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ABSTRACT: In this work ABAQUS/Explicit FE package is used to create a 2D model 

replicating Orthogonal turning process of Ti-6Al-4V workpiece with an Arbitrary Lagrangian-

Eulerian remeshing algorithm. Response Surface methodology (RSM) and Taguchi method was 

used to formulate the objective function and obtain optimum machining parameters, in DoE 

software. The influence of each machining parameter on cutting force is studied with the help of 

ANOVA and the significance and contribution of each parameter was identified. Further, a 

comparison of three optimization methods namely RSM, Taguchi and Teaching and Learning 

based Optimization (TLBO) was made. From ANOVA, it is concluded that depth of cut 

(72.64%) is the most significant parameter influencing cutting force. Among the three 

optimization methods, Taguchi gives the least response value of followed by TLBO and RSM. 

KEYWORDS: Orthogonal Turning, Response Surface Methodology, Abaqus/Explicit, 

ANOVA, TLBO 

 

1 INTRODUCTION  

In the current industrial world, super alloys like 

Ti-6Al-4V, Inconel 718 and Hastelloy etc., are 

becoming a popular choice for various applications 

in aerospace, automobile, and medical sector 

(Polishetty et al., 2017a). This is owing to factors 

like high strength in high working temperatures, 

high strength to weight ratio, biocompatibility etc., 

In any industry, machining is an integral part of the 

manufacturing process. Machining is a process in 

which a material is cut to a desired final shape and 

size by a controlled material-removal process. 

High-speed machining is one of the commonly used 

methods to machine such super alloys since it 

reduces the specific cutting energy induced and 

cutting force and thus provides better surface finish. 

Despite these factors it is difficult to machine such 

materials due to undesirable properties like low 

thermal conductivity causing slower heat 

dissipation and high chemical reactivity, making it 

weld with the interacting surface of the tool and 

cause built-up edges, thereby reducing tool life and 

leads to poor surface finish. Hence such materials 

are named as hard to machine materials.  

Many researchers identified this and tried to 

analyze the effects of cutting parameters to improve 

machinability of these materials. Analysis and 

optimization of the machining process helps in 

improving tool life and the overall efficiency of the 

machining process. Optimizing the machining 

parameters to obtain a better response is the main 

objective of this research. In this research, the 

analysis and optimization has been performed for 

orthogonal turning of Ti-6Al-4V alloy. 

Optimization using various DoE techniques has also 

been incorporated in many existing research.  

The difficulties in the machining of titanium and 

its alloys have been explored by several researchers 

including (Mia et al., 2019) and specifically for 

Ti6Al4V by (Arrazola et al., 2009). However its 

vast applications (Polishetty et al., 2017b; Chandra 

Mouli, Prakash Marimuthu and Jagadeesha, 2020) 

have led to attempts being made to find better 

machining conditions (Roy et al., 2018). In a critical 

review performed by Mohammed Altaf, the 

conventional and unconventional machining 

methods are compared to machine Ti6Al4V, 

Inconel-718 and Tool steel. (Magomedov and 

Sebaeva, 2020) make a comparison between finite 

element simulation software’s- Abaqus and Ansys, 

and modelling software’s. (Ijaz et al., 2021) 

describe the advantages and functioning of the 

Johnson Cook model.  (Benmeddour, 2021) 

describe how the use of Arbitrary-Eulerian meshing 

(ALE) reduces the distortion surrounding the tool. 

(Ramesh et al., 2015) developed a finite element 

model to study the influence of cutting parameters 

on cutting force and surface finish during high-

speed orthogonal turning of Al2024-T351 and 

Ti6Al4V. A methodology for modeling the 

interaction between chip and work piece was 
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studied and a self-contact algorithm was developed. 

