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SYNOPSIS

SYNOPSIS

Three main phases of experimental work were conducted to evaluate the drilling of
carbon fibre reinforced plastic (CFRP) and AIl/SiCp metal matrix composite (MMC)
workpiece materials following a comprehensive literature review. The latter focused on
current state-of-the-art relating to machinability of both CFRP and MMCs, with high tool
wear rates found to be a prevailing challenge due to the abrasive nature of the composite
materials. Fibre pull out, matrix burning / degradation, hole entry / exit delamination as well
as uncut fibres were the typical damage modes observed following cutting of CFRP. In
contrast, workpiece material adhesion, built up edge, poor surface roughness due to pits and
voids together with subsurface damage were the primary issues encountered when machining
MMCs. The performance of various cutting tool materials such as tungsten carbide (WC) and
polycrystalline diamond (PCD) as well as coatings including hardmetal (e.g. TiN, TiCN and
TiAIN), CVD-diamond and diamond like carbon (DLC) have been assessed for machining
CFRP and MMC materials.

The first phase of experiments was divided into 2 sections, with Phase 1A studying the
influence of operating conditions (cutting speed, feed rate and cutting environment) and tool
materials / coatings when drilling CFRP using a Taguchi fractional factorial experimental
design (L12). Advanced CVD-diamond coated tungsten carbide (WC) and novel domed PCD
drills were benchmarked against uncoated WC tools. Both the diamond coated and domed
PCD drills achieved 512 holes with corresponding minimum flank wear of 111 and 73 pum
respectively, while the uncoated WC tools suffered severe tool wear in the form of cutting
edge rounding after machining < ~200 holes, leading to burning of fibre dust and matrix
materials. In general, the domed PCD tools produced holes with low delamination levels,
clean hole edges and superior surface integrity compared with the CVD-diamond coated tools
due to the greater wear resistance and smaller cutting edge radius (4.6 pum vs. 23.8 um for
new tool) in the former. Uncut fibres hanging across the hole exit was however prevalent at
test cessation irrespective of tool materials and operating conditions. According to statistical
analysis for flank wear, tool material / coating, cutting speed and feed rate were the main
contributing factors with percentage contribution ratios (PCR) of 77.4%, 3.8% and 16.5%,

respectively.

Phase 1B (preliminary / benchmarking) and Phase 2A work investigated the effect of

varying feed rate strategy (feed rate reduced to 0.01 mm/rev for final 2 mm of hole) on tool
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life and hole quality when drilling CFRP. The ‘critical’ thrust force at hole exit ranged
between 100 and ~120 N as feed rate was constant (0.01 mm/rev) in the final 2 mm of drilling
operations in all tests, and decreased by up to ~80% compared with the maximum thrust force
recorded when using the primary feed rate (0.1-0.3 mm/rev) in the initial drilling stage. When
applying the variable feed rate strategy, uncut fibres were significantly reduced (~30%) at
hole exit compared to results in Phase 1A at the same cutting parameters. In addition, hole
surface quality near the exit location improved with limited voids / fibre pull out observed
when utilising new tools. In Phase 2B experiments, the effect of workpiece layup
configuration / fibre orientation and elevated feed rates (up to 0.6 mm/rev) were evaluated
with respect to hole quality and surface integrity. Results indicated that drilling at feed rates
of up to 0.4 mm/rev together with the variable feed rate strategy was feasible without
exacerbating hole damage and compromising surface integrity. Cavities / flaws due to fibre
loss / pull out were largely observed in plies orientated at 135° while 0°, 45° and 90° plies
were generally free of damage for the sections analysed. Surprisingly, surface damage was
also evident at the exit location despite the use of reduced feed rate (0.0lmm/rev) at test
cessation, which suggested that tool wear / edge sharpness rather than feed rate was the
dominant factor affecting hole surface quality. Evaluation of CVD-diamond coated and
domed PCD tools when drilling CFRP at elevated / high cutting speeds of up to 280 and 360
m/min respectively was undertaken in Phase 2C trials. Flank wear on the CVD-diamond
coated and PCD drills was lower by 26% (~86 um) and 11% (~71um) respectively after 384
holes when machining at the higher cutting speeds compared to 180 m/min (117 and 80 pum).
Chatter / vibration was observed up to ~2.5 mm beneath hole entry when operating at high
cutting speed (>240 m/min) using CVD-diamond coated drills resulting in deposition /

adhesion of fibre dust on the hole surface.

Phase 3A research involved an evaluation of the performance of tool materials and
coatings including uncoated and TiAIN+TiN coated WC as well as brazed PCD tools when
drilling Al/SiCp MMC’s at varying cutting speed and feed rate. The brazed PCD tools
showed superior performance compared to both the uncoated and coated WC drills in terms of
tool wear, productivity, hole quality and surface integrity. The hardmetal coating provided no
appreciable benefits over the uncoated WC drills as both only lasted for ~10 holes (VBnax at
300 pum), while flank wear of the PCD drills was only ~60 um after machining 300 holes. The
influence of cutting speed (80 and 160 m/min) and feed rate (0.1 and 0.2 mm/rev) under high
pressure (70 bar) and low pressure flood (3 bar) coolant environments using brazed and

domed PCD drills were assessed in Phase 3B. In general, brazed PCD drills exhibited lower
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flank wear levels (up to 38 um) compared with the domed products, which was most likely
due to the protection offered by the formation of a stable built up edge (BUE) at the cutting
lips in the former. Conversely, the domed PCD drills produced holes with superior
geometrical accuracy with relatively lower burr heights (~60 pm) at hole exit. Surface
integrity analysis showed that workpiece microhardness increase was between 50 and 60
HVo.0s above the bulk hardness (=125 HVqgs) irrespective of cutting parameters, which
extended up to ~100 pum beneath the machined surface. Hole surfaces were generally smooth
(<0.51 um Ra) with limited damage in the form of smearing, voids / cavities in all tests,
although minor vibration / chatter marks were visible in holes produced using brazed PCD
drills. Based on results from Phase 3B, the impact of elevated cutting speed of up to 360
m/min on the performance of brazed PCD tools when drilling MMCs was assessed in Phase
3C. Differences in tool flank wear in all tests was marginal with maximum deviation of ~17
um after drilling 300 holes. Built up edge however was prevalent even from the first hole. The
difference in thrust force was limited to 14 N (~4%) while torque values were constant at
~115 N.cm, irrespective of cutting parameters. Drilling at higher cutting speeds (>160 m/min)
did not improve surface roughness in terms of Ra, although both Rt and Rz values increased
with cutting speed possibly due to the loss / pull out of SiC particles. Irregular exit burrs
occurred randomly when operating at 360 m/min.
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Chapter 1: INTRODUCTION

Chapter 1: INTRODUCTION

1.1 Background to the project

The use of carbon fibre reinforced plastic (CFRP) composites has been steadily
increasing in recent years as an alternative to traditional metallic materials in a wide range of
industrial applications. Within the aerospace sector, components in the latest generation of
commercial aeroplanes from Airbus and Boeing have already incorporated substantial levels
of composite based materials (up to 50% in the Boeing 787), which provide benefits in terms
of increased strength to weight ratios leading to enhanced aircraft operational efficiency and
associated fuel cost savings. Joining of parts such as wing and tail plane sections are still
primarily mechanical based requiring the production of fastener holes and therefore drilling
operations to meet component dimensional tolerances are still necessary. Metal matrix
composites (MMCs) are a class of material that consists of ceramic particulates or fibres
distributed within a metallic matrix (e.g. aluminium, magnesium, titanium and copper), which
results in mechanical properties that are superior to conventional homogenous / single phase
alloys. Key mechanical / physical property benefits include high specific strength and
modulus, superior abrasion and wear resistance together with low sensitivity to temperature
variations. Other advantages, particularly in comparison to polymer matrix composites are
greater temperature resistance (~500°C), no moisture absorption, higher electrical and thermal
conductivities as well as being non-flammable. Despite the attractive properties of MMC
materials, their utilisation in industry remains largely limited to specialised, high value
applications in the premium automotive and defence sectors. This is partly attributed to the
materials’ relatively poor machinability due to the highly abrasive reinforcement phase
(typically SiC or Al,O3), which generally demands the use of ultra-hard tooling such as PCD.

While there is considerable rsearch literature relating to the cutting of composites,
prevailing challenges in drilling include high tool wear rates, limited productivity together
with poor hole quality and surface integrity, which are influenced in part by the
inhomogeneous and anisotropic nature of composites as well as dissimilar mechanical /
physical properties of the matrix and reinforcement. Therefore, the selection of appropriate
tool materials / coatings, operating parameters and cutting environment is essential to improve
hole surface quality / integrity and achieve greater productivity when drilling CFRP or
MMCs. Recent developments in tool design, coatings and tool materials have the potential to
significantly improve machinability performance, hence the motivation for the present
project.
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1.2 Project collaborators

The research was carried out as part of a Doctor of Philosophy (PhD) degree
programme based within the Machining Research Group in the School of Mechanical
Engineering at the University of Birmingham. The project involved collaboration with
industrial organisations including Seco Tools (UK) Ltd. and Element Six Ltd., who provided
considerable in-kind support in the form of fabricated drills, advanced polycrystalline
diamond tool materials, analysis facilities and technical knowledge. Details of the contact
person in the respective companies are listed in Appendix A. A PhD studentship from the
School of Mechanical Engineering, University of Birmingham provided further financial

support.

1.3 Aims and objectives

The overall aim of the project is to assess the performance when drilling epoxy based
CFRP and Al/SiCp MMC composites used in the manufacture of aerospace components and
understand its effects on feature quality and workpiece integrity. Specific objectives of the

project relate to:

e Comprehensive literature review on current state-of-the-art relating to machinability of
carbon fibre reinforced plastic and metal matrix composites.

e Establishing preferred / optimum operating parameters (cutting speed, feed rate and
drill strategies) and the influence of cutting environment (dry, chilled air, high
pressure internal / external supplied coolant and low pressure flood) for drilling
specific composite material systems. Key response measures include tool wear / life,
thrust force / torque, hole size and geometrical accuracy, hole edge quality
(delamination, uncut fibres and burrs) and surface integrity (surface roughness,
microhardness, fibre / particle pullout, surface damage, etc.)

o Evaluation of the latest cutting tool materials and advanced diamond coatings, drill
geometry and design (e.g. domed PCD) to provide improved levels of productivity,
tool life and hole quality.

¢ Identification of tool wear mechanisms and develop correlation of subsequent effects
on hole surface quality.

e Minimisation / elimination of workpiece surface defects.
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Chapter 2: LITERATURE REVIEW

2.1 Carbon fibre reinforced plastic (CFRP) composites
2.1.1 Introduction and properties

A composite material is made by combining two or more materials to give a unique
combination of properties. The final properties of composite materials are superior to the
constituent material properties [1-3]. The main concept of a composite is that it contains
matrix materials and reinforcements. The reinforcements, which determine the principal
mechanical characteristics of the composite, can be fibres, particulates, or whiskers. The
matrix materials usually determine the characteristics of the composite according to the field
of application, together with its usable temperature and weight, and can be a plastic, metal, or
ceramic. The important functions of a matrix material include its ability to bind fibres together
and transfer the load to the fibres, to provide a good surface finish quality and to protect
reinforcing fibres against chemical attack [1]. Based on the characteristics of the matrix
materials, composites can be divided into fibre reinforced plastics (FRP), metal matrix
composites (MMC) and ceramic matrix composites (CMC). The selection of specific fibre
and matrix to be used in the composite is not arbitrary, the two phases of a composite must be
carefully chosen if the composite material is to be structurally as well as commercially
efficient. The composite generally must be resistant to debonding at the fibre / matrix

interface, and also to fibre breakage and matrix cracking [2].

Fibres are most commonly used in a soft matrix as reinforcement and glass, carbon and
aramid fibres are generally employed. Glass fibres are produced by drawing molten glass
through numerous tiny orifices in a gravity-fed tank to form continuous filaments which are
gathered together in a strand or tow [2]. Glass fibres are the cheapest among all types of fibres
and come in several types with E (electrical) and S (high strength) being the most common. E-
glass offers excellent electrical properties and durability and is a cheap general-purpose
reinforcement. S-glass offers improved strength, stiffness and high temperature tolerance, and
is considerably more expensive than E-glass [4]. Glass fibre reinforced composites are strong,
low in cost, nonconductive, and corrosion resistant. Their disadvantages include low tensile
modulus, relatively high specific gravity, sensitivity to abrasion with handling, relatively low
fatigue resistance and high hardness [5].
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Aramid fibres (sold as Kelvar) are organic fibres manufactured from aromatic
polyamides by solution spinning. Aramid fibre is used as a higher performance replacement
for glass fibre in industrial applications and sporting goods as well as in protective clothing
[4]. The filaments are small in diameter (~12 um) and very flexible. Additionaly, aramid
fibres tend to have high tensile strength but only intermediate modulus and also exhibit
significantly lower strength in compression [2]. However, they provide good impact strength
and a negative coefficient of thermal expansion. Consequently, aramid fibres are widely used
in the automotive industry for tire cords, timing belts, and brake friction materials. They are

also used as concrete reinforcing materials and in high-performance ropes.

Carbon fires are widely used for advanced composites in aerospace and some sporting
goods applications due to their relatively high specific stiffness and strength. They are
classified as high modulus (HM), intermediate modulus (IM) and high strength (HS) grades.
The latter two grades are mostly made from a PAN (polyacrylonitrile) precursor [4]. The

properties of typical fibres are listed in Table 2.1.

Table 2.1: Properties of reinforcement fibres [4, 6]

PAN -based carbon

Characteristics Kelvar 49 E-glass S-glass

* *

HM HS
Diameter (um) 5-8 6-8 8-14 10-20 10-20
Density (kg/m°) 1.81 1.78 1.44 2.62 2.46-2.49
Young’s modulus (GPa)
Parallel to fibre axis 400 230 131 80-81 88-91
Perpendicular to fibre axis 12 20 70 - -
Tensile strength (GPa) 2.5-4.5 3.8-4.2 3.6-4.1 3.1-3.8 4.38-4.59
Strain to failure (%) 0.6 2.0 2.8 4.6 5.4-5.8
Coefficient of thermal expansion (10°K™)
Parallel to fibre axis -0.5 -0.6 -4.3 6.0 2.9
Perpendicular to fibre axis 7.0 10.0 41 - -
Thermal conductivity (W/m K) 70 11 0.04-1.4  10-13 1.1-14
Specific heat (kJ/kg K) 0.7-0.9 - 0.769 0.45 041

*PAN: Polyacrylonitrile; HM: high modulus; HS: high strength
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The role of the matrix in a composite is to transfer stresses between the fibres; to
provide a barrier against an adverse environment; and to protect the surface of the fibres from
mechanical abrasion [5]. Polymeric matrix materials can be further subdivided into
thermoplastics and thermosets. Polymers which will soften or melt on heating are called
thermoplastic polymers and are suitable for liquid flow forming, whereas molecules in a
polymer that are cross-linked in the form of network and will not soften on heating are termed
thermosetting polymers [7]. The most common thermoset polymer matrix materials are
polyester, epoxies and polyimides. Polyesters are used extensively with glass fibres. They are
normally inexpensive and lightweight with an application temperature range up to 100°C, and
somewhat resistant to environmental exposures. Epoxies are more expensive but have better
moisture resistance and suffer lower shrinkage on curing. Their maximum operating
temperature is ~175°C. Polyimides have a higher operating ceiling of ~300°C but are more
difficult to fabricate [2]. Common thermoplastic resins used as matrix materials in composites
include polypropylene, nylon, polyamide imide, polyphenylene sulphide (PPS),
polyarylsulfone, and polyetherether ketone (PEEK). PEEK is a very attractive matrix material
due to its high melting temperature (343°C) and good oxidation stability [7]. Potential
problems with the use of polymer matrix materials relate to their limited temperature range;
susceptibility to environmental degradation due to moisture, radiation, and atomic oxygen (in
space); low transverse strength; and high residual stresses due to the large mismatch in
coefficients of thermal expansion between fibre and matrix [2]. The specific mechanical and
thermal properties of matrix materials at room temperature are detailed in Table 2.2 and 2.3,

respectively.

Table 2.2: Room temperature mechanical properties of matrix materials [4, 6]

Densit Young’s Tensile Strain to
( /cm%/ modulus strength failure
g (GPa) (MPa) (%)
Polymers — Thermosets
Unsaturated polyester, UP 1.10-1.23 3.1-4.6 50-75 1.0-6.5
Epoxy, EP 1.10-1.20 2.6-3.8 60-85 1.5-8.0
Phenolics (Bakelite) 1.00-1.25 3.0-4.0 60-80 1.8
Polymers — Thermoplastics
Polypropylene, PP 0.90 1.1-1.6 31-42 100-600
Polyamide (nylons), PA 1.10 2.0 70-84 150-300
Poly (phenylene sulfide), PPS 1.36 3.3 84 4.0
Poly (ether ether ketone), PEEK ~ 1.26-1.32 3.2 93 50
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Table 2.3: Room temperature thermal properties of matrix materials [4]

K Cp a Tg Tm
(W/m©°C) (kd/kg°C) (10°°C) (°C) (°C)
Polymers — Thermosets
Unsaturated polyester, UP 0.17-0.22 1.3-2.3 55-100 70- -
Epoxy, EP 0.17-0.20 1.05 45-65 65-175 -
Phenolics (Bakelite) 0.12-0.24 1.4-1.8 25-60 300 -
Polymers — Thermoplastics
Polypropylene, PP 0.11-0.17 1.8-2.4 80-100  -20-5 165-175
Polyamide (nylons), PA 0.24 1.67 80 55-80 265
Poly (phenylene sulfide), PPS 0.29 1.09 49 85 285
Poly (ether ether ketone), PEEK  0.25 1.34 40-47 145 345

K: Thermal conductivity; Cp: Specific heat; a: Coefficient of thermal expansion; Tg: Glass

transition temperature; T, : Melting temperature.

Manufacting techniques for composites include hand / automated lay-up (laminating)
and autoclave processing processes (bag molding process), filament winding, pultrusion and
liquid composite molding. The prepreg lay-up process, also called autoclave processing or
vacuum bagging processing, is very common in the aerospace industry as well as for making
small batch prototype parts [8]. Complicated shapes with very high fibre volume fractions can
be manufactured using this process, which is suitable for making a wide variety of shapes [1].
With increasing production volumes hand lay-up is uneconomic and necessitates the use of
new automated technology [9]. The term ‘prepreg’ refers to pre-impregnated fibres, which
can be unidirectional or woven to form a polymer composite lamina protected on both sides
with easily removable separators, as shown in Figure 2.1(a). Figures 2.1(b) and 2.1(c) show
schematics of an autoclave to fabricate a laminated composite and lay-up plies with different
fibre orientations. Optical micrographs of laminated composites are shown in Figures 2.1(d)
and 2.1(e) [7]. The lay-up geometry of a composite strongly affects not only crack initiation
but also crack propagation, with the result that some laminates appear highly notch sensitive,
whereas others are totally insensitive to the presence of stress concentrators [10]. An
autoclave is a closed vessel for controlling temperature and pressure and is used for curing
polymeric matrix composites. The composite to be cured is prepared either through hand lay-
up or machine placement of an individual laminate in the form of fibrous tape which has been
impregnated with resin. The component is then placed in an autoclave and subjected to a

controlled cycle of temperature and pressure [2].
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Figure 2.1: (a) Schematic of a prepreg, (b) setup in an autoclave to fabricate laminated
composite, (c) lay up of plies with different fibre orientation and (d, ) micrographs of plies

with different fibre orientation [7]
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Composite materials offer increased design flexibility. Available options include the
choice of fibre and matrix material, the volume fraction of both, fabrication method, layer
orientation, the number of layers in a given direction, the thickness of individual layers and
type of layer, and the layer stacking sequence [1]. The most often cited advantages of fibrous
composites are their high specific stiffness and high specific strength (strength to density
ratio) as compared with traditional engineering materials. These properties lead to improved
performance and reduced energy consumption [2]. Their specific strength is typically in the
range of 3 to 5 times that of steel and aluminum alloys [1]. Improved fatigue life is one of the
major reasons why there has been a shift to composites by the aircraft industry [2].
Unidirectional carbon / epoxy composites have good fatigue strength, up to almost 90% of
their static strength [1]. Table 2.4 presents properties of continuous and aligned glass, carbon
and aramid fibre reinforced epoxy matrix composites in longitudinal and transverse
directions. In all cases the fibre volume fraction is 60% [11]. Although composite materials
offer many benefits, they suffer from the following disadvantages. Material cost is very high
compared to that of steel and aluminium and while large design databases are available for
metals, much less information is available for composites. Additionaly, the temperature
resistance of composite parts depends on the temperature resistance of the matrix materials
and composites absorb moisture, which affects their properties and dimensional stability [1].

Table 2.4: Properties of typical fibre reinforced epoxy composites [11]

: . High strength Kevlar 49
Properties mposites E-glass/epoxy carbon/epoxy (aramid)/epoxy

Density (g/cm®) 2.1 1.6 1.4
Tensile modulus (GPa)

Longitudinal 45 145 76
Transverse 12 10 5.5
Tensile strength (MPa)

Longitudinal 1020 1240 1380
Transverse 40 41 30
Ultimate tensile strain (%)

Longitudinal 2.3 0.9 1.8
Transverse 0.4 0.4 0.5
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2.1.2 Industrial applications

The use of CFRP materials has shown a marked increase in recent years, particularly in
the aerospace industry for next generation aircraft components. Figure 2.2 shows the
development of composite applications in aircraft. The most significant benefits / advantages
of using CFRP composites compared with conventional metallic alloys are mass and part

reduction as a consequence of their high specific strength and modulus, good fatigue life and

vibration damping properties [10].
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Figure 2.2: Change in composite application in aircraft over time [12]

The newly designed Airbus A380, the world’s largest aircraft with a capacity of 550 to
700 passengers, has horizontal stabilizers, ailerons, wing boxes and leading edges, fuselage
secondary mounting brackets, and deck structures made of composite materials employing
carbon fibres, thermosetting resins, and thermoplastics [13]. The centre wing box in the A380
weights ~8.8 tonnes, of which 5.3 tonnes is composite material [14]. Figure 2.3 shows the
application of CFRP in the Airbus A380. Composite materials are also widely applied by
Boeing. Composites use has increased from less than 5% of total weight in the Boeing
757/767 (1980s) to almost 50% in the new Boeing 787 Dreamliner for the centre wing box’s
primary structure, wing ribs, and rear fuselage section, as shown in Figure 2.4. It has been
predicted that weight savings approaching 40% are feasible by replacing light metals with
composites for aircraft secondary structures, and about 20% for primary structures including
wings and fuselages [10, 15]. Composite technology is also employed in the fan case. The
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General Electric GEnx engine uses third-generation composite fan blades to deliver superior
aerodynamic performance and durability, see Figure 2.5. The light weight composite fan case
reduces aircraft weight by 1200 Ibs., eliminates corrosion and lowers maintenance costs [16].
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Figure 2.3: CFRP composite components used in Airbus A380 airplane (courtesy of Airbus)
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Figure 2.4: Composite materials used in Boeing 787 Dreamliner airplane (courtesy of Boeing)
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Figure 2.5: Composite fan blades used for GEnx-1B engine which powers Boeing’s

Dreamliner 787 (maximum diameter: ~2822 mm) (courtesy of General Electric Co.)

Carbon reinforced polymer composites are also currently being utilized extensively in
sports and recreational equipment (fishing rods, golf clubs, etc.), filament wound rocket motor
cases and pressure vessels [11]. The main challenges restricting their use include material and
processing costs, damage tolerance, repair and inspection, dimensional tolerances, and
conservatism associated with uncertainties about relatively new materials [10]. Since
composite materials cannot be welded, and gluing is quite complex, mechanical joining,
involving rods, pins, fasteners and rivets, is the solution commonly adopted to assemble a
composite part to other parts. The holes required by mechanical joining are generally drilled
and as many as 55,000 holes are required in the Airbus A350 aircraft [6, 17]. Therefore,
improving the productivity and machinability when drilling CFRP composite materials is the

key issue in order to facilitate industrial application.

2.2 Metal matrix composites (MMCs)

2.2.1 Introduction and properties

The matrix materials of metal matrix composites are normally ductile alloys including
aluminium, magnesium, titanium and copper. As with polymer matrix composites, the
reinforcement can be continuous and discontinuous fibres, particulates and whiskers. In
MMCs, the matrix and reinforcement are physically mixed together, while a second phase
forms as a particular eutectic or eutectoid reaction in a dual phase alloy [18]. MMC materials
can be classified as continuous or discontinuous depending on the form of reinforcement
materials used. Continuous reinforcement is typically long fibres (carbon, boron, etc.) while
discontinuous reinforcement is commonly particulates / particles, whiskers and chopped fibres.

Continuous fibre reinforced MMCs show superior mechanical properties and good thermal

11
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conductivity, however anisotropy can present problems and their high cost make them
prohibitive. Table 2.5 details properties of some sample MMCs reinforced with unidirectional
fibres (P100: graphite fibre). In contrast, particulate reinforced MMCs are essentially isotropic
and cheaper to produce, and therefore more widely used for commercial products. Table 2.6
presents properties of sample discontinuous reinforced Al based MMCs.

Table 2.5: Properties of unidirectional metal matrix composites for space applications [19]

P100/6061 Al P100/AZ91C Mg

Properties Boron/Al (0°)
(0°%) (0°)
Volume of reinforcement (%) 42.2 43 50
Density (g/cm®) 2.5 1.97 2.7
Poisson ration 0.295 0.3 0.23
Specific heat, C, (kJ/kg K) 812 795 801
Longitudinal
Young’s modulus (GPa) 342.5 323.8 235
Ultimate tensile strength (MPa) 905 710 1100
Thermal conductivity, K (W/m K) 320 189 -
Transverse
Young’s modulus (GPa) 354 20.7 138
Ultimate tensile strength (MPa) 25 22 110
Thermal conductivity, K (W/m K) 72 32 -

Table 2.6: Properties of discontinuous reinforced aluminium metal matrix composites [19]

Graphite Al GA

Properties Al6092/SiC/17.5p  Al/SIC/63p
7-230

Density (g/cm®) 2.45 2.8 3.01
Young’s modulus (GPa) 88.7 100 220
Compressive yield strength (MPa) 109.6 406.5 -
Ultimate tensile strength (MPa) 76.8 461.6 253
Ultimate compressive strength (MPa) 202.6 - -
Thermal conductivity (W/m K) 6.89 - -

For particulate reinforced MMCs, the main factors influencing mechanical properties
are the matrix alloy, the volume fraction and size of reinforcements [7, 20, 21]. The strength
generally increases with the volume fraction of reinforcement, although beyond ~30% the

increase is not apparent. Mechanical properties are typically improved with finer (<~20 um)

12
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of particulates [20]. Figure 2.6(a) shows the tensile stress against strain curves of Al/SiC
metal matrix composites with different volume fraction of SiC reinforcement while Figure
2.6(b) presents stress-strain curves for variable sizes / dimensions of SiC particulates. In
general, the strength of the composite increases with increasing particle volume fraction,
while the ductility decreases. The stress increases ~30% up to ~650 MPa with 30% volume
fraction of SiC particles in comparison with the unreinforced matrix alloy. With a fixed
volume fraction at 20%, the strength increases as the particle size decreases. MMCs
reinforced with 20 vol.% 5 um SiC particles showed high strength up to ~600 MPa which
increased ~20% compared with unreinforced conventional material [7]. One of the main
limitations of MMCs is the reduction / restriction in ductility / elongation caused by the
addition of reinforcements, see Figure 2.6(a). For SiC reinforced Al (AA2124) MMC, the

elongation is below 3% when reinforcement volume fraction increases above ~10%.
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Figure 2.6: Stress-strain curves for (a) variable volume fractions of SiC particles (6 pum) in Al

matrix and (b) different particle sizes in a fixed volume fraction (20% by volume) [7]

The processing techniques / methods for producing MMCs generally comprise primary
materials production and secondary consolidation or forming operations. Many primary
processes are available / feasible to fabricate metal matrix composites including centrifugal
casting, spray deposition and forming as well as diffusion bonding techniques [7]. In the spray
deposition process (see the schematic in Figure 2.7), alloys are melted by induction heating
and then subsequently pressurised and ejected through a nozzle into an atomiser. The
atomised stream is collected on a substrate placed in the line of flight and a solid deposit is
built up on the collector. Particles are introduced into the metal spray leading to co-deposition
with the atomised metal on the substrate. An even / uniform distribution of reinforcement can
be achieved in this process, however directionality of the particles can be observed in the

microstructure after extrusion [7].
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Figure 2.7: Schematic of the spray deposition and forming process to fabricate metal matrix
composites [7]

2.2.2 Industrial applications

Metal matrix composites have received considerable attention over the past 20 years due
to their attractive strength, stiffness, fatigue and thermal properties [19]. The advantages of
these materials over polymer matrix composites include higher operating temperature,
noflammability, better conductivity and greater resistance to degradation with organic fluids
[5]. Figure 2.8 shows the sample applications of discontinuous reinforced MMCs in electronic
components. MMCs have also been developed / investigated for space application with
reported use for fuselage structures in the Space Shuttle Orbiter, high gain antenna for the
Hubble Space Telescope and structural components for liquid rocket engines [19, 22, 23]. The
application of MMCs for missile fins and tank components in military defense have also
proved successful [24].

14



Chapter 2: LITERATURE REVIEW

(b)

Figure 2.8: Discontinuously reinforced MMCs for electronic packaging applications: (a)

Al/SiCp electronic package for a remote power controller (photo courtesy of Lockheed Martin

Corporation), (b) cast Al/SiCp components (photo courtesy of MMCC. Inc.) [19]

Traditionally automotive brake rotors, drums and pads are made of cast irons, but
recently SiC reinforced Al metal matrix composites have been employed. Figure 2.9 shows a
typical application of MMCs for racing motorcycle brakes. The benefits of applying MMCs in
the automotive area relate to the reduction in weight of cars and improving balance due to a
reduction in the rotating unsprung mass. Duralcan has manufactured MMC disks used
extensively in USA racing cars [5]. The rotors made of Al/SiC MMCs demonstrate better
wear resistance and higher durability compared with conventional cast iron components.
More importantly, MMCs rotors weigh only 33-60% of equivalent cast iron parts. The weight
reduction not only improves petrol consumption but also reduces vibration and improves

handling as the unsprung weight is reduced [5].

Figure 2.9: Racing motorcycle brakes made from MMCs (photo courtesy of Swan Metal

Composites)
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2.3 Ceramic matrix composites (CMCs)

2.3.1 Introduction and properties

The main reasons for choosing ceramics as the matrix include a high application
temperature range (up to ~2000°C), high elastic modulus, chemical inertness and low density.
Table 2.7 details the mechanical and thermal properties of ceramic matrix materials compared
with plastic and metal matrix materials. CMCs posses higher specific modulus and elevated
temperature mechanical properties than metals [25, 26]. The use of ceramic materials in
structural applications however is limited, due to their susceptibility to catastrophic brittle
failure, low fracture toughness, flaw sensitivity, and their relatively low bulk tensile strength.
By reinforcing with fibres or whiskers, CMCs fail gradually rather than catastrophically [27].
The main disadvantage of ceramic matrix materials is their brittleness [2, 28]. Small surface
flaws, such as scratches and nicks, or internal flaws including pores, microcracks and
inclusions can lead to disastrous results [7]. CMCs can be processed by conventional powder
processing techniques used for making polycrystalline ceramics, such as cold pressing and
sintering, hot pressing, reaction bonding and infiltration. Chemical vapour infiltration, liquid
polymer infiltration and liquid silicon infiltration are currently used for the production of
carbon fibre reinforced SiC ceramic composites [7, 29].

