
Research Article
Optimization and Characterization Studies of Dissimilar Friction
Stir Welding Parameters of Brass and Aluminum Alloy 6063
Using Taguchi

Vimal Agarwal,1 Deepam Goyal,2 B. S. Pabla,1 S. C. Vettivel,3 and A. Haiter Lenin 4

1Department of Mechanical Engineering, NITTTR, Chandigarh, India
2Chitkara University Institute of Engineering and Technology, Chitkara University, Chandigarh, Punjab, India
3Department of Mechanical Engineering, CCET (Degree Wing), Sector 26, Chandigarh, India
4Department of Mechanical Engineering, Wollo University, Kombolcha Institute of Technology, Post Box No: 208,
Kombolcha, Ethiopia

Correspondence should be addressed to A. Haiter Lenin; drahlenin@wu.edu.et

Received 19 July 2022; Revised 28 November 2022; Accepted 26 April 2023; Published 31 May 2023

Academic Editor: M. Adam Khan

Copyright © 2023Vimal Agarwal et al.Tis is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tis paper focuses on optimizing process parameters such as tool rotating speed, preheat-treated workpiece temperature, traverse
speed, and tool pin profle for dissimilar friction stir welding (FSW) of brass and AA 6063.Te hardness of the friction stir-welded
joint created is measured as a response variable. Te Taguchi design of experiments approach was utilized to fnalize the ex-
perimental strategy, and ANOVA was employed to analyze the data. Te best input factors for a better weld and a harder FSW
workpiece were predicted.Te experimental results show that the input factors infuenced the hardness and defects in the welds in
the following order: tool rotation speed (28.98%), tool pin geometry (22.30%), travel speed (11%), and temperature of the preheat
treated workpiece (10.95%), respectively. Optical microscopy identifed three distinct zones: the nugget zone, the thermo-
mechanically afected zone, and the heat-afected zone. Te nugget zone had a maximum value of hardness (around a 27%
increase) due to the formation of very fne recrystallized grains.

1. Introduction

Aluminium alloys (AA) are used in an expanding range of
engineering applications, such as the automotive and
aerospace industries, because of their excellent machin-
ability, high stress-to-weight ratios, and superb corrosion
resistance. However, there are some problems during the
joining of Al alloys using conventional fusion welding
techniques because of high distortion, generation of sec-
ondary brittle phases, residual stresses, and cracking during
solidifcation [1]. In 1991, Tomas et al. developed the
friction stir welding (FSW) at the Welding Institute, U.K.,
and showed it to be substantially better than classical
welding methods used for joining heterogeneous materials
due to the absence of molten metal, elimination of radiation
efect, and harmful emission of gases [2, 3]. FSW works on

the principle of solid-state efect to plastically deform the
workpiece material. Te rubbing action between a non-
consumable stirring tool, consisting of the shoulder and pin,
and Astarita et al. reported that the rotational and traverse
speeds of the tool, the geometry of the tool including its tilt
angle, and the transverse force are the basic input variables of
FSWwhich afect the properties of friction-welded joints [4].
Reasonable traverse and rotational speeds of the tool con-
tribute to the proper fow of material after the deformation,
around the tool, resulting in the formation of friction-
welded joints.

