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Abstract:

By combining experimental SPR tests with a finite element (FE) model, the influences of top sheet thickness
(Ty), bottom sheet thickness (Ty) and rivet length (L) on the joint formation mechanisms were systematically
investigated in this study. Single factor experiments were firstly conducted to uncover the three joining
parameters’ effects on the joining results. Interrupted SPR tests were also performed to confirm the prediction
accuracy of the FE model on the joint formation process. Then, the joint formation mechanisms were analyzed
by numerically inspecting the events during the riveting process, including the sheet deformation behaviors,
rivet shank flare behavior and formation of quality indicators. The results revealed that the joining parameters
affected the interlock formation by directly altering the positions of two interlock boundaries. The rivet shank
flare behavior was apparently affected by the T:and Ty, but less influenced by the L. The formation of remaining
bottom sheet thickness at the joint center (Tc) was significantly affected by the T: and Ty. Rapid reduction of the
T. occurred before the top sheet was penetrated and after the rivet cavity was fully filled. Meanwhile, it is

highlighted that the FE model is an excellent tool to analyze SPR joint formation.

Keywords: SPR joint; Formation mechanisms; FE model; Interrupted experimental test; Sheet thickness; Rivet

length.

1 Introduction

During the last few decades, lightweight materials have been increasingly used in the automotive industry to
reduce the vehicle weight without compromising its performances [1]. Self-piercing riveting (SPR) technique
experiences a rapid development under such circumstances, and has been widely adopted by many automobile
companies (e.g., BMW, JLR and Audi) as the major joining approach to assemble the aluminum car body-in-
white (BIW) structures [2]. The SPR process is consist of four major steps as shown in Fig. 1, including (a)
clamping; (b) piercing; (c) flaring and (d) releasing tools. The multiple sheets are tightly connected by a
mechanical interlock formed between the rivet shank and the bottom sheet. As a mechanical joining approach,
the SPR has many advantages in the connections of thin-walled structures, such as effective for stacks with two

or three layers [3], suitable for similar and dissimilar materials, and compatible with various surface conditions
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(e.g., coatings or paintings). In recent years, some new joining approaches based on the SPR technique have
also been proposed to further improve the joint quality and mechanical performance, such as the friction self-
piercing riveting (F-SPR) [4][5], the electromagnetic self-piercing riveting (E-SPR) [6], the electroplastic self-
piercing riveting (EP-SPR) [7] and the thermally assisted self-piercing riveting (TA-SPR) [8].
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Fig. 1 Schematic of the four steps during the self-piercing riveting process

Fig. 2 Schematics of the joint cross-sectional profile and three quality indicators

The SPR joint quality is usually assessed by three quality indicators measured on the joint cross-sectional profile
[9,10] as shown in Fig. 2: the rivet head height (H), the interlock (I) and the minimum remaining bottom sheet
thickness (Tmin). The H directly affects the cosmetic appearance of the connected structure and the joint
corrosion resistance [11]. The | is very important for the joint mechanical strengths and failure behaviors. SPR
joints with a too small I usually have low shearing strengths, and more likely undergo failures of the rivet shank
pulled out from the bottom sheet [12]. The Tmin is a critical indicator for the joint corrosion resistance and water-
proof performance. Zero or negative Tmin Would lead to moisture or water invasion. This would accelerate the
galvanic corrosion between the steel rivet and aluminum sheets, and cause premature corrosion failure of SPR
joints [13][14]. Over the last few decades, a great number of experimental studies have been carried out to
investigate the effects of different joining parameters on the SPR joint quality, such as the sheet material and
thickness [15], the rivet material [16] and geometry [17], the die geometry [12] and the riveting speed [18].
Recent years, many finite element (FE) models of SPR process have also been successfully developed and
utilized to facilitate the analysis of joining parameters’ effects on the joint quality, such as the die geometric
parameters [19,20], the initial sheet temperature [21] and the sheet thickness ratio [22]. Detailed reviews of the
experimental and numerical investigations of SPR technique can be found in [9,23,24]. By analyzing the
accessible studies relevant to the SPR technique, it was noticed that most of them focused on establishing the
relationships between joining parameters and specific joint quality indicators (e.g., | and Tmin). Conclusions from
these existing studies were mainly drawn by simply analyzing the final joint cross-sectional profiles. To the
authors’ knowledge, little efforts were made to investigate the joint formation mechanisms during the SPR

process with different joining parameters, e.g., how the | and Tnin are formed, how different joining parameters
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affect their formations and final magnitudes. For example, previous studies have widely acknowledged that the
top sheet thickness (Tt), bottom sheet thickness (Ty) and rivet length (L) are three critical parameters affecting
the SPR joint quality [9] [20,23]. Some studies have also reported the influences of these three joining
parameters on the magnitudes of joint quality indicators (e.g., | and Tmin) [15,16,22]. However, none of the
existing studies addressed the reasons why the final magnitudes of joint quality indicators changed as the joining
parameters altered from the view of joint formation. This is attributed to the inconvenience to experimentally
observe the deformation behaviors of rivet and sheets during the SPR process. In-depth understanding of the
joint formation mechanisms throughout the SPR process will be a great contribution to the development and

practical applications of the SPR technique in terms of new joint design and new types of rivets and dies.

Interrupted experimental SPR test, in which the riveting process is stopped at different positions, offers a way
to experimentally analyze the riveting process and explore the formation mechanisms of different SPR joints.
For example, with the help of interrupted tests, Haque et al. [25] successfully linked the changes of the load-
displacement curve with the events in the SPR process and concluded that the SPR joining process could be
monitored with the load-displacement curve. The same authors [26] also identified the flare behavior of rivet
shank during the SPR process by interrupted experimental tests, and proposed an empirical linear equation to
calculate the rivet shank flare distance. Li [27] experimentally investigated the influences of interface conditions
between the two sheets on the deformation behavior of rivet shank during the SPR process. However, the
interrupted experimental SPR test is extremely time and money-consuming because a large number of
specimens are required for each joint configuration. Due to this limitation, it was rarely employed in the
accessible SPR studies and is also unlikely to become a mainstream research approach for the SPR technique.
Recent years, the FE model of SPR process has become increasingly powerful and accurate. It is also an effective
tool for the inspection of joint formation process and for the collection of useful information inside the joining
region. Compared with the interrupted experimental SPR test, it requires far less investment in time and money.
Meanwhile, instead of only several joint cross-sectional profiles at the interrupted positions, the whole joint
formation process can be conveniently observed with the FE model [28-30]. Therefore, the FE model is an

excellent alternative to the interrupted experimental SPR test for investigating the joint formation mechanisms.

