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Abstract

This study introduces a new method for enhancing the life and strength of friction stir spot
welded (FSSW) joints using a localized plasticity process. The aim of this investigation is to
evaluate the effect of cold expansion on the improvement of fatigue life of FSSW joints in
aluminum alloy 7075-T6 plates through conducting experimental and numerical
procedures. In the experimental section, the fatigue tests were carried out using constant
amplitude load control servo-hydraulic fatigue testing machine on the as-welded and cold
expanded FSSW joints with cold expansion level of 3.3%. In the numerical part, three-
dimensional finite element models were implemented to calculate stress and strain
distributions in two batches of specimens using two multi-axial fatigue criteria: Smith-
Watson-Topper and Fatemi-Socie. The obtained experimental and numerical S-N data
revealed that the cold expansion method could improve the fatigue life of FSSW joints in all
load ranges so that in high cycle regimes, it could improve the fatigue life up to six times.
Although the results revealed that there is a relatively good agreement between estimated
fatigue lives ‘and experimental data in reasonable fatigue life regime, considering the

fatigue crack growth life can lead to better estimation.

Key words: Multi-axial fatigue criteria, Finite element, Residual stress, Friction Stir Spot

Welding.



1. Introduction

Friction Stir Spot Welding (FSSW) technology is being targeted at modern automotive and
aerospace industries in order to resolve the significant issues such as: energy saving,
environmental preservation, fuel economy improvement, and performance. One of the
efficient procedures is through replacing conventional iron based alloys with light and high
strength materials such as aluminum, magnesium and reinforced polymer composites in
fabrication of vehicles, as reported by Blawert et al. [1], and Davies [2]..These mentioned
alloys are difficult to fusion weld, and their mechanical properties are drastically
attenuated by fusion welding process, as reported by Cavaliere et al. [3]. The resistance
spot welding (RSW) with some privileges like high tolerance to poor part fit up compared
with fusion welding techniques is commonly employed for joining steel sheets; however,
this method leads to poor mechanical performance [4, 5]. Generally, friction stir welding
(FSW) is a revolutionary joining method which was introduced by TWI in 1991[6] with
various advantages such as good retention of baseline mechanical properties, little
distortion, and low residual stresses in comparison with traditional welding techniques.
German factory GKSS [7] has recently applied friction welding process for spot welding,
called friction stir spot welding (FSSW). In this new generated solid-state joining process,
the specimens are connected to each other based on friction heating on the facing surfaces
of predesigned special tool and sheets. The stirring process plays an important role in
producing a plastically deformed zone around the pin. This new invented technology has
been adopted by Mazda Motor [8] in mass production of hood and rear door of the sport
model Mazda RX-8. In FSSW the whole process of welding occurred under the melting
point of welded alloys. That's why it is appropriate for low melting point materials such as
Al and Mg. Due to overwhelming development in application of this welding technique,
many researchers have been allured to study the several aspects of this technology.

The main issues are micro-structural and mechanical characteristics of the joints,
optimization of welding process parameters, capability in joining dissimilar materials,
strength of the joints which are influenced by deviations in process parameters, and fatigue
life and failure modes of spot friction welded joints. Most of the previous studies

investigated the spot friction welds between similar and dissimilar aluminum alloys.



