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Abstract 
Machining difficult-to-cut materials is still one of the challenges facing different 

industries such as aerospace, nuclear and automotive sectors. That’s mainly because of 

the excessive heat generated, which affects the tool wear behavior and machinability 

performance. Rotary tools can be employed to solve these issues as they offer an 

acceptable tool life compared to traditional tools, especially under dry-environment 

conditions. Despite the attempts offered in the area of machining with rotary tools, 

there is a noticeable lack in understanding the physical aspects and mechanics of this 

process. Thus, the current work focuses on three main pillars to fully address this 

research gap. The first pillar of this study presents a novel analytical model to predict 

the cutting forces and tool rotational speeds during the machining process using self-

propelled rotary tools with considering the tool bearing friction. The prediction 

capabilities of this analytical model are higher than all existing models in the open 

literature. The objective of the second pillar is to propose a hybrid finite element model 

which is able to predict the temperature distribution during cutting with self-propelled 

rotary tools. The proposed model addresses the limitation of other previous models as 

it is purely focused on significant aspects such as; heat partition factor and the contact 

area between the tool and the chip. The simulation results in terms of cutting forces, 

temperature, heat flux, and the contact area between the chip and the tool are obtained, 

and good agreement is observed between the numerical and experimental results. In 

terms of the third pillar, deep-understanding of the process mechanisms is fully 

discussed through conducting experimental tests on AISI 4140 hardened-steel, 

followed by analysis of variance, empirical modeling of the process, and process 

optimization. Besides, a detailed mechanism for the machining process with self-

propelled rotary tools is concluded. It should be stated that this work offers a valuable 

comprehensive analysis for the metal cutting industry in terms of modeling, 

optimization, and assessment of the machining process with rotary tools. 

Keywords: machining; difficult-to-cut materials; rotary tools; modeling; optimization 
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Chapter 1: Introduction 

1 

 

Chapter 1: Introduction 

 

1.1 Preamble 

Machining processes are widely used in manufacturing industries. In metal cutting, the 

final product is developed by removing parts of raw materials in the shape of chips 

until reaching the required size and shape. Machining is usually common in 

manufacturing metal parts; however, it also can be used with other materials such as 

wood, plastic, composites, and ceramic. The machining processes are normally 

followed by other manufacturing processes such as casting and forging. Furthermore, 

machining is used in nearly all mechanical components manufacturing at some stage. 

Therefore, studying such processes is always required to have a deep understanding of 

the mechanics and mechanisms of metal cutting processes. Understanding such aspects 

will support in enhancing the machinability of certain alloys, reducing the cycle time, 

decreasing the harmful environmental effect, and improving the economies.  

Cutting tools are used to remove part of the workpiece material during the machining 

process. The cutting tools may have one cutting edge, such as turning, or more than 

one cutting edge, such as milling. To perform a metal cutting operation, the cutting tool 

materials must be harder than the workpiece materials [1]. During the cutting process, 

the cutting edge is exposed to severe temperatures and forces. These conditions result 

in increasing the tool wear rate, which leads to tool failure after a certain time. The tool 

wear rate issue becomes significant when machining Difficult-to-Cut materials. This 

tool wear depends on many parameters, such as the temperature, cutting conditions, 

and cooling mechanism. Two important indicators are used to control the machining 

cost; the tool life and material removal rate (MRR). Thus, to reduce the cost and the 

time, the tool life and MRR should be increased to the highest possible values. 

However, it is not easy to achieve both objectives at the same time when machining 

difficult-to-cut materials. 
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There are many studies have been focused on difficult-to-cut materials due to their low 

productivity and relatively high machining cost. In a previous work [2], Kishawy 

experimentally discussed the effects of different design parameters on the temperature 

of the cutting edge during high speed machining of D2 tool steel. One of the main 

reasons behind the temperature issue during machining difficult-to-cut materials is the 

low thermal conductivity of these materials, which leads to an excessive level of heat 

generation in the cutting zone due to the low heat dissipation rate. Accordingly, high 

tool wear, low productivity, and high cost associate the machining processes of the 

difficult-to-cut materials. However, regardless the mentioned issues, these materials 

are widely used in many engineering applications such as aerospace and automotive 

sectors, in which around two-thirds of all difficult-to-cut materials alloys are used, 

while the third portion is used in gas turbines, furnaces, oil, and chemical industry [3]. 

These materials are the first choice for many engineering applications due to their 

superior properties. These properties include high strength to weight ratio, high 

temperature, and chemical resistance [4]. Difficult-to-cut materials include titanium 

alloys, nickel-based alloys, stainless steel alloys, ceramics, and composites [5-7]. 

Therefore, machining difficult-to-cut materials should be studied to solve the 

associated problems with machining such materials. 

Several studies have been done in the metal cutting area to investigate, model, and 

increase the efficiency of machining processes. Using cutting fluid is one of the major 

environmental concerns during metal cutting. Moreover, the usage of the coolant 

represents around 5 to 15 % of the total machining cost [8]. However, coolant fluids 

have a significant effect on the tool life and quality characteristics of machining 

processes. That is because the coolant has three main functions, which are dissipation 

of the heat generated in the cutting zone, lubrication between the workpiece and the 

tool, and removal of the produced chip. Flood coolant offers proper cooling and 

lubricating; however, flood coolant has a severe environmental and social impact. New 

techniques are presented throughout the literature as alternatives to the flood coolant 

method, such as minimum quantity lubrication (MQL), where a low amount of coolant 

is used, dry machining, high-pressure coolant (HPC), and cryogenic cooling. These 
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techniques have many benefits in terms of cost, health, and environmental impact [9-

11]. However, applying these techniques still needs more improvements to become 

efficient alternatives.  

As mentioned before, reducing cost and environmental impact are essential objectives 

in any machining process. Reducing the cost can be obtained by increasing tool life and 

material removal rate, while reducing the health and environmental impact can be 

achieved by the dry machining. However, those two factors are contradictory. In other 

words, using dry machining has less environmental impact comparing with flood 

coolant and is much safer for workers' health. Besides, dry machining saves the coolant 

cost, which is about 10 to 15 %, as mentioned before. Still, dry machining highly 

increases the tool wear rate, especially when machining difficult-to-cut materials, 

which significantly affects the machining cost. Beside, using dry machining increases 

the friction between the tool and the workpiece, which accordingly reduces the surface 

quality, especially when machining aerospace alloys. 

1.2 Machining with rotary tools 

In the conventional cutting tools (i.e., single point cutters), the cutting point is 

continuously in contact with the workpiece. As a result of the machining process, high 

stresses and heat are generated in the cutting zone. That causes the cutting point to be 

exposed to a severe temperature, which leads to high tool wear rate and short tool life. 

Rotary tools can be used to solve the temperature issue by offering the ability to 

machine difficult-to-cut materials even under dry conditions with suitable tool life. In 

the rotary tool, the tool takes the shape of a circular disc, which has a sharp cutting edge 

along the whole outer circumference. During machining, the tool rotates around its 

axis; this angular motion allows the interaction between the tool and the workpiece to 

occurs over of the whole perimeter of the cutting edge instead of at a single-point. Thus, 

the tool wear is much smaller compared to the traditional tool. Figure 1-1 shows a 

schematic for the machining process using self-propelled rotary tools. 
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Figure 1-1. Machining with self-propelled rotary tools 

1.2.1 Types of rotary tools 

There are two main types of rotary tools: self-propelled rotary tools (SPRT) and 

actively driven rotary tools (ADRT). For actively driven rotary tools (ADRT), the tool 

is rotating by an external motor. Therefore, the rotational speed and the rotation 

direction (clockwise or counter-clockwise) can be controlled by the motor. Besides, the 

cutting process is not necessary to be oblique cutting because the tool motion occurs 

by an external power source (i.e., machine shaft or tool motor). For self-propelled 

rotary tools (SPRT), the tool rotates around its axis by the interaction between the tool 

and the workpiece. During the metal cutting, part of the raw material is removed in the 

shape of chips. The generated chip is then sliding over the tool rake face, and friction 

force is generated between the chip and the tool. The cutting process in the case of self-

propelled rotary tools (SPRT) must be oblique, that means, the inclination angle 

between the tool and the workpiece axis (𝑖𝑖) should not be equal to zero. In other words, 

the friction force should have an angle with the tool axis; therefore, the tangential 

component of the friction force can guide the tool to rotate in the proper direction. 

Figure 1-2 shows types of rotary tools. 
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Figure 1-2. Types of rotary tools [12] 

1.3 Literature survey  

It seems that there is no clear time in which rotary tools were firstly foreseen. Shaw et 

al. [13] have mentioned that in 1868 James was the first person who predicted the 

importance of the rotary tools. However, there are no available details for this work. 

The first appearance of rotary tools papers was in the 1930s. In 1934 Sokolov [14] has 

published the first known paper in this area of research (i.e., machining using rotary 

tools).  Afterward, R.G.H in 1936 [15] performed orthogonal cutting using self-

propelled rotary tools. 

In 1952, Shaw et al. [13] have developed the most significant work that shows 

theoretically and experimentally the advantages of applying the rotary tools. In this 

study, the first attempt to use a driven type rotary tool was carried out to perform 

orthogonal cutting. Since a driven type is used, the tool motion must be provided using 

an external source. The drilling machine was mounted over the bed of a center lathe, 

and the cutting insert was attached to the driller shaft. Consequently, the tool rotational 

speed could be independently controlled. The influence of the cutting edge motion on 

the machining characteristics (i.e., cutting forces, chip formation, and temperature) was 
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deeply investigated in this study. A comparison between rotary and conventional tools 

was provided. The tool rotational speed was considered to define the absolute and 

relative cutting velocities. Extended forces relationships were also presented in their 

work. 

In the early 1950s, Zhivchikov [16] investigated the application of the SPRT with 

reverse feed. The influence of different aspects, such as the tool speed, rake angle, and 

clearance angle, on the machining performance were discussed. 

Through the literature, it seems that there was no significant work in the rotary tools 

area from 1952 to 1962. However, by 1963, many papers have been published in the 

rotary tools area, especially from the Soviet Union. For example, there are three papers 

[17-19] that can be found in the proceeding of the machining titanium and heat resistant 

alloys conference. In these papers, different aspects such as geometrical parameters, 

wear mechanism, chip formation, and machining surface quality were investigated. 

Zemlyanskii et al. have published many papers in the area of machining using rotary 

tools [20-29]. Different types of workpiece materials have been used in their studies. 

The workpieces material used were: carbon steel, zinc, nickel alloys, copper, brass, cast 

iron, and titanium alloys. High-speed steel (HSS) round cutting inserts were used, and 

wide ranges of operating conditions were investigated. They found that the cutting and 

thrust forces were mainly affected by the insert inclination angle. On the other hand, 

the feed force was almost constant. The effect of workpiece materials and cutting 

velocities on the cutting forces were presented. The rake angle variations showed a low 

effect on the cutting forces. Moreover, increasing the depth of cut resulted in an 

increase in the thrust and cutting forces. 

Granin [30, 31]  studied the tool life and surface roughness when machining using 

rotary tools. The theoretical surface roughness model was presented, and the rotary 

tools showed the ability to generate a better surface quality compared to the 

conventional tools under the same operating conditions. Dramatically increase in the 

tool life was obtained when using rotary tools. That is mainly due to the low friction 
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coefficient and the large diameter of the cutting inserts. Koosher and Reznikov [19, 32-

34] developed modified fixtures of the tools, which were used for milling and shaping 

operations.  

Afterward, attempts were developed in the Soviet Union to use the side face of the 

round insert as the rake face, while the top face becomes the flank face (type II in Figure 

1-3)  [35-37]. This configuration was used in the finishing or semi-finishing processes 

as it generates good surface quality. A theoretical surface roughness model was 

developed in their works. The same technique was also studied in the 1970s [38, 39]. 

In these studies, the difference between the regular rotary tools and the modified ones 

was discussed. High-speed steel round inserts were used to perform face milling 

operation using the self-propelled rotary technique [40]. The main differences between 

the rotating case and the fixed one were investigated in this study. No built-up edge, 

low tool wear rate, and lower temperature were observed when machining using the 

rotary tools compared to the fixed cases. The rotary tools technique was then studied 

in India [41, 42], and later on, it reached U.K. [43]. 

 

Figure 1-3. Rotary tool inclination types [44] 

In the early stages of the research on machining with rotary tools, most of the papers 

studied the theoretical aspects of rotary tools [13-16, 43]. On the other hand, the 

industrial applications and structure design of the tool were studied [43, 45-54]. 
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Therefore, different designs have appeared, which allows the rotary tools cutters to be 

commercially available [55]. 

In the 1990s, Armarego et al. [56-58] have developed important studies, which include 

analytical models based on the fundamental principles. An equivalent orthogonal 

model was developed for the self-propelled machining process, while an equivalent 

oblique model was presented for the actively driven rotary tool. The tool rotational 

speed was considered in their equivalent models. 

Chen et al. [59] have studied the utilization of self-propelled rotary tools in machining 

a modern difficult to cut material, SiC whisker-reinforced aluminum composite 

workpiece. The tool performance was studied, and dramatically increasing in the tool 

life was noticed for the self-propelled rotary tools compared to the fixed tools and 

single point conventional tools. Distribution of the tool wear over the whole insert 

circumference and reduction of the relative cutting speeds lead to a reduction in the 

tool wear rate and residual stresses. As a result, high cutting velocities and feed rates 

were used to increase the material removal rate.  

Recently, Kishawy et al. [60, 61] have developed self-propelled rotary tools studies. 

There was no crater wear observed due to the noticeable lower temperature. Besides, 

Kishawy et al. [62] have developed a model to predict the tool temperature when 

machining using self-propelled rotary tools. Sasahara et al. [63] have studied the 

thermal characteristics for the actively driven rotary tools, and they showed that there 

is a heating-cooling cycle for each point of the cutting edge.  Thus, the generated heat 

in the cutting zone can be carried away by the tool. As a result, the tool cutting edge 

temperature can be reduced by offering a fresh cooled portion to the cutting zone and 

taking away the hot portion to cool down before feeding it again to the cutting zone. 

According to that, the rotary tools can be used in machining difficult-to-cut materials 

without using coolant fluids and retain the tool temperature and tool wear within 

acceptable limits. 
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1.4 Motivation 

Difficult-to-cut materials are used in many applications such as aerospace, automotive, 

chemical, and oil industries. The reason behind that is the promising properties of these 

materials. For example, high strength to weight ratio, high corrosion resistance, high 

chemical resistance, and the ability of these materials to retain their properties at high 

levels of temperature. Machining of difficult-to-cut materials is still suffering from low 

productivity and relatively high machining cost. That is because the machining of these 

materials is usually associated with very high thermal loads due to their low thermal 

conductivity, which leads to a very high temperature in the cutting zone. Thus, there is 

a need to improve the machinability of Difficult-to-cut materials. 

The flood coolant approach can be used with conventional cutting tools when 

machining difficult-to-cut materials to avoid the temperature issue by dissipating the 

generated heat. However, using flood coolants has harmful effects on the environment 

and the workers’ health. Therefore, the usage of the flood coolant should be avoided as 

possible in the metal cutting industries. 

Many alternative methods were studied in the open literature, which could include as 

options to address the flood coolant issue. These methods include minimum quantity 

lubrication (MQL), high-pressure coolant (HPC), and internal tool cooling.  However, 

these methods still need to be improved in order to replace the flood coolant. 

The rotary tool is one of the efficient methods that can be used in machining difficult-

to-cut materials. Not only because it offers the entire perimeter as a cutting edge instead 

of a single point, which highly reduces the tool wear, but also because it keeps the 

temperature within the acceptable limit, even under dry conditions, which is 

environment friendly and has no effect on the workers’ health. Besides, Rotary tool 

opens up new opportunities for optimizing performance to fully take advantage can 

redesign tool materials, coatings, machining time. Thus, research in this area is still 

needed to provide a deep understanding of the complex interaction between the tool 
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and the workpiece in order to improve the performance of the machining process using 

SPRT. 

1.5 Objectives 

The analysis of a metal cutting process is essential to correlate the machining 

performance indicators (e.g., forces, stress, temperature, and tool wear) to the process 

inputs such as feed, cutting speed, depth of cut, tool geometry, and materials. Three 

different techniques are used to analyze the machining processes; experiments, 

numerical modeling (e.g., finite element), and analytical modeling. Each one of these 

techniques has the advantage of predicting different outputs. In the current study, the 

three techniques are used to provide a comprehensive analysis of metal cutting using 

self-propelled rotary tools. 

Several experimental studies were developed in the rotary tools area, while very few 

analytical studies were performed. All these studies have demonstrated that rotary tools 

offer many benefits in terms of temperature, tool life, and power consumption 

compared to traditional tools. However, there is still a need to provide a deep 

understanding of such a complex process. Thus, the objectives of this study are 

classified into different phases, as follows: 

• Develop a novel analytical model to accurately correlate and predict cutting forces 

and tool rotational speed for different workpiece materials when machining using 

self-propelled rotary tools. The tool bearing friction will be considered in this model 

to obtain the tool drive force component. 

• Offer a solid numerical model to deeply understand the mechanics of the cutting 

process using a self-propelled rotary tool in terms of heat transfer mechanism and 

the interaction between the cutting tool and workpiece, which can be achieved by: 

 Build up three-dimensional geometry for the tool and the workpiece 

 Define the tool and the workpiece materials models 

 Define accurate interaction characteristics between the tool and the workpiece 
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 Analysis of the cutting process aspects that are not easy to measure 

experientially, such as temperature field 

 Develop a hybrid approach to provide the steady-state tool temperature 

distribution  

• Experimentally investigate the effects of the cutting conditions on the overall 

machining performance, which can be achieved by: 

 Use the Taguchi design of experiments (DOE) approach to build up the tests 

matrix 

 Apply analysis of variance (ANOVA) technique to study the effect of every 

studied design variable on the machining performance 

 Develop data models for the measured performance indicators using genetic 

programing  

 Perform multi-objective optimization for the developed models using the non-

dominated sorting genetic algorithm (NSGA-II) to generate the Pareto-front 

optimal solutions 

 Optimize the Pareto-front solutions based on different machining scenarios 

(i.e., finishing and productively) 

1.6 Thesis outline 

This thesis consists of nine chapters, as follows:  

• Chapter 1 provides an introduction to the importance of using the self-propelled 

rotary tools when machining difficult-to-cut materials. Literature survey, 

motivations, and objectives of the current research are presented in this chapter. 

• Chapter 2 provides a background on the metal cutting process. Previous studies, 

which are directly related to the current research, are presented in detail.  

• Chapter 3 provides an analytical-based model to predict the cutting forces and 

tool rotational speed, which is a significant design aspect when machining with 

self-propelled rotary tools. To minimize the model assumptions and maintain 

high accuracy, the bearing friction of the cutting insert is considered. 
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• Chapter 4 provides descriptions for the finite element aspects, which are 

mandatory to simulate the metal cutting process. A 3-D numerical simulation 

for the machining process using SPRT is developed based on materials plastic 

model, damage model, and friction law. ABAQUS commercial software is used 

to perform the simulation process. 

• Chapter 5 provides a hybrid model to predict and investigate the temperature 

characteristics when machining using self-propelled rotary tools. Two separate 

phases are employed to study the steady-state temperature field. In the first 

phase, the outputs of the 3-D ABAQUS model are used to obtain the second 

phase boundary conditions. In the second phase, COMSOL software is utilized 

to achieve a steady-state temperature distribution. 

• Chapter 6 provides detailed information regarding the used materials, 

measuring equipment, and the experimental plan. 

• Chapter 7 provides the experimental results in terms of cutting forces, tool wear, 

temperature, tool rotational speed, and surface roughness. The analysis of 

variance (ANOVA) is utilized to determine the significant design variables for 

each performance indicator and to select the optimum level of each variable. 

Genetic programming is used to correlate the tool wear and surface roughness 

to the decision variables. Afterward, the non-dominated sorting genetic 

algorithm (NSGA-II) is used to perform multi-objective optimization of the 

machining process. 

• Chapter 8 provides the conclusions of the current research findings. 

• Chapter 9 provides the contributions of the current work and recommendations 

for future work. 



Chapter 2: Mechanics of metal cutting 

13 

 

Chapter 2: Mechanics of metal cutting  

 

2.1 Preamble 

Metal cutting processes (e.g., turning, milling, and drilling) are usually used at some 

stages of any product manufacturing process. That is due to the ability to produce 

accurate dimensions and good surface finishing compared to other manufacturing 

processes such as casting. For example, the manufacturing of the engine blocks usually 

starts with casting or forging, and then metal cutting is required to get the accurate 

dimensions and gaps between parts. This chapter provides a background on the metal 

cutting process. Previous studies, which are directly related to the current research, are 

also presented in details. 

2.2 Orthogonal metal cutting  

There are two fundamental types of metal cutting processes: orthogonal and oblique 

metal cutting. In the orthogonal cutting process, the cutting edge is normal to the cutting 

velocity direction (see Figure 2-1). According to Oxley [64], when the width of cut (𝑤𝑤) 

is equal or higher than ten times of the uncut chip thickness (𝑡𝑡1), the plane strain 

assumption can be used. Hence, there is no chip side flow occurs parallel to the cutting 

edge. Therefore, two-dimension geometry can be used to model the cutting process.  
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Figure 2-1. Basic cutting processes [65]; orthogonal (a) and oblique (b) 
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Two different methods can be used to experimentally perform the orthogonal cutting. 

The first one is the transverse turning operation with a width of cut equal to or higher 

than ten times the feed. The other way is the tube end turning with a thickness equal to 

or higher than ten times the feed, as shown in Figure 2-2. The tube diameter should be 

large enough; therefore, the cutting velocity variation can be ignored. The following 

assumptions are used to analysis the orthogonal cutting process based on the plane 

strain concept [66]: 

• There is no thickness for the primary shear plane (𝐴𝐴𝐵𝐵) 

• The tool has a sharp edge, and there is no plowing or rubbing in the cutting zone 

• The shear plane stresses are uniformly distributed 

• The tool-chip interference force (𝑅𝑅) is equal and opposite in direction to the 

resultant cutting force (𝑅𝑅) 

According to Merchant, by using the forces balance, the feed force (𝐹𝐹𝑇𝑇) and the cutting 

force (𝐹𝐹𝐶𝐶) are related to the material’s shear stress (𝜏𝜏), coefficient of friction (𝜇𝜇), shear 

flow angle (∅), width of cut (𝑤𝑤), rake angle (𝛼𝛼), and undeformed chip thickness (𝑡𝑡1). 
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Figure 2-2. Examples of orthogonal metal cutting [67]; tube-end turning (a) and transverse 
turning (b) 
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Armarego [68] have indicated that orthogonal Merchant’s model cannot predict 

accurate cutting forces.  There are other studies [69, 70] have tried to improve the shear 

flow angle expression. However, Oxley [64] showed that they could not predict results 

with reasonable accuracy.  

2.3 Merchant’s Theory 

In 1941 Merchant and Ernest [71] have developed the first theory for orthogonal metal 

cutting mechanics. Figure 2-3 shows the chip formation under the shear plane model 

assumption, which was used in this theory. According to Merchant and Ernest, the chip 

is formed due to the plastic deformation in the primary shear zone (i.e., the zone starts 

from the tool cutting point and ends at the workpiece free surface). Based on the 

plasticity theory, the maximum shear strain rate and shear stress must be in the direction 

of the shear plane (i.e., plane AB). 

 

Figure 2-3. Merchant’s orthogonal cutting model [71] 
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In Figure 2-3, 𝛼𝛼 is the tool rake angle, and ∅ is the shear flow angle. 𝑡𝑡1 is the uncut 

chip thickness, and 𝑡𝑡2 is the deformed chip thickness. The shear flow angle ∅ can be 

presented in equation 2-1: 

tan ∅ =
(𝑡𝑡1/𝑡𝑡2) cos 𝛼𝛼

1 − (𝑡𝑡1/𝑡𝑡2) sin 𝛼𝛼
 2-1 

Figure 2-4 shows the velocity triangle at the shear zone, which can be utilized to drive 

the following equations:  

𝑉𝑉𝑠𝑠 = 𝑈𝑈
 cos 𝛼𝛼

 cos (∅ − 𝛼𝛼)
 2-2 

𝑉𝑉 = 𝑈𝑈
 sin 𝛼𝛼

 cos (∅ − 𝛼𝛼)
= 𝑈𝑈(

𝑡𝑡1
𝑡𝑡2

) 2-3 

 

Figure 2-4. Velocity triangle at the shear zone [71] 

where 𝑉𝑉𝑠𝑠 is the shear velocity, 𝑉𝑉 is the chip velocity, and 𝑈𝑈 is the cutting velocity. 

In this model, the chip is assumed to be under equilibrium of two equal forces and 

opposite in direction (i.e., 𝑅𝑅 and 𝑅𝑅′). Where 𝑅𝑅 is the exerting force from the workpiece 

on the chip, while 𝑅𝑅′ is the applying force from the tool on the chip. 
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The friction coefficient 𝜇𝜇 between the tool and the chip can be presented by equation 

2-4: 

𝜇𝜇 =
𝐹𝐹
𝑁𝑁

=  tan 𝜆𝜆 2-4 

where 𝐹𝐹 is the friction force (i.e., the tangential to the rake face force), while N is 

normal to the rake face force. 

