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ABSTRACT

This research investigates the effect of dwell time on the microstructural and mechanical
properties of friction stir spot welded (FSSW) dissimilar joints between AA6061 and AA7075
aluminium alloys, with implications for automotive, aerospace, and structural applications.
FSSW was performed on 2mm thick plates with varying dwell times (2 to 8s), and the
resulting joints were analysed for weld quality using macrographs, microstructure evaluations,
and mechanical testing under room temperature conditions. Notably, a 6-second dwell time
achieved the maximum lap shear fracture load of 5925N, attributed to optimised heat input
and material flow. However, increasing the dwell time to 8s led to decreased joint strength
due to excessive heat, which affected grain structure and bond integrity. Fracture surfaces
examined via Field Emission Scanning Electron Microscopy (FESEM) provided insights into the
failure mechanisms associated with each dwell time. These findings underscore the importance
of dwell time optimisation in maximizing joint performance for high-strength dissimilar
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aluminium alloy applications.

1. Introduction

In recent years, the demand for lightweight and
high-strength materials has surged, particularly
in industries such as automotive, aerospace,
and construction, where reducing weight with-
out compromising performance is critical.
Aluminium alloys, especially 6XXX and 7XXX,
have emerged as leading candidates due to their
exceptional strength-to-weight ratio, corrosion
resistance, and versatility [1, 2]. AA6061 and
AA7075 are widely used in industries such as
automotive and aerospace due to their high
strength-to-weight ratios and superior corrosion
resistance. While AA6061 is known for its
excellent weldability, moderate strength, and
good thermal properties, AA7075 offers supe-
rior mechanical strength and fatigue resistance
but presents challenges in welding due to its
susceptibility to thermal cracking and loss of
strength at weld zones. The combination of
these alloys in dissimilar joints enables the uti-
lization of their complementary properties. The
dissimilar joints are increasingly relevant in

applications requiring lightweight structures
with differential performance requirements,
such as automotive chassis, aerospace compo-
nents, and structural applications [3-5].
However, welding dissimilar aluminium alloys
presents unique challenges due to differences in
their thermal and mechanical properties.
Traditional fusion welding methods can intro-
duce defects such as porosity and cracks, weak-
ening the joints [6, 7]. To overcome these
limitations, friction-based solid-state welding
techniques, such as Friction Stir Spot Welding
(FSSW), are employed [8-10]. FSSW, initially
developed from Friction Stir Welding (FSW)
and first adopted by Mazda in 1993, offers
advantages like high joint efficiency, minimal
distortion, and lower costs [11-13]. Unlike con-
ventional welding, FSSW creates spot welds by
generating frictional heat through a rotating
tool that stirs and bonds the overlapping metal
sheets [14-16].

FSSW has gained significant attention from
researchers due to its advantages over current
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spot joining methods, including high joint effi-
ciency, low joint distortion, cost-effectiveness, a
clean working environment, and the ability to
weld a range of materials without requiring
filler material [17, 18]. Among the key process
parameters influencing joint quality are tool
rotational speed, plunge rate, and dwell time.
Dwell time, which dictates how long the tool
remains in contact with the workpiece, plays a
critical role in determining the heat input and
material flow during welding [19, 20]. Although
several studies have investigated the impact of
these parameters, limited research focuses spe-
cifically on the effects of dwell time on fracture
load and mechanical properties of dissimilar
aluminium alloy joints [21-23].

The tool geometry affects the welded struc-
ture and material flow in FSSW, influencing
hook dimensions, stir zone width, and joint
performance, with dwell time and tool rotation
speed being key parameters in heat generation
and weld quality [24, 25]. Choi et al. [26]
experimented using a high-strength steel tool
with a shoulder, shank, and probe to join Al/
Mg alloys. They observed the formation of
intermetallic compounds (IMCs) at the inter-
face. By increasing the tool’s rotational speed
and holding time, the IMC layer thickened sig-
nificantly, which notably affected the joint
strength. Zhang et al. [27] explored how vary-
ing tool rotational speeds and dwell times
affected the strength of AA5052-H112 alumin-
ium alloy sheets welded by the FSSW method.
Their findings revealed that while dwell time
had an impact on joint strength, increasing the
rotational speed led to a reduction in strength.
Ugurlu and Cakan [28] examined the FSSW of
AA7075-T6 spot joints with a constant dwell
time of 20s and different tool rotation speeds.
They found that higher tool rotational speeds
enhanced joint properties, with the highest joint
strength achieved in joints processed at the
maximum rotational speed, provided they were
defect-free [29].

