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Abstract

The increased demand in stringent requirements on engineered surfaces in the

aerospace and manufacturing industries drove the need for developing advanced

surface engineering techniques such as chemical etching, plasma etching, corona

discharge and laser surface texturing in order to alter material surface physical

and chemical properties. Among these techniques, laser surface texturing has

been identified as one of the most efficient and effective surface treatment/ tex-

turing techniques which utilizes laser ablation to meet the demand of practical

engineering requirements. This thesis details three practical engineering chal-

lenges in the field of paint adhesion, dust adhesion and tribology performance of

SPF sheet forming dies in which case the problems and motivation for develop-

ment came from projects by industrial partner collaborations with BAe Systems,

Rolls-Royce and Dyson Ltd. The proposed solutions to these challenges are for-

mulated around laser surface texturing techniques using excimer and femtosecond

lasers on three engineering materials which are CFRP, ABS polymer and HR4

nickel alloy.

As ablation is the main mechanism used in laser surface texturing techniques

in achieving surface property changes, the understanding of laser beam inter-

action with materials is crucial. The fundamental understanding of laser beam

interaction with different materials has been researched since the use of lasers

in practical engineering applications by which laser material interaction param-

eters such as ablation threshold, incubation coefficient and optical penetration

depth are of primary interest in addition to the ablation rate. Currently the pub-

lished literatures are either material specific or laser specific with minimal or zero

comparison between different types of lasers and materials as such which limits

the understanding of laser beam interaction with materials. In addition, laser
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beam interaction with polymers has always been done using ultraviolet wave-

length lasers. In this thesis, the interaction between two types of lasers and three

types of materials which includes metals and polymers are presented through

comparison and discussion between different interactions.

It has been discovered that the ablation threshold value is lower for ABS

interaction with excimer laser as compared to the interaction with femtosecond

laser due to the difference in the ablation mechanism. The optical penetration

depth value is higher for ABS interaction with the excimer laser as compared to

the interaction with the femtosecond laser due to differences in the photon energy

of the laser beam of different wavelength. Two ablation rate curves were identi-

fied on ABS interaction with infrared wavelength femtosecond laser beams which

has not been reported before. Chemical composition of the laser treated layer

changes through chain scission process, creating free radical carbons that reacted

with oxygen, nitrogen and water vapour in air creating oxygen and nitrogen rich

functional groups which increased with increasing laser fluence and number of

pulses.

Laser ablation is known for its capability of altering surface morphology and

surface chemistry of materials through excitation of electrons causing bond scis-

sion or melt where materials are vaporised, ejected or undergo chemical com-

positional changes. In the case of polymers, addition of oxygen and nitrogen

rich functional groups are identified whereas in the case of metals, changes in

crystallographic, orientation and oxidation states are identified. Such changes

are deemed ideal for applications such as adhesion where it is mainly used for

bonding and joining of similar or dissimilar materials. In this research, excimer

laser surface treatment showed improvement in CFRP paint adhesion where a

better adhesion is achieved than sand-papered surfaces. Paint adhesion of CFRP

surfaces is affected by surface contaminants, surface chemical composition and

surface roughness where the degree of influence is in the respective order.

In addition, excimer and femtosecond laser surface treated ABS also improved

dust adhesion. The main factors that affect the ABS surface dust adhesion per-

formance are surface roughness and surface chemical composition. The increase

in surface roughness increases the surface area available for dust to adhere to. In

addition, it also increases the drag coefficient of the air flow results in a higher re-
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moval force exerted by the air flow onto the dust particles through changes in the

localised aerodynamic flow. The increase in polar functional groups increases the

adhesion of the dust particles onto the surface due to an induced dipole moment

by the charged dust particles.

Laser micro-dimpled surfaces have been reported to be effective in reducing

friction coefficient and wear rate of surfaces under oil lubricated conformal contact

conditions where the dimples act as reservoirs to store lubricant and wear parti-

cles. But such surfaces have not been extensively researched under non-conformal

contact conditions for different lubricated environments. In addition, there are

contradictory results found between published literatures which observe under

similar wear environments and conditions but with different dimple geometry.

Hence a detailed investigation on dimpled surfaces under non-conformal contact

conditions is being carried out. Laser surface texturing of 100 µm size dimples

shows a reduction in nickel alloy wear rate under dry and oil lubricated environ-

ments. A higher dimple area ratio reduces the wear rate under dry condition with

abrasive wear as the main wear mechanism. Under oil lubricated environments,

the friction coefficient is dependent on the surface contact pressure, sliding speed

and the viscosity of the lubricant and the wear rate is dependent on the film

thickness which correlates to the friction coefficient. The wear rate of a dimpled

surface is dependent on three factors which are the dimple diameter to contact

area diameter ratio, depth of the dimple produced and the density of the dimples.

Positive results are obtained in all three engineering applications indicating

the feasibility of laser surface texturing techniques in providing suitable material

surface properties for these applications.
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Chapter 1

INTRODUCTION

1.1 Research Motivation - The Engineering Chal-

lenges

There has been an increased demand for surface engineered structures such as sur-

face micro/nano textures to achieve desirable surface properties that are different

from those of the bulk material for applications such as improved coating adhe-

sion and wear resistance. Material surface properties for such applications are

crucial as they involved contact of two material surfaces. There are many surface

engineering processes available to modify the surface structures (e.g. surface tex-

ture) including the use of mechanical machining, sand blasting, chemical etching,

plasma etching, corona discharge and laser surface texturing (LST). Among these

techniques, LST is one of the most flexible and efficient techniques to meet the

requirement for more stringent surface structure design requirements and tailor-

ing surface properties of advanced engineering materials [1]. In addition, LST has

the advantages of non-contact processing, zero tool wear, fast processing speed,

non-dross ablation and ease for automation [2; 3; 4].

This research was motivated by the challenges in practical engineering. The

industrial problems to be addressed in this research came from the collaborating

partners including BAe Systems, Rolls-Royce and Dyson Ltd.

The demand for bigger airplanes, fuel saving, and reduction of environmental

damages, has pushed the wider use of lightweight materials in aircraft structures
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and components. The increase in composite and aluminium materials in the air-

craft manufacturing has driven the needs for better understanding of the material

property changes under severe weather conditions. In most cases, surface protec-

tion measures are used to prevent composite materials from deteriorating when

they are exposed to ultraviolet (UV) radiation to avoid decomposition and delam-

ination. The common surface protection measures used are coating or painting

where surface pre-treatment is required to increase adhesion and durability due

to the low adhesion property of the un-treated composite material surfaces. This

is because the surfaces of carbon fibre reinforced plastic (CFRP) composites will

usually have release agents to prevent them from sticking to the forming tools

during manufacturing. These agents also reduce paint adhesion strength due to

their low surface energy nature if they are not removed. In addition, their sur-

face finish are also not ideal for paint adhesion. Therefore surface cleaning and

abrading (roughening) are commonly needed as a manufacturing step for surface

pre-treatment before painting.

The conventional methods of achieving these include the use of manual sand-

papering, which is a slow and laborious process, in addition it is worker experience

and efficiency dependent. Hence there is a need to develop a better surface pre-

treatment technique that is more controllable and reliable. LST would be an

ideal candidate. The original problem came from one of the project partners,

BAe Systems, to improve composite coating quality, consistency, reliability, cost

and speed. The performance of introducing LST for cleaning and abrading of

CFRP composites for paint coating is unknown. It is therefore, one of objectives

and work packages of the research to develop an appropriate laser based method

for CFRP surface abrading (texturing) and to understand its basic characteristics

and performances.

Tool wear has always been a topic of research related to manufacturing pro-

cesses such as metal forming and forging. The increase in demand for more

complex shapes and harder materials to be produced through dies and moulds

drives the needs for better dies and lubricants to meet the manufacturing stan-

dards required. Dimpled surfaces have been known to improve tribological per-

formances in terms of friction and wear reduction for conformal contacts, but the

performance for non-conformal contact is still unknown. In addition, the effect
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of dimple geometry such as size, spacing distance between dimples and dimple

shape on tribology performance is not fully understood. As LST is capable of pro-

ducing micro-dimples of different geometry achieving a resolution much smaller

than that of conventional machining methods, there is a need to investigate the

feasibility and characteristics of laser dimpled surface on tribology performance

of super-plastic forming dies. The engineering problem came from BAe Systems

for the improvement of tool life of HR4 nickel alloy dies for superplastic forming

applications. A solution is therefore needed to be developed with full scientific

understanding of the technology proposed. This forms another objective and

second work package of the research.

The fundamental science behind dust adhesion has been a puzzle for many

years and there are no reasonable explanations and theories that enable one to

fully explain the phenomena of dust adhering to a surface. Dust adhesion phe-

nomena is complex where it involves different forces and interactions depending

on the environment and the surrounding conditions. As adhesion is closely re-

lated to the surface properties of the material, changes in these properties such

as surface roughness/texture, surface chemical composition, wettability and sur-

face energy will affect the adhesion performance. The engineering problem came

from Dyson Ltd for the improvement of dust adhesion within the dust collection

chamber to improve user satisfaction of the bag-less cyclone vacuum cleaners.

The effect of LST on acrylonitrile butadiene styrene (ABS) polymer is unknown

and a solution is therefore needed to be developed through understanding the

technology proposed. This forms another objective and third work package of

the research.

1.2 Knowledge Gaps and Scientific Challenges

The research was driven by industrial needs of three engineering problems and the

solutions can be all related to the use of LST techniques. It is therefore useful to

understand the basic characteristics of laser interactions with different materials,

especially the ABS polymer, HR4 nickel alloy and CFRP composites during laser

surface processing/texturing. From these studies, generic and specific knowledge

of laser beam interactions with materials is able to be obtained.
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LST is a process that relies on the interaction of the laser beam and mate-

rial to achieve specific micro/nano periodic surface structure by material removal

through ablation. Meanwhile, the surface microstructure and chemical compo-

sition may be altered. The removal of material through LST is dependent on

several factors such as laser fluence, frequency, number of pulses (NOP), laser

beam wavelength, material surface reflectivity and absorptivity. There have been

many publications in this field but most of the work are material or laser specific

where the fundamental understanding of the generic laser beam and material in-

teraction characteristics is not fully developed for different lasers and materials.

The relevant knowledge gap in the field related to the research is the interac-

tion of ultrashort pulsed infrared (IR) laser beam with polymeric material as the

existing LST on polymer investigations use UV lasers. In addition, there are

two commonly used methods to characterise laser material interaction parame-

ters (i.e. ablation threshold, optical penetration depth and incubation factor)

where the accuracy and reliability of these methods have not been investigated

and discussed. As the characterisation method used influence the understand-

ing of the laser beam and material interactions for different lasers and materials,

the understanding of the discrepancy between different characterisation method

results is crucial and needs to be investigated.

There are many publications on excimer laser texturing of polymers for the

improvement of adhesion between similar or different polymers, fibre and matrix,

and polymer and metal where the fundamental understanding of adhesion im-

provement in these cases are well understood. However, excimer laser texturing

for improvement of coating adhesion has not been investigated. Although some

of the knowledge from previous work can be used to establish the science be-

hind coating adhesion improvement, further analysis and experimental work are

required to verify the hypothesis.

Dimpled die materials using LST methods have been investigated by many

researchers in which the published papers are specifically involving particular

types of dimple geometry, lubrication and point of contact. Previous investi-

gations concentrated on the specific tribological performance due to the effect

of the dimples, including friction coefficients and wear rate responses. There is

yet a lack of understanding of the effect of dimpled die materials on tribological
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performance under different lubrication conditions and dimple geometries.

Dust adhesion is a complex phenomenon and has not been fully understood.

Although there are a few theories on adhesion that have been proposed by re-

searchers over the last 100 years dealing with material adhesion properties, they

are not sufficient to understand all dust adhesion phenomena. Hence, there is a

lack of knowledge on the science of dust adhesion and the effect of LST on ABS

polymer on dust adhesion.

1.3 Aim and Objectives

The aim of the research is to develop and understand short and ultrashort pulsed

laser surface texturing processes and laser interactions with CFRP, HR4 nickel

alloy (high temperature die) and ABS polymer for engineering applications. The

specific objectives of the research are:

• To understand the interactions of excimer laser beam with CFRP/ epoxy

polymer and material characteristics.

• To understand the interactions of excimer laser and femtosecond laser beam

with ABS plastic and material characteristics.

• To understand the interactions of femtosecond laser beam with HR4 nickel

alloy and material characteristics.

• To investigate the feasibility of paint adhesion improvement by laser-abrading/

texturing of CFRP.

• To investigate the triblogical behaviour of laser-textured HR4 nickel alloy.

• To investigate dust attachment behaviour on laser-textured ABS.

1.4 Thesis Structure

This thesis is divided into nine main chapters where the key chapter of the thesis is

chapter 4 whereby the laser beam interaction with materials is detailed. Chapter
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5−7 are structured in relation to three different laser texturing applications upon

which each application investigated is detailed in a single chapter. The structural

layout of the thesis is illustrated in Figure 1.1.

Figure 1.1: Illustration of the thesis structure

Chapter 2 provides a literature review on laser texturing processes for com-

posite, metals and polymers with their relative applications related to adhesion

and tribology improvements. In addition, literatures of laser beam interactions

with these materials are reviewed and analysed where the fundamental laser ab-

lation mechanisms and phenomena during ablation are discussed. This chapter

also includes a brief overview of laser/optic fundamentals.

Chapter 3 describes the materials and equipment used in the research.

Chapter 4 details the experiments on the investigation of the excimer and fem-

tosecond laser beam interaction with HR4 nickel alloy, CFRP and ABS materials.

The basic phenomena and effects of laser beam interactions with the materials

are described and analysed.

Chapter 5 details an investigation on the application of laser surface pre-

treatment (combined laser cleaning and abrading) on CFRP for paint adhesion.

Different surface pre-treatment methods examined are described. The mecha-

nism of paint adhesion on textured and laser cleaned surfaces is discussed in this

chapter.

Chapter 6 details an experimental investigation on tribological behaviour of

laser textured HR4 nickel alloy. The effect of laser-textured nickel HR4 alloy
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on wear characteristics with dry and oil lubrication are investigated where the

mechanisms on the effect of surface textures on wear characteristics are discussed.

Chapter 7 details an experimental investigation on dust adhesion behaviour of

laser textured ABS. The effect of laser textured ABS on adhesion of dust under

airflow environment is investigated, and the mechanisms involved are discussed.

Chapter 8 concludes all the research results highlighting the main scientific

contributions of this research.

Chapter 9 presents the authors suggestion for the future work with an analysis

of additional knowledge gaps to be filled.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

This chapter first introduces fundamentals of laser and the systems that include

the classification of lasers and the characteristics of laser beams. Then, a lit-

erature review is given on laser beam interactions with materials, laser surface

modification techniques in particular laser surface texturing techniques and ap-

plications aiming to identify knowledge gaps and new scientific challenges. The

emphasis of the literature review is on the understanding of fundamental phenom-

ena in material ablation with short and ultrashort pulsed lasers and mechanisms

involved. A literature review on corresponding application fields relevant to this

PhD research is also presented in this chapter, which provides the state of the art

technologies in the relevant field and identify the knowledge gaps and technolog-

ical challenges.

2.1.1 Lasers

LASER is the abbreviation for Light Amplification by the Stimulated Emission

of Radiation. A basic laser consists of two parallel mirrors that form an optical

resonator to allow photons to oscillate between them [2]. One of the parallel

mirrors (i.e. the output window) is partially transparent to allow part of the laser

beam to transmit through and the other is fully reflective with a concave surface to

minimize energy loss through diffraction. The active medium between the mirrors
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can be gas such as CO2, KrF , ArF , He/Ne, or solid such as neodymium-doped

yttrium aluminium garnet (Nd : Y AG), titanium-doped sapphire, neodymium-

doped yttrium orthovanadate (Nd : Y V O4), neodymium-doped yttrium calcium

oxoborate (Nd : Y COB) and neodymium-doped yttrium lithium fluoride (Nd :

Y LF ). The medium is pumped or excited often with another light such as flash

lamp or laser such as a diode laser and pumped with direct current (DC) or

radio frequency (RF) power supply [2]. When photon with energy similar to

the energy gap of the medium material present during the excited state of the

medium, the excited atoms can emit a photon of similar wavelength and phase

as the photon, which then decays to a lower energy level producing light that

has the characteristics of coherency and monochromaticity. This process is called

stimulated emission, first proposed by Einstein.

There are many types of lasers available in the market with different config-

urations producing coherent light of different beam properties. They are charac-

terized by laser beam properties such as wavelength, pulse width and transverse

electromagnetic modes. In general, lasers are classified through the active medium

that produced the laser beam. The three main types of laser classification are

solid-state lasers (such as Nd : Y AG lasers and semiconductor lasers), gas lasers

(such as CO2 and excimer lasers) and liquid lasers (such as dye lasers).

Laser systems used in laser machining process typically consist of a number

of elements and they are:

• A laser generator with its power supply and cooling system.

• A beam delivery system

• A work fixture with motion control system and associated controller

• A fume extraction system

• A beam focusing system.

• A work piece gas shielding system

• A system safety enclosure

• Sometimes, a process monitoring and control system
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2.1.2 Characteristics of Laser Beams

Laser beams have very special properties that make them different from other

light sources. These properties, originated from the coherence of the light, make

a laser beam an ideal source for machining in industry. These properties include:

• Directionality

• Monochromaticity

• High brightness/ radiance

• Low beam divergence

A light source is said to be monochromatic when there is only one specific

wavelength associated with the light source. Due to the monochromaticity prop-

erty, a laser beam is capable of being focused to an extremely small spot, which

results in high energy density on a single spot that is highly desirable for laser

machining. A light source that is coherent must be both temporally coherent

and spatially coherent. Temporal coherence means that the phase of each point

of the beam does not change with time. Spatial coherence means that the phase

difference between two points of the laser beam does not change with time. A real

laser normally has infinite special coherence time in addition to a short tempo-

ral coherence time corresponding to the light transition time between the energy

levels. Due to the directionality, low beam divergence and radiance property of a

laser beam, beam delivery over long distance with large optical energy to a small

spot is possible. Different lasers may have different wavelengths ranging from the

infrared to the ultraviolet, which allows different lasers to be used for different

applications and materials.

Laser comes in several resonator modes and different modes have different

stability. The lowest-order mode known as the Gaussian Mode (TEM00) is one

of the stable laser resonators. This mode provides optimal irradiance distribution

and minimizes divergence caused by diffraction. A Gaussian mode beam does not

change its form over distance and the mode quality is measured by the focusability

of the laser beam.
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2.2 Laser Beam Interaction with Materials

Laser beam interaction with material is crucial in laser processing as it helps

explain the phenomena occurred during and after processing which aid in under-

standing and design suitable laser processing parameters to achieve better quality

machining. Although there have been many previous investigations on the inter-

action of laser beam with materials, many knowledge gaps still exist. So far only

a limited number of materials have been investigated on their interactions with

laser beams. Generally, laser beam and material interactions involve electronic

and lattice dynamics, beam absorption, material ablation mechanisms, plasma

generation and its interactions with laser beams and laser induced periodic sur-

face structure (LIPSS). The following sections provide a review on the above basic

phenomena.

2.2.1 Electronic and Lattice Dynamics

Electronic and lattice dynamics play an important role in the energy transfer

during interaction of a laser beam with materials. The interaction of laser beam

with a material can be considered as an energy transfer process from the laser

beam into the material where the Newton law of conservation of energy holds.

Hence, part of the energy from a laser beam is absorbed by the material and part

of the energy is transmitted, reflected and scattered to the surrounding media.

The interaction of a material with an electromagnetic wave can be described by

Maxwell’s equations. This section summarises the basic electronic and lattice

dynamics of solid materials where the emphasis is on the typical interaction time

scales and their consequences on laser beam interaction with materials.