Table 2.7: Room temperature mechanical and thermal properties of some matrix materials [4]

Strain to

P E %u failure K Co “

(mg/m3) (GPa) (MPa) (%) (W/m°C)  (ki/kg°C) (1074°C)
Thermoset 1.10- 2.6- 0.17-
Epoxy 1.90 38 60-85 1.5-8.0 0.20 1.05 45-65
Thermoplastic 1.26-
PEEK 132 3.2 93 50 0.25 1.34 40-47
Ceramic 282-
Alumina 3.98 380 551 - 39 0.775 7.4
Al203
Ceramic
Silicon carbide ~ 3.20 i%g 55920 i 71 0.59 41
SiC (sintered)
Metal
Aluminium 2.80 71 572 11 130 0.96 23.4
alloys (7075)
Metal
Steel alloy
(1020 Cold 7.85 207 420 15 51.9 0.486 11.7
drawn)

p: Density; E: Young’s modulus; o,: Tensile strength; K: Thermal conductivity; C,: Special

heat; a: Coefficient of thermal expansion.
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2.3.2 Industrial applications

Due to their attractive mechanical and thermal properties, ceramic matrix composites
are suitable for a range of aerospace applications requiring high temperature performance and
reliability. They can be used to replace CFRP and MMCs in relatively high temperature
working environments (up to ~2000°C) [27, 30]. Industrial uses of CMCs include furnace
materials, energy conversion conponents, gas turbines, and heat engines [5]. CMCs have
excellent potential as structural materials in aerospace applications offering high tensile and
flexural strength, high temperature capability, damage tolerance, dimensional stability, good
chemical and oxidation resistance and great thermal shock resistance [30]. For example,
carbon fibre reinforced CMCs have good resistance to oxidation degradation in air at
temperature of up to 400°C, whereas SiC reinforced CMC can operate up to 1000°C in air
[30]. Ohnabe [31] studied the potential applications of CMCs for aero-engine components
including blisks (bladed disk for rotating parts), nozzle flaps, exhaust nozzles, combustor and
turbine nozzle vanes. Figure 2.10 shows the trends in development of high temperature

materials for turbine components.
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Figure 2.10: Development of high temperature materials for turbine components [31]

Ceramic matrix composites have become first choice for components subjected to high
temperature in the aerospace industry and in advanced vehicles, such as nose caps, nozzle jet
vanes, engine flaps and brake discs [32]. Rosso [33] stated that the development of CMCs has
lagged behind other composites for two main reasons, the first being that the processing
routes for CMCs involve high temperatures and can only be employed with high temperature

reinforcements, while the second concerns the high temperatures employed in production.
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Kaya [34] outlined the use of ceramic matrix composites in automotive ceramic gas turbines
and claimed that the thermal efficiency was increased by over 40% at a turbine inlet
temperature of 1350°C as well as reduced exhaust emissions. Figure 2.11 shows the major
CMC components used for automotive ceramic gas turbines. Sommers et al. [35] detailed the
application of CMCs for heat exchangers in advanced thermal systems, due to their high
temperature stability and shock resistance, high hardness, good corrosion resistance and non-
magnetic properties.
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Figure 2.11: Major ceramic matrix composites components used for automotive ceramic gas
turbine [34]

2.4 Drilling of CFRP composite materials
2.4.1 Introduction

Carbon fibre reinforced plastic composites are commonly used for structural aerospace
components including floor beams and frame panels, as well as the majority of vertical and
horizontal sections of the tail. Joining of such parts is mainly dependent on mechanical
bolting / riveting, which depends critically on the quality of machined holes. Consequently,
the quality of drilled fastener holes in CFRP is paramount, with metrics relating to hole
surface roughness, out of roundness and cylindricity as well as the level of workpiece
delamination / flaws. However, CFRP composites have relatively poor machinability mainly

due to the abrasive nature of the fibres leading to rapid tool wear, inhomogeneous and
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anisotropic properties relating to different fibre orientation and the lay up process, and
dissimilar thermal properties of the matrix and fibre [36-38]. Damage such as delamination,
fibre pull out and matrix burning which occur by drilling operations can significantly reduce
strength / fatigue life [39]. It has been reported that the rejection rate for composite laminate
parts due to damage / defects induced by drilling during final assembly in the aircraft industry
is up to 60% [40, 41]. Therefore, it is essential to study / understand machinability when
drilling CFRP composite materials and improve drilling efficiency / productivity with

minimum hole damage / defects.
2.4.2 Tool wear and life

When drilling CFRP composites, tool wear is primarily the result of abrasion due to the
highly abrasive nature of fibres, with chipping a characteristic feature of coated tools. The
tool life criteria widely used to determine end of tool life is maximum flank wear (VBmax),
which is typically between 0.3-0.6 mm. It is common to observe that the wear on WC tools is
generally smooth and uniform along the entire cutting edge due to abrasion between the hard
carbon fibres and tool [42]. Rawat and Attia [43] experimentally investigated tool wear
mechanisms of WC drills when drilling woven CFRP. They found that cutting edge rounding
and abrasion were the main wear mechanisms, as shown in Figure 2.12. Relatively high
cutting temperatures (~350°C) caused by aggressive rubbing of fractured fibres and WC
grains against epoxy matrix exacerbated tool wear. The progression in flank wear was divided
into three regions; the initial / primary wear region, steady / secondary wear region and severe
| catastrophic wear region. The initial / primary wear was caused by chipping and micro-
cracking and occurred after drilling a small number of holes (~10). Nor Khairusshima et al.
[44] came to similar conclusions when machining CFRP with carbide tools using chilled air
as the coolant. Figure 2.13 shows tool wear observations under the microscope and SEM. The
shiny and worn area was detected with the microscope while a corresponding smooth and
polished surface was found under SEM. This was due to the abrasive carbon fibres and
powdery chips which acted as polishing elements continually rubbing the cutting edge during
the machining process. A polished and shiny tool surface was apparent at test cessation.
Masuda et al. [45] studied tool wear mechanisms and the influence of WC grain size as well
as Co content on tool wear rate when machining CFRP with uncoated WC tools. They pointed
out that the main failure was due to loss of WC particles leading to the probability of brittle
fracture as the Co binder was subject to severe wear when cutting abrasive CFRP materials.

Tool wear decreased with the increase of WC grain size (varied from 1.11 to 2.93 pum) while
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lower Co content (ranged from 4 to 10%) led to better tool performance. Therefore, larger
WC grain size integrated with lower Co content was preferable for machining CFRP

materials.

Flank Face

cutting
edge

Secondary
cutting
edge

Figure 2.12: SEM micrographs of tool wear at the cutting speed of 235 m/min and feed rate of
0.1 mm/rev: (a) aggressive abrasive wear at chisel edge, (b) abrasion of flank wear, (c) corner

edge rounding and (d) adhesion of carbon fibres on the flank face [43]

Shiny surface

Polished surface

JEE 180um BBEE 2Z1 Z5 SEI

Figure 2.13: Tool wear at the cutting speed of 179 m/min and feed rate of 0.05 mm/rev under
the observation of (a) tool maker microscope and (b) SEM [44]

Diamond coated tools were also investigated by researchers. Karpat et al. [46] evaluated
the tool wear of diamond coated tools when drilling woven CFRP laminates under dry
conditions. As shown in Figure 2.14, drilling at high feed rate (0.1 mm/rev) was shown to be
more favourable in terms of tool wear as severe damage was observed at low feed rate (0.04
mm/rev). This was due to the longer contact time (2.5x) at low feed rate compared with

drilling at high feed rate. After drilling 1728 holes, coating fracture was observed at both high
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and low feed. Iliescu et al. [47] compared tool life of uncoated and diamond coated drills.
They concluded that diamond coated tools gave 10~12 times longer tool life than uncoated
carbide drills even though the cutting speed was 3 times higher (170 m/min instead of 56

m/min) at the feed rate of 0.05 mm/rev. Abrasion and chipping of the coating were the main

R
~ Coating chippin

tool wear modes.

Figure 2.14: SEM micrographs of tool wear after drilling 1728 holes at cutting speed of 200
m/min and feed rate of (a) 0.04 mm/rev and (b) 0.1 mm/rev [46]

Another typical wear pattern commonly observed when cutting CFRP composites is
severe cutting edge rounding [4, 17, 48]. The influence of cutting edge radius / sharpness on
drilled hole quality was investigated by several researchers [17, 49-51]. Figure 2.15 shows the
effect of cutting edge radius on delamination when drilling GFRP with fibres having a
diameter of approximately 15 um. Hole exit delamination significantly deteriorated with
growing cutting edge radius, as shearing was severely impeded when the cutting edge radius
was larger than fibre diameter [50]. Faraz et al. [17] firstly recommended using cutting edge
radius (CER) as an innovative tool wear criterion when drilling CFRP. The applicability of
the new wear form was successfully tested on four drills with different geometries and good
correlations were observed between thrust force and CER as well as between the size of hole

entry / exit delamination and CER.

\ Dmax=9.382 mm \\. Dmax = 9.470'mm/

-

N

Figure 2.15: Delamination at hole exit with corresponding cutting edge radius [50]
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Results from other research studies also indicated that the occurrence of delamination
was highly dependent on tool sharpness (cutting edge radius). As shown in Figure 2.16 when
milling CFRP, there was no delaminnation and uncut fibres observed when using a sharp tool
(cutting edge radius r,=9 um), whereas small fibre overhangs were observed after using a tool
having medium wear (r,=45 pm). Significant fibre overhang and breakout occurred when

increasing cutting edge radius to 90 pm.

cutting edge radius r, =9 ym cutting edge radius r, = 45 pm cutting edge radius r, = 90 pm
temporary edge

Vi

down milled edge

up milled edge

\

tool

fibre orientation

cutting velocity v, = 800 m/min tool back rake y, = 0°
feed per tooth f, = 0.03 mm CFRP unidirectional, HT fibre, epoxy resin
working engagement a, = d fibre orientation angle @ = 90°

cutting depth a, =4 mm

Figure 2.16: Delamination as a function of tool cutting edge radius [51]

Wang et al. [49] investigated tool wear in drilling CFRP using uncoated, diamond
coated and AITiN coated tools at 180 m/min with a feed rate of 0.076 mm/rev. They found
that cutting edge rounding or edge recession was the primary wear mode, as shown in Figure

2.17. Drills coated with AITiN showed no improvement over uncoated carbide drills.
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Figure 2.17 (a) Cutting edge profile of uncoated carbide drill corresponding to number of
drilled holes and (b) SEM micrographs of cutting edge of AITiN coated drill [49]
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2.4.3 Thrust force, torque and cutting temperature

Thrust force and torque in drilling composite materials have been extensively studied by
researchers and they are in agreement that feed rate has significant effect on thrust force while
torque normally decreases with increasing cutting speed [52-57]. Monitoring of thrust force
was demonstrated as a suitable response to assess tool wear and hole exit quality due to a
strong correlation. According to Heisel and Pfeifroth [58], thrust force (from ~100 to 400N)
increased almost linearly with feed rate ranged from 0.05 to 0.40 mm/rev at the cutting speed
of 42.7 m/min when drilling CFRP with carbide tools. Rawat and Attia [53] explained that the
reduction of thrust force when drilling CFRP at high cutting speeds (up to 236 m/min) was
due to thermal softening of the matrix resulting from poor heat conductivity of the epoxy, the
heat concentration leading to matrix decomposition and even burnout. Zitoune et al. [59]
studied the effect of tool materials on thrust force when drilling CFRP/AI stacks at a cutting
speed of 38 m/min and feed rate of 0.1 mm/rev with 6 mm uncoated and triple coated
(TiIN+AITiN+nanocomposite CrAlISiN) tools. After drilling 70 holes, the thrust force in the
CFRP section increased by 72% and 92% with coated and uncoated tools, respectively. The
variation in thrust force for the Al section was about 11% irrespective of the tool material.
Park et al. [42] carried out experiments in drilling CFRP/Ti stacks using WC and PCD tools
with mist water-soluble coolant at a flow rate of 16 ml/min. They found that the thrust forces
of both WC and PCD tools increased gradually in the CFRP and Ti, due to the tool wear
progression. In the Ti section, the thrust forces generated by WC tools at high speed (24
m/min) increased more rapidly compared with those at lower cutting speed (12 m/min), while
the PCD drills with less tool wear produced approximately constant thrust forces (~1500 N),
see Figure 2.18. There was marginal difference in thrust forces and torques in the CFRP
sections generated at high and low cutting speeds, which was in agreement with Chen’s
conclusions that cutting speed had little / no significant influence on thrust forces when
drilling CFRP with carbide tools [60].

23



Chapter 2: LITERATURE REVIEW

2500 15

« WC - high speed (a) + WC - high speed (b)
= WC - low speeed = WC - low speeed

A PCD - low speed A PCD - low speed

2000

/’
»
T g

z £ o
g § MA "9 %%&% ,&S g > Ti
£ 5 .\M%}M”"' %
l’é : .’o".:..": v
= g8 5™
=
$ }_CFRP
g AR iy
0 20 40 60 80 100 0 20 40 60 80 100
Hole number Hole number

Figure 2.18: (a) Variations of maximum thrust force and (b) torque against number of drilled
holes with different tool materials and cutting conditions [42]

Zitoune et al. [61] studied thrust force and torque when drilling copper
mesh/CFRP/woven ply using uncoated WC twist and double cone drills. The double cone
drill had 90° and 136° point angles with corresponding cutting edge length L1 and L2, as
shown in Figure 2.19. Results indicated that double cone drills produced 20-30% lower thrust
forces compared with conventional twist drill, see Figure 2.20. This was attributed to the fact
that the secondary point angle (90°) reduced the average chip thickness by ~15% at the same
machining parameters. A small reduction of thrust force (~20N) was observed when
machined at low feed rate (0.05 mm/rev) and high cutting speed (55 m/min) as opposed to 40
m/min, which was due to increased temperature resulting in softening of the materials and a
subsequent reduction in thrust force. The torque generated by the double cone drills was
generally higher than that produced with twist drills. This was due to the higher cutting length
of double cone drills.
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Figure 2.19: Schematic showing drilling tools: (a) standard twist drill and (b) double cone tool
type M2 [61]

250 . . . :
I I | |
| | | 1
| | | 1
| | | '
200 L b A, A A Ammmmmmmee
| | ]
—_ I ! |
< | | |
g 150 {——— - o e from e
s i E —» Standard twist drill
= ! : Double cone drill type M2
3 100 LT A A — . R
= I I | ]
== | | I |
1 1 | 1
I I | ]
I I | I
T .
i i | |
| | | ]
| | | ]
| | | |
0 } } T } }
0 20 40 60 80 100 120

Number of holes

Figure 2.20: Progression of thrust force against number of drilled holes [61]

Cutting temperature has a close relationship with hole quality as relatively high
temperatures can lead to matrix degradation / burning and tool wear acceleration. Weinert and
Kempmann [62] investigated cutting temperature when drilling CFRP. They used implanted
nickel-chromium-nickel thermocouples and performed the tests with a rotating cylindrical
specimen and fixed drill, as shown in Figure 2.21. Cemented carbide drills were employed
with a diameter of 8 mm. Cutting temperature and feed force against drilling depth at a cutting
speed of 180 m/min together with feed rates of 0.1 and 0.3 mm/rev are shown in Figure 2.22.
The temperature increased rapidly up to ~180°C at the beginning of drilling and went up
continuously reaching 387°C when operating at the lower feed rate (0.1 mm/rev). When the
feed rate was elevated to 0.3 mm/rev, cutting temperature was approximately constant

(~310°C) which was possibly due to the balance between temperature generation and heat
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removal. Weinert et al. [63] also employed implanted thermocouples to measure cutting
temperature when drilling polyetheretherketone (PEEK) and 30 vol.% glass and fibre
reinforced PEEK (PEEK GF 30 and PEEK CF 30), with PCD tools at a cutting speed of 120
m/min and feed rate of 0.1 mm/rev. The non-reinforced PEEK recorded the highest
temperature of ~370°C after drilling 20 mm due to its lower thermal diffusion coefficient
(19.5 kIm2h**K) compared with PEEK GF 30 (63 kim?h®°K) and PEEK CF 30 (94 kJm’
?h%°K). The generated temperature was higher than the materials melting temperature (334°C)
and caused visible unevenness at the surface due to a local adhering and tearing effect of the
tool as the material became more ductile and the static friction coefficient increased. The
cutting temperature for PEEK GF 30 and PEEK CF 30 after drilling 20 mm was ~310°C and
290°C, respectively. Quan and Sun [64] measured cutting temperature with inserted K-type
thermocouples (0.25 mm in diameter) between two CFRP (30 vol.% reinforcement) laminates
having shallow grooves which were tightly clamped. Carbide tools were used. It was found
that the temperature increased up to ~180°C at 63 m/min and 0.01 mm/rev due to poor heat
dissipation associated with poor conductivity of the CFRP composite. The highest
temperature was recorded at ~250°C when drilling CFRP at a cutting speed of 188 m/min and
feed rate of 0.005 mm/rev. This method was also employed by Yashiro et al. [65], who

measured cutting temperature when milling CFRP.

spindle

specimen work holder

CFRP-specimen

drilling tool
with thermocouple

tool holding fixture

v s

Detail screen of the tool front:
major cutting edge ~
clamping plate

thermocoupie on
the clearance face

Figure 2.21 Experimental setup for temperature measurement [62]
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Figure 2.22: Cutting temperature and feed force when drilling CFRP at the feed rate of (a) 0.1
mm/rev and (b) 0.3 mm/rev [62]

Rawat and Attia [53] reported a cutting temperature of ~210°C when drilling CFRP at a

cutting speed of 24 m/min and feed rate of 0.02 mm/rev with carbide tools under dry

conditions. The temperature exceeded 290°C at 133 m/min and 0.2 mm/rev. Brinksmeier et

al. [66] employed a pyrometer when measuring cutting temperature during drilling of CFRP

composites. The experimental setup is shown in Figure 2.23. It was observed that cutting

temperature increased with cutting speed but decreased with an increase of feed rate. The

highest temperature of 191.6°C was recorded at a cutting speed of 120 m/min and a feed rate

of ~0.027 mm/rev (200 mm/min). In contrast, both the cutting speed and feed rate had a

reverse effect on thrust force, as shown in Figure 2.24.
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Figure 2.23: Experimental setup for temperature measurement using pyrometer [66]

27



Chapter 2: LITERATURE REVIEW

200 220
200 Process conventional drilling
=180 Material CFRP
£.160 o 180 Lubrication (EMQL) dry
i = 160 = D [mm] 5.1
|—E140 L w’ .
® 120 ’ o 140 N v, = 200 mm/min
3 s 120 = i
2 100 Y S Ov,, = 300 mm/min
= # - 100 .
e @ £ v, = 500 mm/min
g 80 / 2 80 j—_
E el
£ 60 : £ 60
s 40 g < 40
= 20 : 20
ol 4 0

40 80 120
Cutting speed v, [m/min]
Figure 2.24: Cutting temperature and feed force against cutting speed in drilling CFRP [66]

2.4.4 Drilled hole geometrical accuracy and surface integrity

The diameter tolerance on bolt holes in CFRP wing and tail structures is about 30 um or
lower [67]. Brinksmeier and Janssen [67] studied hole diameter variations when drilling
CFRP/AI multi-layer materials with both conventional twist and step drills. The deviations of
hole diameter were within ~55 pm and diameter values in the CFRP layer were lower than
those in Al layer when using uncoated conventional drills, which was attributed to the low
modulus of elasticity of CFRP. Step drills improved hole diameter tolerance as the deviations
were ~20 um, which was due to reduction of mechanical loads by distribution on several
cutting edges. Further improvement was observed when using minimum quantity lubricant
(MQL) instead of dry machining. The hole diameters produce by diamond coated drills were
however unexpectedly high, which was thought to be due to coating chipping and poor
cutting lip sharpness. Montoya et al. [68] analysed hole diameter in drilling CFRP/AIl multi-
layer materials using 6.0 mm diameter tools with different tool materials and coatings
including uncoated tools, diamond tools, TiIAICrN and AITiSiN-G coatings at a cutting speed
of 56.5 m/min and feed rate of 0.04 mm/rev. Results showed that the diameter measured in
CFRP was bigger than the one recorded in Al, which was possibly due to a thermal effect
during drilling. Better results for hole diameter error were observed for uncoated and coated
tools with values of 8-9 um against 16-18 um for TiAICrN and AITiSiN-G coated tools at test

cessation (drilling ~100 holes).
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Figure 2.25: Hole diameter variations in drilling CFRP/AI with different cutting specifications
(A: @16 mm uncoated conventional drill; B: @15.4/16 mm uncoated, TiB, and diamond
coated step drills) [67]

Circularity is a measure of how much a feature deviates from a perfect circle. Zitoune et
al. [69] experimentally analysed hole diameter and circularity when drilling CFRP/AI stacks
with carbide drills under dry conditions. Hole diameter and circularity were measured using a
coordinate measuring machine (CMM) with a 2 mm diameter ruby probe. When machining
with a 4 mm diameter drill at cutting speeds of 13 to 35 m/min and feed rates from 0.05 to
0.15 mm/rev, circularity for the CFRP increased with increasing of feed rate and was
marginally influenced by cutting speed. Circularity was limited to ~6 pum at low feed rate
(0.05 mm/rev) but increased to ~25 um at high feed rate (0.15 mm/rev). Roundness and
cylindricity are two measures that can be used to characterise hole geometrical accuracy.
Roundness indicates how the individual circular cross section of a hole approximates a true
circle, while cylindricity refers to how much the entire cylinder deviates [70, 71]. The
determination of roundness necessitates the measurement of irregularities, which are normally
referred to as undulations, peaks, valleys and lobes, while poor cylidricity typically relates to
a lack of straightness, poor roundness and taper exhibits either a curved, waisted or barrelled
geometric shape [70]. Ramulu and Kim [72-74] studied hole geometric quality and surface
integrity when drilling graphite / bismaleimide and Ti6Al4 alloy stacks using HSS and
carbide tools. They observed that cutting speed was a major factor affecting cylindricity while
feed rate mostly influenced hole diameter and surface roughness values. Shyha et al. [71]

assessed hole quality including hole diameter, out of roundness and cylindricity when drilling
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metallic-composite (Ti-6Al-4V/CFRP/AI7050) stacks at various cutting parameters in wet /
flood and spray mist conditions. The majority of holes in the CFRP layer produced under wet
/ flood cutting conditions were undersized with a maximum error of 20 pum, while spray mist
trials generated oversized holes. This was probably due to thermal expansion of the matrix
from increased cutting temperature due to the lack of lubricant / coolant access and poor chip
evacuation. Both roundness and cylindricity improved as the tests proceeded in wet / flood
cutting conditions with deviations in CFRP roundness of up to 39 um and cylindricity error

over the entire stack 23-120 um after drilling up to ~300 holes.

It is considered that drilling of composite materials is a critical operation, as the
principle drawbacks relating to entry / exit delamination, fibre pullout and poor surface finish
are not uncommon [37, 53, 75, 76]. Figure 2.26 shows the typical hole surface damage when
drilling CFRP workpiece materials. Various forms of hole defects / damage including
porosity / cavities (due to loss / absence of matrix materials between layers), internal cracks
(fibre / matrix cracking), resin / fibre loss etc. were observed. The damage was mainly due to
the fibrous nature of the workpiece material and the differences in thermal / mechanical
properties between fibres and matrix material [56]. Zhang et al. [77] characterised hole exit
defects with spalling and fuzzing. The spalling caused by chisel and cutting edge actions
developed normally along the fibre direction and outside the cutting region, while fuzzing
occurred in the cutting region and was mainly influenced by cutting angle and fibre
orientation. Both defects co-existed and had similar variation tendency. Dipaolo and Caprino
et al. [78-80] studied damage development / crack growth phenomenon in drilling composite
materials and divided it into three stages including plate bulge, spall opening and spall tearing

/ twisting. All researchers concluded that damage was strongly dependent on feed rate value.
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Figure 2.26: SEM micrographs of surface damage [55]

Delamination is not uncommon in drilling composite materials and results in poor
structural integrity and assembly tolerance as well as potential deterioration of long term
performance. Khashaba et al. [54] reported delamination at both hole entry and exit even at a
feed rate as low as 0.056 mm/rev and cutting speed of 20 m/min when drilling GFRP with 13
mm diameter carbide tools, as shown in Figure 2.27. The delamination behaviour is partly
related to cutting temperature which can promote softening of the matrix and induce
additional delamination [81]. Several authors report that that delamination is sensitive to

cutting speed, feed rate and drill point angle [82].

Hole entry

Hole exit

0.056nmmvrev  0.112mm/ev  0.220numv/rev  0.315mm/ev  0.450nmy/rev

Figure 2.27: Entry and exit delamination at the cutting speed of 20 m/min with various feed
rates [54]
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Surface roughness measuring instruments which employ a stylus can be used to detect
the internal damage in drilling composites [54, 83]. Figures 2.28(a) and 2.28(b) show SEM
micrographs of drilled holes in GFRP with corresponding surface roughness profiles. Deep
vallies can be seen at the position of internal delamination.
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Figure 2.28: SEM micrographs with corresponding surface roughness profile showing

delamination at (a) hole entrance and (b) hole exit [54]
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Khashaba et al. [83] compared the hole surface roughness produced with new and worn
tools when drilling GFRP composites, and concluded that the deterioration of surface
roughness was due to higher thrust forces generated by worn drills together with high
temperatures resulted from the low conductivity of the composite materials. Surface damage
mainly included matrix burning and micro-cracking at the ply interfaces, which could be
clearly seen with corresponding surface roughness profiles, as shown in Figure 2.29.
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Figure 2.29 SEM micrographs with corresponding surface profiles produced by new and worn
drills [83]
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Khashaba et al. [54] reported that surface roughness increased up to 50% as feed rate
increased from 0.056 to 0.45 mm/rev when drilling woven GFRP composite using carbide
tools, however there appeared to be little or no effect when the speed varied from 6.4 to 50.6
m/min. Surface roughness measurement was sufficient for locating damage such as internal
delamination and cracking [54, 84]. According to Brinksmeier et al. [66], smooth hole
surfaces occurred at low cutting speed (40 m/min) and high feed rate (0.2 mm/rev / 500
mm/min), but subsurface cracks (extended to 50 um below the surface) were found at high
cutting speed (120 m/min) combined with low feed rate of 0.026 mm/rev (200 mm/min), see
Figure 2.30. At high cutting speed, hole surface roughness Ra was below 1.6 pm, due to
smearing of fibre dust and matrix at high temperature (191.6°C).
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Figure 2.30: Micrographs of hole surface layers in drilling CFRP [66]

Ramulu et al. [84] studied the effect of fibre orientation on surface roughness when
edge-trimming graphite/epoxy composite. They found that the surface roughness and
breakage of bundles of fibres were highly dependent on fibre direction while crushed fibres
were reduced with increasing fibre angle. Pecat et al. [85] evaluated the influence of fibre
orientation on surface integrity and forces when milling CFRP with a discmilling cutter
equipped with solid carbide inserts. Figure 2.31 shows the various fibre orientations. It was
found that damage was visible with fibres oriented at 90° and -45° while the surface for 0°
and 45° was smooth and approximately free of cracks or other damage. With fibres oriented at
90°, cracks extended from the machined surface at intervals of ~200 um, probably as a result

of the brittle behaviour of CFRP materials. A large crack parallel to the machined surface was
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observed at a fibre orientation of 45°. The depth of the crack extended to about 300 pm

beneath the machined surface.

fiber orientation 90° fiber orientation 0°

Figure 2.31: Micrographs of subsurface with various fibre orientations [85]
2.4.5 Non-conventional hole making processes

Non-conventional methods such as laser and waterjet cutting, ultrasonic machining,
electrical discharged machining and helical / circular milling have been considered for hole
making with composite materials. Both laser and waterjet are very flexible in terms of the
type of materials to be cut, automation and productivity, with the major concern being severe
surface damage and the possibility of introducing delamination [86]. Additionaly, initial
investment is comparably high and difficulties can arise when the hole does not penetrate the
workpiece material. Other novel approaches have been applied to minimise thrust force
induced damage effects [87]. Liu et al. [88] analysed the feasibility of drilling CFRP with
diamond coated core drills integrated with ultrasonic vibration in the axial direction. The
results demonstrated that hole exit delamination could be prevented and hole precision as well
as surface quality were improved in comparison with conventional drilling without vibration,
unfortunately material removal rate was as low as ~8.6 mm?s.

In helical milling / orbital drilling, a milling tool traverses a helical trajectory to produce
a hole with the finished diameter larger than that of the tool. The two major advantages of this
approach are the wide range of diameter that can be produced without changing the tool and
the possibility of drilling complex tapered holes [89, 90]. Sadek et al. [91] applied orbital
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drilling using a four flute 6.35 mm end mill to make 9.50 mm holes. They found that the
maximum tool temperature at hole exit with orbital drilling (~120°C) was reduced by ~60%
compared to conventional drilling with a three flute twist drill at a spindle speed of 6000 rpm
and axial feed of 360 mm/min. Schulze et al. [92] presented two milling strategies for hole
making including a three-axis process combining circular and spiral milling, and a five-axis
process named wobble milling as shown in Figure 2.32. In the five-axis wobble milling
process, a starter hole was initially drilled and then the tilted tool rotated around the hole
centre followed by final machining of uncut material with a vertical tool in a spiral and
circular movement. Wobble milling was found to be influenced by the tool’s tilt angle, the
major disadvantage of the approach being the relatively low feed rate resulting in a long
process time. The circular / helical milling technique was also studied by Weinert and
Denkena et al. [93, 94]. While commenting on the advantages previously detailed, they also
concluded that productivity was poor.

b)

¢ = tool inclination
® = wobbling speed

center of
rotation

Figure 2.32: (a, b) Schematic and kinematics of wobble milling and (c) double cone geometry
of the hole after wobble milling [92]

Riveiro et al. [95] studied the CO, laser cutting of CFRP and reported a minimum heat
affected zone of 540 um with a pulsed mode laser. Some other researchers [96-98] also
conducted experiments on laser cutting of composites and concluded that epoxy based
composite was subject to a large heat affected zone (HAZ). Interior cracks / delamination and
a HAZ are quite common in laser cutting of composite materials as shown in Figure 2.33, the
results obtained being highly dependent on laser type and operating parameters, fibre
orientation and cutting direction, and interaction time between the beam and workpiece. More
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research is necessary as there is insufficient knowledge about the influence of thermal
machining on the material behaviour. Abrasive water jet machining has also been investigated
for cutting composites, key advantages being the absence of thermal distortion, high
machining versatility and flexibility as well as low cutting forces [97, 99-101]. However, the
relatively high level of machined surface roughness (up to ~30 um Ra) and water absorption
resulting in composite swelling / mechanical property deterioration are the main restrictions in

applying this technique [100].
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Figure 2.33: (a) Interior cracks and (b) HAZ induced by laser cutting [102]

Vibration assisted drilling (VAD) which is characterised as a pulsed intermittent cutting
process, has also been adopted for machining composite materials. A decrease of thrust force,
tool wear and delamination was reported when applied the vibratory drilling technique [103-
108]. Figure 2.34 shows the thrust force profiles when employing vibration assisted drilling
for machining CFRP and GFRP compared with the performance of conventional drills. The
decreasing thrust force was attributed to the pulsed / intermittent cutting mode, while
reduction in flank wear was possibly due to the reduction in sliding friction and temperature
in the cutting zone [104]. Sadek et al. [109] analysed vibration assisted drilling of CFRP and
concluded that axial force was reduced by up to 45% compared with conventional drilling.
The cutting temperature at the tool lip was recorded by infrared camera and reduced by up to
~20% at a cutting speed of 226 m/min and feed rate of 0.025 mm/rev. Hole exit free of
delamination was demonstrated in VAD at a feed rate of 0.025 mm/rev irrespective of cutting
speeds (113-226 m/min). According to the experimental work by Jain and Yang [110] as well
as Cong et al. [111, 112], it is feasible to use rotary ultrasonic machining techniques for
drilling CFRP and CFRP/Ti stacks with metal-bonded diamond core tools. The low feed rate
(~0.002 mm/rev ) and productivity (< ~30 holes) were the main limitations. EDM has also
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been investigated for hole making with CFRP materials, however material removal rate is
reported as very low [113-116].
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1, 3: vibration assisted drilling, amplitude=2 pum, feed rate=50 mm/min, 100Hz and 300Hz
frequency for drilling (a) CFRP and (b) GFRP, respectively
2, 4: conventional drilling, feed rate=50 mm/min
1, 2: @0.5mm carbide drill; 3, 4: @0.5mm HSS drill
Figure 2.34: Thrust force comparison between conventional drilling and vibration assisted
drilling [103]

2.5 Machining of MMC materials
2.5.1 Introduction

Machining of MMC materials is notoriously difficult due to high / extensive tool wear,
caused by the hard and abrasive reinforcement (such as SiC particles, carbon fibres, etc.), high
dynamic loads caused on the cutting edge, inhomogeneity of workpiece materials and high
local cutting temperature generated by intensive microcontact between the cutting edge and
reinforcement [36]. Most of the publications related to machining of particulate reinforced
MMCs involve turning although some relate to hole production operations and have been
evaluated to assess tool wear, surface roughness, cutting forces, subsurface alterations and
surface integrity. From the literature, it is apparent that machinability is affected by several
factors, such as the type of reinforcement, its volume fraction and matrix properties, see
Figure 2.35.
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Figure 2.35: Characteristics / factors relating to the machinability of MMCs [20]
2.5.2 Tool wear and life

Tool life / wear investigation of machining MMCs has been the focus of much of the
research. Brun and Lee [117] stated that the hardness of tool materials / coatings played an
import role in tool wear progression when machining Al/SiC MMCs. The tool wear rate was
rapid when the hardness of tool materials / coatings was less than that of SiC. Table 2.8
details the hardness of cutting tool materials / coatings. The drilling of MMCs using
conventional carbide tooling is typically characterised by high tool wear rates, poor hole
quality and subsurface damage. Polycrystalline diamond (PCD) tool materials show superior
hardness compared with other tool materials / coatings and is preferable for machining
MMCs.
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Table 2.8: Vickers’ microhardness of various tool materials / coatings [117]

Microhardness Microhardness
Material (Test load: Material (Test load:
1000 gf) 1000 gf)
Polycrystalline d_|amond 8000 Polycrys_talllne_dlamond 8500
(coarse grain) (fine grain)
Polycrystalline cubic BN 5000 Hipped alumina-zirconia 2000
. Hot-pressed titanium
Hot-pressed Al,O3-TiC 2100 diboride-boron carbide 3000
Hot-pressed titanium .
diboride-titanium carbide 3100 SIAION 1700
-0, -R0
Cemente_d wcC :_%/oCo 1800 Cemen_ted W(_: 6%Co 1800
(medium grain) (fine grain)
-R0
Cemented WC-6%Co 1600 Cemented WC-10%Co 1600
(medium grain)

Barnes et al. [118] experimentally investigated the effect of matrix heat treatment on
tool wear when drilling 18 wt.% AIl/SiC MMCs using TiN coated WC tools with 4.5 bar
through tool coolant. The four different heat treatment conditions included as-extruded,
solution treated (at 530°C, 2 hours), solution treated and then aged (at 190°C) for 12 and 20
hours respectively. Results indicated that tool wear at the 100th hole for drilling solution
treated and aged MMCs was ~1000 um compared with ~600 um for un-aged materials.
However, tool wear increased rapidly and only 10 holes were drilled for a flank wear of ~300
um irrespective of workpiece condition. Ramulu et al. [119] machined Al,O3 reinforced
Aluminium MMCs with different particle volume fractions (10 and 20%) using HSS, carbide
and PCD drills at various cutting speeds (26.4-108.8 m/min) and feed rates (0.0635-0.254
mm/rev). For HSS tools, only one hole could be drilled and flank wear was 0.84 mm after
machining 20 vol.% Al/Al,O3; at a cutting speed of 26.4 m/min and feed rate of 0.0635
mm/rev. A small number of holes (~15) were drilled with the carbide tool and uniform
grooves were observed on the flank face. These grooves showed that Al,O3 particles were
removed by ploughing rather than abrading or shearing. No obvious wear was found on the
PCD tool after drilling ~100 holes due to its superior hardness. Lin et al. [120] analysed tool
wear progression when turning 20 vol.% AIl/SIiC MMCs using PCD inserts at 3 various
cutting speeds (300, 500, 700 m/min) together with 3 different feed rates (0.1, 0.2, 0.4
mm/rev) and DOC of 0.5 mm. As shown in Figure 2.36, tool wear increased rapidly with
increased cutting speed. Machining time was 4-8 fold longer at the cutting speed of 300
m/min in comparison with 500 and 700 m/min. When machined at a constant cutting speed of

