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Abstract

Carbon fibre reinforced plastics (CFRP) are increasingly being used in aerospace, au-

tomobile and sporting goods due to its high strength to weight ratios, high resistance

to corrosion and low thermal expansion coefficient. One of the most extensively used

processes in assembling CFRP components is drilling operation. Different challenges

are faced when drilling CFRP, among which Peel-up and Push-out are two distin-

guishable delamination mechanisms associated with drilling of composite laminates,

due to the extremely abrasive nature of the fibres. It is economically significant to

have composite components free of delamination and a long drill life.

Owing to the ultra-hardness and superior wear resistance of diamond, polycrystalline

diamond (PCD) tools are being used widely as one of the main solutions for drilling

CFRP. In addition to the well known fact that diamond is the hardest material ever

found or made, PCD has outstanding properties such as high thermal conductivity,

low coefficient of friction and low thermal expansion. All of these properties are

critical in drilling CFRP.

In addition to cost, there is lots of time wasted when investigating the drilling process

experimentally due to the large number of parameters included such as tool types,

material type and machining conditions. One of the advantages of utilizing Finite

Element Method (FEM) is obtaining mechanical results and thermal behaviour of

the drilling tool and workpiece used without investing lots of time and money with

the experimental work. Hence manufacturing time and costs are reduced dramati-

cally especially when the input values for the FEM are accurate.

In this research, a new 3D finite element model was developed in ANSYS-Explicit

by implementing the ply-based modeling technology to simulate the drilling of uni-

directional CFRP using PCD twist drill and a special diamond coated double point

angle drill tool without using a back-up plate, and also for predicting the thrust

force and torque at planned feed rate and speed combinations. The ply-based mod-

eling technology was used to model the laminates and to validate if the meso-scale

approach used in this research would be the ideal solution to characterize the drilling

induced damage.
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Hole quality has been investigated through delamination factors in this research ex-

perimentally and by finite element analysis, as they are calculated and compared

to study the effect of operating parameters for twist drill and double point angle

drill on the drilling induced damage. The delamination factor Fd and the adjusted

delamination factor Fda have been used in the research, a new approach to mea-

sure the equivalent adjusted delamination factor Feda was developed, all of these

delamination factors have been compared.

Results show that the Feda obtained is suitable to estimate the drilling induced

damages, and feed rate is regarded as one of the parameters highly affect the drilling

induced damage indicated from the experimental and simulation derived results.

Experimental drilling validation process was implemented by utilizing a CNC ma-

chining centre, force-torque dynamometer and charge amplifier to measure drill

torque and forces. While a Philips XL30 scanning electron microscopy (SEM) and

a Leica optical microscope were used in obtaining the images of the delaminated

vicinity of entrance of the holes drilled, software “Image J” was utilized to process

the image of delaminated areas.
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AM Medium damage area

AL Low damage area

Fred Refined equivalent delamination factor

Dre Refined equivalent diameter

f Circularity of damaged zone around the drilled hole

P Perimeter of the drilled hole

NW Numbers of the white pixels
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NB Numbers of the black pixels

NBH Number of black pixels representing the drilled hole area
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1.1 Introduction

Expanding request for high-performance, lightweight structures have stimulated a

vigorous expanding development of fibre reinforced polymer composite laminates

in a variety of industries such as aircraft, spacecraft, automobile, marine, chemical

processing equipment and sporting goods [1]. CFRP have also been increasingly used

in wind turbine blades especially for longer and wider blades to improve efficiency

of wind turbine energy capture [2][3]. For the most part, components composed of

composites are produced to a near-net shape, yet extra machining operations are

frequently required to facilitate component assembly. Joining of composite parts to

a structure regularly requires drilling openings in them, keeping in mind the end

goal is to place rivets or bolts. Commonly drilling is utilized as a machining process

to manufacture these holes [4].

However, the defects and damages, such as delamination, burr, microcracking,

swelling, splintering and fiber pullout, are commonly visible after drilling. The

delamination at hole vicinity on entrance and exit sides of workpiece are the most

critical defects, this will result in reducing the bearing strength and therefore needs

extra manufacturing operations to fix so as to extend the service life of the compos-

ite workpiece under fatigue loads. Several studies concluded that thrust force is the

major factor for resulting drilling induced delamination as it mostly relies on several

factors such as drill geometry, feed rate and drill materials [5].

The direct experimental approach to study machining processes is expensive and

time consuming, especially when a wide range of parameters is included: tool geome-

try, materials, cutting conditions, etc. The alternative approaches are mathematical

simulations where numerical methods are applied. Amongst the numerical proce-

dures, the finite-element methods (FEMs) are the most frequently used [6]. There

have been many different geometry drill bits such as twist drill, step drill, brad point

drill, slot drill, straight-flute and core drill and made of different tool materials such

as high speed steel (HSS), uncoated cemented carbides, coated cemented carbides,

diamond coated and PCD, have been used to understand the drilling processes of

composite laminates. Diamond drills have long been the preferred solution for the

drilling of CFRP.

Due to the manufacturing requests, a solution for drilling a combination of different

materials such CFRP stacked with aluminum (Al) and CFRP stacked with titanium

(Ti) in one single drill operation is required with extra accuracy, minimal exit burr,

minimal coolant usage and best surface finish, all this is required through the course

of hundreds or thousands of holes in the least amount of time possible [7].
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In this study a 3D finite element model for simulating the drilling process is devel-

oped to investigate the relative significance of the drilling parameters on thrust force

and torque. Also we will characterize and quantify the drilling induced damage and

do comparative analysis of different drills. This PhD project combines finite element

analysis and experimental testing which are both performed in a step-wise process

as shown by the flow-chart below (Figure1.1), as it can be seen CFRP layers were

prepared first experimentally and in FE then drill bits are chosen for the drilling

process, results are then obtained and compared between experimental work and

FE.

Figure 1.1: Flow-chart of the research.

3 Sinan Al-Wandi Chapter 1



1.2 Research gap and questions

The growing demand for composite materials such as CFRP due to its outstanding

properties makes the machining of CFRP components a multi-billion dollar industry,

but machining of composites is considered a dynamic, non-linear and very complex

process and a significant percentage of the machined composite components are

rejected in manufacturing process due to delamination induced during drilling and

can be omitted when using the appropriate cutting tools and parameters. And the

approach of utilizing non-destructive assessment is costly, tedious and often can’t be

implemented on structures placed in service due to the unavailability of hardware

required to perform the test.

Also, another important factor which affects drilling of CFRP is the availability or

absence of the back-up plate during drilling, as the absence of the back-up plate

makes the drilling more complicated as the force applied from the drill bit acts as

a punch especially when using high feed rates and not many researchers have elim-

inated the back-up plate during their study of drilling composites, so the question

we raised in this case was what is the effect of the back-up plate absence when using

different drill geometries during drilling.

Currently numerical modeling is utilized as a tool for a superior comprehension of

machining of these composites, and numerical methods such as the finite element

method uses elements from analytical models as constitutive relationships to develop

detailed models of machining. These methods can provide detailed information

on the drilling process and for this information to be accurate, it is important to

setup the appropriate constitutive relationships which can be very labour intensive

sometimes. Numerical methods are becoming effective tools to study manufacturing

processes, therefore utilizing the correct finite element method is very critical, as

there are several modeling methods have been implemented and studied but there is

still a gap in finding the optimized modeling method which can give accurate data

with less time consuming, hence one of the questions raised in this study was what

is the best modeling approach.

Delamination not only affects the quality of hole but also sometimes leads to entire

composite part failure under load, and calculating delamination factor is another

research gap which has not been studied and several delamination factors have been

proposed by many researchers but still there is no a standout delamination factor

equation is used, as several researchers have used different delamination factors and

had different outcomes, therefore the question raised was how to obtain better results

when quantifying edge defects in CFRP Drilling.
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The hypothesis of this research is that finite element modeling is significantly effec-

tive in studying and understanding the drilling process of CFRP without using the

backup plate. Developing a new finite element model and a new delamination factor

will enhance the analysis of drilling process and quantifying delamination factor.

1.3 Research objectives

The objective of this research is to study and analyze the drilling processes of carbon

fibre reinforced laminates experimentally and analytically. The study was conducted

to achieve the following objectives:

(i) Developing finite element model for simulating the drilling process, by model-

ing of composite layers using ANSYS and modeling the drill bit using Autodesk

Inventor software. The finite element method can provide detailed information

of the drilling process such as stress-strain behavior, temperature variations

and crack propagation.

(ii) Investigating the relative significance of the drilling parameters on the thrust

force and torque. Drilling induced damage can be reduced by optimizing the

process parameters such as cutting speed and feed rate affecting the thrust

force and torque.

(iii) Characterize and quantify the drilling induced damage, and propose a new

approach for quantifying delamination factor. Visual examination is used ini-

tially to get an idea about the damaged area around the drilled hole. With

the development of advanced methods and techniques of image based methods

such as SEM and optical microscope, it is possible to quantify the damage in

terms of certain geometrical features.

(iiii) Comparative analysis of different geometry drills made of diamond material,

including analyzing the effect of critical thrust forces on drill bits.

1.4 Innovation and contributions

The main innovation and contributions of this thesis are summarized as follows:

(i) Developed a new FE model in simulation analysis of drilling of CFRP by

applying ply-based modeling and meso-scale concept, and incorporating the

flexibility of drill tool body to represent the actual changes of the materials

physical properties during machining. The model makes the preparation and
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definition of composite layups be shared and updated faster when product

design changes are required.

(ii) Developed a new delamination factor called the equivalent adjusted delami-

nation factor Feda to obtain better delamination factors and make it suitable

for hole entry delamination. Firstly we have implemented the equivalent de-

lamination factor Fed instead of the conventional delamination factor Fd and

therefore it has a better discrimination of delamination damage results, and

secondly to overcome the null critical cases of minimum or maximum delami-

nation area arising from the adjusted delamination factor Fda.

(iii) For the first time, double point angle drill without using a backup plate was

analyzed through FE simulation and validated with experimental results, the

results show the significant affect of tool geometries on delamination.

1.5 Organisation of thesis

The thesis is organised as follows:

Chapter 2, highlights the literature review on CFRP and the various works done in

the field of drilling composite laminates experimentally (with and without a backup

plate) and through finite element analysis, the important types of drilling tools and

their geometry which influences the machining of CFRP is discussed. Hole quality

and drilling induced damage is presented in this chapter, a brief introduction on

tool wear is also highlighted.

Chapter 3, a complete description of modeling and meshing of CFRP and drills

using ANSYS Explicit is highlighted, as well as presenting the importance of using

the ply-based modeling technique used to simulate the drilling process by utilizing

the meso-scale method.

Chapter 4, presents the CFRP specimens, drilling tools (PCD twist drill and di-

amond coated double point angle drill) and the necessary equipments used in the

drilling experiment which includes a CNC machining center and a digital signal

processor (dynamometer), it also presents the equipments used in the microscopic

observation of delamination (scanning electron microscopy SEM and optical micro-

scope).

Chapter 5, damage methodology and an analysis on delamination is presented,

while the types of delamination factors used in the studies are introduced. Also

the proposed equivalent adjusted delamination factor Feda has been presented and

explained.
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Chapter 6, discusses the results obtained from the drilling simulations and the exper-

iments for PCD twist drill and diamond coated double point angle drill. It discusses

the FE model validation for both drills by calculating the effects of feed rate and

spindle speed on thrust force and torque during drilling of CFRP, also it highlights

the results and effect of delamination factors used and compared in this study. FE

stress analysis for workpiece and drill bits used have been discussed as well as work-

piece displacement analysis has been presented, finally the effect of critical thrust

force on drilling CFRP is highlighted.

Chapter 7, Summarizes the significant outcomes and contributions of this thesis,

also possible future research works are discussed.
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Literature Review
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2.1 Introduction

This chapter presents a review on CFRP and using diamond tools as machining

process and focusing on the current technology methods in utilizing finite element

method in simulating the drilling of CFRP.

The review in this chapter provides a scope on the characteristics and manufacturing

of CFRP laminates, followed by the fundamental mechanical drilling of composites

to understand the cutting mechanisms and the machining process. Thrust forces,

torque and drilling induced delamination are also reviewed.

Finite element method is a unique tool to perform linear and non-linear analysis of

reinforced composites to investigate the several aspects of responses when subjected

to external loads, therefore, the current researches on the experimental and finite

element studies on the drilling of fibre reinforced composites will be presented.

2.2 Carbon fibre reinforced plastics (CFRP)

The popularity of carbon fibre reinforced plastics (CFRP) in the aerospace indus-

try has been increasing thanks to their desirable mechanical and physical prop-

erties. They show high resistance to corrosion and have low thermal expansion

coefficient. In addition, CFRP is light and durable which allows manufacturers to

produce lighter airplanes that consume less fuel [8]. In today’s engineering world

many classes of composite materials have emerged, including fibre reinforced plas-

tics (FRP), natural fibre composites, metal matrix composites (MMC) and ceramic

matrix composites (CMC). Composite materials in general exhibit inhomogeneity,

anisotropy and non-ductile behavior. The inherent challenge in the machining of

these composites is the attendant excessive tool wear and subsequent damage in the

material sub-surface [9].

Although the methods used in studying the machining of composites have been

diverse, generally they can be divided into three categories: experimental studies fo-

cusing on the macro/microscopic machinability of composites, simple modeling using

conventional cutting mechanics and numerical simulations that treat the composite

as a macroscopically anisotropic material or concentrate on reinforcement–matrix

interaction microscopically. The macroscopic models normally ignore many funda-

mental characteristics of composites subjected to cutting and usually cannot pro-

vide the details of cutting mechanics and material behavior, while those focusing on

micro-effects,including the analysis based on the finite element method, are tedious

to implement. A sensible way would be to combine the merits of these methods to
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develop realistic models that not only depict the material removal mechanisms in

cutting, but also provide simple, predictive solutions for applications [10] [11].

2.2.1 Types of reinforcement in CFRP

Composite materials are usually classified according to the type of reinforcement

used. Two broad classes of composites are fibrous and particulate. Each has unique

properties and application potential, and can be subdivided into specific categories.

A fibrous composite consists of either continuous (long) or chopped (whiskers) fi-

bres suspended in a matrix material. A particulate composite is characterized as

being composed of particles suspended in a matrix and have dimensions that are

approximately equal in all directions. Particles can have virtually any shape, size

or configuration such as concrete and particle board [12].

The reinforcing phase provides the strength and stiffness. In most cases, the rein-

forcement is harder, stronger, and stiffer than the matrix. Particulate composites

tend to be much weaker and less stiff than continuous fibrous composites, but they

are usually much less expensive. Particulate reinforced composites usually contain

less reinforcement (up to 40 to 50 volume percent) due to processing difficulties and

brittleness. Examples of continuous reinforcements include unidirectional, woven

cloth, and helical winding (Figure 2.1(a)), while examples of discontinuous rein-

forcements are chopped fibres and random mat (Figure 2.1(b)). [13].