For any electromagnetic waves (which include a laser beam of any wavelength

from IR to UV), energy transfer between the beam and material is through the

absorption of photons by the electrons through inter- or intra-band electronic

transitions which results in a non-equilibrium electronic distribution as some

electrons are excited as a result of absorbing more energy from the photons.

The thermalisation of a solid material is achieved via two mechanisms which

are electron-electron and electron-phonon coupling interactions. The electron-

electron thermalisation is a complex process and is influenced by the electronic
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structure of the materials. In the case of conductors, electrons are mobile be-

tween the valance band and conduction band through excitation of electrons as

there is no gap in between the two electronic bands. As for semiconductors and

insulators, an electron-hole pairs are created as a result of electron excitation due

to the band gap in between the conduction band and the valance band. The

difference in electronic structures of materials causes variations in re-equilibrium

of the electronic distribution and can be as long as nanoseconds depending on

the material properties [5].

The electron-electron thermalisation process in a conductor (metal) is gov-

erned by an electron scattering event, which is known to be a very fast process

(within the femtosecond time scale). The simplest approach in estimating the

thermalisation time required is through Drude model where the electron scatter-

ing time, τD is dependent on the electrical conductivity of the material, σel with

the following equation [6]:

τD =
σelm

Ne2
(2.1)

where N is the conduction electron density,

e is the electronic charge,

m is the electron mass

Under the non-equilibrium electronic distribution condition, the electrons re-

equilibrate themselves through electron-electron collision and the time required

to achieve equilibrium is known as the lifetime of excited electron, τee and is

described using Fermi liquid theory which follows the equation [7]:

τee = τ0
εF

ε− εF
(2.2)
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where τ0 is in the order of femtosecond,

εF is the Fermi energy,

ε− εF is the excited electron energy with respect to the Fermi level

As the lifetime of excited electron, τee is short (usually in the range of femtosec-

onds or picoseconds), experimental investigation through time-resolved photoe-

mission experiments is only possible through lasers with pulse width comparable

to τee. This is achieved through femtosecond or picosecond lasers and has been

experimentally proven by Qiu and Tien in their study on short-pulse laser heating

on metals [8; 9]. When a longer pulse laser beam is used, the electron-electron

thermalisation occurs within the pulse duration of the laser irradiation which

hinders the observation of the actual lifetime of excited electrons. Instead, the

electronic dynamic follows the time evolution of the laser pulse.

In addition to electron-electron scattering, electron-phonon scattering is also

possible which describes the interaction between the electron and lattice. The

theory of electron-phonon scattering process was developed back in 1960s due

to the discovery of superconductivity where the basics of the interaction process

were outlined in the work of Eliashberg [10]. A simplified approach to visualise

the electron-phonon scattering process was proposed by P.B. Allen [11] through

the rate of energy transfer in the form of thermal energy using a simple rate

equation shown in equation 2.3. The thermalisation process is based on the

collision between the electron and lattice [11].

∂Te
∂t

=
(TL − Te)

τep
(2.3)

where Te is the electron temperature,

TL is the lattice temperature,

τep is the electron-phonon coupling time
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The electron-phonon coupling time is dependent on the Debye frequency of

the irradiated solid, λp and a constant related to the electronic temperature which

is known as coupling constant, ωD with the following equation [12]:

τep =
2πkBTe
3~λpω2

D

(2.4)

From Equation 2.4, the electron-phonon coupling time is estimated to be in the

region of a few picoseconds which is roughly twice the order of magnitude slower

than the electron-electron scattering time. Upon establishing the understanding

on the interaction between the electron and the lattice, the time dependence

of the electron and lattice energy (or temperature) can be described using two

separate heat transfer equations as shown below:

Ce
∂Te
∂t

= ∇(ke∇Te)−H(Te, TL) + S(t) (2.5)

CL
∂TL
∂t

= H(Te, TL) (2.6)

where Ce is the electronic specific heat,

CL is the lattice specific heat,

S(t) is the absorbed laser power per unit volume,

H(Te, TL) is the rate of energy transfer between electrons and lattice,

∇(ke∇Te) is the diffusive electronic heat transfer,

τep is the electron-phonon coupling time

The two separate heat transfer equations are the result of the two-temperature

model (TTM) developed by Anisimov et al. in 1974 [13]. Under proper exper-

imental conditions, the energy transfer between the electron and lattice can be

simplified using the equation [14; 15]:

H(Te, TL) = gep(TL − Te) (2.7)
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where gep = Ce/τep

The effect of equations 2.5 and 2.6 can only be observed when the laser

pulse width is shorter than the relaxation time for electron-electron and electron-

phonon coupling. On the contrary if the pulse width is longer, then the electron

and lattice thermalises within the pulse duration having Te = TL = T . This is

illustrated through solving numerical simulation of temperature profile for copper

metal using the required material properties such as thermal and optical parame-

ters as shown in Figure 2.1, from which it is observed that at a 50 fs pulse width,

only electron-electron scattering is observed where the temperature of the lattice

is unchanged. When the pulse width increases to 5 ps, electron-electron scatter-

ing is still observed with a small amount of electron-phonon coupling effect as

the temperature of the lattice increases slightly. When the pulse width increases

further to 500 ps, the temperature of the electron and the lattice matches with

the temperature of the material surface which was described earlier. Hence for

longer laser pulses, the model can be simplified by the following equation [16]:

(CL + Ce)
∂Te
∂t

= ∇(ke∇Te) + S(t) (2.8)

Considering that the specific heat constant for electron, Ce is much smaller

than the specific heat constant for lattice, CL, the equation can be further sim-

plified to [6; 16]:

CL
∂Te
∂t

= ∇(ke∇Te) + S(t) (2.9)
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Figure 2.1: Electronic and lattice temperature profiles (simulations obtained with
the TTM) in copper irradiated by laser pulses of different durations (ranging
from 50 fs to 500 ps). With 50 fs pulses, electrons and lattice are completely
decoupled and the lattice is substantially unaffected by the laser beam. With
500 ps pulses, electron and lattice follow almost identical temperature evolutions
[16].
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2.2.2 Laser Beam Absorption

The absorptivity of the material is related to the optical property of the material

which is determined by the free electrons (valence electrons) because the inner

electrons only interact weakly with the applied electric field. By using Drude

model, the absorptivity, α and reflectivity, Ro of the material can be obtained

using extinction coefficient, κ and refractive index, n of the material through the

equation [17]:

α =
2ωκ

c
=

4πκ

λ
(2.10)

Ro =
(n− 1)2 + κ2

(n+ 1)2 + κ2
(2.11)

where λ is the wavelength,

ω is the angular frequency,

C is the speed of light

In addition, the plasma frequency, ωp is related to the conductivity, σ of metal

with the following equation [17]:

σ = ω2
pτDεo (2.12)

where τD = is the mean time between two electronic collisions,

εo = is the dielectric constant

Hence for electromagnetic wave of wavelength, ω � τ−1D , the absorptivity and

reflectivity of metal can be estimated using the electrical resistivity, ρ = σ−1 with

the following equations [18; 19]:

α =

√
2ω

c2εoρ
(2.13)
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Ro = 1− 2
√

2ωεoρ (2.14)

The inverse of absorptivity, α−1 is known as the optical penetration depth or

absorption length. Based on the equation, the reflectivity and optical penetration

depth is about 90 − 99 % and 10 nm respectively for metallic material when

is irradiated with beam intensity below the plasma frequency [18]. From the

equation, it is clear that the absorptivity is related to the laser wavelength and

resistivity of the material.

The absorptivity of materials depend on other factors as well including laser

beam incidence angle, surface roughness and temperature of the material. The

absorption increases with increasing surface roughness because a rougher surface

enhances the absorption by a multi-reflection process [20]. For most metals, an

increase in temperature results in an increase in absorptivity especially at the

melting point of the material where the increase is significant [18].

2.2.3 Ablation

Definition Removal of material using a pulse laser beam through rapid vapor-

ization or sublimation is commonly known as ablation. When a high intensity

laser beam is incident on the surface of a material, some of the incident beam is

absorbed by the material and the remaining intensity is lost to the surrounding

through reflection or scattering process. The absorbed light energy converts to

heat that raises the temperature of the material. When the material temperature

exceeds their boiling point, it becomes vapour and is normally ejected from the

surface. As laser ablation is related to the interaction between the laser beam

and materials, the dynamic of the fundamental material structure (electron and

lattice) as well as the absorptivity of the material with laser beam is crucial in

determining the type of ablation mechanism involved in the process. Laser ab-

lation process is a complex phenomenon where it is dependent on several factors

such as material properties, laser wavelength, pulse width, frequency, fluence,

number of pulses and the surrounding environmental conditions. Laser ablation

of a material can be quantified through a term known as ablation depth per pulse

or ablation rate and is usually in the range of nanometer per pulse for a ps or fs
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laser. This quantification is used in the following sections in discussing the effect

of different factors on laser ablation process.

2.2.3.1 Influencing Factors in Laser Ablation

Laser Beam Wavelength Laser beam wavelength affects the laser ablation

process because it is related to the photon energy of the laser through the equation

[2]:

E =
hc

λ
(2.15)

where E is the photon energy,

h is the Planck constant (6.626× 10−34),

c is the speed of light (3× 108),

λ is the wavelength

From equation 2.15, it is clear that an increase in laser beam wavelength result

in a smaller photon energy. Table 2.1 summarises the common industrial lasers

used in the market with their respective wavelength and photon energy.

The absorption of photon energy by the material is achieved through either

single-photon absorption or multi-photon absorption process. For electromag-

netic wave with the wavelength within near IR and near UV region, the photon

energy can only be absorbed or interact with the electrons rather than the ions

as the ions are too heavy to follow the high frequency field [18]. For x-photon,

the transition probability, W is given by a general expression [17]:

W = sxIx (2.16)

where I = is the laser intensity,

s = is the cross section of single-photon process
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Table 2.1: Common industrial lasers with their wavelength range and photon
energy [21].

Type Lasing Species
Principle wavelength

(nm)
Photon

energy (eV)

Excimer
F2 157 7.9
ArF 193 6.4
KrF 248 5

Nd:YAG -
Frequency-quadrupled

Nd3+x4 266 4.7
XeCl 308 4
XeF 351 3.5

Nd:YAG -
Frequency-doubled

Nd3+x2 532 2.3

Helium-neon Ne∗ 633 2
Ruby Cr3+ 694 1.8

Ti:sapphire Ti3+ 670− 1100 (tunable) 1.9− 1.1
AlGaAs diode Band gap 700− 900 (tunable) 1.8− 1.4

Nd:YAG or Nd:glass Nd3+ 1064 1.17
Yb:YAG or Yb:glass Y b3+ 1030 1.2

Carbon monoxide CO vibration 5400 0.2
Carbon dioxide CO2 vibration 1064 1.17
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From the expression, it is clear that the x-photon transition probability follows

a non-linear expression and is dependent on the laser intensity if the cross section

is constant. It indicates that the probability of multi-photon absorption process

(nonlinear absorption) increases strongly with increasing laser intensity. This

case holds true with shorter pulsed laser under constant laser fluence due to the

nature of the laser beam having higher intensity.

The dependency of ablation rate with laser wavelength is investigated by D.

Ashkenasi et al. [22]. It is observed that the NOP required to ablate sapphire

at a fixed fluence is lower for shorter laser wavelength and this is believed to be

due to the difference in photon energy of the laser as having a shorter wavelength

result in higher photon energy.

Laser Pulse Width Laser pulse width is another laser parameter that affects

the ablation rate of the material as the duration of the incident laser beam is one

of the determining factors for the transfer of photon energy onto the material.

As mentioned in the previous section, the transfer of photon energy onto the

material is through electron-electron and electron-phonon coupling process where

a determining factor is the pulse width of the laser beam. Hence the ablation

process can be classified into two types depending on the photon energy transfer

process. If the photon energy only transfers through electron-electron coupling

process, it is known as non-thermal (photolithic) process. If electron-phonon

coupling process is involved (for pulse width longer than picosecond), it is termed

thermal (pyrolithic) process [23]. The two different processes can be illustrated

in simple flow chart as shown in Figure 2.2.

The dependency of ablation rate with laser pulse width is investigated by D.

Ashkenasi et al. and R. Le Harzic et al. [22; 25]. It is concluded that for laser

pulse width up to 5 − 10 ps, the effect of laser pulse width is not significant as

the main mechanism is within the optimal energy range. On the contrary, the

effect of pulse width became significant when the laser pulse width is longer than

picosecond as the ablation efficiency is reduced due to the decrease in effective

energy penetration depth [25]. This is believed to be caused by plasma shielding

effect as well as an increase in heat conduction losses and at longer pulse width,

thermal ablation mechanism is involved.
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Figure 2.2: Material removal mechanisms using laser beam [24].

Laser Frequency or Repetition Rate Laser pulse frequency is defined as

the NOP per second where higher frequency results in a shorter “off time” as the

“on time” which is also known as the laser pulse width is constant. A continuous

“on time” is achieved if the frequency is high enough which result in a continuous

wave (CW) laser rather than a pulse laser. The definition of pulse frequency is

illustrated in Figure 2.3. The decrease in “off time” result in shorter duration for

heat dissipation after laser irradiation thus increase ablation rate as the ablation

mechanism changes from non-thermal to thermal.

The dependency of ablation rate with pulse repetition rate was investigated by

F.C. Burns and Stephen R. Cain [26]. It was observed that an increase in pulse

repetition rate increased the ablation rate by reducing the ablation threshold

of polyimide (PI) and Vacrel 8230 photoresist. From the observation, it was

concluded that the effective absorption coefficient obtained from the ablation

rate curve determines the magnitude of repetition rate factor [26].

Number of pulses The number of pulses is also one of the factors that affect

the ablation rate where it increases with NOP due to the reduction of ablation
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Figure 2.3: Illustration of laser beam frequency.

threshold. The term incubation is used to describe the dependency of ablation

threshold on NOP where the ablation threshold decreases with increasing NOP

in an exponential fashion till it reaches an asymptotical value as shown in Figure

2.4. Any fluence below that value requires an infinite NOP to initiate ablation

of materials [27]. Such phenomenon is observed in both metallic materials and

polymers [26; 27; 28; 29].

Figure 2.4: Ablation thresholds versus number of pulses for nickel-based superal-
loy C263 [27].

In metals, such phenomenon is believed to be caused by the degradation of the

material properties as a result of the plastic stress-strain formation. The expla-
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nation of the incubation effect is proven by Yong Jee et al. by investigating the

effect on a single-crystal metal surface [28]. It is observed that the Cu(111) shows

a more rapid decrease in the threshold fluence with increase NOP as compared

to Cu(100) as shown in Figure 2.5 as FCC crystal structure has low resistance to

laser-induced damage.

Figure 2.5: Damage fluence versus pulse number curves for the different crystal-
lographic orientations of chemically polished Cu surfaces [28].

As for polymer, it is believed to be caused by the weakening of the polymer

chain through changes in the polymer structure where the chromophoric group

(side-chain of the polymer that undergoes changes in orientation) increases the

absorptivity of the material reported by Stephen R. Cain et al. on the investiga-

tion done using PI and PMMA [29].

Material properties Metallic materials consist of crystal structures with spe-

cific lattice arrangement of overlapping valance bands where the electrons are

mobile forming a sea of electrons. Such bonding is termed metallic bond that has

a high binding energy (> 10 eV per atom). As the main building block of metallic

materials are based on electrons and lattice, the properties of electron and lattice

play an important role in determining the ablation mechanisms involved when
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interacting with a laser beam.

Occurrence of bond dissociation through photon energy in metals is unlikely

due to the high binding energy of the metallic bond. This is because the highest

achievable photon energy through laser beam is 6.4 eV (λ = 193 nm) which is

smaller than the binding energy of metallic bond. Hence, the governing ablation

mechanism for metallic materials is thermal ablation for laser pulse width > ns.

This is because the incident photon energy that is absorbed by the electrons in-

creases the kinetic energy of the electrons which is then further transfered onto the

lattice causing vibrations resulting in thermal energy that heats up the material

causing dissociation of material [30; 31]. The ablation phenomenon is governed

by the Beer-Lambert law where the logarithmic ratio of the incidence fluence

to the threshold fluence is constant. This equation is then derived into another

form that relates the change in fluence with ablation depth per pulse which is

known as the logarithmic law of ablation per pulse as shown in Figure 2.6 where

the constant is termed optical penetration depth as shown in the equation below

[32; 33]:

L =
1

α
ln(

F

Fth
) (2.17)

where L = Ablation depth per pulse

α−1 = Optical penetration depth

F = Laser fluence

Fth = Laser fluence threshold

Optical penetration depth is defined as the penetration distance of the laser

beam from the material surface where the intensity of the laser beam is 1/e of

the initial laser beam intensity. Hence, this parameter is dependent on material

properties but independent on material surface conditions and initial laser beam

intensity.

A slightly different phenomena is observed when metallic materials are ablated

using ultrashort pulse laser (pulse width < 1 ns). There exist two trend lines
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Figure 2.6: Plot summarizing the data on short-pulse laser ablation of Ni, Cu,
Mo, In, W, Au metals . [33]

between ablation depth per pulse and laser fluence where a well-known two tem-

perature model is proposed as shown in Figure 2.7 [27; 34; 35]. In the proposed

model, it is argued that the electrons and lattice have different heat capacity and

thermal conductivity constant. Due to the higher heat capacity of the electron

and the ultrashort laser pulse width, when the incident photon energy is absorbed

by the electrons [35], the thermal energy (kinetic energy) obtained result in disso-

ciation of material without transferring to the lattice as the thermalization time

for electron-phonon coupling is in the range of a few picosecond (1.5− 3 ps) [36].

As a result, the ablation rate is dependent on the incident energy intensity of the

laser beam but independent on the pulse width of the ultrafast laser beam [37].

As most of the ultrashort pulsed lasers have very high incident intensity due to

the short pulse, they do not follow the Beer-Lambert law that is normally applied

in explaining the light absorption for moderate intensity. This non-linear effect is

more pronounced at a high intensity and is dependent on the incidence intensity

of the laser beam [38]. Hence there exist two trend lines in the form similar to

equation 2.17 that are governed by two different constants. In the low fluence

regime, the constant is termed optical penetration, as the ablation mechanism in-
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volved is non-thermal in nature whereas in the high fluence regime, the constant

is termed energy or heat penetration depth, as the ablation mechanism involved

is thermal in nature.

Figure 2.7: Ablation depth per pulse for copper versus the incident laser fluence
for 150 fs laser pulses [35].

The first polymer ablation was reported by R. Srinivasan et.al [39] and Y.

Kawamura et.al. [40] simultaneously in 1982 due to the growing availability

of high pulse energy UV gas halide (RGH) lasers which provided the platform

for laser beam material interactions. Srinivasan then continued in this field of

research and became the leader of polymer ablation. He introduced the term

laser ablation and ablative photodecomposition which are now commonly used.

Till today, ablation mechanism study of polymers have been concentrated on UV

wavelength lasers as polymers have the highest absorptivity of photon energy

in the UV spectrum. The threshold fluence, Fth is dependent on the material

properties and laser wavelength and it varies from tens of mJ/cm2 to more than

1 J/cm2 where the typical threshold for UV laser beam is around 20−200 mJ/cm2

[41; 42; 43; 44; 45; 46]. At a limited range of fluence above the ablation threshold,

the etching rate versus laser fleunce obeys Beer’s law that follows the logarithmic

law of ablation per pulse as shown in equation 2.17.

