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Abstract

This paper presents the results of research on the impact of the use of different tools and the shape of the additional rivet,
on the geometric quality of the joint, the energy consumption of the forming process, the distortion of the steel samples,
and the load capacity of the joints. The tests were carried out for DX51D steel sheets with a thickness of 1.5 [mm] joined
by using three different sets of tools. A steel rivet with a hardness of 400HV 1 and various shapes was used for the tests. In
addition to the full rivet, two types of rivet were used, the first with a through hole and the second with a depth of hole of 3
[mm]. The holes in the rivet had different diameters: 1.0, 1.5, 2.0 and 2.5 [mm)]. The influence of changing the shape of the
rivet (hole and its diameter) on the change in forming force and energy consumption of the joining process was analyzed.
The lowest forming force was achieved for a rivet with a through hole and a hole diameter of 2.5 [mm]. The lowest joint
forming force was obtained for the die with movable segments. For joints made with three tool arrangements and a series
with a modified rivet, the amount of sheet metal deviation was analyzed. Of the three cases of arrangement of tools used
to form the joint, the largest deviation of the sheets occurred at the clinch joint formed with a solid round die. In the case
of a series of clinch-rivet joints with a modified rivet, the greatest deviation of the sheets occurred for the rivet with a hole
of 1.5 [mm]. Changes in the geometric structure of the joint were also studied, and changes in the surface of the sheets in
the joint area were observed. The highest value of the interlock in the joint was obtained when a solid rivet was used in the
clinch-riveting technology. The strength of the joints was also identified in the lap shear test and the energy consumption
at failure was determined. The use of a rivet increased the maximum load capacity to almost twice that of the clinch joint.
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1 Introduction

Automation and computerisation of manufacturing pro-
cesses (so called “Industry 5.0”) is the latest trend in the
global industry. In mass production, the assembly lines
for the thin-walled elements are equipped with industrial
robots (Fig. 1a). The application of a specific joining tech-
nology, for plastically formed joints, requires analysis of
the maximum forming force and the possibility of mount-
ing a specific set of tools on the C-frame (Fig. 1b). New
modifications of joining technologies are being introduced
that are characterised by increased joint stiffness and joint
strength. However, not all solutions allow to reduce the
energy consumption of the process.

Until recently, the most common methods of joining car
body elements were techniques based on resistance weld-
ing, welding, or laser welding. These processes generate
harmful gaseous compounds that affect the purity of the
natural environment. A side effect of the above-mentioned
processes is, among others, CO, emissions. To prevent
this, production should take place in tight facilities with
internal air circulation and filtration. These installations
are expensive. For some time, clinching (“CL”) has been
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one of the methods used to join thin-walled structures of
vehicles [1, 2]. Clinching is becoming more and more
commonly used in the assembly processes of car bodies
[3—10]. Sheets of car body structures can be welded with
additional adhesive between sheets [11]. The adhesive
layer is not a major obstacle in the welding process. The
coherence of the material is maintained during the join-
ing process, and there is no material damage of the joined
elements. Clinching is also used to join galvanised sheets
without significantly damaging the zinc coating [12]. It
can replace resistant welded joints in some cases [13].
Clinching technology is constantly being developed and
new variations of the clinching process are being devel-
oped [14]. One of the modifications of the process con-
cerns the local heating of the materials before joining [15,
16]. It can be used to join when a hole has already been
made in the lower layer [17]. Another widely used method
of joining without the need to make holes is self-piercing
riveting (“SPR”) [18, 19]. However, in the “SPR” joining
process, the top layer of the material is pierced. “SPR” can
be used to join various materials, including increasingly
widely used aluminum alloys [20, 21] and titanium [22,
23]. Another modification of riveting technology without
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Fig. 1 The industrial robot for joining thin-walled elements with forming force control (a) and the examples of tools used in a C-frame (b)

drilling a hole is joining with a high-hardness rivet, by
means of which a hole is punched [24-29]. Another
method used to connect the vehicles construction is fric-
tion stir welding (“FSW?) [30]. One of the newer modifi-
cations of the welding joining process is friction stir spot
welds (“FSSW?”) [31]. There are no harmful gases in this
process. Due to the rotation and contact pressure of the
tool, the joined material is heated, which facilitates mixing
of the joined sheet material. The process is so innovative
that it is constantly being developed and adapted to new
applications [32].

In the literature, it can be observed that new types of joint
structures are constantly being developed, requing the devel-
opment of new types of joining processes [33-36]. Clinch-
ing allows for joining steel sheets [37-39], aluminum alloys
[40-43] and even titanium alloys [44—47]. The clinching
method is constantly developed and modified [48, 49].

In the case of using an additional rivet to form a clinch
joint, a significant increase in joint strength is obtained [50].
For all tested joints, the load capacity of the clinch-rivet
joint increased several times compared to the clinch joint.
However, the forming force required to form the clinch-rivet
joint compared to clinching was higher. Another work [51]
presented extended research on the joining of clinch-rivet
for joining of steel and aluminum alloy sheets. The larg-
est interlock was obtained for the combination of aluminum
alloy sheet material. In all cases, the plates were not pierced.
Connections made with an additional rivet allow to obtain
93-97% of the load capacity of welded connections for the

same materials [52]. Clinch-riveting can be successfully
used to join different types of aluminum alloys with differ-
ent technological states [53].

The use of a solid rivet modification, i.e. with a through
hole, reduces the forming force [54]. The lowest forming
force was obtained for a hole with a diameter of 2.5 [mm].
However, no significant reduction was achieved compared
to a joint formed without an additional rivet.

The clinch-rivet joints can be formed using a rivet of dif-
ferent hardness. The authors of the paper [55] analysed the
influence of different rivet hardnesses (350HV1, 400HV1,
420HV1) on the forming force, interlock parameters, and
joint load capacity for a steel sheets.

The use of joining with an additional rivet (without loss
of material cohesion) is also possible when using a flat die.
This is a way of simplifying the shape of the die. In the paper
[56], for a flat die the influence of the sheet holder force on
the interlock parameters and joint load capacity for sheets
made of aluminum alloy was analysed. It has been shown
that the greater the holder force, the greater the interlock
parameters and the load capacity of the connection.

