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Abstract— In present study, response surface methodology 

has been applied to determine the optimum cutting 

conditions leading to minimum surface roughness as well as 

minimum machining time and maximum material removal 

rate in CNC turning operations of 2205 duplex stainless 

steel with carbide cutting tool. 27 experiments were 

conducted based on L27 orthogonal array of Taguchi’s 

Technique for 3 level of input parameters such as cutting 

speed, feed rate, depth of cut and Nose radius. The adequacy 

of the models on surface roughness, machining time and 

material removal rate have been established with Analysis 

of Variance (ANOVA). An attempt has also been made to 

optimize prediction model using particle swarm 

optimization to find the optimum cutting parameters. 

Keywords: Taguchi’s technique, Response surface 

methodology, ANOVA, Optimization, PSO 

I. INTRODUCTION 

Selection of appropriate machining parameters is an 

important step in the process planning of any machining 

operation. The present method of selection of machining 

parameters mainly depends either on previous work 

experience of the process planner or thumb rule or any 

machining data hand book. But it is a known fact that the 

machining parameters obtained from these resources are far 

from the optimal parameters and may be very much useful 

for theoretical investigations. The other possibility of 

selecting machining parameters is by conducting ‘trial and 

error’ experiments but this act of experiments is purely non-

technical and moreover time and cost is unnecessarily 

wasted for this purpose. In today’s manufacturing 

environment, the cost of computer numerical control (CNC) 

machines are very costly and so there is a need to utilize the 

CNC machines as economic as possible in order to get the 

required payback. Economic operation of CNC machines 

mainly depends on minimized machining time which once 

again depends on proper selection of machining parameters. 

The other performance measure is surface roughness of the 

component produced. The surface roughness of any 

manufacturing process has become critical because of 

increased quality demands. Sometimes, even if the 

dimensions of the component are well within the 

dimensional tolerances, still there are possibilities of 

rejecting the component for the lack of required surface 

finish. Moreover surface roughness determines mechanical 

properties such as wear, corrosion, lubrication, electrical 

conductivity and fatigue behavior. Surface roughness is an 

important measure of the quality of a product and also 

greatly influences the production cost. Production of 

required surface finish on a component is mainly dependent 

on many parameters such as cutting speed, feed, depth of 

cut, tool nomenclature, cutting force, rigidity of the machine 

and so on. 

A. LiteratureSurvey  

Yang W.H.et al.
 [3]

 used the Taguchi method for determining 

optimum cutting   parameters for turning of S45C steel work 

piece with carbide cutting tools. KopacJ.etal   .
[4]

used 

Taguchi L16 (2
15

) orthogonal array to analyze the influence 

of work piece material properties, cutting parameters, and 

Tin(PVD)hard coating on the surface roughness offline-

turned work pieces I.Asilturk etal.
[5]

 used Taguchi method 

for optimization of turning parameters to minimize surface 

roughness (RaandRz). on Dry  turning of 

hardenedAISI4140(51HRC)with coated carbide cutting 

toolsA. Gupta et al.
[6]

Used Taguchi  method with logical 

fuzzy reasoning for multiple output optimization of  high-

speed CNCturning ofAISIP-20toolsteelusingTiN 

coatedtungstencarbidecoatings.KirbyE.D.etal.
[7]

usedafuzzy-

netsmodeling technique for predict the surface roughness for 

a turning operation.  By use of accelerometer measurements 

of turning parameters like, feed rate, spindle speed and 

tangential vibration data during full factorial experimental 

runs. BouzidW.
[8]

Conducted the experiments  with forty 

pesofinsertsin which three chemical vapor depositions 

coatedinserts and one ceramictool for the optimum cutting 

conditions,   in  turning  for  objective criteria  such  as 

maximum production rate.DavimJ.P.etal.
[9]

developed 

Surface roughness prediction model susing artificial neural 

network (ANN)to investigate the effects of cutting 

conditions during turning of freema chiningsteel. A. 

J.Makadia etal.
[10]

Used Response Surface Methodology 

(RSM) to study the effect of the main turning parameterson 

the surface roughness of AISI410 steel.RajaS. B.etal.
[11]

 

implemented  PSO to obtain global optimum machining  

parameters  to minimize machiningtime subjected to the 

desired surface  finish. TzengC.etal.
 [12]

 investigated the 

optimization of CNC turning operation parameters for 

SKD11 (JIS) with Carbidecoated titanium as cutting tool 

using the Grey relational analysis method. The surface 

properties of roughness average and roughness maximum as 

well as the roundness were selected as the quality targets. 

