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0e present investigation demonstrates the friction welding of the AA6063-T6 joint to attain the maximum tensile strength by
optimizing the parameters (friction load, friction time, and upset load) through response surface methodology. Box–Behnken
design is a subset of the response surface methodology (RSM) which was employed to design the experiment numbers, and it was
restricted to 15 sets. Furthermore, the inbuilt ANOVA technique was used to obtain the statistical data for the developed
numerical model, and the relationship among the parameters against the output response (tensile strength) was interpreted by
using the statistical data. Following this, the mechanical and metallurgical studies were done on the optimized conditions using
appropriate testing and characterization equipment. 0e optimized conditions such as friction load (f) of 3 kN along with friction
time (t) of 6 s and an upset load of 2.5 kN are given as input to attain the highest TS of 248MPa. Moreover, the interface between
the weld zone and the basemetal of the joint was found to be broken during the tensile test when the friction load was given as 3 kN
and 4 kN, while the fracture location of the joint was found in the weld zone at the lower friction load of 2 kN. Finally, the acquired
results of the optimized friction welded conditions on the AA6063-T6 joint were discussed to justify the statistical data of the
numerical model, and the same results were compared to the previous research studies.

1. Introduction

0e excellent physical properties and the proportion of light
weight to higher strength of the AA6XXX wrought alloys
have become the most attractive characteristics in fields such
as rockets, missiles, and automotive components [1, 2].
Moreover, the features of AA6XXX such as the ability to
form complex shapes, ductile capacity, and good weldability
along with corrosion resistance are able to find themselves in

versatile applications. Meanwhile, the AA6063 is a special
grade alloy in which the concentration of copper and silicon
elements is deliberately restricted to increase corrosion re-
sistance [3, 4]. Hence, the AA6063 is naturally suitable to
fabricate components such as heat exchanger tubes and stem
valves as these components demand high corrosion resis-
tance. Joining the aluminum alloy by the friction welding
(FW) process acquires a quality joint since the FW does not
melt the specimen, which is attributed to wiping out the
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fusion problems [5, 6]. Furthermore, the rotary FW process
is a suitable technique for fabricating the materials in tube
and rod form.0e components such as universal joint clevis,
ball screw actuator, and geological core drill are examples for
the rod-to-tube welded joint by FW [7]. However, the ef-
fectiveness of the joint mainly depends on the necessary heat
sources and plastic deformation which are affected by FW
process variables. Meanwhile, the FW process is mainly
divided into two phases, namely, the friction phase and the
forging phase. Furthermore, metal consolidation and burn
length are proportional to each other, and they are effectively
controlled by the upset load in the forging stage. In addition,
the ejection of materials and metal consolidation are in-
versely proportional, and it is attributed to deteriorating the
joint properties if the ratio exceeds the permissible limit
[8–10]. Hence, the phenomenon with reference to the FW
process is monitored and efficiently controlled by the pa-
rameter optimization to attain the defect-free quality joint.

0e optimization methods such as artificial neural
network (ANN) and RSM are extensively used in various
fabrication processes including the welding methods to
optimize the process parameters [11–13]. 0e comparative
study between the RSM and ANN techniques also suc-
cessfully demonstrated the parameter optimization of fric-
tion spot welding, and the study concludes that the obtained
output response (tensile strength) with reference to RSM
and ANN methods was found to be similar [14]. Bakkiyaraj
et al. [15] investigated the FW of the MSS joint to increase
the TS via the RSM parametric optimization and reported
that the TS of the joint is mostly affected by the variation in
rotation speed. Palanivel et al. [16] studied the FW para-
metric effects on the microstructure grain size of the tita-
nium tube joint using RSM-based optimization. 0e grain
fragment is predominating the rises of heat when the ro-
tation speed and friction time are increased to a certain level
which leads to reduction in grain size. Kimura et al. [17]
showed that the friction time has more impact on the TS
since the fluctuation in TS was found to be high concerning
the variation in friction time. Moreover, the effect of forging
time on the joint properties was found to be lower than that
of friction-related parameters. Furthermore, the RSM
technique is a widely used one, and it has several methods to
generate the design matrix with reference to problem re-
quirements [18–21]. 0is investigation presents the
Box–Behnken-based RSM approach to optimize the FW
conditions of the AA6063-T6 joint since the literature on
Box–Behnken-based optimization studies in the welding
process was found to be very limited. In addition, the FW of
the AA6063 joint and the effect of welding conditions on the
joint properties were also investigated in detail at the op-
timized conditions.

