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Abstract
The friction stir welding (FSW) process was used to join electrical grade aluminium alloy 6101 T-64 and pure Cu plates
and optimized using the Box–Behkan approach of response surface methodology. The tool rotational speed, traverse speed,
tool offset, and tool tilt angle were deemed to be relevant parameters since they have a considerable significance on the
weld joint properties. By using mathematical models, the relationship between welding parameters and responses (tensile
strength σs and electrical resistivity ρ) is examined. The responses are maximized or minimized in these models. Response
plots produced from mathematical models are used to analyze the interaction effects of the FSW parameters on the output
responses. Through the use of the analysis of variance (ANOVA) method, the constructed models are validated. The results
of the experimental research demonstrated that a wide range of FSW settings can be used to construct sound weld joints
without defects. The findings from the tensile strength ANOVA table showed that the tool rotational speed and tool offset
were significant parameters, however the traverse speed and tool tilt angle were not significant parameters for tensile strength.
From ANOVA table of electrical resistivity all parameters were found significant for electrical resistivity. The experimental
results and predicted models showed good agreement. The microhardness study at optimized welding parameters revealed
the variations in microhardness distribution in different regions. It is found that the microhardness distribution was higher in
the bottom region followed by top region and middle region.

Keywords Friction stir welding (FSW) · Box–Behkan design method · Response surface methodology (RSM) · Tensile
strength · Electrical resistivity · Microhardness

1 Introduction

The Welding Institute (TWI) invented the friction stir weld-
ing (FSW) process in 1991 as a “green technology” [1,
2, 6, 8, 10]. It’s a solid state joining technique carried at
the recrystallization temperature. A rotating tool pin with
an unique feature is inserted between the base materials’
adjacent edges. Frictional heating between the material sur-
face and the tool shoulder leads the material to soften. A
solid state weld joint is formed when the softened mate-
rial is stirred by the tool pin [24, 27, 31, 32]. The process
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reduces defects like solidification cracking and intermetal-
lic compounds (IMCs) formation since it works below the
material’s melting point [24]. FSW joints shows low distor-
tion and greater weld strength [23, 27]. The process is used to
join materials that are similar and dissimilar. In the nuclear,
aerospace, electrical, and electronics industries, joints made
of different materials are used for weight & cost reduction
and improvement in productivity [1, 5, 6, 9, 13, 14]. Cop-
per and aluminum has good corrosion resistance, mechanical
properties, heat and electrical conductivities [17, 27]. The
common industrial applications of Al–Cu joint are in bus-
bars, electrical connectors, bimetals, heat exchanger tubes,
heat sink, and refrigeration tubes [1, 5, 6, 9, 14]. Cost, mass
and weight reduction is required in present days engineering
applications [20]. Both materials are having different phys-
ical, chemical, flow stress, and mechanical properties. The
IMCs affects the mechanical and electrical properties [7, 9,
30]. Incorrect parameter selection results in poor stirring, and
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insufficient heat input causes defects including tunnel, cavi-
ties, and voids to occur in the FSWofAl–Cu. So optimization
of the FSW of Al–Cu is essential for sufficient material flow
around the tool pin, prevention of the brittle IMCs forma-
tion, for commercialisation and sound joint formation during
FSW. [7, 9, 11, 13, 18, 20]. The optimization model can be
used to determine the best input process parameter settings
to achieve the desired performance of the weld joint and
examine the effects of different input process parameters on
the responses. Esmaeili et al. [2] reported that during the
FSW of aluminium and brass, a slight tool pin offset towards
the softer material leads a cavity defect to form behind the
tool pin. Genevois et al. [3] claimed that the tensile strength
in the Al–Cu FSW joint is improved by the formation of a
thin IMC layer in the stir zone (SZ) created by interdiffusion
bonding. Felix et al. [4] found that dispersion strengthening
of the tiny particles in SZ results in higher weld joint ten-
sile strength. Wei et al. [5] revealed that the copper side of
the SZ had a higher distribution of hardness than the alu-
minium side, and that the hardness distribution at the bottom
of the SZ was higher than that in the top and middle region.
Liu et al. [6] pointed out that the Al–Cu FSW joint’s ten-
sile strength is constrained by the presence of IMCs. Galavo
et al. [7] concluded that at lower tool rotational speed a thin
IMClayer formed whereas at higher tool rotational speed a
thick IMCrich structure was observed. Fotouchi et al. [8]
observed that the tool offset reduces the void defect forma-
tion. Also improper mixing of the material and formation
of IMCs are the reasons of reduced tensile strength of the
weld joint. Galvao et al. [11] observed that the rate of IMC
formation is reduced by the tool’s offset towards the softer
material aluminium side. Beygi et al. [12] revealed that the
bands in the Cu structure are a result of the material flow in
the SZ. The hardness values are increased by the presence of
Al particles with Al–Cu IMC in the fine grain structure. Xue
et al. [13] revealed that the formation of thin and continu-
ous layer Al–Cu IMCprovides good metallurgical bonding.
Whereas the more Cu particles and IMClayers generated at
the lower part of SZ forms composite structure with elevated
hardness level. Saeid et al. [14] revealed that a dark region
with IMCs Al4Cu9 and Al2Cu was seen close to the Al–Cu
region during analysis of the Al–Cu FSW lap joint. With
the traverse speed increased, the occurrence of microcracks
was also decreased. At a faster traversal speed, the cavity
was formed. Shojaeefard et al. [15] observed in ANOVA that
the most important factor influencing the formation of sound
FSW joints is the tool rotational speed. Bisadi et al. [16]
observed higher hardness level in the SZ of the weld joint
due to the small grain size. Zhang et al. [17] reported that the
formation of dislocation loops and a high dislocation den-
sity are induced by the SZ’s increased hardness. Won-Bae
et al. [18] pointed out that a thick IMC layer significantly

