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Alumina is one of the most commonly used engineering ceramics for a variety of
applications ranging from microelectronics to prosthetics due to its desirable
properties. Unfortunately, conventional machining techniques generally lead to
fracture, tool failure, low surface integrity, high energy consumption, low material
removal rate, and high tool wear during machining due to high hardness and
brittleness of the ceramic material. Laser machining offers an alternative for rapid
processing of brittle and hard engineering ceramics. However, the material properties,
especially the high thermal expansion coefficient and low thermal conductivity, may
cause ceramic fracture due to thermal damage. Striation formation is another defect
in laser cutting. These drawbacks limit advanced ceramics in engineering

applications.

In this work, various lasers and machining techniques are investigated to explore the
feasibility of high-quality laser machining different thicknesses of alumina. The
main contributions include: (i) Fibre laser crack-free cutting of thick-section alumina
(up to 6-mm-thickness). A three-dimensional numerical model considering the
material removal was developed to study the effects of process parameters on
temperature, thermal-stress distribution, fracture initiation and propagation in laser
cutting. A rapid parameters optimisation procedure for crack-free cutting of thick-
section ceramics was proposed. (ii) Low power CW CO; laser underwater machining
of closed cavities (up to 2-mm depth) in alumina was demonstrated with high-quality
in terms of surface finish and integrity. A three-dimensional thermal-stress model
and a two-dimensional fluid smooth particle hydrodynamic model (SPH) were
developed to investigate the physical processes during CO, laser underwater
machining. SPH modelling has been applied for the first time to studying laser
processing of ceramics. (ii1) Striation-free cutting of alumina sheets (1-mm thickness)
is realised using a nano-second pulsed DPSS Nd: YAG laser, which demonstrates
the capability of high average power short pulsed lasers in high-quality macro-
machining. A mechanism of pulsed laser striation-free cutting was also proposed.
The present work opens up new opportunities for applying lasers for high-quality

machining of engineering ceramics.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Overview

During the past few decades, interest in ceramics has grown dramatically due to their
outstanding properties such as high-temperature strength, superior wear resistance,
high hardness, high thermal and electrical resistance and chemical stability that make
them desirable for a wide range of industrial applications in mechanical, aerospace,
automotive, electrical, biological and chemical engineering [1, 2]. Retention of these
material’s outstanding properties at elevated temperatures and in chemically
aggressive environments presents them as an exclusive solution for engineering
challenges [3]. On the other hand, these unique features of ceramic materials
certainly have several limitations, such as difficulty in fabrication, high cost, and

poor reproducibility for practical applications [1].

As varieties of ceramic materials that hold their own remarkable properties able to
meet the need for high-end applications have appeared, the search of efficient
machining techniques for them becomes more urgent. Pre-forming processes for
ceramic green bodies are commonly used before sintering. However, the level of
end-product accuracy is low, due to the shrinkage of the green body in the
subsequent sintering process. Further machining after sintering is inevitable for tight
dimensional accuracy. Mechanical machining (such as grinding) processes are
generally considered as the most desirable and reliable techniques, which fulfil the
necessities for dimensional accuracy and surface finish [4]. Unfortunately, most of
the mechanical machining techniques are precluded for hard and brittle ceramics or
the cost of producing component shapes is extremely high due to the use of

expensive and time-consuming diamond grinding [3].

Developing a cost-effective machining technique is one of the key challenges to
apply advanced ceramics in engineering areas. Laser machining represents an

alternative technique for processing brittle and hard materials such as ceramics by
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means of melting, evaporation, and ablation, etc., which potentially provides a rapid
and flexible machining without tool wear, vibrations and cutting forces. In addition,
lasers can be easily automated with CNC tables to achieve 3D machining. Over the
past two decades, many studies have been carried out to demonstrate the feasibility
of applying lasers to machining ceramics. However, the basic limitations have not
been completely solved, such as cracks and low material removal rate in cutting of
thick-section ceramics (>2 mm thickness), striation formation on cut surfaces, heat
affected zones, poor surface finish, fracture and molten material re-deposition, etc.,
caused by the intense thermal effect and inherent defects of laser machining. These
obstacles limit the application of laser cutting/machining techniques in ceramics

processing.

Over the last few years, the availability of high power and high beam quality fibre
lasers with linear motor stages and fine modulated short/ultra-short pulsed lasers
with precision stages or galvanometer mirror scanners have opened up new
opportunities to achieve laser cutting and even remote machining with high finish
quality and accuracy. Some unique advantages employing these lasers for ceramic

processing have been demonstrated.

Unfortunately, some scientific challenges in laser cutting/machining of ceramic
materials have not been resolved by previous studies and techniques. The major

challenges are listed as follows:

1) Cracking is the major challenge in laser processing of ceramics. Thermal damage
in IR laser cutting/machining was considered to be inevitable in previous studies.

There could cause catastrophic breakdown of workpiece.

2) Material removal rate in laser cutting/machining of thick-section ceramics is still
very low although it is higher than mechanical machining. For high power lasers,
the machining rate cannot be dramatically improved due to the significant

thermal damage, which could induce crack formation.

3) Surface finish quality of laser cutting/machining is much lower than mechanical
machining. Rough surface finish is another challenge for laser macro-machining.

The low surface finish quality was attributed to inherent characteristics of laser
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processing (e.g. melt oscillation and re-deposition). Mechanical post-processing
is still necessary for high surface finish quality. Although short/ultrashort pulsed
lasers (e.g. pico-second and femto-second) have demonstrated the capability for
high surface finish quality machining, the low machining rate (typically,
2.2mm’*/min for pico-second lasers and 0.054mm’/min for femto-second lasers)

limits their applications to the micro-machining field.

4) To date, the mechanisms of laser cutting/machining of ceramic materials have
not been revealed completely due to the complicated multi-physical phenomena
occurring during laser processing. Therefore, it is difficult to significantly control

the laser cutting/machining process for high finish quality.

Considering the above mentioned scientific challenges, it is essential to further study
the effects of process parameters on process quality and machining rate, investigate
the unrevealed mechanisms, and explore the potential new techniques, in order to

achieve high-quality laser cutting/machining of engineering ceramics.

1.2 Aim and Objectives of the Project

The aim of the project is to explore the feasibility, characteristics and potential
improvement of high-quality and damage-free laser cutting/machining of ceramics
by various laser processing systems, process conditions and techniques, and

numerical simulations.

Cracking is the major challenge in laser cutting of thick-section ceramics. In order to

solve the problem, the following objectives were set in the investigation.

1) To develop suitable Finite Element (FE) modelling for accurate and reliable
simulation of laser cutting, in order to obtain temperature and thermal-stress

distributions.

2) To understand the crack initiation and propagation mechanisms in ceramics

during laser cutting by means of FE simulation.
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3) To evaluate the effect of process parameters on crack formation in laser

cutting by FE analyses and corresponding experiments.

4) To develop a method to optimise process parameters for crack-free laser

cutting of thick-section ceramics.

In order to further achieve crack-free and high-quality laser macro-machining of
ceramics, alternative laser machining techniques should be employed to compensate
the inherent defects of laser processing, such as thermal damage, recast layer
formation, etc. Therefore, a special study was performed following fibre laser crack-
free cutting in this project. It is CO; laser high-quality machining of deep cavities in

ceramics. The investigation objectives included:
a) To explore the feasibility of laser high-quality machining of ceramic in fluid.

b) To study the mechanism of fluid-assisted laser machining by experiments and

numerical simulation techniques.

c) To optimise the process parameters for achieving high-quality laser

machining of ceramics in practice.

In addition, striation formation is another major quality defect during short/ultrashort
pulsed laser cutting of ceramics. Elimination of striation formation is critical to
further improve the cut quality in pulsed laser cutting. Therefore, the following

objectives were set in this work to achieve pulsed laser striation-free cutting:

5) To explore the feasibility of pulsed laser striation-free cutting of ceramic

sheets.

6) To understand the mechanism of pulsed laser striation-free cutting based on

an empirical model.

7) To develop a theoretical model and predict operating conditions for pulsed

laser striation-free cutting of ceramic materials in practice.
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1.3 Thesis Structure

The thesis is comprised of six chapters described as follows:

Chapter 1. Introduction. This chapter gives a brief overview, aim, objectives and
structure of the thesis. The major challenges of laser cutting/machining of ceramics

are also proposed in this chapter.

Chapter 2. Literature Review. This chapter gives a review on the current
techniques and the challenges in cutting/machining of ceramics. Particularly, the
major research work and milestones on laser cutting/machining of ceramics are
reviewed, where the fundamentals, advantages and drawbacks of different laser

processing techniques are compiled and discussed in details.

Chapter 3. Experimental and Numerical Investigation of Fibre Laser Crack-
Free Cutting of Thick-Section Alumina. This chapter includes an investigation
into laser crack-free cutting of thick-section alumina (6-mm thickness) using a 1 kW
single mode fibre laser (1075-nm). The thermal behaviours of alumina and crack
formation during fibre laser cutting were investigated by Finite Element Analysis
(FEA) and validated by experiments. The criteria of FEM modelling for laser cutting
were presented in this chapter. The crack formation in laser cutting alumina ceramic
was simulated by ANSYS FEA software for the first time. Based on the numerical
and experimental study, the mechanism of crack formation during laser cutting of
thick-section alumina was proposed and a procedure for rapid optimisation of
process conditions was also developed. Crack-free cutting of thick-section alumina

was achieved in experiments.

Chapter 4. CO, Laser Underwater Machining of Deep Cavities in Alumina. A
method for crack-free machining of deep cavity in alumina was demonstrated using a
low-cost CO, continuous wave (CW) laser. CO; laser underwater machining was
found to be beneficial in reducing the substrate defects such as recast layer, dross,
cracking and thermal damage that typically occur during machining in air. Finite
element method (FEM) modelling and Smooth Particle Hydrodynamic (SPH)

modelling techniques were both employed to understand the effect of water on crack
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resistance and debris removal during CO, laser underwater machining. The

machining rate in underwater machining was also discussed here.

Chapter 5. Nano-Second Pulsed DPSS Nd: YAG Laser Striation-Free Cutting
of Alumina Sheets. An investigation into pulsed laser striation-free cutting of
alumina sheets is presented in this chapter. The study demonstrates striation-free
cutting of 1 mm alumina sheets using a 400 W high repetition rate nano-second
DPSS Nd: YAG laser. The specific operating conditions for nano-second pulsed
laser striation-free cutting are presented. A mechanism of pulsed laser striation-free
cutting was proposed, by which the existing theory of continuous wave (CW) laser
striation-free cutting of metallic materials was extended to the pulsed laser striation-

free cutting of ceramic materials.

Chapter 6. Conclusions and Future Recommendations. This chapter consists of
the conclusions of this work as well as the recommendations for future studies. A
short discussion linking crack-free cutting and striation-free cutting as part of the
overall thesis to reduce defects in laser cutting of ceramics is also included in this

chapter.
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Chapter 2

Review of Laser Cutting/Machining of

Engineering Ceramics

2.1 Introduction to Ceramic Materials

Ceramics are defined as inorganic and non-metallic materials that have hard, brittle,
corrosion and heat resistant properties. They consist of one or more metals or non-
metals in combination with one or more non-metals. After a high temperature firing
and compaction process well known as sintering, ceramic materials generally have a
crystalline or partly crystalline structure with glassy phases known as crystal grains
and crystal boundary. The definition of ceramic materials is therefore often restricted
to inorganic crystalline or partly crystalline materials. The earliest ceramics were
pottery objects made from clay and then glazed and fired to create a coloured surface.

These are generally used as domestic and art products.

In the 20 century, advanced ceramic materials were developed, which found far
wider applications in engineering than traditional porcelain and pottery. Table 2.1
shows several products using advanced ceramics. The advanced ceramics are
classified as structural ceramics (i.e. engineering ceramics) and functional ceramics.
Functional ceramics are generally employed as a part of electronic components due
to their inherent physical features, such as electric, magnetic, dielectric, ferroelectric,
optical or other properties, which play an active role in the electronic industries.
Engineering ceramics are applied as structural components in most engineering
industries. Compared with other engineering materials (e.g. metals or polymers),
engineering ceramics offer numerous enhancements in performance, durability,
reliability, chemical stability, hardness, mechanical strength at elevated temperatures,

wear resistance and thermal resistance [2].
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Mechanical Engineering

Aerospace

Automotive

Defence industry

Cutting tools and dies

Abrasives

Precise instrument parts

Molten metal filter

Turbine engine components

Low weight components for rotary equipment
Wearing parts

Bearings, Seals

Fuel systems and valves
Power units

Low weight components
Fuel cells

Thermal protection systems
Turbine engine components
Combustors

Bearings, Seals and Structures

Heat engines, Turbines
Catalytic converters
Drivetrain components
Fixed boundary recuperators
Fuel injection components
Turbocharger rotors

Low heat rejection diesels

Waterpump seals

Tank power trains

Submarine shaft seals

Improved armours

Propulsion systems

Ground support vehicles

Military weapon systems

Military aircraft (airframe and engine)

Wear-resistant precision bearings

Biological, Chemical Processing
Engineering

Electrical, Magnetic Engineering

Nuclear industry

Artificial teeth, Bones and joints
Catalysts and igniters
Heart valves, Heat exchanger, Reformers

Recuperators, Refractories and Nozzle

Memory element , Varistor sensor
Resistance heating element
Integrated circuit substrate

Multilayer capacitors

Nuclear fuel
Nuclear fuel cladding
Control materials

Moderating materials

Oil industry

Electric power generation

Optical Engineering

Thermal Engineering

Bearings

Flow control valves
Pumps

Refinery heater

Blast sleeves

Bearings

Ceramic gas turbines

High temperature components
Fuel cells (solid oxide)

Filters

Laser diode

Optical communication cable
Heat resistant translucent
Porcelain

Light emitting diode

Electrode materials
Heat sink for electronic parts
High-temperature industrial furnace

lining
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The family of engineering ceramics spans many compounds, including oxides,
carbides, nitrides, borides, silicates, and glass ceramics and composite materials such
as polymer matrix (PMC), metal matrix (MMC), ceramic matrix (CMC), and carbon-
carbon (CCC) ceramics [2]. The most commonly used engineering ceramics are:
Alumina (Al,O3), Zirconia (ZrO;), Aluminium Nitride (AIN), Silicon Nitride (Si3Ny),
Silicon Carbide (SiC), Reaction Bonded Silicon Nitride (RBSN), and Hot Pressed
Silicon Nitride (HPSN). Some of their applications are listed in Table 2.2.

Table 2.2 Applications of some commonly used engineering ceramics [1]

Application Performance advantages Ceramics
Wear Parts‘: High hardness, low friction SiC, ALL,O;
Seals, bearing, vales, nozzle
Cutting tools High strength, hardness Si3Ny
Heat Engines: Thermal insulation, high .
. ZI‘Oz, SIC,
Diesel components, gas temperature strength, fuel .
. SI3N4
turbines economy
Medical Implants: Biocompatibility, surface bond gi}ggl(; );glapatlte,
Hips, teeth, joints to tissue, corrosion resistance AlLOs, ZrO,
Construction: Improved durability, low Advanced
cements and

Highways, bridges, buildings overall cost concrete

In 1987, a research by the USA National Research Council investigated eight major
US industries that employed seven million employees and had sales of 1.4 trillion
US dollars. These showed a generic need for lighter, stronger, more corrosion-
resistant materials capable of withstanding high temperatures in future technology
strategies [5]. Engineering ceramics are the leading candidates for meeting these
requirements. A report from BCC Research in 2008 reported the North American
market for structural ceramics to be $2.7 billion in 2007 and predicted it would grow
to $3.7 billion in 2012 [6]. Figure 2.1 shows the predicted growth of the top three
largest market shares, involving bioceramics, armour and military, and wear and
corrosion segment in North American. BCC’s report also stresses that the advanced
engineering ceramics market would be renewed when the fabrication and synthesis

of ceramics were innovated [7].
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Figure 2.1 North American engineering ceramics market in 2007 and predicted size

by 2012 [6]

2.2 Alumina Ceramics

Alumina (Al,0O3) is one of the most commonly used engineering ceramics in various
industrial applications owing to its good mechanical strength, good heat and fire
resistance, high corrosion and wear resistance, and high electric insulation. It is
generally used in making machine tools, heat-resistant packings, electrical and
electronic components, attachments to melting ducts, and refractory linings [8].
Alumina substrates further possess several unique features, such as excellent
dielectric strength, thermal stability and conductivity, good surface with high
smoothness/flatness and less porosity, high thermal shock resistance, low warpage
and camber, high temperature and chemical stability, and very stable breaking
strength as well as shape/dimension variance. Therefore, they are widely applied in
the electronics industry as chip resistor substrates, hybrid integrated circuit (IC)
substrates, electrical isolations, etc [9]. Considering the wide use of the ceramic,

alumina (AL,O3) was selected as the major experimental sample in this programme.

There are several crystalline forms of alumina, namely a, B, vy, 8-Al,O3, etc. The
most thermodynamically stable form is a-Al,O; known as corundum or sapphire in

its crystalline form. It has an internal crystal structure where the oxygen ions are
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packed in a close-packed hexagonal arrangement with aluminium ions in two-thirds

of the octahedral sites, as shown in Figure 2.2.

Figure 2.2 The rhombohedral crystal structure of a-Al,Os (space group R3,-c). At
right-hand side such a layer is projected along [110] direction [10]

Engineering grade polycrystalline alumina ceramics are usually sintered from o-
AlLO; powder at a high temperature (>1300 °C). The typical microstructure of
alumina ceramics is shown in Figure 2.3. In general, alumina is graded into two main
groups, i.e. high-alumina grades with at least 99% Al,O; and alumina grades
between 80% and 99% Al,Os [11]. Table 2.3 lists the characteristics of alumina
ceramics at different subclasses. The high purity alumina is characterised by high
density (>3.75 g/em’), high sintering temperatures (1500-1900 °C) and relatively
good mechanical and other performances, whereas the lower grades are cheaper and

therefore attractive for purposes where these properties are sufficient [12].
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Figure 2.3 The typical microstructure of alumina ceramic.

Table 2.3 Engineering alumina ceramics and their characteristics [11]

Porosity  Density

o .
Grade  AlOs (%) Type (%) (g/em’) Applications
Al 99.6 Electrical & 02-3 375395  Structural
engineering
A2 99.8 Translucent <1 3.97-3.99 Na lamps
A3 99.5 Hot-pressed <1 3.90-3.99 Machine tools
Sintered
A4 99.6 recrystallised 3-6 3.75-3.85 Refractory
AS 99.0 Low dielectric loss 1-5 3.76-3.94  Microwave
A6 965990 ~Dlecwical& 15 371392 Mechanical&
engineering electrical
AT 9459c5 ~ Dleewcal& 2-5 360390  |nsulators,
engineering wear parts
. Insulators,
A8 86.0-945 Electrical & 25 340390  wear parts,
engineering
refractory
) Insulators,
A9 80.0-86.0 Electrical & 3-6  3.30-3.60  wear parts,
engineering
refractory

Although alumina has been widely used in engineering areas, the major drawback
for its further applications, as most advanced ceramics, is the difficulty in fabrication,
high processing cost, and poor reproducibility. In the next section, various

fabrication techniques for engineering ceramics (e.g. Al,O3) are reviewed.
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2.3 Fabrication Techniques

The high-performance material properties of ceramics make them attractive for uses
but also make them difficult to fabricate. Moreover, the damage caused by
machining may affect the performance of the final ceramic components. Therefore,
cost-effective machining without significant reduction of the outstanding material
properties is a crucial step for ceramic components manufacturing. High quality
ceramic components can be realised once this fundamental challenge is overcome.
Over the past few decades, numerous efforts have been performed to improve the
process quality and several advanced machining techniques with reduced deleterious

effects on material properties have been developed [3].

Figure 2.4 shows a typical route of forming engineering ceramics. There are three
basic steps in this route (and each of these may incorporate some sub-processes). The
first step is powder synthesis and treatment. The second step involves the
consolidation of the treated powder into an expected shape that is known as “Green
Body”. The green body typically contains about 50 vol % porosity and is extremely
weak, which is a machinable form. The typical composition of alumina green body is
listed in Table 2.4. The last step utilises heat, or heat and pressure combined, to bond
the individual powder particles, remove the free space and porosity in the compact
via mass diffusion, and create a fully dense and well-bounded ceramic component
[14]. This process is known as sintering or firing. The sintered ceramics can be
machined but it is very difficult. Figure 2.4 also summarises the most commonly
used techniques for machining of engineering ceramics in the green body form and

in the sintered form.

Table 2.4 Typical compositions of alumina green body [13]

Function Composition Volume (%)
Powder Alumina (Al,O3) 27
Solvent 1,1,1-trichloroethane/ethanol 58

Deflocculant Menhaden oil 1.8
Binder Poly (vinyl butyrol) 4.4
Plasticiser Poly (ethylene glycol)/octyl phthalate 8.8
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Figure 2.4 A typical route for forming engineering ceramics and the most commonly used machining techniques
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2.3.1 Green body shaping techniques

The ceramic green body can be directly fabricated to the final shape before sintering.
The desired shapes can be easily formed due to the low mechanical strength of
weakly bonded ceramic powders in ‘green body’ phase. The fabrication techniques
under this category include: Pressing, Extrusion, Slip Casting and Gel Casting,

Injection Moulding, Tape Casting, and Green Machining.

2.3.1.1 Pressing

Pressing is the most widely used shaping technique for advanced ceramics, by which
ceramic powders are under uniaxial or isostatic pressure into a desired shape. The
external heat may be applied at the same time, in order to further enhance
densification. The binder sticks powders and stabilises the ceramic slip without
overly increasing the viscosity. Lubricants can also be used as one of the mixtures to
enable powder flow and better packing density. This process is primarily used for
substrates that have sharp edges, plastic and non-plastic masses and used for highly
automated conditions. The green bodies generally have lower moisture content than
other processing methods. Therefore, the lower shrinkage and higher accuracy after
sintering can be achieved [15]. The subclass of the pressing technique involves: Dry
pressing, Isostatic pressing, Hot pressing, and Hot isostatic pressing. Figure 2.5
shows the schematics of these pressing processes. The Pressing technique is
generally used for manufacturing insulating parts, magnetic ceramics, capacitors and
substrates. Compared with dry pressing, isostatic pressing further possess some

advantages, such as better uniformity of compaction and more complex forms.
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Figure 2.5 Schematics of (a) dry pressing, (b) isostatic pressing, (c) hot pressing, and
(d) hot isostatic pressing processes [16, 17]

2.3.1.2 Extrusion

The extrusion process consists of forcing the ceramic paste through a constricting die
to produce an elongated shape with regular cross-section (such as robs, bars, long
plates, pipes, or honeycombs for automobile catalytic converters), which may be cut
into pieces of required length. The binder provides plasticity to the green body in
addition to strength [18]. The external heat may be applied at the same time, in order
to enhance densification during forming. Figure 2.6 shows two schemes of the
extrusion technique. Extrusion is wused for manufacturing furnace tubes,

thermocouple components, and heat exchanger tubes, etc [16].
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Figure 2.6 Two schematics of the extrusion process [16]

2.3.1.3 Slip and gel casting

Slip and gel casting techniques both need a negative mould of the desired shape. Slip
casting is the process by which the ceramic suspension (slurry) is poured into a
porous mould that is capable to soak the liquid from the slurry and then consolidate
the ceramic part. Slip casting is used for manufacturing thermal insulation parts,

sinks, sanitary ware, etc [16].

Gel casting is a process of forming slurry prepared from ceramic powder mixed with
a solution of organic monomer. When the slurry is poured into a mould, the
monomer polymerises and forms a gel that binds ceramic powder particles into the
strong complex-shaped part. The part may be further machined before sintering. The
process is economical and used for manufacturing large complex shape parts such as

turbine rotors [16].

2.3.1.4 Injection moulding

This technique is comprised of four steps. (1) Mixing the ceramic power with 30-
40% of a binder, (b) Injection of the warm powder with molten binder into a mould
cavity using a screw rotating in cylinder, (c) Removal of the part from the mould
after cooling down, and (d) Debinding the binder (including solvent debinding and
thermal debinding) by sintering. A schematic of the injection moulding technique is
shown as Figure 2.7. This method is widely used for manufacturing small parts with

complex shapes [16].
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Figure 2.7 Schematic of the injection moulding process [16]

2.3.1.5 Tape casting

The tape casting process forms a thin film of ceramic slurry spread over a flat
surface (as Figure 2.8). The slurry film thickness is controlled by a knife edge
located above the moving carrier surface. Then the slurry film is heated and the
solvent evaporates to leave a relatively dense flexible sheet, which can be stored on
rolls or striped from the carrier in a continuous process. Tape casting is used to

manufacture multilayer ceramics such as capacitors and dielectric insulators [16].

Doctor Blade

Infra-red lamps Slip Hopper

Ceramic Slip

Motion of
carrier tape

Dirying zone

Roll of cellulose
acetate shoet
as carmier tape

Flat glass support

Figure 2.8 Schematic of the tape casing process [19]
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2.3.1.6 Green machining

Ceramic machining in unsintered states is called Green Machining. It is generally
employed to fabricate the shapes that cannot be directly realised by above-mentioned
shaping processes. The low mechanical strength of a green body makes green
machining an extremely high material removal rate with relatively low tool wear.
Many machine tools have been used in green machining, such as computer
numerical control (CNC) milling, lathes and drilling equipment, cut-off saws,
surface grinders, and rotary finders [20]. Laser beams have also been applied to drill
micro-through-holes in green electronic substrates. The spatter deposition and micro-
cracks can be suppressed [21, 22]. Moreover, electron beams have been employed as

machine tools in green machining [23-25].

2.3.1.7 Dimensions and shrinkage

The primary goal, when forming a green body, is to come as close as possible to the
final dimensions and shapes, since it is costly to post-machine hard and brittle
sintered ceramics. Basically, the green body is formed larger than the final
dimensions due to a reduction in volume (known as shrinkage) during binder
removal, drying, pre-sintering and sintering. In sintering, the high temperature leads
to a reduction of the specific surface area of the powder particles (e.g. diffusion
processes, creation of liquid phases, and phase transitions) and hence compaction of
the microstructure causing the dimension shrinkage after sintering. Table 2.5 lists the

typical shrinkage percentages of some advanced ceramics.

Therefore, moulds are usually over-dimensioned with respect to the desired
geometries, in order to compensate the shrinkages. However, the tolerances of

sintered ceramic parts via industrial standard processes are approximately £2% [26].

Table 2.5 Typical shrinkages of some advanced ceramics [26]

Ceramic Shrinkage Vol %
Sintered silicon carbide (SiC) 18-20
Alumina (Al,O3) 17-20
Zirconia (ZrO,) 25-32
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2.3.2 Post-sintering-machining techniques

In order to meet the tighter requirement of dimensional precision and surface finish
quality as well as the variety of geometries, post-sintering-machining techniques
should be employed. However, the extremely high hardness of sintered ceramics
makes this process slow and costly (hence called Hard Machining). The commonly
used machining techniques in industries in hard machining include: Mechanical

machining, Chemical machining, Electrical machining, and Radiation machining.

2.3.2.1 Mechanical machining

Mechanical machining employs some mechanical forces or impingements of
abrasive particles to remove material. The most used techniques in this subcategory

include Diamond grinding, Ultrasonic machining and Water jet machining.

2.3.2.1.1 Diamond grinding

Diamond grinding is considered to be the most desirable and reliable technique for
ceramic machining [4]. This technique is capable of producing complex profiles and
fine surface finish. Unfortunately, the major drawbacks of the technique are the
extremely long machining time and the high machining cost (amounting to 60-90%
of final costs [1]). Plastic deformation and surface residual stresses after machining
also degrade the final quality [27]. However, it still cannot be completely superseded
by any other techniques for fine machining of ceramic materials. In most situations,
it has to be employed as the final-grinding step for good surface finish and high

dimensional precision [3].

2.3.2.1.2 Ultrasonic machining

Ultrasonic machining removes material by ultrasonically vibrated abrasive particles
with a relatively low material removal rate. The basic element of ultrasonic

machining head is a transducer/booster combination that converts electrical energy
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into mechanical vibration and causes the tool to vibrate along the longitudinal axis at
a high frequency with amplitude of 5-50 pm. The vibration causes the abrasive
particles held in the suspension to microchip the ceramic surface [28]. The surface
finish and machining resolution depends on to the used tool whereas the machining
rate is directly related to the size of abrasive particles. In drilling, minimal hole
diameter is 76 pm but the depth to diameter ratio is limited to about 3:1 [28].
Ultrasonic machining could reduce the damage in machining due to the low normal
forces compared with diamond grinding. However, the mechanism of the material
removal process is not well understood due to the complexity of this technique.

Therefore, the process parameters are difficult to be optimised effectively [29].

2.3.2.1.3 Water jet machining

Water jet machining employs a high pressure water jet seeded with abrasive particles
impinging on the surface of workpiece to remove material. The main advantage of
this technique is the relatively high cut quality, low heat affected zone, and low tool
wear. However, the machining rate is relatively low since ceramics have similar
hardness as the seeded particles. The typical cutting speed is lower than 50mm/min

for ceramic matrixes and plastic deformation cannot be avoided [30].

2.3.2.2 Chemical machining

Chemical machining utilises etchants to attack the material and remove small
amounts from the surface. This technique has been developed to chemical-
mechanical machining, photochemical machining, etc. Sharp corners, deep cavities
and porous workpieces cannot be easily machined by this technique. Also, the
material removal rate is relatively low. For photochemical machining of alumina
ceramic, the etching depth can be lower than 200 um and the etching rate can be 3.2
um/min [31]. Chemical-mechanical machining is generally used in surface
patterning in semi-conductor (silicon) and micro-electro-mechanical systems
(MEMS), in which a softened layer on the material surface is produced under a

chemical reaction and then the mechanical machining is used to generate the desired
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pattern on the surface. However, high costs, low machining rate and the multi-step

limit this technique within the micro-machining field [32].

