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Abstract

Ultrasonic assisted friction stir welding (UAFSW) of electrical grade aluminum alloy 6101 (T-64) and pure Cu plates was
performed with Box—Behnken design matrix and optimized by response surface methodology. Tool rotational speed, machine
table traverse speed, tool pin offset, and tool tilt angle are taken into account as experimental parameters since they play
a key role in the formation of sound weld joints. The correlation between UAFSW input process parameters and output
response variables (ultimate tensile strength og and electrical resistivity p) is studied in this research work by developing the
mathematical models. In order to maximize or minimize the responses, the process is optimized. The interface effects of the
UAFSW input process parameters on the output responses variables are interpreted using the response plots generated using
the mathematical models. Analysis of variance (ANOVA) is used to verify the established models. As per the ANOVA table,
the tool rotational speed and tool pin offset were the significant input process parameters for og of the weld joint. On the
other hand, it was observed that all the parameters were significant for p. Good agreement was seen between the experiment
results and the predicted models of the research. The microhardness evaluation showed the variations in the distribution of
microhardness in top zone, middle zone, and bottom zone of the weld joint cross section. Peak microhardness distribution
was observed in the top zone of the weld joint cross section followed by middle zone and bottom zone.

Keywords UAFSW - Box—Behnken design matrix - RSM - UTS - Electrical resistivity - Microhardness distribution

List of symbols O Ultimate tensile strength
o Electrical resistivity
N Tool rotational speed 0] Diameter
S Traverse speed SZ Stir zone
o Tool pin offset HAZ  Heat affected zone
A Tool tilt angle TMAZ Thermomechanically affected zone