I.Asilturk etal.
[13]

Determined multi-objective optimal cutting 

conditions and mathematic models for surface roughness 

(RaandRz)on a CNC turning of AISI304austeniticstainless 

work piece by acoated carbide insert under dry conditions 

using ANOVA and response surface methodology 

(RSM).A.Aggarwal etal.
[14]

found an experimental 

investigation into the effect so fcuttingspeed, feed  rate, 

depthofcut,noseradius and cutting 

environment(dry,wet,cryo) in CNC turning ofAISIP-

20toolsteel with Tin coated tungst en carbide inserts using 

responses surface methodology (RSM) and Taguchi’s 

technique.AhilanC.etal.
[15]

used neural  network  models   
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and particles warm optimization model for  prediction   of  

machining parameters for surface roughness and power 

consumption in CNC turning process. I.Asiltrurk 

etal.
[16]

used the artificial neural network and multiple 

regression method formodeling and prediction of surface 

roughness in turning operations of 

AISI1040,35HRCsteelbycarbideinsertscuttingtool.T.Ozel 

etal.
[17]

Utilized neural  network modeling to predict surface 

roughness and tool flank wear over the machining time for 

variety of cutting conditions in finish hard turning of AISI 

H-13 steel with Cubic boron  Nitride (CBN)tool. 

B.C.Routaraetal.
[18]

 used the response surface methodology 

and Genetic Algorithm technique to optimize the parameters 

forEN-8 steel in CNC turning for minimum surface 

roughness. They used the response surface methodology 

technique to optimize the parameters forEN-8 

steel.GaneshanH. etal.
[19]

determined the  optimal machining  

parameters for continuous  profile machining with a set of 

practical constraints,  cutting force, power and dimensional 

accuracy and surface finish with non-traditional algorithms; 

a genetic algorithm (GA)and Particle Swarm Optimization 

(PSO) A continuous finished profile had many types of 

operations such as facing, taper turning and circular turning. 

Raja S.etal.
[20]

used non-traditional optimization techniques 

like, Simulated annealing, genetic algorithm, and  particles 

warm optimization for exploring optimal machining  

parameters for single pass turning operation,  multi-pass  

turning operation, and surface grinding operation to studied 

the behavior of optimization techniques based  on various 

mathematical models 

B. Taguchi’s technique 

Taguchi’s parameter design is an important tool for robust 

design. It offers a simple and systematic approach to 

optimize design for performance, quality and cost. Two 

major tools used in robust design are signal to noise ratio, 

which measures quality with emphasis on variation, and 

orthogonal array, which accommodates many design factors 

simultaneously Taguchi’s design is a fractional factorial 

matrix that ensures a balanced comparison of levels of any 

factor. In this design analysis each factor is evaluated 

independent of all other factors. Taguchi has built upon 

W.E. Deming’s observation that 85% of poor quality is 

attributable to the manufacturing process and only 15% to 

the worker. When a critical quality characteristic deviates 

from the target value, it causes a loss. Continuously 

pursuing variability reduction from the target value in 

critical quality characteristics is the key to achieve high 

quality and reduce cost. By applying this technique one can 

significantly reduce the time required for experimental 

investigation, as it is effective in investigating the effects of 

multiple factors on performance as well as to study the 

influence of individual factors to determine which factor has 

more influence and which has less.  

C. Response Surface Methodology (RSM) 

Response surface methodology (RSM) is a collection of 

mathematical and statistical techniques useful for analyzing 

problems in which several independent variables influence a 

dependent variable or response, and the goal is to optimize 

this response. In many experimental conditions, it is 

possible to represent independent factors in quantitative 

form as given in Equation 1.1. Then these factors can be 

thought of as having a functional relationship with response 

as follows: 

Y = Φ (x1, x2…….xk) ± er --- eq. 1.1 

This represents the relation between response Y 

and x1, x2,…,,xk of k quantitative factors. The function Φ is 

called response surface or response function. The residual er 

measures the experimental errors. For a given set of 

independent variables, a characteristic surface is responded. 

When the mathematical form of Φ is not known, it can be 

approximated satisfactorily within the experimental region 

by a polynomial. Higher the degree of polynomial better is 

the correlation but at the same time costs of experimentation 

become higher. 

It is possible to separate an optimization study 

using RSM into three stages. The first stage is the 

preliminary work in which the determination of the 

independent parameters and their levels are carried out. The 

second stage is the selection of the experimental design and 

the prediction and verification of the model equation. The 

last one is obtaining the response surface plot and contour 

plot of the response as a function of the independent 

parameters and determination of optimum points. 

