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Abstract
Friction self-piercing riveting (F-SPR) process has been proposed to achieve crack-free joining of low-ductility materials by
combining SPR process with the concept of friction stir processing. The inhibition of cracking in an F-SPR joint is related to the
in-process temperature as well as plastic deformation of materials, which are controlled by the process parameters, i.e., spindle
speed and feed rate. However, the relationship between F-SPR process parameters and the temperature characteristics within the
joint has not been established. In the current study, a coupled thermal-mechanical model based on solid mechanics was setup to
study the F-SPR process of aluminum alloy and magnesium alloy. Temperature and strain rate-dependent material models and
preset crack surface method were integrated in the model and geometry comparisons were conducted for model validation. Based
on this model, the evolutions of temperature and plastic deformation in the rivet and the sheets of an F-SPR joint were obtained to
reveal the formation mechanism of the joint. The temperature distribution and evolution of the sheet materials were correlated
with F-SPR process parameters, and a critical spinning speed of 2000 rpm at a feed rate of 1.35 mm/s was determined capable of
inhibiting cracking in the magnesium sheet.

Keywords Friction self-piercing riveting (F-SPR) . Dissimilar materials . Aluminum alloy . Magnesium alloy . Low-ductility
material . Thermal mechanical modeling

1 Introduction

Replacing traditional steels with high strength-to-weight ratio
materials is one of the main methods to achieve the
lightweighting goals of vehicle bodies. Aluminum alloys are
preferred lightweight materials for their high strength, low
density, good corrosion resistance, and intrinsic recyclability,
and have been widely used in full aluminum and aluminum-
steel mixed material bodies [1]. Magnesium alloys are

extremely light metals and show even better lightweight per-
formance than Al alloys [2]. Integrating Al and Mg alloys in
one hybrid structure is more promising to achieve a flexible
product design, which raises the demand of an economical
and reliable Al-Mg dissimilar material joining process.

Resistance spot welding (RSW) process is the primary spot
joining technology of steel parts in vehicle body assembling
for its low cost and high speed. In recent years, RSW has also
been successfully applied to join Al alloy parts by using an
innovative electrode tip design [3]. However, when RSW is
applied to weld Al and Mg alloys as well as other dissimilar
metals, a major technological difficulty is the formation of
hard and brittle intermetallic compound (IMC) layers at the
interface, which has detrimental effect on both mechanical
strength and fatigue life of the joint [4–6].

Self-piercing riveting (SPR) process is a preferred method
to join dissimilar materials in vehicle industry, such as Al alloy
and steel. In an SPR joint, a semi-tubed rivet is punched into
the sheet materials and the rivet shank deformed plastically to
form a mechanical interlocking with the sheets [7]. Mori et al.
[8] joined multiple steel and aluminum alloy sheets with SPR.
Ma et al. [9] investigated the effects of rivet and die properties
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on joint formation and mechanical performance of SPRed Al
alloy to steel joints. However, when SPR is applied to the
stack-ups including materials having limited ductility at room
temperature, such as Mg alloy and cast Al, especially used as
the bottom layer, cracking occurs inevitably due to the severe
localized plastic deformations in the SPR joint [10]. To
achieve crack-free joining of Mg sheets, Durandet et al. [11]
preheated the magnesium alloy AZ31 sheets with leaser prior
to the SPR process. It was found that cracking in the Mg sheet
can be eliminated when performing SPR at 208 °C. Wang et
al. [12] preheated Mg sheets with electrical-heated plate be-
fore SPR and pointed that the preheating temperature of
higher than 180 °C could avoid cracking. This is related
to the hexagonal crystal in Mg alloy sheet, which only has
three basal slip systems at room temperature, but addition-
al non-basal slip systems in the crystal structure can be
activated at elevated temperature to significantly improve
the formability [13].