TSD Tool shoulder diameter
Pp Pin profile

P4 Pin diameter

P Pin length 1 Introduction

kHz Frequency

wm Vibration amplitude The dissimilar Al-Cu joint is widely used in lightweight

structures as a cost-effective, weight-reduction, and environ-
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and the production of hard and brittle intermetallic com-
pounds (IMCs) [2]. A green non-fusion solid state welding
technique called friction stir welding (FSW) is used above
the recrystallization temperature of the material; used for
welding of similar as well as dissimilar materials like Al-
Al Al-Mg, Al-Ti, Al-Steel, and Al-Cu [7-9]. A rotating tool
with special profile pin and shoulder profile is inserted into
the adjacent line of the workpiece plates and advances in the
longitudinal direction. Heat is generated when a tool makes
frictional contact with a workpiece, which causes the material
to deform plastically and accelerates material flow [10]. The
quality of FSW joints is still limited even though the method
is efficient [2]. The growth of hard, brittle IMCs causes weak
bonding between the dissimilar materials, which results in
poor weld joint strength [11]. Mechanical properties, heat
conduction, and electrical resistance are all affected by the
formation of IMCs at the weld zone [12—-14]. FSW also faces
the difficulties like lower tool life when it is used for welding
of high melting point materials. Frequently replacement of
worn- out tool increases the production cost [1]. The closed
cracks formation during FSW affects the fatigue life of the
weld joint [15]. Several attempts have been made to supply
supplementary sustaining energy to improve the weld joint’s
characteristics in order to address these issues with FSW.
This includes introduction of induction coil and laser torch
etc [1, 16]. The integration of ultrasonic vibrations with man-
ufacturing processes has been found efficient to form sound
weld joint formation [3]. Some defects like tunnel, cavity,
and voids are formed during FSW because of wrong selec-
tion of input process parameters causes the improper stirring
and insufficient heat input. To increase the effectiveness of
the advanced manufacturing processes, ultrasonic vibrations
have been used to help tooling in numerous manufacturing
processes [1]. Utilising ultrasonic vibrations during turning
and drilling operations reduced the resulting stresses and
improved the state of the process [17]. In UAFSW of AZ91-
C Mg alloy, with the help of ultrasonic vibrations the axial
load was decreases by 6 to 17% which increases the tool life
[18]. With the use of ultrasonic vibrations, the flow stress
and stimulation energy of the material are reduced. It also
stimulates the stability of plastic deformation in the area of
weld zone observed during UAFSW of AA 6061—T6 and
C11000 copper [2]. The strain energy and residual stress were
found to be reduced by the ultrasonic vibration during FSW
of AA 2219-T6 [19]. The ultrasonic vibrations gives fine
grain structure and improves the UAFSW AZ91 joint tensile
strength and microhardness [20]. The ultrasonic vibrations
reduced the tool torque and traverse force. It also reduces
the welding load with increase in the tool rotational speed
seen in UAFSW of AA 2024-T3 [16]. In the welding process
of Al and Mg alloy, it was seen that the ultrasonic vibration
produces turbulence in the stirred zone of the weld joint and
enhances the plastic deformation of the material. The axial
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force, tool torque are significantly reduces with the help of
ultrasonic vibrations. It helps to lowers the defects formation
in the SZ and it increases the strength of the weld joint [21].
The application of ultrasonic vibrations during the process
smoothens the material flow, enhances the stirring in the SZ,
and refines the sub grains, all of which lead to a superior
weld quality of AA 6061-T6 [22]. It was seen that the ultra-
sonic vibrations assist in generation of higher heat in the SZ
during welding process which accelerates the plastic defor-
mation and material flow. Also it altered the microhardness
level on the surface in friction stir processing (FSP) of AA
6061-T6 [23]. The mean grain size in the SZ of the weld joint
isdecreased by the use of ultrasonic vibration. It also provides
the additional plasticizing effect on the welded metal which
accelerates the stirring in the SZ observed in case of joining
of AA 7075 alloy. Also, the positive impact of ultrasonic
vibrations on both mechanical and tribological properties
was observed while FSW of AA 6061 [3]. FSW of AA
6061 weld joint hardness and strength was increased with the
increase in the magnitude of ultrasonic vibrations [24]. Due
to enhanced stirring, the temperature is raised during FSW
by ultrasonic vibration, which also reduces the welding force
[25]. The tensile strength increased upto 25% and fatigue life
was increased by 3 times with the use of ultrasonic vibrations
during FSW of die cast alloy steel and AZ 80 Mg alloy [26].
The ultrasonic vibration significantly speeds up the weld-
ing process and enhances the FSW joint’s surface quality
[27]. The ultrasonic vibrations of 22 kHz frequency to the
weld joint during FSW was seen very beneficial in uniform
microhardness distribution in the weld joint of AA 2024 alloy
and helps to attain higher tensile strength compare to FSW
joint. It also provides better stirring with equiaxed recrys-
tallized grains [28]. An introduction of ultrasonic vibrations
during FSW of AZ 31 Mg alloy shown in reduction of axial
forces and more uniform temperature distribution in the weld
joint [29]. The ultrasonic vibrations are also helpful in FSW
joints repairing to eliminate the defects like kissing bonds.
It also seen to be improving the material flow and atom dif-
fusion, and refines the grain structure in the SZ of the weld
joint of 4 mmthick AZ31B alloy sheets [30]. The applica-
tion of 20 kHz frequency of ultrasonic vibrations to the tool
strengthens the plastic flow and increase the mixing intensity
in the weld zone of Additional plasticising and blending of
the material in the SZ improved the tensile strength of EN
AW 5754 FSW joint [31]. Without affecting the mechanical
characteristics of the weld joint, the application of ultrasonic
vibrations greatly reduces the welding force. The traverse
speed found prominent in the welding forces during friction
stir lap welding of 3 mmthick of AA 6061-T6 sheets [10].
Pravin et. al. [32] optimized the shielded metal arc welding
[SMAW] process with the assistance of vibratory system by
using the Taguchi and analysis ANOVA. Enhancement in the
hardness, tensile strength, and impact strength was seen with
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the assistance of vibrating energy. At a constant tool rota-
tional speed the ultrasonic vibrations enhances the material
flow seen in FSW of AA 2024 [33]. The ultrasonic exci-
tation decreases and homogeneously distributes the grains;
observed in the laser beam welding of AA 6082 [34]. Ultra-
sonic vibration assistance in FSLW of AA 6061-T6 and 301
Lsteel alloy resulted in enhancement in the fluidity of the
material. Also the reduction of IMC layer side from 10 to
6 wm and increase in tensile strength by 27% [11]. Vibra-
tional application improves dynamic recrystallization, which
results in a finer grain distribution. The strength, toughness,
and hardness of the weld joint also improve [35]. The assis-
tance of ultrasonic vibrations of 1.8 kW with 1200 rpm
tool rotational speed and 150 mm/min traverse speed dur-
ing FSW of AA 2219 showed the improvement in tensile
strength of 10.5% [36]. Ultrasonic assisted aging in FSW of
AA 2195 alloys showed the reduced grain size in the SZ of the
weld joint [37]. The transmission of ultrasound in the FSW
of Al and Mg influences the microstructure and corrosion
behaviour. It limits the IMC phase formation which leads
to increase the tensile strength [38]. Wazery et al. [39] opti-
mized the UAFSW process parameters for highest weld joint
efficiency. The optimum process parameters were; amplitude
of ultrasonic vibrations 20 pum, tool rotational speed and tra-
verse speed 800 rpm and 80 mm/min respectively. The tool
rotational speed was seen the most important parameter for
UAFSW. Husain Mehdi et. al. [40] optimized the FSW pro-
cess parameters for joining of dissimilar AA 2014 and AA
6061 by RSM. The study revealed that the tool rotational
speed and welding speed were significant parameters. The
subgrain formation during FSW improved the strength of
the weld joint. They also observed the refined grain structure
in the SZ. Husain Mehdi et. al. [41] optimized the multi-pass
FSP parameters for the fabrication of AA 6061 and Al,Os.
Increase in the ultimate tensile strength and hardness was
seen with increase in Al;Os nanoparticles and number of
FSP runs. Nait Salah et. al. [42] optimizes the FSW pro-
cess parameters for dissimilar aluminum alloys AA 3003 and
AA 6061 by RSM. The observations revealed that the ten-
sile strength and hardness increased with increase in the tool
rotational speed. Shaurya Bhatnagar et. al. [43] optimized the
FSW process parameters for welding of dissimilar AA 7050
and AA 6061 using RSM. Their observations revealed that
the tool rotational speed and welding speed are significant
parameters which affect the strength of the weld joint. The
extracted literature summary of various researchers related
to process parameter is shown in Table 1.

