the possibility of using the materials more according to needs. Furthermore, with
today’s safety requirements and standards, continuous monitoring and documentation of
the entire manufacturing process must be ensured. Forming technologies are an established
joining process for overlapping sheet metal [1] and profile parts and have a wide range of
applications [2]. For example, clinching can be used to join semi-finished products of equal
or different thicknesses as a joint of identical materials [3] or with different tool geome-
tries [4]. Eshtayeh describes in [5] the clinching process of dissimilar joining partners in
general. Especially the joining of aluminum and mild steel [6], the advanced high-strength
steel DP780 and Al5052 alloy [7], or the Al5052 alloy with steel grades up to 1000 MPa
tensile strength in [8] also with adaption of the die tools [9] and hot dip coated surfaces [10]
are state of the art. Furthermore, copper materials or mixed compounds of aluminum and
copper for electrical applications can also be clinched [11]. For the clinching process, it is
necessary to meet the requirements for clinching. Components meet these requirements
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when, by local forming of a material, a form- and force-closure can be produced in the
first instance and a material-closure in the second. The properties of the joint, as well as
the connected structures, must satisfy the requirements specified for them. As in [12], the
clinching ability results from the influencing variables material, design and process as
shown in Figure 1.
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Figure 1. Production process clinching of Al-Steel components.

An advantage of clinching is that the joined components can be further processed
immediately after the joining process due to the binding mechanisms of a clinched joint.
Clinched joints function on the principles of form and force-closure comments Groche
in [2]. In addition, material closure may also be present—as described in [13]—or it can be
introduced in a targeted manner [14].

The amount of form-closure generated within the clinch point depends on the direction
of loading. If the clinch point is subjected to a shear tensile load or a head tensile load, the
form-closure components correspond to the areas shown in Figure 2a. The force-closure
component and a possible material-closure component are independent of the loading
direction. The force-closure component acts along the boundary line between the formed
parts, which is marked with arrows (Figure 2a). The design of clinched joints is primarily
based on the geometric characteristics of neck thickness tb and undercut tu (Figure 2b)
as well as the main load case in the later life cycle. According to the state of the art, the
force-closure component has not yet been taken into account for the design. Salamati
summarized in [15] that, at clinched joints, the form-closure component is utilized but the
force closure component is only partially utilized. Therefore, if it is possible to quantify
these components, an improvement of the joint properties can be achieved depending on
the type of loading. When joining different materials, the mechanical stress states [16],
and thus the proportions of the binding mechanisms, form-closure and force-closure differ
considerably according to the joining part arrangement due to the inhomogeneous shape
changes introduced by the clinching process.

J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 2 of 12 
 

 

mixed compounds of aluminum and copper for electrical applications can also be clinched 
[11]. For the clinching process, it is necessary to meet the requirements for clinching. Com-
ponents meet these requirements when, by local forming of a material, a form- and force-
closure can be produced in the first instance and a material-closure in the second. The 
properties of the joint, as well as the connected structures, must satisfy the requirements 
specified for them. As in [12], the clinching ability results from the influencing variables 
material, design and process as shown in Figure 1. 

 
Figure 1. Production process clinching of Al-Steel components. 

An advantage of clinching is that the joined components can be further processed 
immediately after the joining process due to the binding mechanisms of a clinched joint. 
Clinched joints function on the principles of form and force-closure comments Groche in 
[2]. In addition, material closure may also be present—as described in [13]—or it can be 
introduced in a targeted manner [14]. 

The amount of form-closure generated within the clinch point depends on the direc-
tion of loading. If the clinch point is subjected to a shear tensile load or a head tensile load, 
the form-closure components correspond to the areas shown in Figure 2a. The force-clo-
sure component and a possible material-closure component are independent of the load-
ing direction. The force-closure component acts along the boundary line between the 
formed parts, which is marked with arrows (Figure 2a). The design of clinched joints is 
primarily based on the geometric characteristics of neck thickness tb and undercut tu (Fig-
ure 2b) as well as the main load case in the later life cycle. According to the state of the art, 
the force-closure component has not yet been taken into account for the design. Salamati 
summarized in [15] that, at clinched joints, the form-closure component is utilized but the 
force closure component is only partially utilized. Therefore, if it is possible to quantify 
these components, an improvement of the joint properties can be achieved depending on 
the type of loading. When joining different materials, the mechanical stress states [16], and 
thus the proportions of the binding mechanisms, form-closure and force-closure differ 
considerably according to the joining part arrangement due to the inhomogeneous shape 
changes introduced by the clinching process. 