By dissolving 𝑅𝑅 into two force components, the below equations can be obtained: 

𝐹𝐹𝑐𝑐 = 𝑅𝑅 cos (𝜆𝜆 − 𝛼𝛼) 2-5 

𝐹𝐹𝑡𝑡 = 𝑅𝑅 sin (𝜆𝜆 − 𝛼𝛼) 2-6 

𝐹𝐹 = 𝑅𝑅 sin 𝜆𝜆 2-7 

𝑁𝑁 = 𝑅𝑅 cos 𝜆𝜆 2-8 

𝑅𝑅 =
𝐹𝐹𝑆𝑆

 cos 𝜃𝜃
=

𝑘𝑘𝐴𝐴𝐴𝐴𝑡𝑡1𝑤𝑤
 sin ∅ cos 𝜃𝜃

 2-9 

where 𝐹𝐹𝑐𝑐 is the cutting force, 𝐹𝐹𝑡𝑡 is the thrust force, 𝐹𝐹𝑠𝑠 is the shear force (i.e., force along 

𝐴𝐴𝐵𝐵), and 𝐹𝐹𝑛𝑛  is normal to AB force. Besides, 𝜆𝜆 is the friction angle, 𝜃𝜃  is the angle 

between 𝑅𝑅 and 𝐴𝐴𝐵𝐵 plane, and 𝐾𝐾𝐴𝐴𝐴𝐴 is the shear stress along 𝐴𝐴𝐵𝐵 plane. 

Usually, the tool rake angle 𝛼𝛼 and the uncut chip thickness 𝑡𝑡1 are known. However, the 

shear flow angle ∅ or the chip thickness 𝑡𝑡2  should be known in order to solve the 

equations and obtain cutting forces. Many studies have been done to develop a model 

(i.e., equation) for the shear flow angle ∅. For example, Ernest and Merchant [71] have 
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assumed that the plane 𝐴𝐴𝐵𝐵 is the direction of the maximum shear stress, the following 

equation can be found: 

∅ =
𝜋𝜋
4

+
𝛼𝛼
2
−
𝜆𝜆
2

 2-10 

Later in 1945, Merchant [66] has proved that the same equation (i.e., equation 2-10) 

can be found by assuming the angle ∅  is adjusted to minimize the cutting work. 

Afterward, the shear flow ∅  was modified by making the shear stress along  𝐴𝐴𝐵𝐵 

depends on the normal stress to  𝐴𝐴𝐵𝐵 . The modified shear flow angle is shown in 

equation 2-11: 

∅ =
1
2

(cot−1𝑚𝑚 + 𝛼𝛼 − 𝜆𝜆) 2-11 

where 𝑚𝑚 is the slope between the shear and normal stresses. 

2.4 Lee and Shaffer Theory 

The theory of plasticity was also used by Lee and Shaffer [69] in order to analyze the 

orthogonal cutting process. They assumed that there is no plastic deformation in the 

chip material at the very beginning (i.e., above the plane 𝐴𝐴𝐵𝐵). Figure 2-5 shows that 

the plane 𝐴𝐴𝐵𝐵 is connected to the chip-tool interference area by straight slip lines. The 

stress was assumed to be uniform in the 𝐴𝐴𝐵𝐵𝐶𝐶 region, and the maximum shear stress 

occurs along the plane 𝐴𝐴𝐶𝐶. Based on this assumption, zero stress occurs along the plane 

𝐴𝐴𝐵𝐵, which makes the angle between the plane 𝐴𝐴𝐵𝐵 and the force 𝐹𝐹 to be 𝜋𝜋
4
. Then, the 

shear flow angle ∅ can be written as shown in equation 2-12: 

∅ =
𝜋𝜋
4

+ 𝛼𝛼 − 𝜆𝜆 2-12 
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Figure 2-5. Slip line field model geometry [69] 

This model is not valid for all conditions. For example, when the angle 𝜆𝜆 is equal to 𝜋𝜋
4
  

and the rake angle 𝛼𝛼 is equal to zero, the model will lead to zero shear flow angle ∅ , 

which is not right. Therefore, the built-up edge (BUE) was included by adding the angle 

𝜃𝜃, which depends on the BUE’s size. Then the shear flow angle ∅ is presented by 

equation 2-13 [44]: 

∅ =
𝜋𝜋
4
− (𝜆𝜆 − 𝛼𝛼) + 𝜃𝜃 2-13 
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2.5 Oxley’s Theory 

In 1959 Palmer and Oxley [72] have developed their first orthogonal cutting model 

based on the material deformation principle. Figure 2-6 shows the geometry of Oxley’s 

orthogonal model [64]. In the metal cutting, there are two main deformation zones; the 

primary shear zone, which is centered around the plane 𝐴𝐴𝐵𝐵, and the secondary shear 

zone, which occurs along the tool-chip contact length. In this model, the primary shear 

deformation zone was assumed to have parallel sides, while the secondary deformation 

shear zone was considered to have a constant thickness along the contact length 

between the chip and the tool, as shown in Figure 2-6 (b). Oxley’s model flow chart is 

shown in Figure 2-7. The parameter 𝑐𝑐 is the ratio between the length and the thickness 

of the primary shear zone, while 𝛿𝛿 is the ratio between the thickness of the secondary 

deformation shear zone and the chip’s thickness. 

Besides, the strain along the 𝐴𝐴𝐵𝐵 plane was assumed to be uniform and equal to half of 

the primary shear zone strain. The strain rate and the temperature were also considered 

to be uniform along the plane AB. The shear stress at the plane 𝐴𝐴𝐵𝐵 depends on the ratio 

𝑐𝑐.  Besides, the moving heat source theory [73] was used to calculate the heat partition 

of the workpiece and the chip. The temperature along the plane 𝐴𝐴𝐵𝐵  is iteratively 

calculated in order to consider the effect of the temperature variation on the thermal 

characteristics. The parameter 𝜂𝜂  was used to estimate the middle shear zone’s 

temperature by considering it as a percent of the primary deformation shear zone’s 

temperature rise. Besides, the slip line field theory was utilized to calculate the pressure 

along the plane 𝐴𝐴𝐵𝐵 [74].The pressure 𝑝𝑝𝐴𝐴  is calculated by applying the force 

equilibrium on an element close to point 𝐴𝐴  and located at the free surface of the 

workpiece. The pressure along the plane 𝐴𝐴𝐵𝐵 is estimated by applying force equilibrium 

at the same plane. By obtaining the shear stress and the pressure along the plane 𝐴𝐴𝐵𝐵,  

the resultant force and its direction can be found . 
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Figure 2-6. Oxley orthogonal cutting model [64]; deformation zone (a) and simplified deformation 
zone (b) 
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Figure 2-7. Oxley orthogonal cutting model flow chart [64] 
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The tool-chip contact length can be observed by assuming a uniform normal stress 

distribution in the secondary shear zone. Therefore, the equilibrium condition occurs 

as the resultant force’s momentum around point 𝐵𝐵  is equal to the normal force’s 

momentum. Figure 2-8 shows the stresses and forces at the chip-tool interface. The 

shear and normal stresses of the rake face can be obtained by equations 2-14 and 2-15: 

𝜏𝜏𝑖𝑖𝑛𝑛𝑡𝑡 =
𝐹𝐹
𝐻𝐻𝑏𝑏1

 2-14 

𝜎𝜎𝑁𝑁 =
𝑁𝑁
𝐻𝐻𝑏𝑏1

 2-15 

where 𝐻𝐻 is the chip-tool contact length, and 𝑏𝑏1 is the width of cut. 

  

Figure 2-8. Tool-chip interface forces and stresses [64] 
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By assuming sticking friction at the tool-chip interface, the chip’s shear stress (𝐾𝐾𝑐𝑐ℎ𝑖𝑖𝑝𝑝) 

should be equal to 𝜏𝜏𝑖𝑖𝑛𝑛𝑡𝑡. Besides, The maximum tool-chip interface’s temperature can 

be estimated based on Boothroyd’s work [73]. After obtaining the maximum rise in 

temperature ∆𝜃𝜃𝑚𝑚, the parameter 𝜓𝜓 was used to get the tool-chip interface’s average. To 

perform the analysis, there are three unknowns should be obtained (i.e., 𝑐𝑐, 𝛿𝛿,𝑎𝑎𝑎𝑎𝑎𝑎 ∅). 

Figure 2-7 shows the flow chart of the iterative approach that was used to get the 

solution. The shear flow angle (∅ ) is obtained when 𝜏𝜏𝑖𝑖𝑛𝑛𝑡𝑡 = 𝑘𝑘𝑐𝑐ℎ𝑖𝑖𝑝𝑝 . The iteration 

operation was allowed to proceed until a very small difference between 𝜎𝜎𝑁𝑁 and 𝜎𝜎𝑁𝑁′  is 

achieved, then the value of 𝑐𝑐 is determined. Finally, the parameter 𝛿𝛿 is selected based 

on the minimum energy principle, in which 𝐹𝐹𝑐𝑐 should be minimum. A computer-based 

algorithm was developed by Oxley [64] to perform the analysis. Good agreement 

between the experiments and the predicted results was obtained after tuning 𝜂𝜂 and 𝜓𝜓 

parmeters.  

2.6 Extension of Oxley’s theory 

There are many researchers have extended Oxley’s theory to use different materials 

models such as the Johnson-Cool model [75], the power-law model [76], and threshold 

model [77]. Involving such models allowed a wide range of materials to be analyzed 

by Oxley’s theory. 

Recently, simulation of the high-speed machining requires different materials 

characteristics to be involved in order to account for the high temperature and strain 

rate. Johnson-Cook model is widely used in such analysis; thus, the model constants 

for a large number of workpiece materials can be found in the literature. Equation 2-16 

shows the Johnson-Cook material model. 

𝜎𝜎𝑜𝑜 = �𝐴𝐴 + 𝐵𝐵 𝜀𝜀  �𝑝𝑝𝑡𝑡𝑛𝑛 �[1 + 𝐶𝐶𝑙𝑙𝑎𝑎(
𝜀𝜀𝑝𝑝𝑡𝑡 ����̇

𝜀𝜀�̇�𝑜
)][1 − �

𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟
𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

�
𝑚𝑚

] 2-16 
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where A, B, C, n, m and 𝜀𝜀�̇�𝑜  are material constants which can be experimentally 

obtained at the reference temperature 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟. Besides, 𝜀𝜀  �𝑝𝑝𝑡𝑡   is the equivalent plastic strain, 

and  𝜀𝜀𝑝𝑝𝑡𝑡 ����̇  is the equivalent plastic strain rate. While 𝑇𝑇 is the temperature and 𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 is the 

melting temperature.  

On the other hand, Lin et al. [78] utilized their own material model. In their model, the 

velocity modified temperature law was used to correlate the properties of the material 

to the temperature and the strain rate. Equation 2-17 presents the velocity modified 

temperature. 

𝑇𝑇𝑚𝑚𝑜𝑜𝑐𝑐 = �1 − 𝜈𝜈log10 �
𝜀𝜀̇
𝜀𝜀0̇
��𝑇𝑇 2-17 

where 𝑇𝑇𝑚𝑚𝑜𝑜𝑐𝑐 is the modified temperature, 𝜀𝜀̇ is the equivalent strain rate,  and 𝜀𝜀0̇ is the 

reference strain rate. 

It can be seen that the modified temperature increases when the temperature increases 

and decreases when the strain rate increases. The material flow stress is then calculated 

as shown in equation 2-18: 

𝜎𝜎 = 𝜎𝜎1 𝜀𝜀𝑛𝑛  2-18 

where 𝜎𝜎1 is the material strength coefficient and n is the material strain hardening 

expansion, which is a function in the modified temperature. 

The forces are then calculated by finding the stresses, which are depending on the 

temperature, strain, and strain rate. The modified temperature law was originally 

developed for steel and then extended to different materials [79].  

For different ranges of  𝑇𝑇𝑚𝑚𝑜𝑜𝑐𝑐, the variables 𝜎𝜎1 and 𝑎𝑎 can be presented by polynomial 

relations. Although these equations are available for a few materials, the relations for 
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many engineering alloys are missing. Therefore, the usage of the Johnson-Cook 

material’s model extends the Oxley’s theory and makes it useful for many engineering 

alloys. For this purpose, the new variable 𝑎𝑎𝑟𝑟𝑒𝑒 was used instead of 𝑎𝑎, and accordingly 

the Oxley’s equations were updated. The new strain hardening index 𝑎𝑎𝑟𝑟𝑒𝑒 can be 

estimated as shown in equation 2-19: 

𝑎𝑎𝑟𝑟𝑒𝑒 ≈
𝑎𝑎𝐵𝐵𝜀𝜀𝐴𝐴𝐴𝐴𝑛𝑛

(𝐴𝐴 + 𝐵𝐵𝜀𝜀𝐴𝐴𝐴𝐴𝑛𝑛 )
 2-19 

where 𝐴𝐴 and 𝐵𝐵 are material constants. Besides,  𝜀𝜀𝐴𝐴𝐴𝐴 is the strain at the plane 𝐴𝐴𝐵𝐵, which 

is assumed to be constant. 

Figure 2-9 shows the flow chart for the modified Oxley model [80]. The values of the 

shear angle ∅, the constant 𝐶𝐶0, and the constant 𝛿𝛿 need to be tuned through an iteration 

loop. The shear angle ∅ is selected when the shear stress 𝜏𝜏𝑖𝑖𝑛𝑛𝑡𝑡 at the tool-chip interface 

equals the chip material’s shear stress 𝐾𝐾𝑐𝑐ℎ𝑖𝑖𝑝𝑝. The constant 𝐶𝐶0 is selected when the tool-

chip interface normal stress 𝜎𝜎𝑁𝑁 equals the normal stress 𝜎𝜎𝑁𝑁′ . Besides, the constant  𝛿𝛿 is 

chosen based on the minimum cutting force condition.  Figure 2-10 shows the geometry 

of the Oxley orthogonal cutting model. 
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Figure 2-9. Flow chart for the modified Oxley model [80] 
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Figure 2-10. Oxley orthogonal cutting model geometry [64] 

2.6.1 Primary shear zone relationships 

The primary shear zone flow stress based on the Von-Mises yield criteria can be 

expressed, as shown in equation 2-20: 

𝑘𝑘𝐴𝐴𝐴𝐴 =
𝜎𝜎𝐴𝐴𝐴𝐴
√3

=
1
√3

(𝐴𝐴 + 𝐵𝐵𝜀𝜀𝐴𝐴𝐴𝐴𝑛𝑛 )(1 + 𝐶𝐶 ln 
𝜀𝜀𝐴𝐴𝐴𝐴.

𝜀𝜀0.
)(1− (

𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟
𝑇𝑇𝔪𝔪𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

)𝔪𝔪) 2-20 

Where 𝐴𝐴,𝐵𝐵,𝐶𝐶, and 𝑚𝑚 are material constants that can be obtained using experimental 

tests. 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟  is the reference temperature, 𝑇𝑇𝐴𝐴𝐴𝐴  is the primary shear plane temperature 

(which assumed to be constant), and 𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 is the melting temperature. Moreover, 𝜀𝜀𝐴𝐴𝐴𝐴.  

is the strain rate of the plane 𝐴𝐴𝐵𝐵, and was assumed to be constant.  
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The angle 𝜃𝜃, which is located between the shear plane 𝐴𝐴𝐵𝐵 and the resultant force 𝑅𝑅, 

can be presented as shown in equation 2-21: 

tan 𝜃𝜃 = 1 + 2(
𝜋𝜋
4
− ∅) − 𝐶𝐶𝑜𝑜𝑎𝑎𝑟𝑟𝑒𝑒 2-21 

where ∅ is the shear flow angle and 𝐶𝐶𝑜𝑜 is the ratio between the length of the shear plane 

(i.e., plane 𝐴𝐴𝐵𝐵) to the primary shear zone thickness.  

The shear flow angle can also be found, as shown in equation 2-22: 

𝜃𝜃 = ∅ + 𝜆𝜆 − 𝛼𝛼 2-22 

Since the plane 𝐴𝐴𝐵𝐵 is assumed to be in the middle of the primary shear zone, thus its 

average shear strain (𝛾𝛾𝐴𝐴𝐴𝐴 ) is equal to half of the primary shear strain and can be 

expressed, as shown in equation 2-23: 

𝛾𝛾𝐴𝐴𝐴𝐴 =
1
2

 cos 𝛼𝛼
 sin ∅ cos (∅ − 𝛼𝛼)

 2-23 

The plane 𝐴𝐴𝐵𝐵 average strain rate 𝛾𝛾𝐴𝐴𝐴𝐴.  is given by equation 2-24: 

𝛾𝛾𝐴𝐴𝐴𝐴. =
𝐶𝐶𝑜𝑜𝑉𝑉𝑠𝑠
𝑙𝑙

 2-24 

where 𝑉𝑉𝑠𝑠 is the shear flow velocity and 𝑙𝑙 is the plane 𝐴𝐴𝐵𝐵 length. 

Based on Von-Mises criteria, the plane 𝐴𝐴𝐵𝐵 equivalent strain 𝜀𝜀𝐴𝐴𝐴𝐴 and equivalent strain 

rate 𝜀𝜀𝐴𝐴𝐴𝐴.  can be obtained as shown in equation 2-25 and equation 2-26: 
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𝜀𝜀𝐴𝐴𝐴𝐴 =
𝛾𝛾𝐴𝐴𝐴𝐴
√3

 2-25 

𝜀𝜀𝐴𝐴𝐴𝐴. =
𝛾𝛾𝐴𝐴𝐴𝐴.

√3
 2-26 

The plane 𝑇𝑇𝐴𝐴𝐴𝐴 is the average temperature, which can be written as shown in equation 

2-27: 

𝑇𝑇𝐴𝐴𝐴𝐴 = 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 + 𝜂𝜂 △ 𝑇𝑇𝑆𝑆𝑆𝑆 2-27 

where 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟  is the reference temperature, which can be considered as the room 

temperature. Besides, 𝜂𝜂 was used to scale the amount of the deformation energy which 

converts to heat and is usually assumed to be 0.9. In other words, 90% of the 

deformation energy converts to heat and increases the primary shear zone temperature. 

The remaining percent was assumed to be carried away by the chip. The primary shear 

zone temperature rise △ 𝑇𝑇𝑆𝑆𝑆𝑆 can be estimated using the plastic work of the shear zone. 

Since the plastic work was assumed to be equal to the shear force 𝐹𝐹𝑠𝑠 multiplies by the 

shear flow velocity  𝑉𝑉𝑠𝑠 , the plane 𝐴𝐴𝐵𝐵  temperature rise can be found, as shown in 

equation 2-28: 

△ 𝑇𝑇𝑆𝑆𝑆𝑆 =
(1 − 𝛽𝛽)𝐹𝐹𝑠𝑠𝑉𝑉𝑠𝑠
𝑚𝑚𝑐𝑐ℎ𝑖𝑖𝑝𝑝𝐶𝐶𝑝𝑝

 2-28 

where 𝑚𝑚𝑐𝑐ℎ𝑖𝑖𝑝𝑝 is the chip load, which can be given by equation 2-29: 

𝑚𝑚𝑐𝑐ℎ𝑖𝑖𝑝𝑝 = 𝜌𝜌𝑉𝑉𝑡𝑡1𝑤𝑤 2-29 
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Besides, 𝛽𝛽 is the percentage of the heat which moves from the primary shear zone to 

the workpiece, and can be expressed by equation 2-30: 

𝛽𝛽 = 0.5 − 0.35log10(𝑅𝑅𝑇𝑇 tan ∅) for  0.04 < 𝑅𝑅𝑇𝑇 tan ∅ < 10 

𝛽𝛽 = 0.3 − 0.15log10(𝑅𝑅𝑇𝑇 tan ∅) for 𝑅𝑅𝑇𝑇 tan ∅ > 10 
2-30 

where 𝑅𝑅𝑇𝑇 is a dimensionless thermal number, and can be given as shown in equation 

2-31: 

𝑅𝑅𝑇𝑇 =
𝜌𝜌𝐶𝐶𝑝𝑝𝑉𝑉𝑡𝑡1
𝐾𝐾

 2-31 

where 𝜌𝜌 is the density, 𝐶𝐶𝑝𝑝 is the specific heat, 𝑉𝑉 is the cutting velocity, 𝑡𝑡1is the uncut 

chip thickness, and 𝐾𝐾 is the thermal conductivity. 

Finally, the point 𝐵𝐵 normal stress 𝜎𝜎𝑁𝑁′  (i.e., at the tool tip) can be expressed by equation 

2-32: 

𝜎𝜎𝑁𝑁′ = 𝑘𝑘𝐴𝐴𝐴𝐴(1 +
𝜋𝜋
2
− 2𝛼𝛼 − 2𝐶𝐶𝑜𝑜𝑎𝑎𝑟𝑟𝑒𝑒) 2-32 

2.6.2 Secondary shear zone relationships 

The secondary shear zone is assumed to be rectangular. Besides, 𝛿𝛿 is the ratio between 

the thickness of the secondary shear zone to the deformed chip thickness 𝑡𝑡2. Thus, the 

average thickness of the secondary shear zone is equal to 𝛿𝛿 ∗ 𝑡𝑡2. 

Therefore, the equivalent strain-rate in the secondary shear zone 𝜀𝜀𝑖𝑖𝑛𝑛𝑡𝑡.  can be expressed 

by equation 2-33: 
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𝜀𝜀𝑖𝑖𝑛𝑛𝑡𝑡. =
𝛾𝛾𝑖𝑖𝑛𝑛𝑡𝑡.

√3
=

1
√3

𝑉𝑉𝑐𝑐
𝛿𝛿𝑡𝑡2

 2-33 

The length of the secondary shear zone was assumed to be equal to the contact length 

ℎ. This contact length can be obtained by applying the normal stresses momentum 

balance around point 𝐵𝐵, and can be found as shown in equation 2-34: 

ℎ =
𝑡𝑡1 sin 𝜃𝜃

 cos 𝜆𝜆 sin ∅
(1 +

𝐶𝐶0𝑎𝑎𝑟𝑟𝑒𝑒
3(1 + 2(𝜋𝜋4 − ∅) − 𝐶𝐶𝑜𝑜𝑎𝑎𝑟𝑟𝑒𝑒)

) 
2-34 

The normal stress at the interface between the chip and the tool was assumed to be 

uniform. Thus, the normal stress at the point 𝐵𝐵 can be presented as shown in equation 

2-35: 

𝜎𝜎𝑁𝑁 =
𝑁𝑁
ℎ𝑤𝑤

 2-35 

where 𝑁𝑁 is the normal force at the tool-chip interface, and 𝑤𝑤 is the chip width. 

The temperature of the tool-chip interface can be given, as shown in equation 2-36: 

𝑇𝑇𝑖𝑖𝑛𝑛𝑡𝑡 = 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 + 𝛥𝛥𝑇𝑇𝑆𝑆𝑆𝑆 + 𝜓𝜓𝛥𝛥𝑇𝑇𝑀𝑀 2-36 

where 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 is the room temperature and 𝛥𝛥𝑇𝑇𝑀𝑀 is the temperature rise of the deformed 

chip. The constant 𝜓𝜓 is used to scale the temperature rise in order to get an average 

temperature rise. Boothroyd [81] has developed an equation to find the temperature rise 

of a rectangular heat source: 
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log10(
△ 𝑇𝑇𝑀𝑀
△ 𝑇𝑇𝑐𝑐

) = 0.06 − 0.195(𝛿𝛿)�
𝑅𝑅𝑇𝑇𝑡𝑡2
𝑡𝑡1

+ 0.5log10(
𝑅𝑅𝑇𝑇𝑡𝑡2
ℎ

) 2-37 

where △ 𝑇𝑇𝑐𝑐 is the average chip temperature rise, and can be found as shown in equation 

2-38: 

△ 𝑇𝑇𝑐𝑐 =
𝐹𝐹 𝑉𝑉𝑐𝑐

𝑚𝑚𝑐𝑐ℎ𝑖𝑖𝑝𝑝 𝐶𝐶𝑝𝑝
 2-38 

According to Mathew et al., the maximum shear strain in the secondary shear zone can 

be calculated by equation 2-39: 

𝛾𝛾𝑗𝑗𝑛𝑛𝑡𝑡 = 2𝛾𝛾𝐴𝐴𝐴𝐴 + 0.5𝛾𝛾𝑀𝑀 2-39 

The maximum shear strain in the secondary shear zone can be expressed by equation 

2-40: 

𝛾𝛾𝑀𝑀 =
ℎ

(𝛿𝛿𝑡𝑡2)
 2-40 

Thus, the equivalent strain in the secondary shear zone can be obtained as shown in 

equation 2-41: 

𝜀𝜀𝑖𝑖𝑛𝑛𝑡𝑡 =
𝛾𝛾𝑖𝑖𝑛𝑛𝑡𝑡
√3

= (
1
√3

)(2𝛾𝛾𝐴𝐴𝐴𝐴 + 0.5𝛾𝛾𝑀𝑀) 2-41 

Finally, the flow stress at the interface between the tool and the chip can be found by 

equation 2-42: 
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𝑘𝑘𝑐𝑐ℎ𝑖𝑖𝑝𝑝 =
1
√3

(𝐴𝐴 + 𝐵𝐵𝜀𝜀𝑖𝑖𝑛𝑛𝑡𝑡𝑛𝑛 )(1 + 𝐶𝐶 ln 
𝜀𝜀𝑖𝑖𝑛𝑛𝑡𝑡.

