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Abstract
This paper is focused on solving the problems of positioning and alignment of rivets in double-sided self-pierce riveting by 
means of flat-bottom holes that are previously machined in the overlapped sheets with greater mechanical strength. The work 
combines experimentation in joints made from dissimilar materials (aluminium AA5754-H111 and polyvinylchloride) with 
finite element modelling to investigate the influence of the flat-bottom hole geometry in the overall joining mechanisms. It 
is shown that the use of flat hole-bottom holes with rivets having identical chamfered angles in both ends is unable to create 
undercuts and to produce form-closed mechanical interlockings. Undercuts are created if different chamfered angles in the 
rivet ends are introduced to compensate the greater or lesser difficulty of the rivets to pierce through sheets with different 
mechanical strengths. Destructive shear and peel tests performed with different types of joints confirm the good performance 
of the joints produced by double-sided self-pierce riveting with flat-bottom holes.

Keywords  Joining by forming · Double-sided self-pierce riveting · Flat-bottom holes · Experimentation · Finite element 
method

1  Introduction

Joining by forming makes use of plastic deformation to con-
nect two or more elements of a mechanical component with 
appropriate ductility. The use of this technology has been 
growing rapidly in several industrial sectors, namely in the 
automotive [1] and aerospace [2] where many elements, 
sometimes made from dissimilar materials with very differ-
ent strengths, are connected at ambient temperature.

The joining by forming technology is characterized by 
a set of different processes that are usually classified into 
two distinct groups: (1) joining by forming without aux-
iliary elements and (2) joining by forming with auxiliary 

elements. The first group includes processes such as hem-
ming, clinching, and cold pressure welding, in which the 
joints are obtained by single or combined action of the 
three-fundamental force-closed, form-closed, and material-
closed joining mechanisms [3]. The second group requires 
the use of additional elements which, in general, promote the 
development of form-closed mechanisms (i.e., mechanical 
interlocking) and remain within the component after joining. 
Riveting and self-pierce riveting [4] are typical processes 
belonging to this second group and are commonly used to 
connect two or more overlapped elements.

The rapid growth in the use of self-pierce riveting (SPR) 
is due to several advantages against conventional riveting, 
such as: (1) the elimination of the need to pre-drill holes 
in the elements, (2) the suitability for applications where 
access from one side is limited, (3) the obtention of leak-
proof joints and (4) the easiness of use and high productivity.

Still, there are several intrinsic disadvantages of SPR 
that cannot be forgotten, such as: (1) the application range 
limited to 1.5–4 mm of the total sheet thicknesses, (2) the 
positioning of thinner and/or softer sheets on the punch side, 
(3) the tearing up of the sheets placed on the punch side, and 
(4) the formation of material protrusions above and below 
the top and bottom sheet surfaces.
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The first attempt to overcome the above-mentioned disad-
vantages of SPR was done by Kato et al. [5], who redesigned 
the process to include a tubular rivet with chamfered ends 
in-between the sheets to be joined, which is subsequently 
pierced through the sheets in a single stroke. Flaring of the 
rivet ends during piercing ensures the creation of an under-
cut that holds the two overlapped sheets tightly together. 
The new process is shown in Fig. 1a and will be hereafter 
referred to as ‘conventional double-sided self-pierce rivet-
ing’, or simply ‘conventional DSSPR’ to emphasize the dif-
ference to SPR resulting from the utilization of semi-tubular 
instead of tubular rivets.

Subsequent developments by Huang et al. [6] allowed 
concluding that the advantages of conventional DSSPR of 
being independent from total sheet thicknesses and produc-
ing joints that are completely hidden inside the sheets came 
with the price of the joints being asymmetric whenever 
the rivets were incorrectly positioned and aligned with the 
sheets or when the rivets had obliquities resulting from their 
manufacturing process. New rivet geometries with outer [6] 
and inner flanges [7] placed at their mid tube height were 
proposed and their effectiveness in reducing the formation of 
asymmetric joints was demonstrated by means of numerical 
and experimental work with AA6063 aluminium sheets and 
AISI 304 stainless steel rivets.