reduces the weld joint’s tensile strength and electrical resis-
tance. Kah et al. [19] claimed that traverse speed, heat input
during process, and the thermal properties of the base mate-
rials had a significant impact on the IMC formation and its
influence on welding properties. Kerrar et al. [21] revealed
that maximum hardness was seen as in the SZ as compared
to that of other two zones. Rai et al. [22] stated that the weld
joint quality is depending on the tool material and designs.
W based materials were found affordable for use. Dharma-
lingam et al. [23] pointed out that H 13 tool material has been
employed by numerous studies.A rise in tool rotational speed
also resulted in an improvement in surface integrity. Zhang
et al. [25] observed that the taper profile pin exhibits more
frictional heat and more plastic deformation which forms
sound weld joint. Zhao et al. [26] suggested the preheating
process before FSW of Al-Cu. It helps to grain refinement
and strongweld joint formation. Akinlabi et al. [27] observed
that the grains were recrystallized at the interfacial zone with
decrease in grain size. Also higher hardness was seen in that
region because of strain hardening and presence of IMCs.
With increased heat input and speed, the weld joint’s electri-
cal resistivity increased. At the optimum process parameters
settings of tool rotational speed of 950 rpm and traverse
speed of 50 mm/min with 18 mm tool shoulder diameter,
higher tensile strength and decreased electrical resistivity of
the Al–Cu joint was observed. Beygi et al. [28] pointed out
that the contact surfaces between the tool shoulder and the
plate surface influences the material flow and microstruc-
ture of the weld joint. Bhattacharya et al. [29] reported that
the temperature cycle has a significant impact on the tensile
strength of the weld joint. Wei et al. [32] revealed that the
highest tensile strength obtained at 950 rpm and 0° angle
of inclination. The joint defects and IMC formation affects
the interfacial resistance. Bakhtiari et al. [33] observed that
the hardness value in the SZ depend on the grain size and
IMC. Raj et al. [34] revealed that thin layer of IMC at the
interference improves the strength of the weld joint, but a
thick IMC layer weakens the weld joint. Koilraj et al. [35]
using the Taguchi approach, the FSW process parameters
were optimised. The tool shoulder to pin diameter ratio, pin
diameter, and traverse speed were all significant factors in
the formation of sound joints, according to an ANOVA table.
Sharma et al. [36] observed according to Taguchi and TOP-
SIS techniques of optimization, tool rotational speed was the
most significant parameter, followed by traverse speed and
tool pin offset. Varma et al. [37] revealed that the values of
tensile strength and % elongation increase and decrease as
FSW parameters such as tool rotational speed, tool tilt angle,
and traverse speed are increased. Elnabi et al. [38] pointed
that high heat input leads to flash defect formation in theweld
joint. Shanavas et al. [39] applied theRSMoptimization tech-
nique and reported that the tool tilt angle has a significant role
in FSW, followed by the tool rotational speed. Jabbari et al.
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[46] revealed that the grain size increases in theSZof theweld
joint as tool rotational speed increases. In the SZ, the average
grain size decreased but the tensile strength was increased.
Sundaramet al. [47] usedCCDdesignmatrix ofRSMmethod
of optimization for FSW of Al/Mg dissimilar materials and
revealed that the tool plunge rate influences the tensile shear
fracture load. Sabry et al. [48] optimized the underwater FSW
process of Al plates using fuzzy logic technique and found
the adequate prediction of the output process parameters. Van
et al. [49] used the genetic algorithm (GA) andTaguchi-based
nuro-based fuzzy inference system (ANFIS) to optimise and
analyse the significance of FSW process parameters during
FSW of AA 6061 plates. Prabhu et al. [50] optimized the
FSW of AA6061/TiO2 composites by using teaching learn-
ing based optimization (TLBO) algorithm.Hussien et al. [51]
utilized the particle swarm optimization (PSO) optimise the
FSW process for aluminium plates. The findings of the com-
parison revealed that the modified PSO approach was more
accurate than the conventional PSO approach.