In this study, the formation mechanisms of SPR joints with varying Ti, T, and L were systematically investigated
by combining the laboratory experimental SPR test with a verified FE model. Single factor experiments were
firstly conducted to investigate the impact of three joining parameters on the deformed shapes of rivet and sheets,
and to uncover the variation trends of different joint quality indicators. Before using the FE model to assist the
analysis of joint formation mechanisms, its effectiveness for SPR joints from the single factor experiments was
confirmed by comparing the simulated and experimentally tested joint cross-sectional profiles, joint quality
indicators and load-displacement curves. Interrupted experimental SPR tests were also performed to confirm
the prediction accuracy of the FE model on the deformation behaviors of rivet and sheets, and on the formations
of joint quality indicators during the SPR process. Then, the impact of the three joining parameters (i.e., Ty, To
and L) on the SPR joint formation was experimentally and numerically analyzed. The results from this research

will contributed to in-depth understanding of the joint formation mechanisms, and be beneficial for the design



of new SPR joints with varying sheet thicknesses.

2 Experiment procedure
2.1 Single factor experimental tests

As listed in Table 1, single factor experiments were carried out to investigate the impact of the top sheet
thickness (T:), bottom sheet thickness (Ty) and rivet length (L) on the formation of SPR joints, especially the
formation mechanisms of the interlock (1) and the remaining bottom sheet thickness. The sheet material used
throughout the study is aluminum alloy AA5754, and the semi-tubular rivets are made of boron steel with the
hardness 280430HV10. Table 2 shows the basic mechanical properties of the rivet and sheet materials. A pip
die (Type-A) was adopted in the single factor experiments. Fig. 3 shows the nominal dimensions of the semi-
tubular rivet and the pip die (Type-A). Four top sheet thickness levels (i.e., 1.0 mm, 1.2 mm, 1.5 mm and 2.0
mm) were used in the joints J1-1~J1-4. Four bottom sheet thickness levels (i.e., 1.0 mm, 1.5 mm, 1.8 mm and
2.0 mm) were utilized in the joints J2-1~J2-4. Three rivet length levels (i.e., 5.0 mm, 6.0 mm and 6.5 mm) were

used in the joints J3-1~J3-3. The specimen size is 40 mmx40 mm as shown in Fig. 4. Other joint conditions

were kept the same throughout the experiment. All the SPR joints were made using a servo SPR system
manufactured by Tucker GmbH shown in Fig. 5. The riveting speed is set to 300 mm/s, and the clamping force
on the blank-holder is approx. 5.0kN~6.0kN controlled by a compressed spring. For easier comparison and
consistence, the rivet head height (H) in all SPR joints was controlled to the same value (i.e., —0.10 mm) by
predefining the rivet displacement in the SPR system. To ensure the effectiveness of the experiment results,

three repeats for each joint configuration were conducted.

All the specimens were sectioned through the joint central plane, and then lightly polished to capture the joint
cross-sectional profiles. As shown in Fig. 6, the rivet head height (H) and the interlock (I) for each joint were
measured from the joint cross-sectional profiles. The joint quality indicator Tmin can appear at any part of the
deformed bottom sheet (green dashed line in Fig. 6), and its position varies from joint to joint. To quantitively
evaluate the joining parameters’ impact on the formation of remaining bottom sheet thickness, the remaining
bottom sheet thickness at the joint center (T¢) and under the rivet tip (Tsp) for each joint were measured. In

addition, the load-displacement curve of each joint during the riveting process was also recorded.

Table 1 Design of the single factor experiments

Thickness (mm)
Joint Rivet

no. Top sheet/Tt Bottom sheet/Tp (Boron steel) Die
(AA5754) (AA5754)

Ji-1 1.0 1.8 C5.3*5.0

J1-2 1.2 18 C5.3*5.0

J1-3 15 18 C5.3%5.0

J1-4 2.0 1.8 C5.3*5.0

J2-1 1.2 1.0 C5.3*5.0 Pip die

J2-2 1.2 15 C5.3*5.0 (Type-A)

J2-3 1.2 18 C5.3*5.0

J2-4 1.2 2.0 C5.3*5.0

J3-1 1.2 18 C5.3%5.0

J3-2 1.2 1.8 C5.3%6.0




J3-3 1.2 1.8 C5.3*6.5

Table 2 Mechanical properties of the rivet [31] and sheet materials [32]

Young’s . .
. . . Elongation ~ Thermal expansion
Material Modules  Poisson’s ratio o - o
(GPa) (%) coefficient (1/°C)
AA5754 70 0.33 22 2.4E-5
Boron steel 200 0.30 - 1.2E-5

@

(b) Type-A

Fig. 3 Dimensions of (a) the semi-tubular rivet and (b) the pip die (Type-A) (in mm)
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Fig. 4 Specimens dimensions of the SPR joints (in mm)
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Fig. 5 Structure of the servo SPR system manufactured by Tucker GmbH
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Fig. 6 Characteristics measured on the joint cross-sectional profile for the analysis of SPR joint formation
2.2 Interrupted experimental tests

Interrupted experimental tests were also conducted to confirm the effectiveness of a previously developed FE
model (described in the following section) on the prediction of SPR joint formation, including the deformation
behaviors of sheets, the flare behavior of rivet shank and the formation process of joint quality indicators. The
interrupted experimental test means that a continuous SPR process is manually stopped at several pre-defined
positions. It is the only experimental approach to directly observe the joint formation at different riveting stages
[33]. As listed in Table 3, the riveting process of the selected SPR joint (1.2 mm+2.0 mm AA5754 sheets and
6.0 mm long boron steel rivet) was interrupted at five positions by controlling the magnitude of rivet head height
(H) (i.e., 4.0 mm, 3.0 mm, 2.0 mm, 1.0 mm and 0.0 mm). Fig. 7 shows the dimensions of the pip die (Type-B)
used in the interrupted experimental tests. Other experimental conditions were kept the same as that used in the
above single factor experiments. All the specimens were sectioned through the joint central plane, and then
lightly polished to capture the joint cross-sectional profiles at different riveting stages. Meanwhile, the interlock

(1), the T¢ and the deformed rivet shank diameter (D;) (see Fig. 6) at each stopped position was also measured.