Despite their industrial significance, limited
research has investigated the impact of FSSW
parameters, particularly dwell time, on the
mechanical performance of AA6061-AA7075 spot
joints. This study aims to bridge this gap by

analyzing how dwell time influences the micro-
structure and lap shear strength of these dissimilar
joints, providing valuable insights for optimizing
FSSW in advanced engineering applications.

2. Experimental procedure

This study employed AA6061 and AA7075 alloy
sheets as base materials, each measuring 100 mm
x 35mm with a thickness of 2mm. The chem-
ical composition of these alloy sheets is detailed
in Table 1.

AA6061-AA7075 strips, measuring 100 x 35mm,
were prepared using the Wire electrical discharge
machining process for these experiments. An H13
steel tool, specifically customised for this experi-
ment, featured a tool pin length of 2.85mm and a
cylindrical shoulder diameter of 5mm as shown in
Figure 1la. This tool underwent heat treatment to
attain a hardness of 52-55 HRC, ensuring its
durability and wear resistance during the friction
stir welding process [2, 16]. In this study, the
FSSW process was conducted using a CNC verti-
cal machining centre, equipped with a specially
designed fixture for clamping the overlapped spec-
imens, as shown in Figures 1b and 1c.

The FSSW process involved three main stages:
plunging, dwelling, and retraction. During the
plunging stage, the rotating tool was pressed into
the overlapping aluminium alloy sheets, generat-
ing frictional heat. The dwell time, defined as
the duration for which the tool remained sta-
tionary while maintaining rotational motion at a
constant speed, was a critical parameter in this
study. Dwell times of 2, 4, 6, and 8s were imple-
mented to analyze their effects on joint quality.
During the dwell phase, the tool’s rotation and
the applied axial force facilitated material stirring
and bonding at the interface. Finally, in the
retraction stage, the tool was withdrawn verti-
cally, leaving behind a circular spot weld.
Additional process parameters included a tilt
angle of 0° plunge depth of 3.2mm, and plunge
rate of 0.Imm/sec. These parameter settings
were derived from trial experiments and studies
on the selected materials [30-33].

The specimens were polished using SiC abra-
sive papers and alumina paste, followed by
etching with Keller’s reagent to reveal the

Table 1. The chemical composition of the base material (in wt.%).

Elements Zn Fe Ti Mg Cr Mn Cu Al
AA6061 0.200 0.25 0.02 0.13 2.49 0.19 0.09 0.001 Bal.
AA7075 6.20 0.10 0.05 0.4 2.00 0.19 0.05 1.70 Bal.
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Figure 1. (a) Schematic drawing and image showing the FSSW tool (dimensions in mm), and (b—c) FSSW experimental set-up.

Figure 2. (a) Drawing showing the tensile—shear test speci-
men (dimensions in mm), and (b) photographic image of the
specimen during the tensile-shear test.

microstructure. Microstructural analysis was
performed using an optical microscope and a
Field Emission Scanning Electron Microscope
(FESEM). Mechanical performance was assessed
through lap shear tensile tests conducted at
room temperature, with each condition tested
using at least three specimens. A universal test-
ing machine with a crosshead speed of 0.05mm/
sec was used to measure the lap shear strength.

The dimensions of the tensile-shear test speci-
mens are illustrated in Figure 2a, while Figure
2b shows a photographic image of the specimen
during the test. The applied load and displace-
ment were recorded continuously to evaluate
the joint strength and fracture behavior.

