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Abstract: Quality plays a vital role since the extent of quality of the produced item influences 

the degree of satisfaction of the consumer during its usage. Apart from quality, productivity is the 

next criterion, which is directly related to the profit of the organization. The present paper invites 

optimization problem which seeks identification of the best process condition or parametric 

combination for the said manufacturing process. If the problem is related to a single quality 

attribute then it is called single objective optimization. If more than one attribute comes into 

consideration it is very difficult to select the optimal setting which can achieve all quality 

requirements simultaneously. In order to tackle such a Multi-Objective Optimization problem, 

the present study applied Response Surface Methodology through an experimental study in 

straight turning of brass bar. The study aimed at evaluating the best process environment which 

could simultaneously satisfy requirements of both quality and as well as productivity. Finally the 

effect of four input variables namely cutting speed, feed, depth of cut and type of coolant on 

different output parameters is studied in the study. The predicted optimal setting ensured 

minimization of surface roughness and maximization of MRR (Material Removal Rate), tool life 

and machinability index. Optimal result was satisfactorily verified through confirmatory test. 
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1. Introduction

Optimal machining parameter determination is an important matter for ensuring an efficient 

working of a machining process. Multi-Objective Optimization(MOO) algorithms allow for 

optimizations that take into account multiple objectives simultaneously. Each objective can be a 

minimization or a maximization of an output. Criteria of system’s efficiency are described by the 

objective function that is to be either minimised or maximised. The proposed experimental study 

comes under the MOO category, where, Response Surface Methodology, etc. has been applied to 

solve the problem. 
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1.1. Turning operation 
Turning is the removal of metal from the outer diameter of a rotating cylindrical work 

piece.Turning is used to reduce the diameter of the work piece, usually to a specified dimension, 

and to produce a smooth finish on the metal. Often the work piece will be turned so that adjacent 

sections have different diameters. 

 

1.2. Adjustable cutting factors in turning 

 

The three primary factors in any basic turning operation are speed, feed, and depth of cut. 

Other factors such as kind of material and type of tool have a large influence, of course, but these 

three are the ones the operator can change by adjusting the controls, right at the machine. 

Speed always refers to the spindle and the work piece. When it is stated in revolutions per 

minute (rpm) it tells their rotating speed.  
 

V= П D N /1000 m/min         (1) 
 

Where, V is the cutting speed in turning, D is the initial diameter of the work piece in mm, and 

N is the spindle speed in RPM. 

Feed always refers to the cutting tool, and it is the rate at which the tool advances along its 

cutting path. On most power-fed lathes, the feed rate is directly related to the spindle speed and 

is expressed in mm (of tool advance) per revolution (of the spindle), or mm/rev. 
 

Fm= f N mm/min          (2) 
 

Where, Fm is the feed in mm per minute, f is the feed in mm/rev and N is the spindle speed in 

RPM. 

Depth of cut is practically self explanatory. It is the thickness of the layer being removed (in a 

single pass) from the work piece or the distance from the uncut surface of the work to the cut 

surface, expressed in mm.  
 

d = (D-d)/2          (3) 
 

Where, D and d represent initial and final diameter (in mm) of the job respectively. 

 

1.3. Performance measures in turning 

 

Material Removal Rate (MRR) in turning operations is the volume of material/metal that is 

removed per unit time in mm3/min. For each revolution of the work piece, a ring shaped layer of 

material is removed. 
 

MRR= (v f d×1000) mm
3
 / min                  (4) 

 

Surface Roughness in Machining is defined as closely spaced, irregular deviations on a scale 

smaller than that of waviness. Roughness may be superimposed on waviness. Roughness is 

expressed in terms of its height, its width, and its distance on the surface along which it is 

measured. 

Tool Life is the total cutting time accumulated before tool failure occurs. There is no exact 

definition of tool life. However, in general, the tool life can be defined as tool’s useful life which 

has been expended when it can no longer produce satisfactory parts. The two most commonly 

used criteria for measuring tool life are: 

1. Total destruction of the tool when it ceases to cut. 
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2. A fixed size of wear land on tool flank. On carbide and ceramic tools where crater wear  is 

almost absent, tool life as corresponding to 0.038 or 0.076 mm of wear land on the flank for 

finishing respectively. 

