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Abstract: Self-piercing riveting (SPR) is a suitable technology to join various materials and has attracted
more attention in the automotive industry. In this work, the effects of forming parameters on the forming
qualities and mechanical properties of BI500HS steel / AA5052 aluminum alloy SPR joints were analyzed.
The results show that the sheet stack sequence has little influence on the peak tensile load and rigidity
of SPR joints. When the steel sheet is placed on the aluminum sheet, the failure displacement, energy
absorption, and ductility factor are, respectively, 2.77, 2.13, and 2.28 times larger than those of the joints
with the aluminum sheet placed on the steel sheet. The SPR joints with steel sheets placed on aluminum
sheets have better mechanical stability. Meanwhile, when the steel sheet is placed on the aluminum
sheet, the fatigue life of the joint can be increased by about 98.4%, 88.3%, and 118.1%, respectively, under
high, medium, and low fatigue loads. A joint with opposite riveting direction has the optimal fatigue
performance and the fatigue life is 1.64 and 2.14 times those of the other two-rivet joints. Generally, the
fatigue fractures of aluminum alloy sheets in SPR joints occurred in fatigue tests. The fatigue fracture of
a joint with a steel sheet stacked on an aluminum sheet extends uni-directionally to the edge of the sheet
from the riveting point, while a symmetric fatigue crack of aluminum occurs for joints with the opposite
sequence. The distribution of fatigue cracks is related to fatigue load, and fatigue cracks mainly originate
in the fretting wear area of the contact interface between the rivet leg, upper sheet, and lower sheet.

Keywords: self-piercing riveting; BI500HS steel; AA5052 aluminum alloy; tensile property; fatigue
property; F-N curve

1. Introduction

With the continuous growth of vehicle ownership, social problems, such as energy
consumption and environmental pollution, are becoming increasingly prominent [1].
Lightweight has become an inevitable trend in the automotive industry. Generally, the
multi-material hybrid design principle is adopted in lightweight car bodies, i.e., various
kinds of lightweight materials are applied in the appropriate structure parts [2]. Due
to the different physical and chemical properties of lightweight materials [3], manufac-
turing defects usually occur in welding. Therefore, appropriate connection technology
is the key to the connection of dissimilar lightweight materials [4,5]. Self-piercing riv-
eting (SPR) technology can achieve the stable connection of various lightweight mate-
rials by plastic deformation of rivets and sheets [6,7], and has been widely applied in
automotive manufacturing [8,9].

The SPR joint property can be effectively improved by optimizing the joint’s structure,
size, rivet material, and die types [10]. Liu et al. [11] developed a simulation model to
investigate the effect of die shape and size on the deformation behavior of SPR joint, and
found that the die diameter and pip height significantly influence the flared rivet shank
radius. Additionally, the filling condition of the die cavity is a key factor in SPR joint form-
ing. Haque [12] comprehensively described the relationship between the process variables
(die, rivet, punch, material, and blank holder) and several key parameters. Mori et al. [13]
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analyzed the SPR properties of different combined three-layer steel/aluminum sheets and
found that by setting a softer sheet as the upper sheet, the joinability can be improved.
Ma et al. [14] studied the influence of a rivet and die on the rivetability and mechanical
performance of steel /aluminum hybrid SPR joints, and found that the rivetability can be
improved using a softer rivet and larger die.

In the practical application of mechanical structures including SPR joints, sudden
structural failure should be avoided and fatigue failure is the main failure mode. Under
the cyclic load, relatively tiny movement on the contact interface of components in the SPR
joint structure occurs. Generally, fatigue cracks are prone to generate in the contact areas
between rivet/sheet and sheet/sheet because of the fretting wear, tensile stress, and serious
stress concentration [15-17]. Zhang et al. [18] analyzed the fretting behaviors and fatigue
crack propagation mechanism of the TA1 SPR joint and found that fatigue crack initiates at
the faying interface, where heavy fretting wear is generated. Lee et al. [19] evaluated the
influence of residual stress on the fatigue lifetime of the AZ31/Al15052 SPR joint and found
that the fatigue life can be significantly extended by introducing compressive residual stress.
Kang et al. [20] evaluated the monotonic and fatigue strengths of SPR joints at different
loading angles and reported that the fatigue cracks are initiated in the contact zones of
rivets and sheets. Bang et al. [21] investigated the mechanical properties of steel /aluminum
lap joints that are connected by friction stir spot welding and SPR technologies, respectively,
and found that the strength of the SPR joint is higher.

In order to improve the mechanical properties of SPR joints, SPR technology can be
combined with the bonding process [22], the welding process [23], and other processes [24].
Huang et al. [25] combined SPR technology and the shot peening process, and the static
strength and fatigue strength of the SPR joint are effectively improved by inducing residual
compressive stress in the sheet during the shot peening process. Moroni [26] investigated
the mechanical properties of joints connected by SPR, bonding, and hybrid joining tech-
nologies, and observed that the fatigue properties of hybrid joints are better than other
joints. Heidrich et al. [27] measured the static and fatigue strengths of the resistance rivet
spot welding joint and SPR joint and found that the fatigue strength of the resistance rivet
spot welding joint strongly depends on the sheet thickness, and the fatigue strength of
the resistance rivet spot welding joint exceeds the SPR joint when the thick steel sheet
is adopted. Deng et al. [28] proposed a thermally assisted SPR process to improve the
rivetability of ultra-high strength steel, and the property of steel/aluminum joints can be
improved using reasonable heating parameters.

The B1500HS steel and AA5052 aluminum alloy thin sheets have a widespread applica-
tion in the automotive industry; however, the mechanical properties and failure mechanism
of B1500HS/AA5052 SPR joints with different configurations are seldom reported. In
this work, the mechanical properties of dissimilar B1500HS/AA5052 SPR joints were
studied experimentally. The influence of sheet sequence, rivet number, and riveting direc-
tion on the tensile property were analyzed. Additionally, the fatigue properties of joints
with different configurations were conducted, and the failure mechanism of SPR joints
was also discussed.

