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ABSTRACT

6061-T6 aluminium alloy is a tempered grade aluminium material that is extensively used, particularly in space
and automotive applications. The conventional and swept friction stir spot welding (FSSW) joints are prepared
by varying tool rotational speed at four different levels. The mechanical properties, microstructure and mode
of failure in both types of FSSW are evaluated and reported. The high plastic deformation and fine grains
influenced the increase in hardness of the weld joints based on the Hall-Petch equation. The highest lap
shear strength of 5.31 kN is observed in swept FSSW sample prepared at 1400 rpm. Interestingly, 1600 rpm
decreased the lap shear strength due to insufficient friction between base metal and tool in the higher tool rota-
tional speed. The minimum microhardness is noticed in heat-affected zone (HAZ) of both cases. Conventional
FSSW samples showed shear fracture, nugget pullout fracture and circumferential fracture under lap shear
loading, whereas swept FSSW showed only the circumferential fracture.

Keywords: FSSW, HAZ, Aluminium Alloy, Hall-Petch, Swept FSSW, Lap Shear Strength.

1. INTRODUCTION
In recent years, the use of aluminium alloys has increased
in space frame structures, and inner and outer panels of
automobiles in view of improving the sustainability of the
industries [1–3]. 6061-T6 aluminium alloy is a tempered
grade aluminium alloy which has good mechanical proper-
ties than others. It has been used in aircraft, automobiles,
marines, and even bicycles. Since 2003, Friction Stir Spot
Welding (FSSW) developed by Mazda Motor Corp has
proven to be an impending applicant for spot welding low
weight alloys, principally in fastening the door panels in
automobile assemblies [4]. FSSW might reduce the energy
consumption by 90%, improve joint performance and the
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installation cost by 40%, compared to Resistance Spot
Welding (RSW) [5]. In addition, it has more benefits in
the aspect of metallurgical, environmental and energy con-
sumption over other joining methods [6–7]. FSSW creates
a spot weld in a distinct location through plunging, stir-
ring and retracting actions. The conventional FSSW, swept
FSSW and refilled FSSW are three different versions in
FSSW. Each of these FSSW processes has different level
of complexity and diversity in terms of spot shear area,
shear strength, the degree of control in motion and time to
complete the weld [8].
In the conventional FSSW, a single piece of non-

consumable rotating FSSW tool is initially plunged into
the base material and held in place for a certain period. The
tool is then retracted that leads to producing a localised
joint in the base material around the tool pin. In Swept
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Fig. 1. Different stages of conventional FSSW process.

FSSW, the tool is plunged and moved additionally in a cir-
cular path. Both these techniques leave a circular indenta-
tion on the top side of the joint (exit hole) which is same
as tool pin diameter. Refill FSSW eliminates the form of
exit hole as the tool comprises an external clamp, pin and
a shoulder with the separate drive mechanism.
The various stages of conventional and swept FSSW

processes are shown in Figures 1 and 2. Many researchers
implemented the conventional FSSW on aluminium alloys,
especially AA6061 and investigated the importance of var-
ious welding parameters on the joint strength, fracture sur-
faces and tool configuration [9–13]. The tool rotational
speed is a significant welding parameter in FSSW, fol-
lowed by tool shoulder plunge depth and dwell time. The
literature [14, 15] reported that the strength of the joint is
highly influenced by the tool rotational speed. Okamoto
et al. [16] conducted the stitch-FSW experiment on alu-
minium alloy, compared with the conventional FSSW and
reported that the additional linear movement of the tool
in stitch-FSW significantly increases the joint strength.
A few researches were done on the influence of welding
parameters on the weld properties of Swept FSSW pro-
cess. Awang et al. [17] investigated the swept FSSW on
aluminium alloy and reported that the tool travel speed
is related with the heat dissipation that significantly influ-
ences the strength of the joint.
Brown et al. [18] studied the fatigue life and tensile

strength of Swept-FSSW on the anodized AA2219-T6

Fig. 2. Different stages of swept FSSW process.

sheet and reported that swept-FSSW has better tensile and
fatigue strength as a rivet. Su et al. [19, 20] estimated the
fatigue life of swept FSSW on the alclad 2024-T3 alu-
minium sheets and reported that the circular motion of tool
affects the fatigue life of spot joints. Buffa et al. [21] con-
ducted the FSSW experiments with different tool path and
suggested that the circular path FSSW has more stirred
area and joint strength. However, not enough studies have
been done on a comparison of conventional and swept
FSSW processes in terms of mechanical and metallurgical
behaviour. In the present research, the weld properties of
conventional and swept FSSW processes in a thin sheet
of aluminium alloy 6061-T6 have been investigated and
compared.

