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ABSTRACT

Self-piercing riveting (SPR) has become a key joining technique for lightweight and high-
strength joints, especially in the automotive and aerospace industries. This study investigates how
the strength of the lower sheet affects the performance of SPR joints. While the upper sheet remains
unchanged, the lower sheet varies using various alloys (AA7075-F, AA2019, BA0270, Mat A, and
Mat B). A finite element model developed in Abaqus/Explicit was employed to simulate the SPR
process and assess joint performance. Key joint evaluation criteria, such as interlock and
remaining thickness, are also discussed. The results indicate that the strength of the lower sheet
must reach a certain threshold to ensure proper joint formation. While increasing the lower sheet’s
strength can enhance joint quality, excessive material strength may yield an insufficient interlock
within the material or even generate a failure of the lower sheet.
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1. INTRODUCTION

The manufacturing industry increasingly demands efficient and sustainable joining methods,
particularly in automotive and aerospace sectors, where lightweight multi-material assemblies are
essential for performance and energy efficiency [1, 2]. Self-piercing riveting (SPR) has emerged
as an advanced cold-forming technique producing robust mechanical interlocks without pre-drilled
holes or thermal distortion [3-5]. Unlike welding, SPR preserves base material integrity and
enables reliable joining of dissimilar combinations such as aluminum-steel, while offering
enhanced fatigue resistance and mechanical performance [6-9].

Finite element (FE) simulations are crucial for understanding and optimizing the SPR process
[10-13]. In these models, the rivet and metallic sheets are typically simulated as elastoplastic
deformable bodies, while the punch, blank holder, and die are assumed to be rigid bodies. Due to
the axisymmetric nature of the SPR process around the rivet center, two-dimensional axisymmetric
models can be employed to reduce computational time and cost [14, 15]. However, the complex
geometry of the rivet and die, the large number of contact surfaces, and the need to model failure
mechanisms pose significant challenges. Various damage modeling approaches have been
implemented, including deformation-based and material failure criteria [10, 11]. Some methods
impose a maximum deformation threshold at the FE level, but their accuracy depends on the mesh
refinement [12]. Others rely on stress-based failure criteria to determine the extent of material
damage [13]. Numerical simulations of different design configurations allow for the evaluation of
joint feasibility and quality without requiring extensive experimental trials, which are both costly
and inefficient [ 14]. It should be noted that both joint feasibility and joint quality are assessed based
on the achieved interlock distance, which is influenced by material properties and the geometric
characteristics of the die components. Notably, variations in rivet geometry can significantly impact
the riveting process, largely determining the joint characteristics. However, to accurately assess the
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importance of individual parameters and identify optimal material and design configurations, a
parametric analysis must be conducted across a wide range of design components.

Despite its advantages, achieving a high-quality SPR joint requires precise control of several
key parameters, including rivet geometry, punch force, and material properties [16-18]. Improper
parameter selection can lead to defects such as incomplete interlock formation, excessive sheet
deformation, or premature failure under loading conditions [6]. Therefore, understanding the
fundamental mechanics of SPR and optimizing its process parameters is critical to ensuring long-
term reliability and durability of the joint [19, 20]. The material property of the joined metal sheet
is also a critical factor that directly affects the formation and quality of the joint. Abe et al. studied
the joining capability of aluminum and steel [8]. Their results indicated that the top sheet needed
to be thinner than the lower sheet to form a successful joint. However, this finding applied to older
SPR systems, whereas modern SPR systems can still create joints even when the top sheet is
thicker than the lower sheet [21]. Chung and Kim [21] investigated the fatigue performance of
SPR joints between aluminum and mild steel. They used sheets of equal thickness (1.8 mm) for
AAS5052-H32 and cold-rolled mild steel. Their findings indicated that the joints with steel as the
upper sheet exhibited a higher static lap shear strength, whereas the joints with steel as the lower
sheet demonstrated better fatigue resistance. Mori et al. explored the feasibility of joining ultra-
high-strength steel to an aluminum alloy using SPR [22]. They discovered that if the rivet was not
sufficiently hard, defects such as rivet fracture, rivet compression, and rivet bending could occur.
Such defects typically arise when the rivet hardness is insufficient relative to the joined materials.
By optimizing the rivet and die, they successfully joined SPFC980 ultrahigh-strength steel to
AA5052-H34. Similarly, Hoang et al. observed rivet failures due to compression and fracture
during the riveting process when aluminum alloys were joined using aluminum rivets [9].

