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Abstract

The effect of three different sheet thicknesses of friction stir spot welding
on lap-shear specimens of Al 6061-T6 alloy was experimentally analyzed.
Different fatigue life evaluation models were applied to estimate the fatigue
behavior of the friction stir spot welding in different thicknesses. Experimental
results show a clear correlation between static strength and fatigue behavior of
different welding conditions. Results of tensile and fatigue tests demonstrated
the sheets with 2mm indicated the optimum thickness which were studied
in this research. At the same cycles, fatigue results of different thicknesses
showed considerable differences in the low cycles in comparison with the
higher ones. The evaluation models of Pook, Zhang and three-dimensional
finite element models were investigated in the different sheet thicknesses. The
three-dimensional finite element model evaluated fatigue behavior better than
the other models at different sheet thicknesses.

Nomenclature
kI Mode I local stress intensity factor kII Mode II local stress intensity factor
α Kinked angle of crack kI Mode I global stress intensity factor
kII Mode II global stress intensity factor keq Equivalent local stress intensity factor
Nf Final life C Paris coefficient
m Paris coefficient t Sheet thickness
F Applied load r Radius of weld nugget
d Diameter of weld nugget

1. Introduction

The Friction stir welding was invented by The Weld-
ing Institute (TWI) in 1991 as a bonding method of
aluminum alloys in the solid state. Mazda Company
introduced the friction stir spot welding (FSSW) in
2003. In the displacement control FSSW system, dif-
ferent kinds of parameters such as rotational speed,
holding time in the stirring step, depth of indentation,
the geometry of the pin, and shoulder and the velocity
of indentation and retraction have some effects on the

quality and consequently on the mechanical behavior
of friction stir spot welding (FSSW). By changing the
amount of these parameters, the amount of produced
heat within the process would vary, so the behavior of
the welding could change [1, 2, 3]. Furthermore, one
of the parameters that can affect the mechanical be-
havior of weld is the thickness of welding sheets. Mat-
soukas et al. [4] compared two thicknesses on resis-
tance spot weld (RSW). It was shown that increase
of the thickness resulted in better static and fatigue
strength. Ertas et al. [5] and Rahman et al. [6] investi-
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gated the effect of sheet thickness on RSW numerically
and showed thicker sheets endure more cycles than the
thinner ones. However, Zhang et al. [7] showed sheet
thickness had a reverse effect on the fatigue life.

In many structures, cyclic loading is the most sig-
nificant factor in the structure failure, so some stud-
ies focus on the fatigue behavior of FSSW. In some of
these studies, failure mechanisms of cyclic loading were
one of the major scopes of the investigations [8, 9, 10].
Moreover, in some other studies the relations of fatigue
behavior and the welding parameters were the main
aim of the research [11, 12]. Additionally, the fatigue
life estimation of FSSW has been performed in differ-
ent approaches. Some studies estimate the fatigue life
of the FSSW by the conventional or multi-axial fatigue
relations [13, 14]. On the other hand, some studies as-
sumed the tail of the joint as a sharp crack. These
studies have used some approaches based on fracture
mechanics to evaluate the fatigue life of the resistance
spot welding or friction spot welding [15]. The fracture
mechanics based approaches use the evaluated stress
intensity factors to estimate the fatigue life of FSSW.
Pook [16] determined the stress intensity factors in the
lap shear configuration. Zhang [17, 18] gave the stress
intensity factors in various specimen configurations.

Newman and Dowling [19] developed a fatigue life
prediction model of resistance spot weld of lap shear
specimens based on the global stress intensity factors
of the results of Pook [16]. A crack growth approach
was introduced in consideration of the local stress in-
tensity factors and the kinked crack. Furthermore, Lin
et al. [20] used different global stress intensity fac-
tors in various specimen configurations to develop a
fatigue life prediction model based on local stress inten-
sity factors of kinked cracks. The local stress intensity
factors can be calculated by the global stress intensity
factors and the kink angle when the kink length ap-
proaches zero [21, 22]. The developed fatigue life pre-
diction model of Newman and Dowling [19] is based on
the independency of the local stress intensity factors
of resistance spot welds to the kink angle and length.
Moreover, some efforts have been accomplished to cal-
culate the local stress intensity factors based on the
three-dimensional finite element analyses [23, 24, 25].

The previous studies on the effect of sheet thick-
ness on the spot weld are limited on the resistance spot
weld and few investigations were focused specifically on
the observation of the sheet thickness effect on fatigue
behavior of FSSW. The studies which focus on fatigue
behavior were limited to the investigation of the failure
modes and numerical verifications on specific welding
condition. Therefore, in this work, the sheet thickness

of FSSW on Al 6061-T6, as one of the leading factors
which affects the welding quality was experimentally
and numerically investigated. Static strength and fa-
tigue behavior in three different sheet thicknesses were
analyzed and correlated. Finally, an optimized sheet
thickness was extracted. Experimental results of dif-
ferent thicknesses were compared with those obtained
from evaluation of numerical and theoretical models.
Additionally, two different fatigue failure modes were
observed at different load levels of different sheet thick-
nesses. The shear fracture of the welding joint and the
transverse crack growth in the sheets.