Tool life depends upon on many factors. The greater variation of tool life is with the cutting 

speed and tool temperature which is closely related to cutting speed. Tool temperature is seldom 

measured and much study has been done on the effect of cutting speed on tool life. Tool life 

decreases with increasing V, the decrease being parabolic. To draw these curves, the cutting tools 

are operated to failure at different cutting speeds. In 1907, Taylor gave relationship VT
n
=C 

between cutting speed and tool life. Where ‘V’ is the cutting speed (m/min), ‘T’ is the time (min) 

for the flank wear to reach a certain dimension, i.e., tool life. ‘C’ is constant and ‘n’ is an 

exponent which depends upon cutting conditions. n = 0.1 to 0.15 for HSS tools, 0.2 to 0.4 for 

carbide tools, 0.4 to 0.6 for ceramic tools. C = 50 for HSS tools, 100 for carbide tools. 

Machinability of a materialcan be qualitatively defined as: 

1. The ease with which it could machined, 

2. The life of tool before tool failure or re-sharpening, 

3. The quality of the machined surface, and 

4. The power consumption per unit volume of material removed. 

However, in production, tool life is generally considered the most important factor and, so, 

most of the investigators have related machinability with tool life.  Higher the tool life, the 

better is the machinability of a work material. The various materials have been given 

machinability ratings, which are relative. Supposing a material is given the rating of 100.  Those 

materials which have a better machinability will have higher ratings and those materials with 

lower machinability have lowered one. 

According to the one investigator, the machinability may be evaluated as given below: 

1. Long tool life at a given cutting speed. 

2. Lower power consumption per unit volume of metal removed. 

3. Maximum metal removed per tool re-sharpening. 

4. High quality of surface finish. 

5. Good and uniform dimensional accuracy of successive parts. 

6. Easily disposable chips. 

The machinability rating or index of different materials is taken relative to the index which it 

is standard. The machinability index of free cutting steel is arbitrarily fixed at 100 percent. For 

the other materials, the index is found as below: 
 

Machinability index, % =
lifetoolofmin20forsteelcuttingfreeofspeedcutting

lifetoolofmin20formaterialofspeedcutting

           

         
×100  (5) 

 

1.4. Literature review 

 

Routara et al. (2012) [1], applied response surface methodology to determine the optimum 

cutting conditions leading to minimum surface roughness in CNC turning operation on EN-8 

steel. The second order mathematical models in terms of machining parameters were developed 

for surface roughness prediction using response surface methodology (RSM) on the basis of 

experimental results. The experimentation was carried out with coated carbide tool for 

machining of EN-8 steel. The model selected for optimization has been validated with F-test. 

The adequacy of the models on surface roughness has been established with Analysis of Variance 

(ANOVA). An attempt has also been made to optimize the surface roughness prediction model 
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using Genetic Algorithm to find optimum cutting parameters. 

Thatoi et al. (2012) [2] addressed optimization in cutting parameters to obtain minimum 

surface roughness using multiple metamodeling techniques like Design of Experiments (DOE), 

Response Surface Methodology (RSM) and Fuzzy inference system. Experimental results 

obtained in the machining of UNS C34000 medium leaded brass using coated carbide tool have 

been provided to verify the approach. 

Sharma et al. (2012) [3] applied fractional factorial approach of D.O.E. techniques (Taguchi & 

Response Surface Methodology) to optimize turning process parameter in order to obtain better 

surface finish. The turning parameters evaluated are cutting speed, feed, and depth of cut. An 

orthogonal array, signal-to-noise (S/N) ratio, and Pareto analysis of variance (ANOVA) are 

employed to analyse the turning parameters. Main and interaction effects of process parameters 

on the quality characteristics (surface roughness) have been analysed and the result shows that 

feed and interaction of cutting speed*depth affects the surface finish greatly 

According to the literature, the RSM has proven to be practical and effective for use, but the 

combined effect has not yet been studied. so it was utilized in the present study to quantify the 

combined and simultaneous effect of the machining factors on the performance measures (MRR, 

surface roughness, machinability index and tool life). 