2. Materials and Methods
2.1. Materials and SPR Joints

The lightweight materials used in the work are commercial B1500HS steel and AA5052
aluminum alloys. The chemical compositions and the corresponding mechanical properties
of the sheets are shown in Tables 1 and 2. The rivets provided by Henrob Limited used in
this work are semi-tubular rivets, and the hardness is H4 series. The die with a hump was
adopted, and the diameter and depth of the die are 10.0 mm and 2.0 mm, respectively. The
geometry and sizes of the rivet and die are presented in Figure 1. Commonly, better-forming
quality can be obtained when the rivet height exceeds the total thickness of the sheets by
about 2.5-3.0 mm [29,30]. In order to compensate for the upsetting amount of the rivet and
obtain a certain rivet spread value in the self-locking structure, the size of the adopted rivet



Metals 2023, 13, 328

30f19

was @5.3 mm X 6.0 mm. The inner diameter and head diameter of the rivet were 3.3 mm and
7.8 mm, respectively. The RV300023 riveting machine (Henrob Limited, Flintshire, UK), with
a maximum working pressure of 45.0 kN, was employed in riveting tests.

Table 1. Chemical compositions of BIS00HS and AA5052 sheets (wt.%).

C Mn Si P S B Cr Ni Fe
B1500HS
0.21 1.35 0.28 0.0055 0.004 0.0033 0.23 0.10 Bal.
Si Cu Mg Zn Mn Cr Fe Al
AA5052
0.25 0.10 2.2 0.10 0.10 0.15 0.4 Bal.
Table 2. Mechanical properties of B1500HS and AA5052 sheets.
Tensile Strength (MPa) Yield Strength (MPa)  Young Modulus (GPa) Elongation (%)
B1500HS 428 206 212 18.9
AA5052 235 90 70 13.5
278 210
|
| ~
| 1
- :
233
‘ |
25 3 216

Figure 1. Geometry and sizes of the rivet and die (Unit: mm).

The forming process, geometry, and, sizes of SPR specimens are presented in Figure 2.
The SPR forming process can roughly be divided into 4 stages: clamping, puncture, expansion,
and forming (Figure 2a—d) [31]. The size of the BI500HS steel sheet is 135 mm x 36 mm x 1 mm
and the AA5052 sheet is 135 mm x 36 mm X 2 mm. The size of the overlap area is
36 mm x 36 mm (Figure 2e). By changing the stacking sequence of sheets, two kinds of
single-rivet SPR joints were fabricated: SA (B1500HS+AA5052) and AS (AA5052+B1500HS), and
then three kinds of two-rivet joints were fabricated: SAT (B1500HS+AA5052, with same riveting
direction), AST (AA5052+B1500HS, with same riveting direction), and SAF (with opposite
riveting direction), as seen in Figure 2f. The mechanical property tests and common failure
modes of SPR joints are presented in Figure 3. Figure 3a—d is the tensile failure modes of joints
with different sheet stack sequences. The SPR joint failure mode is significantly influenced
by joint configuration [32]. Due to the smaller thickness of the B1500HS steel sheet, when the
B1500HS was placed on the AA5052 sheet, the tensile failure is the tear of BI5S00HS. When the
AA5052 sheet was placed on B1500HS, the tensile failure is the pulling out of the rivet from the
lower sheet. Figure 3e f is the fatigue failure modes of joints.

2.2. Finite Element Simulation of SPR Process

The reasonable finite element model is the key to accurate simulation of the SPR
process [33,34]. The simulation of the SPR process of dissimilar B1500HS/AA5052 materials
was conducted using Simufact forming software, and the plastic deformation behaviors
of the SPR structure were analyzed. The mesh of the rivet was created by the “Quadtree”
mesher, and the element size and element count are 0.1 mm and 1938. The meshes of the
upper sheet and lower sheet were created by the “Advancing Front Quad” mesher, and the
element size and element count are 0.15 mm and 2679 (B1500HS), and 0.15 mm and 4919
(AA5052), respectively. In the SPR forming simulation, the upper sheet was punctured, and
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the critical thickness of fracture is set as 0.05 mm. Because of the symmetrical structure of
the SPR joint, a 1/2 numerical model was created, the symmetrical surface of sheets was
set as the boundary, and the displacement of sheets along the X-axis, Y-axis, and Z-axis
was fixed. The materials of the rivet and AA5052 aluminum alloy are imported from the
Simufact forming material database, and the material model of B1500HS is created using
the stress—strain curve. The rivet and sheets are elastic—plastic, while the other components
are rigid. The contacts of the components in the SPR process are set manually, i.e., rivet
upper sheet, rivet lower sheet, punch rivet, blank holder upper sheet, upper sheet lower
sheet, and die lower sheet. The friction coefficient between the lower sheet die is 0.22, and
the other friction coefficient is 0.12. The specific parameters are shown in Table 3.

Figure 2. Forming process and geometry sizes of the SPR specimen. (a) Clamping; (b) puncture;
(c) expansion; (d) forming; (e) single-rivet joint; (f) two-rivet joint (unit: mm).
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Figure 3. (a) Tensile failure mode of SA joint; (b) tensile failures of SA joint; (c) tensile failure mode of

AS joint; (d) tensile failures of AS joint; (e) fatigue failure mode; (f) fatigue failures of joints.
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Table 3. Parameters in the finite element model.
. Blank Holder Force Stiffness of Die . . e
Punch Velocity (mm/s) (KN) Spring (N-mm-1) Meshing Size (mm) Friction
. 0.22 (Lower sheet die)
20 25 500 0.1 (rivet)/0.15 (sheets) 0.12 (Others)

2.3. Forming Quality of SPR Joint

The SPR joint was dissected along the meridian line of the rivet center using a line-
cutting machine. The profile was calibrated and measured to obtain the rivet head height H,
residual bottom thickness Ab, and undercut Au of SA and AS joints, as shown in Figure 2e.
Here, H denotes the vertical distance between the rivet head surface and the upper sheet
after SPR joint forming. Ab stands for the minimum vertical distance between the lowest
point of the rivet and the lower surface of the lower sheet, and Au is the horizontal distance
between the lowest point of the upper sheet and the rivet tip. In the automotive industry,
when the section parameter values are in the following ranges, —0.5 mm < H < 0.3 mm,
Ab > 0.2 mm, Au > 0.4 mm [35,36], the better SPR joint could be obtained, and the
section parameters of the SA joint and AS joint were compared and analyzed according
to this standard.

