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ABSTRACT 

 

This research aims towards the optimization of cutting parameters for temperature and cutting forces, 
with defined limits of material removal rate, in orthogonal machining process of AISI 1045 steel work 
piece with different carbide cutting tools, by using Design of Experiment with Taguchi and Finite 
Element Method. The cutting parameters analyzed and optimized are Depth of Cut, Feed Rate, Cutting 
Speed and Rake Angle. These parameters are taken as factors in S/N ratio analysis and ANOVA. The use 
of optimized cutting parameters lead to enhanced tool life and reduced power consumption. For 
optimization of parameters Taguchi orthogonal array experiment design and Signal to Noise Ratio are 
utilized, and to save time and money the results of experiments are achieved through Finite Element 
Modeling using a general purpose FEM software ABAQUS®. The model created in FE software is verified 
by replicating experiments from literature and comparing the obtained results. It was found that carbide 
cutting tool is a better option while machining AISI 1045 steel as it results in lower cutting forces and 
temperature values as compared to uncoated cemented carbide cutting tool. The most significant 
factors found for cutting forces are feed rate and depth of cut while for temperature rake angle and 
cutting speed are found to be most significant factors. 
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CHAPTER 1  
 

INTRODUCTION 

1.1 Background: 
In today’s modern industry manufacturers aim to manufacture high quality products in short time 

bearing the lowest cost possible. Automated and flexible manufacturing systems such as the 
computerized numerical control (CNC) machines are employed for that purpose, which are capable of 
minimizing the processing time while achieving high accuracy. Turning process is one of the most used 
methods for cutting and the finishing of machined parts. In this process, it is vital to select input (cutting) 
parameters with great precision for achieving high cutting performance. Generally, the required cutting 
parameters are chosen based on experience or by use of a handbook [1]. 

Research work has been done in optimizing the parameters like surface roughness, stress 
distributions in the workpiece, deformed chip shape etc through simulations and Design of Experiments. 
This research work is aimed to optimize the parameters for both temperature and cutting forces (having 
defined the limit for material removal rate) using Taguchi method with Finite Element Method. In 
addition to this, the research also includes multiple cutting tool materials for study which enhance the 
scope of this research instead of keeping it limited to a single tool. 

The parameter optimization helps reduce the power consumption of cutting process and enhances 
tool life and hence will greatly influence the manufacturing cost. 

American Iron and Steel Institute (AISI) 1045 Steel has been selected on purpose as the work piece 
material in this study as it is one of the most widely used grades of steel [2] It has a great application in 
the manufacturing processes due to its characteristics of low cost and high machinability [3]. It has also 
been used for research by various authors in the context of machining [4, 5] 

Cutting parameters have to be selected carefully to be optimized for performance characteristics. 
For this four cutting parameters have been selected i.e. depth of cut, feed rate, rake angle and cutting 
speed. They were chosen as they are the basic independent parameters which are set by the operator 
and if these are optimized, they can have direct impact on the outputs. The performance characteristics 
to be improved are cutting forces and cutting temperatures. 

1.2 Aims & Objectives: 
Feasible ranges of each cutting parameter will be taken from handbook of machining and/or 

literature and each range will be divided into five levels. By the use of Taguchi Method the optimal level 
of each parameter will be determined. The Taguchi Method, an experimental design technique, is useful 
in minimizing the quanta of experiments effectively by the use of orthogonal arrays. This greatly reduces 
the time by identifying significant factors in lesser time.  

Finite element codes have been used as an effective technique for analyzing material flow especially 
in the cutting process in particular. These methods are designed for problems which involve large 
elastic-plastic deformations with temperature dependent material properties and high strain rates [6]. 

The experiments will be conducted with Finite Element Modeling by using Arbitrary Lagrangian 
Eulerian (ALE) approach and the results will be fed to the Taguchi matrix. 
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Main objectives of this study are: 

 Develop and validate a Finite Element Model (FEM) which can simulate the orthogonal cutting 
process with significant accuracy. 

 Perform simulations using validated FE model by varying input parameters as per the selected 
Taguchi matrix 

 Obtain optimum values for input via Signal-to-Noise Ratio and ANOVA which will result in lower 
values of cutting forces & temperature as output. 

 Simulate the process using optimum input parameters to obtain statistically calculated optimum 
levels of cutting forces and temperatures. 
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CHAPTER 2  
 

ORTHOGONAL MACHINING FUNDAMENTALS 

2.1 Definition: 
Metal cutting is a process in which shear deformation of work piece material is involved to form a 

chip. As the chip is formed, a new surface is exposed on the work piece.[7] 

 

Figure 1 (a) Cross sectional view of the orthogonal cutting process (b) Tool with negative rake angle [7] 

Orthogonal Cutting was first introduced by Merchant [8] who reported the concept of shear angle. 
Orthogonal cutting is a two dimensional simplified representation of the metal cutting process as shown 
in Figure 1(a) [7]. The motion of newly formed chip is almost perpendicular to the motion of the tool or 
work piece. This model has been studied and used by other authors in literature like E.H. Lee et. al. [9] 
and A.O. Tay et. al. [10] 

2.2 Basic Advantages/ Disadvantages of Machining: 
Machining process is used in a lot of applications and is often the most feasible option in the 

manufacturing universe. Some of its advantages include: 

 Various materials can be machined into desirable forms. 

 A lot of part shapes and geometry features are possible with machining like round holes on the 

surface of a plate or screw threads on a long bar. 

 The process quality can be improved to near perfection with very little tolerance levels. 

Some of it main disadvantages include: 

 Material that is machined off is usually wasted in form of chips. 

 Huge amount of heat is given off which contributes to energy waste 

 Machining operations are generally time consuming as compared to other types of shape 

forming manufacturing processes like casting or powder metallurgy. 
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2.3 Cutting Conditions of Orthogonal Cutting Process: 
The orthogonal cutting process involves a single point cutting tool which moves in the horizontal 

direction while the workpiece in contact with the tool revolves around the horizontal axis as shown in 

Figure 2 [7]. In a two dimensional representation, the process is shown in Figure 1(a). 

 

Figure 2 Simple turning process [7] 

 The following parameters are used in orthogonal machining process: 

 Cutting Speed, which is the primary motion of tool with respect to work piece 

 Feed, which is the length of work piece in contact with the tool, also knows as the undeformed 

chip length. 

 Depth of Cut, which is the width of the cutting tool outside the two dimensional plane. 

 The material removal rate can be defined by Eq. 2.1 

            Eq. 2.1 

 Where MRR is the material removal rate, “v” is cutting speed, “f” is feed rate and “d” is depth of cut 

as shown in Figure 3 [7]. 
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Figure 3 Cutting speed, Feed and Depth of Cut in Orthogonal cutting process [7] 
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CHAPTER 3  
 

LITERATURE REVIEW 

Many of the previous studies are based solely on experimental procedures and results having very 
little involvement of finite element analysis either analytical or simulation. [11,12,13]. The metal cutting 
process has been reported to reach high temperatures even upto 1000oC [14,15]. Initially, very simple 
models were proposed and used by authors like the shear angle approach by Merchant [8, 16], 
Piispanen [17] and Oxley [18]. Lee and Shaffer [19] and Kudo [20] based their models on slip line theory 
using the concept of rigid-perfectly plastic material behavior. Later, the effects of work hardening [21, 
22], friction [23] and built-up edge [24] were also included in the models. 

The use of finite element model for cutting process simulation and optimization of parameters has 
now become very common and is used by many authors in their studies [25, 26, 27, 28, 29, 30, 31, 34, 
35, 36, 37, 38, 39, 40]. Faraz et al. [39] has studied the effect of portion of heat going into the cutting 
tool during the orthogonal cutting process of AISI 4140 steel using a FE model. They have validated their 
model based on the realistic temperature of tool chip interface. Once validated, they have performed 
various analyses and provided results including effects of heat partitioning on the tool chip interface.  