2. Material and Specimen Preparation

In this investigation, Al 6061-T6 aluminum alloy in
the form of a sheet with 2, 3, and 4mm thicknesses was
used. Chemical composition and mechanical properties
of this alloy are listed in Table 1 and Table 2, respec-
tively [26]. Lap-shear configuration was utilized, which
was made by two 40mm by 160mm sheets. Moreover, a
40mm by 40mm area was used for overlap. Two spac-
ers with 40mm by 4mm were attached to the end of
samples (Fig. 1) to eliminate misalignment and the
torsional moments [27].

Fig. 1. Geometry of lap-shear specimens.

The welding tool was made of hot-work tool steel
of H13 which was tempered and hardened to 45-48 HV
[28]. Fig. 2 shows the apparatus which has 6-degree
concave shoulder and conventional pin with 14mm and
6mm diameters, respectively. Vertical CNC automated
machining system was used for the welding process.
In displacement controled FSSW process, parameters
such as rotational speed, holding time of stirring and
indentation depth of the pin were introduced as the
most effective parameters of the welding process, so in
order to investigate the effect of holding time, the other
parameters were taken constant values in all specimens.
Thus, the specifications of the prepared specimens were
4 seconds of holding time, with 750rpm of rotational
speed and 3, 4, and 5mm of plunge depth of 2, 3, and
4mm thicknesses, respectively. Moreover, the other ef-
fective parameters such as indentation and retraction
speed were taken 10 and 100mm/min, respectively.

Table 1
Chemical composition of Al 6061-T6.

Element Al Mg Si Cr Mn Ti Cu Zn Fe
Percent (%) Bal. 0.69 0.54 0.20 0.07 0.05 0.32 0.09 0.46
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Table 2
Mechanical properties of Al 6061-T6 [26].

Mechanical property Value
Poisson’s ratio 0.33
Modulus of elasticity 68.9GPa
Yield stress 276MPa
Ultimate tensile strength 310MPa

Fig. 2. Welding tool configuration.

3. Experimental Procedure

Tensile and fatigue experiments were performed with
Zwick/Roell fatigue testing device. Static strength
was determined by 2mm/min rate of loading at room
temperature. The loading procedure continued until
the separation of welding where load and displacement
were recorded simultaneously. Fatigue experiments
were performed at six different load levels with a si-
nusoidal stress ratio of 0.1 and frequency of 10Hz [29].
Final rupture of the joint was considered as the termi-
nation of the fatigue test.

4. Numerical Procedure

In the fatigue life prediction model of Newman and
Dowling [19], which is expressed in Eq. (1) to Eq. (4),
the local stress intensity factors (SIF) of the main crack
can be represented by the global SIFs. The and are the
global and and are the local stress intensity factors and
is the kinked angle. The global stress intensity factors
were calculated by the theoretical equations developed
by Pook [16] and Zhang [17] in Equation (5) to Eq.

(8), respectively. In these equations F is the applied
load, t is the sheet thickness and r and d are radius
and diameter of weld nugget, respectively.
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The later studies evaluated the SIFs by the two and
three dimensional finite element models. In these stud-
ies the global SIFs were determined by numerical analy-
sis and then fatigue life was evaluated [25, 30, 31]. The
three-dimensional finite element analysis of fatigue life
of FSSW was performed by ABAQUS package. Fig.
3 shows the meshing near the crack front. According
to the symmetry of the model, half of the geometry
was modeled with a symmetry boundary condition.
According to the Newman and Dowling [19] model,
the crack was assumed as a circle. The contour inte-
gral method was used for evaluation of the SIFs. The
crack initiation criterion was set to maximum tangen-
tial stress. The loading and boundary conditions were
applied just like the experiments. The Paris coefficients
of C and m were 5.517 × 10−8 and 3.214 respectively
[32].
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Fig. 3. Meshing of 3D finite element model.

5. Results and Discussion

The static shear strength was determined by the aver-
age of the three tested specimens for each sheet thick-
ness. Fig. 4 compares the static strength of differ-
ent welding conditions. Furtheremore, Fig. 5 demon-
strates the typical stress vs. strain curves of welding
joints with different sheet thicknesses. It can be ob-
served that thinner sheets show better static strength.
So, the sheets with 2mm thickness show the optimum
static strength.

Fig. 4. Comparison of the static shear strength of
different welding conditions.

Fig. 5. Stress vs. strain curves of different welding
joints.