Although previous studies examined specific material combinations [8, 21, 22] and stacking
sequences [9], systematic understanding of how lower-sheet strength variations influence joint
formation remains limited. Chung and Kim [21] and Mori et al. [22] demonstrated that relative sheet
strength significantly affects rivet penetration and interlock development, yet these investigations
were restricted to discrete material pairings rather than controlled strength variations.

To address this gap, the present study employs FE simulations to systematically elucidate how
lower-sheet mechanical strength governs SPR joint formation. By fixing the upper sheet as
AA7075-F and varying only the lower-sheet strength across three industrial alloys and two virtual
materials, a controlled strength spectrum isolates the mechanical contribution of the lower sheet.
This framework enables a mechanistic understanding of the strength—ductility balance required for
effective rivet penetration, leg expansion, and stable interlock formation, providing guidance for
optimal material selection in multi-material SPR applications. The remainder of this paper is
organized as follows: section 2 outlines the SPR process, section 3 describes the FE modeling
framework, section 4 presents numerical results and discussion, and section 5 concludes with key
findings and implications.

2. SELF-PIERCING RIVETING PROCESS

2.1. Process description

The SPR process consists of four sequential stages [2, 3]: clamping, piercing, flaring, and
releasing, as shown in Fig. 1. Initially, the blank-holder secures the sheet stack while the punch
drives the rivet through the upper sheet. The rivet then penetrates into the lower sheet, where its
legs expand radially within the die cavity to form a mechanical interlock. Finally, the punch
retracts, leaving a robust joint without thermal distortion or pre-drilled holes [2, 3, 5].

Joint quality is governed by rivet geometry (shape, length, diameter), material properties

(strength, ductility), punch force, and interfacial friction [16-18]. Proper parameter selection
ensures adequate rivet expansion while preventing excessive thinning or premature fracture.
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Figure 1. Schematic diagram of the SPR process stages.
2.2. Failure mechanisms in SPR joints

Despite its advantages, SPR joints may fail due to insufficient interlock formation, excessive
sheet deformation, or fracture initiated by high stress concentration near the rivet—sheet interface
[23-25]. Insufficient plastic deformation in the lower sheet can lead to rivet pullout, while poor
material compatibility or improper compression may cause sheet separation and reduced joint
strength [23, 24].

The mechanical properties of the joined sheets play a decisive role in joint formation and
integrity [8, 21, 26]. During SPR, the lower sheet must simultaneously resist rivet penetration and
accommodate sufficient plastic deformation to enable rivet-leg expansion. Overly soft substrates
tend to deform excessively, promoting thinning or tearing before a stable interlock is formed,
whereas excessively hard substrates restrict plastic flow and suppress leg flaring, thereby reducing
interlock quality and joint stability under service loading [23, 26]. Achieving an appropriate
balance between the strength and ductility of the lower sheet is therefore essential for reliable SPR
joint formation and constitutes the focus of the present study.

3. FINITE ELEMENT MODEL

3.1. Material properties

This study examines five stacking configurations with a fixed upper sheet (AA7075-F, 2.1 mm)
and varied lower sheet materials (1.5 mm thickness), as summarized in table 1. The rivet is U1500
steel, ensuring sufficient strength for penetration and leg expansion [6]. BA0270 serves as the
baseline alloy, from which two virtual materials (Mat A and Mat B) are generated by adjusting
flow stress by +20%, enabling controlled examination of lower-sheet strength effects.

The mechanical response of materials in the SPR process is modeled using an elasto-plastic
framework with isotropic hardening [6]. Plastic behavior is governed by a combination of the Swift
and Voce hardening laws (denoted by CSV law) as follows:

0,(8) = ad(E + )" + (1 — a)(ko + Q(1 —exp ) (1)
where A, g, and n define the Swift hardening components; k, ,Q, and p characterize the Voce
hardening behavior; gy, (€) denotes the reference flow stress. The weighting factor o controls the
contribution of each component, and € represents the equivalent plastic strain [27].

The onset of plastic deformation is defined using the von Mises yield criterion as follows:

’3
F=5(O')—O'y= ESijSij—O'ySO (2)

where s;; denotes the deviatoric stress tensor.

Previous studies have demonstrated that the Combined Swift—Voce (CSV) hardening law
accurately captures the long-term strain hardening behavior of automotive sheet metals, making it
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suitable for SPR simulations [6, 19, 28]. Fig. 2a presents the flow curves of the investigated
materials calibrated using this model based on reference data [6]. For the virtual materials Mat A
and Mat B, the same hardening formulation was retained while adjusting the strength level to
systematically extend the material response range. This approach enables isolating the effect of
lower-sheet strength on rivet deformation and interlock formation, which constitutes the primary
objective of the present study.