2. RSM and Experimentation

0e Box–Behnken design is a familiar technique that is an
integral part of the RSM and used to effectively reduce the
number of experiments in such a way that the present in-
vestigations contain 15 sets of experiments. Box–Behnken
design approach reduces the experiments when compared

with central composite design. In addition, the points used
outside other than middle points are also very close to the
center level. Hence, the number of middle points used in the
design matrix is also restricted to a minimum number. 0is
Box–Behnken design-based investigation has 3 middle
points and 12 outside points. 0e variables such as friction
load (f), friction time (t), and upset load (p) are the im-
portant parameters [17, 18, 22], and these have been rotated
to generate the design matrix in accordance with process
windows. Meanwhile, the rotation speed is kept constant at
1800 rpm for all 15 sets of experiments. Prior to that, the
macroanalysis of the fabricated trail joints is carried out to
arrive at the process window and its descriptions are pre-
sented in Table 1. 0e range of parameters was lower than
that of the process window, which resulted in very poor
ponding. 0e higher range outside the process window is
also attributed to the noticeable crack at the joint interface.
Hence, the process window concerning the permissible
limits is shown in Table 2. 0e base metals AA6063-T6
properties are listed in Table 3, and it has the following
geometries: 70mm long and 16mm in diameter. 0e grade
of aluminum alloy was ensured by evaluating the volume
fractions of the elements present in the aluminum matrix
using optical emission spectroscopy, and the results were Si-
0.5, Fe-0.32, Cu-0.1, Mg-0.1, Cr-0.08, Zn-0.09, and Ti-0.1,
and the balance was aluminum.

0e rubbing surface of the AA6063-T6 specimens is
machined by the facing process in a lathe machine, and then,
it is cleaned with acetone. Following this, the FW experi-
ments were conducted to fabricate three joints in each
welding condition using an FW machine (model) and its
welded specimens are presented in Figure 1. 0en, the
fabricated joints were subjected to a tensile test (ASTM E8)
to evaluate the effectiveness of the joint using a tensile tester
as the ASTM E8 procedure was followed to prepare the
tensile specimens. 0e average value of the experimentally
evaluated TS and the predicted TS using a numerical
equation is presented in design matrix (Table 4). 0e op-
timized conditions of FW joints have been taken into
metallurgical investigations for correlating the observations
with the obtained TS. To reveal the macrostructure and
microstructure of the welded specimen, the interface of the
joint is polished and etched with the solution (concentric
Keller reagent) as per the standard. Finally, the metallurgical
(macro and micro) investigation was carried out using an
optical microscanner.

3. Evaluation of Statistically Developed Model

0e statistical data were derived using ANOVA tool are
presented in Table 5, as the experimented TS values are given
as input to the Design Expert software. 0e developed
numerical model is at a satisfactory level since the obtained
model p value is 0.0002 with an F value of 88.89. Further-
more, the terms relating to the empirical model such as F, P,
FT, F2, T2, and P2 are identified at a substantial level as their
values fall (less than 0.05) in the permissible limits [22–24].
Meanwhile, the R2 predicted and adjusted values are found
to have a reasonable agreement with each other since their

2 Advances in Materials Science and Engineering



Table 1: Macroanalysis of the joint fabricated by the trail method.