A comparison of the characteristics of the FSW
and UAFSW processes has been studied by numerous
researchers. The research study was also carried on the
mechanical and electrical properties of Al-Cu weld joint;
whereas the optimization of process parameters is lacking
in the previous research. The novelty & objectives of this

research work are that it studies, optimizes, and analyses the
effect of UAFSW process parameters on microhardness, ten-
sile strength and electrical resistivity of the Al-Cu weld joint.
The present configuration for research study is selected on
the basis of the previous literature. The parameters and their
levels which mostly influence the output responses of the
UAFSW process were considered for experimentation.

2 Experimental procedure

The ultrasonic generator, transducer, and horn are the
three components of the ultrasonic vibrator arrangement as
shown in Fig. 1. Numerous trials have been carried out in
order to choose the input parameter range. Four significant
input parameters, three levels, and a Box—Behnken design
matrix of RSM were selected for designing the experiment.
Box—Behnken design is still considered to be more proficient
and most powerful that other design, so considered for this
study. It is used to generate higher order response surfaces
using fewer required runs than a normal factorial technique.
Box—-Behnken designs are experimental designs for response
surfcace methodology where each factor or independent vari-
able is placed at one of three equally spaced values ususlly
coaded as — 1,0, + 1.

Box-Behnken design matrix suggested 27 experimental
runs using the significant number of influencing input param-
eters. The lower intermediate and higher limits of the input
parameters were coded as — 1,0, + 1, and respectively in
design matrix. In the present research study, FSW experi-
ments were conducted on 4 mmthick Al and Cu sheets. The
size of the each plate was 150 x 75 x 4 mm. To remove
the thin oxidised coating from the plate surfaces, grit paper
was used. Goose neck clamps provide secure holding and
precise placement of the welding plates within the fixture.
Tool details are as: Material—H13 (tool steel), Pp—tapered
cylindrical, TSD—20 mm, Pq—(smaller ¢: 5 mm, larger
¢: 6 mm), taper angle: 10°49'15”, and P; -3.7). Ultrasonic
vibrations details are as: Frequency — 20 kHz and ampli-
tude — 25 pm. The tool offset was et al. side. Cu material
was placed at the advancing side whereas Al was placed at
the retreating side. The actual experimental setup is shown
in Fig. 2. The tool was plunged by 0.1 mm with 20 s dwell
time. The UTS specimens were cut by WEDM in accordance
with ASTM—ES standard. Additionally, the wire cut EDM
machine (WEDM) was used to cut the test specimens for
electrical resistivity and microhardness. The microhardness
test was performed with 100 g load for 15 s. Using a Vick-
ers microhardness tester, the distribution of microhardness in
the different weld joint zones is evaluated with the applica-
tion of a load of 100 g for 15 s time duration. The specimen
prepared for the tensile test in accordance with ASTM E8
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Fig.3 ASTM ES8 sample for tensile test [27, 51, 52]

and the sample for the electrical resistivity and microhard-
ness tests are shown in Figs. 3 and 4 respectively. Table 2
shows the UAFSW input process parameters and their levels
for experimentation. The Box—Behnken design matrix and
experimental results are shown in Table 3.