Table 1. Upper and lower sheet configurations for different cases.

Case
Component 1 5 3 1 5
Upper sheet AA7075-F AA7075-F AA7075-F AA7075-F AA7075-F
Lower sheet AA2019 BA0270 AA7075-F Mat A Mat B
Table 2. Material properties of the rivet, upper, and lower sheets [6].
Part Material E (GPa) Density (kg/m3) Poisson’s ratio
U1500 220 7850 0.3
Rivet AA2019 69 2780 0.33
AA7075-F 72 2780 0.33
BA0270 191 7850 0.3
Sheet Mat A 191 7850 0.3
Mat B 191 7850 0.3

Failure prediction is critical for SPR simulations due to the severe deformation and potential
cracking at rivet-sheet interfaces. Among available approaches—including GISSMO [13], GTN
porous-plasticity [12], and ductile fracture criteria [25, 29]—this study employs the Hosford—
Coulomb model [28] owing to its validated accuracy for aluminum alloys under high triaxiality
and large strains characteristic of cold forming and mechanical joining [10, 25, 29].

Table 3. CSV hardening parameters of the materials.

Material a A o n ko Q B
U1500 | 0.973 | 1565.784 | 0.000004 | 0.0116 | 132.381 | 6227.87 | 145.719
AA7075-F | 0.948 | 314.273 0.065 | 0.0607 | 25.401 | 2085.488 | 139.802
AA2019 |0.939 | 710.201 0.225 | 0.1512 | 282.546 | 282.546 9.45
BA0270 | 0.434 | 882.856 0.01 0.4474 | 417.710 | 104.995 | 16.962
Mat A | 0.423 | 1094.180 0.01 0.4424 | 486.924 | 122.233 | 17.012
Mat B 0.439 | 702.311 0.01 0.4424 | 334.076 | 83.864 | 17.012
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Figure 2. (a) True stress - plastic strain curves of the investigated materials;
(b) Hosford-Coulomb fracture curves of the tested materials [6].
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Damage accumulation follows the rate-independent formulation:

& de
:fo 5 00.0) ©)

where D is the damage indicator (fracture occurs at D = 1) and € is the equivalent plastic strain.
The fracture strain ¢ depends on stress triaxiality n and Lode angle parameter 0 to capture
multiaxial stress states typical of SPR forming [13, 26, 29]. Stress triaxiality is defined from the
hydrostatic and von Mises stresses as:

y=TO8 @)

where tr(a)/3 is the hydrostatic stress and ¢ is the von Mises equivalent stress. The Lode-angle
parameter is given by the normalized expression [28]:

27det(s)
253

where s is the stress tensor and det (s) is its determinant. The parameter 8 encodes the effect of the

third invariant of the deviatoric stress on the fracture strain, and is constrainedto —1 < 8 < 1 [28].

2
0=1—- 5
7rarccos( (5)

Model parameters from [6] were applied consistently across all materials (Fig. 2b). Mat A and
Mat B adopted BA0270's fracture characteristics, ensuring that observed differences in joint
formation arise solely from strength variations rather than damage tolerance [25].

3.2. Numerical model

An axisymmetric FE model was developed in Abaqus/Explicit to simulate the SPR process
efficiently. The model includes six components: rivet, punch, upper sheet, lower sheet, die, and
blank-holder (Fig. 3). The die and blank-holder are rigid bodies with encastre boundary conditions.
The punch, also rigid, applies 5 mm displacement along the negative Y-axis to drive riveting. The
rivet and sheets are deformable bodies capturing plastic flow and damage.

| an;

(b)

Figure 3. Modeling of the SPR process (a) Model geometries and
(b) Mesh on the deformable parts.
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Table 4. Geometric parameters of the die and rivet.

Parameter D dy Lia dr R 1R Irt
Value (mm) 7.85 1.2 32 5 3.85 0.8 1.78

Contact interactions use a general contact algorithm with Coulomb friction (pn = 0.1), typical
for aluminum-steel cold forming [7, 28]. Kinematic contact formulation ensures robust constraint
enforcement at rivet-sheet interfaces under large deformations.

Mesh refinement balances accuracy and efficiency (Fig. 3b). The rivet uses CAX4R and CAX3
elements with 0.1 mm size to capture stress gradients near the tip and legs. Both sheets employ
CAXA4R elements with 0.1 mm global size and 0.05 mm local refinement in high-strain zones near
rivet penetration, accurately representing plastic deformation and potential cracking while
optimizing computational cost.