Regardless of the advances that were achieved by all the 
above-mentioned investigations, the new process continued 
to experience difficulties with the positioning and align-
ment of the rivets and with its application to the joining 
of sheets made from dissimilar materials. The problem of 
joining dissimilar materials was firstly addressed by Alves 
et al. [8], who proposed a two-stroke variant of the original 

DSSPR developed by Kato [5], in which the rivet is first 
forced through the sheet with greater mechanical strength, 
and then pressed through the softer sheet to obtain symmet-
ric joints with good form-closed mechanical interlockings.

The development by Alves et al. [8] came after two pre-
liminary studies by the same authors in monolithic over-
lapped joints made from AA5754-H111 aluminium sheets 
[9] and from polyvinylchloride (PVC) sheets [10], in which 
the authors concluded that typical chamfered angles � = 45◦ 
can be made smaller or larger (say. � = 30◦ or � = 60◦ ) 
to compensate the greater or lesser difficulty of piercing 
through sheets with higher or lesser mechanical strength. 
However, like other authors, they also did not address the 
problem of the positioning and alignment of the rivets with 
the sheets in case of large, overlapped surfaces.

Under these circumstances the main goal of this paper is 
to solve the problem of the positioning and alignment of the 
rivets in DSSPR without compromising the overall perfor-
mance of the resulting joints. The solution to be presented 
in this paper is based on preliminary machining (or forming) 
of a flat-bottom hole in the sheet with greater mechanical 
strength, in which the rivets are inserted before being pierced 
through the two sheets (Fig. 1b). Although the contribution 
to science and technology resulting from introducing a flat-
bottom hole in a sheet may be questionable, it will be shown 
that the deformation mechanics of DSSPR changes in such 
a way that predominant form-closed joining by mechanical 
interlocking in the sheet with greater mechanical strength is 
replaced by a combination of form and force-closed joining. 
The latter is built-upon the radial pressure that is developed 
along the contact interface between the rivet and the flat-
bottom hole after unloading.

Fig. 1   a Conventional DSSPR with main notation and detail of the mechanical interlocking and b the new proposed DSSPR with flat-bottom 
hole showing the geometries at the beginning and end of joining
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The effectiveness of the proposed solution is demon-
strated by means of a numerical and experimental investi-
gation that was carried out in sheets made from dissimilar 
materials (AA5754-H111 aluminium and PVC) with AISI 
304 stainless steel tubular rivets. Results demonstrate the 
advantages of using different chamfered angles in the rivet 
ends to compensate the greater or lesser difficulty of the 
rivets to pierce through sheets and to obtain a combined 
form and force-closed joint. Destructive peel and shear 
tests included at the end of the paper show that joints pro-
duced by DSSPR with a flat-bottom hole have better per-
formance than those produced by conventional DSSPR.

2 � Methods and procedures

2.1 � Materials and flow curves

The investigation was performed in dissimilar lap joints 
made from commercial AA5754-H111 aluminium and 
polyvinylchloride (PVC) sheets with 5 mm thickness. The 
chamfered tubular rivets were made from AISI 304 stain-
less steel tubes with an outer diameter of 10 mm and a wall 
thickness of 1.5 mm.

The flow curves of the materials were retrieved from 
previous works of the authors on DSSPR of AA5754-H111 
aluminium and polyvinylchloride (PVC) sheets [8] and 
involved the use of tensile and stack compression tests. 
The tests were carried out at ambient temperature in a 
hydraulic testing machine (Instron SATEC 1200 kN) with 
a crosshead speed of 5 mm/min and the resulting flow 
curves are shown in Fig. 2.

2.2 � Workplan

Previous work on conventional DSSPR allowed identifying 
the main process parameters and joining mechanisms. The 
parameters are duly indicated in Fig. 1a as: (1) the upper and 
lower sheet thicknesses tsi , and (2) the outer diameter d0 , (3) 
the height h0 , (4) the wall thickness t0 , (5) the chamfered 
angles �i of the rivet ends and (6) the depth dp of the flat-
bottom hole (refer to Fig. 1b).

The main differences between the conventional and new 
proposed variant of DSSPR are the utilization of flat-bottom 
holes and chamfered angles �i with different values in both 
rivet ends. For this reason, and to avoid repeating previous 
work of the authors, the focus of this paper is solely placed 
on the depth dp of the flat-bottom holes and in the values of 
the chamfered angles �i (Fig. 1).

