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i n f o

a b s t r a c t
Developing robust numerical simulation tools to investigate the self-piercing riveting process is critical, since the
feasibility, quality and strength of riveted connections relies on the successful formation of mechanical interlocks
between the rivet and sheet materials. In the present study, we investigate the riveting of aluminum alloy and
dual-phase steel sheets (AA7075-F/DP600 and AA6016-T4/DP600) over a wide range of sheet thicknesses, as a
function of the rivet and die geometries employed. More speciﬁcally, we study the dependence of the probability
of successful joint formation, deﬁned as the ratio of the number of acceptable riveted connections to the total
number of test cases, on the rivet leg inner radius and die central tip depth. Towards this, we use experimentally
calibrated Hosford-Coulomb fracture surfaces for each deformable part, incorporated in dedicated axisymmetric
2D ﬁnite element (FE) process models. The FE predictions are validated through comparisons with experimentally
obtained riveted joints. Moreover, we analyze the relation between the mechanical interlocks achieved and the
rivet and die geometries employed, deriving practice-relevant conclusions with respect to the most favorable
design parameters. In particular, we show that while the probability of successful joint formation decreases upon
increasing rivet leg inner radius, the joint quality, in terms of eﬀectuated interlock distance per rivet mean residual
equivalent plastic strain, increases. Furthermore, we show that machine-learning techniques can be employed to
classify with remarkable accuracy the successful joint formation for a wide range of possible self-piercing riveting
scenarios, accounting for both rivet and die-related geometrical attributes, as well as for the thickness of the metal
sheets.

Introduction
Self-piercing riveting (SPR) is a high-speed cold mechanical process
suitable for robust joining of two or more mixed material, lightweight
sheet metal parts. This technique is primarily used in the automotive
industry to eﬃciently join aluminum and steel sheets (Wang et al.,
2006), and has become the predominant joining method in recent years.
The advantages of SPR over alternative methods, such as spot welding primarily relate to the diﬀerences in the melting points of dissimilar metal sheets (Hoang et al., 2013; Zhang and Yang, 2014), with either highly dissimilar or comparable elastoplastic mechanical properties
(Sun and Khaleel, 2005; Abe et al., 2006). The joint feasibility, quality
and strength relies on the successful formation of a strong mechanical
interlock between the rivet and the sheet materials.
The riveting is performed in an automated manner, where a hydraulic, electric or gunpowder-driven punch (Wang et al., 2006) is used
to force the rivet into a stack of metal sheets, which are supported on
a die (Fig. 1a). The rivet then proceeds to gradually pierce the upper
sheets, eventually penetrating the entire stack except the lower sheet.

∗

The rivet skirt ﬂares outward into the lower sheet guided by the die, thus
creating a mechanical interlock and forming a joint. The quality of the
joint is determined by several criteria, including the interlock distance
of the rivet with the bottom sheet, the possible rivet failure through leg
fracture or buckling (Hoang et al., 2013), as well as the potential penetration of the rivet through the bottom sheet (Zhang and Yang, 2014).
Since joint failure has a potentially signiﬁcant impact on the macroscale performance of the riveted structure, it is essential to investigate
the joint characteristics of SPR connections for diﬀerent process parameters.
The principal factors aﬀecting joint quality include sheet thickness
and material, rivet shape and material and die geometry. Self-piercing
rivets are typically made of boron steel and follow a semi-hollow proﬁle
(Fig. 1b) with variable geometric attributes, depending on the target application (Sun and Khaleel, 2005). It has been observed that for a given
sheet material combination and rivet design, only certain sheet thickness ranges can be successfully joined (Abe et al., 2006). This observation equally applies to the joining of stacks of more than two sheets, with
the most widely used material combination being aluminum and steel,
materials extensively employed in the automotive industry (Mori et al.,

Corresponding author.
E-mail address: nkaratha@ethz.ch (N. Karathanasopoulos).

https://doi.org/10.1016/j.jajp.2020.100040
Received 25 August 2020; Received in revised form 27 November 2020; Accepted 27 November 2020
2666-3309/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

N. Karathanasopoulos, K.S. Pandya and D. Mohr

Journal of Advanced Joining Processes 3 (2021) 100040

Fig. 1. (a) Schematic of the self-piercing riveting process. (b) Photograph of an axisymmetric hollow rivet with dies of diﬀerent geometries, along with a cross section
of a riveted three-layer joint (the materials typically used are indicated in brackets, images in (b) are taken from Boellhoﬀ Group website www.boelhoﬀ.com).

2014). The stacks can however involve a wide range of highly dissimilar materials, such as aluminum-magnesium (Wang et al., 2011),
aluminum-copper (He et al., 2015), aluminum-titanium (He et al., 2015)
or aluminum and carbon ﬁber composites (Di Franco, 2011) used in
the aerospace, aeronautic and electrical industries. For a given material
combination, the joint quality is signiﬁcantly aﬀected by the die cavity
characteristics, which can range from ﬂat bottomed (ﬂat die) to having
a central tip/nose of variable depth (Fig. 1b) (pipped die) (Li, 2012).
Diﬀerent numerical models have been developed to determine both
the joint quality and strength of the riveted connection (Presz and
Cacko, 2010; Gay, 2016; Tang et al., 2018; Chenot and Massoni, 2006).
For the SPR process simulation, the punch, the sheet holder and the die
are treated as rigid bodies, while the rivet and metal sheets are considered deformable parts (Xu, 2006). An overview of the governing equations for the explicit ﬁnite element modeling of the SPR process has been
provided in Casalino et al. (2008). During the process, there is friction
at diﬀerent interfaces between the rigid and deformable bodies, which
cannot be measured by in situ methods due to the complexity of the
interfaces involved throughout the deformation process. In numerical
simulations, a Coulomb friction formulation (Carandente et al., 2016)
has been employed, with numerical sensitivity studies on the eﬀect of
friction indicating that the overall mechanical performance of the riv-

