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Abstrac

Owing to their desirable strength-to-weight characteristics, carbon fibre
reinforced polymer composites have been favorite materials for structural
applications in different industries such as aerospace, transport, sports and
energy. They provide a weight reduction in whole structure and consequently
decrease fuel consumption. The use of lightweight materials such as titanium
and its alloys in modern aircrafts has also increased significantly in the last
couple of decades. Titanium and its alloys offer high strength/weight ratio, high
compressive and tensile strength at high temperatures, low density, excellent
corrosion resistance, exceptional erosion resistance, superior fatigue resistance
and relatively low modulus of elasticity. Although composite/metal hybrid
structures are increasingly used in airframes nowadays, number of studies
regarding drilling of composite/metal stacks is very limited. During drilling of
multilayer materials different problems may arise due to very different
attributes of these materials. Machining conditions of drilling such structures

play an important role on tool wear, quality of holes and cost of machining.

The research work in this thesis is aimed to investigate drilling of
CFRP/Ti6Al4V hybrid structure and to optimize process parameters and drill
geometry. The research work consist complete experimental study including
drilling tests, in-situ and post measurements and related analysis; and finite
element analysis including fully 3-D finite element models. The experimental
investigations focused on drilling outputs such as thrust force, torque,
delamination, burr formation, surface roughness and tool wear. An algorithm
was developed to analyse drilling induced delamination quantitatively based
on the images. In the numerical analysis, novel 3-D finite element models of
drilling of CFRP, Ti6Al4V and CFRP/Ti6Al4V hybrid structure were developed
with the use of 3-D complex drill geometries. A user defined subroutine was
developed to model material and failure behaviour of CFRP. The effects of
process parameters on drilling outputs have been investigated and compared
with the experimental results. The influences of drill bit geometries have been

simulated in this study.
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Chapter 1

General Introduction

Owing to their desirable strength-to-weight characteristics, carbon fibre
reinforced polymer (CFRP) composites have been favorite materials for
structural applications in different industries such as aerospace, transport,
sports and energy. They provide a weight reduction in whole structure and
consequently decrease fuel consumption. The use of lightweight materials such
as titanium, aluminium and their alloys in modern aircrafts has also increased
significantly in the last couple of decades. Titanium and its alloys offer high
strength/weight ratio, high compressive and tensile strength at high
temperatures, low density, excellent corrosion resistance, exceptional erosion
resistance, superior fatigue resistance and low modulus of elasticity [1-3].
Particularly the use of titanium and its alloys are widespread in new aircrafts.
For example, titanium is the primary structure of F-22 Fighter and Boeing 787
by 39% and 14% in weight, respectively [4]. CFRPs are used increasingly in
form of stack with metals such as aluminium and/or titanium to optimize the
weight/strength ratio. Assembly of these materials generally requires high

number of rivets or bolts [5].

Composites components are produced to near-net shape, however
machining operations are often needed for assembly requirements. Among
several machining processes, drilling is one of the most common methods due
to the need for holes to assemble different components with rivets or bolts.
Despite the fact that composite materials, particularly carbon fibre reinforced
plastics (CFRP) have attractive physical and mechanical properties, machining
of these materials is complex, challenging and considerably distinct from
cutting metals. This is mainly due to the heterogeneous structure which
involves extremely abrasive reinforcement and heat sensitive matrix
particularly in plastic composites [6]. Due to the structure of CFRPs, it is

difficult to reach a desirable hole quality and to provide a desirable tool life in
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drilling these materials. Several types of damages can be introduced during
drilling such as delamination, fibre pull-out, matrix softening/melting, stress
concentration, micro cracks and excessive tool wear. Studies [7-10] show that
these defects influence service life of composites. Different researchers [11-15]
indicated that most of these problems occur due to selection of non optimized

process parameters, tool geometry and cutting tool material.

Titanium and its alloys have excellent physical and mechanical properties
and it makes them one of the most attractive materials for aerospace design
engineers. However, they are difficult to machine. Tool wear mechanisms in
drilling of titanium are totally different from the wear mechanism present in
drilling of CFRP. One of the most important reasons is low thermal
conductivity of titanium. Concentrated heat at tool-workpiece interface could
increase temperature of cutting edges over 1000 °C easily in dry conditions.
Consequently this high cutting temperature increases the wear rate and
decreases the tool life substantially [16]. In addition, titanium has strong affinity
to many tool materials at elevated temperatures. Chemically active workpiece
can react with tool materials very rapidly during machining process which will
result in chipping, accelerated tool wear and premature tool life [17]. Higher
chemical affinity to tool materials can also lead to microwelding, called built-
up-edge (BUE), on cutting tool throughout cutting process. This mechanism
may result in a sudden tool failure. Furthermore, titanium maintains its
hardness and strength at high temperatures, thus cutting forces and stresses on
cutting edges will be higher due to insignificant softening of this material. This
can cause high tool wear. Tool wear in drilling of titanium alloy is also very
sensitive to the drilling process parameters [18]. Increasing feed rate and/or
cutting speed increases tool wear. A small change in cutting speed could cause
a very large change in the tool wear rate [19]. Another difficulty in drilling of
titanium alloys is producing holes without burrs. It is estimated that 30% of
machining cost is due to deburring operations in manufacturing of titanium
components [17]. Due to these difficulties, machining of titanium is difficult and
the material removal rate is low. Although drilling of titanium has been widely

utilized in industry, research publications are limited on this subject.
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Although composite/metal stacks are increasingly used in airframes
nowadays, number of studies regarding drilling of composite/metal stacks is
very limited. During drilling of multi-layer materials different problems may
arise due to very different attributes of these materials. Machining conditions of
drilling such structures plays an important role on tool wear and quality of
holes. Different machining properties are required for different optimal
machining conditions of each material [20-21]. Having materials with different
modulus of elasticity will cause varied deformation which results in difficulties
in drilling of holes with small diameter tolerances. Excessive heating caused by
drilling of titanium induces a number of holes quality problems in CFRP such
as softening of matrix and damaged surface roughness due to hot titanium
chips [20-21]. In machining of multi-layer materials, wear of cutting tools is
more complicated compared to machining of single material. Having different
nature of wear mechanisms can accelerate the wear rate of the cutting tool [20-

21].

1.1 Research Motivation

The objective of this research is to investigate the drilling mechanisms of
carbon fibre reinforced composites and titanium alloy separately and together
in a stack form to overcome the technical difficulties mentioned above and to
achieve better machinability with the use of experimental and numerical
technologies. Increasing the productivity and minimizing the workpiece defects
are the main purpose of the study. For this reason both experimental and
numerical approaches are utilized in this study. Particularly, FE analysis of
drilling of CFRP and CFRP/metal stacks has not been studied extensively, so the
possible advantages become one of the research goals of this research. The

research will be pursued in the following directions:

Experimental investigation of drilling of CFRP: to investigate effects of
drilling parameters on drilling outputs including thrust force, torque,
delamination, tool wear, surface roughness and effect of tool wear on thrust
force, torque, delamination and surface roughness by selecting appropriate drill

geometry and drilling conditions.
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Experimental investigation of drilling of Ti-6Al-4V: to investigate effects of
drilling parameters on drilling outputs including thrust force, torque, burr
formation, tool wear, surface roughness and effect of tool wear on thrust force,
torque, burr formation and surface roughness by selecting appropriate drill

geometry and drilling conditions.

Experimental investigation of drilling of CFRP/Ti-6Al-4V: to investigate
effects of drilling parameters on drilling outputs including thrust force, torque,
delamination, burr formation tool wear, surface roughness and effect of tool
wear on thrust force, torque, delamination, burr formation and surface
roughness by selecting appropriate drill geometry and drilling conditions based
on the results of drilling of CFRP and Ti-6Al-4V separately.

Finite element modeling of drilling process of CFRP: to simulate and
validate drilling process of CFRP by using Lagrangian FE codes by utilisation of
a 3-D complex tool geometry, to investigate the effects of cutting parameters on

the drilling outputs and to optimize drill geometry by using FE analysis.

Finite element modeling of drilling process of Ti-6Al-4V: to simulate and
validate drilling process of Ti-6Al-4V by using Lagrangian FE codes with the
use of 3-D complex drill geometry, to investigate the effects of cutting
parameters on the drilling outputs and to optimize drill geometry by using FE

analysis.

Finite element modeling of drilling process of CFRP/Ti-6Al-4V: to simulate
and validate drilling process of CFRP/Ti-6Al-4V by using Lagrangian FE codes
with the use of 3-D complex drill geometry, to investigate the effects of cutting
parameters on the drilling outputs and to optimize drill geometry by using FE

analysis.

1.2 Outline of Thesis

The research work described in this thesis comprises of drilling
experiments of CFRP, Ti-6Al-4V, CFRP/Ti-6Al-4V stack; characterisation and
measurements of workpiece and tool defects; a novel 3-D finite element analysis
of drilling CFRP, Ti-6Al-4V, CFRP/Ti-6Al-4V including 3-D complex tool

geometry and 3-D material failure models; and optimisation of process
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parameters and tool geometry to minimize workpiece defects and increase

productivity.

Chapter 2 presents a brief literature survey on composites and titanium
alloys. Brief information on advantages, limitation and applications of these
materials is presented in this chapter. A detailed review on machining and
drilling of laminated fibre reinforced composites and titanium alloy and their
alloy has been addressed. Machinability of these materials, cutting mechanisms,
workpiece defects including delamination and burr formation and tool defects

are discussed in detail in this chapter.

Chapter 3 outlines the details of experimental work carried out in this
research. Details on the workpiece and tool materials used for in this research
are described in detail. Details of the conditions of experimental drilling tests,
in-situ and off-line measurements and characterisations are outlined in this
chapter. The experimental methodology used in this research is given detail in

this chapter.

Chapter 4 outlines the details of numerical methodology in this research.
The components of numerical models; stress analysis, progressive failure
analysis, material degradation rules are explained in a framework in for CFRP
and Ti-6Al-4V. The meso-level modeling of CFRP is performed for intra-

laminar and inter-laminar level to model workpiece defect.

Chapter 5 draws the details of finite elements analysis of drilling of the
materials. The entire finite element model of drilling including type of analysis
and solution, physical and geometrical details of workpiece and cutting tools,
mesh attributes, boundary and loading conditions are introduced. The codes of
constitutive and failure models of materials outlined in numerical methodology

in Chapter 4 are utilized in finite element models.

Chapter 6 discusses drilling of laminated carbon fibre reinforced
composites carried out experimentally and performed numerically. To
understand machinability and increase productivity, the effects of process
parameters on drilling outputs are outlined by experimentally and numerically.
Brief information on some of the literature survey is addressed. It gives an

insight to possible mechanisms in workpiece and tool defects. Based on the
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success of FE analysis, the performances of different tool geometries on drilling
of CFRP are simulated. Two different numerical approaches are compared and

the advantages of the novel FE models are shown.

Chapter 7 consists of the results of the numerical and experimental
analysis of drilling of Ti-6Al-4V. The influences of process parameters on thrust
force, torque, burr formation, and surface roughness are discussed. Some
information on the literature is addressed. Some of the insight into
experimental studies carried out on the influences on tool wear on thrust force,
torque, burr formation and surface roughness are given. The performance of
step drill geometries with various stage ratios are investigated in FE analysis.
The advantages of FE models are shown and possible difficulties regarding to

the tool wear and chip formation has been discussed.

Chapter 8 discusses the results of the analysis of drilling of CFRP/Ti-6Al-
4V. A novel FE analysis of drilling of CFRP/Ti-6Al-4V stack is debated in this
chapter. The chapter gives some of the insight into studies carried out
experimentally and numerically for both materials. The effects of cutting
parameters on various outputs are investigated. Detailed comparisons are
carried out with the results outlined in Chapter 6 and 7. Similar to the drilling
of CFRP and titanium alloy in previous chapters, the influences of step drill on

drilling of materials are investigated via finite element analysis.
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Literature Review

2.1 Composite Materials

Composite materials are composed of two or more distinct constituents
separated by a distinct interface. In order to be called a composite material, the

material must satisfy the following criteria:

- It must be composed of two or more physically and/or chemically distinct

constituents.
- The constituents must be present in reasonable proportions.

- The characteristics of the new material must not be determined completely by

any of the constituents alone.

The matrix is the constituent which is continuous and generally present
in greater quantity in the composite material. The main objective of the matrix
is to enclose and bind the reinforcement, protect it from environment and
provide an effective load distribution to the reinforcement. In the majority of
the applications, the properties of the matrix are weaker comparing to

reinforcement constituent.

The reinforcement is the second constituent in a composite material and
embedded in the matrix. It is generally stronger and stiffer material than the
matrix. The main purpose of the reinforcement is to carry the load. The
properties of the reinforcement and the effectiveness of the composite material

are dependent on the quantity, shape and the type of the reinforcement
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material. The reinforcement material can be metallic, ceramic, or organic. The
commonly used reinforcements in polymer matrix composites are glass, carbon,
or aramid fibres. In addition to matrix and reinforcement there can be some

other materials such as fillers and additives for different purposes.

Composites can be categorized according to matrix and reinforcement.
The first classification can be made according to the matrix material; polymer
matrix, metal matrix and ceramic matrix based composites. The second classification
can be made according to the shape of the reinforcement form; particulate,

discontinuous fibre, and continuous fibre reinforced composites.

2.1.1 Advantages and Limitations

The properties of composite materials, such as stiffness or strength, may
not be greatly different from monolithic materials. However, as the specific
strength (strength-to-weight ratio) and specific stiffness (stiffness-to-weight
ratio) are considered, composite materials generally outperform those materials
[22]. Significant improvements in strength and stiffness can be obtained in the
fibre reinforcement direction. In addition to improving structural properties,
composites have greater properties in corrosion resistance, fatigue resistance,
thermal insulation, conductivity, and acoustic insulation than traditional metals
[23-24]. Composite materials are generally tailored; therefore designing with
composite material may result in a reduction in the complexity of tooling and
assembly comparing to traditional materials. The significant weight reduction

in structural parts would lead remarkable fall in the service and operation costs.

Advanced composite materials are superior to traditional metals;
however there are disadvantages of these materials as well. Although the
complexity of tooling and assembly might be simple, the manufacturing costs

are higher than metals. The high costs of constituent materials, lack of high
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productivity and strong dependency on skilled labour can be the prominent
reasons. Moreover material data and analysis tools are also limited due to being
relatively new and complex material comparing to traditional engineering

materials. Storage of these materials is also required extra care.
2.1.2 Applications in Aerospace & Aircraft Industries

Each industry seeks desirable features from materials that the
engineering parts are required. Composite materials are known to be able to
satisfy multiple requirements in part design and material optimisation.
Particularly carbon fibre reinforced polymer composites have proven to be
flexible and adaptable material for many applications, including aerospace,
aircraft, automotive, marine, construction, and sports industries. For instance,
high specific strength and high specific stiffness are required under wide range
of structural and thermal loads. Carbon reinforced polymer composites
generally offer high specific strength and high specific stiffness which makes
them attractive for aircraft industry. A negative coefficient of thermal expansion
of carbon fibres takes attention of designers in aerospace industry where the

structures are subjected to wide range of temperature [25].

Material performance is one of the major criteria in military aircrafts
therefore composite materials have been used extensively even though the high
material costs. Carbon fibre reinforced polymer composites have been used on
its own or together with metals in the primary structures as well as secondary
structures of military aircrafts such as wings, stabilizers, radomes, rudders and

various doors [22-23, 26-27].

After the applications and success of composites in military aircrafts, the
civil aircraft industry realized the importance of composite materials. Although

the cost analysis is a major factor as well as performance in the commercial
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aircrafts, the utilisation of composites components has been reached 50% of
total weight of new Boeing aeroplane, 787 Dreamliner [28-29] . Various interior
components, doors, radomes, wing and stabilizer components, tail and elevator
panels and entire fuselage of aeroplane are produced from different composite

materials recently [22, 27].
2.2 Titanium Alloys

Titanium exists in the earth about 0.6 % and it is fourth most abundant
metal after aluminum, iron, and magnesium. Titanium is a relatively
lightweight, corrosion resistant structural material. Pure titanium can be
strengthened drastically by alloying and heat treatment in some of its alloys.
Titanium and its alloys advantages can be listed as good strength to weight
ratio, relatively low density, low coefficient of thermal expansion, low
coefficient of thermal conductivity, good corrosion resistance, good toughness,
low heat treating temperature for hardening and ability to retain its hardness
and strength at high temperatures. Not surprisingly, these properties depend

on the alloy and heat treatment.

Ti-6Al-4V is one of titanium alloy which combines excellent properties
and good producibility that makes it the most widely used titanium alloy. Ti-
6Al-4V is a alpha-beta titanium alloy and contain both alpha and beta phases at
room temperature. It can typically used up to 400-500 °C and mechanical
properties are retained without significant loss. Ti-6Al-4V can be also heat
treated [30].

2.2.1 Advantages and Disadvantages

As mentioned, titanium and its alloys have superior properties such as
high strength to weight ratio, high compressive and tensile strength, relatively
low density, high fatigue resistance in air and seawater, and exceptional
corrosion resistance [18-19, 31-32]. High specific strength, good fatigue
resistance and creep life, and good fracture toughness make titanium and its

alloys a must-have material for aerospace applications. Titanium's corrosion

10
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resistance is based on the formation of a stable, protective oxide layer. This
behaviour makes an advantage for various applications including chemical

processing and surgical implants.

However, Ti has been classified as difficult-to-machine material due to
some of these properties [19]. Among these reasons thermal conductivity is one
of the major. Since the workpiece cannot remove the generated heat in
machining, the heat tends to concentrate on the cutting tool and causes
excessive cutting temperatures [18]. This would result in accelerated tool wear
and consequently short tool life. Another disadvantage of titanium is its strong
affinity to many tool materials [17, 32]. This would cause to diffusion and built-
up-edge and lead to increase in wear rate. Moreover, titanium and its alloys
generally maintain their hardness and strength at high temperatures, which
required high cutting forces and energy, thus reducing their machinability [18].

This can lead to excessive tool wear.

2.1.1 Applications

The primary application of titanium and its alloys takes place in the
aerospace industry. The usage of Ti is widespread in most military and
commercial aircrafts. For example, titanium is the primary structure of F-22
Fighter and Boeing 787 by 39% and 14% in weight, respectively [33]. Ti is also
used for many parts in jet engine components, such as blades, discs, rotors,
casings, bolts; and for many structural and non-structural applications in
aircraft including wing boxes, fuselage frames, brake components, gear beams,

bolts, floor support structure, pipes, clips and brackets [30, 34].

In addition to aerospace industry, there are many application areas of
titanium and its alloys. Chemical and petrochemical processing industries,
paper industry, marine industry and energy industry can be examples of
titanium applications due to corrosion resistance [18, 30-31, 35]. Vessels, pumps,
fractionation columns, storage tanks in chemical industry, offshore oil

platforms components, submarine components are made from titanium alloys.

Biomedical applications take advantages of commercially pure titanium’s

inertness and resistance to corrosion in the human body [30, 36-37]. Implantable
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pumps and components for artificial hearts, hip and knee implants can be some

examples of these applications.

Due to various specifications, titanium and its alloys are also used in
machinery industries such as coating on cutting tools, tubes and control

instruments [30].

2.3 Drilling of Composites

Although composite components are produced to near-net shape,
machining is often needed to fulfil tolerance requirements for the assembly
needs. Among machining processes, drilling is one of the most frequently used
to make holes for assemblies of different parts with screws, rivets and bolts [38].
Several non-traditional drilling applications, such as laser-beam [39-42], water-
jet [43-44], ultrasonic [45-47], and electrical discharge machining [48], have been
reported for the drilling of composites. Nevertheless, conventional drilling
continues to be used widely for practical purposes. To ensure high strength and
load capacity in the assemblies, damaged-free and precise holes must be

obtained.

Some characteristics of composite laminates such as non-homogeneity,
anisotropy, highly abrasive and hard reinforced fibres, and coexistence of hard
abrasive fibres with soft matrix, make composites components difficult to
machine [24, 49]. The most frequent drilling induced defects are delamination,
fibre pull-out, inter-laminar cracking or thermal damages in addition to other
minor damages [50-52]. These damages can affect not only the load carrying
capacity of laminated parts but also strength and stiffness, fatigue life and long
term performance of the composite structure, thus reliability [53-54]. Rapid tool
wear can be a significant factor on the extent of damage due to the very
abrasive fibres [55]. Moreover, it increases the number of tool changes which

affects the production cycle and the final cost.

Several investigations have been carried out to understand drilling of
composite materials better. This subsection will review mechanical drilling

processes of composites. It consists various aspects, namely cutting forces, tool
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damage, hole quality and numerical approaches by taking into account of

process parameters, tool geometry, tool material and coolant.

2.3.1 Cutting Forces

Thrust force and torque are one of the important data in drilling
operations therefore they have been subject matter of a number investigation in
drilling of composite materials. The relations between machining parameters,
cutting tool geometry, wear, delamination and thrust force and torque have

been studied by a number of researchers and summarized below.

The induced thrust force and torque throughout drilling of laminated
composites depend on machining parameters, namely cutting speed or spindle
speed, feed rate. Chen [56] investigated the cutting forces in drilling of
composite and stated that damage can be avoided by the proper selections of

tool geometry and cutting parameters.

Most of the researchers found that the influence of feed rate on the thrust
force and torque is dominant in drilling of composites whereas effect of spindle
speed on the same outputs is unnoticeable [13]. The higher feed rate causes
greater amount of thrust force and torque. El-Sonbaty et al [57] studied the
drilling of GFRP and noticed that the effect of cutting speed on thrust force is
negligible, however torque increased with the increasing cutting speed.
However, in another study a slight decrease in thrust force and torque has been
observed with the increased cutting speed due to higher temperatures

produced by the increased heat generation in drilling of composite [58].

Drill geometry is another factor which affects induced thrust force and
torque in drilling of composites. The effect of the drill diameter on thrust force
and torque was investigated in drilling of GFRP [57, 59]. Results showed that
thrust force and torque increased with drill diameter due to the increase in the
shear area. Some investigators observed that thrust force increased significantly
with the increase in point angle in drilling of composites [56, 60]. The effect of
special drill geometry on cutting forces has been investigated in drilling of
composites [61-62]. The authors suggested special drill bits to obtain lower
thrust force during drilling of CFRP and GFRP.
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The effects of wear via number of drilled holes on thrust force and torque
were investigated in drilling of composites. A remarkable increase has been
observed in cutting forces with increased wear [63-68]. It was also found that
the rate of increase in thrust force was higher at the early stages of tool life

comparing to later stages.

The extent of delamination is related to thrust force in drilling of
laminated composites. Therefore thrust force is a key index to assess
machinability of composites [69]. A direct correlation has been observed
between thrust force and delamination, therefore solutions which can decrease
thrust force have been addressed for reduced delamination damage in drilling
of composites [65 69-70]. Among these optimized geometry and process
parameters, vibration assisted drilling and high speed drilling can given as

effective ways to reduce thrust force noticeably.

In another experimental study, effect of pre-drilled hole was investigated
on thrust force in drilling of GFRP [71]. The authors concluded that thrust force
was significantly reduced when the pre-drilled hole size was 40% and above of

the final hole size.

2.3.2 Hole Quality

Tight dimensional and geometric tolerances have been required in
composite structural parts nevertheless it is not easy to achieve these tolerance

due to the nature of composite materials.

Delamination is an inter-laminar type of damage and can be induced in
drilling operation. Delamination has been recognized as a major damage in
composite structures since it can reduce load carrying capacity, bearing
strength, structural integrity and potential damage of long term performance of
the composite parts with reduced fatigue life [7, 53-54, 58, 72-76]. It has been
reported that delamination is responsible for approximately 60% of all

rejections of composite components in the aircraft industry [58, 70]

Experimental observations have indicated that delamination can occur
both at the entrance side and at the exit side of the hole in drilling of composites
[52, 58, 61, 70, 73-74, 77-86]. If the induced thrust force is greater than the
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bonding strength between the adjacent laminas, the delamination can take
place. In practice, it was observed that the exit delamination is more severe than

the entrance delamination [28, 58, 66, 69].

The effects of machining process parameters on induced delamination
have been investigated by a number of researchers. Most of the investigators
stated that feed rate is the dominant factor on delamination in drilling of
composites [13, 58, 69, 72, 77, 87-95]. It was observed that drilling induced
delamination increases with the increased feed rate which attributes to the
increase in thrust force. Different correlations have been observed between the
cutting speed and delamination. Delamination has increased with the cutting
speed in drilling of composite [13, 77, 88, 90, 93], however a contrary tendency
has been also indicated by some investigators [58, 69, 72, 89, 92, 95].

The tool geometry is another important aspect of drilling of composite.
The effect of point angle on delamination has been studied. Gaitonde et al. [72,
92] reported that drilling induced delamination increased with increased point
angle of carbide twist drill bit in drilling of CFRP laminated workpieces
whereas Kilickap [93] stated that delamination decreased with the increased
point angle of HSS twist drill bit in drilling of GFRP workpieces. It was
reported that damage is associated to the angle between the fibres orientation
and cutting edges [52, 96]. Aoyama et. al [96] concluded that the damage is

larger when the angle between the cutting edge and fibre orientation is 45°.

The extent of drilling induced delamination is related to thrust force,
therefore the relation between thrust force and delamination is subject to a

number of investigations.

A positive linear correlation between drilling induced delamination and
thrust force was observed in drilling of composite with various drills [65, 69, 83,
97]. This finding has confirmed that delamination is closely related with thrust

force and delamination can be avoided by controlling thrust force.

Critical thrust force is expressed as the thrust force which is the limit for
the initiation of a delamination in drilling of composites. Delamination takes
place beyond this thrust force [98]. The first analytical model to calculate critical

thrust force has been proposed by Hocheng and Dharan [74]. Linear elastic
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fracture mechanics was employed where the critical thrust force was modelled
as a single concentrated load. Later Hocheng and Tsao have developed a series
of analytical models to determine critical thrust force in drilling of composite
with various drill geometry, including twist, slot, brad point, step and core drill
bits [82-83, 98-101]. However, relatively simplified and idealized thrust forces

have been employed in these models.

As it has stated drilling induced delamination is the major concern in
drilling of composite materials [80, 102]. Hence, some research has been
conducted to avoid or minimize delamination in drilling of composite

materials.

It has been understood that it is difficult to obtain delamination free
drilling with the use of conventional twist drills [70, 73]. For this reason, various
drill bit geometries have been developed and investigations were carried,
including brad spur [103], straight flute [63, 68, 104-105], step [28, 61, 82, 91, 99],
core [73, 82-83, 101], step-core drill bits [106]. It was clearly observed that
delamination was decreased significantly comparing to twist drill by reducing
thrust force and increasing critical thrust force. The productivity has been also
developed by allowing drill bits to cut at higher feed rates without

delamination.

Piquet et al. [104] investigated drilling of CFRP by conventional two-flute
twist drill and three-flute twist drill. Authors concluded that hole quality was
significantly developed with the use of three-flutes twist drill due to the smaller
contact length between the drill and the hole. However, in another study three
flute twist drill with high point angle has failure to improve delamination in
drilling of GFRP [103].

The influence of the roundness of the drill on delamination was studied by
Tsao and Hocheng [107]. It was found that higher roundness resulted in
increased thrust force, thus more severe delamination. The effect of the chisel
edge and eccentricity on delamination was also studied by Tsao and Hocheng
[108]. Authors concluded that thrust force can be significantly reduced by the
minimisation of the chisel edge, as a result delamination can be avoided.

Moreover, Tsao and Hocheng [97] investigated the effect of drill diameter on
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delamination in drilling of CFRP with twist, candle stick and saw drills. Drill
diameter was found a dominant factor on delamination whereas candle stick
and saw drills were found to be more effective comparing to twist drill since

less amount of delamination was generated by them.

Drilling induced delamination can also be reduced by a support plate
underneath the composite workpiece. Some investigations have been
performed in drilling of composite with different drill bit geometries and
reduced delamination has been observed in the studies [80, 109]. The support
plate improves the critical thrust force, thus significant reduction in
delamination can occur. This method is commonly utilized in the

manufacturing industry.

Another approach to reduce delamination is the use of pilot holes. Some
analytical and experimental investigations have been carried out on drilling of
composites with pilot holes with various drill bits [107, 110-111]. Authors
concluded that significant reduction in delamination can be obtained with the
application of this technique due to reduction in thrust force by the elimination

of the effect of chisel edge of drill bit.

2.3.3 Tool Damage

Tool damage can be seen as tool wear, plastic deformation and built up
edge in machining operations. Once the initial geometry of cutting tool is
changed, cutting is performed ineffectively and the required tolerances and

quality would be difficult to obtain in the workpiece [112].

Tool wear is a complex phenomenon and is generally expressed as
material removal from the cutting edge or surfaces of the tool. Tool wear occurs
due to several mechanisms which include abrasion, diffusion, erosion,
corrosion, and fracture [113]. Under a set of cutting conditions, some of these
wear mechanisms and their interactions may occur in machining. Tool wear
causes increases in cutting forces and temperatures, reductions in the strength
and integrity of the cutting tool, deterioration of machined surfaces, thus loss in
dimensional accuracy, productivity and costs. Hence, to achieve the required

quality of holes and to extend tool life, it is necessary to understand tool wear
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and related mechanisms. For this purpose, a number of research studies have

been carried out in drilling of composite materials.

Tool wear occurs due to various mechanisms and it depends on various
factors such as workpiece and tool materials, machining parameters and
environment conditions in drilling of composite materials. Abrasion and
chipping are commonly attributed to the tool wear mechanisms in drilling of

composite materials however adhesion can be also seen on tool edges.

A number of research works have identified abrasive wear as dominant
tool wear mechanisms in drilling of composite materials owing to the highly
abrasive nature of the reinforcement, particularly carbon and glass fibres [56,
64, 67, 114]. The abrasive wear mechanism is characterized by scratches and
grooves on tool surfaces under high cutting pressures due to the existence of
hard fibres in the composite workpieces. Anisotropic abrasive reinforcements

cause excessive tool wear and shorten tool life substantially.

Chipping has been observed by a number of investigators [28, 64, 115]. It
was reported that, chipping has appeared due to high contact cutting stress at
the beginning of the cutting as drill edges were sharp. In addition to that,
adhesion has been reported on the flank face due to high cutting temperatures
[64, 67]. However, both chipping and adhesion were not found as the dominant

wear mechanism in drilling of composite.

A range of materials is used in the manufacturing of cutting tools. These
materials can be classified into three main groups; high-speed steels (HSS),
cemented carbides, and super hard materials. Each group has its unique
characteristic such as mechanical and thermal properties, and tribological
behaviour [116].

High-speed steels are one of the oldest tool materials which have high
toughness and moderate strength with low to moderate hardness. They can be
easily shaped and imparted their hardness by heat treatment. Due to low cost,
they have been used extensively, however they are not very suitable for
machining of composites due to their low to moderate hardness and low wear

resistance [116].
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The cemented carbide group is mostly made from tungsten carbide (WC)
and some other carbides including TiC, TaC. Cemented carbide cutting tools
are produced by first cold pressing of powder mixtures and then sintering
around 1400 “C. They provide high hardness, high toughness, moderate to high
wear resistance, and are able to retain their properties at relatively higher
temperatures than high steel alloys since their hardness are imparted by the
hard phase not heat treatment. Cemented carbides are the widest range of tool
materials since they are medium cost tool materials, able to machine most of the
engineering materials and their tailored properties can also be improved by

various coatings [116].

Super hard materials includes ceramics, poly crystal diamonds (PCD),
cubic boron nitride (CBN) and single crystal diamond. They are developed for
extra long tool life and high productivity, but required special attention and
tool machines for the possible applications, therefore they are high cost. Except
the single crystal diamond, they are produced by sintering method at very high
temperatures and pressures. They generally provide very high strength and

wear resistance, but not high toughness due to very brittle structure [116].

Since tool materials play important roles in many aspects, such as wear
and tool life, drill bits made from different materials as explained above, such
as high speed steel (HSS) [20-21, 79, 82-83, 90, 97, 103], uncoated cemented
carbides [20-21, 28, 56, 63-65, 75, 90, 103, 114], coated cemented carbides [28, 63,
114], and polycrystalline diamond (PCD) [44, 47-48, 55, 57-58] have been used to
understand the drilling processes of composite laminates. Although different
tool wear mechanisms exist in drilling of composite materials, the major tool
wear mode was found as flank wear in many studies [20-21, 28, 56, 64-65, 67,
114]. Studies have shown that abrasive based flank wear was found on HSS [20,
103], uncoated carbide [20-21, 28, 63-65, 114] and various coated carbide drills
[28, 63, 114] in drilling of composite materials. Coated carbide and PCD tools
suffer from wear less comparing to HSS tool and present lower delamination
damage in machining of composite materials. Moreover the use of PCD and
coated carbide tools provide longer tool life in drilling of composites that the

one with HSS. Nevertheless PCD tools are extremely expensive.
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Tool wear is sensitive to cutting parameters, thus the relation between
cutting parameters and tool wear is a subject of matter in drilling of composites.
In generally it was observed that tool wear increased with the increasing cutting

speed and feed rate [115].

Tool wear can also result in serious workpiece damages such as
delamination and surface roughness [64, 66, 71, 79]. It was stated that an
increase in tool wear provokes an elevation in thrust force in drilling of

composites. This can deteriorate the quality of holes in the workpiece [71, 115].

2.3.4 Numerical Study

Material removal is a subject of numerical studies in the literature
however the majority of them are concerned with metal machining.

Nevertheless, machining of composites is rather different from metals.

Mahdi and Zhang [117] studied orthogonal cutting of laminated
composites. The finite element analysis was 2-D and utilized the Tsai-Hill
criteria for chip generation. Cutting forces was predicted. In another study
[118], the authors proposed an adaptive mesh algorithm. Arola et al. [119-120]
also developed a finite element model to investigate the chip formation during
orthogonal cutting of a laminated composite material with unidirectional
oriented fibres. Different cutting geometries were utilized as rigid and
deformable body in the analysis. The authors concluded that the model was
able to predict cutting forces in orthogonal cutting of composite. The influences
of fibre orientation and tool geometry on the fracture stress were also discussed.
Later Zitoune et. al. [121] performed drilling of composite material by using a
simplified framework with orthogonal cutting. The authors showed the
influence of fibre orientation and cutting speed on drilling. In another study,
Singh et. al. [60] developed a finite element model in drilling of unidirectional
GFRP. 3-D twist drill geometries were used to understand the influences of
geometry on force, torque and delamination. The maximum stress and the
maximum strain and Tsai-Wu failure criteria were utilized to represent the
material failure [60]. The authors concluded that smaller point angle should be
used in drilling of GFRP.
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These approaches were due to the complexity of machining process, stress
and delamination analysis of laminated composites. In these studies FE stress
and failure analyses have been conducted using maximum stress and Tsai-Hill

criteria owing to the limited capabilities of computer processors and FE tools.

Latest advances in computational processors and improved FE
formulations have allowed the development of complicated and more realistic
3D models to be solved with improved computational efficiency. In recent
years, numerical predictions of delamination and critical thrust force have been
performed in drilling of laminated composites [122-124]. The onset of
delamination is modeled by virtual crack extension (VCE) method [124] and
cohesive zone elements (CZE) [122-123]. The latter approach of CZE overcomes
some of the difficulties of the former methods of VCE. For example a pre-
defined crack front is not required in CZE. These elements use a failure criterion
that combines aspects of strength based analysis to predict the onset of the
softening process, and a fracture mechanics based approach to predict the
growth of delamination which is governed by the inter-laminar through-
thickness stress components. However these studies suffer from some
significant drawbacks such as lack of a progressive damage model for intra-
laminar and inter-laminar properties. Moreover, the complex geometry of drill
bit and machining process parameters such as feed rate and cutting speed have

not been taken into account.

2.4 Drilling of Titanium

Titanium and its alloys are attractive for many applications due to their
superior properties. However, Ti has been classified as difficult-to-machine
material. There are several reasons of this depending on the application.
Among all machining methods, drilling is significantly important for titanium
since it is generally the final step of the machining. It accounts approximately
40-60 % of all material removal processes and is essential for many applications,

thus has considerable economical importance [125-126].

Several researches have been carried out to understand machining or

titanium and its alloys better. This section will review on mechanical drilling
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processes for Ti. It covers several essential aspects, such as cutting forces,

cutting temperatures, tool damage, hole quality and numerical approaches.

2.4.1 Cutting Forces

Cutting force is one of the indicators of machinability of a workpiece [127-
128]. In practice, a smaller cutting force is desired however it may not be easy to
achieve since it can be affected several factors. An increase in the cutting force
can provoke wear and vibration, consequently poor quality of machined
surfaces and shorten tool life. High torque often indicates large friction between
the cutting tool and workpiece and can cause high cutting temperatures. The
relations between machining parameters, cutting tool geometry, wear, and
thrust force and torque in drilling of titanium have been studied by a number of

researchers.

Process parameters have influence on cutting forces. Feed rate has been
observed as the dominant process parameters on thrust force and torque in
drilling of Ti alloy [20, 127, 129-130]. It was reported that thrust force and
torque increased with the increasing feed rate. In contrary, it was stated that an
increase in cutting speed reduce the thrust force and torque in drilling Ti alloys
[127, 131-132]; however in another study an increase was reported in torque
[129]. The cutting power and cutting forces in drilling of titanium have been
found similar to that in drilling steels [2, 133], however higher stresses on
cutting tool have been reported in drilling of Ti-6Al-4V comparing to that
drilling steel [134]. This was attributed to high strength and low elasticity
modulus at elevated temperatures which cause small contact area between chip

and cutting tool.

Geometry of drill bit has significant effects on cutting forces in drilling of
titanium, thus it has been subject of a limited number of research works. Low
negative rake angle and large helix angle has been addressed to reduce thrust
force and torque [131, 135]. Special geometries such as helical drill and split
point drill were reported to lower the thrust force in drilling of titanium [17,

131]. Thinner web was stated beneficial to reduce thrust force [131]
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The effect of tool material on thrust force and torque has been
investigated. It was reported that carbide tools outperformed HSS and HSS-Co
tools. Lower thrust force and torque values were observed with carbide tools in

drilling of titanium and titanium/graphite stack [131, 136].

The effect of coolant on thrust force and torque has been investigated in
drilling of titanium by Li et al. [131]. It was observed that internal coolant
caused an increase in thrust force and it was attributed to hydrodynamic force

whereas external coolant did not affect remarkably.

2.4.2 Cutting Temperature

Typically, 90 % of the work of plastic deformation and friction are
converted into heat in drilling of a metal based material and consequently high
cutting temperatures are generated in drilling region and surrounding area
such as tool body [2, 131, 137-138]. The generated heat is removed from the by
tool, workpiece, chip and coolant if it used in drilling, thus the partition of heat
depends on the thermal properties of both materials. Since titanium has a low
thermal conductivity coefficient, a large fraction of heat is forced to be absorbed
by cutting tool [131, 134]. The thermal conductivity of titanium is
approximately 15% of steel, thus the heat fraction of tool during drilling of
titanium has been reported higher than drilling steel [133, 139].

Cutting temperature distribution has been investigated and it was
observed that temperature gradients were much steeper whereas heat affected
zone was much smaller and closer to cutting edge in titanium comparing to
steel. This was attributed to smaller contact due to thinner chip which causes to
high cutting temperatures as high as 1100 °C. [140-143]. The high cutting
temperatures around the cutting edge of the tool have been stated as the principal reason
of the rapid tool wear in drilling titanium [2]. Rahim and Sharif [132] reported that
the average cutting temperature increased with the increasing cutting speed

whereas the temperature oscillation has decreased.
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2.4.3 Hole Quality

Hole quality can be evaluated in terms of surface roughness, and burr in
drilling of titanium alloys (Kim et al., 2001). Generally high quality of holes are
required, thus hole quality is a subject matter for investigators in drilling of

titanium alloys.

Surface of titanium alloys can be easily damaged in machining in forms of
microcracks and plastic deformation [133, 139, 142, 144]. High surface
roughness could cause to catastrophic fatigue and excessive wear. It was
observed that cutting speed has a noticeable influence on surface roughness in
drilling of titanium [21]. It was reported that surface roughness decreased with
increasing cutting speed with carbide drill, however a contrary tendency was
observed in drilling of titanium with HSS-Co drills [132, 136, 145]. Generally it
was observed that lower surface roughness were achieved with carbide drills
comparing to HSS drills [21, 136], and similarly coated carbide drills
outperformed uncoated carbide drills in drilling of titanium. This was

attributed to wear mechanisms and tool wear rate [145].

Burr is a common defect in machining of titanium alloys due to plasticity
and it can occur at both entrance and exit sides of the holes. Generally the exit
burr was observed larger than the entrance burr. It can reduce the fatigue life of
the structure and 30% of some components is estimated due to deburring

operations [17].

The process parameters has a noticeably effect on burr size. It was found
that burr height is closely related to thrust force in drilling and larger exit burrs
are induced in drilling with lower feed rates whereas burr height increases with

cutting speed [136].

Dornfeld et. al [17] have also investigated the effect of tool geometry on
burr and concluded that burr height can be minimized by the use of drills with
large helix angle and large point angle. Helical point drills were performed
better comparing to split point drills by means of burr sizes. Kim et. al. [136]

observed that carbide drills produced smaller burrs at the exit than HSS-Co
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drills did due to reduced thrust force and wear. Dornfeld et. al [17] stated that

cutting fluids minimize the drilling induced burr in workpieces.

2.4.4 Tool Damage

Severe tool wear is the main reason of high machining cost of titanium.
Thus tool life and tool wear have been subject of matter by many researcher in
drilling of titanium. Wear mechanisms in machining of titanium depends on
several aspects such as material process parameters, material combination, tool
geometry and coolant. Tool wear occurs due to several mechanisms which
include abrasion, diffusion and fracture in drilling of titanium. Some of these

wear mechanisms and their interactions can occur during drilling [2, 132, 145].

Tool wear develops fast due to excessive cutting temperatures and strong
adhesion between the tool and workpiece in the machining of Ti [142].High
cutting stresses on the cutting edges of the tool accelerates tool wear and may
result in plastic deformation [2, 17, 19, 134, 140, 145]. In addition to this built-
up-edge (BUE) can occur on the cutting tool under high cutting stresses and
temperatures [146]. The local welding between cutting tool and workpiece or

chip often leads to chipping and sudden fracture of the cutting tool.