300 m/min, tool wear progressed faster at high feed rate (0.4 mm/rev) while there was
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marginal difference when machining at 0.1 and 0.2 mm/rev. This was possibly due to the high
temperature generated at high cutting speed and feed rate leading to matrix softening and

diffusion wear together with the high kinetic energy of SiC particles accelerating tool wear

progress.
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Figure 2.36: Variation of tool wear against machining time at (a) feed rate of 0.1 mm/rev and
(b) cutting speed of 300 m/min [120]

Coelho et. al [121, 122] concluded that lower feed rate resulted in increased flank wear
due to greater contact time and hence rubbing of the tool against the abrasive particles when
drilling MMC under wet conditions. In terms of alternative operations, Ciftci et al [123]
evaluated the effect of uncoated and coated (TiC, Al,O3 and TiCN triple layer coating) tools
when turning MMC, the coated tool giving a ~10% lower tool wear over the uncoated
product. This was attributed to the superior wear resistance of the coating and formation of a
stable built up edge (BUE) to protect the flank face. Ciftci et al. [124] also evaluated tool wear
when turning 16 wt.% SiC/Al MMCs with 3 different average SiC particle size of 30, 45 and
110 pm using CBN inserts. As shown in Figure 2.37, flank wear was the dominant wear mode

with abrasion and adhesion the main wear mechanisms when machining the MMCs
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containing the 30 and 45 um SiC particles. When the particles size increased to 110 pum,

cutting edge and nose fractures were observed.
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Figure 2.37: SEM micrographs of tool wear after machining (a) Al-SiC/100 um MMCs and
(b) Al-SiC/45 pm MMCs at a cutting speed of 100 m/min and feed rate of 0.12 mm/rev [124]

Davim and Baptista [125] experimentally studied tool wear in turning and drilling 20

vol.% AIl/SIC MMCs with PCD tools using emulsion as coolant. They concluded that

abrasion was the principle wear mode with adhesion observed occasionally. Figure 2.38

shows the progression of tool wear with various cutting speeds and feed rates. Tool wear

increased with increasing cutting time at a constant feed rate of 0.1 mm/rev, however a similar

trend was not apparent in the range of tested parameters. There was negligible difference in

tool wear with variable feed rates at a cutting speed of 50 m/min, however only a limited

number of holes were drilled.
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Figure 2.38: Tool wear progression with variable cutting parameters (a) feed rate at 0.1

mm/rev and (b) cutting speed at 50 m/min [125]
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Sahin et al. [126] analysed tool wear when turning Al,O3 particle reinforced aluminium
MMCs with various particle sizes (16, 32, 66 um) and weight fractions (10, 20, 30%) using
TiN coated and triple coated (Ti+Ti(C,N)+TiN) tools. Experimental results showed that tool
life decreased with increasing cutting speed (100, 160, 210 m/min) for both coatings. The tool
life of the TiIN coated tool was slightly longer in comparison with the triple coated one
however the tool life was less than 4 min when machining 10 wt.% Al/Al,O3 (16 um) MMCs.
It was observed that chipping combined with cutting edge rounding was the main tool wear
form. Sahin [127] also used TiC+ Al,O3 and Al,O3+Ti(C, N)+TiN coated tools when turning
Al,O3 reinforced aluminium MMCs at cutting speeds of 40, 60 and 80 m/min with a feed rate
of 0.12 mm/rev and DOC of 0.6 mm. The cutting time was limited to 15s as flank wear
reached 300 um regardless of cutting parameters and coatings. El-Gallab and Sklad [128]
studied tool wear of PCD inserts when turning 20% AIl/SiC MMCs at high speeds (670 and
894 m/min). They concluded that the main wear mechanism of PCD was abrasion with micro-
chipping / grooves parallel to the chip flow direction. The grooves formed on the rake face
were filled with smeared workpiece material characterised as BUE, which protected the tool
rake from further abrasion. Figure 2.39 shows the fine grooves which were possibly due to

abrasion and the seizure / pull out process of PCD grains.
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Figure 2.39: SEM micrographs of tool wear on rake face of PCD tool after removing BUE
with NaOH solution (cutting speed: 670m/min, feed rate: 0.15 mm/rev, DOC: 1.5 mm) [128]

2.5.3 Cutting conditions

In general, cutting speed, feed rate and the cutting environment play a significant role in
the machinability of MMCs materials. Tosun [129, 130] statistically analysed process
parameters including cutting speed, feed rate, tool materials / coatings and point angle when
drilling 17 vol.% Al/SiC MMC. Results showed that the best surface roughness (0.19 um Ra)
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was obtained at a cutting speed of 4 m/min and feed rate of 0.16 mm/rev with the carbide drill
having a 130° point angle. Haq et al. [131] statistically studied surface roughness using grey
relational analysis with the Taguchi method when drilling 10 vol.% Al/SIC MMC with TiN
coated HSS tools having different point angles (90°, 115°, 140°). The various cutting speeds
were 35.2, 56.5, 88.0 m/min and feed rates of 0.05, 0.125, 0.2 mm/rev. The optimisation
analysis identified the best hole quality (lowest Ra) when drilling at the highest cutting speed
(88.0 m/min) and feed rate (0.2 mm/rev) with the 90° point angle. Barnes and Pashby [132]
investigated cutting performance in terms of tool wear, thrust force, surface finish and burr
height when drilling 18% AIl/SiC MMCs using TiN coated tools under dry, flood and internal
through tool coolant (4.5 bar) conditions. They concluded that conventional application of
coolant (flood) had no benefits on the cutting operation compared with dry drilling, while
through tool coolant even at low pressure gave a significant improvement in all assessed
metrics. After drilling 100 holes, flank wear with through tool coolant was ~300 um while it
reached ~700 um when drilling in dry and flood conditions. This was due to the difficulty in
getting the flood coolant to the bottom of the hole and consequently an abrasive slurry around
the cutting edges. Ramulu et al. [119] studied cutting performance including tool wear, thrust
force, surface roughness, chip shape and burr formation when machined Al,O3 reinforced
aluminium MMCs with different particle volume fractions (10 and 20%) using HSS, carbide
and PCD drills at various cutting speeds (26.4-108.8 m/min) and feed rates (0.0635-0.254
mm/rev). PCD drills outperformed other drills for all the measurements made due to their
high wear resistance and were recommended for finish machining of MMCs. Table 2.9
summarises the reported cutting parameters (cutting speed and feed rate) typically employed
when drilling MMCs according to the comprehensive literature review. It can be seen that
cutting speeds below ~100 m/min are usually employed and feed rate values lower than 0.3

mm/rev are common.
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Table 2.9 Summary of cutting parameters in drilling MMCs

Tool Workpiece Cutting Feed rate Cutting
. . speed . Reference
material material . (mm/rev) | environment
(m/min)
. 0.05,0.1 Davim et al.
0 H k)
PCD 20 vol.% SiC/Al | 30, 40, 50 0.2 Flood [125]
HSS, TiN Tosun et al.
coated HSS, | 17 vol.% SiC/Al 4,21 0.08, 0.16 Dry [129, 130,
carbide 133]
. Not Morin et al.
0,
HSS 20 vol.% SiC/Al 35.2 0.16 indicated [134]
Carbide 15 wt.% SIC/Al, Basavaraja
' | 15wWt% Sic+3 | 15.7,314, | 0.05,0.15, Not Japp
coated . - aetal. [135-
carbide wt.% graphite 47.1 0.25 indicated 137]
(15SiC-3Gr/Al)
0.0635
0 i)
c;SZe AI:L%\//(/)AI\.IA)ZO 26.4,44.6, | 0.127, Not Ramulu et al.
y 2Y3 y T
PCD vol.% ALOJAI 70.0, 108.8 0.191, indicated [119]
0.254
HSS, 28.6,
carbide, | 15vol.% SIC/AI | 40.0, 56.6, 06025’ 8 ; Flood C[ﬁ;mleztz?l'
PCD 75.4 B '
HSS
’ 20 vol.% Mubaraki et
carbide, 45 0.06 Flood
PCD AlL,O5/Al al. [138]
Carbide,
TiN coated . Not Rajmohan et
0, -
carbide, 10 wt.% SiC/Al | 19,38,57 | 0.017-0.15 indicated | al. [139, 140]
PCD
cgla?esd' LIQIS Not Monahan and
. ' | 25 vol.% SiC/Al 4 01,0203 | . . O’Reilly
carbide, indicated [141]
PCD
Diamond- 20 wt.%
like carbide | SiC+5% Gr/Al, 0.1, 0.13, Altunpak et
71 D
(DLC) 20 Wt.% 55, 63, 0.16 Y al. [142]
coated SiC+10% Gr/Al
TiN coated 4.5 bar Barnes and
. 18 vol.% SiC/Al 30, 40 0.15 through-tool | Pashby [118,
carbide
coolant 132]
5 wt.% SiC+5 0.125,0.2 Ahamed et al.
H 2. 1 P D
SS Wt.% B,C/Al 5510 0.315 Y [143]
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2.5.4 Chip formation and surface integrity

The size and shape of chips are influenced / governed by tool geometry, cutting
parameters and workpiece materials, etc. Generally, small / discontinuous chips are preferable
/ desirable as they are easily cleared from the cutting area, while long / continuous chips can
become entangled with the workpiece and clog the cutting zone particularly when drilling and
can result in increased torque requirement and even tool breakage [144]. Pramanik et al. [145]
analysed chip shape / morphology when turning 20 vol.% SiC reinforced aluminium MMCs
with PCD tools. Figure 2.40 shows various chip morphologies produced at different feed rates
with a cutting speed of 400 m/min and DOC of 1 mm. At 0.025 mm/rev, short and irregular
chips were observed, while long spiral and straight chips were produced at 0.05 and 0.1
mm/rev, respectively. When increasing the feed rate to 0.2 and 0.4 mm/rev, short C-shape
chips were formed. Due to the presence of the reinforcement particles, stress concentrations
and local deformations occurred during chip deformation with cracks initiating from bonded
particles and work hardening of matrix material making chips brittle and easy to fracture. At
low feed rate, chips were deformed homogenously leading to long chips. When reducing the
feed to 0.025 mm/rev, chips were thin and easily to break due to fracture of the highly
strained particle-matrix interface. Manna and Bhattacharayya [146] also studied chip
formation in turning 15 wt.% AI/SiC MMCs using WC inserts at a cutting speed of 100
m/min and feed rate of 0.5 mm/rev. Most of the chips were characterised by a saw tooth
profile with high radius curling circle and were broken into small pieces. Cracks initiated
from the outside free surface of chips as small voids were formed due to loss of SiC particles
and the low ductility of the MMC material. The propagation of the cracks was accelerated by

upward and side curling action of the chip resulting in small size chips.
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0.2 mm/rev 0.4 mm/rev

Figure 2.40: Chip morphology in turning MMCs with different feed rate (cutting speed: 400
m/min, DOC: 1 mm) [145]

Ozcatalbas [147] studied chip and BUE formation in turning Al,Cs reinforced
aluminum based MMCs with a quick stop device. Elemental and arc chips were produced due
to the Al4C; particles on the propagation of crack formation on the shear plane. The formation
of cracks was attributed to a high stress field and high dislocation density around the Al4Cs
particles. Ramulu et al. [119] studied surface roughness and chip morphology when
machining Al,Oj3 reinforced aluminium MMCs with different particle volume fractions (10
and 20%) using HSS, carbide and PCD drills. They concluded that surface roughness
increased with increasing feed rate and decreased with an increase of cutting speed. For PCD
tools, Ra was less than 1 um for both 10 and 20 vol.% MMCs after drilling ~100 holes.
Negative skewness was generally observed for all the drilled holes suggesting surfaces
suitable for sliding and bearing operations. For HSS and carbide drills, most of the chips were
broken into single conical helical shapes although a few were continuous, as shown in Figure
2.41. PCD tools produced uniform single conical helical chips due to the modified cusped
flutes as mentioned by the author. Continuous chips are not desirable when drilling as they
may damage / destroy the machined surface.
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T Wem w

Figure 2.41: Chips produced at the cutting speed of 26.4 m/min and feed rate of 0.0635
mm/rev with (a) 20 vol.% MMCs, HSS drill, (b) 10 vol.% MMCs, carbide drill, (c) 20 vol.%
MMCs, carbide drill, (d) 10 vol.% MMCs, PCD drill and (e) 20 vol.% MMCs, PCD drill [119]

Dabade and Joshi [148] studied chip morphology and formation mechanisms when
turning Al/SIC MMCs with various particle sizes (coarse: ~65 um, fine: ~15 um) and volume
fractions (20% and 30%). The experiment was conducted using Taguchi experimental design
(L27) with four variables including insert nose radius, tool geometry, feed rate, cutting speed
and depth of cut. Each parameter had three levels. Results indicated that feed rate and cutting
speed were more significant / dominant in terms of chip morphology. Segmented chips were
generated at lower cutting speed (40 m/min) regardless of reinforcement size and fraction.
When cutting speeds of 80 and 120 m/min were used, C-type and spring type chips were
produced with finer size (~15 um) reinforcement, while segmented chips were still observed
for the coarser (~ 65 um) reinforcement (see Figure 2.42). The coarse particles acted as chip
breakers and produced both segmented and small curled chips. Basavarajappa et al. [137]
analysed chip formation when drilling Al/15%SiC and Al/15%SiC-3%graphite (by weight)
MMCs using uncoated and coated tools. When drilling Al/15%SiC MMCs, curled and
segmented chips were formed regardless of tool material / coatings. This was attributed to the
brittleness of the workpiece materials together with loss of SiC particles. The chip regions
with particles pulled out acted as crack initiation points. For Al/15%SiC-3%graphite materials,
short chips without curl were produced, due to the lubrication effect of graphite and more

crack initiation from the loss of both SiC and graphite particles.
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Al/SiCp Al/SiCp Al/SiCp Al/SiCp
20 vol.% fine 30 vol.% fine 20 vol.% coarse 30 vol.% coarse
Cutting speed, 80 m/min (Tool nose radius: 0.8 mm, wiper insert geometry)

Connected C-type Connected C-type
chips chips

1/2 circle segmented | Small radii segmented
chips chips

Large radii spring

chips Tubular helix chips

Figure 2.42: Chip morphology at different cutting speeds with feed rate of 0.2 mm/rev and
DOC at 1 mm [148]

A manufacturing process produces a surface consisting of topography and metallurgy,
which will influence the surface functional performance, reliability and longevity / fatigue life
for industrial / commercial applications [70, 149, 150]. Rajmohan et al. [139] analysed surface
integrity in terms of hole surface finish and microhardness when drilling 10 wt.% AIl356/SiC
MMCs using carbide, TiN coated and PCD tools at cutting speeds ranging from 18 to 57
m/min and feed rates from 50 to 150 mm/min. SEM micrographs showed that microcracks,
grooves and pits were the typical surface damage. The grooves were due to SiC particles
which had been pulled out and then dragged over the machined surface. It was observed that
microhardness increased up to 30HV beneath the machined surface extending to 150-200 um
due to subsurface plastic deformation and strain hardening. El-Gallab and Sklad [151]
evaluated surface integrity in terms of surface roughness, subsurface damage / microstructure
and microhardnesss alterations when turning MMCs reinforced with 20% SiC particles using
PCD inserts. As shown in Figure 2.43(a), grooves / scratches were observed on the machined
surface, which could be attributed to lost SiC particles dragged over the surface causing
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scratches. PCD grains were also thought be responsible for the formation of these grooves as
abrasion was the main wear mechanism. SEM micrographs of the machined surface / sub-
surface are shown in Figures 2.43(b), 2.43(c) and 2.43(d), and detail voids around the SiC
particles, lost particles and fracture / crushed particles. Microhardness depth profiles indicated
a variation of up to 80HV with plastic deformation / strain hardening confined to 60-100 pum
below the machined surface.

Figure 2.43: SEM micrographs of machined surface/sub-surface (cutting speed: 670 m/min,

feed rate: 0.45 mm/rev, DOC: 1.5 mm): (a) overview topography, (b) voids around SiC
particles, (c) pulled-out particles and (d) fractured SiC particles [151]

Kannan and Kishawy [152] studied the effect of cutting variables and particle properties
(volume fraction and average size) on microhardness profiles when turning Al/Al,O3; MMCs
with uncoated WC tools. Microcracks, voids, pits and craters were generally observed on the
machined surface. A microhardness variation of up to ~40HV was recorded and alterations in
microhardness extended up to ~60 pum from the machined surface. They found that
microhardness variations increased with an increase of particle size and decrease of volume
fraction. Figure 2.44 shows SEM micrographs of workpiece sections. Work hardened /
deformed matrix materials were observed within ~60 pum beneath the machined surface.
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Machined surface

average particle size of (a) 20 um and (b) 9.5 um [152]

Reddy et al. [153] analysed surface integrity in terms of surface roughness,
microhardness and microstructure when machining 20 wt.% AIl/SiC MMCs using TiAIN
coated tools. Surface roughness values (Ra) reduced from ~1.9 to ~1.1 um when cutting
speed increased from 100 to 200 m/min. In contrast, feed rate (0.1-0.3 mm/rev) had only a
marginal influence on surface finish. Surprisingly, microhardness was ~40HV below bulk
hardness (160HV) up to the depth of 20 um irrespective of cutting parameters. This was
attributed to thermal softening and loss of SiC particles due to particle pull out and fracture /
cracks. Microstructure was analysed by TEM and dislocation pile-ups were observed. Tosun
and Muratoglu [133] analysed subsurface microstructure after drilling 17 vol.% Al/SiC
MMCs using HSS, TiN coated HSS and WC tools under dry conditions. Cutting speeds of 4
and 21 m/min and feed rates of 0.08 and 0.16 mm/rev were employed. Subsurface
microstructure and microhardness profiles indicated that deformation / microstructural
alteration extended to ~100-200 um beneath the machined surface. This was possibly due to
severe tool wear leading to relatively high cutting temperature. Tomac et al. [154] studied
surface finish when turning Al/SIC MMCs and concluded that the surface roughness
deteriorated with increasing cutting speed. This was due to the generation of fine grooves on
the machined surface caused by ploughing of SiC particles. With an increase of cutting speed
the cutting temperature increased resulting in softening / weakening of the bond between SiC
particles and the Al matrix. The reinforcement particles were easily removed / pulled out
rather than cut and broken to make grooves on the machined surface. In experimental
investigation of drilling Al 2219/15%SiC and Al 2219/15% SiC+3%graphite at cutting speeds
of 15.7, 31.4, 47.1 m/min and feed rates of 0.05, 0.15, 0.25 mm/rev with carbide tools,
Basavarajappa et al. [135] observed that thrust force and surface roughness were primarily

influenced by feed rate while burr height (recorded at up to 120 um) was affected by both
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cutting speed and feed rate. The incorporation of 3% graphite in Al/SiC composite reduced
thrust force by up to 25% irrespective of cutting parameters, which was due to the natural

lubricant property of graphite.
2.5.5 Non-conventional machining processes

Various nonconventional machining techniques have been investigated to minimise
surface / subsurface damage in machining MMCs, including laser assisted machining (LAM),
electrical discharge machining and ultrasonic vibration assisted machining. With laser assisted
machining, research has shown that reinforcement particles are more easily disloged / moved
by the thermally softened matrix [155-158]. Yang et al. [155] investigated laser assisted
turning of 25 vol.% Al,O3 reinforced MMC. The 0.8 mm average focus diameter of laser
point was applied 10 mm ahead of the cutting point. Results showed that cutting force and
tool wear were reduced by 30-50% and 20-30% respectively in comparison with conventional
turning. The Al matrix became more ductile when heated by laser and Al,O3 particles were
pushed into the matrix rather than being cut. According to Bejjani et al. [156], tool life
increased by up to 180% with laser assisted turning of titanium metal matrix composite (10-
12% TiC reinforced Ti6Al4V) compared with conventional machining at the same cutting
speed (100 m/min). The workpiece surface roughness however increased by up to 15%. The
experimental setup is detailed in Figure 2.45.
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Figure 2.45: (a) Schematic of LAM experimental setup and (b) actual setup [156]

The feasibility of employing electrical discharge machining to cut MMCs has also been
studied / evaluated, however low efficiency / productivity and generally high surface
roughness (~10 um) were the main impediments [159-163]. Ultrasonic vibration assisted

machining of MMCs was investigated by Kadivar et al. [164] and Liu et al. [165]. Compared
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with conventional drilling, burr height was reduced by ~2 mm (to ~0.5 mm) while surface
roughness (Ra) dropped ~1.5 um (to ~2.0 um) when applying classical ultrasonic vibration
during the drilling process [164]. Hocheng et al. [166] claimed that it was possible to apply
ultrasonic drilling for hole making using B4C, SiC and Al,O3 mixed with water as abrasive
slurry. The highest material removal rate was ~10 mm?®s and was significantly influenced by

static load, vibration amplitude and grain size of the particles in the slurry.

2.6 Cutting tool materials / coatings
2.6.1 Introduction

Due to the highly abrasive nature of composite materials, selecting the appropriate tool
material is very critical to achieve acceptable machinability. In general, selection is
determined by workpiece properties, tool geometry, cutting parameters, machined surface
quality and productivity requirements as well as tooling cost. The balance of tool material
toughness / bending strength with wear resistance and hardness is also paramount [167].
Figure 2.46 details toughness and hardness correlations for specific tool materials / coatings.
Generally, high speed steel and uncoated tungsten carbide tools are not suitable for volume
production of composites due to rapid tool wear (limited wear resistance), even though they
are widely used for the machining of conventional alloys (such as aluminium, cast iron,

titanium and stainless steels).
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Figure 2.46: Hardness and toughness relationship for cutting tool materials [12]
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2.6.2 Cutting tools used for drilling CFRP composite materials

Murphy et al. [168] compared the performance of different tool materials / coatings for
the drilling of CFRP. These included uncoated WC, TiN coated and diamond-like carbon
(DLC) coated WC operating at a cutting speed of 60 m/min and feed rate of 0.0485 mm/rev.
The coatings were observed to be of no benefit in terms of both tool wear and hole quality.
According to the experimental results presented in Figure 2.47, the maximum thrust force,
torque and flank wear showed similar trends. Flank wear increased rapidly within drilling a
small number of holes (<10) which corresponded to the transition between primary and
secondary wear stages defined by Rawat and Attia [43]. Arul et al. [169] also studied the
influence of tool material in drilling GFRP with high speed steel (HSS), TiN coated HSS and
W(C drills at a cutting speed of 18.85 mm/min and feed rate of 0.02 mm/rev. Results showed
that ~100 holes could be produced before flank wear reached 300 pum while it increased
rapidly in the first 30 holes with WC and TiN coated drills.

120
Thrust Force
__E100
Z Z o
= o 80
025
2L
LE;"‘6O
2 0o 3
s =
E 52 4
= O &
.-
=20
C/ ¥ Uncoated ¢ TiN oDLC
0 £ N TS T TN TN S TSN T T N N TN TN T TN S TN TN TS T S T T N N I —
T T T L} L} Ll

0 5 10 15 20 25 30 35
Number of holes drilled n

Figure 2.47: Variations of maximum thrust force, torque and flank wear against number of
holes drilled [168]

Zitoune et al. [59] investigated the performance of a new nano-coated tool compared
with uncoated WC (K20) when drilling CFRP/Aluminium stacks. The nano-coating
designated as nc-CrAIN/a-Si3N4 was present in a nanocrystalline form, which was
characterised by single crystals of nanometer size (10 nm) and exhibited a high degree of
hardness. It was observed that the thrust forces recorded with the uncoated tools were
generally 20-25% higher than those recorded with nano-coated drills at cutting speeds from

19.8 to 51.8 mm/min and feed rates from 0.05 to 0.15 mm/rev. This was attributed to the fact
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that the coating significantly reduced the friction between the tool and machined surface as
well as the friction between the chips and flutes of the cutting tool. The improved thermal
conductivity of the nano-coating was also cited. Davim and Mata [170] investigated the
performance of CVD-diamond coated tools when machining CFRP. Their results showed that
CVD-diamond coated tools compared favorably with PCD tools in terms of surface roughness
(4 um Ra as opposed to 3.5 um Ra), however it had a number of advantages including lower
production costs (<30% of PCD) and easy to manufacture chip breakers on inserts as PCD
tools were difficult to grind. Montoya et al. [68] analysed tool wear on uncoated and coated
tools including diamond, TiAICrN and AITiSIN-G when drilling CFRP/AI stacks at a cutting
speed of 56.5 m/min and feed rate of 0.04 mm/rev using mist coolant. They concluded that
both TIAICrN and AITiSiN-G coatings were not efficient, their flank wear after drilling 75
holes being close to that on the uncoated tool (~70 um). For the diamond coated tool,
chipping occurred after drilling 150 holes, however flank wear was up to 50% lower
compared with that of the uncoated tool (~ 250 pum) after drilling 250 holes.

Polycrystalline diamond (PCD) tools are widely used in machining CFRP and GFRP
composite materials due to their extreme resistance to abrasion, high thermal conductivity and
low coefficient of friction, however most of the published work has focused on turning
operations [170-176]. Ramulu et al. [176] pointed out that the wear behaviour of PCD tools in
turning CFRP is characterised by small cracks, rounded edges and flank wear. When
comparing tool performance of fine (~2 um), medium (~10 pum) and coarse (~25 pm) grain
size PCD products at a cutting speed of 228.6 m/min and feed rate of 0.1778 mm/rev with
DOC at 4.76 mm, results showed that coarse grade PCD was more wear resistant than fine
grade material as flank wear increased by ~60% with fine PCD (~80 um) compared with
coarse PCD (50 pm) after machining 23 minutes. Park et al. [42] studied tool wear in drilling
CFRP/Ti sandwich using WC and PCD tools at a cutting speeds of 60 and 180 m/min and a
feed rate of 0.0762 mm/rev with a water-soluble mist coolant. It was observed that cutting
edge chipping occurred after drilling 20 holes with tool catastrophic failure at hole 73 due to
the brittleness of PCD materials. Cutting edge chipping togehter with abrasion from carbon
fibres and hard inclusions in the Ti as well as adhesion of Ti were the main tool wear
mechanisms for PCD drills. Ramulu et al. [177] conducted experiments in drilling graphite /
bismaleimide composite material using HSS, WC and PCD tools at cutting speeds varying
from 13 to 54 m/min and a feed rate of 0.028 mm/rev when drilling a small number of holes
(~40 at test cessation). The composite material started burning after drilling ~20 holes with

the HSS tool. Unfortunately, as only a few holes were drilled, the PCD tools did not
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demonstrate significant advantages in terms of tool life and hole quality compared with

uncoated tools.
2.6.3 Cutting tools used for machining MMC materials

Drilling MMCs using conventional carbide tooling is typically characterised by high
tool wear rates, poor hole quality and subsurface damage [178]. In a study of workpiece
integrity following the drilling of hybrid metal matrix composites (aluminium-SiCp-graphitic)
with carbide tools at a cutting speed of 47m/min and feed rate of 0.25mm/rev, Basavarajappa
et al. [136] found surface defects such as microcracks, particle pull out and scratches, with
subsurface microstructural deformation extending up to a depth of 150um below the
machined surface. Kannan and Kishawy [152] reported similar defects (microcracks, voids,
pits and craters) when machining Al based MMCs, which were formed due to particulate
fracture and pull out as well as interfacial debonding. More recently, a comprehensive
experimental assessment on the influence of key process variables when drilling Al/SiCp
MMCs showed that feed rate and tool material were the most significant factors affecting
workpiece surface roughness [129]. Kilickap et al. [179] studied tool wear in turning 5 wt.%
SiC reinforced aluminium MMC materials with uncoated and TiN coated inserts under dry
conditions. They concluded that tool wear increased with increasing both cutting speed (50 to
150 m/min) and feed rate (0.1 to 0.3 mm/rev). At a DOC of 1 mm, TiN coated tools showed
marginal benefit in comparison with uncoated tools at low cutting speed (50 m/min), while
there was a ~25% reduction in tool wear at high cutting speed (150 m/min) irrespective of
feed rate. Ozben et al. [180] used the same parameters and TiN coated tools turning Al based
MMC with different SiC particle content (5, 10 and 15 wt.%) and achieved similar results.
Carbide tools, either uncoated or coated, sustained high levels of tool wear after a short period
of machining. Karakas et al. [181] studied tool wear when machining 20 vol.% B4C,
reinforced aluminium metal matrix composites using WC, double coated (TiN+TiAIN) and
triple coated (TICN+AIl,O3+TiN) tools. The triple coated tools showed the best wear
resistance in comparison with uncoated and double coated tools over a range of cutting speeds
(100, 130, 169, 220 and 286 m/min) with a feed rate of 0.2 mm/rev and DOC of 1.5 mm.
Flank wear increased with increasing cutting speeds for all tools. At low cutting speed (100
m/min), chip volumes of 3750, 6000, and 8000 mm?® were recorded at test cessation (0.3 mm
flank wear) for uncoated, double coated and triple coated tools, respectively. With a cutting
speed of 286 m/min, chip volumes were reduced to 3000, 3000, and 6000 mm? for the three

different tools, respectively. Higher cutting speeds resulted in high temperature causing
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workpiece softening and reduction of adhered materials (BUE) on the tool, which served as a
thin film protecting layer. Quigley et al. [182] also used two different triple coated
(TICN+AI;,03+TiN and TiCN+AI,O3+TiC) tools when turning 25 vol.% Al/SiC MMCs. They
noted that flank wear rapidly increased to 0.3 mm after machining only 53 mm even at a
cutting speed of ~20 m/min. Castro et al. [183] applied diamond coated ceramics (SisN,4) and
diamond brazed carbide tools when turning silicon-aluminium (Si-Al) alloys at a cutting
speed of 600 m/min and feed rate of 0.1 mm/rev with DOC at 0.5 mm under dry conditions.
Figure 2.48 shows micrographs of tools after machining 1400 m, there is no evidence of tool

wear on both tools, although some alloy was adhered on the rake face.

Figure 2.48: SEM micrographs of inserts after turning Al-12 wt.%Si alloy for 1400 m with (a)
thick diamond brazed and (b) chamfered diamond coated Si3N4 [183]

Altunpak et al. [142] used diamond-like carbon coated tools in drilling
Al/20%SiC+5%graphite and Al/20%SiC+10%graphite hybrid composites at different cutting
speeds (55, 63, 71 m/min) and feed rates (0.1, 0.13, 0.16 mm/rev). Results indicated that
inclusion of graphite as an additional reinforcement reduced thrust force while surface
roughness increased from 0.289 to 0.595 pm for Al/20%SiC+5%graphite and
Al/20%SiC+10%graphite respectively. This was attributed to the lubricant effect of graphite,
resulting in a reduction of burnishing and honing of the SiC particles. SEM micrographs
showed fine grooves, scratches, small valleys, cracks and pits in the machined surface. PCD
tools however used by various researchers in turning MMC materials and have proven to be
the preferred tool material [120, 125, 145, 184-187]. According to the observation of Bhushan
et al. [185], PCD tools showed superior wear resistance compared with carbide tools. The
maximum flank wear of a carbide insert was 540 um compared with only 10 um for a PCD
tool after turning 10 wt.% SiC reinforced 7075 Al MMC for 7 minutes at a cutting speed of
240 m/min and feed rate of 0.4 mm/rev with a depth of cut at 2 mm. Ding et al. [187]
evaluated the performance of various type of PCBN and PCD tools in turning 20 vol.%
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Al/SiC MMCs with cutting speeds of 50 to 400 m/min, a feed rate of 0.1 mm/rev and DOC at
0.3 mm. Table 2.10 lists the specific properties of PCBN and PCD tools used in the
experiment. They concluded that the major wear mechanism of PCBN tools was intergranular
fracture, abrasion and workpiece material adhesion. PCD tools showed the lowest tool wear
rate due to higher abrasion and fracture resistance combined with lower adhesion. At a cutting
speed of 400 m/min, machining in wet conditions improved the surface finish as lower Ra
values were recorded compared with dry machining irrespective of the tool material used, as

shown in Figure 2.49.

