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Abstract 

In the present work an investigation has been made to explore the effect of speed, feed and 

depth of cut on the multiple responses of material removal rate (MRR) and surface roughness 

(Ra). A series of experiments were carried out on CNC milling machine using a carbide end 

mill cutter. Wrought alloy AA8011 has been taken as the work piece for the experiments and 

L27 orthogonal array (OA) has been followed. The effect of process parameters on the 

performance characteristics was analyzed using single objective taguchi method and 

ANOVA. The optimal designs for the performance characteristics were predicted using the 

estimated averages of the responses and they are found to be more accurate and adequate. 
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INTRODUCTION 

Milling is the process of machining flat, 

curved or irregular surfaces by feeding the 

work-piece against a rotating cutter 

containing a number of cutting edges. 

Milling is one of the basic machining 

processes that allow large amounts of 

material to be removed quickly. [1-2] At 

all types of milling machines, the cutting 

tool performs a rotational motion, which is 

the cutting motion. The rotation axis of the 

tool could be horizontal or vertical, 

depending on machine tool version. [3-4] 

Geometrically complex & hard material 

components can be machined with an ease 

and high product accuracy, Surface finish 

can be achieved. Better tool handling, less 

time consumption for tool changing, 

different operation on single work piece 

can be easily done by automatic tool 

changer in case of milling. Milling is most 

effectively used process for multipass 

operations. Some turning operations like 

external step turning and boring, and some 

of the milling operations, such as face 

milling and deep shoulder milling in which 

a significantamount of stock material is 

removed, are good Examples of the 

operations which are commonly required 

to be machined using multipass operations. 

Industries strongly believed that only those 

capable of effective manufacturing would 

withstand international and global 

competition. [5-7] In the modern 

machining the challenge is mainly focused 

on quality in terms of surface finishing. 

Surface texture is concerned with 

geometric irregularities. The quality of 

surface is most significant for any product. 

The surface roughness is main affecting 

thing such as for contact causing surface 

friction, wearing, holding the lubricant etc. 

There are many factors which affect the 

surface roughness (SR) and material 

removal rate (MRR), i.e. tool (material, 

nose radius, geometry, tool vibration), 

work piece (hardness, mechanical 

properties), cutting condition (speed, feed, 

depth)etc. [8-12] Determination of the 

optimal cutting parameters (cutting 

conditions) like the number of passes, 

depth of cut for each pass, speed and feed 

is considered as a crucial stage of 

multipass machining as in the case of all 

chip removal processes and especially in 

process planning. The effective 
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optimization of these parameters affects 

dramatically the cost and production time 

of machined components as well as the 

quality of the final products. [13-14] 

In the present work the milling operations 

were carried on AA8011 wrought alloy 

using carbide end mill cutter to investigate 

the effect of process parameters on the 

responses. Single objective taguchi method 

and analysis of variance (ANOVA) are 

employed to optimize and to find the 

significance of the process parameters on 

the responses respectively. 

EXPERIMENTAL DETAILS 

Aluminium and its alloys are using 

extensively in the market because of their 

extensive properties such as low weight, 

corrosion resistance, and easy maintenance 

of final product, etc. In the present work 

wrought alloy AA8011 has been used as a 

work piece in the shape of a plate having 

thickness of 10 mm shown in the figure 1. 

The chemical composition and mechanical 

properties of AA8011 is given in the table 

1 and 2. 

 

Table 1.Chemical Properties of AA8011 
Element Content (%) 

Aluminium, Al 97.3-98.9 

Iron, Fe 0.60-1 

Silicon, Si 0.5-0.90 

Manganese, Mn ≤0.20 

Zinc, Zn ≤0.10 

Copper, Cu ≤0.10 

Titanium, Ti ≤0.080 

Chromium, Cr ≤0.050 

Magnesium, Mg ≤0.050 

Remainder  (each) ≤0.050 

Remainder (Total) ≤0.15 

 

Table 2.Physical Properties of AA8011 
Density 2.7 gm/cm

3
 

Hardness 25-50 BHN 

Tensile strength 100-180 MPa 

Yield strength 34-170 MPa 

Poisson‟s ratio 0.33 

Elongation 1.7-2.8% 

 

 
Fig 1.AA8011 Work Piece 

 

The experiments were done on CNC 

milling machine using carbide end mill 

cutter of 20 mm in size and the length of 

machining was fixed to 50mm. The 

experiments were carried out by taking 

three process parameters at three different 

levels as given in the table 3and L27 OA 

has been followed as per the table 4. The 

work piece after machining was shown in 

the figure 2. 
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Table 3.Process Parameters and Their Levels 
Parameter Level-1 Level-2 Level-3 

