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This study examines the influence of various parameters on the microstructural and mechanical characteristics of
friction stir-welded 3 mm thick AA6101/C11000 dissimilar joints with a hybrid interlayer consisting of Ag and Zn.
Using scanning electron microscopy and energy-dispersive X-ray spectroscopy, this study provides valuable insights into
the microstructural examination of joints. This study identified the optimal weld parameters to achieve a sound weld with
good mechanical properties in AA6101/C11000 joints. As there was a lack of optimal weld parameters for the friction
stir welding of AA6101/C11000 joints using the interlayer approach, the study carefully derived the optimal weld
parameters for achieving sound welds and optimal mechanical properties. The study found that different traverse speeds
(0.75 mm/s, 1.25 mm/s, 2.25 mm/s) had varying tensile strengths, which were influenced by the thickness and brittleness
of the intermetallic layer. The rotational speed, ranging from 800 to 1800 rpm, also had an impact on intermetallic
formation. Higher rotational speeds resulted in thicker intermetallic layers and reduced the tensile strength.
The study found that a sound weld surface was achieved at 1200 rpm, which allowed for proper diffusion, controlled
intermetallic formation, and solid-solution phase development, resulting in the highest tensile strength. The
microstructure of the joint revealed a composite-like structure with dispersed Cu, Ag, and Zn particles in the Al matrix.
The nugget zone displayed several phases, including Al-Zn solid solution,Al ;Cus »Zng 7, (Ag-Cu) rich, and Ag,Al,
which contributed to the highest tensile strength (156.19+10.08 MPa). The optimal joint strength and efficiency were
observed at 1200 rpm, emphasizing the importance of rotational speed. At 1200 rpm, the fracture surface exhibited
dimples, indicating ductile fracture. The incorporation of the Ag and Zn interlayers helped reduce the formation of highly
brittle intermetallic compounds (IMCs), promoting less harmful phases and contributing to ductile fracture behaviour and
the highest tensile strength.
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Introduction joints, but they can result in

issues such as

Dissimilar materials joining has emerged as a
significant engineering strategy, offering various
advantages such as lightweight design, hybrid
properties, cost efficiency, enhanced structural
integrity, improved performance, etc."*. Composite
structures made from aluminium and copper alloys
are particularly well-suited for applications in
chemical, transportation, energy, aviation, and
electronics industries. Consequently, the dissimilar
joining of aluminium and copper has gathered
significant attention, leading to rapid advancements in
dissimilar materials joining technology >*.

The challenge in joining AIl-Cu arises from
differences in its physical, mechanical, and chemical
properties, leading to the formation of undesirable
brittle IMCs™" 2. Traditional welding methods, such
as fusion welding, have been used to create Al-Cu

*Corresponding author: (E-mail- vireshpayak55@gmail.com)

solidification cracking, oxidation, and the formation of
brittle IMCs, which negatively affect the mechanical
properties of welded structures ** **. Friction stir
welding (FSW), a solid-state process, has emerged as a
promising solution for joining dissimilar alloys such as
aluminium and copper. Compared with fusion welding,
FSW reduces the formation of IMCs because joining
occurs in the solid state *°. Nevertheless, researchers
have still detected various IMCs in Al-Cu joints,
including Al,Cu and Al,Cug in pure Cu /AA6082-T6
joints *® and AAG000-T6/pure Cu joints ¥, as well as
AlCu in A1100H24-Cu FSW welds **.

FSW is a technology that has been proven useful
for joining dissimilar materials despite the challenges
it presents. Unlike traditional fusion welding
techniques, FSW offers several advantages.
Nevertheless, the strength of friction stir welds is
hindered by the brittleness of IMCs. Studies have
highlighted that the thickness of the IMC reaction



700 INDIAN J ENG MATER SCI, OCTOBER 2024

layer significantly influences the interfacial
strength of welds. Essentially, the strength of the
joint decreases as the thickness of the IMC layer
increases.

Researchers have suggested improving the
properties of FSWed Al-Cu joints by managing the
thickness of IMCs. It was noted that the thickness can
be controlled by adjusting the process parameters to a
certain extent. Surprisingly, it was pointed out that in
the last decade, the thickness of the IMCs has been
reduced, and the type of IMC formation has been
controlled by introducing third-phase metal as
interlayer ** %, 1t was very much fascinating to see
that the introduction of Zn as interlayer has led to the
formation of IMCs CuZns, CuZn, CusZng®® with
Cu, which is less detrimental and less brittle than
IMCs formed without Zn interlayers AlCu,
Al,Cu, Al,Cug, AlzCuy, and Al,Cuo®?’. Similarly it
was also noted that incorporation of Ag as interlayer
in FSWed AI-Cu joint has led to the formation of
IMCs Ag,AI”® with Al in the nugget zone which is
also less brittle.