2.3.2.3 Electrical machining

Electrical machining technique employs electrical energy in the form of pulses or
continuation in isolation or in combination with chemicals to achieve material
removal. Generally, it is highly effective for machining electrically conductive or
semi-conductive materials. The commonly used techniques in this catalogue are
electrical discharge machining, electrochemical machining, and electrochemical

discharge machining.

2.3.2.3.1 Electrical discharge machining

Electrical discharge machining is a non-abrasion process, which keeps a gap between
the tool-piece electrode and the workpiece surface at approximately 40 um. The
material is removed by high energy plasma produced by the electrical discharge.
This technique is not affected by material hardness but restricted to conductive
material which should have an electrical resistivity of less than 100 Qcm. Therefore,
this technique is only suitable for conductive ceramics, such as boron carbide (B4C)
and silicon carbide (SiC) [3]. The surface roughness (central line average, CLA) is
typically 4 um and the material removal rate is 0.6 mm’/min. The damage on

ceramic surface may be caused due to heat generation in discharging [33].

2.3.2.3.2 Electrochemical machining

Electrochemical machining is characterised as reverse electroplating. This method is
limited to electrically conductive materials only. Therefore, it is commonly used for
machining metals with excellent electrical conductivity. The low heat and stress
mean that little damage is caused. However, the high power costs and the

unsuitability to generate sharp corners are two major drawbacks of this technique [1].
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2.3.2.3.3 Electrochemical discharge machining

This technique involves a complex combination of electrical discharge machining
and electrochemical machining. It is capable of machining high hardness electrically
non-conductive ceramics [34]. However, the maximum machined depth is lower than
2 mm and the mass removal rate could not exceed 2.5 mg/min. Most importantly, the
machined material shows tendency to crack due to the thermal shocks caused by the

heat generated at high voltages [35].

2.3.2.4 Radiation machining

Radiation machining is a non-contact machining process, which generates a localised
energy with high intensity, provided by electron beam, plasma arc or laser, onto the
workpiece to melt, evaporate, and/or ablate the materials. This technique is
independent of the hardness and electrical conductivity of the materials being
machined. The commonly used techniques in this catalogue include Electron beam

machining, Plasma arc machining, and Laser machining.

2.3.2.4.1 Electron beam machining

In electron beam machining, high-velocity electrons are directed toward the
workpiece, heating or melting/vaporising the material. It can be used for fine cutting
of a wide variety of materials, with a high cut quality. Unfortunately, the need of a
vacuum chamber and the beam defocusing at high speeds are two major drawbacks
of this technique [24]. Hence this technique is not suitable for large scale and high

speed machining.

2.3.2.4.2 Plasma arc machining

Plasma arcs induced by ionised gas can be used for machining. The generated high
intensity plasma provides sufficiently high temperatures leading to

melting/vaporising the material and ejects molten material away from the processed
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region. The narrow cut kerf and good surface finish are two significant advantages of
this technique [1]. However, similar to the electron beam machining, the need of

vacuum ambient limits the application of plasma arc to large-scale machining.

2.3.2.4.3 Laser machining

In laser machining, high power light energy is focused onto the workpiece surface
and the local material is hence heated, melted, dissociated, decomposed, evaporated,
and/or ablated from the surface. The machining quality is jointly governed by the
laser parameters employed and inherent material properties. But it is almost
independent of material hardness and brittleness properties. The technique represents
a possible alternative for processing ceramic materials due to a number of
advantages, such as no tool wear and cutting forces, high machining quality, as well
as high flexibility and automation, etc. The economic comparison of laser machining

with other machining techniques is listed in Table 2.6.

Table 2.6 Economic comparisons of different machining techniques [36]

- Capital Tooling/ Power Tool
Machining process . .
investment  fixtures  requirements wear
Conventional machining Low Low Low Low
Ultrasonic machining Low Low Low Medium
Electrochemical . . .
machining Very high  Medium Medium Very low
Chemical machining Medium Low High Very low
Electrical-discharge  y 40 High Low High
machining
Plasma arc machining Very low Low Very low N/A
Laser machining Medium Low Very low N/A

In the next section, laser cutting/machining techniques for engineering ceramics
(especially alumina) are reviewed in detail. Meanwhile, the major developments and

challenges in laser cutting/machining of ceramic materials are summarised.
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2.4 State-of-The-Art in Laser Cutting/Machining of

Engineering Ceramics

To date, several lasers have been used in machining of engineering ceramics,
including CO,, Nd: YAG, Nd: YVO,, Excimer, Fibre, diode, and ultrashort (i.e.
picosecond and femtosecond) pulsed lasers. Each laser has its own emitting
wavelength and machining applications. Although some of these lasers can be
operated in both continuous wave (CW) and pulsed mode (PM), PM lasers are
considered to be preferred for ceramic machining due to the more effective control
of process parameters [37]. For macro-machining in industrial applications, infrared
(IR) lasers are more suitable than ultrashort and ultraviolet lasers due to their high
average power output causing a high material removal rate. Ultrashort and ultraviolet
lasers are generally used in micro-machining and surface treatment. Basically, COs,

Nd: YAG and fibre lasers have been widely employed in ceramic macro-machining.

CO; Lasers. CO; lasers are molecular lasers that use gas molecules (combination of
carbon dioxide, nitrogen, helium, etc.) as the gain medium. The vibrational energy of
carbon dioxide molecule is excited by AC or DC electrical discharge (known as the
pump source) and then the stimulated radiation takes place in the oscillator. The CO;
laser emits the light at a wavelength of 10.6 pm in the far infrared spectrum. CO,
lasers have contributed to over 40% of industrial lasers [38]. The overall efficiency
of electrical-optical energy conversion is in the range of 10%-30% and a beam
power greater than 10 kW can be achieved. However, the beam quality degrades
with increasing output power. Using the “SLAB” technique developed by Rofin-
Sinar Technologies Inc., the high beam quality (M°<1.1) can be kept up to 8 kW
output power. Furthermore, CO, lasers are usually operated in CW mode, but PM
can also be achieved by modulating the pump source up to 5 kHz. Therefore, CO,
lasers are generally considered as one of general-purpose lasers for most material

processing, such as heat treatment, cutting, welding, cladding, etc.

Fast axial gas flow, slow axial gas flow, perpendicular direction of gas flow to the
laser optical path, and perpendicular direction of electrical discharge to the optical

path, sealed-off are five techniques applied in CO; laser systems. Sealed-off CO,
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lasers are the lowest cost lasers in the CO, laser family but their output powers are
also limited and lower by some hundred watts. Periodic maintenance is required (i.e.
refilling pre-mixed gas) in order to hold the laser output power. This is the major
drawback of CO, lasers. In addition, the wavelength emitted by CO, lasers cannot be
delivered by optical fibres, which limits the combination with robots in industrial

applications.

Nd: YAG Lasers. They are solid-state lasers that use 1-2% dopants (i.e.
Neodymium (Nd**)) dispersed in a crystalline matrix (i.e. Yttrium-Aluminium-
Garnet (YAG) with the chemical composition Y3Als0,;) as the gain medium. Pump
sources are krypton or xenon flash lamps, or recently laser diodes. The wavelength
of an Nd: YAG laser is emitted at 1.06 um in the near-infrared spectrum. The power
output of CW Nd: YAG lasers are lower by some kilowatts. But the Q-switch Nd:
YAG lasers can generate short pulses with peak power in megawatts, repetition rates
up to 100 kHz and pulse durations between 15-400 ns. The average output power of
a pulsed Nd: YAG laser is generally lower than 1 kW. The output laser beam (at 1.06
um wavelength) can be coupled into an optical fibre for delivery. Therefore, it is
suitable to combine with robots for more flexible processing in industries. Nd: YAG
lasers have been widely used for cutting, welding, cladding, and drilling of metal or
non-metal materials. The drawback of Nd: YAG lasers is the relatively low beam
quality at high output powers (M’<6), causing a large spot size, low power density
and short focal depth. Therefore, high power Nd: YAG lasers are not very suitable in
precision processing and thick-section machining applications. Furthermore,

maintenance is also essential to Nd: YAG lasers.

Fibre lasers. Although the first fibre laser was proposed in early 1960’s, their
practical applications were limited in laboratory demonstrations until the late 1990’s.
In the late decade, they appear some unique advantages in material processing when
the advanced and commercial double-clad high power fibre lasers are available. In
high power fibre lasers, a multi-clad silica-based optical fibre is used as the gain
medium, which is dropped with rare-earth ions, such as erbium (emitted laser at 1.55
um wavelength), ytterbium (emitted laser at 1.07 um wavelength), neodymium
(emitted laser at 1.06 um wavelength), praseodymium (emitted laser at 1.3 pm
wavelength), and thulium (emitted laser at 1.45 pum wavelength). The fibre core
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confines the majority of the laser energy, in which the laser is generated. The inner
cladding layer is of a lower refraction index than the core region to prevent laser
attenuation and confine the most diode pump beam energy to be absorbed by the
fibre core for stimulated radiations. The outer cladding layer keeps the pump light
confined. The light is transmitted along the fibre by total reflection. Fibre Bragg
Gratings (FBG) inside the fibre provides an oscillator for the generated laser
wavelength and filters other wavelength lights. The laser transverse modes are
controlled by the waveguide characteristics of the fibre core. The beam quality of
fibre lasers is perfect (M?<1.1), even at high powers (up to some kilowatts). The
leader of high power fibre laser manufactures — IPG Photonics Corp. — provides
kilowatt class fibre lasers up to 50 kW, operating in CW or modulated modes up to
20 kHz, with wall-pump efficiencies greater than 30% [39]. High power fibre laser
has been widely used in cutting and welding fields. The distinctive advantages, such
as high power, high brightness, high efficiency, high flexibility (fibre-delivered
beam and robot manipulation), small spot size, high beam quality, maintenance-free,
high compactness, and high durability, make fibre lasers more attractive in future

laser industrial applications.

All the wavelengths of above mentioned lasers are in the IR spectrum. Nowadays, IR
lasers can partially replace mechanical material removal techniques in several
engineering applications due to their unique feature, i.e. the non-contact, photo-
thermal and flexible process [40]. Generally, the material removal rate and the finish
quality mainly depend on the employed laser parameters, such as laser power, spot
size, focal plane position (f.p.p), feed rate, pulse repetition rate, pulse duration, etc.,
and relay on the thermal and optical properties of the material as well. This makes
hard and brittle materials with low thermal conductivity, such as engineering
ceramics, suitable to be machined by IR lasers. Although the laser cutting/machining
techniques have been employed in industrial applications for many years and
become mature, laser cutting/machining of engineering ceramic still faces some
challenges. The major challenge is to achieve high quality (without crack and rough
surface finish) and high speed cutting/machining. Therefore, many studies were
performed and several techniques were developed in past decades, in order to
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improve the process quality and machining rate of laser cutting/machining of
engineering ceramics. The following sections review the most studied laser
cutting/machining techniques for engineering ceramics (especially for alumina). The
techniques include: Laser conventional cutting, Laser multi-pass cutting/machining,

Laser controlled fracture cutting/machining, and Laser hybrid cutting/machining.

2.4.1 Laser Conventional cutting techniques

In laser conventional cutting, a cut front is formed when the laser beam
melts/vaporises the localised workpiece throughout the thickness. A cut kerf is then
formed when the laser beam is in relative motion with respect to the workpiece. The
material removal in laser cutting is by means of melting and/or evaporation. The
coaxial high pressure gas jet is used to enhance material removal and probably
generate chemical exothermic reactions. Plasma may also appear during high power
laser cutting, which attenuate the laser power arriving on the workpiece. The basic
schematic of the laser conventional cutting process is shown in Figure 2.9. The
major cut quality factors, such as cut kerf width (at top surface and bottom surface),
recast layer, heat-affected zone (HAZ), crack, bur, dross, and cut surface roughness

(i.e. striation formation and droplet re-deposition), are illustrated in Figure 2.10.
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Figure 2.9 Schematic of the laser conventional cutting process [41]
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Figure 2.10 The major cut quality factors in laser conventional cutting [42]

Crack is the most critical quality factor since it may cause fracture and catastrophic
failure in brittle ceramic materials. Therefore, most of studies were first focused on
crack-free cutting. Previous studies indicated that high laser power with a low
cutting speed can reduce the thermal-stress level and subsequently, reduce the
possibility of fracture in CW laser cutting (Figure 2.11) [43]. Lu et al specified an
empirical equation to identify the boundary of operating conditions on fracture

initiations in CW CQO;, laser cutting of alumina up to 2-mm thickness [44]:
P>1.78x10"¢*4y (2-1)

Where P is the minimum laser power to avoid crack formation (in W), ¢’ is the

workpiece thickness (in m), and v is the feed rate (in m/s).
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Figure 2.11 Fractural line of CW CO; laser cutting of alumina [43]

Lee et al pointed out that although the critical crack formation boundary can be
determined by the laser power and cutting speed, the occurrence of cracks is still
uncertain at the critical conditions due to the undulations of the cutting front angle
affected by the operating conditions such as materials, inert gas and laser focusing.
They proposed a lower bound of the crack-forming cutting front angle 6, which is
defined as the angle between the vertical line (z-axis) and the normal vector n’
(Figure 2.12(a)). Under some uncertain conditions, when cut front angle becomes
smaller, the amount of absorbed energy will be increased (no cracking), but if the cut
front angle becomes larger, the probability of crack formation will be increased
(Figure 2.12(b)). It means that crack forms if 0 > J* and no crack forms otherwise,

where 0* is the critical lower bound of the cut front angle for crack formation [45].
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Figure 2.12 (a) Schematic of cutting front and (b) fracture line during laser cutting of

alumina [45]

However, continuous wave (CW) lasers are not recommended for cutting brittle
materials owing to the large amount of heat that is accumulated and conducted into
the bulk inducing heat overload and crack growth [46]. Pulsed mode (PM) lasers are
therefore more suitable for ceramic cutting due to the significant reduction in heat
accumulation [47, 48]. Some studies have been carried out to demonstrate the
feasibility of applying millisecond lasers [49], nanosecond lasers [50], picosecond
lasers [51] and femtosecond lasers [52] in ceramic cutting/machining. On the other
hand, PM cutting leads to a low machining rate and cutting speed due to the low

average power [46-52].

In addition to the input energy effect, Black et al further studied the effect of assist
gas on cut quality and indicated that [53]:

(1) The gas parameter has a significant effect on cut quality. High quality cuts can be
achieved in the thinner tiles (< 6mm) at gas pressures of 2 bars but cannot be
achieved in thicker tiles unless >3 bars gas pressure is used. At low pressures (<
2.5 bars), the maximum cutting speeds for full through-cutting dropped
drastically as the gas failed in its role of dross cleaner. Moreover, the assist gas
was acting as a coolant and helping to minimise the large thermal gradient
produced by the laser beam. Cutting ceramics using the inert gases argon and
nitrogen produced better results, especially with the latter due to the high

cooling efficiency.
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(i) Nozzle size was directly related to pressure jetted form the nozzle (i.e. the
smaller is the nozzle size the higher is the obtainable pressure). The nozzle
should be always smaller than 1.5 mm diameter with a gas pressure greater than
3 bars to effectively remove molten material. The smaller nozzle diameters

produced better cuts at high cutting speeds.

(ii1) By lowering the f.p.p into the workpiece the ‘dross’ adherence decreased but in
raising the fp.p away from the workpiece full through-cutting failed as the beam

defocused.

(iv) The ability of the assist gas through the cut dictated the pattern of dross. At the
top of the cut edge where the gas pressure was high and the gas flow was
directed, there was little or no dross adherence. More dross adhered to the
bottom of the cut edge since the gas pressure reduced due to more turbulent gas

flows with the cut depth increasing.

Considering the significance of assist gases, Quintero et al performed a series of
investigations into the effect of assist gases in laser cutting of mullite-alumina
ceramics (3A1,03:2S10,). They used a 500 W pulsed Nd: YAG laser guided by an
optical fibre to cut mullite-alumina plates with 4-mm thickness. They found the
limitation of maximum cutting speed as a function of average power and assist gas
pressure. A linear relation of the limited cutting speed with the employed laser power
is shown in Figure 2.13, which indicates the shallow influence of the heat conduction
losses on the overall heat balance during cutting of low heat conductive materials.
They also found that when the gas pressure was raised from 5 to 8 bars, there was no
significant increase of the limited cutting speed since a strong normal shock wave
diminishes the effectiveness of the assist gas jet capability. Based on their study,
some two-dimensional (2D) complex cuts were demonstrated in Figure 2.14,
showing the suitability and versatility of the Nd: YAG laser cutting of mullite-
alumina ceramics. The employed cutting conditions were cutting speed of 5 mm/s,
assist gas pressure of 5 bars, average laser power of 430 W, pulse frequency of 120

Hz, and pulse duration of 1 ms [49, 54, 55].
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Figure 2.13 Limited cutting speed as a function of the employed average laser power

and assist gas pressure [49]

Figure 2.14 Optical images of a 2D cut piece at different magnifications: (a)

overview of the sample (outside part), (b) detail of the cut (outside and insider parts

of the piece) [49]

For various ceramic materials, the physical processes governing material removal are

varied depending on their thermal properties. Table 2.7 lists the major physical

phenomena during laser machining of some typical engineering ceramics.
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Table 2.7 Major physical phenomena in laser machining of some typical engineering

ceramics [56]

Material Melting Dissociation Evaporation
AlL,O5 Yes Yes Yes
SiC Yes Yes Yes
Si3Ny Yes Yes Yes
MgO No Yes Yes

Due to the inevitable melting in laser cutting/machining alumina, even using
femtosecond lasers [57], a significant process in cutting/machining alumina is the
aerodynamic interaction between the assist gas and molten materials. The above
mentioned studies have indicated that the recast layer and dross cannot be eliminated
by coaxial gas jets. This deterioration becomes more significant in laser cutting of
thick-section ceramics [52]. A typical view of cut surface via a coaxial nozzle is
shown in Figure 2.15, where the most significant feature is the critical recast layer
which appears as a white area in the border of the cut kerf. The upper face of the kerf
edge appears completely free of recast layer whereas below this area the recast layer
appears. This outcome can be explained by the aecrodynamic interactions of the assist
gas jet and molten materials. A schematic drawing of the coaxial assist gas
aerodynamic performance in laser cutting is shown in Figure 2.16. It explains the
formation of the two different zones observed in Figure 2.15. (1) In the upper area of
the kerf edge, the gas jet is able to drag out the molten material with a laminar flow.
Below this area, eddies and slipstreams of the gas flow reduce its ability to remove
the molten materials. Therefore, a recast layer is formed and the dross resolidifies
onto the cut edge. (2) The dross attached to the edge of the kerf releases a great
quantity of heat into the workpiece during its cooling and hence resolidification led

to a thicker recast layer at the lower face of the kerf edge (as Figure 2.15(b)) [58].
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Figure 2.15 Schematic (left side) and optical images (right side) of recast layer on

the cut surface. (a) A typical cross-section. (b) A side view of the cut surface [58].
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Figure 2.16 Aerodynamic interactions between molten materials and assist gas flow

jetted from a coaxial nozzle [58, 59]
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During laser cutting, the assist gas jet with high kinetic energy is injected in the cut
front to remove the molten material. This process has great influence on the resultant
cutting characteristics, affecting the cutting speed and the cut quality as mentioned
above [58]. These consequences have a more significant effect on cutting of thick-
section alumina, since the viscosity of molten alumina is 1-2 orders of magnitude

higher than steels and aluminium [60-62].

In order to improve the efficiency and capability of assist gas injection, Quintero et
al developed a new cutting head with an off-axial supersonic nozzle as shown in
Figure 2.17. Two adjustable parameters for the off-axial nozzle setup are the distance
X behind the laser beam and the angle of gas jet axis € with respect to the laser beam
axis. Under this configuration, a laminar boundary layer that flows along the entire
depth of the cutting front keeps two driving forces removing the molten material
(shear stresses and pressure gradient) effectively [58]. Figure 2.18 shows a cut edge
obtained by the off-axial nozzle cutting head with the best settings. The thin recast
layer and free of dross indicates the less disrupted gas flow jetted from the off-axial
nozzle and shows the capability of off-axial gas flow in cutting of 4-mm thick

mullite-alumina plates.

" Supersonic

Laser beam ‘a‘ i

axis \.

Gas jet axis

Workpiece

Figure 2.17 Setup of the supersonic off-axial assist gas injection system [58]
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Figure 2.18 (a) Schematic of interaction of the off-axial gas jet with the cut front and
(b) the cut edges obtained by the supersonic off-axial assist gas injection cutting
head. Optical graphs of the cut surface at side view (left) and cross-section view

(right) [58].

Quintero et al [63, 64] further carried out a series of investigations into the effects of
different cutting parameters and different gas nozzle setups on the pulsed Nd: YAG
laser cut quality for mullite-alumina ceramics with 4-mm thickness or greater. Their
studies indicated that the characteristic of HAZ was a function of laser average
power, cutting speed, and assist gas pressure and pulse frequency (with 1 ms fixed
pulse duration), whereas the maximum cutting speed was determined as a function of
the laser average power and the gas pressure. The coaxial assist gas pressure was
found to affect the HAZ at the upper face of the cut kerf but no affect on the HAZ at
lower face due to the detachment of the gas flow from the kerf edge. The pulse
repetition rate had a clear influence on the extension and intensity of the HAZ [63].
A study of the CO, CW and PM laser cutting mullite-alumina with 5-mm thickness
was also performed. It was found that the best cut quality in CW mode can be
achieved using a laser power below 1000 W, a cutting speed close to the maximum
(>14 mm/s) and an off-axial gas nozzle. Meanwhile, the pulsed mode at low
frequencies (<20 Hz) with a coaxial gas nozzle can also achieve a high efficient
material removal rate. However, the cutting speed of the PM mode is lower (<11

mm/s) due to the lower laser average power output [64].
71



Chapter 2: Review of Laser Cutting/Machining of Engineering Ceramics

In 2006, the aerodynamic characteristics of the off-axial supersonic gas flow inside
the cut kerf were validated by means of flow visualisation using the Schlieren
technique [59]. The cut kerf was made with two plates of glass parallel to each other
arranged at a distance of 0.5 mm to simulate the cut kerf. A solid sheet with the
precise thickness of the gap between the glass plates was placed occupying half of
their area in order to simulate the cut front (Figure 2.19). The angle of 15° of the
sheet edge with respect to the vertical was set as the typical angle of the cut front.
Figure 2.20 shows the captured pictures of gas flows inside the cut kerf at various
distances between the off-axial gas nozzle and the cut front. It was seen that a very
uniform distribution of the gas flow along the cut front in Figure 2.20(d). This gas
flow should be the most effective to remove molten material as shown in Figure
2.20(h), where the thinnest recast layer with typical cut ripples was achieved. This
work validated the significance of assist gas flow in molten material removal during

laser fusion cutting of ceramic materials.

Field of view of the

Schlieren set-up \

Cutting front

Supersonic
nozzle

Figure 2.19 Schematic of the transparent model of the cut kerf and the setup of the

off-axial nozzle for flow visualisation using Schlieren Photography [59]
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(e) ¢ (& (h)

Figure 2.20 (a)-(d) Images of the gas flow inside the cut kerf captured by Schlieren
Photography and (e)-(h) photographs of the cut surfaces at different distances
between the gas nozzle and the cut front: (a) and (e) X=0, (b) and (f) X=1, (c) and (g)
X=2, (d) and (h) X=3 mm [59]

Unfortunately, profile cutting is the major challenge using the off-axial nozzle
cutting head since the direction of nozzle has to be adjusted in real time in order to
aim the gas flow normal to the cut front. In 2008, a new concept of off-axial nozzle
cutting head controlled by CNC for profile cutting was released (as Figure 2.21). It
removes the obstacle to application of the off-axial nozzle cutting head in profile
cutting in industrial applications. However, the complicated mechanical structure of
the cutting head makes it unsuitable to three-dimensional (3D) and/or high-speed

cutting.
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Figure 2.21 The CNC controlled off-axial nozzle laser cutting head [65]

Quintero’s research did not focus on cracks in laser cutting, due to the low thermal
expansion coefficient and Young’s modulus of the mullite-alumina (a weight of 80%
of alumina and 20% silica) in comparison with 95-99% alumina ceramics [12, 66].
Moreover, cracking can be trapped by the creep of soften glassy phases in mullite-
alumina at high temperatures. Therefore, mullite-alumina has a relatively high
resistance to thermal-stress-caused fracture in laser cutting. For high performance
engineering ceramics (e.g. 95-99% alumina ceramics), less glassy phases make
cracking and fracture take place more easily. Therefore, laser process parameters

should be chosen more carefully for crack-free cutting of the engineering ceramics.

Kacar et al demonstrated Nd: YAG laser crack-free percussion drilling of 95%
alumina ceramic up to 10 mm thickness [67]. From their work, it can be deducted
that the crack-free cutting could be achieved when the crack-free drilling is repeated
along a desired path. Based on this hypothesis, Ji et al developed a close-piercing
lapping (CPL) laser cutting technique for crack-free cutting of 99% alumina
ceramics up to 10-mm thickness using a 3.5 kW CO, laser [68]. The cutting process
of the technique is a series of percussion drilling instead of conventional pulsed laser
cutting (as Figure 2.22). Serious thermal accumulation is therefore suppressed via
sufficient cooling between adjacent piercing processes. Using the technique, crack-

free curve and sharp angle cuts were demonstrated (as Figure 2.23). However, the
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cutting speed of the CPL technique was only 0.23-0.42 mm/s for 10 mm thick

alumina ceramics, which presents a critical obstacle to industrial applications.

a b

Laser pulse
Laser pulse

Top surface Top surface

Cut surface Cut surface

Ceramic sample Ceramic sample

Figure 2.22 Schematic of two different laser cutting techniques: (a) close-piercing

lapping (CPL) laser cutting technique and (b) pulsed laser conventional cutting

techniques [68].

Figure 2.23 Photographs of crack-free curve and sharp angle cuts in alumina by the
CPL technique. (a) 4-mm thickness, (b) 6-mm thickness, (c) 10-mm thickness, and
(d) a close-up view of the cut sharp angle on the top surface of 10-mm-thick alumina

[68]

In order to achieve high-quality cutting, other quality factors in addition to crack
should also be considered. As mentioned above, Quintero’s studies have involved
some cut quality improvements, such as lower dross, thinner recast layer and HAZ,

as well as smoother cut surface [64]. However, striation formation in laser cutting is
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always found on all laser cut surfaces, even in femto-second laser cutting [52].
Striations are some relatively regular periodic straight lines with a slight inclination
from the laser beam axis. It influences the quality (i.e. roughness of cut surface) and
precision (i.e. kerf width variation) of laser cutting [69]. Generally, the roughness (R,)
of alumina sheet (< 1 mm thickness) cut surface by laser cutting is 10-50 um, which
poses a major challenge for denser circuit patterns and device miniaturisation.
Furthermore, for thick-section ceramics, the cut surface roughness dramatically

increases [64].

Although many studies have been performed to explore the mechanisms of striation
formation, most of them are focused on oxygen-assisted laser cutting of metals, in
which the energy matching between exothermic reaction and laser beam was most
studied [70-74]. However, during laser cutting of ceramics, striations still appear
although no reaction takes place between assist gas and material. Therefore, some
other mechanisms of striation formation should exist. Schuocker proposed a
mechanism of striation formation as a result of small fluctuations in laser power and
gas flow, which can initiate hydrodynamic instabilities of the molten front [75].
Vicanek et al proposed a striation formation mechanism based on the instabilities in
the melt removal process induced by the pressure gradient driven melt flow [76].
Makashev proposed that striation formation was caused by the melt droplet
formation for materials with a thickness much greater than the kerf width during
laser cutting with inert gases, where the changing melt droplet size within the cut
kerf could cause imbalance between the capillary forces and the gas pressure [77].
Olsen observed via spark shower experiments that the melt flow moved from one
dimensional to two dimensional when the cutting speed increased, which supported
the liquid layer oscillation theory for striation formation [78]. The increase of
striation depth with increasing gas pressure was further observed by Kaebernick et al

[79].

Based on these theoretical and experimental investigations into understanding of
striation formation mechanisms and characteristics, several efforts to eliminate
striations in laser cutting were attempted over the last few years. Li et al
demonstrated striation-free laser oxygen-assisted cutting of mild steel sheets up to 2-
mm thickness using 1 kW CW fibre laser [69]. The minimum arithmetic mean
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roughness (R,) of striation-free cut surfaces was 0.88 pum [80], by which post-
process-free laser net shape cutting could be achieved. They also found that two
conditions are necessary to overcome striation formation. One is that the cutting
speed must be higher than a threshold in order to achieve a steady state reaction and
prevent the oxidation front escaping from the laser beam. This condition overcomes
possible striations resulting from the cyclic nature of the oxidation front [81]. The
other condition is the advancement time of the vaporisation front through the depth
of the workpiece should be equal to the time of laser/material interaction within the
beam spot, by which the melting rate equals to the melt removal rate. Under this
condition and assuming melting to be a continuous process (i.e. CW laser beam),
melt oscillation can be prevented [69]. For ceramics, only the second condition is
viable, as generally no reaction between material and assist gas takes place. Wee et
al used statistical analysis to study striation formation characteristics for 1 kW CW
fibre laser cutting of 7 mm thick alumina ceramics under different operating
conditions. They indicated that the striation formation could not be eliminated
completely even though the cut quality can be improved by the statistical model [82].
Ji et al recently demonstrated striation-free cutting of 1 mm thick alumina substrates
using a 1 kW CW fibre laser as shown in Figure 2.24 [83]. This work supports the
theory developed by Li et al [69].