A rivet with a hole can be used to regenerate a damaged
clinch joint [57-59]. The issue of strengthening a damaged
joint made of sheets of aluminum alloy with a tubular rivet
made aluminum alloy is presented in [57]. After placing
the tubular rivet, the joint was pressed with varying force.
A flat die was used in the experiment. A similar method
for strengthening a damaged clinch joint was presented in
[58, 59]. The reinforced connection showed a higher load
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capacity than the undamaged clinching connection without
the rivet. The paper [60] presents research on joining with
the use of a solid rivet and a hole rivet in a two-stage form-
ing process. However, this requires a more complex forming
process, so the costs are higher and the assembly time is
longer. They obtained a significant increase in the size of the
interlock and the load capacity of the joint. The results of
the optimisation related to the location of the special groove
on the cylindrical surface of the solid rivet and the impact
on the load capacity of the connection are presented in the
paper [61]. In this case, the full rivet was also made of steel
with a hardness of 62 HRC. A flat die and a slotted holder
were used for joint forming.

Each of the methods of joining thin-walled structures
causes, to a greater or lesser extent, deviations of the mate-
rial in the vicinity of the joint axis. During joining, in addi-
tion to local changes in the structure of the material, there
is a specific deviation of the surface of the sheets (Fig. 2a).
Examples of deformations of thin-walled elements are
shown in Fig. 2b.

One of the most interesting paper about the deformation
of joined sheets using “SPR” technology is the publication
by Cai et al. [62]. The issue of predicting the surface devia-
tion of the joined aluminum alloy elements with the use of
“SPR” joining technology was analysed by Cai et al. [63].
During the research, they analysed the effect of the length
of the rivet on the joining process parameters and deforma-
tion of the aluminum alloy sheets. In addition, for a specific
aluminum alloy door panel, an algorithm was applied to pre-
dict the deformation of specific surfaces. Tozaki et al. [64]
studied the behaviour of joined materials in the structure and
deformations around the joint. For various shapes of the tool
and the technological parameters of the friction stir welding
process, they performed an analysis of the microstructure

(@) (b)

and load capacity of the lap joint of aluminum alloy sheets.
Friction stir welding causes an increase in temperature at
the connection point, which affects changes in the material
and thermal deformations [65]. Hwang et al. [65] investi-
gated the influence of technological parameters of friction
stir welding on the range of temperature impact in the joined
materials.

Often, in addition to joining thin-walled layers of the
structure, it is necessary to form an additional thread in
a specific place. This effect can be achieved by mechani-
cal locking pressing of additional fasteners [66, 67]. In the
papers [66, 67], the authors present the analysis of the load
capacity of a joint with a plastically clamped additional ele-
ment with a thread. They proposed a variant of the connec-
tion technology in which there is already a flange in the
material and that is used to tighten the threaded fastener.

In [68], the authors presented research on the assembly
of a special threaded element using friction stud riveting
(“FSR”). “FSR” causes the material to deform plastically
and thermally around the injection place. A flash of material
is formed around the pressed in additional element, which
may affect the adhesion of the joined elements. Mechanical
clamping of additional elements allows you to quickly create
a place with a thread. The thread allows for the assembly of
a separable connection.

This paper presents research, results, and their analysis
regarding the possibility of using a modified steel deforma-
ble rivet with a hardness of 400HV1 as an additional element
for forming a clinch joint. To form the clinching connection
with an additional rivet, a full rivet was used, a rivet with a
through hole, and a rivet with hole depth of 3.0 [mm] were
used. To compare the effect of using an additional rivet,
the clinch joint was formed without a rivet using a rigid
circular die and a die with movable segments. Furthermore,

(@)

Fig.2 Basic examples of the deformation of the sheets with a clinch-rivet joints—(a), examples of deformation of the sheet surfaces with the

clinch joint for: steel sheets—(b, ¢), aluminium alloy sheets—(d)
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Fig.4 Examples of the force—displacement diagrams obtained in the
upsetting test of the rivets

an analysis of the energy consumption of the forming pro-
cess was made for different variants of tools and the shape
of the rivet. The basic geometry of the interlock on the

(a) (b)

cross-section of the joints and the deformation of the sam-
ples were measured. The load capacity of the lap joints was
also tested for a DX51D steel sheets of 1.5 [mm] thickness
with a ZiNc coating.

2 Methodology for Measuring Sheet
Deviations and Load Capacity of Joints
Formed with Different Sets of Tools

A DX51D +7Z/275 (according to PN-EN 10346: 2015-09
[69], material number 1.0917) steel sheet with a thickness
of 1.5+0.15 [mm] with a ZiNc coating was used to test
the clinch joints formation process. The true stress-true
strain diagram of the sheet material, according to PN -EN
ISO 6892-1:2020-05 [70], is shown in Fig. 3a. The micro-
structure of the steel was identified on the etched specimen
(Fig. 3b).

The standard and modified rivets used in the experimen-
tal tests are made of carbon steel with 205 [GPa] Young's
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Fig.5 View of the rivet and its axial section—a, rivet microstructure—(b), EDS spectrum of steel particle—(c)
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modulus (E), 0.3 Poisson's ratio (v), and 400HV 1 hardness.
Microhardness measurement was performed in accordance
with the PN-EN ISO 6507-1:2018-05 standard [71]. The
compression force—displacement diagrams in the rivet upset-
ting tests are shown in Fig. 4. In the cross section of the
solid rivet (Fig. 5a), the macrostructure of the rivet material
was observed (Fig. 5b). The identification of the material
by analysing the chemical composition in microareas was
performed by using the Hitachi S-3400N scanning electron
microscope, which uses X-ray energy dispersion spectros-
copy (“EDS”), according to the ASTM E-1508-12 standard
[72]. An accelerating voltage of 20 [kV] and a spot size < 10
[nm] were used. A backscattered electron (“BSE”) detector
was used. The obtained X-ray spectra is shown in Fig. 5c.

