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In the present work, dissimilar aluminum AA1050 alloy and oxygen-free copper Cu-OF were joined together by friction stir
welding. The joints were prepared under varying welding speeds at a tool offset of 1 mm towards aluminum alloy to facilitate
better mixing of materials and to improve tool life. The morphology of the welded specimens was evaluated using SEM, and
their mechanical properties were investigated using tensile testing, fractography, a micro-hardness survey, and wear analysis.
The phases of the joint morphology were evaluated by EDS and the presence of intermetallics was analyzed by XRD analysis.
Among the tested specimens, the joint fabricated at 220 mm/min exhibited the highest tensile strength of 106.4 MPa under
ductile fracture, and the maximum observed micro-hardness of 124 HV. The specimen welded at 220 mm/min demonstrated
ductile fracture in the weld nugget zone (WNZ). The wear analysis revealed that the 220 mm/min joint specimen had a lower
wear percentage (3.43%) than the other specimens (4.06% and 4.20%). The EDS morphology and XRD analysis of the 220
mm/min joint revealed the presence of intermetallic compounds composed of thin layers of aluminum-copper compounds such
as ALCu and Al,Cu, which could improve the joint's mechanical performance.
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Introduction aluminum. A fastened joint could enter thermal

deformation during service life which could result in

The electrical and electronics industry has seen its reduced joint strength and possibly failure. Welded
material requirements increase greatly over the years joints are inherently stronger than fastened joints and a
with increasing technological advancements in the weld joint of aluminum and copper could form a
generation of power and transmission of electric bimetallic joint capable of exhibiting its best performance
current. Copper has been a long-associated material in characteristics. Welding techniques for dissimilar joints
the electrical and electronics sectors, while other have been largely investigated in recent years and with
conductive elemental materials such as Aluminum, and the advent of newer techniques, this trend has only
rare materials such as Gold, Silver, and Platinum have increased. Modern joining techniques such as solid-
also been used in specific applications. Gold and state welding involve joining the constituent material
Platinum have excellent conductive properties but are surfaces to be joined without melting by application of
severely limited in their usage due to their prohibitive heat and pressure (Friction stir welding, forge welding,
cost and availability. Copper is a cornerstone in diffusion welding, ultrasonic welding, seam welding,
electrical applications but oftentimes its higher density etc.). In a study evaluating the mechanical performance
causes components such as coil windings, bus bars, of laser brazing joined aluminum-copper joints, it was
circuit contacts, electromagnets, electronic connectors, found the that the joining process has to be controlled
etc., to be much heavier. Aluminum is another material precisely to ensure that intermetallic compounds were
that has a density of just one-third of copper while not formed. They reported that regulation of process
retaining more than 60% of its conductivity, meaning it parameters can greatly enhance joint strength and
has similar or lesser electrical resistance at half the morphological characteristics [1]. A review of studies
weight of copper, and it is also less expensive. exploring dissimilar friction stir welding reported that
However, aluminum is prone to higher thermal expansion Friction stir welding (FSW) is capable of forming
than copper in heat-affected areas. A bimetallic joint energy-efficient joints between dissimilar materials
between aluminum and copper could compensate for without greatly upending the parent material characteristics
the weight issue of copper and the heat sensitivity of [2]. In a study that evaluated the joining of aluminum-