Figure 2.24 Striation-free cutting of 1-mm thick alumina sheets using a 1 kW CW
fibre laser [83]

Despite many studies on the elimination of striation formation for CW laser cutting,

no work has shown striation-free cutting by pulsed lasers. In previous studies, pulsed
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lasers were considered as the most suitable laser mode for cutting of ceramics since
fracture and catastrophic breakdown were easily caused by the serious heat shocks in
CW laser cutting [46]. Recent studies further found that short and ultra-short pulsed
lasers (e.g. ns-fs) could obtain higher cut quality than CW or millisecond pulsed
lasers [52]. However, elimination of striation is still a challenge in pulsed laser

cutting even employing short or ultra-short pulses.

In next part of this section, the significant phenomena associated with laser cutting of
ceramics are discussed. In laser-material interaction, the magnitude of temperature
rise governs the different physical phenomena, such as melting, vaporisation, plasma
formation and ablation, depending on the applied power density and thermal
properties of the material. Figure 2.25 shows the various physical phenomena during

laser-ceramic interaction with laser power density increasing from (a) to (e).
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Figure 2.25 Various physical phenomena during laser-ceramic interaction with laser

power density increasing [84]

The laser-ceramic interaction is in relation to the absorptance of ceramics with

respect to a given laser wavelength. Having an insight into the absorptance would be

more efficient to control the laser process parameters. Modest et al studied the

temperature-dependent absorptance of 99% alumina for 1.06 pm wavelength Nd:
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YAG lasers [85]. Alumina melts at around 2315 K under equilibrium conditions [86].
The results of Modest’s work (as Figure 2.26(a)) indicated that alumina is more
likely scattering until about 1800 K, and its absorptance starts to increase sharply
thereafter, reaching 0.95 at 2800 K. Figure 2.26(b) shows the ceramic superheats to
about 2600 K before starting to melt. Due to the superheating, melting takes place
over a range of temperatures and internal melting is possibly continuing after the
laser was turned off at a surface temperature of about 3350 K [85]. The results
verified that fusion is a primary material removal mechanism in laser cutting of
alumina. For 10.6 um wavelength CO; lasers, alumina generally has a relatively high

absorptance (> 90%) at whole temperature range [87].
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Figure 2.26 (a) Absorptance versus temperature of alumina for 1.06 pum wavelength

laser and (b) typical temperature signal of alumina during heating process [85]

Dahoter et al studied the variation of surface absorptivity with temperature for
engineering ceramics. The in-situ temperatures reached during pulsed Nd: YAG
laser low-aspect-ratio-cavity (< 1) machining of the ceramics under various pulse
numbers were measured [88]. The measured absorpitivities are shown in Figure 2.27.
For the temperature ranging from 1040 K to 1100 K, it can be seen that the
maximum absorptivity of Al,O; with respect to 1.06 pum wavelength was about 25%.
When the cut kerf was formed, the absorptivity is increased due to the multi-
reflection [89, 90] and it is expected to instantaneously reach the value of 100% in
some processes such as high aspect ratio laser machining and laser cutting of thick-

section workpiece [91, 92].
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Figure 2.27 Variation of surface absorptivity with temperature for engineering

ceramics at 1.06 um wavelength [88]

When the surface temperature reaches the melting point, material removal occurs by
melt ejection. When the surface temperature further increases and reaches the
vaporisation point, material removal takes place by means of evaporation and melt
ejection. During laser fusion cutting of ceramics, material removal should be melt
ejection and evaporation together. Considering multi-physical processes occurring
simultaneously, theoretical analyses of laser cutting processes are very difficult.
Although the theoretical models are not practical in selecting the proper working
conditions in quantitative manner [93], information on the behaviours of some
important physical parameters from the theoretical analysis, such as the temperature
at the cutting front, the ratio of molten and evaporated material, energy losses by
heat conduction, radiation or convection, etc., is still useful for improvement of the
knowledge about the physical processes involved in laser fusion cutting since these

parameters are difficult to determine by experimental measurement.

Modest et al developed a theoretical model for laser cutting of SisNgs and SiC
ceramics [94, 95]. Kim et al also developed a FE model on evaporative cutting with
a moving high energy pulsed laser [96]. However, these models solve the problem

on vaporisation cutting where the effect of assist gas on material removal was
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ignored. In laser fusion cutting of alumina, three major mechanisms of molten
material removal simultaneously exist: melt shearing by the assist gas, melt
evaporation, and melt ejection by the recoil pressure induced by vaporisation [93].
Quintero et al presented a theoretical model for pulsed laser fusion cutting of
ceramics [93]. The three material removal mechanisms were all considered
according to the solution of the balances of mass, momentum and energy at the cut
front (as Figure 2.28). The simulated results for a pulse length of 10 ms with pulse
energy of 15 J and a pulse length of 0.5 ms with pulse energy of 0.75 J are listed in
Figures 2.29 and 2.30. It was found that the molten material ejected mainly by the
assist gas at low pulse energy of 0.75 J, whereas the predominant removal
mechanism contributes to the melt ejection by recoil pressure at high pulse energy of
15 J. The corresponding experimental results (Figure 2.31) validated the simulated
results. Compared with the Figures 2.29(d) and 2.30(d), it can also be found that the
power consumed to evaporate the melt with regard to the corresponding mass flow is

proportionally much higher than that in the melting process.

~

d .:/ =
P l;z\

Figure 2.28 Schematic of the geometry of the cutting model and cross section of the
cut front, where Fis the fusion front, F. is the cutting front, v, is the evaporation
velocity, p, is the recoil pressure, v, is the velocity of the flow promoted by the recoil
pressure, v; is velocity of the mass flow in the direction of the cut front axis
governed by the assist gas, v, is cutting speed, 4 is thickness of molten layer, 27y is

kerf width and d is workpiece thickness[93]
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Figure 2.29 Simulated results for a pulse length of 0.5 ms with pulse energy of 0.75 J,
representing the temporal evolution of several process parameters in a pulse length:
(a) temperature of the molten layer; (b) thickness of the molten layer; (c)
instantaneous value of the ejected mass flows, M being the flow ejected by the
assist gas, My being the evaporated mass flow and My being the melt ejected by the
recoil pressure; (d) energy flows carried away by the corresponding mass flows and

heat conduction losses (Pk) [93]
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Figure 2.30 Simulated results for a pulse length of 10 ms with pulse energy of 15 J,

representing the temporal evolution of several process parameters in a pulse length:

(a) temperature of the molten layer; (b) thickness of the molten layer; (c)

instantaneous value of the ejected mass flows, M  being the flow ejected by the

assist gas, My being the evaporated mass flow and My being the melt ejected by the

recoil pressure; (d) energy flows carried away by the corresponding mass flows and

heat conduction losses (Pk) [93]

Figure 2.31 Optical micrographs of the cut surfaces by the laser operating at different
pulse lengths and energies: (a) 0.5 ms —0.75 J; (b) 10 ms — 15 J [93]
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When the laser intensity passes a certain threshold limit, the vapour gets ionized and
forms a plasma having electron temperature as high as 50, 000 °C and pressure up to
500 Mpa [97]. The plasma forms a shield over the machined area and reduces the
energy arriving onto the workpiece. Ho et al proposed a one-dimensional thermal
model considering the absorption of plasma to represent the short pulsed laser
drilling process. They indicated that it was essential to take the plasma absorption
into account for short pulsed laser (< 10 ns) drilling of SiC and Al,O3 (as Figure 2.32)
[98]. Beyer et al studied the interaction between CO, laser pulses with microsecond
duration and Al,O; ceramic substrates. They found that the plasma oscillated with a
characteristic period of 5-10 ps between states with low and high absorption.
Therefore, a short pulse (< 5us) with low energy and high repetition frequency (>10
kHz) should be employed to achieve a high machining rate without significant

energy loss in plasma [99].
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Figure 2-32 Variation of machining depth per pulse with laser fluence in short pulsed

laser drilling of alumina [98]

In addition to melt and evaporation, some of species such as AlO(g), Al(l), Al(g),
ALLO(g) and AlOy(g) can also be formed above 3250 K due to the dissociation of
ALO; by reactions in Egs. (2-2)-(2-4). At the temperature above 5000 K,
dissociation is complete and aluminium vapour and oxygen are formed according to

Eq. (2-5) [56]. Moreover under ambient nitrogen, other reactions may take place as
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Eq. (2-6). The formation of AION species increases the hardness and ductility of the
cut surface [100]. The produced species directly influence the process quality and
performance of the end product. Depending on different applications, these reactions
may be expected or not. In order to maintain the alumina composition on the cut
surface, it is necessary to control the temperature of the cut surface below 3250 K by

setting proper process parameters and employ proper assist gas for cutting.

Al 0 +30; + 2410, (2-2)
41,0, — 2810, + 20, (2-3)
AL Oy = ALD o + Oy (2-4)
AL Oy = 28lgy 0 + 70 (2-5)
3410 | Ny » 2A10N (2-6)

Where g means the gas phase and | is the liquid phase.

Although ceramics generally have low thermal conductivities, HAZ cannot be
avoided during laser machining even for ZrO, ceramics, of which the thermal
conductivity is about 30% of alumina. Figure 2.33 shows a typical HAZ around a
pulsed Nd: YAG laser drilled hole in ZrO,. The ceramic micro-structure in HAZ is
varied from the base material. Generally, the ceramic in HAZ is redensified due to
the high temperature history. It is most likely a re-sintering process (as Figure 2.34).

Therefore, HAZ makes ceramics harder and trend to fracture during laser cutting.
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200um

Figure 2.33 Typical photographs of HAZ around a laser drilled hole in ZrO, ceramic
[101]

Figure 2.34 Surface microstructures of the alumina substrate (a) before laser
treatment; and after laser treatment with fluence of (b) 420 J/em?, (¢) 535 J/ecm?, and

(d) 649 J/em® [102]

From the above mentioned studies, it can be found that laser conventional cutting of
ceramics is a combined effect of melting, evaporation, dissociation, reaction and re-
sintering. Therefore, the control of process parameters is the key point to achieve

high quality and crack-free laser conventional cutting of ceramic materials.
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2.4.2 Laser multi-pass cutting/machining techniques

Multi-pass cutting employs a laser beam successively passing forward and backward
along the same path to finish a through-cut in workpiece. Every pass only removes
material to a prescribed depth that is always smaller than the thickness of workpiece

(as Figure 2.35).
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Figure 2.35 Schematic of multi-pass cutting/machining [103]

Black et al indicated that the temperature gradient in multi-pass cutting was greatly
reduced due to the low laser power input per pass, the thermal damage was hence
minimised [46]. Although it is suitable to cut thick-section ceramics without any
fracture, the low process speed is the major drawback of this technique. In order to
solve this problem, an improved technique was developed by Black et al. In the
technique, the multi-pass cutting was begun with a low laser power (100 W) to
produce a well defined blind kerf. This process was repeated until the kerf was about
2 mm and then the laser power was switched to 500 W and finished the full-through
cutting for 9.2-mm-thick ceramic tiles. This technique improved the process
efficiency and significantly reduced the thermal overload during CW laser cutting

[53].

In addition, similar to the laser conventional cutting, pulsed lasers are recommended
since the lengths of thermal-shock-induced cracks could be restricted below the grain
size, by which crack-free cutting/machining of ceramics would be achieved [104].
Lei et al used a Q-Switched CO; pulsed laser with a high peak power (12.5 kW),

short pulse duration (1 ps), high pulse repetition frequency (20 kHz) and moderate
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average power (250 W) to study multi-pass cutting of hot pressed SizN4 ceramics
with a cutting speed ranging from 8 mm/s to 220 mm/s. For each cutting speed, the
cutting process was repeated several times until line-energy (laser energy input per
cutting length) reached the same value of 240 J/mm [105]. The relationship of crack
length and crack number per cut length with cutting speed is shown in Figure 2.36. It
was found that the short pulse duration and low pulse duration ratio should be
employed in order to reduce the thermal overload. A high cutting speed can further
reduce the thermal effect to trap the length of micro-cracks within the gain size, by

which the crack-free cutting can be achieved.
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Figure 2.36 The relationship of crack length and crack number per cut length with
cutting speed [105]

Quintero et al studied the quality of different laser cutting techniques (single- and
multi-pass) for silicon infiltrated silicon carbide (Si-SiC) with 6-mm thickness. A
quantitative method was employed to assess the HAZ and effectively compare the
cut results using different parameters and techniques. It was found that the utilisation
of compressed air as the assist gas and the multi-pass cutting technique is the most
important factor to obtain the best cut quality in crack-free cutting of Si-SiC [106].
The optical images (as Figure 2.37) show a typical view of the cutting edge via
single-pass and multi-pass cutting. Figure 2.38(a) shows the capabilities of the multi-

pass cutting technique for 2D cutting of Si-SiC tubes. The cut result was crack-free
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and to strict dimensions. The ceramic tube can be inserted tightly into the other one
(as Figure 2.38(b)). Furthermore, mechanical testing at high temperatures proved
that multi-pass cutting is an acceptable profile cutting technique for some special

applications, such as kiln furniture production [106].

Figure 2.37 Optical images showing a typical cross-section view of the cut kerf via

(a) single-pass cutting and (b) multi-pass cutting [106]

a) b)

Figure 2.38 Optical images of Si-SiC ceramic 2D cuts by the multi-pass cutting
technique [106]

According to the above mentioned studies, it can be found that multi-pass cutting of
ceramics such as SiC and SisNs were most investigated due to their
dissociation/decomposition properties (i.e. without melt points). However, during

laser cutting/machining of alumina or zirconia ceramics, melting ejection is the
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primary material removal mechanisms [93]. Therefore, melting deposition and

resolidification raise a major challenge in laser multi-pass cutting/machining.

Compared with laser cutting, the 3D structures involving controllable z-depth in
workpiece can be obtained by multi-pass laser machining techniques. Laser
machining is generally performed by a single laser beam (Figure 2.39). However,
two or more laser beams may also be used for 3D machining (Figure 2.40). For the
ceramics having a melting point (such as alumina and zirconia), high peak power
pulsed lasers are usually employed in order to achieve ablation without melting.
Furthermore, continuous wave (CW) lasers were rarely directly used for machining
ceramics at room temperatures in air atmosphere without forced cooling, since the
serious heat accumulation in machining may cause catastrophic breakdown of the

workpiece.

Laser beam

Starting edge _

Figure 2.39 Schematic of 3D laser machining by a single laser beam [107]
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Figure 2.40 Schematic of 3D laser machining by a dual laser beam [42]

Zeng et al reported laser carving of 3D structures in alumina substrates using a short
pulsed CO; laser. A 3D CAD model is first sliced in a particular direction to obtain
profile information of the slice. Then a focused laser beam is used for scanning and
engraving the ceramic surface based on profile per slice, producing 2D layer patterns.
Finally, the z-axis is lowered to a designated height to locate the carving surface at
the focal plane. This process is cycled until the whole model is finished. Figure 2.41
shows a 15 mmx14.27 mmx2.5 mm cavity obtained by this machining technique.
The machining time was 50 minutes. They also presented a machining model as
Figure 2.42 and found that the process quality mainly depended on the parameters of
pulse repetition rate, scanning speed, pulse energy, interval of scanning lines and

slicing thickness [108].
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Figure 2.41 3D laser machining of a star shape in alumina ceramic [108]
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Figure 2.42 Laser machining model. (a) Overlapping drilled holes and (b) spot

diameter, pulse distance and scanning interval during machining [108]

Hand et al examined the parameters of nanosecond pulsed (60 ns) Nd: YAG laser
crack-free machining of yttria-stabilized tetragonal zirconia polycrstal (Y-TZP)
ceramics. They found that the combination of processing variables (at an average
power of 11.3 W, a repetition rate of 30 kHz and a scan speed of 50 mm/s) provided
the optimum material removal rate up to ~2 mm’/min. Additionally, it was found
that the pulse overlap has a significant influence on the material removal rate and
hence, the combination of scan speed and repetition rate should be carefully
considered. Their experimental results showed that too much pulse overlap or
insufficient pulse overlap could create a lower quality machined surface (as Figure
2.43). Figure 2.44 shows the crack-free machined cavity using the optimised
parameters. They also demonstrated the power of the nano-second pulsed Nd: YAG

laser in high-quality machining of complex 3D structures (as Figure 2.45) [109].
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(a) (b)

Figure 2.43 Top view of non-optimised machining: (a) too much pulse overlap and

(b) insufficient pulse overlap [109]

Figure 2.44 (a) Cross-section and (b) top view of a trough machined by repeated

laser scanning with optimised process parameters [109]

Thickness = 1mm

Figure 2.45 A demonstration component made from Y-TZP ceramics by nano-

second pulsed Nd: YAG laser machining [109]
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However, the material removal rate using the nano-second pulsed laser is relatively
low (~ 2 mm’/min). In order to improve the removal rate, Hand et al presented a
method of nanosecond-laser post-processing of millisecond-laser machined Y-TZP
surfaces. The millisecond laser (0.3-5 ms) process was used first to provide a ‘rough
machining’ process with a high-speed material removal due to the high average
power available, in which the material removal rate was up to 2.5 mm®/s without
significant cracking. The quality of the initially finished surface was limited by
recast layer formation, HAZ, and in particular the surface micro-cracks (as Figure
2.46(a)-left). Then, a nanosecond laser (50-100 ns) system was used to finish the
‘fine machining’ process in a relatively short time [110]. The nanosecond laser post-
processing of millisecond laser machined surface used two different sets of
parameters to combine an optimal material removal rate at 15 kHz for the removal of
the recast layers with a lower thermal impact machining (as Figure 2.46(a)-right) and
at 60 kHz to further reduce the cracking extent (as Figure 2.46(b)) [111]. The high-

quality laser machining of Y-TZP ceramics is therefore achieved.

X 0.0000Y 0.5008D O .S00B}

(a) (b)

Figure 2.46 Cross-section view of machined Y-TZP. (a) Boundary between the
millisecond-machined surface on the left side and the nanosecond-machined (15 kHz)

surface on the right side. (b) Further machined (60 kHz) surface [111]

For a higher process quality, picosecond and femtosecond lasers were applied in
previous studies and have demonstrated their unique advantages, such as elimination

of thermal damage, low roughness of machined surfaces, etc. (as Figure 2.47).
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However, the low material removal rates (e.g. 2.2 mm’/min and 0.054 mm®/min,
respectively) due to the low average laser power output and the expensive systems

make them only suitable for micro-machining [9, 112].

(@) (b)

Figure 2.47 Cross-section view of (a) picosecond-laser-machined Y-TZP surface and

(b) femtosecond-laser-machined alumina surface [9, 112]

Theoretical analyses of multi-pass cutting and machining are both based on the laser
machining models, due to the similar fundamentals. Modest et al developed a 3D
conduction model to predict the temperature distribution in the solid and the shape of
a groove formed by partial evaporation of a semi-infinite body using a moving CW
Gaussian laser beam. The model can be applied where the material is removed by
repeated scanning with a focused beam on the workpiece surface. The effects of laser
power, scanning speed and beam profile were investigated by this model. An
estimate of the 3D conduction losses revealed that heat losses by conduction were
between 25-45 % of the absorbed laser power and the losses were lower at the
highest power of 1500 W. If variable properties are considered, the material removal
rate drops another 5-15 %. For shallow grooves, the theoretical prediction was in
agreement with experimental measurement. The predicted groove shapes for hot-
pressed Si3N4 was within the bounds of experimental error. For deep grooves, the
model could not predict the grooved depth accurately since the multi-reflection was
not considered in this model. The comparison of theoretical results with

experimental results is shown in Figure 2.48. Figure 2.49 shows the theoretical
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computation on temperature profiles at 1500 W laser power with the scanning speed

of 50 mm/s and 200 mm/s, respectively [95].
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Figure 2.48 Variation of groove cross-section with scanning speed and laser power

[95]

D T — —
- -\ Level T (K)
5: 5 1800
N 4 1450
250 3 1160 A

2 750 i
1 400
001 p1s00w ~— %
u=Scmis S~
- Lo i 1 - i
-250 2 250y 500
0:
E
2
L]

P=1500W

b u=20cmis

[ L | 1 N

250 0 250 500
nm

Figure 2.49 Temperature profiles at the laser power of 1500 W with the scanning
speed of 50 mm/s and 200 mm/s [95]
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In order to solve the multi-reflection effect, Modest et al further developed the
theoretical model considering the multi-reflection effect including purely specular
and purely diffuse reflections. They found that the beam reflection plays an
important role in forming a groove and resulting in an increased effective
absorptivity. Due to the effect of beam channelling from the upstream wall and the
side walls, the specularly-reflected irradiation produces a strong peak for
downstream extending the evaporation zone, while diffusely reflected irradiation
shows a smooth variation at a mild peak (as Figure 2.50). Multiple specular
reflections also produce flatter profiles near the centreline and steeper slops in the
groove cross-sections than no reflection, and similar behaviour is also observed for
diffuse reflections (Figure 2.50). Moreover, the computation showed that the
effective absorptivity is increased by 15-30% in the 3D specular reflection model,
while the 3D diffuse reflections produce an increase of up to 50-70% for the same
set of parameters [113]. From Figure 2.50, it can be found that the prediction using
the beam guiding model is consistent with the experimental observations for deep
engraving of SizNy. Especially, the diffuse reflection model gives better agreement
with the experimental data. Therefore, it can be concluded that the multi-reflection

effect is a vital process in laser deep machining.
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Lei et al studied laser multi-pass cutting of Si3N4 ceramics via a Q-switched pulse
CO; laser [114]. Considering the influence of the cut front shape on the absorption of
the laser beam, they developed a simplified 2D mathematical model according to the
pulsed laser vaporisation process and the conservation of energy as Figure 2.51(a).
Their study indicated that cutting Si3N4 by a CW or long pulse laser would induce
cracking due to the great temperature gradient in the cut-off station. The Q-switched
pulsed laser with short pulse duration and high peak power can dominate the
vaporisation and reduce the temperature gradient. The predicted cut front shape in

pulsed CO; laser multi-pass cutting is shown in Figure 2.51(b).

Z/mm
- 08
- m===za
- v laser beam o6k .-ﬂl"-
top surface .
w
0.41 u
a 02 ¥
| ) x/mm
1 1 1

L 1 L
O(0,0) x 03 0.z 0 /lo [N 0.z 0.3

/ \ bottom sutface ._.“..nl"'. DA

Figure 2.51 (a) Simplified 2D cutting model and (b) the predicted shape of the cut
front in pulsed CO, laser multi-pass cutting [114]

Dahotre et al did a series of work on Nd: YAG pulsed laser (20 Hz pulse repetition
rate with 4 J pulse energy in 0.5 ms pulse duration) machining of alumina ceramics
and modelling of laser machining [107, 115-117]. For laser drilling, a hydrodynamic
machining model was developed. The model incorporated the effect of multi-
reflection on the amount of laser energy absorbed, the thermal effects for melting the
materials, vapour pressure effect on expelling out the molten material, the material
losses due to evaporation and the inverse effect of surface tension on the expelled
depth. The model also incorporated the transient laser beam defocusing effect
according to the change in machined depth. They indicated that the multi-reflection
within the high aspect ratio machined cavities was responsible for increasing the
amount of energy absorbed (~100%). The thermal effects were responsible for

melting and evaporating the material whereas the recoil pressure and surface tension
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were responsible to expelling of the molten material. The predicted machined depth
by the developed computational model was in agreement with the experimental
results as Figure 2.52. Their work validated the importance of melt expulsion and

evaporation processes in laser machining of alumina ceramics [115].
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Figure 2.52 (a) Cross-section and top view of the machined cavities in alumina by
various numbers of pulses and (b) temporal evolution of machined depth by the

developed model [115]

For 2D laser machining of alumina, Dahotre et al presented a thermal model to
obtain the trend in absorptivity below the phase transition temperature within the low
aspect ratio machined-groove. Figure 2.53 shows the predicted depths via the
thermal model at various machining speeds, which are in agreement with the
experimental results [116]. Having an insight into the absorptivity transitions would
be useful to more proficiently control the laser machining process. Therefore, they
further enhanced the thermal model, incorporating several additional effects, such as
substrate heating due to multiple tracks and defocusing of laser beam with groove
depth increasing, in order to accurately predict the depth and width of the machined
cavity under a given set of process conditions. Figure 2.54 shows the variation of
predicted depths and widths with number of laser passes, which are in decent match

with the experimental results [117].
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Figure 2.53 (a) Variation of temperature with depth and (b) cross-sections and top

view of the machined grooves in alumina at various cutting speeds [116]
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Figure 2.54 Comparison of predicted and measured (a) depths and (b) widths of

machined cavities in alumina at various numbers of passes [117]

The 3D laser machining of engineering ceramics such as Al,Os, SisNy, SiC and MgO
was also demonstrated (as Figure 2.55) by Dahotre et al using the pulsed Nd: YAG
laser [107]. The above mentioned 2D machining model was further developed
considering pulse overlapping effect in order to predict the material removal rate in
3D laser machining (as Figure 2.56). The predicted material removal rates were
compared with measured values, which showed reasonable match. They also found
that the machining rate increased with an increase in heating rate within the process
region. Dahotre’s studies demonstrated the feasibility of laser machining in

engineering ceramics with melt points (such as alumina) and provided a starting
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point to solve some of challenging problems, such as cracks, thermal damage and

molten material redeposition.

Figure 2.55 The machined 3D cavities in (a) Al,O3, (b) Si3Ny, (c¢) SiC and (d) MgO

ceramics [107]
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Figure 2.56 Schematic of the pulse overlap in x and y directions and the cylindrical

volume machined per spot area in pulsed laser machining [107]
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2.4.3 Laser controlled fracture cutting/machining techniques

In order to separate brittle materials (e.g. ceramic or glass), a controlled fracture
technique was developed where the incident laser energy generates localised
mechanical stresses that separate the material by controllable crack extension [118].
This technique requires much lower laser power output than other laser
cutting/machining techniques as mentioned above for the same workpiece thickness.
Laser controlled fracture cutting was first proposed by Lumley in 1969 [119] and
now has become the major technique to separate flat glass in the LCD industry.
Massive investigations into controlled fracture cutting of glass have been performed
since 1969. The energy absorption either by the surface (for 10.6 pm wavelength) or
by the volume (for 810, 940, and 1064 nm wavelength) is considered as an important
boundary condition in modelling [120-126]. The early investigations generally
focused on the fracture technique with a coolant jet [127, 128], by which the crack
propagation is unstable and the fracture control is very difficult due to the
completely tensile stress at the crack tip. The later studies paid more attention to
laser controlled fracture without coolant jet (as Figure 2.57) since it can produce a
compressive stress dominated region between the crack tip and the laser spot, by

which the fracture extension was stabilised [129].
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Figure 2.57 Schematic of laser controlled fracture cutting and the system [118]
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Tsai et al carried out a series of research on controlled fracture cutting of alumina
ceramics. They studied the fracture mechanism in laser controlled fracture cutting by
theoretical analyses and experiments. The temperature and stress distributions were
obtained by FEA. They found that the cutting process can be divided into three
stages: The first is the initiation stage. The initiation of the fracture occurs due to the
tensile stress at the edge of the specimen, which will make the crack penetrate
through the specimen (as Figure 2.58(a)). The second is the stable growth stage. The
stress near the laser spot behaves highly compressive. After the laser passing, the
plastic compressive stress will be relaxed and then induce a residual tensile stress
near the upper surface of the substrate. The residual tensile stress will make the
fracture grow from upper surface to lower surface of the substrate (as Figure 2.58(b)
and (d)). The final stage is the unstable fracture. The stress near the crack tip is
totally a tensile stress through the thickness direction and hence, the cracks extend
unstably and finish the cut through the workpiece thickness (as Figure 2.58(c) and
(d)). The distance between the crack tip and laser spot will affect the stress near the
crack tip. If the distance is too long, the compressive stress will become small or
change to tensile stress, by which the fracture cannot be effectively controlled.
Furthermore, the cutting speed is greatly affected by the specimen size. The release
of the compressive stress around the crack tip for the wide specimen is less than the
narrow specimen. Therefore the crack propagation speed of wide specimen is slower
than the narrow specimen (as Figure 2.59). They also indicated that the maximum
cutting speed for the same specimen is determined by the laser spot size, where a
larger spot size causes a higher cutting speed (as Figure 2.60). Most importantly,
Tsai’s work demonstrates a significant advantage of laser controlled fracture cutting
of ceramics, i.e. the very smooth cut surface (R~=26 pm) and the fewer defects (as

Figure 2-61) [129].
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Figure 2.58 Stress distribution of (a) the first stage — fracture initiation, (b) the
second stage — stable fracture, in which the crack tip lags behind the laser spot by 6
mm, and (c) the third stage — unstable fracture, in which the distance from the laser

spot to specimen edge is 9.6 mm. (d) Stress states between the crack tip and the laser

spot [129]
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Figure 2.59 Stress distribution in the second stage for dimensional samples [129]
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Figure 2.60 Variation of the maximum cutting speed with laser spot size [129]

Figure 2.61 The cut surface of the alumina ceramic substrate cut by (a) controlled

fracture cutting, (b) laser scribing, and (c) laser fusion cutting [129]
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However, the fracture trajectory deviation occurring in curve and right angle cuts is
the major challenge in laser controlled fracture profile cutting. For symmetrical
straight line cuts, the stress at the crack tip is pure mode I, the crack propagation is
hence exactly follow the laser moving path and the fracture trajectory is consistent
with the desired cutting path. However for curve or right angle cuts, the geometrical
asymmetry makes the stress field near the crack tip behave in a mixed mode
condition [130]. Therefore, the crack extension deviates from the linear extension
line and the extension trajectory cannot exactly consist with the desired cutting path
(as Figure 2.62). Moreover, in some special situations when the thermal-stress was
disturbed, the material separation may also fail. Figure 2.63 shows a specimen
containing a small hole (regarded as a defect in workpiece), where the main crack
extension is influenced by the small hole and subsequently, becomes uncontrollable

to link with the hole and suddenly ruptured during cutting [129].

