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1. ABSTRACT 

 

Superior and favorable mechanical properties have made titanium alloys, a perfect choice 

in the applications of aerospace, biomedical and marine applications. High strength to 

weight ratio, better corrosion resistance, and good fracture toughness are attractive 

properties possessed by titanium alloys. Despite of having complimentary properties, 

titanium alloys fall under the category of difficult to cut materials because of poor 

thermal conductivity and rapid tool wear of cutting tool. This research describes the 

investigation of effects of cutting speed, feed, depth of cut and tool nose radius on cutting 

force, cutting temperature and surface roughness while turning Ti-6Al-4V, Extra low 

Interstitial (ELI) grade. The mathematical models have been developed using 

experimental data. ANOVA test were carried out for checking adaptability of models. 

Nose radius, feed, depth of cut and interaction between nose radius and depth of cut have 

been identified as significant parameters for the prediction of cutting force. For prediction 

of cutting temperature nose radius, cutting speed and feed have been identified as 

significant parameters. Nose radius is having maximum effect in reduction of surface 

roughness followed by depth of cut and feed rate. Then the developed models were used 

as objective functions for optimization process. Single objective optimization is done 

with Genetic algorithm and particle swarm optimization. As per the prediction by Genetic 

algorithm, for obtaining minimum cutting force the  optimum values of cutting speed, 

feed rate, depth of cut and nose radius are 152.2m/min, 0.051mm/rev , 0.5mm and 1.2mm 

respectively.  In order to get minimum cutting temperature the predicted values of 

parameters are 0.8 mm nose radius, 140 m/min cutting speed, 0.052 mm/rev feed rate and 

1 mm depth of cut. The minimum surface roughness can be achieved by 1.2 mm nose 

radius, 140 m/min cutting speed, 0.051 mm/rev feed and 0.73mm depth of cut. The 

optimization for single objective has also been carried out by Particle Swarm 

Optimization algorithm. Minimum cutting force can be achieved by the predicted values 

of parameters as 0.4mm nose radius, 315 m/min cutting speed, 0.051 mm/rev feed and 

0.52 mm depth of cut. To achieve optimum cutting temperature the cutting speed should 

be kept 140 m/min, nose radius as 0.8mm, feed rate as 0.051 mm/rev and depth of cut as 

1 mm. The minimum value of surface roughness can be achieved by cutting parameters 

as 1.2 mm nose radius, 140 m/min cutting speed, 0.051 mm/rev feed rate and 0.73 mm 

depth of cut. 
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Single objective optimization may not be sufficient in many practical applications, 

especially when more than one response is significant. Hence multi objective 

optimization is desirable where all responses are simultaneously optimized. Here in this 

research Grey relational analysis and Non-Dominated Sorting Genetic Algorithm are 

applied for multi objective optimization. As per the prediction by Grey relational 

analysis, the combination of the parameters as 1.2mm nose radius, 140 m/min cutting 

speed, 0.051mm/rev feed rate and 0.5 mm depth of cut can give optimized cutting force, 

cutting temperature and surface roughness. Non-Dominated Sorting Genetic Algorithm 

has been applied to establish trade-off between responses. The Pareto front gives set of 

optimum values and hence it can be useful for the selection of parameters as per the 

requirement. Genetic algorithm predicted the minimum cutting force as 140.63 N, cutting 

temperature as 31.61
0
C and surface roughness as 0.328 µm. The prediction by PSO 

suggested the minimum cutting force as 143.64 N, cutting temperature as 31.96
0
C and 

surface roughness as 0.328 µm. For multi objective optimization Grey relational analysis 

and NSGA-II were used. Grey relational analysis suggested minimum cutting force as 

117.7 N, cutting temperature as 79.9 
0
C and surface roughness as 0.533 µm. The 

predicted results are compared with experimental results and it shows close correlations.  

 

2. BRIEF DESCRIPTION ON THE STATE OF THE ART OF THE RESEARCH 

TOPIC   

 

Ti-6Al-4V and Ti-6Al-4V ELI (Extra Low Interstitial) are basically developed to 

be used as structural material but it found wide application as implant material also [1]. 