Influences of process parameters on wear have been also studied. It was
found that tool wear is predominantly affected by feed rate [2, 19, 131, 147]. It
was reported that tool wear increased significantly with the increasing feed rate
and reduced tool life in drilling of titanium [131]. Cutting speed was found to
have significant influence on tool wear [2, 19]. It was reported that at high
cutting speed cutting tools suffered from excessive tool wear and the life of
cutting tool reduced drastically [2, 132, 145]. Similar to feed rate, lower cutting
speed was suggested in drilling of titanium, but this will reduce the

productivity significantly [19].

Effect of tool geometry has been investigated by a limited number of
investigators in drilling of titanium. Larger helix angle has been reported to
increase tool life by improving chip removal [135, 146]. Aust and Niemann [147]
studied drilling of v titanium alloys and concluded that larger drill diameter

can provoke a reduction in tool life. High clearance angle and high negative
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rake angle have been suggested to reduce tool wear in drilling of titanium
alloys [148-149].

Over the last few decades, there have been great developments in cutting
tool materials, including coated carbides, ceramics, cubic boron nitride (CBN),
polycrystalline diamond (PCD) and various coatings. Most of these materials
have been found to be useful in various machining applications however not
completely successful to improve machining of titanium alloys due to several

reasomns.

Cutting tool materials have to withstand with high strength, high cutting
temperatures and high diffusion in drilling of titanium alloy therefore tool
material requires high strength, hardness and toughness even at elevated

temperatures, high thermal conduction coefficient and high chemical inertness.

Different tool materials show different responses and wear mechanisms
during machining of titanium alloys. It was reported that HSS tools suffer from
various wear types. Due to moderate cutting temperatures above 500-600 °C in
machining of titanium, they lose their hardness [134]. This can also cause to
severe plastic deformation which can accelerate the rate of wear. The high
cutting temperatures can also lead to built-up-edge [3, 140] . High alloy HSS,
such as M33, M40 and M42 might be useful in some machining applications of

titanium alloys by special care [133].

Many investigators have reported the advantage and performance of
carbide tools over HSS tools due to higher hardness and wear resistance in
machining of titanium alloys [2, 140, 148, 150]. K grade carbide tools
outperformed HSS tools in wear rate due to toughness and hardness, however
P grade carbides was not suggested due to similar wear rate to HSS and their
thermal properties [134, 140, 151]. Various coated P grade carbides did not
perform well in machining of Ti alloys [151-152]. It was reported that uncoated
and coated P grade carbide tools were suffered from larger plastic deformation,

crater wear and diffusion than K grade carbides in machining of Ti.

The superhard cutting tool materials such as cubic boron nitride (CBN),
ceramics and polycrystalline diamond (PCD) have shown some good

performance, such as wear rate, in machining of titanium [2, 19, 140]. However,
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their relatively low fracture toughness, poor thermal conductivity and high
costs are limiting their applications [153]. The coated tools performed well and

suffered less damage and reduced wear rate [145].

The use of cutting fluids in machining of titanium alloy is essential since
the coefficient of thermal conductivity of titanium is very low. It was reported
that tool wear can be reduced up to 10 times by application of cutting fluids via
drill coolant holes [131]. It was also stated that cutting fluids which contain

phosphates serves better in machining of titanium [2-3]

2.4.5 Numerical Study

Very few investigators have studied machining of Ti-6Al-4V numerically.
Li and Shih [154] conducted finite element analysis of drilling of titanium alloy.
They investigated cutting temperature and stresses on drill bit in drilling of Ti-
6Al-4V. A thermo-mechanical FE model has been utilized to predict
temperature and stress. The study enabled to design 3-D drilling and

demonstrated of effectiveness of FE analysis to design cutting tool.

Umbrello [155] has investigated finite element analysis of conventional
and high speed machining of Ti-6Al-4V. He focused on the effects of
constitutive law parameters on the predicted cutting force and chip
morphology. He implemented the Johnson Cook material model for the 2-D
orthogonal machining of Ti alloy with rigid tool. Results indicated a reasonable
prediction of cutting force and chip morphology for both conventional and high

speed machining of Ti-6Al4V.

Calamaz et al [156] has performed a finite element study to investigate
chip formation and shear localisation in machining of titanium. The numerical
analysis was based on orthogonal cutting in 2D to simulate segmented chips
with regard to the process parameters. Due to the use of cutting speeds beyond
60-65 m/min, segmented chip is formed and adiabatic shear bands should be
taken into account in machining of Ti-6Al-4V. Thus authors proposed modified
Johnson-Cook constitutive material law to introduce strain softening during
machining of titanium alloy. With the use of a rigid cutting tool, chip

morphology, cutting stresses and cutting temperatures was predicted in
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orthogonal cutting of Ti6Al4V. These contributions reveal that material flow
stress and finite element formulation greatly affects not only chip formation
mechanism but also stresses, forces and temperatures predicted in high speed
machining of Ti-6Al-4V.

Sima and Ozel [157] have also studied serrated chip formation in
machining of Ti-6Al-4V. Chip formation process with adiabatic shear has been
investigated via FEA with the proposed material model. Sima and Ozel have
developed a tanh model very similar to that of Calamaz et al. The only
difference is the S exponent of the tanh function whose value is near 1. This
setting does not fundamentally change the shape of the stress-strain curve. A
higher value of the parameter S leads to a faster entrance to the softening
regime of the workpiece material with respect to increasing strain and decreases
the slope of the softening part of the flow stress curves without changing the
value of the minimum flow stress. A lower value of the parameter S causes
minimum flow stress to take place at a higher strain. 2-D finite element
simulations of orthogonal cutting were performed with the use of deformable
tools which are uncoated carbide and TiAIN coated carbide tools. The finding

of the study was similar to Calamaz et. al. work [156].

2.5 Drilling of Hybrid Structures

CFRP metals are used increasingly in form of stack to optimize the
weight/strength ratio in various applications, such as wing structures and
fuselages [23, 26]. Assembly of these materials generally requires high number
of rivets or bolts [5]. Drilling of composites and titanium alloys have been
explained in the previous subsections. Nevertheless, drilling CFRP/metal stacks
has been studied only by very few researchers. Not surprisingly different
problems may arise due to combination of very different attributes of these
materials during drilling of multi-layer materials. The previous work on

drilling of composite/metal stack is summarized below.

Ramulu et. al. [20] carried out an experimental study to understand effect
of tool material in drilling of graphite-bismaleimide/titanium (Gr-Bi/Ti) stacks.

Authors observed that dissimilar material properties had significant influences
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on tool life and workpiece defects. Due to high cutting temperatures matrix
degradation in CFRP and burr formation in Ti, surface roughness of the
workpieces and tool wear increased in all HSS, HSS-Co and carbide tools, thus
only very few holes could be drilled. It was concluded that carbide tools
outperformed HSS and HSS-Co tools.

Brinkesmeier and Janssen [158] has investigated drilling of CFRP/AIl and
Al/CFRP/Ti stacks. The authors aimed to optimize the influence of tool
geometry and process parameters with regard to quality of holes and tool wear
by using conventional and optimized tool design with the application of
coolant. The authors concluded that optimized step drill, which has about 0.96
step ratio, improved the quality of holes whereas coating only affected tool

wear.

Kim and Ramulu [21] studied the drilling process of graphite-
bismaleimide/titanium alloy (Gr-Bi/Ti) stack. They focused on assessment of
hole quality and optimisation of process parameters. They stated that quality of
hole in drilling of composite is very dependent on properties of the composite.
They suggested a combination of low feed rate and low cutting speed as
optimum process parameters with C2 grade carbide drills whereas relatively

higher feed rate and cutting speed with HSS-Co split point drills.

Zitoune et al. [159] has investigated drilling of CFRP/Al stack. They
carried out an experimental study to optimize process parameters. They
concluded that effect of drill diameter and feed rate are dominant on chip
breakability whereas effect of spindle speed can be ignored. A similar relation
has been observed between surface roughness and process parameters in CFRP
whereas more smooth surfaces were obtained in Al with the use of K20 carbide

tool. They concluded that thrust force was more sensitive to wear in drilling of
CFRP part than Al

Shyha et. al. [160] investigated the quality of holes in the drilling of
Ti/CFRP/Al stack with the use of uncoated carbide, CVD diamond coated
carbide and AITiN-Si3N4 composite coated carbide. They observed that
delamination was reduced significantly in drilling stack comparing to drilling

CEFRP alone. The burr height was found noticeably higher at the exit of Al
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comparing to Ti. The authors suggested the use of internal cooling through drill
holes comparing to spray mist cooling due to improvement in the quality of
holes. They also observed that hole edges of CFRP were damaged due to burrs
and chips.

Park et. al. [161] carried out a study to understand wear mechanism in
drilling of CFRP/titanium stack with carbide and polycrystalline diamond
(PCD) tools. The authors observed that abrasion and adhesion were found to be
the dominant tool wear mechanisms in drilling of CFRP/Ti stack due to
abrasive carbon fibres and chemically reactive Ti. Adhesion of titanium
occurred on carbide drills severely whereas PCD shows significantly higher
wear resistance against adhesion however PCD drills was suffered from
chipping. The increase in the cutting forces was observed much steeper in the
experiments with WC tools than that with PCD drills. The wear was observed
to be more sensitive to spindle speed in WC drills. In overall the authors
concluded that PCD drills outperformed WC drills in stack drilling in the given

tests conditions.
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Experimental Methodology

This chapter discusses experimental research in drilling of Ti-6Al-4V,
carbon fibre reinforced composite and stack of these two materials. The entire
experimental study includes on-line and off-line measurements and

investigations to assess performance of drilling.

First, drilling of Ti-6Al-4V and CFRP were carried out separately to study
drilling of each material. Since characteristics of these materials are
considerably different from each other, investigations were performed to study
machinability of them separately. The force and torque output were measured
on-line throughout the drilling experiments. Tool wear was observed and
examined during drilling. Burr formation of Ti-6Al-4V and delamination of
CFRP were investigated. Surface quality of drilled holes was analysed after

drilling tests. The effects of process parameters on these outputs were studied.

Second, some drilling experiments were performed in stack of CFRP and
Ti-6Al-4V. All the measurements and observations which were carried out in
drilling of these materials were also performed for drilling of stack to

understand the machinability of stacked materials.

The drilling experiments were conducted at Advanced Manufacturing
Research Centre of University of Sheffield, located in Rotherham, UK. The
details of the experimental work including materials, techniques and

parameters are explained in detail in the following sections.

3.1 Materials

The CFRP work pieces were comprised of unidirectional carbon fibre as
the reinforcements and epoxy as the matrix material. The unidirectional
prepregs, Hexcel HEXPLY UD T700 268 M21 34% T700-M21, were fabricated
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out of T700 carbon fibres. The prepregs were cured and laminated work pieces
were supplied by Airbus. The nominal fibre volume fraction of the prepregs
was 59%. The laminates were designed to have quasi-isotropic properties
including 80 plies. The lay-up sequence was [(90°/-45°/0°/45°)]5s. The final
cured thickness of the laminated work pieces were 20.8 mm. The physical and

mechanical properties of the unidirectional prepregs are illustrated in Table 3-1.

Table 3-1: The Material Properties of CFRP [162-163]

P EoL Er Grr oftL ofey oftr ofer
(k /m3) ULT
g (GPa) (GPa) (GPa) (Mpa) (Mpa) Mpa) (Mpa)
1580 112 8.2 03 45 1900 1000 84 250

Ti-6Al-4V is most widely used Titanium alloy in aircraft industry because
of its high specific strength. The machinability of the material is poor because of
high hardness and strength. The final thickness of the Ti-6Al-4V work pieces
were 20 mm. The mechanical, physical and thermal properties of workpiece
materials are given in Table 3-2 whereas the chemical composition of the

material is shown in Table 3-3.

Table 3-2: The Material Properties of Ti-6A1-4V [16]

p E v G Ou cy CP K
(kg/m’) (Gpa) (Gpa) (Mpa) (Mpa) (/kg’K) (W/m°K)

580 6.6
4430 105-116 0.26-0.36 41-45 900-993 830-924 (at20°C)  (at20°C)

Table 3-3: The Chemical Composition of Ti-6A1-4V [16]

Al V N C H Fe O

60 40 005 01 001 03 0.2

The selection of drill bit was not easy. In order to withstand the high
thrust force a high point angle drill bit was chosen. Commercially available
appropriate coating was opted to withstand the high abrasive wear of fibres.
The drill bits used in drilling tests of CFRP and Ti-6Al-4V, are coated solid
carbide twist drill made by Sandvik Coromant. The drill is CoroDrill Delta-C
R846 product which is 3 um multilayer TiAIN/TiN PVD coated solid tungsten
carbide drill. It is a 2-flute through-coolant right hand drill with 140° point angle,
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30° helix angle and 8 mm diameter. The hardness of TiAIN is between 2500-
4000 HV[164-166] whereas TiN 2000-2250 HV[164-165]. Multilayer coating
exhibit higher hardness and toughness due to the interfaces between coating
layers. The carbide grade is Sandvik grade GC1220 or ISO S30. The drill
particularly designed for application of producing holes in aerospace materials

and is shown in Figure 3-1.

|
140" e e '_“_}1% o
J

Figure 3-1: The twist drill geometry

3.2 Drilling Tests

All drilling experiments were carried out on a vertical CNC machining
centre Mori Seiki SV-500 with a maximum spindle speed 10,000 rpm. Figure 3-2

shows the Mori Seiki vertical machining center used in the experimental work.

I | Wm0

Figure 3-2: The machining centre
All drilling experiments were carried out with high pressure cooling
through tool coolant holes of drills. 5 percent emulsion of Hocut 795B cutting
fluid was applied in wet cutting experiments at a constant 38 bar coolant

pressure (equal flow rate of ~2.4 1/min). Experiments were repeated 5 times. The
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diameter is chosen 8 mm as it is one of the most common required hole size in
aircraft industry. Since the mechanical and physical properties of CFRP and Ti-
6Al-4V are quite distinct, different cutting parameters were selected for drilling
of these different materials. In the first scenario (Scenario-A), the effects of
drilling parameters were investigated in drilling of CFRP and Ti-6Al-4V. Table
3-4 shows the process parameters used in the experiments for each material in
Scenario-A. These machining parameters were determined according to the

industrial experiences and available ranges for each material.

Table 3-4: Cutting parameters (Scenario-A)

Material Spindle Speed (rpm) Feed Rate (mm/min)
CFRP 3000, 4500, 6000, 9000 355, 457, 585, 684
Ti-6Al-4V 1000, 1400, 1800 95,119, 142,171

4500,6000 ( CFRP ) 355,457 (CFRP)

CFRP/Ti-6Al-4V
1400,1800 ( Ti-6Al-4V ) 95,119 ( Ti-6Al-4V)

The second scenario (Scenario-B) was performed for the effects of tool
wear on drilling of CFRP and Ti-6Al-4V. Table 3-5 shows the process

parameters used in the experiments for each material in Scenario-B.

Table 3-5: Cutting parameters (Scenario-B)

Material Spindle Speed (rpm) Feed Rate (mm/min)
CFRP 4500 457
Ti-6Al-4V 1400 119
CFRP/Ti-6Al- 4500 ( CFRP ) 457 (CFRP)
4V 1400 ( Ti-6A1-4V ) 119 ( Ti-6A1-4V )

Due to high cutting forces, drill can be broken very easily in drilling of Ti-
6Al-4V work pieces. Therefore small drilling cycles (2 mm depth per cycle),
which is called peck drilling, has been used in drilling of titanium in both

scenarios.
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3.3 Force & Torque Measurement

The thrust force and torque signals during the drilling experiments were
measured using a multi-component dynamometer Kistler model 9255B. The

dynamometer mounted on the machine tool is shown in Figure 3-3.

o\

Figure 3-3: The Experimental Set-up
The dynamometer has the capability to measure forces in X, Y and Z
directions and the calculate torque component in Z direction. Specifications of

the dynamometer are given in Table 3-6.

The data acquisition system used for the drilling experiments is comprised
of a multi-channel charge amplifier, Kistler model 5017, data acquisition card
fitted inside a notebook PC, and a software application, Dynoware, developed
by Kistler. Dynamometer was charged and the signals were collected by the
multi-channel amplifier. The amplifier converted the induced signals, which
were proportional to the applied force, to voltage. These voltage signals were
gathered through the data acquisition system. The resulting signals were
converted to the force by the calibrated data in the software. The data

acquisition system is shown in Figure 3-4.
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Table 3-6: Specifications of Dynamometer

Specifications Type 9255B
Calibration calibrated
Measuring Range Fx, Fy kN +20
Fz kN -10..40
Sensitivity Fx, Fy pC/N =38
Fz pPC/N =3.7
Natural Frequency fnx, fny,fnz  kHz =3
Operating temperature range °C 0..70
Length mm 260
Width mm 260
Height mm 95
Connection Fischer 9 pol. neg.
Sealing welded/epoxy (IP67)

With connecting cable
Types 1687B5, 1689B5
Mass kg 52

Before the experiments, the dynamometer was sealed perfectly due to the
use of coolant and calibrated. Measurements were obtained with a frequency of
1000 throughout drilling of holes. Force and torque were measured in each hole
in drilling of CFRP, Ti-6Al-4V and CFRP/Ti-6Al-4V stack. The force and torque
characteristics were investigated. The effects of process parameters on the
thrust force and torque in drilling of CFRP and Ti-6Al-4V and CFRP/Ti-6Al-4V
stacks are reported in Chapter 6, 7 and 8, respectively. The effects of wear on

thrust force and torque also reported in the results.

Figure 3-4: The data acquisition system
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3.4 Delamination Measurement & Analysis

Figure 3-5 shows typical delamination damage of a hole after drilling
composite material. The delamination factor has been recognized and widely
used to determine the level of damage on the composite structures. The
delamination factor is frequently calculated as the ratio of the maximum
diameter of the delamination zone to the nominal hole diameter as given in Eq.
3.1. Delamination factor can also be calculated from the ratio of the delaminated
area to the nominal hole area in Eq. 3.2. The former factor can be called as
conventional delamination factor (Fp) whereas the latter is called alternative
delamination factor (Fa). Both factors are calculated through analysis and

reported in the results.

Figure 3-5: Illustration of Delamination Damage around a Hole

Dmax
F,= D Eq. 3.1)
F, = ;‘max Eq. (3.2)

nom

The conventional delamination factor can be used where the damage is in
regular form, such as glass fibre reinforced plastics. The alternative
delamination factor have been used in a limited number of studies [167-168]
due to complexity of the calculation of the area of an arbitrary damaged region
at the hole vicinity. However it is required to be used where the damage is in

irregular form and generally occurs in arbitrary shape, such as CERP.

Several techniques can be employed in the observation and evaluation of
the damage around the holes after drilling of composites. Optical microscopy,

computerized tomography and CT-Scan, shadow moiré laser imaging,
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microwave nearfield non-destructive testing, thermal imaging and digital
photography are some of these methods. In this study, optical microscopy and
digital image analysis were used in the characterisation and analysis of the
delamination at the hole vicinity of the CFRP work pieces. The delamination
was observed under a tool microscope system which consists of Sanyo high
resolution colour CCD camera, model VCC 2972, and Metric PE data image
software as shown in Figure 3-6. The hole vicinity were cleaned with acetone
carefully and dried completely to provide correct detection of the damaged
areas and to avoid visual errors. The CCD camera processes the resulting data
into an image, and the image is captured into the image software for the visual
inspection. The generated images were used in the developed algorithm for the
analysis of delamination factors. The digital image analysis algorithm was

developed in Matlab software and explained below.

Figure 3-6: The tool microscope system

Figure 3-7 illustrates the flow diagram of the digital image analysis
procedure. The algorithm has been developed in Matlab software. The image
from optical microscope input to the software. In order to obtain an image with
acceptable quality, a series of parameters must be appropriately selected. First
thresholding was applied to the image then the noise was suppressed in order
to make a clear image by filtering very small unconnected zones from the
image. After the application of region property module, the image was divided

into enclosed areas to enable obtaining quantitative data on the image,
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including the area of enclosed zones, perimeter of the areas based on the
detected edges, equivalent diameter, centre and eccentricity. Finally, the
maximum diameter and damaged area were obtained and delamination factors

were calculated using Eq. (1) and (2).
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Figure 3-7: The Flow Diagram of the Digital Image Analysis

HO

The influences of process parameters on delamination at both entry and
exit sides are discussed for both CFRP workpieces, drilled alone and in stack
with Ti-6Al-4V in Chapter 6 and 8, respectively. The effect of wear on

delamination is also reported.

3.5 Burr Measurements

There are different methods to measure burr geometry characteristics such
as burr height and thickness. These several techniques can be listed as contact
methods such as measuring with the use of micrometers and profilometers, and
non-contact methods such as optical microscope, light shadow, laser

measurement, interferometry and conoscopic holography.

The burr formation formed at the hole entry and hole exit in Ti-6Al-4V
workpieces were observed and sizes of burr geometry were measured for every
hole after drilling Ti-6Al-4V alone and in stack form with CFRP. The burr
height was measured with one of the contact techniques. The burr height at the

entry and the exit side of the drilled holes was measured with the use of a
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surface profilometer, Mitutoyo model SV-602. First, the workpieces” surfaces
were cleaned with acetone carefully, without making any damage to the burr
formation. Next, the top and bottom surfaces of the workpieces were taken as
reference. Later, the surface profiles of the workpieces, including the burrs,
were measured and the corresponding vertical displacement of the stylus was
recorded. The burr heights were calculated from the vertical difference between
the highest point at burrs and reference surfaces of the workpieces. This
procedure was used to measure the burr heights at the entry and exit sides of
the drilled holes of Ti-6Al-4V workpieces in drilling of Ti-6Al-4V alone and in
stacked with CFRP. In order to reduce variability, the measurements of the burr
heights were carried out in every 90 degree around the drilled hole at both
sides. The measurements were repeated 5 times to provide accuracy and

reliability of the results and the averages are reported in Chapter 7.

Figure 3-8: Measurement of Burr Formation (a) Burr Width (b) Burr Height

The burr width was measured with one of the optical techniques. The burr
form was observed and burr width at the entry and the exit side of the drilled
holes was measured with the use of a tool microscope system including Sanyo
high resolution colour CCD camera model VCC 2972 and Metric PE data image
software. First, the workpieces” surfaces were cleaned carefully by acetone to
avoid errors due to chips and cutting fluid. Next, the images of the drilled holes
were taken from the normal direction at entry and exit of the drilled holes.
Further, the burr widths were measured from the radial difference between the
inner surface of the drilled hole and the outer surface of the damaged region, in

other words the widths of the burr skin, as shown in Figure 3-8 (a). The
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procedure was performed at each 90 degree around the drilled hole at both
sides. As it was mentioned above for the burr height, the burr width
measurements were replicated 5 times for the accuracy and reliability of the

results and the averages are reported in Chapter 7 and 8.

3.6 Surface Roughness Measurements

The surface irregularities of the drilled holes were investigated to
understand machinability of CFRP, Ti-6Al-4V and stack of these materials. A
Mitutoyo Surftest SV-602 Surface Roughness Test measuring instrument shown

in Figure 3-9 was used to measure the surface roughness of drilled holes.

Figure 3-9: Surface Roughness Measurement of Drilled Holes

The profilometer is a stylus type surface roughness measuring instrument
developed to detect quality of the surfaces. It is equipped with a diamond
stylus having a tip radius 2 um. The stylus of the SV-602 traces the minute
irregularities of samples’ surfaces. Surface roughness is determined from the
vertical displacement of the stylus during traversing over the surface. The
irregularities can be analyzed with different methods such as arithmetic
average of absolute values, Ra, and root mean squared, Rq. In this study Ra was
considered as it is the most common method of the analysis of surface

roughness.

The cut-off length, traverse length and traverse speed used in the surface

roughness measurements were 2 mm, 16 mm and 0.5 mm/sec, respectively. The
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surfaces of the drilled holes were cleaned carefully by acetone to avoid errors
due to chip, dust and cutting fluid. The measured surface data was analyzed for
evaluation of the roughness parameters by Mitutoyo Surfpak software and
recorded to the PC. The procedure was performed at each 90 degree in the
drilled hole. The surface roughness measurements were replicated 5 times for
the accuracy and reliability of the results and the averages are reported in the
Chapter 6, 7 and 8. The effects of process parameters on the surface roughness
in drilling of CFRP and Ti-6Al-4V, and the influences of wear on the surface
roughness in drilling of CFRP, Ti-6Al-4V and stacks of these materials are
discussed in Chapter 6, 7 and 8, respectively.

3.7 Tool Wear Measurements & Analysis

The type of the wear depends on the material couple, machining process
parameters and environmental factors such as temperature and the use of
coolant. A major or combinations of different wear mechanisms can be seen
therefore different criteria are used to decide tool life. Progressive wear can be
seen on flank and rake surfaces of the drill bits. Tool life criteria, recommended
by the International Standard Organisation, are widely accepted in industry.
These criteria are entirely concerned with the profile of the wear area growth
for flank and crater wear as shown in Figure 3-10. The tool wear criteria are
given in Table 3-7 for 8 mm diameter drill for flank wear and crater wear
according to experience of the industry. If wear profiles on the flank and rake
surfaces are uniform as shown in Figure 3-10 for the 2" regions of both wear
profile, the drill can be used until the wear land reaches any of the ultimate
average value of the specific wear profile criterion, as given in Table 3-7.
Otherwise, in the case of irregular wear land is observed as shown for 3rd
regions for both wear profile in Figure 3-10, tool life criteria can be taken as the

ultimate maximum value of the wear profiles, as given in Table 3-7.

Table 3-7: Wear Criterion of Drill
Wear Type Vs Ks

Region 1 2 3 1 2 3

Ultimate wear (mm) 02 025 03 025 025 025

42



Experimental Methodology

Figure 3-10: Wear on Drill

The wear formation of the both cutting edges was observed and measured
during drilling of Ti-6Al-4V, CFRP and CFRP/Ti-6Al-4V stack. For the
measurements and investigations a tool microscope system including Sanyo
high resolution colour CCD camera and Metric PE data image software were
used. This CCD camera processes the resulting data into an image, and the
image thus obtained is captured into the image software for the visual
inspection. Measurements were carried out at the end of each three holes and
the drilling experiments were performed until any of the tool criteria was
reached. Progressive wear was observed at both flank and rake surfaces of the
two cutting edges of the drills. In addition, any other irregularities such as
chipping or sudden failures were also investigated. In the measurements, the
drills were kept mounted on the tool holder. The drill bits were cleaned with
acetone carefully and dried completely to facilitate correct detection of the worn
areas and to avoid visual errors. For the accuracy and reliability of the results,
each measurement was repeated 5 times at both flank and rake surfaces and the
average values are reported in Chapter 6, 7 and 8. The wear mechanisms in
drilling of both workpieces are discussed. In addition to that effects of wear on
drilling outputs such as thrust force, torque, delamination, burr and surface

roughness are also investigated separately in the result sections.

3.8 Summary

The experimental methodology used in this study was presented in this
chapter. The drilling characteristic of Ti-6Al-4V and Hexcel M21 T700 CFRP are
investigated separately and in stack form of them by the use of coated carbide

twist drill.
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In-situ measurements were performed for thrust force and torque in
drilling both workpiece materials at different process parameters. The effects of
drilling parameters and the effects of wear on thrust force and torque are

broadly discussed in Chapter 6, 7 and 8 for each drilling scenario.

Indirect measurements were performed after drilling for both materials.
For the surface quality of the CFRP workpieces, delamination and surface
roughness were investigated whereas burr formation and surface roughness
were investigated for Ti-6Al-4V in both scenarios, separate and together in stack
form. The contact and non-contact methods were explained. The effects of
process parameters and tool wear on delamination, burr formation and surface

roughness are discussed in detail in Chapter 6, 7 and 8.

Tool wear mechanism was observed and the amount of wear was
measured through the drilling of both materials at the end of each three holes

by optical methods. The detailed discussion is made in Chapter 6, 7 and 8.
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Numerical Methodology

In this chapter the components of the numerical models, the stress

analysis, the failure analysis and the material degradation analysis are
explained in a framework of progressive failure analysis for Ti-6Al-4V and
CFRP. CFRP workpiece is modelled in meso-level via discrete modelling of
unidirectional fibre reinforced plies and the interfaces between these plies
where delamination occurs. Therefore, the numerical models for CFRP are

utilized for intra-laminar level and inter-laminar level separately.

First, progressive damage model is explained for Ti-6Al-4V. A three-
dimensional finite element algorithm is developed to analyze the three-
dimensional state of stress in drilling as a sophisticated problem. A detailed
explanation of the theoretical basis of the finite element formulation is
presented which includes three stages of progressive damage modelling; stress
analysis, failure analysis and finally material degradation rules. Initially the
stress analysis is explained under multi-axial state of stress. The existence of
material nonlinearity and its dependency to various factors are accounted in the
numerical analysis of Ti-6Al-4V. Later, failure analysis is discussed. Similar to
the stress analysis the effect of material nonlinearity is considered in failure
criterion of Ti-6Al-4V. Finally, material property degradation is discussed as
evolution of damage in Ti-6Al-4V. To simulate material degradation, gradual

stiffness and strength degradation are utilized in multi axial state in Ti-6Al-4V.

Second, progressive damage model of CFRP is explained on a macroscopic
level. Unidirectional fibre reinforced plies are modelled individually by taking
into account of their fibre orientations. Intra-laminar behaviours of these plies
are adopted for solid like and fully solid structural frameworks under multi-
axial state of stress. The stress analysis of CFRP workpiece is performed ply by
ply for both frameworks. Afterwards, stress-based failure criteria are employed

ply by ply to detect failure modes of intra-laminar composite structure, such as
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tibre tension, fibre compression, matrix tension and matrix compression under
multi-axial state of stress. At last, degradation rules are utilized to each failure

modes in ply based analysis of intra-laminar behaviour of CFRP.

Third, progressive damage model of delamination of CFRP is explained in
meso level. Discrete cohesive zones have been modelled between UD CFRP
plies to represent delamination. The inter-laminar behaviour is discretised
using two approaches; finite thickness cohesive elements and zero thickness
cohesive surfaces. A stress analysis is utilized for both cohesive approaches
under multi-axial state of stress. Following that, a stress based failure criterion
is employed and followed with gradual stiffness and strength degradation

rules. The applications of these techniques are discussed.

4.1 Progressive Damage Modeling of Ti-6Al-4V

As shown in Figure 4-1, the physical and material properties, boundary
and contact conditions of the problem and geometrical details are provided to
the finite element model at the beginning of the analysis. Appropriate type of

analysis is chosen and the simulation is started.

First, stress analysis is applied at the end of each increment. All
components of stress, related deformations and strains are calculated. Next,
failure analysis is performed according to the given failure criterion and the
failure initiation is checked. If failure criterion is not met, the analysis can start
to next increment without any material property degradation as at the
beginning of the analysis. As the failure criterion is reached in a certain element,
damage is initiated at that specific element. Subsequently, material degradation
analysis is performed to change material properties, hence stiffness matrix and
material behaviour of certain damaged element according to specified
degradation rules. If the catastrophic level of failure is not met, the analysis
continues for the elements where damage has initiated; else stresses of those
elements are equal to zero due to complete failure and elements are removed

from the analysis.
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Figure 4-1: Flowchart of progressive damage model for Ti-6A1-4V
In the following subsections, the parts of the progressive damage model

for Ti-6Al-4V are explained in detail.

4.1.1 Stress Analysis (Constitutive Model)

The modeling and simulation of metal cutting have become very
important in order to decrease the cost of experimental investigations. Finite
element methods (FEM) are employed to predict various machining outputs
such as cutting forces, temperatures and stresses. Accurate and reliable
constitutive models are required to represent the material behavior of
workpiece undergoing deformations. The success of a particular constitutive

model depends on how effectively it represents physics of metal cutting as well
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as its ability to capture all relevant deformation parameters in a constitutive

equation.

The flow stress in machining is mostly influenced by various process and
environmental factors therefore it must be entirely captured by an empirical
constitutive model. Several researchers have proposed different constitutive
models to express the flow stress in metal cutting. Oxley [169] proposed a flow
stress which is expressed by work-hardening behaviour. The model has been
used in the modelling of orthogonal cutting of low and medium carbon steels.
In another study, Maekawa [170] developed a constitutive model by taking into
account of the effects of strain rate and temperature. However, the model is
difficult to implement in finite element analysis without modifications.
Johnson-Cook [171] model is widely used for high-strain rate applications in
which models describe the flow stress of a material as functions of strain, strain
rate and temperature effects. It is also a numerically robust constitutive material
model which is highly utilized in finite element modelling. Zerilli-Armstrong
[172] constitutive model is also used to describe the flow stress. The material
model is based on simplified dislocation mechanics theory and taking into
account of the crystal structure of materials. The model makes a distinction
between body cubic centred (BCC), face cubic centred (FCC) and hexagonal
closest packing (HCP) lattice structure of the material. Calamaz et. al. [156] and
Sima and Ozel [157] modified the Johnson-Cook constitutive model for high
cutting speed machining. These models take into account of the phenomenon of
strain softening due to adiabatic shear bands. They are useful to model serrated

chips at high cutting conditions.

Being a numerically robust constitutive material model and highly utilized
in finite element modeling, the Johnson-Cook model is used in this study. In
addition to that, cutting speed between 25 and 45 m/min were used in the
experimental drilling tests and continuous chip formation was observed.
Typically beyond 60 m/min, serrated chips are formed and the adiabatic shear
bands should be taken into account in machining of titanium alloys. Since the
range of cutting speed is below this limit in this study, Johnson Cook material

model is more suitable in definition of the material behaviour.
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Typical stress-strain behaviour of a ductile material undergoing damage is
shown in Figure 4-2. In an elastoplastic metallic material with hardening,
damage can be observed in two forms: softening in the yield stress and
degradation of the elasticity. The solid curve (B-C-D) in Figure 4-2 represents
the damaged stress-strain response, while the dashed curve (B-C!) is the

response in the absence of damage.

In the Johnson-Cook constitutive model, the flow stress is defined as a
function of strain, strain rate and temperature as described in Eq. (2-5) in order

to reflect the strain-rate hardening and thermal softening [171].

E:[A+B(Z‘)”] 1.Cln % 1(TT°] Eq. (4.1)
€0

Tm ’TO

o o o ol
€9 ef £
Figure 4-2: Stress-Strain Diagram of a Ductile Material

In Eq. (2-5) the parameter A is the initial yield strength of the material at

room temperature and B is the hardening coefficients. The equivalent plastic

strain rate, £, is normalized with the reference strain rate, &,. T is the current

temperature of the material, To is room temperature, and Tm is the melting
temperature of the material. The parameter n, m and C take into account the

strain hardening effect, the thermal softening effect and strain rate sensitivity,
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respectively. These constants can be evaluated from Split-Hopkinson dynamic

bar tests.

4.1.2 Failure Analysis (Damage Initiation)

Machining is a metal removing process in which the desired shape is
produced by removing the unwanted material from the workpiece. In a
traditional machining process, such as drilling and turning, a cutting tool
removes the material in the form of chip. A separation criteria or a damage law
is needed to model fracture of material. Since the visual segmentation of chip
formation requires very high density of mesh, it is not feasible by means of
computational time in a 3-D drilling operation. Thus modelling of chip
formation is only considered as removing the fractured elements from the

workpiece by proper failure laws.

Constitutive material model for titanium alloy is dependent on strain rate
and temperature as explained above. In the modelling of failure, a model which
is dependent on strain rate and temperature is required. In order to model such
behaviour, Johnson-Cook failure model is used in the study to utilize with the
Johnson-Cook constitutive material model. The damage initiation is derived
from Eq. (4.2). When the damage initiation criterion, wpo, reaches to 1.0 at point

B in Figure 4-2, the damage has initiated and the fracture occurs.

de”
wp =J. — Eq. 4.2)

&y

In the equation above the equivalent plastic strain at failure, E:I, is

calculated from Eq. (2-28).

—rl_ p o
£ = [dl +dmp(d3 . H I+d, In| < — (1+d5 T —Trfj Eq. (4.3)

Eo
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4.1.3 Material Property Degradation (Damage Evolution)

Material property degradation is utilized to model material behaviour
after failure initiation. As shown in Figure 4-2, the solid curve (B-C-D)
represents the damaged stress-strain response in a typical ductile material. The
degradation rule accounts for the damage evolution by stiffness and stress

degradation.

The overall damage variable, D, is equal to zero prior to damage. As
fracture initiated at B as shown in Figure 4-2, overall damage variable is
activated to form the stiffness of and strength of the damaged elements. When
the overall damage variable reaches 1.0, the failure reaches the ultimate point
and the elements are assumed fully damaged at point D in Figure 4-2. Beyond
the onset of damage initiation point, B, the effective stress of an element is

computed as below:
oc=(1-D)c Eq. 4.4)

The evolution of the damage can be specified by either the energy criteria
or plastic displacement criteria. In this study the plastic displacement criteria is

used in the damage evolution.

— il

ay

Figure 4-3: Damage Evolution by Displacement
The progressive damage evolution is assumed linear with the plastic
displacement as shown in Figure 4-3. The evolution of the damage is specified
with the displacement criteria and the damage evolution operator, D, can be

computed from the following equation.

51



Chapter 4

I Epl ﬁpl
p=-cf __ Eq. (4.5)

;pl —pl

f f

—pl
The equivalent plastic displacement at failure, “/

, depends on the
characteristic length, Lc, of the element. The use of stress-strain relation based
damage model introduces a strong mesh dependency. It requires relatively

refined mesh so that the energy dissipation decreases.

4.2 Progressive Damage Modeling of CFRP (Intra-Laminar

Behaviour)

In order to model intra-laminar behaviour of CFRP workpiece, a meso-
level discrete model is used in the study. Each unidirectional fibre reinforced
ply is modelled individually and combined with cohesive interfaces to form
CFRP workpiece. This meso-level model enables to analyse intra-laminar and
inter-laminar levels behaviours separately. The overall laminated CFRP

structure is shown in Figure 4-4.

Figure 4-4: Meso Level Composite Lamina Model
In Figure 4-4, each different coloured structure symbolises a unidirectional
fibre reinforced epoxy. The interfaces between each of them are the cohesive
zone where the delamination is expected. A unidirectional ply is shown in
Figure 4-5. The x, y and z axes are the longitudinal, transverse and normal

directions, respectively.
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Figure 4-5: Unidirectional Composite Ply
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Figure 4-6: Flowchart of progressive damage model of unidirectional ply
Figure 4-6 shows the progressive damage model for a unidirectional fibre
reinforced composite. The material data, boundary and contact conditions of

the problem are employed to the input file at the beginning of the analysis. As
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the boundary conditions are applied in the increment, deformation is induced
and the stress analysis is utilized. In addition to that failure analysis is
performed for both levels; intra-laminar and inter-laminar material behaviours
separately by taking into account of the different failure modes. When any
failure criterion is reached in certain elements, material degradation analysis is
employed for the specific element. The material stiffness and state of stress are
updated. In the case of catastrophic level of failure, ultimately failed elements

are removed from the analysis.

4.2.1 Stress Analysis (Constitutive Model)

4.2.1.1 Solid-Like (Continuum Shell) Framework

Each individual unidirectional CFRP ply is modelled as a linear elastic
material with orthotropic behaviour prior to failure in any mode. Then fibre
orientations are specified for each ply individually. The stress-strain relations

can be expressed by Eq. (4.6).

[o]=1[c, [e] Eq. (4.6)
(o, ] [ E 0,,E, 0 e, |
1-v,0y 1-0,0y
On | _ U, E, E, 0 &n Eq. 4.7)
1-v,0y 1-0,0y
17, | O 0 G || 72 |

where 11 and 22 denote local longitudinal and transverse directions

respectively.

The finite elements in this framework are based on first-order transverse
shear flexible theory in which the transverse shear strain is assumed to be
constant through the thickness of the shell. Therefore they require out-of-plane
shear stiffness correction factors. For a homogeneous material with a linear,

orthotropic elasticity the transverse shear stiffness are expressed as below.
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Eq. (4.8)

Where To is the thickness of a unidirectional ply.

4.2.1.2 Solid (Three dimensional) Framework

Orthotropic material properties are assigned to each unidirectional
composite lamina according to the fibre orientation by using a pre-defined local
coordinate system. Linear elastic material behaviour is assumed prior to any

damage and the stress-strain relation can be formulised as below.

_1 — Vs, Vo 1V30s Vi +Vy305 0 0
- - | E;EA E,EA E,EA -
oy ) &
o Vi, +Vi305 1_V311)13 Vi 7 V31U 0 0lle
2 E,EA E,E A E,EA 2
o £
0_33 =Vt V0, Vi VLD, 1=V,0,, 0 0 833 Eq. 4.9)
12 E.E,A E.E,A EE,A 12
o £
3 0 0 0 2G,, 0 0
o E
e 0 0 0 0 2G, 0|
0 0 0 0 0 2G,, |
Where
A= 1_V12V21 VoV =V Vis — 2V12V23V31 Eq. (4.10)

E1E2E3
4.2.2 Failure Analysis of Composite Plies (Damage Initiation)

There are many proposed failure theories to predict the onset of failures
and their progression in composites. Most of the failure criteria are based on the
stress state of a laminate rather than individual plies. Those failure criteria are
intended to predict the macroscopic failures, therefore microscopic damages
such as debonding of a fibre from the matrix cannot be determined. Failure
criteria of composite materials can be divided into two main groups;

independent failure criteria and polynomial failure criteria.

55



Chapter 4

The maximum stress criteria and the maximum strain criteria are the
examples of the independent failure criteria. In these criteria, there is not any
dependence between the stress and strain components. This means any
component in the longitudinal direction does not affect the component in the
transverse direction or stacking direction. Polynomial maximum stress
criterion, Polynomial maximum strain criterion, Tsai [173], Hill [174], Tsai-Azzi
[175], Hoffman [176], Tsai-Wu [177], Hashin [178-179] criteria and World-Wide
Failure-Exercise (WWEFE) [180] are the examples of the polynomial failure
criteria. In all these criteria, there is dependence between the components in
each direction. However, in all above Hashin criteria and WWFE can predict
the initial failure regarding to the mode of failure namely fibre and matrix. In
other words, only Hashin criteria and WWFE can distinguish failure modes
among the failure criteria above. Since only Hashin criteria is available in

Abaqus software, Hashin criteria was chosen for damage criteria in CFRP.