The tests of forming process of all joints, including three
variants of the rivet geometry, were performed in the Pressed
Joint Laboratory of the Machine Design Department at
Rzeszow University of Technology. The stand enables the
formation of various plastically shaped joints up to 100 [kN].
The “CMB” C-frame press was equipped with an EMPK
linear servo drive, force measurement systems with an accu-
racy of 0.5% of the pressing force, and the displacement
measurement with an accuracy of 0.01 [mm)]. The stand has
interchangeable sets of forming tools for 3 types of joints
(Fig. 6a):

1. Clinching—round punch and solid die (“CL/CL”).

2. Clinching—round punch and die with movable segments
(“CL/CR”).

3. Clinch-riveting—rivet feeder punch, deformable full
rivet and “SKB” die with movable segments (“CR/CR”).

The detailed geometry and arrangements of the forming
tools are included in Fig. 6b. In addition, three variants of
the rivet geometry were used for the tests (Fig. 7). Based on

Fig.6 The joint forming stand:
a stationary C-frame press (5),
b tools dimension and their
arrangement scheme (1—
clinch-riveting punch system,
2—die with movable segments,
3—clinch punch, 4—clinch die)
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the standard rivet geometry (Fig. 7a), a specific modifica-
tions were made: hole with a certain depth (Fig. 7b) and
through hole (Fig. 7c). The individual nomenclature of the
joints is listed in Table 1.

In the case of modification of the rivet geometry, a
reduction in the weight of the rivet was obtained. The larg-
est decrease was obtained for the diameter of the 2.5 [mm]
through hole. For individual variants of the rivet shape,
individual weight change parameters were measured and
calculated, which are listed in Table 2. In the case of form-
ing clinch joints without a rivet, a punch with a diameter of
d=5 [mm] was used (Fig. 6b). In the case of joints with an
additional rivet, a rivet of the same diameter as the forming
punch (“CL”) was used—Figs. 6b and 7. For joints without
a rivet, the thickness of the embossment was set at X=0.75
[mm], and for joints formed with a deformable rivet the zero
distance between the upper surface of the rivet and the upper
surface of the upper sheet was set (Fig. 8).

For all variants of the joints, observations and measure-
ments of the characteristic parameters of the joints inter-
locks were made (Fig. 9). Observations and measurements
of the joint geometry were made using the VHX7000 optical

on Uk
Vi
d, ¢d,
(b) (0

Fig.7 The variants of the shape and geometry of the rivets used in
test: a full rivet (rivet I), b rivet with through hole (rivet II), ¢ rivet
with a hole depth of 3 [mm] (rivet III); the dimensions in [mm]
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Table 1 The tools and an additional elements arrangements

Punch type “CL” “CR”
Die type “«cL” “CR” “CR”
Rivet hole, d, [mm]
0 Hole type 1.0 1.5 2.5
Additional element - - Rivet I Rivet IT “CR/CR1.0” “CR/CR1.5” “CR/CR2.0” “CR/CR2.5”
>
Nomenclature “CL/CL”  “CL/CR”  “CR/CR”  Rivetlll “CR/CR-1.0”  “CR/CR-1.5"  “CR/CR-2.0”  “CR/CR-2.5”
Table 2 The weights comparison of the full rivet and rivets with holes
Parameter The geometrical shape of the rivet hole
Rivet I Rivet I
g
Diameter of the rivet hole, d, [mm] 0 1.0 1.5 2.0 2.5 1.5 2.0 2.5
Rivet weight, g, [g] 0.678 0.660 0.636 0.599 0.546 0.654 0.636  0.612
Rivet relative weight to a full rivet, u [%] 100 97.35 93.81 88.35 80.53 96.46 93.80 90.26
Weight change, A g, [%] 0 2.65 6.19 11.65 19.46 3.54 6.20 9.74
tools tools tools
CL/CL CL/CL CL/CR CL/CR CR/CR

2t

sfc 17

I
KCL/CL=XCL/CR=O'25% - Xt

|— punch position at the end of joining process 7

N

=

=

Fig.8 The final position of forming tools for “CL/CR” method (left side), “CR/CR” method (right side). s,—punch displacement, h,—rivet
height, X—minimal thickness of the embossment, }}t,—total sheets thicknesses, s;—displacement for joints without rivet
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microscope. The microscope was equipped with a VH-
Z20R/Z20T zoom lens. The parameters were analysed for a
zoom of 100x, which allowed one to obtain a single image
with a resolution of 2048 X 1536 [px] with a working area of
3.05 [mm] by 2.28 [mm]. The lens distance was 25.5 mm.
The distance between the pixels of the recorded image was
0.0015 [mm)], in both directions of the XY plane.

Identification of the size of the sheets deviation from the
initial position was carried out by measuring the deviations
of the outer surfaces of the sheets of the sample with dimen-
sions as in Fig. 10a. On the other hand, to test the joint load
capacity and the energy consumption, lap joints samples
were prepare with various arrangements of the forming tools
and the rivet geometry (Fig. 10b). The lap joints for the shear
tests were made in accordance with the ISO 12996:2013
standard [73].

In the case of measuring the deviation of the sheets, the
origin of the axis system was adopted on the sheet surface—
Fig. 11. In order to increase the accuracy of the measurement

(b)

deformation zones

in the cutting process top surface
|
’ 35 |
path and measuring points oDy 8

| k

i

— t

‘ - hy bottom LSt =t +t,
¢Dy, surface

(b)

Fig. 11 The measuring apparatus—(a), characteristics of the method of the sheet deviations measurements—(b)
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Fig. 12 The examples of the forming force—displacement diagrams
for different tools arrangement

of the sheet edge deviation line, the part deformed as a
result of samples preparing (cutting process) was omitted.
On the press, during the strip cutting process, the sheets
were pressed down with a holder. The size of the sheet sur-
face deviations was measured with the ATOS Capsule 200
MV200 scanner (Fig. 11a). The measurement system was
characterised by the maximum measurement error: sphere
spacing error 0.008 [mm] and length measurement error:
0.009 [mm]. After the scan, points were set along the path
shown in Fig. 11b.