Mang Sung Choi [32] uses purely analytical calculations to find out the shear angle relationships on 
the shear plane in orthogonal cutting. Linhu Tang et. al [33] uses FEM to simulate the machining of AISI 
D2 tool steel with CBN cutting tool using dry hard orthogonal cutting process. Although very little work 
has been done in this regard, they do not conduct any experiments instead use the data already 
available in literature to verify their model and obtain results. They have used ABAQUS®, which is a 
general purpose finite element simulation tool, for modeling the process. Element removal technique 
based on nodal stresses has been adopted for chip formation using updated Lagrange model. An 
iterative technique for finding the friction coefficient is used while isotropic friction coefficient has been 
sought out from literature. Although the results obtained do fluctuate in terms of deviation from 
experimental results by a mean of 8%, this model is still considered to be good. For verification of 
results, they have conducted experimental procedures on a small setup.  

Xiamon Deng et. al. [34] studied the finite element analysis orthogonal metal cutting process and 
effects of rake angle and friction coefficient was monitored on the parameters for temperature, stress, 
strain, and strain rate fields. To account for the local temperature rise due to conversion of friction work 
and plastic work in heat, adiabatic conditions are assumed. FE model was made using chip separation 
criterion and coulomb friction law was implemented for modeling dry friction between tool and chip. 
The simulations were run and contours for the 4 mentioned parameters were generated by varying rake 
angle and coefficient of friction.  

M. Movahhedy et. al. [35] has used ALE formulation which can be considered as an upgraded 
Lagrangian or Eulerian formulation. It is reported that use of ALE gives better mesh adaptability but at 
the cost of a more complex model. However, remeshing techniques and chip separation criterions are 
avoided due to material flow around the tool.  

Xiamon Deng et. al. [36] simulated the orthogonal cutting process of metal and noted the effects of 
friction on thermo mechanical quantities under plane strain conditions. He used modified coulomb’s 
friction law in order to successfully model the phenomena of friction along the interface between tool 
and chip surfaces. To simulate the chip separation, finite element nodal release procedure was adopted. 
Rake angle and friction coefficients were varied and it was shown that the material near the tip of the 
tool experiences highest amount of plastic strain rate whereas shear straining was observed in the 
primary shear zone. Due to lack of experimental data, the values for failure stresses of the material were 
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assumed keeping in view the yield strength of the material used. Friction modeling is as per coulomb 
friction law in sticking and sliding region. Work piece is taken to be 10 mm in thickness. Tilted geometry 
is used to account for extreme distortion during chip formation. 16 simulations were carried out using 
variation of rake angle and coefficient of friction while noting their effects on temperature and cutting 
forces. To attain a steady state, the sticking region is monitored and steady state is considered when 
contact length remains constant.  

Sutherland et. al. [37] developed a model involving thermo mechanical finite elements and used it 
for simulating orthogonal metal cutting process, with particular emphasis on the effect of crater wear 
considering plain strain & steady state conditions. Critical stress criterion is used for chip separation and 
general purpose finite element code ABAQUS® is used. Crater wear is identified as a geometric property 
of the crater formed on the tool rake face. This property is varied and simulations are run to study the 
effect of crater wear on the process. Size of the crater is reported here to have a great influence on the 
output of the simulation like curling radius. The results were presented on the basis of computational 
observations only and no physical tests were performed for cross checking the obtained results.  

C. Shet and X. Deng [38] used FEM to simulate orthogonal metal cutting process focusing on the 
residual stress and strain fields in the finished work piece. The chip separation criteria used by them 
involved separation of joined nodes just ahead of the tip at a specific distance. Modified coulomb law, 
an option given in ABAQUS® is used to model friction between the tool and work piece. For energy 
dissipation modeling, it is assumed that 90% of the plastic work done is converted into heat energy. 
Furthermore, it is assumed that 50% of the total heat generated goes into the tool & 50% into the chip. 
Viscoelastic constitutive model of the over-stress power law type along with temperature dependent 
material properties are used to model the flow stress of the work piece. Simulation is done in four 
stages where the loads are applied then removed and work piece is then allowed to cool off. Results for 
residual stresses and strains in the finished work piece are reported using various coefficients of friction 
and rake angles.  

Faraz et al. [39] used FEA code to simulate orthogonal machining of AISI 4140 steel with cemented 
carbide tool. They used thermal imaging to find out the amount of heat going into the tool and work 
piece and to measure temperature during machining. Because the elastic modulus of the tool material is 
very large as compared to that of the work piece material, the tool is assumed to be perfectly rigid. As 
done in previous studies, it is assumed that plane strain conditions exist. Chip separation criteria are 
defined along a pre defined chip formation path. To maintain the simulation time under practical limits, 
only a few milliseconds of simulation is performed. Johnson cook model is used as in many previous 
studies and is accepted as a highly successful model in high speed machining. Flow stress and damage 
constants are taken from previous studies. Coulomb’s friction law is used to model sticking and sliding 
region on the tool-chip interface. The model is verified on the basis of cutting forces predicted from 
simulation being equal to the ones measured practically using a dynamometer. Once the model is 
verified, several parameters are reported and analyzed in the paper.  

M. Mohammadpour et. al. [40] used a nonlinear finite element code MSC to develop a finite 
element analysis for investigating the effect of cutting speed and feed rate of surface and subsurface 
residual stresses. They did not use any chip separation criteria instead used adaptive remeshing 
techniques to model chip formation. Remeshing criteria are defined based on geometric properties of 
each element, distance between connecting body edges and frequency based. As done in previous 
studies, Johnson Cook model has been used for material flow stress modeling.  A modified Oxley’s 
model is implemented for friction modeling with JC flow stress model integrated into itself. Model is 
verified by comparing residual stress profiles with experimental data in literature. Simulations are 
carried out and results for temperature and stresses are reported at different cutting speeds. 
 Komvopoulos and Erpenbeck [41] studied the effects of plastic flow properties, tool-workpiece 
interface friction and wear on tool on the chip formation in orthogonal metal cutting process. the 
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simulation was achieved using “distance tolerance” criterion. Tyan and Yang [42] used the limit analysis 
theorem to analyze orthogonal metal cutting process. They used an Eulerian reference coordinate 
system in order to explain the steady state motion of workpiece relative to the tool. 
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CHAPTER 4  
 

RESEARCH METHODOLOGY 

 

4.1 FEA Model and Its Validation: 
Simulation model for Finite Element Analysis (FEA) is created in a general purpose Finite Element 

Modeling (FEM) software ABAQUS® v6.10. This model is verified against experimental and calculated 
results in the literature. Once validated, this model is used to simulate orthogonal machining of AISI 
1045 steel work piece and multiple tools as specified above. Machining tool, work piece & machining 
conditions (dynamic and static model boundary conditions) during validation are taken from the 
literature which the model is compared to. 

 

4.2 Design of Experiments: 
Since the number of tools, machining parameters and their levels all make up numerous 

combinations which are time consuming to simulate; Design of Experiments & Taguchi method are used 
to get a matrix of selected combinations on which to carry out the simulations. 

 

4.3 Simulation: 
Machining conditions for simulation using AISI 1045 work piece are varied to get the optimum value 

of conditions for each tool material and the various values are taken from literature. 
 

4.4 Analysis: 
Once the simulations are done and the results are in matrix form, Signal to Noise Ratio and ANOVA 

are used for each tool to obtain the best possible conditions for machining with that tool. Observations, 
results and conclusions are then compiled with the help of these analyses. 
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CHAPTER 5  
 

FINITE ELEMENT ANALYSIS 

 

5.1 Assumptions: 
To simplify the process of modeling, simulation and its analysis, some assumptions need to be taken.  

 The plane strain state is assumed, which is justifiable due to the fact that the cutting width is 
much larger than the undeformed chip thickness.  

 The tool is taken to be perfectly elastic. This is justified as the elastic modulus of our tool is very 
large as compared to that of the work piece and therefore the small elastic deformations in the 
tool are negligible against the high plastic deformations of the work piece.  

 To keep the simulations as simplified as possible, it is also assumed that the tool edge is 
perfectly sharp. 

 

5.2 Geometrical Model: 
The geometric model is made as a simple two dimensional representation of orthogonal cutting as 

done by many authors previously [11, 34, 37, 39]. The work piece is kept fixed while tool will move 
inwards to perform cutting operation thereby separating the chip from the work piece. Numerical 
simulations of the machining process were done by a specialized computational procedure made for a 
general purpose finite element code named ABAQUS®. The operating assembly diagram is given in 
Figure 4. Work piece dimensions are taken as 0.4 mm height and 2 mm length. Tool has a clearance 
angle of 7 degrees while rake angle is initially kept at 0 degrees. These specifications are used for 
validation of model and compared with the results of the model made by Faraz et. al.[39]. Later in the 
study, these will be changed according to experimental requirements. 