Smith et al. [9] proposed a review on the advantages of using FSSW in transportation
industry. Merzoug et al. [10] experimentally determined the optimal parameters of FSSW
process in order to enhance the mechanical properties of Al 6065-T5 welded joints. Da
Silva et al. [11] investigated the effect of joining parameters on the mechanical properties
and micro structural features; and described the material flow of dissimilar intermixing
during FSSW into different aluminum alloys. Rodrigues et al. [12] studied the influence of
welding parameters such as conical and flat shoulders, on the microstructure and
mechanical characteristics of joints to get non defective welds. Most of the previous studies
have focused on determining the influence of welding parameters on the microstructures,
failure modes of SFW joints under quasi-static loading conditions. In another study by Lin
et al. [13], the microstructures and failure modes of spot friction welds in lap-shear
specimens of aluminum 6111-T4 sheets were studied using optical micrographs. Wang and
Chen [14] predicted fatigue lives of FSSW in AL 6061-T4 lap shear specimens under cyclic
loading conditions based on Paris law and local stress intensity factors as functions of the
kink length. Rash Ahmadi et al. [15] investigated the fatigue life of single friction stir spot
welds by performing finite element analysis and strain-based modified Morrow’s damage
equation considering hardness distribution, assuming the cyclic material constants and
mechanical strength of different zones around the FSSW are proportional to the base
material hardness value. A new technique has been recently proposed to improve the
strength of friction welded joints which results in enhancement of static load capacity and
fatigue life. In this method, a number of actions are used such as adding some particle
reinforcement during the friction welding process, refilling the joints by using a special
designed double-acting tool to remove the created cavity in welded zone, and applying
thermal annealing to friction welded structures. Some of the relevant studies have been
done by Miller et al. [16]. They studied addition of metal particles during the spot friction
welding process to create a localized Metal Matrix Composite (MMC) for the improvement
of lap shear strength in AL 6111-T4 alloys; and experimental procedures revealed that the
MMC reinforcement improved the lap shear strength of Spot Friction Welded (SFW) joints
by about 25%. Uematsu et al. [17] investigated the effects of refilling probe hole and
increased effective cross sectional area of the nugget on tensile and fatigue behavior of

FSSW joints. Although experimental results revealed that tensile strength of refilled
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joints was higher than the as-welded joints, the fatigue strength of the refilled joints was
almost the same or in some cases lower than the joints with probe hole.

In parallel with our mentioned goal, a process has been proposed to improve the fatigue
life of FSSW joint in this research. This process generates compressive residual stresses at
the periphery of the joints via passing a designed concave pin with larger size than the
created hole in the center of the weld. The main objective of the present study is to evaluate
the performance of the proposed method through investigating its effects on fatigue
behavior of FSSW joints of aluminum 7075-T6 and therefore some reliable strain based
multi-axial fatigue criteria have been selected to predict fatigue lives of specimens based on

finite element analysis.

2. Theoretical background

Fatigue failure is commonly seen in many mechanical components. Although many spot
friction welded work-pieces are under uni-axial loads but multi-axial stress-strain states
are often observed at critical areas around the weld zone. Numerous methods have been
implemented to predict the real life services of mechanical components with uni-axial and
multi-axial states. Generally multi-axial fatigue theories can be categorized into stress,
strain and energy based approaches. As previously mentioned, multi-axial fatigue state
may occur in the welded zone. This is because of the nature of spot friction welded joints.

In this regard, a number of well-known critical plane multi-axial fatigue criteria have been
employed to estimate the fatigue life of welded structures. The first inevitable step in
predicting the fatigue lives of FSSW work-pieces is to build a Finite Element (FE) model.
Through using FE analysis, it is possible to find the critical planes and also the local and
principle stresses and strains in the regions of high stress gradients. In addition, the
number of cycles for failure of the specimens, N, can be calculated by substituting the
obtained values in damage equations.

Two prominent multi-axial fatigue criteria Smith-Watson-Topper (SWT) and Fatemi-Socie

(FS) were chosen for estimating the fatigue lives.

2.1. Smith-Watson-Topper (SWT)



According to this criterion proposed by smith et al. [18], a critical plane approach is
appropriate for materials with tensile crack nucleation [19]. This relationship is based on
the product of first principal stress and principal strain ranges, commonly referred to as
SWT parameter. In this study, the maximum value of SWT parameter is calculated for any

nodes during cyclic loading using FE simulations.
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range, fatigue ductility coefficient, fatigue strength coefficient, fatigue strength exponent,

fatigue ductility exponent and the modulus of elasticity, respectively.
2.2. Fatemi-Socie (FS) criterion

This critical plane approach was proposed by Fatemi and Socie [20] as a multi-axial fatigue
criterion. They conducted a combination of tension and torsion tests with a constant shear

strain range and finally ended up with a shear fracture parameter to describe the fatigue
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process. This fracture parameter is a function of maximum shear strain amplitude
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and maximum normal stress ¢, acting on the critical plane, as follows:
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Where n equals 0.6, a material constant which can be achieved from uni-axial and pure

torsional fatigue test data, O'yis the material yield strength, and Uis Poisson’s ratio.