Srinivasan proposed the mechanism of ablative photodecomposition (non-
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thermal ablation) due to the absence of significant thermal damage on ablated

polymer using UV lasers [47] which is also known as photochemical models by

some authors. This is explained through the high photon energy generated by the

UV laser (6.4−4.9 eV ) that is close to the bond energy of polymeric chain which

result in direct chain scission upon excitation of the electronic state from the

valance band to the band gap in between the valance and conduction band that ex-

ist due to material imperfection (defect) or trap state [45; 48; 49; 50; 51; 52; 53; 54].

It is argued that the photon energy absorbed used in the bond-breaking process

restricts the rise in temperature on the surface which then restricts on the thermal

damage on the substrate and such mechanism is termed cold ablation. However,

this model is difficult to be justified when the laser pulse width is longer than

the thermalisation time of the non-radiative excited electrons. In this model, it

is assumed that when a single laser pulse is irradiated on the material surface,

n bonds per unit volume must be broken to achieve material removal and the

required fluence to achieve that is estimated using [55]:

Fn =
nhν

ηα(1−R)
(2.18)

where η is the quantum yield for chain scission,

hν is the photon energy,

R is the surface reflection loss

In addition to the photochemical model, another model termed photothermal

model is also proposed to explain the decomposition of the polymer via thermal

energy [56; 57; 58; 59; 60]. The model is based on the thermalisation of the

excited electronic state on a picosecond time scale through vibrational mode

of the molecules. This model is confirmed by a number of investigation using

CO2 lasers where effective polymer ablation is seen through pure thermal process

[61; 62; 63]. The threshold fluence is estimated using the following equation [46]:

FT =
C(TD − TR)

α(1−R)
(2.19)
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where C is the volumetric specific heat of polymer,

TD is the corresponding temperature,

TR is the initial surface temperature

In most scenarios, it seems that polymer laser ablation cannot be quantified

through pure photo-ablation or thermal-ablation alone and hence another model

is proposed which is known as photophysical model where both thermal and non-

thermal process is involved in the ablation mechanism. The model itself is built

on two different assumptions where one assumes that the bond breaking of the

polymer is done through two independent channels (thermal and non-thermal)

[64; 65]. The other assumption is that the bond breaking of the polymer is done

through excitation of different excited electronic states and chromophores [66;

67]. The photophysical model is deemed important to help explain the ablation

phenomena using ultrashort pulse lasers (ps and fs) where the frequency of the

laser beam is high enough to initiate multi-photon absorption [68].

2.2.4 Plasma

Plasma generation is another phenomenon that occurs during ablation above

certain laser fluence, NOP and frequency. During ablation, material is removed

through absorption of photon energy by the electron where the absorbed energy

is then transformed into thermal energy via electron-phonon coupling the result

of which is material removal in vapour form. The vapour produced causes the

formation of plasma where the vapour ejected from the material surface stayed in

between the laser beam and the ablated region producing a shield that prevent

the laser beam from penetrating through as the laser beam is partially absorbed

by the plasma [69]. The propagating plasma is also known as laser supported

absorption wave (LSAW). If LSAW moves with subsonic velocity with respect

to the environment medium, it is known as laser-supported combustion wave

(LSCW). When the LSAW speed exceeds the speed of sound due to the increase

in laser intensity, it is known as laser-supported detonation wave (LSDW) [17].
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Plasma is usually observed at laser power density of > 1010 W/cm2 where an

inverse Bremsstrahlung process occurs [69]. During this process, the photon

energy of the laser beam is absorbed by the free electrons in the plasma which

further increase the energy of the electrons and at the same time result an ion

recoil to take up the residual momentum. At higher laser power density (>

1013 W/cm2), this process turns into a collective plasma effect where ion/plasma

wave and electromagnetic wave are produced [69]. This process is illustrated in

Figure 2.8.

Figure 2.8: Illustration of the occurrence of physical process when a material
surface is radiated by a high power laser beam [69].

2.2.5 Laser Induced Periodic Surface Structures

Laser induced periodic surface structures (LIPSS) were discovered several years

after laser was invented and have been observed for over 40 years. LIPSS can be

produced on all materials by all lasers when the surface of a material is irradiated

with a certain fluence and NOP. LIPSS is mainly referring to the formation of

ripples on the material surface after laser radiation and was considered as laser

surface damage in the past [70]. In recent years, such structures have gain inter-

est as periodic structured surfaces have certain applications such as self-cleaning

surfaces or enhancing lubrication or tribology of the material surface. The forma-
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tion of the ripples is caused by the interference between the incident and surface

wave scattered on sub-wavelength imperfections such as corrugations [71]. The

orientation and wavelength of the ripples formed by laser irradiation is dependent

on the polarization, wavelength, NOP, angle of incidence and fluence of the laser

beam [72].

Masataka Shinoda et al. investigated the ripple formation on undoped syn-

thetic single-crystal diamond using a Ti:Sapphire femtosecond laser of 800 nm

wavelength. The laser is capable of forming grooves of approximately 300 µm

long perpendicular to the laser polarization direction with pulse energy between

72−240 nJ [73]. The grooves have an aspect ratio of > 12 and the average groove

spacing is about 146 nm. The formation of the grooves does not change the di-

amond composition and such grooves are useful for fabricating sub-micrometer

devices or nano-imprinting mould in diamond [73]. Figure 2.9 shows the SEM

images of the grooves produced on diamond after irradiated with laser beam.

(a) (b)

Figure 2.9: SEM images of the diamond surface after irradiated with a 1000
number of pulse at a rate of 250 kHz with a pulse energy of (a) 120 nJ (b) 72 nJ
and is processed sequentially using two scanning direction at 0o (bold arrow) and
300o (dotted arrow) [73].

Bert and Hans studied the formation of ripples on alloy 800H stainless steel

using Ti:Sapphire femtosecond laser where the ripples are observed using a He-

lium ion microscope. The formation of pre-ripples is observed and they have a

wavelength or spacing between 100−200 nm and an amplitude of 10 nm [74]. At
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a fluence of 13 mJ/cm2, small bubbles of diameter 20− 90 nm are formed on the

surface of the pre-ripples where the increase in fluence connects the bubbles to

the pre-ripples. High fluence (4.1 J/cm2) creates clustered particles of diameter

250 nm due to joining of several neighbouring bubbles [74]. The formation of

bubbles and clustered particles is illustrated in Figure 2.10.

(a) (b)

Figure 2.10: SHIM image (a) after 10 scans at 800 mm/s with fluence of
13mJ/cm2. (b) of coarse ripples with clustered particles with fluence of 4.1 J/cm2

[74].

Groenendijk and Meijer showed the formation of ripples on stainless steel

304 using a Ti:Sapphire femtosecond laser and observed that the surface of the

stainless steel undergoes a surface morphology transition when the NOP, laser

fluence and overlap changes [72]. A periodic ripple is first formed after the first

incidence of the laser beam and the pits grows as the fluence and the NOP

increases. The ripples are then transformed into a chaotic rough structure when

the fluence and NOP is at a higher range [72].
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2.3 Laser Surface Texturing

Laser surface texturing is a process that can generate periodic micro or nano

or micro/nano structures involving very thin layer of material surface. LST is

usually used to enhance the tribological properties of a mechanical component

or to create functional surfaces for certain applications. The earliest commercial

application of surface texturing was performed on cylinder honing in an I.C.

engine. This process is very common and used to texture the surface of modern

magnetic storage devices [75; 76; 77; 78]. In addition, the surface texturing process

is also one of the solutions in overcoming the adhesion and stiction problem in

MEMS devices [79]. Research in LST processes has been increasing rapidly over

the last 15 years and many interesting results have been obtained and one of the

examples is shown in Figure 2.11.

LST can be classified in many ways but is mostly classified based on the size

of the textured features. In general, it can be classified into two main streams

which are micro-surface texturing and nano-surface texturing where the former

deals with micron size texture feature and the later deals with nano size texture

feature. In the nano size feature, it can be further classified based on different

laser texturing techniques as shown in Figure 2.12.

2.3.1 Micro-Surface Texturing

In the past 10 years, there are substantial amount of laser surface texturing

research work originated in Germany and most of the journals are published in

German language where only a few exception publications coming from the group

lead by M. Geiger at the University of Erlangen-Nuremberg are in English [81; 82].

This research group used KrF excimer laser with a wavelength of 248 nm and

a maximum fluence of 6 J/cm2 to perform texturing and they adopted a mask

projection technique to produce square dents. The mask projection technique

is done by producing mask of desired shape and allows the laser beam to pass

through the mask before it is focused such that the geometrical information of the

mask is projected onto the surface. Figure 2.13 illustrates the surface finishing of

the texturing done on the silicon substrate.

In this research, the textured square sizes vary from 1−1.5mm with a textured
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Figure 2.11: SEM image of: (a) laser treated surface showing the formation of
micro/nano structures after exposing Ti surface with approximately 500 laser
shots at fluence 1.2 J/cm2. Inset is the photograph of a control (gray colour)
and micro-structured titanium piece (black in colour), (b)laser-irradiated spot
after being exposed with approximately 2000 shots showing the self-organized
formation of micro/nanostructures, (c)cross-section of an individual conical mi-
crostructure and (d) nanoscale ripples formed on the conical microstructures [80].

Figure 2.12: Classification of laser surface texturing.
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Figure 2.13: 3-dimensional topography measurement /profile of a single texture
element [81].

area ratio of 10 % and 20 %. From the experiment, it was observed that tools

with a textured area ratio of 10 % has a 145 % increase in the average tool

life whereas the textured area ratio of 20 % gives an improvement of 169% in

the average tool life [81]. In Tohoku University, Japan, a CO2 laser was used

to study the effect of laser surface texturing on SiC surfaces. The effect of the

texturing on transition from hydrodynamic to mixed lubrication regime was the

main interest. The texturing done on the SiC surface was in the form of micro-

pores with diameter of 100 µm, 150 µm and 200 µm of about 8 − 10 µm deep.

The pores produced using the CO2 laser is illustrated in Figure 2.14.

Figure 2.14: Optical images of pores on the disk surface produced by laser tex-
turing. The pores with diameter of (a) 100 µm; (b) 150 µm; (c) 200 µm [83].

It was observed that the holes produced by the CO2 laser has a significant heat

affected zone that caused cracks around the holes. The crack definitely affects

the performance of the materials as micro-cracks weaken the materials. This is

illustrated in Figure 2.15.

It was found that for SiC material, the optimum pore area ratio was about

2.8% where having this pore area ratio, the critical load increased by 20 % as
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Figure 2.15: Profiles of the pore of diameter 150 µm and the heat affected zone:
(a) at the pore centre, and (b) at the heat affected zone [83].

compared to un-textured surfaces [83].

At the Institute of Applied Physics of the University of Bern in Switzerland,

extensive research on LST using Q-switch Nd:YAG laser had been done where

most of the work used Ti:Sapphire femtosecond laser [84; 85; 86; 87; 88]. Most

of the experiments conducted were mainly focus on the technique of producing

surface texturing on different materials and only a small number of tribological

tests were carried out to analyse the effect of the texture. G. Dumitru et al.

published several papers on texturing different material surfaces such as steel

[85], diamond-like carbon (DLC) films [86], diamond, titanium nitride [88] and

tungsten carbide [87] where femtosecond laser were mainly used. Figure 2.16

shows the hole finishing on a steel surface using a nano pulsed Nd:YAG laser

where the melted region along the circumference of the hole is concluded to be

unavoidable.

(a) (b)

Figure 2.16: (a) “Satisfactory” micro-hole, induced with pulse energy of 40 mJ
and a 1/e2 beam radius of 5 mm. (b) Structure induced on a steel surface [85].

Texturing of tungsten carbide and diamond using femtosecond laser can be

performed under normal air condition without any assisted gas or inert gas as
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illustrated in Figures 2.17 and 2.18.

(a) (b)

Figure 2.17: Left: Damage on cemented tungsten carbide induced with one laser
pulse of 54 (a), 35 (b), 12 (c) and 4.4 µJ (d). Right: Craters on diamond after
10 (a), 50 (b), 250 (c) and 1000 (d) pulses (150 fs, 54 µJ) [88].

Figure 2.18: Crater in WC-Co produced with 10000 pulses (6.5 J/cm2) using a
Ti:Sapphire femtosecond laser of 100 fs pulse width and 800 nm wavelength [87].

2.3.2 Laser Surface Cleaning

Lasers have been used for cleaning polymer surfaces, micro-fabricating of poly-

mers by ablation and precise cutting. The geometry and dimensions of laser pro-

duced features are highly controllable using process parameters including laser

fluence, pulse length and shape, scanning speed and laser shot superposition.
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Laser treatment allows partially or complete removal of the superficial polymeric

layer without affecting the fibre reinforcement [89; 90; 91; 92]. By selecting suit-

able laser parameters (laser fluence and NOP), a fully controlled ablation of the

superficial polymer layer is obtained.

LST can be performed by individual laser shots or through a mask with a

desired pattern. The intensity and interaction time of the laser beam determine

the textured volume at the surface which usually ranges from a few nanome-

tres to micrometers. Ultrashort pulsed lasers are mostly used, since they fa-

cilitate surface modification without changing the bulk properties of the base

material. LST also offers competitive advantages over conventional sand-blasting

and chemical treatments due to ease of automation, elimination of effluent, lack of

contamination and ability for processing three-dimensional parts. Among various

types of lasers, UV lasers are found more suitable for polymers as most organic

materials adsorb UV radiation, creating photochemical reactions on the poly-

mer surface of several molecular layers deep without damaging the bulk polymer

[93]. The UV laser etching was thus used as a pre-adhesion surface treatment

[89; 90; 91; 92; 94; 95; 96] with the advantages of chemical and morphological

modification and cleaning of the polymer surface with minimal fibre damage.

The use of an excimer laser treatment to control the adhesion performances

of glass/epoxy and carbon/epoxy composites were studied by Benard et al. [91].

After only one laser pulse, a complete cleaning of the surface was reached as

evidenced by the complete removal of fluorine contamination shown in Table

2.2. Three different ablation stages were identified which are weak ablation

(150 mJ/cm2, 40 NOP ), medium ablation (150 mJ/cm2, 400 NOP ) and to-

tal ablation (500 mJ/cm2, 500 NOP ).

The weak ablation mode only provides a surface cleaning with no protru-

sion of fibre reinforcement or surface roughening as shown in Figure 2.19a. The

medium ablation rate induced a rough surface which is composed of both fibre

reinforcement and epoxy matrix (dark part on Figure 2.19b). Finally, the to-

tal ablation mode exhibits a complete removal of matrix; the residual surface is

then composed only of the fibre reinforcement weaving. Laser treated composites

showed improved adhesion performance in all the three cases evidenced by single

lap shear tests. The use of the 400 NOPs treatment showed that the slight fibre
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Table 2.2: Chemical composition (%) of epoxy matrix surface treated with KrF
excimer laser of wavelength 248 nm and pulse width of 30 ns determined with
ESCA analysis [91].

C O N F Si S O/C
Bare surface 56.4 8.1 1.5 32.2 1.8 T 0.14

50mJ/cm2 − 1pulse 80.4 12.5 5.6 0.7 0.5 0.5 0.16
150mJ/cm2 − 4pulses 76.4 16.9 4.2 - 1.5 0.22
150mJ/cm2 − 10pulses 78.6 15..9 3.6 - 1.1 - 0.2
150mJ/cm2 − 40pulses 77.8 16 5.4 T - 0.8 0.21
150mJ/cm2 − 400pulses 77.4 16.9 5 - - 0.7 0.22
500mJ/cm2 − 40pulses 75.3 15.7 5.8 - 1.9 1.1 0.21

(a) (b)

(c)

Figure 2.19: Surface profilometry and average roughness of glass/epoxy surfaces
treated with different excimer laser beams conditions: (a) 150 mJ/cm2, 40 NOP
(Sa 0.6 µm). (b) 150 mJ/cm2, 400 NOP (Sa 13.1 µm). (c) 500 mJ/cm2,
500 NOP (Sa 17.2 µm) [91].
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protruding lead to a great increase of lap shear value (∼ 30 % increase) providing

a high performance quality of bonding. As for the totally ablated surfaces, only

slight increase as compared to un-textured surface was observed. The decrease

of this lap shear value on the extreme laser treatment was believed to be caused

by the weak boundary layer between the superficial fibres exposed to laser beam

as the SEM observations demonstrated completely ripped off of the reinforcing

fibres. With the total superficial matrix ablation, the remaining fibres are not

linked to the bulk material, thus explains the premature rupture for such totally

ablated samples. The benefit of polymer matrix removal to get fibre protrusion to

enhance adhesion performances of composite surface assemblies is consequently

limited by the establishment of a weak boundary layer [91].

Rotel et al. investigated the application of an ArF excimer laser (193 nm)

for pre-adhesion surface treatment of various thermoplastic composites and some

metallic materials as adherend [89; 90]. Laser treated samples were found to

have chemical composition changes depending on the fluence identified by FTIR

spectra and XPS analysis. The XPS analysis also showed various contaminants

such as Mg and Si present on the un-treated surfaces but were absent on the

laser treated surfaces. It was found that UV laser irradiation enhanced adhe-

sion strength by 250 % and 450 % as compared to SiC abrasion treatment and

un-treated surfaces respectively. The improved adhesion was correlated with the

roughening of surfaces, surface chemical composition modification and removal of

contaminants. The failure mode was also changed from adhesive to cohesive fol-

lowing laser treatment indicating interfacial adhesion improvement. The optimal

laser treatment parameters were found for different polymers and metallic ma-

terials. Effectiveness of the treatment was reduced above optimum fluence and

NOP due to ablation and carbonization of the surface. Mechanical properties

of the laser treated substrates were maintained as the microstructural changes

occurred only at superficial outer layers.

SEM images of the un-treated and SiC abraded PEEK composite adherend are

shown in Figure 2.20 a and b. The surface of the abraded adherend is markedly

damaged, cracked and the exposed fibres are broken. SEM images of the PEEK

composite adherend after UV laser treatment at different conditions are shown

in Figures 2.20 c - f. The ablation threshold for the PEEK composite was found

71



Figure 2.20: SEM images of PEEK composite surface after treatment at vari-
ous parameters (a) un-treated. (b) SiC-abraded. (c) laser-treated: 0.18 J/cm2,
50 NOP , (d) 0.18 J/cm2, 100 NOP , (e) 1 J/cm2, 10 NOP , (f) 6 J/cm2, 10 NOP
using a ArF excimer laser of 193 nm wavelength [89].

to be 0.42 J/cm2 [96]. Below this value, removal of the matrix on the surface

region occurs and with high NOP, rounded granules are formed on the surface.

The formation of granules was found significantly enlarging the surface area and

contributed to better mechanical interlocking of the adhesive to the adherend

[89]. Once the matrix is removed, the bare fibres are immune to etching. Above

the ablation threshold the composite fibres are observed to etch smoothly. Micro-

particles and debris redeposit onto the surface leaving a dust like texture. When

the ablation threshold was greatly exceeded, fibres were thinned and buckled as

shown in Figure 2.20.

Excimer laser surface treatment of glass fibre reinforced epoxy polymer com-

posite done by Park et al. [92] has demonstrated an enhancement of adhesion. It

was believed whilst the enhanced adhesion mechanism is contributed by changes

in chemical composition through oxidation (from chain of hydrocarbon to polar

groups such as carbonyl and hydroxyl group) for the treatment below ablation

threshold; it is the increase in surface roughness from the ablation for the treat-

ment above the ablation threshold. At high fluence, the ablation causes instant
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fragmentation of polymeric chains, resulting in no oxidation of the surface [97].

Dependence of ablation rate of the epoxy matrix with NOP and laser fluence as

shown in Figure 2.21 implies controllability of the selective epoxy matrix ablation

process through optimised parameters.

(a) (b)

Figure 2.21: Depths of matrix ablation, (a) as a function of the number of pulses,
fluence - 1.01 J/cm2, pulse frequency - 5 Hz and (b) fluence, number of pulses -
50, pulse frequency - 5 Hz, showing linear relationship [92].