Colligan et al. [5] applied the FSW technique to Al
products in aerospace and automotive industries to fulfll the
increased demand of light-weight components with concern
for the environment. Kakimoto [6] used the FSW technique
for welding AA2000 and AA7000 grade sheets, fnding this
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technique better than the traditional welding method.
Cavaliere et al. [7] studied the microstructural and me-
chanical characteristics of AA 6082 joints made with FSW
and examined the infuence of various welding parameters.
It has been reported that when the advancing speed is in-
creased from 40 to 165mm/min, there is a change in nugget
mean grain size. However, when speed changes from slow
speed to 115mm/min, there is a signifcant increase in yield
strength, but with further increase in advancing speed, yield
strength decreases. Te infuence of tool traverse speed was
studied for observing variation in microstructure and me-
chanical properties by Shen et al. [8] when FSW was done in
the case of copper. It has been observed that with the in-
crease in traverse speed, initially there was an increase in the
grain size of the stirred region, but then it started decreasing.
Furthermore, thermomechanically-afected region shrank
and the boundary between these two regions became ex-
plicit, but there was no change in the heat-afected region.
Ramkumar et al. [9] investigated the changes in the me-
chanical behavior of friction-stir welded AZ31 materials
with respect to tool rotational speed and tool traverse speed
ratio. It is confrmed that with the increase in the ratio,
a slight decrease in ultimate and yield strength of the nugget
region and transitional region was observed. Moreover, the
size of the nugget region and incomplete root penetration
were found to increase and decrease, respectively, when the
rotational/traverse speed ratio was increased. Saf et al. [10]
studied the warm FSW process for the dissimilar systems of
AA7075 to Cu materials. It has been observed that by
preheating the copper base material up to 175°C increases
the mechanical behavior of the friction-welded joint by
100%.

To increase the weld strength in the FSW of the alu-
minium and Mg alloys, the FSW parameters such as tool
rotational temperature, preheat treated workpiece speed,
and traverse speed tool pin profles were optimized using the
Taguchi method [11]. Te parameters were optimized for
improving weld strength and interface [12]. Te process
parameters of the FSW process were optimized by Taguchi-
response surface methodology (RSM) shows rapid im-
provement in the weld strength [13]. Te Taguchi-based
graph theory and matrix approach were applied to identify
the optimal process parameter in FSW of AISI 304
stainless steel.

Tere is a lot of study on how Al/Mg alloys in the stir
zone signifcantly afect the quality and performance of
welding. In a small lap of time after its development,
several research works have been carried out to enhance
the mechanical properties of welding by controlling
several weld parameters. Tus, the present research ar-
ticle’s objective is to understand better how brass and
aluminum alloy 6063 afect the joint’s weld microstruc-
ture and mechanical properties. Finally, several strategies
are highlighted to govern the FSW and the subsequent
improvement of the weld joint properties, even though
there are no study attempts to optimize the response
parameters of friction stir welding of brass and AA6063
using the Taguchi L27 orthogonal array.

2. Materials and Methods for Experimentation

Te objective of the experimental work was to optimize the
FSW parameters for two dissimilar metals to improve the
weld quality and hardness of welded joints.

Te materials used in the present work were brass and
commercial AA6063, an Al-Mg-Si-based alloy. AA6063 is
typically produced with very smooth surfaces for anodizing.
Both brass and AA6063 fat plates were cut into
145× 50× 6mm thickness.Te cold plates were heated up to
300°C and 400°C for half an hour in the mufe furnace, with
an extra holding time of 15minutes. Heating times to the
required temperature was varied from 0.5 to 3 hours, which
was dependent on alloy type and load size. Te preheated
plates were welded with a number of diferent weld pa-
rameters. Experiments were conducted on a HURCOVM 10
(CNC universal vertical milling machine) to weld the plates
with the Taguchi L27 experimental design. Te plates were
clamped in the machine frmly by placing the brass on the
advancing side and AA6063 on the retreating side.

In FSW, the temperature was measured at various
sections of the weld line using an infrared thermometer.
However, direct measurement of temperature in the nugget
zone is a cumbersome task, as combined rotation and
translation of the tool cause intense plastic deformation in
this zone [14, 15]. Te temperature was recorded in full weld
cycle for each sample 25mm away, pointing at the rotating
tool with an infrared thermometer. After heat treatment, the
digital hardness test was performed with a full load set of
150 kgf and a dwell time equal to 10–15 s (make: HM-210
type A). Te microscopic analysis was performed on dif-
ferent welded samples for studying the infuence of various
welding parameters on three zones, namely, nugget zone
(NZ), heat-afected zone (HAZ), the thermomechanically-
afected zone (TMAZ), and also on the base metal (BM).
Table 1 presents the FSW process variables and their values
at diferent levels and Figure 1(a) shows the FSW
process image.