As it was previously mentioned, a variety of optimiza-
tion strategies for FSW of Al–Cu have been covered in the
literature, including introduction, applications, significance,
grades ofmaterial,material thickness, significant parameters,
parameter combinations, and introduction. However, there is
a lack of research on the optimization of FSW parameters for
electrical grade AA 6101 T-64 and pure Cu. The novelty of
this research work is that it optimises the process variables
for electrical resistivity and tensile strength. Additionally, it
discusses the microstructure of the weld joint and the dis-
tribution of microhardness, as well as the impact of process
parameters on output responses.

2 Methodology

The extensive literature review was taken into consideration
when selecting the important process parameters. The num-
ber of trials has been conducted for selection of the range of
input parameters. Four significant parameters and three lev-
els were selected for research study namely tool rotational
speed, traverse speed, tool offset, and tool tilt angle with
lower, middle and upper level as these parameters signif-
icantly affect the weld joint performance. According to the
applicability of the selectedweld joint the tensile strength and
electrical resistivity are the most important output parame-
ters. A Box–Behkan response surface method design matrix
with 27 runs was used for experimentation. The parameters’
upper and lower limitwas coded as 1 and -1, respectively. The
parameters at the middle level were coded as 0. On the basis
of this range FSW process parameters were selected. Electri-
cal grade aluminum alloy 6101-T64 and pure copper bus bar
of 4 mm thickness is widely used in electrical applications
[55]. So the 4mm thick plates of bothmaterials were selected

for research study. The length of weld run was selected by
considering the previous extensive literature. The width of
the each plate was selected by considering the clamping area
required to gooseneck clamp for clamping in the welding
fixture and free space required for the traversing of the tool
during welding. The dimensions of the welding plates were
150 mm × 75 mm × 4 mm. Table 1 and Table 2 provide
the chemical properties of the base materials. The oxide film
from the surfaces of plates was removed by grinding with
grit paper. The plates were placed on backing plate to avoid
sticking the plates with the fixture surface after welding. The
plates were clamped rigidly in the fixture by the gooseneck
clamps to avoid relative movement of the plates during weld-
ing. A cylindrical tool with a taper (taper angle: 10° 49′ 15′′)
made of H 13 tool steel specifications as: shoulder diame-
ter 20 mm, pin length 3.7 mm, smaller pin diameter 5 mm,
and larger pin diameter 6 mm [23, 25]. The tool was offset
towards softer material Al side. For sound joint formation,
Al was placed on the retreating side and Cu on the advancing
side in the welding fixture [40]. Tool plunge depth and dwell
time were 0.1 mm and 20 s respectively. Figure 1 and Fig. 2
illustrate the schematic diagrams for the welding setup with
strategy and the FSW tool, respectively.

After the FSW process the standard metallographic steps
were followed for sample preparation. For macroscopic and
microscopic examination, the samples were cut on aWEDM
machine perpendicular to the welding direction. The pol-
ishing of the observation surface of the samples was done
with 80, 220, 320, 400, 600, and 1000 grit size abrasive
papers on microgrinder. The diamond paste and microfinish-
ing cloth were used for microfinishing of the samples. The
prepared samples were then chemically etched at room tem-
perature using two different agents. Keller’s reagent etched
the Al side (190 ml H2O, 3 ml HCL, 5 ml HNO3 and 2 ml
HF). 25 ml H2O, 25 ml NH4OH, and 10 ml H2O2 were
used to etch the Cu side. Using a (OLYMPUS) microscope
camera, the weld joint macrographs of the weld direction
cross-sections were observed. An optical microscope was
used to investigate theAl-Cu interface and the SZmicrostruc-
ture (OLYMPUS GX 51). Using a Vickers microhardness
tester on the welding direction cross-section of the welded
joint samples, the microhardness distribution in various weld
joint regionswasmeasured. Formeasurement, a load of 200 g
with a dwell period of 10 s was used. Three specimens were
cut for each set of parameters from the welded plates across
to the welding direction before tensile testing. Using a ten-
sile testing machine with a constant displacement rate of
1 mm/min at room temperature, the tensile tests were carried
out. The dimensions of the specimens were in accordance
with ASTM-E8. Figure 3 and Fig. 4, respectively, shows a
3D diagram of a tensile test specimen and a 2D diagram of a
specimen prepared for tensile testing.
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Table 1 Chemical properties of AA 6101- T64 [36]

Si Fe Zn Mg Sn Ti V Pb Cr Sr Al

0.374 0.167 0.025 0.482 0.003 0.002 0.008 0.019 0.06 0.004 98.879

Table 2 Chemical properties of
pure cu [46] Zn Sn Pb P Si Fe Cu Balance

0.023 0.008 0.004 0.013 0.008 0.008 99.935 Al

Fig. 1 FSW tool schematic [25]