Surface modification of silicon and PTFE using 4th harmonic pulsed Nd :

Y AG laser (266 nm) was tested by Dong et al. to improve wettability and adhe-

sion characteristics [98]. It was reported the surfaces treated by Nd : Y AG laser

irradiation were roughened and the hydrophobicity of silicon and PTFE surface

was modified to hydrophilicity. The increased surface roughness proportional to

the increase in wettability also improved adhesion strength of copper spray thin

film deposited using Ar+ laser beam. The improved adhesion was also believed

to be connected with the oxygen enrichment of the laser treated surfaces revealed

by XPS analysis. The increased wettability and surface free energy and high

percentage of oxygen functional groups through UV laser surface treatment of

polymers were also observed by Gotoh et al. [95]. The increase in wettability and

the acid-base component of the surface free energy is contributed by the increase

in surface oxygen concentration rather than the topographical changes which is

expected to cause an increase in adhesion of the polymers with other materials.

Nevertheless surface roughness of UV laser treated PET samples was increased

as compared to the un-treated sample.
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LST is also used for pre-adhesive bonding surface treatment of metallic sur-

faces to enhance adhesion performance by producing microscopic wavy surface

morphologies and nanoscopic surface roughness [99]. Similarly texturing of dental

surfaces using lasers was reported to improve bond strength in composite bonding

process to these surfaces [100].

2.4 Laser Surface Texturing Application

Due to the high reliability and flexibility of laser processing, it is widely adopted

in many material surface engineering processes to produce required texture or

surface patterns for different applications and is progressively popular in the

aerospace and defence industries. In this part of the literature review, the ef-

fects of surface textures and surface modifications on adhesion and tribology

performances are analysed. The applications involved are paint adhesion, dust

attachment and tribological characteristics of moulding dies.

2.4.1 Effect of Surface Properties on Adhesion

Laser surface treatment on polymeric materials has been used for the modifi-

cation of surface morphology and surface chemistry, which results in adhesion

properties changes. Adhesion is the interaction between two surfaces at the in-

teratomic level [101]. Adhesion is a complicated phenomenon where its strength

is determine by a combination of different forces. Many theories and models that

have been proposed over the years after this area of research was first recognised

as an important aspect and as bearings to many branches of industry in 1992

[102]. To date, there is no universal model or theory that can be used to pre-

dict the adhesion between different materials or interface as it is such a complex

system where each system is unique. Among the theories and models proposed,

the fundamental of adhesion theory can be classified into four theories where in

certain phenomenon, some theories are more influential than the others and it is

depending on the type of adhesion and the material of the adherent and adhe-

sive as well as the environment where the adhesion is taken place. The following

subsections detail the relevant theories.
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Figure 2.22: Classification of fundamental theories related to adhesion theory.

2.4.1.1 Adhesion Theory

Adsorption Theory The adsorption theory is based on the bonding formation

or force attractions between two surfaces when they come close together to adhere

with each other. This theory is very closely related to the thermodynamic theory

of wetting and spreading that has been well developed and understood. This

theory deals with the measuring of the surface energy of a substrate surface using

either a polar or a non- polar liquid or a combination of different types of liquid

measured on the same surface. It relates the surface energy (or surface tension)

of a material surface to the contact angle measured as well as the extent of the

wetting property of the surface [103].

The adsorption theory states that the attraction force between two surfaces

that adhere together is dependent on the chemical nature of the surfaces. To

achieve a good adhesion, both surfaces should have strong attraction forces that

attract each other such that they can be held together firmly. There are many dif-

ferent types of attraction forces discussed in the adsorption theory and they can

be classified into two main categories: primary bond and secondary bond. There

are five types of bonds that are associated with primary bond. They are metallic

bond, covalent bond, hydrogen bond, ionic bond and ion-dipole interaction bond.

For the secondary bond, the forces that associate with it are Keesom orienta-

tion force, London dispersion force and Debye induction force. These forces are

generally referred to as van der Waals forces. The type of interaction and char-

acteristic of the molecule/ particle involved in each type of secondary forces are
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summarised in Table 2.3. The primary bond is used to describe the interaction

between surfaces at a macro level, whereas the secondary bond is used in inter-

action at a micro or nano level. Although secondary forces exist in macro level

adhesion interactions, the forces are insignificant compared to the primary bond

as the primary bond is usually 10 times stronger than the secondary bond [103].

Table 2.3: Classification of secondary forces [103].

Dipole Interaction
None-polar forces London Dispersion Transient/ Transient

Polar forces
Debye Induction Permanent/ Induced

Keesom Orientation Permanent/ Permanent

In the case for polymer substrates, the types of bonds formed are strongly in-

fluenced by the functional group at the surface where different functional groups

have different polarity, resulting in different reactivity due to the stability of

the functional groups. In general, polymers have an inert surface as compared to

metallic surfaces due to the polymeric chains and the covalent bonding within the

bulk material as well as having functional groups that are inert such as alkyl group

(CH3). In addition, the presence of contamination on the material surface which

is deposited either chemically or as a layer of coating usually contains elements

that are inert such as fluorine [91]. Polymer surface with oxygen rich functional

groups promotes adhesion where Figure 2.23 shows possible bond formation with

different oxygen functional groups on a PMMA surface. A carboxylate functional

group (C = O) forms hydrogen bond that is acidic where as a carboxylic func-

tional group (O − C = O) forms ion/dipole bond which is basic. In addition,

O = C = O group forms ionic bond which is basic. The bond strength for the

hydrogen and ion/dipole bond are stronger than the ionic bond.

In the case of metallic substrates, the bonding and adhesion are affected by the

microstructure of the metal surface as well as the material properties of the metal

itself such as thermal expansion coefficient etc. Most of the bonding is formed

through some kind of polar or attraction forces of opposite charges. Such an

interaction is very closely related to the acid-basic nature of the surface. Among

the different theories of thermodynamic for wetting and spreading, the Lewis acid-

base interaction theory has been recognised to be the most suitable theory for
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Figure 2.23: Interaction between PMMA surface and surfaces of different acidic
and basic nature (After Leadley and Watts, 1997). a indicating hydrolysis of the
ester and adsorption through the carboxylate anion [103; 104].

calculating surface energy using contact angle data. This is because the model

of calculation used in this theory is purely based on the acid-base interaction

between a surface and liquid. In addition, the surrounding environment also

plays an important role in promoting adhesion as humid environment lower the

surface energy of a material [103].

Mechanical Theory The mechanical theory also deals with surface energy of

a material but in a more geometrical manner rather than chemical or bonding

interactions. The theory states that a material with a rougher surface has higher

surface energy at the asperity as it has less contact with the surrounding atoms

and hence is more ‘reactive’. The argument is illustrated in Figure 2.24 where

atom A has higher surface energy because it is only in contact with two atoms.

As for atom S on a flat surface, it has lower surface energy than atom A but has

higher energy than atom B because it is in contact with 4 atoms. Atom B has

the lowest energy as it is in contact with the most number of atoms and is inside

the bulk material. Hence, it is the most stable atom among the three atoms due

to the geometrical arrangement and the contact surface between the atoms in the

bulk material.

Such an argument is more suitable for a metallic substrates due to the atomic
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Figure 2.24: Schematic representation of a local environment for an atom in the
bulk of a material (B), on a plane surface (S), and on an asperity on a rough
surface (A) [103].

arrangement and packing pattern of metallic materials. As for polymeric mate-

rials, they consist of chain like structures with carbon backbones and therefore

the effect of having less contact with neighbouring polymer chain is quite un-

likely. Some researchers argued that the effect of surface roughness in a poly-

meric substrate surface is more towards providing a larger surface area for the

two substrates to form chemical/ molecular bonding due to the existence of polar

functional groups.

In general, this mechanism does not ultimately determine the adhesion strength

as the strength of the bonding between the two substrates depends on the inti-

mate contact between the substrates. If the contact between the two substrates

has voids or vacancies due to the contaminants or inertness of one of the surfaces,

it decreases the strength of the bonding between the two substrates.

Electrostatic Theory The electrostatic theory of adhesion is based on the

fundamental theory of free charges that exist on all condensed materials in the

universe. As all materials have electrons, there exists an electrochemical potential

difference when two surfaces of different or similar material come close together as

the electrochemical state of the two surfaces are different. Hence, free electrons

or ionic charges then tend to move from a surface with higher electrochemical
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potential to a surface with lower electrochemical potential such that equilibrium is

established. The movement of the ionic charge and electrons creates an electrical

double layer that act as a force to hold the two surfaces together. The formation

of an electric double layer is illustrated in Figure 2.25.

Figure 2.25: Illustration of an electric double layer formation.

This theory was first proposed by Deryagin in 1940s where the model proposed

is similar to electron transfer between two plate surfaces which the two surfaces

are adhered together [105]. A physical model was then introduced by Deryagin et

al. in 1970s that describes the 3D electron double layer that exists between the

interface of a solid and a polymer contact surface [106]. Deryagin showed that

a correlation exists between the peel energy and the condenser discharge energy

where the results are heavily criticised and debated [103]. Recently, Possart has

used the potential contrast scanning electron microscopy to study the formation

and existence of the electric double layer formed between polyethylene and alu-

minium surface [107]. He argues that such double layer exists and contributes to

the adhesion between two surfaces in addition to other forces and mechanisms.

Although most researchers deemed that the influence of the electrostatic mech-

anism/ force is very low in the mechanism of adhesion, it is still not universally

accepted.

Diffusion Theory The diffusion theory was proposed by Voyutskii et al. who

postulated that the molecules at the surface of two materials that adhere together

had some form of interdiffusion process taking place. Due to the diffusion process,

the adhesion interface disappears eventually [108]. Vasenin then quantifies the
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diffusion process using Fickian diffusion theory [108; 109]. Such a diffusion process

can be seen in metallic and polymeric systems although the diffusion process for

the two systems is slightly different.

When the surface of a polymer is treated, a boundary layer which is usually in

tens of nanometer to several hundred micrometer thickness is produced depending

on the process parameters and treatment duration [110]. The cross-link and short

polymeric chains affect the bonding capability and strength of the boundary layer

and this has been observed in several publications [110; 111; 112; 113; 114; 115].

During surface treatments, the polymer chains undergoes a chain scission process

where radical species are formed. The formation of radical species takes place

and they react with surrounding media such as water vapour, nitrogen, oxygen

or even radicals within the bulk materials. The radicals react with radicals or

reactive functional groups within the bulk material to create cross-link whereas

the reaction with elements in the surrounding media creates different functional

groups depending on the elements available for reaction. The chain scission pro-

cess forms short chain which weakens the boundary layer, whereas the formation

of cross-link strengthen the boundary layer as it is attached to the bulk mate-

rial more firmly. The phenomenon of cross-link formation also applies when two

polymeric surfaces are adhered together. The fracture strength of polymers are

dependent on the molecular weight as well as the chain length of the polymer

where higher molecular weight and longer chain length results in higher fracture

strength [103]. Hence, cross-link formation enhances the strength of the polymer

and therefore increases the adhesion strength between two polymeric surfaces.

Figure 2.26 shows the cross-link formation model for polymer film.

2.4.1.2 Adhesion on CFRP

Painting, along with many other coating processes such as electrolytic and chem-

ical plating, physical deposition and chemical vapour deposition require the sub-

strate surface to be clean in addition to the existence of micro-textures which

allow the deposit firmly held and adhered on the substrate. This is particularly

critical for polymer matrix carbon fibre composites as many polymers suffer from

low adhesion strength [116; 117]. Surface treatment not only provides favourable

80



Figure 2.26: Model of polymer film in which cross-linking of the surface has
occurred. Highlighted is a cross-link tracer chain [113].

topographical structure that increases surface area and a bond through mechan-

ical interlocking mechanism, it also changes surface chemistry for paint adhesion

without affecting the bulk properties.

A wide range of contaminants can be found on composite surfaces and by

their nature may form weak boundary layer under the paint. Various techniques

have been used to clean contaminants and provide a textured surface, including

sand or grit blasting, chemical cleaning or treatment to etch the surface with

acid and other corrosive type materials. Once the surface has been cleaned and

structured, paint or other deposition materials, depending on applications, is nor-

mally applied to the surface by conventional methods such as brushing, spraying,

dipping, roll coating, electrostatic coating or immersion. Many of these texturing

processes are not commercially suitable due to high cost and severe environmental

concerns owing to the use of dangerous chemical substances, which often require

safe handling and safe disposal after use.

Laser texturing is a potential substitute to conventional surface modification

techniques for some applications. Virtually any type of material can be textured

using short pulsed lasers without damages to the bulk substrate. In a laser tex-
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turing process, a focused laser beam is used to ablate a micro layer of the surface

in a controlled manner in order to alter the surface morphology, or produce local

melting and controlled surface waviness on micro-scale. The latter is particu-

larly valuable since previous studies have demonstrated that controllable micro-

or nano-roughness enhances the adhesion of subsequently applied layers. The fol-

lowing subsections review various texturing and cleaning techniques for polymers

and composites surfaces for enhancing adhesion performance.

Surface Preparation Methods for Improving Bonding Various chemi-

cal, mechanical and energetic surface treatment methods have been evaluated

and reported in the literature for the treatment of polymers and composites for

bonding. These evaluations may also provide feasibility indication of their ap-

plications to the surface preparation of fibre reinforced composites for painting

process. Some techniques are summarized in Table 2.4. Limited evaluation on

some of the techniques including laser processing method has been reported in

the literature.

Table 2.4: Surface pre-treatment methods.

Mechanical methods Energetic methods Chemical methods
Alumina grit blast Corona discharge Solvent Cleaning

Cryoblast Plasma Detergent Wash
Sodablast Flame Acid Ech
Peel ply Excimer laser Primer

Silicon Carbide abrasion

A corona discharge technique was used by Kodokian and Kinloch to achieve

chemical composition modification of the thermoplastic composite surfaces and

increase wettability to improve interfacial contact and intrinsic adhesion for bond-

ing [118]. Corona discharge technique uses energetic species in an electrical dis-

charge produced from ionized air by applying high voltage between two electrodes

above the treated surface. It was found that the surface energy level and con-

sequently wettability of the electrical discharge treated thermoplastic composite

increased (water contact angle decreased from 80◦ to 3◦) giving improved adhe-

sion. The improved bond performance was also related to chemical composition
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modification of the surfaces by increased type and concentration of oxygen con-

taining groups observed by X-ray photoelectron spectroscopy (XPS).

Plasma treatment has been increasingly used to modify the surface properties

producing hydrophobic or hydrophilic surfaces on polymers and metals. Plasma

is an ionised gas containing both charged and neutral particles, such as electrons,

ions, atoms, molecules and radicals. The treatment of composite materials by

means of cold plasma has shown to increase surface wetting properties as well as

improving mechanical strength in terms of adhesion between fibres and matrix

[119]. The method used for surface activation of polymers allowed the modifica-

tion of surface characteristics to obtain improved bonding without affecting the

bulk properties [120].

Plasma causes ablation of both molecular layers and organic residues from

the polymer surfaces to increase surface roughness [121]. This phenomenon has

been exploited for improving adhesion purposes through roughening the surface to

increase the number of chemical links between the coating and substrate. Carrino

et al. studied the cold plasma treatment of polypropylene surfaces to improve

wettability and adhesion properties [122]. The water contact angle of the cold

plasma treated samples using air gas was reduced by 30 % [122]. The dry and wet

adhesion tests on samples painted using a primer have also shown a good adhesion

of the paint film, independently of the process conditions. Also dry adhesion tests

on samples painted with or without primer had shown a good adhesion of the

paint film. Therefore, it represents an efficient, clean and economic alternative

to activate polymeric surfaces.

Various other studies have shown formation of reactive energetic species in

plasma such as ions and electrons interact with the surface causing chemical

composition changes [94; 123]. Davies et al. used oxygen plasma treatment to

improve adhesion bonding performance of the thermoplastic matrix composites

and obtained much better bonding as compared to sand blasting using 150 µm

particles, but comparable to chromic/sulphuric acid etching [94]. Analysis of

the plasma-treated surface by SEM and XPS showed that the main effects of

the treatment was increased in surface roughness and carbonyl content. The

plasma did not remove the silicone release agent. It was believed that the plasma

treatment was more controllable than acid etching because the chromic acid used
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was very aggressive result in rapid etching of the composite surface as shown in

Figure 2.27 [94].

Figure 2.27: SEM images of the surface before and after surface pre-treatment
[94].

Jung et al. studied surface modification of polyolefin automobile bumpers

by using microwave technology with plasma treatment to enhance wettability

and paint adhesion properties [124]. The surface is degreased in detergent solu-

tion followed by cleaning with propanol before oxygen plasma treatment and mi-

crowave power. Figure 2.28 demonstrates the oxygen plasma treatment induced

hydrophilic effect where the water contact angle was decreased significantly (from

70◦ to 30◦) for the oxygen plasma treated polyolefin samples. The hydrophilic

effect is attributed to the increased oxygen functional groups such as O-H and

C-O-C on the polyolefin surface with microwave plasma treatment using oxygen

gas. Adhesion tests of the plasma treated samples painted without the use of a

primer showed improved adhesion.

Peel ply is one of the more common surface pre-treatments among the me-

chanical surface treatment methods for composite bonding [125; 126]. A peel ply

is a layer of nylon or polyester fabric incorporated in the surface of a compos-

ite during its manufacturing process and is stripped off the surface immediately
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(a) (b)

Figure 2.28: Contact angle of water droplet on (a) un-treated and (b) plasma
treated polyolefin samples [124].

before bonding giving a rough and clean surface [126]. Several peel plies have

allowed increase in surface roughness and surface cleaning efficiency in addition

to surface chemical composition modification [127]. Contact angle values also

exhibited a sharp decrease resulting from the use of peel ply corresponding to

an increase of surface free energy, mostly due to the roughening of the composite

surface as well as surface cleaning. Common surface contaminants like fluorinated

or siliconed species are completely removed from the composite surface after peel

ply treatment [127]. The surface cleaning and roughening lead to improved ad-

hesion as evidenced by an increase of single lap shear values correlated with the

increase in surface free energy.

Crane et al. studied the effect of a variety of mechanical surface treatments,

including a peel ply, on the wetting and bonding behaviour of carbon/epoxy com-

posite surfaces [125]. The treatments investigated included nylon and Nomex

peel ply, and silicon carbide paper abrasion. It was found that the surface en-

ergy of the composite was approximately doubled from 30 × 10−5 to around

60 × 10−5 mJ/m2 [125]. A 25 % improvement in lap shear strength over un-

treated carbon/epoxy was noted for the sanded samples, but no improvement in

strength was shown for the peel ply treated composites indicating no direct corre-

lation with surface energy. The main problem with peel ply is the cross-transfer

of contamination or release agents on the ply to the composite. A regular weave

fabric imprint surface morphology was obtained using a peel ply as shown in

Figure 2.29a.

Alumina grit blasting has also been suggested as a good mechanical surface

treatment for carbon/epoxy composite [128].The effect of alumina grit blasting
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is to modify the morphology of the surface and also to remove some surface con-

tamination. The roughness introduced by the treatment also affects the wetting

of the composite. The variables in grit blasting are the size of alumina grit, the

blast pressure, the treatment time, the blast angle and the distance from the blast

nozzle to the surface. It has been found that even at low blast pressures and short

treatment times, fibre damage is evident with most carbon and glass reinforced

composites as shown in Figure 2.29b [93]. Similarly silicon carbide abrasion also

causes visible damages to carbon and glass fibres in the composite.

(a) (b)

Figure 2.29: SEM images of (a) peel ply treated carbon/epoxy composite and (b)
alumina grit blasted carbon epoxy composite [93].