Speed, rpm 1500 3000 4500 

Feed, mm/min 150 600 1350 

Depth of cut, mm 0.5 1 1.5 

 

Table 4.L27 OA 
S.No. s, rpm f, mm/min d, mm 

1 1500 150 0.5 

2 1500 150 1 

3 1500 150 1.5 

4 1500 600 0.5 

5 1500 600 1 

6 1500 600 1.5 

7 1500 1350 0.5 

8 1500 1350 1 

9 1500 1350 1.5 

10 3000 150 0.5 

11 3000 150 1 

12 3000 150 1.5 

13 3000 600 0.5 

14 3000 600 1 

15 3000 600 1.5 

16 3000 1350 0.5 

17 3000 1350 1 

18 3000 1350 1.5 

19 4500 150 0.5 

20 4500 150 1 

21 4500 150 1.5 

22 4500 600 0.5 

23 4500 600 1 

24 4500 600 1.5 

25 4500 1350 0.5 

26 4500 1350 1 

27 4500 1350 1.5 

 

 
Fig 2.AA8011 after Machining 

 

After machining the machined portions are 

tested for the surface roughness using SJ-

210 tester shown in the figure3. The 

roughness values were taken at three 

different places for each experiment and 

the average is taken as the final value.
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Fig 3. The SJ-210 Surface Tester 

 

METHODOLOGY 

In general, Material Removal Rate and 

Surface Roughness are mainly depends on 

cutting variables, tool variables and work 

piece variables. Among these, cutting 

variables includes speed, feed and depth of 

cut which can be manually adjustable. In 

present study, cutting variables are taken 

as inputs and tool variables and work piece 

variables are fixed. Intaguchi method the 

experimental results are transformed into 

Signal-to-Noise ratios to measure the 

quality characteristic deviations the 

desired value. In the present work, Larger-

the-Better and Smaller-the-Better 

characteristics proposed by the 

taguchihave been used for the analysis of 

Material Removal Rate (MRR) and 

Surface Roughness (Ra) respectively.  

Larger-the-Better: (S/N) =−10𝑙𝑜𝑔10  
1

𝑦𝑖
2  

Smaller-the-Better: (S/N) =−10 𝑙𝑜𝑔10 𝑦𝑖
2  

Nominal-the-Better: (S/N) = 

−10 𝑙𝑜𝑔10  
𝜇2

𝜎2   

Where,yi is the response, µ is mean and σ 

is the variance. 

 

EXPERIMENTAL RESULTS 

The results material removal rate (MRR) 

measured in cm
3
/min and surface 

roughness (Ra) for each experiment were 

given in the table 5. The experimental 

results of the responses were analyzed 

using larger-the-better and smaller-the-

better characteristics given by taguchi. 

 

Table 5.Experimental Results of MRR and Ra 
S.No. MRR, cm

3
/min Ra, µm 

1 0.94 1.00 

2 1.88 0.97 

3 2.57 1.01 

4 2.31 0.66 

5 4.62 0.66 

6 7.50 0.81 

7 3.75 0.98 

8 6.00 0.94 

9 12.86 1.36 

10 1.00 1.10 

11 2.00 2.11 

12 2.65 1.63 

13 2.73 0.64 

14 5.00 0.59 

15 6.43 0.50 
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16 4.29 0.62 

17 7.50 0.55 

18 11.25 0.50 

19 0.83 1.30 

20 1.67 1.20 

21 2.43 1.35 

22 2.50 0.50 

23 5.00 0.38 

24 7.50 0.57 

25 3.75 0.53 

26 7.50 0.45 

27 11.25 0.35 

 

The response table for means of MRR and Ra are given in the tables6 and 7. From the 

response tables it is observed that the feed is the main effecting parameter on both MRR and 

Ra.   

 

Table 6.Response Table for Means of MRR 
Level S f D 

1 4.713 1.774 2.455 

2 4.760 4.842 4.573 

3 4.715 7.571 7.160 

Delta 0.047 5.798 4.705 

Rank 3 1 2 

 

Table 7.Response Table for Means of Ra 
Level S f D 

1 0.9322 1.2967 0.8144 

2 0.9156 0.5900 0.8722 

3 0.7367 0.6978 0.8978 

Delta 0.1956 0.7067 0.0833 

Rank 2 1 3 

 

Main Effect Plots Analysis 

Main effect plots for means of MRR and 

surface roughness (Ra) are drawn and 

shown in the figures 4 and 5. 