ANOVA was utilized to determine the influence of 

cutting parameters on the response. (Borsos et al., 

2017) carry out sensitivity analysis to study the 

effects of varying element size, mass scaling factor, 

friction coefficient and rake angle by comparing 2D 

finite element simulation with real time 

experiments. (Erdi and Mustafa, 2018) compare the 

deviation in results from experimental and 

Simulation results for the machining parameters of 

feed force, main cutting force and power 

consumption during turning of AISI 420 Martensitic 

Stainless Steel. The significance of each machining 

parameter was determined using ANOVA. (Antonio 

et al., 2019) carry out 3D finite element modelling 

of orthogonal cutting of AISI-1045 and compares 

results with experimental data. Johnson Cook 

material model is used to define the behavior of the 

Workpiece model. (Soliman et al., 2020) attests the 

use of Johnson cook model for orthogonal 

machining of AISI 1045. It investigates the error 

percentage while using LAG (Lagrangian) and 

ALE, while concluding that ALE gives results with 

lesser error percentage. (Pradhan et al., 2019) study 

the machining characteristics of Ti6Al4V with finite 

element analysis and experimental data. The effect 

of feed force, radial force and tangential force on 

the chip formation during turning was investigated. 

(Rodríguez, Jonsén and Svoboda, 2017) compare 

the differences between 2D and 3D finite element 

models. Even though 3D model possess better 

machining performance in specific operations 

especially in industrial capacity, the problem with 

computational capacity exists. (Tu and Shi, 2020) 

study the chip formation while orthogonal cutting of 

grey cast iron using finite element method with 

material behavior being defined by JC material 

model. (Devarajaiah and Muthumari, 2020) 

optimized the power consumption in wire-cut EDM 

of Ti-6Al-4V for sustainable machining using 

TLBO algorithm. Taguchi L9 orthogonal array was 

used to design the WEDM experiments, and the 

collected data is utilized for ANOVA. With a 

confidence level of 95% the dominant cutting 

parameters and the contribution of each the 

parameter were identified. (Sahu and Andhare, 

2019) performed simulations of turning operation of 

Ti-6Al-4V in DEFORM software package and 

compared the residual stress obtained with the result 

from experimentation. Influence of cutting 

parameters on residual stress was studied and a 

model is developed to predict the optimized 

response using Response surface methodology. 

(Sahu, Jaiswal and Ali, 2019) compare JAYA, 

TLBO and GA for optimization of face milling of 

Ti-6Al-4V for better surface finish. Empirical 

modelling and DOE done using RSM and ANOVA 

was used to identify the significant parameters and 

its contribution. This work concludes that JAYA 

gives equal or better results than TLBO for 

optimization of machining parameters for reduced 

surface irregularity and both the algorithms provide 

better results than genetic algorithm (GA). 

(Daramola et al., 2019) investigate the effect of 

machining parameters on cutting force during 

milling of Ti-6Al-4V and optimize the same using 

RSM. Trials generated by Box-Behnken design was 

used to perform experiments and data obtained was 

utilized to identify the optimum response and 

corresponding machining parameters. (Mia et al., 

2016) optimize the machining parameters to 

improve five responses namely cutting forces, 

average surface roughness, cutting temperature, and 

chip reduction coefficient during turning of Ti-6Al-

4V using signal to noise ratio-based Taguchi 

method. (Sahu and Andhare, 2015) used ANOVA 

to investigate the effects of cutting parameters on 

surface roughness during turning of Ti6Al4V. RSM 

was used to observe the main and interaction effects 

and both RSM and TLBO was used to optimize the 

turning process. A comparison was made, and it 

was concluded that TLBO gives a closer value to 

experimentation. (Patel et al., 2017) optimized 

process parameters of turning Ti6Al4V with PVD 

coated and uncoated carbide insert using Taguchi 

method. Experiments were conducted and the trials 

were generated by Taguchi L9 orthogonal array. 

The surface roughness obtained by the two inserts 

was compared and PVD coated carbide inserts 

showed better surface roughness. 

From the literature review conducted, it was 

observed that not many researchers had compared 

the different techniques available for optimization 

of orthogonal turning of hard to machine materials. 