Parker and Waghorne studied the effectiveness of mechanical treatments at

removing chemical contaminants such as fluorocarbons and silicones from car-

bon/epoxy surfaces [129]. Alumina grit blasting and silicon carbide abrasion

were found to be superior to Scotchbrite abrasion but none of these techniques

removed all contaminants completely. The direct effect of the mechanical treat-

ments on adhesion properties was confused by the detrimental effect of residual

contamination, although the best joint strengths were obtained for grit blasted

substrates.

Paint Adhesion Paint and surface coating are the two most commonly used

terminology and are often used interchangeably. Generally, surface coating is

referred to any materials that may be applied onto a surface as a continuous
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thin layer. Paint on the other hand is used to describe pigmented materials that

are used as surface coatings. Non-pigmented materials that form clear films are

called lacquers or varnishes. Paint and surface coatings serve two purposes, they

improve the aesthetic of the surface and serve as protective layers to the surface.

As different types of paint have different properties for different purposes, it is

recognised that it is difficult and nearly impossible to fulfil the requirement for

painting by just a single coat of paint. Hence, a typical architectural paint system

consists of a primer, undercoat and a topcoat. Each of the paints has different

purpose, the primer is mainly designed to serve as a binder between the substrate

and the undercoat so that the adhesion between the two can be improved. In

addition, it also helps to seal the substrate and to make it more even. The

undercoat on the other hand serves to provide a smooth surface and a complete

coating before the application of the topcoat. All the different types of paints

do still serves as protection and aesthetic purposes in addition to the properties

mentioned.

In general, paint consists of four components; pigment, binder/film- former,

solvent and paint additives [130]. Each of the different components has different

functionalities. The pigment serves as a decorative as well as protective purpose

in paint. Binder/film-former on the other hand serves as a basis for a continuous

film formation on a surface where it holds the pigments together, as the pigment

alone can be easily rubbed off a surface. The solvent serves as a solution that

prevents the transformation of the binder from liquid state to a solid state through

cross-link formation with each other. This is because it is easier to apply paint

onto a surface when it is in a liquid state rather than a solid state. In addition,

liquid state paint is more spreadable and capable of filling up crevices on a surface.

Paint additives are added to enhance the performance of the paint through the

addition of desirable properties such as resistant to UV light.

Pigments can be classified into primary pigments and supplementary pig-

ments. Primary pigments are usually solid particulate material that is dispersed

in the binder or film former and they are usually minerals. Supplementary pig-

ments are usually other materials that are capable of achieving the properties

of a primary pigments but cheaper in price. Hence supplementary pigments are

usually used in conjunction with the primary pigments to achieve a specific type
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of paint. Table 2.5 summarises some of the commonly used primary pigments in

paint.

Table 2.5: Typical primary pigments used in paint [130].

Colour Inorganic Organic

Black
Carbon black

Aniline blackCopper carbonate
Manganese dioxide

Yellow

Lead, zink and barium

nickel azo yellow
Chromates

Cadmium sulphide
Iron oxides

Blue/violate
Ultramarine Phthalocyanin blue

Prussian blue Indanthrone blue
Cobalt blue Carbazol violet

Green Chromium oxide Phthalocyanin green

Red

Red iron oxide Toluidine red
Cadmium selenide Quinacridones

Red lead
Chrome red

White

Titanium dioxide

−Zinc oxide
Antimony oxide

Lead carbonate (basic)

Binder/ film-former are classified according to their molecular weight, either

in a low molecular weight or a high molecular weight binder. The selection of

the type of binder depends on the area of application due to the different film

formation mechanism of the two binders. The low molecular weight binder only

forms a solid film when further chemical reaction takes place within the binder.

The chemical reaction involved is cross-link formation to yield higher molecular

weight molecules. On the contrary, a high molecular weight binder does not

require such a reaction and it is usually suspended in aqueous medium where the

solid film is formed once the suspension dries off. Table 2.6 summarises examples

of the low molecular weight and high molecular weight binders used in paint.

Solvent in general is made of organic liquids and the type of solvent used is

largely dependent on the type of binder/ film-former used. In some cases, solvent

88



Table 2.6: Examples of low molecular weight and high molecular weight binders
used in paint [130].

Low molecular weight High molecular weight
Oleoresinous binders Nitrocellulose

Alkyds Solution vinyls
Polyurethanes Solution acrylics
Urethane oils Non-aqueous dispersion polymers (NADs)
Amino resins PVA

Phenolic resins Acrylic
Epoxide resins Styrene/ butadiene

Unsaturated polyesters
Chlorinated rubber

is also referred to as a diluent due to the functionality of the solvent as it serves as

a liquid that does not dissolve polymeric binders. Common solvents used in paint

include water, aliphatic hydrocarbon, terpenes, aromatic hydrocarbons, alcohols,

ester, ketones, ethers and ether-alcohols, nitroparaffins and chloroparaffins [131].

Paint additives are chemicals added to overcome the defects that occur through

painting in order to create a more uniform and better quality coating. The com-

mon defects that occur in painting are cissing, shrivelling, floating and flooding

[130].

2.4.1.3 Dust Adhesion on Polymer

Dust adhesion is a relatively uncommon topic of research where it is mainly

of interest for researchers and engineers in the aerospace and astronomy fields.

Dust adhesion involves the interaction of particles with a size smaller than 10 µm

with other surfaces, which is very different from macro size particle systems.

When such a small particle is adhered to a surface, the gravitational force effect

is negligible [132]. The particle adhesion system is size dependent and is not

material dependent as any material is capable of forming particles of such small

size. For example, sand particles do not cause any real adhesion problems with

any surface under normal room temperature and pressure as the gravitational

force effect is not negligible due to the size of sand particles. Hence, sand particles

can be removed from a surface through vibration. On the contrary, particles of
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chalk created when writing on a blackboard adhere on the surface of the black

board because the particles are smaller and easily trapped between the crevices

of the blackboard surface.

J. Visser proposed an idealised geometry for a particle system and is shown

in Figure 2.30 to simplify the explanation and modelling of the interaction of

the forces involved [133]. In a real system, the shape of a particle can be of any

geometry and the surface is not completely flat as compared to the idealised model

where the particle is spherical and the adhered surface is flat. Hence when using

any of the proposed models to estimate a real system, the difference in geometry

has to be taken into account such that the estimation is not overestimated or

underestimated.

Figure 2.30: Possible particle geometries and surfaces for: (a,b) Real system.
(c,d,e) Idealised models [133].

The force interaction of a particle adhering on a surface is illustrated in Figure

2.31. According to the Newton’s third law of motion and equilibrium, for every

force, there is always an opposite force of either similar magnitude or different

magnitude where the resulting force direction and magnitude is the sum of the two

forces. When a particle is adhered to a surface, there is a force, FA that causes

it to stick onto a surface and there is another force, FC at the exact opposite

direction from FA where FC is an external force. If FC > FA, the particle is

removed from the surface. The force FH on the other hand is a force in the

perpendicular direction with respect to FA, this can be considered to be a force

from hydrodynamic movement of air or water.

Force FA consists of several different forces. The main contribution is believed

to be Van der Waals force, as this force is present in all systems. This force was

first proposed by van der Waals in 1873 and was then quantified by London in
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Figure 2.31: Diagram illustrating the force interaction to a particle when adhere
on a surface.

1930 when quantum chemistry became available. Hamaker make used of London’s

idea and proposed a model to calculate such forces in 1937. This consists of two

contact conditions where one deals with the interaction between two spherical

particles and another deals with the interaction between two flat plates [134].

The equations are given as follow:

Two spherical particles

FA =
AR

6H2
(2.20)

Two flat plates

PA =
A

6πH3
(2.21)

where A is the material constant

For a system where a particle is adhering onto a flat surface, the adhesion force

is deduced from the two equations above by taking into account of the contact

area between the particle and the surface. The resulting equation is as follow

[134]:

FA =
AR

6H2
+

A

6πH3
πz2 (2.22)
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where z is the radius of the contact area between the deformed particle and the surface

From equation 2.22, it is concluded that the magnitude of the force is depen-

dent on the material constant, A, the size of the particle as well as the deformed

contact area between the particle and the surface.

Electrostatic force is another form of force that can contribute to the adhesion

force, FA. In a gaseous environment containing airflow, electrostatic forces exist

and are transferred between particles when there is a difference in work function.

The transfer of charge is in the form of electrons where the particles with higher

work function or Fermi-level transfer to the particles with lower work function

[134]. The concept of work function is applicable to all materials from metals to

semiconductors to glass and polymers [135; 136; 137]. The electrostatic force for

sphere plate geometry is calculated using the following equation [134]:

FEL = πεo
R(4U)2

H
(2.23)

where εo is the permittivity of vacuum,

4U is the potential difference between the two particles

Electrostatic force can also be induced through polarization where a charged

particle of a certain distance away from an uncharged surface induces a certain

amount of charge of an opposite sign, which leads to an attractive force between

the particle and the surface. The induced electrostatic force is given by the

following equation [138]:

FCL =
q2

4R2
(2.24)

where q is the charge of the particle,

2R is the distance between the particle and the surface
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The effect of electrostatic force is non-permanent and can be nullified through

charge leakage.

The final factor that contributes to the adhesion force of a particle is humid-

ity. Although the presence of humidity can decrease the electrostatic forces of a

particle due to the dipole nature of water molecule, it contributes to the adhe-

sion of the particle to the substrate through capillary condensation. The effect of

capillary condensation is shown in Figure 2.32 and the force contributed through

this effect is calculated through the given equation [138]:

FCC = 4πγR (2.25)

where γ is the surface tension of water

Figure 2.32: Illustration of capillary condensation effect between a spherical par-
ticle and a flat surface [133].

In conclusion, the forces that cause a particle to adhere to a surface are con-

tributed by three main forces: van der Waals forces, electrostatic forces and capil-

lary condensation forces. The adhesion forces of a particle are mainly contributed

by van der Waals forces.

Particle Removal Mechanism and Models A particle can be removed or

detached from a surface when a force larger than the adhesion force is applied to

the particle. Hence, the particle can be detached through three different mech-

anisms which are lift-off, slide over or roll on the surface that the particle is

adhered to. Tsai et al proposed a critical moment theory stated that the parti-

cle adhered to a surface can be detached if the external force moment acted on

the particle is larger than the adhesion force [139]. Critical force ratio is used
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to quantify the required external moment and is calculated using equation 2.26

where in most cases, α0 is much smaller as compared to d/2. The annotation

used in the equation is illustrated in Figure 2.33 [139].

Ft
FA

=
2a

2Mt

Ft
+ d+ 2aFL

Ft

(2.26)

where FA is the particle adhesion force,

Ft is the tangential external force,

Mt is the external moment,

FL is the lift force,

d is the diameter of the particle,

a is the radius of the deformed contact area

Figure 2.33: Geometry illustration of forces interaction of a spherical particle
adheres on a smooth surface.

Wang proposed a calculation for sliding detachment in the study of inceptive

motion on particle detachment and it is evaluated using the equation below [140]:

Ft ≥ kFA (2.27)
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where FA is the particle adhesion force,

Ft is the tangential external force,

k is the static friction coefficient

A particle that adheres onto a surface can be re-suspended in air if the external

force contributed through hydrodynamic or aerodynamic motion overcomes the

adhesion force. The sliding and rolling detachment force required for a specific

system can be evaluated using the three particle adhesion models proposed which

are JKR model (proposed by Johnson, Kendal and Roberts) [141], DMT model

(proposed by Derjaguin, Muller and Toporov) [142] and TPL model (proposed

by Tsai, Pui and Liu) [143]. The DMT model is not suitable for such prediction

because the model does not assume static equilibrium and it was not developed for

particles under the combined normal and tangential force on a frictional surface

[144]. Mehdi et al. proposed two models for the rolling and sliding detachment

mechanism under turbulence burst/ inrush environment using the JKR and TPL

model by calculating the critical sheer velocity needed for such a mechanism to

take place. The following equation shows the critical sheer velocity calculation

for the rolling detachment mechanism using TPL and JKR model [145].

u∗c,TPL = [{0.5exp[0.124(
∐
−0.01)0.439] + 0.2

∐
}0.32CWA

ρ
×√

K20z0
d3

(2.43 + 0.07
du∗c,TPL

ν
)−1]1/2

(2.28)
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where u∗c,TPL is the critical sheer velocity using TPL model,∐
is the adhesion parameter,

WA is the thermodynamic work of adhesion,

C is the Cunningham correction factor,

ρ is the density,

K20 is the deformation parameter at equilibrium condition,

z0 is the minimum separation distance,

d is the diameter of particle,

ν is the kinematic viscosity

u∗c,JKR = 0.5(
C3/2W 2

Aπ
1/2

ρ3/2K1/3d2
)1/3(2.43 + 0.07

du∗c,JKR
ν

)−1/2 (2.29)

The critical sheer velocity estimation for a sliding detachment mechanism

using TPL and JKR model is shown in the equation below [145]:

u∗c,TPL = [{0.5exp[0.124(
∐
−0.01)0.439] + 0.2

∐
}×

0.55CWA

ρd
(2.43 + 0.07

du∗c,TPL
ν

)−1]1/2
(2.30)

u∗c,JKR = 0.64(
0.55CWA

ρd
)1/2(2.43 + 0.07

du∗c,JKR
ν

)−1/2 (2.31)

In a turbulent flow situation, rolling detachment is the dominant re-suspension

mechanism that occurs for a spherical particle. It is acknowledge that the dynamic

torque acting on a particle that is adhered to a wall is significant which helps in

particle re-suspension.
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2.4.2 Surface Tribology

A change in material surface morphology can affect the tribology performance

of the material as it affects the tribological responses such as friction and wear

which then affect the material performance under certain environments such as

rubbing, rolling and forming. In most engineering environments where two ma-

terial surfaces are in contact, lubrication is generally involved to enhance the

performance and also to protect the materials from wear and corrosion. The

different classification of each tribological response as well as the different type

of lubrications are summarised in the following section. This is then followed by

a review on improving machining tool’s life cycle where the main concentration

is on the capability of laser surface texturing in improving material tribology

performance as well as the geometry effect on tribology performance.

2.4.2.1 Friction, Wear and Lubrication

Friction Friction is referred to as the resistance relative to the motion of two

contact bodies and is usually expressed in the form of a friction coefficient, µ.

Based on the earliest law of friction derived by Leonardo da Vinci, friction coeffi-

cient is the ratio of the minimum force, FT required to initiate or sustain motion

to the normal force, FN on a surface. The relationship is shown in equation 2.32.

The second law of friction states that the minimum force required to initiate or

sustain motion, FT is independent on the area of contact, A. Although the first

two laws of friction obey over a large range of conditions, there are still some

notable exceptions where the law does not hold.

FT = µFN (2.32)

In general, friction can be classified into two categories: sliding friction and

rolling friction. Sliding friction refers to the friction between two surfaces that

slides between each other. Sliding friction is strongly dependent on several factors

including the adhesion between the two surfaces, ploughing by wear particles and

hard surface asperity and asperity deformation [146]. The contribution and effect

of these factors are dependent on the material, properties and surface topography
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of the sliding surface in addition to the sliding environment. Figure 2.34 illustrates

different components that contribute to the sliding friction.

Figure 2.34: (a) Contact between two mating surfaces, (b) adhesion between
contacting asperities, (c) ploughing of softer surface by an asperity of harder
surface, (d) ploughing by foreign particle entrapped between moving surfaces
and (e) slip line deformation model of friction [146].

In reality, material surfaces are not completely flat and are covered with as-

perities of certain height distribution that deforms elastically or plastically under

a given force. Such deformation results in formation and breaking of interfacial

bonds which contributes to the adhesion phenomenon of friction [147; 148]. The

degree of influence depends on the material property and the degree of interpen-

etration of asperity as the friction force is dependent on the shear force needed
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to shear the weakest tangential plane on the actual contact surface. Ploughing

occurs when wear particles produced during the wear process is impacted by a

force. Such occurrence is common when one of the sliding surfaces is harder than

the other, where the harder material impacts the particle which is then ploughed

into the soft material. In addition, the asperity of the harder material surface

is ploughed onto the asperity of the softer material surface. Deformation occurs

when two material surfaces slide into each other in an opposite direction in a

way that the sum of the vertical component of the surface traction is equal to

the normal force, FN . Plastic deformation is the main contributor towards the

friction between two sliding materials as this process is always accompanied by a

loss of energy.

Rolling friction on the other hand is generally smaller in magnitude as com-

pared to sliding friction as rolling friction has less occurrence of plastic deforma-

tion. It is also a very complex phenomenon as it is dependent on many factors

such as the percentage of sliding friction (where it is more commonly known as

slipping) taken place as well as energy losses during the deformation process.

Classification of rolling friction falls into two categories: transmission of large

tangential forces and transmission of small tangential forces. The former refers

to a situation such as traction drives and driving wheels where the latter is more

commonly known as free rolling. Four main factors are identified as the main con-

tributor towards friction under a rolling contact and they are adhesion, micro-slip,

elastic hysteresis and plastic deformation [146].

The contribution of the adhesion towards friction is deemed to be minor due to

the interaction mechanism. Rolling contact is very different from sliding contact

as the two materials approach and separate in a direction normal to the interface

rather than tangential. Hence the main adhesion force between the two contact

surfaces are merely van der Waals forces where short-range forces such as metallic

bonds only occurs when within the micro-contacts in the micro-slip area. When

bonding is formed, the separation is in tension rather than shear as compared to

the sliding contact and therefore contributes very little to the friction resistance.

Micro-slip occurs in all rolling contacts as a pure rolling action is not possible

in reality. This is because when two surfaces are in contact, elastic deformation

or plastic deformation occurs regardless of the contact area. Therefore, most
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rolling contacts are a combination of rolling and a small degree of slipping. The

elastic hysteresis is strongly related to the damping and relaxation property of the

material. Hence, it is more common for viscoelastic materials. The occurrence of

elastic hysteresis is mainly due to the difference in elastic energy consumed and

the stress energy released before and after two surfaces are in contact at a different

time as the rolling process is a continuous process. Deformation occurs when the

contact pressure between the two surfaces exceeds a certain value and this value

is called the maximum hertzian pressure. At the start of the first contact cycle,

the surface is first compressed where the residual compressive stress reaches a

steady state where further yielding is less likely. This process is called shakedown

and the maximum load where this occurs is called the shakedown limit. If the

rolling contact is subjected to an excessive load beyond the shakedown limit, the

plastic deformation that occurs consists of a forward shearing of the surface. The

deformation is accumulative in this case where an equal plastic strain increment

is continuously added onto the system after each revolution. When a rolling

contact is subjected to a load below the shakedown limit, no occurrence of plastic

deformation is observed but occurrence of elastic deformation is visible.

Wear Wear is a process of material removal when two materials are in contact

with each other through either sliding or rolling motion relative to each other.

This process is a complicated process similar to friction where it is influenced by

many factors and mechanisms. The wear process is generally a slow, continuous

and steady process in a well-designed tribological system. The definition of wear

process is ambiguous and imprecise where it is dependent on the practical wear

problem and the emphasis intended. The commonly used wear classification is

based on the wear mechanism involved where it is categorised into six different

categories and they are adhesive wear, abrasive wear, fatigue wear, corrosive wear,

erosive wear and electrical arc-induced wear. The wear process is quantified by

the amount of material removal per unit sliding distance and is termed wear rate.

It can be calculated using the equation below:

W =
V

L
(2.33)
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where W is the wear rate,

V is the wear volume,

L is the sliding distance

Adhesive wear is a process initiated through atomic level contact between

two surfaces which forms interfacial adhesive junctions when a normal load is

applied. The contact between two surfaces under a normal applied load causes

cold welding of the junction and is a continuous process where the junction is

sheared off and new junction is formed. During the adhesive wear process, wear

particles are produced as well. Adhesive wear is also commonly known as galling

or scuffing even though these two terms are used to describe other types of wear.

