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Abstract: In the present study, the fatigue behavior and tensile strength of A6061-T4 aluminum alloy,
joined by friction stir spot welding (FSSW), are numerically investigated. The 3D finite element
model (FEM) is used to analyze the FSSW joint by means of Abaqus software. The tensile strength is
determined for FSSW joints with both a probe hole and a refilled probe hole. In order to calculate the
fatigue life of FSSW joints, the hysteresis loop is first determined, and then the plastic strain amplitude
is calculated. Finally, by using the Coffin-Manson equation, fatigue life is predicted. The results
were verified against available experimental data from other literature, and a good agreement was
observed between the FEM results and experimental data. The results showed that the joint’s tensile
strength without a probe hole (refilled hole) is higher than the joint with a probe hole. Therefore,
re-filling the probe hole is an effective method for structures jointed by FSSW subjected to a static
load. The fatigue strength of the joint with a re-filled probe hole was nearly the same as the structure
with a probe hole at low applied loads. Additionally, at a high applied load, the fatigue strength of
joints with a refilled probe hole was slightly lower than the joint with a probe hole.
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1. Introduction
Lightweight metals such as aluminum alloys are widely used in the automobile and
aerospace industries. Assembling such metal structures is a challenging process in the
industry. Resistance spot welding (RSW), laser spot welding, and riveting are widely
used to assemble aluminum alloy panels. However, the noted conventional methods have
several disadvantages, including high structural weight and weak joint strength. Therefore, a new method is required for joining aluminum panels in order to overcome these
shortcomings. Friction stir welding (FSW) is a revolutionary joining method developed by
TWI (Cambridge, UK) in 1991. This method has various advantages, such as small thermal
deformation, high-quality welds with superior mechanical properties, fine and uniform
weld microstructures, and high welding efficiency [1].
Friction stir spot welding (FSSW) is a newly generated solid-state joining process [2].
In this process, the specimens are connected due to friction heating on the facing surfaces
of a specially designed tool and sheets. The stirring process plays an essential role in the
efficiency of the welding process [3]. Nowadays, FSSW has gained considerable interest
because of its practical application in the industry, for example, joining metals, such as
magnesium, titanium, copper, as well as its ability to join polymers, composites, and
dissimilar materials [4,5].
Structures joined using FSSW are subjected to different loading conditions during
their life service. Therefore, it is vital to elucidate the tensile and fatigue strengths of these
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structures. Several studies have [6–10] investigated the static and fatigue performances
of FSSW jointed structures. Ogawa et al. [6] investigated the influence of welding process
time to improve the FSSW joint efficiency of aluminum alloy. Furthermore, the fracture
mechanism was observed thoroughly. The results showed that increasing the welding
process time enhances the static and fatigue strengths. Uematsu et al. [7] performed tensile
and fatigue tests using lap-shear specimens of dissimilar FSSW between aluminum A6061
and low carbon steel. The results were compared with a similar weld of two A6061 sheets.
Results revealed that the tensile strength of a dissimilar FSSW joint is higher than that of a
similar one. However, the fatigue strengths of both types of FSSW joints were nearly the
same. Lin et al. [8] experimentally investigated the microstructures and failure mechanism
of FSSW joints in aluminum 6111-T4 lap-shear specimens joined by two different types
of tools (a tool with a flat tool shoulder and another one with a concave tool shoulder)
subjected to static load. They observed that the failure is initiated near the stir zone in
the weld zone’s middle section. Tozzi et al. [9] investigated FSSW joints between 6061-T4
aluminum alloy sheets. Tensile and shear tests were performed for three different probe
lengths. The effect of the probe depth on static strength and fracture mechanism was
discussed. Hassanifard et al. [10] studied the fatigue behavior of multi-friction stir spotwelded joints. They examined the effect of FSSW layout on fatigue life. Results indicated
that the arrangement of one row of four joints perpendicular to the loading direction is
the best as it has highest fatigue strength. Ebrahimpour et al. [11] investigated the TRIP
steel sheets jointed by the FSSW process for different rotational speeds experimentally and
numerically. FEM was employed to calculate the effects of temperature, strain, and strain
rate during the welding process. The results indicated that, by increasing the rotational
speed, the temperature, strain, and strain rate increased. The results revealed that increasing
the rotational speed (until 1500 rpm) results in increasing the tensile strength, although at
higher rotational speed (1800 rpm), the tensile strength decreases.
One of the disadvantages of FSSW joints is the development of holes on the surface at the central part of the weld nugget due to the FSSW process. The presence of
the holes causes several problems, such as corrosion vulnerability, in the structure. In
fact, water could remain in the holes for a long time, and corrosion occurs in such areas [12]. To address this problem, different methods have been developed to refill the
probe hole, such as a double-acting FSSW tool. Re-filling the probe hole results in high
weld strength, an adequate load-bearing capacity, and reduction in corrosion vulnerability [12–15]. Uematsu et al. [12] experimentally investigated the effect of re-filling the probe
hole on the tensile strength and fatigue life. The results indicated that the re-filling probe
hole results in increasing the static strength. However, re-filling the probe hole has no
considerable effect on the fatigue strength. Several recent studies [16–27] used different
loading conditions and different viable approaches to investigate the tensile strength and
fatigue life of joints and metallic structures.
The finite element method (FEM) is a cost-effective method to study FSSW joints. By
performing the FEM, the effect of different FSSW process parameters on the tensile strength
and fatigue life could be investigated. In this study, the fatigue behavior of Al-Mg-Si
aluminum alloy (A6061-T4 aluminum alloy) joints, joined by friction stir spot welding
(FSSW), is investigated numerically. Effect of re-filing the probe hole on the tensile strength
and fatigue life is examined and compared to the experimental results of Uematsu et al. [12].
It is worth mentioning that to calculate the structure’s fatigue life; the strain-based approach
is used. The homogenized variable (strain) is determined by the volume averaging of
the strain from all elements in the defined cylindrical-shaped volume (as a representative
volume element) around the probe hole. To the best of the authors’ knowledge, no research
has been done to investigate the tensile strength and fatigue behavior of FSSW joints based
on strain-based approaches by volume averaging variables to achieve more reliable results.
In this regard, to calculate the fatigue life, the steady-state hysteresis loops for different
applied loads are plotted, the plastic strain is determined, and the fatigue life is calculated.
This paper is organized as follows: in Section 2, the materials and geometry of structures
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joined by the FSSW process are defined. Then, the different steps of the FSSW process are
explained. In Section 3, numerical modeling is elucidated, mesh type and mesh size are
defined, and boundary conditions are determined. The fatigue prediction procedure is
also explained. In Section 4, results and relevant discussions are presented. First, tensile
strength results are discussed, and then the fatigue prediction outcome is debated. Finally,
a summary is presented, and the conclusions are drawn.
2. Materials and Methods
2.1. Materials and Design
The sheets used in this study were made of A6061-T4 aluminum alloy (elastic modulus
of 68.9 MPa, yield strength of 145 MPa, and tensile strength of 252 MPa [28]) with a thickness
of 2 mm. An elastic-plastic material model was employed to model the mechanical behavior
of aluminum sheets. The Johnson-Cook model, with constants listed in Table 1, was used
to model the plastic behavior of the sheets. The proposed Johnson-Cook model and the
constants were assumed to match the material flow behavior of the FSSW joints in the
Uematsu et al. study [12].
Table 1. Johnson-Cook constants of A6061 [29].
A (MPa)