Table 2.10: Properties of PCBN and PCD tool materials used in the experiment [187]

Tool Grain size Other CBN or Hardness TRS? b
type (Lm) constituents PCD (HV) (kg/mm?) A" (WimK)
(vol.%)
BN100 3 TiN binder  85% CBN  4000-5000 80 217
BN300 0.5 TiN binder  60% CBN  3300-3600 110-120 54
Ultra-fine, Compressed >90%
12900 <05 BN CBN 5100-5610 138 360-400
: 7000-
0, -
PCD 0.5 Co binder  90% PCD 11000 80-90 2000
a: Transverse rupture strength, b: thermal conductivity.
3 —— BNI100, dry
—— BN300, dry
—&— 2900, dry
2.5 4 ——PCD, dry
— —BNI100, wet
g —0—BN300, wet
= —A— 17900, wet
\-t; 2 - —O— PCD, wet
&
§ 15
=
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=
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Figure 2.49: Variations of surface roughness Ra against cutting distance in turning 20 vol.%

Al-SiC MMCs with PCBN and PCD tools at the cutting speed of 400 m/min [187]

Durante et al. [188] studied the machinability of diamond coated tools in turning MMC
and concluded that chipping occurred frequently a few seconds after machining. The same
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conclusion was found by Chou and Liu [189], as catastrophic coating failure / peeling was
observed after machining ~1 minute at cutting speeds of 120 and 360 m/min and feed rate of
0.2 mm/rev with 20% AIl/SiC MMC. Davim [190] employed CVD diamond coated WC and
brazed PCD tools when turning 20% AIl/SiC MMCs at various cutting speeds and feed rates.
Flank wear progression with cutting time is shown in Figure 2.51. For CVD diamond coated
tools, a cutting time of only ~4.5 min was achieved before reaching the 0.6 mm flank wear
criteria at the lowest cutting speed (50 m/min), while tool life for brazed PCD tools was ~45
min with flank wear of 0.25 mm at a cutting speed of 250 m/min. Chipping of the CVD
diamond coated was the typical wear mechanism resulting in a short tool life (<4 min).
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Figure 2.50: Tool wear progression in turning MMCs with (a) CVD diamond coated inserts
(feed rate: 0.2 mm/rev, DOC: 1 mm) and (b) brazed PCD inserts (feed rate: 0.1 mm/rev,
DOC: 1 mm) [190]

Monaghan and O’Reilly [141] indicated that tool material hardness played the key role
in efficient and cost-effective drilling of MMCs. A wide range of HSS, TiN coated HSS,
carbide tipped HSS, WC and PCD tipped HSS drills were used for the experiments with low
cutting speeds (1, 2, and 3.7 m/min) and feed rates varying from 0.1 to 0.3 mm/rev. They
concluded that the PCD tipped tool was superior to other tools in terms of all recorded values
of flank wear, thrust force, torque and surface finish. Mubaraki et al. [138] carried out
experiments studying tool wear characteristics when drilling 26 vol.% Al/Al,O03; MMCs using
HSS, WC and brazed PCD tools at a cutting speed of 45 m/min and feed rate of 0.06 mm/rev
in wet conditions. They found that the flank wear reached 1000 um after only drilling one
hole using a HSS drill and ~160 pm for a WC drill after drilling 50 holes. The WC drill
resulted in chip compaction in the drill flutes which required manual removal leading to some
delays. In the case of the PCD drill, flank wear was 120 pm after drilling 184 holes.
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The experimental drilling trials were performed over three main phases. Phase 1 and 2
were conducted to evaluate the effect of operating conditions, drilling strategy, tool materials /
coatings and workpiece configuration / layup when drilling carbon fibre reinforce plastics
(CFRP), while Phase 3 involved a similar assessment for Al/SiCp metal matrix composites
(MMCs). Each of the principal phases were divided into several sub-phases as listed below:

e Phase 1A: Influence of operating conditions and tool materials / coatings when

drilling CFRP.

e Phase 1B: Preliminary / benchmarking trials in drilling CFRP with variable feed rate

operation.

e Phase 2A: Evaluation of hole quality when drilling CFRP with variable feed rate

operation.

e Phase 2B: Influence of workpiece configuration / fibre orientation and elevated feed

rates on hole quality when drilling CFRP.

e Phase 2C: Evaluation of diamond coated and domed PCD tools when drilling CFRP

at elevated / high cutting speeds.

e Phase 3A: Preliminary / benchmarking trials in drilling MMC with different tool

materials / coatings.

e Phase 3B: Evaluation of domed PCD tools and cutting parameters when drilling

MMCs.
e Phase 3C: Drilling of MMCs using PCD tools at elevated / high cutting speeds.

3.1 Workpiece materials

3.1.1 Carbon fibre reinforced plastics (CFRP) used in Phase 1 and 2

The CFRP workpiece materials used for experiments were autoclave cured laminates
with three different configurations / fibre orientations. Type 1 and 3 were manually laid up
with 40 unidirectional (UD) prepreg (0.26 mm thick) layers to provide 10.4 mm thick plates,
while Type 2 was 9.36 mm thick comprising 36 plies. Type 1, 2 and 3 laminates were stacked
according to the sequence [45/0/135/90]ss, [40/0/135/0/90/0/135/0/45],s and
[45/0/135/135/135/90/45/45/45/0/135/135/90/45/45/0/135/135/90/45]s, respectively. Each
type of CFRP layup had a different number of plies oriented at 0°, 45°, 90° and 135°, with

details summarised in Table 3.1. The autoclave cured CFRP panels were made of intermediate
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modulus (IM), high tensile strength carbon fibres impregnated with epoxy resin and had a
fibre weight fraction of between 64 and 68%. The specific mechanical / physical properties of

the fibre and cured CFRP composite panels are listed in Table 3.2.

Table 3.1: Summary of the CFRP laminate layup configurations used in Phase 1 and 2

Type 1l Type 2 Type 3
Number of plies 40 36 40
Cured ply thickness 0.26 0.26 0.26
(mm)
Cured panel thickness 104 9.36 10.4
(mm)
Designation 25/50/25 44/44/11 15/70/15
PIV orientation Total | Percentage | Total | Percentage | Total | Percentage
y plies (%) plies (%) plies (%)
0° 10 25 16 44 6 15
45° 10 25 8 22 14 35
135° 10 25 8 22 14 35
90° 10 25 4 11 6 15

Table 3.2: Fibre and CFRP composite laminate properties* [191]

Tensile strength 5880 MPa

Tensile modulus 294 GPa
Fibre properties Elongation 2.0%

Density 1.80 g/cm®

Filament diameter 5um

Tensile strength 2950 MPa
Cured CFRP composite Tensile modulus 154 GPa
panel properties

Compressive strength 291 MPa

* CFRP composite was cured with Toray 3631 epoxy resin at 60% fibre volume.
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Figure 3.1 shows sample cross-sectional optical and SEM micrographs relating to the
different fibre / ply orientations. The carbon fibres were observed to be approximately evenly
distributed within the epoxy resin matrix of each ply. The autoclave cured CFRP panels were
prepared in the form of plates with dimensions of 100 mmx100 mm to fit a previously
designed drilling jig. Each plate can accommodate an array 64 holes (8x8) of 6.35 mm in
diameter at a pitch distance of 10 mm, see schematic of a workpiece with drilled holes in
Figure 3.2. Strip specimens with dimensions of ~17 mmx100 mm were also prepared for
thrust force and torque measurements mounted on the drilling dynamometer.

SEM micrographs

Image trom optical microscope

Figure 3.1: Optical and SEM micrographs of plies oriented at different orientations
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Figure 3.2: Dimensions of workpiece specimens and schematic of drilled hole array
3.1.2 Metal matrix composites (MMCs) used in Phase 3

The MMC workpiece material used for Phase 3 experiments was composed of a
wrought aluminium alloy, AA2618 (2.3%Cu, 1.5%Mg, 1.2%Fe, 1.1%Ni) matrix, reinforced
with 15% volume fraction of SiC particles (average size of 10-15 um). The composites were
produced by Cospray Ltd., (part of Alcan International Ltd.) using the spray deposition
process (see Figure 2.7) and fully consolidated via extrusion. Extruded bars of rectangular
section (25 mmx100 mmx1000 mm) provided by the material supplier were then cut into
blocks of ~170 mm long and skimmed by facemilling to 19 (~3 mm removed from each side)
and 24 mm (~0.5 mm removed from each side) thickness respectively, with a surface
roughness Ra < 0.8 um. Strip specimens with width of ~17mm were prepared for thrust force
and torque measurements. All of the tests were undertaken using the 24 mm thick blocks
except for Phase 3B, which utilised the thinner workpieces (19 mm) due to the limited drilling

length of the domed PCD tools. The workpiece test specimens are shown in Figure 3.3.
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ARAn

Figure 3.3: Prepared MMCs workpieces for testing

Figure 3.4 shows optical micrographs of the MMC’s metallurgical structure sectioned in

both transverse and longitudinal directions prior to etching. The SiC particles were seen to be

evenly distributed in the aluminium matrix. Following chemical etching using Keller’s

reagent comprising 1% HF, 1.5% HCI and 2.5% HNO3z mixed with water (samples soaked for

30s), the fine grain (~5 pm) microstructure of the matrix phase was visible, as detailed in
Figure 3.5.

Transverse
0n

extrusion direction
Figure 3.4: Optical micrograph of the workpiece before etching in (a) transverse and (b)

longitudinal extrusion direction
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Figure 3.5: Microstructure of workpiece material after etching in (a) transverse and (b)

longitudinal extrusion direction
3.2 Equipment

3.2.1 Machining centre and fixtures

All tests were carried out on a Matsuura FX-5 vertical high speed CNC machining
centre with the spindle having a maximum rational speed of 20,000 rpm. The maximum feed
rate was 15 m/min with a spindle power rating of 15 kW. The machining centre was fitted
with a Renishaw probe and tool length setter as well as equipped with a CFRP dust extraction
system (Filtermist Dustomat 15), capable of removing particles down to 0.3 pm. A high
pressure pumping system by Pumps & Equipment Warwick Ltd. was also connected to the
FX-5, which supplied cutting fluid at pressures of up to 300 bar. Figure 3.6 shows the
Matsuura FX-5 unit while Figure 3.7 details the integrated fibre dust extractor and high
pressure pump system located in the Machining Research Group laboratory at the University

of Birmingham.

Figure 3.6: Matsuura FX-5 high speed machining centre
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Figure 3.7: (a) Fibre dust extractor and (b) high pressure pump system

The CFRP specimens used for tool wear / life testing were held in a bespoke drilling jig
with an array (10x10) of pre-fabricated 9 mm diameter clearance holes together with double
side clamps as shown in Figure 3.8(a). In contrast, the MMC workpieces for tool life testing
were mounted in a modular clamping plate as shown in Figure 3.8(b), with several flexible

and repositionable chucks to accommodate different size plates.

s 2 - 3 & y . LY,
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Figure 3.8: (a) Fixture was for securing CFRP and (b) clamping plate used for holding MMC

workpieces
3.2.2 Chilled air and cutting fluid application

Chilled air used in Phase 1 and 2 tests for drilling CFRP was generated and delivered by
a Nex-Flow vortex tube (type 56030FD), see Figure 3.9(a), while a schematic of the apparatus
is shown in Figure 3.9(b). Compressed air initially enters point (A) into the tube component
of the device, following which the vortex tube splits the compressed air into a cold (B) and

hot (C) stream of air. The hot air is then vented to the atmosphere at point (D), which is also
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muffled to reduce noise. Conversely, the cold air enters the muffler (E) and is subsequently
pumped through the hose (F) and directed onto the cutting zone. The system is designed to
deliver air at a temperature of up to 28°C below the inlet temperature [192]. For the

experiments in Phase 1 and 2, the temperature of the output chilled air was ~8°C at 0.4 bar

pressure.
Hot air muﬁler
| © ® ®
|
| ¥
g \.
(b) Chilled a1r

Figure 3.9: (a) Chilled air generator and (b) working schematic [192]

The cutting fluid used when drilling MMCs was a water soluble emulsion containing 6-
8% volume solution of Hocut 3380 mineral oil. The concentration of the cutting fluid /
coolant was monitored regularly using a refractometer. For the drilling experiments in Phase
3A and 3C, cutting fluid was supplied at a constant flow rate of ~26 litres per minute and
corresponding pressure of 70 bar (7 MPa). In Phase 3B, fluid delivery was varied between
flood (3 bar) and high pressure (70 bar) conditions, with flow rate of the former at

approximately 27 litres per minute.
3.2.3 Tool wear / life evaluation analysis

Drill flank and chisel wear was measured using a WILD M3Z toolmaker’s microscope
integrated with a X-Y digital micrometer platform having a resolution of 1 um. A Canon
EOS400D digital camera was mounted on the microscope and connected to a laptop for tool
image capture, see Figure 3.10(a). In addition, an adjustable tilting table fitted with a bespoke
fixture that held the tool holder / adapter was employed to accommodate drills with varying
point angles in order to achieve optimal image focus, see Figure 3.10(b). Maximum flank
wear / chipping / fracture of each cutting lip was recorded at various intervals of drilled holes.
Drill cutting edge radius for both new and worn tools at test cessation were measured in Phase
1A using an Alicona G4 InfiniteFocus (IF) microscope system, which is capable of both
dimensional and surface topography evaluation (based on focus variation technology), with a
vertical resolution down to 10 nm. Figure 3.11 shows the Alicona G4 IF unit and setup with a

rotating chuck for tool geometry / cutting edge radius measurement.
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holder

Rotating chuck

Figure 3.11: (a) Alicona G4 InfiniteFocus (IF) microscope system and (b) setup for cutting

edge radius measurement

3.2.4 Force and torque measurement

Drilling thrust forces and torque in Phase 1A, 1B, 2A, 2B and 3B were recorded using a
Kistler 9123B 4-component piezoelectric rotating dynamometer with a Sandvik Varilock
quick change tool holder. The rotating dynamometer, with a maximum operating speed of
10,000 rpm was connected to a PC with data-logging hardware and Kistler Dynoware
software via a Kistler type 5221A stator and type 5223A multichannel signal conditioner, see
schematic in Figure 3.12(a). The rotating dynamometer and signal conditioner units are

shown in Figures 3.12(b) and 3.12(c), respectively.
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Figure 3.12: (a) Rotating dynamometer measuring system [193], (b) rotating dynamometer

and (c) multichannel signal conditioner

Due to the limitation in operating speed of the rotating dynamometer and requirement to
accommodate to a through-tool cutting fluid adaptor, a Kistler 9273 4-component drilling
dynamometer connected to Type 5011 charge amplifiers was employed for Phase 2C, 3A and
3C, see Figure 3.13. Appropriate strip specimens were mounted on the drilling dynamometer
with a specially designed fixture / jig.

} u‘*t_Workpiece
el

(b)

Figure 3.13: (a) Force and torque measurement setup and (b) Kistler 5011 charge amplifiers
3.2.5 Hole entry and exit delamination analysis

The delamination at hole entry and exit locations in CFRP workpieces was quantified
using a parameter known as delamination factor (Fg), which is defined as the ratio of
maximum damage diameter (Dmax) to nominal drilled hole diameter (Do), see Figure 3.14.
This definition / parameter has been applied previously by several researchers [55, 60, 81,
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194-196]. Images of hole entry and exit were taken using the Wild M3Z toolmaker’s
microscope, with the respective diameters were measured using Autodesk software
(AutoCAD 2013). Entry and exit delamination were evaluated for both the first and last
drilled hole.

Fdszax/ DO
Figure 3.14: Hole delamination measurement

3.2.5 Workpiece geometrical accuracy measurement

Geometrical parameters of drilled holes including hole diameter, out of roundness and
cylindricity were assessed on a Taylor Hobson Talyrond series 300 unit equipped with a 3
mm ruby ball stylus, see Figure 3.15(a). The setup for strip samples is shown in Figure
3.15(b). The system was calibrated with 6.35 mm (1/4 inch) diameter standard ring gauge
prior to each measurement. For CFRP workpiece materials, hole diameter, out of roundness
and cylindricity were measured at depths of 2, 5 and 8 mm from hole entry with the average
(replicated 3 times) recorded, while measurements were taken at 3, 8, 13 and 18 mm positions
for the drilled MMC samples.

(a) . . ._ (b) iy o
Figure 3.15: (a) Taylor Hobson Talyrond series 300 and (b) setup for hole geometrical
accuracy assessment of strip sample
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3.2.6 Workpiece surface roughness and integrity assessment

For both CFRP and MMCs samples, drilled holes were initially sectioned ~500 um
away from the hole centreline. As CFRP materials had limited / low electrical conductivity,
samples were sectioned using an EXTEC Labcut 300 disc cutting machine equipped with
recirculating coolant system, vise set and alumina based abrasive blade, see Figure 3.16(a).
Conversely, the MMC specimens were cut using a Charmilles Technologies Robofi 200 wire
electrical discharge machining (WEDM) unit. In order to avoid any metallurgical alterations
prior to microhardness and microstructure analysis, all of the sectioned samples were cold
mounted using Buehler’s EpoxiCure epoxy resin and compatible hardener. The mounted
samples were then ground and polished according to Buehler’s procedure for aluminium
alloys using a Buehler Alpha grinder / polisher (see Figure 3.16(b)). The detailed grinding /
polishing route for MMCs is outlined in Table 3.3.

Optical assessment of chip morphology, burr formation, hole surface quality, subsurface
and microstructural alterations / damage of the samples were performed on a Leica DM LM
microscope (see Figure 3.16(c)) and high resolution JEOL 6060 scanning electron microscope
(SEM) as shown in Figure 3.17(a). For CFRP materials, specimens were gold coated to
increase electrical conductivity using an EMSCOP SC500 gold sputter, see Figure 3.17(b),
prior to SEM analysis.

(2) (b) - ()
Figure 3.16: Illustration of (a) EXTEC Labcut 300 disc cutting machine, (b) Buehler
grinder/polisher and (c) Leica DMLM microscope
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Figure 3.17: Illustration of (a) JEOL 6060 SEM and (b) Emscop SC500 gold sputter

Table 3.3: Buehler grinding / polishing route for aluminium alloy

suspension

) _ Load Lb. (N) | Base Speed (rpm) Time
Surface Abrasive / Size _ o )
/ Specimen / Direction (min:sec)
) 220 or 320 (P240 or )
CarbiMet o 240-300 Until
P400) grit SiC, water 5(22)
paper Complementary plane
cooled
6 um MetaDi Supreme 240-300
UltraPol cloth ) ) 6 (27) 6:00
diamond suspension Complementary
_ 3 um MetaDi Supreme 240-300
TriDent cloth _ _ 6 (27) 4:00
diamond suspension Complementary
~0.05 ym MasterMet
ChemoMet ) .
loth colloidal silica 6 (27) 120-150 Contra 2:00
clo

Workpiece surface topography (2D and 3D) was characterised using a Taylor Hobson

Form 120 Talysurf with a vertical resolution of 10 nm and stylus tip radius of 2 um, see

Figure 3.18(a). A Mitutoyo Suftest 201 portable surface roughness tester was also used for

intermediate measurements in Phase 3B. For 2D roughness analysis, a cut-off and evaluation

length of 0.8 and 4 mm respectively were utilised with measurements repeated 3 times at

different positions (entry, middle and exit location of the hole) and an average calculated. In

the case of 3D topography analysis, a sampling area of 8 mmx1 mm was employed.

Microhardness depth profile measurements of MMC hole cross sections were carried out on

Mitutoyo MVK-H1 Vickers microhardness testing unit with a 50g load and 15s dwell, see

Figure 3.18(b). In order to avoid / minimise the influence of plastic deformation from

71



Chapter 3: EXPERIMENTAL WORK

preceding microhardness indentations on subsequent readings, the distance between the centre
of each test-point was larger than 50 um. The microhardness depth profiles were recorded up
to 1000 um below machined surface, with each position measured three times to improve

statistical reliability.

Figure 3.18: Illustration of (a) Taylor Hobson Form Talysurf series 120 L and (b) Mitutoyo

MVK-H1 Vickers microhardness tester

3.3 Tool geometries, materials and coatings

3.3.1 Tools used for drilling CFRP
3.3.1.1 CVD-diamond coated drills

All of the diamond coated drills employed for the experimental work were fabricated
and supplied by Seco Tools, UK. The diamond coating was deposited via a chemical vapour
deposition (CVD) process onto 2-fluted tungsten carbide (WC) drills manufactured with a
recently developed double point geometry (designated as C1), which was recommended by
Seco for drilling CFRP. The coating thickness was ~7-11 um, providing a hardness of 8000-
1000HV o5 with corresponding friction coefficient of 0.02-0.1 and surface roughness of 0.1-
0.4 um Ra [197]. The sharp, double point geometry of the C1 drill was designed to provide
excellent chip breaking characteristics with enhanced swarf evacuation for improved surface
finish [198]. The dimensions and image of the C1 geometry drill are shown in Figure 3.19,
which has a helix angle of 30° and two different point angles (130° and 60°) with
corresponding primary and secondary cutting edges. The drills used in Phase 1A, 1B, 2B and

2C were 6.38 mm in diameter while those employed in Phase 2A were 6.00 mm in diameter.
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Micrographs of the tool tip detailing the side view, end view and cutting lip are depicted in
Figure 3.20.

CoMMI TR ARATATIATATARER

Figure 3.19: (a) Dimensions [198] and (b) image of Seco CVD-diamond coated C1 geometry
drill

Figure 3.20: CVD-diamond coated drill tip: (a) side view, (b) end view and (c) cutting lip
3.3.1.2 Uncoated drills

In order to evaluate the performance of different tool materials / coatings and avoid /
minimise the influence of tool geometry, uncoated WC drills with the same C1 geometry were
employed in Phase 1A. The drills were manufactured using ~94% WC with an average grain
size of ~0.8 um and 6% cobalt binder content (K05-K10), giving a bulk hardness of 1790+50
HV3, and transverse rupture strength of >3900 N/mm? [197, 199], see Figure 3.21 for sample
WC microstructure. All of the drills were 6.38 mm in diameter similar to that shown in Figure

3.22, with corresponding images of the tip geometry detailed in Figure 3.23.

73



Chapter 3: EXPERIMENTAL WORK

Figure 3.23: Uncoated WC drill tip: (a) side view, (b) end view and (c) cutting lip

3.3.1.3 Domed PCD drills

Novel domed PCD drills (designated as CX1) were evaluated when drilling CFRP in
Phase 1A and 2C experiments. The 6.36 mm diameter tools comprised cylindrical PCD
blanks (~4.0 mm length) having a hemispherical / domed profile at one end, which was
copper-brazed on WC shanks / bodies, see Figure 3.24. The point geometry / cutting lips of
the domed PCD drills were fabricated as close as possible to the C1 configuration, as shown
in Figure 3.25. The drills however were 3-fluted in order to eliminate delamination / uncut
fibres at the hole exit and improve geometrical accuracy. The domed PCD blanks was a multi-
modal grade (CTM302) produced by Element Six, with grain sizes varying from 2 to 30 um,
which was designed to provide an excellent combination of wear resistance, thermal stability,
edge strength and edge quality [197, 200]. The microstructure and mechanical / physical
properties of the CTM302 PCD tool material is detailed in Figure 3.26 and Table 3.4
respectively.
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Figure 3.26: Microstructure of CTM302 grade PCD [200]

Table 3.4: Mechanical and physical properties of CTM302 grade PCD [159]

Koop

Young’s

Fracture

Thermal

Thermal

F:fa:cljje I(De/gzg;; hardness | Modulus | toughness |diffusivity | conductivity PO:;st?:s
g g (GPa) | (GPa) |(MPasm?)| (mmZs?) | (WmTK?)
CTM302| 3.99 50 883 9.34 218.0 421.7 0.109

75



Chapter 3: EXPERIMENTAL WORK

3.3.2 Tools used for drilling MMCs

3.3.2.1 Uncoated and TiAIN+TiN coated drills

Uncoated (designated as T-type) and TiAIN+TiN coated (designated as M-type) WC
drills with equivalent geometry were employed in Phase 3A work for the drilling of Al/SiCp
MMCs. Both the T and M-type twist drills had diameters of 6.35 mm with a 140° point angle
and 30° helix angle as well as through tool coolant holes. Figure 3.27(a) details a schematic
showing the key geometrical features of the tool while corresponding images of the T and M-
type drills are shown in Figures 3.27(b) and 3.27(c) respectively. Figures 3.28(a) and 3.28(b)
show optical micrographs of the cutting lip geometry on the uncoated and coated WC drills
respectively. A ~100 um chamfer was apparent at the peripheral section on both tools, see
Figure 3.28(c), which was applied to minimise the risk of chipping / breakage / severe
abrasion of the cutting edge corner and maintain good hole geometrical accuracy, as
maximum cutting speed occurred at this position in the drilling process. The drills were made
from K30-K40 cemented tungsten carbide (90% WC and 10% Co) with an average grain size
of 0.6 um (see microstructure in Figure 3.29), which had a hardness of 1610 HV3, and
transverse rupture strength of >3600 N/mm? [157, 197]. The TiAIN+TiN coating was

deposited via physical vapour deposition (PVD) process.

/A cA 4 [,=43 mm
i -
>

14o° Dc S - %dmm L,=79 mm
| N
\7“ I4 ) B I.= 36 mm
- " [(= 34 mm
- |1 > [ > —
(a) L N ¢ i dm, = 8§ mm

Figure 3.27: (a) Dimensions [198] and images of (b) Seco uncoated WC T-type drill and (c)
TiAIN+TIN coated M-type drill
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Figure 3.28: (a) Cutting lip of coated WC drill, (b) cutting lip of uncoated WC drill and (c)

magnified view of cutting edge

Figure 3.29: Microstructure of WC tool material used for the Seco M and T-type drills [157]
3.3.2.2 PCD drills

The domed PCD drills with CX1 geometry detailed previously in Section 3.3.1.3 were
similarly utilised for the drilling of MMCs in Phase 3B experiments. An alternative brazed
PCD drill design was also evaluated in Phase 3 trials, having a single point angle of 120° and
helix angle of 30° (designated as CX31 geometry), as shown in the schematic and image in
Figure 3.30. All of the brazed PCD drills were 6.38 mm in diameter, with the tool tip and
cutting lip shown in Figure 3.31. In contrast to the domed PCD drills, the brazed tools
employed a fine grained PCD grade, CTB002, which had an average particle size of 2 um.
The microstructure and associated mechanical / physical properties of CTB002 PCD are

detailed in Figure 3.32 and Table 3.5 respectively.
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I[,=55mm

Figure 3.32: Microstructure of CTB002 grade PCD [200]

L=91 mm

Table 3.5: Mechanical and physical properties of CTB002 grade PCD [159]

PCD | Densit Koop |Young’s| Fracture | Thermal | Thermal Poisson’s
rade | ( /cm3))/ hardness | Modulus| toughness |diffusivity | conductivity ratio
g g (GPa) | (GPa) |MPasm )| (mm3s?) | (Wm?K?)
CTB002 | 4.35 50 901 8.05 113.3 239.0 0.100
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3.4 Experimental design, procedures and test arrays

3.4.1 Phase 1A: Influence of operating conditions and tool materials / coatings when
drilling CFRP

The overall aim of Phase 1A was to investigate the effect of varying operating
conditions when drilling CFRP with different tool materials / coatings. More specifically, the
objectives of the work related to investigating the influence of tool material / coating, cutting
speed, feed rate and cutting environment on thrust force / torque, hole quality, workpiece

surface integrity and tool life / wear mechanisms.

A modified Taguchi fractional factorial experimental design (L12 orthogonal array) was
employed. The output responses was analysed with Minitab 16 software involving main
effects plots and analysis of variance (ANOVA) to identify significant factors / levels,
percentage contribution ratios (PCR) etc. The operating parameters selected were based on
information derived from the literature review together with recommendations from the tool
manufacturers. The experiments involved four variable factors comprising tool material /
coating, cutting speed, feed rate and cutting environment with one at three levels and the
others at two levels. All of the trials were performed on Type 3 CFRP workpieces according
to the test matrix listed in Table 3.6. Thrust force / torque and tool wear was measured at the
first hole and then at intervals of 32 holes. The end of test criteria was a maximum flank wear
(VBmax) 0f 0.3 mm or after drilling 512 holes.

Figure 3.33 shows the experimental setup for Phase 1A. The dual hose nozzles for
supplying chilled air was directed towards the cutting zone and located approximately 15 mm
away from the drill tip. The extraction point connected to the Filtermist dust extraction system
was positioned as close as possible to the cutting area without interfering with the drilling
operation. No backup plate was used in the experiment.
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Table 3.6: Test matrix involving L12 modified Taguchi fractional factorial array for Phase 1A

experiments

Test Tool material / coating Csl;)t:tiarc]ig Feed rate Qutting
no. (m/min) (mm/rev) environment
1 Uncoated WC 90 0.05 Dry
2 Uncoated WC 90 0.1 Chilled air
3 Uncoated WC 180 0.05 Chilled air
4 Uncoated WC 180 0.1 Dry
5 CVD-diamond coated WC 90 0.05 Dry
6 CVD-diamond coated WC 90 0.1 Chilled air
7 CVD-diamond coated WC 180 0.05 Chilled air
8 CVD-diamond coated WC 180 0.1 Dry
9 Domed PCD 90 0.05 Dry
10 Domed PCD 90 0.1 Chilled air
11 Domed PCD 180 0.05 Chilled air
12 Domed PCD 180 0.1 Dry

Machine table
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Figure 3.33: Setup for drilling CFRP in Phase 1A
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3.4.2 Phase 1B: Preliminary / benchmarking trials in drilling CFRP with variable feed

rate operation

Phase 1B trials related to a preliminary investigation on the influence of varying feed
rate operation and cutting environment on thrust force / torque and hole exit quality (uncut
fibres and delamination). In order to minimise / reduce the number of required tools, worn
drills from Tests 6 and 8 in Phase 1A (~110-120 um flank wear) were utilised in this
experiment. According to work reported by Hocheng and Tsao [201], hole exit delamination
increases linearly with drilling thrust force, see Figure 3.34(a). For uncoated 10 mm diameter
W(C twist drills operating at a cutting speed of 31.4 m/min under dry conditions, the ‘critical’
feed rate (maximum value without the occurrence of workpiece delamination) was 0.0047
mm/rev, as shown in Figure 3.34(b). In the current experiment, a variable feed rate strategy
where drill feed was decreased from 0.1 mm/rev to 0.01 or 0.02 mm/rev in the final 2 mm of
the plate in order to reduce thrust forces and minimise hole exit damage without severely
impacting process productivity. Two cutting speed levels (90 and 180 m/min) were employed
while the influence of dry, chilled air and wet cutting environments were also studied. The
detailed experimental matrix is shown in Table 3.7 with ~10 holes drilled per test. Similar to

Phase 1A trials, Type 3 CFRP panels were used for all tests.

(a)

Thrust Force (N)

(b)

Figure 3.34: (a) Experimental correlation between thrust force and delamination extent, (b)
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Table 3.7: Test matrix for Phase 1B experiments

Cutting Feed rate in .
Test Tool material / Coating speed Feed rate final 2 mm C_uttlng
no. . (mm/rev) environment
(m/min) (mm/rev)
1 0.01 Chilled air
2| cvD-diamond coated WC 0.02 Chilled air
3 | (Tool from Test 6 in Phase 90 0.01 Dry
1A, tool wear: 117 pm)
4 0.02 Dry
5 0.01 Flood
0.1
6 0.01 Chilled air
7| cvD-diamond coated WC 0.02 Chilled air
g | (Tool from Test 8 in Phase 180 0.01 Dry
1A, tool wear: 111 pm)
9 0.02 Dry
10 0.01 Flood

3.4.3 Phase 2A: Evaluation of hole quality when drilling CFRP with variable feed rate

operation

Based on results from Phase 1A and 1B trials, a move in-depth investigation on the
effects of varying feed rate strategy on hole quality when drilling CFRP was performed in
Phase 2A. A full factorial experimental design involving two variable factors (CFRP
workpiece configuration at two levels and primary feed rate at three levels) was performed.
Cutting speed was constant at 90 m/min with chilled air applied in all tests. The drilling trials
were carried out using 6.0 mm diameter drills with the primary feed rate levels (0.1-0.3
mm/rev) reduced to 0.01 mm/rev for the final 2 mm of the hole, see illustration in Figure
3.35. Tool wear (mean from maximum flank wear of both flutes) and thrust force / torque
were measured after the first hole and at subsequent intervals of 32 holes. The test cessation
criterion was either 384 holes drilled or a maximum flank wear of 300 um. The detailed test
matrix is listed in Table 3.8. Photogaraphs of hole entry and exit both in the first and last hole

were taken to evaluate workpiece delamination / damaged, which was quantified using a
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parameter known as the delamination factor (Fy). SEM ananlysis was performed for the hole

surafecs machined with new and worn tools.

Feed rate:

' / o)
0.0 lnmy/rev 2num

Figure 3.35: Schematic of variable feed rate drilling strategy

Table 3.8: Full factorial test array for Phase 2A experiments

Test Workpiece Cutting speed Cutting Feed rate
no. material (m/min) environment (mm/rev)
1 Type 2 (44/44/11) 0.10
2 Type 3 (15/70/15) 0.10
3 Type 2 (44/44/11) 0.20 .
90 Chilled air Ogllng?”z‘/;fr‘; in
4 Type 3 (15/70/15) 0.20
5 Type 2 (44/44/11) 0.30
6 Type 3 (15/70/15) 0.30

3.4.4 Phase 2B: Influence of workpiece configuration / fibre orientation and elevated

feed rates on hole quality when drilling CFRP

Following results from Phase 2A experiments, the effect of workpiece configuration /
fibre orientation and elevated feed rate (with variable feed rate strategy) when drilling CFRP
was investigated in Phase 2B work. In order to further improve hole exit quality and minimise
uncut fibres, an aluminium plate with an array of 7.0 mm diameter clearance holes was
positioned beneath the CFRP workpiece, as shown in the setup assembly in Figure 3.36. In a

trial, a high primary feed rate of 0.6 mm/rev was applied to obtain benchmark / baseline data.
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In contrast to previous tests, feed rate was reduced to 0.01 mm/rev in the final 0.5 mm of the
hole to increase productivity. A full factorial experimental design involving three different
CFRP laminate layup / fibre orientation (Types 1, 2 and 3) and primary feed rates of 0.2 and
0.4 mm/rev, was utilised in mainstream trials, see test matrix in Table 3.9. Cutting speed was
fixed at 90 m/min with chilled air used throughout the entire experiment. The end of test
criterion was equivalent to that in Phase 2A (VBmax 0f 300 um or 384 holes drilled). Limited
additional trials (~10 holes) without the variable feed rate strategy were performed on Type 3
and unidirectional CFRP laminates after the cessation of Tests 3 and 6, in order to validate the
benefits of reducing feed rate near the hole exit. Tools employed for current work were 6.38
mm diameter CVVD-diamond coated WC drills. Hole surface roughness, 3D topographic maps,
hole diameter as well as geometrical characteristics (out of roundness and cylindricity) were

assessed for all the tests.