Significantly, it was noted that Zn predominantly
forms IMC with Cu, and Ag forms IMC with Al,
which are comparatively less brittle. However, other
intermetallics of AI-Cu such as Al,Cu, Al,Cug
were also noted > 2% |t provides a conceptual
precipitation that when Ag & Zn is being used
together as interlayer the formation of highly brittle
intermetallics between AI-Cu may be completely
removed. In our earlier research FSWed
Al-Cu joints has been carried out using hybrid
Ag & Zn as interlayer in controlled parameters
observed the formation CuZns and Ag,AI** only as
intermetallics which is less brittle than Al, Cu, Al,Cus.
This finding has motivated us to study the influence
of Ag & Zn as interlayers on mechanical
characteristics of FSWed Al-Cu joints experimentally.
The impact of rotational speed and traverse
speed on mechanical strength was analysed, and the
optimum was reported experimentally in this
manuscript.

2 Materials and Methods

This research utilized 6101 Aluminium alloy
(AA6101) and Copper (C11000) plates as workpiece
materials. These plates have dimensions of length
150 mm, breadth 60 mm and thickness 3 mm, and are
friction stir butt-welded to achieve a sound joint.
Table 1 provides the chemical composition of the

weight percentages of both Al and Cu, while Table 2
outlines the mechanical properties. To prepare the
welding surfaces of the parent materials (Al and Cu)
for the welding process and ensure joint quality,
abrasive paper was used for grinding. Subsequently,
the surfaces were degreased with acetone to remove
the oil, oxide film, and other impurities. Fig. 1 shows
a schematic view of the Al/Cu plate setup with the
hybrid interlayer used in this study.

The FSW process involves the movement of
deformed material from the retreating side (RS) to the
advancing side (AS). In this study (as shown in
Fig. 2), the Cu and Al plates were strategically placed
on the AS and RS, respectively. This placement was
based on the observation by researchers that

Table 1 — Chemical composition (wt. %) of base materials.
Mg Si Al Cu
AA 6101 0.6 05 98.9
C11000 99.9

Table 2 — Mechanical properties of base materials.

Materials Density Tensile Strength ~ Melting Point
AA 6101 2.7 (glem?) 197 MPa 588 °C
C11000 8.89 (g/cm®) 220 MPa 1083 °C

§

S
A

Zn Interlayer

Fig. 1 — The arrangements for friction stir welding (FSW) of
Al/Cu.

Clamp

Cu plate on advancing ‘
side

FSW tool

Al plate on

Zn and Ag foils 5 .
retreating side

Fig. 2 — Schematic of dissimilar joining of Al and Cu FSW.



PAYAK et al.: PARAMETRIC STUDY OF FS WED AL/CU JOINTS WITH INTERLAYER 701

placing the Cu on the AS resulted in superior weld
quality 3.

Additionally, the advancing side in FSW generates
more heat. To achieve optimal mechanical properties
for the dissimilar joint, a tool offset of 1 mm towards
the Al side was taken into account. A plane tapered
pin tool made of H13 tool steel with a shoulder
diameter of 18 mm, a height of 2.7 mm, and root and
tip diameters of 6 mm and 4 mm, respectively, was
used (refer to Fig. 3). All welding experiments were
carried out using a CNC 3-ton FSW machine
(WSO005, ETA Technology, Bangalore).

A series of trial experiments (Table 3) utilizing a
trial-and-error approach were carried out to identify
the suitable range of TRS, TTS and tilt angle for the
final welding process. The TRS ranged from 800 rpm
to 1600 rpm based on the trial experiments, as welds
beyond this lower and upper limit exhibited defects.
The lower limit for TTS was set at 0.75 mm/sec
because, below this limit, there is a tendency for the

Tool pin

shoulder

Fig. 3— Tool with taper pin.

Table 3 — The chosen FSW parameters for
Al6101/C11000 Joints.

Experiment  Rotational Speed Traverse Speed  Tilt Angle
Number (rpm) (mm/s)
If 800 1.25 1°
Io 800 1.25 2°
I3 800 1.25 3°
Ja 800 0.75 2°
Is 800 2.25 2°
Je 1000 1.25 2°
I 1200 1.25 2°
Is 1400 1.25 2°
Jo 1600 1.25 2°

J10 1800 1.25 2°

formation of very hard IMCs at extremely TTS **¥.

The highest TTS value obtained from the trial
experiments was 2.25 mm/sec, beyond which
defective welds were observed. The impact of tilt
angle variation on dissimilar aluminium-to-copper
joining has not been widely explored. To address this
gap, trial experiments were conducted, systematically
varying the tilt angle from 1° to 3° while maintaining
constant rotational speed and traverse speed. It was
observed that welds at a 2° tilt angle were free from
defects. The tilting of the tool generates high
frictional forces, enhancing the stirring between the
workpiece and the tool. This results in improved
interfacial material flow from the AS to the RS of the
joined samples.

The welded plates considered for visual inspection
to identify any defects or irregularities, and the details
of all the welded joints are presented in Table 4. The
samples for testing were obtained by cutting the
transverse section of the welded plate. Subsequently,
the metallographic samples were polished using
abrasive paper and colloidal silica. The prepared
samples were then analysed using scanning electron
microscopy (SEM, CARL ZEISS EVO 50) and
subjected to energy-dispersive X-ray spectroscopy
(EDS).