 
Figure 2. Local binding mechanisms (a) and geometric features (b) at clinch points. 

When using age-hardenable aluminum alloys, precipitation hardening of the alumi-
num material takes place after the joining process and before the subsequent life cycle 
(Figure 1). The necessaryprocess heat introduced during this step increases the strength 
of the aluminum alloy. Due to the large local deformations of the joining parts during the 

EN AW 6014 T4
HCT590X+Z Clinching

Precipitation
hardening

185 °C / 20 min
Life cycle

Material Process Stress

Joining possibilitySuitability for joining Joining safety

Figure 2. Local binding mechanisms (a) and geometric features (b) at clinch points.

When using age-hardenable aluminum alloys, precipitation hardening of the alu-
minum material takes place after the joining process and before the subsequent life cycle
(Figure 1). The necessaryprocess heat introduced during this step increases the strength
of the aluminum alloy. Due to the large local deformations of the joining parts during
the clinching process [11], the recrystallization temperature is reduced [17]. This results
in a reduction of force in the joint, which causes a change in the surface pressure be-
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tween the parts to be joined and thus influences the existing binding mechanism of the
force-closure component.

The goal of this paper is a description of these existing form- and force-closure compo-
nents during the production process. With regard to the joinability, the factors influenc-
ing the formation of the form- and force-closure components can be defined. By know-
ing these influencing factors, it is possible to produce a functional and function-related
clinch connection.

2. Materials and Methods
2.1. Materials

Based on the joining task of producing a steel-aluminum mixed joint in both joining
directions using age-hardenable aluminum alloy and a dual-phase steel by clinching,
the effect of the manufacturing process on the individual proportions of the binding
mechanisms is to be determined. In the investigations carried out, the aluminum material
EN AW 6014 in the T4 heat treatment condition (solution annealing) with a component
thickness of t = 2.0 mm and the dual-phase steel HCT590X+Z (hot-dip galvanized) with a
component thickness of t = 1.5 mm and a zinc coating of thickness tZn = 7.82 µm (SD = 1.20)
were used. The aluminum was delivered by Novelis Global Automotive and the steel
was delivered by Salzgitter Flachstahl GmbH. After delivery, the aluminum materials
were stored in a climate chamber at −22 ◦C until further processing in order to maintain
the T4 condition. Table 1 shows the chemical formulation of the materials.

Table 1. Chemical composition of the joining materials EN AW 6014 [18] and HCT 590X+Z [19] in weight %.

EN AW
6014

Si Fe Cu Mn Mg Cr Zn Ti V Other Each Other Total

0.3–0.6 max.
0.35

max.
0.25 0.05–0.2 0.4–0.8 max.

0.20
max.
0.10

max.
0.10

max.
0.10

max.
0.05

max.
0.15

HCT
590X+Z

C Si Mn P S Al Total Cr + Mo Nb + Ti

0.15 0.75 2.50 0.04 0.01 0.015–1.500 1.400 0.150

2.2. Design of Joints

The clinch points were initially designed according to [20] with a single-stage round
joint with closed die and without cutting elements by using a nominal diameter of the die
of 8 mm. To join the materials a displacement-controlled clinching process was used. The
tool geometries of the punch and die, the blank holder or stripping force and the punch
penetration depth define the form closure of the clinch connection. The joining partners, the
friction between the joining partners, the local degree of forming, and the springback effect
of the joining part materials define the force-closure component within the clinched joint.

Two different surface conditions of the components were investigated. In the “Cleaned”
(O1) condition, it provides a defined surface condition by cleaning with isopropanol. Con-
taminants on the surface—such as oils, greases, dusts, and inhomogeneities—are thus
removed. The treatment did not affect the oxide layer on the aluminum components in
terms of their structure and roughness, as characterized in [21]. These surface condition
correspondents with the definition of Kogut in [22]. The “delivery condition” (O2) repre-
sents a non-defined surface condition, which exists due to the manufacturing process, the
semi-finished product transport and the handling during specimen production at the join-
ing process. At this condition can exist a contaminated surface, described in [23], between
the joining partner, which influences the friction and the electrical contact behavior.

These two surface states characterize a change in the tribological system and can
initially affect the geometric formation of the undercut and neck thickness quality criteria.
Table 2 shows micrographic cross-sections of the resulting clinch joint as well as the
influence of the two conditions on the quality criteria. In addition to geometric changes,
a change in friction also leads to a change in the mechanical stress state between the
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joining partners, which cannot be detected in terms of dimensions, and thus to a changed
force-closure component.