Rotating /

dynamometer -
gl
e { D - i :

Dual hose " ) 2 Extraction point

chilled air outlet - '
- I »
\ ' ‘

- B »'. ("L‘"' 2z =
e d = Werkpiece
Positioning o | material
locating ping =24 =

= % Backup plate

\\_’

Figure 3.36: Experimental setup for Phase 2B tests
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Table 3.9: Test matrix for Phase 2B experiments

Cutting . )
Test no. speed Workpiece Feed rate (mm/rev) Cutting
(m/min) material environment
Initial test Type 3 (15/70/15) 0.6
1 Type 1 (25/50/25) 0.2
g Type 2 (44/44/11) | 0.2 0.01
mm/rev in
3 Type 3 (15/70/15) 0.2 i
4 Type 1 (25/50/25) 0.4 mm
5 90 Type 2 (44/44/11) 0.4 Chilled air
6 Type 3 (15/70/15) 0.4
Further test
Further test
Further test e
after Test 3 Unidirectional (UD) 0.2
Further test e
after Test 6 Unidirectional (UD) 0.4

3.4.5 Phase 2C: Evaluation of diamond coated and domed PCD tools when drilling
CFRP at elevated / high cutting speeds

Figure 3.37 summarises the reported cutting parameters (cutting speed and feed rate)
typically employed when drilling CFRP and GFRP using tungsten carbide drills based on
information in the literature. Cutting speeds typically ranged from 20 to 80 m/min, whereas
feed rate values were generally lower than 0.3 mm/rev. The reason for keeping cutting speed
below 80 m/min may be explained that higher cutting speed values lead to higher cutting
temperature, which in turn may cause the burning of the matrix [37]. The use of feed rates
below 0.3 mm/rev may be associated to the delamination damage caused when this parameter

is increased.

85



Chapter 3: EXPERIMENTAL WORK

Cutting speed (m/min)

240
220
200
180
160
140
120
100

80 1
60 A
40 -
20 A

X X
+ + + + GFRP X CFRP
X
X
* + +
X ¥
XK K+
TR
T T X % X
yE 2 o THE
|_|_ )Zt X T X X X
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Feed rate (mm/rev)

0.8

Figure 3.37: Cutting speed and feed rates typically employed when drilling CFRP and GFRP

using tungsten carbide drills

The overall aim of Phase 2C tests was to evaluat the performance of CVD-diamond

coated and domed PCD tools at elevated cutting speeds when drilling Type 3 CFRP

laminates. Cutting speed was varied between 180 and 360 m/min while feed rate was kept

constant at 0.05 mm/rev with chilled air used in all trials, see test matrix detailed in Table

3.10. The end of test criterion was equivalent to that specified in Phase 2A and 2B (VBg of

300 pm or 384 holes were drilled). Thrust force and torque were measured using the drilling

dynamometer in accordance with intervals detailed in Section 3.2.4. The experimental setup is

shown in Figure 3.38.

Table 3.10: Test matrix for Phase 2C experiments

Test T . Cutting speed | Feed rate Cutting Workpiece
no. ool materials (m/min) (mm/rev) | environment | materials
1 Diamond Coated 180
2 Diamond Coated 240
3 Diamond Coated 280 _ _ Type 3
4 Diamond Coated 360 o chilledar (15/70/15)
5 Domed PCD 180
6 Domed PCD 360
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Figure 3.38: Experimental setup for Phase 2C tests

3.4.6 Phase 3A: Preliminary / benchmarking trials in drilling MMCs with different tool
materials / coatings

Phase 3A experiments were designed to investigate the effect of different tool materials
/ coatings and operating parameters when drilling Al/SiCp MMCs and provide benchmark /
baseline data for subsequent mainstream testing / analysis. The operating parameter levels
selected were based on information in the literature and previous work done in the Machining
Research Group at Birmingham [121, 122]. The end of test criteria was a maximum flank
wear (VBmax) of 0.3 mm or when 300 holes were drilled. Each workpiece block
accommodated up to 144 holes (6.35 mm diameter) according to a 9x16 array with 9.0 mm
pitch. The workpiece specimens were fixed on a bespoke clamping plate (without pre-drilled
clearance holes) for tool life testing. Separate strip specimens with a width of 17 mm were
used for thrust force, torque and surface integrity evaluation were held on a Kistler 9273 four-
component piezoelectric drilling dynamometer. Drills employed for this phase of work were
uncoated (designated as T-type) and TiAIN+TiN coated (designated as M-type) solid carbide
as well as brazed PCD tools (designated as CX31 type), see Figure 3.39. For trials utilising
the uncoated and coated carbide tools, cutting speed was fixed at 80 m/min while feed rate
varied from 0.1 to 0.2 mm/rev with cutting fluid applied internally through the drills. In
contrast, the PCD drills were assessed at a constant feed rate of 0.1 mm/rev over two levels of
cutting speed (80 and 160 m/min) with coolant supplied externally via standard nozzles. The
test array is detailed in Table 3.11 and corresponding experimental setups are shown in Figure
3.40.
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Brazed PCD Coated Uncoated

Figure 3.39: Drills used in Phase 3A experiment (a) overview and (b) side view

Table 3.11: Test matrix for Phase 3A experiments

Test Tool materials / Cutting speed Feed rate Cutting

no. coatings (m/min) (mm/rev) environment
1 Uncoated WC 80 0.1 70 bar (internal)
2 Uncoated WC 80 0.2 70 bar (internal)
3 Coated WC 80 0.1 70 bar (internal)
4 Coated WC 80 0.2 70 bar (internal)
5 Brazed PCD 80 0.1 70 bar (external)
6 Brazed PCD 160 0.1 70 bar (external)

Through coolant '
adaptor High pressure
\ ‘ caplant hose

High pressure
nozzle

Figure 3.40: (a) Setup of high pressure through tool cutting fluid application and (b) setup for
external high pressure cutting fluid application
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3.4.7 Phase 3B: Evaluation of PCD tools and cutting parameters when drilling MMCs

Following preliminary work in Phase 3A, the effect of varying cutting speed, feed rate
and cutting fluid pressure was evaluated when drilling Al/SiCp MMCs using brazed and
domed PCD tools in Phase 3B. Response measures assessed include thrust force / torque, tool
wear / life, hole quality (hole diameter, out of roundness, cylindricity etc.) and surface
integrity (surface roughness, burr formation, subsurface damage, microhardness etc.). A
Taguchi L8 fractional factorial design involving four variable factors, each at two levels was
used, see test matrix in Table 3.12. The output responses were analysed using Minitab 16
software, with main effects plots and analysis of variance (ANOVA) employed to identify
significant factors / levels and percentage contribution ratios (PCR). Block workpicees of
~170 mm length were held on a clamping plate with accommodating 153 (9x17) holes at a
pitch of 9.0 mm. Similar to Phase 3A, the end of test criteria was a maximum flank wear
(VBmax) of 0.3 mm or when 306 holes (in two blocks) were produced. As shown in Figure
3.41, high pressure (70 bar) cutting fluid at a flow rate of ~26 litres/min was supplied via twin
stainless pipes (1.5 mm diameter outlet), while triple loc-line hoses (~3 mm diameter outlet)
were utilised for tests at flood (3 bar) conditions. In order to remove BUE / adhered materials,

drills were soaked in 25% NaOH solution for ~1 minute prior to flank wear measurement.

Table 3.12: Test matrix for Phase 3B experiments

Test Tool material Cutting §peed Feed rate Cutting environment
no. (m/min) (mm/rev)
1 Brazed PCD 80 0.1 70 bar high pressure fluid
2 Brazed PCD 80 0.2 3 bar low pressure flood
3 Brazed PCD 160 0.1 3 bar low pressure flood
4 Brazed PCD 160 0.2 70 bar high pressure fluid
5 Domed PCD 80 0.1 3 bar low pressure flood
6 Domed PCD 80 0.2 70 bar high pressure fluid
7 Domed PCD 160 0.1 70 bar high pressure fluid
8 Domed PCD 160 0.2 3 bar low pressure flood
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(a) - ‘ "— ; ‘1 : ‘ | ‘: _ ' 3 v - . 5 ", 4 /.u
Figure 3.41: Setup for applying (a) high pressure cutting fluid and (b) low pressure flood

3.4.8 Phase 3C: Drilling of MMC using PCD tools at elevated / high cutting speeds

Based on the results from Phase 3A and 3B tests, Phase 3C was carried out to evaluate
the performance of brazed PCD tools when drilling Al/SiCp MMCs at elevated cutting
speeds. Four levels of cutting speed up to 360 m/min (18,000 rpm) were utilised while feed
rate was kept constant at 0.1 mm/rev, see experimental matrix in Table 3.13. High pressure
cutting fluid (70 bar) delivered externally was employed throughout the entire experiment,
with the end of test criteria equivalent to that used in Phase 3A. Strip workpiece was clamped
on drilling dynamometer Kistler 9273 for thrust force / torque and corresponding tool wear
measurement. The first and last holes were sectioned and subsequently cleaned for surface
roughness measurement, followed by mounted and ground / polished for microhardness and
subsurface quality analysis. Chips from each trial were also collected and photographed for

evaluation.
Table 3.13: Test matrix for Phase 3C experiments

Test Tool materials Cutting speed Feed rate Cutting

no. (m/min) (mm/rev) environment
1 Brazed PCD 160 (8,000 rpm)
2 Brazed PCD 200 (10,000 rpm) o1 70 bar high
3 Brazed PCD 240 (12,000 rpm) pressure fluid
4 Brazed PCD 360 (18,000 rpm)
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Chapter 4: RESULTS AND DISCUSSION

4.1 Phase 1A: Influence of operating conditions and tool materials / coatings
when drilling CFRP

4.1.1 Tool wear and life

Figure 4.1 shows the tool wear progression plot against number of holes drilled for all
trials. In Tests 2 and 3 using uncoated tools, drilling was prematurely terminated with tool
flank wear at ~150 um (instead of the 300 pm criterion) due to severe damage observed at
hole entry (fuzzing and uncut fibres). A total of 384 and 320 holes were produced
respectively. Similarly, Tests 1 and 4 had to be halted after only 192 holes as a result of fibre
dust / matrix burning. In contrast, all of the tests undertaken using CVD-diamond coated and
domed PCD drills achieved 512 holes, with the highest flank wear of 144 um seen in Test 5,
while the best performance was obtained in Test 12 (domed PCD drill, 180 m/min, 0.1
mm/rev, dry) with average maximum flank wear of 73 um. Drill wear progression typically
followed a similar trend in every trial except for Test 5 with chipping occurring after ~320
holes, following which flank wear increased rapidly. The wear rate was also somewhat higher
in Tests 5, 7, 9 and 11, possibly due to the lower feed rate (0.05 mm/rev) employed, leading
to longer contact time between the tool and workpiece material.
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Figure 4.1: Tool wear progression against number of drilled holes
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Tool wear scar images for all trials at test cessation are presented in Figure 4.2. The
degree of wear on the cutting edges of all flutes were generally consistent, which reflects the
good geometrical accuracy of the drills. In general, flank wear was the dominant damage
mode, which increased gradually over the test duration, with the maximum level occurring at
the drill corner (location of highest cutting speed). Cutting edge rounding and shiny flank
surface were evident on the uncoated drills due to prolonged contact with the highly abrasive
carbon fibres / powdery chips during machining. This was in agreement with the results of
Khairusshima et al. [44] when milling CFRP with WC tools. For domed PCD drills, no signs
of chisel or cutting edge chipping / fracture were detected in any of the tests, with all tools
displaying comparable wear patterns in the form of abrasion at test cessation. Chipping /
delamination of the CVD-diamond coating however was observed in Test 5 after drilling
~320 holes, although only marginal / limited wear on the chisel edge was apparent after 512
holes. The flank wear evolution of the CVD-diamond coated drill used in Test 5 is shown in
Figure 4.3. Adhesion of fibre dust / epoxy matrix on the drill tip was prevalent from the first
hole, which was most likely due to relatively higher cutting temperatures when machining

dry.

Vg

) Shlny surface

Test 1 Hole 192 Test 2 Hole 384 Test 3 Hole 320 Test 4 Hole 192
Coating chipping
N
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\

Test 5 Hole 512 Test 6 Hole 512 Test 7 Hole 512 Test 8 Hole 512

Test 9 Hole 512 Test 10 Hole 512 Test 11 Hole 512 Test 12 Hole 512

Figure 4.2: Tool wear scars at test cessation (last hole) in all trials
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Flank wear: 36 um
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Figure 4.3: Tool wear evolution for Test 5 (uncoated WC, 90 m/min, 0.05mm/rev and dry)

512t hole

The fibre dust covering the workpiece samples began to burn after drilling ~160 holes
using uncoated WC tools in Test 1 (90 m/min, 0.05 mm/rev, dry) and 4 (180 m/min, 0.1
mm/rev, dry). Smoke was clearly visible during drilling (see Figure 4.4) coupled with a strong
odour, which was most likely due to the use of either low feed (0.05 mm/rev) or high cutting
speed (180 m/min) combined with a dry cutting environment. Severe build-up / accumulation
of fibre dust in the drill flutes was also observed as shown in Figure 4.5, which was
exacerbated by the poor thermal conductivity (~0.2 W/m°C) and low glass transition

temperature of the epoxy resin (<175°C) [4].

Figure 4.4: Fibre dust burning in Test 1 after drilling 192 holes
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Fibre dust

Figure 4.5: Drill condition at test cessation in Test 1 after drilling 192 holes

The cutting edges of the worn drills were further analysed using high resolution SEM
and sample micrographs are shown in Figure 4.6. Heavy chipping / removal of the CVD-
diamond coating along the entire length of the cutting edge / lip was apparent in Test 5. In
contrast, abrasion and cutting edge rounding were prevalent when using uncoated WC and
domed PCD drills, which were in line with previous optical microscope observations (see
Figure 4.2)

X3S ZB8xm

Abrasion and
edge rounding

(b) Test 2 (uncoated WC drill) (c) Test 9 (domed PCD drill)
Figure 4.6: Sample SEM micrographs of drill cutting edge at test cessation

94



Chapter 4: RESULTS AND DISCUSSION

Due to the limited number of holes (<192) drilled in Tests 1 to 4 when using uncoated
WC tools as well as the poor hole quality and premature trial cessation due to fibre dust
burning, only results from Tests 5 to 12 were considered in subsequent statistical analysis,
with the modified L12 Taguchi design reduced to a L8 array (orthogonal). Figure 4.7 presents
the main effects plot for flank wear while the corresponding ANOVA results are detailed in
Table 4.4. Tool material, cutting speed and feed rate were found to be statistically significant
factors with PCR’s of 77.4%, 3.8% and 16.5%, respectively. Domed PCD drills showed the
best performance, with superior wear resistance as well as consistent cutting edge sharpness
leading to higher productivity compared with the CVD-diamond coated drills. High feed rate
(0.1 mm/rev) was also preferred in terms of minimising flank wear, although this generally
resulted in more severe hole entry and exit defects (detailed in the following sections). While
machining environment was not significant with respect to tool flank wear, it had a
considerable influence on hole quality. Furthermore, the ANOVA calculations indicated a low
error level of 2.3%, suggesting that all important factors were considered and the
measurements performed accurately.

130 Tool material Cutting speed (m/min) Feed rate (mm/rev) Cutting environment
Significant Significant Significant
E 120
&
s
< 110 A
§ /
&
100
E
x
[
=
90
804 ~ : " J n J : :
N
S ] > o P Q N N Od
@6 & ~{\§\Q’
< N <
> Q
OQ
<‘)\?>

Figure 4.7: Main effects plot for maximum flank wear (Tests 5-12)

95



Chapter 4: RESULTS AND DISCUSSION

Table 4.1: ANOVA results for maximum flank wear (Tests 5-12)

Factor DF SeqSS | Adj MS F P PCR
Tool material 1 3240.1 3240.1 229.39 0.001* 77.4%
Cutting speed (m/min) 1 171.1 171.1 12.12 0.040* 3.8%
Feed rate (mm/rev) 1 703.1 703.1 49.78 0.006* 16.5%
Cutting environment 1 10.1 10.1 0.72 0.459 0.0%
Error 3 42.4 14.1 2.3%

Total 7 4166.9

DF = Degrees of freedom, Seq SS = Sequential sum of squares, Adj SS = Adjust sum of squares, F =
10.1 (F-test value), P = Probability, PCR = Percentage contribution ratio, * Significant at the 5% level.

4.1.2 Cutting edge radius analysis

The drill cutting edge radius was measured at ~200 um away from the drill periphery
corner, which was replicated 3 times and the average recorded. Cutting edge morphologies for
both new and worn (at test cessation) tools are displayed in Figure 4.8 with the associated
edge radius values detailed in Figure 4.9. When new, the domed PCD drills demonstrated
superior sharpness with cutting edge radiuses of <5 um, followed by the uncoated WC tools
with typical values of ~7 pm. Conversely, the CVD-diamond coated tools showed
comparably high cutting edge radiuses of up to ~24 um even in the new condition. Rapid
abrasion of the uncoated WC drills was prevalent, which led to dulling of the cutting edges
(up to ~70 um) at test cessation. A relatively large edge radius (67.4 um) was also observed
on the CVD-diamond coated drill in Test 5 (90 m/min, 0.05 mm/rev, dry) at test cessation,
which was due to chipping / removal of the coating and subsequent wear of the substrate
material (see SEM micrograph in Figure 4.6(a)). The cutting edge radiuses of the domed PCD
drills were typically below ~30 um even after drilling 512 holes irrespective of the operating
conditions. In general, the variation of cutting edge radius levels was in line with the flank
wear results. Corresponding statistical analysis indicated that tool material and feed rate were
significant at the 5% level with respect to tool edge radius at test cessation with PCR’s of
49.1% and 25.3% respectively, while the influence of cutting speed and cutting environment
was marginal, see the main effects plot in Figure 4.10. During drilling CFRP, when the
cutting edge radius becomes larger than the fibre particles, bending / ploughing (rather than
shearing) of the fibres dominates, resulting in uncut fibres at the hole exit together with the

formation of voids / porosities on the machined surfaces [4].
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Figure 4.8: Cutting edge morphology at test cessation in all trials
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Figure 4.10: Main effects plot for cutting edge radius at test cessation
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4.1.3 Thrust force and torque

Figure 4.11 shows sample thrust force and torque profiles for a typical hole drilled with
different tool materials at the same operating parameters (90 m/min, 0.05 mm/rev and dry
condition). In general, thrust force fluctuations over the hole depth were the result of tool
edges passing through the varying fibre orientations within the laminate as well as the
different properties between fibre and matrix. Figures 4.11(a) and 4.11(b) were recorded at
the first and last hole respectively when using CVD-diamond coated drills. The maximum
thrust force and torque increased from 137 N and 31 N.cm in the first hole to 308 N and 49
N.cm respectively after 512 holes. A decreasing trend in thrust force values (by ~40-60N) was
apparent for the last hole drilled in Tests 5 and 9, as shown in Figures 4.11(b) and 4.11(c).
This was most likely due to the high temperatures generated when drilling dry with worn
tools, which led to deterioration / weakening of the epoxy matrix material. Similar results
were also reported by Rubio et al. [81] and Velayudham et al. [202] when drilling glass fibre
reinforced plastic composites. In contrast, thrust forces when using uncoated WC drills were
rising even in the first hole, see profile in Figure 4.11(d), suggesting rapid wear rates of the
cutting edges. Furthermore, signs of chatter / vibration were evident in trials involving
uncoated and CVD-diamond coated WC drills, which was minimised when utilising the
domed PCD tools (see Figure 4.11(c)). This was possibly due to the relatively low wear levels

and comparatively sharp cutting edge condition of PCD drills.
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Figure 4.11: Sample thrust force and torque profiles

Thrust forces and torque progression against the number of drilled holes are shown in
Figures 4.12 and 4.13 respectively. Thrust forces generally increased gradually over the
duration of the experiments except when using the uncoated WC drills (Tests 1-4), where
steep rises were prevalent irrespective of operating conditons. An unexpected drop in thrust
force of up to ~70N after drilling ~100 holes was however observed in Test 1. This was most
likely due to high machining temperatures and fibre dust burning degrading the support
strength of matrix materials. The thrust forces generated when employing CVD-diamond
coated drills at test cessation (~230-300N) were found to be lower than results reported in the
literature that employed diamond coated tools and similar cutting conditions [47, 49]. This
was possibly due to the optimised double point angle tool geometry used in the present work,
which acted as a ‘pilot section’ to reduce the overall thrust force when machining. The use of
tools with similar tip geometry were also reported to reduce thrust forces when drilling
composites [61, 203]. Despite lower flank wear levels, the domed PCD drills produced higher

thrust forces in comparison to the CVVD-diamond coated tools, which was attributed to the
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longer primary cutting edge length of the former (~2.46 mm for the domed PCD and ~2.06
mm for CVD-diamond coated WC drills). Maximum thrust forces in the first hole were
typically ~20% higher when operating at the elevated feed rate (0.1 mm/rev) for the CVD-
diamond coated WC and domed PCD drills.

In general, torque was found to be approximately constant over the test duration, except
for trials involving uncoated WC tools, where values increased by up to ~150% from the first
to the last hole drilled. Similar to thrust force results, torque increased with feed rate and the
levels were typically higher when employing domed PCD in comparison to the CVD-
diamond coated drills. This was possibly due to the former having 3 cutting flutes (as opposed
to 2 for the latter) together with the longer cutting edge length of the PCD drills as detailed

previously.
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Figure 4.12: Maximum thrust force progression against number of drilled holes
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Figure 4.13: Maximum torque progression against number of drilled holes

Figure 4.14 and Table 4.2 show the main effects plot and associated ANOVA results
relating to thrust forces for the first hole drilled using CVVD-diamond coated WC and domed
PCD tools. Tool material was seen to have the strongest effect on thrust forces with an
overwhelming PCR of 81.4%, which was most likely due to the differences in the initial
cutting edge sharpness / radius of the drills. In addition, feed rate was also found to be
significant at the 5% level with a corresponding PCR of 14.5%. This was in line with
observations reported by Shyha et al. [55, 56] when drilling CFRP with uncoated step drills.
For thrust forces at the last hole (hole 512), tool material was the sole statistically significant
factor with a percentage contribution ratio of 39.2%. Variations in the other factor levels
including cutting speed, feed rate and cutting environment had relatively limited influence on
thrust force, see the main effects plot in Figure 4.15. In terms of torque results at the last hole,
none of the factors were found to be significant, although cutting speed and feed rate showed
comparatively greater variation (see Figure 4.16) with corresponding PCR’s of 32.0% and
19.3% respectively. The ANOVA calculations however indicated high error levels (up to
45.6%) for the torque results in both the first and last holes drilled. This was probably due to
interactions between factors that were not considered in the fractional factorial array.
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Figure 4.14: Main effects plot for maximum thrust force at the first hole in Phase 1A

Table 4.2: ANOVA results for maximum thrust force at the first hole in Phase 1A

Source DF Seq SS | Adj MS F P PCR
Tool material 1 8646.1 8646.1 121.00 0.002* 81.4%
Cutting speed (m/min) 1 78.1 78.1 1.09 0.373 0.1%
Feed rate (mm/rev) 1 1596.1 | 1596.1 22.34 0.018* 14.5%
Cutting environment 1 0.1 0.1 0 0.969 0.0%
Error 3 2144 71.5 4.0%

Total 7 10534.9

* Significant at the 5% level.
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Figure 4.15: Main effects plot for maximum thrust force at the last hole (hole 512) in Phase
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Figure 4.16: Main effects plot for maximum torque at the last hole (hole 512) in Phase 1A
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4.1.4 Hole entry and exit quality

Figure 4.17 shows micrographs taken at the entrance location for both the first and last
holes drilled in all trials. In terms of hole edge integrity for the first hole, only limited damage
in the form of minor fuzzing and uncut fibres was observed when using diamond coated drills,
while the hole edges were comparably free of flaws when utilising the uncoated WC and
domed PCD tools. The superior hole edge quality was due to the lower thrust force levels
(~100 N) and sharper cutting edge conditions (<7 um cutting edge radius for uncoated WC
and PCD tools) in the preliminary stages of the trials. Damage in the form of delamination,
fuzzing and uncut fibres however began to develop as drilling progressed and reached
substantial levels after ~100 holes in trials utilising uncoated WC tools irrespective of cutting
parameters, due to rapid tool wear and fibre dust burning (Tests 1 and 4). Superior edge
quality with limited uncut fibres were observed even after drilling 512 holes when using
CVD-diamond coated WC and domed PCD tools regardless of cutting parameters /
conditions, except in Tests 5 and 9. The poor hole quality in Tests 5 and 9 was attributed to
the relatively high flank wear levels when drilling at a cutting speed of 90 m/min and feed rate
of 0.05 mm/rev (114 pm for diamond coated drill and 96 um for PCD drill).

Corresponding hole exit micrographs for both the first and last holes in each test are
presented in Figure 4.18. Uncut fibres were apparent even on the first holes in all trials
involving uncoated and CVD-diamond coated WC drills irrespective of the operating
conditions (Tests 1-8). In contrast, the edge condition of the first holes produced using domed
PCD drills were generally defect free except for minor instances of protruding fibres in Test
12, which was carried out at the higher cutting speed and feed rate levels (180 m/min and 0.1
mm/rev) under dry environment. Defects at the exit position of the first hole was surprisingly
lower in trials with the uncoated WC compared to the CVD-diamond coated drills. This was
possibly due to the relatively larger cutting edge radius (>~24 um) of the latter in the new
condition. The level of uncut fibres generally increased with the number of holes drilled,
which was seen to cover the entire hole circumference at test cessation when employing the
uncoated WC drills. The deterioration in hole edge quality over the test cessation however
was less severe when CVD-diamond coated and domed PCD drills were utilised, with the

exception of Tests 5 and 9 due to the relatively higher levels of tool wear recorded.
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Figure 4.17: Hole entry micrographs at the first and last hole in Phase 1A
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Figure 4.18: Hole exit micrographs at the first and last hole in Phase 1A
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Figure 4.19 details the delamination factors calculated at the entry and exit locations for
both the first and last holes (hole 512) drilled when using CVD-diamond coated WC and
domed PCD tools. In general, the exit delamination factors at hole 1 and 512 were ~50%
higher than the corresponding entry delamination factors except for the former produced by
domed PCD drills. The low level of workpiece delamination in the first holes was attributed
to the high edge sharpness (~4.6 um cutting edge radius) of the PCD drills allied with the low
thrust force levels at the start of the trials. The measured delamination factors at the entry and
exit sections were approximately equivalent for both the first and last holes when using the
CVD-diamond coated WC drills. Domed PCD tools however generally produced lower exit
delamination factors which were up to 33% (~0.49) for the first and 10% (~0.15) for the last
holes drilled. This was in agreement with tool wear results. Figure 4.20 shows the main
effects plot with respect to exit delamination factor for the first hole machined. Tool material
was the dominant parameter affecting exit delamination factor with an associated PCR of
85.3%, while not shown here, the results were similar for the last hole drilled, albeit with a
lower PCR of 69.9%. Based on the main effects plot, exit delamination can be minimised by
drilling at a cutting speed of 90 m/min and feed rate of 0.05 mm/rev under chilled conditions

using domed PCD tools.
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Figure 4.19: Delamination factor at hole entry and exit for both the first and last holes

108



Chapter 4: RESULTS AND DISCUSSION

Tool material Cutting speed (m/min) Feed rate (mm/rev) Cutting environment
Significant

1.5+

1.4

1.2

Hole exit delamination factor (first hole)
H
w

1.1+

Figure 4.20: Main effects plot for exit delamination factor of the first hole drilled
4.1.5 Hole size and geometrical accuracy measurement

Due to the poor performance of uncoated WC drills which suffered from rapid wear
(number of drilled holes <320) leading to fibre dust / matrix burning and adverse hole quality,
hole size and geometrical accuracy were only evaluated for specimens drilled with CVD-
diamond coated WC and domed PCD tools. The variation in hole diameter against the number
of drilled holes is shown in Figure 4.21. All of the holes were found to be oversized when
drilling with new tools (hole 1) regardless of the drill material or operating parameters. At test
cessation, only holes in Tests 5 and 6 (CVD-diamond coated drills) were observed to be
undersized by ~40 um and ~18 pm respectively (nominal diameter of 6.38 mm). In particular,
hole diameter in Test 5 was found to decrease sharply after ~200 holes, most likely due to the
heavy chipping / delamination of the tool coating. All of the holes measured in Test 7 were
found to be oversized, possibly due to a thicker than expected coating layer, while the
deviation in hole diameter did not exceed 10 um in Test 8, even after drilling 512 holes. In
general, the holes produced using domed PCD drills were oversized, but all within a range of
~20 pum from the nominal hole diameter of 6.36 mm, irrespective of the experimental
conditions. This was attributed to the superior wear resistance of PCD, which maintained

consistent cutting edge conditions.
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Hole out of roundness and cylindricity results plotted against number of drilled holes
are detailed in Figures 4.22 and 4.23 respectively. For tests using CVD-diamond coated WC
drills, the hole out of roundness measurements were within 10-20 um over the experiment
duration except for Test 5, which showed a significant increase up to an average of 47 pm
after 512 holes. This was in line with the results of tool wear progression. In addition, Test 5
also indicated higher measurement variation compared to other tests, which suggested
possible fluctuations in hole surface quality. Similar results were recorded in Test 9 when
using the domed PCD drill, which was undertaken at equivalent machining prameters. The
trends in hole cylindricity were comparable to the variation in out of roundness, with values
of 55, 18, 27 and 15 pum recorded for the last hole drilled in Tests 5, 6, 7 and 8 respectively.
Surprisingly, the out of roundness and cylindricity values were higher (inferior) after 384 and
512 holes when utilising the domed PCD drills, despite the greater wear levels on the CVD-
diamond coated WC tools.

6.420

Nominal hole size = 6.38 mm (diamond coated drill)
6.410 A 6.36 mm (domed PCD drill)
6.400 A
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Figure 4.21: Hole diameter results against number of drilled holes
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Figure 4.22: Out of roundness results against number of drilled holes
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Figure 4.23: Cylindricity measurement results against number of drilled holes
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4.1.6 Hole surface integrity analysis

Figure 4.24 shows sample SEM micrographs of hole surfaces drilled with uncoated WC
tools. Melted matrix / resin material was apparent on the machined surfaces of the last hole
(hole 192) in Test 1 (90 m/min, 0.05 mm/rev and dry), see Figures 4.24(a) and 4.24(b), which
typically occurs at temperatures of 300-350°C [43, 60, 62]. The combination of rapid tool
wear, low feed rate and dry cutting environment coupled with the poor thermal conductivity
of CFRP were major contributing factors in relation to matrix / resin melting. Severe fibre
reorientation / bending, workpiece porosity / cavities, fibre / matrix cracking and ply
separation were also observed on the surfaces of the last hole in Tests 1 and 2, see Figures
4.24(c, d, f-h). In addition, smashed fibre dust was common sticking / depositing in the voids /
porosities as shown in Figures 4.24(d) and 4.24(h). This was probably attributed to the melted
resin materials caused low viscosity of fibre dust and smearing effect. Fibre dust covered on
the workpiece plate and stacked in drill flute (see Figure 4.5) further exacerbated the situation
(fibre dust evacuation). In contrast, the surfaces of the first hole were damage free, due to the

new condition of the drills, see Figure 4.24(e).

Coversely, no evidence of melted resin was found in Test 5 when using CVD-diamond
coated tools even after drilling 512 holes, see Figures 4.25(a) and 4.25(b). This was due to the
superior thermal conductivity of the CVD-diamond coating and relatively stable tool wear
progression. Fibre dust was however seen lodged in the surface cavities and especially
prevalent in tests performed dry, see Figures 4.25(g) and 4.25(h). Limited damage was found
in holes at the cessation of Tests 8 and 12 for both the entry and exit sections, as shown in
Figures 4.25(c) and 4.25(f). Porosity / matrix pull out occurred typically at specific ply / fibre
orientations (135°), which suggests that hole quality is highly influenced by fibre direction.

The effect of fibre orientation on hole surface quality is further evaluated in Phase 2 work.
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Figure 4.24: Sample SEM micrographs of hole surfaces drilled with uncoated WC tools
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Figure 4.25: Sample SEM micrographs of hole surfaces drilled with diamond coated and

domed PCD tools
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4.1.7 Chip analysis

When drilling at a cutting speed of 90 m/min and feed rate of 0.05 mm/rev in dry
conditions, the entanglement of carbon fibres on the drill was predominantly with associated
dust particles packing / adhering onto the flutes. This was prevalent from the first hole
irrespective of tool materials. A similar occurrence was also observed in Test 12 (domed PCD
and 0.1 mm/rev) at the higher cutting speed, where the fibres had to be manually removed
after several holes, see sample images in Figure 4.26 after drilling 64 holes. This was possibly
due to the lower viscosity of the epoxy resin caused by the high drilling temperatures together
with the poor evacuation of carbon fibre swarf. No signs of fibre entanglement however was
observed in the remaining tests, most likely due to the application of chilled air. The
workpiece debris typically comprised long fibre ‘threads’, powdery particles, and compacted
dust, of which a significant proportion was trapped in the drill flutes, see Figure 4.27(a).
Figure 4.27(b) shows an image of the drill condition after 512 holes in Test 5. A change in
colour of the coating was visible near the tool tip indicating the likelyhood of high
temperatures generated when drilling dry at low feed rates. Additionally, the entangled fibres
further exacerbated the situation by inhibiting heat dissipation. Figure 4.28 shows sample
SEM micrographs of the swarf morphology from Tests 7 and 8. It was found that fibre
clusters were held together by melted resin material forming ‘thread’ of up to ~100 pm in
length. The fibre bundles were generally between two ‘threads’ and possibly generated via

fibre pull out from the hole surface.

Entangled
fibres

Figure 4.26: Entangled fibres were found in (a) Test 5 and (b) Test 12 after drilling 64 holes
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Figure 4.27: (a) Fibre dust / swarf produced in Test 5 and (b) cutting tool condition at test

cessation

X178 188 mm

X148 1881m

(b) Fibre dust produced in Test 8
Figure 4.28: SEM micrographs of fibre dust / swarf morphology
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4.1.8 Confirmation test

A confirmation test was carried out to verify the statistical analysis for minimum tool
wear. Based on results in section 4.1.1, the preferred factor level combination to achieve
minimum flank wear of 69.6 um at test cessation was by utilising domed PCD drills at a
cutting speed and feed rate of 180 m/min and 0.1 mm/rev respectively under dry conditions.
The confidence interval at the 5% level was calculated using the following equation [204]:

1
Confidence interval = \/F“‘l“’evep[(n_ff) + (1/7)]
(S

F, = tabulated F value for a 95% confidence interval
v, = degrees of freedom associated with the error
Ve, = mean sum of square associated with the error

r = sample size for the confirmation test

Total number of observations

Meff = T [total degree of freedom associated with items used in estimating mean]
According to the experiment, F, = 10.1, V,,, = 14.1 and n¢g = 1.6.
Confidence interval = 69.6 + 15.2 and confidence limits = 54.4 and 84.8 um.