In this work, three techniques namely RSM, 

Taguchi, and TLBO were compared for single 

objective optimization of turning process. Initially a 

numerical model was developed to simulate the 

orthogonal turning of Ti6Al4V alloy using 

Abaqus/Explicit. The developed model was 

validated with an already published literature. Using 

RSM the required combination of machining 

parameters was obtained and ran simulation at these 

combinations and cutting force values are noted. In 

the same way, Taguchi technique was used and 

obtained the cutting force. MATLAB codes were 

developed for the optimization of machining 

parameters using TLBO. Finally, the cutting force 

values obtained from three optimization techniques 

were compared. 
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2 FINITE ELEMENT MODELLING OF 

ORTHOGONAL TURNING PROCESS 

2.1 Modelling of work piece and tool 

The FE model of orthogonal turning process was 

developed using ABAQUS/Explicit FE package, a 

powerful modelling tool for solving nonlinear 

problems. The FE model consists of work piece 

which is modelled as deformable body and cutting 

tool which is modelled as an analytically rigid. The 

orthogonal cutting process is performed by a two-

dimensional plane-strain coupled thermo-

mechanical analysis. The workpiece dimensions are 

1.05 X 0.35 mm with an uncut chip thickness of 

0.07 mm, shown in fig. 1. Figure 2 shows the 

geometry of tool modelled in the software. The fine 

mesh partition is double the uncut chip thickness to 

circumvent any errors cause due to boundary of fine 

mesh being exactly on the chip partition surface. 

The workpiece is split into two regions of fine and 

course mesh to reduce the computational time and 

at same time not comprising on accuracy of result. 

The developed model is validated with the 

information available in (Chen et al., 2011). Table 1 

shows the three levels of input parameters 

considered in this work. 
Table 1. Levels of the input parameters 

 Cutting 

speed, CS 

(mm/sec) 

Feed 

rate, F 

(mm/rev) 

Depth of 

cut, DoC 

(mm) 

High 20000 0.06 3 

Medium 50000 0.07 4 

Low 80000 0.08 5 

 

Table 2 shows different mechanical and thermal 

properties used in this model. In the presented work, 

Johnson-Cook (JC) constitutive model and Johnson-

Cook Damage model, with fracture energy as the 

failure parameter is used. The JC model is purely 

empirical and strain-rate independent at high strain 

rates, making it a commonly used model, especially 

for high-speed machining (HSM).  Table 3 shows 

the values of JC material and damage parameters 

used in this work. A surface-to surface contact with 

tool as the master and workpiece as the slave was 

used to represent the interaction between them. A 

coulomb’s friction model with a frictional 

coefficient of 0.24 was used to model the surface 

interaction. The boundary conditions are set with 

respect to the cutting speed. The workpiece is fixed 

in the given plane and the tool is moved over the 

uncut chip thickness to perform the machining. 

2.2 Meshing of the work piece 

An Arbitrary Lagrangian-Eulerian (ALE) mesh 

domain with four-noded bilinear plane-strain 

quadrilateral elements (CPE4RT) elements is used 

to predict the chip deformation and material flow 

(Krishnaprasad et. al. 2019, Sumesh C S, Ramesh A 

2018). 

 
Table 2. Properties of Ti6Al4V used in the simulation 

 

 

Fig. 1  Workpiece Geometry (Scaled 100X) 

 

Fig. 2 Tool Dimensions (Scaled 100X) 

 

 

Physical parameters Workpiece (Ti-6Al-4V) 

Density(kg/m) 4,430 

Elastic modulus (GPa) 109(50⁰ C) 

91(250⁰ C) 

75(450⁰ C) 

Poison’s ratio 0.34 

Conductivity(W/mK) 6.8(20⁰ C) 

7.4(100⁰ C) 

9.8(300⁰ C) 

11.8(500⁰ C) 

Specific heat(J/kgK) 611(20⁰ C) 

