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Abstract -The emerging trend of machining to produce low 

cost and high quality products in least possible time has given 

a real challenge in machining aluminium and its alloys. The 

chemical affinity of aluminium to different coating materials 

and its low melting point made this a critical one for 

machining. Many researches are still going on to find out the 

best compatible procedures for machining aluminum and its 

alloys. The main problem in machining the aluminum is the 

formation of built-up edge formation due to the adhesion to 

the tool materials resulting in an adverse effect on surface 

quality of the work piece. This can be prevented to an extent 

by giving suitable process parameters. Hence there is a need 

for optimization of process parameters for optimized 

production. Cutting parameters such as speed, feed and depth 

of cut that are significant in machining process are estimated 

and analyzed. The main objective is to optimize the process 

parameters namely- cutting speed, feed and depth of cut on 

machining AL6061 alloy using single point cutting tool. The 

Experimentation is carried out after choosing a set of trials 

that are compatible with the lathe machine used. Surface 

roughness, Material removal rate and cutting forces are 

measured using instruments and are incorporated into Design 

Expert software. An equation is generated for each parameter 

and inputs to achieve better results are estimated. In the 

present work, Design of Experiments techniques(full factorial 

& RSM) are used in order to find the effect of input 

parameters on cutting force and surface roughness and metal 

removal rate. Contribution of each factor is determined by 

ANOVA (Analysis of Variance). 

 

Keywords— Cutting Force, Surface Roughness, MRR, 

DOE, RSM, ANOVA 

 

I.  Introduct ion  

The challenge of modern machining industries is mainly 

focused on the achievement of high quality, in term of work 

dimensional accuracy, surface finish. Surface texture is 

concerned with the geometric irregularities. The quality of a 

surface is significantly important factor in estimating the 

productivity of machine tool and machined parts. The surface 

roughness of machined parts is a significant effects on some 

functional attributes of parts, such as, contact causing surface 

friction, wearing, light reflection, ability of distributing and also 

holding a lubricant, load bearing capacity, coating and resisting 

fatigue. In manufacturing industries, manufacturers attentive on 

the quality and Productivity of the product. There are many 

factors which affect the surface roughness and material removal 

rate (MRR) i.e. cutting conditions, tool variables and work 

piece variables. Cutting conditions include speed, feed and 

depth of cut and also tool variables include tool material, nose 

radius, rake angle, cutting edge geometry, tool vibration, tool 

overhang, tool point angle etc. and work piece variable include 

hardness of material and mechanical properties. In turning 

operation, it is difficult to select the cutting parameters to 

achieve the high surface finish and material removal rate. 

SohailAkram[1] in his study determinedthe sensitivity of 

residual stresses to cutting speed and feed rate using finite 

element method. The simulation results showed that residual 

stresses were insensitive to changes in cutting speed, however, 

residual stresses were clearly affected by the change in feed rate. 

Kannan Nair M R and ShyamSundarV [2] experimented with 

turning operation and finite thermal analysis and found that 

cutting speed is the main variable which affects the chip tool 

interface temperature and later the thermal and mechanical 

performances with cutting speed were analysed. 

NitinSawarkar&Ghanshyam [3] concluded that graphical 

analysis of residual stress vs machining parameters can be done, 

from which decision about selection of optimum machining 

process, to improve component life can be made. MeenuSahu 

and KomeshSahu [4] predicted the optimal range of tool wear, 

w/p surface temperature and MRR. Finally, the relationship 

between factors and the performance measures were developed 

by using multi regression analysis. 

 

II. Material and Methodology 

 

2.1 Introduction:  

         Aluminium and its alloys have gained their importance in 

automobile and aerospace industries due to their high strength to 

weight ratio. They have excellent corrosion resistance. The 

fabrication of Aluminium parts is relatively easy because of its 

good weldability and brazability. Aluminium has good 

machinability. Al6061 is a cast aluminium alloy with 

magnesium and silicon as its major alloying elements. Hence 

they yield cost effective products than other aluminium alloys. It 

can be fabricated by virtually all methods, it has excellent spot 

and fusion weldability and it can also be furnace brazed. 

Available as a clad alloy for even better corrosion resistance.  

Al6061 is a precipitation hardening aluminium alloy, containing 

magnesium and silicon as its major alloying elements. The 

Al6061 alloy used for machinability study is manufactured using 

Die casting process. Evaluation of cutting forces becomes 

essential in machinability study of advanced material, 

dynamometers plays a key role in the measurement of these 

cutting forces. A multi component type Piezo Electric type 

Dynamometer (model 9265B) is used to measure the forces. 

