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Abstract

The contemporary automotive industry increasingly incorporates composite materials and innovative joining techniques
to meet customer demands for lightweight, high-strength alloys. This research explores the feasibility of using friction stir
welding (FSW) methods to fabricate dissimilar aluminum nanocomposite lap joints, integrating Al;O3 nanoparticles into
the weld nugget. Lap joints were prepared with varying tool rotation speeds (1000—1600 rpm) and the mechanical and
metallurgical behaviors of AA6061-AA7075-T6/Al,O3 lap joints were examined. The inclusion of filler material in the
weld joint resulted in an 18% increase in shear strength compared to joints without filler. Dynamic crystallization impeded
grain boundaries and reduced grain size in the weld stir zone (SZ), with the most enhanced mechanical characteristics
observed at a tool rotation speed of 1400 rpm. The shear strength at 1400 rpm was 5780 N, representing a 7% increase
compared to joints prepared at 1000 rpm. Field emission scanning electron microscopic examination revealed evenly dis-
persed Al,O3 nanoparticles within the weld zone, supporting the lap shear test results. Notably, joints created at lower
(1000 rpm) and higher tool rotational speeds (1600 rpm) exhibited brittle fracture behavior. The addition of Al,Oj sig-
nificantly improved lap joint tensile strength due to its uniform dispersion in the SZ. Increasing the FSW tool rotational

speed from 1000 to 1400 rpm facilitated nanoparticle dispersion, further enhancing lap joint strength.
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Introduction

The automotive industry is increasingly adopting light-
weight, high-strength alloys such as aluminum, magne-
sium, titanium and fiber-reinforced plastics to enhance
fuel efficiency, reduce CO, emissions and improve
design aesthetics.'* Aluminium is becoming increasingly
important in contemporary automobile manufacturing,
particularly for applications related to the vehicle’s struc-
tural components.®* This is primarily attributed to its low
density, high specific strength and outstanding corrosion
resistance, making it a preferred choice in this regard.””’
The potential of 7XXX aluminum alloys has been
explored for various sectors like renewable energy indus-
tries and marine industries.® Fuel tanks are one of the
applications where Al alloys or metal matrix composites
have been employed. However, fusion-based welding tech-
niques used for joining aluminum alloy parts often result in
weak welds due to excessive heat generation.”™' Joining
thin aluminum alloy sheets necessitates careful attention
to prevent issues such as sheet wrapping, which can be
addressed by minimizing heat input and utilizing a
clamping device.'*"?

Addressing the limitations of fusion welding, especially
in joining dissimilar aluminum alloys with varying

chemical compositions, mechanical properties and
thermal characteristics, has become a critical focus of
research.'*'> Formation of brittle intermetallic com-
pounds and undesirable microstructural changes that lead
to low weld strength are encountered in conventional
fusion welding.'®!” Alternative joining techniques that
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can overcome these limitations and provide robust, reliable
and high-quality joints are of great interest and research.'®~
20 As aresult, the demand for friction stir welding (FSW) in
the manufacturing industry is significant due to its numer-
ous advantages over conventional joining methods.?' >
The quality of an FSW joint is subjected to multiple influ-
encing welding parameters like tool profile, tool rotational
speed, feed and depth of shoulder penetration.*® Among
these parameters, tool rotational speed is a critical param-
eter in ensuring the formation of high-quality joints.?’ !
The FSW technique has gained widespread attention
among researchers worldwide, particularly in the context
of welding dissimilar metals. Given the varying micro-
structures and mechanical properties observed in FSW
joints of thin sheets due to heat dissipation and insufficient
material flow,>> it is imperative to explore alternative
methods or strategies for joining lightweight alloys. In
the context of FSW-lap joints, the positioning of the base
material (BM) plays a crucial role in influencing material
flow dynamics and contributes to the occurrence of a
common welding defect known as the “hook.” This
defect manifests in various sizes and is a consequence of
the material movement, which occurs in an upward direc-
tion from the bottom sheet to the top sheet. As anticipated,
the size of the hook defect is not only influenced by the
rotational speed and welding speed but is also significantly
impacted by the initial placement of the BM.**>7 Over the
past few decades, there has been an increasing fascination
with the integration of ceramic particles into the adjacent
face during FSW and friction stir processing (FSP).****
The addition of ceramics may result in increased or
decreased strength based on the particles agglomeration
during the process of FSW. For example, in a study by
Babu et al.,* it was experiential that incorporating
agglomerated fillers led to a notable decrease in the mech-
anical strength of joints in nickel-based metal matrix com-
posites. West et al.*® observed that even minor changes in
the size of reinforcement particles during FSW could have
anotable impact on the hardness of the resulting composite
joint. Consequently, it becomes apparent that introducing
finely dispersed ceramic nanoparticles into the weld area
holds promise for improving weld characteristics.
However, the challenge of preventing the agglomeration
of particles remains an ongoing issue that requires
further investigation.