Results from the confirmation test showed the flank wear at test cessation (512 holes)
was 64 pm, which was within the confidence interval calculated, indicating that the
experiment was statistically valid. Corresponding thrust force and torque values recorded at
the first hole were 105 N and 34 N.cm respectively, which rose to 390 N and 54 N.cm after
512 holes. The drill cutting edge radius was up to 16.5 um (see Figures 4.29(a) and 4.29(b)),
which was lower than the best result seen in Test 12 (18.6 um). Hole entry and exit quality
following 512 holes was comparable with results observed in mainstream tests, see Figure
4.29(c).

(b) Radius:

e Cutting edge
. profile

Figure 4.29: (a) Cutting edge morphology, (b) cutting edge profile and (c) hole entry and exit
quality at test cessation (hole 512)
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4.2 Phase 1B: Preliminary / benchmarking trials in drilling CFRP with

variable feed rate operation.

4.2.1 Thrust force and torque

Due to the limited availability of tools, selected worn drills from Phase 1A experiments
were utilised for Phase 1B trials. Figures 4.30(a) and 4.30(b) show the tool wear scars on both
cutting lips at test cessation of drills used in Tests 6 and 8 in Phase 1A respectively, with
corresponding average flank wear of ~117 and 111 um. Additionally, no chipping of the
coating was observed on the drills after 512 holes. In the current experiment, a series of
drilling trials were conducted at cutting speeds of 90 and 180 m/min respectively, with an
initial feed rate of 0.1 mm/rev, which was reduced to 0.01 / 0.02 mm/rev for the final 2 mm of
the hole, under different environment conditions (flood coolant, chilled air, dry).

Flank wear: 114 pm Flank wear: 120 pm

2

Abrasion

(@) Tool wear scar in Test 6 after drilling 512 holes

Flank wear: 111 pm Flank wear: 111 um

(b) Tool wear scar in Test 8 after drilling 512 holes

Figure 4.30: Tool cutting edge condition at test cessation of (a) Test 6 and (b) Test 8 used for
current experiment

Figure 4.31 shows typical thrust force and torque profiles when drilling CFRP at the
different operating parameters. At a cutting speed of 90 m/min with chilled air environment,
the maximum thrust force recorded decreased by 61.3% from 238N to 92N as feed rate
reduced from 0.1 to 0.01 mm/rev. Similarly, the thrust force dropped from 253N to 118N (by
53.4%) when feed rate varied from 0.1 to 0.02 mm/rev near the hole exit. When operating at
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the higher cutting speed of 180 m/min with chilled air, thrust forces decreased by 62.4% and
50.0% upon reduction of feed rate to 0.01 and 0.02 mm/rev respectively. The difference of
thrust forces (~24N) at the initial stage of drilling was mainly due to the variation in flank
wear levels as worn tools were utilised from previous Phase 1A trials.

Figure 4.32 details the maximum thrust force and torque results for tests performed
under the different cutting conditions. In general, both thrust force and torque values
increased when employing chilled air and flood coolant compared to dry conditions
irrespective of cutting speed. Maximum thrust force increased by up to 17.3% when drilling
with flood coolant as opposed to dry, which was most likely due to the superior heat removal
characteristics of the former that prevented / reduced thermal degradation of the workpiece
material. However, the use of water based emulsion is generally restricted for machining
CFRP materials due to absorption of fluid by the composite, which can cause swelling as well
as induce chemical reactions with certain functional groups of macro molecules, leading to
form and geometrical errors [62].
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= -
= 140 < 140
g g
3 z
% 70 5 70
= (b = 0 - -
E E 216  4.32 6.48 8.64
Time (s) Time (s)
(@) 0.01 mm/rev in final 2 mm (b) 0.02 mm/rev in final 2 mm
240 AR — Fz - 280 — Fz
= 9 g /
S 180 62.4% 2 2104
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=120 2 140,
z z
%’ 60 § 700f
Z 0 . g o S,
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= . i :
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(c) 0.01 mm/rev in final 2 mm (d) 0.02 mm/rev in final 2 mm

Figure 4.31: Thrust force and torque profiles in Phase 1B when drilling with chilled air at
cutting speeds of (a, b) 90 m/min and (c, d) 180 m/min
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Figure 4.32: Maximum thrust force and torque values in different cutting environment
4.2.2 Hole exit quality

Figure 4.33 shows the typical hole exit defect modes observed in a series of 4
consecutive holes drilled in trials performed at 90 m/min under dry and chilled conditions,
which includes signs of spalling, fuzzing, delamination and uncut fibres. These were
compared against the first and last holes drilled from Test 6 in Phase 1A, where uncut fibres
were prevalent across the hole exit and typically orientated in the same direction. The level of
damage however was approximately equivalent in the first and last hole. In the current
experiment, the number of uncut fibres at the hole exit were generally lower when drilling
with chilled air in comparison to dry environment. Furthermore, use of the variable feed rate
strategy with chilled air resulted in superior hole exit quality, where uncut fibres decreased by
up to ~65% compared to results from Test 6 in Phase 1A. This was probably due in part to the
considerable drop in thrust forces as feed rate was reduced to 0.01 or 0.02 mm/rev, leading to
lower workpiece delamination and hole damage. However when operating dry, significant
levels of workpiece splintering and uncut fibres remained around the hole exit periphery,

despite utilising a lower feed rate in final 2 mm of drilling.

For trials at a cutting speed of 180 m/min with the variable feed rate strategy, no

appreciable improvement in hole quality was observed over results in Test 8 (180 m/min, 0.1
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mm/rev, dry) from Phase 1A, see Figure 4.34. The level of uncut fibres and splintering were
similar regardless of the cutting environment employed. This was possibly attributed to the
increased temperatures generated at the higher cutting speed resulting in weakening of the

resin matrix.

In Phase 1A, 90m/min+0.1mm/rev+Chilled air
v Hole 512

\

W
N
.\

. 1\7.\

90m/min+0.1mm/rev+0.01mm/rev (in final 2 mm)+Dry

90m/min+0.1mm/rev+0.02mm/rev (in final 2 mm)+Chilled air

90m/min+0.1mm/rev+0.02mm/rev (in final 2 mm)+Dry

Figure 4.33: Hole exit quality when drilling at 90 m/min
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In Phase 1A, 180m/min+0.1mm/rev+Dry

Hole 512

180m/min+0.1mm/rev+0.01mm/rev (in final 2 mm)+Dry

180m/min+0.1mm/rev+0.02mm/rev (in final 2 mm)+Chilled air

180m/min+0.1mm/rev+0.02mm/rev (in final 2 mm)+Dry

Figure 4.34: Hole exit quality when drilling at 180 m/min
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4.3 Phase 2A: Evaluation of hole quality when drilling CFRP with variable

feed rate operation

4.3.1 Tool wear and life

Figure 4.35 details the evolution of drill flank wear for all tests, which typically showed
‘steady’ wear progression until test cessation. All of the drills produced 384 holes, with flank
wear ranging between 114 um (Test 5) and 193 pum (Test 2). Tool wear was lowest when
drilling Type 2 laminates at the highest feed rate of 0.3 mm/rev. This was partly due to the
shorter contact time between workpiece and tool, although flank wear was up to 57 um higher
when drilling Type 3 CFRP material at equivalent feed rates. Abrasion and chipping of
coating were the primary tool wear modes, as shown in Figure 4.36, detailing drill wear scar
Images at test cessation in Tests 2 and 5.

According to the ANOVA, none of factors were found to be statistical significant with
respect to tool wear, although this could have been due to the majority of total tool-workpiece
contact time (~70-88%) being confined to the final 2 mm of the hole when the feed rate was
reduced to 0.01 mm/rev. This may have also contributed to the relatively high residual level,
with workpiece material having a percentage contribution ratio of 24.54% while feed rate

showed negligible PCR.
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Figure 4.35: Flank wear curves for all tests against number of drilled holes
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Figure 4.36 Tool wear scar at test cessation in (a) Test 2 and (b) Test 5

4.3.2 Thrust force and torque

Figure 4.37 shows the thrust force and torque profile when drilling the last hole (hole
384) in Test 4. Both parameters increased rapidly during the initial stage of drilling under the
principal feed rate of 0.1 mm/rev, which then dropped dramatically with reduction in feed
rate. Drilling time over the last 2 mm of the hole was 2.51s as opposed to only 1.05s, 0.57s
and 0.35s when operating at the principal feed rates of 0.1, 0.2 and 0.3 mm/rev respectively.

Figure 4.38 shows the maximum thrust force and torque measured during the initial
stage of drilling at the principal feed rate for each trial. The former in Tests 2, 4 and 6 (Type 3
workpiece) increased by ~155%,~118% and ~98% respectively from the first to the last hole
drilled, while trials involving the Type 2 laminates (Tests 1, 3 and 5) recorded lower increases
in thrust force of only ~56-67%. Conversely, torque values remained approximately constant
in all tests. Figure 4.39 details the thrust force and torque progression when operating at the
reduced feed rate of 0.01 mm/rev. Here, the thrust force values largely ranged between 100

and ~120N over the test duration, with the marginal increasing trend attributed to tool wear.
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Figure 4.37: Force and torque profile at the last hole (hole 384) in Test 4
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The main effects plot and corresponding ANOVA table for initial stage thrust force
measured at the last hole drilled are shown in Figure 4.40 and Table 4.3 respectively. Both
workpiece material and feed rate were found to be statistical significant, with associated PCR
values of 33.4% and 61.4% respectively. Feed rate also had an overriding influence on torque
with a PCR of 96.5% according to the ANOVA analysis, while the effect of workpiece
material was negligible, see main effects plot detailed in Figure 4.41. The results generally
agreed with published data in the literature [55, 56].

Workpiece materials Feed rate (mm/min)
560 -
Significant Significant
540 -
z
o 520
o
L
%’ 500 -
=
g
g 480
s
= 460
440 -
420 -
Type 2 Type 3 0.1 0.2 0.3
Figure 4.40: Main effects plot for thrust force at last hole (hole 384)
Table 4.3: ANOVA results for thrust force at last hole (hole 384)
Source DF Seq SS [ Adj MS F P PCR
Workpiece material 1 9680.2 | 9680.2 | 33.59 | 0.029* | 33.4%
Feed rate 2 17841.0 | 8920.5 | 30.96 | 0.031* | 61.4%
Error 2 576.3 288.2 5.2%
Total 5 28097.5
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Figure 4.41: Main effects plot for torque at last hole (hole 384)
4.3.3 Hole entry and exit quality

Figure 4.42 shows micrographs of hole entry and exit for the first and last holes drilled
in all tests, which are compared against corresponding results from Test 6 performed at
constant feed rate in Phase 1A. In terms of hole entry quality, only minor damage in the form
of fuzzing and limited uncut fibres was observed at the first hole, while increased fuzzing,
uncut fibre and delamination were apparent at the last hole irrespective of feed rate and
workpiece type. At the highest feed rate (0.3 mm/rev), uncut fibres were observed even at the

first hole.

Compared to hole exit results from Test 6 in Phase 1A (constant feed rate at 0.1
mm/rev), the level of uncut fibres were significantly lower in both the first and last holes
when drilling with the variable feed rate strategy. This was attributed to the decreased thrust
forces in line with the reduction in feed rate (0.01 mm/rev). The only exception was at the last
hole drilled in Test 2, where the highest flank wear of ~193 pm was observed, which likely

caused an elevation in thrust force.
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Hole entry Hole exit

First hole Last hole First hole Last hole

Test 6 in Phase 1A (Type 3 WP, 0.1 mm/rev)

Test 1 (Type 2 WP, 0.1 mm/rev)

Uncut fibres
Fuzzing

N

Test 2 (Type 3 WP, 0. 1 mm/rev)

Delamination

Test 3 (Type 2 WP, 0.2 mm/rev)

Test 4 (Type 3 WP, 0 2 mm/rev)

Test 5 (Type 2 WP, 0.3 mm/rev)

Uncut fibres

Test 6 (Type 3 WP, 0.3 mm/rev)

Figure 4.42: Hole entry and exit quality at the first and last holes in all tests
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Delamination factor (Fy) results at hole entry and exit for the first and last holes are
detailed in Figure 4.43. In general, delamination factor was found to be greater (by up to 0.18)
at test cessation compared with the first hole for both entrance and exit positions. Damage
was also typically more severe at the hole exit. Delamination factor values at hole entrance
generally increased with feed rate where a maximum of 1.35 was observed in Test 5 (Type 2
WP, 0.3 mm/rev). For the exit delamination factor, Type 2 workpiece normally produced
lower values (up to 0.16) except for the last hole drilled when operating at 0.3 mm/rev (Test
5). Furthermore, the influence of varying feed rate on exit delamination factor exhibited no
apparent trend. According to the associated statistical analysis, feed rate was found to be a
significant factor affecting the entrance Fq4 of the first hole with a PCR of 87.9%, which was in
agreement with the observations of several researchers [55, 60, 194, 205]. The discrepancy of
exit Fq4 between the first and last holes however was limited, which was most likely due to the

constant reduced feed rate (0.01mm/rev) applied.
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Figure 4.43: Delamination factor at hole entry and exit for the first and last holes in all trials
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4.3.4 Hole size

The diameter for each of the measured holes were found to be undersized, with the
exception of the first hole drilled in Test 2, see Figure 4.44. The deviation from the nominal
hole diameter was up to ~40 um (~0.7%) at test cessation (after drilling 384 holes). In
general, a large proportion of the hole diameter error (up to ~30 um reduction) occurred
within the first 128 holes, followed by a more gradual decrease over the last 256 holes. This
was mainly due to rapid loss of the coating layer at the initial stage of drilling, prior to steady

abrasion of the WC substrate.
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Figure 4.44: Hole diameter progression against number of drilled holes
4.3.5 Hole surface integrity analysis

Figure 4.45 shows SEM micrographs of the machined surface at the first hole in Tests 1,
3 and 5. Type 2 CFRP workpieces were used in all three trials. Even in the first hole, defects
in the form of fibre loss / void formation were evident in the vicinity of the hole entry
irrespective of the principal feed rate (0.1-0.3 mm/rev) level. In contrast, surfaces with limited
damage was observed near the hole exit due to the lower feed rate (0.01 mm/rev) employed
over the final 2 mm of drilling. Considerable deterioration in surface quality over the entire
hole however was visible at test cessation, see Figure 4.46. Here, reducing feed rate to 0.01
mm/rev near the hole exit provided no appreciable benefits, which suggests that tool condition

had a more prominent influence than feed rate during the latter stages of a test. Surprisingly,
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increasing principal feed rate to 0.3 mm/rev did not appear to exacerbate the level of damage

compared to results at 0.1 mm/rev.

Figure 4.45: SEM micrographs of hole surface at the first hole in (a) Test 1 (0.1 mm/rev), (b)
Test 3 (0.2 mm/rev) and (c) Test 5 (0.3 mm/rev)

Figure 4.46: SEM micrographs of hole surface at the last hole in (a) Test 3 (0.2 mm/rev) and
(b) Test 5 (0.3 mm/rev)
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4.4 Phase 2B: Influence of workpiece configuration / fibre orientation and

elevated feed rates on hole quality when drilling CFRP

4.4.1 Tool wear and life

In the preliminary test at a feed rate of 0.6mm/rev, both cutting lips experienced
catastrophic failure / fracture at the flank surface when drilling the first hole, as shown in
Figure 4.47. This was most likely due to the high thrust forces (~1304N) generated at high
feed rates. Chipping of both the coating and substrate material at the tool periphery was also

prevalent.

Fracture

Figure 4.47: Tool wear scar after the first hole at a feed rate of 0.6 mm/rev for (a) lip 1 and (b)
lip 2

Figure 4.48 details the maximum flank wear values recorded at test cessation while the
corresponding wear progression curves against the number of drilled holes for all tests is
presented in Appendix C. Drill wear progression followed a similar trend regardless of feed
rate level or workpiece configuration, with all trials achieving 384 holes. The highest flank
wear at test cessation was 123 pm in Test 3 (Type 3 WP, 0.2 mm/rev) while the best
performance was observed in Test 4 (Type 1 WP, 0.4 mm/rev) with flank wear of 102 pum.
There was marginal difference (21um) in flank wear levels between all tests after 384 holes,
as the tool-workpiece contact time per hole was limited to ~1.33 and ~1.00s when operating at
0.2 and 0.4 mm/rev respectively. Sample tool wear scar images from Tests 3 and 4 at test
cessation are shown in Figure 4.49, highlighting that abrasion and chipping of the CVD-
diamond coating (at the drill corner) were the main tool wear modes.
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Figure 4.48: Maximum flank wear results recorded at test cessation

Figure 4.49: Tool wear scar at test cessation in (a) Test 3 and (b) Test 4
4.4.2 Thrust force and torque

Maximum thrust force and torque were recorded both for the first stage of drilling at the
principal feed rate (0.2 or 0.4mm/rev) as well as the second stage at the reduced feed rate of
0.01mm/rev. The force / torque progression against number of drilled holes during the initial
drilling period is detailed in Appendix C (Figure C2). Generally, thrust force variations were
in line with tool wear progression, while there was marginal difference (<10 N.cm) in torque
values between the first and last hole drilled (hole 384). Figure 4.50 details the evolution of
thrust force / torque when drilling at the lower feed rate. Thrust force values typically varied
between ~80 and ~110 N, while torque was approximately constant (~30 N.cm) over the test
duration. This was due to the constant feed rate (0.01 mm/rev) applied in the final 0.5 mm of
the hole. Maximum thrust forces when drilling at the principal feed rate typically increased by

133



Chapter 4: RESULTS AND DISCUSSION

an average of ~60% from the first to the last hole, see Figure 4.51. The highest thrust force

was seen in trials utilising Type 2 workpieces, which was possibly due to the greater number

of plies (16) orientated at 0° generating elevated shearing forces. Compared to drilling at a

feed rate of 0.2 mm/rev, thrust forces were up to 45% and 36% higher at 0.4 mm/rev for the

first and last holes respectively.

====Thrust force - Test 1 == Thrust force - Test 2
—+=Thrust force - Test 3 =—&—Thrust force - Test 4
=@ Thrust force - Test5 == Thrust force - Test 6

€ —o—Torque - Test 1 ~#—Torque - Test 2

Q ——Torque - Test 3 =><=Torque - Test 4

£ ==Torque - Test 5 =@=Torque - Test 6

(B}

S 140

8

T 120

(3]

Z 100

3

.§ 80

3 60

r=

E 40

>

E 20

=

=

0 -+

0 32 64 96 128 160 192 224 256 288 320 352 384 416

Number of drilled holes

Figure 4.50 Thrust force and torque progression against number of drilled holes when
machining with the reduced feed rate
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Figure 4.51: Thrust forces recorded for the first and last holes when drilling with the principal

feed rate level
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According to the statistical analysis, feed rate was found to have a significant influence
on thrust force at the first hole with an overwhelming PCR of 94.6%. Conversely, the effect
of workpiece configuration was negligible, having a PCR of 2.9%. Similar results were
observed from the main effect plots and corresponding ANOVA table relating to thrust force
for the last hole, as shown in Figure 4.52 and Table 4.4 respectively. Feed rate had a dominant
effect with a PCR value of 82.8%.

Workpiece material Feed rate (mm/rev)

440
Significant
420
400

380

360

Maximum thrust force (N)

340

320 1

Type 1 Type 2 Type 3 0.2 0.4

Figure 4.52: Main effects plot for thrust force recorded at the last hole (hole 384)

Table 4.4: ANOVA results for thrust force recorded at the last hole (hole 384)

Source DF Seq SS | Adj MS F P PCR
\Workpiece material 2 2379.0 | 11895 5.33 0.158 10.9%
Feed rate 1 14900.2 | 14900.2 | 66.77 0.015* | 82.8%
Error 2 446.3 223.2 6.3%

Total 5 177255

The variation in maximum torque values between the first and last holes did not exceed
10 N.cm irrespective of composite type. The progression of torque against number of drilled
holes is detailed in Figure C2 of Appendix C. Increasing feed rate from 0.2 to 0.4 mm/rev
however resulted in a considerable rise in torque of up to ~58%, as shown in Figure 4.53.

Associated ANOVA calculations indicated that feed rate had an overriding influence on
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torque at the last hole with a PCR of 98.4%, while workpiece material type had no

appreciable effect.

150

Torque (N.cm)

0.2mm/rev

0.4mm/rev

Figure 4.53: Torque values recorded for the first and last holes when drilling with the

principal feed rate level
4.4.3 Hole entry and exit quality

Figure 4.54 details optical micrographs of hole entry and exit for both the first and last
holes in all tests. Hole entry was largely free of any major flaws over the entire test duration
when drilling at a feed rate of 0.2 mm/rev, while uncut fibres and splintering were prevalent
from the first hole when feed rate was increased to 0.4 mm/rev. The level of damage was even
more pronounced with further increment in feed rate to 0.6 mm/rev, as shown in Figure
4.55(a). This was due to laminate ‘peel up’ effects as well as increased thrust force at elevated
feed rates [75, 194, 206]. In all tests, there were relatively low levels of uncut fibres at the
hole exit, due to use of a support jig with 7.0 mm clearance holes that minimised delamination
and fibre ‘push out’ as well as the reduced feed rate of 0.01 mm/rev. The latter most likely
kept exit thrust forces below the ‘critical’ threshold for triggering workpiece delamination,
which is the main factor affecting hole exit damage according to Hocheng and Tsao [201].
Additional trials were conducted at constant / fixed feed rates of 0.2 and 0.4 mm/rev in order
to investigate the influence of variable feed rate strategy on hole exit quality. In the
subsequent tests, a high degree of uncut fibres were prevalent at the exit section of the hole
even when utilising the support jig, as shown in Figures 4.55(b) and 4.55(c). This suggests
that variable feed rate operation was instrumental in minimising uncut fibres and improving
hole exit quality.
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Hole entry Hole exit

First hole Last hole First hole Last hole

Test 1 (Type 1 WP, 0.2mm/rev)

> "

Figure 4.54: Hole entry and exit at the first and last holes in all tests
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Figure 4.55: (a) Hole entry with feed rate of 0.6 mm/rev in the preliminary trial, (b) hole exit

with constant feed rate of 0.2 mm/rev and (c) 0.4 mm/rev
4.4.4 Effect of fibre cutting angle on workpiece delamination / uncut fibre damage

The fibre cutting angle 0 is defined as the angle between the tool feed direction and
workpiece fibre orientation, as shown in Figure 4.56. In drilling, the angle 0 is continuously
changing due to tool rotation. From previous experimental results (especially in Phase 1A),
uncut fibres are generally prevalent at the hole exit (see sample picture in Figure 4.57(a)).
When drilling without workpiece support, uncut fibres / delamination typically formed
symmetrically at opposite quadrants of a hole, within critical cutting angles of 90°<6<180°,
irrespective of fibre lay-up configuration. However, when the cutting angle in the range of
0°<0<90°, no delamination / uncut fibres were observed, as shown in the schematic in Figure
4.58(a). In order to evaluate the occurrence of delamination / uncut fibres in relation to fibre
cutting angle, further experiments were conducted at feed rates of 0.2 and 0.4mm/rev when
drilling unidirectional CFRP plates. Uncut fibres were visible in a symmetrical pattern
regardless of feed rate, as detailed in Figures 4.57(b) and 4.57(c). This was illustrated by the
schematic in Figure 4.58(b), where uncut fibres were mainly seen to form within the critical
cutting angles of 90°<6<180°.

Fibre cutting angle: 6

Y .
Cutting direction

N / ) “// 9“0

Figure 4.56: Fibre cutting angle definition

AN
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Figure 4.57: Hole exit quality at (a) Type 1workpiece material with feed rate of 0.1 mm/rev,
(b) unidirectional (UD) workpiece at 0.2mm/rev and (C) UD at 0.4mm/rev

=90

B=180°/0°

6=180°/0° & Direction of
Clean<cir BT tool rotation

Figure 4.58: Schematic of uncut fibres relating to fibre cutting angles with (a) Type 1WP

having 45° orientation for the last / exit ply and (b) unidirectional WP
4.4.5 Two and three dimensional (2D and 3D) surface topography analysis

Figure 4.59 details the surface roughness (Ra) values measured at the entry and exit
positions in both the first and last holes for all tests. Hole roughness was generally higher in
Type 3 workpieces (Tests 3 and 6) at both feed rate levels, which was due to the larger
number of plies (14) orientated at 135°. Increasing feed rate from 0.2 to 0.4 mm/rev led to
lower Ra in all of the samples analysed, which was attributed to a decrease in tool wear when
operating at higher feed rates, as a result of the shorter interaction period between the tool and
workpiece. Furthermore, the Ra measured in the vicinity of the hole exit location was
consistently found to be lower (by up to ~ 80%) compared to the entrance section, which was
possibly due to a ‘ploughing’ or ‘polishing’ effect when operating at the very low feed rate of
0.01 mm/rev. An analysis of skewness (Rsk) showed that all values were negative, indicating
that the machined surfaces were typically dominated by sharp / deep valleys, most likely the
result of fibre pull out / matrix loss. Conversely, the relatively high kurtosis (Rku) values
recorded (>3) suggests the presence of sharp peaks on the measured profiles, which was likely
from uncut / re-deposited fibres on the hole surfaces.
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Figure 4.60: Surface skewness (Rsk) and kurtosis (Rku) results for the first and last holes in
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Figure 4.61 details 3D surface roughness values (Sa) recorded at the first and last holes
in all tests, with associated surface topography maps outlined in Figure 4.62. Substantial
grooving / voids were clearly visible particularly at the 135° orientated plies in all workpiece
samples despite drilling with new tools. Damage was also more severe in the Type 3
workpiece due to the presence of adjacent 135° plies, which would explain the poorer surface
roughness observed in both 2D and 3D measurements. For both the first and last holes, Type
2 workpiece material showed the lowest Sa value (0.46 and 1.16 um) while Type 3
demonstrated the highest roughness values (up to 2.47 um). The variation in St (total height
of the surface) was similar to that of the Sa parameter. Statistical analysis on results from the
first hole showed that both workpiece material and feed rate were significant at the 5% level
with respect to Sa, the former having a greater influence with a PCR of 83.7% compared to
only 16.2% for feed rate, see main effects plot and corresponding ANOVA results shown in

Figure 4.63 and Table 4.5 respectively.
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Figure 4.61: Surface roughness (Sa and St) results at the first and last hole in for all tests
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Figure 4.62: Three dimensional (3D) topography maps for the first and last holes in all tests
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Figure 4.63: Main effects plot for surface roughness (Sa) at the first hole

Table 4.5: ANOVA results for surface roughness (Sa) at the first hole

Source DF Seqg SS | Adj MS F P PCR
Workpiece materials 2 0.54800 | 0.27400 | 1389.7 | 0.001* | 83.7%
Feed rate 1 0.10587 | 0.10587 | 537.0 | 0.002* | 16.2%
Error 2 0.00039 | 0.00020 0.1%

Total ) 0.65426

4.4.6 Hole size, out of roundness and cylindricity

Figure 4.64 shows the variation in hole diameter against number of drilled holes. In
general, all tests produced oversized holes (>6.38 mm) with the maximum deviation from the
nominal diameter at test cessation up to 10 um. The difference in diameter of the last holes
between all trials was in line with tool wear results. The influence of feed rate and material

type on hole diameter was also largely marginal.

Figures 4.65 and 4.66 detail the average out of roundness and cylindricity
measurements at intervals of 128 holes. In general, both the roundness and cylindricity levels

showed a rising trend with the number of drilled holes, due to increasing tool wear. Average
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out of roundness however did not exceed 20 um even after drilling 384 holes in any of the
trials. Hole cylindricity results were similar, with values of ~15 um recorded for the first hole,
which increased to ~23 pum at test cessation. Variation in feed rate and composite type did not

appear to have any significant influence on both out of roundness and cylindricity.
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Figure 4.64: Hole diameter variation against number of drilled holes
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145



Chapter 4: RESULTS AND DISCUSSION

4.4.7 Hole surface integrity analysis

Figure 4.67 presents SEM micrographs of cross sectioned hole surfaces for the first
holes drilled at a feed rate of 0.4 mm/rev (Tests 4-6). Cavities / damage were mainly
concentrated at plies with 135° orientation while those at 0°, 45° and 90° were generally free
of damage for the sections analysed. Defects were typically caused by fibre loss / pull out,
which were significantly more adverse in tests involving Type 3 workpieces, due to the
presence of adjacent 135° plies. Reducing feed rate to 0.01mm/rev towards the exit location
significantly improved hole surface quality in terms of eliminating cavities / fibre pull out,
which was attributed to the lower thrust force generated together with a ploughing / polishing
effect resulting from the extended tool-workpiece contact time.
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Figure 4.67: SEM micrographs of the first hole surfaces drilled at a feed rate of 0.4 mm/rev

Corresponding SEM micrographs of surfaces on the last hole (hole 384) drilled at 0.4
mm/rev are shown in Figure 4.68. In addition to increased levels of damage, fibre loss /
cavities were also evident at the exit location despite the reduced feed rate (0.01mm/rev),
which suggests that tool wear / edge sharpness was the dominant factor affecting hole surface
quality.
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Figure 4.68: SEM micrographs of the last hole surfaces drilled at a feed rate of 0.4 mm/rev

Typical hole surface damage in terms of fibre pull out was further analysed via higher
magnification SEM microscopy, see Figure 4.69 showing the machined surface at ply / fibre
orientations of 0° and 135° respectively. Schematics of the cutting mechanisms when
machining CFRP at specific fibre orientations are detailed in Figure 4.70. Generally, when
machining fibres at 0° orientation, ‘peeling’ of the laminates occurs due to buckling, which
slides up the tool rake face leading to limited / marginal defects. Fibre fracture initiating at the
tool point (without elastic bending) is prevalent for plies in the 45° and 90° orientations,
resulting comparably smooth surface. In contrast, fibres in the 135° direction are typically
subjected to intense elastic bending caused by the cutting edge being pressed against the
fibres. As the pressure exceeds the strength of the fibres, fracture occurrs below the cutting
plane followed by elastic recovery, which generates a stepped surface [4]. Understandably,
high feed rates and worn tools with large cutting edge radii generally exacerbate damage at

the 135° orientated plies.
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Figure 4.70: Cutting mechanism in machining of CFRP at various ply / fibre orientations [4]

High resolution SEM micrographs of hole surfaces near the exit location (feed rate of
0.01 mm/rev) in selected tests are shown in Figure 4.71. In general, smearing of the matrix
material (epoxy resin) and re-deposited / adhered fibre dust were prevalent in both first and
last holes. This was most likely due to increased rubbing resulting from the prolonged contact
time between the drill and hole surface when operating at the reduced feed rate. Fibre
reorientation was also observed in the vicinity of the surface cavities, which was possibly due
to bending and ploughing effects during the drilling process.
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Figure 4.71: Sample SEM micrographs at hole exit location under reduced feed rate operation
(0.01 mm/rev)
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4.5 Phase 2C: Evaluation of diamond coated and domed PCD tools when

drilling CFRP at elevated / high cutting speeds

45.1 Tool wear and life

When operating at a cutting speed of 360 m/min, the CVD-diamond coated drill
experienced catastrophic failure / fracture upon entry into the third hole, as shown in Figure
4.72. Drill fracture occurred towards the end of the cutting flutes (Figure 4.72(b)), which was
possibly due to chatter / vibration at high rotational speed and tool deflection as well as the
high thrust force (612 N) and torque (178 N.cm) levels. In contrast, the domed PCD drill
showed gradual flank wear progressing up to 71 um after 384 holes. This was most likely
attributed to the shorter tool over-hang (~42 mm vs. 56 mm) as well as the superior cutting
edge sharpness (4.6 pm cutting edge radius) and wear resistance of the PCD tool.
Furthermore, torque in the first hole was ~75% lower when employing the domed PCD drill

at a cutting speed of 360 m/min.

The third hole

Figure 4.72: Tool fracture in (a) overview, (b) end view and (c) picture of the third drilled
hole

Figure 4.73 shows tool wear scar images of CVD-diamond coated and domed PCD
drills at test cessation after drilling at 280 (Test 3) and 360 m/min (Test 6) respectively. The
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principal wear mode was abrasion / cutting edge rounding for both tool materials with no
evidence of chipping. Maximum flank wear results for all trials are detailed in Figure 4.74,
while the tool wear progression against number of drilled holes is outlined in Appendix C
(Figure C3). In general, drill flank wear decreased with increasing cutting speed, where flank
wear of the CVVD-diamond coated drills at test cessation varied from 117 pum in Test 1 (180
m/min) to 86 um in Test 3 (280 m/min). Similarly, flank wear of the domed PCD drills after

384 holes was ~10% lower when operating at 360 m/min compared to 180 m/min.

Figure 4.73: Tool wear scar at the cutting speed of (a) 280 m/min with diamond coated tool
and (b) 360 m/min with domed PCD tool
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Figure 4.74: Maximum flank wear values at test cessation in all tests
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4.5.2 Thrust force and torque

Figure 4.75 displays maximum the thrust force and torque results at the first and last
holes in all trials, while the associated progression curves are detailed in Appendix C (Figure
C4). For the first hole, both thrust force and torque values generally increased with cutting
speed irrespective of tool materials. This was most likely due to elevated chatter / vibration
and tool deflection. At the cutting speed of 360 m/min, thrust forces / torque in the first hole
increased by 92.7% / 433% and 87.8% / 131.5% when drilling with CVVD-diamond coated
WC and domed PCD drills respectively, in comparison to tests at 180 m/min. However, no
apparent trend in thrust force and torque variation was observed for the last holes drilled using
the CVD-diamond coated tools, although thrust forces in Test 3 were lower (by up to 73N)
compared to results in Test 1 (180 m/min). Despite lower tool wear levels, thrust force and
torque were up to ~20% higher when using domed PCD drills over the CVVD-diamond coated
WC tools at test cessation. This was likely attributed to the tendency of fibre dust adhering
onto the flutes of the PCD drills, thereby hindering swarf extraction, see Figure 4.76.

