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ABSTRACT

Most engineering problems are complicated, and developing mathematical models 
for such problems requires understanding the phenomena through experiments. It is 
well known that as processing parameters with assigned levels increase, so does the 
number of experiments. By minimizing the number of experiments, Taguchi’s method 
of experimental design will help to furnish the idea of full factorial experimental design. 
Taguchi’s method is more appropriate for single-objective optimization problems and needs 
modifications while dealing with multi-objective optimization problems. Aluminum alloys 
are in great demand in today’s automotive and aerospace sectors due to their low density, 
good corrosion resistance, and excellent machinability. The material is subjected to a 

constrained groove pressing (CGP) process 
to obtain microstructural grain refinement 
with enhanced mechanical behavior. This 
paper considers AA6061 material having 
major alloys such as silicon and magnesium. 
For this work, 3 CGP process parameters 
(viz., displacement rate, plate thickness and 
number of passes) are assigned 3 levels to each 
parameter, acquired the test data, viz., grain size 
(gs), micro hardness (hs), and tensile strength ( ultσ
ult) based on L9 orthogonal array of Taguchi. 
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Using a modified version of Taguchi’s methodology, it is possible to estimate the range of 
grain size (gs), micro hardness (hs), and tensile strength (σult) for effective combinations 
of the CGP processing parameters and validate the results with existing test data. A more 
dependable and simpler multi-objective optimization procedure is used to choose the 
optimal CGP processing parameters.

Keywords: AA6061, displacement rate, grain size, micro hardness, number of passes, plate thickness, tensile 
strength

INTRODUCTION

The ability of the severe plastic deformation technique to successfully reduce the 
microstructure to nanoscale levels has attracted much attention in the fields of material 
science and engineering (Segal, 1995; Cherukuri & Srinivasan, 2006). Constrained 
groove pressing (CGP) and Accumulative roll bonding (ARB) are the two primary SPD 
techniques that are typically used to produce nanostructured sheets (Tsuji et al., 2003; 
Omotoyinbo & Oladele, 2010). Shin et al. (2002) provided the first detailed explanation 
of the CGP process, which includes multiple corrugating and flattening phases. During 
CGP, the work sample undergoes cyclic shear deformation using flat and asymmetrically 
grooved dies. In this method, an inclined section of the workpiece between the grooves 
undergoes pure shear deformation because the thickness of the work sample and the 
distance between the upper and lower dies are similar (Horita et al., 2001; Akin & Fedai, 
2018). Figure 1 represents the detailed procedure of the CGP process. By including more 
CGP passes, the workpiece is subjected to higher stresses. Aluminum, Low ‘C’ steel, and 
copper alloys, when subjected to CGP, demonstrated considerable improvements in sheet 
metal’s mechanical characteristics, as well as microstructural alterations (Lowe & Valiev, 
2004; Kurzydłowski et al., 2004). The potentiality of processing using SPD for different 
the composites’ special patterns was noted, and Equal channel angular pressing (ECAP), 
High-Pressure Torsion (HPT), Multi-axial forging (MAF), and additional SPD methods 
were examined (Kulagin et al., 2019; Husaain et al., 2017). The SPD methods were used 
to continuously draw low-carbon steel (Zavdoveev et al., 2021).