 
Figure 4 Geometric Assembly 

  

Figure 5 Dimensions of work piece 
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5.3 Johnson Cook Model: 
Material flow behavior in the plastic regime may be constituted by many different constitutive 

models. To describe material flow behavior in the plastic regime over large strains, at high strain rates 
and at high temperatures [43] is described effectively by the Johnson-Cook (JC) material model [44]. This 
model considers the flow stress to be a product of three terms representing the effect of strain, strain 
rate and temperature [3]. Plastic properties of a material using JC Constants is defined by the Eq. 5.1 
[44] 

           

                 
  

   
      

    

     
 
 

  Eq. 5.1 

 
 

JC constants A, B, C, m & n are the five empirical constants that define the material plastic 
properties. These can be found by various tests and also exist quite abundantly in the literature. The JC 
constants for AISI 1045 steel are given in Table 1 [3]. 

Table 1 Johnson cook constants for AISI 1045 steel [3] 

A B C n M 

680.5502 655.9590 0.008626 0.13642 1.095500 

 

5.4 Step Time: 
Since machining process at high speeds is not easy to simulate accurately [39], simulations rarely 

reach steady states (where changes to output per unit time is minimal) and to keep processing times 
within practical limits, the simulation is run for only a few milliseconds of machining. 
 

5.5 Boundary Conditions: 
The tool is constrained to move in the horizontal direction only giving it the specified velocity as a 

velocity boundary condition. Work piece bottom edge is kept fixed and is given the sufficient degrees of 
freedom to move as appropriate for simulation. Gravity load is applied to the whole region of 
simulation. A graphical representation of boundary conditions used in the model are given in Figure 6 

 
Figure 6 Boundary conditions used in the model 
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5.6 Friction Modeling: 
One of the main aspects of metal cutting is the phenomenon of Friction. Along with determining the 

power required in removing the specified part of material it also keeps the quality of surface of the 
finished product in control as well as the rate at which the cutting tool wears off. To accurately model 
friction is a difficult task in metal cutting. Basically, as widely accepted, there are two individual contact 
regions, called the sliding and the sticking region which exist at the same time along the tool–chip 
interface. In the sliding region, a coefficient of friction referred to as µ exists which is often assumed 
with regard to the Coulomb friction law. Also, in the sticking region, a critical friction stress τcr is known 
to exist. [36] 

The friction formulation type “penalty” is used which means that surface to surface interaction will 
be closer to physical phenomena as compared with “kinematic” type friction. A coefficient of friction of 
0.3 is assumed for the contact interactions which is similar to the values assumed in many literatures 
[25, 36, 45] 

The interaction between the newly formed chip and the tool used for cutting is deemed as a 
complex contact problem due to the fact that it involves elastic as well as plastic sheer stress and heat 
conduction along the tool and workpiece surfaces. Experimental observations in the literature report 
the existence of two distinct regions called the sticking and sliding regions, on the rake face of the tool 
used in the cutting process [4, 39]. In order to model the interface between tool and chip surfaces, 
Coulomb’s friction law was used which is defined by the equations given in Eq. 5.2 [37] 

 
                                     

                                  
Eq. 5.2 

 
The formulation involves friction coefficient (μ), equivalent shear stress (    ) and the frictional 

stress (   ) along the interface between tool and chip. The friction module which is readily available in 

general purpose code ABAQUS® was used as the friction model similar to its usage in many previous 
studies [37, 39, 46, 47]. 

 

5.7 Tool and Work Piece Material: 
Work piece material AISI 1045 is used as specified in the previous chapter; its physical properties are 

given in Table 2 [3]. This work piece material will be used throughout the study except when the model 
is to be verified against experiments and simulations from literature.  

 
Table 2 Material Properties of AISI 1045 steel [3] 

 

 
Since steel is used as workpiece in this study the most commonly used tools for steel are cemented 

carbides. Two different grades of cemented carbides have been chosen for current experimentation. 
The properties of both tools, as taken from literature are given in Table 3 [39, 48].  

Material Property AISI 1045 Steel 

         Thermal Conductivity (k, W/moC) 48.3-0.023T 

         Young’s Modulus (E, GPa) 210 

         Specific Heat (Cp, J/KgoC) 420+0.504T 

         Density (ρ, Kg/m3) 7862 

         Thermal expansion coefficient (α, IoC) 1.1 x 10-5 

         Poisson Ratio (ν) 0.3 
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Table 3 Properties (Thermal/ Mechanical) of Cutting tools used [39, 48] 

Parameter carbide cutting tool material uncoated cemented carbide 
cutting tool material 

Poisson’s Ratio 0.22 0.26 

Specific Heat (J/Kg.K) 424 334 

Young’s Modulus (GPa) 534 630 

Thermal Conductivity (W/m.K) 67.45 100 

Density (Kg/m3) 11900 11,900 

Θroom (room temperature, oC) 25 25 

 
5.8 Type of Approach: 
A pure Lagrangian approach means that the mesh moves with the material regardless of the 

deformation. The advantage of this approach is that the boundary is movable so there will always be the 
same number of elements in the material mesh. However, the drawback will be observed when there is 
excessive deformation and mesh grading is affected meaning difference in mesh density across the 
deformed area. This can lead to excessive distortions. 

Unlike the Lagrangian approach, there is Eulerian approach where the boundaries are fixed i.e. mesh 
grid is fixed and the material moves in and out of the mesh. Here there is virtually no mesh degradation 
but it is difficult to model controlled mass experiments. This type of approach is ideal for situations 
where material flow occurs across the mesh boundary e.g. flow of fuel through the combustion 
chamber.  

In problems where large deformation is anticipated the improved mesh quality resulting from 
adaptive meshing can prevent the analysis from terminating as a result of severe mesh distortion. In 
these situations one can use adaptive meshing to obtain faster, more accurate and more robust 
solutions than with pure Lagrangian analyses. [49] 

The adaptive meshing technique in ABAQUS® combines the features of pure Lagrangian analysis and 
pure Eulerian analysis. This type of adaptive meshing is often referred to as Arbitrary Lagrangian-
Eulerian (ALE) analysis. To maintain a high quality mesh throughout an analysis, ALE adaptive meshing is 
a handy tool, even when large deformation or loss of material occurs. It allows the mesh to move 
independently of the material. One of its limitations is that it does not alter the topology (connectivity 
and elements) of the mesh, which implies that it is difficult to maintain a high-quality mesh upon 
extreme deformation with this method. 

 
5.8.1 Features of ALE Adaptive Meshing: 

ALE adaptive meshing: 

 Does not create or destroy elements, it maintains a topologically similar mesh throughout the 
analysis. 

 Allows the mesh to move independently of the underlying material which helps maintain a high-
quality mesh under severe material deformation 
In ABAQUS®/Explicit ALE adaptive meshing: 

 Can be used to analyze Lagrangian problems (in which no material leaves the mesh) and 
Eulerian problems (in which material flows through the mesh); 

 Can be used as a continuous adaptive meshing tool for problems such as dynamic impact, 
penetration, forging problems or other transient analysis problems undergoing large 
deformations; 
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 Can be used as a solution technique to model steady-state processes like extrusion or rolling; 

 Can be used as a tool to analyze the transient phase in a steady-state process [49] 
ALE methodology is used in this study to obtain the desired results. It is found to be the best fit for 

the scope of this thesis as compared to the other two i.e. Lagrangian & Eulerian. 
 

5.9 Validation of Model: 
Since performing, analyzing & evaluating physical machining process is lengthy, time consuming, 

costly and complex in terms of accuracy, these constraints are avoided by the use of FE Simulations for 
this study. To ensure that the results are accurate, the experimental research work found in literature is 
replicated and once the results are verified by those reported in literatures, the model is used for 
further simulations. 

For this purpose, literatures based on experimental as well as simulation data are required, like 
those found in the work of O. Pantalé et al [45] and Faraz et. al. [39]. A detailed modeling of the metal 
cutting process is conducted by O. Pantalé using JC damage model for modeling the effects of damage 
on the workpiece 42CrMo4 steel. Since the mechanics and working are similar to the current model, the 
results obtained and published by him are replicated by current model in order to validate it. 