Due to the fact that fibre composites consist of mechanically dissimilar
phases such as stiff elastic brittle fibres and soft matrix, the failure occurs
significantly different for each constituent. Fibres may rupture in tension or
buckle in compression and the matrix may fail due to the transferred load from
the fibres. Moreover, failure mechanisms are different in tension and
compression in each direction. Since Hashin criteria are capable of distinction of
different modes of failure and are compatible with finite elements analysis, they

are utilized under multi-axial state of loading in analysis of drilling of CFRP.

Equivalent %
stress

f Equivalent displacement
Beq

0
Oeq

Figure 4-7: Equivalent Stress-Displacement Diagram of a Unidirectional Ply

56



Numerical Methodology

Typical stress-displacement behaviour of such material is shown in Figure
4-7. The positive slope of the stress-displacement graph presents the material
behaviour prior to damage initiation; the negative slope of the graph displays
the damage evolution after damage initiation in any mode. Typically, in brittle
materials, the degradation occurs very suddenly after the damage initiation

point.

4.2.2.1 Solid-Like (Continuum Shell) Framework

The damage initiation criteria for unidirectional fibre reinforced plastic
composites are based on Hashin theory [178-179]. The initiation behaviour is
also assumed to be orthotropic in each mode and the initiation criteria consider
four different damage initiation mechanisms namely fibre tension, fibre

compression, matrix tension, and matrix compression.
Fibre Tension

Fibre tension failure mode (o,, > 0) of a unidirectional ply under a multi-

axial state of stress is expressed with the following criterion:

2 2
T _ O-ll T12
SEER NN 2o

where o}, o,, 7, 7, « are the longitudinal tensile strength,

longitudinal normal stress, the in-plane shear strength in x-y plane, in-plane
shear stress in x-y plane and the coefficient of shear interaction of a
unidirectional ply, respectively. F, T, fb and f denote failure index, tension, fibre
and failure, respectively. It must be mentioned that fibre tension failure is a
catastrophic failure type which means that the ply cannot carry any type of
combination of load and stress thereafter. Thus material properties are
degraded completely and the ply fail catastrophically. When fibre tension
failure index reaches 1.0, the failure is initiated in this mode. As failure is
completed in element in this mode, the stress of the related element set to zero

and element is deactivated in the analysis.
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Fibre Compression

Fibre compression failure mode (o,, <0) of a unidirectional ply under a

multi-axial state of stress is given with the following criterion:

2
(o
F, :(%J Eq. (4.12)
O-ll
where o0/, and o, are the longitudinal compressive strength and

longitudinal normal stress of a unidirectional ply, respectively. F, C, fb and f
denote failure index, compression, fibre and failure, respectively. As noticed
from Eq. (4.12) this mode of failure does not consider interaction of shear stress
term since the effect of shear stress on the compressive behaviour of a
unidirectional ply is not well understood. It must be added that the fibre
compression failure is also a catastrophic failure mode. The failed ply under
this failure mode cannot of carry any stress thereafter. When fibre compression

failure index reaches 1.0, failure is initiated in this mode.
Matrix Tension

Matrix tension failure mode (o,, >0) of a unidirectional ply under a

multi-axial state of stress is derived with the following criterion:

2 2
(o T
F, =[ ”j +(ﬁj Eq. (4.13)
o’ ),

where ¢/,", 0,,, 7/, and 7,, are the transverse tensile strength, transverse

normal stress, the in-plane shear strength in x-y plane and in-plane shear stress
in x-y plane of a unidirectional ply, respectively. F, T, m and f denote failure
index, tension, matrix and failure, respectively. When matrix tension failure

index reaches 1.0, the failure is initiated in this mode.
Matrix Compression

Matrix compression failure mode (o,, <0) of a unidirectional ply under a

multi-axial state of stress is expressed as below:
o, ) |(oheY o 7, )

e o[22 (25 ()
2'2'12 2’1-12 0-22, TlZ
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where o[, 0,,, 7/, and 7,, are the transverse compressive strength,

transverse normal stress, the in-plane shear strength in x-y plane and in-plane
shear stress in x-y plane of a unidirectional ply, respectively. F, C, m and f
denote failure index, compression, matrix and failure, respectively. When
matrix compression failure index reaches 1.0, the failure is initiated in this

mode.

4.2.2.2 Solid (Three dimensional) Framework

The intra laminar damage initiation criteria for unidirectional fibre
reinforced plastic composites in 3-D case are based on Hashin theory [179]. The
initiation behaviours are assumed to be orthotropic. The initiation criteria
consider four different damage initiation mechanisms namely fibre tension,
fibre compression, matrix tension, and matrix compression by taking into

accounts of the out-plane effects.
Fibre Tension

Fibre tension failure mode (o,, > 0) of a unidirectional ply under a multi-

axial state of stress is expressed with the following criterion:

2 2 2
o T T
F! :( 11 j +a[£j +,3(;3J Eq. (4.15)
G 7 7l

where ¢/", o,,, 7, 7, tl, 7, a and B are the longitudinal tensile
strength, longitudinal normal stress, the in-plane shear strength in x-y plane, in-
plane shear stress in x-y plane, the out-of-plane shear strength in x-z plane, out-
of-plane shear stress in x-z plane, the coefficient of x-y shear interaction and the
coefficient of x-z shear interaction of a unidirectional ply, respectively. F, T, fb
and f denote failure index, tension, fibre and failure, respectively. As it is
expressed in Eq. (4.15) out-of-plane effects are included as well. It must be
mentioned that fibre tension failure is a catastrophic failure type which means
that the ply cannot carry any type of combination of load and stress thereafter.
Thus material properties are degraded completely and the ply fail
catastrophically. Finite elements are deactivated as they fail in this mode. When

fibre tension failure index reaches 1.0, the failure is initiated in this mode.
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Fibre Compression

Fibre compression failure mode (o,, <0) of a unidirectional ply under a

multi-axial state of stress is given with the following criterion:

2
(o
F, = (%} Eq. (4.16)
O-ll
where o};" and o, are the longitudinal compressive strength and

longitudinal normal stress of a unidirectional ply, respectively. F, C, fb and f
denote failure index, compression, fibre and failure, respectively. As it can be
noticed from the Eq. (6) this mode of failure does not consider interactions of
shear stresses since the effects of in-plane and out-plane shear stresses on the
compressive behaviour of a unidirectional ply are not well understood. It must
be added that the fibre compression failure is also a catastrophic failure mode.
The failed ply under this failure mode cannot of carry any stress thereafter.
When fibre compression failure index reaches 1.0, the failure is initiated in this

mode.
Matrix Tension

Matrix tension failure mode (0,, + 05,)> 0 of a unidirectional ply under a

multi-axial state of stress is derived with the following criterion:

2 2 2
1 1 1
FmT = [7} (0-22 T 05 )2 + (T_fJ (7223 —05,073; )+ [T_fJ (7122 + Z'123) Eq. (4.17)

23 12

where ¢/, 6,, 0y, ©h, 7, ), and 7, are the transverse tensile

strength, transverse normal stress in y direction, transverse normal stress in z
direction, the in-plane shear strength in x-y plane, in-plane shear stress in x-y
plane, the out-of-plane shear strength in y-z plane and out-of-plane shear stress
in x-z plane of a unidirectional ply, respectively. F, T, m and f denote failure
index, tension, matrix and failure, respectively. When matrix tension failure

index reaches 1.0, the failure is initiated in this mode.
Matrix Compression

Matrix compression failure mode (o,, +0,,)<0 of a unidirectional ply

under a multi-axial state of stress is expressed in Eq. (4.18).
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1 o2 ) 1Y
Cc _ 22 - O 2
F, = (?J[(%J _1}(10-22 +O—33|)+(2T{3J (0, +053)

2 2
1 1
+ [_fJ (7223 — 0,03 )+ (_fj (7122 + 7"123 )
T T

23 12

Eq. (4.18)

where ¢/¢, 0, 0y, T, 7, 7, and 7, are the transverse tensile

strength, transverse normal stress in y direction, transverse normal stress in z
direction, the in-plane shear strength in x-y plane, in-plane shear stress in x-y
plane, the out-of-plane shear strength in y-z plane and out-of-plane shear stress
in x-z plane of a unidirectional ply, respectively. F, C, m and f denote failure
index, compression, matrix and failure, respectively. When matrix compression

failure index reaches 1.0, the failure is initiated in this mode.

4.2.3 Material Property Degradation (Damage Evolution)

In this section, material property degradation rules are established for
each failure mode of a unidirectional ply under a multi-axial state stress to
model intra-laminar behaviour of unidirectional ply. After failure occurrence in
any mode of a unidirectional ply, the failed region of the ply is replaced by
degraded material properties according to the rules of the failure mode. When a
catastrophic failure occurs, the whole material is damaged completely and
cannot sustain any more stress and load. The mathematical approaches are
adopted for solid like and fully solid frameworks of a unidirectional ply in each

failure mode.

4.2.3.1 Solid-Like (Continuum Shell) Framework

As explained in the previous subsections, when the Hashin failure criteria
have been fulfilled in any mode, damage has initiated and evolution has started
in that specific mode. The damage operator becomes significant in the criteria
for damage initiation of other modes. The effective stress can be computed by
Eq. (4.19).

o=C,e Eq. (4.19)
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A

(1-d,)E,

A

1-d,)G,,

¢,, | Eq. (4.20)

Eq. (4.21)

Where o C4, dm, dm and ds are the effective stress, stiffness matrix after
failure initiation in any mode of unidirectional ply, fibre damage variable,

matrix damage variable and shear damage variable.

Fibre tension failure mode and fibre compression failure mode of a
unidirectional ply as given by Eq. (4.11) and Eq. (4.12) are a catastrophic mode
of failure and when it occurs, the failed material cannot carry any type or
combination of load. Since these failure modes are catastrophic, the other failure
modes do not need to be verified. Sudden degradation rules are utilized in
material property degradation of a unidirectional ply under multi-axial state of
stress. Thus, all material properties of the failed ply are reduced to zero. The
fibre modes are the dominant failure modes in the composite structure, so the
failed regions are deactivated in the finite element analysis and removed from

the area in order to model chip removal.

As expressed by Eq. (4.13) and Eq. (4.14), matrix tension failure mode and
matrix compression failure mode of a unidirectional ply affect the behaviour of
the unidirectional ply in matrix direction and its interactions. They are not
catastrophic failure modes, so only material properties in transverse directions
and their interactions are degraded, other material properties are left

unchanged. The other modes of failure must be verified.

The damage variables of stiffness matrix for a particular mode can be
defined as defined in Eq. (4.22)
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0 if 510 and Fj(l,
1 if 611)0 and Fj 21,

d, = _
0 if on <0 and FJg(l,
1 if o1 <0 and F§ =1,
0 if 02)0 and F{l,
1 if 02)0 and F' >1,

d = if02)0 and F, Eq. (4.22)
0 if 0 <0 and ch<1,
1 if 62 <0 and FS 21,

d, =1-(~d,)1-d,)

where F, fb, m, s, C and T denote failure index, fibre, matrix, shear,

compression and tension respectively.

4.2.3.2 Solid (Three dimensional) Framework

As explained in the previous subsections, when the Hashin failure criteria
have been fulfilled in any mode, damage has initiated and evolution has started
in that specific mode. In 3-D solid framework, the effects of out-of-plane are
also included. The effective stress can be computed by the modified stiffness

matrix as expressed in Eq. (4.23).

oc=C,¢e Eq. 4.23)
_1 —VyUs Vo 1V5,0p Vi V5305 0 0 0 ]
— 1 | E,E N E, E N E,EN o
O11 ) £,
— Vi, TVi3U;5 1- V31Uis Vi, +V310p 0 0 0
02 * * g * * g * B E
_ E, E A E, E A E,E A 2

033 1
=| Vi3 TVu0y Vo TVi30y ViU

_ Eq.(4.24)
on E'E,N E'E,N  EE,N

_ * .
O 0 0 0 2G,, 0 of
- &
|02 | 0 0 0 0o 26, o "%

0 0 0 0 0 2G|
Where;
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— 1_V12V21 ViV —V3Vis _2V12V23V31

El E2 E3
E ' =E(-d,)
E, =E,(1-d,)1-d,) Eq. (4.25)
E, =E,(1-d,)(1-d,)
G1*2 =G, (1-d))
G; =Gy (1-d,)

*

Gy =G,(1-4d))

As given by Eq. (4.15) and Eq. (4.16), fibre tension failure mode and fibre
compression failure mode of a unidirectional ply are a catastrophic mode of
failure in unidirectional fibre oriented composite ply. When it occurs, the
material cannot carry any type or combination of load in any direction or mode.
Since these failure modes are catastrophic, matrix tension and matrix
compression modes do not need to be verified. Sudden degradation rules are
utilized in material property of a unidirectional ply under multi-axial state of
stress. Thus, all material properties of the failed ply are reduced to zero in any
fibre failure mode. The fibre modes are the dominant failure modes in the
composite structure, so the failed regions are deactivated in the finite element

analysis and removed from the area in order to model chip removal.

Matrix modes are the combinations of both transverse directions. Matrix
tension failure mode (given by Eq. 4.17) and matrix compression failure mode
(given by Eq. 4.18) of a unidirectional ply control the behaviour of the
unidirectional ply in both transverse directions and their interactions with the
fibre direction behaviour. Matrix failure modes are not catastrophic failure
modes, so only material properties in transverse directions and their
interactions are degraded whereas material properties in fibre directions are left
unchanged. The other modes of failure must be verified for the state of

catastrophic failure.

The damage variables of stiffness matrix for particular modes can be

expressed by Eq. 4.26.
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0 if 1)0 and F(l,
1 if 611)0 and Fj >1,
4= 0 if o1 <0 and FS(1,
1 if o1 <0 and F§ 21,
0 if (02 +0%))0 and F!(1,
i = if (02+0%))0 and Fy 21 Eq. (4.26)
0 if (02 +03)<0 and FS(l,
1 if (02 +0%)<0 and FC >1,

d, =1-(1-d,)(1~d,)

4.3 Progressive Damage Modeling of Interfaces (Inter-Laminar

Behaviour)

Inter-laminar damage, delamination, is one of the predominant defects in
a composite structure. Lack of reinforcement in thickness direction and weak
inter-laminar shear strengths are the main reasons of delamination.
Delamination can cause a significant reduction, particularly in the compressive
load capacity of the structure. The fracture process of composite laminates
requires both inter-laminar and intra-laminar damage mechanisms. Therefore,
UD laminated composite work piece is composed of stacked plies with

specified fibre orientations and interfaces between these plies.

Techniques such as the Virtual Crack Closure Technique (VCCT) [181-
182], the J- integral method [183], the virtual crack extension [184] and stiffness
derivative [185] based on Linear Elastic Fracture Mechanics (LEFM) have often
been used to predict delamination growth owing to be effective. However,
these techniques cannot be applied without an initial crack to predict

delamination growth [186-187].

Cohesive zone formulations are utilized to predict onset of delamination
and growth of delamination. There are two main strategies in the literature to
implement cohesive zone formulations: discrete finite thickness cohesive zone
(inter-laminar cohesive elements) and discrete zero thickness cohesive zone

(inter-laminar cohesive surfaces). In finite thickness cohesive zone, inter-
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laminar cohesive elements between plies are used and cracks develop on these
cohesive elements. This approach is widely used in analysis of delamination
[122-124, 188-202]. In zero thickness cohesive zone (inter-laminar cohesive
surfaces), the discontinuity, in other words delamination, is advanced on the
zero thickness cohesive surfaces which are located at the interfaces of the plies
[203-209]. The advantage of the latter method is mesh independency. Both

technique are used in this study and explained in the following subsections.

4.3.1 Stress Analysis (Constitutive Model)

Cohesive zone formulations are utilized to predict onset of delamination
and growth of delamination. The traction-separation cohesive behaviour is
shown in Figure 4-8.

traction

G

0 separation

Figure 4-8: Traction-Separation Response in Cohesive Zone
4.3.1.1 Finite Thickness Cohesive Zone (Cohesive Elements)

Framework

In this method, finite thickness cohesive elements have been used to
model material discontinuities. Delamination is modelled by the use of cohesive
elements between adjacent unidirectional plies where delamination is expected.
The traction-separation cohesive material model assumes a linear elastic
behaviour for the interface as shown in Figure 4-8. The stress-strain behaviour

of the cohesive zone is defined as below.

lo]=[K]el Eq. (4.27)
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GVI Kllll O O n
o, |=|0 o 0 . Eq. (4.28)
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Where
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TO TO TO

Where o, K and 0 are traction stress, traction separation stiffness modulus
and separation for normal and shear directions, respectively. n, s, t denote

normal, shear on x-z and shear on y-z planes.

4.3.1.2 Zero-Thickness Cohesive Zone (Cohesive Surface )

Framework

Zero thickness surface-based cohesive behaviour approach is similar to the
cohesive element approach proposed by Alfano and Crisfield [197, 210]. The bi-
linear traction—separation law ensures a linear elastic response up to

delamination initiation and expressed as below.

lo]=[k]s] Eq. (4.31)
0" Kllll O O 5]1
o |=|0 K., 0 |6 Eq. (4.32)
o 0 0 K |J

Where o, K and 0 are traction stress, traction separation stiffness modulus
and separation for normal and shear directions, respectively. n, s, t denote

normal, shear on x-z and shear on y-z planes.
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4.3.2 Failure Analysis (Damage Initiation)

Delamination damage is initiated when the specified failure criterion is
met. Conventional stress-based failure criteria are utilized to predict failure
initiation. These can be maximum traction criterion and quadratic traction
criterion [211] as given in Eq (4.33) and Eq. (4.34), respectively. The latter is
employed for the both cohesive zone technique to obtain more accurate result,

however it must be noted that this could affect the solution time.

(o}
max{<—g>, % 10} =1 Eq. (4.33)
O-S O-f

n

2 2 2
|O-n| O-s O-t
{F} +{F} +{F} =1 Eq. (4.34)

4.3.3 Material Property Degradation (Damage Evolution)

In this section, material property degradation rule is established for
cohesive zone of a unidirectional ply under a multi-axial state stress to model
growth of damage in inter-laminar behaviour of a unidirectional ply. After
failure is initiated, the failed region of the cohesive zone is replaced by
degraded material properties. The mathematical approaches are valid for both
finite thickness cohesive zone and zero thickness cohesive zone frameworks of a

unidirectional ply.

As explained in the previous subsection, when the failure initiation
criterion has been fulfilled, damage has initiated and evolution has started in
cohesive zone. The damage operator D represents the overall damage in the
material and the effective stress components of the cohesive model are

calculated according to Eq. (4.35).

9|

~ {(I—D)O'”, c,>0

"o, otherwise
o =(1-D)o,, Eq. (4.35)
o, =(1-D)o,,
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The catastrophic failure criterion for damage propagation is expressed

with power law criterion as given in Eq. (4.36).
a B 4
Gn GS Gt
{GC} +{?} +{GC} =1 Eq. (4.36)

where Gn, Gs and Gt are the individual components of energy release rate

in normal and shear directions, respectively. «, 3 and y are material constants.

The behaviour of material degradation is assumed to be linear with the
effective traction-separation behaviour and the damage operator is defined by
Eq. (4.37).

8 -6,)

2, Eq. 4.37)
Where

5, =\(8,) +62+8 Eq. (4.38)
5/ =26¢16°

G =G,+G, +G, Eq. (4.39)

4.4 Requirements

In order to apply progressive damage modeling for the material behaviour
of Ti-6Al-4V and CFRP in drilling process a complete set of material properties
of both materials is prerequisite. Moreover each individual unidirectional ply
must be defined with local fibre and matrix directions. The components of
progressive damage modeling must be fully provided. In addition to that
boundary and loading conditions must be fully characterized with the contact
details. The proper set of computer resources and the connections between
these resources, such as settings between programming tools and FE tools, are
essentials. In the next chapter the finite element modeling with Abaqus
software is explained, the selections are discussed and all these material

parameters and related data for drilling of CERP and Ti-6Al-4V are provided.
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4.5 Summary

Three-dimensional finite element algorithms are developed for drilling of
Ti-6Al-4V and CFRP in this chapter. First, progressive damage modeling of Ti-
6Al-4V is introduced. The constitutive material models are summarized and the
reason of specified model is explained. The plasticity is considered and the
stress analysis is explained. The effects of strain rate and temperature on the
state of stress and failure analysis are stated. The gradual material degradation
is also established for Ti-6Al-4V. Later, progressive damage modeling of
unidirectional CFRP is presented in meso level to detect intra and inter-laminar
material response under multi-axial state of stress. The intra-laminar behaviour
is acquainted ply by ply under multi-axial state of stress. The failure modes and
related degradation rules of a unidirectional ply are explained in detail for
solid-like and fully solid frameworks. Finally inter-laminar discontinuity,
delamination, is described by the application of discrete cohesive zone. The
components of progressive damage model are discussed for two different
techniques; finite thickness and zero thickness cohesive zone frameworks. The
traction-separation behaviours of cohesive structures are formulated at prior to
damage. The failure initiation is defined and the material degradation with
gradual stiffness and gradual strength degradations are established for

interfaces of a unidirectional ply.
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Finite Element Modeling

The progressive damage analysis of CFRP and titanium alloy under multi-
axis state of stress has been considered in detail in Chapter 4. In this chapter,
finite element modelling of drilling process of fibre reinforced composite, Ti-
6Al-4V and their stack are explained. The entire finite element analysis of
drilling of CFRP and Ti-6Al-4V has performed to investigate of the effects of

process parameters and cutting tool geometry on drilling.

The problem is described in Section 5.1, and the type of analysis and
solution is considered in Section 5.2. The materials and related input data are
given in Section 5.3. The geometry of workpieces and cutting tools, and mesh
attributes are introduced in details in Section 5.4 and 5.5, respectively. The
boundary conditions and related process parameters are described in Section
5.6 whereas the related contact between the workpieces and drill is explained in
Section 5.7. Finally, Section 5.8 presents the extra finite element simulations to
validate delamination model by Asymmetric Double Cantilever Beam (ADCB)

tests.

5.1 Problem Description

Machining of materials is considerably complex and affected by several
parameters. Drilling operation is dependant on the tribological interaction
between the work piece material and tool material; cutting parameters such as
cutting speed and feed rate; operation environment e.g., ph, temperature and
existence of cutting fluid; and geometry of cutting tool. A complete
experimental study is generally uneconomic by means of time and cost. Thus,
finite element method (FEM) is required to simulate the drilling of materials

with an advantage of parametric modelling.

71



Chapter 5

A realistic finite element analysis should cover the above situations as
much as possible. In this study, 3-D finite element models were developed
using the commercial Computer Aided Engineering package Abaqus and
Computer Aided Drawing package Solidworks. The aims of the finite element
models were to model the drilling process, to simulate progressive damage
initiation and evolution in the work piece material and to predict induced
cutting force, torque and workpiece defects such as delamination and burr. The
developed 3-D models should enable the investigation of the effects of process
parameters on drilling process, thus the movement of the drill bit was modelled
as in the real life via rotational and translational velocities. Moreover, the
analysis should inspect the influences of tool geometry on drilling process. This
requires the use of complex 3-D drill bits which increases the complexity of the
problem however it was covered in the study. The limitations of the FE models
were heat generation and chip formation. Since there was sufficient coolant
used in the drilling experiments, heat generation was not taken into account.
The modelling of chip formation was not considered due to requirement of very
high density of mesh and adaptive remeshing. These techniques can avoid
possible distortion problems in chip formation however it would increase the
required computational time and resources exponentially. Details of the FE

models are introduced in the following sections.

5.2 Analysis Type

Since cutting tool penetrates into material to remove unwanted material
from the workpiece, the load does not remain static. The relative motion
between cutting tool and workpiece, unstatic type of load, dynamic material
behaviour under multi axis state of load and high strain rate deformation make
drilling process a dynamic procedure. Thus a dynamic explicit finite element

analysis approach has been proposed in this study.

Stability of the solution in finite element analysis is the only concern in an
explicit integration, which requires very small time increments. The minimum
time increment is the smallest transit time of a dilatational wave across of the

smallest element size in the mesh. Therefore, it is dependent on the density and
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the element size in the model. Typical minimum time increments were around
10% — 10° time unit in the proposed finite element models of drilling of CFRP
and Ti-6Al-4V. In order to investigate the effects of process parameters, real
time requirements have been used in the analysis, therefore FE models required
relatively large computational times depending on the machining parameters.
As time increment has been expressed to depend on the mesh, the element size
should be defined by taking into account of the accuracy of the finite element
analysis results and efficiency of the finite element approach. The optimisation
of the element size in the finite element modelling has been investigated and

will be discussed in the geometry subsection.

5.3 Materials

5.3.1 CFRP Workpiece

In the finite element analysis of drilling, a commercial carbon fibre
reinforced composite material and commercial titanium alloy were used as
work pieces. As it was explained in previous chapter, linear elastic material
model with orthotropic behaviour was utilized for Hexcel T700GC M21 carbon
fibre reinforced epoxy workpiece. The built-in Hashin Failure criteria were
employed for solid-like (continuum shell) framework whereas a user
subroutine was developed for the progressive failure of CFRP workpiece for
solid framework. The required input data for the finite element analysis;

material properties and damage properties of CFRP, are given in Table 5-1.

Table 5-1:The Material Properties of CFRP Workpiece [121, 162-163]

Constitutive Material Properties

Ex E2 Es G2 G Gas v v U2
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
112 8.2 8.2 45 45 3 0.3 0.3 0.4
Damage Model Parameters
o ol ok ok ok ok e
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1900 1000 84 250 84 250 60 110 110
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Cohesive zone approach has been used to model delaminaton. As
explained in the previous chapter, bi-linear traction-separation model has been
utilized for the behaviour of the interfaces. The built-in cohesive elements and
related failure model have been employed for finite-thickness cohesive zone
framework. Any extra element was required for zero-thickness cohesive zone,
thus the interfaces were defined as contacts between the unidirectional fibre
reinforced plies and the failure model was utilized as contact property. The
mechanical properties and the damage model parameters of cohesive interfaces
are given in Table 5-2. The critical energy release rate values in mode I and
mode II for interfaces of CFRP were obtained from the fracture mechanics tests
by Zitoune and Collombet [124]. The tests were performed according to the
standard (NF ISO 15024). The fracture energy release rate were determined by
using double cantilever beam (DCB)-type geometries and end notched flexure
(ENF) [124]. The coefficients of energy release rate in energy criteria; o, and v,
were based on their numerical study [124]. Damage model parameters were
obtained from the numerical study of Bertolini et. al. [212]. In order to avoid
convergence problems, a value of 10° N/mm?® was employed for cohesive

stiffness which was recommended by Camanho et. al. [199].

Table 5-2: The Material Properties of Interfaces of CFRP Workpieces [124, 199, 212]

Constitutive Material Parameters

K, K, K,
(N/mm3) (N/mm3) (N/mm?)
106 106 106
Damage Model Parameters
o’ o! o’ G¢ G¢ G o By
(MPa) (MPa) (MPa) (N/mm) (N/mm) (N/mm)
60 110 110 0.33 1.209 1.209 1.6 16 16

5.3.2 Ti-6Al-4V Workpiece

The Johnson-Cook material model and failure model has been employed
for the progressive failure behaviour of Ti-6Al-4V in drilling process. The built-

in Johnson-Cook material and failure models have been utilized for titanium
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workpiece. The required properties; physical and mechanical properties,
Johnson-Cook material model parameters and Johnson-Cook failure model
parameters, are given in Table 5-3. The Johnson-Cook material model
parameters were determined using Hopkinson bar tests at a high-strain rate

and a low-strain rate by Donald R. Lesuer [16, 213].

Table 5-3: The Material Properties of Ti-6A1-4V Workpiece [16, 213]

The Physical and Mechanical Properties of Ti-6A1-4V
P E
(kg/m®  (GPa)
4428 105 0.23
The Johnson-Cook Constitutive Material Model Parameters of

Ti-6Al-4V
A B - To Tm
C n m €0
(MPa) (MPa) (s-1) (°C) (°C)
862 331 0.012 0.8 0.34 1 20 1605
The Johnson-Cook Damage Model Parameters of Ti-6Al1-4V
di D: ds d4 ds

-0.09 0.25 -0.5 0.014 3.87

5.3.3 Cutting Tool

The cutting tools were modelled as rigid tools. Since there was no stress
and strain computation on the drill bits, no material input was required for the
progressive analysis. However, in order to add the mass and inertia effects of 3-
D complex drill geometries, the CAD based tools were used to calculate
volume, mass and inertia from the geometry. At this stage, tungsten carbide

was used as tool material. The properties of the drill are given in Table 5-4.

Table 5-4: The Material Properties of Cutting Tool [116]

d (kg/m®) E(GPa) v

14500 580 0.22
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5.4 Geometry

5.4.1 CFRP Workpiece

In order to model mechanical behaviour of CFRP workpiece, a meso-level
discrete model was used in the study. Each unidirectional fibre reinforced ply
was modelled individually and combined with cohesive interfaces to form
CFRP workpiece. The meso-level model enabled to analyse intra-laminar and
inter-laminar levels behaviours of unidirectional fibre reinforced composite
workpiece separately. Inter-laminar delamination is one of the most common
types of damage in laminated fibre reinforced composites due to their weak
inter laminar strengths. The overall laminated CFRP structure is symbolised in

Figure 5-1.

Cohesive interface Fibre reinforced epoxy ply

Figure 5-1: The Structure of the Composite Model

Unidirectional carbon fibre reinforced laminated composite work piece
consisted 16 plies with a stacking sequence of [90/-45/0/45]2. The ply thickness
was modelled to be equal to 0.26 mm, which was the nominal thickness of the
pre-impregnated material given in the manufacturer’s datasheet [162]. As it has
been explained in the previous section, the inter-laminar behaviour of the
unidirectional fibre reinforced composite workpiece was modelled by using
two different approaches; zero-thickness cohesive zone and finite-thickness
cohesive zone. The both approaches can model the inter-laminar behaviour of
CFRP, however there was small difference in the geometry of these two models.
The cohesive element thickness was suggested to have one fiftieth of ply
thickness in the literature [201], so the thickness of the finite-thickness cohesive
zone was equal to 0.005 mm. It must be noted that finite-thickness cohesive
zone framework has brought extra elements into the model. The zero-thickness

cohesive zone framework did not add any extra thickness to the geometry
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therefore the overall dimensions the CFRP workpieces are 40 mm x 40 mm with
a total thickness of 4.16 and 4.235 mm in the zero-thickness and finite-thickness
cohesive frameworks, respectively. The geometry of CFRP workpiece is shown

in Figure 5-2.

(a) (b)

Figure 5-2: CFRP Workpiece (a) Top View (b) Side View

5.4.2 Ti-6Al-4V Workpiece

The modelling of titanium alloy workpiece was straightforward. The
workpiece was designed as a solid plate with 40 mm X 40 mm dimensions with

a thickness of 5 mm.

5.4.3 Cutting Tool

In order to predict the drilling process of CFRP, Ti-6Al-4V and stack of
CFRP/Ti-6Al-4V, real 3-dimensional cutting tool geometry was included in the
finite element analysis. For this purpose, complex 3-D drill geometries were
modelled using Solidworks CAD software and imported into the FE simulation.
For validation purposes, the drill geometry used in the experiments was
generated. The 8 mm diameter twist drill with 140" point angle and 30° helix
angle geometry was used in drilling of CFRP, Ti-6Al-4V and stack of them.
First, the drill was assumed fully elastic deformable material to calculate the
mass and inertia in the FE model. Then it was modelled as a rigid body. Mass

and inertia were added to the rigid tool to simulate the equivalent kinematics of
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the process. The use of rigid tool in the FE simulation would decrease

computational time and maintain the efficiency of the FE analysis.

The drilling process of CFRP and Ti-6Al-4V, can be optimised by the use
of a step geometry drill. In order to investigate the effects of drill geometry, step
drill geometries were generated in Solidworks CAD environment and imported
into the FE models. The step drills were used as rigid drill in the FE models. The
details of drill geometries used in the FE analysis are given in Table 5-5 and

Figure 5-3.

Table 5-5: The Geometry of Drills

Twist Drill Step Drills
A B C D E F
Drill Diameter (mm)
8 8 8 8 8 8
[D]
Step Diameter (mm) _ 45 5 5.5 6 6.5
[Ds]

Step Ratio - 05625 0.625 0.6875 075 0.8125
Point ﬁ)l;gle ") 140 140 140 140 140 140
Helix Angle (") 30 30 30 30 30 30

Cutting Length (mm) 43 43 43 43 43 43
[Lc]

Step Length (mm) - 20 20 20 20 20
[Ls]

Total Length (mm) 79 79 79 79 79 79

[L]

et

r ‘ \<—_H\\-> I|\ 1
‘_\- e a
/ L J

L
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Figure 5-3: Step Drill Geometry

5.5 Element and Mesh

The behaviour of fibre reinforced composite workpiece was modelled in

different approaches as explained in the previous chapter. These different
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scenarios required different mesh element type. In the progressive analysis of
intra-laminar behaviour, solid and solid-like frameworks have been employed.
In solid frameworks, 8-node hexahedron fully solid elements (C3D8R) were
utilized whereas in solid-like framework 8-node hexahedron continuum shell
elements (SC8R) were used to model unidirectional fibre reinforced epoxy plies.
In the progressive analysis of inter-laminar behaviour, finite thickness and zero
thickness cohesive zones were used between each unidirectional fibre
reinforced ply, where delamination was expected to occur. The interfaces were
modelled with 8-node cohesive elements (COH3DS8) in finite-thickness cohesive
framework whereas zero-thickness cohesive scenario did not require any extra
element between the adjacent unidirectional fibre reinforced plies. Titanium
alloy workpiece was modelled with 8-node hexahedron solid elements
(C3D8R).

The drill bits were assumed as rigid body to reduce the computational
time, therefore 3-node triangular facet rigid body elements (R3D3) were used
on the surfaces of drills. It should be noted that there was no stress calculation
on the drill. This was mainly to keep the computational time and resources
required minimal. The fine mesh on the drill reassured that high resolution
contact surface elements were produced to model 3-D tool surface accurately.
Since there was no stress analysis on the rigid tool, the computational time

would not be affected by the refined mesh on the drill.

In all simulations, reduced integrated elements have been used in order to
reduce computation time. Reduced integration means that less Gauss points are
used in the finite element solution. The reduced integration provided the most
efficient computational time for the finite element analysis of drilling process.
The elements with reduced integration had a good accuracy, they are not
sensitive against mesh distortions, and they can avoid shear and volume
locking. However, reduced integration can make the elements too soft and
cause hourglass and unstable analysis. Thus reduced integrated elements have
to be stabilized by using hourglass control modes which is a technique of
introduction of an artificial stiffness to the elements. Severe mesh distortion is
one of the most common problems in the machining simulations. Hourglass

control can also minimize these problems without introducing excessive
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constraints. The optimum built-in hourglass control was found stiffness
hourglass control and reduced-stiffness hourglass control for CFRP and Ti-6Al-
4V, respectively.

Finite element analysis is highly dependent on the size of elements and
significant differences can be observed in the response of material behaviour. In
order to find an optimum element size, several simulations have been carried
out and the results of the simulations will be given in Appendix C. In order to
investigate the effect of mesh size on the outputs, 2 mm, Imm, 0.5 mm and 0.26
mm element sizes used in the finite element analysis of drilling process. Due to
the large stress gradients and potential damage at the boundary of the hole, the
mesh was refined only in the hole vicinity with an aspect ratio of 1.0 in the
latest model. The density of mesh was reduced outside of the hole vicinity in
the workpieces to reduce solution time as the outside region was less critical in
the analysis. A maximum aspect ratio of 4.0 was used away from the hole

region. The meshes of the workpieces are shown in Figure 5-4.

@) (b)
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(©) (d)

Figure 5-4: Mesh Size of Workpieces (a) 2 mm (b) 1 mm (c) 0.5 mm (d) Graded (0.26 mm & 1 mm)

Considering the very complicated geometry and the need for extremely
high computing resources a balance between the high accuracy results and
reasonable element size should be made. The graded mesh was found as the
optimum mesh. The elements size was set to 0.26 mm in thickness direction.
The mesh size of the work piece was refined in the drilling area in order to
model accurately the drilling induced stresses, forces and the progressive
damage of the work piece. The elements in the machining region were removed
when the failure criteria has met during the simulation. The element size was

0.2 mm and 0.5 mm on the tip of cutting tool and tool body, respectively.

The total numbers of elements in the CFRP work pieces were
approximately 90,000 and 175,000 for the zero-thickness cohesive zone
framework and finite-thickness cohesive zone framework, respectively. In
titanium alloy workpiece, the number of elements was approximately 115,000.
The final mesh of 3-D finite element model of drilling of CFRP/Ti-6Al-4V stack

with twist drill is shown in Figure 5-5.
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Figure 5-5: The Meshed FE Model of drilling of CFRP/Ti-6Al-4V stack

5.6 Boundary Conditions and Loading

The 3-D finite element analysis of drilling process is the application of
cutting forces by drill tip and cutting edges of a 3-D drill geometry on to the
region which is going to be removed from the workpiece. Since the cutting
forces are unknown, the FE simulation was performed by the utilisation of
displacement and rotation of the cutting tool by the specified cutting
parameters. The boundary and loading conditions of FE models are shown in
Figure 5-6. All degrees of freedom of workpieces were constrained at the fixed
end to simulate the fully clamped end. Similarly, the movement and rotation
drill was constrained in x and y directions (ux=uy=urx=ury=0) to hold the
drilling process in the right axis. Rotational and translational velocities were
applied to the drill body as spindle speed and feed rate, respectively. The heat
generation was ignored to minimize computational time since high amount of
coolant has been used in the experiments to keep the temperature close to the
room temperature. The environment temperature was set to 20 °C in finite

element analysis of drilling of CFRP and Ti-6Al-4V.
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(a) (b)

Figure 5-6: FE model of drilling (a) Twist Drill (b) Step Drill
In order to investigate the effect of cutting parameters on drilling, finite
element analyses of 3-D drilling of CFRP and Ti-6Al-4V have been performed at
different machining conditions which were same with the experimental drilling
tests. The spindle speed was incorporated by the use of rotational speed in
terms of angle per second, whereas the feed rate was given by the vertical
velocity of the tool per second. The cutting parameters used in the simulations

are given in Table 5-6.

Table 5-6: Cutting parameters used in FE Analysis of Drilling

Material Spindle Speed (rpm) Feed Rate (mm/min)
CFRP 3000, 4500, 6000, 9000 355, 457, 585, 684
Ti-6Al-4V 1000, 1400, 1800 95,119, 142, 171
CFRP/Ti-6Al-4V 4500, 6000 ( CFRP ) 355, 457 ( CFRP)

1400, 1800 ( Ti-6Al-4V ) 95,119 ( Ti-6Al-4V )

The peck drilling was not taken into account in the FE analysis since there

was no chip formation considered in the simulation.

5.7 Contact Modelling

The contact model controls the interaction between the surfaces of the tool
and work piece material such as friction. The friction between the tool and work

piece is influenced by number of factors such as cutting speed, feed rate,
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geometry and the surface properties. Estimation of friction in machining
process is very complicated and is considered as one of the challenges by
researchers. It is widely accepted that the friction at the tool-work piece
interface can be represented by a relationship between the normal and frictional
stress over the cutting edges of the tool. In drilling, friction can occur in three
ways: the friction at the chisel edge-work piece interface, the friction at cutting
edge-work piece interface, and the friction at the drill rake face-chip interface.
In this study, chip generation was not modeled due to adding complexity to the
requirement of huge computational resources. Therefore the friction between
chip and drill was ignored. Based on Coulomb friction model, which is given in
Eq (5.1), it was assumed that the frictional stress on the drill was proportional to

the normal stress with a constant friction coefficient.
T, = 1o, Eq. (5.1)

The interaction between the work piece and the tool was utilized by
Lagrangian contact mechanics with hard contact algorithm such as the
pressure-overclosure algorithm and surface-surface kinematic contact
enforcement which are already available in ABAQUS/Explicit. The surface of
the tool was set as the master object and the surface of the workpiece was set as
the slave object. This means that the workpiece will deform according to the
motion of the tool. Moreover the elements in the workpiece could not penetrate
into the tool. Gardner and Dornfeld [214] have recommended a friction
coefficient between 0.5-0.6 for machining process. Since high amount of coolant
was used in drilling experiments, the lower side of the recommended friction
coefficient range was considered and the friction coefficient was assumed 0.5
between drill and Ti-6Al-4V workpiece. The coefficient of friction was set equal
to 0.15 between drill and CFRP workpiece which was obtained from pin on disk
tests. Perfect bonding was assumed between the lamina at the beginning of the
process and the friction coefficient was assumed to be zero between the plies
after the separation. However, these assumptions would have some effects on

the FE predictions.
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5.8 Validation of Delamination

An important computational step is the verification of the proposed
numerical model for mixed-mode delamination propagation for non-
unidirectional laminates. For this purpose, a FE model has been developed to
analyze the asymmetric double cantilever beam (ADCB) test and compared
with the previous study [202]. The crack interface was chosen to be 0/45 and the
effort was particularly focused on delamination in mode I owing to the

significance of thrust force in drilling of CFRP.

The 3-D composite laminate was modelled in order to investigate the
delamination prediction capability of the current FE model. The stacking
sequence of the test specimen was 0/45/-45/-45/45/0 // 45/0/-45/0/-45/-
45/45/45/0/45/0/-45, where “*//” indicates the delamination surface as in the
previous study [202]. The material behaviour and material properties were the
same as in the drilling model explained above. The ADCB FE model and the
test data of the specimen are given in Figure 5-7 and Table 5-7, respectively. The
specimen was fixed at one end and loaded at the other end with an increasing
traction force. The resulting force and displacement are given in the following

chapter.

