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Abstract 

Carbon fibre reinforced polymers (CFRP) are increasingly being used in aerospace structures 

due to high specific stiffness and good corrosion resistance. Drilling holes to facilitate the 

mechanical joining of CFRP to other, metallic components is a key operation during aircraft 

manufacture and high rates of tool wear are experienced in commercial practice. 

Unmonitored tool wear can lead to increased cutting forces, heighted cutting temperatures, 

and subsequently, delamination, fibre pull out or thermal degradation of the polymer matrix. 

Understanding the tool wear mechanism is crucial as it not only affects the hole quality, and 

therefore structural integrity of the component, but also production planning and cost. 

Existing research has focused on experimentally observing the relationships between tool 

wear and drilling parameters (cutting speeds and feed rates), tool design (geometry and tool 

coatings) composite properties (polymer matrix and reinforcing fibre) and environmental 

conditions (drilling temperature). However, knowledge gaps are apparent when it comes to 

understanding the physics relating these variations to the magnitude and rate of tool wear. 

The optimum method of addressing this research gap is through the use of computational 

models or simulations, however existing works do not produce informative results regarding 

the progression of tool wear throughout the course of the tool’s life. 

Thus, the aim of this thesis is to define a method of modelling the severity and progression 

of tool wear when drilling fibre reinforced composites. This is based on the hypothesis that 

by building an analytical tool wear model based on known machining, geometric, structural 

and environmental parameters, the magnitude and shape of tool wear can be calculated, 

giving informative results in a time efficient manner. 

Consequently, informed through a dense literature review, this research has identified an 

appropriate, cyclic analytical modelling methodology for the drilling of continuous fibre 

reinforced composites. The problem is discretised down to a two dimensional simplification, 

and through the use of unique helical path contact equations the total number, chronological 

order, and angle of each idealised fibre-tool wear contact is identified. Hertz’s elastic 

equations for a cylindrical body indenting an elastic half space are used to model the 

penetration depths of each abrasive fibre-tool contact. The resultant overestimation of the 

idealised contacts compared to existing tool wear studies, enforced the need for a corrective 

non-linear efficiency factor to be applied to each individual wear calculation.  
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A select set of test cases are proposed, investigating the model’s sensitivity to changes in 

specific input parameters, themselves directly related to changes in the idealised number of 

abrasive wear contacts, the tool material and the cutting temperature. Subsequently, the 

model’s outputs are validated against a system of commercially representative drilling 

experiments, enabling the accuracy of the physics and mechanical principles built into the 

model to be critiqued.  

Firstly, the model found the idealised number of fibre-tool abrasive contacts to have a 

significant impact on the magnitude and rate of cutting edge rounding wear. The validating 

experiments did not agree with this finding, reporting negligible change in wear magnitude 

or rate irrespective of changes in the number of fibre-tool abrasive contacts. 

Secondly, the validation experiments found that exchanging the uncoated tungsten carbide 

tool for a polycrystalline diamond coated variant, the rate and magnitude of tool wear 

significantly decreased. By changing the associated elastic modulus parameters within the 

analytical model, this same trend was identified.  

Thirdly, the validation experiments found that irrespective of drilling speeds or feed rates, 

the tool tip temperature exceeded that of the glass transition temperature of the resin 

matrix constituent of the CFRP laminate. By modifying the associated material stiffness 

parameters within the analytical model, the estimated rate and magnitude of tool wear 

decreased. This brought the model and experiment finding closer together.  

Lastly, the combined studies have identified the shape of the edge rounding wear to be 

significant. The proposed model describes worn cutting edges using a single radius, 

disconnected from the original flank face of the tool. As such, further investigations are 

necessary to determine the relationships between the shape of edge wear and the drilling 

conditions. In order to achieve this, there is an underlying need to generate a method of 

definitively measuring tool wear, internationally recognised for its ability to describe the 

magnitude and shape of the wear at the cutting edge.  
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1.0 Introduction 

1.1 Problem Background, Aims & Objectives 

Carbon fibre reinforced polymers (CFRP) are increasingly being used in aerospace, 

automotive and defence industries due to their high specific stiffness and good corrosion 

resistances [1]–[3]. Typically in an aircraft between 50-60% of the structure is made up of 

CFRP materials [4], [5] while the remainder is mostly a combination of aluminium or titanium 

alloys. The overall percentage of CFRP is evermore increasing as aircraft designers turn away 

from metals in attempts to create lighter, more efficient and better performing aircraft.  

Mechanical fastening of CFRP has created a pressing requirement of drilling several thousand 

holes per aircraft and current practice regularly involves single-shot drilling strategies. Single-

shot drilling refers to drilling the entire stack of dissimilar materials in one pass without 

exchanging the tool [6]. Typically in the aerospace industry, this stack of materials comprises 

of a layer of CFRP composite on top of an aluminium or titanium alloy. Applying this drilling 

strategy is advantageous because it ensures holes in separate components are aligned to a 

much tighter tolerance, in a remarkably short cycle time, compared to individual drilling 

processes. For aerospace assembly factories, the drilling process is one of the final stages of 

manufacture and any errors, even in the drilling of one hole, may result in the rejection of 

the entire component. Focusing on the composite layer, drilling induced delamination, can 

account for approximately 60% of the part rejections within the aircraft industry [7]–[10].  

As such, a substantial portion of research efforts have focussed on investigating and 

characterising hole quality when drilling through the much more novel CFRP layer, 

commonly, altogether separated from any metal layer or stack orientation. Resultantly, 

advancements in drilling technology have improved industry’s ability to produce repeatedly 

accurate holes and consequently, attention is transitioning to the role of tool wear when 

drilling CFRP. 

Accelerated tool wear of the initially expensive aerospace tools is responsible for the high 

cost in drilling of aerospace composite laminates [11]. Unmonitored tool wear can lead to 

increased cutting forces, heighted cutting temperatures, and thermal degradation of the 

resin matrix. By further understanding tool wear and thereby improved monitoring, the 

likelihood of part rejection can be decreased.   
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Experimental studies have identified that the occurrence of tool wear is directly related to 

the inhomogeneous and anisotropic structure (directionally dependant stiffness and 

strength) of CFRP materials, specifically, the abrasive and brittle nature of the reinforcing 

fibres. Unfortunately, no clear hypothesis for the description of the fibre-tool abrasive 

contacts have been extracted from these studies.  

This has produced an opportunity for mathematical or computational models and 

simulations to be of use, investigating the problem of tool wear from a different perspective, 

not achievable from experiments alone. Basic models investigating abrasive wear in the most 

generic of cases exist [12], [13], however this research has rarely been transferred to CFRP 

drilling [14] and never produced a model truly informative about the progression and 

severity of tool wear when drilling CFRP. Modern computing power enables simulations to 

fill this need, however current research has again focused on hole production [15], [16], only 

representing the workpiece.  

Therefore, the aim of this thesis is: 

To define a method of modelling the severity and progression of tool wear when drilling fibre 

reinforced composites.  

The five initial research objectives, supplementary to achieving the aim, are: 

1. Identify the problems and difficulties associated with drilling CFRP. 

2. Identify which wear mechanism prevails when drilling CFRP. 

3. Identify how tool wear is measured and what effect does changing the drilling 

parameters have on the magnitude of wear. 

4. Identify what methods have been, or can be, applied to predicting or modelling tool 

wear. 

5. Develop and experiment with an appropriate modelling methodology and from this, 

establish understanding of the appropriateness and limitations of that methodology, 

with respect to the idealisations, assumptions and data requirements.  
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1.2 Research Motivation & Commercial Relevance 

The author’s motivation for this body of research is that by achieving the aim and developing 

a modelling methodology, this model can become a useful learning tool, enhancing the 

understanding of abrasive wear. By building a model, relationships, theories and equations, 

must be definitively specified and thus, can be tested against reality. This consequently 

enhances the understanding of abrasive or mechanical wear, potentially presenting highly 

valuable information on how to avoid, or at least minimise, its occurrence.  

A modelling methodology which satisfies this motivation, must be fast to operate and 

produce results. This successively, promotes the use of such a model in an industry 4.0 

scenario; that is, achieving real time tool wear estimations which can be informative for 

machining operations being executed, at that same instant in time. Successful 

implementation of this technology could result in CNC machines specifying tool offsets, 

specific to the tool currently loaded in the machine, or exactly when that tool needs replaced, 

based on the work it has already done. 

With reference to the aims, objectives and motivation of this research, the commercial 

relevance of an advanced tool wear model is: 

 Use by tooling suppliers to down-select novel tool designs at the conceptualisation 

stage, to those that increase tool life. This would avoid the expense of manufacturing 

test tools and executing associated experiments. 

 Companies with a high rate of manufacture of composite components could 

schedule tool changes, minimising disruption to the workflow or costly tool 

breakages and component wastage. 

 Use by aircraft manufacturers to better understand the true cost their composite 

hole-making processes, by predicting the tool life for their specific composite lay-up. 

 Advancement of all parties’ understanding of the expected tool life when varying the 

design of the CFRP and its internal constituents. 
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1.3 Thesis Synopsis 

The remainder of this thesis is separated into a further eleven chapters. Chapter two reviews 

the challenges when drilling CFRP and the terminology encountered. Chapter three reviews 

the quantification and measurement of tool wear, the varying mechanisms of wear and the 

cause and effect of tool wear. Chapter four consists of a detailed literature review on tool 

wear modelling methods and simulation techniques. Subsequently, chapter five pinpoints 

the gaps in the current research, producing a list of central research questions and a 

complementary modelling hypothesis. Additionally, the novelty of this research is 

summarised. Chapter six presents the methodology used to construct the wear model, 

before the sensitivity and outputs of the model are discussed in chapter seven. The design 

of the validation experiments are presented in chapter eight, ahead of the experimental 

results and comparison with the model in chapter nine. Chapter ten critiques the thesis as a 

whole ahead of the thesis conclusions and areas of future work, in chapter eleven. 
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2.0 Drilling Literature Review 

This chapter of the thesis is focused on addressing the first of the five initial research 

objectives of §1.0. Firstly however, an introduction to CFRP as a bulk material is required 

before the manufacturing difficulties are reviewed. 

2.1 Material Structure & Terminology 

A composite material is made of at least two different constituents [17], [18], the structural 

constituent and the body constituent. The structural constituent provides the majority of the 

materials physical properties while the body constituent serves to encapsulate and contain 

the structural constituent and give the composite its bulk form. For CFRP materials, the 

structural constituent is in the form of carbon fibres, while the body constituent is a polymer 

resin matrix.  

The fibres found in CFRP are either long (continuous) or short (chopped). The chopped fibres 

are randomly distributed throughout the matrix and tend to have lower structural properties 

[17]. Continuous fibre composites can have their fibres arranged in unidirectional (UD) 

orientation, or in woven structure as displayed by Figure 2.1 and Figure 2.2 respectively. 

 

 

Figure 2.1 – CFRP sample with UD fibres. [11]. 

 

Figure 2.2 – Orientation of fibre in a woven structure. [11]. 
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CFRP materials are strongest when loaded parallel to the direction of the fibres. Hence, by 

laying one layer (ply) of CFRP on top of another in different directions, the mechanical 

properties required of each individual product can be attained. The process of laying one ply 

on top of another is referred to as lamination, or in aerospace, “laying-up” and the angle of 

rotation of the fibres in one ply compared to a datum direction is referred to as the 

“orientation”. In industries where strength and performance are priority and directly related 

to the performance or success of a product line, the lay-up and orientation of the CFRP 

material are highly confidential and regarded as trade secrets.  

2.2 Material Properties & Terminology 

Many material properties and methods for the acquisition of quantitative values of each 

property are in existence and standardised around the globe. A key point of this sub-chapter 

of the thesis is to stress to the reader that although each material property is unique and 

different to the next, the collection of all material properties are holistic. Forcing a material 

to change the value of one property, more often than not, results in the change of many 

more properties. This sub-chapter aims to highlight the differences between the most 

important properties considered throughout the remainder of this thesis. 

The word modulus refers to a constant factor or ratio. Hence, when used in terms of material 

properties, the modulus in question is a constant value with respect to the specific means of 

testing conducted. For example, the elastic modulus (also known as Young’s modulus or 

tensile modulus) of a material is a measure of a material’s stiffness when subjected to normal 

stress. Graphically, it is the gradient of the line of a normal stress-strain graph. A steep line 

represents a high elastic modulus, which in turn represents a stiff material. Different to this, 

is the shear modulus of a material. Instead of the normal stress (tensile or compressive) being 

plotted against the normal strain, the shear stress is plotted against the shear strain. 

Therefore, a material with a high shear modulus is very resistive to deformation when acted 

upon by shearing stress. Thirdly, the bulk modulus of a material is a ratio of a materials 

decrease in volume when acted upon by an increase in pressure. A material with a high bulk 

modulus has a high resistance to volumetric changes when acted upon by increased 

increments of pressure. A fourth form of modulus is the flexural modulus (also known as the 

bending modulus) and is the ratio of stress to strain when a material is subjected to a three 

point bending test.  

Moduli as explained thus far have all been static in nature. They have all dealt with the non-

cyclic application of stress and the static response of the material in the form of strain. 
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Different to this, is the dynamic modulus (also known as the complex modulus) of a material. 

The dynamic modulus refers to the ratio of stress to strain when under vibrating conditions 

and is particularly useful when considering viscoelastic materials. A viscoelastic material is a 

material which has a degree of lag between the applied stress and the resulting strain. In 

other words, it is a material which is not fully elastic nor fully viscous. The dynamic modulus 

itself can be further sub divided into two sections, the storage modulus and the loss modulus. 

The storage modulus refers to the stored energy within the viscoelastic material (the elastic 

response) while the loss modulus refers to the viscous response of the material. The 

technique used to study the dynamic modulus of materials is known as dynamic mechanical 

analysis (DMA) and can be used to identify important changes in structure for materials when 

effected by changes in temperature. One such application of DMA is in identification of the 

glass transition temperature of polymers. 

Related but entirely different to modulus, is material toughness. A tough material is one that 

is able to absorb a large amount of energy and plastically deform, without fracturing. It is 

represented as the area under a stress-strain graph, up to the point of fracture. Built upon 

the definition of toughness, is another material property named fracture toughness. This is 

a quantitative way of measuring a materials’ resistance to brittle fracture when a crack is 

present.  

Also related to the aforementioned properties is material strength. Like that of moduli, many 

variations of material strengths exist. Most fundamental is the maximum tensile strength, 

defined as the maximum stress a material can withstand before failure. For all other common 

strengths, the mode of failure (the form of stress applied) is as indicated by the name. For 

example, the compressive strength of a material is the maximum compressive stress a 

material can withstand before permanent deformation occurs. 
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2.3 Composite Machining Difficulties & Existing Solutions 

2.3.1 Material Related Problems 

The quality of the final product is the most important concern when machining any material 

and CFRP is no different. Many machining problems unique to CFRP can have a detrimental 

effect on the product quality. The resin matrix can degrade due to the thermal changes [3] 

while the stiff fibres’ unwillingness to be cut, can cause delamination and fibre pull out. 

Alongside this, the specific type of constituents, specifically the reinforcing fibres and their 

orientation, can have significant influence on workpiece defects [19]. Drilling induced 

delamination is the single largest concern when manufacturing parts and assemblies in the 

aerospace industry [6], [20], [21]. Delamination, as per Bi et al. [22] can be split into three 

categories: at hole entry, on the wall of the hole and finally, at hole exit. 

Hole entry delamination is referred to as peel up delamination [23]. Figure 2.3 illustrates how 

the top plies are peeled away from the laminate structure. It has been found by several 

studies [6], [22] that this is due to the cutting lips of the drill, firstly abrading the surface of 

the material. Then, as the drill continues to rotate, the abraded laminate is forced up the 

rake face of the drill, even though it has not been fully machined and separated from the 

remainder of the structure. This is the most probable form of delamination in the aerospace 

manufacturing industry, accounting for approximately 60% of all part rejections [6]. 

 

Figure 2.3 – Peel up delamination. [6]. 

Delamination at the hole wall (Figure 2.4) is caused by the wrenching of fibres and the 

degradation of the resin. Conventional twist drill bits cut from the centre, radially outwards, 

forcing the chips against the wall [24]. This compression of the fibres rather than cleanly 

cutting them is known as fuzzing [25], [26] and can occur throughout the full depth of the 

hole, especially at the exit. In some instances, the creation of these defects on the surface of 

the hole wall are substantial enough (60-120µm) so as to promote fatigue cracks, which 

would compromise the lifespan of the component [19].  
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Figure 2.4 – Inter-delamination. [22]. 

Exit hole delamination (known as push-out delamination) is similar to peel-up delamination. 

A combination of fuzzing and spalling (the delamination of the last plies) are caused by the 

tool brushing against and bending the carbon fibres within their matrix, rather than cleanly 

cutting through them [26]. The chisel edge and cutting edge are the primary locations at 

which the thrust force from drilling becomes the bending force which acts on the fibres [20], 

[22], [26]. Figure 2.5 shows spalling and fuzzing during push-out delamination. 

 

Figure 2.5 – Push-out delamination. [11]. 

In terms of solving the problems outlined above, much academic and industrial work has 

been completed. Many researchers believe there is a critical thrust force (CTF) below which 

no delamination of any form takes place [4], [6], [10], [11], [16], [20], [27]–[32]. Process 

parameters, mainly feed rates [8], [11], have been found to increase the thrust force to a 

level beyond the CTF. In terms of mechanical methods, peel-up delamination can be reduced 

by clamping [23], while push-out delamination is commonly prevented in industry through 

the use of support plates [6], [11]. In terms of aerospace applications, it has been found that 

CFRP is most frequently placed on top of the metal alloy [28], [33]–[37] and hence the metal 

alloy acts as a built in support plate for the process. Likewise, decreasing the point angle has 

been found to decrease the probability of delamination [8], [11], [38]. Alternative tool 

geometries, specifically designed for CFRP, have been extensively researched [3], [8], [11], 

[24], [38], [39]. However, because the preferred method in commercial aerospace 

production lines is to drill in a single-shot, compromises for process parameters and material 

specific tooling solutions are required [6], [28], [33], [34], [40]. Often, priority is given to the 

more difficult to machine metal layer [25], [28]. Considering a traditional twist drill for metal 

workpieces, the helical flutes are efficient at evacuating the metallic chips up and out of the 

hole, away from the cutting zone [41]. Hence, it is understandable as to why twist drills are 

the most common type of tool used in aerospace factories [11], [20], [25], [41]. 
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Resin degradation and delamination at the hole wall can be limited by lowering the heat 

generation [19] and maximising the chip extraction during stack drilling. Peck drilling, orbital 

drilling and application of cutting fluid/coolant are all examples of industry proven methods 

of achieving this. Peck drilling and orbital drilling act as chip breaking methods, permitting 

the chips to pass out of the hole easier [22], [40]. Likewise the lower contact time means the 

temperature at the cutting zone is lower compared to conventional drilling [25], [40], [42]. 

However, the longer drilling times, due to the intermittent contact of these methods are not 

favoured by the aerospace industry. Coolants not only help to dissipate the concentrated 

heat at the cutting zone [6], [25], [40], [43] but they help flush chips out of the hole [25], 

[43]. With this said, environmental damage [25], [44], damage to human health [6], induction 

of humidity in composites [22] and the need for extra resources to deal with the clean-up 

processes, mean that the aerospace industry ideally favours dry drilling techniques. 

2.3.2 Tool Related Problems 

On the other hand the tools used to machine CFRP materials have their equal portion of 

unique problems. The orientation of the multiple ply setup, has caused a problem for all 

machining and finishing processes that was not apparent when machining traditional metals 

[3], [45]. Along with the anisotropic and inhomogeneous nature of CFRP materials [3], [24], 

[46], [47], they are also much more abrasive than metals [2], [11], [28], [48]. This 

abrasiveness is due to the hard, reinforcing carbon fibres which have a graphite structure, 

and hardness value related to that [49]. Furthermore, the reinforcing fibres within CFRP are 

very thermally conductive, however the resin matrix, being a polymer is thermally insulative. 

Resultantly, bulk CFRP has a lower thermal conductivity than metals [47], [48] which causes 

thermal associated wear problems for the tools [3]. Additionally, the reinforcing fibres are 

stiff [11], [16] and hard [2], [6], [11], [25], [28]. This means the material is cut, not by plastic 

deformation, as found when cutting most metals, but rather by fracture [16], [48]. Hence the 

chip formation is not like in metal machining where it tends to flow over the cutting tool. The 

fracturing of the CFRP leads to small dusty, abrasive chips. These chips can cause additional 

tool wear as they are removed from the cutting zone [19].  

As with material related machining problems, technology has given solutions for tool wear. 

It has been found by many authors that tool coatings can lengthen tool life [2], [25], [50], 

however controlling the environment [43] and drilling parameters (thrust force [45], [50]) 

can have a greater effect. Diamond coated tools have been identified as coatings that lower 

tool wear [2], [28]. What is also apparent however, is that these tool coatings give a new 
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aspect of brittleness to the tool that can facilitate chipping [2], [28], [51]. Once these coatings 

are removed tool wear can happen at a rapid rate. Effectively, technology has enabled 

researchers and industry to change the rate of tool wear, but it has not been eradicated, or 

fundamentally understood.  

2.4 Chapter Summary – Drilling Literature Review 

To summarise, problems arise both for the tool and workpiece during drilling. Current 

practice and existing literature has been focused on the workpiece problems, and many 

machining advancements have been developed and applied to control the quality of the 

hole. In effect, delamination free drilling is achievable, albeit a very difficult task. What is 

clearly apparent is that the phenomenon of tool wear when drilling CFRP has not had close 

to the same coverage in the literature. It has simply been regarded for the most part, as an 

unavoidable consequence. For this reason the cause and effect of tool wear when drilling 

CFRP needs further investigation.  

An instantaneous evaluation of the magnitude of tool wear requires the removal of the tool 

from the workpiece, stopping the workflow. This lengthy and expensive process is not 

acceptable for industry and a better method is required which advances towards industry 

4.0 requirements. Additionally, very few studies have been conducted, which identify how 

material properties and process parameters effect tool wear [19], [46], even though it is well 

documented that tool wear has a detrimental effect on the CTF and hence hole quality [6], 

[11], [21], [31], [51]. Furthermore, no studies have been conducted to explain the 

fundamental reason CFRP wears tools so severely. 
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3.0 Tool Wear & Wearing Mechanisms 

This chapter of the thesis is focused on addressing the second and third initial research 

objectives of §1.0. Tool wear is defined as the removal of a portion of the cutting tool during 

the cutting process. The phenomena of tool wear occurs for all cutting tools irrespective of 

the workpiece material. Figure 3.1 a) shows the tip of a drill with a plane (A-A) at an arbitrary 

location along the cutting edge. Taking a section view about this plane, the sharp profile is 

as indicated in Figure 3.1 b), while a worn tool is displayed in Figure 3.1 c).  

 

Figure 3.1 – Description of cutting tool profile. a) Simplified drill tip with sectioning plane b) cross-sectional profile 
for a sharp tool c) cross-section profile of worn tool. 

Tool wear can be separated into three stages when machining CFRP; initial tool break in, 

progressive uniform wear and accelerated catastrophic wear. Figure 3.2 illustrates how a 

tool passes through each of these stages during its lifespan. The initial tool break in stage (I) 

is a high rate, short term period of wear in which the weak spots and sharp edges of the tool 

are broken down. The secondary stage (II) is a uniform wear stage which progressively 

worsens until the cutting edge geometry becomes dysfunctional, at which point the final 

stage (III) of non-uniform takes over. 

 

Figure 3.2 – Stages of tool wear. [18]. 
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The location, severity, causes and effects of tool wear are all intrinsic to the tool material, 

workpiece material and drilling process, hence these must be further reviewed within this 

chapter. Firstly however, the location and quantification of the magnitude of the wear must 

be investigated. 

3.1 Quantification & Measurement of Tool Wear 

The task of quantifying tool wear can be split into two broad categories, quantification by 

measurement of the tool, and quantification by measurement of the workpiece. 

3.1.1 Measurement of the Tool 

In terms of quantifying the magnitude of wear on any cutting tool when machining metals, 

measurement of the wear on the flank face (flank wear) is the commonly accepted method 

[18]. Several standards exist when considering a metal workpiece. ISO 3685:1993 [52], ISO 

8688-1:1989 [53] and ISO 8688-2:1989 [54] detail maximum wear criterion when turning, 

face milling and end milling metal, respectively. Flaking, cracking and chipping are all 

individually mentioned, however, regardless of the machining operation, the wear is 

quantified by the measurement of the wear land on the flank face. The measurement is taken 

perpendicular to the original cutting edge (rake face), spanning the distance between the 

original cutting edge and the point of intersection between the wear land and the relief face 

(flank face) [53]. Figure 3.3 depicts the orientation of the flank wear measurement and the 

accompanying crater wear [53]. According to the standards, the maximum tolerable wear 

land can range from 0.3mm to 1.2mm, depending if the tool has been evenly or unevenly 

worn. The final value is taken as an average across all of the cutting teeth.  

 

Figure 3.3 – Definition of flank wear as given by ISO 8688-1:1989.  𝑉𝐵 or 𝑉𝐵 is an industry standard symbol for 
flank wear measurement [53]. 

Unlike metal workpieces, no true standard exists for quantifying the severity of tool wear 

when machining CFRP [55]. However, Table 3.1 contains a review of recent literature and the 

methods employed for the measurement of wear when machining CFRP. For each study 
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reviewed, details are presented about the tool and material as well as the total depth drilled 

by the tool. The method of wear measurement is then elaborated upon. 

Table 3.1 – Comparison of wear measurement techniques from existing literature. Any values presented under 
quantified wear measurement columns have been read directly from figures when not specified in the text. 

Ref Tool & material Drilled 

depth 

Description 

of wear from 

CFRP 

Quantified wear measurement 

Edge 

rounding 

Flank Rake Area 

[56] 

Uncoated WC 

twist drill. 

Aerospace grade 

CFRP 

603.2mm 

(80 holes) 

Cutting edge 

rounding 

2D profiles 

provided. 

Magnitude or 

shape not 

quantified 

90µm 30µm 641µm2 

AlTiN coated 

twist drill. 

Aerospace grade 

CFRP 

38µm 12µm 824µm2 

Diamond Coated 

twist drill. 

Aerospace grade 

CFRP 

90µm 30µm 71µm2 

[2] 

Uncoated WC 

twist drill. 

Aerospace grade 

CFRP 

603.2mm 

(80 holes) 

Cutting edge 

rounding 

2D profiles 

provided. 

Magnitude or 

shape not 

quantified 

95µm 30µm 800µm2 

AlTiN coated 

twist drill. 

Aerospace grade 

CFRP 

125µm 28µm 900µm2 

Nanocomposite 

Coated twist 

drill. Aerospace 

grade CFRP 

102µm 32µm 900µm2 

[28] 

Uncoated WC 

twist drill. 

Aerospace grade 

CFRP/Ti stack 1141.6mm 

(80 holes) 

Cutting edge 

rounding 

2D profiles 

provided. 

Magnitude or 

shape not 

quantified 

125 -

180µm 
60µm N/A 

PCD coated twist 

drill. Aerospace 

grade CFRP/Ti 

stack 

62µm 25µm N/A 

[57] 

Uncoated WC 

twist drills. 

Alternate drilling 

of Aerospace 

grade CFRP & 

CFRP/Ti stacks 

1023.2mm 

(60 holes 

through 

CFRP, 40 

through 

CFRP/Ti) 

Cutting edge 

rounding 

2D profiles 

provided. 

Magnitude or 

shape not 

quantified 

110 - 

170µm 

52 - 

75µm 
N/A 

[58] 

Uncoated WC 

twist drill. 

T800M21 UD 

CFRP 

1260mm 

(42 holes) 

Cutting edge 

rounding 

Back edge 

criterion.   

55 - 108µm 

N/A N/A N/A 
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Table 3.1 Continued – Comparison of wear measurement techniques from existing literature. Any values 
presented under quantified wear measurement columns have been read directly from figures when not specified 
in the text. 

Ref Tool & material Drilled 

depth 

Description 

of wear from 

CFRP 

Quantified wear measurement 

Edge 

rounding 

Flank Rake Area 

[59] 

Uncoated WC 

twist drill. Pre-

pre-preg CFRP 

1620- 

3000mm 

(275 – 512 

holes) 

Cutting edge 

rounding 

Magnitude or 

shape not 

quantified 

150µm N/A N/A 

[60] 

Custom one-shot 

drill bit. 

Aerospace grade 

T800 CFRP 

84mm (20 

holes) 

Cutting edge 

rounding 

Wyen’s 

Criterion 

[55].  

Maximum 

value of 

13µm  

Measured 

differently 

to ISO 

8688-

1:1989 

N/A N/A 

[61] 

Uncoated WC 

turning insert. 

T300 CFRP 

800m 

(linear cut) 

Flank wear & 

rake face 

crater wear 

2D profiles 

provided. 

Magnitude or 

shape not 

quantified 

Measured 

differently 

to ISO 

8688-

1:1989 

95µm N/A 

[19] 

Uncoated WC 

twist drill. 

Various 

aerospace grade 

CFRP  

800m 
Cutting edge 

rounding 

Cutting edge 

reduction 

(∆𝑟) and 

volumetric 

difference 

103 -

294µm 
N/A N/A 

 

In review of Table 3.1, it is clear to see a distinctive pattern forming. Cutting edge rounding 

(CER) is acknowledged as the dominant form of wear for all drilling investigations, 

irrespective of tool material or experimental variations. CER refers to the uniformly 

distributed wear along the cutting edge [2], [32], [55], [58] and an idealised situation is 

displayed in Figure 3.4, while an example from an experiment is displayed in Figure 3.5. It is 

apparent that the magnitude of flank and rake wear are interlinked with the magnitude of 

the CER however, quantifying one does not automatically quantify the other.  
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Figure 3.4 – Definition of cutting edge rounding. [32]. 

 

Figure 3.5 – Experimental example of cutting edge rounding. [28]. 

Relating to this, Astakhov [62] argues that the existing metrics for tool wear are out of date, 

calling for a new method of quantifying tool wear. As such, studies [2], [56] from Table 3.1 

introduce a local wear quantity (LWQ) to enhance the description of the CER wear. This LWQ 

is a measure of the area worn away from the cutting zone, when sectioning the tool to a 2D 

profile [63]. This quantification of missing tool material is a step in the correct direction, 

however it fails to identify the shape of the remaining, worn cutting edge. For example, two 

tools with an identical LWQ can have very different machining abilities, based on how or 

where the material has been removed from the tool. Similarly, Ramirez et al. [58] introduce 

a new back edge criterion, in which the wear is measured on a plane inclined at 32° to the 

drill axis. In reality, this measurement technique is as useful as the original measurement of 

Flank face 

Rake face 

Rounded cutting edge 
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the flank wear land. It’s reasoning for existence being related to packaging constraints for 

the equipment being used.  

In a different way, Faraz [32] measures the radius of the cutting edge through a software 

module incorporated with the GFM MikroCAD optical fringe microscope system. 

Unfortunately, no explanation is given for the location or fitment of the geometry to the 

worn profile edge. Conversely, Raj and Karunamoorthy [64] used a least squared method to 

fit a circle to two points of intersection between a varying horizontal line and the rake and 

flank faces, respectively. If the fitment was poor, the location of the horizontal line was 

moved up or down until a threshold value for fitment was satisfied. The authors furthered 

their findings by introducing new parameters which better described the location severity 

and symmetry of the wear. It was identified that the majority of the wear occurs on the flank 

face, however, the depth of flank wear (FWD), cutting edge flattening (CEF) and peak 

flattening (PF) provided better descriptions for the measurement of tool wear, compared to 

the CER.  

Wyen et al. [55] delve deeper into the problem of characterising rounded cutting edges. On 

review of current practice, most methods are similar in architecture, based upon fitting a 

circle to a predefined section of the cutting edge. Wyen’s summary of the literature finds 

that the main problem relates to the definition of the portion of the tool used for the initial 

fitment of tangential lines, and hence the remainder of the cutting edge rounding 

characterisation. Figure 3.6 illustrates the issue and hence, it can be visualised how varied 

circles of best fit could be between various authors. 

 

Figure 3.6 – Three attempts at finding the point of intersection of the rake and flank face. The point 𝑝𝑐,1 is 

constructed form the red dots, 𝑝𝑐,2 from the blue and 𝑝𝑐,3  from the black. Each results in a different point of 

intersection [55]. 

As a result, Wyen’s method uses a pre-set length, based on the estimated magnitude of wear 

expected and as well as the maximum uncut chip thickness for the tool. Fitment iterations 
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modify and pinpoint the preferred length and location of the flank and rake fitment areas, 

before a circle can be fitted to the enclosed worn nose data points. Wyen claims this 

measurement of cutting edge rounding not only quantifies the severity of the wear with a 

radius, but is also informative about the asymmetry of the wear. However, this method was 

only verified against synthetically worn turning inserts, as opposed to drills which had drilled 

aerospace grade CFRP. 

Subsequently, as demonstrated in Table 3.1, Wang et al. [60] bridged this gap, by using Wyen 

et al.’s methodology when drilling a very small number of holes through CFRP with a specially 

designed tool. Wang et al. found that the tool dulled across the first 50% of the drilled length 

before re-sharpening itself over the next 20% of drilled length, before dulling for the 

remainder of the experiment.  

Merino-pérez [19] takes a different approach to the measurement of tool wear. By using an 

Alicona InfinteFocus G4 microscope measurements of the cutting edge reduction (∆𝑟) were 

recorded. Further details on the definition of cutting edge reduction, or the algorithms used 

to identify the fitment of a radius to the worn profile are not elaborated upon [19], [32]. 

Likewise, in terms of the volumetric difference between a new tool and a worn tool, a system 

of 3D scans of a worn tool were superimposed upon 3D scans of a new tool. The volumetric 

difference between these two scans could then be compared. Merino-pérez continues to 

describe the very time consuming nature of recording, superimposing and processing these 

measurements, only to receive a volume, with no further description of the location or form 

of this volumetric difference. Hence, this volumetric method can only be nominated as a 

potential avenue of generating a globally accepted standard for the measurement of tool 

wear, providing computational advances are made. 

3.1.2 Measurement of the Workpiece 

Returning to the international standards previously referenced, these standards also 

acknowledge that a tool’s useful life expires when it fails to produce a workpiece of 

acceptable size and surface finish [52]–[54]. Hence, if the drilling process is maintained 

constant, then the point at which a drill fails to produce a satisfactory hole is the most 

appropriate measure for unacceptable wear when drilling CFRP.  

Considering the primary function of a hole to receive a fastener of some format, all holes 

created in CFRP must be clearance fits. The British Standard for tolerances on holes and 

shafts (BS 20286-2:1993) [65] indicates that a suitable clearance fit is H12. Considering a 
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common aerospace hole diameter (𝐷 ) between 6 and 10 mm, this equates to  𝐷+0.00
+0.15 . 

Likewise, with respect to the British Standard BS EN 2309:1990 [66], a rivet with nominal 

diameter of 6.40 mm could have a maximum diameter of 6.45 mm. Based on this example 

nominal size, the hole should be 6.40+0.05
+0.15 mm when factoring in both the tolerance for the 

hole and the tolerance on the rivet. 

Furthermore, as referenced in §2.3.1, delamination and fibre pull out are distinctive 

problems when drilling CFRP with a worn tool. From modern commercial practice, limits are 

enforced on acceptable defects on drilled holes. Having received commercially sensitive data 

from aerospace original equipment manufacturers (OEMs), Table 3.2 presents the tolerances 

for push through delamination. No further information (i.e. source) relating to this data has 

been granted permission to be published.  

Table 3.2 – Acceptable limits of damage when drilling CFRP. 

Feature Nominal  
Company A Company B 

Lower  Upper  Lower  Upper  

Diameter (mm) D 
Related 

to H12 

Related 

to H12 
- - 

Exit surface delamination 

width (mm) 
0% of D 0 ≈40% of D 0 ≈40% of D 

 

As can be seen, both companies are in approximate agreement with the magnitude of 

acceptable exit surface delamination. 

3.2 The Cause of Wear – Tool Wear Mechanisms 

The phenomena of wear has historically been separated into several different categories as 

summarised in Figure 3.7, each with a cause of the wear in machining terms and, where 

possible, a description of the change that wear makes to the tool.  

These mechanisms, in real world applications of machining, do not act singularly, but rather 

in complex, cumulative interactions [18], [67] to produce gradual wear of the tool. This is due 

to the variation of many different parameters during machining (i.e. temperature, coefficient 

of friction, workpiece hardness). To break down each wear mechanism, to investigate the 

effect of each variable in relation to that wear mechanism, is a virtually impossible task, 

without the use of intelligent models, beyond those currently available. A model which truly 

represents the physics of a specific wear mechanism could be used to adapt or modify drilling 

processes to react to changes in the drilling parameters. This essentially, is a core objective 
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of industry 4.0 research. To enable machines to use calculated or recorded data to enhance 

the machining operation. At present, without such advanced models, experimental 

observations give the only reputable insight to wear mechanisms.  

Tool wear when drilling CFRP has been classified mainly by the abrasion category [2], [19], 

[28], [45], [57], [68]. Hard particles in the workpiece, under high contact pressure, indent 

into the tool, creating micro grooves in the tool surface [18], [41]. This indention is performed 

by the intact fibres scraping on the surfaces of the tool as they are being cut [28], [57] and 

by the abrasive pieces of fibres in the powder like chips, contacting the tool as they are 

evacuated from the hole [39], [46] or embedded into the polymer matrix [19]. This is 

sometimes referred to as sliding wear [2], [3]. Diffusion and corrosive wear occur under 

conditions of high temperatures [18], [69], and as such do not exist when machining CFRP 

[19], [56]. Due to the preferred method of dry drilling, erosive wear is non-existent in CFRP 

drilling. Due to the severity of abrasive wear, the extent of fracture/chipping is unknown. It 

is stated that chipping occurring on a small scale, is repeated until the cutting edge becomes 

rounded, giving the same appearance as abrasive wear [3], [11]. 
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Figure 3.7 – Tool wear mechanisms. [18], [32], [44], [46], [69]. 



Page 22 of 219 
 

In another study, Rawat and Attia [59], found that the abrasion of the tools when drilling 

CFRP could be separated into two similar, but separate modes; hard abrasion and soft 

abrasion. This categorisation correlates with the individual hardness of the constituents 

which form the tool; the hard tungsten carbide (WC) grains and the relatively softer cobalt 

(Co) binder [59].  

Hard abrasion refers to the brittle fracture of the WC grains due to the dynamic stresses 

caused from repeated and relentless impacts from the much softer reinforcing fibres. The 

aggregated effect of two-body abrasion (from fibres embedded within the CFRP workpiece) 

and three-body abrasion (from loose CFRP chips and broken WC grains) abrade the flank and 

rake faces of the tool, generating cutting edge rounding. Hard abrasion can be referred to as 

carbide grain polishing, subsequently followed by grain pull-out [19].  

Soft abrasion refers to the damage of the Co binder (lower hardness than grains of WC [59]). 

It is best explained using the analogy of a brick, cemented into the wall of a house, where 

the cement represents the Co binder and the brick represents the grain of WC. If the 

relatively softer cement is worn away, the brick’s bond to the wall is weakened. Eventually, 

after enough wear, the brick is no longer bound to the structure at all and can be easily 

removed from the structure. Simultaneously, rapid crack nucleation occurs in the Co binder 

surrounding the WC grain and the supporting material (Co binder) for that WC grain 

decreases [59]. Eventually, the exposed WC grain is broken from the tool (grain pull-out [19]), 

contributing to further three-body abrasion if not extracted from the unfinished hole. 

Through the use of state-of-the-art scientific equipment, Merino-pérez [19] agrees with this 

categorisation, having conducted a multitude of experiments with various reinforcing fibres, 

resin polymers and cutting speeds. Ultimately, Merino-pérez found that several factors were 

at play when determining the division of hard and soft abrasion when drilling CFRP, including 

but not limited to the cutting speed, the type of individual constituents within the composite 

and their recipe of combination, to form to bulk CFRP. Furthermore, the experimental results 

suggest that tool wear occurs faster by hard abrasion (polishing and subsequent grain pull-

out) than by soft abrasion (binder removal) [19]. 

Finally, Rawat and Attia noted that the chisel edges, although unable to cut the fibres, still 

removed material via brittle fracture, just like at the cutting zones. This was possible because 

the chisel edge indented the resin matrix, fracturing the brittle reinforcing fibres beneath. It 

is unclear however, if the uncut matrix containing the fractured fibres is converted to chips 

and removed by the chisel edge or left for the cutting edges to evacuate from the hole. 
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3.3 The Effect of Drilling Parameters on Tool Wear 

As implied throughout §2.0, the results obtained from the drilling process (hole quality) are 

directly affected by the drilling process variables. Examples of drilling process variables are 

the design of the tool or the cutting speed used. Due to the holistic nature of the drilling 

process, it is only logical to assume these parameters must also have an effect on the severity 

and progression of tool wear. Hence, Table 3.3 details the findings from relevant literature. 

For each study reviewed, details are presented about the material, tool design and drilling 

parameters. Subsequently, the effect of these parameters on wear and drilling temperature 

are concisely reviewed. 

Table 3.3 – A literature review of the effect of drilling process parameters on tool wear. 𝑉𝑐 represents the cutting 
speed of the tool and 𝑓 signifies the feed rate. Any numeric values presented have been read directly from figures 
when not specified in the body of text. 

Ref 

Process inputs Measured outputs 

Workpiece 

material 
Tool design 

Drilling 

parameters 
Effect on tool wear 

Effect on drilling 

temperature 

[70] 

2/2 twill 

MTM28B + 

CF0300 

Uncoated WC 2 

flute twist drill 

𝑉𝑐  increase from 

1,000 – 

18,000rpm.  