A comparison of the results of cutting forces obtained via various sources as reported by O. Pantalé 
along with results from our model are given in Figure 7 and Figure 8: 

 
Figure 7 Cutting forces obtained by current model with results for cutting Forces published by O. Pantalé [45] 

 

Source 
Cutting 

Force (N) 
% 
difference 

experimental 1860   

Pantale 1 1800 -3.23% 

pantale 2 2096 12.69% 

current model 2121.571 14.06% 

Oxley 2328 25.16% 

Joyot 1740 -6.45% 
Figure 8 Percentage Difference of Results of Current model vs Results reported by O. Pantalé et. al. [45] 
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Although it is not exactly as reported via experimental results, it is falling satisfactorily within the 
ranges reported by O. Pantalé. Since he did not publish any results related to temperature, the study by 
Faraz et. al. [39] was used for validation of temperature results. 

Faraz et. al. [39] has studied the effect of portion of heat going into the cutting tool during the 
orthogonal cutting process of AISI 4140 steel. He has performed various analyses and provided results 
which can be used as a benchmark to validate the current model. The comparison between 
temperatures reported by Faraz et. al. [39] and the temperature values at different speeds by current 
model are given in Figure 9. The maximum difference between measured temperatures (using physical 
experimentation) and temperatures predicted by the current model is 2.5% 

 
Figure 9 Comparison of Temperature values between model by Faraz et. al. [39] and Current model 

 Since both parameters i.e. cutting forces and temperatures are validated by literature data, 
experimentation can be done using this model. 
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CHAPTER 6  
 

DESIGN OF EXPERIMENTS, SIMULATIONS & ANALYSIS 

6.1 Introduction to Taguchi Method: 
 

6.1.1 Background: 
R.A.Fisher [50] first proposed the method of defining the conditions for experiments which involved 

more than one factors. It is commonly called the factorial design of experiments. For a given set of 
factors, all possible combinations will be identified by a full factorial design. Therefore, in most industrial 
experiments where a full factorial design is incorporated, a large number of experiments need to be 
done because of the significant number of factors involved. A more simplistic solution is to choose a 
small group of possible factors from all the possibilities in order to reduce the number of experiments. 
This method of choosing a minimal number of experimental runs while producing a huge amount of 
information is known as a partial fraction experiment. Taguchi’s work is valuable as it gave us the 
general design guidelines which are important for factorial experiments and cover multiple applications 
such as quantitative researches done in the field of science and medicine where multiple treatments 
and subjects are involved. 

6.1.2 Fundamental concepts: 

Definition 
Taguchi method is a unique method for designing the experiments. It is based on a set of well 

defined guidelines. Orthogonal arrays which are a kind of special set of arrays are used in this method 
[51]. These arrays define the method of minimizing the quantum of experiments down to a bare 
minimum which could still provide the complete data of all the factors affecting the parameters. The key 
to this method is selecting the level of combinations of the input variables or design variables for each 
experimental run. 

A standard orthogonal array 
Multiple standard orthogonal arrays exist which are used in the Taguchi method. Each of these 

arrays is used for a definite number of levels and independent input variables. Supposedly if an 
experiment is to be performed involving 4 distinct variables and each independent variable having 3 
level values, then according to the array selector given by Stephanie Fraley et. al. [57], the L9 orthogonal 
array is used. It is generally assumed that interaction between factors does not exist. In many cases, this 
assumption is true; however, in actual practice interaction is obvious sometimes. In current study, the 
four factors selected are independent of each other. 
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Table 4 An Example of the L9 orthogonal array 

 

The L9 (3
4
) Orthogonal array 

 
Independent Factors 

Performance 

Parameter Value 

Run Factor 1 Factor 2 Factor 3 Factor 4 
 

1 A A A A p1 

2 A B B B p2 

3 A C C C p3 

4 B A B C p4 

5 B B C A p5 

6 B C A B p6 

7 C A C B p7 

8 C B A C p8 

9 C C B A p9 

 

An L9 orthogonal array is shown in Table 4. There are a total of 9 experimental runs with each run 
based on a set of levels as given in the table. As an example, the ninth experiment involves the 
independent design variable 1 and variable 2 at level C, variable 3 at level B and variable 4 at level A.  

Properties of an orthogonal array 
The following special properties allow the orthogonal arrays to minimize the quantum of 

experimental runs required for the experiment. 

Orthogonal arrays have a balancing property which means they consist of a special combination of 
levels and factors for each experiment designed such that all the levels in the vertical column under 
each independent factor appear an equal number of times. For e.g., in the L9 array in Table 4, under 
variable 4, level A, level B and level C appear thrice. It is mandatory that all the values of each level of 
independent variables be used for the experimental runs.  

6.1.3 Assumptions of the Taguchi method: 
The additive assumption of Taguchi method includes that the individual effects of the each 

independent variable (or their main effects) are separable on some or all performance parameters. Due 
to this assumption, it is possible for each factor to have an effect of any order i.e. linear order, quadratic 
or higher order. Also, it is assumed that no cross product effects (otherwise known as interactions) exist 
within the factors. In other words, the special level combinations of an independent variable do not 
cause any independent variable to have an effect on the performance parameters and vice versa. In case 
of violation of this assumption, the additivity of the main effects is eliminated causing interaction 
between the variables. 
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6.1.4 Experimental Design for Simulations: 
 The following steps are involved in the design of an experiment: 

1. Independent variables in the study are identified and chosen for experimentation. 
2. A quantum of level combinations for each independent variable/factor is specified and the 

resulting orthogonal array is chosen. 
3. Conducting the experiments 
4. Analyzing the data 
5. Inference 

 

 

 Following are the details of these steps. 

Choosing the input (independent) variables 
 In order to identify the factors which are likely to influence the outcome of our experiment, knowing 
the product and process that is under investigation, is important before the experimentation begins. 
Selection of the independent variables is largely based on input from previous studies, people involved 
in the experiment, literary works etc. In the current study, cutting speed, rake angle, depth of cut and 
feed rate are chosen as the independent variables. 

Deciding the number of levels and orthogonal array 
 This is the second step, after selecting the independent variables of the experiment, where the 
quantum of levels for every independent variable in the study is specified. This choice depends on how 
these distinct levels affect the parameters of performance. So, if it is a linear function, then the total 
level settings may be 2. But, in case the variable is not related linearly i.e. it is quadratic, cubic or of 
higher order, then one could go for higher levels. 

 
Select the quality characteristics (responses) 

Select noise and control factors 

Select Taguchi orthogonal array 

Conduct simulations 

Analyze results (SN Ratio & ANOVA) 

Predict optimum performance parameters 

Confirmatory simulations 

Figure 10 Steps of Taguchi Optimization process [54] 
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 In the case where exact nature of relationship between the performance parameter and the variable 
is unknown, two-level settings can be selected. Then, post the analysis of the data from experiments, a 
decision can be made based on the percent contribution and the error calculations if the assumption of 
level setting is right or not. Since the parameters chosen in the current study do not have any algebraic 
relationship with the process, five levels of each variable are set to ensure a wide spectrum and better 
results of optimization.  

Conducting the experiment 
 When the selection of Taguchi orthogonal array for the experiment is done, the experimental runs 
are executed according to the level settings in the taguchi matrix. It is mandatory to conduct all the 
experiments as per the matrix. Although the dummy variable columns and interaction columns can be 
ignored while conducting the experimental runs, they are still required when the analysis of data is 
being done, in order to identify the effect of interactions. 

6.1.5 S/N Ratio: 
 Signal to noise ratio, usually referred to as S/N Ratio, is one of the most effective and commonly 
used tool for evaluation of optimum design parameters. It is defined as the ratio of the desired signal to 
the random undesired noise. It gives the quality characteristics of data obtained from results of 
experiments. S/N Ratio has three functions which are chosen according to the criteria of optimum 
values for all factors. These functions are known as the objective function named as ‘the-larger-the-
better’, ‘the-smaller-the-better’ and ‘the-nominal-the-best’. In current study, both response variables 
Cutting force and Temperature are required to be as small as possible therefore “smaller is best” criteria 
is selected to calculate S/N Ratio as given in Eq. 6.1 [52]. The calculation is done using Minitab® v16. 

                  
 

 
    

 

 

   

      Eq. 6.1 

 

Where n is the number of experiments and Yi is the response of the ith experiment. As stated 
previously, each experiment in the Taguchi matrix is a combination of different levels of factors. 
Therefore, it is important to isolate the distinct effect of all variables on the performance parameters. 
This is done by adding the S/N ratios of performance parameters for the respective level combinations. 