Table 3 Design of the interrupted experimental tests

_ Thickness (mm) Rivet head .
Joint height/H Rivet Die
no.  Topsheet/T,  Bottom sheet/T, g (Boron steel)

(AA5754) (AA5754) (mm)

1 4.0
34-2 30

_ C5.3*6.0 Pip die
14-3 12 20 20 (280430HV10)  (Type-B)
34-4 10
14-5 0.0

Type-B |

Fig. 7 Dimensions of the pip die (Type-B) used in the interrupted experimental SPR tests (in mm)
3 FE model of the SPR process
3.1 Description of the FE model

The FE model of SPR process previously developed by the authors is shown in Fig. 8. It was established with
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the software Simufact.Forming, and its prediction accuracy for SPR joints with AA5754 sheets and boron steel
rivet has been intensively validated [34]. All the freedoms of die were fixed while the sheet edges can move
freely during the riveting process. A 5.3kN clamping force (F1) was applied on the blank-holder to clamp the
top and bottom sheets together. The punch had a constant speed (v4=300 mm/s) and moved downward to press
the rivet into the sheets. The punch, blank-holder and die were modelled as rigid bodies, while the boron steel
rivet and AA5754 sheets were modelled as elastic-plastic bodies. As shown in Fig. 9, plastic stress-strain curves
were implemented to model the material deformations of the rivet and sheets. The temperature effect on the
material properties was considered for the AA5754 sheets but not considered for the boron steel rivet. This is
because the maximum temperature within the joining region is usually lower than 250 <C [35], and imposes
limited influences on the mechanical properties of the boron steel. Uniaxial tensile tests at four different
temperatures were carried out to determine the plastic stress-strain curves for the AA5754 sheets [35], whilst
only the uniaxial tensile test at room temperature was performed to get the plastic stress-strain curve for the
boron steel rivet. All the deformable parts were meshed using the quad element with four gauss points. The
mesh sizes for the rivet, the top sheet and the bottom sheet were set to 0.10 mm, 0.10 mm and 0.12 mm
respectively. Automatic element re-meshing was applied to deal with the severe element distortion caused by
large plastic deformations of the top and bottom sheets. A geometric criterion was employed to model the top
sheet fracture and the threshold thickness was set to 0.04 mm. The Coulomb friction model was adopted and
the friction coefficients between different contact parts are given in Table 4. Due to the difficulties of directly
measuring the friction coefficients, the suitable friction coefficient at each interface was determined with the
inverse method frequently used in the existing numerical studies [36]. To ensure efficiency, the springback of
SPR joints during the tools (i.e., punch, blank-holder and die) releasing process was not simulated. More details
about the FE model can be found in [34,37].
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Fig. 8 Schematic of the two-dimensional (2D) axisymmetric FE model of SPR process
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Fig. 9 Plastic stress-strain curves for (a) the aluminium alloy AA5754 (strain rate=1s1) [35] and (b) the boron steel rivet (20°C, strain
rate=0.01s?) [37]

Table 4 Friction coefficients used in the simulation model [37]

Contact Punch- Blankholder- Rivet- Top sheet- Bottom Others
pairs Rivet sheets Sheets  Bottom sheets  sheet-Die
Friction 419 0.10 0.10 0.10 0.22 0.10
coefficients

3.2 Effectiveness of the FE model

Before using the FE model to assist the analysis of joint formation mechanisms, its effectiveness for the SPR
joints from single factor experiments (Table 1) was firstly confirmed. The prediction performance of the FE
model on SPR joint formation was also verified by comparing the simulation results with that from the

interrupted experimental tests (Table 3).

3.2.1 For SPR joints from single factor experiments

Fig. 10 shows the simulated and tested cross-sectional profiles of the joints J1-1~J3-3. It can be seen that the
predicted shapes of the rivet and sheets showed good agreements with the experimentally tested ones. The joint
defects, such as the gaps formed between the top sheet and the rivet (e.g., Gap 1 in Fig. 10(d)), between the top
and bottom sheets (e.g. Gap 3 in Fig. 10(b)), were accurately identified with the developed FE model (Gap 2
and Gap 4). The severely localized deformation of the top sheet around the rivet shank (e.g., Zone 1 and Zone
3) was also accurately predicted (e.g., Zone 2 and Zone 4). Comparisons between the simulated and tested
quality indicators are given in Fig. 11. By visual observation, it can be found that the predicted values of the I,
T and T matched well with that from the experimental SPR tests. The calculated mean absolute error (MAE)
for the I, Tc and Ty, are 0.066 mm, 0.042 mm and 0.115 mm respectively, and the corresponding mean absolute
percentage error (MAPE) are 10.5%, 12.9% and 19.7%. Because the changing trend of riveting force (F) is
closely linked with the events happen during the riveting process [25], the simulated and experimentally
measured load-displacement curves of the joints J1-1~J3-3 are also compared as shown in Fig. 12. It is obvious
that the predicted changing trends and magnitudes of the F, were almost identical with that from the

experimental SPR tests. Based on the above comparisons, it can be concluded that the developed FE model has



a high prediction accuracy for the studied joint configurations.