Friction self-piercing riveting (F-SPR) is a process with
combination of friction stir process and SPR process, during
which a semi-tubed rivet is driven to spin at a high speed while
feeding into the workpieces [14] (refer to Fig. 1). The large
amount of frictional heat generated at the periphery of the
rotating rivet enables the riveting process to be finished at
elevated temperature. In this way, in-process heating is real-
ized and thus can significantly lower the process cycle time
compared to preheating SPR technology. Li et al. [14] dem-
onstrated that cracking in Mg sheet was able to be inhibited
through adjusting the spindle speed and feed rate during F-
SPR process. The tensile shear strength of an F-SPRed Al-Mg
joint was found twice as much as that of an SPR joint. Ma et
al. [15] optimized the F-SPR rivet in terms of key geometrical
features and hardness. Liu et al. [16] conducted the F-SPR
process on a specially designed machine that could achieve
sudden stop of the spindle to further improve the joint quality.
Ma et al. [17] established a coupled thermo-mechanical finite
element (FE) model to visualize the evolution of joint geom-
etry, stress, and strain distributions inside the F-SPR joint.
Similar combinations of friction stir process and riveting pro-
cess were also reported byMin et al. [18] and Han et al. [19] in
joining Al to Mg and Mg to itself, respectively.

As reviewed above, cracking inhibition in Mg sheet during
F-SPR process is related to the amount of local frictional heat

generation, which is controlled by the process parameters, i.e.,
the spindle speed and the feed rate. However, limited by ex-
perimental observation means, it is difficult to observe the in-
process temperature and deformation of materials within the
vicinity of the rotating rivet. Therefore, the relationship be-
tween process parameters and the temperature of workpieces
during F-SPR process has not been established.

In the present study, a coupled thermo-mechanical 3D FE
model of the F-SPR process, based on solid mechanics, was
established and validated through geometry comparison with
the parallel physical testing results. Based on this model, the
effects of process parameters on the temperature distribution
and evolution during the F-SPR process were studied system-
atically and a critical spinning speed to inhibit cracking in the
Mg sheet was determined. The method and results in this
study provide a valuable reference to F-SPR process
optimization.

2 Mathematical model

2.1 Governing equations

F-SPR is a coupled thermo-mechanical process, which in-
volves both mechanical movement and thermal response.
The mechanical motion is governed by the differential equa-
tion of motion, which in the general form of a force balance is
given by

ρ€uþ cu˙ þ ku ¼ f ð1Þ

where ρ, c, and k are the density, the damping coefficient
per unit volume, and the stiffness coefficient per unit volume,
respectively. u is the the displacement vector and f is the body
force per unit volume.

Frictional work and plastic dissipation energy are considered
as the two heat sources in F-SPR process and treated, respec-
tively, as a surface heat influx at the rivet/workpiece interface
and a body heat source in the plastically deformed materials.
The thermal response in a unit volume is governed by the gen-
eral thermomechanical diffusion equation [20], given as

Fig. 1 Schematic of the friction
self-piercing riveting process
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where ρ is the material density, cp is the specific heat ca-
pacity, kx, ky, and kz are the thermal conductivities in different
directions, T is temperature, t is time, andQ is the internal heat
generation rate per unit volume. The volumetric heat fluxQ is
calculated as

Q ¼ ησε˙ ð3Þ

where η is the fraction of plastic energy converted to heat, σ
is the flow stress, and ε̇ is the strain rate, which is in the form
of von Mises equivalent strain rate in this study, given by
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where v is velocity. The frictional heat influx at the inter-
face is computed as

qf ¼ βvrelτ f ð6Þ

where qf is the frictional heat generation per unit area, β
donates the fraction of frictional work converted to heat, vrel is
the magnitude of the relative tangential velocity at the inter-
face, and τf is the local contact shear stress. vrel is calculated as

vrel ¼ v*master− v
*

slave
�� �� ð7Þ

where v*master and v*slave are the tangential velocity vectors
of the master side and the slave side at the contact interface,
respectively. It should be noted that a pure sliding contact
condition, i.e., ignoring sticking at the rivet/workpiece inter-
face, is assumed in the model. Therefore, the local contact
shear stress is calculated as

τ f ¼ μσn ð8Þ

where μ is the friction coefficient and σn is the interfacial
normal stress at the specific contact location. This pure sliding
assumption means plastic deformation of the sheet materials
resulting from the rotation motion of the rivet is not consid-
ered, and the body heat flux Q only accounts for the heat
generation of plastic deformation introduced by the feeding
motion of the rivet. This assumption might be a disadvantage
of the current model since sticking contact possibly exists as

the workpiece becomes soft with increase in temperature.
Further study is needed to clarify the contact condition at the
rivet/workpiece interface in F-SPR process.