The present paper aims at 

1. Designing the experimental procedures in Lathe, based on the parameters selected (speed, feed 

and depth of cut) and conducting the experiments based on Design of Experiment (DOE). 

2. Developing a model for the selected performance measures (responses) namely MRR, Surface 

roughness, Machinability index and Tool life as the functions of speed(s), feed (f), depth of cut 

(d) and type of coolant(c). 

3. Studying the effect of s, f, d and c on the responses MRR, Surface roughness, Machinability 

index and Tool life. 

4. Validating the response surface model using ANOVA table and F-Test and draw the interaction 

graphs. 

5. Extracting the optimal solution for simultaneous criteria selected for the output parameters and 

comparing the experimental and predicted values of responses and validate the model 

accuracy. 

 

2. Methodology 

 

Design of experiments technique is a very powerful tool which permits us to carry out the 

modelling and analysis of the influence of process variable on the response variables. The 

response variable is an unknown function of the process Variables, which are known as design 

factors. The following features are of great importance in DOE: 

1. Striving to minimize the total number of trials 

2. Simultaneous all the variables determining the process according to special rules called 

algorithms. 

3. The use of a mathematical apparatus formulizing many actions of the experimenter. 

4. The selection of a clear-cut strategy permitting the experiments to make substantiated 

decisions after each series of trials or experiments. 

 

2.1. Response surface methodology (RSM)  

 

RSM is a collection of mathematical and statistical techniques that are useful for modeling and 
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analysis of problems in which output or response influenced by several variables and the goal is 

to find the correlation between the response and the variables and the goal is to find the 

correlation between the response and the variables (Montgomerry 1997). It can be used for 

optimizing the response. It is an the empirical modeling technique devoted to the evaluation of 

relations existing between a group of controlled experimental factors and the observed results of 

one or more selected criteria. A prior knowledge of the studied process is thus necessary to 

achieve a realistic model. The first step of RSM is to define the limits of the experimental 

domain to be explored. These limits are made as wide as possible to obtain a clear response from 

the model. The speed(s), feed (f), depth of cut (d) and type of coolant (air-c1, water-c2, soluble 

oil-c3) is the machining variables, selected for the investigation. In the next step, the planning to 

accomplish the experiments by means of response surface methodology (RSM) using Optimal 

Central Composite Design  with four variables i.e., three numeric factors and one categorize 

factor, in total 23 runs, which are extracted from the standard design matrix. 

Experiments have been carried out on the ALL GEARED ENGINE LATHE, and the data was 

collected with respect to the influence of the predominant process parameters on MRR, Surface 

roughness (Ra), machinability index (MI) and tool life (T). The mathematical model is then 

developed that illustrate the relationship between the process variable and response. The 

behaviour of the system is explained by the following empirical second-order polynomial model. 

Response = bo + baA+ bbB+ baaA²+ bbbB²+ babAB 

Analysis of variance (ANOVA), for checking the adequacy of the model, is then performed in 

the subsequent step. The F ratio is calculated for 95% level of confidence. The value which are 

less than 0.05 are considered significant and the values greater than 0.05 are not significant and 

the model is adequate to represent the relationship between machining response and the 

machining parameters. There are a large number of factors that can be considered for machining 

of a particular material in ENGINE LATHE. However speed (s), feed (f), depth of cut (d) and 

type of coolant are selected as the design factors while others have been assumed to be constant 

over the experimental domain. 

 

2.2. Design of present study 

 

The design plan with high and low limits as indicated is utilized looking into practical 

considerations of the Turning operation as in the Table 1: 

 

Table 1. Input Factors and Levels 

values in coded 

form 

Spindle Speed (N) 

(RPM) 

Feed ( f ) 

(mm/rev) 

Depth of cut (d ) 

(mm) 

Type of coolant 

(c) 

-1 200 0.211 0.2 Air 

0 330 0.461 0.3 Water 

+1 910 0.646 0.4 Soluble oil 

 

2.3. Experimentation 

 

The experimental details with the output values in the predefined central composite design 

matrix is given in the Table 2. The procedural steps followed for experimentation are: 

1. Cutting Brass bars by power saw and performing initial turning operation in Lathe to get 

desired dimension of the work pieces. 
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2. Calculating weight of each specimen by the high precision digital balance meter before 

machining. 