𝑓 = 0.05mm/rev 

Slight increase in 𝑉𝐵 

from 111µm to 

130µm 

Maximum temp of 

141°C (18,000rpm, 

0.05mm/rev, 

160mm drilled 

depth) 

2/2 twill 

MTM44-1 + 

CF0300 

Decrease in 𝑉𝐵 

(241µm - 157µm) 

from 1,000 - 

12,000rpm. 

Increase in 𝑉𝐵 

(157µm - 294µm) 

from 12,000 – 

18,000 rpm 

Maximum temp of 

249°C (18,000rpm, 

0.05mm/rev, 

160mm drilled 

depth) 

2/2 twill 

MTM44-1 + 

CF2216 

Decrease in 𝑉𝐵 

(238µm - 137µm) 

from 1,000 - 

12,000rpm. 

Increase in 𝑉𝐵 

(137µm - 153µm) 

from 12,000 – 

18,000 rpm 

Maximum temp of 

206°C (18,000rpm, 

0.05mm/rev, 

160mm drilled 

depth) 

[71] Multi-

directional 

CFRP  

HSS 2 flute twist 

drill 

𝑉𝑐  = 2,229 - 

12,739rpm 

𝑓 = 0.05mm/rev 

Not measured  Increase from 

≈125°C to ≈300°C 

as the speed 

increases 

𝑉𝑐  = 1,370rpm 

𝑓 = 0.1 - 

0.4mm/rev 

Decrease from 

≈120°C to ≈70°C as 

the feed rate 

increases 
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Table 3.3 Continued – A literature review of the effect of drilling process parameters on tool wear. 𝑉𝑐 represents 
the cutting speed of the tool and 𝑓 signifies the feed rate. Any numeric values presented have been read directly 
from figures when not specified in the body of text. 

[59] 

Woven 

graphite 

epoxy prepreg 

Uncoated WC 2 

flute twist drill 

𝑉𝑐  increase from 

12,000rpm to 

15,000rpm. 

𝑓 = 0.1mm/rev 

Increase in cutting 

speed related to an 

increased rate of 

tool wear.  

Not measured 

𝑉𝑐  = 15,000rpm 

𝑓 = 0.2mm/rev 
Not measured 

Temperature rise 

rate of 350°C/s. 

Local tool 

temperature 

calculated in excess 

of 500°C 

𝑉𝑐  = 1,500rpm 

𝑓 = 0.02mm/rev 
Not measured 

No temperature 

rise (0°C/s) 

[37] 

IM-6 graphite 

fibres + 3501-

6 matrix 

stacked on Ti 

6Al-4V 

HSS 

𝑉𝑐  = 660rpm 

𝑓 = 0.08mm/rev 

𝑉𝐵 ≈1,800µm after 

3 holes 

Unclear  HHS-Co 
𝑉𝐵 ≈1,200µm after 

3 holes 

Uncoated WC 
𝑉𝐵 ≈100µm after 35 

holes 

[32] Sigratex CE 

8204-650-42 

prepreg 

Uncoated WC 2 

flute twist drill 

𝑉𝑐  = 3981rpm 

𝑓 = 0.1mm/rev 

𝑉𝐵 ≈125µm after 

5,000mm drilled 

depth 

Not measured 

Uncoated WC 3 

flute twist drill 

𝑉𝐵 ≈240µm after 

5,000mm drilled 

depth 

Uncoated WC 3 

flute curved 

twist drill 

𝑉𝐵 ≈150µm after 

5,000mm drilled 

depth 

Uncoated WC 4 

straight flute 

drill  

𝑉𝐵 ≈55µm after 

5,000mm drilled 

depth 

[72] T700 CFRP 

prepreg 

Uncoated WC 2 

flute twist drill 

𝑉𝑐  = 3,000rpm 

𝑓 = 0.13mm/rev 

≈10µm flank wear 

after 180mm drilled 

depth 

Not measured 

𝑉𝑐  = 6,000rpm 

𝑓 = 0.07mm/rev 

≈18µm flank wear 

after 180mm drilled 

depth 

𝑉𝑐  = 9,000rpm 

𝑓 = 0.04mm/rev 

≈32µm average 

flank wear after 

180mm drilled 

depth 

𝑉𝑐  = 12,000rpm 

𝑓 = 0.03mm/rev 

≈33µm average 

flank wear after 

180mm drilled 

depth 

 

From the literature presented in Table 3.3 some repeated patterns emerge. Firstly, the 

variety of workpiece material is uncontrolled. Various studies have used pre-preg material 
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while others have not explicitly stated the method of composite fabrication. Several of the 

studies state that the material has been supplied by an aerospace company.  

Secondly, the most common tool geometry for the presented studies is a two-flute twist drill. 

This appears to be driven by industrial practice, as previously stated. Of the studies which 

have varied the geometry of the tool, wear progression has still occurred, although the rate 

varies depending on the design of the geometry [32] as well as the coating [2], [3]. 

Thirdly, a wealth of experimentation has been conducted with regards to the effect of 

changing the speeds and feeds of the drilling process. In this manner, there exists a 

commonality between machining CFRP and the long standing rules governing the machining 

of common metals. That is, control of the cutting speeds and feeds are crucial to the quality 

of the process and severity of tool wear. For the literature presented in Table 3.3, in the 

majority of cases, an increase in the cutting speed resulted in an increase in tool wear, 

regardless of the tool design or workpiece material. Likewise, several studies found that by 

increasing the feed rate, the flank wear also increased. Liu et al. [11] demonstrate the trends 

from relevant literature in Figure 3.8.  

 

Figure 3.8 – Review of recent investigations into the effect of changing drilling parameters on the rate of tool 
wear. [11]. 

Referring again to the dense list of experiments completed by Merino-pérez [19] (see §3.2), 

interesting relationships were identified. Firstly, his experiments echoed the findings of 

Figure 3.8 when considering flank wear measurements only. However, tool wear was found 

to decrease when measured through the volumetric method (see §3.1.1 and Table 3.1). Thus 

it is apparent even more that an internationally accepted measurement of tool wear is 

required. Secondly, scanning electron microscope measurements indicted that higher 

cutting speeds were shown to increase the polishing action of the WC grains, a sign of a larger 

proportion of hard abrasion occurring than at lower cutting speeds. Likewise, by varying the 
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constituents (high strength versus high modulus fibres) as well as the resin matrix, the 

proportion of hard abrasion compared to soft abrasion varied.  

Lastly, an important measured output from a number of the reviewed experiments, relates 

to the temperature at the cutting zone. Temperature is a complex area of physics and the 

effects due to a change in temperature are ever-present in all areas of engineering and 

material science. Hence a further, focused review is required and subsequently presented. 

3.3.1 Effect of Temperature on the Tool and Workpiece 

For CFRP, the anisotropic and inhomogeneous nature of the workpiece means that chip 

production occurs by brittle fracture [56]. Chip production in CFRP requires less energy than 

chip production in common metals, which occurs through shearing and plastic deformation. 

Hence, the temperatures when drilling CFRP materials are typically lower than when drilling 

common metals. On a related note, the thermal conductivity of CFRP is much lower than that 

of common metals [71], meaning CFRP can retain heat, enabling it to build up, more easily 

than in metals. For example, Rawat and Attia [59] found that the temperature at the primary 

cutting edge of a drill could potentially exceed 500°C when drilling through a thick laminate 

of 23.6mm at high cutting speeds and feeds of 15,000rpm and 0.2mm/rev respectively. 

Having said this, cutting speeds of this magnitude far exceed any recommended values from 

tooling suppliers for standard twist drill geometries. As such, these temperatures can be 

treated as a ceiling value, practically unachievable in commercial aerospace applications 

where lower speeds and feed rates are universally used.  

Reviewing the studies presented in Table 3.3, Chen [71] found that an increase in cutting 

speed resulted in an increase in drill temperature, while an increase in cutting feed resulted 

in a decrease in drill temperature. The reason for the latter was due to the decreased time 

the tool was in contact with the workpiece. Merino-pérez et al. [70] used a Micro-epsilon 

thermoImager TIM 160 to measure the temperature of the CFRP when drilled with 

aggressive cutting parameters. By coating the underside of each sample with high 

temperature black paint of known emissivity, an accurate recording was achieved. They 

found that the difference in CFRP constituents resulted in different temperatures, however, 

no explanation was presented for these findings. Rawat and Attia [59] stated that the 

temperature could directly affect the structure of the CFRP, namely the interfacial shear 

strength of the fibre-matrix boundary. As such, when continuous drilling generates cutting 

temperatures above 300°C (as found in this study) the matrix is softened, meaning the 

cutting and thrust forces are lower than when the tool is closer to atmospheric conditions. 
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Clearly then, the temperature at which the matrix undergoes softening is critical to the 

drilling process and more specifically, must have an effect on the tool wear. The most 

applicable thermal property in this instance is the glass transition temperature of the resin 

matrix polymer. The glass transition temperature (𝑇𝑔) refers to the temperature at which the 

resin matrix constituent of CFRP begins to loose modulus and the laminate becomes less stiff 

[70], [73]. The 𝑇𝑔 is not a specific temperature but rather a range, and it is not to be confused 

with the melting point of the polymer [74]. Exceeding the 𝑇𝑔  means that the polymer 

changes from a rigid glassy solid into a softer, flexible material [74], [75]. At this stage the 

polymer is said to have left the glassy state and has entered the leathery state [76]. Here, 

the strong primary covalent inter-molecular bonds (cross links) are still intact, however the 

much weaker secondary hydrogen and Van der Waals bonds have commenced dissociation 

[76]. Further heating of the polymer brings about the transition into the rubbery state [76]. 

The temperature range over which this occurs is known as the leathery-to-rubbery transition 

temperature (𝑇𝑟). At this point, the primary bonds are still intact, however the secondary 

bonds are no longer locked in position [75] but broken [76]. As such, the viscosity of the 

rubbery state is much less than the leathery state, but the elastic modulus is relatively 

comparable [76]. Finally, further heating of the polymer again, induces the transition from 

the rubbery state to the decomposed state, in which all the primary and secondary bonds 

are broken [76]. Following suit with the other transition temperatures, the temperature 

range at which this occurs is known as the decomposition temperature (𝑇𝑑).   

The degradation of the resin polymer due to changes in temperature is known as thermal 

ageing [77] and the change in elastic modulus is presented in Figure 3.9. For this reason, it is 

strongly recommended that composites are not used in environments hotter than their 𝑇𝑔.  

 

Figure 3.9 – The definition of different polymer states and the transition temperature ranges. [76]. 
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As shown by Figure 3.9, the elastic modulus of the leathery state is much less than that of 

the glassy state. On the back of this phenomenon, Bai et al. [76], [78] constructed a stiffness 

model for fibre reinforced composites at elevated temperatures. They found that with 

respect to Figure 3.9 and Figure 3.10, the elastic modulus drops at a linear rate to a maximum 

factor of 4 (approximately) when transitioning from the glassy state to the rubbery state. 

This trend was also identified by Feng et al. [79], Wang et al. [80], Griffis et al. [81] and 

Merino-pérez [19] who each conducted experiments on composite panels with varying 

constituents.  

 

Figure 3.10 – Change in elastic modulus with respect to temperature for GFRP. (𝑇𝑔 = 117°C, 𝑇𝑑 = 300°C) [76]. 

Royer and Merson [82] investigated the influence of 𝑇𝑔 on tool wear when drilling CFRP. By 

drilling through various sets of CFRP, each one containing the same fibre reinforcement but 

varying 𝑇𝑔 they identified that in general, as 𝑇𝑔 increases, so does the rate of tool wear.  The 

authors propose an explanation for this phenomenon. They state that for the composites 

with lower values of 𝑇𝑔, the resin (within close proximity of the tool) was no longer of the 

glassy state, due to the high drilling temperatures. Hence, the abrasive fibres are simply 

“pushed away” as opposed to being forced into a state of pressurised contact with the tool.   

Merino-pérez et al. [70] reinforced this finding, having inspected the hole wall surface finish 

after drilling 200 holes through CFRP. Their research identified that the volume of uncut 

fibres (and therefore surface damage of the hole wall) was less when the 𝑇𝑔  was not 

exceeded. In other words, the number of fibres that had been “pushed away” instead of 

being fractured was greater when the glass transition temperature of the resin polymer was 

low. Furthermore, the authors found that for seven various spindle speeds and feed rates, in 

every case, the greatest length of flank wear correlated with the tool that had drilled the 

resin with the highest  𝑇𝑔 . Likewise, in every case, the lowest length of flank wear was 

recorded for the material with the lowest 𝑇𝑔 (Figure 3.11). 
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Figure 3.11 – Values of flank wear as a function of spindle feed. Each experiment drilled two linear meters of 
MTM28B CF0300 (𝑇𝑔= 135°C, high strength CF), MTM44-1 CF0300 (𝑇𝑔= 220°C, high strength CF) and MTM44-1 

CF2216 (𝑇𝑔= 220°C, high modulus CF) [70]. 

The 𝑇𝑔 of an epoxy is not a fixed property, but can be altered[19]. The parameters chosen 

for the cure cycle can directly affect the 𝑇𝑔  of the cured CFRP laminate, as well as the 

moisture content of the finished application [19], [74] and the thermal ageing characteristics 

of the polymer [19]. Low temperature cures will result in a much lower glass transition 

temperature compared to the same resin cured at higher temperatures [83]. This is because 

the increased cure temperature enables more cross links within the polymer chains to form 

[19], meaning there is less molecular mobility within the polymer [83]. As a result, more 

thermal energy (i.e. a higher temperature) is required to reverse the process and turn the 

glassy structure of the resin into a more pliable rubbery compound [74], [83].  

Based upon these principles, Merino-pérez [19] summarised two key findings from his 

experiments, the first of which was related to the stiffening of the polymer resin around a 

finished hole. The relatively high temperatures experienced when drilling a hole thermally 

aged (or post cured) the resin polymer, strengthening the cross links. This was true across all 

resin polymers and reinforcing fibres tested, however the influence of ageing of such a short 

period on such a localised volume of material was found to have little impact on the overall 

mechanical properties of the CFRPs. Secondly, Merino-pérez [19] reinforces the findings of 

Royer and Merson [82], by stating that the decrease in modulus when exceeding the 𝑇𝑔 

means, in mechanical terms, that the fibre is held less firmly and can be pushed away rather 

than be cleanly cut.   

This sub-chapter has focused on the resin matrix constituent of the CFRP material, with little 

mention of the reinforcing fibres, aside from the research of Royer and Merson [82]. The 

reason for this is because of the thermal properties of the reinforcing fibres. Not only are the 

fibres great thermal conductors as mentioned in §2.3.2, but they’re properties are resilient 
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to any changes when exposed to high temperatures. Carbon fibres do not soften or melt but 

they do ultimately lose strength at high temperature (>3,000°C) via oxidation [84, Sec. 

14.2.1].  

Cutting tools have similar thermal properties. Considering the popular WC and Co metal 

binder tools, covered in Table 3.1 and Table 3.3, these materials have individual melting 

temperatures of 2,809°C (average) and 1,495°C respectively [85], [86]. Having said that, 

thermal oxidation can occur at a much lower temperatures. Co binder can begin oxidation at 

temperatures as low as 200°C with WC not being affected until temperatures above 500°C 

[87], [88]. However, when in a composite form such as that of a cutting tool (10% Co – 90% 

WC) the overall oxidation rate is reduced and in general the material is found to be stable 

and oxidation resistant up to temperatures in excess of 600°C [88]. As for diamond coated 

tools, these coatings can withstand higher temperatures before oxidation (>700°C for pure 

diamond in pure oxygen) [89]. To summarise, these temperatures are in excess of those 

incurred when drilling CFRP, thus thermal degradation of the tool and any change in the 

mechanical properties of the tool is not of concern in this thesis. 

3.4 Chapter Summary – Tool Wear & Wearing Mechanics 

In summary, §3.1 has shown that tool wear when drilling CFRP appears as cutting edge 

rounding (CER) as opposed to any other edge chipping, cracking or face wear cavities. This 

CER is still being quantified by traditional methods associated with the measurement of tool 

wear from metal machining processes, even though literature has stated that this is not 

applicable. Research has been conducted into the quantification of CER tool wear and novel 

methodologies have been presented, however no true standard has been accepted. The 

fundamental principle that a tool is worn and exceeded its useful life when it fails to machine 

a workpiece to a satisfactory standard, still applies to drilling of CFRP. 

Literature reviewed in §3.2 clearly agrees that tool wear when drilling CFRP occurs due to 

the reinforcing carbon fibres, through abrasive mechanisms. The complex phenomena of the 

mechanics of the abrasive process are not well elaborated upon and questions on how 

comparatively soft fibres are able to indent and scrape wear grooves in a harder material 

(tool), remain unanswered. Some explanations have been proposed with regard to hard and 

soft abrasion, as well as the idea of cyclic stresses from repeated impact between the hard 

fibres and granular tool surface, but no data confirms or denies these theories. A model, 

intelligent enough to investigate and answer these questions, is yet to be produced. 

Production of such a model would directly contribute towards the objectives of industry 4.0, 
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in which a closed-loop system could modify drilling parameters based upon the measured 

outputs from a CNC machine and the wear prediction from a wear model.  

Literature reviewed in §3.3 has shown that by varying specific drilling parameters, the 

severity of tool wear can also be varied. The vast potential for variation in drilling parameters 

and tool and workpiece parameters make it difficult to list a hierarchy for the most severe 

contributing factors to tool wear when drilling CFRP. However, the reviewed research 

enables the following summary to be made. Firstly, variations in tool geometry can lower the 

severity of tool wear, but it does not prevent it. Likewise, tool materials or surface coatings 

have proved to extend tool life and the material hardness appears to be the specific material 

property responsible for this achievement. However, this finding is suggested more than 

explicitly stated. By changing the constituents within the CFRP, the magnitude and rate of 

tool wear could vary, supporting the finding, that abrasive contact between the fibres and 

the tool is the root cause of CER. A clear direct dependence exists between cutting speed 

and tool wear, where increasing one leads to an increase in the other, however, the literature 

supporting these findings have measured the flank wear and as such, must be approached 

with caution. A similar trend appears to exist for feed rate and tool wear, however the feed 

rate directly effects the length of time a tool is in contact with the workpiece. Literature 

continues to propose that the feed rate therefore partially affects the temperature at the 

cutting zone.  

A change in cutting zone temperature has been found within a multitude of experiments, 

due to variations in the drilling parameters, workpiece structure or tool material, coatings 

and geometry. Thermal physics is a complex area of science, however, some directly useful 

findings have surfaced from literature. A change in temperature effects the polymer matrix 

more so than the reinforcing carbon fibres, or tool. Specifically, the modulus of the polymer 

matrix can have a dramatic change when the polymer is exposed to temperatures greater 

than the glass transition temperature (𝑇𝑔). This change in modulus is proposed to result in a 

change in the manner of which the reinforcing fibre is supported, resulting in a change in the 

mechanics of fracture and hence a change in tool wear.  

Thus, in light of the preceding summary, it appears the polymer matrix and the mechanics 

relating to the manner in which the reinforcing fibres are held when considering variations 

in temperature, is a phenomenon of critical importance to the mechanics of drilling CFRP and 

hence, tool wear [19], [82].  
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4.0 Tool Wear Modelling Methods 

This chapter of the thesis is focused on addressing the fourth initial research objective of 

§1.0. Beginning with the simplest of methods, Taylor’s tool life criterion is used as a 

benchmark, before alternative methodologies for modelling wear are compared to it. A 

detailed investigation of the mathematical techniques and mechanical principles covered by 

existing literature is carried out, before a review of the simulation tools, which could be used 

to programme a model, are discussed.  

4.1 Taylor Tool life Equation 

The Taylor equation was devised in the 1890’s and is the back bone from which the majority 

of empirical tool life equations are derived from [69]. Equation (4.1) shows the original tool 

life equation where 𝑉 is cutting velocity, 𝐿 is cutting length and 𝑛 and 𝐶1 are constants. 

 
 

𝑉𝐿𝑛 = 𝐶1 

 

(4.1) 
 

This equation has been modified many times in order to change the key variable under 

investigation (e.g. cutting speed, feed rate and depth of cut) [14], [41]. However, commonly 

across all versions, exponentials and constants are experimentally determined. Hence, each 

constant is specific to the tool properties and workpiece properties used in that particular 

experiment.  

Various studies have been conducted using the Taylor tool life equation (or modified version) 

to evaluate tool wear when machining composite materials. Azmi, Lin, et Bhattacharyya [48] 

used the Taylor tool life equation to determine the useful life of GFRP end mill cutters. Most 

notably, the tool wear could be effectively calculated by monitoring the thrust force without 

disrupting the cutting process. Similarly Stavropoulos et al. [90] used the simultaneous 

detection of the electrical currents in the mill motors to predict tool wear using Taylor’s wear 

equation. They noticed that vibration of the tool effected the accuracy of the results and 

stated this as an area which required further research. Again, more areas needing further 

research were identified by Merino-perez et al. [70]. Although Taylor’s equation directly 

applied to drilling of CFRP using uncoated WC tools over a range of cutting speeds when the 

feed rate was fixed, they noticed the wear on the flank face changed with the composition 

of the CFRP workpiece. Although no explanation was given for this, it was stated that the 

temperature developed during the cutting process and the cutting mechanisms needed 

further investigation. 
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Slamani, Chatelain et Hamedanianpour [47] and Azmi, Lin et Bhattacharyya [48] conducted 

research to develop a cutting force prediction model and tool wear prediction model, 

respectively, based from the Taylor equation. Slamani, Chatelain et Hamedanianpour’s 

results were found to be in the range of 98% accurate and the best time for tool 

reconditioning or replacement was successfully evaluated by Azmi, Lin et Bhattacharyya’s 

research. That being said, neither papers offer an explanation for the cause of wear, nor do 

they facilitate a change in workpiece structure, tool geometry or environmental conditions, 

without having to re-run the numerous experiments required to generate the constants and 

exponentials used in the calculations. 

Although the oldest practiced method of assessing tool wear, the Taylor equation is an 

undeniably straightforward method of predicting tool wear, still reliable even with current 

advancements in machining processes. As referred above, it has and can be applied to CFRP 

drilling operations. However, it is empirical by nature and so its accuracy relies on a vast 

amount of experiments, each one specific to the workpiece lay-up, environment and tool 

[69]. By changing core variables such as these, a huge task is undertaken to regenerate the 

coefficients through resource exhausting experiments.  

Secondly, the level of additional detail which can be derived from the equation is minimal 

[19]. There is no insight presented as to the cause of tool wear, or which mechanism is 

responsible for it. It is not possible to generate the wear profile of the tool nor can the 

progression of tool wear be understood. As a result, this modelling approach is too basic for 

the measurement of CER. 

4.2 Tool Wear Models 

Tool wear models are different to empirical tool life models. Tool wear models are derived 

from one or several wear mechanisms [69], as opposed to empirical correlations created to 

relate key input variables to tool wear [41]. 

Many tool wear models have been developed in the past 6 decades, largely for the purposes 

of metal cutting. A chronological account of these wear models is presented in Figure 4.1. As 

can be seen, even the most recent complex approaches towards modelling tool wear have 

originated from Shaw and Dirke [13] and Trigger and Chao [91] who had developed models 

for abrasive wear and diffusive wear respectively. 
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Figure 4.1 – Chronological account of tool wear models. [12], [62], [91]–[97]. 
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Beginning with Trigger and Chao [91] their wear model is primarily concerned with the 

diffusion wear mechanism, specifically the relationship between temperature and 

intermetallic, “micro-weld” diffusion. Literature of the time had demonstrated that 95.8% of 

the wear products produced when turning steel were seen to adhere to the chips. Hence it 

was only logical for Trigger and Chao to assume that tool wear when machining metals was 

essentially by adhesion (micro-welding)/diffusion and not of abrasive, mechanical wear. This 

finding was due to the occurrence of high cutting temperature and a high temperature 

gradient in a direction normal to the sliding direction. Subsequently, the oxidised interface 

alloy (the newly cut chip surface) would shear, transferring and adhering itself to the tool. As 

the chips continued sliding up the tool, microscopic volume of the original tool material 

would be taken with the chip, creating tool wear.  

Today, the findings of Trigger and Chao have been repeated and furthered by Usui, Shirakashi 

et Kitagawa [97], Zhao et al. [96] and Attanasio et al. [95] amongst other studies [67], [98]–

[100], however each modified model relies on the same fundamental principles of diffusion 

occurring at high temperatures and being responsible for the majority of tool wear. 

Moreover, it is accepted for the abrasive-diffusive wear models such as those proposed by 

Takeyama and Murata [94] (further refined by Mathew [101]), Luo et al. [102], Attanasio et 

al. [103] and Pálmai [92] that an “activation temperature” of 700-800°C results in the 

abrasive wear becoming negligible to the overall effect of tool wear. As previously stated, 

similarly high cutting temperatures cannot be achieved when machining CFRP and hence 

diffusion, and the fundamental principles of Trigger and Chao’s and all subsequent models 

cannot be met. 

On the other hand, Shaw and Dirke [13] identified that the volume of material lost from a 

tool when turning metal was equated to the length of cut, real contact area specific to the 

asperities, mean height of the asperities, mean number of asperities found per unit linear 

distance and a constant (Figure 4.1). In this form the constant is stated as the “probability 

that the contact between the tool and workpiece will result in a wear particle”. Furthermore, 

they noticed the similarity between one third the Brinell hardness of the softer material and 

its yield stress, enabled the simplification of Shaw’s and Dirke’s model into its final form (Eq. 

(2), Figure 4.1). This simplifying assumption was acceptable based on the observation that 

Eq. (2) correlated with the original Eq. (1). This is true because both models agree that the 

asperities recede into the material and the actual area of contact increases dramatically once 

the yield strength of a material had been reached. Hence, to a basic extent, temperature is 

considered via thermal softening of the workpiece.  
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Although key variables are considered in the calculation of the wear volume, it is unclear 

how the constant “K” is determined. Shaw and Dirke state that the value will vary with the 

hardness of the metals, sliding speed, temperature or with a change in the rate of diffusive 

wear. This trend continues for the abrasive-diffusive models derived from Shaw and Dirke’s 

model (see Figure 4.1). Takeyama and Murata [94], Luo et al. [102], Attanasio et al. [103] and 

Pálmai [92], each have at least one unknown “abrasive constant”. With no explanation given 

for the calculation of these constants, and due to each model originating from Shaw and 

Dirke’s model, it becomes apparent that these constants are generated on observations of 

an empirical nature. Hence, for reasons similar to those given for the unsuitability of the 

Taylor tool life model, each of the aforementioned abrasive wear models do not seem 

applicable to drilling of CFRP, while fulfilling the research motivation of this thesis (§1.2). 

At a similar point in time, Archard and Hirst [12] simplified the complex phenomenon of wear 

into the simple case of a pin scratching on a rotating disc. Taking a closer look at the abrasive 

mechanism, the rotating disc had hard, conical shaped asperities which dug into the softer 

pin. Archard and Hirst, much like Shaw and Dirke, found that the analogy between a hardness 

test and the indentations of the asperities into the soft pin was an accurate representation 

and the resultant wear model is very similar to Shaw’s and Dirke’s model. Recently, Iliescu et 

al. [14] applied an extended version of Archard and Hirst’s model to drilling of CFRP with 

tools of various coatings in an attempt to monitor tool wear. Various input parameters were 

obtained from experimental data after a multiple non-linear regression process and 

minimizing the residues. A total of 23 experiments where embarked on and an extremely 

close correlation between the model and experiment was found for cutting distances of up 

to 700m for uncoated tools. Although the application of this model to CFRP is ideal for the 

purposes of this research, the experimental generation of coefficients and constants relating 

to workpiece properties and tool geometry, like all previous models, is resource draining and 

unsynchronised with the goal of always increasing the high level of productivity, currently 

found in the aerospace industry. 

Returning to the theories of Archard and Hirst, Childs et al. [93] produced a closely related 

abrasive wear model. The key difference between this model and any previously mentioned 

abrasive model was that the constant “K” was related to the geometry of the abrasive 

particle as opposed to empirical trends. Hence, this wear model can be fully applied without 

the need for experiments. Figure 4.2 illustrates how the geometry of the simplified asperity, 

scribes a groove in another material (tool).  
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Figure 4.2 – Abrasive particle geometry with loads and speeds applied. The particle is pressed into the workpiece 
under load 𝑊 and moves horizontally at a speed 𝑈 [93]. 

Although this wear model appears to hold the most potential to answer many abrasive wear 

related questions, Childs et al. continue to state that for validation experiments performed 

on metal workpieces, the values of “K” were found to be orders of magnitude smaller than 

those calculated by the model. Additionally, the effect of two-body abrasion versus three-

body abrasion is stated to have an effect on the magnitude of “K”.  

More recently, Halila, Czarnota and Nouari [104], [105] conducted research with theories of 

uncanny resemblance to Childs et al.. The authors used a probability density function to 

statistically describe the fluctuation in the size and shape of hard asperities found in titanium 

alloy Ti6Al4V. During turning operations, the volume of wear removed from the carbide tool 

due to abrasion by 1x105 of these hard particles was calculated and the robust trend matched 

closely with experimental validations. This being said, the study was not without flaws. 

Firstly, the authors declared that there was an indirect correlation between chip hardness 

and tool wear rate. This was followed with the proclamation that a softer chip enabled 

asperities to become buried, lowering the chips abrasive abilities and hence, the material 

wear rate. Secondly, in terms of mathematics, the ability for an asperity to have a finite 

height, simultaneously meant that it had to have a corresponding point angle, even though 

there was no governing asperity volume law.  

4.2.1 Summary – Tool Wear Models 

To summarise, it has been proven that tool wear models can be used to accurately predict 

tool wear for cutting processes. This has been done repeatedly for metal turning processes. 

The majority of literature of this subject relates to modelling of diffusive based wear, while 

fewer studies undertake investigations into abrasive wear. Within these few studies, an 

obvious deficiency is found when relating these tool wear models to CFRP materials 

(especially drilling operations) with Iliescu et al. [14] solely at the forefront of this research. 

The idealistic approach shared by Childs et al. and Archard and Hirst to model wear as a 
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conical asperity impacting a softer material, has been combined together to produce the 

theories of Halila, Czarnota and Nouari [104], [105]. Torrance [106] stated that when 

populated with good descriptions of particle shape and distribution, models of abrasive 

processes could provide fast and accurate predictions of the response of abrasive machining 

processes to changing process variables. Unfortunately, the works of Halila, Czarnota and 

Nouari [104], [105], Iliescu et al. [14] and Childs et al. [93] have only been able  to estimate 

the number of abrasive contacts occurring between the workpiece and the tool. No study 

has been able to calculate the number of abrasive contacts occurring during the machining 

process. These studies prove that the ability to scale single asperity contact up to bulk level 

is achievable, albeit that obstacles, requiring simplifying assumptions, may be encountered.  

4.3 Mechanistic Models & Applicable Principles 

In light of the wear equations and models presented and discussed in §4.0 thus far, it 

becomes apparent that specific key parameters are required to execute the calculations. 

Namely, Shaw and Dirke [13] and Archard and Hirst [12] both need the force, normal to the 

asperity to be known, in order for the wear to be calculated. Hence, this sub-chapter of the 

thesis will review relevant advancements in the mechanistic models used to obtain such key 

parameters. Firstly the simplification of the three dimensional problem down to a more 

manageable representation is reviewed, before the mathematics and theories behind the 

equations are discussed. Finally, the assumptions proposed within the reviewed models are 

investigated and their suitability is critiqued. 

The majority of the research conducted in this field of mechanistically modelling the cutting 

process of CFRP has been conducted by L.C. Zhang [61], [107]–[110], Chen et al. [111] and Qi 

et al. [112]. These pieces of work are all related on two levels. Firstly, they are concerned 

with the forces at the cutting zone. Secondly, each study is focused on the workpiece and 

the damage the cutting action has inflicted upon the CFRP. None of these research papers 

have considered the wear of the tool. Having said that, the work of these authors is heavily 

referred to within the fore coming sub-chapters.  

4.3.1 Problem Simplification & Scaling 

Orthogonal cutting has been termed the simplest circumstance of understanding how the 

tool can separate a chip from a workpiece. As illustrated in Figure 4.3, orthogonal cutting 

refers to the chip moving perpendicular to the direction of the cutting edge. The cutting edge 

does not need to be parallel to the surface of the workpiece, but can be rotated about the 
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direction of the cutting velocity. On the other hand, oblique cutting refers to the chip flowing 

away from the cutting edge at a tangent to the cutting direction.  

 

Figure 4.3 – Orthogonal cutting. Image a) is orthogonal cutting with the cutting edge parallel to the original 
surface of the workpiece, while image b) is also orthogonal cutting, but the edge is rotated about the cutting 
direction vector. Crucially, the chip flow is still perpendicular to the cutting direction [93]. 

Relating these cutting definitions back to recent literature, it is apparent that a high majority 

of authors [10], [60], [104], [105], [107], [108], [111] have based their work on the principles 

of orthogonal cutting, due to the ability to simplify the complex cutting problem down to 

two dimensions. The cutting of CFRP with a typically shaped cutter (turning insert for 

example) can be presented as unit thickness, with the conditions being constant throughout 

the thickness of the tool. 

As such, the two dimensional, orthogonal representation of the cutting mechanics has 

enabled a select number of authors to begin modelling the cutting force associated with the 

machining of composite workpieces. Zhang, Zhang and Wang [109] conducted some 

orthogonal cutting experiments for unidirectional CFRP coupons with fibre angles (lay-up 

orientations) less than 90°. The aim of the work was to produce equations for the calculation 

of the force required to cut the CFRP. Crucially, within the modelling methodology, the 

author identified three distinct cutting regions around the tool, each one bounded by 

particular aspects of the cutter’s geometry. Region 1 is the chipping region, in front of the 

rake face. This section is separated from region 2 by a zig-zag fracture line attached to the 

beginning of the nose radius (which is best fitted to give the shear plane). This is a zig-zag as 

the fibres fracture normal to their direction, while the matrix fractures (or de-bonds from 

the fibres) in-line with the fibre direction. Region 2 is named the pressing region. This is 

where the fibre-matrix composite is crushed by the tool as it passes through its cutting 

direction. The third region is termed the bouncing region and this comprises of the fibre-

matrix composites elastic recovery after being pressed during the pressing region. From 
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here, Zhang, Zhang and Wang calculated the force at each zone, and through the principle 

of superposition, combined each force to produce the total cutting force. 

 

Figure 4.4 – Schematic of tool and workpiece contact for Zhang, Zhang and Wang. The three regions are labelled, 
as is the fibre orientation and co-ordinate system [109]. 

Since this work was published, the association of regions or zones has been carried through 

by other researchers. Chen et al. [111] also identified three regions when cutting acute 

angled CFRP, but elaborated to also model the cutting force when cutting obtuse angled 

fibres. Xu and Zhang [107] used similar zones when modelling the cutting force for acute 

angled fibres, and again later when considering any fibre between 1° and 180° [108]. 

Delving deeper and considering the fibres within the regions, other common trends are 

visible when considering the development of the modelling techniques. Originally, Zhang, 

Zhang and Wang [109] considered the CFRP within each of the regions to be representable 

by the bulk properties of the CFRP material. Thus, no further discretisation of the workpiece 

was required. This initial assumption is eradicated by more recent research by Chen et al. 

[111]. In this paper, the entire workpiece is assumed to be constructed from multiple 

representative volume elements (RVE), each one neighboured by another. Figure 4.5 

illustrates the cylindrical nature of each representative volume element and the packaging 

of them together.  

 

Figure 4.5 – Discretisation of CFRP into representative volume elements. The fibre radius is marked by 𝑟 while 
the thickness of the resin coating each fibre is marked by 𝑐 [111]. 
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With the workpiece segregated into manageable elements, force calculations could then be 

conducted when considering a single RVE. Similar principles were used by Xu and Zhang 

[107], [108] in their research. The fibre in question was modelled as a beam, while the other 

surrounding fibres were modelled as an equivalent homogeneous material (EHM).  This EHM 

treated the individual constituents of the CFRP material (the fibres and resin) as a single 

homogeneous material, with properties equal to that of bulk CFRP properties. As the cutting 

process occurred and the fibre was fractured, the properties associated with the EHM and 

the fibre changed.  

4.3.2 Mathematical Principles & Assumptions 

Commonly between the works of Chen et al., Qi et al. and Xu and Zhang, the fibre in question 

is modelled as a beam resting upon an elastic foundation. When modelling the problem as 

so, both the beam and resin are assumed to be elastic. Additionally, the beam is assumed to 

be semi-infinite, with one end running endlessly into the bulk CFRP, away from the cutting 

zone. The other end of the beam runs to the original surface of the CFRP workpiece. In all 

research papers, the beam is acted upon by a single point load, representing the tool. The 

deflection of the fibre is modelled as a bending problem of a beam when supported by the 

bulk material. This theory has been used before when calculating the strength of composite 

laminates [111] and is not new to these research papers. Figure 4.6 shows a schematic 

drawing of the tool interacting with the fibre, along with a free body diagram (FBD) of the 

beam upon the elastic foundation.  

 

Figure 4.6 – Exemplary schematic drawing and corresponding free body diagram. [111].  

In light of these theories and methodologies, both sets of authors have produced finite lists 

of definitive assumptions. Chen et al. agrees with the four main assumptions of Qi et al., 

those being: 

1. The system can only deform in two dimensions. 

2. There is no shear in the fibre. 

3. The matrix cannot extend or compress. 
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4. The stress in the fibre produces no mechanical work during the deformation of the 

fibre. 

Likewise, Xu and Zhang assume the following throughout their research papers: 

1. The width of the workpiece is the same as the cutting tool, which is the same as the 

fibre diameter. 

2. The fibre experiences elastic deformation before it’s breakage. 

3. The fibre fracture takes place when the maximum tensile stress within the fibre 

exceeds the maximum tensile strength of the fibre. 

4. The contact between the tool and workpiece follow hertz contact theory.  

In summary, it can be seen that for each modelling methodology, initial conditions and 

restrictions have been applied, within which the modelling method is valid and applicable to 

the problem.  

Considering now the mathematics used to solve the problem, Qi et al. [112] and the follow 

on work completed by Chen et al. [111], use the minimum potential energy principle (MPEP). 

This principle equates the work done to the system to the stored energy (deflection) within 

the system. On the contrary, the works of Xu and Zhang [107], [108] use the general solution 

to the well-known differential equation of a deflection curve (beam bending theory) [113], 

[114] to identify the deflection of the beam upon the elastic foundation. Although the 

theories are different, both approaches require multiple boundary conditions to solve the 

complex quadratic equations. The MPEP assumes the unit cell has reached its maximum 

deflection when the  total potential energy is minimised [112]. On the contrary, the fibre has 

fractured within the work of Xu and Zhang when the deflection induces a stress within an 

element of the beam, which exceeds the tensile strength of the fibre. Furthermore, the 

condition of maximum stress varies due to the dominant mechanism of fibre deflection. For 

acute angled fibres, the dominant form of fracture is due to crushing of the fibre, by the tool. 

Hence, equations considering the contact between two circular cylinders under normal load 

are used to calculate the distribution of the normal pressure within the elliptical contact area 

[115]. As for obtuse angled fibres, the dominant form of fracture is due to bending and hence 

tensile stresses. Thus, equations for the stress distribution in pure bending were used to 

identify when the tensile stress at the circumference of the fibre exceeded the maximum 

tensile strength of the fibre. As with Zhang’s earlier work [109], Xu and Zhang’s more recent 

work [107], [108] used the principle of superposition to summate the deflection calculated 
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for each section of the beam, resulting in the calculation of the final total force for the entire 

fibre.  

Comparing the results of each body of research, Zhang, Zhang and Wang’s [109] early work 

produced forces which matched “nicely” with the trends found by experiment. This results 

were deemed to be reasonable, even though the model was approximate and there were 

considerable simplifications and assumptions. The authors stated that further work could be 

done to apply this model to angles greater than 90°. Similarly, Qi et al. [112] were also 

satisfied with the models ability to calculate the forces, when the cushion factor of 4.7x10-4 

was multiplied with the models predicted thrust and cutting forces. Again, this model 

pointed out that the developed model simplified the great complexity of buckling, shearing, 

peeling and slipping which dynamically evolve, as the fibre angle and magnitude of fibre 

deflection changed. Equally, the model needed to be applied to fibre angles greater than 90°. 

Chen et al. [111] developed the modelling principles of Qi et al., managing to apply it to the 

full range of fibre angles. Chen et al. found that the fibre angle had the largest effect on the 

cutting and thrust force, while the depth of cut and rake angle did not affect it as much. They 

concluded by saying the model could be applied to other manufacturing operations, such as 

drilling. Xu and Zhang returned to Zhang’s earlier work [109] to focus on the effect of adding 

vibration to the cutting process. The authors were pleased with the model’s [107] ability to 

establish the mechanics of fibre deflection and fracture when vibration assisted and 

traditionally drilling acute angled CFRP.  Subsequently, the same authors identified the 

accuracy with which the model could calculate the traditional and vibration assisted cutting 

forces for the full range of fibre angles [108]. In the later paper, the authors specifically 

acknowledged the models ability to predict sub-surface damage. 

With respect to the detail of the presented methodologies, these models solely calculate the 

cutting force when machining CFRP. Returning to the wear models of §4.2, other theories, 

which are covered by the umbrella term of contact mechanics, need to be investigated. 