Fig. 2 FSW set up with welding strategy

3 Development of mathematical model

The input parameters and the responses were mathemat-
ically correlated using the response surface methodology.
Data from 27 experimental runs is used as input. The func-
tions of tool rotational speed (N), traverse speed (S), tool
offset (O), and tool tilt angle (A) are assumed to predict the
responses tensile strength and electrical resistivity. These are
expresses as:

Tensile strength = f (N, S, O, A) (1)

Electrical resistivity = f (N, S, O, A) (2)

Fig. 3 3D diagram of tensile strength test specimen

Fig.4 2D tensile strength test specimen preparation as per ASTM E8
standard

The response surface is represented by The second order
polynomial regression equation is given as, [53]:

Y = b0 +
∑

bi xi +
∑

bii x
2
i +

∑
bi j xi yi (3)

The above equation may be written as,

Y = b0 + b1N + b2S + b3O + b4A + b11N
2 + b22S

2

+ b33O
2 + b44A

2 + b12NxS + b13NxO + b14Nx A

+ b23SxO + b24Sx A + b34Ox A (4)

where the coefficients b1, b2, b3, and b4 represent the linear,
quadratic, and interaction coefficients, respectively, and b0 is
the mean value of the response variables. A quadratic term is
a coefficient with the values b11, b22, b33, and b44. Interaction
terms are represented by the coefficients b12, b13, b14, b23,
and b34. At a 95% confidence level, the coefficients were
evaluated and tested. A mathematical model was developed
to predict the tensile strength and electrical resistivity of the
weld joints.
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Fig. 5 Joint surface appearance of defective joints a–e. Surface appear-
ance of the weld joint prepared at optimized FSW process parameters
(f)

σs = −215.4 + 0.7680N + 0.679S + 22.5O + 9.98A

− 0.000419N 2 − 0.00683S2 − 13.97O2 − 2.216A2

+ 0.000074NxS + 0.0085NxO − 0.00143Nx A

− 0.048SxO − 0.0227Sx A + 1.33Ox A (5)

ρ = 0.0264 − 0.000020N + 0.000403 S + 0.00341O

− 0.00426A + 0.000000N2 − 0.000001S2

− 0.00255O2 + 0.000401A2 − 0.000000NxS

− 0.000004NxO + 0.000001N x A − 0.000015SxO

− 0.000011SxA + 0.00106OxA (6)

4 Joint surface appearance defective
and optimized weld joint

Figure 5 represents the Al–Cu weld surface appearance of
the weld joints with defects and the joint with optimised pro-
cess parameters. The joint defect formation and poor weld
structure are caused by the insufficient material flow dur-
ing FSW. One of the key factors in defect generation is

the selection of improper process parameters [2]. The tun-
nel and crack defects were present at higher tool traverse
speeds of 70 mm/min and lower tool rotational speeds of
700 rpm, as shown in Fig. 5(a, b), respectively. The crack
defect was formed due to insufficient heating and less soft-
ening for material flow [2]. The groove defect was also seen
due to insufficient heating is shown in Fig. 5c. Figure 5f illus-
trates how the optimum parameters of the tool’s rotational
speed (930 rpm), traverse speed (47 mm/min), tool offset
(1.1 mm), and tool tilt angle (2°) produced a very nice joint
surface appearance. Tool pins rotate at 1100 rpm, which is a
higher tool rotational speed, under especially hot processing
conditions [45]. Near the tool shoulder, the softened mate-
rial expelled out [21]. Figure 5d shows the flash defect that
results from higher rotation speed.

4.1 Weld joint interfacemicrostructure

In Fig. 6a–o, an optical micrograph of the microstructures of
the weld joints is shown at various combinations of welding
parameters and weld areas (retreating side, weld zone, and
advancing side). The optical macrograph of the cross section
of the welded specimen perpendicular to the welding direc-
tion taken at optimal process parameters is shown in Fig. 7.
There was no micro cracks or voids observed in the weld
joint after macroscopic examination.

