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Abstract 

The paper is presented to optimize the process parameters of VMC shoulder milling of AA6082 T6 material for 

improvement of multi performance features by Taguchi based grey relational analysis (GRA) method. The four 

main input process parameters i.e., coolant, feed rate, depth of cut and speed are taken out for the experimental 

study. According to Taguchi L18 orthogonal array 18 experiments were performed by taking two values of 

coolant, three values for remaining three parameters, surface roughness of product, micro hardness and material 

removal rate (MRR) were taken as performance features for improvement. Taguchi with GRA was applied for 

improvement in multi performance features and after that Taguchi response table and analysis of variance 

(ANOVA) were used to examine the data. Validation of outcomes was completed by a confirmation test and 

after that microstructure photographs before and after the operation were captured and examined. 

Keywords: Shoulder Milling, Surface Roughness (Ra), Micro Hardness, MRR, Multi-performance 

Optimization 

 

1. Introduction 

One out of three most used materials in industries are aluminum, the uses of aluminum alloy in 

manufacturing industry have increasing rapidly from past few years because of its primarily ability of lightness 

and strength in a single material [1]. Aluminum is a light weight metal along with good strength. Surface 

reliability always plays a key role in life and presentation of product so it is considered as performance feature 

during the optimization of the machining parameters [2]. The excellence of any component is extremely worried 

by manufacturer for competitiveness of product to others. Many approaches were used for optimization of 

surface finish but from them Taguchi based Grey relational analysis were used continuously [3].  

Milling is a versatile machining method as it is used in various kinds of operations with good surface 

finishing. It is one of most important method of machining used for production of various parts like road rail 

cars, mining Equipments, construction, many kinds of automobile etc. [4]. Various parts are manufactured by 

machining of AA6082 T6 in place of AA6061 in most of the cases. These products or parts are manufactured by 

various kind of machine operation out of which milling is most common. The consistency of parts is validated 

by the parameters of surface integrity for its required essential service life. The reliability of surface can be 

described by evaluating its succeeding factors such as finishing of surface, strain of surface, lay, waviness, 

micro hardness etc. 

The presented article is divided in five sections: various studies and researches literature review is derived in 

Section-II, related experimental data is described in section-III, method of analysis for research is given in 
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Section-IV, discussions and results are elaborated in Section-V. In last Section-VI conclusion and scope of 

future work is described.  

2. Literature Review 

A.Saravanakumar et al.[5] stated experimental investigation for effect of speed of spindle , feeding rate and 

wt% of alumina for increasing surface finish and for improvement product quality by using material 

Al6063/Al2O3/Gr. Usually 6mm TiN coated carbide drill bit used for such operation. Om Prakash singh .et. al 

[6] optimized multi-functional parameters for AA6063 T6 aluminium alloy by shoulder milling operation, 

eighteen experiments were conducted on bases of Taguchi based GRA with microstructure testing before and 

after milling. K. Palanikumar.et.al [7] have done research on silicon carbide fabricated particle reinforced 

aluminium matrix of metal (A356/SiC/20p) many times tested through diamond of poly crystalline (PCD) 

inserts. Surface finish was taken as a response parameter and depth of cut, feeding rate, speed as process 

parameter by using surface response regression and ANOVA. RM’saoubi and JC Outeiro [8] gives an overview 

of a study on integrity of surfaces (SI) machined component and stainless steel, Ni, Ti, alloys hardened steel for 

moulds and dies, bearings and automobile applications. Phase transformation, micro hardness and residual stress 

all are related to phase transformation and all are connected with the purposeful performance of machining 

parts. Gaurav Kumar.et.al [9] studied about end milling machining parameters optimization by Taguchi method 

of SS 304. Taguchi technique was used to increase surface roughness. A solid carbide tool of M series was used 

on VMC milling machine for End milling process. Mukesh Kumar.et.al [10] optimized the multi performance 

machining parameters of SS 321. Taguchi based GRA was consider for optimization of drilling parameters. 