The mechanical characteristics of the Al/Cu joints
were assessed via tensile strength tests and
examination of the fractured surfaces. Tensile tests
were conducted using an Instron-1195 universal
testing machine with a consistent cross-head speed of
0.5 mm/min at room temperature. The specimens
were prepared according to the ASTM E8 standard,
and three samples were tested for each welding
condition, as shown in Fig. 4.

3 Results and Discussion

The obtained results were examined to understand
the impact of wvarious process factors, including
traverse speed, rotational speed, and tool tilt angle, on
the friction stir welding of Al6101/Hybrid interlayer
(Ag-Zn)/C11000.

3.1 Surface appearance of the joints

Table 4 shows the surface characteristics of the
Al/Cu butt joints, revealing the successful creation of
defect-free friction stir-welded Al/Cu joints for
J2,J6,]7,]g, @nd Jq in this study. These joints displayed
even and seamless weld surfaces, free from
cracks or tunnels, indicating adequate heat input
for proper material flow in friction-stir-welded joints.
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Table 4 — The visual appearance of the weld surfaces and the cross-sectional structure of all the created joints.
Weld surface appearance Cross-sectional macrostructure Remarks
Broke while sample preparation  Lack of penetration and

”/MW///W/;-W proper mixing due to

Joints
1

; insufficient tilt angle

T2 No defects

Amount of heat and
pressure may not be
adequate due to incorrect
combination of parameters

I3

TR S8 e 705092022
WO 70 Mags W% Tine 173810

Amount of heat and
pressure may not be
adequate due to incorrect
combination of parameters

Ja

ET-ROKE  SgmlAeSE)
WO 65mm [

Lack of heat and pressure
due to inappropriate
parametric combination
generates voids which
continue through the entire
weld

Js

Te No defects

C I O 22508 2022 S
| o= 40 g T gt

(Contd.)
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Table 4 — The visual appearance of the weld surfaces and the cross-sectional structure of all the created joints. (Contd.)

Joints Weld surface appearance Cross-sectional macrostructure  Remarks
J7 ) No defects
Js No defects
Jo No defects
Jio No defects

Weld Zone

Fig. 4 — (a) Dimensions of prepared specimens for tensile test, and (b) Tensile test specimen.

Moreover, some flashes were observed in the joints' 3.2 Joints macrographs and microstructures

appearance, which could be attributed to the use of Table 4 illustrates two different interaction
higher rotational speed and lower welding speed, patterns, as outlined by Galvao et al. in their study *.
leading to severe plastic deformation and the  These patterns are evident in the form of intercalated
formation of flash *. lamellar structures in Jg, composite-like structures in
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J;, and a combination of intercalated lamellar
structures and composite-like structures in Jg&]Jq. It is
important to note that the aluminum and copper
surfaces display irregular characteristics owing to
mechanical stirring, which can result in the removal
of copper particles from the base material. The
composite-like structure in J; shows homogeneous
distribution of copper particles throughout the stir
zone, despite variations in their morphologies across
the welding processes. This variation may result in the
development of interfacial reaction layers with
diverse configurations within the welds. The
miscibility level, intercalation of lamellar structures,
and distribution of Cu and interlayer particles in the
stir zone exhibited distinct characteristics. Such

diverse behaviours are expected in dissimilar Al/Cu
d 33, 40-42.

FSW welds, as previously suggeste

Y

EMT = 2000

Signal A= SE1T —
W= 75mm Mags 245X Time 1810 20

SigratA = 561
Mags 245X

EHT = 2000 4V
WO = 80 mm

Date 23 Sep 2022
Time 114731

Signal A= SEt

The microstructural characteristics of Al/Cu joints
in Fig. 5 align with those identified defect-free in
Table 4. As demonstrated in Fig. 5, the material flow
within the stir zone presents distinct patterns, even
when the welded materials are identical in all
instances. The dissimilarity is mainly attributed to the
intermittent plastic deformation resulting from
variations in flow stress between aluminium and
copper, which are caused by different FSW process
parameters *. In all examined joints, copper (Cu) is
conspicuously present in diverse shapes and sizes,
accompanied by extensively distributed interlayer
particles within the nugget zones (NZ). This
distribution results in a structure that resembles a
particle-reinforced  composite-like  configuration,
consistent  with  findings reported in  prior
studies ** 4% Additionally, the stirred region and

A b\
S/ ' i 1
il .& B RN RN i )
EMT = 2000 AV Signal A= SET Date 23 Sep 2022
WO = 80 mm Mag= 248X Time 1204 39

SignatA = SE1
Mags 245X

Dete 20 Sep 2022
Time 172158

Fig. 5 — Microstructure and SEM image of defect free hybrid interlayer (Ag-Zn) incorporated FSWed Al6101/C11000 joints: (a) J,,

(b) Js, (¢) J7, (d) Jg, and (€) Jo.
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the copper side's edge along the interface exhibited a
layered structure (Fig. 5(c)).

The use of mechanical stirring brought on by the
rotation of the pin results in the separation of copper
fragments from the copper base metal *. These
detached copper fragments along with the interlayers
were deposited in aluminium matrix. This led to the
distribution of copper, interlayer fragments, and
particles throughout the nugget zone. The formation
of intermetallic compounds and metallurgical bonding
are aided by the combined influence of frictional heat
and heat from plastic deformation, which promotes
solid-state interdiffusion and metallurgical reactions
between the parent metals and interlayers.

