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ABSTRACT 

Burr formation is a common problem in metal drilling processes leading to additional 

production costs in manufacturing. Since burrs cannot be prevented through process 

control and parameter optimization, obtaining a better understanding of the mechanism of 

the burr formation process and potentially paving the way for more appropriate 

development models that could mitigate the process is essential. Currently, the complex 

tool geometry and the dynamic nature of metal drilling pose challenges in the analysis of 

the drilling mechanics, and consequently, the burr formation process, thereby constraining 

researchers to approach the problems through the development of empirical models or 

alternative methods difficult to replicate. The objective of this work is to develop a new 

and novel method using energy analysis to identify unique points of process changes that 

characterize the breakout burr formation mechanism during the metal drilling process. The 

method developed identifies the onset of the burr breakout phenomenon, and also identifies 

critical points between the onset of the process and completion of the through-hole drilling 

process. Using a series of drilling experiments on Al 6061-T6 with standard twist drills, 

real-time thrust and cutting power data were collected and analyzed using a newly 

developed energy-difference approach (EDA). The resulting analysis was successfully 

mapped to the burr breakout phenomenon and validated using photomicrographs 

observation and microhardness testing at various points ahead of the drill point during burr 

breakout. Using an original approach through-hole drilling was separated into 3 primary 

sections identifiable using energy analysis. This work allowed for the third - critical zone, 

which is of primary interest in burr formation to be identified and isolated for analysis. 

Using the EDA process, 4 specific points of interest that characterize the actual burr 
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formation mechanism were identified and observed for the first time: burr breakout 

initiation, deformation zone depth ahead of the drill point, ploughing initiation, and 

ploughing dominance. By identifying and quantifying the positions and depths of these 

critical points in the breakout burr formation, future work will allow for proper modeling, 

prediction, and minimization of breakout burrs.  
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𝑡𝐻 Work-hardened layer thickness [𝑚𝑚] 

𝑡𝐵𝑟,𝑡𝐵𝑟1
, 𝑡𝐵𝑟2

,𝑡𝐵𝑟3
 Breakout distance or breakout depth [𝑚𝑚] 

𝑡𝑊 Workpiece thickness [𝑚𝑚] 

𝑡𝑊𝑐
 Critical depth [𝑚𝑚] 

𝑢 Drilling power/total power expended in drilling [𝑁𝑚/𝑠] 

𝑢𝑐𝑙 Power due to chip clogging effect [𝑁𝑚/𝑠] 

𝑢𝑐𝑢𝑡 Specific cutting power due to shearing [𝑁𝑚/𝑠] 

𝑢𝑓 Power due to chip flow resistance [𝑁𝑚/𝑠] 

𝑢𝑡ℎ Feed power/power expended due to thrust force [𝑁𝑚/𝑠] 

𝑉 Cutting speed [𝑚/𝑚𝑖𝑛] 

𝑉𝑐 Chip velocity [𝑚/𝑚𝑖𝑛] 

𝑤 Web thickness [𝑚𝑚] 

𝛼 Rake angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

 𝛼𝑒 Effective rake angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝛼𝑓 Face rake angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝛼𝑛 Normal rake angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 
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𝛼𝑣 Velocity rake angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝛽 Friction coefficient angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝛿 Helix angle of a twist drill [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜂 True chip-flow angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜂𝑐 Chip-flow angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜂𝑝 Projected chip-flow angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜉 Web angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

2𝜌 Drill point angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜎𝑛 Normal stress/compressive stress on shear plane [𝑁 𝑚𝑚2⁄ ] 

𝜏, 𝜏𝑠 Shear stress on shear plane [𝑁 𝑚𝑚2⁄ ] 

𝜏𝑜 Constant of material [𝑁 𝑚𝑚2⁄ ] 

𝜙 Shear angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜙𝑒 Effective shear angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜙𝑛 Normal shear angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

Φ Elevation angle [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 

𝜓 Inclination of the slip-line to some datum direction [𝑑𝑒𝑔𝑟𝑒𝑒𝑠] 
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Chapter 1: Introduction 

An investigation of the burr formation mechanism at the exit surface of a workpiece during 

the metal drilling process is the subject matter of this research. The approach put forth in 

this study has implemented and developed new knowledge in energy-aware machining, 

material deformation mechanics during metal cutting (specifically drilling), and basic 

material analysis to focus on exploring the tool breakout phenomenon which leads to the 

formation of an exit burr in metal drilling. Central to the research, a novel approach that 

uses energy analysis to investigate the drilling mechanics and process changes in metal 

drilling processes have been developed. The following section begins with an overview of 

the research work performed to investigate exit burr (breakout burr) formation in metal 

drilling processes. This is followed by a brief explanation of the background and the scope 

and objectives of the research. The section concludes with a presentation of the thesis 

layout. 

1.1 Overview 

Metal cutting is a chip formation process that removes unwanted material from a workpiece 

material to form some predefined shape and geometry. The material removal process 

occurs through severe plastic deformation or shearing, which is characterized by large 

plastic strains, high strain rates, and elevated temperatures. The process involves a 

considerable amount of energy. The tool-workpiece interaction in cutting is based on the 

relative movement between a cutting tool, which is a harder material with a relatively sharp 
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edge or wedge-shape, and some stock workpiece material that results in the formation of 

chips and a newly machined surface. Common machining processes are drilling, milling 

and turning operations, which are carried out on machine tools. Each material removal 

process comes with its own challenges and all of them generate newly machined surfaces, 

produce chips and machining burrs.  

Drilling is one of the most common machining operations, used to create round 

holes in workpiece materials using cutting tools known as drill bits. The operation involves 

rotating a cutting tool and feeding the tool into the workpiece in a direction parallel to its 

axis of rotation. An essential feature is a variation in cutting speed along the cutting edges 

with the maximum speed at the periphery that generates the cylindrical machined surface. 

The complex nature of the tool geometry and subsequent mechanics have posed significant 

challenges to researchers in studying and modeling the process. Practical challenges in 

metal drilling processes range from designing the right tool for the operation to creating a 

hole with the required geometrical accuracy, surface integrity, and a minimal burr form.  

Burr formation in drilling is a major concern in manufacturing. Burrs are 

projections of plastically deformed material left at the edge of a round hole or machined 

edge. They are a dangerous by-product of machining as the sharp burr can result in cuts to 

operators and present challenges in the assembly of machined components. Deburring 

operations are costly and always required, thus raising the cost of machined components. 

It has been found from both theoretical and experimental observations that burrs cannot be 

prevented by changes in feed, speed, and tool geometry alone. However, the size of the 

burrs produced can be minimized by appropriate machining parameters [1]. 
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The need for an efficient and cost-effective system has led researchers to undertake 

several studies in the areas of process planning, energy-aware studies, and the design of 

tools and machine tools used in production processes. Machining time and process 

parameter optimization are generally key features for producing products at a reduced cost, 

but metal drilling processes are also faced with the difficulty of drilling holes at accurate 

eccentricity, good surface roughness, and controlled burr formation. 

The current research puts forth an innovative approach that combines thrust force 

and cutting power data to identify the onset of burr formation during the metal drilling 

process. In addition, energy analysis is used to identify critical process changes in the 

mechanics of drilling and identify material deformation information during the drilling and 

subsequent burr formation process. 

1.2 Background 

Metal drilling involves the removal of unwanted chip material from metals and alloys to 

form a round hole. The process occurs through rotating a drilling tool and feeding it into a 

work material in a direction parallel to the axis of rotation of the tool. The drilling tools are 

end-cutting tools and are designed with one to four flutes or grooves for chip disposal, and 

as a passage for the application of cutting fluid. The chip formation process occurs through 

shearing of the workpiece material as the cutting edges or lips interact with the workpiece 

material, and new surfaces are formed. Metal drilling is a highly dynamic machining 

process, which is mainly due to the complex nature of the drill point geometry and the 

operation. This poses difficulties in the development of a simplistic model that makes 

possible the analysis of the process. The tool geometry design plays a significant role in 
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the performance of the chip formation process, the surface integrity of the hole and burr 

formation in relation to work material and process parameters.  

Like other machining operations, metal drilling processes are faced with the 

problem of burr formation on the exterior of the machined surfaces. This occurs at both the 

entrance and the exit surface of a drilled through-hole. Entrance burrs are a result of plastic 

flow as the tool drills into the workpiece material, and the exit burr is a projection of 

plastically deformed material at the exit of the hole. These burrs impact the quality and 

efficiency of the process, and the overall cost of the manufactured product, as deburring 

operations are required and costly. Most burr related problems are associated with exit 

burrs since the burrs formed at the exit of a hole are much larger than those at the entrance. 

A great deal of research has focused on the deburring of machined parts and 

components [2-5], while very little has focused on understanding the mechanism of exit 

burr formation in metal drilling [6-10]. Since breakout burrs cannot be prevented, they 

must be reduced through controlled strategic planning based on an understanding of exit 

burr formation mechanisms, thereby reducing deburring costs. Most of the research work 

has been done through methods that are difficult to replicate and near impossible to 

implement on a practical level. There is a need to develop a method used to investigate the 

breakout mechanism and burr formation process that considers a technique that takes into 

account the mechanics of the drilling process in relation to work material and the process 

parameters. Understanding the burr formation phenomenon and mechanism could aid in 

developing a method or machining approach that minimizes the drilling breakout burrs. 
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1.3 Scope and Objective 

To better understand the burr formation process and reduce burrs that form during drilling, 

an understanding of the mechanism of the chip formation process and the changes in the 

mechanics of the process as the drill point approaches the exit surface of the work material 

is required. The behavior of the work material prior to tool breakout is an essential 

parameter in the study of burr formation. However, the complex geometry and highly 

dynamic nature of the metal drilling process make developing a simplistic model for the 

analysis of the mechanics of the process a challenging task. However, several researchers 

have embarked on the analysis of the process through the development of empirical models 

and some laborious models difficult to replicate. 

As a result, the research work presented in this thesis focuses on developing an 

approach that uses experimental data to investigate the exit burr formation process. The 

research has the following objectives: 

1. To develop a novel method that uses energy analysis to identify unique points that 

correspond to process mechanics changes during the drilling process. 

2. To develop a novel method for identifying the initial onset of the burr formation 

mechanism. 

3. To develop a method for discretizing and identifying changes that occur during the 

actual burr formation process so that the process can be better understood. 

4. To combine experimental thrust force and cutting power data from drilling 

experiments to create an energy analysis approach for drilling research. 
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5. To use photomicrographs observation and microhardness testing of experimental 

samples to analyze the different stages of the burr formation process and validate 

the results obtained from the energy analysis. 

To achieve these objectives, a series of drilling experiments were performed with the 

aim of using thrust force and cutting power signals to identify critical points of burr 

formation and burr formation initiation during drilling. Using real-time power data, the 

research attempts to identify the transition from steady-state cutting to ploughing of the 

cutting tool, and the deformation zone that forms at the start of the burr formation process. 

This novel work will combine thrust force and cutting power signals with knowledge of 

the microstructure and hardness characteristics of the workpiece material below the drill 

point of the twist drill to identify the transition in the cutting process and deformation 

mechanics that lead to burr formation. 

Combining experimental thrust force and cutting power measurements to investigate 

the burr formation mechanism will allow for the identification of changes in the cutting 

process during cutting tool breakout. This will then be used to analyze the exit burr 

formation mechanism in the metal drilling processes. The findings could aid in the 

development of predictive models for breakout burr formation during metal drilling. 

Furthermore, an understanding of the exit burr formation mechanism could aid in the 

development of process planning strategically designed to mitigate the exit burrs formed 

during drilling processes. It is important to note that this innovative approach to 

investigating the breakout burr formation will open a whole new world to the study of 

breakout burrs in drilling operations. It will also introduce the use of energy analysis in 
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identifying process changes and change in the mechanics of drilling and machining 

processes in relation to the process and material. 

1.4 Thesis Layout 

The content of this dissertation has been organized into seven distinct chapters, 

which begins with an introduction and a brief background of the proposed research and an 

outline of the scope and objective of the research work, in Chapter 1. Chapter 2 presents 

the literature review- which includes a review of the chip formation process and the 

mechanisms of plastic deformation during chip formation in metal cutting, an overview of 

the metal drilling processes with a look into the tool design concept and features as well as 

some of the early research conducted on the mechanics of drilling processes, the concept 

of drill point geometry and analysis of thrust force and torque in metal drilling, problems 

associated with metal drilling processes, burr formation and the mechanisms of the process 

in metal cutting processes and specifically drilling. Since burr formation cannot be 

prevented, some of the work on the burr minimization schemes and deburring approaches 

are also reviewed.  

Chapter 3 reviews the application and implementation of force and power signals 

in process condition monitory. The experimental work of this research is detailed in 

Chapter 4. The chapter begins with a brief overview followed by an introduction of a new 

concept of classifying through-hole in drilling by zones, a discussion of the workpiece 

material used in the experiment, the experimental setup, and the procedure used in this 

research. Chapter 5 is a presentation of the experimental results for all of the work 

performed, followed by a comprehensive discussion of the results in Chapter 6. Finally, 
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Chapter 7 presents the conclusion, with a summary of the research work done, results and 

findings, the contributions made, and potential future work. 
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Chapter 2: Literature Review 

In metal cutting, workpiece material is removed through a shearing process that results 

during the interaction between a harder material (cutting tool) and the workpiece from 

which the required part or component is produced. There are several metal cutting 

operations performed in industries, and each operation uses a defined cutting tool for the 

process. These cutting tools have very good hardness and toughness characteristics and 

have relatively sharp edges for the cutting of workpiece materials. In this section, an 

extensive review of literatures in the area of the general machining operations in relation 

to chip formation, the mechanics of metal cutting and material behavior, the metal drilling 

process, and the burr formation process with focus placed on metal drilling, will be 

reviewed. 

2.1 General Machining Operations 

The process of shaping an object or component through the removal of excess material to 

form the desired shape is a very old practice. Unwanted materials are removed using a 

harder material with a distinct cutting edge. These cutting tools could be a single point as 

in turning, or multiple points as in drilling, milling, etc., and these processes are performed 

on a machining system known as machine tools. 

Machine tools can be grouped into three principal types: conventional machine 

tools, production machine tools, and CNC (computer-numerically-controlled) machine 

tools. Keeping in line with this research, we will only focus on CNC machine tools, which 

are used in the machining of complex parts with a high degree of accuracy and 
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repeatability. They are used for low and high-volume production as long as the materials 

and cutting parameters are adequate and available. An example of a CNC machine is the 

Okuma OSP-U100M three-axis CNC machine tool shown in Figure 2.1. 

 

Figure 2.1: CNC machine tool. 

Poor design of a cutting tool may lead to reduced productivity through tool wear or 

failure that would result in increased production costs. A cutting tool material should be 

strong enough to withstand high stress, tough enough to withstand impact without fracture, 

and should have a good heat resistance property. The commonly available cutting tool 

materials are high-speed steel (HSS), carbides, ceramics, diamond, and some cobalt-based 

alloys. A 50% increase in tool life reduces the total cost per component by 1 to 2%, and a 

20% increase in the material removal rate could reduce the total cost per component by 

15% [11]. Depending on tool design and the type of cutting operation, the cutting edge of 

the tool interacts with the workpiece material at relative motion removing unwanted 

workpiece material through a shearing process.  
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2.1.1 Machining and Chip Formation 

Machining is a chip formation process in which a volume of plastically deformed material 

is removed from the workpiece to form the chip. In this process, there is relative motion 

between the cutting edge and workpiece material. This requires large amounts of energy as 

the chip formed is moved across the cutting tool face. A new surface of the desired shape 

is formed by the removal of the unwanted materials from the parent workpiece material. 

The material removed is plastically deformed and subjected to a concentration of shear 

along a shear plane, as illustrated in Figure 2.2. The shear plane is extended from the tip of 

the cutting tool to the free surface of the workpiece material at an angle 𝜙 known as the 

shear angle. The type of chip formed is greatly influenced by the cutting process and the 

physical properties of the work material. The chip types formed in machining processes 

could be continuous, discontinuous, or continuous with a build-up-edge. 

 

Figure 2.2: Chip formation process. 
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One of the earliest findings that give a quantitative understanding of the mechanism 

of metal cutting was set forth by Merchant [12]. His research developed simplified 

equations that made it possible to analyze metal cutting analytically. This analysis has been 

limited to the formation of continuous chips in an orthogonal cutting process (i.e. tool has 

a plane face and a single straight cutting edge, with the cutting-edge perpendicular to the 

direction of relative motion of the tool and workpiece). This is illustrated in Figure 2.2, 

with the cutting tool traveling from left to right. The cutting parameters of the cutting 

process are the cutting speed, 𝑉, the feed per revolution, 𝑡, and the depth of cut, 𝑏. The 

angle 𝛼 is the rake angle of the cutting tool edge. As the cutting tool moves relative to the 

workpiece at the cutting speed, 𝑉, the material is deformed and shears across the shear 

plane to form chips. The chip formed, with chip thickness 𝑡𝑐, moves across the rake face 

of the tool at a chip velocity, 𝑉𝑐, leading to further plastic flow of the chip as it rubs on the 

tool surface. This region is known as the secondary shear zone. A force relationship that 

permits the computation of the significant force components, the stresses, the coefficient 

of friction between the chip and cutting tool, and the work done in shearing the metal and 

in overcoming friction on the tool face has been obtained [12].  

During steady-state cutting, as the friction between the tool rake-face and chip 

interface is increased, the plastic strain in the chip increases, and the shear angle decreases, 

leading to an increase in the chip thickness. The resulting increase in the length of the shear 

plane leads to an increase in the area of the shear plane. Therefore, the force required to 

shear the workpiece material along the shear plane also increases, assuming the shear stress 

on the shear plane remains constant. The reverse occurs with a decrease in friction at the 

tool-chip interface. There is a significant rise in temperature due to the energy expended 
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during the plastic deformation of the workpiece, especially when cutting at high speed. The 

steady-state cut referred to here is the cutting process leading to the formation of 

continuous chips. 

Chip formation has been treated as a shearing process through a single plane 

extending from the cutting edge to the work surface ahead of the tool known as the shear 

plane. The shearing that occurs on the shear plane during the process has been illustrated 

by the successive displacement of cards, as shown in Figure 2.3. Each successive card is 

displaced forward a small amount with respect to its neighbor as the cutting tool progresses.  

 

Figure 2.3: Illustration of shearing strain ϵ, in orthogonal cutting process, ϵ=∆S/∆X 

[12]. 

According to the principle of minimum energy, the shear angle 𝜙 will assume a 

value so as to make the work done in cutting a minimum. Using the principle of minimum 

energy and assuming that the shear strength of the material is constant and is the only 

quantity controlling its plastic behavior, a simple plasticity condition was obtained for the 
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shear angle. However, it was found by experiment to give a poor approximation in the 

cutting of polycrystalline metal. The shear strength of metals is known to be influenced by 

temperature, rate of shear, shear strain, and the compression stress acting normal to the 

shear plane during cutting. By taking the compressive stress on the shear plane into account 

as a function of shear strength, a plasticity condition that establishes a relationship between 

the force system and the geometry of chip formation to a good approximation was obtained 

[13].  

Many reports have taken a more general assumption in the analysis of the 

mechanics of the metal cutting process. Lee and Shaffer [14] proposed a model based on 

slip-line field theory using a simplified plasticity analysis for orthogonal metal cutting 

problems. In the analysis, it was assumed that the material is a rigid plastic, and the 

behavior is independent of the rate of deformation. The effects of temperature rise during 

deformation and inertia effects resulting from the acceleration of material during 

deformation were considered negligible. The deformation occurs on a plane that is inclined 

at an angle 𝜙 with respect to the plane of cutting and the material is stressed to the yield 

point. Most research has work to compare predicted relationships between the shear angle, 

𝜙, friction coefficient angle, 𝛽, and the rake angle, 𝛼, with results from experiments [15-

19]. These models are somehow limited in correlating with general experimental results. 

The analysis of orthogonal cutting that takes into account the material work-hardened 

effects have been reported by Oxley [20-24]. The model also varies the normal stress along 

the shear plane, giving a good agreement to the experimental results. 
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2.2 Mechanics of Metal Cutting, Material Behavior and Chip Formation 

Metal cutting is a chip formation process that involves the removal of unwanted materials 

from stock material to form a pre-defined shape or geometry. The material separation is 

essentially a plastic-flow process and occurs at exceptionally large strain and strain rate. 

The deformation is localized to an extremely small plastic zone and requires a large amount 

of energy. In an attempt to model the chip formation process, a photomicrograph technique 

was applied to observe the plastic-flow region that occurs during the process [12, 21, 25, 

26]. However, there have been doubts as to the actual shape and size of the plastic zone for 

any machining operation. There are two prominent views in the study of plastic flow during 

metal cutting processes. One point of view claimed that the chip formation occurs by a 

simple shear plane that extends from the tool point to a point on a free surface, and no 

plastic flow occurs at either side of the shear plane [12, 27]. Based on this, a model was 

proposed, as shown in Figure 2.4(a). The other view suggested a plastic flow zone is 

extended from the tool point to the free surface, as shown in Figure 2.4(b), with Oxley as 

a major contributor [20-23].  

Cautious investigation of photomicrographs and motion picture films indicate that 

the plastic deformation process during chip formation approximates to one of the suggested 

models under different conditions. Nonetheless, the mechanism of the cutting process can 

be analyzed by a single cutting edge. The simplest case of which has the cutting-edge 

perpendicular to the relative cutting velocity between the cutting tool and the work 

material, as illustrated in Figure 2.2, known as orthogonal cutting. This has been discussed 

briefly in Section 2.1.1. A case of a single tool cutting edge inclined to the relative cutting 



 

16 

 

velocity is known as oblique cutting. In this section, a detailed analysis of the mechanisms 

of plastic deformation during chip formation in metal cutting processes and the material 

behavior characteristics shall be reviewed. 

 

Figure 2.4: Suggested shape for plastic deformation zone in cutting: (a) thin shear 

plane (b) thick shear zone. 

In the past century, various attempts have been made to develop a realistic model 

that would aid the understanding of the mechanism of chip formation in metal cutting 

without the need for empirical testing. These attempts have led to the understanding that 

the chip formation process occurs through the shearing of the workpiece material. 

However, there has been conflicting evidence about the nature of the deformation zone, as 

shown in Figure 2.4. Most experimental evidence indicates that the thick-zone model may 

describe the cutting process at very low speeds, whereas at higher speeds, most evidence 

indicates that a thin shear plane is reached [28]. The thin shear plane model also leads to a 

simpler mathematical model making it most likely used for analysis involving practical 

cutting conditions. In this section, some of the analysis of the chip formation in orthogonal 

cutting that uses these two models will be discussed. 
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2.2.1 Analysis of Thin-Zone Model 

Merchant [12], research work on the analysis of the mechanics of orthogonal cutting with 

type 2 chip was put forth to develop an analytical model that makes possible the prediction 

of basic physical quantities during metal cutting processes. And by presenting a set of 

assumptions required for the orthogonal cutting process, a force diagram was constructed, 

as shown in Figure 2.5, for the analysis of the force system and geometrical quantities due 

to the shearing of the work material and chip flow during the chip formation process. This 

illustrates that the chip is formed through a shearing process which is approximately 

confined to a single plane extending from the cutting edge to a free surface on the 

workpiece ahead of the cutting tool. This plane of deformation was observed from the 

photomicrograph and is known as the shear plane. An illustration of the cutting process is 

shown in Figure 2.2. 

In this analysis, the chip was considered as a body held in stable equilibrium by the 

action of two forces exerted at the chip-tool interface and across the shear plane. The 

resultant of the forces, 𝑅, keeps the chip in equilibrium. By resolving 𝑅 into components, 

the cutting force, 𝐹𝐶, which is responsible for the work done in cutting has been obtained 

in the direction of motion of the tool relative to work, and the thrust force, 𝐹𝑡, which is 

perpendicular to 𝐹𝐶. Along the shear plane is the shearing force, 𝐹𝑆, responsible for the 

work expended in the shearing of the workpiece material, and a normal component, 𝑁𝑆, 

which exerts compressive stress on the shear plane. Along the chip-tool interface is the 

friction force, 𝐹, responsible for the work expended in friction as a result of the chip sliding 

over the rake face of the cutting tool, while the normal force, 𝑁 is perpendicular to 𝐹. 
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Figure 2.5: Diagram of force components in orthogonal cutting. 

By resolving the resultant force into force components, as shown in Figure 2.5, the 

cutting force and the thrust force are obtained as 

 𝐹𝐶 =
𝑡𝑏𝜏 cos(𝛽 − 𝛼)

sin 𝜙 cos(𝜙 + 𝛽 − 𝛼)
 (2.1) 

 𝐹𝑡 =
𝑡𝑏𝜏 sin(𝛽 − 𝛼)

sin 𝜙 cos(𝜙 + 𝛽 − 𝛼)
 (2.2) 

where 𝛽 is the friction angle between chip and tool rake face, 𝜏 is the shear stress on the 

shear plane of the material been cut and is assumed to have the value of the yield shear 

strength of the work material and is constant over the plane irrespective of the shear angle 

𝜙, and 𝑏 is the width of cut.  

It is evident that the physical properties governing the plastic behavior of work 

material determine what value the shear angle, 𝜙 will take up for a given value of the angle 

(𝛽 − 𝛼), as shown in Figure 2.5. The plasticity condition for the cutting condition was 

applied, by using the principle of minimum energy, that 𝜙 will assume a value to make the 



 

19 

 

total work done in cutting a minimum. This was achieved by differentiation of equation 

(2.1) and equating to zero, which gives 

 
𝑑𝐹𝐶

𝑑𝜙
=

𝑡𝑏𝜏 cos(𝛽 − 𝛼) cos(𝜙 + 𝛽 − 𝛼)

sin2 𝜙 cos2(𝜙 + 𝛽 − 𝛼)
= 0   

Thus, the shear angle  

 𝜙 =  
𝜋

4
+

𝛼

2
−

𝛽

2
 (2.3) 

Merchant [13], found that the shear angle, 𝜙, obtained by applying equation (2.3) 

gives a poor approximation with experimental results in the case of polycrystalline metal. 