Zone 3

Zone 4

Fig. 10 Comparisons between the experimentally tested and the simulated cross-sectional profiles of the SPR joints J1-1~J3-3
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Fig. 11 Comparisons between the simulated and the experimentally tested (a) interlock I, (b) remaining bottom sheet thickness at the
joint center T¢ and (c) remaining bottom sheet thickness under the rivet tip Ttp in the joints J1-1~J3-3
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Fig. 12 Comparisons between the simulated and the experimentally tested load-displacement curves of the joints J1-1~J3-3
3.2.2 For the SPR joint formation process

Comparisons between the cross-sectional profiles of the joints J4-1~J4-5 from the FE simulations and
interrupted experimental tests are presented in Fig. 13. It can be seen that the deformed shapes of the rivet and
sheets at each riveting stage from the FE model are matched well with that from the interrupted experimental
tests. The gap formed between the two sheets (Zone 1) and the local deformation on the bottom sheet (Zone 3)
were also accurately predicted by the FE model (Zones 2 and 4). The simulated and tested variation curves of
the deformed rivet shank diameter (Dy), the remaining bottom sheet thickness at the joint center (Tc) and the
interlock (1) are compared in Fig. 14. It can be seen that both of the simulated and tested D first increased
slowly and then increased rapidly with the decline of the H as shown in Fig. 14(a). Both of the simulated and
tested T first decreased rapidly and then kept almost constant before the second rapid decline occurred as shown
in Fig. 14(b). Both of the simulated and tested | started increasing rapidly from around H=3.0 mm and its
increasing speed kept almost constant with the decline of the H as shown in Fig. 14(c). These results indicated
that the changing trends of the Dy, T. and | were accurately predicted by the FE model (red dash lines in Fig.
14). It can be found that the predicted and tested magnitudes of the Dy, T and | at varying H also showed
reasonable agreements. Therefore, the developed FE model is capable of predicting the joint formation during
10



the riveting process. It is also worth noting that, due to the limited number of stop positions in the interrupted
experimental tests, the variation trend of the T was not entirely captured (Region 1 in Fig. 14(b)). This shortage
can be easily overcome by the FE model because the T at any riveting stage can be conveniently extracted from

the simulation results. Overall, the developed FE model of SPR process can be utilized to assist the analysis of
SPR joint formation mechanisms.
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Fig. 13 Cross-sectional profiles of the joints J4-1~J4-5 from (a) the interrupted experimental tests and (b) the FE simulations
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Fig. 14 Comparisons between the experimentally tested and the simulated (a) deformed rivet shank diameter Dy, (b) remaining bottom
sheet thickness at the joint center Tc and (c) interlock | in the joints J4-1~J4-5
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4 Results and discussions

4.1 Influences of top sheet thickness (Tt) on the joint formation mechanisms

Fig. 15 shows the experimentally captured cross-sectional profiles of the joints J1-1~J1-4 with different T.. It
can be seen that the deformed shapes of rivet and sheets were apparently influenced by the T, and the magnitudes
of the I, T. and Tqp varies from joint to joint. The tested | decreased from 0.53 mm to only 0.18 mm. As shown
in Fig. 16, the | can be expressed as a function of the diameters of inner interlock boundary (Din) and outer
interlock boundary (Dou) (i.€., | = (Dout— Din)/2). It can be found that the T affected the interlock formation by
mainly altering the inner interlock boundary: the tested Di, increased rapidly from 5.84 mm to 6.53 mm but the
tested Doyt only fluctuated within a narrow range (i.e., £0.07 mm). In addition, the increment of the T; imposed
negative effects on the T (decreasing from 0.76 mm to 0.10 mm) but positive influences on the Ty, (increasing
from 0.53 mm to 1.55 mm). According to the relative magnitudes of the T and Ty, it can also be found that the

minimum remaining bottom sheet thickness (Tmin) Wwas formed around the rivet tip with a thin top sheet (e.g.,

T:=1.0 mm) but around the joint center with a thick top sheet (e.g., T=2.0 mm).

Fig. 15 Experimentally tested cross-sectional profiles of the SPR joints J1-1~J1-4: (a) T=1.0 mm, (b) T+=1.2 mm, (c) Tt=1.5 mm and

Value (mm)
(o))

a1
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Top sheet thickness T, (mm)

Fig. 16 Experimentally tested Din and Dout in the SPR joints J1-1~J1-4
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Fig. 17 Numerically simulated cross-sectional profiles during riveting processes of the SPR joints J1-1~J1-4: (a) T=1.0 mm, (b) T=1.2
mm, (¢) T=1.5 mm and (d) T=2.0 mm

With the FE model, the formation processes of the SPR joints J1-1~J1-4 were visually inspected. Fig. 17 shows
the numerically extracted joint cross-sectional profiles at six different rivet displacements (S). It can be seen
that, with the increment of the T, the top sheet became more and more difficult to be deformed. A greater rivet
displacement was required before the top sheet was completely penetrated by the rivet shank. Consequently, the
deformation behaviors of the rivet shank and the bottom sheet were also significantly affected, which resulted

in the variations of the I, T. and Tip.

To better understand the formation mechanism of interlock with different T, the changing curves of the I during
the riveting processes of the joints J1-1~J1-4 were numerically extracted and presented in Fig. 18(a). It can be
seen that the starting point of interlock formation was apparently delayed with a greater T: (Zone 1), and a
smaller rivet displacement was left to form the interlock. This is mainly attributed to the delayed penetration of
the thicker top sheet. Meanwhile, an equal or slightly smaller increasing speed of the | was also observed. The
above changes directly caused the decline of the | with the increment of the T. It is worth noting that the |
increased almost linearly with the increment of the rivet displacement.
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Fig. 18 Numerically simulated (a) formation curves of the | and (b) formation curves of the two interlock boundaries during riveting
processes of the joints J1-1~J1-4