The optimal condition for maximum 

volume of material removal rate (MRR) is 

found at 

Speed: level2, 3000 rpm, 

Feed: level3, 1350 mm/min 

Depth of cut: level3, 1.5mm 

The optimal condition for minimum 

surface roughness (Ra) is found at 

Speed:level3, 4500 rpm 

Feed: level2, 600 mm/min  

Depth of cut: level1, 0.5 mm

 

 
Fig 4.Main Effect Plot for Means of MRR 
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Fig 5.Main Effect Plot for Means of Ra 

 

ANOVA  Results of MRR and Ra 

Analysis of variance is employed to check 

the significance of the parameters at a 

confidence level of 95% i.e. 0.05 and the 

obtained results were given in the tables 

8and 9. ANOVA results showed that the 

feed is the most influencing factor in 

effecting both MRR and surface 

roughness. 

 

 

Table 8.ANOVA Results ofMRR 
Source DF Adj SS Adj MS F P 

S 2 0.013 0.0064 0.00 0.996 

F 2 151.433 75.7165 43.59 0.000 

D 2 99.946 49.9730 28.77 0.000 

Error 20 34.742 1.7371   

Total 26 286.134    

 

 

Table 9.ANOVA results of Ra 
Source DF Adj SS Adj MS F P 

S 2 0.21156 0.10578 1.15 0.335 

F 2 2.60899 1.30449 14.24 0.000 

D 2 0.03281 0.01640 0.18 0.837 

Error 20 1.83179 0.09159   

Total 26 4.68514    

 

 
Figure 6.Residual Plots for MRR 
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Figure 7.Residual Plots for Ra 

 

Figures 6and 7 representing the residual 

plots for MRR and surface roughness. 

From the figures it is clear that the 

residuals are following the normal 

distribution and the constant variance 

assumptions of ANOVA as they are lying 

on the straight line and do not representing 

any of the regular patterns.  

 

Prediction of Optimal Designs for MRR 

and Ra 

Optimal design for MRR 

For MRR the two most significant factors 

i.e. feed and depth of cut at their better 

levels are considered. 

µA3B3 = A3 + B3 – T 

A3 = 7.571; B3 = 7.160; T = 4.73 

µA3B3 = 7.571 + 7.160 – 4.73 = 10.001 

CI =  
 𝐹95%,1,𝑑𝑜𝑓𝑒𝑟𝑟𝑜𝑟 ∗ 𝑉𝑒𝑟𝑟𝑜𝑟  

 𝜂𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  
 

Where,  𝜂𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁

 1+𝑑𝑜𝑓  
 = 

27/(1+2+2) 

= 27/5 = 5.4 

Verror = 1.7371 

𝐹95%,1,20= 4.3512 

CI =  
4.3512∗1.7371

5.4
 = 1.1830 

The predicted optimal range of MRR at 

95% of confidence level is obtained as 

µA3B3 – CI ≤ µA3B3 ≤ µA3B3 + CI 

10.001 - 1.1830≤ µA3B3 ≤ 10.001 + 1.1830 

8.818 ≤ µA3B3 ≤ 11.184 

Optimal design for Ra 

For Ra the two most significant factors i.e. 

feed and speed at their better levels are 

considered. 

µA2B3 = A2 + B3 – T 

A2 = 0.5900; B3 = 0.7367; T = 0.86 

µA3B3 = 0.5900 + 0.7367 – 0.86 = 0.4667 

CI =  
 𝐹95%,1,𝑑𝑜𝑓𝑒𝑟𝑟𝑜𝑟 ∗ 𝑉𝑒𝑟𝑟𝑜𝑟  

 𝜂𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  
 

Where,  𝜂𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁

 1+𝑑𝑜𝑓  
 = 

27/(1+2+2) 

= 27/5 = 5.4 

Verror = 0.09159 

𝐹95%,1,20= 4.3512 

CI =  
4.3512∗0.09159

5.4
 = 0.2716 

The predicted optimal range of VMRR at 

95% of confidence level is obtained as 

µA3B3 – CI ≤ µA3B3 ≤ µA3B3 + CI 

0.4667–0.2716≤ µA3B3 ≤ 0.4667 + 0.2716 

0.1951 ≤ µA3B3 ≤ 0.7383 
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CONCLUSIONS 

From the Taguchi and ANOVA results the 

following conclusions can be drawn 

 The optimal condition for maximum 

volume of material removal rate 

(VMRR) is found to be at 

Speed: level2, 3000 rpm, 

Feed: level3, 1350 mm/min 

Depth of cut: level3, 1.5mm. 

 The optimal condition for minimum 

surface roughness (Ra) is found  to be at 

Speed: level3, 4500 rpm 

Feed: level2, 600 mm/min  

Depth of cut: level1, 0.5 mm. 

 ANOVA results concluded that the feed 

is the most influencing factor in effecting 

both VMRR and surface roughness (Ra). 

 The errors are following the normal 

distribution and the constant variance 

assumptions of ANOVA. 

 The optimal design for VMRR and Ra 

are predicted from the estimated mean 

averages and they are accurate. 
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