The extra low interstitial (ELI) grade of Ti-6Al-4V exhibits higher ductility and improved 

fracture stiffness as compared to Grade5 Ti-6Al-4V. This is because of controlled 

interstitial element of iron and oxygen.  The investigation on diffusion bonding of Ti-

6Al-4V ELI was also carried out, which revealed that it is possible to have super-plastic 

forming and diffusion boding at lower temperature than conventional Ti-6Al-4V [2]. The 

components to be used in aerospace field are expected to have better surface integrity and 

higher reliability. The investigation by authors [3] revealed that the surface integrity is 

more affected by feed and tool nose radius while machining Ti-6Al-4V ELI. In order to 

understand fatigue behavior of implant, the investigation on the relation between fatigue 

damage and mechanical properties of Ti-6Al-4V ELI was carried out by researchers [4]. 

To evaluate the effect of oxygen on processing of Ti-6Al-4V,  the kinetic parameters, and 
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the processing maps obtained and have been compared for two grades of material. The 

shapes of stress-strain curves in the -β region and β-region, the kinetic parameters, and 

the processing maps obtained on the two grades have also been compared. The shapes of 

the stress-strain curves are similar in the two oxygen grades although the flow stress of 

the commercial grade is slightly higher than that of the ELI grade [5]. Titanium alloys are 

used as implant materials for biomedical and dental application because of their corrosion 

resistance and good bio-compatibility. The corrosion behavior of titanium alloys like Ti-

6Al-4V ELI and Ti–6Al–7Nb  in simulated body fluids  have also been investigated [6].  

In all such applications and for many other applications, it is required to carry out 

machining process on work material. Conventional machining processes like turning, 

drilling, milling etc. are still playing an important role for conversion of raw material into 

finished product. Turning is highly significant manufacturing process, in which single 

point cutting tool removes material from cylindrical work-piece while it is rotated.  There 

are three cutting forces produced during turning namely thrust force, which acts in 

direction of cutting speed, feed force in the direction of feed and radial force which is 

produced in the direction normal to cutting speed. Effect of parameters on cutting power 

has been investigated by researchers [7]. 

Many researchers have contributed their work on optimization of process 

parameters in order to improve machinability of titanium alloys. Significance of cutting 

parameters on Tool life and surface roughness of Ti-6Al-4V ELI was investigated [8]. 

The findings showed that feed rate and cutting speed are highly influencing factors for 

surface roughness. Tool nose radius also affects the surface properties of the machined 

surface [9]. It has been observed that cutting speed and feed have more influence on 

cutting temperature [10]. The geometry of cutting tool is also significant. Xie et al [11] 

investigated effect of micro-grooved tool on cutting temperature and cutting force while 

dry turning of titanium alloy, and reported the decrease in cutting temperature with 

decrease in micro groove depth. After prolonged machining of titanium alloy under dry 

environment, tearing and plastic deformation of machined surface were observed [3]. To 

improve tool life during machining of titanium alloy, use of solid lubrication was found 

to be a better option as it can perform cooling and lubrication simultaneously [12]. 

Investigation of effect of cutting speed, feed and depth of cut on cutting temperature was 

carried out by researchers while turning hardened steel EN-36 [13].  
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It is always desirable to have proper correlation between input and output 

variables for any process. Proper selection of input parameters definitely leads to required 

responses. Hence it is highly required to obtain statistically firm model which can 

identify the significance of input parameter and further helps to select the input 

parameters. Response surface methodology (RSM) is an effective tool to optimize input 

parameters and to get desired responses. It can be used for design of experiments, 

building model and also for assessing effect of input parameters on responses [14]. Many 

authors have used RSM to correlate relation between input parameters and responses 

[15–19]. 

Once the significance of input parameters are identified, it is required to search 

optimum values of desired response. When the search space is large the metaheuristic 

search algorithm would be helpful for finding global optimum solution. Particle Swarm 

Optimization (PSO), developed by Keneddy and Eberhart (1995), is a metaheuristic 

search algorithm inspired by social behavior of flock of birds or school of fishes [20]. 