Typical / sample thrust force and torque signal profiles obtained when drilling CFRP at
cutting speeds >180 m/min are shown in Figure 4.77. Signs of chatter / vibration was evident
when utilising CVD-diamond coated WC drills in both Tests 2 (240 m/min) and 3 (280
m/min), see Figures 4.77(a) and 4.77(b), which was possibly a consequence of high tool wear
levels / large initial cutting edge radius (23.8 um). A ‘ringing’ sound was also audible during
drilling but which gradually dissipated as the trial progressed, in line with the signals recorded
at test cessation, see Figure 4.77(b). This was not present in trials involving domed PCD tools
even at the higher cutting speed of 360 m/min, see Figures 4.77(c) and 4.77(d). Thrust forces
however showed a decrease trend as the drill progressed deeper into a hole, which was likely
due to a reduced flow of chilled air towards the bottom of the workpiece, leading to possible

degradation in workpiece strength.
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Figure 4.75: Maximum thrust force and torque values recorded at the first and last holes in all

tests

Fibre dust

Figure 4.76: Micrograph showing fibre dust adhering to drill flute
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Figure 4.77: Thrust force and torque profiles recorded at various cutting conditions
4.5.3 Hole entry and exit quality

Figure 4.78 details hole entry and exit for the first and last holes in all trials. The holes
drilled with new domed PCD tools showed superior edge quality at both the entry and exit
positions, which attributed to the low thrust force levels (<140N) and sharp cutting edge.
Except for Test 4, only minor damage in the form of delamination and uncut fibres were
observed at the entrance of the last hole drilled, which was due to the increasing flank wear /
cutting edge radius and thrust force levels as drilling progressed. For trials utilising the CVD-
diamond coated tools, uncut fibres were apparent at the exit location even from the first hole,
irrespective of the cutting speed, although the damage was marginally more severe in Test 1
(180 m/min). Similarly, uncut fibres and minor delamination was also evident at the exit of
the last holes drilled with the domed PCD tools.
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Hole entry Hole exit

First hole Last hole (hole 384) First hole Last hole (hole 384)

Test 6 (360m/min) with backup plate using domed PCD drill

Figure 4.78: Hole entry and exit quality for the first and last holes in all tests
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4.5.4 Hole roundness and cylindricity

Figure 4.79 presents out of roundness and cylindricity data for the first and last holes
drilled in all trials. Both parameters were found to increase with cutting speed even in the first
hole irrespective of tool material, possibly due to drill run out / deflection being more
pronounced at elevated rotational speeds. This was similarly observed for the last holes
produced with the CVD-diamond coated drills. In general, the domed PCD drills generated
holes with significantly superior form accuracy, with out of roundness and cylindricity of the
first hole not exceeding 10 and 13 um respectively. In contrast, corresponding holes machined
with CVD-diamond coated WC drills at 280 m/min showed an out of roundness of 68.98 pum
and cylindricity of 79.68 pum. Selected hole roundness (measured near hole entrance) and
cylindricity profiles at test cessation is detailed in Figure 4.80. Holes with typical gear / wave
profiles were observed when using CVD-diamond coated WC tools, which was likely the
result of process chatter / vibration seen previously in the thrust force and torque signals. In
addition, the majority of holes machined with the diamond coated WC drill exhibited a bell-
shaped form (larger at the top than the bottom). Conversely, holes drilled using the domed
PCD tools, typically demonstrated concentric profiles as well as near cylindrical form / shape,

see Figures 4.80(b) and 4.80(e) respectively.
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Figure 4.79: Out of roundness and cylindricity values at the first and last holes in all trials
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4.5.5 Hole surface integrity analysis

Figure 4.81 shows SEM micrographs of surfaces from the last hole machined with
CVD-diamond coated WC drills at cutting speeds of 180 (Test 1) and 240 m/min (Test 2).
Similar to results in Phase 2B, cavities / damage typically occurred at plies in the 135°
direction. Increasing cutting speed to 240 m/min generally led to cavities / fibre pull out
occurring over large areas of the hole. At the hole entry in Test 2 (240 m/min), evidence of
chatter / vibration was characterised by the presence of feed marks extending to a length of
~2.5 mm. Figure 4.82 shows high magnification SEM micrographs of hole surfaces drilled
using CVD-diamond coated WC tools at various cutting parameters. For both the first and last
holes (hole 384), re-deposited / adhered fibre dust was typically observed near the hole
entrance when cutting speed was >180 m/min. Conversely, However, fibre dust was largely
absent from holes machined with domed PCD drills even at the higher cutting speed of 360

m/min. The difference in surface quality between the first and last holes at the exit location
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was negligible, as shown in Figures 4.83(a) and 4.83(b), possibly due to the relatively low
level of flank wear (86 um). Minor discontinuous cavities / voids were also observed at entry
and exit positions of the first hole drilled with domed PCD tools, which further deteriorated as

the trial progressed, see Figures 4.83(c) to 4.83(f).

(c) Last hole (hole 384) in Test 1 (d) Last hole (hole 384) in Test 2
Figure 4.81: SEM micrographs taken at the last hole (hole 384) in Tests 1 and 2

158



Chapter 4: RESULTS AND DISCUSSION

EAEA

“m

Jeposited/ -

-adhered fibre dust .

18680m

(b) Fist hole in Test 3 (280m/min)

(d) Last hole (hole 384) in Test 3
Figure 4.82: Sample SEM micrographs of hole surface machined with CVD-diamond coated
tools
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Figure 4.83: Sample SEM micrographs of hole entry and exit
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4.6 Phase 3A: Preliminary / benchmarking trials in drilling MMCs with

different tool materials / coatings

4.6.1 Tool wear and life

Figure 4.84 shows tool flank wear progression against number of holes drilled for all
tests. For both uncoated and coated drills, tool life was less than 10 holes (VBmax > 300um)
irrespective of operating conditions, although marginally better performance was observed
when operating at higher feed rates (0.2 mm/rev in Tests 2 and 4). In contrast, both trials
involving the brazed PCD tools produced 300 holes, with corresponding maximum flank wear
of 64 pum and 58 um in Tests 5 and 6 respectively. This was attributed to the significantly
higher hardness of PCD (~5,000-8,000HV) providing greater resistance against the abrasive
SiC particles compared to the WC and hardmetal coatings (~2,000HV). Additionally, the
superior thermal conductivity of PCD (560W/m°C compared to 100W/m°C for K10 WC) was
expected to provide more effective heat dissipation from the cutting zone which further
extended tool life [144]. For both uncoated and coated WC tools, increasing feed rate reduced
tool wear, which was most likely due to lower the contact time between tool and workpiece

material.
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Figure 4.84: Flank wear progression against number of drilled holes in all tests

Figures 4.85 details optical micrographs of drills in the new condition as well as after
drilling the first and last holes in all tests. Severe cutting edge rounding and flank wear was
observed on the WC drills even after the first hole due to abrasion by the SiC particles. No
obvious signs of built up edge or adhered materials was evident on any of the uncoated or

coated WC tools, which was most likely due to the use of high pressure through tool coolant
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environment. In contrast, considerable workpiece adhesion / BUE was apparent on the PCD
drills, which was probably the result of insufficient cutting fluid / lubricant (supplied
externally) arriving at the cutting zone. Wear along the cutting edge / flank face of the PCD
drills however were found to be relatively uniform following removal of the adhered material
/ BUE by soaking in 25% NaOH solution for ~1 min, which is shown in Figures 4.86(a) and
4.86(b) for Tests 5 and 6 respectively.

New tool First hole Last hole

315 um

Test 1
(Uncoated)

Test 2
(Uncoated)

Test 3
(Coated)

Hole 6

Test 4
(Coated)

Test5
(Brazed PCD)

Test 6
(Brazed PCD)

Hole 300

Figure 4.85: Tool wear scar at new tool, the first and last holes (hole 300) in all tests
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Flank wear: 64 pm Flank wear: 58 pm

500 pm Test 6

Figure 4.86: Tool wear scar following soaking in 25% NaOH solution to remove the BUE /

workpiece adhesion in (a) Test 5 and (b) Test 6

Further in-depth analysis of the uncoated WC drills using SEM revealed the presence of
built up layer (BUL) rather than BUE on the cutting edge, which was verified by subsequent
EDS measurements, see Figure 4.87(a). Grooves / scratches were prevalent on the tool flank
face, which was indicative of abrasion as the primary wear mechanism. Although there was
substantially less adhered material on the coated WC tools, the chisel section was shown to be
severely abraded / worn, see Figure 4.87(b). No sign of spalling or delamination of the
coating however was seen at the boundary between the worn and unworn regions of the drill

flank face.

Uniform mes\ ;

[scratches

Built up edge
/adhesion

(b) SEM analysis of coated drill in Test 3 (TiAIN+TiN coated / 80 m/min /0.1 mm/rev)
Figure 4.87: SEM and EDS analysis of worn cutting lips for (a) Test 1 and (b) Test 3
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4.6.2 Thrust force and torque

For uncoated and coated drills, thrust force and torque significantly increased (up to
~100%) even within the first hole irrespective of drilling conditions, see thrust force and
torque profiles for Tests 1 and 4 in Figures 4.88(a) and 4.88(b) respectively. Conversely, the
thrust force and torque signals for the domed PCD drills were generally stable, with the minor
increase at the hole exit probably due to the lack of coolant / lubricant at this location, see
Figure 4.88(c).
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Figure 4.88: Thrust force and torque profiles at various cutting conditions

The evolution of maximum thrust force and torque values against tool life are shown in
Figure 4.89. For uncoated and coated WC drills, thrust forces and torque increased rapidly (by
up to ~87% and ~180% respectively) over test duration compared with results recorded at the
first hole irrespective of operating conditions, which suggested very rapid rates of tool wear.
When utilising brazed PCD tools however, thrust forces and torque were approximately
constant over the entire test duration (300 holes). The stable values reflect the relatively low
tool wear levels observed with the PCD drills (~60 um).
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Figure 4.89: Maximum thrust force and torque against number of drilled holes

Figure 4.90 details thrust force and torque values recorded at the first and last holes in

all tests. For the first hole, the maximum thrust force in Tests 2 and 4 was higher (~15%)

compared with Tests 1 and 3, which was attributed to the higher feed rate applied in the
former. At test cessation, thrust force increased by 34%, 57%, 88% and 71% in Tests 1, 2, 3

and 4, respectively, while a rise of up to 8% and 16% was recorded for Test 5 and 6 due to

lower tool wear (~60 um).
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Figure 4.90: Maximum thrust force and torque for the first and last hole
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4.6.3 Hole entry and exit quality

In general, uniform burrs (without caps) were obtained at the hole exit when employing
uncoated and coated tools irrespective of process parameters, while both the entry and exit
edges were free from burring when utilising brazed PCD drills, see Figure 4.91 for hole edge
quality at test cessation. When machining with new tools (first hole), minimal burring or
damage was seen at the hole entry location however fracture of the exit burrs was typical
when using worn uncoated and coated WC drills, as shown in Figure 4.92. This was possibly

due to the low ductility of the strain hardened workpiece material (< 4%) [7, 207].

Test 2 Test 3 Test 4 Test 5 Test 6

Hole exit Hole entry
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Figure 4.91: Hole edge quality for the last hole drilled

Fracture

Fracture

Test 1: last hgle Test 3: last hole Test 4: first hole

Figure 4.92: Burr morphology at hole entry and exit of the hole

4.6.4 Chip analysis

Figure 4.93 shows the various types of collected chips following each trial. Typically,
uncoated and coated drills generated fan-shaped chips irrespective of cutting parameters,

while the PCD tools produced shorter, needle-like swarf. Due to the material’s low ductility,
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the chips were unable to withstand the severe deformation during the drilling process, with a
tendency to fracture under tension to form fan-shape swarf [208]. An example of the crack
initiation can be seen in Figure 4.94 for Test 2. As for the different chip shape when utilising
PCD drills, this was attributed to the presence of BUE along the cutting edges, which caused
uneven chip flow and subsequently severe up-curling leading to the generation of needle-like
chips [208, 209].

Uncoated T-type TIAIN+TIN coated M-type Brazed PCD CX31
Test 1 (80 m/min, Test 3 (80 m/min, Test 5 (160 m/min,
0.1 mm/rev) 0.1 mm/rev) 0.1 mm/rev)

Test 2 (80 m/min, Test 4 (80 m/min, Test 6 (160 m/min,
0.2 mm/rev) 0.1 mm/rev) 0.2 mm/rev)

........

Figure 4.93: Chips / swarf produced following each test

Further SEM analysis showed the presence of cavities / voids on the back surface of
chips generally produced by coated and uncoated WC drills, see Figure 4.94, which suggested
that pull out of SiC particles from matrix material occurred during drilling process. This was
probably the result of the high tool wear rates leading to dull cutting edges. Cracks seen
commencing from the smaller section of the chip was due to uneven flow over the blunt or
rounded edge of the drill. Similarly, the saw-tooth profile at the top edge of the chips were
most likely caused by the rounded / blunt cutting edge corner, while the lamella-like
structures observed on the inner surface of the chips were due to shear localisation [209]. In
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terms of the needle-like swarf, the underside surfaces were generally defect free except for
some evidence of smeared material while the top edge was continuous. A schematic
describing chip formation in drilling is shown in Figure 4.95.

TCSt 3 X238 588nm

Figure 4.94: SEM micrographs of chip morphology following different drilling tests

Back surface

Chip thickness
Free surface

Cutting edge
. Top surface

Figure 4.94: Schematic of chip formation in drilling [209]
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4.6.5 Hole geometrical accuracy

Hole diameter results are presented in Figure 4.96. Most of the holes were oversized
irrespective of tool material or operating conditions, with the exception of the last hole drilled
in Test 4 which was undersized by 21um. The deviation from the nominal diameter was
possibly due to fabrication tolerances during tool manufacture. For brazed PCD tools, the

change in hole diameter after 300 holes was minimal with a maximum reduction of 5um.
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Figure 4.96: Hole diameter results for the first and last holes in all tests

Hole geometrical accuracy measurements in terms of out of roundness and cylindricity
are detailed in Figure 4.97. Surprisingly, the roundness of the first hole produced by the
uncoated and coated drills was better compared with those machined using PCD tools. This
could have been due to increased burnishing / honing effect of SiC particles trapped between
tool and drilled hole caused by the application of internal high pressure coolant [210].
Similarly, the cylindricity of the first hole produced using the carbide drills was generally
lower compared to those machined with PCD drills. Increasing feed rate did not appear to
produce any benefits in terms of both roundness and cylindricity. With the PCD tools, higher
cutting speed however led to lower hole out of roundness and cylindricity levels.
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Figure 4.97: Hole out of roundness and cylindricity measurement results (H: hole)
4.6.6 Hole surface integrity analysis

Figure 4.98 shows SEM images of machined hole surfaces from various tests. In terms
of hole surface integrity, a high incidence of surface defects comprising cavities / voids,
workpiece smearing and surface material flaking was observed when employing uncoated /
coated WC drills caused by extensive tool wear and poor swarf / chip extraction process. Hole
exit fracture was prevalent at the last hole (see Figures 4.98(a) and 4.98(f)), which was more
pronounced when operating at the higher feed rate (0.2 mm/rev). This was most likely
attributed to the low ductility of strain hardened MMC workpiece material. In contrast, the
surfaces produced with the PCD tools were relatively smooth with no obvious signs of
damage even after 300 holes. Figure 4.99 presents cross-sectioned hole subsurface
micrographs from selected tests. The subsurface damage observed generally corresponded to
hole surface defects, with pits and folded / adhered material seen when using uncoated and
coated WC drills while surfaces produced with brazed PCD tools were generally free of major

defects.
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Figure 4.98: SEM of machined hole surface quality
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Figure 4.99: Micrographs of hoIe subsurface at the Iast holes in (a) Test 1, (b) Test 3 and (c)
Test 6
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4.7 Phase 3B: Evaluation of PCD tools and cutting parameters when
drilling MMCs

4.7.1 Tool wear and life

Figure 4.100 shows tool flank wear progression versus number of drilled holes in all
trials. All of the tests reached 306 holes and demonstrated similar trends with respect to
steady increase / progression of flank wear with a maximum of 92 um recorded in Test 7. The
best performance in terms of tool wear (40 um) was obtained when cutting with flood coolant
(3 bar) using the brazed PCD drill at 80 m/min and feed rate of 0.2 mm/rev. Generally, brazed
PCD tools exhibited lower flank wear compared with domed PCD drills, most likely due to
the protection offered by higher levels of built up edge (BUE) in the former. This was in
agreement with the observations of Ciftci et al. [123] when turning MMC’s. Tool wear scars
after the first and last holes (prior to and following removal of BUE / adhered material) are
presented in Figure 4.101. Adhered material/BUE was apparent even after the first hole and
prevalent in all trials involving brazed PCD drills. This was probably due to insufficient
cutting fluid / lubricant arriving at the cutting zone together with poor extraction of the small
needle-like chips (discussed in 5.7.4). Surprisingly, BUE formation was negligible along the
cutting lips when using domed PCD tools irrespective of cutting parameters. This was
possibly attributed to the optimised tool geometry and superior heat dissipation with the
domed PCD drill. After removal of the BUE / adhered material, tool flank wear was revealed
to be generally uniform. Abrasion was the primary tool wear mode with no signs of chipping /
fracture. Figure 4.102 shows the top view of the drills in Tests 2 and 6 at test cessation.
Adhered material was evident at the chisel edge / drill centre irrespective of tool
configuration, due to the relatively low cutting speeds near the drill centre point.
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Figure 4.100: Tool wear progression in all trials
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Figure 4.101: Tool wear scar for the first and last hole in all tests
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Figure 4.102: Top view of drills at test cessation in (a) Test 2 and (b) Test 6

Figure 4.103 shows the main effects plots for maximum flank wear at test cessation
with associated ANOVA results detailed in Table 4.6. Lower flank wear was obtained when
using the brazed PCD drill at high feed rate (0.2 mm/rev), as both factors were found to be
significant at the 5% level. As feed rate increased, the contact time between the drill and
workpiece material decreased, resulting in relatively lower cutting temperature and tool wear.
The relatively low level of tool wear achieved with brazed PCD drills was partlly attributed to
BUE formation, albeit with a likely detrimental influence on hole quality. This is discussed in
the following sections. Statistical analysis showed that tool material and feed rate were the
main contributing factors with corresponding PCR’s of 36.57% and 50.26% respectively.
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Figure 4.103: Main effects plot for maximum flank wear
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Table 4.6: ANOVA results for maximum flank wear

Factor DF | SeqSS | AdjMS F P PCR
Tool material 1 | 903.12 | 903.12 |20.78 | 0.020* | 36.57%
Cutting speed (m/min) 1 1.12 1.12 0.03 | 0.882 0.00%
Feed rate (mm/rev) 1 122512 | 1225.12 | 28.19 | 0.013* | 50.26%
Cutting environment 1 91.12 91.12 2.10 | 0.243 2.03%
Error 3 130.38 43.46 11.14%
Total 7 | 2350.87

4.7.2 Thrust force and torque

Figure 4.104 details the maximum thrust force and torque values recorded following the
first and last holes drilled in all trials. In general, thrust force and torque were highly
dependent on the feed rate. For both the first and last holes, the values generated at high feed
rate (0.2 mm/rev) were considerably higher (up to 337 N and 64 N.cm) compared to those at
low feed rate (0.1 mm/rev) with equivalent cutting speed, regardless of cutting environment
and tool material. The maximum thrust force (767 N) and torque (167 N.cm) was recorded in
Test 6 when using a domed PCD drill at 80 m/min and feed rate of 0.2 mm/rev with high
pressure coolant (70 bar). This was possibly attributed to the high feed rate applied together
with efficient cooling resulting in lower cutting temperatures thereby minimising any thermal
softening effects. Last hole thrust force and torque was substantially higher (by 57% and 46%
respectively) compared with results recorded at the first hole in Test 7 due to the relatively
high flank wear level of 92 um. Domed PCD drills generally produced higher thrust forces
and torque compared with brazed PCD tools due to the comparably longer cutting edge length
in the former. Further details of thrust force and torque progression against number of drilled
holes are presented in Appendix C.

Main effects plots in relation to thrust force and torque for the last holes are shown in
Figures 4.105 and 4.106 respectively, while the corresponding ANOVA calculations are
presented in Tables 4.7 and 4.8. Detailed results for the first holes (thrust force and torque) are
presented in Appendix C. In general, main effects plots and ANOVA results for thrust forces
at the first and last holes followed a similar trend, as feed rate had an overriding effect with
high PCR’s of 81.55% and 57.20% respectively. Statistical analysis also highlighted that feed
rate had a significant impact on torque for both the first and last holes, with PCR’s of 95.22%
and 76.84% respectively. In terms of results at test cessation (last hole), tool material had an
overriding influence on thrust force and torque with corresponding PCR’s of 29.40% and
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17.34%, while the effect on the results recorded at the first holes was marginal. Surprisingly,
cutting speed and cutting environment were not statistically significant at the 5% level, which
was possibly attributed to the large contribution of tool material and feed rate variables.
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Figure 4.104: Maximum thrust force and torque values recorded at the first and last holes
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Figure 4.105: Main effects plot for maximum thrust force at the last hole (hole 306)
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Table 4.7: ANOVA results for maximum thrust force at the last hole (hole 306)

Source DF | SeqSS | Adj SS F P PCR
Tool material 1 38364 38364 27.93 0.013* | 29.40%
Cutting speed (m/min) 1 200 200 0.15 0.728 0%
Feed rate (mm/rev) 1 73344 | 73344 | 53.40 | 0.005* | 57.20%
Cutting environment 1 9800 9800 7.14 0.076 | 6.70%
Error 3 4121 1374 6.70%
Total 7 125829
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Figure 4.106: Main effects plot for maximum torque at the last hole (hole 306)

Table 4.8: ANOVA results for maximum torque at the last hole (hole 306)

Source DF | SeqSS | Adj SS F P PCR
Tool material 1 861.1 861.1 | 38.92* | 0.008 | 17.34%
Cutting speed (m/min) 1 66.1 66.1 2.99 0.182 | 0.91%
Feed rate (mm/rev) 1 3741.1 | 3741.1 | 169.09* | 0.001 | 76.84%
Cutting environment 1 105.1 105.1 4.75 0.117 1.71%
Error 3 66.4 22.1 3.20%
Total 7 4839.9
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4.7.3 Burr size and morphology

In general, hole edge quality at the entrance location was good with no evidence of
major damage or burring regardless of drill condition, see details in Appendix C. Hole exit
quality for both the first and last holes is presented in Figure 4.107. Limited / marginal
damage in the form of burr formation was seen for all the first and last holes drilled with
brazed PCD tools, while roll-back / rollover burrs were prevalent at the last holes when using
domed PCD drills. The condition was exacerbated in Tests 7 due to comparably high tool
wear (92 um). The burrs however were fragile and discontinuous, hence they were easily
removed. The possible reason for generating roll-back burrs was due to rubbing at the margins
of the drill together with a small point angle (60°) and low efficiency of coolant access
towards the bottom of the hole [211]. Similar burr formation was also previously reported by
Dornfeld et al. when wet drilling Ti-6AIl-4V [212].

First hole Last hole First hole Last hole
—
2
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=
Lo ‘
2 Roll-back
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@ i Roll-back ;
= burrs ¢

Figure 4.107: Hole exit quality in all tests

Sample micrographs of cross-sectioned holes for further analysis of burr formation /
morphology is shown in Figure 4.108. Chatter marks up to ~50 um in length were seen at

hole entry for the first holes in Tests 1 and 3, see Figure 4.108(a). This was possibly due to
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tool deflection / chatter. For last holes drilled using worn tools, entrance burr height was
generally up to ~30 pum when using brazed PCD tools, while domed PCD drills generated
near burr free holes over the trial duration. Similarly, hole exit burring was more severe when
drilling with brazed PCD tools and was present even in the first hole. Exit burr height of up to
~130 um was observed in Test 2 as shown in Figure 4.108(e). Burr fractures were also
commonly seen when utilising the brazed PCD tools due to the low ductility of MMC (< 4%)
[7, 207]. In contrast, domed PCD tools were superior in minimising burr formation, as burr
height did not exceed ~60 um for the last holes drilled. However, it was difficult to identify
any clear relationship between burr size and cutting parameters, due to the incidence of burr
fracture and the relatively fragile roll-back burrs produced by domed PCD drills.

Chatter / vibration mark

(g) First hole in Test 6 (h) Last hole in Test 7 (i) Last hole in Test 8

Figure 4.108: Micrographs of burr formation at hole entry and exit
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4.7.4 Chip morphology

Figure 4.109 shows the various types of chips obtained in each test. In general, short (~3
mm) needle-like chips were produced when using brazed PCD drills regardless of operating
parameters and cutting environment. This was most likely due to the formation of BUE,
which was prevalent when employing brazed PCD tools. The BUE led to uneven chip flow
resulting in severe up-curling swarf. Similar chip formation was also found by Akhavan Farid
et. al [209] when drilling of Al-Si alloys. In contrast, various types of chips were produced
when using domed PCD drills. Long and short spiral swarf were found in Tests 5 and 8, while
fan-shape chips were seen in Tests 6 and 7. The long spiral swarf generally mimicked the
contoured shape of the drill flute and was occasionally seen to be attached / entangled on the
drill. Fan-shaped chips were generated possibly due to the application of high pressure
coolant (70 bar), which facilitated chip evacuation together with an efficient supply of cutting
fluid to the machining zone. The benefit of applying high pressure coolant in machining
aluminium alloys was also outlined by several other researchers [132, 213]. When using low
pressure flood environment (3 bar), the relatively poor transport of the fluid to the drill lips
leads to higher cutting temperatures and increase in workpiece ductility / material softening.
The generation of long spiral chips further exacerbated the situation as it impeded heat
dissipation and clogged the drill flutes preventing the flow of cutting fluid. Figure 4.110
shows examples of the long spiral chips collected from Test 8. These were typically ~45 mm
in length with curled / deformed swarf at one end. Generally, short / discontinuous chips are
preferred when drilling, as they can be easily cleared from the cutting zone and helps with
heat dissipation [144].
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Figure 4.109: Chip morphology in all tests
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Figure 4.110: Sample long spiral chips generated in Test 8 (dome PCD, 160 m/min, 0.2
mm/rev and 3 bar low pressure flood)

4.7.5 Hole size and geometrical accuracy

Hole diameter and geometrical accuracy in terms of out of roundness and cylindricity
were measured at hole 1 (first hole), 153 and 306 (last hole), with results presented in Figures
4,111, 4.112 and 4.113 respectively. All tests produced oversized holes even at test cessation
with respect to the various nominal hole sizes of the different tool materials (brazed PCD
drill: 6.38 mm, domed PCD drill: 6.36 mm). Hole diameter variation between new and worn
(at test cessation) drills were limited to within 8 um in all trials, due to low tool wear levels
and consistent edge sharpness. The smallest discrepancy of 2 um was seen in Test 2, which
corresponded to the lowest tool wear recorded among all the tests (40 um). However, there
was no apparent correlation between the hole diameter and cutting conditions, which was
possibly due to limited number of drilled holes and small variations of 8 and 14 um at test
cessation when using brazed PCD and domed PCD drills respectively. In terms of geometrical
error measurements, out of roundness was generally below 10 pm and cylindricity was
limited to within 20 um. Although there was some fluctuations at hole 153, both the
roundness and cylindricity parameters improved as the tests proceeded, except for the last
hole in Tests 1 and 3. The improvement was possibly due to cutting edge rounding and
subsequent elimination of feed marks. Similar results were also observed by Shyha et al. [71]
when drilling Al-CFRP-Ti stacks. The contrasting results recorded in Tests 1 and 3 were most
likely due to chatter / vibration in the drilling process. The effect of chatter / vibration affected
on hole surfaces was further analysed in the following section. Domed PCD drills generally
outperformed brazed PCD tools in terms of hole geometrical accuracy, which was due to

almost negligible BUE generation and stable cutting operation.
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Figure 4.112: Out of roundness progression against number of drilled holes
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Figure 4.113: Cylindricity progression against number of drilled holes

4.7.6 Microhardness analysis

Figure 4.114 shows sample microhardness depth profile results following the first and
last drilled holes, while details of all results are presented in Appendix C. In general, the
microhardness increase was between 50 and ~60 HVgos above the bulk hardness (~125
HVo.0s) irrespective of cutting parameters and extended up to ~100 um beneath the machined
surface. Limited discrepancy in microhardness levels was observed between the first and last
holes drilled. The hardness increase was mainly due to strain hardening / plastic deformation
caused by the drilling process. Such responses are not uncommon when machining MMCs
materials and have been detailed by several researchers, with microhardness variations of 30-
80 HV extending up to ~200 um typically reported in both drilling and turning of MMC
materials [133, 151-153].
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Figure 4.114: Microhardness results for both the first and last holes
4.7.7 Surface roughness analysis

Figure 4.115 details surface roughness values (Ra and Rt) for the first and last holes
(hole 306) in all tests. In general, hole surface roughness was low, as Ra was less than 0.51
um and Rt did not exceed 6.9 um for all of the holes analysed. Better surface roughness in
terms of both Ra (~0.15 pum) and Rt (~2.0£0.4 um) was obtained in Tests 3 and 7 at the last
hole when machining at a cutting speed of 160 m/min and feed rate of 0.1 mm/rev, while the
trial carried out with low cutting speed (80 m/min) and elevated feed rate (0.2 mm/rev) in Test
6 experienced high Ra of up to 0.51 um even at the first hole. Hole surface roughness
improved in all tests as machining processed. This was possibly due to cutting edge corner
rounding leading to minimisation of feed marks. The findings was in agreement with the
results by Rattanakit [213] who reported similar observations when drilling aluminium alloys.
According to the main effects plot shown in Figure 4.116 and ANOVA analysis, only feed
rate was statistically significant and had an overriding effect on surface roughness Ra with a
corresponding PCR of 68.18%. Although none of the other variables had a significant
influence on Ra values of the last hole drilled, cutting speed had the second highest PCR of
12.85%. This was possibly due to the good wear resistance of PCD resulting in limited tool

wear (< 92 um) and consistent cutting edge sharp.
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Figure 4.115: Surface roughness (Ra and Rt) measured at the first and last holes in all tests
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Figure 4.116: Main effects plot for surface roughness Ra measured at the last hole

186



Chapter 4: RESULTS AND DISCUSSION

4.7.8 Hole surface integrity analysis

Hole surfaces were generally smooth with limited damage in the form of smearing or
voids / cavities in all tests when using brazed PCD drills, although vibration / chatter marks
were observed in Tests 1 and 3. Figure 4.117(a) shows an overview of a typical
inhomogeneous surface (over a length of ~ 4 mm) at the entrance of the first hole in Test 3 in
comparison to a smooth surface produced in Test 7 with a domed PCD drill. Similar damage
was observed in several holes from Tests 1 and 3, which were all located near the hole
entrance. This mostly likely occurred during tool retraction, with a sharp ringing sound
detected as the drill exited from the hole. Further SEM analysis showed that smearing
together with adhered / deposited workpiece material were the main surface defects, see
Figure 4.118 taken at the last hole in Test 3. The defects were possibly due to BUE and swarf
clogging the drill flutes, similar to that shown in Figure 4.119. This was particularly evident
when operating under flood coolant conditions. The curled / deformed and stacked chips
likely caused chatter / vibration as well as drill deflection, which led to hole surface damage.
This was also in line with variations in the recorded force / torque profile, as a sudden
increase was observed when the drill exited the hole. Similar defects were not observed when
using domed PCD tools regardless of the operating conditions with relatively damage free
hole surfaces produced, see example in Figure 4.117(b).

Hole exit
Hole entry

Figure 4.117: Overview of (a) the first hole surface in Test 3 using brazed PCD tool and (b)
the last hole surface in Test 7 using domed PCD tool
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Figure 4.118: SEM micrographs of last hole (hole 306) surface in Test 3 with (a) overview

and (b, c) higher magnification of hole surface

I mm
===

500 um

Figure 4.119: Sample pictures showing stacked / adhered chips / swarf at drill flute with (a)
side view and (b) cutting lip at hole 234 in Test 3

Small cavities / voids with diameters of ~20um were regularly observed in all trials
especially at the last hole (hole 306), see SEM micrograph in Figure 4.120. This was due to
pull out of SiC particles together with smearing of the matrix material. The dimensions of the
porosities were in line with average size of reinforcement phase (15-20 pm). Figure 4.121
shows sample hole cross sectional micrographs taken along the feed direction. Loss of
particles, folds / adhesion and smeared surfaces were observed in Tests 1 and 4 (see Figures

4.121(a) and 4.121(b)) when using brazed PCD tools. In constrast, comparatively smooth
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surfaces were seen when using domed PCD drills, due to the lack of BUE formation and

superior cutting edge sharpness, see Figures 4.121(c) and 4.121(d).
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(c) Last hole in Test 7 (d) First hole in Test 8
Figure 4.121: Sample micrographs observed at hole sections
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4.8 Phase 3C: Drilling of MMCs using PCD tools at elevated / high cutting

speeds

4.8.1 Tool wear / life, thrust forces and torque

Figure 4.122 shows sample micrographs of worn tools after drilling 300 holes (at test
cessation) at various cutting speeds. Built up edge was prevalent in all trials and occurred
mainly on the chisel edge and along the entire length of the cutting lip. A likely reason for this
was the poor access / transport of coolant to the cutting zone especially at the bottom of the
hole due to relatively thick (24 mm) workpiece. Lower levels of BUE was found in Test 4
when operating at the highest cutting speed (360 m/min), possibly due to the greater cutting
temperatures generated. After soaking in 25% NaOH solution for ~1 min to remove the BUE /
adhered materials, uniform flank wear was observed along the cutting edge, as shown in
Figure 4.122(d). No chipping was observed in all trials with abrasion being the main tool
wear mode due to the properties of the SiC particles. Figure 4.123 details maximum drill
flank wear results at test cessation in all trials with detailed tool wear progression plots
presented in Appendix C. All of the tests achieved the 300 hole criterion. Tool wear values
were approximately similar between all tests with a maximum deviation of only 17 um after
drilling 300 holes. There was no apparent correleation between tool wear and cutting speed.
This was possibly due to the stable layer of BUE observed and limited number of holes
drilled.