3 Results and Discussion

Changing the type of joining technology for one sheet lay-
out arrangement affects the energy consumption, interlock
geometry, and load capacity of pressed joints. It is possible
to use different sets of tools for one C-frame stand. “CR”
technology requires a frame with more clearance than a riv-
etless joint forming tool kit. The rivet feeder system with
a punch and a rivet feeding mechanism has much larger
dimensions than the punch holder for clinch joints [54]. In
the case of the manipulator, the weight of the tools is impor-
tant. “CL” technology allows the use of a rigid tool and a
relatively simple solid die, but no significant load capacity
of the sheet joint is achieved. The use of a matrix with mov-
able segments allows to reduce the energy consumption of
the joining process. The use of an additional deformable
element (rivet) significantly changes the forming process and
the maximum load capacity of the joint [60]. For selected
variants of the forming process, the size of the deviation of
the joined sheets was measured. The influence of the die

used in the clinch joint formation process on the maximum
load capacity of the lap joint was also analysed.

3.1 Analysis of the Energy Consumption
of the Forming Processes

An important role in the process of forming clinch joints is
the pressure on the joined sheets, hence the holder springs
are used in the punch system [56]. Sometimes there is a
blockage of the joint embossment in the die after form-
ing, which is why die ejector systems are used (additional
spring in die system). There are many publications in which
the authors present an analysis of the formation of pressed
joints, but omit aspects of energy consumption of the joining
technology. Figure 12 shows the forming force—displace-
ment curves, taking into account the holder spring force,
obtained during the formation process. The use of other die
than solid, e.g. “SKB” (with movable segments), allowed to
reduce the forming force and energy consumption (Fig. 13).
It is possible to form a joint with or without an additional
rivet (as a classic clinching process) and with a round die
with movable segments [44, 58]. A significant increase in
the load capacity of the joint can also be achieved by using
a rivet and welding it using the hybrid clinching-welding
process [15]. However, in this case, the process is more com-
plicated and harmful gases are produced.

The use of an additional solid rivet resulted in an increase
in the forming force and the energy consumption of the join-
ing process. The stiffness of the C-frame press for form-
ing clinch joints is extremely important [74]. Hence, it is
extremely important to look for possibilities to increase the
load capacity of the clinch joint, but not to increase the form-
ing force [54]. It is possible to press the rivet directly into the
joined sheets and into the already formed joint [60].

An important role in the process of forming clinch joints
is the pressure on the joined sheets, hence the holder springs
are used in the punch system. Sometimes there is a blockage

80 = 250
60 200
8 50 150 =
2401 [ foos o g
% 304 100 s
é 201 IH 50 E
g 1 RLH R

0 CL/CL CL/CR CR/ICR N

(rivet )

Fig. 13 The comparison of the average values of the forming force
and energy consumption for different joining technologies
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of the joint embossment in the die after forming, which is
why die ejector systems are used (additional spring in die
system). There are many publications in which the authors
present an analysis of the formation of pressed joints, but
omit aspects of energy consumption of the joining technol-
ogy [75]. Figure 12 shows the forming force—displacement
curves, taking into account the holder spring force, obtained
during the formation process. The use of other die than solid,
e.g. “SKB” (with movable segments), allowed to reduce
the forming force and energy consumption (Fig. 13). It is
possible to form a joint with an additional rivet and a die
with movable segments [60]. The use of an additional solid
rivet resulted in an increase in the forming force and the
energy consumption of the joining process. The stiffness
of the C-frame press for forming clinch joints is extremely
important [74]. Hence, it is extremely important to look for
possibilities to increase the load capacity of the clinch joint,
but not to increase the forming force [54].

The idea of using an additional rivet is to increase the load
capacity of the joint. Therefore, it was decided to investigate
how modification of the shape (and thus also weight) of the
rivet will influence the maximum forming force and energy
consumption of the joining process. Figure 14 shows the
forming force—displacement diagrams of joint with an addi-
tional rivet. The lowest forming force (F n ) was obtained for
“CR/CR2.5” joint with the rivet of 2.5 [mm] hole diameter.
The highest value of forming force (F; ) was obrainted in
the case of rivet I. The shape of the modified one (with a
hole made in the axis to a depth of 3.0 [mm]) looks like a
rivet for self-piercing riveting (“SPR”). The difference in the
process is significant, in the case of “SPR” the rivet pierces
the upper layers of the sheets [18], while in the case of “CR”
there is no loss of material cohesion [50]. Modifying the
geometry of the rivet allowed for a significant reduction in
the forming force, and the course of the forming curve also
changed (Fig. 14). In all cases of modification of the rivet

F A

max

Forming force, F; [kN]

, S
Displacement, s, [mm] fmax

Fig. 15 Forming force—displacement diagram and forming energy of
the clinch-rivet joint (s;—displacement resulting from deflection of
the tool springs, s;,—displacement resulting from the pressing of the
rivet)

geometry, the energy consumption of the forming process
was higher compared to the formation of a connection with
a round solid die (Fig. 13).

Based on the forming force—displacement diagrams, the
forming energy was calculated (Fig. 15). For two different
cases of the shape of the rivet with a hole, a comparison of
the maximum forming force and energy consumption of the
clinch-rivet joint was made (Fig. 16). In the case of the rivet
with a hole of 1.0 and 1.5 [mm], no significant differences
were observed. Tests have shown that the use of a rivet with
a 2.0 [mm] diameter through hole significantly reduces both
the forming force and energy consumption. The differences
between the forming force and the energy consumption for
the two varieties of the hole in the rivet are at a similar

Fig. 14 The forming force—dis- 90
placement diagrams for joint 85+
with rivet and without hole (d,, gg 1
in [mm]) 70 :
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Fig. 16 The influence of the diameter of the rivet hole on the forming
force and energy consumption

level. The mechanical characteristics of the rivet influence
the reduction of the forming force—displacement diagram
course and the increase of the maximum force [55]. Another
method, in addition to modifying the tools and the geometry
of the rivet, is the use of local heating of the joined sheets
[44]. However, this causes thermal and mechanical changes
in the joined materials.