Unlike evolutionary optimization techniques like Genetic Algorithm and others, PSO is 

based on searching the optimum solution amongst the search space by updating the 

position and velocity of particles. PSO was used and compared with RSM for optimizing 

responses like Material removal rate and surface roughness [21]. Recently PSO is used in 

parametric optimization in the field of machining. Several researchers have used PSO for 

optimizing responses like cutting temperature, cutting power, tool wear and surface 

roughness, specific cutting pressure and cutting power [22,23].  

Single objective optimization may not be sufficient in many practical 

applications, especially when more than one response is significant. Hence multi 

objective optimization is desirable where all responses are simultaneously optimized.  

Grey Relational Analysis (GRA) is an effective tool for multi objective optimization. 

Many researcher have used the GRA method for optimization of process parameters [24–

26]. It has been effectively used for optimization of thermally enhanced machining 

parameters while turning Inconel 718 [27]. Optimization of cutter geometric parameters 

while end milling of titanium alloy was also carried out [28]. Investigation of drilling 

parameters on hybrid polymer composite revels the important significance of parameters 

on delamination, thrust force and torque [29]. The high cutting temperature is an issue 

which requires high attention as it is responsible for  poor machinability [30]. 
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The investigation of parameter on material removal rate and surface roughness for 

Focused Ion Beam milling process, using multi objective optimization by Genetic 

Algorithm has been done by researchers [31]. Rahul Dhabale et al [32] used Non 

Dominated sorted Genetic Algorithm for multi objective optimization of material 

removal rate and surface finish. They have also plotted Pareto optimal front for the 

choice of suitable parameters. Integration of response surface methodology and Genetic 

algorithm has also been carried out by few researchers [33,34]. Optimization of  

machining time, with the constrains of tool life, surface roughness and vibration, while 

performing end milling process on mild steel, has been done by researcher [35]. In 

turning operation, sometimes the objectives are conflicting in nature. Genetic algorithm 

has been used to optimize Tool life and operation time, which are conflicting nature by 

[36].   

In this research, an attempt has been made to investigate the effect of cutting 

speed, feed, depth of cut and tool nose radius on the cutting temperature, surface 

roughness and cutting force. Total 81 experiments have been carried out and the 

experimental results are used to develop mathematical model using RSM, which 

correlates input parameters and responses. ANOVA tests have been carried out to 

evaluate contribution of parameters. Moreover, Predictions of responses and the 

parametric optimization have been investigated by Genetic algorithm and PSO for single 

objective optimization. Genetic algorithm predicted the minimum cutting force as 140.63 

N, cutting temperature as 31.61
0
C and surface roughness as 0.328 µm. The prediction by 

PSO suggested the minimum cutting force as 143.64 N, cutting temperature as 31.96
0
C 

and surface roughness as 0.328 µm. For multi objective optimization Grey relational 

analysis and NSGA-II were used. Grey relational analysis suggested minimum cutting 

force as 117.7 N, cutting temperature as 79.9 
0
C and surface roughness as 0.533 µm 

Predictions of responses have been compared with result of experiments which have been 

carried out for validation. The errors between predicted and experimental values are less 

than 10%. 

3. DEFINITION OF THE PROBLEM  
 

In the thesis the investigation of machinability of Ti-6Al-4V (ELI) has been 

carried out by considering the effect of tool geometry and cutting parameters. For 

orthogonal turning operation, cutting speed, depth of cut and feed rate are crucial cutting 

parameters and having direct effect on machinability of any material. Tool nose radius is 
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an important feature of tool geometry and should be selected very carefully especially 

when the work material is difficult to cut. Basic three types of cutting forces namely axial 

force, feed force and radial force are present in turning operation. These forces cause 

deflection of tool and vibration during process. In order to have desired surface finish and 

dimensional accuracy these forces must be minimized. Titanium alloy exhibits low 

thermal conductivity, hence during turning operation the rise in temperature will create 

problems of welding of chip and wearing of cutting tool. Dimensional changes may occur 

due to excessive heating at cutting zone. In the thesis the investigation of cutting forces, 

average cutting temperature and surface roughness while turning Ti-6Al-4V (ELI) is 

carried out. The experimental data was used to develop mathematical model for 

responses. These models were checked by ANOVA tests. The developed models were 

used as objective functions for optimization process. Single objective optimization was 

carried out considering one objective at a time. Genetic Algorithm and Particle Swarm 

optimization methods were used for optimization.  