In the past few decades, notable research has been
conducted on joining dissimilar aluminum alloys in a
lap configuration to enhance the mechanical behavior
of lap joints. Abbass et al.*’ introduced an innovative
method known as friction stir diffusion welding. This
technique was employed for the creation of lap joints,
utilizing AA110 and AA6061-T6 alloys as the materi-
als of choice. They could achieve the joint efficiency
of 93% at rotation speed=1250 rpm and traverse
speed=75 mm/min. In the context of dissimilar
welding of 5X and 6x aluminum alloys without nano-
particle reinforcement, previous research as documen-
ted in references** " has signified that the heat input
is influenced by the welding tool’s rotational and

traverse speed. In another study, using FSW, Jasitiniené
et al.”' investigated SiC reinforcement overAA6082-T6
and AA5083-H111 dissimilar joints. After conducting
high-frequency ultrasonic tests, they reported that
welding direction significantly influences weld quality,
and even small flaws can substantially impact joint
performance.

Kumar et al.’” recently introduced a zinc interlayer
during the preparation of FSW butt joints on dissimilar
AA6061/AZ61 alloys and showed enhanced tensile
properties and corrosion resistance due to incorporation
of the zinc interlayer. In another study, Saleh et al.>”
fabricated dissimilar FSW joints of AA1050 and
S45C with zinc (Zn) interlayers and compared them
with a joint without any interlayer. The presence of a
zinc interlayer and the formation of zinc-rich particles
along the grain boundaries of A1050 enhanced the
weld strength by facilitating discontinuous dynamic
recrystallization.

Carbon nanotubes (CNT) reinforced FSW aluminum
alloys were reported by Rabiezadeh®® in which authors
revealed that hardness, wear resistance and joint effi-
ciency (>100%) were obtained under some specific condi-
tions and the ductile fracture was the primary failure
mechanism. The friction coefficient decreased by about
30% in two-pass welded samples compared to the base
metal (BM). These findings contribute valuable insights
into the potential benefits and limitations of CNT in dis-
similar aluminium alloy welding processes. According
to the existing body of literature, it becomes evident
that introducing nanoparticles into the welding zone
exerts a substantial influence on the metallurgical attri-
butes while concurrently diminishing the occurrence of
intermetallic compound formation at the stir zone (SZ).
It also decreases the grain size in the heat-affected zone
FSWed joints.>>~°

However, using SiC or CNT as a reinforcement filler in
certain applications is not advisable, as both materials
have higher electrical conductivity, high cost and com-
plexity in production. Alternatively, Al,Oj3 is the better
choice of ceramic materials, which have good strength,
high thermal conductivity, high corrosive resistance and
high abrasive characteristics. On top of it, it is abundantly
available eco-friendly material. Incorporating nano Al,O5
can further enhance the mechanical and functional charac-
teristics of the weld despite the challenge of the filler dis-
tribution over the nugget zone persists. There is a shortage
of research on dissimilar lap joints, and thus, the mechan-
ical and corrosive properties of reinforced FSW lap joints
must be investigated and published. As weld quality
primarily depends on influencing process parameters, par-
ticularly the tool rotation speed, this study aims to assess
the feasibility of FSW for fabricating AA6061-T6/
AA7075-T6 dissimilar aluminum nano-composites lap
joints and evaluating the optimal rotational speed of the
tool that could yield the highest weld quality. At this
end, the paper is organized with results and discussion
in the third section, while the second section explains
the method of research.



Suresh et al.