Table 5-7: Specimen and test data of ADCB test

L (mm) B(mm) t(mm) ao(mm)

170 20 4.68 85

Figure 5-7: FE model and Boundary Conditions of ADCB test specimen
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5.9 Summary

The finite element models of drilling of CFRP, Ti-6Al-4V and CFRP/Ti-
6Al-4V stack have been introduced in detail in Chapter 5. Three-dimensional
models have been developed. The materials have been defined for finite
element analysis and all the related data have been provided. The user material
subroutine has been developed in Fortran programming language and adopted
in Abaqus for drilling of CFRP. The geometries of CFRP and Ti-6Al-4V
workpieces were explained based on different frameworks and the drill bit
geometries have been introduced in the geometry section. The step drill
geometries were generated for CAD based optimisation of drilling of
workpieces. The mesh and element attributes have been discussed to optimize
the finite element procedure of drilling process. For this purpose the influences
of element size and hourglass control on FE results have been investigated. The
interaction between the cutting tool and workpieces were elaborated in loading
and contact sections. The boundary conditions of the drilling process have been
expressed. In addition, finite element analysis of asymmetric double cantilever
beam (ADCB) test has been performed to validate delamination model in a
simple case. The results are discussed in detail in Chapter 6, 7 and 8 for CFRP,
Ti-6Al-4V and CFRP/Ti-6Al-4V stack, respectively.
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Results and Discussions of Drilling of

CFRP

Machinability of materials is important to achieve structures with high
integrity and lows cost of manufacturing. To understand and provide high
machinability of CERP, the effects of process parameters and tool geometry
have been investigated in various aspects of drilling including thrust force,
torque, delamination, surface roughness, wear and workpiece stress through

experiments and finite element analysis.

6.1 Validation

6.1.1 Force and Torque

Figure 6-1 (a) and Figure 6-1 (b) show the experimental and simulated
thrust force and torque in drilling of CFRP without a support plate at 457
mm/min feed rate and 4500 rpm spindle speed (113 m/min cutting speed),
respectively. It was observed that the thrust force in the experimental trial was
230 N. whereas the FE model with fully solid elements estimated 227 N. The
experimentally measured torque was 0.290 N.m compared to the torque value
predicted as 0.297 N.m by the FE simulation. This shows that the FE model
estimated the thrust force and torque accurately with 1.30% and 2.41%
deviation from the test results, respectively. The estimations of the FE model
with solid-like elements and finite-thickness cohesive elements were slightly
more diverged, with 2.17% and 4.83% for thrust force and torque, respectively.
Only the closest results which were obtained by the application of solid
elements were plotted clearly. Since CFRP is a elastic and brittle material, FE

model predicted the material behaviour very well. The minor diversion in

87



Chapter 6

thrust force could be due to the material data tested in lower speeds. These
close results gave the confidence about the capability of the FE model in its

prediction of the thrust forces and torque values for the future works.
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Figure 6-1: Drilling of CFRP (a) Thrust Force (b) Torque (S=4500 rpm, f=457 mm/min)

6.1.2 Verification of Delamination Prediction

Figure 6-2 shows the stress distribution and the delamination after the
ADCB test. As shown in Figure 6-2, both arms have identical displacement at
the end of the simulation. The simulations were performed until the

displacement is 13.6 mm for the given 85 mm crack length.
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Figure 6-2: Stress distribution and delamination of CFRP specimen in ADCB test

As plotted in Figure 6-3, the result of FE model was in good agreement
with the experimental result. The average critical force was slightly
underestimated as 33.6 N for 0.26 mm in-plane element sized tests specimens.
This means dispersions was only 1.67% compared to the experimental test
results. The good correlation of the outputs confirmed that the delamination
onset and growth of CFRP laminates can be predicted reasonably during
drilling and this gives confidence about the assumptions made in this present

study.
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Figure 6-3: Comparison of Critical Force

6.2 Analysis of Thrust Force

Figure 6-4 shows the development of thrust force in drilling of UD-CFRP
without back-up plate by 3 pm TiN/TiAIN multilayer coated 8 mm diameter
tungsten carbide twist drill with 140° point angle and 30° helix angle at 457
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mm/min feed rate and 4500 rpm spindle speed. Drilling of a through hole
consists of three stages. In the first phase drill penetrates into work piece. In the
second phase, in which the whole cutting edges are in contact with the work
piece, a steady state thrust force is obtained. Finally, in the third phase drill
point exits or breaks through other side of the work piece. These three stages
can be clearly observed in drilling of CFRP in Figure 6-4. In the following
paragraphs, the investigations of thrust force are made using the average thrust
force which was obtained in the second phase of drilling in experiments and FE

analysis.
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Figure 6-4: Thrust Force through Hole in Drilling of CFRP (S=4500 rpm, f=457 mm/min)

6.2.1 Effects of Process Parameters on Thrust Force

In order to investigate the influences of process parameters on drilling of
CFRP, both the experiments and simulations were performed at the
combinations of four feed rates and four spindle speeds, a total of 16 sets of
cutting condition. All the drilling experiments were conducted with the use of 3
um TiN/TiAIN multilayer coated 8 mm diameter tungsten carbide twist drill
with 140° point angle and 30° helix angle. In order to include the effect of drill
geometry and to simulate the drilling process, 3-dimensional complex drill
geometry was used in the finite element simulations. The average thrust forces
induced in drilling of CFRP at different machining parameters are shown for

both experiments and finite element analysis in Figure 6-5 (a) and Figure 6-5 (b),
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respectively. It could be observed in Figure 6-5 (a) that drilling induced thrust
force was between 193.0 and 295.7 N regarding to the cutting condition in the
drilling tests. It could also be seen that thrust force increased with the
increasing feed rate and cutting speed. The results point out that feed rate was
the predominant factor on thrust force in the tested region. Similar trends
between process parameters and thrust force have been reported in literature
for fibre composites [57, 59, 215-217]. Although the test region and materials are
different in the studies, thrust force has been found more sensitive to feed rate
in drilling of CFRP. Zitoune et. al. [159] have reported the decrease of thrust
force with increasing cutting speed due to softening of the epoxy matrix.
However in this present study, high amount of coolant was used which
prevented from temperature rise. The temperatures measured on tip of drill
right after the drilling tests were in the range of 30-35°C. Therefore no thermal
softening was expected to occur in the epoxy matrix in CFRP. Consequently,

higher thrust force was observed whilst drilling at higher spindle speeds.

350.0

300.0 ——a

250.0 -

200.0 -

150.0 +

100.0 +

Average Thrust Force (N)

50.0

0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
300 350 400 450 500 550 600 650 700
Feed Rate (mm/min)

=—S5=3000 rpm -#-S=4500 rpm —@-S=6000 rpm —#—S=9000 rpm

(a)

91



Chapter 6

400

350 -

300 -

250 -

200

150

100

Average Thrust Force (N)

a
o

0 T T T T T T T
300 350 400 450 500 550 600 650 700
Feed Rate (mm/min)

FEA 1st Approach [~ . 5-3000 rpm - ' S=4500 rpm = O S=6000 rpm = 2+ S=9000 rpm
FEA 2nd Approach| _o_ g_3000 rpm —#— S=4500 rpm —®— S=6000 rpm —&— S=9000 rpm

(b)

Figure 6-5: Effects of Cutting Parameters on Thrust Force in Drilling of CFRP (a) Experiments (b)
Finite Element Analysis

As it was explained in the methodology section for CFRP, finite element
analysis of drilling CFRP was performed by using two approaches. The first
approach solid-like (continuum shell) elements and finite-thick cohesive
elements were utilized for the intra-laminar and inter-laminar of behaviours of
the laminated fibre reinforced composite workpieces, respectively. Whereas the
second approach, with the advent of the newer developments in the FEA
package, fully solid elements and zero-thickness cohesive surfaces were applied
for the intra-laminar and inter-laminar of behaviours of the laminated fibre
reinforced composite workpiece, respectively. The main difference between
these two models is the implication of the response of the material in the
normal direction (out-of-plane) of the workpiece. In addition to that, zero-
thickness cohesive surface approach has been found very useful comparing to
finite-thickness cohesive elements since it can avoid some of the computational

issues and decrease the solution time.

Figure 6-5 (b) shows the effect of cutting parameters on thrust force for the
both FE approaches. The first FE model which was employed with solid-like
elements for intra-laminar material behaviour predicted thrust force between
145 N and 352 N depending on the cutting parameters. The FE results show that

drilling induced thrust force increased with the increased feed rate in all cutting
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speeds. The model estimated the trend of thrust force versus feed rate
successfully. Moreover it was also estimated that the feed rate was the
dominant process parameter on the thrust force. However, thrust force
decreased with the increasing cutting speed. This was an opposite trend
comparing to the experimental tests, which was not expected. In the case of
using coolant would not lead a softening in the epoxy. Moreover, the material
response did not have a strain rate and thermal components as in metals thus
softening should not be a matter in FE analysis. It was thought that the lack of
complete response of the material in the normal direction was likely the reason
of this. The lack of 3rd variant of the stress in the intra-laminar behaviour and
in damage model would cause to a different response in the material. Thus
second FE approach has been developed to overcome this problem. The second
FE model which was utilized with fully solid elements for intra-laminar
material behaviour estimated thrust force between 186.22 N and 273.53 N
regarding to the cutting condition in the drilling tests. The finite element results
indicates that the drilling induced thrust force increased with the increased feed
rate in all cutting speeds as recorded in the drilling tests. It was clear that feed
rate was the dominant machining parameter on thrust force in the simulated
region. As it was observed in the cutting experiments, thrust force increased
with the increasing cutting speed in the FE analysis with the second model. The
inclusions of the 3rd variation completely in the response of the material and in
the failure model under the existence of multi-axis state of stress and loading
have enabled to obtain a positive correlation between the FE model and

experiments.

Table 6-1 shows the experimental and estimated average thrust forces in
details for each cutting condition. The experimental results show that the
minimum induced thrust force was obtained as 193.0 N in the tests at 3000 rpm
spindle speed and 355 mm/min feed rate whereas the maximum induced thrust
force was found in test performed at 9000 rpm spindle speed and 685 mm/min
feed rate in drilling of CFRP with 8 mm diameter twist drill. 93% higher feed
rate resulted between 16.13% and 36.17% greater amount of thrust force
depending on the cutting speed; whereas 200% greater cutting speed caused an

increase between 12.50% and 31.91% in thrust force according to the feed rate in
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drilling of CFRP. However the change in the feed rate was smaller in
percentage than the change in the cutting speed in the test region, the thrust
force was affected more in the change of the feed rate. This means that thrust

force was more susceptible to the change in feed rate.

The overall trends of predicted thrust force with the process parameters
have been shown and discussed above. Table 6-1 shows estimated thrust forces
for each set of machining parameters in detail for the both FE approaches.
According to the first FE approach, the minimum thrust force was predicted to
be 145 N at 9000 rpm and 355 mm/min which was the combination of the
maximum spindle speed and the minimum feed rate with 8 mm diameter rigid
twist drill. The maximum thrust force was estimated 352 N at 3000 rpm spindle
speed and 685 mm/min, which was the combination of the minimum cutting
speed and the largest feed rate. The results show that 93% higher feed rate
caused an increase in thrust force between 42.76% and 60.0% depending on the
cutting speed; whereas 200% greater cutting speed led to a decrease between
34.09% and 43.33% in thrust force according to the feed rate in drilling of CFRP.
However the percentage change of feed rate was smaller than the change of
cutting speed, a higher influence on thrust force has been observed which
indicates that feed rate was the dominant process parameters on thrust force.
The effect of cutting speed on thrust force was significant and cannot be
ignored. Nevertheless, the results based on the 1st FE model has shown that the
thrust force has been predicted with deviations between 2% and 43% according
to the drilling conditions. The general trend of thrust force versus cutting speed
has been predicted in contrary with the experiments due to the lack of the 3rd
variant of material responseof the laminated composite, which was the loading

or drilling direction.

This problem was overcome with the utilisation of the fully three-
dimensional constitutive model and failure model with the related fully solid
elements in the laminated fibre reinforced composite material. As can be
observed from Table 6-1 for the results of 2nd FE approach, the minimum
thrust force was estimated as 186.22 N at 3000 rpm spindle speed and 355
mm/min feed rate which was the combination of the minimum spindle speed

and feed rate with the 8 mm diameter rigid drill. The maximum thrust force
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was predicted to be 273.53 N at 9000 rpm spindle speed and 685 mm/min feed
rate. The FE results indicates that 93% higher feed rate resulted in an increase
between 12.80% and 32.57% in thrust force depending on the cutting speed;
whereas 200% greater cutting speed caused to an increase between 10.79% and
30.22% in thrust force according to the feed rate in drilling of CFRP. However
the change of feed rate was smaller than the change of cutting speed, a slightly
higher influence on thrust force has been observed which indicates that thrust
force was more susceptible to the change in feed rate in FE analysis. This
relation was found similar in experimental results. The FE analysis with fully 3-
D elements has ensured a positive correlation between thrust force and process
parameters. The deviations of predicted thrust force based on the 2nd FE
approach lay between 1.3% and 7.5% underestimation according to the set of

process parameters.

Thrust force was estimated to increase with regards to the increase in
cutting speed and feed rate. The higher thrust force could cause to higher
cutting stresses and consequently accelerated tool wear. High thrust force could
lead to increased delamination and other drilling induced defects. Combination
of moderately low cutting speed and feed rate could help to maintain high

structural integrity and provide longer service life for the tool and workpieces.

It should be mentioned that the trends predicted by the 24 FE model were
in agreement with the experimental values for the thrust force. In general, to
obtain very accurate results for thrust force via finite element analysis,
extremely fine mesh, accurate contact model and very good damage model are
essential. However due to the complexity of the geometry and the process
moving to very fine mesh would require huge computing resources. Limitation
on the computing resources and extremely long computing times had restricted
the FE investigations in terms of the mesh refinement. Within the resources
available the accuracy of the predictions of the thrust force for different drilling

parameters are acceptable.
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Table 6-1: Experimental and Simulation based Thrust Force in Drilling of CFRP

Thrust Thrust
Feed Rate Sspri::lclle Thru(s;force Force N)  peviation Force (N)  Deviation
(mm/min) (rpm) Experimental FEA-1st (%) FEA-2nd (%)
model model
355 3000 193.04+2.50 220.00 13.97 186.22 -3.53
355 4500 221.79+2.75 195.00 -12.08 214.64 -3.22
355 6000 230.00+3.00 157.00 -31.74 220.83 -3.99
355 9000 254.64+3.22 145.00 -43.06 242.50 -4.77
457 3000 213.57+2.42 270.00 26.42 208.66 -2.30
457 4500 230.00+3.00 225.00 -2.17 227.00 -1.30
457 6000 238.21+3.10 180.00 -24.44 233.02 -2.18
457 9000 262.86+3.44 153.00 -41.79 254.98 -3.00
584 3000 246.43+3.20 305.00 23.77 238.25 -3.32
584 4500 254.64+3.30 265.00 4.07 243.12 -4.53
584 6000 262.86+4.00 207.00 -21.25 256.08 -2.58
584 9000 287.50+3.70 182.00 -36.70 277.11 -3.61
685 3000 262.86+3.75 352.00 33.91 246.88 -6.08
685 4500 271.07+3.80 300.00 10.67 252.01 -7.03
685 6000 279.29+3.95 237.00 -15.14 259.12 -7.22
685 9000 295.71+4.50 207.00 -30.00 273.53 -7.50

Based on these results, it was understood that the second approach in
which the FE model was utilized with fully 3-D constitutive model, failure
model and related 3-D solid elements and zero-thickness cohesive surfaces
simulated the drilling of CFRP successfully. Thus, further investigations based
on the finite elements analysis which includes the optimisation of geometry for
drilling of CFRP, and drilling of CFRP/Titanium stack have been performed

with the use of second finite element approach.
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6.2.2 Effect of Tool Geometry on Thrust Force

In order to optimise the drilling of CFRP, different step drill geometries
have been modelled in CAD software and have been utilized in the finite
element analysis. The estimated thrust force was found to be only 1.30%
different than the experiments performed at 4500 rpm spindle speed and 457
mm/min feed rate with 8mm diameter coated carbide drill. This deviation
showed that the FE model implemented with 3-D constitutive model, failure
model with fully capable 3-D solid elements and zero-thickness cohesive
surfaces could estimate thrust force accurately and it gave the confidence about
the capability of the FE model. Thus, investigations using step drills were

performed based on FE analysis with the second approach.

Figure 6-6 shows the numerical predictions of thrust force in drilling of
CFRP without any support plate at 457 mm/min feed rate and 4500 rpm spindle
speed (113 m/min cutting speed) for twist drill and various step drills. It must
be noted that, due to interest in the estimation of drilling induced delamination
in CFRP workpiece, the secondary drilling stage by step drill has been focused
in this research. Thus, the thrust forces shown in Figure 6-6 are the average
estimated values in the secondary drilling stage. The FE model estimated the
thrust force to be 227 N in drilling CFRP by 8 mm diameter twist drill. When
step drill was utilized in FE analysis of drilling of CFRP, estimated thrust force
was significantly lower than the ordinary twist drill. A comparison of the
estimated thrust forces for the twist drill and step drills with various stage
ratios is shown in Figure 6-6. Thrust force decreased by approximately 40%
when a step drill with an initial 4.5 mm drill diameter; and 70% when a step
drill with an initial 6.5 mm drill diameter. As it can be seen the higher stage
ratio has provided higher reduction in thrust force. This was due to
disappearance of the effects of chisel edge in the second stage cutting of step
drill as it was confirmed in drilling with pilot hole in previous research works
[106-107, 110]. Moreover, smaller area to be cut by the cutting edges of the step
drill required smaller contact between the workpiece and the drill which

minimized the need of cutting energy and cutting force.
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Figure 6-6: Effect of Drill Geometry on Thrust Force

Thrust force was estimated to reduce significantly due to initial step part
and disappearance of the chisel edge of the drill. The reduced thrust force
would assist to achieve reduced delamination and other drilling induced
defects. This could help to maintain high structural integrity and provide longer
service life for the workpieces. The use of step drill can also decrease the
possible rejections due to tight tolerances, so it could lead low cost of
manufacturing. The advantages of the use of step drill will be discussed in

torque and delamination parts in the following subsections.

In general, to obtain more accurate results via finite element analysis,
deformable cutting tool and extremely fine mesh could be used with regard to
the computational facilities. However due to the complexity of the geometry
and the process with a deformable cutting tool and very fine mesh would
require huge computing resources. A contact model with anisotropy and

thermo-mechanical FE analysis would develop the model further.

6.2.3 Effect of Tool Wear on Thrust Force

It is important and worth to determine the number of holes that can be
drilled in CFRP workpiece in order to maintain quality and provide economic

solution in manufacturing. Progression of the thrust force by the number of
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holes can be observed during drilling in addition to the development of the
wear regions. Figure 6-7 shows thrust force versus number of holes drilled in
CFRP at 457 mm/min feed rate and 4500 rpm spindle speed (113 m/min cutting
speed). During drilling experiments of CFRP, thrust forces increased steadily.
After drilling 56 holes in CFRP, thrust force rose by 157.5 % from 235 N to 605
N. The final thrust force was remarkable comparing the very initial induced
thrust force and clearly presented the importance and influences of wear on

thrust force.
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Figure 6-7: Effect of Number of Holes on Thrust Force in Drilling of CFRP (S=4500 rpm, =457
mm/min)

Since the flank wear has reached the 0.25 mm critical value which has
been stated as the tool life criteria based on the industrial experience in the
methodology section, the drill was considered to have reached its end of life.
Beyond this limit, it is not suggested to continue drilling since thrust force could
increase substantially due to the loss of sharpness of cutting edges of the drill.
Increased cutting forces could elevate cutting stresses and cutting temperatures
due to increased friction between drill and workpiece. This would likely to
affect material removal mechanism which can accelerate wear rate.
Consequently it could be finalized with uncontrolled tool wear including
chipping and sudden tool breakage, unacceptable material defects such as
delamination and surface roughness, thus possible rejections and increased

manufacturing costs.
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6.3 Analysis of Torque

Figure 6-8 shows the progression of induced torque in drilling of UD-
CFRP without a support plate with 3 pm TiN/TiAIN multilayer coated 8 mm
diameter tungsten carbide twist drill with 140° point angle and 30" helix angle
at 457 mm/min feed rate and 4500 rpm spindle speed. The development of
torque was similar to the development of thrust force in drilling process. Three
stages of drilling are shown clearly in Figure 6-8. In the first phase drill
penetrates into work piece. In the second phase, in which the whole cutting
edges are in contact with the work piece, a steady state torque is attained.
Finally, in the third phase drill point exits or breaks through other side of the
work piece. In the following paragraphs, the investigations on torque are made

using the average torque which has obtained in the second phase of drilling.
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Figure 6-8: Torque through Hole in Drilling of CFRP (S=4500 rpm, f=457 mm/min)

6.3.1 Effects of Process Parameters on Torque

The influences of process parameters on torque have been investigated in
drilling of CFRP performed at the combinations of four feed rates and four
spindle speeds, a total of 16 set of cutting conditions in both experiments and
finite element analysis. All the drilling experiments were conducted with the
use of 3 um TiN/TiAIN multilayer coated 8 mm diameter tungsten carbide twist

drill with 140° point angle and 30" helix angle. 3-dimensional complex drill
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geometry was employed in the finite element simulations to simulate the
drilling process and to investigate the influences of drill geometry. The average
torque values induced in drilling of CFRP at different machining parameters
are shown for both experiments and finite element analysis in Figure 6-9 (a) and
Figure 6-9 (b), respectively. As it is plotted in Figure 6-9 (a), torque altered
between 0.237 and 0.373 N.m according to the cutting condition in experimental
drilling of CFRP. It could be observed that torque increased with respect to feed
rate and cutting speed similar to observations for the thrust force. The results
point out that feed rate was the predominant factor on torque in the tested
region. Similar trends between process parameters and torque have been
reported in literature for fibre composites [57, 59, 215-217]. Despite the fact that
different process parameters and materials are reported in the literature, similar
reactions have been observed between process parameters and torque. Feed
rate was the predominant parameters on torque in drilling of CFRP. Increased
feed rate lead to rise in torque, whereas cutting speed did not influence torque
as significant as feed rate. Drilling induced torque might have decreased by
possible softening of polymer matrix due to cutting temperatures, however in
this present study, high amount of coolant was used which prevented from
temperature rise. Therefore no thermal softening was expected to occur in the
epoxy matrix in CFRP. Consequently, higher torque was observed whilst

drilling at higher spindle speeds.
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Figure 6-9: Effects of Cutting Parameters on Torque in Drilling of CFRP (a) Experimental (b)
Finite Element Analysis (1 Approach: Shell Elements, 2" Approach: Solid Elements

Figure 6-9 (b) shows the effect of cutting parameters on torque for the both
FE analysis approaches. The first FE model which was employed with solid-like
elements for intra-laminar material behaviour predicted torque between 0.207
and 0.503 N.m depending on the cutting parameters. The FE results show that
the drilling induced torque increased with the increased feed rate in all cutting
speeds. The model estimated the trend of torque versus feed rate successfully.
Moreover it was also estimated that the feed rate was the dominant process
parameter on torque. However, drilling induced torque decreased with the
increasing cutting speed. This was an unexpected and opposite trend
comparing to the experimental tests. In the case of using coolant would not lead
a softening in the epoxy. Moreover, the material response did not have a strain
rate and thermal components as in metals thus softening should not be a matter
in FE analysis. It was thought that the lack of complete response of the material
in the normal direction was likely the reason of this. The lack of 3rd variant of
the stress in the intra-laminar behaviour and in damage model would cause to a
different response in the material. Thus second FE approach has been
developed to overcome this problem. The second FE model which was utilized

with fully solid elements for intra-laminar material behaviour estimated torque
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between 0.229 N.m and 0.345 N.m with regard to the cutting condition in the
drilling tests. The finite element results indicates that the drilling induced
torque increased with the increased feed rate in all cutting speeds as recorded
in the drilling tests. It was clear that feed rate was the dominant machining
parameter on torque in the simulated region. As it was observed in the cutting
experiments, torque increased with the increasing cutting speed in the FE
analysis with the second model. The inclusions of the 3rd variation completely
in the response of the material and in the failure model under the existence of
multi-axis state of stress and loading have enabled to obtain a positive

correlation between the FE model and experiments.

Table 6-2 shows the experimental and estimated average drilling induced
torque in details for each cutting condition. The experimental results show that
the minimum induced torque was obtained as 0.237 N.m in the tests at 3000
rpm spindle speed and 355 mm/min feed rate whereas the maximum induced
torque was found to be 0.373 N.m in test performed at 9000 rpm spindle speed
and 685 mm/min feed rate in drilling of CFRP with 8 mm diameter twist drill.
93% higher feed rate resulted between 12.50% and 35.70% greater amount of
torque depending on the cutting speed; whereas 200% greater cutting speed
caused an increase between 16.13% and 40.08% in torque according to the feed
rate in drilling of CFRP. However the change in the feed rate was smaller in
percentage than the change in the cutting speed in the test region, drilling
induced torque was affected more in the change of the feed rate. This means

that torque was more susceptible to the change in feed rate.

The overall trends of predicted torque with the process parameters have
been shown and discussed above. Table 6-2 shows estimated torque for each set
of machining parameters in detail for the both FE approaches. According to the
tirst FE approach, the minimum torque was predicted to be 0.207 N.m at 9000
rpm and 355 mm/min which was the combination of the maximum spindle
speed and the minimum feed rate with 8 mm diameter rigid twist drill. The
maximum torque was estimated 0.503 N.m at 3000 rpm spindle speed and 685
mm/min, which was the combination of the minimum cutting speed and the
largest feed rate. The results show that 93% higher feed rate caused an increase

in drilling induced torque between 42.76% and 60.0% depending on the cutting
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speed; whereas 200% greater cutting speed led to a decrease between 34.09%
and 47.96% in torque according to the feed rate in drilling of CFRP. However
the percentage change of feed rate was smaller than the change of cutting
speed, a higher influence on torque has been observed which indicates that feed
rate was the dominant process parameters on torque. The effect of cutting speed
on torque was significant and cannot be ignored. Nevertheless, the results
based on the 1st FE model has shown that drilling induced torque has been
predicted with deviations between 4.83% and 56.62% according to the drilling
conditions. Similar to the findings for thrust force, the general trend between
torque and cutting speed has been predicted in contrary with the experiments
due to the lack of the 3rd variant of response of the laminated composite, which

was the loading or drilling direction.

As it can be observed from Table 6-2 for the results of 2nd FE approach,
the minimum torque was estimated as 0.229 N.m at 3000 rpm spindle speed
and 355 mm/min feed rate which was the combination of minimum spindle
speed and feed rate with the 8 mm diameter rigid drill. The maximum induced
torque was predicted to be 0.345 N.m at 9000 rpm spindle speed and 685
mm/min feed rate. The FE results indicate that 93% higher feed rate resulted in
an increase between 10.71% and 34.72% in torque depending on the cutting
speed; whereas 200% greater cutting speed caused to an increase between
11.78% and 36.03% in torque according to the feed rate in drilling of CFRP.
However the change of feed rate was smaller than the change of cutting speed,
a slightly higher influence on torque has been observed which indicates that
torque was more susceptible to the change in feed rate in FE analysis. This
relation was found similar in experimental results. The FE analysis with fully 3-
D elements has ensured a positive correlation between torque and process
parameters. The deviations of predicted torque based on the 2nd FE approach
lay between 2.10% and 7.40%, generally underestimation according to the set of

process parameters.
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Table 6-2: Experimental and Simulation based Torque in Drilling of CFRP

Torque Torque
Feed Rate Sspri,:;lclle "1;(1:.(11:; (N.m) Deviation (N.m) Deviation
(mm/min) (rpm) Experimental FEA-1st (%) FEA-2nd (%)
model model
355 3000 0.237+0.03 0.314 32.83 0.229 -3.10
355 4500 0.269+0.03 0.250 -7.16 0.260 -3.50
355 6000 0.311+0.04 0.224 -27.82 0.301 -3.10
355 9000 0.331+0.05 0.207 -37.50 0.312 -5.90
457 3000 0.270+0.03 0.420 55.84 0.262 -2.80
457 4500 0.290+0.03 0.304 4.83 0.297 241
457 6000 0.321+0.04 0.250 -22.14 0.308 -4.20
457 9000 0.342+0.05 0.219 -36.05 0.318 -6.90
584 3000 0.283+0.03 0.436 54.18 0.272 -3.60
584 4500 0.310+0.04 0.400 29.03 0.303 -2.10
584 6000 0.331+0.05 0.296 -10.78 0.322 -2.70
584 9000 0.356+0.05 0.260 -26.95 0.331 -7.00
685 3000 0.321+0.04 0.503 56.62 0.309 -3.80
685 4500 0.331+0.05 0.429 29.31 0.322 -2.90
685 6000 0.363+0.06 0.339 -6.60 0.350 -3.50
685 9000 0.373+0.06 0.296 -20.69 0.345 -7.40

Torque was estimated to increase with regards to the increase in cutting
speed and feed rate. The higher torque would cause to higher friction, thus
increased surface roughness and cutting temperatures. These can be minimised
by the choice of moderately low feed rate and spindle speed. In addition to

minimising the possible rejections, the cost of manufacturing could be reduced.

It should be mentioned that the trend predicted by the 2" FE model was

in agreement with the experimental values for torque. To achieve very accurate
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results for prediction of drilling torque using finite element analysis,
deformable cutting tool, extremely fine mesh for tool and workpieces, chip
formation and very good damage and contact models are necessary. However
due to the complexity of the geometry and the process moving to very fine
mesh would require huge computing resources. Restrictions on the computing
resources have limited us in terms of the mesh refinement and other techniques.
Within the resources available the accuracy of the predictions of the torque for

different process parameters are acceptable.

6.3.2 Effect of Tool Geometry on Torque

Various step drill geometries have been utilized in the finite element
analysis of drilling process of CFRP. The investigations of the effect of the
geometry on torque have been performed with FE analysis. The estimated
torque was found to be 0.3 N.m which was only 1.30% different than the
experiments performed at 4500 rpm spindle speed and 457 mm/min feed rate
with 8mm diameter coated carbide drill. This deviation showed that the FE
model which was utilized with 3-D constitutive model, failure model with fully
capable 3-D solid elements and zero-thickness cohesive surfaces could estimate
drilling induced torque accurately and it gave the confidence about the
capability of the FE model. Thus, investigations using step drills were
performed based on FE analysis with the second approach. All the torque
values reported below are the average values from the steady state drilling

stage, and the secondary drilling stage for step drills.

Figure 6-10 shows the numerical predictions of torque in drilling of CFRP
without any support plate at 457 mm/min feed rate and 4500 rpm spindle speed
(113 m/min cutting speed). The FE model estimated torque to be 0.3 N.m in
drilling CFRP by 8 mm diameter rigid twist drill. When step drills were utilized
in FE analysis of drilling of CFRP without any support plate, torque values
were estimated significantly lower than the twist drill. The comparison of the
torque values for the twist drill and step drills with various stage ratios is
shown in Figure 6-10. The higher stage ratio has provided higher reduction in
torque. 0.20 N.m was estimated for the step drill with 0.56 stage ratio or 4.5 mm
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step drill diameter whereas the torque was estimated to reduce to 0.08 N.m for
6.5 mm step drill diameter, or 0.81 stage ratio. The smaller area to be cut by the
cutting edges of the step drill required smaller contact between the workpiece
and the drill. The smaller contact provides smaller friction between the drill
surfaces and the workpiece. This minimizes the required torque in addition to

thrust force and related cutting energy.
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Figure 6-10: Effect of Drill Geometry on Torque
Torque was estimated to reduce significantly due to initial step part of the
step drill. The reduced torque would assist to achieve reduced friction, thus
reduced surface roughness and cutting temperatures. The thermal defects in the
polymer based composites could be minimized with the use of step drill. These
could help to maintain high structural integrity and provide longer service life
for the workpieces. Possible material rejections could be also decreased, so

lower cost of manufacturing could be achieved.

In general, to obtain more accurate results via finite element analysis,
deformable cutting tool and extremely fine mesh could be used with regard to
the computational facilities. However due to the complexity of the geometry
and the process with a deformable cutting tool and very fine mesh would
require huge computing resources. A contact model with anisotropy and

thermo-mechanical FE analysis would also develop the model further.
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6.3.3 Effect of Tool Wear on Torque

The number of holes can be drilled should be determined to provide
quality and economic manufacturing process. Figure 6-11 shows the
development of induced torque versus number of holes drilled in CFRP
without back-up plate at 457 mm/min feed rate and 4500 rpm spindle speed
(113 m/min cutting speed). During drilling experiments of CFRP, torque
increased steadily. After drilling 56 holes in CFRP, torque rose by 164.5 % from
0.29 N.m to 0.767 N.m. The final torque was remarkable comparing the very
initial induced torque. Figure 6-11 clearly presented the importance and

influences of wear on torque.
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Figure 6-11: Effect of Number of Holes on Torque in Drilling of CFRP (S=4500 rpm, f=457
mm/min)

At the end of 56 holes in CFRP, the flank wear of drill bit has reached the
wear criterion which was set to 0.25 mm for 8 mm diameter twist drill
according to the industrial experience. The drill was considered to reach its
service life, thus cutting action was not suggested beyond this limit since torque
might increase remarkably due to the loss of sharpness of cutting edges of the
drill. In that case it would be difficult to maintain the quality of the drilled holes
due to increase in friction between drill and workpiece and higher mechanical

and thermal stresses. This would also cause to possible changes in material
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removal mechanisms which could lead to excessive wear rate and material

defects.

6.4 Analysis of Delamination

Figure 6-12 shows typical drilling induced delamination and the digital
image processing for the assessment of delamination. These delamination
tigures were used to evaluate the effects of process parameters on delamination

after drilling CFRP without back-up plate.

Figure 6-12: Digital Image Processing of Delamination

Figure 6-13 (a) and Figure 6-13 (b) show entrance delamination images for
experimentally observed and FE estimation after drilling of CFRP without a
support plate at 457 mm/min feed rate and 4500 rpm spindle speed,
respectively. The white areas in Figure 6-13 (a) and Figure 6-13 (b) show the
complete damaged area after the drilling which is called entrance delamination
at the outer surface of the workpiece whereas the red area in Figure 6-13 (b)
shows the delamination propagation between two layers what can cause the
loss of the strength in the structural component. The damage area was slightly
overestimated and the entrance delamination factor has been predicted as 1.3
with the use of 3-D elements. The experimentally obtained entrance
delamination factor was 1.2, so the estimation of the FE model could be
expressed reasonable. The diversity of estimated entrance delamination factor,
Fp, comparing to the experimental obtained result was 8% for the given process
parameters. Comparing the FE model with continuum shell elements predicted
the delamination factor has been improved from of 1.4 to 1.3. The speed of the
drilling process may have an influence on the crack propagation, thus

delamination parameters may need to be checked at high speed tests.
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Figure 6-13: Entrance Delamination (a) Experimental (b) Finite Element Analysis

6.4.1 Effects of Process Parameters on Delamination

Figure 6-14 shows the both delamination factors, conventional
delamination factor (Fp) and alternative delamination factor (Fa), obtained
under different cutting conditions after experimental drilling of CFRP without
support plate at the hole entry. It can be seen that with the use of the alternative
delamination factor (Fa), which was related to the damaged area, generally
smaller extent of delamination was provided comparing to the conventional
delamination factor (Fp) at the hole entrance. The average difference between
both conventional factors found to be 2.33%. The conventional delamination
factor was dependent on the local maximum damaged point on the vicinity of
hole, thus in the image. It can also be noted that delamination increased with
the feed rate and decreased with the cutting speed in the test region. When the
cutting speed increased 200%, the alternative delamination factor decreased
between 8.56% and 14.02% whereas conventional delamination factor reduced
between 1.83% and 11.11% with regards to the feed rate in the tests. An increase
of the feed rate by 93% caused to an increase in the alternative delamination
factor between 4.01% and 9.47% whereas 1.63% and 8.13% increase in the

conventional delamination factor depending on the cutting speed.
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Figure 6-14: Effects of Cutting Parameters on Delamination Factors-Experimentally Obtained (1*
Approach: Shell Elements, 2™ Approach: Solid Elements)

Figure 6-15 shows the effects of cutting parameters on conventional
delamination factors (Fp) evaluated through the finite element analysis
simulation for the both FE approaches. It can be seen that the general trends of
the conventional delamination factors in both approaches were similar to the
experimental results, delamination increased with the feed rate and decreased
with the cutting speed in the range simulated. The finite elements results
indicate that the conventional delamination factor was estimated between 1.17
and 1.52 with the first FE approach; 1.15 and 1.38 with the second FE model
with regard to process parameters. The average of the conventional
delamination factors were 16.58% and 9.15% higher than the experimentally
obtained results for the first and second FE approaches, respectively. The FE
approach which utilized with fully solid elements for intra-laminar material
behaviour and zero-thickness cohesive based surfaces for inter-laminar material
behaviour estimated delamination closer to the experimental results. The
employment of material model and failure model with the 3 component of
stress in loading direction provided to predict more realistic drilling induced

delamination at the entrance of the holes of CFRP.

111



Chapter 6

1.60
1.55
1.50
1.45
1.40
1.35
1.30 -
1.25
1.20
1.15
1.10
1.05
1.00 ‘ ‘ ‘

300 400 500 600 700

Feed Rate (mm/min)

Delamination Factor (Fd)

FEA 1st Approach | =< S=3000 rpm =L S=4500 rpm =O S=6000 rpm =2 S=9000 rpm
FEA 2nd Approach | —e—5=3000 rpm —#—S=4500 rpm —®—S=6000 rpm =—&—S=9000 rpm

Figure 6-15: The Effect of Cutting Parameters on Drilling Induced Delamination at Entrance-
Finite Element Analysis

Table 6-3 shows the experimental and estimated drilling induced
conventional delamination factors at the entrance of holes in details for each
cutting condition. The experimental results show that the minimum induced
conventional delamination factor was obtained as 1.11 in the tests at 9000 rpm
spindle speed and 355 mm/min feed rate whereas the maximum induced
conventional delamination factor was found to be 1.25 in test performed at 3000
rpm spindle speed and 685 mm/min feed rate in drilling of CFRP with 8 mm
diameter twist drill. 93% higher feed rate resulted between 1.63% and 8.13%
greater amount of delamination with regard to the cutting speed; whereas 200%
greater cutting speed led a decrease between 1.83% and 11.11% in delamination
factor according to the feed rate in drilling of CFRP. Both process parameters
were found to have influences on delamination factor, however the effect of
feed rate on delamination factor was slightly higher than the effect of spindle

speed.

The overall trends of simulated drilling induced delamination with the
process parameters have been shown and discussed above. Table 6-3 shows
estimated the conventional delamination factors at the hole entry for each set of

machining parameters in detail for the both FE approaches. According to the
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tirst FE approach, the minimum delamination factor was estimated as 1.17 at
9000 rpm and 355 mm/min which was the combination of the maximum
spindle speed and the minimum feed rate with 8 mm diameter rigid twist drill.
The maximum conventional delamination factor was calculated 1.52 at 3000
rpm spindle speed and 685 mm/min, which was the combination of the least
cutting speed and the largest feed rate. The results show that 93% higher feed
rate caused an increase in drilling induced delamination factor between 14.59%
and 21.83% depending on the cutting speed; whereas 200% greater cutting
speed led to a decrease between 8.99% and 12.27% in delamination factor at the
entry according to the feed rate in drilling of CFRP. However the percentage
change of feed rate was smaller than the change of cutting speed, a higher
influence on delamination factor has been observed which indicates that feed
rate was the dominant process parameters on delamination factor in the
simulations with the first FE approach. The effect of cutting speed on
delamination factor cannot be ignored. Nevertheless, the results based on the
1st FE model has shown that drilling induced delamination has been predicted

with deviations between 3.86% and 25.90% according to the drilling conditions.

As it can be observed from Table 6-3 for the results of 2nd FE approach,
the minimum delamination factor was calculated 1.15 at 9000 rpm spindle
speed and 355 mm/min feed rate which was the combination of the maximum
spindle speed and the minimum feed rate with the 8 mm diameter rigid drill.
The maximum induced delamination factor was predicted as 1.37 at 9000 rpm
spindle speed and 685 mm/min feed rate. The FE results indicate that 93%
higher feed rate resulted in an increase between 10.40% and 14.78% in
conventional delamination factor depending on the cutting speed; whereas
200% greater cutting speed caused to a decrease between 4.35% and 11.03% in
conventional delamination factor according to the feed rate in drilling of CFRP.
However the change of feed rate was smaller than the change of cutting speed,
higher influence on delamination factor has been observed which indicates that
drilling induced delamination was more susceptible to the change in feed rate
in FE analysis. The deviations of predicted drilling induced delamination factor
based on the second FE approach lay between 2.44% and 16.63%, with

overestimation according to the set of process parameters. The difference
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between the experiments and simulation results was generally larger at higher

feed rates.

Table 6-3: Experimental and Simulation based Delamination in Drilling of CFRP

) (rpm)  Experimental FEA-1+ model FEA-2"d model %)
355 3000 1.16+0.01 1.28 11.04 1.25 8.13
457 3000 1.25+0.01 1.46 16.62 1.36 8.59
584 3000 1.23+0.02 1.51 23.06 1.37 11.57
685 3000 1.25+0.03 1.51 21.03 1.38 10.40
355 4500 1.19+0.01 1.24 3.86 1.22 2.44
457 4500 1.20+0.02 1.40 16.92 1.30 8.34
584 4500 1.19+0.02 1.50 25.90 1.35 13.36
685 4500 1.23+0.02 1.51 22.43 1.36 10.49
355 6000 1.14+0.01 1.23 7.39 1.20 4.82
457 6000 1.15+0.01 1.38 19.99 1.27 10.49
584 6000 1.17+0.02 1.45 23.47 1.31 11.63
685 6000 1.20+0.02 1.49 23.62 1.35 12.16
355 9000 1.11+0.01 1.17 491 1.15 3.27
457 9000 1.11+0.01 1.30 16.65 1.21 8.70
584 9000 1.21+0.02 1.33 9.97 1.27 5.35
685 9000 1.13+0.02 1.33 17.39 1.32 16.63

Delamination was estimated to increase with regards to the increase in
feed rate and decrease in the spindle speed. The higher delamination could
deteriorate structural integrity and even could be reason for rejection.
Combination of moderately low feed rate and higher spindle speed could

reduce delamination and provide longer service life for the workpieces.
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However it should be noted that the use of high spindle speed would increase

the wear rate.

It should be mentioned that the trends predicted by the FE models were in
agreement with the experimental values for the delamination. In general, in
order to achieve very accurate results for prediction of delamination using
simulation, extremely fine mesh and very good damage model are essential.
However due to the complexity of the geometry and the process moving to very
fine mesh would require huge computing resources. Limitation in the
computing resources and computing time had restricted us in terms of the mesh
refinement. Within the resources available the accuracy of the predictions of the

delamination factors for different process parameters are acceptable.