2. MATERIALS AND METHODS
2.1. Materials and Tool
The weld specimens of aluminium alloy 6061-T6 mate-
rial (supplied by Cluster Trading Corporation, India) was
prepared in the size of 100× 35× 2 mm through Elec-
trical Discharge Machining (EDM). Figure 3 shows the
dimension of the overlap configuration of the lap shear test
specimen. Table I shows the properties of aluminium alloy
6061-T6 base material.
H13 steel tool hardened to 52–55 HRC in the dimen-

sion of 12 mm shoulder diameter, 5 mm threaded cylindri-
cal pin and 2.85 mm length was used as a tool. Figure 4
depicts the detail of FSSW tool used in the weld process.

2.2. Experimental Method
2.2.1. Preparation of FSSW Samples
The conventional FSSW and swept FSSW were conducted
using a computer numerical control vertical machining
center (ACE micrometric make) with a fixture to clamp
the overlapping area of the sheets as shown in Figure 5.
The weld parameters were chosen based on the prelimi-
nary studies and the existing literatures [8–13]. Four dif-
ferent tool rotational speed; typically as 900, 1200, 1400
and 1600 rpm were used in both cases. Other parame-
ters such as plunge depth, tool travel speed and dwell
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Fig. 3. Dimensions of the overlap configuration of FSSW specimen
(all dimensions in mm).

time were kept constant as 0.2 mm, 10 mm/minute and
5 seconds respectively for all the experiments, irrespective
of the method used. During swept FSSW, the radius of cir-
cular interpolation of the tool after plunging was 2.5 mm.
It is obvious that conventional FSSW does not have circu-
lar interpolation of the tool after plunging. The impurities
in the overlapping surfaces of the plates were cleaned with
acetone before welding. Three samples in each condition
were prepared for the investigations.

2.2.2. Microhardness and Lap Shear Tests
Microhardness and lap shear strength of the welded joints
were measured using Vicker’s microhardness tester (Wil-
son hardness, 402 MVD, Wilson Instruments, Norwood)
and computerized universal testing machine (TE-JINAN-
WDW100, Jinan Test Machine Co. Ltd., China) respec-
tively. The hardness profile was obtained for 1 kg of force
for a dwell time of 20 seconds. The lap shear test was
conducted at a crosshead speed of 1 mm/minute at room
temperature and the lap shear strength of the weld was
reported by averaging the results of three individual spec-
imens in each welding condition.

2.2.3. Metallurgical Characterization
After the lap shear tests, the standard metallographic tech-
niques were used for preparing the cross-sectioned sam-
ples. The Keller’s reagent containing 5 ml HNO3, 3 ml
HCl, 2 ml HF, and 190 ml H2O was used to reveal the
microstructure of the weld cross-section. The macro and
microstructural characterisation of the cross-section of the
joints were investigated using stereo zoom microscope
(Radical RSM-9, Radical Scientific, India) and optical

Table I. Properties of 6061-T6 aluminium alloy.

Mechanical properties

Chemical composition (Wt.%)
Ultimate tensile Hardness

Mg Si Fe Cu Cr Mn Ti Zn Al strength (MPa) Vicker’s (HV) Elongation (%)

0.708 0.43 0.49 0.164 0.14 0.097 0.04 0.004 Rem 310 107 10

Fig. 4. Details of FSSW tool.

Fig. 5. FSSW experimental setup in CNC machine.

microscope (Invertoplan TR, Gippon-Japan) respectively.
Figure 6 shows the sample prepared for lap shear test and
metallurgical examinations.
The fracture surfaces of the lap shear tested specimens

were further analysed through Field Emission Scanning
Electron Microscope (SIGMA HV-Carl Zeiss, Germany)
to understand the failure mechanism.