Table 2. Design and dimensioning of the clinch joints investigated (seven specimens per series).

Sheet
Thickness

in mm

Surface
Condition Micrograph

Tools
A—Punch

B—Die

Neck
Thickness
tn in mm

Undercut
tu in mm

Bottom
Thickness
tb in mm

Series 1
t1 = 2.0
t2 = 1.5

Cleaned
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2.3. Mechanical Test

After clinching, the joined components are subjected to a heat treatment. This precipi-
tation hardening takes place according to the manufacturer’s specifications [18] for 20 min
at 185 ◦C. Table 3 shows the changing mechanical material properties.

Table 3. Mechanical properties of EN AW 6014 [18].

Rp0.2 in MPa Rm in MPa AG in % A80 in % Rp0.2/Rm n5 r10

T4 ≤130 ≥175 ≥20 ≥23 ≤0.55 ≥0.26 ≥0.6

T6 ≥200 ≥260 ≥14

The introduced process heat for this precipitation hardening and the different thermal
expansion coefficients of the joining partners initially influence the proportion of the bind-
ing mechanism force-closure within the clinch point due to a change in the mechanical stress
state. The change of the mechanical stress state depends on the component arrangement
and the surface conditions. The form closure, on the other hand, is not affected.

This changed force-closure component can be mechanically verified for rotationally
symmetrical clinch points by means of a torsion test. The test rig consists of a tightening
spindle with integrated torque-angle detection (Figure 3a). The test result is the testing
torque, which is measured during the torsion of the two joining partners against each other.
A large testing torque indicates a large force-closure component.
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Figure 3b shows the plotted characteristic test curve. The first local maximum after the
monotonic increase of the graph represents the testing torque. When this peak is reached,
the two joining partners start to twist against each other. The subsequent increase in torque
is due to the leveling of the roughness peaks and the associated change in the coefficient of
friction between the components in the interface as a result of further rotation.

The diagram (Figure 4a) shows the testing torques for the component arrangement of
the aluminum as the die-side joining partner. Here it can be seen that initially the surface
condition exerts nearly no influence on the torsional torque. On average, the samples
cleaned with isopropanol exhibit a 6.3% higher torsional torque in the T4 condition and an
8% higher torsional torque in the T6 condition, but the average values are covered by the
scatter bands. These minor increased values for the cleaned surface condition, compared to
the as-delivered condition, exists due to the increased friction between the joining partners
during the relative movement at the clinching process. The increased friction leads to
an increased force-closure component in the joined joint. If, in addition to the surface
condition, the values achieved for the breakaway torque after precipitation hardening are
also compared (Figure 4a), no significant difference in the mean values can be detected
here, and the maximum and minimum values are in almost the same ranges. This is due to
the component arrangement, the different springback behavior, and the introduced shape
change. In this combination, the more thermally sensitive aluminum material is located on
the die side—i.e., the different coefficients of thermal expansion of the component materials
initially reduce the surface pressure between the components during heat treatment. After
completion of the heat treatment and elimination of the thermal load, the surface pressure
increases further due to the different thermal expansion of the joining partners. The second
influencing factor is the springback behavior. Resulting from the greater springback of the
aluminum material, a larger force-closure component is achieved irrespective of the surface
condition. The third influencing factor is based on the lower deformation of the die-side
component and thus on a low thermal sensitivity regarding recrystallization because of
precipitation hardening.

If the aluminum material is arranged on the punch side, significant differences can be
detected in the torsional test regarding to both the influence of the surface condition and the
precipitation hardening process (Figure 4b). With respect to the surface condition, cleaning
with isopropanol in the heat treatment condition T4 results in an increase of the torsional
torque by 17.5%. This increase can be attributed to the increased friction coefficient caused
by the cleaning. A comparison of the same surface, but different heat treatment conditions,
show a significant reduction in torsional torque. For the series with cleaned surface, this
torque loss amounts to 71%. The torsional torques of the as-delivered series differ by
39%. This indicates a reduction in the force-closure component associated with the lower
torsional torque. When the more thermally sensitive aluminum material is arranged on
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the punch side, the maximum deformation occurring in the neck area leads to a reduced
the recrystallization temperature [15]. During precipitation hardening, the expansion of
aluminum is restrained by the die side steel due to the lower thermal expansion coefficient
of steel. Both effects lead to a further change in the mechanical stress state by reducing
the surface pressure at the clinch point. The influence of the different springback behavior
of the component materials is independent of the heat treatment performed. Due to the
greater springback of the aluminum cup compared with the steel on the die side, there is a
reduced surface pressure between the joining partners.
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2.4. Electrical Test

The values measured in the torsion test are to be verified using a second independent
physical quantity. A clinch point represents not only a mechanical but also a stationary
electrical contact system [14]. The connection resistance RV can describe an electrical contact
system [24]. This connection resistance depends on the constriction resistance Re, the
impurity resistance Rf and the intrinsic resistance of the contact partners Rb Equation (1).