The experiments were carried out at ambient temperature 
with a crosshead speed of 5 mm/min in the same hydraulic 
testing machine where the flow stresses had been previously 
obtained. The following procedure was utilized:

1.	 Cut out the sheet specimens and the tubular rivet from 
the supplied materials,

2.	 Machining the chamfered angles �i of the rivet ends,
3.	 Machining a flat-bottom hole in the aluminium sheet,
4.	 Positioning the rivet in the flat-bottom hole,
5.	 Placing the PVC sheet on top of the rivet as shown in 

Fig. 1b,
6.	 Compressing the PVC sheet against the rivet until con-

tact between the two sheets,
7.	 Cutting the test specimen along its cross-sectional plane 

to observe the joint and to measure the interlocking dis-
tances or,

8.	 Performing shear and peel destructive tests to evaluate 
and compare the performance of the joints.

Whenever necessary to explain the changes in the defor-
mation and joining mechanics introduced by the new pro-
posed DSSPR, comparisons were made against conventional 

Fig. 2   Flow curves of the aluminium AA5754-H111 and polyvinyl-
chloride (PVC) sheets and of the AISI 304 stainless-steel tubes

Table 1   Summary of the process operating parameters used in the 
experimental and numerical tests with the new proposed double-sided 
self-pierce riveting with flat-bottom hole (Fig. 1)

Rivet

Material d
0
(mm) h

0
(mm) t

0
(mm) �(º)

AISI 304 10 8 1.5 30, 45, 60

Sheets

Material tsi(mm) dp(mm) d
0
(mm)

AA5754-
H111

5 1, 2, 4 10

PVC 5 – –
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DSSPR. Table  1 summarizes the work plan that was 
designed to accomplish the above-mentioned research objec-
tives. At least five different test samples were utilized for 
each set of operating parameters.

2.3 � Numerical modelling

Numerical modelling of the new DSSPR with flat-bottom 
hole was performed with the in-house finite element soft-
ware i-form [11] based on the modified weak form of the 
quasi-static force equilibrium equations to include contact 
and sliding with friction between deformable objects,

The software is built upon the flow formulation and 
employs a control volume approach with velocities ui as the 
primary unknowns. Other symbols in (1) are the deviatoric 
Cauchy stress �′

ij
 , the hydrostatic stress �m , the rate of defor-

mation Dij , the volumetric rate of deformation Dv , the trac-
tions ti applied on the boundary St of the control volume and 

(1)
∫ V

�
�

ij
�DijdV + ∫ V

�m�DvdV − ∫ St

ti�uidS

+ ∫ Sf

(

∫
|ur|

0

�f �ur

)
dS + K

1

∑Nc

c=1
gc
n
�gc

n
= 0

the friction shear stress �f  and the relative sliding velocity ur 
on the contact interfaces Sf  between deformable and rigid 
objects.

The last term of (1) accounts for the contact between 
deformable objects by means of a two-pass contact search 
algorithm in which the Nc contact pairs are automatically 
extracted from the faces of the finite elements utilized in 
the discretization. The symbol gc

n
 stands for the normal gap 

velocities in the contact pairs, which are penalized by a large 
number K1 to avoid penetration. Details are given in Nielsen 
and Martins [12].

Figure 3 shows a typical finite element model utilized in 
the numerical simulation of the DSSPR with a flat-bottom 
hole at the beginning and end of joining. The model con-
sidered the plastically deforming region of the objects to be 
axisymmetric and discretized the longitudinal cross-section 
of the deformable objects (sheets and rivets) by means of 
quadrilateral elements. Several remeshings were carried out 
to repair and refine the mesh as the rivet is forced through 
the sheets. The tools were modelled as rigid objects and 
their contours were discretized by means of linear contact-
friction elements.

The computational time for a typical analysis using a con-
vergence criterion for the velocity and force equal to 10–3 

Fig. 3   Typical finite element 
model at the beginning and 
end of joining by double-sided 
self-pierce riveting with a 
flat-bottom hole ( dp = 2 mm, 
�alu = 45◦, �pvc = 45◦)
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was approximately 15 min. on a computer equipped with an 
Intel i7-5930K CPU processor.