Surface finish was measured using Talysurf Intra – Ultra 6.0.  
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2.2 Casting of Work Material: The maximum and minimum 

limits of each alloying element are taken from the standard 

composition of Al6061and incorporated in Taguchi Technique 

to obtain the optimum composition with highest yield strength. 

Al 6061 has eight alloying elements in its composition and two 

levels are defined for each element. Hence L8 orthogonal array 

is obtained from Taguchi Technique. Optimum composition 

obtained is shown in Table 1.  

 

Table1 AL-6061 Composition with optimum Yield Strength 

S.No Material Amount (wt. %) 

1 Aluminium      98.46 

2 Magnesium      0.8 

3 Silicon      0.4 

4 Copper      0.15 

5 Zinc      0.05 

6 Manganese      0.05 

7 Iron      0.05 

8 Chromium      0.04 

 

Al6061 Composition with optimum Yield Strength/ Highest 

yield strength of the composition is 97 MPa. Die casting is 

performed for the above composition to obtain cylindrical rods 

of Al 6061. 

2.3 Experimentation: 
Experiements were performed on HMT- NH 26Lathe machine 

and HSS single point cutting tool is used for machining. The 

number of trails that are required for experimentation are found 

by using DoE techiniques. The forces that are generated during 

machining are measured by using piezoelectric dynamometer, 

which measures the forces in all directions and after each trail 

the surface finish value of the machined part is measured with 

the help of TALYSURF and from this the values of surface 

roughness are noted. 

The metal removal rate (MRR) was calculated by measuring the 

difference between the weight of the work piece before and 

after each run and all these values are tabulated. 

MRR = (weight of work piece before machining - weight of 

work piece after machining) / time 

The process parameters (speed, feed and depth of cut) each are 

varied between two limits (lower and upper) and the number of 

trails are obtained from design expert full factorial method. The 

required number of trails from Design Expert (Full-factorial and 

RSM). 

 

2.4 Design of Experiments: A two level full factorial design of 

experiments was adopted for calculating the main and the 

interaction effects of the three factors at two levels; 2
3
=8 

experiments are conducted to fit an equation. The design plan 

with high and low limits as indicated is utilized looking into 

practical considerations of the turning operation as in table 

3.The first order model is assumed with two and three factor 

interactions which can be expressed as, 

Y = 

b0+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b123X1X2X3 

where ‘Y’ represents the response (Cutting Force, Surface 

Finish, MRR) X1,X2,X3 represent the coded values of speed(v), 

feed(f), depth of cut(d) respectively; b0,b1,…,b123 are the 

regression coefficients of polynomial to be determined. 

Table 3Cutting parameters and levels 

Factor

s 
Units 

Designation Test levels 

Av

g 
VI Natur

al 

code

d 

Lo

w(-

1) 

High 

(+1) 

Speed rpm N X1 715 1210 
96

0 
245 

Feed 
mm/re

v 
f X2 0.1 0.2 

0.1

5 
0.05 

DoC mm d X3 0.1 1 
0.5

5 
0.45 

 

2.4 Mathematical Model Development: 

Design matrix for a given 2-level and 3-factor is generated and 

the regression coefficients are calculated. Here the number of 

replications for the response i.e.; y1 and y2 and average of these 

is ‘y’. Regression coefficients b0, b1, b2, b12, b23, …etc. are 

calculated by using the formula. 

   
Fisher test for adequacy of model (f-test for 5% significance 

level) 

Variance for reproducibility = Sy²= [2∑(dely)²]/N 

N=number of trails, dely = (y1-y) 

Variance of adequacy   =  Sad²=[2∑(y-yp)²]/DoF 

yp =  predicted response. 

 

yp=b0X0[i]+b1X1[i]+b2X2[i]+ … 

 

whereDoF = degree of freedom=  [N-(k+1)] 

where N = number of trails 

 k = number of factors 

           F-model = Sad²/Sy² 

 

For given values of f1 and f2, F-table value is found from fisher 

table. 

Here f1=N-(k+1),  f2=N 

         If F-model ≤ F-table, model is adequate in linear form 

otherwise it is not adequate. 

 

Student’s t-test (for 5% significance level):  

 

When the model is adequate in linear form, then t-test is to be 

conducted to test the significance of each Regression coefficient. 