copper-steel in sheet metal form by friction crush
o e author welding, it was reported that the axial force or the
T;r:regsfﬂz(])g%;g or crushipg forge of the Welding process inﬂuenced. the
E-mail: anandavel01@yahoo.com reduction of intermetallic and enhancement of the joint
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strength. The resultant joint exhibited a finer grain
structure and reduced distortions in the weld line [3].
Square pin profiled tools are capable of exerting
effective material mixing effect in the stir zone and
while the the softening of material in the stir zone can
be influenced by the stirring speed [4]. During friction
stir welding, the tensile strength and modulus of the
weld joint can be greatly influenced by tool rotational
speed and tool offset. Furthermore, a thin layer of
continuous IMC layer at the weld interface can result
in an effective joint [5]. Most of the conventional
welding methods have been proven inadequate in
providing effective dissimilar joints with convincing
enhancements in morphological, mechanical, and
thermal characteristics. FSW has become an established
modern soled-state joining process to fabricate dissimilar
joints with sufficient improvements. A study investigating
the joint strength and influence of parameters on an
AA2219-copper FSW joint, reported that the fatigue
strength of the dissimilar joint was enhanced due to the
influence of the tool offset and welding speed, as
measured by micro-tensile strength tests and fatigue
tests [6]. An analysis of microstructural features of a
copper-aluminum FSW joint reported the observation
of copper-rich particles in the weld interface twinned in
the aluminum matrix; the presence of several IMCs of
varying aluminum-copper combinations caused by the
aging process was also observed [7]. An analysis of an
AA2060-copper-lithium FSW joint by mechanical and
microstructural characterization revealed contrasting
coarse grains at the parent metals and finer grains in
the nugget zone; it was also observed that the
strengthening precipitates dispersed within the nugget
zone [8]. An experimental analysis of the AAS5086-
copper FSW joint reported the use of varying tool
rotational speeds and tool offsets to determine their
respective influence on the weld joint. It was found that
the tool offset and rotational speed caused the inclusion
of copper particles in the nugget zone and a higher
aluminum diffusion rate toward the weld interface [9].
The evaluation of microstructural characteristics of an
AA2198-copper-lithium FSW joint and found a kissing
bond defect in the joint. This defect was found to be
the starting point of fracture during tensile fracture. It
was reported that the thickness of the weld interface
and tool offset could be varied to effectively mitigate
this issue [10]. An analysis of the influence of FSW
parameters on a copper-aluminum butt joint reported
that the maximum improvement of tensile properties of
the joint was for a tool offset of 1 mm and travel speed
of 20 mm/min, which caused strengthening of the
dispersion of copper particles in aluminum [11]. Tool
offset, tool rotational speed, and welding speed are
some of the significant parameters that influence the
weld joint of dissimilar FSW joints. Tool offset is an
FSW parameter that can greatly influence the joint
characteristics when one of the materials is harder than

the other. Tool offset typically means moving the tool
near the softer parent material on the retreating side
during the welding process [12]. This is due to the
consideration that if the contact area of the tool is
higher on the harder metal, the tool wear is higher
[13, 14]. An investigation on the mechanical and
microstructural properties of an AA1060-annealed pure
copper FSW joint found intercalation of copper
particles within the weld nugget zone. It was reported
that the superficial bonding and interfacial diffusion
had increased due to this effect, but the corrosion
resistance was drastically reduced to weak internal
bonding. The joint was observed to exhibit a mixed
brittle-ductile failure mode during tensile testing [15].

Optimization techniques have also been explored to
various extents in establishing better combinations of
process parameters to obtain enhanced performance
metrics for FSW joints involving similar and dissimilar
materials. Friction stir welding of aluminium is highly
susceptible to process parameters such as tool rotation
speed and welding speed. By optimizing these parameters,
it is possible to aluminium FSW joint with finer grains
in the microstructure of the stir zone. Precise control of
tool speed could allow for better excess frictional heat
mitigation, thus enhancing the weldability of the
material [16-18]. A study investigating the friction stir
welding of aluminium metal matrix composites noted
that process parameters are influential in affecting the
grain growth, phase transition, and variation of
microstructure arrangement in the various zones of the
weldment. A lower tool rotation speed (800 rpm) with
a 5 kN axial load yielded enhanced joint strength and
ductility of the joint [19]. A study analyzing the
dissimilar aluminium-magnesium FSW joint analyzed
the effects of axial force, tool tilt angle, tool rotational
speed and welding speed on the weld joint. It reported
that an optimized combination of welding process
parameters is capable of yielding a high-quality weld
joint with enhanced mechanical properties [20]. A
study reported that the joining of aluminium-copper is
more experimental and FSW has made such experiments
approachable. It reported that tool-related parameters
are especially influential in producing good aluminium-
copper joints. Tool design, wear, and microstructural
stability are also vital due to their ability to affect the
frictional heat and rotational torque [21]. It was
reported that specialized fixtures could offer better
material support and aid in effective friction stir
welding of dissimilar aluminium-copper joints. It was
described that the tool design and tool tilt angle as
significant parameters that determine the intermetallic
compounds and microstructure of the joints [22].