The fraction of generated frictional heat partitioned to the
contacting parts is calculated according to the relationship
given by [21]

ns ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kρcp
� 	

s

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where the subscripts s and m denote the slave side and the
master side materials, respectively, ns represents the fraction
of heat partitioned to the slave side, and the fraction
partitioned to the master side is given by

nm ¼ 1−ns ð10Þ

At the contacting surfaces, heat transfer from high-
temperature end to low-temperature end is accounted as heat
conduction between parts and the conducted heat is computed
as

qt ¼ h Ta−Tbð Þ ð11Þ

where qt is the heat transfer per unit square, h is heat trans-
fer coefficient at the contacting surfaces, and Ta and Tb are the
temperatures of the high-temperature and low-temperature
ends, respectively.

2.2 Material constitutive and properties

Wang et al. [12] estimated that the sheet materials underwent a
strain rate of about 4.1 s-1 at a riveting velocity of 110 mm/
s during SPR process. The feed rate in F-SPR process ranges
from 1 to 10 mm/s [14], which is about 1~9% of the riveting
velocity in SPR. Therefore, the strain rate of sheet materials in
F-SPR is approximately in the order of 0.01~0.1 s−1. To con-
sider strain rate and temperature-dependent material proper-
ties of the workpiece materials during F-SPR process,
Johnson-Cook (J-C) constitutive model is adopted. The flow
stress is a function of equivalent strain, strain rate, and tem-
perature, given by [22]:

σ ¼ Aþ Bεne
� 	

1þ Cln
ε̇
ε0˙

� �
1−

T−Troom

Tmelt−Troom

� �m� �
ð12Þ

where εe is the effective plastic strain, ε̇ and ε0˙ are the strain
rate and reference strain rate (ε0˙ ¼ 1 s−1 ), respectively, and T,
Troom, and Tmelt are the absolute testing, room, and melting
temperatures, respectively. The material constant A represents
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the yield strength of the material. B and n are strain hardening-
related constants. The strain rate effect and temperature effect
are represented through constants C and m, respectively.
Generally, quasi-static tensile tests are needed to determine
the constants A, B, and n. High strain rate tensile tests are
performed to determine strain rate sensitivity constant C.
High-temperature tensile tests are performed to determine
the temperature-related constant m. For the studied sheet ma-
terials, i.e., 1.0-mm-thick aluminum alloy AA6061-T6 and
2.2-mm-thick magnesium alloy AZ31B, the J-C model con-
stants from literature are used [23, 24], as listed in Table 1. The
temperature-dependent specific heat capacity and thermal
conductivity of materials are given in Table 2. Since the values
of density of these two materials change very slightly (less
than 2% [23, 25]) with the increase of temperature from 20
to 300 °C, constant values of density are used. The material
chemical compositions of sheet materials are listed in Table 3.

To simulate material failure of the top Al sheet during the
F-SPR process, preset crack method is adopted. Crack sur-
faces are preset in the locations where fracture is likely to
occur, i.e., the areas of the top sheet contacting with the rivet
shank tip, and separation of the matting surfaces are triggered
by the criteria [27] given as

max 0; σnormalð Þ
FS

� �2
þ σshear

FD

h i2
> 1 ð13Þ

where σnormal and σshear are the normal and shear stresses on
the interfaces, and FS and FD are the predefined normal ten-
sile stress at failure and shear stress at failure, respectively.
Once Eq. (13) is reached at any region of the mating surfaces,

the nodes on both sides of the interface in this region would
detach from each other. The normal tensile stress at failure of
top sheet is set to be the ultimate tensile strength (σb) of
AA6061-T6, which is temperature dependent (refer to

Table 2). The shear stress at failure is set to be σb=
ffiffiffi
3

p
.