2.4. Tensile and Fatigue Tests

RGM4030 tensile testing machine provided by Regal Instrument Co., Ltd. (Shenzhen,
China) was used in the tensile tests of SPR samples. The tensile speed was 2.0 mm /min,
and the loading mode as well as the common tensile failure mode of the SPR joint are
presented in Figure 3. In order to avoid the dispersion of test data, the tensile tests of all
groups of the samples were repeated 5 times, and 3 samples with the minimum dispersion
were chosen from the 5 specimens in each group for the following analysis.

A QBG-50 fatigue testing machine provided by Qianbang Testing Equipment Co., Ltd.
(Changchun, China) was adopted for the fatigue tests. The fatigue loading mode and the
common fatigue failure mechanism are shown in Figure 3e. Generally, the fatigue failure of
the steel/aluminum SPR joint is the fatigue fracture of the aluminum sheet, and the effect
of loading frequency on the fatigue property of aluminum is not obvious [37,38]. In the
fatigue tests, the stress ratio R was 0.1 and the loading frequency was 85 Hz [29,39]. So,
the balance of test efficiency and test data accuracy can be realized. Once the macroscopic
crack appears or the static/dynamic load exceeds the limit value, fatigue failure occurs.
Five fatigue tests were repeated for each group of samples. Before the tensile and fatigue
tests, the spacers with a thickness of 1.0 mm and 2.0 mm were placed in the clamping area
to ensure that the loading direction was aligned with the long axis. So, the influence of
structural bending on test results can be avoided, as shown in Figure 2e.

3. Results and Discussion
3.1. SPR Forming Process and Quality

The punch load-displacement (F,-L) curve and load change rate-displacement (k-L)
curve of the SPR process are obtained, as shown in Figure 4. The load change rate is
denoted by k and k = AF,/AL, i.e., the slope of the F,-L curve. As seen in Figure 4, the SPR
forming process of the SA and AS joints can be roughly divided into four stages.

Clamping stage: the rivet moves downward under the impetus of the punch and then
contacts initially with the upper sheet surface without penetration (Zone I), and the punch
load increases approximately linearly.

Puncture stage: the rivet continues to move downward and a small degree of plastic
deformation of the upper sheet generates. When the rivet pierces into the upper sheet,
the radial expansion appears under the resistance of the sheet (Zone II). Due to the plastic
deformation of the sheet, the displacement continues to increase while the load increment
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is small, and the k value in the k-L curve fluctuates around 0. When the upper sheet is
penetrated, the punch load is released, and the punch load drops slightly.
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Figure 4. The Fy-L curve and k-L curve of (a) the SA joint and (b) AS joint.

Expansion stage: the rivet penetrated the upper sheet and then gradually pierces into
the lower sheet. In this stage, the plastic deformation and work hardening occur in the
lower sheet, resulting in large shear resistance in the vertical direction, as the rivet tip
moves along the direction of the least resistance and more obvious expansion occurs [40]
(Zone III).

Forming stage: with the continuous movement of the rivet, the radial expansion
becomes more significant, and the punch load and its change rate increase sharply. Finally,
a stable mechanical self-locking structure is obtained (Zone IV).

The hardness of the B1500HS sheet is higher than the AA5052 sheet, so in the SA joint
(upper steel and lower aluminum), the harder steel sheet has to be pierced first, and the
larger resistance the rivet encounters in the puncture stage [13]. Therefore, the displacement
of the SA joint in the second stage is about 1.5 mm smaller than that of AS joint in the
second stage. In addition, the lower sheet of the SA joint is thicker and easy to deform than
that of AS joint, and the displacement of the rivet in the SA joint is about 1.2 mm larger
when compared with that of AS joint in the third stage. The load increment of the SA joint
in the third stage is smaller than the AS joint (Figure 4).

SPR tests are conducted and the joint profiles with different sheet stack sequences are
prepared. Figure 5 shows the profiles of the SA joint and the AS joint. As seen in Figure 5a,
the experiment results fit with the simulation results, and a certain clearance (Region I)
exists in the rivet tube, i.e., the tube is not filled completely after joint forming. Meanwhile,
a relatively large degree of upsetting deformation (Region II, III) of the rivet tube occurs
in the SA joint. As seen in Figure 5b, the semi-tubular area of the rivet is filled completely
for the AS joint. However, the rivet does not completely penetrate the upper sheet in
the AS joint (Region IV). In addition, there are small differences between the experiment
and simulation results in Region V. From the comparison of the original profile and the
deformed profile of rivets (Figure 5c), the existence of upsetting of rivets in the SA joint can
be found, and the plastic deformation degree of the SA joint is larger than the AS joint.

The SPR forming quality is significantly influenced by the process parameters and
joint configurations [41,42]. The section parameters of the two kinds of joints are measured
by a Dino optical microscope, and the comparison is exhibited in Figure 6. The residual
bottom thicknesses of the two joints are above or near the standard value (0.2 mm), the
head height lies between 0 & 0.1 mm, and the undercut of the SA joint exceeds 0.4 mm,
while the undercut of AS joint is smaller than the standard value. Meantime, the residual
bottom thickness of the SA joint is slightly larger than the AS joint, while the undercut is
much larger than the AS joint.

Figure 6 reveals that there is a great difference in forming parameters in these two
joints. Due to the bigger hardness of B1500HS steel, the deformation of the rivet in the SA
joint is resisted, and the upsetting and circumferential expansion occur in the puncture
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Experiment

()

Simulation Experiment Simulation

stage. Moreover, under the large punch load, the steel sheet in the rivet tube pushes down
the aluminum alloy sheet, leading to the easier filling of the groove. When the die is fully
filled, greater resistance generates because of the die hump and the work hardening of
the sheet, which prevents the downward movement of the rivet, and then the expansion
deformation of the rivet is further increased, i.e., the undercut value of the SA joint is larger
than that of the AS joint. Meanwhile, the distance between the lowest point of the rivet tip
and the lower surface of the lower sheet is relatively large, i.e., the Ab of the SA joint is
larger than the AS joint. Comparatively, as for AS joint, the downward displacement of the
rivet is bigger and the expansion deformation degree is smaller because the softer AA5052
sheet is stacked on the B1500HS sheet. After the final forming of the joint, the Ab and the
Au of the AS joint are smaller than the SA joint.