To find out the reasons for the different effects of the T; on the two interlock boundaries (see Fig. 16), the
changing curves of the Di (solid lines) and Doyt (dash lines) during the four riveting processes were numerically
extracted as shown in Fig. 18(b). With the increment of the Ty, it can be seen that the initial values of the Di,
and Doyt apparently increased. This is highly associated with the insertion position where the rivet shank started
flaring into the bottom sheet. As shown in Fig. 17, the rivet shank underwent a greater deformation when
penetrating the thicker top sheet, and thus flared into the bottom sheet at a position farther away from the joint
center (e.g., point B in Fig. 17(b) vs point D in Fig. 17(d)). As a result, greater initial values of the Di, and Do
were observed in the joints with a larger T.. However, it can be seen from Fig. 18(b) that the increasing speed
and duration of the Do, apparently decreased. So the initial difference of the Doy With varying T was gradually
minimized, and the final value of the Do was not significantly affected by the T:. In contrast, although a shorter
duration of the Di, was also observed with a greater Ty, the initial difference of the Di, with varying T; was just
slightly reduced and the final value of the Di» was apparently affected by the T:.. This is because different
increasing speeds of the Di, appeared at the end of the riveting processes, and just lasted a very short period
(yellow region). It is also worth mentioning that the different increasing speeds of the Di, were directly linked
to the filling conditions of the rivet cavity. For example, the rivet cavity was fully filled before the end of the
SPR process with the T=1.0 mm as shown in Fig. 17(a). With further downward movement of the rivet, the
rivet head applied a high pressure on the sheet materials filled in the rivet cavity. As a result, the entire rivet
shank was pushed towards the radial direction and the D;, experienced a faster increment speed (i.e., black solid
line in Fig. 18(b)). In contrast, the rivet cavity was still not fully filled at the end of the SPR process with the
T=2.0 mm as shown in Fig. 17(d). So the increasing speed of the Di, kept almost constant throughout the joining

process (i.e., green solid line in Fig. 18(b)).
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Fig. 19 Simulated (a) variation curves of the deformed rivet shank diameter (Dr) and (b) load-displacement curves in the SPR joints J1-
1~J1-4 with different top sheet thicknesses

Since the flare behavior of rivet shank is vital for the interlock formation and highly associated with the
resistance force that the rivet encountered, the changing curves of the deformed rivet shank diameter (D) and
the load-displacement curves during the four joining processes were numerically extracted and analyzed as
shown in Fig. 19. It can be seen from Fig. 19(a) that the four curves of the D, demonstrated similar increment
patterns but different magnitudes. The D, always first increased slowly at the early stage, and then increased
sharply until the end of the joining process. An almost constant increasing speed of the D, was observed during
the rapid increment phase. By comparing the four curves, it was also found that the slow increment of the D
lasted for a shorter period whilst the rapid increment of the D, lasted for a longer period in the joints with a
larger Ti. This can be explained by the greater increasing speed of the riveting force (F;) at the early stage of the
joining process with a larger T; (Regionl in Fig. 19(b)), which resulted in a higher F, and thus an earlier start of
the rapid increment phase of the D;. However, due to the slightly smaller rapid increasing speed of the D,, the
maximum value of the D, was not significantly affected by the T: (Zonel in Fig. 19(a)). The points A, B, C and
D in Fig. 19(a) indicate the positions where the top sheet was penetrated by the rivet shank. It can be seen that
the increment speed of the D, was negatively affected by the separation/fracture of the 1.0 mm, 1.2 mm and 1.5
mm top sheets (points A, B, C), but almost not influenced by the fracture of the 2.0 mm top sheet (point D).
This might be attributed to the slow increment of the F, around the points A, B, C but the immediate sharp
increment of the F, following the point D (Region2 in Fig. 19(b)). With the Ti=1.0 mm, the D; just increased a
limited value before the top sheet was penetrated at the point A (i.e., black line). The major growth of the D,
mainly occurred after the rivet shank flared into the bottom sheet. In contrast, with the T=2.0 mm (i.e., green
line), a large increment of the D, was observed before the top sheet was penetrated at the point D, whilst a
smaller increment of the D, was observed after the rivet shank flared into the bottom sheet. Overall, the flare

behavior of the rivet shank can be significantly influenced by the T..
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Fig. 20 Simulated variation curves of the Tc with different top sheet thicknesses Tt

To understand the formation mechanism of the T, with different T;, the changing curves of the T. during the four
riveting processes were numerically extracted as shown in Fig. 20. It can be seen that the T. on the four curves
underwent three different decline stages: it first decreased rapidly (Stagel), and then kept almost constant for a
period (Stage2) before the second rapid decline occurred (Stage3). The Stagel started at the beginning of the
riveting process, and ended after the top sheet was completely penetrated by the rivet shank (points A, B, C and
D). The fracture of top sheet directly changed the magnitudes of stresses distributed around the center of the
bottom sheet, which terminated the rapid decline of the T.. For instance, Fig. 21(a) shows the equivalent stress
distribution on the bottom sheet of the joint J1-1 before and after the top sheet separation. Quite large stresses
were found around the center of the bottom sheet before the top sheet was penetrated (Zonel), but relatively
small stresses were found around the same region after the fracture of the top sheet (Zone2). With the increment
of the Ty, the length of the Stagel apparently increased because a larger rivet displacement was required before
the top sheet was penetrated. It can also be found that the decreasing speed of the T. was less influenced by the
Ty and remained almost constant at the Stagel. During the Stage2, the stresses around the center of the bottom
sheet maintained at a relatively low level, and thus the decreasing speed of the T, equaled to almost zero. Once
the rivet cavity was fully filled with the top sheet material, the Stage3 started and the T, rapidly decreased again.
This is because the rivet head applied a high pressure on the sheet material trapped in the rivet cavity, and the
stresses around the center of the bottom sheet increased to a high level. For instance, Fig. 21(b) shows the
equivalent stress distribution on the bottom sheet of the joint J1-1 before and after the rivet cavity was fully
filled. The relatively small stresses in Zone3 and the large stresses in Zone4 clearly explained the appearance
of the Stage3. With the increment of the T, the length of the Stage3 apparently decreased or even disappeared.
This is because the filling of the rivet cavity was apparently delayed with a greater T: as shown in Fig. 17.
Furthermore, the increment of the T; directly increased the distance from the final position of the rivet to the
bottom of the die cavity as shown in Fig. 17, which caused the increasing trend of the Typ. It is also worth noting
that the increment of the Typ is almost equal to the increment of the T.. This can be explained by the similar

magnitudes of the final rivet shank diameter (D).
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Fig. 21 Equivalent stress distribution on the bottom sheet of the joint J1-1 (Tt=1.0 mm): (a) before and after top sheet separation and
(b) before and after the fully filled rivet cavity