3. Experimental procedures

3.1. Material and specimen configuration



An aerospace grade Al alloy 7075-T6 is selected as a parent material to fabricate spot
friction welded joints. The chemical compositions in mass percentage, tensile properties
and fatigue parameters of parent material are listed in Table 1 and Table2 [21].

In this study, a method is provided for improving the fatigue life of FSSW joints. To achieve
this goal, a series of residual compressive stresses were induced in the weld zone to have
all samples with same size. The specimens for experimental set up were made of two 2mm
thick sheets, with a length of 150mm and a width of 30mm. Upper and lower sheets
overlapping area was 30x30mm? as shown in Fig 1. Two spacers with-a length of 50mm

were attached to both ends of the lap-shear specimens.

Table 1:Chemical composition (wt.%) of 7075-T6 aluminumalloy.

Table 2: Mechanical properties of Al 7075-T6.

Fig 1. Dimensions (mm) of specimen for tensile and fatigue tests, the highlighted section represents the region used

in FE simulation.

3.2. Welding conditions and tool geometry

Generally, in friction welding techniques, the tool geometry, rotational speed, holding time,
and shoulder plunge depth are vital parameters which affect joints quality. All in all, any
changes in these parameters could influence the strength of FSSW connections. The only
parameter which needs to be changed is the applied load in fatigue tests. That’s why all the
friction stir spot welding process parameters are same. The processing conditions
employed in this study are tool rotational speed of 1500rpm, tool holding times of 10s,
travelling speed of 19 mm/min, and shoulder plunge depths of 1mm.

We managed to achieve a fine weld, by employing a flat tool with a shoulder of 16mm in
diameter and a pin of 6mm in diameter with length of 2.5mm as shown in

Fig 2.



Fig 2. Welding tool of friction stir spot welding (Note: dimensions are in mm).

3.3. Fatigue life improvement set up

As previously mentioned, the inherited holes at the center of welded joints are one of the
main objections in friction stir spot welding process. Although it has been shown that the
deeper penetration produces high strength joints, sometimes it might lead to the
perforation of plates. Therefore, it is generally accepted that the existence of holes at the
center of welds is inevitable in order to have high strength connections. To do so, in this
study a new process is introduced to enhance the strength of joints through applying the
cold expansion method and a series of reforms in the created hole at the center of weld.
According to the previous studies, the great impact of this process on increasing the fatigue
life of joints and perforated plates is quite clear [22, 23].

Technically, the following main steps are needed to prepare the cold expanded specimens.
In first step, an inherited blind hole in the middle of joints that was left by the probe,
transferred to open hole by means of drilling with the same dimension of pin’s probe
(D=6mm). All welded specimens had a 6mm diameter central hole which was drilled and
reamed in order to eliminate possible surface scratches. Fig 3 shows a schematic view of as-

welded and perforated FSSW welded specimens.

Fig 3. A photo of (A) as-welded and (B) open hole FSSW joint.

In second step, after initializing the open hole samples as the fatigue test specimens, all of
them were allocated for cold expansion process. The main purpose in this section was to
subject the perforated specimens to direct cold expansion in order to induce compressive

residual stresses by means of an oversized tapered pin. The pin used in this study as shown



in Fig 4 was made of steel with an outer diameter of 6.2mm to create a 3.3% cold expansion

level according to Eq. (3).

_D-d (3)

I x100

Where [ is the level of cold expansion, D is the pin outer diameter and d is the welded

specimen hole diameter.

Fig 4. Dimensions (mm) tapered pins used for cold expansion.

This process was carried out by inserting the pre-lubricated tapered pin into the created
holes in the middle of welded joints. To do this, a Zwick 6-Ton capacity tension-
compression test machine and a designed steel support were employed to supply the
penetration process of tapered pin by means of opposite movements in test machine’s

vices, as depicted in Fig 5.

Fig 5. A schematic view of cold expansion process.