In many practical applications, single objective optimization is not sufficient as it 

considers one objective at a time. Multi-objective optimization must be used when two or 

more responses are required to be optimized simultaneously. Grey relational analysis is 

an effective approach and hence it has been used in this thesis for multi-objective 

optimization. When the responses are contradictory in nature, a set of optimal solutions 

must be generated as trade-off between responses. Non-Dominated Sorting of Genetic 

Algorithm-II (NSGA-II) has been used for generating set of optimum solutions and 

Pareto fronts for all responses. MATLAB was used for running all optimization 

algorithms. Confirmation experiments were carried out to compare and validate the 

predicted results of optimization methods.  

  

4. RESEARCH GAP 

 

Many researchers have worked on investigation of cutting parameters on various 

responses while turning. Very limited work is done considering tool geometry and cutting 

parameters simultaneously. Investigation of effect of tool geometry, especially tool nose 

radius on output parameters requires attention. Most of the work deals with optimization 

of cutting parameters such as cutting speed, feed and depth of cut only. Effects of 

parameters and tool geometry on cutting force are to be investigated carefully as the 

minimization of cutting force directly affects power consumption of process. Cutting 
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temperature must be minimized in order to avoid dimensional inaccuracy and tool wear.  

In this study the cutting speed, feed and depth of cut have been considered as input 

parameters along with tool nose radius. The cutting force, cutting temperature and surface 

roughness have been taken as output responses. The single objective optimization and 

multi objective optimization are carried out and correlations amongst the output 

responses have also been established. 

From the literature survey it can be seen that the process parameters are directly affecting 

the desired response. Hence for the materials which are difficult to cut, the selection of 

process parameters is very crucial. As Ti-6Al-4V (ELI) is having superior properties, it is 

desirable to carry out research in the direction of finding optimum parameters. The 

parameters like cutting speed, feed, depth of cut and tool nose radius have been proven 

influencing parameters for minimization of cutting force, cutting temperature and surface 

roughness. The cutting force is directly related to cutting power and specific energy for 

cutting and hence it is selected in this research as a required response. The cutting 

temperature will be responsible for thermal stresses; its minimization is focused in this 

research. For application like bio-medical implants and cryogenic applications, the 

surface roughness is of higher importance. So the reduction of surface roughness is also 

considered and objective of this research. The process parameters are optimized by many 

researchers by several optimization techniques for different materials. But it was highly 

desirable to carry out investigation with single objective optimization and multi objective 

optimization for the same material. The comparison of prediction of parameters using 

optimization techniques was also desirable. 

 

5. RESEARCH OBJECTIVES  

 As per the literature survey and research gap, it has been observed to focus on selecting 

objective which are more focused on optimization of cutting parameters including tool 

nose radius. The objectives that can be helpful for the selection of process parameters 

have been given more importance in this study. 

The objectives of proposed research work are as follows: 

 

 To investigate effect of tool nose radius, cutting speed, feed rate and depth of cut on 

cutting force, cutting temperature and surface roughness while turning Ti-6Al-4V (ELI) 

 To develop mathematical models for prediction of responses. 
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 To analyse the significance and contribution of individual parameter on desired 

responses. 

 To find out optimized parameters for single objective optimization using Evolutionary 

algorithms 

 To establish relation between responses by use of trade off given by multi objective 

optimization approach. 

  
 
 

6.  ORIGINAL CONTRIBUTION BY THE THESIS 

The original contribution by the thesis is investigation of effect of tool nose radius along 

with cutting parameters like cutting speed, feed and depth of cut on cutting force, average 

cutting temperature and surface roughness while turning Ti-6Al-4V (ELI). Using the 

experimental data, mathematical models have been developed for Cutting Force, Cutting 

Temperature and Surface roughness which can be used for prediction of responses. In 

order to check the validity of the models Analysis of Variance (ANOVA) tests have been 

carried out, which also provide significance of parameters on individual response.  In 

order to minimize the cutting force, cutting temperature and surface roughness, single 

objective optimization has been done using Genetic algorithm and Particle Swarm 

Optimization. For Multi-objective optimization Grey relational analysis and Non 

Dominated Sorting of Genetic Algorithm-II (NSGA-II) have been applied. The 

optimization of the parameters will be helpful for selection of process parameters while 

turning Ti-6Al-4V (ELI). Pareto fronts developed for simultaneous optimization of 

responses will be helpful for understanding trade-off between the contradicting 

responses.  