624(100⁰ C) 

674(300⁰ C) 

703(500⁰ C) 

Inelastic heat fraction 0.9 
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Table 3. JC parameters for Ti6-Al4-V 

A      

(MPa) 

B 

(MPa) 

n m C 

860 683 0.47 1 0.035 

D1 D2 D3 D4 D5 

-0.09 0.25 -0.5 0.014 3.87 

Initially keeping the failure energy constant, 

mesh convergence study is carried out. The 

difference in cutting force while using 8000 and 

9000 elements for the uncut thickness is less than 

1%, so the uncut thickness of the work piece is 

meshed for 8000 elements and thereby making the 

total number of elements in the partition to be 

16000 (See Table 4). Figure 3 shows the meshed 

workpiece part. 

Table 4. Mesh Convergence Study 

No. of Elements Average Cutting 

Force, N 

6000 1352.45 

7000 1171.74 

8000 1363.82 

9000 1363.51 

 

 

Fig. 3 Workpiece Meshing 

After the mesh convergence, the fracture energy 

is varied to get the cutting force close to the one 

found in the experimental study (Chen et al., 2011). 

Table 5 shows the model validation. Figure 4 shows 

the chip produced during the machining and von 

Mises stress distribution in the chip. 

Table 5. Ti6Al4V Numerical Model Validation 

Response Literature 

Value 

Numerical 

Value 

% Error 

Cutting Force  715.871 N  710 N 0.082 

 

 

Fig. 4 Ti6Al4V Validated model 

3 OPTIMIZATION TECHNIQUES 

3.1 Using Response Surface Methodology 

(RSM) 

The The response surface methodology (RSM) 

is a frequently employed mathematical and 

statistical strategy for modelling and evaluating a 

process in which multiple variables influence the 

response of interest with the goal of optimizing the 

response. The three level, central composite face-

centered design was used to generate the initial 

trials shown in Table 6 with a range of 20000 to 

80000 mm/sec for cutting speed, 0.06 to 0.08 

mm/rev for feed rate, and 3 to 5 mm for depth of 

cut. 
Table 6. Trials using RSM and Force Values 

Cutting               

Speed  

(mm/sec) 

Feed 

(mm/rev) 

Depth of 

Cut (mm) 

Cutting  

Force (N) 

20000 0.06 5 622.391 

50000 0.08 4 676.292 

20000 0.08 3 488.980 

50000 0.06 4 502.362 

20000 0.08 5 833.057 

80000 0.06 5 650.251 

20000 0.06 3 371.984 

80000 0.06 3 407.666 

80000 0.08 3 527.406 

50000 0.07 4 580.924 

50000 0.07 4 580.924 

50000 0.07 3 450.346 

80000 0.08 5 860.370 

80000 0.07 4 582.795 

50000 0.07 4 580.924 

20000 0.07 4 569.719 

50000 0.07 4 580.924 

50000 0.07 5 711.229 

50000 0.07 4 580.924 

50000 0.07 4 580.924 

  

All interactions were considered, and no 

additional repeats were given. The validated 

numerical model created in ABAQUS is used to 

simulate the cutting condition given in the trials 

generated to obtain the corresponding response 

value (Cutting Force). The result was analyzed with 

an alpha value of 95%. The cutting force value 

obtained for each cutting conditions are also given 

in Table 6. 

3.2 Using Taguchi Optimization 

The Taguchi techniques are statistical 

approaches for improving the quality of produced 

items, often known as robust design approaches. 