 Simply put, if one wishes to know the main effects of level A of the independent factor 2 (refer 
Table 4), one can find it by summing up the SN Ratios of performance parameter of the experiments 1, 4 
and 7.  

Several difficulties with the analysis of SN Ratios are cited in literature [52]. Some of these are as 
follows: 

 Identification of active factors might not be reliable. 

 In some cases, factors that do not have an impact on SN ratio, but affect the responses of 
experiments may exist. 

As a secondary check on the analysis, ANOVA methods can be used for the responses which often 
provide a more detailed and informative assessment of active factors [52]. 



20 
 

6.1.6 Analysis Of Variance (ANOVA): 
ANOVA or “Analysis Of Variance” helps in the comparison of a number of population means, i.e. the 

means of a single factor for several populations. In one-way ANOVA, the variation among the sample 
means by a weighted average of their squared deviations about the mean is measured for all the sample 
data. That measure of variation is called the treatment mean square, MSTR, and is defined in Eq. 6.2 

 

      
    

   
 Eq. 6.2 

 

Where “k” denotes the number of populations being sampled. SSTR, also known as treatment sum 
of squares, is given by the Eq. 6.3. 

 

                                               Eq. 6.3 

 

Next the measure of variation within the samples is considered. This measure is the pooled estimate 
of the common population variance, σ2. It is called the error mean square, MSE, and is defined in Eq. 6.4 
[53]. 

     
   

   
 Eq. 6.4 

 

Where “n” denotes the total number of observations. SSE or error sum of squares is given by  

             
             

               
  

Where “s2” is the variance of each population. Finally, the F-statistic (factor statistic) is used to 
compare the variation among the sample means, MSTR, to the variation within the samples, MSE. It is 
given by Eq. 6.5 [53]. Large values of F indicate that the variation among the sample means is large 
relative to the variation within the samples [53]. 

 

   
    

   
 Eq. 6.5 

 

Using these identities a table is formed for one way ANOVA as given in Table 5. 

Table 5 ANOVA Table 

Source DoF SS MS F-stastic 

Treatment k – 1 SSTR MSTR F 
Error n – k SSE MSE  

Total n - 1 SST   
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6.1.7 Inference: 
Once the SN response table and ANOVA table have been populated, they are used to determine the 

statistical significance and optimum combination of the experimental parameters. The SN response 
table will identify the factors which have the most impact on the outcome of the experiment and 
ANOVA will confirm the probability of these factors being within the limits. In other words, SN ratio 
gives a directional evidence of significant factors while ANOVA tests verify the statistical probability of 
those factors being most significant using F-statistic value. 

The results are then confirmed by conducting confirmatory experiments when the optimum 
parameters, found by Taguchi optimization method, were used as input and thus the validity of the 
experimental results is tested.  

6.2 SIMULATIONS: 

6.2.1 Selection of Range and Parameter Levels: 
Following table gives the levels of factors to be used in the simulation. The different values for each 

design variable are selected to cover a wide range of cutting conditions. These ranges are based on 
various DOE factor levels found in practices and literature [4] [25] [39] [54] [55]. Having excess width in 
the range of these parameters can also lead to poor response quality [56] and therefore may not 
produce the results that would help us determine the optimum conditions. That is the reason for not 
selecting any parameters on their extreme values for example, cutting speeds lower than 100 m/min or 
higher than 630 m/min are not common in the cutting of steels. Likewise, all parameters are chosen 
within moderate ranges as given in literatures and to ensure the range is well covered within five-levels, 
appropriate spacing is given between them. 

 
Table 6 DOE Factors and Level values for Simulation with AISI 1045 Steel 

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 

Cutting Speed 
(m/min) 

100 200 400 550 630 

Feed Rate 
(mm) 

0.05 0.07 0.1 0.15 0.2 

Rake Angle -2 o 0 o 3 o 5 o 7 o 

Depth of Cut 
(mm) 

1 1.5 2 2.5 3 

 
Table 7 Response Variables for DOE 

Response Output 

R1 Cutting Force (N) 

R2 Temperature (oC) 
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6.2.2 Selection of Orthogonal Array: 

According to the array selector given by Stephanie Fraley et. al. [57], if there are 4 control 
variables and 5 levels of each in the DOE as specified in the previous section, the Taguchi L25(5

4) 
array is to be utilized. This array is tabulated in Table 8. 

Table 8 Taguchi L25 Array with Variable Ranges from Current Study 

Runs Cutting Speed 
(m/min) 

Feed Rate 
(mm) 

Rake 
Angle 

Depth Of 
Cut (mm) 

1 100 0.05 -2 1.0 

2 100 0.07 0 1.5 

3 100 0.10 3 2.0 

4 100 0.15 5 2.5 

5 100 0.20 7 3.0 

6 200 0.05 0 2.0 

7 200 0.07 3 2.5 

8 200 0.10 5 3.0 

9 200 0.15 7 1.0 

10 200 0.20 -2 1.5 

11 400 0.05 3 3.0 

12 400 0.07 5 1.0 

13 400 0.10 7 1.5 

14 400 0.15 -2 2.0 

15 400 0.20 0 2.5 

16 550 0.05 5 1.5 

17 550 0.07 7 2.0 

18 550 0.10 -2 2.5 

19 550 0.15 0 3.0 

20 550 0.20 3 1.0 

21 630 0.05 7 2.5 

22 630 0.07 -2 3.0 

23 630 0.10 0 1.0 

24 630 0.15 3 1.5 

25 630 0.20 5 2.0 
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6.3 Results of Simulations: 
After running all the above given combinations of factors with each cutting tool, the results 

obtained for response variables are given in Table 9 and Table 10. 

Table 9 Responses of Simulations with Carbide Cutting tool (Source: ABAQUS®) 

Runs Cutting Speed 
(m/min) 

Feed Rate 
(mm) 

Rake 
Angle 

Depth Of 
Cut (mm) 

Cutting 
Force (N) 

Temperature 
(oC) 

1 100 0.05 -2 1.0 143 525 

2 100 0.07 0 1.5 252 534.5 

3 100 0.10 3 2.0 451 539.2 

4 100 0.15 5 2.5 674 518.2 

5 100 0.20 7 3.0 873 515 

6 200 0.05 0 2.0 276 668.4 

7 200 0.07 3 2.5 430 688.8 

8 200 0.10 5 3.0 652 698.6 

9 200 0.15 7 1.0 281 715.2 

10 200 0.20 -2 1.5 487 735.6 

11 400 0.05 3 3.0 403 823 

12 400 0.07 5 1.0 174 700 

13 400 0.10 7 1.5 320 617.7 

14 400 0.15 -2 2.0 422 809 

15 400 0.20 0 2.5 801 808 

16 550 0.05 5 1.5 203 673.5 

17 550 0.07 7 2.0 361 613.2 

18 550 0.10 -2 2.5 549 917.1 

19 550 0.15 0 3.0 802 858.1 

20 550 0.20 3 1.0 338 1001 

21 630 0.05 7 2.5 323 625.5 

22 630 0.07 -2 3.0 501 796.2 

23 630 0.10 0 1.0 202 821 

24 630 0.15 3 1.5 400 812.9 

25 630 0.20 5 2.0 651 891.2 
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Table 10 Responses of Simulations with Uncoated Cemented Carbide Tool (Source: ABAQUS®) 

Runs Cutting Speed 
(m/min) 

Feed Rate 
(mm) 

Rake 
Angle 

Depth Of 
Cut (mm) 

Cutting 
Force (N) 

Temperature 
(oC) 

1 100 0.05 -2 1.0 153 568.8 

2 100 0.07 0 1.5 251 648.9 

3 100 0.10 3 2.0 428 545.1 

4 100 0.15 5 2.5 649 573.4 

5 100 0.20 7 3.0 925 551.3 

6 200 0.05 0 2.0 276 536.8 

7 200 0.07 3 2.5 463 707.4 

8 200 0.10 5 3.0 644 714.9 

9 200 0.15 7 1.0 258 578.3 

10 200 0.20 -2 1.5 473 693.1 

11 400 0.05 3 3.0 426 648.1 

12 400 0.07 5 1.0 172 752.7 

13 400 0.10 7 1.5 320 621.1 

14 400 0.15 -2 2.0 573 765.6 

15 400 0.20 0 2.5 774 854.0 

16 550 0.05 5 1.5 212 833.0 

17 550 0.07 7 2.0 333 678.5 

18 550 0.10 -2 2.5 523 863.7 

19 550 0.15 0 3.0 813 861.5 

20 550 0.20 3 1.0 335 729.3 

21 630 0.05 7 2.5 327 653.1 

22 630 0.07 -2 3.0 552 768.9 

23 630 0.10 0 1.0 211 746.0 

24 630 0.15 3 1.5 410 926.4 

25 630 0.20 5 2.0 660 980.8 
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6.4 Analysis: 

6.4.1 Signal to Noise Ratio: 
SN ratios for Cutting forces and Temperatures for both tools are given in Table 11 and Table 12. The 

calculation is done using Minitab® v16. 