B (MPa)

C0

n

m0

250

79.7

0.00249

0.499

1.499

Figure 1a shows the geometry of the specimens made by placing two aluminum sheets
with dimensions of 30 × 100 mm2 on top of each other with a 30 × 30 mm2 overlap area.
The hole geometry is demonstrated in Figure 1b, which is created by a double-acting tool
consisting of a flat outer shoulder and an internal retractable probe, which could refill the
probe hole. The geometry of the double-acting tool is the same as the hole created by the
tool. Figure 1c shows a model with refilled hole. Figure 2 indicates different stages of the
FSSW re-filing process. The tool used in the re-filling process consists of three components:
an outer clamping ring, a sleeve, and a central pin. Both the sleeve and pin components
rotate at the same rotational speed and direction [30]. In the FSSW process, in the first step,
both the central rotating pin and outer rotating clamping ring move down and impose
compressive pressure on the contact surface (Step 1 in Figure 2). In the second step, the
central pin moves up (Step 2 in Figure 2). Then, both the central pin and the outer clamping
ring move down again to fill the probe hole with heated and softened material (plasticized
material) due to the friction between the metal surface and the unconsumable pin (Step 3
in Figure 2). After re-filling the probe hole, the rotating FSSW tool moves up (Steps 4–5 in
Figure 2) [31].
2.2. Numerical Modeling
The aluminum plates, joined by friction stir spot welding (FSSW) subjected to static
and cyclic load, were analyzed using Abaqus software (V. 6.14, Dassault Systems, Paris,
France). The finite element model included three parts: two aluminum sheets and the weld
zone (Figure 3).