4.2 Influences of bottom sheet thickness (Tb) on the joint formation mechanisms

Fig. 22 presents the experimentally captured cross-sectional profiles of the joints J2-1~J2-4 with different Tp. It
can be seen that the top and bottom sheets underwent less plastic deformation with the increment of the Ty. The
rivet shank also flared a smaller distance towards the radial direction. The large gaps formed between the two
sheets and formed between the rivet head and the top sheet in the joint J2-1 were almost eliminated in the joint
J2-4 (Zonel in Fig. 22(d)). The tested I increased from 0.23 mm to 0.53 mm with the increment of the Ty. Fig.
23 shows the variations of the two interlock boundaries with varying Tp. Different form the T, the T, affected
the interlock formation by altering the two interlock boundaries: the tested Di, declined from 7.06 mm to 5.66
mm and the tested Do, decreased from 7.48 mm to 6.72 mm. The greater reduction of the Di, compared to the
Dout directly caused the increment of the I. Moreover, the increment of the Ty also showed positive influences
on the T¢ (increasing from 0.42 mm to 0.69 mm) and Ty (increasing from 0.23 mm to 0.53 mm). According to
the relative magnitudes of the T and Typ, it can also be found that the Tmin Was formed around the rivet tip with

a thin bottom sheet (e.g., Tp=1.0 mm) but around the joint center with a thick bottom sheet (e.g., Tp=2.0 mm).
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Fig. 22 Experimentally tested cross-sectional profiles of the SPR joints J2-1~J2-4: (a) Tv=1.0 mm, (b) Tvb=1.5 mm, (c) Tv=1.8 mm and
(d) Tb=2.0 mm
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Fig. 23 Experimentally tested Din and Dout in the SPR joints J2-1~J2-4
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Fig. 24 Numerically simulated cross-sectional profiles during the riveting processes of the SPR joints J2-1~J2-4: (a) Tb=1.0 mm, (b)
Tpr=1.5 mm, (c) Tv=1.8 mm and (d) Tb=2.0 mm

To visually inspect the formation mechanism of the joints J2-1~J2-4, the joint cross-sectional profiles at six
different rivet displacements (S) of each riveting process were numerically extracted as shown in Fig. 24. By
comparing the deformation behavior of the bottom sheet, it can be found that the increment of the T, apparently
made the bottom sheet more difficult to be deformed. Correspondingly, the downward movement of the top
sheet was apparently restricted. For instance, when the S=4.0 mm, the top sheet underwent a 1.45 mm downward
displacement with the Ty=1.0 mm in Fig. 24(a) but a 0.97 mm downward displacement with the T,=2.0 mm in
Fig. 24(d). The smaller downward displacement of the top sheet and the smaller backward movement of the
bottom sheet effectively avoided the formation of gaps appeared in the final joints (e.g., Gap 1 and Gap 2 in Fig.
24(a) vs no gap in Fig. 24(d)). This indicates that a tightly connected joint is more likely formed with a thicker

bottom sheet than with a thinner one.

To uncover the impact of the T, on the interlock formation, the changing curves of the | during the four riveting
processes were numerically extracted as shown in Fig. 25(a). It can be seen that, with the increment of the Ty,
the interlock formation started at an earlier time (Zone 1). This is because the thicker bottom sheet provided a

greater resistance force on the top sheet, which allowed the top sheet to be penetrated by the rivet shank at a
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faster speed rather than to be pressed downward rapidly (e.g., Zone 1 vs Zone 2 in Fig. 24). The rivet shank
started flaring into the bottom sheet at an earlier time, and therefore the interlock formation also occurred at an
earlier time. Moreover, similar increasing speeds of the | were observed on the four curves, whilst the interlock
formation process lasted for a longer period when with a thicker bottom sheet. As a result, the | showed an

increasing trend with the increment of the Th.
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Fig. 25 Numerically simulated (a) formation curves of the | and (b) formation curves of the two interlock boundaries during riveting
processes of the joints J2-1~J2-4

Fig. 25(b) shows the numerically extracted changing curves of the Di, (solid lines) and Doy (dash lines) during
the four riveting processes. It can be seen that the initial values of the Di» and Do apparently decreased with the
Ty increasing from 1.0 mm to 1.5 mm (marked with black and red circles), but just slightly decreased with the
Ty increasing from 1.5 mm to 2.0 mm (marked with red, blue and green circles). This can be explained by the
different rigidities of bottom sheets with varying T,. Compared with the 1.5 mm, 1.8 mm and 2.0 mm bottom
sheets, the 1.0 mm bottom sheet had a much lower rigidity and thus was easily pushed backward rather than
pierced by the rivet shank after the completely penetration of the top sheet (Zone 3 in Fig. 24(a)). As a result,
the rivet shank started flaring into the bottom sheet at a very late time, and the initial values of the Di, and Dot
were apparently greater than that in other three joints. In contrast, the rigidity of the 1.5 mm bottom sheet was
already large enough to avoid fast backward movement of the bottom sheet. The increment of the T, from 1.5
mm to 2.0 mm further restricted the backward movement of the bottom sheet, and led to a slightly earlier start
of the rivet shank flaring into the bottom sheet. Due to the similarly limited rivet shank deformation in the three
riveting processes (Zone 4, Zone 5 and Zone 6 in Fig. 24(b)(c)(d)), the initial values of the Di, and Doyt just
slightly changed. From Fig. 25(b), it can be also found that the increasing speed of the Di, showed a decreasing
trend with the increment of the Ty. Similar phenomenon was also observed for the increasing speed of the Dout.
As a result, the initial differences of the Di, and Doyt during the four riveting processes could not be eliminated
and therefore both of the Di» and Dot sShowed a decreasing tendency with the increment of the Ty as shown in
Fig. 23.
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Fig. 26 Simulated (a) variation curves of the deformed rivet shank diameter (Dr) and (b) load-displacement curves in the SPR joints J2-
1~J2-4 with different bottom sheet thicknesses