Using SPD techniques, ultra-fine grain structured metals and alloys have been created 
(Sauvage et al., 2012). The early stages of SPD development included HPT and ECAP 
processing methods (Sabirov et al., 2013). Later, a variety of SPD techniques were created, 
like ARB (accumulative roll bonding), CHPT (continuous high-pressure torsion), RCS 
(repeated corrugation and straightening), and CGP procedures (Khodabakhshi et al., 2011; 
Saritha et al., 2020). For sheet metals, ECAP, RCS, ARB, and CGP techniques are used  
(Mueller & Mueller, 2007; Saritha et al., 2018; Hu et al., 2018). Repeated corrugating and 
flattening phases are part of CGP. Specimens are highly strained by enforcing more CGP 
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passes (Nazari & Honarpisheh, 2018). Several investigations were made on materials 
undergoing CGP (Nazari & Honarpisheh, 2019; Khodabakhshi et al., 2010; Kumar & 
Vedrtnam, 2021). Post-deformation annealing and cryo-rolling of Al-Mg alloys undergoing 
the CGP process enhanced the strength, ductility, and fracture toughness (Tanuja et al., 
2022; Khandani et al., 2020). To determine the optimal die geometry (like the angle of the 
groove, the width of the groove, and the friction coefficient), a modified Taguchi technique 
with the data from the elastoplastic finite element analysis was used (Anantha et al., 2023a; 
Anantha et al., 2023b; Sahiti et al., 2017). Engineering optimization problems are solved 
using the Taguchi technique (Siddesha & Shantharaja, 2014; Rao et al., 2008; Singaravelu 
et al., 2009; Parameshwaranpillai et al., 2011). The strain homogeneity and the impact 
of processing parameters are examined using various techniques (Bharathi et al., 2016; 
Kumar, 2017; Ross, 1989; Pillai et al., 2018). 

A hybrid experimental-numerical method was adopted for designing a suitable die 
through the groove pressing-cross route process (Googarchin et al., 2019; Hayes, 2000). 
An artificial neural network (ANN) and a two-objective genetic algorithm (GA) are used 
to seek an optimal solution (Ghorbanhosseini & Fereshteh-saniee, 2019). Girish et al. 
(2019) used AA6061 material with magnesium and silicon as major alloying elements. 
They considered displacement rate (δ ), plate thickness (t) and number of passes (vp) as 

Figure 1. Detailed illustration of the CGP process

(a) (b) (c)

(d) (e) (f)

No deformation ɛeff = 0.58 ɛeff = 1.16

Sample
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the 3 process parameters and assigned 3 levels to each parameter. They conducted 27 
experiments for the possible combination of three process parameters and three assigned 
levels and reported the grain size (gs), micro hardness (hs) and tensile strength (σult) 
measurements. Taguchi grey relational analysis was performed on the measured data to 
identify the optimal set of process variables that leads to ultra-fine grain structure with 
better mechanical characteristics. 

For the 3 process parameters and the assigned 3 levels to each parameter, Taguchi’s 
design of experiments recommends an L9 orthogonal array (OA) to conduct 9 tests and 
obtain optimal solutions. The Taguchi method is well suited for optimizing a single objective 
output response and requires modifications to handle the problems of multi-objective output 
responses. This paper utilizes a modified approach of Taguchi with the simple technique of 
multi-objective optimization considering the data of 9 tests as per the L9 OA to obtain the 
optimal solution and the estimated range of responses (gs, hs, σult) for all 27 combinations 
of processing parameters ( ),,( tpνδ, vp , t). Empirical relationships are developed and validated 
for gs, hs and σult in terms of ),,( tpνδ, t and vp.

MATERIALS AND METHODS

Girish et al. (2019) conducted tests on AA 6061 (whose mechanical properties and chemical 
composition are given in Table 1) to select a set of optimal process parameters ),,( tpνδ, vp , t  for 
improving the mechanical properties (gs, hs, σult) of the sheet metal through the CGP process. 
Most researchers used Minitab as a computational tool and under-utilized the potential of 
Taguchi’s experiment design. For the 3 process parameters with 3 levels, Taguchi’s L9 OA 
is appropriate for obtaining optimal solutions and generating the data of output responses 
for all the possible 27 sets of process parameters. A modified Taguchi approach is followed 
here to generate the complete information from the 9 tests and also the expected range of 
output responses. A simple multi-objective optimization procedure is presented to trace 
the optimal process parameters.