Sl.
no Parameters Macroview Description

1

Friction load
(f< 2 kN)

Insufficient heat sources cause more unwelded areas
Friction time (t< 4 s)

2

Friction time (t> 8 s)

A crack is formed at the interface due to excess heat sources and the
ejection of hot materialForging load

(p> 3.5 kN)

Table 2: FW process window.

Parameter Notation Unit
Level

−1 0 1
Friction load f kN 2 3 4
Friction time t S 4 6 8
Upset load p kN 1.5 2.5 3.5

Table 3: Base metal properties.

Material Tensile strength (MPa) Elongation (%) Hardness (HV)
AA6063 286 12 72

R8

Gauge length (54 mm)

Weld zone (ϕ 9 mm)

Grip
portion

23 mm23 mm

ϕ12 mm

Figure 1: FW welded joints and tensile specimens.
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estimated values are closer to one. In addition, the difference
among the various R squared value is also found within the
acceptable limits of less than 0.02. 0e developed mathe-
matical equation to attain the TS of the FWAA6063-T6 joint

is given below in the form of a coded value, as the equation
reveals that the model processing order is quadratic analysis.

TS � 244.20 + 13.27f − 0.7150t + 14.92p + 4.83ft − 18.67fp − 6.36tp − 34.21f
2

− 38.03t
2

− 72.46p
2 (1)

0e terms, namely, f, p, ft, and t2 have a positive impact
on the TS of the AA6063-T6 joint since their coefficient
values are positive. Likewise, the terms such as t, fb, tb, f2,
and p2 have a negative impact on the output response.
Furthermore, the 2-dimensional graph (Figure 2) that
correlates the calculated and experimented TS values has
good agreement and the average deviation is found to be
less than 2%. 0e statistical data present the adequate
precision value of 30.34 which is well ahead of the
minimum required level [25–27]. Normally, the purpose
of the desirability function is to attain the best range of
parameters from outside of the zero level limits. Maxi-
mum desirability is achieved when the friction time is 5 s
with the friction load of 2.5 kN. On the other hand,

increasing the desirability function closer to unity is at-
tributed to minimizing deviation of the output response at
lower and higher levels when compared to the middle
level.

4. Optimized Parameter

0e calculated TS values using code-based numerical rela-
tion and the experimented TS are presented in Table 4.
Moreover, the 3-dimensional surface plots between the
process variables (f, t, and p) drawn concerning the TS using
the Design Expert software are depicted in Figure 3. 0e
apex of the plots represents the maximum attainable TS of
248MPa at the increased friction load (f) of 3 kN along with

Table 5: Statistical data.

Source Tensile strength (MPa)

Model
Quadratic model

p value (<0.0005) F Value (88.89)
F 0.0018 Lack of fit 0.3934
T 0.7574 R2 0.9938
P 0.0014 Adjustable R2 0.9826
f∗ t 0.1796 Predicted R2 0.9215
f∗p 0.0018 Adequate precision 30.34
t∗p 0.0953 — —
f2 0.0001 — —
t2 <0.0001 — —
p2 <0.0001 — —

Table 4: Design matrix.

Sl. no.
Parameter range Tensile strength (MPa)

Code Actual
Actual value Predicted value

F t P f t P
1 −1 −1 0 2 4 2.5 170.15 164.235
2 1 −1 0 4 4 2.5 182.2 181.115
3 −1 1 0 2 8 2.5 152.02 153.145
4 1 1 0 4 8 2.5 183.43 188.345
5 −1 0 −1 2 6 1.5 88.09 90.67
6 1 0 −1 4 6 1.5 156.8 155.55
7 −1 0 1 2 6 3.5 155.6 158.85
8 1 0 1 4 6 3.5 149.64 147.06
9 0 −1 −1 3 4 1.5 109.8 113.145
10 0 1 −1 3 8 1.5 128.1 124.435
11 0 −1 1 3 4 3.5 152.05 155.705
12 0 1 1 3 8 3.5 144.9 141.555
13 0 0 0 3 6 2.5 239 244.2
14 0 0 0 3 6 2.5 245 244.2
15 0 0 0 3 6 2.5 248.6 244.2
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friction time (t) of 6 s and an upset load of 2.5 kN. It is
concluded that the higher joint efficiency was achieved when
the higher friction load (f ), higher friction time (t), and
comparatively shorter upset load (p) were used as inputs
during the fabrication of the AA6063 joint.