6.4.2 Effect of Tool Geometry on Delamination

Figure 6-16 shows delamination in the vicinity of holes at both sides,
entrance and exit, in FE simulations after drilling of CFRP without back-up
plate by step drills at 457 mm/min feed rate and 4500 rpm spindle speed. As
shown in Figure 6-16, white areas symbolizes the complete damaged area due
to fracture and delamination after drilling CFRP whereas spring colors show
the propagation of delamination at the interface of two adjacent plies which can
cause to strength degradation of the structure. FE simulations show that the
damage area declined with the increase in the stage ratio of step drill. This was
mainly due to the fact that the chisel edge effect was avoided in the second
stage cutting of step drill. In addition to that less material was cut by the cutting
edges of step drill with higher stage ratio. Therefore lower cutting energy and
cutting forces were required in high stage ratio step drill. Thrust force and

torque estimations shown in Figure 6-6 and Figure 6-10 can be indicators of this.
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Figure 6-16: Delamination patterns in drilling of CFRP by step drills (S=4500 rpm, f=457 mm/min)

Figure 6-17 shows FE predictions of alternative delamination factors
versus stage ratio after drilling of CFRP without back-up plate by step drill at
457 mm/min feed rate and 4500 rpm spindle speed at both sides, entrance and
exit. As shown in Figure 6-17, exit delamination factor was estimated greater
than the entrance delamination factor since the last plies at exit side were more
vulnerable against thrust force. Both entrance delamination factor and exit
delamination factor tended to decrease with the increasing stage diameter of the
step drill. When the alternative delaminaton factor at the entrance was
estimated 1.3 without back-up plate by twist drill, it was predicted 1.07 with

step drill with 6.5 mm stage diameter. Similar observations can be made for the
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exit delamination. The improvements in delamination factors can show the
advantages of step drill in drilling of CFRP. Thrust force, torque and
delamination can be declined by the use of step drill with high stage ratio.
Work piece defects could be control with the proper selection of step geometry
and process parameters. These results have been confirmed by previous
research works [100, 110] where the critical thrust force responsible from
delamination in drilling of CFRP with pilot hole and step drill was studied. As
the ratio of pilot hole or stage ratio of step drill increases, the critical thrust force
increases whereas the thrust force decreases which means that the composite
structure becomes more resistant against delamination. Prevention of the effects

of chisel edge of drill bit in drilling of CFRP minimizes thrust force and

delamination.
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Figure 6-17: Effect of Drill Geometry on Delamination (S=4500 rpm, f=457 m/min)
Delamination was predicted to be substantially lower due to initial step
part and disappearance of the chisel edge of the drill. The reduced delamination
would mean that higher structural integrity and possibly longer service life. The
use of step drill could avoid the possible rejections owing to tight tolerances, so

it could boost the improvements in manufacturing costs.

In general, to obtain more accurate results via finite element analysis,

deformable cutting tool and extremely fine mesh could be used with regard to
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the computational facilities. Nevertheless, the complexity of the geometry and
the process with a deformable cutting tool and very fine mesh would require
huge computing resources. A contact model with anisotropy and thermo-

mechanical FE analysis would develop the model.

6.4.3 Effect of Tool Wear on Delamination

It is important to determine the extent of delamination in the workpiece in
order to assess the structural integrity of the machined part. This also provides
a limit number of holes that can be drilled in the structures before replacing the
tool. Figure 6-18 and Figure 6-19 present the features of the delamination
patterns observed at the entry and exit side of the drilled CFRP laminates,
respectively. The images were used to measure the extent of the delamination
via a developed algorithm based on digital image processing. Figure 6-18 and
Figure 6-19 indicate a typical brittle damage due to brittle fibres in the

composite structure.

Figure 6-18 (a) and Figure 6-18 (b) show the state of the entry of the hole
after drilling of CFRP. Even in the first hole, fibre pull outs and delamination
were observed at the entry of the hole as shown in Figure 6-18 (a). After
reaching tool wear (Vs=0.25 mm) with drilling 56 holes, significant delaminated

area was observed at the hole entry in drilling of CFRP as given in Figure 6-18

(b).

(b)

Figure 6-18: Delamination at Hole Entry (S=4500 rpm, f=457 mm/min) (a) Drilling of CFRP plate-
1st Hole (b) Drilling of CFRP -56th Hole
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Figure 6-19 (a) and Figure 6-19 (b) show the state of the exit of the hole
after drilling of CFRP. As it can be noticed in Figure 6-19 (a), there is a
significant indication of fibre pull outs even in the first hole in drilling of CFRP.
After 56 holes, excessive delamination with buckled fibres was observed in
drilling of CFRP as shown in Figure 6-19 (b). In the test region, the last ply of
the CFRP could not withstand thrust force what resulted in very poor exit

surface.

(a) (b)

Figure 6-19: Delamination at Hole Exit (S=4500 rpm, f=457 mm/min) (a) Drilling of CFRP -1st
Hole (b) Drilling of CFRP -56th Hole

Since the structural integrity of structures is vital in the aerospace
industry, tool life may not be the only criteria to determine a feasible
manufacturing operation. In order to preserve the accuracy and quality of
drilled hole, a limit number could be decided to replace the tool based on the
delamination factor. Figure 6-20 indicates the influence of the number of drilled
holes on delamination factors. It shows delamination factors at hole entry
versus number of holes drilled in drilling of CFRP without a support plate at
constant 457 mm/min feed rate and 4500 rpm spindle speed. As it can be
observed from Figure 6-20 both delamination factors rose approximately 10 %
after drilling 56 holes in CFRP. It should also be noted that, alternative
delamination factor presented lower values comparing to conventional
delamination factor. The difference between them remained generally the same

as the number of drilled holes increased.
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Figure 6-20: Effect of Number of Holes on Delamination Factors (S=4500 rpm, f=457 mm/min-
Hole Entry)

6.5 Analysis of Surface Roughness

Influences of process parameters and tool wear on surface roughness have
been investigated. In order to investigate the influences of process parameters
on drilling of CFRP, experiments were performed at the combinations of four
feed rates and four spindle speeds, a total of 16 set of cutting condition. Effect of
tool wear on surface roughness was investigated at one set of parameters. All
the drilling experiments were conducted with the use of 3 um TiN/TiAIN
multilayer coated 8 mm diameter tungsten carbide twist drill with 140" point
angle and 30° helix angle in wet conditions. All experiments were carried out
with high pressure cooling through tool coolant holes of drills. 5 percent
emulsion of Hocut 795B cutting fluid was applied in wet cutting experiments at
a constant 38 bar coolant pressure (equal flow rate of ~2.4 1/min). Each surface

roughness measurement was repeated 5 times.

6.5.1 Effects of Process Parameters on Surface Roughness

Figure 6-21 shows influences of cutting parameters on the average surface
roughness (Ra) when drilling CFRP at different cutting parameters. The average
surface roughness was obtained between 1.78 pm and 6.35 um in drilling of

CFRP workpiece without support plate within the range of cutting parameters
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tested. Figure 6-21 shows that the average surface roughness increased with
increased feed rate significantly. Feed rate was found the dominant factor on
the average surface roughness. Spindle speed had an influence on the average
surface roughness. However this effect was not as significant as feed rate. The
higher spindle speed led to a decrease in the average surface roughness. The

trend of the surface roughness also agreed with the literature [20, 57, 71, 159].
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Figure 6-21: Effects of Cutting Parameters on the Average Surface Roughness in Drilling of CFRP

Table 6-4 shows the experimental average surface roughness in details for
each cutting condition. The experimental results show that the minimum
average surface roughness was obtained as 1.78 pum in the tests at 9000 rpm
spindle speed and 355 mm/min feed rate whereas the maximum average
surface roughness was found to be 6.35 pm in test performed at 3000 rpm
spindle speed and 685 mm/min feed rate in drilling of CFRP with 8 mm
diameter twist drill. 93% higher feed rate resulted between 64.87% and 96.69%
greater amount of average surface roughness depending on the cutting speed;
whereas 200% greater cutting speed caused a decrease between 46.27% and
57.59% in average surface roughness according to the feed rate in drilling of
CFRP. However the change in the feed rate was smaller in percentage than the

change in the cutting speed in the test region, the average surface roughness
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was affected significantly more in the change of the feed rate. This clearly
means that the average surface roughness was more susceptible to the change

in feed rate.

Table 6-4: Experimentally obtained Average Surface Roughness in Drilling of CFRP

Feed Rate (mm/min) Spindle Speed (rpm) Surface Roughness (um)

355 3000 3.85+0.4
355 4500 2.48+0.3
355 6000 2.21+0.3
355 9000 1.78+0.2
457 3000 5.07+0.4
457 4500 3.29+0.3
457 6000 2.80+0.3
457 9000 2.15+0.2
584 3000 5.60+0.5
584 4500 4.18+0.4
584 6000 2.88+0.3
584 9000 2.40+0.2
685 3000 6.35+0.5
685 4500 4.88+0.4
685 6000 3.92+0.4
685 9000 3.41+0.3

Results show that desired surface roughness in industry which is typically
below 3.2 pm Ra can be reached with the selection of medium-high spindle
speed and low-medium feed rate in the machining of CFRP using the
multilayer TiAIN/Ti coated WC drills. Provided that these suggested process
parameters are used, tight tolerances could be achieved and the rejections

would be minimized.
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6.5.2 Effect of Tool Wear on Surface Roughness

Since the surface roughness is another important aspect and machining
criterion, it is worth to determine the number of holes that can be drilled in
CFRP workpiece to maintain workpiece quality and low cost manufacturing
solution. Progression of the average surface roughness by the number of holes
can be observed during drilling in addition to the development of the wear
regions. Figure 6-22 shows average surface roughness versus number of holes
drilled in CFRP at 457 mm/min feed rate and 4500 rpm spindle speed (113
m/min cutting speed). During drilling experiments of CFRP, average surface
roughness increased gradually. Higher oscillation can be observed comparing
to drilling of conventional metal due to oriented fibres. After drilling 56 holes in
CFRP, average surface roughness increased by 93.94 % from 3.3 um to 6.4 um.
This was due to the developed tool wear and consequently increased thrust

force.
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Figure 6-22: Effect of Number of Holes on the Average Surface Roughness in drilling of CFRP
(f=457 mm/min S=4500 rpm)

Since the flank wear has reached the 0.25 mm critical value which has
been stated as the tool life criteria based on the industrial experience in the
methodology section, the drill was considered to have reached its end of life.

Beyond this limit, it is not suggested to continue drilling. Average surface
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roughness could increase due to increased wear and possible significant
increase in thrust force and chatter. Increased surface roughness would elevate

contact stresses in the structures due to very local high peaks.

6.6 Analysis of Tool Wear

Severe tool wear in machining of aerospace materials is one the main
reasons for machining cost. In order to maintain quality of the machined
workpieces, it is important to replace cutting tools as they reach wear criteria as
explained in methodology section. Variation of thrust force, torque,
delamination and surface roughness versus number of holes drilled can be

typical indication of tool wear as discussed in previous subsections.

During drilling of CFRP, thrust force rose steadily from 235 N to just over
605 N after 56 holes. Beyond this number of holes, cutting process would not be
stable due to excessive wear of the cutting edges. The gradual loss of sharpness
of cutting edges causes a decrease in the capability of tool to cut the material,
thus it leads an increase in cutting forces and torques. The increase in tool wear
would degenerate the material removal mechanism progressively. Figure 6-23
shows tool wear after drilling 56 holes in CFRP at process parameters of 4500
rpm and 457 mm/min. From the optical observation, it was found that edge
wear was the major wear in drilling CFRP. When abrasive fibres are being cut;
the broken fibres scratch both flank and crater surfaces of the drills. In addition
to that very abrasive fibres are not cut as metals. In metals the main cutting
mechanism is plastic deformation as chip flows over the cutting edges.
However, there is no plastic deformation in machining of CFRP. Cutting tool
induces fracture in the brittle fibres. This generates dusty and abrasive chips
which can cause three-body-effect in the cutting mechanism. The dusty chips
would result in direct impingement of hard particles on both machined surfaces
and tool surfaces. This would consequently cause erosion by abrasion. The

flank and crater wear are shown in Figure 6-23 (b) and Figure 6-23 (c).

124



Results and Discussions of Drilling of CFRP

(a) (b) (c)

Figure 6-23: Tool Wear in Drilling of CFRP (S=4500 rpm, f=457 mm/min) (a) Overall (b) Flank
Wear (c¢) Crater Wear

Figure 6-24 shows the effects of the number of holes drilled on tool wear
in drilling of CFRP. Both flank wear and crater wear of drill bit versus number
of holes drilled are indicated. The drilling parameters for these tests are 457
mm/min of feed rate and 4500 rpm of spindle speed. The flank wear passed
beyond the 0.25 mm tool wear criterion after 56 holes whereas crater wear
reached to 0.12 mm. The wear on the clearance surface was more significant
compared to the wear on the rake surface. This was due to the fact that the drill
was mainly in contact with the abrasive fibres on the cutting edges. Due to the
lack of chip formation which can seen in drilling metals, the crater wear was
less significant in the drilling of CFRP. However it was not negligible. Therefore
still flank wear played a role in the wear of cutting edges of the drill. After
drilling 56 holes at 4500 rpm spindle speed and 457 mm/min feed rate, 2.5 min
tool life was recorded for drilling of CFRP with multilayer TiAIN/TiN coated
WC drill.
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Figure 6-24: Progression of Tool Wear in Drilling of CFRP (S=4500 rpm, f=457 mm/min)

In summary, in drilling of CFRP abrasive wear occurred in both flank and
crater surface of the tool due to the brittle fibres. These two wear creates edge
wear which grinded the cutting edge gradually. Because of this thrust force,
torque, delamination and the average surface roughness increased gradually.

There was no sign of plastic deformation and chipping on tool surfaces.

6.7 Analysis of Workpiece Stress Distribution

The progressive damage and the stress distributions of the CFRP work
piece during the drilling process are shown in Figure 6-25 (a) and Figure 6-25
(b). 8 mm rigid twist drilled the CFRP workpiece at 4500 rpm spindle speed and
457 mm/min feed rate in the FE analysis. Stress was induced in the work piece
as the drill cuts the work piece material surface. As it can be observed from
Figure 6-25 (a), the highest stresses induced around the centre of the hole where
the drill pushed the material. The induced Mises stress was estimated up to 1.2
GPa whereas after the drilling the residual stress on the workpiece was
estimated 60 MPa in some local places as shown in Figure 6-25 (a) and Figure

6-25 (b), respectively.
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Figure 6-25: Workpiece Stress Distribution (a) at 0.4 s (b) After drilling (S=4500 rpm, =457
mm/min)

The dominant mode of failure was predicted matrix failure. Due to the
penetration and cutting action of the drill, the matrix failed easily compared to
the fibres. Figure 6-26 shows the matrix failure under tension mode after
drilling of CFRP. This matrix crack could contribute to delamination initiation

and growth which results in fibre buckling.

Figure 6-26: Matrix Failure in drilling of CFRP

6.7.1 Effect of Tool Geometry on Workpiece Stress Distribution

The stress distributions of the CFRP work piece after the drilling process
are shown in Figure 6-27 (a) and Figure 6-27 (b). As it can be observed in Figure
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6-27 (a) and Figure 6-27 (b), the highest stresses were induced around the centre
of the hole where the drill cut the material. The Mises stress was estimated
lower in drilling of CFRP with 0.63 stage ratio rigid step drill compared to
drilling of CFRP with 8 mm rigid twist drill at 4500 rpm spindle speed and 457
mm/min feed rate. This was due to the fact that the step drill performs the
secondary stage cutting with a lower contact area compared to the twist drill.
The decrease in the contact means less material to be cut. The reduced material
would require less energy and force hence less induced stress and damage in
the workpiece. The estimated thrust force and torque in the previous sections

can be the sign of this reduction.

(@) (b)

Figure 6-27: Effect of Drill Geometry on Stress (a) Twist Drill (b) Step Drill (S=4500 rpm, f=457
mm/min)

6.8 Summary of Drilling of CFRP

Experimental and finite element simulations were performed for
investigations of drilling of CFRP without support plate. The effects of process
parameters and complex tool geometry on drilling outputs have been examined

in drilling of CFRP. All experiments were carried out with coolant.

Finite element simulations were performed using two approaches. In the
first approach solid-like (continuum shell) elements and finite-thickness
cohesive elements were utilized for the intra-laminar and inter-laminar

behaviour of CFRP with the related in-built material and failure models,
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respectively. In the second approach fully solid elements and zero-thickness
cohesive surfaces employed for the intra-laminar and inter-laminar of
behaviours of the CFRP with the related user defined material model and
failure model, respectively. The main difference between these two approaches
was the implication of the response of the material in the normal direction (out-
of-plane) of the workpiece. The results showed that the second FE approach

outperformed the initial approach.

Experimental results showed that an increase in feed rate led to an
increase in thrust force, torque, delamination and surface roughness in drilling
of CFRP with 8 mm twist drill. The increase in spindle speed caused an increase
in thrust force and torque whereas a decrease in delamination and average
surface roughness. The development of tool wear led to a significant increase in

thrust force, torque, delamination and surface roughness.

Finite element analysis based on the second approach exhibited a good
performance. Positive correlations were acquired for thrust force, torque and
drilling induced delamination with good accuracy in drilling of CFRP with 8
mm rigid twist drill. The results were also in agreement with the literature.
Based on the accuracy and confidence, the effect of drill geometry on drilling of
CFRP has been investigated. FE results indicated the advantages of step drill on

twist drill from several aspects including thrust force, torque and delamination.

The deviations might be due to the material data. The experimental test
are generally carried out at slower speeds comparing to the speed of machining
which can affect the material respond, particularly in matrix direction. To
provide higher accuracy and improve the reliability, mechanical properties of
CFRP should be tested at higher speeds.
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Results and Discussions of Drilling of

Ti-6Al-4V

Machinability of materials is important to achieve structures with high
integrity and lows cost of manufacturing. To understand and provide high
machinability of Ti-6Al-4V, the effects of process parameters and tool geometry
have been investigated in various aspects of drilling including thrust force,
torque, burr formation, surface roughness, wear, chip morphology and

workpiece stress through experiments and finite element analysis.

7.1 Validation

Figure 7-1 (a) and Figure 7-1 (b) show the experimental and simulated
thrust force and torque in drilling of Ti-6Al-4V at 119 mm/min feed rate and
1400 rpm spindle speed, respectively. It was observed that the thrust force in
the experimental trial was 750.58 N. whereas the FE model estimated 800.25 N.
The experimentally measured torque was 1.00 N.m compared to the torque
value predicted as 1.20 N.m by the FE simulation. This shows that the FE model
estimated the thrust force and torque with 6.62% and 20.00% deviation from the
test results, respectively. Ti-6Al-4V is an elasto-plastic material and the material
respond is dependant on the strain rate. Thus, the material respond is very
dependant on the material data. Although the material data had been obtained
at higher speeds, it is thought that it could be one of the main reasons of the
diversity between the results of finite element analysis and experiments. The
estimations of the FE model depend on the process parameters and could be
acceptable. These results gave the confidence about the capability of the FE
model in its prediction of the thrust forces and torque values for the future

works.
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Figure 7-1: Drilling of Ti-6A1-4V (a) Thrust Force (b) Torque (S=1400 rpm, f=119 mm/min)

7.2 Analysis of Thrust Force

Figure 7-2 shows the development of thrust force in drilling of Ti-6Al-4V
workpiece by 3 um TiN/TiAIN multilayer coated 8 mm diameter tungsten
carbide twist drill with 140° point angle and 30° helix angle at 119 mm/min feed
rate and 1400 rpm spindle speed. Typical material drilling of a through hole
consists of three stages. In the first phase drill penetrates into work piece. In the

second phase, in which the whole cutting edges are in contact with the work
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piece, a steady state thrust force is obtained. Finally, in the third phase drill
point exits or breaks through other side of the work piece. However, in titanium
peck drilling has been applied due to high possibility of tool breakage caused
by chip jamming. Thus three cutting stages can be observed interrupted in
drilling of Ti-6Al-4V in Figure 7-2. In the following subsections, the
investigations of thrust force are made using the average thrust force which has

obtained in the second phase of drilling in experiments and FE analysis.
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Figure 7-2: Thrust Force through Hole in Experimental Peck Drilling of Ti-6A1-4V (f=119 mm/min
S=1400 rpm)

7.2.1 Effects of Process Parameters on Thrust Force

In order to investigate the influences of process parameters on drilling of
Ti-6Al-4V, both the experiments and simulations were performed at the
combinations of four feed rates and three spindle speeds, a total of 12 set of
cutting condition. All the drilling experiments were conducted with the use of 3
pum TiN/TiAIN multilayer coated 8 mm diameter tungsten carbide twist drill
with 140" point angle and 30° helix angle. In order to include the effect of drill
geometry and to simulate the drilling process, 3-dimensional complex drill
geometry was used in the finite element simulations. The average thrust forces
obtained in drilling of Ti-6Al-4V at different machining parameters are shown

for both experiments and finite element analysis in Figure 7-3. It could be
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observed in Figure 7-3 that drilling induced thrust force was between 620.48
and 940.19 N regarding to the cutting condition in the drilling tests. It could
also be seen that thrust force increased with the increasing feed rate and
decreased with the increasing cutting speed. The results show that feed rate

affected thrust force slightly more than spindle speed in the tested region.
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Figure 7-3: Effects of Cutting Parameters on Thrust Force in Drilling of Ti-6A1-4V

Figure 7-3 shows the effect of cutting parameters on thrust force in FE
simulations. The FE model predicted thrust force between 590.87 N and 1010.38
N depending on the cutting parameters. The FE results show that drilling
induced thrust force increased with the increased feed rate in all cutting speeds.
The model estimated the trend of thrust force versus feed rate successfully.
Moreover it was also estimated that the feed rate was the dominant process
parameter on the thrust force. However, thrust force decreased with the
increasing cutting speed as recorded in the drilling tests. A positive correlation
has obtained between the FE model and experiments. Similar trends between
process parameters and thrust force have been reported for titanium alloys in

literature [20, 131-132].

Table 7-1 shows the experimental and estimated the average thrust forces
in detail for each cutting condition. The experimental results show that the

minimum induced thrust force was obtained as 620.48 N in the tests at 1800
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rpm spindle speed and 95 mm/min feed rate whereas the maximum induced
thrust force was found in test performed at 1000 rpm spindle speed and 171
mm/min feed rate in drilling of Ti-6Al-4V with 8 mm diameter twist drill. 80%
higher feed rate resulted between 19.30% and 25.30% greater amount of thrust
force depending on the cutting speed; whereas 80% greater cutting speed
caused a decrease between 16.67% and 21.28% in thrust force according to the
feed rate in drilling of Ti-6Al-4V. The influence of feed rate on drilling induced
thrust force was slightly greater than the effect of spindle speed in the test

region.

Table 7-1 shows estimated thrust forces by FE model for each set of
machining parameters in detail. FE results show that, the minimum thrust force
was predicted to be 590.87 N at 1800 rpm and 95 mm/min which was the
combination of the maximum spindle speed and the minimum feed rate with 8
mm diameter rigid twist drill. The maximum thrust force was estimated 1010.38
N at 1000 rpm spindle speed and 171 mm/min, which was the combination of
the minimum cutting speed and the largest feed rate. The results indicate that
80% higher feed rate caused an increase in thrust force between 24.73% and
45.89% depending on the cutting speed; whereas 80% greater cutting speed led
to a decrease between 15.85% and 27.06% in thrust force according to the feed
rate in drilling of Ti-6Al-4V. This shows that the influence of feed rate on thrust
force was predominant in drilling of Ti-6Al-4V. However, it was also found that
thrust force was more susceptible to the change in process parameters in FE
analysis comparing to experiments. The FE results have shown that the thrust
force has been predicted with deviations between 0.96% and 14.87% according

to the drilling conditions.

Overall, thrust force was estimated to increase with regards to the increase
in feed rate and to decrease with regards to the increase in spindle speed. The
higher thrust force could cause to higher cutting stresses and consequently
accelerated tool wear. High thrust force could lead to increased burr formation
and other drilling induced defects. Combination of moderately low feed rate
and average cutting speed could help to maintain high structural integrity for

workpiece and provide longer service life for the tool.
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Table 7-1: Experimental and Simulation based Thrust Force in Drilling of Ti-6A1-4V

Feed Rate  Spindle Speed  Thrust Force (N)  Thrust Force (N)  peviation

(mm/min) (rpm) Experimental FEA model (%)
95 1000 750.12+6.50 810.05 7.99
95 1400 701.19+6.25 694.45 -0.96
95 1800 620.48+5.50 590.87 -4.77
119 1000 810.44+7.25 870.34 7.39
119 1400 750.58+6.40 800.25 6.62
119 1800 675.33+6.60 690.40 2.23
142 1000 860.28+7.00 930.94 8.21
142 1400 810.48+7.20 870.39 7.39
142 1800 700.20+6.70 780.29 11.44
171 1000 940.19+8.10 1010.38 7.47
171 1400 840.44+7.90 920.59 9.54
171 1800 740.12+7.50 850.19 14.87

The trends predicted by the FE model were in agreement with the
experimental values for the thrust force. In general, to obtain very accurate
results for thrust force via finite element analysis, extremely fine mesh, accurate
contact and damage models are essential. However due to the complexity of the
geometry and the process moving to very fine mesh would require huge
computing resources. Limitation on the computing resources and extremely
long computing times had restricted the FE investigations in terms of the mesh
refinement. Within the resources available the accuracy of the predictions of the

thrust force for different drilling parameters are acceptable.

7.2.2 Effect of Geometry on Thrust Force

In order to optimise the drilling of Ti-6Al-4V, different step drill

geometries have been modelled in CAD software and have been utilized in the
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finite element analysis. The estimated thrust force was found to be 6.62%
different than the experiments performed at 1400 rpm spindle speed and 119
mm/min feed rate with 8mm diameter coated carbide drill. This deviation
showed that the FE model could estimate thrust force quire reasonably and it
gave the confidence about the capability of the FE model in drilling process.

Thus, investigations using step drills were performed based on FE analysis.

Figure 7-4 shows the numerical predictions of thrust force in drilling of Ti-
6Al-4V workpiece at 119 mm/min feed rate and 1400 rpm spindle speed (35.18
m/min cutting speed) for twist drill and various step drills. It must be noted
that the secondary drilling stage by step drill has been the subject of matter in
drilling of Ti-6Al-4V workpiece. Thus, the thrust forces shown in Figure 7-4 are
the average estimated values in the secondary drilling stage. The FE model
estimated the thrust force to be 800.25 N in drilling Ti-6Al-4V by 8 mm diameter
twist drill. When step drills were utilized in FE analysis of drilling of Ti-6Al-4V,
estimated thrust forces were significantly lower than that obtained in drilling
by twist drill. A comparison of the estimated thrust forces for the twist drill and
step drills with various stage ratios is shown in Figure 7-4. Thrust force
decreased by approximately 35% when a step drill with an initial 4.5 mm drill
diameter; and 67% when a step drill with an initial 6.5 mm drill diameter. As it
can be seen the higher stage ratio has provided higher reduction in thrust force.
This was due to disappearance of the effects of chisel edge in the second stage
cutting of step drill. Moreover, smaller area to be cut by the cutting edges of the
step drill required smaller contact between the workpiece and the drill which

minimized the need of cutting energy and cutting force.

In general, thrust force was estimated to reduce significantly due to initial
step part and disappearance of the chisel edge of the drill. The reduced thrust
force would assist to achieve reduced burr formation and other drilling induced
defects. This could help to maintain high structural integrity and provide longer
service life for the workpieces. The use of step drill could decrease the possible
rejections due to tight tolerances, so it could lead low cost of manufacturing.
The advantages of using step drill will be discussed for torque and burr

formation in the following subsections.
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Figure 7-4: Effect of Drill Geometry on Thrust Force in Drilling of Ti-6Al-V (f=119 mm/min
S=1400 rpm)

In order to obtain more accurate results via finite element analysis,
deformable cutting tool and extremely fine mesh could be used with regard to
the computational facilities. However due to the complexity of the geometry
and the process with a deformable cutting tool and very fine mesh would
require huge computing resources. Inclusion of chip formation, deformable

drill and thermo-mechanical FE analysis would develop the model further.

7.2.3 Effect of Hole Number or Tool Wear on Thrust Force

It is important and worthwhile to determine the number of holes that can
be drilled in Ti-6Al-4V workpiece in order to maintain quality and provide
economic manufacturing. Progression of the thrust force by the number of holes
can be observed during drilling in addition to the development of the wear
regions. Figure 7-5 shows thrust force versus number of holes drilled in Ti-6Al-
4V at 119 mm/min feed rate and 1400 rpm spindle speed. During drilling
experiments of Ti-6Al-4V, thrust forces increased steadily. After drilling 32
holes in Ti-6Al-4V, thrust force rose by 15.60% from 750.58 N to 867.22 N.
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Figure 7-5: Effect of Number of Holes on Thrust Force in Drilling of Ti-6A1-4V (f=119 mm/min
S=1400 rpm)

Since the flank wear has reached the 0.25 mm critical value which has
been stated as the tool life criteria based on the industrial experience in the
methodology section, the drill was considered to have reached its end of life.
Beyond this limit, it is not suggested to continue drilling since thrust force could
increase substantially due to the loss of sharpness of cutting edges of the drill.
This can be observed from final slope of the progression of thrust force.
Increased cutting forces could elevate cutting stresses, cutting temperatures due
to increased friction between drill and workpiece. This would likely to affect
material removal mechanism which can accelerate wear rate. Consequently it
could be finalized with uncontrolled tool wear including chipping and sudden
tool breakage, unacceptable material defects including excessive burr and

surface roughness, thus possible rejections and increased manufacturing costs.

7.3 Analysis of Torque

Figure 7-6 shows the progression of induced torque in drilling of Ti-6Al-
4V workpiece with 3 um TiN/TiAIN multilayer coated 8 mm diameter tungsten
carbide twist drill with 140° point angle and 30° helix angle at 119 mm/min feed
rate and 1400 rpm spindle speed. The progress of drilling induced torque was

similar to the development of thrust force in drilling process. Three stages of
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drilling are shown in Figure 7-6 with peck drilling. In the first phase drill
penetrates into work piece. In the second phase, in which the whole cutting
edges are in contact with the work piece, a steady state torque is attained.
Finally, in the third phase drill point exits or breaks through other side of the
work piece. In the following paragraphs, the investigations on torque are made

using the average torque which has obtained in the second phase of drilling.
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Figure 7-6: Torque through Hole in Experimental Peck Drilling of Ti-6A1-4V (f=119 mm/min
S=1400 rpm)

7.3.1 Effects of Process Parameters on Torque

The influences of process parameters on torque have been investigated in
drilling of Ti-6Al-4V performed at the combinations of four feed rates and three
spindle speeds, a total of 12 set of cutting conditions in both experiments and
finite element analysis. All the drilling experiments were conducted with the
use of 3 um TiN/TiAIN multilayer coated 8 mm diameter tungsten carbide twist
drill with 140° point angle and 30" helix angle. 3-dimensional complex drill
geometry was employed in the finite element simulations to simulate the
drilling process and to investigate the influences of drill geometry on torque.
The average torque values induced in drilling of Ti-6Al-4V at different
machining parameters are shown for both experiments and finite element

analysis in Figure 7-7. As it is plotted in Figure 7-7, torque altered between 0.7
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N.m and 1.3 N.m with regard to the cutting parameters in experimental drilling
of Ti-6Al-4V. It could be observed that torque increased with respect to feed
rate and cutting speed similar to observations for the thrust force. The results
point out that feed rate was the predominant factor on torque in the tested
region. Similar observations have been made with the use of different tool
materials such as HSS, WC-Co at different parameters in drilling of titanium
alloys in literature [20, 131-132]. Feed rate was the predominant parameters on
torque in drilling of Ti-6Al-4V. Increased feed rate led to a rise in torque,
whereas increased cutting speed influenced in the other direction; caused to a
decrease in torque however the effect of cutting speed in torque was less than

that observed for feed rate.
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Figure 7-7: Effects of Cutting Parameters on Torque in Drilling of Ti-6Al-4V

Figure 7-7 displays the effect of cutting parameters on torque for FE
analysis. The FE model predicted torque between 0.87 N.m and 1.5 N.m in
regard to the cutting parameters. The FE results show that the drilling induced
torque increased with the increased feed rate in all cutting speeds. The model
estimated the trend of torque versus feed rate successfully. Moreover it was also
estimated that the feed rate was the dominant process parameter on torque.
Drilling induced torque was predicted to decrease with the increasing cutting
speed. A positive correlation between FE model and experiments has been

obtained under the existence of multi-axis state of stress due to drilling.
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Table 7-2 shows the experimental and estimated average drilling induced
torque for each cutting parameter in detail. The experimental results show that
the minimum induced torque was obtained as 0.7 N.m in drilling tests at 1800
rpm spindle speed and 95 mm/min feed rate whereas the maximum induced
torque was found to be 1.3 N.m in test performed at 1000 rpm spindle speed
and 171 mm/min feed rate in drilling of Ti-6Al-4V with 8 mm diameter twist
drill. 80% higher feed rate has resulted in increases in torque between 30.00%
and 42.86% whereas 80% greater cutting speed caused decreases in torque
between 20.83% and 30.00% according to the process parameters in drilling of
Ti-6Al-4V. As it can be noticed drilling induced torque was more susceptible to

the change in feed rate in experiments.

The overall trends of predicted torque with the process parameters have
been shown and discussed above. Table 7-2 shows estimated torque values by
FE analysis with regard to machining parameters in detail. According to the FE
analysis results, the minimum torque was predicted to be 0.87 N.m at 1800 rpm
and 95 mm/min which was the combination of the maximum spindle speed and
the minimum feed rate with 8 mm diameter rigid twist drill. The maximum
torque was estimated 1.5 N.m at 1000 rpm spindle speed and 171 mm/min,
which was the combination of the minimum cutting speed and the largest feed
rate. The results indicate that 80% higher feed rate caused an increase in drilling
induced torque between 25.00% and 43.68% depending on the cutting speed;
whereas 80% greater cutting speed led to a decrease between 16.67% and
27.50% in torque according to the feed rate in drilling of Ti-6Al-4V. Results have
clearly indicated that feed rate was the dominant process parameters on torque.
The effect of cutting speed on torque was significant and cannot be ignored.
This relation was found similar in experimental results. The deviations of
predicted torque based on the FE analysis lay between 14.17% and 25.00%. It is
thought that the lack of chip formation and related friction between generated

chip and drill are the reason of this difference.
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Table 7-2: Experimental and Simulation based Torque in Drilling of Ti-6Al-4V

Feed Rate Spindle Speed  Experimental Torque  Predicted Torque peviation

(mm/min) (rpm) (N.m) (N.m) (%)
95 1000 1.000.05 1.2 20.00
95 1400 0.850.04 1.05 23.53
95 1800 0.70+0.04 0.87 24.29
119 1000 1.10£0.05 1.27 15.45
119 1400 1.00+0.05 1.2 20.00
119 1800 0.850.04 1.02 20.00
142 1000 1.20+0.06 1.37 14.17
142 1400 1.10£0.05 1.3 18.18
142 1800 0.95+0.05 1.1 15.79
171 1000 1.30+0.06 15 15.38
171 1400 1.15+0.06 1.4 21.74
171 1800 1.00+0.05 1.25 25.00

Torque was estimated to increase with regards to the increase in feed rate
and decrease in cutting speed. The higher torque would cause to higher friction,
thus increased surface roughness and cutting temperatures. These can be
minimised by the choice of moderately low feed rate and average spindle
speed. In addition to minimising the possible rejections, the cost of

manufacturing could be reduced.

It should be mentioned that the trend predicted by the FE model was in
agreement with the experimental values for torque. To achieve more accurate
results for prediction of drilling induced torque using finite element analysis,
chip formation, deformable cutting tool, extremely fine mesh for tool and
workpieces, and more advanced damage and contact models are necessary.
However due to the complexity of the geometry and the process moving to very
fine mesh would require huge computing resources. Restrictions on the

computing resources have limited us in terms of the mesh refinement and other
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techniques. Within the resources available the accuracy of the predictions of the

torque for different process parameters can be acceptable.

7.3.2 Effects of Tool Geometry on Torque

Various step drill geometries have been utilized in the finite element
analysis of drilling process of Ti-6Al-4V. The investigations of the effect of the
geometry on torque have been performed with FE analysis. All the torque
values reported below are the average values from the steady state drilling

stage, and the secondary drilling stage for step drills.

Figure 7-8 shows the numerical predictions of torque in drilling of Ti-6Al-
4V at 119 mm/min feed rate and 1400 rpm spindle speed. The FE model
estimated torque to be 1.2 N.m in drilling Ti-6Al-4V by 8 mm diameter rigid
twist drill. When step drills were utilized in FE analysis of drilling of Ti-6Al-4V,
torque values were estimated remarkably lower than the twist drill. The
comparison of the estimated torque values for the twist drill and step drills with
various stage ratios is shown in Figure 7-8. The greater stage ratio has provided
higher reduction in torque. 0.79 N.m was estimated for the step drill with 0.56
stage ratio or 4.5 mm step drill diameter whereas the torque was estimated to
reduce to 0.34 N.m for 6.5 mm step drill diameter, or 0.81 stage ratio. The
smaller area to be cut by the cutting edges of the step drill required smaller
contact between the titanium alloy workpiece and the rigid drill. The smaller
contact provides smaller friction between the surfaces of drill and the

workpiece. This minimizes the cutting torque and related cutting energy.
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Figure 7-8: Effect of Drill Geometry on Torque in Drilling Ti-6Al-4V (f=119 mm/min, S=1400 rpm)

In summary, drilling induced torque was estimated to reduce significantly
due to the provided initial step part of the step drill. The reduced torque would
assist to achieve reduced friction, so reduced surface roughness and cutting
temperatures. The choice of step drill could help to maintain high structural
integrity and provide longer service life for the machined parts. Possible
material rejections could be also decreased, so lower cost of manufacturing

could be achieved.

7.3.3 Effects of Tool Wear on Torque

The number of holes that can be drilled should be determined to provide
quality and economic manufacturing process. Figure 7-9 shows the progress of
drilling induced torque versus number of holes drilled in Ti-6Al-4V workpiece
at 119 mm/min feed rate and 1400 rpm spindle speed. During drilling
experiments of Ti-6Al-4V, torque increased steadily. After drilling 32 holes in
Ti-6Al-4V, torque rose by 9.2% from 1.00 N.m to 1.09 N.m.
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Figure 7-9: Effect of Number of Holes on Torque in Drilling of Ti-6Al1-4V (f=119 mm/min, S=1400
rpm)

By drilling 32 holes in Ti-6Al-4V, the flank wear of drill bit has reached the
wear criterion which was set to 0.25 mm for 8 mm diameter twist drill
according to the industrial experience. The drill was considered to reach its
service life, thus cutting action was not suggested beyond this limit since torque
might increase significantly due to the loss of sharpness of cutting edges of the
drill. In that case it would be difficult to maintain the quality of the drilled holes
due to increase in friction between drill and workpiece and higher mechanical
and thermal stresses. This would also cause to possible changes in material
removal mechanisms which could lead to excessive wear rate and material

defects. There could be significant chipping on the margins.

7.4 Analysis of Burr Formation

In terms of hole quality, burr is an important damage to control in drilling
of metals. Most of machining processes of titanium and its alloys create burr on
both entry and exit sides. In most cases the exit burr is much larger in size
compared to the entry burr. It is estimated that up to 30% of the cost of
components is due to deburring operations [17]. Thus, influences of process
parameters and tool wear on burr formation have been investigated. In order to

investigate the influences of process parameters on burr formation in drilling of
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Ti-6Al-4V, experiments were performed at the combinations of four feed rates
and three spindle speeds, a total of 12 sets of cutting conditions. Effect of tool
wear on burr formation was investigated at one set of parameter. All the
drilling experiments were conducted with the use of 3 pm TiN/TiAIN
multilayer coated 8 mm diameter tungsten carbide twist drill with 140" point
angle and 30° helix angle in wet conditions. All experiments were carried out
with high pressure cooling through tool coolant holes of drills. 5 percent
emulsion of Hocut 795B cutting fluid was applied in wet cutting experiments at
a constant 38 bar coolant pressure (equal flow rate of ~2.4 l/min). Each

measurement was repeated 5 times.

Figure 7-10 shows typical drilling induced burr formation and the
assessment of burr width based on image analysis. These burr formation figures
were used to evaluate the effects of process parameters and tool wear on burr
height and width after drilling Ti-6Al-4V. Throughout the tests, limited amount
of damage in the form of burr formation was observed. All burrs in exit and
entry were uniform without caps. The burr height and width extended only
several tens of micrometers with regard to process parameters and number of
holes drilled. The application of jet cooling was one of the reasons of such low
burr formation. There was no other evidence for any other damage around the
hole. In FE analysis, burr formation was measured from the ultimate plastic

deformation in the vicinity of holes at entry and exit sides.