Table 1
Mechanical properties and c hemical composition of the material

Mechanical Properties
Young’s modulus (GPa) 68

Yield strength (MPa) 145
Tensile strength (MPa) 241

Hardness (HV) 107
Poisson’s ratio 0.33

Chemical composition
Element Magnesium Silicon Copper Chromium Zinc Manganese Titanium Aluminum

wt % 0.93 0.62 0.28 0.17 0.21 0.06 0.10 Bal
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Analysis

In order to improve the mechanical properties, the process parameters need to be combined 
optimally; three levels are assigned to each experimental parameter, as represented in Table 
2. The displacement rate (δ ) varies from 1 to 2 mm/min, and the thickness (t) ranges from 
3 to 5 mm, with the number of passes (vp) varying from 1 to 5.

Table 2
Levels assigned to the experimental parameters

Input Parameters 1st Level 2nd Level 3rd Level
Displacement rate,    (mm/min) 1 1.5 2
Number of passes, vp 1 3 5
Thickness, t (mm) 3 4 5
Fictitious, ε ε1 ε2 ε3

δ

Table 3 shows the L9 orthogonal array of Taguchi, which is considered for three parameters 
of the experimentation process (Np = 3), each assigned with three levels (Nl = 3) using 
Equation 1 (Ross, 1989) to reduce the 27 possible combinations of the process parameters.

NTag = 1 + Np × (Nl = 3 ‒ 1)               [1]

According to Equation 1, NTag = 7, and the optimal solution results for a set of 9 test 
data are presented in Table 3. NTag = 9; Np = 4 and Nl = 3. As in (Dharmendra et al., 2019 
Dharmendra et al., 2020 Satyanarayana et al., 2021), a fictitious parameter (ε) is presented 
in Table 2.

In Table 3, the experimental findings for grain size (gs), hardness (hs), and tensile 
strength (σult) have been presented. The outcomes of ANOVA are presented in Table 4. 
The findings demonstrate that the number of passes (vp) had a maximum impact on grain 
size (gs) as well as on hardness (hs), with a contribution of 87.2% and 79.7%, respectively. 
Thickness (t) greatly influences tensile strength (σult), contributing 51.9%. The contribution 
of ),,( tpνδ and t on gs are 3.6% and 8.6%, respectively, whereas 4.6% and 15% for hs and 0.2% 
and 46.6% for σult. Total % contributions of ),,( tpνδ, t and vp and ε is 100. The % error of the 
grand mean of the output responses is considered as the % contribution of the parameter ε.

Modified Taguchi method (Dharmendra et al., 2019; Dharmendra et al., 2020; 
Satyanarayana et al., 2021) can provide the estimate range for the mechanical properties 
(viz., grain size ‘gs’, micro hardness ‘hs’ and tensile strength ‘σult’) for the specified set of 
process parameters as input variables viz., displacement rate ( ),,( tpνδ), number of passes (vp) and 
thickness (t), which will help design the process to know the possible scatter for the repeated 
experiments. On representing φ

  as a performance indicator and applying the additive law 
(Ross, 1989), φ


 is predicted for the levels of the process parameters from Equation 2.
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iφ  is the mean value of φ  from the table of the ANOVA for the ‘i’ level of process 
parameters, and gφ  is referred to as the grand mean of φ  for experimental runs. The 
subscript ‘i’ = 1, 2, 3, and 4, in this case, stands for ),,( tpνδ, t, vp, ε, respectively. The test results 
are compared to the estimates of ‘gs’, ‘hs’, and ‘σult’ as shown in Table 5 for the nine test 

Table 3
Mechanical properties, viz., grain size (gs), tensile strength (σult) and micro hardness (hs), having levels of the 
parameters as per L9 OA (orthogonal array)

Test Run
Parameter levels Mechanical properties

vp t ε gs (μm) hs (HV) σult (MPa)
1 1 1 1 1 7.7 44.48 94.820
2 1 2 2 2 6.4 45.50 109.81
3 1 3 3 3 4.0 47.98 96.000
4 2 1 2 3 7.2 44.38 96.920
5 2 2 3 1 5.0 45.45 91.100
6 2 3 1 2 4.2 52.78 114.70
7 3 1 3 2 6.4 42.33 78.690
8 3 2 1 3 6.3 47.91 104.51
9 3 3 2 1 3.8 52.23 121.94

