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ABSTRACT

Friction stir processing demonstrated tremendous potential for improving mechanical properties and its
success relies on the optimal level of process parameters that result in a flawless stir zone. The present study is an
experimental investigation of performance characteristics peak temperature and microhardness on FSPed AA6082-
T6. The experiments are designed using the Taguchi L16 orthogonal array by considering four different levels of
rotational speed, traverse speed, shoulder diameter, and tilt angle. The grey relational analysis is used for multiple
responses to optimise the FSP process parameters and analysis of variance is utilised to establish the relevance of
parameters for these responses. According to the findings, the shoulder diameter and traverse speed are the most
important determinants for peak temperature and microhardness. It is observed from the experimental analysis
that the main reasons for defect formation are either excessive or inadequate heat generation. The multi-response
optimal condition is attained at a rotating speed of 1400 rpm, transverse speed of 112 mm/min, shoulder diameter
of 25 mm, and tilt angle of 1°.
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NOMENCLATURE

FSP : Friction Stir Processing

FSPed : Friction Stir Processed

GRA : Grey Relational Analysis

TRS : Tool Rotational Speed

TTS : Traverse Speed

TSD : Tool Shoulder Diameter

TTA : Tool Tilt Angle

T1-AS : Peak Temperature on Advancing
Side

T2-RS : Peak Temperature on Retreating
Side

ANOVA Analysis of Variance

S/Nratio Signal to Noise Ratio

GRG : Grey Relational Grade

GRC : Grey Relational Coefficient

1. INTRODUCTION

Friction stir processing (FSP) is a solid-state process that
operates on a similar principle to friction stir welding and has
shown excellent improvement in microstructure, mechanical,
corrosive and tribological properties. FSP is a promising
revolutionary technique that has applications in various fields,
including altering or obtaining desired surface qualities, grain
refinement, crack repair, removing casting defects and many
more. Moreover, FSP is a green manufacturing process that
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produces no fumes, toxic gases, and radiation, and thus there
is no adverse effect on the environment'. The aluminium
alloys are extensively used in aerospace, transportation, and
marine industries because of their unique properties like
high strength to weight ratio, high thermal conductivity and
corrosion resistance’>. However, they lack hardness and wear
resistance®, which can be overcome either by microstructure
modification or by incorporating reinforcing particles, which
is possible through the FSP. In FSP, a high-strength tool
penetrates the work material through stirring action and severe
plastic deformation occurs in work material due to intense
forces resulting in heat generation'. Therefore, the combined
effect of the severe plastic deformation and the heat generation
leads to fine or ultrafine grain microstructure, which improves
the material properties*®. Due to the solid-state nature of the
FSP process, it eliminates all the defects that generally occur in
fusion-based processes, such as oxidation, porosity, distortion,
and the formation of detrimental phases®. The fusion method
requires very high energy consumption and is challenging
to regulate process parameters accurately. However, a few
defects like a tunnel, cracks, kissing bonds, and pinholes are
also observed in FSP due to insufficient heat generation or
improper process parameters level®”.

Various researchers studied the influence of process
parameters on the peak temperature and mechanical properties.
Pateld, et al. have achieved sound friction stir processed (FSPed)
samples by lowering the processing temperature through
active cooling techniques such as compressed air, water, and
CO,. They found that CO, gas cooling provided the highest
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cooling rate and obtained a very fine grain microstructure.
Chaudhary®, et al. confirmed through statistical analysis in
friction stir welding that the tilt angle is the most influential
factor for the peak temperature compared to tool rotational
speed and traverse speed. Additionally, they also noticed that
during friction stir welding, the flow of material between the
advancing and retreating sides is very complex, resulting in
an uneven temperature, strain and strain rate distribution. The
peak temperature on the advancing side remains higher than
the retreating side. Wahid!®, et al. also witnessed a similar
phenomenon during underwater friction stir welding of
AA6082-T6 alloy. As a result, grain size on the advancing side
is usually growing bigger as compared to the retreating side.
Researchers utilised several techniques to predict peak
temperature and mechanical properties in FSP. Yousefpour!!,
et al. investigated that a higher strain rate and higher peak
temperature increase the dissolution of secondary phase particles
during FSP. Cartigueyen and Mahadevan'?, have successfully
developed mathematical regression models for predicting
heat generation and experimented using the response surface
method while taking peak temperature and microhardness
into account for the fabrication of surface composites via FSP.
The rise in peak temperature is observed if tool rotational
speed increases, whereas it decreases with the increase in
transverse speed and tilt angle. An increase in heat input
reduces the cooling rate, providing extra time for grain growth,
leading to coarser grain formation and vice-versa. Thus, peak
temperature plays a vital role in deciding the microstructural
characteristic of FSPed surface composites. Stringham®, et
al. have developed a non-dimensional empirical model for the
rise in peak temperature and cooling time of heat-affected zone
with R-squared (R?) values of 0.997 and 0.995, respectively,
for friction stir welding AA7075-T7351 and HSLA-65 using
experimental designed data. This experimental design data was
obtained by considering the backing plate, welding speed, and
weld power as a parameter. Heat generation during FSP plays
a crucial role in controlling the microstructure characteristics
and mechanical properties and providing defect-free FSPed
materials. As a result, obtaining information regarding peak