.
. -
(a) {b) ()

)

Figure 2.62 Fracture trajectory deviation from the laser moving path in (a) straight

line, (b) curved line cut and (c) right angle cuts [129]
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Figure 2.63 Unstable fracture due to the main crack linking with a small hole

existing in alumina (A: Cutting direction, B: Small hole, C: Unstable fracture) [129]

Tsai et al also found that the breaking surface by laser controlled fracture cutting can
be divided into four regions (as Figures 2.64 to 2.66) [118]. The first region is the
laser evaporation region. The second region is the columnar grain region produced
by resolidification of the melted material. The third region is the intergranular
fracture region produced by controlled fracture. The forth region is the transgranular
fracture region characterised by unstable fractures. The four regions are shown in
Figure 2.64. The columnar grain grows from a separate nucleus in the interface of
molten layer and solid region. The columnar grain stays parallel to the direction of
temperature gradient (as Figure 2.65(a)). When the molten material is solidified,
main crack is formed at the columnar grain boundary along the thickness direction
(as Figure 2.67). Minor cracks are generated at the edge of the breaking surface (as
Figure 2.68). Based on stress analysis, the tensile stress is produced after laser
passing. The tensile stress makes the main crack induced in the intergranular region
stable and makes transgranular regions extend unstably. The unstable breaking forms
the tansgranular fracture region (as Figure 2.66(c)). For a large laser spot, the
transgranular fracture region occupies the main part and the intergranular fracture
region is very small, whereas the evaporation region and the columnar grain region
nearly vanish. Meanwhile, the minor cracks generated at the columnar region and
intergranular fracture region also disappear. Therefore the good cutting quality can

be achieved as shown in Figure 2.69.
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Figure 2.64 SEM photograph of the fracture surface in alumina substrate. The laser
evaporation, columnar grain, intergranular fracture and transgranular fracture regions

are labelled by 1, 2, 3 and 4, respectively [118]

Figure 2.65 Magnification of the fracture surface in alumina substrate: (a) laser
evaporation and columnar grain regions (the white arrow indicates the minor crack);

(b) intergranular fracture region; (c) transgranular fracture region [118]
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Figure 2.66 Formation of (a) a laser evaporation grove, (b) columnar grains and
intergranular fracture cracks and (c) transgranular fracture cracks. Dotted areas

indicate the separated surface [118]
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Figure 2.67 Top view of the alumina substrate surface after laser beam passing: (a)

the main crack and the branch minor cracks; (b) the magnified main crack [118]
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Figure 2.68 The minor cracks at the fracture surface. The arrows indicate the minor
cracks that extend from the columnar grain region to the intergranular fracture region

[118]
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Figure 2.69 The fracture surfaces of the alumina substrate by the laser spot diameter

of (a) 0.27 mm and (b) 0.80 mm [118]

Tsai et al further achieved controlled fracture cutting of 10-mm-thick mullite-
alumina (as Figure 2.70) by synchronously applying an Nd: YAG laser and a CO,
laser [131]. The focused Nd: YAG laser was used to scribe a groove-crack on the
substrate surface and then the defocused CO; laser was employed to general the
thermal stress (as Figure 2.71). The thermal-stress concentrates on the tip of the
groove-crack and makes it extend through the substrate with the defocused laser
beam moving along the path scribed by the previous focused laser beam. The tensile
stress was induced at the groove-crack edge so that the crack unstably propagated
along the thickness direction (z-direction). But the fracture extension in the
transverse direction (x-direction) was stable due to the compressive stress between
the laser beam and the crack tip. They found that the maximum cutting speed was
higher for the narrow specimen than for the wide specimen (as Figure 2.72). The
maximum cutting speed could be further improved for the deeper groove-crack
scribed by the higher power of the Nd: YAG laser (as Figure 2.73). For the narrow
specimen with 10 mm thickness and 27 mm width, the maximum cutting speed was
3 mm/s under the 60 W Nd: YAG and 44 W CO; laser output. The fracture surfaces
were very smooth (R, =2 pm) and curve cuts could be achieved due to the cracking
trapping by the scribed groove. Although the dual beam can control the fracture

trajectory along the cutting path more accurately than the single beam, the deviation
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was still not completely eliminated especially at the right angle and the trailing edge

(as Figure 2.74).

Figure 2.70 Photograph of dual-beam controlled fracture cutting of 10-mm-thick

mullite-alumina [131]
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Figure 2.71 Configuration of the dual-beam controlled fracture cutting system [131]
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Figure 2.72 CO; laser power versus the maximum cutting speed for various
specimen widths under a constant Nd: YAG laser power of 60 W (solid lines) and 80
W (dashed lines). Substrate thickness is 10 mm [131]
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Figure 2.73 The required groove-crack depth versus the maximum cutting speed for

through cutting of 2-mm-thick and 108-mm-wide substrates. CO; laser power is 37

W [131]

Figure 2.74 Photographs of asymmetrical cutting. (a) The straight line cut, (b) the
curved line cut and (c) the right angle cut [131]
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In order to resolve the fracture trajectory deviation in curve and right angle cuts, Tsai
et al proposed an on-line laser moving path compensation technique (as Figure 2.75)
[130] and an iterative path revision technique (as Figure 2.76) [132]. Unfortunately,
the deviation was still not completely compensated. The trajectory deviation was

generally > 0.2 mm [132], which cannot meet the requirement of industrial

!

applications.
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Figure 2.75 Compensation of applied laser paths for right-angle and circular arc

cutting [130]
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Figure 2.76 Algorithm of the iterative path revision technique [132]

Segall et al investigated the controlled fracture cutting technique using a dual-beam
CO, laser. Employing a beam delivery system, a lower-power focused beam
simultaneously created a shallow groove (namely prescore) directly ahead of the
higher-power unfocused cutting beam (as Figure 2.77). Experiments verified that the
dual-beam approach was successful in controlling the fracture of linear trajectories,
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especially with high cutting speeds and low input power levels [133]. Results for
0.59-mm-thick alumina plates under mixed-mode conditions (i.e. near the trailing
edge) indicted that presoring did work with markedly improved fracture control
compared to the single-beam controlled fracture cuts (as Figure 2.78). This was
attributed to the reduction of the mixed-mode fracture by the net prescore. A
complete elimination of the mixed-mode fracture can be achieved with the net
prescore as shallow as 14.6 um [134]. The method solved one of the major
challenges, i.e. the cut path deviation at the trailing edge, which is impossible to
eliminate using single-beam cutting regardless of CW or PM lasers with any beam

geometries [124-126, 135].

Cutting Beam

Prescore Beam

Figure 2.77 The dual-beam delivery system on the left side and schematic of
prescoring process on the right side. (a) Schematic of dual-beam controlled fracture
cutting, (b) the cross-section the groove, and (c) the finish of the Al,Os substrate cut

by the dual-beam controlled fracture technique [134, 136]

Figure 2.78 (a) Mixed-mode fracture at the trailing edge of the alumina substrate
without prescore and (b) markedly improved fracture quality after a4 W (12.7 um

net depth) simultaneous prescore [134]
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FE modelling was further employed to show the difference of thermal stress between
single-beam and dual-beam controlled fracture cutting. Figure 2.79(a) shows the
cutting-direction stress induced by a single-beam laser. Results for the dual-beam
configuration spaced at 0.5 mm shown in Figure 2.79(b) indicated that the dual-beam
configuration caused higher tensile and compressive stresses than the single-beam
laser but relatively mild net changes in the tensile stress. Therefore, the fracture
cutting is more controllable. However, a greater separation of two beams showed an
increasing isolation of the evolving stress fields by the two laser beams (as Figure
2.79(c)). The results showed that a proper dual-beam arrangement is important to

reduce the development of deleterious thermal stresses [ 134].

P <0365 GPa Prescose B 0331GR
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=0.0096s - I - - 55 i 7 < r=0.00%65
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Figure 2.79 Stress distribution and evolution along the cutting direction, x, in (a)
single-beam, (b) dual-beam spaced at 0.5 mm and (c) dual-beam spaced at | mm

controlled fracture cutting [134]

Segall et al also investigated the simultaneous prescore approach on cutting thicker
alumina ceramics (2.54 mm) [136]. It was found that, compared to the maximum
single-beam feed rate of 4.57 mm/s, the dual-beam technique can be much faster (as
Figure 2.80). The fracture path had no deviation from the prescoring path due to
reinforcing control by the prescore limit (as Figure 2.81). Their study also proposed
that the spacing of the two beams can affect the cut quality, such as the premature
fractures when spacing was increased. In addition, cutting speeds, prescore power
levels and the resulting groove depths were found to be the key variables to control

the fracture path. In single-beam cutting of thick-section ceramics, the groove depth
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is too depth due to need relatively high energy. Hence micro-cracks generally form
in the recast layer and fracture could prematurely occur leading to relatively severe
damage (as Figure 2.82). In dual-beam cutting, the fracture surface appeared to stay
in plane with the prescore. Cracks are extended in both the forward and backward
directions following the prescore by the unfocused beam irradiation. Figure 2.83

demonstrates the clean fracture surface without significant micro-crack formation.
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Figure 2.80 Comparison of maximum allowable damage-free cutting speeds for

single-beam and dual-beam laser controlled fracture cutting [136]
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Figure 2.81 Cross-sectional view of the prescore limit and the planar fracture surface

(arrows) [136]
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Figure 2.82 (a) Typical fractures deviating from the cutting path after rapid cutting
using a single beam with a duty cycle of 40% and a feed rate of 3.30 mm/s and (b)

micro-damages [136]
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Figure 2.83 Cross-section view of the specimen where the cracks propagate along
the path preordained by the prescore and the transition region with the unfocused

(diving) beam to the prescore [133]

Experiments on curve cutting were performed as well by Segall et al. Unfortunately,
the results showed the dual-beam cutting technique was not suitable for curve cutting.
Despite the presence of the prescore, cracking was still observed at the cut curve,
particularly in concave parts (as Figure 2.84). But the corresponding convex sections

were relatively damage-free except for some easily removed burrs [133]. In 2006,
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the practice of prescoring was extended to include both offset and angled prescores
to investigate possible improvements (as Figures 2.85 and 2.86). The results showed
that offset or angled prescores did not improve the quality of the cut. However, the
study demonstrated the relative insensitivity of the cut quality to the alignment of the
grooves up to 50 % of the beam diameter and the slight angles up to 9° off the
surface [137].

Figure 2.84 Results of controlled-fracture experiments for a semicircular fracture
path; the burrs indicated by the arrows can be easily removed from the convex side

while the damage to the concave side is irreparable [133]

Cutting Beam

Cantilever support 138g Load

Prescoring and cutting direction

Figure 2.85 Experimental setup showing cantilevered beam, offset beams, and corner

weight to induce mixed-mode fracture in dual-beam controlled-fracture cutting [137]
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Figure 2.86 Illustration of the 9° angled precore and weight added to exaggerate the
mixed-mode loading [137]

Segall et al also simulated the possibility of the delaying fracture by introducing
compressive stresses via laser surface heating using a 3D FE model. Based on these
numerical simulations, it was found that there was an optimum power for a
defocused laser with a fixed beam diameter and location. The Low power could not
produce sufficiently strong compressive-stresses to reduce the overall failure
probability. At the high laser power, significant deleterious tensile-stresses were
developed at the cut front that actually increased the failure probability. Thus, there
are a favourable effect due to the compressive-stresses and an unfavourable
contribution due to the tensile-stresses. The cutting parameters thereby must be
carefully considered to balance them. Furthermore, the size of the failure zone is
relatively small. Thus, the location and beam diameter of the defocused laser must be
precisely controlled (as Figure 2.87). The simulated results also showed the
possibility to change the fracture path by modifying the principal stress directions (as
Figure 2.87(d)) when the inappropriate parameters were employed. Therefore, the
selection of parameters (power, beam diameter and location of the laser beam) is
critical for a reduction of failure probability in dual-beam controlled-fracture cutting

[138].
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Figure 2.87 (a) Risk of rupture intensities on the surface, (b) surface zone with
failure probability greater than 0.01, (c) the first principal stress (S7) in the surface

zone, and (d) the principal stress directions in the surface zone [138]

Hand et al presented a novel controlled crack propagation technique demonstrating
full thickness cutting of Y-TZP ceramics (up to 13-mm thickness) using a 1 kW fibre
laser with cutting speed of 1.3 mm/s (as Figure 2.88) [139]. In this technique, a
series of discrete holes were drilled and then controlled crack propagation occurred
between the adjacent drilled holes to achieve material separation (as Figure 2.89).
Based on the experimental evidence and FEM simulations, they indicated that the
cracks aroused in the HAZ surrounding the hole and then were driven by the large
shear stress occurring near the bottom of the hole in drilling (as Figure 2.90). The
distribution of the tensile stresses in the surrounding materials determined that the
driving cracks only propagated in the forward direction and connected with the next
adjacent hole (as Figure 2.90). However, the deviation in corner cut was still not
eliminated by this technique and the cut quality (especially the roughness of cut

surface) was relatively low due to the discrete drilled-holes (as Figure 2.89).
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Figure 2.89 A corner cut. (a) Image of the cut surface (b) Top view of the corner cut

[139]
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Figure 2.90 Calculated thermal stress fields in drilling during controlled crack
propagation cutting. (a) the shear stress distribution (S12), (b) the tensile distribution
(S33) and (c) cross-section view of fractured surface. Solid white arrows indicate
direction where cracks are driven by tensile stress. The broken arrow indicates that
the crack propagation is inhibited in that direction due to the compressive stress. The

black arrow indicates the crack propagation in practice [139].
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Tsai et al applied a controlled fracture technique to mill ceramics, which they called
fracture-machining element technique. This technique employed a focused laser to
scan and generate micro-cracks on the ceramic surface forming a fine crack network.
A defocused laser is then scanned along the same area again. The laser generated
tensile thermal-stresses are concentrated at the tip of cracks and extend the micro-
cracks. Materials are thereby removed due to the linkage of the micro-cracks (as
Figure 2.91). The minimum average length of the removed ‘chip-element’ was about
0.1 mm and the thickness was about 0.02 mm (as Figure 2.92). The roughness of
machined surface was 1.1 pum (R,). These features provide a solution to achieve high
precision machining and grinding of ceramic materials [140]. Applying the
machining process layer by layer, closed cavities with a specific depth could be
obtained (as Figure 2.93). The material removal rate was up to 0.156 mm®/s whereas
the roughness of machined surface was 65 pum (R,) [141].
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Figure 2.91 Schematic of laser controlled fracture machining (namely, the fracture-
machining element technique). (a) laser scribing the first median crack line, (b) laser

scribing the second median crack line, (¢) thermal breaking [140]
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Figure 2.92 Crack network and the cross-section view. The black arrows indicate the
median cracks and radial cracks, and the while arrows indicate the lateral cracks (at

the boundary of the material removal surface) [140]

(&)

Figure 2.93 Laser controlled fracture milling of alumina. (a) Overview and (b) the

SEM micrograph [141]

Tsai et al also employed a dual-laser system (with a CO; laser and a YAG laser) to
shape bevel face and step at the edge in ceramic substrates (as Figures 2.94 and 2.95)
[142]. The machining is fundamentally similar as the dual-beam laser controlled
fracture cutting technique. The best roughness (R,) of machined surface was 20 um.
However, the process procedure and the system of the technique are complicated.
Meanwhile, it is only suitable to machining specific shapes in ceramics. These

drawbacks restrict the technique to some specific applications.
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Figure 2.94 (a) Schematic of the dual laser shaping system and (b) a typical

procedure of shaping a bevel face [142]

Figure 2.95 Photographs of the shaped bevel face and step at the edge of alumina

substrates [142]

Although many studies on laser controlled fracture techniques have been carried out

for cutting/machining of brittle ceramics for past decades, some major challenges

(e.g. path deviation in right angle and trailing edge, relative low machining precision,

and complex processing system and procedures) still limit the laser controlled

fracture techniques to industrial applications.
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2.4.4 Laser hybrid cutting/machining techniques

Laser hybrid cutting/machining techniques employ a combination of laser and

another one or more techniques for ceramic cutting/machining.

Laser-assisted machining (LAM) has been studied for the past decades and partially
used in manufacturing industry to machine hard and brittle materials [143]. In LAM,
the workpiece is intensely and locally heated by a controllable laser beam, and then
machined by a conventional cutting tool [144]. Due to the lowered hardness and
brittleness of materials at elevated temperatures, LAM can achieve lower cutting
forces, lower tool wear, higher material removal rates, and better surface quality for
various engineering ceramics, such as alumina [145], silicon nitride [146-150],
mullite [151], and magnesia-partially stabilized zirconia [152]. LAM includes laser-
assisted turning and laser-assisted milling (as Figures 2.96 and 2.97). Unfortunately,
effective cooling of the cutting tool, optimisation of the machining process and
flexible control of the laser source to achieve complex pattern machining are
challenging tasks for LAM processes [154], which limit LAM for further industrial
applications. The role of laser beam used in LAM is a heat source to soften materials

rather than remove materials. It belongs to another research branch in mechanical

machining and therefore this technique is not discussed in detail in this work.
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Figure 2.96 (a) Laser-assisted turning system and (b) the chip formation in

machining of ceramics [153]
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Figure 2.97 (a) Laser-assisted milling system and (b) the schematic of the milling
process [149]

Underwater/water-assisted laser cutting/machining is one the most studied laser
hybrid processing techniques. Kruusing reviewed the advantages and disadvantages
of water-assisted laser processing and concluded that the underwater machining
techniques can be successfully applied for machining, cutting, surface cleaning, and
shock processing [155, 156]. In underwater/water-assisted laser cutting, the laser
beam, along with the shielding gas or water, is transmitted to the workpiece through
a special cutting head (as Figure 2.98). The thickness of the materials for through-
cutting may range up to 50 mm and the laser power, CW or millisecond-pulsed, can
be used ranging up to 1 kW [156]. When using CO, lasers, a dry processing zone is
necessary due to the high absorption of water with respect to the 10.6 pm
wavelength laser. But for Nd: YAG lasers, of which the wavelength (1.06 um) can
transmit through water with minor losses, a wet zone is acceptable. As shown in
Figure 2.98(a) to (d), water is used to chill the workpiece in addition to reducing the
emission/liberation of waste gas and particles deposition. In Figure 2.98(e), water jet
was used to conduct the YAG laser beam via total internal reflections, which enables
a longer distance between the nozzle and the workpiece without defocusing. Some
research results on the five underwater/water-assisted laser cutting techniques are

listed in Table 2.8.
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Figure 2.98 Schematic of underwater/water-assisted laser cutting techniques. When
using CO; lasers, a dry zone at the workpiece surface is needed ((a), (b) and (d))
owing to the high absorption of water with respect to the 10.6 um wavelength laser.
However, YAG lasers (1.06 um) can transmit through the water (c) or along with a

water jet (e) [156]

Table 2.8 Underwater/water-assisted laser cutting of materials [156]

Lasers Fsi;ﬁin;f;% Materials Benefits and remarks
Less burr, better tolerance; HAZ is
CO, 1 KW Stseteele.la 7C_ gsaﬁl:%;’o 10-20% narrower at cutting in
C\2/,\/ and ' ), (d) coated: water; the plastic layer on the steel
ulsed ’ X5CHNi é 10- was not detached or burnt near the
P Reinforce plas tics cut; the emission of gases was
P reduced by 10-30%

C,\Clzjz_, ?(;\g’ 304L stainless stecl Narrower and more regular kerf, 6
1 -2kW ' (a) 10-50 mm ’ times less aerosols and 40% less
p.ulse d' dross in underwater cutting

COS’UISS?;%W’ (a) Ceramic tiles, 9 mm Burnout was greatly reduced

CO, 5 kW (b) AISI 304 stainless 2 times less aerosols and debris, 15

2 steel, 10mm; times more H, emission
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CO,, 2-2.3 alc\ilgi:iv(?r:eirn Marble. oranite The materials were soaked with

kW, pulsed cutting '8 water for better cut quality

Diameter of the jet 65-100 um;
Nd: YAG Cu, Al, Ni, Au, Ag, length of a stable jet up to 100 mm,;

700 W, CW, ©) stainless steel, Si, typical kerf width 50 pm (Si); no
450 W, Ge, ALLO3, Si3Ny, focusing problems; suits for cutting
pulsed SiC of thin sheet materials or thick

films
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The major challenge in laser machining of ceramics in air is the heat-accumulation-
caused cracking and molten material resolidification onto the machined surface. In
1988, Morita et al first reported the pulsed YAG laser drilling of silicon carbide,
aluminium nitride and alumina ceramics in water [157]. They found that the recast
layer and cracks that were always formed in air machining could be avoided in
underwater machining. Kruusing summarised the commonly used methods for
underwater/water-assisted laser machining (as Figure 2.99) as well as the potential

laser-induced fluid and bubble motions (as Figure 2.100).

— ] A
; I

(dp

Figure 2.99 Methods for providing water in the processing zone during laser
machining. The lasers not well transmitted through the water can used the case (d)
and (e), in which the typically thickness of the liquid layer over the target is 1 mm

[156]

heated zone
(a) b

Figure 2.100 Laser induced (a) fluid motion and (b) bubble motion during

underwater laser machining [156]

In the previous studies, Nd: YAG lasers emitted at 1.06 um was considered as ideal
IR lasers for underwater machining due to the low optical energy loss in water [158,
159]. On the other hand, alumina and glass also have a low absorption for YAG

lasers compared with CO; lasers. Therefore, CO, laser underwater machining was
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developed. The mechanism of CO; laser underwater machining is different from that
by YAG lasers due to the high absorption of water with respect to the 10.6 um
wavelength lasers. During CO, laser underwater machining, a proportion of the laser
energy vaporises the water and forms a conical keyhole in water allowing the
residual laser energy to reach the workpiece. Black et al found that the thermal load
during CO, laser underwater cutting of ceramic tiles was reduced by the intensive
cooling effect of the water [46]. Chung et al employed a CO, laser with
galvanometer mirrors (as Figure 2.101) achieving crack-free drilling and cutting of
Pyrex glass. The defects of bugle, debris, cracks and scorch that often occurred in air
machining were eliminated in underwater machining [160, 161]. Tsai et al performed
a wide range of experiments on laser machining of thin glass and alumina substrates
in air and in water. They found that the underwater machining quality is much better
than that in air. The micro-cracking and the HAZ could be prevented by underwater

machining (as Figure 2.102) [162].

reflective lens

CO. laser

focal lens
sample —__ |
[ 41— water

fixture

Figure 2.101 Schematic of the CO; laser underwater machining system [160]
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~
Holes N /}\
Cracks
Unstable fracture
30mm
10mm
(a) (b)

Figure 2.102 Photos of (a) array-holes and (b) cut pattern in air machining (top) and
in underwater machining (bottom). The thickness of the alumina substrate is 0.635

mm [162]

Molian et al investigated water-assisted laser cutting of 96% alumina specimens
(0.5-mm-thickness) through controlled thermal shock fracture mechanism. A low
power CO; laser (< 300 W) was used for localised heating and scribing of alumina
samples followed by water quenching to induce thermal stress cracking (as Figure
2.103) [163]. The data collected for the dry laser shock cutting of alumina does not
seem to have any clear division between uncontrolled cracking and controlled
cracking. While the data for the alumina that was cut by the water-assisted laser
shocking displayed consistent results depending on the laser power (as Figure 2.104).
Therefore, they concluded that laser controlled fracture in water was more
controllable than in air. From Figure 2.104, it can also be found that at the same laser
power, the feed rate for controlled cracking in water was higher than in air. During
water-assisted laser cutting, laser-heated zone is rapidly quenched by water and thus
only a small volume of the material is heated. Due to the restraint of the surrounding

material, large compressive stresses developed in the heated zone while the sample is
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subjected to tensile stress. When the laser-heated zone is quenched in water, the
rapidly cooled sample surface induces more serious thermal shock, i.e. development
of tensile radial stresses in the heated zone. The larger tensile stresses associated
with rapid cooling are responsible for propagation of existing flaws into cracks and
fracture of the workpiece. It was found that the feed rate in water-assisted laser
shock cutting is approximately 500% faster than dry laser controlled fracture cutting
[163]. Furthermore in dry laser cutting, the slow cooling rate precludes the
development of tensile stresses and most of the surface damage could be induced due

to melt and ablation of the surface material.

Ajr Stream
Water

Alumina

Figure 2.103 Schematic of the water-assisted laser shock cutting technique [163]
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Figure 2.104 Process maps related to the laser power and the feed rate for (a) dry

laser shock cutting and (b) water-assisted laser shock cutting of alumina [163]
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Molian et al further developed the technique and studied the relationship between
process parameters and fracture behaviour in cutting of 1 mm thick alumina samples
by a hybrid CO, laser/waterjet (LWJ) machining system (as Figure 2.105) [164].
Figure 2.105 relates the process parameters to the expected fracture characteristics of
alumina specimen in numerical simulation and experimental results. Minimum
energy release rate (G) for cracking (as Figure 2.106) was used to identify the

transition from scribing to fracture cutting.

“\’;:\ Laser Beam

Ny
Water Jet < .
Direction of Travel

——

Thermal Quenching N\ '
due to Water jet N X

Separation Distance

W;::rkpiece

Figure 2.105 Schematic of the hybrid CO, laser/waterjet (LWJ) machining system
[164]
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Figure 2.106 Relationship of fracture characteristics with process parameters [164]
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Tsai et al proposed an unstable fracture laser cutting technique combined with a
diamond blade used to scribe a groove along the desired cutting path in an alumina
substrate. Then a defocused CO; laser (30 W) irradiates the substrate surface. As the
laser moves a short distance, a short through-crack is generated from the edge of the
substrate. When the laser direction is reversed, a great thermal tensile stress is
induced at the crack tip and causes the substrate to break along the scribed line (as
Figure 2.107). Unlike the controlled fracture method, this method is based on
unstable fracture, in which the region near the crack tip always displays a tensile
effect (as Figure 2.108). The laser scanning speed ranged from 5 to 20 mm/s for
0.635 mm thick alumina substrates. Figure 2.109 shows the breaking surface quality
of the unstable fracture cutting. It is free from chips and cracks and the entire
breaking surface is smoother than conventional mechanical bending [165]. Although
the quality of the breaking surface by the technique is much better than other cutting
techniques, the method cannot be applied to asymmetrical geometry cutting even the
straight cutting not along the central line (as Figure 2.110), in which the crack
always branches away from the desired cutting path as the uncontrollable tensile
stress state at the crack tip is not purely mode I (i.e. the mixed mode stress

concentration at the crack tip).

Desired Scribed

cutting path Defocused laser groove Scribed groove
~ 'E g
, o

&J Laser-moving o l;ns:: ble-fracture
direction - irection

(b) ©

Through-crack

Figure 2.107 Process of the unstable fracture cutting technique: (a) scribe a groove,
(b) produce a short through-crack, and (c) make the through-crack extend unstably
[165]
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Figure 2.108 Stress states of (a) stable fracture growth and (b) unstable fracture

extension [165]

Figure 2.109 The breaking surface of the alumina substrate at (a) the frontier stage,
(b) the middle stage, and (c) the latter stage using the unstable fracture cutting
technique [165]
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Desired
cutting path

Figure 2.110 Failure in asymmetric cutting [165]

Laser cutting/machining of preheated ceramics is another method to reduce thermal
damage. However, these studies showed that it was necessary to previously heat the
ceramic at least above 1000°C to soften ceramics to reduce the thermal stress in
cutting/machining [166-168]. The thermal damage can therefore be minimised and a
good cut quality can be achieved. However, preheating ceramics and holding the
reached temperatures are difficult during laser cutting/machining in practice.
Especially in laser cutting, the assist gas could generate a reversed temperature
gradient and hence induces the crack formation [166]. These drawbacks limit the

application of the preheating method in ceramic cutting/machining.

2.5 Summary

Outstanding mechanical and physical properties such as high thermal resistance,
high hardness and chemical stability have encouraged the use of engineering
ceramics in many applications. Unfortunately, the brittle and hard natures make them
difficult to be machined by conventional techniques and the damage on machined
surfaces always affects the properties of the finished products. Laser
cutting/machining has emerged as an alternative technique for high material removal
rates and good process quality. It is considered as a rapid, non-contact and flexible

machining process.
135



Chapter 2: Review of Laser Cutting/Machining of Engineering Ceramics

In this chapter, an attempt has been made to cover the laser cutting/machining
techniques for engineering ceramics (especially for alumina). Four types of laser
cutting/machining techniques associated with their mechanisms and features in
cutting/machining of engineering ceramics are reviewed in this chapter after a brief
introduction to ceramics, alumina ceramic and conventional fabrication techniques.
For green body shaping, the low mechanical strength of the green body makes the
desired shape formed easily and rapidly by conventional fabrication techniques. But
green machining has a low level of end-product accuracy due to the shrinkage after
sintering. For post-sintering machining, an economic comparison between laser
machining and other machining techniques is listed in Table 2.6. It can be found that
the laser machining is the most competitive technique for machining of hard and

brittle sintered engineering ceramics.

In order to expand the applications of ceramics, laser cutting/machining techniques
have to meet the high requirement of finish quality and machining rate for the end
products. The features of the four representative laser cutting/machining techniques
mentioned in this chapter are summarised in Table 2.9. Unfortunately, some
scientific challenges in laser cutting/machining of ceramics have not been resolved

by the previous studies and techniques. The major challenges are listed as follows:

1) Cracking is the big challenge in laser processing of ceramics. The thermal
damage in IR laser cutting/machining was considered to be critical in previous

studies and could cause the workpiece catastrophic breakdown.