The F-SPR rivet used in F-SPR experiments was made of
mild steel and modified from commercial bolt rivet provided
by Henrob Corporation [14]. Table 3 lists the chemical com-
position of the rivet. In view of the difficulties in measuring
the mechanical properties of the steel rivets, compression tests
of the rivet shank were conducted at room temperature and
linear correlation between hardness and strength was used to
calculate the material properties of the rivet at high tempera-
tures. The material testing details and calculated material
properties were presented in a previous work [17]. Constant
thermal conductivity of 50 W/m∙°C and specific heat capacity
of 500 J/kg∙°C were used for the rivet [21].

2.3 Numerical implementation

Figure 2a shows the geometry and mesh generation of the
mathematical model. As shown, the five parts were the rivet
driver, the steel rivet, the top AA6061-T6 sheet, the bottom
AZ31B sheet, and the die, respectively, from the top to the
bottom. The rivet driver and the die were defined as rigid
bodies, while the rivet and sheets were defined as deformable
bodies. The radius of the sheets was 9.0 mm and the thickness
was 1.0 and 2.2 mm for AA6061-T6 and AZ31B, respective-
ly. The meshes of sheets were carefully created such that a
refined element distribution with a higher density was in the
ring regions near the rivet shank tip, the average size of which
was around 0.16 × 0.2 × 0.2 mm. The specific dimensions of
the rivet and the die were presented in literatures [14, 15]. The
element size of the rivet is comparable with those in the re-
fined region of the sheets. To accurately simulate the material
failure of top sheet, five predefined crack surfaces were set in
the regions of the top sheet that are located in the periphery of
the rivet shank. Figure 3 gives the locations of the five

Table 1 Material constants of the Johnson-Cook law for AA6061-T6
and AZ31B

Material A B C n m Troom Tmelt

AA6061-T6 [23] 324 114 0.002 0.42 1.34 24 °C 583 °C

AZ31B [24] 224 380 0.012 0.76 1.55 20 °C 630 °C

Table 2 Temperature-dependent
material properties of AA6061-
T6 and AZ31B

Material Temperature
(°C)

Density
(kg/m3)

Thermal
conductivity
(W/m∙°C)

Specific heat
capacity (J/kg∙°C)

Ultimate tensile
strength (MPa)

AA6061-T6
[17, 23,
26]

20 2690 161.2 941.2 352.8

100 2690 177.5 980.6 301.2

200 2690 191.4 1026.3 236.53

300 2690 205.6 1071.4 128.32

AZ31B [25] 20 1790 96.6 1050 –

100 1790 100.5 1130 –

200 1790 104.7 1170 –

300 1790 108.9 1210 –
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predefined cylindrical surfaces, which were evenly spaced
with an interval of 0.16 mm.

In the model, the die was constrained in all degrees of
freedom (DOF). The rivet driver was constrained to spin
and translate only along the symmetry axis with predefined
feed rate and spinning speed. In order to transfer driving
torque to the rivet, nodes on top of the rivet contacting with
the rivet driver were tied to the rivet driver (refer to Fig. 2b).
In F-SPR experiments, blank holder was forced to the top
surface of the upper sheet to prevent any gap formation
between the two layers of sheets. In the numerical model,
for simplicity, nodes within the outer ring-shaped portions
of the two layers of sheets were constrained in all DOF, as
highlighted in Fig. 2c. Nodes-to-surface contact were used
by specifying the nodes of top sheet as the slave side and the
surface of the rivet as the master side to prevent element
penetration when the rivet pierced through the top sheet.
For the rest of the contact pairs, surface-to-surface contact
was used.

Convection and radiation heat loss from the surfaces to
environment were not considered since the total processing
time of F-SPR was short (less than 3.2 s). The heat transfer
coefficients were assumed to be 500 W/m2 K at all the
contacting surfaces by referring to the existing research on
modeling of friction stir welding (FSW) process [28, 29]. An
initial temperature of 20 °Cwas assigned to all the parts. In the
present study, it was assumed that all the frictional work and

plastic energy were converted to heat, i.e., both η in Eq. (3)
and β in Eq. (6) were assumed to be 1.0.

