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Abstract

The tensile-shear strength of AA 5052 single and multi-FSSW joints were analyzed using experimental,
numerical, and analytical approaches. Benchmark specimens were designed and manufactured in a similar
manner with respect to industrial practice. Under the fixed welding process condition, the failure mechanism of
FSSW-ed specimens under tensile-shear loading was first determined by using macro- and micro-structural
analysis. It is shown that increasing the shoulder diameter and number of FSSWs may non-proportionally
increase the strength of the joints. In the linearly arranged multi-FSSW joints, the strength of these joints was
discussed using analytical approach. It is demonstrated that in certain cases, increasing the nugget diameter is
preferred than increasing the number of nuggets. This is only applicable to a certain FSSW failure mechanism.
A FE model prediction tool was developed to predict the tensile-shear strength of FSSW-ed joints using the
material properties obtained from the measurement of experimental hardness.
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Symbol Description

I Radial distance from the centroid to the center of nth weld nugget
Fo Reaction of each nugget toward in-plane shear force

F'n Substitution force of nth nugget

V1 In-plane shear force

M, Out-of -plane moment

G Centroid point

D Diameter of tool shoulder

UTSF Ultimate tensile shear force

1. Introduction



One of the new solid state welding procedures is friction stir welding (FSW), which has been
widely used to weld aluminum alloys. This technique could be used for joining parts without
melting the base materials. Friction stir spot welding (FSSW) was then derived from FSW to
overcome the disadvantages of resistant spot welding (RSW), such as contamination,
blowholes, porosity, and cracks in the weld region. This procedure was first introduced by
The Welding Institute (TWI) and it was later commercialized by the Mazda Corporation of
Japan (Hancock 2004). Feng (Feng et al. 2005) suggested to divide the FSSW procedure into
three steps of plunging, stirring, and retracting. A rotating tool is plunged into two
overlapping sheets in a single location. Then, the tool dwells for a specific time (about 2-5
seconds) allowing the materials mix together. Finally, the tool is drawn out and the bond is
generated. FSSW can be used for joining dissimilar sheets while the weld nugget experiences
low distortion during and after the welding procedure. Its benefits include possessing a small
amount of waste material and energy savings of about 90 percent in comparison to RSW.
Furthermore, in controlling the process parameters, different authors such as Hancock (Su et
al. 2007), Su (Su et al. 2007) and Lin (Lin et al. 2012) have been reported that FSSW can
generate joints with higher mechanical properties in comparison to RSW. As a result of these
advantages, FSSW is used to weld lightweight materials, especially aluminum alloys. Two
review studies published by pan (Pan 2007) and Yang (Yang et al. 2014) provided
comprehensive data on microstructures, mechanical properties, and the fatigue behavior of
FSSW in different materials.

Bilici (Bilici and Yikler 2012) demonstrated that the load-bearing capacity of the FSSW
joints is one of the most important mechanical properties that is mainly affected by the sizes
of the weld zones. Addison (Addison and Robelou 2004) showed the size and shape of the
weld zone also depends on the conditions and parameters of the welding process. These
factors can be divided into two major categories of welding parameters, such as tool
rotational speed, dwell time, delay time, plunge depth, and plunge rate as well as tool
geometrical factors, such as pin diameter, pin length, pin angle, pin profile, shoulder
diameter, and the shoulder concavity angle. The research presented by Mishra (Mishra and
Ma 2005) and Khosa (Khosa et al. 2010) showed that in a fixed welding process parameter,
the heat generation and plastic flow of the material are only affected by tool geometrical
factors. The previous studies were mainly focused on obtaining optimum FSSW joints by
changing the various affecting parameters. Tozaki (Tozaki et al. 2006) showed that the bond
strength of aluminum alloys is proportional to the pin length. Lin (Lin et al. 2013) used
threaded cylindrical pins and demonstrated further increase of the FSSW joint strength by
varying the material flow; there is, however, no exact quantification at this point. Yuan’s
work was focused on the pin’s rotational direction and they change the lap-shear strength by
modifying the rotational direction (clockwise and counter-clockwise) of a threaded pin.