temperature and thermal history, as well as their interaction
with the primary process parameters of FSP, is essential.
Proper process parameter settings can provide sufficient
heat for recrystallisation, resulting in ultra-fine or fine grain
microstructures. Thus, by establishing appropriate process
parameters, optimisation plays a critical role in manufacturing
high-quality FSP. Many researchers have recently become
interested in improving FSP process parameters and have used
various optimisation strategies, such as the response surface
method!*!3, Taguchi method'*!” and an artificial neural network
to predict the result!®°,

According to a literature survey, optimisation of process
parameters such as rotational speed, traverse speed, tilt angle
and especially shoulder diameter against responses such as
peak temperature and microhardness is rarely documented.
This study aims to optimise the FSP process parameters
considering the individual and multi-responses and investigate
the factors influencing defect formation and microhardness
improvement. Thus, the present work investigates the process
parameters using the Taguchi orthogonal array experimental
design to fulfil the research gap. The Taguchi-based Grey
Relational Analysis (GRA) is utilised for multi-optimisation.
The temperature profiles generated during an experimental run
are studied and discussed in this paper.

2. EXPERIMENTATION
2.1 Methodology

The material used to investigate surface modification
via FSP is aluminium alloy AA6082-T6 having a chemical
composition (wt. %) of 0.92 Mg, 0.85 Si, 0.26 Fe, 0.17 Cr,
0.18 Zn, 0.03 Ti, 0.03 Cu and the rest is aluminium. The size
of the work plates is cut in a dimension of 200 mm x 50 mm
x 8 mm for experimentation. The H13 tool steel is used as a
tool material due to its hot hardness and resistance to thermal
fatigue cracking. The tool is subsequently hardened to 55 HRC
by the heat treatment process. The straight threaded cylindrical
pin with concave shoulder end profile tools are used for FSP.
The tool shoulder diameter between 16 mm to 25 mm, the
effective threaded pin diameter of 6.5 mm (thread pitch: 1 mm),
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Figure 1. (a) Temperature measuring device; (b)Experimental setup.

Fixture plate

259



DEF. SCI. J.,, VOL. 72, NO. 2, MARCH 2022

and the pin length of 5 mm is considered for tool design. The
experiments are performed on a conventional vertical milling
machine where the work material is rigidly clamped with the
help of a specially designed and manufactured fixture?® on
the milling machine bed, as shown in Fig. 1 (b). Two K-type
thermocouples (with a precision of 0.01 °C) are used to record
the temperature history during FSP on the advancing and the
retreating side by using a Lutron thermometer (Model: TM-
947) as shown in Fig. 1 (a). The T1-AS and T2-RS are the peak
temperature notations for the advancing and retreating sides,
respectively. The thermocouples with probe diameter | mm are
inserted in blind holes of 1.5 mm diameter and 4 mm depth
on the workpiece at 15 mm away from the centreline on both
sides of the processing region. The Vickers microhardness test
is performed at the upper region of the stir zone surface using
a 200 g indentation load for 10 s and the samples are prepared
according to the ASTM E92 standards. For the macrostructure
investigation, samples are polished and etched using a 5 % HF
solution and observed under an optical microscope.