3 Mathematical model development

The UAFSW input process parameters and the output
response variables were mathematically associated by the

Fig.4 Specimen for microhardness and electrical resistivity test [53]

RSM as follows [55-57]:

UTS, os =f (N, S, O, A) (1

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

The second order polynomial regression equation for rep-
resenting the response surface is expressed as follows:

Y=ap+ Zaixi + Zaiixiz + Zaijxiyi 3)
Equation (3) can be be written as,

Y= ap+aN +arS+a30 +asA
+ a11N2 +a22S2 +a3s 0%+ a44A2
+aipNxS +ai3NxO +ajuNxA
+ax38x0 + axs SXA + azg OxA @

where ap is the mean value of output response variables
whereas the coefficients aj, az, a3, and a4 represents lin-
ear, quadratic and interaction coefficients respectively in the
above equation. The coefficients a;j;, a2z, az3, and ayy are
quadratic terms and the coefficients a;», aj3, a4, a3, and
b34 are interaction terms in the above equation. The evalu-
ation and testing of the coefficients performed with a 95%
confidence level. A mathematical model was created for the
prediction of UTS as well as electrical resistivity of the weld
joint [40, 55, 58].

oy = —216.7+ 0.7672N +0.711S +23.40 + 10.46A
— 0.000417N% — 0.006595%—14.480% — 2.291 A
+ 0.000012NxS + 0.0085NxO—0.00143NxA
—0.0415x0—0.0232SxA + 1.140xA

&)
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Table 2 UAFSW input process

parameters and their levels for Sr. no Input process parameters Notation of parameter Levels

experimentation [40, 42, 54] 1 0 ‘1
1 Tool rotational speed (rpm) N 700 900 1100
2 Traverse speed (mm/min) S 30 50 70
3 Tool pin offset (mm) O 0.6 0.9 1.2
4 Tool tilt angle (Degrees) A 1 2 3

Table 3 Box—Behnken design

matrix and experimental results Exp. run Input Process Parameters os (MPa) p (L2m)

541 N S (0} A
1 0 0 0 0 196.34 0.028
2 0 1 1 1 187.76 0.025
3 0 0 -1 1 189.80 0.027
4 0 0 0 195.97 0.028
5 -1 0 0 -1 172.36 0.027
6 1 0 -1 0 181.11 0.035
7 0 -1 0 -1 192.64 0.030
8 0 0 0 0 196.92 0.028
9 1 1 0 0 180.73 0.030
10 -1 0 0 1 173.55 0.024
11 0 -1 0 1 193.06 0.028
12 1 0 0 1 181.40 0.033
13 0 -1 1 0 192.43 0.027
14 0 -1 -1 0 191.95 0.029
15 1 -1 0 0 181.11 0.037
16 -1 0 -1 0 170.77 0.026
17 0 0 -1 -1 192.38 0.030
18 0 1 -1 0 192.11 0.027
19 0 0 1 0 197.10 0.027
20 0 0 1 -1 194.74 0.027
21 -1 1 0 171.23 0.024
22 1 0 1 188.53 0.031
23 1 0 0 -1 180.35 0.035
24 0 1 0 -1 191.82 0.028
25 0 1 0 191.46 0.024
26 -1 0 1 176.15 0.023
27 -1 -1 0 172.83 0.025

4 UAFSW joint surface appearance
p = 0.027956 + 0.004333N — 0.0014658 at the validation test and the optimized
— 0.0011450 — 0.001158A + 0.001464N> weld joint

— 000048452 — 0.00050407 +0.000227 A2 . . .
The weld joint surface appearance for the validation test is

— 0.001500N xS — 0.000250Nx O +0.000250NxA shown in Fig. 5. The dense flashes were seen as a result of the

+0.000104Sx0 — 0.000262SxA + 0.0007770xA (6)  improved softening Fig. 5(a—e). Also the enhanced material
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flow promotes faster material deformation during the pro-
cess which results in oxidation observed on the Cu side. The
same observations were seen during FSW of Al-Cu [8, 59].
Higher tool rotational speed was associated with smoother
surface appearance. The same observations were noted by
[59]. The significance of ultrasonic vibrations was seen at the
optimized values input process parameters were as: tool rota-
tional speed—930 rpm, traverse speed—47 mm/min, tool pin
offset—1.10 mm, and tool tilt angle—2°; smoother surface
appearance with slight shoulder marks were observed.