Materials 2021, 14, 2171
Materials
Materials2021,
2021,14,
14,2171
2171

4 of 13
4 of
4 of
1312

(a)
(a)

(b)
(b)

(c)
(c)
Figure
(a)
made of
two sheets
sheets overlappingone
one another,(b)
(b) geometryofofhole,
hole, and(c)
(c) a model
Figure1.
(a)Geometry
Geometryof
of the
the specimen
specimen
Figure
1.1. (a)
Geometry
of
the
specimen made
made of
of two
two sheetsoverlapping
overlapping oneanother,
another, (b)geometry
geometry of hole,and
and (c)a amodel
model
with
aarefilled
hole.
with
refilled
hole.
with a refilled hole.

Step 11
Step

Step
Step22
Figure 2. Cont.

Materials2021,
2021,14,
14,2171
2171
Materials

55 of
of 12
13

Step 3

Step 4

Step 5

Materials 2021, 14, 2171

6 of 13

Figure2.2.Different
Differentsteps
stepsof
ofFSSW
FSSWand
andre-filling
re‐fillingprocess.
process.
Figure

2.2. Numerical Modeling
The aluminum plates, joined by friction stir spot welding (FSSW) subjected to static and
cyclic load, were analyzed using Abaqus software (V. 6.14, Dassault Systems, Paris, France).
The finite element model included three parts: two aluminum sheets and the weld zone (Fig‐
ure 3).
The contact between the sheets was assumed to be a perfect bond. Tie constraint
types were used to define the perfect bond between the parts (near the weld zone). Figure
4 shows the cross‐sectional view of the finite element model of the aluminum plates joined
by friction stir spot welding. Three‐dimensional 8‐node linear hexahedral elements of type
C3D8R were used to discretize the regions far away from the welding area. In contrast,
quadratic tetrahedron elements of type C3D10 were used to discretize the region around
the welding zone [32]. As shown in Figure 4, the mesh near the welding zone was finer to
obtain more accurate results. However, in the regions far away from the welding area, a
coarser mesh was adopted to reduce the analysis time while keeping the precision intact.
Mesh sensitivity analysis was performed to ensure the accuracy of the model. Therefore,
the mesh refinement technique was done.
The boundary conditions used for static and fatigue simulations are listed in Table 2.
As indicated in Table 2, in order to simulate the static tensile and fatigue tests, the struc‐
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The contact between the sheets was assumed to be a perfect bond. Tie constraint types
were used to define the perfect bond between the parts (near the weld zone). Figure 4
shows the cross-sectional view of the finite element model of the aluminum plates joined
by friction stir spot welding. Three-dimensional 8-node linear hexahedral elements of type
C3D8R were used to discretize the regions far away from the welding area. In contrast,
quadratic tetrahedron elements of type C3D10 were used to discretize the region around

Materials 2021, 14, 2171

6 of 12

the welding zone [32]. As shown in Figure 4, the mesh near the welding zone was finer to
obtain more accurate results. However, in the regions far away from the welding area, a
coarser mesh was adopted to reduce the analysis time while keeping the precision intact.
Mesh sensitivity analysis was performed to ensure the accuracy of the model. Therefore,
the mesh refinement technique was done.
Figure 3. FEM of FSSW joints for structures with a probe hole.

Figure
An example
of a meshed
a probe
Figure
4. An4.example
of a meshed
plate plate
with with
a probe
hole. hole.