3. Performing straight turning operation on specimens in various cutting environments involving 

various combinations of process control parameters: spindle speed, feed, depth of cut and type 

of coolant. 

4. Calculating weight of each machined plate again by the digital balance meter. And measuring 

surface roughness and surface profile with the help of a portable stylus-type profile meter and 

calculating tool life and machinability index by conventional equations. 

 

Table 2. Experimental Details with Output Factors. 

Run s (rpm) f 

(mm/rev) 

d (mm) c MRR 

mm
3
/min 

Ra 

(microns) 

T (min) MI % 

1 330 0.461 0.3 c3 1647 5.99 90 162 

2 200 0.211 0.4 c1  706 3.25 479 98 

3 330 0.461 0.3 c3 1823 5.45 90 162 

4 910 0.211 0.2 c2 1294 4.29 3.06 446 

5 910 0.646 0.4 c1 4941 11.68 3.06 446 

6 200 0.646 0.4 c1 1000 9.8 479 98 

7 200 0.211 0.2 c2 470 3.85 479 98 

8 200 0.646 0.4 c2 1647 6.09 479 98 

9 330 0.461 0.3 c3 2117 5.69 90 162 

10 200 0.646 0.2 c2 823 10.89 479 98 

11 200 0.211 0.2 c1 647 2.57 479 98 

12 910 0.646 0.4 c2 4647 11.23 3.06 446 

13 330 0.461 0.3 c3 1823 5.86 90 162 

14 910 0.646 0.2 c2 1588 11.65 3.06 446 

15 330 0.461 0.3 c3 1882 5.76 90 162 

16 200 0.646 0.2 c1 529 11.25 479 98 

17 330 0.461 0.3 c3 2059 6.31 90 162 

18 330 0.461 0.3 c3 1765 5.82 90 162 

19 910 0.211 0.2 c1 1705 5.53 3.06 446 

20 910 0.211 0.4 c2 1470 3.39 3.06 446 

21 200 0.211 0.4 c2 706 3.38 479 98 

22 910 0.646 0.2 c1 2941 10.09 3.06 446 

23 910 0.211 0.4 c1 3006 11.06 3.06 446 
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3. Analysis of performance measures 

 

3.1. Analysis of metal removal rate (MRR) 

 

Table 3 depicts the significance of the model and its terms through ANOVA. 

 

Table 3. Analysis of variance [MRR] 

Source Sum of Squares DF Mean Square F value p-value Prob>F  

Model 22291957 5 4458391.496 9.761801264 0.0002 significant 

s 12264806 1 12264806.4 26.85421474 < 0.0001  

F 3434969 1 3434968.932 7.520982419 0.0139  

D 5047051 1 5047050.992 11.05069144 0.0040  

C 1173012 2 586505.7667 1.284174514 0.3024  

Residual 7764208 17 456718.1174    

Lack of Fit 7228571 11 657142.7876 7.361056596 0.0116 significant 

Pure Error 535637.3 6 89272.88889    

Cor Total 30056165 22     

 

From the Table 3, the Model F-value of 9.76 implies the model is significant. Values of "Prob 

> F" less than 0.0500 indicate model terms are significant. In this case A, B, C are significant 

model terms. Values greater than 0.1000 indicate the model terms are not significant. 

The "Pred R-Squared" of 0.4525 is not as close to the "Adj R-Squared" of 0.6657 as one might 

normally expect. This may indicate a large block effect or a possible problem with the model 

and/or data. Things to consider are model reduction, response transformation, outliers, etc. 

"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  The 

ratio of 11.794 indicates an adequate signal. 