As inferred from the literature survey, the studies
regarding dissimilar FSW joints are highly imperative
related to their high industrial usage and increasing
application potential. Furthermore, studies dealing with
dissimilar metal joints capable of being employed in
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key applications such as electrical and electronic
conductors, thermal couplings, mechanical joints, etc.,
are imperative and existing studies are limited in this
regard. In the present novel study, aluminum alloy
1050 and oxygen-free-high conductivity copper (Cu-
OF) plates, both with dissimilar thicknesses were butt-
joined by FSW. For the present study, the experimental
welding methodology was adapted an existing study
[23]; however, the values of the parameters were
varied. By the findings of the existing study [23],
which stated that a 1 mm tool offset yielded better
mechanical performance than zero tool offset, the
present work had undertaken to fabricate the dissimilar
FSW joint under the same tool offset parameter with
varying welding travel speeds. The obtained joints were
evaluated for their tensile, micro-hardness properties, and
fractography to ascertain their performance [23]. The
present work, however, has expanded upon the results
and has evaluated the wear performance of the
dissimilar FSW specimens by subjecting them to high-
temperature wear analysis.

Materials and Methods

Materials

In the present work, aluminum AA1050 and oxygen-
free copper Cu-OF (Table 1) were used in the
fabrication of a dissimilar FSW joint. Their dimensions
were 200 x 100 mm in length and width, but the
AA1050 plate was 6 mm thick while the Cu-OF plate
was 3 mm in thickness. A metal sheet of similar
dimensions was used underneath to support the thinner
copper plate and to reduce distortions during welding,
as illustrated in Fig. 1. The aluminum was on the
retreating side and copper was on the advancing side
during the experimental FSW butt joint welding
process. The FSW process was performed by using an
FSW machine (make: Bond Technologies; model:
RM10, 100 kN forging capacity) with an FSW tool
made of AISI H13 tempered tool steel. The tool was a
threaded tapered profile tool with a 24 mm tool
shoulder and the diameter at the tip was 4.2 mm, with a
pin length of 2.9 mm which was lesser than the copper
plate to ensure a smooth weld surface.
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Fig. 1. FSW process schematic.

tool offset was set at a constant 1 mm, while the
welding travel speed was varied (Fig. 2) for each
experimental trial. During the experimental trials, the
tool rotation speed, axial force, and tool tilt angle were
kept at a constant 600 rpm, 20 kN, and 1.45°
respectively. Excessive heat generated by the FSW tool
shoulder during the welding process was cooled by a
constant water supply during welding. The welded
specimens were fabricated into samples for micro-
structural evaluation as per ASTM E3 standards. The
samples were surface polished by separate surface
etchants to offer better interfacial structure revelation
during illumination in microscopy. For AA1050,
Keller’s reagent (95 volume percentage of distilled
water, remaining 1% hydrofluoric acid, 1.5% hydro-
chloric acid, and 2.5% nitric acid) was used and for
Cu-OF, a mixture of 10 g Ferric Chloride, 30 ml
Hydrochloric acid in 120 ml distilled water was used.
The microstructural characteristic and fractography
were investigated by using a scanning electron micro-
scopy instrument (Make: ThermoFisher Scientific Inc,
model: Thermoscientific APREO S, resolution: 0.9 nm
at 1 kV). Energy-dispersive X-ray spectroscopy (EDS)
was used in evaluating the chemical composition of the
interfacial regions of the FSW specimens. X-ray
diffraction analysis was performed to evaluate the
phases in the weld joint interface. The welded specimens
were cut into standard tensile test specimens as per