Although multi-FSSWs are mostly used in industries rather than single FSSW, among the
few studies performed on multi-FSSW joints, only Adib (Adib et al. 2004) and Hassanifard
(Hassanifard et al. 2013) reported fatigue life of multi-FSSW joints and no study was found
that examined the ultimate strength and mechanical behavior of these types of joints. FE
simulations were mainly focused on the distribution of heat and material flows under



different conditions. Several methods and software tools were used in the FSSW analysis.
Langerman (Langerman and Edvin 2003) used FLUENT software for computational fluid
dynamic (CFD) analysis. These methods used non-Newtonian fluid assumption and
temperature distribution, and the flow of metals was predicted. Dorfeler (Dorfler 2008) used
the written CFD code in COMSOL for simulating dissimilar joints. FE codes, such as the
ABAQUS software that were used by Gerlich (Gerlich et al. 2005) and Awang (Awang and
Mucino 2010) were also employed for temperature and deformation predictions.

The main objective of the current research was to simulate an industrial case in which the
designer should increase the overall strength of the joints by increasing the weld nugget
diameter or increasing the number of the spot welds. In the presented approach, the failure
mechanism of the predefined FSSW joints, which were made of 5052 aluminum, was first
determined. Then, by increasing the number of nuggets and tool shoulders, the tensile-shear
strength was measured. It was shown that the presented analytical approach can be used for
predicting the effect of the number nuggets in linearly arranged multi-FSSW joints. A simple
FE modeling prediction tool was developed based on experimental measurement of material
hardness.

2. Experiments
2.1 Materials, Tools, and Welding Experiments

Single and multiple FSSW experiments were conducted on rectangular specimens with a
length of 200 mm and a width of 30 mm, which were cut from a 2-mm thick aluminum alloy
5052-H36 sheet. Owing to the presence of magnesium, AA 5052 has good corrosion
resistance and it is widely used in the aerospace, automotive, and marine industries. The
chemical composition of the material was measured and it is listed in Table 1. The
mechanical properties are listed in Table 2.

Table 1 Chemical composition of 5052 Al alloy

Element Al Mg Fe Cr Sc Others
Weight Rest 2.5 0.4 0.25 0.25 0.45
percentage

Table 2 Mechanical properties of 5052 Al alloy

Mechanical property Unit
Yield stress 241 MPa
Ultimate stress 276 MPa

Elongation 8%

In order to investigate the effect of tool diameter, four tools were made of a round bar of AISI
H13 chromium hot-work tool steel. The shoulder diameters were machined to 6.5 mm, 10
mm, 13 mm, and 16 mm, with concave profiles. All the pins were conical unthreaded pins,
with a length of 2.75 mm and an apex angle of 15 degrees. The angle of the chamfer within




the shoulder end surface was 5 degrees. All the tools were quench and temper heat-treated to
50 HRC. Figure 1a) shows the schematic view of tool geometry.

The joints were spot welded by using a FP4AME CNC milling machine, with a vertical speed
of 12 mm/minute, a plunge depth of 3.1 mm, and dwell time of 5 seconds. The tool rotation
speed was fixed at 2500 RPM. The weld specimens were manufactured by overlapping two
sheets over a length of 40 mm for single FSSW, where the FSSW process was then
performed at the center of the overlap. For multiple FSSW specimens, the typical overlap
length and the location of the spot welds in the specimens with two and three spot welds are
also shown in Figures 1b) and 1c) respectively. To prevent the stress concentration effect, the
distance between the center of the nugget and the edge of the sheet was maintained at 15 mm.
A gap of 30 mm was also considered between the two weld centers. A typical view of the
welded joints using tools with different shoulder diameter is shown in Figure 2.
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Figure 1a) Schematic geometry of FSSW tool and typical dimension of multiple FSSW specimens 1b)
two-spot welds and 1c) three spot-welds (Dimensions are in mm.)