Standard deviation of each coefficient,  

 

Sbj=√(Sy²/N),  t-ratio = | bj| / (Sbj) 

 

for  f = N , t-value is to be taken from t-table and compared with 

t-ratio of each regression coefficient. If t-ratio ≥ t-table 

corresponding regression coefficient is significant. Non-

significant coefficients are to be eliminated from the model to 

arrive the final form of mathematical model in linear form as  
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Y= 

b0+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b123X1X2X3 

 

2.5 Analysis of Variance (ANOVA): Analysis of variance is 

carried out to find the percentage contribution of each factor and 

its relative significance.  

Table 4 ANOVA Table 

Source of 

variation 

Sum of 

squares 

Degrees 

of 

freedom 

Mean 

square 
F-ratio 

I 

  treatments 
SSI a-1 

MSI = 

SSI/(a-1) 
FI =MSI/MSE 

II  
treatments 

SSII b-1 
MSII = 

SSII /(b-1) 
FII =MSII/MSE 

Interaction SSI,II 
(a-1)(b-

1) 

MSI,II= 

SSI,II/(a-1)(b-

1) 

FI,II 

=MSI,II/MSE 

Error SSE ab(n-1) 
MSE= 

SSE/ab(n-1) 
 

Total SST abn-1   

 

 ‘a’ and ‘b’ are the levels of I and II factors 

SSI= {Sum [x1[i]*yt[i]]}
2
/Nn, yt = (y1 + y2) / 2 

SST=Sum {(y1[i])
2
+ (y2[i])

2
}-[Sum {(yt[i])}

2
/Nn] 

Here N=number of trails, n = number of replications 

SSE= (SST)-(SSI)-(SSII) … 

Percentage contribution of factor I = (SSI/SST)*100 

Coefficient of Determination, R
2
= (SSmodel/SST) 

Where SSmodel = SSI+SSII+SSIII+… 

 

III. Development of Model 

 

Experimentation was carried out using the design matrix shown 

in table 5. 

Table 5 Design Matrix (Full-factorial) 
Trial 

No. 

Speed (rpm) Feed 

(mm/rev) 

Depth of 

Cut (mm) 

1 715 (-1) 0.1 (-1) 0.1 (-1) 

2 1210 (+1) 0.1(-1) 0.1 (-1) 

3 715 (-1) 0.2 (+1) 0.1 (-1) 

4 1210 (+1) 0.2 (+1) 0.1 (-1) 

5 715 (-1) 0.1 (-1) 1 (+1) 

6 1210 (+1) 0.1(-1) 1 (+1) 

7 715 (-1) 0.2 (+1) 1 (+1) 

8 1210 (+1) 0.2 (+1) 1 (+1) 

3.1Linear model for Cutting Force: 

The column of each variable x1, x2 and x3 are arranged in 

standard order. The values of regression coefficients b0, b1, 

b2…b123 are calculated by regression analysis. 

Table 6 Design Matrix for Cutting Force 
Tri

al 

no 

Variables Cutting Force (N) 

X1 X2 X3 x1x2 X2x3 X3x1 x1x2

x3 

Y1 Y2 Y 

(Avg) 

1 -1 -1 -1 +1 +1 +1 -1 50.31 50.35 50.33 

2 +1 -1 -1 -1 +1 -1 +1 49.87 49.91 49.89 

3 -1 +1 -1 -1 -1 +1 +1 70.24 70.28 70.26 

4 +1 +1 -1 +1 -1 -1 -1 78.86 78.84 78.85 

5 -1 -1 +1 +1 -1 -1 +1 147.9 147.94 149.92 

6 +1 -1 +1 -1 -1 +1 -1 203.8 203.84 203.82 

7 -1 +1 +1 -1 +1 -1 -1 213 213.6 213.3 

8 +1 +1 +1 +1 +1 +1 +1 463.2 463.25 463.23 

 

The values of regression coefficients b0, b1, b2…b123 are 

calculated for Cutting force are given below: 

Regression coefficients for cutting force are 

b0=159.741, b1=39.2087, b2=46.7412, b3= 97.406, b12=25.353, 

b13=37.168, b23= 34.516,  b123=23.097 

The  adequacy of the model was then  tested   by Analysis of  

variance (ANOVA)  As   per   this  technique  , F  ratio  of the  

model developed does not exceed  the standard tabulated value 

of F ratio for a 95% confidence level.  Hence, the model was 

adequate.  The significance of the coefficients was checked by 

using student’s t-test and only the significant coefficients were 

used to develop final mathematical model. 