The SEM images are presented in Fig. 5 with a
comprehensive overview of defect free Al-Cu joints
produced through FSW process at different rotational
speeds. Each figure provides unique insights into the
guality of the joints and the extent to which the
materials have mixed. Figure 5(a) depicts an SEM
image of an Al-Cu joint created using FSW at 800
rpm. It is evident that the materials did not mix
effectively, leading to a suboptimal result. This poor
mixing can be attributed to the fact that there was not
enough heat input during the welding process, which
is necessary for the aluminium and copper to fuse
properly. Fig. 5b showcases an SEM image of an Al-
Cu joint produced through FSW at 1000 rpm. The
image displays a microstructure characterized by a
discontinuous layered pattern that has diffused
inconsistently into the aluminium matrix. The
presence of this pattern suggests an improved
blending of the materials compared to the 800-rpm
case. Figure 5(c) presents an SEM image of an Al-Cu
joint produced through FSW at 1200 rpm. The image
exhibits a distinct microstructure characterized by a
continuous layered pattern that has diffused into the
aluminium matrix. Notably, the materials have
undergone mixing in a manner reminiscent of an
""onion ring" pattern. The continuous layered structure
diffused within the aluminium matrix indicates a more
uniform and integrated blend of the aluminium and
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copper. The "onion ring" pattern implies that the
mixing has occurred in concentric rings or layers,
further demonstrating a more intricate and well-
incorporated fusion of the materials. Fig. 5(d) displays
an SEM image of an Al-Cu joint created through FSW
at 1400 rpm. However, the image suggests that the
mixing process was not proper, and there are thick
copper pieces scattered in a discontinuous manner
within the joint. Fig. 5(¢) reveals an SEM image of an
FSWed Al-Cu joint produced at 1600 rpm. The image
depicts a copper-rich layered structure that has diffused
within the aluminium matrix. This observation is
consistent with the findings of Heideman et al.*® and
Mubiayi et al.*, who reported similar results. This
structure suggests the possibility of more copper rich
intermetallic in the stir zone which is not beneficial for
good joint strength, emphasizing that further increasing
the rotational speed may lower the quality of the joint.
This indicates that the rotational speed beyond a certain
limit result in poor mixing.

Table 5 illustrates the atomic percentages (at. %) of
Al, Cu, Ag, and zinc Zn for different spectrum shown
at a specific location in the stir zone of Fig. 6. The
results from EDX analysis suggest the possible
presence of a phase based on the proportions of Al,
Cu, Zn, and Ag.

Figure 6(a) contains an SEM image depicting the
stir zone of an Al-Cu joint that has been FSWed with a
hybrid interlayer (Ag & Zn) at a processing
speed of 1200 rpm. The FSW process causes
thermomechanical effects that lead to the melting of the
Zn interlayer, resulting in the dispersion of its particles
throughout the weld zone. The Energy-Dispersive
X-ray Spectroscopy (EDS) analysis conducted
afterwards reveals the presence of an interdiffusion
region primarily composed of an Al-(Zn) solid
solution, as shown in the stir zone of Fig. 6(a), with the
related results displayed in Fig. 6(b). Table 5 provides
the atomic percentage (at. %) of aluminium (Al), silver
(Ag), zinc (Zn), and copper (Cu) at that specific
location. This result is consistent with findings reported
by Mokabberi et al.®®. The introduction of molten zinc

Table 5 — EDS analyses for different spectra at a specific location in the stir zone are summarized based on Fig. 6.

Spectrum Al Cu Zn
at.% at.% at.%
1 70.95 1.45 27.49
2 51.03 35.82 13.1
3 2.14 35.82 3.22
4 17.03 67.28 1.07
5 34.37 0.12 0.13

Ag Possible phase
at.%

0.11 Al-(Zn) solid solution

0.05 Aly;Cuz,Zng ;
58.82 (Ag-Cu) rich
14.62 Diffusion Layer
65.38 Ag,Al
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Fig. 6 — The results of FESEM-EDS analysis at different points in the stir zone of FSWed joint J,: (a) SEM image of Stir zone,
(b) represents spectrum 1, (c) represents spectrum 2, (d) represents spectrum 3, (e) represents spectrum 4, and (f) represents spectrum 5.

(Zn) in the Al/Cu interface is recognized for its role in
enhancing wettability and initiating a self-propagating
reaction, promoting effective bonding “***. The results
obtained through EDS analysis confirm a greater
equilibrium solubility of aluminium (Al) in Zn within
the weld zone in comparison to copper (Cu) in Zn. This
dissimilarity leads to the formation of an Al-Zn eutectic
composition in the nugget zone, a phenomenon also
supported by Shen et al.'s investigations *), which
demonstrate the development of an Al-Zn eutectic
structure in Al/Zn/steel joints due to interdiffusion
between Al and Zn. The work of Shen et al.>® further
elucidates the liquid-solid reaction mechanism,
facilitating the bonding between the inherent Al-Zn
layer and the surrounding materials.