3.2 Macrostructure and Measurements of the Joint
Interlock Parameters

The formation of the joint with a punch and a solid die is
characterised by a limited flow of the material. The shape
and geometry of the die used in the forming process influ-
ence the mechanism of material flow [76]. The use of a die
with movable segments (instead of a solid die) resulted in a
greater displacement of the material in the radial direction,
especially in the segment area (Fig. 17). Thus, the interlock
parameters increased (Fig. 18).

The formation of the joint with a punch and a solid
die is characterised by a limited flow of the material. The
shape and geometry of the die used in the forming process
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Fig. 18 The interlock parameters for different joining technologies

influence the mechanism of material flow [57, 76]. The
use of a die with movable segments (instead of a solid die)
resulted in a greater displacement of the material in the
radial direction, especially in the segment area (Fig. 17).
Thus, the interlock parameters increased (Fig. 18). Dies with
movable segments are more complicated than solid dies. It
is possible to completely simplify their construction to a flat
surface [48]. However, the process of forming such technol-
ogy for materials available on the market has not yet been
well-studied. When joining micro-thick materials, to avoid
material cracking, local heating can be used, with the use of
a laser beam, of the upper layer of the material pressed into
the already punched hole [77].

As the diameter of the hole in rivet II increased, the sheet
material under the rivet was pushed into the hole. Thus, the
sheet material is pressing on the side surface of the rivet. In
a joint with a rivet II and a diameter of 2.5 [mm)], the rivet
had a similar radius of the inner and outer walls (Fig. 19a—
detail No. 1). The rivet was pressed to a greater extent in
the direction of its insertion. In the case of a rivet with a
hole with a diameter of 1.0 [mm], there was a part of the
conical surface of the countersink (Fig. 19a—detail 2). The

CRICR (rivet )

Fig. 17 The comparison of the macrostructure of the joint: a formed by using solid die and die with movable segments, b formed by using
punch, an additional rivet, and die with movable segments, ¢ the outlines of the upper (left view) and lower (right view) sheet
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Fig. 19 The macrostructure of the clinch-rivet joints formed with different diameters of the rivet hole—(a), the comparison of the rivet outline
for rivets with through hole and 3 [mm] depth hole (solid lines)—background is a full rivet (dashed line)—(b) (d,, in [mm])
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Fig.20 The upper and lower sheet material in the rivet hole—(a) and the influence of the rivet type on the changes in the volume of the sheet

material in the rivet hole—(b)

differences between the height and shape of rivets II and
III compared to rivet I are shown in Fig. 19b. The greatest
difference in the depth ((A#h,) rivets II and III in sheets was
obtained for the diameter of the hole of 2.5 [mm], and the
highest radial rivet high in the upper sheet for a rivet with
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a hole of 1.0 [mm)]. In the case of rivet II, the difference in
radial displacement (Ad;) on diameter d; was greater than
for rivet III. A rivet with a thinner wall pressed the joined
sheet materials to a greater extent (up to 2.5 [mm]). There-
fore, a larger volume of material was pushed into the hole in
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the transverse directions of the rivet (Fig. 20). For all joints,
there was no material cohesion loss of the upper sheet. The
issue of pressing an additional deformable aluminum alloy
rivet, during which the upper sheet is pierced, was presented
in [78]. Piercing of the upper sheets occurs in the case of
self-piercing riveting [18, 79], or in another joining method
such as shear clinching [80]. When using a rivet with a hole
of 1.5 [mm], an improvement in material flow into the free
space of the rivet hole was observed. The larger the diameter
of the hole in the rivet, the greater the material volume of the
upper (V,) and lower (V,) sheets was—Fig. 20b. The prin-
ciple of measuring the volume of material under the rivet
is shown in Fig. 20a. In the case of the rivet III, the change
in the volume of the upper sheet material (V,) under the
rivet was proportional. The material flow outside the rivet
and inside the rivet hole is influenced by the forming force
(Fig. 14) and the joint macrostructure (Fig. 18a).

After measurements on the microscope and the recording
results, charts of the relationship between the impact of the
diameter and shape of the hole on the change in the size of
the interlock ¢, (Fig. 21a) and the neck thickness ([nmm) were
made (Fig. 21b). Compared to the joint with a solid rivet for
a diameter of the rivet hole of 1.0 [mm] (“CR/CR1.0”), a
value of 7, decreases about 3.12%. In the case of a rivet with
a through hole and diameter from 1.0 to 2.0 [mm], no dif-
ference in the size of the interlock #, was observed. The use
of a rivet with a hole diameter of 2.5 [mm] (“CR/CR2.5)
resulted in a decrease in size z, by 9.68% compared to the
joint with a rivet with a hole diameter of 2.0 [mm] (“CR/
CR2.0”). The amount of wall thinning (#, ) in the case of

in

using a full rivet and a rivet with a 1.0 [mm] hole (“CR/
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Fig.21 The influence of the diameter of the rivet hole on the 7,—(a) and 7,

with a hole depth of 3.0 [mm)]

CR1.0”) did not change. A significant increase in wall thick-
ness was observed when the diameter of the hole in the rivet
was increased to 2.0 [mm] (“CR/CR2.0™). For the rivet with
the hole with a certain depth, instability of changes in the
values of the 7, and (#, ) parameters was observed (Fig. 21).
The values were lower than for the solid rivet and the rivet
with a through hole. However, the value of wall thinning
(tnm ) in the case of a hole with a diameter of 2.0 [mm] (“CR/
CR-2.0”) decreased by 3.7% (compared to the joint with a
solid rivet). In combination with a hole rivet with depth 3.0
[mm)] and diameter of 1.5 [mm], a higher value of (tn,m-n ) was
obtained than for the rivet I (increase by 9.25%)—Fig. 21b.