Fatigue tests were performed and repeated at six

various load levels considering the static strength of
similar welding conditions. The average life of three
specimens in each load level of different welding condi-
tions is illustrated in Fig. 6. The differences among the
results of each load level is set up to 10 percent, there-
fore, the more difference leads to performing the ex-
tra experiments. The fatigue results reveal the fatigue
strength of the FSSW increases in the thinner sheets
at the same load levels. Additionally, fatigue lives be-
tween different thicknesses indicate more differences at
the higher load levels, which causes steeper trend-lines.
The tested sheets were produced by the rolling process,
so the microstructure of the different thicknesses would
be different. Therefore, the different microstructure of
the specimens led to different fatigue behavior and the
thinner sheet thicknesses demonstrated better fatigue
lives.

Fig. 6. Fatigue results of different welding conditions.

The failure modes of various load levels were dif-
ferent and are compared in Table 3. In this table, the
failure surfaces of the bottom and top sheet of the 2mm
thickness, as the best case of the welding process, in
different load levels are illustrated in macrograph. Ob-
viously, in the high levels, the failure mode is the shear
and nugget pull-out. However, at low levels, the failure
mode is the transverse crack growth. However, for the
all tested specimens with 3 and 4mm thicknesses the
only occurred fatigue failure mode was the shear one.
The failure process was initiated by a kinked crack and
the final rupture occurred by the nugget pull-out or
shear fracture.

At the same cycles, fatigue behavior of different
welding conditions shows higher differences in the lower
cycles than the higher ones. The discussed behavior
can be justified by the different failure modes of spec-
imens at the lower and higher load levels. The differ-
ent failure mode of 2mm thickness at low load levels
caused the steeper slope. Furthermore, the 3 and 4mm
thicknesses had more similar slopes which can be a con-
sequence of the same failure mode at the all different
load levels.
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Table 3
Comparison of failure surfaces under different load levels of 2mm thickness.

Maximum load (kN) Ratio of static strength (%) Failure surface of welding
Top sheet Bottom sheet

3.73 85

3.1 70

2.6 60

2.2 50

1.76 40

1.32 30

The elements of the numerical model were the
quadratic three-dimesional stress elements with 20
nodes and reduced integration formulation (C320DR).
The mesh refinement and convergence were accom-
plished. Fig. 7 illustrates the mesh convergence of
the finite element model on the crack front. The crack
front is the most critical region of this model. So, the
size of 0.4mm was chosen as the refined size of the el-

ements on the crack front. Moreover, the regions far
from the crack zone were meshed with the elements of
0.8mm sizes. Therefore, the numerical model was con-
structed by 30500 elements. The distribution of the
stress intensity factors through the crack front are il-
lustrated in the Fig. 8. So, the maximum equivalent
stress intensity factor of the crack front occurred at 0
and 180 degrees (the specified points A and B in the
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Figure 1). Fig. 9 to Fig. 11 compare the evaluated
life of the different models with experimental results
in different thicknesses. It can be observed that Zhang
[17] and three-dimensional finite element models over-
estimate the fatigue life at all load levels. However,
Pook [16] model overestimates the fatigue life at high
load levels and underestimates it at low load levels.
Additionally, the differences of Zhang [17] and Pook
[16] models grow bigger with increasing the thickness.

Fig. 7. Mesh convergence of the model on the crack
front.

Fig. 8. Distribution of stress intensity factors through
the crack front of 1N load.

The FEM model got more details of the specimens
to evaluate the SIFs than the two theoretical models.
The theoretical models were also developed on the re-
sistance spot welding; however, friction spot welding
was investigated in this work. The friction stir spot
welding and resistance spot welding were totally dif-
ferent in geometric point of view. The key hole of the
stirring process and other geometrical parameters of
the friction stir spot welding were not considered in
the theoretical models. So, the results showed that
the three-dimensional FEM evaluates the fatigue life
better than the other models. More load levels were
also underestimated by Pook [16] model in the thicker
sheets.

Fig. 9. Comparison of experimental and numerical
results of 2mm.

Fig. 10. Comparison of experimental and numerical
results of 3mm.

Fig. 11. Comparison of experimental and numerical
results of 4mm.

6. Conclusions

Static strength and fatigue behavior of friction stir spot
weld of Al 6061-T6 alloy in the different sheet thick-
nesses were investigated experimentally.

Different fatigue life evaluation models were applied
to estimate the fatigue behavior of the FSSW in differ-
ent thicknesses.

Experimental results showed a clear correlation be-
tween static strength and fatigue behavior of different
welding conditions. Results of tensile and fatigue tests
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demonstrated the sheets with 2mm were the optimum
welding conditions which was studied in this research.
At the same cycles, fatigue results of different welding
conditions showed considerable differences in the low
cycles in comparison with the higher ones.

The evaluation models of Pook [16], Zhang [17] and
three-dimensional finite element models were investi-
gated in different sheet thicknesses. The 3D FEM and
Zhang [17] models overestimated the fatigue life at all
load levels. Pook [16] model overestimated the fatigue
life at high load levels and underestimated at low load
levels. Pook [16] model underestimated thicker sheets
more than the thinner sheets. The three-dimensional
finite element model evaluated fatigue behavior bet-
ter than the two other models at different sheet thick-
nesses.
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