𝜀𝜀𝑜𝑜.
)(1 − (

𝑇𝑇𝑖𝑖𝑛𝑛𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟
𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

)𝔪𝔪) 2-42 

2.7 Armarego’s rotary tools: fundamental study 

In the early 1990s, Armarego et al. [56-58] developed a fundamental explanation of  

the machining using rotary tools. In their research, the tool rotational speed was 

considered in the analysis process by developing the equivalent cutting concept. An 

equivalent orthogonal cutting model was used for the self-propelled cutting tools, while 

an equivalent oblique model was employed for the driven rotary tools. They verified 

their models by comparing the predicted results to the experimentally obtained results. 

The cutting process by rotary tools is more complex compared to conventional cutting. 

That is because the tool itself rotates around its axis, which impacts the machining 

temperature, friction at the tool-chip interface, and the chip formation mechanism. To 

study the cutting process using rotary tools, a tube-end turning process was selected to 

simplify the analysis. In Figure 2-11a and Figure 2-11b, the machining process must 

be actively driven to control the tool rotational direction (i.e., clockwise or counter-

clockwise). On the other hand, the cutting process in Figure 2-11c can be actively 

driven or self-propelled. In this specific case, if the rotary tool is actively driven, then 

the tool can rotate in either clockwise or counter-clockwise direction with any desired 

speed. However, if it is a self-propelled cutting process, the tool has to rotate in the 

counter-clockwise direction. The tool rotational speed will depend on the cutting 

velocity and the distance between the tool and the center of the workpiece.  
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Figure 2-11. Rotary tools tube-end turning [57]; tool above the workpiece center (a), tool in the 
same level of the workpiece center (b), and tool below the workpiece center (c) 
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The following assumptions were considered to analyze the machining process using 

rotary tools [57]: 

• The ratio between the tube diameter and the insert diameter to the tube thickness 

is large enough to neglect the tool’s curvature 

• The orientation between the cutting speed and the insert’s normal plane depends 

on the tool location (i.e., above or below the workpiece axis) 

• The variation in the cutting velocity is neglected since the tube thickness is 

small 

• The cutting velocity is large enough to neglect the feed velocity 

As mentioned before, the equivalent oblique cutting model is used to simulate the 

cutting process using the driven rotary tools. In the driven rotary tools, the tool rotates 

by an external power source. This external source could be the CNC machine tool’s 

shaft or motor mounted on the tool holder.  

The main difference between the rotary tools and the traditional cutting tools is the tool 

motion. At constant cutting velocity 𝑉𝑉𝑊𝑊, the tool motion only modifies the magnitude 

and the direction of the relative cutting speed 𝑉𝑉 . 

Unlike the self-propelled rotary tools, the tool speed of the driven rotary tools does not 

depend on the cutting speed and the inclination angle. Therefore, the tool rotational 

speed and the inclination angle can be adjusted to any required value, which cannot 

occur in the SPRT. 
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Figure 2-12. An actively driven rotary tool [57]; an oblique case (a) and its equivalent classical 
process (b)  
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Figure 2-12 shows an actively driven rotary tool case in which the tool is located above 

the workpiece axis. In Figure 2-12,  𝑃𝑃𝑛𝑛 is the normal plane, 𝑉𝑉𝑊𝑊 is the cutting speed, 𝑉𝑉 is 

the relative cutting speed, and 𝑉𝑉𝑐𝑐 is the tool velocity. While, 𝑉𝑉𝑐𝑐𝑐𝑐 is the relative chip flow 

velocity, 𝑉𝑉𝑐𝑐 is the absolute chip flow velocity, 𝑖𝑖𝑠𝑠 is the static inclination angle, and 𝑖𝑖 is 

the equivalent inclination angle. Besides,  𝜂𝜂𝑐𝑐 is the chip flow angle, 𝜂𝜂𝑐𝑐𝑐𝑐 is the relative 

chip flow angle, and 𝜓𝜓 is the absolute chip flow angle. The cutting speed 𝑉𝑉𝑊𝑊 inclines 

to the normal plane 𝑃𝑃𝑛𝑛 with angle 𝑖𝑖𝑠𝑠. Based on the tool speed direction, the tool rotates 

in the clockwise direction, while the workpiece rotates in the counter-clockwise 

direction. Using the tool velocity 𝑉𝑉𝑐𝑐  and the cutting speed  𝑉𝑉𝑊𝑊 , the relative cutting 

velocity 𝑉𝑉 can be obtained. As can be seen, the process becomes oblique cutting; in 

other words, the angle 𝑖𝑖 between the relative cutting velocity 𝑉𝑉 and the normal plane 

𝑃𝑃𝑛𝑛 is larger than the angle 𝑖𝑖𝑠𝑠. Although, the relative chip flow angle 𝜂𝜂𝑐𝑐𝑐𝑐 is in the right 

side of the normal plane 𝑃𝑃𝑛𝑛, the observer can notice that the absolute chip flow direction 

𝜓𝜓 is in the other direction, which occurs due to the direction of the tool velocity 𝑉𝑉𝑐𝑐. 

Figure 2-12 a shows the equivalent classic oblique cutting process for this case. 

Figure 2-13 shows a fixed tool case, where tool rotational velocity 𝑉𝑉𝑐𝑐 is equal to zero. 

Thus, there is no change in the cutting velocity 𝑉𝑉𝑊𝑊 or in the chip flow velocity 𝑉𝑉𝑐𝑐. This 

process is identical to a regular oblique cutting process, as seen in Figure 2-13 b. 
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Figure 2-13. Stationary rotary tool [57]; an oblique case (a) and its equivalent classical process (b)  
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Figure 2-14. An actively driven rotary tool [57]; an oblique case (a) and its equivalent classical 
process (b)  

Figure 2-14 shows an actively driven rotary tool case, in which the tool is located above 

the workpiece axis. Therefore, the cutting speed 𝑉𝑉𝑊𝑊 inclines to the normal plane 𝑃𝑃𝑛𝑛 
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with an angle 𝑖𝑖𝑠𝑠. In this case, the tool rotates in the counter-clockwise direction. The 

tool speed 𝑉𝑉𝑐𝑐 reduces the cutting speed 𝑉𝑉𝑊𝑊, thus the relative cutting speed 𝑉𝑉 and its 

direction 𝑖𝑖𝑟𝑟𝑒𝑒  are smaller than the cutting speed 𝑉𝑉𝑊𝑊  and the angle  𝑖𝑖𝑠𝑠 , respectively. 

Besides, the relative chip flow velocity 𝑉𝑉𝑐𝑐𝑐𝑐  is lower than the absolute chip flow 

velocity 𝑉𝑉𝑐𝑐, and both of them are in the right side of the normal plane 𝑃𝑃𝑛𝑛. 

Similarly, Figure 2-15 shows the specific case of actively driven rotary tools. In this 

case, the tool rotational speed 𝑉𝑉𝑐𝑐 is selected in order to minimize the relative cutting 

speed 𝑉𝑉. The minimum relative cutting speed 𝑉𝑉 occurs when the relative inclination 

angle 𝑖𝑖𝑟𝑟𝑒𝑒 is equal to zero. On the other hand, the relative chip flow angle is equal to 

zero, while the relative chip velocity reaches the minimum. Accordingly, the equivalent 

orthogonal cutting process was used to simulate this case, as shown in Figure 2-15 b. 

Finally, Figure 2-16 shows a case of the actively driven rotary tool, in which the tool 

rotational speed 𝑉𝑉𝑐𝑐 is larger than the previous case. As a result, the direction of the 

relative cutting speed 𝑉𝑉 was changed. Besides, the relative chip flow velocity 𝑉𝑉𝑐𝑐𝑐𝑐 was 

changed as well, while the tool rotational direction and the absolute chip flow direction 

were the same. Moreover, it can be seen that the equivalent inclination angle 𝑖𝑖𝑟𝑟𝑒𝑒 and 

the relative chip flow angle 𝜂𝜂𝑐𝑐𝑐𝑐 were flipped. The equivalent oblique cutting process 

was used to model the current case, as shown in Figure 2-16 b. 
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Figure 2-15. An actively driven rotary tool [57]; an oblique case (a) and its equivalent classical 
process (b)  
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Figure 2-16. An actively driven rotary tool [57]; an oblique case (a) and its equivalent classical 
process (b)  
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For the self-propelled rotary tool, the tools are allowed to freely rotate around its own 

axis. The inclination angle between the workpiece and the insert causes the generated 

chip to flow at an angle 𝜂𝜂𝑐𝑐. As a result, the friction force at the tool-chip interface 

inclines to the normal plane 𝑃𝑃𝑛𝑛 with the same angle 𝜂𝜂𝑐𝑐. This force can be decomposed 

into two components; the tangential component and the normal component. Since the 

tool is allowed to freely rotate, the tangential component will be able to guide the insert 

to rotate. This is the reason behind calling it self-propelled rotary tools. 

In Figure 2-17, the tool was positioned above the workpiece axis. Therefore, the cutting 

velocity 𝑉𝑉𝑊𝑊  makes angle 𝑖𝑖𝑠𝑠  with the normal plane  𝑃𝑃𝑛𝑛 . As mentioned before, the 

tangential component of the friction force guides the tool to rotate. The tool accelerates 

in the same direction of the tangential force component until it balances with the 

bearing friction force. At this time, the tool reaches its equilibrium velocity 𝑉𝑉𝑐𝑐. In order 

to simplify the analysis, the bearing friction was ignored, and the tool reaches its 

maximum speed 𝑉𝑉𝑐𝑐, at which the relative cutting velocity 𝑉𝑉 makes zero angle with the 

normal plane 𝑃𝑃𝑛𝑛. Besides, the relative chip flow velocity 𝑉𝑉𝑐𝑐𝑐𝑐 is in the direction of 𝑃𝑃𝑛𝑛 

(i.e., the relative chip flow angle 𝜂𝜂𝑐𝑐𝑐𝑐 is equal to zero).  Thus, the equivalent orthogonal 

cutting process was used to model the current case, as shown in Figure 2-17b. 

Similarly, Figure 2-18 shows the self-propelled rotary tool in which the tool was 

positioned below the workpiece axis (see Figure 2-11). In this case, the chip makes an 

angle 𝜓𝜓 to the right side with the normal plane 𝑃𝑃𝑛𝑛. The tangential force component 

guides the tool to rotate and accelerate until the tool velocity 𝑉𝑉𝑐𝑐 reaches its steady state 

value. As can be seen, the relative cutting velocity 𝑉𝑉 and the relative chip flow velocity 

𝑉𝑉𝑐𝑐𝑐𝑐 are in the same direction of the normal plane 𝑃𝑃𝑛𝑛. In other words, the equivalent 

inclination angle 𝑖𝑖𝑟𝑟𝑒𝑒 and the relative chip flow angle 𝜂𝜂𝑐𝑐𝑐𝑐 are equal to zero. Therefore, 

the equivalent orthogonal cutting force was also utilized to simulate this case, as shown 

in Figure 2-18 b. It is important to notice that the tool velocity 𝑉𝑉𝑐𝑐 depends on the static 

inclination angle 𝑖𝑖𝑠𝑠 and the cutting speed 𝑉𝑉𝑤𝑤. 



Chapter 2: Mechanics of metal cutting 

47 

 

 

Figure 2-17. Self-propelled rotary tool  [57];  tool positioned above the workpiece center (a) and its 
equivalent classical process (b)  
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Figure 2-18. Self-propelled rotary tool [57]; tool positioned below the workpiece center (a) and its 
equivalent classical process (b)  
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2.8 Important relationships for machining with 

rotary tools 

To analyze the machining process using rotary tools, some important velocities, 

geometry, and forces relations should be obtained. Figure 2-19 shows a geometry for 

velocities and angles of rotary tools. 

  

Figure 2-19. Rotary tools velocities 

According to Figure 2-19, the cutting speed 𝑉𝑉𝑊𝑊 can be found, as shown in equation 

2-43: 

𝑉𝑉𝑤𝑤 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉 2-43 

Similarly, the chip flow velocity 𝑉𝑉𝑐𝑐 can be obtained, as shown in equation 2-44: 
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𝑉𝑉𝑐𝑐 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑐𝑐𝑐𝑐 2-44 

The relative cutting velocity can be expressed, as shown in equation 2-45: 

𝑉𝑉 = �(𝑉𝑉𝑤𝑤 cos 𝑖𝑖𝑠𝑠)2 + (𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑤𝑤 sin 𝑖𝑖𝑠𝑠)2 2-45 

The equivalent inclination angle can be obtained, as shown in equation 2-46: 

𝑡𝑡𝑎𝑎𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒 =
𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑤𝑤 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑠𝑠
𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

 2-46 

More relations can be found, as shown below: 

𝛥𝛥 = 𝑖𝑖𝑟𝑟𝑒𝑒 − 𝑖𝑖𝑠𝑠 2-47 

𝑉𝑉𝑊𝑊
𝑠𝑠𝑖𝑖𝑎𝑎(𝜋𝜋2 − 𝑖𝑖𝑟𝑟𝑒𝑒)

=
𝑉𝑉

𝑠𝑠𝑖𝑖𝑎𝑎(𝜋𝜋 − (𝜋𝜋2 − 𝑖𝑖𝑟𝑟𝑒𝑒) − ∆)
 

2-48 

𝑉𝑉𝑤𝑤 ∗  cos 𝑖𝑖𝑠𝑠 = 𝑉𝑉 ∗  cos 𝑖𝑖𝑟𝑟𝑒𝑒 2-49 

𝑉𝑉𝑐𝑐
 𝑠𝑠𝑖𝑖𝑎𝑎 (𝑖𝑖𝑟𝑟𝑒𝑒 − 𝑖𝑖𝑠𝑠)

=
𝑉𝑉

 𝑠𝑠𝑖𝑖𝑎𝑎 (90 + 𝑖𝑖𝑠𝑠)
=

𝑉𝑉
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

 2-50 

Since the material removal rate is constant, the equivalent depth of cut can be 

expressed, as shown in equation 2-52: 
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𝑉𝑉𝑊𝑊 ∗ 𝐵𝐵 ∗ 𝑡𝑡 = 𝑉𝑉 ∗ 𝑏𝑏 ∗ 𝑡𝑡 = 𝑉𝑉 ∗ 𝐵𝐵 ∗
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

∗ 𝑡𝑡 2-51 

𝑏𝑏 = 𝐵𝐵 ∗
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

 
2-52 

where 𝐵𝐵 is the width of the cut, 𝑏𝑏 is the width of the cut in the equivalent coordinate 

system, and t is the unreformed chip thickness. 

The relations between the absolute and relative chip width can be presented as shown 

below: 

𝑏𝑏
𝑐𝑐𝑐𝑐𝑠𝑠𝑖𝑖𝑠𝑠

=
𝐵𝐵𝑐𝑐
𝑐𝑐𝑐𝑐𝑠𝑠𝜓𝜓

=
𝐵𝐵𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑠𝑠𝜂𝜂𝑐𝑐

 2-53 

𝐵𝐵𝑐𝑐 = 𝑏𝑏
𝑐𝑐𝑐𝑐𝑠𝑠𝜓𝜓
𝑐𝑐𝑐𝑐𝑠𝑠𝑖𝑖𝑠𝑠

 2-54 

𝐵𝐵𝑐𝑐𝑐𝑐 = 𝑏𝑏
𝑐𝑐𝑐𝑐𝑠𝑠𝜂𝜂𝑐𝑐
𝑐𝑐𝑐𝑐𝑠𝑠𝑖𝑖𝑆𝑆

 2-55 

𝐵𝐵𝑐𝑐𝑐𝑐 = 𝐵𝐵𝑐𝑐
𝑐𝑐𝑐𝑐𝑠𝑠𝜂𝜂𝑐𝑐
𝑐𝑐𝑐𝑐𝑠𝑠𝜓𝜓

 2-56 

where 𝐵𝐵𝑐𝑐 is the chip width and 𝐵𝐵𝑐𝑐𝑐𝑐 is the relative chip width. 

Again, since the material removal rate is constant, equation 2-57 can be provided: 

𝑉𝑉𝑐𝑐𝐵𝐵𝑐𝑐𝑡𝑡𝑐𝑐 = 𝑉𝑉𝑤𝑤𝑏𝑏𝑡𝑡 = 𝑉𝑉𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐 = 𝑉𝑉 𝐵𝐵 𝑡𝑡  2-57 
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Since 𝑡𝑡𝑐𝑐 = 𝑡𝑡𝑐𝑐𝑐𝑐; thus, equation 2-58 can be found: 

𝑟𝑟𝑡𝑡 =
𝑉𝑉𝑐𝑐
𝑉𝑉𝑊𝑊

=
𝑙𝑙𝑐𝑐
𝑙𝑙

 2-58 

where 𝑟𝑟𝑡𝑡 is the chip length ratio, 𝑙𝑙𝑐𝑐 is the length of the chip in the direction of the chip 

velocity, and 𝑙𝑙 is the cut length of the workpiece in the direction of the cutting velocity 

𝑉𝑉𝑊𝑊. 

The ratio of the chip thickness 𝑟𝑟𝑐𝑐 can be presented, as shown in equation 2-59: 

𝑟𝑟𝑐𝑐 = 𝑟𝑟𝑡𝑡 ∗
 𝑐𝑐𝑐𝑐𝑠𝑠 𝜓𝜓
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

 2-59 

According to Shaw et al. [13], the rake angle 𝛼𝛼𝑟𝑟 in the equivalent oblique coordinate 

system can be expressed by equation 2-60: 

𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑟𝑟 =  𝑠𝑠𝑖𝑖𝑎𝑎 𝜂𝜂𝑐𝑐𝑐𝑐 ∗  𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒 +  𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑐𝑐𝑐𝑐 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒 ∗  𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛 2-60 

where 𝛼𝛼𝑛𝑛 is the normal rake angle. 

The normal shear angle ∅𝑛𝑛 can be presented, as shown in equation 2-61: 

𝑡𝑡𝑎𝑎𝑎𝑎 (∅𝑛𝑛) =
𝑟𝑟𝑐𝑐 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛

1 − 𝑟𝑟𝑐𝑐 ∗  𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛
=

𝑟𝑟𝑡𝑡 ∗ ( 𝑐𝑐𝑐𝑐𝑠𝑠 𝜓𝜓
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

) ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛

1 − 𝑟𝑟𝑡𝑡 ∗ ( 𝑐𝑐𝑐𝑐𝑠𝑠 𝜓𝜓
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠

) ∗  𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛
 2-61 

The equivalent shear angle ∅𝑟𝑟 in the equivalent oblique coordinate system can be found 

as shown below: 



Chapter 2: Mechanics of metal cutting 

53 

 

𝑡𝑡𝑎𝑎𝑎𝑎 (∅𝑟𝑟) =
𝑉𝑉𝑐𝑐𝑐𝑐
𝑉𝑉 𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑟𝑟

1 − 𝑉𝑉𝑐𝑐𝑐𝑐
𝑉𝑉 𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑟𝑟

 2-62 

𝑠𝑠𝑖𝑖𝑎𝑎 (∅𝑟𝑟) =
 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑠𝑠 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑟𝑟

 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑐𝑐𝑐𝑐 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛
∗  𝑠𝑠𝑖𝑖𝑎𝑎 (∅𝑛𝑛) 2-63 

After applying some geometrical relations, the relative chip flow angle 𝜂𝜂𝑐𝑐𝑐𝑐 can be 

expressed by equation 2-64: 

𝑡𝑡𝑎𝑎𝑎𝑎 𝜂𝜂𝑐𝑐𝑐𝑐 =
 𝑠𝑠𝑖𝑖𝑎𝑎 (𝑖𝑖𝑟𝑟𝑒𝑒 − 𝑖𝑖𝑠𝑠)

𝑟𝑟𝑡𝑡 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒 ∗  𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑠𝑠
−  𝑡𝑡𝑎𝑎𝑎𝑎 𝜓𝜓 2-64 

where 𝑟𝑟𝑡𝑡 is the ratio between the undeformed chip thickness 𝑡𝑡 to the deformed chip 

thickness 𝑡𝑡𝑐𝑐. 

The velocity vectors in the Cartesian coordinates system can be found as shown below: 

𝑉𝑉 = �
𝑉𝑉 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒
𝑉𝑉 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒

0
� 2-65 

𝑉𝑉𝑐𝑐𝑐𝑐 = �
𝑉𝑉𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑐𝑐𝑐𝑐 𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛

𝑉𝑉𝑐𝑐𝑐𝑐 𝑠𝑠𝑖𝑖𝑎𝑎 𝜂𝜂𝑐𝑐𝑐𝑐
𝑉𝑉𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛

� 
2-66 

𝑉𝑉𝑠𝑠 = �
−𝑉𝑉𝑠𝑠 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑠𝑠 𝑐𝑐𝑐𝑐𝑠𝑠 ∅𝑛𝑛

−𝑉𝑉𝑠𝑠 𝑠𝑠𝑖𝑖𝑎𝑎 𝜂𝜂𝑠𝑠
𝑉𝑉𝑠𝑠 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑠𝑠 𝑠𝑠𝑖𝑖𝑎𝑎 ∅𝑛𝑛

� 
2-67 

where 𝑉𝑉𝑠𝑠 is the shear flow velocity and 𝜂𝜂𝑠𝑠  is the rake face angle in the shear plane 

direction. 
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Since the relative cutting velocity 𝑉𝑉, the relative chip velocity 𝑉𝑉𝑐𝑐𝑐𝑐, and the shear flow 

velocity 𝑉𝑉𝑠𝑠 are in balance, the below relations can be demonstrated: 

𝑉𝑉𝑐𝑐𝑐𝑐
𝑉𝑉

=
 𝑠𝑠𝑖𝑖𝑎𝑎 ∅𝑛𝑛 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒

 𝑐𝑐𝑐𝑐𝑠𝑠 (∅𝑛𝑛 − 𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠𝜂𝜂𝑐𝑐𝑐𝑐
 2-68 

𝑉𝑉𝑠𝑠
𝑉𝑉

=
 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒 𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛

 𝑐𝑐𝑐𝑐𝑠𝑠 𝜂𝜂𝑠𝑠  𝑐𝑐𝑐𝑐𝑠𝑠 (∅𝑛𝑛 − 𝛼𝛼𝑛𝑛) 
2-69 

2.9 Prediction of the chip flow angle  

According to Colwell [82], the chip flow angle was shown to be depending on the 

cutting forces. As a result of the chip flow at the tool-chip interface, two components 

of the force are generated. The first force component is the friction force, which affects 

the rake face of the tool. This force has the same angle as the chip itself (i.e., tangents 

to the chip). The other force component is the normal force, which is normal to the rake 

face of the tool. As the second force component is normal to the chip, it does not have 

a contribution toward the chip flow angle.  Therefore, the chip flow angle depends only 

on the friction force. 

Usually, the chip does not have a uniform cross-section area, which means the friction 

force is not uniformly distributed over the chip area. Thus, the chip is considered as 

segment elements. The thickness and orientation of each element are not the same. As 

a result, the friction force component magnitude and direction for each chip’s element 

are different. The total friction force can be obtained by getting the summation of the 

friction force components in all the elements. The chip flow angle coincides with the 

friction force angle. 

According to Young et al. [83], the friction force per unit area of the chip is assumed 

to be constant for each material. This constant is called the friction force intensity 𝑢𝑢. In 
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each element, the magnitude of the friction force |𝑎𝑎𝐹𝐹|  is expressed as shown in 

equation 2-70: 

|𝑎𝑎𝐹𝐹| = 𝑢𝑢 𝑎𝑎𝐴𝐴 2-70 

where 𝑎𝑎𝐴𝐴 is the area of the chip element and can be given as shown in equation 2-71: 

𝑎𝑎𝐴𝐴 = 𝑡𝑡(𝑠𝑠) 𝑎𝑎𝑠𝑠 2-71 

where 𝑎𝑎𝑠𝑠 is the element’s width, while 𝑡𝑡(𝑠𝑠) is the thickness of the element. 