3 � Results and discussion

3.1 � Joining mechanisms

The utilization of flat-bottom holes for positioning and align-
ing the rivets is likely to change material flow in both the 
rivets and the neighbouring sheet materials. How relevant 
are these changes? Will the form-closed mechanisms of con-
ventional DSSPR still prevail when flat-bottom holes are 
machined in the sheets with greater mechanical strength? 
What is the influence of these changes in the overall mechan-
ical performance of the joints?

Figure 4 helps answering these questions by disclosing 
the experimental and finite element predicted cross-sections 
of dissimilar lap joints made from AA5754-H111 aluminium 
and PVC that were produced by conventional DSSPR and by 
the new proposed DSSPR with flat-bottom holes. As seen 
in Fig. 4a, b, the new proposed DSSPR reduces the amount 
of unfilled volume between the lower aluminium sheet and 
the outer rivet wall that is observed in conventional DSSPR 
(refer to the black circle in the left-side detail of Fig. 4c).

The final unfilled volume in conventional DSSPR results 
from elastic unloading, which forces the sheet materials 
to move inwards, and the rivet ends to curl for compensat-
ing the constraint caused by the contact between the two 

sheets at the joint centre (refer to the arrows in the left-side 
detail of Fig. 4c for details on the movement of PVC during 
unloading).

Conversely, the results included in Fig. 4b and in the 
right-side detail of Fig. 4c, also allow understanding the role 
of the gap created by the flat-bottom hole in accommodat-
ing the elastic recovery and diminishing the upward move-
ment of PVC during unloading. This explains the reason 
why the protrusions on the upper surface of the PVC sheets 
are smaller than those produced by conventional DSSPR 
(Fig. 4c).

In connection to what was said above, it is worth men-
tioning that the differences observed between the experimen-
tal and numerically predicted protrusions of Fig. 4 are due to 
the elimination of the circumferential constrain when halv-
ing the specimens lengthwise to reveal their cross-sections. 
This elimination is not taken into consideration in finite ele-
ment modelling.

Regarding the question on the possibility of maintaining 
the form-closed mechanism that is observed in conventional 
DSSPR, results in Fig. 4b and in the right-side detail of 
Fig. 4c indicate that the mechanical interlocking between 
the rivet and the aluminium sheet almost vanishes. In other 
words, the form-closed mechanism of conventional DSSPR 
disappears and joining is exclusively ensured by a force-
closed mechanism built upon the residual normal pressures 
(radial stresses, �r ) that are created on the contact interface 
between the rivet and the aluminium sheet at the end of 
joining (i.e., after unloading). The form-closed mechanism 

Fig. 4   Double-sided self-pierce riveting (DSSPR) of AA5754-H111 
aluminium and PVC sheets with AISI 304 stainless-steel rivets hav-
ing chamfered angles equal to 45° at both ends. a Finite element 
predicted geometry and photograph of the cross section after elastic 
recovery for conventional DSSPR. b Finite element predicted geom-

etry and photograph of the cross section after elastic recovery for 
DSSPR with a flat-bottom hole (dp = 2 mm). c Detail of the joints 
produced in a, b. d Finite element predicted distribution of radial 
stress �r (MPa) after elastic recovery for (left) conventional DSSPR 
and (right) DSSPR with a flat-bottom hole
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only prevails in the PVC sheets due to the formation of large 
undercuts between the rivet and the sheet (Fig. 4b).

Figure 4d shows the finite element predicted distributions 
of residual stress �r for the conventional and new DSSPR 
with a flat-bottom hole. As seen, compressive residual 
stresses �r are found to occur along the inner rivet wall-
aluminium sheet contact interface of conventional DSSPR 
(Fig. 4d-left), meaning that the rivet is subjected against the 
aluminium sheet after unloading. In contrast, the residual 
stresses along the outer rivet wall are negligible because this 
surface is free due to the previously mentioned unfilled vol-
ume between the aluminium sheet and the outer rivet wall.

The distribution of residual stresses in the new DSSPR 
with a flat-bottom hole (Fig. 4d-right) shows tensile values 
along the contact interface between the outer rivet wall and 
the aluminium sheet, meaning that the rivet is subjected 
against the flat-bottom hole wall after unloading. Because 
there is no undercut, the resulting joining mechanism 
between the rivet and the aluminium sheet is essentially 
force-closed based.