RV = Re + Rf + Rb (1)

In this relationship, the constriction resistance Re represents the contact pressure-
dependent variable. In a clinch connection, this contact pressure represented by the
force-closure component. A change in the force-closure component causes a change in the
connection resistance. According to Böhme [24], the larger the contact force, the larger the
contact area of the contact partners and, consequently, the smaller the constriction resistance.
Temperature, time, and the conductor materials influence the contact pressure [25].

The measurement of the electrical connection resistance therefore offers the possibility
to prove a changed force-closure due to a thermal load [11]. In [11], the suitability of clinch
points for contacting electrical conductors was investigated and their properties charac-
terized. For the electrical contact behavior of clinch points, the force-closure component
between the joining partners after joining and, in the case of the aluminum materials used
here, after precipitation hardening is primarily decisive, since this ensures the integrity of
the micro contacts [26]. Based on these studies, measurement of the electrical resistance
of a clinched joint can reveal the altered force-closure component due to precipitation
hardening [11].

The connection resistance is determined using the four-wire measurement method
shown in Figure 5 [27]. A defined current IM flows through the clinched components via
two cables. The voltage drop U1 across the clinch point is measured over a defined distance.
The resistance is calculated using Ohm’s law. Due to the measuring principle, the influence
of the measuring cable resistance on the resistance measurement is greatly reduced. Only
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a very small, negligible current flows in the test leads. The voltage drop across the low-
impedance test leads is negligible (compared to the voltage drop in the high-impedance
voltmeter) [11]. According to [28], the measurement of electrical conductivity can be used
as a check for the heat treatment condition. Jiang [29] uses the measurement of the electrical
resistance with the four-wire-method at clinched joints as a quality inspection method.
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Figure 5. Test setup electrical test.

A comparison of the electrical resistances of the homogeneously flowed-through test
material in the material states T4 and T6 with the same conductor cross sections and gauge
lengths is shown in Figure 6. While the material resistance RM in the T4 state is 26.43 µΩ,
the electrical resistance decreases to 25.93 µΩ in the T6 state due to precipitation hardening.
Thus, there is a 7.9% reduction in electrical resistance compared to the T4 condition. The
measurements in [11] for the material EN AW 6016 show a similar percentage decrease
in resistance.
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This means that the electrical conductivity of the base material is improved by heat
treatment, as also explained in [30], using the aluminum layup EN AW 2024 and [31]
for 6xxx aluminum conductors. Zhang et al. [32] state in their investigations that heat-
treated conductors have a higher electrical conductivity compared to the non-heat-treated
conductors made of Al-Mg-Si alloys. This improved conductivity should also affect the
electrical resistance values of the clinch points.

When comparing the electrical resistances, a higher electrical resistance is measured
for all clinched samples after precipitation hardening than in the initial condition T4.
In Figure 7a, when the aluminum is arranged as the die-side joining partner, a small
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influence is initially measurable when comparing the surface states. When comparing the
heat treatment condition and in the cleaned condition (O1), an increase in the electrical
resistances from R = 79.5 µΩ in condition T4 to R = 99.2 µΩ in condition T6 can be seen.
Similarly, for the series joined in the as-delivered condition (O2), the electrical resistance
increases after precipitation hardening from R = 75.3 µΩ in the T4 condition to R = 88.1 µΩ
in the T6 condition. The increase in electrical resistances is due to the decrease in surface
pressure between the joining partners is caused by the thermal load during precipitation
hardening. In [33], Zhai describes the contact stiffness and electrical contact resistance on
rough surfaces as a function of surface pressure. A change in the mechanical stress state at
the interface of the joining partners as a result of the precipitation hardening process leads
to a reduction in the actual contact area and thus to an increase in the electrical resistance
of the clinched joint.
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When reversing the joining direction with the aluminum material in the punch-side
arrangement, the surface condition exerts only a minor influence on the contact behavior
(Figure 7b). The influence of precipitation hardening, on the other hand, dominates the elec-
trical contact behavior more clearly than in the series with the aluminum material arranged
on the die side. The electrical resistance increases by 27.1 µΩ after precipitation hardening
for the series with cleaned surface (O1), which corresponds to an increase of 44.9%. This is
similarly true for the specimens with the surface condition (O2) “as-delivered”, with resis-
tances increasing after precipitation hardening from 60.0 µΩ to 110.1 µΩ, corresponding to
an increase of 83.5%. The scatter bands also increase after precipitation hardening of the
aluminum material. Evaluating the electrical resistances further shows that the process of
precipitation hardening affects the force-closure component of the binding mechanism. The
mechanical stress reduction increases the electrical resistance, which corresponds to a reduc-
tion in the fraction of the force-closure component. The change in the inherent resistance of
the aluminum material is negligible for the measured increases in the bond resistances.