3.4. Fatigue tests and results

Fatigue tests were carried out for two batches of specimens: first one includes as- welded
joints and second batch includes cold expanded specimens. These tests were conducted at
6 levels of load starting from 1.5kN to 4kN by means of a load controlled 250kN
Zwick/Amsler fatigue test machine with a frequency of 10 Hz and a load ratio of R=0.1
(load ratio=Pmin/Pmax) in air laboratory. A buckling guard was employed for specimens in
fatigue tests. The Japanese industrial standard JIS Z 3138 [24] method of tensile-shear
fatigue testing for spot welded joints was used. Fig 6(A) depicts the specimen position in the
test machine. Fig 6(B) depicts a close-up view of the as-welded specimen in fatigue test

machine.



Fig 6. (A) Fatigue test stage and specimen of FSSW, (B) a close-up view of as-welded specimen and (C) a close-up

view of cold expanded specimen in fatigue testing machine.

As mentioned, both types of the specimens were subjected to the same load amplitude. The
applied load versus the number of cycles to failure (S-N) are presented in semi-logarithmic
plot (Fig 7). As illustrated, there is a distinction between the fatigue lives of specimens. This
states that the cold expansion causes a significant improvement in the fatigue lives of spot
friction welded joints especially at lower load levels. However, the life improvement is not

appreciable at low cycle regimes.

Fig 7. Experimental (S-N) data obtained from fatigue tests, at R=0.1.

3.5. Fatigue fracture approach

The failure modes of two mentioned welded joints with a special attention to the fatigue
fracture mechanisms were investigated. The ordinary induced parameters are sheet
thickness, nugget diameter, and applied load levels. In fatigue tests of spot friction welded
structures, three common failure styles were observed: nugget fracture, crack propagation
in thickness, and button plug nugget fracture. Fig 8 and Fig 9 depict the fatigue failures of as-
welded and cold expanded joints at different load levels. These figures reveal that for both
types of specimens, nugget fracture has occurred in low-cycle regime; and fracture through
the sheet thickness perpendicular to the load direction has come up at low load levels.

Analysis of these results shows that the cold expansion only enhances the fatigue life of
joints without altering their failure modes. On the other hand, the created hole at the center

of weld only increases the fatigue strength of welded joints without any destructive effects.



Fig 8. Different fracture mechanisms of as-welded specimens in various load range: (A) Sheet fracture through the

thickness at low load level, (B) Nugget fracture at high load level.

Fig 9. Different fracture mechanisms of cold expanded FSSW joints in various load range: (A) Sheet fracture

through the thickness at low load level, (B) Nugget fracture at high load level.

4, Finite element simulation
4.1. Finite element model

The single spot friction welded joints of 7075-T6 Aluminum alloy sheet with thickness of
2mm were investigated. The stress and strain distributions in periphery of welded zones
were required to predict the fatigue lives of specimens (as-welded and cold expanded).
Since obtaining the precise values of stress and strain distribution around the weld is
theoretically impossible, finite element model was to resolve this problem. A brief
explanation of the FE models was presented here, however, the more details could be
found in [15] and [25].

In both types of the specimens, a non-linear 3D finite element model based on hardness
distribution was employed to obtain the local stress and strain values. In conducting the
simulations, a multi-linear kinematic hardening model was chosen to represent the
aluminum alloy 7075-T6 stress-strain behavior and a linear elastic model was selected for
the pin with the Young’s modulus of 210 GPa and Poisson’s ratio of 0.3. To do so, two types
of work pieces were modeled by ANSYS finite element package considering gap effects and
specific values for actual boundary diameter of the welds. According to the symmetric
structure of model with respect to XY plane, only half of the actual model was created in
order to obtain an optimum model with less computational time. All parts were meshed
with eight-node structural solid elements (Solid45). The size of the elements was refined
sufficiently in order to obtain more realistic results. Fig 10 and Fig 11 depict the finite
element models and the local elements near the stir zone of as-welded work pieces and

cold expanded types, respectively.
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Fig 10. Finite element meshed model of FSS as-welded specimens.

Fig 11. 3D finite element meshed model of cold expanded specimens.