A fibre has a length that is much greater than its diameter. In the case of fibres

length and diameter, their dimensions are characterized by the aspect ratio l/d,

where l is the fibre length and d is the diameter [14]. Continuous fibres have long

aspect ratios, while discontinuous fibers have short aspect ratios, continuous fibre

composites normally have a preferred orientation, while discontinuous fibres gener-

ally have a random orientation.

2.2.2 Material classification

Materials can be classified as either isotropic or anisotropic. Isotropic materials have

the same material properties in all directions, and normal loads create only normal

strains. By comparison, anisotropic materials have different material properties in

all directions at a point in the body. There are no material planes of symmetry, and

normal loads create both normal strains and shear strains. A material is isotropic

if the properties are independent of direction within the material [13].

Figure 2.2 shows the anisotropic composite ply which has properties that vary with
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(a)

(b)

Figure 2.1: Typical reinforcement types in composites.

direction within the material. In this example, every modulus is different in each

direction (E0o 6= E45o 6= E90o). While the modulus of elasticity is used in the

example, the same dependence on direction can occur for other material properties,

such as ultimate strength, Poisson’s ratio, and thermal expansion coefficient.

Most composites are a subclass of anisotropic materials that are classified as or-

thotropic. Orthotropic materials have properties that are different in three mutually

perpendicular directions. They have three mutually perpendicular axes of symmetry,

and a load applied parallel to these axes produces only normal strains. However,

loads that are not applied parallel to these axes produce both normal and shear

strains. Therefore, orthotropic mechanical properties are a function of orientation.

When the plies are stacked at various angles, the lay-up is called a laminate. If

all of the layers or plies are stacked in the same orientation, the lay-up is called a

lamina. Continuous fiber composites are normally laminated materials. It is usually

necessary to balance the load-carrying capability in a number of different directions,

such as the 0o, +45o, −45o, and 90o directions [15].
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Figure 2.2: Element of composite ply material under stress.

2.2.3 Manufacturing of composites

There are many manufacturing, fabricating, processing, and forming processes for

composites. There are seven major processes by which polymer matrix composites

are formed: (1) molding, (2) casting, (3) thermoforming, (4) expansion, (5) coat-

ing, (6) fabrication, and (7) radiation, and within each of these processes different

techniques can be used.

For example, in the category of molding, there are 9 sub processes containing 16

subsets: Injection, coinjection, reaction injection, compression, caldenering, blow

(extrusion-blow molding, injection-blow molding, stretch-blow molding, multilayer-

blow molding), extrusion, laminating, reinforcing (match-die molding, hand lay-

up, spray-up molding, vacuum bag molding, filament winding, continuous reinforc-

ing, cold molding, cold forming/stamping, sintering, liquid-resin molding, vacuum-

injection molding, thermal expansion resin transfer). The process selected for the

production of a component depends on many variables and can influence the final

product [12].

The simplest technique, and probably the first used to make a modern composite

structure, utilizes manual placement of the fibres and is called layup, layup molding,

or wet layup. Wet layup is the method of laying the dry reinforcement (most oftena
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fabric or a mat) into the mold and then applying the resin is the oldest and, perhaps,

the most common means of wet layup. The wet composite is rolled by hand to evenly

distribute the resin and to remove air pockets. Another layer of reinforcement is

laid on top. Then more catalyzed resin is poured, brushed, or sprayed over the

reinforcement. This sequence is repeated until the desired thickness is reached. The

layered structure is then allowed to harden (cure) (Figure 2.3) [16].

Figure 2.3: Wet Layup [16].

2.2.4 Prepreg technology

In the early 1980’s prepregs were considered specialty materials, accounting for

around 5% of an aircraft design and used only for non-critical secondary struc-

tures. Today prepregs are baseline for aircraft primary structures and constitute

more than 50% of the airframe of the Airbus A350 XWB and Boeing 787. The

growth in aerospace and other industries including wind energy, automotive, sports

goods and industrial machinery has followed. More recent applications benefitting

from prepreg include subsea tubes for oil and gas exploitation and high pressure

vessels. This growth in the use of prepreg composites over metal has been driven

by higher strength to weight performance, better fatigue strength and potential to

offer greater freedom of design [17]. A pre-preg can be made incorporating a vari-

ety of reinforcement fabrics and fiber types. Although it can be produced by the

component fabricator, it is normally purchased from a materials-supply company,

mainly woven hi-directional cloth pre-preg and Unidirectional pre-preg are material

forms are available as carbon/epoxy pre-pregs.
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Unidirectional pre-preg is made by spreading and collimating many fiber tows (typ-

ically around 104 fibers in each tow) into a uniform sheet of parallel fibers typically

0.125-0.25 mm thick and 300 or 600 mm wide. This is immediately pre-impregnated.

Unidirectional pre-preg is the cheapest to make, and it provides laminates with the

best mechanical properties.

The pre-preg with its non-stick backing films is then inspected for resin content,

which is typically between 34% and 42% by weight for carbon prepregs, wound onto

a roll, and sealed to prevent the absorption of water vapor as illustrated in Figure

2.4 [18].

Figure 2.4: Schematic illustration of Hot-Melt film Pre-Pregging process [18].

2.2.5 Vacuum bag/oven or autoclave

Vacuum bag/oven and autoclave processing are the two main methods for the man-

ufacture of components from prepreg. The processing method is determined by the

quality, cost and type of component being manufactured. The vacuum bag tech-

nique involves the placing and sealing of a flexible bag over a composite lay-up and

evacuating all the air from under the bag (Figure 2.5).

The removal of air forces the bag down onto the lay-up with a consolidation pressure

of up to 1 atmosphere (1 bar). The completed assembly, with vacuum still applied,

is placed inside an oven or on a heated mould with good air circulation, and the

composite is produced after a relatively short cure cycle.

The autoclave technique requires a similar vacuum bag (Figure 2.6) but the oven

is replaced by an autoclave. The autoclave is a pressure vessel which provides

the curing conditions for the composite where the application of vacuum, pressure,

heat up rate and cure temperature are controlled. High processing pressures allow

the moulding of thicker sections of complex shapes. Long cure cycles are required
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Figure 2.5: Sealing flexible bag over lay-up and applying vacuum to the system [17].

because the large autoclave mass takes a long time to heat up and cool down. Some-

times slow heat up rates are required to guarantee even temperature distribution on

the tooling and composite components [17].

Figure 2.6: Example of vacuum bag lay-up [17].
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2.3 Drilling of carbon fibre reinforced polymers

As parts in composite materials are to be usually assembled in complex structures,

joining of these parts is always needed. Drilling is the most common machining

operation in industry. Drilling is a complex process, characterized by the existence of

extrusion and cut mechanisms. The former is performed by the drill chisel edge that

has null or negligible linear speed and the latter by the existence of rotating cutting

lips at a certain speed. The most common drill is the conventional conical point

drill. The cutting process is unique and can be divided into two distinct regions:

chisel edge and cutting lips. In a common drill, there is a small region around the

centre of the chisel edge, called the indentation zone, where the tool does not cut

the material, but extrudes it instead. At the region outside the indentation zone,

called the secondary cutting edge area, the rake angle is highly negative. As fibre

reinforced plastics are more brittle than metals, it is unlikely that extrusion really

takes place [19].

Drilling of these composite materials, irrespective of the application area, can be

considered a critical operation owing to their tendency to delaminate when subjected

to mechanical stresses. With regard to the quality of machined component, the

principal drawbacks are related to surface delamination, fibre/resin pullout and

inadequate surface roughness of the hole wall. Among the defects caused by drilling,

delamination appears to be the most critical.

In order to overcome these difficulties it is necessary to develop procedures to select

appropriate cutting parameters, due to the fact that an unsuitable choice could lead

to unacceptable work material degradation.

Figure 2.7 shows that factors such as cutting parameters and tool geometry/material

must be careful selected aiming to obtain best performance on the drilling operation,

i.e., best hole quality, which represents minimal damage to the machined component

and satisfactory machined surface [20].

Rakesh et al. [21] developed a finite element model in order to investigate the drilling

behavior of FRPs, they have concluded the drill point geometry plays a significant

role in defining the damage characteristics while drilling in FRP laminates.

A judicious selection of the drill point geometry on the basis of work-piece material

will lead to production of damage free holes. Strenkowski et al. [22] described a

three-dimensional drilling model to determine the thrust force and torque in drilling

process. They predicted the forces can be readily coupled with solid models, so

that complex drill geometries can be accurately represented. Barschke et al. [23]

presented simulations of the behavior of composite materials based on kinematic
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Figure 2.7: Principal aspects to be considered when drilling fibre reinforced plastics.

restrictions among the fibers themselves and among fibers and the surrounding resin,

the approach was used to obtain the material properties for a two layered material

which can be applied to a three dimensional structures.

Durao et al. [24] studied the effect of two variables on the drilling process of compos-

ite materials: the tool material and the tool geometry. Two tool materials – tungsten

carbide (WC) and PCD – with the same twist drill geometry were evaluated; and

three different tool geometries of the WC drills – twist, Brad, and step, were assessed,

results show that feed rate is the most important factor for delamination reduction,

followed by tool geometry. Zhou et al. [25] carried out a two-dimensional orthogonal

cutting experiments and simulation analysis on the machining of SiCp/Al compos-

ites with a polycrystalline diamond tool, the results indicate that the cutting speed

and depth have significant effects on the cutting force, and the predicted cutting

force is in agreement with that of the experiment.

Persson et al. [26][27] investigated the effects of hole machining defects on static

strength and fatigue life of carbon/epoxy composite laminates. Traditional drilling

processes were implemented using polycrystalline diamond-tipped drill (PCD) and

cemented carbide drill with a sharp tip angle (Dagger drill). They reported that

hole machining defects significantly reduced the static strength of pin-loaded PCD

specimens about 11% compared to defect-free holes specimens, while this reduction

percent become 2–3% for Dagger specimens. The fatigue strength at 106 cycles

was, respectively, reduced to about (19–27%) and (9–11%) for PCD and Dagger

specimens compared to defect-free holes specimens.
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2.4 Drilling tools

There have been many different geometry drill bits made of different tool materials

used in drilling of composite laminates, as shown in (Figure 2.8) below. It has been

found that drilling induced damage can be reduced by modifying the drill point

geometry, the drill bits used could be divided into six categories (1)Twist drill bit,

(2) Step drill bit, (3) Brad point drill bit, (4) Slot drill bit, (5) Straight-flute drill bit,

and (6) Core drill bit. Different drill bits such as high speed steel (HSS), uncoated

cemented carbides (ISO grades K10, K20, etc.), coated cemented carbides, and PCD,

have been used to understand the drilling processes of composite laminates [1].

Figure 2.8: (a) Step drill bit. (b) Brad point drill bit. (c) Slot drill bit. (d)
Straight-flute drill bit. [1] [28] [29].

2.4.1 Twist drill geometry

Drilling is among the most difficult machining processes because of chip-flow restric-

tions, poor heat dissipation, and rapid wear, which severely limits the productivity.

Drilling constitutes about 40% of all metal-cutting operations, and 50 to 70% of all

production time is spent on making holes [30].

The drill bit is a complicated structure and among all the elements of drill geometry

(Figure 2.9), the most important are lips, chisel edge, web, helix angle, point angle,
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chisel edge angle and clearance angle. The lips do the main cutting action, while the

web together with the chisel edge does the extrusion action during drilling. Helix

angle practically determines the rake angle at the cutting edge of the drill. The helix

angle is chosen such that there is a compromise between the strength of the cutting

edge and efficient chip ejection through the flutes. Point angle is the angle formed

by the two flank surfaces with that of the axis of the drill. The chisel edge angle is

the angle between the chisel edge and the cutting lip as viewed from the end of the

drill. The clearance angle at any point on the lip is the angle between the tangent

to the flank and the tangent to the surface of revolution at that point [31].

Even today, more than 200 years from the date of invention, the design of an ef-

ficient and powerful twist drill is still a very difficult task. The complex geometry

compared to other types of cutting tools incorporates numerous conflicts of design

objectives such as low cutting forces, wear resistance, torsional and axial stability,

chip evacuation capability and more. Handling those interdependencies requires a

high level of experience from the tool designer. Most approaches of simulation-based

drill design focus on a limited number of geometrical aspects such as optimization

of cross section geometry or optimization of drill point grinding parameters [32].

2.4.2 Double point angle drill geometry

An example of the geometry of the double point angle drill is shown in Figure 2.10,

it shows the helix angle θ, the rake angle ρ, and the clearance angle γ of the drill, it

also shows the differential cutting dFc, thrust dFz and tangential dFt forces acting

on the drill. Multiplying the differential cutting force and the distance from the

center gives the differential torque. Adding together all differential thrust forces

and torques along the cutting edges yields total torque and thrust force during

drilling [33].

2.5 Tool wear

Tool wear in CFRP machining is quite different than that in conventional metal ma-

chining. In conventional metal machining, crater and flank wear were the dominant

wear types. In contrast, the primary tool wear type is edge rounding when machin-

ing CFRP. To understand the edge rounding wear in CFRP machining is to discuss

the reason for not having edge rounding wear in conventional metal machining. In

metal machining the edge of a cutting tool, is covered by the work material, known

as the stagnation zone, which protects the cutting edge from the excessive mechan-
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Figure 2.9: Twist drill geometry [31].

ical wear. Depending on the friction and other parameters during machining, the

stagnation zone may contain a “dead metal” that sticks on the top of the cutting

edge, the work material is being separated around the stagnation point either to

form chip or to become the new surface of the work piece [34].
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Figure 2.10: Double point angle drill geometry [33].

CFRP is a highly abrasive material, which, depending on the direction of the fi-

bre in the matrix will produce severe tool wear. Unlike metals, CFRP cutting

involves not only tool edge chipping but also excessive abrasive wear due to the

hard carbon fibres [35, 36, 37, 38, 39]. Thus, the choice of the cutting tool and

the optimal cutting parameters is very important when cutting this kind of mate-

rials. The machining process affects significantly these materials leading to various

modes of damages. This damage consists of various fibre breakage, matrix cracking,

fibre–matrix debonding and plies delamination [40].

PCD tools have high wear resistance to abrasive materials due to its high hardness,

and hence they are generally preferred and used when cutting composites [41, 42, 43,

44]. Because of the low of wear rate of PCD drills, the composite material will have

a better hole quality when compared with High Speed Steel (HSS) and Tungsten

Carbide (WC) drills when drilling CFRP composites. It was also concluded that

there will be little amount of microchipping exists when drilling CFRP composites
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when utilizing a PCD drill [45], but due to its superior wear resistance, PCD drills

have been the preferred tool for drilling CFRP even though if it has high cost and

as long as the chipping is reduced [7].