4. RESULTS AND DISCUSSION

The results of the numerical simulations are presented and discussed in this section, beginning
with the validation of the FE model against experimental data, followed by a detailed analysis of
the joining response for different lower-sheet materials. The influence of material strength on
force—displacement behavior, damage initiation, interlock development, and overall joint quality
is systematically evaluated. By combining both global responses (e.g., force evolution) and local
deformation characteristics (e.g., interlock, remaining thickness), the section clarifies the
underlying mechanisms governing joint formation and highlights material-dependent trends
essential for selecting suitable lower sheets in SPR applications.

4.1. Validation of the FE model

To validate the modeling approach, a FE simulation of an AA7075-F/BA0270 SPR joint was
performed with sheet thicknesses of 2.1 mm and 1.5 mm, respectively, following [6]. Fig. 4a
compares the predicted force—displacement response with experimental data. The simulation
accurately reproduces the experimental trend across all stages—clamping, piercing, and flaring—
with nearly identical slopes and load transitions. The predicted peak force of 63.0 kN shows good
agreement with the experimental value of 65.2 kN, yielding a relative error of 3.4%, which is well
within the acceptable range for SPR simulations. This close agreement confirms that the
implemented material and contact models reliably capture the SPR mechanics.
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Figure 4. (a) Comparison between experimental and FEM-predicted force—displacement curves
for model validation, and (b) force—displacement responses of different lower-sheet materials
during the SPR process.

4.2. Evaluation of joining quality

Fig. 4b summarizes the global and local mechanical responses of the SPR process for the three
real material systems. The force—displacement curves exhibit the characteristic three-stage
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evolution of clamping, piercing, and flaring, in agreement with previous studies [2, 6, 14]. While
the clamping and piercing stages show nearly identical responses due to the fixed AA7075-F upper
sheet, clear divergence appears during the flaring stage, where deformation is governed by the
lower sheet.

In this stage, BA0270 and AA2019 exhibit a steep force increase, indicating sufficient
confinement for rivet-leg expansion. However, AA2019 shows pronounced force oscillations
associated with localized strain accumulation and the onset of brittle cracking under a highly
triaxial stress state. In contrast, AA7075-F displays a flatter force response with a reduced peak
load, reflecting early softening and insufficient lateral resistance, which promotes excessive
downward flow and premature tearing. Only BA0270 is observed to maintain a stable force
increase without damage localization, demonstrating a balanced combination of strength and
deformability that supports controlled rivet-leg expansion and stable interlock formation,
consistent with reported SPR behavior for ductile substrates [14, 21].

The damage contours in Fig. 5 further clarify the distinct failure mechanisms of the lower-sheet
materials. In AA2019, damage localizes rapidly beneath the rivet leg, forming a narrow fracture
band that leads to brittle cracking at an early stage of flaring. In contrast, AA7075-F exhibits a more
diffuse damage distribution accompanied by pronounced thinning, which ultimately results in a
tearing-type failure. By comparison, BA0270 shows no significant damage localization, indicating
a stable deformation regime and superior resistance to fracture during rivet-leg expansion.

Overall, the combined force response and damage evolution indicate that AA2019 fails due to
limited ductility, AA7075-F fails due to over-softening, and BA0270 appears to provide the most
balanced mechanical conditions required for successful rivet-leg expansion. Consequently,
BA0270 is selected as the reference material for the subsequent parametric investigation using the
virtual materials Mat A and Mat B.

DUCTCRT
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Figure 5. Comparison of damage initiation and damage distribution in AA2019 and AA7075-F
lower sheets during SPR: (a) onset of fracture and (b) undeformed state after damage evolution.

Figure 6. Characterization of a SPR joint: interlock length (u) and remaining thickness (r).
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4.3. Influence of the lower sheet strength on the joint quality

Having established BA0270 as the only real material capable of forming a fracture-free joint, two
virtual materials—Mat A and Mat B—were introduced by increasing and decreasing the flow-stress
level of BA0270 by +20% to isolate the effect of lower-sheet strength. For the three non-failing cases
(BA0270, Mat B, and Mat A), joint quality is evaluated using the interlock length (u) and remaining
thickness (r), as defined in Fig. 6, which are widely accepted joinability indices [3, 9].

The deformation fields in Fig. 7 show that interlock formation is governed by the deformation
mode of the lower sheet. For BA0270, the von Mises stress and equivalent plastic strain fields
are broadly distributed around the rivet leg, indicating stable plastic flow that accommodates
rivet penetration while providing sufficient lateral resistance for rivet-leg expansion. This
balanced response results in the largest interlock (0.32 mm) together with a favorable remaining
thickness (0.64 mm).