This is because the shear strength of the polycrystalline metal is not constant along the 

shear plane but is influenced by different quantities, like the shearing strain, strain rate, 

temperature and the compressive stress acting normal to the shear plane. By reconsidering 

the assumption used in the theory and accounting for the effect of the compressive stress, 

a new relationship was obtained for the shear stress as 

 𝜏𝑠 = 𝜏𝑜 + 𝐾𝜎𝑛 (2.4) 

where 𝜏𝑜 and 𝐾 are constants of the material. This indicates that the shear strength 𝜏𝑠 across 

the shear plane increases linearly with increasing normal stress 𝜎𝑛, as shown in Figure 2.6. 

At zero compressive stress, 𝜏𝑠 is equal to 𝜏𝑜. By putting the new expression for shear 

strength into equation (2.1) and applying the principle of minimum energy. The plasticity 

condition for the shear stress is rewritten as  

This expression for the shear angle is also an approximation, since it takes no 

account of the effect of the plastic strain, shear rate, and the temperature rise that occurs 

 2𝜙 + 𝛽 − 𝛼 =  cot−1 𝐾 (2.5) 
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during the chip formation process. However, it has been found to offer a good degree of 

approximation accurately enough for many metal cutting processes. 

 

Figure 2.6: Shear stress and compressive stress relation. 

2.2.2 Analysis of Thick-Zone Model 

Palmer and Oxley in 1958, made a laborious effort to investigate plastic flow that occurs 

during the metal cutting process, using a single point tool [29]. An experimental technique 

that uses film shots and photomicrographs was developed to observe individual grain paths 

during the metal cutting process at extremely slow speeds, and consequently, low 

temperatures. The technique was applied to a case of machining with the work material 

moving across a stationary cutting tool. Based on the observation capture by the film shots, 

two theoretical considerations were made in an attempt to analyze the cutting process. The 

first was based upon the ideal theory of plasticity, which poses challenges as it was 

impractical to find a consistent slip-line field that conforms with the observed results. On 

a second attempt, the theory of plasticity was expanded on by assuming the work-hardening 
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alone contributes to the variation of the material flow stress. Finally, an approximate 

analysis that incorporates the theory of plasticity and work-hardening effect was used to 

examine the experimental results. 

At first attempt, the general shape of the plastic zone was idealized, as shown in 

Figure 2.7, which gives the possibility of constructing a slip-line field consistent with the 

idealized theory. Whereas, in fulfillment of the free-surface condition for a slip-line the 

boundaries, ADFB and BEC bend to meet the uncut surface at 45𝑜. A major inconsistency 

in the use of the idealized theory of plasticity concerns the direction and position of the 

resultant force of the cutting tool. It was noted that the concepts of velocity discontinuities 

and stress singularities do not hold for a material of variable flow stress. 

 

Figure 2.7: Idealized plastic zone [29]. 

Next, the analysis was done by assuming that work-hardening alone contributes to 

the variation in flow stress. The value of the flow stress at each point, relating equilibrium 

to the slip lines, was found by a modified form of the Hencky equations. 
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𝑝 + 2𝑘𝜓 + ∫
𝛿𝑘
𝛿𝑆2

𝛿𝑆1 = constant along I slip– line

𝑝 − 2𝑘𝜓 + ∫
𝛿𝑘
𝛿𝑆1

𝛿𝑆2 = constant along II slip– line
} (2.6) 

where 𝑆1 and 𝑆2 are distances along slip-lines of each family, 𝑝 is the normal stress on the 

slip-line (hydrostatic stress), 𝑘 is the shear stress on slip-line (shear flow stress), and 𝜓 is 

the inclination of the slip-line to some datum direction. It was assumed that the curves 

represent slip-lines, and the boundary condition set by the velocity of the work entering the 

plastic zone. It was also suggested that the tool point does not make contact with the work 

material and that tool-chip contact occurs somewhere up the face of the tool. The slip-line 

field near the tool point was not determined using Hencky relations eliminating the 

possibility of a stress a singularity or discontinuity at the tool point. 

The introduction of the work-hardening effect to the theory produced a stress 

distribution that conformed with observed results, for the position and direction of the tool 

force. However, the tasking nature of the analysis prompted the development of some more 

approximate approach for the analysis. The boundary 𝐴𝐵 between the work and plastic 

zone was assumed to be a straight slip-line inclined at an angle 𝜙 to the direction of cutting. 

This slip-line bends at the free surface to make an angle 45𝑜 with the surface at an 

insignificant distance. The straight slip-line field 𝐴𝐵 was illustrated as part of a centered 

fan with its center at 𝑂, as depicted in Figure 2.9. From equation (2.6), the hydrostatic 

stress on the boundary at 𝐴 is given by 

 𝑝 = −𝑘1 [1 + 2 (
𝜋

4
− 𝜙)] = −𝐶𝑘1 (2.7) 

where 𝑘1 is the flow shear stress constant along 𝐴𝐵. The negative sign indicates 

compressive stress at 𝐴. By considering the adjacent slip-line 𝑂𝐸 inclined at an angle 𝛿𝜙 
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to the first, the strain and flow shear stress along 𝐴𝐵 must be constant. Applying the 

modified Hencky equation, the rate of change of 𝑘, a distance 𝑟 from 𝑂 is expressed as 

 

Figure 2.8: Slip-line field construtcted from observed flow field [22]. 

The normal or hydrostatic stress on 𝐴𝐵 at a distance 𝑟 from 𝑂 is given by 

 𝑝𝑟 = −𝐶𝑘1 + ∫
𝛿𝑘

𝛿𝑆1
𝛿𝑆2

𝑟𝐴

𝑟

 (2.9) 

and is integrated to  

Similarly, the hydrostatic stress at the tool point 𝐵 is given by 

 𝑝𝐵 = −𝐶𝑘1 + 𝐷𝑘1𝐼𝑛 (
𝑟𝐴

𝑟𝐵
) (2.11) 

 
𝛿𝑘

𝛿𝑆1
=

𝑘2 − 𝑘1

𝑟𝛿𝜙
= 𝐷 ∙

𝑘1

𝑟
 (2.8) 

 𝑝𝑟 = −𝐶𝑘1 + 𝐷𝑘1𝐼𝑛 (
𝑟𝐴

𝑟
) (2.10) 
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The normal force across the line 𝐴𝐵 is given by 

 𝐹𝑁 = −𝑘1𝑏 {𝐶𝑘1(𝑟𝐴 − 𝑟𝐵) − 𝐷𝑘1 [(𝑟𝐴 − 𝑟𝐵) − 𝑟𝐵𝐼𝑛 (
𝑟𝐴

𝑟𝐵
)]} (2.12) 

and the shear force along 𝐴𝐵 is given by 

 𝐹𝑆 = −𝑘1𝑏(𝑟𝐴 − 𝑟𝐵) (2.13) 

 

Figure 2.9: Geometry for the approximate analysis. 

Therefore, the angle 𝜃 measured counterclockwise from 𝐴𝐵 is expressed as 

 tan 𝜃 =
𝐹𝑁

𝐹𝑆
= 𝐶 − 𝐷 +

𝐶 +
𝑝𝐵

𝑘1

𝑒
1
𝐷

(𝐶+
𝑝𝐵
𝑘1

)
− 1

 (2.14) 

while the moment of the forces acting on 𝐴𝐵 about the fan center 𝑂 is expressed as 

 𝑀 = −𝑏
𝑘1

2
[(𝑟𝐴

2 − 𝑟𝐵
2) (𝐶 −

𝐷

2
) + 𝐷𝑟𝐵

2𝐼𝑛 (
𝑟𝐴

𝑟𝐵
)] (2.15) 
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The magnitude, direction, and position of the resultant cutting force for given 

friction angle, 𝛽, rake angle, 𝛼, and depth of cut, 𝑏, can be determined as long as suitable 

values of 𝑝𝐵 and 𝐷 could be determined. From equilibrium of the forces on the tool and 

chip, 

 𝜃 = 𝜙 + 𝛽 − 𝛼 (2.16) 

An approximate relation between 𝐷, 𝜙, and 𝜃 on the condition that 𝐴𝐵 and the adjacent 

slip-line must transmit the total cutting force. Thus, for small 𝛿𝜙 it is reduced to  

 𝐷 ≅ cot 𝜙 − tan 𝜃 (2.17) 

On account of this analysis, Palmer and Oxley suggested a chip formation geometry 

once the steady-state condition of cutting is attained, as depicted in Figure 2.10. This shows 

that the tool cutting edge takes no part in the cutting and that the line of action of the tool 

cutting force is conveyed at a distance above the cutting edge. Stress within the plastic zone 

varied from compression near the outer free surface to large tension near the tool point. 

 

Figure 2.10: Suggested cutting process by Palmer and Oxley [29]. 
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A notable feature of the analysis is that the effect of work-hardening incorporated 

in the theory of plasticity can be used in the study of the chip formation process when 

cutting at very low speed. Nonetheless, the letdown in this investigation is that the 

deformation and cutting forces cannot be predicted analytically. Also, there have been 

concerns regarding the line of action of the cutting force and the feature of no contact at 

the tool point of the cutting tool. 

2.2.3 Shear Angle Relationships in Metal Cutting 

The analysis of the metal cutting process has shown that the shear angle is an essential 

quantity for the prediction of cutting forces and is a very important feature in the estimation 

of plastic flow and deformation during metal cutting. Over the years, a significant amount 

of effort has been put into the study of the shear angle relationship. A thorough review of 

these relationships shows that most could be reduced to the form 

 𝜙 = 𝐶1 − 𝐶2(𝛽 − 𝛼) (2.18) 

where 𝐶1 and 𝐶2 are constants [28]. 

One of the earliest and possibly the best approximate model is known as the 

Merchant’s shear angle [12]. The chip formation process assumes a shear angle, 𝜙, such 

that the work-done and cutting force is minimum. The shear angle relationship was 

obtained as 

 𝜙 =  
𝜋

4
−

1

2
(𝛽 − 𝛼) (2.19) 

where 𝛼 is the rake angle, and 𝛽 is the angle of friction at the tool-chip interface during the 

chip formation process. Based on experimental observation, it was found that values 
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obtained from this expression were in poor agreement with experimental results. In an 

attempt to improve the results, Merchant [13] assumed that the shear strength of the work 

material is dependent on the normal compressive stress acting on the shear plane, and from 

this, a modified equation was obtained for the shear stress along the shear plane. This is 

given as 

 2𝜙 =  cos−1 𝐾 − (𝛽 − 𝛼) (2.20) 

where the slope of the curve of the shear strength against the normal stress is given by 𝐾. 

Detailed analysis of the work done by Merchant has been presented in Section 2.2.1. 

The shear angle model by Lee and Shaffer [14], was obtained by applying the 

theory of plasticity to the problem of orthogonal cutting. The model has assumed that all 

deformation occurs along the thin shear plane and that there must be a stress field within 

the chip to transmit the cutting forces from the shear plane to the tool face. This was 

represented by a slip-line field in which no deformation occurs due to the transmission of 

force, although the material was stressed to the yield stress in the region 𝐴𝐵𝐶, as shown in 

Figure 2.11a). It has assumed that the full cutting force transmits over the base of the plastic 

zone in contact with the tool.  

The model has based on the assumption that the state of stress in the plastic zone is 

constant and the normal compressive stress on the shear plane is equal to the shear stress 

𝜏. The uniform stress state in the rigid region 𝐴𝐵𝐶, has made possible the application of 

Mohr’s circle for the stresses at the boundaries of the stress zone as depicted in Figure 

2.11b). 

From the geometry on the stressed zone shown in Figure 2.11(a), 
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  𝜙 = 𝛼 + 𝜂  

 

Figure 2.11: Ideal plastic Solution for stress field at tool tip (a) Lee and Shaffer slip-

line field (b) Mohr circle diagram for the stress zone 𝑨𝑩𝑪. 

From the Mohr’s circle in Figure 2.11(b), 

  𝜂 =
𝜋

4
− 𝛽  

Thus, the shear angle relationship was obtained, given as 

2.2.4 Mechanics of Oblique Cutting 

In oblique cutting unlike in orthogonal cutting, the motion of the cutting tool relative to the 

work material is not perpendicular to the cutting edge of the tool, but is inclined at an angle 

with it. Almost all cutting processes are oblique in practice, with the cutting edge of the 

tool inclined at an angle to the relative velocity between the tool and work material, as 

shown in Figure 2.12. Although some processes may approximate to an orthogonal cutting 

 𝜙 =  
𝜋

4
− (𝛽 − 𝛼) (2.21) 
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case, it is essential to understand the mechanics of oblique cutting as its application extends 

to most machining processes with complex tool geometry. This could be cases of cutting 

tools with single or multiple cutting edges. 

 

Figure 2.12: Plan view of oblique cutting. 

2.2.5 Geometry of Single Cutting Edge  

The tool rake angle is an important fundamental variable that determines the shear angle 

and cutting force. Due to the complexities introduced by the geometry of oblique cutting, 

Armarego and Brown [28, 30], put forth a solution that extends and alters the mechanics 

of orthogonal cutting to describe the oblique cutting condition. In an attempt to solve the 

problem of rake angle selection in oblique cutting corresponding to the rake angle in 

orthogonal cutting, three planes which have been considered to be important in the study 

of orthogonal cutting were selected for analysis, as shown in Figure 2.13. These include: 

(i) a plane normal to the cutting edge used by Merchant [31], in which the rake angle is 
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now generally referred to as normal rake, 𝛼𝑛. (ii) a plane parallel to the cutting velocity 

vector and normal to the machined surface used by Kronenberg [32], with the rake angle 

termed the velocity rake angle, 𝛼𝑣, and (ii) a plane containing the cutting velocity vector 

and the chip flow vector used by Stabler [33], with the rake angle known as the effective 

rake angle, 𝛼𝑒.  

 

Figure 2.13: Rake angle and velocity in oblique cutting. 

Based on the rake angle relationships, it was found that  

  tan 𝛼𝑣 =
𝐷𝐵

𝐴𝐵
=

𝐶𝐵

𝐴𝐵
∙

𝐷𝐵

𝐶𝐵
  

this gives 



 

31 

 

 tan 𝛼𝑣 =
tan 𝛼𝑛

cos 𝑖
 (2.22) 

Using the relationship, 

  sin 𝛼𝑒 =
𝐹𝐸

𝐸𝐴
=

𝐷𝐵 + 𝐷𝐸 sin 𝑖

𝐸𝐴
  

this is expressed as 

 sin 𝛼𝑒 = sin 𝑖 sin 𝜂𝑐 + cos 𝑖 cos 𝜂𝑐 sin 𝛼𝑛 (2.23) 

where 𝑖 is the angle of inclination or angle of obliquity, and in the plane of the rake face 

the angle between the chip-flow velocity and the normal to the cutting edge is called the 

chip-flow angle, 𝜂𝑐. 

2.2.6 Shear Angle in Oblique Cutting 

On account of various alternative possible definitions for the shear angle as with the rake 

angle, one clear definition is the angle measured from the shear plane to the plane 

containing the newly machined surface known as the normal shear angle 𝜙𝑛. An alternative 

is an angle that corresponds with the effective rake angle, measured in the velocity plane 

𝑉𝑤, 𝑉𝑐, from the shear plane to the approach velocity 𝑉𝑤. This is known as the effective 

shear angle 𝜙𝑒.  

Using the approach of Merchant derivation of the normal shear angle based on chip 

thickness ratio [12], the normal shear angle can be expressed as 

 tan 𝜙𝑛 =
𝑡 𝑡𝑐⁄ cos 𝛼𝑛

1 − 𝑡 𝑡𝑐⁄ sin 𝛼𝑛
=

𝑟𝑡 cos 𝛼𝑛

1 − 𝑟𝑡 sin 𝛼𝑛
 (2.24) 

and the effective shear angle 
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 tan 𝜙𝑒 =
𝑉𝑐 𝑉𝑤⁄ cos 𝛼𝑒

1 − 𝑉𝑐 𝑉𝑤⁄ sin 𝛼𝑒
=

𝑟𝑡𝑟𝑏 cos 𝛼𝑒

1 − 𝑟𝑡𝑟𝑏 sin 𝛼𝑒
 (2.25) 

where from volume continuity and incompressibility, 

𝑟𝑡𝑟𝑏 =
𝑡

𝑡𝑐
∙

𝑏

𝑏𝑐
=

𝑉𝑐

𝑉𝑤
 

It should be noted that 𝑖 = 0, 𝛼𝑒 = 𝛼𝑛 and 𝑟𝑏 = 1, so that 𝜙𝑒 = 𝜙𝑛 = 𝜙. 

2.2.7 Oxley’s Parallel-Sided Shear Zone Theory 

Over the years, several models have been developed which analyzes chip formation 

processes in metal cutting, and because of the complexity of the geometrical representation 

of the cutting process the mechanics of metal cutting problems have been limited to a 

simple two-dimensional case, known as orthogonal cutting (in which the cutting edge is 

parallel to the work surface and perpendicular to the direction of cutting), as shown in 

Figure 2.14. This is essentially a plain strain problem since the depth of cut, 𝑡, is small 

compared to the width of cut, 𝑏. 

Some of the earlier models that investigated the mechanics of metal cutting have 

been reviewed, with a majority of the models assuming that the shear stress is constant 

along the shear plane 𝐴𝐵 and makes an angle 𝜙 with the direction of cutting. They 

characterized the chip formation processes into either discontinuous, which is made up of 

segments as a result of fracture, continuous, which is formed by continuous plastic flow, 

or continuous but with built-up edge which forms in a cyclic fashion. To investigate the 

mechanics of metal cutting, attention was laid on the steady motion problem, which is the 

continuous chip formation under plane strain conditions. The expression for the shear 
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angles obtained by Marchant (equation (2.19)), and Lee and Shaffer (equation (2.21)) show 

an increase in shear angle 𝜙 with rake angle 𝛼 as friction angle 𝛽 decreases. It has been 

observed that the shear angle varies for different materials and cutting speed. 

 

Figure 2.14: Illustration of shear plane in chip formation process [24]. 

Several years later, Oxley developed a shear zone and tool interface model that uses 

the slip-line field theory. They investigated the plastic deformation along the shear zone 

and the tool-chip interface, and how the tool rake angle and friction angle relate the shear 

angle at the tool-chip interface, with focus laid on the parallel-sided shear zone theory. This 

subject shall be discussed in the proceeding section. 

2.2.8 The Variable Flow Stress Theory 

Some of the early investigations by Oxley [23, 24, 34], has assumed the normal stress 

distribution to be linear along 𝐴𝐵 in the shear zone, and that the stress distribution along 
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the tool-chip interface was constant. This was shown to be only true for material whose 

flow stress does not change during cutting. It was also assumed that the removed chip is 

formed by plastic deformation in a parallel-sided shear zone 𝐶𝐷𝐸𝐹. A more realistic stress 

distribution in an orthogonal cutting process was introduced as shown in Figure 2.15, with 

the straight parallel slip-lines 𝐴𝐵, 𝐶𝐷 and 𝐸𝐹 representing the directions of maximum 

shear stress and maximum shear strain rate.  

 

Figure 2.15: Model of shear zone during chip formation [24]. 

The effect of work-hardening, thermal softening, etc., on the change of flow stress 

as the work material passes through this zone was considered in the chip formation 

analysis. Knowledge of the shear angle is a necessary part of the complete geometry for 

the analysis with the rake angle and depth of cut known. The method used to find the shear 

angle has been summarized [23]. In view of the shear zone element as shown in Figure 

2.16, and by considering the shear flow stress along 𝐶𝐷 with zero plastic strain (initial 

shear flow stress) and at 𝐸𝐹 the total change in shear flow stress is given by Δ𝑘 and the 
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expression which gives the variation of the normal (hydrostatic) stress along 𝐴𝐵 is 

simplified as 

 Δp =  
Δ𝑘

Δ𝑠1
Δ𝑠2 (2.26) 

where Δp is the change in hydrostatic stress along the element, Δ𝑠1 is the width of the shear 

zone, and Δ𝑠2 is measured along 𝐴𝐵. Taking the free surface just ahead of 𝐴, the normal 

stress acting along 𝐴𝐵 in Figure 2.15 is given as 

 𝑝𝐴 = 𝑘 {1 + 2 (
𝜋

4
− 𝜙)} (2.27) 

 

Figure 2.16: Shear zone element [24]. 

and the stresses between the chip and tool at 𝐵 is  

 𝑝𝐵 = 𝑘 {
cos 2(𝜙 − 𝛼)

tan 𝛽
− sin 2(𝜙 − 𝛼)} (2.28) 

where 𝑘 is the shear flow stress along 𝐴𝐵, tan 𝛽 is the ratio of the shear stress to the normal 

stress at the tool-chip interface and 𝑝𝐴and 𝑝𝐵 are compressive normal (hydrostatic) stress, 

at 𝐴 and 𝐵 respectively. The equations for the hydrostatic stress have also been obtained 

for estimating the normal shear stress when cutting at higher speeds [22]. If the normal 
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stress distribution is linear and it is assumed that no force acts on the clearance face of the 

tool, then the angle of inclination 𝜃 of the resultant cutting force with 𝐴𝐵 is given by the 

equation 

 tan 𝜃 =  
𝑝𝐴 + 𝑝𝐵

2𝑘
 (2.29) 

The angle 𝜃 is expressed in terms of the friction angle, rake angle, and the shear 

angle as 

 𝜃 = 𝜙 + 𝛽 − 𝛼 (2.30) 

The shear angle 𝜙 has been defined uniquely and can be determined for given values of 𝛼 

and 𝛽. 

2.2.8.1 Shear Zone Stress 

The normal (hydrostatic) stress distribution in the shear zone was considered as linear [20, 

22, 23], and to show the variation of the normal stress along the shear zone, a small element 

of the parallel-sided shear zone 𝐶𝐷𝐸𝐹 was considered, as shown in Figure 2.16. The values 

𝑘 −
Δ𝑘

2
  and 𝑘 +

Δ𝑘

2
 are the shear flow stresses along 𝐶𝐷 and 𝐸𝐹 respectively.  𝑝 + Δ𝑝 and 

𝑝 are the normal compressive stresses at sections distance Δ𝑠2 apart, and Δ𝑠1 is the width 

of the shear zone. The normal stress acting along 𝐴𝐵  a distance 𝑥 from 𝐴 was obtain as 

 𝑝𝑥 = 𝑝𝐴 −
Δ𝑘

Δs1
𝑥 (2.31) 

Δ𝑘 is the change in the flow stress on passing from 𝐶𝐷 to 𝐸𝐹 and it is positive under normal 

cutting condition, 
Δ𝑘

Δ𝑠1
 is constant along 𝐴𝐵 for the parallel-sided zone 𝐶𝐷𝐸𝐹, which shows 

that the distribution of the normal stress along 𝐴𝐵 is linear. 
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In an experimental investigation of the shear zone when cutting at slow-speeds, the 

shear zone was photographed through a microscope during the actual cutting process [22]. 

It was shown that the shear zone is not parallel-sided but roughly triangular in shape as 

depicted in Figure 2.8. The triangular shear zone is thinner near the cutting edge than near 

the chip-free surface, as a result it was suggested that the variation in 𝑝𝑥 will not be linear, 

that is, the decrease in Δs1 as the cutting edge is approached would cause an increase in the 

rate of change of 𝑝𝑥. Although, the actual distribution of 𝑝𝑥 was not predicted at this stage, 

the increase in its rate of change was accounted for. A new expression was obtained for 𝜃 

as 

 tan 𝜃 =
𝐹𝑁

𝐹𝑆
=

𝑝𝐴 + 𝑝𝐵

2𝑘
 (2.32) 

By applying the slip-line theory for the material of variable flow stress, with the assumption 

that the slip-lines are lines of maximum shear stress and maximum shear strain rate [22, 

24]. Equations for the variation of the normal stress along the slip-lines were then obtained 

as given in equation (2.6). 

When cutting was directly examined at slow speed, and the variable 𝑘 was assumed 

to vary as a result of strain-hardening only. A striking feature observed in the analysis was 

a variation in the normal stress along 𝐴𝐵, as compressive at 𝐴 and tension at 𝐵. This was 

attributed to a direct result of allowing for variable flow stress [20, 21]. The stain-hardening 

gives a tensile increment in 𝑝 as it passes from 𝐴 to 𝐵 while the change in 𝜓 gives a 

compressive increment. This shows a good agreement between the stresses along 𝐴𝐵 and 

the observed cutting force. 
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2.2.8.2 Tool-Chip Interfaces Stress 

The contact between the chip and tool was first thought of as essentially elastic in character 

and analogous to that between a disc and a plane. It was shown by calculations on the lines 

that the chip and tool would make no contact at the cutting edge, causing a free surface of 

plastic adjacent to the cutting edge, as shown in Figure 2.17(a). After a direct observation 

of the cutting zone at slow speed, it was suggested that the contact at the tool-chip interface 

was essentially plastic and that the cutting force acted closer to the cutting edge than was 

initially thought. This is shown in Figure 2.17(b). 