Table 11 SN ratios for experiments using carbide cutting tool (Source: Minitab®) 

Experiment 
Cutting 
Speed 

(m/min) 

Feed 
Rate 
(mm) 

Rake 
Angle 

Depth 
Of Cut 
(mm) 

Cutting 
Force (N) 

S/N Ratio 
for Fc 

Temperature 
(oC) 

S/N 
Ratio for 

Temp 

1 100 0.05 -2 1 143 -43.1067 525 -54.4032 

2 100 0.07 0 1.5 252 -48.028 534.5 -54.559 

3 100 0.1 3 2 451 -53.0835 539.2 -54.635 

4 100 0.15 5 2.5 674 -56.5732 518.2 -54.2899 

5 100 0.2 7 3 873 -58.8203 515 -54.2361 

6 200 0.05 0 2 276 -48.8182 668.4 -56.5007 

7 200 0.07 3 2.5 430 -52.6694 688.8 -56.7619 

8 200 0.1 5 3 652 -56.285 698.6 -56.8846 

9 200 0.15 7 1 281 -48.9741 715.2 -57.0886 

10 200 0.2 -2 1.5 487 -53.7506 735.6 -57.3328 

11 400 0.05 3 3 403 -52.1061 823 -58.308 

12 400 0.07 5 1 174 -44.811 700 -56.902 

13 400 0.1 7 1.5 320 -50.103 617.7 -55.8156 

14 400 0.15 -2 2 422 -52.5062 809 -58.159 

15 400 0.2 0 2.5 801 -58.0727 808 -58.1482 

16 550 0.05 5 1.5 203 -46.1499 673.5 -56.5668 

17 550 0.07 7 2 361 -51.1501 613.2 -55.752 

18 550 0.1 -2 2.5 549 -54.7914 917.1 -59.2483 

19 550 0.15 0 3 802 -58.0835 858.1 -58.6708 

20 550 0.2 3 1 338 -50.5783 1001 -60.0087 

21 630 0.05 7 2.5 323 -50.1841 625.5 -55.9245 

22 630 0.07 -2 3 501 -53.9968 796.2 -58.0204 

23 630 0.1 0 1 202 -46.107 821 -58.2869 

24 630 0.15 3 1.5 400 -52.0412 812.9 -58.2007 

25 630 0.2 5 2 651 -56.2716 891.2 -58.9995 
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Table 12 SN ratios for experiments using uncoated cemented carbide cutting tool (Source: Minitab®) 

Experiment 
Cutting 
Speed 

(m/min) 

Feed 
Rate 
(mm) 

Rake 
Angle 

Depth 
Of Cut 
(mm) 

Cutting 
Force (N) 

S/N Ratio 
for Fc 

Temperature 
(oC) 

S/N Ratio 
for Temp 

1 100 0.05 -2 1 153 -43.6938 568.8 -55.0992 

2 100 0.07 0 1.5 251 -47.9935 648.9 -56.2436 

3 100 0.1 3 2 428 -52.6289 545.1 -54.7295 

4 100 0.15 5 2.5 649 -56.2449 573.4 -55.1692 

5 100 0.2 7 3 925 -59.3228 551.3 -54.8278 

6 200 0.05 0 2 276 -48.8182 536.8 -54.5963 

7 200 0.07 3 2.5 463 -53.3116 707.4 -56.9933 

8 200 0.1 5 3 644 -56.1777 714.9 -57.0849 

9 200 0.15 7 1 258 -48.2324 578.3 -55.2431 

10 200 0.2 -2 1.5 473 -53.4972 693.1 -56.8159 

11 400 0.05 3 3 426 -52.5882 648.1 -56.2328 

12 400 0.07 5 1 172 -44.7106 752.7 -57.5324 

13 400 0.1 7 1.5 320 -50.103 621.1 -55.8632 

14 400 0.15 -2 2 573 -55.1631 765.6 -57.68 

15 400 0.2 0 2.5 774 -57.7748 854 -58.6292 

16 550 0.05 5 1.5 212 -46.5267 833 -58.4129 

17 550 0.07 7 2 333 -50.4489 678.5 -56.631 

18 550 0.1 -2 2.5 523 -54.37 863.7 -58.7273 

19 550 0.15 0 3 813 -58.2018 861.5 -58.7051 

20 550 0.2 3 1 335 -50.5009 729.3 -57.2581 

21 630 0.05 7 2.5 327 -50.291 653.1 -56.2996 

22 630 0.07 -2 3 552 -54.8388 768.9 -57.7174 

23 630 0.1 0 1 211 -46.4856 746 -57.4548 

24 630 0.15 3 1.5 410 -52.2557 926.4 -59.336 

25 630 0.2 5 2 660 -56.3909 980.8 -59.8316 
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6.4.2 Response data for S/N Ratios: 
Response table consists of four types of data: average SN Ratio or average SNR, delta, rank and 

optimum level. The average SNR of each level of each factor forms the body of the table. For e.g. the 

average SNR for Fc of cutting speed level 1 is -51.92 (refer Table 13) and so on for all other factors and 

levels. Delta is the difference between the highest and lowest average SNR among all levels of a 

particular factor. For e.g. the highest and lowest values in cutting speed average SNR are -51.52 and -

52.15 (refer Table 13) and their difference is 0.63 which is Delta for cutting speed. Rank is given to each 

factor according to their Delta value arranged in ascending order. Since Depth of Cut has the highest 

Delta among all four factors, it is given Rank 1(refer Table 13). This shows which factor has the most 

effect on the outcome of the experiment. Optimum level is selected on the basis of highest SNR among 

all levels in a particular factor.  

The main effects graphs plot the average SN ratios against all levels of each factor. It is a graphical 

representation of the response table. The projection of graph on vertical axis gives value for Delta by 

calculating the differences between extreme values. The highest point of graph indicates the optimum 

level. Theoretically, the higher this graph goes, the higher impact that particular level has on that 

parameter towards the criteria of SN Ratio calculation. For e.g. the optimum level for feed rate in Figure 

11 is level 1 which means using that level for simulations will cause the lowest value of Fc since the 

criteria selected was “smaller is best”. 

Response tables for both cutting tools are given in Table 13, Table 14, Table 15 and Table 16 while 

Main effects plot for S/N Ratios of both response parameters using both tools are given in Figure 11, 

Figure 12, Figure 13 and Figure 14. 
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Table 13 Response Table for Fc using SN data for Carbide cutting tool (Source: Minitab®) 

Level Cutting 
Speed 

Feed 
Rate 

Rake 
Angle 

Depth 
Of  Cut 

          

1 -51.92 -48.07 -51.63 -46.72 

2 -52.1 -50.13 -51.82 -50.01 

3 -51.52 -52.07 -52.1 -52.37 

4 -52.15 -53.64 -52.02 -54.46 

5 -51.72 -55.5 -51.85 -55.86 

Delta 0.63 7.43 0.47 9.14 

Rank 3 2 4 1 

Optimum 
level 

3 1 1 1 
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Figure 11 Plot for Main Effects for SN Ratios on Fc using Carbide Cutting Tool (Source: Minitab®) 

 Table 13 and Figure 11 shows that Feed Rate and Depth of Cut have the most variations in average 
SNR values hence this indicates these two factors are important to optimize if Cutting Forces are to be 
minimized. The optimum level for Feed Rate and Depth of Cut is found to be 0.05 mm and 1 mm 
respectively. As the graph shows, had there been any lower values of these two factors, they may be 
taken as optimum values, but as explained above, the range of these factors is decided based on 
literature and practical experiences so any value lower than these might not be commonly practiced. 
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Table 14 Response Table for Temp using SN data for Carbide cutting tool (Source: Minitab®) 