Grand mean 5.667 47.004 100.943

δ

Table 4
Findings from Analysis of Variance (ANOVA) regarding mechanical properties (gs, hs, and σult)

Input Parameters 1st Mean 2nd Mean 3rd Mean SOS (Sum of squares) Contribution (%)
Grain size, gs 

(μm)
6.033 5.466 5.500 0.606 3.60

vp 7.100 5.900 4.000 14.66 87.2
t 6.066 5.800 5.133 1.386 8.20
ε 5.500 5.667 5.833 0.166 1.00
Micro hardness, hs (HV)

45.986 47.536 47.490 4.664 4.60
vp 43.730 46.286 50.996 81.53 79.7
t 48.390 47.370 45.253 15.36 15.0
ε 47.386 46.870 46.756 0.676 0.70
Tensile strength, σult (MPa)

100.210 100.906 101.713 3.3960 0.20
vp 90.143 101.806 110.880 648.36 46.6
t 104.676 109.556 88.596 721.70 51.9
ε 102.620 101.066 99.143 18.199 1.30

δ

δ

δ
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runs of Taguchi’s L9 orthogonal array. In Equation 2, the variables Np = 4 and Np = 3 provide 
estimates for gs, hs and σult with fictitious parameter (ε). Taguchi method considers Np = 3 
to identify the optimal set of process parameters from the levels of optimal mean values in 
the ANOVA table and to estimate the output response using the additive law (Equation 2). 

Equation 2 can be used to determine the range of estimates with the consideration of 
maximum and minimum mean values of ‘gs’, ‘hs’ and ‘σult’ and for ‘ε’. The mechanical 
property estimates in Table 5 using ‘ε’ (i.e., Np = 4 in Equation 2) have an exact match with 
the test results, whereas Taguchi’s method with Np = 3 in Equation 2 showed deviation 
from the test data. For the various levels of ),,( tpνδ, vp and t, the corrections for gs with estimates 
are -0.166 and 0.167 μm; the corrections for hs estimates are -0.248 and 0.382 HV; and the 
corrections for σult estimates are -1.8 and 1.68 MPa. The test results in Tables 5 to 7 are 
within/close to the estimated range of gs, hs and σult.

Table 5
Comparison of test data with estimates of grain size, gs 

(μm) for AA6061

Test 
Run

Parameter levels
Test

Estimate Equation 2 Estimated range
vp t ε Np = 3 R.E. (%) Np = 4 Lower- bound Upper- bound

1 1 1 1 1 7.7 7.866 -2.2 7.7 7.700 8.033
2 1 2 2 2 6.4 6.400 0.0 6.4 6.233 6.566
3 1 3 3 2 4.0 3.833 4.2 4.0 3.666 4.000
4 2 1 2 3 7.2 7.033 2.3 7.2 6.866 7.200
5 2 2 3 1 5.0 5.166 -3.3 5.0 5.000 5.333
6 2 3 1 2 4.2 4.200 0.0 4.2 4.033 4.366
7 3 1 3 2 6.4 6.400 0.0 6.4 6.233 6.566
8 3 2 1 3 6.3 6.133 2.6 6.3 5.966 6.300
9 3 3 2 1 3.8 3.966 -4.4 3.8 3.800 4.133

Table 6
Comparison of test data with estimates of micro hardness, hs (HV) for AA6061

Test 
Run

Parameter levels
Test

Estimate Equation 2 Estimated range
vp t ε Np = 3 R.E. (%) Np = 4 Lower- bound Upper- bound

1 1 1 1 1 44.48 44.098 0.9 44.48 43.850 44.480
2 1 2 2 2 45.50 45.634 -0.3 45.50 45.387 46.017
3 1 3 3 2 47.98 48.228 -0.5 47.98 47.980 48.610
4 2 1 2 3 44.38 44.628 -0.6 44.38 44.380 45.010
5 2 2 3 1 45.45 45.068 0.8 45.45 44.820 45.450
6 2 3 1 2 52.78 52.914 -0.3 52.78 52.667 53.297
7 3 1 3 2 42.33 42.464 -0.3 42.33 42.217 42.847
8 3 2 1 3 47.91 48.158 -0.5 47.91 47.910 48.540
9 3 3 2 1 52.23 51.848 0.9 52.33 51.60 52.230