Tree tool confgurations, namely, square, triangular,
and hexagonal, were used for fabricating the joints with
a shoulder diameter of 16mm and by considering the
shoulder with and without concavity. Te diferent process
variables were tool traverse speed, rotational tool speed, pin
profle of the tool, the temperature of the preheated
workpiece, and the response variable of the friction-stir
welded joint so produced, which is measured in terms of
hardness and weld quality. Here, the microhardness value
was measured perpendicular to the FSW joint at three lo-
cations along the nugget. At ambient temperature, the
hardness values of AA6063 and brass were 70.2 and 76.7
HRB, respectively, whereas at 300°C, the hardness values
were observed to be 73.7 and 80.8, respectively; however, at
400°C, the hardness values were found to be 75.6 and 84
HRB. Figure 1(a) shows the FSW and optical micrographs of
polished AA6063 (Figure 1(b)) and brass (Figure 1(c))
obtained at 500x magnifcations, and it can be noted that
there is a change in microstructure with the increase in the
temperature during heat treatment.
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3. Design of Experiments

Te analysis of the obtained hardness data was performed to
determine the infuence of various process parameters. A
“higher-the-better” performance criterion was considered to
calculate the SNR of hardness with the following formula
[16]:

SNR � −10 log
1
k



k

i�1

1
xi( 

2
⎛⎝ ⎞⎠, (1)

where xi, i � 1, 2, 3, . . . . . . k are the response values under
the trial conditions repeated ′k times.

In this case, the optimized result required is the higher
hardness. Terefore, this criterion is chosen for fnding the
optimum process parameters. At each combination of the
measured values, the experimental outcomes of the hardness
were transformed into SNR. Te use of SNR is recom-
mended by Taguchi for measuring quality characteristics
that deviate from desired values. Te higher value of SNR
implies better welding performance characteristics. Hence,
the optimum level of input variables was taken as the level
with a higher SNR. Te most statistically relevant input
variables were identifed using analysis of variance
(ANOVA). An optimized combination of these variables
was predicted by considering both the ANOVA and SNR.
Te hardness results obtained at diferent combinations of
process variables are presented in Table 2. A similar analysis
for diferent processes has been carried out by various re-
searchers [17–19].

4. Results and Discussion

Te mean values obtained from the response variable,
hardness, and the SNR for each variable at three levels were
computed and shown in Tables 3 and 4, respectively. Te
infuence of each factor viz. tool rotational speed (Ntool),

temperature of preheating treated workpiece (Tpreheat),
traverse speed (Straverse), and tool pin profle (Ppin) on the
hardness of friction stir welded joint is depicted in Figure 2.
Te heat produced by frictional forces and material stirring
will majorly afect hardness. Te analysis of experimental
data shows that grain refnement in the welded zone leads to
higher hardness when compared to the base metal.

Figure 2(a) shows the variation in hardness with
a change in tool rotational speed, which depicts the decrease
in hardness when speed is increased. When tool rotational
speed is low, less heat is generated, which results in lower
recrystallization rates and ultimately a harder weld is
achieved [17]. In addition to this, at low speeds, with less
heat generation because of frictional forces and material
stirring, small grain sizes lead to higher hardness [17]. It can
be seen in Figure 2(b) that the preheating efect increases the
hardness value upto 300°C and then decreases it. Such
a phenomenon may be due to grain coarsening and work
hardening due to the thermomechanical efect, re-
crystallization, and dynamic recovery [18]. Such a hardness
trend is observed because of work hardening in the weld
zone and not because of grain size [19].