2.2 Design of experiment

For the present investigation, four process parameters,
such as the tool rotational speed (TRS), tool traverse speed
(TTS), tool shoulder diameter (TSD), and tool tilt angle (TTA),
are selected for the FSP. Peak temperature and microhardness
are taken as response variables for the processed region of FSP.
Thelevels of considered process parameters (i.e. “TRS”, “TTS”,
“TSD” and “TTA”) are (500, 1000, 1400 ,2000), (20, 40, 80,
112),(16,19,22,25)and (0, 1%, 2", 3") respectively. The range of
process parameters is decided by several trial experiments and
based on visual inspection of the surface defects and roughness,
as explained in the published article?'. Taguchi L16 orthogonal
array is utilised for statistical planning of experiments. This
technique is best suited for discrete variables and reduces
the number of experiments saving the cost and time of the
research??. The appropriate orthogonal array choice depends on
the interested number of process parameters and their levels®.
Four process parameters with every three degrees of freedom
are taken into account in the current work and thus, there are a
total of 12 degrees of freedom. The selected orthogonal array
must have a degree of freedom equal to or greater than 12. As
a result, L16 is an appropriate orthogonal array as it has 15
degrees of freedom. Thus, the orthogonal arrays are preferred
for experimental designs for two reasons: their small size and
the fact that they appear to provide satisfactory results for the
main effect?.

The single-pass FSPis considered during experimentation,
and the plunge depth is kept as 0.12 mm. Peak temperatures on
advancing and retreating sides are recorded during FSP, while
microhardness at the stir zone is measured after FSP. Minitab
17.0 is used to choose the orthogonal array and determine the
signal-to-noise ratio (S/N ratio) based on response variables.
Each experiment is repeated twice and an average is considered
to maintain accuracy and determine the S/N ratio. The influence
of each process parameter on optimal processing conditions
and individual responses are determined using ANOVA. For
the multi-response optimisation, S/N ratios of responses ‘peak
temperature’ and ‘microhardness’ are combined into a single
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value with the help of GRA and then, the influences of various
parameters on responses are determined using ANOVA.
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Figure 2. Macrostructure of FSP samples processed region in
experimental sequence.

3. RESULTS AND DISCUSSION
3.1 Macro-structure and Defect Formation

The macrographic cross-sectional view of the FSPed
AAG6082-T6 stir zone with marking is displayed in Fig. 2.
There are no visible defects on the upper surface of the
processed region in all the post FSPed samples. However,
due to insufficient or excessive heat generation and lack of
metal consolidation, many defects such as pinholes, cracks
and tunnel voids are present within the stirring zone; these
observations are consistent with previous researchers® 7. A
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significant influence of process parameters is observed from
the macroscopic analysis of stir zone shape, size, and defect
formation. Almost all the stir zones have inverted trapezoidal
shapes due to the extreme deformation and frictional heat. Most
of the defects appeared at the corner of the bottom region near
the advancing side of the stir zone. This defect occurs when
the material fails to merge with the advancing side as it flows
from retreating to the advancing side. Also, an abrupt change
in the microstructure is visible on the advancing side, while the
transition is gradual on the retreating side, which is in line with
the previous researchers’ work®.

The formation of defects due to improper process
parameters leads to insufficient heat generation®. It is observed
that with a machine setting of TRS as 2000 rpm, the FSPed
samples are defective and a similar condition appears when
TSD is 16 mm and/or TTA is 0°, as shown in the cross-section
macrostructure of the stir zone (Fig. 2). The higher TRS value
(i.e., 2000 rpm) causes excessive heat generation and abnormal
stirring, resulting in a discontinuous flow of matrix material,
whereas lower TSD (i.e., 16 mm) fails to generate enough heat
to support adequate material flow. Further, the 0" TTA and the
excessive heat generation due to high TRS squeeze outexcessive
flash, which reduces matrix material that consolidates in the
stir zone. These results are similar to the previously published
articles?’?®. Thus, the main reasons for defect formation are
due to excessive heat generation, inadequate heat generation
and abnormal stirring®. Therefore, it appears that process
parameters with the above settings are more probable for defect
formation. As shown in Table 1, it is observed that the range
of peak temperature from 368 °C to 476 °C on the advancing
side produced the non-defective FSPed samples, which further
validated that the lower and very excessive heat generation is
responsible for defect formation. This temperature range is 0.67