The material exhibited a complex mixing behaviour along
the interfaces after being stirred, according to microscopic
investigations. The injected Cu particles in the SZ create a
strong Al-Cu joint on the retreating side (Fig. 6a, d, g, j,
and m). It was possible to see the sharp interface, which
resembled material flow, in the weld joint’s side [24]. Due to
heat input from the tool during stirring, equiaxed grain struc-
ture of the Al matrix was found in the TMAZ- SZ region
[54]. In contrast to the deformed grain structure observed in
the TMAZ-SZ zone, larger and longer grains were seen in
the HAZ. The width of the grains was also growing in the
TMAZ-SZ region as the tool rotation speed increased. The
recrystallization in this area is enhanced by the tool pin’s
offset towards the side of soft material. Al-Cu material was
mixed in the SZ to form a layered structure (Fig. 6 b, e, h, k,
and n). Due to variations in the heat input, the homogenous
and inhomogeneous microstructure was seen at various tool
rotational speeds and traverse speeds [43]. In the SZ, a typi-
cal vortex-like microstructure was seen (Fig. 6h, k, and n) as
well as a whirl-like microstructure (Fig. 6e). At the Cu- Al
interface on the advancing side, TMAZ and SZ were seen.
The tool rotational speed and traverse speed, which have a
significant impact on heat input during welding, were found
to change thewidth of the SZ.Additionally, the TMAZon the
advancing side was seen to be less than that on the retreating
side. The material characteristics are changed by recrystal-
lization in the TMAZ-SZ zones on both sides [16].
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Fig. 6 Opticalmicrographs ofmicrostructures presenting differentweld
regions at various combinations of set of parameters during validation

test. a–c validation test for set 1, d–f validation test for set 2, g–i vali-
dation test for set 3, j–l validation test for set 4, andm–o validation test
for set 5
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Fig. 7 Contour plots of FSW parameters and σs
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Table 3 The levels of the FSW
process parameters for
experimentation

Sr. no. Input parameters Notation Unit Levels

− 1 0 1

1 Tool Rotational speed N rpm 700 900 1100

2 Traverse speed S mm/min 30 50 70

3 Tool offset O mm 0.6 0.9 1.2

4 Tool tilt angle A Degrees 1 2 3

Table 4 The Box–Behkan design
matrix experiment’s results Trial run Parameters σs (MPa) ρ

(μ�m)
N S O A

1 0 0 0 0 179.15 0.030

2 0 1 1 1 171.57 0.027

3 0 0 − 1 1 172.61 0.030

4 0 0 0 0 177.55 0.030

5 − 1 0 0 − 1 155.17 0.029

6 1 0 − 1 0 163.92 0.037

7 0 − 1 0 − 1 176.45 0.032

8 0 0 0 0 179.73 0.030

9 1 1 0 0 163.54 0.032

10 − 1 0 0 1 157.36 0.026

11 0 − 1 0 1 175.87 0.030

12 1 0 0 1 164.21 0.035

13 0 − 1 1 0 174.94 0.030

14 0 − 1 − 1 0 174.76 0.031

15 1 − 1 0 0 163.92 0.039

16 − 1 0 − 1 0 153.58 0.028

17 0 0 − 1 − 1 175.19 0.032

18 0 1 − 1 0 174.92 0.029

19 0 0 1 0 179.91 0.029

20 0 0 1 − 1 176.55 0.030

21 − 1 1 0 0 154.04 0.026

22 1 0 1 0 171.34 0.033

23 1 0 0 − 1 163.16 0.037

24 0 1 0 − 1 174.63 0.030

25 0 1 0 1 174.27 0.026

26 − 1 0 1 0 158.96 0.025

27 − 1 − 1 0 0 155.61 0.027

5 Evolution of results

5.1 Location of the fracture during tensile strength
testing

Theweld joints madewith a tool rotational speed of 700 rpm,
moving at a traverse speed of 30 mm/min, and tilting at an
angle of 1° fractured in the SZ during tensile testing. By

further changing the welding parameters, the fracture loca-
tion was shifted from the thermomechanically affected zone
(TMAZ) to the SZ and back again. This indicates that the
welding parameters have no effect on the fracture site Table
3.
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Fig. 8 FSW parameter and σs response surface plots

5.2 Effects of parameters on tensile strength

Tensile strength tests were performed to analyse the impact
of FSW factors on the Al–Cu weld joint quality. As can be
seen in Fig. 3 and Fig. 4, the specimens were prepared in
accordance with ASTM E8 standards. Table 4 displays the
experimental results of the tensile test. Figure 8 and Fig. 9
shows the interface effects of FSWprocess parameters on the
joint’s tensile strength. Figure 10 shows direct effect plots of
the FSW parameters on the responses. Figure 11 and Fig. 12

show the interaction effects of FSW parameters on tensile
strength. With increases in tool rotational speed, traverse
speed, tool offset, and tool tilt angle, the tensile strength
increased and then decreased after reaching its maximum
value. Table 5. Statistical results show good agreement with
the results of R2 value.
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Fig. 9 Direct effects of FSW parameters on σs include a tool rotational speed, b traverse speed, c tool offset, and d tool tilt angle

Fig. 10 Effects of N and S interacting on σs

5.2.1 Effect of tool rotational speed

The effect of tool rotational speed on tensile strength of the
weld joint is shown in Fig. 9a. Lower tensile strength was
observed relative to higher tensile strength at a lower tool
rotational speed of 700 rpm. It was as a result of the Cu
elements in the Al matrix not being sufficiently heated and
mixed.With an increase in rotational speed, the joint’s tensile
strength gradually grew. At 900 rpm, the maximum tensile
strength of 179.91 MPa was achieved because at this speed,
theCu andAlmatrix combine satisfactorily [7].Additionally,
it was found that the tensile strength decreased from 900 to

Fig. 11 Effects of O and A interacting on σs

1100 rpm as the tool’s rotational speed increased. More heat
was generated as a result of the base material plate and tool
shoulder face coming into contact for a longer period of time.
This significantly promotes IMC thickening in theSZ [40].At
high tool rotational speeds, the tensilewas strength decreased
as the IMCs in the weld nugget zone increased [7].