2.6 Hole quality, drilling induced delamination and

delamination detection methods

2.6.1 Hole quality

The quality of the drilled holes depends on drill geometry and process parameters

(cutting speed and feed rate of the drill). The geometry of the drill plays an impor-

tant role in deciding the hole quality. Very rapid tool wear due to abrasive carbon

fibres is the primary reason for poor hole quality. Tool wear also results in fre-

quent tool changes affecting the cycle time and raising the production cost. The

need therefore arises to thoroughly investigate drill bit performance to produce good

quality holes [46].

Hole quality in composite drilling consists of a number of output parameters in-

cluding material integrity, hole diameter, surface texture, delamination, exit burrs

of drilled holes. Delaminations and exit burrs can be classified as exit hole damage

which is very critical in structural durability of the composite structures [47].

The inhomogeneity of FRPs caused by the difference in properties of the fibre and the

matrix materials will result in a machined surface that is less regular and is usually

rougher in comparison with machined metal surfaces. Therefore, the evaluation of

the quality of drilled fastener holes must include both the general geometry of the

hole and the condition of the hole surface [48].

Shyha et al. [49] outlined the analysis of hole quality/integrity following drilling

of titanium/CFRP/aluminium stacks with uncoated and coated CVD diamond and

hard metal tungsten carbide drills. The results showed that the delamination of

CFRP laminates were considerably decreased due to the Al and Ti supported lay-

ers, only few damage areas was observed around the hole edges of the CFRP caused

by sharp Ti exit burrs. Brinksmeier et al. [50] discussed the thermal and mechan-

ical impact of orbital drilling and conventional drilling techniques on the borehole

surface in multi-layer materials (aluminum, CFRP, and titanium materials). The

orbital drilling of Al/CFRP/Ti composites showed better quality results than CFRP

composites when using conventional drilling at boreholes in regards to surface in-

tegrity.
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2.6.2 Drilling induced delamination

Delamination during drilling in composite laminates can be an outcome of two types

of damage mechanisms that are different in their causes and effects, usually known

as peel-up delamination and push-down delamination [51] as shown in Figure 2.11.

The former is a consequence of the drill entering the upper plies of the plate and

the cutting edge of the drill abrades the laminate. The material spirals up along

the flute before being effectively cut. This action can be avoided with the use of

low feeds. On the other hand, the latter mechanism is a result of the indentation

effect caused by the quasi-stationary drill chisel edge, acting on the uncut plies of

the laminate. The cause of this damage mechanism is the compressive thrust force,

measurable during the drilling process, exerted by the drill on the uncut plies of

the plate. As the uncut thickness approaches zero, the mechanical resistance of the

plate decreases. At some point, this load exceeds the interlaminar fracture toughness

of the laminate and the plies tend to be pushed away from the plate, causing the

separation of two adjacent plies of the laminate and, consequently, delamination

takes place [24].

In the literature, Durao et al. [19] studied the delamination assessment techniques

based totally on radiographic information compared or correlated with mechanical

test outcomes. They have concluded that an adequate feed rate and tool geometry

combination should be used in order to eliminate delamination effects when drilling

holes. Tsao et al. [5] described a novel method for reducing delamination through

the use of active backup force during drilling of composites. The utilized backup

force majorly suppressed the growth of delamination at drilling exit by 60−80%. To

investigate the influence of tool geometry and cutting parameters on delamination,

Grilo et al. [52] carried out an experimental assessment and found that both delam-

ination factor and adjusted delamination factor were appropriate for delamination

assessment in drilling CFRP.

To determine the optimal process parameter levels and to analyze the effect of

parameters on delamination factor, Gaitonde et al. [53] introduced the methodology

of Taguchi optimization approach for reducing the delamination at the hole entrance

of CFRP composites when using high speed drilling, the results show that the most

significant factor was the point angle then feed and spindle speed.
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Figure 2.11: Mechanism of drilling induced delamination in CFRP a- Peel-up de-
lamination b- Push-out delamination [1].

2.6.3 Delamination detection methods

Due to the negative impact of delamination on the structure of composite, non-

destructive testing (NDT) of drilling induced delamination has been of great interest.

Several methods such as visual inspection by low-magnification microscopy (partially

combined with digital image processing), acoustic emission, X-Ray radiography,

computed tomography (CT), ultrasonic testing (US) [54], eddy current technique

(ECT), thermography, optical fibre sensors, digital image correlation (DIC), lamb

waves and microwave techniques [55] are employed for the detection of size, shape

and location of delamination damage.

The common methods to measure the extent of delamination have been summa-

rized by Babu et al. [56]. The measurements are used to develop assessment fac-

tors, both dimensional and non-dimensional, for comparing delamination damage

resulting from different machining methods and parameters.
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2.7 Drilling of CFRP with and without a backup

plate

One of the familiar ways of reducing delamination induced damages is to use a

backup plate (supporting plate) under the bottom ply of the CFRP and therefore

the critical thrust force will be increased, the backup plate can be also predrilled in

the zone area where the hole will be drilled, using backup plates is a good way of

reducing delamination but sometimes it becomes complex and not always feasible

[57], Figure 2.12 shows an example of supported and unsupported drilling.

Figure 2.12: Supported and unsupported drilling [57].

At the beginning of drilling process when using a backup plate the thrust force

intends to push and deflect the composite laminate downwards, while the backup

plate intends to counteract the bending deflection by reacting as a uniform upward

load applied underneath the workpiece, but this will not completely stop the bending

deflection as a slight deflection will occur although the backup plate has much higher

stiffness than the composite laminate.

During drilling the internal reaction force associated with the downward bending

of the uncut laminate in the laminate will lift up the laminate from the outskirt

of the circular crack, leaving the bottom side of workpiece in approximately point

contact with the back-up material, this will lead to the uniform load changing to a

concentrated load applied on the bottom center of the workpiece [58].
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2.8 Finite element modeling

The finite element method is the computational tool most widely used to validate

the performance of structures. It provides the analysis required for the design pro-

cess. Typically it can be used to define the displacements, stresses, vibration, and

buckling characteristics of a structure composed of metal or composite materials

under a defined set of loads and displacement boundary conditions. It can either be

applied at the macroscopic level to analyze the stiffness and strength of the complete

structure, or it can be applied at the microscopic level to study the interface between

fibre and resin. Finite element analysis procedures are either embedded inside the

geometric modeling systems that carry the geometry database or are stand-alone

packages capable of special analysis, such as post-buckling behavior or response to

shock loading. The finite element analysis can be applied to assess structural perfor-

mance, to form the geometric model to which an optimization algorithm is applied,

or to provide simulations of molding processes and manufacturing strategies [18].

An accurate and reliable FE simulation of drilling enables good predictions of strain

and stress distributions; cutting forces and torque; and discrete damage modes in

composites by taking into account the complex drill geometry and process parame-

ters. With the advent of high power computing facilities, simulation of the drilling

process using FE analysis provides an excellent tool for this challenging problem in

applied mechanics [59].

To analyze machining process in the experimental approach is considered tedious

and costly especially when several parameters are included such as cutting condi-

tions, tool geometry and materials. The finite element analysis (FEA) method is

an alternative approach which is able to provide an insight of the cutting process,

and is very much required for a reliable prediction and optimal stress and damage

results [60].

Diamond tipped tools have been used in micro-scale cutting to withstand tool wear

and ensure a successful machining process. While experimental investigation of

micro-scale cutting is necessary for improving the process and developing new knowl-

edge in ultra-precision machining, numerical study is also important and FEM has

been successfully utilized to simulate micro-scale and nano-scale cutting in several

studies. The purposes of these studies were to investigate the chip formation mech-

anism and to re-examine the cutting process in general [61, 62].
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2.8.1 Finite element model formulations

Progresses in computational power prompted the improvement of numerical tech-

niques and modeling tools [4]. Model formulations refers to the way in which the

FE mesh is ‘associated’ with the workpiece material. There are three main formu-

lations proposed in FEM and they are the Eulerian, Lagrangian, and the arbitrary

Lagrangian–Eulerian (ALE) [63].

In a Lagrangian formulation, the mesh is attached to the workpiece. The tool or

workpiece is advanced through predefined displacement increments, and the finite

element solution is obtained. The displacement increment will be a function of

the time step in explicit solution methods and it can be related to the material

removal rate during cutting. For Eulerian finite element formulations, The workpiece

material is assumed to flow through a meshed control volume (Cutting zone). Two

basic formulations have been used in the Eulerian approach, namely, a penalty

method (velocity used as primary variable) or a mixed method (velocity and pressure

used as primary variables). In arbitrary Lagrangian-Eulerian the models utilize both

Lagrangian and Eulerian methods during solution iterations. Hence, there is a need

to relate the stationary (Eulerian) frame to the moving frame (Lagrangian) [64].

Isbilir et al. [65, 66] developed three-dimensional (3D) FE model using the com-

mercial finite element software ABAQUS/Explicit for drilling CFRP based on pure

Lagrangian contact algorithm used for the penetration, so the surface of the tool is

set to be the master object and the surface of the work piece is assumed to be the

slave object. The model aims to simulate the drilling process, to calculate the dam-

age initiation and evolution in the work piece material; to predict induced cutting

forces, torque, stress distribution in the work piece throughout the drilling process;

and to predict the delamination at the entrance of the hole. Thermal issues are not

accounted for in the model since high amount of coolant is used in the experiments.

The results showed the model indicates that delamination and other workpiece de-

fects could be controlled by selection of suitable drill geometry. Hence the 3D model

could be used as a design tool for drill geometry for minimization of delamination

in CFRP drilling.

Most simulations in research use Lagrangian descriptions for the deforming mate-

rial, there is an exception in the work done by Dandekar et al. [67] were they have

utilized a multiphase finite element model using the commercial finite element pack-

age ABAQUS/EXPLICIT for simulating the orthogonal machining of unidirectional

fibre reinforced composite materials. In the simulation, a numerical damping of 0.5

was used in combination with the arbitrary Lagrangian–Eulerian ALE method. The

value for the numerical damping ensures that the solution is accurate to the second
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order time integration. The model is successful in predicting cutting forces and

damage at the front and rear faces with respect to the fibre orientation. A success-

ful prediction of fiber pullout is also demonstrated in the study. While the study

done by Hsu et al. [68] were a computer simulation method is proposed to study

burr formation, an Lagrangian–Eulerian ALE finite element model was developed

for the burr formation simulations. The model uses Eulerian elements to model the

workpiece and Lagrangian elements to model the cutting tool, the simulation results

obtained are reasonably good in both the stable cutting stage and burr formation

stage.

2.8.2 Multi-scale modeling

Many natural and man-made materials exhibit an internal structure at more than

one length scale. These internal structures may be of a translational nature, where

the structure is more or less invariant with respect to a translation corresponding

to the smallest length scale. Materials with internal structure may show also multi-

scale features. The material behaviour is controlled by the physical phenomena

which take place at the various scales and by the interaction of these phenomena

across scales. Single-scale models, usually at a macro scale, make use of constitutive

equations which should reflect the behaviour of the underlying finer scales. These

constitutive equations are generally of a phenomenological type. An alternative to

the use of constitutive equations at a single (macro) scale is provided by multiscale

modelling [69], in which the material behavior at the nanoscale or mesoscale often

crucially depends on the bridging of these scales through the integration of multiscale

components and multiphysical science [70].

As pointed out by Mishnaevsky [71], the following scale levels are applied in the

analysis of material behavior:

(i) Macro-scale (or a specimen scale) (Figure 2.13(a)), of the order of more than

1mm. Material behavior at this scale level is analyzed using continuum me-

chanics methods.

(ii) Micro-scale (Figure 2.13(c)) and meso-scale (or a microstructure scale) (Figure

2.13(b)), between 1µm and 1mm. Material behavior at this scale level falls into

the area of materials science, and is analyzed using methods of both physics

and mechanics of materials, including micromechanics and fracture mechanics.

(iii) Nano- and atomistic scales, less than 1µm. Material behavior at this scale

level falls into the area of the physics of materials.

In literature, Niezgoda et al. [72] proposed a global-local (meso) modeling technique

29 Sinan Al-Wandi Chapter 2



(a)

(b)

(c)

Figure 2.13: Illustration of (a) Macro-scale (b) Meso-scale (c) Micro-scale.
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to minimize the computational effort in assessing composite structures. The amount

of nodes and elements utilized in the meso-scale approach is around 60% less than

in the micro-scale approach, this will allow assessing a 3D composite structure with

different fibre orientations in a sensible amount of time. To analyze the hyperve-

locity impact damage in composite laminates, Cherniaev et al. [73] developed a

numerical meso-scale approach of a laminate composite totally based on detailed

representation of meso-scale technique. The material models in regards to laminate

structure including resin-rich areas and fibre-reinforced layers are appropriate for ex-

plicit modeling. Stier et al. [74] modeled a meso-scale representative volume element

(RVE) of a twill weave CFRP ply comprised of the yarn part, and the surround-

ing matrix region. The modeled material represented distinctive yield strengths in

the compressive and tensile directions and in addition to pressure dependence. The

results for experiment and numerical tests for large shear strains at large deforma-

tions were different from each other, however at small deformations were in good

agreement. Lubineau et al. [75] proposed a pragmatic approach for the depiction

concerning the degradation of composites laminates under certain cyclic loading,

which also includes the impact of oxidation primarily based on hybrid meso-scale

and micro-scale modeling of the included degradation and propagates the classical

micromechanical approach under static loading, the results obtained are promising

but additional research stays vital for the model to totally become quantitative and

predictive. By using finite element analysis, Han et al. [76] analyzed the failure

modes to determine the material failure subjected to loading for a type III hydrogen

pressure vessel distinguishing it’s structural solidity, utilizing the ply-based approach

to model the composite laminates of the pressure vessel. Their results showed ac-

curate stress distribution in the layers of the composite provided by the ply-based

modeling approach, and despite that couple of layers showed delamination or matrix

failure, the general structure was reliable under service condition.

2.8.3 Failure Criteria

Failure mechanisms for composites are very different from those of traditional metal-

lic structures. The combination of various interfaces (fibres, matrix, layers) at a

macro scale level requires a local dedicated analysis to establish the initiation of

failure mechanisms of a fibre, a crack in the matrix or a delamination between two

different layers. Hence, further advances in the use of laminated composites are

subordinate to a better understanding of their failure mechanisms. On the other

hand, the analysis and simulation of the failure of composite laminated structures

are quite cumbersome tasks [77]. Generally speaking, the failure behaviour of com-

posites depends on the heterogeneity, anisotropy, and on the various possible failure
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modes of the composite [78].

Failure occurs when either of the stress components reaches the yield stress, and in

this case we can observe the occurrences of damage and progressive failure. While

damage can advance in several directions in the model near and around the weakest

elements, ”Matrix Cracking” is usually the first damage to happen as the matrix has

the lowest stress for failure [21]. When panels and plates during service are subjected

to in-plane multi axial stress, then failure is prompted and significantly affected by

the in-plane shear stress depending on the sequence of the stacking. To estimate

the damage initiation and evolution, we must first identify the type of group it falls

into, as there are two groups of failure criteria exist.