Meanwhile, the perturbation graph reveals that the TS
value is proportional to f, t, and p from the lower level to the
middle level of FW conditions. 0ereafter, the FW condi-
tions on TS are diverted to an inverse route from middle
level to higher level. From this observation, it is concluded
that friction load on the TS of the AA6063-T6 joint is found
to be more effective since the value of the output response is
highly fluctuated when the friction load is varied. In addi-
tion, to validate the reliability of the developed numerical
model, testament experiments have been conducted, and the
range of parameters used in this testament is not used in the
design matrix. At the same time, the set of parameters fits
with the process windows. Moreover, the testament results
listed in Table 6 with reference to the TS response are found
to be very satisfactory, and the maximum deviation between
the empirically calculated TS and the experimented value is
very small.

5. Metallurgical Studies under
Optimized Conditions

0is discussion is constructed to detail the effect of variation
in friction load on the TS of the AA6063-T6 joint since the
friction load is identified to be themost influential parameter
on TS. 0e macrostructure of the joint investigated under
the various friction loads (f ) using a digital microscope is
presented in Figures 4(a)–4(c).0e variation in the geometry
of the outer flash is clearly noticed in the macroimage as the
variation in friction load (f ). 0e macrostructure represents
poor bonding at the outer edge of the joint made at the
friction load of 2 kN. Meanwhile, the volume of the outer

flash of the joint is found to be greater than at the friction
load of 3 kN. At the same time, the bonded area was also
found to be higher; hence, the TS of the joint is maximum.
On the other hand, macrostructure represents the fine
boding with comparatively less outer flash at a friction load
of 4 kN. Hence, the plasticized materials were consolidated
well even at the higher friction load since the upset load was
kept at a minimum of 2.5 kN.

0e base metal microstructure and microstructure of the
welded specimen at various friction loads are presented in
Figures 5(a)–5(d). 0e AA6063-T6 base metal portraits
(Figure 5(a)) coaxial grain with an average size of 147 µm.
Furthermore, the grains seen in the welded joint are found to
be finer since the interface of the joint is influenced by severe
dynamic recrystallization.

However, the difference in the grain variation was also
noticed with reference to the changes in friction load. At
friction loads of 2 kN, 3 kN, and 4 kN, average grain sizes of
28 µm, 12 µm, and 16 µm are determined, respectively. 0e
effect of friction load on grain size increases with finer re-
duction in grains. 0is is attributed to the fine initiation of
grain fragments during the welding process, and the grain
fragments dominate the frictional heat even at higher
friction loads [28, 29]. Hence, the joint displayed the
maximum joint efficiency. However, the marginal grain
coarsening effect at the high friction load might be due to the
delayed cooling during the welding. It is clearly understood
from the stress-strain graph (Figure 6) that the coarsening
effect at high friction load is attributed to increasing the
elongation rate and comparatively decreasing the strength of
the joint to 227MPa. Furthermore, the elongation rate and
tensile strength were estimated to be lower values at a
friction load of 2 kN as the macrostructure of the joint
showed a minor crack in the weld line. Meanwhile, the
optimum friction load of 3 kN of the joint showed a TS of
248MPa with 10.5% strain.
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(a) Fr.load 2 kN

(b) Fr. load 3 kN

(c) Fr. load 4 kN

Figure 4: (a–c) Macroimage of the FW AA6063-T6 joint at various friction loads.

Table 6: Testament results.