2) Material removal rate in laser cutting/machining of thick-section ceramics is still
very low although it is higher than mechanical machining. For high power lasers,
the machining rate cannot be dramatically improved due to the significant

thermal damage, which could induce crack formation.

3) Surface finish quality of laser cutting/machining is much lower than mechanical
machining. Rough finish surface is another challenge for IR laser macro-
machining in addition to cracking. The low surface finish quality was attributed
to the inherent characteristic of laser processing (e.g. melting oscillation and re-
deposition). Post-mechanical process is still necessary for high surface finish
quality. Although short/ultrashort pulsed lasers (e.g. pico-second and femto-
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second) have demonstrated the capability for high surface finish quality
machining, the low machining rate limits their applications only in micro-

machining field.

4) To date, the mechanisms of laser cutting/machining have not been revealed
completely due to the complicated multi-physical phenomena occurring during
laser cutting/machining of ceramic materials. Therefore, it is difficult to control

the process of laser cutting/machining for high finish quality.

Considering the above mentioned scientific challenges, it is essential to further study
the effects of process parameters on process quality and machining rate, investigate
the unrevealed mechanisms, and explore the potential new techniques, in order to
achieve high-quality laser cutting/machining of engineering ceramics. This work
aims to contribute in the progress of high-quality laser cutting/machining of alumina

ceramics.

137



Chapter 2: Review of Laser Cutting/Machining of Engineering Ceramics

Table 2.9 Features of various laser cutting/machining techniques for engineering

ceramics
Techniques Advantages Drawback
(1) Complex pattern (1) High power intensity
(2) High machining rate and high requirement
Speed (up to 14 mm/s via off- (2) Serious HAZ and crack
. axial nozzle) easily initiated causing
Conventional . .
Cutting (3) Employing the conventional breakdown
laser cutting system and (3) Hard to cut thick workpiece
mechanisms (similar with (> 10 mm)
metal cutting) (4) Relatively low finish quality
(4) Suitable for 3D cutting
(1) Complex pattern (1) Low machining rate
(2) Employing the conventional ~ (2) Deposition and dross
. laser cutting/machining degrading the process quality
Multi-pass . .
. system and mechanisms when the target has a melting
Cutting . . .
(3) Low power requirement and point (e.g. alumina)
/ L
.. small HAZ resisting crack
Machining .
formation
(4) Suitable to machine thick
workpiece (up to 9.2 mm) and
sharp angle without crack
Controlled- (1) High speed (up to 20 mm/s) (1) Difficult to control crack
Fractural (2) Low power requirement propagation
Cutting (3) Almost non-HAZ (2) Simple pattern machining
/ (4) Suitable to machine thick only
Machining workpiece (up to 10 mm) (3) Relative complicate
cutting/machining systems
May have some of above (1) Complicated
Hybrid advantages depending on cutting/machining systems
Cutting different hybrid methods (2) Multi-operation processes
/ (3) Suitable to specific materials
Machining only

(4) Limited flexibility
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Chapter 3

Fibre Laser Crack-Free Cutting of Thick-Section

Alumina

3.1 Introduction

A major challenge in laser fusion cutting of thick-section ceramics is to overcome
the thermal-stress induced cracking, which leads to catastrophic breakdown of the
material integrity. In order to achieve crack-free cutting of ceramics, it is important
to understand the mechanism of the transient temperature field and resulting stress
distribution effect on crack formation during laser cutting. In this chapter, both
experimental and theoretical investigations are performed to understand crack
formation characteristics in fibre laser cutting of thick-section Al,O; ceramics. A
three-dimensional (3D) finite element (FE) model for simulation of the transient
temperature field and thermal-stress distribution together with material removal in
laser cutting was developed. Crack formation characteristics were predicted by the
model and validated by experiments. The effects of four process parameters i.e. laser
peak power, pulse duration, pulse repetition rate and feed rate on temperature field,

resulting stress distribution and potential crack formation were also investigated.

3.2 Experimental Procedure

3.2.1 Laser cutting system setup and process parameters selection

The laser employed in this work was an YLR-1000-SM fibre laser (M*=1.1)
manufactured by IPG Photonics GmbH (as Figure 3.1). This is a continuous wave
(CW) single mode laser capable of delivering up to 1 kW power at 1075 nm
wavelength via an optical fibre with a core diameter of 14 pm. The laser output can
be modulated as a pulse train up to 5 kHz. The shortest pulse duration and pulse

interval are both 1 ms. A fibre output assembly was mounted on the z-axis Precitec
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cutting head, which held the necessary lens and gas nozzle for the fusion cutting.
Figure 3.2 schematically shows the experimental setup. In this work, standard
rectangular laser pulses were used. The laser beam was focused via a lens of 190.5
mm focal length to give a beam waist diameter of approximately 50 um. The focal
plane was positioned at the half of workpiece thickness below the surface in order to
obtain the highest power density throughout the thickness. Based on pilot previous
experiments, the range of peak power, pulse width, duty cycle and feed rate selected
in this work is listed in Table 3.1. The experimental samples were mounted on a
linear motor translation stage to enable the samples to be moved under the laser
beam (as Figure 3.2). The cut process is single-pass fusion cutting. In order to obtain
reliable and stable experimental results, a straight line passing through the entire

workpiece length (50 mm) was applied as the cut path.

’u

iy »
"

Figure 3.1 The IPG YLP-1000-SM fibre laser system
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Figure 3.2 Experimental setup incorporating a fibre laser, focusing optics, gas and a
high speed linear motor stage. (a) Schematic diagram of the experimental setup. (b)

A photograph of the Precitec laser cutting head for the experiments

Table 3.1 Laser cutting parameters employed in this work

Case Power Pulse duration Pulse repetition rate Cutting speed

(W) (ms) (Hz) (mm/s)
1 600 10 20 1
800 10 20 1
1000 10 20 1
2 800 5 20 1
800 10 20 1
800 20 20 1
3 800 10 50 1
800 10 20 1
800 10 10 1
4 800 10 20 05
800 10 20 1
800 10 20 15
5 800 CW CW 1

In laser cutting, the assist gas serves to protect the optics from the debris and to
remove the molten material from the cut kerf more efficiently. In this work, oxygen
was selected as the assist gas jetted out from a 1.5 mm nozzle at a pressure of 5 bars
with 1 mm stand-off distance between the nozzle tip and the workpiece surface. The
reason for choosing oxygen was to reduce the oxygen depletion resulting in alumina
discoloration (as Figure 3.3) during laser cutting.

141



Chapter 3: Fibre Laser Crack-Free Cutting of Thick-Section Alumina

Figure 3.3 Laser cut surfaces using (a) N; and (b) O, assist gas

The cut samples were then examined by an optical microscope (Polyvar) to capture
the crack at cutting edge and the path deviation at the trailing edge. The micro-
structure of cutting edge was further observed by scanning laser confocal
microscopy (Olympus OLS-3100) in order to explore the potential mechanism

driving crack formation in laser fusion cutting of thick-section alumina.

3.2.2 Material properties

The dimensions of 95% alumina specimen used in the work were 50 mmx50 mmx6
mm. The major thermal and mechanical properties of the material are listed in Table

3.2, which were obtained from the manufacturer’s datasheet.

Table 3.2 Material’s properties of 95% alumina used in the work

Properties Values
Mass density (kg/m’) 3720
Specific heat (J/kgxK) 880
Thermal conductivity (W/mxK) 35
Elastic module (GPa) 300
Poisson’s ratio 0.21
Secant coefficient of thermal expansion (10 1/K) 8.2
Melting point (°C) 2050
Vaporisation point (°C) 2980
Tensile strength (MPa) 220
Compressive strength (MPa) 2600
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In particular, the optical properties of alumina are distinct from those of metals with
respect to near-infrared (NIR) wavelengths. The absorption of alumina for the 1075
nm wavelength laser can no longer be considered as a surface effect since the
distance the light travels in alumina, following the Beer-Lambert Law, is much
greater than in metal. Figure 3.4 shows the transmittance and reflectance of 1-mm-
thickness alumina for NIR wavelength light, measured by Shimadzu UV-3600
Spectrometer. The values of transmittance and reflectance at 1075 nm are 16.4% and

79.4%, respectively. The attenuation coefficient, o, was thus calculated by [169]

Ryut = Bne_az = (l B R)P()e_az
1, P Ty (-1)

1
>a=—"In—2—=——In——
z (I-R)R, z 1-R

where P, is the laser power transmitted through the z-thickness-workpiece, P;, is
the laser power incident into the workpiece and Py is the laser power arrives at the
workpiece surface. R and Ty, are the reflectance and transmittance of the material,
respectively, with respect to the specified wavelength. Based on Eq. (3-1), the

attenuation coefficient of alumina for 1075 nm wavelength was 228.0 m .

" Technical note: The back reflection from the rear surface of alumina workpiece would cause an error
in reflectivity measurement. Based on the measured transmissivity, the maximum error for reflectivity
was about 4%, this leads to a sum of reflectivity and transmissivity of 103.5% at the 1400 nm
spectrum. At 1075 nm, the reflectivity error is lower than 3%. In this work, this measurement error
was considered not critical.
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Figure 3.4 Transmittance and reflectance curves of alumina for near infrared

wavelength light (750-1400 nm)

3.3 FE Modelling”
3.3.1 FE geometric model

Figure 3.5 shows an overview of the FE semi-model. The qualitative simulation was
performed by the entire FE semi-model, in which x-axis represents the laser beam
moving direction and z-axis represents the thickness of the specimen. The semi-
model was symmetric with respect to x—z plane and the symmetry constraint was
applied on this surface. The dimensions of the model were 50 mmX25 mmx6 mm,
similar as the semi-sample employed in experimental trials. Another reason to select
the semi-model was that this work only focused on thermal-stress generation and

crack development rather than cut kerf slot geometry.

" More detail on FE modelling of fibre laser cutting is enclosed in Appendix A
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Cut path H\<

Laser spot z

Figure 3.5 Overview of the FE semi-model for numerical simulation (extracted semi-

model & entire semi-model)

A local region (1 mmx1 mmx6 mm) at trailing edge was extracted from the entire
FE semi-model (as Figure 3.5) in order to quantitatively study the effects of process
parameters on temperature and thermal-stress with a high simulation accuracy
(according to the fine mesh size). The selection of the region at trailing edge was due
to the high magnitudes of the thermal-stresses generated near the edge of the sheet,
which would induce cracking and path deviation influencing the final cut quality
[124, 135]. Therefore, the extracted semi-model at the trailing edge was employed as
a stricter criterion to study the stress distribution. Based on previous study, the
region with 1 mmx1 mmx6 mm was found to be sufficient to model the local
process without significant modification of the temperature boundary conditions on
the outside surfaces of the specimen. From the model, it was expected to obtain a
trend in change of temperature gradient and thermal-stress distribution under various

process parameters and to understand of the mechanism of crack formation.

3.3.2 Material properties and laser heat load for FE modelling

In numerical simulation, a major problem is the lack of realistic material property
data. In order to improve the simulation accuracy, every attempt was made to use the
realistic material properties in this work. Although most of essential material
properties for modelling are listed in Table 3.2, temperature-dependent thermal
conductivity and specific heat are still necessary (as listed in Table 3.3) to generate a
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model close to reality. In addition, the material mechanical properties related to
thermal-stress development and crack initiation are also listed in Table 3.3. Unlike
metals, ceramics are generally considered as elastic materials. Their elastic
behaviour can be retained at the elevated temperatures (e.g. 1800 °C for alumina),
which is close to their melt points (e.g. 2050 °C for alumina). Moreover, plastic
deformation around the cutting edge was not observed in the experiments during
laser cutting of alumina. Therefore, the plastic deformation in laser cutting of

alumina was ignored in this work.

Table 3.3 Alumina material properties used for FE analysis [12, 170]

Properties Values
Mass density (kg/m’) 3720
Specific heat (J/kgxK, to 1773K) 1044.6 +1742x10* xT —2796x10* x T*
Thermal conductivit 0.0033(T—273
(W/mxK, 300 — 1573 ¥<) 5.5+34.5¢ T
Elastic module (GPa) 300
Poisson’s ratio 0.21
Secant coefficient of thermal expansion 2.2
(10° 1/K) '
Melting point (°C) 2050
Vaporisation point (°C) 2980
Tensile strength (MPa) 220
Compressive strength (MPa) 2600
Open shear transfer Coefficient 0.5
Close shear Transfer Coefficient 0.9

As discussed above, volumetric absorption was the major form of alumina absorbing
laser energy at 1075 nm wavelength. Therefore, the incident laser was considered as
a volumetric heat source in the FE model. The heat generation rate, Q(x,y,z,¢), caused
by the volumetric absorption for a Gaussian laser beam moving along x-direction

with velocity, v, can be expressed as [171]

_ (vat)2+y2
1-R)x P, x &™) [ ]
Q(X,y,z,t)z( )Xzoxe X xe @
nr(z) 5
A(z+ fpp) ? o
()M_PP]
7,
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where it was assumed that the laser energy absorbed in material was entirely
converted into heat energy. The laser beam propagates along the z+. r(z) is laser spot
radius at position z. 7y is the spot radius at the focal plane position, 4 is the laser
wavelength, and fpp is the position of the focal plane. The positive fpp means the
focal plane was above the surface of workpiece and the negative one indicated it was

in the workpiece.

3.3.3 Thermal analysis and thermal-stress analysis in FE model

The temperature field simulation was first performed, in which the 3D elements
SOLID70 with 8 notes were employed for the transient thermal analysis. The
‘element death” methodology (available in ANSYS) was applied to simulate material
removal in cutting. When the temperature of an element exceeded the melting point
of alumina, the element was removed from the model and had no effect in
subsequent analyses. The cut kerf was in turn formed and the incident laser energy
was no longer absorbed within the kerf. The boundary condition for thermal analysis
was convection heat losses. The air convection coefficient and ambient temperature

were taken as 50 W/(m” K) and 27 °C, respectively, in this work.

Based on the calculated temperature field, thermal-stress simulation without cracking
was performed. The model with element SOLID70 for thermal analysis was
transformed into the SOLID65 used for structural analysis. The boundary condition
of the FE model for structural analysis is traction-free for all surfaces except the x—z
surface, on which the symmetric boundary was applied to constrain displacement at
y-direction. Nevertheless, the removed elements in thermal analysis were still
inactive during the thermal-stress simulation. The temperature field calculated by
above thermal analysis was applied as a heat load on the structural model and the

thermal-stress simulation was then performed in ANSYS.
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3.3.4 Fracture criterion and crack prediction in FE model

Prediction of crack generation and propagation was performed following the
thermal-stress analysis. The thermal-stress caused by temperature gradient was
generally considered as the main reason of crack initiation and propagation in brittle
materials [172]. However, the prediction of crack initiation and propagation in 3D
finite volume is still a cutting-edge topic in structural mechanics and fracture
mechanics. ANSYS software provides a 3D crack simulation based on the current
knowledge of crack behaviour in concrete [173]. Generally, some material properties
of ceramic are very similar to those of concrete since both are multi-crystal and
multi-phase non-metallic materials and are hard and brittle in nature. Therefore, the
simulation of 3D crack in concrete was referred to in this work for prediction of

crack generation and propagation in alumina during laser fusion cutting.

The element SOLID65 has the capability for simulation of 3D concrete structural
responses and crack behaviours governed by stress. Thus the crack simulation in this
work was performed after the thermal-stress analysis. Although the solution of crack
simulation has been supplied by ANSYS, correct and accurate prediction of 3D crack
is still difficult since the proper fracture theory should be chosen and fracture
parameters are needed from fracture tests. In brittle materials, the main mechanism
causing crack formation was considered to follow the 1% strength theory [174]. The
material failure and crack formation were caused by the 1% principal stress when
higher than the tensile strength or compressive strength. Therefore, the 1% strength
theory was selected in this work as the fracture criterion. The tensile and
compressive strength for material failure (as listed in Table 3.3) was set in the
material model in ANSYS. Stress relaxation after cracking was also considered by
applying an existed function in ANSYS to the FE model, in order to simulate the
crack propagation more accurately. When the fracture criterion and material
properties on crack formation were set up in material model, the crack simulation
can be automatically performed in ANSYS. After simulation, the crack plane in each
element was plotted by a red circle (i.e. a vector) indicating the cracking direction
[173]. The crack formation in the FE model was therefore demonstrated by all the

cracking vectors.
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3.3.5 Assumptions

Although the FE model was established to represent the realistic process of laser
cutting, some factors had to be ignored for simplification of the model as there are
some complicated and uncertain variables in laser cutting, such as anisotropic
material properties, phase transition, recoil pressure, melting, evaporation, plasma,
etc. For example, in a previous study [175], alumina liquid was formed at 2327 K
and remained at the liquid phase until 3500 K. When the liquid temperature is above
3250 K, dissociation yields different species such as AlO(g), Al(1), Al(g) and Al,O(g).
At the temperature above 5000 K, dissociation is complete and aluminium vapour
and atomic oxygen are formed. These complicated processes were ignored in this

work. The assumptions applied to the FE model include:

(a) The specimen was considered to be homogenous and isotropic.

(b) The molten and evaporated material removal expelled by assist gas was
simplified in the FE model as the region was eliminated when the
temperature exceeded the material melting point.

(c) Chemical dissociation, phase transition, plasma and interaction of laser beam
with melt and/or vapour were ignored.

(d) Beam scattering inside the cut kerf and the multi-reflection effect were
ignored.

(e) The effect of convection in cut kerf was ignored.

(f) The stress—strain relationship of alumina was considered to be elastic at the

whole temperature range and the plastic strain at crack-tips was ignored.

3.4 Results and Discussion’

3.4.1 |Initial results

The Case 5 (Table 3.1) was selected as the process parameters for the entire FE
model. The model simulation was used for qualitative analysis of the temperature
field, thermal-stress distribution and crack formation in laser cutting. The simulated

temperature field and the 1* principal stress distribution are shown as Figure 3.6. It

" More information on simulated temperature related to thermal-stress is enclosed in Appendix A

149



Chapter 3: Fibre Laser Crack-Free Cutting of Thick-Section Alumina

can be found that the thermal-stress concentrated on the region near the cut front,

where the crack tended to be formed.
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Figure 3.6 Temperature and stress distribution during laser cutting of 6-mm-thick

alumina. (a) Temperature field and (b) the 1% principal stress distribution

Figure 3.7 shows the x-component and y-component stress distribution, which
implies potential crack propagation. Based on the 1% strength theory, the x-
component stress (as Figure 3.7(a)) generally caused the crack propagating along the

y-direction (as arrow in Figure 3.7(a)), whereas the y-component stress (as Figure

3.7(b)) induced the crack propagation along the x-direction (as arrow in Figure
3.7(b)).
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Figure 3.7 Component stress distributions during laser cutting of 6-mm-thick
alumina. (a) x-component stress distribution (oy,) and (b) y-component stress

distribution (oyy)

Based on the above thermal-stress distribution, crack propagation was simulated as

shown in Figure 3.8 (the red marks), which illustrates that the crack would probably
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initiate from the cut front and propagate into the base material. The direction of the
maximum crack growth was along a specific angle between x- and y-directions (i.e.

51.62°) due to the resultant vector effect of x- and y-component stresses.

Cut front

iy

Figure 3.8 Crack formation and propagation from cut front in laser cutting of 6-mm-

thick alumina.

An experimental trial was performed as well using the same process parameters (as
Case 5 in Table 3.1) to validate the crack prediction by the FE model. The crack was
captured as shown in Figure 3.9(a). The characteristic of crack formation and the
angle of the micro-crack (i.e. 52.67° with respect to the cutting edge) were in
agreement with the FE numerical prediction. Figure 3.9(b) further shows the micro-
structure of the cutting edge. The crystalline grains that were partially melted and
resolidified as glassy phase showed the HAZ existing in alumina. It can be found
that the HAZ was very large (>75 um) during CW laser cutting. The transcrystalline
cracking appeared in the large HAZ. The experimental result indicated that the size
of HAZ may be the main reason causing the crack formation in alumina. Therefore,
the process parameters should be studied and optimised to reduce the HAZ around

the cutting edge.
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Cutting edge

Figure 3.9 The experimental result of 6-mm-thick alumina cut by 800 W CW laser
with feed rate of 1 mm/s. (a) Optical micrograph of the cracks and (b) micro-
structure of the cutting edge

3.4.2 Laser peak power effect

The effect of laser peak power on temperature and stress distribution was studied
using Case 1 in Table 3.1. Figure 3.10 shows the temperature and the corresponding
thermal-stress distributions along the x- and y-directions at different laser peak
powers. It was found the higher laser peak power generated a steeper temperature
gradient for both x- and y-directions, which generated a smaller HAZ (as Figures
3.10(a) and (c)). The stress distributions caused by the temperature gradients
highlighted the steeper temperature gradient generated the lower peak tensile stresses
along x- and y-directions (as Figures 3.10(b) and (d)). Both the stress distributions
along the two directions complied with the tendency as from compressive stresses to
tensile stresses. When the tensile stress was low enough (typically lower than the
tensile strength), this stress distribution could resist the cracking from the cut front.
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Therefore, a high laser peak power was recommended to reduce the HAZ size and

thermal tensile stress to resist crack formation during cutting.
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Figure 3.10 Temperature and resulting stress distributions at the cut front on the top
surface of the workpiece at various laser peak powers. (a) Temperature along x-
direction (75), (b) y-component stress along x-direction (o,,), (c) temperature along

y-direction (7)) and (d) x-component stress along y-direction (o)

Figure 3.11 showed the cracking at cutting edge and the path deviation at trailing
edge of cut path varying with the laser peak power in experiments. The high laser
peak power (1000 W) generated a crack-free cutting edge and generated smaller path
deviation at trailing edge, which was in agreement with the prediction in the FE

model.
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Figure 3.11 Optical photographs of the cutting edge (a) at middle point and (b) at

trailing edge of cut path by various laser peak powers

3.4.3 Pulse duration effect

The effect of laser pulse duration was investigated using Case 2 in Table 3.1. The
simulated temperature and the resulting thermal-stress distributions along the x- and
y-directions at various pulse durations are shown in Figure 3.12. It highlights that
shorter pulse durations produce a steeper temperature gradient (i.e. smaller HAZ size)
for both x- and y-directions (as Figures 3.12(a) and (c)), and hence the peak tensile
stresses along x- and y-directions were reduced (as Figures 3.12(b) and (d)). The
basic tendency of thermal-stress was also from compressive stresses to tensile
stresses. An exception appeared at 20 ms pulse duration that made the o,, greater
than zero at the cut front. It illustrated that the crack was more easily produced at this
pulse duration. Based on the simulated results, the short pulse duration was suitable

for resisting crack formation in cutting of thick-section alumina.
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Figure 3.12 Temperature and resulting stress distributions at the cut front on the top
surface of the workpiece at various pulse durations. (a) Temperature along x-
direction (77), (b) y-component stress along x-direction (oyy), (c) temperature along y-

direction (7}) and (d) x-component stress along y-direction (oy.)

Figure 3.13 shows the cracking at cutting edge and the path deviation at trailing edge
of cut path varying with the pulse duration in experiments. It can be found that the
short pulse duration (5 ms) generated a crack-free cutting edge and smaller path

deviation at trailing edge, which was in agreement with the FE model prediction.
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Figure 3.13 Optical photographs of the cutting edge (a) at middle point and (b) at

trailing edge of cut path by various pulse durations

3.4.4 Pulse repetition rate effect

The effect of pulse repetition rate on temperature and thermal-stress distribution was
studied using Case 3 in Table 3.1. The temperature and the corresponding thermal-
stress distributions along the x- and y-directions at various pulse repetitions are
shown in Figure 3.14. It illustrates that the lower pulse repetition rate produced a
steeper temperature gradient (i.e. smaller HAZ size) for both x- and y-directions (as
Figures 3.14(a) and (c)) due to the longer pulse interval for cooling, by which the
peak tensile stresses along x- and y-directions were reduced (as Figures 3.14(b) and
(d)). The basic tendency of thermal-stress was also from compressive to tensile
except the pulse repetition rate of 50 Hz, which led to o, and o,. becoming tensile
stresses at the cut front. Therefore, cracking was more likely produced from the cut
front at this pulse repetition rate. Based on the simulated results as shown in Figure
3.14, the low pulse repetition rate was desirable for resisting crack formation in laser

cutting.
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Figure 3.14 Temperature and resulting stress distributions at the cut front on the top
surface of the workpiece at various pulse repetition rates. (a) Temperature along x-
direction (T7), (b) y-component stress along x-direction (a,,), (c) temperature along y-

direction (7}) and (d) x-component stress along y-direction (oy.)

Figure 3.15 shows the crack formation at cutting edge and the path deviation at
trailing edge of cut path varying with the pulse repetition rate. The low pulse
repetition rate (10 Hz) generated a crack-free cutting edge and smaller angle
deviation at trailing edge. The experimental result was in agreement with the FE

simulated result.
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Figure 3.15 Optical photographs of the cutting edge (a) at middle point and (b) at

trailing edge of cut path by various pulse repetition rates

3.4.5 Feed rate effect

The effect of feed rate was simulated and compared with experiment using the
parameters as Case 4 in Table 3.1. The temperature and the corresponding thermal-
stress distributions along the x- and y-directions at various feed rates are shown in
Figure 3.16. It can be seen that the higher feed rate produced a steeper temperature
gradient, i.e. smaller HAZ size (as Figures 3.16(a) and (c)), by which the peak tensile
stresses along x- and y-directions were reduced (as Figures 3.16(b) and (d)) due to
the low energy delivered into the base material per unit length. The basic tendency of
thermal-stress was also from compressive to tensile except the feed rate of 0.5 mm/s,
which made o,, above zero at cut front. It can be deduced that the crack was

produced more easily at the cut front along x-direction by this feed rate.
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Figure 3.16 Temperature and corresponding stress distributions at the cut front on the
top surface of the workpiece at various feed rates. (a) Temperature along x-direction
(T%), (b) y-component stress along x-direction (a,,), (c) temperature along y-direction

(7}) and (d) x-component stress along y-direction (oy)

Figure 3.17 shows the cracking at cutting edge and the path deviation at trailing edge
of cut path varying with the feed rate. The high and the low feed rate (i.e. 0.5 mm/s
and 1.5 mm/s) both generated small angle deviations (i.e. 28.25° and 24.92°,
respectively). The difference between the experiment and the simulation was due to
the ignored assist gas cooling effect in cut kerf during FE simulation. At low feed
rate, there has a long time per unit length for assist gas cooling the workpiece and
hence the size of HAZ was reduced to avoid the material strength falling at high
temperature. Therefore, the low feed rate may also achieve cut quality as good as
high feed rate in experimental trials, depending on the cooling eftectiveness of assist
gas. For thick-section workpiece, the assist gas is a significant parameter for material
removal and specimen chilling. Thus in some circumstances, a low feed rate was
necessary to substantially remove molten material and chill cut kerf to avoid the
serious thermal damage, whereas the process efficiency was reduced at the same

time.
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Figure 3.17 Optical photographs of the cutting edge (a) at middle point and (b) at

trailing edge of cut path by various feed rates

Therefore, the feed rate should be carefully chosen to balance the cooling
effectiveness of assist gas and inherent laser irradiation caused thermal damage.
Based on the experimental results shown in Figure 3.17, the high feed rate (i.e. 1.5
mm/s) was recommended in this work since the cracking was formed at the cutting

edge and trailing edge under the low feed rate (0.5 mm/s).

3.4.6 Optimisation of process parameters’

Based on above discussion, the process parameters for 1 kW fibre laser crack-free
cutting of thick-section alumina (6-mm thickness) were reselected by the developed
FE model and the corresponding experiments. The parameters are listed in Table 3.4
and the cut result is demonstrated in Figure 3.18. It is clearly seen that there is no

crack at cutting edge and no significant deviation at trailing edge of the cut path. The

" The procedure for optimisation of process parameters is discussed in Appendix A
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size of HAZ was ~15 um (as Figure 3.18(c)), which was much smaller than by CW

laser cutting as shown in Figure 3.9(b).

Table 3.4 The optimal parameters for crack-free cutting of 6-mm-thick alumina

Power Pulse duration Pulse repetition frequency  Speed
W) (ms) (Hz) (mm/s)
1000 5 30 1.5

Figure 3.18 6-mm-thick alumina cut by the optimised process parameters. Optical
micrographs of the cutting edge (a) at trailing edge and (b) at middle point of cut
path. (¢) Micro-structure of the cutting edge
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3.5 Conclusions

In this chapter, fibre laser cutting of thick-section (6-mm thickness) alumina was
investigated. The numerical and experimental study indicated that the single-pass
crack-free cutting can be achieved using high laser peak power, short pulse duration
and low pulse repetition rate, whereas the feed rate had dual effects depending on the
assist gas efficiency. The work shows that due to the transitions from compressive to
tensile stress at particular laser cutting parameter, it is possible to identify a threshold
of process parameters for crack-free cutting. Based on the numerical and
experimental results, a set of improved process parameters for crack-free cutting was
proposed. For the 1 kW fibre laser used in this study, a high laser peak power (1 kW),
a short pulse duration (5 ms) and a modest pulse repetition frequency (30 Hz) were
reselected to achieve crack-free cutting with the feed rate up to 1.5 mm/s. The study
of this work highlighted the importance of heat input control in laser crack-free

cutting of brittle materials.
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Chapter 4

CO, Laser Underwater Machining of Deep

Cavities in Alumina

4.1 Introduction

In this chapter, a method for crack-free machining of deep cavities in alumina is
demonstrated using a low-cost CO, continuous wave (CW) laser. Finite Element (FE)
modelling and Smooth Particle Hydrodynamic (SPH) modelling techniques were
employed in this work to understand the effect of water on crack resistance and
debris removal during underwater machining. The microstructures of machined
region were studied to reveal different heating and cooling processes during laser
machining in water and in air. The experimental trials were also carried out to
investigate the effects of machining parameters on kerf width and depth. Finally,
some mm-deep polygon cavities machined underwater with the optimised process

parameters were demonstrated.