Tool offset: 1mm
/./

Methods [

The FSW parameters considered in the analysis were

. . Cu-OF 5 T | AA1050
the tool rotation speed (rpm), welding travel speed
(mm/min), and tool offset; to determine the weld joint
performance under varying parametric conditions, the Fig. 2. FSW tool offset position.
Table 1. Elemental composition of parent materials (weight percentage).
Material Magnesium Zinc Iron Silicon Copper Aluminum
Aluminum AA1050 0.05 0.07 0.4 0.25 0.05 Balance
Copper Cu-OF - - - - 99.99 10 ppm
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ASTM E8M standard (Fig. 3) for testing in a universal I x I x
testing machine (UTM) (make: Instron, model: 3382, Cl;l Pew _ AIA Par. ?3)
Cu Al

maximum load: 100 kN). The micro-hardness levels of
the specimens were evaluated by a Vickers micro-
hardness testing machine (make: Mitutoyo, model: HV-
110, maximum load: 20 kg) performed as per ASTM
E384 standard. The specimens were tested for wear by
dry sliding wear testing method using a high-temperature
tribometer (Make: CSM Instruments, model: CSM
Nano-tribometer, depth range: 20 nm-100 pm). The
testing method used a ball-on-disc configuration,
having a ball made of alumina with a sliding speed of 5
mm/s for a total sliding distance of 600 m on the
specimen surfaces. The testing loads were varied under
a contact pressure of 1 GPa, while the wear testing
temperature was set at a constant 150 °C. The initial
and the final weights of the tested specimens were
recorded and the worn surfaces were analyzed by SEM
analysis.

Establishing the Joint Arrangement

The experimental weld joint specimens were fabricated
by butt joint configuration to achieve good formability
and weld quality. The tool offset was configured as per
existing literature and the tool offset was set towards
the softer parent metal. The potential application of the
dissimilar joint investigated in the present work is
electrical conduction and thus the joint was to be
designed as a demonstrator for a bimetallic electrical
conducting bar.

A governing equation was formed to determine the
thickness of the dissimilar parent materials from
Joule’s law of electrical heating [23]. By the same
electrical current to be conducted by the joint, the
parent metal plates and the heat generated in the plates
were determined by Equation (1)

IP.Re,=T.R, (1)
Now Equation (1) can be expressed as Equation (2),

Re, =Ry, (2)

Since the length of the parent materials are similar,
Equation (3) can be expressed as,

Pcu _ Pai
=== 4
ACu AAI ( )

Cross-section area ‘4’ of the parent materials is the
product of their thickness ‘¢’ and width ‘w’; since the
width of the parent materials are similar, Equation (4)
can be written as,

Peu _ Pa (5)
tCu tAl
U 9 Cu
tey = £a Xty = —x Ty (6)
P G4

where, I = constant current flow; Rc,, Ry = Electrical
resistances of copper and aluminum; p = Electrical
resistivity of the parent materials; L = Length of the
parent materials; 4 = Cross section area of parent
materials; ¢ = thickness of parent materials; o= Material
conductivity; pc, = 100% IACS conductivity; oy =
61% IACS conductivity. Equation (6) was used to
determine the thickness of the copper plate compared
to the 6mm thick aluminum AA1050 plate.

Results and Discussion

Macrostructural Characterization

The dissimilar FSW joints were fabricated at 140,
180, and 220 rpm of welding travel speeds (WTS),
constant tool offset (TO), tool rotation speed (TRS),
axial force (AF), and tool plunge depth (TPD) as listed
in Table 2.

The macrographs showing the weld bead appearances
of the welded specimens are shown in Fig. 4. It can be
observed that the weld nugget zone (WNZ) between
the copper and aluminum metals differ much in
comparison with each other. The strength and quality
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Table 2. FSW parameters used during experimental trials.
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S No Welding trav;l speed Tool offset Tool rotation speed ~ Axial force Tool tilt angle Tool plunge depth
(mm/min) (mm) (rpm) (kN) (degrees) (mm)
140 1 600 20 1.45 29
2 180 1 600 20 1.45 29
220 1 600 20 1.45 29

(a)
Fig. 4. FSW samples produced at welding travel speeds (a) 140 rpm; (b) 180 rpm; (c¢) 220 rpm.