Waseem Akhtar.et.al [11] studied a vital consideration in different types of machining related to fatigue load, 

some examples is critical components of aerospace engines. For a machined fragment micro hardness (MH), 

residual stresses and finishing of surface were investigated for cutting parameters deviations for super alloy 

GH4169/ Inconel71. Whisker and Coated cemented carbide reinforced was used as inserts. Outeiro J. et.al [12] 

studied the residual stresses encouraged by AISI H13 tool steel turning in dry condition. Feed, depth of cut was 

considered for residual stress was evaluating experimentally in tool geometry functions. A design of experiment 

established by G. Taguchi is used for reducing the total experiments. GA-Genetic Algorithm and ANN-

Artificial Neural Network developed by modelling and optimization procedure. G. Rotella et al. [13] has done 

the machining on Ti6Al4V alloy at different conditions. The conditions were dry, cryogenic cooling conditions 

and minimum quality lubrication by layered tool with different cutting speed and feeding rate. P.Rasagopal .et.al 

[14] inspected the machining parameters on surface integrity related parameters like surface finish and force for 

cutting on hybrid aluminium metal matrix composites were examined. Three mixtures were made by addition of 

many arrangements of Boron carbide (B4C) and SiC by stir casting method. M Abas et al. [15] deals with study 

and various response optimizations for input cutting parameters of Aluminium 6026 T9 in Minimum quantity 

lubricant (MQL) and dry environments using a joined composites approach.   

After study of many researchers articles it was observed that speed, feeding rate, depth of cut, size of tool, 

coolant etc are the main process parameters which affect the performance in terms of tool wear, quality of 

surface, MRR, surface strain, micro hardness etc. as performance featured in machining of AA 6082 T6 and 

other materials. So, taking availability of resources and feasibility in account an experiment was design for 

shoulder milling of AA 6082 T6 aluminium alloy to increase the surface finish, MRR and micro hardness by 

choosing coolant, feed rate, depth of cut and speed as milling process parameters. 

3. Experiments 

3.1 Material 

Machined aluminium alloy (AA 6082 T6) material was used for experimental investigations. It is mostly 

used for high stress applications, transport applications, Cranes, Bridges, beer barrels, cranes, trusses, milk 

churns and ore skips. The sample of Aluminium Alloy (AA6082 T6) work pieces of size (60 mm X 35 mm X 25 

mm)  used in experiment are as shows figure1. 
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Figure 1 AA 6082 T6 Aluminium Alloy Pieces 

The chemical constituents present in Aluminium Alloy (AA 6082 T6) with their percentage weight obtained 

after chemical composition testing are shown in Table 1. 

Table 1 Percentage of Chemical Constituents Present in AA6082 T6 Material 

Name of 

constituent 

Percentage by 

weight 

Name of 

constituent 

Percentage by 

weight 

Aluminium 90.17 Tin  <0.0050 

Copper 1.50 Titanium  0.0692 

Magnesium 2.16 Chromium  <0.0050 

Silicon  0.0519 Vanadium   

Iron  0.102 Zinc 5.92 

Nickel  <0.0050 Lead <0.0050 

Manganese  0.0113   
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3.2. Machine Tools and Equipments  

The VMC machine for milling at M/S Gauri Components Pvt. Ltd. in Meerut was used for shoulder milling 

as shown in Figure 2. Roughness readings were obtained by roughness tester and micro hardness tester for 

measurement of micro hardness as shown in Figure 3 and Figure 4 correspondingly. Specifications of machines 

are given in Table 2. 

 

Figure 2 VMC Milling Machine 

 

Figure 3.  Surface Roughness Tester 
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Figure 4 Micro Hardness Tester 

Table-2. Working Conditions 

Condition Specification 

Specimen AA6082 T6 

Size of specimen 60mm x 35 mm x 25 mm 

Milling machine VMC milling machine (VMC 640 with APC 

Cutter used Solid Carbide end mill tool (M – series) Ø15 

Measuring instrument Mitotoyo surface roughness tester 

Coolant Bechem Avantin 361 

 

3.3. Experimental Design 

Experiments were performed on a Vertical Milling Center Machine by using L18 Taguchi’s Orthogonal 

Array. GRA was considered to define the prime grouping of parameters for machining having multi-

performance features. 

Four number of main parameters of shoulder milling like coolant, feed rate, depth of cut, speed and their 

values at the time of machining were used as given in Table 3. 