II. EXPERIMENTAL DETAILS 

A. Work material 

Work material selected for a study was 2205 duplex 

stainless steel. It is used in higher temperature application A 

combination of high strength, low thermal expansion and 

high stress resistance make 2205 stainless steel useful in a 

variety of applications that include heat exchangers, pipe, 

pressure vessels, tanks, fans, pulp and paper production 

equipment, oilfield equipment and press rolls. The chemical 

composition of this material is 0.017% , 22.74% Cr, 5.54% 

Ni, 3.1% Mo, 0.16% N, 0.315% Si, 1.82%Mn, 0.029% P, 

0.160% Cu, 0.2% W, and 0.001% S 

B. Cutting inserts 

The cutting tool selected for machining 2205 duplex 

stainless steel was CVD coated tungsten carbide of ISO 

coding VNMG-331, VNMG-332, and VNMG-333 and tool 

holder of ISO coding PVJNL 2525 M16 

C. Experimental plan and cutting conditions 

The experimental work was carried out at L.D. College of 

Engineering, Ahmedabad on STC-200CNClathe. Duplex SS 

– 2205 bars (55 mm diameter and 320 mm length) were 

used for experimentation and machining was done in 

absolute mode. 

TheSurfaceroughnessmeasuredusingasurfaceroughnesstester

fromMitutoyo, Model: SJ201P at S.P.C.E., Visnagar. 

Cutting conditions as shown in table 1 were selected based 

on material specification and some preliminary 

investigations.  

Symbol 
Control 

factors 
Unit 

Level 

1 

Level 

2 

Level 

3 

A 
Cutting 

Speed 
m/min 90 125 160 

B Feed rate mm/rev. 0.06 0.18 0.3 
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C 
Depth of 

cut 
mm 0.25 0.5 0.75 

D 
Nose 

radius 
mm 0.4 0.8 1.2 

Table 1 Different parameters and levels 

D. Taguchi’s experimental design – L27 Orthogonal array 

As per Taguchi’s method the total DOF of the selected OA 

must be greater than or equal to the total DOF required for 

the experiment. So, an L27 (3
13

) OA (a standard three – level 

orthogonal array) having 26 DOF was selected for the 

present work. The non-linear relationship among the process 

parameters, if it exists, can only be revealed if more than 

two levels of the parameters are considered. Thus each 

selected parameter was analyzed at three levels. The process 

parameters and their values at three levels are given in Table  

III. FORMULATION OF OBJECTIVE FUNCTION 

The objective of this work is to minimize surface roughness 

as well as machining time and maximize material removal 

rate of work piece materials. Here, problem becomes multi 

objective optimization problem subjected to constraints in 

form of range of parameters. The objective function is 

defined as follows: 

Find X which minimizes f1(X) and f2(X) and maximize 

f3(X) 

                      

                    

          
    

  
      

Where, X= (cutting speed, feed rate, depth of cut, nose 

radius), and f1 and f2 denote the objective functions to be 

minimized and f3 denotes objective function to be 

maximized simultaneously. SR is the surface roughness, MT 

is machining time and MRR is the material removal rate. 

A. Constraints 

The following constraints are considered for optimizing the 

machining parameters. 

90 ≤ v ≤ 160 

0.06 ≤ f ≤ 0.3 

0.25 ≤ t ≤ 0.75 

r = 0.4, 0.8, 1.2 

Where, v, f, t, and r represents cutting speed, feed rate, depth 

of cut, and nose radius respectively. 

IV. ANALYSIS AND DISCUSSION OF RESULTS 

Results were analyzed using General linear model of 

Analysis of Variances (ANOVA). The Analysis of variance 

is the statistical method, using to investigate the significance 

level and percentage contribution of the selected process 

parameter on obtained responses such as surface roughness, 

machining time and material removal rate in the 

experiments. The study of Analysis of variance helps to 

determine which factor needs to be control and which do 

not. Analysis of variance provides the variance controllable 

and noise factor, based on it, prediction of optimum 

parameters becomes easy. In this work the ANOVA was 

performed on statistical software “Minitab 16”. 

Table 2 represents ANOVA for surface roughness 

and Fig.1represents the main effect plot for means of surface 

roughness regarding cutting speed, feed depth of cut and 

nose radius. Feed rate and nose radius were found most 

effected factors followed by depth of cut and cutting speed 

on Surface Roughness. 