W Orniginal profile
B Rivet of the SA joint
BB Rivet of the AS joint

(b) ()

Figure 5. Section profile comparison. (a) Experiment section and simulation section of the SA joint;
(b) experiment section and simulation section of the AS joint; (c) original profile and deformed
profiles of rivets.
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Figure 6. Forming parameters of the two joints.

3.2. Tensile Property
3.2.1. Tensile Property of Single-Rivet Joint

The tensile test process of the SA joint is shown in Figure 7. The element types of sheets
in Figure 7 include two kinds: tetrahedral (134) (refinement areas) and hexahedral (other
areas), and the numbers of elements along the plate thickness are, respectively, 3 and 4. The
time/velocity control mode is adopted in tensile simulation, the velocity is 2 mm/s and the
time is 8 s. When the total displacement is completed, the simulation is ended. It can be
found that the simulation fits well with the experiment. The tensile property parameters,
tensile load-displacement (Fs-S) curves, and load change rate-displacement (k-S) curves of
SPR samples are presented in Figure 8.

The F;-S curves of the SA joint and AS joint can be approximately divided into three zones:

(I) Elastic zone: Initially, the tensile load increases linearly and rapidly, and the k
reaches the maximum value (around 5.0 kN/mm), which is the typical elastic deformation
stage. The tensile load rises to about 3.0 kN linearly when the displacement is increased
from zero to 1.1 mm. The change rate of the load drops from 5.0 kN/mm rapidly and then
fluctuates steadily at 2.3-2.6 kN/mm, indicating that the increment of the tensile load is
relatively constant, as demonstrated in Figure 8a. The tensile load in this stage consists of
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two parts: (D friction resistance caused by sheet contact pressure during SPR forming and
@ the shear resistance between components in the SPR structure [43].
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Figure 8. Tensile property of single-rivet joints. (a) Fs-S curves and k-S curves; (b) test values.

(IT) Plastic zone: As for the AS joint, this zone can be divided into two phases. In
phase A, it can be discovered that the slope drops gradually, i.e., the growth rate of the
tensile load slows down. It can be observed that the value of k drops, and the tensile load
drops slightly at the same time. The reason is that with the increase in tensile displacement,
the contact surface of the sheets begins to separate and warp, resulting in reduced contact
friction resistance. Then, the riveting structure begins to twist and tilt, and the proportion
of shear load that the rivets bore increases. The tensile load of the AS joint increases and
reaches the peak value at the displacement of about 3.0 mm, and then decreases rapidly. In
phase B, the k-S curve is relatively gentle and the value fluctuates around 0, indicating that
the changing amplitude of the tensile load is small with the displacement increment. Under
the tensile load, the rivet inclines along the force direction, and the rivet leg squeezes the
sheet material, leading to the plastic deformation of the sheets. For the SA joint, this zone
can be divided into phases C and D, and the variation trends of curves are similar to those
of the AS joint. Compared with the AS joint, more plastic deformation of the SA joint can
be produced under the same tensile load, so the structural integrity can be maintained. It
can also be found in Figure 8a that the displacement of phase D is about 6.0 mm, while the
displacement of phase B is about 2.7 mm, evidencing that the SA joint has better resistance
to deformation in the tensile test. The tensile load in this zone can also be divided into
two parts: (D contact friction resistance between sheets and (2) shear resistance between
the rivet and sheet. Rivet deflection in the tensile direction leads to the increase in friction
resistance between the rivet and sheet, and the upper sheet contacted with the rivet head is
subjected to shear force, while the lower sheet is subjected to tensile force.

(II) Failure zone: The F; decreases slowly in the F;-S curve of the SA joint in this
zone until the final failure, and the k fluctuates around 0 with a total displacement of
about 7.5 mm. This result agrees with the comparisons of energy absorption and ductility
factors in Figure 8b, evidencing that the SA joint can effectively resist tensile deformation
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and maintain mechanical stability. In the last stage of the tensile test of the SA joint, the
components in the SPR joint separate gradually. The tensile load decreases more rapidly,
and the fluctuation, as well as the sharp drop of k, can be observed. However, the F; of AS
joint decreases rapidly within a small displacement interval (less than 1.0 mm), and the
sharp drop of k happens simultaneously, indicating that the mechanical capacity declines
rapidly when the joint is subjected to higher tensile load, and the AS joint has no ability to
delay structural deformation consequently.

The tensile property indexes, including maximum load, energy absorption, rigidity,
failure displacement, and ductility factor of the SA joint and AS joint are presented in
Figure 8b. It can be discovered that inconspicuous differences exist in the maximum load
and rigidity, i.e., the bearing capacity of the two joints is similar. However, compared with
the AS joint, the energy absorption, failure displacement, and ductility factor of the SA joint
are increased by about 113%, 177%, and 128%, respectively, indicating that the SA joint has
better deformation and failure resistance.

In the tensile test of the SA joint, due to the smaller sheet thickness of the upper sheet
(1 mm), the obvious warping deformation of the B1500HS sheet occurred. Finally, the
B1500HS is torn and the sheet is completely detached from the rivet, while the rivet is still
maintained in the AA5052 sheet, evidencing that the strength of the rivet tail region is
higher than that of the rivet head region, as shown in Figure 3b. In the AS joint, the AA5052
sheet presents gradual warping deformation and the B1500HS sheet maintains its original
shape. Because of the larger thickness of the upper sheet, the rivet is ultimately pulled out
from the lower sheet and maintained in the upper sheet. Meanwhile, the crack generates in
the forming region of the lower sheet (Figure 3d), indicating that the strength of the rivet
head region is higher than that of the rivet tail region.