(i) Independent failure criteria: The interactions between several stress compo-

nents are neglected.

(ii) Polynomial failure criteria: The interactions between several stress compo-

nents are considered.

Independent failure criteria include the maximum stress criteria and the maximum

strain criteria. The stress and strain components in these criteria don’t have any

dependence between them, this means that the components in the longitudinal,

transverse and stacking directions do not affect each other. Polynomial failure cri-

teria include Polynomial maximum stress criterion, Tsai-Wu, Tsai, Tsai-Azzi, Tsai-

Hill, Polynomial maximum strain criterion, Hoffman criteria and Hashin criteria,

the components in each direction depends on each other.

In literature, Phadnis et al. [79, 80] utilized an advanced drilling technique known as

Ultrasonically Assisted Drilling (UAD) to demonstrate its several advantages over

Conventional Drilling (CD) including a reduced thrust force. They developd a 3D

finite element (FE) models simulating CD and UAD techniques for drilling in CFRP

laminates using the general-purpose FE software ABAQUS/Explicit. The Hashin’s

failure criteria was used to model initiation and evolution of damage in long-fibre

composites, the numerical results obtained with the FE model were found to be in

a good agreement with the experimental data. Xu et al. [81] developed a finite

element (FE) model to inspect the key mechanisms governing the induced damage

formation when cutting hybrid carbon fiber reinforced polymer (CFRP)/Ti. The

developed orthogonal cutting (OC) model aims to characterize the dynamic mecha-

nisms of interface delamination formation and the affected interface zone (AIZ). The

failure initiation law required to motivate damage among the interface layer is based

on the quadratic stress criterion. The numerical results highlighted the pivotal role

of AIZ in affecting the formation of interface delamination, and the significant im-

pacts of feed rate and cutting speed on delamination extent and fiber/matrix failure.
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Lasri et al. [82] studied the progressive failure of unidirectional glass fiber-reinforced

polymer composites (FRP) using finite element analysis in orthogonal machining.

Chip formation process and damage modes such as matrix cracking, fiber–matrix

debonding and fibre breaking were modeled by degrading the material properties.

Damage analysis was carried out using Hashin, Maximum stress and Hoffman failure

criteria. The objective of this study is to better understand the chip formation pro-

cess and to analyse the cutting induced damage from initiation stage until complete

chip formation. The results were addressed in terms of cutting forces evolution and

damage progression in the composite structure during machining. It was demon-

strated that the use of the stiffness degradation concept with the appropriate failure

criterion responds potentially in a predictable fashion to changes in chip formation

process for machining of FRPs.
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3.1 Finite element analysis

The development of accurate and reliable machining process models has received

considerable attention from both academic researchers and industry practitioners

in recent years. Traditionally, the techniques used in industry are based on past

experience, extensive experimentation, and trial-and-error. Such an approach is

time consuming, expensive, and lack of a rigorous general scientific knowledge [83].

Alternative approaches are mathematical simulations where numerical methods are

applied. Amongst the numerical procedures, the FEMs are the most frequently used

[84], and can be defined as small interconnected geometrical entities connected to

other elements through nodes (1D), boundary lines (2D), and boundary surfaces

(3D). Finite element methods have the capability to predict the mechanical and

thermal behavior of the material and the tool, without spending time and money

with experimental work. Therefore, productivity can be improved and costs can be

reduced at the same time. Progressive damage modeling of polymer matrix compos-

ites has received a great deal of attention in recent years as predictive capabilities

for the complex nonlinear behavior of these materials are sought [60]. Generally, the

term meso-scale is used to describe the intermediate level of material description

between micro-scale (modeling the composite to the scale of the constituents such

as fibre filament and matrix materials) and macro-scale (modeling the composite

to the scale of smeared or homogenous shell/solid, with no detailed ply stresses or

strains). In general, the micro-scale is computationally demanding scale whereas

the meso-scale approach is treated as effective anisotropic materials and is more

computationally efficient.

3.2 Meso-scale modeling

Meso-scale was first introduced by Panin et al. [85] as an approach of modeling prop-

erties (density, young modulus, shear modulus, poisson ratio, etc) and the deforma-

tion and failure mechanisms of structural and functional materials at different scale

levels, with different loads [71], it’s the intermediate level between micro-mechanics

and macro-mechanics. It comprises the involvement of the main micro-mechanisms

controlling the materials mechanical behaviour and failure and the applicability of

the continuum mechanics equations [86]. Between these two scales, the meso-scale

approach, commonly used in composite modeling [87, 88], seems to be the appropri-

ate one, although it requires more detailed laws as compared to macroscale models,

it nonetheless has the potential to capture most of the physical phenomena [87,

89]. Therefore it is used in this study to close the gap between the complex failure
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mechanisms of the micro-mechanics analysis and the empirical and case specific of

the macro-mechanics analysis. In meso-scale continuum mechanics size matters, as

plastic flow processes in crystalline solids are inherently size dependent over a scale

that ranges from a fraction of a micrometer to 100 mm. Such formulations are in-

termediate between a direct atomistic and an unstructured continuum description

of deformation processes [90].

3.3 Ply-based modeling

Ply-based model and zone-based model are the two basic methodologies commonly

employed to create composite models. Ply-based models are developed based on

each ply in a composite; material properties and local orientations are assigned to

each ply [91], while zone-based models discretize the composite into zones of effective

properties, each zone is aligned a material property based on the ply-stacking and

fabric deformation.

To describe an arbitrary composite layup, a ply-based concept is much more realistic

than a zone-based concept because ply-based means manufacturing-based. In the

ply-based concept it is simple to add or delete plies at any location. Figure 3.1

shows a simple plate made by four plies. Each ply has different size and orientation,

particularly layer 4 is diagonally oriented. In a zone-based approach the plate has

to be divided into 8 zones with different thickness and different fibre direction across

the thickness [92], however, a ply-based approach only requires four plies to capture

the behavior of the entire structure, this will significantly make modifying the model

easier if it’s required.

Figure 3.1: Zone-based vs ply-based.
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Ply-based composite model preparation and definition of layup can be shared from

existing composite layup and can be updated faster when product design changes are

required and it’s a comfortable way to generate layered composite structures using

a ply-based = manufacturing-based concept which makes it much more realistic.

Figure 3.2 shows an entire workflow for composite structure from design to final

information production as a result [93].

Figure 3.2: ACP composite workflow.

While there are manufacturing effects that need to be considered when laying up

the laminates such as draping (the avoidance of kinking when wrapping material

around curved shapes), as shown in Figure 3.3, the ply application on curved surfaces

changes the theoretical fibre orientations and deformation occurs with the in-plane

shear and up to certain deformation level and it’s important to know how big this

effect can be if it’s considered. Ply-based modeling allows evaluating the draped

fibre directions with angles can be visualized and are considered in all analysis

resulting in more accurate evaluations. Hence the need for draping simulation is

twofold. Firstly, the manufacturability of the composite product can be assessed,

areas where the reinforcement cannot follow the surface are indicated and hence

measures can be taken in design to avoid this. Secondly, the draping simulation

gives the actual fibre orientations at any location in the model. This information is

needed for accurate finite element analysis of the structure.
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(a)

(b)

(c)

Figure 3.3: Draping process and its effect on composite layup (a) Fibre direction
(b) Draping (c) curved shapes.
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3.4 Modeling of tool and workpiece

Previously, simplified models of CFRP drilling were developed, owing to the ad-

vantage of reduced computational cost [94]. Modeling of drilling processes involves

elevated difficulty, because of the need of simulating drill rotation and feed move-

ment [95]. Common assumption in simplified models considers the drill acting like

a punch that pierces the laminate, as per studies done by Durao et al. [96, 97] in

drilling carbon/epoxy composites, the same approach was also done by Singh et al.

[98] when studying GFRP drilling as they showed the influence of the drill point

angle in the induced damage.

Modeling of the cutting tool is very important to FE simulation. The model must

represent the dynamic change of the tool’s physical properties during machining.

A simplified rigid body cutting tool, which is currently used by the vast majority

of researchers when drilling CFRP in their FE simulation, is not able to predict

correctly the effect of process parameters on drilling CFRP. In this study we intend

to capture and predict the dynamic effect of machining parameters on the CFRP

workpiece as well as the inflected stresses on the cutting tool, hence the drill was

modeled as a flexible body. The heat generated in the simulation process was not

considered because high amount of coolant was used in the experiments.

3D Lagrangian formulation finite element (FE) models of CFRP composite and

twist drill and double point angle drill (Figure 3.4) were developed using ANSYS-

EXPLICIT and AUTODYN software, both drills were meshed with solid185 eight

node linear tetrahedral elements. A uni-directional CFRP composite laminate with

stack sequence of [(0/90)2]s which was used in the FE analysis has dimensions of

20mmx20mmx1.6mm and consists of 8 plies. The thickness of each ply was 0.2mm.

The workpiece was meshed with shell181 four node linear quadrilateral elements.

Figure 3.4: Finite element model of VTM264 CFRP laminate and PCD twist drill.
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The boundary conditions were enforced on the drills and workpiece to enable simu-

lation process. Both drills were located at the top centre of the workpiece and was

made to rotate (angular velocity) around the Z axis (urz) and moved in the cutting

direction (uz). The workpiece was fixed from the sides from moving (ux=uy=uz=0).

The cutting parameters applied in the experiments are listed in Table 3.1.

Table 3.1: Cutting parameters used in drilling.

drilling parameter magnitude

drill diameter (mm) 8
spindle speed (rpm) 2500, 5000, 7500, 10000
feed (mm/rev) 0.05, 0.10, 0.125
feed rate (mm/min) 125, 500, 1250

The material model used for the workpiece was orthotropic homogeneous elastic

assigned according to the fibre orientation through a defined local coordinate system.

Table 3.2 shows properties of the orthotropic unidirectional material VTM264 [99],

Table 3.3 shows the strength properties of the unidirectional laminate while Table

3.4 shows the general properties of diamond used in the drilling tool.

Table 3.2: Mechanical properties of unidirectional VTM264 laminate.

E11 E22 E33 v12 v13

117GPa 7.47GPa 7.47GPa 0.33 0.02

v23 G12 G13 G23 cured ply thickness

0.33 4.07GPa 4.07GPa 2.31GPa 0.2mm

Table 3.3: Strength properties of unidirectional VTM264 laminate.

property magnitude

0o Tensile strength 2575 MPa
90o Tensile strength 40 MPa
0o Compressive strength 1235 MPa
90o Compressive strength 182 MPa
In-plane shear strength (IPSS) 85.7 MPa
0o Interlaminar shear strength (ILSS) 88.6 MPa

41 Sinan Al-Wandi Chapter 3



Table 3.4: General properties of diamond used in the drilling tool.

property magnitude units

Hardness 10,000 kg/mm2

Strength, tensile >1.2 Gpa
Strength, compressive >110 Gpa
Fracture strength 400-800 MPa at <1mm thickness
Density 3.52 g/cm3

Young’s modulus 1200 Gpa
Poisson’s ratio 0.2 Dimensionless
Thermal expansion cofficient 1.1-5.0 (300-1300K) ppm/K
Thermal Conductivity 10-20 W/cm-k
Coefficient of friction 0.05 (dry) Dimensionless

3.5 Constitutive material model of unidirectional

CFRP

Progressive damage modeling of polymer matrix composites as a predictive capabil-

ity for the complex nonlinear behavior of these materials has been used. Intralaminar

and interlaminar damage mechanisms are the basis of fracture process of composites

which include fibre breakage, matrix cracking and delamination. The most common

fracture mode is interlaminar delamination, it is prompted by shear and normal

stresses at the interface of adjoining layers in CFRP laminate [100]. Due to ex-

perimental difficulties caused by the typical extensive fibre bridging, which makes

the insertion of initial defect difficult for the fracture toughness test. The follow-

ing constitutive material in the FE model was used to find out how intralaminar

delamination effects the first ply failure.

The orthotropic material model for shell layers developed can be expressed as in-

plane stress-strain relationship [101]:

σi = cij εj (3.1)

Plane stress condition is applicable by setting:

σ3 = 0 , τ23 = 0 , τ31 = 0 (3.2)
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The stress-strain relation in terms of reduced stiffness is:σ1σ2
τ12

 =

Q11 Q12 0
Q12 Q22 0
0 0 Q66

 ε1ε2
γ12

 (3.3)

Whereas in terms of engineering terms:

Q11 =
E1

1 − v12 v21
,Q22 =

E2

1 − v12 v21
(3.4)

Q66 = G12 ,Q12 = v12E2

1−v12v21 = v21E1

1−v12v21

The stress-strain relationship becomes:σ11σ22
τ12

 =

 E1

1−v12v21
v21E1

1−v12v21 0
v12E2

1−v12v21
E2

1−v12v21 0

0 0 G12


ε11ε22
γ12

 (3.5)

Where σ is normal stress; C is stiffness tensor; ε is normal strain; τ is shear stress;

E is modulus of elasticity; γ is shear strain; G is shear modulus; υ is poisson’s ratio

and Q is the reduced stiffness.

3.6 Intralaminar, interlaminar, and shear stresses

To reduce the computational time, and in the meantime, ensure the high accuracy of

predictive outcomes, shell elements of layered composite structures is applied based

on the first-order shear deformation theory (FSDT) in analyzing intralaminar, iner-

laminar, shear stresses, and transverse shear stresses, Figure 3.5 shows a cylindrical

coordinate system for describing an arbitrary doubly curved shell [102].

The differential equation of the through-the-thickness displacement is:

0 = w,rr + w,r(
1

r
+

1

r + rd
) + w(

Ĉ13 + Ĉ23 − 2Ĉ12

r(r + rd)
−

Ĉ11

r2
− Ĉ22

(r + rd)2
) + P (3.6)
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Ĉij =
Cij

C33
and P is

P = u,ϕ(
Ĉ13 − Ĉ12

r(r + rd)
− Ĉ11

r2
) + u,ϕr

Ĉ13

r
+

ν,ϑ(
Ĉ23 − Ĉ12

r(r + rd)
− Ĉ22

(r + rd)2
)+

ν,ϑr
Ĉ23

r + rd
+ εFi (

Ĉ1i − Ĉ3i

r
+
Ĉ2i − Ĉ3i

r + rd
) (3.7)

Where:

Cij are the components of the 3-dimensional stiffness matrix expressed in reference

coordinates. P is the particular part of the differential equation.

r = R1 + z, rd = R2 −R1 and z = [−t/2, t/2]

u,v,w are displacements in the cylindrical coordinate system.