DOE employing the Taguchi technique seeks to 
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increase consistency by reducing variance 

around the target. The primary goal for using the 

Taguchi experiment design methodology is to 

minimize variance. This method has its origin from 

quality control in industries and is based on DoE 

principles. This also makes it suitable to be used for 

optimization. L27 orthogonal array, a three level, 

three factor design is chosen to generate the initial 

trials. The combination of machining parameters 

obtained from Taguchi technique is given in Table 

7. The smaller is better criterion is selected for 

analysis and signal to noise ratio is checked for 

storage. Then using the same validated model, the 

trails were run and cutting force values were 

obtained and the same is given in Table 7. 
Table 7. Trials using Taguchi and Force Values 

Cutting 

speed 

(mm/sec) 

Feed 

(mm/rev) 

Depth of 

cut (mm) 

Fc (N) 

20000 0.06 3 371.984 

20000 0.06 4 511.829 

20000 0.06 5 622.391 

20000 0.07 3 436.553 

20000 0.07 4 569.719 

20000 0.07 5 715.871 

20000 0.08 3 488.980 

20000 0.08 4 662.844 

20000 0.08 5 833.057 

50000 0.06 3 377.438 

50000 0.06 4 502.362 

50000 0.06 5 649.706 

50000 0.07 3 450.346 

50000 0.07 4 580.924 

50000 0.07 5 711.229 

50000 0.08 3 491.274 

50000 0.08 4 676.292 

50000 0.08 5 834.740 

80000 0.06 3 407.666 

80000 0.06 4 530.650 

80000 0.06 5 650.251 

80000 0.07 3 450.766 

80000 0.07 4 582.795 

80000 0.07 5 713.001 

80000 0.08 3 527.406 

80000 0.08 4 696.435 

80000 0.08 5 860.370 

3.3 Using TLBO technique 

Paper TLBO has two stages of process, teacher 

phase and learner phase. In the teacher phase, the 

best response value in the initial population is 

considered as the teacher and the rest of the 

population is compared with the teacher and in the 

learner phase each response in the population 

interact with other responses to transfer knowledge. 

In this work, optimization is based on the objective 

function obtained from RSM. Based on the TLBO 

algorithm given in Fig. 5, codes for single objective 

optimization were written in MATLAB. The main 

code was run for 20000 iterations and the minFit 

value of response obtained was 376.97 N and the 

corresponding combination of machining 

parameters are, 20000 mm/sec, 0.06 mm/rev and 3 

mm for cutting speed, feed rate and depth of cut 

respectively. 

 

Fig. 5 TLBO Algorithm (Sahu and Andhare, 2015) 

 

 

4 RESULTS AND DISCUSSIONS 

 

4.1 Identification of Significant Parameters 

using ANOVA – RSM 

From the ANOVA analysis shown in Table 8, 

the interactions terms having P-value more than 

0.05 are considered non-significant factors and were 

removed, and the final regression equation is 

obtained.             
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Table 8. ANOVA for Cutting Force  

Source DF Adj SS Adj 

MS 

F-

Value 

P-

Value 

Model 9 281226 31247 491.03 0.000 

Linear 3 275910 91970 1445.23 0.000 

CS 1 2027 2027 31.85 0.000 

Feed 1 69131 69131 1086.38 0.000 

DoC 1 204752 204752 3217.54 0.00 

Square 3 1036 345 5.43 0.018 

CS*CS 1 2 2 0.03 0.877 

Feed*Feed 1 417 417 6.55 0.028 

DoC*DoC 1 39 39 0.61 0.452 

2-way 

Interaction 

3 4280 1427 22.42 0.000 

CS*Feed 1 1 1 0.01 0.924 

CS*DoC 1 45 45 0.70 0.421 

Feed*DoC 1 4234 4234 66.54 0.000 

Error 10 636 64   

Lack of 

Fit 

5 636 127 * * 

Pure Error 5 0 0   

Total 19 281862    

The regression equation obtained for cutting 

force from RSM is given by Eq. (1) 

Cutting Force, Fc = 694 + 0.000811*CS –

 18165*Feed - 44.2*DoC -

 0.000000 CS*CS+ 123083 Feed*Feed 

+ 3.77 DoC*DoC+ 0.00092 CS*Feed -

 0.000079 CS*DoC + 2301 Feed*DoC                 (1) 

The percentage contribution shown in table 9 for 

each parameter is obtained from the ANOVA table 

by dividing the adjusted sum of squares value of the 

corresponding term with the total sum of squares 

value. 
Table 9. Contribution of cutting parameters 

Parameter Contribution (%)  

Cutting speed 0.72 

Feed rate  24.53 

Depth of cut 72.64 

From the above Table, we can observe that depth 

of cut is the most significant parameter influencing 

the cutting force. It is verified that depth of cut is 

the most influencing parameter with 72.64% 

contribution. 