Mathematical model: 

MRR= -2068.29+2.485936s+2156.055f+5661.178d (coolant as Air) 

MRR= -1695.92+2.485936s+2156.055f+5661.178d (coolant as Soluble oir ) 

MRR= -2304.06+2.485936s+2156.055f+5661.178d (coolant as Water ) 

An interaction occurs when the response is different depending on the settings of two factors. 

Plots make it easy to interpret two factor interactions. They will appear with two non-parallel 

lines, indicating that the effect of one factor depends on the level of the other. The Interaction 

graph in Figure 1 shows that speed is effects MRR much more than feed and depth of cut. In the 
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Figure 2, the actual values are marked as dots i.e., experimental values, then the stright line of 

predicted values are drawn using prediction equations. 

 

      Figure 1. Interaction Graph          Figure 2. Predicted Vs Actual Plot 

 

3.2. Analysis of surface roughness (Ra) 

 

Table 4. Analysis Of Variance Table For Surface Roughness 

Source Sum of Squares DF Mean Square F value p-value Prob>F  

Model 22291957.48 5 4458391 9.7618013 0.0002 significant 

A-s 12264806.4 1 12264806 26.854215 < 0.0001  

B-f 3434968.932 1 3434969 7.5209824 0.0139  

C-d 5047050.992 1 5047051 11.050691 0.0040  

D-c 1173011.533 2 586505.8 1.2841745 0.3024  

Residual 7764207.997 17 456718.1    

Lack of Fit 7228570.663 11 657142.8 7.3610566 0.0116 significant 

Pure Error 535637.3333 6 89272.89    

Cor Total 30056165.48 22     

   

From the Table 4, it is clear that the Model F-value of 9.76 implies the model is significant.  

Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, C 

are significant model terms.  

The "Pred R-Squared" of 0.7748 is in reasonable agreement with the "Adj R-Squared" of 0.8433. 

"Adeq Precision" measures the signal to noise ratio.  The ratio of 12.073 (>4) indicates an 

adequate signal.   

Mathematical Model: 

Ra= 0.333422+0.002138s+13.0939f+3.409904d (coolant as Air) 
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Ra = -2.27087+0.002138s+13.0939f+3.409904d (coolant as soluble oil) 

Ra = -0.2621+0.002138s+13.0939f+3.409904d (coolant as Water) 

The Interaction graph in Figure 3 shows that feed is effects roughness much more than speed 

and depth of cut. In the Figure 4, the actual values are marked as dots, i.e., experimental values, 

then the stright line of predicted values are drawn using prediction equations.   

 

   
Figure 3. Interaction Graph      Figure 4. Predicted Vs Actual Plot 

 
3.3. Analysis of tool life (T) 

Table 5. Analysis of variance (tool life) 

Source Sum of Squares DF Mean Square F value p-value Prob>F  

Model 1017150.61 5 203430.123 63660000 < 0.0001 significant 

s 891802.244 1 891802.244 63660000 < 0.0001  

f 0 1 0    

d 0 1 0    

c 372377.019 2 186188.509 63660000 < 0.0001  

Residual 0 17 0    

Lack of Fit 0 11 0    

Pure Error 0 6 0    

Cor Total 1017150.61 22     

 

Table 5 explains that the Model F-value of 63660000.00 implies the model is significant. 

Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, C, 

D are significant model terms. The "Pred R-Squared" of 1.0000 is in reasonable agreement with 

the "Adj R-Squared" of 1.0000. 

Mathematical Model: 

T= 613.0676-0.67034s-(1.5E-13)f+(1.9E-14)d (coolant as Air) 

T= 311.2115-0.67034s-(1.5E-13)f+(1.9E-14)d (coolant as soluble oil) 

T= 613.0676-0.67034s-(1.5E-13)f+(1.9E-14)d (coolant as Water) 
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An interaction occurs when the response is different depending on the settings of two factors. They will 

appear with two non-parallel lines, indicating that the effect of one factor depends on the level of the 

other. From the Interaction graph (Figure 5), speed is effects roughness much more than feed and depth of 

cut. In the Figure 6, actual values are marked as dots, i.e., experimental values, then the stright 

line of predicted values are drawn using prediction equations. 