Optimization of Shoulder Milling Process Parameters of AA6082T6 using Taguchi Coupled Grey 

Relational Analysis 

10109 

Table 3.  Milling Parameters with Their Values 

Notation Parameter 1 2 3 

A Coolant ON OFF - 

B Feed Rate (Millimetre/Min.) 400 800 1200 

C Depth of Cut (Millimetre) 0.35 0.45 0.55 

D Speed (r.p.m.) 3400 4200 5000 

 

 A suitable Taguchi’s orthogonal array i.e., L18 was planned for conduction of experiments as per availability 

of parameters with values of these parameter as noted in Table 3. Roughness tester were used for measurement 

of roughness of surface (Ra) and Equation 1 were used for calculation of Material removal rate (MRR). Micro 

hardness (MH) of all specimens was obtained by Vickers hardness tester-TV-50 and TV-250 and using equation 

2.  

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 =  
𝑤 ×𝑓×𝑑

60
 𝑚𝑚3 𝑠𝑒𝑐⁄                                                                                    (1) 

Where: f = feeding rate in millimetre/minute; d = cutting depth in millimetre, w= block width in millimetre, 

the width for every piece is 25 mm it is constant. 

 

𝑀𝑖𝑐𝑟𝑜 ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 =  
1.854 ×𝑓

d2 N/mm²                                                                                                              (2) 

Where: 

𝑓 = force applied by Vickers machine, 𝑑 = Strike diameter in millimetre. 

The values of Ra, MRR and MH for all experiments that was performed are shown in Table 4. 

Table 4 Values of  Response Variables 

Expt. No. A B C D Ra MRR MH 

1 1 1 1 1 0.38 58.33 190.04 

2 1 1 2 2 0.79 75.00 190.04 

3 1 1 3 3 0.95 91.67 197.26 

4 1 2 1 1 2.10 116.67 186.57 

5 1 2 2 2 0.91 150.00 196.52 

6 1 2 3 3 1.97 183.33 179.28 

7 1 3 1 2 0.81 175.00 185.21 

8 1 3 2 3 0.99 225.00 184.14 

9 1 3 3 1 0.97 275.00 198.76 

10 2 1 1 3 0.76 58.33 191.45 

11 2 1 2 1 0.80 75.00 190.04 

12 2 1 3 2 0.88 91.67 190.74 

13 2 2 1 2 0.81 116.67 189.34 

14 2 2 2 3 0.79 150.00 184.54 

15 2 2 3 1 1.84 183.33 194.32 

16 2 3 1 3 1.45 175.00 188.64 

17 2 3 2 1 1.21 225.00 192.88 

18 2 3 3 2 0.69 275.00 187.95 
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4. Analysis Method 

4.1 Signal to noise ratio 

To find the robustness of the product, S/N ratio was developed by Taguchi. S/N ratio isolates sensitivity of 

functions of system with noise factor and then set of observation is converted to single number. For 

maximization in robust design the S/N is considered like objective function, the ratio of S/N is a ratio of signal 

(Mean) for noise (Standard Deviation). This is dependent on decisive factor of quality to optimize. There are 

three main ratios which are generally used in following conditions. S/N ratio types are greater-the-better, 

smaller-the-better and the nominal-the-better. The facts of S/N ratio are in [16]. 

4.2 Data pre-processing 

Pre-processing for data is a procedure to transfer the original series in a series that can be compared. For this 

intention, the normalization of results of experiments is done 0 to 1. The facts of normalization can be found in 

[17]. 

4.3 Grey relational coefficient and grey relational grade 

Grey Relational Coefficients (GRC) are calculated to show the difference between real results and ideal 

experiments has stabilized results. Represented as follows 

  ξ𝑖(𝑙) =  
∆minimum+ζ . ∆ maximum

∆0i(l)+ζ . ∆ maximum
                                                                                        (3)             

Where ∆0i(l) is deviation sequence of references series 𝑥0
∗(𝑙) and comparability sequence 𝑥𝑖

∗(𝑙), named- 

         ∆0i(l) =  ‖𝑥0
∗(𝑙) −  𝑥𝑖

∗(𝑙)‖                                                                                                                (4) 

          ∆ max=  max
∀ϳ∈і

min
∀𝑙

‖𝑥0
∗(𝑙) − 𝑥𝑖

∗(𝑙)‖                                                                                                  (5) 

 ∆ minimum=  max
∀ϳ∈і

min
∀𝑙

‖𝑥0
∗(𝑙) −  𝑥𝑖

∗(𝑙)‖                                                                                                  (6) 

ζ is distinctive or identification coefficient: ζ ε [ 0,1]. Normally ζ = 0.5 is used 

Multi functions features of mean value is calculated by using analysis of mean (ANOM) i.e., the GRG (Grey 

Relational Grade) at various level of parameter for machining. Since used experiment design in that work is 

found orthogonally, it is promising to finding individually outcome of parameters of machining at many levels. 