 

Fig. 1 Main Effects plot for Surface Roughness 

Table 3 represents ANOVA for Machining time 

and Fig.2 represents the main effect plot for means of 

Machining time regarding cutting speed, feed depth of cut 

and nose radius. Feed rate and nose radius were found most 

effected factors followed by depth of cut and cutting speed 

on Machining time. 

 

Fig. 2:  Main Effects plot for Machining Time 

Table 4 represents ANOVA for Material removal 

rate and Fig.3 represents the main effect plot for means of 

Material removal rateregarding cutting speed, feed depth of 

cut and nose radius. Feed rate and nose radius were found 

most effected factors followed by depth of cut and cutting 

speed on Material removal rate. 
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Fig. 3: Main Effects plots for Material Removal Rate 

Table 2 ANOVA for surface roughness 

Source D

F 

Seq 

SS 

Adj 

SS 

Adj 

MS 

F P % 

Contribut

ion 

cutting 

speed 

2 6.71

5 

6.71

5 

3.35

75 

3.8

2 

0.0

47 

6.33 

feed 2 43.9

77 

43.9

77 

21.9

890 

23.

98 

0.0

00 

41.49 

depth of 

cut 

2 10.5

55 

10.5

55 

5.27

80 

5.7

5 

0.0

12 

9.96 

nose 

radius 

2 28.2

47 

28.2

47 

14.1

230 

15.

40 

0.0

00 

26.65 

Error 1

8 

16.5

07 

16.5

07 

0.91

70 

  15.57 

Total 2

6 

106.

001 

    100.00 

S = 0.957643    R-Sq = 83.49%    R-Sq(adj) = 76.16% 

 

Table 3 ANOVA for Machining time 

Source D

F 

Seq 

SS 

Adj 

SS 

Adj 

MS 

F P % 

Contribu

tion 

cutting 

speed 

2 82.5

87 

82.5

87 

41.2

93 

19.

66 

0.0

00 

10.07 

feed 2 699.

487 

699.

487 

349.

743 

166

.49 

0.0

00 

85.32 

depth 

of cut 

2 0.00

0 

0.00

0 

0.00

0 

0.0

0 

1.0

00 

0.00 

nose 

radius 

2 0.00

0 

0.00

0 

0.00

0 

0.0

0 

1.0

00 

0.00 

Error 1

8 

37.8

13 

37.8

13 

2.10

1 

  4.61 

Total 2

6 

819.

887 

    100 

S = 1.44939   R-Sq = 95.39%   R-Sq(adj) = 93.34% 

Table 4 ANOVA for Material removal rate 

Source D

F 

Seq 

SS 

Adj 

SS 

Adj 

MS 

F P % 

Contribut

ion 

cutting 

speed 

2 499

50 

499

50 

2497

5 

7.0

1 

0.0

05 

9.10 

feed 2 273

800 

273

800 

1369

00 

38.

44 

0.0

00 

49.87 

Depth 

of cut 

2 154

013 

154

013 

7700

6 

21.

62 

0.0

00 

28.05 

Error 2

0 

712

25 

712

25 

3561     12.97 

Total 2

6 

548

988 

        100 

S = 59.6762   R-Sq = 97.03%   R-Sq(adj) = 93.13 

 

A. Optimization of process parameters using RSM 

Optimum value of Process parameters were found using 

single objective optimization and multi objective 

optimization by Response Surface Methodology for Surface 

Roughness, Machining time and Material Removal rate by 

Minitab-16 software. Here, in multi objective optimization 

surface roughness and machining time were minimized 

while material removal rate was maximized on the same 

time. Confirmation experiments were done based on 

optimum value of process parameters achieved from 

Minitab software. Accuracy represents the closeness of 

optimum value achieved by software with Practical value of 

confirmation experiments. The values of optimum process 

parameters for single objective and multi objective 

optimization are as shown in table 5 and table 6 

respectively. 

B. Optimization of process parameters using PSO 

Optimum value of Process parameters were found using 

single objective optimization and multi objective 

optimization by Particle Swarm Optimization for Surface 

Roughness, Machining time and Material Removal rate by 

Optimization tool of MATLAB -13 software. For Surface 

Roughness empirical model generated by RSM was used as 

a fitness function in PSO. Here, in multi objective 

optimization surface roughness and machining time were 

minimized while material removal rate was maximized on 

the same time. Confirmation experiments were done based 

on optimum value of process parameters achieved from 

Optimization tool of MATLAB -13 software. The values of 

optimum process parameters for single objective and multi 

objective optimization are as shown in table 6 and table 7 

respectively. 