4.2 Experimental Procedure

Figure 4.1 shows the experimental setup of the CO, laser underwater machining
system, which includes a Spectron CO, CW laser (M” < 1.2) with a maximum laser
power of 100 W, an x—y galvanometer beam scanner, a focal lens with a focal length
of 300 mm and a sample container with water. The specimen is 95% alumina
ceramic with a thickness of 8§ mm. The major thermal and mechanical properties of
the material are listed in Table 4.1. The sample was submerged in water at room
temperature. The focused laser beam with selected process parameters was delivered
onto the workpiece through the water layer. The focal plane position was set on the
surface of the workpiece giving a spot size of 0.5 mm. A computer aided design

program was used to set the scanning pattern and process parameters.
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Figure 4.1 Schematic diagram of experimental setup for underwater machining of

alumina. The sample was submerged into the water at room temperature

Table 4.1 Material properties of 95% alumina used in the work [12]

Properties Values
Mass density (kg/m’) 3720
. 880
Specific heat (J/kg~K, to 1773K) 1044.6+1742x107* xT = 2796 x10* x T2
Thermal conductivity (W/mxK, to 35
1573 K) 55434 Se[—0.0033X(T—273)]
Elastic module (GPa) 300
Poisson’s ratio 0.21
Secant coefficient of thermal 2.7
expansion (10 1/K) ’
Melting point (°C) 2050
Vaporisation point (°C) 2980
Tensile strength (MPa) 220
Compressive strength (MPa) 2600

In this work, the effects of water layer thickness and scanning pass number were
investigated to understand the mechanism of underwater machining. Based on the
initial experiments, it was found that a 2 mm stationary water layer was necessary to
wet the alumina surface during machining. Laser machining in air was also
performed as a reference sample for comparison. Two machining modes were used
in this work. The 30 mm straight lines by multi-pass scanning were performed (as
Figure 4.2(a)) to study the machining depth and width at different water layer
thicknesses and pass numbers. Figure 4.2(b) shows the mode of laser milling of
cavity in alumina to investigate the effect of water on machining quality including

recast layers and cracks. The scanning interval between machining lines was set as
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0.25 mm, which is equal to the radius of laser focused spot. Optical microscopy
(Polyvar) was employed to examine the surface morphology after laser machining
and to measure the machined kerf width and depth for the quantitative study.
Scanning electron microscopy (SEM, Hitachi S-3400) was used to capture the
microstructure of laser machined region. The roughness of machined surface was
measured by a Wyko NT1100 white light interferometer. The size distribution of the
particles suspended in water during machining was measured by confocal laser
scanning microscopy (Olympus OLS-3100) after the suspension was dispersed and

dried on a glass substrate.

Sample Sample

Laser beam

=

«— Machined

Laser beam

i e 'Region
Scanning Scanning
direction Hisenhon

Machined groove

Figure 4.2 Machining modes employed in this work. (a) Straight line grooves by

multi-pass scanning and (b) laser milling of rectangular cavities

4.3 Modelling Approaches

In order to understand the effect of water cooling on the thermal behaviour in the
machining process, a 3D finite element model was developed to simulate the
temperature field and resulting stress characteristics during laser machining in air
and in water. ANSYS software was employed to solve this transient problem. For the
FE transient thermal analysis, it was assumed that the differences between the
thermal behaviours for laser machining in air and in water were predominantly
governed by the different heat convection coefficients. The heat convection
coefficient of water (500—10,000 W/m?+K) is 2-3 orders higher than that of air (10—
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100 W/m2°K) [160]. In this work, the heat convection coefficient of water was set as
1000 W/m?**K, whereas the heat convection coefficient of air was set as 100 W/m?**K.
The heat convection was applied on all the surfaces of the model as a boundary
condition. The convection heat loss follows [176]:

or

K(T)Z =

H(r-T,) @

where 7, and & denote the room temperature and heat convection coefficient,
respectively, and n’ is the normal vector point outward from the surface. The ambient

temperatures for air and water were both taken as 27°C.

The CO, laser beam was assumed to have a TEMy, mode and the material phase
changes during machining were ignored. The FE transient thermal analysis was
performed using the same process parameters as in the experiment. The surface heat

flux distribution, /(x, y), applied on the surface of workpiece was expressed as

R
I(x,y)= nroz xe " (4-2)
0

where 7 is the radius of laser spot at focal plane position which was set as 0.5 mm,
and Py is the laser power arriving at the workpiece surface. Although the 10.6 pm
wavelength laser has a static absorption coefficient of about 500 cm ™' in water [177],
Beer-Lambert's law was not used to calculate the value of transmitted laser intensity
on workpiece underwater due to complex photo thermal interactions of the laser,
water and the workpiece during machining [160]. In the FE model, Py was assumed
as the laser output power. Considering the translational laser beam with a velocity, v,

along the x+ direction, Eq. (4-2) is rewritten as

P _[(x—vt)z2 +y2]
I(x,y,t)= Tcr02 xe ' " (4-3)
0

The governing equation for the simulation of temperature fields has been established

by the following heat diffusion equation [1]:

0T (x,y,z,t) O°T(x,v,z,t) O T(x,y,z,t oT (x,y,z,t
K(T)( (azyz ) FT(xyz) 0T (5.2 )]:pcm (x.3.2,1)
X oy 0z ot
(4-4)
_K(T)(aT(x, v, O,I) N 6T(x, Vv, O,t) N 6T(x,y, O,t)j ~ Ixyt)
ox oy 0z
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where k(7) is the temperature-dependent thermal conductivity, p is the material's
mass density and ¢(7) is the temperature-dependent specific heat as listed in Table
4.1. The initial condition for the model was assumed to be an uniform temperature
within the bulk material given as 7(x, y, z, 0) = T, where Ty is the room temperature,

27°C.

Based on the temperature field calculated by the FE transient thermal analysis,
thermal-stress simulation was performed. In the thermal-stress simulation, the FE
model with element SOLID70 for thermal analysis was transformed into the
SOLID185 that was used for structural analysis. The boundaries for structural
analysis were assumed to be traction-free for all surfaces. However, the elements
with the temperature above the melting point, i.e. 2050°C were eliminated before
structural analysis in order to simulate the melt pool size and obtain the accurate
stress simulation. The thermal-stress was generally considered as the main reason of
crack generation and propagation during laser machining of brittle material [172].
For the brittle material, it was assumed that the main mechanism causing crack
formation followed the 1% strength theory, i.e. the tensile stress larger than the tensile
strength [174]. Therefore, the 1% strength theory was selected in this work as the

fracture criterion.

A SPH model was also developed in this work to study the hydrodynamic behaviour
of interactions between water and molten material during underwater machining.
Using the SPH method, the computational domain was divided into a set of discrete
particles. These particles have a spatial distance, known as the smoothing length,
over which their properties are smoothed by a kernel function. Different from the
standard FE methods, SPH approximates physical quantities of each particle using
the kernel function. The most attractive nature of SPH method is that it eliminates
the need of computation termination due to the possible large element distortion
inherent in Lagrangian formulation based FE methods [178]. Therefore, it is more

suitable to simulating the fluid dynamics than the standard FE method.

The fluid in the SPH model was divided, and the properties of element were
associated with its centre, which was then interpreted as a particle. A particle i has a

mass m;, position r;, density p; and velocity v;. In SPH, the interpolated value of any
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field, 4, at position r is approximated by [179]:
- A
A(”):mep—W(”—rwh) (4-5)

where W is an interpolating kernel function, 4’ is the interpolation length and the
value of 4 at r; is denoted by 4;. The sum is over all particles, i with a radius 24" of

ri. W(7, h’) is a spline based interpolation kernel function of radius 2/’, which is a
C’ function that approximates the shape of a Gaussian function and has a compact
support. This allows smoothed approximations to the physical properties of the fluid
to be calculated from the particle information. Thus, the particle approximation for
each particle j can be approximated by summing the contributions of neighbouring

particles i as follows:
A7) =S 2w (5.0 (@6

The finial discrete forms of governing equations (i.e. mass, momentum, and energy

conservation equations) can be expressed as follows [180]:

dp o oW (x, —x, i
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where ¢’ donates the time, x is the spatial coordinate, v* is the velocity component,
o’ is the stress tensor component, E is the specific internal energy, and the subscripts
a(a=1,2,3)and g (f =1, 2, 3) are the component indices. Simulation solutions
were obtained by solving Eq. (4-7) in conjunction with equations of state, material
models and initial and boundary conditions. This problem was solved by

commercially available explicit CFD software AUTODYN (issued by ANSYS Inc.).
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4.4 Results and Discussion

4.4.1 Effect of water cooling

Based on initial experimental trials, it was found at a laser power of 60 W and
scanning speed of 10 mm/s, high quality machining of alumina ceramic can be
realised, in which the thermal damage and recast layer were reduced to a low level
and the machining rate was relatively high compared with other parameters. Figure
4.3(a) shows the top-view of CO; laser machined alumina cavity in air at a power of
60 W, a speed of 10 mm/s and 4 scanning cycles with a dimension of 5 mm x 5 mm.
It was found that fracture appeared frequently during machining in air below 10
scanning cycles due to the high thermal-stress caused by the great amount of
accumulated heating energy [181]. The discoloured recast layer on the bottom
surface indicated the high temperature (>3500 °C) during laser machining in air
resulting in the generation of many sub-oxides of aluminium [1]. The micrograph of
the recast layer on the bottom surface is shown in Figure 4.3(b). It can be found that
micro-cracks appeared in the recast layer and formed a fine crack network, which

indicates serious thermal damage.

0.5 mim

Figure 4.3 The optical micrographs of the alumina cavity machined in air at a laser
power of 60 W and a speed of 10 mm/s with drawn dimension of 5 mm x 5 mm, in
terms of (a) top view of the cavity and (b) a close-up view of the recast layer on the

bottom surface. The fracture appeared at the 4™ scanning cycle.
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Figure 4.4 shows the cross-section SEM micrographs of the machined cavity in air. It
can be found that the recast layer on the bottom of the cavity was significant and a
crack propagated into the base material (as Figure 4.4(a)), which could lead to
fracture in the workpiece as the side surface indication. Figure 4.4(b) shows the
microstructure of recast layer. The alumina grains in the recast layer re-grew to be
columnar along the direction of the incident laser, in which the crack propagated
along the grain boundary. Figure 4.4(c) shows a smooth recast layer surface on the
bottom of the cavity, where the micro-cracks appeared due to the serious thermal

damage as the micrograph captured by optical microscopy (as Figure 4.3(b)).

b Crack 1 .

Figure 4.4 The SEM micrographs of the alumina cavity machined in air. (a) An
cross-section overview of the cavity, (b) a cross-section close-up view of the recast
layer on the bottom of the cavity and (c) a close-up view of the recast layer surface

on the bottom of the cavity

The CO, laser underwater machined alumina cavity using the same process
parameters is shown in Figure 4.5. The thickness of the water layer is about 4 mm
above the top surface of workpiece and 50 scanning cycles were applied for the 1-
mm deep cavity. Fracture and cracks were suppressed in the underwater machining
as shown in Figure 4.5, which demonstrates that the water cooling was beneficial in

preventing thermal damage.
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Figure 4.5 The optical micrographs of the alumina cavity machined under water at a
power of 60 W, a speed of 10 mm/s and 50 scanning cycles with drawn dimension of
5 mm x 5 mm. (a) Top view of the cavity and (b) a close-up view of the recast layer

on the bottom surface. The thickness of water layer is about 4 mm during machining.

Figure 4.6 shows the cross-section SEM micrographs of the machined cavity. It can
be found that the recast layer was insignificant and the side wall surface was smooth
in underwater machining as shown in Figure 4.6(a). Figure 4.6(b) shows the
microstructure of recast layer, in which the alumina grains had no significant change
but a porous structure was formed. The porous structure could reduce the strength of
the recast layer to the base material, by which the recast layer could be easily
removed via mechanical post-processing. Figure 4.6(c) shows the recast layer
surface on the bottom of the cavity, where micro-cracks were suppressed but the
roughness was increased due to the obvious voids. The difference in the
microstructures of recast layer formed by machining in air and in water indicates that

the water has a significant effect on chilling of the machined region.
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Figure 4.6 The SEM micrographs of the alumina cavity machined under water. (a)

An cross-section overview of the cavity, (b) a cross-section close-up view of the
recast layer on the bottom of the cavity and (c) a close-up view of the recast layer

surface on the bottom of the cavity

In order to understand the difference in thermal behaviour during laser machining in
air and in water, an FE thermal and structural analysis was performed. Figure 4.7
shows the difference of temperature and thermal-stress distributions between laser
machining in air and in water. It reveals that, with the same process parameters,
underwater machining produced a lower maximum temperature and smaller HAZ
than machining in air (as Figures 4.7(a) and (b)) and hence the maximum thermal-
stress was reduced in underwater machining (as Figures 4.7(c) and (d)), which was
in agreement with previous studies using analytical solutions [160, 161]. In order to
further investigate the thermal behaviour in different ambient conditions, the FE
simulated temperature and thermal-stress distribution along the machining path
across the melt pool was plotted as shown in Figure 4.8. It can be found that the melt
pool in water was smaller than that in air. The low maximum temperature and steep
temperature gradient in water produced a smaller HAZ compared with that in air.
Figure 4.8(b) highlights the lower compressive and tensile stress peaks in underwater
machining. During machining in air, the two tensile stress peaks near the melt pool
are greater than those in water, which implies that cracking in air machining could be
more easily initiated than that in underwater machining due to higher heat energy
diffused into the base material. The tensile stress in front of the melt pool could
induce the crack formation and propagation into the base material causing the
fracture as shown in Figure 4.3(a), whereas the tensile stress behind the melt pool

induces cracking in recast layer during molten material resolidification (as Figure
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4.3(b)). Obviously, the two tensile stress peaks were suppressed in underwater

machining (as Figure 4.8(b)).
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Figure 4.7 Temperature fields and resulting stress distributions during laser
machining in different ambient conditions. (a) Temperature field during laser
machining in air, (b) temperature field during laser underwater machining, (c)

thermal—stress distribution during laser machining in air, and (d) thermal—stress

distribution in laser underwater machining
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Figure 4.8 (a) Temperature fields and (b) 1*' principle stress distributions along

machining path during laser machining of alumina in air and in water

4.4.2 Effect of fluid dynamics

Figure 4.9 shows an empirical schematic diagram of interaction between the CO,
laser beam, water, and the alumina substrate during underwater machining. When the
laser was delivered onto the water surface, a portion of the laser energy was
absorbed by water, in which a rapid heating and vaporisation process was induced
due to the high absorption of the water with respect to the 10.6 um wavelength CO,
laser [162]. During this process, many bubbles are generated and a keyhole in water
was formed as a channel for the other portion of energy penetrating [182]. The
energy delivered onto the surface of alumina was absorbed to melt and/or vaporise
the workpiece surface. Then, the molten material was ejected from the machining
region into the water by the inherent recoil pressure induced in the keyhole of the
workpiece, as well as the water vapour pressure. Finally, the ejected molten particles

were removed by the water flow (as shown in Figure 4.9).
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Figure 4.9 Schematic diagram of interaction between the CO, laser beam, water, and
alumina substrate

Figure 4.10 shows the photographic images of the interaction between laser beam
and still water in the experiments. Figure 4.10(a) shows the water wave caused by
the water evaporation. It is important for molten particles removal from the
machining region. Figure 4.10(b) shows the bubble formation during laser

vaporising of water. The mean diameter of these bubbles is about 0.9 mm.

Figure 4.10 Capture of (a) water wave and (b) bubble formation during the

interaction between CQO, laser beam and water
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During underwater machining, the velocity of the ejected particles is much lower
than that in air due to the presence of viscous fluid, which would prevent debris
deposition. Therefore the debris suspends in the water with a relatively long time.
The size distribution of the particles generated in laser underwater machining is
shown as Figure 4.11, in which the measured particle number is up to 1000 shown in
the inserted micrograph. The mean diameter of these particles is 220 nm. The
histogram shows that the number of the particles with the diameter up to 500 nm is
more than 50% of the total measured particle number. It indicates that the major size
distribution of the particles generated in CO; laser underwater machining was in sub-

microns.
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Figure 4.11 Histogram of the size distribution of the particles generated in laser

underwater machining

The high recoil pressure caused by water evaporation would also benefit to prevent
the recast and dross formation. Figure 4.12 shows the side wall surface of machined
groove in air and in water, respectively. Dross was evident on the side wall surface
and a significant recast layer was on the bottom of machined groove after machining
in air. However, these defects were eliminated in underwater machining (as Figure
4.12(b)), in which the side wall surface was smooth and the recast layer on the

bottom of groove was insignificant.
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Figure 4.12 Side wall surface of the groove machined (a) in air and (b) in water
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Figure 4.13 further shows the microstructure of the side wall surface and the bottom
of the machined groove in air and in water, respectively. The grains in dross were
mainly glassy phases as shown in Figure 4.13(a), which indicated that the molten
material was resolidified on the side wall surface during laser machining in air.
During machining in water, the grains on side wall surface were almost same as the
base material and a few of grains were melted (as shown in Figure 4.13(b)). This is
due to the high recoil pressure produced in water to prevent the molten material
resolidification on the side wall surface. Figures 4.13(c) and (d) show the
microstructure of recast layer on the bottom of the groove machined in air and in
water, respectively. The results were similar as those of machined cavity shown in
Figures 4.4 and 4.6, i.e. the significant recast layer with columnar grains formed
during machining in air and the porous structure produced in recast layer during

underwater machining.
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Figure 4.13 Microstructure of dross on the side wall surface of the groove machined
(a) in air and (b) in water and cross-section microstructure of recast layer on the

bottom of the groove machined (c) in air and (d) in water

Figure 4.14 shows the roughness of the side wall surfaces machined in air and in
water. The arithmetical mean roughness (R,) of the side wall surface machined in air
(R, = 13.16 pum) is approximately 1.5 times higher than that of the side wall surface
machined in water (R, = 5.12 pum). The average maximum height of the profile (R;)
of the side wall surface machined in air (Rz = 43.68 um) is about double that of the
side wall surface machined in water (R, = 23.02 pum). This is due to the dross
adhered onto the side wall surface during machining in air. The dross increased the
surface roughness as the bulge appeared in roughness plot (as Figure 4.14(a)). The
measured surface roughness validated that the underwater machining can prevent

dross adhesion and process a smoother side wall surface than that machined in air.
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Figure 4.14 Roughness plot of the side wall surface of the groove machined (a) in air

(R, =13.16 um, R, = 43.68 um) and (b) in water (R, = 5.12 um, R, = 23.02 pum)

Figure 4.15 shows the cross-section of the groove machined in air and in water. The
crack and fracture appeared after few passes during machining in air (as Figure
4.15(a)). However, the groove machined in water had relatively high quality (as

Figure 4.15(b)), demonstrating a high aspect ratio and free of cracks.

Integrity Loss
!
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Figure 4.15 Cross-section of the groove machined (a) in air at a power of 60 W and a
scanning speed of 10 mm/s for 4 passes and (b) under water at a power of 60 W and

a scanning speed of 10 mm/s for 80 passes

179



Chapter 4: CO, Laser Underwater Machining of Deep Cavities in Alumina

In order to further understand the empirical hypothesis of the effect of fluid
dynamics (as shown in Figure 4.9), a 2D fluidic transient smooth particle
hydrodynamic (SPH) model was developed. Figure 4.16(a) is the setup of the SPH
model. The model was simplified to only consider the process of melt ejection rather
than the energy absorption and phase transition due to the complicated processes of
laser machining and the limitation of the software. It was assumed that the melt pool
was formed for the developed model and the molten material was ejected by the
recoil pressure in the melt pool. The initial velocity of the melt ejection was set as 20
m/s [183].

Figure 4.16 Time history of melt ejection during underwater machining at (a) 0 ps, (b)
22.1 ps, (c) 51.6 ps and (d) 110 ps
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Figure 4.16 shows the process of melt ejection from the keyhole during underwater
machining. It was found that part of the molten material was injected into the water
and the other part was ejected out together with some water (as Figures 4.16(c) and
(d)). The bubbles were also formed in water as depicted in Figure 4.16(d). The
simulated results implied that the melt ejection perturbed the water and may cause

turbulence and laminar flows in water.

Figure 4.17 shows the fluidic velocity caused by melt ejection during underwater
machining. It can be found that the maximum velocity was concentrated on the
region near the ejecting front and the water was pushed away from the ejecting path
as shown in Figure 4.17(a). Figure 4.17(b) to (d) illustrates the details of water flow
characteristic under various water depths. The flow vector close to water surface was
directed to the normal of the water surface (as Figure 4.17(b)), which indicated that
the water in this region would flow to the water surface and hence cause ripples on
water surface. The laminar flow appeared at the middle of the water depth (as Figure
4.17(c)), by which the injected molten particles would be carried away from the
machined region to resist redeposition. Figure 4.17(d) shows the flow characteristic
near the machined region, which demonstrates the initial turbulence formation of the
water flow. It was useful to induce the water into the machined groove for chilling.
The SPH simulation result indicates the significance of water flow for laser
underwater machining and is in agreement with the empirical hypothesis as shown in

Figure 4.9.
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Figure 4.17 Vector plot (a) of water flow during underwater machining and detailed
view at the region (b) near the water surface, (c) at the middle of water depth, and (d)

near the machined region

4.4.3 Effect of scanning pass number and water layer thickness

The material removal rate of underwater machining depends on the number of laser
scanning cycles and the thickness of water layer above the workpiece surface. Figure
4.18 shows the effect of water layer thickness on the machined kerf width and depth
in alumina substrate at a fixed 60 W laser power and 10 mm/s scanning speed for 1—
100 passes. For the water layer thickness of 2 mm, experiment trials were performed
up to 40 passes since cracking appeared for higher number of passes. It can be seen
that the kerf depth increases with the pass number but decreases with increasing
water layer thickness (as Figure 4.18(a)). The kerf width reduces with the water layer
thickening but is similar for different passes at the same water layer thickness (as
Figure 4.18(b)). It indicates that the water layer thickness is a significant parameter
to determine the machining kerf width due to the laser energy arriving on the
workpiece surface varying with the water layer thickness, whereas the number of

passes governs the machined depth together with the water layer thickness. Figure
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4.19 shows the average machining rate, i.e. depth divided by the number of passes. It
reveals that the depth rate exponentially decreases with the number of passes
increasing. When the pass number was up to 100, the machining rate approached to a
constant that was only determined by the water layer thickness, where the depth rate

decreased with increasing water layer thickness.
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Figure 4.18 The effect of water layer thickness on machining (a) depth and (b) width
in alumina substrate at a fixed 60 W laser power and 10 mm/s scanning speed for 1

to 100 passes
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Figure 4.19 The effect of water layer thickness on machining rate for alumina
substrate at a fixed 60 W laser power and 10 mm/s scanning speed for 1 to 100

passes

For deep cavity machining, multi-pass is essential and hence the machining rate is
mainly determined by the thickness of water layer. For a thin water layer (<2 mm),
the water cannot always wet the alumina surface during machining, which could
cause a poor cooling effect and induce crack initiation around the machining region.
However, when the water layer was greater than 5 mm, the machining rate was
below 15 pum/pass at 60 passes or more, which was undesirable due to the low
machining rate. The thickness of water layer is therefore suggested at 3—4 mm in the
work, which could balance a good surface cooling effect and a high machining rate.
Also the thickness of water layer provided an adequate space to remove molten
material particles. As shown in Figure 4.19, the average machining rate for this water
layer thickness is always greater than 20 pm/pass at a 60 W laser power and 10 mm/s

scanning speed.
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4.4.4 Laser underwater machining of polygon cavities

Based on the parameters discussed above, some polygon cavities were machined
underwater at a water layer thickness of 4-mm, a laser power of 60 W and a scanning
speed of 10 mm/s for 100 scanning cycles. Figure 4.20 shows the optical
micrographs of the CO; laser underwater machined alumina polygon cavities. The
crack-free machining of polygon cavities in alumina with smooth machined side wall
surfaces was achieved by the CO, laser underwater machining. The depth of these

polygon cavities is up to 2.36 mm.

a b

Figure 4.20 Optical micrographs of the CO, laser underwater machined polygon
cavities including (a) square cavity, (b) circular cavity, (c) triangular cavity, (d)

pentagon cavity, and (e) prismatic cavity

The typical machining time for a square cavity with dimension of 5 mm x 5 mm X
2.36 mm was about 30 min. Therefore, the average material removal rate for
underwater machining with 60 W laser power and 10 mm/s feed rate at 4 mm thick
water layer was 2.95 mm®/min. According to the experimental data shown in Figure
4.19, the material removal rate at the first machining cycle (i.e. the first scanning
cycle of the whole cavity pattern) should be 18.75 mm®/min, which is close to pulsed
laser machining in air [108]. However, it reduces when the machined depth increases
since the water layer becomes thicker as illustrated in Figure 4.21. As a result, the

equivalent material removal rate was reduced.
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Figure 4.21 Schematic diagram of the change of water layer thickness with
increasing of the machining depth. (a) The first pass and (b) the n-th pass

4.4.5 Potential improvements for high machining rate and quality

In order to further improve the machining rate, a substrate position correction
technique will be developed in future for consistent water layer thickness with
respect to the machining site throughout the machining process. The position of the
workpiece should be corrected as the successive passes proceed. However, the
maximum machining depth using this method is limited by the thickness of water
layer above the workpiece surface, i.e. 4 mm under the current optimised
experimental setup. When the machining depth is greater than this value, part of un-
machined workpiece surface will be higher than the water surface. Under this
condition, the water cannot spontaneously flow into the closed cavities for chilling

and thermal damage would occur.

Therefore, the forced water layer formation technique should be developed for
machining of deeper closed cavities. The schematic diagram of the process setup is
shown in Figure 4.22. A water jet is applied to form a water layer on the top-surface
of the workpiece. The layer thickness is primarily determined by the employed water
flow rate. This setup can also solve the problem of the suspending particles scatter
and absorb the laser light during still-water machining, since the water continuously
flows under the high water pressure. A liquid circulation with filtration should also

be integrated in the technique. At the same time, the substrate position correction is
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applied in order to meet the focal plane position on the machining site. The

feasibility of this technique will be verified in our future work.
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Figure 4.22 Schematic diagram of forced water layer formation technique with

substrate position correction.

In addition to the pure water used in this work, other liquids (e.g. salt, basic or acid
solutions) have been used in previous studies for chemical-assisted laser machining
of hard-to-machined materials. Compared with conventional laser thermal machining,
little thermal damage is induced in chemical-assisted laser machining. Alumina
ceramic is a compound made up of aluminium atoms and oxygen atoms, which are
in a very tight array (i.e. hexagonal atomic structure in grains). Therefore, alumina
ceramic has a good corrosion resistance against most of salts, bases and acids.
However, the grain boundaries could be easily etched due to the glass phases and
inclusions existing [184]. Furthermore, laser activated photo-chemical and thermal-
chemical reactions may also occur within the machining site to enhance the etching
efficiency. In previous studies, chemical-assisted laser micromachining, involving
laser processing within salt solution [184], basic solution [185] and acid solution
[186, 187] has been found to be able to produce smoother finished surfaces without
any detectable HAZ or recast layer than conventional laser thermal machining.
Similar results were also found in laser wet etching of alumina and its composite
[185, 186]. In order to introduce these advantages of laser wet etching into high
average power laser machining, chemical-assisted laser macro-machining of

engineering ceramics will be investigated in our future work.
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45 Conclusions

The CO, laser underwater machining successfully demonstrated crack-free milling
of mm-deep cavities in alumina. It was found that the process quality in underwater
machining is much better than that in air. Underwater machining has the capability of
preventing the crack initiation and reducing thermal damage due to the water cooling
effect. ANSYS software was employed to understand the mechanism of crack
resistance in underwater machining. The differences in the temperature and resulting
stress distributions during laser machining in air and in water were revealed by the
FE model. It indicated that the smaller HAZ and the lower thermal stress were
produced in laser underwater machining than machining in air. The simulated results
were in agreement with the experiments. SPH modelling of interactions between
water and molten material ejection shows the behaviour and significance of water
flow in the underwater machining process. The machined side wall surface in water
was much smoother than in air as the effect of water dynamics produced a high
recoil pressure in machining region to eject the molten material from the cavity and
prevent recast formation. The effect of water layer thickness and scanning cycle
number was also studied in this work. It was found that the kerf width was governed
by the water layer thickness whereas the kerf depth was controlled by the scanning
cycle number and the water layer thickness. The optimal water layer thickness was
proposed to be 34 mm above the surface of workpiece to guarantee a sufficient
cooling effect and a high material removal rate. Meanwhile, the thickness of water
layer provided an adequate space to remove molten material particles. Based on the
optimised parameters, several polygon cavities were demonstrated by underwater
machining at 100 scanning cycles, 60 W laser power and 10 mm/s scanning speed
with a scanning line interval of 0.25 mm. The average machining depth is greater
than 2-mm and the machining rate is up to 2.95 mm®/min, similar to picosecond laser

machining (< 2.2 mm®/min [112]).
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Chapter 5

Nano-Second Pulsed DPSS Nd: YAG Laser

Striation-Free Cutting of Alumina Sheets

5.1 Introduction

Lasers are extensively employed in cutting of alumina sheets in the electronic
industries. In addition to cracks, another important quality factor in laser cutting is
striation (periodical lines) formation on the cut surfaces, which affects the surface
roughness and geometry precision of the cut products. The elimination of striation is
important for alumina since it is essential for denser circuit patterns and device
miniaturisation. The chapter demonstrates striation-free cutting of alumina sheets
with 1 mm thickness using a 400 W high repetition rate nano-second pulsed DPSS
Nd:YAG laser. The short pulse duration minimises thermal damage. The effects of
gas type, gas pressure, nozzle standoff distance, average laser power, cutting speed,
and pulse repetition rate on striation characteristics were studied. The specific
operating conditions for nano-second pulsed laser striation-free cutting were
presented. This work supports one of the existing theories for continuous wave (CW)
laser striation-free cutting of metallic materials and further extends it to the pulsed
laser striation-free cutting of ceramic materials. A mechanism of pulsed laser
striation-free cutting was also proposed, by which a model to predict the operating
window for the nano-second pulsed laser striation-free cutting of alumina sheets was

developed. The prediction was also validated by the experiment.
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5.2 Experimental Procedure

A diode pumped solid state (DPSS) Nd:YAG laser manufactured by Powerlase
Photonics was employed in this work. This is a nano-second pulsed laser emitted at
1.06 um wavelength with high repetition rates of 3—15 kHz and short pulse durations
of 30-55 ns. The maximum average laser power nominal output is 400 W. Figure 5.1
shows the experimental setup of the laser cutting system. The raw laser beam (quasi-
Gaussian-distribution, M°=22) with a diameter of 8 mm was delivered into a laser
cutting head, which held a lens of 83 mm focal length and a gas nozzle with 1.2 mm
diameter. The focused laser beam spot size was approximately 300 um (diameter)
and the focal plane position was fixed at 0.5 mm below the nozzle tip. The assist gas
flow was coaxial to the laser beam arriving at the workpiece surface. Table 5.1 lists
the range of average laser power, pulse repetition rate, cutting speed, nozzle standoff
distance, assist gas type, gas pressure, and gas flow rate studied in this work. The
average power nominal outputs excited by various diode laser pump voltages at
different repetition rates follow the curves plotted in Figure 5.2, where the fixed
pulse durations at different repetition rates are also listed. The power loss in optical
delivery path is approximately 20%, measured at a pump voltage of 6 V and pulse
repetition rate of 15 kHz. In this work, the average laser output power was used as a
scale for laser power where possible. However, the pump voltage was also used

under special circumstances when the average power was inappropriate in discussion.