 

Figure 2-20. The geometry of the chip area at the nose radius cutting edge [83] 

Figure 2-20 shows the geometry of the chip area in round insert cases [83]. The angle 

between each chip element vector and the friction force is denoted by 𝑖𝑖(𝑠𝑠). The friction 

force vector in each element can be dissolved into two components in the Cartesian 

coordinates system. Besides, 𝜃𝜃 is the angle between the chip element vector and the x-

direction, while 𝛺𝛺 is the angle between the friction force vector and the y-direction, and 

can be presented by equation 2-72: 



Chapter 2: Mechanics of metal cutting 

56 

 

𝛺𝛺(𝑠𝑠) =
𝜋𝜋
2
− 𝑖𝑖(𝑠𝑠) − 𝜃𝜃(𝑠𝑠) 2-72 

To get the total friction force 𝐹𝐹, integration is utilized to obtain the summation of the 

friction force components in all chip elements as shown below: 

𝐹𝐹 = 𝐹𝐹𝑥𝑥 𝑖𝑖 + 𝐹𝐹𝑦𝑦 𝑗𝑗 

𝐹𝐹 = ��𝑎𝑎
 

 
𝐹𝐹𝑥𝑥� 𝑖𝑖 + ��𝑎𝑎

 

 
𝐹𝐹𝑦𝑦�  𝑗𝑗 

𝐹𝐹 = (� |
 

 
𝑎𝑎𝐹𝐹| 𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺) 𝑖𝑖 + (� |

 

 
𝑎𝑎𝐹𝐹| 𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺) 𝑗𝑗 

2-73 

where 𝑖𝑖 is the x-direction unit vector, while 𝑗𝑗 is the y-direction unit vector. 

By substituting  |𝑎𝑎𝐹𝐹| = 𝑢𝑢 𝑎𝑎𝐴𝐴, the friction force 𝐹𝐹 can be written as shown in equation 

2-74: 

𝐹𝐹 = �𝑢𝑢�  
 

 
𝑠𝑠𝑖𝑖𝑎𝑎𝛺𝛺 𝑎𝑎𝐴𝐴� 𝑖𝑖 + �𝑢𝑢�  𝑐𝑐𝑐𝑐𝑠𝑠

 

 
𝛺𝛺 𝑎𝑎𝐴𝐴�  𝑗𝑗 2-74 

The chip flow angle coincides with the friction force angle and can be calculated as 

shown in equation 2-76: 

𝛺𝛺 = tan−1(
𝐹𝐹𝑥𝑥
𝐹𝐹𝑦𝑦

) 2-75 

𝛺𝛺 = 𝑡𝑡𝑎𝑎𝑎𝑎−1(
∫  𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺 𝑎𝑎𝐴𝐴 

  
∫  𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺 𝑎𝑎𝐴𝐴 

  
) 

2-76 
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Figure 2-21. Velocity vectors and chip widths for machining using self-propelled rotary tools [84] 

Kishawy et al. [84] have extended this model to include the tool motion of the self-

propelled rotary tools. The below assumptions were considered in their model: 

• The insert diameter is large enough to assume that the cutting edge is straight 

• The chip velocity is uniform along the chip width 

• The formed chip is assumed to be continuous 

• The chip flow angle  coincides with the friction force angle 

• There is no chip side flow  

Figure 2-21 shows the velocity vectors and chip widths in machining using self-

propelled rotary tools. 𝑖𝑖𝑐𝑐  is the tool equivalent inclination angle and 𝑖𝑖𝑤𝑤  is the 

inclination angle between the tool and the workpiece, while 𝑖𝑖𝑤𝑤𝑐𝑐 is the relative cutting 
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velocity angle. Besides, 𝜂𝜂𝑐𝑐 is the relative chip flow angle and 𝛹𝛹 is the absolute chip 

flow angle.  The following velocity relations can be found: 

𝑉𝑉𝑊𝑊 = 𝑉𝑉𝑊𝑊𝑐𝑐 + 𝑉𝑉𝑐𝑐 2-77 

𝑉𝑉𝑐𝑐 = 𝑉𝑉𝑐𝑐𝑐𝑐 + 𝑉𝑉𝑐𝑐 2-78 

where 𝑉𝑉𝑤𝑤 is the cutting velocity, 𝑉𝑉𝑐𝑐 is the tool velocity, and 𝑉𝑉𝑤𝑤𝑐𝑐 is the relevant cutting 

velocity. On the other hand, 𝑉𝑉𝑐𝑐 is the chip velocity and 𝑉𝑉𝑐𝑐𝑐𝑐 is the relative chip velocity. 

The following relations can be obtained from Figure 2-21: 

𝑖𝑖𝑤𝑤 = 𝑖𝑖𝑐𝑐 2-79 

𝐵𝐵𝑋𝑋 =
𝐵𝐵𝑤𝑤

 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑤𝑤
 

2-80 

𝐵𝐵𝑊𝑊𝑐𝑐 =
𝐵𝐵𝑊𝑊 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑊𝑊𝑐𝑐

 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑤𝑤
=
𝐵𝐵𝑊𝑊 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑤𝑤𝑐𝑐

 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑐𝑐
 

2-81 

 𝑡𝑡𝑎𝑎𝑎𝑎 𝑖𝑖𝑊𝑊𝑐𝑐 =
𝑉𝑉𝑊𝑊 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑊𝑊 − 𝑉𝑉𝑐𝑐
𝑉𝑉𝑊𝑊 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑊𝑊

 
2-82 

where 𝐵𝐵𝑤𝑤  is the cutting width, while 𝐵𝐵𝑥𝑥  is the engaged width in the cutting edge 

direction.  

Figure 2-22 shows the geometry of the chip on the tool rake face. In order to calculate 

the chip flow angle on the tool rake face, a transformation for the machining coordinate 

system should be utilized to have a new coordinate system tangents the rake face. The 

area RCEV indicates the chip area. This area is splitted into four different smaller areas: 

RMNS, MCKN, RSV, and CEK.   
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Figure 2-22. The geometry of the chip flow angle calculation  [84] 

These areas are bounded by angles 𝜃𝜃1,𝜃𝜃2,𝜃𝜃3, and 𝜃𝜃4, which can be expressed as shown 

below: 

𝜃𝜃1 = 𝑡𝑡𝑎𝑎𝑎𝑎−1   (
𝑟𝑟 𝑠𝑠𝑖𝑖𝑎𝑎 𝜃𝜃2 − 𝑓𝑓𝑦𝑦

𝐵𝐵𝑋𝑋
2

) 
2-83 

𝜃𝜃2 = 𝑐𝑐𝑐𝑐𝑠𝑠−1   (
𝐵𝐵𝑥𝑥
2𝑟𝑟

) 
2-84 

𝜃𝜃3 = 𝜋𝜋 − 𝜃𝜃2 2-85 
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𝜃𝜃4 = 𝜋𝜋 − 𝜃𝜃3 2-86 

where 𝑓𝑓𝑦𝑦 is the feed in the Y-direction. 

The corresponding chip thickness for each region can be presented as shown below: 

For 𝜃𝜃1 < 𝜃𝜃 < 𝜃𝜃2 

𝑡𝑡1(𝜃𝜃) =
𝐵𝐵𝑥𝑥

2 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
− 𝑟𝑟

 𝑠𝑠𝑖𝑖𝑎𝑎 (𝜋𝜋2 − 𝜃𝜃 − 𝑠𝑠𝑖𝑖𝑎𝑎−1  (
𝑓𝑓𝑦𝑦 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃

𝑟𝑟 ))
 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃

 2-87 

For 𝜃𝜃2 < 𝜃𝜃 < 𝜋𝜋
2
 

𝑡𝑡2(𝜃𝜃) = 𝑟𝑟 − 𝑟𝑟
 𝑠𝑠𝑖𝑖𝑎𝑎 (𝜋𝜋2 − 𝜃𝜃 − 𝑠𝑠𝑖𝑖𝑎𝑎−1  (

𝑓𝑓𝑦𝑦 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
𝑟𝑟 ))

 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
 2-88 

For 𝜋𝜋
2

< 𝜃𝜃 < 𝜃𝜃3 

𝑡𝑡3(𝜃𝜃) = 𝑟𝑟 + 𝑟𝑟
 𝑠𝑠𝑖𝑖𝑎𝑎 (𝜋𝜋2 − 𝜃𝜃 − 𝑠𝑠𝑖𝑖𝑎𝑎−1  (

𝑓𝑓𝑦𝑦 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
𝑟𝑟 ))

 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
 2-89 

For 𝜃𝜃3 < 𝜃𝜃 < 𝜃𝜃4 

𝑡𝑡4(𝜃𝜃) = 𝑟𝑟
 𝑠𝑠𝑖𝑖𝑎𝑎 (𝜋𝜋2 − 𝜃𝜃 − 𝑠𝑠𝑖𝑖𝑎𝑎−1  (

𝑓𝑓𝑦𝑦 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
𝑟𝑟 ))

 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃
−

𝐵𝐵𝑥𝑥
2 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃

 2-90 

 The chip flow angle in these areas are denoted by 𝛺𝛺1, 𝛺𝛺2,𝛺𝛺3, and 𝛺𝛺4  and can be 

obtained in the transformed coordinate system, as discussed by Kishawy et al. [84]. 
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Finally, the resultant chip flow angle 𝛺𝛺  can be obtained by using integration to get the 

summation of all terms, as shown in equation 2-91:  

𝛺𝛺 = 𝑡𝑡𝑎𝑎𝑎𝑎−1  (
∫  𝜃𝜃2
𝜃𝜃1

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺1 𝑟𝑟 𝑡𝑡1(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  
𝜋𝜋
2
𝜃𝜃2

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺2 𝑟𝑟 𝑡𝑡2(𝜃𝜃) 𝑎𝑎(𝜃𝜃)

∫  𝜃𝜃2
𝜃𝜃1

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺1 𝑟𝑟  𝑡𝑡1(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  
𝜋𝜋
2
𝜃𝜃2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺2 𝑟𝑟  𝑡𝑡2(𝜃𝜃) 𝑎𝑎(𝜃𝜃)
 

+∫  𝜃𝜃3
𝜋𝜋
2

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺3 𝑟𝑟 𝑡𝑡3(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  𝜃𝜃4
𝜃𝜃3

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺4 𝑟𝑟 𝑡𝑡4(𝜃𝜃) 𝑎𝑎(𝜃𝜃)

+∫  𝜃𝜃3
𝜋𝜋
2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺3 𝑟𝑟  𝑡𝑡3(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  𝜃𝜃4
𝜃𝜃3

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺4 𝑟𝑟  𝑡𝑡4(𝜃𝜃) 𝑎𝑎(𝜃𝜃)
) 

2-91 
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Chapter 3: Analytical-based modeling of 

metal cutting process with SPRT 

 

3.1 Preamble 

Li and Kishawy [85] developed an analytical force model for the machining process 

using self-propelled rotary tools. In their model, the conventional cutting forces of 

Oxley’s theory was extended to include the tool motion effect. Prior knowledge of the 

tool rotational velocity is required to get the forces. The tool rotational velocity can be 

easily estimated using the frictionless rotary axis assumption. However, the friction in 

the rotary axis has been shown to not be negligible [86]. 

As discussed earlier, Armarego et al. [57] modeled the SPRT as an equivalent 

orthogonal process. In their model, the tool bearing friction was ignored, and thus, the 

tangential cutting force is equal to zero. In this case, the relative chip flow angle and 

the resultant cutting force must be perpendicular to the cutting edge in the equivalent 

relative coordinate system. This way, the process can be easily analyzed, and the tool 

rotational velocity 𝑉𝑉𝑐𝑐 reaches its maximum value as provided in equation 3-1 [57]: 

𝑉𝑉𝑐𝑐 = 𝑉𝑉 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖) 3-1 

The current proposed model is extending the previous equivalent orthogonal approach 

by including the bearing friction to achieve more accurate results. In this case, the 

tangential cutting force is no longer zero, and the chip flow angle inclines over the 

normal to the cutting-edge direction. Thus, the equivalent orthogonal concept can’t be 

utilized; instead, the equivalent oblique approach is used to include the bearing friction, 

as discussed by Norikazu et al. [87]. The kinematic of the proposed model for the 

machining process with the SPRT is illustrated in Figure 3-1. 
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Figure 3-1. Kinematics of machining with SPRT 

In order to determine the tool’s rotational speed, an iteration loop is implemented by 

starting with an initial value of the tool’s rotational speed and modifying it accordingly. 

In addition, the forces are calculated after each iteration until reaching a satisfactory 

equilibrium of bearing torque. Figure 3-2 shows the flowchart for the prediction of the 

cutting forces and tool rotational speed during the cutting process with the SPRT. 



Chapter 3: Analytical-based modeling of metal cutting process with SPRT 

64 

 

 

Figure 3-2. Flowchart for the cutting forces and tool motion predictions 
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3.2 Equivalent parameters 

As mentioned earlier, Armarego’s equivalent approach is utilized in the current model. 

Figure 3-3 shows the velocity and chip width relations of the cutting process using 

SPRT. The normal plane 𝑝𝑝𝑛𝑛 is perpendicular to the cutting edge and makes an angle 𝑖𝑖 

with the cutting velocity 𝑉𝑉𝑤𝑤. The absolute chip flow angle is 𝜂𝜂𝑐𝑐, and the relative chip 

flow angle is 𝜓𝜓. 

 

Figure 3-3. Velocity and chip width relations in SPRT 
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The cutting velocity 𝑉𝑉𝑤𝑤 can be expressed as shown in equation 3-2: 

𝑉𝑉𝑤𝑤����⃑ = 𝑉𝑉𝑐𝑐���⃑ + 𝑉𝑉𝑤𝑤𝑐𝑐������⃑  3-2 

where 𝑉𝑉𝑐𝑐 is the tool rotational velocity, and 𝑉𝑉𝑤𝑤𝑐𝑐 is the relative cutting velocity. 

Similarly, the chip velocity 𝑉𝑉𝑐𝑐 can be found as provided in equation 3-3: 

𝑉𝑉𝑐𝑐���⃑ = 𝑉𝑉𝑐𝑐���⃑ + 𝑉𝑉𝑐𝑐𝑐𝑐�����⃑  3-3 

where 𝑉𝑉𝑐𝑐𝑐𝑐 is the relative chip velocity. 

The equivalent inclination angle 𝑖𝑖𝑟𝑟𝑒𝑒 can be obtained as can be seen in equation 3-4: 

𝑡𝑡𝑎𝑎𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒 =
𝑉𝑉𝑤𝑤 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖 − 𝑉𝑉𝑐𝑐
𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖 

 3-4 

The relative cutting velocity 𝑉𝑉𝑤𝑤𝑐𝑐 can then be determined based on equation 3-5: 

𝑉𝑉𝑤𝑤𝑐𝑐 =
𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖 
𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒

 3-5 

The relationship between the absolute and relative cut widths can be presented as 

shown in equation 3-6: 

𝑏𝑏 =
𝐵𝐵 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒
𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖 

 3-6 

where 𝐵𝐵 is the cutting width, and 𝑏𝑏 is the relative cutting width. 
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3.3 Orthogonal cutting forces 

Armarego et al. [68] have recognized that the cutting force 𝐹𝐹𝑐𝑐  and the thrust force 𝐹𝐹𝑡𝑡 

are independent on the oblique inclination angle 𝑖𝑖 for the same cutting conditions and 

normal rake angle 𝛼𝛼𝑛𝑛. Accordingly, Lin et al. [78] proved that the orthogonal cutting 

force 𝐹𝐹𝑐𝑐  and the orthogonal thrust force 𝐹𝐹𝑡𝑡 can be obtained and used as oblique force 

components by replacing the orthogonal rake angle 𝛼𝛼 with the oblique normal rake 

angel 𝛼𝛼𝑛𝑛.Oxley [64] has developed an analytical model to predict orthogonal cutting 

forces, temperature, and stresses. This model is known as the chip flow model, which 

is based on the slip line theory. The cutting conditions and workpiece material 

properties are utilized in his model. Lalwani et al. [80] extended this model to use the 

Johnson-Cook flow stress equation instead of the material’s power law, which was used 

by Oxley. The effect of the strain, strain rate, and temperature on the material flow 

stress are considered in the Johnson-Cook material model.  

In the current model, the extended Oxley’s model is modified in order to include the 

SPRT equivalent parameters (i.e., relative cutting speed 𝑉𝑉𝑤𝑤𝑐𝑐 and relative width of cut 

𝑏𝑏) to determine the cutting force 𝐹𝐹𝑐𝑐  and the thrust force 𝐹𝐹𝑡𝑡 for the SPRT. Extension of 

Oxley’s machining theory was discussed in detail by Lalwani et al. [80]. Thus, the final 

modified relationships expressing the shear velocity, cutting force, and the thrust force 

are provided in equation 3-7, equation 3-8, and equation 3-9, respectively. 

𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑤𝑤
𝑐𝑐𝑐𝑐𝑠𝑠  𝑖𝑖 𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼

𝑐𝑐𝑐𝑐𝑠𝑠 (∅ − 𝛼𝛼) 𝑐𝑐𝑐𝑐𝑠𝑠 (𝑡𝑡𝑎𝑎𝑎𝑎−1  (𝑉𝑉𝑤𝑤 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖 − 𝑉𝑉𝑐𝑐
𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠  𝑖𝑖 

))
 

3-7 

𝐹𝐹𝑐𝑐 =
𝑘𝑘𝐴𝐴𝐴𝐴 𝑙𝑙 𝐵𝐵 𝑐𝑐𝑐𝑐𝑠𝑠 �𝑡𝑡𝑎𝑎𝑎𝑎−1  �𝑉𝑉𝑤𝑤 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖 − 𝑉𝑉𝑐𝑐

𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠  𝑖𝑖 
�� 𝑐𝑐𝑐𝑐𝑠𝑠  (𝛽𝛽 − 𝛼𝛼)

𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖 
 3-8 
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𝐹𝐹𝑡𝑡 =
𝑘𝑘𝐴𝐴𝐴𝐴  𝑙𝑙 𝐵𝐵 𝑐𝑐𝑐𝑐𝑠𝑠 �𝑡𝑡𝑎𝑎𝑎𝑎−1  �𝑉𝑉𝑤𝑤 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖 − 𝑉𝑉𝑐𝑐

𝑉𝑉𝑤𝑤 𝑐𝑐𝑐𝑐𝑠𝑠  𝑖𝑖 
�� 𝑠𝑠𝑖𝑖𝑎𝑎  (𝛽𝛽 − 𝛼𝛼)

𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖 
 3-9 

where ∅ is the shear angle, 𝑘𝑘𝐴𝐴𝐴𝐴 is the shear stress at the primary shear plane, 𝑙𝑙 is the 

length of the plane AB and 𝐵𝐵 is the width of cut, and 𝜃𝜃 is the angle between the plane 

AB and the force 𝑅𝑅. 

3.4 Radial cutting force 

The third force component 𝐹𝐹𝑅𝑅, which is normal to the cutting force 𝐹𝐹𝑐𝑐 and thrust force 

𝐹𝐹𝑡𝑡, can be obtained as a function of the relative chip flow angle 𝜓𝜓. For this reason, the 

model presented in Kishawy et al. [84] is used in this study to predict the relative chip 

flow angle for SPRT, as seen in equation 3-10: 

ψ = 𝑡𝑡𝑎𝑎𝑎𝑎−1  (
∫  θ2
θ1

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺1 𝑟𝑟 𝑡𝑡1(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  
π
2
θ2

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺2 𝑟𝑟 𝑡𝑡2(𝜃𝜃) 𝑎𝑎(𝜃𝜃)

∫  θ2
θ1

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺1 𝑟𝑟  𝑡𝑡1(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  
π
2
θ2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺2 𝑟𝑟  𝑡𝑡2(𝜃𝜃) 𝑎𝑎(𝜃𝜃)
 

                     
+∫  𝜃𝜃3

𝜋𝜋
2

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺3 𝑟𝑟 𝑡𝑡3(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  𝜃𝜃4
𝜃𝜃3

𝑠𝑠𝑖𝑖𝑎𝑎 𝛺𝛺4 𝑟𝑟 𝑡𝑡4(𝜃𝜃) 𝑎𝑎(𝜃𝜃)

+∫  𝜃𝜃3
𝜋𝜋
2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺3 𝑟𝑟  𝑡𝑡3(𝜃𝜃) 𝑎𝑎𝜃𝜃 + ∫  𝜃𝜃4
𝜃𝜃3

𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺4 𝑟𝑟  𝑡𝑡4(𝜃𝜃) 𝑎𝑎(𝜃𝜃)
) 

3-10 

where  𝜃𝜃1,𝜃𝜃2,𝜃𝜃3,𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃4  are boundary angles for different regions of chip loads, 

𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡4  are chip widths corresponding to the boundary angles, and 

𝛺𝛺1,𝛺𝛺2,𝛺𝛺3, 𝑎𝑎𝑎𝑎𝑎𝑎 𝛺𝛺4  are local chip flow angles for different range of boundary angles.  

The resultant force 𝑅𝑅′ can be presented, as given in equation 3-11: 
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𝑅𝑅′���⃑ = �
−𝐹𝐹𝑐𝑐
𝐹𝐹𝑅𝑅
𝐹𝐹𝑡𝑡
� 3-11 

This resultant force vector is presented in the relative coordinate system (i.e., XYZ in 

Figure 3-1), which mean 𝐹𝐹𝑐𝑐 is in the direction of the relative cutting velocity 𝑉𝑉𝑤𝑤𝑐𝑐. Based 

on the fact that the resultant force 𝑅𝑅′   lies on the plane containing the chip force 𝐹𝐹 and 

the normal to the rake face force 𝑁𝑁, the radial force 𝐹𝐹𝑅𝑅 can be obtained by rotating the 

relative coordinate system XYZ around (a) 𝑍𝑍-axis with angle (𝑖𝑖𝑟𝑟𝑒𝑒), (b) 𝑌𝑌-axis with 

angle (−𝛼𝛼𝑛𝑛), and (c)  𝑋𝑋-axis with angle (−𝜓𝜓). Accordingly, the final rotational matrix 

[𝑀𝑀] can be expressed, as shown below:  

[𝑀𝑀] = [𝑅𝑅𝑋𝑋  (−𝜓𝜓)].  [𝑅𝑅𝑌𝑌 (−𝛼𝛼𝑛𝑛 )].  [𝑅𝑅𝑆𝑆 (𝑖𝑖𝑟𝑟𝑒𝑒)]        

= �
1 0 0
0 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) −𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓)
0 𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓)

� �
𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 0 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛)

0 1 0
−𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 0 𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)

� �
𝑐𝑐𝑐𝑐𝑠𝑠(𝑖𝑖𝑟𝑟𝑒𝑒) −𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒) 0
𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒) 𝑐𝑐𝑐𝑐𝑠𝑠(𝑖𝑖𝑟𝑟𝑒𝑒) 0

0 0 1
� 

= �
𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 0 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛)

𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) −𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)
−𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓)  cos(−𝛼𝛼𝑛𝑛)

� 

= �
𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠(𝑖𝑖𝑟𝑟𝑒𝑒)

𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐 + 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒)
−𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠 𝑐𝑐 + 𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒)

 

−𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛)
−𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒) + 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(𝑖𝑖𝑟𝑟𝑒𝑒) −𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)
𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓) 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎(𝑖𝑖𝑟𝑟𝑒𝑒) + 𝑠𝑠𝑖𝑖𝑎𝑎(−𝜓𝜓) 𝑐𝑐𝑐𝑐𝑠𝑠(𝑖𝑖𝑟𝑟𝑒𝑒) 𝑐𝑐𝑐𝑐𝑠𝑠(−𝜓𝜓)  𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)

�3-12 

where 𝑅𝑅𝑋𝑋 ,𝑅𝑅𝑌𝑌,𝑅𝑅𝑧𝑧 are the rotating matrixes around 𝑋𝑋,𝑌𝑌, and 𝑍𝑍, respectively. 

The resultant force vector  𝑅𝑅"�����⃑   in the new coordinate system is then found as provided 

in equation 3-13: 
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 𝑅𝑅"�����⃑ = [𝑀𝑀].𝑅𝑅′���⃑ = �
−𝑁𝑁

0
𝐹𝐹
� 3-13 

In order to satisfy the condition that the resultant force 𝑅𝑅  lies on the plane containing 

the chip force 𝐹𝐹 and the normal to the rake force 𝑁𝑁, the 𝑌𝑌 component of the 𝑅𝑅′���⃑  must be 

zero. Accordingly, the third force component 𝐹𝐹𝑅𝑅 is obtained, as provided in equation 

3-14: 

𝐹𝐹𝑅𝑅 =
𝐹𝐹𝐶𝐶( 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒 −  𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒 𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛 𝑡𝑡𝑎𝑎𝑎𝑎 𝜓𝜓) − 𝐹𝐹𝑡𝑡  𝑐𝑐𝑐𝑐𝑠𝑠 𝛼𝛼𝑛𝑛 𝑡𝑡𝑎𝑎𝑎𝑎 𝜓𝜓

 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖𝑟𝑟𝑒𝑒 𝑠𝑠𝑖𝑖𝑎𝑎 𝛼𝛼𝑛𝑛 𝑡𝑡𝑎𝑎𝑎𝑎 𝜓𝜓 +  𝑐𝑐𝑐𝑐𝑠𝑠 𝑖𝑖𝑟𝑟𝑒𝑒
 3-14 

Finally, in order to determine the force components in the machining coordinate 

system, which can be compared to the experimental results, the relative coordinate 

system XYZ needs to be rotated around 𝑍𝑍-axis with angle (𝑖𝑖 − 𝑖𝑖𝑟𝑟𝑒𝑒). 