3. RESULTS AND DISCUSSION
3.1. Visual Inspection
Figure 7 depicts the top view of the weld samples prepared
from conventional and swept FSSW. Unlike conventional
FSSW (Figs. 7(a–d)), the visual aspect of the welds made
by swept FSSW (Figs. 7(e–h)) looks bigger in size due to
the circular indentation of the shoulder at the top sheet.
In conventional FSSW, the squeezed out materials at the

end of the plunging stage are accumulated around the cir-
cumference of the tool shoulder indentation. But in swept
FSSW, the additional circular movement of the tool after
plunging has significantly decreased the formation of the
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(a) (b)

Fig. 6. (a) Samples prepared for the lap shear test and metallurgical investigation. (b) Photograph of lap shear test setup.

squeezed out material around the indentation in the top
plate, which could be the reason for having the big size
in swept FSSW samples. The surface defect was observed
only from the sample of swept FSSW with the rotational
speed of 1600 rpm (as shown in Fig. 7(h)). It could be
resulted from the incomplete filling of stirred material
around the keyhole.

3.2. Macro Examinations
Macro examination was carried out to present a cross-
sectional structure of the joints and to detect internal flaws
of the joints. Figure 8 shows the macrographic obser-
vations along the cut sectional plane of the spot welds,
obtained from conventional FSSW with different tool rota-
tion speed.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 7. Photograph of top view of weld (a–d) conventional FSSW (e–h) swept FSSW.

It is observed that all the samples are free from defects.
The tool pin displaced the stirred material below the shoul-
der and around the pin. The hook was formed adjacent to
the stirring area between the two sheets due to the verti-
cal displacement of the faying surfaces. It is also worth to
indicate that the width of the stir zone (SZW ) varies with
respect to the tool rotational speed. The distance between
the widest region of the SZ and edge of the keyhole is
considered to define the width of the SZ.
Figure 9 depicts the macrographic appearances along the

cut sectional plane of the welds obtained through swept
FSSW with the different tool rotating speed. Macrostruc-
ture of all the samples except joints of higher rotational
speed of 1600 rpm shows defect-free surfaces due to good
mixing. The tunneling/wormhole defect at the end of stir
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(c) (d)

Fig. 8. Macro examination of conventional FSSW at 10× (a) 900 rpm (b) 1200 rpm (c) 1400 rpm and (d) 1600 rpm.

zone was observed at the rotational speed of 1600 rpm.
The high tool rotational speed can increase the turbulence
in the material flow and strain rate which could be the
reason for a tunneling defect at the weld nugget which is
similar to that reported by Awang et al. [22].
Two kinds of the material flow pattern were observed in

the weld area of the cross-sectional profile of swept FSSW
samples. The first pattern is on the stirred area around the
keyhole (as represented as I in Fig. 9) due to the plunging
sequence. The other pattern is away from the keyhole (as
represented as II in Fig. 9) because of the circumferential
action of the tool that leads to the horizontal material flow.
But conventional FSSW showed only one pattern (Pat-
tern I) on the stirred area around the keyhole. The swept
FSSW has more stirred area and lesser formation of the
hook which leads to an effective increase in joint strength
than conventional FSSW.

3.3. Microhardness
The various zones of the weld cross-sections according to
the characteristics are stir zone (SZ), thermo-mechanically
affected zone (TMAZ), heat affected zone (HAZ), and
base material (BM) [23, 24]. Figures 10 and 11 shows
Vicker microhardness of conventional FSSW and swept
FSSW samples respectively. The different zones of the
weld; SZ, TMAZ and HAZ are considered to measure
hardness value and to understand the variation. The micro-
hardness was measured from the cross-section of weld

(a) (b)

(c) (d)

Fig. 9. Macro examination of swept FSSW at 10× (a) 900 rpm (b) 1200 rpm (c) 1400 rpm and (d) 1600 rpm.

centre of the samples in a spacing of 1 mm along paral-
lel lines in the middle of the top plate and middle of the
bottom plate. The microhardness distributions are nearly
symmetric about the centre of the keyhole.
In both the conventional and swept FSSW joints, the