δ

δ
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Nine test runs are performed in accordance with Taguchi’s L9 OA approach; Equation 
2 assigns the estimates of gs, hs, and σult for all 27 combinations of input variables viz., 
displacement rate (δ), number of passes (vp ) and thickness (t). These 27 input variable 
combinations are arranged sequentially )31),31),31),,,(((( toitojtoktkpji ===νδ  . The 
sequence numbers (1,5,9,11,15,16,21,22,26) represent the 9 test runs considered in the L9 
orthogonal array of Taguchi represented in Table 3. Test outcomes of the work (Girish et 
al., 2019) and the generated lower and upper bounds of gs, hs, and σult from Equation 2 are 
displayed in Figures 2(a) to 2(c).

Taking into account the mean values of ANOVA in Table 4 for gs, hs and σult, the 
constructed empirical relations using input variables ( ),,( tpνδ, vp and t) are as in Equations 3 to 5.constructed empirical relations using input variables (δ , pν and t ) are as in Equations 3 to 5. 
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Applying Equation 2 and the constructed empirical Equations 3 to 5, the estimates 
of gs, hs and σult shown in Figures 3(a) to 3(c) provide a good comparison. The estimated 
lower bound of gs, hs and σult are attained by making corrections -0.1667μm, -0.248 HV, 
and -1.8MPa to gs, hs and σult in Equations 3 to 5, the application of corrections yields upper 
bound estimates as 0.167 μm, 0.382 HV and 1.68MPa in Equations 3 to 5. 

Table 7
Comparison of test data with obtained estimates for tensile strength, σult (MPa) for AA6061

Test 
Run

Parameter levels
Test

Estimate Equation 2 Estimated range
vp t ε Np = 3 R.E. (%) Np = 4 Lower- bound Upper- bound

1 1 1 1 1 94.820 93.143 1.8 94.820 91.340 94.81
2 1 2 2 2 109.81 109.69 0.1 109.81 107.89 111.4
3 1 3 3 2 96.000 97.800 -1.9 96.000 96.000 99.47
4 2 1 2 3 96.920 98.720 -1.9 96.920 96.920 100.4
5 2 2 3 1 91.100 89.423 1.7 91.000 87.620 91.09
6 2 3 1 2 114.70 114.58 0.1 114.70 112.78 116.2
7 3 1 3 2 78.690 78.567 0.2 78.690 76.770 80.23
8 3 2 1 3 104.51 106.31 -1.7 104.51 104.51 108.0
9 3 3 2 1 121.94 120.26 1.4 121.94 118.46 121.9

δ
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Figure 2. (a) Estimates of grain size, gs (μm) for AA6061with test data (Girish et al., 2019); (b) Estimates 
of micro hardness, hs (HV) for AA6061with test data (Girish et al., 2019); (c) Estimates of tensile strength, 
σult (MPa) for AA6061with test data (Girish et al., 2019)

(c)

(b)

(a)
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Figure 3. (a) Comparison of estimates of grain size gs 
(μm) using Equations 2 and 3, (b) Comparison of 

estimates of micro hardness, hs (HV)for AA6061 using Equations 2 and 4, (c) Comparison of estimates 
of tensile strength, σult (MPa) for AA6061using the Equations 2 and 5

(c)

(b)

(a)
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RESULTS AND DISCUSSION

Optimal Solution

For achieving the minimum grain size (gs), a set of input parameters ( ),,( tpνδ2 vp3 t3) (where 
the level of the input variable is indicated by subscripts) are listed in ANOVA Table 4. A 
different set of parameters ( ),,( tpνδ2 vp3 t1) was identified for achieving maximum micro hardness 
(hs). Another set of parameters ( ),,( tpνδ3 vp3 t1) was identified for achieving maximum tensile 
strength (σult). Table 8 gives the output responses viz., grain size (gs), micro hardness (hs), 
and tensile strength (σult) for the various input variable optimal sets that have been found. 
To obtain the minimum grain size (gs), maximum micro hardness (hs), and maximum tensile 
strength (σult), a multi-objective optimization analysis can be used to determine the best 
set of optimal input variables.