Table 1. Peak temperature recorded during FSP experimental

sequence
Expt. TRS (Tl::l , TSD  TTA 115 IT:s Hardness
No. (rpm) min) (mm) (degree) €0 () (HV)

1 500 20 16 0 311 297 50

2 500 40 19 1 348 335 49

3 500 80 22 2 368 350 63

4 500 112 25 3 385 383 76

5 1000 20 19 2 380 375 48

6 1000 40 16 3 336 311 70

7 1000 80 25 0 339 302 76

8 1000 112 22 1 356 328 79

9 1400 20 22 3 399 400 58

10 1400 40 25 2 476 456 67

11 1400 80 16 1 322 308 73

12 1400 112 19 0 297 274 79

13 2000 20 25 1 503 487 57

14 2000 40 22 0 358 351 69

15 2000 80 19 3 329 312 72

16 2000 112 16 2 330 317 74

to 0.87 times the melting temperature of AA6082-T6, which is
usually required to achieve targeted mechanical properties in
FSP!.

3.2 Peak Temperature and Microhardness

During FSP, the peak temperatures are recorded on
advancing and retreating sides of the processing region as the
rotating tool passes near the thermocouples T1 and T2. It is
observed that considered process parameters significantly
influenced the peak temperature and microhardness. The
frictional force between the tool and the work material
increases with the increase in TRS and TSD. Larger the TSD
widens the contact area between the tool and the work material.
This frictional force is proportionate to heat generation; as a
result, peak temperature rises. Thus, TRS and TSD are directly
proportional to peak temperature. At higher TTS, limited
time is available between tool and work material interaction,
leading to lower heat generated and vice-versa. As a result,
an increase in TTS is responsible for lower heat generation.
This observation is supported by the main effect plot presented
in section 3.3.1. For the TTA parameter, contact area and
interference between tool and work material significantly
influence peak temperature. At a constant plunging depth
with lower TTA, the net effect of lower interference and large
contact area give rise to the temperature. After a certain higher
value of TTA, the temperature reduces as less contact area is
available to generate frictional heat.

The temperature profile consists of heating and cooling
rates. The variations in cycle time (i.e., total heating and
cooling time) are responsible for the change in mechanical and
microstructural properties of FSPed samples’. A longer cycle
time allows more heat generation during FSP causes grain
coarsening, whereas a shorter cycle time provides lower heat
for grain growth and freezes into a fine-grain microstructure,
resulting in good mechanical properties. The temperature
profiles generated during experimental runs at 2000 rpm are
displayed in Fig. 3(a). The plots clearly depict that the increase
in TTS decreases the cycle time and hence corresponding
peak temperature decreases due to lower heat generation.
Furthermore, the temperature profiles show that temperature
distribution is asymmetric from the centre of the stir zone line as
the temperature on the advancing side is higher than a retreating
side, which is consistent with the previous researchers’ work®*
12, The relative motion between the tool shoulder and the work
material interface is higher on the advancing side than on the
retreating side, leading to a greater strain rate, escalating plastic
deformation and heat generation on the advancing side™®.

Figure 3(b) shows the Vickers microhardness indentation
at the stir zone of FSPed AA6082-T6. A strong correlation
between TTS and microhardness is observed, which is
further corroborated in the following sections using statistical
analysis. As mentioned above, lower cycle time means lower
heat generation that inhibits grain growth during dynamic
recrystallisation, which results in higher microhardness. Thus,
better microhardness is obtained at the higher TTS due to lower
cycle time. However, defect formation problems like tunnelling
or voids are most likely to occur at a lower temperature as the
flowability of plastically deformed material gets reduced?®,
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which can be adjusted by a slight increase in TTA (i.e., 1"~ 2")
for proper material consolidation in stir zone’*,

3.3 Statistical Analysis

Experiments are conducted in random order and their
measured responses are shown in Table 2. The maximum
defect occurs at lower temperatures as observed from the
macrostructure study due to which material fails to flow
plastically, leading to poor stir zone consolidation. Thus, the

Table 2. Sequence of S/N values for the responses T1-AS, T2-
RS, and microhardness