Figure 3.5: Doubly curved FE geometry
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3.7 Constitutive damage initiation and evolution

Hashin [103] damage mechanism and failure criterion are used here to simulate the

damage process of matrix and fibre. The failure criterion is formulated under tensile

and compressive loads in longitudinal and transverse direction of fibre respectively

and the interaction between the four failure modes shown in Equation 3.8 to Equa-

tion 3.11 are taken into account and therefore Hashin failure was used in the finite

element analysis. One of the requirements for this criteria is to have the lamina

properties and it can be experimentally determined easily. Moreover, it can give

numerically solid results when the criteria is applied for first ply failure load in glass

and carbon fibre composites.

Tensile Fibre Mode

(
σ11

σf11t
)2 + (

σ12

τ f12
)2 = 1 σ11 > 0 (3.8)

Compressive Fibre Mode

(
σ11

σf11c
)2 = 1 σ11 ≤ 0 (3.9)

Tensile Matrix Mode

(
σ22

σf22t
)2 + (

σ12

τ f12
)2 = 1 σ22 > 0 (3.10)

Compressive Matrix Mode

(
σ22

2τf12
)2 + [(

σf22c

2τ f12
)2 − 1](

σ22

σf22c
) + (

τ12

τf12
)2 = 1 σ22 ≤ 0 (3.11)

Where f denotes fibre; t is tension and c is compression.

When any Hashin’s criteria have been fulfilled in any mode in the equations above,

damage will be initiated.

Without damage initiation criteria, the damage evolution law has no effect on the

material. The damage evolution law defines the way a material degrades following

the initiation of damage and progressive damage generally refers to degradation of

stiffness, the stiffness reduction takes a value of 0 to 1, where 0 is no damage and 1

is completely damaged.
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The evolution law of the damage variable in the post-damage initiation phase can

also be based on the fracture energy dissipated Gc during the damage process. The

damage variable can be defined from the equation below [104]:

D =
δfm(δmax

m − δ0m)

δmax
m (δfm − δ0m)

(3.12)

Where δfm is the mixed-mode displacement at complete failure, δmax
m refers to the

maximum value of the mixed-mode displacement, and δ0m is the effective displace-

ment at the damage initiation.

The energy dissipation Gc can be found from the area under the triangle shown in

Figure 3.6, whereas the failure displacement can be calculated as follows:

δfm =
2Gc

σ0m
(3.13)

Figure 3.6: Damage initiation and evolution.
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Figure 3.7 shows an example of the FE drilling process of CFRP using the twist

drill, it also shows the delaminated areas and the dusty abrasive chips generated

during drilling which causes an increased abrasiveness of the cutting tool.

Figure 3.7: Example of FE drilling process of CFRP using twist drill.
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4.1 Introduction

To obtain the required experiment results from this research, several experimental

investigations on the drilling process of uni-directional CFRP composites were con-

ducted. The experimental procedure starts with fabrication of the CFRP laminates,

followed by the online monitoring of drilling CFRP laminates using thrust force and

torque, six signals were acquired during the drilling operation. Then followed by of-

fline inspection and measurement procedure of drilling induced damage and defects

at the entry of the drilled holes. In this chapter, experimental setup, drill tool ma-

terials used, workpiece materials, experimental procedures, measurement methods

of signals, damage inspection will be presented.

4.2 Experimental setup

Drilling tests were carried out on 3 axis HAAS CNC machining centre with maximum

spindle speed 10000RPM, spindle maximum rating 20HP and feed rate 1000IPM

(25.4 m/min) as shown in (Figure 4.1), while Figure 4.2 show the schematic drawing

and experimental setup of the system.

Figure 4.1: CNC machine used in experiment.
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Figure 4.2: Experimental setup.

A fixture was designed to clamping the workpiece for the precise measurement of

thrust force and torque. As shown in Figure 4.3, the fixture consists of three com-

ponents: a top plate, a base plate, and a support block. A specimen was clamped

by the top and base plates, which was fixed on the dynamometer with bolts. The

support was an aluminum alloy solid with 25 through holes were drilled to eliminate

vibration during drilling when fixed on the holder.
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Figure 4.3: Fixture used in experiment.

4.3 Workpiece VTM 260 series

In this study the workpiece (Figure 4.4) which was used in the drilling experiment

was a 4mm thickness of uni-directional CFRP VTM264 prepared using the hand

lay-up process with stack sequence of [(0/90)5]s, dimensions of 20mmx20mm and

consists of 20 plies, the thickness of each ply is 0.2mm . It features outstanding

vacuum-only processing capability for the wildest scope of reinforcement formats,

flexible curing capability, free standing postcure capability, excellent glass transition

temperature Tg development, and suitable for full impregnation of light and medium

weight unidirectional and fabric reinforcements, material type, cure cycle and test

conditions as shown below and appendix (A) [105]:

Material: VTM264/T700-35%

Cure Cycle: 5 hours at 80oC (176oF), oven vacuum bag cure.

Test Conditions: Room temperature, dry.

4.4 Drill tool geometry and materials

Experimental studies have been pursued to better understand the relationships be-

tween process inputs, such as machining parameters and drill geometry, and process
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Figure 4.4: VTM264 CFRP.
.

outputs such as cutting forces, torque, tool wear and drilled hole quality [33].

From experiments, the capabilities of the special drill bits compared to twist drill

bit show it can [106]:

(i) Provide higher drilling feed rates without delamination by better distributed

load and lower thrust force and delamination free drilling.

(ii) They can be used with plain composite or stacks with composite.

(iii) Outstanding surface quality.

(iiii) Outstanding size and shape of the hole.

(iiiii) Some tested to 2800 holes without size degradation (within 0.025mm toler-

ance).

(iiiiii) Smaller chisel edge can be used for minimization of delamination due to lower

thrust force obtained.

Cutting tools used for machining should possess low affinity to workpiece, low friction

coefficient, and high hardness which makes diamond tools the suitable choice due

to the ability to reduce significantly the built-up edge formation and hence improve

cutting performance [107, 108, 109].

In this study, two different types of Ø8mm two-flute diamond drill bits (PCD twist

drill and diamond coated double point angle drill) made by ”SECO” were utilized
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in the experiment as shown in Figure 4.5, while Table 4.1 shows the geometric

parameters of the drill bits.

Figure 4.5: (a) PCD twist drill bit (b) Diamond coated double point drill bit.

Table 4.1: Geometric parameters of the drill bits.

Drill type Drill diameter Point angle Helix angle flutes

PCD twist drill 8mm 120o 30o 2
Diamond coated double point angle drill 8mm 60o − 130o 30o 2

4.5 Digital signal processor (dynamometer)

In this study a six channel force-torque Kistler dynamometer type 9257B was used

to measure the thrust force and torque. An eight channel Kistler charge amplifier

type 5070A was used to amplify the signals which were transferred to the data

acquisition card (NI DAQ E6213).

The multi component dynamometer provides dynamic and quasi-static measurement

of the 3 orthogonal components of a force Fx, Fy, Fz acting from any direction onto

the top plate. With the aid of optional evaluation devices the 3 moments Mx, My

and Mz can be measured as well as shown in Figure 4.6 [110].

While the eight channel Kistler charge amplifier type 5070A instrument is ideal

for multi-component force-torque measurement with piezoelectric dynamometers or

force plates. Piezoelectric force sensors produce an electric charge which varies in

direct proportion with the load acting on the sensor. The charge amplifier then

converts the electric charge into a proportional voltage as shown in Figure 4.7 [111].
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Figure 4.6: Dynamometer Type 9257B.

Figure 4.7: Multi-channel charge amplifier type 5070A.

4.6 Thrust force and torque measurements

While drilling the CFRP laminates, the thrust force and torque were measured with

the Kistler dynamometer. A typical measurement signal while drilling is shown in

Figure 4.8.

The noises or the oscillations of the signal were caused by the extremely high sam-

pling frequency of the DAQ which was much higher than the rotating frequency of

the spindle, in this study the signals have been processed to utilize the mean values
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for force and torque.

As mentioned in several studies in literature before [112] [113], the drilling mecha-

nism of CFRP consists of three stages, first stage is the entrance region when the

drill starts entering the workpiece, second stage shows a steady state when the drill

fully engages with the workpiece, in this stage the force and torque reach their peak

values, the third stage starts with a drop in value until the drill exits the workpiece.

Since the thickness for the CFRP plate used in the cutting experiment is only 4mm,

which is very thin in comparison with the diameter of the tool and the value of the

feed rate, therefore, the steady drilling process is very short.

Figure 4.8: Typical measurement signal while drilling.

4.7 Microscopic observation of delamination

Peel-up delamination and push-down delamination are the two main types of dam-

age that are different in causes and effects in drilling CFRP. Damage extension can

be evaluated through Non-Destructive Test (NDT) such as acoustic emission, en-

hanced radiography, C-Scan, computerized tomography (CT) [4] and digital image

correlation (DIC) [55]. In the majority of these methods, the objective is to acquire
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images that outline the surrounding areas of the hole to further measure and analyze

diameters and areas.

In this study, a compromise between the resolution and magnification was employed

to obtain the required images of the delamination areas for the drilled holes, as we

have used two different devices to evaluate the damages obtained experimentally

at the hole entrance peripheral, the first device used is the PhilipsXL30 scanning

electron microscopy (SEM) for the holes drilled by PCD twist drill as shown in Figure

4.9, On this system an acceleration voltage of 20 kV was used, which required the

samples to be coated with a conductive metal (gold) to prevent charging effects,

while the second device we used a Leica optical microscope when drilling the holes

using the double point angle drill with diamond coating as shown in Figure 4.10, it

was capable enough and faster in obtaining the images of the delaminated vicinity

of entrance of the holes drilled. In both cases, the software “Image J” was utilized

to process the image of delaminated areas. Both devices have been successful in

acquiring the delaminated areas.

Figure 4.9: PhilipsXL30 scanning electron microscopy (SEM).
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Figure 4.10: Leica optical microscope.

Results from a sample drilling and quality assessment with the holes inside being

filtered from any noises for CFRP laminates using both drills are shown in Figure

4.11 and Figure 4.12.

(a) (b)
(PCD twist drill) (Spindle speed: 5000 rpm) (Feed rate: 1250 mm/min)

Figure 4.11: Sample of drilling and delamination assessment (a) SEM image process-
ing. (b) Experimental delamination areas after processing with ”Image J” software.
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(a) (b)
(Double point angle drill) (Spindle speed: 5000 rpm) (Feed rate: 125 mm/min)

Figure 4.12: Sample of drilling and delamination assessment (a) Optical microscope.
(b) Experimental delamination areas after processing with ”Image J” software.
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5.1 Delamination Analysis

As mentioned previously delamination is considered one of the most severe damage

process induced when drilling CFRP composite materials, and one of the problems

which occurs during drilling of composite laminates are surface delaminations called

peel-up delamination and push-out delamination [114].

Also during drilling of composite laminates, the drill starts to penetrate the lami-

nates and the ability of these laminates to withstand the drilling thrust forces de-

creases when the drill bit approaches th exit plane, while the laminates are held to-

gether by their interlaminar bond throughout the composite material, these bondings

can be broken when the loading of the drill bits exceeds the interlaminar strength

and hence bottom laminates will be separated from their interlaminar bond around

the hole periphery and delamination occurs [115].

Delamination intends to grow along the fibre direction and is developed in two

phases, the first phase is called the chisel edge action phase while the second phase

is called the cutting edge action phase as shown in Figure 5.1. The first phase starts

when the thrust force of the chisel edge pushes onto the surface of the laminate

composite and reaches a critical value and ends when the chisel edge just penetrates

the laminate, at this phase it was found in previous studies that the chisel edge has

a strong effect on the formation of the delamination, after the chisel edge penetrates

the laminate composite then the second phase of the cutting edge action phase

develops and the delamination damage initiated in the first phase further develops

due to the continuous pushing and twisting of the cutting edge [116] [117].

There are several approaches and models have been developed to analyze delami-

nation mechanisms during drilling, and one of the most used is the Linear Elastic

Fracture Mechanics (LEFM) approach done by Hocheng-Dharan [118],

In this model (Equation 5.1), the critical thrust force for the onset of delamination

is related with properties of the unidirectional laminate like the elastic modulus, the

poisson ratio, the interlaminar fracture toughness in mode I and the uncut plate

thickness [119].

Fcrit = Π [
8GIcE1h3

3 (1 − v12 2 )
]0 .5 (5.1)

Where Fcrit is critical force; E1 is elastic modulus; v12 is poisson ratio; GIc is inter-

laminar fracture toughness in mode I; h is uncut plate thickness.
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Figure 5.1: The phases of delamination development (a) Chisel edge action phase
(b) Cutting edge action phase.

5.2 Conventional delamination factor Fd

There exists some major methods utilized for the assessment of the delamination

levels around the drilled holes of the CFRP composites and hence the extension of

the damaged zone should be quantified [120].

Chen et al. [39] proposed a comparing delamination factor Fd, and it’s calculated

from the ratio of the maximum diameter Dmax of the delamination zone to the nom-

inal hole diameter Dnom (Equation 5.2), is widely used to evaluate and characterize

the level of delamination damage in composite materials. The conventional delami-

nation factor Fd can be used where the damage is in regular form such as glass fibre

reinforced plastics (GFRP) composites [121].

Fd =
Dmax

Dnom
(5.2)

Where Fd is conventional delamination factor; Dmax is maximum diameter; Dnom is

nominal hole diameter.
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5.3 Alternative delamination factor Fa

The delamination criterion based on delamination factor Fd cannot be satisfactory

because the extent of the delamination caused by just a few fibres, or fibre-bundles

peeled up or pushed down to a distinct significant width will never predict truly the

extent of the real characteristic delamination across the entire drilled hole periphery

[36].

Mehta et al. [122] proposed a more accurate two dimensional delamination fac-

tor called the alternative delamination factor Fa (Equation 5.3). The alternative

delmination factor Fa has been used in a very few studies due to complexity of the

calculation of the area of an arbitrary damaged region at the hole periphery. How-

ever this delamination factor can be used where the damage is in irregular form and

generally occurs in arbitrary shape, such as CFRP [121].

Fa =
Amax

Anom
(5.3)

Where Fa is alternative delamination factor; Amax is the area related to the max-

imum diameter of the delamination zone Dmax, Anom is the area of nominal hole

Dnom. Figure 5.2 shows the scheme of delamination in drilling composite laminate.

Figure 5.2: Scheme of delamination in drilling composite laminate.
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5.4 Adjusted delamination factor Fda

Davim et al [123] presented a novel technique to measure the adjusted delamination

factor Fda using digital analysis (Equation 5.4), it is used to process delaminations

possessing an irregular pattern when machining CFRP, the adjusted delamination

factor Fda can be described as follows:

Fda = Fd +
Ad

Amax − Anom
(F 2

d − Fd) (5.4)

Thus.