5 Microstructural analysis

Figure 6(a—0) shows optical microscopic images of differ-
ent weld zones of validation test samples. Five experimental
runs were performed for validation test. A stronger & sharper
interfacial layer was observed at the retreating side (Al side)
in the microscopic observations as shown in Fig. 6(a, d, g,
J» m). The Cu material particles are obviously introduced in
the retreating side which generates the interfacial layer [7].
The zigzag distribution of Al-Cu intermixing was seen as a
result of intense distribution of Al-Cu in the SZ as shown
in Fig. 6(h, k). The ultrasonic vibrations promote this dis-
tribution by improving the plastic flow of the material. The
Al grains were significantly deformed and small equiaxed
grains were also observed in this zone [60]. The heat genera-
tion and plastic deformation causes the refined grain structure
in distinct HAZ and TMAZ of the weld joint. A refined grain
structure was observed et al. side interface. The grains in
the HAZ were seen larger and elongated in manner as com-
pared to the grains in the TMAZ. The deformation width and
area is improved with the assistance of ultrasonic vibrations.
The improved plastic deformation and local thermal effect
distributes the ultrafine grain structure [61].

On the other hand, at the advancing side (Cu side) different
mixing behaviour was seen due to increase in heat supplied.
This happens due higher coefficient of thermal expansion.
Change in input parameters leads to different patterns of
microstructure. A vortex like microstructure was seen in the
SZ as shown in Fig. 6(b, h, n). A swirl like microstructure
was observed in Fig. 6e. A zigzag structure with random dis-
tribution was seen in Fig. 6(k). Different recrystallized grain
structure was seen at the Al-Cu interface of the advancing
side. Equiaxed and finer grain structure was observed in the
TMAZ whereas coarser and elongated grain structure was
observed at the Cu side. It was also observed that the width
of the TMAZ was varying with the change in the input pro-
cess parameter as there was different heat supply at different
experimental run. Figure 6(g, h, 1) represents the microscopic
images at higher tensile strength with refined grain structure
atthe interfacial layers and in the SZ. The ultrasonic vibration
improves the material flow for intermixing of the material

Fig.5 Validation test joint surface appearance of (a—e). Surface appear-
ance of the welded joint prepared at optimum UAFSW process
parameters (f)

which results in higher tensile strength of the weld joint [7,
62].

6 Evolution of results
6.1 Significance of parameters on UTS

The effect of UAFSW parameters on the Al-Cu weld joint
quality was examined using UTS testing. The interface
effects of UAFSW input process parameters and UTS of weld
joint are shown in Figs. 8 and 9. The UTS was improved and
then reduced after reaching its extreme value as level of pro-
cess parameters increases upto some level. The significance
of N & S and O & A on o is shown in Figs. 11 and 12 respec-
tively. The scatter plots as shown Fig. 7(a, b, ¢, d) exhibits
good agreement between UAFSW input process parameters
and os. Also it shows the linear relationship between N, S,
O, A and o;.

6.1.1 Significance of rotational speed of the tool

The significance of rotational speed of the tool on UTS
is shown in Fig. 10a. The UTS was comparatively low at
700 rpm tool rotational speed. It resulted from insufficient
heating and mixing of the Cu elements in matrix of Al

@ Springer
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Fig. 6 Optical microscopic
images of UAFSW validation
test performed as per Table 5.
(a—c) experimental run 1,
(d—f) experimental run 2,
(g—i) experimental run 3,
(j-1) experimental run 4, and
(m-o0) experimental run 5

Stir zone

Interfacial layer

Stir zene

With increasing the rotational speed of the tool, the UTS of
the weld joint progressively improved. At a 900 rpm speed,
the Cu and Al matrix mixed adequately, leading to UTS of
197.10 MPa [12]. Higher tensile strength is attained as an
effect of the ultrasonic vibrations reduces the size of the
grains in the SZ, which causes the volumetric component of
the grain borders to function as barriers against the movement
of the grain dislocations [18]. UTS was decreasing as the
rotational speed of the tool increased from 900 to 1100 rpm.
The reason was more heat produced due to the shoulder face
and base material plate coming into contact for an extensive

@ Springer

Stir zone

Stir zone

Stir zone

Stir zone

period of time which encourages the thickening of IMCs
in the SZ [63, 64]. High tool rotational speed resulted in a
decrease in UTS and an increase in IMCs in the weld zone
[12, 56, 65].

6.1.2 Significance of traverse speed

Lower UTS was observed at a 30 mm/min traverse speed due
to too much heating. Also the flow stress difference between
Al-Cu in the SZ because the turbulent material flow reduces
strength, as shown in Fig. 10b. Maximum UTS was seen at
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50 mm/min traverse speed; as the sufficient heat is supplied.
The reduction in recrystallized fine grains size occurs as a
result of the use of ultrasonic vibrations as it increases the
grain boundary [18]. The turbulent flow is get normalised
at 50 mm/min traverse speed. As the traverse speed rises
to 70 mm/min, the heat input gets decreased. It decreases
the speed of plasticization and inappropriate material mixing
takes place in the weld joint. Hence, the weld joints failed at
lower UTS.