4.3.3 Related Contact Mechanics & Theories 

Archard and Hirst [12], Childs et al. [93] and Halila, Czarnota and Nouari [104], [105], [116] 

fundamentally share the same abrasive wear theory. That is, the wear is caused by a hard 

particle scribing a wear groove in a softer material, when acted upon by a force perpendicular 

to the direction of particle travel (see Figure 4.2). When given the shape of the hard particle 

(conical [12] or diamond shaped [93]), it is possible to work out the initial depth of 

penetration, to which the particle can sink, when acted upon by the force. Having said this, 
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it is obvious that some assumptions have been made in the construction of the abrasive wear 

theories initially presented by Archard and Hirst and continued by Childs et al. and Halila, 

Czarnota and Nouari. Namely, they assume that the particle penetrates into the softer 

material, with no complex resistance from the indented material. Engineering logic would 

dictate that this is not the case and that complex contact mechanics are at play during such 

an event. 

To investigate this further, we will firstly begin with the definition of a material’s Vickers 

hardness, which is, in effect, a pressure, measured in GPa. The equations for the calculation 

of Vickers hardness is presented below (4.2), where 𝑦 is the average diagonal length of the 

indentation generated by a 136° indenter, acted on by a force  𝐹  (Figure 4.7). The 

fundamental theory behind Vickers hardness is the same as the fundamental theory of the 

aforementioned tool wear models. The hardened Vickers indenter leaves a measureable 

indent in the test material, which in turn reveals information about the hardness of the 

material.   

 
 

𝐻𝑉 = F ×
2 𝑠𝑖𝑛 (

136
2 )

𝑦2
 

 

(4.2) 
 

 

Figure 4.7 – Principle and measurement of Vickers hardness. a) the indenter and indented surface, b) the 
diagonal measurement length. 

However, a definitive definition of what the material hardness measurement actually is, is 

an area of engineering which was never explicitly well-defined and is still very much open for 

debate [117]. Originally, hardness has been related to the strength of the material, due to 

the size of the indentation being related to the local volume of material behind the indent 

([118, p. 134]). As  material science has developed, the most widely accepted and up to date 

definition is that hardness is a measure of a materials resistance to permanent (or plastic) 

deformation [114], [117]. From this definition it is clear to see that the hardness is not an 
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intrinsic material property [119], but rather an informative engineering property [114] which 

may be used to characterise changes in microstructure. To give an opposing example, the 

elastic modulus of a material is an intrinsic material property, relating to the atomic bonding 

of the atoms within the material. In review of this information, the world of engineering is 

still unsure what portion of responsibility is attributed to elastic deformation, versus plastic 

deformation when conducting a Vickers hardness test. For homogeneous metals, like those 

available at the time of the original conceptualisation of the Vickers hardness test, the 

contribution of the elastic deformation to the resulting indent could be negligible. Whereas, 

the resistance to plastic flow is the major factor in the calculation of the hardness of that 

homogeneous metal. As for inhomogeneous materials, this may not be true. In light of this, 

the assumption by Childs et al. [93] and Halila, Czarnota and Nouari [104], [105], [116] to use 

the hardness of the soft, indented material, to define the depth of penetration, and thus 

wear, may not be as accurate as possible.  

In acceptance of the continuing difficulties related to the definition of hardness, one large 

question remains present when considering tool wear. That is, how can a comparably softer 

material, such as CFRP, mechanically abrade and wear down a harder material such as 

tungsten carbide? This question has been given considerable thought over the years and is 

reverberated throughout material science when considering all moving parts in any form or 

machine. Fully fledged abrasive wear appears to be microscopic cutting of one material by 

the other. This form of abrasion requires the abrasive particles to be at least 1.2 times harder 

than the material which is being abraded [106], [120]. If the hardness of the asperity is lower 

than this, then the rate of abrasion is dramatically reduced, but it is still present [106], [120], 

[121]. Also, Pintaude et al. [122] and Nathan and Jones [120] agree that the size of the 

abrasive particles seems to have an effect on the rate of abrasive wear. When investigating 

the rate of wear of steels and cast irons, Pintaude et al. [122] found that by decreasing the 

size of the abrasive particle, the rate of wear decreased, but was not completely removed. 

In an attempt to explain the occurrence of abrasive wear, even when the hardness of the 

abrasive particle is lower than the threshold limit, Nathan and Jones [120] issue two 

hypotheses. Firstly, if the surface roughness of the abrasive material is smaller than that of 

the material being abraded, it is possible for the abrasive material to become interlocked 

with the comparatively rough surface of the material being abraded and hence “abrasion by 

micro-fracture” can take place.  This appears to be irrespective of the hardness ratio between 

the two. Alternatively, the bulk hardness of the material being abraded is generated from 

the individual hardness’ of the constituent materials and it is the constituents which are 



Page 46 of 219 
 

softer than the abrasive particle that are worn away. At this stage, these hypotheses are just 

that; hypotheses. From these reviewed works, it is not possible to pinpoint the exact reason 

that wear occurs, but rather that it repeatedly does.  

Luo and Dornfeld [123] investigated the materials removal mechanisms when polishing 

wafers. The presented model considered solely, solid-solid contact, which did not include 

any thin slurry layer, between the abrasive pad and wafer of material. The abrasive particles 

were further separated into those which acted by two-body abrasion and three-body 

abrasion. Two-body abrasion is when one end of the particle is fixed in the pad, while the 

other is free to contact the wafer [19], [123]. Three-body abrasion is when the particle is free 

to rotate and roll as the wafer slides over the pad [19], [123]. Luo and Dornfeld continue to 

state, that almost all of the effective material removal occurs due to two-body abrasion. 

Transferring this theory to a drilling operation, Wang et al. [60] found that any loose chips at 

the cutting zone, loose grains of WC and any uncut carbon fibres protruding from the hole 

wall, abrade the flank face of the tool in a grinding motion. Thus the uncut fibres, protruding 

from the wall must be classified as two-body abrasion particles, while the loose grains of 

tungsten carbide or chips are referred to as three-body abrasive particles. Relating this 

information back to the wear models reviewed in §4.2, each one considers two-body 

abrasion, as the wearing particle is not rotating during the contact.  

Merino-pérez [19] experimentally investigated chip formation both when orthogonally 

cutting and when drilling CFRP. When orthogonal cutting, video footage showed that the 

formation of brittle chips was related to the characteristics of the reinforcing fibres, seeing 

as experiments could only be completed at temperature below 𝑇𝑔. As for drilling CFRP, chips 

were found to be longer when temperatures were above the 𝑇𝑔, due to the more ductile 

nature of the polymer matrix. As such, Merino-pérez concluded by stating how the 

characteristics of the fibres are a primary contributor to the brittleness of the chip, which 

plays a role in determining the magnitude of short, abrasive particles requiring evacuation 

from the cutting zone. The polymer type was identified as a secondary factor, only affecting 

the chip formation when temperatures above 𝑇𝑔  come into play.  This suggests that the 

composite is more abrasive and tool wear is higher in the early stages of the drilling when 

the tool-workpiece contact is stiffer, which is enhanced by the three-body abrasion 

mechanisms produced by the debris generated. 

Luo and Dornfeld [123] continue by stating the material removal rate is also concerned with 

the real contact area between the pad and the wafer. The apparent contact area is the full 
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macro-scale surface area of the wafer. However, in reality, at a micro-scale, the contact can 

be much less [115], as presented in Figure 4.8. Johnson [115] states that the contact between 

solid surfaces is discontinuous and the heights and wavelengths of the surface asperities vary 

in a  random way.  

 

Figure 4.8 – Visualisation of workpiece and tool contact at a micro level. 

Additionally, Luo and Dornfeld [123] state that for the real points of contact, the two-body 

abrasive particles which are in contact between the pad and wafer, can be compressed based 

on the properties of the pad. If the pad is soft, the pressure at the finite, real contact area 

will press the particle down, into the pad, reducing the exposed height of the particle, and 

increasing the real contact area [123]. If the pad is hard, the pressure may not be large 

enough to squeeze the particle down, into the pad and it resultantly remains exposed, ready 

to cause wear. Translating these theories back to tool wear when drilling CFRP, the contact 

between the tool and the CFRP may cause the fibres to be pressed down into the resin. As 

such the real area of contact may increase and the height of the two-body asperities may 

also change.  

Related to this, Mulvihill et al. [124]–[129] conducted a wealth of experiments investigating 

the effect of real and apparent contact areas on the frictional properties of titanium alloys 

and carbon fibres. Results showed that for small displacements between samples, the 

contact area between peaks and troughs could actually increase as the rough surfaces 

conformed to one another. However, these small displacements are not found when drilling 

CFRP and thus, the theories of Luo and Dornfield are more realistic.   

Addressing the theories of contact between two bodies, from a slightly different angle, 

Hertz’s Pioneering work in 1896 [130] gave rise to equations of contact mechanics, which 

were applicable to purely elastic contact. Hertz’s equations are applicable when the 

following critical assumptions are made [117]. Firstly the contact is frictionless and there is 

only a normal pressure applied through the indenter to the elastic material below. Secondly, 
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the dimensions of the bodies are large compared to the area of contact. As a result, he 

produced contact equations for circular, conical and cylindrical indenters, which are 

remarkably similar to the pressure based equations of hardness. Within the equations, the 

indenter is originally assumed to be perfectly rigid. However, the elasticity of the indenter 

could be considered by using the smaller, effective elastic modulus [129] of the indenter and 

the elastic material being indented [115]. 

Sub-surface cracking due to indentation was first reported by Hertz in 1881 and are such 

reported as Hertzian cone cracks [117]. The likelihood of Hertzian crack initiation and the 

path which these cracks take have been the subject of a considerable amount of research, 

however Fischer-Cripps (in 2000) states that all answers have yet to be found [117]. Moving 

forward he [117] continues to elaborate on the co-operation of elastic and plastic 

deformation due to indentation. For brittle materials, fracture could occur during loading 

and unloading of the indenter. The elastic deformation attempts to return to its original 

shape when the indenter is removed, but is prevented by the permanent, plastic 

deformation [117]. The author continues to highlight the severity of repeated applications 

of the indenter to the same indent. For glass ceramic, the repeated application of the 

indenter resulted in severe cracking around the loaded area, as well as deformation beneath 

the loaded area. Hence, reverse slip must occur in this material and the contact is a complex 

hybrid of elastic and elastic plastic. 

4.3.4 Summary – Mechanistic Models & Applicable Principles 

In summary of the literature covered in §4.3.1, the following statements can be made. Firstly, 

detailed research has been done with regards to analytically or mechanistically modelling 

cutting forces when machining CFRP. The studies referred to in this chapter have been 

concerned with orthogonal cutting, due to the ability to simplify and flatten (discretise) the 

problem to two dimensions.  

Additionally, sub-chapter §4.3.2 has illustrated that modelling the contact of the tool with 

the workpiece in an attempt to calculate the cutting forces, is non-trivial, irrespective of the 

exact methodology followed. Existing well established methodologies, have been used in 

parallel with one another to produce a force calculation model, which is solely operational 

based on a complex system of assumptions and idealisations. Furthermore, some authors 

have pointed out the ability for the research to be applied to other machining operations, 

including drilling. 
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Relevant work on the mechanics of wear has been reviewed (§4.3.3), and it has been 

established that abrasive wear is, at a micro or nano scale, due to the solid contact between 

one body and another. The contact area between these bodies, the number of particles, the 

manner in which they are lodged in the abrasive body and the depth to which each one is 

being pressed into the other body, is dictated by dynamically changing conditions. The cause 

of these conditions is still not fully understood and in an attempt to remedy this, this sub-

chapter of this thesis, ventured into the world of contact mechanics, to assess other theories, 

which would be applicable to the modelling of tool wear. 

The phenomenon of indentation of one material has led to the production of Vickers 

hardness as well as the theories of Hertzian contact. In both cases, each step forward appears 

to produce more questions with regard to the definition of what hardness truly means, as 

well as the co-operation and responsibility of elastic deformation, with plastic deformation. 

Other theories of elastic-plastic deformation, cracking, and cyclic loading of indenters on 

brittle materials continue to add to the list of questions, needing answered before a 

complete understanding of contact mechanics is achieved. Hence, the models of wear 

produced by Archard and Hirst and Childs et al., mentioned in §4.2, are now known to be 

approximate, but fundamentally sound.  

4.4 Tool Wear Simulations 

Referring back to the work associated with the wear models in §4.2, a number of these 

studies have utilised the wear models as part of a broader computational simulation into 

hole production and/or tool wear. Combining this with the complexity of the models and 

principles reviewed in §4.3, it is obvious that computation will play a significant part in any 

novel investigation of tool wear. With the ever growing ability of commercial software and 

computational resources within academia and industry, a review of current abilities and the 

advancement of research in this field is an obvious and final avenue of investigation, within 

this thesis. 

Numerous software applications are available and have been used in literature to model the 

cutting process in various materials over the past fifteen years and literature has indicated 

that tool wear rate models tend to lend themselves well to being simulated through FE 

methods [69]. MSC.PATRAN [131], DEFORM 3D or AdvantEdge 3D FEM [67], [100], [132] and 

LS-DYNA [131] are all proven examples of pre-processors, analysis packages and solvers 

(respectively), however SIMULIA’s Abaqus Unified FEA is the most common software family 

used in recent literature [5], [15], [16], [38], [45], [133]–[135]. It is apparent that due to the 
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structural differences between the tool and workpiece, combined with the movement of one 

relative to the other, specific modelling methods are required. Equally, it is only logical to 

agree with literature when it is stated that firstly, the hole making process must be accurately 

modelled, in order to identify the effect the material has on the tool [45]. With that in mind, 

the following sub-chapter categorises existing literature into workpiece modelling, tool wear 

modelling and finally tool and workpiece modelling techniques.  

4.4.1 Workpiece Modelling 

Several techniques are used to enhance modelling of CFRP workpieces throughout recent 

literature. When investigating high velocity impacts with woven CFRP, Varas et al. [5] found 

that by discretising the workpiece into hexahedral elements so that each ply of carbon fibre 

was one element thick, results were reliable. Equally, when simulating drilling of woven 

CFRP, Feito and Miguelez [45] modelled each ply as one tetrahedral element thick. Likewise, 

Palani  [131] used solid 3D elements with a high mesh density around the proximity of the 

hole, as they were easier to prepare than alternative element types while simultaneously 

capturing the behaviour of the chips accurately. Several studies undertaken by Isbilir et 

Ghassemieh [15], [16], [38] share similar patterns. Hashin’s damage criterion was used to 

evaluate compression and tension of both the matrix and fibres, evaluating the state of 

cutting process. Drilling force and torque were accurately predicted while both surface and 

subsurface inter-ply delamination were extremely similar to experimental validation [15], 

[38]. 

Dissimilarly, Usui, Wadell et Marusich [132] conducted research to investigate orthogonal 

cutting and drilling of CFRP, without using Hashin’s damage criterion. The hypothesis was, by 

validating the crack propagation and workpiece material removal when modelling four 

specimens of known UD fibre directions, the step could then be taken to iterate and 

accurately model 3D drilling of multiple ply CFRP. The authors state that various models have 

recently been proposed to study composite machining, however the majority of these 

studies have only focused on linear elastic fracture mechanics (LEFM) and 2D FEM 

orthogonal cutting of UD-CFRP. The step has not yet been taken to extend these models to 

3D as it is known that crack propagation and continuum damage models are particularly 

sensitive to mesh configuration. As a result, the authors have used principle failure stress as 

insertion criteria for cohesive zone elements “on the fly”, in alignment with the Miller index, 

to define fracture planes. This technique removes the high impracticality associated with 

using billions of cohesive zone elements between each fibre and the matrix to achieve the 
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same level of detail. An image of the final 3D simulation is exemplified in Figure 4.9. In order 

to start, the FEM simulation from a fully engaged state, the drill trajectory was simulated and 

subtracted from the initial workpiece by a Boolean operation in the mesh generation phase. 

Of particular note, is the length of time for which the simulation occurred. When validating 

the simulation to experimentally obtained values of thrust force and torque, only 0.00015 

seconds were compared (Figure 4.10), suggesting that the simulation is extremely 

computationally intensive. 

 

Figure 4.9 – 3D drilling simulation of a drill tip machining CFRP workpiece. [132]. 

 

Figure 4.10 – Validation of simulation by comparison with torque from experiment. [132]. 

 

4.4.2 Tool Wear Modelling 

Many studies in the associated literature have all modelled the tool as rigid [15], [16], [38], 

[45], [100], [131] especially those concerned with drilling of CFRP. This is primarily due to the 

aforementioned interest in machining quality as opposed to tool wear, however it is also 

because it saves computation time and simplifies the model. The forefront of tool modelling 

in literature is in the majority, related to modelling simple turning operations with metals 

and as such these must be reviewed. Yadav [100] and Attanasio et al.. [103] are prime 

examples in which the tool geometry is repeatedly updated based on repeated wear 
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calculations using Usui’s and Attanasio’s wear rate models, respectively. Due to the similarity 

between tools, regardless of the workpiece material, the advances highlighted in these 

studies may prove extremely beneficial in terms of modelling real time tool wear while 

drilling CFRP. 

Binder, Klocke, et Lung [67] have used FE simulation to model tool wear for complex 

geometries and tool coatings when turning steel. The principles of the “series” sub routine 

utilised in this research are illustrated in Figure 4.11. This method has been additionally 

referred to as common practice [136]. In order to model the real life aspect of the tool 

coating being removed from the tool, exposing the bare substrate of the tool a further sub 

routine was used in which the normal displacement of each of the tetrahedral elements was 

compared to the known depth of the coating. Once this displacement of these nodes 

exceeded the depth of the coating, the properties of that element where changed to 

replicate the substrate. Binder, Klocke, et Lung also identified that initial tool wear needed 

to be pre-programmed into the simulation to avoid under estimation of flank wear.  

 

Figure 4.11 – Series approach to FE modelling. [67], [136]. 

Hosseinkhani and Ng, [136] have produced a less time consuming FE method of modelling 

continuous tool wear when turning metal with a carbide tool, accurate to 75%. Usui and 

Takeyama’s wear rate models were used to calculate the wear on a macro scale based on a 

parallel method suggested by this paper. By conducting several experiments in which 

identical cutting tools were used to turn steel for equally spaced lengths of time, individual 

FE simulations were ran to replicate the wear for a specific worn tool. Once all simulations 

were complete, an overall understanding of the total wear could be pieced together.  Hence, 

the need to calculate the nodal displacement and update the tool geometry as per the series 

approach, was eliminated. Additionally, any repeated computational errors were not carried 

through the successive calculations, deteriorating the accuracy of the final result.  

Salvatore, Saad et Hamdi [133] present a new energy based approach to model tool wear 

progression during cutting operations (turning of steel). The theoretical goal is to remove the 

necessity to relate to existing tool life equations or tool wear models. Instead the energy 

dissipated by friction and the energy dissipated in the creation of drilling debris are equated 
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to the tool wear. Using subroutines in Abaqus FEA the damage to the tool was modelled by 

the Johnston-Cook criterion, unique compared to existing literature as this is a rare instance 

in which the tool was deformable. However, complications have forced the tool to be 

mounted on a rigid “skin”. This study identified that there was lengthy simulation time, lack 

of flank wear and the inability for Abaqus to handle contact between two nodes, hence 

contact between tool nodes and a workpiece surface (inserted at the depth of cut plane) was 

required.  

4.4.3 Tool & Workpiece Modelling 

With respect to literature that has taken the best methods of simulating CFRP workpieces 

and combined it with suitably detailed methods of assessing drill tool wear, very little 

research has been conducted. The most applicable study found within literature refers to the 

research conducted by Feito and Miguelez [45] in which drilling of woven CFRP, initially with 

a sharp drill, then with a worn drill and finally with a step drill, was studied and modelled 

using Abaqus FEA. The strain was calculated at each time interval and once a predetermined 

critical value was reached, the CFRP element was removed from the simulation. Cohesive 

elements, inserted between each ply, were the means of determining delamination, while 

each ply was modelled using a single orthotropic elastic 3D element. Figure 4.12 shows the 

overall model, density of mesh and the starting and finishing points of the simulation.  

 

Figure 4.12 – Scheme of Abaqus model. Drill starting position (A) and finishing position (B) [45]. 

It should be noted that the tool was modelled as rigid, and replication of the same 

experiment with a worn tool and step tool was conducted in order to measure thrust force 

and delamination. This model was experimentally validated and closely correlated results 

were obtained. Hence it can therefore be used to understand the effect of workpiece 



Page 54 of 219 
 

properties, tool geometry changes and process parameters. On the contrary, the study did 

not measure the real time advancement of tool wear, nor did it explain how a tool can 

become worn in the first instance. In order to achieve this level of detail, modelling of the 

workpiece must occur at a level of detail above that demonstrated by Usui, Wadell et 

Marusich. Subsequently, the effect of the chips, fibres and resin on the tool could be 

determined. 

4.5 Chapter Summary – Modelling Methods 

In relation to the initial research objectives, declared in §1.0, the following summary can be 

made. Sub-chapter 4.1 has shown that tool life equations are reliable, low on computational 

time but require masses of experimental results. Due to the inhomogeneous nature of a 

composite material, the ability to capture and store the data needed to generate constants 

and exponentials, necessary for the operation of tool life equations, is an almost impossible 

task. This is beside the fact that this modelling method gives next to no information to help 

the user understand tool wear.  

A vast array of tool wear models have been investigated in §4.2, however, focus has once 

again, like most existing manufacturing literature, been concerned with metals. Due to the 

inhomogeneous nature of CFRP, the abrasiveness of the fibres and the relatively low 

machining temperatures for CFRP, these metal based models present no advantage to 

modelling tool wear when drilling CFRP. On the contrary, abrasive tool wear models, namely 

the theories shared by Archard and Hirst [12] and Childs et al.. [93], are extremely applicable 

to this thesis. Halila, Czarnota and Nouari [104] have displayed an experiment free method 

of modelling tool wear when turning metal, based on numerous conical asperities while 

Iliescu et al. [14] have shown that the Archard and Hirst wear equation can be directly applied 

to CFRP drilling.  

Thirdly, §4.3 has shown that existing mechanistic models and applicable principles, used to 

calculate forces or describe contact mechanics are non-trivial. The successful operation of 

such models (such as force models) requires appropriate discretisation, flattening or scaling 

of the system, alongside appropriate assumptions around related contact mechanics.  

Lastly, §4.4 has shown that CFRP structures can be virtually simulated, enabling the 

prediction of delamination, crack propagation and chip removal rate to match the reality of 

machining. Tool wear studies have been somewhat explored, namely turning operations of 

homogeneous, metals. Within these simulations, diffusive tool wear models have been used 
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to calculate tool wear and thus, enable the geometry of the tool to be updated in a series 

manner. Unfortunately, the task of combining high level simulations of the workpiece and 

the wear of the tool has not been accomplished, nor does it seem feasible for the case of 

drilling CFRP. Literature repeatedly focuses on developing measures to reduce computation 

time for presented models, which do not manage to calculate instantaneous tool wear when 

drilling CFRP. When investigating delamination and hole quality, entirely absent from the 

effects of tool wear, Isbilir et Ghassemieh [16] state that a high grade simulation workstation 

required four months to run a single simulation. High powered computing can lower this 

figure, however series based models are not well suited to “parallel” computation 

techniques. Likewise, industries would not welcome the necessity of a high initial capital 

requirement for high powered machines.  

In review of this summary, the following chapter (§5.0) addresses the fifth initial research 

objective, originally declared in §1.0.  
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5.0 Research Gaps, Modelling Hypothesis & Novelties 

As stated in the introduction, the aim of this thesis is: 

To define a method of modelling the severity and progression of tool wear when drilling fibre 

reinforced composites.  

Based on the dense literature reviewed in chapters 2.0, 3.0 and 4.0, it is clear that a 

considerable volume of research has been conducted with regards to investigating tool wear 

when drilling CFRP. Experiments have identified that tool wear occurs due to abrasive 

mechanisms and the relationships between cutting speeds, feed rates, tool coatings 

temperature and the rate of tool wear have been studied multiple times. Purely abrasive 

wear models exist but limited research has been conducted to apply these to cutting tools 

when machining CFRP. Computer simulations have advanced recently, however these 

computationally intensive studies have not yet proposed answers for the fundamental 

physics behind abrasive tool wear.  

 

Subsequently, in conjunction with the thesis aim, the following three central research 

questions come to the forefront when considering the gaps in the reviewed literature: 

1. How would an appropriate modelling methodology respond to variations in tool 

coatings, the idealised number of abrasive wear contacts or drilling temperature? 

2. How would the results obtained from the model correspond to commercially 

representative, validation experiments? 

3. What areas of research would need to be further investigated to achieve a robust 

and reliable wear modelling tool for CFRP drilling, which progresses towards Industry 

4.0 design? 

 

Consequently, the modelling hypothesis of this this thesis is:  

By building an analytical tool wear model based on known machining, geometric, structural 

and environmental parameters, the magnitude and shape of tool wear can be calculated, 

giving informative results in a time efficient manner. 
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In order to investigate this hypothesis and address the three central research questions, the 

following core theories must be covered within the design of the analytical wear model: 

 Scaling of the problem (discretisation) of the 3D contact between a drill and 

composite workpiece, to a simplified, manageable size. This follows the success of 

the 2D flattening/simplification demonstrated in §4.3.1. 

 Calculation of the idealised number of abrasive contacts between the cutting edge 

and the workpiece when drilling through multiple plies of known lay-up. This 

addresses the shortcomings of the existing abrasive wear models, reviewed in §4.2. 

 Calculation of the wearing force(s) experienced by the tool when drilling CFRP of 

known lay-up. This obtains a core parameter required for the execution of the most 

suitable abrasive wear models (Childs et al., Archard and Hirst, §4.2). 

 Calculation of local tool wear magnitudes based on appropriate contact equations. 

This addresses the commonality between existing abrasive wear equations (§4.2), 

the definition of Vickers hardness and Hertz’s equations of elastic contact (§4.3.3).  

 Construction of a geometry updating methodology based on the calculated 

magnitude of wear. This addresses the need to convert individual magnitudes of 

abrasive wear to an aggregated shape/form resembling cutting edge rounding (CER), 

§3.1.1.  

 Validation of the model through commercially relevant experiments. This 

comparison can be used to assess the proposed model’s sensitivity to changes in a 

real drilling parameters.  

 

As will be demonstrated throughout the remainder of this thesis, the novel points of 

research in the creation of this model are: 

 The calculation of the number of abrasive contacts between the fibres and the tool 

based on the defined discretisation methodology and helical cutting path.  

 Use of Hertz’s elastic contact equations to represent abrasive tool wear (local depths 

of penetration). 

 Construction of a methodology to convert local depths of penetration into a larger 

scale (collective) change in cutting edge radius (CER). 

 The aggregation of a discretisation methodology, helical path fibre-tool, abrasive 

contact calculations, a force calculation methodology, wear equations and geometry 

updating methodology to form a single, cyclic analytical, tool wear model. 
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6.0 Methodology 

An analytical model, by definition needs to be related to the logical orientation of 

mathematical calculations based upon applicable physical theories and principles. Hence, 

this chapter is further split into several key sub-chapters, directly correlating to the core 

theories presented in §5.0. Where necessary, each sub-chapter summarises that portion of 

the methodology with a process flowchart. Lastly, a complete analytical modelling process 

flowchart is presented in the chapter summary (Figure 6.42, §6.6). 

6.1 Tool & Workpiece Discretisation 

6.1.1 Workpiece Discretisation 

In order to accurately describe any method of discretisation, the working co-ordinate system 

must firstly be described. Figure 6.1 shows a tool resting on a CFRP workpiece. The co-

ordinate system overlaid to this diagram is fixed to the workpiece, with the X0-Y0 plane 

parallel with the workpiece and the Z0 axis collinear with the axis of rotation of the tool. This 

co-ordinate system is hereafter referred to as the global co-ordinate system. 

 

Figure 6.1 – Definition of the global co-ordinate system. The global co-ordinate system is defined by subscript 0 
throughout the remainder of this thesis 

Similar to the methods of discretisation used in the previously reviewed literature [6], [107], 

[111] (§4.3.1), the workpiece constituents are modelled as cylindrical fibres, equally spaced 

throughout the homogeneous resin matrix. As illustrated in Figure 6.2, taking a magnified 

cross-sectional view of a single CFRP ply, a fibre of diameter 𝐷𝑓, is centrally located within a 

circle of resin matrix. The length of a unit cell, 𝑑𝑢𝑐 was calculated as shown in (6.1), where 𝑉𝑓 

is the fibre volume fraction of the bulk CFRP.  
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Figure 6.2 – Discretisation of CFRP workpiece. Ply direction has no effect on the methodology used to 
discretisation the workpiece. 
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(6.1) 
 

Based on this workpiece discretisation methodology, it is easily understood that a single ply 

within a CFRP laminate will be several unit cells thick. The number of unit cells within a single 

ply could be found from (6.2). 

 

 

𝑁𝑜. 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑝𝑙𝑦 =  
𝑑𝑈𝐶 × 𝑁𝑜. 𝑜𝑓 𝑝𝑙𝑖𝑒𝑠

𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 

 

(6.2) 
 

6.1.2 Tool Discretisation 

In terms of the discretisation of the tool, two methods are used throughout the remaining 

calculations in this thesis. The first method of tool discretisation is related to a small chunk 

of the tools cutting edge, named a cutting edge segment (CES). The size of this chunk is 

directly related to the geometry of the tool and the length of a unit cell 𝑑𝑈𝐶 . Taking any 

arbitrary point along the length of a cutting edge of a drill, the CES relating to that point 

would be constructed as illustrated in Figure 6.3.  
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Figure 6.3 – Definition of a CES. The CES in question is on the primary edge of a standard twist drill, when viewed 
from a plane normal to the instantaneous cutting direction of that particular portion of the primary edge.  

Angle 𝛼𝑛 from Figure 6.3 represents the angle of the cutting edge upon which the arbitrary 

point is located, where subscript 𝑛 is an integer, representing the cutting edge in question. 

For example, a double edged twist drill would have point angles of 𝛼1 = 120° and 𝛼2 =

140° for the primary and secondary cutting edges, respectively. In the knowledge that drills 

rarely have straight cutting edges, a straight line-of-best-fit, inclined at half the cutting edge 

angle (𝛼𝑛) can be drawn, with the arbitrary point of interest being coincident with the mid-

point. This line would be of length 𝑙𝐶𝐸𝑆 as defined in (6.3). From here, the construction of 

two planes, one at each end of the line 𝑙𝐶𝐸𝑆 and perpendicular to the line 𝑙𝐶𝐸𝑆 become the 

boundaries to the CES, as shown in Figure 6.3. The undefined length of the edges of the CES 

within Figure 6.3, do not need to be specifically defined as they are boundary planes. 

 

 

𝑙𝐶𝐸𝑆 =
𝑑𝑢𝑐

cos (
𝛼𝑛
2 )

 

 

(6.3) 
 

Returning to a lower magnification of the tool tip, viewed from the X0-Z0 plane of the global 

co-ordinate system, the theory behind the depth of cut for the tool could be clarified. 

Focusing on the labelled CES within Figure 6.4, as the tool rotates, the CES would follow a 

helical path as displayed by the red line. For every complete rotation of the tool, the CES 

would have translated down by a distance equal to the pitch of the helix. However, due to 

the number of cutting edges (typically the same as the number of flutes) on the tool, a 

calculation is required to determine the true depth of cut 𝑎0 per cutting edge. This equation 

is shown in (6.4), where 𝑓 is the feed rate (m/min), 𝑉𝑐 is the cutting speed (rev/min) and 𝑛 is 

the number of cutting zones (the number of flutes on a twist drill). 
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Figure 6.4 – Helical path of a CES. The red helix plots the path the nominated CES will follow as the drilling process 
occurs, at the nominated speeds and feeds. The helical pitch is the vertical distance moved during a single rotation 
of the tool.  
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𝑓
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(6.4) 
 

The second method of tool discretisation is related to the fibre axis. This discretisation is core 

to several parts of the analytical model, hence it is imperative that the reader is familiar with 

the orientation of the discretisation. If the process of drilling a hole is instantaneously 

stopped and the tool is removed before the hole is complete, then no matter the depth of 

the hole, the bottom surface will always be of a conical form. On closer inspection of the 

conical surface, the ends of numerous fibres would be exposed to the atmosphere, no longer 

encapsulated in the resin matrix. A 3D rendering of a tool’s cutting edge engaged in an 

idealised CFRP workpiece at an arbitrary point in time, is shown in Figure 6.5. For clarity in 

this image, the majority of the tool has been omitted, leaving only a few neighbouring CES in 

situ. 
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Figure 6.5 – 3D rendering of cutting edge engaging with workpiece. Only a few neighbouring CES are retained, 
in situ in a partially drilled, conical depression of the workpiece. Freshly cut fibre ends are exposed. 

By magnifying and taking a cross-sectional view of the partially drilled hole (Figure 6.6) it is 

easy to picture how the cutting edge would become engaged and successively disengaged 

with the exposed ends of the fibres, as it rotated about its axis. One such arbitrary fibre just 

ahead of the cutting edge is highlighted red in Figure 6.6. 

 

Figure 6.6 – Section view of partially drilled hole. An arbitrary fibre, highlighted red, is located in front of the 
cutting edge, next in line to be cut by the tool.  

At this instant in time, an infinitely thin plane could be constructed. This plane is coincident 

with the central axis of the red fibre and normal to the axis of rotation of the tool. A plane 

matching these conditions is presented in Figure 6.7.  
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Figure 6.7 – Construction of discretisation plane. Constructed the instant the tool contacts the fibre, the plane is 
coincident with a fibre’s axis and normal to the tool’s axis of rotation. 

Finally, by viewing the system normal to this bisecting plane and considering only the 

infinitely slim section of the workpiece and the tool encapsulated by the boundaries of the 

plane, Figure 6.8 could be drawn. The clearance angles for the rake and flank faces are 

denoted by 𝛾  and 𝜑  respectively. The angle the fibre makes with the cutting direction 

(measured clockwise) is 𝜃. At this stage, it is necessary to introduce a second co-ordinate 

system specifically for the purposes of describing the fibre-tool, abrasive contacts within this 

thin sliver of tool and workpiece material. This co-ordinate system is hereafter known as the 

CES co-ordinate system. The YCES axis is parallel and opposite to the instantaneous cutting 

direction, while the XCES axis points radially outwards, into the uncut CFRP. The ZCES axis (not 

shown here) is parallel with and in the same direction as the Z0 axis. 
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Figure 6.8 – 2D representation of a CES during the drilling process. A new CES co-ordinate system is represented 
by subscript “CES” in which the Y axis is parallel with, but in an opposite direction to the instantaneous cutting 
direction.  The wedge shaped CES profile is constructed with the rake relief angle of 𝛾 and a flank relief angle of 𝛼. 
The fibres are neighboured with resin as per the description of a unit cell and orientated at an angle of 𝜃, measured 
clockwise from the horizontal.  

Any changes in the depth of cut 𝑎0 as derived in Figure 6.4 and equation (6.4), will have an 

effect on the depth of cut when viewing a fibre-tool abrasive, contact through the 2D 

discretisation method illustrated here in Figure 6.8. Taking a magnified view of the cutting 

edge (Figure 6.9) we can create a new parameter for the depth of cut in the CES co-ordinate 

system. Using trigonometric identities for complementary angles, (6.5) can be produced 

where 𝛼𝑛 is the point angle for the cutting edge in question.  

 

Figure 6.9 – Description of the depth of cut. The measurement is taken parallel and perpendicular to the XCES axis 
and instantaneous cutting direction, respectively. 
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𝑎𝐶𝐸𝑆 =
𝑎0

cot (
𝛼𝑛
2 )

 

 

(6.5) 
 

The methodology used here to discretise the tool down to a 2D version could be applied to 

any fibre, with respect to any point along the multiple CES that make up the complete cutting 

geometry of the tool. In each case, the complete list of potential variables are limited to 𝛾, 

𝜑 and 𝜃.  

6.1.3 Summary – Tool and Workpiece Discretisation 

In summary, through the assumption that all fibres within the CFRP workpiece are 

equispaced, this sub-chapter has detailed how the complete CFRP workpiece can be 

appropriately represented as many unit cells, collected together. Likewise, a methodology 

for the discretisation of a tool of any given number of cutting edges or point angles, has been 

developed. The resulting cutting edge segments (CES) can be appropriately represented in a 

2D form.  Any combination of unit cell and CES can be represented in this 2D form, given that 

the appropriate lengths, angles and radii are changed to suit.   

6.2 Helical Path Contact Calculations 

Considering the diagram in Figure 6.10, showing the entry surface of a CFRP laminate. With 

respect to the discretisation of the workpiece in §6.1.1, it is applicable to represent each unit 

cell as a single centreline. By knowing the lay-up of the ply is 45° (measured anticlockwise 

from the X0 axis) and ordering the central unit cell to be coincident with the centre point of 

the tool’s rotation, each centreline can be drawn at a distance of 𝑑𝑈𝐶  from one another. 

Alternatively, if the lay-up direction for the ply in question was 90°, the centre line of each 

unit cell would run parallel to the Y0 axis and be equally spaced about a central unit cell, 

which itself would be collinear with the Y0 axis. Two specific unit cell centrelines are 

highlighted orange and pink and will be addressed in Figure 6.10, Figure 6.11 and Figure 6.12. 
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Figure 6.10 – Idealised view of entry surface of a CFRP laminate. The CES first touches the workpiece on the X0 
axis and will have cut through the top layer of unit cells by the time it reaches the end of the arc of rotation. 

Knowing the tool rotates about the black centre point, any arbitrary CES in question will have 

a swept arc of radius 𝑟𝑎𝑟𝑐 rotating in a clockwise direction. Furthermore, the arc of rotation 

could be represented by the equation of a circle of radius 𝑟𝑎𝑟𝑐 bounded by the start and end 

points and centred about point (0,0) in the global co-ordinate system, as shown in (6.6). 

 

 

𝑟𝑎𝑟𝑐
2 = 𝑥2 + 𝑦2 

 

(6.6) 
 

In conjunction with the speeds and feeds for the tool, the included arc angle can be defined 

as the angle the tool must rotate through in order to have moved down the Z0 axis by a depth 

of one unit cell (refer to the helical path in Figure 6.4). In other words, this arc of rotation has 

described the path a CES will take when it cuts through the uppermost layer of unit cells 

within this uppermost ply of the CFRP laminate. Equation (6.7) explains how this angle was 

calculated, where 𝑓 is the feed rate in mm/rev. 

 

 

𝐼𝑛𝑐𝑙𝑢𝑑𝑒𝑑 𝑎𝑟𝑐 𝑎𝑛𝑔𝑙𝑒 =
2000𝜋 𝑑𝑈𝐶

𝑓
 

 

(6.7) 
 

Paying attention to Figure 6.10, we can see that the arc of rotation intersects with the 

centreline of two unit cells, but at three separate instances. Hence, it can be said that there 

have been three fibre-tool, abrasive contacts. Being able to visualise the arc of rotation and 

ply direction makes it easy to determine the number of fibre-tool, abrasive contacts, 

however mathematical models are unable to see, hence, iterative calculations are required. 
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In order to accomplish this, the first requirement would be to find the co-ordinates of the 

mid-point of each unit cell centreline. Then, for each mid-point of a unit cell centreline, the 

co-ordinate system must be transformed so that the Y0 axis becomes parallel to the unit cell 

centrelines while the origin is coincident with the centreline mid-point. The transformation 

matrix which could be used to transform from the global co-ordinate system to this fibre co-

ordinate system is displayed in (6.8), where  𝜃  is the fibre lay-up angle and 𝑟𝑖  is the 

displacement from the global origin to the mid-point of the fibre 𝑖 in question.  

 

 

[

𝑥𝑓

𝑦𝑓

1
] = 𝐻 [

𝑥0

𝑦0

1
] = [

cos 𝜃 − sin 𝜃 𝑟𝑖

sin 𝜃 cos 𝜃 0
0 0 1

] [
𝑥0

𝑦0

1
] 

 

(6.8) 
 

Figure 6.11 shows the fibre co-ordinate system, following the transformation to the mid-

point of the orange centreline. The distance 𝑟𝑖 is labelled as well as the new axis and origin. 

As can be seen, the start point for the arc of rotation is at one side of the Yf axis while the 

end point is on the opposite side of the Yf axis. This gives rise to the confirmation that there 

has been one fibre-tool, abrasive contact for that arc of rotation.  

 

Figure 6.11 – Transformation to fibre coordinate system. The subscript “f” denotes the fibre co-ordinate system. 
For the fibre in question (orange centre line) the origin of the system has translated a distance of 𝑟𝑖. 

From this point, it was clear that the Xf co-ordinate for the point of intersection between the 

orange centreline and the arc would be 0. Thus, working in the fibre co-ordinate system and 

by knowing the co-ordinates of the centre, start and end point of the arc of rotation, it would 

be possible to solve the equation for a circle (6.6) to find the Yf value for the same point of 
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intersection. Logical if-statements would be required to ensure the correct sign was applied 

to the Yf co-ordinate.  

On this note, it is important to consider the pink unit cell, which would be the unit cell under 

investigation within the next step of the iterative calculation process. With respect to Figure 

6.12, we can see how (compared to Figure 6.11) the arc of rotation just manages to cross the 

Yf axis a second time, near the end point of the arc of rotation. Hence, different if-statements 

would be required to store both values of Yf co-ordinate, for the same Xf co-ordinate, for this 

specific arc and fibre combination.  

 

Figure 6.12 – Subsequent transformation to next unit cell. The pink centre line is now co-linear with the 𝑌𝑓 axis 

and the value of 𝑟𝑖 is larger than the value of 𝑟𝑖 from Figure 6.11 by the width of one unit cell. 