Figure 2 Welded specimens with single spot weld and different tools shoulder diameter

2.2 Tensile-shear Test

The tensile-shear tests were performed at room temperature under displacement control at a
rate of 1 mm/minute by using a ‘Shijin-Class A’ uniaxial testing machine. In order to align
the applied loads under the lap-shear loading conditions, two doublers, made of the same
material with a dimension of 30 mm x 30 mm, were bonded to the ends of the specimens by
using metal adhesives. Several tensile-shear experiments were performed and each test was
repeated at least three times, full load-displacement curves of each geometry configuration
were then obtained. The tool shoulder diameter and the number of FSSWs were changed to
simulate industrial practice.

2.3 Macrostructure and Microstructure Observations

In order to characterize the deformation mechanism in each of the sections shown in Figure 3,
further tests were conducted and in each test, the specimen was loaded only till the maximum
force was associated in each section. The specimen was then cross-sectioned by using an
electrical-discharge cutting machine (EDM). The cross-sectioned samples were mounted in
Bakelite and they were grounded with emery papers up to 1,200 grit. A chemical etchant, a
diluted solution of 5 mL of HF + 10 mL of H2SO4 in 85mL of water treated for about 60 to
90 secondswas then used to observe the microstructure of the weld region. Finally, the
images were captured in different magnifications by using a Nikon optical microscope
(Jenaval, Carl Zeiss/Jena).

2.4 Micro-hardness Measurement

Vickers micro-hardness tests were carried out at the cross-section of the weld region on both
sheets. A cross-section plane was chosen perpendicular to the loading direction. The hardness



of the weld region was measured by using a diamond pyramid indenter with 100 g load and
10 seconds of dwell time.

3. Experimental Results

A typical force—displacement diagram for the 13-mm shoulder diameter of the single FSSW
is shown in Figure 3, where it is also divided into five sections; these five sections illustrate
the different mechanical behaviors of the sample during loading. Further tensile-shear tests
were performed on loads associated with each section. This is explained further in the section
below.
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Figure 3 Force-displacement curve for one spot welded specimen. #1: gripping and balancing the specimen; #2:
elastic deformation; #3: weld nugget rotation and reaching to UTTS; #4: shear fracture; #5: joint separation

The variation of tensile-shear force with the displacement of tools having different shoulder
diameters is shown in Figure 4. Similar results of multiple spot weld specimens are compared
in Figure 5. A side view of the deformation experienced by FSSW joints associated with two
spot welds is shown in Figure 6.

The overall appearance of the failed nuggets is shown in Figure 7. Figure 8 illustrates the
cross-section of the weld that corresponds to the different sections shown in Figure 3. For
example, Figure 8a) shows the cross-section of the weld zone corresponding to the single
spot weld specimen that is only loaded up to about 150 N (Figure 3, Section 1). Figure 9
shows the micro-hardness of the upper and the lower sheets relative to their distances from
the HAZ center. The error band for each hardness measurement point was also calculated and
plotted in Figure 9.
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Figure 4 Force-displacement curves for spot welds produced by tools having various shoulder diameters
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Figure 5 Force-displacement curves for multiple Spot welds

Figure 6 Side view of deformation in the FSSW specimen with two spot weld
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Figure 7 Surfaces of the failed specimen under tensile shear load, (a) the upside of upper surface, (b) the
downside of upper surface, (c) the upside of upper surface

Figure 8 Macrostructure views of side of the nugget reperesented to (a) section #1, (b) section #2, (c) section #3,
(d) section #4
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Figure 9 Micro-hardness variations across welding spot for specimen No.3