of the weld joint are signified by its appearance and the
presence of defects [24]. From Fig. 4, the interaction of
aluminum with copper can be observed within the weld
zone. In Fig. 4(a), the weld nugget zone indicates the
agglomeration of copper and the presence of a
noticeable void defect. Furthermore, the top surface of
the welded joint is characterized by an unbonded
copper and aluminum layer. The heat-affected zone of
the aluminum side indicates the presence of numerous
micro-void defects. The weld joint in Fig. 4(b)
indicates the weld joint fabricated at 180 mm/min
WTS, and it shows a relatively smoother top surface in
comparison to the former. The weld zone (WZ) also
indicates a better particle mixing between the copper
and aluminum, however, the joint also includes a
noticeable tunnel defect. On the bottom side of the
weld zone, the joint also has kissing bond defects.
Nonetheless, the weld joint demonstrated improved
particle mixing within the weld zone. From Fig. 4(c),
the weld joint can be seen to have a significantly better
material interaction in the weld zone. Furthermore, the
copper and aluminium mixture is denser and more
uniform, with no major flaws. From the figure, it was
observed that the aluminum was transported to the
copper side and vice-versa during all the welding travel
speeds. The lack of sufficient heat might have resulted
in the inadequate interaction between the dissimilar
materials and voids and tunnel defects are characteristics
of higher frictional heat [25].

Microstructural Characterization

Influence of Welding travel speed and Tool Offset
The microstructures of the parent materials and the

friction stir welded specimens at varying WTS were
observed by scanning electron microscopy (SEM). The
microstructures of the parent materials AA1050 and
Cu-OF can be observed in Figs. 5(a) and 5(b),
respectively. As indicated by the literature, the stir zone
of the weld joint was primarily in the aluminum part of
the joint [26], and it is a combination of copper and
aluminum particles. The 1 mm tool offset towards the
copper had caused the breakdown of copper particles
and mixing with an aluminum particle in the WZ. The
size of the constituent particles in the WZ is influenced
by the tool offset and as indicated by the findings from
the existing work [23], the tool offset of 1 mm towards
copper caused a reduction in particle cluster size. This,
in effect, could theoretically aid better metallurgical
bonding between dissimilar copper-aluminum materials
[12]. Fig. 5(c) shows that the WNZ is composed of
agglomerated copper amid an aluminium matrix and
non-uniform particle dispersion during WTS of 140
mm/min. This is consistent with the observation from
the corresponding macrograph, which showed a partial
distribution of copper particles in the WZ, resulting in
a composite microstructure with visible void defects.
From Fig. 5(d), it can be observed that the WNZ of the
FSW specimen welded at 180 mm/min, shows a
comparatively improved copper dispersion with clusters
of copper particles scattered among the aluminum
matrix. The copper dispersion is non-uniform, and the
micrograph shows signs of micro defects such as voids
and porosities. The comparative improvement in
dispersion indicates a potential increase in weld joint
tensile properties, which are typically influenced by
stirring action and particle distribution [25]. At an even
higher WTS of 220 mm/min, as seen in Figs. 5(e) and
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(b)

Fig. 5. SEM Micrographs of (a) AA1050; (b) Cu-OF; (c) WNZ of FSW at 140 mm/min; (d) WNZ of FSW at 180 mm/min; (¢) WNZ of FSW
at 220 mm/min at scale of 400 pm; (f) WNZ of FSW at 220 mm/min at scale of 50 pm.

5(f), the microstructure indicates a more uniform
mixture between copper and aluminum with the
formation of comparatively smaller grains due to more
controlled heat generated by a faster WTS than the
former specimens. The weld joint was devoid of major
defects and with a potential increase in tensile strength.