As seen, in the cold expanded cases, a tapered pin was also added to the finite element
model in order for inducing compressive residual stress fields. To do this, mandrel should
pass through the created hole at the center of weld. Generally, in the cold expanded models,
a set of elements was introduced as the contacting surfaces. These elements would allow
the pressure to be transferred between the contact surfaces without piercing to each other.
In this study, contact 174 and target 170 elements [26] were employed between the hole
and pin. The friction effect between the contact pairs was selected as Coulomb friction
model with coefficient of 0.1[27].

The simulation process of FSS as-welded joints was organized in one main step by applying
different cyclic loads which were similar to the experimental conditions. In contrast, the
numerical analysis of cold expanded cases was carried out at two different load steps. In
the first load step, to perform the cold expansion, the mandrel was penetrated into the hole
and removed from the other side applying displacement increments on it. In the second
load step, the welded structure was subjected to particular stresses to resemble the

process of cyclic loading during the fatigue tests.
4.2. Finite element analysis results

In order to investigate the fatigue life of specimens, the experimental setup should be
similar to the boundary conditions of finite element model. The specimens in fatigue test
are under tensile-shear loading or multi-axial stress state. Therefore, to predict the fatigue
life of an improved spot friction welded joint based on multi-axial fatigue criteria the
numerical data such as principal stresses and strains are required especially near the
critical zones or high stress concentration areas. The longitudinal stress distribution for a
typical loading of as-welded model under loads of 1.5kN and 4kN are depicted in Fig 12 and

Fig 13. Contour plots of tangential stresses before and after the cyclic loads were constructed
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showing the residual stress distributions around the hole of cold expanded specimens (Fig.
14 and 15). As expected, the maximum stress values occurred around the TMAZ zones. The
circumferential residual stress distributions around the hole of welded joint are
demonstrated in Fig 14 and Fig 15. As illustrated, stage (A) refers to cold expanded state
before applying the repetitive load, and stage (B) represents the cold expanded FSSW joints
after applying the cyclic load.

Fig 12. Distributions of longitudinal stress (o) in MPa under load 1.5kN.

Fig 13. Distributions of longitudinal stress (cy) in- MPa under load 4kN.

Fig 14. Tangential residual stress (MPa) contours for: (A) 3.3% cold expansion; (B) after applying 1.5kN remote
load.

Fig 15. Tangential residual stress (MPa) contours for: (A) 3.3% cold expansion; (B) after applying 4kN remote load.

The data from FE models were then substituted in multi-axial fatigue damage equations.
The experimental and critical plane approach results are summarized in Table 3. As
depicted, the predicted fatigue lives of specimens with specific multi-axial criteria based on

the finite element models are in a good agreement with the experimental fatigue test data.

Table 3: Comparison of estimated results by two multi-axial criteria with experimental data for two batches of
specimens.
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5. Results and Discussion

Among the technical literature and surveys which are available in the field of spot friction
welded joints, a few studies have been performed to investigate the effect of weld
improvement on the fatigue behavior of the joints. According to Ref. [16], a localized metal
matrix composite (MMC) was created during the spot friction welding process for the
improvement of lap shear strength in AL 6111-T4 alloy, and static tests results revealed
that the MMC reinforcement improved the lap shear strength of SFW joints about 25%. On
the other hand, according to Ref. [17], refilling probe hole of the welded specimens, despite
increasing in the tensile strength, has no major impact on the fatigue strength of FSSW
joints. Shen et al. [28] investigated the effects of heating process on the microstructures
and tensile properties of a FSSW welded AZ31 magnesium alloy by microstructural
observations and tensile tests. Experimental results revealed that the width of the bonded
zone and merely the tensile strength of the heated FSSW joint increased remarkably.
Bakavos and Prangell [29] studied the effects of employing zero pin length and anvil
insulation on the strength of the FSSW joints during the welding process. Results revealed
that insulate anvil in the case of the pinless tool, enhanced the peak temperature in bottom
side by 45°C. Therefore successful joints without a retained weld keyhole were produced,
however, advantages of this method in improving fatigue strength of the joints has not
been reported. Senthil et al. [30] investigated the applications of compressed Ancorsteel
metal particles, around the axial center-line of the tool between the upper and lower
sheets, in spot friction welding in order to create localized metal matrix composite. Results
revealed an aluminum-ferrous solid formation around the steel particle and aluminum
matrix interfaces which increased the maximum lap-shear by 20%. Sun et al. [31]
introduced a novel two-step process of spot friction welding in order to improve the
mechanical property of the joints by eliminating the keyhole. In the first step, a
conventional method of spot FSW was applied above a round dent previously made on the
back plate. In the second step, the welding process was conducted on a smooth back plate
employing a pinless rotating tool with the purpose to remove the protuberance on the back
side and the keyhole on the front side. Results indicated that the final joints had a smooth