4. Finite Element Analysis

A Finite Element (FE) model of the tensile-shear experiment was developed to simulate the
mechanical behavior of the weld under tensile-shear loads. The domain adopted for FE
simulation was the 3D model of the entire geometry of FSSW joints with an elastic—plastic
constitutive law. A gap of lum was considered between the two plates to represent the
surface roughness of contact area. During the FSSW process, different weld zones were
generated as the results of temperature distribution in the joint area (Fanelli et al. 2012).
Hence, the material properties within the weld region varied depending on the distance from
the center of the nuggets. There are normally four zones of materials; these are the stir zone
(S2), thermo mechanical affected zone (TMAZ), heat affected zone (HAZ), and base metal
(BS). SZ is the innermost zone and is located around the key hole. It is modeled as a hollow
sphere in the FE model. In TMAZ, which is farther from the weld center than SZ, the
materials are affected both mechanically by the tool and thermally by friction heat. HAZ that
is located surrounding TMAZ is considered a hollow cylinder. The BM zone is beyond all
zones. While the grains of SZ are recrystallized completely, no changes occur in the
properties of the BM zone.

Based on the results presented in the next section, the bonded region extends from center of
the weld to the middle of TMAZ. There was no noticeable bonded region beyond this area.
Thus, in simulation, SZ and half of TMAZ were considered as an integrated zone. Figure 10
shows the different zones of the material in the FE model. In order to realistically evaluate
the welded joint mechanical behavior, detailed geometrical features and accurate material
properties were implemented in the FE model. Table 3 presents material properties used in
the FE model. As illustrated in Figure 11, fine mesh was adopted for the weld zones, whereas
coarser meshes were selected for the other areas. The specimen was fixed from one end and
the load was introduced from the other end of the specimen.

Figure 10 Different zones in FE model
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Table 3 Mechanical properties of different zones in the FE model

Zone in FE model Mechanical property Unit
BM Elastic modulus 210 GPa
Yield Strength 260 MPa
HAZ Elastic modulus 125 GPa
Yield Strength 108 MPa
Sz Elastic modulus 125 GPa
Yield Strength 170 MPa
TMAZ Elastic modulus 125 GPa
Yield Strength 170 MPa

)
Figure 11 FE Mesh a) single spot b)double spot c) details of FE mesh in the HAZ area

5. FE Analysis Results

The main purpose of FE simulation was to develop a FE prediction tool for the determination
of the tensile-shear properties of FSSW joint. A better understanding of the mechanical
behavior of FSSW joints under tensile-shear loading was also achieved. Figure 12 shows a
typical FE results where Figure 12a) illustrates the global deformation of the single FSSW
joint. The distribution of the equivalent von Misses stress contour in the tensile-shear
specimen is also shown in Figure 12b).
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It could be seen that both shear and tensile loads are applied to the coupon because the
coupon rotated. As can be seen in Figure 12, the maximum value of the plastic strain
occurred in HAZ region because of a sharp variation of the mechanical properties existed
within this zone. The welded joint were failed upon further increasing the load in the FE
model prior to interaction forces extended to the other central zones through HAZ region.
Furthermore, following the elongation of specimen, the vicinity of the welded area became
thinner and the cross sectional area decreased. This results an experience of a higher stress
and the joint failure from these regions. This result is coherent with the experimental
examinations before-mentioned.

Figure 13 shows the comparison between the force-displacement diagrams obtained from FE
simulations and the experiment results for a single FSSW with a different tool diameter. It is
obvious that there is a relatively good agreement between these results, and the FE model can
predict the mechanical behavior and the yield point of the FSSW joints. The discrepancy can
be noted next to the yield point in Figure 13 and the FE simulations underestimates the
experimental results due to the fact that the damage properties were not defined for the
current FE model. As the tool diameter became smaller, the width of SZ and HAZ decreased.
These zones could be neglected in simulation processes of the weld with a 6.5 mm tool
because significant variations in properties did not occur. Thus, the relative errors between
simulation and experiment curves increased.