If

Ad → (Amax − Anom) =⇒ Fda → F 2
d

Ad → 0 =⇒ Fda → Fd

Where Fda is adjusted delamination factor and Ad is the delaminated area in the

region around the hole. In this study Ad was measured through a sequence of steps,

firstly by using digital imaging processing which produced satisfactory pictures of

the drilled holes and its surroundings, then the damaged area was obtained through

processing the pictures using Image J software by selecting suitable parameters such

as brightness intensity, noise suppression, image enhancement and edge detection to

obtain an image with acceptable quality, and finally Image J software could be used

to select the damaged areas and calculate the sum of areas. Figure 5.2 shows the

delaminated areas in black colour.

The adjusted delamination factor Fda includes the effect of delamination area and

shape, as the first part of Equation 5.4 represents the delamination factor or the

size of the crack contribution, and the second part represents the damage area

contribution.

5.5 Equivalent delamination factor Fed

The adjusted delamination factor Fda is a better measure of delamination than Fd

and Fa but the domination of damage area measured tends to exaggerate the factor

value [124].

Tsao et al [125] proposed a delamination factor for a better measure of the delamina-

tion with a different two-dimensional criterion called the Equivalent Delamination

Factor Fed, Tsao concluded that whether the delamination area is minimum or

maximum, Fda is not equivalent to Fd, also Fda is null for minimum and maximum
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delamination area. Hence, Fda is similarly reasonable for regular delamination area.

The Equivalent Delamination Factor Fed is calculated as follows:

Fed =
De

Dnom
(5.5)

De = [
4 (Ad + Anom)

π
]0 .5 (5.6)

Where Fed is equivalent delamination factor; De is the equivalent delamination di-

ameter. Figure 5.3 shows the scheme of Fed delamination in drilling composite

laminate.

Figure 5.3: Scheme of Fed delamination in drilling composite laminate [125].

5.6 Other delamination factors

Nagarajan et al. [126] proposed a delamination factor called the Refined Delamina-

tion Factor Fdr through extending the conventional delamination factor Fd and Fda

and considers the severity of damage to characterize delamination.

They divided the total damage area into three sub divisions namely, heavy damage

area AH , medium damage area AM , low damage area AL and by using Buckingham’s

π theorem to develop Equation 5.7, they used seven steps to calculate Dmax and the

area of damage by generating a neural networks in MATLAB.
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Fdr =
Dmax

Dnom
+ 1.783(

AH

Anom
)+

0.7156(
AM

Anom
)2 + 0.03692(

AL

Anom
)3 (5.7)

Babu et al. [124] in their study evaluated the equivalent delamination factor Fed

in high speed drilling of a composite laminate to develop a Refined Equivalent

Delamination Factor Fred (Equation 5.8) which always gives either an equal or a

greater value than Fed, the proposed method uses the area enclosed by the envelope

of damaged zone and converts it in to a circle to determine the refined equivalent

diameter, which includes any increase in hole diameter.

Fred =
Dre

Dnom
(5.8)

Durao et al. [19], they suggested that the shape of the damaged area should be taken

into account in the analysis of delamination,the shape is related with circularity

(shape’s compactness compared to a circle of equal perimeter) and defined as a

function of the perimeter P and the area A of the damaged zone around the drilled

hole as f (Equation 5.9).

f = 4π
A

P2
(5.9)

The value of circularity equals 1 for a perfect circle and decreases to zero for dis-

tended shapes as shown in Figure 5.4.

Figure 5.4: Circularity examples: (a) Circle (f = 1) (b) Square (f = 0.79) (c)
Diamond shape (f = 0.63) [19].
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Phadnis et al.[4] developed a delamination factor (Equation 5.10) by using a CT

system to obtain the CT scan images of the drilled holes at drill entry and exit

and transfer it to the MATLAB code developed in order to measure the extend of

delamination at the entry and exit, Figure 5.5 shows the methodology of selecting

delamination contours at drill entry and exit [4].

D =
Damaged area

Total intact area
=

NW

NW + NB − NBH
(5.10)

where NW is numbers of the white pixels, NB is the numbers of black pixels and

NBH is the number of black pixels representing the drilled hole area.

Figure 5.5: Methodology of selecting delamination contours at drill entry and exit
[4].
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5.7 Proposed delamination factor - equivalent ad-

justed delamination factor Feda

In this study the back-up plate has been eliminated when drilling the unidirectional

CFRP experimentally and in the FEM simulation. Hence, the delamination mech-

anism when drilling the workpiece without using the back-up plate becomes more

complicated than drilling when using a back-up plate according to Capello [57],

especially when conventional drilling is still considered the major drilling process

used, therefore obtaining the delamination damage becomes more complicated and

calculating the delamination factor at the hole entry is a challenge.

The study done by Tsao et al [125] shows Fda and Fed had better recognition results

regarding delamination damage when compared to Fd, moreover, the trend of Fd

is almost identical to Fda and Fed. The experimental results indicated that Fed

obtained through digital image processing is considered suitable for characterizing

delamination. However, Fda is null for the minimum and maximum delamination

area and also Fda had clearly larger values than Fed.

In this study we have proposed a new delamination factor called the equivalent

adjusted delamination factor Feda as shown in Equation 5.11, the new delamination

factor overcomes the null for minimum and maximum delamination areas and still

can quantitatively estimate delamination areas possessing an irregular pattern to

obtain better delamination factors and make it suitable for hole entry delamination.

Feda = Fed + β(F 2
ed − Fed) (5.11)

Whereas:

β =
Amax − Anom − Ad

Amax
(5.12)

The new proposed delamination factor is a combination of the adjusted delamina-

tion factor Fda representation (size of the crack contribution and the damage area

contribution) and the equivalent delamination factor Fed representation (equivalent

delamination diameter), as we have implemented Fed instead of Fd because it has a

better discrimination of delamination damage results.

While β is considered as a delamination free area ratio indicator, i.e., assuming

Amax and Anom are constant throughout the drilling process, hence whenever Ad

increases then β decreases until β becomes zero which indicates that the whole area

is delaminated. Also if the delamination area Ad equals zero or maximum then the

second part of Eq. 19 results to zero leading to Feda equaling Fed.
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Equation 5.2, Equation 5.4 and Equation 5.11 have been used in this research for

comparison reasons.

Table 5.1 shows an example of the effect of delamination parameters on delamination

factors highlighting the delamination free and maximal delamination area effects on

delamination factors, it can be seen that Fda is null for these two cases whereas

Feda is equal to Fd and Fed. This shows that the new delamination factor Feda has

overcome the null cases and can be used instead of Fda for delaminations possessing

an irregular pattern while implementing the equivalent delamination diameter for

Fed.

Table 5.1: Example of the effect of delamination parameters on delamination factors.

Dnom Dmax Anom Amax Ad Fd Fda Fed Feda

8.000 8.000 50.265 50.265 0.000 1.000 DIV/0 1.000 1.000
8.000 8.112 50.265 51.683 0.091 1.014 1.015 1.001 1.001
8.000 8.406 50.265 55.497 1.147 1.051 1.062 1.011 1.012
8.000 8.792 50.265 60.711 1.623 1.099 1.116 1.016 1.018
8.000 9.000 50.265 63.617 13.352 1.125 1.266 1.125 1.125
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6.1 PCD Twist drill analysis

6.1.1 FE model validation

Thrust force and torque (5000rpm - 500mm/min)

Thrust force and torque measured in the drilling experiments were calculated and

compared with the results obtained from the new FE model. Figure 6.2 and Figure

6.3 are examples of graphs for thrust force and torque measured obtained from

experiment and FE analysis, it can be seen that the experiment and simulation

graphs have different timelines due to the thickness of CFRP samples used in the

experiments are less thicker than FE simulation samples so as to reduce simulation

time, while Table 6.1 shows the force and torque measured in the drilling process

when the spindle speed was 5000 rpm and feed rate was 500 mm/min.

It can be seen that the average thrust force measured in the experiments was 123.3

N whereas the FE result showed 118 N; the experimental torque was 0.39 N.m and

FE torque was 0.36 N.m, the deviation in results ranges approximately between 4%

to 8%.

Table 6.1: Experimental and FE thrrust force and torque measurements for spindle
speed 5000 rpm and feed rate 500 mm/min.

Drill type Exp. FE %Errors Exp. FE %Errors

Thrust force Thrust force Torque Torque
(N) (N) (N.m) (N.m)

PCD twist 123.28 118 4.28 0.39 0.36 7.69
drill

The data obtained from Figure 6.2 and Figure 6.3 can be summarized in Table 6.2

and Table 6.3. The deviation in results ranges from 1.5% to 16.5 for maximum value

and 3.7% to 15.5% for minimum value, hence the accuracy between the experiment

and the FE simulation results for average, maximum and minimum is concluded

close and within acceptable range, which indicates the FE model is accurate.
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Table 6.2: Experimental and FE maximum thrust force and torque measurements
for spindle speed 5000 rpm and feed rate 500 mm/min.

Drill type Exp. FE %Errors Exp. FE %Errors

Max. Max. Max. Max.
thrust force thrust force torque torque
(N) (N) (N.m) (N.m)

PCD twist 157 135 16.29 0.52 0.53 1.92
drill

Table 6.3: Experimental and FE minimum thrust force and torque measurements
for spindle speed 5000 rpm and feed rate 500 mm/min.

Drill type Exp. FE %Errors Exp. FE %Errors

Min. Min. Min. Min.
thrust force thrust force torque torque
(N) (N) (N.m) (N.m)

PCD twist 91 79 15.18 0.28 0.27 3.70
drill

Thrust force and torque (10000rpm - 1250mm/min)

Table 6.4 shows drilling force and torque of experiment and FE simulation at spindle

speed of 10000 rpm and feed rate of 1250 mm/min, the experimental thrust force

measured was 140.09 N whereas the FE result showed 134 N; the experimental torque

was 0.45 N.m and FE torque was 0.42 N.m, the difference in results approximately

ranges between 4.5% to 7.5%.

the deviations for FEA thrust force and torque when compared to experimental

results for both validations shown above have occurred due to modeling affects such

as the precise modeling of the drill bits or the constitutive properties, but mainly

the accuracy between the experiment and the FE simulation results are concluded

close and within acceptable range, which indicates the FE model is accurate.

To provide a bigger picture of %errors, Figure 6.1 shows a statistical comparison

of the %errors for other cutting conditions used in this study for thrust force and

torque using twist drill.
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Table 6.4: Experimental and FE thrust force and torque measurements for spindle
speed of 10000 rpm and feed rate of 1250 mm/min

Drill type Exp. FE %Errors Exp. FE %Errors

Thrust force Thrust force Torque Torque
(N) (N) (N.m) (N.m)

PCD twist 140.09 134.00 4.54 0.45 0.42 7.14
drill

Figure 6.1: Statistical comparison of the %errors for thrust force and torque using
twist drill.
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(a)

(b)

Figure 6.2: Example of (a) Experimental result of thrust force. (b) Simulation result
of thrust force.
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(a)

(b)

Figure 6.3: Example of (a)Experimental result of torque. (b) Simulation result of
torque.
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Effect of feed rate on thrust force and torque

Feed rate is one of the major parameters that affect drilling of composite materials.

As shown in Figure 6.4(a) and 6.4(b), thrust force and torque went up with the

increase of feed rate when spindle speed was constant 10000rpm. To be specific,

thrust force in the experiment was 56 N at 125 mm/min feed rate, and the highest

was 140 N at 1250 mm/min feed rate, whereas the FE simulation was estimated

minimum of 52 N at 125 mm/min feed rate, and the highest was 134 N at 1250

mm/min feed rate. Whilst the torque in the experiment was 0.11 N.m at 125

mm/min feed rate, and the highest was 0.44 N.m at 1250 mm/min feed rate, whereas

the FE was estimated 0.1 N.m at 125 mm/min feed rate, and the highest was 0.42

N.m at 1250 mm/min feed rate.

In terms of feed per revolution effect on thrust force and torque, it is evident that

when spindle speed is constant and feed per revolution is increased then feed rate

will increase leading to thrust force and torque increasing as well. On the other

hand, if feed rate and spindle speed are increased proportionally then feed per rev-

olution stays the same, however, if the spindle speed is increased, the cutting speed

(the relative speed between the cutting edge and the workpiece) will be increased

correspondingly, this will definitely cause the increase in cutting force without doubt.

Effect of feed rate and spindle speed on thrust force and torque

In order to predict the effects of feed rate and spindle speed on thrust force and

torque in the drilling process, and by using the validated FE model, a combination

of drill feed rates and spindle speeds were chosen from Table 6.5. The overall results

(Figure 6.5) show that thrust force and torque increase with the increase in drill

feed rate and decrease with the increase in spindle speed. It was found that thrust

force increased by 158% when the drill feed rate increased from 125 mm/min to 1250

mm/min at spindle speed of 10000 rpm, torque increased by 320%. Also thrust force

decreased by 35% when spindle speed increased from 2500 rpm to 10000 rpm at 125

mm/min, and the torque decreased by 61%.

In the case of predicting the influence of change of feed rate and spindle speed on

thrust force and torque in each individual condition, it can be seen from Figure

6.5 there is more precipitous increase behaviour of graph in each condition when

feed rate is increased compared to when spindle speed is increased, hence it can be

concluded that feed rate has more effect than spindle speed and using low feed rates

and high speed is recommended.
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Table 6.5: Cutting parameters used in optimization study.

Spindle speed (rpm) 2500 5000 10000 10000 10000 7500 7500

Feed rate (mm/min) 125 500 1250 125 500 125 500

(a)

(b)

Figure 6.4: PCD twist drill (a) Thrust force analysis (Experiment and FE). (b)
Torque analysis (Experiment and FE).
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(a)

(b)

Figure 6.5: PCD twist drill (a) Effect of drill feed rate and spindle speed on thrust
force. (b) Effect of drill feed rate and spindle speed on torque.

79 Sinan Al-Wandi Chapter 6



6.1.2 Delamination factor analysis

To investigate the effect of operating parameters for PCD twist drill on the drilling

induced damage, the delamination factors obtained in the experimental drilling and

finite element analysis were calculated and compared.

Figure 6.6 shows results of delamination occurred on the drilled hole entrance pe-

ripheral at different cutting parameters. Figures in (a) illustrate the SEM images

of holes drilling in the experiments with noises inside the holes filtered, Figures in

(b) show the acquired delamination areas of Figures in (a) after being processed

with ”Image J” software. Figures in (c) show the FEA simulation results of drilling

induced damage. By comparing figures (b) and (c), it can be seen that the FEA

prediction was well estimated and the general delamination trend is very similar to

the experiment results.

Effect of spindle speed on experimental delamination factors

The experimental delamination factor Fd, the adjusted delamination factor Fda and

the equivalent adjusted delamination factor Feda are calculated and compared in

each case against spindle speed; the results are shown in Figure 6.7. From these

results it can be seen that Fda is highest value of the delamination factors, and due

to the increase of number of cutting action in the cutting edges at each stage of feed,

the trend of delamination factors decreases with the increase in spindle speed. It

can be noted that when spindle speed increased 300%, Fd decreased between 0.63%

to 4.1%, Fda decreased between 0.8% to 5.0% while Feda decreased between 0.15%

to 1.0%.