Expt. No. S/N ratio S/N ratio S/N ratio
(T1-AS) (T2-RS) (Microhardness)
1 49.855 49.455 33.891
2 50.819 50.488 33.798
3 51.317 50.868 35917
4 51.698 51.653 37.554
5 51.584 51.469 33.532
6 50.514 49.841 36.839
7 50.591 49.586 37.558
8 51.017 50.317 37.897
9 52.009 52.030 35.192
10 53.543 53.170 36.456
11 50.144 49.757 37.206
12 49.440 48.739 37.897
13 54.023 53.742 35.040
14 51.065 50.894 36.713
15 50.331 49.883 37.085
16 50.370 50.007 37.325
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Figure 3. (a) Temperature profiles recorded during FSP at 2000 rpm (b) microhardness indentation pattern at stir zone.

present study aims to retain the peak temperature as high as
possible to avoid defect formation. Therefore, “higher-the-
better” is considered for peak temperature® and microhardness
(Eqn. 1).

S 1 a1
N —10log [; 2. y_,zj (for “higher-the-better”) (1)

Where y, is the value of the response variable of the i” test,
and 7 is the number of replications.

3.3.1 Individual Response Optimisation

The S/N ratio of the main effect plot is shown in
Fig. 4, which indicates the optimal conditions and influences
of process parameters on response factor T1-AS, T2-RS, and
microhardness. The higher the S/Nratio, the higher is the quality;
thus, an increase in TRS or TSD raises the peak temperature
while a decrease in TTS lowers the peak temperature. TTA
increases peak temperature to a specific limit and then drops
with TTA. Thus, the peak temperature (T1-AS and T2-RS)
have an optimal level setting as TRS of 2000 rpm, TTS of 20
mm/min, TSD of 25 mm, and TTA of 2°. Likewise, the main
effect plot of microhardness inferred that an increase in TRS
up to a certain limit improves microhardness, which declines
in proportion to TRS. The decrease in TSD to a certain level
reduces microhardness; after that, it increases with respect to
TSD and a similar phenomenon is observed in TTA. In contrast,
an increase in TTS decreases microhardness. Thus, the optimal
condition for the microhardness is obtained at TRS of 1400
rpm, TTS of 112 mm/min, TSD of 25 mm, and TTA of 3".

The ANOVA result for peak temperature (T1-AS and T2-
RS) and hardness are shown in Table 3. A higher value of F
(i.e., F-distribution) signifies the more significant impact on
the response variable. It can be observed that TSD has the
maximum impact (52.19 %) on peak temperature T1-AS,
followed by TTA (21.95 %), TTS (20.96 %), and TRS (3.62
%). Similarly, in the case of T2-RS, TSD has a maximum
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Figure 4. Main effects plot for (a) T1-AS, (b) T2-RS and (¢) microhardness.

Table 3. ANOVA for individual response T1-AS, T2-RS, and

microhardness
Factors AdjSS DOF Variance F- Test % o
Contribution
TRS 0.83 3 0.28 2.84 3.62
TTS 4.82 3 1.61 16.45 20.96
% TSD 11.99 3 4.00 40.97 52.19
ﬁl TTA 5.04 3 1.68 17.23 21.95
Error 0.29 3 0.10 1.27
Total 22.98 15 1.53 100.00
TRS 1.57 3 0.52 433 5.56
TTS 7.31 3 2.44 20.16 25.88
£ TsD 12.28 3 4.09 33.86 43.47
ﬁl TTA 6.73 3 2.24 18.54 23.80
Error 0.36 3 0.12 1.28
Total 28.26 15 1.88 100.00
TRS 4.96 3 1.65 10.71 14.65
g TTS 23.80 3 7.93 51.39 70.28
'g TSD 2.60 3 0.87 5.61 7.67
S TTA 204 3 0.68 441 6.03
é Error 0.46 3 0.15 1.37
Total 33.86 15 2.26 100.00

impact (43.47 %), followed by TTS (25.88 %), TTA (23.80 %),
and TRS (5.56 %). For microhardness, TTS has a maximum
impact (70.28 %), followed by TRS (14.65 %), TSD (7.67 %),
and TTA (6.03 %).

3.3.2 Multi Response Optimisation

For multi-objective functions, the Taguchi method is not
enough; thus, GRA integrated with Taguchi is used for further
analysis. The S/N ratios of responses (i.e., peak temperature
and microhardness) are first normalised between 0 and 1 using
the formula “higher-the-better” (Eqn. 2). The associating
normalised S/N ratios are then converted into Grey relational
coefficient** (GRC), computed using Eqn. 3.