Figure 2(c) exhibits a decrease in hardness value when
the traverse speed is increased initially up to 24m/min, then
it starts rising. Tis may be attributed to the change in
quantum and temperature of friction on the workpiece
surface per unit of time with variation in traverse speed. Te
traverse speed of the tool determines the stirring of the
rotating tool per mm of FSP , which afects the movement of
material to the retreading side from the advancing side [20].
Te hall-Petch relationship clearly states that the hardness
has a reverse relevancy with grain size, which implies that if
any parameter causes an efect on grain size, then hardness is
bound to be afected [21]. Figure 2(d) clearly shows the efect
of tool pin geometry on hardness values. Te maximum
hardness was observed with a hexagonal tool profle and the
minimumwith a triangular profle tool pin. In the hexagonal

Table 1: FSW process variables and their values at various levels.

S. Nos. Parameters Notations Units
Levels

Low Medium High
1 Tool rotational speed Ntool rpm 1200 1400 1600
2 Temperature of preheat treated workpiece Tpreheat °C 36 300 400
3 Traverse speed Straverse mm/min 16 24 32
4 Tool pin profle Ppin — Hexagonal Square Triangular

(a) (b) (c)

Figure 1: FSW image and microstructure of AA6063 and brass. (a) FSW image. (b) AA6063. (c) Brass.
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tool profle, more redistribution of the second phase par-
ticles takes place in the matrix which causes a reduction in
grain size and more magnesium silicide (Mg2Si) particles
distributed in the aluminum alloy [22]. A tool with a square
pin profle has an intermediate hardness value as it expe-
riences higher welding forces, which are the result of the
eccentricity of the square pin profle and its pulsation efect.
Tis increases tool wear, which asks for frequent re-
placement of tools and hence higher processing costs [23].

Te S/N ratio values for the diferent input parameters
have been depicted in Figure 3. A similar behavior of all the

process parameters on hardness was observed. Te hardness
was found to bemaximum at 1200 rpm tool rotational speed,
300°C temperature of preheat-treated workpiece, 16mm/
min traverse speed, and hexagonal tool pin profle.

An ANOVA was carried out to examine the signif-
cance of the input variables towards the hardness, and the
residual data collected is depicted in Table 5. Te model
shows a reasonable value of F-probability, which rec-
ommends that all models are signifcant. It can be inferred
that all input variables have signifcantly infuenced
hardness values. It has been noticed that rotational tool
speed has the maximum efect on weldment quality with
a 28.98% contribution, followed by the tool pin profle
with a 22.30% contribution, and fnally, travel speed and
preheating efect with 11% and 10.95% contributions,
respectively. Te tool rotational speed parameter’s con-
tribution was also found to be most infuential for the weld
joint’s performance [24]. Te travel speed and preheating
efect were found to have the least efect on the weld joint’s
performance.

4.1. Confrmation Experiments. Te obtained optimal pro-
cess variables were validated by conducting three confr-
mation experiments. Te friction stir welding arrangement
was set at (Ntool)1, (Tpreheat)2, (Straverse)1, and (Ppin)1, and the
mean hardness value wasmeasured as 73.80 HRB, which was
within the confdence interval of the predicted optimal
hardness for friction welded joints. Optimal values of re-
sponse characteristics (predicted means).

Table 2: Taguchi L27 OA with measured hardness values and SNR.