 

7. METHODOLOGY OF RESEARCH 

 Figure 1 shows the flow chart of methodology of research. Four different cutting 

parameters have been chosen for experimentation. Cutting speed, feed and depth of cut 

are process parameters and tool nose radius is the parameter of cutting tool geometry.  In 

this study, experiments have been planned for four different parameters with three levels. 

The appropriate levels for cutting speed Cs (140, 225 and 315 m/min), feed rate (0.051, 

0.071, 0.102 mm/rev), depth of cut (0.5, 0.75, 1 mm) and nose radius (0.4, 0.8, 1.2 mm) 

were decided based on exhaustive literature survey. 
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Figure 1 Flow chart of methodology of research 

 

According to full factorial design for four parameters having 3 levels, total of 3
4
 = 81 

experiments have been performed. Surface roughness, cutting force and cutting 

temperature were measured as output parameters. 

The cutting inserts which have been utilized are coated cemented carbide inserts with 

ISO designation as TNMG 160404, TNMG 160408 and TNMG 160412 with nose 

radius 0.4mm, 0.8mm and 1.2mm, respectively. All experiments were performed in 

dry environment using CNC turning centre STC-200 with a maximum spindle speed 

of 3500 rpm and a power rating of 9 KW. The maximum turning length of turning 

centre was 400mm and maximum turning diameter was 200mm. The cutting forces 

have been measured using strain gauge type lathe tool dynamometer. The strain 

gauge type 3-channel lathe tool dynamometer was having resolution of 0.01 Kg and 

accuracy of ±5 percent. The range of force was 0 to 200 in all three directions i.e. 

Validation of Predicted Values 

Multi Objective Optimization 

By Grey Relational Analysis  By NSGA-II 

Single Objective Optimization 

Using Genetic Algorithm Using Particle Swarm Optimization 

ANOVA tests for Models 

Develop  Mathematical Models using RSM  

Turning with 4 parameters and 3 levels (81 experiments) 

Measurement of Cutting Force 
Measurement of  Cutting 

Temperature  
Measurement of Surface 

Roughness 
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axial, radial and tangential.  Cutting temperature was measured using MECO made 

infrared pyrometer (model IRT550P) for the range -50
0
C to 500

0
C. The surface 

roughness was measured by Mitutoyo SJ 410 having measuring range 

800µm/0.01µm.  

8. RESULTS AND DISCUSSION  

Table 1 shows the predicted and optimized valued by single objective optimization. 

The optimized parameters of multi-objective optimization by Grey relational analysis 

are tabulated in Table-2. It can be said from Table-2 that percentage error between 

predicted and experimental values is less than 10%. The prediction of Genetic 

algorithm is slightly better than that of Particle Swarm Optimization, but the 

difference is negligible.  Grey relational analysis suggested minimum cutting force as 

117.7 N, cutting temperature as 79.9 
0
C and surface roughness as 0.533 µm 

   Table 1 Predicted and experimental values by Single Objective Optimization 

Method 
Nose 

Radius 

Nr 

(mm) 

Cutting 

Speed 

Cs 

(m/min) 

Feed 

f 

(mm/rev) 

Depth 

of Cut 

d 

(mm) 

 

 

Response 

Predicte

d 

Respons

e 

Experimental 

Response 
% Error 

G
en

et
ic

 A
lg

o
ri

th
m

 1.2 152.2 0.051 0.5 
Cutting 

Force (N) 
140.63 147.15 4.4 

0.8 140 0.052 1 
Temp. 

0
C 

31.612 30.5 3.6 

1.2 140 0.051 0.73 
Surface 

Roughness 

(µm) 

0.328 0.31 5.8 

P
a

rt
ic

le
 S

w
a

rm
 

o
p

ti
m

iz
a

ti
o

n
 

0.4 315 0.0510 0.52 
Cutting 

Force (N) 
137.64 130.53 5.4 

0.8 140 0.0510 1 
Temp. 