Within the observed swirl flow, EDS analysis
additionally  identifies the presence of the
Al ,Cu3,Zny-, IMC at spectrum 2 in stir zone in

Fig. 6(a), with the corresponding outcomes illustrated in
Fig. 6¢ (refer to Table 5 for its chemical composition).
The current study has shown that incorporating a
zinc (Zn) interlayer can effectively prevent the
formation of brittle aluminium-copper (Al4Cug) IMC
at the interface of Al and Cu. Instead, it promotes the
formation of the ternary Al,,Cus,Zng - phase. This
phenomenon could be attributed to the chemical
affinity between Cu and Zn. The FSW process plays a
crucial role in facilitating the AIl-Zn-Cu reaction
through two primary mechanisms. First, the zZn foil
reacts with Cu when it melts owing to its low melting
point. Second, aluminium reacts with copper
owing to its relatively high electronegativity.
This concurrent reaction favoured the formation of a
Al, ,Cus ,Zn, sternary phase. Existing research ™ 23"
% has demonstrated that the Al, ,Cus,Zn, ; ternary
phase functions as an effective diffusion
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barrier, preventing the formation of detrimental
(Al4CU9) IMC.

The presence of the (Ag-Cu) rich layer near the Cu
interface at spectrum 3 in stir zone in Fig. 6(a), with
the corresponding outcomes illustrated in Fig. 6(d),
outlined in Table 5 for its chemical composition, is a
result of the mechanical mixing offered by the FSW
process. The mechanical stirring promotes the
interdiffusion of Ag and Cu, giving rise to the
observed (Ag-Cu) rich layer. This mechanical mixing
is affirmed by EDS analysis, confirming the existence
of Ag and Cu in this mixed layer. The research of
Shafiei et al.®*has been helpful in confirming the
findings presented in this study. Their investigation
on the formation of intermetallics during furnace
brazing of pure titanium to 304 stainless steel using
Ag (30-50%)-Cu filler metals revealed the presence
of an Ag-Cu rich phase. In essence, FSW's
mechanical actions during welding bring about the
creation of this unique layer, facilitated by a
combination of heat, plastic deformation, and
vigorous stirring. Spectrum 4 of Fig. 6(a), near the
swirl flow in stir zone, with the corresponding
outcomes illustrated in Fig. 6(e) confirms the
presence of diffusion layer. FSW generates heat,
stirring materials and leading to their amalgamation
into a distinct layer. Similarly, Shujin et al.?
documented the identification of a diffusion layer
with a composition of 41.70% aluminium (Al),
48.28% copper (Cu), and 10.02% zinc (Zn) by atom
percentage.

EDS analysis was employed to examine
spectrum 5, denoted in stir zone in Fig. 6(a), with the
corresponding outcomes illustrated in Fig. 6(f).
Table 5 provides the atomic percentage (at. %) of
aluminium (Al), silver (Ag), zinc (Zn), and copper
(Cu) at that specific location. The elemental ratios
obtained from the EDS data indicate a potential
chemical composition corresponding to IMC Ag,Al.
These observations align with prior research findings
as reported by various investigators % 3% %8 % pratap
et al.*° examined the temperature distribution across
various trials during the FSW of Al6101/C11000
joints within the weld line region. The plates,
characterized by a thickness of 5 mm, were subjected
to FSW using a square pin profile tool made of
hardened H13 steel. Notably, the investigation
revealed that the highest temperature 293°C was
identified within the joint area under conditions
involving a tool rotational speed of 1200 rpm, a
welding speed of 20 mm/min. Shao et al. conducted a

study investigating the formation of intermetallic
compounds (IMCs) in the Ag-Al system. The findings
indicated that at 200°C under solid-state reaction
conditions, the atomic diffusion of Ag and Al led to
the development of 5-Ag,Al and p-Ag3Al at the joint
interface *°. Our current research has also identified
the formation of Ag,Al intermetallics.

It is noteworthy that, contrary to findings in
other research endeavours ** °*% the present study
incorporating the Ag & Zn as hybrid interlayer did not
observe the presence of brittle intermetallic
compounds such as AlCu,Al,Cusz,Al,Cuz and AlCus.
The use of a hybrid interlayer (Ag and Zn) during the
FSW process is effective in preventing brittle IMCs
related to Al-Cu and helps enhance the material
properties at the Al/Cu interface.

Figure 7(a) provides a visual representation of the
weld nugget morphologies in joint ], through
elemental mapping. The Royal Blue color indicates
aluminum, red represents copper, sky blue stands for
silver, and green signifies zinc. The distributions of Zn
and Ag in the nugget zone are depicted in Fig. 7(b),
showing their consistent diffusion. Notably, a thin layer
of Ag is visible in its individual distribution. Within the

Ag Lal Zn Kal

oo

250pm

250pm

Fig. 7 — Element distribution mapping of FSWed joint];:
(a) overall mapping, and (b) Al, Cu, Ag and Zn individually.
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aluminium matrix, Fig. 7(a) depicts intercalated layers
of Cu, Ag, and Zn, resembling wave-like structures
observed in previous studies® ®.