At this stage in the calculation, for any unit cell under consideration (pink or orange), the 

fibre-tool, abrasive contact points, within the fibre co-ordinate system could have been 

found. However, to complete the helical path calculation, an inverse transformation would 

be required to return the fibre-tool, abrasive contact points back to the original, global co-

ordinate system. A suitable inverse transformation matrix is shown in (6.9), where det (𝐻) is 

the determinant of the transformation matrix derived in (6.8). 

 

 

[
𝑥0

𝑦0

1
] = 𝐻−1 [

𝑥𝑓

𝑦𝑓

1
] =

1

det (𝐻)
[

cos 𝜃 sin 𝜃 −𝑟𝑖 cos 𝜃
− sin 𝜃 cos 𝜃 𝑟𝑖 sin 𝜃

0 0 cos2 𝜃 + sin2 𝜃

] [

𝑥𝑓

𝑦𝑓

1
] 

 

 

(6.9) 
 

 det(𝐻) =  cos2 𝜃 + sin2 𝜃 (6.10) 
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Resultantly, by following the methodology presented so far, the (X0,Y0) co-ordinates of the 

fibre-tool, abrasive contact points could be calculated and stored. The penultimate step of 

the fibre-tool, abrasive contact equations would be to identify the angle of intersection (𝜃𝑖𝑛𝑡) 

between the unit cell centreline and the tangent to the arc of rotation, for each fibre-tool, 

abrasive contact. Equation (6.11) elaborates how this angle could be found, when 𝑥 and 𝑦 

are the X0 and Y0 co-ordinates of a fibre-tool, abrasive contact point respectively and 𝜃 is the 

lay-up angle for that ply. 

 

 

𝜃𝑖𝑛𝑡 =  tan−1 (
−1
𝑦
𝑥

) − 𝜃 

 

(6.11) 
 

Finally, the last step of the calculation would be to calculate and store the total angle the CES 

had rotated through, from the beginning of the drilling process, up until the point of fibre-

tool, abrasive contact in question. This information would be needed so that each and every 

fibre-tool, abrasive contact point could be chronologically written to a data file, in the same 

sequence as they would occur in a real life drilling process. This angle would be found by 

summing together the number of complete revolutions the CES had so far completed and 

the magnitude of the included arc angle which had been swept through to reach the point 

of fibre-tool, abrasive contact, for that specific iteration. An effective equation for this 

calculation is displayed in (6.12), where 𝑖 is the current iteration number and 𝑥 and 𝑦 are the 

X0 and Y0 co-ordinates of the point of fibre-tool, abrasive contact, respectively. 

 

 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = ⌊
(𝑖 − 1) × 𝐼𝑛𝑐𝑙𝑢𝑑𝑒𝑑 𝑎𝑟𝑐 𝑎𝑛𝑔𝑙𝑒

2𝜋
⌋ + tan−1 (

𝑦

𝑥
)  

 

(6.12) 
 

By this stage, it is hopefully obvious that by beginning with the unit cell at the centre of the 

tool’s rotation and systematically moving outwards in both directions, considering every unit 

cell, all fibre-tool, abrasive contacts for that specific arc of rotation, could be found and 

recorded. The process could then move to the next iteration, considering the subsequent arc 

of rotation, which started where the previous arc ended. This iterative pattern could 

continue, where each unit cell could once again be checked for an intersection with the new 

arc. The model would stop to change the ply direction when the iteration number exceeded 

the number of unit cells per ply, as defined in (6.13).  

 

 

𝑁𝑜. 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑝𝑙𝑦 =  ⌊
𝐶𝐹𝑅𝑃 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑁𝑜. 𝑜𝑓 𝑝𝑙𝑖𝑒𝑠 × 𝑑𝑈𝐶
⌋ 

 

(6.13) 
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When the iteration number exceeded the 𝑁𝑜. 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑝𝑙𝑦, this would mean that 

the CES had translated down the Z0 axis by a distance approximately equal to the thickness 

of the first ply. Having updated the calculations with the new ply orientation, the iterative 

pattern of calculations could continue until the full thickness of the laminate had been 

drilled. 

6.2.1 Summary – Helical Path Contact Calculations 

The following flowchart (Figure 6.13) summarises the methodology behind the helical path 

contact calculations, used within this module of the analytical model. Complementary 

pseudocode can be found in the appendix (§13.0). 

Start

Store helical 
path 

intersection 
data

Load Static Inputs:
CES radius.
Ply stacking sequence.
Laminate dimensions
Unit Cell dimensions.

Calculate arc of 
rotation to drill 
one unit cell of 

depth

Calculate number 
of arcs to drill full 
thickness of ply

Calculate number 
of arcs to drill full 

thickness of 
laminate

For each ply:

For each unit 
cell:

Translate co-
ordinate system to 
mid-point of unit 

cell

Translate co-
ordinate system to 
mid-point of unit 

cell (Xf,Yf)

Check if Yf axis is 
crossed. If true, 

store (Xf,Yf) values

Inverse transform 
(Xf,Yf) back to 

(X0,Y0) 

End

For each arc:

 

Figure 6.13 – Helical path contact calculations process flowchart.  
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In summary, the use of basic trigonometry and reoccurring patterns produces a methodology 

and set of equations that could identify which unit cells are cut by a specific CES as it follows 

its helical cutting path. Simultaneously the angle between the unit cell and the instantaneous 

tangential cutting direction of the CES, could be identified. Finally, and importantly, this 

methodology and system of equations would be able to chronologically order the points of 

fibre-tool, abrasive contact, as the CES moves through the CFRP. 

Having said that, a key point in need of review relates to the starting point of the very first 

arc of rotation. As illustrated in Figure 6.10, the starting point of the arc lay on the X0 axis. In 

reality, when a rotating tool is brought down into contact with a workpiece, the true start 

point of the first arc of rotation, could be anywhere within a full 360° rotation of the X0 axis. 

Hence, the difference in location of the first arc of rotation must be investigated. By running 

the helical path contact model multiple times, with each run differing from the last because 

the start point of the arc had been rotated 15° clockwise, Table 6.1 could be produced. As 

shown, by separating all possible angles of intersection into three categories; acute, obtuse 

or end-on (0° or 180°), the number of fibre-tool, abrasive contacts for each category could 

be compared.   
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Table 6.1 – Comparison of start point angles for helical path contact equations. 

Arc start point 

angle (°) 

Number of contacts for angle of intersection range:  

(x103) 
Sum 

(x103) 
1-90° 91-179° 0° or 180° 

0 170.97 170.87 0.00 341.84 

-15 171.17 170.48 0.00 341.64 

-30 171.66 170.20 0.00 341.86 

-45 171.10 170.37 0.00 341.46 

-60 170.85 171.16 0.00 342.02 

-75 171.17 170.72 0.00 341.89 

-90 171.81 170.31 0.00 342.12 

-105 171.32 170.34 0.00 341.66 

-120 171.16 170.94 0.00 342.10 

-135 171.49 170.37 0.00 341.86 

-150 171.71 170.20 0.00 341.91 

-165 171.27 170.15 0.00 341.42 

-180 170.96 170.86 0.00 341.82 

-195 171.20 170.43 0.00 341.63 

-210 171.45 170.34 0.00 341.79 

-225 171.28 170.32 0.00 341.60 

-240 170.63 171.22 0.00 341.85 

-255 171.48 170.40 0.00 341.88 

-270 171.59 170.45 0.00 342.04 

-285 171.51 170.28 0.00 341.79 

-300 170.98 170.76 0.00 341.75 

-315 171.80 170.05 0.00 341.85 

-330 171.73 170.17 0.00 341.91 

-345 171.45 170.10 0.00 341.55 

Mean 171.32 170.48 0 341.80 

 

Considering the “sum” value for each fibre angle, a maximum deviation of 0.11% from the 

mean value, was calculated for a fibre angle of -165°. Thus, it is apparent that this variation 

is negligible when considering the scale of the entire modelling process. For the sake of the 

remainder of the modelling methodology presented in this thesis, an angle of -15° was 

nominated as it had a “mid-range” deviation of 0.05% from the mean value of the sum of 

fibre-tool, abrasive contacts.   
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6.3 Force Calculations 

The calculation of the wearing force for a range of critical fibre angles is the next process to 

be completed within the model. The first of these critical fibre angles (𝜃) is 5°, followed by 

every multiple of 10° up to and including 170°. The final critical angle proposed for this 

methodology is 175°. Exemplary results can be seen in Table 6.2. 

The calculation of the wearing force is not a single calculation but rather a complex system 

of calculations of substantial magnitude. In actual fact, the complete wearing force for a 

particular fibre angle could consist of up to 4 individual wearing forces, responsible for the 

fracturing, compression, rebounding and buckling of the unit cells and CFRP workpiece 

surrounding the CES. Detailed explanations of each of these forces will be given through the 

rest of this sub-chapter. This portion of the calculation methodology (relating to force 

calculation) is not explicitly novel. The majority of the core theories have been presented in 

the works reviewed in §4.3. Having said that, the equations presented in this sub-chapter 

(§6.3) are not clones of the equations within the reviewed research papers. Rather, the 

reviewed papers acted as instructional guidelines for the formulation of the force calculation 

methodology presented in this thesis.  

For lack of a better method of organisation, this sub-chapter will be split into further sub-

chapters based upon each of the four wearing forces which could act on the tool. 

Differentiations will be made clear when the method changes due to a change in fibre angle. 

In short, all possible fibre-tool, abrasive contacts can be categorised as fibre-tool, abrasive 

contacts with small fibre angles (0 < 𝜃 ≤ 90 + 𝛾) and those for larger fibre angles (90 +

𝛾 < 𝜃 ≤ 180). Initially, we shall begin with the fracture of unit cells with small fibre angles. 

6.3.1 Fracture Forces – Small Fibre Angles 

With respect to Figure 6.8 and the discretisation methods described, Figure 6.14 can be 

drawn. This image shows the instantaneous point in time when the CES has just come into 

contact with an undisturbed unit cell in front of it. The nose of the tool is of radius 𝑟𝐶𝐸𝑆 while 

the unit cell is orientated at an angle of 𝜃. The flank relief angle 𝛼 and rake relief angles 𝛾 

are shown, measured from the XCES and YCES axes. The depth of cut in the CES co-ordinate 

system (𝑎𝐶𝐸𝑆) is shown. A new co-ordinate system (X’,Y’) was created such that the X axis is 

parallel with the centreline of the unit cells and the Z axis is parallel to the Z axis of the CES 

co-ordinate system. A point force 𝑃1 acts at the point where the CES contacts the unit cell, 

acting perpendicular to X’ axis.  
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Figure 6.14 – 2D view of a CES and small angled fibre. The contact force 𝑃1 acts on the unit cell, from the tool. 
The CES co-ordinate system is shown alongside a rotated version (X’, Y’). The X’ axis is always parallel with the 
centre line of a unit cell.  Flank and rake relief angles of 𝛼 and 𝛾, respectively, are displayed, along with the depth 
of cut, measured in the CES co-ordinate system. 

Taking a closer look at the pristine unit cell ahead of the CES (Figure 6.15), location ‘0’ is at 

the free end of the unit cell while point C is an infinite distance away from the free end. Point 

A marks the location where the CES contacts the unit cell. The unit cell under investigation is 

assumed incompressible. It is surrounded by other unit cells, which can be collected together 

and treated as an equivalent homogeneous material (EHM), assumed elastic in nature. 

Furthermore, considering force equilibrium about the unit cell, any force acting on the unit 

cell from the tool, must be counteracted by the support given by the surrounding EHM. 

Hence, it is appropriate to describe the supporting EHM using Winkler’s elastic foundation 

equations [137]. Within these equations, the support of the EHM is fundamentally based on 

Hooke’s law, where the supporting force is directly related to the product of the stiffness 

and the deflection of the surrounding, elastic EHM. This stiffness is represented by the 
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variable 𝑘𝑚, named the modulus of the foundation and the intensity of the reaction is 𝑦′𝑘𝑚, 

as shown in Figure 6.15.  

 

Figure 6.15 – Magnified view of an acute angled unit cell ahead of bending. The EHM surrounding the unit cell 
in question provides supporting forces in the form of an elastic foundation. Ensuring the equilibrium of forces, the 
supportive forces are equal and opposite to the force 𝑃1. 

The calculation of the value of the modulus of the foundation was proposed by Biot [138] 

and used by Xu and Zhang in their previous research [107], [108]. Here, 𝐸𝑓 𝑡𝑟𝑎𝑛 and 𝐼𝑓 are the 

transverse elastic modulus and second moment of area of the fibre within the unit cell, 

while 𝐸𝑚 𝑡𝑟𝑎𝑛 and 𝑣𝑚 𝑡𝑟𝑎𝑛 are the transverse elastic modulus and transverse Poisson’s ratio 

of the EHM surrounding the unit cell. 

 

 

𝑘𝑚 =
0.816𝐸𝑚 𝑡𝑟𝑎𝑛

(1 − 𝜈𝑚 𝑡𝑟𝑎𝑛
2 )

[
𝐸𝑚 𝑡𝑟𝑎𝑛𝐷𝑓

4

(1 − 𝜈𝑚 𝑡𝑟𝑎𝑛
2 )𝐸𝑓 𝑡𝑟𝑎𝑛𝐼𝑓

]

0.11

 

 

(6.14) 
 

Considering now the movement of the CES forward, along its instantaneous cutting direction, 

the incompressible unit cell as shown in Figure 6.15 would be displaced, with the EHM being 

compressed as it supports the bent unit cell, as shown in Figure 6.16. Here it is plain to see 
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that the movement of the tool has caused the EHM to the right hand side of the unit cell to 

partly de-bond, between points A and B. Point B is therefore named the de-bonding point 

and from this point downwards, the unit cell is supported on both sides, just as it was in 

Figure 6.15. Likewise, because the unit cell has bent it will curve round the nose of the CES, 

meaning the point force 𝑃1  is now better represented as a small distributed load of 

magnitude 𝑞1. 

 

Figure 6.16 – Acute angled unit cell during bending. The supportive force to the right of the unit cell is only active 
from point B downwards. The EHM to the right of the unit cell above point B is de-bonded from the unit cell. The 
magnitude of the supportive force to the left of the unit cell at point A is larger than at other points due to the 
higher unit cell deflection at this point. The force from the tool is better represented as a distributed load. 
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From here, the transition to a finished free body diagram of the unit cell is a small step. Figure 

6.17 illustrates the unit cell as a beam mounted upon a Winkler foundation. Variables 𝑎 and 

𝑏 are the distance between point 0 and point A, and point A and point B, respectively. The 

length 𝑎 is a simple trigonometric manipulation of the length 𝑎𝐶𝐸𝑆, as shown in (6.15). 

 

 

𝑎 =
𝑎𝐶𝐸𝑆

sin 𝜃
 

 

(6.15) 
 

 

Figure 6.17 – FBD of a beam upon a Winkler foundation for small angled fibres. FBD is appropriate for fibre 
angles where 𝜃 ≤ 90° + 𝛾. Point 0 is at the free end of the fibre as per Figure 6.16 while point C is far from the 
hole. 

The distributed load 𝑞1 acts over a length 𝑐 and it depends on the deflection of the EHM 

directly in line with point A. The function used to determine the magnitude of length 𝑐 is 

exponential as shown in Figure 6.18. It is derived from half the length of the CES chord, which 

connects the start of the rake face across to the start of the flank face, as shown in Figure 

6.19. It is significant to remember that the length of 𝑐 is calculated from equation (6.16) and 

Figure 6.19, however the location of its centre point is governed by point A as described in 

Figure 6.14 – Figure 6.17. 

 



Page 78 of 219 
 

 

Figure 6.18 – Exponential function for the calculation of length 𝒄. The unit cell deflection is measured parallel to 
the Y’ axis. See Figure 6.19 and (6.16) for further information on the significance of a deflection of 3.5µm. 

 

 

𝑐 = (
2𝑦𝐶𝐸𝑆

𝐷𝑓
)

0.1

𝑟𝐶𝐸𝑆 sin (

𝜋
2 + 𝛼 + 𝛾

2
) cos (

𝜋

4
−

𝛼

2
+

𝛾

2
− 𝜃) 

 

(6.16) 
 

 

Figure 6.19 – Maximum possible length for distributed load 𝒄. The CES chord connects the point of inflection 
between the straight line of the rake face and the curved nose, with the point of inflection of the straight line of 
the flank face and the curved nose. Length 𝑐 is always measured parallel with the fibre axis. 

Returning the reader’s attention to Figure 6.17, the only unknowns at this stage are 𝑞1 and 𝑏. 

In order to calculate the values of these variables, the basics of a Winkler’s elastic foundation 

model must be reviewed [137]. Considering an unloaded section of a beam supported on an 

elastic foundation and applying the known differential equation of a beam in bending, it is 

possible to produce the differential equation for the deflection curve of said beam, as shown 
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in (6.17). Here, 𝐸 and 𝐼 are the elastic modulus and second moment of area of the beam in 

question. 

 

 

𝐸𝐼
𝑑4𝑦

𝑑𝑥4
= −𝑘𝑚𝑦 

 

(6.17) 
 

Following Hetényi’s [137] derivation the general solution for the deflection of the beam at 

any point 𝑥 along its length can be found from (6.18), where constants 𝐶1, 𝐶2, 𝐶3 and 𝐶4 are 

integration constants which depend on the manner in which the beam was loaded. The 

term 𝛽 is the characteristic of the system and originates from (6.19). 

 

 

𝑦 = 𝑒𝛽𝑥(𝐶1 cos 𝛽𝑥 + 𝐶2 sin 𝛽𝑥) + 𝑒−𝛽𝑥(𝐶3 cos 𝛽𝑥 + 𝐶4 sin 𝛽𝑥) 

 

(6.18) 
 

 

 

𝛽 = √
𝑘𝑚

4𝐸𝑓 𝑡𝑟𝑎𝑛𝐼𝑓

4

 

 

(6.19) 
 

The unit cell we are modelling can be treated as unlimited in length, due to the ratio between 

the length of the unit cell, compared to its diameter. Hence, when considering a point 

infinitely far away from any applied load, it is reasonable to assume the deflection of the 

beam at that point, due to the applied load will be zero. Due to this, (6.19) can be simplified 

to equation (6.20) as this is the only form of the general solution which satisfies the above 

statement. Here, from the condition of symmetry we know that 𝐶3 is equal to 𝐶4 and hence 

can be replaced with a generic constant 𝐶.  

 

 

𝑦 = 𝐶𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥) 

 

(6.20) 
 

This generic constant is directly related to the loading condition, which has caused the beam 

deflection and can be found from the equilibrium of forces acting on the system, which can 

be generically described through (6.21). Here, 𝑃 is the load applied to the beam.  

 

 

2 ∫ 𝑘𝑚𝑦
0

∞

𝑑𝑥 = 𝑃 

 

(6.21) 
 

Substituting (6.21) into (6.20) we can create an equation for the deflection of the right hand 

side of a beam (positive X direction) when acted upon by a point load (6.22).  

 

 

𝑦 =
𝑃𝛽

2𝑘𝑚
𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥) 

 

(6.22) 
 

From this point, manipulation is required to fit (6.22) to the system presented in Figure 6.17, 

namely it is essential to convert the point load into a distributed load. Continuing to follow 
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the work of Hetényi [137], and under the principle that a distributed load is constructed of 

infinitely small point loads, equations (6.23) to (6.26) were produced, with respect to Figure 

6.17. As can be seen, the underlying structure of each equation is similar, but the portions of 

the beam for which the equations are valid changes. For example, considering 𝑥 = 0 at point 

0, equation (6.23) is valid for any distance of 𝑥 to the left of the distributed load 𝑞1, while 

equation (6.24) is valid for any value of 𝑥 under the distributed load 𝑞1. Equation (6.25) is 

valid when the distance 𝑥 is between the right side of the distributed load 𝑞1 and point B, 

while equation (6.26) is only valid for values of 𝑥 to the right of point B. 

 

 

𝑦1 =
𝑞1𝛽

2𝑘𝑚
∫ 𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥)

(𝑎−0.5𝑐)−𝑥

(𝑎+0.5𝑐)−𝑥

𝑑𝑥 

 

(6.23) 
 

 

 

𝑦2 =
𝑞1𝛽

2𝑘𝑚
(∫ 𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥)

0

𝑥−(𝑎−0.5𝑐)

𝑑𝑥

+ ∫ 𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥)
0

(𝑎+0.5𝑐)−𝑥

𝑑𝑥) 

 

(6.24) 
 

 

 

𝑦3 =
𝑞1𝛽

2𝑘𝑚
∫ 𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥)

𝑥−(𝑎+0.5𝑐)

𝑥−(𝑎−0.5𝑐)

𝑑𝑥 

 

(6.25) 
 

 

 

𝑦4 =
𝑞1𝛽

4𝑘𝑚
∫ 𝑒−𝛽𝑥(cos 𝛽𝑥 + sin 𝛽𝑥)

𝑥−(𝑎+0.5𝑐)

𝑥−(𝑎−0.5𝑐)

𝑑𝑥 

 

(6.26) 
 

Having obtained equations (6.23) to (6.26), it is possible to calculate the values of 𝑞1 and 𝑏 

as per the original intention. At point A, 𝑥 = 𝑎, hence equation (6.24) can be solved to 

find 𝑞1, knowing that the deflection of the beam at this point is equal to equation (6.27). 

Here, 𝑡𝑖 is the finite time instance which has passed since the point of initial contact (Figure 

6.15) and  𝑉𝑐 is the linear cutting velocity for that CES. 

 

 

𝑦2 (𝑥=𝑎) = 𝑉𝑐𝑡𝑖 sin 𝜃 

 

(6.27) 
 

Having identified 𝑞1 , equation (6.25) could be used to find the value for 𝑥  at which the 

deflection is equal to the maximum deflection possible before de-bonding would occur. As 

shown in (6.28), the length 𝑥 has been substituted for 𝑏 while 𝜎𝑏  is the maximum tensile 

stress of the resin matrix. The multiplication by the fibre diameter 𝐷𝑓 is required to ensure 

the consistency of units is carried through, matching the term  𝑘𝑚  and the units used 

throughout Hetényi’s [137] derivation. 
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𝜎𝑏𝐷𝑓

𝑘𝑚
=

𝑞1𝛽

2𝑘𝑚
∫ 𝑒−𝛽𝑥(cos 𝛽𝑏 + sin 𝛽𝑏)

𝑏−(𝑎+0.5𝑐)

𝑏−(𝑎−0.5𝑐)

𝑑𝑏 

 

(6.28) 
 

With all terms displayed in Figure 6.17 now found, the sole loose end is the determination 

of the time instance (𝑡𝑖) created within (6.27). In order to determine the value of this variable, 

the fracture criteria of the unit cell must be set. Of the two constituents within a unit cell, 

the fibre is responsible for the strength of the unit cell. Combining this with the knowledge 

that when a beam is bent, tensile forces are experienced at one side of the beam’s neutral 

axis while compressive forces are experienced at the other, it was possible to generate a 

fracture criteria for the complete unit cell. The criteria is mathematically written in (6.29), 

where 𝜎𝑓 was the tensile strength of the fibre and 𝑀 was the maximum bending moment, 

found from (6.30). 

 

 

𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒 =  |𝑀| ≥ 𝜎𝑓    𝒘𝒉𝒆𝒏: 𝑎 ≤ 𝑥 ≤ 𝑎 + 0.5𝑐 

 

(6.29) 
 

  

 

𝑀 = −𝐸𝑓 𝑡𝑟𝑎𝑛𝐼𝑓

𝑑𝑦2
2

𝑑𝑥2
 

 

(6.30) 
 

If the fracture criteria is not met, the time instance increases by another iteration of 5x10-4 

seconds and the values of 𝑞1 and 𝑏 are recalculated through (6.27) and (6.28). This increase 

in time instance correlates to a forward movement of the tool of approximately 5% the 

diameter of a 90° carbon fibre (7µm). This is a logical interval when searching for a fracture 

criteria.  

At this stage, the total deflection of the beam due to the force applied from the CES could be 

calculated using the principle of superposition. The deflection for any point  𝑥  along the 

length of the beam could be written as shown in (6.31) where each term is only valid between 

the stated boundaries. 

 

 

𝑦𝑡𝑜𝑡𝑎𝑙∞
0 = 𝑦1𝑎−0.5𝑐

0 + 𝑦2𝑎+0.5𝑐
𝑎−0.5𝑐 + 𝑦3𝑎+𝑏

𝑎+0.5𝑐 + 𝑦4∞
𝑎+𝑏  

 

(6.31) 
 

Returning to the underlying principles of an elastic foundation model and Hooke’s law, we 

can see that the total force required to produce the deflection calculated through (6.31), 

must be as displayed in (6.32). Here, 𝑃𝐴 is the force acting on the beam at point A. 

 

 

𝑃𝐴 = ∫ 𝑦1

0

𝑎−0.5𝑐

𝑘𝑚 𝑑𝑥 + ∫ 𝑦2

𝑎−0.5𝑐

𝑎+0.5𝑐

𝑘𝑚 𝑑𝑥 + ∫ 𝑦3

𝑎+0.5𝑐

𝑎+𝑏

𝑘𝑚 𝑑𝑥

+ ∫ 𝑦4

𝑎+𝑏

∞

2𝑘𝑚 𝑑𝑥 

 

(6.32) 
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Considering the output from (6.32), we have calculated the force required by the CES to 

deflect the unit cell which is supported by an elastic foundation, however, this thesis is 

focused on tool wear and as such, is concerned with the effect the CFRP has on the tool, not 

vice-versa. Thus, referring to the location of contact force 𝑞1, while simultaneously knowing 

that the major duties of the rake face of a drill is to evacuate broken chips away from the 

cutting zone, it is possible to review equation (6.32) and create (6.33). The main difference 

between these equations is that the deflection of the beam above the depth of cut (point A) 

has been omitted from the calculation. The remaining terms have all been inverted, to give 

the force acting on the tool, from the CFRP workpiece.  

 

 

𝑃𝑓𝑟𝑎𝑐 = − ∫ 𝑦2

𝑎

𝑎+0.5𝑐

𝑘𝑚 𝑑𝑥 − ∫ 𝑦3

𝑎+0.5𝑐

𝑎+𝑏

𝑘𝑚 𝑑𝑥 − ∫ 𝑦4

𝑎+𝑏

∞

2𝑘𝑚 𝑑𝑥 

 

(6.33) 
 

6.3.2 Fracture Forces – Large Fibre Angles 

Taking inspiration from Figure 6.14, a similar 2D discretisation of a CES at the point of contact 

with a large angled fibre can be viewed in Figure 6.20. The noticeable difference here 

compared to a small angled fibre, is that the rake face contacts the unit cell first. Therefore, 

the location of force 𝑃1 is on the rake face as opposed to the nose of the CES. 

 

Figure 6.20 – 2D view of a CES and obtuse angled fibre. The contact force from the tool, acting on the CFRP is 
marked by 𝑃1 and occurs on the rake face, above the point of inflection between the rake face and the nose. Flank 
and rake relief angles are 𝛼 and 𝛾 respectively, are displayed, along with the depth of cut, measured in the CES 
co-ordinate system. 
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This unit cell is subjected to the same points of interest as well as the same supportive forces 

as the small angled version. Applying these points of interest produces Figure 6.21. 

 

Figure 6.21 – Magnified view of an obtuse angled unit cell ahead of bending. The force from the tool acting on 
the unit cell is equal and opposite to the resultant force from the elastic foundation supportive forces to the left 
and right of the unit cell. No de-bonding has yet occurred. 

Considering now that several time instances have passed since the initial contact occurred 

and the tool has moved forward along its cutting direction, we can see how the contact 

between the rake face and the unit cell would eventually lead to the brittle fracture of the 

unit cell at a short distance below point 0. As a result, the portion of the fibre above the 

fracture line, (0 to A) is no longer connected to the rest of the fibre (from A to C). Thus, in 

agreement with the principles laid by Xu and Zhang [107], [108], this upper portion of the 

unit cell experiences a different magnitude of support from the EHM neighbouring it. On the 

contrary, the de-bonding of the unit cell beyond point A would exist for obtuse angled fibres, 

just as it was modelled for the small angled fibres. Figure 6.22 illustrates these principles.  
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Figure 6.22 – Partial fracture of obtuse angled unit cell. The supportive force of the EHM to the left of the unit 
cell is separated into two sections. The portion above the fracture line is different to that below the fracture line. 
The unit cell is de-bonded from the EHM to the right between points A and B. the point force 𝑃1has moved down 
from point 0 to point A. 

As the tool increments further forward, the process of the unit cell bending and the fibre 

fracturing would repeat at different positions along the rake face, each one slightly closer to 

the nose of the tool than the last. It is appropriate to consider that this repetitive cycle could 

only end when the point of fracture (point A) is coincident with the start of the nose of the 

tool (marked with an x in Figure 6.22). Thus, the final bending of the unit cell and fracture of 

the fibre could take place, before the unit cell in question, would pass underneath the nose 

of the tool.  

Working along the X’ axis, the unit cell could be described as a beam with three distinct 

sections; the fractured chips between points 0 and A, the bent section between points A and 

B and thirdly, the well supported section from point B to point C. The first portion would 

consist of numerous fractured shards of the beam, none of which are connected together, 

nor to the rest of the beam past point A. This portion of the beam would always be pressed 

against the rake face of the tool due to the incremental movement of the CES. Eventually, it 

would slide up and be extracted from the CFRP as chips, many iterations later. Hence, the 
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deflection of this first portion of the beam can simply be described through trigonometry in 

relation to the geometry of the rake face, as mathematically described in (6.34). 

 

 

𝑦1 = (𝑥 − 𝑎) tan (𝜃 −
𝜋

2
− 𝛾) + 𝑉𝑐𝑡𝑖 sin(𝜋 − 𝜃) 

 

(6.34) 
 

As for the second and third sections of the unit cell, they could be represented by a FBD, as 

constructed in Figure 6.23. In comparison to the FBD for small angled fibres, both sections of 

the beam are to the right of the load. With this in mind, the equations for the deflection of 

the beam between points A and B is expressed in (6.35), while the deflection of the beam 

between points B and C can be calculated through equation (6.36). 

 

Figure 6.23 – FBD of a beam upon a Winkler foundation for large angled fibres. Point 0 is fixed at the free end 
of the fibre, as per the initial point of contact between the CES and the unit cell. 

 

 

𝑦2 =
𝑃1𝛽

2𝑘𝑚
𝑒−𝛽(𝑥−𝑎)(cos 𝛽(𝑥 − 𝑎) + sin 𝛽(𝑥 − 𝑎)) 

 

(6.35) 
 

 

 

𝑦3 =
𝑃1𝛽

4𝑘𝑚
𝑒−𝛽(𝑥−𝑎)(cos 𝛽(𝑥 − 𝑎) + sin 𝛽(𝑥 − 𝑎)) 

 

(6.36) 
 

With the governing beam bending equations derived, the values for the unknown terms can 

be calculated and the system could be solved. Just as for the small angled fibres, 𝑎 could be 

found from (6.15) while the value for 𝑃1 for the current time instance could be found from 

(6.27). The de-bonded length 𝑏 would require a modified equation, as shown in (6.37). 

 

 

𝜎𝑏𝐷𝑓

𝑘𝑚
=

𝑃1𝛽

2𝑘𝑚
𝑒−𝛽(𝑏−𝑎)(cos 𝛽(𝑏 − 𝑎) + sin 𝛽(𝑏 − 𝑎)) 

 

(6.37) 
 

Just like the small angled fibres, the fibre is deemed to have fractured when the stress at the 

circumference of the fibre, at point A, is in excess of the tensile strength of the fibre. Hence, 

the value for the time instance (𝑡𝑖) must continue to grow until equation (6.30) is satisfied. 
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The total deflection of the beam (6.38) can then be calculated under the principle of 

superposition, just as it was done for (6.31). 

 

 

𝑦𝑡𝑜𝑡𝑎𝑙∞
0 = 𝑦1𝑎

0 + 𝑦2𝑏
𝑎 + 𝑦3∞

𝑏  

 

(6.38) 
 

Similarly, the force responsible for this deformation can be found from Hooke’s Law and is 

displayed in (6.39). 

 

 

𝑃1 = ∫ 𝑦1

0

𝑎

𝑘𝑚2 𝑑𝑥 + ∫ 𝑦2

𝑎

𝑏

𝑘𝑚 𝑑𝑥 + ∫ 𝑦3

𝑏

∞

2𝑘𝑚 𝑑𝑥 

 

(6.39) 
 

Again, remembering that the goal of these calculations is to find the force which causes edge 

rounding tool wear, the force acting in section one (on the rake face) is responsible for 

evacuating chips and broken unit cells. Hence, this has no use in the determination of the 

forces on the wearing zone of the CES nose. Thus, equation (6.39) can be reviewed to give 

equation (6.40); the force acting on the CES, from the CFRP workpiece, when an obtuse 

angled unit cell is fractured. 

 

 

𝑃𝑓𝑟𝑎𝑐 = − ∫ 𝑦2

𝑎

𝑏

𝑘𝑚 𝑑𝑥 − ∫ 𝑦3

𝑏

∞

2𝑘𝑚 𝑑𝑥 

 

(6.40) 
 

6.3.3 Compression Forces 

Having clarified how the fracture forces are calculated for any given fibre angle (𝜃), it is time 

to focus on the second of the four forces contributing to the edge rounding wear of the CES. 

Figure 6.24 illustrates a small angled fibre, at the instant fracture of the unit cell occurs. This 

time however the area of concern is not the bending unit cell, but the EHM currently passing 

underneath the CES nose. Unknowns 𝑙 and 𝛿2 are the width and height, respectively, of the 

EHM being pressed underneath the CES nose, and can be calculated from the fibre angle, 

CES radius, beam deflection and de-bonded length, as shown by (6.41) and (6.42). 
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Figure 6.24 – Definition of compressive force variables. The chord line connects the edge of the de-bonded EHM 
with the bottom most point of the CES nose. 𝑙 and 𝛿2 are the horizontal and vertical components of this chord as 
measured in the CES co-ordinate system. 

 

 

𝑙 = [𝑟𝐶𝐸𝑆 − (𝑉𝑐𝑡𝑖 sin 𝜃 −
𝜎𝑏𝐷𝑓

𝑘𝑚
)] 𝑐𝑜𝑠 (

𝜋

2
− 𝜃) − 𝑏 sin (

𝜋

2
− 𝜃) 

 

(6.41) 
 

  

 

𝛿2 = 𝑟𝐶𝐸𝑆 cos (𝜃 − tan−1 [
𝑏

𝑟𝐶𝐸𝑆 − (𝑉𝑐𝑡𝑖 sin 𝜃 −
𝜎𝑏𝐷𝑓

𝑘𝑚
)

]) 

 

(6.42) 
 

In correlation with existing force models, [107], [108], the point force  𝑃2  acts vertically 

downwards, through the centre of the CES and can be calculated using Hertz’s principles of 

elastic contact. To paraphrase Johnson [115], the theory relates the width of the elliptical 

impression made in an elastic body, due to contact from a spherical body of unit thickness, 

to a representative point force at the bottom of said spherical body. To apply this theory to 

our problem, the general equation must be halved, before being multiplied by the thickness 

of the “sphere” (𝐷𝑓), as shown in (6.43). 

 

 

𝑃2 =
1

2

𝜋𝑙2𝐸𝑐𝑜𝑚𝑝

4𝑟𝐶𝐸𝑆
𝐷𝑓 

 

(6.43) 
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Here, 𝐸𝑐𝑜𝑚𝑝 and 𝜈𝑐𝑜𝑚𝑝 are the modulus and Poisson’s ratio of the EHM underneath the nose 

of the CES, respectively and could be calculated using equations of directional dependant 

strength as displayed in (6.44) and (6.45). Having undergone fracture as described in §6.3.1 

or §6.3.2, the bulk material would be weaker than pristine CFRP, hence a multiplication 

factor of 0.1 is used [107], [108] when calculating (6.44). This factor is unnecessary when 

calculating (6.45). Here,  𝑚 and 𝑛 are as described in (6.46) and (6.47) while 𝐺𝑚 is the shear 

modulus for the EHM. 

 

 

𝐸𝑐𝑜𝑚𝑝 =  0.1 ×
1

(
𝑚4

𝐸𝑚 𝑙𝑜𝑛𝑔
+

𝑛4

𝐸𝑚 𝑡𝑟𝑎𝑛
+ 𝑚2𝑛2 [

1
𝐺𝑚

+
2𝑣𝑚 𝑙𝑜𝑛𝑔

𝐸𝑚 𝑙𝑜𝑛𝑔
])

 

 

(6.44) 
 

 

 

𝜈𝑐𝑜𝑚𝑝 =
𝐸𝑐𝑜𝑚𝑝

0.1
(𝑚4 + 𝑛4)

𝜈𝑚 𝑙𝑜𝑛𝑔

𝐸𝑚 𝑙𝑜𝑛𝑔

− (𝑚2𝑛2) [
1

𝐸𝑚 𝑙𝑜𝑛𝑔
+

1

𝐸𝑚 𝑡𝑟𝑎𝑛
−

1

𝐺𝑚
] 

 

(6.45) 
 

 

 

𝑚 = cos (
𝜋

2
− 𝜃)  

 

(6.46) 
 

 

 

𝑛 = sin (
𝜋

2
− 𝜃) 

 

(6.47) 
 

Considering the five preceding equations, it becomes clear that the largest value for 𝑃2 will 

be experienced when the fibre angle is 90°. This means that the force is acting parallel with 

the fibre axis within the unit cell(s) below the cutting nose. Knowing this, alongside the 

principle that a bulk material’s strength is lowered when the individual components within 

that material yield, further equations are required to find the true magnitude of force 𝑃2. 

These necessary equations originate from Euler’s equation for the buckling of struts [114], 

as shown in (6.48), where the effective length of the strut 𝐿𝑒 is related to the de-bonded 

length of the unit cell, as shown in (6.49). 

 

 

𝑃𝑐𝑟𝑖𝑡 =
𝜋2𝐸𝐼

𝐿𝑒
2  

 

(6.48) 
 

 

 

𝐿𝑒 = 2𝑏 

 

(6.49) 
 

However, it is well documented that a strut will never reach Euler’s theoretical buckling load 

(𝑃𝑐𝑟𝑖𝑡) because some point on the surface of the strut, furthest away from the neutral axis, 

would inevitably exceed the material’s tensile stress first. Hence, it is more appropriate to 

calculate the buckling load (𝑃2 𝑏) from equations of eccentrically loaded columns [114], [139] 
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as shown in (6.50). Here, 𝜎𝑓 is the tensile strength of a fibre, 𝐴𝑓 is the cross-sectional area of 

a fibre and 𝑒 is the eccentricity of the load.  

 

 

𝜎𝑓 = 𝑃2 𝑏 [
1

𝐴𝑓
+

𝑒

𝐼𝑓

𝐷𝑓

2
sec (

𝜋

2
√

𝑃2 𝑏

𝑃𝑐𝑟𝑖𝑡
)] 

 

(6.50) 
 

In our case, the eccentricity of the load can be assumed to be as displayed in (6.51). This 

equation combines Hetényi’s [137] findings on equivalent beam length, with that of existing 

practice for real beams. Essentially, the eccentricity is one thousandth the length of the 

infinite beam’s equivalent length. 

 

 

𝑒 = 0.001
2𝜋

𝛽
 

 

(6.51) 
 

From here, if-logic can be used to ensure the value for 𝑃2, as found through equation (6.43), 

does not exceed the maximum load a single fibre could withstand, as defined by (6.50). This 

if-logic is mathematically written as shown in (6.52) and (6.53). By performing this logic cross-

checking, the model is able to ensure the most realistic value of vertical force is carried 

through to the next stage of computation.  

 

 

𝑭𝒐𝒓 𝜽 ≤ 𝟗𝟎°:     𝑃2 =  𝑃2    𝒘𝒉𝒆𝒏:   𝑃2 ≤ 𝑃2 𝑏 sin 𝜃 

𝑬𝒍𝒔𝒆:    𝑃2 = 𝑃2 𝑏 sin 𝜃 

 

(6.52) 
 

 

 

𝑭𝒐𝒓 𝜽 ≥ 𝟗𝟎°:     𝑃2 =  𝑃2    𝒘𝒉𝒆𝒏:   𝑃2 ≤ 𝑃2 𝑏 sin(𝜋 − 𝜃) 

𝑬𝒍𝒔𝒆:    𝑃2 = 𝑃2 𝑏 sin(𝜋 − 𝜃) 

 

(6.53) 
 

In accompaniment with the vertical force 𝑃2, there would be a frictional force generated as 

the tool continued to move forward. This force would act up, along the chord line drawn in 

Figure 6.24. With the help of basic trigonometry, the component of the frictional force which 

would act parallel to the force 𝑃2 could be found. This component would be termed 𝑃2𝑓 and 

could be calculated from (6.54) when 𝜏 is as shown in (6.55). 

 

 

𝑃2𝑓 = −𝑃2𝜇 sin 𝜏 cos 𝜏 

 

(6.54) 
 

 

 

𝜏 = (
𝜋 − 𝜃 + sin−1 𝑏

𝑟𝐶𝐸𝑆

2
) 

 

(6.55) 
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Lastly, as for the compression forces, it would be necessary to modify these forces so they 

were suitable for the calculation of tool wear. Hence, the force acting on the tool, from the 

workpiece, towards the centre of the CES could be found from equation (6.56).  