eted joint is practically insensitive to friction variations in the range of
0.1 and 0.25 (Mucha, 2011).
The axisymmetric nature of the riveting process allows for the use of
2D ﬁnite element models, a dimensionality reduction that results in substantial numerical cost gains (Porcaro et al., 2006). However, the simulation of the process poses signiﬁcant modeling challenges (Cai et al.,
2005), due to the complex geometries involved with several contact interfaces, the elastoplastic deformations and the need to reliably represent fracture for the parts involved (Atzeni et al., 2007). Existing
studies have followed diﬀerent approaches for the deﬁnition of fracture conditions. In Kato et al. (2007), fracture was deﬁned as a normalized, ﬁnite element-scale deformation threshold (element admissible deformation per element size), after which element deletion took
place. In Atzeni et al. (2009), a critical damage level was assumed, deﬁned through the maximum eﬀective stresses and strains developed.
Accordingly, in Bouchard et al. (2008), a Lemaitre damage model was
used with the critical damage values for the metal sheets to be deﬁned
through uniaxial tension experiments.
Simulating the SPR process allows for the determination, not only of
the feasibility of joint formation for certain sheet materials, but also for
a ﬁrst stage assessment of the quality of the resulting joint (Ma et al.,
2018). The latter is a direct function of the interlock distance achieved,
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Fig. 2. (a) 2D axisymmetric description of the SPR process ﬁnite element model comprising of a rigid punch, a hollow semi-tubular deformable rivet, a rigid sheet
holder to retain the two deformable metal sheets in place, and a rigid die. (b) Details of the mesh used in the ﬁnite element model along with the parameters deﬁning
the rivet, sheet and die geometries.

as well as of the induced strains, both in the metal sheets and in the
rivet (Moss and Mahendran, 2002; Moss and Mahendran, 2003). However, the joint feasibility and quality are in general a nonlinear function
of the material and geometric attributes of the parts involved in the
SPR process (Mori et al., 2006; Li et al., 2017; Edwards, 1992). As such,
rather minor changes in the rivet or die geometry can have a substantial eﬀect on the feasibility and quality of the riveting process (Liu et al.,
2019; Uhe et al., 2020). Furthermore, the combinations of elastoplastic
and fracture properties of the rivet and metal sheets involved further
widen the analysis space for a given geometric conﬁguration. It should
be noted that the fracture properties are dependent on the stress triaxiality (Bonora et al., 2018) and Lode angle parameter (Otroshi et al., 2020).
These parameters, which deﬁne the stress state, evolve throughout the
riveting process and depend on the position of interest (Huang et al.,
2016).
To the best of our knowledge, the dependence of SPR process joint
characteristics on the fracture surfaces of the sheet materials involved
remain to a great extent unknown (Rusia and Weihe, 2020). Moreover,
only limited studies are available on the eﬀect of important geometric
design parameters, such as die central tip depth (Liu et al., 2019) on
the probability of successful joint formation for diﬀerent sheet thicknesses, while the eﬀect of relevant, rivet-related geometric parameters,
such as rivet leg inner diameter remain unexplored. Furthermore, the
interlock distances eﬀectuated and the residual rivet equivalent plastic strain (PEEQ) values remain uncorrelated to the geometric or material attributes involved. Lastly, the possibility of employing machinelearning techniques capable of predicting the occurrence of successful
joint formation for a given set of process parameters remains an open
research question.
In the present study, a 2D axisymmetric ﬁnite element model is developed to investigate the process feasibility and joint quality of SPR
connections for a wide range of rivet, sheet and die conﬁgurations. In

particular, the inﬂuence of two geometric parameters, rivet leg inner radius and die central tip depth (Fig. 2b), on two important process quality metrics, namely the joint quality and probability of successful joint
formation is analyzed. A material model with an empirical mixed SwiftVoce hardening law and a stress-state dependent Hosford-Coulomb fracture model is calibrated for all candidate materials considered. For the
SPR process simulation, two diﬀerent dissimilar material stacks consisting of aluminum alloys and dual-phase steel sheets (AA7075-F/DP600
and AA6016-T4/DP600) are considered, while the rivet is assumed to be
made of ultra-high strength boron steel (U1500). The work is structured
as follows: The geometries considered, the material and numerical modeling speciﬁcations, as well as the joint quality criteria, are elaborated
in Sections 2.1 to 2.3. The neural network architecture is introduced in
Section 2.4. In Section 3, the results of the SPR process are provided for
diﬀerent material and geometric conﬁgurations, while the rivet-induced
equivalent plastic strains are analyzed. Next, the SPR process model predictions are validated through comparison with the corresponding experimentally obtained riveted joints, presented in Section 4. In Section
5, the creation and training of neural network classiﬁcation models is
elaborated, followed by an overall discussion of the parameters aﬀecting
the joint feasibility and quality (Section 6). Concluding and summarizing remarks are provided in Section 7.
Geometries, materials and methods
Part deﬁnitions and ﬁnite element modeling
We consider a punch-driven SPR process of two metal sheets supported by a rigid die and a rigid holder, as schematically depicted in
Fig. 2a. Diﬀerent geometric attributes are assigned to the rivet, sheet
and die geometries. In particular, the rigid die has a radius 𝑟𝑑 , a depth
𝑑𝑑 and a die central tip depth 𝑑𝑡𝑑 (Fig. 2b). The length of the central left
3
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Table 1
Material and geometric attributes for the rivet, upper and lower sheet.
Part

Material

Elastic modulus, 𝐸 [GPa]

Density, 𝜌 [kg/m3 ]

Poisson’s ratio, 𝜈 [-]

Thickness, 𝑡 [mm]