(@)

s, Mises

(Avg: 75%)
+3.080e+02
+2.823e+02

+1.027e+02
+7.700e+01
+5.133e+01
+2.567e+01
+0.000e+00

(b)

Figure 12 FE deformation and stress distribution in the a) single b) double FSSW
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6. Discussion

6.1 Failure Mechanism, Force—displacement Diagram, Macro and Micro
Characterization of a Single FSSW

Figure 3 represents a typical force—displacement diagram for a single spot weld specimen
where the corresponding tensile-shear strength is about 1050N. This load can also be
designated as the “fracture initiation force” as the fracture initiates immediately after this
load. It is worth noting that the final fracture of the weld joint normally is attributed to the
localization of the deformation within the joint zones. The corresponding total displacement
in Figure 3 is about 1.5 mm.

Events observed in Figure 3 were divided into 5 sections. In Section #1, load was conducted
in the testing machine; balancing and tightening the specimen took a few seconds at the
beginning of this section. In Section #2, the curve was raised with a constant slope and the
load was increased in proportion with the deformation. By removing the load at the end of
Section #2 and the examination of the specimens, it was observed that the total length of the
specimen did not change. Hence, it can be inferred an elastic deformation was experienced by
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the specimens. A similar trend can be seen in Section #3 with a slightly lower slope, which
demonstrates a global elastic deformation with a small amount of plastic deformation across
the weld zones. The peak point at the end of this section is the ultimate tensile-shear force
(UTSF) limit. The UTSF was slightly over 10 KN, corresponding to about 16 mm of
displacement. An out-of-plane rotation can be observed in the test specimen in Section #3,
which can be attributed to a bending moment induced by the weld, which is distributed across
all the ungripped length of the specimens. After reaching the peak point, a falling trend starts
in Section #4. It can be seen that the curve drops almost suddenly; thus, the pure shear failure
mechanism can be concluded (Paidar et al. 2014). The specimen was separated completely in
Section #5. It is worth noting that the tensile-shear mode failure normally occurs with load-
displacement that is not dropped suddenly and a residual force remained after the force
started to decrease(Marya et al. 2006).

Another way to determine the joint failure mode in FSSW was the observation of the
appearance of the surface of the failed nuggets (Zhang et al. 2011). Figure 8 shows the failed
nugget surfaces with Figure 8a) and 8b) illustrating the upside and the downside of the
fractured surfaces of the upper sheet, respectively and Figure 8c) presenting the failed upside
surface of the lower sheet. In general, two major fracture mechanisms can occur during the
tensile-shear loading of FSSW: the shear fracture mode and the tensile-shear fracture mode
(Paidar et al. 2014). The failure surfaces presented in Figure 8 exhibits a typical shear failure
mode in which the bonded area around the weld nugget is separated in the faying surfaces
near the keyhole. This can be also noted in Figure 8c), which was related to Section #3,
where an increase in the distances between the two interfaces can be seen.

During the FSSW process, the tool shoulder generated a flow of viscous material that pressed
materials downward while plunging the pin produced an extra material flow that extruded
materials upward and outward. These flows of material together led to the formation of
metallurgical bonding. The wider bonded region is, the larger forces the weld can endure
(Sarkar et al. 2016). Hook is the location at which the separation line of the sheet interfaces
bends and it a critical point in failure (Badarinarayan et al. 2009). Both the width of the
bonded region and the hook location are useful for analyzing the macrostructure.

13
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Figure 14. The crack propagation path under tensile-shear loadings

6-2 Tensile-shear Behavior affected by Tool Shoulder Diameter and Multiple Spot
Welding

Figure 4 illustrates the effect of increasing the tool shoulder diameter on load-displacement
behavior. It can be seen that the curves follow the same trend up to the yield point. However,
by increasing the shoulder diameter from 6.5 mm to 13 mm, the average value of UTSF also
increased by a factor of 2 from 0.734 KN to 1.507 KN. Each test shown in Figure 5 was
performed on the three specimens and the UTSF is plotted versus the shoulder diameter in
Figure 15. It is can be seen that the UTSF is increased almost linearly up to the specimen,
with 13 mm of shoulder diameter. Then, the UTSF remained almost constant, even with the
increasing shoulder diameter of the specimens. This can be attributed to the fact that the
volume of the stirred material is a function of pin geometry, which can alter the UTSF (Bozzi
et al. 2010). On the other hand, the role of the tool shoulder during FSSW involves forging
the softened material. Therefore, in the current experiment, when the pin geometry was kept
constant throughout the FSSW experiment, the increase in the shoulder diameter improved
the forging force, while the volume of the stirred material was still constant.