400W Mano-Second Pulsed DP5SS
Md: YAG Laser

Laser cutting head

Gas inlet

Sample

=1 ||_L

Figure 5.1 Schematic diagram of the experimental setup for nano-second pulsed
DPSS Nd:YAG laser cutting of alumina sheets
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Table 5.1 Laser cutting conditions used in this work

Parameter Values
Average power (W) 95-415
Pulse repetition rate (kHz) 3-15
Cutting speed (mm min™") 60-360
Nozzle standoff distance (mm) 0.5-3
Assist gas N,, He, Ar, O,, Air
Gas pressure (bar) 0.5-3

12-35 (for N,, Ar, Oy, and Air at 0.5-3 bar)

Gas flow rate (L/min) 45-100 (for He at 0.5-3 bar )

—— 3kHz(30ns) - -- SkHz(35ns} ---- T7TkHz (40 ns)
== 10 kHz (45 n8}) -----12 kHz (60 ng} ----- 15 kHz (55 ng)
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Figure 5.2 Curves of nominal laser average power versus pump voltage at different
pulse repetition rates. Pulse durations at different pulse repetition rates are fixed and

listed in the legend

The material used in this work was 99.6% alumina sheet with a thickness of 1 mm.
The major material properties are listed in Table 5.2. Alumina has a low absorptance
with respect to 1.06 pum wavelength laser. The values of reflectance and
transmittance of 1-mm-thick alumina sheet at 1.06 pm wavelength were 79.4% and
16.4%, respectively, measured by Shimadzu UV-3600 Spectrometer. Therefore, the
absorptance of the alumina sheet was only 4.2% to the DPSS Nd:YAG laser used in
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this work at room temperature. The samples were clamped flat on an Aerotech 3-asis
CNC stage with a maximum transmitting speed of 200 mm/s. The focused laser
beam was delivered onto the workpiece as shown in Figure 5.1. Single pass strategy
was used in this study for linear cuts, 20 mm long, and 10 mm outside allowance

was applied for the stage acceleration.

Table 5.2 Material properties of 99.6% alumina used in the work [12]

Properties Values
Mass density (kg/m’) 3750
Specific heat 1044.6+1742x107* xT —2796x10* x T
(J/kgxK, to 1773K)
Thermal conductivity 0.0033x(T—273
(W/mxK, to 1573 K) 5.5+34.5¢
Melting point (°C) 2072
Latent heat of fusion (10° J/kg) 2.53
Boiling point (°C) 2977
Latent heat of vaporisation (10° J/kg) 3.91

T: Temperature (K)

The striation pattern on cut surface was captured by three microscopic techniques in
order to obtain a reliable demonstration and an accurate evaluation. Optical
microscopy (Polyvar) was employed to initially examine the morphology of the cut
surface. Then the morphology and roughness of the cut surface were profiled and
measured using a white light interferometer (Wyko NT1100), where R, and R, were
selected as the roughness criteria. Finally, the morphology was further captured
using SEM (Hitachi S-3400), by which the effect of light incident angle in optical
microscopy on striation capture can be avoided. Also, the cut surface microstructures
were examined by SEM, to understand the mechanism of striation formation during

laser cutting.
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5.3 Results

5.3.1 Demonstration of striation-free cutting

Figures 5.3, 5.4 and 5.5 compare the cut surfaces with and without striations at a 415
W average power and 15 kHz pulse repetition rate under three different cutting
speeds. The nozzle standoff distance was 0.5 mm and 1 bar nitrogen gas was used as
the assist gas. Figure 5.5 clearly demonstrates that striation-free cutting of alumina

sheet has been achieved by the nano-second pulsed laser.

b

= T7

Figure 5.3 Surface profile of a cut with major striations at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 360 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar N, assist gas. The micrographs are captured
by (a) an optical microscope, (b) white light interferometer (R,=8.31 um, R,=11.22
um), and (c) SEM. (d) Close-up view of the cut surface by SEM
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Figure 5.4 Surface profile of a cut with minor striations at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 60 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar N assist gas. The micrographs are captured
by (a) an optical microscope, (b) white light interferometer (R,=4.09 um, R,=5.23
um), and (c) SEM. (d) Close-up view of the cut surface by SEM
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b
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Figure 5.5 Surface profile of a cut with striation free at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 186 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar N, assist gas. The micrographs are captured
by (a) an optical microscope, (b) white light interferometer (R,=2.76 um, R,=3.47
um), and (c) SEM. (d) Close-up view of the cut surface by SEM

At a high cutting speed (>300 mm/min), striation is clearly seen on the cut surface as
shown in Figure 5.3. The material removal at the high cutting speed is dominated by
melt flow ejection due to the low energy input per unit length, by which the melt
oscillation may occur and thus the striation could appear (as Figure 5.3(d)). The
discontinuous dross formation (as Figures 5.3(a) and (c)) further confirmed the melt

oscillation during cutting. The R, and R, of cut surface at the high cutting speed are

8.31 and 11.22 pm, respectively.
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Based on the initial experiments, it was found that striation became gradually
shallower as the cutting speed decreased and tended to disappear. When the cutting
speed was lower than 120 mm/min, striation appeared again. At a low cutting speed
(<120 mm/min), the mechanism of material removal was mainly based on
evaporation with little melt on material presence. The contribution of molten
material flow to striation formation can be negligible. The droplet was ejected by the
vapour pressure and resolidified on the cut surface (as Figure 5.4(d)). However, the
low cutting speed caused a discontinuous movement of the cut front, which could
induce a discrete ejection and material removal. The less homogeneous dross
formation validated this process (as Figures 5.4(a) and (c)). Therefore, the droplets
were re-deposited along a periodical distribution as shown in Figure 5.4(d) and
hence, formed minor striations on the cut surface (as Figure 5.4(b)). The R, and Rq
of cut surface at low cutting speed are 4.09 and 5.23 pm, respectively, which are

lower than roughnesses of the cut surface with major striations.

Between 120 and 270 mm/min cutting speed, the cut surface becomes almost flat and
striations are eliminated altogether as shown in Figure 5.5. Figure 5.5(a) shows a
homogeneous dross formation, which indicates a continuous process of melt ejection
and cut front movement. The melt oscillation and droplets periodical re-deposition
were therefore suppressed, leading to a striation-free cut surface. Unfortunately, the
re-deposited droplets on the cut surface cannot be eliminated completely (as Figure
5.5(d)). The R, and R, values of cut surface at the optimal cutting speed (i.e. 186
mm/min) are 2.76 um and 3.47 pm, respectively, which are far lower than the

roughness values of cut surfaces with striations.

5.3.2 Effect of assist gas type

The above optimal operating conditions (i.e. 415 W average laser power, 15 kHz
pulse repetition rate, 186 mm/min cutting speed, and 0.5 mm nozzle standoff
distance) were selected to study the effect of assist gas type on the striation
characteristics. Figure 5.5 demonstrates the striation-free surface profile of a cut with
1 bar N, assist gas, where R, and R, are 2.76 and 3.47 um, respectively. Nitrogen has
a medium thermal conductivity for cut kerf chilling, a medium ionisation potential
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(15.60 eV) for plasma formation and a medium molecular weight. The experiment

shows that it is one of the ideal gases for striation-free laser cutting with low costs.

Figure 5.6 demonstrates the major striation (R,=6.69 pm, R,=8.89 um) appearing on
the cut surface when helium was chosen as the assist gas with 1 bar pressure. Helium
has a high thermal conductivity, which can be effective for cooling the workpiece.
The high ionisation energy of helium (24.46 eV) suppresses the plasma generation
during high peak power pulsed laser cutting, which reduces the laser energy loss by
plasma absorption. Figure 5.6(d) illustrates that the molten flow appeared
significantly. This is due to the high thermal conductivity of the helium gas cooling
the evaporated and molten material excessively. The melt flow was hence formed
and melt oscillation occurred. The molten material, resolidified layer by layer,
formed striations on the cut surface. The discontinuous dross formation (as Figures
5.6(a) and (c)) further confirmed the melt oscillation during laser cutting. This
problem could be solved using a higher power laser or a lower cutting speed in order
to have an evaporation driven cut process. However, it will lower the process energy
effectiveness. Moreover, the high costs and the high gas flow rate required due to the
light molecular weight indicates that helium is not suitable for practical industrial

applications in laser cutting of alumina.
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Figure 5.6 Surface profile of a cut with major striations at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 186 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar He assist gas. The micrographs are captured
by (a) an optical microscope, (b) white light interferometer (R,=6.69 um, R,=8.89
um), and (c) SEM. (d) Close-up view of the cut surface by SEM

Figure 5.7 shows the surface profile of a cut with 1 bar Ar assist gas. Argon has a
low thermal conductivity, which cannot effectively cool down the workpiece to
reduce thermal damage. However, the medium ionisation potential (15.69 eV) could
suppress the plasma generation during cutting. The minor striation appeared on the
cut surface as shown in Figure 5.7. Figure 5.7(d) illustrates that droplet re-deposition
was the major form of molten material resolidification. This is due to the low
thermal conductivity of the assist gas that caused more evaporation and material
removal during cutting. Therefore, discontinuous movement of cut front occurred,

which induced a discrete ejection (i.e. discontinuous dross adhesion). The droplets
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were thereby re-deposited along a periodical distribution and formed minor striations
on the cut surface (R,=5.20 um, R,=7.05 pm) as shown in Figures 5-7(b) and (d).
Moreover, the operating conditions should be carefully chosen to avoid potential
thermal damage when the low thermal conductivity argon assist gas was used, which
may further narrow the operating window for crack-free and striation-free cutting of

alumina sheets.

a

Figure 5.7 Surface profile of a cut with minor striations at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 186 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar Ar assist gas. The micrographs are captured
by (a) an optical microscope, (b) white light interferometer (R,=5.20 um, R,=7.05
um), and (c) SEM. (d) Close-up view of the cut surface by SEM

Figure 5.8 shows the surface profile of a cut with 1 bar O, assist gas. The through
cuts cannot be obtained due to the low ionisation potential of oxygen (12.50 eV),
where the plasma was generated during laser cutting in the experiment. The plasma
attenuated laser energy and resisted the laser beam arriving onto the workpiece.
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Figures 5.8(a) and (b) illustrate that the molten material was ejected out from the top
of the kerf and resolidified as burs on the cut edge due to the blind cut kerf. Figure
5.8(c) indicates the melt ejection direction and the very rough cut surface, of which
the roughness values (R, and R,) cannot be measured by the white light
interferometer. In the previous study, the oxygen assist gas was found to be the most
suitable for CW fibre laser striation-free cutting of alumina sheets due to the
resistance of discoloured tetragonal alumina formation [83]. However, considering
the high tendency to induce plasma generation, oxygen is no longer an ideal assist

gas for the high peak power nano-second pulsed laser cutting.

Figure 5.8 Surface profile of a blind cut at an average laser power of 415 W, pulse
repetition rate of 15 kHz, cutting speed of 186 mm/min, and nozzle stand-off
distance of 0.5 mm with 1 bar O, assist gas. The micrographs are captured by (a) an

optical microscope and (b) SEM. (c) Close-up view of the cut surface by SEM
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Considering the effects of oxygen and nitrogen gases on laser cutting of alumina
sheets, compressed air was used in order to combine their advantages. Figure 5.9
shows the surface profile of a cut with 1 bar compressed air assist gas. The plasma
was reduced and the through-cuts were achieved. The tetragonal alumina formation
was also resisted. Although the dross adhesion was homogenous (as Figure 5.9(a)),
significant striations still appeared on cut surface as shown in Figures 5.9(b) and (c),
in which the R, and R, were 14.05 and 17.35 pum, respectively. This is due to the
plasma generated by the oxygen component in air absorbing a portion of the beam
energy. The energy arrived on the workpiece was reduced and as a result, the
evaporation driven process was converted into the melt governed process. During
this process, the melt flow was formed and melt oscillation occurred. The molten
material was then resolidified, layer by layer, on the cut surface as major striations
(as Figure 5.9(d)). Therefore, compressed air is not suitable for the high peak power

nano-second pulsed laser striation-free cutting of alumina sheets.

a b

Figure 5.9 Surface profile of a cut with major striations at an average laser power of
415 W, pulse repetition rate of 15 kHz, cutting speed of 186 mm/min, and nozzle
stand-off distance of 0.5 mm with 1 bar compressed air assist gas. The micrographs
are captured by (a) an optical microscope, (b) white light interferometer (R,=14.05

um, R,=17.35 um), and (c) SEM. (d) Close-up view of the cut surface by SEM
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Based on the above experiments with different assist gases, it can be found that
nitrogen is an ideal gas, due to its good balance of thermal conductivity, ionisation
energy, and costs, for high peak power nano-second pulsed laser striation-free

cutting of alumina sheets.

5.3.3 Effect of assist gas pressure and nozzle standoff distance

Figure 5.10 shows the effect of assist gas pressure and nozzle standoff distance on
the striation characteristics. It indicates that a narrow operating window exists for
pulsed laser striation-free cutting. Increasing the standoff distance up to 1 mm can
increase the operating window size for assist gas pressure, as a result of a smoother
gas flow at this nozzle standoff distance. When the nozzle standoff distance was
greater than 1.5 mm, striation-free cutting cannot be achieved. Figure 5.10 clearly
demonstrates the high sensitivity of the striation characteristics to gas pressure and
nozzle standoff distance. The striation-free cutting can be obtained only at low gas
pressures (1.0—1.5 bar), which ensured that the driving force for material removal
was the vaporisation while the contribution of assist gas pressure can be negligible.
This hypothesis was in agreement with the proposed theory for striation-free cutting

of mild steel by Li et al. [69].
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Figure 5.10 Effect of nozzle stand-off distance and gas pressure on striation
characteristics at a laser average power of 415 W, pulse repetition rate of 15 kHz,

and cutting speed of 186 mm/min with N, assist gas

5.3.4 Effect of laser power, pulse repetition rate and cutting speed

Figure 5.11 shows the operating window where striation-free laser cutting can be
achieved. A higher average power indicates a higher pulse peak power, which
enhances the evaporation process and suppresses melt flow formation during laser
cutting as mentioned above. Therefore the cutting speed range for striation-free

cutting was enlarged significantly with the increasing average power.
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Figure 5.11 Effect of laser average power and cutting speed on striation
characteristics at a pulse repetition rate of 15 kHz and nozzle stand-off distance of
0.5 mm with 1 bar N, gas pressure (Dash line indicates that the operating window

could be extended to a larger area.)

Figure 5.12 shows the effect of cutting speed and pulse repetition rate on striation
characteristics. For striation-free cutting, increasing the pulse repetition rate can
increase the operating window size for cutting speed. The cut front movement and
material removal are discrete in pulsed laser cutting, thus striation formation is
normally expected. However, when the pulse repetition rate is high enough and the
cutting speed is low enough, the discrete process can be negligible. Based on the
experimental results shown in Figure 5.12, it was found that the striation-free cutting
could be achieved at the pulses' overlap greater than 99.8%. Otherwise, the striation-
free cutting cannot be obtained. Therefore, the cutting speed range for striation-free
cutting was enlarged with pulse repetition rate increasing at 12—15 kHz. On the other
hand, the excessively low cutting speed (typically <120 mm/min) would lead to a
discontinuous movement of cut front due to a larger volume of material removal by
heat conduction and potential plasma formation. It could induce a discrete droplet
ejection and material removal, by which striation appeared again on the cut surfaces

as illustrated in Figure 5.12.
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Figure 5.12 Effect of pulse repetition rate and cutting speed on striation
characteristics at a diode laser pump voltage of 10 V and nozzle stand-off distance of

0.5 mm with 1 bar N, gas pressure (Dash line indicates that the operating window

could be extended to a larger area.)

5.4 Discussion

5.4.1 Selection of operating conditions

Based on the experimental results, it was found that pulsed laser striation-free cutting
of alumina sheets can be achieved within a specific and narrow operating condition
window, which is different from that for standard laser cutting or CW laser striation-

free cutting of alumina sheets by CO, or YAG lasers, as listed in Table 5.3.
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Table 5.3 Comparison between standard laser cutting, CW laser striation-free cutting,

and pulsed laser striation-free cutting conditions for alumina sheets

CW Laser Pulsed Laser
. .. Standard Laser . e
Operating Conditions Cutting Striation-free Striation-free
Cutting [83] Cutting
Average laser power (W) 70-2000 100-1000 360-420
Pulse repetition rate CW, 10-200 Hz CwW 12-15 kHz
Pulse duration 1-20 ms - 50-55 ns
Cutting speed (mm/min) <420 20-350 120-270
Focal plane position <0 Not presented 0-0.5 mm
Focused spot diameter (um) 50-500 15 300
Nozzle standoff distance (mm) 1-2 Not presented 0.5-1
Assist gas Inert gas, O, Air N, O, N,
Gas pressure (bar) 3-7 6 1-1.5
Nozzle diameter (mm) 1-2 1.5 1.2

For nano-second pulsed laser cutting, a high average laser power (with a typical
pulse peak power of 4.31x10°-6.81x10° W, pulse energy of 23.7-34.1 ml, and
fluence of 33.51-48.27 J/em®) and a high pulse repetition rate are two essential
conditions to suppress melt flow formation and stabilise the cut front movement. The
corresponding cutting speed should be carefully considered, which must match the
average laser power and pulse repetition rate in order to keep a continuous cut
process. The positive focal plane position is useful to form a wide cut kerf for
material removal. A proper nozzle standoff distance with a large nozzle diameter
guarantees a smooth and stable gas flow within the cut kerf. The low gas pressure
suppresses eddies and slipstreams avoiding unstable melt oscillation within the cut
kerf [58]. Furthermore, nitrogen provides a good balance of thermal conductivity,
ionisation energy and costs as the assist gas. Satisfying above conditions, the nano-

second pulsed laser striation-free cutting of alumina sheets can be achieved.

5.4.2 Prediction of striation-free laser cutting parameters theoretically

For striation-free laser cutting of alumina sheets with an inert gas, cutting speed is
one of the critical factors. The theoretical model developed by Li et al. has been
applied to explain this process and predict the cutting speed for striation-free laser

cutting. In their theory, the low gas pressure minimised the effect of assist gas on
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material removal whereas the vaporisation front advancement in the axial direction
(i.e. along the beam down the cut kerf) is considered as the driving force for material
removal. Only when the advancement time of the vaporisation front through the
depth of the workpiece approximates the time of laser and material interaction within
the beam spot, will the melting rate along the depth be equal to the melt removal rate.
Under this condition, the melting becomes a continuous process and melt oscillation
can be prevented [69]. In practice, this process can be approximately expressed as

D, .
VvV & drill (5_1)

C
Livin
where v, is the critical cutting speed at which striation-free cutting occurs, Dy, is the

average drilled-hole diameter across the depth of the workpiece, and 74y is the

threshold time for drilling a through hole.

In order to validate the hypothesis, an experiment for the threshold of drilling a
through hole in a 1-mm alumina sheet was performed under the optimum operating
conditions (i.e. 415 W average laser power, 15 kHz pulse repetition rate, and 0.5 mm
nozzle standoff distance with 1 bar N, assist gas). Figure 5.13 shows the time history
of the drilling process. It can be found that the threshold time for piercing a hole was
about 0.14 s. The average hole diameter across the depth of the workpiece, Dz, was
(560+100)/2=330 um approximately. Therefore, the calculated cutting speed by Eq.
(1) for striation-free cutting at the above operating conditions was about 140
mm/min, which was in the optimal operating window illustrated in Figure 5.12 (i.e.

120-270 mm/min).
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0.10 s 0.12s 0.14s

Figure 5.13 Time history for drilling a through hole in a 1-mm alumina sheet using
415 W average laser power, 15 kHz pulse repetition rate, and 0.5 mm nozzle

standoff distance with 1 bar N, assist gas

5.4.2.1 The upper limit of striation-free cutting speed

In Li's model, the cutting speed (v.) can be predicted by the following expression [69]

and it should be the upper limit, in theory, of cutting speed for striation-free cutting:

A, (1+a')FD
vV, & —
© pt(L,+C,T,) (5-2)

where A is absorptance of the material with respect to the specific wavelength laser
beam, F'is the laser power density, p is the material mass density, L, is the latent heat
of vaporisation, C, is the thermal capacity, 7} is the boiling temperature, ¢ is the
workpiece thickness, D is the average laser spot diameter across the thickness of
workpiece, and a’ is the proportional contribution of the enthalpy of reaction to the
total energy density. In this study, o’ was set as zero due to the lack of an exothermic

reaction between assist gas and alumina sheet during cutting.

However, the assumption of Li's model is that the cut kerf is larger than beam
diameter, generally in CW and/or oxidation-assisted laser cutting. In the nano-second
pulsed laser cutting, the typically measured cut kerf was 185 pum on the top surface

and 110 pm on bottom surface, which is smaller than the beam diameter on top
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surface (300 pm) and on bottom surface (400 pm). The latent heat of fusion L,, and
temperature-dependent specific heat ¢(7) of alumina should also be considered.

Hence, the Eq. (5-2) is corrected as

AP,
VR -
pDcmh(Lv +L + jTO c(T)dT) (5-3)

where Py is the laser power arriving on the workpiece, D, is the average cut kerf
width across the depth of the workpiece, T is the room temperature (300 K), ¢(7) is
the temperature-dependent specific heat. The material properties of alumina used in
this study are listed in Table 5.1. The workpiece thickness is 1 mm. The typically
average cut kerf width D,,,~(185+110)/2=147.5 um. Under the operating conditions
and power loss (~20%) mentioned above, the Py is 415%(1-20%)=332 W. The last
parameter is the absorptance, A, which is determined by the reflectance and the

transmittance at the cut front during laser cutting.

The reflectivity of alumina ceramic is a temperature-dependent function. The
temperature of the cut front is above the melting point. Based on the previous study,
the reflectivity of alumina ceramic near melting point is about 70% with respect to
the near-infrared wavelength (1.15 pm) light [188]. Hence, it was assumed that the
absorptance at cut front (44.,) for the 1.06 um wavelength laser was 30%, in this

work.

In addition, the cut kerf formation could cause beam energy loss due to portion of
laser beam leaking through the cut kerf without interacting with the workpiece. The
beam energy loss is dependent upon the angle of inclination of cut front and the taper
of the cut kerf. Therefore, assessment of the angle of cut front inclination is critical

for estimation of beam energy absorption during cutting.

The angle of cut front inclination can be estimated based on the cut front model
developed by Duan et al. [189], which was further simplified as a semi-circular
geometric shape across the thickness (i.e. same as the taper of cut kerf). Therefore,

the angle of cut front inclination (¢;,) can be expressed as
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2t
Dt _Db j (5-4)

where ¢ is the workpiece thickness (1 mm), D is the cut kerf width on the top surface

¢, = arctan[

of the workpiece (typically 185 pum), and D, is the cut kerf width on the bottom
surface of the workpiece (typically 110 um). Hence, the calculated angle of cut front
inclination ¢;, is 87.85°. Figure 5.14 shows the cross-section of cut front under the
optimal operating conditions, where the inclination angle of the cut front is about

86.95°. The calculated value is in good agreement with the experimental result.

Cut front

Striation-free
cut surface

Figure 5.14 Cross-section of cut front under the optimal operating conditions (i.e. an
average laser power of 415 W, pulse repetition rate of 15 kHz, cutting speed of 186

mm/min, and nozzle stand-off distance of 0.5 mm with 1 bar N, assist gas)

Hence, the beam energy loss from the exit end of the cut kerf L, can be estimated as

D,

L, (5-5)

Further, the laser energy absorbed in the cut kerf was also dependent upon the
energy coupled into the cut kerf from the top surface of the workpiece. During the
nano-second pulsed laser cutting in this study, the cut kerf width is smaller than the
beam diameter across the thickness. Hence, the percentage of coupled beam energy

(Acoupiea) nto the cut kerf from the top surface can be expressed approximately as
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D 2
Acou led — — (5-6)
" l)t—spmf2
where D, 1s the laser spot diameter on the top surface (300 um).
Therefore, the equivalent absorptance 4y can be expressed as
Af = Acoupled X (1 - Lp ) X Afr()nt (5_7)

The Acouprea calculated by Eq. (5-6) was 38.0%, the L, calculated by Eq. (5-5) was
36.0%, and Ag,, was 30% as mentioned above. Hence, 4~=7.30% by Eq. (5-7).
Substitution of these values into Eq. (5-3), the upper limit of cutting speed for

striation-free cutting was hence calculated, which was 293.4 mm/min.

During pulsed laser striation-free cutting, another crucial process is to keep the
molten front stable, i.e. a consistent molten front and continuous movement.
Therefore, the pulses must not disturb the molten front, which requires that the pulse
overlap area should be large enough (>99.8%) and the pulse advancement should be
shorter than the characteristic length of heat conduction caused by the previous pulse

in order to smooth the melt front movement. This process can be expressed as

\%
at, >— (5-8)

Ty
where a7 is the material thermal diffusivity (1.83x10°° m*/s for alumina at average
temperature of HAZ, 1040 K), ¢, is the pulse duration, and f'is the pulse repetition
rate. For pulse repetition rate of 15 kHz (55 ns pulse duration), the cutting speed
should be lower than 286 mm/min. For 12 kHz (50 ns pulse duration), the cutting

speed should be lower than 217 mm/min.

Therefore, the upper limit of cutting speed should be determined by the minimum
value of the above two criteria (i.e. Egs. (3-3) and (3-8)). The upper limit of
striation-free cutting speed is 286 mm/min for 15 kHz and 217 mm/min for 12 kHz.
The results are very close to the experimental operating window as shown in Figure

5.12.
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5.4.2.2 The lower limit of striation-free cutting speed

When the cutting speed is too low, the molten front may escape from the laser spot
and the movement would be discontinuous inducing the striation formation on cut
surface as shown in Figure 5.4. Therefore, the cutting speed should be higher than a
threshold for continuous melt front advancement. The molten front thickness, #,cs,

can be estimated from [190]

_ (Z.-T,)K,
" (J.TT c(T)dT +Lm)pvsin 0,, (5-9)

0

where T is the melt surface temperature (2977 °C at the interface of melt and
vapour), T,, is the melting temperature (2072 °C), K, is the thermal conductivity of
the melt (5.97 W/m K assumed at temperature higher than 1573 K), and v is the
cutting speed.

Due to the melt film removal by vapour pressure, the laser beam movement distance
during cutting through the workpiece within the beam spot (i.e. vxt4.;) should be
greater than the melt thickness in order to avoid discontinuous movement of the cut

front. This criterion can be expressed as

(Z.-T7,)K,
(J.;m c(T)dT+ L, ) pvsino,

0

(T; _Tm)Km
(J.TTm c(T)dT + Lm)ptdrill sin @,

0

=>v2>

VXL 2

(5-10)

The calculated result showed that the lower limit of cutting speed for striation-free
cutting was 86 mm/min at a 15 kHz pulse repetition rate and 415 W laser power
(where ¢,;,=87.85°). This prediction was in agreement with the experimental results

as shown in Figure 5.12.

Basically, the developed model in this work can predict the window of operating
conditions for nano-second pulsed laser striation-free cutting. It should be noted that,
a low gas pressure (<1.5 bar), a high pulse repetition rate (>12 kHz), and a high laser
average power (415 W) are three additional required conditions. The three conditions

with the critical cutting speed allow the vaporisation driven material removal and
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stabilise the cut front movement, by which the melt flow oscillation is prevented and

the striation-free cutting can be achieved.