Friction coefficient is usually considered as a function of
the relative velocity of mating surfaces and the interface tem-
perature according to Coulomb friction model. However, dur-
ing F-SPR, the coefficient can be highly nonlinear due to the
involved large ranges of temperature and strain rate. Since no
such a function is available from open literature for the studied
rivet and sheet materials, the friction coefficient at all contact
interfaces is fixed at 0.3, which is typical in modeling FSW
process [28]. This assumption may result in the inaccuracy in
calculated frictional heat generation at relative high
temperature.

3 Results and discussion

3.1 Model validation

Finite element solution of the abovementioned model was
obtained using LS-DYNA solver. Process parameters used
in the model included a feed rate of 1.35 mm/s and a spindle
speed of 900 rpm. A feed depth of 4.3 mm was defined such
that the process terminated with the bottom edge of the rivet
head touched the surface of the top sheet. Parallel physical
tests were conducted to validate the model [14].

Table 3 Chemical composition of rivet, AA6061-T6, and AZ31B [14, 17]

Material type Nominal chemical composition (wt%)

Al Mg Fe C Si Cu Mn Zn Cr Ti

Rivet 0.02 – Bal. 0.18 – – 0.75 – 0.32 –

AA6061-T6 Bal. 1.03 0.14 – 0.58 0.32 0.07 0.03 0.08 0.05

AZ31B 3.05 Bal. 0.001 – 0.016 0.003 0.44 1.10 – –

Fig. 2 Geometry, mesh, and
mechanical boundary conditions
of the F-SPR model. a Cross-
section view of the entire model.
b Boundary condition of the rivet.
c Boundary condition of the
sheets
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The experimental and simulated joint profiles were com-
pared in terms of rivet shank flaring, remaining thickness, and
shank length in the final joint (refer to Fig. 4). The simulated
shank flaring value was a bit smaller than that of the experi-
mental one, but the simulated remaining thickness and de-
formed shank length were larger than the experimental ones.
This is assumed to result from the material properties of the
steel rivet, which was obtained indirectly with the help of hard-
ness measurement results. The material softening of the steel
rivet at elevated temperatures would probably be underestimat-
ed; therefore, the simulated rivet was a bit stiffer than the ex-
perimental one. A stiffer rivet shank material would therefore
resulted in smaller rivet shank flaring and less upsetting. As the
largest difference between simulation and experiment was
13.1%, the simulation accuracy was still acceptable.

3.2 Joint formation process

F-SPR is more like a material forming process, during which
localized plastic deformations of materials are introduced by

the moving rivet and the static die. The localized plastic de-
formation of sheet material, which also appears in traditional
SPR process, are the causation of cracking in Mg sheet.
Therefore, in order to understand how the plastic deformation
evolves and the locations that cracking is apt to occur, the
deformation and strain histories of the F-SPR joint were in-
vestigated based on the validated numerical model. Figures 5
and 6 show, respectively, the effective plastic strain distribu-
tion of the workpieces and the rivet during F-SPR process at
four different stages with a time interval of 0.8 s.

At the beginning of the process, the spinning rivet was
brought to contact with the top sheet, and large plastic defor-
mations appeared in the top Almaterial near the rivet shank tip
and in the bottom Mg material that contacting with the die
(refer to the geometry of 0.8 s in Fig. 5). With the ongoing
downward movement of the rivet, the sheets were further de-
formed to gradually form the shape of the die profile. In the
final joint, the top sheet was penetrated through by the rivet
and an obvious large deformation region, with the diameter of
about 6.8 mm, was observed in the center of the bottom sheet
(refer to the geometry of 3.185 s in Fig. 5). Because of the
low-ductility nature of Mg sheet, which makes it easier to
crack during traditional SPR process, the appearance of the
large deformation region indicates that the materials in this
region are at a risk of cracking. Therefore, the improvement
of formability of the Mg material in this region is of great
importance for cracking inhibition during the F-SPR process.