5.2.2 Effect of traverse speed

Lower tensile strength was observed due to excessive heating
and flow stress difference between Al and Cu in the nugget
zone at lower traversal speeds of 30 mm/min because the
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Fig. 12 Macrograph showing the cross section of the FSW sample for the confirmation test for the tensile strength experiment

Table 5 Statistical results for tensile strength

Response R2 Adjusted R2 Standard error %

Tensile strength 0.975 0.946 2.04427

turbulent material flow results in lower strength. The micro
crack begins to develop at high heat input and leads the weld
joint to fail. As seen in Fig. 9b, thick brittle intermetallic
compounds also developed, decreasing the tensile strength.
The required heat input increases the tensile strength as the
traverse speed is increased to 50 mm/min. The size of the
recrystallized fine grains decreased at this stage. It growths
the grain boundary. At a traverse of 50mm/min, the turbulent
flow is also normalised. The heat input decreases as traverse
speed is increased to 70mm/min. The rate of plasticization is
slowed, and improper material mixing is prevented. There-
fore, at lower tensile strengths, the weld joints failed.

5.2.3 Effect of tool offset

The effect of tool offset toward the side of aluminium on
the joint’s tensile strength is shown in Fig. 9c. Lower ten-
sile strength was indicated by the tool pin’s 0.6 mm offset
in favour of the Al side. It results in void defects and poor
bonding. In SZ, more Cu atoms produced brittle IMC, lower-
ing the tensile strength [42]. Improvement in tensile strength
was observed as tool offset was extended to 0.9 and 1.2 mm.
Less Cu was present in the SZ, and less Cu interacts with Al
to produce fewer IMCs. As the tool offset was increased, the
joint’s tensile strength increased [7, 9, 10, 42].

5.2.4 Effect of tool tilt angle

The impact of tool tilt angle on joint tensile strength is pre-
sented in Fig. 9d. It was observed that the tensile strength
increased as the tool tilt angle increased, then decreased as
the angle increased. The heat generation is high at a 1° tool
tilt angle. The high heat generation was decreased by raising
the tool tilt angle by 2°, which improved the tensile strength
of the weld joint. The experiment’s observations showed that
as the tool tilt angle increased, the tensile strength initially
increased before decreasing as the tool tilt angle approaches
to 3º [46, 47].

5.3 Electrical resistivity

SIGMASCOPE electrical resistivity measurement equip-
ment was used to determine the weld joint’s electrical
resistivity. The weld joint electrical resistivity was observed
in the range of 0.025–0.039 μ�m. The variation in the resis-
tivity was observed because of differences in heat input,
material mixing and microstructure variation during FSW.
Figure 13 and Fig. 14 show contour plots and surface plots
illustrating the influence of process factors on electrical
resistivity. Figure 15 shows direct effect plots showing the
influence of FSW parameters on electrical resistivity. The
interface effects of FSW process parameters on the electrical
resistivity of the weld joint are shown in Fig. 16 and Fig. 17.
With an increase in tool rotational speed, the electrical resis-
tance increased. However, as traverse was increased, it was
found that electrical resistivity decreased along with tool off-
set and tool tilt angle.

5.3.1 Effect of tool rotational speed

The effect of tool rotational speed on electrical resistivity
of the weld joint can be seen in Fig. 15a. Higher electrical
resistance was observed at higher tool rotational speeds of
1100 rpm. IMCs thicken at this temperature as a result of the
increasedheat input. IMCs resulted in an increase in electrical
resistance. As there was no heat input and the thickness of
the IMCs in the weld region was not significantly increased,
the lowest electrical resistance was observed at the lowest
tool rotational speed of 700 rpm. [41].

5.3.2 Effect of traverse speed

Figure 15b shows how traverse speed influences the joint’s
electrical resistivity. Like rotational speed, traverse speedwas
found to be significant because it influences how much heat
is

Introduced during welding. The lowest traverse speed of
30 mm/min resulted in a higher electrical resistance of 0.039
μ�m.At this temperature, IMCs thickened significantly [12,
41]. In contrast, electrical resistivity during FSW at higher
traverse speeds up to 70 mm/min decreases by 0.025 μ�m
as heat input decreases and IMC size also decreases.
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Fig. 13 Contour plots of FSW parameters and ρ
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Fig.14 Response surface plots of the FSW parameters and ρ

5.3.3 Effect of tool offset

MoreCu particles interact with theAlmatrix at the lower tool
pin offset toward the Al side, producing thick, hard IMCs.
The influence of tool offset on the joint’s electrical resistivity
is seen in Fig. 15c. Higher resistivity has been the outcome.
The small amount of Cu particles mix with the Al matrix
as the tool pin offset toward the Al side increases, which
promotes the formation of smaller IMCs and a decrease in
electrical resistance [41]. At the tool offset of 0.6mm towards
the Al side, the highest electrical resistivity of 0.039 μ�m
was found. On the other hand, a 1.2 mm tool offset towards
the aluminium side had a lower electrical resistivity of 0.025
μ�m.