The analysis of the shear zone presented earlier has revealed that Oxley analysis 

would require the measurement of the friction angle before the shear angle can be 

calculated. In order to avoid this problem, the analysis was performed based on an idealized 

cutting model with a restricted contact tool-chip interface. This was done by reducing ℎ 

below its natural value (i.e., to the value it would have when cutting with a normal cutting 

tool) as shown in Figure 2.18. Considering the shear plane stresses and computing the total 

normal force acting on the tool face, we have 

 𝐹𝑛 =
𝜏𝑡 cos 𝛽

sin 𝜙 cos(𝜙 + 𝛽 − 𝛼)
 (2.33) 

where 𝑡 is the depth of cut, and 𝜏 is the yield stress along the shear plane. The chip-tool 

contact length was determined by dividing the normal force by normal stress, thus 

 
ℎ

𝑡
=

sin 𝛽

sin 𝜙 cos(𝜙 + 𝛽 − 𝛼) cos(𝜙 − 𝛼)
 (2.34) 



 

39 

 

for a given cutting tool, as shown in Figure 2.18. With a known 
ℎ

𝑡
 ratio and for a given rake 

angle 𝛼, the shear angle 𝜙 and friction angle 𝛽 can be calculated from equations (2.27)-

(2.30) and equation (2.34). 

 

Figure 2.17: Illustration of contact between chip and tool: (a) Elastic (b) Plastic [22]. 

It has been shown theoretically that for a decrease in contact length, the shear angle 

increases [35]. However, it was assumed that the material has the same value of yield shear 

stress at the tool-chip interface as along the shear plane. Also observed was that at relatively 

low speeds, it might be expected that work-hardening will cause higher yield strength on 

the material along the interface, while at higher cutting speed the yield strength at the 

interface can be expected to be lower than that along the shear plane. The disappointing 

feature of Oxley analysis is that deformation cannot be predicted analytically, this brings 

about the problem of not being able to predetermine the cutting force. The analysis was 

mostly based on suggestions that the theory of plasticity and work-hardening may be used 

to study the mechanics of metal cutting at least at low speed. 
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Figure 2.18: Cutting with restricted tool-chip contact [35]. 

2.3 The Metal Drilling Process 

Metal drilling is a machining process used to create round holes in metal and core materials 

using cutting tools known as drill bits and is one of the most common machining operations 

used in the manufacturing industries. The operation involves rotating a cutting tool and 

feeding the tool into the workpiece in a direction parallel to its axis of rotation. An essential 

feature is a variation in cutting speed along the cutting edge with the maximum speed at 

the periphery that generates the cylindrical surface. The cutting tools of metal drilling 

operations are an end-cutting tool having one or multiple cutting edges. These usually have 

one or more straight or helical flutes or grooves and could have a hollow build for the 

passage of cutting fluid or chips during the drilling of a hole. This section covers a review 

of the design concept and features of drill geometry, analysis of the mechanics of the 

process, the drill point geometry, and the analysis of drilling torque and forces. It concludes 

with a review of the problems associated with metal drilling processes. 
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2.3.1 Concept of Twist Drill Geometry and Design Features  

Drills are designed to be best used for specific applications and the type of drill employed 

depends on the work materials to be drilled, the structural characteristics of the drill, and 

other factors like the type of hole (whether through or blind holes, deep or shallow hole), 

the entrance and exit features of the work material, the cutting condition and even the 

machine tool and fixtures. These factors play an essential part in the performance of the 

cutting tool and the drilling process. There are several types of drilling tool designs, and 

they vary widely in form, dimension, and tolerance. However, for this literature, the focus 

is specifically on two-flute twist drills. 

2.3.1.1 Design Features and Nomenclature 

The types of drills used in hole-making operations are essentially identified by their 

geometric characteristics. Twist drills are classified based on the kind of shank, the 

numbers of flutes, and the hand of cut [36]. The shank type at the butt end of the drill 

determines the holding system of the twist drill, whether a holder or a spindle. These are 

of two types: the straight shank and the taper shank drill. The straight shank drill has a 

cylindrical shank with the same or a different diameter than the body of the drill. The shank 

may be with or without driving flats, grooves or threads, and is usually mounted in an end 

mill holder, collet, chuck or special clamping hydraulic or mechanical system. The taper 

shank is a conical shank suited for direct mounting into a tapered hole in machine spindles, 

driving sleeves, or sockets. A tag, often found in a tapered shank, is used with a drift bar 

to eject the drill from its mating socket. 
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The number of flutes influences the finish and hole quality. The most extensively 

used twist drills in drilling operations are the standard twist drill with two flutes. Three-

flute and four-flute drills are core drills essentially used for enlarging and finishing drilled, 

cast, or punched holes [11, 36]. The hand of cut is the direction of the drill rotation when 

viewed from the cutting point, and it may be either the right-hand cut (counterclockwise 

rotation) drill or a left-hand cut (clockwise rotation) drill. The flutes or helical grooves 

permit the evacuation of a formed chip and allow cutting fluids to reach the cutting edges. 

The flute also forms part of the rake face of the cutting edge and connects at the leading 

edge of the land to form an angle with the axis of the drill known as the helix angle, 𝛿. 

An essential feature of the standard twist drill is the cutting lips or cutting edges 

extending from the chisel edge to the periphery, which shear the workpiece material during 

the chip formation process. The central portion of the body that joins the lands is the web, 

which forms the chisel edge at the cutting end of a standard twist drill. Viewed from the 

end of the drill between the chisel edge and the cutting lips is the chisel edge angle. At the 

cutting end of the drill is the drill point with a form like a cone, which is made up of the 

cutting edges, the chisel edge, the web, and the ends of the land. The projection of the 

cutting edges along the plane parallel to the drill axis forms an angle between the cutting 

edges known as the point angle, 2𝜌. Figure 2.19 shows the nomenclature of a standard 

twist drill with the drill point clearly presented. Other features are the margin, the neck and 

the lip relief angle. 
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Figure 2.19: Standard twist drill nomenclature [36]. 

A proper design structure is essential to the performance of the cutting tool. From 

a structural point of view, various features are significant for the twist drill performance, 

these include the helix angle, the web and flute geometry, the shank type and the twist drill 

material. Standard helix drills have a helix angle, 𝛿 of approximately 30𝑜 for drilling 

malleable material, cast iron, carbon steel, stainless steel, hard aluminum alloys, brass, 

bronze, hard rubber and plexiglass [11]. Twist drills of a typical helix angle of about 12𝑜 

are known as low helix drills or slow-spiral drills. These have increased strength at the 

cutting edges and are used for drilling high-temperature alloys and hard to machine 

materials. They also provide quick chip removal at a high penetration rate when used on 

aluminum alloys and similar materials when machining shallow holes. This minimizes the 

chip rubbing effect on the hole wall that raises the cutting force during deep hole drilling 

operations. High helix drills or fast-spiral drills have a typical helix angle of about 40𝑜 and 
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have narrow lands and wide flute. These are used for drilling low strength non-ferrous 

metals and low carbon steels. 

In an investigation of the dynamic distortion of twist drill by Webb [37] in which 

the helix angle and the torsional rigidity were two parameters used in the dynamic model, 

has found that the value of the helix angle governs the magnitude of the longitudinal 

extension with the circumferential displacement of the twist. The helix angle has a direct 

effect on the torsional rigidity of the twist drill. Notwithstanding, for a helix angle larger 

than 30𝑜, further increases in the helix angle result in an increase in the axial displacement 

[38]. The influence of the helix angle on the torsional stiffness of a drill has been suggested 

as the probable basis for the traditional popularity of a 28𝑜 to 30𝑜 helix angle for drills 

[39]. It was shown that the torsional stiffness increases parabolically with the helix angle 

and has a maximum at 28𝑜. The radial and angular deflection at the cutting point of twist 

drill decrease with an increase in helix angle, with the optimum helix angle at 39.776𝑜 for 

large drill diameter of 25 mm, and 43.403𝑜 and 43.921𝑜 for small drill diameter sizes of 

10 mm and 8 mm respectively [40]. The radial deformation of the twist drill has been found 

to be minimum for helix angles between 33𝑜 and 36.5𝑜, which may correspond to 

improved radial stability and better drilling accuracy [41]. These findings conform with 

Lorenz’s prediction that the optimum helix angle is in the vicinity of 40𝑜 in an experimental 

study for drill tool life improvement [42].  

The web thickness is the primary factor affecting the torsional rigidity of a twist 

drill. The ratio of the web thickness to the drill diameter has a direct effect on the torsional 

rigidity and the strength of the drill. The ratio of the web thickness to the drill diameter in 

the range 0.25-0.35 was suggested, provided the chisel edge of the thick web is thin in 
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order to reduce the thrust force [38]. However, increasing the flute size of the twist drill 

has an adverse effect on the torsional rigidity and the quality of the drilled hole. Enough 

flute area is needed for efficient chip removal and high drill rigidity to reduce drill 

deflection and increase the dynamic stability. The right tool material is also important to 

permit high throughput when drilling different materials. Some of the most common twist 

drills are made from high-speed steel (HSS), tungsten carbide (WC), carbide, ceramic, and 

cermet. Carbide drills are well suited for high throughput precision hole drilling. This 

permits increased production capacity by a factor of 2 to 10 and increases hole quality 

when compared to HSS drills [11]. 

2.3.1.2 Drill Point Design Model and Profile Optimization 

The complexity of the twist drill geometry has made accurate measurement of the tool 

geometry for tool design purpose a difficult task. The drill point geometry has a significant 

effect on the performance of a twist drill, and any variation in the features may affect the 

torque and forces as well as the hole quality. These challenges fostered the development of 

mathematical models that facilitate the determination of wheel profiles for various drill 

point design [43-47]. This includes the web thickness, chisel edge angle, rake angle, and 

clearance angle. The cutting angles along the cutting edges of a twist drill were determined 

by the combination of its flute and flank surfaces. Mathematical models were developed 

for flute and flank wheel profile for twist drill design [48-52]. A tool that is based upon 

accurate and convenient implementation and analysis of mathematical models of drill point 

and flute geometry by computer has been presented by Tsai and Wu. [53]. The approach 
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has enabled the calculation of the shape of cutting edges and chisel edges and their 

relationship with the grinding parameters. 

An approach that allows the regrinding of standard twist drill into a drill point of 

the desired profile has been suggested by Paul et al. [54], with the flank grinding profile 

parameters optimized in order to reduce the drilling thrust and torque. Results indicate an 

increase in the rake angle and a reduction in the thrust and torque of the twist drill profiles 

studied.  A reduction in the thrust force by an average of 23.8% and the torque by an 

average of 13.2% as compared to conventional twist drill under similar cutting condition, 

has been obtained in the drilling of ASSAB 4340 high-tensile steel using TiN coated HSS 

drill with a modified plane rake face [55]. The modified drill point yields a positive normal 

rake angle on the entire cutting lips, which brings about a reduction in the cutting forces 

and power in this region, as well as point relieving in the vicinity of the chisel edge to 

reduce the thrust force.  

2.3.2 Mechanics of Metal Drilling Process 

Metal drilling is a complex three-dimensional cutting and a highly dynamic process. The 

complex geometry of the cutting tool has made developing a realistic model for estimating 

the mechanics of the entire process a challenging task. The cutting action of the twist drill 

is centered around the drill point. The two cutting lips of a standard twist drill are out of 

phase by 180𝑜 and joined across the drill web by the chisel edge, as shown in Figure 2.20. 

The geometry across the cutting lips of the drill point is a function of the helix angle, 𝛿, 

the drill point angle, 2𝜌, and the web thickness, 𝑤. Relationships have been presented for 
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the various angles on the cutting lips and chisel edge of a twist drill, and the effect of radius 

and feed on the parameters over the cutting lips and chisel edge [56].  

 

Figure 2.20: Drilling process [11]. 

An important feature that poses difficulties in the modeling of the metal drilling 

process results from the variation of the rotational velocity from the center to the outside 

of the tool corner, with the maximum at the tool periphery. There is also a variation in the 

normal rake angle from positive at the periphery to negative at the chisel edge [57]. The 

variation in the cutting velocity and effective rake angles across the cutting edges of the 

twist drill attributes to the highly dynamic nature of metal drilling processes, which makes 

developing a simplistic model for the analysis of the process a difficult task. 

Unlike conventional turning processes that use a single-point cutting tool, the 

complex geometry of the drill point of a twist drill makes modeling the process challenging. 

The cutting edges of a twist drill are inclined and result in oblique cutting. However, the 
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metal under the chisel edge is likened to an extrusion process under a high compressive 

load. Knowledge of the mechanics of the process at the tool-chip-workpiece interface 

during chip formation is essential for proper tool design and efficient control of the cutting 

tool, workpiece material, and process parameters. The mechanics of the drilling process 

would necessitate the analysis of elements that makes possible the prediction of the cutting 

forces, torque, and power during the creation of holes. 

One of the early analysis of the drill point of a twist drill has shown variation in the 

normal rake angle, effective rake angle and the inclination angle across the radius of the 

drill point [58]. The helix angle, web thickness, and point angle are quantities of high 

importance in determining the performance of a twist drill. The helix angle is controlled 

by the manufacturer while the web thickness and the drill point can be altered by the 

condition or extent of use by the user. An analysis performed to investigate the influence 

of changes in the helix angle, web thickness, and the drill point has shown a large increase 

in the normal and effective rake angle at the circumference of the drill, as the helix angle 

increases. This also means a smaller increase in these quantities near the center. 

Photomicrographs of the tip-geometry of the twist drill are depicted in Figure 2.21, which 

demonstrate the variation in the rake angle across the cutting edge and the chisel edge of a 

twist drill during drilling. An increase in the web thickness indicates a strengthening of the 

cutting edge near the center and has negligible influence at the periphery of the drill. The 

point angle has a direct effect on the normal rake angle, while the effective rake angle is 

increased similarly near the drill center. 

The torque, thrust, and tool life are significant criteria for determining drilling tool 

performance. An investigation of the effect of the point geometry on the cutting 
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performance of twist drills with straight lips was assessed using variance analysis [59]. The 

analyses performed on the web thickness, helix angle, margin length, point angle, and relief 

angle show that the torque increases significantly with web thickness and margin length 

but decreases with the helix angle. The torque is minimized at an optimal point angle and 

is unaffected by the relief angle. The thrust increases significantly with the web thickness 

and the relief angle and decreases with the point angle and the helix angle, while the margin 

length does not affect the thrust. Similar results have been shown by Shaw and Oxford Jr. 

[60], that the web thickness has a significant influence on the thrust and torque, while the 

torque and thrust only show a slight decrease with increasing helix angle. 

 

Figure 2.21: Photomicrographs of different cutting sections across the cutting lips and 

chisel edge of a twist drill [61]. 
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Attempts have been made to develop theoretical methods for computing the torque 

and thrust force in metal drilling processes. Pal et al. [62], has investigated a theoretical 

approach for calculating the drilling torque in ductile materials. The investigation was 

limited to a case with pilot holes to avoid the extrusion process at the chisel edge. The total 

torque accounts for the torque on the spindle due to cutting and the torque due to friction 

force along the flank, which was accounted for as uniformly distributed along the cutting 

edge and assumed to be concentrated at the mean radius of the drill. The theoretical and 

experimental results show close agreement. However, the influence of the chisel edge and 

the uncut area on the shear angle relationship requires further studies. 

2.3.3 Analysis of Drill Point Geometry 

In an attempt to investigate the direction of chip flow during chip formation in a set of 

experiments, Oxford Jr. [58] derived a set of equations in relation to the point geometries 

for the analysis of metal drilling processes. He found that the chip flow angle varies across 

the cutting edge of the twist drill. From the analysis, the relationship between the projected 

chip-flow angle 𝜂𝑝 and the true chip-flow angle 𝜂 obtained is 

 tan 𝜂 =  tan 𝜂𝑝  cos 𝛼𝑓 (2.35) 

where 𝛼𝑓 is the face rake angle defined as the angle measured in a plane normal to the 

cutting edge between the cutting face (plane) and the plane parallel to both the cutting edge 

and the axis of the drill, as shown in Figure 2.22. This is expressed as 

 tan 𝛼𝑓 =  
tan 𝛿 cos 𝜉

sin 𝜌 −
𝜋𝑤
𝐿 cos 𝜌

 (2.36) 
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where 𝛿 is the helix angle, 𝜌 is half the point angle, 𝜉 is the web angle, 𝑤 is the web 

thickness, and 𝐿 is the lead of the flute helix of the twist drill. The helix angle and the web 

angle are obtained in relation to the radius 𝑟 at any point of the cutting edge of the twist 

drill by the expressions: 𝛿 = 𝑎𝑟𝑐𝑡𝑎𝑛
2𝜋𝑟

𝐿
 and , ξ = 𝑎𝑟𝑐𝑠𝑖𝑛

𝑤

2𝑟
.  

 

Figure 2.22: Illustration of a typical drill point [58]. 

By reducing the cutting edges of the twist drill to a simple inclined cutting tool, an 

expression for the inclination angle 𝑖 was obtained as  

 sin 𝑖 =  sin 𝜉 sin 𝜌 (2.37) 

The inclination angle is defined as the angle between the tool velocity vector and a normal 

to the cutting edge lying in a plane containing the cutting edge and the tool velocity vector. 

According to Stabler’s law [33], the chip-flow angle 𝜂 equals the inclination angle 𝑖. The 
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relationship between the effective rake angle 𝛼𝑒, chip-flow angle 𝜂, inclination angle 𝑖, and 

normal rake angle 𝛼𝑛 is 

 sin 𝛼𝑒 =  sin 𝜂 sin 𝑖 + cos 𝜂 cos 𝑖 sin 𝛼𝑛 (2.38) 

The normal rake angle 𝛼𝑛 is the angle measured in a plane normal to the cutting edge 

between the cutting face and a normal to the plane containing both the cutting edge and the 

drill velocity vector. The effective angle is the angle between the drill velocity vector 𝑉𝐷 

and the chip-flow velocity vector 𝑉𝐶, less than 90𝑜. The normal rake angle is given by 

 𝛼𝑛 =  𝛼𝑓 − Φ (2.39) 

where 𝛼𝑓 is the face rake angle, and Φ is the elevation angle given as 

 tan Φ =  tan 𝜉 cos 𝜌 (2.40) 

2.3.4 Torque and Thrust Force in Metal Drilling Processes 

One of the prerequisites for the study of the mechanics of metal cutting processes is the 

access to realistic models that make possible the analysis and prediction of the basic 

physical quantities such as the forces, temperature, energy distribution, etc. The torque and 

thrust are commonly used to quantify metal drilling performance. There has not been a 

realistic model generally accepted for the analysis or prediction of the mechanics of the 

process. The system is highly dynamic, and the complex geometry poses difficulties in 

developing a simplistic and realistic model for the process. Over the years, attempts have 

been made to model the torque and thrust force during drilling processes. An early work 

that gave useful empirical equations for computing the torque and thrust was developed by 

Boston and Oxford Sr. [63]. The torque and thrust were obtained in relation to the feed and 
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drill diameter. Other attempts to model the process have led to several assumptions; Most 

researchers have likened the whole of the chisel edge as a wedge indenter [64-68], while 

some has eliminated the effect of the chisel edge by predrilling a pilot hole of a diameter 

equal to the chisel edge width [62, 69]. 

Oxford Jr. [58], conducted an experimental study of the basic mechanics of the 

drilling process using a quick stop device to freeze the action of the chisel edge during 

drilling. The work reveals that the deformation at the center of the chisel edge acts like an 

indenting punch, while the remaining part of the chisel edge is that of a cutting action with 

a very high negative rake angle. A similar result was observed by Shaw [70], with two 

distinct types of chips observed in a sudden stop test performed to determine the chip form 

at the drill point by comparing the chips produced at the cutting edges and that of the chisel 

edge. It was done by filling a pilot hole on a brass block with lead. The size of the pilot 

hole is equal to that of the web thickness of the large drill used. The observed result shows 

chip form by cutting at the cutting edges, and a combination of both cutting and extrusion 

at the chisel edge. In-line with their earlier work and further investigation, Shaw and 

Oxford Jr. [60], later derived equations for computing torque and thrust when using 

dimensional analysis and other techniques. 

Williams [71], developed a chip formation and an indentation model for the chisel 

edge region of a twist drill to predict the shape of the wear zone on the chisel edge. 

Equations were derived for the computation of the torque and thrust produced by the chisel 

edge given the drill point geometry, the cutting condition, and shear stress factor for the 

work material. Based on the experimental observation by Oxford Jr. [58], an assumption 

that two models (i.e., an indentation model and a model of chip formation) are required for 
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the study of the basic mechanics of the chisel edge was arrived at. However, the influence 

of the drill feed velocity on the chisel edge geometry has been considered to develop the 

model used to analyze the process mechanics at the chisel edge. Williams further expanded 

on this work by including the cutting edges to developed two chip formation models and 

an indentation model for simulating the action of the drill point of a twist drill [72]. From 

these models, equations were derived for the prediction of the total torque and thrust given 

the cutting condition, drill geometry, and an empirical factor that is related to the work 

material. The main cutting edges and portion of the chisel edge were treated as orthogonal 

cutting and extrusion at the center region of the chisel edge. The challenges associated with 

the accuracy of the model for predicting the forces and torque is not only dependent on the 

validity of the many simple assumptions made in the three models, but also on the 

magnitude of the empirical shear stress factors used. 

Armarego and Cheng [73, 74], developed a thin shear zone cutting analyses based 

on oblique cutting models for predicting reasonable deformation and the force distributions 

along the cutting lips of a modified flat rake face drills. The model accounts for the 

variation in the twist drill geometry and gives reasonable trends when numerically tested. 

The thin shear zone cutting model was considered in drilling so that at any point on the 

cutting lips, the chip velocity is the resultant of the relative velocity between the drill and 

the work material and the shear zone velocity. However, a similar analysis for conventional 

twist drill fails to give acceptable trends, which implies a further work is needed to study 

the curved rake face tools. Notwithstanding, using statistical technique the deformation and 

thrust force and torque equations based on the geometrical similarity concept was 

experimentally verified for both the conventional and modified flat rake face twist drills. 
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Armarego and Wright [75], later developed predictive models for drilling torque and thrust 

and compared these models for three drill flank configurations (viz. plane flank, conical 

flank, and clearance planes flank) based on the mechanics of cutting analyses, fundamental 

machining data such as the shear stress and chip length ratio, and flank configuration that 

influences tool angles. The models resulted in a comparable thrust and torque predictions 

when numerically tested over a wide range of drill point feature values and showed a good 

correlation between predicted and experimental data. Furthermore, simpler empirical thrust 

and torque equations were obtained for all flank configurations, which indicate that the 

approach can be successfully applied to predict the torque and thrust, without resorting to 

the more complex drill flank geometrical analysis, provided the basic geometry at the 

cutting edge of the drill can be adequately modeled. 

Watson [76-79], work also implemented the oblique cutting model in developing a 

torque and thrust predictive model in metal drilling at the cutting lips. The model assumed 

that a pilot hole would eliminate the region to be machined by the chisel edge, leaving the 

material being machined by each individual lip to be considered as a number of individual 

elements. The experimental results show a significant difference between drilling with a 

pilot hole and predictive model results. However, accounting for the integrity of the chips 

(i.e. taking the chip as one piece rather than a series of individual elements) gave a closer 

correspondence between predicted and experimental results at the cutting lips. By 

observing through a transparent model of the chisel edge drilling into modeling clay, a 

predictive model was developed for the chisel edge. This model shows region of extrusion 

and oblique machining with working rake angle raging from positive to a very large 
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negative value. However, adding the chisel edge model and the cutting lip model does not 

give a good correspondence with the predicted result when drilling without a pilot hole. 

2.3.5 Problems Associated with Metal Drilling Processes 

Metal drilling is a highly dynamic machining process. The performance of the process is 

influenced by the drill point geometry of the drilling tool and controlled by the process 

parameters. The efficiency of the process is a synergy of the process performance, and the 

quality of the hole created. Over the years, several attempts have been made to improve the 

twist drill design and the drill point geometry through analysis and mathematical modeling 

of the drill geometry [38, 41-43, 46, 47, 53, 54, 80-84], modeling of the grinding wheel 

profile [48-50], process parameters optimization [85-88], and the use of cutting fluid or 

minimum quantity lubrication (MQL) [89-93], all geared toward improving the efficiency 

of the process and surface integrity of the hole created. Metal drilling induces significant 

surface damage and microstructure change that could be attributed to plastic deformation 

resulting from mechanical stresses and elevated temperature from the continuous drilling 

process [94]. The thermo-mechanical fields resulting from cutting processes impact the 

surface quality of the workpiece.  
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2.4 Burr Formation 

During chip formation, the plastic flow resulting from the shearing process can lead to an 

undesirable projection of material at the end of the cut. This undesirable projection of 

plastically deformed material is known as a burr. Most often, burrs are partially formed 

chips left on the workpiece from the chip formation process. Burr has also been defined as 

all material extending past the theoretical intersection of two adjacent surfaces where such 

material was the result of plastic deformation by a chip-making cutting tool [95]. Over the 

years, only a few researchers have attempted studying the burr formation mechanism in 

machining and specifically drilling.  

2.4.1 Mechanism of Burr Formation in Metal Cutting Process 

A general study of the mechanisms of burr formation by Gillespie and Blotter [1] showed 

that burr formation occurs in three distinct ways. The first involves a lateral flow of material 

(Poisson burrs), which results from the material’s tendency to bulge at the sides due to 

compression from the cutting tool until plastic deformation occurs. The second is the 

rollover burr, which is essentially partially formed chips pushed out of the path of the cutter 

rather than being sheared. This burr type forms in operations where the principal cutting 

force passes over a free edge. The third is the tear burr, which is the result of material 

tearing from the workpiece rather than shearing. Nakayama and Arai [96], used a different 

approach where the cutting edges which are directly involved in the burr formation, and 

the mode and direction of the formation were the essential system for classifying the burr 

formation. Using these two systems, most of the burrs formed in various machining 
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operations were designated. The rollover burr type proposed by Gillespie and Blotter was 

dealt with as a specific case of the chip formation process in the final stage of cutting by 

Ko and Dornfeld [97]. With the assumption that the deformation consists of shearing and 

bending deformation in a burr formation when no fracture occurs, they proposed a burr 

formation model that characterized the burr formation by three parts: initiation, 

development, and the formation of the burr. The model has based on the observation of the 

behavior of workpiece material during the orthogonal cutting of commercial plasticine. It 

has assumed that the burr formation begins at a transition point where the steady-state chip 

formation stops as the cutting tool edge approaches the end of the cut. At this transition 

point, the natural chip formation stops, and plastic deformation begins below the plane of 

the machined surface in the cutting direction, as illustrated in Figure 2.23. The model is 

only applicable to cutting conditions, tool geometry and the workpiece material that do not 

exhibit fracture along the negative shear plane during the orthogonal cutting process. The 

deformation is not concentrated along this negative shear plane as it is in the shear plane, 

and the strain hardening effect is not as severe as in chip formation. 