 

 

Figure 5. Interaction Graph   Figure 6. Predicted Vs Actual Plot      
 

3.4. Analysis of Machinability Index (MI) 

 

The Model F-value of 63660000.00, from the Table 6, implies the model is significant. Values 

of "Prob > F" less than 0.0500 indicate model terms are significant.In this case A, B, C, D are 

significant model terms. The "Pred R-Squared" of 0.99 is in highly reasonable agreement with 

the "Adj R-Squared" of 0.99. 

Mathematical Model: 

MI=-0.02817+0.490141S+(4.3E-14)f+(7.1E-14)d   (coolant as Air) 

MI=-0.253521+0.490141S+(4.3E-14)f+(7.1E-14)d (coolant as Soluble oil) 

MI=-0.02817+0.490141S+(4.3E-14)f+(7.1E-14)d   (coolant as Water) 

 

Table 6. Analysis Of Variance (MI) 

Source Sum of Squares DF Mean Square F value p-value Prob>F  

Model 543337.7 5 108667.548 63660000 < 0.0001 significant 

s 476785.1 1 476785.057 63660000 < 0.0001  

f 0 1 0    

d 0 1 0    

c 0.324285 2 0.16214232 63660000 < 0.0001  

Residual 0 17 0    

Lack of Fit 0 11 0    

Pure Error 0 6 0    

Cor Total 543337.7 22     
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From the Interaction graph (Figure 7), it is shown that speed is effects roughness much more than feed 

and depth of cut. In the Figure 8, actual values are marked as dots i.e., experimental values, then 

the straight line of predicted values are drawn using prediction equations. 

 

 

  Figure 7. Interaction Graph            Figure 8. Predicted Vs Actual Plot 

 

4. Results 

4.1. Surface plots for optimal outputs 

 

The three dimensional surface plots given below depict the behaviour of response surfaces 

with respect to the most influencing input parameters at optimal setting. 

 

Table 7. Optimal Solution 

s f d C MI MRR Ra tool life 

629.57 0.459 0.4 Water 308.55 2515.477 8.46 191.042 
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       Figure 9. Surface plot for MRR           Figure 10. Surface plot for Ra 
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  Figure 11. Surface plot for T              Figure 12. Surface plot for MI 

 

5. Summary of results 

 

  From the observation the following results are summarized. 

  1. Speed has more significant effect while feed and depth of cut have less significant effect on 

MRR. 

  2. Feed has more significance while speed and depth of cut have less significant effect on 

surface roughness (Ra). 

  3. Speed has more significant effect while feed and depth of cut have less significant effect on 

Machinability Index and Tool life. 

 

6. Conclusions 

 

The present study develops the model for four different parameters namely speed,feed and 

depth of cut are as numeric factors and depth of coolant as categoric factor for turning process in 

ENGINE LATHE on brass material using Response Surface Methodology (RSM). The linear 

order models have been validated with the analysis of variance. It is found that the feed and 

depth of cut have less significant effect while speed has more significant effect on MRR (thrice 

increase in speed lead to 1.3 times increase in MRR),  feed  has more significance on surface 

roughness(Ra), i.e., twice increase in feed lead to 1.5 times increase in Ra. Speed has more 

significant (trice increase in speed to 4.5 times increase in MI) and coolant has less significance 

in tool life and machineability index. Cutting speed has been taken as a measure for tool life and 

machineability index.  So, feed and depth of cut does not play significant role in calculation of 

tool life and machineability index. The variations in percentage errors in all the responses were 

found to be desirable. It can be concluded that models that are developed are satisfactorily valid 

and can be used to predict the machining responses within the experimental region. 

 

7. Scope for future work  

 

Eventhough Response Surface Methodology has been proved its efficiency in optimizing the 

performance measures and optimal set up of input variables, there still exist a scope for further 

optimization, which can, in the extension of the present work, be implemented. The other 

methodologies that are proposed for future work are Genetic Algorithms, Ant Colony 

Optimization, etc.  
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