Table 5 Single Objective Optimization with RSM 

Sr. 

no. 

Response Goal Optimum 

output 

value 

Practical 

value 

accuracy Optimum Process Parameters 

Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Nose 

radius 

(mm) 

1 Surface 

Roughness 

(µm) 

Minimize 0.727 0.782 92.97% 157 0.06 0.25 1.2 

2 Machining 

Time (sec) 

Minimize 2.05 2.1 97.61% 160 0.3 - - 

3 Material 

Removal 

rate 

Maximize 612 600 98% 160 0.3 0.75 - 
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(mm
3
/s) 

Table 6 Multi Objective Optimization with RSM 

Response Goal  Optimum 

output 

value 

Practical 

value 

accuracy Optimum Process Parameters 

Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Nose 

radius 

(mm) 

Surface 

Roughness 

(µm) 

Minimize 1.153 1.241 92.91% 157.58 0.2104 0.75 1.2 

Machining 

Time (sec) 

Minimize 3.0 3.1 96.77% 

Material 

Removal 

rate 

(mm
3
/s) 

Maximize 419 410 97.85% 

 

Table 7 Single Objective Optimization with PSO 

Sr. 

no. 

Response Goal  Optimum 

output 

value 

Practical 

value 

accuracy Optimum Process Parameters 

Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Nose 

radius 

(mm) 

1 Surface 

Roughness 

(µm) 

Minimize 0.731 0.779 93.83% 160 0.06 0.25 1.2 

2 Machining 

Time (sec) 

Minimize 2.1 2.1 100% 160 0.3 - - 

3 Material 

Removal 

rate 

(mm
3
/s) 

Maximize 600 600 100% 160 0.3 0.75 - 

 

Table 8 Multi Objective Optimization with PSO 

Response Goal  Optimum 

output 

value 

Practical 

value 

accuracy Optimum Process Parameters 

Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Nose 

radius 

(mm) 

Surface 

Roughness 

(µm) 

Minimize 1.147 1.211 94.71% 160 0.2062 0.75 1.2 

Machining 

Time (sec) 

Minimize 3.1 3.1 100% 

Material 

Removal 

rate 

(mm
3
/s) 

Maximize 412 412 100% 
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V. CONCLUSION 

Surface Roughness decreases with increase in cutting speed 

and tool nose radius while increases with increase in feed. It 

increases with increase in depth of cut up to some level then 

it decrease with increase in depth of cut. So, higher cutting 

speed, lower feed rate lower depth cut and higher nose 

radius are desirable parameters for minimum surface 

roughness. 

Machining Time decreases with increase in cutting 

speed and increase in feed rate while depth of cut and tool 

nose radius have not significant effects on machining time. 

So, higher cutting speed, and higher feed rate are desirable 

parameters for minimum Machining Time. 

Material Removal Rate increases with increase in 

cutting speed, feed rate and depth of cut while tool nose 

radius has not significant effects on Material Removal Rate. 

So, higher cutting speed, higher feed rate and higher depth 

cut are desirable parameters for maximum Material 

Removal Rate. 

From the experimental data of RSM, empirical 

models were developed and the confirmation experiments 

were performed, which were found within 95% confidence 

interval. The results based on RSM were found similar to 

that of Particle Swarm Optimization technique. There is 

better visualization of the responses due to 3-D graphs in 

RSM, whereas PSO gives more accurate prediction with 

Practical value. Moreover, it is possible to obtain regression 

equations correlating the dependent response with the 

independent variables through RSM which is not possible 

through Particle Swarm Optimization technique. 

The optimum parameters obtained by the RSM for 

lower Surface Roughness (1.153 µm), lower Machining 

Time (3.0 s) and higher material removal rate (419 mm
3
/s) 

are 157.58 m/min cutting speed, 0.2104 mm/rev feed rate, 

0.75 mm depth of cut and 1.2mm nose radius within less 

than 8% error with practical value. 

The optimum parameters obtained by the PSO for 

lower Surface Roughness (1.147 µm), lower Machining 

Time (3.1 s) and higher material removal rate (412 mm
3
/s) 

are 160 m/min cutting speed, 0.2062 mm/rev feed rate, 0.75 

mm depth of cut and 1.2mm nose radius within less than 6% 

error with practical value. 

The reported results indicate that the proposed 

RSM and PSO models can satisfactorily evaluate the 

Surface Roughness, Machining Time and MRR for CNC 

Turning. Therefore, the proposed model can be considered 

as valuable tools for the process planning for CNC turning 

and leads to economical industrial machining by optimizing 

the input parameters. 
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