 

Figure 2.23: Schematic illustration at transient cutting state [97]. 
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By direct observation, it has been found that the negative deformation plane begins 

to form when the steady-state chip formation stops as the tool approaches the end of the 

cut in an orthogonal cutting process [97-99]. The reports show that when burr formation 

begins, fracture causing chip separation initiates in the direction of the shear angle during 

the steady-state chip formation. Plastic bending and shearing of the negative deformation 

plane contribute to the burr formation. Whereas, if edge breakout occurs instead of burr 

formation, a crack propagates along the deformation plane to cause the breakout, as shown 

in Figure 2.24. Two modes of progress on the negative deformation plane were observed- 

edge breakout caused by plastic bending and slip along the negative deformation zone by 

the shear stress. The fracture mechanism has been revealed by fractography to be due to a 

shear rapture. This contributes to edge breakout and is dependent on the ductility of the 

workpiece material. The formation of burrs in various machining processes could be the 

result of one or more of the burr formation mechanisms reported by Gillespie. 

 

Figure 2.24: SEM photomicrograph of annealed copper sample due to (a) fracture 

casing chip separation and (b) development of burr formation [99]. 



 

60 

 

2.4.2 Mechanism of Burr Formation in Metal Drilling Process 

Metal drilling is one of the most common machining operations in industries, and in spite 

of its importance, most of the researches are focused on reducing burr formation in metal 

drilling through tool geometry design, process and parameter optimization, or the use of 

some form of control chart [4, 8, 100-108]. Only a few studies have been done which 

investigate the mechanisms of burr formation in metal drilling at tool breakout. One of the 

earliest studies which attempt to explain the mechanism of burr formation in Ti-6Al-4V 

alloy has been reported by Dornfeld et al. [7]. The study investigates the effects of tool 

geometry and process conditions on exit burr formation during metal drilling using a split-

point and helical point drill. Based on the cross-section shape created under different 

machining conditions, burrs formed in dry cutting were categorized into four burr types, as 

shown in Figure 2.25. Type I has a uniform height and thickness. Type II is similar to Type 

I but has a leaned-back cross-section. Type III has a severe rolled-back shape, while Type 

IV is also a roll-back with a widened exit and has relatively small burr height. 

 

Figure 2.25: Burr types formed in dry drilling of Ti-6Al-4V alloy (a) Type I (b) Type 

II (c) Type III (d) Type IV [7]. 
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The roll-back phenomenon at tool breakout during the drilling of Ti-6Al-4V has 

been illustrated in Figure 2.26. This shows that during the breakout from (a) to (e), as the 

drill approaches the exit surface, the material begins to deform under the chisel edge. This 

plastic deformation zone expands from the center to the edge of the drill, and one of the 

cutting edges will cause separation of the cap from the hole perimeter. And depending on 

the drill point geometry, initial rapture may occur near the center of the remaining material. 

The remaining material at the hole perimeter is then pushed out to form a burr with a cap 

at the final stage of the drilling process. At this stage, there is no further chip formation, 

which means the energy generated has no way of dissipating. This material tends to inhibit 

heat dissipation due to low thermal conductivity. Therefore, causing a localized increase 

in temperature at the inner surface of the burr, and consequently, the thermal expansion 

believed to be the principal cause of the lean-back and roll-back phenomenon observed in 

the burr formation process. 

 

Figure 2.26: Burr formation with drill cap [7]. 

Analysis of the drilling burr formation mechanism when drilling with a 

conventional drill and a new-concept drill has been performed with the goal of increasing 
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accuracy and productivity in drilling operations.  A burr formation scheme has been 

suggested by Ko and Lee [103], considering the drill geometry and the cutting condition. 

The breakout burrs were classified into three types: Type A (no cap by fracture), Type B 

(burr with cap), and Type C (burst burr without cap), as shown in Figure 2.27. Based on 

experimental observation, they showed that the burr formation is the result of plastic 

deformation and fracture. The fracture location is determined by the fracture strain of the 

material and the tool geometry. This involves comparing the strain at the drill point with 

that along the exit edge of the hole. Hence, most burr formation is highly dependent on the 

material properties, the drill geometry, and the cutting condition.  

 

Figure 2.27: Classification of drilling burr formation and location of the crack at 

breakout [103]. 

It was observed that as the feed per revolution increases, the burr changes from 

Type B to Type C for each spindle speed when using an HSS drill. These changes were 

also notable when the spindle speed increases for each feed. This means that the location 

of fracture initiation moves from the exit edge of the hole to the drill point or some points 
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on the cap. The reason why a conventional HSS drill produces type C burr in many cases 

as compared to the new concept drill was ascribed to the dependency of the fracture on the 

twist drill geometry. Hence, for a small point angle drill, the strain at the drill point is much 

larger than that along the exit edge of the hole. However, for a larger drill point angle, the 

strain at the drill point is less than that along the exit edge of the hole. Therefore, tensile 

stress increases at the part along the exit edge as the drill advances and fracture occur, 

producing type B uniform burr with a cap. 

A model that describes the mechanism of burr formation in drilling of metal has 

been reported by Saunders and Mauch [109], in an attempt to develop a simplified burr 

formation model. The model extends the burr formation mechanics in orthogonal cutting 

to a complex drill geometry, and also includes the effect of temperature in the analysis. The 

material in front of the drill point was modeled as an axisymmetric circular plate with 

varying thickness. The drilling thrust force was modeled as a pressure on the top surface 

of the plate. The force produced at the chisel edge was modeled as indentation near the 

center and an orthogonal cutting at the outer edge, while at the cutting lips region, it was 

modeled as oblique cutting. Failure leading to exit burr formation was described in two 

cases, as shown in Figure 2.28. The case I describes the condition prior to tool 

breakthrough. That is, as the drill point progresses toward the exit surface, material in front 

of the drill point is reduced, thereby increasing the overall level of stress of the material. If 

the Von Mises stresses exceed the ultimate strength of the material, breakthrough occurs. 

Else, the drill advances until the material in front of the drill point fractures at the failure 

point at some radius, r. Case II, on the other hand, gives the condition at breakthrough. 

That is, if the material in front of the drill point continues to support the thrust force and 
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cutting continues until the stress at point B reaches the ultimate stress, failure would occur 

at point B, leaving the remaining material to be bent over forming a burr. The feed-rate 

was shown to have the dominant effect on the burr formation, and the model also supports 

the theory that the temperature effect would be greatest at low feed-rate. 

A 2D finite element model has been developed by Saunders [110] to address the 

limitations of the classical models. The model examines the stress state at each load step 

based on applied thrust force to the material in front of the drill during drilling. If the set 

failure criterion for the material in front of the drill is satisfied, the simulation stops with 

the assumption that no further cutting takes place, and the remaining material bends out to 

form the burr with a burr height Rf, as shown in Figure 2.28b). This was used to determine 

the burr height for three feed-rates and to simulate the heat transfer near the exit condition 

in drilling operations. However, this does not describe tearing burr formation. 

 

Figure 2.28: Illustration of (a) Case I, geometry and loading (b) Case II, burr 

formation sequence [109]. 
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A 3D finite element model that simulates the dominant role of negative shearing 

and bending mechanisms in the drilling burr formation process of 305L stainless steel has 

been developed by Guo and Dornfeld [111]. The model accounts for dynamic effects of 

mass and inertia, strain hardening, strain rate, automatic mesh contact with friction 

capability, material ductile failure, and temperature-mechanical coupling simultaneously. 

The process was simulated in an attempt to understand the burr formation mechanism in 

the drilling process. By investigating a series of stress contours and progressive 

deformation at the edge of the work material, the burr formation mechanism was 

characterized in four stages: initiation, development, pivoting point, and the burr formation 

stages, as shown in Figure 2.29.  

 

Figure 2.29: Von Mises stress contour in (a) burr initiation, (b) burr development (c) 

at pivoting stage (d) burr formation [111]. 
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The initiation stage begins with the formation of a bulge at the exit surface of the 

workpiece, due to localized fully plastic deformation as the drill tip approaches the bottom 

edge of the workpiece. The bulge continues to develop and enlarge; this is the development 

stage. An unstable chip begins to form as a result of increased material bending, and a 

transition from cutting to ploughing occurs along the cutting lips of the drill. At the pivoting 

point, catastrophic bending occurs at the workpiece below the drill point. The interaction 

between the cutting lips and the material is dominated by a ploughing effect with reduced 

chip formation. The material in front of the drill tip is stretched, while workpiece material 

near the workpiece edge is compressed. Finally, the exit burr is formed as the bulge breaks 

and material stretches, exceeding its maximum fracture strain.  

An analytical model for burr formation in metal drilling that holds for ductile 

materials that produce uniform burr with drill cap has been proposed by Kim and Dornfeld 

[9]. The model implements the principle of energy conservation and metal cutting theory, 

and the burr formation mechanism used in the model was based on the observation of the 

behavior of work material during the drilling of low alloy steel. This uses the Merchant 

model, which does not account for the cutting speed effects. Hence, the model developed 

does not account for the cutting speed effects in the drilling burr formation. However, it 

includes the effect of the drill geometry, material property, and the process condition. An 

analytical model that is based on the theory of slip-planes has been proposed by Segonds 

et al. [112], The model was set up based on mechanical and geometrical consideration, and 

specific for predicting burr type and thickness when drilling ductile work material. Bu et 

al. [113] also developed an analytical model for predicting the exit burr height and 

thickness during drilling. The model considered the impact of process parameters such as 



 

67 

 

the cutting force, spindle rotational speed, feed rate, and temperature effect in the analysis 

and implemented the drill geometrical factors such as the point angle, helix angle, chisel 

edge, and web thickness in order to improve the practicability of the application. 

2.4.3 Burr Minimization and Deburring Approach 

The need to maintain appropriate surface integrity is a requirement for efficient 

manufacturing. It has been found both by an experimental and theoretical approach that 

machining burrs cannot be prevented by changing machining parameters alone, but can be 

minimized by the use of appropriate machining parameters [1]. The work material property 

and tool sharpness also influence the burr formation. The workpiece ductility and strain 

hardening exponent are directly linked to the burr size, as such, large burr does not form 

on brittle materials [95]. Material with high shear strength has been found to form thicker 

burr than material with low shear strength, while dull cutting tool that may result from tool 

wear tends to increase cutting force, and consequently thick burr formation. The burr height 

and root thickness could be minimized by decreasing undeformed chip thickness, 

decreasing the shear strain of the chip (attained by high rake angle, high cutting speed, 

cutting fluid and cold working of the work material), increasing tilted approach angle and 

turning the direction of cutting force toward the workpiece [96]. However, in metal drilling 

processes, the approach implemented to minimize burr formation could vary due to the 

complex nature of the cutting tool geometry. In this section, we will go over some of the 

research work put forth to investigate the burr minimization technique and deburring 

schemes in metal drilling processes  
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2.4.4 Burr Minimization Scheme in Metal Drilling 

Reducing burr formation in metal drilling processes has become a continuous research 

problem. Hole quality is related to the drill geometry and cutting conditions [114].  Several 

researchers have focused on burr minimization approach by investigating the effect of the 

process parameters on the burr formation and the hole quality in drilling [115-117], while 

others have looked into burr minimization scheme that uses a step drill has been proposed 

[105], the influence of the drill point geometry [118], and process parameter control and 

optimization [4, 107, 119].  

One of the early research that investigate the effect of workpiece material structure 

and drill diameter on burr formation has been reported by Sugawara and Inagaki [10]. In 

an attempt to investigate the burr size reduction and improved cutting ability in micro-

drilling, the workpiece of various microstructures was drilled with drill bits of various 

diameters to observe the grain size effect. The tests performed on the workpiece having 

granular structure and relatively large crystals showed a reduction in the grain boundary in 

the drilling region, as the feed-rate decreases. They ascribed the major factor causing 

improvement in the cutting ability that leads to a reduction in the burr formation principally 

to the workpiece structure and cutting at a reduced feed-rate. 

Pande and Relekar [100], approached the problem of reducing burr formation in 

metal drilling in two fronts. First, an experimental approach based on response surface 

methodology technique and mathematical models were planned and used to correlate the 

response parameters (burr size) to the drilling process parameters( viz. the feed, drill 

diameter, length to diameter ratio of the hole and the work material hardness) to investigate 
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the influence of process parameters on the burr formation. The feed was observed and 

identified as the most significant parameter which governs the sizes of burr and optimal 

process conditions that minimize the sizes of burr. Finally, an attachment was developed, 

which provides a continuous modification of feed during drilling.  

The use of drilling burr control chart (DBCC) has been designed to obtain a 

reasonable range of operating conditions for metal drilling derived from experimental data 

on burr formation carried out at varying feeds and speeds [8, 120-122]. By normalizing the 

data obtained, a range of drill diameter can be covered. The charts aid in the prediction and 

control of drilling burr formation under giving cutting conditions. Thus, a selected cutting 

parameter would generate a minimized burr or preferred burr shape for an application. This 

application can also be used across similar work materials (e.g. carbon steel). Based on 

reports by Kim et al. [120], which developed a DBCC for stainless steel, AISI 304L, and 

low alloy steel, AISI 4118, and the DBCC developed by Min et al. [8], for low alloy steel, 

AISI 4118, when using a split point HSS twist drill, only two and three burr shapes were 

observed for AISI 304L and AISI 4118, respectively. These were believed to be mainly 

due to the properties of the materials, relatively high strain hardening coefficient, and 

ductility. The ranges of the height and thickness of the uniform burrs were observed to be 

independent of the drill diameter. 

2.4.5 Deburring Scheme 

Burrs are a projection of plastically deformed work material or partially formed chips 

hanging at the edge of machined surfaces. Burrs are by-products of all conventional 

machining operations and are non-value adding conditions to component parts. A burr-free 
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machined part surface is needed to prevent loose burr that could result in injury, poor part 

assembly, and jamming of mechanism. Deburring operations are needed to obtain burr-free 

surfaces. They are costly and time-consuming processes and could be achieved through 

hand deburring and other deburring processes.  Deburring processes must be based on the 

burr characteristics together with the part properties [2]. The burr characteristics are 

described by properties such as the length, thickness, shape, or hardness.  

The burr sizes generated during machining processes depend on the tool geometries 

used, the speeds and feeds, and the work material properties, while the burr removal cost 

is directly related to burr size and location [95]. In several cases, the deburring cost of 

precision miniature parts approaches the cost of machining due to close tolerances, minute 

part sizes, and large burr sizes. The following facts are essential in the selection of 

deburring processes: 

a) The burr size to be removed (thickness and height). 

b) The amount of stock loss that can be tolerated from the deburring process. 

c) The surface finish required. 

d) The required edge condition (how large a radius or chamfer is allowable or 

required). 

Other important features to consider are the part size, part material, and the burr 

location. A list of deburring processes has been presented, which grouped deburring 

processes into the six major categories: viz. abrasive processes, mechanical processes, 

thermal processes, chemical processes, and electrochemical processes [123].  

Deburring and machining costs can be minimized by appropriate changes in the workpiece 

and tooling design [95]. 
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Chapter 3: Analysis of PCM and Fault Identification 

The need to optimize production efficiency in manufacturing processes has led to a great 

deal of research in process condition monitoring (PCM) of machining processes. This has 

drawn attention to different techniques and applications for monitoring either individual 

machine tool components such as a spindle motor or an entire machine tool. Over the years, 

there has been a growing development of reliable and effective devices or sensors for 

monitoring machining operations, ensuring the design of unmanned machining, tool 

condition monitoring, etc. to ensure efficient metal removal rates and taking adequate 

action in the event of tool failure. Torque, forces, and power are basic process variables 

that depend exclusively on the conditions of the cutting process and/or the cutting tool 

condition [124]. A survey of commercially available sensors used in unmanned machining 

applications has been reported by Tlusty and Andrews [125], which are implemented in 

dimension monitoring, force monitoring, power monitoring, and acoustic emission 

monitoring. However, for the purpose of this thesis, our focus is on the implementation of 

force and power monitoring in PCM and fault identification in machining operations. 

3.1 Force Application in PCM and Analysis 

The forces in machining operations are measured using a dynamometer. The device comes 

in a variety of different configurations that make it possible to mount them at different 

points on different types of machine tools. As an example, dynamometers can be mounted 

to a tool post on a CNC lathe or a table for milling and drilling work or built into a spindle 

bearing, and they are ideal for evaluating cutting forces as the spindle motor current, 
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voltage and speed vary [125]. Cutting forces and torque data are obtained in real-time and 

used as an indirect method for tool wear monitoring as compared to direct observation 

[126]. Tool wear is an undesirable feature associated with machining processes and 

adversely affects the cutting mechanics, and ultimately the cutting tool life. In general, 

cutting forces and torque increase as wear progresses, and the ratio of cutting and feed 

force components are usually a good indication of tool wear and failure [127-129]. For tool 

breakage monitoring, the results from force dynamometers can be analyzed to look for 

specific signal patterns in the force signal [130, 131]. Force signals are also processed for 

the detection of chatter that can occur when cutting parameters coincide with a natural 

frequency in the machining system. The cutting forces are also implemented in the adaptive 

control of the machining process [132]. 

3.2 Power Application in PCM and Analysis 

Energy-aware manufacturing is gaining attention in process condition monitoring. This 

could be attributed to its low-cost and reliability in its implementation. Power monitoring 

is obtained by continuously keeping track of the voltage, current and power factor of the 

spindle or drive motor, from which the consumption is being evaluated [125]. A study 

carried out to investigate the feasibility of motor power and current measurement for 

adaptive control of the cutting process has been reported by Mannan et al. [133], in which 

measured power and current signals from the spindle and feed motors of an NC lathe and 

machining center were analyzed for the response of the current and power variations due 

to process changes. It was found that the tool wear and tool breakage are successfully 

detected using power and current signals. A relationship between wear and experimental 
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cutting power data has been described by Cuppini et al. [134], and an inexpensive and 

reliable technique for drill fracture detection have been developed by Liu et al. [135]. By 

monitoring the instantaneous stator current and setting a threshold on the demodulated 

stator current signal, drill fracture features can be extracted. Drill wear monitoring using 

spindle motor and feed motor current was also investigated [136]. In more recent research 

by Simoneau and Meehan [137], a direct power measurement technique was used to 

identify process conditions and potential process outcomes during metal cutting. The 

characteristics of the machine and process power consumption were assessed using a direct 

measurement technique to measure the peak power of a 3-axis CNC milling machine. The 

spindle speed and total machine power were obtained for the machining of a standard test 

part using varying cutting parameters and ultimately used to characterize the machine tool 

for different cutting processes.  

Power and Energy monitoring in production systems are essential for the evaluation 

of efficiency and overall machining performance as it relates to the finished parts. In view 

of power monitoring on the overall machine tool components, several researchers have 

focused on quantifying the energy demand for machine tools with an attempt to optimize 

energy usage. An energy framework that shows the electrical energy requirements for 

manufacturing processes has been presented by Gutowski et al. [138]. Their analysis shows 

that the specific energy requirement for a manufacturing process is not constant and that 

manufacturing processes are becoming more energy-intensive, with process rate as the 

most important variable for estimating energy requirement. The reduction of energy 

consumption footprint through optimization of the cutting process parameters in the 

machine tool is an ongoing process with the goal of minimizing the energy consumption 
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footprint [139-144]. Other researches are in areas of energy-aware process planning and 

scheduling [145-147]. All of them are geared towards obtaining an efficient manufacturing 

process. 

3.3 PCM Summary 

We have dedicated this small section in the thesis to PCM in order to introduce the concepts 

of force and power monitoring at a very high-level. Both will be used extensively 

throughout the experimental work, which will be illustrated in the next chapter of the thesis. 
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Chapter 4: Experimental Work 

The following chapter lays out the experimental work that was conducted throughout the 

research. Starting with a hypothesized breakdown of the through-hole drilling process, the 

chapter presents the experimental setup, workpiece material, and ultimately all the drilling 

experiments that were conducted. The results and discussion of the experiments will be 

covered in Chapter 5 and Chapter 6, respectively.  

4.1 Hypothesized Deep-Hole Drilling Zone Classification 

The interaction between the cutting tool and workpiece material as the tool breaks through 

the exit surface of the workpiece material leads to the formation of an exit burr. Burr 

formation is an undesirable projection of plastically deformed material. The process is 

highly dependent on the work material properties, drill geometry and the mechanics and 

conditions of the cutting process [103]. 

Unlike any previous research on the formation of through-holes in drilling 

operations, it is being hypothesized that the deep-hole drilling process from start to finish 

consists of 3 distinct zones. Determining how and where the through-hole should be 

separated into individual zones is based on how the drilling process affects hole quality at 

different stages of the deep hole drilling operation. These proposed zones are illustrated in 

Figure 4.1. This classification is based on, and emphasizes the challenges encountered in 

various regions of through holes created during the drilling of engineering components and 

parts. 
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Figure 4.1: Classification of the zones in a through-hole drilling processes. 

The first zone (Zone I) illustrates the entrance phase of the drill point as the tool 

engages the workpiece. The cutting edges of the twist drill are not fully engaged, and the 

cutting forces rises as the tool feeds into the workpiece. The possible challenges 

encountered in this zone occurs in the centering of the cutting tool into the workpiece which 

could lead to poor positioning or eccentricity of the hole. This can be avoided by adding a 

second machining operation using a center drill. Researchers have investigated the initial 

cutting conditions that influence position deviation, when the drill approaches the 

workpiece [148-150], and the dynamic behavior that influences the hole tolerance and 

shape at initial penetration [151, 152]. It has been shown graphically and statistically that 

hole location errors increase with feed [153]. Fast penetration of the cutting tool through 

the work material increases hole deflection and vibration in the cutting tool which 

subsequently results in higher circularity errors [154]. Therefore, reducing hole location 

and circularity errors could be achieved using small feeds at hole initiation. Another 

challenge in this zone is the formation of an entrance burr as the tool drills into the work 

material. This is formed either as a result of a bending action followed by clean shearing 
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or the result of a Poisson action from the plastic flow of the material in a normal direction 

of the applied force [155]. The entrance burr occurs at the corners of the twist drill as it 

feeds into the workpiece and is usually small and almost immeasurable. However, as the 

cutting edges wear from continuous use, the size of the bulge becomes more pronounced.  

In the second zone (Zone II), the cutting lips of the twist drill are fully engaged. In 

this zone, hole quality is affected by the interaction between the chip that is being formed 

and the hole surface as chips travel through the flutes during chip evacuation. As the hole-

depth to tool-diameter ratio increases, there is an increased tendency for chip rubbing and 

clogging which leads to increasing difficulties in chip evacuation and an increase in the 

cutting forces [156, 157]. In precision machining, the rubbing actions resulting from chip 

evacuation could affect the dimensional accuracy of the hole produced. Oversized hole, 

angularity error and taper error are some of the detrimental features to the hole quality in 

this zone. 

The final zone (Zone III), involves both shearing and ploughing processes of the 

workpiece material at tool breakout. It is the combination of these processes that leads to 

the formation of an exit burr on the workpiece material during drilling. Some of the earlier 

research into exit burr formation mechanisms and minimization or control strategies in 

metal drilling has been discussed in Sections 2.4.2 and 2.4.3. It has been found that burr 

formation cannot be prevented in metal cutting processes [1], however, the need to 

understand the exit burr formation mechanism in metal drilling is an area of ongoing 

research. Appropriate knowledge of the mechanisms of exit burr formation could aid in the 

design of tools that permit accurate burr prediction and process planning that mitigate exit 

burr formation in metal drilling. 
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To investigate the phenomenon of the tool interaction with the workpiece material 

at breakout, drilling tests were performed on extruded Al 6061-T6 material using standard 

HSS twist drills. The cutting tests were performed without the use of cutting fluid, and the 

data collected was the thrust force and cutting power of the drilling process. The 

investigation aims to combine data analysis, optical microscopy and material hardness 

testing in the study of the burr formation during tool breakout at the exit surface of work 

material. This includes analysis of the feed and cutting power data, the observation and 

analysis of the photomicrograph and the microhardness test values of material directly 

below the drill point of the twist drill prior to tool breakthrough at the exit surface of work 

material leading to exit burr formation. The analysis is geared to present a better 

understanding of the breakout burr formation mechanism and identify changes in process 

mechanics during the drilling process and the onset of the burr formation process. This 

introduces the use of energy analysis in identifying process changes and changes in the 

mechanics of drilling and the machining processes in relation to the process and material. 

4.2 Workpiece Material 

Aluminum 6061-T6 has been used for all the drilling experiments conducted in this study. 

Aluminum alloys are commonly known for the strength-to-weight ratio and corrosion-

resistance. Al 6061-T6 belongs to the 6000 series of aluminum wrought alloys with 

magnesium and silicon as its principal alloying elements, its chemical composition is 

shown in Table 4.1. Al-Si alloys are generally used where strength is not an issue. The 

addition of magnesium and silicon to aluminum produces a compound of magnesium-

silicide, which provides this material its ability to become solution heat-treated for 
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improved strength characteristics. The magnesium addition allows for significant age-

hardening through precipitation of the Mg2Si in the aluminum matrix, which aids in 

improving the yield strength of the alloy. It contains 0.8 to 1.2 wt. % magnesium and 0.4 

to 0.8 wt. % silicon and other alloying elements with the limits accounting for the overall 

properties of the alloy. The base aluminum element accounts for a balance of 95.8 to 98.6 

wt. % of the alloy. 