6.1.3 Significance of tool pin offset

The significance of a tool pin offset towards Al side on the
UTS of the weld joint is presented in Fig. 10c. Lower UTS
was seen at the 0.6 mm tool pin offset due to weak bonding
in the weld joint. As more Cu atoms are in the SZ, forming
brittle IMC, which decreases the UTS [48]. The value of UTS
was increased as tool pin offset was changed from 0.9 and
1.2 mm. The reason for that is lower IMCs formation due to
fewer amounts of Cu atoms present in the SZ which reacts
with the Al atoms. The UTS was increasing with increase in
the tool pin offset value towards Al side upto 1.1 mm then
decreased [12, 48, 65].

6.2 Measurement of electrical resistivity

Electrical resistivity of the weld joint was measured using the
SIGMASCOPE apparatus. It was seen between 0.023 nQm
and 0.037 wQm. A change in resistivity was seen during
UAFSW because to differences in heat input, material mix-
ing, and microstructure. The contour plots and surface plots
in Figs. 13 and 14 shows the effect of process parameters on
electrical resistivity of the weld joint. The direct effect plots
in Fig. 15 show how the UAFSW parameters affect electri-
cal resistivity of the weld joint. Figures 16 and 17 shows
the interface effects of UAFSW input process parameters on
the electrical resistivity. As the rotational speed of the tool
increases, the electrical resistivity was raised. It was also
seen that as traverse speed increased, the electrical resis-
tivity decreased. The scatter plots as shown Fig. 18(a, b,
¢, d) exhibits good agreement between UAFSW input pro-
cess parameters and p. Also it shows the linear relationship
between N, S, O, A and p.

6.2.1 Significance of rotational speed of the tool

The significance of rotational speed of the tool on weld joint
electrical resistivity is shown in Fig. 15a. A higher electrical
resistivity was observed at the greater tool rotational speed
of 1100 rpm. The increased heat input leads to thicken the
IMCs at this temperature. Electrical resistivity increased as
a result of IMCs. Due to the lack of heat supplied and the
slightly increased thickness of the IMCs in the weld zone,

(a) 1 Lo d .
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Fig.7 Scatter plots of UAFSW input process parameters and og. a N
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Fig.9 Tensile strength response surface plots with UAFSW parameters

the lowermost electrical resistivity was found at the lowest
tool rotational speed of 700 rpm [53, 63, 65].

6.2.2 Significance of traverse speed of welding process

Figure 15b presents the significance of traverse speed on
electrical resistivity of the weld joint. Rotational speed of
the tool and traverse speed was found significant parameters
for the electrical resistivity of the welded joint as it impacts
amount of heat is generated during the welding process. A
greater electrical resistivity of 0.037 wQ2m was observed at
the 30 mm/min traverse speed of welding process. IMCs
thickens IMCs thickened at this temperature [14, 44, 65]. In

Hold values
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contrast, when heat input and IMC size similarly decrease,
electrical resistivity at 70 mm/min traverse speed reduces by
0.023 pQm.

6.2.3 Significance of tool pin offset

As more Cu particles contact with the Al matrix at the lesser
tool pin offset in the direction of the Al side of the weld joint
producing hard, thick, and brittle IMCs. Figure 15c shows
the significance of tool pin offset towards Al side. A minimal
number of Cu atoms blend with the matrix of Al as the tool
pin offset moves more towards the Al side during welding,
encouraging the production of lesser IMCs and a reduction in
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electrical resistivity [14, 53, 66]. The 0.6 mm tool pin offset
in the direction of the Al side, maximum electrical resistivity
of 0.037 w2m was obtained. An electrical resistivity of 0.023
n2m was found at 1.2 mm the tool pin offset on the Al side
of the weld joint.

6.2.4 Significance of tilt angle of the tool
Figure 15d shows the significance of tilt angle of the tool

on electrical resistivity of the weld joint. It was seen that
as tool tilt angle was raised, the electrical resistivity of the
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weld joint decreased as heat input reduced. Because there are
less intensity of IMCs formation because of the reduced heat
supplied in the weld zone, there is a decrease in electrical
resistivity [44, 63, 65, 67].