Tensile Strength

The different FSW specimens were subjected to
standard tensile testing until fracture and their tensile
strengths were observed. The observed tensile strengths
of the tested specimens are shown in Fig. 6(a). The
specimens prepared under constant TO (1 mm), TRS
(600 rpm), and varying WTS (140, 180, and 220 mm/
min), the FSW specimens indicated increases of

47.4%, 38.3%, and 38.7% than the respective tensile
strengths observed previously in the existing study
[23] during their tests with 0 mm TO, 640 rpm TRS
and varying WTS of 128, 160 and 213 mm/min. As
observed from the tensile tests, the tensile strengths of
the FSW specimens gradually increased from the 140
mm/min specimen to the 180 mm/min specimen, from
where it exhibited a marginal increase to the 220 mm/
min specimen. This trend indicates that the tensile
strength was highly influenced by the welding travel
speed during the FSW process. The joint efficiency of
an FSW joint is, at all times, lesser than the base metal
[14], in this case, the aluminum AA1050 has a tensile
strength of 113 MPa. However, the increased weld
joint efficiency is capable of enabling the weld joint to



280

[a) 110 =
M- Present work - 1 mm tool offsat 106 i
@ Shankar et al. 2018 - 0 mm tool offset | g —
106.4
100
£ o
e |
£ 87
[=2
c
g 80
7
x
2
|1J 70 4
65.4 65.25
L L]
I
T T T T T
140 160 180 200 220

Welding travel speed (mm/min)

A. Mahabubadsha and K. Anandavelu

(b} 110
| ®  Fracture locations - 1 mm tool offset
™ L]
105 WNZ-Cu Interface Middle of WNZ
w©
o
= 1004
£
[=)]
c
2
% g5
2
‘@
=
(4]
[
90
] WNZ-Cu interface
L
85 - . T T v T r T
140 160 180 200 220

Welding travel speed (mm/min)

Fig. 6. (a) Tensile strength; (b) Fracture locations of tensile tested specimens.

exhibit tensile properties almost similar to the base
metals [6]. Studies have indicated that the presence of
intermetallic compounds (IMCs), material flow in the
stir zone, and mixing of base materials are some of the
factors that might affect the performance of a dissimilar
weld joint. The FSW dissimilar joints were prepared at
WTS of 140, 180 and 220 mm/min and exhibited
tensile strengths of 87, 106, and 1064 MPa,
respectively. During the tensile tests, the specimens

~
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welded at 140 and 180 mm/min WTS exhibited
fracture initiating at the weld interface between the
copper and weld nugget zone (WNZ), indicating that
area within this zone is a weak area prone to fracture
(Fig. 6(b)). The specimen welded at a higher WTS of
220 mm/min, exhibited fracture amid WNZ. It is
estimated that the joint fractured on the WNZ exhibited
ductile fracture while the joints fractured in the WNZ-
Cu interface was a brittle fracture.

Y
¢ ““surface

Fig. 7. Fractography of tensile tested specimens welded at (a) 140 mm/min; (b) 180 mm/min; (c, d) 220 mm/min.
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Fractography

The fractured surfaces were evaluated for their
morphologies by FESEM analysis to determine the
failure modes. Figure 7 shows the fracture morphologies
of the tensile-tested specimens. Figure 7(a) depicts a
specimen welded at 140 mm/min WTS that fractured at
the WNZ-Cu area. The fractured surface indicates the
presence of uneven-sized dimples and a few flat
surfaces in the microstructure. Brittle fracture is
indicated by the presence of flat surfaces with uneven
dimples. Figure 7(b) shows a shear fracture during
testing due to the presence of equiaxed dimples
alongside uneven dimples. Furthermore, the morphology
indicates the presence of flat surfaces as opposed to
uneven dimples, indicating a brittle fracture. The
fracture morphology of the specimen welded at 220
mm/min WTS is shown in Fig. 7(c) which shows the
presence of equiaxed dimples. The number of equiaxed
dimples in the morphology indicates stronger interaction
between copper and aluminum. These dimples are
observed to be elongated towards the tensile loading
direction (Fig. 7(d)) and there are signs of voids near
the dimples. The elongated dimples are indicative of
plastic deformation and hence ductile fracture.