Experimental design

Materials and tool

Dissimilar 6061-T6 and 7075-T6 aluminum alloy plates
measuring 100x 100 X2 mm were fabricated using
Electrical Discharge Machining (EDM). The properties
of these alloys are presented in Supplemental Table S1.
6061-T6 alloy has Si that resulted in improved strength
and heat treatability. In contrast,7075-T6 alloy has sig-
nificant Zn towards increased strength and hardness.
While 6061-T6 and 7075-T6 aluminum alloys are
widely used in various applications, their differing
compositions result in distinct mechanical properties
that make a combination of these alloys more suitable
for specific structural needs demanding high strength
and lightweight.

Al,O5 of particles in the range of 40-50 nm with a
purity of 99% was used to reinforce the nugget zone of
the weld. Figure 1(a) shows transmission scanning micro-
scopic image and energy dispersive spectrometer results.
AISI H13 steel tool was customized and used in FSW
experiments, wherein the length of the tool pin=
2.85 mm and the diameter of the cylindrical shoulder =
5 mm. The detailed dimensions of the FSSW tool are

illustrated in Figure 1(b)). The fabricated tool underwent
a heat treatment process to achieve a hardness of 58
Rockwell C, enhancing its durability and wear resistance
when utilized in the FSW operation.

Weld samples preparation

Customized CNC vertical machining centre (make-ACE
micrometric) was used for preparing lap-FSW (LFSW)
samples as illustrated in Figure 2. To embed the Al,0O;
nanoparticles, a square groove was created on the over-
lapped top sheet along the welding direction and 5.5
vol% of Al,O5; nanoparticles were added into the groove.
This volume fraction was determined based on the slot
and tool dimension.’ To investigate the impact of rotational
speed, various rotational tool speeds were considered: 1000,
1200, 1400 and 1600 rpm. Prior research and studies were
conducted to establish these parameter ranges respective to
the selected materials.>”

Throughout experimentation, tool travel speed, shoul-
der plunge depth and tilt angle were maintained as 15 mm/
min, 0.2 mm and 0, respectively. A total of 12 samples
were prepared (three samples in each tool speed), as
some samples shown in Figure 3.

Figure 1. (a) TEM image and EDS of the Al,Oj3 nanoparticles and (b) dimensions of FSW tool.
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Figure 2. Process sequence of lap-FSW process.

Top sheet (AA6061-T6)

1000 RPM 1200 RPM
Bottom sheet (AA7075-T6)

Figure 3. Fabricated FSWV lap joint samples.

AA6061-T6

AA7T075-T6

AA6061-T6

Warm-hole
- defect
AAT075-T6 -

Figure 4. Cross-sectional macrostructure of welded samples at different tool rotational speeds (a) 1000, (b) 1200, (c) 1400 and (d)
1600 rpm.
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Figure 5. Optical micrograph across the cross-section of the 1400 rpm joints (a) BM, (b) SZ, (c) TMAZ/HAZ and (d) TMAZ.

Testing and characterization

After employing FSW welding, specimens measuring
100 x40 mm were meticulously sectioned utilizing a
wire-EDM machine. Subsequently, the lap shear strength
of the resultant overlap joints was assessed in accordance
with ASTM D1002 standards using a computerized uni-
versal testing machine (TE-JINAN-WDW100). The lap
shear experiment was performed at room temperature
with a crosshead speed of 1 mm/min, and the average
result from three separate specimens under each welding
condition was calculated.

Macro and microstructure analyses of the joint cross-
sections were conducted to understand the structural
characteristics of the welds. A stereo zoom microscope
(Radical RSM-9, Radical Scientific, India) was utilized
for an initial macroscopic examination, followed by
detailed observations using an optical microscope
(Invertoplan TR, Gippon-Japan). Standard metallographic
assessment of samples, etched with Keller’s regent (5 ml
HNO;, 3 ml HCI, 2 ml HF and 190 ml H,0), provided
insights into the microstructural features of the welds.
Nanoparticle dispersion within the weld zone was
assessed using a field emission scanning electron micro-
scope (ZEISS SIGMA, Germany).

Results and discussion

Macro and microstructure

Macrostructure of friction stir welded AA6061-T6/
AA7075-T6 joints under different tool rotational speeds
(1000 rpm to 1600 rpm) are presented in Figure 4. SZ,
thermo-mechanical affected zone (TMAZ) and heat
affected zone (HAZ) as indicated by the lines in
Figure 5 are considered for the analysis as high heat gen-
eration and intense plastic deformation are characteristics
of FSW.