The difference in mechanical properties between the SA and AS joints depend on the
different joint structure [44]. For the SA joint, the deformation of the SPR structure mainly
occurred in the lower sheet with larger thickness and strength. So, under the tensile load,
the upper sheet is severely torn for the existence of the rivet head, while the rivet leg still
stays in the lower sheet. With the increase in displacement, the load decreases gradually
(Figure 8a). The tensile property indexes, including energy absorption and ductility factor,
are relatively larger (Figure 8b). In contrast, for the AS joint, the deformation of the SPR
joint can be found in the thinner steel sheet, and the undercut value is smaller, which cannot
provide sufficient resistance compared with the rivet head side. So, under tensile load,
the rivet leg is easier to be pulled out from the lower sheet, and consequently, the failure
displacement is smaller. Furthermore, the energy absorption and ductility of the AS joint
are smaller than those of the SA joint.

3.2.2. Tensile Property of the Two-Rivet Joint

The tensile tests of three kinds of two-rivet SPR joints are carried out as well. The F;-S
and k-S curves can also be divided into an elastic zone, plastic zone, and failure zone, as
shown in Figure 9a.

In the elastic zone, the tensile load of the three samples increases linearly and rapidly.
When the displacement is increased to about 1.8 mm, the load increases to about 5.0 kN.
The maximum change rate of the load is about 6.6 kN/mm, then decreases to about
4.0 kN/mm, and then fluctuates. As the displacement continues to increase to about
3.0 mm, the k decreases significantly and fluctuates slightly around zero. As reflected in
the F;-S curves, the increased rate of the tensile load is smaller in zone IJ, i.e., the plastic
deformation occurs. The displacements of these three samples in zone II are about 7.5 mm
(SAT) and 5.0 mm (AST, SAF), respectively, and the tensile loads reach peak values. Due
to the bending of sheets in tensile tests, the contacted interface separation occurs, and the
friction resistance between sheets decreases consequently. The friction resistance between
the rivet and sheet is also decreased because of the deflection of the rivet along the tensile
direction. The whole wall of the upper sheet is subjected to a shear force that comes from
the rivet head, while the lower sheet is subjected to the tensile force. The deflection of the
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rivet extrudes the sheets and the load is transferred to the sheet material, and the material
finally yields. The tensile loads of all the samples decrease rapidly after peak values, and
the change rates synchronously increase. With the displacement increment, the expansion
of the rivet hole results in further compressional deformation. The tensile failure modes of
two-rivet joints are similar to that of single-rivet joints. In the SAT joint, the BI500HS sheet
tears, while the rivet tails maintain in the AA5052 sheet. In the AST joint and SAF joint,
the rivets are pulled out from the B1500HS sheet, and the rivets still maintain the AA5052
sheet. From the F;-S curves of the SAT and AST joints, it can be observed that after a rapid
drop in the final stage, the joints still maintain smaller bearing capacity, evidencing that the
tensile failure of the rivets is not completely synchronized.
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Figure 9. Tensile property of two-rivet joints. (a) Fs-S curves and k-S curves; (b) test values.

The tensile property parameters are shown in Figure 9b. Tiny differences exist between
the maximum load and rigidity of the three joints. Compared with the AST sample, the
energy absorption values of the SAT and SAF samples increase by 76.9% and 47.3%,
respectively, and the failure displacement can be increased by 53.1% and 36.2%, while the
ductility factors of the SAT, AST, and SAF samples are 6.86, 4.57, and 5.71, respectively.
As discussed above, when the thinner steel sheet is adopted as the upper sheet, better
deformation resistance and mechanical stability can be obtained. Therefore, the energy
absorption and ductility factor of the SAT joint are obviously larger than the AST joint.
Because of the opposite riveting direction in the SAF joint, it can also further be concluded
that the mechanical property of the SAF joint is somewhere between the SAT joint and the
AST joint. This conclusion can be validated by the comparison of energy absorption, failure
displacement, and ductility factor (Figure 9b).

In the tensile tests of single-rivet joints (SA, AS), the maximum tensile loads are almost
the same for the two kinds of joints, and the average value is about 4.3 kN. In the tensile
tests of two-rivet joints (SAT, AST, and SAF), the maximum tensile loads are also similar,
the average value is about 8.0 kN, and the average tensile load of the two-rivet joints is
about 1.86 times larger than that of the single-rivet joints. As shown in Figures 8b and 9b,
the energy absorption of two-rivet joints can also be improved significantly. However, the
rigidity and ductility factors of the two-rivet joints are similar to that of the single-rivet
joints. So, it can be concluded that the bearing capacity and deformation resistance of the
SPR joint can be greatly improved by two-rivets riveting.

3.3. Fatigue Property
3.3.1. Fatigue Property of a Single-Rivet Joint

As for the SA and AS joints, if 50% of the maximum tensile load is set as the fatigue
load, the average fatigue cycles of these two joints (7.3 x 10° and 4.4 x 10°) exceed
2 million and cannot be used for fatigue load-fatigue life (F-N) curve fitting [45,46]. Then,
if 70% of the maximum tensile load is set as the fatigue load, the order of magnitude of the
SA joint fatigue life is 10° (average of 1.1 x 10°), while that of the AS joint is 10° (average
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of 5.1 x 10°). So, the loads corresponding to the three magnitudes of the SA joint are
determined as 2.96 kN (10°), 3.05 kN (10°), 3.48 kN (10°), and 4.22 kN (10%). When the load
adopted is 2.83 kN, the fatigue cycles of the SA joint exceed 2 million and are not used
for F-N curve fitting. Moreover, for the AS joint, the loads adopted in the fatigue test are
2.61 kN (10°), 3.05 kN (10°), 3.48 kN (10°), and 4.22 kN (10%), respectively.

Based on the fatigue life data, the F-N curve is obtained by exponential asymptotic
function, as shown in Figure 10 and Equations (1)—(2).

48>\ | O Fatiguelife of the SA joint
i | F-N curve of the SA joint
D O Fatigue life of the AS joint
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Figure 10. F-N curves of the SA joint and the AS joint.

SA joint:
IgN =5.13 — 1.391g(F — 2.81) (1)

ASjoint:
IgN =5.51 — 2.571g(F — 2.16) (2)

where N is the number of fatigue cycles and F is the fatigue load, kNN.