The main effects plot (Fig.6) shows the trend of 

the response through the levels of the three cutting 

parameters. The main effects plot for Fc shows 

that, cutting force increases with increase in feed 

and depth of cut as the material to be removed also 

increases. As for cutting speed, its increase shows 

only a marginal rise in cutting force. According to 

previous research, as cutting speed increases the 

temperature of workpiece at the primary shear 

zone increases, thereby making the material softer 

and material removal easier. But in high-speed 

regions the change is not significant and can 

remain more or less in the same range of value. 

 

Fig. 6 Main Effect Plot for Cutting Force 

From the RSM response optimizer optimal 

cutting force value obtained with a goal of 

minimizing the response value is 376.61 N. The 

minimum cutting force value and the corresponding 

trial obtained is highlighted as blue and red 

respectively in fig 7. 

 

Fig. 7 Predicted response from RSM 

4.2 Identification of Significant Parameters 

using S/N ratio – Taguchi 

From the response table 10, for signal to noise 

ratio obtained from Taguchi method the level with 

the value closest to zero is chosen and used to 

obtain the optimal response and corresponding 

machining parameter. In this case, level 1 from all 

the parameters has the value closest to zero i.e., 

20000 mm/sec, 0.06 mm/rev, and 3 mm is the 

predicted result, with a cutting force of 372.88 N.  
Table 10. Response table for S/N ratio 

Smaller is better 
Level CS Feed DoC 

1 -55.01 -54.03 -52.91 

2 -55.12 -55.10 -55.37 

3 -55.38 -56.39 -57.24 

Delta 0.37 2.36 4.33 

Rank 3 2 1 

 

4.3 Identification of Optimum Response 

using TLBO Codes 

The algorithm shown in  Fig. 5 was used to 

create MATLAB codes and used to find the 
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optimum response for minimum cutting force. The 

results obtained are shown in fig.8. The values 

corresponding to bestL is the optimal trial and 

minFit is the optimized response value.  

 

Fig 8. TLBO result from MATLAB 

5 CONCLUSIONS 

A numerical model was developed to simulate 

the orthogonal turning of Ti6Al4V and predict 

cutting force values using ABAQUS/Explicit. The 

model was validated from existing literature and 

was further used for analysis of the turning process. 

Three optimization methods namely RSM, Taguchi 

and TLBO were used to identify the optimal cutting 

paramters and the corresponding cutting force value 

and was compared with the simulation values.  

 From RSM it was found that DoC and Feed 

rate have significant influence on cutting 

force whereas Cutting Speed has less 

influence on cutting force. 

 In Taguchi analysis, smaller is better option 

is used. And it was found that DoC and Feed 

rate are the first and second ranked 

parameters respectively. Cutting Speed is the 

least ranked parameter. 

 It was found that the TLBO codes written in 

MATLAB can be used effectively for single 

objective optimizations. 

 The optimal combination of machining 

parameters obtained from each optimization 

method is the same i.e, 20000 mm/sec, 0.06 

mm/rev, and 3 mm.  

Taguchi gives the least \value for the response 

but TLBO has the closest value to simulation with a 

deviation of 0.79%. 

Table 11. Comparison of Different Optimization 

Techniques 

Optimization 

method 

Simulation 

Value 

Optimized 

Value Deviation % 

RSM 

379.96 N 

376.61 N 0.89 

Taguchi 372.88 N 1.90 

TLBO 376.97 N 0.79 
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