The maximum thrust force and torque values at test cessation were also detailed in
Figure 4.123, with the corresponding progression plot shown in Appendix C. The difference
in thrust forces was limited to 14 N (~4% of the result recorded in Test 1) between all trials,
possibly due to the constant feed rate applied together with the low level of tool wear (~70
um) indicating the stable / consistent sharpness of the PCD drills. Maximum thrust force
attained with worn tools (at test cessation) was 386 N in Test 2 (200 m/min) while torque

values were constant at ~115 N.cm irrespective of cutting parameters.
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4.8.2 Surface roughness analysis

Figure 4.124 details the results of surface roughness values including Ra, Rt, Rz and
Rsk in all trials. In general, hole surface roughness was consistent and did not exceed 0.1 um
Ra in both the first and last holes regardless of cutting parameters. Drilling at higher cutting
speeds (>160m/min) did not show any benefits / improvements in surface quality in terms of
Ra. Surface roughness (Ra) showed a marginal improvement (~0.03 um Ra) at the last hole
compared with the first hole drilled. This was possibly due to the smaller feed marks as the
radius of the cutting edge corner increased due to wear. Similar trends were also found in
work by Rattanakit [213]. For the first hole, both Rt and Rz values increased with cutting
speed possibly due to the increased tendency of SiC particle loss / pull out at elevated
temperatures. This phenomenon was also observed for the last hole except in Test 3. A sample
SEM micrograph showing the loss / pull out of SiC particles from Test 3 (240 m/min) is
shown in Figure 4.125. The sample 2D topography trace recorded in Test 2 similarly revealed
the presence of deep valleys on the hole surface, see Figure 4.126. Negative Rsk values up to
-5.54 um were found in all trials, suggesting a dominant peak topography with sharp / deep
valleys, which was in agreement with observations from SEM microscopy and 2D

topographic analysis.

4.00
% 3.00 o o Ra ©ORt "Rz fRsk
s 7 218 - 216
g L0 lam e, I 77 170 195 1ms o
: 1 s [fe gy
> 100 5 i i 3 o 2 3 T
53 010: 010 009: 010 00F: 007 008 008
D n
8 x 160 200 240 360 160 200 240 360
g & -1.00 —mfmin——mmin ——mimin - —mimin - —m/min - mimine—mimin—mimin
S 200 -1.28 First hole Liast hole i
£E8 197
3  -3.00 .
@ -3.04
£ 40 352
3 -
I, 416 o

-4.85
6.00 -5.54

Figure 4.124 Hole surface roughness of Ra, Rt, Rz and Rsk measured at the first and last

holes in all tests
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Figure 4.125: SEM micrograph observed at the last hole (hole 300) in Test 3
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Figure 4.126: 2D topography trace recorded in Test 2 (200 m/min)
4.8.3 Microhardness analysis

Figure 4.127 shows Vickers’ microhardness depth profile results for both the first and
last hole (hole 300) in all trials. Observations showed the presence of a strain hardened layer
up to a depth of ~80um in both the first and last hole, irrespective of cutting parameters. The
hardness increased by ~35HV 05 (~28%) above the bulk hardness (~125HV, 05), which was
partly due to the higher concentration of fine particles beneath the surface (~40 um, detailed
in section 4.8.6, see Figure 4.133(c)) and strain hardening / plastic deformation. Such trends
are common when cutting metal matrix composite (MMC) and has been reported by several
researchers [151-153]. Increasing cutting speed up to 360 m/min did not cause any substantial
increase in subsurface microhardness compared with machining at 180 m/min. This was
possibly due to the limited tool wear (~70 um), suggesting consistent cutting edge sharpness

when operating with high pressure coolant (70 bar).
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Figure 4.127: Microhardness profiles against distance from machined workpiece surface

4.8.4 Hole edge quality

Figure 4.128 presents exit hole edge micrographs for both the first and last hole in all
trials. Similar results were attained compared with those in Phase 3B, the entry edges were
free from burring irrespective of cutting parameters. Exit burrs were also absent, except for
the test at 360 m/min due to limited flank wear (~70 um) and consistent cutting edge
sharpness. Irregular burrs occurred randomly at the hole exit in Test 4 (360 m/min) as shown
in Figure 4.129. This was likely attributed in part to chatter / vibration at high cutting speeds
and formation of BUE due to poor access of cutting fluid and lower cooling efficiency
towards the bottom of the hole. The small chips generated could have also clogged of the drill

flutes leading to restricted swarf evacuation.
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Figure 4.128: Hole exit quality at the first and last holes in all tests

Hole number

Figure 4.129: Irregular burrs observed at hole exit in Test 4 (360 m/min)

Figure 4.130 shows sample micrographs for burr formation of both hole entry and exit
at various cutting speeds. In general, hole entry was consistently free of any major damage
while uniform burrs without caps were obtained at the hole exit in all tests. Burr height was
approximately 25 um except for the first hole in Test 4 as chatter occurred. Fracture of the
exit burr was seen at last hole (hole 300) in Tests 3 and 4 as shown in Figure 4.130(d) and
4.130(f) respectively. This was possibly due to low ductility of the strain hardened workpiece
material together with poor flow of coolant to the cutting zone. There was no sign of
increased burr size in hole 300 produced using brazed PCD drills when cutting speed
increased from 160 to 280m/min, while irregular burrs were observed to form randomly when

drilling at the highest cutting speed of 360 m/min.
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Figure 4.130: Sample micrographs of burr morphology at hole entry and exit
4.8.5 Chip morphology

In general, short needle-like chips were obtained in all trials. Further analysis using a
high resolution microscope highlighted the formation of saw-tooth morphology at the cross-
section of the top surface of all chips, as shown in Figure 4.131. At the higher cutting speed of
360m/min, the saw-tooth profile was more apparent although the frequency was reduced.
Both the saw-tooth pitch and height were found to increase with cutting speed. This was in
agreement with the results found by Akhavan et al. [209] when drilling Al-Si alloy at different
cutting speeds (240-320 m/min). Cracks and crack initiation were observed at higher cutting
speeds (360 m/min) as shown in Figure 4.131(c) and 4.131(d) respectively, due to severe
plastic deformation and the low ductility of SiC reinforced aluminium MMCs (< 4%), while
small voids were formed following the loss of SiC particles [7, 146, 207].
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1nitiation

(c-d) Test 4 (360 m/min)

Figure 4.131: Chip morphology at the cross section observation
4.8.6 Hole surface integrity analysis

Figure 4.132 shows sample SEM micrographs of hole surfaces drilled at various cutting
speeds. Grooves and smearing were visible on the surface, as shown in Figure 4.132(a). Small
cavities (~20 um in diameter) resulting from loss of particles / pull out were not uncommon in
all trials. When increasing cutting speed to 280 m/min, chatter marks and smearing were
observed at the entry of the last hole, which extended to ~ 3 mm in length. This was found to
occur randomly over the test duration (300 holes), particularly during drill extraction from the
hole, which was also usually accompanied by a ringing sound. The likely reason was
attributed to the generation of BUE and tool deflection. Severe chatter / vibration was
observed at / close to the hole exit when drilling at high cutting speed up to 360 m/min, as
shown in Figure 4.132(e) and 4.132(f). This was possibly due to tool deflection and limited

coolant transport to the bottom of the hole.
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(e) First hole in Test 4 (f) Hole 65 in Test 4
Figure 4.132: SEM micrographs of hole surfaces

Some examples of workpiece subsurface damage are shown in Figure 4.133. A similar
form of damage was present in all of the machined surfaces, being most severe in Test 4
especially at hole exit. A detailed examination revealed that chatter / vibration occurred at
hole entry and exit in Tests 3 and 4, as shown in Figures 4.133(a) and 4.133(b) respectively.
Shattered and cut particles can be generally identified on the surface, while fractured SiC
particles were also prevalent up to a depth of ~15 um beneath the machined surface, see
Figures 4.133(d) and 4.133(e). It was likely that the high frequency of fractured / cracked
particles was induced by ploughing of the cutting edge causing sudden tensile loading and
exacerbated by the very brittle nature of the SiC material. High concentration of fine particles
up to a depth of ~40 um was observed (see Figure 4.133(c)) due to plastic deformation and
resulted in subsurface hardening. Partial or complete SiC particles were also seen to be pulled
out by the cutting tool and transported away with the chip or cutting fluid, leaving behind a

void on the hole surface, see Figure 4.133(f).
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Figure 4.133: SEM micrographs of machined subsurface
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Chapter 5: CONCLUSIONS

5.1 Literature review

5.1.1 Drilling of CFRP

While published research on the drilling of CFRP composites is extensive, the
majority have reported experiments involving relatively low number of holes
machined (<100). Cutting speeds varying from 20 to 80 m/min are usually employed,
whereas feed rate values were generally lower than 0.3 mm/rev.

The performance of uncoated tungsten carbide and hardmetal coated tools have been
widely evaluated, while there have been limited investigations involving diamond
coated and PCD drills to date.

Dry cutting environment is commonly applied when drilling CFRP composites, with
minimal trials conducted under chilled air or flood coolant conditions.

While fibre pull out and matrix burning is prevalent drilling CFRP workpiece
materials, hole entry / exit delamination and uncut fibres predominantly at the hole
exit are the most common defects. Research has focused primarily on analysing the
effect of cutting parameters on hole damage / defects, while corresponding data
relating to fibre / ply orientation is scarce.

Various non-conventional machining processes including laser machining, abrasive jet
machining, vibration assisted machining and electrical discharge machining have been
investigated for the cutting CFRP composites. However the high initial investment
cost, low productivity together with limited improvement in surface finish of most
non-conventional processes compared to conventional mechanical drilling have

prevented industrial take-up.

5.1.2 Machining of MMC materials

Literature relating to machining of MMCs is similarly extensive, although the majority
have been focused on turning. Cutting tool materials / coatings assessed have
encompassed uncoated tungsten carbides, hardmetal and diamond based coatings as
well as PCD. While use of PCD inserts are widely utilised for turning of MMCs to
improve productivity and surface finish, limited work on PCD tools has been reported

in drilling operations.
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* Use of flood and dry cutting environments is usually employed when machining
MMCs, while trials involving high pressure coolant application is rarely reported.

» Research on drilling MMCs has focused primarily on the effect of cutting parameters
on surface / subsurface damage and hole edge quality, with limited data corresponding
to hole geometrical accuracy.

* Commonly observed issues when machining MMCs include high tool wear rate,
formation of built up edge and adhered workpiece material on cutting tool tips as well
as workpiece surface damage in the form of grooves, particle pull out, smearing and
cavities.

» Laser assisted turning is the most common nonconventional technique used for
machining MMCs, although complicated experimental setup and high investment

costs are major drawbacks.

5.2 Experimental work — drilling of CFRP composites

5.2.1 Phase 1A: Influence of operating conditions and tool materials / coatings when
drilling CFRP

» Swarf entanglement on the drill and adhesion of CFRP debris on the cutting flutes
were prevalent when operating at a cutting speed of 90 m/min and feed rate of 0.05
mm/rev (Tests 1, 5 and 9) irrespective of tool materials / coatings. This was possibly
due to higher temperatures generated when operating at low feed rate and dry
condition.

* All tests involving the CVVD-diamond coated drills achieved the 512 holes criterion,
with flank wear ranging from 111 to 145 pum.

* With domed PCD tools, flank wear ranged from 73 to 96 pm, with the best
performance seen in Test 12 (180 m/min, 0.1 mm/rev and dry condition). Abrasion
was the main tool wear mode.

* Fibre dust / matrix burning was observed in Tests 1 and 4 using uncoated WC tools
after drilling ~160 holes.

* The maximum thrust force in all trials did not exceed 310 N while torque was below
53 N.cm. These were typically lower compared to results reported in the literature.
This was most likely due to the optimised double point angle geometry, with the top

cutting lip acting as a pilot drill.

201



Chapter 5: CONCLUSIONS

» Limited defects were observed at the entrance location even after drilling 512 holes
when using CVD-diamond coated WC and PCD tools regardless of cutting parameters
/ conditions, while damage in the form of delamination, fuzzing and uncut fibres were
predominant after ~100 holes when using uncoated tools.

« Uncut fibres and splintering / delamination were found at the exit of all holes using
CVD-diamond coated WC tools. Conversely, holes machined with new domed PCD
drills exhibited limited / marginal damage regardless of cutting parameters, while
uncut fibres were prevalent at test cessation.

*  Domed PCD tools generally produced lower delamination levels (33% and 10%) of
the first and last hole respectively compared to CVVD-diamond coated WC tools.

* Hole size error was up to 40 um (~0.63%) when employing CVD-diamond coated WC
tools (undersized), while domed PCD drills generated oversized holes with deviation
limited to 17 um after 512 holes. The best result was obtained in Test 10 with only a 4
pm deviation.

* In general, hole roundness and cylindricity values were constant except for results in
Tests 5 and 9 (90 m/min, 0.05 mm/rev), which deteriorated significantly after ~320
holes.

* Fibre pull out resulting in voids / grooves were the main damage mode on hole
surfaces. Ply orientation had a significant influence on hole quality with minimum
defects on plies at 0°, 45° and 90°, while higher damage was seen at plies with 135°

fibre orientaion.

5.2.2 Phase 1B and 2A: Evaluation of hole quality when drilling CFRP with variable

feed rate operation

* In general, both thrust force and torque values increased with chilled air and flood
coolant irrespective with cutting parameters. Maximum thrust force increased by up to
17.3% in flood condition compared with results drilled in dry condition.

» All tests achieved the 384 hole criterion with tool flank wear ranging from 114 (Test
5) to 193um (Test 2). Tool-workpiece contact time increased by ~20% as feed rate
increased from 0.1 (3.78s) to 0.3mm/rev (3.03s) for each hole.

* The maximum thrust force recorded was 591N at hole 384 in Test 6 (first stage of
drilling), while at hole exit, thrust force remained stable at between 100 and 120N at a
feed rate of 0.01lmm/rev. Torque decreased by 61-78% when operating with the

variable feed rate strategy.
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» Feed rate was a significant factor affecting the entrance Fq4 of the first hole with a PCR
of 87.9%. There was limited discrepancy between the exit delamination factors for the
first and last holes due to the reduced feed rate of 0.01lmm/rev used in all tests.

» Drilling with variable feed rate strategy improved surface quality at the hole exit
section in terms of reduced fibre pull out and damage / voids.

* Measurement of hole diameter showed that all holes were generally undersized. The
deviation from the nominal diameter was up to ~40 pum (~0.7%) at test cessation (hole
384).

» Even within the first hole, greater damage / voids were observed at the hole entry
when operating at the principal feed rates (0.1-0.3 mm/rev) compared to the exit
location, where the surface was almost smooth with limited damage were observed.
For the last hole, damage / voids were seen over the entire surface including the exit

location where reduced feed rate was employed.

5.2.3 Phase 2B: Influence of workpiece configuration / fibre orientation and high feed

rates on hole quality when drilling CFRP

» The drill experienced catastrophic failure / fracture when operating at a feed rate of
0.6mm/rev as maximum thrust force was ~1304N. When operating at 0.2 and
0.4mm/rev feed rate, the wear progression followed a similar trend and all trials
achieved 384 holes with maximum flank wear of 123 um seen in Test 3 (Type 3 WP,
0.2 mm/rev) while the best performance was obtained in Test 4 (Type 1 WP, 0.4
mm/rev) with 102 um flank wear.

» Abrasion and chipping (at drill corner) were the main tool wear modes.

» Thrust force values were between ~80 and 110 N, while torque values were typically
constant (~30 N.cm) when drilling with the reduced feed rate (0.01 mm/rev).

* Uncut fibres and splintering were prevalent at hole entry when increasing feed rate to
0.4mm/rev even for the first hole. Hole exit was consistently smooth with minimal
uncut fibres, due to the use of a support jig (with 7.0 mm diameter clearance holes)
and reduced feed rate (0.01mm/rev).

* Uncut fibres / delamination mostly occurred at opposite quadrants of a hole with the
critical cutting angles being in the range of 90°<0<180° irrespective of exit ply
orientations when drilling without a support jig.

« Surface roughness near the bottom of the hole was typically lower (maximum value

recorded 4.04 um Ra) compared with the top section in all tests due to the reduced
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feed rate prior to the drill exiting the workpiece.Type 2 CFRP workpiece material
produced the lowest Sa value (1.16 um) at a feed rate of 0.4 mm/rev while Type 3
gave the highest roughness value (2.47 um Sa) at test cessation.

Surface defects in the form of grooves / cavities were generally observed at 135° plies
irrespective of cutting parameters and tool condition, while those at 0°, 45° and 90°
showed comparatively limited damage when utilising new drills. Due to the
anisotropic nature of the material and influence of fibre direction on workpiece
damage, 3D topographic / areal parameters are necessary for assessing machined
surface quality in CFRP workpieces.

In general, all tests produced oversized holes (>6.38 mm) with maximum variation at
test cessation up to 10 um. Surprisingly, drilling at high feed rate of 0.4 mm/rev did
not deteriorate roundness levels as marginal variation was observed in all tests
irrespective of the number of drilled holes. The effect of workpiece material type on
roundness was not significant. Cylindricity results were similar to out of roundness
data, with average value of ~15 pum recorded for the first hole which increased to ~23
pm at test cessation after drilling 384 holes.

SEM observations showed smearing of matrix material and adhered / deposited fibre
dust in the cavities when drilling with the lower feed rate (0.01mm/rev) near the exit

location.

5.2.4 Phase 2C: Evaluation of diamond coated and domed PCD tools when drilling

CFRP at elevated / high cutting speeds

When drilling at 360 m/min with diamond coated tool, the drill fractured / broke at the
third hole, due to chatter / vibration resulting in tool deflection at the hole entrance.
For diamond coated tools, flank wear was lower by 21% (to 93um) and 26% (to
86um) after 384 holes when drilling at 240 and 280m/min respectively compared to
operating at 180m/min (117um), while there was only 9 pum difference when using
domed PCD tools. Tool wear modes were confined to abrasion / cutting edge rounding
without any signs of coating chipping.

For the first hole, both thrust force and torque values generally increased with cutting
speed irrespective of tool materials. At the cutting speed of 360 m/min, thrust force /
torque at the first hole increased by 92.7% / 433% and 87.8 / 131.5% for diamond
coated and domed PCD drill respectively in comparison with the corresponding values
generated at the cutting speed of 180 m/min. For the last hole, the trend of thrust force
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and torque produced by diamond coated tools was not apparent, they were however
lower (up to 73 N) compared with the values generated at cutting speed of 180 m/min.

» Chatter / vibration was recorded and evident in both Tests 2 (240 m/min) and 3 (280
m/min) especially at the beginning of drilling stage when employing diamond coated
drills. A ringing sound was also heard during machining but gradually reduced as the
operation progressed.

» For diamond coated tools, increasing cutting speed to 280m/min led to incidence of
uncut fibres at hole exit even with the use of a backup plate, although the number of
uncut fibres were reduced compared with results in Test 1 (180 m/min). Surprisingly,
small number of uncut fibres were still found at the last hole even drilling with domed
PCD tool and high cutting speed up to 360 m/min.

» Chatter / vibration was observed until ~2.5 mm beneath the entrance surface at the
cutting speed of 240 and 280 m/min. In this section, fibre dust was deposited / adhered
on the hole surface.

* For both the first and last holes (hole 384) drilled with diamond coated tools,
deposited / adhered fibre dust was typically observed at the hole entrance when cutting
speed was elevated above 180 m/min. The hole surface was however comparably
clean when using domed PCD tools even drilling at 360 m/min.

5.3 Experimental work — drilling of MMC materials

5.3.1 Phase 3A: Preliminary / benchmarking trials in drilling MMCs with different tool

materials / coatings

« SEM micrographs of uncoated and coated tools at test cessation demonstrated that
abrasion was the dominant tool wear mechanism when drilling MMC materials.

» PCD tools showed superior performance compared with uncoated and coated drills in
terms of tool wear, productivity, hole quality and surface integrity. Uncoated and
coated tools only lasted for ~10 holes, although increasing feed rate (to 0.2 mm/rev)
gave slightly better tool life.

» Coated WC tools did not show any benefits when drilling MMC in comparison with
uncoated tools.

* The tool wear of PCD drills was only ~60 um after drilling 300 holes at the speed of

80 m/min. Increasing cutting speed to 160 m/min did not accelerate tool wear.
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+ Cavities / voids were observed over the internal hole surface and back surface of the
chips when using coated and uncoated drills. It showed that SiC particles were
ploughed / pulled out of the matrix material during drilling rather than sheared, due to
the limited abrasion resistance and lower hardness of these tools in comparison with
SiC particles.

» Fan-shaped chips were produced when using uncoated and coated drills irrespective of
the cutting conditions employed, while brazed PCD tools generated needle-like chips.

* There was limited / marginal BUE on the cutting edge of coated and uncoated drills
while BUL was evident on uncoated drills. This was possibly the benefits of using

internal high pressure coolant which reduced temperature sufficiently.

5.3.2 Phase 3B: Evaluation of domed PCD tools and cutting parameters when drilling
MMCs

» Brazed PCD tools generally exhibited lower flank wear compared with domed PCD
tools, which was most likely due to the protection of built up edge (BUE). The best
performance in terms of tool wear (40 um) was obtained when cutting with flood
coolant (3 bar) using brazed PCD drill at 80 m/min with a corresponding feed rate of
0.2 mm/rev.

* For both the first and last holes, the values generated at high feed rate (0.2 mm/rev)
were considerably higher (up to 337 N and 64 N.cm) compared to those at low feed
rate (0.1 mm/rev) with specific / same cutting speed regardless of cutting environment
and tool material. The maximum thrust force (767 N) and torque (167 N.cm) in all
trials was recorded in Test 6 when using domed PCD drill at 80 m/min and feed rate
of 0.2 mm/rev with high pressure coolant (70 bar).

» Limited damage in the form of burr formation was seen for all the first and last holes
drilled with brazed PCD tools, while roll-back burrs were prevalent at the last holes
when using domed PCD drills. Burr fracture was common when using brazed PCD
tools due to low ductility of MMC materials.

* Needle-like chips were produced when using brazed PCD drills regardless of cutting
conditions and machining environment, while various types of swarf was generated
when employing domed PCD tools regarding to different cutting parameters. Long
and short spiral swarf were found in Tests 5 and 8, while fan-shape chips were seen in

Tests 6 and 7 with high pressure coolant (70 bar).
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Hole diameter deviation produced between drills in new and worn (at test cessation)
conditions was limited within 8 um in all trials, due to low tool wear levels and
consistent cutting edge sharpness. In terms of geometrical error measurements, out of
roundness was generally below 10 pum and cylindricity was limited within 20 um for
all the drilled holes.

Microhardness increase was between 50 and ~60 HVqgs in comparison with bulk
hardness (~125 HV gs) irrespective of cutting parameters and extended up to ~100 pum
beneath the machined surface for both the first and last drilled holes.

In general, hole surfaces were consistently smooth, as Ra was limited within 0.51 pm
and Rt did not exceed 6.9 um for all the measurements.

Hole surface was generally smooth with limited damage in the form of smearing and
voids / cavities in all tests, while vibration / chattering marks were randomly observed
when using brazed PCD tools. The marks were approximately 4 mm in length starting
from hole entrance, which was possibly due to BUE and swarf clogging in the drill

flutes.

5.3.3 Phase 3C: Drilling of MMC using PCD tools at elevated / high cutting speeds

Tool wear, thrust force and torque were similar in all 4 tests as the deviation was only
17 um, 14 N and 7 N.cm respectively after drilling 300 holes. Built up edge was
apparent in all tests.

Surface roughness of machined holes did not exceed 0.1 um Ra in both the first and
last holes regardless of cutting parameters. Drilling at higher cutting speed (>160
m/min) did not show any improvements in Ra.

A strain hardened layer up to a depth of ~80 um was observed in both the first and last
hole in all tests. The hardness increase was ~35HV0.05 (~28%), which was partly due
to higher concentration of fine particles near / beneath hole surface (up to 40 um) as
well as strain hardening / plastic deformation.

Irregular burrs occurred randomly at hole exit at a cutting speed of 360 m/min, partly
due to increased tool deflection and generation of BUE due to the lower cooling
efficiency of the cutting fluid towards the bottom of the hole.

At higher cutting speed of 360 m/min, the saw-tooth phenomenon became more
apparent and the frequency was reduced. Both the saw-tooth pitch and saw height
increased with cutting speed. Cracks and crack initiation were observed at high cutting

speed of 360 m/min.
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+ SEM observations showed that SiC particles were mostly cut through with few
cavities due to loss / pull out of particles, while fractured particles were prevalent up

to a depth of ~15 um beneath the machined surface.

5.4 Overall conclusions and recommended operating conditions

5.4.1 Drilling of carbon fibre reinforced plastic composite materials

* Uncoated carbide tools are not recommended for drilling CFRP due to rapid cutting
edge rounding and flank wear (main tool wear modes). Drilling dry together with low
feed rate (<0.05 mm/rev) and high cutting speed (>180 m/min) is likely to cause fibre
dust / matrix burning.

» Use of chilled air is imperative when drilling composites to avoid fibre dust entangling
on the drill and reduce the risk of matrix burning / degradation.

» Good correlation was observed between cutting edge radius and drilled hole surface
quality. Cutting edge sharpness was more critical / significant for controlling surface
damage in comparison to feed rate.

« Diamond coated WC and domed PCD tools showed superior performance in drilling
CFRP, as the flank wear was only 111 and 73 pm respectively after drilling 512 holes
(180 m/min, 0.1 mm/rev). Domed PCD tools showed considerable benefits over
diamond coated tools in terms of consistent cutting edge sharpness and longer tool life
(lower flank wear level).

* Variable feed rate drilling strategy is recommended in order to significantly improve
hole exit quality. Use of principal feed rate up to 0.4 mm/rev in the first drilling stage
and subsequently reduced to of 0.01 mm/rev in final 0.5 mm was demonstrated as the
best combination in terms of tool wear and hole exit quality.

* The majority of hole damage in the form of fibre pull out / loss of fibres occurred at
135° fibre orientation.

* Domed PCD tools can be employed for high speed drilling (up to 360 m/min) to
improve productivity, while chatter / vibration prevents use of CVD-diamond coated
WC tools beyond ~180 m/min.

» Table 5.1 lists the recommended / preferred operating conditions for drilling CFRP

composite materials.
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Table 5.1: List of recommended / preferred operating parameters / strategy when drilling

CFRP
Parameter / strategy Value
Cutting environment Chilled air
Tool material / coating Diamond coated WC, domed PCD

80-100 m/min for CVVD-diamond coated

Cutting speed WC tools, 180-240 m/min for domed PCD

0.2-0.4 mm/rev and 0.01 mm/rev in final

Feed rate (variable) 0.5 mm

5.4.2 Drilling of metal matrix composite materials

Uncoated and coated WC tools lasted for only ~10 holes when drilling Al/SiCp
MMCs irrespective of cutting parameters. The PCD tools showed superior
performance in terms of tool wear, productivity, hole quality and surface integrity.
Feed rate was the dominant factor affecting tool wear. Brazed PCD tools generally
exhibited lower flank wear compared with domed PCD tools, as ~42 um flank wear
was recorded at a feed rate of 0.2 mm/rev irrespective of cutting speed (80-160
m/min).

BUE covering the entire cutting lip was prevalent in trials using brazed PCD tools,
while limited BUE was found on the domed PCD tools.

High pressure cutting fluid (70 bar) did not provide any appreciable benefits in terms
of hole quality compared to low pressure flood (3 bar) operation, although the former
was essential for improving swarf evacuation and prevent chips adhering to the drill
flutes.

Brazed PCD drills outperformed domed PCD tools in terms of tool life, although there
was no appreciable improvement in hole quality. Random vibration / chatter marks /
defects however were observed when employing brazed PCD tools.

Brazed PCD tools can be employed for high speed drilling (up to 360 m/min), while
chatter / vibration in drilling process has to be controlled.

Table 5.2 details the recommended / preferred operating conditions for drilling
MMCs.
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Table 5.2: List of recommended / preferred operating parameters / strategy when drilling

MMCs
Parameter / strategy Value
Cutting environment High pressure flood (70 bar)
Tool material / coating Brazed PCD, domed PCD
Cutting speed 160-200 m/min
Feed rate 0.1-0.2 mm/rev
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Chapter 6: RECOMMENDATIONS FOR FUTURE WORK

Based on the results from the research, a number of areas have been identified as

warranting further investigation. These include:

Evaluation of vibration assisted drilling of CFRP as an alternative to improve process

productivity as well as hole quality / surface integrity.

e Further development and optimisation of domed PCD drill geometry together with an
evaluation of different PCD grades for machining CFRP and MMC composite

materials.

e Application of finite element modelling (FEM) to simulate the drilling process of both

CFRP and MMC composite materials in order to develop predictive capability.

e Further investigation of the influence of varying chilled air pressures and flow rates on

performance when drilling CFRP.

e Measurement of temperature when drilling CFRP and MMC using different tool

materials.
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Industrial collaborator’s contact details

This project was conducted in collaboration with Seco Tools (UK) Ltd. and Element Six

Ltd. Industrial partner contact details at the time of the research are as follows:

Company

Contact details

Seco Tools (UK) Ltd.

Element Six Ltd.

Mr. David Pearson

Seco Tools (UK) Ltd.

Springfield Business Park

Alcester

B49 6PU, UK

Email: david.pearson@secotools.com

Dr. Wayne Leahy

Element Six Ltd.

Global Innovation Centre
Harwell

OX110QR, UK

Email: wayne.leahy@e6.com
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Summary of drills used in this project

Details of all the drills used in this project including tool materials / coatings, drill

diameter and cost of each drill are shown below:

Cost per
Phase and Tool ) )
] o ) Drill drill
number of tools Drill description materials / ) ) )
_ diameter | (including
used coatings
VAT)
Phase 1A & 2B ]
Diamond
& 2C SD205A, C1 geometry 6.38 mm £248.00
] coated WC
(15 drills)
Phase 2A Diamond
) SD205A, C1 geometry 6.00 mm £210.00
(6 drills) coated WC
Phase 1A
) C1 geometry Uncoated WC | 6.38 mm £76.20
(5 drills)
Phase 3A & 3B
& 3C SD205, CX31 geometry Brazed PCD 6.38 mm £396.00
(20 drills)
Phase 1A & 2C
& 3B CX1 geometry Domed PCD 6.36 mm £747.00
(20 drills)
Phase 3A
) SD205A, T geometry Uncoated WC | 6.35mm £91.50
(2 drills)
Phase 3A TiAIN+TIN
) SD205A, M geometry 6.35 mm £100.00
(2 drills) coated WC
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APPENDIX C
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Figure C1: Flank wear curves against number of drilled holes in Phase 2B
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Figure C2: Thrust force and torque progression against number of drilled holes in the first
stage of Phase 2B
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Figure C3: Tool wear progression against number of drilled holes in Phase 2C
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Figure C4: Thrust force and torque progression against number of drilled holes in Phase 2C
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Figure C5: Maximum thrust force and torque progression against number of drilled holes in

Phase 3B
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Figure C6: Main effects plot for maximum thrust force at the first hole in Phase 3B
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Table C2: ANOVA results for maximum thrust force at the first hole in Phase 3B

Source DF | SeqSS | Adj SS F P PCR
Tool material 1 15842 15842 7.07 0.076 9.00%
Cutting speed (m/min) 1 1458 1458 0.65 0.479 0.00%
Feed rate (mm/rev) 1 125500 | 125500 | 55.99 0.005* | 81.55%
Cutting environment 1 1624 1624 0.72 0.457 0.00%
Error 3 6725 6725 9.45%
Total 7 151150
150 - Tool material Cutting speed (m/min) Feed rate (mm/rev) Cutting environment
Significant
140 -
§ 130
£
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E / \
£ 1104
£
o
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Figure C7: Main effects plot for maximum torque at the first hole in Phase 3B

Table C2: ANOVA results for maximum thrust force at the first hole in Phase 3B

Source DF | SeqSS | Adj SS F P PCR
Tool material 1 112.5 112.5 3.12 0.175 1.07
Cutting speed (m/min) 1 84.5 84.5 2.35 0.223 0.68
Feed rate (mm/rev) 1 6844.5 | 6844.5 | 190.12 | 0.001* | 95.22
Cutting environment 1 0.5 0.5 0.01 0.914 0.00
Error 3 108.0 108.0 3.03%
Total 7 7150.0
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Figure C9: Microhardness results for both the first and last holes (Phase 3B)
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List of publications

Paper published

M.J. Li, S.L. Soo, D.K. Aspinwall, D. Pearson and W. Leahy

Influence of workpiece configuration and varying feed rate operation on surface integrity
when drilling carbon fibre reinforced plastic (CFRP) composites

Procedia CIRP, vol. 13, pp. 399-404, 2014.

M.J. Li, S.L. Soo, D.K. Aspinwall, D. Pearson and W. Leahy

The effect of operating parameters and tool materials on cutter wear/life and hole quality
when drilling Al/SiC metal matrix composite (MMC)

Proceedings of the 30" International Manufacturing Conference (IMC30), University College
Dublin, Ireland, September 3-4, 2013, pp. 355-364.

Papers under preparation
Influence of operating conditions and tool materials / coatings when drilling CFRP

To be submitted to Composites Part B: Engineering

Effect of fibre orientation and feed rate on surface integrity when drilling CFRP

To be submitted to Composites Science and Technology

Cutting performance and workpiece integrity when drilling CFRP at high speed

To be submitted to International Journal of Advanced Manufacturing Technology

Hole quality assessment when drilling MMC at elevated / high speed

To be submitted to International Journal of Machine Tools and Manufacture
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