The use of a rivet with a through hole with different diam-
eter and a rivet with a hole depth of 3.0 [mm] resulted in
changes in the geometrical parameters of the embossment
(Fig. 22). Changing these parameters affects the formation
of an interlock (Fig. 21). The analysis of the above results
shows that the diameter of the hole in the rivet for which sig-
nificant changes were obtained was 2.0 [mm] (Figs. 21, 22).
The larger the diameter of the hole in the rivet, the greater
was the change in the maximum diameter of the upper sheet
in the joint interlock (d,) (Fig. 22a). The largest reduction
in diameter d, was obtained when the hole in the rivet was
increased from 2 [mm] to 2.5 [mm]. However, the use of
a rivet with a hole made at a certain depth caused smaller
changes in the d, diameter. The effect of a through hole and a
hole made at a certain depth had a similar effect on changes
in the minimum distance between the upper and lower sheets
(h3). The smaller the hole in the rivet, the greater part of its
material is upset, which causes a greater displacement of
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interlock parameters—(b). For rivet with through hole and rivet
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Fig.22 The influence of the type and diameter of the rivet hole, used to form clinch-rivet joints, on the geometrical parameters of the inter-

lock—(a—c)

the sheet material in the radial direction, thus increasing
the maximum diameter of the embossment (d;)—Fig. 22b.
Changes in the height of the rivet with the hole in the
joint interlock were proportional to the values of the diam-
eter of the through hole (Fig. 22b). In the case of a rivet with
a hole made to a certain depth, the changes in the height of
the rivet in the joint interlock were not linear. Differences in
the outline of rivets with a through hole and those made to a
certain depth are also visible in Fig. 18b. The use of a rivet
with a hole reduced the maximum forming force and energy
consumption (Fig. 16). A better effect was shown by using a
rivet with a through hole than made to a certain depth.
During the formation of the “CR” connection, the rivet
was upset, and its material flows in the radial direction,
pushing the joined sheets out. In the lower part of the rivet,

@ Springer KE;E

its diameter (d,) was the largest (Fig. 22c). In experimental
tests of the joint forming process with different arrange-
ments of the shape and geometry of the rivet, there was
no loss of material cohesion (Figs. 16b, 18a). The high-
est radial flow of the rivet material was observed for the
rivet with a 1.0 [mm] diameter through hole (Fig. 22c¢).
And for a rivet with a hole at a certain depth, the highest
radial flow was observed for a hole diameter of 2.0 [mm]
(d,=2.0 [mm]).

The process of joining body elements can be carried
out using an additional connector, without pressing it in
as strongly as in the case of clinch-riveting process [35].
If the upper sheet is difficult to deform, it was proposed to
make a hole and use a friction welded element (resistance
element welding process “REW”).
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cL/CL CL/CR CRICR (rivet I)

2

Fig.23 The zoomed fragments of the outer surface of the emboss-
ment of the joint made with different tools

Fig. 24 The macrostructure of the sheet surface of the ZiNc coating
before joint formation

3.3 Results of Degradation and Deviation
of the Sheet Surface

The implementation of the “Industry 5.0” idea results in
the automation of production processes and the introduc-
tion of intelligent quality control systems. Vision systems
to observe the shape and geometry can be used to control
the quality of the pressed joints. A robotic station with a
manipulator and a vision system that inspects the "SPR"
joint in a thin-walled structure was presented in a recently
published work [81].

In the area of joint embossment, the bottom surface of the
sheet was observed. Observation on the microscope allowed
for the analysis of changes in the surface of the galvanised
sheet. For individual characteristic areas of the embossment,

photographs were taken (Fig. 23). The state of the sheet sur-
face with the zinc coating before joining is shown in Fig. 24.
Areas with characteristic changes in the embossment sur-
face were subjected to a more detailed analysis. The analysis
made it possible to observe the effect of the arrangement of
the joint forming tools on surface degradation (Fig. 25). In
the case of forming the “CR/CR” joint, the pressure of the
rivet on the lower plate blocked the radial movement of the
sheet material. The ZiNc coating accumulated at the bottom
of the die groove. Figure 26 shows the limit of accumulation
of the zinc coating.

Measurement with an optical scanner allowed for 3D
visualisation of the surface deformation of the material and
observation of changes in the embossment, especially in
areas of contact with the edges of the tools used (Fig. 27).
For the appropriate cross-sectional planes, measurement
paths were prepared for the value of sheet surface deviation
from the initial position (as shown in Fig. 11).

The joining of sheets with an anticorrosion coating
slightly changes the course of the forming force—displace-
ment diagram and changes the condition and thickness of
the ZiNc coating [82]. During the plastic forming of the
material of the joined sheets, the external surface of the
sheets is degraded. When sheets are joined using clinch-
riveting technology, the rivet fills the joint space from the
side of the punch system. The deformed material of the
upper sheet is filled with a rivet at the place where an addi-
tional rivet is pressed. However, the material of the bottom
sheet (outer side of the embossment) is only protected by
a ZiNc coating. When a clinch-rivet joint is formed, the
material of the bottom sheet is pressed into the die cavity.
The ZiNc coating is deformed together with the material
of the lower sheet (Fig. 25). As a result, the zinc coating
is degraded in characteristic areas of the outer surface of
the lower sheet. The greatest degradation of the surface of
the bottom sheet during the forming tests occurred in the
case of formation of the “CL/CL” joint (Fig. 25f). On the
surface of the bulge of the embossment, macrogrooves are
visible in a specific direction. In the case of the “CL/CR”
joints, the bulge of the embossment is larger, however,
such large discontinuities of the material did not occur
(Fig. 25g). The fixed segments of the “SKB” die block
circumferential deformation of the material. The use of a
deformable rivet to form the clinch-rivet joints resulted in
a reduction in material discontinuities (Fig. 25h). The rivet
used was deformed during sheet metal pressing. In place
of the smallest plastic flow of the bottom sheet material
(in the vicinity of the joint axis), the surface pressures
were the highest. Therefore, the possibility of plastic flow
was the smallest (Fig. 25d). The use of an additional rivet
instead of a rigid punch resulted in the fact that the mate-
rial of the bottom sheet could be moved to a greater extent
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(rivet )

CRICR ¢

Fig. 25 The macrostructure of the sheet surface in the characteristic places of embossment

in the radial direction. Such a state of impact of the rivet
and tools on the lower plate resulted in the formation of
characteristic macroflow areas (Fig. 25a). Changing the
“CL” rigid die to an “SKB” die with sliding segments
resulted in greater flow of the material, i.e. with reduced
resistance of the lower sheet (Fig. 25b). There, the bottom
sheet material came into contact with the die, and plastic
flow was accompanied by lower flow resistance. Hence,
smaller stops of adhesive retention of the flowing material
were formed on the surface.