SZ below and around the keyhole have higher hardness.
The hardness decreases all the way through TMAZ and
reaches a minimum value in the HAZ. It can be observed
that the tool rotational speed has a little influence on
the hardness variation in all the regions, irrespective of
the methods used. The increase in microhardness value
in SZ is observed in swept FSSW joint, compared with
the conventional FSSW. This could be because of higher
plastic deformation due to the additional stirring action
of the tool [25]. The high plastic deformation and fine
grains influenced the increase in the micrhardness of the
SZ based on the Hall-Petch equation [9]. This is in agree-
ment with the effect that is reported by Zhang et al. [26]
and Venukumar et al. [13].

3.4. Lap Shear Tensile Strength
Figure 12 showed the comparison of lap shear strength
between conventional and swept FSSW at the different
tool rotational speeds. Swept FSSW joints show higher lap
shear strength compared to conventional FSSW for all the
tool rotational speeds, which looks good agreement with
the observed hardness values. The increase in lap shear
strength of swept FSSW joints is most likely because of
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Fig. 10. Microhardness distribution of conventional FSSW joints
across weld cross-section.

the additional stirring action by the tool after plunging.
It caused the increase in material flow and increased over-
all bonding area of the joints. It is also observed that the
change in tool rotational speed has a significant effect on
lap shear strength, irrespective of the method used. The
highest lap shear strength of 3.54 kN and 5.31 kN are
recorded in conventional (1600 rpm) and swept FSSW
(1400 rpm) processes, respectively.
In conventional FSSW, the lap shear strength is lin-

early improved with the tool rotational speed. But in swept
FSSW, the lap shear strength is found to continuously
increase up to the tool rotational speed of 1400 rpm. Fur-
ther increase in the tool rotational speed to 1600 rpm
decreased the lap shear strength. This could be due to
insufficient friction between base metal and tool in the
higher tool rotational speed, which could affect the mate-
rial flow in weld zone and result in low strength. The high
tool rotational speed may cause high heat and inertial force

Fig. 11. Microhardness distribution of swept FSSW joints across weld
cross-section.

that could also affect the weld strength [27]. Irrespective
of a tool rotational speed, the lap shear strength increased
by 35% to 46% in swept FSSW joints as compared to the
conventional FSSW joints. Hence, according to the results,
the size of the weld area significantly influence the overall
increase in lap shear strength of AA6061-T6 swept FSSW
joints.
The lap shear strength of conventional and swept FSSW

samples was further applied in Analysis of variance
(ANOVA) to ensure the significance of the results. The val-
ues such as F , Fcritical and p were computed for the experi-
mentally measured results. If the computed F value is not
larger than Fcritical value, it implies that there is a signifi-
cant difference between the measured data. The value of p
is the probability of obtaining significant difference from
the observed F value. If the p-value is quite small (much
lower than 0.05), it implies that the chosen parameters
have significant effect on the response variable [28, 29].
From the current ANOVA analysis, p is computed to be
0.046, which reveals that rotational speeds have a signifi-
cant effect on lap shear strength. Furthermore, F = 47.56
is found to be greater than Fcritical = 5.987, which regards
that there is a significant difference in the results of swept
FSSW and conventional FSSW.

3.5. Microstructural Study
The cross-sectional macroscopic appearance and the
microscopic structure of different zones made by a conven-
tional FSSW and swept FSSW at the speed of 1400 rpm
are shown in Figures 13 and 14, respectively. In both
the methods of FSSW, the SZ followed by TMAZ have
finer grains as compared with the BM. This is because of
the stirring action of the weld tool and dynamic recrys-
tallization associated with the process. The grains in the
SZ of swept FSSW are characterized by finer grains
compared to the conventional FSSW, which can be the
extra heat generation during the additional stirring action
of the tool which is inline with the effect reported by
Venukumar et al. [11].