5.3.4 Effect of tool tilt angle

The effect of tool tilt angle on electrical resistivity of the joint
is shown in Fig. 15d. It was observed that as the tool tilt angle
increased and the heat input decreased, the joint’s electrical
resistance also decreased. Electrical resistance is observed to
be decreased because there is less intense IMC production in
the weld zone due to the lower heat input [12, 41].

5.4 Competence of established empirical models
for σs and ρ

Table 5 and Table 9 shows the statistical results of the estab-
lished empirical relationships. A perfect match between the
expected and experimental values is shown by an R2 value of
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Fig. 15 Direct effects of FSW parameters on ρ include: a Tool rotational speed, b traverse speed, c Tool offset, d Tool tilt angle

Fig. 16 Effects of N and S interacting on ρ

1. Higher R2 values in statistical results close to 1 and lower
standard error values indicate that the empirical relationship
is reasonably competent and can be used to predict results
accurately. More useful variables in the developed model are
indicated by a higher R2 adjusted value. The statistical find-
ings from Table 5 revealed that σs had a higher R2 value of
0.975 and an adjusted R2 value of 0.946. Additionally, Table
9 shows that for, the higher R2 value was 0.977 and the cor-
rected R2 value was 0.951. Table 6 and Table 10 shows the
outcomes of the validation tests for the variables σs and ρ.
The confirmation test results with minimal error for σs and ρ

are presented in Table 7 and Table 11 respectively.

Fig.17 Effects of N and S interacting on ρ

5.5 Optimization of FSW parameters

For maximum tensile strength, the welding parameters were
optimised. The optimization was done using the MINITAB
V 17 software. The optimization process uses the regres-
sion equation obtained from mathematical modelling as
an objective function. For the predicted tensile strength of
179.95MPa, the optimal tool rotational speed, traverse speed,
tool offset, and tool tilt angle values are 930 rpm, 47mm/min,
1.2 mm, and 2°, respectively. Whereas the values for the
optimum input FSW parameters for the predicted electrical
resistivity of the weld joint are 700 rpm for tool rotation,
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Table 6 Validation test results for
tensile strength Run no. Input parameter σs (MPa) Error σs %

N S O A Experimental Predicted

1 1 1 0 0 163.54 164.1315 0.3604

2 − 1 − 1 0 0 155.61 155.9369 0.2096

3 0 0 − 1 1 172.61 173.6746 0.6130

4 1 − 1 0 0 163.92 164.5702 0.3951

5 − 1 1 0 0 154.04 154.3081 0.1737

Error= [(Experimental value of response – Predicted value of response)/Predicted value of response]× 100%
[39]

Table 7 Confirmation test for
experimental analysis of tensile
strength

Run no. Input parameter σs (MPa) Error σs %

N S O A Experimental Predicted

1 930 47 1.10 2 179.95 180.1060 0.087%

Table 8 Tensile strength results
from an ANOVA Source DF Adj SS Adj MS F-Value P Value Significance of parameter

Model 14 1953.15 139.51 33.38 0.000 –

Linear 4 287.82 71.96 17.22 0.000 –

N 1 255.49 255.49 61.14 0.000 Yes

S 1 3.02 3.02 0.72 0.412 No

O 1 28.72 28.72 6.87 0.022 Yes

A 1 0.13 0.13 0.03 0.865 No

70 mm/min for traverse, 1.2 mm for tool offset, and 3° for
tool tilt angle. ANOVA Table 8, 9, 10, 11 and Table 12 show
the significance of the process parameters on tensile strength
and electrical resistivity. It was found that the tool rotational
speed and tool offset were important parameters for tensile
strength. While for electrical resistivity, each parameter was
significant.