During friction stir welding, zinc experiences
significant deformation owing to its low melting
point. Instead of completely melting, it partially melts
in certain areas, resulting in the creation of a mixed
zone between the layers of aluminium, copper, silver,
and zinc. This partial melting triggers the creation of
various intermetallics of Al-Cu, Cu-Zn, Al-Zn, Ag-
Zn, Al-Ag, and Cu-Ag, depending on the dominant
conditions. The significantly deformed Zn layer,
merges with the other layers during the stirring
process of FSW. This blending process plays a crucial
role in the formation of these intermetallics, as
evidenced by the findings of other studies 3% .
Owing to substantial plastic deformation, the interface
between the parent material and interlayers may give
rise to the formation of several IMCs, including
AICU,A]Z Cu, Angl,AggAl,Aang,ALkz Cu3_2Zn0.7,
CusZng and CuZns®, through the process of
diffusion. However, according to the EDX analysis,
in the case of joint],, Al—(Zn) solid solution
A14_2CU3.221'10_7, Angl, (Ag'CU) rich phase, and a
diffusion layer was formed.

3.3 Tensile properties

Achieving sound tensile strength in FSW requires a
delicate balance between tool traverse speed and
rotational speed. This balance affects heat input,
material softening, mixing, joint formation, and
microstructural characteristics, all of which contribute
to the overall performance of the joint.

Figure 8 shows the ultimate tensile strength (UTM)
of the FSW-welded AIl/Cu joints with a hybrid
interlayer (Ag and Zn). The study explores different
tool traverse speeds—0.75 mm/sec, 1.25 mm/sec, and
2.25 mm/sec—while keeping a constant rotational
speed of 800 rpm and a tilt angle of 2°. At the lower

140
120

: I I
04 r T - .
0.75 1.25 2.25

Traverse speed (mm/sec)
Fig. 8 — Variation of joint strength with traverse speed.

UTS (MPa)
[ 3 I - - )
o o o o

traverse speed (0.75 mm/sec), the joints exhibit a
moderate tensile strength of 101.43+8.87 MPa,
constituting approximately 51.48% of the Al base
metal strength. Conversely, at a traverse speed of
1.25 mm/sec, the joints demonstrated an increased
tensile strength of 119.52+11.2 MPa, equivalent to
approximately 60.67% of the Al base metal strength.
Meanwhile, at a traverse speed of 2.25 mm/sec, the
joints displayed a reduced tensile strength of
37.3+10.34 MPa, representing approximately 18.93%
of the Al base metal strength.

The tensile strength observed at the lower traverse
speed of 0.75 mm/sec is relatively moderate, possibly
due to the formation of a thicker layer of IMCs at the
Al/Cu interface. This thicker IMCs layer, while
making the interface more brittle, played a crucial role
in the initiation and spread of cracks during loading.
Consequently, the strength of the joints is negatively
affected. The increase in IMCs layer thickness at
lower traverse speeds compromises the overall
mechanical properties of the welded joints. The
thicker layer of IMCs makes the joints more brittle,
leading to an increased likelihood of cracks forming
and spreading when the joints are under tension. This
observed impact is consistent with the results obtained
in earlier investigations® ** ¢ 2 which have likewise
highlighted the adverse effects of thicker IMCs
layers on the mechanical behaviour of friction-stir-
welded joints.

As the traverse speed increased to 1.25 mm/sec,
there was a gradual improvement in the tensile
strength, reaching a value of 119.52+11.2 MPa. The
enhancement in the tensile strength can be associated
with the formation of a consistent and thin layer of
IMCs at the Al/Cu interface. This thin layer acts as a
barrier, making it more challenging for cracks to
initiate and propagate. Therefore, careful management
of the IMC formation is important for improving the
mechanical properties of FSW Al/Cu joints™*.

The tensile strength increased as the traverse speed
increased from the lowest to moderate level.
However, at the highest traverse speed of 2.25
mm/sec, the tensile strength drops to a minimum
value of 37.3£10.34 MPa. The effective mixing of
materials in the NZ results in the formation of a
distinct interface layer, providing a base for the
generation of IMCs. According to the studies of
researchers W. Zhang " and D. Yaduwanshi ", the
rate at which IMCs form at the interface is controlled
by the diffusion of materials into each other. This
phenomenon is intricately linked to the time and
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temperature. The tool's limited interaction time and
inadequate plasticization at the highest traverse speed
hinder the proper diffusion of materials (Al, Ag, Zn,
Cu), as highlighted in Table 4 for joint]s. However,
indications exist for copper to flow into aluminum at
the highest traverse speed, implying the accumulation
of a mixture of Al and Cu at the interface. Moreover,
the extended interaction time between the tool and
workpiece at the lowest traverse speed facilitates
sufficient time and heat for a more intensive material
diffusion. Consequently, this leads to an increase in
the thickness of the interface layer, which decreases
with an increase in the traverse speed .

Ouyang et al.'” noted the occurrence of brittle
IMCs during direct FSW of 6061 Al/Cu. The
formation of IMCs was found to be influenced by the
heat input generated by tool rotation. Fig. 9 shows the
common locations and surfaces where tensile
fractures occurred in the Al/Cu joints fabricated using
various parameters (Table 3).