3.5 Bearing friction 

In the steady-state cutting condition, the force component 𝐹𝐹𝑐𝑐 , which is in the tangential 

direction of the tool motion, should be equal to the coming force from the bearing 

friction torque 𝑇𝑇𝑏𝑏. Accordingly, the bearing friction torque 𝑇𝑇𝑏𝑏 can be calculated from 

the bearing characteristics (as shown in equation 3-20) or by using the tangential force 

𝐹𝐹𝑐𝑐  multiplied by the insert radius  𝑟𝑟 . The tangential force 𝐹𝐹𝑐𝑐  can be obtained as a 

function of 𝐹𝐹𝑐𝑐,𝐹𝐹𝑡𝑡 ,𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝑅𝑅 by rotating the relative coordinate system XYZ around (a) 𝑍𝑍-

axis with angle (𝑖𝑖𝑟𝑟𝑒𝑒) and (b) 𝑌𝑌-axis with angle (−𝛼𝛼𝑛𝑛), as shown in [𝑀𝑀𝑜𝑜] (equation 

3-15) : 
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[𝑀𝑀𝑜𝑜] = [𝑅𝑅𝑌𝑌(−𝛼𝛼𝑛𝑛)]. �𝑅𝑅𝑆𝑆�𝑖𝑖𝑟𝑟𝑒𝑒�� 

 = �
𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 0 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛)

0 1 0
−𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 0 𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)

� �
𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� − 𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 0
𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� 0

0 0 1
� 

 = �
𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� −𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛)

𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� 0
−𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� 𝑠𝑠𝑖𝑖𝑎𝑎(−𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 𝑐𝑐𝑐𝑐𝑠𝑠(−𝛼𝛼𝑛𝑛)

� 

3-15 

The resultant force vector 𝑅𝑅𝑜𝑜����⃑  in the normal coordinate system (i.e., xyz in Figure 3-1) 

can be found as provided in equation 3-16: 

𝑅𝑅𝑜𝑜����⃑  = [𝑀𝑀𝑜𝑜].𝑅𝑅′���⃑ = [−𝑁𝑁,𝐹𝐹𝑐𝑐 ,𝐹𝐹𝑛𝑛]𝑇𝑇 3-16 

Therefore, the tangential force component 𝐹𝐹𝑐𝑐 is then calculated as shown in Equation 

3-17: 

𝐹𝐹𝑐𝑐 = −𝐹𝐹𝑐𝑐 sin�𝑖𝑖𝑟𝑟𝑒𝑒� + 𝐹𝐹𝑅𝑅 cos(𝑖𝑖𝑟𝑟𝑒𝑒) 3-17 

The other two force components 𝑁𝑁 and 𝐹𝐹𝑛𝑛 are provided in equation 3-18 and equation 

3-20: 

𝑁𝑁 = 𝐹𝐹𝑐𝑐 𝑐𝑐𝑐𝑐𝑠𝑠(𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� − 𝐹𝐹𝑅𝑅 𝑐𝑐𝑐𝑐𝑠𝑠(𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� − 𝐹𝐹𝑡𝑡 𝑠𝑠𝑖𝑖𝑎𝑎(𝛼𝛼𝑛𝑛) 3-18 

𝐹𝐹𝑛𝑛 = 𝐹𝐹𝑡𝑡 𝑐𝑐𝑐𝑐𝑠𝑠(𝛼𝛼𝑛𝑛) − 𝐹𝐹𝑐𝑐 𝑠𝑠𝑖𝑖𝑎𝑎(𝛼𝛼𝑛𝑛) 𝑐𝑐𝑐𝑐𝑠𝑠�𝑖𝑖𝑟𝑟𝑒𝑒� − 𝐹𝐹𝑅𝑅 𝑠𝑠𝑖𝑖𝑎𝑎(𝛼𝛼𝑛𝑛) 𝑠𝑠𝑖𝑖𝑎𝑎�𝑖𝑖𝑟𝑟𝑒𝑒� 3-19 

The bearing’s coefficient of friction 𝜇𝜇𝑏𝑏   is not constant but depending on the 

tribological characteristics, which are function in bearing type, axial load, radial load, 
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and rotational speed, as detailed in the SKF model [88]. The bearing friction torque is 

expressed, as shown in equation 20: 

𝑇𝑇𝑏𝑏 = 0.5 𝑎𝑎 𝜇𝜇𝑏𝑏 �𝑁𝑁2 + 𝐹𝐹𝑛𝑛2 3-20 

where 𝑎𝑎 is the insert diameter, 𝜇𝜇𝑏𝑏 is the bearing friction coefficient, 𝑁𝑁 is the bearing 

axial force, and 𝐹𝐹𝑛𝑛 is the bearing radial force. 

3.6 Model validation and discussion 

The cutting forces obtained from previous work [85] were used to validate the current 

proposed model. Li and Kishawy [85] have performed tube end turning for SAE 1045 

carbon steel tube with 2 mm thickness. Three cutting speeds were used; 120 m/min, 

170 m/min, and 280 m/min; and four feed rates were selected: 0.1 mm/rev, 0.125 

mm/rev, 0.15 mm/rev, and 0.2 mm/rev. Carbide round inserts with a diameter 27 mm 

was used. The tool rake angle was -5o, while the tool inclination angle was 17o. For 

each run, the three cutting force components were measured using Kistler 9251A 

dynamometer. 
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Figure 3-4. A comparison between the predicted and measured forces at cutting velocity of 120 

m/min 

  
Figure 3-5. A comparison between the predicted and measured forces at cutting velocity of 170 

m/min 
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Figure 3-6. A comparison between the predicted and measured forces at cutting velocity of 230 
m/min 

Figure 3-4, Figure 3-5, and Figure 3-6 show a comparison between the proposed model, 

Li’s model, and experimentally measured forces at three different cutting velocities; 

120 m/min, 170 m/min, and 230 m/min, respectively. The results show linear relations 

between the feed rates and the cutting forces for constant cutting velocity (i.e., cutting 

forces increases with the increase of feed rate values). The proposed model results are 

more accurate compared to Li’s model results and almost consistent with the measured 

experimental cutting forces, even under using different values of feed rate. For 

example, in Figure 3-6, the maximum error obtained is around 5%. In addition, at a 

cutting speed of 120 m/min (see Figure 3-4), the proposed model showed an average 

accuracy of 95.5%. In general, the overall model accuracy for all cutting experiments 

is 94.54%, with a maximum error of 25.85%. The only relatively high error was found 

in the radial force prediction at one point (i.e., cutting velocity of 230 m/min and feed 

rate of 0.2 mm/rev). That is attributed to the small magnitude of the radial force 

components, which means any slight difference will lead to a high error percentage. 
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The obtained errors in the radial and cutting force components were relatively high at 

the highest level of cutting speed and feed rate. That’s mainly because the model 

assumes that the inclination angle of the round cutting edge is consistent  with the tool 

inclination angle, while in reality, the engaged portion of the cutting edge with the 

workpiece isn’t straight and has a curvature shape. To sum up, the maximum error 

occurred at the highest levels of feed rate and cutting speed is related to the maximum 

tool rotational speed, as will be clarified when presenting the tool rotational speed 

results. Other sources of error can be due to the difficulty of exactly setting the tool in 

the center of the tube thickness, which changes the chip flow speed and chip angle. 

Besides, no chip side flow is considered in the current model.  

Regarding the tool’s rotational speed, the predicted results are compared to the 

experimental results, which were obtained by Kishawy and Wilcox [61], as shown in 

Figure 3-7. A good agreement between the measured and predicted values is observed, 

as the current proposed model considers the reduction in the tool rotational speed due 

to the friction of the bearing. It is found that the average accuracy of the proposed 

model is 93.63%. The best agreement is observed at an inclination angle of 20o, while 

the error seems to be increased as cutting speed increases. That could be due to 

assumptions made (i.e., no chip side flow and the tool is exactly centered in the middle 

of the tube thickness), which is mentioned earlier. However, the obtained error is still 

within the acceptable limit (i.e., the maximum error of 22% and an average error of 

6%). It can be seen that the relationship between the cutting speed and the tool’s 

rotational speed is linear for all used inclination angles. Besides, increasing the 

inclination angle at the same cutting speed will lead to an increase in the tool rotational 

speed.  

It should be stated that the current proposed model offers the unique capability to 

accurately predict the tool rotational speed values, which is a significant design aspect 

when machining with SPRT. Besides, having such a valuable aspect (i.e., tool rotational 

speed) is also significantly important to determine the cutting forces.  
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Figure 3-7. A comparison between the predicted and measured tool rotational speeds 

 



Chapter 4: Finite element modeling 

77 

 

Chapter 4: Finite element modeling 

 

4.1 Preamble  

The main objectives of metal cutting studies are to find the best cutting conditions and 

cutting tool geometry parameters (i.e., cutting angles) to obtain the highest process 

efficiency. The experimental approach can be used to achieve the mentioned 

objectives; however, experimental tests are expensive in terms of operating costs and 

the cycle time. Analytical models are also utilized to study the cutting processes in 

terms of cutting forces, tool wear, and machining temperature; however, these models 

have limited applications and cannot be used for complex operations. That is because 

all the analytical models are based on a lot of assumptions, which leads to a large 

deviation between the models and the actual processes.  

Finite Element Modeling (FEM) is a suitable solution that can be used to simulate and 

model cutting processes with a minimum number of assumptions, and without needing 

to perform any experimental tests. Recently, finite element methods (FEM) are widely 

used to simulate the metal cutting process. The reason behind that is the ability of the 

FEM to predict various machining characteristics such as temperature and stresses, 

which are not easy to be experimentally measured. Furthermore, the complex tool 

geometries can be built up similar to the actual tool geometries, unlike the analytical 

models, which usually use the sharp cutting edge assumption. Moreover, the FEM can 

predict an accurate chip shape (i.e., chip flow angle and chip thickness) better than 

analytical models. Besides, it can be used to simulate any complex process with various 

cutting conditions.  

In this chapter, Finite Element Modeling (FEM) based on a material plastic model, 

damage model, and friction law is utilized to simulate the cutting process using SPRT. 

The used geometry and mesh characteristics are presented. Afterward, detailed 
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information in terms of materials behavior (i.e., constitutive equations) and interaction 

model between the tool and workpiece are described. Finally, in order to validate the 

current model, a comparison between the experimental and predicted results is 

presented in terms of cutting forces and the chip morphology. 

4.2 Model formation 

Three different models can be used to simulate the metal cutting process; Lagrangian, 

Eulerian, and arbitrary Lagrangian-Eulerian (ALE). The Lagrangian approach is 

usually used for solving solid problems. In this model, the mesh elements are assigned 

to the tool and the workpiece solid materials. Therefore, this model is preferred for 

unconstrained material flow problems. For this reason, the Lagrange model is used in 

the metal cutting simulation due to its ability to predict the chip geometry formation 

from the beginning without needing to initially include the formed chip in the 

workpiece geometry domain, which requires prior knowledge of the chip shape and 

dimensions. Besides, this model can be used to predict different types of chips such as 

continuous, discontinuous, and saw-tooth chips by assigning failure criteria to the 

workpiece materials. However, this model has some drawbacks; the main disadvantage 

is the high distortion of the elements, which occurs due to high plastic stresses during 

metal cutting simulations. This issue can be avoided by using the available remeshing 

techniques such as adaptive or automatic remeshing; however, it is computationally 

expensive, especially with 3D models.  

Eulerian model is usually used to simulate flow problems, but some attempts utilized 

the Eulerian model to solve solid problems. In this model, the mesh elements are 

assigned to a certain control volume domain, which is fixed in the space,  and the 

material can be moved within this domain (i.e., enter or leave the domain boundaries). 

According to that, the element distortion issue is solved in this model; besides, a 

relatively low number of elements, comparing to the Lagrangian model, can be used to 

simulate the problem. Furthermore, the steady-state solution can be easily achieved 

using this model. Moreover, there is no need to define chip separation criteria. 
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However, the main disadvantage of using this model in metal cutting simulation is that 

the chip geometry shape should be known and considered in the workpiece domain in 

advance (i.e., before starting the solution). In other words, the chip thickness and the 

contact length between the tool and the chip should be known before starting the 

solution. Also, the contact conditions between the chip and the workpiece are assumed 

to be constant during the solution. As a result, this assumption makes the Eulerian 

model does not match an actual metal cutting process. 

The Arbitrary Lagrange-Eulerian (ALE) model is used to have a combination of the 

Lagrange and Eulerian models. In this model, the mesh is not attached to the solid 

domain, and also it is not assigned to a fixed control volume in the space. Instead, the 

mesh follows the flow of the solid domain, and the elements reposition itself after each 

time step. By doing that, the elements distortion problem, which occurs in the Lagrange 

model, is avoided without using any remeshing techniques. Initial estimation of the 

chip should be defined in the workpiece model, and then the final shape of the chip is 

obtained during the analysis. Figure 4-1 shows the boundary conditions used in the 

ALE model. 

It should be noticed that the Eulerian and Arbitrary Lagrange-Eulerian (ALE) model 

can be used only for orthogonal cutting cases, as these are simple cases, and the chip 

flows normal to the cutting edge. For complex process such as the current case (i.e., 

rotary tools), using of Lagrange model is the best way for the simulation, since there is 

no need to include the chip in the workpiece geometry. 
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Figure 4-1. Arbitrary Lagrange-Eulerian (ALE) boundary conditions [89] 

4.3 Material modeling 

An accurate definition of the materials stresses highly affects the FEM result. Proper 

modeling of flow stress for the workpiece is essential to obtain accurate results.  During 

metal cutting, the strain rate can approach 4*106 1/s, and the temperature can hit as 

high as 1000 oC [90]. Therefore, a material constitutive model should be used to relate 

the stresses to the strain, strain rate, and temperature. Many constitutive models can be 

used to define the materials’ flow stress; some of these models are presented as follow: 

• Oxley model:  Oxley [64] in 1989 presented the power-law model for material 

stress flow. This model can be expressed by equation 4-1: 

𝜎𝜎 = 𝜎𝜎1 𝑇𝑇𝑚𝑚𝑜𝑜𝑐𝑐 𝜀𝜀𝑛𝑛 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 
4-1 

where 𝜎𝜎 is the stress, 𝜀𝜀 is the strain, 𝜎𝜎1 is the flow stress at 𝜀𝜀 = 1, and n is the 

strain hardening index. The variables 𝜎𝜎1  and n are depending on velocity 

modified temperature, which can be presented as shown in equation 4-2: 

𝑇𝑇𝑚𝑚𝑜𝑜𝑐𝑐 = (1 − 𝜈𝜈 log
𝜀𝜀̇
𝜀𝜀�̇�𝑜

) 
4-2 
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where 𝜈𝜈 and 𝜀𝜀�̇�𝑜 are material constants, while 𝜀𝜀̇ is the strain rate. 

• Johnson and Cook model: This model was developed in 1983 by Johnson and 

Cook [75]. In this model, the stress relates to the torsion and Hopkinson bar 

experiment results, which should be obtained for a wide range of temperatures 

and strain rates. This model is widely used in the metal cutting simulation. The 

static yield stress 𝜎𝜎𝑜𝑜 in this model is defined by equation 4-3: 

𝜎𝜎𝑜𝑜 = �𝐴𝐴 + 𝐵𝐵 𝜀𝜀  �𝑝𝑝𝑡𝑡𝑛𝑛 �[1 + 𝐶𝐶𝑙𝑙𝑎𝑎(
𝜀𝜀𝑝𝑝𝑡𝑡 ����̇

𝜀𝜀�̇�𝑜
)][1 − �

𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟
𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

�
𝑚𝑚

] 
4-3 

where A, B, C, n, m and 𝜀𝜀�̇�𝑜 are material constants, which can be experimentally 

obtained at the reference temperature  𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 . Besides, 𝜀𝜀  �𝑝𝑝𝑡𝑡   is the equivalent 

plastic strain, and  𝜀𝜀𝑝𝑝𝑡𝑡 ����̇  is the equivalent plastic strain rate. Besides, this model 

assumes that the previous parameters are independently affecting the yield 

stress. The first bracket in the Johnson-Cook equation is the elastic-plastic 

related term, and it presents the strain hardening. The second bracket is the 

viscosity term, and it shows that the material stress increases at high strain rates. 

The last bracket accounts for the temperature softening effect. 

• Zerilli- Armstrong Material Model: This model has been developed in 1987 for 

face-centered cubic (f.c.c) and body-centered cubic (b.c.c) materials [91]. There 

are two different models due to the high difference in temperature and the strain 

rate response between these two material types: 

o The equation for b.c.c can be written as shown in equation 4-4:  

 𝜎𝜎 = 𝐶𝐶0 + 𝐶𝐶1 exp (−𝐶𝐶3𝑇𝑇 + 𝐶𝐶4𝑇𝑇 ln 
ℰ̇
ℰ�̇�𝑜

) + 𝐶𝐶5𝜀𝜀𝑛𝑛 
4-4 

o The equation for f.c.c can be presented by equation 4-5:  

 𝜎𝜎 = 𝐶𝐶0 + 𝐶𝐶2𝜀𝜀−1/2 exp (−𝐶𝐶3𝑇𝑇 + 𝐶𝐶4𝑇𝑇 ln 
ℰ̇
ℰ�̇�𝑜

) 
4-5 
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where 𝐶𝐶𝑜𝑜 is the stress component to consider the dislocation density on the material 

flow stress. While 𝐶𝐶1 𝑡𝑡𝑐𝑐 𝐶𝐶5 and n are material constants.  

Many studies were done using different material constitutive models. For example, a 

rigid plastic model was used by Ceretti et al. [92] in 1999. Besides, a rigid viscoplastic 

model was used by Kountanya [93] in 2002. Furthermore, elasto-viscoplastic model 

was also utilized in the Umbrello et al. work [94]. Elastic-plastic materials model is 

also commonly used to simulate the metal cutting process. The plastic strain rate 

dependency was used in some studies as well [93, 95]. Moreover, Johnson and Cook 

(JC) presented  elasto-thermo-visco-plastic material model [96], which is widely used 

to simulate the metal cutting process. Many previous studies proved the effectiveness 

of this model  [97, 98]. Johnson and Cook’s model was improved by Sima and Ozel 

[99] by including the effect of the temperature on the material softening. 

4.4 Chip separation modeling 

Different methods can be used to simulate the chip formation. These methods are 

classified as follow: 

• Node separation technique:  this is a geometry-based method [100, 101], in 

which the chip separation occurs along a pre-defined parting line. This line is 

used to separate the chip from the workpiece, as shown in Figure 4-2. Along 

the parting line, every two nodes are tied together and initially have the same 

degree of freedom. When the cutting tool approaches this point, the separation 

between the nodes occurs once a pre-specified criterion is met. Many separation 

criteria can be used include node distances, maximum plastic strain, and 

maximum effective stress.  
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Figure 4-2. Node separation technique [102] 

• Element deletion technique: this method is also based on the geometry 

approach. A predefined sacrificial element zone is assigned between the chip 

and the workpiece to have a chip separation [103], as shown in Figure 4-3. The 

elements are deleted when the predefined criteria, such as maximum distance 

or maximum energy, are met.  

 

Figure 4-3. Element deletion technique [104] 
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4.5 Failure damage models 

The failure damage model is used to simulate the chip formation. Figure 4-4 shows the 

uniaxial stress-strain diagram for a ductile material. The stress-strain relation is linear 

in the first part (OA), followed by a plastic yielding zone associated with strain 

hardening (region AB). The curve (ABC) shows undamaged stress-strain behavior. The 

damage effect starts at point B and causes a gradual decrease in the hardening modulus 

(i.e., tangent modulus). The maximum stress occurs at point D when the tangential 

modulus reaches zero, at which the significant value of D is higher than 0.3 and lower 

than 0.7 depending on the material type. The observed fracture occurs at point E, while 

point F represents the theoretical fracture. The deformation in the zone (BF) occurs 

locally in the neck portion of the workpiece. As the damage starts at point B, the 

evolution of stiffness degradation is used to govern the stress-strain behavior beyond 

that point (i.e., region BF) at the localization stress area. There are two steps for the 

chip formation in the ductile failure approach. The first step relates to the damage 

initiations, while the second step relates to the damage evaluation by the fracture energy 

method. 
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Figure 4-4. Stress-strain relation for a metal workpiece 

4.5.1 Damage initiation 

In the current study, Johnson-Cook damage initiation criteria is used. For this model, 

five different parameters (D1, D2, D3, D4, and D5) should be defined. These 

parameters can be experimentally obtained for any workpiece material. As can be seen 

in Equation 4-6, the fracture strain is calculated based on the triaxiality stress (i.e., the 

average of the normal stress components over the Von-Misses equivalent stress), the 

strain rate, and the temperature [96]. The first bracket addresses the effect of stress 

triaxiality and can be estimated based on Hancock expression [105]. While the second 

bracket indicates the effect of the strain rate. Besides, the third bracket is included to 

consider the temperature effect. 

ℰ𝑟𝑟 = [𝐷𝐷1 + 𝐷𝐷2 exp 𝐷𝐷3𝜎𝜎∗][1 + 𝐷𝐷4 ln ℰ∗̇][1 + 𝐷𝐷5𝑇𝑇∗] 4-6 
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where ℰ∗̇ is the dimensionless strain rate, and  𝑇𝑇∗ is the homogeneous temperature, and 

it can be calculated as shown in equation 4-7: 

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑜𝑜𝑜𝑜𝑚𝑚

𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑐𝑐𝑜𝑜𝑜𝑜𝑚𝑚
 4-7 

where 𝑇𝑇𝑐𝑐𝑜𝑜𝑜𝑜𝑚𝑚 is the room temperature, while 𝑇𝑇𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡 is the material melting temperature. 

Besides, σ∗ is the triaxiality stress, and it can be calculated as shown in equation 4-8: 

𝜎𝜎∗ =
1
3

+  𝑙𝑙𝑎𝑎 (1 +
𝑎𝑎

2𝑅𝑅
) 4-8 

where R is the curvature radius of the neck in the tensile test, and “a” is the minimum 
cross-section radius. 

According to this model, the damage initiated is based on a cumulative law, which is 

used to obtain a scaler damage parameter 𝑤𝑤 (see equation 4-9). The damage is initiated 

when the value of 𝑤𝑤 exceeds one. 

𝑤𝑤 = �(
𝑛𝑛

𝑖𝑖=1

𝛥𝛥𝜀𝜀𝑝𝑝

ℰ𝐹𝐹
𝑝𝑝 )𝑖𝑖 4-9 

where 𝛥𝛥𝜀𝜀𝑝𝑝 is the equivalent plastic strain increment, and ℰ𝐹𝐹
𝑝𝑝

 is the fracture equivalent 

plastic strain. 

4.5.2 Damage evaluation 

The fracture energy damage evaluation model was presented by Hillerborg [106]. This 

model is used to offer a stable failure process by controlling the material degradation, 

which occurs after the damage initiates. Besides, it is also used to detect the high strain 

localization, which occurs during chip formation. 
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When material damage occurs, the behavior of the material no longer follows the stress-

strain relationship, especially when using relatively course elements. That is because 

the energy dissipation is strongly affected by the mesh size based on the strain location. 

However, the material behavior can still be modeled by the stress-strain relationship 

even after the damage initiates when using a very fine mesh size (i.e., 2 μm), as 

presented and discussed by Calamaz [107]. After damage initiations, the fracture 

energy damage evaluation (Gf) is used to reduce the mesh dependency by applying 

different stress displacement relation, which is expressed by equation 4-10: 

𝐺𝐺𝑟𝑟 = � 𝐿𝐿
ℰ𝐹𝐹
𝑝𝑝

𝜀𝜀𝐵𝐵
𝑝𝑝

𝜎𝜎𝑎𝑎𝜀𝜀𝑝𝑝 = � 𝜎𝜎
𝑢𝑢𝐹𝐹
𝑝𝑝

0
𝑎𝑎𝑢𝑢𝑝𝑝 4-10 

where L is the characteristic length, which is equal to the square root of the area 

bounded by the integration points. Besides, 𝜀𝜀𝐴𝐴
𝑝𝑝 is the equivalent plastic strain at point 

B (see Figure 4-4), and ℰ𝐹𝐹
𝑝𝑝
  is the fracture equivalent plastic strain (point F in Figure 

4-4). Besides, 𝑢𝑢𝑝𝑝  is the equivalent plastic displacement, while 𝜎𝜎 is the equivalent 

stress. 

The stiffness degradation of the damage process region (EF) is expressed by equation 

4-11: 

𝐷𝐷 =
∫ 𝐿𝐿ℰ𝑓𝑓

𝜀𝜀 �𝑝𝑝𝑝𝑝
 
𝐵𝐵
 𝜎𝜎𝑎𝑎𝜀𝜀  �𝑝𝑝𝑡𝑡 

𝐴𝐴
 

𝐺𝐺𝑟𝑟
 4-11 

The damage occurs when D reaches unity (point F). Where the material damage energy 

𝐺𝐺𝑟𝑟 can be given by equation 4-12: 
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𝐺𝐺𝑟𝑟 = 𝐾𝐾𝑐𝑐2  
(1 − 𝜈𝜈2)

𝐸𝐸
 4-12 

Where 𝐾𝐾𝑐𝑐 is the material fracture toughness, which can be experimentally obtained.  