For higher the better,

. (¥, -min¥, (i=1.2,..n)) o
i (maxY;j (i = 1,2,...n)—minY;/. (i = 1,2,...}1))

Where, Z, is the normalised value of an i experiment for
a j” dependent response for “higher-the-better” values.

_ Amin +}\'Amax
TOA (K)+A,, 3)
Where, & is the GRC for i” experiment and ;" is a
dependent variable, A is a notation of absolute difference
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Table 4. Computation of GRG and Rank

Normalized value A GRC
Expt. No. GRG Rank
T1-AS Micro-hardness T1-AS Micro-hardness T1-AS Micro-hardness
1 0.09 0.08 0.91 0.92 0.355 0.352 0.353 16
2 0.30 0.06 0.70 0.94 0.417 0.347 0.382 15
3 0.41 0.53 0.59 0.47 0.459 0.514 0.486 13
4 0.49 0.89 0.51 0.11 0.496 0.817 0.657 4
5 0.47 0.00 0.53 1.00 0.484 0.333 0.409 14
6 0.23 0.73 0.77 0.27 0.395 0.650 0.522 11
7 0.25 0.89 0.75 0.11 0.400 0.819 0.609 6
8 0.34 0.96 0.66 0.04 0.433 0.933 0.683 3
9 0.56 0.37 0.44 0.63 0.532 0.441 0.487 12
10 0.90 0.65 0.10 0.35 0.827 0.585 0.706 2
11 0.15 0.81 0.85 0.19 0.371 0.726 0.549 8
12 0.00 0.96 1.00 0.04 0.333 0.933 0.633 5
13 1.00 0.33 0.00 0.67 1.000 0.428 0.714 1
14 0.35 0.70 0.65 0.30 0.437 0.627 0.532 10
15 0.19 0.78 0.81 0.22 0.383 0.699 0.541 9
16 0.20 0.84 0.80 0.16 0.385 0.755 0.570 7
Table 5. Response table for GRG Table 7. Confirmation test for peak temperature and
microhardness
LEVEL TRS TTS TSD TTA
1 0.470 0.491 0.499 0.532 Performance Level Predicted Experimental
parameter
2 0.556 0.536 0.491 0.582
TRSlevel-4
3 0.594 0.546 0.547 0.543 TTS
T1-AS (°C) level-1 497.8 493.7
4 0.589 0.636 0.672 0.552 TSD,, 4
level-3
Table 6. ANOVA for GRG TRS, 4
% T2-RS (°C) TTS i 490.1 483.3
Factors AdjSS DOF Variance F- Test o TSD, 4
Contribution TTA
level-3
TRS 0.040 3 0.013 2.80 21.23
TRSleve]-3
TTS 0.044 3 0.015 3.12 23.62 . TTS
Microhardness (HV) level-4 84.9 81.0
TSD 0.084 3 0.028 5.89 44.62 level-4
TTA ..
TTA 0.006 3 0.002 0.39 2.95 -
Error 0.014 3 0.005 7.58
Total 0.187 15 0.012 100.00 |
=—3y" 4
GRG=—3 " &, @

among the Y ; and Y, that can address as a quality loss
(Eqn. 3). Y is the best-normalised value of the / response, Y is
the i normalised value of the j dependent variable, and ) is the
distinguished coefficient (0 < <1). The acknowledgement of
A value is based on the requirements of the practical system?.
In the present study, the value® of A for peak temperature T1-
AS and microhardness is taken as 0.5.

The final step is to evaluate the Grey relational grade
(GRG) using Eqn. 4.
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Where, m is the total number of response factors.