For the rivet, however, the evolution of plastic deformation
was quite different from that of the workpieces. Only very
localized plastic deformation at the rivet shank tip appeared
before 2.4 s and the rivet shank flared slightly (refer to the
geometries of 0.8, 1.6, and 2.4 s in Fig. 6). In the final one
quarter period of the process, the large plastic strain region
expanded abruptly from the shank tip towards the rivet head
and an obvious shank flaring occurred (refer to the geometry
of 3.185 s in Fig. 6). This is because before 2.4 s, a relative
large portion of the die was left empty, resulting in a relative

Fig. 3 Locations of the
predefined fracture surfaces on
top sheet and the schematic of
element separation process

Fig. 4 Geometrical feature comparison of experimental and simulated F-
SPR joints
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small axial force and the rivet deformed slightly (refer to the
geometry of 2.4 s in Fig. 5). After 2.4 s, the die was almost
fully filled by the displaced sheet materials (refer to the
geometry of 3.185 s in Fig. 5) as a result of which large
squeezing force was applied to the materials locating in be-
tween the rivet shank tip and the valley of the die. Therefore,
large localized plastic deformation appeared in the bottomMg
sheet and the rivet shank flared severely.

Different from the solid pin in friction stir spot welding
process, the F-SPR rivet has a semi-tubed shank, which
could contain the displaced workpiece materials in it during
the F-SPR process. Based on this feature, after the top sheet
was penetrated through by the rotating rivet, i.e., after com-
plete failure of the preset crack surface on the top sheet
occurred, the cutoff portion of the top sheet was contained
inside the rivet shank cavity and no longer connected to the
rest portion of the top sheet. To show the moving condition
of the cutoff portion of the top sheet, four tracing nodes
were selected. Points A, B, and C are located inside the
preset crack surfaces, i.e., in the cutoff portion, and point
D was outside the preset crack surfaces, i.e., in the outer
portion of the top sheet. Figure 7 shows the history plots of
X-coordinates of the four nodes.

Obviously, the X-coordinates of points A, B, and C
changed slightly in the beginning period of the process, indi-
cating a small in-plane deformation occurred to the inner por-
tion of the top sheet. After the process time of 1.82 s, the X-
coordinates of these three points started to change periodically
with the magnitudes of around 1.8 mm and the periods of
0.44 s, indicating the occurrence of rotation of the cutoff por-
tion. In addition, the similar magnitudes and periods of the
three points indicated that the cutoff portion did not had an
obvious in-plane twist and rotated as a whole part until the end
of the process. However, point D kept static throughout the
process, evidenced by its almost unchanged X-coordinate.
Since the rotation of the cutoff portion was 0.44 s, smaller
than that of the rivet, which was 0.067 s at a spinning speed
of 900 rpm, the cutoff portion did not stick to the rivet and
relative motion still existed at the rivet/cutoff portion as well
as the cutoff portion/bottom sheet interfaces.

3.3 Temperature features

Temperature distribution of the rivet and sheet materials at
the four specific moments are given in Fig. 8. It is interest-
ing that the highest temperature was concentrated at the

Fig. 5 Cross-section geometry evolution and effective plastic strain distributions of the Al and Mg workpieces during F-SPR process

Fig. 6 Cross-section geometry
evolution and effective plastic
strain distribution of the rivet
during F-SPR process
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rivet shank tip during the first three quarters of the process
(refer to the figures of 0.8, 1.6, and 2.4 s in Fig. 8) and
expanded a bit along the rivet shank in the final one quarter
of the process (refer to the figure of 3.185 s in Fig. 8). This
is because the rivet shank flared slightly in the first three
quarters of the process; therefore, larger contact pressure
was concentrated at the rivet/workpiece interface near the
rivet shank tip, and as a result, relative larger portion of the
frictional heat was generated at the rivet shank tip. When
the rivet shank flared greatly in the final one quarter of the
process, the pressure at the rivet/workpiece contact inter-
face locating inside the rivet shank cavity started to in-
crease, resulting in the increase of generated frictional heat
inside the rivet shank cavity.

It should be noted that the thermal contours at the top sheet/
bottom sheet interface were discontinuous (refer to the figures
of 1.6, 2.4, and 3.185 s in Fig. 8). This can be explained by
two reasons. One is gap formation in between the two layers
of sheets due to the different bending patterns of the sheets and
material failure of the top sheet during the simulated process

(refer to Fig. 9). These gaps introduced additional contact
thermal resistance to the interface of the sheets and thus re-
sulted in the discontinuous temperature at the interface.
Another reason is the rotation of the cutoff portion of the top
sheet, which created additional heat generation at the cutoff
portion/bottom sheet interface.