 

4.6 Friction modeling 

The friction interaction between the tool and the workpiece is complicated, especially 

when machining using rotary tools due to the extra rotational motion of the tool. Not 

only the tool temperature, tool wear, and surface roughness are affected by the friction 

interaction, but also the power consumption during the machining process. The stick-

slip friction model is one of the most widely used models for the friction interaction in 

the metal cutting simulation area. This model was developed by Zorev [108] in 1963.  

In this model, two different contact regions take place along the contact length. The 

first one is the sticking region, which occurs near the cutting edge tip. In this region, 

the shear stress is assumed to be constant and equal the material yield shear stress 𝜏𝜏𝑦𝑦.  

On the other hand, the remaining region is the sliding region, in which the shear stress 

𝜏𝜏 is proportional to the normal stress 𝜎𝜎𝑛𝑛. This model can be presented by equation 4-13: 

𝜏𝜏𝑟𝑟 = �
𝜏𝜏𝑌𝑌, 0 ≤ 𝑙𝑙 ≤ 𝑙𝑙𝑐𝑐  (𝜇𝜇𝜎𝜎𝑛𝑛 ≥ 𝜏𝜏𝑌𝑌) → 𝑠𝑠𝑡𝑡𝑖𝑖𝑐𝑐𝑘𝑘
𝜇𝜇𝜎𝜎𝑛𝑛, 𝑙𝑙 > 𝑙𝑙𝑐𝑐  (𝜇𝜇𝜎𝜎𝑛𝑛 < 𝜏𝜏𝑌𝑌)       → 𝑠𝑠𝑙𝑙𝑖𝑖𝑎𝑎𝑠𝑠 4-13 

where 𝜇𝜇 is the Coulomb's friction coefficient, and 𝑙𝑙𝑐𝑐 is the contact length between the 

chip and the tool. As mentioned before, this contact length should be known in advance 

when using Eulerian and arbitrary Lagrangian-Eulerian approaches. However, it is not 

required to be known when using the Lagrangian approach, which is used in the current 

study. In addition, there are some different methods that also used to define the friction 

during the metal cutting simulation. For example, an average friction coefficient was 

assumed in the contact area between the tool and the chip in a few works.  Furthermore, 
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other works [109, 110] assumed constant friction stress on the rake face, which can be 

roughly estimated by equation 4-14, where m is lower than one. 

𝜏𝜏𝑟𝑟 = 𝑚𝑚 𝜏𝜏𝑌𝑌 4-14 

However, other studies [111-113] used more realistic models. Moreover, Usui et al. 

[114] presented an experimental model in order to relate the non-linearly friction stress 

to the normal stress, as shown in equation 4-15: 

𝜏𝜏𝑟𝑟 = 𝜏𝜏𝑌𝑌[1 −  exp (−
𝜇𝜇𝜎𝜎𝑛𝑛
𝜏𝜏𝑌𝑌

)] 4-15 

where 𝜇𝜇 is the tool-chip materials constant (i.e., the friction coefficient), and 𝜏𝜏𝑌𝑌 is the 

yield shear stress of the chip. From equation 4-15, it can be seen that 𝜏𝜏𝑟𝑟 = 𝜏𝜏𝑌𝑌 at large 

normal stress (sticking zone), and 𝜏𝜏𝑟𝑟 = 𝜇𝜇𝜎𝜎𝑛𝑛 at small normal stress (sliding region), as 

shown in Figure 4-5. 

 

Figure 4-5. Normal and shear stresses along the rake face [108] 
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The previous model was modified later by Childs et al.  [115, 116], as shown in 

equation 4-16: 

𝜏𝜏𝑟𝑟 = 𝑚𝑚𝜏𝜏𝑌𝑌[1 −  exp (−
𝜇𝜇𝜎𝜎𝑛𝑛
𝑚𝑚𝜏𝜏𝑌𝑌

)𝑛𝑛]1/𝑛𝑛 4-16 

where n is used to control the contact region (i.e., sticking or sliding), and m is used to 

consider the lubrication effect. 

Özel [117] compared the experimental results based on the previous models, and he 

found that the results were more accurate when using friction models compared to the 

obtained results, which were based on the measured normal and friction stresses. 

Furthermore, Iwata et al. [118] experimentally developed a friction model, which was 

based on the friction coefficient, Vickers hardness HV, and normal stress 𝜎𝜎𝑛𝑛 of the 

workpiece material, as shown in equation 4-17: 

𝜏𝜏𝑟𝑟 =
𝐻𝐻𝑉𝑉

0.07
 𝑡𝑡𝑎𝑎𝑎𝑎ℎ (

𝜇𝜇𝜎𝜎𝑛𝑛
𝐻𝐻𝑉𝑉/0.07

) → 𝜏𝜏𝑟𝑟 = 𝑚𝑚𝜏𝜏𝑟𝑟𝑡𝑡𝑎𝑎𝑎𝑎ℎ (
𝜇𝜇𝜎𝜎𝑛𝑛
𝑚𝑚𝜏𝜏𝑌𝑌

) 4-17 

Moreover, some studies assumed frictionless contact between the tool and the 

workpiece [119-121]. However, due to the importance of friction in the metal cutting 

simulation, using friction models is very important to accurately define the interaction 

between the tool and the workpiece. 

4.7 Finite element modeling of machining with rotary 

tools 

4.7.1 Model geometry and meshing  

Three different models can be used to simulate the metal cutting process: Lagrangian, 

Eulerian, and arbitrary Lagrangian-Eulerian (ALE). Many previous researchers have 
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used a predefined chip geometry to simulate the orthogonal machining process using 

Lagrangian, Eulerian, and ALE [122-125]. However, a predefined chip geometry can 

not be used in the current model as it is a complex process, and the prediction of the 

3D chip shape can not offer a realistic simulation. Therefore, the Lagrangian model 

was used in the current simulation, where the mesh follows the geometry material, and 

hence there is no need to predefine the chip in the workpiece geometry domain. For the 

sake of validation, the current model is followed by the experimental work that was 

done by Li and Kishawy [85]. 

A typical cutting tool consists of a rotary insert and a tool holder was used during the 

experimental work. The insert was mounted over the tool holder by using a radial 

bearing. The rotary insert diameter was 27 mm with a rake and flank angle of 0o. The 

tool holder has been used to set an inclination angle of 17o, rake angle of -5o, and flank 

(or clearance) angle of 5o. In the current model, the insert’s geometry was only 

considered to simplify the model. However, the same angles have been assigned to the 

insert to match the experiment case. The rounded cutting edge is used to simulate a 

more realistic case with a higher degree of accuracy. The total number of elements of 

the tool was 97353, while the total number of nodes was 79672. The tool domain was 

meshed by coupled displacement-temperature linear hexahedral (C3D8RT) and 

tetrahedral (C3D4T) elements. Figure 4-6 illustrates that the elements mesh size is very 

fine within and around the expected contact area between the chip and the tool. That’s 

mainly to capture the changes and distributions of the properties in that interesting area. 

Besides, the coarse element’s size is used to discretize the rest of the tool domain to 

reduce the computational time by using a relatively low number of elements without 

affecting the solution accuracy. The insert was considered as a rigid body. Table 4-1 

represents the material properties of the uncoated carbide tool, which were used in the 

simulation. 
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Figure 4-6. Rotary insert geometry and mesh 

Table 4-1: Properties of the uncoated carbide [126] 

Properties Value 
Thermal conductivity 

Specific heat 

Density 

Young’s modulus 

Poisson’s ratio 

Expansion coefficient 

50 Wm−1 C−1 

400 J kg−1 C−1 

11900 kg m−3 

534 GPa 

0.22 

6.3e−6 

A hollow cylinder with an outer diameter of 48 mm and a wall thickness of 2 mm was 

used as a workpiece in the experimental work. The developed workpiece domain was 

5 mm length, 2 mm width, and 0.6 mm depth. The width of the model domain was 

selected as 2 mm to match the width of cut of the workpiece, while the height of the 

model was selected as 0.6 mm which is three times of the highest used feed (i.e., 0.2 

mm/rev) since the variation of the measured characteristics is expected to occur only 

within this distance beneath the newly generated surface. Besides, the length of the 

model was selected as 5 mm because it was noticed that the steady-state characteristics 



Chapter 4: Finite element modeling 

93 

 

such as cutting forces, tool rotational speed and heat flux were satisfied within this 

length. 

Regarding the workpiece meshing, structural elements have been used to discretize the 

workpiece domain to minimize the numerical errors.  The total number of elements was 

214650, while the total number of nodes was 228312. The workpiece domain was 

meshed by a coupled displacement-temperature linear hexahedral (C3D8RT) elements. 

A relatively fine element size was used within a distance equals to double the feed 

value. Therefore, the chip and the area under the newly generated surface can have a 

fine mesh. Figure 4-7 (left-side) shows the workpiece mesh, while Figure 4-7 (right-

side) presents the assembly of the tool and the workpiece. The angles are assigned to 

match the experimental setup. 

 

Figure 4-7. Workpiece geometry and mesh (left-side), tool-workpiece assembly (right-side) 
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4.7.2 Material behavior 

In this study, a workpiece made of carbon steel AISI/SAE 1045 is used. Table 4-2 

presents the workpiece chemical composition. The Johnson-Cook model is utilized as 

a plastic model in order to define the plastic behavior of the workpiece. This model is 

widely used in the metal cutting simulation due to its ability to consider the effect of 

the strain rate and temperature on the stress. AISI/SAE 1045 steel properties and 

Johnson-Cook equation parameters are listed in Table 4-3. 

Table 4-2. AISI/SAE 1045 chemical composition [85]  

Carbon (C) Manganese (Mn) Phosphorus (P) Sulfur (S) Iron (Fe) 

0.43–0.50% 0.60—0.90% 0.04% 0.05% balance 

 

Table 4-3. Mechanical properties and Johnson–Cook parameters for AISI 1045 steel [127] 

Properties Notation Value 
Thermal conductivity 

Specific heat 

Density 

Young’s modulus 

Poisson’s ratio 

Initial yield stress 

Hardening modulus 

Strain sensitivity parameter 

Strain hardening index 

Reference temperature 

Melting temperature 

Thermal softening coefficient 

Reference strain rate 

k 

c 

ρ 

E 

ν 

A 

B 

C 

n 

Tref 

Tmelt 

m 

ℰȯ 

38 Wm−1 C−1 

420 J kg−1 C−1 

7800 kg m−3 

200 GPa 

0.3 

553 MPa 

600 MPa 

0.0134 

0.234 

20 °C 

1460 °C 

1 

1 s−1 

 



Chapter 4: Finite element modeling 

95 

 

4.7.3 Chip formation modeling 

Johnson-Cook failure model was used to simulate the separation of the chip from the 

workpiece by using the element deletion approach. When the workpiece is fed towards 

the cutting tool, the contact stress can be noticed, and the workpiece elements start to 

be compressed. Afterward, the damage initiates in some elements, and the behavior of 

the material is no longer following the plastic model. After damage initiations, the 

failure model is used to control the material behavior and delete the elements in which 

the “damage evaluation” criteria are reached. It is worth mentioning that Johnson-Cook 

failure model is suitable for cases associated with high strain rate deformation such as 

metal cutting processes. The values of Johnson-Cook failure model constants are 

specified in Table 4-4. 

Table 4-4. Johnson–Cook damage parameters for AISI 1045 steel [128] 

Damage model 
parameters Value 

D1 0.06 

D2 3.31 

D3 -1.96 

D4 0.0018 

D5 0.58 

In the current work, Coulomb’s friction model is used as the friction model between 

the tool and the workpiece. The surface contact method is used to define the friction 

coefficient μ between the chip and the tool. The coefficient of friction was tuned for 

each test in order to obtain the best agreement with the experimental forces. The contact 

type (i.e., sticking or rolling) can be estimated by ABAQUS based on the contact stress 

value between the tool and the chip. 
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4.7.4 Model validation and discussion 

For the sake of validation, four reference tests were selected to compare the 

experimental and predicted results. The cutting conditions for these four tests are listed 

in Table 4-5. These specific tests were selected to cover the experimental conditions 

ranges. A comparison between the experimental and numerical forces (i.e., cutting and 

radial forces) is shown in Figure 4-8. The force suddenly increases when engaging with 

the workpiece and then fluctuates around an average value, which is used for the 

comparison. The model shows a good agreement compared to the experimental results 

with a model's accuracy of about 91.3 %. The deviation between the experimental and 

numerical results could be due to the numerical errors, experimental human errors (i.e., 

the tool is not exactly centered in the middle of the tube thickness), and measuring 

device uncertainties.  

Table 4-5. Validation tests cutting conditions 

Test number Feed 
(mm/rev) 

Cutting speed 
(m/min) 

1 0.1 120 

2 0.125 170 

3 0.15 230 

4 0.2 170 
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Figure 4-8. A comparison between the predicted and experimental [85] forces 

Figure 4-9 shows a comparison between the model and experimental chip morphology 

results. It can be noticed that the model chip shape shows a good agreement with the 

experimental chips in terms of chip curling pitch and chip edge shape. 

 
Figure 4-9. A comparison between the simulated chip morphology and experimental chips images at 
130 m/min cutting velocity and 0.225 mm/rev  feed rate: left is the chip's image obtained by Parker  

[129] and right is the ESM image obtained by Zhang [130] 
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Another indicator that can be used for comparison between the simulation and 

experimental results is the chip flow angle. Figure 4-10 shows a comparison between 

the predicted and experimental chip flow angle. The result shows that the model can 

predict the chip flow angle with an accuracy of around 92 %. Since this is an oblique 

cutting operation, the friction force should have an angle with the tool axis (chip flow 

angle), and accordingly, there is a tangential component of the friction force guides the 

tool to rotate in the proper direction. 

 

Figure 4-10. A comparison between the predicted and experimental [84] chip flow angle at 230 
m/min cutting speed and 0.2 mm/rev feed rate 
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Chapter 5: Cutting temperature hybrid 

model 

 

5.1 Preamble 

The generated heat is one of the main concerns during the metal cutting processes. That 

is because many economic and technical issues are directly or indirectly related to the 

generated heat. This heat is generated due to the plastic deformation at the primary 

shear zone, friction between the tool and the chip at the secondary shear zone, and the 

friction at the tertiary zone, as shown in Figure 5-1. As the properties of the materials 

highly depends on temperature; thus, the stress, strain, and temperature should be 

captured simultaneously by a coupled temperature displacement model. In such a 

model, the temperature in each element is calculated directly using the energy balance 

equation. However, some of the previous studies were developed based on the adiabatic 

assumption [131, 132]. The adiabatic assumption cannot be used when the residual 

stress is one of the required outputs. That is because the cooling process at room 

temperature should be considered to capture the residual stresses [133]. 

 

Figure 5-1. Heat generation in metal cutting 
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The generated heat during the metal cutting process influences the tool and the 

workpiece materials properties. The high temperature in the cutting zone can lead to 

thermal softening of the tool material; therefore, the tool wear rate increases, and 

permanent damage of the cutting insert may occur. As a result, the tool life and the 

product accuracy decrease, which leads to an increase in the machining cost and time. 

Many methods can be used to solve the temperature issue. Flood coolant is widely used 

to dissipate the generated heat to keep the cutting zone temperature within acceptable 

limits. However, using flood coolant increases the machining cost and causes high 

harmful effects on the environment and human health. Therefore, machining with self-

propelled rotary tools can be a suitable alternative. That is because of the ability of the 

rotary tools to machine difficult to cut materials with acceptable tool life, even under 

dry conditions. This chapter is aimed to model and investigate the temperature 

characteristics when machining using self-propelled rotary tools. 

5.2 Hybrid modeling approach: stages and 

methodology 

Few studies have been done to numerically model and investigate the self-propelled 

rotary tool temperature field. All of them have used an analytical approach to estimate 

the model boundary conditions (for example, the generated heat at the secondary shear 

zone, the contact area between the tool and chip, and the heat partition factor). 

Generally, these analytical models are developed based on different assumptions, 

which may lead to a large deviation between the models and experimental values. In 

the current work, this issue is avoided by using a purely numerical approach, which 

only requires prior knowledge of the used materials properties and applied operating 

conditions to simulate the cutting process. Ma et al. [134] developed a finite element 

model to simulate the corner up milling process of Ti-6Al-4V using AdvantEdge 

software. Due to the high computational time, a separate FEM numerical model using 

ABAQUS was used to analyze the heat transfer process. Similarly, in the current work, 

two separate phases are employed in order to study the steady-state temperature field 
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during machining with a SPRT. In the first phase, Finite Element Modeling (FEM) 

which is based on a material plastic model, damage model, and friction law is utilized 

to simulate the cutting process using SPRT. ABAQUS/Explicit commercial package is 

employed in the first modeling phase, where a 3-D coupled temperature-displacement 

domain is solved. The simulation results in terms of cutting forces, heat flux, 

temperature, chip morphology, and the contact area between the chip and tool are 

obtained. To provide a steady-state temperature distribution, more than one tool 

revolution should be simulated. However, that's not easy to be achieved using 

ABAQUS due to the high computational time. Hence, the second modeling phase is 

utilized to investigate the SPRT steady-state temperature. 

In the second phase, the 3-D domain for the cutting tool is built, and a moving heat 

source is considered within the energy equation. COMSOL software is utilized in the 

second phase modeling.  The obtained results from ABAQUS (i.e., the contact area, 

the heat flux, and the tool rotational speed) are used as boundary conditions for the tool 

model. Finally, the 3-D steady-state temperature field is determined using this proposed 

hybrid model. Figure 5-2 shows the flow chart for the proposed model. 
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Figure 5-2. Hybrid model flowchart 

5.3 Phase II: heat transfer modeling 

In this phase, the tool geometry with a moving heat source is used to consider the heat 

flows into the tool. This model follows the same steps presented by Dessoly et al. [135]. 

However, a rounded cutting edge is considered in the tool geometry to achieve a more 

realistic model. The moving heat source is considered in the equation 5-2 by adding a 

convective flux term “𝜌𝜌 𝑐𝑐 𝑉𝑉�⃗  𝑇𝑇” to the conductive heat equation (equation 5-2). 
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𝜌𝜌 𝑐𝑐 
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡

− 𝑘𝑘𝛻𝛻2𝑇𝑇 = �̇�𝑄 5-1 

𝜌𝜌𝑡𝑡𝑐𝑐𝑡𝑡
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡

+ 𝛻𝛻(−𝑘𝑘𝑡𝑡𝛻𝛻𝑇𝑇 + 𝜌𝜌𝑡𝑡𝑐𝑐𝑡𝑡𝑉𝑉�⃗ 𝑇𝑇) = �̇�𝑄 5-2 

where 𝜌𝜌𝑡𝑡 is the tool density, 𝑐𝑐𝑡𝑡 is the tool’s specific heat capacity, 𝑘𝑘𝑡𝑡 is the tool thermal 

conductivity, 𝑉𝑉�⃗  is the velocity vector, and �̇�𝑄 is the volume heat source. The moving 

heat source is applied as a boundary condition in the contact area. Thus, there is no 

need to use the volume heat source �̇�𝑄. The Cartesian velocity vector can be obtained 

using the cross product of the rotational speed vector ω  to the displacement vector 𝑟𝑟 

as shown in equation 5-3; knowing that, the tool has only a rotational speed ωt around 

z -direction. Based on that, the energy equation can be solved in the Cartesian 

coordinates (i.e., x, y, and z). The energy equation is further simplified by using the 

conservative of mass equation (see equation 5-4). Finally, Equation 5-5 is numerically 

solved to provide the temperature distribution inside the tool domain.  

𝑉𝑉 ��⃗ = 𝜔𝜔𝑡𝑡  �
−𝑦𝑦
𝑥𝑥
𝑐𝑐
�
𝑖𝑖,𝑗𝑗,𝑘𝑘

 5-3 

𝜕𝜕𝜌𝜌𝑡𝑡
𝜕𝜕𝑡𝑡

+ 𝛻𝛻. (𝜌𝜌𝑡𝑡𝑉𝑉 ��⃗ ) = 0 5-4 

𝜌𝜌𝑡𝑡𝑐𝑐𝑡𝑡
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡

− 𝛻𝛻. (𝑘𝑘𝑡𝑡𝛻𝛻𝑇𝑇) = 𝜌𝜌𝑡𝑡𝑐𝑐𝑡𝑡𝜔𝜔𝑡𝑡(𝑦𝑦
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥

− 𝑥𝑥
𝜕𝜕𝑇𝑇
𝜕𝜕𝑦𝑦

) 5-5 

5.4 Mesh and boundary conditions 

Figure 5-3 shows the domain and boundary conditions that were used for the COMSOL 

model. The boundary conditions include the heat flux rate at the contact area and 
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convection heat flux with a heat transfer coefficient of 100 w
m2k

 for the outer surfaces 

[62]. Besides, isolated boundary conditions for the inner surfaces are applied. The heat 

flux of the contact area is directly obtained from the ABAQUS model. Hence, there is 

no need for the heat partition factor. The contact area between the chip and the tool is 

considered as can be seen in Figure 5-3 (left-side), where 𝑙𝑙 the tool-chip is contact 

length and 𝑤𝑤 is the width of the cut. Accurate contact area dimensions are also obtained 

from the ABAQUS model, and it is neither a comma [62] nor a triangle [135, 136] 

because it is a tube end turning process. It should be stated here that as the moving heat 

flux applied, the moving mesh function utilized, which displaces the mesh nodes inside 

the bulk of the solid. In other words, the mesh nodes are rotating while the bulk of the 

solid is stationary. 

 

Figure 5-3. COMSOL tool model geometry 

Figure 5-4 represents the domain’s mesh, where the total number of elements is 20144. 

Mixed-element types include hexagonal and tetrahedral are used. Hexagonal fine 

elements are utilized in the contact area to accurately capture the temperature 

characteristics inside and around this area of interest. Tetra coarse elements are used to 

discretize the rest of the domain. The element size gradually increases from fine to 

coarse with a transition factor of 1.2. 
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Figure 5-4. COMSOL tool model mesh 

5.5 Temperature model results and discussions 

Figure 5-5 illustrates the temperature distribution for the tool and the workpiece after 

3 ms of cutting time. This result was obtained using ABAQUS. It can be noticed that 

the maximum temperature was observed in the tool-chip interface area (secondary 

shear zone) as expected. Furthermore, the chip temperature is relatively high, which 

indicates that a large amount of heat goes directly to the chip. Besides, the tool 

temperature increases in the direction of the tool rotation as the heat is carried away 

from the cutting zone by the tool motion. Furthermore, it is observed that all the 

interesting areas such as the contact area, chip, and near the surface area have a fine 

mesh as designed, which confirms the capability of the model to capture results’ 

influence in these important regions. 
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Figure 5-5. Rotary tool predicted temperature distribution (in °C) at 170 m/min cutting speed and 
0.2 mm/rev feed rate  

To investigate the benefits of the tool rotary motion, a fixed case is solved to compare 

the temperature field with a rotating case. Figure 5-6 represents the temperature 

distribution on the tool rake face for fixed and rotating cases. Figure 5-7 shows a 

comparison between the spatial average tool temperature at the contact area of the 

rotary and fixed tool. It can be seen that the average temperature difference between 

the fixed and rotating tools are about 65 degrees. Consequently, the tool’s rotary motion 

reduced the tool temperature by about 15 %. This observation is in agreement with the 

result that is obtained by Dessoly et al. [135]. Besides, It can be seen that the heat is 

concentrated around the cutting zone in the fixed tool case, and slowly propagating by 

conduction to the rest of the tool material. While, the temperature is relatively high in 

a large tool area in the case of the rotating tool, as the heat is moving with the material 

flow. In addition, the contact length seems to be shorter in the rotary tool case compared 

with the fixed one. That might be attributed to the change in the chip flow angle and 

chip relative velocity as a result of tool motion.  
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Figure 5-6. Temperature distribution over the rake face for fixed and rotating cases (in °C) at 170 
m/min cutting speed and 0.2 mm/rev feed rate 

 

Figure 5-7. Average tool temperature for fixed and rotating cases (in °C) at 170 m/min cutting speed 
and 0.2 mm/rev feed rate 

Figure 5-8 shows the temperature pattern at an intermediate cross-section of fixed and 

rotary tool cases. The maximum temperature in the case of a fixed tool occurs inside 

the chip core and expands towards the cutting tool rake face (secondary shear zone). 

Fixed 

Rotary 
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This observation is expected and noticed in many previous studies. While in the rotary 

tool case, the maximum temperature is observed in the core of the chip, and it is not 

observed or extended at the tool chip interface. It is worth mentioning that this is a new 

observation, which occurs as the generated heat in the secondary shear zone is 

continuously removed by the tool rotational motion. 