Fig. 26(a) shows the numerically extracted changing curves of the deformed rivet shank diameter (Dy) during
the four joining processes. It can be seen that the flare behavior of rivet shank was apparently affected by the
Ty. Before the top sheet was completely penetrated by the rivet shank (marked as points A, B, C and D), the D,
on the four curves increased slowly and its magnitude just increased a little bit with the increment of the Ty
(Zone 1). This is attributed to the slightly greater riveting force (Region 1 in Fig. 26(b)) induced by the higher
rigidity of the thicker bottom sheet. Obvious difference between the four curves was observed after the
penetration of the top sheet. Although similar magnitudes of the F; were observed during this period (Region 2
in Fig. 26(b)), the increasing speed of the D, demonstrated a decreasing trend with the increment of the Ty. This
is also because the thicker bottom sheet is increasingly difficult to be pushed backward. The rivet shank was
inserted into the thicker bottom sheet quickly along the vertical direction rather than along the radial direction.
As a result, the maximum D, showed a decreasing trend with the increment of the Ty,. From the above analyses,
it can be concluded that the increment of the Ty, had negative effects on the rivet shank flaring under the studied

joint configurations.
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Fig. 27 Simulated variation curves of the Tc with different bottom sheet thicknesses Tb

To figure out the impact of the Ty on the formation of the T, the numerically extracted changing curves of the
Tc during the four riveting processes are presented in Fig. 27. For easier comparison, the starting points of the
four curves were overlapped together. It can be seen that the lengths of the first rapid decrease (i.e., Stagel)

were almost the same on the four curves. However, with the increment of the Ty, the T¢ reduced a greater value
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during this stage. It was also noticed that the Stagel stopped before the top sheet was completely penetrated
with T,=1.0 mm in the joint J2-1 (point A on the black line). This is attributed to the changes of the stress
distribution around the central area of the bottom sheet. As shown in Fig. 28, quite high stresses were observed
on the bottom sheet when the rivet displacement equaled to 2.1 mm (Zone 1), but the magnitudes of stresses
reduced to a low level when the rivet displacement increased to 2.7 mm (Zone 2). The earlier reduction of the
stresses was directly caused by the large deformation of the low rigidity 1.0 mm top sheet. Moreover, by
comparing the four curves, it can also be seen that the second rapid decrease (i.e., Stage3) started almost at the
same time. This is because the T, showed limited influences on the filling condition of the rivet cavity. However,
a greater decreasing speed of the T. was found with a thicker bottom sheet during this stage. This might be
explained by the larger amount of bottom sheet material and the lower-level equivalent strains around the center
of the thicker bottom sheet (e.g., Zone 1 and Zone 2 in Fig. 29). Finally, although the T, reduced greater values
during the Stagel and Stage3, the final magnitude of the T still showed an increasing trend with the increment
of the Tp.

Furthermore, similarly to the T, the increment of the Ty, also significantly increased the distance from the final
position of the rivet to the bottom of the die cavity, and thus caused the increment of the Tqp. It is worth
mentioning that the increased value of the Typ is smaller than the increment of the Ty. This can be explained by

the reduction of the rivet shank flare with a thicker bottom sheet.
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Fig. 28 Equivalent stress distribution on the bottom sheet of the joint J2-1 (Tp=1.0 mm)
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Fig. 29 Equivalent plastic strain distribution on the bottom sheet of the (a) joint J2-1 and (b) joint J2-4
4.3 Influences of rivet length (L) on the joint formation mechanisms

Fig. 30 shows the experimentally captured cross-sectional profiles of the joints J3-1~J3-3 with different L. It
can be seen that the final joint profiles were also significantly affected by the L, especially the deformed bottom
sheet around the rivet tip. With the increment of the L, the tested I rapidly increased from 0.49 mm to 1.23 mm.
Fig. 31 shows the variations of the two interlock boundaries. It can be found that the L affected the interlock

formation by mainly altering the outer interlock boundary: the Doy increased rapidly from 6.84 mm to 8.48 mm
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but the Di, just slightly increased from 5.85 mm to 6.03 mm. The increment of the L imposed negative effects

on the Typ (decreasing from 0.67 mm to 0.26 mm) but limited influences on the T, (fluctuating within 0.65~0.71

mm). According to the relative magnitudes of the T. and Tip, it can also be found that the Tmin was formed around

the joint center with a short rivet (e.g.

Value (mm)

3

, L=5.0 mm) but around the rivet tip with a long rivet (e.g., L=6.5 mm).
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Fig. 31 Experimentally tested Din and Dout in the SPR joints J3-1~J3-3
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Fig. 32 Numerically simulated cross-sectional profiles during riveting processes of the SPR joints J3-1~J3-3: (a) L=5.0 mm, (b) L=6.0
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With the help of the FE model, the joint cross-sectional profiles at six different rivet displacements (S) were
numerically extracted to observe the joint formations with different L as shown in Fig. 32. Before the head of
the 5.0 mm long rivet started pressing the top sheet (S=4.0 mm), it can be seen that the deformed shapes of the
top and bottom sheets during the three riveting processes were almost identical. The penetration of the top sheet
was not obviously affected by the L and occurred at almost the same time (Zones 1, 2 and 3). Major differences
were observed at the later stage of these joining processes. The rivet shank apparently flared a larger distance
into the bottom sheet with the increment of the L (Zones 4, 5 and 6). As a result, a greater localized deformation
of the bottom sheet was found around the rivet tip (yellow region in Fig. 32(c)), whilst the final shape of the
bottom sheet far from the rivet tip (green and violet regions in Fig. 32(c)) remained almost the same in the three
joints. Consequently, the final magnitudes of the quality indicators I, T. and T, were affected to different

degrees.