The boundary
conditions used for static and fatigue simulations are listed in Table 2.
Table 2. Boundary
conditions.
As indicated in Table 2, in order to simulate the static tensile and fatigue tests, the structure
is pulled byPlane
constant and cyclic displacements, respectively.
Z=0
Y=0
X=0
Z = 2L
Simulation
Table 2. Boundary conditions.
𝑈
0,
𝑈
0
Static
𝑈
0
𝑈
0
Plane

𝑈

Simulation
Fatigue
Static

0

𝐹

Z=0

𝑈

0

Y=0

𝑈

0

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑈
0, Z = 2L
𝐹
𝑐𝑦𝑐𝑙𝑖𝑐
Uz 6= 0,

X=0

Uz = 0

Uy = 0

Ux = 0

Uz = 0

Uy = 0

Ux = 0

2.3. Fatigue Life Prediction
Fatigue

Fz = constant
Uz 6= 0,

The strain‐based approach is being widely used to predict fatigue life of Fdifferent
z = cyclic
materials. In the present study, stress‐life fatigue curves for high‐cycle fatigue, as well as
stress‐strain
curves
2.3. Fatigue
Lifehysteresis
Prediction loop, are plotted. Total strain amplitude is divided into elas‐
tic and plastic
strain
components
based
datawidely
from the
steady‐state
loops
The strain-based
approach
is on
being
used
to predicthysteresis
fatigue life
of [33].
different
In this
regard,
to
calculate
the
steady–state
hysteresis
loops,
the
elastic–plastic
model
is as
materials. In the present study, stress-life fatigue curves for high-cycle fatigue, as well
usedstress-strain
to model thecurves
structure
joined
by
FSSW.
By
using
the
hysteresis
loop,
the
plastic
strain
hysteresis loop, are plotted. Total strain amplitude is divided into elastic
can be
determined
by
taking
the intercept
thefrom
loopthe
onsteady-state
the strain axis.
The stress‐life
and plastic strain components
based on of
data
hysteresis
loops [33]. In
this regard, to calculate the steady–state hysteresis loops, the elastic–plastic model is used
to model the structure joined by FSSW. By using the hysteresis loop, the plastic strain can
be determined by taking the intercept of the loop on the strain axis. The stress-life curve
could be linearized by taking life cycles until the failure (N f ) on a logarithmic scale. The
curve could be represented by:
σa = σ́ f (2N f )b
(1)
where σ́ f is the fatigue strength coefficient and b is the fatigue strength exponent. Coffin
and Manson [33] found that the plastic strain-life data could also be linearized by taking
N f on a logarithmic scale, and it can be express as:
∆ε ave− p
= έ f (2N f )c
2

(2)

Materials 2021, 14, 2171

7 of 12

∆ε

−p
where ave
is the volume average plastic strain amplitude, έ f is the fatigue ductility
2
coefficient, and c is the fatigue ductility exponent.
In the present study, to calculate the strain, homogenized variables (strain) are determined. In this regard, the strain is calculated by taking volume average of the strain
from all elements in the cylindrical-shaped volume around the probe hole. This volume is
determined to gain more accurate results as the area near the probe hole has a significant
effect on both tensile and fatigue failure of the structure.
This specified volume has a diameter equal to the outer clamping ring diameter
(10 mm); the height equals the overlap thickness (4 mm), where the hole (or refilled
probe hole) is located at the center of the cylindrical-shaped volume. The total strain is
calculated as:
Z
1
ε ave =
ε m dV
(3)
Vm

In Equation (3), ε ave is the volume averaged total strain (consist of elastic and plastic
strain), εm is the local strain in each element, and Vm is the total volume of the specified cylindrical-shape section. After calculating the volume averaged total strain by
Equation (3), the steady-state hysteresis loop is plotted for different applied loads, and
then the plastic strain amplitude is determined. By employing Equation (2), the number of
cycles to failure is determined for different applied loads and joints with a probe hole as
well as with refilled probe holes.
After calculating fatigue life, the results are compared with the experimental data
available in the literature [12]. In this research, the material constants are selected from the
literature and are listed in Table 3. In order to calculate fatigue life, the hysteresis loop is
calculated for the FSSW joint using Abaqus. Then, by developing a Matlab (MathWorks,
United States) code, the fatigue life is calculated.
Table 3. Fatigue materials constants for aluminum 6061-T4 [34].
Materials Constant

Aluminum 6061-T4

Fatigue ductility coefficient, έ f (mm/mm)

0.15

Fatigue ductility exponent, c

−0.520

Fatigue strength coefficient, σ́ f (MPa)