The wear rate resulting from adhesive wear mechanism is described by the well-

known Archard equation as described below [149; 150]:

Wad = K
FN
H

(2.34)

where Wad is the wear rate,

K is the wear coefficient,

FN is the normal load,

H is the hardness of the softer material

The Archard equation considers the material hardness as the only material

properties that affect the wear rate of the material. This equation is suitable for

wear rate calculation when the wear contact is an inelastic contact and is proven

inappropriate for elastic contacts by Bhushan [151].

Abrasive wear is described as a process of surface damage by a harder material

where wear particles are produced as a result of the wear process. It is also

known as scratching, scoring or gouging depending of the severity of the wear

process. The abrasive wear system in general can be classified into two types:

two-body abrasion and three-body abrasion. In the two-body abrasion, it involves

the rubbing or shearing contact of two surfaces where one of the surfaces is

harder than the other where the softer material surface undergoes abrasive wear.
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Example of such operation includes grinding, cutting and machining. In the three-

body abrasion, the hard surface is the third body generally in a smaller particle

form where it is between two other softer surfaces. In this system, the third body

wears off either one of the two surfaces or both via the abrasive wear mechanism.

The abrasive wear mechanism happens through pressing of the asperities of the

harder surface onto the asperities of the softer material. As the two surfaces

slide through each other in the opposite direction, the harder surface asperities

removes the softer surface asperities through combining effect of micro-ploughing,

micro-cutting and micro-cracking.

Fatigue wear is mainly due to prolong and continuous stress imposed onto

the material surface results in micro-cracks (for metals) or delamination (for

composites) within the material. There is no physical contact involved in this

mechanism and is commonly seen under bearing or shaft environment where

periodic and continuous stress is applied to the system.

Corrosive wear has a very different mechanism as compared to the other wear

categories where this wear mechanism involves the interaction of the environment

with the mating material. The corrosive wear mechanism is a two-step process

where the reaction product is first formed on the surface of the material upon

reacting with the environment. The reaction product then either result in the

formation of cracks or abrasion between the contact of the materials. The process

results in an increase in asperity reactivity due to the change in temperature and

material properties of the asperities.

Erosive wear describes the wear caused by impingement of either solid particle,

small drops of liquid or gas. It is a continuous process in most situations and

it only occurs under erosive environment such as in acid or alkaline solution.

Erosive wear is highly dependent on the material properties of the surface that is

exposed as well as the erosive environment. The wear happens through spattering

of material off the surface in a form of atom, molecules or gas when is impacted

by either a solid particle, small drop of liquid or gas. This is illustrated in Figure

2.35.

Electrical arc-induced wear mechanism occurs when there is a high electrical

potential being supplied across a thin air film between two surfaces in a sliding

process. A dielectric breakdown occurs which leads to arcing where a high power
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Figure 2.35: Illustration of the typical event of an erosive wear process [146].

density occurs in a very short time. The breakdown results in melting, corrosion

and change in material properties such as hardness and phase change.

Lubrication Lubrication is a process used to reduce the friction and wear be-

tween two sliding or rolling surfaces in the opposite direction. This is achieved

through the addition of lubricant between the two surfaces to reduce the contact

area as well as reduce the resistance of the sliding motion. The lubricant can be

in the form of solid, liquid or gas with certain material properties. In general,

lubricant has a low friction coefficient.

Lubrication can be classified into four regimes and they are hydrodynamic

lubrication, elastohydrodynamic lubrication, mixed lubrication and boundary lu-

brication. In the hydrodynamic lubrication system, the two surfaces have minimal

contact as there is a thick layer of lubricant film formed between them which pre-

vent deformation of material. The film formed has a maximum thickness at the

leading edge and a minimum thickness at the trailing edge due to the pressure

distribution of the system. The pressure distribution increases from the leading

edge to the trailing edge due to the motion of the sliding as illustrated in Figure

2.36. The friction contribution is mainly from the friction between the lubricants

itself. Elastohydrodynamic lubrication on the other hand has more surface con-

tact between the two surfaces where some very little plastic deformation occurred

on the sliding surface.

Mixed lubrication region is when the two surfaces experience hydrodynamic

lubrication and boundary lubrication condition. In this region, there are sub-
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Figure 2.36: Pressure distribution of the lubricant film under hydrodynamic lu-
brication region [146].

stantial contacts between the asperities on the surface although the two surfaces

are separated by a film of lubricant which is very thin in thickness. The friction

contribution is mainly from the asperity contact between the two surfaces as well

as the friction between the lubricants itself. Boundary lubrication occurs when

the lubrication film is so thin that the asperity contact between the two surfaces

is more than those in the mixed lubrication region. As the lubrication film is too

thin, the friction and wear in the boundary lubrication becomes a very complex

process as it is dependent on environmental factors. The classification of the

lubrication region can be done by calculating the lubrication parameter which is

related to the viscosity of the lubricant, the sliding velocity of the system and

the contact pressure as shown in equation 2.35. A Stribeck curve is usually used

to relate the lubrication parameter with the friction coefficient of a lubricated

system as shown in Figure 2.37.

Lubrication parameter =
ηυ

P
(2.35)

where η is the viscosity of the lubricant,

υ is the sliding velocity,

P is the pressure exerted

By knowing the initial thickness of a film, the specific film thickness can be
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Figure 2.37: Stribeck curve that shows the relation between friction coefficient
with the lubrication parameter [146].

calculated using equation 2.36. Table 2.7 summarises the typical lubricant film

properties observed in a machine element application.

λ =
hmin
σ

(2.36)

where λ is the specific film thickness,

hmin is the minimum film thickness,

σ is the rms surface roughness

2.4.2.2 Improving Tool’s Life Cycle

Many methods have been proposed and investigated to improve the tool life of

the dies used in forming and moulding processes due to the significant tooling

cost in such processes. Three main research areas that had been investigated in

improving the tool wear of dies are:
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Table 2.7: Typical lubricant film properties in a machine element application
[146].

Lubrication Region
Lubricant Film Properties

Lubricant film thickness,
hmin (µm)

Specific film
thickness, λ

Coefficient of
friction, µ

Boundary 0.005− 0.1 � 1 0.03− 1
Mixed 0.01− 0.1 1− 3 0.02− 0.15

Elastohydrodynamic 0.01− 10 3− 10 0.01− 0.1
Hydrodynamic 1− 100 6− 100 0.001− 0.001

• Inventing new types of lubricant

• Perform surface coating with harder materials

• Surface modification to improve lubrication and coefficient of friction be-

tween the die surface and the forming sheet surface

Several researches have reported on different types of lubricants. K. Osada and

K. Shirakawa have reported the effect of different composition of boron nitride

and graphite mixture lubricants on the surface roughness of the formed parts

[152]. They also reported the effect of the lubricant on the coefficient of friction

between the die and the formed sheet. It was observed that certain types of

graphite lubricant caused bad surface finishing with bumpy characteristics and

all graphite or graphite rich mixtures showed thinning out behaviour [152]. On

the other hand, K.P. Rao and J.J. Wei reported on the property and lubrication

effect of newly formulated lubricants on aluminium alloy dies [153]. It was found

that boric acid had comparable performance with the commonly used commercial

lubricants and it is less toxic with easier and a safer post-cleaning process [153].

Research on the effect of applying different types of coatings such as TiN,

CrN, and (Ti,Al)N to improve wear resistances has also been reported. B. Navin-

sek et al. reported on the improvement of die used for die casting process after

coated with TiAlN and CrN coating using plasma vapour deposition (PVD) pro-

cess [154]. The experiment claimed that the CrN coating improved the service

life by 200 − 300 % as well as the cost per injection was lowered by 15 − 40 %

[154]. C. Mitterer et al. reported on the effect of TiN, Ti(C,N), Ti(B,N) and
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(Ti,Al)(C,N) coating using sputtering and plasma assisted chemical vapour de-

position (PACVD) process on aluminium die [155]. It was observed that the

TiN coating is capable of increasing the lifetime of the aluminium die whereas

the TiN and Ti(C,N) coatings show an optimum combination of hardness, sol-

dering behaviour, adhesion, oxidation resistance and stress state [155]. Similar

observations had been found in the research done by Thomas Bjork et al. where

multi-layered structure and aluminium content of (Ti,Al)N coating provides a

superior chemical and mechanical resistance as compared to a single layered TiN

coating [156].

The effect of surface morphology and structure on tool wear and lifetime had

been studied as early as 1960’s. In 1966, the effect of micro-surface structure

in mechanical seal was studied by Hamilton et al. and consecutively by Anno

et al. in 1968 and 1969 respectively [157; 158; 159]. It was discovered that

the integration effect of the micro-asperities is useful in producing a separating

force between parallel seal rings [160]. I. Etsion and L. Burstein also proposed a

model to predict the performance of the micro-structured surface seals and found

out that the optimum pore ratio is about 20 % where the optimum pore size is

dependent on the viscosity of the lubricant, pressure and the pore ratio [160].

The model proposed was verified by experimental results and was shown that the

model fits very well with the experimental data [161]. The reasoning behind the

effectiveness of the micro-structured surface is as follow [81]:

• The surface has to transport sufficient amount of lubricant onto the forming

zone

• The surface has to retain enough lubricant to sustain the formation of hy-

drostatic and hydrodynamic lubrication effects

• The surface has to have the ability to store wear particles

A micro-structured surface has the ability to achieve all three requirements

mentioned above and is believed to act as a reservoir for the lubricant. These

micro-structures are usually in the form of micro-dimples with diameter ranging

from 50 µm to about 200 µm and depth ranged from as shallow as 1 µm to
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about 10 µm. Figure 2.38 illustrates an example surface morphology of a regular

micro-dimple surface produced by laser.

Figure 2.38: Laser Surface texturing of regular micro-surface structure in the form
of micro-dimples with diameter of 100 µm, depth of 10 µm and dimple density
of 20 % [161].

Many techniques have been used to perform metal surface texturing and these

techniques include:

• Grit-blasting [162]

• Chemical etching [163] [164]

• Electrochemical treatment [165]

• Abrasive jet machining [166]

• Laser treatment [75; 76; 77; 78]

However, laser surface treatment is still considered to be the best method

in producing these micro-dimples because of the advantages of the process in

terms of reproducibility and consistency [167]. In addition, laser processing is a

non-contact process hence has zero tool wear as it does not have any mechanical

interaction with the materials. Furthermore, the ability to produce beam size

up to several tens of microns makes this process an attractive option to produce

dimples which require small diameter hole sizes. The flexibility of this process in

all three dimensions also makes it attractive in producing these dimples as it is
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capable of producing these patterns on dies with different geometry and shapes.

By properly selecting the machining parameters, dimples of zero edge burr, dross

adhesion, minimal heat affected zone and good finishing can be achieved.

2.4.2.3 Effect of Texturing Geometry on Wear

In the last 30 years, many studies have been conducted in analysing the effect

of the texturing geometry on the surface tribology for different materials where

the effect on the friction coefficient is of main interest. Two forms of contact

conditions are investigated which are conformal contact and non-conformal con-

tact. The texturing geometry of interest for circular shape are the diameter of

the holes, the distance between the holes and the depth of the holes. The repre-

sentation and relationship between the holes diameter and the distance between

the holes is quantified by the following equation:

Darea = π(
d

2s
)2 × 100% (2.37)

where d is the dimple diameter,

Darea is the dimple area ratio,

s is the spacing between the dimples

A.A. Voevodin and J.S. Zabinski reported on the effect of different dimple area

ratio on the wear cycle for Inconel 718 with TiCN coating under conformal contact

condition [168]. The dimples were produced using a solid state Nd : V O4 laser

with wavelength of 355 nm, pulse width of 35 ns, 150 µJ output power and 5 kHz

repetition rate. Solid lubricant was used for the wear life cycle test and friction

coefficient test. Three different types of lubricants were used which are MoS2 dry

powder, MoS2 thin film and MoS2/graphite/Sb2O3 powder of 58/18/24 weight

percentage composition. The dimple diameter was fixed at 10 µm and 20 µm

with 3 − 5 µm depth and the spacing between the dimples was fixed between

20 − 200 µm. It was observed that an increase in dimples area ratio provides

more ample supply for solid lubricant but at the same time increases the surface

roughness which decreases the relative area of the hard coating which acts as a
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support for contact stress that resist abrasive wear. It was also observed that

smaller reservoir dimension could be more beneficial for solid lubricant storage

and release [168]. 10 % dimple area ratio was concluded to be the optimum ratio

for optimum performance where the separation distance was deemed to be 50 µm

with dimple diameter of 10 µm and 3 − 5 µm depth where the optimal ratio is

largely dependent on the geometry of the dimple.

H. Ogawa et al. reported on the effect of texturing size on the tribological

properties of slideways [169]. The texturing was done using sand blasting process

with diameter of 50 µm and 1000 µm of depth 1− 16 µm. The distance between

the dimples was 100 µm and 1000 µm. The effect of parallel and perpendicular

groove patterning was also explored. The lubricant used in the experiment was a

commercial oil lubricant with viscosity grade of ISO V G68. It was observed that

the dimpled surface had a significant effect on reducing the friction in the mixed

lubrication regime as compared to the flat surface and was believed to be caused

by the difference in the pitch angle under the piling conditions [169]. As for the

parallel groove surface, it showed an expansion of the hydrodynamic lubrication

regime where it is believed to be due to the preservation of the oil film effect. It

was also observed that the thickness of the oil film affects the friction value but

was not considered in this experiment.

Andriy Kovalchenko et al. reported on the effect of textured H13 steel sur-

faces on the transition of lubrication regime from boundary to hydrodynamic

under conformal contact condition [170]. The dimples were textured using laser

with depth of 4.5 − 6.5 µm with diameter of 58 − 140 µm. The separation dis-

tance between dimples was set at 100 µm and 200 µm. Two types of lubricants

were used in the experiment and they were low viscosity oil (Mobile - 10W 30)

and high viscosity oil (Mobile - 115W50). It was observed that the textured

surface had expanded the regime of the hydrodynamic lubrication in terms of

load and sliding speed as described by the well-known Stribeck curve and the

effect was more pronounce at higher speed and higher viscosity lubricants [170].

It was also observed that the removal of the bulges at the edges of the dimples

through lapping after laser texturing was essential as to have a positive impact on

the increase in hydrodynamic lubrication regime. The friction coefficient of the

textured surface was relatively smaller than the non-textured surface. Another
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publication by Andriy Kovalchenko et al. also reported similar observation on

the effect of laser surface texturing on transitions in lubrication regimes during

unidirectional sliding contact [171].

Andriy Kovalchenko et al. also reported results of laser surface dimpled H13

steel on the friction and wear behaviour under non-conformal contact condition

[172]. The steel surface was textured with dimples of 5.8 µm and 7.8 µm diameter,

5−5.5 µm deep and a dimple separation distance of 80−200 µm. The lubrication

used was a poly-alpha-olefin oil (Mobil-1) with different kinetic viscosities and the

wear test was done under a normal load of 10 N with variable sliding speed. An

increase in wear rate was observed for all laser surface textured steel surfaces as

compared to the un-textured surface where the increase is due to the reduction

in lubrication film thickness.

Chouquet et al. reported results for dimpled diamond-like carbon (DLC) coat-

ing on steel on the friction and wear behaviour using laser lithography technique

under non-conformal contact condition [173]. The textured dimple had a geome-

try of 7 µm and 65 µm in diameter, 1.3 µm and 0.3 µm depth and a dimple area

ratio of 14 % and 22 %. The lubricant used had a viscosity of 0.12 Pas at 25oC

and the wear test was done under a Hertzian pressure of 1.1 GPa and a sliding

speed of 5.5 − 6.5 cm/s. A reduction in wear rate was observed for all textured

surfaces as compared to the un-textured surface where it contradicts with the

results reported by Kovalchenko et al..

Haiwu Yu et al. reported on the effect of geometrical shape of surface tex-

ture on the generation of hydrodynamic pressure between conformal contacting

surfaces [174]. Three shapes were considered in this research and they are circle,

ellipse and triangle and Figure 2.39 illustrates the texture of these shapes was

done using a laser process.

An analytical model has been proposed to solve the resultant hydrodynamic

pressure induced on each of the shape to see the distribution of the pressure over

time. In this model, the orientation of the shape on the direction where the sliding

force was applied is crucial and it was found that the shape and orientation of

dimples had an obvious influence on the load carrying capacity [174]. It was found

that for triangular shape dimples, the load carrying capacity is higher when the

point of the triangle is pointing along the direction of the applied force and is
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Figure 2.39: Surface texture of different shapes: (a) circle, (b) ellipse, (c) triangle
[175].

opposite otherwise. As for the eclipse shape dimple, the load carrying capacity is

higher when the main axis is perpendicular to the direction of the force applied

and is opposite otherwise. As for the circle shape dimple, it is not affected due

to the symmetry of the shape. Figure 2.40 shows the pressure distribution for

different shapes and orientations.

2.5 Summary

The laser surface texturing process uses an ablation mechanism to achieve ma-

terial surface structural and chemical composition modification. The ablation

mechanisms rely on the interaction of the laser beam with materials and as such

interaction is closely related to the electronic and lattice dynamic and absorption

of the laser beam by the material. Polymeric materials are found to have high

absorptivity in the UV range wavelength whereas for metallic material, the laser

beam absorptivity ranged from UV to IR wavelength depending on the properties

of the materials.

The efficiency and governing mechanism of ablation is influenced by laser beam

wavelength, laser pulse width, laser frequency, number of pulses and material

properties where they determine whether the ablation process is thermal or non-

thermal. Generally, thermal ablation process is achieved through shorter laser

beam wavelength for metallic materials in addition to longer pulse width, higher

frequency and NOP. On the contrary, non-thermal ablation process is achieved

through shorter laser beam wavelength for polymeric materials and longer laser

beam wavelength for metallic materials in addition to shorter pulse width, lower
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Figure 2.40: Dimensionless pressure distribution of different textural shapes and
orientations. (a) Circle, (b) Triangle4 ↑, (c) Triangle4 ↓, (d) Ellipse//, (e)
Ellipse⊥ [174].
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frequency and NOP.

The efficiency of laser ablation is quantified using a term known as abla-

tion threshold where it represents the minimum laser fluence required to initiate

ablation on a material. The ablation threshold is affected by similar factor as

mentioned above and the threshold is found to be dependent on the number of

pulses which is known as the incubation effect where the dependency is govern by

the incubation factor. The ablation rate is also found to be strongly dependent on

the laser fluence used. Under ultrashort pulsed laser ablation for metallic materi-

als, two ablation rates are observed (low fluence regime and high fluence regime)

which is described by the two temperature model. As for polymeric materials

ablated using short and ultrashort pulsed lasers and metallic materials ablated

using short pulsed lasers, only one ablation rate is observed. In addition to sur-

face structural and chemical composition changes, laser ablation might result in

plasma phenomena and laser induced periodic structure.

LST has been used in producing nano- and micro-surface texture of different

geometry and shapes on different materials for various applications. The two

aspect of laser material processing discussed in this literature review are the

effects on surface adhesion and tribological performance which is linked to three

applications: paint adhesion, dust attachment and tribological characteristics of

moulding dies.

Paint is formed through oxidation of binder/ film-former within the solution

with oxygen in air which then forms a continuous film on a substrate. During the

film formation process, the paint interacts and adheres onto the surface through

forces that can be explained using one or a combination of the four different the-

ories which are adsorption, mechanical, electrostatic and diffusion theory where

none of the theories can be used to explain all possible adhesion phenomena.

Surface treatment for improvement of adhesion for composite has been reported

for several surface treatment techniques including corona discharge, plasma treat-

ment, peel ply, alumina grit blasting and laser surface treatment. All reported

results shows an increase in adhesion improvement as a result of increase in surface

roughness, removal of surface contamination and increase in oxygen and nitro-

gen rich functional groups on the surface of the polymers The most commonly

used laser for surface treatment to improve composite adhesion is the excimer
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laser where all published results show an increase in the adhesion strength of the

composite surfaces without damaging the fibre and modifying the bulk materials.