5.4.3 Potential methods for prevention of dross formation

Although the striation on cut surfaces can be avoided completely in this work, the
operating conditions window is not for dross-free cutting by comparing with the
results from previous studies [191-197]. Under the striation-free cutting conditions,
1.e. the positive focal plane position, low gas pressure, relatively low cutting speed,
and large focused beam diameter, the dross is likely formed and attached on the
bottom surface (as Figure 5.5). The post-mechanical process is still necessary to
remove the dross although the low mechanical strength of dross makes them easy
removed. In order to further achieve dross-free cutting, some potential assisted
techniques without changing the operating conditions of striation-free cutting should

be employed in future.

The anti-spatter composite coating (ASCC) method has been successfully used for
spatter prevention in laser drilling [198,199]. It could also be applied in laser
striation-free cutting for dross prevention. This method is flexible and suitable to
profile cuts. Developing a proper composite coating that has a good adherent force to
ceramic surface and is removed easily without pollution on the ceramic surface is

necessary.

The off-axial assist gas nozzle is another alternative technique to achieve dross-free
cutting without changing the major operating conditions. It improves the efficiency
of assist gas to remove the molten material and avoid the dross formation [58, 59].
However, this technique needs a de Laval nozzle with a high gas pressure, which is
out of the operating condition window mentioned above. Improving the off-axial
nozzle to achieve low gas pressure dross-free cutting within the striation-free cutting
operating window is essential in future. However, profile cut is still the major
challenge to the off-axial nozzle technique, since the gas flow must be aimed at the

cut front in real time during cutting.
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The water assisted technique can be employed as well to reduce dross formation in
laser cutting [200]. In this technique, water flow is introduced only on the bottom
surface of the workpiece to reduce the HAZ and dross formation. The operating
conditions for striation-free cutting can be retained and profile cuts can be achieved
smoothly. However, it is necessary to study the water cooling effect on the cut front,
since the water cooling effect may induce some undesired effects such as vapour

condensation, melt oscillation, etc. within the cut kerf.

These potential methods for prevention of dross formation in laser striation-free

cutting of alumina sheets will be investigated in our future work.

5.5 Conclusions

Striation-free cutting of 1 mm thick alumina sheets has been demonstrated for the
first time using a 400 W nano-second pulsed DPSS Nd:YAG laser in this chapter.
The experimental results show that nano-second pulsed laser can achieve striation-
free cutting but the striation characteristics are very sensitive to the operating
conditions. The optimal operating window for striation-free cutting is an average
laser power of 360-420 W (with a typical pulse peak power of 4.31x10°-6.81x10°
W, pulse energy of 23.7-34.1 mJ, and fluence of 33.51-48.27 J/cm?), pulse
repetition rate of 12—15 kHz, pulse duration of 50-55 ns, cutting speed of 120-270
mm/min, focal plane position of 0—-0.5 mm, and nozzle standoff distance of 0.5-1
mm with 1-1.5 bar nitrogen assist gas. The unusual operating conditions were
different from the typically used parameters for standard laser cutting or CW laser
striation-free cutting. The high peak laser power enables an evaporation governed cut
process, by which the melt oscillation driven striation formation is suppressed. The
high pulse repetition rate is to stabilise the cut front movement, which prevents the
discontinuous cut process related striation formation. The proper nozzle standoff
distance with a low gas pressure guarantees a smooth and stable gas flow within the
cut kerf. Compared with other gases, the nitrogen assist gas provides a good balance
of thermal conductivity, ionisation energy, and costs for stable cut process avoiding
the striation formation. Furthermore, the cutting speed should be carefully chosen,

which must match the average laser power and pulse repetition rate to keep a
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vaporisation driven and continuous cut process. In order to identify the operating
window of cutting speed, a mathematical model modified from the existing
theoretical model for vaporisation governed material removal and with the inclusion
of pulsed laser characteristics was developed in this work. The predicted operating
window by this model was in good agreement with the experimental result. The
model allows one to determine the optimum cutting parameters for striation-free
cutting of ceramics. Furthermore, the mechanism of nano-second pulsed laser
striation-free cutting was pointed out to be the combination of evaporation driven
material removal and continuous cut front movement. This work supports the
existing theory for CW laser striation-free cutting of metallic materials and further
extends it to the pulsed laser striation-free cutting of ceramic materials. One problem
remaining to be solved is the dross formation. This problem is associated with the
current laser cutting system and the employed parameters. A number of potential
approaches are given in this work for potential dross prevention. Further

investigation is necessary to avoid dross formation during striation-free cutting.
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Chapter 6

Conclusions and Future Recommendations

6.1 Conclusions

An investigation into low-defect laser cutting/machining of engineering alumina
ceramics was conducted in this project, in which different laser systems, processing
techniques and alumina ceramics with various thicknesses were employed. Crack
and surface finishes are identified as the major quality defects in laser
cutting/machining of ceramics. The project explored the potential of various lasers in
ceramic machining and introduced several novel methods to significantly reduce
these quality defects for different laser processing techniques. The present work
opens up new opportunities for high-quality laser cutting/machining of engineering
ceramics. The main findings and conclusions presented in the thesis are summarised

as follows:

6.1.1 Fibre laser crack-free cutting of thick-section alumina

The major challenge in laser fusion cutting of thick-section ceramics is to overcome
the thermal-stress induced cracking, which may lead to catastrophic breakdown of
the material integrity. In order to improve the cut quality and achieve crack-free
cutting of thick-section ceramics, a high-power fibre laser was first employed in this

work and main conclusions include:

e The developed three-dimensional (3D) finite element (FE) model was found
to have the power to simulate the transient temperature and thermal-stress
distribution together with material removal during high-power fibre laser
fusion cutting of thick-section alumina. The temperature field and thermal-

stress distribution are difficult to be measured experimentally.
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e Based on the 1* principal theory, the crack formation during laser fusion
cutting can be simulated by the 3D FE model. The predicted crack
propagation was in agreement with the experimental result. It opens a new
approach to numerically investigate the effect of process parameters on crack

formation in laser cutting of ceramics.

e Through numerical simulations and experiments, it has been found that high
laser peak power (1 kW), short pulse duration (5 ms) and low pulse repetition
rate (10 Hz) are beneficial to single-pass crack-free cutting of thick-section
alumina. However, the feed rate (from 0.5 to 1.5 mm/s) has a dual effect

(promoting or damaging) depending on the assist gas efficiency.

e A transition from compressive to tensile stresses was found when the laser
cutting parameters changed, by which it is possible to identify a threshold of
parameters for crack-free cutting. Based on the numerical simulation, the
pulse duration shorter than 20 ms and the pulse repetition rate lower than 50

Hz were found to be essential for crack-free cutting of 6 mm thick alumina.

e The process parameters were further optimised based on the present study in
order to improve the process efficiency. For the 1 kW fibre laser used in this
study, the high laser peak power (1 kW), short pulse duration (5 ms) and
modest pulse repetition frequency (30 Hz) was found out to improve the feed

rate up to 1.5 mm/s for crack-free cutting of 6 mm thick alumina.

6.1.2 CO;laser underwater machining of deep cavities in alumina

Compared with laser cutting, laser machining of engineering ceramics face more
challenges due to the further requirement of machine depth control and strict finish
quality. In this work, 100 W CO, laser crack-free milling mm-deep cavities in
alumina was investigated by means of underwater machining. The main findings are

summarised as follows:
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CO, laser underwater machining has been found to have the capability of
reducing substrate defects such as recast layer, dross, cracking and thermal

damage that is typically found in air machining.

The machined side-wall surface in water (R, = 5.12 pm, R, = 23.02 um) was
much smoother than in air (R, = 13.16 um, R. = 43.68 um) as the effect of
water dynamics produced a high recoil pressure in machining region to eject

the molten material from the cavity and prevent recast formation.

Finite Element (FE) modelling technique and Smooth Particle Hydrodynamic
(SPH) modelling technique were employed to understand the effect of water
on crack resistance and debris removal during underwater machining. The FE
model shows that the temperature field and corresponding thermal-stress
distribution is dramatically reduced in underwater machining, which is
beneficial for crack resistance. The SPH simulation indicates that the
behaviour and significance of water flow in the underwater machining
process, in which the water flow carries the ejected molten particles away
from the machined region to resist redeposition. Meanwhile, the turbulent
water flow near the machined region induces water into the machined groove
for chilling, which would reduce the thermal damage. The microstructures of
machined region validate the intensive cooling processes during laser

machining in water.

The machined kerf width is strongly affected by the water layer thickness,
whereas the kerf depth is controlled by both the laser pass number and water

layer thickness.

The optimal water layer thickness is 3—4 mm above the surface of workpiece
to guarantee a sufficient cooling effect and a high material removal rate. Also
the thickness of water layer provided an adequate space to remove molten

material particles from the machined region.

Several polygon cavities were demonstrated by CO, laser underwater
machining with the optimised parameters, i.e. 100 scanning cycles, 60 W

laser power and 10 mm/s scanning speed with a scanning line interval of 0.25

218



Chapter 6: Conclusions and Future Recommendations

mm. The machining depth is greater than 2-mm and the machining rate is up

to 2.95 mm>/min.

6.1.3 Nano-second pulsed laser striation-free cutting of alumina sheets

In addition to cracking, striation (periodical lines) formation on cut surface is another

major challenge for high-quality laser cutting of ceramic materials. The striation

affects the surface roughness and geometry precision of laser cut products. Although

high cut quality has been demonstrated by short/ultrashort pulsed lasers, striation

formation was still considered as an inherent defect in pulsed laser cutting. In order

to further improve the finish quality of laser ceramic cutting for denser circuit

patterns and device miniaturisation, this work explores the potential of high-power

pulsed laser striation-free cutting of alumina sheets. The main conclusions are

summarised as follows:

Striation-free cutting of 1 mm thick alumina sheets is achieved using a 400 W

nano-second pulsed DPSS Nd:YAG laser.

The mechanism of nano-second pulsed laser striation-free cutting is the
combination of evaporation driven material removal and continuous cut front

movement.

The high peak laser power enables an evaporation governed cut process, by
which the melt oscillation driven striation formation can be suppressed. The
high pulse repetition rate is to stabilise the cut front movement, which
prevents the striation formation related with discontinuous cut processes. The
proper nozzle standoff distance with a low gas pressure guarantees a smooth
and stable gas flow within the cut kerf, in order to prevent the potential
striation formation caused by the melt oscillation and droplets periodical re-

deposition.

The cutting speed should be carefully chosen, which must be matched with
the average laser power and pulse repetition rate to keep a vaporisation

driven and continuous cut process. In order to identify the operating window
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of cutting speed, a mathematical model modified from the existing theoretical
models for vaporisation governed material removal and with the inclusion of
pulsed laser characteristics was developed in this work. The model allows
one to determine the optimum cutting parameters for striation-free cutting of
ceramics. The prediction was in good agreement with the experimental

operating window.

e The optimal operating window for DPSS Nd: YAG nano-second pulsed laser
striation-free cutting of alumina sheets is an average laser power of 360—420
W (with a typical pulse peak power of 4.31x10°~6.81x10° W, pulse energy
of 23.7-34.1 mJ, and fluence of 33.51-48.27 J/cm?), pulse repetition rate of
12-15 kHz, pulse duration of 50-55 ns, cutting speed of 120-270 mm/min,
focal plane position of 0—0.5 mm, and nozzle standoff distance of 0.5—-1 mm

with 1-1.5 bar nitrogen assist gas.

Based on the overall work presented in this thesis, it can be concluded that high-
quality cutting/machining of alumina can be achieved by various lasers. The high-
power fibre laser (1 kW) can be used to achieve crack-free cutting of 6 mm thick
alumina. The low power CW CO; laser (100 W) demonstrates the capability of
crack-free and high surface finish quality machining of deep cavities in alumina,
incorporating with fluid assistance. The high-power nano-second pulsed laser (400
W) demonstrates the feasibility for high-quality precision cutting of alumina sheets,
in which striation is eliminated within a narrow operating window. The three parts of
the present work reveal the general mechanism and approach to reduce defects in
laser cutting/machining of alumina ceramics. It opens up new opportunities for other

lasers to achieve high quality cutting/machining of more ceramic materials.
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6.2 Future Recommendations

6.2.1 Laser controlled fracture polishing of cut surface

The present study on fibre laser crack-free cutting of thick-section alumina focused
on the crack formation during laser cutting. In addition to crack, the recast layer on
cut surface is another defect in thick-section ceramic cutting, which degrades the
process quality. Although the process parameters can be optimised to reduce the
thickness of recast layer, the complete elimination seems to be impossible in laser
cutting of thick-section ceramics, especially for those with melt points (e.g. alumina
and zirconia). The commonly used method for recast layer removal is diamond
grinding after laser cutting. It faces the same challenges as those in mechanical
machining of ceramics. Therefore, a dual-step laser machining technique should be
developed in future. The first step is laser cutting, in which the process parameters
are selected for crack-free cutting regardless of recast layer formation. Then, a
process similar to laser controlled fracture milling is performed on the cut surface to
remove the recast layer, which can be named the laser controlled fracture polishing
technique. In this project, a feasibility of laser peeling of ceramics was studied via a
cross-scanning of alumina surface by a 100 W CW CO; laser (as Figure 6.1). It can
be seen that a chip layer was peeled away from the base material and a relatively
smooth subsurface was exposed. As shown in Figure 6.1(b), the roughness of the
subsurface was determined by the size of crystalline grains. Figure 6.2 further
illustrates the microstructure of the micro-chip, of which the thickness is 70 um. It
can be seen that there are two different microstructures within the micro-chip along
thickness. The microstructure in the top half of the micro-chip is similar as the recast
layer (as discussed in Chapter 4). It means that the top half was melted and
resolidified during scanning. The bottom half of the micro-chip is same as the base
material (as Figure 6.1(b)). The experimental result indicates that the formation of
the micro-chip should be attributed to controlled fracture during laser scanning of the
ceramic surface. The mechanism of controlled fracture polishing is similar as that of
controlled fracture milling presented by Tsai et al [140]. Using the novel technique,
the cut surface of 6-mm-thick alumina cut by a 1 kW fibre laser was polished as

shown in Figure 6.3. The recast layer on cut surface was completely removed
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without any thermal damage. The effect of process parameters on polishing quality

and efficiency should be investigated in the future work.

Original Surface !

==

(a) (b)

Figure 6.1 Laser controlled fracture polishing of alumina surface. (a) The Optical

photograph after scanning. (b) The microstructure of polished and original surface

A OB 15
2.00mm 15

(a) (b)

Figure 6.2 The micrograph of a micro-chip peeled off from the polished surface. (a)

The overview and (b) the cross-section microstructure of the micro-chip
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Unpolished area Polished area
(recast layer) (non-recast layer)

(a) (b)

Figure 6.3 (a) An overview of the partially polished 6-mm-thick alumina cut surface
and (b) a close-up view of the boundary between unpolished area (left) and polished

area (right)

6.2.2 High power pico-second pulsed laser machining

Previous publications have demonstrated the capability of ultra-short pulsed lasers in
high-quality micro-cutting/machining of ceramic materials. Nowadays, high power
picosecond lasers (up to 400 W of average laser power) are commercially available,
which may combine the high quality of ultra-short pulsed laser machining and the
high material removal rate of high-power laser machining. A new era would be
opened up for ceramic cutting/machining. The major challenges in high-power ultra-
short pulsed laser cutting/machining may be the fundamental physical phenomena,
such as striation formation, plasma control, nano-sized particles ejection, etc. rather
than crack and recast layer formation. Therefore, the future work on high-power
ultra-short pulsed laser machining should focus on the interaction of laser pulse with

material as well as the physical processes related to the unique finish quality.
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6.2.3 Multi-physical numerical simulation of laser cutting/machining

For laser cutting/machining of engineering ceramics, the future work should also
include numerical simulation. The hydrodynamic of molten material (and water flow
during underwater machining), the aecrodynamic of assist gas, the thermal effect of
laser irradiating, and their interaction should be investigated by a novel numerical
technique, such as the combination of FEM (for thermal and structural simulation)
and CFD (for fluid simulation). The behaviours of bulk material, molten/evaporated
material in machined area, water/assist gas flow, and their interaction need to be
considered and simulated in a multi-physical model. With the development of
computational simulation software, the SPH and the ALE (Arbitrary Lagrange-Euler)
methods open up new opportunities to simulate the multi-physical processes. The
success in the multi-physical model may significantly contribute to the

understanding of the mechanisms in laser cutting/machining of ceramic materials.
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Appendix A

Supplement: Modelling on Fibre laser Crack-

Free Cutting of Thick-Section Alumina

A.1 FE Geometric Model and Mesh Strategy

In order to gain a better understanding of the effects of process parameters on
thermal-stress and insight of mechanisms in crack generation and propagation, a 3D
thermally coupled transient FE model was developed using commercially available
software ANSYS in Chapter 3. The temperature field, thermal-stress distribution and
crack within the bulk material during the laser cutting were simulated. It was
expected that the model is useful to optimise the process parameters to achieve
minimum thermal-stress distribution and avoid crack initiation. Crack formation and

propagation mechanisms were also proposed based on the FE model analysis.

Figure 3.5 shows the overview of the FE semi-model for qualitative simulation of
laser cutting. Using the symmetric semi-model, the amount of finite element was
reduced by half and the simulated results on cross-section along the cut direction can
be inspected. The dimensions of the model were 50 mm x 25 mm X 6 mm, similar as
the semi-sample employed in experimental trials. Considering the memory limit
space of the computer used in this work, a coarse mesh density (> 500 um mesh size)
was applied for this model in order to qualitatively simulate the temperature field,
thermal-stress distribution and crack propagation. A local region (Imm X lmm X
6mm) at trailing edge was extracted from the entire model (as Figure 3.5) in order to
study the effects of process parameters on temperature and thermal-stress with a
higher precision. From the model, it was expected to obtain a trend in change of
temperature gradient and thermal-stress distribution under various process

parameters and hence to optimise the process parameters.

In the FE modelling, mesh size is one of crucial factors to control the simulation

accuracy. A fine mesh size produces a high-accuracy simulation result but it also
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leads to high computation time and computer memory requirement. To strike a
balance between accuracy and computational time and memory consumption, the

mesh should be constructed with reasonable densities.

There are two factors governing the mesh size. The characteristic length of heat
conduction, /, indicates the region of main temperature gradient during laser cutting,

which is given by:
[=a,t, (A-1)

Where a7 is material thermal diffusivity (1.07x10” m?%/s for alumina) and t, 1s the
pulse duration (> 1 ms for the fibre laser employed in this work). Thus the minimum
characteristic length of heat conduction was approximately 0.1 mm. It required the
mesh size to be shorter than this length in order to correctly represent the

temperature gradient.

In addition to the characteristic length of heat conduction, the laser spot radius, 7,
should also be considered. In order to profile the Gaussian energy distribution of the
laser beam, it was supposed that the mesh size within the laser spot should also be

smaller than the laser spot radius (25 pum).

In the corresponding numerical experiments, it was found that the simulated
temperature generally converged to a limited temperature with finer mesh sizes.
When the mesh size is equal to the spot radius, 7, the maximum temperature is close
to the converged value within 5% error as shown in Figure A.1. Therefore the mesh
size, Lyesh, Wwas determined by the minimum of heat conduction length (/=0.1 mm)

and laser spot radius (=25 pum) as expressed by Eq. (A-2).

L., =min{l,r} (A-2)

mesh
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Temperature error (%)

+5% error

1 -5% error
-20 T T T T T T - T
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Mesh size

Figure A.1 Error of FE simulated temperature for different mesh sizes at the fixed

time-step of 25 ms

However if the extracted model (1 mm x 1 mm x 6 mm) was all meshed by this
element size, it would require a very long computation time and massive memory.
Actually, the laser spot and the HAZ are located only within a very small region
(typically less than 150 pm [139]). This means not every region of a spatial
simulation domain is of particular importance for the solution. Therefore, it is useful
to apply a finer mesh in simulation domains where a high resolution is necessary and
a coarse mesh in regions of less importance in order to reduce the memory
consumption and computational time. Considering the laser spot size and HAZ, the

region-dependent mesh strategy was employed as shown in Figure A.2.
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Length: 0.5 mm
Mesh size:
100 * 25 * 100 um3

Length: 6 mm
Mesh size:
— 25 * 25 * 100 um? (left)
Length: 0.3 mm to
Mesh size:

25 * 50 * 100 um? (right)

50 * 25 * 100 pm?

Length: 0.06 mm

Mesh size: -
25% 25 %100 pm® — ®
(a) Laser spot (b)

Figure A.2 Mesh strategy for the extracted symmetric semi-model. (a) The top view

and (b) the side view

A.2 FE Time-Step Criterion

The computational accuracy of FE modelling is also determined by the time-step in
addition to the mesh density. The mesh size and time-step influence two distinct
aspects of FE simulation accuracy. The mesh size influences the spatial accuracy,

whereas the time-step determines the time accuracy.

In FEM, the continuous physical process is transformed into a series of discrete
static ones, which means the laser beam motion is split into a string of static laser
irradiations. The size of time-step governs the discrete model to approach to the
practical continuous physical process. A short time-step length produces a high-
accuracy simulation result due to close to the continuous process, but it is time-
consuming for a high calculation frequency in unit length. In order to balance
computational accuracy and costs, the time-step should be considered to be a

reasonable size.

The shadow regions in Figure A.3 highlight the area error between the continuous
laser beam and the discrete laser beam sweeping the same length. Figure A.4 shows
the area errors at various time-step sizes, which indicated the time-step length should
be shorter than laser beam spot radius 7 in order to obtain a low area error (< 5%).
Furthermore, considering the Gaussian distribution of laser beam, each FE node
within the cutting path should be exposed to the peak power density of the Gaussian

245



Appendix A

beam when the laser beam passed it. Therefore, the laser beam spot radius was

considered as the reasonable time-step size in this work.

Figure A.3 Continuous laser beam and discrete laser beam sweeping the same length

(shadow parts indicates the area error between the two modes)
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Figure A.4 Error of swept area and simulated temperature in FE model for different

time-step sizes at the fixed mesh size of 25 um

Some numerical simulation trials were also performed in order to determine the
effect of time-step length on simulated temperature. It was found that temperature
fields were similar at various time-steps, but the maximum temperature generally
increased and converged to a limit with finer time-step sizes. Figure A.4 shows that
the temperature error was 2% or less when the time-step length was shorter than the
laser spot radius. Therefore, the laser spot radius is further validated as an accepted

time-step length for the FE simulation with a low temperature error.
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Furthermore, for a pulsed laser, the time-step length was also determined by the
minimum of the beam spot radius and the beam movement length in each pulse. If
the beam spot movement length in each pulse was less than the beam spot radius (i.e.
low cutting speed with short pulse duration), the time-step should be set as the pulse
duration. If beam spot movement in each pulse was greater than beam spot radius (i.e.
high cutting speed with long pulse duration), the time-step was thus determined by
the beam spot radius, whereas the pulse duration should be divided into some time-
slots that make the beam movement length shorter than the laser spot radius in each
time slot. Based on the above discussion, the time-step length selection criterion,

Liime-siep, 15 €xpressed as

= min {r, vt, } (A-3)

time—step

Considering the process and laser parameters mentioned in Chapter 3, the time-step

length selected in this work should be settled by the beam spot radius.

The corresponding time-step selection criterion, Tjime-sip, €mployed in the FE
simulation should thus follow

time—step min {I", th }

(A-4)

time—step

v v

A.3 Solution Strategy

The governing equation for simulation of temperature field has been established by

the following heat diffusion equation [1]:

o’'T o°T 0T
2 + 2 + 2

ox~ oy° 0Oz

k(T)[ j+Q(x, v, z)=pc(T>aa—f (A-5)

Where K(7) is the temperature-dependent thermal conductivity, p is the material’s
mass density, ¢(7) is the temperature-dependent specific heat and Q(x,y,z) is the heat
generation rate. The initial condition for the model was assumed to be an uniform
temperature within the workpiece given as 7(x,y,z,,0)=T), where T) is the room

temperature, 27°C.

The boundary condition for thermal analysis was convection caused heat losses. This
condition was applied on all surfaces of the model except the x-z surface which had a
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surface symmetric boundary due to the semi-model. The convection heat loss on

relative surfaces follows [176]:

k(T)

oT
&= ~MT-T,) (A-6)

Where / denotes heat transfer coefficient, and n’ is the normal vector point outward
of the surface. The air convection coefficient and ambient temperature were taken as

50 W/(m’K) and 27°C, respectively, in this work.

The cut surface, directly formed by the killed elements after thermal analysis,
contained many residual cubes with rectangular angles due to the inherent element
shape, which resulted in a very rough cut surface. These small shapes would cause
thermal-stress concentration on them and obtain an incorrect simulated result (as
Figure A.5). In this work, the elements that induced singular shapes were eliminated
before the thermal-stress simulation, by which the problem of stress singularity on

cut surface was resolved as shown in Figure A.6.

51 (MPa)
1601

1249
896.179
543.816
191.454
-160.909
-513.271
-865.634
-1218
-1570

(a) (b)

Figure A.5 The thermal-stress concentration on rough cut surface
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-1096 -740.8612 -385.618
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205,

Figure A.6 The thermal-stress on smooth cut surface

A.4 Measurement Strategy in Extracted FE Model

In order to quantitatively study the effect of process parameters on temperature and
thermal-stress distribution, the extracted FE model was used for high accuracy
simulation. In Chapter 3, laser power, pulse duration, pulse repetition frequency and

feed rate were selected to study their effects on temperature and thermal-stress.

The evaluation strategy for temperature and thermal-stress distribution was shown in
Figure A.7, where the y-component stress along x-direction and the x-component
stress along y-direction were selected together with the corresponding temperature
distribution to study the effects of process parameters on temperature field and

thermal-stress distribution.
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Figure A.7 Measurement strategy for temperatures (7, and 7}) and resulting stresses

(0,y and oy) in the FE model

A.5 Effect of Process Parameters on Temporal Temperature

Distribution

Effect of laser peak power

Figure A.8 shows the effect of laser peak power (Case 1 in Table 3.1) on temporal
temperature distribution at the middle point of the cut kerf throughout the laser beam
passing it. At high temperatures, the strength of alumina was reduced with the
increasing of temperature before soften temperature (1500°C) [12, 166]. Figure A.8
indicates that higher laser peak power produces a lower heat effect on the cutting

edge, which would cause lower thermal damage in the base material.
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Figure A.8 Temporal distribution of temperature at the middle point of the cut kerf

under various laser peak powers

Effect of pulse duration

Figure A.9 shows the effect of pulse duration (Case 2 in Table 3.1) on temporal
temperature distribution at the middle point of the cut kerf throughout the laser beam
passing it. The simulated result highlights that the shorter pulse duration produces a
lower convergent temperature on the cutting edge, which would benefit to resist

crack and thermal damage formation.

2200
5ms

2000 + 10ms
1800 - 20ms
1600 —
1400
1200
1000

800

600

Temperature (°C)

400 -

200

¥+ +—+

0.00 0.05 010 015 0.20 0.25 0.30 0.35 0.40 0.45
Time (s)

Figure A.9 Temporal distribution of temperature at the middle point of the cut kerf
under various pulse durations
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Effect of pulse repetition rate

Figure A.10 shows the effect of pulse repetition rate (Case 3 in Table 3.1) on
temporal temperature distribution at the middle point of the cut kerf throughout the
laser beam passing it. The simulated result indicates that the lower pulse repetition
rate produces a lower convergent temperature on the cutting edge, which would be

beneficial to suppress cracks and thermal damage.
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Figure A.10 Temporal distribution of temperature at the middle point of the cut kerf

under various pulse repetition rates

Effect of feed rate

Figure A.11 shows the effect of feed rate (Case 4 in Table 3.1) on temporal
temperature distribution at the middle point of the cut kerf throughout the laser beam
passing it. The simulated result illustrates the higher feed rate produces a lower
convergent temperature on the cutting edge, which would resist cracks and thermal

damage.
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Figure A.11 Temporal distribution of temperature at the middle point of the cut kerf

under various feed rates

A.6 Optimisation Procedure for Process Parameters

For laser cutting of thick-section ceramics, it is necessary to find out the process
parameters to achieve crack-free cutting. According to the results and discussion in
Chapter 3, a simple procedure for optimisation of process parameters to resist crack
formation and thermal damage in laser fusion cutting of thick-section alumina was

developed, as shown in Figure A.12.

253



Appendix A

| Laser cutting of thick-section alumina ceramic |

{

Process parameter threshold for single-pulse drilling
Priority: 1. laser power, 2. Pulse duration

Employ other laser or

‘ change cutting strategy
Set lowest pulse repetition rate & specify corresponding feed rate |
' Yes
No
< Crack-free cutting? e —- Lowest repetition rate?
' Yes ' No
Increase repetition rate & feed rate proportionally I | Record the previous crack-free cutting parameters |

Figure A.12 Stepwise procedure for optimisation of process parameters for crack-

free cutting of thick-section ceramics

For a specified laser, the first target for optimising process parameters is to find out
the parameter threshold for drilling a through-hole. The maximum power of the laser
should be employed and the threshold of pulse duration for drilling a through-hole
via single pulse should be determined experimentally. Then the lowest pulse
repetition rate is chosen initially in order to ensure the lowest thermal-stress
distribution. The feed rate, v, is in turn determined by the pulse repetition rate f and

beam spot size d, which is expressed as following:
v<dxf (A-7)

In order to further improve process efficiency, the pulse repetition rate and feed rate
can be proportionally increased obeying Eq. (A-7) and the corresponding
experimental trial should be performed to inspect the cut quality. During this process,
the pulse duration may need to be increased a bit with the feed rate increasing due to
more energy required per pulse for material removal. When the feed rate and pulse
repetition rate are proportionally increased until cracks are formed in experiments,
the previous parameter set is the optimal selection, i.e. the highest feed rate for

crack-free cutting.
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Based on the above procedure, the process parameters for 1 kW fibre laser cutting of
thick-section alumina (6-mm thickness) were optimised. The optimised parameters

are listed in Table 3.4.
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