 

 

𝑃𝑐𝑜𝑚𝑝 = −𝑃2 − 𝑃2𝑓 

 

(6.56) 
 

6.3.4 Rebounding Forces 

The third category of forces considered during the cutting process relates to the behaviour 

of the CFRP after it has been compressed and forced under the nose of the CES. This 

compressed material has the opportunity to rebound and expand back to an uncompressed 

state, but is controlled by the flank geometry. Considering the end of the CES nose and 

progressing along the flank face, the contact pressure between the tool and the rebounding 

CFRP may vary. This pressure can be represented by a generic point load 𝑃3 as illustrated in 

Figure 6.25, and calculated using Hertz’s theories of elastic contact between a blunt wedge 

indenter and an elastic half space [115].  

 

Figure 6.25 – Definition of rebounding force. The force 𝑃3 is acting radially outward from the centre point of the 
nose, through the point of inflection between the nose and the flank face. The height 𝛿3 is measured in the CES 
co-ordinate system. 

This theory is akin to the contact theory between a sphere and elastic half space of sub-

chapter §6.3.3. It states that the half-width of depression (𝑢) and wedge angle (𝛽) are directly 
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related to a vertical force (𝑃), acting at the centre of a double sided wedge, as shown in 

Figure 6.26. Equation (6.57) expresses the relationship mathematically, where 𝐸𝑟𝑒𝑏𝑜 is found 

from (6.58), as per [107], [108]. 

 

Figure 6.26 – Simplistic diagram describing Hertz’s blunt wedge elastic contact. 

 

 

𝑃 = 𝐸𝑟𝑒𝑏𝑜𝑢 cot 𝛽 

 

(6.57) 
 

 

 

𝐸𝑟𝑒𝑏𝑜 = 0.35𝐸𝑐𝑜𝑚𝑝 

 

(6.58) 
 

This theory and equations could be applied to the problem at hand (Figure 6.25) when 

acknowledging that the force 𝑃3 acts radially outwards from the centre point of the CES nose. 

This is mathematically described in (6.59), when 𝛿3 is found from (6.60). 

 

 

𝑃3 =
𝐷𝑓

2
𝐸𝑟𝑒𝑏𝑜𝛿3 cos 𝛼 (6.59) 

 

 

 

𝛿3 = 𝛿2𝜈𝑐𝑜𝑚𝑝 

 

(6.60) 
 

As with the compressive forces of §6.3.3, a frictional force parallel to the flank face would 

act towards the nose of the CES. However, this study is focused solely with edge rounding 

tool wear and hence, any forces acting perpendicular to any arbitrary CES nose radius (just 

like the flank frictional force) ought to be ignored. Essentially, the frictional force would be 

acting on the flank of the CES, not the nose. Resultantly, we can write that the force acting 

on the tool from the CFRP, in a direction towards the centre of the CES nose is as displayed 

in (6.61). 

 

 

𝑃𝑟𝑒𝑏𝑜 = −𝑃3 

 

(6.61) 
 

 

  

 



Page 92 of 219 
 

6.3.5 Buckling Forces 

The fourth and final force acting on the nose of the CES would be encountered when a unit 

cell was loaded directly along its fibre axis, soon after being fractured. This force can only be 

experienced when cutting obtuse angled fibres and Figure 6.27 shows such a situation. This 

situation may be considered separately to the generic compression of the EHM as described 

in §6.3.3 due to the variation in the strength of CFRP when loaded along its fibre direction as 

opposed to any other direction.  

 

Figure 6.27 – Definition of a buckling force. The force 𝑃4 is acting radially outward from the centre point of the 
nose, perfectly collinear with the centre-line of the unit cell under investigation. 

As can be seen, the manner in which this unit cell is loaded, is identical to the loading of the 

fibre in the cross-check logic operation of the compression force calculation sub-chapter 

(equations is performed for (6.48) – (6.53)). As such, the same theory and equations from 

§6.3.3 can be used to calculate force 𝑃4  which is equal in magnitude to 𝑃2 𝑏 . Therefore, 

equation (6.50) can be solved to find 𝑃2 𝑏 = 𝑃4.  
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As with all other wearing forces presented thus far, this wearing force acting on the CES nose, 

from the workpiece, is equal in magnitude, but opposite in direction to that depicted in 

Figure 6.27. Hence, the buckling force is as shown in (6.62). 

 

 

𝑃𝑏𝑢𝑐𝑘 = −𝑃4 

 

(6.62) 
 

 

6.3.6 Summary – Force Calculations 

The following flowchart (Figure 6.28) summarises the methodology behind the force 

calculations, used within this module of the analytical model. Complementary pseudocode 

can be found in the appendix (§13.0).  

 

Start

Load Static Inputs:
CES Geometry
Critical f ibre angles
Unit Cell Dimensions

Is fibre angle 
small?

NY

Construct 
deflection 

equations for all 4 
beam portions

Integrate to find 
total deflection 

and fracture force

Construct 
deflection 

equations for 3 
beam portions

Fracture 
Forces:

Solve equations 
when:

|M|> σf

Compression 
Forces:

Store critical 
fibre angle 
force data

Find size of 
compression zone

Calculate modulus 
and Poisson s ratio

Calculate Hertz s 
elastic contact 

force

Rebounding 
Forces:

Find size of 
compression zone

Calculate modulus 
and Poisson s ratio

Calculate Hertz s 
elastic contact 

force

End

Buckling 
Forces:

Find effective 
length of strut

Calculate 
maximum tensile 
strength of strut

Calculate critical 
load and buckling 

force

Calculate 
debonding length

b

For each 
critical fibre 

angle:

Calculate 
rebounding force

Calculate 
compression force

 

Figure 6.28 – Force calculation process flowchart. 

  



Page 94 of 219 
 

To summarise this sub-chapter, the theories and calculations shown throughout the entirety 

of §6.3 enable four separate contact forces to be calculated. In terms of the fracturing force, 

the CFRP unit cells can be modelled as beams upon elastic foundations, in which the total 

deflection of the beam is proportional to the force exerted upon it. Potential variations in 

free body diagrams due to the fibre angle being above or below a value of 𝜃 = 90° + 𝛾 are 

highlighted. Post fracture, the exposed ends of the fractured unit cells could be amalgamated 

together and treated as an equivalent homogeneous material (EHM), facilitating the 

calculation of the force directly beneath the nose of the CES through Hertz’s equations of 

elastic contact. Afterwards, the rebounding action of the compressed CFRP could be 

considered. Hertz’s equations of elastic contact are proposed as a suitable means to calculate 

the rebounding force of the EHM, acting at the end of the CES nose. Finally, basic strut 

buckling equations could be used to identify any noteworthy forces unaccounted for by the 

calculation of the compression forces.  

Finally, Figure 6.31 of sub-chapter §6.5.1 may be beneficial to visualise the differences 

between the four wearing forces acting on a sharp CES. The figure shows arbitrary locations 

in terms of 𝑃𝑓𝑟𝑎𝑐  and 𝑃𝑏𝑢𝑐𝑘 and consistent locations regarding 𝑃𝑐𝑜𝑚𝑝 and 𝑃𝑟𝑒𝑏𝑜.  
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6.4 Interpolation & Wear Equations 

6.4.1 Interpolation of Forces  

As mentioned in §6.3, the output of the wear calculations for the critical angles would be in 

the form as shown in Table 6.2. Therefore, it is the responsibility of the interpolation tasks, 

to manipulate the forces from Table 6.2, so that the forces associated with any fibre angle 

between 0° and 180°, could be found. 

Table 6.2 – Exemplary results from the force calculation. The forces are measured in newton. 

Fibre Angle 𝜽° 𝑷𝒇𝒓𝒂𝒄 𝑷𝒄𝒐𝒎𝒑 𝑷𝒓𝒆𝒃𝒐 𝑷𝒃𝒖𝒄𝒌 

0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

5 1.46E-01 -1.28E-02 0.00E+00 0.00E+00 

10 1.58E-01 -2.79E-02 0.00E+00 0.00E+00 

20 1.75E-01 -6.36E-02 0.00E+00 0.00E+00 

30 1.78E-01 -1.03E-01 0.00E+00 0.00E+00 

40 1.68E-01 -1.41E-01 2.73E-05 -5.19E-06 

50 1.42E-01 -1.69E-01 4.90E-03 -1.02E-03 

60 1.06E-01 -1.84E-01 2.55E-02 -5.70E-03 

70 6.78E-02 -1.86E-01 9.44E-02 -2.22E-02 

80 3.07E-02 -1.74E-01 3.68E-01 -8.95E-02 

90 0.00E+00 -1.52E-01 1.06E+00 -2.68E-01 

100 -2.24E-02 -1.27E-01 5.44E-01 -1.36E-01 

110 -2.15E-02 -5.91E-02 1.30E-02 -1.21E-03 

120 -3.12E-02 -5.40E-02 1.51E-02 -1.06E-03 

130 -4.06E-02 -4.83E-02 1.68E-02 -8.29E-04 

140 -4.82E-02 -4.04E-02 1.86E-02 -5.90E-04 

150 -5.46E-02 -3.15E-02 2.04E-02 -3.65E-04 

160 -6.20E-02 -2.26E-02 2.22E-02 -1.75E-04 

170 -7.17E-02 -1.26E-02 2.37E-02 -4.60E-05 

175 -9.25E-02 -8.09E-03 2.42E-02 -1.17E-05 

180 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

 

By stepping through every fibre collision as calculated by the helical path contact equations, 

the angle of intersection (𝜃𝑖𝑛𝑡) could be read and the closest neighbouring values of fibre 

angle (𝜃𝑙𝑜𝑤 and 𝜃ℎ𝑖𝑔ℎ) could be located within Table 6.2. Equation (6.63) could then be used 

to find the percentage by which the angle of intersection was greater than the lower 

boundary value.  

 

 

% 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝜃𝑖𝑛𝑡 − 𝜃𝑙𝑜𝑤

𝜃ℎ𝑖𝑔ℎ − 𝜃𝑙𝑜𝑤
× 100 (6.63) 
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This percentage change could then be applied to each of the forces themselves, through 

equation (6.64). Here,  𝑃𝑛  represents the interpolated force while  𝑃𝑛 𝑙𝑜𝑤  and  𝑃𝑛 ℎ𝑖𝑔ℎ 

represent the lower and higher limits of the force as read from Table 6.2.  

 

 

𝑃𝑛 = 𝑃𝑛 𝑙𝑜𝑤 +
% 𝑐ℎ𝑎𝑛𝑔𝑒

100
(𝑃𝑛 ℎ𝑖𝑔ℎ − 𝑃𝑛 𝑙𝑜𝑤) 

 

(6.64) 
 

6.4.2 Wear Equations 

Having calculated the force for every fibre collision, the next stage would be to calculate the 

wear resulting from the application of these forces. As per the literature review (§4.2), 

existing models from Childs et al. [93] and Iliescu et al. [14] where based upon indentation 

equations, close to equations of hardness. However, having brought forward Hertz’s theories 

of elastic contact in the previous force calculation sub-chapters, this model has continued 

this theme. Fishcer-Crips [117] reviews the fundamental principles of Hertz’s elastic contact 

between a rigid, cylindrical punch and elastic material. Assuming the freshly cut fibres within 

the unit cells to be appropriately modelled by the punch, while the tool takes the place of 

the elastic material, Hertz’s equation could be applied to the problem at hand. The 

underlying principles between both sets of equations (hardness based indentation equation 

and Hertz’s equations) are similar, however, Hertz’s equation specifically deals with a 

cylindrical punch. This is a much better fit when considering the fibres within the unit cells 

are cylindrical. The equation shown in (6.65) can therefore be used to calculate the 

penetration depth ( 𝛿𝑥 ) based upon a force acting along the centreline of the punch, 

perpendicular to the elastic surface. Here, 𝑃𝑥 would represent any of the four wearing forces, 

while 𝜈𝑡 and 𝐸𝑡 would represent Poisson’s ratio and the elastic modulus of the cutting tool, 

respectively. 

 

 

𝛿𝑥 =
𝑃𝑥(1 − 𝜈𝑡

2)

𝐸𝑡𝐷𝑓
 

 

(6.65) 
 

On calculation of the penetration depth using Hertz’s theories, it is quickly evident that the 

magnitude of penetration is unrealistic, just as it was found for Childs et al. [93] (see §4.2). 

After all, the analytical model thus far has idealised the situation to claim that each and every 

fibre which contacts the tool (helical path contact equations), causes wear. Thus, an 

efficiency factor is required to produce appropriate values of penetration depth from the 

equations and methodology used here. Childs et al. found that the factor for the machining 

of metal through their equations needed to be between 1 and 1x10-3. As for this thesis, the 

most appropriate pieces of existing literature are used as a guide to reverse engineer a 
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suitable efficiency factor. Comparing published works [2], [57], [60] (Table 3.1, §3.1.1), the 

approximate straight line depth of wear can vary, anywhere up to 25µm for the drilling of 

ten holes. It is essential to reiterate the breadth of variation for the parameters and variables 

within these studies. Hence, as a generic starting point, an efficiency factor of 4.5x10-4 was 

chosen for this wear model. This efficiency factor resulted in a depth of penetration close to 

1µm when drilling ten holes with a sharp tool. Upcoming sub-chapters of this chapter will 

display penetration depths of this magnitude. Changes in the efficiency factor could be easily 

facilitated within the model by changing the value of 𝑒𝑓𝐽𝑀𝐶 in (6.66). 

 

 

𝛿𝑥 =
𝑃𝑥(1 − 𝜈𝑡

2)

𝐸𝑡𝐷𝑓
× 𝑒𝑓𝐽𝑀𝐶 

 

(6.66) 
 

Further advancements related to the efficiency factor are presented in §7.3. 

6.4.3 Summary – Interpolation & Wear Calculations 

The following flowcharts (Figure 6.29 and Figure 6.30) summarises the methodology behind 

the interpolation calculations and the wear calculations, respectively, used within their 

modules of this analytical model. Complementary pseudocode for both can be found in the 

appendix (§13.0). 

Start

Store force 
per fibre 

intersection 
data

End

Find upper and 
lower boundary 

from critical fibre 
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Load helical path 
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For each 
intersection 

point:
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from lower 
boundary

Calculate change 
in wearing force

For each 
wearing forceLoad critical fibre 

angle force data

 

Figure 6.29 – Interpolation of forces process flowchart. 
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per fibre 
intersection 

data

End
 

Figure 6.30 – Wear calculation process flowchart. 

To summarise, the equations presented within sub-chapter §6.4.1 offer a method of 

calculating the forces encountered when cutting any fibre, regardless of fibre angle, based 

on the principles of linear interpolation. Subsequently, §6.4.2 shows that for each fibre-tool, 

abrasive contact, the wear on the CES could be calculated as a depth of penetration. Finally, 

as with the work of preceding authors and their abrasive wear models, the need for an 

efficiency factor has been established and a suitable factor has been disclosed. The effects 

of changes in this factor and further discussion around its requirement are presented later 

in this thesis §7.3.  

6.5 Geometry Modifications 

Referring to the outcome of the wear equations in §6.4.2, the calculated depth of 

penetration is solely related to that single, fibre-tool, abrasive contact. The problem under 

investigation in this sub-chapter is how best to visualise the edge rounding wear, due to the 

amalgamation of all individual depths of penetration. In parallel with the visualisation of the 

edge rounding wear, the effect this wear would have on further drilling processes, must be 

determined. Lastly, this sub-chapter aims to step through the processes involved in the 

modification of the CES geometry based on the wear calculated within the previous sub-

chapters. 

6.5.1 Raw Data Generation 

Figure 6.31 below illustrates a highly magnified, perfectly sharp profile of a CES with rake and 

flank relief angles of  𝛾 = 14.01°  and  𝛼 = 12.18°  respectively.  The co-ordinates of the 
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centre of the nose are marked as 𝑥𝑐𝑜
, 𝑦𝑐𝑜

. Through equation (6.67), it is simple to calculate, 

always rounding up to the nearest integer, the total angle the nose sweeps through in order 

to connect the rake face to the flank face.   

 

 

휀 = ⌈90 + 𝛼 + 𝛾⌉ 

 

(6.67) 
 

From the relief angles stated, equation (6.67) returns a value of 117°. Thus the nose in Figure 

6.31 is said to have 118 wear bins, the beginning and end of each bin bounded by the 118 

blue nose points in Figure 6.31. The phrases wear bins and nose points will be referred to 

multiple times throughout the rest of this thesis, and the numbering convention is similar for 

both. The first nose point lies at the point of inflection between the rake line and the curved 

circumference of the nose. Its co-ordinates are marked on Figure 6.31 as 𝑥𝑜1, 𝑦𝑜1 where the 

subscript 𝑜 represents original geometry. The second nose point is on the circumference of 

the nose, 1° revolution counter clockwise from the first nose point. The 118th nose point is 

at the point of inflection between the curved nose and the straight flank line. The force 𝑃𝑟𝑒𝑏𝑜 

acts from this nose point, within Figure 6.31.  

Similarly, the first wear bin spans the portion of the nose from the point of inflection of the 

rake, to the first nose point. This wear bin is infinitely small because the first nose point is 

coincident with the point of inflection of the rake line. The second wear bin, however, spans 

the portion of the nose circumference between the first nose point and the second nose 

point. The pattern continues until the 118th wear bin is bounded on each side by the 117th 

and 118th nose points, respectively. 

For the remainder of this sub-chapter and thesis, the effect of any fibre-CES contacts and 

hence wear, which occurs within wear bin 𝑖 is represented as a change in the location of nose 

point 𝑖. For example, an intersection angle of 𝜃 results in a penetration depth of 𝛿𝑓𝑟𝑎𝑐  from 

the fracturing force. This fracturing force acts on the circumference of the nose through wear 

bin 23 and hence the wear is represented as a change in nose point 23. 

As mentioned in the force calculation summary (§6.3.6) examples of the locations of each of 

the four wearing forces are visible in Figure 6.31. Due to the methodology presented in §6.3.4 

and §6.3.5, the location of forces 𝑃𝑐𝑜𝑚𝑝  and 𝑃𝑟𝑒𝑏𝑜  are fixed on the 106th and 118th nose 

points. On the other hand, the wear bins and hence wear points through which forces 𝑃𝑓𝑟𝑎𝑐𝑡 

and  𝑃𝑏𝑢𝑐𝑘  act, are governed by the fibre angle. Thus they can rotate around the 

circumference of the nose. 
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Figure 6.31 – Sharp CES geometry and location of nose points. Each nose point is plotted 1° apart from its 
neighbour. Forces 𝑃𝑐𝑜𝑚𝑝 and 𝑃𝑟𝑒𝑏𝑜  always act through the same nose point, while the other two forces will change 

nose point based on the fibre angle used in their calculation. 

With respect to the penetration depth as calculated in equation (6.66) of §6.4.2, the total 

penetration depth for each wear bin could be calculated from (6.68). Here, 𝑖 is the wear bin 

number under consideration, while 𝑛 is the total number of wear penetrations which are 

applied to the CES through that related wear bin, when considering the complete length of 

the CES helical path. Variable 𝑥 represents the wearing force, just as it did in (6.66). 

 

 

𝛿𝑖 = ∑ [∑ 𝛿𝑥

𝑥

𝑖=1

]

𝑛

𝑖=1

 

 

(6.68) 
 

Having identified the total penetration depth for a specific wear bin, the nose points could 

be replotted to account for the wear. Using equation (6.69) the radius of a worn nose point 

could be found where 𝑟𝑤𝑖 is the radius of a worn nose point and 𝑟𝑜𝑖 is the radius of an original 

nose point.  
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𝑟𝑤𝑖
= 𝑟𝑜𝑖

− 𝛿𝑖  

 

(6.69) 
 

Subsequently, the co-ordinates of the worn nose points could be found from (6.70) and 

hence Figure 6.32 is produced. Here, subscript 𝑤 refers to a co-ordinate or radius related to 

a worn nose point. 

 

 

[
𝑥𝑤𝑖

𝑦𝑤𝑖
] = [

𝑥𝑐𝑜

𝑦𝑐𝑜
] + 𝑟𝑤𝑖

[
cos 𝑖
sin 𝑖

] 

 

(6.70) 
 

 

Figure 6.32 – Location of worn nose points. Each worn nose point has been moved radially by different 
magnitude, meaning the value of 𝑟𝑤𝑖

 is different for each nose point. The excessive magnitude of wear on the nose 

point directly at the bottom of the nose is greater than the wear on any of the other nose points. 

Figure 6.32 marks a key stage of the modelling process. It is here that the first sighting of all 

preceding calculations can be visualised in terms of geometric tool wear. The reader can see 

in the rawest form, how the calculations have resulted in a geometry change on the nose of 

the CES. By connecting all worn nose points together, a new CES profile could be produced, 

however the magnitude of 𝛿1, 𝛿106, 𝛿118 for the 1st, 106th and 118th nose points respectively, 

dominate the presented graphics.  
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It may appear as if these three worn nose points are anomalies that ought to be ignored, 

however they are not. These penetration depths are much larger than the others due to the 

frequency in which a wear force occurs within that respective wear bin. For example, the 

calculation of the compression and rebounding forces occur within the same wear bin, 

irrespective of what fibre angle is under consideration. Likewise, a large proportion of the 

fracturing forces for fibre angles where 𝜃 ≥ 90° + 𝛾, occur within the first wear bin (exactly 

on top of the first nose point). Therefore, these three nose wear points are of equal value to 

the wear model, in comparison to any of the other nose points. 

With this in mind, the task of updating the CES geometry to account for the modelled wear 

is a task more difficult than originally intended. Constraints from the reviewed literature, 

engineering logic and modelling architecture result in the following rules to which the new 

CES geometry must conform: 

1. The wear must appropriately represent edge rounding – vast step differences 

between neighbouring nose points do not conform to the definition of round 

geometry.  

2. All nose points must be considered in the calculation of the new edge geometry – 

this specifically includes the three nose points with high magnitudes of wear. 

3. Material may not be created, only removed – tool wear only exists if material is 

being removed and the worn profile lies inside the bounds of the sharp profile. Any 

geometry which is beyond these bounds is not appropriate.  

4. The worn geometry must facilitate cyclic operation of the wear model – whatever 

geometry is fitted to the worn nose points, must produce inputs (𝑟𝐶𝐸𝑆) which enable 

subsequent iterations of the model to run.   

The first and third constraints are logical and obvious. The tool must wear away, loosing mass 

and the geometry must represent what literature has determined abrasive tool wear to look 

like – i.e. round. The second constraint is required based on the preceding information within 

§6.5 thus far. The fourth constraint however, is slightly less obvious. Based on the aim of this 

thesis, in an attempt to address the central research questions presented in §5.0 the model 

as a whole must be iterative and dynamic. It must be constructed so that it can be re-

executed with the outputs of the first executions, being used as inputs for the following 

execution. Hence, any modifications to the geometry must be quantifiable so that they can 

be re-used in a subsequent iteration of the model. 
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Thus, it is apparent that a fitting operation of some degree is required to align the 

representative geometry of the worn cutting edge, with the worn nose points, while 

simultaneously fulfilling each of the four fitment constraints.  

6.5.2 Direct Circle Fitting 

Beginning with the simplest solution, edge rounding must be regarded as circular in form. 

Subsequently, a simple smoothing operation to trial, involves fitting a circle to the worn nose 

points. Figure 6.33 shows the results of this where it is evident that the combination of the 

1st, 106th and 118th nose points are skewing the fitment to the other nose points.  

 

Figure 6.33 – Best fitting a circle to all worn nose points. The large magnitude of wear on the 1st, 106th and 118th 
nose points reduce the accuracy of the fitment to the other nose points. 

As it stands, this smoothing operation is very simple and meets the first three fitment 

constraints, however, the fourth constraint is not so easily satisfied. The circle cannot be 

easily connected to a fixed place on either the rake or flank faces. This poses a problem for 

further iterations of the model because, although the value for a radius is now readily 
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available, lengths such as 𝑎𝐶𝐸𝑆 are related to the location of the circle representing the worn 

geometry. By moving the centre point of the circle to make it tangential to the rake face, the 

fitment to the nose points would be compromised. Likewise, increase the radius and 

retaining the current centre point would produce similar unsatisfactory results.  

As a comparison, Figure 6.34 demonstrates how a circle can be closely fitted to the worn 

nose points by excluding the three problematic points. Compared with Figure 6.33, the 

fitment of the circle within Figure 6.34 is a much better representation of the remaining 116 

nose points. By touching the rake face, the rake relief angle for the CES remains constant, as 

will the depth of cut, however, this smoothing operation directly contradicts the second and 

third fitment constraints.  

 

Figure 6.34 – Best fit of circle to nose points excluding the outliers. Worn nose points 1, 106 and 118 have been 
omitted from the data before the circle was fitted. 

In light of Figure 6.33 and Figure 6.34, it is apparent that alternative methods of fitment must 

be considered, which fully satisfy all four constraints.  
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6.5.3 Co-ordinate Averaging Smoothing Operation 

The next advancement in complexity refers to a co-ordinate averaging operation. 

Considering that the co-ordinates for each individual nose point, both worn and original are 

known, the mean change in location of each point can be used as the driving condition of the 

new geometry fitment. From equations (6.67) and (6.70) we can calculate the X co-ordinate 

of the worn nose centre point (𝑥𝑐𝑤
) from (6.71), when 𝑥𝑜𝑖

 is the X co-ordinate of the 𝑖𝑡ℎ 

original nose point. 

 

 

𝑥𝑐𝑤
= 𝑥𝑐𝑜

+
∑ (𝑥𝑤𝑖

− 𝑥𝑜𝑖
)𝜀+1

𝑖=1

휀 + 1
 

 

(6.71) 
 

Likewise, the Y co-ordinate of the worn nose centre can be calculated from (6.72). 

 

 

𝑦𝑐𝑤
= 𝑦𝑐𝑜

+
∑ (𝑦𝑤𝑖

− 𝑦𝑜𝑖
)𝜀+1

𝑖=1

휀 + 1
 

 

(6.72) 
 

With the centre of the worn nose known, the radius could be computed. The most logical 

form of doing so which satisfies the fourth fitment constraint, is to state that a line, 

perpendicular to the rake face which intersected the worn centre point was equal to the 

radius of the worn nose. Figure 6.35 illustrates the co-ordinate averaging smoothing principle 

for exaggerated depths of penetration (alternate 𝑒𝑓𝐽𝑀𝐶 used to create Figure 6.35). 
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Figure 6.35 – Centre point translation smoothing operation. The CES co-ordinate system is being used here. The 
efficiency factor has been increased for the purposes of creating the figure. The 𝑟𝐶𝐸𝑆 is perpendicular with the rake 
face. The circle is tangential to the rake face. 

Returning to more realistic depths of penetration, we can visualise how this fitted circle is 

closely representative of all worn nose points, as illustrated in Figure 6.36. In conjunction 

with this, the other three fitment constraints are met. The identification of the worn centre 

point through the presented methodology ensures that the new nose geometry lies within 

the original geometry, while the nose itself can be simply represented by an individual value 

for the radius 𝑟𝐶𝐸𝑆.  
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Figure 6.36 – Comparison of fitted circle to raw worn nose points. The efficiency factor has been reduced back 
to an appropriate level.  

Drawbacks of this smoothing function is that the wear on nose point 1 is, to a certain extent, 

disregarded, seeing as the fitted circle is always tangential to the rake face. Due to this, 

alternative smoothing operations, which approach the problem from an alternate 

perspective must be investigated. 

6.5.4 Mid-line Smoothing Operation 

Unlike the co-ordinate averaging method, this mid-line smoothing operation takes 

neighbouring values of  𝑟𝑤𝑖
 and averages them together. This reduces the step height 

between neighbouring nose points while simultaneously reducing the number of nose points 

to which a circle must be fitted.  

To complete this smoothing operation, the values of 𝑟𝑤𝑖
 for the first and second nose points 

are averaged and the result is stored. The same is carried out for the third and fourth points 

and the value is stored, as was the result for the fifth and sixth. Subsequently, starting with 

118 worn nose points, 59 averaged nose points are produced from the first averaging 
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iteration. From here, a circle can be fitted to the points and the following radius criteria can 

be checked: 

“Is the fitted radius larger than the original nose radius, yet less than 140% of the original 

radius?” 

The latter half of this criteria is discussed later within this sub-chapter. If the criteria is not 

met, the smoothing function must pass through a second iteration. Instead of considering 

two, original neighbouring nose points, this iteration uses three, original neighbouring nose 

points. As such, the values of 𝑟𝑤1
, 𝑟𝑤2

, 𝑟𝑤3
 are averaged and the value is stored, as is the 

average value of 𝑟𝑤4
, 𝑟𝑤5

, 𝑟𝑤6
. This pattern can continue and subsequently 39 averaged nose 

points would be produced from the original 118 worn nose points. Clearly, 118 is not 

perfectly divisible by 3, hence the 39th average point would cater for the remainder. It would 

be the average of the last four worn nose points, 𝑟𝑤115
 to 𝑟𝑤118

 inclusive. The repetition of 

these averaging iterations could continue and each time any remaining nose points could be 

grouped into the last averaging calculation, for the last averaging wear point. As before, a 

circle was best fitted after the averaging process and the calculated radius was checked 

against the aforementioned radius criteria.  

Once the number of averaged nose points is reduced enough to produce a radius which 

satisfies the radius criteria, the centre of a circle of said radius could be plotted. The location 

of the worn radius centre point would lie on a mid-line, which bisected the internal angle of 

the rake and the flank, as shown in Figure 6.37.  
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Figure 6.37 – Definition of the mid-line. The angle between the mid-line and the rake is the same as the angle 
between the mid-line and the flank. 

Trigonometry can be used to identify the point of intersection of the rake face and the flank 

face and by knowing the equation of the mid-line, the change in radius between the original 

radius and the fitted circle, would mean the co-ordinates of the worn centre point could be 

identified. By plotting the circle with its centre at this location, the circle would be tangential 

to the rake and the flank, as shown in Figure 6.38. Additionally, it can be seen how nine 

internal iterations were required to meet the radius criteria, reducing the 118 worn nose 

points down to 11 averaged nose points.  
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Figure 6.38 – Circle fitment through the iterative averaging smoothing operation. The 118 worn nose points 
have been reduced to 11 averaged nose points. The centre of the best fitting circle lies on the mid-line. 

In reflection, this method satisfies all circle fitment constraints, even the second constraint, 

seeing as all worn nose points are considered through the averaging of the radii. By ensuring 

the fitted circle has a radius within 140% of the original radius, the new geometry fulfils the 

first circle fitment constraint, producing results of appropriate magnitude.  

The issue with this smoothing operation and geometry fitment method is that the model can 

produce results that pass all logic statements, but on closer inspection problems appear. 

There is no control over how many internal iterations are run, before a radius which is larger 

than the original is found. From the 118 worn nose points, after enough iterations, less than 

four averaged nose points would remain. This would subsequently mean that the data the 

circle fits too is skewed, and the resulting circle is grossly overestimating the radius and 

magnitude of wear on the CES. The chosen value of 140% was generated after a period of 

trial and error with this fitment operation and by changing this value, the model’s logic to 

 



Page 111 of 219 
 

accept or reject the fitment changes. A more robust selection process for the threshold 

percentage would be required to take this fitment method further.   

6.5.5 Polynomial Smoothing Operation 

With respect to all the smoothing operations considered so far, each has had the same 

characteristic in common, that some form of averaging has been applied to the worn nose 

points. This smoothing operation steps away from this common theme by applying a 

Savitzky-Golay filter across the full span of 𝑟𝑤𝑖
 values calculated from equation (6.69). This 

filter smooths data according to a quadric second order polynomial and was chosen as it can 

be effective when data varies rapidly [140]. A large span of 117 (number must be odd) points 

is chosen to ensure the step between the 106th worn nose point and the neighbouring points 

on either side, is as small as possible. Figure 6.39 shows the resultant locations of the worn 

nose points, post smoothing. 

 

Figure 6.39 – Savitzky-Golay smoothing operation. The smoothing operation has been applied to the penetration 
depths and the resulting locations of the worn nose points are as shown in red. A circle is subsequently best fitted 
to the smoothed nose points. The original worn nose points are also shown. 

 



Page 112 of 219 
 

Referring again to the geometry fitment constraints, we can see that the worn nose points 

satisfy the first three constraints. Each nose point has been considered, the profile has 

moved backwards into the body of the CES and the general form of the worn nose points is 

round. However, the fourth fitment constraint is not so well satisfied. Like the direct circle 

fitment method, the fitted circle does not intersect the rake face. In tune with this, the reader 

may recommend dictating a reference point, as was done in §6.5.3. For that circle fitment 

method, the point of intersection between the circle and the rake face, gave rise to the 

definition of the worn radius 𝑟𝐶𝐸𝑆. However, in applying that mentality to this polynomial 

smoothing operation, the fitment of the circle to the worn nose points would have to change 

by some measure. This would directly counteract the complex polynomial smoothing 

operation originally carried out on the worn nose points. Therefore, it is only feasible to state 

that the polynomial smoothing operation would fail to satisfy the fourth circle fitment 

constraint.   

6.5.6 Summary – Geometry Modifications 

To summarise, §6.5 has detailed the processes through which the depths of penetration for 

each fibre-tool, abrasive contact have been converted to changes in geometry for the CES in 

question. A method has been presented which equally divides the nose of the CES into wear 

bins, each with an included angle of 1°. All depths of penetration calculated from a contact 

with any fibre, at any fibre angle, could be placed into one of these wear bins. The change in 

geometry due to the wear, within that wear bin is presented as a change in co-ordinate of a 

nose point, located at the end of the 1° wide wear bin. From here, the need for a smoothing 

operation between neighbouring nose points is clear and hence, four geometry fitment 

constraints were created. Four potentially satisfactory smoothing functions were proposed, 

while their strengths and weaknesses where highlighted. Hence, Figure 6.40 illustrates a 

direct comparison between all four smoothing operations when considering the same set of 

worn nose points.  
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Figure 6.40 – Comparison of all smoothing operations. The sharp geometry and nose points are shown in blue 
while the raw, unsmoothed, worn nose points are plotted in black. The fitted circles are as detailed in the legend 
and the centre of each circle is labelled and colour coded. 

As can be seen, the polynomial smoothing operation lies at one extreme of the scale with 

the smallest value for 𝑟𝐶𝐸𝑆  while the mid-line smoothing operation lies at the other. The 

direct circle fitment method and co-ordinate averaging smoothing operation lie between the 

two others. All four smoothing operations fit some points better than others however none 

of the smoothing operations would be successful in accurately capturing the large 

magnitudes of wear recorded within the 1st, 106th or 118th nose points. Both the mid-line and 

co-ordinate averaging smoothing operations are suitable to work with the proposed model 

architecture (meeting all fitment constraints), meaning all subsequent iterations of the force 

calculations could be completed under the same modelling principles as the original 

iteration. The same cannot be said for the direct fitment or polynomial smoothing operation, 

due to the ambiguous nature of how the worn CES (the fitted circle) would connect to the 

rake face. 
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In light of this summary, the most appropriate smoothing operation selected for 

continuation throughout the remainder of this thesis is the co-ordinate averaging smoothing 

operation as detailed in §6.5.3. In short, this smoothing function has the best compromise 

between accuracy and functionality. The model can produce the necessary inputs (𝑟𝐶𝐸𝑆) in 

an acceptable format, thus enabling multiple iterations of the analytical wear model to be 

completed. Simultaneously, the fitment of the circle to the worn nose points is of acceptable 

accuracy, when compared with the alternative smoothing options. 

The following flowchart (Figure 6.41) summarises the methodology behind the geometry 

modifications, used within this module of the analytical model. Complementary pseudocode 

can be found in the appendix (§13.0). 

Start

Load depths of 
penetration per 

fibre intersection 
data

Separate cutting 
nose into wear 

bins

Identify which 
wear bin the depth 
of penetration falls 

into

For each wear 
bin

For each 
intersection 

point

Summate all 
depths of 

penetration for 
that wear bin

Calculate the 
change in nose 

point radius

Plot the worn nose 
point

Calculate centre 
point of worn 
cutting edge

Calculate radius of 
worn cutting edge

Store worn 
geometry 

data

End
 

Figure 6.41 – Geometry modification process flowchart. 

  



Page 115 of 219 
 

6.6 Chapter Summary – Methodology  

The following flowchart (Figure 6.42) summarises the complete methodology behind the 

analytical model. Complementary pseudocode can be found in the appendix (§13.0). 

Start

Discretisation of 
workpiece 

Load 
static 
inputs

Interpolate 
forces for 

drilled length
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path 

intersection 
data

Store critical 
fibre angle 
force data

Store force 
per fibre 

intersection 
data

End

Store worn 
geometry 

data

N

Y
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Calculate the wear 
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intersection

Identify wear bins 
and wear points

Calculate total 
depth of 

penetration for 
each wear bin

Calculate force 
for critical 

angles

Calculate 
intersection 

angles

Load worn 
geometry 

inputs

Discretisation of 
tool

Generic/decision

Discretisation tasks

Force modelling

Interpolation tasks

Wear modelling

Geometry modelling

Chart Legend

Helical path modelling

Store depth of 
penetration per 

fibre intersection 
data

Fit circle to worn 
nose points

Plot worn cutting 
edge geometry

 

Figure 6.42 – Complete analytical modelling process flowchart. The chart legend illustrates the seven colour 
coded modules which combine to form the complete analytical wear model.  
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In summary, this chapter presents a methodology for the calculation of tool wear through 

an analytical model, satisfying the thesis aim of §1.1. Each of the core theories of §5.0 are 

adhered to and a detailed collection of process flowcharts have been created.  

Sub-chapter §6.1 details how a discretisation methodology can be applied to both the 

workpiece and tool, with several co-ordinate systems being presented and elaborated upon 

(§6.2). Detailed explanations are given to the theories used for the calculation of the forces 

for the respective discretised portions of workpiece and tool (§6.3). The calculated forces 

can consequently be used to determine the wear from an idealised intersection between a 

discretised portion of a tool and a fibre (§6.4). The effect of all abrasive contacts between 

fibres and the tool can be accumulated and multiple concepts for changing the cutting edge 

geometry have been proposed (§6.5). 

The idealisations and assumptions mentioned throughout this chapter are further discussed 

in the later chapters of this thesis, however, attention is now focused on the sensitivity of 

the model to changes in the input parameters and the resulting change to the results. 
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7.0 Model Operation, Sensitivity & Results 

The function of this chapter is to establish the sensitivity of the proposed model to changes 

in specific input parameters. This sensitivity study is essential for two interconnected 

reasons. Primarily, it enables the versatility of the model to be tested, determining the 

usefulness of the tool in a commercial or academic setting. Subsequently, it will be 

informative about the relevance of the physics and theories associated with abrasive tool 

wear; aligning with the research motivation of this thesis (see §1.2).  

Firstly, the test cases selected to identify the sensitivity of the model are itemised before the 

required inputs and parameters used within those test cases are defined. Following this, the 

efficiency factor required to scale the wear back from the perfectly idealised situation is 

discussed and calibrated. Subsequently, the variation in modelling outputs due to each test 

case are presented and the sensitivity of the model to each parameter is ranked. 

7.1 Modelling Test Cases 

Referring back to §3.3 of the literature review, it is evident that altering the drilling 

parameters, workpiece constituents or tool design or coating can have an effect on the 

magnitude and severity of tool wear. In reflection, the majority of the studies (Table 3.3, 

§3.3) experimented with variations of drilling speeds and feeds or various tool design or 

coatings.  

With this in mind, it is essential to consider Table 7.1, which briefly demonstrates how 

changing a single drilling process variable could affect multiple modules of the analytical 

model and hence, multiple model inputs. This table is not an exhaustive list of all causes and 

effects, but rather a reasonably detailed example of the complex nature of the physics of 

tool wear. 
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Table 7.1 – The effect of model input variations because of drilling process variations. Both drilling process 
variations presented in the left column affect the drilling temperature in the central column. 

Drilling process 

variation 
Modelling area affected Modelling inputs affected 

Tool material 

Tool material properties 
Elastic modulus of tool 

Poisson’s ratio of tool 

Drilling temperature 

Elastic modulus of resin constituent 

Yield strength of resin constituent 

Transverse modulus of bulk CFRP 

Longitudinal modulus of bulk CFRP 

Drilling speeds and 

feeds 

Poisson’s ratio of bulk CFRP 

Shear modulus of bulk CFRP 

CFRP coefficient of friction 

Matrix-fibre de-bonding strength 

Number of fibre-tool, 

abrasive contacts 

Number of abrasive contacts 

Intersection angles 

Order of abrasive contacts 

 

With unlimited resources, it would be most suited to change each and every model input 

parameter sequentially to identify the effect this has on the outputs. However, for the 

purposes of answering the central research questions of §5.0, only variations in tool coating, 

the idealised number of abrasive wear contacts or drilling temperature are to be 

investigated. Thus, the following 5 test cases will be simulated and the results produced by 

the analytical model will be presented throughout the remainder of this chapter. In order of 

appearance, they are: 

1. Baseline test case – an uncoated WC tool at drilling manufacturer recommended 

speeds and feeds of 3742rpm and 0.05mm/rev, respectively, at standard 

atmospheric conditions. This will act as a baseline simulation for comparison with 

the following test cases. 

2. Coated tool test case – a PVD coated WC tool at drilling manufacturer recommended 

speeds and feeds of 3742rpm and 0.05mm/rev, respectively, at standard 

atmospheric conditions. This will investigate the effect of changing the tool 

properties. The elastic modulus and Poisson’s ratio (𝐸𝑡  and  𝜈𝑡 ) of the tool are 

changed to 1108GPa and 0.07, respectively in this test case. This is a 72.3% increase 

and 66.7% decrease over the baseline test case inputs, respectively. 

3. High speed, low feed test case – an uncoated WC tool at high drilling speeds and 

low feed rates of 7484rpm and 0.015mm/rev, respectively, at standard atmospheric 
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conditions. This will investigate the effect of increasing the number of fibre-tool, 

abrasive contacts, by 310.7% compared to the baseline test case. 