CaYingR R A

Figure 7-10:Burr Width Measurement in Drilling Ti-6A1-4V
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7.4.1 Effects of Process Parameters on Burr Formation

Figure 7-11 (a) and Figure 7-11 (b) show the influences of process
parameters on the experimentally obtained and FEA predicted the average burr
height in drilling of Ti-6Al-4V at entrance and exit, respectively. As can be
observed in plots, greater amount of burr heights were induced and predicted
at hole exit comparing to the entrance side in drilling of Ti-6Al-4V at various
cutting parameters. It can be seen in Figure 7-11 (a) and Figure 7-11 (b) the
average burr height increased with regard to the increase in feed rate whereas it
decreased according to the increase in spindle speed in the region tested and
simulated at both entrance and exit sides. It could be observed in Figure 7-11 (a)
that drilling induced burr height at entrance was between 15.00 um and 35.65
um in drilling tests whereas in FE analysis it was predicted between 11.00 pum
and 24.60 um regarding to the cutting condition in drilling of Ti-6Al-4V. The
experimentally induced burr height at exit of holes lay between 42.30 pm and
73.20 pm while it altered between 26.00 um and 47.40 um in FE analysis as
shown in Figure 7-11 (b). The results show that both feed rate and spindle speed

have influences on the drilling induced burr formation.
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Figure 7-11: Effects of Cutting Parameters on Burr Height in Drilling of Ti-6Al1-4V a) Entrance (b)
Exit

Table 7-3 shows the experimental and estimated height of the drilling
induced burr formation at the entrance and exit of holes in details for each
cutting condition. The experimental results show that the minimum height of
induced burr at entrance and exit was measured 15.00 pm and 42.30 um at 1800
rpm spindle speed and 95 mm/min feed rate, respectively. The maximum burr
height was observed 35.65 um and 73.20 pm at the entrance and exit sides of the
holes respectively when drilling Ti-6Al-4V at 1000 rpm spindle speed and 171
mm/min feed rate. As feed rate increased by 80%, height of burr formation at
entrance increased between 18.83% and 81.47% whereas increases between
8.44% and 20.07% was observed at exit depending on the spindle speed in
drilling tests. Results depict that burr height at entrance of holes was more
susceptible to the change in feed rate comparing to burr height at exit. 80%
higher spindle speed caused to decreases between 23.65% and 50.00% at hole
entry and between 31.69% and 37.33% at hole exit with regard to feed rate in
drilling tests. Similar to the effect of feed rate, spindle speed has more influence
on the burr height at hole entry than hole exit. However in each cases higher

burr height was measured at hole exit than that obtained at hole entry.
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The overall trends of drilling induced burr height versus drilling
parameters have been shown and discussed above. Table 7-3 shows the
estimated burr height at entrance and exit sides for each set of machining
parameters in detail for FE analysis. According to the FE results, the minimum
burr height was estimated as 11.00 um at entrance and 26.00 pum at exit side at
1800 rpm and 95 mm/min which was the combination of the maximum spindle
speed and the minimum feed rate in drilling Ti-6Al-4V by 8 mm diameter rigid
twist drill. The maximum burr height was calculated 24.60 um and 47.40 um at
1000 rpm spindle speed and 171 mm/min, which was the combination of the
least cutting speed and the largest feed rate at entrance and exit sides of the
holes, respectively. The FE results show that 80% higher feed rate caused
increases in estimated drilling induced burr height between 23.00% and 40.00%
at entrance and between 24.74% and 27.69% at exit side depending on the
cutting speed; whereas 80% greater cutting speed led to decreases in burr
height between 37.40% and 45.00% at entry side and 29.96% and 31.58% at exit
side according to the feed rate in drilling of Ti-6Al-4V. Results depict that the
influence of spindle speed on burr height was slightly higher than the effect of
feed rate. Similar to experimental results, burr height at the entrance was found
to be more affected by the process parameters. However simulated trends of the
burr height versus process parameters agreed with the experiments; the
deviations of predicted drilling induced burr height lay between 18.17% and
43.42% at hole entry, and between 33.60% and 43.70% at hole exit with
underestimation according to the set of process parameters. Application of chip
formation and finer mesh on the workpiece would improve the performance of

FE model.
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Table 7-3: Burr Height in Experimental and Simulation based Drilling of Ti-6A1-4V

Burr Height at Entrance Burr Height at Exit
Feed Rate gpindle Speed
(mm/min) (rpm) Experimental FEA Deviation Experimental FEA Deviation
(pm) (pm) (%) (pm) (pum) (%)
95 1000 30.00+1.00 20.00 -33.33 67.50+2.80 38.00 -43.70
95 1400 18.33x0.70  15.00 -18.17 54.30+2.45 33.00 -39.23
95 1800 15.00+0.60 11.00 -26.67 42.30+1.80 26.00 -40.09
119 1000 30.74+1.10 21.00 -31.69 68.80+2.75 39.00 -43.31
119 1400 25.19+0.80 16.00 -36.48 55.40+2.40 34.80 -37.18
119 1800 21.5+¢0.70  12.80 -40.47 43.40+¢1.85 27.00 -36.17
142 1000 32.41+1.10 22.60 -30.27 72.20+3.00 43.30 -40.03
142 1400 23.24+0.75 1770 -23.84 60.50+2.55 37.30 -38.35
142 1800 21.80+0.70 14.10 -35.32 45.70+¢1.75 29.40 -35.67
171 1000 35.65+1.20 24.60 -31.00 73.20£3.10 47.40 -35.25
171 1400 31.67+1.10  19.30 -39.06 65.20+2.75 41.30 -36.66
171 1800 27.22+095 1540 -43.42 50.00+1.80 33.20 -33.60

Figure 7-12 (a) and Figure 7-12 (b) show the influences of process
parameters on the experimentally obtained and FEA predicted the average burr
width in drilling of Ti-6Al-4V at entrance and exit, respectively. As can be
observed in plots, slightly higher amount of burr width were observed and
predicted at hole exit comparing to the entrance side in drilling of Ti-6Al-4V at
various cutting parameters. It can be seen in Figure 7-12 (a) and Figure 7-12 (b)
that burr width increased with regard to the increase in feed rate whereas it
decreased according to the increase in spindle speed in the region tested and
simulated at both entrance and exit sides. As shown in Figure 7-12 (a), drilling
induced burr width occurred between 37.20 um and 57.60 um at entrance in

drilling tests whereas it was predicted between 20.00 um and 33.70 um in FE
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analysis regarding to the cutting condition in drilling of Ti-6Al-4V. The burr
width at exit side altered between 43.30 pum and 65.20 yum in drilling
experiments while it altered between 22.00 pm and 40.60 um in FE analysis as
shown in Figure 7-12 (b). The results show that both feed rate and spindle speed

have influences on the drilling induced burr formation.
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Figure 7-12: Effects of Cutting Parameters on Burr Width in Drilling of Ti-6Al1-4V (a) Entrance (b)
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Table 7-4 shows the experimental and estimated burr width at the
entrance and exit of holes in details for each cutting condition. The
experimental results show that the minimum burr width at the entrance and
exit was measured 37.20 um and 43.30 pum at 1800 rpm spindle speed and 95
mm/min feed rate, respectively. The maximum burr width was observed 57.60
pum and 65.20 um at the entrance and exit sides of the holes respectively when
drilling Ti-6Al-4V at 1000 rpm spindle speed and 171 mm/min feed rate. As
feed rate increased by 80%, burr width at entrance increased between 22.03%
and 30.91% whereas increased between 8.67% and 28.41% at exit depending on
the spindle speed in drilling tests. 80% higher spindle speed caused to decreases
in burr width between 15.45% and 21.19% at hole entry and between 14.72%
and 28.78% at hole exit with regard to feed rate in drilling tests. The influences
of process parameters on burr width were found similar in the tested region.
On average, 16.07% larger burr width was measured at hole exit than that

obtained at hole entry.

The general progression of drilling induced burr width versus drilling
parameters have been shown and discussed above. Table 7-4 shows the
estimated burr width at entrance and exit sides for each set of machining
parameters in detail for FE analysis. According to the FE results, the minimum
burr width was estimated as 20.00 um at entrance and 22.00 um at exit side at
1800 rpm and 95 mm/min which was the combination of the maximum spindle
speed and the minimum feed rate in drilling Ti-6Al-4V by 8 mm diameter rigid
twist drill. The maximum burr width was calculated 33.70 um and 40.60 um at
1000 rpm spindle speed and 171 mm/min, which was the combination of the
least cutting speed and the largest feed rate at entrance and exit sides of the
holes, respectively. The FE results show that 80% higher feed rate caused
increases in estimated drilling induced burr width between 20.36% and 26.00%
at entrance and between 23.03% and 33.64% at exit side depending on the
cutting speed; whereas 80% greater cutting speed led to decreases in burr width
between 25.22% and 29.21% at entry side and 27.59% and 35.39% at exit side
according to the feed rate in drilling of Ti-6Al-4V. Results depict that the
influences of process parameters were slightly greater in the exit side

comparing to entrance. The trends of the burr width versus process parameters
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agreed with the experiments however the deviations of predicted drilling
induced burr width lay between 38.83% and 48.25% at hole entry, and between
37.73% and 49.19% at hole exit with underestimation with regard to process
parameters. Utilisation of chip generation and advanced meshing on the

workpiece would improve the prediction of burr formation in FE model.

Table 7-4: Burr Width in Experimental and Simulation based Drilling of Ti-6A1-4V

Burr Width at Entrance Burr Width at Exit
Feed Rate gpindle Speed
(mm/min) (rpm) Experimental FEA Deviation Experimental FEA Deviation
(pum) (um) (%) (um) (um) (%)
95 1000 47.20£1.60 28.00 -40.68 60.00+2.40 33.00 -49.19
95 1400 41.50£1.45 23.00 -44.58 49.30£1.85 26.00 -47.26
95 1800 37.20£1.40 20.00 -46.24 43.30£1.70 22.00 -50.34
119 1000 49.30£1.70  29.60  -39.96 62.20+2.55 35.60 -42.77
119 1400 45.70£1.55 24.00 -47.48 48.50£1.80 28.70  -40.82
119 1800 40.60£1.40 21.30 -47.54 44.30£1.75 23.00 -48.08
142 1000 51.50£1.75 31.50 -38.83 64.80+2.35 3810 -41.20
142 1400 47.80£1.65 26.60 -44.35 52.60£1.90 30.10 -42.78
142 1800 42.10£1.50 22.30 -47.03 48.70£1.80 26.00 -46.61
171 1000 57.60£1.75 33.70 -41.49 65.20+2.50 40.60 -37.73
171 1400 53.10£1.70 28.90 -45.57 58.50£2.25 33.50 -42.74
171 1800 48.70£1.65 2520 -48.25 55.60£2.15 29.40 -47.12

In summary, the height and width of burr formation was observed and
estimated to increase with regards to the increase in feed rate and decrease in
the spindle speed. Higher burr formation was observed at hole exit by means of
height and width. The amount of burr has been decreased significantly
comparing to the literature in the drilling of Ti-6Al-4V with the utilisation of the
high point angle drill geometry and application of high pressure coolant. The
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unwanted material would require extra machining cost therefore these could be
minimized by controlling the process parameters. Combination of moderately
low feed rate and higher spindle speed could reduce burr formation in drilling
of Ti-6Al-4V.

Overall trends predicted by the FE models were in agreement with the
experimental values for the burr formation. However, the magnitudes of the
estimations were noticeably underestimated. In order to achieve accurate
results for prediction of burr formation in drilling of Ti-6Al-4V using finite
element analysis, chip formation and extremely fine mesh are suggested to be
utilized in models. Limitation in the computing resources and computing time
had restricted the FE model in terms of the chip formation and mesh
refinement. Within the resources available the predicted trends of chip

formation versus process parameters could be acceptable.

7.4.2 Effects of Tool Geometry on Burr Formation

Figure 7-13 (a) and Figure 7-13 (b) show FE predictions of burr height and
burr width versus stage ratio after drilling of Ti-6Al-4V by step drill at 119
mm/min feed rate and 1400 rpm spindle speed at both sides, entrance and exit.
As shown in Figure 7-13 (a), burr height at the exit was estimated significantly
greater than the entrance in drilling of Ti-6Al-4V workpiece. Burr height at
entrance and exit sides tended to decrease gradually with the increasing stage
diameter of the step drill. When 8 mm twist drill used in drilling simulations,
burr heights were calculated as 16.00 um and 34.80 um at hole entry and exit,
respectively. By the use of step drill with 0.81 stage ratio, the burr height
decreased by approximately two thirds to 5.89 um and 11.84 um at hole entry
and exit, respectively. Similar observations can be made for the burr width with
drilling step drill as shown in Figure 7-13 (b). The improvements in burr width
can show the advantages of step drill in drilling of Ti-6Al-4V. The higher stage
ratio provided lower amount of burr width at entrance and exit sides of the
holes. The decreased thrust force and torque by step drill would lead a decrease
in the extent of burr formation. Work piece defects could be controlled with the

proper selection of step geometry and process parameters.
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Figure 7-13: Effect of Drill Geometry on Burr Formation in Drilling of Ti-6A1-4V (a) Burr Height
(b) Burr Width (S=1400 rpm, f=119 mm/min)

Predicted burr formation substantially decreased by the disappearance of
the effect of chisel edge by the initial step diameter of the step drill. The reduced
burr formation would mean that higher structural integrity and possibly longer
service life. The use of step drill could assist to reduce possible workpiece
rejections owing to tight tolerances, so it could boost the improvements and

decrease the manufacturing costs.
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In order to obtain more accurate results via finite element analysis, chip
formation and deformable cutting tool should be integrated in the model. In
addition to that extremely fine mesh should be used in the model. Nevertheless,

these features would require substantially increased computing resources.

7.4.3 Effects of Tool Wear on Burr Formation

It is important to determine the effect of tool wear on the extent of burr
formation in the workpiece in order to assess the structural integrity of the
machined part. This also provides a limit number of holes that can be drilled in
the structures before replacing the tool. Figure 7-14 (a) and Figure 7-14 (b)
indicate the influence of the number of drilled holes on burr formation in
drilling of Ti-6Al-4V at 1400 rpm spindle speed and 119 mm/min feed rate.
Figure 7-14 (a) shows drilling induced burr height at hole entry and exit versus
number of holes drilled. As it can be observed from Figure 7-14 (a) burr height
rose steadily by 65.94% and 28.34% at entrance and exit of holes after drilling 32
holes in Ti-6Al-4V with 8 mm twist drill, respectively. The burr height at
entrance was affected more from the change in the tool wear. Similar
observations could be made for burr width as shown in Figure 7-14 (b). The
burr width increased gradually by 56.92% and 36.94% at hole entry and exit
sides at the end of 32 drilled holes. The burr width at the entrance sides of the

holes was more susceptible to tool wear than burr width at the exit side.
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Figure 7-14: Effect of Number of Holes on Burr Formation in Drilling of Ti-6A1-4V (a) Burr
Height (b) Burr Width (S=1400 rpm, f=119 mm/min)

7.5 Analysis of Surface Roughness

In terms of hole quality, surface roughness is another important factor to
control in drilling of metals. Influences of process parameters and tool wear on
surface roughness have been investigated. In order to investigate the influences
of process parameters on drilling of Ti-6Al-4V, experiments were performed at
the combinations of four feed rates and three spindle speeds, a total of 12 sets of
cutting conditions. Effect of tool wear on surface roughness was investigated at
one set of parameters. All the drilling experiments were conducted with the use
of 3 um TiN/TiAIN multilayer coated 8 mm diameter tungsten carbide twist
drill with 140" point angle and 30" helix angle in wet conditions. All
experiments were carried out with high pressure cooling through tool coolant
holes of drills. 5 percent emulsion of Hocut 795B cutting fluid was applied in
wet cutting experiments at a constant 38 bar coolant pressure (equal flow rate of

~2.4 1/min). Each surface roughness measurement was repeated 5 times.

7.5.1 Effect of Process Parameters on Surface Roughness

Figure 7-15 shows influences of cutting parameters on the average surface

roughness (Ra) when drilling Ti-6Al-4V at different cutting parameters. The
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average surface roughness was obtained between 1.09 um and 3.11 um in
drilling of Ti-6Al-4V workpiece within the range of cutting parameters tested. It
was observed that the average surface roughness increased with increased feed
rate tremendously. Feed rate was found the dominant factor on the average
surface roughness. Spindle speed had a minor influence on the average surface
roughness. An increase in spindle speed led to a decrease in the average surface
roughness. The trend of the surface roughness also agreed with the literature
[20, 131-132].
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Figure 7-15: Effects of Cutting Parameters on the Average Surface Roughness in Drilling of
Ti6Al4V

Table 7-5 shows the experimental average surface roughness in details for
each cutting condition. The experimental results show that the minimum
average surface roughness was obtained as 1.09 pm in the tests at 1800 rpm
spindle speed and 95 mm/min feed rate whereas the maximum average surface
roughness was found to be 3.11 pm in test performed at 1000 rpm spindle speed
and 171 mm/min feed rate in drilling of Ti-6Al-4V with 8 mm diameter twist
drill. 80% higher feed rate resulted in an increase in the average surface
roughness between 101.95% and 119.30% depending on the cutting speed;
whereas 80% greater cutting speed caused a decrease in the average surface

roughness between 23.28% and 40.63% according to the feed rate in drilling of

159



Chapter 7

Ti-6Al-4V. The results clearly indicate that the average surface roughness was

more highly susceptible to the change in feed rate rather than spindle speed.

Table 7-5: Experimentally obtained Average Surface Roughness in Drilling of Ti-6A1-4V

Feed Rate Spindle Speed Average Surface Roughness

(mm/min) (rpm) (um)
1000 95 1.54+0.2
1400 95 1.35+0.1
1800 95 1.09+0.1
1000 119 2.21+0.2
1400 119 1.60+0.2
1800 119 1.40+0.1
1000 142 2.63+0.3
1400 142 2.27+0.2
1800 142 1.57+0.2
1000 171 3.11+0.3
1400 171 2.88+0.3
1800 171 2.39+0.3

Results show that desired surface roughness in industry which is typically
below 1.6 pm Ra can be reached with the selection of medium-high spindle
speed and low-medium feed rate in the machining of Ti-6Al-4V by the use of
TiAIN/Ti multilayer coated WC drills. By the use if these suggested process

parameters, required tolerances can be achieved.

7.5.2 Effect of Tool Wear on Surface Roughness

Surface roughness is another aspect of machining and it is worth to
determine the number of holes that can be drilled in Ti-6Al-4V workpiece to
maintain hole quality and control manufacturing cost. Development of the
average surface roughness by the number of holes can be observed during

drilling in addition to the development of the wear regions. Figure 7-16 shows
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the average surface roughness versus the number of holes drilled in Ti-6Al-4V
at 119 mm/min feed rate and 1400 rpm spindle speed. After drilling 32 holes in
Ti-6Al-4V, average surface roughness increased by 294.38 % from 1.6 um to 6.31
pum. This was due to the developed tool wear and consequently increased thrust
force. This clearly indicates the importance of tool wear on the average surface

roughness.
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Figure 7-16: Effect of Number of Holes on the Average Surface Roughness in Drilling of Ti-6Al-4V
(f=119 mm/min S=1400 rpm)

The life of the drill has been reached with regard to the criteria based on
industrial experience. The use of the drill is not suggested beyond this limit.
Providing that drilling continues with the same drill, the average surface
roughness could suddenly elevate due to increased wear. Chatter could be

highly to occur in drilling with the use of an extremely worn drill.

7.6 Analysis of Tool Wear

Severe tool wear in machining of high strength aerospace materials is one
of the main reasons for machining cost. In order to maintain quality of the
machined workpieces, it is important to replace cutting tools as they reach wear
criteria as explained in methodology section. Variation of thrust force, torque,
burr formation and surface roughness versus number of holes drilled can be

typical indication of tool wear as discussed in previous subsections.
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Figure 7-17 shows the tool wear in drilling of Ti6Al4V by multilayer
TiAIN/TiN coated WC drill. The tests were performed at process parameters of
1400 rpm spindle speed and 119 mm/min feed rate. It was found that tools
exceeded their service life after drilling 32 holes in Ti alloy workpieces. Beyond
this number of holes, cutting process would not be stable due to excessive wear
of the cutting edges. The gradual loss of sharpness of cutting edges causes a
decrease in the capability of tool to cut the material, thus it leads an increase in
cutting forces and torques. Thrust force increased gradually from 750.58 N to
867.22 N. The increase in tool wear would degenerate the material removal
mechanism progressively. As it can be seen from Figure 7-17 (b), flank wear
was the dominant wear mechanism in drilling of titanium alloy alone. This was
not a surprise since high cutting forces are generated in the cutting region. The
hard phases within titanium alloy workpieces also abraded the flank surfaces of
cutting tools. Some significant wear has been also observed on the chisel edges
of the drills as shown in Figure 7-17 (d). This could also be an indication of the
high forces induced during cutting process. As shown in Figure 7-17 (c), higher
crater wear has been inspected on the tools in drilling of Ti6Al4V. The
generated chip flows over this region causing rubbing of the surfaces. Adhesion
is well known characteristic in machining of titanium and reported by [17], [18]
and [218]. High chemical affinity of titanium to most of tool materials leads to
material transfer on to cutting tools. Adhesion can cause to build-up-edge
(BUE) formation on tool edges or diffusion into tool materials. The
accumulation of work material on cutting edges can result in devastation of the
cutting edge and consequently tool chipping or fracture on cutting tools;
deterioration of quality of the machined surfaces. Diffusion can cause softening
of cutting tool and consequently increase the wear rate. However, no significant
sign of adhesion was observed on cutting edges or flank surfaces. This was due
to the use of high amount of coolant at high pressure and the high performance

of coating on the tools.
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Figure 7-17: Tool Wear in Drilling of Ti-6A1-4V (S=1400 rpm, f=119 mm/min) (a) Overall (b) Flank
Wear (c) Crater Wear (d) Chisel Wear (e) Margin Wear

Nevertheless, after making 32 holes, noticeable chipping was observed at
the end of major cutting edge near the margin of the drill. This could be clearly
observed in Figure 7-17 (e). These findings indicated the end of life for the

cutting tool.

Figure 7-18 shows the effects of the number of holes drilled on tool wear
of multilayer TiAIN/TiN coated WC drill in drilling of Ti-6Al-4V. Both flank
wear and crater wear of drill bit versus number of holes drilled are indicated in
drilling at 119 mm/min of feed rate and 1400 rpm of spindle speed. The flank
wear passed beyond the 0.25 mm tool wear criterion after 32 holes whereas
crater wear reached 0.20 mm. The wear on the clearance surface was more
significant compared to the wear on the rake surface. This was due to the high
induced cutting forces and hard phases in Ti-6Al-4V. Due to chip formation,
noticeable crater wear was observed in drilling of Ti alloy. It should be noted
that peck drilling would minimize these wear factors. After drilling 32 holes at
1400 rpm spindle speed and 119 mm/min feed rate, 5.38 min tool life was
measured for drilling of Ti-6Al-4V with multilayer TiAIN/TiN coated WC drill.
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Figure 7-18: Progression of Tool Wear in Drilling of Ti-6A1-4V (S=1400 rpm, f=119 mm/min)

In summary, in drilling of Ti-6Al-4V by multilayer TiAIN/TiN coated WC,
significant amount of progressive flank and crater wear occurred due to high
cutting forces. Owing to these wear formations the cutting edges have become
dull, hence thrust force, torque, burr formation and the average surface
roughness have increased gradually. In addition to these, substantial chipping
has been observed at the margin and corners of the cutting edges at the end of

tool life.

7.7 Analysis of Workpiece Stress Distribution

The progressive damage and the stress distributions of Ti-6Al-4V work
piece during drilling process are shown in Figure 7-19 (a) and Figure 7-19 (b) by
8 mm rigid twist drilled at 1400 rpm spindle speed and 119 mm/min feed rate.
As the drill bit contacts with the workpiece material, stress was induced with
regard to the applied process parameters. It can be observed from Figure 7-19
(a), the highest stresses induced around the centre of the hole where the drill
penetrates and cuts the material. The induced Mises stress was estimated up to
1.039 GPa in the FE analysis whereas the residual stress on the workpiece was

estimated between 100 and 500 MPa in some very local places and generally up

164



Results and Discussions of Drilling of Ti-6Al-4V

to 50 MPa in the hole vicinity after the drilling as shown in Figure 7-19 (a) and
Figure 7-19 (b), respectively.
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(a) (b)

Figure 7-19: Workpiece Stress Distribution in drilling of Ti-6A1-4V (a) at 1.75 s (b) after drilling
(S=1400 rpm, f=119 mm/min)

The stress distributions of the Ti-6Al-4V work piece after the drilling
process are shown in Figure 7-20 (a) and Figure 7-20 (b) for 8 mm twist drill and
8 mm step drill with a stage ratio of 0.63, respectively. As can be observed in
Figure 7-20 (a) and Figure 7-20 (b), the highest stresses were induced in the
vicinity of hole where the drill cut the material and gradually reduced until
boundary conditions at the edges of the workpiece. Stress distribution shows
that drilling induced area in the hole vicinity was estimated lower in drilling of
Ti-6Al-4V with 0.63 stage ratio rigid step drill compared to drilling of Ti alloy
with 8 mm rigid twist drill at 1400 rpm spindle speed and 119 mm/min feed
rate. This was due to the fact that the step drill performs the secondary stage
cutting with a lower contact area compared to the twist drill. The decrease in
the contact means less material to be cut. The reduced material would require

less energy and force hence less induced stress and damage in the workpiece.
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The estimated thrust force and torque in the previous subsections can be the

sign of the advantage of using step drill.
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Figure 7-20: Effect of Drill Geometry on Stress in Drilling of Ti-6A1-4V (a) Twist Drill (b) Step Drill
(S=1400 rpm, f=119 mm/min)

7.8 Chip Morphology

The chip morphology indicates a continuous chip formation in all Ti
drilling tests in this study. An example of the chip generated by multilayer
TiAIN/TiN coated WC drill at 1000 spindle speed and 95 mm/min feed rate in
wet drilling is shown in Figure 7-21 (a). The length of spiral chip can be
considered to evaluate the difficulty of chip evacuation in drilling. As shown in
Figure 7-21 (a), the chip length was about 50-60 mm in drilling with cutting
fluid. At higher feed rate, 1000 rpm spindle speed and 171 mm/min feed rate,
the chip was generated at a higher material removal rate, the chip ejection was
more difficult and the length of spiral chip was short, approximately 10 mm.
Under such drilling condition, the thrust force induced was higher than lower
material removal rate and chip length indicated more difficult chip ejection as

shown in Figure 7-21 (b).
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(a) (b)

Figure 7-21: Chip Morphology in Drilling of Ti-6Al-4V (a) S=1000 rpm, f=95 mm/min (b) S=1000
rpm, f=171 mm/min

7.9 Summary of Drilling of Ti-6Al-4V

Experimental analysis and finite element simulations were performed for
investigations of drilling of Ti-6Al-4V. The effects of process parameters and
complex tool geometry on drilling outputs have been examined in drilling of Ti

alloy. All experiments were carried out with the use of coolant.

Experimental results showed that an increase in feed rate led to an
increase in thrust force, torque, burr formation and surface roughness in
drilling of Ti-6Al-4V with TiN/TiAIN multilayer coated 8 mm diameter
tungsten carbide twist drill. The increase in spindle speed caused a decrease in
thrust force, torque, burr height, burr width and average surface roughness.
The effect of wear on drilling outputs has also been investigated. The effect of
process parameters has been observed on drilling induced chip to show

machinability.

3D finite element model based on a mechanical Lagrangian formulation
has been used to simulate drilling of Ti6Al4V. The effects of cutting parameters,
namely spindle speed and feed, on thrust force, torque and burr have been
investigated by the proposed FE model. Johnson-Cook constitutive material

model was implemented due to continuous form of chip generation. The results
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of the comparisons show that cutting parameters have significant influence on
thrust force, torque and burr formation in drilling of Ti alloy. The predictions of
thrust force using the FE model closely match the experimentally measured
values. Drilling induced torque has been simulated in acceptable range by FE
model. This shows the applicability of the developed model. Results clearly
show that the induced thrust force and torque have increased with the
increasing feed and decrease with the increasing spindle speed. Although the
extent of burr formation predicted significantly lower than the experimental
test results, the correlation between process parameters and burr formation is
predicted well. Further improvements with utilisation of chip formation and
finer mesh could improve FE results of burr formation. The study has shown
that the JC model is accurate for drilling simulation when there is a continuous
chip generation whilst drilling with a cutting speed in the test region (25-45
m/min). The model has also shown that incorporation a mechanical model can
be sufficient to predict the drilling process provided that sufficient cooling is
applied during the drilling operation. Based on the performance of FE model,
the effect of drill geometry on drilling of Ti-6Al-4V has been investigated by
various step drills. FE results indicated the advantages of step drill over twist

drill by several aspects including thrust force, torque and burr formation.

The material respond of Ti-6Al-4V is highly dependant on material data in
FE analysis. Although the material data were obtained from an experimental
study in which experimental test had been carried out at high speeds, it could
still be one of the main reasons of the diversity between the results of FE
analysis and experiments. In addition to strain, strain rate and temperature, the
material properties are also dependant on the micro structure of the material.
This could affect the stress-strain curve under the multi-axial state of loading,
consequently the outputs of drilling such as thrust force, torque and burr
formation. To obtain higher accuracy and improve the reliability of drilling Ti-
6Al-4V, material properties of Ti-6Al-4V should be tested at similar conditions

to the drilling operation.
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Results and Discussions of Drilling of

CFRP/Ti-6Al-4V Hybrid

Machining of composites materials and metals are quite different, so
investigations on the machinability of these materials have been carried out
separately as explained in detail in Chapter 6 and Chapter 7 for CFRP and Ti-
6Al-4V, respectively. In this chapter, drilling of these distinct materials together
is discussed and compared with drilling of individual materials. To understand
and provide high machinability of CRRP/Ti-6Al-4V stack, effects of process
parameters and tool geometry have been investigated in various aspects of
drilling including thrust force, torque, burr formation, delamination, surface
roughness, wear and workpiece stress through experiments and finite element

analysis.

8.1 Analysis of Thrust Force

Figure 8-1 shows the development of thrust force in drilling of Ti-6Al-4V,
CFRP and CFRP/Ti-6Al-4V stack workpieces by 3 um TiN/TiAIN multilayer
coated 8 mm diameter tungsten carbide twist drill with 140° point angle and 30°
helix angle. Figure 8-1 (a) shows the development of thrust force in drilling of
UD-CFRP at 457 mm/min feed rate and 4500 rpm spindle speed (113 m/min
cutting speed). Figure 8-1 (b) presents induced thrust force throughout drilling
of Ti-6Al-4V at 119 mm/min and 1400 rpm spindle speed (35.13 m/min cutting
speed). The plot of thrust force in drilling of titanium alloy in Figure 8-1 (b) is
different compared to drilling of CFRP as shown in Figure 8-1 (a). This is due to
the use of peck drilling strategy in drilling of titanium alloy as explained in the
experimental methodology section. Figure 8-1 (c) displays thrust force in
drilling of CFRP/Ti-6Al-4V stack at 457 mm/min and 119 mm/min feed rates;
4500 rpm and 1400 rpm spindle speeds in CFRP and Ti-6Al-4V, respectively. As
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it can be observed in Figure 8-1 (c), thrust force rapidly rose as drill reached to
the exit of composite workpiece and entered titanium workpiece. This sudden
change in thrust force in the transition region from CFRP to Ti-6Al-4V was
approximately three times and it may affect the quality of drilling process and
performance of drill as it has been also addressed in the literature [159]. The
induced thrust force was measured to be higher in drilling of stack of CFRP and
Ti-6Al-4V comparing to the drilling of each materials alone. Higher stiffness of
Ti-6Al-4V workpiece under CFRP workpiece provided an increased stiffness in
CFRP workpiece particularly against bending in loading in the normal
direction, thus thrust force has induced greater in drilling of CFRP part in stack
of CFRP and Ti-6Al-4V. Similar to CFRP, higher thrust force has been obtained
in Ti-6Al-4V workpiece in drilling of stacked form. The increased thrust force in
CFRP workpiece has caused to an increase in wear. This was observed as higher
amount of wear in the progression of wear and also higher thrust forces in the
progression of thrust force in the both material. In addition to that combinations
of the aspects of drilling two distinct materials have also raised the extent of
tool wear in drilling of stacked materials and consequently resulted in greater
thrust force in Ti-6Al-4V workpiece after drilling CFRP workpiece in stacked

form.

:": b L LA
%200— A .“H,‘ J..m..‘n[‘li‘ull i |

100

Time (s)

(a)

170



Results and Discussions of Drilling of CFRP/Ti-6Al-4V Hybrid

1000

900

800 §
700 H
600

500

400

Thrust Force (N)

300

200

100

Time (s)

(b)

1200

1000 . Ti-6Al-4V

RRIr

600 |

Thrust Force (N)

CFRP
400

200

0 5 10 15 20 25 30
Time (s)

(c)

Figure 8-1: Thrust Force through Hole (a) Drilling of CFRP alone (b) Drilling of Ti-6Al-4V alone
(c) Drilling of CFRP/Ti-6Al1-4V Hybrid

8.1.1 Effects of Process Parameters on Thrust Force

Analysis of induced thrust force in drilling of CFRP and Ti-6Al-4V
separately has been discussed in Chapter 6 and 7, respectively. Since the
materials are rather distinct from each other, different machining parameters
are required. Thus, drilling of CFRP/Ti-6Al-4V is not as straightforward as

drilling of each material separately. The cutting parameters in each zone could
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influence drilling. For that purpose, drilling parameters in drilling of stacked
materials have been limited with regard to the analysis based on the drilling of
each material. In analysis of induced thrust force in drilling of CFRP/Ti-6Al-4V,

each scenario has been investigated carefully as shown in Table 8-1 in detail.

Based on the results of drilling of CFRP and Ti-6Al-4V separately, the
analysis of thrust force in drilling of stack has focused on combinations of 2
cutting speeds and 2 feed rates in each material which means a total of 16 set of
machining condition. Combinations of moderate cutting speeds and low feed
rates have been focused to optimise drilling of stacked materials. As can be
observed in Table 8-1 experimentally obtained and finite element based
induced thrust forces are given for Ti-6Al-4V and CFRP in regard with the
machining conditions and related deviations. Thrust force was found to
increase with regard to the increase in feed rate in both materials drilled
together. Similar to the results of each material drilled separately given in
Chapter 6 and 7, thrust force has decreased in titanium zone and increased in
CFRP zone of stacked workpieces with regard to spindle speed in the tested
region. The possible reason of this in Ti-6Al-4V is the effect of strain rate and
softening mechanism. The lack of this mechanism in CFRP led to an increase in
drilling of CFRP workpiece. It must be also noted that this has observed in
drilling of CFRP with the use of coolant which avoid thermal softening of
matrix. Comparing to the drilling of each material separately, relatively higher
thrust forces have been obtained. Since stiffer Ti-6Al-4V supported the CFRP
workpiece, the stiffness of CFRP has been increased particularly against
bending under loading in normal direction. Thus higher thrust forces have been
obtained in experiments and predicted in FE simulations. Higher induced
thrust force has been observed in Ti-6Al-4V zone as well. In experiments, the
cutting tool has been first drilled the CFRP part on top of titanium alloy, thus
some amount of wear has been occurred. This would cause an increase in the
extent of thrust force comparing to drilling of titanium alloy workpiece alone.
This can be clearly observed in Table 8-1. In addition to that very dusty abrasive
chips generated in drilling of CFRP workpiece could also influence drilling of
titanium zone in stacked condition. The FE analysis with fully 3-D elements has

provided close results to the experiments in drilling of CFRP/Ti-6Al-4V. The
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deviations of predicted thrust force lay between 3.07% and 14.98%
underestimation in Ti-6Al-4V zone, 3.14% and 4.66% underestimation in CFRP

zone according to the set of process parameters.

Table 8-1: Experimental and Simulation based Thrust Force in Drilling of CFRP/Ti-6Al1-4V

Ti-6A1-4V CFRP
Ti-6Al1-4V CFRP
Thrust Force (N) Thrust Force (N)
S f S f Deviation Deviation
Exp.  FEA Exp.  FEA
(rpm) (mm/min) (rpm) (mm/min) (%) (%)

1400 95 4500 355 738.44+8.2 699.14 -5.32  256.54+2.8 244.59 -4.66

1400 119 4500 355 831.18+7.4 805.65 -3.07  256.54+2.8 244.59 -4.66

1400 95 4500 457 758.82+5.4 699.14 -7.87  265.00+£3.2 255.72  -3.50

1400 119 4500 457 851.00+9.5 805.65 -5.33  265.00+£3.2 255.72  -3.50

1400 95 6000 355 753.24+6.8 699.14 -7.18  261.33+2.6 253.12  -3.14

1400 119 6000 355 848.45+8.2 805.65 -5.04 261.33+2.6 253.12  -3.14

1400 95 6000 457 778.92+7.3 699.14 -10.24 277.46+3.1 266.85 -3.82

1400 119 6000 457 878.36+8.9 805.65 -8.28  277.46+3.1 266.85  -3.82

1800 95 4500 355 658.49+6.4 594.16 -9.77  256.54+2.8 244.59 -4.66

1800 119 4500 355 751.23+9.4 694.24 -7.59  256.54+2.8 244.59 -4.66

1800 95 4500 457 678.2249.1 594.16 -12.39 265.00+£3.2 255.72  -3.50

1800 119 4500 457 744.08+6.9 694.24 -6.70  265.00+£3.2 255.72 -3.50

1800 95 6000 355 671.04+6.5 594.16 -11.46 261.33+2.6 253.12  -3.14

1800 119 6000 355 763.94+8.3 694.24 -9.12  261.33+#2.6 253.12 -3.14

1800 95 6000 457 698.88+7.4 594.16 -14.98 277.46+3.1 266.85 -3.82

1800 119 6000 457 778.39+7.2 694.24 -10.81 277.46+3.1 266.85 -3.82
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8.1.2 Effect of Geometry on Thrust Force

Similar to drilling of CFRP and Ti-6Al-4V separately as explained in
Chapter 6 and 7, effect of tool geometry on thrust force have been investigated
in drilling of CFRP/Ti-6Al-4V stacked materials. The estimated thrust forces
were found to be 3.50% and 5.33% different than the experiments for CFRP and
Ti-6Al-4V respectively in drilling stacked form in the tested region with 8mm
diameter coated carbide drill. These deviations showed that the FE model could

estimate thrust forces closely in drilling of CFRP/Ti-6Al-4V stack.

Figure 8-2 (a) and Figure 8-2 (b) show the numerical predictions of thrust
forces in drilling of CFRP/Ti-6Al-4V stack at 119 mm/min feed rate and 1400
rpm spindle speed for Ti-6Al-4V, 457 mm/min feed rate and 4500 rpm spindle
speed for CFRP with twist drill and various step drills. Similar to drilling of
CFRP and Ti-6Al-4V separately, the secondary drilling stage by step drill has
been the subject of matter in drilling of CFRP/Ti-6Al-4V stack and thrust forces
shown in Figure 8-2 (a) and Figure 8-2 (b) are the average estimated values in
the secondary drilling stage. The FE model estimated the thrust force to be
255.72 N in drilling CFRP workpiece in stack form by 8 mm diameter twist drill.
The estimated thrust force was 12.65% greater in CFRP region in drilling of
stack than that estimated in drilling of CFRP alone. When step drills were
utilized in FE analysis of drilling of CFRP, thrust forces were estimated
significantly lower than that obtained in drilling by twist drill. Comparisons of
the estimated thrust forces for the twist drill and step drills with various stage
ratios are shown in Figure 8-2 (a) for drilling of CFRP alone and in stack form.
Thrust force decreased 38.93% when a step drill with an initial 4.5 mm drill
diameter; and 68.76% when a step drill with an initial 6.5 mm drill diameter in
drilling of CFRP workpiece in stack with Ti-6Al-4V. As it can be seen the higher
stage ratio has provided higher reduction in thrust force. This was due to
disappearance of the effects of chisel edge in the second stage cutting of step
drill. Moreover, smaller area to be cut required smaller contact between the
CFRP workpiece and cutting edges of drill which reduced the need of cutting
energy and cutting force. In each drilling scenario with step drill, higher thrust

forces has been estimated in drilling of CFRP in stack with Ti-6Al-4V
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comparing to drilling of CFRP alone as shown in Figure 8-2 (a). The higher
rigidity of titanium alloy workpiece under CFRP workpiece has provided
stiffness to the CFRP workpiece.

300

250 1

200 4

150 1

Thrust Force (N)

100 -

50 1

0.00 0.56 0.63 0.69 0.75 0.81

Stage Ratio

[ CFRP (Alone) m CFRP (Stack)]

(a)

900

805.65

800 { 80025

700
600
500
400 -

Thrust Force (N)

300 1
200 1
100

0_

0.00 0.56 0.63 0.69 0.75 0.81

Stage Ratio
E Ti-6Al-4V (Alone) H Ti-6Al-4V (Stack) \

(b)

Figure 8-2: Effect of Drill Geometry on Thrust Force in Drilling of CFRP/Ti-6Al-V Stack

Figure 8-2 (b) shows the effect of drill geometry on thrust force in Ti-6Al-
4V region in drilling of CFRP/Ti-6Al-4V stack. Induced thrust force was
estimated as 805.65 N in drilling of Ti-6Al-4V workpiece in stack with CFRP by

8 mm diameter twist drill. The estimated thrust force was slightly greater in Ti-
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6Al-4V region in drilling of stack than that estimated in drilling of Ti-6Al-4V
alone. Significantly lower thrust forces were estimated by the use of step drill in
drilling of CFRP/Ti-6Al-4V stack. Comparisons of the estimated thrust forces
for the twist drill and step drills with various stage ratios are shown in Figure
8-2 (b) for drilling of Ti-6Al-4V alone and in stack form. In each drilling scenario
with step drill, slightly higher thrust forces has been estimated in drilling of Ti-
6Al-4V in stack with CFRP comparing to drilling of Ti-6Al-4V alone. This was
due to the existence of CFRP worpkiece on Ti-6Al-4V workpiece as a constraint.
Thrust force decreased 38.90% when a step drill with an initial 4.5 mm drill
diameter; and 68.36% when a step drill with an initial 6.5 mm drill diameter in
drilling of Ti-6Al-4V workpiece in stack with CFRP. As it was seen previously,

the higher stage ratio has provided higher reduction in thrust force.

In summary, drilling induced thrust force was predicted to reduce
noticeably comparing to twist drill. The reduced thrust force would assist to
minimise burr height and burr width; and other drilling induced defects. This
could provide high structural integrity and long service life. The use of step

drill could decrease possible rejections thus cost of manufacturing.