The final model in coded form for cutting force is 

Yp= 

159.741+39.2087x1+46.7412x2+97.406x3+37.18x1x3+34.516x2x

3 +25.353x1x2+23.097x1x2x3 

3.2Linear model for Surface Roughness: 
The column of each variable x1, x2 and x3 are arranged in 

standard order. The values of regression coefficients b0, b1, 

b2…b123 are calculated by regression analysis. 

 

Table 7 Design Matrix for Surface Finish 

Tr

ail 

no. 

Variables 
Surface finish(Ra) 

(Micrometre) 

X

1 

X

2 

X

3 

X1

X2 

X2

X3 

X3

X1 

X1X2

X3 
Y1 Y2 

Y(aver

age) 

1 -1 -1 -1 +1 +1 +1 -1 2.16
1 

2.16
5 

2.163 

2 +

1 

-1 -1 -1 +1 -1 +1 1.07

7 

1.08

1 
1.079 

3 -1 +
1 

-1 -1 -1 +1 +1 4.77
1 

4.77
5 

4.773 

4 +

1 

+

1 

-1 +1 -1 -1 -1 5.56

3 

5.56

7 
5.565 

5 -1 -1 +
1 

+1 -1 -1 +1 9.87
1 

9.87
5 

9.873 

6 +

1 

-1 +

1 

-1 -1 +1 -1 10.1

8 

10.1

84 
10.182 

7 -1 +
1 

+
1 

-1 +1 -1 -1 12.1
18 

12.1
22 

12.12 

8 +

1 

+

1 

+

1 

+1 +1 +1 +1 4.99

5 

4.99

9 
4.997 

 

The values of regression coefficients b0, b1, b2…b123 are 

calculated for surface roughness are given below: 

b0=6.344, b1=-0.8882, b2=0.5197, b3=2.949,                           

b12=-0.6945, b13=-0.8152, b23=-1.2542, b123=-1.1635 

 

The final model in coded form for Surface finish is 

Yp= 6.344-0.8882x1+0.5197x2+2.949x3-0.8152x1x3 

-1.2542x2x3 -0.6945x1x2-1.1635x1x2x3 

 

 

3.3 Linear model for MRR 
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The column of each variable x1, x2 and x3 are arranged in 

standard order. The values of regression coefficients b0, b1, 

b2…b123 are calculated by regression analysis. 

 

Table 8 Design Matrix for MRR 

Tr

ail 

no. 

Variables 
Metal Removal Rate 

(gm/ min) 

X

1 

X

2 

X

3 

X1

X2 

X2

X3 

X3

X1 

X1X2

X3 

 

Y1 

 

Y2 

Y 

(avera

ge) 

1 -1 -1 -1 +1 +1 +1 -1 
0.02

5 

0.02

6 
0.0257 

2 
+
1 

-1 -1 -1 +1 -1 +1 
0.04

4 
0.04

8 
0.046 

3 -1 
+

1 
-1 -1 -1 +1 +1 

0.09

21 

0.09

63 
0.0942 

4 
+
1 

+
1 

-1 +1 -1 -1 -1 
0.05

8 
0.06 0.059 

5 -1 -1 
+

1 
+1 -1 -1 +1 

0.26

3 

0.27

1 
0.267 

6 
+
1 

-1 
+
1 

-1 -1 +1 -1 
0.34
22 

0.34
44 

0.3433 

7 -1 
+

1 

+

1 
-1 +1 -1 -1 

0.41

02 

0.43

06 
0.4204 

8 
+
1 

+
1 

+
1 

+1 +1 +1 +1 
0.83

5 
0.85

5 
0.845 

 

The values of regression coefficients b0, b1, b2…b123 are 

calculated for material removal rate are given below 

b0=0.2625, b1=0.0607, b2=0.0920, b3=0.2063,                                                 

b12=0.0366, b13=0.0644, b23= 0.0717, b123=0.0504 

The final model in coded form for Material Removal Rate is 

Yp= 

0.2625+0.0607x1+0.092x2+0.2063x3+0.0644x1x3+0.07176x2x3+

0.0366x1x2+0.0504x1x2x3 

 

3.4 Response Surface Methodology(RSM):  

Response surface methodology (RSM) is a collection of 

mathematical and statistical techniques for empirical model 

building. By careful design of experiments, the objective is to 

optimize a response (output variable) which is influenced by 

several independent variables (input variables).The first goal for 

Response Surface Method is to find the optimum response. The 

second goal is to understand how the response changes in a 

given direction by adjusting. For example, in the case of the 

optimization of the calcination of Roman cement the engineer 

wants to find the levels of temperature(x1) and time (x2) that 

maximize the early age strength (y) of the cement. The early age 

strength is a function of the levels of temperature and time, as 

follows:                                                 

y = f (x1, x2) + e (3.1) 

Where ‘e’ represents the noise or error observed in the response 

y. The surface represented by f(x1, x2) is called a response 

surface. 