Figure 10 illustrates the ultimate tensile strength
(UTM) of FSWed AIl/Cu joints, incorporating a
hybrid interlayer (Ag & Zn), considering various tool
rotational speeds (800, 1000, 1200, 1400, 1600, and
1800 rpm) while maintaining a constant traverse
speed of 1.25 mm/sec and a tilt angle of 2°. The
results show that strength increases from 800 to 1200
rpm as sufficient frictional heat is generated, ensuring
proper joint formation. However, as rotational speed
continues to rise beyond this range, these

characteristics start to decrease.
An increase in rotational speed resulted in higher
temperature, heating and cooling rates, causing the

e TSN

=_

Fig. 9 — Tensile-tested specimen.

stir zone to experience comparatively -elevated
temperatures. The study identified that the joint
strength and efficiency were maximum at 1200 rpm,
with an average UTS of 156.19+10.08 MPa and joint
efficiency of 79.28%, beyond this it diminishes and
was 91.92 +£11.55 MPa and 46.66%, respectively at
1800 rpm.

Analysis of the microstructure at 1200 rpm showed
effective material mixing in the stir zone, creating a
dispersed particle arrangement in the aluminium
matrix and forming a composite structure. In contrast,
at higher rotational speeds, a higher heat input
resulted in the development of overlapping IMC
layers, leading to rapid crack initiation and a decrease
in tensile strength. At a lower rotational speed of 800
rpm, inadequate mixing in the stir zone was observed
(Fig. 5(a)), suggesting challenges in the reaction and
mixing of the Cu pieces with the Al matrix. This
finding is consistent with literature indicating that the
weak bonding of Al and Cu at low rotational speeds,
potentially leading to defects in the nugget zone " .
At a moderate rotational speed of 1000 rpm, increased
stirring and enhanced friction resulted in higher
temperatures in the nugget zone, enabling sufficient
reactions between parent metals and interlayers. This
led to a defect-free nugget zone and improved joint
integrity (Fig. 5(b)).

This study emphasized the role of rotational speed
in the formation of IMCs in the weld zone of FSWed
Al6101/C11000 joints. Higher rotational speeds
increased friction and heat, accelerating atom
diffusion and resulting in the formation of thicker
IMC layers. This phenomenon impacts the joint's
tensile strength, with thicker IMC layers at higher
rotational speeds leading to weaker joints.

At the lowest rotational speed of 800 rpm, the IMC
layer discontinuously formed with a thin layer at
the joint interface (Fig. 5(a)), resulting in a weak

metallurgical bond between the intermetallics.
1805
160 3
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=}
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Fig. 10 — Variation of joint strength at different rotational speeds
while maintaining a constant traverse speed of 1.25 mm/sec.
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Consequently, this reduces the tensile strength of the
joint. On the other hand, when a continuous IMC
layer with sufficient thickness forms at speeds above
800 rpm, it enhances both the mechanical and
metallurgical bonding in the weld zone, consequently
improving the tensile properties. Which is consistent
with prior research™ * % ® ‘and aligns with findings
indicating that joints exhibiting higher tensile
properties possess a continuous interfacial IMC layer
with an appropriate thickness.

The nugget zone exhibits a sound weld surface at a
rotational speed of 1200 rpm (Fig. 6). At 1200 rpm
the tensile property is also maximum. Hence, EDX
analysis was performed at this speed to determine the
cause. Importantly, at a rotation rate of 1200 rpm, the
specific characteristics of the Al-Cu IMCs were not
prominently visible in the selected areas. Instead, the
presence of an Al-(Zn) solid solution, thin and
uniform diffusion layer, binary-phase Ag,Al, and
ternary-phase Aly ,Cus ,Zn,; was observed in the stir
zone/weld zone of the joint. It contributes to the
highest tensile strength of 156.19+10.08 MPa,
surpassing that of other joints produced in this study.
Previous studies have pointed out that achieving the
best tensile strength in joints requires effective
diffusion”, prevention of brittle  IMCs®, and
establishment of a solid solution phase for
constitutional strengthening "> ®. Other researchers
identified similar strengthening effects "> ®. The joint
improvement in tensile strength was significantly
influenced by the combined effect of the composite-
like structure, fine grains in the stir zone, and Orowan
strengthening effect ® caused by dispersed IMCs.

The creation of brittle and hard IMC layers in the
FSW process, especially when dealing with dissimilar
Al alloys and Cu, is a critical factor that significantly
affects the mechanical properties of joints®. In these
situations, when copper (Cu) pieces detach from the Cu
alloy and disperse within the aluminium (Al) matrix
along with the Zn and Ag interlayers, IMC formation
occurs through solid-state diffusion in the stir zone.
Xue et al.* explored the impact of welding parameters
on joint strength and revealed that achieving a sound
joint requires the dispersion of a thin and continuous
layer in the weld area. Notably, the thickness of the
IMCs in the FSW process tends to increase with higher
rotational speeds owing to the enhanced interaction
between the Al and Cu materials.