8.1.3 Effect of Tool Wear on Thrust Force

Figure 8-3 shows thrust force versus number of holes drilled in CFRP, Ti-
6Al-4V and CFRP/Ti-6Al-4V stack. Drilling of CFRP alone and in stack was
performed at 457 mm/min feed rate and 4500 rpm spindle speed whereas
drilling of Ti-6Al-4V was conducted at 119 mm/min feed rate and 1400 rpm
spindle speed. In drilling of CFRP and Ti-6Al-4V alone, drill bits worn after
drilling 56 and 32 holes, respectively. Thrust force increased by 163% in drilling
of CFRP and 15.6% in drilling of Ti-6Al-4V. However, drill bits worn faster in
drilling of CFRP/Ti-6Al-4V stack when the same cutting parameters were used
in experiments for each material. It was observed that after drilling 15 holes in
stack, thrust force rose by 37.8% and 56.6% in Ti-6Al-4V and CFRP workpieces,
respectively. The reason for that would be the combination of two different
cutting mechanisms, thus existence of different wear mechanisms together in

drilling of stacked form. CFRP is very abrasive material therefore abrasive wear

176



Results and Discussions of Drilling of CFRP/Ti-6Al-4V Hybrid

was expected whereas titanium alloy is an elastoplastic material with the
requirement of very high cutting force which would result in high deformation
and sudden fracture in the drill. It is believed that the existence of these two
different cutting mechanisms whist drilling of materials in stacked form
accelerated the tool wear as it can be observed from the number of holes drilled.
The increased impact resistance of CFRP by the addition of a Ti-6Al-4V
workpiece as a back-up plate has led to an increase in thrust force in drilling of
CFRP zone of stack. Due to accelerated wear, thrust force of each material has
risen significantly with the number of drilled holes in drilling of stack

comparing to drilling of each material separately.
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Figure 8-3: Effect of Number of Holes on Thrust Force

As it could be found in Figure 8-3, thrust force has increased significantly
after drilling 15 holes, particularly in drilling of Ti-6Al-4V part of stack form.
Thus it is not suggested to continue drilling after this number of holes with the
given cutting parameters since the outputs would be difficult to be controlled.
Increased cutting forces could elevate cutting stresses, cutting temperatures and
friction between drill and workpiece. This would likely to affect material
removal mechanism which can accelerate wear rate. Consequently it could be
finalized with chipping and sudden tool breakage, unacceptable material
defects including excessive burr and surface roughness, thus possible rejections

and increased manufacturing costs.
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8.2 Analysis of Torque

Figure 8-4 shows the progression of induced torque in drilling of Ti-6Al-
4V, CFRP and CFRP/Ti-6Al-4V stack workpieces by 3 pm TiN/TiAIN multilayer
coated 8 mm diameter tungsten carbide twist drill with 140" point angle and 30°
helix angle. Figure 8-4 (a) shows the development of torque in drilling of CFRP
at 457 mm/min feed rate and 4500 rpm spindle speed whereas Figure 8-4 (b)
presents induced torque throughout drilling of Ti-6Al-4V at 119 mm/min and
1400 rpm spindle speed. The plot of torque is similar to thrust force in drilling
of the materials. Figure 8-4 (c) displays torque in drilling of CFRP/Ti-6Al-4V
stack at 457 mm/min and 119 mm/min feed rates; 4500 rpm and 1400 rpm
spindle speeds in CFRP and Ti-6Al-4V, respectively. As it can be observed in
Figure 8-4 (c), torque jumped significantly as drill reached to the exit of
composite workpiece and entered titanium workpiece. This sudden change was
similar to the progression of thrust force as plotted earlier. The induced torque
was measured to be higher in drilling of stack of CFRP and Ti-6Al-4V
comparing to the drilling of each materials alone. Higher stiffness of Ti-6Al-4V
workpiece under CFRP workpiece provided an increased stiffness in CFRP
workpiece. In addition to that higher torque has been obtained in Ti-6Al-4V
workpiece in drilling of stacked form owing to increased wear at the entrance

region of stacked materials.
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Figure 8-4: Torque through Hole (a) Drilling of CFRP alone, (b) Drilling of Ti-6Al-4V alone (c)
Drilling of CFRP/Ti-6A1-4V

8.2.1 Effects of Process Parameters on Torque

Analysis of induced torque in drilling of CFRP and Ti-6Al-4V separately
has been discussed in the previous results chapters 6 and 7, respectively. Owing
to being very different materials, different machining parameters have been
used in each material. The influences of these parameters have been shown

clearly for each material. However, effects of cutting parameters in drilling of
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stacked materials would be more complicated because of the fact that different
machining mechanisms take place in each section and combined effects could
affect drilling of each material. For optimisation purpose, machining
parameters in drilling of stacked materials have been limited with regard to the

analysis based on the drilling of each material.

Based on the results of drilling of CFRP and Ti-6Al-4V separately,
investigations of torque in drilling of CFRP/Ti-6Al-4V stack have been focused
on combinations of 2 cutting speeds and 2 feed rates in each material which
means a total of 16 set of machining condition. Combinations of moderate
cutting speeds and low feed rates have been chosen in the optimisation of
drilling of stacked materials and given in Table 8-2. As it can be observed from
the table, experimentally obtained and finite element based induced torque
values are given in each material section with regard to the machining
conditions. Drilling induced torque increased with the increased feed rate in
drilling of both materials together. As it was observed in drilling of each
material separately, as cutting speed has been increased torque decreased in
drilling of titanium alloy whereas it increased in CFRP zone of stacked
workpieces. Similar to the findings in thrust force, higher torque values have
been measured in each material in drilling of CFRP/Ti-6Al-4V comparing to
drilling of these materials separately. Titanium alloy workpiece has supported
CFRP plate in stacked form, thus the resistance of the laminated composite has
increased under multi-axial loading. Similar to CFRP, higher induced torque
has been measured in drilling of Ti-6Al-4V zone in stacked form. As the tool has
worn in the entrance part of stack, CFRP workpiece, an increase has been found
in torque in drilling of titanium alloy workpiece comparing to drilling of
titanium alloy workpiece alone. Furthermore, dusty abrasive composite
particles could also deteriorate drilling and would result in increased torque in
drilling of titanium zone in stacked situation. The FE analysis of drilling of
CFRP/Ti-6Al-4V stack has reflected these changes in torque successfully. The
diversions between the FE predicted torque and experimentally measured
torque have been found between 0.15% and 14.44% in Ti-6Al-4V workpiece;
6.9% and 11.84% in CFRP workpiece with regard to set of machining

parameters.
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Table 8-2: Experimental and Simulation based Torque in Drilling of CFRP/Ti-6A1-4V

Ti-6Al1-4V CEFRP
Ti-6Al1-4V CFRP
Torque (N.m) Torque (N.m)
S f S f Deviation Deviation
Exp. FEA Exp. FEA
(rpm) (mm/min) (rpm) (mm/min) (%) (%)

1400 95 4500 355 0.93+0.06 1.03 10.59 0.29+0.03 0.31 6.90

1400 119 4500 355 1.08+0.07 1.21  12.04 0.29+0.03 0.31 6.90

1400 95 4500 457 0.96+0.05 1.03 714 0.30+0.02 0.34 11.84

1400 119 4500 457 1.13+0.06 1.21 7.08  0.30+0.03 0.34 11.84

1400 95 6000 355 0.96+0.06 1.03 714 0.32+0.03 0.35 9.37

1400 119 6000 355 1.12+0.07 1.21 8.04  0.32+0.04 0.35 9.37

1400 95 6000 457 1.03£0.06 1.03 -0.15 0.35+0.04 0.38 8.57

1400 119 6000 457 1.17+0.07 1.21 342  0.35+0.05 0.38 8.57

1800 95 4500 355 0.89+0.06 0.85 -4.83 0.29+0.03 0.31 6.90

1800 119 4500 355 1.04+£0.05 1.03 -1.11  0.29+0.03 0.31 6.90

1800 95 4500 457 0.92+0.05 0.85 -7.93 0.30+0.02 0.34 11.84

1800 119 4500 457 1.09+0.06 1.03  -5.64 0.30+0.03 0.34 11.84

1800 95 6000 355 0.91+0.05 0.85 -6.92 0.32+0.03 0.35 9.37

1800 119 6000 355 1.08+0.07 1.03  -4.77  0.32+0.04 0.35 9.37

1800 95 6000 457 0.99+0.06 0.85 -14.44 0.35+0.04 0.38 8.57

1800 119 6000 457 1.12+0.07 1.03  -817  0.35+0.05 0.38 8.57

8.2.2 Effects of Tool Geometry on Torque

Effect of tool geometry on torque has been investigated in drilling of
CFRP/Ti-6Al-4V stacked materials by the comparison with drilling of CFRP and
Ti-6Al-4V separately. The estimated torque values were found to be 11.85% and
7.08% different comparing to the drilling experiments for CFRP and Ti-6Al-4V
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respectively as stacked form by 8 mm diameter coated carbide drill. These
deviations showed that the FE model could estimate drilling induced torque
closely in drilling of CFRP/Ti-6Al-4V stack.

Figure 8-5 (a) and Figure 8-5 (b) show the finite element predictions of
drilling induced torque in drilling of CFRP/Ti-6Al-4V stack at 119 mm/min feed
rate and 1400 rpm spindle speed for Ti-6Al-4V, 457 mm/min feed rate and 4500
rpm spindle speed for CFRP with twist drill and various step drills. The FE
model estimated the torque as 0.34 N.m in drilling CFRP workpiece in stack
form by 8 mm diameter twist drill. The estimated drilling induced torque was
13.33% greater in CFRP region of stack than that estimated in drilling of CFRP
alone. Torque was estimated significantly lower with regard to the stage ratio of
step drill comparing to that obtained in drilling by twist drill. Comparisons of
the estimated torque are shown in Figure 8-5 (a) for drilling of CFRP alone and
in stack form with regard to the drill geometry. Torque decreased 32.35% when
a step drill with an initial 4.5 mm drill diameter; and 73.53% when a step drill
with an initial 6.5 mm drill diameter in drilling of CFRP region of stacked
materials. As it can be seen the higher stage ratio has provided higher reduction
in torque. Smaller area to be cut needed smaller contact between the CFRP
workpiece and cutting edges of drill. This provided less friction between the
drill and workpiece and minimizes the cutting energy and cutting torque. In
each drilling scenario with step drill, higher drilling induced torque has been
estimated in drilling of CFRP region of stacked materials comparing to drilling

of CFRP alone as shown in Figure 8-5 (a).
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Figure 8-5: Effect of Drill Geometry on Torque in Drilling Ti-6Al-4V

Figure 8-5 (b) shows the effect of drill geometry on torque in Ti-6Al-4V
region in drilling of CFRP/Ti-6Al-4V stack. Induced torque was estimated as
1.21 N.m in drilling of Ti-6Al-4V workpiece in stack with CFRP by 8 mm
diameter twist drill. The estimated torque was slightly greater in Ti-6Al-4V
region in drilling of stack than that estimated in drilling of Ti-6Al-4V alone.
Significantly lower torque was estimated by the use of step drill in drilling of
CFRP/Ti-6Al-4V stack. Comparisons of the estimated torque with regard to drill
geometry are shown in Figure 8-5 (b) for drilling of Ti-6Al-4V alone and in stack
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form. In each drilling scenario with step drill, slightly higher torque has been
estimated in drilling of Ti-6Al-4V in stack with CFRP comparing to drilling of
Ti-6Al-4V alone. This was due to the existence of CFRP worpkiece on Ti-6Al-4V
workpiece as a constraint. Drilling induced torque decreased 33.88% when a
step drill with an initial 4.5 mm drill diameter; and 71.07% when a step drill
with an initial 6.5 mm drill diameter in drilling of Ti-6Al-4V workpiece in stack
with CFRP. As it was seen previously, the higher stage ratio has provided

higher reduction in torque.

To summarise, drilling induced torque was estimated significantly lower
in drilling of CFRP/Ti-6Al-4V with step drill than drilling with twist drill. The
reduced torque would lead to minimise friction and improve surface
roughness. The use of step drill could provide better machinability with less

part rejections and low cost of manufacturing.

8.2.3 Effects of Tool Wear on Torque

Figure 8-6 displays the progression of torque through number of holes in
drilling of CFRP, Ti-6Al-4V and CFRP/Ti-6Al-4V stack. Due to different
machining requirements, different process parameters have been used in
drilling of CFRP and Ti-6Al-4V separately and stacked. In drilling of CFRP, 457
mm/min feed rate and 4500 rpm spindle speed have been used whereas in
drilling of Ti-6Al-4V, 119 mm/min feed rate and 1400 rpm spindle speed has
been set. In drilling of CFRP and Ti-6Al-4V separately, the life of cutting tools
found to be 56 and 32 holes, with other words 2.45 and 5.38 minutes,
respectively. However in drilling of CFRP/Ti-6Al-4V, drill bits have worn after
15 holes or 3.36 minute cutting time with the given parameters. After drilling 15
holes in CFRP, torque rose from 0.29 N.m. to 0.426 N.m. by 47% rise. After
reaching tool life by drilling 56 holes in CFRP, torque reached to 0.767 N.m with
164% increase. In titanium alloy, torque increased only by 7% from 1 N.m to
1.07 N.m after 15 holes. After drilling 32 holes, torque reached to 1.09 N.m
indicating a 9% growth. Drill bits have faced with higher wear rates in drilling
of CFRP/Ti-6Al-4V stack. It was observed that after drilling 15 holes in CFRP/Ti-
6Al-4V stack torque rose by 44.5% and 83.5% in Ti-6Al-4V and CFRP
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workpieces, respectively. It is believed that the combination of two different
cutting mechanisms has ended with combined wear mechanisms and
consequently accelerated tool wear. This is proved by our wear inspection

discussed in later sections.
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Figure 8-6: Effect of Number of Holes on Torque

8.3 Analysis of Delamination

8.3.1 Effects of Process Parameters on Delamination

Table 8-3 illustrates the influences of process parameters on delamination
in laminated composite workpiece in drilling of CFRP/Ti-6Al-4V. As can be
found in the table, experimentally obtained and simulation based drilling
induced delamination at hole entrance and exit sides are given with regard to
the drilling condition and related deviations between the experimental and FE

analysis of drilling of CFRP work piece.

According to the results, it was found that delamination at both sides
increased with the increase in feed rate and decreased with the growth in
spindle speed. In experiments and FE analysis, it was observed that
delamination at entrance was affected by the cutting parameters used for CFRP.
However, delamination at exit side was found to be influenced by the
machining parameters used for titanium alloy. This could be attributed to the

drilling strategy in stack. Since titanium alloy was much strong and required
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significantly different cutting parameters, the cutting parameters were set to the
ones used for titanium alloy. This was mainly due to the conical geometry of
the drill tip and to avoid a sudden breakage at the entrance of titanium
workpiece. Although thrust force found to increase in drilling of CFRP in stack
with titanium alloy; the extent of delamination at both sides has decreased

noticeably due to the increased impact resistance by stiffer titanium alloy

workpiece under CFRP.

Table 8-3: Alternative Delamination Factor in CFRP in Drilling of CFRP/Ti-6A1-4V Stack

Delamination Factor

Delamination Factor

Ti-6Al1-4V CFRP
(Entrance) Exit
S f S f Exp. FEA Deviation Exp. FEA Deviation
(rpm) (mm/min) (rpm) (mm/min)  (um) (pum) (%) (um) (um) (%)
1400 95 4500 355  1.035:+0.002 1.055 1.93 1.07+0.004 1.085 1.40
1400 119 4500 355  1.035+0.002 1.055 1.93 1.09+0.005 1.1 0.92
1400 95 4500 457 1.05+0.003 1.06 0.95 1.07+0.004 1.085 1.40
1400 119 4500 457 1.05+0.003 1.06 0.95 1.09+0.005 1.1 0.92
1400 95 6000 355 1.03+0.002 1.045 1.46 1.07+0.005 1.085 1.40
1400 119 6000 355 1.03+0.002 1.045 1.46 1.09+0.005 1.1 0.92
1400 95 6000 457 1.04+0.003 1.053 1.25 1.07+0.004 1.085 1.40
1400 119 6000 457 1.04+0.003 1.053 1.25 1.09+0.005 1.1 0.92
1800 95 4500 355  1.035+0.002 1.055 1.93 1.055+0.003 1.08 2.37
1800 119 4500 355  1.035+0.002 1.055 1.93 1.07+0.004 1.09 1.87
1800 95 4500 457 1.05+0.003 1.06 0.95 1.055+0.003 1.08 2.37
1800 119 4500 457 1.05+0.003 1.06 0.95 1.07+0.004 1.09 1.87
1800 95 6000 355 1.03+0.003 1.045 1.46 1.055+0.003 1.08 2.37
1800 119 6000 355 1.03+0.003 1.045 1.46 1.07+0.004 1.09 1.87
1800 95 6000 457 1.04+0.003 1.053 1.25 1.055+0.003 1.08 2.37
1800 119 6000 457 1.04+0.003 1.053 1.25 1.07+0.004 1.09 1.87
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As can be found in the table, FE analysis with the use of fully 3D elements
in drilling of CFRP/Ti-6Al-4V has predicted drilling induced delamination
factor quite satisfactory. The deviations between the predicted and
experimentally obtained drilling induced delamination factor lay between
0.92% and 2.37% according to the set of process parameters. It is thought that
this could be improved by addition of modelling of tool wear to the current FE

model.

8.3.2 Effect of Tool Geometry on Delamination

Figure 8-7 shows FE estimations of entrance and exit delamination plots in
drilling of CFRP with Ti-6Al-4V by step drills at 457 mm/min feed rate and 4500
rpm spindle speed for CFRP, 119 mm/min feed rate and 1400 rpm spindle
speed for Ti-6Al-4V. As shown in Figure 8-7, white areas symbolize the drilled
area due to fracture whereas red coloured area show delaminated zone at the
interface of two adjacent plies which can cause to strength degradation of the
structure. FE simulations show that the damaged area which is the combination
of white and red colour zones reduced with regard to the increase in the stage
ratio of step drill. This was mainly due to the fact that the smaller contact
between drill bit and workpiece, and the chisel edge effect. Due to the smaller
cutting edge reduced contact take place between drill bit and workpiece to drill.
This required less thrust force and cutting energy. Due to the lack of chisel
edge, penetration action is avoided thus cutting force is minimized. Greater
stage ratio of the step drill requires less energy and force. Induced thrust force
and torque estimations in drilling of CFRP in stack with Ti-6Al-4V shown in

Figure 8-2 and Figure 8-5 can be indicators of this.
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Figure 8-7: Effect of tool geometry on delamination patterns in CFRP in Drilling of CFRP/Ti-6Al-
4V stack

Figure 8-8 shows FE predictions of delamination factors versus stage ratio
after drilling of CFRP without back-up and in stack with Ti-6Al-4V by step drill
at 457 mm/min feed rate and 4500 rpm spindle speed for CFRP, 119 mm/min
feed rate and 1400 rpm spindle speed for Ti-6Al-4V. As could be seen from the
comparison of Figure 8-8 (a) and Figure 8-8 (b), delamination factors has
reduced significantly in drilling of CFRP in stack with Ti-6Al-4V. The main
reason of that was the existence of Ti-6Al-4V as a support plate under CFRP
workpiece. This would improve the impact resistance of CFRP particularly

against bending in a loading in the normal direction, thus better workpiece
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quality has been estimated after drilling. In addition to that, exit delamination
factor has been simulated greater than the entrance delamination factor in
drilling of CFRP in stack with Ti-6Al-4V similar to drilling of CERP alone. Due
to the number of plies for support, last plies at the exit side were more
susceptible against thrust force and related bending. As shown in Figure 8-8 (b),
induced delamination factor has been reduced with the increase in stage ratio of
step drill in both sides of the holes. The use of step drill has provided significant
advantage to reduce delamination factors in drilling of CFRP/Ti-6Al-4V stack.
Increased stage diameter of step drill would have smaller contact with the
workpiece, hence less thrust force and cutting energy is required. This would

minimize drilling induced workpiece defects.

Drilling induced delamination predicted substantially lower owing to
initial step part and disappearance of the chisel edge of the drill bit. The
minimized delamination would mean higher structural integrity and possibly
longer service life. The use of step drill could avoid the possible rejections
owing to tight tolerances, so it could boost the improvements in manufacturing

costs.
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Figure 8-8: Effect of Drill Geometry on Delamination (a) Drilling of CFRP (b) Drilling of CFRP/Ti-
6Al1-4V Stack

8.3.3 Effect of Tool Wear on Delamination

Figure 8-9 present delamination patterns observed at the entrance of
drilled holes after drilling of CFRP and CFRP in stack with Ti-6Al-4V. As can be
observed from the images, delamination at the entrance has been reduced
significantly in drilling of CFRP with Ti-6Al-4V comparing to drilling CFRP
alone. Figure 8-9 (c) and Figure 8-9 (d) show the state of the entry of the first
and last hole after drilling of CFRP with Ti-6Al-4V. Even after drilling 15 holes,
very good hole quality has been obtained at the entrance side of the CFRP
workpieces in stacked form. Ti-6Al-4V workpiece under the CFRP sample has
supported the composite under the multi-axis loading condition and would
increase the stiffness of the laminated composite. Reinforced composites are
strong in fibre direction however they are very weak in the normal direction.
Stiffer support under composite sample, Ti-6Al-4V workpiece, could improve
bending behaviour of the composite under loading in normal direction. Even
with the increased wear and thrust force, delamination has been reduced at the
entrance of the holes in drilling of CFRP with Ti-6Al-4V.
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(©) (d)

Figure 8-9: Delamination at Hole Entry (a) Drilling of CFRP-1st Hole (b) Drilling of CFRP-56th
Hole (c) Drilling of CFRP/Ti-6A1-4V Stack-1st Hole (d) Drilling of CFRP/Ti-6A1-4V Stack-15th
Hole

Figure 8-10 shows the state of the holes at the exit side after drilling in
CFRP alone and in stack with Ti-6Al-4V. As can be clearly noticed from the
plots, delamination at the exit side has been improved significantly. Figure 8-10
(a) and Figure 8-10 (b) shows fibre pull outs in the first and last hole in drilling
of CFRP alone. In drilling of CFRP without a support, buckled fibres could be
observed significantly due to last plies which cannot withstand thrust force. The
hole surface quality at the exit side has been improved substantially in drilling
of CFRP in stack with Ti-6Al-4V.
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Figure 8-10: Delamination at Hole Exit (a) Drilling of CFRP-1st Hole (b) Drilling of CFRP-56th
Hole (c) Drilling of CFRP-Ti-6Al-4V Stack-1st Hole (d) Drilling of CFRP/Ti-6A1-4V Stack-15th
Hole

Figure 8-11 indicates the influence of the number of drilled holes on
delamination factors in CFRP workpiece in drilling of CERP/Ti-6Al-4V at 4500
rpm spindle speed and 457 mm/min feed rate for CFRP, 1400 rpm spindle
speed and 119 mm/min feed rate for titanium alloy. As can be observed from
Fig. 8.11 both delamination factors rose gradually with the number of holes
drilled due to the wear of cutting tool and increased thrust force. After drilling
15 holes in stacked materials, entrance and exit delamination factors have
increased by 4.76% and 6.76%, respectively. Although the delamination factors
have been reduced significantly in drilling of CFRP/Ti-6Al-4V, dependency of
delamination factor to tool wear has seemed to be increased when it was
compared to the drilling of CFRP separately. This could be attributed to the
increased tool wear rate due to the combination of different cutting and wear

mechanisms in machining of stacked materials.

192



Results and Discussions of Drilling of CFRP/Ti-6Al-4V Hybrid

1.25
1.20 -
, Ay
B - - ’ A
E - ‘ * ’ * - =
w 1.15 P T te s
é .’ ‘ “ L " )
«© - -~
£ .’
E 1.10 P
©
(=
1.05
1.00 - ‘ ‘ ‘
0 3 6 9 12 15
Number of Holes
—Entrance - - Exit

Figure 8-11: Effect of Number of Holes on Delamination Factors in Drilling of CFRP/Ti-6A1-4V
Stack

8.4 Analysis of Burr Formation

Analysis of drilling induced burr formation in drilling of Ti-6Al-4V has
been discussed in Chapter 7 in detail. Since the materials are rather distinct
from each other, different machining parameters are required. Drilling of
CFRP/Ti-6Al-4V is not as straightforward as drilling of each material separately.
Different cutting mechanisms and wear types induced in machining of these
materials could influence machining of each other. Burr formation could be also
affected, thus analysis of drilling induced burr formation in drilling of CFRP/Ti-
6Al-4V has been carried out carefully.

8.4.1 Effects of Process Parameters on Burr Formation

Table 8-4 shows the effects of process parameters on burr height in
titanium alloy workpieces in drilling of CFRP/Ti-6Al-4V stack. Experimentally
obtained and finite element based drilling induced burr height at entrance and
exit sides of holes are given in regard with the machining conditions and
related deviations. Burr height at both sides was found to increase with
increasing feed rate whereas decreased with increased cutting speed in drilling
of Ti-6Al-4V. The tendency was observed similar to the drilling of Ti-6Al-4V
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separately as discussed in Chapter 7. However, it must be noted that the
machining parameters in CFRP zone was found to affect burr height of Ti-6Al-
4V workpiece. As can be observed in Table 8-4, higher burr height was
measured in experimental tests carried out at the same cutting parameters in Ti-
6Al-4V, but higher feed rate and cutting speed in CFRP workpiece. It is that fact
that cutting tool has worn in drilling of the entrance part of stack, CFRP
workpiece. The tool wear is dependant on cutting parameters and it showed
higher wear at higher cutting speed and feed rate, thus higher burr height has
been induced in drilling of the bottom part of stack, Ti-6Al-4V. In addition to
that, higher burr height was found at both sides in drilling of stacked form
comparing to drilling of titanium alloy separately. Furthermore, increased
thrust force and dusty abrasive fibre chips could also affect the extent of burr

height.

However simulated trends of the burr height versus process parameters
agreed with the experimental results; the deviations of predicted drilling
induced burr height lay between 38.09% and 56.99 with underestimation
according to the set of process machining condition in drilling of CFRP/Ti-6Al-
4V. It is thought that this could be significantly improved by addition of

modelling of tool wear and chip formation to the current FE model.
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Table 8-4: Burr Height in Ti-6A1-4V in Drilling of CFRP/Ti-6Al-4V Stack

Ti-6Al-4V CEFRP Burr Height at Entrance Burr Height at Exit
S f S f Exp. FEA Deviation Exp. FEA Deviation
(rpm) (mm/min) (rpm) (mm/min) (um) (um) (%) (um)  (um) (%)

1400 95 4500 355 35.10+¢1.2 17.90 -49.00 54.30+1.6 33.50 -38.31

1400 119 4500 355 36.20+1.2 19.80 -45.30 56.15x1.6 3490 -37.85

1400 95 4500 457 37.15+¢1.3 1790 -51.82  57.20+1.6 33.50 -41.43

1400 119 4500 457 38.90+1.3 19.80 -49.10 60.30+1.8 34.90 -42.12

1400 95 6000 355 38.10+1.3 17.90 -53.02  57.20+1.6 33.50 -41.43

1400 119 6000 355 39.60+1.4 19.80 -50.00 60.20+1.6 34.90 -42.03

1400 95 6000 457 40.55+1.4 1790 -55.86  61.05x1.7 33.50 -45.13

1400 119 6000 457 42.15+¢1.4 19.80 -53.02  63.35+1.7 34.90 -44.91

1800 95 4500 355 31.90+1.1 16.00 -49.84 52.20+1.6 30.40 -41.76

1800 119 4500 355 33.05+#1.2 17.40 -47.35 53.30+1.6 33.00 -38.09

1800 95 4500 457 34.05+¢1.2 16.00 -53.01  55.15+1.5 30.40 -44.88

1800 119 4500 457 35.65+1.3 17.40 -51.19  57.25+1.6 33.00 -42.36

1800 95 6000 355 35.15+¢1.2 16.00  -54.48  53.85+x1.5 30.40 -43.55

1800 119 6000 355 36.65+1.3 17.40 -52.52  56.20+1.6 33.00 -41.28

1800 95 6000 457 37.20+1.4 16.00 -56.99  57.30+1.7 30.40 -46.95

1800 119 6000 457 39.10+¢1.4 17.40 -55.50  58.70+1.6 33.00 -43.78

Table 8-5 shows the influences of cutting parameters on burr width in Ti-
6Al-4V workpiece in drilling of CFRP/Ti-6Al-4V stack based on experimental
and FE results. Burr width at entrance and exit sides increased slightly with the
increasing feed rate, but reductions in burr width has been measured as spindle
speed increased in drilling of Ti-6Al-4V in stack with CFRP. A similar trend

between machining parameters and burr width was found in drilling of Ti-6Al-
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4V with CFRP comparing to drilling of Ti-6Al-4V separately. Nevertheless, it
was also observed that machining of CFRP has influenced on drilling of Ti-6Al-
4V as both materials machined together. Similar to the observations made in
burr height above, burr width was found greater in experiments where CFRP
workpiece was machined at higher feed rate and spindle speed. This could be
attributed to tool wear induced in drilling of CFRP. As wear rate accelerates at
higher feed rates and cutting speeds, cutting forces could also increases. This
has been shown in analysis of thrust force earlier. Increased thrust force and
degenerated geometry would cause to an increase in the extent of defects in the
workpiece. Thus, higher burr width has been found on both sides of drilled
holes in titanium alloy. Moreover it should be also mentioned that very tiny
abrasive fibre chips could go between workpiece and cutting tool, which could

end up degenerated workpiece hole quality.

Although predicting smaller amount of burr width, trends of the burr
height versus process parameters were agreed with the experimental results in
FE simulations. The deviations between predicted and experimentally obtained
burr width altered between 42.63% and 56.90 with underestimation with regard
to machining parameters in drilling of CFRP/Ti-6Al-4V. Addition of tool wear

and chip formation would improve the predictions of the model significantly.
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Table 8-5: Burr Width in Ti-6A1-4V in Drilling of CFRP/Ti-6A1-4V Stack

Ti-6A1-4V CFRP Burr Width at Entrance Burr Width at Exit
S f S f Exp. FEA Deviation Exp. FEA Deviation
(rpm) (mm/min) (rpm) (mm/min) (um) (um) (%) (um)  (um) (%)

1400 95 4500 355 48.20+1.5 24.80 -48.55  59.50+1.6 31.60 -46.89

1400 119 4500 355 50.25+1.6 26.80 -46.67  61.85+2.2 3290 -46.81

1400 95 4500 457 50.40+1.5 24.80 -50.79  62.50+2.3 31.60 -49.44

1400 119 4500 457 52.80+1.6 26.80 -49.24  64.60£2.0 32.90 -49.07

1400 95 6000 355 50.50+1.4 24.80 -50.89  62.40+2.1 31.60 -49.36

1400 119 6000 355 53.15+1.6 26.80 -49.58  64.40+2.2 3290 -48.91

1400 95 6000 457 54.10+1.5 24.80 -54.16  64.80+2.2 31.60 -51.23

1400 119 6000 457 56.20+1.6 26.80 -52.31  66.70£2.1 3290 -50.67

1800 95 4500 355 44.70+1.4 22.50 -49.66  57.40£1.7 29.20 -49.13

1800 119 4500 355 47.70+1.4 24.00 -49.69 59.50£1.8 31.00 -47.90

1800 95 4500 457 49.20+1.6 22.50 -54.27  50.90£1.7 29.20 -42.63

1800 119 4500 457 50.40+1.5 24.00 -52.38  62.40£1.9 31.00 -50.32

1800 95 6000 355 49.80+1.6 22.50 -54.82  59.85+1.8 29.20 -51.21

1800 119 6000 355 51.40+1.7 24.00 -53.31 61.60+1.7 31.00 -49.68

1800 95 6000 457 52.20+£1.5 22.50 -56.90  63.10+187 29.20  -53.72

1800 119 6000 457 54.15+1.6 24.00 -55.68  64.80+1.8 31.00 -52.16

In summary, the height and width of burr formation was observed and
estimated to increase with regards to the increase in feed rate and decrease in
the spindle speed in drilling of Ti-6Al-4V with CFRP. Higher burr formation
was observed at hole exit by means of height and width. It was also observed
that burr formation affected by the machining parameters of CFRP due to its

effect on tool wear. The amount of burr in titanium alloy has been increased

197



Chapter 8

with increased cutting speed and feed rate in drilling of CFRP part in stacked
form. In overall, trends predicted by the FE models were in agreement with the
experimental values for the burr formation. However, the magnitudes of the
estimations were noticeably underestimated. In order to achieve accurate
results for prediction of burr formation in drilling of Ti-6Al-4V in stack with
CFRP using finite element analysis, utilisation of tool wear and chip formation
to the current model are suggested. Limitation in the computing resources and
computing time had restricted the FE model in terms of the chip formation and

mesh refinement.

8.4.2 Effects of Tool Geometry on Burr Formation

Figure 8-12 (a) and Figure 8-12 (b) show predicted burr heights in drilling
of Ti-6Al-4V alone and in CFRP/Ti-6Al-4V stack with respect to the stage ratio.
Drilling simulations has performed at 1400 rpm spindle speed and 119 mm/min
feed rate in titanium alloy; 4500 rpm spindle speed and 457 mm/min feed rate
in CFRP workpiece. As shown in Fig. 8.12 (b), the use of step drill has estimated
significant advantage to minimize burr formation in drilling of CFRP/Ti-6Al-4V.
An increase in the stage diameter of step drill provided a considerable decrease
in burr height at both sides of the holes in titanium alloy workpiece. Burr height
at the exit was estimated significantly greater than the entrance in drilling of Ti-
6Al1-4V workpiece in stack with CFRP as it was simulated in drilling of titanium
alloy alone shown in Figure 8-12 (a). When 8 mm twist drill used in drilling
simulations of Ti-6Al-4V with CFRP, burr heights were predicted as 19.80 um
and 34.90 um at hole entry and exit, respectively. By the use of step drill with
0.81 stage ratio, the burr height decreased by approximately two thirds to 6.05
pum and 12.15 pm at hole entry and exit, respectively. When drilling of titanium
alloy with CFRP is compared to titanium alloy alone, it can be seen that burr
height is slightly affected. As it can be observed in Figure 8-12 (a) and Figure
8-12 (b), the burr height has increased at entrance and exit sides of the drilled
holes. The increase in the thrust force has cause to an increase in burr height
between 2.00% and 3.41% at hole entrance, between 0.29% and 2.73% at hole
exit with regard to stage ration in drilling of Ti-6Al-4V in stack with CFRP.
Figure 8-12 (a) and (b) clearly show that the use of step drill would minimize
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the burr height in drillings of Ti-6Al-4V alone and CFRP/Ti-6Al-4V stack,

respectively.
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Figure 8-12: Effect of Drill Geometry on Burr Height (a) Drilling of Ti-6Al1-4V (b) Drilling of
CFRP/Ti-6A1-4V Stack

Figure 8-13 (a) and Figure 8-13 (b) show estimated burr width induced in
drilling of Ti-6Al-4V alone and in CFRP/Ti-6Al-4V stack with regard to stage
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ratio of step drill. As shown in Figure 8-13 (b), the use of step drill has brought
significant advantage to reduce burr width in drilling of CFRP/Ti-6Al-4V stack.
Increased stage diameter of step drill has enabled to have reduced burr height
at both sides of the holes in titanium alloy workpiece comparing to drilling with
twist drill. The smaller contact between the drill bit and workpiece is required
less thrust force, thus smaller amount of workpiece defect is formed. Burr width
at the exit side was simulated considerably greater than the entrance side in
drilling of Ti-6Al-4V with CFRP which has predicted in similar trend in drilling
of titanium alloy alone as shown in Figure 8-13 (a). Burr width were measured
to be 26.80 pm and 32.90 um with 8 mm twist drill in FE analysis of drilling of
Ti-6Al-4V in stack with CFRP at hole entry and exit, respectively. This
workpiece defect has been reduced by approximately two thirds to 8.48 um at
the entrance and 9.94 um at the exit with the use of 8 mm diameter step drill
with 6.5 mm diameter stage diameter. The burr width at entrance and exit sides
were slightly greater in drilling of Ti-6Al-4V in stack with CFRP than drilling of
Ti-6Al-4V alone as shown in Figure 8-13 (a) and Figure 8-13 (b). The defect has
increased due to the increase in thrust force in drilling of CFRP/Ti-6Al-4V.
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Figure 8-13: Effect of Drill Geometry on Burr Width (a) Drilling of Ti-6A1-4V (b) Drilling of
CFRP/Ti-6Al1-4V Stack

Figure 8-12 and Figure 8-13 indicate the advantages of step drill over twist
drill in drilling of Ti-6Al-4V in stack with CFRP. The reduction in the contact
between drill bit and workpiece has been simulated to provide substantial
reduction in the burr formation in the finite element analysis of drilling of Ti-
6Al-4V with CFRP. Although the burr could form greater particularly at the exit
side of hole in drilling of stack than drilling of titanium alloy itself, the extent of
workpiece defects could be minimized with the proper selection of geometry
and possibly parameters. The reduced burr formation would mean that higher
structural integrity and possibly longer service life. The use of step drill could
assist to avoid rejections due to excessive burr, so it could improve machining

of structural parts and decrease the manufacturing costs.

8.4.3 Effects of Tool Wear on Burr Formation

Figure 8-14 (a) and Figure 8-14 (b) report the effect of the tool wear on burr
height versus the number of holes drilled in Ti-6Al-4V workpieces alone and in
stack with CFRP, respectively. Experiments were carried out at 1400 rpm
spindle speed and 119 mm/min feed rate in titanium alloy; 4500 rpm spindle

speed and 457 mm/min feed rate in CFRP workpiece. Burr height increases with
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the number of drilled holes. This is mainly due to the increased wear and
consequently higher thrust force in drilling of the workpiece. In terms of the
hole quality in titanium alloy workpiece, there is a significant rise in the extent
of burr height with the number of holes drilled in both surfaces. The trends of
burr height has been found similar in drilling of titanium alone and in stack
form, however the burr height has been measured much larger in titanium
workpiece drilled in the stack form compared to alone. The burr height
measured for stack has reached almost twice the values obtained for titanium
on its own. This could be justified by the high tool wear rate and increased wear

in stack drilling.
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Figure 8-14: Effect of Number of Holes on Burr Height (a) Drilling of Ti-6Al1-4V (b) Drilling of

CFRP/Ti-6Al1-4V Stack

Figure 8-15 (a) and Figure 8-15 (b) show the influence of the number of
drilled holes on burr width in Ti-6Al-4V alone and stack with CFRP,

respectively. Burr width has increased with the number of holes drilled. An

increase in the tool wear has led to an increase in thrust force and consequently

resulted in grater workpiece defect around the drilled holes. Increased burr

width with the number of holes drilled could be observed at the both sides. In

addition to observed similar trends between burr width and tool wear in

drilling of titanium alone and in stack form, the growth of burr width has been

found more rapidly in titanium workpiece drilled in the stack form compared

to alone. The measured burr width has been found approximately doubled in

drilling of titanium in stack form than drilled alone. This can be due to

increased cutting tool wear rate and higher tool wear in stack drilling.
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Figure 8-15: Effect of Number of Holes on Burr Width (a) Drilling of Ti-6A1-4V (b) Drilling of Ti-
6Al-4V in Stack

8.5 Analysis of Surface Roughness

Since machining of aerospace materials is difficult and a challenge, quality
of machined surfaces is significantly important to provide acceptable products

and long service life. In order to maintain quality of the machined workpieces,
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it is important to investigate surface roughness of machined surfaces with
regard to cutting parameters and number of drilled holes, with other words tool
wear. Owing to having distinct physical and mechanical properties in CFRP
and Ti-6Al-4V, different machining characteristics are presented in drilling of
them. Based on this fact drilling of these materials are required distinct
machining conditions. Thus drilling of these materials and related analysis have
been carried out separately as explained in Chapter 6 and 7. In the following
lines, analysis of surface roughness is carried out in drilling of CFRP/Ti6Al4V

stack with the comparison of drilling of both materials separately.

8.5.1 Effects of Process Parameters on Surface Roughness

Table 8-6 shows the effects of process parameters on average surface
roughness (Ra) of drilled holes in CFRP and titanium alloy workpieces in
drilling of CFRP/Ti-6Al-4V stack. First of all it should be noted that in drilling of
CFRP/Ti-6Al-4V stack, the analysis of surface roughness would not as
straightforward as in drilling of each material separately due to the fact that

machining of each section could affect each other.

As it could be noticed in Table 8-6 average surface roughness increased
with the increasing feed rate whereas decreased with the increasing spindle
speed in both materials drilled together. This was similar to the findings in
drilling of each material separately as explained in Chapter 6 and 7. It was also
observed that the average surface roughness has slightly affected from
machining parameters used in each sections. The main reason of this was
higher induced forces in drilling of stacked material. Greater thrust force could
increase vibration and tool wear; consequently these would lead to increased
surface roughness in machined holes. In addition to that, when cutting tool
started to drill titanium alloy part, the cutting parameters were shifted from the
ones set for CFRP to titanium alloy. At this transition region, both materials
were machined together with the process parameters set for Ti-6Al-4V. This
could also affect surface roughness of CFRP workpieces as the machining
parameters were significantly different for titanium alloy. Dusty and abrasive

chips generated in drilling of CFRP could high likely to influence the surface
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roughness of titanium alloy. The combination of tool wear and existence of dust
chips could be attributed to the increase in the surface roughness of titanium
alloy workpieces. When the average surface roughness of each material
compared with ones drilled separately, noticeably higher values were obtained
in drilling of stack. This could show the complexity of drilling of CFRP/Ti-6Al-
4V stack.

Table 8-6: Average Surface Roughness in Drilling of CFRP/Ti-6A1-4V Stack

Ti-6Al-4V CERP Surface Roughness Surface Roughness
Ti-6Al-4V CFRP
S F S F

(rpm) (mm/min) (rpm) (Mmm/min) (pom) (pom)

1400 95 4500 355 3.67+0.14 2.83+0.12
1400 119 4500 355 4.01+0.15 2.95+0.13
1400 95 4500 457 3.78+0.16 3.35+0.12
1400 119 4500 457 4.07+0.15 3.41+0.15
1400 95 6000 355 3.78+0.14 2.48+0.11
1400 119 6000 355 4.15+0.15 2.65+0.13
1400 95 6000 457 3.92+0.16 3.14+0.14
1400 119 6000 457 4.33+0.14 3.22+0.13
1800 95 4500 355 3.53+0.15 2.72+0.12
1800 119 4500 355 3.89+0.16 2.81+0.14
1800 95 4500 457 3.66+0.15 3.22+0.13
1800 119 4500 457 3.88+0.15 3.33+0.14
1800 95 6000 355 3.61+0.14 2.38+0.12
1800 119 6000 355 4.02+0.17 2.52+0.14
1800 95 6000 457 3.81+0.18 3.01+0.12
1800 119 6000 457 4.13+0.16 3.13+0.16
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8.5.2 Effect of Tool Wear on Surface Roughness

Figure 8-16 shows the influence of the number of holes drilled on average
surface roughness (Ra) in drilling of CFRP and Ti-6Al-4V separately and
together at 4500 rpm spindle speed and 457 mm/min feed rate for CFRP, 1400
rpm spindle speed and 119 mm/min feed rate for Ti-6Al-4V. As shown in
Figure 8-16, the average surface roughness increased from 3.3 um to 3.42 um
after drilling 15 holes and reached to 6.4 um by drilling 56 holes in drilling
CFRP workpiece alone. Although machining at the same cutting parameters,
the average surface roughness in CFRP holes measured greater than the ones
drilled separately. As it could be noticed, the progression of surface roughness
with the number of drilled holes was much steeper due to more aggressive
cutting condition. The average surface roughness has increased from 3.41 pm to
7.27 um with a 113% increase after drilling 15 holes in CFRP in stacked with
titanium alloy. Similar findings could be found in drilling of titanium alloy
workpiece. As shown in Figure 8-16, the average surface roughness gradually
rose from 1.6 pm to 3.33 um after drilling 15 holes and reached to 6.31um at the
end of tool life by drilling 32 holes in drilling Ti-6Al-4V separately. The analysis
of titanium alloy in stack depicts higher amount of surface roughness,
particularly at the beginning. The average surface roughness altered between 4
um and 11.3 pm for the holes drilled in Ti-6Al-4V in stack. The tool wear
occurred at the beginning of stack would cause to this noticeably increase. In
addition to that the fine abrasive chips could deteriorate the quality of the
titanium holes. It is believed that the combination of different cutting
mechanism and wear mechanisms caused to poorer surface finish in drilling

stacks compared to separate materials.
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Figure 8-16: Effect of Number of Holes on the Average Surface Roughness

8.6 Analysis of Tool Wear

Since machining of aerospace materials is difficult and a challenge, tool
wear is significantly important to provide quality and low cost. In order to
maintain quality of the machined workpieces, it is important to replace cutting
tools as they reach wear criteria as explained in the methodology section.
Variation of thrust forces, torques and surface roughness versus number of
holes drilled can be typical indication of tool wear as discussed in previous
subsections. CFRP and Ti-6Al-4V have distinct properties, thus shows different
machining characteristics. Based on this fact they are required different
machining requirement, so that initially drilling of these materials and related
analysis have been carried out separately as explained in detail in Chapter 6
and 7.