For single-objective optimization problems, the Taguchi method is more appropriate 
(Mohamed et al., 2015). In the case of multiple responses optimization, the utility concept 
based on Taguchi is utilized (Tong et al., 1997; Gaitonde et al., 2009; Akin & Fedai, 2018; 
Lonavath & Boda, 2023; Anantha et al., 2023a). Applying Taguchi method concepts, a 
reliable multi-objective optimization technique has been used. This approach defines a 
single function ζ  with weighing factors (ω1, ω2 and ω3, which satisfies ω1 + ω2 + ω3 = 1) 
and the output responses (gs, hs and σult) in Equation 6.
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Table 8
Output responses for the identified optimal set of input variables through single objective optimization

Input Variables Output Responses

Optimal 
Set

Displacement 
rate, ‘ δ ’ (mm/

min)

Number of 
passes, ‘vp’

Thickness, 
‘t’ (mm)

Grain size, 
‘gs’ (μm)

Micro hardness, 
‘hs’ (HV)

Tensile 
strength, ‘σult’ (MPa)

In the case of minimum grain size, gs

),,( tpνδ2 vp3 t3
1.5 5 5 3.1–3.433 

(4.7)+
49.53 – 50.16 

(50.08)
96.7–100.2 

(96.25)
In the case of maximum micro hardness, hs

),,( tpνδ2 vp3 t1
1.5 5 3 4.0333–

4.36667 (4.2)
52.667–53.297 

(52.78)
112.78–116.2 

(114.7)
In the case of maximum tensile strength, σult

),,( tpνδ3 vp3 t1
2 5 3 4.0667 –4.4 

(4.2)
52.62–53.25 

(52.13)
113.58–117.1 

(115.18)

Note. + Results in parenthesis are from tests
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Table 9
Single objective function (ζ ) in Equation 6 from the mechanical properties, viz., grain size (gs), micro hardness 
(hs) and tensile strength (σult) with levels of the process parameters based on L9 OA (orthogonal array)

Test 
Run

Parameter levels Normalized output responses Objective 
function, ζ

Eq.(6)),,( tpνδ vp t

1 1 1 1 0.95850 0.19821 0.28601 0.48091
2 1 2 2 0.79668 0.17135 0.11046 0.35950
3 1 3 3 0.49792 0.11081 0.27021 0.29298
4 2 1 2 0.89626 0.20092 0.25815 0.45177
5 2 2 3 0.62240 0.17264 0.33853 0.37786
6 2 3 1 0.52282 0.00978 0.06312 0.19857
7 3 1 3 0.79668 0.25907 0.54962 0.53513
8 3 2 1 0.78423 0.11243 0.16678 0.35448
9 3 3 2 0.47302 0.02042 0 0.16448

Table 10
Results of ANOVA on the single objective function, from ζ  Table 9

Input parameters 1st Mean 2nd Mean 3rd Mean
0.377798 0.342738 0.351364

vp 0.489272 0.363947 0.218681
t 0.344657 0.325254 0.401989

maxs

s

g
g

max

1
s

s

h
h

−
max

1
ult

ult

σ
σ

−

Minimization of ζ  provides the minimum gs, maximum hs and σult assigning equal 
weighing factors to a set of input variables: ω1 = ω2 = ω3= 1/3. Here, gs max= 8.033 μm; 
hs max = 53.297 HV; and σult max = 121.94 MPa. Values of ζ  are produced using the data in 
Table 3 and presented the data in Table 9. ANOVA is carried out on ζ  as given in Table 10.