 

Figure 5-8. Temperature pattern at an intermediate cross-section plane of fixed and rotating cases (in 
°C)  at 170 m/min cutting speed and 0.2 mm/rev feed rate 

As mentioned before, the steady-state tool temperature can be obtained by using a 

combination of ABAQUS and COMSOL software. For example, Figure 5-9 shows the 

average heat flux of the tool/chip interface area at a cutting velocity of 170 m/min and 

feed rate of 0.2 mm/rev. The average value of the heat flux is obtained from the 

ABAQUS and then used in the COMSOL as a constant heat flux at the contact area. 

Figure 5-10 shows the 3-D steady-state temperature distribution, which is obtained 

using COMSOL for the cutting tool after 10 revolutions. It can be seen that the tool 

rotational speed of that case offers a suitable time for each portion of the cutting edge 

to cool enough before engaging again with the workpiece. 
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Figure 5-9. Heat flux distribution over the rake face (in w/m2) at cutting speed of 170 m/min cutting 
speed and feed rate of 0.2 mm/rev 

 

Figure 5-10. COMSOL tool temperature distribution (in °C) at 170 m/min cutting speed and 0.2 
mm/rev feed rate 

To investigate the effect of the tool rotational speed on the temperature behavior, Figure 

5-11 shows the temperature influence over the tool rake face for four different cases. 

As can be seen, the temperature’s peak is observed at a shifted distance from the cutting 

edge in all cases. The maximum temperature was noticed in the fixed case as expected. 

As the tool rotational speed increases, the peak temperature as well as the tool bulk 

temperature decrease. However, the temperature increases again at relatively higher 



Chapter 5: Cutting temperature hybrid model 

110 

 

tool rotational speeds (e.g., 900 rpm). That’s because increasing the tool rotational 

speed beyond a certain value will lead to reducing the cooling time for each portion of 

the cutting edge. Consequently, that could lead to a noticeable increase in the tool 

temperature again. Thus, the tool rotational speed should be optimized, by changing 

the inclination angle 𝑖𝑖,  to achieve all possible advantages of the tool motion. Moreover, 

for the fixed case, the temperature gradually decreases while moving away from the 

contact area as the heat slowly moves by conduction towards the cutting tool center. 

While, in rotating cases, the temperature of the tool highly decreases after the contact 

area and almost remains constant beyond it. That is because the largest portion of the 

heat is quickly carried away by the material flow. 

 

Figure 5-11. The temperature influence over the tool rake face for four different cases 

Figure 5-12 shows the temperature history for a point on the cutting edge. It can be 

observed that the steady state temperature was almost reached after 10 revolutions. 

Besides, the temperature of the point rapidly increases when it is engaged with the 

workpiece during a short time. Then, the point temperature decreases as it is disengaged 

and moved away from the cutting zone. As a result of the tool rotational motion, this 
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process is repeated during the cutting process and offering a heating-cooling cycle for 

each portion of the cutting-edge circumference. Not only temperature decreases in the 

rotating case compared to the fixed case, but also the high temperature at the cutting 

zone affects each portion of the cutting edge for a relatively short time, as can be seen 

in Figure 5-12. That will prevent the tool from crater wear, as observed by Kishawy et 

al. [61]. 

 

Figure 5-12. Tool temperature history of a point on the cutting edge at 170 m/min cutting speed and 
0.2 mm/rev feed rate 

5.6 Mechanism of machining with SPRT 

Error! Reference source not found. Figure 5-13 shows a schematic of machining 

using the self-propelled rotary tool; the mechanism of the rotary tool can be concluded 

as follows: 
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Figure 5-13. Schematic of machining using a rotary tool 

• The heat is generated at the secondary heat zone (𝑄𝑄𝑆𝑆𝑆𝑆) as a result of the friction 

between the chip and the tool; 

• Part of the generated heat is going to the chip (𝑄𝑄𝑐𝑐ℎ𝑖𝑖𝑝𝑝), while the rest of the 

generated heat is going to the tool (𝑄𝑄𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡); 

• Many factors control the secondary shear zone heat partitioning process (i.e., 

𝑄𝑄𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡  and 𝑄𝑄𝑐𝑐ℎ𝑖𝑖𝑝𝑝), these factors include tool and workpiece materials, cutting 

speed, feed rate, and tool inclination angle (i.e., tool rotational speed); 

• The amount of heat which is going to the chip (𝑄𝑄𝑐𝑐ℎ𝑖𝑖𝑝𝑝) should be maximized to 

reduce the heat portion of the tool (𝑄𝑄𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡); 

• The amount of heat which is going to the tool (𝑄𝑄𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡) should be efficiently 

dissipated to prevent the tool temperature from reaching excessive levels, which 

accelerates the tool wear rate and reduces the tool life; 

• Part of this heat is transferred by conduction (𝑄𝑄𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐), while the highest part is 

carried away from the cutting zone by the tool motion (𝑄𝑄𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖𝑜𝑜𝑛𝑛); 

• Each portion of the cutting tool edge is engaged with the workpiece for a 

relatively short time when its temperature starts to be increased. After that, this 

portion is disengaged and moved away to cool down before engaging again with 

the workpiece; 

• Therefore, the generated heat is efficiently distributed on the whole tool bulk 

material instead of being concentrated in and around the cutting zone as occurs 

with conventional tools; 
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• According to that, the cutting zone temperature is always kept within an 

acceptable range to prevent the tool damage; 

• Besides, the tool motion allows the tool wear to be distributed over the whole 

round edge instead of being concentrated at a single point, as occurs in the 

conventional tools, which dramatically increases the tool life. 
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Chapter 6: Experimental setup  

 

6.1 Preamble 

This chapter provides detailed information about the carried out experiments. The main 

objective of the experiments is to investigate the performance of the self-propelled 

rotary tools when machining hardened steel under dry environment. Cutting forces, 

surface roughness, tool wear, tool rotational speed, and temperature are recorded and 

investigated. The experiments were performed on Standard Modern N/C 17 lathe (10 

HP). The used materials, measuring equipment, and the experimental plan are 

presented in this chapter. 

6.2 Materials and Methods 

The workpiece material used in this study is AISI 4140 steel. A tube shape workpiece 

with an inner diameter of 50 mm and an outer diameter of 100 mm is used, as shown 

in Figure 6-1. The workpiece is hardened to 46 ± 2 HRC, and the tube shape of the 

workpiece helps to have homogeneous properties during the heat treatment. The 

chemical composition, mechanical, and thermal properties of the workpiece is shown 

in Table 6-1. 

 

Figure 6-1. Tube shape workpiece 
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Table 6-1. AISI 4140 steel properties [137] 

Chemical composition (wt.%): C: 0.38%-0.43%, SI: 0.15%-0.3%, Mn: 0.7%-1%,  

                                           Cr: 0.8%-1.1%, Mo: 0.15%-0.25%, Fe: 96.75%-97.84% 

Density: 7850 Kg/m3 

Young’s modulus (at 25 °C): 198 GPa  

Poisson’s ratio (at 25 °C): 0.3 

Tensile strength: 729.5 MPa 

Yield strength: 379.2 MPa 

Specific Heat (at 25 °C): 470 J/kg °C 

Thermal Conductivity (at 25 °C): 42.7 W/m °C  

The tool insert is made of carbide with an outer diameter of 27 mm. The insert is 

properly mounted over the tool holder, and a rake angle of -5o with a flank angle of 5o 

was used. The tool holder allows adjusting certain inclination angles; 5o, 10o, 15o, 20o, 

and 25o. Figure 6-2 shows the experimental setup used in this study. 
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Figure 6-2. Schematic of the eexperimentation setup for machining with a self-propelled rotary tool  

6.3 Force measurements 

Kistler 9251 A dynamometer was used to capture the signals of the three force 

components. The captured signals were then connected to the National Instrument data 

acquisition (NI USB-6221 BNC) through three Kistler (KCA5010B) charge amplifiers. 

Three data cables were used between the dynamometer sockets and the charge 

amplifiers. The output signals from the amplifiers were connected to the data 

acquisition channels by three signal cables. The data acquisition was then connected to 

the computer using a single USB cable. The forces were read and recorded at a rate of 

30 Hz using the LabView software. A low pass filter was applied to the data to remove 

any signal noises, and average values were obtained and used in the analysis. Figure 

6-3 shows the used equipment for force measurements.    
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Figure 6-3. The used equipment for measuring forces  

6.4 Temperature measurements 

Infra-red thermal imagining technique was used to measure the temperature of the self-

propelled rotary tool. Different techniques such as the tool-workpiece thermocouple 

and the embedded thermocouple are not suitable for the rotary tools due to the motion 

of the insert. The infra-red thermal camera is able to provide a real-time temperature 

for the cutting zone. 

 

Figure 6-4. Optris PI 640 infra-red thermal camera 

Optris PI 640 camera was used in the current study, as shown in Figure 6-4. Three 

temperature ranges can be adjustable to achieve an accuracy of ± 2 ℃. These ranges 

are -20℃ to 100 ℃, 0℃ to 250 ℃, and 150℃ to 900 ℃. The third range is selected as 

the temperature is expected to be higher than 150 ℃ during the hard turning. The 

camera frame rate of 40 Hz was utilized. One of the main advantages of the used camera 
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is the capability of performing self-calibration. The camera was mounted to a fixed 

beam of the machine in order to achieve good stability. Figure 6-5 shows a sample of 

temperature measurement. The indicator was set to capture the maximum temperature 

with time, and the average temperature values were obtained and used in the analysis.   

 

Figure 6-5. A sample of temperature measurement 

6.5 Surface roughness measurements 

The machined surface quality was evaluated using the average surface roughness. 

Mitutoyo SJ.201 portable surface roughness was used in the current study, as shown in 

Figure 6-6. Ra is the arithmetic average distance between the mean line and the surface 

profile irregularities within the measuring length, and it can be used to find the vertical 

roughness [138]. Ra is a commonly used parameter to measure the surface roughness. 

Constant cut-off length of 2.5 mm with a speed of 0.25 mm/s is used for all 

measurements. After every test, the surface roughness is measured in three different 

locations, and the average value is obtained and used in the analysis. 
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Figure 6-6. Surface roughness tester (Mitutoyo SJ.201) 

6.6 Tool wear measurements 

After each cutting pass, the flank tool wear was measured using a Mitutoya toolmaker’s 

microscope (TM-A505B), as shown in Figure 6-7. The flank tool wear is occurred due 

to the high friction between the flank face of the tool and the workpiece. The average 

flank wear was measured and used in the analysis. 

 

Figure 6-7. Toolmaker microscope (Mitutoyo TM-A505B) 
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6.7 Tool rotational speed measurements 

Digital laser tachometer (AGPtek® DT-2234C+) was used to measure the tool’s 

rotational speed during each test, as shown in Figure 6-8. This tachometer is capable of 

measuring a wide range from 2.5 rpm to 999.9 rpm with a resolution of 0.1 rpm, and ± 

0.05% accuracy. Thin silver strips were attached to the insert cartridge, which rotates 

at the same speed of the insert. The laser beam was then focused to the location of the 

high reflectivity silver strip to capture the rotational speed in rpm. Three measured 

values were taken at different times during the test, and the average value was obtained 

and used in the analysis.   

 

   

Figure 6-8. Digital laser tachometer 

 

6.8 Plan of experimentation 

In this study, Taguchi’s approach was used in order to perform the minimum number 

of experiments. Orthogonal arrays are employed in this approach to study how the data 

statistics (i.e., variance, mean, etc.) are affected by the studied design variables of the 
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experiments. This method was used to make sure that the optimum level of the design 

variables is selected to reduce the manufacturing cost without affecting the product 

quality. The orthogonal array can provide a minimum number of experiments (i.e., a 

well-balanced number) [139]. 

Three design variables were selected; cutting speed (𝑉𝑉), feed rate (𝑓𝑓), and inclination 

angle (𝑖𝑖 ). The depth of cut was to be constant and equal to 0.2 mm through all 

experiments. Four levels were assigned for each design variable.  Table 6-2 presents 

the design variables and the assigned levels for each variable. The full array for the 

current study should be L64OA, as there are three variables, four levels each (i.e., 43). 

However, in order to save cost and time, fractional factorial array L16OA was selected. 

This array consists of 16 rows corresponding to the number of runs, as shown in Table 

6-3. 

Table 6-2. Assigned level to the design variables 

  Level 1 Level 2 Level 3 Level 4 
A: i (o) 5 10 15 20 

B: f (mm/rev) 0.1 0.15 0.2 0.25 

C: V (m/min) 70 127 167 240 

The analysis of variation (ANOVA) was then utilized to study the influence of the 

design variables on the machining performance indicators. This technique is mainly 

used to detect the most significant variable(s) that affect the studied machining outputs 

[140]. Besides, the optimum level of each variable can be clearly obtained. 

The general steps of the Taguchi’s approach and the ANOVA technique can be 

summarized as follow: 

• Define the process 

• Define the significant design variables 

• Assign the number of levels for each variable 

• Select the appropriate orthogonal array 
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• Perform the experiment runs 

• Perform the ANOVA calculations for the required performance indicators 

• Analyze the ANOVA results to determine the significant variable and select the 

optimum level for each variable 

 

Table 6-3. L16OA for the experiment runs 

Test # Inclination angle 
levels Feed rate levels Cutting speed 

levels 
1 1 1 1 

2 1 2 2 

3 1 3 3 

4 1 4 4 

5 2 1 2 

6 2 2 1 

7 2 3 4 

8 2 4 3 

9 3 1 3 

10 3 2 4 

11 3 3 1 

12 3 4 2 

13 4 1 4 

14 4 2 3 

15 4 3 2 

16 4 4 1 

The genetic programming (GP) is considered as one of the most effective artificial 

intelligence techniques, and it is used in many different engineering applications  [141]. 

In genetic programming, each program is built of a tree structure of terminals and 

functions (i.e., genotype). The terminals (i.e., leaves) are the inputs to the program, and 

the used functions of the GP program include mathematical functions, programming 
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functions, and arithmetic operations. Every generated model is presented as a 

chromosome, and the fitness function is used to evaluate each chromosome. The fitness 

function measures the error between the model output and the input training data. 

Genetic operators include mutation, and crossover factors are then utilized to generate 

new chromosomes. In the open literature, many studies used genetic programming to 

model the cutting processes [142-144]. In the current study, the Eureqa software was 

used to develop models for the surface roughness and tool wear. 

The non-dominated sorting genetic algorithm (NSGA-II) is used in the current study to 

perform multi-objective optimization of the generated models. The NSGA-II is one of 

the popular multi-objective optimization techniques as it utilized special features such 

as fast non-dominated method, fast crowded estimation of distances approach, and 

simple operator to perform a crowded comparison to find the optimal Pareto-front 

solutions [145]. The genetic algorithm evolutionary operators such as crossover and 

mutation are utilized in the NSGA-II algorithm. The general steps of the NSGA-II can 

be summarized as follows [146]: 

• Select the size of the population based on the constraints and their range. 

• Perform non-dominated sort for the initialized populations 

• Assign crowding distance values for the population individuals 

• Select the individuals based on the rank and the crowding distance 

• Apply the genetic algorithm crossover and mutation operators 

• Recombine and select an individual for the next generation until the population 

size exceeds the current size 
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Chapter 7: Experiments results and 

analysis 

 

7.1 Preamble 

This chapter is mainly aimed to experimentally investigate the effect of the inclination 

angle, feed rate, and cutting speed on the machining performance when using self-

propelled rotary tools.  The cutting forces, tool wear, temperature, surface roughness, 

and tool rotational speed were measured and recorded for each run.   

Three stages are used to achieve a comprehensive analysis of the machining process 

using self-propelled rotary tools. In stage one, a mapping matrix is developed to 

evaluate the performance of each run. Three quality levels are introduced, and their 

ranges are determined based on the measured values of each performance indicator. 

This map is useful for the decision-makers in order to select the appropriate run based 

on the desired objective (i.e., finishing or roughing turning). In stage two, the analysis 

of variance (ANOVA) is utilized to determine the significant design variables for each 

performance indicator and select the optimum level of each variable. The last stage is 

found to perform multi-objective optimization of the machining process. Non 

dominated sorting genetic algorithm (NSGA-II) is used in this stage. Genetic 

programming is used to correlate the tool wear and surface roughness to the decision 

variables. The Pareto-front solutions are then generated and normalized to optimize the 

solutions based on certain machining scenarios. Finally, confirmation tests are 

performed to verify the optimized solutions. Figure 7-1 summarizes the experiments 

methodology of the current research. 
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Figure 7-1. Flowchart for the experimental methodology 
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7.2 Mapping matrix results 

In this section, a mapping matrix was developed in order to evaluate the performance 

of each experimental run. Table 7-1 presents the results for the experimental runs. The 

depth of cut was to be constant and equal to 0.2 mm. The inclination angle 𝑖𝑖, the feed 

rate 𝑓𝑓, and the cutting velocity 𝑉𝑉 were considered as the machining variables, and their 

values corresponding to each run are shown in  Table 7-1. The machining of 100 mm 

path was performed for each run. The resultant force 𝑅𝑅, the flank tool wear 𝑉𝑉𝐵𝐵, the 

material removal rate 𝑀𝑀𝑅𝑅𝑅𝑅, and the surface roughness 𝑅𝑅𝑎𝑎 are selected to evaluate the 

performance. However, more indicators were measured for each run, such as tool 

temperature and rotational speed. 

Table 7-1. Experimental plan results 

 i 
(°) 

f 
(
mm
rev

) 

V 

(
m

min
) 

R 
(N) 

VB 
(µm) 

Ra 
(µm) 

MRR 

(
mm3

min
) 

1 5 0.1 70 176.24 16 0.83 1413 
2 5 0.15 127 173.17 38 1.077 3810 
3 5 0.2 167 314.2 20 0.78 6680 
4 5 0.25 240 386.12 22 0.95 12000 
5 10 0.1 127 204.93 61 1.01 2540 
6 10 0.15 70 243.28 3 1.13 2100 
7 10 0.2 240 242.25 59 0.84 9600 
8 10 0.25 167 252.52 14 0.90 8350 
9 15 0.1 167 138.81 51 1.18 3340 
10 15 0.15 240 186.96 25 0.93 7200 
11 15 0.2 70 211.64 5 1.17 2800 
12 15 0.25 127 281.07 40 1.48 6350 
13 20 0.1 240 183.38 12 0.56 4800 
14 20 0.15 167 321.79 71 0.94 5010 
15 20 0.2 127 270.91 51 1.11 5080 
16 20 0.25 70 253.71 4 1.83 3500 

Three quality levels were assigned, and their values were obtained based on the ranges 

of the result (i.e., minimum and maximum values). Table 7-2 shows the quality levels 

and their values for each performance indicator. Level A is the best level, and level B 

is the medium level, while level C is the worst level. The mapping matrix result is 
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shown in Table 7-3. This result is valuable for the decision-makers in order to quickly 

select the appropriate run, which is suitable for the desired objectives (i.e., finishing or 

productivity turning process). 

Table 7-2. Quality levels 

 R 
(N) 

VB 
(µm) 

Ra 
(µm) 

MRR 
(mm3/min) 

A R < 220 VB < 25 Ra < 1 8500 < MRR < 12000 
B 220 < R < 300 25 < VB < 50 1 < Ra < 1.5 4900 < MRR < 8500 
C 300 < R < 390 50 < VB < 75 1.5 < Ra < 2 MRR < 4900 

Table 7-3. Tests mapping matrix 

 i f V R VB Ra MRR 
1 5 0.1 70 A A A C 
2 5 0.15 127 A B B C 
3 5 0.2 167 C A A B 
4 5 0.25 240 C A A A 
5 10 0.1 127 A C B C 
6 10 0.15 70 B A B C 
7 10 0.2 240 B C A A 
8 10 0.25 167 B A A B 
9 15 0.1 167 A C B C 
10 15 0.15 240 A B A B 
11 15 0.2 70 A A B C 
12 15 0.25 127 B B B B 
13 20 0.1 240 A A A C 
14 20 0.15 167 C C A B 
15 20 0.2 127 B C B B 
16 20 0.25 70 B A C C 

7.3 Cutting forces results and discussion 

Figure 7-2 presents the cutting forces results. The results show that the thrust force is 

the largest force component, followed by the cutting force, and the lowest one is the 

radial force. The large thrust force is typical and normal for machining such difficult-

to-cut material (i.e., hard turning), especially when using a large nose radius (i.e., round 

insert), as confirmed by Kishawy et al. [147]. 
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Figure 7-2. Cutting forces results 

A sample of the cutting force signal is shown in Figure 7-3. Low pass filter is used to 

eliminate any unnecessary noise. When the tool engages with the workpiece, a sudden 

increase in the force occurs, and then the force starts to oscillate around an average 

value. These average values were extracted and used in the analysis.  

  

Figure 7-3. Cutting force in Z-direction, at V = 240 m
min

, f = 0.3 mm
rev

, and i = 5° 
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Figure 7-4 shows a one-second period of the cutting force signal in the y-direction. It 

can be seen that the force signal is oscillating at a constant frequency. This frequency 

is noticed to be equal to the tool rotational motion frequency, which has also been 

observed in previous research [86]. That’s explained the reason for the signal 

oscillation, which occurs due to any slight misalignment of the insert. 

 

Figure 7-4. Cutting force in y-direction, 𝑉𝑉 = 127 𝑚𝑚
𝑚𝑚𝑖𝑖𝑛𝑛

, 𝑓𝑓 = 0.25 𝑚𝑚𝑚𝑚
𝑐𝑐𝑟𝑟𝑟𝑟

,𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖 = 15° 

Table 7-5 presents the ANOVA results for the resultant force. It can be seen that the 

feed rate is the most significant process variable that affects the resultant cutting force 

with a contribution percentage of 46.88%, followed by the tool inclination angle with 

a contribution percentage of 13.11%, while the cutting velocity has the lowest effect 

with almost 5% contribution percentage. Figure 7-5 shows the effect of the design 

variables levels on the resultant cutting force. Increasing the feed rate leads to higher 

values of the resultant force. That’s expected since the chip load increases with 

increasing the feed rate. In traditional cutting processes, increasing the cutting velocity 
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reduces the forces as higher temperature values are generated, and accordingly, the 

thermal softening of the workpiece is increased. However, the same behavior does not 

occur in the self-propelled rotary tools, as can be seen in Figure 7-5. It is observed that 

increasing the cutting velocity leads to an increase in the resultant force up to cutting 

velocity of 167 m/min, and then the resultant force decreases at cutting velocity of 240 

m/min. In terms of the inclination angle, the cutting forces decrease with increasing the 

inclination angle up to level 3 (i.e., 15o); however, the resultant force increases at an 

inclination angle of 20 o. Both observations for cutting velocity and inclination angles 

effects can be attributed to the fact that increase in the cutting velocity and the 

inclination angle will lead to a noticeable increase in the tool rotational speed, which 

represents a contradicted effect on the temperature, and this effect will be fully 

explained in the discussion of the cutting temperature results. In addition, these 

observations are in agreement with a previous study [59]. The optimum process 

variables levels for the resultant force are inclination angle of 15o, feed rate of 0.1 

mm/rev, and cutting speed of 70 m/min. 

Table 7-4. ANOVA response table for resultant cutting force (N) means 

Level A B C 
1 262.5 175.8 221.2 
2 235.7 231.3 232.5 
3 204.6 259.8 256.8 
4 257.4 293.4 249.7 

Delta 57.8 117.5 35.6 
Rank 2 1 3 

Contribution % 13.1% 46.9% 4.9% 
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Figure 7-5. Design variables effect on the resultant cutting force 

Figure 7-6 shows a comparison between the rotating and fixed cutting tools at the worst 

and best scenarios (i.e., maximum and minimum values) of the resultant cutting force. 