Microhardness Analysis

The different welded specimens were subjected to a
Vickers microhardness survey to evaluate their surface
hardness levels in the various areas near the weld
joints. The survey was performed as per the ASTM
E384 standard on the different zones of the welded
specimen surfaces (Fig. 8). The surface microhardness
levels were measured by using a pyramidal-based
diamond indentor on the weld nugget zone,
thermomechanically affected zone, heat affected zone,
and base metal. The microhardness of the base metals,
Cu-OF and AA1050 were 100 HV and 45 HV,
respectively. As can be observed from the figure, the
specimens welded at WTS of 140 mm/min and 180

- Welding travel speed 140 mmimin
® ‘Welding travel speed 180 mm/min
7 [l Welding travel speed 220 mmimin
r'y
120 4 A
o o &
Cu-0OF A AAL050
— Stir zone
=
L 100
o r Y
w0
g il
rF Y
B o g oa =2
2 804 - . & n
<} L g e
L n
R oA
= -4
3 u
60 - = A
..
-t
L
40 T T T T T T T T T
-8 -6 -4 -2 0 2 4 G 8

Distance from weld zone (mm)

Fig. 8. Vickers microhardness survey of FSW specimens.

mm/min exhibited a gradual decline in microhardness
level from their respective heat-affected zones from the
copper side. However, they showed a gradual increase
near the stir zone, reaching their peak values between
the WNZ-Cu interface, where the fracture occurred
when they were tensile tested. Furthermore, the
specimen welded at 220 mm/min of WTS showed
similar increasing trends in microhardness levels as
seen in the figure. The specimen exhibited the highest
microhardness level within the weld nugget zone,
reaching 124 HV, which can be observed to decline
towards the aluminum side of the joint.

Wear Analysis

The wear analysis was performed for the specimen
prepared under different WTS under varying loading
conditions of 10, 15, and 20 N. The other wear testing
parameters were set as per the values listed in Table 3.
The wear test specimens were preheated to a
temperature of 150 °C, to evaluate their high-
temperature performance in a hard-wearing environment.
The wear testing duration was for 400 s for each trial
and the initial and the final weights of the specimen
were recorded. From the wear results, it can be
observed that during the first trial, the specimen had a
material loss of 4.06%, while the specimen in the
second trial exhibited an increased wear loss of 4.20%.
During the third wear trial, the specimen exhibited a
lower wear rate of 3.43%. The worn surfaces of the
tested specimens can be inferred from Fig. 9. The
micrograph in Fig. 9(a) indicates the worn surface of
the specimen welded at 140 mm/min WTS. The surface
of the specimen can be observed to sustain distinct
wear scars and cracks. There are also characteristic
signs of deformation lips on the worn surface along the
direction of the sliding direction. There are also
indications of fractured ridges on the worn surface
adjacent to the wear scars in the morphology. Figure

Table 3. Wear analysis parameters and results.

Specimens welded at WTS

Parameters 140 180 mm/ 220 mm/

mm/min min min
Temperature (°C) 150 150 150
Applied load (N) 10 15 20
Sliding velocity (m/s) 5 5 5
Sliding distance (m) 600 600 600
Sliding diameter (mm) 40 40 40
Sliding speed (rpm) 717 717 717
Time (s) 400 400 400
Initial weight (g) 0.812 0.832 0.758
Final weight (g) 0.779 0.797 0.732
Wear loss (%) 4.064039  4.206731 3.430079
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Fig. 9. Wear analysis of FSW specimens.

9(b) indicates the worn surface morphology of the
specimen welded at 180 mm/min WTS. The surface
exhibits noticeably fewer delaminations compared to
the former, while the surface is indicative of a distant
flake-off region. There is also multiple wear debris
observed in the morphology while the surface also
shows the presence of furrows and deformation. The
morphology in Fig. 9(c) indicates the worn surface
morphology of the specimen welded at 220 mm/min
WTS. The surface indicates the sliding direction and
there are few deformation lips observed. The surface is
not subjected to pronounced wear as observed in the
former specimens, due to the higher surface micro-
hardness of the specimen. Furthermore, the specimen
also exhibited the lowest wear loss percentage among
the tested specimens due to the improved micro-
structure caused by the increased WTS during welding.
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Interface microstructure