Level 
Cutting 
Speed 

Feed 
Rate 

Rake 
Angle 

Depth 
Of Cut 

1 -54.42 -56.34 -57.43 -57.34 

2 -56.91 -56.4 -57.23 -56.49 

3 -57.47 -56.97 -57.58 -56.81 

4 -58.05 -57.28 -56.73 -56.87 

5 -57.89 -57.75 -55.76 -57.22 

Delta 3.62 1.4 1.82 0.84 

Rank 1 3 2 4 

Optimum 
level 

1 1 5 2 

 

630550400200100

-54

-55

-56

-57

-58

0.200.150.100.070.05

7530-2

-54

-55

-56

-57

-58

3.02.52.01.51.0

Cutting Speed

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

Feed Rate

Rake Angle Depth Of Cut

Main Effects Plot for SN ratios for Temp
Data Means

Signal-to-noise: Smaller is better
 

Figure 12 Plot for Main Effects for SN Ratios on Temp using Carbide Cutting Tool (Source: Minitab®) 

Table 14 and Figure 12 represent the response data for SN values of Temperature for Carbide 
cutting tool. It is observed that for optimizing the temperature, the cutting speed has the most impact 
on outcomes followed by Rake Angle. The cutting speed directly affects friction and so lower cutting 
speed will logically have lower temperature values. Higher rake angle provides better slope for the 
deformed chip material to flow while lower rake angle (straight tool) would force the tool to move 
perpendicular to the motion. The optimum values for these two factors are found to be 100 m/min and 
7o. As explained above, these values are from the most widely used ranges so going beyond them would 
be difficult to implement widely. 
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Table 15 Response Table for Fc using SN data for Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Level 
Cutting 
Speed 

Feed 
Rate 

Rake 
Angle 

Depth 
Of  Cut 

1 -51.98 -48.38 -52.31 -46.72 

2 -52.01 -50.26 -51.85 -50.08 

3 -52.07 -51.95 -52.26 -52.69 

4 -52.01 -54.02 -52.01 -54.4 

5 -52.05 -55.5 -51.68 -56.23 

Delta 0.09 7.11 0.63 9.5 

Rank 4 2 3 1 

Optimum 
level 

1 1 5 1 
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Figure 13 Plot for Main Effects for SN Ratios on Fc using Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Table 15 and Figure 13 show the response data for SN values of cutting forces for uncoated 

cemented carbide cutting tool. Similar to the previous tool, these graphs also indicate the factors Feed 

Rate and Depth of Cut have the most impact on the outcome of the experiment. The optimum values 

found here are same as the previous tool i.e. 0.05mm Feed Rate and 1 mm Depth of Cut. It is logical to 

think that for minimum forces, one should keep the undeformed chip dimensions to a minimum and 

since these values are the least in the selected ranges, this outcome is logical. 
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Table 16 Response Table for Temp using SN data for Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Level 
Cutting 
Speed 

Feed 
Rate 

Rake 
Angle 

Depth 
Of Cut 

1 -55.21 -56.13 -57.21 -56.52 

2 -56.15 -57.02 -57.13 -57.33 

3 -57.19 -56.77 -56.91 -56.69 

4 -57.95 -57.23 -57.61 -57.16 

5 -58.13 -57.47 -55.77 -56.91 

Delta 2.91 1.34 1.83 0.82 

Rank 1 3 2 4 

Optimum 
level 

1 1 5 1 
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Figure 14 Plot for Main Effects for SN Ratios on Temp using Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Table 16 and Figure 14 represent the response data for SN values of Temperature for Uncoated 
cemented Carbide cutting tool. As with the previous tool, it is observed here that for optimizing the 
temperature, the cutting speed has the most impact on outcomes followed by Rake Angle. The optimum 
values for these two factors are found to be same as previous tool i.e. 100 m/min and 7o.  
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6.4.3 ANOVA: 
ANOVA is used to analyze the experimental results and identifying the factors which have a 

significant effect on the machining output variables i.e. Fc and Temp. As explained in section 6.1.5 the SN 
ratio requires that the results be confirmed by ANOVA. The results of ANOVA are shown in Tables 
below. The p values or probability values show the level of significance of each factor. Lower p values 
indicate that, according to ANOVA tests, the factor values have higher probability of falling within the 
ranges which impact the outcome of the experiment. This should give the lowest p values for the factors 
which response data for SN ratios (refer previous section) have identified as having most impact on the 
outcome. Other results include its degree of freedom (DoF) which is defined as k-1 [53] (where k is 
number of levels), treatment sum of squares (SSTR), treatment mean squares (MSTR) and F statistics 
value which are defined previously. 

Residual error is calculated statistically and has no physical influence on the experiment. It is 
however part of the ANOVA F-statistics test [53]. The DoF for residual error is calculated as (total Dof) – 
(sum of all treatment Dof). In case of Table 17, it is 24 – (4+4+4+4) = 8. The SSTR or SSE (Sum of squared 
error in case of residual error) is calculated by Eq. 6.6 

 

             
            

              
   Eq. 6.6 

 
Where “j” denotes each individual factor, “s2” is the variance and “n” is the number of observations 

in the jth factor. 
Analysis of Variance or ANOVA was carried out using the same software which works on the 

equations given in previous chapter. Results for ANOVA are given in Table 17, Table 18, Table 19 and 
Table 20. 

Table 17 ANOVA Table of Fc using SN data for Carbide cutting tool (Source: Minitab®) 

Source DoF SSTR MSTR F statistic P value 

Cutting Speed 4 1.392 0.3481 0.79 0.564 

Feed Rate 4 168.835 42.2087 95.64 0 

Rake Angle 4 0.662 0.1655 0.38 0.82 

Depth Of Cut 4 264.313 66.0782 149.72 0 

Residual Error 8 3.531 0.4413 
  Total 24 438.733 

    

Table 18 ANOVA Table of Temp using SN data for Carbide cutting tool (Source: Minitab®) 

Source DoF SSTR MSTR F statistic P value 

Cutting Speed 4 43.654 10.9136 25.06 0 

Feed Rate 4 7.088 1.7721 4.07 0.043 

Rake Angle 4 10.854 2.7135 6.23 0.014 

Depth Of Cut 4 2.29 0.5725 1.31 0.343 

Residual Error 8 3.485 0.4356 
  Total 24 67.372 
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Table 19 ANOVA Table of Fc using SN data for Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Source DoF SSTR MSTR F statistic P value 

Cutting Speed 4 0.027 0.0068 0.05 0.994 

Feed Rate 4 162.067 40.5168 308.22 0 

Rake Angle 4 1.425 0.3563 2.71 0.107 

Depth Of Cut 4 278.09 69.5225 528.86 0 

Residual Error 8 1.052 0.1315 
  Total 24 442.661 

    

Table 20 ANOVA Table of Temp using SN data for Uncoated Cemented Carbide cutting tool (Source: Minitab®) 

Source DoF SSTR MSTR F statistic P value 

Cutting Speed 4 30.47 7.6174 9.11 0.004 

Feed Rate 4 5.294 1.3236 1.58 0.269 

Rake Angle 4 9.56 2.3899 2.86 0.096 

Depth Of Cut 4 2.221 0.5552 0.66 0.634 

Residual Error 8 6.688 0.836 
  Total 24 54.232 

    

 As evident from all four ANOVA tables, the p values for Feed Rate and Depth of cut are lowest when 

Cutting Forces are taken as output while p values for Cutting speed and Rake angle are lowest when 

Temperature values are concerned. This supports the previous results obtained by SN ratios and proves 

that for optimum values of cutting forces, feed rate and depth of cut should be optimized while for 

optimum values of Temperature, cutting speed and rake angle need to be optimized. 
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 Figure 15 (a-d) Plots for Fc and Temp for all four factors for carbide cutting tool 
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Figure 16 (a-d) Plots for Fc and Temp for all four factors for uncoated cemented carbide cutting tool 
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CHAPTER 7  
 

CONFIRMATORY SIMULATIONS AND RESULTS 

7.1 Optimum conditions for Fc: 
As evident from the ANOVA p-values for Fc, the parameters which are most significant for 

optimization of cutting forces are Feed Rate and Depth of Cut with the other two factors having 
negligible effect. 