To investigate the temperature evolution of rivet and
sheets during the F-SPR process, three specific nodes locat-
ing on the rivet shank tip, the top Al sheet, and the bottom
Mg sheet, respectively, were selected. Figure 10 shows the
location and the temperature evolution of the three selected
nodes. The temperature-time curves can be divided into
three phases representing, respectively, the piercing,
expanding, and upsetting phases. The dividing line between
the piercing and expanding phases corresponded to the mo-
ment the top sheet was pierced through by the rotating rivet,
before which frictional heat was only generated at the rivet/
top sheet contact interfaces, i.e., along the rivet side inter-
face on both sides. After this moment, frictional heat was
generated at the rivet/top sheet contact interface, the rivet/
bottom sheet interface, and the cutoff portion/bottom sheet
interface based on the local contact pressure. The dividing
line between the expanding and upsetting phases
corresponded to the moment that the bottom sheet touched
the lowermost point of the die, which was featured by the
sudden increase of the axial riveting force during the F-SPR
process.

Obviously, the temperature evolution at these three loca-
tions differed significantly from each other. The temperature
of point 1 (on the rivet) kept raising throughout the process for
the increasing amount of generated frictional heat at the rivet
shank tip and reached its peak of 580 °C, at the end of the
process. The temperature of point 2 (on the top sheet) reached
its peak of 380 °C at the end of the piercing stage and then
began to decrease. However, for point 3 (on the bottom sheet),
its temperature increased monotonically at a lower rate com-
pared to point 2 and a peak temperature of 220 °Cwas reached
at the end of the whole process.

Fig. 7 History plots of X-coordinates of the four selected nodes during F-
SPR process

Fig. 8 Temperature distribution
during the F-SPR process
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The different temperature evolution profiles of point 2 and
point 3 can be explained by the dynamically changing contact
conditions between the rivet and the sheets throughout the F-
SPR process. At the very beginning, the rivet touched the top
sheet, and the temperature of point 2, which is located in the top
sheet, increased as a result of the increased amount of frictional
heat generated between the rivet and the top sheet. However, for
point 3, which is located on the bottom sheet, as there was
almost no relative motion between the top and bottom sheets,
no frictional heat was produced. The heat sources of the bottom
sheet were heat conduction from the top sheet, which was in
dominant, and heat generation from local plastic deformation,
which took a relative smaller part of the total heat generation.
Therefore, during the piercing phase, the temperature of point 3
increased at a lower rate than that of point 2.

After the top sheet was penetrated through by the rivet, the
contact pressure between the rivet and the top sheet decreased;
therefore, the frictional heat generation at rivet/top sheet de-
creased accordingly. As there was still temperature gradient
between top sheet and bottom sheet, heat conduction from top
sheet to bottom sheet continued; therefore, the temperature of
point 2 reached its peak value and began to drop. However, for
point 3, as the top sheet was penetrated through, the rivet tip
started to contact with the bottom sheet directly and frictional
heat was generated on the rivet/bottom sheet interface. In

addition, frictional heat generation introduced by the rotating
cutoff portion of the top sheet also provided additional heat
source to the workpieces. Therefore, the temperature of point
3 kept rising at a higher rate. At about 3.05 s, the bottom sheet
expanded to its largest extent, the rivet began to upset, and the
contact pressure between the rivet and the bottom sheet in-
creased abruptly, as a result of which more frictional heat was
produced and the temperature of point 3 increased at an even
higher rate.

3.4 Effects of spindle speed on cracking inhibition

To investigate the influence of spindle speeds on the heating
temperature of bottom Mg sheet in the final F-SPR joint, the
F-SPR processes under the same feed rate of 1.35 mm/s, but
different spindle speeds, i.e., 900, 1450, and 2000 rpm, were
simulated. The temperature distributions along the radial di-
rection on the surface of the bottom sheet under different spin-
dle speeds are shown in Fig. 11.