None of the publications involved any discussion on the effect of laser surface

treated composites on paint adhesion improvement.

Dust attachment on the other hand is a relatively uncommon research topic

where very little literature is being published in this area. Most published liter-

atures are on particle adhesion where the research and discussion is on building

theoretical model for calculating particle adhesion forces. The main forces that

cause particles to adhere onto the surface are Van der Waals forces, electro-

static forces, capillary condensation forces and gravity force if the particle size

is > 10µm. Particle removal mechanism and model has been proposed in some

literature where there exist three types of removal mechanisms: lift-off, slide over

and roll on. Theoretical models such as JKR, DMT and TPL model are proposed

for calculating critical shear velocity for rolling and sliding detachment mecha-

nism. None of the publications involved extensive experimentation on the effect

of laser treated surface on dust attachment.

Micro-dimpled surfaces have been shown to improve tribological performance

of moulding die surface in terms of reduction in friction coefficient and wear rate.

Dimples of different geometry can be textured onto moulding die materials us-

ing different techniques including grit blasting, chemical etching, electrochemical

treatment, abrasive jet machining and laser texturing where laser texturing is

the most promising technique as it is capable of producing micro or nano size

dimples.

Friction coefficient is influenced by the sliding speed, viscosity of the lubri-

cant and the contact pressure of the two surfaces where it is classified into four

main regions which are boundary, mixed, elastohydrodynamic and hydrodynamic

lubrication according to the Stribeck curve. Each lubrication region indicates dif-

ferent levels of wear and friction coefficient. Micro-dimpled surface shifted the

lubrication region from boundary to hydrodynamic lubrication which reduced

the asperity contact result in lower wear rate where such improvement is highly

related to the geometry of the dimples.

The reduction of wear rate for micro-dimpled surfaces is achieved through

increased lubricant thickness where the dimples act as a reservoir to store lubri-
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cants as well as wear particle produced during the wear process. The increase in

lubricant thickness reduces the contact between asperities of both surfaces caus-

ing a reduction in abrasive wear and adhesive wear. The wear rate of a surface

is dependent on the density, the size and the depth of the dimple under both

conformal and non-conformal contact condition.

Most publications concentrate on wear phenomenon under oil lubrication and

conformal contact conditions as such very little literature is found on wear phe-

nomenon under solid lubricantion and non-conformal contact condition. There

are some contradictions between some published literature on non-conformal con-

tact condition where further clarification and experimentation is required to fur-

ther understand the effect of dimpled surfaces on friction coefficient and wear

rate performance.
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Chapter 3

MATERIALS AND

EQUIPMENT

3.1 Introduction

This chapter introduces the materials that were investigated, the laser equipment

and surface analysis instruments used. Four main materials were investigated,

these are CFRP, epoxy resin, HR4 nickel alloy and ABS polymer. Two different

lasers were used, excimer laser and Ti:Sapphire femtosecond laser. The surface

morphology analysis instruments used in the research included optical micro-

scope, SEM and white light interferometer. The surface chemical composition

analysis and surface hardness analysis instrument used in the research included

XPS and a microhardness tester. There are other material surface performance

instruments used in the research which are introduced in specific chapters where

the instruments were used.

3.2 Materials

3.2.1 Carbon Fibre Reinforced Polymer Composite

Composites are materials consisting of two or more materials with different phys-

ical and chemical properties. Composites conserve and combine the desirable
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properties of individual materials creating a more superior properties than the

individual components. In general, a composite consists of a matrix and fibre

material where the matrix acts as a protective layer for the fibres from corrosion

and environmental damages. As for the fibres, they act as the stress and load

carrier for the composites by which they determine the strength of the materials.

The fibres can be woven in different directions and multiple layers such that the

strength of the material is multidirectional rather than unidirectional. Carbon

and glass are the most commonly used fibre in a composite.

The composite material used in the research was CFRP supplied by BAe

Systems. The CFRPs have a dimension of 4 cm × 4.5 cm and a thickness of

4 mm. The fibre orientation of the CFRPs were [0◦, 90◦]. The CFRPs come in

two different surface conditions which are smooth surface and rough surface with

an underlying imprinted pattern. Figure 3.1 shows the top view of the different

CFRPs surface conditions.

(a) (b)

Figure 3.1: Optical images of surface view of (a) smooth surface and (b) rough
surface of the CFRP.

3.2.2 Epoxy resin

Epoxy polymers are the most commonly used matrix material for composites.

There are different types of epoxy resins of which different formulations have spe-
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cific desired properties. The epoxy polymer used in the research was an Araldite

bisphenol A epoxy resin manufactured by Huntsman Advance Materials. This

epoxy is a commonly used in carbon composite manufacturing and it consists of

two parts, the resin and the hardener. The epoxy sample was made in house by

mixing the resin and the hardener in a ratio of 10 : 1 where the solution was

stirred prior to achieving a uniform mixture. The solution was then left in a

container to cure for a day. The samples produced were transparent in colour.

3.2.3 Nickel Alloy

Metal alloy is a class of material that consists of two or more metals or a metal and

a non-metal that exhibits a more superior material properties than the individual

components. Nickel alloy exists in a variety of cast and wrought form depending

on the manufacturing processes. Nickel alloys are normally classified into two

main groups based on the chemical composition. Nickel alloys containing heavy

metals are usually grouped together due to the high strength at high temperatures

whereas nickel alloys with elements such as Cr, Co, Mn and Fe are usually grouped

together [27]. The material used in this research was the nickel cast alloy of

british standard grade HR4 supplied by BAe Systems which is mainly used in

aerospace application. The elemental composition of the HR4 nickel alloy used

in the research is summarised in Table 3.1.

Table 3.1: Elemental composition of the HR4 nickel alloy (weight %).

C Mn Si Cr Ni Nb Other
Composition (%) 0.6 1.2 1.8 17.5 51 1 W add

3.2.4 Acrylonitrile Butadiene Styrene Polymer

ABS is a commonly used thermoplastic due to its high impact resistance and

toughness. ABS is a terpolymer consists of three main monomers which are

styrene, acrylonitrile and polybutadiene. The chemical formula for ABS is (C8H8)x

(C4H6)y (C3H3N)z where the composition of the three monomers varies. ABS is

an amorphous material and hence does not have a true melting point. The ABS
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used in the research was supplied by Dyson Ltd where the material is manufac-

tured by Perrite. It comes in size of 90 mm × 55 mm with a thickness of 2 mm.

The material is white in colour and has a density of 1.04 g/cm3 [176].

3.3 Equipment

3.3.1 Laser Equipment

3.3.1.1 Excimer Laser

Excimer lasers are one of the commonly used industrial gas laser other than the

CO2 laser. The laser beam of an excimer laser is produced through mixing one

of the krypton (Kr), Argon (Ar) or Xenon (Xe) gas with either Fluorine (F)

or Chlorine (Cl) gas. The typical gas mixture is 4 − 5 mbar halogen gas and

30−500 mbar Ar, Kr, or Xe gas with the remaining 4−5 bar filled with He or Ne

gas [2]. The laser beam is produced through excitation of 50− 100ns duration of

35− 50 kV pulse across the electrodes with a peak current density of 1 kA/cm2.

Pre-ionisation is also required to avoid electron sparking in the cavity and this is

achieved by flooding the cavity with UV light.

The output wavelength of excimer lasers is dependent on the gas composition

where different compositions produce a laser beam of different wavelengths in

the UV spectrum as summarised in Table 3.2. The output laser beam is usually

rectangular in shape with a ratio of 2 − 3 cm : 1 cm with a high divergence of

2− 10 mrad due to the nature of the system where it is superradiant as well as

the high Fersnel number of the cavity. The optics of the laser are typically made

from fused silica, crystalline CaF2 or MgF2 where one of the cavity mirrors has

aluminium coating on the rear surface to prevent corrosion by the halogen gas.

The laser used in the research was a KrF excimer laser model IMPEX 848 from

LUMONICS IMPACT equipped with an Aerotech x-y translation stage as shown

in Figure 3.2. The laser beam at the excimer laser system output was controlled

using an electromechanical shutter and the beam was passed through a focusing

lens of 200 mm focus length before reaching the sample. The specification of the

laser is as follow:
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Table 3.2: Range of wavelength for excimer laser with different gas mixtures [2].

Gas mixture Wavelength (nm)
KrF 248
ArF 193
XeF 354
KrCl 222
XeCl 308

• Wavelength , λ: 248 nm

• Pulse Width: 15 ns

• Beam Mode: TEM00

• Output Power, P: 80 W

• Frequency: 200 Hz

• Peak Pulse Power: 45 kW

• Resulting Pulse Energy: 550 mJ

Figure 3.2: Image of the excimer laser layout.
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3.3.1.2 Femtosecond Laser

Ti:Sapphire laser is a type of diode pump laser where the lasing medium consist of

a titanium ion doped sapphire crystal (Al2O3). The Ti:Sapphire laser produces a

laser beam of IR wavelength with an optimum operating condition at a wavelength

close to 800 nm. Due to the mode-locked oscillator used in the laser, the capability

of producing an ultrashort pulsed laser beam with a pulse width as short as

10 femtoseconds or a few picoseconds is achievable. The oscillator is usually

pumped with a continuous-wave laser beam from an argon or Nd : Y O4 laser.

This produces laser beam of low average power, 1−10 watt but high peak power.

Hence, such a laser is normally used in laboratory for research purposes due to the

efficiency of the instrument even though high machining quality can be achieved.

The laser used in this research was a Ti:Sapphire femtosecond laser (Coher-

ent Libra) equipped with a Galvo head and an Aerotech x-y-z translation stage

with the layout illustrated in Figure 3.3 and Figure 3.4. The laser beam at the

Ti-Sapphire femtosecond laser system output was controlled using an electrome-

chanical shutter. The beam was then passed through 2 mirrors at an angle of 45o

before passing through two attenuators. The beam was directed onto the Galvo

head using two more mirrors and a periscope which consisted of two mirrors. The

laser beam was then focused through a 97.6− 99.1 mm focus length f-theta lens

within the Galvo head. The focused spot size of the laser beam was measured to

be 60 µm in diameter through spot diameter measurement of ablated region by

varying the focal position. The specification of the laser is summarised as follow:

• Wavelength, λ : 800 nm

• Pulse Width : < 100 fs

• Beam Mode : TEM00

• Output Power, P : 1 W

• Frequency : 1 kHz

• Peak Pulse Power : 10 GW

• Resulting Pulse Energy : 1 mJ
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Figure 3.3: Schematic diagram of the femtosecond laser layout (M1, M2, M3, M4,
M5, M6: mirror).

Figure 3.4: Image of the femtosecond laser layout.
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3.3.2 Surface Characterisation Equipment

3.3.2.1 Scanning Electron Microscope

A scanning electron microscope works by collecting signals produced when a high

energy beam of electron hits the surface of the material as shown in Figure 3.5.

Typical signals such as back scattered electrons, secondary electrons, character-

istic x-rays and light are collected. The primary mode of SEM is the secondary

electron mode whereby a high-resolution image of the surface morphology can

be obtained with a large depth of focus. The magnification of the image can

go from about 40 times to a few ten thousand times depending on the resolution

required. Materials have to be electrically conductive to be analysed with a SEM.

Non-conductive materials need to be coated with a layer of carbon or gold before

it is placed in the sample chamber for analysis. Coating of non-conductive mate-

rials can be avoided by using a variable pressure SEM resulting in minimisation

of the charging effect. The SEM used in the research to examine the surface of

the samples was Evo 50 manufactured by Carl Zeiss AG.

Figure 3.5: Schematic diagram of SEM setup [177].
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3.3.2.2 White Light Interferometer

A white light interferometer uses light interference theory to image and capture

3D surface topography characteristics of any material surfaces that reflects visible

lights. This instrument provides easy, fast and reliable measurement for topogra-

phy characterisation as no material preparation is required before imaging. The

3D surface topography is obtained through matching the fringes obtained from

the surface with the reference fringe set through splitting the light source with

a beam splitter as shown in Figure 3.6. The fringes obtained from the surface

changes according to the height relative to the objective lens when it moves from

the top to the bottom which creates the 3D topography through a computer

algorithm.

Figure 3.6: Schematic diagram of white light interferometer setup [178].

The white light interferometer used in the research was the ContourGT -

K13D optical microscope manufactured by Bruker Corporation. The instrument

is capable of measuring surface roughness down to nanometer range for a rela-

tively flat and reflective surface. The image is captured through a CCD camera

and is then fed to a computer system with a software that is capable of per-

forming surface analysis such as surface roughness calculation, S-parameter and

V-parameter evaluation.
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The measurements were taken at 6 random points on the surface and the aver-

age of the measurements were taken as the representative surface roughness value.

This method was adopted as to avoid having a localised measurement as the mea-

sured area for each scan was limited to the maximum size of 2.5 mm × 3 mm.

Hence to increase the reliability and better representation of the measurement,

the measurement could either be an average of several localized measurements or

by obtaining one measurement that covered a sufficiently large area. The later

was deemed to be less effective and more prone to error as stitching through a

large area using this instrument is relatively difficult and less controllable due

to the sensitivity nature of the instrument. In addition, it is time consuming

to perform a stitching operation. Although both methods averages across a cer-

tain area, the later method is less accurate and less efficient because the first

method applied human intervention to the process of averaging hence the error

is controllable.

3.3.2.3 X-ray Photoelectron Spectroscope

XPS is a surface sensitive quantitative instrument for measuring elemental com-

position of a material. The measurement is obtained from the top 10nm depth of

the material through irradiation with an x-ray source where the kinetic energy of

the electrons that escape from the surface is measured and analysed. The x-ray

source interacts with atoms on the surface region through photoelectric effect,

causing electrons to be emitted [179]. The emitted electrons have kinetic energies

(KE) given by

KE = hν −BE − φ (3.1)

where hν is the energy of emitted photons,

BE is the binding energy of the atomic orbital from which the electron originate,

φ is the machine work function

The electrons leaving the sample are detected by an electron spectrometer
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according to their kinetic energy. The analyser normally operates using an en-

ergy “window”, accepting electrons having energy within the range of this fixed

window which referred to as the pass energy. Scanning for different energies is

accomplished by applying a variable electrostatic field on the electrons before

reaching the analyser. This retardation voltage may be varied from zero up to

the photon energy. Electrons are detected as discrete events and the number of

electrons for a given detection time and energy is stored digitally or recorded

using analogue circuitry [179]. The measurement resolution is dependent on the

incident angle of the x-ray source.

The XPS instrument used in the research was a Kratos Axis Ultra equipped

with an aluminium/magnesium dual anode and a monochromated aluminium X-

ray source. The spectrum was obtained using Al Kα (hv = 1486.6 eV ) radiation

through a scanning area of 700 × 300 µm [180]. The biding energy scale was

calibrated by setting the C 1 s signal at 285 eV . Wide scan spectrum and high

resolution scan spectrum for C 1s, O 1s and N 1s were obtained from each sample.

3.3.2.4 Microhardness Tester

The microhardness tester is an instrument that measures the hardness of the

material surface through indentation using a micro-indenter by applying a force

perpendicular to the surface of the material. The hardness of a material is es-

timated through size measurement of the indent formed on the surface using an

optical microscope. The microhardness tester used in the research was an Instron

Tukon 2100 microhardness tester. The instrument measured Vickers hardness

(HV) with a sensitivity of 0.1 HV . An indentation force of 0.2 kg was applied

for 3 s with a dwell time of 10 s.

3.3.2.5 Optical Microscope

An optical microscope uses a system of lenses to magnify sample images through

the aid of visible light. Optical microscope are generally connected to a computer

system for visualisation and the images are captured using a CCD camera and

shown on a computer screen for further analysis such as size measurement. Two

optical microscope systems were used in the research and they are V HX − 500F
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digital microscope manufactured by Keyence and DM2500M microscope man-

ufactured by Leica. The V HX − 500F digital microscope was equipped with a

2.11 million pixel handheld camera which enabled clear and crisp observations to

be made [181]. The DM2500M microscope manufactured by Leica was equipped

with a 100 W illumination stage as well as having the capability of producing

high quality optical images.
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Chapter 4

LASER BEAM INTERACTION

WITH MATERIALS

4.1 Introduction

Ablation is an important material removal mechanism in laser surface micro/nano

texturing. Hence the understanding of the ablation mechanisms and phenomenon

on different materials is crucial for laser texturing parameter selection and opti-

misation and for the understanding of material property changes. Laser ablation

of a material is achieved through initially the absorption of photon energy from

the laser beam. Hence, the laser beam absorption characteristics are important.

Laser material interaction parameters such as ablation threshold (Fth), optical

penetration depth (α−1), thermal penetration depth (`), and incubation factor

(ξ) are among the factors to be investigated. The commonly used method in

evaluating the laser material interaction parameters are through measuring the

diameter [27; 34; 182; 183] or depth [27; 33; 35; 182; 183; 184] of the ablated site

using a spot ablation process.

Generally, polymers are laser processed using a UV wavelength laser due to

the high absorptivity and photo-chemical reactions [89; 90; 98; 185]. Laser beam

interaction with polymers at UV wavelengths has been reported for many years

where excimer lasers are mainly used. In the published literature, polymers that

had been investigated include polyimide [26; 43; 186], PMMA [26; 43], PTFE
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[98; 185; 186], thermoplastic composite [89; 90], ABS [187; 188; 189; 190] and

PEEK [186].

In recent years, the introduction of femtosecond lasers with ultrashort pulse

widths in the range of 10−14−10−13 s overcomes many of the undesirable thermal

defects in machining caused by nanosecond lasers. Femtosecond laser interaction

with materials has three main features: rapid energy deposition; creation of a

vapour and plasma phase, and ablation of materials without producing molten

phase, and having low heat-affected zones which is commonly known as cold

machining [35]. Compared with conventional nanosecond laser processing, fem-

tosecond laser processing requires much lower laser fluences to achieve an ablation

for metals [33; 184; 191; 192; 193] and is capable of producing sharper contours

[35; 194].

Since ultrashort pulse laser processing is a relatively new technology in laser

manufacturing, there are limited publications on systematic investigation of fem-

tosecond laser ablation characteristics, although there are a few reports on similar

topics [27; 34; 35; 182; 183; 195]. For nickel alloy materials, investigations on fem-

tosecond laser ablation of CMSX − 4 [34] and C263 [27] nickel alloys have been

published. As for polymeric materials, only investigations on femtosecond laser

interactions with polyimide [196; 197], PMMA [197; 198; 199; 200] and polyethy-

lene terephthalate film [201] have been published.

This chapter explores the interaction of a Ti:Sapphire femtosecond laser with

HR4 nickel alloy and ABS polymer and KrF excimer laser interactions with epoxy

resin polymer and ABS polymer.

4.2 Experimental Procedures

The laser beam interaction with materials was investigated through the under-

standing of laser ablation thresholds and an analysis of the changes in surface

chemical composition and morphology after laser treatment. The laser abla-

tion threshold experiment involved irradiating the laser beam on a single spot

at different laser fluences and number of pulses to investigate the ablation crater

geometry of the materials. The depth of each spot was measured using a white

light interferometer. The surface chemical composition changes of the material
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after laser ablation was analysed using XPS.

The range of fluences used in the investigation of femtosecond laser beam

interaction with nickel HR4 alloy ranged within 0.5 − 32 J/cm2 with a pulse

repetition rate of 1 kHz. The NOP used for the experiment ranged within 1−100.

The nickel alloy surface was ground with various grades of grinding paper of up

to 4000 grit size to achieve a surface roughness of around 0.1 µm.