The smallest degradation of the outer surface of the lower
sheet occurred in the case of forming a joint with the punch
(Fig. 25c¢). Both in the case of using the “CL/CR” and “CR/
CR” tool systems, there was a directed material flow on
the edge of the movable segments. The friction occurring
between the movable segments and the lower sheet caused
the formation of grooves (Fig. 25i). In the case of the “CL/
CL” connection, the area close to the outer surface of the
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embossment was above the die groove and was not limited
by friction (Fig. 25¢).

The clinch-rivet joint formation process has been well
characterised in [52]. Figure 26 shows a characteristic frag-
ment of the embossment of the joint with the use of the
rivet I. In area 1, directional surface deformations of the
sheet material with a zinc coating are visible (Fig. 26). The
sheet material pressed into the free space of the die groove
gradually fills it until the moment when its further filling
requires pushing it out towards the outside of the die. A
boundary (area 2) of the accumulated zinc coating mate-
rial was formed in the circle located at the bottom of the
die groove. In area 3, the sheet and the coating material
were pushed outside the die groove. The plastically flowing
material contact the outer edge of the die groove. The mate-
rial moving in the radial direction was subjected to strong
interaction, hence the directional cracks (area 4). The cracks
in the lower sheet were created in the final phase of joint
formation. In the last phase, there is a strong movement of
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Fig.26 The embossment area near the material outflow for the
clinch-rivet joint (1—internal surface of the embossment, 2—edge of
the embossment, 3—external surface of the embossment, 4—surface
of the material flowing between the solid segments of the die)

the rivet material (in its lower part) and the sheets in the
direction of the movement of the movable segments of the
“SKB” die. The ZiNc coating at this place is subject to sig-
nificant degradation. Degradation of the surface of sheets
in the place of embossment reduces resistance to corrosion
[83, 84]. The joining of steel sheets and aluminium alloy is a
common case in thin-walled structures. In the case of joints
with rivets II and III, the characteristic areas of embossment
were very similar to the joint with rivet I (Figs. 23c, 27). For
the joint with the largest diameter (d,=2.5 [mm]), a material
bulge was formed with the smallest diameter d; was formed
(Figs. 22b, 27).

In the case of forming the “CL/CL” joint, a large round-
ing (2) of the bottom sheet bend was formed, and the ring
of the bulging material (1) does not have a clearly rounded
shape (Fig. 28a). The use of the “SKB” die resulted in the
formation of characteristic areas on the outer surface of the
embossment resulting from the impact of the fixed (4) and
movable (5) segments of the die (Fig. 28b). The ring was
not formed in this case either (Fig. 23b). The material was
slightly pressed out, but most of the material flowed plas-
tically in a direction radial to the die axis. The use of an
additional rivet caused that the material of the lower sheet
completely filled the die groove (6)—Fig. 28c. In the last
phase of the forming process, the rivet flows intensively in
its lower part and pushes the sheet material in the radial
direction.

rivet Ill

(b)

Fig.27 The view of the embossment for rivets II and III with differ-
ent hole diameter (d, in [mm])

In each of the three types of tools arrangements, dif-
ferent maximum sheet deviations were observed. The
deviations of the sheets are different from those shown
in Fig. 2a. In all analysed cases, both sheets were bent
in the same direction according to the diagram shown in
Fig. 29. The outline of the upper and lower surfaces of
the sheet for joints formed with different tools is shown in
Fig. 30. The largest deviation of the sheets was measured
on the “CL/CL” joint sample, the smallest for the variant
of the tools used to form the “CL/CR” joint. In the case of
using a rivet II, the highest strip deviation was observed
for a hole in the rivet with a diameter of 1.5 [mm], both
for the upper (Fig. 31a) and bottom (Fig. 31b) sheets. A
similar situation occurred for joints formed with rivet III
(Fig. 32). However, the difference in the deviation of the
sheets between the connection with the rivet III (d,=1.5
[mm]) and the rivet I was smaller than in the case of the
rivet I (Figs. 31, 32). The smallest deviation of the upper
and lower sheets was observed for the joints with a rivet
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Fig. 28 The view of the
embossment after 3D measure-
ment scan of the lower sheet:

a “CL/CL” joint, b “CL/CR”
joint, ¢ “CR/CR” joint

CL/CL

(a)

Fig.29 The directions of the sheet deviations for sample with 40 x40
[mm] dimensions

with a hole diameter of 2.5 [mm]. Figures 30, 31 and 32
also include the values of the circles measured on the base
surface of the upper and lower plates at which the devia-
tions of the plates were equal to zero. Depending on the
joining technique used, deformations of different values
are obtained in the sheets [5, 8]. From the point of view
of the tightness of the connection, it is important that the
sheets between them do not bend and that the corrosive
agent does not penetrate the joint between the joined
sheets. The conducted research [83, 84] showed that both
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electrochemical and galvanic corrosion reduce the load
capacity of the clinch joint.

3.4 Maximum Load Capacity and Energy
Dissipation in the Strength Test of the Joints

Figure 33 shows the shear force—displacement diagrams
obtained in the strength test for the lap joint. The area under
the curve is the basis for determining the energy consump-
tion of the joint failure according to the guidelines provided
in the ISO 12996:2013 standard [73]. For joints formed with
different tools arrangement, the joints were characterised
by maximum load capacity for various values of displace-
ment (s). Different values of the maximum forming force
were obtained during the joint formation process (Fig. 34).
The highest forming forces were obtained for the case of
using the rivet and the “SKB” die. For this combination, the
highest joint load capacity was also obtained in the shear
test. The “SKB” die is characterised by four fixed and four
movable segments. The profile of the die grove is close to
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Fig.30 The deviations of the sheet edge outline (in [mm]): a upper, b lower, for different arrangement of joining tools
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Fig.31 The deviations of the sheet outline for the rivet with a through hole and different hole dimension (d, in [mm]): a upper, b lower
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Fig.32 The deviations of the sheet outline for the rivet with a certain depth hole and different hole dimension (d,, in [mm]): a upper, b lower

a rectangle. The formation of clinch joints is possible using
tools with a round profile and movable segments without
fixed segments. This die design allows for the joining of
more material in different arrangements [85].