To achieve the minimum ζ , the optimal input variables are ),,( tpνδ2 vp3 t2. This optimal set 
of input variables corresponds to a displacement rate of 1.5 mm/min; number of passes 
as 5; and sheet thickness as 4 mm. The range of output responses for the optimal input 
variables, as determined by Equations 3 to 5 are: grain size, gs = 3.76 – 4.1 μm; micro 
hardness, hs = 51.647 – 52.277 HV, and the tensile strength, σult = 117.66 – 121.1MPa. 
The test results for the optimal input variables are as follows: grain size =3.5 μm; and 
tensile strength = 119.01 MPa and micro hardness = 52.73 HV. The % Contribution of 
the number of passes on the grand mean of the output responses is high. Figures 4(a) 
to 4(c) illustrate the variation of output responses depending on the number of passes 
for the ideal input variables, displacement rate = 1.5 mm/min, and thickness = 4 mm.

),,( tpνδ
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Figure 4. (a) Grain size versus number of passes for the optimal input variables, displacement rate = 
1.5 mm/min; and thickness = 4 mm; (b) Micro hardness versus number of passes for the optimal input 
variables, displacement rate = 1.5 mm/min; and thickness = 4 mm; (c) Tensile strength versus number of 
passes for the optimal input variables, displacement rate = 1.5 mm/min; and thickness = 4 mm

(c)

(b)

(a)



896 Pertanika J. Sci. & Technol. 32 (2): 883 - 900 (2024)

Muni Tanuja Anantha, Sireesha Koneru, Saritha Pyatla, Parameshwaran Pillai Thiruvambalam Pillai, 
Tanya Buddi and Nageswara Rao Boggarapu

CONCLUSION

Aluminum alloys are in high demand in the aerospace and automobile sectors because 
of their low density, high resistance to corrosion and machinability. The mechanical 
properties can be improved by refining the grain structure using constrained groove 
pressing (CGP). 

Developing mathematical models for such complex problems needs experimentation 
to understand the phenomena. However, it is known that the time-consuming experiments 
will be expensive due to the requirement of large numbers by increasing the processing 
parameters with assigned levels. Modified Taguchi’s design of experiments with a simple 
multi-objective optimization procedure adopted in this study to obtain optimal process 
parameters with a minimum number of experiments and the data with expected range for 
the full factorial design of experiments—empirical relationships developed and validated 
for the output responses in terms of process parameters for AA6061.

The mechanical properties of AA6061 were enhanced by refining the grain structure 
using CGP. Taguchi’s L9 orthogonal array (OA) is selected for the 3 CGP process parameters 
(viz., displacement rate, δ ; plate thickness, t; and number of passes, vp) and assigned 3 
levels to each parameter. ANOVA analysis was performed from the acquired data (viz., 
grain size, gs; micro hardness, hs; and tensile strength, σult) of 9 tests. The % contribution 
of each CGP parameter is evaluated on the grand mean of gs, hs and σult. Following are the 
highlights of the present study.

• ANOVA results indicate that a number of passes (vp) has a maximum influence 
on grain size (gs) with a contribution of 87.2% and on micro hardness (hs) with 
a contribution of 79.7%, whereas thickness (t) has a maximum impact on tensile 
strength (σult) having a contribution of 51.9%.

• The displacement rate is 1.5mm/min; the number of passes is 5 and the thickness 
is 5mm, which are the optimal CGP process variables to achieve minimum grain 
size (gs).

• The displacement rate is 1.5mm/min; the number of passes is 5, and the thickness 
is 3mm, which are the optimal CGP process variables to achieve maximum micro 
hardness (hs).

• The displacement rate is 2mm/min; the number of passes is 5, and the thickness is 
3mm, which are the optimal CGP process variables to achieve maximum tensile 
strength (σult).

• The displacement rate is 1.5mm/min; the number of passes is 5, and the thickness 
of 4 mm is the optimal CGP process variable to achieve minimum grain size (gs), 
maximum micro hardness (hs), and maximum tensile strength (σult).  
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