Rivet
Upper sheet
Upper sheet
Lower sheet

U1500
AA6016-T4
AA7075-F
DP600

220
70
72
210

7850
2780
2780
7850

0.3
0.33
0.33
0.3

–
1.04–2.16
1.04–2.16
1.04–2.16

top part of the die is 𝑙𝑑𝑙 , while the length to the right of the central die
cavity is 𝑙𝑑𝑟 (Fig. 2b). The metal sheets have thicknesses 𝑡𝑢 and 𝑡𝑙 respectively for the upper and lower sheet (Fig. 2b), with their rightmost edges
constrained to prevent displacement in the horizontal direction. A rigid
holder surrounding the rivet and above the top sheet is used to restrain
the vertical motion of the sheets (Fig. 2a), while a rigid punch pushes
the rivet into the sheets (Fig. 2a). The rivet geometry is deﬁned parametrically, covering a wide design space. More speciﬁcally, the rivet has
a head radius 𝑟𝑅 , a left and a right head thickness 𝑡ℎ𝑙 and 𝑡ℎ𝑟 and a total
depth 𝑑𝑅 (Fig. 2b). The rivet leg with a thickness 𝑡𝑅 is positioned at a
radius 𝑟𝑅𝑙 from the central symmetry axis, which can vary to represent
diﬀerent rivet diameters, as schematically depicted in Fig. 2b.
The die and the sheet holder in Fig. 2a are prescribed a ﬁxed
boundary condition, thereby restraining rigid body motions for the
metal sheets. The punch is subject to a constant downwards velocity
𝑣𝑝 = 5000 mm/s. It should be noted that practical riveting speeds lie in
the range of 100–300 mm/s (Abe et al., 2006), hence the process may
be considered intermediate between isothermal and adiabatic. Therefore, in the present study, the initial punch velocity is ~25x faster than
that in actual riveting processes. This value is used to reduce computational time in the FE simulations, while ensuring that the deformation
behavior of the rivet and sheet metals remains unchanged. Mass scaling is not used in the analysis. The simulation ends when the surface
of the cavity right below the rivet head touches the top surface of the
upper sheet. The rivet and metal sheets are modeled using quadrilateral
CAX4R elements in Abaqus/Explicit. A reference mesh size of 0.1 mm is
used for all deformable parts with a dynamic explicit formulation and
with the plasticity and fracture material parameters speciﬁed in Sections
2.2 and 2.3. A penalty contact formulation with a friction coeﬃcient of
0.2 is applied at all interfaces between rigid and deformable parts and
at the interface between the metal sheets. A penalty contact interaction is also used to deﬁne contact between the rivet and the bodies of
the metal sheets. The material assignments (discussed in Section 2.2),
mesh deﬁnitions, assembly and boundary conditions are created using a
parametric, dedicated scripting shell, which incorporates the geometry
deﬁnitions shown in Fig. 2b.

where, 𝑘 is the deformation resistance, which depends on the equivalent
plastic strain 𝜀𝑝 . 𝜎̄ is the von Mises equivalent stress and PEEQ is the
equivalent plastic strain, given by:

Plasticity and fracture response: experimental characterization and
modeling

The range of values for the stress triaxiality and Lode angle parameter are:

√

√

3
𝑠 ∶ 𝑠,
2
√
2 pl
𝜀pl = PEEQ =
𝑑 𝜀 ∶ 𝑑 𝜀pl
∫
3
𝜎=

3𝐽2 =

(2)

where 𝐽2 in Eq. (2) is the second deviatoric stress invariant, 𝑠 denotes
the deviatoric stress tensor and 𝑑 𝜀𝑝𝑙 the equivalent plastic strain increments. The true strain hardening response is parametrized through a
linear combination of a power law (Swift, 1952) and an exponential
law (Voce, 1948):
(
(
))
(
)𝑛
(3)
𝑘 = 𝛼𝐴 𝜀𝑝 + 𝜀0 + (1 − 𝛼) 𝑘0 + 𝑄 1 − 𝑒−𝛽𝜀𝑝
where 𝐴, 𝜀0 and 𝑛 are the so-called Swift parameters and 𝑘0 , 𝑄 and 𝛽 the
Voce parameters. Here, 0 ≤ 𝛼 ≤ 1 is a weighting parameter governing
the shape of the hardening curve. The calibrated data for each of the
materials are provided in Table 2:
The rate-independent Hosford-Coulomb fracture initiation model
(Mohr and Marcadet, 2015) is chosen to predict failure for the diﬀerent materials considered. The basic evolution equation for the damage
indicator 𝐷 reads:
𝑑 𝜀̄ 𝑝
(4)
𝑑 𝐷 = 𝑝𝑟 [ ]
𝜀̄ 𝜂, 𝜃̄
𝑓

with the initial condition 𝐷 = 0 and the fracture initiation condition
𝐷 = 1. In Eq. (4), the stress state is characterized through the stress
triaxiality 𝜂 (ratio of hydrostatic and von Mises stress),
𝜂=

𝑡𝑟𝛔∕3
𝜎̄

(5)

and the Lode angle parameter 𝜃̄ (normalized measure of the third invariant of the deviatoric stress tensor 𝑠),
(
)
2
27 det (𝑠)
𝜃̄ = 1 − arccos
(6)
𝜋
2 𝜎̄ 3

The plasticity and fracture response of four diﬀerent candidate materials is calibrated; two advanced high strength steels (dual phase steel
DP600 and an ultra-high strength boron steel Usibor1500) and two aluminum alloys (AA6016-T4 and AA7075-F). The material properties obtained from literature include the elastic modulus, density and Poisson’s
ratio given in Table 1.
The isotropic von Mises yield surface with an associated ﬂow rule is
assumed for all materials. A plasticity model with an empirical mixed
Swift-Voce hardening law (Roth and Mohr, 2014) is used to characterize the quasi-static room temperature hardening curve of the candidate
materials. The calibrated true stress-plastic strain data is implemented
into the ﬁnite element code in tabular form. It should be noted that the
hardening law is considered to be independent of strain rate and temperature in this study. The yield function reads:
[ ]
𝑓 [𝜎,
̄ 𝑘] = 𝜎[
̄ 𝜎] − 𝑘 𝜀𝑝 = 0
(1)

−∞ ≤ 𝜂 ≤ ∞

(7)

−1 ≤ 𝜃̄ ≤ 1

(8)

The strain to fracture for proportional loading is derived from
the Hosford–Coulomb model in stress space. The resulting expression
reads:
(
1
{ (
1
[ ]
)} 𝑎
1
̄ = 𝑏(1 + 𝑐) 𝑝
𝜃
𝜀̄ 𝑝𝑟
𝜂,
(𝑓1 − 𝑓2 )𝑎 + (𝑓2 − 𝑓3 )𝑎 + (𝑓1 − 𝑓3 )𝑎
𝑓
2
)− 1
(
) 𝑝
+ 𝑐 2𝜂 + 𝑓1 + 𝑓3