With the help of response tables from S/N Ratio, the optimum levels for Feed Rate & Depth of Cut 
are found to be 0.05mm and 1mm respectively. The other two factors are also chosen according to the 
response tables but since their effect is considerably low, they are predictably different for both tools. 
Optimum levels of all parameters for minimum cutting force are given in Table 21. 

Table 21 Optimum levels of input parameters for minimum Cutting Force 

Parameter Optimum Level for 
Carbide Cutting Tool 

Optimum Level for Uncoated 
Cemented Carbide Cutting Tool 

Cutting Speed (m/min) 400 100 

Feed Rate (mm) 0.05 0.05 

Rake Angle -2 7 

Depth Of Cut (mm) 1 1 

 

The average for the treatment condition is predicted with the help of the means of all outputs for 
the experiments when they are performed at optimal levels. It is calculated in Eq. 7.1 [54]: 

             
                            

                       Eq. 7.1  

 

In Eq. 7.1 the term    is the S/N Ratio calculated at the optimum levels determined for minimum 
cutting force.     is the average of all S/N Ratios for Fc ,   

        
  and     are the average S/N Ratios for 

cutting speed, feed rate, rake angle and depth of cut respectively when they are at optimum levels. 

        
   
   Eq. 7.2 

The cutting force output is calculated at optimum levels for both tools with the help of Eq. 7.2 and 
using    from Eq. 7.1. The calculated results are then verified using confirmatory experiments. These 
experiments are performed using the optimum levels of all 4 factors given in Table 21. Table 22 gives the 
results for predicted vs simulated outputs of cutting forces. 

Table 22 Predicted vs Simulated Cutting Forces using optimum parameters 

Tool Predicted Cutting Force (N) Simulated Cutting Force (N) % error 

Carbide Cutting Tool 130.2 136.4 4.46 % 

Uncoated Cemented 
Carbide Cutting Tool 

136.4 140 2.64% 
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7.2 Optimum conditions for Temperature: 
According to the ANOVA p-values for temperature, the most important parameters for optimum 

levels of Temperature are Cutting Speed and Rake angle while the other two parameters are of little 
influence. 

With the help of response table data from S/N Ratios, the optimum level of Cutting speed and Rake 
angle are found to be 100 m/min and 7o respectively. Optimum levels of all parameters for minimum 
temperature are given in Table 23. 

 

Table 23 Optimum levels of input parameters for minimum Temperature 

Parameter Optimum Level for 
Carbide Cutting Tool 

Optimum Level for Uncoated 
Cemented Carbide Cutting Tool 

Cutting Speed (m/min) 100 100 

Feed Rate (mm) 0.05 0.05 

Rake Angle 7 7 

Depth Of Cut (mm) 1.5 1 

 

        
   
   Eq. 7.3 

 

Using Eq. 7.1  the S/N Ratio for optimum temperature is calculated by using temperature output 
data as input. Then with the help of Eq. 7.3, the temperature output at optimum levels for both tools is 
calculated. For verification, the calculated results are compared with confirmatory experiments 
performed using the optimum levels of all 4 factors given in Table 23. Table 24 gives the results for 
predicted vs simulated outputs of Temperature. 

Table 24 Predicted vs Simulated Temperature values using optimum parameters 

Tool Calculated Temperature (oC) Simulated Temperature (oC) % error 

Carbide Cutting Tool  406.4  396.3 2.48% 

Uncoated Cemented 
Carbide Cutting Tool 

439.5 
 

424.2 
 

3.47% 
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CHAPTER 8  

 

DISCUSSION 

Figure 15 and Figure 16 represent the variations in cutting speed and temperature for all four 
factors at different levels for carbide cutting tool and uncoated cemented carbide cutting tool 
respectively. From the graphs it can be observed that: 

1. The cutting forces form an escalating trend with increasing feed rate and depth of cut in both 
tools. This is understandable as increasing feed and depth of cut will increase material removal 
rate independent of the tool as explained in chapter 2.3 and increase in MRR will always require 
more forces. 

2. As the feed rate and depth of cut is reduced, the cutting forces seem to converge which shows 
stability and less dependence on other factors. This is evident from SNR and ANOVA as they 
show that the optimum levels for both these factors is the lowest level since it has the least 
variance. 

3. While Feed Rate and Depth of Cut do not seem to follow a specific trend in case of Temperature 
values, the cutting speed is observed to respond better when Temperature values are 
concerned. Although cutting speed is a factor of the MRR as shown in Eq. 2.1, it is directly 
responsible for generating frictional values and hence increasing cutting speed will result in 
increasing temperature. 

4. Temperature converges to lower values when cutting speed is low. This is due to the fact that 
less speed generates less friction and as a consequence, less heat is generated. 

5. Rake angle, as shown in Figure 15 and Figure 16, is the most irregular of all factors and it seems 
to barely relate with cutting forces. However, as it is increased, a converging trend is observed in 
temperature and hence minimum variance in temperature is observed with highest Rake angle 
values. As the rake angle goes higher, the motion of chip is less perpendicular to the relative 
motion of tool and workpiece hence there will be less work done against the motion causing 
lesser friction. This would amount to a decrease in temperature. 

Table 22 and Table 24 show the results of confirmatory simulations in which the optimum values for 
all four parameters were used as input and cutting forces and temperatures were taken as output. 
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CHAPTER 9  

 

CONCLUSIONS 

It is found that: 

1. The carbide cutting tool is a better option while machining AISI 1045 steel as it results in lower 
cutting forces and temperature values as compared to uncoated cemented carbide cutting tool. 

2. The most significant factors for cutting forces are feed rate and depth of cut with minimum 
possible p-values of 0 for both tools. Similarly, the most significant factors for temperature is 
cutting speed with p-values of 0 and 0.004 for both tools. At a confidence level of 95%, these 
values fall well under the criteria to be deemed as significant factors. 

3. For the carbide cutting tool, the rake angle is observed to be significant for lower temperatures 
as its p-value of 0.014 is within the range of 95% confidence level but for uncoated carbide 
cutting tool, rake angle is not found to be significant factor in lowering the temperature as its p-
value is at 0.096. 

4. The optimum values of cutting force and temperature as calculated statistically is well within 5% 
error range of the simulated results which shows that the analysis results obtained were 
satisfactory as the output is optimized by using optimized parameters. ANOVA has reinforced 
the results of SN ratio by statistically proving the probability factors to be within 5% confidence 
level. 

5. The optimum machining conditions when machining AISI 1045 steel using a carbide cutting tool, 
are given in Table 23 

Orthogonal cutting process of AISI 1045 Steel has been modeled successfully in this study using 
general purpose code ABAQUS® and the model was validated by experimental results reported in 
literature. For simplicity a two-dimensional model was used and the tool was assumed to be rigid. 
Furthermore, the coefficient of friction was taken to be constant based on literature values. 

 Four parameters of orthogonal cutting namely Cutting Speed, Feed Rate, Rake Angle and Depth of 
Cut were to be optimized and Taguchi matrix was used for designing the experiment using two different 
type of carbide cutting tools. The influence of these parameters on the machining outputs of AISI 1045 
Steel has been studied in order to optimize the parameters to provide lower cutting forces and 
temperature values. A total of 25 simulations were run with each tool using five levels of each of the 
four input parameters. 

The responses from the experiments were subjected to statistical analysis using the multipurpose 
software Minitab® V16 and optimum levels of each parameter for both tools were determined. 
Minimized values for cutting forces and temperatures for each tool using optimized factors were 
predicted and verified using confirmatory simulations. 
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CHAPTER 10  

 

AREAS OF FUTURE WORK 

Orthogonal cutting, while being a primitive subject and one of the most commonly and easily used 
tool for metal cutting, is still a very vast field and quite a lot can be researched and streamlined in this 
subject. Related to the current work, it is recommended that work be carried out to minimize the forces 
of friction and stresses in orthogonal cutting along with optimizing more input factors using advanced 
simulations. 

A wide variety of tools and workpieces are worked upon in this era which gives a huge window of 
opportunity for future researchers and lots of flexibility in choosing their materials. 

With regards to the types of simulation, research should be done in 3D simulations which will help 
get more detailed and in depth analysis of the process. 
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