Runs Ntool (rpm) Tpreheat (°C) Straverse (mm/min) Ppin Hardness (HRB) SNR
1 1200 36 16 Hexagonal 72.1 37.16
2 1200 36 16 Hexagonal 73.3 37.30
3 1200 36 16 Hexagonal 72.3 37.18
4 1200 300 24 Square 71.7 37.11
5 1200 300 24 Square 72.0 37.15
6 1200 300 24 Square 72.3 37.18
7 1200 400 32 Triangular 71.0 37.03
8 1200 400 32 Triangular 70.9 37.01
9 1200 400 32 Triangular 71.9 37.13
10 1400 36 24 Triangular 70.5 36.96
11 1400 36 24 Triangular 70.3 36.94
12 1400 36 24 Triangular 71.1 37.04
13 1400 300 32 Hexagonal 73.2 37.29
14 1400 300 32 Hexagonal 72.8 37.24
15 1400 300 32 Hexagonal 72.2 37.17
16 1400 400 16 Square 71.7 37.11
17 1400 400 16 Square 72.3 37.18
18 1400 400 16 Square 72.0 37.15
19 1600 36 32 Square 71.1 37.04
20 1600 36 32 Square 70.7 36.99
21 1600 36 32 Square 70.0 36.90
22 1600 300 16 Triangular 70.8 37.00
23 1600 300 16 Triangular 70.6 36.98
24 1600 300 16 Triangular 71.9 37.13
25 1600 400 24 Hexagonal 70.7 36.99
26 1600 400 24 Hexagonal 70.0 36.90
27 1600 400 24 Hexagonal 71.8 37.12

Table 3: Mean values and main efects of hardness (raw data).

Levels Ntool (rpm) Tpreheat (°C) Straverse (mm/min) Ppin
1 71. 4 71.27 71.8 72.04
2 71.79 71. 4 71.16 71.53
3 70.84 71.37 71.53 71.00
Delta 1.10 0.68 0.73 1.04
Rank 1 4 3 2
Te bold values show the highest values.

Table 4: Mean values and main efects of hardness (SNR).

Levels Ntool (rpm) Tpreheat (°C) Straverse (mm/min) Ppin
1 37.14 37.06 37.13 37.15
2 37.12 37.14 37.04 37.09
3 37.01 37.07 37.09 37.02
Delta 0.13 0.08 0.09 0.13
Rank 1 4 3 2
Te bold values shows the highest values.
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Te optimal values of the predicted mean of the response
parameter, i.e., hardness, can be obtained using the fol-
lowing equation and taking the data given in Table 4 into
consideration:

predictedmean hardness � Ntool( 1 + Tpreheat 2 + Straverse( 1 + Ppin 1 – 3∗Y

� 73.22,

percentage variation � +
(73.80 – 73.22){ }

73.80∗ 100
� 0.79%.

(2)

4.2. Weld Morphology and Microstructure Analysis. Te
variation in temperature of the weld at various sections
during welding was measured with the help of an infrared
thermometer. Te temperature was recorded in full weld
cycle for each sample from a distance of 25mm, pointing at
the rotating tool. In every 25mm, one reading of temper-
ature was recorded. Figure 4(a) depicts the variation in
temperature at various sections of the weld line. It can be
observed that the temperature varies linearly with distance.
Te temperature in the multiple sections depends primarily
on the coefcient of friction; a higher coefcient of friction
leads to a higher temperature for a constant weld speed
because the frictional force is also presumed to be pro-
portional to the coefcient of friction [18, 25]. When the
welding process is initiated, there is contact between the
weld tool metal and weldpiece metal, which results in
a regular and known value of the friction coefcient. When
the welding process is further continued, softening of the
weld piece surface is caused by the welding tool, which
changes the value of the friction coefcient. Te highest
temperature attained among all the welded plates was 318°C
when the rotational tool speed was 1600 rpm, the temper-
ature value was 300°C, and the traverse speed of 16mm/min
with a triangular tool pin profle.

Figure 4(b) shows the variation of surface hardness at the
weld line and various distances at various welding zones i.e.,
NZ, TMA), HAZ, and BM for all welded samples. Te
hardness is nearly constant in NZ, extending to 5mm from
each side of the weld joint. In TMAZ, which extends from
5mm to 6mm from the NZ, the hardness was observed to
decrease, and the hardness achieved a minimum value in
HAZ that extends from 15mm to 20mm from the TMAZ

and then starts increasing. It has also been observed that the
hardness of base metal was unafected by FSW. Figures 5(a)–
5(f ) depict the optical micrographs and EDS-layered image
of polished NZ of brass and AA6063.