3.6. Fracture Morphologyunder Lap-Shear Loading
Shear mode of fracture, nugget pullout mode of fracture
and circumferential mode of fracture were observed from
the appearance of fracture surfaces under the lap shear
loading as shown in Figures 15 and 16.
While studying at the fracture surfaces from conven-

tional FSSW samples (as shown in Fig. 15), shear mode
of fracture is observed in the sample prepared by the
rotational speed of 900 rpm. The crack growth provoked
around the keyhole and showed the low shear strength.
Nugget pullout mode of fracture is observed in the samples
prepared at the rotational speed of 1200 and 1400 rpm.
It is observed that the bonding area between the lower and
upper sheet was sheared off, and led to the fracture in the

856 Mater. Express, Vol. 9, 2019
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Fig. 12. Comparison of lap shear strength between conventional and swept FSSW with ANOVA statistical analysis.

(a)

(b) (c) (d) (e)

Fig. 13. The microstructure of cross-section of the weld made by conventional FSSW at the tool rotational speed of 1400 rpm: (a) Macrograph
showing various zones, (b) SZ, (c) SZ-TMAZ interface, (d) HAZ, (e) BM.

(a)

(b) (c) (d) (e)

Fig. 14. The microstructure of cross-section of the weld made by swept FSSW at the tool rotational speed of 1400 rpm: (a) Macrograph showing
various zones, (b, c) SZ, (d) SZ-TMAZ Interface, (e) HAZ.

Mater. Express, Vol. 9, 2019 857



IP: 223.182.241.124 On: Mon, 16 Dec 2019 12:26:23
Copyright: American Scientific Publishers

Delivered by Ingenta

Materials Express
Evaluating weld properties of conventional and swept FSSW 6061-T6 aluminium alloy

Suresh et al.

A
rt
ic
le

Fig. 15. Photograph showing fracture surfaces of lap shear tested specimen of conventional FSSW.

nugget [30]. It is further noted that the partial amount of
nugget is placed on the sheared top plate. The circumfer-
ential mode fracture is observed in the sample made at the
tool rotational speed of 1600 rpm.

Fig. 16. Photograph showing fracture surfaces of lap shear tested specimen of swept FSSW.

Regarding swept FSSW samples, the circumferential
mode fracture is observed irrespective of the rotational
speed (as shown in Fig. 16). The circumferential mode
of fracture is noticed in weld joints of maximum lap

858 Mater. Express, Vol. 9, 2019
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(a) (b)

Fig. 17. FESEM fractography of the welded joints produced by (a) conventional FSSW and (b) swept FSSW.

shear strength, irrespective of FSSW method used. This is
worth notable point that inline with the report published
by Venukumar et al. [12].
Figure 17 shows FESEM fractography of SZ of broken

lap-shear specimen that was prepared at 1400 rpm. The
presence of elongated dimples in the direction of applied
load are observed, which is usually characterized by the
ductile fracture of the joint [31]. The fracture surface of
conventional FSSW joint (Fig. 17(a)) shows the various
sizes of well-elongated dimples. The swept FSSW joint
(Fig. 17(b)) showed a large number of fine and equiaxed
dimples, which imply the enhanced bonding and higher
joint strength.

4. CONCLUSIONS
The conventional and swept FSSW on 6061-T6 aluminium
alloy at different tool rotational speeds were done and
the mechanical properties, microstructure and fracture
behaviour of the weld zones were studied. The following
conclusions are drawn based on the results obtained:
• Swept FSSW joints have shown considerably higher
lap shear strength and hardness values than conventional
FSSW joints. The increase in lap shear strength in swept
FSSW is due to the additional stirring action of the tool
that leads to a larger bonding area. The results showed that
the compelling increases in the weld area as swept FSSW
influences the higher strength of the joint.
• The weld samples under the swept FSSW at the tool
rotational speed of 1400 rpm exhibited the maximum lap
shear strength of 5.31 kN. Also noted that the further
increase of tool rotational speed beyond 1400 rpm affects
the mechanical properties.
• Both the conventional and swept FSSW processes show
finer grains in SZ and TMAZ due to dynamic recrystal-
lization. But the grain size of the SZ in the swept FSSW
joints is found to be smaller than the conventional FSSW
joints.
• Shear fracture, nugget pullout fracture and circumfer-
ential mode of fracture were observed in conventional
FSSW samples at different tool rotational speeds, whereas

only circumferential mode of fracture was observed in
swept FSSW samples.
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