Grey relational grade is definite as follows 

𝛾𝑖 =  
1

𝑛
∑ 𝜉𝑖(𝑙)𝑛

𝑗=1                                                                                                                               (7) 

5. Results And Discussion 

5.1 Optimal parameter combination 

Firstly, the results of experiments were considered to determine S/N ratios for output characteristic to get 

required results with most excellent performance and the minimum variation. Surface Roughness was the 

lowest-the-better, material removal rate was maximum-the-better and micro hardness was maximum-the-better 

were considered. Experimental data equivalent grey relational grade and grey relational coefficient was 

calculated (see Table 5). Diagram for the response of every milling parameter at each value is shown in Figure4 

and Table 6, GRG average is shown by a thick dashed line (see Figure 4). As we can see from Figure 4, A1, B3, 

C3, and D1 each shows the largest grey relational  grade  for every parameter A, B, C, D at their different values, 

the same can also be concluded from Table 6.  

Greater GRG means the stronger correlation comparability. Thus, the comparability series has a greater 

value of GRG for the surface roughness, microhardness and material removal rate on this basis that levels are 

selected which have maximum average responses. In Table 5, A1, B3, C3 and D1 shows greatest value of GRG of 

machining factor A, B, C and D respectively. Hence, condition A1B3C3D1 is the best combination of parameters 

for current shoulder milling process.  
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Table 5 Calculated Grey Relational Grade and its Orders 

 

The table of response is generated as given in Table 6. This research establishes that the gap between grey 

relational level minimum and maximum values of factor C was the largest, so depth of cut plays most 

dominating role in milling. 

Table 6. Response Table for Grey Relational Garde 

Machining 

Parameter 

  

Value-1 Value-2 Value-3 
Maximum-

Minimum 

Coolant(A) 0.5713 0.5599   0.5713 

Feed Rate(B) 0.4777 0.5766 0.6424 0.6424 

Depth of Cut (C)  0.4911 0.5472 0.6584 0.6584 

Speed(D) 0.6006 0.5356 0.5606 0.6006 

 

Expt. No. 

Grey Relational Coefficients  

Surface 

Roughness 

Material Removal 

Rate 
Micro Hardness 

Grey 

Relational 

Grade (GRG) 

Order 

1 0.33333 0.33333 0.5348 0.4005 18 

2 0.4677 0.3737 0.5348 0.4588 16 

3 0.5188 0.4137 0.8723 0.6061 8 

4 1 0 0.4491 0.483 13 

5 0.5068 0.5612 0.8202 0.6294 6 

6 0.9291 0.6566 0.3333 0.6397 4 

7 0.4753 0.6317 0.4222 0.5097 10 

8 0.5344 0.7944 0.403 0.5773 9 

9 0.5255 1 1 0.8418 1 

10 0.457 0.3333 0.5793 0.4566 17 

11 0.471 0.3737 0.5348 0.4598 15 

12 0.4969 0.4137 0.5562 0.4889 11 

13 0.4753 0.4748 0.5151 0.4884 12 

14 0.4677 0.5612 0.41 0.4797 14 

15 0.8667 0.6566 0.6957 0.7397 2 

16 0.6975 0.6317 0.4968 0.6087 7 

17 0.6091 0.7944 0.6321 0.6785 3 

18 0.4356 1 0.4798 0.6385 5 
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Figure 4.  Effect of milling parameters on multi-performance. 

5.2 Analysis of variance  

ANOVA intention was to examine that which shoulder milling parameter considerably affects the 

performance characteristic. The ANOVA result for the GRA is given below in Table 7. 

Table 7 shows the values of F for all the parameters and if it value is more than four than it indicates that the 

particular parameter play an influencing role in milling.  The results show that depth of cut is the most 

influencing parameter with 38.0518 % contribution and feed is the next influencing parameter in reducing order 

with 36.114% contribution. Remaining two parameters i.e. speed and coolant has negligible significance in 

multi performance features as their F value is lesser than four with percentage contribution of 5.6394% and 

0.2585% respectively with an error of 19.936%. 