3. Discussion

These comparison series show the influence of the different mechanical stress states
of the clinch point. In the case of mixed joints, precipitation hardening leads, depending
on the joining direction, to a variation the binding mechanism force-closure. A resulting
material-closure can be excluded based on the resistances measured.

The deformed state of a material is unstable [17]. The strain hardening generated by
the clinching process, which is inhomogeneously distributed in the clinching point, affects
the residual stress state of the joint. This residual stress state is superimposed with load
stresses and influences together with the mechanical properties the thermal and therefore
the electrical properties as a function of the degree of deformation, the joining part material
and the temperature. Gibmeier [16] shows that residual compressive stresses are present in
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both base materials when using closed dies in the range up to a distance of approx. 4–6 mm
from the clinch joint. The applied process heat of 185 ◦C over a period of 20 min during
precipitation hardening influences this residual stress state and, consequently, the force-
closure component in the joint. The stresses during precipitation hardening at the clinch
point caused by the difference in the coefficients of thermal expansion of the individual
joining partners superimpose these residual stresses.

For the work carried out, it is first necessary to integrate the process chain passing
through during component manufacture (Figure 1) into the investigations, since the process
heat during the precipitation hardening process influences the bonding mechanisms present.

With the results of these test series and by taking into account the process chain
(Figure 1) the influencing factors and dependencies shown in Figure 8 can indicate the
changed force-closure component proportions within the clinched joints.
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Figure 8. Factors influencing the clinch connection along the process chain.

The process heat introduced during precipitation hardening influences the proportion
of the binding mechanism force-closure within the clinch point. The form-closure com-
ponent, on the other hand, is not influenced. The form-closure and force-closure binding
mechanisms in clinched joints can be analyzed by taking a holistic view of the production
process (joinability). The test methods of torsion testing and measurement of the electrical
connection resistance are able to quantify the change in the force closure component. The
two test methods are mutually independent as they depend on different physical principles
and therefore quantify the force-closure component based on a torsional moment and
electrical resistance. A higher torsional moment means a larger force-closure component,
as does a lower electrical resistance.

Depending on the requirements of the joint—e.g., for mechanical tasks via the torsion
test or electrical tasks via the resistance measurement—the joint can be designed via the
description of the binding mechanisms. These results can be used for simulation of the
individual clinching point or for a holistic view of the process chain.

4. Conclusions

A clinch joint can be described by the binding mechanism form- and force-closure.
The same geometrical parameters for clinching tools, but different surface conditions lead
to significant differences in the mechanical stress state and, as a result, in the force-closure
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component. The precipitation hardening process influences the mechanical stress state
within the clinch joint (∆ force-closure component). The test methods torsion test and
measurement of the electrical connection resistance can quantify a change in the force-
closure component.

An altered force-closure component causes altered mechanical and electrical clinch
point behavior. These investigations present the possibility of specifically influencing the
force-closure component depending on the subsequent applications.

Based on these results, a higher mechanical and electrical load capacity of the clinching
point can be achieved.

From the mechanical view, the testing method torsion test can describe these changes
of the stress state within the clinch joint. As a result, the higher the torsional moment, the
higher the force-closure component. The binding mechanism force-closure can be taken
into account in a future clinch point design or an FEA simulation of the process chain.

When using clinch joints for contacting electrical conductors, the binding mechanism
force-closure represents a dominant design variable for the current carrying capacity of
the joint. A reduction of surface pressure between the joining partners at the clinch joint
leads to an increasing electrical connection resistance caused by the reduced force-closure
component. This increased joint resistance leads to a temperature increase in the clinch
joint, which can lead to a joint failure from an electrical point of view.

By measuring the electrical resistance before and after precipitation hardening, this
change in the force-closure component can be detected and taken into account by the
electrical design of the joint with regard to long-term stable behavior.
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