surface with no defects and improved mechanical properties. Uematsu et al. [32]
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investigated the effect of two kinds of post heat treatment, namely aging and T6 treatment,
on fatigue behavior of as-welded FSSW joints. Although their experimental observations
exposed that fatigue strength was little influenced by post heat treatment, fatigue fracture
phenomenon was dependent inextricably on load level, and post heat treatment. The only
merit of this procedure was affecting the fracture mode without any enhancement in
tensile or fatigue strength of the joints.

In the present study, the stress and strain distributions obtained from the FE models were
employed to extract the critical values of parameters for each multi-axial fatigue criterion
in the work pieces model. Furthermore, at any nodes in the FE models, the left hand side of

SWT damage equations of multi-axial fatigue criteria was calculated to find the maximum

max

. was then used to find the numerical value of

value. The calculated Ay, and O

fracture parameter. Finally, by employing these values and material constant parameters,
the estimated fatigue lives were obtained.

Although, it has been proved that in higher cold expansion levels, the improvement of
fatigue life is noticeable, but applying a large amount of cold work might cause damage or
even failure of the FSSW joints. So, to-overcome this difficulty, the cold expansion level of
3.3% was employed in this study. The distribution of longitudinal stress due to 1.5kN
remote load for the as-welded and cold expanded welded joints (see Fig 12 and Fig 14)
shows that the cold expansion considerably reduce the stress around the weld zone. Fig 13
and Fig 15 depict the longitudinal stress distribution due to 4kN remote load for both
batches of models are close to each others in critical regions. These facts are in line with the
experimental results (Fig 7) which express that the cold expanded specimens have longer
fatigue lives at lower load levels in comparison with high load levels.

Life prediction results based on these two multi-axial fatigue damage equations for both
types of spot friction welded specimens are presented in Table 3. The results indicate that all
predicted lives obtained from the local stress-strain methods are in a good agreement with
the experimental results particularly at low-cycle fatigue life regime. Generally, SWT
criteria results in an accurate estimation of fatigue lives; however, FS criteria
underestimates the fatigue lives. Nevertheless, these critical plane approaches have best

efficiency in comparison with biaxial fatigue damage equations in spot friction welded
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cases. However, in fatigue science, a unique multi-axial fatigue criterion cannot be
suggested to supply whole fatigue life regime with good level of accuracy for different

specimen types with various loading ranges.

6. Conclusions

The present study has proposed a new method to improve the fatigue life of friction stir
spot welded (FSSW) joints through applying a cold work process. The estimated lives of
two different joints were evaluated by employing Smith-Watson-Topper.and Fatemi-Socie
multiaxial fatigue criteria. The finite element method was used to find the principle stress,
strain, and critical plane in order to evaluate the values of SWT parameter and FS shear
fracture parameter.
By taking all above-mentioned arguments into consideration the following conclusions can
be drawn out:
The cold expanded FSSW joints have longer fatigue life compared to as-welded
joints and the life enhancement is more considerable in high cycle fatigue life
regimes.
Application of cold expansion process to FSSW joints improves the fatigue life of
specimens without altering their failure modes.
Results obtained from the multi-axial critical plane approaches are in a good
agreement with the experimental fatigue test data for FSSW joints.
There was no considerable difference between the obtained results of SWT and FS

multi-axial fatigue criteria.
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Table captions:

Table 1: Chemical composition (wt.%) of 7075-T6 aluminumalloy.

Table 2: Mechanical properties of Al 7075-T6.

Table 3: Comparison of estimated results by two multiaxial criteria with experimental data for two
batches of specimens.

Figure captions:

Fig 1. Dimensions (mm) of specimen for tensile and fatigue tests, the highlighted section represents the
region used in FE simulation.