Table 7. RESULT OF ANALYSIS OF VARIANCE 

0.5
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Factors and their values

Coolant

feed

DOC

Speed

Symbols 
Machining 

Parameter 
DOF 

Sum of 

Squares 

Mean 

Square 
F - Value 

Contribution 

(%) 

A Coolant 1 0.0006 0.0006 0.1297 0.2585 

B Feed Rate 2 0.0825 0.0412 9.0576 36.1144 

C  Depth of Cut 2 0.0869 0.0435 9.5435 38.0518 

D Speed 2 0.0129 0.0064 1.4144 5.6394 

Error - 10 0.0455 0.0046   19.936 

TOTAL   17 0.2284     100 
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Figure 5. Percentage Contribution of machining parameters 

Analysis of variance results are also represented by a pie chart in Figure 5 which show that the most 

important process input parameters is depth of cut with percentage contribution (38.05%) for shoulder milling, 

followed by feed rate (36.11%), speed (5.64%) and coolant (0.26%). 

5.3. Confirmation test 

Validation of change of percentage in Grey Relational Grade (GRG) between experimental and predicted 

value for this best possible arrangement of parameters was completed in this test. Table 8 displays that the top 

most shoulder milling process parameters (A1, B3, C3, D1) obtained using this method are used to confirm the 

results of the experiment and to compare it with the initial shoulder milling process parameters (A1 B3, C3, D1). 

The experimental results show by results of surface roughness, micro hardness and with the prediction of the 

model for analysis material removal rate (MRR) are in good agreement. 

Table 8 Results of Confirmation Test 

Optional Machining Parameters 

Level Prediction Experimental % change 

  A1B3C3D1 A1B3C3D1   

Surface roughness   0.5255   

Material removal rate   1   

Micro hardness   1   

Grey Relational Grade 0.7759 0.8418 8.49 

Table 8 shows that grey relational grade increases by 8.49% which means that optimal arrangement of the 

process parameters for current shoulder milling is super to fulfil the requirement. 

5.4. Optical Micrographs 

Microstructure test of 9th experiment work piece was completed because of its most consistent and best way 

to find out integrity of surface parameters like surface roughness by detecting micro defects, micro cracks and 

0.26%

36.11%

38.05%

5.63%

coolant

feed

Depth of cut

Speed
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changes related to micro structure etc. A lot of number of defects related to surface of specimen like micro 

cracks and flaws depends on machining condition. It is therefore important to use superior metallographic 

techniques and Optical microscopy instrument for inspecting features of surface. Only finish of surfaces does 

not repeat the work piece surfaces behaviour. The study of fundamental was completed to inspect micro-

structure possibilities and for treatment of surfaces on aluminium alloy (AA 6082 T6) substrates. In adding of 

given data, the study of microstructure were also conducted where maximum strain of surface was detected. 

Optical microscopy (Make Rsamet Unitrom), capacities of 200 X were used for taken microstructure pictures 

and this is shown in Figures 6(a) and 6(b) individually. The microstructure picture (Before shoulder milling) 

shows that the Microstructure alloys structure equi-axed grains with Interdendritic areas of Mg2Si and 

Fe3SiAl12 eutectic and particles of Mg2Si in matrix of aluminium solid solution. And the Magnification: 100X 

and 200X. 

The microstructure pictures (After shoulder milling) show the elongated grains with Interdendrited areas of 

Mg2Si and Fe3SiAl12 eutectic and particles of Mg2Si in matrix of aluminium solid solution. 

 

Figure 6(a) Microstructure photograph (Before shoulder milling) 



Optimization of Shoulder Milling Process Parameters of AA6082T6 using Taguchi Coupled Grey 

Relational Analysis 

10115 

 

Figure 6(b) Microstructure photograph (After shoulder milling) 

6. Conclusion and Future Scope 

Multi-performance features finest combination is A1B3C3D1 for process parameters of shoulder milling, that 

is, coolant in on condition, feed rate 1200 millimetre/minute, depth of cut 0.55mm and speed of machining 3400 

rpm. The percentages of contribution for depth of cut, feed rate, speed of machining and coolant are 38.05, 
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36.11, 5.64 and 0.26%, respectively shown by the variance analysis. Various performance optimum 

improvement of 8.49 is detected by this method.The microstructure pictures (before shoulder milling) shows 

that the microstructure alloys structure equiaxed grains and elongated grains (after shoulder milling) with 

interdendritic areas of Mg2Si and Fe3SiAl12 eutectic and particles of Mg2Si in matrix of aluminium solid 

solution. Genetic algorithm (GA), fuzzy logic and many natures inspired algorithms can also be used in future 

for optimization. 
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