In drilling of CFRP alone by multilayer TiAIN/TiN coated WC drill,
abrasive wear was observed on flank and crater surfaces of the drill bit owing
to the very abrasive fibres. These two wear creates edge wear which grinded
the cutting edge gradually. Due to wear thrust force, torque, delamination and
the average surface roughness increased gradually. There was no sign of plastic

deformation and chipping on tool surfaces. Tool life was found 56 holes in
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drilling of CFRP alone. Whereas in drilling of Ti-6Al-4V alone, significant
amount of flank and crater wear was observed due to high cutting forces.
Owing to these wear formations the cutting edges have become dull, hence
thrust force, torque, burr formation and the average surface roughness have
increased gradually. In addition to these, substantial chipping has been
observed at the margin and corners of the cutting edges at the end of tool life.

Tool life was found 32 holes in drilling of Ti-6Al-4V alone.

Drilling of two unique materials together makes the process even more
complicated. Different wear mechanisms took place together and could have
affected each other. Figure 8-17 shows the tool wear in drilling of CFRP/Ti-6Al-
4V stack after drilling 15 holes. First of all, a shortened tool life has been found
after the tests. The total machined volume was 56300 mm?® and 32170 mm?® for
drilling of CFRP and Ti respectively. Whereas the machined volume was
reduced to 30160 (each workpiece 15080) mm? in drilling of CFRP/Ti-6Al-4V in
stack form developed after drilling 15 holes. Providing that the same machining
parameters have been used for drilling of materials separately or in stacked
form, the machinability has considerably reduced. It is believed that the
combination of the different wear mechanisms have resulted in poor

performance of the drill in the stacked form.

As can be observed in Figure 8-17, more aggressive wear could be induced
in drilling of composite/metal stack. This must be due to interaction of the two
wear mechanism in the dissimilar materials in the stacked structure. As shown
in Figure 8-17 (b), significant amount of wear has been observed in the flank
surface of the drills. This abrasion mechanism was due to the hard phases in
titanium alloy as explained above. Moreover, obvious crater wear could also be
noticed on the cutting tool in Figure 8-17 (c). The combination of these two wear

mechanisms accelerated the progression of the wear and shortened the tool life.

In addition to these failure mechanisms, noticeable chipping has been
found on the flank surface. The chipping occurs near the region of maximum
cutting speed on the cutting edges of the tool. This macro chipping which is
clearly shown in Figure 8-17 (b) and Figure 8-17 (e) indicate much more

aggressive wear. Abrasive dust particles between the surfaces of cutting tool

209



Chapter 8

and workpiece would cause scratching and locally higher contact stresses. As a
result of the degenerated contact surfaces, cutting forces and the wear rates
would increase. As shown in Table 8-1, Table 8-2 and Table 8-6, higher amount
of thrust force, torque and the average surface roughness were obtained in
drilling of stack respectively compared to drilling of Ti and CFRP separately.
Similar to drilling of titanium alloy alone, significant wear has also been
observed on the chisel edge due to high thrust force (Figure 8-17 (d)). There was
no sign of built-up-edge on drills. Some chipping has also been identified on the

margin as shown in Figure 8-17 (f).

In summary, combinations of dissimilar wear mechanisms were observed
in drilling of CFRP/Ti-6Al-4V stack. Although separate process parameters used
for each material in stack, a shortened tool life has been observed due to the
different mechanical and physical properties. The combination of diverse wear

mechanisms has accelerated the tool wear in drilling of CFRP/Ti-6Al-4V stack.

"

(b)

(d)
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()
Figure 8-17: Tool Wear in Drilling of CFRP/Ti6A14V Stack (a) Overall (b) Flank Wear (c) Crater
Wear (d) Chisel Wear (e) Chipping (f) Margin Wear

8.7 Analysis of Workpiece Stress Distribution

The stress distributions of the workpieces after the drilling of CFRP/Ti-
6Al-4V are shown in Figure 8-18 and Figure 8-19. Figure 8-18 demonstrated the
predicted stress plots in CFRP workpiece simulated at 4500 rpm spindle speed
and 457 mm/min feed rate with twist drill and step drill. As can be observed in
Figure 8-18 (a) and Figure 8-18 (b), higher stresses were predicted than drilling
of CFRP separately due to the support under CFRP workpiece. The existence of
titanium alloy workpiece has increased the impact resistance of CFRP
workpiece, therefore laminated composite work plate could able to carry higher
load. The higher thrust force could also support this. The highest stresses were
induced around the centre of the hole where the drill cut the material. As could
be observed in Fig (b), Mises stress was estimated lower in drilling of CFRP
region by the step drill with 0.63 stage ratio compared to 8 mm rigid twist drill.
This was due to the fact that the step drill had a smaller contact area with the
composite workpiece than twist drill had. The decrease in the contact means
less material to be cut. The reduced material would require less cutting energy
and cutting forces. The estimated thrust force, torque and delamination in the

previous sections could be the sign of this reduction.
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(@) (b)

Figure 8-18: Stress Distribution of CFRP Workpiece in Drilling of CFRP/Ti-6Al-4V Stavk (a) Twist
Drill (b) Step Drill

Figure 8-19 demonstrated the stress distributions of titanium alloy work
plate in drilling of CFRP/Ti-6Al-4V hybrid structure at 4500 rpm spindle speed
and 457 mm/min feed rate with twist drill and step drill. As can be observed in
Figure 8-19 (a) and Figure 8-19 (b), slightly higher stresses were predicted than
drilling of Ti-6Al-4V separately. The existence of CFRP workpiece constrained
the titanium alloy work plate from the top which should cause to this increase.
The highest stresses were induced at the vicinity of drilled hole. As could be
observed in Figure 8-19 (b), the step drill with 0.63 stage ratio decreased the
predicted Mises stress in drilling of titanium alloy comparing to 8 mm rigid
twist drill. The reduced contact would decrease the cutting forces, required
energy and workpiece defects as well. The estimated thrust force, torque and

burr formation in the previous sections could be the sign of this reduction.
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(a) (b)

Figure 8-19: Stress Distribution of Ti-6A1-4V Workpiece in Drilling of CFRP/Ti-6Al1-4V Stavk (a)
Twist Drill (b) Step Drill

8.8 Summary

Experimental and numerical investigations were carried out in drilling of
CFRP/Ti-6Al-4V hybrid structure. The results of the analysis were compared
with the results of drilling of CFRP and Ti-6Al-4V.

Experimental results showed that an increase in feed rate led to an
increase in thrust force, torque, surface roughness and workpiece defects in
both work plates with 8 mm twist drill. The increase in spindle speed caused an
increase in thrust force and torque whereas a decrease in delamination and
average surface roughness in CFRP workpiece. The increase in cutting speed
reduced thrust force, torque, burr formation and surface roughness in titanium
alloy. One of the most significant observations was all the drilling outputs
except delamination was higher in drilling of hybrid structure than drilling
work plates separately. This was due to the combination of different cutting
mechanisms and increased wear rate. More aggressive tool wear was observed
thus tool life has shortened. As was expected, it was found that drilling of each

section influenced drilling of whole hybrid structure.

Two finite element models used in for drilling of CFRP and titanium alloy
have been combined in a model to simulate drilling process of CFRP/Ti-6Al-4V
hybrid structure. Due to its success in drilling of CFRP, the FE approach with

fully 3-D solid elements and zero-thickness cohesive surfaces was utilized for
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the composite section. Finite element analysis of drilling of CFRP/Ti-6Al-4V
generally demonstrated good performances. Positive correlations were acquired
for between the process parameters and drilling outputs. Thrust force, torque
and drilling induced delamination were predicted closely. The effect of tool
geometry was investigated and the advantages of step drill have been indicated

to minimize workpiece defects in both material.
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Conclusions and Future Work

This research is a contribution to on-going research area on drilling of
aerospace materials; laminated carbon fibre reinforced composites and titanium
alloys. The drilling of CFRP, Ti-6Al-4V and CFRP/Ti-6Al-4V were investigated

through experimental exploration and finite element analysis.

9.1 Major Contributions

This research consisted of the following major contributions.

The high throughput drilling of laminated carbon fibre reinforced
composites was investigated in feasibly technical range, by drilling in a wide
range of cutting parameters, using high point angle drill geometry, multilayer
TiAIN/TiN PVD coated fine-grained tungsten carbide tool material and internal
cutting fluid supply at high pressure.

The effects of process parameters on thrust force, torque, delamination
and surface roughness were demonstrated. At a moderate material removal
rate, tool life was investigated and the effect of tool wear on thrust force, torque,
delamination and surface roughness was studied. A delamination measurement

algorithm was developed based on digital image analysis.

A first research attempt to investigate a fully three-dimensional drilling of
CFRP with the 3-D complex drill geometry was developed by finite element
tools. Two different modeling approaches were generated for CFRP. The
material and damage models were developed to model material behaviour and

drilling induced workpiece defects. Hashin’s failure model was utilized.

Finite elements analysis of drilling of CFRP was validated. The effects of
process parameters on drilling outputs were demonstrated and compared with

results of experimental study.
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Based on the capability of FE analysis and gained confidence, the effect of
tool geometry on drilling of CFRP was investigated numerically. The

optimisations of tool geometry and process parameters were discussed.

Drilling of titanium alloy was investigated in feasibly technical range, by
selecting of suitable cutting parameters, high point angle drill geometry,
multilayer TiAIN/TiN PVD coated fine-grained tungsten carbide tool material
and internal cutting fluid supply at high pressure.

The effects of process parameters on thrust force, torque, burr formation
and surface roughness were demonstrated in drilling of titanium alloy. At a
moderate material removal rate, tool life was investigated and the effect of tool
wear on thrust force, torque, burr formation and surface roughness was

studied.

A novel 3-D finite element model of drilling of Ti-6Al-4V with the 3-D
complex drill geometry was developed. Johnson-Cook material and failure
models were utilized for titanium alloy workpiece. The effects of process
parameters on drilling outputs were demonstrated and compared with results

of experimental study.

Based on the capability of FE analysis and gained experience, the effect of
tool geometry on drilling of Ti-6Al-4V was investigated numerically. The

optimisations of tool geometry and process parameters were discussed.

Drilling of CFRP/Ti-6Al-4V stack was investigated in feasibly technical
range, by selecting of suitable cutting parameters based on the analysis of
drilling of CFRP and titanium alloy separately, high point angle drill geometry
which was used in drilling of both material separately, multilayer TiAIN/TiN
PVD coated fine-grained tungsten carbide tool material and internal cutting

fluid supply at high pressure.

The effects of process parameters on thrust force, torque, burr formation,
delamination and surface roughness were demonstrated in drilling of
CFRP/Titanium alloy. At a moderate material removal rate, tool life was
investigated and the effect of tool wear on thrust force, torque, delamination,
burr formation and surface roughness was studied. The results of investigations

were compared with drilling of each material separately.
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A novel 3-D finite element model of drilling of CFRP/Ti-6Al-4V with the 3-
D complex drill geometry was developed and validated. The effects of process
parameters on drilling outputs were demonstrated and compared with results
of experimental study and results of FE analysis of drilling each material

separately.

The effect of tool geometry on drilling of CFRP/Ti-6Al-4V was
investigated in finite element analysis. The optimisations of tool geometry and
process parameters were discussed to minimize workpiece defects and cost of

manufacturing, to increase productivity.
Highlights of Drilling of Ti-6Al-4V

Through complete experimental analysis, moderate to high material
removal rate (80-143 mm3/s) was achieved with the use of feed rate between 95
mm/min and 171 mm/min, spindle speed between 1000 rpm and 1800 rpm
(equal cutting speed between 25 and 45 m/min), and a commercially available 8
mm diameter multilayer TiN/TiAIN coated tungsten carbide drill. The internal
cutting fluid through the coolant holes of drill bit was applied at high pressures
to improve chip removal and to avoid thermal effects. The influences of feed
rate and cutting speed were demonstrated. Experimental results showed that
thrust force, torque, burr formation and surface roughness were increased with
feed rate and decreased with the spindle speed. As the workpiece surface
quality is extremely important, the progression of drilling outputs was shown

with regard to tool wear by means of number of drilled holes.

A novel 3-D finite element model based on Lagrangian formulation was
developed to simulate drilling of Ti6Al4V. The effects of cutting parameters on
thrust force, torque and burr were investigated numerically and compared to
the experimental results. The predictions of the FE model generally matched the
experimentally measured values closely and showed the applicability in
drilling process. Although the extent of burr formation was predicted
significantly lower than the experimental test results, the correlation between
process parameters and burr formation was good. Possible suggestions were
made to improve the performance of finite element model. The diversity

between the results of FE analysis and experiments were lower at lower speeds
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and increased with the machining rate. This showed the importance of the
material model parameters and the need of material properties at higher rates.
The effect of drill geometry on drilling of Ti-6Al-4V was investigated by various
step drills numerically. FE results indicated the advantages of step drill over
twist drill by several aspects including thrust force, torque and burr formation.
Drilling outputs were predicted to decrease with the increasing stage ratio of
step drill. The developed 3-D finite element model demonstrated the effect of
process parameters and complex tool geometry and showed the advantage for

process and tool design.
Highlights of Drilling of CFRP

Complete drilling experiments of laminated carbon fibre reinforced
composites were conducted at high material removal rates (297-574 mm3/s)
which were achieved with the use of feed rate between 355 mm/min and 685
mm/min, and spindle speed between 3000 rpm and 9000 rpm (equal cutting
speed between 75 and 225 m/min); with the use of commercially available 8 mm
diameter multilayer TiN/TiAIN coated tungsten carbide drills. The cutting fluid
was employed at high pressure through the coolant holes of drill bits to
improve of removal of dusty chips and to avoid effect of temperature. A
delamination measurement algorithm was developed through digital image
analysis. The influences of feed rate and cutting speed were exhibited. Thrust
force and torque was found to increase with feed rate and cutting speed.
Delamination and surface roughness increased with the feed rate, but decreased
with the cutting speed. Due to the tolerances, the progression of drilling
outputs was observed with regard to tool wear by means of number of drilled

holes in the workpiece.

A novel 3-D finite element model based on Lagrangian formulation was
developed to simulate drilling of CFRP. The effects of cutting parameters on
thrust force, torque and delamination were investigated numerically and
compared to the experimental results. The FE model based on 3-D solid
elements predicted close results to experiments. Material behaviour of
composite and induced drilling workpiece defects were modeled successfully.

The diversity between the results of FE analysis and experiments was found
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lower at lower speeds and increased with the machining rate. This showed the
importance of the material model parameters with regard to the test rate and
the need of material properties at higher rates. Other possible improvements to
the performance of finite element model were suggested for the future
researchers. The effect of drill geometry on drilling of CFRP was investigated
by various step drills numerically. FE results demonstrated the possible

advantages of step drill over twist drill in drilling of CFRP.
Highlights of Drilling of CFRP/Ti-6Al-4V Hybrid Structure

After gaining information and experience based on the investigations of
distinct materials separately, drilling experiments and related analysis of
CFFRP/Ti-6Al-4V hybrid structure were carried out under the same cutting
condition, but within a limited cutting parameter region. The combination of
different attributes of these materials was found to affect drilling process.
Greater thrust force, torque, burr formation, surface roughness and tool wear
induced in drilling of hybrid structure. Delamination decreased significantly
due to the increased impact resistance of composite workpiece in hybrid
structure. Similar trends were observed between process parameters and
drilling outputs, however it was also found that the process parameters used in
each section influenced the drilling outputs in the other section. Due to
accelerated tool wear rate, tool life was found to be shorter in drilling of hybrid

structures.

A novel 3-D finite element model based on Lagrangian formulation was
developed to simulate drilling of CFRP/Ti-6Al-4V hybrid structure. The
different attributes and requirements were taken into account in the numerical
analysis. The FE model generally predicted close results compared to the
experiments. The effect of drill geometry on drilling of CFRP/Ti-6Al-4V hybrid
structure was investigated numerically. FE results showed the possible
advantages of step drill in drilling of the hybrid structure. The possible

improvements to the performance of finite element model were discussed.
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9.2 Recommendations for Future Study

This research has identified several directions for the further explorations
in machining of composite/metal hybrid structures. Modeling of the drilling
process based on the finite element method is an important research direction to
understand the deformation of workpiece, deformation of cutting tool,
workpiece defects, tool wear, and thermal effects in drilling; to increase

productivity with reduced costs.

Several key assumptions were made in this study. First, mechanical
analysis assumed the stress solution was not dependent on temperature due to
the use of high amount of coolant. To simulate the drilling process more
accurately, a thermo-mechanical model would be a good option to solve stress
and temperature simultaneously. Secondly, a rigid cutting tool was assumed in
the finite element models due to the limited computational facilities. Utilisation
of a deformable cutting tool would improve the results but the computational
cost must be balanced. Another further step to that would be the employment

of the tool wear model in FE analysis.

Another key point could be the addition of the chip formation into the FE
model. It could increase the complexity of the model substantially, but it would
improve the modeling of burr formation in drilling of metals. This would
require high computational facilities due to required accuracy and it must be

balanced.

The 3-D FE analysis of drilling neglected the interaction between adjacent
segments. To improve the modeling accuracy further, more complex contact
mechanics including stress, strain rate, temperature and fibre orientation
dependant friction model is required to simulate the drilling process. This

would require further mechanical and tribological analysis.

An important point of the FE model is the material and failure models. It
is thought that the material properties should be one of the reasons of the
diversity between the results of FE and experiments due to the material test
conditions. The stress-strain curves of the workpiece material would be

different at different cutting speeds, thus material respond and related drilling
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outputs would induce different. The material data for CFRP in the literature is
generally based on the tests carried out very slow rates, however the respond of
matrix could be affected due to the strain rate. The progression of failure and
delamination could be affected significantly. Similar to that, Ti-Al-4V is highly
dependant on the strain rate, temperature and micro structure. Thus, it is
worthwhile to investigate the material respond of these materials at higher

strain rates and temperatures.

Each of these suggested topics could be future Ph.D. research topics to
enhance the understanding of drilling of composite/metal hybrid structures and
contribute to minimizing the workpiece defects, providing better solutions,

reducing cost of machining and increasing the productivity.
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Appendix A
User Defined Subroutine for CFRP

The user defined subroutine is developed to model the material behaviour
of unidirectional fibre reinforced composites under multi-axis stress for use in
Abaqus/Explicit. Unidirectional fibre reinforced composites are modelled with
linear elastic material with orthotropic behaviour prior to failure. The initiation
of failure is modelled with Hashin’s failure criteria for unidirectional fibre
composites in any mode as expressed in detail in Chapter 4. The model can be
implemented as a VUMAT user subroutine and can be used with three-

dimensional stress-displacement continuum elements.

Note: The subroutine is developed for Abaqus/Explicit version 6.9. It

requires Intel Fortran Compiler version 9.1.
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subroutine wvumat (

nblock, ndir, nshr, nstatev, nfieldv, nprops, lanneal,
stepTime, totalTime, dt, cmname, coordMp, charLength,
props, density, strainlInc, relSpinInc,

tempOld, stretchOld, defgradOld, fieldOld,

stress0Old, stateOld, enerInternOld, enerInelasOld,
tempNew, stretchNew, defgradNew, fieldNew,

stressNew, stateNew, enerInternNew, enerInelasNew )
include 'vaba_param.inc'

dimension props (nprops), density(nblock),

1 coordMp (nblock, *),

charLength(*), strainInc(nblock,ndir+nshr),

relSpinInc (nblock,nshr), tempOld(nblock),
stretchOld(nblock,ndir+nshr), defgradOld(nblock,ndir+nshr+nshr),
fieldOld(nblock,nfieldv), stressOld(nblock,ndir+nshr),
stateOld(nblock,nstatev), enerInternOld(nblock),
enerInelasOld(nblock), tempNew(*),

stretchNew (nblock,ndir+nshr), defgradNew (nblock,ndir+nshr+nshr),
fieldNew (nblock,nfieldv), stressNew(nblock,ndir+nshr),
stateNew (nblock,nstatev),

enerInternNew (nblock), enerInelasNew(nblock)
character*80 cmname

dimension eigen (maxblk*3)

El = props(i_pro_E1l)

E2 = props(i_pro_E2)

E3 = props(i_pro_E3)

xnul2 = props(i_pro_nul2)

xnul3 = props(i_pro_nul3)

xnu23 = props (i_pro_nu23)

Gl2 = props(i_pro_G12)

Gl3 = props(i_pro_G13)

G23 = props(i_pro_G23)

xnu2l = xnul2 * E2 / E1

xnu3l = xnul3 * E3 / El1

xnu32 = xnu23 * E3 / E2

~N OO W

N OO0 J0 U b WN

gg = one / ( one — xnul2*xnu2l - xnu23*xnu32 - xnu3l*xnul3 -
two*xnu2l*xnu32*xnul3 )

Cll = El1 * ( one - xnu23*xnu32 ) * gg
C22 = E2 * ( one - xnul3*xnu3l ) * gg
C33 = E3 * ( one - xnul2*xnu2l ) * gg
Cl2 = El1 * ( xnu2l + xnu3l*xnu23 ) * gg
Cl3 = El1 * ( xnu3l + xnu2l*xnu32 ) * gg
C23 = E2 * ( xnu32 + xnul2*xnu3l ) * gg
flt = props(i_pro_sigult)

flc = props(i_pro_sigulc)

f2t = props(i_pro_sigu2t)

f2c = props(i_pro_sigu2c)

1
f3c = props(i_pro_sigu3c)
f12 = props(i_pro_sigul2)
f13 = props(i_pro_sigul3)
£f23 = props(i_pro_sigu23)
beta = props(i_pro_beta)
alfa = props(i_pro_alfa)
end if
call OrthoEla3dExp (
nblock, stateOld(1,i_svd_DmgFiberT), state0ld(1l,i_svd_DmgFiberC),stateOl
d(l,i_svd_DmgMatrixT),stateOld(1l,i_svd_DmgMatrixC),Cl1l, C22, C33, Cl2,
c23, C13, Gl2, G23, G13,strainInc,stressNew )
return

(
(
(
(
f3t = props(i_pro_sigu3t)
(
(
(
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end if

call strainUpdate ( nblock, strainInc,stateOld(l,i_svd_strain),
stateNew (1, i_svd_strain) )

call OrthoEla3dExp (

nblock, state0ld(1,i_svd_D_FiberT),state0ld(l,i_svd_D_FiberC),stateOld(
1,i_svd_D_MatrixT),stateOld(1l,i_svd_D_MatrixC),Cl1l, C22, C33, Cl2,
c23, C13, G12, G23, G13,stateNew(l,i_svd_strain), stressNew )

call copyr ( nblock, state0Old(l,i_svd_DmgFiberT),
stateNew(1l,i_svd_DmgFiberT) )

call copyr ( nblock, state0Old(l,i_svd_DmgFiberC),
stateNew(1l,i_svd_DmgFiberC) )

call copyr ( nblock, state0Old(l,i_svd_DmgMatrixT),
stateNew(1l,i_svd_DmgMatrixT) )

call copyr ( nblock, stateOld(l,i_svd_DmgMatrixC),
stateNew(1l,i_svd_DmgMatrixC) )

call copyr ( nblock, state0Old(l,i_svd_D_FiberT),
stateNew(l,i_svd_D_FiberT) )

call copyr ( nblock, state0Old(l,i_svd_D_FiberC),
stateNew(1l,i_svd_D_FiberC) )

call copyr ( nblock, stateOld(l,i_svd_D_MatrixT),
stateNew(1l,i_svd_D_MatrixT) )

call copyr ( nblock, state0Old(l,i_svd_D_MatrixC),
stateNew(1l,i_svd_D_MatrixC) )

call Hashin3d ( nblock, nDmg, flt, f2t, £3t, flc, f2c, £f3c, f12, £23,
£f13,stateNew(1l,i_svd_DmgFiberT), stateNew(l,i_svd_DmgFiberC), stateNew (1l
,1_svd_DmgMatrixT),stateNew(1l,i_svd_DmgMatrixC), stateNew(l,i_svd_D_Fib
erT),stateNew(l,i_svd_D_FiberC),stateNew(l,i_svd_D_MatrixT), stateNew (1
,i_svd_D_MatrixC),stateNew(l,i_svd_statusMp), stressNew, alfa )

if ( nDmg .gt. 0 ) then

call OrthoEla3dExp (

nblock, stateNew (1,i_svd_D_FiberT),stateNew(l,i_svd_D_FiberC), stateNew (
1,i_svd_D_MatrixT),stateNew(1l,i_svd_D_MatrixC),Cl1l, C22, C33, Cl2,
c23, C13, G12, G23, G13,stateNew(l,i_svd_strain), stressNew )

end if

call EnergyInternal3d ( nblock, stressOld, stressNew,strainInc,
density, enerInternOld, enerInternNew )

return

end

subroutine OrthoEla3dExp ( nblock,d_FiberT, d_FiberC, d_MatrixT,
d_MatrixC,Cl1l1, C22, C33, Cl2, C23, Cl13, Gl2, G23, G13,strain, stress )
include 'vaba_param.inc'

dimension strain(nblock,n_s33_Car), d_FiberT(nblock),

d_FiberC (nblock), d_MatrixT (nblock),

d_MatrixC(nblock), stress(nblock,n_s33_Car)

do k = 1, nblock

dft = d_FiberT (k)

dfc = d_FiberC (k)

dmt = d_MatrixT (k)

dmc = d_MatrixC (k)

df = one - ( one - dft ) * ( one - dfc )

dCll = ( one - df ) Ccl1

dc22 = ( one — df ) * ( one — dmt ) * ( one - dmc ) * C22

dC33 = ( one — df ) * ( one — dmt ) * ( one - dmc ) * C33

dCl2 = ( one — df ) * ( one — dmt ) * ( one — dmc ) * Cl2

dc23 = ( one — df ) * ( one — dmt ) * ( one - dmc ) * C23

dCl3 = ( one — df ) * ( one — dmt ) * ( one - dmc ) * C13

dGl2 = ( one - df ) * ( one - smt*dmt ) * ( one - smc*dmc ) * G1l2
dG23 = ( one - df ) * ( one - smt*dmt ) * ( one - smc*dmc ) * G23
dGl3 = ( one - df ) * ( one - smt*dmt ) * ( one - smc*dmc ) * G13
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stress(k,i_s33_Xx) = dCll * strain(k,i_s33_Xx)+ dCl2 *
strain(k,i_s33_Yy)+ dC13 * strain(k,i_s33_7Zz)
stress(k,i_s33_Yy) = dCl2 * strain(k,i_s33_Xx)+ dC22 *
strain(k,i_s33_Yy)+ dC23 * strain(k,i_s33_7z)

)
)
)
)
stress(k,1_s33_Zz) = dC1l3 * strain(k,i_s33_Xx)+ dC23 *
)
)
)
)

strain(k,i_s33_Yy)+ dC33 * strain(k,i_s33_7z)
stress(k,i_s33_Xy) = two * dGl2 * strain(k,i_s33_Xy)
stress(k,i_s33_Yz) = two * dG23 * strain(k,i_s33_Yz)
stress(k,i_s33_7Zx) = two * dG1l3 * strain(k,i_s33_7x)
end do

return

end

subroutine strainUpdate ( nblock, strainInc, strainOld, strainNew )
include 'vaba_param.inc'

parameter (

dimension strainInc(nblock,n_s33_Car),
strainOld(nblock,n_s33_Car), strainNew (nblock,n_s33_Car)

do k =1, nblock

strainNew (k,i_s33_Xx)= strainOld(k,i_s33_Xx
strainNew(k,i_s33_Yy)= strainOld(k,i_s33_Yy

+ strainInc(k,i_s33_Xx)
strainInc(k,i_s33_Yy)

( )

( )+
strainNew (k,i_s33_7Zz)= strainOld(k,i_s33_Zz)+ strainInc(k,i_s33_%7z)
strainNew(k,i_s33_Xy)= strainOld(k,i_s33_Xy)+ strainInc(k,i_s33_Xy)
strainNew (k,i_s33_Yz)= strainOld(k,i_s33_Yz)+ strainInc(k,i_s33_Yz)
strainNew (k,i_s33_7x)= strainOld(k,i_s33_Zx)+ strainInc(k,i_s33_7x)
end do
return
end

subroutine Hashin3d ( nblock, nDmg,flt, f2t, £3t, flc, £f2c, £f3c, fl2,
£23, £13,dmgFiberT, dmgFiberC, dmgMatrixT, dmgMatrixC,d_FiberT,
d_FiberC, d_MatrixT, d_MatrixC,statusMp, stress, alfa )

include 'vaba_param.inc'

dimension dmgFiberT (nblock), dmgFiberC(nblock), dmgMatrixT (nblock),
dmgMatrixC (nblock),d_FiberT (nblock),
d_FiberC(nblock),d _MatrixT (nblock),

d_MatrixC (nblock),stress(nblock,n_s33_Car),eigen(nblock,n_v3d_Car), sta
tusMp (nblock)

if ( flt .gt. zero ) fltInv = one / flt

if( f2t .gt. zero ) f2tInv = one / f2t

if ( £3t .gt. zero ) f3tInv = one / f3t
if ( flc .gt. zero ) flcInv = one / flc
if ( f2c .gt. zero ) f2cInv = one / f2c
if ( £f3c .gt. zero ) f3cInv = one / f3c
if ( £f12 .gt. zero ) f12Inv = one / f12
if ( £23 .gt. zero ) f£23Inv = one / £23
if ( £13 .gt. zero ) f13Inv = one / f13
do k = 1, nblock

if ( statusMp(k) .eqg. one ) then

sll = stress(k,i_s33_Xx)

s22 = stress(k,i_s33_Yy)

s33 = stress(k,i_s33_7z)

sl2 = stress(k,i_s33_Xy)

s23 = stress(k,i_s33_Yz)

s1l3 = stress(k,i_s33_7x)

if ( sl1ll .gt. zero ) then

dmgFiberT (k) = (sl1ll*fltInv )**2 + alfa*((sl2*£f12Inv )**2) +

alfa* ((sl3*f13Inv )**2 )
if ( dmgFiberT (k) .ge. one ) then

d_FiberT (k) = one
else
d_FiberT (k) = zero
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end if

else if ( sll .lt. zero ) then
dmgFiberC (k) = abs(sll) * flcInv

if ( dmgFiberC(k) .ge. one ) then
d_FiberC(k) = one

else

d_FiberC(k) = zero

end if

end if

if ( ( s22 + s33 ) .gt. zero ) then
dmgMatrixT (k) = ((s22+s33)**2)*(£2tInv**2) + ((s23**2)-

(822*%s33) ) *(£23Inv**2) + ((sl2**2)+(sl13**2))*(£12Inv**2)
if ( dmgMatrixT (k) .ge. one ) then

d_MatrixT (k) = one

else

d_MatrixT (k) = zero

end if

else if ( ( s22 + s33 ) .lt. zero ) then

dmgMatrixC(k) = (((f2c*£23Inv*half)**2)-one)* (f2cInv)*abs(s22+s33) +

((£23Inv*half) **2)* ((s22 + s33)**2) + (f23Inv**2)*((s23**2) -
(822*%s33)) + (£12Inv**2)*((sl2**2) + (s13**2))

if ( dmgMatrixC(k) .ge. one ) then

d_MatrixC(k) = one

else

d_MatrixC(k) = zero

end if

end if

if ( d_FiberT(k) .eqg. one .or. d_FiberC(k) .eqg. one ) then
statusMp (k) = zero

end if

end if

end do

return

end

subroutine EnergyInternal3d(nblock, sigOld, sigNew ,strainInc,
curDensity, enerInternOld, enerInternNew)

include 'vaba_param.inc'

dimension sigOld (nblock,n_s33_Car), sigNew
(nblock,n_s33_Car),strainInc (nblock,n_s33_Car), curDensity
(nblock),enerInternOld(nblock), enerInternNew(nblock)

do k = 1, nblock

stressPower = half * ( ( sigOld(k,i_s33_Xx) + sigNew(k,i_s33_Xx) ) *
( strainInc(k,i_s33_Xx) ) + ( sigOld(k,i_s33_Yy) + sigNew(k,i_s33_Yy)
) * ( strainInc(k,i_s33_Yy)) + ( sigO0ld(k,i_s33_%7z) +
sigNew(k,i_s33_%Zz) ) * ( strainInc(k,i_s33_7z)) + two * (
sigO0ld(k,i_s33_Xy) + sigNew(k,i_s33_Xy) ) * strainInc(k,i_s33_Xy) +
two * ( sigOld(k,i_s33_Yz) + sigNew(k,i_s33_Yz) ) *
strainInc(k,i_s33_Yz) + two * ( sigOld(k,i_s33_7Zx) +
sigNew(k,i_s33_2x) ) * strainInc(k,i_s33_7x) )

enerInternNew (k) = enerInternOld(k) + stressPower/curDensity (k)

end do

return

end

subroutine CopyR(nCopy, old, new )
include 'vaba_param.inc'

dimension old(nCopy), new(nCopy)
do k = 1, nCopy

new (k) = old(k)

end do

return
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end
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Delamination Algorithm

The wuser defined delamination algorithm is developed to define
delamination factor based on diameter and arbitrary delaminated area around
the drilled holes in unidirectional fibre reinforced composite workpiece for use
in Matlab software. The images of drilling induced damage around hole are
used as input to the developed codes. The images are treated for digital image
processing. Thresholding and noise suppression are applied to the images.
After the application of edge detection module, the images are divided into
areas to obtain quantitative data on the image. Finally, the maximum diameter
and damaged area are obtained and delamination factors are calculated as

explained in Chapter 3.

Note: The user defined delamination algorithm is developed for Matlab

version R12.
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Delamination.m

clear;
for sample=1:n
Sample_Name = sprintf('%d',sample);
Ornek_uzantisi= sprintf('bmp');
Resim_adi = strcat(Sample_Name, "', Ornek_uzantisi);
Raw_Image = strcat(Sample_Name, '\', Sample_Name, '_RAW', ", 'bmp’);
a=imread(Resim_adi);
I=rgb2gray(a);
satir=0;
for th=1:20
thresh = th/20;
thr = sprintf('%g’, thresh);
bw=im2bw(I,thresh);
mkdir(Sample_Name);
imwrite(a, Raw_Image, 'bmp');
mkdir(Sample_Name, Threshold');
Threshed_Image = strcat(Sample_Name, '\ Threshold\', Sample_Name, '_th_’,
thr, ", 'bmp');
imwrite(bw, Threshed_Image, 'bmp');
forx=1:5
fory=1:4
AO =x*50;
ST =y;
ao = sprintf('%d’, AO);
st = sprintf('%d’, ST);
bwl=bwareaopen(bw,AO);
se=strel('disk’, ST);
BW=imclose(bw1,se);
[B,L,N,A] = bwboundaries(BW, 'holes");
imageL=label2rgb(L, 'gray’, [1 1 1]);
mkdir(Sample_Name,'NR')
NR_Image = strcat(Sample_Name, '\NR\', Sample_Name, '_th_|, thr,'_AO_,
ao, '_ST_|, st, ", 'bmp');
f1 = tigure('visible','off"), imshow(imageL, 'Border’, 'tight');
print(f1, '-r96', '-dbmp', NR_Image);
title(DELAMINATION ANALYSIS', FontWeight','bold")
f2 = tigure('visible','off"), imshow(imageL, 'Border’, 'tight');
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s = regionprops(L, I, 'Eccentricity’, 'EquivDiameter’, Perimeter’, 'Area’,
'Centroid’, 'WeightedCentroid');
titlel = {'Image Number', 'Coef. Threshold', 'Coef. bwareaopen', 'coef. strel,
‘method strel’, 'Object Number', 'Area’, 'Perimeter’, 'Eccentricity’, 'Equivalent
Diameter', 'Max Delamination’, 'Real Hole Area', 'Real Hole Radius', 'Area Calbr
Coef', 'Radius Calbr Coef', 'Delamination Area', 'Max Delamination Radius,
'Delamination Coef (by area)','Delamination Coef(by radius)'};
Results_Location= strcat(Sample_Name, '\', 'Delamination_', Sample_Name,
'xls");
sheet = sprintf('Results’);
xlswrite(Results_Location,title1,sheet)
hold on
for k = 1:length(B)
boundary = B[192];
[d,e]=size(boundary);
plot(boundary(:,2), boundary(:,1), 'r', "LineWidth', 2);
maxpoint=0;
pointX=0;
pointY=0;
for i=1:d
contour_row=sprintf('E%d’, i);
if(i==1)
m=boundary(i:i,2)*boundary(i:i,2)-s(k).Centroid(2)*s(k).Centroid(2);
n=boundary(i:i,1)*boundary(i:i, 1)-s(k).Centroid(1)*s(k).Centroid(1);
p=sqrt(abs(m)+abs(n));
if (p > maxpoint)
maxpoint = p;
pointX = boundary(i:i,2);
pointY =boundary(i:i,1);
end
end
end
Name = strcat(Sample_Name, '_th_, thr,
obje = sprintf('%d' k);
text(boundary(1,2)-10, boundary(1,1)-10, obje, 'Color’, 'g’,
'FontSize',14, FontWeight','bold’);
plot(pointX, pointY, 'g+', 'MarkerSize',100);
plot(s(k).WeightedCentroid(1), s(k).WeightedCentroid(2), 'g+', 'MarkerSize',30);
plot(s(k).Centroid(1), s(k).Centroid(2), 'r+','MarkerSize',30);
data = {Name thresh AO ST 'disk' k s(k).Area s(k).Perimeter s(k).Eccentricity
s(k).EquivDiameter maxpoint};
satir = satir+1;

1

_ao_',ao, '_st_, st, ", 'bmp’);
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cell

= sprintf('A%d’, satir+1);

xlswrite(Results_Location, data, sheet, cell)

end

mkdir(Sample_Name,'Analysis\ Points')

Analysed_Image = strcat(Sample_Name, '\ Analysis\Points\', Sample_Name,
'_th_', thr,'_ao_', ao, '_st_', st, ., 'bmp’);

print(f2, '-r96', '-dbmp', Analysed_Image);

%

for kk = 1:length(B)
boundary1 = B{kk};
[dd,ee]=size(boundary1);
maxpoint1=0;
pointXX=0;
pointYY=0;
for ii=1:dd

if(ii==1)
mm=boundary1(ii:ii,2)*boundary1(ii:ii,2)-

s(kk).Centroid(2)*s(kk).Centroid(2);

nn=boundary1(ii:ii,1)*boundary1(ii:ii, 1)-s(kk).Centroid(1)*s(kk).Centroid (1)
pp=sqrt(abs(mm)+abs(nn));
if (pp > maxpointl)
maxpointl = pp;
pointXX =boundary1(ii:ii,2);
pointYY =boundary1(ii:i,1);
end
end

end
plot([s(kk).Centroid(1), pointXX], [s(kk).Centroid(2), pointYY], 'LineWidth'/5,
'MarkerEdgeColor','k', 'MarkerFaceColor','g', 'MarkerSize',30);

end

mkdir(Sample_Name,'Analysis\ Radius')

Delamination = strcat(Sample_Name, '\ Analysis\Radius\', Sample_Name,
' DL_th_|, thr,'_ao_', ao, '_st_', st, ".", bmp");

print(f2, '-r96', '-dbmp', Delamination);

hold off

end
end
end
end

B-4

4



Appendix C

Optimisation of Finite Element
Analysis

Finite element analysis is highly dependent on the size of elements and
significant differences can be observed in the response of material behaviour. In
order to find an optimum element size, several simulations have been carried
out. For this reason, 2 mm, Imm, 0.5 mm and 0.26 mm element sizes used in the
finite element analysis of drilling process. Due to the large stress gradients and
potential damage at the boundary of the hole, the mesh was refined only in the
hole vicinity with an aspect ratio of 1.0 in the latest model. The density of mesh
was reduced outside of the hole vicinity in the workpieces to reduce solution
time as the outside region was less critical in the analysis. A maximum aspect
ratio of 4.0 was used away from the hole region. The meshed FE models of the

workpieces are shown in Figure C-1.
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@) (b)
() (d)

Figure C-1: Mesh Size of Workpieces (a) 2 mm (b) 1 mm (c) 0.5 mm (d) Graded (0.26 mm & 1 mm)

Figure C-2 plots the estimated thrust force versus element size in drilling
of CFRP and Ti-6Al-4V separately. Drilling of CFRP was performed at 4500 rpm
spindle speed and 457 mm/min feed rate, drilling of Ti-6Al-4V was simulated at
1400 rpm spindle speed and 119 mm/min feed rate with 8 mm twist drill. The
best results were obtained from the simulation with 0.26 mm where the aspect
ratio is 1 in the hole vicinity. As it can be seen from the figure, the performance
of FE analysis is significantly dependant on the element size. Within the
computational facilities, further mesh size improvements are not suggested due

to the long computational time requirements.
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Figure C-2: Effect of Mesh size on Estimated Thrust Force (a) Drilling of CFRP (b) Drilling of Ti-
6Al-4V
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