332

Fatigue strength exponent, b

−0.120

3. Results
3.1. Tensile Strength
Figure 5 illustrates the fracture surfaces between the upper and lower aluminum
plates at the joints with the probe hole (Figure 5a) and the refilled probe hole (Figure 5b).
As shown in this figure, the upper and lower plates are tied to each other only near the
weld zone. By increasing the load in the tensile test, the stress increases, and failure occurs.
In the present study, the maximum stress criterion is employed to investigate the failure
under static loading. In the present study, the effect of a geometrical defect in the upper
and lower sheet interface due to the penetrating of the tool in the lower sheet, which is
called hook formation [35], is not considered. The stress distribution around the hole area
in the FEM model for FSSW with probe hole under tensile loading is demonstrated in
Figure 6a. As shown in this figure, the maximum stress level occurs in the fracture path
around the hole. Figure 6b shows the stress distribution around the refilled welded area,
which shows that after re-filling the hole, the maximum stress decreases (by 33%) in the
fracture surface direction (compared to Figure 6a) at the same applied load. As shown in
Figure 5a,b, the effective fracture path (red dotted dash line) width in the structure with a
refilled probe hole is larger than the effective fracture path in the structure with a probe
hole, which results in higher tensile strength.
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The
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hole
and
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The
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model
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reported
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4
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are
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to
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experimental
from the current FEM model are reported in Table 4 and are compared to the experimental
from the current FEM model are reported in Table 4 and are compared to the experimental
results
resultsof
ofUematsu
Uematsuet
etal.
al.[12].
[12].From
FromTable
Table4,4,ititcould
couldbe
beperceived
perceivedthat
thatthe
theFEM
FEMresults
resultsare
are
results of Uematsu et al. [12]. From Table 4, it could be perceived that the FEM results are
in
-filling the
ingood
goodagreement
agreementwith
withthe
theexperimental
experimentaldata,
data,and
andboth
bothstudies
studiesshow
showthat
thatre
re-filling
the
in good agreement with the experimental data, and both studies show that re-filling the
probehole
holeincreases
increasesthe
thetensile
tensilestrength.
strength. ItItisisworth
worthmentioning
mentioningthat
thatthe
thepossible
possiblereasons
reasons
probe
probe hole increases the tensile strength. It is worth mentioning that the possible reasons
for the numerical difference between the present study and experimental results [12] can
be attributed to unknown properties of the welded zone, especially the heat-affected zone
(HAZ), as well as ignoring the hook formation effect on tensile strength.
Table 4. The tensile strength for FSSW joints.
Mechanical Properties

Tensile strength (N)

With a Probe Hole

Re-Filled Probe Hole

FEM (Present Study)

Experiment [12]

FEM (Present Study)

Experiment [12]