The residual stresses �r acting along the contact interface 
between the rivet and the aluminium sheet prevent tangential 
movement due to friction and help keeping the overlapped 

aluminium and PVC sheets together. As will be seen in the 
destructive tests, the large contact interfaces of the new pro-
posed DSSPR with a flat-bottom hole are responsible for 
an increase in the overall mechanical performance of these 
joints compared to those produced by conventional DSSPR.

The changes in the above-mentioned joining mechanisms 
gives rise to two main differences in the force vs. displace-
ment evolutions shown in Fig. 5. First, the required forces 
to pierce the rivets through the sheets are greater in con-
ventional DSSPR (37 kN) than in the new DSSPR (27 kN). 
The sudden increase in force above these values is caused 
by attaining full contact between the compression platen and 
the upper sheet surfaces (refer, for example, to the process 
insets of the new DSSPR with a flat-bottom hole that are 
included in the graphic).

Second, the differences in the maximum displacement are 
due to the smaller free height of the rivets that are placed 
inside the flat-bottom holes of the new DSSPR.

This discussion around the joining mechanisms inevita-
bly leads to the question of whether it will be worthwhile 
to reduce or increase the depth of the flat-bottom holes to 
recover the mechanical interlocking in the aluminium sheets, 
and to improve the capability of the joints to withstand 
destructive peel and shear forces. The answer to this ques-
tion will be given in the following section.

3.2 � Depth of the flat‑bottom holes

The sensitivity of the joints produced by means of the new 
DSSPR to the geometry of the flat-bottom holes was exam-
ined by varying (decreasing and increasing) their depth dp 
while keeping the material and size of sheets and rivets 
unchanged. The results of this sensitivity analysis are sum-
marized in Fig. 6.

As can be observed, the variation in the hole depth dp 
does not produce changes in the joining mechanism because 
no significant undercuts are created between the rivets and 
the aluminium sheets. In fact, when the depth dp = 1 mm, 
the rivet is mainly pierced through the softer PVC sheet until 
the vicinity of the upper sheet surface (Fig. 6a). A very large 
and wide protrusion is formed.

Fig. 5   Experimental and finite element predicted evolution of the riv-
eting force with displacement for the conventional and new DSSPR 
with a flat-bottom hole (dp = 2 mm) in case of joining AA5754-
H111 aluminum and PVC sheets with AISI 304 stainless-steel rivets 
( � = 45◦)

Fig. 6   Sensitivity of the joints to the depth a dp = 1 mm, b dp = 2 mm and c dp = 4 mm of the flat-bottom holes in case of joining AA5754-
H111 aluminium and PVC sheets with AISI 304 stainless-steel rivets having chamfered angles equal to 45° at both ends
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In contrast, when the depth dp = 4 mm, the rivet is 
pierced all through the aluminium sheet and creates a central 
disk that buckles under radial edge compression applied by 
the chamfered tube end (Fig. 6c).

The above-mentioned results justify the utilization of 
depth dp values in the range of 2 mm (i.e., 40% of the total 
sheet thickness, Fig. 6b), but this conclusion does not have 
any effect in the attempt to create undercuts and to recover 
the mechanical interlocking between the rivets and the alu-
minium sheets.

3.3 � Chamfered rivet ends

The solution to recover the mechanical interlocking in 
DSSPR with a flat-bottom hole involves the use of differ-
ent chamfered angles in the rivet ends to account for the 
greater or lesser difficulty of piercing through sheets with 
higher or lesser mechanical strength. In practical terms, this 
means extending the strategy that Alves et al. [8] previously 
applied in conventional DSSPR to create form-closed joints 
in DSSPR with flat-bottom holes.

The result is shown in Fig. 7 for a test case using dif-
ferent chamfered angles at the rivet ends ( �Alu = 60◦ and 
�PVC = 30◦ ). Experimental measurements of the undercuts 
in the aluminium and PVC sheets provide values of 0.33 mm 
and 0.88 mm, respectively. The results are similar to those 
obtained by finite elements (0.41 mm and 0.83 mm) and 
demonstrate that it is possible to obtain a combined form 
and force-closed joint in DSSPR with flat-bottom holes, if 
different chamfered angles are machined at the rivet ends.

In connection to the result shown in Fig. 7 it is worth 
noticing that no significant undercuts were found to exist 
between the rivets and the aluminium sheets for the test 
cases shown in Fig. 6, in which identical chamfered angles 
�Alu = �PVC = 45◦ were utilized at the rivet ends.