The microstructure of the weld interface was
analyzed by EDS analysis for the specimen with better
tensile, microhardness, and wear performance (220
mm/min FSW joint). In solid-state welding, the
interactions of two dissimilar materials produce a
remarkable compositional gradient at the weld interface
that is capable of promoting element diffusion while
welding. During friction stir welding, interfacial
diffusion, which depends on the temperature rise, may
take place, which causes the formation of intermetallic
compounds (IMCs). Characteristics of aluminum in
dissimilar metal joints are negatively impacted by the
abundance of IMCs at the welded interface [27, 28]. At
temperatures above 120 °C, the Aluminum-copper
interface is susceptible to the formation of intermetallic
compounds [29, 30]. The aluminum matrix and the
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Fig. 10. EDS micrograph at (a) Interface zone; (b) Mixed zone.
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Fig. 11. Interfacial zone FSWed XRD analysis.

copper particles are capable of interacting, which could
form layered structures after the copper particles were
detached from the copper plate [31]. As can be seen
from Fig. 11, the XRD result at the interface indicates
the composition is close to Al,Cu, whereas the
composition further from the interface is close to the
aluminum-copper solution denoted by points 1, 2, and
3 in Fig. 10(a). The EDS result reveals that the
composition was near to Al;Cu and AlCu designated as
points 4 and 5 in the interface zone (Fig. 10(b)). The
interface layer's XRD measurement reveals the
presence of AlL,Cu and Al,Cu IMCs (Fig. 11). The
phases that developed after the samples were friction
stir welded are visible in the diffraction pattern. The
joint failed at the weld nugget zone while the welding
speed was 220 mm/min. This indicates a solid interface
joint and confirms that the interface joint was more
stable than the weld nugget, which is why it failed at
WNZ [31-35].

Conclusion

In the present work, a dissimilar AA1050/Cu-OF

joint was welded by the FSW process. The joints were
characterized by microstructural, tensile, fractographical,
microhardness, wear and interface morphological
characteristics. The observations made from the analysis
are:

The macrographs of the joints welded at 140 mm/
min and 180 mm/min indicated agglomeration of
copper, the presence of noticeable microvoids, and
noticeable tunnel defects respectively. The joint welded
at 220 mm/min exhibited comparably better material
interaction in the weld zone.

The micrographs of the joints indicated agglomerated
copper, observable void defects, non-uniform dispersion
of copper and the presence of micro defects such as
voids and porosities in the microstructures of the joints
welded at 140 mm/min and 180 mm/min, respectively.
The 220 mm/min FSW joint exhibited a more uniform
mixture between copper and aluminum with comparatively
smaller grains.

Among the tested joints, the specimen welded at 220
mm/min exhibited peak tensile strength of 106.4 MPa.
The specimens welded at 140 and 180 mm/min WTS
exhibited brittle fracture initiating at the weld interface
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between the copper and weld nugget zone while those
welded at 220 mm/min, exhibited ductile fracture amid
WNZ.

The microhardness results were supportive of the
results obtained with the tensile strengths, wherein the
peak microhardness observed was 124 HV in the WNZ
of the specimen welded at 220 mm/min. The fracture
of the specimen occurred in the region with the highest
microhardness. Similar observations were made for the
140 and 180 mm/min specimens whose microhardness
levels peaked at the WNZ-Cu interface where their
fracture had occurred.

The wear analysis indicated the wear percentage of
the 220 mm/min joint specimen was lower (3.43%)
than the remaining specimens (4.06% and 4.20%). The
specimen with the lowest wear exhibited the least
observed wear scars with characteristics of micro-
cutting and micro-ploughing noted in the morphology.
The wear morphologies of the other specimens
indicated the presence of deformation lips, multiple
wear debris, wear scars, and cracks contributing to their
higher wear rates.

The EDS morphology and XRD analysis of the 220
mm/min joint indicated the presence of intermetallic
compounds consisting of thin layers of Aluminum-
copper compounds such as Al,Cu and Al,Cu, which
provided the potential enhancement of the mechanical
performance of the joint.
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