Figure 6 shows the variation of tensile-shear force with a displacement in the multi-spot
friction stir-welded specimens. As the number of nuggets increase, it can be seen that the
general shape of the tensile-shear curves, which also represent the failure mechanism, does
not change. Similarly, the UTSF of each test was extracted and plotted versus the number of
the spot welds in Figure 16. As mentioned, each test was replicated three times and the line
was also plotted on the average of the results of each test. It can be, therefore, be inferred that
the failure mechanism is not dependent on the number of nuggets.
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Furthermore, Figure 16 reveals that a proportional relation between the number of nuggets
and the UTSF does not exist. For example, when the numbers of nuggets increases from 1 to
3, the UTSF increases triple times; on the other hand, UTSF of the specimen with 4 nuggets
is 3.7 times more than a single nugget. In addition, the UTSF of 6 nuggets is 4.3 times more
than a single nugget. To explain this non-linear relationship, an arbitrary arrangement of a
weld with n nuggets could be considered as shown in Figure 17 and analytical approach is
describe in section 6.4.
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Figure 15 Scatter diagram of ultimate tensile-shear strength (UTSS) for all tested samples versus tool shoulder
diameter; linear diagram of average of UTSS versus tool shoulder diameter also is drawn
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6-3- Hardness Testing and FE Predictions

A typical “W” shape diagram was obtained by micro-hardness measurement (Fig.9). It
illustrated that the hardness of the welded regions were lower than the hardness of the base
metal (BS). The micro-hardness of BS dropped from 80 VH to a minimum value of 50 HV in
HAZ. With proximity to the keyhole, the hardness of SZ and TMAZ increased. Variety in
hardness of the welded 5052 aluminum alloy, which contains a small percentage of
magnesium, can be explained by the size of grains in a different zone of the weld profile
(Zhang et al. 2011). The SZ and TMAZ were exposed to severe plastic deformations and high
temperatures; thus, dynamic recrystallization occurred in their microstructure. Owing to this
phenomenon, smaller homogenous grains were generated. Such homogeneity in grains could
not be seen in HAZ. In fact, the grains in HAZ got coarser and larger than the grains of the
BM because HAZ was affected by the generated heat from friction. Thus, more coarse grains
reduced Vickers hardness in HAZ. Based on the Hall-Petch relationship, the reduction of
grain size in a zone enhances its hardness; thus, the hardness of SZ and TMAZ are higher
than HAZ (Badarinarayan et al. 2009). On the other hand, the hardness of all the zones whose
materials were modified by welding was lower than the hardness of the base metal. This
behavior occurs because of the decrease in density of dislocations in the welded zone due to
recrystallization and exposure to heat (Zhang et al. 2011). In FSSW, the grains grew as a
result of extreme heat produced in the welded zone. Dislocations occurred in grain
boundaries, which prevented grain growth and their accumulation near dislocations (Nazari et
al. 2015). Hence, as the density of the dislocations in the welded zone decreased, the effect of
heat energy became dominant and the hardness of the heated zone became lower than the
base metal.

In addition, a drop in UTSF after an increment in the shoulder diameter was reported (Bilici
2012). Generally, it can be stated that as the diameter increased, more heat were input and
more materials were stirred. After a critical shoulder diameter (13 mm in this study), this
deleterious factor became predominant and prevented an increase of UTSF.

The results indicated that when the tensile stresses were applied to the specimens, the coupon
rotated so that weld nugget endured a combination of tensile and shear stress.