Figure 5 shows the optimal microscope microstructure
representation with diferent pin profles and their efect on
grain size at various values of tool rotational and travel
speeds. While welding brass and AA6063, it is observed that
the distribution between the brass and AA6063 shows the
presence of boundary phenomena and a plastic combination
of both metals in the stir zone [16]. Additionally, indicating
that in this weld nugget zone of brass and AA6063, a lamellar
alternating structure characteristic is observed towards the
brass side [26]. However, in this weld nugget region, there is
the presence of mixed structure characteristics of brass and
AA6063 towards the aluminum side. Te stirring action of
the tool, generation of frictional heat, and heat conductivity
characteristics of brass and AA6063 were responsible for the
diferent structures of both sides of the weld nugget region.
Te centre of the nugget region had maximum hardness,
because there was a formation of very fne recrystallized
grains in this area. Tree tool pin geometries, namely,
hexagonal, square, and triangular, generated the pulsating
stirring action, which led to a reduction in grain size and
subsequently, homogenous redistribution of second phase
particles in the entire matrix of the weld nugget region [27].
Continuous dynamic recrystallization had an overall impact
on the hardness value in TMAZ and the nugget zone of AS. It
is related to the fact that the change in strain rate due to the
high-temperature deformation of pure aluminium depends
on the combined efect of stress and temperature [28, 29].
Tis demonstrates that preheating leads to steady-state

Table 5: Model signifcance of hardness using ANOVA.

Sources DF Seq SS Adj SS Adj MS F P Percentage contribution
Ntool (rpm) 2 6.3785 6.3785 3.1893 9.74 0.001 28.98
Tpreheat (oC) 2 2.4096 2.4096 1.2048 3.68 0.046 10.95
Straverse (mm/min) 2 2.4207 2.4207 1.2104 3.70 0.045 11.0
Ppin 2 4.9096 4.9096 2.4548 7.50 0.004 22.30
Error 18 5.8933 5.8933 0.3274 26.77
Total 26 22.0119 100
Note.DF, degrees of freedom; Seq SS, sequential sums of squares; Adj SS, adjusted sum of squares; Adj MS, adjusted mean square; F test of hypothesis, value of
hypothesis (signifcant at 95% confdence level).
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Figure 5: Optical microscope microstructure of the friction stir welded joints at diferent response parameters. (a) 1200 rpm, 36°C, 16mm/
min and HP. (b) 1200 rpm, 300°C, 24mm/min, and SP. (c) 1200 rpm, 400°C, 32mm/min, and TP. (d) 1400 rpm, 36°C, 24mm/min, and TP.
(e) 1400 rpm, 300°C, 32mm/min, and HP. (f ) 1400 rpm, 400°C, 16mm/min, and SP.
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deformation, which inculcates fner grain structure
throughout the welded joint.

 . Conclusions

Friction stir-welded joints of brass and AA6063 have been
prepared using the Taguchi L27 orthogonal array by varying
diferent process parameters. Major conclusions of the
current work have been listed below:

(1) Te optimum levels of the rotational speed, traverse
speed of the tool, preheated temperature, and tool
pin profle were 1200 rpm, 16mm/min, 300°C, and
hexagonal, respectively.

(2) Tool rotation speed had a pronounced efect on
microstructure, hardness, and the formation of de-
fects in the welds, while traverse speed had com-
paratively less infuence.

(3) Tool rotational speed was found to play a prominent
role in increasing it and contributed 28.98% to the
overall contribution.

(4) Optical microscopy identifed three distinct zones,
namely, the nugget zone (NZ), the thermo-
mechanically afected zone (TMAZ), and the heat-
afected zone (HAZ).

(5) Te nugget zone had a maximum value of hardness
(around 27% increase) due to the formation of very
fne recrystallized grains.

(6) Te maximum hardness was found with a hexagonal
tool profle which was instrumental in providing fne
grain structure and a higher distribution of Mg2Si
particles in aluminum alloy.
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