Table 4.1:   Chemical composition limits of the Al 6061-T6 alloys by wt. % [158]. 

Elements Al Mg Si Cr Cu Fe Mn Ti Zn 
Others 

(each) 

Others 

(total) 

Min 95.8 0.8 0.4 0.04 0.15       

Max 98.6 1.2 0.8 0.35 0.4 0.7 0.15 0.15 0.25 0.05 0.15 

 

Al 6061-T6 alloy is known for its good corrosion resistance, good machinability, 

weldability, and increased tensile strength of 45 ksi (achieved by heat treatment and 

artificial aging). Table 4.2 gives the typical mechanical properties of the alloy such as good 

toughness and finishing characteristics, that make it useful in structural, automobile and 

aerospace applications. 

Table 4.2: Typical mechanical properties of Al 6061-T6 alloy. 

Tensile strength Yield strength Shear strength 

Hv 

Elongation, % 

1.6 mm (1
16⁄  in.) 13 mm (1

2⁄  in.) 

MPa ksi MPa ksi MPa ksi thick specimen diam specimen 

310 45 276 40 207 30 107 12 17 

 

Aluminum 6061-T6 alloys typically have a coarse equiaxed grain structure with an 

average grain size of 18 μm as shown in Figure 4.2. The alloy consists of a high density of 
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needle-shaped precipitates and a low density of β-Mg2Si precipitate. The structure contains 

an uneven distribution of the precipitate in the matrix. 

 

Figure 4.2: Micrograph of undeformed Al6061-T6 alloy [159]. 

4.3 Experimental Setup – Data Acquisition 

Metal drilling experiments were performed using an Okuma OSP U100M CNC milling 

machine. The machine tool is a 3-axis milling machine type ES-V4020 with a 3-phase 

power supply source, rated capacity of 23 KVA, supply voltage of 220 V, and a frequency 

of 60 Hz. The power requirement of the CNC milling machine tool is presented in 

Appendix B. The cutting power measurements were obtained from a PH-3A power cell 

transducer mounted onto the 3-phase lines of the spindle motor of the CNC machine, with 

analog output of 0-10V and rated at 10A, 230V network. The spindle power accounts for 

the cutting and spindle rotational power of the cutting tool during drilling. Simultaneously, 

thrust force measurements were taken using a KISTLER 9255B dynamometer mounted 

onto the workbench of the machine tool. The force and power signals were passed through 
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a DAQ system with the force signal going through a KISTLER type 5010 dual-mode 

amplifier. An illustration of the setup is shown in Figure 4.3. A final connection is made 

from the DAQ to desktop computer unit equipped with LabVIEW. The data collected were 

analyzed using a lowpass filter to filter potential noise that may result from chatter 

vibration and low frequency whirling before using data for further analysis. It is important 

to note that the uncertainty associated with the PH-3A power cell transducer measurement 

is ±0.5%, while the uncertainty associated with the dynamometer measurement is ±1%. 

 

Figure 4.3: Experimental setup for the drilling process. 

4.4 Experimental Drilling Tests 

All the metal drilling experiments fall into one of three categories: preliminary drilling 

tests, through-hole drilling experiments and stepped through-hole drilling experiments. 

The preliminary tests were conducted for two reasons. The first is to confirm the presence 

of the hypothesized three zones presented in Section 4.1. The second reason is to ascertain 

any boundary conditions, criteria and constraints that might be required for the primary 
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drilling experiments particularly as they pertain to drill diameter and workpiece material 

thickness relationships. By using preliminary drilling tests to understand and model the 

behavior of the deep-hole drilling process, an appropriate workpiece thickness for steady-

state cutting in relation to the tool point geometry and tool diameter could be obtained. As 

part of the preparation for the primary through-hole drilling experiments, the workpiece 

thickness must be such that the thrust and cutting power data are maintained in the steady-

state region of drilling. This will eliminate any cutting force effects that may result from 

chip-flow resistance or chip clogging. Essentially, by confirming the existence of the 

hypothesized 3 zones, the preliminary experiments could be used to determine the 

workpiece thickness for all subsequent drilling experiments. 

The second category is through-hole drilling experiments. An overall view of the 

complete through-hole drilling experiment is summarized in the flow chart shown in Figure 

4.4. The premise behind the workpiece thickness selection and the constraints used in this 

experimental work is based on findings from the preliminary tests and the position of the 

critical depth obtained by Iruikwu and Simoneau [160], during deep hole drilling of Al 

6061-T6 alloy. This second set of experiments is the foundation of the analysis of the 

research.  

The final set of drilling tests were the stepped through-hole drilling experiments. 

These tests are used to physically observe and validate findings from the previous through-

hole drilling experiments. These tests were also used to examine the stepped burr breakout 

of the workpiece material, photomicrography, and microhardness testing of the workpiece 

material through-hole cross-sections. 
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In all the drilling experiments, thrust forces and cutting power data were collected 

for analysis. The thrust and cutting power data analysis will ultimately be used to introduce 

a novel approach that uses cutting energy analysis in the form of feed power from the thrust 

action and cutting power or the specific cutting power, to identify critical points of interest 

for further study. Details of the experimental procedures are presented in Section 4.4.1 to 

4.4.4. 

 

Figure 4.4: Flow chart of experimental procedure. 
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4.4.1 Preliminary Drilling Test Procedure 

A series of pre-drilling experiments were performed and the spindle power during drilling 

measured, recorded and analyzed as the cutting tool made a through-hole in a 1-inch (25.4 

mm) thick, 6061-T6 aluminum workpiece. The drilling tool used was a 19/64-inch (7.5 

mm) black-oxide coated standard HSS twist drill. Spindle speeds of 2573 rpm, 3217 rpm 

and 3860 rpm were used. This was all done for five different feeds ranging from 0.05 

mm/rev to 0.25 mm/rev. The results of the pre-drilling test conducted are presented in 

Section 5.1. 

4.4.2 Experimental Drilling Test Procedure 

The primary through-hole drilling experiment for this study was performed based on 

findings from the analysis of the pre-drilling experiments described in the previous section 

(the results and discussion of the pre-drilling experiments are presented in later chapters). 

Two standard twist drill types with size 3/8-inch (9.52 mm) in diameter and point angle of 

118𝑜 were selected for the actual drilling experiment. This belongs to the medium size tool 

range and the cutting edges of the tool point are clearly designed. The experimental 

parameters used in the main drilling experiment are shown in Table 4.3. All cutting tests 

were performed without the use of cutting fluid and the cutting parameters were within 

manufactural recommended values for the drilling of Aluminum alloys. The cutting edges 

of the twist drill were inspected after each drilling tests and cleaned up using sandpaper to 

remove potential build-up edge or sticky chips material to ensure that the twist drills used 

are sharp and in good condition throughout the drilling experiments. The thrust and cutting 
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power data used in this investigation were obtained by taking the average of three test data 

from three different drilling tests performed for each cutting parameters. 

Table 4.3: Drill test parameter for workpiece material thickness, 𝑡𝑤= 8.9 mm. 

Drill Type Spindle Speed (rpm) Feed (mm/rev) 

A 
2037 

0.05 0.10 0.15 0.20 

2547 

B 

2037 

2547 

3056 

 

The drill type 𝐴 is a black-oxide HSS standard twist drill with a helix angle 𝛿, of 

about 29𝑜, while drill type 𝐵 is uncoated HSS standard twist drill with 𝛿 of about 35𝑜. It 

was assumed that the cutting edges are sharp throughout the cutting process, there is no 

runout, and the workpiece material properties are homogeneous throughout the stock. 

4.4.3 Stepped Drilling and Photomicrograph Procedure 

The final set of deep-hole drilling experiments was the stepped through-hole drilling tests. 

This set of drilling tests involved drilling a through-hole at incremental depths as shown in 

Figure 4.5. Part of the aim of this set of tests is to obtain photomicrographs of the workpiece 

material below the drill point and within the third and final zone – Zone III as previously 

described in Section 4.1. The photomicrographs will include images of the microstructure 

of the workpiece material at selected hole depths prior to tool breaking through the 

workpiece exit surface and just after tool breakout. The tests were performed at fifteen 

different hole-depths using the twist drill type 𝐴 as illustrated in Figure 4.5. This was done 

at a spindle speed of 2037 rpm, using feeds of 0.05 mm/rev and 0.20 mm/rev respectively. 
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The samples were sectioned, cold mounted, polished and etched to obtain the 

photomicrographs. Photomicrographs samples were selected at hole depths prior to and 

after the tool breaks through the exit surface of the workpiece material. 

To investigate the behavior of the workpiece material and the mechanism of burr 

formation during tool breakout when drilling Al 6061-T6 alloy, fifteen different depths 

were machined into the work material. The first three depths fall within the deformation 

zone region (Zone III), prior to the tool point breaking through the exit surface of the 

workpiece material. The third hole-depth is just on the 8.9 mm plane of the exit surface. 

The drill point depth increment for each hole depth is 𝑑𝑖𝑛𝑐 = 0.286 mm. Some of the cross-

sections are shown in Figure 4.6 to help illustrate the procedure. 

 

Figure 4.5: Through-hole for 15 different hole-depths. 
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The workpiece samples were sectioned, cold mounted, polished, and etched. The 

etching was done by applying the Keller’s reagent for 30-50 seconds, followed by a Weck’s 

reagent which helped to reveal the grain boundaries. 

 

Figure 4.6: Cross-section of the drilled samples at depths 1,2,3,5,6,8,9,14 &15 at 

spindle speed of 2037 rpm at feeds (a) 0.05 mm/rev, (b) 0.20 mm/rev. 
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4.4.4 Hardness Test Procedure 

A Vickers hardness test was performed to study the changes in the physical property of the 

material below the chisel edge of the cutting tool prior to tool breakout leading to exit burr 

formation. This would enable us to investigate the changes in the physical properties of the 

work material leading to breakout burr formation. The drilling of the work material was 

done using the twist drill type 𝐵, and the test was performed using the cutting parameters 

given in Table 4.3. For each cutting parameter used, the work material was drilled to three 

different hole-depths known as the breakout distance or breakout depth, 𝑡𝐵𝑟. The breakout 

depth is an indication of the distance measured from the chisel edge to the exit surface of 

the workpiece. The positions of the breakout depth were selected based on positions of 

critical points of interest derived from the analysis of the thrust force and cutting power 

data at tool breakout. Detailed analysis of the thrust force and cutting power data leading 

to identifying critical points of interest and the breakout depth, 𝑡𝐵𝑟 used in this investigation 

are discussed in Section 6.2.  

The drilled workpiece samples were sectioned, cold mounted, and polished. This is 

the preparation phase of the workpiece sample before performing the hardness test. This 

preparation phase of the experiment is necessary to keep the sectioned workpiece sample 

in a tight region thereby maintaining the physical properties of the material close to the 

edges of the sample and it is necessary in order to obtain accurate microhardness test 

results. Next, the Vickers hardness test was performed on the workpiece samples at the 

region below the chisel edge of the deformation zone of the work material as shown in 

Figure 4.7. The spacing between indentations and from the edges of the work material was 
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performed in accordance with the standard ASTM E92-17 [161]. The indentations created 

were measured and recorded, and the hardness values computed. The breakout depth used 

in this study and the results of the Vickers hardness (𝐻𝑉) test are presented in Section 5.3.2. 

 

Figure 4.7: Illustration of Vickers hardness test indentation on workpiece sample. 

4.5 Summary 

The chapter began with the introduction of a new and novel approach to classifying the 

problems associated with metal drilling processes. The approach splits the through-hole 

drilling process into three zones, with emphases laid on the possible challenges. These 

zones have been labeled zones I, II and III. However, it is Zone III that is of primary interest 

in this research since it is believed that it is this zone exclusively, that is linked to the 

breakout burr formation process. The workpiece material, cutting parameters and all 

drilling tests along with the rationale for the tests were presented in detail.  
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Chapter 5: Experimental Results 

In the previous chapter, we have discussed the various experimental tests conducted in this 

research work to investigate the exit burr formation mechanism in metal drilling processes. 

In this chapter, results from the pre-drilling test, the primary drilling experiment, and other 

experimental works conducted will be presented. The thrust force and cutting power data 

were observed and recorded for each drilling tests conducted. For the purpose of data 

processing and analysis, it has been noted that the uncertainty associated with the force and 

power measuring devices are ±1% and ±0.5%, respectively. 

5.1 Preliminary Drilling Test Results 

The preliminary drilling test results show a pattern in the total spindle power signal that 

indicates the behavior of the power expended during drilling processes. The total spindle 

power accounts for the sum of the power expended in the shearing of the work material 

during chip formation (specific cutting power) and the spindle rotation during the drilling 

process. The process begins with a power rise as the chisel edge of the cutting tool engages 

the workpiece surface to the point of full engagement of the cutting edges or lips of the 

twist drill. As the tool drills further into the work material, steady power is maintained until 

a hole depth that is approximately the size of the tool diameter. As the hole-depth to 

diameter ratio increases further, an increase in the power signal continues and later 

becomes erratic. The cutting power signal becomes more unstable at this depth as the feed 

or feedrate is increased as shown in Figure 5.1. This agrees with the work by Ke et al. 

[156], which shows that in deep-hole drilling operations the thrust force and torque begin 
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to increase at some critical depth. The unprecedented power rise accounts for other factors 

that constrain the chip evacuation process in deep-hole drilling, such as, chip-flow 

resistance and chip clogging effect.  

 

Figure 5.1:  Drilling a 25.4 mm thick Al6061-T6 workpiece using 7.5 mm black-oxide 

HSS standard twist drill at 3860 rpm and feeds: (i) 0.05mm/rev (ii) 0.10 mm/rev (iii) 

0.15 mm/rev (iv) 0.20 mm/rev (v) 0.25 mm/rev. 

For the pre-drilling tests conducted at a spindle speed of 3860 rpm, additional 

power rise of about 200 Nm/s was observed from the steady-state at a feed of 0.05 mm/rev 

for case (i), a rise of about 800 Nm/s at 0.10 mm/rev for case (ii) and a maximum peak 

power rise of additional 2500 Nm/s for case (v) at 0.25 mm/rev; which is more than the 

steady-state cutting power of the process. This shows that as the depth-to-diameter ratio of 

the drilling process increases, so does the additional power due to chip-flow resistance and 

the chip clogging effects. The onset of the spindle power rise from the steady-state was 

observed at hole depth greater than the tool diameter for the workpiece material and tool 

type used in this study. 
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5.2 Experiment Drilling Test Results 

The data obtained during the actual experimental work using the cutting parameters given 

in Table 4.3 are presented in this section. These results show the thrust force and cutting 

power obtained by taking the average of three test data from three different drilling 

experiments performed for each cutting parameters during the drilling of Al 6061-T6 

workpiece samples. 

5.2.1 Thrust Force Results 

The thrust force data were obtained for the drilling test performed on Al 6061-T6 alloy 

having a workpiece thickness 8.9 mm when using a type 𝐴 twist drill and machining at a 

spindle speed of 2037 rpm and 2547 rpm respectively. The cutting tests were performed at 

feed range 0.05 mm/rev to 0.20 mm/rev. The thrust force data measured at a spindle speed 

of 2037 rpm gave a mean thrust force of about 434 N at full penetration when cutting at a 

feed of 0.05 mm/rev, 851 N at a feed of 0.10 mm/rev, 1061 N at a feed of 0.15 mm/rev and 

at 0.20 mm/rev, a mean steady-state thrust force of 1348 N was obtained. Figure 5.2 shows 

the thrust force data obtained during the drilling process at the lower and upper feed limit 

studied when machining at a spindle speed of 2037 rpm. The data obtained show a 

proportional increase in the thrust force as cutting feed increase, as expected. This trend 

was also observed when machining at a spindle speed of 2547 rpm, with a mean thrust 

force of 528 N observed at a feed of 0.05 mm/rev, 918 N at a feed of 0.10 mm/rev, 1145 N 

at a feed of 0.15 mm/rev and a mean thrust force of 1313 N at a feed of 0.20 mm/rev. These 

results also show an increase in the thrust force as the spindle speed is increased, however, 



 

93 

 

the feed or feedrate has shown the most impact on the thrust force during the drilling 

process. 

 

Figure 5.2:  Thrust forces in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using standard twist drill type 𝑨 at 2037 rpm, (a) 0.05 mm/rev (b) 0.20 mm/rev. 

The thrust force data obtained during the drilling tests performed when using the 

type 𝐵 twist drill show a similar trend to the results of twist drill type 𝐴. The drilling tests 

were conducted using the same range of feeds, and three spindle speeds (i.e., 2037 rpm, 

2547 rpm and 3056 rpm) during the drilling test performed when using the standard twist 

drill type 𝐵. All drilling test parameters used are shown in Table 4.3.  

The thrust forces data measurement for the drilling tests performed when drilling 

an Al 6061-T6 work material of workpiece thickness 8.9 mm using a type 𝐵 twist drill at 

a spindle speed of 2037 rpm gave a mean thrust force of about 259 N at full penetration 

when cutting at a feed of 0.05 mm/rev, 510 N at a feed of 0.10 mm/rev, 849 N at a feed of 

0.15 mm/rev and a mean thrust force of 1053 N at a feed of 0.20 mm/rev. The mean thrust 
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force increases with increasing feed in all cases of spindle speed tested. This is similar to 

the trend observed during the test conducted using the type 𝐴 twist drill, however, a 

considerable reduction in the thrust force was observed when drilling with the type 𝐵 twist 

drill of the same drill size when drilling on the same stock material and thickness using the 

same set of drilling parameters. This could be attributed to the twist drill design, as a slight 

variation in the tool design and geometry of the same drill size could pose a significant 

impact in the cutting mechanics due to the complex nature of the process and the tool 

geometry. The thrust force data obtained at spindle speed 2037 rpm using the feed 0.05 

mm/rev and 0.20 mm/rev are shown in Figure 5.3. The results show a considerable 

reduction in the thrust force when compared to Figure 5.2, which could be due to the 

increased helix angle and variation in other features of the drill point geometry such as the 

web thickness, rake angle, etc. 

 

Figure 5.3:  Thrust forces in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using standard twist drill type 𝑩 at 2037 rpm, (a) 0.05 mm/rev (b) 0.20 mm/rev. 
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The observed results also show that although the cutting parameters have a great 

influence on the thrust force data, the tool design and geometry are too important to be 

ignored in metal drilling processes. A complete representation of the mean thrust force data 

for the two standard HSS types used in this experimental work is shown in Figure 5.4. The 

results show increasing thrust force as the feed increases, while the spindle speed shows 

only a slight increase in thrust force from 2037 rpm to 2547 rpm and a substantial increase 

at 3056 rpm. Nonetheless, the influence of these cutting parameters on the breakout burr 

formation would require further analysis of the thrust force data prior to tool breakout at 

the exit surface of the work material for an understanding of the breakout burr formation 

phenomenon. 

 

Figure 5.4: Thrust force data during the drilling of 8.9 mm Al6061-T6 stock thickness 

using standard twist drill (a) type 𝑨, (b) type 𝑩 

5.2.2 Feed Power Results 

The goal of this thesis is to introduce an innovative approach that uses energy analysis to 

investigate breakout burr formation mechanisms and to identify critical points of process 
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change leading to the exit burr formation during metal drilling processes. The complex 

geometry of the cutting tool makes direct use of the thrust force, cutting forces and torque 

data a challenge. This accounts for the absence of a simplified model for the analysis of 

the process. However, the power due to thrust force is required for the investigation of the 

breakout burr mechanism. This is given as the feed power consumed and has been 

computed using equation (6.3), as discussed in Section 6.2. The computation is made 

possible since the feed-rate is constant across the cutting lips of the twist drill in the feed 

direction along the axis of the rotating cutting tool. On the other hand, the cutting speed in 

the cutting direction varies across the cutting edges on the drill point which makes direct 

use of the cutting forces or torque a challenge. The computed thrust force results for feeds 

0.05 mm/rev and 0.20 mm/rev when drilling Al 6061-T6 of stock thickness 8.9 mm at a 

spindle speed of 2037 rpm when drilling with the types 𝐴 and 𝐵 twist drills are shown in 

Figure 5.5 and Figure 5.6. 

 

Figure 5.5:  Feed power in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using standard twist drill type 𝑨 at 2037 rpm, (a) 0.05 mm/rev (b) 0.20 mm/rev. 
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The feed power accounts for the power expended due to the thrust force acting on 

the workpiece material as the twist drill feeds into it. A mean feed power of about 0.7 Nm/s 

and 9.2 Nm/s was obtained at feeds 0.05 mm/rev and 0.20 mm/rev when cutting at 2037 

rpm using the type 𝐴 tool. These values reduce to about 0.4 Nm/s and 7.1 Nm/s 

respectively, for the drilling tests performed using the standard HSS twist drill type 𝐵 at 

the same spindle speed and feed. The feed power is negligible and has always been 

neglected in the analysis of metal cutting processes, yet, its importance in the analysis of 

breakout burr formation during metal drilling processes cannot be overemphasized. It is 

also important to note that the feed power share similar characteristics as the thrust force 

with respect to the variation in the spindle speed and feed, but the feed power is a more 

reliable and required tool in the analysis of the exit burr formation in this study. 

 

Figure 5.6:  Feed power in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using 3/8-inch un coated HSS standard twist drill type 𝑩 at 2037 rpm, (a) 0.05 mm/rev 

(b) 0.20 mm/rev. 
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5.2.3 Cutting Power Results 

The cutting power data is also a requirement used to investigate the burr breakout 

phenomenon as it accounts for the energy expended in the shearing of the workpiece 

material during the chip formation process. Keeping in line with the results of the thrust 

force and feed power presented for the upper and lower limit of feed studied. At full 

penetration, mean cutting power of 295 Nm/s and 710 Nm/s were observed at feeds 0.05 

mm/rev and 0.2 mm/rev when drilling at a spindle speed of 2037 rpm using the type 𝐴 twist 

drill as shown in Figure 5.7. These results show an increase in cutting power as the cutting 

feed increase. This makes sense as increasing feed increases the amount of material being 

shear at the cutting edges and thus the material removal rate. 

 

Figure 5.7:  Cutting power in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using standard twist drill type 𝑨 at 2037 rpm, (a) 0.05 mm/rev (b) 0.20 mm/rev. 

The cutting power data when cutting with the type 𝐵 twist drill also shows an 

increase in cutting power as the feed increases. At a spindle speed of 2037 rpm, the mean 
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cutting power observed was about 180 Nm/s when cutting at a feed of 0.05 mm/rev. The 

mean cutting power increases to 667 Nm/s at a feed of 0.2 mm/rev as shown in Figure 5.8. 

The cutting parameters have a significant influence on the energy expended in the shearing 

of the Aluminum 6061-T6 stock during the drilling process. Results show a considerable 

increase in the cutting power as feed increase for all the cases studied. The mean cutting 

power increases from 295 Nm/s at 0.05 mm/rev, 450 Nm/s at 0.10 mm/rev, 563 Nm/s at 

0.15 mm/rev, to 710 Nm/s at 0.20 mm/rev when cutting at 2037 rpm using drill type 𝐴. 

The results obtained at the same spindle speed when drilling with the type 𝐵 standard twist 

drill gives 180 Nm/s at 0.05 mm/rev, 361 Nm/s at 0.10 mm/rev, 519 Nm/s at 0.15 mm/rev 

and 667 Nm/s at 0.20 mm/rev.  

 

Figure 5.8:  Cutting power in the drilling of Al6061-T6 workpiece of thickness 8.9 mm 

using standard twist drill type 𝑩 at 2037 rpm, (a) 0.05 mm/rev (b) 0.20 mm/rev. 

Increasing spindle speed also yields a considerable increase in the cutting power 

output, which is expected. This increases the material removal rate and the rate of strain at 

the cutting edges of the tool. The results show an increase in the mean cutting power from 
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295 Nm/s to 370 Nm/s for drilling performed at 2037 rpm and 2547 rpm respectively when 

machined at a feed of 0.05 mm/rev using the type 𝐴 standard HSS twist drill. These results 

are shown in Figure 5.9 for the drilling test performed on an 8.9 mm Aluminum 6061-T6 

work thickness. A similar trend was observed during the drilling test performed using the 

type 𝐵 twist drill at a spindle speed of 2037 rpm and 2547 rpm for all feeds. 

 

Figure 5.9: Cutting power data during the drilling of 8.9 mm Al6061-T6 stock 

thickness using standard twist drill (a) type 𝑨, (b) type 𝑩. 

For the drilling tests performed using the type 𝐵 twist drill, at a feed of 0.05 mm/rev 

at full penetration, a mean cutting power of 180 Nm/s was observed at a spindle speed of 

2037 rpm and increases slightly to 235 Nm/s at a spindle speed of 2547 rpm. Furthermore, 

increasing spindle speed to 3056 rpm increases the mean cutting power by a significant 

amount to 509 Nm/s. This considerable increase was observed across all feed investigated, 

however, as the feed increases the amount by which the cutting power increases when 

cutting at 2037 rpm to 2547 rpm becomes substantial. This could be attributed to the higher 

material removal rate and tool-workpiece interaction leading to high temperature and 
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consequently friction. Aluminum alloys are prone to stick at high temperatures when 

machining at higher cutting speed and increasing the feed increases the shear area and 

consequently the material removal rate. This directly affects the cutting mechanics during 

the process as it impacts chip flow resistance and friction raising the overall cutting forces 

during the chip formation process.  