6.3 Competency of approved models for o5 and p

The statistical findings of the established experimental cor-
relations are displayed in Tables 4 and 8. The complete
agreement between the predictable values and experimental
values is demonstrated by R? value as 1. The statistical results
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Fig. 13 Contour plots of significance of UAFSW process parameters on p

with greater R? values near 1 and also the lower standard
error values specify the experimental correlation is compe-
tently realistic. It can be applied for accurate prediction of
the results. The more useful variables in the generated model
are specified by a higher R? adjusted value in the experiment.
According to the statistical information in Table 4, that has a
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higher R? value of 0.979 and an adjusted R? value of 0.954.
The statistical information shown in Table 8, however, it was
revealed that for the higher R? value was 0.979. The corrected
R? value was 0.956. Table 5 and Table 9 give the results of
the confirmation tests results for the variables o5 and p. Table
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Fig. 14 Electrical resistivity plots with UAFSW parameters

6 and Table 10, respectively, presents the findings of the val-
idation test with negligible error for the variables og and p.

6.4 Process parameter optimization for UAFSW

The UAFSW input process parameters were optimized for
the expected result in order to achieve the maximum tensile
strength of the weld joint. MINITAB V17 software was used
for optimization during the experimentation. In the process
of optimization, the regression equation obtained from the
mathematical model functions as the objective function. The
optimum values were: tool rotational speed—930 rpm, tra-
verse speed—47 mm/min, tool pin offset—1.10 mm, and tool
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tilt angle 2° to forecast the tensile strength of 197.66 MPa.
However, the values for the most effective input UAFSW
parameters for a expected electrical resistivity of 0.0227 were
708 rpm, 70 mm/min for the traverse speed, 1.20 mm for the
tool pin offset, and 3° for the tool tilt angle. Tables 7 and 11
indicate the significance of the UAFSW input process param-
eters on tensile strength and electrical resistivity. The tool pin
offset and tool rotational speed was found significant param-
eters in determining the tensile strength of the weld joint.
For electrical resistivity of the welded joint, every process
parameter was found to be significant.
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6.5 Weld joint microhardness test

The top zone (0.5 mm), middle zone (2 mm), and bottom zone
(3.5 mm) of the weld joint were all subjected to the micro-
hardness test across the weld direction. The tested regions
exhibited variations in the microhardness distribution. The
microhardness distribution is significantly influenced by
ultrasonic vibrations due to softening and efficient plastic
deformation [69]. The lower microhardness distribution was
seen in the bottom zone. The TMAZ and HAZ region on

Fig. 17 Significance of N and S interacting on p

the Cu side was found to be smaller than on the Al side. At
the TMAZ, there was a smaller variation in the distribution
of microhardness. Uniform microhardness distribution was
observed in all the regions of the weld joint.

6.5.1 Microhardness distribution in the top region

Figure 19a shows the distribution of microhardness in the
top region. The SZ showed a little complex distribution of
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Table 4 Statistical results for UTS

Response R? Adjusted R? Standard error %

UTS 0.979 0.954 1.89487

microhardness upto the peak of 180 HV as ultrasonic vibra-
tions reduces the IMCs formation and it’s size. Also the lower
variation in the microhardness was seen in the SZ. The micro-
hardness distribution at the HAZ of Al side was between
40 to 50 HV. In the TMAZ of the weld joint, there was no
quick peak in the distribution of microhardness was seen.
The microhardness distribution at the HAZ of Cu side was
of 60 HV. The ultrasonic vibrations distribute the uniform
microhardness distribution [69].

6.5.2 Microhardness distribution in the middle region

Figure 19b shows the distribution of middle zone microhard-
ness distribution. The microhardness distribution of 50 HV
was seen at the HAZ of Al side of the weld joint. The peak
variation upto 220 HV in the microhardness distribution was
seen in the SZ. The microhardness distribution at the HAZ
of Al side was of 80 HV. The TMAZ of the weld joint did
not exhibit a sharp peak in the microhardness.

6.5.3 Microhardness distribution in the bottom region

In the bottom zone of the welded joint, as presented in
Fig. 19c, a lower microhardness distribution is produced
by the material’s exciting grain refinement [69]. No peak
microhardness distribution was seen. The microhardness was
observed to have slightly decreased from 50 to 40 HV on the
HAZ of Al side of the weld join. The peak microhardness
distribution upto 190 HV was seen in the SZ. The TMAZ of
the weld joint did not shown a peak in the microhardness.
The microhardness distribution at the HAZ of Cu side was
of 60 HV.