0
C 

31.96 30 6.51 

1.2 140 0.0510 0.73 
Surface 

Roughness 

(µm) 

0.328 0.35 6.2 
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Table 2 Optimized parameters by Multi-Objective Optimization through Grey 

Relational Analysis 

Technique of Optimization Optimum parameters Optimized responses 

Grey Relational Analysis Nr = 1.2mm,  

Cs = 140 m/min,  

f = 0.0501mm/rev, 

d = 0.5mm 

Fc = 117.7 N,  

T = 79.9
0
C,  

Ra = 0.533µm 

 

Figure 2 shows the relationship between the values of responses generated by multi-

objective optimization. Form figure 2(a) it can be seen that reduction in surface 

roughness leads to increased cutting temperature, and lowering the temperature will 

increase the roughness. If one objective is better, it is at the cost of other objective 

and vice versa. Figure 2(b) shows that improvement in surface finish would be 

possible at the increase of cutting force only. The lower cutting force will have to be 

compromised with increased roughness. Figure 2(c) represents that, the lower value 

of cutting force will increase cutting temperature; hence lower cutting temperature 

can be achieved at the cost of increased cutting force.  

 

Figure 2 (a) Relationship between Temperature and surface roughness 

generated using Pareto optimum solution (R
2
 = 98.8%) 
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Figure 2 (b) Relationship between Cutting Force and Surface Roughness 

generated using Pareto optimum solution (R
2
 = 98.8%) 

 

 

Figure 2 (c) Relationship between Cutting Force and Cutting Temperature 

generated using Pareto optimum solution (R2 = 97%) 
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The prediction of parameters and responses by various optimization techniques may be 

considered as significant and genuine contribution in the area of manufacturing research. 

The present research is helpful in selection of process parameters for turning Ti-6Al-4V 

(ELI) for required response as per the application. The optimized parameters for 

minimizing cutting force cutting temperature and surface roughness have been suggested. 

The models developed can be used to predict the responses. The Pareto charts are highly 

helpful in the applications where the responses are contradictory. The prediction of 

Genetic algorithm and Particle Swarm Optimization will be helpful where the single 

response is required to be optimized. Whereas Grey relational analysis and NSGA-II will 

be helpful for multi objective optimization, i.e. more than one responses are required to 

be optimized. The set of optimum values of responses and parameters will be highly 

helpful to the machine operators for turning of Ti-6Al-4V (ELI). 

 

9. CONCLUSIONS AND SCOPE FOR FUTURE WORK 

The effects of cutting parameters like cutting speed, feed, depth of cut and tool nose 

radius on responses like cutting temperature, cutting force and surface roughness have 

been investigated for Ti-6Al-4V ELI in present study.  Following points have been 

concluded from the experimental study. Mathematical models have been developed from 

experimental data using RSM and the models have been tested by ANOVA. Nose radius, 

feed, depth of cut and interaction between nose radius and depth of cut have been 

identified as significant parameters for the prediction of cutting force. Nose radius, 

cutting speed, feed and square of nose radius have been identified as significant 

parameters for prediction of cutting temperature. Nose radius is having maximum effect 

in reduction of surface roughness followed by depth of cut and feed rate. The percentage 

error between them experimental and predicted values have been found less than 10%. 

ANOVA test of GRG indicates cutting speed and feed are significant parameters 

followed by cutting speed and depth of cut. 

 Non Dominated Sorting Genetic algorithm has been used to generate different set 

of turning process parameters for optimum solution of Pareto fronts, which are trade-off 

between the desired responses. The spread of values of turning process parameter for 

cutting force, cutting temperature and surface roughness have been plotted. Using 

optimum values of responses the relationship between the responses are generated and 
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plotted. The quadratic equations relating the responses are useful for understanding 

relation between responses. 

 The broad objective of this research tells that investigations can be modified and 

developed in the following directions. Effects of other parameters of tool geometry like 

approach angle, back rake angle can be investigated. The effect of cutting parameters on 

output responses like tool wear, vibrations and tool life can also be analysed. Prediction 

of responses using other evolutionary algorithms can be carried out.  
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