In contrast, Mat B exhibits extensive plastic deformation concentrated beneath the rivet tip. The
PEEQ contours indicate dominant downward material flow accompanied by pronounced thinning,
which limits effective lateral confinement. As a result, although Mat B still forms a comparable
interlock (0.29 mm), the remaining thickness decreases to 0.60 mm, reflecting an over-softened
response consistent with the limitations of low-strength substrates in SPR joints [9].

Mat A shows the opposite behavior. Increased strength leads to stress localization and limited
plastic strain accumulation around the rivet leg, while elevated triaxiality indicates a highly
constrained stress state. This suppresses rivet-leg rotation and outward expansion, resulting in the
smallest interlock (0.25 mm) despite preserving the greatest remaining thickness (0.81 mm). Such
stress-induced stiffening is commonly observed in high-strength alloys under confined loading
conditions [3, 9, 26].

Taken together, the deformation fields and joinability indices in Fig. 7 define two limiting
deformation regimes: excessive downward flow with insufficient confinement in Mat B, and
excessive constraint with restricted plastic flow in Mat A. Only BA0270 exhibits a balanced
deformation response, in which plastic flow and lateral resistance are properly coupled to promote
stable rivet-leg expansion. This confirms that effective SPR joinability depends not simply on
lower-sheet strength, but on achieving an appropriate balance between plastic deformability and
confinement during the interlock-formation stage.
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Figure 7. Distributions of (a) von Mises stress, (b) equivalent plastic strain, and (c) stress
triaxiality for Mat B, BA0270, and Mat A at the final interlock-formation stage, together with (d)
the corresponding joinability indices.
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5. CONCLUSIONS

This study clarified how the mechanical properties of the lower sheet govern the deformation
pathway and joinability of SPR joints. The force—displacement behavior and damage evolution
showed that AA2019 fails due to insufficient ductility, whereas AA7075-F fails due to excessive
softening. BA0270 is the only real material that enables stable rivet-leg expansion without fracture,
making it a suitable reference for further material exploration.

By introducing two virtual materials offset + 20% in strength relative to BA0270, the analysis
revealed a clear strengthening—softening trade-off. Softer materials promote penetration but suffer
from excessive thinning, while stronger materials suppress rivet-leg expansion. The joinability
indices, interlock length and remaining thickness, demonstrate that only materials with
intermediate strength achieve a favorable balance between confinement and deformability.
BAO0270 sits closest to this optimal window.

These findings emphasize that lower-sheet strength should be carefully balanced to ensure both
adequate rivet penetration and effective interlock formation. The insights gained here provide a
mechanistic basis for material selection and offer a practical framework for virtual material
screening in SPR joint design.
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TOM TAT
Anh huéng ciia vét liéu tim duéi dén chat hrgng moi ghép bang dinh tin ty dim xuyén

Dinh tan ti dam xuyén (SPR) da tro thanh mot phwong phap ghép néi quan trong trong
cdc két cau nhe nhung yéu cau dg bén cao, déic biét trong nganh cong nghiép 0 t6 va hang
khong vii tru. Nghién ciu nay tdp trung danh gid anh huong cia do. bén tam duwdi dén chat
leong moi ghép SPR. Pé dat dwoc muc tiéu do, tam trén dwoc giik cé dinh trong moi trirong
hop, trong khi tam dudi dwoc thay doi véi cde vt liéu khdc nhau (AA7075-F, AA2019,
BA0270, Mat A va Mat B). Mt mé hinh phan ti hitu han trong Abaqus/Explicit dwoc xdy
dung nham mé phong qua trinh ghép va phan tich chat luong. méi ghép. Cdc chi tiéu danh
gid chinh bao gom do khoa lién két, do day con lai va vi tri dau dinh tan. Két qua cho thdy
tam duoi can dat mét mirc d¢ bén toi thiéu dé hinh thanh moi ghép hoan chinh. Tuy nhién,
khi tam dwdi qud cvmg, sie khdang bién dang qud 16m sé han ché qud trinh loe chan dinh tdn,
lam giam kha nang hinh thanh khéa lién két mdc dii dinh tén van xuyén qua dwgc tam trén.

Tir khoa: Dinh tan ty dam xuyén; Phéan tich phan tir hitu han; Chét lugng mébi ghép; Kim loai tém; Vit liéu ao.

174 N. Hoang, ..., N. D. Trung, “Influence of lower sheet material ... in self-piercing riveting.”