(9)

The parameters a, b and c in Eq. (9) are summarized for each material
in Table 3:
4

N. Karathanasopoulos, K.S. Pandya and D. Mohr

Journal of Advanced Joining Processes 3 (2021) 100040

Table 2
Calibrated mixed Swift-Voce hardening law parameters for diﬀerent materials.
Material

𝐴 [MPa]

𝜀0 [-]

𝑛 [-]

𝑘0 [MPa]

𝑄 [MPa]

𝛽 [-]

𝛼 [-]

U1500
AA6016-T4 (Gorji and Mohr, 2017)
AA7075-F
DP600 (Pandya et al., 2020)

1908
349
403
1043

1e-7
0.006
1e-7
0.0005

0.043
0.207
0.06
0.184

1410
133
268
400

223
139
101
360

120
10
61
16.1

0.2
0.08
0.35
0.85

(𝑑𝑡𝑑 = 0 mm), to a tip depth of 𝑑𝑡𝑑 = 0.5 mm, keeping the rest of the die
parameters constant.
The material deﬁnitions for the rivet, upper sheet and lower sheet
are given in Table 1. The sheet thickness of both the upper and the lower
sheet vary in-between 0.4 to 0.6 of the total thickness in steps of 0.025,
with the total thickness ranging from 2.6 to 3.6 mm in steps of 0.1,
leading to a set of 99 test cases. A summary of the range of the diﬀerent
design parameters is provided in Table 4.
For a given conﬁguration of sheet material and geometry, changes
in the rivet and die geometry have a strong inﬂuence on the feasibility and joint quality of the riveting process. During the SPR process, a
combination of normal (Fig. 4a) and shear (Fig. 4b) stresses are induced
that determine largely the riveting feasibility. The riveting is deemed
successful if a minimum interlock distance of 0.06 mm is achieved. In
other words, rivet skirt ﬂaring or the horizontal penetration of the rivet
leg in the lower sheet (Fig. 4d) should be at least 0.06 mm for acceptable joint formation. In addition to this prerequisite condition, a minimum residual thickness of the bottom layer is required for structural
integrity, so that no penetration of the rivet through the lower sheet
occurs (Fig. 4c). A residual thickness of 0.15 mm is set as a minimum
for the lower sheet, corresponding to approximately 10% of the mean
bottom sheet thickness (Ma et al., 2018). We note that no standards
exist for the characterization of successful joining, with the previously
reported values merely serving as lower-bound thresholds.

Table 3
Values of Hosford-Coulomb parameters identiﬁed for diﬀerent
materials.
Material

𝑎 [-]

𝑏 [-]

𝑐 [-]

U1500
AA6016-T4 (Gorji and Mohr, 2017)
AA7075-F
DP600 (Liu et al., 2019)

1.3
1.33
1.4
1.4

0.926
1.13
0.55
1.38

0.095
0.083
0.1
0.021

The transformation parameter 𝑝 is set to 0.1 for all materials and the
Lode angle parameter dependent functions 𝑓1 , 𝑓2 and 𝑓3 in Eq. (9) are
given by:
))
( (
2
𝜋
cos
1−𝜃
3
6
( (
))
𝜋
2
𝑓2 = cos
3+𝜃
3
6
))
( (
2
𝜋
𝑓3 = − cos
1+𝜃
3
6
𝑓1 =

(10)

The reader is referred to reference (Mohr and Marcadet, 2015) for a
more detailed description of the experimental material calibration process. In Figs. 3a-b, we provide the calibrated, true stress-plastic strain
curves for the diﬀerent materials (continuous lines in darker shade) employed (Fig. 3a) along with the fracture curves in the equivalent plastic
strain-stress triaxiality space (Fig. 3b). In Fig. 3a, dashed lines in a lighter
shade indicate experimental curves and x indicates the point of fracture
onset. For each of the four materials tested, three repeat experiments
are performed for four diﬀerent loading cases, namely uniaxial tension
(UT), in-plane shear (SH), central hole tension (CH) and notched tension (NT20) to span a wide range of stress states (as shown in Fig. 3c
for DP600 steel). The total number of tests performed is 48, 12 for each
material considered.

Machine learning modeling of the joint feasibility
A neural network (NN) model is created and trained to classify the
occurrence of successful joint formation. In particular, for a given material combination and with variable sheet, rivet and die geometries
(Fig. 2b), we train dedicated NN models that can predict the successful
or unsuccessful joining as a function of the thickness attributes of the
sheets (𝑡𝑙 ∕𝑡𝑡 , 𝑡𝑡 ), die central tip depth (𝑑𝑡𝑑 ) and rivet leg inner radius 𝑟𝑅𝑙 ,
so that the NN input parameters are 𝑋 = (𝑡𝑡 , 𝑡𝑙 ∕𝑡𝑡 , 𝑑𝑡𝑑 , 𝑟𝑅𝑙 ). The output
of the layer is a scalar value 𝑦̄ that is positive upon successful joining
of the sheets according to the two criteria of Section 2.3 and negative
otherwise. A schematic representation of the network architecture is
provided in Fig. 5.
The number of hidden layers n required for the successful training
of the network, as well as the number of neurons per hidden layer are
to be determined in the training process. Network architectures with
a minimum of one and up to a maximum of four hidden layers are
parsed with a variable number of neurons per hidden layer following
a decreasing neuron per hidden layer pattern. The mean squared error
function 𝑀𝑆𝐸 = (𝑦̄ − 𝑦)2 is used for the training, with 𝑦̄ and 𝑦 denoting
the NN predictions and the result of the ﬁnite element simulation of
the riveting process respectively (set to +1/−1 for successfully and unsuccessfully riveted cases respectively in the training process). For the
training of the networks, diﬀerent training algorithms are used, namely
the Levenberg-Marquardt, Gradient descent and the Bayesian regularization methods (Burden and Winkler, 2009), while for the activation
of the neurons in the intermediate hidden layers of Fig. 5, linear, sigmoid and hyperbolic tangent functions are probed. For the training, the
entire dataset corresponding to a given material combination (AA7075F/DP600, /AA6016-T4/-DP600) is used.