4. Low speed, high feed test case – an uncoated WC tool at low drilling speeds and 

high feed rates of 1996rpm and 0.16mm/rev, respectively, at standard atmospheric 

conditions. This will investigate the effect of decreasing the number of fibre-tool, 

abrasive contacts, by 68.5%, compared to the baseline test case.  

5. High temperature test case – an uncoated WC tool at drilling manufacturer 

recommended speeds and feeds of 3742rpm and 0.05mm/rev, respectively, 

considering a cutting zone temperature in excess of the CFRP glass transition 

temperature. This will investigate the effect of decreasing the stiffness of the CFRP 

material. The transverse, longitudinal and in plane shear moduli of the bulk CFRP 

(𝐸𝑚 𝑡𝑟𝑎𝑛𝑠, 𝐸𝑚 𝑙𝑜𝑛𝑔 and 𝐺𝑚) are reduced to 25% of their values in the baseline test 

case. 

7.2 Modelling Inputs and Parameters 

7.2.1 Tool Related Inputs 

With respect to Table 3.1 and Table 3.3 of §3.0, the use of common twist bit geometry is very 

apparent throughout existing tool wear studies. Additionally, with commercial relevance an 

important aspect of this research project, the tool selected for modelling must be 

commercially available. For that reason, a tool from SECO Tools’ FeedmaxTM range was 

chosen as a suitable tool for this thesis. Tool SD205A-6.38-34-8R1-C1 is designed for drilling 

CFRP with a double point angle, through tool coolant holes and a Dura DiamondTM coating. 

Referring back to the literature review §2.3.2, coatings are known to be applied at the final 

stage of manufacture in an attempt to increase tool life. Likewise, the use of an uncoated 

WC tool was a common occurrence within the presented studies and the magnitude of wear 

was visible and measureable (Table 3.1). Therefore, a special version of SECO’s SD205A-6.38-

34-8R1-C1 which has been omitted from the diamond coating process, was selected as the 

baseline tool for all models subsequently executed in this thesis. Table 7.2, Figure 7.1, Figure 

7.2 and Figure 7.3 show the specific parameters associated with the tool as well as a 

schematic drawing and comparison between the uncoated and coated tools, respectively. 
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Table 7.2 – Cutting tool properties for SECO FeedmaxTM C1 cutting tool. 

Property Unit Coated Tool Uncoated Tool 

Name  - SD205A-6.38-34-8R1-C1 - 

Style - Twist drill 

Base material - Tungsten carbide 

Coating - Polycrystalline Diamond - 

Binder - Cobalt 

Through tool coolant - Yes 

Number of flutes - 2 

Diameter mm 6.38 

Shank diameter mm 8 

Point angle ° 130 

Secondary point angle ° 60 

Length  mm 5 × Diameter 

Man. recom. speed m/min 50 – 150 

Man. recom. feed mm/rev 0.05 – 0.08 

 

 

Figure 7.1 – Schematic of SECO FeedmaxTM C1 cutting tool. 

 

Figure 7.2 – Dura DiamondTM coated SD205A-6.38-34-8R1-C1 cutting tool. 

 

Figure 7.3 – Uncoated SD205A-6.38-34-8R1-C1 cutting tool. This tool is identical to that of Figure 7.2 apart from 
the omission from the final coating process during tool manufacture 

Referring to the discretisation methodology presented in §6.1, a single CES on the tool was 

chosen for all modelling operations. The chosen CES lies on the secondary cutting edge of 

the tool, a distance of 2.50mm from the chisel point and a radius of 3.09mm from the tools 

central axis of rotation. This location was chosen as these segments of the cutting edge are 
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responsible for the cutting process which creates the finished hole diameter. In other words, 

this portion of the tool is most likely to cause any final batches of delamination which could 

result in part rejection. Figure 7.4 shows the location of the chosen CES. 

 

Figure 7.4 – Location of CES and hence 2D profile used throughout all subsequent simulations. The centre point 
of the CES is located 2.50mm up from the chisel point and 3.09mm out from the tool axis of rotation 

7.2.2 Workpiece Related Inputs 

The material of choice for all modelling scenarios is Gurit’s Pre-impregnated (pre-preg) 

HMC150 SE84LV, due to its advantageous mechanical performance, when compared to its 

cost. SE84LV is a low viscosity resin used in high stress structures, indicative of primary 

aerospace structures. The high modulus carbon (HMC) reinforcing fibres give an overall mass 

of 150g/m2 per ply. This pre-preg material is comparable with the materials covered in 

previous tool wear studies, as presented in §3.3 and again, commercially available.  

The chosen CFRP lay-up is also representative of an aerospace structure and the exact 

configuration is detailed in Table 7.3. The ply number is opposite to the drill order because 

the ply is built from the bottom up, but drilled from the top down. The direction refers to the 

fibre direction when viewed from the global co-ordinate system (§6.1.1).  
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Table 7.3 – Ply lay-up for all modelling scenarios. The ply number is opposite to the drill order because the ply is 
built from the bottom up, but drilled from the top down 

Ply Number Drill Order Direction AAAAAAAA Ply Number Drill Order Direction 

68 1 45  34 35 45 

67 2 -45  33 36 0 

66 3 90  32 37 -45 

65 4 0  31 38 0 

64 5 0  30 39 45 

63 6 45  29 40 90 

62 7 90  28 41 -45 

61 8 0  27 42 0 

60 9 0  26 43 0 

59 10 -45  25 44 0 

58 11 0  24 45 0 

57 12 0  23 46 45 

56 13 0  22 47 -45 

55 14 45  21 48 0 

54 15 -45  20 49 0 

53 16 45  19 50 -45 

52 17 0  18 51 0 

51 18 0  17 52 0 

50 19 -45  16 53 45 

49 20 0  15 54 -45 

48 21 0  14 55 45 

47 22 45  13 56 0 

46 23 -45  12 57 0 

45 24 45  11 58 0 

44 25 0  10 59 -45 

43 26 0  9 60 0 

42 27 0  8 61 0 

41 28 0  7 62 90 

40 29 -45  6 63 45 

39 30 90  5 64 0 

38 31 45  4 65 0 

37 32 0  3 66 90 

36 33 -45  2 67 -45 

35 34 0  1 68 45 
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7.2.3 Modelling Inputs 

In review of §7.2.1 and §7.2.2, Table 7.4 lists the inputs used to produce the profiles of a 

worn cutting edge for the aforementioned CES of the chosen SECO tool when drilling the 

previously presented pre-preg CFRP lay-up.  

Table 7.4 – Model inputs for the initial running of the analytical model. The inputs are separated into three 
sections, tool inputs, CFRP inputs and modelling inputs.  

Input/Parameter Description Symbol Value Unit Reference 

Nose Radius 𝑟𝐶𝐸𝑆 𝑆ℎ𝑎𝑟𝑝 14 µm  

Flank relief angle 𝛼 12.18 °  

Rake relief angle 𝛾 14.01 °  

Depth of cut 𝑎𝐶𝐸𝑆 26.829 µm  

Tool rotational speed 𝑟𝑝𝑚 3742 rpm  

Tool axial feed rate 𝑓 0.05 m/rev  

Elastic modulus of tool 𝐸𝑡 643 GPa  

Poisson’s ratio of tool 𝜈𝑡 0.21   

Fibre volume fraction of CFRP 𝑉𝑓 0.62  [141] 

Resin volume fraction of CFRP 𝑉𝑅 0.38  [141] 

Transverse modulus of fibre 𝐸𝑓 𝑡𝑟𝑎𝑛𝑠 15 GPa [142] 

Longitudinal modulus of fibre 𝐸𝑓 𝑙𝑜𝑛𝑔 385 GPa [143] 

Transverse Poisson’s ratio of fibre 𝜈𝑓 𝑡𝑟𝑎𝑛𝑠 0.01   

Elastic modulus of resin matrix 𝐸𝑚 3.9 GPa [141] 

Transverse modulus of resin matrix 𝐸𝑚 𝑡𝑟𝑎𝑛𝑠 6.39 GPa [143] 

Longitudinal modulus of resin matrix 𝐸𝑚 𝑙𝑜𝑛𝑔 187.43 GPa [143] 

In plane shear modulus 𝐺𝑚 4.31 GPa [143] 

Fibre diameter 𝐷𝑓 7 µm [143] 

Transvers Poisson’s ratio of CFRP 𝜈𝑚 𝑡𝑟𝑎𝑛𝑠 0.01  [143] 

Longitudinal Poisson’s ratio of CFRP 𝜈𝑚 𝑙𝑜𝑛𝑔 0.337  [143] 

Tensile strength of fibres 𝜎𝑡 4.9 GPa [141] 

Coefficient of friction for CFRP 𝜇 0.25  [107], [108] 

Fibre-tool de-bonding strength 𝜎𝑏 50 MPa [142] 

No. of plies per laminate ℎ𝑙𝑎𝑚 68   

Total no. of holes to be drilled ℎ𝑡𝑜𝑡 120   

No. of holes per iteration ℎ𝑖𝑡 10   

No. of plies per helical calculation 𝑔 1   

 

The pre-processing parameters ℎ𝑡𝑜𝑡,  ℎ𝑖𝑡 and 𝑔 at the bottom of the table define how many 

cycles the model should run for. Drilling 120 holes through a 10mm thick laminate produces 

a suitable total drilling length of 1,200mm when compared with the studies presented in 

Table 3.1. Likewise, completing a full iteration of the model every 10 holes (parameter ℎ𝑖𝑡) 
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is deemed a logical increment at which the tool wear profile should be updated as per the 

modelling process flowchart (Figure 6.42). 

The last parameter 𝑔 is a computational time saving parameter. Referring back to the helical 

path contact equations (§6.2) it can be quickly appreciated how the number of fibres which 

contact the CES in question, when drilling a single 10mm deep hole, can rapidly approach 

hundreds of thousands. Thus, the time taken for all subsequent calculations dramatically 

increases and the speed and more importantly, the usefulness, of the model dramatically 

decreases. With this in mind, parameter  𝑔  was introduced. This parameter defines how 

many plies are considered when calculating the number of fibre-tool, abrasive contacts 

within the helical path calculations. The number of fibre-tool, abrasive contacts and the 

respective contact angles are stored for the first ply (when 𝑔 = 1) and the model assumes 

that each subsequent ply will produce the same number of fibre-tool, abrasive contacts at 

the same contact angles. In other words, to save computation time, the model assumes that 

every ply within the CFRP laminate will produce the same magnitude and location of CES tool 

wear as the first ply.  

The author appreciates that the introduction of parameter 𝑔 may also introduce inaccuracies 

in the modelling process. As such, the effect of running the model for one hole, with and 

without parameter 𝑔 can be directly compared. As shown in Table 7.5, the location of the 

centre of the co-ordinate averaging fitted circle, differs by a magnitude of 5.48nm and 

26.3nm in the XCES and YCES axis, respectively. Likewise, the radius recorded differs by a 

minute 1.04nm. 

Table 7.5 – Effect of introducing computational time saving modelling parameter 𝒈. The difference column is 
measured in nanometres and is an absolute value, irrespective of direction 

Output Value 
Modelling for 1 hole – 

without 𝒈 (µm) 

Modelling for one ply & 

multiplying by 68 –  

with 𝒈 (µm) 

Difference  

(nm) 

XCES circle centre 

co-ordinate 

14.2431 14.2376 5.4838 

YCES circle centre 

co-ordinate 

14.5323 14.5060 26.2983 

Radius (𝑟𝐶𝐸𝑆) 14.1070 14.1080 1.0460 

 

The differences presented in Table 7.5 are deemed negligible in relation to the other 

assumptions made thus far in the modelling methodology and hence, the ability to save 

computational time using parameter 𝑔 is accepted throughout the rest of this thesis. As 
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such, all three parameters ℎ𝑡𝑜𝑡,  ℎ𝑖𝑡 and 𝑔 work together to establish the appropriate points 

in time when the model should produce an output and then subsequently, end the modelling 

process.  

7.3 Coarse Efficiency Factor Calibration 

As highlighted in §4.2, existing abrasive wear models like that of Childs et al. [93] required 

efficiency factors to correlate the modelled results with empirical findings. These factors 

were orders of magnitude smaller than those calculated by the model. In a similar manner, 

an efficiency factor ( 𝑒𝑓𝐽𝑀𝐶 ) was introduced for the wear model presented in the 

Methodology chapter of this thesis. This was due to the highly idealised nature of the fibre-

tool wearing process. As such, the efficiency factor scales back the wear from the theoretical 

prediction of assuming each and every fibre which comes into contact with the tool, acts as 

a hard asperity and sequentially grooves out material from the tool cutting edge, in a plane 

aligned with the fibre. Due to this modelling idealisation, it is now the responsibility of this 

sub-chapter to further calibrate the efficiency factor.  

Figure 7.5 displays the wear profiles produced from the analytical model when executing the 

model with the inputs as described in Table 7.4, under the baseline test case and an efficiency 

factor of 4.5x10-4. As illustrated, for each iteration interval of ten holes, the nose of the CES 

is offset approximately 1µm (measured radially) from the previous run. This was the original 

intention when using the efficiency factor of 4.5x10-4, as detailed in §6.4.2. 
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Figure 7.5 – Tool wear for efficiency factor of 4.5x10-4. Model was run for a total of 120 holes through parameters 
shown in Table 7.4. Profile under consideration is on the secondary cutting edge as defined through Figure 7.4. 

In conjunction with the aim of this thesis, the best-fitted circle, introduced within the 

geometry modifications portion of the methodology chapter (§6.5.3) has been trimmed, so 

as only to present the cutting edge wear. Each worn cutting edge sweeps through 117°, and 

on completion of this arc, the calculation of the worn geometry ends. The relationship 

connecting the cutting edge to the original flank face is not calculated through the 

methodology presented in this thesis. Thus, the original, sharp flank face is presented solely. 

Simply put, the geometry changes outside of the cutting edge of the CES are not calculated 

by the proposed analytical model.  

The question now needing to be answered is, “is this magnitude of cutting edge wear 

appropriate for the modelled drilling conditions?” In order to answer this and resultantly 

calibrate the efficiency factor (𝑒𝑓𝐽𝑀𝐶), the wear must be measured and compared to similar 

wear studies. Once again, referring back to the literature review, specifically §3.1.1, it is 
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apparent that no true standard for the measurement of cutting edge rounding exists. 

Multiple studies still rely on traditional methods (flank wear measurement), while 

acknowledging that the wear format is not the same as that found when machining metals. 

Furthermore, due to this wear model’s focus on cutting edge rounding, no data is present 

which could enable a successful flank wear measurement on the results shown in Figure 7.5. 

Only one study [60] presented a CER measurement technique [55] however, the task of 

applying the CER measurement technique to other existing experimental studies would 

require the raw data from the experiment. 

Due to this, a novel, yet simplistic method of measuring tool wear, specifically suited to the 

results of this analytical model is proposed. The core requirement of this measurement 

method is to facilitate the comparison of CER tool wear measurements between existing 

experiments and the worn profiles produced by this analytical wear model. Figure 7.6 

illustrates the measurement principle, in which the translation of the bottom of the nose of 

the CES in the XCES direction (perpendicular to the cutting direction) quantifies the magnitude 

of the wear. The measurement is taken from the lowest point on both CES profiles. 

 

Figure 7.6 – Exemplary definition of the XCES wear length. The magnitude of the XCES wear length has been 
magnified here for descriptive purposes. “XCES wear length 𝑛” is the wear between each neighbouring profile while 
“XCES Total wear length” is the total wear for the entire number of holes. 
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It is hopefully apparent that this simplistic technique can be applied to existing wear studies, 

like those presented in Table 3.1, wherein 2D cutting edge profiles are presented. As adopted 

throughout the rest of this thesis, when referring to a wear length measurement from a 

model output, the terminology “XCES wear length 𝑛” and “XCES Total wear length” will be used. 

When referring to a measurement from an experiment, the terminology “X wear length 𝑛” 

and “XTotal wear length” will be used, omitting the “CES” subscript. 

As a result, Figure 7.7 can be presented in which the wear from study [58] is measured 

through the same method as that presented in Figure 7.6. The results from [58] are most 

applicable to this thesis due to the following reasons: 

 The tool is manufactured by SECO and is similar in design to that chosen in §7.2.1. 

 The drilling speeds and feeds are 100m/min and 0.05mm/rev, respectively which are 

very close to the baseline test case. 

 The material is pre-preg CFRP, similar to that chosen in §7.2.2. 

 The tool is drilled through 1,260mm of drilled depth, which is close to the 1,200mm 

specified in Table 7.4, for the baseline test case.  

 

Figure 7.7 – Measurement of wear from experimental study. The wear measurements are taken between every 
profile (X wear length 𝒏), as shown by Figure 7.6  [58]. 

As depicted by Figure 7.7, the magnitude of wear when measuring from one worn profile to 

the next (i.e. X wear length 𝑛), decreases as the drilled depth increases. The wear between 

the first two profiles (X wear length 1) is approximate 5.5µm, while the wear between the 
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last two profiles (X wear length 19) is much closer to 1µm. Therefore, a new, dynamic value 

for the efficiency factor  𝑒𝑓𝐽𝑀𝐶 is proposed in the form of a first order polynomial equation.  

 

 

𝑒𝑓𝐽𝑀𝐶 =
(4.5 × 10−4 − 3.0 × 10−3)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 ℎ𝑜𝑙𝑒𝑠
ℎ𝑖𝑡

− 1
× ℎ𝑖𝑡 + 3.232 × 10−3 

 

(7.1) 
 

For every iteration of the model (every 10 holes – see Table 7.4) the value of 𝑒𝑓𝐽𝑀𝐶 decreases 

from an initial value of 3.0x10-3 to a value of 4.5x10-4 after 120 holes. A value of 3.0x10-3 gives 

rise to approximately 5µm of XCES wear for the first 100mm of drilled depth. Likewise, a value 

of 4.5x10-4 gives rise to approximately 1µm of XCES wear over the last 100mm of drilled depth.  

Consequently, executing the model with the efficiency factor as calculated by (7.1) produces 

the results shown in Figure 7.8. Again, all other parameters for this model are as detailed in 

Table 7.4. 

 

Figure 7.8 – Tool wear for linearly varying efficiency factor. The model was executed under using the parameters 
listed in Table 7.4 with the efficiency factor as defined by (7.1). The XCES wear is measured as defined in Figure 7.6. 
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The results presented in Figure 7.8 better suit the progression of wear when visually 

compared to the wear profiles of the studies recorded in Table 3.1. The magnitude of the 

XCES wear for the first 30 holes, as well as for the last 30 holes is much closer to the rate of 

tool wear presented in Figure 7.7, for the start and end of the tool’s life.  

Thus, this linearly variable efficiency factor is the chosen efficiency factor for the remainder 

of the results presented in this thesis. With respect to the complexity of the wear progress, 

a discussion with regards to the requirement of the efficiency factor can be found within 

§10.0.  

To summarise, this sub-chapter has presented a method of coarsely refining the efficiency 

factor so the model could produce worn geometry profiles, comparable to that from existing 

experimental studies. Hence, the proposed equation (7.1) for the efficiency factor is deemed 

suitable and thus is fixed and carried through the remainder of this thesis. The exact 

magnitude of the wear and thus the shape of the worn profile, is a complex function of 

multiple variables within the drilling process, a subject nominated for discussion later in this 

thesis. 

7.4 Force Calculation Results 

7.4.1 Fibre Deflection, Deboning and Fracture 

Before presenting the finished results associated with the force calculations, it is essential to 

directly compare, where possible, the methodologies used in this analytical model with those 

of existing literature. The area where literature enables this comparison to be made is with 

the calculation of the fracturing force. Figure 7.9 illustrates the progression of the fibre 

deflection as presented by Xu and Zhang [107], [108]. A de-bonding length of approximately 

15µm along with a lateral deflection of just under 4µm are shown when modelling the 

deflection of CFRP during a cutting process. Through a similar, mechanistic approach, Niu et 

al. [144] presented lateral deflections of up to 4µm for depths of cut of 50µm.  
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Figure 7.9 – Fibre deflection as presented by Xu and Zhang. The dotted line is the deflection of the fibre at the 
instant fracture occurs. The fibre angle was 90° - perpendicular to the cutting direction [107], [108]. 

In line with this, Figure 7.10 illustrates the deflection for a 90° unit cell, when modelled as 

the baseline test case, as well as for the high temperature test case. As with the work of Xu 

and Zhang in Figure 7.9, the location at which de-bonding takes place, as well as the point of 

fracture, is pinpointed. Subsequently, Table 7.6 compares the data taken from relevant 

literature, to that obtained from both test cases of the analytical model. 

 

Figure 7.10 – Unit cell deflection for the baseline and high temperature test cases. The baseline data was 
produced when executing the model using the inputs in Table 7.4, while the high temperature data was produced 
when executing the model using the same inputs, apart from the changes as specified in §7.1. 
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Table 7.6 – Comparison of unit cell deflection and de-bonding length. Values are read directly from the graphics 
of the relevant literature when not explicitly stated in the text. 

 
yCES deflection at point of 

fracture (µm) 

De-bonding length (𝒃) at point 

of fracture (µm) 

Xu and Zhang [107], 

[108] 

3.80 15.00 

Niu et al. [144] 4.00 - 

Baseline Test Case 

Analytical Model 

3.09 13.61 

High temp Test Case 

Analytical Model 

5.21 17.97 

 

Strong similarities can be seen when comparing the shape of the deflection from both test 

cases to the shape published studies (the reader is advised to look at the scales of Figure 7.9 

and Figure 7.10). Furthermore, comparing the effects of the high temperature test case with 

the baseline test case (Figure 7.10 only), the variations in both the fibre fracture points and 

de-bonding lengths are visible. For the high temperature test case, the magnitude of the 

lateral deflection and the de-bonding length is larger, than for the baseline case. Additionally, 

the shape of the deflected fibre is much smoother for the high temperature test case, than 

for the baseline test case. Both of these findings agree with engineering logic, which would 

dictate that the less stiff material would result in a greater deflection, with the unit cell 

(beam) being allowed to follow larger radii of curvature.  

As for the other test cases in which the tool material or drilling speeds and feeds are changed, 

they are intentionally ignored in this sub-chapter. This is because the inputs from Table 7.4 

which are manipulated within these test cases, are not considered in the calculations which 

determine the shape or magnitude of the fibre deflection before fracture. In other words, 

they are extraordinarily similar to the baseline test case.  

7.4.2 Individual Wearing Forces 

Having established that the fracturing force is consistent with existing models, the variation 

in force based on fibre angle can be observed. When executing the model with the input 

parameters as defined in Table 7.4, the forces shown in Figure 7.11 and Figure 7.12 can be 

produced, with respect to the critical fibre angles defined in §6.3 and Table 6.2. Each of the 

four wearing forces have been resolved into their X and Y components to facilitate 

comparisons between them. Firstly, it is important to realise that the positive XCES direction 

is down, into the uncut CFRP, away from the CES and parallel to the instantaneous cutting 



Page 133 of 219 
 

direction of the CES in question. Likewise, the positive YCES direction is parallel and opposite 

to the cutting direction. 

Considering the XCES graph, specifically the fracture force, because the location of the fracture 

translates round the nose based on the fibre angle, the XCES component of the force inverts 

when moving from an acute angled fibre to an obtuse angled fibre. As for the compression 

force, a sharp increase in magnitude of the force is presented as the fibre angle approaches 

90°. This is due to the increased strength of CFRP when loaded along the fibre axes. However, 

the cross-checking logic statement of §6.3.3 can be seen to be working, limiting the 

compression force to the maximum value calculated through eccentric strut buckling 

theories.  Like the compression force, the rebounding force is relatively consistent for all fibre 

angles, apart from 90° where it is at a maximum. Finally, the buckling force only begins to 

make an appearance when cutting fibre angles greater than 100° and the magnitude of the 

XCES component of the force (the vertical component) decreases, as expected, as the fibre 

angle becomes larger (more horizontal).   

 

Figure 7.11 – XCES forces per fibre width for critical fibre angles. Each of the four wearing forces have been 
resolved into the XCES component so as to be plotted on the same figure. Positive direction of XCES is down, into the 
uncut CFRP. A negative force is acting up, into the CES. See Figure 6.8 of §6.1.2 for the CES co-ordinate system. 

Complementary patterns are witnessed in the YCES direction for all four wearing forces. The 

YCES component of the fracturing force increases to a maximum at approx. 65° before 

decreasing, when considering obtuse angled fibres. This conforms to the architecture of the 

calculations when considering the location of the fracture on the CES nose is determined by 

the fibre angle. In both cases, the YCES components of the compression and rebounding forces 
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are largely based on the frictional counterpart to the respective indentation force. Hence, it 

makes perfect sense that the magnitude of the compression and rebounding forces are 

maximum at 90°, as they were in Figure 7.11, albeit at approximately one quarter the scale. 

Lastly, the buckling force lies dormant until considering a fibre angle greater than 110°, from 

where it continues to increase to a maximum value for fibre angles of 175°. 

 

Figure 7.12 – YCES force per fibre width for each critical angle. Each of the four wearing forces have been resolved 
into the YCES component so as to be plotted on the same figure. Positive direction of YCES is right, opposite to the 
instantaneous direction of cut. See Figure 6.8 of §6.1.2 for the CES co-ordinate system. 

Summating all of the XCES and YCES forces together, Figure 7.13 can be produced, in 

accordance with the baseline test case. With reference to the CES co-ordinate system (Figure 

6.8), the largest force acting into the cutting nose of the tool is found for fibre angles of 90°. 

In this instance, the tool would experience a force of 30N per unit width, acting perpendicular 

to the instantaneous cutting direction of this CES.  
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Figure 7.13 – Total wear forces per unit thickness of the CFRP material. The forces presented for a single unit cell 
(Figure 7.11 and Figure 7.12) have been summated and multiplied by the number of unit cells present in 1mm 
thickness of CFRP material.  

Comparing this to the only suitable reference by Xu and Zhang [108], they identified a force 

of approximately 75N/mm perpendicular to the instantaneous cutting direction, for a 90° 

fibre angle. As mentioned before, the theory behind the force calculations presented in this 

thesis, is closely related to that of Xu and Zhang’s model, but the equations themselves are 

not identical, nor are the input values. Thus, it is difficult to draw any further judgement on 

the exact accuracy of the force calculation results presented in Figure 7.13. 

7.4.3 Force Evolution for Critical Fibre Angles 

The graphs shown in Figure 7.14 and Figure 7.15 show the percentage change in the total 

wearing force, for each critical fibre angle, as the number of drilled holes increases, for the 

baseline test case. The total wearing force is simply the summation of each of the four 

individual wearing forces (Figure 7.11 & Figure 7.12), acting on the CES, for that critical fibre 

angle. As before, the forces have been resolved into the XCES and YCES components, as shown 

in Figure 7.14 and Figure 7.15, respectively.  

Based on the proposed modelling methodology, the fracture, compression and rebounding 

forces are directly related to the radius of the CES nose (𝑟𝐶𝐸𝑆). Hence, as tool wear occurs, 

these forces will evolve. The magnitude of how much a force will change between each 

iteration (and another increase in  𝑟𝐶𝐸𝑆 ) is not the same for each critical fibre angle. 

Conversely, the buckling force is driven by the geometry of the unit cell, hence it does not 

change with the value of 𝑟𝐶𝐸𝑆. 



Page 136 of 219 
 

Thus, for both Figure 7.14 and Figure 7.15, considering the critical fibre angles less than 50°, 

it can be seen that as the number of holes increase, the percentage change in the wearing 

force increases at a large rate. This is directly due to the change in the fracture, buckling and 

compression forces, as the magnitude of wear and hence,  𝑟𝐶𝐸𝑆  increases. Opposingly, 

considering the critical fibre angles between 90° and 100°, the rate of increase is not as 

apparent, for either the XCES or YCES directions. This is due to the repeatedly high magnitude 

of the compression force experienced at these fibre angles in the first place (see Figure 7.11 

and Figure 7.12). Moving on to critical fibre angles of 170° and 175°, these fibre angles are 

plotted with negative magnitudes, due to the summation of the four wearing forces and how 

that value changes as the number of drilled holes increases. By looking at Figure 7.11 and 

summating the four wearing forces acting on the sharp tool for a critical fibre angle of 170° 

or 175°, the result will be an ever so slightly negative, resultant force. As the number of 

drilled holes increases, the compression and rebounding forces increase in magnitude, hence 

the overall resultant force edges closer to zero. Thus, the percentage change is negative in 

Figure 7.14.  

On a similar note, for Figure 7.15, it can be seen that for critical fibre angles larger than 100°, 

there is no significant alteration in the percentage change from initial wearing force, as the 

number of drilled holes increase. This is due to the buckling force being the significant 

wearing force for these critical fibre angles within Figure 7.12. 
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Figure 7.14 – Evolution of XCES resultant wearing force for the baseline simulation over 120 holes. The total 
wearing force is the sum of each of the four individual wear forces acting on the CES when cutting a unit cell of 
that specific fibre angle. The initial wearing force is regarded as the force calculated on the very first iteration of 
the model. Hence there is a 0% change after 10 holes.  

 

Figure 7.15 – Evolution of YCES resultant wearing force for baseline simulation over 120 holes. The total wearing 
force is the sum of each of the four individual wear forces acting on the CES when cutting a unit cell of that specific 
fibre angle. The initial wearing force is regarded as the force calculated on the very first iteration of the model. 
Hence there is a 0% change after 10 holes. 
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To summarise this sub-chapter, the patterns shown here for each of the 19 critical fibre 

angles within the baseline test case, exist for all other test cases. For example, within Figure 

7.14, the bar representing the 50° fibre angle is the highest bar, irrespective of hole number, 

for the baseline test case. This is also true for all other test cases, irrespective of the chosen 

hole number.  

With this in mind, the complex nature of the data presented in Figure 7.14 and Figure 7.15, 

can be suitably simplified and presented as shown in Figure 7.16. As before, this data was 

produced when executing the model in relation to the baseline test case. Simply put, the 

percentage change from original wearing force, for each of the 19 critical fibre angles has 

been averaged to create each point on Figure 7.16. From this graph, the trend for the 

development of the wearing forces acting on the tool, as the radius of the cutting edge 

increases, can be visualised. As displayed, the rate of change of the average force, for the 

XCES and YCES directions, is very similar, due to the similarities between Figure 7.14 and Figure 

7.15. 

Having simplified the method of displaying the force data produced by the model, 

comparisons can be made between each of the test cases.  

 

Figure 7.16 – Evolution of mean, resultant wearing force for baseline simulation over 120 holes. The mean 
wearing force is the average value for each of the 19 critical angles as displayed in Figure 7.14 and Figure 7.15. 
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7.4.4 Forces – Comparison of Test Cases 

Following on from the averaging methodology presented in Figure 7.16, devised in relation 

to the content of §7.4.2 and §7.4.3, Figure 7.17 could be produced, enabling each of the test 

cases to be directly compared with one another. The exact magnitudes of the forces are not 

compared here, but rather the rate of change of the average wearing force, when cutting 

through all 19 critical fibre angles. 

As can be seen for the high speed, low feed test case (Figure 7.17), the rate of increase of 

the mean wearing force is exceptionally high compared with that of the other test cases. 

Because of this, the simulation was ended after just 30 holes. As can be seen later in in §7.6.3, 

30 holes corresponded to a cutting edge radius (𝑟𝐶𝐸𝑆 ) value exceeding 50µm. This was 

deemed to be an unrealistic value of cutting edge radius, when compared with the other test 

cases. 

 

Figure 7.17 – Comparison of mean, resultant wearing forces for all test cases. Each test case was executed in 
line with Table 7.4 as well as the unique parameter changes defined in §7.1. The percentage change from initial 
wearing force relates enables the severity of effect of changing the specific of parameters to be visualised. The 
presented data is related to the magnitude  
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Investigating the data presented in Figure 7.17, the obvious difference between the coated 

tool test case and the baseline test case, is the magnitude of the percentage change. By 

coating the tool, the rate of change of the forces, is much lower than the baseline test case. 

By the end of the simulation, the baseline test will have increased approximately three times 

more than the coated tool test case. Conversely, by changing the speeds and feeds as per 

the high speed, low feed test case, the rate of change of force is approximately eight times 

as large as the baseline test, after 10 holes. The opposite is found when decreasing the speed, 

and increasing the feed. Hence, in terms of effecting the force calculation module of the 

model, the idealised number of fibre-tool, abrasive contacts, has a much more severe effect 

than changing the tool parameters.  As for the high temperature test case, the results 

provided indicate that making a modification to the associated input parameters, has a 

similar effect on the force calculation module of the model, as changing the tool to a coated 

tool.  

7.4.5 Summary – Force Calculation Results 

To summarise, this sub-chapter has presented the results produced from the model, ranging 

from the deflection of an individual fibre, through to the magnitude and direction of the four 

individual wearing forces. Subsequently, the evolution of the resultant wearing force, for 

each individual critical fibre angle, was presented. Finally, a comparison has been made 

between each test case, illustrating the analytical model’s response to specific variations in 

the inputs.  

Considering the deflection, de-bonding and fracture of a single 90° critical fibre angle 

(§7.4.1), the following statement can be made. Having acknowledged that the specific input 

variables used in the published literature (Figure 7.9) are not identical to those used within 

the test cases, the author of this thesis is confident to state that the force calculation 

methodology proposed within this analytical model, is operating as per its design. 

Furthermore, the role and severity of each of the four wearing forces, resolved into their 

individual XCES and YCES components, have been presented. All the figures in §7.4.2 are 

dominated by the resistance of the 90° fibres, loaded axially as the tool compresses them. 

This results in a significant difference in the force per unit width (Figure 7.13) between this 

model and the only comparable reference model. However, as stated, the inputs and 

equations are not identical between these models.  

Lastly, the evolution of the forces and a comparison between each of the test cases has been 

made. By changing specific inputs relating to the speeds and feeds, tool material and 
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workpiece stiffness, the effect on the rate of change of the average wearing forces, has been 

identified. According to the force calculations within this proposed analytical model, 

changing the number of idealised fibre-tool, abrasive contacts, has a greater effect on the 

wearing forces than changing the tool coating or working temperature of the cutting edges. 

7.5 Distribution & Severity of Wearing Forces 

When drilling through a single ply under baseline test case conditions, a total of 4906 fibre-

tool, abrasive contacts are calculated through the helical path contact equations, considering 

all inputs as per Table 7.4. Figure 7.18 shows the frequency of which a wearing force would 

be applied to each wear bin. Simultaneously, the average magnitude of the fracture, 

compression, rebounding and buckling forces which that bin is subjected too over the course 

of all 4906 fibre-tool, abrasive contacts, is presented on the second axis. Figure 7.19 is a 

direct copy of Figure 7.18 only the frequency axis has been greatly magnified, while Figure 

7.20 presents the total wearing force, found by summing each of the four individual forces 

together. The reader is advised to return to Figure 6.31 of §6.5.1 to visualise the location of 

each wear bin around the nose of a sharp CES. 

 

Figure 7.18 – Frequency and magnitude of force application on CES nose. Baseline test case for a sharp tool with 
inputs as per Table 7.4. 
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Figure 7.19 – Magnified – Frequency and magnitude of force application on CES nose. Baseline test case for a 
sharp tool with inputs as per Table 7.4. 

 

Figure 7.20 – Magnified & summated – Frequency and magnitude of force application on CES nose. Baseline 
test case for a sharp tool with inputs as per Table 7.4. 
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From these figures several key characteristics can be discussed. Firstly, exactly 75% of all 

wearing forces act on the tool through the 1st, 106th and 118th wear bins.  This is due to the 

fracture forces from obtuse angled fibres, compression forces from all fibre angles and 

rebounding forces from all fibre angles, respectively. The other 25% of all wearing forces are 

applied to the nose of the CES within the first and 106th nose wear bins. No forces are applied 

to the tool between the 106th and 117th wear bins. 

It is important to understand at this point, the significance of Figure 7.20. The model does 

not assume that at any given instant in time, the same fibre is responsible for a fracture, 

compression, rebounding and buckling load. Rather, that as the tool moves over the fibre 

during the cutting operation, that a single fibre will sequentially apply a fracture, 

compression, rebounding and buckling load to the tool. Thus, when considering the range of 

fibre angles present, over the course of the complete drilling operation, the 55th wear bin is 

subjected to the highest magnitude of summated wearing force. This is because it is 

subjected to high magnitudes of both fracture and buckling forces. On the other hand, the 

region between the 30th and 60th wear bins experiences 11.62% of all wearing forces, almost 

half of the 25% portion of contacts not applied at the three aforementioned wear bins.  

7.5.1 Summary – Distribution and Severity of Wearing Forces 

A total of 75% of all wear inducing force applications occur at just three wear bins around 

the circumference of the nose; the 1st, 106th and 118th, respectively. The proposed model 

calculates that of the remaining 25% of all wear inducing force applications, almost half of 

them occur between the 30th and 60th nose point.  

The fracture, rebounding and compression forces are all dependant on the value of the 

radius of the nose (𝑟𝐶𝐸𝑆). Hence the order of severity will remain the same for each of these 

three wearing forces. The magnitude of the buckling force will remain constant no matter 

what state of wear the tool is under as it is not reliant on the radius of the cutting edge.  

This sub-chapter has highlighted that the largest of the wearing forces are found between 

the 30th and 100th wear bins, however the high frequency of wearing force application at the 

1st 106th and 118th nose points results in the large depths of penetration identified at these 

locations.   
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7.6 Cutting Edge Geometry Results 

The subsequent effect of all preceding outputs related to the wearing force and distribution 

of those forces around the nose of the cutting edge, can now be investigated. The remainder 

of this sub-chapter presents the findings from each of the test cases, before a summary is 

made. 

7.6.1 Geometry – Baseline Test Case 

Figure 7.21 presents the worn profiles for the baseline test case as calculated by the 

analytical wear model. The figure also presents the evolution of the XCES Total wear length and 

cutting edge radius (𝑟𝐶𝐸𝑆) over the 120 drilled holes. 

 

Figure 7.21 – Worn CES profiles for baseline test case. The worn profiles were produced when executing the 
model under the baseline test case. The XCES Total wear is measured as defined in Figure 7.6. 
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As the number of holes increases, the cutting edge radius moves up the rake face while the 

radius grows. The XCES Total wear length also increases with the number of holes, but as for the 

cutting edge radius, the rate slows as the number of holes increases. Both parameters 

directly relate with equation (7.1) for the efficiency factor (𝑒𝑓𝐽𝑀𝐶), who’s rate also decreases 

as the number of holes increases. Maximum values of 33.68µm and 25.17µm were calculated 

for the XCES Total wear length and 𝑟𝐶𝐸𝑆, respectively, after 120 holes. 

7.6.2 Geometry – Tool Material Changes 

The results presented in Figure 7.22 were calculated when simulating the coated tool test 

case. Within this test case, the values for the tool’s elastic modulus have been increased (see 

§7.1). Thus the depth of penetration as calculated by equation (6.66) is lower than that of 

the baseline test case. Hence, it is clear to see that this variation in the calculation has 

transferred through the remainder of the model, finally presenting itself as significant change 

in the wear profiles. The coated tool test case has a much lower magnitude of 𝑟𝐶𝐸𝑆 after 

drilling the same number of holes as the baseline test case in Figure 7.21. The same trends 

regarding the slowing down of the rate of wear, are visible here within this simulation, just 

as it was for the baseline test case. This characteristic will be represented for all test cases 

governed by the parameter 𝑒𝑓𝐽𝑀𝐶. A much lower final value of 17.23µm and 19.07µm were 

recorded for the XCES Total wear length and 𝑟𝐶𝐸𝑆, respectively. This is a decrease of 48.8% and 

24.4% respectively from the baseline test case. 
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Figure 7.22 – Worn CES profiles for coated tool test case. The worn profiles were produced when executing the 
model under the baseline test case. The XCES Total wear is measured as defined in Figure 7.6. 

7.6.3 Geometry – Drilling Speeds and Feeds Changes 

Figure 7.23 presents the results from a high speed, low feed test case. Unlike the previous 

test case, this test case (as previously mentioned within §7.4.4) resulted in very high 

magnitudes of tool wear and cutting edge radius. The major difference in this test case 

compared to the baseline test case is the number of fibre-tool, abrasive contacts calculated 

when drilling the first ply of the 68 ply thick workpiece. For this test case, the much shorter 

helical pitch, combined with the models idealisation that every fibre-tool, abrasive contact 

results in abrasive wear, gives rise to the dramatic increased in calculated wear presented in 

Figure 7.23.  

Considering the rate of increase of the XCES Total wear length, this high speed, low feed test 

case is calculated as having 7.2 times the rate of wear as the baseline simulation. A cutting 
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edge radius of 50.07µm was identified after just 30 holes, compared to 17.32µm for the 

baseline test case.  

 

Figure 7.23 – Worn CES profile for high speed, low feed test case. The worn profiles were produced when 
executing the model under the baseline test case. The XCES Total wear is measured as defined in Figure 7.6. 

Conversely, by reducing the cutting speed and increasing the feed rate, the helical pitch (and 

hence length of path through the CFRP) is dramatically reduced. The number of idealised 

wearing contacts between fibres and tools is significantly reduced compared to the baseline 

operation and hence this change is reflected in the worn profiles as shown in Figure 7.24. 

The lowest case for tool wear, considering the XCES Total wear length and 𝑟𝐶𝐸𝑆 is for this test 

case, with the maximum values of 9.46µm and 16.52µm, respectively. According to this wear 

model, after 120 holes, drilling under the conditions associated with the low speed, high feed 

test case reduces tool wear by 45.1% when comparing XCES Total wear length measurements. 