Effect of feed rate on experimental delamination factors

The same concept is done for the experimental delamination factors in regards to

feed rate; as shown in Figure 6.8, as the increase in feed rate leads to the rise

of delamination factors. Delamination increases drastically when feed rate is over

500mm/min especially when the feed rate reaches 1250 mm/min. This indicates

feed rate has more effect on delamination than the effect of spindle speed due to the

highly correlation increase of thrust force with the increase of feed rate, which plays

a significant role in delamination when drilling composite materials.
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1(a)

1(b)

1(c)
(PCD twist drill) (Spindle speed: 7500 rpm) (Feed rate: 125 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.
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2(a)

2(b)

2(c)
(PCD twist drill) (Spindle speed: 7500 rpm) (Feed rate: 500 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.
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3(a)

3(b)

3(c)
(PCD twist drill) (Spindle speed: 7500 rpm) (Feed rate: 1250 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.
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4(a)

4(b)

4(c)
(PCD twist drill) (Spindle speed: 10000 rpm) (Feed rate: 125 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.
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5(a)

5(b)

5(c)
(PCD twist drill) (Spindle speed: 10000 rpm) (Feed rate: 500 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.
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6(a)

6(b)

6(c)
(PCD twist drill) (Spindle speed: 10000 rpm) (Feed rate: 1250 mm/min)

Figure 6.6: Delamination analysis for drill entry (a) SEM image processing. (b)
Experimental delamination areas. (c) Finite element delamination.

Chapter 6 86 Sinan Al-Wandi



(a)

(b)

(c)

Figure 6.7: Effect of PCD twist drill spindle speed on experimental delamination
factors (a) Conventional delamination factor Fd (b) Adjusted delamination factor
Fda (c) Equivalent adjusted delamination factor Feda.
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(a)

(b)

(c)

Figure 6.8: Effect of PCD twist drill feed rate on experimental delamination factors
(a) Conventional delamination factor Fd (b) Adjusted delamination factor Fda (c)
Equivalent adjusted delamination factor Feda.
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Effect of feed rate on FE delamination factors at constant spindle speed

(7500rpm)

To validate simulation results, the delamination factors Fd, Fda and Feda were cal-

culated and compared for spindle speed of 7500 rpm and feed rates of 125 mm/min,

500 mm/min and 1250 mm/min, as shown in Table 6.6 and Figure 6.9, results show

that trend of delamination factors is similar to the trend of experimental results,

as Fd, Fda and Feda increased 8.8%, 22.4% and 12.9% respectively with the increase

of feed rate from 125 mm/min to 1250 mm/min. The difference in results between

experiment and FE simulation ranges from 4.15% to 4.54% for Fd, 4.82% to 16.69%

for Fda and 0.72% to 11.76% for Feda which is a good correlation of output results.

It can be seen from the results in Table 6.6 that Fd and Fda have close values to

each other whereas the Feda has much lower values due to the effect of Fed, it also

shows that Feda and Fda have better discrimination values than Fd. It also shows

the percentage of errors between the experiment and FEA for Feda is less than Fda.

Figure 6.9: Effect of PCD twist drill feed rate on FE delamination factors.
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Table 6.6: Twist drill delamination factors for experimental and FEA at drill entry
for 7500 rpm.

Cutting parameters Experimental FEA % Errors

Spindle Feed rate Fd Fda Feda Fd Fda Feda Fd Fda Feda

speed
(rpm) (mm/min)
7500 125 1.014 1.015 1.001 1.056 1.064 1.008 4.150 4.820 0.726
7500 500 1.051 1.062 1.012 1.098 1.205 1.097 4.540 13.374 8.379
7500 1250 1.099 1.116 1.018 1.149 1.302 1.138 4.540 16.695 11.764

Effect of feed rate on FE delamination factors at constant spindle speed

(10000rpm)

Also another validation of the FE simulation results have been done as Feda was

calculated and then compared at spindle speed of 10000 rpm and different feed rates

of 125 mm/min, 500 mm/min and 1250 mm/min. The results in Table 6.7 shows

the similarity in trend for delamination factors of FE simulation and experiment

drilling, it also shows that Feda has increased 12.7% for FE simulation when feed

rate increased from 125 mm/min to 1250 mm/min. The difference between the

experiment and FE simulation results approximately ranges from 0.73% to 11.57%,

this leads to a clear correlation of result output.

Table 6.7: Twist drill delamination factors for experimental and FEA at drill entry
for 10000 rpm

Cutting parameters Experimental FE % Errors

Spindle speed Feed rate Feda Feda Feda

(rpm) (mm/min)
10000 125 1.001 1.008 0.739
10000 500 1.005 1.068 6.304
10000 1250 1.018 1.136 11.570

6.1.3 Stress analysis

Figure 6.10 shows the FE stress distribution and onset damage respectively on the

first ply when the twist drill has started penetrating the unidirectional carbon fibre

reinforced composite workpiece for spindle speed of 10000 rpm and feed rates of 1250

mm/min. As mentioned earlier, the workpiece will act and deform as orthotropic

homogeneous elastic according to the fibre orientation through a defined local coor-

dinate system.

As shown in Figure 6.10(a) the von Mises stress obtained from the FE simulation is
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52.71 MPa which is higher than the 900 failure tensile strength (40.00 MPa) listed

in the VTM264 CFRP specification sheet shown in appendix (A), which indicates

the tensile matrix mode being dominant failure mode as shown in Figure 6.10(b),

the Hashin failure modes with elements failing will be removed when they reach the

value of 1, also it can be observed that the highest stresses are induced around the

centre of hole, this indicates that the stress analysis is correct and can be concluded

as verified.

The distribution of stress, effective strain and pressure for the PCD twist drill when

the twist drill has started penetrating the unidirectional carbon fibre reinforced

composite workpiece for spindle speed of 10000 rpm and feed rates of 1250 mm/min

are shown in Figure 6.11, Figure 6.12 and Figure 6.13 respectively. The simulation

of the von Mises stress distribution shows that there are high stress concentrations

along the chisel and cutting edge due to the applied forces, values range up to 206

MPa at chisel edge and gradually decrease going up to the drill body. From the

effective strain, it’s evident that it reflects the same distribution as the von Mises

distribution along the chisel and cutting edge due to the stress concentration. For

the pressure distribution, it shows the maximum pressure is at the cutting edge,

which indicates the reason at the experimental stage for the drill bits to start being

damaged after drilling many holes.

6.1.4 Workpiece displacement analysis

Many researchers have used a back-up plate when drilling composite materials in

their studies and not many have examined the affect of back-up plate absence,

therefore to highlight this effect, we have removed the back-up plate in this study

when drilling the unidirectional CFRP experimentally and in the FEM simulation.

Capello [57] has investigated the difference in delamination mechanism in supported

and unsupported back-up plate in drilling composite material, he acknowledged that

the delamination mechanism in unsupported drilling is more complex especially

when the dynamics of the workpiece acts as an inflected beam and the drill acts

as a punch on the laminate when using high feed rates. Also, Klotz et al [127]

[128] has highlighted the importance and effect of clamping system and it’s affect on

CFRP specimen deflection during the drilling process, their studies concluded that

the highest speed of deflection occurs at the beginning of the drilling process, also

another conclusions from their study states that the surface damage at the top side

stabilizes at a constant level with increasing deflection of workpiece.

Fig. 6.14 shows the displacement distribution of twist drill at first ply failure for
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spindle speed of 10000 rpm and feed rate of 1250 mm/min, it can been seen from

the figure that the highest deflection is in the middle and decreases going to the

sides of the workpiece and this will highly effect the delamination around the hole

especially when there is no back-up plate.

(a)

(b)

Figure 6.10: PCD twist drilling of first Ply (a) Von Mises stress distribution. (b)
Hashin Failure modes.

Chapter 6 92 Sinan Al-Wandi



Figure 6.11: von Mises stress distribution for PCD twist drill at first ply failure

Figure 6.12: Effective strain distribution for PCD twist drill at first ply failure
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Figure 6.13: Pressure distribution for PCD twist drill at first ply failure

Figure 6.14: Displacement distribution of PCD twist drill at first ply failure
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6.2 Double point angle drill analysis

6.2.1 FE model validation

Thrust force and torque (5000rpm - 500mm/min)

In this section, the double point angle drill will be analyzed, as thrust force and

torque measured in the drilling experiments are calculated and were compared with

the results obtained from the new FEA model.

Table 6.8 shows drilling force and torque of experiment and FEA simulation when

spindle speed is 5000 rpm and feed rate 500 mm/min. It can be seen that the average

thrust force measured in the experiment was 127.96 N, whereas the FE result showed

134.86 N; the experiment torque was 0.62 N.m and FE torque result was 0.53 N.m.,

the deviation in results ranges approximately between 5% to 15%.

Table 6.8: Experimental and FEA force and torque measurements for spindle speed
5000 rpm and feed rate 500 mm/min

Drill type Exp. FE %Errors Exp. FE %Errors

Thrust force Thrust force Torque Torque
(N) (N) (N.m) (N.m)

Diamond coated 127.96 134.86 5.39 0.62 0.53 14.52
double point
angle drill

Thrust force and torque (10000rpm - 1250mm/min)

Table 6.9 shows drilling force and torque of experiment and FE simulation at spin-

dle speed of 10000 rpm and feed rate of 1250 mm/min, the experimental thrust

force measured was 136.88 N whereas the FE result showed 132.76 N; the experi-

mental torque was 0.55 N.m and FE torque was 0.53 N.m, the difference in results

approximately ranges between 3% to 4%.

The accuracy between the experiment and the FE simulation results for both val-

idations are concluded close and within acceptable range, which indicates the FE

model is accurate.
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Table 6.9: Experimental and FEA force and torque measurements for spindle speed
of 10000 rpm and feed rate of 1250 mm/min

Drill type Exp. FE %Errors Exp. FE %Errors

Thrust force Thrust force Torque Torque
(N) (N) (N.m) (N.m)

Diamond coated 136.88 132.76 3.10 0.55 0.53 3.77
double point
angle drill

To provide a bigger picture of %errors, Figure 6.15 shows a statistical comparison

of the %errors for other cutting conditions used in this study for thrust force and

torque using double point angle drill.

Figure 6.15: Statistical comparison of the %errors for thrust force and torque using
double point angle drill.
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Effect of feed rate on thrust force and torque

Feed rate is one of the major parameters that affect drilling of composite materials,

as shown in Figures 6.16(a) and 6.16(b) show the thrust force and torque analysis

for double point angle drill, with the same trend as the twist drill, the thrust force

and torque went up with the increase of feed rate when spindle speed was constant

10000rpm. Thrust force in the experiment was 54.51 N at 125 mm/min feed rate,

the highest was 136.88 N at 1250 mm/min feed rate, whereas the minimum of FE

simulation was 51.32 N at 125 mm/min feed rate, the highest was 132.76 N at

1250 mm/min feed rate. Whilst the torque in the experiment was 0.28 N.m at 125

mm/min feed rate, the highest was 0.55 N.m at 1250 mm/min feed rate, whereas

the FE estimated 0.2 N.m at 125 mm/min feed rate, the highest was 0.53 N.m at

1250 mm/min feed rate.

Effect of feed rate and spindle speed on thrust force and torque

In order to predict the effects of feed rate and spindle speed on thrust force and

torque in the drilling process, and by using the validated FE model, a combination

of drill feed rate and spindle speed were chosen from Table 6.5. The overall results

(Figure 6.17) show that thrust force and torque increase with the increase in drill

feed rate and decrease with the increase in spindle speed. Thrust force increased

by 158% when the drill feed rate increased from 125 mm/min to 1250 mm/min at

spindle speed of 10000 rpm, torque increased by 159%. Also thrust force decreased

by 63% when spindle speed increased from 2500 rpm to 10000 rpm at 125 mm/min,

and the torque decreased by 63% as well.
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(c)

(d)

Figure 6.16: Double point angle drill (a) Thrust force analysis (Experiment and FE)
(b) Torque analysis (Experiment and FE).
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(c)

(d)

Figure 6.17: Double point angle drill (a) Effect of drill feed rate and spindle speed
on thrust force. (b) Effect of drill feed rate and spindle speed on torque.
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6.2.2 Delamination factor analysis

To investigate the effect of operating parameters for double point angle drill on

the drilling induced damage, the delamination factors obtained in the experimental

drilling and finite element analysis were calculated and compared.

Figure 6.18 shows results of delamination occurred on the drilled hole entrance

peripheral at different cutting parameters. Again Figures in (a) illustrate the images

for experimental drilling with the noises inside the holes filtered, Figures in (b) show

the acquired delamination areas of Figures in (a) after they were processed with

Image J. Figures in (c) show the FEA simulation results of drilling induced damage.

By comparing (b) and (c), it can be seen that the FEA prediction was well estimated

and the general delamination trend is very similar to the experiment results.

Effect of spindle speed on experimental delamination factors

The experimental delamination factor Fd, the adjusted delamination factor Fda and

the equivalent adjusted delamination factor Feda are calculated against the spindle

speed and compared in each case; the results are shown in Figure 6.19. From these

results it can be seen that Fda is highest value of the delamination factors, and due

to the increase of number of cutting action in the cutting edges at each stage of

feed, the trend of delamination factors decreases with the increase in spindle speed

except when it reaches 7500 rpm, as there is a sudden huge increase in delamination

factor when it reaches 10000 rpm, this indicates spindle speed after 7500 rpm is not

suitable for double point drill. It can be noted that when spindle speed increased

200% Fd decreased between 0.31% to 30.8%, Fda decreased between 0.45% to 32.35%

while Feda decreased between 0.15% to 4.25%. While if the spindle speed increased

300% Fd increases between 2.79% to 48.53%, Fda increased between 4.14% to 53.34%

while Feda increased between 2.60% to 6.62%.

Effect of feed rate on experimental delamination factors

The same concept is done for the experimental delamination factors in regards to

feed rate (Figure 6.20), as the increase in feed rate leads to the rise of delamination

factors. Delamination increases drastically when feed rate is over 500mm/min for

spindle speed 2500 rpm and 5000 rpm. As mentioned earlier, this indicates that

feed rate has more effect on delamination than the effect of spindle speed, due to

the highly correlation increase of thrust force with the increase of feed rate, which

plays a significant role in delamination when drilling composite materials.
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1(a)

1(b)

1(c)
(Double point angle drill) (Spindle speed: 7500 rpm) (Feed rate: 125 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b)
Experimental delamination areas (c) Finite element delamination.
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2(a)

2(b)

2(c)
(Double point angle drill) (Spindle speed: 7500 rpm) (Feed rate: 500 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b)
Experimental delamination areas (c) Finite element delamination.
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3(a)

3(b)

3(c)
(Double point angle drill) (Spindle speed: 7500 rpm) (Feed rate: 1250 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b)
Experimental delamination areas (c) Finite element delamination.
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4(a)

4(b)

4(c)
(Double point angle drill) (Spindle speed: 10000 rpm) (Feed rate: 125 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b)
Experimental delamination areas (c) Finite element delamination.
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5(a)

5(b)

5(c)
(Double point angle drill) (Spindle speed: 10000 rpm) (Feed rate: 500 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b)
Experimental delamination areas (c) Finite element delamination.
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6(a)

6(b)

6(c)
(Double point angle drill) (Spindle speed: 10000 rpm) (Feed rate: 1250 mm/min)

Figure 6.18: Delamination analysis for drill entry (a) Hole images (b) Experimental
delamination areas (c) Finite element delamination.