6.6 Fractographic analysis

The samples prepared at the optimum process parameters
failed in the HAZ of the retreating side (Al side). The samples
were failed in ductile manner due to the very fine recrystal-
lized grain structure present as a result of glowing plastic
deformation. Samples failed in this area serves good tensile
strength [50, 52]. The fracture location and fractured sample
images of the tensile test samples are shown in Table 12.
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Table 5 UAFSW validation

experiment results for UTS Experimental run Input process os (MPa) Error o5 %
no parameter
N S O A Experimental Predicted
value value

1 1100 70 09 2 180.10 181.3876 0.7098
2 700 30 09 2 171.50 172.9021 0.8101
3 900 50 06 3 190.36 191.0578 0.3652
4 1100 30 09 2 179.20 181.6821 1.3661
5 700 70 09 2 170.70 171.3876 0.4011

Percentage error = [(Experimental value — Predicted value)/Predicted value] x 100% [58]

Table 6 Tensile strength

confirmation test results Experimental run Input process os (MPa) Error o5 %
no parameters
N S O A Experimental Predicted
value value
1 930 47 1.10 2 197.15 197.6633 0.2596

Table 7 ANOVA results for tensile strength

Source DF Adj SS Adj MS F-Value P Value Significance of process parameter [68]
Model 14 2007.94 143.42 39.95 0.000 -
Linear 4 298.55 74.64 20.79 0.000 -
N 1 264.52 264.52 73.67 0.000 Yes
S 1 2.32 2.32 0.64 0.438 No
(6] 1 30.47 30.47 8.49 0.013 Yes
A 1 0.62 0.62 0.17 0.684 No
Table 8 The electrical resistivity statistics vibrations with traditional FSW process. This research work
5 . 5 suggests the set of optimum values of the input process
Response R Adjusted R Standard error .. .
% parameters of UAFSW process for achieving maximum ten-
sile strength and minimum electrical resistivity of the weld
Electrical 0.979% 0.956% 0.0007380 joint. So, this research optimization helps to reduce the trial
resistivity and error of the UAFSW process and obviously reduces the
cost of the process with enhanced mechanical and electrical
properties.

6.7 Discussion

In this research work the enhanced tensile and electrical
properties were observed with the application of ultrasonic
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Table 9 Results of electrical

resistivity test validation Experimental runno  Input process p (L2m) Error %

parameters
N S O A Experimental value  Predicted value

1 900 70 1.2 3 0.025 0.0240 4.16

2 900 30 09 1 0.030 0.0301 0.33

3 900 50 06 3 0.027 0.0269 0.37

4 900 70 09 1 0.028 0.0277 1.08

5 1100 50 12 2 0.032 0.0319 0.31

Table 10 Electrical resistivity

Percentage error = [(Experimental value—Predicted value)/Predicted value] x 100% [58]

confirmation test results Experimental run Input parameters p (L2m) Error p (W2m)
no %
S o A Experimental Predicted
value value
1 708 70 1.20 3 0.023 0.0227 1.32%

Table 11 An ANOVA results for electrical resistivity of the weld joint

Source DF Adj SS Adj MS F-Value P Value Significance of process parameter [68]

Model 14 0.000319 0.000023 41.79 0.000 -

Linear 4 0.000283 0.000071 129.92 0.000 -

N 1 0.000225 0.000225 413.77 0.000 Yes

S 1 0.000024 0.000024 44.64 0.000 Yes

(6] 1 0.000015 0.000015 28.33 0.000 Yes

A 1 0.000015 0.000015 27.86 0.000 Yes

7 Conclusions (4) All the input process parameters were found significant

for electrical resistivity of the weld joint.

(1) The optimum input process parameters were as: tool  (5) The peak microhardness distribution across the weld
rotational speed—930 rpm, traverse speed- 47 mm/min, direction was seen as: top zone > middle zone > bottom
tool pin offset—1.10 mm, and tool tilt angle—2° Zone.
resulted in weld joints with a tensile strength of  (6) The samples of optimum tensile strength test failed in

2

3)

197.15 MPa.

The traverse speed and tool tilt angle were found non-
significant parameters for the tensile strength of the weld
joint, but the tool rotational speed and tool pin offset
were significant parameters.

Electrical resistivity of the welded joints was 0.023
n2m at the optimum process parameters of: tool rota-
tion speed—708 rpm, traverse speed—70 mm/min, tool
pin offset—1.20 mm, and tool tilt angle-3°.
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Fig. 19 Microhardness distribution at a set of UAFSW optimized process parameters as: N = 930 rpm, S = 47 mm/min, O = 1.10 mm, A = 2°

Table 12 Fracture location of the

weld joints prepared for Experimental run no Fracture location Image of fractured sample

validation test

1 TMAZ (advancing
side)

2 Sz

3 HAZ (retreating side)

4 TMAZ (advancing
side)

5 TMAZ (advancing
side)
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