Another notable feature observed is the significant reduction in the overall cutting 

power expended during the drilling of Aluminum 6061-T6 stock using the type 𝐵 standard 

HSS twist drill when compared to the power data obtained for the drill type 𝐴 standard 

HSS twist drill for all cutting parameters studied. This reduction can be attributed to the 

tool design and variation in the helix angle, web thickness, rake angles, chisel angle, etc. 

The reduction was also observed in the thrust force data obtain which makes sense since 

increased helix angle decreases torque and thrust force [59, 60]. It should be noted that 

even with the same tool size standard HSS twist drills with a drill point of 118𝑜, a variation 

in the drill point geometry and helix angle has a significant effect on the process output. 

5.3 Deformation Zone Test Results 

To better understand the breakout burr formation phenomenon, an investigation of the 

changes that occur in the microstructure level of the workpiece material as the cutting tool 

breaks through the exit surface of the workpiece material is a necessity. To do this we have 

conducted a drilling test to capture the photomicrograph of the workpiece at various stages 

as the cutting tool drills through a hole. Furthermore, Vickers hardness tests were also 

performed on the workpiece samples. This would aid in understanding how the process 
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changes affect the physical property of the workpiece at tool breakout. The procedures 

implemented to study the breakout burr formation mechanism and behavioral 

characteristics of Aluminum 6061-T6 at tool breakout during drilling are presented in 

Section 4.4.3 and 4.4.4. 

5.3.1 Photomicrographs of Breakout Burr   

The microstructure of the workpiece samples below the drill point of the Aluminum 6061-

T6 work material was observed. The effect of the feed can be seen on the material behavior 

as shown in Figure 5.10, as the cutting tool breaks through the exit surface of the work 

material of thickness 8.9 mm. Observing Figure 5.10 A), for a drilling operation conducted 

at a feed 0.05 mm/rev, no bulge was observed at the first drilled hole depth (8.328 mm), 

but a material bulge was observed below the chisel edge at the second hole depth (8.614 

mm). This shows that at a feed of 0.05 mm/rev, the material begins to bulge after the first 

hole depth, whereas when drilling at a feed of 0.2 mm/rev the material bulge occurs before 

the first hole depth tested (at 8.328 mm) as shown in Figure 5.10 B). This shows that a 

change in the feed causes a change in the position of the deformation zone boundary from 

the exit surface. 

Another interesting finding is the initiation of crack or tear at the grain boundaries 

of the bulged workpiece material directly below the chisel edge of the twist drill. This 

phenomenon was observed in all cases studied. It should be noted that the depth at which 

the crack initiates varies slightly with feed, i.e., as the feed increases so do the onset of the 

crack on the work material below the chisel edge of the twist drill. The position of the crack 
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initiation impacts the burr type formed since uncut work materials below the drill point are 

pushed out to form exit burr. 

 

Figure 5.10:  Micrograph of samples drilled to depths (I) 8.328 mm, (II) 8.614 mm, 

(III) 8.90 mm & (IV) 10.616 mm, at rotation speeds of 2037 rpm (A) feed of 0.05 

mm/rev & (B) feed of 0.20 mm/rev 

5.3.2 Hardness Test Results 

To further investigate the effect of the breakout phenomenon on the physical properties of 

the work material, Vickers hardness tests were performed using positions of the points of 

interest identified in the analysis of the thrust force and cutting power data. The analysis 

of the thrust force and cutting power data and the technique implemented in the assessment 

of critical points of interest that identifies the changes in the process mechanics and 

material prior to tool breakout during the drilling process are discussed in detail in Section 

6.2. The points of interest derived from the activity of the thrust force are the position of 

breakout initiation, P1 and the deformation zone depth, P2. These points have been 
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identified in this study as the points of onset of the change in the cutting mechanics and 

material physical properties leading to the exit burr formation. The material cut and its 

hardness are of prime importance to the specific cutting energy. The hardness value of the 

work material is closely akin to the specific cutting energy [60]. The hardness value of the 

workpiece section below the chisel edge of the twist drill is used here to further investigate 

the work material characteristic in the deformation zone during breakout burr formation. 

The microhardness test was performed on workpiece material between the chisel 

edge of the twist drill and the exit surface before tool breakout as illustrated in Figure 4.7. 

The distance from the position of the chisel edge to the exit surface measured around the 

deformation zone is known as the breakout distance or breakout depth, 𝑡𝐵𝑟. It is measured 

from the origin at the chisel edge to the exit surface of the workpiece directly below the 

cutting tool as shown in Figure 5.11. The work material was drilled to three different 

breakout depth (𝑡𝐵𝑟1
, 𝑡𝐵𝑟2

 and 𝑡𝐵𝑟3
) using the twist drill type 𝐵 and the test parameters as 

presented in Table 4.3. However, the results of the drilling test performed at a spindle speed 

of 2037 rpm and feed of 0.15 mm/rev are presented for this analysis. 

The first breakout depth, 𝑡𝐵𝑟1
 should occur at hole-depth position few micrometers 

before the position of the breakout burr initiation P1, the second 𝑡𝐵𝑟2
, occurs at a hole-

depth position between P1 and P2, while the third breakout depth 𝑡𝐵𝑟3
 should be at a hole-

depth between P2 and the exit surface of the work material. Hence, three approximate 

breakout depth positions (1.5 mm, 0.8 mm and 0.5 mm) were selected for all test cases of 

𝑡𝐵𝑟1
 to 𝑡𝐵𝑟3

. These values were used based on the position of P1 and P2 obtained from the 

thrust force data when cutting at the upper limit cutting speed and feed parameter, which 
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result in the most deformation zone depth and also cause the burr initiation to occur earlier. 

It should be noted that the breakout depth dimensional difference observed between the 

NC machine input data and the machined workpiece sample data was negligible. 

 

Figure 5.11: Illustration of data representation for hardness test values. 

The Vickers hardness test results for test samples machined at a spindle speed of 

2037 rpm and a feed of 0.15 mm/rev for the three breakout depth examined are shown in 

Figure 5.12 to Figure 5.14. The spacing between the indentations was carried out in 

conformity to the microhardness testing standards, ASTM E92-17. The test force applied 

on the cold mounted and polished workpiece sample is 2.01 N (205 gf). The indenter is 

brought into contact with the test specimen, in the direction normal to the workpiece 

surface, and allowed to dwell for 30 sec. The diagonals of the indentation are measured, 

and the Vickers hardness value estimated. It should be noted that the 𝐻𝑉 of undeformed 

Al 6061-T6 is at about 107 𝐻𝑉.  
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The results show a drop in the overall 𝐻𝑉 values around the edges and midway of 

the deformation zone depth for tests performed at breakout depth of 1.5mm. Similarly, 

lower 𝐻𝑉 values were also observed near the exit surface. However, higher values up to 

112 𝐻𝑉 were observed at about 0.3mm from the chisel edge and 113 𝐻𝑉 at 0.3mm to the 

exit surface of the drilled workpiece. The microhardness values for the drilling test 

performed at 2037 rpm and feed 0.15 mm at the breakout depth, 𝑡𝐵𝑟1
 is shown in Figure 

5.12. The higher 𝐻𝑉 values are sparsely distributed and prominent at the indentation at 

0.3mm from the free surfaces (i.e., from the chisel edge and the exit surface of the drilled 

sample). 

 

Figure 5.12:  Vickers hardness values of Al6061-T6 at breakout depth, 𝒕𝑩𝒓𝟏
 of 1.5 mm 

to exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 2037rpm. 

As the twist drill feeds through P1, at breakout depth, 𝑡𝐵𝑟2
 the overall 

microhardness value reduces further below that of the undeformed aluminum alloy. This 

can be seen in Figure 5.13. The  𝐻𝑉 values show that the work material directly below the 

chisel edges is subjected to plastic deformation that accounts for the energy expended in 

the shearing process leading to thermal softening due to high strain, high strain rate, and 
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temperature rise and due to the compressive stress that results from the thrust action. This 

causes a transition in the material property below the chisel edge of the deformation zone 

and weakens the material thus reducing the hardness property of the material. At this stage, 

the higher 𝐻𝑉 values are noticeable close to the free edges at the chisel edge and exit 

surface. However, a high  𝐻𝑉 value was observed within this mixed, which could be due 

to an uneven distribution of the beta-magnesium silicate precipitate in the matrix and 

inhomogeneity in the hardness distribution. 

 

 

Figure 5.13:  Vickers hardness values of Al6061-T6 at breakout depth, 𝒕𝑩𝒓𝟐
 of 0.8 mm 

to exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 2037rpm. 

As the cutting tool drills further within the deformation zone to 𝑡𝐵𝑟3
, the work 

material is subjected to a combination of shearing, ploughing and pushing effect causing 

the workpiece to bulge. This causes regions of compression around the middle of the chisel 

edge and tensile stress around the periphery of the chisel edge. This causes the material 

hardness values to respond accordingly as shown in Figure 5.14. At the periphery of the 

chisel edge, low  𝐻𝑉 values were observed. The reverse occurs toward the exit surface, as 

the material is subjected to compressive stress around the periphery of the chisel edge. 
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Pushed work material around this region is subjected to bending stress and tensile stress 

and reduced 𝐻𝑉 values at the exit surface directly below the chisel edge center. 

 

Figure 5.14: Vickers hardness values of Al6061-T6 at breakout depth, 𝒕𝑩𝒓𝟑
 0.5 mm to 

exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 2037rpm. 
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Chapter 6: Discussion of Results 

The research focus of this thesis is centered around zone (III) of the through-hole 

classification introduced in Section 4.1, and is aimed at investigating the burr formation 

mechanism in metal drilling. The choice of work material is Al 6061-T6 known for its 

weight-to-strength property and good machinability, which makes it one of the most used 

Aluminum alloys in structural, automobile, aerospace and general-purpose application. 

However, it generates crown burrs when machined at high feeds and speeds due to its 

ductility and sticky property at high temperature which dwindles the performance and 

efficiency of the machining process. Unlike stainless steel, Al 6061-T6 has no relationship 

between the exit burr thickness and burr length [155], which makes it an important work 

material to investigate the breakout burr formation mechanism in metal drilling processes. 

This chapter will present a detailed analysis of the experimental data obtained in Chapter 

5. The technique implemented and observation will be presented. The findings and 

contributions of the approach used in this analysis and its implication to the study of 

breakout burrs in metal drilling processes will be addressed. 

6.1 Discussion of Preliminary Test Results 

The results of the pre-drilling tests show that at a depth that is just about the size of the tool 

diameter, the spindle power signal begins to experience an increase in the cutting power 

signal. Therefore, in deep-hole drilling operations, the thrust force and torque begin to 

increase at some critical depth. On account of this observation, the workpiece thickness 

was machined from 25.4 mm (1-inch) to 8.9 mm in preparation for the actual drilling 
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experiment with the intent to limit the thrust force and cutting power signal within the 

steady-state operation as a constraint for the study. 

Based on the observations of the cutting power from the preliminary tests, the 

model shown in Figure 6.1 was proposed to illustrate the cutting force and cutting power 

signal characteristics in deep-hole drilling operations. The proposed model reveals that the 

metal drilling processes begin with steady-state cutting of the workpiece. As the drilling 

process continuous, when a critical depth, 𝑡𝑤𝑐
 is reached, a rise in the cutting force and 

power occurs. This critical depth has been found to be approximately equal to the drill tool 

diameter when machining the Al6061-T6 workpiece. This model is applicable to drilling 

processes for a standard twist drill, other drill types may behave differently depending on 

the tool design and drill point geometry. 

 

Figure 6.1: Schematic illustration of deep-hole drilling Power data. 

The segment labeled (a) in Figure 6.1 is the cutting area represented by zone (I) 

from Figure 4.1. This involves penetration of the drill point into the workpiece at the start 

of drilling. It accounts for the cutting process from the point at which the chisel edge 
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touches on the workpiece surface to the point at which the drill point is completely engaged 

in the workpiece material, starting from the center of the chisel edge to the periphery of the 

cutting edges. The segment labeled (b) accounts for the continuous chip formation process 

as the cutting edges are completely engaged in the process. It begins with a steady-state 

cutting until a depth is reached and resistance from chip evacuation and chip clogging 

causes a rise in the forces and power signal. The segment labeled (c) accounts for the 

resistance to chip flow due to chip rubbing action on the tool-flute and hole-wall interface 

as the chips are evacuated from the drilled hole. This resistance to chip flow increases with 

an increasing depth-to-diameter ratio. The final segment labeled (d) accounts for the chip 

clogging problems that result in chip evacuation in deep-hole drilling. At this depth, the 

power signal becomes inconsistent, changing drastically with increasing feed-rate. This 

was seen in the pre-drilling test shown in Figure 5.1. The result shows a drastic rise in the 

total spindle power as feed is increased. This agrees with work done by Ke et al. [156], 

who investigated the effect of the chip thickening in deep-hole drilling of AISI 1045 steel 

using a 6.4 mm HSS drill. 

Therefore, the total power expended during deep-hole metal drilling processes can 

generally be expressed as 

 𝑢 =  𝑢𝑐𝑢𝑡 +  𝑢𝑓 +  𝑢𝑐𝑙 (6.1) 

where 𝑢𝑐𝑢𝑡 is the specific cutting power due to shearing of workpiece material at the cutting 

edges, 𝑢𝑓 is the power due to chip flow resistance and 𝑢𝑐𝑙 is the clogging effect. The unit 

for the estimated power consumption is given in Nm/s. The drilling power consumed 

during a through-hole must be equal to the specific cutting power to maintain a steady-state 

drilling process. 
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Aluminum Al6061-T6 alloy is a ductile material with good machinability, forming 

continuous chips during the shearing process. Chip formation begins as a spiral after full 

engagement of the drill lips and translates into a string shape at a certain depth. The chip 

at the exit of the flute flows at about the same rate as the rotational speed of the cutting 

tool, but at the cutting edge the chip is limited to the cutting speed at the cutting edges. 

When the rotating force effect at the chip exit exceeds the cutting action and chip-flow 

resistance, the spiral chip stretches into a string, or the chip fractures at the cutting edge 

and is evacuated. This phenomenon continues until more of the string chips form leading 

to difficulty in the chip evacuation. This phenomenon was investigated by Ke. F. et al. 

[162], where the chip removing motions and forces were analyzed. On this account, it has 

been inferred that maintaining the formation of a spiral chip is necessary to obtain steady 

chip evacuation and minimal chip-flow resistance. Therefore, cutting fluid is recommended 

in deep-hole drilling of aluminum alloys. This material sticks at high temperatures and 

forms built-up-edges at low cutting speed. The use of cutting fluid would increase cutting 

efficiency and tool life, but in turn, increases the overall machine tool energy usage and 

pose some environmental and health concerns. 

For the deep-hole drilling the chip-flow resistance and chip clogging begin to have 

an effect at a hole-depth greater than or equal to 5 times the tool diameter. For this 

workpiece material, it was observed that the rise in the drilling power during a drilling 

operation initiates at a hole-depth approximately equal to the twist drill tool diameter, 

hence it is expedient that we select a workpiece thickness that is less than the tool diameter 

to avoid the effect of chip-flow resistance or chip clogging that could result during chip 

evacuation, and consequently eliminate any additional force effects that could alter the 
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power and force signals used in identifying the critical points of the burr formation 

mechanism at tool breakout. The chip-flow resistance forces may be present at this hole-

depth, but they are negligible. 

An additional condition that was accounted for in the preparation of the actual 

experimental test, is that the workpiece must not be sheet metal. It has been shown 

experimentally that the thrust and torque in sheet metal drilling are at its peak when the 

drill lips are completely engaged at full penetration, after which there is a drop in the forces 

signal as the drill breaks through the sheet metal. The thrust and torque of a metal drilling 

operation consist of transient signals necessitating the evaluation of the influence of drill 

point geometry on the basis of peak signal levels in sheet metal drilling [114]. As such, the 

geometry of the drill point is reflected in the patterns of the cutting force signals. Thus, the 

workpiece diameter for this study must meet the condition 

 0.3𝑑 <  𝑡𝑊 ≤  𝑑 (6.2) 

where 𝑑 is the standard twist drill diameter and 𝑡𝑊 is the workpiece thickness. It should be 

noted that the standard twist drill attains full penetration at approximately 0.3𝑑. This 

parameter varies for different twist drill types depending on the drill point design and 

geometry. Thus, keeping to a workpiece thickness less than the critical depth 𝑡𝑊𝑐
 at full 

penetration would help maintain a steady state cutting power during the drilling processes. 

This approach has been investigated to optimize peck depth in the deep-hole drilling cycle 

by Iruikwu and Simoneau [160]. Therefore, based on the findings and set constraints an Al 

6061-T6 stock of thickness of 25.4 mm was face milled to 8.9 mm and used in the main 

experimental tests conducted. 
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6.2 Discussion of the Feed and Cutting Power Results 

Thrust force and cutting power data were collected for the drilling experiments. The 

premise for reducing the workpiece thickness below the value of the cutting tool diameter 

was to limit the cutting power to its steady state of cutting operation throughout the cutting 

experiment. The vertical axis drive (feed) power expended by the machine tool could not 

be obtained using a 3-phase power sensor due to some anomalies resulting from the phasing 

of the vertical drive motor, which posed challenges in obtaining accurate voltage and 

current signal measurements. However, for the this study the feed power expended by the 

cutting tool in the drilling test is obtained as 

  𝑢𝑡ℎ =  𝐹𝑡ℎ ∗  𝑓𝑟 (6.3) 

where 𝐹𝑡ℎ is the thrust force measured in newtons (N), and 𝑓𝑟 is the feed-rate of the metal 

drilling process measured in mm/min. 

6.2.1 The Energy-difference Approach and Change-rate Curve 

The next step requires the introduction and implementation of an original method 

known as the energy-difference approach (EDA) for further data analysis to investigate the 

exit burr formation mechanism. The energy-difference is expressed as the differences in 

the energy expended in drilling a workpiece through successive hole-depths, estimated 

from a referenced arbitrary point of the steady-state cutting process. It estimates the energy 

used up in performing a drilling process between successive hole-depth. During a drilling 

operation, the difference in the energy expended to perform a drilling process from point 

A to B, as shown in Figure 6.2, taking an initial reference on the entry surface is given by 
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 𝐸𝐴𝐵 = 𝐸𝐵 − 𝐸𝐴 (6.4) 

where 𝐸𝐴 is the energy expended in drilling from the onset to point A (joules), 𝐸𝐵 is the 

energy expended in drilling from the onset to point B (joules). 

 

Figure 6.2: Illustration of successive incremental hole-depth in drilling. 

 The energy-difference approach requires an initial arbitrary hole-depth position on 

the zone of the steady-state cutting operation. It estimates the process energy used up in 

drilling the workpiece from an arbitrary hole-depth during steady-state cutting to 

subsequent hole-depth during the drilling operation. It can be used to estimate the energy 

change due to changes in the process mechanics, as cutting edges shear through the work 

material, and is used to identify process changes and the change in the work material 

property, as the twist drill breaks through the exit surface of the workpiece. To obtain good 

accuracy during the implementation, the arbitrary depth selected must be such that it allows 

for enough clearance between the chisel edge and the exit surface. The energy-difference 
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is obtained with respect to a referenced arbitrary depth which was selected to be 0.65 ∗ 𝑡𝑊 

using the expression 

 𝐸𝑑𝑖𝑓𝑓 =  𝐸𝑛 −  𝐸𝑘 (6.5) 

where 𝐸𝑑𝑖𝑓𝑓 is the energy-difference (joules), 𝐸𝑘 is the energy at an arbitrary hole-depth 

estimated at 65% of the depth traveled in reference to the workpiece thickness 𝑡𝑊, while 

𝐸𝑛 is the energy at an incremental hole-depth. It should be noted that 𝐸𝑛 > 𝐸𝑘. 

 The curve representation of the energy-difference for a sequence of successive 

incremental hole-depth is known as the energy-difference curve. Using the energy-

difference curve data, a change-rate curve is derived and used to identify unique points of 

interest that characterize the exit burr formation mechanism in metal drilling processes. 

This method requires estimating the slope or change-rate curve from the energy-difference 

curve and identifying the unique points on the curve that correlates with the changes in the 

chip formation process- including changes in the cutting mechanics that are observable 

from cutting power data, and changes in the material properties due to deformation and 

thermal effects observable from the thrust force or feed power data. This would enable us 

to understand the parameters affecting the formation of various burr types at tool breakout 

and aid in characterizing the phenomenon involved. 

Using feed and cutting power in this investigation, unique points in the metal drilling 

process at which the steady-state operation maintained during the material removal process 

is interrupted due to changes in the cutting mechanics and response to workpiece material 

property are identified. The shearing action on the cutting edges of the twist drill is also 

affected by the changes in the material properties below the drill point before tool breakout 
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at the workpiece exit surface. These changes are being captured by the analysis of the feed 

and cutting power signal using the energy-difference approach. 

6.2.2 Analysis of the Feed Power 

The feed power accounts for the thrust action that acts on the work material during the 

drilling process. As the drill approaches the exit surface, a region of plastically deformed 

work material is formed below the drill point of the twist drill. This region has been labeled 

zone (III) in the through-hole classification by zones shown in Figure 4.1. The distance 

from the point of the start of the deformation zone to the exit surface is mainly dependent 

on the thrust force [9]. Therefore, in this analysis, real-time thrust force data is converted 

to the feed power data using equation (6.3) as required for the implementation of the 

energy-difference approach discussed in section 6.2. The feed power values are very low 

and have typically been ignored in drilling experiments. The horsepower due to thrust has 

been found to be as low as 0.44 % of the total power during the drilling of S.A.E 6150 steel 

[63]. Notwithstanding, its relevance in this study cannot be overemphasized. 

Through the implementation of the EDA on the feed power data, the feed energy-

difference (FED) curve was obtained for all drilling tests conducted using standard HSS 

twist drill type 𝐴 and type 𝐵, as shown in Figure 6.3 and Figure 6.4. The results show that 

as feed increases (keeping spindle speed constant), the feed power increases, indicated by 

the increasing slope of the straight-line portion of the curve. The feed causes the drill point 

to penetrate the workpiece causing the work material to deform and flow around the chisel 

edge and cutting lips of the twist drill. Therefore, as the feed increases, the workpiece 

material removed per revolution also increases. The energy-difference curve accounts for 



 

118 

 

the change in the energy requirement during full penetration and occurs at a constant rate 

during continuous drilling operation until interrupted by any change in the process 

mechanics, material property, or process parameter. Further analysis of the FED curve 

results would aid in identifying the points of change in the process mechanics and work 

material physical property that characterizes the onset of the deformation zone (III) and the 

exit burr formation mechanism during through-hole drilling.   

 

Figure 6.3: FED curve in the drilling of Al6061-T6, workpiece thickness 8.9 mm using 

standard twist drill type 𝑨, at (a) 2037 rpm (b) 2547 rpm. 

The results show a common trend in the FED curves, starting with a straight-line 

plot for all cases tested, which is an indication of the constant feed power or thrust force 

applied during the steady-state drilling operation. As the tool feeds into the deformation 

zone of the workpiece, the straight-line transitions into a curve, showing changes in the 

power requirements. These are indications of change in the process mechanics resulting 
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from changes in the physical property of the workpiece and occur at points of interest that 

characterize the breakout burr formation mechanism and are identified by estimating the 

slope or change-rate curve of the feed energy-difference curve.  

 

Figure 6.4: FED curve in the drilling of Al6061-T6, workpiece thickness 8.9 mm using 

drill type 𝑩, at (a) 2037 rpm (b) 2547 rpm (c) 3056 rpm. 
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The change-rate (slope) curve for the feed energy-difference has been obtained, 

with the points of interest identified, as shown in Figure 6.5. The curve describes the rate 

at which the energy-differences curve changes. It is used to investigate points of process 

change as the twist drill breaks through the exit surface of the workpiece. The peak on the 

change-rate curve labeled P1 is known as the breakout burr initiation, which is the onset of 

the burr formation mechanism. The second position of interest labeled P2 is known as the 

deformation zone depth. The change-rate value at deformation zone depth matches that of 

the steady-state drilling process on the change-rate curve and occurs after the breakout burr 

initiation on the change-rate curve. 

 

Figure 6.5: Points of interest on the change-rate curve for FED data. 

The implementation of the EDA has made possible the identification of the onset 

of the burr formation mechanism, P1, which corresponds to the zone (III) of the through-

hole classification, and the deformation zone depth, P2 using the change-rate curve. The 

change-rate curve of the feed energy-difference for all drilling tests performed using the 
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standard twist drills type 𝐴 and 𝐵 are shown in Figure 6.6 to Figure 6.10. The results show 

similar curve characteristics, which make sense since the drilling processes were performed 

on the same workpiece material at a fixed feed-rate and spindle speed in each instance. 

The formation of the deformation zone during breakout burr formation in the metal 

drilling process is due to a combination of the work done in shearing, which results in high 

strain, strain rate, and rapid rise in temperature, and plastic flow due to the thrust force. A 

rapid rise in temperature has been shown to occur at the exit surface of workpiece material 

during drilling [163]. The temperature increase at the tool-workpiece interface is dependent 

on the amount of work done and the quantity of material passing through flow-zone [164]. 

As the twist drill approaches the exit surface of the work material, the volume of material 

to cut reduces with the material removal rate, and since the rate of plastic flow at the tool-

workpiece interface is sufficiently high, enough time is required to conduct the heat 

generated. Therefore, as the volume of work material below the tool decreases, a point is 

reached at which the structure of the remaining work material located below the chisel edge 

becomes thermally weakened and form the deformation zone.  

Furthermore, a region of work-hardened workpiece layer form between the chisel edge of 

the drill point at P1 and the deformation zone depth position at P2. This makes sense since 

the strain hardening coefficient increases with strain rate [164], and consequently form a 

work-hardened workpiece layer between the chisel edge and the thermally softened zone. 