Fig. 33(a) shows the impact of the L on the interlock formation process. It can be seen that the starting point of
interlock formation was nearly the same (Zone 1), and the increasing speed of the | was almost identical on the
three curves. The only difference is that the quick increase of the | lasted for a longer period with the increment
of the L. With the increment of the rivet displacement, the nearly same increasing patterns and magnitudes of
the I on the three curves explained the linear increment of the final I.
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Fig. 33 Numerically simulated (a) formation curves of the | and (b) formation curves of the two interlock boundaries during riveting
processes of the joints J3-1~J3-3

Fig. 33(b) shows the numerically extracted changing curves of the Di, (solid lines) and Doy (dash lines) during
the three riveting processes. It can be seen that the Di, experienced a similar increasing pattern but lasted for a
longer period with the increment of the L. Similar phenomenon was also identified from the three changing
curves of the Dou. The large enough space of the die cavity successfully accommodated the materials of sheets
and rivets with varying L, and contributed to the similar increasing patterns of the Di, and Dow. However, due
to the relatively low increasing speed of the Di,, the maximum Di, increased a limited value with the L increasing
from 5.0 mm to 6.5 mm. In contrast, because of the high increment speed of the Doy, the maximum Do, increased
a quite large value with the increment of the L. The increasing patterns of these curves clearly uncovered the
different influences of the L on the two interlock boundaries shown in Fig. 31. Overall, the L affected the
interlock formation by mainly altering the position of the outer interlock boundary under the studied joint

configurations.
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Fig. 34 Simulated (a) variation curves of the deformed rivet shank diameter (Dr) and (b) load-displacement curves in the SPR joints J3-
1~J3-3 with different rivet lengths
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Fig. 35 Modification of the rivet head geometry to reduce the maximum riveting force

The numerically extracted changing curves of the deformed rivet shank diameter (Dy) during the three riveting
processes are shown in Fig. 34(a). It can be seen that the magnitudes of the D, were almost the same at the slow
increment stage on the three curves. This can be explained by the same riveting forces (F) during this period
(Zone 1 in Fig. 34(b)). The increasing speeds of the D, at the rapid increase stage were nearly identical on the
three curves. Compared with the steady increment of the F, with the L=6.0 mm and 6.5 mm (Zone 2 in Fig.
34(b)), the Fr with L=5.0 mm experienced a much faster increment but contributed very little to the rivet shank
flare (Region 1 in Fig. 34(a)). This is because a large part of the F; was used to overcome the resistance force
applied on the rivet head instead of that applied on the rivet shank. This phenomenon indicates that, by properly
optimizing the rivet head geometry, it might be possible to reduce the maximum riveting force without affecting
too much of the rivet shank flare behavior. For example, the occurrence of the rapid increment of the F; can be
delayed by reducing the thickness around the central area of the rivet head (see Fig. 35), and therefore the
maximum riveting force can decrease to a smaller value. As shown in Fig. 34(a), the main difference between
the three curves is that the rapid increment of the D, lasted for a longer period with a greater L. This directly
caused the almost linear increment trends of the | and the Do, Shown in Fig. 30. By comparing the three load-
displacement curves in Fig. 34(b), it is also found that the increment of the L led to a larger length of the steady
increment of the F,, but showed little influence on the increasing pattern and speed at the rapid increment stage

of the F.. In general, the L had significant influences on the flare behavior of the rivet shank.
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Fig. 36 Simulated variation curves of the Tc with different rivet lengths L

Fig. 36 shows the influences of the L on the formation of the T.. By comparing the three changing curves of the
Te, it can be found that the increment of the L had no influence on the speed and length of the first rapid decrease
of the T¢ (i.e., Stagel). However, it led to a longer length of the Stage2 and delayed the appearance of the second
rapid decrease of the T. (i.e., Stage3). During the Stage3, a slightly smaller decreasing speed of the T, was
observed with a larger L. This difference might be attributed to the different filling conditions of the die cavity.
With the increment of the L, the decreasing void space in the die cavity (i.e., Void 1> Void 2>Void 3 in Fig. 32)
restricted the deformations of the rivet and bottom sheet, and thus led to the slightly smaller speed of the Tc. As
a result, the increment of the L imposed very limited influences on the maximum T.. Moreover, the increment
of the L directly shortened the relative distance between the final position of the rivet tip and the die as shown
in Fig. 32, and therefore caused the rapid decline of the Ty, shown in Fig. 30.

From the above analyses of joint formation processes with varying Ti, T, and L, it can be found that the FE
model of SPR process is a very powerful tool for the investigation of joining parameters’ impact on the SPR
joint formation. Information within the joining region can be easily extracted with the FE model to inspect the
events happened during the riveting process. This makes the analysis of experimental results much easier and
more intuitive. By linking the deformation behaviors of the rivet and sheets with the joint quality indicators, the
formation mechanism of the SPR joint can be clearly understood. Therefore, the FE model has great potentials

to become a mainstream research approach to speed up the development of SPR technique.

5 Conclusions

In this study, single factor experimental SPR tests combined with a verified FE model were utilized to
investigate the formation mechanisms of SPR joints with varying Ti, Ty and L. The main conclusions are

summarized below:

(1) The Ty, L and Ty imposed significant influences on the interlock formation by altering the position of the
inner interlock boundary, the position of the outer interlock boundary and the two interlock boundaries (inner

and outer) respectively.

(2) The formation of T was negatively affected by the increment of the T, positively influenced by the increment
of the Ty, but rarely affected by the increment of the L. The rapid decline of T mainly occurred before the top

sheet was completely penetrated and after the rivet cavity was fully filled. The formation of Ty, was positively
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influenced by the increments of the T; and Ty, but negatively affected by the increment of the L. The Tmin was
more likely formed around the joint center with the increment of the T; or Ty, but around the rivet tip with the

increment of the L.

(3) When piercing through the top sheet, the rivet shank flare behavior was significantly affected by the T;, but
just slightly affected by the Ty, and L. When flaring into the bottom sheet, the flare speed of the rivet shank
decreased with the increment of the T and Ty, but remained almost constant with the increment of the L. the
final value of D, fluctuated in a narrow range with the increment of the T, apparently decreased with the

increment of the Ty, but increased almost linearly with the increment of the L.

(4) The FE model is an excellent alternative of the interrupted experimental test to study the SPR joint formation
mechanisms. The deformation behaviors of rivet and sheets, the changing trend of riveting force and the

formation process of joint quality indicators can be accurately predicted.
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