3.4 � Destructive peel and shear testing

The importance of having a mechanical interlocking in the 
aluminium sheet is demonstrated by analysing the results 
of the destructive tests carried out in joints produced by the 
conventional DSSPR and the new DSSPR with flat-bottom 
holes using identical ( �Alu = �PVC = 45◦ ) and different 
( �Alu = 60◦ , �PVC = 30◦ ) chamfered angles at the rivet ends.

The experimental force vs. displacement evolutions 
shown in Fig. 8a are the average results obtained for the test 
samples utilized for each type of joint. Standard deviations 
are in the range of 0.5 to 0.6 and indicate good repeatability 
of the results.

Two main conclusions can be derived from Fig. 8a. First, 
the shear strength of the joints produced by the new DSSPR 
using rivets with different chamfered angles at failure is the 
greatest (4 kN, refer to the peak value in the black dashed 
curve of Fig. 8a), and equal to twice of the joints produced 
by conventional DSSPR. This result is attributed to the com-
bined action of the undercut in the aluminium sheet plus 
friction on the rivet-hole contact interface, which opposes 
detachment and dragging out of the rivet by shear. In fact, 
the rivet-hole contact interface provides values in the range 
of 3.1 mm (Fig. 7), in contrast with an almost absence of 
contact interface in conventional DSSPR (refer also to 
Fig. 4a).

In what concerns the resistance to failure by peeling, 
greater values are once again obtained for the joints pro-
duced by the new DSSPR with rivets having different cham-
fered angles (refer to the back solid curve in Fig. 8a). How-
ever, in this case is not the increase in the maximum force 
that is relevant, (because forces are similar), but the total 
amount of displacement that the joints can safely withstand 
before failing.

The combined action of the undercut in the aluminium 
sheet plus the frictional resistance along the rivet-hole con-
tact interface justify the greater performance of the joints 
produced by the new DSSPR with flat-bottom holes using 
rivets with different chamfered angles. A closer look at the 

Fig. 7   Finite element and 
photograph of a cross-sectional 
joint made from AA5754-H111 
aluminium and PVC sheets 
with AISI 304 stainless-steel 
rivets having different cham-
fered angles �Alu = 60◦ and 
�PVC = 30◦ ( dp = 2 mm)
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Fig. 8   a Destructive peel and shear forces vs. displacement for over-
lapped joints made from AA5754-H111 aluminium and PVC sheets 
that were assembled with AISI 304 stainless-steel rivets by means of 

the conventional and the new DSSPR with flat-bottom holes. b Pho-
tographs of the different types of specimens after testing
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photographs included in Fig. 8b allows concluding that this 
type of joint (refer to the upper rightmost pictures) is the 
only having the rivets fixed to the aluminium sheets after 
finishing the peel and shear tests. All the other joints have 
the rivet fixed to the PVC sheets.

4 � Conclusions

Positioning and alignment of the rivets in double-sided 
self-pierce riveting (DSSPR) can be solved by machining 
flat-bottom holes in the sheets with greater mechanical 
strength. The geometry of the flat-bottom holes regardless 
of their depth tends to modify the predominant form-closed 
mechanism of conventional DSSPR into a predominant 
force-closed mechanism, in which the friction forces act-
ing along the rivet-hole interfaces in the sheets with greater 
mechanical strength are responsible for keeping the over-
lapped sheets together.

The use of rivets with different chamfered angles (say, 
30° and 60°) to compensate the greater or lesser difficulty of 
the rivets to pierce through sheets with different mechanical 
strengths, allows enhancing the forced-closed mechanisms 
by creation of good undercuts (mechanical interlockings) 
between the rivets and the aluminium sheets.

The new joints produced by DSSPR with flat-bottom 
holes and making use of rivets with different chamfered 
angles provide the best shear and peel test performances 
with maximum forces respectively equal to 4 kN and 0.8 kN. 
In particular, the shear strength is twice of that of the joints 
produced by conventional DSSPR.

Future developments in DSSPR with flat-bottom holes 
will be focused on the utilization of thinner dissimilar sheets 
and smaller tubular rivets with different ratios between the 
outer diameter and the wall thickness.
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