6-4 Analytical Approach for Tensile-shear Strength of Multi-FSSW-ed Joints

In most industrial practices, the FSSW joints consist of multi-spot welds rather than single FSSW.
However, there is a lack of information on the tensile-shear strength behavior of multi-FSSW. Hence,
an analytical approach is presented here to justify the obtained experimental results.

An arbitrary FSSW arrangement, with the similar weld nuggets, is shown in Figure 17. The total
applied external force on the joint can be replaced with an applied force and an out-of-plane moment
applied on the centroid of the weld group, G. This force and moment can be substituted with
equivalent forces on each of the weld nuggets. The out-of-plane moment, M1, generates an additional
load on each weld nugget as follows:
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M, =Fr, + Forg + Flr. +... 1)

, Where r is the radial distance from the centroid to the center of each weld nugget and F" is the
substitution force. The force taken by each nugget depends upon its radial distance from the centroid,
that is, the nugget farthest from the centroid bears the greatest load; the nearest nugget bears the
lightest load. We can, therefore, write

F " F 14 F 14
_A__B__C (2)
rA rB rC
Solving Equations (1) and (2), simultaneously, we obtain
M.,r
Fnll — 1'n (3)

rZ+rZ+rl+..
, Where the subscript n refers to the particular nugget, whose load is to be found.

It can be seen from Equation (3) that there is a linear relationship between moment loads and the
distances from the centroid for each nugget. In other words, all the nuggets do not carry the same load
and the arrangement of the weld nuggets has a significant effect on the load carrying capacity of the
welded joints. In the linear arrangement of the current research, the weld centroid is between two
weld nuggets when the number of the nuggets is even. The centroid will be coincident with the weld
nugget when the number of weld nuggets is odd.

From the results presented in Figure 16, it is evident that sharp increases in UTSF occurred
when the number of nuggets became an odd number from a prior even number. For example,
the UTSF for a joint with 2, 3, and 4 nuggets is 1.41 KN, 2.99KN, and 3.70KN, respectively.
The ultimate strength increased by 113 percent when the two nuggets became three nuggets,
but the ultimate strength increased by only 23 percent when three nuggets were increased to
four nuggets. When the number of nuggets is odd, the centroid crosses on to one of the
nuggets; then, the effect of moment on the central nugget was not significant and this nugget
endured greater forces. It is, therefore, better for the joints to be designed with an odd number
of nuggets in a linear arrangement.
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7. Conclusions

1. A simple FE model was developed that could predict the UTSF of single and multi-friction
stir spot welded joints, which were welded by tools with different shoulders.

2. The effects of the shoulder diameter and the number of nuggets on the UTSF were
explored. Indeed, under special conditions, increasing the shoulder diameter was better than
increasing the number of nuggets. After a critical diameter, however, the UTSF did not
increase.

3. The arrangement of nuggets in multi-spot specimens was a significant factor to determine
the UTSF of the weld. In this paper, multi-spot specimens were analyzed mathematically to
describe the best arrangement for multi-spot specimens.

4. The fracture mechanism involved the shear method and this was determined by both
metallurgical analyses and force—displacement diagrams. In this mechanism, the parts of the
specimen were disjointed from the interfaces of the two plates by a shear force.
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Figure 1 Dimension of multiple FSSW specimen with 4 spot welds (Dimensions are in mm.)

21



Figure 2 Welded specimens with single spot weld and different tools shoulder diameter
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Figure 6 Side view of deformation in the FSSW specimen with two spot weld
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Figure 7 Surfaces of the failed specimen under tensile shear load, (a) the upside of upper surface, (b) the
downside of upper surface, (c) the upside of upper surface
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Figure 8 Macrostructure views of side of the nugget reperesented to (a) section #1, (b) section #2, (c) section #3,
(d) section #4
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Figure 9 Micro-hardness variations across welding spot for specimen No.3
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Figure 10 Different zones in FE model
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Figure 14. The crack propagation path under tensile-shear loadings
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Figure 17. The applied forces of each nuggets, the O shows the centroid, (a) top view of a specimen (b) side
view of a specimen
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