Trail no.
Parameters range TS (MPa)

Deviation %
f T P Experimentally evaluated Empirically calculated

1 4 6 2.5 226.5 227.3 −0.37
2 3 4 2.5 222.3 220.89 0.633
3 2 6 2.5 195.1 198.03 −1.51
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(a) Base metal (b) Fr. load 2 kN

(c) Fr. load 3 kN (d) Fr. load 4 kN

Figure 5: (a–d) Microimage of the parent metal and the FW AA6063-T6 joint at various friction loads.
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0e hardness measured across the AA6063 joint fabri-
cated by FW at various friction loads is depicted in Figure 7.
Due to the grain refinement during the welding process, the
weld zone records the maximum hardness when compared
to the parent metals. Despite the higher hardness, the
fracture location was found in the weld zone at a lower
friction load due to the minor crack in the weld line. In
addition, the hardness of 108 HV measured in the WZ at an
optimum friction load of 3 kN was recorded as maximum as
the appropriate heat input and its associated plasticized
material was achieved at the middle level of the friction load.
On the other hand, the excess heat input and delayed cooling
are attributed to the coarse graining effect as a result of the
drop in hardness across the joint at the higher frictional load
of 4 kN. Meanwhile, the occurrence of grain fragments at the
higher friction load is linked with the higher strength than
that of the lower friction load, and it is in good agreement
with the previous authors [16, 17]. Furthermore, the failure
location was noticed in the region between the WZ and the

base metal, which was referred to as the “heat-affected zone”
when the joint was made at the middle load of 3 kN and the
higher friction load of 4 kN.

0e variation in TS of the welded joint is interpreted with
the help of the fractured morphology features. As per that,
the SEM fracture image of the parent metal and the joint
welded at the optimized conditions is presented in
Figures 8(a) and 8(b). 0e extensive tearing edges are no-
ticed in the AA6063-T6 parent metal along with the few
grooves and fissures (Figure 8(a)). 0e mode of failure in the
parent metal is ductile in nature since the plastically de-
formed materials are attributed to forming many tearing
edges. On the other hand, the welded joint is characterized
by a few cracks, voids, and a relatively flat morphology with a
cascade structure. Moreover, the orientation of metal de-
formation is along the welding direction. Furthermore, the
fracture image shows the cascade structure morphology and
the fracture surface features the transition mode of failure
towards the brittle. However, the generation of

(a)
(b)

Figure 8: SEM fracture image. (a) Parent metal. (b) Joint welded at the optimized conditions.
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recrystallization temperature during the welding process
causes the microstructure to be reformed at the weld in-
terface and is subsequently attributed to weakening the zone
nearer the weld area that is endorsed with the lower TS when
compared to the parent metal TS [29, 30].

6. Conclusions

0e conclusion drawn from this investigation is as follows:

(1) 0e Box–Behnken design-based RSM is employed to
form the numerical relationship among the FW
variables for the AA6063-T6 joint with a higher
confidence level. FW conditions such as friction load
(f) of 3 kN along with friction time (t) of 6 s and an
upset load of 2.5 kN are given as input to attain the
highest TS of 248MPa.

(2) Moreover, friction load (f ) is identified as the most
persuading parameter on the TS since the TS value is
highly fluctuating concerning the variation in the
friction load.

(3) Despite the outer flash representing a high volume of
materials at the high friction load, the fine bonding
with finer grains is also noticed at the interface of the
AA6063-T6 joint. 0is phenomenon indicates the
dominant performance of grain fragments over than
that of heat generation.

(4) 0e occurrence of grain reformation is a result of the
higher hardness at the weld zone than that of the base
metal. Moreover, the interface between the WZ and
the base metal recorded lower hardness.

(5) 0e crack and voids are observed in the fracture
morphology of the welded joint and flat surface with
a cascade structure. 0is shows the transition mode
of failure is ductile and brittle in nature.
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