 

3.5Optimization of output values by RSM: 

 

 

 

 

 

 

 

 

 

Figure 1  Design Expert - RSM 

 

The input parameters and output responses after experimentation 

are tabulated in RSM historical data option and the optimization 

values are found. 

The procedure for finding optimum values are as follows: 

Step: 1 

In this step the number of input parameters with their units are to 

be given and the number of rows to be selected are 11.  Here the  

input parameters are considered as factors. They are 

Factor 1: Speed (rpm) 

Factor 2: Feed (mm/rev) 

Factor 3: Depth of Cut (mm) 

After giving input factors, the output responses with their units 

are given. 

Response 1: Cutting force (Newton) 

Response 2: Metal Removal Rate (gram/sec) 

Response 3: Surface Finish (micrometer) 

 

Figure 2 Process Parameters 

Step: 2 

In this step all the input and output data is tabulated in RSM in 

the given 14 rows. 

 

Figure 3 Input and Output values 
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Step: 3 

In this step, for each output response by using process 

parameters the equation is developed.  

3.5 ANOVA: Analysis of Variance 

 ANOVA is done to find out the percentage contribution of each 

factor and their relative significance of each factor. 

By using the experimented values the equation values for 

cutting force is found by using process model as Linear 

(suggested) and the equation as follows: 

CUTTING FORCE in terms of coded factors = 162.76 + 

(27.74* A) + (44.37 * B) + (98.89 * C) 

 
 

By using the experimented values the equation values for metal 

removal rate is found by using process model as Linear 

(suggested) and the equation as follows: 

MRR = 0.27 - (0.054* A) + (0.089* B) + (0.19* C) 

 
 

By using the experimented values the equation values for 

surface finish is found by using process model as 2FI 

(suggested) and the equation as follows: 

 

SURFACE FINISH = 6.98 – (1.01 * A) + (0.82* B) + (3.0*C) 

 

 

 

Optimum Solutions and Graphs 

 

 
Figure 4 Optimum Solutions in Ramp form 

 

 
Figure 5 Graphs of Speed vsDesirability, Feed vs Desirability, 

Depth of Cut vs Desirability 

 



               International Journal of Scientific Engineering and Technology                     ISSN : 2277-1581 

               Volume No. 6, Issue No. 8, PP : 307-312                                             1 Aug. 2017                          

 

DOI : 10.5958/2277-1581.2017.00043.2 Page 312 

 

 
Figure 6 Graphs of Speed vsCutting force, Feed vs Cutting 

force, Depth of Cut vs Cutting Force 

 

 
Figure 7 Graphs of Speed vs MRR, Feed vs MRR, Depth of cut 

vs MRR 

 

 
Figure 8 Graphs of Speed vs Surface Finish, Feed vs Surface 

Finish, Depth of cut vs Surface Finish 

 

IV.Results and Conclusion 

PercentageContribution of Input Parameters: 

Percentage contribution of the Factors and their Interactions for 

Cutting force: 

Table9Percentage contribution of the Factors and their 

Interactions for Cutting force 

Factor X

1 

X2 X3 X1X

2 

X2X

3 

X1X

3 

X1X2

X3 

Contributi

on (%) 

9.

1 

12.

9 

55.9

5 

3.8 7.02 8.14 3.14 

 

Percentage contribution of the Factors and their Interactions for 

Surface Finish: 

Table 10Percentage contribution of the Factors and their 

Interactions for Surface Finish 

Factor X

1 

X2 X3 X1X

2 

X2X

3 

X1X

3 

X1X2

X3 

Contributi

on (%) 

5.

7 

1.9

5 

62.8

8 

3.49 11.3

7 

4.80 9.79 

Percentage contribution of the Factors and their Interactions for 

MRR: 

Table 11Percentage contribution of the Factors and their 

Interactions for MRR 

Factor X1 X2 X3 X1X

2 

X2X

3 

X1X

3 

X1X2

X3 

Contribut

ion (%) 

5.4

3 

12.4

7 

62.6

5 

1.97 7.56 6.11 3.75 

 

It is observed from the table -9 that DoC has major contribution 

on Cutting force and next comes to feed. Table-10 focues that 

surface finish on work is highly influenced by depth of cut and 

other parameters have relatively less influence . From the table-

11 it is shown that contribution of DoC is high on MRR.  
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