The computed GRG values are noted in Table 4. A higher
value of GRG indicates an optimal condition for quality
characteristics. Table 5 shows the optimal TRS of 1400 rpm,
the TTS of 112 mm/min, TSD of 25 mm, and TTA of 1". The
ANOVA result of Table 6 indicates that TSD has a maximum
impact (44.62 %), followed by TTS (23.62 %), TRS (21.23 %),
and TTA (2.95 %).
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Table 8. Confirmation test for GRA

Parameters in the thirteenth

Optimum parameters

trail

Response (TRS, ., TTS, .., TSD, . . f;glsla(m TTS TSD Experimental
TTA,,,) TT A.I.S fevel-4? 7 Flevel-4? (TRS,, . TTS ., TSD, ., TTA, )
TI1-AS (°C) 503 - 425
T2-RS (°C) 487 - 404
Microhardness (HV) 57 - 80
GRG 0.714 0.827 0.806

3.3.3 Confirmation Test

The confirmatory tests are conducted to approve the
analysis of experimental results. The optimum condition
obtained from response tables is the same for T1-AS and T2-
RS. It is at level-4 for TRS, level-1 for TTS, level-4 for TSD,
and level-3 for TTA. For microhardness, the optimal condition
is level-3 for TRS, level-4 for TTS, level-4 for TSD, and level-4
for TTA. The prediction of these optimal levels is calculated
using Eqn. 5.

npredicted = TZ (nl - T)

Where T is the overall mean of a process parameter, 1; is
the average value of a significant parameter. The predicted S/N
ratio of response factors T1-AS, T2-RS, and microhardness are
as follows.

(6))

(T 1 - AS )npredicled = T RSIe\'eH + TT Slevelfl + T SD level-4 + TTAIeveH - 3T = 49780C
(T2~ RSYN, s = TRS oy + TSy +TSD .y +TTA, . ~3T = 490.1°C
(Microhardness 1, = TRS 5 + TS, + TSD, + TTA, ., ~3T =84 9HV

Where TRS, TTS, TSD, and TTA are the average value
of the S/N ratio at the considered process parameter’s level.
Similarly, the prediction of GRG value can be calculated as
follow.

(GRG)T] predicted — vy RSIavzlfS +TT: StgvzuA +T SD/mLA +T1T. Almrzlfl —-3T=0.827

As shown in Table 7 for individual response variables, the
experimental results are found within the confidence interval.
From Table 8, when experimental results are at the optimum
level compared with the thirteenth experimental trial (which
has the first rank), GRG has been enhanced by 0.092. Hence it
is feasible to state that the Taguchi-based GRA is a convenient
tool for optimizing multi-response parameters like peak
temperature and microhardness.

4. CONCLUSION

In this paper, the friction stir processing parameters (i.e.,
TRS, TTS, TSD, and TTA) for processing the aluminium
alloy AA6082-T6 are optimised against the responses ‘peak
temperature’ and ‘microhardness’ using Taguchi GRA. With
the considered levels of the process parameters for the same
working material and tool dimensions, defect-free samples are
found when the peak temperature range of the advancing side
varies from 368 °C to 476 °C. The TSD and the TRS are directly
proportional, while the TTS is inversely proportional to the peak
temperature. Higher TTS results in lower peak temperature and
thus, a higher microhardness value is achieved.

In the case of single response optimisation, the optimal
combination of process parameters obtained for peak
temperature is TRS: 2000 rpm, TTS: 20 mm/min, TSD: 25 mm
and TTA: 2". The TSD has the highest percentage contribution
for peak temperature (i.e., 52.19% for T1-AS and 43.47% for
T2-RS). The values of peak temperature on the advancing
and retreating sides obtained are 493.7 °C and 483.3 °C,
respectively. An optimal combination of process parameters
obtained for microhardness is TRS: 1400 rpm, TTS: 112
mm/min, TSD: 25 mm and TTA: 3". The TTS has the highest
percentage contribution for microhardness (i.e., 70.28 %). The
value of microhardness obtained is 81.0 HV.

In the case of multi-response optimisation, the optimal
condition obtained for both peak temperature and microhardness
is TRS: 1400 rpm, TTS: 112 mm/min, TSD: 25 mm and TTA:
1°. The TSD has the highest percentage contribution (i.e., 44.62
%) on the performance parameters. The peak temperatures
on the advancing and retreating sides are 425°C and 404°C,
respectively. The microhardness value obtained is 80 HV.
These values are the trade-off between peak temperature and
microhardness.

Thus, the Taguchi-based GRA method has proved its
applicability for solving the multi-response optimisation
problem in the FSP process. The findings of current research
are helpful to manufacturing practitioners in selecting the
optimal parameters for defect-free stir zone in the FSP process
to obtain desired responses.
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