It is found that the resultant cutting force is reduced by around 18% at test 4, which has 

the maximum resultant force. Besides, the resultant force is also reduced by around 

11% in test 9, where the lowest resultant force is found. This confirms that less energy 

and power are required when machining using self-propelled rotary tools. That can be 

attributed to the significant improvement in the rotary tool life compared to the fixed 

tool. 
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Figure 7-6. Resultant cutting force results for rotatory tool versus fixed tool at worst and best 
conditions 

7.4 Flank tool wear results 

Figure 7-7 shows the results of the average flank tool wear during dry machining with 

self-propelled rotary tools. The flank wear is measured after cutting length of 100 mm 

for each run. The results show that the minimum flank wear occurs at the lowest cutting 

speed tests (i.e., tests 6, 11, and 16). This is expected because the reduction in the 

cutting speed reduces the amount of work consumed in the deformation zone and 

reduces the friction between the tool and the workpiece, which accordingly reduces the 

tool wear. The highest flank wear is noticed at test 14, in which the tool inclination 

angle of 20o, the feed rate of 0.15 mm/rev, and cutting velocity of 167 m/min were 

used. That is due to the increase of the tool rotational velocity with increasing of both 

the inclination angle and the cutting velocity; thus, the cutting conditions of test 14 

would lead to a noticeable increase in the cutting temperature, which adversely affects 

the tool wear.  The same behavior can be noticed in test 5. 
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Figure 7-7. Flank tool wear results 

Table 7-5 presents the ANOVA results for the flank tool wear. It can be seen that the 

cutting velocity is the most significant design variable that affects the flank tool wear 

with contribution percentage of almost 50%, and it is followed by the feed rate with 

contribution percentage of 8%, while the inclination angle has the lowest effect with 

almost 4% contribution percentage, which is also expected as the cutting velocity is the 

most dominant factor affecting the tool life. Figure 7-8 shows the effect of the design 

variables levels on the flank tool wear. Increasing the feed rate seems to slightly reduce 

the tool wear up to 0.2 mm/rev, and then a noticeable decrease is observed at a feed 

rate of 0.25 mm/rev. That is because the process becomes more stable at large feed 

rates, since the chips tend to be more continuous, as confirmed in a previous study 

[148]. The optimum process variables levels for the flank tool wear are inclination 

angle of 5o, feed rate of 0.25 mm/rev, and cutting speed of 70 m/min. 
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Table 7-5. ANOVA response table for flank tool wear (µm) means 

Level A B C 
1 24 35 6.5 

2 34.25 34.25 47.5 

3 30.25 33.75 39 

4 34 19.5 29.5 

Delta 10.25 15.5 41 

Rank 3 2 1 

Contribution % 3.84% 8.24% 48.66% 

  

Figure 7-8. Design variables effect on the flank tool wear 

Figure 7-9 shows a comparison between the rotating and fixed cutting tools at the worst 

and best scenarios of the average flank tool wear; the log scale is used for the flank tool 

wear (i.e., y-axis). It is found that the flank tool wear is reduced by around 37% at test 

14, which has the maximum flank tool wear (i.e., 71 µm). Besides, the flank tool wear 

is also reduced by around 22% in test 6, where the lowest flank tool wear is observed. 

This is attributed to the distribution of the tool wear over the whole round cutting edge, 
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in case of rotary tool, instead of being concentrated at a fixed point, as occurred in the 

fixed tool case. It is worth mentioning that the tool life of the SPRT is dramatically 

high compared to fixed tools as confirmed by Chen et al. [59]. 

  

Figure 7-9. Average flank tool wear results for rotary tool versus fixed tool at worst and best 
conditions 

To study the effect of the inclination angle on the tool wear and the surface quality, a 

comparison was performed between two cutting tests under certain conditions of 

cutting speed and feed rate (i.e., v=167 m/min and f=0.15 mm/rev) with two different 

inclination angles of 5° and 20°, as shown in Figure 7-10. It was observed that when 

using a low inclination angle (i.e., 5°), the chips were collided and pushed into the 

workpiece surface, as shown in Figure 7-10b. Afterwards, the cutting edge crushes the 

adhered chips, which increases the tool wear, as can be seen in Figure 7-10d. On the 

other hand, no chip adhesion was observed in the machined surface at 20° inclination 

angle (see Figure 7-10a), and accordingly, lower tool wear was obtained compared to 

the case of 5o inclination angle (see Figure 7-10c). That can be attributed to the increase 

in the chip flow angle based on the oblique cutting principles, as confirmed by 

Yamamoto et al. [149]. 
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Figure 7-10. A Comparison between the finished surface and corresponding tool damage based on 
the tool inclination angle; (a, and c) at 20° and (b, and d) at 5° 

7.5 Average surface roughness results  

Figure 7-11 shows the results of the average surface roughness. The cut-off length of 

2.5 mm is used for all the runs. The results illustrate that the variation of the cutting 

conditions has a clear effect on the surface roughness values. The lowest surface 

roughness is observed at test 13 in which 20o inclination angle, 0.1 mm/rev feed rate, 

and 240 m/min cutting velocity were used. 
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Figure 7-11. Average surface roughness results 

Table 7-6 presents the ANOVA results for the average surface roughness. It can be 

seen that the cutting velocity was the most significant process variable affects the 

surface roughness with a contribution percentage of almost 35%, followed by the feed 

rate with a contribution percentage of 27%, while the inclination angle has the lowest 

effect with a 15% contribution.  Figure 7-12 shows the effect of the design variables 

levels on the average surface roughness. Increasing the cutting speeds improved surface 

quality, as expected. Besides, increasing the feed rates reduced the surface quality and 

leads to higher surface roughness values. The surface roughness values increased with 

increasing the inclination angle up to level 3 (i.e., 15o). That is because the inclination 

angle directly affects the tool rotational speed, and increasing the tool rotational speed 

increases the dynamic of the cutting process, which affects the surface quality. 

However, a further increase in the inclination (i.e., 20 o) improved the surface roughness 

due to the large change of the chip flow angle, which prevents any adhesions or 

scratches of the machined surface, as confirmed by Yamamoto et al. [149]. The 

optimum process variables levels for the surface roughness were 5o inclination angle, 

0.1 mm/rev feed rate, and 240 m/min cutting velocity. 
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Table 7-6. ANOVA response table for surface roughness (µm) means 

Level A B C 
1 0.90 0.89 1.24 

2 0.97 1.02 1.17 

3 1.19 0.98 0.95 

4 1.11 1.29 0.82 

Delta 0.28 0.40 0.43 

Rank 3 2 1 

Contribution % 15.19% 27.25% 34.98% 

 

Figure 7-12. Design variables levels effect on the surface roughness 

Figure 7-13 shows a comparison between the rotary and fixed cutting tools at the 

worst and best cutting conditions for the surface roughness results. Generally, the 

values of the surface roughness for the round insert in both SPRT and fixed tools are 
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relatively low compared to the conventional tools due to the large radius of the round 

insert compared to the nose radius. It is observed that the fixed tool provides better 

surface roughness compared to the SPRT, especially at test 16, which has the worst 

surface roughness. That can be attributed to several possible factors such as the 

machining stability, which is largely affected by the moving nature of the SPRT, and 

also the generated marks in the direction of the relative cutting velocity in SPRT, as 

indicated by Kishawy et al. [147]. 

  

Figure 7-13. Surface roughness results for rotary tool versus fixed tool at worst and best 
conditions 

 

7.6 Temperature results and influence of the tool 

speed on the thermal behavior  

Table 7-7 presents the ANOVA results for the tool rotational speed. It can be seen that 

the cutting inclination angle is the most significant process variable that affects the tool 

rotational speed with contribution percentage of 55%, and it is followed by the cutting 

velocity with contribution percentage of 35%, while the feed rate has the lowest effect 
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with only 3% contribution percentage. Figure 7-14 shows the effect of the design 

variables levels on the tool rotational speed. It is clearly noticed that increasing the 

cutting speeds and the inclination angle lead to a significant increase in the tool 

rotational speed. This is expected as the tool rotational speed can be analytically 

estimated by equation 7-1 [63]: 

𝑉𝑉𝑐𝑐 = 𝐶𝐶 𝑉𝑉𝑊𝑊 𝑠𝑠𝑖𝑖𝑎𝑎 𝑖𝑖  7-1 

where 𝑉𝑉𝑐𝑐  is the tool rotational speed,  𝑉𝑉𝑊𝑊 is the cutting velocity, 𝑖𝑖 is the inclination 

angle, and 𝐶𝐶 is a process constant. 

It can be observed that increasing the feed rate reduces the tool rotational speed. That 

can be explained by the fact that the chip load increases with increasing the feed rate, 

which accordingly leads to an increase in the friction losses. 

Table 7-7. ANOVA response table for the tool rotational speed (RPM) means 

Level A B C 
1 155.3 452.5 177.9 

2 309.1 419.9 322.5 

3 460.7 347.2 424.1 

4 608.9 314.6 609.5 

Delta 453.5 137.9 431.5 

Rank 1 3 2 

Contribution % 54.8% 7.1% 35.3% 
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Figure 7-14. Design variables levels effect on the tool rotational speed 

Figure 7-15 shows the cutting tool temperature results for the machining process 

using self-propelled rotary tools. The results illustrate that the variation of the cutting 

conditions has a direct corresponding effect on the tool temperature values. The 

highest temperature of 582 ℃ is observed at test 1, while the lowest temperature of 

178 ℃ is observed at test 16. Table 7-8 presents the ANOVA results for the tool 

temperature. It is found that the cutting inclination angle is the most significant 

variable that affects the tool temperature with contribution percentage of 65%, and it 

is followed by the cutting velocity with contribution percentage of almost 10%, while 

the feed rate has the lowest effect with only 2.35 % contribution percentage. Figure 

7-16 shows the effect of the design variables levels on the tool temperature. 

Increasing the inclination angle, which directly affects the tool rotational speed, 

reduces the tool temperature up to a certain level (i.e., level 3), then a slight increase 

in the cutting temperature is observed at level 4. A confounding behavior is observed 

when changing the cutting velocity as increasing the cutting velocity increases the 

generated heat flux; however, increasing the cutting velocity will also increase the 
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tool rotational speed. The effect of the tool rotational speed on the cutting 

temperature can be explained as follows: 

• Increasing the tool rotational speed reduces the engaging time with the 

workpiece for each portion of the cutting edge, which accordingly reduces 

this portion temperature (i.e., maximum tool temperature); 

• However, increasing the tool speed also reduces the cooling time for each 

portion of the cutting edge before engaging again with the workpiece, which 

would increase the average tool temperature; 

• Thus, the tool rotational speed represents a contradicted effect on the cutting 

temperature, and increasing either the cutting velocity or the inclination angle 

isn’t necessarily leading to an increase in the cutting temperature.  

The optimum process variables levels for the cutting temperature are 15o inclination 

angle, 0.25 mm/rev feed rate, and 240 m/min cutting velocity. 

  

Figure 7-15. Cutting temperature results 
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Table 7-8. ANOVA response table for the tool temperature (°C) means 

Level A B C 
1 482.8 347.6 296.6 

2 305.1 314.2 384.0 

3 245.7 327.5 308.5 

4 254.3 298.4 298.8 

Delta 237.1 49.2 87.4 

Rank 1 3 2 

Contribution % 65.7% 2.3% 9.3% 

 

 

Figure 7-16. Design variables levels effect on the cutting temperature 

Figure 7-17 shows a comparison between the rotating and fixed cutting tools at the 

worst and best scenarios of the tool temperature. It is observed that the cutting tool 

temperature is reduced by around 13% at test 1, which has the maximum tool 

temperature. Besides, the tool temperature is also reduced by around 37% at test 16, 
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where the lowest temperature is captured. Consequently, the tool’s rotary motion 

improved the tool temperature, as proved by Dessoly et al. [135]. The improvement 

in the cutting temperature when using the rotary tool compared to the fixed wasn’t 

only the main advantage, but also using the rotary tools allows each portion of cutting 

edge to be affected by this high temperature for a relatively short time (i.e., engaging 

time), instead of being concentrated at a single point during the whole cutting process 

as occurred in the fixed tool. 

  

Figure 7-17. Cutting temperature results for rotary tool versus fixed tool at worst and best 
conditions 

 

7.7 Machining performance characteristics modeling 

and optimization 

In this section, the genetic programing (GP) is used to develop models for the surface 

roughness and tool wear, as shown in equation 7-2 and equation 7-3. Afterward, the 

non-dominated sorting genetic algorithm (NSGA-II) is utilized to perform multi-

objective optimization for the machining performance characteristics.  



Chapter 7: Experiments results and analysis 

145 

 

𝑅𝑅𝑎𝑎 =   0.0066 ∗ 𝑖𝑖2  +  42.91 ∗ 𝑖𝑖 ∗ 𝑓𝑓4  −  0.07 ∗ 𝑖𝑖 −  2.20𝑠𝑠−9 ∗ 𝑉𝑉

∗ 𝑖𝑖5  −  10.9 ∗ 𝑖𝑖 ∗ 𝑓𝑓3 + 1.12  7-2 

𝑉𝑉𝐵𝐵 =  387.22 +
8.32
𝑓𝑓

+  16.53 ∗ 𝑖𝑖 ∗ 𝑓𝑓 +  0.03 ∗ 𝑓𝑓 ∗ 𝑉𝑉2 

         −
21799.6 +  16.53 ∗ 𝑖𝑖2 ∗ 𝑓𝑓2

𝑉𝑉
 −  2.31 ∗ 𝑉𝑉 −  50.67 ∗ 𝑉𝑉 ∗ 𝑓𝑓3 

7-3 

Three machining objectives functions were considered in the optimization process; tool 

wear, surface roughness, and material removal rate. The problem constraints, according 

to the current experimental plan, are as follows:  

�
5° ≤ 𝑖𝑖 ≤ 20°

0.1 𝑚𝑚𝑚𝑚/𝑟𝑟𝑠𝑠𝑟𝑟 ≤ 𝑓𝑓 ≤ 0.25 𝑚𝑚𝑚𝑚/𝑟𝑟𝑠𝑠𝑟𝑟
70 𝑚𝑚/𝑚𝑚𝑖𝑖𝑎𝑎 ≤ 𝑉𝑉 ≤ 240 𝑚𝑚/𝑚𝑚𝑖𝑖𝑎𝑎

 

Figure 7-18 and Figure 7-19 show a comparison between the experimental and 

predicted results for flank tool wear and average surface roughness, respectively. The 

surface roughness 𝑅𝑅𝑎𝑎  model showed average model accuracy of 94.33% with 0.89 

goodness of fit 𝑅𝑅2. Besides, the average model accuracy of 87.44% was achieved for 

tool wear model with 0.88 goodness of fit 𝑅𝑅2and 4.02 mean absolute error. 
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Figure 7-18. A Comparison between experimental and predicted flank tool wear   

  

Figure 7-19. A Comparison between experimental and predicted average surface roughness   

Regarding the multi-objective optimization, a sensitivity analysis is performed in order 

to select the best optimization parameters. Population size of 400, mutation factor of 

0.01, and cross-over rate of 0.7 were selected, as they provide a convergence solution. 

The solver was allowed to proceed until the function tolerance of 10-4 was achieved. 
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The binary chromosome was utilized to express the individuals (i.e., solutions), as can 

be seen in Figure 7-20a. The crossover, selection, and mutation operations are 

conducted to offer a new offsprings population for the next generation. In terms of the 

selection, the binary tournament operation was utilized to determine the individuals in 

the first generation for the mating pool. Then, the crowded-comparison operator has 

used for the selection operation in the next generations based on the rank and the 

crowded-distance, as discussed in previous work [145]. Then, the selected solutions in 

the mating pool are used for the crossover and mutation process. Two-point crossover 

is randomly adopted to provide offspring pairs through exchanging parts of their 

parents, as provided in Figure 7-20b. In the single point mutation process, offspring is 

clarified by changing 1-gen in the original solution to maintain the diversity in the 

population, as provided in Figure 7-20c. These steps are repeated until reaching the 

stopping criterion. In the end, the set of non-dominated solutions are considered as the 

highest-ranked front after achieving the stop criterion. 

 

Figure 7-20. (a) Individual’s binary representation (genotype), (b) schematic of the crossover 
process, (c) schematic of the mutation process 
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Figure 7-21 shows the Pareto-front solutions for the three objectives functions. The 

Pareto-front solution is distributed into two groups, group 1 and group 2. For the first 

group, it can be noticed that the dominant relationship between the tool wear and the 

material removal rate is an interdependent based-relation. That could be attributed to 

the high cutting velocity, which associates the high material removal rate. Besides, 

there is a reduction in the surface roughness values when decreasing the inclination 

angle and the cutting speed. That is because the surface roughness when machining 

with self-propelled rotary tools mainly depends on the machining stability due to the 

dynamic nature of the process. The tool rotational speed is directly affected by the 

cutting velocity and the inclination angle, as seen in equation 7-1. Therefore, the low 

inclination angle and cutting velocity lead to slower rotational speed of the cutting 

insert, which increases the machining stability and produces better surface quality. For 

the second group, the dominant relationship is the interdependent relationship between 

the surface roughness and the material removal rate. The higher values of the surface 

roughness at the high material removal rate are due to the large value of the cutting 

velocity, which increases the rotational speed of the insert (see equation 8-1) and 

accordingly reduces the machining stability. 
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Figure 7-21. Pareto-front solutions 

7.8 Optimized scenarios 

This section provides a new approach to optimize Pareto-front solutions based on 

different machining scenarios. Three different machining scenarios were investigated; 

equal-weighted, productivity, and finishing. Different weighting factors were assigned 

to each scenario to evaluate the output responses. Table 7-9 presents the scenarios used 

and the weighting factors for each scenario. The multi-objective optimization NSGA-

II provides a number of Pareto-front solutions, and to choose the best optimal solution 

for a certain scenario (e.g., finishing or productivity), normalized Pareto-front solutions 

based on each scenario were obtained. Afterward, the highest normalized solution in 

each scenario was considered. The highest optimized solution means that the selected 
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solution achieves the best balance between all the output responses within each studied 

scenario. 

Table 7-9. Weighting factors for the machining scenarios  

 
Scenario 

Machining Outputs 

Ra VB MRR 
(A): Equal-weighted 33.34% 33.33% 33.33% 

(B): Productivity 10% 30% 60% 

(C): Finishing 70% 20% 10% 

Table 7-10 shows the result of the normalized optimal solutions for the three studied 

scenarios. The optimal cutting conditions for the productivity scenario were obtained 

at the highest cutting velocity and feed rate (i.e., V=240 m/min and f=0.25 mm/rev), as 

expected, and at an inclination angle of 7°. While the optimum conditions for the 

finishing scenario were found at a cutting velocity of 235 m/min, a feed rate of 0.19 

mm/rev, and an inclination angle of 19°. Moreover, the optimal conditions for the 

equal-weighted scenario) were found at a cutting velocity of 98 m/min, a feed rate of 

0.23 mm/rev, and an inclination angle of 7°.  

To validate the effectiveness of the three studied scenarios, confirmation experimental 

tests have been conducted, and the results showed good agreement with the predicted 

values, as can be seen in Figure 7-22. For the flank wear results, the maximum deviation 

was about 8 µm at the finishing scenario. Regarding the surface roughness results, the 

maximum deviation was about 0.17 µm for the equal-weighted case. 
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Table 7-10. A summary of the optimal solutions for the studied scenarios  

 
Scenario 

Machining Outputs 
Ra 

(µm) 
VB 

(µm) 
MRR 

(mm3/min) 
(A): Equal-weighted 0.87 2.42 4580 

(B): Productivity 0.92 32.56 11851 

(C): Finishing 0.38 79.93 9156 

 

Figure 7-22. Experimental validation of the optimized scenarios results; (a) Average surface 
roughness and (b) Flank tool wear 
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Chapter 8: Conclusions 

The most important findings of this research are summarized as follows: 

• An analytical-based model was proposed to predict the cutting forces and tool 

rotational speeds during the machining process with self-propelled rotary tools. 

The insert bearing friction is considered in order to provide accurate and more 

realistic results. The model shows very good agreement with the experimentally 

observed results in terms of cutting forces and tool rotational speed. The 

average model accuracy was 95.54% for the cutting forces, while the average 

accuracy of 93.63% is achieved for the tool’s rotational speed; 

• Finite Element Modeling (FEM) based on a material plastic model, damage 

model, and friction law is utilized to simulate the cutting process using SPRT. 

The simulation results in terms of cutting forces, temperature, heat flux, and the 

contact area between the chip and the tool are obtained. Good agreement is 

observed between the numerical and experimental results in terms of cutting 

forces and chip morphology. The average model accuracy was 96.39% for the 

cutting forces, while the average accuracy of 90.83% is achieved for the chip’s 

flow angle; 

• In order to achieve the steady-state temperature field, the energy equation with 

a moving heat source is numerically solved for the tool domain. COMSOL 

software is utilized for this purpose; 

• According to the numerical results, a reduction of 65 oC as an average cutting 

temperature was noticed between the fixed and rotating tools, which 

significantly demonstrates the effectiveness of using SRPT; 

•  In the rotary tool case, the maximum temperature is observed in the core of the 

chip and does not extend to the secondary shear zone. It is worth to mention 

that this is a new and an important observation, which occurs due to that the 

generated heat in the secondary shear zone is continuously removed by the tool 

rotational motion; 
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• As the tool rotational speed increases, the peak temperature as well as the tool 

bulk temperature decrease. However, the temperature increases again at a 

relatively high tool rotational speed. That is because increasing the tool 

rotational speed beyond a certain value may reduce the cooling time for each 

portion of the cutting edge. Consequently, that could lead to a noticeable 

increase in the tool temperature again; 

• During machining using the SPRT, it is found that the thrust force is the largest 

force component, and it oscillates around the average value with a frequency 

equal to the rotational motion frequency; 

• The feed rate is the most significant process variable that affects the resultant 

cutting force with a contribution percentage of 46.88%; followed by the tool 

inclination angle with a contribution percentage of 13.11%, while the cutting 

velocity has the lowest effect with almost 5% contribution percentage; 

• Using self-propelled rotary tools reduces the resultant force by 18% and 11% 

at the worst and best cutting conditions, respectively, compared to the fixed 

tool; 

• The average flank tool wear after cutting 100 mm was measured for each run, 

and the cutting velocity is the most significant design variable that affects the 

flank tool wear with a contribution percentage of almost 50%, and it is followed 

by the feed rate with contribution percentage of 8%, while the inclination angle 

has the lowest effect with almost 4% contribution percentage; 

• When machining with self-propelled rotary tools, the flank tool wear was 

reduced by 22% and 37% at the best and worst cutting conditions, respectively, 

compared to the fixed tool; 

• The average surface roughness with a cut-off length of 2.5 mm was measured 

for the machined surface after each run, and it is observed that the cutting 

velocity is the most significant process variable affects the surface roughness 

with a contribution percentage of almost 35%, followed by the feed rate with 

contribution percentage of 27%, while the inclination angle has the lowest 

effect with 15% contribution; 
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• The comparison between the self-propelled rotary tool and the fixed tool shows 

that the fixed tool provides better surface roughness; 

• The cutting inclination angle is found to be the most significant process variable 

that affects the tool rotational speed with a contribution percentage of 55%, and 

it is followed by the cutting velocity with a contribution percentage of 35%, 

while the feed rate has the lowest effect with only 3% contribution percentage; 

• It is found that the inclination angle is the most significant variable that affects 

the tool temperature with a contribution percentage of 65%, and it is followed 

by the cutting velocity with a contribution percentage of almost 10%, while the 

feed rate has the lowest effect with only 2.35 % contribution percentage; 

• A comparison between the rotary and fixed cutting tools was performed at the 

worst and best cutting conditions of the tool temperature. It is observed that the 

cutting tool temperature is reduced by around 13% at test 1, which has the 

maximum tool temperature. Besides, the tool temperature is also reduced by 

around 37% at test 16, where the lowest temperature is captured; 

• The improvement in the cutting temperature when using the self-propelled 

rotary tool compared to the fixed wasn’t only the main advantage, but also using 

the rotary tools allows each portion of the cutting edge to be affected by this 

high temperature for a relatively short time (i.e., engaging time), instead of 

being concentrated at a single point during the whole cutting process as 

occurred in the fixed tool; 

• A detailed mechanism for machining process with self-propelled rotary tools is 

fully presented and discussed; 

• A comparison between two cutting tests with different inclination angles shows 

that there is no chip adhesion observed in the machined surface at 20° 

inclination angle, and accordingly, lower tool wear was obtained compared to 

the case of 5° inclination angle; 

• Based on the optimized scenarios of multi-objective optimization (NSGA-II), 

the optimal cutting variable levels for the equal-weighted scenario were found 

at a cutting velocity of 98 m/min, a feed rate of 0.23 mm/rev, and an inclination 
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angle of 7°. In addition, the optimal cutting conditions for the productivity 

scenario were obtained at the highest cutting velocity and feed rate (i.e., V=240 

m/min and f=0.25 mm/rev), and at an inclination angle of 7°. While the 

optimum conditions for the finishing scenario were found at a cutting velocity 

of 235 m/min, a feed rate of 0.19 mm/rev, and an inclination angle of 19°; 

• To validate the effectiveness of the three studied scenarios, confirmation 

experimental tests have been conducted, and the results showed a good 

agreement with the predicted values. 
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Chapter 9: Thesis contributions and future 
work 
 

9.1 Contributions 

The main contributions offered in this thesis are summarized as follows: 

• A novel analytical based model was developed to predict the cutting forces and 

tool rotational speeds during the machining process with self-propelled rotary 

tools, which offered higher overall accuracy compared to all existing models in 

the open literature; 

• A hybrid numerical model was proposed to predict the temperature distribution 

during cutting with SPRT. The proposed model addresses the limitation of other 

previous models as it is purely focused on significant aspects such as; generated 

heat flux, and the contact area between the tool and the chip; 

• The experimental investigation offered deep-understanding of the mechanisms 

related to machining processes with SPRT. 

9.2 Future work 

The following suggestions are presented in terms of future work: 

• Improving the design of SPRT to enhance the dynamic nature of the process in 

order to provide better surface roughness; 

• Investigating the surface integrity (e.g., microstructure and residual stresses 

analysis); 

• Extending the current presented models for the milling processes using self-

propelled rotary tools; 
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• Establishing a solid sustainability assessment of the machining process with 

SPRT including; environmental impact, energy consumption, waste 

management, total processing cost, and personal health and safety. 
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