As shown in Figure 10, no intersection exists between the F-N curves of the SA joint
and the AS joint. The fatigue lives of SA joints are all higher by 98.4%, 88.3%, and 118.1%
than AS joints under high, medium, and low loads. The fatigue property of the SA joint is
better than the ASjoint, and the AS joint is always more prone to fatigue failure prematurely.
When the loads are 2.96 kN and 2.61 kN, the fatigue cycles are almost close to 2 million
times. As the load further reduces, the fatigue cycles exceed 2 million times, and the F-N
curve tends to be horizontal.

After the SPR joint-forming process, dense surface contact is formed between compo-
nents due to the forming pressure. When the joint is subjected to tensile load or cyclic load,
it is the “bearing” structure (formed by rivets and sheets), as well as the interface friction
between components, that sustains loading. In Figure 6, the residual bottom thickness of
the SA joint is larger compared with the AS joint. Meanwhile, the undercut value of the SA
joint is also larger than the AS joint, and the rivet pierced deeper into the lower sheet. Then,
under cyclic load, the self-locking structure can withstand greater fretting wear [47]. Under
the cyclic loading, the fretting damage accumulation rate of the SA joint is delayed and the
injtiation, as well as propagation of fatigue micro-cracks, are also delayed. Consequently,
higher fatigue life is obtained. As for the AS joint, the deformation degree of the rivet is
relatively insufficient, and the relative motion speed and motion amplitude of the rivet and
sheets are larger than the SA joint. So, the fretting wear and even fatigue crack initiation
come about prematurely.

3.3.2. Fatigue Property of a Two-Rivet Joint

In the tensile tests, there are little differences in maximum loads among the SAT, AST,
and SAF samples. A total of 70% of the maximum tensile load (8.14 kN) is set as the load
in the fatigue test. As demonstrated in Figure 11, the fatigue life of SAT sample is about
1.30 times that of the AST sample, while the fatigue life of the SAF sample is 2.14 times
that of the AST sample and 1.64 times that of SAT sample. So, it can be concluded that the
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fatigue performance of two-rivet joints is related not only to sheet stack sequence but also
to the riveting directions [48].

% SAT ioi 7.5 o 1 @ Fatigue life of the SAF joint
I Jomt F-N f the SAF joint
300- —4A— AST joint O\g——e 7.0k : Cl}WC 9 e“ J?ln
- —&— SAF joint z
5 — | 2651
x =
2.2400 26.0¢
& g
o 0550
8180t F " B
E [ A/A,/A ESOV
120 . T | a5k
4.0t : :
O3 17 3 3 1 % 3 48 50 52 54 56 58 60 62 64 66
SAT AST SAF Fatigue life IgNV
(a) (b)

Figure 11. The fatigue life of two-rivet joints. (a) A comparison of two-rivet joints; (b) F-N curve of
the SAF joint.

Compared with the AST sample, two riveting structures in the thicker aluminum
alloy sheet in the SAT sample are obtained. According to the section measurement and
comparison (Figure 6), the undercut and residual bottom thickness of the SA joint are
higher than the AS joint, i.e., two self-locking structures with higher quality are obtained
in the SAT joint. When the sample is subjected to cyclic load, the self-locking structure,
as well as the friction between sheets, bear the cyclic load [49]. The loading cycle will be
extended if the self-locking structure is of good quality. Therefore, the fatigue life of the
SAT sample is higher than the AST sample. Compared with the SAT and AST samples,
the two rivets in the SAF sample are embedded into sheets in opposite directions. The
forming parameters of one self-locking structure are lower relatively. The SPR structures
formed on the surface of upper and lower sheets can better inhibit the relative tiny motion
of the two sheets under cyclic load, and consequently, the fretting wear accumulation can
be delayed [50,51]. Meanwhile, the locking function of two rivets can restrain the motion
of sheets along the direction perpendicular to the load. So, the friction force can be kept at
a larger amount and the contact friction between the two sheets can be kept for a long time.
So, the failure of the SPR structure can be delayed.

Based on the above fatigue life in Figure 11a, the F-N curve of the SAF joint is obtained
by exponential asymptotic function, as shown in Equation (3):

IgN = 6.16 — 2.18Ig(F — 3.39) 3)

where N is the number of fatigue cycles and F is the fatigue load, kN.

In Figure 11b, it can be discovered that the fatigue life of the SAF sample increases
notably with the decrease in fatigue load. Under the action of cyclic loading, the tiny relative
motion of components in the SPR structure causes the fretting wear on the contact surface
of the rivet and sheets. The damage to the joint gradually accumulates with the increase in
fatigue cycles, and the microscopic damage evolves into the macroscopic fracture failure
of the sheet in the last stage of fatigue loading. The static load and dynamic load in the
fatigue test decrease with a decrease in the applied load level. Consequently, the motion
amplitude of components in the SPR structure decreases, the wear speed of the material in
the contact surface area slows down, and the initiation of a fatigue crack is delayed.

In the fatigue tests of two-rivet joints, when 70% of the maximum tensile load (8.14 kN)
is taken as fatigue load, the fatigue life of SAT, AST, and SAF joints are about 1.85 x 10,
1.42 x 105, and 3.04 x 10°, respectively. However, in the fatigue tests of single-rivet joints,
when 97% of the maximum tensile load (4.35 kN) is adopted, the fatigue life of the SA joint
and AS joint are about 8.5 x 10* and 4.3 x 10%. The fatigue life ratios of two-rivet joints to
single-rivet joints are about 2.17, 4.30, 1.67, 3.30, 3.57, and 7.07. The fatigue load (5.69 kN)
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of two-rivet joints is higher than that of single-rivet joints (4.22 kN). So, it can be concluded
that the fatigue strength of two-rivet joints is significantly better than single-rivet joints at
high load levels.

Taking the SA, AS, and SAF joints into consideration, the fatigue life of the three joints
is shown in Table 4. The value (4.22 kN) is the fatigue load in the fatigue test of single-rivet
joints, and the others (4.88, 5.69, and 6.51 kN) are the fatigue loads used in the fatigue
tests of SAF joints. In the value ranges of fatigue load, the fatigue life of the SAF joint is
always significantly higher than that of the SA and AS joints. With the increase in fatigue
load, the fatigue life ratios of SAF joints to SA and AS joints decrease. Compared with
the single-rivet joints, the fatigue property of two-rivet joints can be notably improved by
riveting in opposite directions.