Chapter 6 106 Sinan Al-Wandi



(a)

(b)

(c)

Figure 6.19: Effect of double point angle drill spindle speed on experimental delam-
ination factors (a) Conventional delamination factor Fd (b) Adjusted delamination
factor Fda (c) Equivalent adjusted delamination factor Feda.
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(a)

(b)

(c)

Figure 6.20: Effect of double point angle drill feed rate on experimental delamination
factors (a) Conventional delamination factor Fd (b) Adjusted delamination factor
Fda (c) Equivalent adjusted delamination factor Feda.
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Effect of feed rate on FE delamination factors at constant spindle speed

(7500rpm)

To validate simulation results, Fd, Fda and Feda were calculated and compared for

spindle speed of 7500 rpm and feed rates of 125 mm/min, 500 mm/min and 1250

mm/min, as shown in Table 6.10 and Figure 6.21, the same trend for the delamina-

tion factors is experienced, as Fd, Fda and Feda increased nearly 1%, 2.37% and 1.54%

respectively with the increase of feed rate from 125 mm/min to 1250 mm/min. The

difference in results between experiment and FEA simulation ranges from 4.54% to

4.67% for Fd, 5.6% to 6.98% for Fda and 1.19% to 2.71% for Feda, which again is a

good correlation of output results.

It can be seen from the results in Table 6.10 that Fd and Fda have close values to

each other whereas the Feda has much lower values due to the effect of Fed, it also

shows that Feda and Fda have better discrimination values than Fd. It also shows

the percentage of errors between the experiment and FEA for Feda is less than Fd

and Fda.

)

Figure 6.21: Effect of double point angle drill feed rate on FE delamination factors.
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Table 6.10: Double point angle drill delamination factors for experimental and FEA
at drill entry for 7500 rpm.

Cutting parameters Experimental FEA % Errors

Spindle Feed rate Fd Fda Feda Fd Fda Feda Fd Fda Feda

speed
(rpm) (mm/min)
7500 125 1.032 1.034 1.002 1.081 1.094 1.015 4.675 5.850 1.315
7500 500 1.033 1.034 1.001 1.079 1.092 1.013 4.540 5.607 1.196
7500 1250 1.044 1.047 1.003 1.091 1.120 1.031 4.540 6.986 2.712

Effect of feed rate on FE delamination factors at constant spindle speed

(10000rpm)

Also another validation of the FE simulation results have been done as Feda was

calculated and then compared at spindle speed of 10000 rpm and different feed rates

of 125 mm/min, 500 mm/min and 1250 mm/min. The results in Table 6.11, shows

the similarity in trend for delamination factors of FE simulation and experiment

drilling, Feda increased nearly 15.7% for FE simulation when the feed rate increased

from 125 mm/min to 1250 mm/min. The difference between the experiment and

FE simulation results approximately ranges from 2.04% to16.57% for Feda, which

again is a clear correlation of result output.

Table 6.11: Double point angle drill delamination factors for experimental and FEA
at drill entry for 10000 rpm.

Cutting parameters Experimental FE % Errors

Spindle speed Feed rate Feda Feda Feda

(rpm) (mm/min)
10000 125 1.062 1.083 2.047
10000 500 1.070 1.156 8.056
10000 1250 1.075 1.253 16.577

6.2.3 Stress analysis

Figure 6.22 shows the stress distribution and onset damage respectively on the first

ply when the double point angle drill has started penetrating the unidirectional car-

bon fibre reinforced composite workpiece for spindle speed of 10000 rpm and feed

rates of 1250 mm/min. The workpiece will act and deform as orthotropic homoge-

neous elastic according to the fibre orientation through a defined local coordinate

system.As shown in Figure 6.22(a) the von Mises stress is 57.72 MPa which is higher
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than the 900 failure tensile strength, which indicates the tensile matrix mode being

dominant failure mode as shown in Figure 6.22(b), the Hashin failure modes with

elements failing will be removed when they reach the value of 1.

The distribution of stress, effective strain and pressure for the double point angle

drill when the drill has started penetrating the unidirectional carbon fibre reinforced

composite workpiece for spindle speed of 10000 rpm and feed rates of 1250 mm/min

are shown in Figure 6.23, Figure 6.24 and Figure 6.25 respectively. The simulation

of the von Mises stress distribution shows that there are high stress concentrations

along the chisel and cutting edge due to the applied forces, values range up to 237

MPa at chisel edge and gradually decrease going up to the drill body. From the

effective strain, it’s evident that it reflects the same distribution as the von Mises

distribution along the chisel and cutting edge due to the stress concentration. For

the pressure distribution, it shows the maximum pressure is at the cutting edge,

which indicates the reason at the experimental stage for the drill bits to start being

damaged after drilling many holes.

6.2.4 Workpiece displacement analysis

Fig. 6.26 shows the displacement distribution of double point angle drill at first ply

failure for spindle speed of 10000 rpm and feed rate of 1250 mm/min, it can been

seen from the figure that the highest deflection is in the middle and decreases going

to the sides of the workpiece and this will highly effect the delamination around the

hole especially when there is no back-up plate.

The results show that the double point angle drill has similar pattern to twist drill

and close results around the drilled hole periphery, it also shows the double point

angle drill has wider displacement distribution pattern due to being the point angle

of double point angle drill is bigger than the twist drill.
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(a)

(b)

Figure 6.22: Double point angle drill first Ply (a) Von Mises stress distribution. (b)
Hashin Failure modes.
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Figure 6.23: von Mises stress distribution for double point angle drill at first ply
failure

Figure 6.24: Effective strain distribution for double point angle drill at first ply
failure
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Figure 6.25: Pressure distribution for double point angle drill at first ply failure

Figure 6.26: Displacement distribution of double point angle drill at first ply failure
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6.3 Critical thrust force analysis

It is necessary to establish the relationship between thrust force and delamination

factor to obtain the critical thrust force at the onset of delamination during the

drilling process, hence delamination free holes can be obtained when critical thrust

force is predicted if the applied thrust force does not exceed the critical thrust force.

Figure 6.27 shows the effect of thrust force on the equivalent adjusted delamination

factor Feda using the twist and double point angle drill, it can be seen that the

delamination factor increases with the increase of thrust force.

Figure 6.27: Effect of thrust force on Feda using twist drill and double point drill.

By using the polynomial function to fit the graphs for each drill bit, we can calculate

the critical thrust forces from the below shown equations:

Ftt = 0.98243746 + 0.00033289 ∗ Ftt1−
6.56881045 ∗ 10−7F 2

tt1 (6.1)
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Fdd = 0.62114214 + 0.00634414 ∗ Ftt2−
3.3625575 ∗ 10−5F 2

tt2 + 5.75112352 ∗ 10−8F 3
tt2 (6.2)

Where Ftt is the critical thrust force for twist drill; Fdd is the critical thrust force for

double point angle drill; Ftt1 is the thrust force for twist drill and Ftt2 is the thrust

force for double point angle drill.

When defining the Ftt=1 and Fdd=1, then the critical thrust forces for twist drill and

double point angle drill will be 59.82 N, 123.34 N respectively, this indicates that the

double point angle drill has a higher safety free-delamination factor approximately

2.1 times the twist drill despite the double point drill generates higher thrust force

than twist drill in most occasions.

Also, by calculating the ratio of thrust force and critical force as shown in equation

below, we can define the effect of thrust force on delamination factor.

η = (Ftt − Fcritical)/Fcritical (6.3)

By applying as an example the critical force and thrust forces values for spindle speed

of 5000 rpm and feed rates of 125 mm/min, the calculated ratios of twist drill and

double point drill are 17.44% and 0.51% respectively, this leads to the double point

drill generates smaller ratios and therefore results in lower delamination factors.
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The innovation and main contributions made in this research are concluded in this

chapter. Also, suggestions for future research work are recommended.

7.1 Contributions

A great deal of interest has been received lately for progressive damage modeling

of polymer matrix composites as predictive capabilities for the complex nonlinear

behaviour of these materials are sought. Analyzing delamination and evaluating its

damage on the CFRP workpiece is very important in determining the structural

integrity of the machined part. 3D finite element analysis can be used to evaluate

and compare different point angles for drills and finding its effect on delamination,

hence defects can be controlled with selecting the optimum cutting parameters and

drill geometry.

In this research, a new FEA model and new delamination factor called the equivalent

adjusted delamination factor Feda is developed for drilling UDCFRP without using

a back-up plate to study delamination and it’s effecting parameters of cutting speed

and feed rate at drilled hole entrance. The study is based on utilizing PCD twist drill

and diamond coated double point angle drill in the experiment and finite element

analysis. And by using the FEA results can be evaluated to optimize delamination

and parameters can be predicted so further machining and delamination can be

prevented.

Through FE simulation and experimental analysis, it was found that the thrust force

and torque increased with the increase in feed rate and decreased with the increase

in spindle speed. Both drills showed the percentage of increase of thrust force and

torque when feed rate is increased are much higher than the percentage of decrease

when spindle speed is increased. Also results showed delamination increases with the

increase of feed rate and decreases with the spindle speed, as delamination increased

drastically when feed rate is over 500 mm/min, this leads to being feed rate has more

effect than spindle speed on hole entry delamination, it also indicates low feed rates

are appropriate for CFRP drilling and the importance of reducing feed rate leads to

reducing the axial thrust force to achieve less onset delamination and with better

results.

In this study the adjusted delamination factor Fda was refined to create an equiv-

alent adjusted delamination factor Feda and was able to discriminate the damage

areas and to overcome the null minimal and maximal delamination areas. The trend

of variation for Feda is similar to Fd and Fda, but Feda had lower percentage error

values obtained between the experiment and FEA, all this indicates that the mathe-
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matical approach proposed is suitable for characterizing delamination when drilling

composites.

Both drills resulted a higher Fda than Fd and Feda, as the trend of delamination

factors decrease with the increase in spindle speed except for double point angle

drill when it reaches over 7500 rpm, as the study showed by using spindle speed

of 10000 rpm and different feed rates for both drills, delamination results showed

double point angle drill has higher delamination results when using twist drill, this

indicates that double point angle drill is not suitable at these drilling conditions.

Drill geometry such as point angle and helix angle have high importance in effecting

delamination when drilling CFRP, small point angle and low helix angle are preferred

for good hole entrance, in this study both drills have the same helix angle while the

double point angle drill has a primary point angle of 130o which is larger than the

twist drill of 120o, which resulted in a higher thrust force in most occasions and was

evident in the double point angle drill. Results showed in the double point angle

drill had less delamination than the twist drill, this is mainly due to its critical

thrust force as it possess higher values than the critical thrust force for twist drill,

this means the double point angle drill was highly affected by the critical thrust

force and made it better suited for composite drilling as it has a higher safety free-

delamination factor approximately 2.1 times the twist drill.

Ply-based modeling based on Meso-scale is an outstanding base material design and

for analyzing mechanisms of composite material behavior and its degradation which

are difficult to analyze, while using shell elements reduces the computational time

of the simulation process, hence provides an option to model the cutting tool as a

flexible body to capture and predict the dynamic effect of machining parameters on

the CFRP workpiece . The model was found to be accurate as results of simulations

were verified against experimental data, good correlation with experiments has been

revealed in terms of predicted delamination area and qualitative representation of

external damage.

The majority of researches have used the backing plate when drilling composite

materials in their study, while in this study we have eliminated the backing plate

in order to assess the delamination and to treat the drilling operation close to pro-

duction conditions as possible, as using a backing plate will most likely reduce the

delamination further. Finite element simulation has showed that when drilling the

CFRP without the backing plate the drilling operation tends to work as punching

operation in the beginning instead of cutting operation and this will increase the

load on the periphery of the drilled hole edges and hence affecting the delamination.

The FE distribution of von mises stress, effective strain, pressure distribution, dis-
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placement distribution and Hashin failure mode when the drill has started penetrat-

ing the UDCFRP composite workpiece has been presented. The stress distribution

and onset damage on the first ply when using the PCD twist drill and double point

angle drill shows that von Mises stress is higher than the 900 failure tensile strength,

which indicates the tensile matrix mode being the dominant failure mode. The

simulation of the von Mises stress for both drills shows that there are high stress

concentrations along the chisel and cutting edge due to the applied forces, values are

higher at the chisel edge and gradually decrease going up to the drill body, from the

effective strain, it’s evident that it reflects the same distribution as the von Mises

distribution along the chisel and cutting edge due to the stress concentration, For

the pressure distribution, it shows the maximum pressure is at the cutting edge,

which indicates the reason at the experimental stage for the drill bits to start being

damaged after drilling many holes. At spindle speed of 10000 rpm and feed rate

1250 mm/min for both drills, FE simulation showed the big effect of drill geometry

as double point angle drill showed higher values in von Mises stress, strain, pressure

and displacement than the values when using PCD twist drill.

Due to the widely usage of CFRP in various applications, polycrystalline diamond

and coated diamond drill bits are the most preferable drills used especially when

there are hundreds of holes to be drilled due to it’s special properties, such as being

one of the hardest material, it also has high stiffness, high thermal conductivity, low

coefficient of friction and low thermal expansion. All of these properties are impor-

tant in drilling CFRP which increases tool life and improves hole quality thereby

reducing tool changes and increasing production and tool value.

7.2 Future work

From this study and based on the observations and outcomes, the following recom-

mendations for future work are presented.

This research was based on drilling CFRP using pollycrystalline diamond and di-

amond coated drills with different point angles, hence more work should be done

on comparative study of other different drill materials with different geometries and

studying their effect on the drilling induced damage.

The next step in the research efforts in this direction can be the optimization of

drill point geometry by simultaneously considering all the geometric parameters of

drill and studying their effect on the drilling induced damage. An optimized drill

geometry can be developed which may help in making damage free holes in fibrous

composites.
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Hashin failure criteria has been implemented in this study, determining the defor-

mation behavior of workpiece using different constitutive models and failure criteria

is a next step in the right direction in selecting the best failure criteria for a better

finite element model.

Investigating the affect of other fibre stacking sequence such as [0/45/90] degrees on

cutting parameters and tool wear.

To compare the study with a backing plate in order to assess and evaluate the

delamination under different supporting conditions.
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