The stir zone width in the macrostructures of all
welded joints is depicted in Figure 4. Evidently, as the
rotation speed (and consequently, the heat input)
increases, the stir zone width also increases, resulting in
a flatter and more homogeneous nugget. Additionally, it
is worth mentioning that the sizes of TMAZ and HAZ
exhibit variations. In summary, it can be inferred that
the tool’s rotational speed exerts a substantial influence
on both heat input and material flow within the welded
zone, thereby leading to distinct macrostructural charac-
teristics in the welded joints.

It is worth noticing the wormhole defect at the end of
SZ of the specimen made at 1600 rpm (as shown in
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Figure 6. FESEM image of SZ at 1400 rpm tool speed.

Figure 4(d)). It is because of higher heat generation at SZ
that significantly affects the material flow. It is augmented
that 1400 rpm is the optimal rotational speed to be used in
FSW of these dissimilar Al alloys.

Distinct grain sizes were observed in FSWed samples,
and hence, high magnification images of the different
zones of the sample made at 1400 rpm are shown in
Figure 5 to provide a better understanding of the micro-
structure development. Figure 5(b) reveals the microstruc-
ture of the SZ, characterized by the presence of
dynamically recrystallized grains, and thus dynamic
recrystallization is evidenced. Dynamic recrystallization
occurs when the welding is subject to both severe
plastic  deformation and high frictional heat.
Furthermore, it is reported that the Al,O3 nanoparticles
at SZ might have undergone stretching, and thus contrib-
uted significantly to grain refinement, as seen in
Figure 5(b).>* The TMAZ, undergoing plastic deform-
ation under elevated temperatures, demonstrated
enhanced grain refinement in contrast to the BM.
Reduced grain size signifies and supports the dominant
role of added nanoparticles within the weld region.

Metallurgical characterization of SZ

Figures 6 and 7 present the FESEM micrographs of the SZ
prepared at 1000 rpm (the lowest rotational speed) and at

1400 rpm (optimal rotational speed). This provides insight
of rotational speed and how it impacts the dispersion of
nanoparticles at SZ. In the SZ of the weld sample pro-
duced at 1400 rpm (as shown in Figure 6), a uniform dis-
tribution of Al,O3 nanoparticles is observed, primarily
along the grain boundaries, effectively impeded grain
growth and consolidation. This uniform distribution con-
tributes to the composite joint’s higher lap shear fracture
load (LSFL). Conversely, the sample prepared at a
lower speed (1000 rpm) exhibits grouped nanoparticles
both inside and outside the grains, with larger clusters
(as shown in Figure 7).

The aggregation of Al,O5; nanoparticles results in an
augmentation of the aluminum matrix and the interface
area with Al,O3. This phenomenon indicates a bonding
deficiency, attributed to reduced tool rotational speed
leading to decreased heat generation. Consequently,
microscopy images of the SZ reveal that insufficient
heat and stirring action can have adverse effects on the
even dispersion of Al,O; nanoparticles and grain size
reduction, as depicted in Figure 7.

Figure 8 presents the EDS and elemental mapping
analysis results conducted in the SZ. The EDS pattern
indicates prominent peaks for aluminum and oxygen, con-
firming the presence of Al,O; nanoparticles in the weld
area. The elemental mapping images demonstrate the
homogeneous distribution and mixing of aluminum,
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Figure 7. FESEM image of SZ at 1000 rpm tool speed.

oxygen, magnesium and copper elements, further con-
firming the incorporation of Al,O3 nanoparticles within
the aluminum matrix. Importantly, no interfacial reaction
from the images indicates a stable interface between the
nanoparticles and the matrix.