The rise in the change-rate value at P1 is an indication of the additional energy expended 

to break through the work-hardened layer as the process change from the steady-state 

operation as it feeds through the work-hardened workpiece region. The thermally softened 

region is the deformation zone estimated as the breakout distance from P2 to the exit 
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surface of the work material. As the chisel edge reaches point P2, the workpiece begins to 

bulge, and the feed energy required to pierce through the material decreases. It is important 

to note that the point P1 is the onset of the burr formation mechanism and corresponds to 

zone (III) of the through-hole classification. 

 

Figure 6.6: Change-rate curve for FED using drill type 𝑨 at 2037 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 
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Figure 6.7: Change-rate curve for FED using drill type 𝑨 at 2547 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 

 

Figure 6.8: Change-rate curve for FED using drill type 𝑩 at 2037 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 
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Figure 6.9: Change-rate curve for FED using drill type 𝑩 at 2547 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 

 

Figure 6.10: Change-rate curve for FED using drill type 𝑩 at 3056 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 
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6.2.2.1 Breakout Burr Initiation and Deformation Zone Depth 

The results of P1 and P2 for all drilling experiments conducted and obtained through the 

implementation of the energy-difference approach on the feed power data are shown in 

Figure 6.11 and Figure 6.12. For the drilling tests performed using the twist drill type 𝐴 at 

a spindle speed of 2037 rpm, P1 was observed at a breakout length of 1.33 mm to the exit 

surface at feed 0.05 mm/rev. This drop slightly to 1.27 mm at 0.10 mm/rev and then 

increase to 1.49 mm at 0.15 mm/rev and 1.49 mm at 0.20 mm/rev as shown in Figure 

6.11a). During drilling at 2547 rpm, slight variation in the value of P1 was also observed 

at feed 0.05mm/rev (i.e., from 1.41 mm to 1.44 mm), however, a considerable decrease to 

1.18 mm was observed at 0.15 mm/rev before a significant rise to 1.70 mm at 0.20 mm/rev.  

 

Figure 6.11: Chisel edge positions at breakout (a) breakout burr initiation, P1 (b) 

deformation zone depth, P2, during the drilling of 8.9 mm thick Al6061-T6 workpiece 

using twist drill type 𝑨. 



 

126 

 

The values of P1 are expected to vary slightly as feedrate and speed increases since 

the drilled hole-depth is shallow and less than the twist drill diameter. This has been 

observed in the results obtained using the type 𝐵 twist drill as shown in Figure 6.12a). The 

position of the breakout burr initiation, P1 varies slightly during the drilling conducted at 

2037 rpm and 2547 rpm across all feed. However, an increase in P1 was observed as spindle 

speed increases from 2547 rpm to 3056 rpm for feeds 0.10 mm/rev to 0.20 mm/rev, while 

at 0.05 mm/rev the position of P1 only varies slightly for the three spindle speeds tested. 

The slight variation in P1 for all spindle speed and feed could be the result of the shallow 

workpiece thickness and hole-depth. In deep-hole drilling, these values may vary 

considerably as the temperature increases with depth, however, it will be difficult to 

implement the EDA in deep-hole drilling, since forces due to chip flow resistance and chip 

clogging are present in the cutting and thrust force data. 

 

Figure 6.12: Chisel edge position at breakout (a) breakout burr initiation, P1 (b) 

deformation zone depth, P2, during the drilling of 8.9 mm thick Al6061-T6 workpiece 

using twist drill type 𝑩. 
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The deformation zone depth, P2 accounts for the region of the thermally softened 

workpiece material below the chisel edge of the twist drill. The results obtained for the 

drilling test performed using the twist drill type 𝐴 shows an increase in P2 as feed increases 

for both spindle speed tested as shown in Figure 6.11b). Lower values of P2 was observed 

at feeds 0.05 mm/rev and 0.10 mm/rev. This is followed by an increase as the feed increases 

to 0.15 mm/rev and 0.20 mm/rev for both spindle speed investigated. This could be 

attributed to the increase in the work done in shearing as the material to shear per revolution 

increases, thereby increasing strain, strain rate, temperature and consequently P2. The 

lowest values of P2 occur at feed 0.10 mm/rev when machining at a spindle speed of 2037 

rpm. In addition, the results also showed that the spindle speed has considerable influence 

on the position of P2 when cutting with the type 𝐴 twist drill, causing P2 to increase with 

spindle speed for all feed tested. The increase in P2 as speed increases could be due to a 

combination of increasing friction and workpiece material sticking at the tool-workpiece 

interface due to the black-oxide coating on the tool and the lower helix angle which in turn 

increases the total cutting force and consequently an increase in temperature and the length 

of the deformation zone depth. 

The tests conducted using type 𝐵 twist drill show a reduction in the position of P2 

as spindle speed increases when drilling at 0.05 mm/rev. However, there is a reduction in 

the length of P2 as the feed increases to 0.10 mm/rev when cutting at spindle speeds 2037 

rpm and 2547 rpm, after which the breakout length of P2 increases at a different rate as the 

feed increases for the three different spindle speed tested as shown in Figure 6.12b). The 

results also show that when cutting using the type 𝐵 tool, the position of P2 is only slightly 

varied when cutting at 2037 rpm or 2547 rpm, however, increasing the spindle speed to 
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3056 rpm results to a considerable increase in the length of P2 for feeds 0.10 mm/rev to 

0.20 mm/rev. A feature worth paying attention to is the overall reduction in the length of 

P2 for all drill tests conducted using type 𝐵 compared to the type 𝐴 twist drill. This can be 

attributed to the uncoated finish of the HSS, the tool geometry design and the higher helix 

angle, which impacts the friction and work done at the tool-workpiece interface and 

consequently a reduced temperature and the position of P2. This observation is an 

indication that the tool design, drill point geometry, helix angle and surface finish play a 

significant role in the exit burr formation in the metal drilling process.  

6.2.2.2 Work-hardened Layer Thickness  

A layer of work-hardened Al 6061-T6 is assumed to form between the breakout 

burr initiation, P1 and the deformation zone depth, P2 before burr formation as the tool 

breaks through the exit surface of the workpiece. The work-hardened layer thickness, 𝑡𝐻 is 

estimated as the difference between P1 and P2 measured from the exit surface of the 

workpiece. This is given as  

 𝑡𝐻 = 𝑃1 − 𝑃2 (6.6) 

This layer of hardened work material serves as a boundary separating the 

undeformed workpiece from a region of thermally softened workpiece material. The 

change in the physical property of the workpiece material in this region is an indication of 

a change in the process mechanics. Therefore, as the twist drill encounters the boundary of 

the work-hardened workpiece layer, additional energy is required to pierce through the 

workpiece in this region, thereby raising the feed power. This occurs at the peak position 
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on the change-rate (slope) curve derived from the analysis of the feed energy-difference 

identified as point P1 in Figure 6.8. The values of 𝑡𝐻 estimated for the drilling tests 

conducted is presented in Table 6.1, while the positions of P1 and P2 obtained are shown 

in Figure 6.11 and Figure 6.12. 

Table 6.1: Work-hardened layer thickness, 𝑡𝐻 obtain at the breakout burr initiation P1. 

  Work hardened layer thickness (mm) 

Drill Type Spindle speed 

Feed 

0.05 (mm/rev) 0.10 (mm/rev) 0.15 (mm/rev) 0.20 (mm/rev) 

A 
2037 (rpm) 0.72 0.68 0.50 0.50 

2547 (rpm) 0.58 0.59 0.02 0.33 

B 

2037 (rpm) 0.60 0.70 0.71 0.63 

2547 (rpm) 0.61 0.77 0.72 0.59 

3056 (rpm) 0.74 0.62 0.50 0.52 

 

The results obtained from the drilling test data show that 0.5 ≤ 𝑡𝐻 ≤ 0.8 for the 

drilling test conducted using the twist drill type 𝐴 and 𝐵. However, at a spindle speed of 

2547 rpm very thin 𝑡𝐻 values of 0.02 mm and 0.33 mm were observed at feeds 0.15 mm/rev 

and 0.20mm/rev respectively. The reason behind the formation of the thin 𝑡𝐻 layer at these 

cutting feed and spindle speed is difficult to explain. Further study might be required to 

understand the effect of process mechanics and material property on the work-hardening 

layer formed between P1 and P2 of the deformation zone. 

6.2.3 Analysis of the Cutting Power 

The feedrate is known to have the greatest impact on cutting and thrust forces during 

drilling operations and this has been observed in the thrust and cutting power data. Similar 

to the analysis of the feed power, the EDA was implemented in the analysis of the cutting 
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power to investigate its influence on the exit burr formation mechanism during metal 

drilling processes. This requires applying the energy-difference and curve-rate procedures 

discussed in section 6.2.1.  

First, the energy-difference technique is applied to the cutting power data to derive 

cutting energy-difference (CED) curves for the drilling experiments conducted. Like the 

feed energy-difference curve obtained from the analysis of the feed power, the cutting 

energy-difference curve contains sections of straight-line and points of inflection or points 

of change in the slope of the curve as shown in Figure 6.13 and Figure 6.14. The straight-

line is an indication of steady-state cutting, in which the material removal occurs at a 

constant rate. The shearing process continues at a constant rate until interrupted by a change 

in process mechanics and material constrain. Finally, the positions of change in the cutting 

mechanics at the cutting lips of the twist drill before tool breakout is then identified using 

the change-rate curve of the cutting energy-difference curve. 

Based on the analysis of the cutting power data, the cutting energy-difference curve 

was derived for all drilling tests conducted using the type 𝐴 and 𝐵 twist drills. The results 

obtained for the drilling experiment for tests conducted using the type 𝐴 show that as the 

feed increases, the value of the slope of the straight-line portion of the cutting energy-

difference curve is decreased considerably for feeds 0.05 mm/rev to 0.15mm/rev. However, 

from feed 0.15 mm/rev to 0.20 mm/rev only a slight reduction in the slope value was 

observed for tests conducted at 2037 rpm and 2547 rpm, as shown in Figure 6.13a) and 

Figure 6.13b) respectively. However, only a small-scale reduction in the slope was 

observed as feed decreases for drilling tests conducted using type 𝐵 twist drill at spindle 

speeds 2037 rpm and 2547 rpm as shown in Figure 6.14a) and Figure 6.14b), while at 3056 
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rpm, a slope characteristic quite similar to the results obtained for type 𝐴 twist drill was 

observed, as shown in Figure 6.14c). 

The results observed suggest that the breakout burr characteristic and burr form 

generated for drilling operations performed using type 𝐴 twist drill at spindle speed 2037 

rpm and 2547 rpm and that performed using type 𝐵 twist drill at spindle speed 3056 rpm 

may fall into same burr type category. Similarly, the data shown in Figure 6.14a) and Figure 

6.14b) suggest that increasing the feed from 0.05 mm/rev to 0.20 mm/rev only has a small-

scale impact on the burr type formed when drilling at spindle speed 2037 rpm and 2547 

rpm using the type 𝐵 twist drill. This agrees with the burr type produced during the drilling 

test.  

 

Figure 6.13: CED curve in the drilling of Al6061-T6, workpiece thickness 8.9 mm 

using standard twist drill type 𝑨, at (a) 2037 rpm (b) 2547 rpm. 
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Another notable feature is the difference in the slope curve characteristics of the 

CED curve compared to the FED curve. The slope behavioral characteristic for the CED 

curve follows a pattern that is reverse to that of the FED curve results shown in Figure 6.3 

and Figure 6.4. This implies that in metal drilling processes, the cutting energy expended 

increases with a decrease in feedrate, while the feed energy expended increases with 

increasing feedrate. This phenomenon could be attributed to the effect of cutting time, i.e., 

even though the cutting force is reduced when cutting at low feedrate, the cutting time 

increases and power accumulates over time giving rise to an overall increase in the specific 

energy consumption (SEC). In contrast, the feed energy consumption (FEC) increases with 

increase in the feedrate. This is because as feedrate increases, the rate by which the metal 

drilling time decreases is a lot less than the magnitude by which feed power increases, but 

a lot greater than the magnitude by which the cutting power is increased. A detailed analysis 

of the drilling energy consumption is presented in Appendix A. This shows that feedrate 

has a direct influence on feed energy and a reverse effect on cutting energy. 
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Figure 6.14: CED curve in the drilling of Al6061-T6, workpiece thickness 8.9 mm 

using standard twist drill type 𝑩, at (a) 2037 rpm (b) 2547 rpm (c) 3056 rpm. 

The same approach used to obtain the change-rate curve for the FED curve was 

also applied here, since they have a similar curve pattern. Hence, the change-rate curve for 

the CED curve data was estimated. Figure 6.15 shows the points of interest that indicate 
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the points of process change identifiable on the change-rate curve. The points are known 

as the point of ploughing initiation, P3, and continuous ploughing, P4. P3 is the onset of 

ploughing, which alters the shearing of the workpiece across the tool lips, while at P4, 

ploughing becomes the predominant process across the cutting edges of the twist drill. 

 

Figure 6.15: Points of interest on the change-rate curve for a CED data. 

Unlike the curve pattern obtained for all cases tested during the analysis of the 

change-rate curve for the feed power, the change-rate curve patterns for the cutting power 

varied slightly, as shown in Figure 6.16 to Figure 6.20. The slight variation in the curve 

pattern poses some challenges when identifying the critical points of interest. However, to 

obtain a good approximation of P3 and P4, it was assumed that point P3 occurs as the last 

peak value on the change-rate curve before the slope value begins to decrease, while P4 

match up with the last minimum slope value attained before the peak value at P3, similar 

to the case in Figure 6.5 and Figure 6.15.  But, if no minimum value exists, then the P4 

slope value would match up with the slope value at the intersect on the change-rate axis. 
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Figure 6.16: Change-rate curve for CED using drill type 𝑨 at 2037 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 

 

Figure 6.17: Change-rate curve for CED using drill type 𝑨 at 2547 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 
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Figure 6.18: Change-rate curve for CED using drill type 𝑩 at 2037 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 

 

Figure 6.19: Change-rate curve for CED using drill type 𝑩 at 2547 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 
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Figure 6.20: Change-rate curve for CED using drill type 𝑩 at 3056 rpm and feed (a) 

0.05 mm/rev (b) 0.10 mm/rev (c) 0.15 mm/rev (d) 0.20 mm/rev. 

 Looking at the change-rate curve for the cutting energy-difference, the point P3 

identifies the position of the onset of ploughing operation at the tool-workpiece interface. 

The onset of the ploughing process is due to occur when the chisel edge of the drill point 

is within the deformation zone depth of the zone (III). Thus, as the cutting edges of the drill 

point approach the exit surface of the workpiece, a point is reached where the structure of 

the work material below the chisel edge locally weakened due to high temperature, large 

plastic strains and strain rate. This forms a region of thermally softened workpiece structure 

called the deformation zone depth. As the drill point feeds further into this region, a 

ploughing action begins alongside the shearing of the workpiece material. At P4, ploughing 

action becomes the predominant process on the cutting edges, and this continues until the 

remaining workpiece material (if there is any left below the drill point) fractures and/or is 
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pushed out to form exit burr. P3 is expected to occur within the deformation zone where 

the physical characteristics of the workpiece material have changed due to plastic 

deformation and possible thermoplastic effects that may have occurred at the region below 

the twist drill cutting edges before tool breakout. The importance of the positions identified 

by the points P3 and P4, in this cutting test is its significance in predicting the thickness 

and height of burrs formed during metal drilling processes using energy analysis, which 

have never been done. 

6.2.3.1 Point of Ploughing Initiation and Continuous Ploughing 

The results of the point of ploughing initiation and ploughing dominance obtained through 

the analysis of the cutting power data are presented and discussed in this section. During 

the drilling process using the type 𝐴 twist drill, only a slight variation was observed for the 

position of P3 when drilling at a spindle speed of 2037 rpm. The onset of the ploughing 

occurs within a breakout depth of about 0.50 mm for feeds 0.05 mm/rev, 0.10 mm/rev and 

0.20 mm/rev and a slight increase to 0.81 mm at 0.15 mm/rev as shown in Figure 6.21a). 

At a spindle speed of 2547 rpm and feed of 0.10 mm/rev, ploughing begins at the exit 

surface, which implies that the twist drill just breaks through the exit surface and that some 

cutting action persists at the cutting edges. At a feed of 0.15 mm/rev, the ploughing begins 

at 0.25 mm to the exit surface, while at the 0.05 mm/rev and 0.20 mm/rev feeds, the 

ploughing starts early at about 1.26 mm and 2.22 mm to the exit surface.  
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Figure 6.21: Critical points at breakout (a) ploughing initiation, P3 (b) continuous 

ploughing, P4, during the drilling of 8.9 mm thick Al6061-T6 workpiece using twist 

drill type 𝑨. 

The analysis of the cutting power data has led to the estimation of the twist drill depth at 

which the tool-workpiece interaction changes from one of distinct shearing along a plane 

to predominantly ploughing. The tool ploughing phenomenon is expected to occur after the 

chisel edge of the twist drill point has drilled through the work-hardened layer and is in 

operation within the thermally softened region of the deformation zone. However, it was 

found in some cases to occur after the exit surface has been reached. These were observed 

in the drilling test performed using twist drill type 𝐴 at spindle speed 2547 rpm at 0.10 

mm/rev, and similarly, the tests conducted using the twist drill type 𝐵 when drilling at 

spindle speed 2037 rpm and 3056 rpm at feed 0.05 mm/rev and a spindle speed of 2547 

rpm at feed 0.20 mm/rev, as shown in Figure 6.21a) and Figure 6.22a). In general, a 

reduction in P3 was observed for the drilling tests conducted using type 𝐵 twist drill for all 

spindle speed and feed in comparison to the type 𝐴 tool. This could be attributed to the 

influence of the twist drill design and drill point geometry on the shearing and plastic-flow 
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at the tool-workpiece interface. The variation in the tool design features of the twist drill 

types used has shown to have considerable influence on the thrust and cutting power data 

and consequently the deformation zone depth. 

 

Figure 6.22: Critical points at breakout (a) ploughing initiation, P3 (b) continuous 

ploughing, P4, during the drilling of 8.9 mm thick Al6061-T6 workpiece using twist 

drill type 𝑩. 

During the drilling process, after the ploughing initiation, P3, the material removal 

rate reduces continuously, until ploughing becomes the predominant process at the cutting 

edges of the tool-workpiece interface. Shown in Figure 6.21b) and Figure 6.22b) are the 

points of continuous ploughing, P4 for drilling test performed using twist drill type 𝐴 and 

type 𝐵, respectively. These are expected to occur after the chisel edge of the twist drill has 

breakthrough the exit surface of the workpiece, however, a large burr type is expected when 

P4 occurs before the exit surface. The negative position values of P4 is an indication that 

the tip of the chisel edge has drilled through the exit surface of the workpiece. Based on 

the drilling scenario and the parameters of the zone (III) obtained in this analysis, the burr 
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types formed during metal drilling operations could be predicted. From the results of the 

data shown in Figure 6.21b), a large burr type is expected when drilling with type 𝐴 twist 

drill at spindle speed 2037 rpm and feed 0.05 mm/rev, and when drilling at spindle speed 

2547 rpm and feed 0.20 mm/rev. The dominance of the continuous ploughing action was 

observed at the exit surface when drilling at 2037 rpm at feed 0.10 mm/rev, while at 

2547rpm, this occurs at feeds 0.10 mm/rev and 0.15 mm/rev, respectively. 

Based on the drilling tests performed using type 𝐵 twist drill, for all test parameters 

used, the breakout length at P4 occurs after the exit surface of the workpiece shown by the 

negative position values indicating the distance from the free surface or the breakout depth, 

with the least burr type expected to form when drilling at spindle speed 3056 rpm at a feed 

of 0.05 mm/rev as shown in Figure 6.22b). This would subject the remaining workpiece 

material around the cutting edges mostly to ploughing and bending action as it is pushed 

out to form burr rather than shearing. The position value of P4 occurring outside the 

workpiece material when drilling with the type 𝐵 tool is an indication of a high propensity 

of the tool to form burr types with miniature burr thickness, but with a small crown, due to 

the ductile behavior of Al 6061-T6 alloy. It should be noted that the material removal rate 

as the twist drill proceeds beyond the position of P4 is unprecedented. However, the final 

piece of work material removed as the twist drill feeds beyond this point during the drilling 

of Al 6061-T6 alloy is largely dependent on the contact pressure at the tool-workpiece 

interface, the drill point geometry, and the cutting lips design. 
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6.2.4 Characteristics of the Breakout Burr Formation Mechanism 

In section 4.1, a unique method of classifying metal drilling operations has been 

introduced, which broke metal drilling operations and the subsequent hole being drilled 

into three zones based on how the drilling process affects hole quality. The three zones 

emphasize the challenges encountered in various regions of through holes created during 

the drilling of engineering parts. Hence, the hole created during drilling operations has been 

separated into three zones (labeled zones (I), zone (II), and (III)), as shown in Figure 6.23. 

The classification of the zones in the through-hole drilling process is not the focus of the 

research but emphasizes the area of the research focus classified as zone (III). 

 

Figure 6.23: Mechanisms of breakout burr formation and Drilling Zones 

Also derived in this research are the unique points of interest that characterize the 

exit burr formation mechanism in metal drilling processes. These points have been derived 

through the analysis of real-time feed and cutting power data using a newly introduced 
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technique known as the energy-difference approach. Based on the data analysis and 

investigation conducted, four points or phenomena were observed as the integral features 

that make up the exit burr formation mechanism, as shown in Figure 6.23, and these are 

grouped as zone (III) of the through-hole classification.   

It has been found that the burr formation mechanism is characterized by these stages 

in a systematic order, starting from the point of breakout burr initiation, P1 to the 

deformation zone depth, P2. The position of P1 and P2 are separated by a thin layer of 

work-hardened work material, 𝑡𝐻 while bulging of work material at the exit surface is an 

indication that the chisel edge has drilled past the deformation zone boundary at P2. The 

next phenomenon is the onset of the ploughing process, P3. This continues alongside the 

shearing of the workpiece during chip formation with a continuous reduction in the material 

removal rate at the cutting lips of the twist drill. Finally, continuous ploughing dominates 

the shearing process and becomes the predominant process at P4, while the remaining 

uncut work material is pushed out or bends to form exit burr. These four stages or the 

phenomena constitute the breakout burr formation mechanism in the metal drilling process. 

6.2.5 Summary of Feed and Cutting Power Data Analysis 

This section has focused on the analysis of the feed and cutting power data aimed at 

investigating the burr breakout mechanism in metal drilling processes. The feed power data 

has been implemented in place of the thrust force for ease of use. A novel and innovative 

technique that uses energy analysis to identify unique points of interest that correspond to 

changes in drilling process mechanics known as the energy-difference approach has been 

developed. The implementation of the EDA on the thrust force data yields P1 and P2 on 
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the change-rate curve, where P1 is the onset of the deformation zone formation or the point 

of breakout burr initiation, and P2 is the deformation zone depth and accounts for the 

thermally softening region measured from the exit surface of the work material. The work-

hardened layer formed between P1 and P2 before tool breakout has also been observed and 

quantified. 

Furthermore, the implementation of the EDA in the analysis of cutting power data 

also yields two points of interest P3 and P4, respectively. P3 is the onset of ploughing at 

the cutting lips as the tool drill through the thermally softened region, while P4 is the point 

of ploughing dominance where the ploughing is assumed to be the predominant process 

over shearing at the cutting lips, and the uncut workpiece is pushed out to form burr. These 

points of interest obtained are indications of points of changes in the mechanics and process 

changes leading to the exit burr formation and describe the burr formation mechanism in 

the drilling of Al 6061-T6 using a standard HSS twist drill. 

6.3 Analysis of Material Changes in the Deformation Zone 

In this section, the material change that occurs at the deformation zone leading to exit burr 

formation, and the characteristic property associated with the burr types formed during the 

drilling of Al 6061-T6 alloy will be discussed. The analysis of the material changes that 

occur at the deformation zone during tool breakout will be done in two steps. The first step 

is through observation of photomicrograph of the workpiece material during tool-

workpiece interaction at different stages of the drill point as the tool breaks through the 

exit surface of the workpiece leading to exit burr formation, while the second step involves 

the investigation of the changes in the physical property of the workpiece material at three 



 

145 

 

stages of the burr formation mechanism by observing the microhardness properties of the 

workpiece below the chisel edge at each stage tested before tool breakout. The findings of 

this analysis validates the phenomenon of the burr formation mechanism discussed in 

Sections 6.2 and shows the efficacy of the energy-difference approach in the study of 

breakout burr formation in the metal drilling process. 

6.3.1 Microstructure Analysis of the Deformation Zone 

The material behavior of the workpiece in the tool-workpiece interface during drilling is 

influence by the large plastic deformation imposed on the work material due to high strain, 

strain rate, and temperature rise due to energy expended in the shearing process and the 

plastic flow around the tool-workpiece interface. The applied thrust also imposes 

compressive and tensile stress on a small area of the work material below the chisel edge 

and its periphery until the material begins to crack or tear at breakout during burr formation. 

Attempts have been made to capture this phenomenon on the photomicrograph at different 

stages during the drilling of Aluminum 6061-T6 alloy. 

During drilling, near the exit surface, the chip formation process at the cutting zone 

induces a rapid rise in temperature [163], weakens the workpiece material below the drill 

point, causing the workpiece to bulge depending on the subjected thrust force during the 

cutting process as the tool approaches the exit surface of the workpiece. The impact is seen 

as the feed is varied. High feedrate subjects the workpiece below the drill point to large 

thrust force, causing the workpiece material to be subject to high compressive action. As 

the shearing process continues, work material within this region is subjected to high strain, 

strain rate, temperature rise and is plastically deformed, resulting in a change in the 
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physical property of material below the drill point. The workpiece material tends to bulge 

when the hydrostatic stress due to the thrust force exceeds the material yield strength in the 

region. The application of additional force due to increasing feedrate causes the material 

to bulge earlier before tool breakout. Thus, influencing the onset of the ploughing process 

on the cutting edge as it cut through the thermally softened workpiece below the drill point, 

and less shearing occurs, and subsequently, a reduction in the material removal rate. 