Obviously, the temperature distributions under different
spindle speeds had a similar tendency with the peak values
that appeared at about 2.5 mm away from the sheet center.
With the increase of the spindle speed, the temperatures raised
as a result of the increased amount of generated frictional heat.
It is interesting that the sheet materials in the large deformation

Fig. 9 Gap formation in between
the two layers of sheets at the
simulation time of 2.5 s

Fig. 10 Temperature evolution of
three typical points locating on
the rivet, the top sheet, and the
bottom sheet
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region, which was marked with a diameter of about 6.8 mm in
Fig. 5, were heated to a relative higher temperature. One rea-
son of this local high temperature is the maximum rate of
frictional heat generation at the rivet shank tip, which has a
radius of 2.65mm, due to the presence of maximum tangential
velocity and contact pressure. Another reason is the greater
amount of heat produced by the larger plastic deformation in
this region. Thus, the dangerous zones that were prone to
cracking, i.e., the larger deformation regions, were heated to
relative higher temperatures, which contributed to the im-
provement of the material ductility in these regions to inhibit
cracking. This can be recognized as the local heating effect of
the F-SPR process.

Wang et al. [12] pointed out that a preheating temperature
of above 180 °C could help eliminate cracking in the SPRed
Mg joints and increase the joint strength significantly. It can be
seen from Fig. 11 that when a spindle of 1450 rpm was

applied, the lowest temperature in the large deformation re-
gion was about 168 °C, and the spindle speed of 2000 rpm
could result in the temperature of over 194 °C in the large
deformation region. Therefore, it is reasonable to predict from
the simulation results that cracking in the large deformation
region can be eliminated when the spindle speed is above
2000 rpm. To validate this prediction, parallel physical tests of
the F-SPR process were conducted using the same sets of pro-
cess parameters. Figure 12 shows the cross-section profiles and
bottom appearances of the F-SPR joints under the feed rate of
1.35 mm/s and the spindle speeds of 900, 1450, and 2000 rpm.

When the spindle speed was 900 rpm, some large cracking
could be observed both inside the joint and on the bottom
surface (refer to Fig. 12(a), (a’)). When the spindle speed
increased to 1450 rpm, there were only a few small cracking
near the rivet shank tip and large cracking could still be ob-
served on the bottom surface (refer to Fig. 12(b), (b’)). When

Fig. 11 Surface temperature
distribution of the bottom sheet
along the radial direction at the
end of the F-SPR process

Fig. 12 Cross-section profiles and bottom appearances of the F-SPR joints under the same feed rate of 1.35 mm/s and different spindle speeds. (a), (a’)
900 rpm. (b), (b’) 1450 rpm. (c), (c’) 2000 rpm
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the spindle speed increased to 2000 rpm, no cracking could be
observed (refer to Fig. 12(c), (c’)), which was in accordance
with the numerical predictions. To this end, the prediction
accuracy of the proposed numerical model is further validated.

4 Conclusions

A coupled thermal-mechanical model based on solid mechan-
ics has been proposed and validated to simulate the F-SPR
process taking into consideration the temperature and strain
rate-dependent material properties. The following conclusions
are drawn:

(1) The proposed numerical model of F-SPR process
achieved good correlations in geometry profile with par-
allel physical test results byintegrating Johnson-Cook
material model, interface frictional heat generation, pre-
set crack surface method, and ignoring the sticking con-
tact condition.

(2) During F-SPR process, the central portion of the top
sheet was cut off by the rivet and rotated along its sym-
metry axis creating additional frictional heat generation
at the interface of workpieces inside the rivet shank.

(3) Rivet and sheet materials underwent different local ther-
mal histories during the F-SPR process due to the com-
plex contact and heat generation conditions. The temper-
ature of the rivet and the bottom sheet kept raising
throughout the process, while the temperature of top
sheet reached its peak before being pierced through by
the rivet and then decreased gradually.

(4) At a fixed feed rate of 1.35mm/s, the final temperature in
the large deformation region of an F-SPR joint increased
with the increase of spindle speed from 900 to 2000 rpm.
The final temperature of larger than 194 °C could be
achieved in the large deformation region of bottom Mg
sheet with a spindle speed of 2000 rpm, under which
condition cracking in the F-SPR joint could be
eliminated.
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