Table 4. Fatigue life comparison of single-rivet joints and two-rivet joints.

Fatigue Life (x10%)

Fatigue Load
(kN) SA AS SAF
4.22 83.18 50.12 2187.76
4.88 48.98 24.55 818.0
5.69 30.90 12.59 224.69
6.51 21.87 7.41 111.94

3.4. Fatigue Failure Mechanism of the SPR Joint
3.4.1. Fatigue Failure Modes

Under cyclic load, the failure modes of steel/aluminum SPR joints are usually the
macroscopic fracture of aluminum sheets [27,52]. In the fatigue tests of BI500HS/AA5052
SPR joints, the fatigue fractures of AA5052 sheets occurred and no fatigue cracks appeared
on B1500HS sheets. The fatigue fractures of AA5052 sheets are presented in Figure 12. As
for the SA joint, the crack extends unidirectionally from the riveting point to the edge of
the sheet, and an obvious necking phenomenon can be found at the crack end, and no
macroscopic cracks appear on the other side (Figure 12a). The wing-like fatigue crack in the
AS joint distributes symmetrically along the direction of sheet width, and the crack does
not extend to the edge of the AA5052 sheet (Figure 12b). Moreover, the location where the
fatigue crack distribution tends to move away from the riveting point as the fatigue load
decreases (Figure 12c). The distribution of fatigue cracks is evidence that the fatigue load
has a relatively great effect on fatigue crack initiation location. The crack mainly initiates
in the contact area between the rivet and sheet under a bigger load. The crack initiates in
the contact zone of the upper and lower sheets far away from the riveting point when the
joints are subjected to a smaller load.

10.0 mm

(d) (e) ()
Figure 12. Fatigue failure modes of SPR joints. (a) SA; (b) AS-1; (c) AS-2; (d) SAT; (e) AST; (f) SAF.

As for the SAT, AST, and SAF joints, the fatigue failure modes are all the fractures of
AAS5052 sheets, and the failure sites are near the rivet and far away from the short edge of
the AA5052 sheet in the overlap area. Similar to the single-rivet joint, the fatigue crack of
the SAT sample distributes on one side of the riveting point (Figure 12d), and the fatigue
cracks of the AST and SAF samples extend to both edges along the sheet width direction
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(Figure 12e,f). Once the observable macroscopic crack appears, it will rapidly extend along
the sheet width direction until the final fatigue failure.

3.4.2. Fatigue Failure Mechanisms

To analyze the fatigue failure mechanism of rivets in SPR joints, the samples after the
fatigue test were tensile deformed in an RGM4030 tensile testing machine until complete
sheet fracture along the fatigue crack. Then, the sheets were dissected along the meridian
line of the rivet center using a line-cutting machine, and finally, the rivets could be taken
out. Figure 13 shows the macro-morphology and micro-morphology of the SA rivet and AS
rivet, and obvious macroscopic cracks (area 1 and area 2) can be found on the outer surface
of the rivet in the SA joint, indicating that considerable damage to the rivet is produced, and
two kinds of fatigue crack forms, i.e., the fracture of the AA5052 sheet and the fracture of the
rivet in the SA joint are generated (Figure 13a). Figure 13b,c is the magnified morphology
of area 1 and area 2, respectively. There is an obvious black wear trace in the area where
cracks distribute. The cracks propagate along the rivet circumference from the wear area.
Many micro-cracks distribute on both sides of the macro-cracks, and lots of granular debris
can be observed, evidencing that fretting wear occurs in the middle and lower area of the
outer surface of the rivet under cyclic loading. The fretting wear will promote the initiation
and propagation of cracks in the rivet [52].

SA Tivet

Fretting area

Flake grinding particles

2.00 mm 2.0 mm

Figure 13. Micro-morphologies of the SA rivet and AS rivet. (a) SA rivet; (b) cracks of area 1;
(c) micro-cracks of area 2; (d) AS rivet; (e) fretting wear of area 3; (f) micro-cracks of area 4.

As for the AS joint, a large area of wear traces (Figure 13d, area 3) can be noticed
on the external surface of the rivet. Figure 13f is the magnified morphology of area 4
(Figure 13e), and many micro-cracks, flake grinding particles, and material delamination
can be found. However, no macroscopic fatigue cracks are formed. Compared with the
SA joint, premature fatigue failure occurs when the AS joint is subjected to the same
fatigue load. Due to the physical property difference between the sheet and the rivet, the
propagation rates of micro-cracks in the AA5052 sheet caused by fretting wear are higher
than the rivet. Therefore, the fatigue failure mode of AS joint is only the AA5052 sheet
fracture, while there is no macroscopic fracture of the rivet.

The fatigue cracks of AA5052 sheets in the SA joint and the SAT joint are initiated from
the riveting point and then extended laterally to one edge of the sheets. The fatigue fracture
section (right area) and the morphology of the fatigue crack are shown in Figure 14. Obvious
fretting wear can be observed in the contact area between sheets [53], and the typical areas
of the fatigue crack section are demarcated as areas 1, 2, 3, and 4, respectively (Figure 14a).
The morphology of area 1 is mainly the step-like cleavage, which is an important feature
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of the fatigue crack source. So, it can be inferred that fatigue cracks originate in this area
(Figure 14b). Distinct fatigue striations and some secondary cracks exist in area 2, which
are typical characteristics of crack propagation (Figure 14c). As seen in area 3, there are lots
of dimples, indicating that the sample fails instantly as soon as the fatigue crack propagates
to area 3 (Figure 14d). On the other hand, the micro-cracks are propagated along the
width direction of the AA5052 sheet. Figure 14e is the micro-morphology of area 4 and
obvious fatigue striation, as well as micro-cracks, can be found, which indicates that this
area belongs to the fatigue crack propagation phase. A certain number of dimples can also
be observed at the end of the fatigue crack, indicating the fatigue ductile fracture.