Influence of tool rotation speed on LSFL

Figure 9 illustrates LSFL under different tool rotational
speeds. The results illustrate a direct correlation between
rotational speed and tensile strength, showing a steady
rise until it reaches its maximum at 1400 rpm. However,
beyond this point, the tensile strength starts to decline.
The LSFL values for the joints at 1000, 1200, 1400 and
1600 rpm were recorded as 4790, 5250, 5780 and 5195
N, respectively. At the same rotational speed and room
temperature, the LSFL of the joint reached 5780 N,
showing a significant 18% increase compared to the
LSFL of joints prepared without Al,O3 nanoparticles,
which was measured as 4740 N. The error bars displayed
in Figure 9(a) depict the standard deviation of LSFL
across different tool rotational speeds, offering a
measure of the consistency in joint strength.

It is significant to observe that welds produced at
both lower and higher rotational speeds displayed a
brittle fracture behavior. The fracture manifested
within the nugget zone, as clearly depicted in

Figure 9(b). This observation suggests that the reduc-
tion in strength can be ascribed to insufficient or exces-
sive heat generation during the stirring process, which
in turn resulted in inadequate material flow. Two key
factors contribute to the observed trends in LSFL.
Firstly, higher rotational speeds lead to elevated heat
input, resulting in an increase in grain size and the dis-
solution of reinforced Al,O; particles in the welded
zone of AA 6061-T6 and AA7075-T6 materials.”’
Secondly, higher heat input induces increased turbu-
lence in the plasticized materials undergoing strain,
which facilitates the development of defects in the
weld joints. The distribution of nanoparticles across
different regions further affects the tensile properties
observed at various rotation speeds.’®

Fracture analysis reveals that fractures predominantly
occur along the nugget region with increased rotational
speed. In high-strength joints, fractures form at the inter-
face of the nugget and BM, as evidenced in Figure 9(b).
This indicates that the choice of rotational speed signifi-
cantly impacts the distribution of Al,O; nanoparticles
and subsequently affects the fracture behavior and
tensile strength of the joints.>**

Fractography images from field emission scanning
electron microscopy (FESEM) in Figure 10 reveal micro-
void coalescence characteristics. Figure 10(a) shows the
fracture surface of the sample at 1000 rpm, yielding the
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Figure 8. Elemental mapping and EDX result of the SZ of the sample fabricated at 1400 rpm.

minimum lap shear load, while Figure 10(b) depicts the
sample at 1400 rpm with the maximum LSFL. Both sur-
faces exhibit dimples, indicating a ductile fracture.®!
The 1400 rpm weld displays finer dimples and more
pronounced shear lips, suggesting greater plastic deform-
ation. Interfacial failure between added nanoparticles and
the aluminum matrix results in a larger number of smaller
micro-voids in the 1400 rpm sample. Micro-void
nucleation and coalescence characterize the fracture
mechanisms in both surfaces. The 1400 rpm weld
shows enhanced ductility, plastic deformation and
increased micro-void formation, indicating superior
strength compared to the 1000 rpm sample.

Conclusion

The influence of alumina nano-fillers and varying
tool rotation speeds on the microstructural characteristics
and mechanical characteristics of dissimilar aluminum
FSW lap joints was investigated and reported below.

1. Investigating the highest rotation speed (1600 rpm) and
lowest rotation speed (1000 rpm), it is understood that
the higher the speed, the higher the homogeneous distri-
bution and higher LSFL. The lowest speed results in the
aggregated nanoparticles in the nugget zone, leading to
inadequate bonding and reduced lap shear strength.
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Figure 9. (a) LSFL at varying tool rotational speeds and (b) load-displacement graph with fractured samples.

2. The optimal rotation speed is found to be 1400 rpm,
where nanoparticles were found along the grain
boundaries, slightly enhanced grain refinement and
consolidation. This is the best speed at which the
highest lap shear strength was recorded. The decrease
in strength at 1600 rpm was attributed to the poor dis-
solution of reinforced Al,Oj; particles, increased turbu-
lence and defect formation in the weld joints.

3. Inadequate production of heat and insufficient stirring
action negatively affect the nanoparticle distribution and
grain size uniformity within the SZ. The width of the
SZ is observed to vary with the tool rotation speed. The
reduced width was observed at the highest rotation speed.

The optimization of FSW parameters based on rotation
speed and nanoparticle distribution can inform practical
applications, leading to improved performance and reliabil-
ity in joined aluminum components. The findings from this
investigation could provide valuable insights related to fric-
tion stir-welded dissimilar lap joints, which can apprise the
development of advanced joining techniques in the automo-
tive and manufacturing industries.
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