Ensuring the correct thickness of the joint is closely
tied to maintaining proper fluidity and stirring in the

weld zone. This ensured optimal bonding of the weld
layer to the Al-Cu materials, facilitating the effective
diffusion of aluminium (Al), silver (Ag), zinc (Zn),
and copper (Cu) atoms at the joint interfaces. This
process contributes to the formation of strong
metallurgical joints between Al and Cu. At higher
rotation rates, the pin's mixing action became more
pronounced, leading to a greater number of copper
pieces being moved towards the aluminium side. This
resulted in the observation of a significant Cu-rich
layer at the Al-Cu interface at high rotation speeds
Fig.5(d & e).

The bonding conditions at the interface of the Al
and Cu were significantly affected by the rotational
rate, as illustrated in Fig. 5. The thickness of the IMC
layer increases with higher rotation rates due to
enhanced reactions between Al and Cu at high
rotational speeds. In addition, layered structures
tended to form in the presence of significant amounts
of copper near the interface and weld zone Fig. 5(d & e).
At higher rotation speeds, copper (Cu) becomes more
malleable owing to the increased temperatures,
making the stirring action more intense. In these
situations, even larger Cu pieces can easily move
away from the Cu bulk. Multiple Cu pieces were
likely displaced simultaneously, engaging in mixing
and reacting with the Al matrix at the interface. This
process resulted in the formation of substantially
stacked layered structures. Challenges arise when
large Cu pieces are close to the interface, hindering
the smooth flow of the detached Cu pieces and
leading to their accumulation at the interface.
Consequently, the development of thick stacked
layered structures becomes more prominent, causing a
decrease in tensile strength beyond the rotational
speed of 1200 rpm.

3.3 Fracture behaviour

The examination of optimal tensile strength
at a rotational speed of 1200 rpm prompted a
focused fractographic analysis utilizing SEM
images of jointJ,'s fracture surface (Fig. 11). Within
this joint, identified phases include the Al-(Zn)
solid solution, a thin and uniform diffusion layer,
binary-phase Ag,Al,  ternary-phase Aly ;Cus,Zng 7,
and an Ag-Cu-rich phase (Fig. 6). Notably, these
phases exhibit reduced brittleness and increased
ductility compared to intermetallics formed through
the interaction of parent metals AI-Cu, such
as Alz Cu,A14 CUQ.
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Fig. 11 — Fracture surface of the joint produced 1200 rpm.

The fracture surface of joint ], predominantly
features dimples of varying sizes, indicative of a
ductile fracture mode. The observed formation of
deep dimples suggests void expansion within the
sample, signifying a substantial energy involvement
in the fracture process ®.

The development of brittle IMCs in traditional
Al-Cu FSW is a common issue that often leads to
reduced ductility and tensile strength. The use of Zn
and Ag interlayers has been found to mitigate the
negative consequences by facilitating the growth
of less harmful intermetallics **. This aligns with
previous finding reported by researchers % % 8 &
Consequently, the observed reduction in the formation
of highly brittle intermetallics likely contributes to the
ductile fracture behaviour and the attainment of the
highest tensile strength at 1200 rpm in the FSWed
joints.

4 Conclusion

In summary, the friction stir welding of Aluminium
6101 and Copper C11000, incorporating a hybrid
interlayer (Ag & Zn) at different welding parameters,
investigation highlights the pivotal interaction
between tool traverse speed and rotational speed for
achieving optimal tensile strength. The following key
conclusions emerge:

i. Sound joint of AI6101/C11000 with hybrid
interlayer (Ag & Zn) was successfully achieved
by friction stir welding.

ii. A sound weld surface and highest tensile
strength is achieved at 1200 rpm rotational speed
and 1.25 mm/ sec traverse speed, emphasizing
the importance of proper diffusion, controlled
IMC formation, and solid solution phase
development in optimizing tensile strength. Cu,

Ag and Zn particles consisting of thin and
uniform diffusion layer dispersed in the Al
matrix to form composite-like structure. The
presence of an Al-(Zn) solid solution, thin and
uniform diffusion layer, binary-phase Ag,Al, and
ternary-phase Al,,Cusz,Zng -, in the weld zone
of the joint contributed to the highest tensile
strength of 156.19+10.08 MPa.

Rotational speeds ranging from 800 to 1200 rpm
contribute to increased strength through adequate
frictional heat generation, promoting effective
joint formation. Lower rotational speeds lead to
insufficient mixing, indicating challenges in
Cu-Al and interlayers diffusion in the nugget
zone. The lower rotational speed of 800 rpm
results in a discontinuous IMC layer and weak
metallurgical bonding, contributing to reduced
tensile strength. Beyond 1200 rpm, a
diminishing trend in strength is observed, higher
speed leads to higher temperature, resulted in
thicker IMC layers, impacting the stir zone's
mechanical properties.

iv. Fracture surface of the joint formed at 1200 rpm
shows dimples of varying sizes, indicating a
ductile fracture mode. Incorporation of Zn and
Ag interlayers in FSW diminishes highly brittle
intermetallics (Al;Cug andAl,Cu), promoting
less harmful intermetallics (Al-Zn solid solution,
Al ,Cuz,Zng 7, Ag-Cu rich, Ag,Al) contributes
to observed ductile fracturebehaviour and
highest tensile strength.
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