Fatigue striation

50.0 pm

Figure 14. Fatigue fracture micro-morphology of AA5052 sheet in the SA joint. (a) Macroscopic
morphology of the fatigue fracture; (b) magnified morphology of area 1; (c) micro-morphology of
area 2; (d) micro-morphology of area 3; (e) micro-morphology of area 4.

All the fatigue cracks of the AS, AST, and SAF joints initiate from the middle area of
the AA5052 sheet and propagate to both sides along the width direction of sheets, showing
approximate symmetrical distribution. The typical areas of the fatigue crack section are
demarcated as areas 1, 2, 3, and 4, respectively (Figure 15a). In the lower and middle areas
of the AA5052 sheet, i.e., area 1 (Figure 15b), obvious step-like cleavage can be observed,
and the long micro-cracks distribute along the width of the sheet, which is the initiation of
fatigue cracks. In the upper region of area 1, fatigue striations and more flake delamination
can be observed, which are characteristics of fatigue crack propagation.

As shown in Figure 15¢, brittle fracture morphology exists in the upper region of the
fracture section (area 2), which indicates that the fatigue crack initiates from the contact
surface between the upper and lower sheets and then propagates along the thickness
direction to the upper surface of the sheet. The morphology in Figure 15d can be roughly
divided into two distinct areas, i.e., area 3 and area 4. Area 3 belongs to the crack growth
morphology, and typical fatigue striations can be observed by the magnification of area 3
(Figure 15e). At the same time, there are many secondary cracks in area 3. Lots of dimples
exist in area 4, indicating that rapid ductile fracture occurs at the end of the fatigue crack.

Black irregular areas (Figure 14a) can be discovered on the contact interface of the
rivet, the lower sheet, and the interface between the upper and lower sheets. These black
irregulars are gradually generated and expanded in the fatigue test, and the fretting wear
results from the relatively tiny movement of the rivet and sheets on the contact interface
under alternating load. According to the above analysis, disorderly micro-cracks exist in
these areas, showing that fretting wear zones are the initiation locations of fatigue cracks.
Under the fatigue load and interface normal force produced in the SPR forming process,
continuous fretting and sliding of components occur on the contact interface. Consequently,
the surface material is detached from the sheets due to the shear friction and adhesion
caused by friction heat. The fallen debris from sheets moves on the surface of the sheet and



Metals 2023, 13, 328

16 of 19

transforms to a certain cold-welding point under extrusion. Meanwhile, the slight oxidation
of particles occurs during the continuous fretting process, and the debris becomes black.
With the increase in fatigue cycle times, the tear degree of surface materials increases, further
resulting in increased loose debris and delamination. The increased stress concentration
caused by scratches and delamination promotes the initiation of micro-cracks. The cracks
are merged into macro-cracks and consequently extend along the thickness and width of
the aluminum alloy sheet, finally leading to the fatigue fracture of the AA5052 sheet.

AL

Fatigue. fracture section

300 pm

..
striation

2.0 mm 50 um

Figure 15. Fatigue fracture micro-morphology of AA5052 sheet in the AS joint. (a) Macroscopic
morphology of fatigue fracture; (b) micro-morphology of area 1; (¢) micro-morphology of area 2;
(d) micro-morphology of areas 3 and 4; (e) magnified morphology of area 3.

The EDS energy spectrometer is employed to analyze the elemental composition and
mass fraction in the fretting wear area (Figure 16a) between the upper and lower sheet,
and lots of Al, O, Mg, Fe, and other elements exist in the fretting wear area (Figure 16b,c).
Among these elements, Al and O elements account for a large proportion, indicating that
the black debris is mainly composed of Al,O3, i.e., the surface material of the AA5052 sheet
is oxidized, and the fretting oxidation wear occurs between sheets.

"~ Fretting wear aret

1000 pm

—Map.spx

Energy [keV]

(©)

Figure 16. Morphology of contact interface between sheets. (a) Morphology of contact interface;
(b) element composition; (c) mass fraction of the elements.
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4. Conclusions

The forming tests of the B1500HS/AA5052 SPR joint are carried out and the tensile
properties, as well as fatigue properties, are studied. The influence of sheet sequence and
riveting direction on forming quality and properties of the SPR joint and fatigue failure
mechanism of the SPR joint are also discussed, and the following conclusions are drawn:

(1) Compared with the AS joint, the residual bottom thickness and undercut value of
the SA joint are higher. The tensile performance of the SA joint is superior to that of the AS
joint. As for joints with two rivets, little difference exists between the bearing capacity of
the joints, while the resistance to deformation and damage of the SAT joint and the SAF
joint is better than the AST joint.

(2) The fatigue cycles of all the SPR joints decrease with the increase in load level.
There is no intersection between the F-N curves of the SA joint and the AS joint, and the
fatigue life of the SA joint is always higher than the AS joint. The SAF joint with the
opposite riveting direction has the utmost fatigue cycle times compared with the other
two-rivet SPR joints.

(3) The fatigue failure modes of the B1500HS/AA5052 SPR joints are the fractures of
the AA5052 sheet, while obvious macroscopic fatigue cracks also occur on the surface of
the rivet for the SA joint. The fatigue crack usually initiates in the contact area of the sheets
and then extends along the AA5052 sheet thickness direction and width direction. The
fatigue cracks of the SA and SAT joints extend unidirectionally to one edge of the AA5052
sheet, while a symmetric fatigue crack of aluminum occurs for the AS, AST, and SAF joints.

(4) Obvious fretting wear occurs on the contact interface between the rivet and sheets,
and fretting debris, secondary cracks, and step-like cleavage can be observed. Then, the
fatigue striation occurs along both the width direction and thickness direction, and the
rapid ductile fracture occurs with the production of many dimples. The elements in the
fretting wear area are mainly Al and O, and continuous and severe oxidation of Al elements
occurs during fatigue loading.
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Nomenclature
Symbol Meaning of the Symbol Symbol Meaning of the Symbol
H rivet head height k load change rate
Ab residual bottom thickness Fs tensile load
Au undercut AF; increment of tensile load
Fp punch load S tensile displacement
AFp increment of punch load AS increment of tensile displacement
L punch displacement N number of fatigue cycles
AL increment of punch displacement F fatigue load
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