Fig 2. Welding tool of friction stir spot welding (Note: dimensions are in mm).

Fig 3. A photo of (A) as-welded and (B) open hole FSSW joint.

Fig 4. Dimensions (mm) tapered pins used for cold expansion.

Fig 5. A schematic view of cold expansion process.

Fig 6.(A) Fatigue test stage and specimen of FSSW, (B) a close-up view of as-welded specimen and (C)
a close-up view of cold expanded specimen in fatigue testing machine.

Fig 7. Experimental (S-N) data obtained from fatigue tests, at R=0.1.

Fig 8. Different fracture mechanisms of as-welded specimens in various load range: (A) Sheet fracture
through the thickness at low load level, (B) Nugget fracture at high load level.

Fig 9. Different fracture mechanisms of cold expanded FSSW joints in various load range: (A) Sheet
fracture through the thickness at low load level, (B) Nugget fracture at high load level.

Fig 10. Finite element meshed model of FSS as-welded specimens.

Fig 11. 3D finite element meshed model of cold expanded specimens.

Fig 12. Distributions of longitudinal stress (o) in MPa under load 1.5kN.

Fig 13. Distributions of longitudinal stress (o,) in MPa under load 4kN.
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Fig 14. Tangential residual stress (MPa) contours for: (A) 3.3% cold expansion; (B) after applying 1.5kN
remote load.

Fig 15. Tangential residual stress (MPa) contours for: (A) 3.3% cold expansion; (B) after applying 4kN
remote load.
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Fig. 1. Dimensions (mm) of specimen for tensile and fatigue tests, tﬁighlighted section represents the region used

in FE simul
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Fig. 2. Welding tool of friction stir spot welding (Note: dimensions are in mm).

21



Fig. 3. A photoof (A) as-welded and (B) open hole FSSW joint.
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Fig. 5. A schematic view of cold expansion process.
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(A) (B)

©)

Fig. 6. (A) Fatigue test stage and specimen of FSSW, (B) a close-up view of as-welded specimen in fatigue testing

machine and (C) a close-up view of cold expanded specimen in fatigue testing machine.
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Fig. 7. Experimental (S-N) data obtained from fatigue tests, at R=0.1.
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Fig. 8. Different fracture mechanisms of as-welded specimens in various load range: (A) Sheet fracture through the

thickness at low load level, (B) Nugget fracture at high load level
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Fig. 9. Different fracture mechanisms of cold expanded FSSW joints in various load range: (A) Sheet fracture
through the thickness at low load level, (B) Nugget fracture at high load level
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Fig. 10. Finite element meshed model of FSS as-welded specimens.
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Fig. 11. 3D finite element meshed model of cold expanded specimens.
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Fig. 12. Distributions of longiv&s (oy) in MPa under load 1.5kN.
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ig.ngential residual stress (Mpa) contours for: (A) 3.3% cold expansion; (B) after applying 1.5kN remote
load.
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Table 1: Chemical composition (wt.%) of 7075-T6 aluminum alloy.
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Table 2: Mechanical properties of Al 7075-T6.




Table 3: Comparison of estimated results by two multi-axial criteria with experimental data for two batches of

specimens.
Load (kN)  Multi-axial criteria N(estimated) N(exp.) N(estimated) N(exp.)
1.5 SWT 809537 508135 - 9886642 5483731
FS 698075 ‘é 7240965
2 SWT @ 163433 159610 ,,2 906118 1097503
FS E | 158334 S 1274171
2.5 SWT _g 83654 74562 § § 514745 562894
FS 5 79126 5’2 486752
3 SWT T 26861 32763 % S 50416 63753
FS 8| 21868 =i 36819
3.5 SWT ((3 16905 25682 S 20808 28162
FS S 11730 8 13869
4 SWT 11610 10520 ko) 12235 13518
FS 7515 = 8336
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A new method has been introduced in fatigue life enhancement of FSSW joints.
Fatigue and tensile tests were carried out on as-welded and cold expanded specimens.
FE method and multiaxial criteria have been employed to estimate the fatigue life.

Cold work process improved fatigue life of the joints without changing failure modes.
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