The parameter values for the clinch joint (“CL/CL”) were
the reference point. Using a round die instead of a rigid die
resulted in a 9% reduction in the forming force. The maxi-
mum load capacity was at a similar level. The use of a set of
tools to form clinch-rivet joints with a rivet without a hole
resulted in an increase in the forming force of 24%. How-
ever, the maximum joint load capacity increased by 88%.

The shear force—displacement diagrams were very similar
for the joint with and additional rivet. Examples of the shear
test diagrams for joints with the smallest and largest rivet
holes are shown in Fig. 35. The maximum joint shear force

was obtained for rivet I (Fig. 36). The highest energy con-
sumption of joint failure was obtained in the case of connec-
tion with a rivet Il (d,=1.5 [mm]). Compared to solid rivet,
the use of a 2.5 [mm] hole (rivet II) significantly reduced
the required joint forming force by 22.5% (Fig. 16), and the
maximum load capacity decreased by 3.8% (Fig. 36). The
forming force of the joint with the rivet II was 2.8% lower
compared to that of the “CL/CL” joint (Figs. 34, 36), and
the maximum shear force was 81.5% higher. Therefore, it
was reasonable to modify the full rivet to the version with a
hole. For the rivet III, apart from the case with a 1.5 [mm]
hole, slightly higher load values were obtained than for the
joint with the rivet II.

The shear force—displacement diagrams were very similar
for the joint with and additional rivet. Examples of the shear
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Fig.34 The comparison of the forming force and the maximum shear
force for joints formed with different tool arrangements

test diagrams for joints with the smallest and largest rivet
holes are shown in Fig. 35. The maximum joint shear force
was obtained for rivet I (Fig. 36). The highest energy con-
sumption of joint failure was obtained in the case of connec-
tion with a rivet III (d,=1.5 [mm]). Compared to solid rivet,
the use of a 2.5 [mm] hole (rivet II) significantly reduced
the required joint forming force by 22.5% (Fig. 16), and the
maximum load capacity decreased by 3.8% (Fig. 36). The
forming force of the joint with the rivet II was 2.8% lower
compared to that of the “CL/CL” joint (Figs. 34, 36), and
the maximum shear force was 81.5% higher. Therefore, it
was reasonable to modify the full rivet to the version with a
hole. For the rivet 111, apart from the case with a 1.5 [mm]
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hole, slightly higher load values were obtained than for the
joint with the rivet II.

4 Summary and Conclusions

The presented paper explains the influence of the use of
different construction of tools and an additional steel rivet
with a hardness of 400HV1 and rivet modification on the
energy consumption of the joint and on the macrostructure
of the joint. Using the results presented for joints forming
examples, new observations were formulated on the behav-
iour of the material, changes on the embossment surface
depending on the forming method, and in particular the
energy consumption of the joining processes. It is possible
to significantly strengthen the clinch joint by an additional
deformable element in the form of a steel rivet without
disturbing the cohesion of the sheet material. This paper
concerned several aspects related to the formation of an
interlock in a clinch-rivet joint, changes in the geometry of
the joint, deformation of sheets as a result of local impact
with tools, and an additional rivet. The most important
and significant information obtained from the conducted
research is as follows:

1. The use of the”SKB” die with movable and fixed ele-
ments allowed for reducing the forming force by 9% and
the joint forming energy consumption by 5% compared
to the case of using a solid round die. The use of an addi-
tional solid rivet to form the joint resulted in an increase
in forming force by 124% and forming energy consump-
tion by 66% compared to the case of using solid round
“CL/CL” tools (without a rivet).

2. The use of a rivet with a hole up to=2.5 [mm] allowed
for a reduction of the maximum forming force compared
to the case of forming with a solid rivet by 22.5% (for
rivet II) and by 10.5% (for rivet III). The use of rivets
II (with a through hole) allowed to reduce the energy
consumption of the joining process by 15.5%, and for
rivet III by 11%, compared to the case of using a solid
rivet.

3. Among the three arrangements of the joint forming pro-
cess, the highest interlock value (¢,) was obtained for
the case of using a die with movable segments and a
solid rivet. The size ¢, of the interlock was 180% larger
than in the case of a joint made with a solid round die
(“CL/CL”). In combination with a rivet II (for hole depth
do=2.5 [mm]), the t, value was reduced by 12.5% com-
pared to the joint with a solid rivet.

4. The deviation of the sheet metal surface in the case of
a joint formed using a special “SKB” die with mov-

able segments (“CL/CR”) was smaller than in the case
of a simpler solid round die (“CL/CL”). The maximum
deviation on the measured sheets decreased by 12.5%
(for the upper sheet) and by 18.75% (for the lower sheet).
The use of an additional full rivet (rivet I), to increase
the load capacity of the joint, formed using the “SKB”
die resulted in an increase in the deviation of the sheets
compared to the joint formed without a rivet (“CL/
CR”) by 6.7% (for the upper sheet) and by 13.4% (for
the lower sheet).

5. The deviations of the lower and upper sheets for all
analysed cases of forming tool arrangement were in the
same direction, and the deviation values at the highest
distance tested from the joint axis had similar values.
The use of a rivet II with a hole instead of a full rivet
(rivet I) resulted in a reduction in the deviation of the
upper sheets by 50% and for the lower sheet by 46.7%.
Very similar values were obtained when using rivet III
(with a hole of 2.5 [mm]) and a similar reduction in the
deflection of the sheets was achieved.
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