Likewise, comparing the values for 𝑟𝐶𝐸𝑆  indicates a 13.4% reduction in tool wear for the 

lower speed, high feed test case compared to the coated tool test case. 
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Figure 7.24 – Worn CES profile for low speed, high feed test case. The worn profiles were produced when 
executing the model under the baseline test case. The XCES Total wear is measured as defined in Figure 7.6. 

It is not obvious how to compare the results presented here, in Figure 7.23 and Figure 7.24, 

to the literature reviewed in §3.3. This is because these test cases are focused on identifying 

the change in the idealised number of fibre-tool, abrasive contacts, thus, both the cutting 

speed and feed rate changed between each test case. This change of two drilling parameters 

within a single experiment is not covered in any of the studies reviewed in §3.3. 

7.6.4 Geometry – Temperature Change 

The final test case, high temperature considers the softening of the resin matrix of the CFRP 

at elevated temperatures. Figure 7.25 presents the worn profiles for this test case. 

Immediately, a striking resemblance is seen with the low speed, high feed test case, although 

subtle changes in magnitude are noticeable. Maximum values of 10.10µm and 20.93µm are 

recorded for the XCES Total wear length and 𝑟𝐶𝐸𝑆, respectively. Again, this test case calculates a 
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significant reduction in wear from the baseline test case, only just superseded by the low 

speed, high feed test case.  

 

Figure 7.25 – Worn CES profile for high temperature test case. The worn profiles were produced when executing 
the model under the baseline test case. The XCES Total wear is measured as defined in Figure 7.6. 

The results presented here in Figure 7.25 correlate with the theories presented by Merino-

pérez [19] Royer and Merson [82]. That being, as the glass transition temperature (𝑇𝑔) is 

exceeded, the matrix is softened and the fibres are held less rigidly. Thus, the CFRP is less 

abrasive due to the fibres being “pushed-away” as opposed to them rigidly brushing the 

surface of the tool. Unfortunately, neither of the researchers present experimental finding 

to which the results of this analytical model can be directly compared.  
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7.6.5 Summary – Cutting Edge Geometry Results 

This sub-chapter has identified and compared the variation in calculated cutting edge 

geometry for the test cases specified in §7.1. Two dimensional cutting edge profiles have 

been presented for each test case, and the change in cutting edge radius (𝑟𝐶𝐸𝑆) and XCES Total 

wear length have been examined for each case.  

Therefore, to conclude, Figure 7.26 and Figure 7.27 directly compare the change in XCES Total 

wear length and 𝑟𝐶𝐸𝑆  for each test case, respectively. As previously mentioned, the low 

speed, high feed test case results in the least magnitude of tool wear when drilling 120 holes, 

closely followed by the high temperature test case, then the coated tool test case. The 

baseline test case presents the second lowest magnitude of tool wear, before the high speed 

and low feed test case calculates that these drilling parameters accelerate the rate of wear 

by a significant factor.  

 

Figure 7.26 – Variation of XCES Total wear length for all test cases. The XCES Total wear length is measured as defined 
in Figure 7.6, a snippet of which is presented top right. 
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Figure 7.27 – Variation of 𝒓𝑪𝑬𝑺 for all test cases. The radius is measured as shown top right. 

7.7 Chapter Summary – Model Operation, Sensitivity & Results 

In summary, this chapter has taken parameters identified by literature as having a noticeable 

effect on tool wear, and investigated the proposed analytical model’s sensitivity to changes 

in the related inputs. Clear definitions of the proposed test cases and the variation in terms 

of model input parameters are given, while all other inputs are disclosed. 

Subsequently, the efficiency factor (𝑒𝑓𝐽𝑀𝐶), which up to now had been assumed as a constant 

value, was coarsely calibrated so as to correlate with experimental results presented in 

closely related, published literature. In turn, the evolution of the wearing forces, resolved 

into XCES and YCES components are presented and a comparison is made for a generic 90° fibre 

orientation. Additionally, the locations of the individual wear contacts, around the 

circumference of the nose of the CES, are identified and the frequency of contact is 

discussed. The locations in which each of the wearing forces predominantly act are 

presented and the severity of each wearing force are compared to one another.  

Finally, the modification of the cutting edge geometry, due to the wear calculated by the 

proposed model was investigated. Two dimensional cutting edge profiles, correlating with 

those presented in existing literature, are produced and displayed for each test case. The 
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variation and advancement of cutting edge wear, measured through the XCES Total wear length 

and cutting edge radius (𝑟𝐶𝐸𝑆) for each test case, is displayed. The trends and magnitudes of 

each wear measurement are discussed and the severity of each parameter change, of each 

test case is evaluated.   

In review of the equation for the calculation of the depth of penetration (§6.4.2, (6.66)) it is 

clear to see that, regardless of the test case being modelled, the magnitude of the wear is 

directly related to the efficiency factor and the wearing force. Having coarsely calibrated and 

subsequently fixed, the definition of the efficiency factor within this chapter, it is obvious 

that the value of the depth of penetration throughout the rest of the model would be solely 

reliant on the magnitude of the force considered within the equation. Thus, the calculations 

relating to the depth of penetration have not been considered in this chapter, but rather the 

suitability of Hertz’s contact equations is discussed later in this thesis.  

With reference to the modelling methodology, it is clear to see that the cyclic nature of the 

model would mean that the calculated forces and hence geometry and magnitude of tool 

wear, are intertwined. This chapter has served to support this statement, with the presented 

graphics displaying the reinforcing trends. 

In final closure of this chapter, the parameters which increase the rate and severity of tool 

wear, can be ranked, based upon the results produced by the wear model. In the knowledge 

that the baseline test case existed as a benchmarking simulation, and hence will not appear 

in the list, the ranking is as follows, when considering the test case which displayed the 

highest magnitude and rate of tool wear at the top of the list:  

1. High speed, low feed test case – relating to the increase in number of fibre-tool, 

abrasive contacts. 

2. Coated tool test case – relating to changing the stiffness of the tool material. 

3. High temperature test case – relating to changing the stiffness of the resin matrix. 

4. Low speed, high feed test case – relating to the decrease in number of fibre-tool, 

abrasive contacts. 

  



Page 153 of 219 
 

8.0 Drilling Experiments 

This chapter is dedicated to the presentation and explanation of the methods and processes 

used to carry out relevant drilling experiments to support and validate the analytical tool 

wear model. Throughout the course of this chapter, the design and manufacture of CFRP test 

coupons, the choice of drilling platform and experimental set-up, as well as force, 

temperature and wear measurement techniques will be presented. Subsequently, a robust 

experimental procedure yielding trustworthy results awaits analysis. 

8.1 Test Coupon Material & Manufacturing Process 

The material of choice for all experiments matched that used within the analytical model, 

detailed in §7.2.2, Gurit’s pre-preg HMC150 SE84LV. Due to the labour involved in 

manufacturing multiple test coupons, the CFRP plies were laid up in a laminate, six times the 

size of a single test coupon. Not only was this quicker than individually laying up and curing 

each coupon, but it also reduced the risk of manufacturing errors creating differences 

between the coupons. Figure 8.1 illustrates the dimensions of the six coupons within a 

laminate. A CNC waterjet cutter was used to cut each of the coupons. Test cuts showed 

delamination could be completely avoided if the waterjet was initiated away from the 

laminate, before being translated to the beginning of the cut, as opposed to piercing the 

CFRP from a standstill. All mounting holes were firstly pilot drilled at 6mm before being 

enlarged to their M12 final diameter on a drill press.  

 

Figure 8.1 – CFRP laminate and coupon dimensions. Six coupons were produced from a single laminate. 
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So that the level of exit delamination could be easily measured, all coupons were cured on 

an aluminium tooling plate, so that the smooth surface finish of the tooling plate would be 

transferred to the exit surface of the coupon. Likewise, to increase the successfulness of 

interply bounds, a de-bulking process as detailed in Table 8.1 was employed. The vacuum 

was produced by an electric pump while the laminate was de-bulked and cured in a vacuum 

stack as displayed in Figure 8.2. The use of acrylic strips to form resin dams kept resin bleed 

to a minimum, similar to the use of a non-perforated release film. 

Table 8.1 – De-bulking process during lay-up. 

Ply lay-up number De-bulking pressure (bar) De-bulking time (min) 

1 -1 20 

5 -1 20 

10 -1 20 

20 -1 30 

30 -1 30 

40 -1 30 

50 -1 30 

60 -1 30 

65 -1 30 

68 -1 20 

 

 

Figure 8.2 – Architecture of vacuum stack when de-bulking and curing.  

The base model for the curing cycle for the laminate was suggested by Gurit [141], [145] but 

subsequently, ramp up times and cure times were lengthened to ensure that the centre of 

the laminate reached the appropriate temperatures, rather than just the outer plies. Table 

8.2 summarises the curing process parameters used for all laminates.  

  

Vacuum bag 

Tacky tape 

Breather Non-perforated 
release film CFRP 

Tooling 
plate 

Acrylic resin 
dam 

Vacuum outlet 
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Table 8.2 – CFRP curing parameters. Gurit’s recommended settings were used to produce this table, in conjunction 
with extra dwells to accommodate for the thick depth of the laminate. 

Parameter Quantity Unit 

Room temperature 20 °C 

Continual vacuum pressure -1 bar 

Temperature ramp up rate 1.15 °C/min 

Resin matrix gel temperature 73 °C 

Autoclave gelling pressure +1 bar 

Curing temperature 120 °C 

Pressure ramp-up rate 1.1223 bar/min 

Autoclave curing pressure +5 bar 

Temperature ramp-down rate -1.15 °C/min 

Autoclave exit temperature 50 °C 

Time to reach gel temperature 00:46 hh:mm 

Gel dwell time 01:00 hh:mm 

Time to reach cure temperature 00:40 hh:mm 

Cure dwell time 01:00 hh:mm 

Ramp down time 01:00 hh:mm 

Total time 04:27 hh:mm 

 

Thus, by following the manufacturing procedure as detailed in this chapter, multiple coupons 

as shown in Figure 8.3 were successfully produced ahead of all drilling trials. In an effort to 

make use of all available material, the corner of the coupons which were cut from the corner 

of the laminate, (Figure 8.1), had an area where +45° and -45° orientated plies, failed to cover 

the entirety of the coupon. This is shown in Figure 8.3. It is important to stress that any of 

these offending areas are outside the working area, as detailed in Figure 8.5.  
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Figure 8.3 – Exit surface of manufactured coupon. The smooth finish was transferred from the aluminium tooling 
plate.  

8.2 Tooling, Fixturing & Drilling Platform 

For the reasons stipulated in §7.2.1 the tool selected was SECO’s commercially available 

SD205A-6.38-34-8R1-C1 drill, as well as an uncoated, WC variant. The chosen tool was held 

in an ER HSK-A63 collet and fitted to a Deckle FP3A 3 axis CNC machine with a Heidenhain 

controller. This drilling platform was chosen for a number of reasons, including the high 

speed spindle, X-Z translating table and ease of chip extraction.  

Chip extraction was supplied through a high flow Nerderman vacuum system with a 5µm 

HEPA filter. A custom designed and 3D printed extraction hood, encircled the tool and was 

held by a semi-rigid, positionable extraction hose at a height of 20mm above the drill tip. The 

wrap around design and positioning of the hood facilitated excellent chip extraction without 

contaminating any force recordings. Figure 8.4 shows a CAD model render of the extraction 

hood. 
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Figure 8.4 – CAD model of the 3D printed extraction hood. This hood was designed and produced in house, after 
a short testing phase. 

Each test coupon was designed to contain 80 holes within a central working area of 50mm 

radius (Figure 8.5). A staggered hole pattern (i.e. not a pattern containing perfectly horizontal 

and vertical rows and columns) ensured that each hole was equally spaced from the 

neighbouring holes. This was intentionally done so that each hole was as identical to one 

another as possible, specifically in terms of the interply bonding strength of the bottom-most 

plies. Hole 1, 2, 5 and 11 are pinpointed. The drilling programme moved from left to right, 

then down to the next row, always beginning a new row at the left of the coupon. 

 

Figure 8.5 – Test coupon drilling pattern. The drilling pattern moved from left to right, beginning at the top row 
before proceeding down the coupon 
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The fixture plate was carried over from previous drilling experiments conducted within the 

research lab. The fixture was previously developed for industrial drilling trials by the NITC (an 

industry focused university research centre). Due to the excellent performance of the fixture 

under the high forces experienced during the previous experiments, it was deemed more 

than suitable for the forces expected to be experienced throughout these experimental test 

cases. Constructed from mild steel, the fixture plate connected the test coupon to a force 

dynamometer, ensuring there was 10mm of clearance in which the drill could break through 

from the underside of the coupon. The dynamometer in turn was firmly bolted to a base 

plate which was fixed to the machine bed using T-slot bolts. Figure 8.6 displays all the 

assembled components of the drilling fixture. The PVC tape was a requirement when using 

the thermal imaging camera to ensure appropriate measurement quality (further 

information in §8.3.2).  

 

Figure 8.6 – Experimental set-up on machine bed of Deckle. The PVC tape was required for the thermal imaging, 
as it has a known emissivity of 0.89 (see §8.3.2).  
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8.3 Measurement Apparatus  

8.3.1 Force & Torque Measurement 

Several pieces of apparatus were used throughout the drilling experiments, with the aim of 

recording key data related to the drilling forces, tool tip temperature and tool wear. A Kistler 

four component piezoelectric dynamometer (Figure 8.6) was set-up to record the forces in 

all three Cartesian co-ordinate directions as well as the torque about the Z-axis (vertically 

down). This co-ordinate system is the same as the global system described in §6.1.1. Kistler’s 

Dynoware Type 2528D-02 software displayed the signals received from the multi-channel 

amplifier type 5070. Figure 8.7 shows a typical force and torque output from Dynoware when 

drilling a single hole through CFRP. This graph is dominated by the thrust force along the 

vertical Z0 axis (Fz), in which the point of engagement and the point of breakthrough and 

complete exit of the hole, are clearly visible. As expected within a vertical drilling process, 

only small variations are recorded for the X0 and Y0 forces. Finally the torque, measured in 

Nm, appears to be negligible however, when a magnified as shown in Figure 8.8, we can see 

that it follows the same shape as the thrust force. As more of the tool is engaged with the 

CFRP during the start of the hole, the torque grows. On initial breakthrough, the torque 

drops, only to rise slightly as the cutting edges fully penetrate the underside of the coupon, 

and any straggling fibres of the bottom few plies are caught up and fractured by the edges 

of the helical flutes. As can be imagined with a dynamic machining process such as drilling, 

the data shown in Figure 8.7 and Figure 8.8 have undergone a moving mean smoothing 

operation with a window size of 15 data points. This feature, integrated into the Dynoware 

software, was a necessary operation to remove noise from the data and view the trends as 

described above. Previous trial experiments confirmed that drilling at any location within the 

50mm central radius (see Figure 8.5) of the dynamometer showed a maximum deviation of 

just 3% on the thrust force. 
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Figure 8.7 – Typical force and torque recording when drilling a single hole. The data presented here has 
undergone a 15 point moving mean smoothing function, applied by the Kistler Dynoware software. 

 

Figure 8.8 – Magnified view of typical torque recording when drilling a single hole. The data presented here has 
undergone a 15 point moving mean smoothing function, applied by the Kistler Dynoware software.  
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8.3.2 Temperature Measurement 

The temperature of the tip of the tool when exiting the CFRP was measured using a FLIR 

A6751 thermal imaging camera. The use of this equipment is much less time consuming yet 

closely comparable with that of embedded thermocouples [19]. Positioned to the side of the 

machining bed, the camera lens was collinear with the X0-axis of the CNC machine and 

dynamometer. The camera, mounted on a tripod, was situated so that the central 50mm 

radius working area of the coupon was all within view, as illustrated within Figure 8.9.  

 

Figure 8.9 – Field-of-view from thermal imaging camera mid drilling process. The software facilitated the 
positioning of a small region of interest on the tip of the tool. This enabled the average value from within that 
region to be calculated. 

Prior to any drilling, the variation of any environmental conditions were as restricted as 

possible. In other words, the same artificial lighting conditions, position of the camera and 

the position of the safety enclosure surrounding the camera and CNC machine, were used 

for each drilling trial. The reflected environmental light within the field-of-view was 

measured prior to any drilling trials and this information was input to the FLIR software. 

Emissivity tests were carried out on all tools to ensure the difference in surface finish for 

coated and uncoated versions of the tools were accounted for throughout thermal imaging. 

Additionally, all bright surfaces within the field-of-view were covered with PVC tape of 

known emissivity, as suggested within thermography training courses. Visible at the tool tip 

within Figure 8.9, is a circular region of interest (ROI) which was used to take an average 

value of temperature for the multiple pixels (and hence data points) within its boundaries. A 

ROI of the same size was used when post-processing the recordings for each batch of holes. 
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In essence, every step realistically possible was taken to ensure the data was as reliable and 

comparable as possible. 

From the data captured by the thermal imaging camera, the graph as presented in Figure 

8.10 was produced. The average value of the ROI is plotted against drilling time. As 

annotated, the temperature of the tip is seen to be a maximum when exiting the CFRP. A 

minimum value, equal to the environmental conditions of the workshop (25°C) can be 

viewed when the tool is fully submerged in the CFRP, and the line of sight between the tool 

tip and the camera lens is blocked by the workpiece.  

 

Figure 8.10 – Temperature profile from the region of interest applied to the tool tip. The line of sight between 
the camera and tool tip was broken when the tool was submerged in the CFRP. 

8.3.3 Wear Measurement 

In terms of measuring the wear of tools throughout the experiments, the state-of-the-art 

Alicona InfiniteFocus G5 Optical Microscope was the most suitable tool for the task. Globally 

renowned for its functionality in tool wear measurement, Alicona microscopes have been 

used within commercial and academic research in aerospace applications [19]. A 

manoeuvrable X-Y stage, Z-axis head and lens turret enabled positioning and measurement 

of cutting tools to be a quick, repeatable process, so long as the tool was placed, within a 

100µm of the same position every time. To facilitate this, under the condition that the tool 

and tool holder must be placed on the Alicona’s stage, the development of a custom 

 



Page 163 of 219 
 

apparatus was required. Working in conjunction with a QUB Master’s of Aerospace 

Engineering student [73], aluminium alloy and Stratasys VeroBlue general purpose 

prototyping plastic were CNC machined and 3D printed, respectively, resulting in the 

creation of the “Spaceship”. Figure 8.11 and Figure 8.12 show the Alicona microscope and 

the finished Spaceship apparatus, mounted to the Alicona stage. 

 

Figure 8.11 – Alicona InfiniteFocus microscope with tool, tool holder and spaceship apparatus.  
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Figure 8.12 – Tool and tool holder mounted in the Spaceship. Under 10x lens and ring light. M5 screws fixed the 
spaceship to the Alicona stage. 

Once positioned, a customised MultiEdge measurement routine within Alicona’s EdgeMaster 

software module was programmed to facilitate the automated measurement of the chisel, 

primary and secondary edges of the tool. Once the tool and tool holder had been aligned in 

the spaceship, the vertex between the relief face and through tool coolant hole, as illustrated 

in Figure 8.13 was used as a reference point for final alignment before the automated 

measurement programme was executed. Figure 8.13 was created by stitching together each 

of the individual high resolution measurements within the MultiEdge measurement routine. 

Not only were the changes in the topography and tool geometry visible and easily recorded 

with the programmed measurement routine, but finer details such as the late stage 

manufacturing grinding marks on the rake and flank surfaces are also clearly evident.  
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Figure 8.13 – 3D view of tool tip from Alicona. A total of 7 scans were stitched together to produce this graphic. 
The vertex indicated as the coolant-hole reference point, was used as a datum point for all alignments and 
measurement routines.  

Probing further into the measured geometry, one of the EdgeMaster module’s features was 

the ability for a pre-determined number of cross-sectional profiles to be individually 

analysed. Within the custom programmed MultiEdge measurement routine 40 profiles 

where programmed for extraction for each of the primary and secondary edges individually. 

Figure 8.14 illustrates an example of 40 profiles overlaid on a flattened measurement of a 

secondary cutting edge. Although labelled correctly, the algorithms within the Alicona 

software tended to regularly invert the rake and flank (clearance) surfaces from the typical 

orientation a reader would prefer to view. Resultantly, an exemplary cross-sectional profile 

at the location of the red profile in Figure 8.14, can be viewed in Figure 8.15. 

 

Figure 8.14 – Flattened measurement of a secondary cutting edge. The green lines are profile sections. One is 
highlighted red and the cross-section is shown in Figure 8.15. 
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Figure 8.15 – 2D profile of an arbitrary cross-section of a secondary cutting edge. This is the format in which the 
Alicona EdgeMaster software displays the profiles, post measurement. This profile is the cross-section of Figure 
8.14, about the red line. 

Once the Alicona measurement routine was executed, the data for all profiles was exported 

to Microsoft Excel, ready for organisation and re-orientation. At this stage it is critical to 

notice the difference between the XCES–YCES plane, as constructed in Figure 6.8, §6.1.2, and 

the presented 2D profile plane of Figure 8.15. The XCES–YCES plane is collinear with the fibre 

axis within the workpiece (parallel to the X0–Y0 plane of §6.1). The Alicona measurement 

plane however, is perpendicular to a straight line, best fitted to the secondary cutting edge. 

The cross-section displayed in Figure 8.15 is related to the red line within Figure 8.14. 

Attempts were made to measure the tool in the XCES–YCES plane through manual repositioning 

of the tool in the Spaceship. However, the EdgeMaster module interpreted these attempts 

as an incorrect loading of the tool, subsequently failing to finish any measurement routines. 

Thus it is necessary to compare a profile measured on Alicona plane with a measurement 

from the ideal XCES–YCES plane. To acquire the data needed for this comparison, the data 

points used to construct the 3D view of Figure 8.13 were imported in to the SolidWorks CAD 

package. Once imported, a plane representing the XCES–YCES plane was constructed and the 

Rake face 

Flank face 
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data points which intersected this plane were identified. Following a series of rotation and 

transformation matrices, Figure 8.16 could be produced. As presented, the difference 

between the profiles as measured on each of the two planes condenses down to be just over 

1° of variation in the location of the rake and flank faces. In terms of the radius of the cutting 

edge, the profile from the Alicona EdgeMaster plane is approximately 14µm while the 

manually created profile in the XCES–YCES plane is approximately 16µm.  

 

Figure 8.16 – Comparison of profiles between measurement planes. The red profile was manually created as 
described above, while the blue profile is a direct output from the automated measurement of the Alicona. The 
noise present on the rake face in this image was due to the steep measurement angle for that specific point on 
the secondary cutting edge, when held in the spaceship apparatus, on the Alicona’s measurement bed. 

In light of this comparison, it is apparent that the misalignment of the Alicona measurement 

plane, compared to the analytical modelling plane, results in next to negligible differences. 

The manual data manipulation involved in constructing the XCES–YCES profile displayed in 

Figure 8.16 is immensely labour intensive and not viable when drilling hundreds of holes 

under different test cases. 
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In summary, once captured by the Alicona’s automated EdgeMaster programme, exported 

to Microsoft Excel, rotated and transformed to correspond to the orientation of the 2D 

profile as used in the analytical model, useful wear profiles are available from this 

microscope.  This should enable comparisons and conclusion, as formulated later in this 

thesis, to be drawn, although the ability to directly compare wear will remain a problem.  

8.4 Drilling Procedure & Test Plan 

The drilling process flowchart in Figure 8.17 illustrates the chronological steps taken to 

record data for an individual experiment.  

 

Figure 8.17 – Drilling process and method of data acquisition. 

Once the tool was inserted to the tool holder, the datum could be set for the Deckle CNC, 

using a wobble bar. Drilling occurred in batches of ten holes, during which the drilling forces 

and torque for all holes were recorded. Due to the vast amount of memory required when 

recording data across the appropriate temperature range, only the last two and theoretically 

hottest two holes, had the tool tip temperature recorded. At the end of the tenth hole, the 
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CNC programme was paused, the tool holder was removed from the machine and the tool 

was cleaned of dust particles, using degreasing wipes and compressed air. The tool was 

subsequently placed in the Spaceship and the coolant reference hole was aligned in the 

Alicona software. While the tool wear measurement took place, the coupon was visually 

inspected for signs of excessive pull-up or push out delamination (see Table 3.2). If levels 

were acceptable and no other unfavourable condition had been identified, the drilling 

process was cleared to move on to the next iteration of ten holes. If the delamination was 

excessive, the tool was deemed to be worn and the experiment was ended. 

Having tested all equipment and refined the drilling process, a detailed plan of each 

individual experiment was required. As to be expected, the experimental plan closely 

resembled that of the test cases defined in §7.1. Table 8.3 details the drilling conditions used 

for the five drilling trials. The subtle difference between the modelling test cases (§7.1) and 

the experimental test cases, lie in the repetition of the baseline test case, to validate the 

experimental set-up. Additionally, no high temperature drilling trial is conducted. As 

explained in §7.1 the input parameters were modified to produce the high temperature 

modelling test case. 

Table 8.3 – Design of experiments. The repeat experiment was conducted to validate the design of the 
experiments.  

Experiment 

number 

Experiment Test Case Tool Cutting speed 

(m/min) 

Feed rate 

(mm/rev) 

1 Baseline Uncoated  75 0.050 

2 Repeat of baseline Uncoated  75 0.050 

3 Coated tool PCD Coated 75 0.050 

4 High speed, low feed Uncoated  150 0.015 

5 Low speed, high feed  Uncoated 40 0.160 
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8.5 Chapter Summary – Drilling Experiments 

A varied selection of state-of-the-art equipment, materials and manufacturing process have 

been combined in the formulation and execution of the experiments described in this 

chapter. High grade CFRP pre-preg material was professionally manufactured into test 

coupons, representative of aerospace composite materials. Commercially available tooling 

in conjunction with high quality, in process measurement apparatus yielded an experimental 

methodology, akin to drilling methods found in modern-day aerospace manufacturing 

factories.  

The experimental test cases are directly comparable with the modelling test cases derived in 

the §7.1 and the following chapter will serve to compare the results obtained from the 

experiments to those produced from the analytical wear model.  
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9.0 Experimental Results & Model Comparison 

This chapter presents the results obtained from all five experimental test cases, defined in 

§8.4. The results obtained from the force dynamometer are firstly presented before the 

temperature recordings are discussed. Finally, for each test case, the experimental wear 

profiles for the CES at the location defined by Figure 7.4, are compared to one another. This 

same CES location was used throughout all modelling test cases. Where applicable 

throughout this chapter, comparisons have been made with the results obtained from the 

analytical models.  

For the baseline experiment conducted within this body of research, the tool was deemed 

to have exceeded its life after drilling the 120th hole. This decision was arrived at, due to the 

excessive width of push-through delamination recorded when following the drilling 

procedure outlined by Figure 8.17 (see Table 3.2 for reference). Thus, each subsequent test 

case was halted at 120 holes. Figure 9.1 illustrates an example of surface delamination when 

the tool was worn. 

 

Figure 9.1 – An exemplary image of excessive delamination. The width of delamination presented here is 
approximately 40% of the nominal diameter of the hole (see Table 3.2). 

With reference to the high speed, low feed test case, computer corruption resulted in the 

data associated with holes 1-30 and 111-120 being lost. Hence, the results presented within 

this chapter consider all other successfully recorded holes. As for the low speed, high feed 

test case, the drilling process was ended, due to the in situ, rapid analysis of the force, torque 

and temperature. Having completed the 39th and 40th holes of this test case, the forces and 

torques were seen to be extremely comparable with the baseline experiment. At the same 

time, the drilling temperature had matched the average drilling temperature of holes 6-10 

of the baseline experiment (179.5°C). Hence, the low speed, high feed experimental test case 

was ended.  
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9.1 Forces & Torque 

Figure 9.2 presents the forces and torque for the baseline test case, while Figure 9.3 shows 

a magnified view of the same forces, focusing on the Fx, Fy and Mz values. The average values 

were calculated from the constant drilling phase as displayed in Figure 8.7. 

 

Figure 9.2 – Mean forces and torque for baseline experiment test case. The torque is recorded about the tool’s 
axis of rotation (Z0 axis). 

The results are dominated by the thrust force (Fz), acting through the tools axis, which 

increases as the number of holes increase. The rate of increase lowers as the number of holes 

increase and a fluctuation can be seen every five to eight holes. This fluctuation is directly 

related to the drilling pattern, or more precisely, the length of time the tool has been rotating 

in ambient air, while the drilling platform translated the tool to the next hole. For example, 

hole number 5 is at the very right of the coupon, at the end of the row, while hole 6 is at the 

very left, at the start of the second row (see Figure 8.5). Therefore the dwell between the 5th 

and 6th hole was larger than between the 4th and 5th. Additionally, with the drilling process 

being stopped every 10 holes, the first hole of the new iteration was typically a larger force 

than the 10th hole of the previous iteration. The difference here can be attributed to the 

temperature of the tool, which we can see later in this chapter, could be up to 220°C when 

leaving the 10th hole of an iteration, compared to the ambient room temperature at which it 

entered the first hole of that iteration. These results correspond directly with those of 
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Merino-pérez [19] who experienced the same trends regarding increase in thrust force with 

increasing number of holes, as well as the fluctuation every five to eight holes, due to the 

cooling of the tool between holes.  

Turning the attention to Figure 9.3, it is much more difficult to find any form of pattern 

regarding the Fx, Fy or Mz forces and torques, respectively. The torque about the Z0 axis 

remains very consistent across all 120 holes, while the spread of the Fx and Fy forces has no 

noticeable change in appearance as the number of holes increases. The sporadic nature of 

the lateral forces (Fx and Fy) are most likely due to the run out of the tool, in the tool holder 

and remainder of the drilling machine, when considering its senior age (1994).  

 

Figure 9.3 – Magnified drilling forces and torque for the baseline experimental test case. 

For these reasons specified above, attention will be focused on the thrust force (Fz) when 

comparing the results of the other test cases to the results of the baseline test. As such, 

Figure 9.4 displays the evolution of thrust force for each of the other test cases. Most 

obviously, the thrust force for the direct repetition of the baseline test case is remarkably 

close to the original baseline test case. A similar increase in thrust force as well as rate of 

increase of thrust force, was found as the number of holes increased. Secondly, all test cases 

exhibited the same fluctuation in thrust force, every five to eight holes, directly relating to 

the drilling pattern. Thirdly, the 40 holes drilled under the low speed and high feed test case 

exhibited slight differences for the first 10 holes compared to all other test cases. A much 
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higher initial thrust force was recorded for the first hole, compared to all other test cases 

(42% higher than baseline). However after 10 holes, the recorded forces and the rate of 

change of recorded forces closely matched that of the baseline test case. Hence, it would 

suggest that after a period of initial break in (10 holes), the mechanics at the cutting edge 

were very similar when decreasing the cutting speed and increasing the feed rate (i.e. 

decreasing the theoretical number of fibre-tool, abrasive contacts). After 40 holes, the 

drilling experiment was stopped due to the aforementioned reasons (§9.0).  

Moving on to the high speed and low feed test case, an issue with data capture resulted in 

the loss of force recordings for the first 30 holes and last 10 holes. Lack of resources 

prohibited the repeat of this experiment and as such the results must be presented as they 

are. Considering the misfortune of the data acquisition, several conclusions can be drawn 

from the results. After 110 holes, the thrust force had only achieved 64% of the force 

recorded for the same hole in the baseline test. The overall rate of increase in thrust force 

between hole 30 and hole 110 is comparable with that of the baseline test but the magnitude 

is much lower. Finally, the coated tool displays the most impressive resistance to change at 

the tool-workpiece contact zones. Beginning with a thrust force on the first hole of 79N and 

finishing with a thrust force of 89N the 10N increase in force is negligible compared to the 

151N increase recorded for the baseline test.  

 

Figure 9.4 – Comparison of thrust force (Fz) across all test cases.  
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9.1.1 Summary – Experimental Forces & Torque 

The variation in the X0 and Y0 axis (Fx and Fy) across all holes and all test cases is of similar 

sporadic pattern and magnitudes, hence non-informing. Comparing this to the knowledge 

that the twist bit is symmetrical about a single revolution of the Z0 axis, it was inevitable that 

what forces did exist in the horizontal directions, cancel each other out due to the other 

cutting edge experiencing a similar force. The torque about the vertical axis (Mz) remained 

constant across the life of the tool, for every test case, giving little insight to the change in 

cutting mechanics over the life of the tool.  

As such, direct comparisons were made for the thrust force (Fz) for all test cases. It is clear 

that increasing the feed (and decreasing the cutting speed) directly increases the forces 

experienced by the tool’s cutting edges, with logic dictating that the thrust force holds the 

majority share in this effect. However, what is also clear is that the effects of increased feed 

rate, were no longer an important factor, as the number of holes continued to rise. In other 

words, something else other than the number of fibre-tool, abrasive contacts, must take 

control of the wearing physics after a short period of time.  

The coated tool exhibited the least variation in thrust force across the 120 holes drilled in 

these experiments. Originating at a comparable force to the baseline test case (80N), it 

remained considerably more constant than the baseline test case, as the number of holes 

increased. 

Importantly, the forces recorded here are taking into consideration all edges of the tool tip 

which are engaged with the CFRP during the drilling process. This includes the chisel edges 

and chisel point, which are exposed to a significantly larger proportion of grinding and 

twisting than the cutting edges. Hence, the progression of the wear on all of the tool, not 

just the cutting edges, are responsible for the evolution of the thrust forces demonstrated 

within this sub-chapter. 

9.1.2 Comparison – Model and Experiments 

The forces shown in Figure 9.4 can be given the same treatment as the force results produced 

by the model, as displayed in Figure 7.17 of §7.4.4. That being, the percentage change in the 

force for each hole, compared to the first drilling hole, can be plotted for the life of the tool. 

For example, for the baseline test case, the force associated with the first hole was 87.3N, 

while the second hole recorded a force of 95.3N. Hence, there was a 9.2% increase in the 

thrust force between the first and second holes. Thus, Figure 9.5 can be produced, comparing 
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the evolution of the experimental forces to the modelling forces. For each test case, the 

percentage change in the experimental force is plotted as a dotted line, while the XCES and 

YCES percentage changes, extracted from the model, are plotted as square and triangular 

markers of the same colour, respectively. As previously presented, the experiments were 

able to produce a force for every hole, while the model was set to iterate every 10 holes.  

Furthermore, it is imperative that the reader understands that the co-ordinate systems in 

which the forces are plotted, are not the same. The graphic exists purely as a method of 

comparing the evolution of the forces in the experiment, to those presented by the model. 

 

Figure 9.5 – Comparison of force evolution for the experimental and modelling test case. The percentage change 
from the original force for the modelling test cases is represented by the mean value in the XCES and YCES directions, 
as plotted in the figures within §7.4 of the model sensitivity chapter. 

Taking a detailed look at Figure 9.5, the following comparisons can be made, with respect to 

the preceding statement regarding the non-identical nature of the co-ordinate systems in 

which the forces were recorded. Firstly, all experimental graphs have a concave-down shape, 

in which the positive gradient, decreases with an increasing number of holes. For the case of 

the low speed high feed experiment, this is more of an assumption than an observation, due 

to the lack of drilled holes. The same cannot be said, however, for the simulations. Noticing 
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the internal similarity for each test case, between the XCES and YCES directions, all forces from 

the models are much closer to linearly increasing, than the experimental concave-down 

shape. This statement is still true, even for the high speed low feed simulation.  

Secondly, the order of appearance of the experimental results are the same in Figure 9.5 as 

they are in Figure 9.4, where by the highest force and highest percentage change from 

original force belongs to the baseline test case. Conversely, the lowest series on the graphs 

belongs to the coated tool test case. Comparing this to the modelling outputs, the model was 

correct in identifying the order of the baseline test case and the coated test case, in which 

the increase in the elastic modulus of the tool resulted in a decrease in the drilling forces. 

However, the model fails to match the experimental finding when it comes to effect of force 

evolution, when changing the feeds and speeds. The model calculates that the rate of 

increase of the force will be much higher for the test case in which the idealised number of 

fibre-tool, abrasive contacts is high (high speed, low feed), compared to the baseline model. 

Likewise, it calculates that the test case with the least number of idealised fibre-tool, abrasive 

contacts (low speed, high feed) will have a lower rate of increase of force. The experiments 

suggest that this is not the case. In terms of magnitude (Figure 9.4) and rate of change (Figure 

9.5), the idealised number of fibre-tool, abrasive contacts will not affect the thrust force 

exerted by the tool. However, in this instance it is again important to acknowledge that this 

study has been unable to determine the proportion of thrust force created by the twisting 

and grinding action of the chisel point and edges, as opposed to the cutting forces produced 

by the cutting edges. 

Thirdly, the efficiency factor (𝑒𝑓𝐽𝑀𝐶) will have a part to play on the magnitude of the results 

from the analytical model (Figure 9.5). By changing the efficiency factor, the radius of the 

nose will change and hence the forces calculated on the subsequent iteration will also 

change. What will not change however, is the order of the severity of the test cases. 

Irrespective of the value of 𝑒𝑓𝐽𝑀𝐶, the percentage change in force for the coated test case 

will always be less than for the baseline test.  

No further comments, beyond those presented in §7.4.4 can be made for the high 

temperature modelling case.  
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9.2 Tool Tip Temperature 

Referring to the temperature measurement process outlined in §8.3.2, the procedure of 

recording the temperature for every hole consumed a large amount of storage space. Hence, 

following logic which was reinforced by initial tests conducted under the baseline test case, 

the last two holes for every iteration of ten holes were recorded. In theory, because the tool 

had been drilling eight holes prior to the last two holes of that iteration, the tool would have 

been at a stable operating condition. Figure 9.6 displays the results obtained from the 

experimental test cases.  

 

Figure 9.6 – Tool tip temperature for all experimental test cases. The temperature was recorded for the tenth 
hole of each drilling cycle. Linear lines of best fit have been applied to each test case. 

In examination of Figure 9.6, several key statements can be made. Firstly, the baseline test 

case and repeated test case are in close correlation with one another. An average value of 

213°C was recorded for both cases, across 17 data points while the rate of temperature 

increase (gradient of trend line) is slightly positive. These temperatures closely compare to 

those of literature [19] (~140°𝐶 < 𝑇 < ~245°𝐶), which were similarly recorded using a 

thermal imaging camera. However, subtle differences in tool design, resin and fibre 

reinforcements are apparent between the studies. Comparing this to the coated tool test 

case, a much lower average temperature of 161°C was recorded across 120 holes. As for the 

rate of increase of tool temperature, the rate is almost negligible.  
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Secondly, the average temperature for the limited data points recorded for the low speed, 

high feed test case was 172°C, while the average temperature was recorded as 245°C for the 

high speed, low feed test case. These findings agree with the literature covered in §3.3.1 in 

which the increase in cutting speed increases the drilling temperature. In terms of the 

analytical model, this finding suggests that the higher the theoretical number of fibre-tool, 

abrasive contacts, the higher the drilling temperature. However, further statements can be 

created based on the trend lines presented in these results. These experiments shows that 

for all test cases which used the same uncoated tool, the trend lines for each test case 

converge at the same point (approximately), where the tool’s life has expired, after 120 

holes. In other words, as the tool reaches the end of its useful life, the drilling temperature 

approaches a steady value, irrespective of the drilling speeds and feeds. Therefore, 

reconsidering the number of fibre-tool, abrasive contacts for each test case, as the tool’s 

useful life is consumed, the number of fibre-tool, abrasive contacts no longer effects the 

temperature of the drilling process. As such, another phenomenon other than the number 

of idealised fibre-tool, abrasive contacts, must be the root cause of the heat generation at 

the cutting zones.  

Having made this last statement, particularly with respect to the low speed, high feed test 

case, questions can be raised over the trustworthiness of the line of best fit. A limited number 

of data points were produced for this test case, during the experiment. If more data points 

were recorded, the trend line may not converge in the manner which it does.  

Finally, and possibly most importantly for the high temperature modelling test case, all 

experimental test cases exceeded the theoretical maximum 140°C glass transition 

temperature of the polymer matrix [145]. However, the measurement technique used here 

revolved around the measurement of the tool tip. Hence an argument could be made 

regarding the actual temperature of the resin within a unit cell, when considering the low 

thermal conductivity of this pre-preg resin, in conjunction with the finite length of time in 

which the tool was in direct contact, with the portion of the workpiece.  
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9.3 Profile Wear Measurements 

On the completion of the measurement routine, and rotation and translation of the profile 

points, as described in §8.3.3, the worn profiles for the CES specified in §7.2.1 can be 

presented as follows. 

9.3.1 Baseline Test Case 

Figure 9.7 presents the experimental wear profiles for the baseline test case, along with the 

XTotal wear, measured in the same format at the XCES Total wear in Figure 7.6 of §7.3. 

 

Figure 9.7 – 2D wear profiles for baseline test case. These profiles were extracted from the Alicona MultiEdge 
measurement routine and are measured in the Alicona measurement plane (see §8.3.3). The XTotal wear length 
operates under the same principles as the XCES Total wear length of Figure 7.6. The XTotal wear length data points 
associated with the 60th and 70th holes of the repeat test case are anomalies, unsuccessfully rotated and aligned, 
post Alicona extraction. 
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Investigating Figure 9.7, it can be seen that as the number of drilled holes increases, so does 

the tool wear at the cutting zone. It is evident that the majority of wear occurs in a direction 

perpendicular to the instantaneous cutting direction (in the X axis), while no truly evident 

form of rake face wear occurs. In general the wear does correlate with the literature and 

fulfil the definition of cutting edge rounding, however a single radius is not sufficient to 

describe the nature of the wear. The initial circular nose of the sharp tool is flattened after 

the first ten holes, resulting in a sweeping nose-to-flank junction. For each subsequent ten 

hole interval, the shape of the wear does not dramatically change as the number of holes 

increase. Rather, the length of the sweeping arc connecting the rake face to the original flank, 

increases in length. Focusing on each individual wear profile, the immediate area covering 

the transition from the flat rake face, to the worn nose, is dominated by a relatively circular 

(constant radius) section of geometry. An example of this has been overlaid on the 120th 

wear profile of Figure 9.7. Based on visual inspection alone, from hole 20 to the end of the 

tool’s life, the magnitude of this initial curvature at this transition zone, remains relatively 

constant. 