Modeling parameters and joint feasibility criteria
Numerical simulations of the SPR process for aluminum and steel
sheets are performed for diﬀerent combinations of sheet material and
geometry. In particular, the thickness of the upper (𝑡𝑢 ) and lower (𝑡𝑙 )
sheets is varied as a function of the total sheet thickness 𝑡𝑡 = 𝑡𝑙 + 𝑡𝑢 so
that the ratio of the lower thickness to the total thickness ranges from
0.4 to 0.6. The total thickness is varied in the range of 2.6–3.6 mm. As a
result, the thickness of both the upper and lower sheets varies from 1.04–
2.16 mm (Table 1). A rivet with a total depth 𝑑𝑅 of 5 mm and a head
radius 𝑟𝑅 of 4 mm (Fig. 2b) is considered, as per the rivet conﬁgurations
typically used in practice (Abe et al., 2006). The rivet leg inner radius
𝑟𝑅𝑙 (Fig. 2b) varies from 1.7 mm to 2.1 mm, while keeping all other
rivet geometry parameters constant (leg thickness 𝑡𝑅 = 1 mm and head
central and edge thicknesses 𝑡ℎ𝑙 = 1.2 𝑚𝑚 and 𝑡ℎ𝑟 = 0.3 𝑚𝑚 respectively).
The die has a ﬁxed central cavity depth 𝑑𝑑 of 1.5 mm (Mori et al., 2014),
positioned at 3 mm from the axisymmetric axis (𝑙𝑑𝑑 in Fig. 2b), while
the horizontal lengths at the left (𝑙𝑑𝑙 corresponding to the die central
tip half length) and right (𝑙𝑑𝑟 ) of the die cavity are 0.8 mm and 4 mm
respectively. The die central tip depth 𝑑𝑡𝑑 (Fig. 2b) can vary from a
tip depth that coincides with the one of the right-hand part of the die
5
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Fig. 3. Calibrated material parameters for four diﬀerent ductile metals, (a) True stress-plastic strain curves, and (b) Hosford-Coulomb fracture surfaces. (c) Photographs of four diﬀerent specimen types at onset of fracture during testing of DP600 steel: UT, SH, CH and NT20.
Table 4
Range of diﬀerent design parameters for the sheet, rivet and die.
𝑡𝑙 [mm]

𝑡𝑢 [mm]

𝑡𝑢 [mm]

𝑡𝑙 ∕𝑡𝑡 [-]

𝑑𝑅 [mm]

𝑟𝑅𝑙 [mm]

𝑑𝑑 [mm]

𝑑𝑡𝑑 [ mm]

1.04–2.16

1.04–2.16

2.6–3.6

0.4–0.6

5

1.7–2.1

1.5

0–0.5

SPR process ﬁnite element results

For both material combinations, the proportion of successfully riveted cases is far greater for higher compared to lower 𝑡𝑙 ∕𝑡𝑡 values, an
eﬀect that is more prominent for low to moderate die central tip depths.
The die central tip depth value aﬀects, not only the probability of successful joint formation, but also its distribution. For high die central tip
depth values, the value of 𝑡𝑙 ∕𝑡𝑡 becomes less signiﬁcant (Fig. 6c, f), while
low 𝑡𝑙 ∕𝑡𝑡 values are overall less sensitive to variations of the die tip depth
𝑑𝑡𝑑 parameter (Fig. 6d vs Fig. 6f).
In Fig. 7, the percentage of successfully riveted cases (number of successfully joined cases over total number (99) of geometries considered)
for the AA7075-F/DP600 conﬁguration and diﬀerent rivet leg inner radius 𝑟𝑅𝑙 positions is illustrated. In particular, rivet leg inner radius positions from 1.7 mm to 2.1 mm are provided, for die central tip depth 𝑑𝑡𝑑
from 0 mm to 0.5 mm. The remaining rivet and die geometry parameters
are unchanged.
The results of Fig. 7 reveal a strong dependence of the successfully
riveted test cases both on the die central tip depth 𝑑𝑡𝑑 , as well as on
the rivet leg inner radius 𝑟𝑅𝑙 . More speciﬁcally, for all rivet leg inner
radius values 𝑟𝑅𝑙 , increasing the die central tip depth 𝑑𝑡𝑑 above 0.15 mm
diminishes the percentage of successfully riveted cases. The reduction
is more prominent for higher rivet leg inner radius values 𝑟𝑅𝑙 , so that
for 𝑟𝑅𝑙 = 2.1 mm and 𝑑𝑡𝑑 = 0.5 mm only a mere 7% of the design space is

In Fig. 6, we provide the design space for which successful joining has
been achieved (criteria in Section 2.3) for diﬀerent geometric attributes
of the metal sheets and for diﬀerent die central tip depth (𝑑𝑡𝑑 equal
to 0.05 (a, d) to 0.25 (b, e) and up to 0.45 (c, f)). The rivet geometry
and material parameters are kept constant, while the upper sheet (US)
material is modiﬁed from AA7075 in Fig. 6a–c to AA6016 in Fig. 6d–f.
The successfully joined cases are denoted with a star symbol, while red
dots are used for the ones that fail to meet the criteria deﬁned in Section
2.3.
Fig. 6 indicates that the successfully joined cases lie in a certain range
of sheet thickness attributes, which highly depend on the die geometry
and on the sheet material combination. In particular, for a given material
combination, the probability of successful joint formation diminishes as
the die central tip depth increases. For the case of AA7075-F and DP600
for the upper and lower metal sheet respectively, the nearly 62% of successfully joined cases for a die central tip depth of 0.05 mm diminishes
to about 30% for a die central tip depth of 0.45 mm. Similarly, for the
AA6016-T4/DP600 material conﬁguration, the approximately 63% of
successfully riveted cases for a die central tip depth of 0.05 mm reduces
to 24% for a central die central tip depth of 0.45 mm.
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Fig. 4. Maximum principal stress distribution during the penetration of the rivet leg in the upper sheet (a) and upon penetration through the bottom sheet (b).
Unsuccessful joining caused by the penetration of the rivet through the bottom sheet due to a shear-type failure of the material at the outer part of the rivet leg
(c). Successful joining case (d): The interlock distance denotes the horizontal penetration of the rivet within the bottom sheet, while the residual bottom thickness
quantiﬁes the minimum thickness of the lower sheet that does not fail.