5.6 Microhardness test

From the retreating to advancing side, the microhardness test
was carried out three times, at 0.5 mm (top), 2 mm (mid-
dle), and 3.5 mm (bottom) in the weld. In all three regions,
there was a variation in microhardness. Due to the presence
of intermetallic compounds, the weld nugget zone’s bottom
exhibited a peak in microhardness [43]. IMCs thicken as
a result of the increased heat input in the bottom of SZ,
increasing the microhardness. [43]. At the Cu side’s thermo-
mechanically affected zone adjacent to theweld nugget zone,
a sudden increase in microhardness was observed. Due to
higher heat input, the complicated structure was evident near
to the shoulder area. The weld nugget zone had a wave-like
distribution of microhardness. The two materials’ dissimilar
characteristics led to narrower TMAZ and HAZ on the Cu

Table 9 Statistical results for electrical resistivity

Response R2 Adjusted R2 Standard error
%

Electrical
resistivity

0.977% 0.951% 0.0007792

side and broad TMAZ and HAZ on the aluminium side. The
sudden peak in microhardness was caused by IMC clustering
and disparsoids forming in the TMAZ of the Cu side [44].

5.6.1 Microhardness at the top

Figure 18a displays themicrohardness distribution at the top.
The distribution of microhardness was observed in the SZ
was complex. It was as a function of IMC formation in the
SZ [43]. Thus, hard IMCs were seen in the soft Al material,
increasing themicrohardness. Due to the IMCs gettingmixed
with the base materials, which increased the microhardness,
variations in the microhardness were also observed in the
TMAZ [43, 44]. The microhardness was between 60 and
100 HV on the Al side of the HAZ. Both sides’ TMAZs
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Table 10 Validation test results
for electrical resistivity Run no. Input parameter ρ (μ�m) Error %

N S O A Experimental Predicted

1 0 1 1 1 0.027 0.0259 4.25

2 0 − 1 0 − 1 0.032 0.0323 0.93

3 0 0 − 1 1 0.030 0.0297 1.01

4 0 1 0 − 1 0.030 0.0297 1.01

5 1 0 1 0 0.033 0.0340 2.94

Error= [(Experimental value of response – Predicted value of response)/Predicted value of response]× 100%
[39]

Table 11 Confirmation test for
experimental analysis of
electrical resistivity

Run no. Input parameter ρ (μ�m) Error ρ (μ�m) %

N S O A Experimental Predicted

1 700 70 1.20 2 0.025 0.0244 2.46%

Table 12 Results from ANOVA
for electrical resistivity Source DF Adj SS Adj MS F-Value P Value Significance of parameter

Model 14 0.000313 0.000022 36.83 0.000 –

Linear 4 0.000131 0.000033 54.06 0.000 –

N 1 0.000088 0.000088 145.02 0.000 Yes

S 1 0.000014 0.000014 22.52 0.000 Yes

O 1 0.000008 0.000008 12.48 0.004 Yes

A 1 0.000012 0.000012 19.51 0.001 Yes

displayed the sudden microhardness peak. At the Cu side, a
microhardness of between 100 and 110 HV was observed.

5.6.2 Microhardness in the middle

The middle microhardness distribution is shown in Fig. 18b.
The microhardness at the Al side was slightly increased up
to 80 HV in the HAZ of Al side. The IMCs were mixed
with the base materials to increase the microhardness, which
caused fluctuations in the microhardness in the TMAZ on
both sides aswell as in the SZ. The formation of IMCs caused
variations in the SZ to be apparent, similar to those in the top
surface. The microhardness is increased by those tough and
brittle IMCs. The middle microhardness distribution showed
an increase in microhardness up to 100 HV on the Cu side.

5.6.3 Microhardness at the bottom

Figure 18c shows the microhardness distribution in the weld
joint’s bottom region. It was observed that the microhardness
on the Al side of the HAZ decreased slightly from 70 to 60
HV. In the bottom of the SZ of the weld zone, drastic changes
in the microhardness were observed, similar to those in the

top and centre of the SZ. This was a consequence of IMC
formation in the SZ. The sudden peak in the microhardness
was also seen in the TMAZ on the Al side. The level of
hardness in the SZ increased when the brittle and hard IMCs
were mixed with the soft aluminium material [43, 44]. The
microhardness was reduced by up to 70 HV in the HAZ of
the Cu side.

6 Conclusions

1. The tensile strength of the weld joints produced at the
optimum process parameters of tool rotational speed of
930 rpm, traverse speed of 47 mm/min, tool offset of
1.10 mm, and tool tilt angle of 2º was 179.95 MPa.

2. The tool rotational speed, and tool offset were signifi-
cant parameters whereas traverse speed and tool tilt angle
were non-significant parameters for tensile strengthof the
weld joint.

3. The electrical resistivity of the weld joints prepared at
the optimum process parameters of tool rotational speed
of 700 rpm, traverse speed of 70 mm/min, tool offset of
1.2 mm, and tool tilt angle of 2º was 0.025 μ�m.
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Fig.18 Microhardness distribution at optimized FSW parameters: tool rotational speed (N) 930 rpm, traverse speed (S) 47 mm/min, tool offset (O)
1.10 mm, and tool tilt angle (A) 2°

4. All the parameters were significant for electrical resistiv-
ity.

5. The bottom region has a peak microhardness distribution
than the top and middle regions.
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