2950

2654

3621

3458
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for R = for
0.1.R Figure
8 shows
thethe
relationship
betweenthe
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maximum
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of cycles
failure (𝑁
thethe
joints
with with
a probea hole
andhole and
stress,
σ f stress,
, and 𝜎the
number
of cycles
totofailure
(N)f in
) in
joints
probe
with a re‐filled probe hole for R = 0.1, as predicted by FEM. While the fatigue strengths of
with a re-filled probe hole for R = 0.1, as predicted by FEM. While the fatigue strengths
both joint types are almost identical at low applied stress levels, the joint without a probe
of both
joint types are almost identical at low applied stress levels, the joint without a
hole has slightly higher fatigue strength than the joint with a probe hole. At high applied
probe
hole
has (45
slightly
joint
withstrength.
a probeThere‐
hole. At high
stress levels
MPa), higher
the joint fatigue
with the strength
probe holethan
has athe
higher
fatigue
applied
levels levels,
(45 MPa),
thethe
joint
with the
probe
has a higher
fatigue
fore, stress
at high‐stress
not only
re‐filling
process
doeshole
not increase
the fatigue
life, strength.
but it actually
decreaseslevels,
it. Available
experimental
data process
[12] havedoes
the same
trend as the
Therefore,
at high-stress
not only
the re-filling
not increase
the fatigue
presented
in thisit.study.
In the experimental
present study, stress
and strain
life, FEM
but itresults
actually
decreases
Available
data [12]
have (hysteresis
the same trend as
loop) results
are identified
near the
zone inIn
the
high‐stress
to the
the FEM
presented
incritical
this study.
the
present concentration
study, stressarea
andclose
strain
(hysteresis
fracture path, which is the same as the experimental observation [12]. This approach helps
loop) are identified near the critical zone in the high-stress concentration area close to the
fracture path, which is the same as the experimental observation [12]. This approach helps
to obtain reliable FEM results. Therefore, there is a good agreement between FEM results
and available experimental data.
Figure 9 compares the numerical (present study) and experimental [12] results for
the FSSW joints with the refilled (Figure 9a) and unfilled (Figure 9b) probe holes. These
figures indicate the relationship between the maximum load (Pmax ) applied to structure
and the number of cycles to failure, N f , for both the experimental and numerical analysis.
As shown in these figures, there is a good agreement between experimental and FEM
results. However, the discrepancy between numerical results and available experimental
data [12] may be due to the fact that the hook formation was not taken into account. In the
FEM analysis, the refilled parts properties are assumed to be the same as the properties of
the parent plate (aluminum 6061-T4), and hence the refilled section is part of the parent
plate; therefore, the FEM predicts higher fatigue life. By comparing Figure 9a, 9b at a
lower applied load, it can be seen that re-filling the probe hole enhances the fatigue life.
It is also shown that the result of both the FEM and experimental studies [12] have the
same trend, where the fatigue strength of both joints are almost the same at low applied
loads. Alternatively, at high applied loads, the joint with a probe hole has a slightly higher
fatigue strength.
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to obtain reliable FEM results. Therefore, there is a good agreement between FEM results
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Figure 9 compares the numerical (present study) and experimental [12] results for
the FSSW joints with the refilled (Figure 9a) and unfilled (Figure 9b) probe holes. These
figures indicate the relationship between the maximum load (𝑃 ) applied to structure
and the number of cycles to failure, 𝑁 , for both the experimental and numerical analysis.
As shown in these figures, there is a good agreement between experimental and FEM re‐
sults. However, the discrepancy between numerical results and available experimental
data [12] may be due to the fact that the hook formation was not taken into account. In the
FEM analysis, the refilled parts properties are assumed to be the same as the properties of
the parent plate (aluminum 6061‐T4), and hence the refilled section is part of the parent
plate; therefore, the FEM predicts higher fatigue life. By comparing Figure 9a, 9b at a lower
applied load, it can be seen that re-filling the probe hole enhances the fatigue life. It is also
shown that the result of both the FEM and experimental studies [12] have the same trend,
where the fatigue strength of both joints are almost the same at low applied loads. Alter‐
natively, at high applied loads, the joint with a probe hole has a slightly higher fatigue
strength.
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4. Conclusions
In the present study, the static tensile strength and fatigue life were computed by
performing 3D FEM based on a strain‐based approach. The results were validated against
the available experimental data in the literature. The results showed that:
a.

The tensile strength of the FSSW joint is improved by re‐filling the probe hole be‐
cause of the effective cross‐sectional area. In fact, the fracture path is increased, and
therefore stress in the fracture path decreases.
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4. Conclusions
In the present study, the static tensile strength and fatigue life were computed by
performing 3D FEM based on a strain-based approach. The results were validated against
the available experimental data in the literature. The results showed that:
a.

b.
c.
d.

The tensile strength of the FSSW joint is improved by re-filling the probe hole
because of the effective cross-sectional area. In fact, the fracture path is increased,
and therefore stress in the fracture path decreases.
Fatigue strengths of joints with both probe hole and re-filling probe hole are almost
the same at low applied load levels.
At high applied load levels, the joint with a probe hole has higher fatigue strength
than the joint with a re-filled probe hole.
Using a strain-based approach, by calculating the strain from volume averaging of
the strains of the elements near the welding zone (a cylindrical-shaped volume), is a
reliable approach to determine the fatigue life.

In this paper, a model based on FEM analysis and strain-based model was proposed to
study the FSSW joints and the effect of re-filling probe holes on the fatigue life improvement
of the FSSW joints. The results were in good agreement with available experimental data.
Therefore, the proposed model is a reliable model and it could be used in future studies
or even in the industry to examine the effect of other parameters (such as hole diameter,
thermal history, etc.) on tensile strength and fatigue life of FSSW joints.
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