Fig. 5. Neural network model architecture
of the riveting process. For a given set of
input data (𝑡𝑡 , 𝑡𝑙 ∕𝑡𝑡 , 𝑑𝑡𝑑 , 𝑟𝑅𝑙 ), the network
classiﬁes the SPR process results yielding
a (+ 1) and a (−1) upon successful and unsuccessful riveting respectively.
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Fig. 6. of AA7075-F (a-c) and AA6016-T4 (d-f) sheets with DP600 steel sheets for diﬀerent total layer thickness values 𝑡𝑡 and relative layer thickness ratios 𝑡𝑙 ∕𝑡𝑡 ∈
(0.4 − 0.6). The rivet leg inner radius is set to 𝑟𝑅𝑙 = 1.8 mm for all subplots, while the die central tip depth 𝑑𝑡𝑑 is gradually increased from 0.05 (a, d) to 0.25 (b, e)
and up to 0.45 mm (c, f).

Fig. 7. Percentage of successfully joined test cases for the AA7075-F/DP600 material combination for diﬀerent rivet leg inner radius values 𝑟𝑅𝑙 , ranging from 1.7 mm (a) to
2.1 mm (d) as a function of the die central tip depth values 𝑑𝑡𝑑 , from 0 mm to 0.5 mm.

successfully riveted (Fig. 7d), in contrast to 22% acceptable joints for 𝑟𝑅𝑙
equal to 1.7 mm and 𝑑𝑡𝑑 = 0.5 mm (Fig. 7a). The observation is reﬂected
in the mean value of the successfully riveted cases obtained by averaging
the diﬀerent probabilities of successful riveting with respect to 𝑑𝑡𝑑 (red
dashed lines in Fig. 7), where a clear reduction is observed for 𝑟𝑅𝑙 values

of 2.0 mm and 2.1 mm (Fig. 7c, 7d) compared to 𝑟𝑅𝑙 values of 1.7 mm or
1.8 mm (Fig. 7a, 7b). Nevertheless, if we restrain to die central tip depth
𝑑𝑡𝑑 values below 0.1 mm, the sensitivity of the riveting process to the
rivet leg inner radius values is reduced, so that comparable probabilities
of successful joining are obtained.
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Fig. 8. Percentage of successfully joined test cases for the AA6016-T4/DP600 material combination for diﬀerent rivet leg inner radius values 𝑟𝑅𝑙 , ranging from 1.7 mm (a) to
2.1 mm (d) as a function of the die central tip depth 𝑑𝑡𝑑 , from 0 mm to 0.5 mm.

relation can be well-represented by the linear coeﬃcient 𝛿, which takes
the value of 7.4 mm for the AA6016-T4/DP600 material combination
(Fig. 9a) and a value of 7.8 mm for the AA7075-F/DP600 combination
(Fig. 9b). For both material combinations, the coeﬃcient of determination R2 is above 90%, indicating that the linear correlation employed
provides a high interpretability of the underlying data, with the obtained
R2 values above 75% for all cases analysed.
The bar plots of Fig. 9c and 9d provide a clear understanding of the
impact of the rivet leg inner radius 𝑟𝑅𝑙 on the value of the coeﬃcient
𝛿. For both material combinations, a clear increase of the mean value
of the coeﬃcient 𝛿 is obtained upon increasing 𝑟𝑅𝑙 values, with a low
variance for a given 𝑟𝑅𝑙 value. The increase in the mean value of 𝛿 comes
at the expense of signiﬁcant reductions in the percentage of successfully
riveted cases for high 𝑟𝑅𝑙 values (Figs. 7, 8).

In Fig. 8, the percentage of successfully joined cases for the AA6016T4/DP600 material combination is provided. The analysis is made both
as a function of the rivet leg inner radius 𝑟𝑅𝑙 and the die central tip depth
𝑑𝑡𝑑 .
The results presented in Fig. 8a and 8b reveal an analogous behavior with those in Fig. 7a and 7b where AA7075-F was used as the upper
sheet. For the lowest rivet leg inner radius value of 𝑟𝑅𝑙 = 1.7mm, a different distribution of the successfully joined metal sheets is observed,
reaching its peak at higher 𝑑𝑡𝑑 values (𝑑𝑡𝑑 → 0.2∕0.25) compared to the
material combination considered in Fig. 7a. Moreover, for the higher
rivet leg inner radius 𝑟𝑅𝑙 values of 2.0 and 2.1 mm, a lower mean value
of successfully riveted cases (dashed red lines) is obtained (averaging
the diﬀerent success rates with respect to 𝑑𝑡𝑑 ) in Fig. 8c and 8d compared to the ones in Fig. 7c and 7d. The reduction in the mean value
of successfully riveted cases for high rivet leg inner radius 𝑟𝑅𝑙 values is
primarily attributed to the very low percentage of successfully riveted
sheets for high 𝑑𝑡𝑑 values, approaching zero for 𝑑𝑡𝑑 equal to 0.5 mm at
a rivet leg inner radius 𝑟𝑅𝑙 of 2.1 mm.
The results of Figs. 6, 7 and 8 classify the design space according to
the occurrence of successful joining of the metal sheets for a given rivet
and die combination, according to the criteria speciﬁed in Section 2.3.
However, further insights in the overall performance of the riveting process are obtained by associating the interlock distances with the mean
value of the rivet equivalent plastic strain (PEEQ) at the end of the SPR
process. In Fig. 9a and 9b, we depict the relation between the interlock
distances and the mean rivet PEEQ for successfully joined cases for the
AA6016-T4/DP600 (Fig. 9a) and AA7075-F/DP600 (Fig. 9b) material
combinations, respectively for a 𝑑𝑡𝑑 value of 0.25 mm and rivet leg inner
radius of 1.9 mm. Further, in Fig. 9c and 9d we provide the mean and the
variance of the ﬁtted linear coeﬃcient 𝛿 (𝐼𝑛𝑡𝑒𝑟𝑙𝑜𝑐𝑘 = 𝛿 ⋅ 𝑃 𝐸 𝐸 𝑄) averaged over the diﬀerent die central tip depths for the AA6016-T4/DP600
(Fig. 9c) and AA7075-F/DP600 (Fig. 9d) sheet metal combinations.
The results of Fig. 9a and 9b suggest a direct association between the
residual mean rivet PEEQ with the corresponding interlock values. This