3. Results and discussion

3.1. Joint appearance

Figure 3 displays the surface characteristics of
the FSSW joints produced at various dwell
times. A visible keyhole and circular shoulder
indentation, common features of FSSW joints,
were observed for all welding conditions. As
the dwell duration grows during the FSSW pro-
cess, the temperature also rises, reducing the
viscosity of the substance being stirred. A slight
flash formed at the highest dwell time, indicat-
ing excessive heat and material displacement.
This keyhole reflects the pins geometry and
dimensions, and the light intensity increases
with the rise in dwell because of the improved
softening of the material surrounding the
rotating pin.

As the dwell time increased from 2 to 8s, the
temperature rise softened the materials, resulting
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Figure 3. Appearance of the AA6061-AA7075 FSSW joints
fabricated at different dwell times.

in deeper shoulder impressions, as shown in
Figure 3. The shoulder impressions for varying
dwell times are visible in Figure 3, providing a
qualitative representation of the tool’s interaction
with the surface. For a quantitative analysis, the
average diameter of the shoulder impression was
measured for each weld. The results showed
dimensions of approximately 5.0mm for a
2-second dwell, 5.2mm for 4s, 5.6mm for 6s,
and 5.8 mm for 8s. These measurements demon-
strate the relationship between dwell time and
the extent of material deformation caused by the
tool shoulder. Additionally, the uniformity of the
impressions was evaluated to assess the consis-
tency of heat input. It was observed that larger
and deeper impressions at longer dwell times
corresponded to excessive heat input, which
potentially affected the grain structure and
reduced joint integrity.

A deviation in the cross-sectional macrostruc-
ture of FSSW AA6061-AA7075 joints is evident as
the dwell ranges from 2 to 8s, as shown in Figure
4. The stir zone (SZ) morphology associated with
each cross-section changes significantly with dwell
time. The weld processed with a 6-second dwell
time exhibited the largest stir zone, showing opti-
mal material flow and heat input, as illustrated in
Figure 4. Increasing the dwell time expanded the
SZ width (SW), particularly around the keyhole,
demonstrating the strong influence of heat genera-
tion on joint formation. The analysis demonstrates
that dwell time plays a critical role in enlarging
the weld area surrounding the keyhole. The micro-
graphs confirmed that longer dwell times enabled
effective  plasticization and smooth bonding
between the two alloys, with no visible voids or

Figure 4. Cross-sectional macrographs showing the FSSW
joint processed at different dwell times of (a) 2 Sec, (b) 4 Sec,
(c) 6Sec and (d) 8Sec.

cracks in the weld area. The formation of a
defect-free weld zone is predominantly governed
by the amount of plasticized material generated
and the consistency of material movement through
the welding process. Adequate plasticization
ensures the proper fusion of materials within the
SZ, resulting in sound mechanical properties.

Based on these observations, it is evident
that the selected set of process parameters,
including the dwell time, is sufficient for fabri-
cating high-quality AA6061-AA7075 spot joints.
The optimized parameters, particularly the
6-second dwell time, allow for proper heat gen-
eration and material flow, producing a
well-refined SZ and ensuring the structural
integrity of the weld.

3.2. Influence of the dwell time on the lap shear
fracture load

Figure 5 illustrates the effect of dwell time on
lap shear fracture load. The highest tensile load
of 5925N was achieved with a 6-second dwell
time, indicating an optimal balance of heat input
and material flow. It can be detected that the
fracture load increases with a dwell time of up



to 6s, suggesting that this time frame allows for
sufficient heat input to promote plastic deforma-
tion and effective interfacial bonding between
the materials. Shorter dwell times (2-4s) gener-
ated insufficient heat, resulting in weak interfa-
cial bonding and lower fracture loads. As dwell
time increased, enhanced plastic deformation
improved joint strength up to 6s. However,

Figure 5. Lap shear fracture load test result.

Figure 6. Fracture surfaces of lap shear tested specimens.
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beyond this point, the lap shear strength declined
due to excessive grain growth and thermal stress,
weakening the weld integrity [34].