Lastly, the evolution of the XTotal wear length (experiment), is concave-down, like the XCES Total 

wear (model) but to a much lower magnitude. A maximum value of 15.96µm was recorded 

at a Y co-ordinate of 61.14µm for the experiment while a maximum XCES Total wear value of 

33.68µm was recorded at a YCES co-ordinate of 36.26µm. Furthermore, the high temperature 

modelling test case can also be compared with the baseline experiment test case. By 

modifying the modulus of the resin matrix within the model, the magnitude of the predicted 

wear decreases to become more comparable with the experiments.  

9.3.2 Coated Tool Test Case 

Moving on to the second test case, the coated tool, Figure 9.8 presents the 2D wear profiles 

extracted from the Alicona microscope. Comparing the wear shape and magnitude to the 

baseline case in Figure 9.7, it is obvious that much less wear has occurred during this 

experiment. The shape of the tool after 120 holes is almost identical to that of the sharp tool, 

while the progression of XTotal wear length is a minute 1.39µm after 120 holes. Comparing 

the output from the model to that of the experiment, the wear progression is massively 

overestimated in the model. Consequently, it is easy to state that the phenomenon 

preventing the wear from occurring, is not appropriately captured by the equations and logic 

of the model. 
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Figure 9.8 – 2D wear profiles for coated tool test case. These profiles were extracted from the Alicona MultiEdge 
measurement routine and are measured in the Alicona measurement plane (see §8.3.3). The XTotal wear length 
operates under the same principles as the XCES Total wear length of Figure 7.6. 

9.3.3 High Speed, Low Feed Test Case 

Figure 9.9 contains the wear profiles for the high speed, low feed test case. In this instance, 

no measurement noise is recorded on the rake face of the tool, but rather a wave is shown. 

This wave directly relates to the grinding marks machined into the tool ahead of the coating 

process. With this uncoated tool having been omitted from that late stage of tool 

manufacture, the grinding marks have been picked up by the wear measurement procedure.  

Once again, comparing this experiment to the baseline test case of Figure 9.7, subtle 

differences are apparent, while similarities are also present. Directly comparing the 

magnitude of the XTotal wear after 110 holes, the baseline presents a maximum value of 

14.72µm compared to the high speed, low feed experiment which recorded 14.47µm. The Y 

co-ordinate at which these maximum wear measurements were recorded are 54.07µm and 
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73.73µm for the baseline and high speed, low feed test cases, respectively. Moving on to the 

shape of the wear profiles, the same relatively circular (constant radius) section of geometry 

is presented at the transition zone between the rake face and the beginning of the worn, 

swept arc that represents the nose of the tool. Again, by visual inspection alone, the radius 

of this circular section appears to be constant, across each profile, irrespective of the number 

of holes which have been drilled.  

Unlike the baseline test case, the high speed, low feed test case exhibits a slight difference 

in the shape of the worn profile. The gradient of the wear profile at the section close to the 

rake (marked in Figure 9.9) is steeper than for the baseline test case. In other words, the 

nose is rounded to a greater extent (matches closer to a circle) than for the baseline test 

case. The aforementioned difference in location of the maximum wear values (the Y co-

ordinate) reinforces this statement.  

Finally, the comparison between the XCES Total wear produced by the model and the XTotal wear 

recorded from the experiments can be compared. The progression of the XTotal wear is a 

concave-down shape, just as it was for the baseline experiment, while the model predicts a 

much more severe and linear progression of wear in the XCES direction. Thus it is appropriate 

to state that the model excessively overestimates the magnitude of wear, due to occur from 

the high number of idealised fibre-tool, abrasive contacts. 
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Figure 9.9 – 2D wear profiles for high speed, low feed test case. These profiles were extracted from the Alicona 
MultiEdge measurement routine and are measured in the Alicona measurement plane (see §8.3.3). The XTotal wear 
length operates under the same principles as the XCES Total wear length of Figure 7.6. 

9.3.4 Low Speed, High Feed Test Case 

The results produced from the low speed, high feed test case are presented in Figure 9.10. 

From the limited number of profiles recorded, statements can be made about the effect of 

decreasing the theoretical number of fibre-tool, abrasive contacts. Most noticeably, the 

magnitude of the XTotal wear after 40 holes is very comparable with the baseline test case. 

This experiment recorded a value of 8.13µm compared to the 8.15µm recorded for the 

baseline. The Y co-ordinate at which the recordings were taken are 30.34µm and 47.28µm 

for the low speed, high feed and baseline test cases, respectively. Hence, the magnitude of 

wear is similar but the location and thus shape of the wear is not. The profiles plotted for the 

low speed high feed test case are much more representative of the original sharp geometry, 

compared to that of the baseline test case, and especially, the high speed, low feed test case. 
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This statement remains true, even if the profile for 40 holes is ignored, seeing as it does not 

appear to intersect with the flank face of the original sharp profile (hence could be slightly 

misaligned).  

Considering the circularity of the cutting edge radius within this test case, the results suggest 

that the constant cutting edge radius methodology used to model the tool wear, is better 

suited to this low speed, high feed test case, than to the baseline. From the few data points 

provided, it is difficult to state whether or not the XTotal wear is of concave-down shape, or 

more closely related to a linear state. In summary, the author is aware of the limited data 

points from which these findings have been deduced, and that more holes would need to be 

drilled, before they could be broadly accepted for their robustness.  

 

Figure 9.10 – 2D wear profiles for low speed, high feed test case. These profiles were extracted from the Alicona 
MultiEdge measurement routine and are measured in the Alicona measurement plane (see §8.3.3). The XTotal wear 
length operates under the same principles as the XCES Total wear length of Figure 7.6. 
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9.3.5 Summary – Profile Wear Measurements 

In summary, this sub-chapter has displayed the worn profiles for each of the five 

experimental test cases. Small differences were found in the shape (form) of the wear 

however, the wear for each test case can be described as flank face dominant, cutting edge 

rounding. This shape of wear correlates with the findings of relevant literature [19], [58]. 

Additionally, with respect to all of the data captured, a reasonably constant radius is 

apparent at the transition zone between the rake and the nose, of each profile in each test 

case. Comparing the profiles presented in Figure 9.7, Figure 9.9 and Figure 9.10, the increase 

in cutting speed (and decrease in feed rate) resulted in the wear being shifted closer to the 

rake face. In other words, the nose became rounder, more closely fitting to a circle.  

To conclude, with respect to all figures from Figure 9.7 to Figure 9.10 (inclusive), the 

following graphic can be produced, comparing the evolution of the XTotal wear length for 

each of the test cases (Figure 9.11). One major finding can be taken from this graph. That is, 

irrespective of the drilling speeds and feeds, the progression and magnitude of the tool wear, 

as measured by the methodology detailed Figure 7.6, does not vary. The sole variable which 

made a difference to the magnitude of wear recorded was the tool material (coated tool).  

 

Figure 9.11 – Comparison of XTotal wear length for all experiment test cases. The data points associated with the 
60th and 70th holes of the repeat test case are anomalies, unsuccessfully rotated and aligned, post Alicona 
extraction.  
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Compiling the experimental wear length results presented in Figure 9.2 with the modelling 

wear lengths of Figure 7.26, the graph displayed in Figure 9.12 can be produced.  

 

Figure 9.12 – Comparison of wear lengths between model and experiments. The data points associated with the 
60th and 70th holes of the experimental repeat test case are anomalies, unsuccessfully rotated and aligned, post 
Alicona extraction. The wear has been measured as per the description of Figure 7.6. 

Considering the preceding discussions relating to the results of this sub-chapter (§9.3 ), the 

following core statement can be made. Simply, the baseline model over estimates the 

magnitude of wear compared to the baseline experiment. However, the trend for the 

evolution of the wear as the number of holes increases, matches closely between the model 

and the experiment. Within the model, this trend is majorly governed by the efficiency 

factor. Thus, by completing another iteration of efficiency factor calibration, using the results 

of the baseline experiment, the wear magnitude between the experiment and the model 

could match very closely. Subsequently, by carrying this finely calibrated efficiency factor 

through the other modelling test cases, the magnitudes of wear on the other test cases, 

would likewise decrease. Having said this, the hierarchy of most worn test cases, to least 

worn test cases would not change. This would mean the test cases in which the speeds and 

feeds were modified, would still over estimate and under estimate the wear when compared 
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to their respective experiments. In other words, re-calibrating the efficiency factor would not 

improve the prediction capability of the model.   

9.4 Chapter Summary – Experimental Results & Model 

Comparison 

This chapter has presented the results obtained for each experimental test case, in the form 

of the recorded thrust force, tool tip temperature and 2D wear profiles. Where appropriate, 

corresponding results for the same test cases, produced from the analytical model have been 

introduced for comparison. Like-for-like, direct comparison for the magnitudes of forces was 

not possible, due to the inability to view results in the same global co-ordinate system. 

However, the statements drawn from the comparisons are logical and trustworthy, in light 

of these challenges.  

Firstly, the repeat experiment has demonstrated the repeatability of the proposed 

experimental process, with the force, temperature and wear recordings being of high 

similarity to that of the baseline test case. As for the coated tool test case, this experiment 

exhibited the lowest XTotal wear length, and the tool tip temperatures and thrust forces were 

also the lowest out of all test cases. The high speed, low feed test case presented the second 

lowest thrust forces, although the recorded drilling temperatures were the highest of all the 

test cases. However, the line of best fit suggests that the drilling temperature would decrease 

as the number of holes increased. The wear was comparable to the baseline test case, 

however the tool was more rounded towards the front of the cutting tool, than the baseline 

test case. Finally the low speed high feed test case exhibited the highest initial thrust force, 

which quickly evolved to mirror that of the baseline test case. The drilling temperatures were 

the lowest of the test cases dealing with uncoated tools, however, the line of best fit 

suggested it would continue to increase as the tool wore.  

For each test case in which wear was noticeable (i.e. all test cases conducted with uncoated 

tools) then a specific pattern was noticed for each wear profile, regardless of the number of 

holes drilled. At the point of inflection, where the straight rake face curved into the worn 

nose of the tool, a reasonably constant radius of curvature was identifiable. An example of 

this zone of constant radius is shown in Figure 9.7. For every worn profile of the uncoated 

tool test cases, this initial radius is much smaller than any circle which could be best fitted to 

the remainder of the worn nose portion of the cutting edge. 
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On a related note, although not mathematically attempted here, due to the lack of CER wear 

measurement standard, it is logical to say that a circle (i.e. an ellipse with a constant radius) 

would not be a suitable shape to fit to the worn profiles presented in this chapter. 

To summarise the key findings of this chapter, the results presented here, when analysed 

alongside a step-by-step understanding of the dynamic physics and contact mechanics of the 

cutting process, give rise the following statement. From the experiments conducted, the 

magnitude of wear is shown to directly affect the magnitude of the drilling forces, as 

indicated by the change in the thrust force. Any increase in the drilling forces, has been 

shown to directly relate to an increase in the temperature of the tool, but the drilling forces 

alone, do not solely determine the drilling temperature. Other phenomenon, not measured 

in these experiments must have an effect on the temperature of the drilling process. To 

rephrase this, the combination of the drilling speeds and feeds, along with the magnitude 

and shape of the wear, work in tandem, but also in conjunction with other phenomenon, not 

covered in this thesis, to define the instantaneous drilling forces, acting locally around the 

profile of the cutting edge. The location and magnitude of these local forces then, 

subsequently, are of key merit and responsible for defining the magnitude of drilling 

temperature.  



Page 190 of 219 
 

10.0 Model Critique, Discussion & Thesis Summary 

It is the aim of this chapter is to critically review the work within the thesis, in terms of both 

the modelling methodology and the design of experiments, thus enabling the original 

research questions to be answered. For convenience, the central research questions of §5.0 

are re-printed below: 

1. How would an appropriate modelling methodology respond to variations in tool 

coatings, the idealised number of abrasive wear contacts or drilling temperature? 

2. How would the results obtained from the model correspond to commercially 

representative, validation experiments? 

3. What areas of research would need to be further investigated to achieve a robust 

and reliable wear modelling tool for CFRP drilling, which progresses towards Industry 

4.0 design? 

10.1 Critical Review of Model 

The first modelling assumptions relate to the tool and workpiece discretisation methodology. 

Although effective at deconstructing the complex geometry of the cutting tool and the 

multiple fibres down to a 2D representation, some assumptions were necessary to do so. All 

fibres have been assumed to be identical (diameter, shape, strength etc.) as well as being 

perfectly equispaced from one another. In reality, it is much more likely that fibres are 

collected together in bunches, with a higher fibre volume fraction found in those local areas, 

than the average of the complete laminate. The assumptions within this section of the model 

directly affect the tool discretisation methodology, specifically the dimensions associated 

with a CES as well as the helical path contact equations.  

Within the helical path contact equations, it has been assumed that an arbitrary fibre is 

always coincident with the tool’s axis of rotation. Furthermore, the thickness of a ply is not 

divisible by the thickness of a unit cell, meaning there is not a whole number of arcs of 

rotation before the tool has cut through that ply. As such, small errors are encountered when 

identifying the exact number of fibre-tool intersections, aside from the previous assumption 

regarding the idealised spacing of the unit cells within the laminate. These assumptions are 

appropriate when considering this intelligent module is quick to execute on a low powered 

PC, giving novel information about the number, chronological order and angle of each 

contact. 
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Considering the force calculations, the theory here is built upon well established theories 

published in literature, the assumptions of which are reviewed in §4.3.2. Aside from these 

aforementioned assumptions, the following discussion points are noteworthy. Firstly, when 

calculating the fracture forces (§6.3.1 and §6.3.2) the CES was assumed to move in a straight 

line, with each increasing time increment. In reality, the CES moves in a curved motion, 

rotating about the tool’s axis of rotation. Thus, although this assumption is appropriate for 

this level of research, conditions that are more accurate could be studied if the curved 

motion of the CES is modelled. Secondly, when calculating the fracture forces (§6.3.1 and 

§6.3.2), the fibre was modelled as being ‘cut’ when the maximum tensile strength of the fibre 

(longitudinal direction) was exceeded. In reality, the brittle fibre may yield at a lower state 

of deflection, due to alternative fracture criterion, however more research, potentially of an 

experimental nature, is required before this could be built into a wear model. As such, the 

fracture criterion used in this thesis is deemed appropriate for this level of research when 

considering the useful information produced by this module. That being, the force 

calculation equations pinpoint the local locations on the cutting edge of a particular CES, 

where each of the four wearing forces act, and the magnitude of that force. Furthermore, 

although reasonable effort was made within the scope of this thesis to validate the shape 

and magnitude of fibre deflection when calculating the fracture forces, this is a core area of 

work required to enhance the reliability of this model’s ability to calculate the wearing forces. 

Likewise, similar validation of the three other wearing forces, beyond acceptance of the 

published works covered in §4.3.2, would increase the reliability of this aspect of the model.  

The wear calculation module of this analytical model has taken the complex phenomena of 

wear and produced an initial means of calculating the volume removed from the cutting edge 

of a drill. Literature has highlighted the complex mechanics of wear, involving hard abrasion 

versus soft abrasion, the questions surrounding material hardness and the ability of one 

material to indent another in the first instance. Additionally, the definitions of sliding wear 

and polishing, add to the complex mix of mechanics and wear. Subsequently, the wear 

equations within this module disassociate themselves from these complexities, reducing the 

process of wear to a singular depth of penetration governed by Hertz’s equations of elastic 

indentation of a cylindrical punch. As previously mentioned, this is a variation upon the 

traditional models of Childs et al. [93] in which the core parameter of hardness was used to 

calculate the geometry of the resulting wear groove. The author is aware that elastic 

deformation is not permanent and by definition, the material recovers when the indenting 

force is removed. This is a fundamental obstruction in the logical acceptance of this wear 
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equation. However, on the contrary, the author is also aware that the hardness of the 

individual constituents (fibres), or their combination to form the bulk CFRP material, is less 

hard than the tool material which they indent (WC-Co tool). Hence, it could be argued that 

the theories of previous works, when applying them to CFRP drilling tool wear, are equally 

as flawed in terms of engineering logic, This is one of the most pressing areas of required 

future research.  

Moving on to the logic of the novel geometry modelling module, it is assumed the forces 

from the compression and rebounding equations are fixed on the 106th and 117th wear points 

respectively. In reality, it is known that these forces would not be fixed on such a finite area, 

but rather they would be spread about the neighbouring wear points. As such, the local force, 

as calculated, may actually be better represented as a local pressure, dynamically changing 

with each iteration. The assumption with this model to keep the forces acting at a fixed wear 

point, subsequently affects the model’s predicted shape of the worn cutting edge. 

Furthermore, the fourth geometry fitting constraint (§6.5.1) was the most difficult constraint 

to satisfy. When plotting the circular cutting edge the quality of the transition from this 

cutting edge to the original rake and flank faces was compromised. A truer representation, 

as presented by the waterfall wear shapes of the experiments would suggest the worn 

cutting edge can not be adequately described by a single radius and centre point. As such, 

improvements could be made throughout the geometry modelling module, focusing on the 

local pressures across particular wear bins (wear points) as well as non circular geometry 

fitments. 

Finally, the efficiency factor must be reviewed. The core assumptions this factor relates to 

are the number of wear causing contacts between the fibres and the tool, as well as the 

decrease in local pressure at each wear bin, around the cutting edge, as the process of wear 

increases the magnitude of the cutting edge. Firstly, considering the true number of contacts, 

this model assumes each and every fibre which contacts the tool produces the maximum 

magnitude of wear from that contact. In reality, this is most unlikely, seeing as the abrasive 

fibres are stronger in one direction (along their axis) than in other directions. Hence, one 

theory is that a fibre, the surrounding resin and all other neighbouring unit cells must 

orientate and find themselves in a ‘perfect storm’ scenario, to be capable of causing abrasive 

wear of the hard tungsten carbide tool. The physics of this scenario is an area of high 

importance when considering further research of abrasive wear when drilling CFRP. 

Secondly, the nonlinear nature of the efficiency factor related to the decrease in wear rate 

as the magnitude of wear increased. The need for the efficiency factor to be nonlinear was 
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identified from related experiments (see §7.3) and it relates to the same discussion points 

covered in the previous critique of the geometry modelling section, namely the local 

pressure at the wear bins. In summary, the efficiency factor converts the idealised nature of 

these two discussion points, to a more realistic magnitude, necessary to ensure modelling 

results are comparable with experimental observations. Reviewing the results of §7.0 and 

§9.0, it is apparent that by recalibrating and producing an individual efficiency factor for each 

test case, the calculated magnitude and rate of tool wear could be closely aligned with the 

findings from each experiment. However, by doing so, the reliance on experimental data is 

re-established in the modelling process, in order to determine what the efficiency factor 

must be (see review of Iliescu et al. [14], §4.2). This revokes the original motivation to create 

a model, facilitating the study of tool wear in the absence of resource draining experiments. 

Reviewing the preceding critique of the wear modelling methodology, the author is aware 

that although each of these assumptions and modelling decisions have been necessary to 

achieve an operational, cyclic model, the propagation of errors could be a potential reason 

for the inaccuracy between the model and the experiments. 

10.2 Critical Review of Experiments 

The commercially relevant experiments in this study have been developed to investigate the 

proposed model’s sensitivity to changes in real drilling parameters, subsequently validating 

the principles built into the model.  The chosen experiments focused on varying the tool 

material and idealised number of abrasive wear contacts. 

On reflection, it is regrettable that the low speed, high feed test case was ended prematurely, 

just as it is regrettable that computer corruption resulted in the loss of some data for the 

high speed, low feed test case. On the back of this, it is now appropriate to note that if more 

resources had been available, it would have been beneficial to expand the experiments to a 

full suite of experiments, in which incremental changes in speeds and feeds could be 

compared for variations in wear magnitude and shape.  

Considering the acquisition of the force and torque data, it is apparent that the variation in 

dwell time between holes was responsible for a change in drilling conditions, which were 

displayed as fluctuations in the thrust force (see §9.1). It is arguable that drilling programme 

should be redesigned to eliminate this dwell. However, a fluctuation in the thrust force 

would be unavoidable at the beginning of a new batch of 10 holes, due to the stopping of 

the process to facilitate wear measurement. 
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Regarding the thermal imaging aspect of the experiments, the temperature being recorded 

was the tool tip temperature. In this thesis, the link has been made that the recorded 

temperature was always in excess of the glass transition temperate of the resin matrix 

constituent of the CFRP laminate. However, due to the insulative properties of the resin 

matrix, the local temperature at any arbitrary fibre at the point of cutting may not have been 

as high as that of the measured tool tip. This potential source of error may be critical in 

further iterations of abrasive tool wear models for CFRP drilling. 

Critical to this thesis was the ability to repeatedly measure the same point of interest on a 

cutting edge, even when one tool had been exchanged for another (comparison across 

experiment test cases). Although substantial effort had been made with the construction of 

the Spaceship tool holding apparatus, tolerances within the Alicona microscope, as well as 

the repeatability of the Spaceship means that a source of error will always be found at this 

stage of any drilling wear experiment. By modifying the Alicona EdgeMaster measurement 

programme these errors could be minimised, potentially by capturing more profiles 

extremely close together (see Figure 8.14). However, this is another avenue for further 

research.  

Lastly, it is necessary to note the chronological order in which tasks were completed within 

this thesis. In reflexion, by performing the experiments first, it may have been possible to 

modify the modelling methodology, particularly the geometry modelling module, to have a 

more accurate representation of cutting edge rounding occurring as a waterfall shape, as 

opposed to a circular shape. However, as previously mentioned, this would affect the cyclic 

nature of the model, requiring further modifications to be made to all other modules of the 

analytical model, specifically the force calculation module.  
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10.3 Answering the Three Central Research Questions 

To answer the first two central research questions, the following statements can be made: 

 The analytical model is successful at matching the trends found from the related 

experiments when considering a change in tool coating. That is, by increasing the 

elastic modulus of the tool’s coating, the magnitude of wear decreases. The model 

did not accurately match the wear magnitudes recorded from the experiments when 

using the efficiency factor detailed by equation (7.1). 

 The analytical model is unsuccessful at matching the findings of the associated 

experiments, when considering the change in drilling speeds and feed rates. The 

experiments recorded a negligible change in the magnitude of wear when 

manipulating the idealised number of fibre-tool, abrasive contacts. Conversely, the 

model predicted that the idealised number of fibre-tool, abrasive contacts would 

have a large effect on the magnitude of tool wear.  

 The analytical model predicted that by increasing the temperature at the cutting 

zone, the rate and magnitude of tool wear would decrease. All data recorded from 

the experiments was above the glass transition temperature (𝑇𝑔), facilitating the 

theories of Merino-pérez [19] to be applicable. That being, by exceeding the (𝑇𝑔), the 

fibres are held in place less firmly and the abrasiveness of the composite is reduced.  

The third research question can be answered from two viewpoints. Firstly, there is an 

academic viewpoint. In a perfect world, the mechanics, mathematics and physics behind 

each assumption would need individual research to remove all assumptions and replace 

them with known equations, trends or mechanics which are proven to be accurate and 

reliable. This would be no small task, as multiple disciplines of engineering have been 

touched upon throughout this model. In doing so, this would completely remove the need 

for the efficiency factor. 

Secondly, in the real world of engineering, several core advancements to this model could 

enable a useful analytical wear model to be produced, fit for introduction to the shop floor 

of airframers and tool manufacturers alike, in the very near future. They are: 

 Further understand the contact mechanics of indentation, scribing and polishing 

which result in abrasive wear. This will enhance the wear calculation module, 

building upon the simple Hertzian contact equations, subsequently enhancing the 

calculation of the depths of penetration under the specific wearing forces.  
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 Understand the frequency with which the cutting edge is exposed to these 

detrimental conditions when drilling a material of known lay-up. This involves 

further investigation of the probability of hard or soft abrasion occurring, as well as 

the likelihood of debris acting as three-body abrasion.  

 Subsequently, establish a more universally accurate efficiency factor. This 

efficiency factor must enable more accurate results to be returned for a greater 

variation of machining, geometric, structural and environmental parameters. 

 Better represent the worn edge geometry with a non-circular shape (complex 

ellipse). This will better capture the wear on the flank face, identified from the 

experiments. 

 Rebuild the discretised tool from 2D cutting edge segments back to a full, macro 

3D tool. This will enable the worn volume of the tool to be visualised. 

It is the author’s opinion that this model has been successful in correctly laying the 

foundation work for a commercially useful analytical model to be produced. If the suggested 

avenues of future work (above and more detailed in §11.1) are completed, this would 

enhance the robustness and reliability of the model, pushing it towards an industry 4.0 

standard, fit for the shop floor of aerospace and tool manufacturing companies.  
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11.0 Thesis Conclusions 

The aim of this thesis (§1.1) was:  

To define a method of modelling the severity and progression of tool wear when drilling fibre 

reinforced composites.  

Resulting in the proposed modelling hypothesis (§5.0): 

By building an analytical tool wear model based on known machining, geometric, structural 

and environmental parameters, the magnitude and shape of tool wear can be calculated, 

giving informative results in a time efficient manner.  

As displayed by the preceding chapters of this thesis, a novel analytical model consisting of 

tool and workpiece discretisation, helical tool path, force, wear and geometry modelling 

processes was created.  The summation and alignment of each modelling process facilitated 

the cyclic calculation of cutting edge rounding tool wear, when drilling CFRP, based on known 

machining, geometric, structural and environmental parameters. To validate the sensitivity 

of the analytical model to changes in its modelling parameters, a specific set of test cases 

were modelled and compared with results from a robust set of experiments. These test cases 

focused on three core themes: 

 Changes in the number of idealised abrasive wear contacts 

 Changes in tool material coating 

 Changes in the temperature of the tool tip (and hence the cutting zone) 

In conclusion, the following remarks can be made: 

1. A novel analytical modelling methodology was designed and proven to operate in a 

cyclic nature, giving informative results regarding the shape and magnitude of tool 

wear when drilling CFRP. The unique discretisation methodology combined with the 

novel helical path contact equations facilitated the simplification of the complex 

abrasive wear contacts down to ‘pin-on-disc’ type, singular contacts.  

2. Hertz’s elastic equations for a cylindrical body indenting an elastic half space were 

used to model penetration depths for each fibre-tool abrasive contact. These 

equations were found to repeatedly over calculate the depth of penetration of the 

abrasive fibres into the tool surface.  
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3. A non-linear efficiency factor was required to amend the over calculation of the 

depths of penetration, by reducing the values to a level more comparable to the 

findings of existing literature. It was identified that a secondary function of this 

efficiency factor was to account for the reduction in the rate of tool wear, as the 

magnitude of cutting edge rounding increased. The proposed modelling 

methodology alone, under estimated the necessary reduction in tool wear rate.  

4. The model identified that wear was not symmetrical around the circumference of 

the cutting edge, but a large proportion of wear occurred at the 106th wear bin, near 

the flank face. However, to facilitate cyclic operation of the model, the shape of this 

worn cutting edge was smoothed to an ideal circular form. The validating 

experiments found the wear to have a ‘waterfall’ shape with the majority of wear 

occurring where the cutting edge transitions into the flank face. Thus, the model was 

successful at identifying the severity of wear at the transition into the flank face, but 

the smoothing operation was inaccurate regarding the shape of the wear.  

5. The model found the idealised number of fibre-tool abrasive contacts to have a 

significant impact on the magnitude and rate of cutting edge rounding wear. The 

validating experiments did not agree with this finding, reporting negligible change in 

wear magnitude or rate irrespective of changes in the number of fibre-tool abrasive 

contacts. 

6. The model accounted for the effect of changing the coating of the tool, by modifying 

the elastic modulus, used within the wear calculation equations (Hertz’s elastic 

equations for a cylindrical body indenting an elastic half space). By increasing the 

modulus of the tool, the rate of wear decreased. Within the experiments, by 

changing the uncoated tungsten carbide and cobalt binder tool for a diamond-

coated tool, the rate of wear also decreased. Hence, the model is successful at 

accounting for the change in tool coating. However, to validate that the elastic 

modulus is the sole parameter responsible for this change in wear rate, irrespective 

of other phenomena, would require further work. 

7. The model accounted for tool wear at elevated temperatures by degrading various 

material stiffness parameters. Under those conditions, the model produced 

improved tool wear predictions when compared with the experimental results. This 

finding correlated with the theories presented in reviewed works [19]. 

A select list of further research topics are provided overleaf, which are directly related to the 

conclusions drawn above and the discussion in the previous chapter (see §10.0). 
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11.1 Future Work 

Based upon the conclusions drawn from this thesis, the high priority areas of research 

needing further investigation, with the overarching goal to enhance the fidelity and accuracy 

of the proposed analytical wear model, are as presented below. The author recommends 

that these challenges are tackled in the order they appear. 

 Better represent thermal softening of the workpiece. The representation must be 

at a level of detail to characterise the change in support given to the reinforcing fibre, 

by the surrounding resin matrix. This future research should investigate the variation 

in the contact and fracture mechanics of the individual constituents of reinforced 

composites, at temperatures above the glass transition temperature. It must go 

beyond that reviewed and presented here (see reviews of Merino-pérez [19]). 

Accepting that a composite material is more abrasive when the cutting temperature 

is below 𝑇𝑔, what parameter critical to the abrasive wear models varies above 𝑇𝑔? 

(i.e. wearing force, abrasive particle geometry).  

 Better represent the resistance to deformation of the tool material. This 

representation must be at a level to of detail to characterise the variation of hard 

and soft abrasion mechanisms due to changes in tool material constituents (metallic 

grain, binder or coating). This future research should further understand the contact 

mechanics of indentation, scribing and polishing which result in abrasive wear. 

Investigate further the repeated indentation and scribing of granular tool materials 

(WC-Co) by brittle, composite reinforcing materials. This work should focus on real 

and apparent contact areas, hard versus soft abrasion, cyclic elastic loading of WC 

grains and/or crack propagation and/or grain fracture as well as plastic or elastic-

plastic deformation. As a result, the applicability of Hertz’s equations compared with 

more traditional hardness based equations like those of Archard and Hirst [12] or 

Childs et al. [93] could be compared. Subsequently, coated tools should be 

introduced to clarify which phenomena present for a WC-Co tool are different for a 

coated tool.  

  



Page 200 of 219 
 

 Better represent the true number of contact capable of resulting in abrasive wear. 

This representation must be of a level of detail to characterise the frequency of the 

wearing contacts, the geometry of the wear indents on the tool, the local pressure 

facilitating the wear mechanics and the location on the tool cutting edge where this 

individual abrasion has occurred. This future research should involve designing a 

system of experiments to identify the ‘perfect-storm’ conditions responsible for 

abrasion of the tool by the reinforcing fibres. A small sample of reinforcing fibres 

held within polymer matrix could be brought into contact with a sample of tool 

material, under controlled conditions, most suitably through pin-on-disc 

experiments. The aim should be to understand the effect of pressure, fibre angle, 

temperature and scribing speed on the progression of wear of the tool material. A 

challenge in this future work will be replicating the scenario of complex contact, 

found when drilling a hole, while simultaneously controlling and investigating 

individual variables.  

 Better represent the shape of cutting edge rounding. This representation must be 

at a level of detail to characterise the shape of the wear based upon the drilling 

conditions, workpiece constituents and tool geometry. This future research should 

extend the wear modelling process to incorporate the connection to the relief faces. 

From the experimental wear profiles created within this thesis, the edge rounding 

wear is not solely focused on the cutting edge but overlaps onto the flank face 

especially. The principles applied to the cutting edge within the proposed analytical 

model, need to be extended to account for this. The future research should enable 

the wearing forces to be better distributed across neighbouring wear points and 

extended onto the relief faces. Subsequently, geometry should be fitted to these 

worn points in co-operation with the international standard outlined in the previous 

future work task.  
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 Construction of an international standard for the measurement of cutting edge 

rounding wear. There is a need for a globally accepted measurement of edge 

rounding wear which is informative about the geometry of the worn edge and the 

connection to the original rake and flank faces. Derived from this work, core 

geometrical shapes such as an ellipse with major and minor axes, centre points and 

angle of rotations should be extracted from any cutting edge profile. The author 

believes that more than one ellipse will be required to accurately describe the 

various portions of the cutting edge and relief faces.  

 Investigate the effect of the chisel point and chisel edges contacting the workpiece, 

ahead of the cutting edges. This thesis ignored the twisting, compressing and 

grinding motion of the chisel point and chisel edges on the CFRP before it was cut by 

the secondary cutting edge. Therefore it is necessary to investigate the detrimental 

effect this “pre-cutting zone” contact has on the stiffness and strength of the 

unidirectional fibres as well as the bulk composite material. 
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13.0 Appendix A 

Helical Path Contact Calculations Pseudocode  

Start 

Read ply stacking sequence; 

Set ply_no = 1; 

Set theta = the lay-up angle of ply_no; 

Set laminate_thick = number of plies in the laminate; 

Set ply_thick = thickness of a ply; 

Set no_unit_cells = the number of unit cells in Z0 axis of each ply; 

Set UC = dimensions of a unit cell; 

Set profile_rad = radius of the CES from the axis of rotation of the tool; 

Set inc_arc_angle = angle rotated by tool to drill through one unit cell of depth; 

Set no_of_arcs = round up(the number of arcs swept through to drill through full 

thickness of laminate); 

Set ply_count = 1; 

Set arc_count = 1; 

Set i = 0; 

 

For arc_count = 1 to no_of_arcs; 

  i = i + 1; 

  If (arc_count/no_unit_cells) > i then 

    Ply_no = ply_no + 1; 

    Update theta; 

  Else 

    Do nothing; 

  End if 

  Set j =1; 

 

  For j = 1 to round up(profile_rad/UC); 

    If theta = 45 or -45 

      Consider the mid-point of unit cell where X0=Y0 and SQRT(X0^2 + Y0^2) = j*UC; 

    Else if theta = 90 

      Consider mid-point of unit cell where (X0,Y0) = (0,j*UC); 

    Else 

      Consider mid-point of unit cell where (X0,Y0) = (j*UC,0); 

    End if 

    Translate co-ordinate system to mid-point of unit cell j (Xf, Yf system); 

    Find maximum and minimum Xf co-ordinates between start and end points of arc; 

    If Xf minimum co-ordinate < 0 and Xf maximum co-ordinate > 0; 

      Find Yf co-ordinate when Xf = 0; 

      Multiply Yf by -1 to check for second contact point; 

      If true 

        Store both Yf and –Yf values; 

      Else 

        Store only Yf; 

      End if 

      Convert contact point(s) (Xf, Yf) back to global system through inverse 

      transformation matrix; 

      Store (X0,Y0) point(s)of fibre-tool, abrasive contact and related arc of 

      rotation angle; 

    Else 

      Do nothing; 

    End if 

   

  Next j; 

 

Next arc_count; 

End 
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Force Calculation Pseudocode  

Start 

Read critical fibre angles; 

Set theta = critical fibre angle i; 

Set al.pha = flank clearance angle; 

Set gamma = rake clearance angle; 

Set rCES = cutting nose radius for the chosen CES; 

Set UC = dimensions of a unit cell; 

Set Df = dimensions of a fibre; 

Set Vc = cutting speed of tool; 

Set M = max stress in fibre; 

Set ac = depth of cut; 

Set b = de-bonding length = 0; 

Set kM = modulus of the elastic foundation; 

Set sigma_b = de-bonding strength of the resin; 

Set sigma_f = tensile strength of the fibre; 

Set P1 = force required to achieve fibre displacement at tool contact point; 

Set t = 0; 

 

% Fracture force 

For i = 1 to count(critical fibre angles); 

  Update theta; 

  If theta < 90+ gamma 

    Do while |M| < sigma_f^2 

      t = t + 0.5e-3; 

      Solve equation for deflection of section 2 when y2(ac) = Vc*t*sin(theta) to 

      find distributed force P1; 

      Solve y3(b) = (sigma_b*Df)/kM to find de-bonding length (b); 

      Write equations for deflection of section 1, section 3 and section 4 when  

      force = P1; 

      Calculate max stress (M) in fibre at depth of cut (ac); 

    Loop 

  Else 

    Do while |M| < sigmaf^2 

      t = t + 0.5e-3; 

      Solve equation for deflection of section 1 when y1(ac) = Vc*t*sin(theta) to 

      find point force P1; 

      Solve y3(b) = (sigma_b*Df)/kM to find de-bonding length (b); 

      Write equations for deflection of section 3 and section 4 when  

      force = P1; 

      Calculate max stress (M) in fibre at depth of cut (ac); 

    Loop 

  End if 

  Integrate sum of all deflections to find total bending force  

  Calculate resulting fracture force; 

Next i; 

 

% Compression force 

Set i = 0; 

Set l = width of EHM compression zone; 

Set delta_2 = height of EHM compression zone; 

Set E_comp = directionally dependant modulus of compression zone; 

Set v_comp = directionally dependant Poisson’s ratio of compression zone; 

 

For i = 1 to count(critical fibre angles); 

  Update theta; 

  Calculate l; 

  Calculate delta_2; 

  Calculate E_comp; 

  Calculate v_comp; 

  Calculate Hertzian elastic contact force; 

  Calculate resulting compression force; 

  If compression force > eccentric buckling of strut force 

    Compression force = eccentric buckling of strut force; 

  Else  

    Compression force = compression force; 

  End if 

Next i; 

 

% Rebounding force 

Set i = 0; 

Set delta_3 = rebounding height; 

Set E_rebo = directionally dependant modulus of rebounding zone; 
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For i = 1 to count(critical fibre angles); 

  Update theta; 

  Calculate delta_3; 

  Calculate E_rebo; 

  Calculate Hertzian elastic contact force; 

  Calculate resulting rebounding force; 

Next i; 

 

% Buckling forces 

Set i = 0; 

Set Le = effective length of strut = 2*b; 

Set e = eccentricity of loading; 

 

For i = 1 to count(critical fibre angles); 

  Update theta; 

  Calculate Le; 

  Calculate e; 

  Calculate maximum load (P4) which buckles the fibre; 

  Calculate resulting buckling force; 

Next i; 

End 

 

Interpolation of Forces Pseudocode  

Start 

Read critical fibre angle force data; 

Read helical path contact data; 

Set theta_i = critical fibre angle i; 

Set zeta_j = helical path contact angle j; 

Set force(Px) = to one of the four wearing forces relating to a specific critical 

angle; 

 

For j = 1 to count(zeta_j); 

  Set theta_low = Round down(zeta_j) to nearest theta_i; 

  Set theta_high = theta_i+1; 

  Calculate percentage change between zeta_j and theta_low; 

  For Px = 1 to 4; 

    Find force(Px) matching theta_low; 

    Find force(Px) matching theta_high; 

    Calculate new force(Px) matching Zeta_j from percentage change; 

  Next Px; 

Next j; 

End 

 

Wear Calculation Pseudocode  

Start 

Read force per fibre-tool, abrasive contact data; 

Set inter_i = fibre-tool contact number i; 

Set force(Px) = to one of the four wearing forces relating to a specific critical 

angle; 

Set delta_x(inter_i) = depth of penetration for that point of contact; 

Set i = 0; 

 

For i = 1 to count(inter_i); 

  For Px = 1 to 4; 

    Calculate delta_x for that wearing force Px; 

  Next Px; 

Next i; 

End 

 

Geometry Modification Pseudocode  

Start 

Set gamma = rake relief angle; 

Set al.pha = flank relief angle; 

Set epsilon = 90 + alpha + gamma; 
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Set no_wear_bins = round up(epsilon); 

Set wear_bin_n = wear bin number n; 

Set inter_i = fibre-tool contact number i; 

Set delta_x(inter_i) = depth of penetration for contact number i; 

Set delta_x(wear_bin_n) = total depth of penetration for wear bin n; 

Set rw_n = worn radius of wear point n; 

Read depths of penetration per fibre contact data; 

 

For i = 1 to count(inter_i); 

  For Px = 1 to 4; 

    Calculate which wear_bin_n force Px acts through; 

    delta_x(wear_bin_n) = delta_x(wear_bin_n) + delta_x(inter_i); 

  Next Px; 

Next i; 

 

For n = 1 to no_wear_bins; 

  Calculate rw_n for worn wear point; 

  Plot worn nose point; 

Next n; 

 

Set xcw = x co-ordinate of worn geometry centre point; 

Set ycw = y co-ordinate of worn geometry centre point; 

Calculate co-ordinate of worn centre point (xcw,ycw); 

Calculate rCES for worn centre point (xcw,ycw); 

End 

Complete Analytical Model Pseudocode  

Start 

Set al.l static inputs; 

Discretise tool focusing on CES of interest; 

Discretise workpiece to unit cell dimensions; 

Set al.l tool and CES related inputs; 

Set al.l workpiece and unit cell related inputs; 

Set al.l drilling parameter inputs; 

 

For i = 1 to number of holes; 

  Run helical path contact calculations; 

  Store data; 

 

  Run force calculation; 

  Store data; 

 

  Read helical path contact data; 

  Read critical fibre angle force data; 

  Run interpolation calculations; 

  Store data; 

 

  Read force per fibre contact data; 

  Run wear calculations; 

  Store data; 

 

  Read depth of penetration per fibre contact data; 

  Run geometry modification calculations 

  Store data; 

Next i; 

 

End 
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