Another phenomenon observed is the formation of crack or tear across the grain 

boundary of the Al6061-T6 work material below the chisel edge of the drill point before 

tool breakout at the exit surface. The crack initiates across the grain boundary on the free 

surface just after the workpiece material below the chisel edge bulge. However, this seems 

to occur earlier when cutting at a high feed. It was found that the feedrate has a direct effect 

on the tendency of bulging and crack formation on the grain boundary of material directly 

below the chisel edge of the cutting tool. It has been found that a decrease in feedrate results 

in a reduction in grain boundary existing in the working region [10], which was also 

observed. However, the formation of a crack in the grain boundary could mean that the 

limit of the physical constraints of the grain boundary may be exceeded due to applied load. 

Thus, as the specific volume of the material below the drill point reduces as more material 

is removed, the remaining work material is subjected to the high strain rate, stresses, and 

temperature, which weakens the bound on the grain boundary of the workpiece material in 

this region. Further investigation may be needed to properly understand the condition of 

the phenomenon occurring at the microstructure level. 

Unlike other harder materials like alloys of steel and titanium, the burr breakout 

phenomenon during the drilling of Al 6061-T6 alloy has been observed to begin at the 
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periphery of the chisel edge in all cases observed as shown in Figure 6.24. All samples 

studied reveal that the work material begins to bulge below the chisel edge, after which 

crack across grain boundary leading to tearing of the workpiece at the periphery of the 

chisel edge. At high feed and spindle speed, as the tool drills into the workpiece, the 

workpiece below the drill point reduces until the physical properties weakened due to the 

high thrust, temperature, strain, and strain rate. At this point, a combination of shearing and 

ploughing occurs at the cutting lip until the workpiece no longer shear and the uncut 

materials are pushed out to form crown burr. At low feed and spindle speed, a similar 

scenario occurs, however the material removal and shearing occur at a lower temperature, 

strain rate, and strain. This allows enough workpiece material to be removed after the drill 

point breaks through the exit surface of the workpiece. At this stage, the material removal 

rate is unprecedented and depends on the pressure at the tool-workpiece interface and the 

cutting lips design. 

 

Figure 6.24: 15 steps drilling of Al 6061-T6 alloy at tool breakout using type 𝑨 twist 

drill at spindle speed of 2037 rpm and feed of 0.05 mm/rev. 
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 At low feed, the low thrust force generated leads to a late formation of a bulge and 

allows for more workpiece materials to be removed when cutting in the deformation zone, 

in contrast to high feed, as shown in Figure 5.10. At this stage, a combination of shearing 

and ploughing continues until a thin layer of material is left uncut at the periphery of the 

cutting lips, which is pushed out to form burr at the exit surface of the workpiece. 

6.3.2 Material Hardness Property at the Deformation Zone 

The Vickers hardness results obtained for the analysis of the hardness property of the 

workpiece material in the zone (III) of the drilling tests performed on Al 6061-T6 stock 

has been presented in Section 5.3.2. The results show variation in the 𝐻𝑉 values at different 

points across the work material below the chisel edge region prior to tool breakout. This 

could result from imperfections in the flow stress at the tool-workpiece interface and 

inhomogeneity in the strain distribution. However, to better understand these results, the 

average Vickers hardness distribution across the breakout depth of the test samples has 

been evaluated for further analysis, as shown in Figure 6.25 to Figure 6.27. The results 

reveal the hardness distribution across the workpiece from the chisel edge of the twist drill 

to the exit surface of the workpiece sample. It should be noted that an average 𝐻𝑉 of values 

less than that of an undeformed Al 6061-T6 alloy was observed across the deformation 

zone for all samples tested. This may be due to the combined effect of plastic flow and 

thermal softening due to high strain, high strain rate, and temperature rise on a reduced 

volume of work material in this zone, causing it to lose its structural integrity and strength. 
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 The average 𝐻𝑉 value obtained for the test sample drilled to a breakout depth 𝑡𝐵𝑟1
 

of 1.5 mm at a spindle speed of 2037 rpm and feed of 0.15 mm/rev, is shown in Figure 

6.25. A look at the average 𝐻𝑉 distribution across the breakout depth shows a rise from 73 

𝐻𝑉 to 90 𝐻𝑉  at breakout distance 0.15 mm to 0.30 mm and then a drop to 79 𝐻𝑉 at 0.45 

mm from the chisel edge. Similarly, a rise in the average 𝐻𝑉 from 86 𝐻𝑉 to 95 𝐻𝑉 was 

observed at breakout distance 0.45 mm to 0.30 mm to the exit surface and then a drop in 

the hardness value at 0.15 mm to the exit surface, which is an indication of a work-hardened 

layer forming around this region. Another observation is the reduced hardness values at 

about the mid-region of the breakout depth, which may result from stress concentration 

and temperature effect on the small volume of material in this region. Hence, the workpiece 

tends to strain-hardened near the chisel edge due to plastic flow, while near the exit surface 

the impact of the thermal effect is reduced as result of the access to conventional cooling. 

 

Figure 6.25: The average Vickers hardness values of Al6061-T6 at breakout depth, 

𝒕𝑩𝒓𝟏
 of 1.5 mm to exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 

2037rpm. 
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An overall reduction in the 𝐻𝑉 values was observed, as the hole-depth increases 

and the 𝑡𝐵𝑟 is reduced to 0.80 mm, as shown in Figure 6.26. However, the higher average 

𝐻𝑉 value occurred close to the chisel edge and the exit surface respectively, while low 𝐻𝑉 

value occurred at mid-region of the breakout depth due to thermal softening and stress 

concentration in this region. The higher 𝐻𝑉 value near the chisel edge is an indication of 

the work-hardened layer formed, which occurs in the breakout distance (0.54 ≤ 𝑡𝐵𝑟 ≥

1.26) mm from the exit surface. The higher 𝐻𝑉 value near the exit surface could be due to 

the cooling effect from the surrounding air, thus reducing the effect of thermal softening in 

this region. This phenomenon was observed in all samples tested and is an indication of 

the presence of a work-hardened layer formed between the breakout burr initiation, P1, and 

the deformation zone depth, P2 before tool breakout during the drilling of Al-6061-T6 

alloy. These results validate the findings of the analysis performed in Section 6.2.  

 

Figure 6.26: The average Vickers hardness values of Al6061-T6 at breakout depth, 

𝒕𝑩𝒓𝟐
 of 0.8 mm to exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 

2037rpm. 
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As the drill point feeds further into the workpiece, the work-hardened layer is 

removed, and the tool cuts into the thermally softened region. This leads to a further 

reduction of the overall hardness value of the workpiece in this region, as shown in Figure 

6.27. The workpiece below the chisel edge begins to bulge subjecting it to regions of tensile 

and compressive stress, as shown in Figure 5.14, with tensile stresses observed on 

workpiece near the periphery of the chisel, while compressive stress occurs on work 

material at the periphery of the chisel edge near the exit surface. A low average 𝐻𝑉 value 

was observed on workpiece material near the chisel edge due to the tensile stress and 

bulging initiating and workpiece strain at the periphery of the chisel edge, which weakens 

the material strength in this region.  

 

Figure 6.27: The average Vickers hardness values of Al6061-T6 at breakout depth, 

𝒕𝑩𝒓𝟑
 0.5 mm to exit surface, using drill type 𝑩 at feed 0.15 mm/rev and speed 2037rpm. 

As the drilling process continues, workpiece at the periphery of the chisel edge 

fractures to initiates the burr formation process. This is in agreement with the 15-step 
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drilling test shown in Figure 6.24, which shows that the material fracture leading to 

breakout bur formation during the drilling of Al-6061-T6 occurs at the periphery of the 

chisel edge. In addition, findings from the photomicrograph observation and microhardness 

testing and analysis validate the efficacy of the energy-difference approach, as used in 

determining and analyzing the breakout burr formation during metal drilling processes and 

the burr formation mechanism derived in Figure 6.23.  

6.3.3 Summary of the Deformation Zone Material Behavior 

The zone (III) of the drilling process has been investigated through photomicrograph 

observation and microhardness testing approach. The analysis has presented us with 

interesting results that confirm the success of the use of the energy-difference approach in 

the modeling of the exit burr formation mechanism in metal drilling processes. The analysis 

has also served as a tool that allowed us to confirm the formation of the work-hardened 

layer and the thermally softened region in the drilling of Al 6061-T6 alloy. 
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Chapter 7: Conclusion 

Burr formation is a common problem in machining and particularly the metal drilling 

process leading to additional processing and costs in part manufacturing. Since burrs 

cannot currently be prevented through process control and parameter optimization, it is 

essential to obtain a better understanding of the mechanism of the burr formation processes 

in order to develop appropriate models that could help mitigate burr formation in metal 

drilling processes. However, the complexity of the tool geometry and the dynamic nature 

of the process poses challenges in the development of even simplistic models for the 

analysis of the mechanics of the process, consequently, constraining researchers to develop 

empirical models or alternative methods to approximate the process which are difficult to 

replicate. As a result, the current research has focused on the development of a drilling 

technique that uses real-time data to investigate the breakout burr formation mechanism 

during the metal drilling process.  

7.1 Summary of Work Done 

The work put forth in this research is the first of its kind to combine using experimental 

thrust force and cutting power data with the aid of photomicrography observation and 

microhardness evaluation to characterize the work material behavior below the drill point. 

Ultimately, the research has allowed for the examination of the entire region below the drill 

chisel edge at the very onset of the burr formation process. This first in the area of drilling 

research has allowed for the ability to identify and evaluate the characteristics at critical 
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points during the burr formation process before and during tool breakout in the drilling of 

Al 6061-T6 alloy. 

Several steps have been put forward to investigate the burr formation process, 

identify process changes, and better understand the burr formation mechanism in the metal 

drilling process. These are reflected in the twist drill type and size selection, choice of the 

work material used, experimental setup, procedure implementation, and the technique used 

in the data analysis. As part of the investigation, a unique method of classifying through-

hole drilling processes has been proposed, separating the length/depth of hole into three 

zones based on how the drilling process affects hole quality. The proposed through-hole 

classification as discussed in Section 4.1, aids in narrowing down and helping to focus on 

specific problems and analysis of metal drilling processes in specific zones, thereby 

reducing the challenges associated with changes in the process mechanics and material 

behavior, and subsequent impacts on tool life and workpiece surface integrity. As a result, 

by classifying the drilled hole into zones, the research was able to focus predominantly on 

the issues of burr formation by restricting its investigation to zone III of the through-hole 

classification. 

An appropriate experimental setup has been used in this study aimed at collecting 

real-time thrust and cutting power data simultaneously for further processing and analysis. 

The experiments have been performed using medium-sized standard twist drill types with 

a point angle 118𝑜 due to the well-defined cutting edges and geometry. The material used 

is an Aluminum 6061-T6 alloy known for its weight-to-strength property and good 

machinability, which makes it a commonly used aluminum alloy in structural, automobile, 

aerospace, and general-purpose application. However, catastrophic burr types and build-
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up edges could result in certain ranges of cutting parameters. Unlike stainless steel, with 

Al 6061-T6, no relationship between exit burr thickness and burr length has been found, 

and as such, investigating the burr formation and the understanding of the mechanism is of 

paramount importance.  

In preparation for actual drilling tests, a set of constraints was set for the drilling 

experiment based on the findings from a set of preliminary tests. Established from the 

analysis is a schematic model of deep-hole drilling power signal which apportioned the 

process into segments accounting for the different mechanics that constitute and cumulate 

in metal drilling processes identified on a real-time drilling force and cutting power signal. 

Thus, the total cutting force or power in deep-hole drilling is expressed as an aggregate of 

the forces due to cutting, chip flow resistance, and potential chip clogging. These forces 

are an indication of the complex nature of the drilling process and should be studied 

separately to develop simplistic models for metal drilling processes. 

To investigate the exit burr formation mechanism, an original and innovative 

method termed the energy-difference approach was developed and utilized. It uses energy 

analysis to identify points of change in the process mechanics and material behavior that 

characterize the burr breakout formation mechanism. Applying this technique in the 

analysis of the thrust force or feed energy has aided in identifying the onset of the 

deformation zone known as breakout burr initiation - P1, and a thermally softened region 

known as the deformation zone depth - P2. The application of the approach in the analysis 

of the cutting power data has also aided in identifying the onset of ploughing - P3 and the 

point of continuous ploughing – P4, at which point the ploughing process becomes the 

predominant process over shearing of the workpiece below the drill point as the twist drill 
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breakout through the exit surface to form burr. A notable feat achieved by applying the 

EDA is quantifying the length of zone III. Previous research has simply generalized the 

region under the drill point, referring to it as a deformation zone with no other information. 

The research presented expands on this body of knowledge significantly. This included 

identifying regions of the work-hardened layer and thermally softened workpiece before 

tool breakout. Furthermore, the breakout burr formation mechanism during the drilling of 

Aluminum 6061-T6 has been developed, and it is an indication of the changes in the 

process mechanics and material leading to exit burr formation. 

Finally, an investigation of the process material characteristics was carried out 

through observation of the photomicrographs and material microhardness testing of the 

sectioned, cold-mounted, polished and etched workpiece in zone III of the drilling process 

classification. The photomicrographs show the microstructure characteristics at different 

stages of the hole depths as the tool breaks through the exit surface of the workpiece leading 

to burr formation, while the material microhardness test shows the changes in the physical 

property due to plastic flow and thermal softening in this region of the work material during 

tool breakout. In view of the observation, the following findings were made: 

(a) the tool breakout begins with tearing process at the periphery of the chisel edge 

during tool breakout in the drilling of Al-6061-T6 alloy, 

(b) a work-hardened layer exists between a region of the work material and the 

thermally softened region at which point the drilling mechanics is interrupted due to 

differences in material physical properties, and 

(c) the material strength below the chisel edge is continuously reduced as the tool 

breaks through the exit surface.  
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These could be the reason why Al 6061-T6 alloys hardly ever form burr caps during metal 

drilling processes. Observations showed the formation of all burr types as seen by previous 

influential researchers in the field with the exception of the formation of a burr cap which 

makes sense since work material tearing and fracture initiates below the chisel edge as the 

tool continues to plough rather than shear through the workpiece during tool breakout. It is 

important to note that the hole-depth in all cases observed is less than the tool diameter 

used which may have considerable influence in the deformation zone depth and the exit 

burr. 

7.2 Summary of Results and Findings 

As explained in the previous section, a series of experimental tests and the resulting data 

analyzed to investigate the exit burr formation in when drilling Al 60661-T6. To achieve 

the research objectives, several experiments and data analysis were done from which 

critical points of interest that characterizes the exit burr formation mechanism in metal 

drilling process could be clearly identified. In addition, these findings were validated 

through the analysis of photomicrographs observation and microhardness tests of 

workpiece material below the drill point at tool breakout. A brief summary of the critical 

steps in the research is summarized below. 

▪ A unique method of classifying through-hole drilling was proposed, discretizing a 

drilled through-hole into zones based on how the drilling process affects hole 

quality. The benefit of this is that it narrows the challenges to specific zones, and 

subsequently, the mechanics and material behavior. 
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▪ A set of drilling tests were performed on Al 6061-T6 alloy using two 3/8-inch 

standard twist drills with the thrust and cutting power data collected for analysis. 

▪ All tests were performed using parameters within the manufacturers’ 

recommendation. This helps maintain a drilling practice that could be easily 

implemented in the manufacturing industry. 

▪ An original method of data analysis known as the energy-difference approach has 

been developed and implemented on real-time thrust and cutting power data to 

predict the onset of exit burr formation, identifying points of changes during the 

burr breakout process as material behavior and cutting mechanics change. 

▪ Discovery and investigation of four distinct points during the burr formation 

process that represents changes in the process mechanics. 

▪ Photomicrographs of zones beneath the drill point along with microhardness tests 

have been conducted on the workpiece material to validate the burr formation 

process as it moves between critical points, P1 through P4. 

As a result of the research work conducted new information in the area of drilling and burr 

formation were discovered. These new and critical findings are summarized as follows: 

▪ Successful identification of the start of the deformation zone or zone III of a drilling 

process and subsequently predict the thickness of that zone. 

▪ Identification of the onset of bulging during tool breakout. 

▪ Identification of when ploughing becomes the predominant mechanism over 

shearing in drilling at the breakout. 

▪ Identification of critical points of interest that characterize the mechanism of 

breakout burr formation in metal drilling processes. 
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▪ Identifying the onset of the tearing process at tool breakout leading to exit burr 

formation during the drilling of Al 6061-T6 alloy. 

▪ Validation of the energy-difference approach through photomicrograph 

observation and microhardness testing of the work material behavior at tool 

breakout. 

All of which represent is a first in the area of machining and drilling research. 

7.3 Contributions 

The research work presented in this thesis has greatly expanded on the existing body of 

knowledge in through-hole drilling and particularly burr formation at the drill exit point. 

Using experimental drilling tests, photomicrography observation and microhardness 

testing, the research has been able to go into a level of detail and understanding regarding 

the burr formation phenomenon that prior to this work was very general, of a high-level, 

and lacking any detail. 

Based on the research, the following contributions in the area of burr breakout 

formation in metal drilling processes have been realized. 

• Developed a new and innovative method that uses energy analysis in the study of 

exit burr formation in metal drilling processes. 

• Obtained information not previously obtainable during exit burr formation and have 

confirmed the existence. Thus, the burr formation mechanism has been classified 

into four stages based on the changes in the process mechanics and material. 
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• Through this research, 4 critical points in the drilling process have been identified 

and validated for the first time. These points will be starting points for more 

research. 

• Identification of point – P1, which is the actual onset of the burr formation process. 

• Identification of point – P2, which gives the actual depth/size of the deformation 

ahead of the exit surface. 

• Identification of point – P3, which gives the location at which ploughing begins to 

occur during the drilling process. 

• Identification of point – P4, which gives the location at which ploughing is the only 

process and shearing no longer occurs. It is at this point that any remaining material 

in the drilled hole will be pushed out as a burr. 

• Energy analysis is a cheap and economic way of identifying process changes. This 

work has introduced a new low-cost alternative to analyzing drilling processes. 

• Set the stage for accurate predictive modeling – currently, it is analytical or the use 

of FEM. 

7.4 Future Work 

The metal drilling process is a highly dynamic process and greatly influenced by tool 

design, process parameters and material properties. These parameters are also influential 

to the exit burr formation mechanism, as such, further investigation would be required to 

investigate the breakout phenomenon for different tools design and work material. Thus, 

the following future work would be required. 
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▪ Extended drilling tests using various drill designs and sizes. 

▪ Investigate the influence of hole-depth on the deformation zone. 

▪ Develop an empirical relationship between burr size and types based on 

experimental data. 

▪ Develop a process planning approach to put the results of this work into practice. 

▪ Relationship between deformation zone size and burr size. 

▪ Focus on critical points, specifically P1 and P4. For P1, the focus could be on 

drilling parameters, and they could be adjusted to move that point. For P4, it is 

believed that this point relates to the final exit burr that is formed. Therefore, 

examining and measuring P4 in relation to the exit burr is of interest for future 

research.  

7.5 Summary 

A series of experimental tests have been performed on Al 6061-T6 work material using 

two standard twist drill types to study the breakout burr formation mechanism in metal 

drilling processes. Data collected for analysis are the thrust (feed power) and cutting power. 

Although the feed power is on the order of a hundredth of the cutting power, it is expedient 

and essentially useful in the estimation of the dimension of the deformation zone during 

the exit burr formation. 

Though increasing feed-rate reduces the cutting time and the total cutting energy 

expended in drilling a hole, the reverse has been observed for the feed energy. This is 

because, as feed-rate increases, the rate by which the metal drilling time reduces is a lot 

less than the magnitude by which feed power increases, but a lot greater than the magnitude 
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by which the cutting power is increased. This shows that the feed-rate directly influences 

the feed energy and has a reverse effect on the cutting energy. 

An original approach has been developed that uses real-time thrust and cutting 

power data to estimate critical points of interest during burr breakout formation. Using 

these results, information on the exit burr formation mechanism that was not previously 

obtainable have been obtained and validated. This has set the stage for accurate predictive 

modeling of exit burr formation in metal drilling processes. 
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Appendix A. Drilling Energy Consumption 

The energy expended in the drilling of a through hole has been estimated from the 

experimental data obtained. This is shown in Table 7.1. The specific energy consumption 

(SEC) is the energy consumed in cutting the workpiece material, while the feed energy 

consumed (FEC) is the energy resulting from the thrust action as the tool feeds into the 

workpiece material during the chip formation process 

 

The energy-difference approach used here gives the energy expended by thrust/feed action 

and the cutting of chips via shearing, estimated between an arbitrary drilled depth 

referenced at a steady state drilling operation and an incremental depth travelled by the 

twist drill prior to breakout of the twist drill through the exit surface. The incremental depth 

selection must occur after the arbitrary depth traveled by the twist drill. With reference to 

the results of the feed energy-difference shown in Figure 6.3 and Figure 6.4, and the cutting 

energy difference shown in Figure 6.13 and Figure 6.14. By comparing the energy 

expended by the thrust and cutting forces, it is observed that the energy used up by the 

feed/thrust forces are very small in relation to that of the cutting forces. This is due to the 

Table 7.1: Energy consumed in drilling through-hole using type 𝐴 twist drill on 8.9 mm 

thick Al 6061-T6 alloy. 

 Spindle speed 

 2037 (rpm) 2547 (rpm) 

Feed (mm/rev) SCE (Joules) FEC (Joules) SCE (Joules) FEC (Joules) 

0.05 1475.20 3.92 1555.30 4.72 

0.10 1154.61 7.44 1186.02 7.80 

0.15 924.76 9.11 933.48 9.59 

0.20 874.62 11.29 853.96 10.90 
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very low axial speed at which the cutting tool travels as it feeds into the workpiece material, 

whereas, the cutting speed at the cutting edges are very high in comparison to the feed. 

Also, for each plot of the energy-difference for both the feed and cutting power, the results 

show that the lowest feed-energy was expended at the lowest feed and increased with 

increasing feed. Whereas, the cutting energy showed a contrary result with its highest 

energy expended when cutting at the lowest feed and vice versa. This agrees with the results 

of the energy consumption in drilling a through-hole reported in Table 7.1. The differences 

occur due to the dominance of the feed power/thrust over feed-rate in the feed energy 

estimation, whereas the feed-rate and/or spindle speed hold prominence in the cutting 

energy. When the cutting time is reduced due to increasing feed-rate, the feed energy still 

increases, whereas, reducing cutting time due to increasing feed-rate reduces the cutting 

energy expended and vice versa. Therefore, as feed-rate increases the rate at which drilling 

time reduces is much less than the magnitude by which the feed power increases, but much 

greater than the magnitude by which the cutting power is increased. 
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Appendix B. Okuma Machine Type ES-V4020 Power Requirements 

 

 

Voltage (V) 
Main Circuit Breaker 

Current Rating (A) 

User Facility’s Branch 

Breaker or Fuse Rating (A) 

User Supply Cable 

Conductor (AWG/mm2) 

220V+/-10% 80 80 (6/14) 

 

  

Item 

Standard Spec. Option Spec. 
Formula** 

Rated Power 

(KW) * 

Req’d Power 

(KVA) * 

Rated Power 

(KW) * 

Req’d Power 

(KVA) *  

Spindle VAC Motor      

(cont./30min.) 5.5/7.5 7.1   1 

      

Axis Feed Motor:      

X-Axis Servo 3.0 1.95   3 

Y-Axis Servo 3.0 1.95   3 

Z-Axis Servo 4.2 2.73   3 

MG-Axis Servo (ATC) 1.0 0.65   4 

A-Axis Servo   1.0 0.32 4 

      

NC and Auxiliary Equipment:      

NC/EC Control Power 1.25 1.50   11 

Coolant Motor   0.98 1.18 10 

Thru Spindle Coolant Motor   3.0 3.6 10 

Chip Wash   1.6 1.92 7 

Chip Conveyor Motor   0.10 0.12 10 

      

      

      

TOTALS  15.88  6.82  

  *   Values are rounded to two (2) decimal places. 

 **  Refer to Appendix C for power requirement formulas and calculations. 
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Appendix C. Common Machining Center Power Calculations 

 

Power requirements for NC lathes are calculated using the formula indicated below. 

Basic Formula: 

Require power (KVA)  =  K × Cont. rated power (KW) 

where K =
Loss factor (L) × Load factor (R)

Power factor (Cos Q) ×  Efficiency (n)
 

 

Formula 

No. 
Item 

Coefficient 

(K) 

Coefficient factors 

Loss factor (L) Load factor (R) 
PF X Eff.  

(cosQ) x (n) 

1 Main Spindle VAC Motor 1.29 1.1 1 0.85 

2 Main Spindle DC Motor 1.38 1.1 1 0.8 

3 NC Servo Axes (X, Y, Z) 0.65 1.1 0.5 0.85 

4 
Additional NC Servo Axes      

A, B, C Axes or APC, ATC 
0.32 1.1 0.25 0.85 

5 Hydraulic Motor 1.2 1 1 0.83 

6 Coolant Motor 1.2 1 1 0.83 

7 Chip Clean Motor 1.2 1 1 0.83 

8 Spindle Head Cooling Unit 1.2 1 1 0.83 

9 NC robot Loader 0.32 1.1 0.25 0.85 

10 
Chip Conveyor or  

other auxiliary motors 
1.2 1 1 0.83 

11 
NC/EC Control Power 

IGF, MOP 
1.2 1 1 0.83 
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