Additionally, over-stirring of the material
during longer dwell times can cause a degrada-
tion in the material properties at the weld
interface due to potential void formation,
increased thermal stresses, or the dissolution of
strengthening precipitates [35]. This results in
reduced joint integrity. The observed decrease
in strength at higher dwell times is likely due to
a combination of excessive grain growth and
poor material flow, which compromises the
mechanical interlocking at the weld interface.

3.3. Effect of dwell time on failure pattern

Figure 6 displays various views of the lap
shear-tested specimens under different dwell
conditions. To better understand the shear
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fracture mechanism in the lap section, the frac-
ture surfaces of the samples were carefully
examined post-lap shear testing. In samples
with lower strength, cracks were observed to
initiate in the partially bonded regions due to
multiple nucleation sites, with the cracks prop-
agating across the bonded area.

This fracture behaviour was particularly evi-
dent in the welds produced with 2 and 8s of
dwell time, leading to reduced lap shear tensile
strength. In contrast, the specimen welded with
a dwell time of 6s exhibited shear-off around
the circumference of the keyhole, resulting in
higher lap shear tensile strength. This outcome
aligns with the findings reported in [36], where
tearing along the keyhole circumference con-
tributed to improved mechanical performance.

The broken lower sheet of the lap shear spec-
imens exposed to 6 and 8s of dwell time,
respectively, is shown in FESEM pictures in
Figures 7 and 8. The micrographs reveal

Figure 7. SEM Images showing the fracture surfaces of the
failed joint the joint FSSWed at 6-second dwell time.

distinct differences in the fracture surface mor-
phology, reflecting the mechanical performance
under varying welding conditions. In the weld
with a 6-second dwell time (Figure 7), the frac-
ture surface exhibits a fine distribution of dim-
ples, indicative of a ductile fracture mechanism.

The significant elongation observed is by the
superior joint strength at this dwell time, sug-
gesting that the optimal balance between heat
input and material flow was achieved, allowing
for effective plastic deformation and crack resis-
tance [37]. In contrast, the fracture surface of
the specimen with an 8-second dwell time
(Figure 8) displays a markedly different mor-
phology. While dimples are still present, large
pores are also visible across the fracture
plane, indicating localized void formation.
These pores suggest that excessive heat input
during the prolonged dwell time may have
caused degradation in the microstructure, lead-
ing to porosity and reduced joint strength. The

Figure 8. SEM Images showing the fracture surfaces of the
failed joint the joint FSSWed at 8-second dwell time.



coarser dimples and voids are consistent with a
loss of ductility and indicate a transition towards
a brittle fracture mechanism [38, 39].
Additionally, the stretched-out dimples in the
same direction point to a shear fracture mode,
likely due to material tearing under the applied
load. This supports the observation that exces-
sive heat during the 8-second dwell time led to
a decline in weld quality, as reflected in the
lower lap shear fracture load.

4. Conclusion

This study highlights the critical influence of dwell
time on the microstructure and mechanical prop-
erties of FSSW dissimilar AA6061-AA7075 joints.
The following conclusions can be drawn:

o A dwell time of 6seconds yielded the high-
est lap shear strength of 5925 N, demon-
strating that an optimal balance between
heat input, material flow, and microstruc-
tural stability is crucial for achieving supe-
rior joint strength.

o Shorter dwell times (2-4seconds)
resulted in inadequate heat input, lead-
ing to poor plasticization and weak
bonding, while prolonged dwell times
(8seconds) caused excessive heat, grain
coarsening, and void formation, compro-
mising joint strength.

o Microstructural analysis of fracture surfaces
revealed that the 6-second dwell time pro-
duced a ductile fracture mode, with fine
dimples indicating enhanced plastic defor-
mation and crack resistance. In contrast,
the 8-second dwell time led to the forma-
tion of pores and coarser dimples, suggest-
ing a shift toward brittle fracture and
reduced joint performance.
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