Comparison of an experimentally obtained riveted joint with the
SPR process ﬁnite element results
In this section, we compare the SPR process FE predictions with an
experimentally obtained two-layer riveted joint, with an AA7075-F upper sheet of thickness 2.1 mm and DP600 steel lower sheet with a thickness of 1.5 mm. The rivet material is an ultra-high strength steel with a
Vickers hardness HV10 value of 560 corresponding to an ultimate tensile strength of 1830 MPa. The schematic of the experimental rivet and
die geometric parameters are provided in Fig. 10a and 10b respectively.
In Fig. 10c, we provide an image of the cross-section of the experimental
riveted combination along with the ﬁnal joined state obtained through
ﬁnite element analysis (Fig. 10d). A mesh sensitivity study of the ﬁnal
deformed state is presented in Fig. 10e–10g for reference mesh sizes of
0.07 mm, 0.09 mm and 0.11 mm, respectively.
Fig. 10c and 10d indicate an excellent agreement among the experimental and numerical modeling results. The experimental minimum
remaining bottom sheet thickness matches reasonably well with the FE
prediction. The simulated deformation pattern also matches the exper9
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Fig. 9. Interlock distances as a function of the residual mean rivet PEEQ for two diﬀerent material combinations (a) AA7075-F/DP600, and (b) AA6016-T4/DP600, for a
𝑑𝑡𝑑 value of 0.25 mm and a rivet leg inner radius of 1.9 mm. The mean value and variance of the ﬁtted linear coeﬃcient is provided in (c) and (d) for diﬀerent rivet leg inner
radius values 𝑟𝑅𝑙 and material combinations of (a) and (b), respectively.

imentally observed joint cross-section very closely, with the interlock
values obtained for the experimental and numerical modeling cases being nearly identical. A minimum reference mesh size of 0.12 mm is required for the results to converge to the experimentally observed interlock values. The same ﬁnal deformed state after the SPR process is
obtained for a denser mesh distribution, as indicated in Fig. 10e–g.

eting of the AA7075-F/DP600 material combination for die central tip
depths of 0.05 mm and 0.45 mm and a rivet leg inner radius 𝑟𝑅𝑙 of
1.8 mm over a wide range of sheet thickness ratios and total thickness
values. NN predictions outside the design space, as deﬁned by the range
of available ﬁnite element results provided Section 3, are also presented.
The results within the FE design space are depicted in magenta and dark
blue colors to indicate unsuccessful and successful joining respectively,
while lighter color shades are employed to depict the neural network
predictions beyond the FE parameter space. Fig. 9c and 9d provide the
corresponding network predictions for the AA6016-T4/DP600 material
combination. The trained neural network models for both material combinations (AA7075-F/DP600 and AA6016-T4/DP600) are provided as
supplementary material.
The results shown in Fig. 11 highlight the potential of the trained
neural network-based models to robustly classify the design space for
the occurrence of successfully riveted two-layer metal stacks. The successfully joined cases in the design space (Fig. 11a and 11c) obtained
through NN predictions matches well with the ﬁnite element results
(Fig. 6) over the entire range of thickness ratios, total thickness and
𝑑𝑡𝑑 values considered. The same applies to the accuracy of the neural
network prediction with respect to the rivet leg inner radius values considered, as depicted in Fig. 11b and 11d.

Neural network-based classiﬁcation
The SPR classiﬁcation results summarized in Figs. 6–8 are used as
datasets 𝑦 for the training of the neural network models relating the input design parameters 𝑋 = (𝑡𝑡 , 𝑡𝑙 ∕𝑡𝑡 , 𝑑𝑡𝑑 , 𝑟𝑅𝑙 ) to the ﬁnite element SPR
process predictions. For each combination of sheet metals (AA7075F/DP600 and AA6016-T4/DP600), an independent dedicated neural
network is trained over the entire range of layer thickness ratios 𝑡𝑙 ∕𝑡𝑡 ,
total thickness 𝑡𝑡 , die depth 𝑑𝑡𝑑 and rivet leg inner radius 𝑟𝑅𝑙 values considered. It was observed through preliminary studies that neural network architectures with a single or two hidden layers were not able to
achieve low mean square error values irrespective of the number of neurons used per hidden layer and the type of activation functions. However, NN architectures with three or more hidden layers are observed to
allow for substantially low MSE values for a rather low number of total
neurons for both material combinations. In particular, network architectures with 24 × 18 × 12 × 6 and 15 × 10 × 5 neurons (AA7075-F/DP600
and AA6016-T4/DP600) activated by hyperbolic tangent sigmoid functions provides training and test MSE values of about 1.5% for both sheet
combinations, using the Levenberg-Marquardt optimization training algorithm. The testing sets are created by independent random input vectors within the predeﬁned design space, dictated by the bounds of the
ﬁnite element predictions (Fig. 6).
In Fig. 11 we provide classiﬁcation results of the trained NN for different design parameters of the sheet materials and SPR process. More
speciﬁcally, in Fig. 11a we provide the network predictions for the riv-

Discussion
The results presented in Sections 3 and 4 highlight the multiparametric dependence of both joint characteristics, namely joint quality and joint feasibility, during the SPR process. Both characteristics
depend on a highly nonlinear combination of material and geometric
parameters of the parts involved in the process.
The signiﬁcance of the elastoplastic and fracture properties can be
well appreciated by observing the maximum principal stress proﬁle distributions created by the rivet penetration in the upper sheet at the ini10
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Fig. 10. Detailed schematic representation of the undeformed rivet (a) and die (b) geometry used in the experimental joining case. Comparison of the experimental riveted
material combination (c), 2.1 mm AA7075-F/1.5 mm DP600 steel with the SPR process FE result (d). SPR process FE mesh sensitivity results for diﬀerent reference mesh sizes,
(e) 0.07 mm, (f) 0.09 mm and (g) 0.11 mm.

tial stages of the SPR process Fig. 4a, 4b). The time evolution of the
equivalent strains developed determines the damage accumulation of
the diﬀerent deformable parts leading to fracture (Eqs. (2)–((6)). For the
material combinations and geometries studied (Sections 2.2, 2.3), the
principal failure mode observed is the penetration of the rivet through
the lower sheet through a shear type failure of the lower sheet material
at the outer part of the rivet leg, as depicted in Fig. 4c. Moreover, for certain sheet thickness values and for low rivet leg inner radius and low 𝑑𝑡𝑑
values, a part of the lower sheet may fail in compression at the central
die tip position (Fig. 4c). For the selected rivet material and geometry,
no rivet buckling phenomena are observed.

For all rivet and die geometries studied, the probability of successful joining increases with a higher relative percentage of the stronger
material, thus for steel to aluminum sheet thickness ratios above unity
(Fig. 6). Moreover, low total thickness values require low die central tip
depths for successful joining of both material combinations (AA7075F/DP600 and AA6016-T4/DP600 shown in Fig. 6). For a given rivet leg
inner radius 𝑟𝑅𝑙 , increasing the depth 𝑑𝑡𝑑 of the die central tip above
0.3 mm substantially reduces the percentage of successfully joined
cases (Fig. 7), an eﬀect that becomes more prominent for the AA6016T4/DP600 material combination (Fig. 8). As a result, if the SPR process design goal is maximum joining ﬂexibility with respect to the sheet
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Fig. 11. Neural network model classiﬁcation predictions for AA7075-F/DP600 (a, b) and AA6016-T4/DP600 (c, d). The magenta and blue colors indicate unsuccessful and
successful joint formation, respectively. Regions with lighter color shades indicate the neural network predictions for input design parameters outside the available training data
space. Subplots (a) and (c) provide the network predictions for 𝑑𝑡𝑑 values of 0.05 mm and 0.45 mm for both material combinations with the 𝑟𝑅𝑙 set to 1.8 mm, while subplots
(b) and (d) provide the corresponding predictions for 𝑟𝑅𝑙 equal to 1.8 mm and 2.1 mm with the 𝑑𝑡𝑑 value set to 0.05 mm.

thickness ratios and total thickness, low die central tip depth 𝑑𝑡𝑑 values
between 0.05 mm and 0.2 mm should be selected.
For the geometries and materials analyzed, the resulting interlock
distances increase as higher residual equivalent plastic strains are induced in the rivet during the SPR process (Fig. 9a, 9b). The latter are
higher due to a longer dynamic interaction with the lower sheet, thus
for higher 𝑡𝑙 ∕𝑡𝑡 values and higher total thickness 𝑡𝑡 values. However, the
coeﬃcient relating the interlock distances with the induced mean rivet
equivalent plastic strain increases, as the rivet leg inner radius 𝑟𝑅𝑙 increases (Fig. 9c, 9d), so that rivet leg inner radius values of 1.9 mm and
2 mm can yield higher interlock distances for the same residual mean
rivet PEEQ values. Therefore, a combination of high rivet leg inner radius values (𝑟𝑅𝑙 ) and low die central tip depths (𝑑𝑡𝑑 ∈ [0.05, 0.1]) can
yield higher interlock distances than the corresponding low 𝑟𝑅𝑙 values,
retaining a high percentage of successfully riveted cases in the design
space probed (Figs. 7, 8). The eﬀect of the die central tip depth on the
coeﬃcient 𝛿 is secondary compared to 𝑟𝑅𝑙 , as the variance range bars
denote in Fig. 9c and 9d.
The trained NN classiﬁcation models allow for a direct assessment
of the potential of two diﬀerent sheet metal combinations (AA7075F/DP600 and AA6016-T4/DP600) to be successfully joined given their
thickness attributes, the rivet leg inner radius and the die central tip
depth. The neural network can be used for random sets of input variables
(Fig. 11) both within the FE design space (interpolation) and outside the
FE design space within reasonable limits, allowing for a greater range
of parameters to be probed and classiﬁed.

calibrated Hosford-Coulomb fracture surfaces for each deformable part
simulated to develop dedicated, 2D axisymmetric ﬁnite element models. To our knowledge, for the ﬁrst time, highly comprehensive SPR FE
models have been employed to analyze the role of rivet and die geometric features and apply machine-learning based techniques on the joint
characteristics. Furthermore, the FE process model predictions are validated through comparisons with experimentally obtained riveted joints.
The main conclusions of the study are:
•

•

•

The probability of successful joint formation decreases, while the
joint quality, in terms of interlock distance per induced mean rivet
PEEQ, increases with increasing rivet leg inner radius, in the range
of sheet thickness attributes and process parameters considered. The
variation of both joint characteristics is non-monotonic with respect
to die central tip depth.
Higher values of die central tip depth tend to reduce the range of
sheet thickness attributes that can be successfully riveted. A combination of low die central tip depths and low rivet leg inner radius
values allows for a wide range of sheet geometries to be successfully
joined.
Neural network models can be trained to classify the occurrence of
successful joint formation for a wide range of sheet attributes, rivet
and die geometries with remarkable accuracy.

We aspire that the current work not only constitutes a reference
guide for the riveting of sheet metal parts with mechanical properties within the range of the ones considered here, but also importantly
provides a methodology for the analysis, design and machine-learning
based classiﬁcation of riveted structures.

Conclusions
In the present study, we have investigated the SPR joint characteristics of aluminum alloy and dual-phase steel sheets (AA7075-F/DP600
and AA6016-T4/DP600) of variable thickness attributes, as a function
of the rivet and die geometry employed. Two important joint characteristics are considered, joint feasibility (probability of successful joint
formation) and joint quality. Towards this, we have used experimentally
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