The range of fluences used in the investigation of excimer laser beam inter-

action with epoxy resin polymer ranged within 0.05 − 1.5 J/cm2 with a pulse

prepetition rate of 10 Hz. The NOP used for the experiment ranged within

50− 500. Three different laser parameters were used to irradiate on both smooth

and rough surface of the CFRP for surface chemical composition changes analysis

summarised in Table 4.1.

Table 4.1: Excimer laser surface treatment parameters for CFRP.

CFRP surface Fluence (mJ/cm2) NOP

Smooth
90 3
175 3
200 3

Rough
50 20
250 20
275 20

The fluence used in the investigation of excimer laser beam interaction with

ABS ranged within 0.05− 1.5 J/cm2, a pulse repetition rate of 10 Hz and NOP

of 100. The fluence used in the investigation of the femtosecond laser interaction

with ABS ranged within 0.5−32 J/cm2, a pulse repetition rate of 1 kHz and NOP

range within 1 − 100. Eight different laser parameters were used for each laser

to irradiate the ABS polymer for surface chemical composition changes analysis

summarised in Tables 4.2 and Table 4.3.

Table 4.2: Excimer laser surface treatment parameters for ABS polymer.

Fluence (mJ/cm2) 50 100 200 400 50 100 200 400
NOP 10 50
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Table 4.3: Femtosecond laser surface treatment parameters for ABS polymer.

Fluence (J/cm2) 7.43 3.71
NOP 1 2 4 8 1 2 4 8

4.3 Results and Discussion

4.3.1 Femtosecond Laser Beam Interaction with HR4 Nickel

Alloy

4.3.1.1 Ablation Morphology

Figure 4.1 shows the optical images of the craters produced on the nickel surface

using different femtosecond laser fluences and NOPs. One ablation morphology

region was observed at the lowest fluence and NOP with no discolouration of

the material surface. Formation of periodic ripple structure was observed after

the laser irradiation at a low fluence and NOP (9.55 J/cm2, 10 NOP ), which

is commonly known as laser induced periodic surface structure (LIPPS) and is

caused by the interference between the incident and surface wave scattered on

sub-wavelength imperfections such as corrugations [71]. Polarization, wavelength,

NOP, angle of incident and fluence of the laser beam are the factors that affect

the orientation and wavelength of the ripples formed [72]. Such formation is com-

monly found in materials containing transition metals (Co, Cr, Mo, W, Fe) [27]

[182] [202] ablated with a femtosecond laser and is absent in materials containing

noble metals (Cu, Au)[195]. This is due to the higher electron heat diffusion

length in transition metals as compared to noble metals, which enables transi-

tion metals to transfer energy from electrons to the lattice faster due to stronger

electron-phonon coupling. As the laser fluence and NOP increases, two ablation

morphology regions were observed and marked as ‘A’ and ‘B’ in Figure 4.1b, 4.1c

and 4.1d. Discolouration was observed in ablation morphology region ‘B’ but

there was no sign of melting or solidification. It was also observed that as the

laser fluence and NOP further increased, the area of the ablation morphology re-

gion ‘A’ increases whereas the area of the ablation morphology region ‘B’ remains

unchanged.
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(a) (b)

(c) (d)

Figure 4.1: Optical images of the craters produced at (a) 9.55 J/cm2, 10 NOP ,
(b) 10.61 J/cm2, 30 NOP , (c) 15.21 J/cm2, 100 NOP and (d) 31.12 J/cm2,
200 NOP .

133



The above observation on the ablation morphology corresponds to the Gaus-

sian nature of the laser beam. The intensity of the beam decreases radially out-

wards due to the normal distribution nature of the Gaussian spatial distribution

with a peak in the middle. The formation of the two different ablation morphol-

ogy regions indicates the existence of two ablation threshold regions due to the

Gaussian distribution of the laser beam as illustrated in Figure 4.2. The laser

fluence is sufficiently low at a certain distance off the centre of the laser beam,

which then creates another ablation region with a lower ablation threshold that

creates two ablation morphology regions on the surface of the alloy. The shape

of the ablated crater resembling the shape of the laser beam was also observed

when the laser fluence and NOP are increased as shown in Figure 4.1 and melting

becomes obvious and the molten area becomes larger. The shape of the ablated

spots are not completely symmetric and circular and this is believed to be caused

by non-idealised Gaussian bean profile of the laser beam.

Figure 4.2: Schematic diagram illustrating the correlation between the Gaussian
spatial distributions of the laser fluence with the resultant ablation morphology
region.
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4.3.1.2 Ablation Characteristic

Spot Ablation The ablation depth under different laser fluence and NOP was

measured and plotted in Figure 4.3. The ablation depth increased with laser

fluence and NOP in a linear fashion at different rates where the ablation rate also

increased with laser fluence and NOP.

Figure 4.3: Plot of ablation depth versus NOP for different laser fluence.

The ablation threshold can be determined through either measuring the di-

ameter or the depth of the ablated region. The fluence distribution of a Gaussian

spatial beam profile, F (r) with a laser beam spatial radius, ω0 can be described

using [203]:

F (r) = F pk
0 exp

− 2r2

ω2
0 (4.1)

where r is the radial distance from the centre of the Gaussian spatial beam profile,

F pk
0 is the peak laser fluence when r = 0

The square of the diameter of the ablated crater is governed by the equation:
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D2 = 2ω2
0 ln

F pk
0

Fth
= 2ω2

0 ln
Ep
Eth

(4.2)

where D is the crater diameter,

Eth is the pulse energy,

Ep is the threshold pulse energy

The peak pulse energy is related to the peak laser fluence with the following

equation:

F pk
0 =

2Ep
πω2

0

(4.3)

The square of the diameter (D2) measured was plotted against ln(Ep) as

shown in Figure 4.4 to evaluate the laser beam spatial radius, ω0 on the material

surface using equation 4.2. The value of ω0 was evaluated to be 32.3 ± 0.65 µm,

which is close to the spot size of the laser beam which was then used to calculate

the peak laser fluence using equation 4.3. A plot of D2 vs ln(F pk
0 ) was plotted

which was then used to evaluate the ablation threshold through extrapolating

the linear fit to obtain the x-axis interception value as shown in Figure 4.5. The

ablation threshold for a NOP of 1 was estimated to be 0.408 J/cm2.

From Figure 4.5, it can be seen that the ablation threshold decreased with

NOP which was also shown on a different plot in Figure 4.6a. The dependence

of ablation threshold on NOP is known as an incubation effect and is govern

by equation 4.4. Such an effect is caused by the formation of plastic stress-

strain induced by heat accumulated from laser radiation that is not completely

dissipated resulting in a local plastic deformation in metals. The material is

able to be ablated at a lower threshold due to the degradation of the material

properties as a result of the plastic stress-strain formation. The ablation threshold

was lowered drastically at the first 25 NOP and then gradually decreased with

further increase in NOP. The ablation threshold decrease asymptotically where

the ablation threshold reached a constant value, F∞th when NOP tends to infinity.

This implies that when the surface is irradiated by a laser fluence below F∞th , it
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Figure 4.4: Plot of D2 versus ln(Ep) for different NOP on femtosecond laser spot
ablation on nickel alloy.

Figure 4.5: Plot of D2 versus logarithmic of peak laser fluence from which the
ablation threshold for different NOP were determined for femtosecond laser spot
ablation on nickel alloy.
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requires an infinite NOP to initiate any ablation on the surface. The incubation

effect can be described using a factor termed the incubation factor, ξ which is

the slope of the linear plot from Figure 4.6b.

FN
th = F 1

th ×N ξ−1 (4.4)

where N is the number of pulses,

ξ is the incubation factor,

Fth is the threshold fluence

(a) (b)

Figure 4.6: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for femtosecond laser spot ablation on nickel alloy using diameter
measurement.

The incubation factor, ξ was deduced to be 0.81 through the linear fit of the

plot log(N ∗ FN
th ) versus log(N) with ablation threshold, F 1

th being evaluated as

0.423 J/cm2.

The ablation threshold was also evaluated using the depth measurement in

addition to the diameter measurement in which the depth of the ablated spot

was measured and normalised to per pulse depth by dividing the depth with the

NOP assuming that the contribution of each pulse on the amount of ablated
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material was equal. A plot of laser fluence in logarithmic scale versus ablation

depth per pulse is presented in Figure 4.7 where the data was fitted with several

linear fits. The ablation threshold is given by the intersection between the linear

fit equations with the x-axis through extrapolation.

Figure 4.7: Plot of laser fluence in logarithmic scale versus ablation depth per
pulse at a frequency of 1 kHz for femtosecond laser (λ = 800 nm, pulse width =
100 fs) spot ablation on nickel alloy using depth measurement.

Two distinct ablation regimes were presented as shown in Figure 4.7 which is

in agreement with most of the ablation threshold plot for metals using ultrashort

pulsed laser (laser pulse width < 5ps) [27; 32; 33; 34]. The two ablation regimes

are known as the low fluence regime with low ablation rate and the high fluence

regime with high ablation rate. The high fluence regime is governed by ther-

mal ablation process similar to most lasers. The low fluence regime however is

governed by a different ablation mechanism in which material is ablated through

transfer of photon energy from the laser beam into the material which is absorbed

by the electrons in the atom due to its higher heat capacity as compared to the

lattice [35].

Based on the ablation mechanism for the material removal using ultrashort

pulsed laser, the low fluence ablation regime (Fα = 0.92−2.7 J/cm2) is dependent

on the optical penetration depth, α−1 of the electron which is related to the
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ablation rate, dl using the well-known two-temperature model [27; 34; 35]:

Dα =
1

α
ln
Fα
Fα
th

(4.5)

where Dα is the ablation depth per pulse,

α−1 is the optical penetration depth

The optical penetration depth, α−1 was 47.3nm for the ablation threshold,

Fα
th of 0.377 J/cm2 in the low fluence ablation regime. It was also observed

that the average depth per pulse contribution at the low fluence ablation regime

increased with NOP as shown in Figure 4.7. This aligns with the incubation effect

explained earlier where the material removal rate increases due to the reduction

of ablation threshold when the NOP increases at a fixed laser fluence. In addition,

the ablation rate (the slope of the curve) for different NOP was nearly constant

which implied that the optical penetration depth for different NOP is constant.

The high fluence ablation regime was observed for laser fluence higher than

5 J/cm2 as shown in Figure 4.7. At this ablation regime, the ablation mechanism

is dependent on the energy penetration depth, l which is characterised as the

length over which the heat has been transferred into the material by the electrons.

In some previous publications, this is also known as heat penetration depth and

is related to ablation rate, dl at the high fluence regime (Fl = 6.8− 13.5 J/cm2)

with the relationship [27; 35]:

Dl =
1

l
ln

Fl
F l
th

(4.6)

where Dl is the ablation depth per pulse,

l is the energy penetration depth

(4.7)

The energy penetration depth, l obtained for the high fluence ablation regime

was 264.8 nm for the ablation threshold, F l
th of 9.561 J/cm2. Cold machining
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occurs at the fluence close to the ablation threshold and good quality finishing

is obtained when working close to that regime. As the fluence regime is shifted

away from the ablation threshold value, more heat is produced causing melt and

poor finishing.

The NOP effect on the ablation threshold using this method was also examined

as shown in Figure 4.8. The ablation threshold for NOP of 1, F 1
th was evaluated

to be 0.38 J/cm2 with the incubation factor, ξ = 0.78. The ablation threshold

and incubation factor evaluated using the depth measurement was close to the

value evaluated using the diameter measurement.

(a) (b)

Figure 4.8: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for femtosecond laser spot ablation on nickel alloy using depth
measurement.

Line ablation A series of line ablation on the nickel alloy material were per-

formed with NOP from 1 − 100 at a frequency of 1 kHz and scanning speed of

60 mm/s such that there is no overlapping between the laser pulses. Variation of

laser fluence was used for a comparison of laser material interaction parameters

obtained using a different ablation process. The laser beam spatial radius, ω0 at

the surface using equation 4.2 was found to be 36.96 ± 2.24 µm which is close to

the spot size of the actual laser beam. Then D2 was plotted with ln(F pk
o ) where

the ablation threshold was obtained through extrapolating the linear fit as shown

in Figure 4.9.
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Figure 4.9: Plot of D2 versus logarithmic of peak laser fluence from which the
ablation threshold for different NOP were determined for femtosecond laser (λ =
800 nm, pulse width = 100 fs) line ablation on nickel alloy.

The ablation threshold for the NOP of 1 was estimated to be 0.385 J/cm2.

Incubation effect was also observed as shown in Figure 4.9. This is similar to

the observation described earlier using the diameter measurement. The main

characteristic is the decrease of ablation threshold, i.e. increases in ablation rate,

as the NOP increases. The incubation factor, ξ was deduced to be 0.83 through

the linear fit of the plot log(N ∗ FN
th ) versus log(N) shown in Figure 4.10 with

ablation threshold, F 1
th evaluated to be 0.385 J/cm2.

Figure 4.11 shows the change of ablation depth with the variation of laser

fluence and NOP for the line ablation process. Similar curves with similar char-

acteristics were observed. The optical penetration depth, α−1 was evaluated to be

49.9 nm for the ablation threshold, Fα
th of 0.455 J/cm2 in the low fluence ablation

regime. It was also observed that the average depth per pulse contribution at the

low fluence ablation regime decreased with NOP. In addition, the ablation rate

decreased with increase in NOP. This is in contradiction to the incubation effect

found in the spot ablation process explained earlier and a possible reason for this

observation is described in the following section. The energy penetration depth,

α obtained for the high fluence ablation regime was 169.6 nm for the ablation

142



(a) (b)

Figure 4.10: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for femtosecond laser line ablation on nickel alloy using diameter
measurement.

threshold, Fα
th of 5.317 J/cm2.

The pulse effect on the ablation threshold using this method was also examined

and displayed in Figure 4.12. The ablation threshold for the NOP of 1, F 1
th

was evaluated to be 0.495 J/cm2 with the incubation factor, ξ = 0.85. The

F 1
th obtained was larger compared to the value evaluated using the diameter

measurement (0.385 J/cm2).

4.3.1.3 Comparison of Ablation Methods

The laser material interaction parameters obtained through diameter and depth

measurements are summarized in Table 4.4 and the values obtained were found

to be similar. Compared with those reported for C263 (0.25 J/cm2) [27] and

CMSX − 4 (0.3 J/cm2) [34], these values are larger, suggesting that the HR4

nickel alloy requires higher energy to initiate material removal. The optical pene-

tration depth (47.3 nm) is larger compared to Ni ( 15 nm) [204] and CMSX − 4

(18 nm) [34] but has a similar magnitude to C263 (37.2 nm) [27]. As the optical

penetration depth is affected by the thermalisation of the electronic sub-system

which is dependent on the density of state at Fermi level [183; 195], the larger

value observed might be due to the nickel content in the HR4 nickel alloy as it
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Figure 4.11: Plot of laser fluence in logarithmic scale versus ablation depth per
pulse at a frequency of 1 kHz for femtosecond laser line ablation on nickel alloy
using depth measurement.

(a) (b)

Figure 4.12: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for femtosecond laser line ablation on nickel alloy using depth
measurement.
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has a lower nickel percentage in the alloy and also having a substantial amount of

chromium and tungsten. The incubation factor estimated based on different ge-

ometry measurements were close, but larger than those reported for C263 (0.72)

[27], implying that the effect of NOP on the ablation thresholds for the HR4

nickel alloy is less pronounced as compared to the C263 nickel alloy.

Table 4.4: Summary of ablation characteristics obtained using different geometry
measurements for nickel alloy.

Ablation Process Spot Line
Geometry measurement Diameter Depth Diameter Depth

Laser beam spatial radius, ω0(µm) 32.3 − 36.96 −

Ablation threshold (J/cm2)
Measured 0.408 0.377 0.385 0.455
Evaluated 0.423 0.389 0.385 0.495

α−1 (nm) − 47.3 − 49.9
Incubation factor, ξ 0.81 0.78 0.83 0.85

For the line ablation process, the ablation threshold and incubation factor

through the diameter measurement, as well as the optical penetration depth via

the depth measurement were close to the values obtained from the spot ablation.

On the contrary, the ablation threshold and incubation factor obtained through

the depth measurement were higher than the values obtained through the depth

measurement for spot ablation. Such differences might be attributed to the abla-

tion mechanism involved in the spot and line ablation in which the line ablation

consists of a series of spots aligning to each other. During the scanning process,

it was difficult for the laser beam spot to coincide onto the same spot ablated

by the previous scan. Therefore, the surface area irradiated by the laser beam

is variable. Consequently, the ablation rate varies and it is more likely that the

ablation depth becomes smaller. Therefore, the ablation thresholds based on the

measurement of depth were less than the actual values. However, the diameters

of the ablated tracks were not affected as the optically induced phase transfor-

mation on the material is constant as long as the focusing distance between the

lens and the material surface is constant. Therefore, the parameters estimated

using the diameter measurement in the line ablation process was consistent with

the values obtained through spot ablation. As for the optical penetration depth
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evaluated using the depth measurement in line ablation, the value was compara-

ble because it was evaluated on a single line ablation which is equivalent to the

single spot ablation.

By comparing the data obtained using different geometry measurements, it

was found that the data obtained through the diameter measurement had smaller

variation and thus considered to be more reliable. As for depth measurement,

special care is required for sample preparation as it affects the measurement and

hence affects the evaluation of the parameters. Samples have to be flat and even

for increase reliability.

4.3.2 Excimer Laser Beam Interaction with CFRP

4.3.2.1 Ablation Characteristics

Only one ablation morphology region of a rectangular crater shape was observed

when the epoxy resin was ablated using different laser parameters as shown in

Figure 4.13. The ablation depth seemed to increase with laser fluence and the

relationship is governed by the Beer-Lambert law that holds for light absorption

of moderate intensity given by:

d =
1

α
ln

F

Fth
(4.8)

where d is the ablation depth,

α is the optical penetration depth,

F is the fluence,

Fth is the threshold fluence

The relationship between ablation depth and laser fluence was shown by mea-

suring the depth of the ablated spot and normalised to per pulse depth by divid-

ing the depth with the NOP assuming equal contribution of each pulse on the

amount of ablated material. A plot of laser fluence in logarithmic scale versus

ablation depth per pulse was plotted as shown in Figure 4.14 where the data was
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(a) (b)

Figure 4.13: Optical images of square crater produced by excimer laser on epoxy
using 1.5 J/cm2 laser fluence, (a)100 NOP and (b)200 NOP.

fitted with several linear fits. The ablation threshold is given by the intersection

between the linear fit equations with the x-axis through extrapolation.

Figure 4.14 clearly indicated one ablation regime which agrees with most of

the ablation threshold plot for short pulsed laser (pulse width > ns) [44]. The ab-

lation mechanism involved in polymer material removal can be achieved through

either photoablation or thermal ablation where photoablation is the primary abla-

tion mechanism involved when using UV wavelength laser beam. This was further

confirmed in the surface chemical composition analysis results presented in the

following section where chain scission phenomenon was observed after laser abla-

tion. The ablation threshold, Fth for 50 NOP was estimated to be 0.432 J/cm2

with the associated optical penetration depth, α−1 of 282 nm.

In addition, it was also observed that the average depth per pulse contribution

increased with NOP as shown in Figure 4.14. In other words, the ablation thresh-

old value decreased with increasing NOP which is known as the incubation effect

as shown in Figure 4.15a. In polymer, such effect is not discussed and elaborated

much but is believed to be caused by the weakening of the polymer chain through

change in the structure of the polymer rather than the removal of materials [29].

The side-chain of the polymer that undergoes changes in orientation is termed

the chromophoric group that increases the absorptivity to light [29]. Such phe-
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Figure 4.14: Plot of laser fluence in logarithmic scale versus ablation depth per
pulse with excimer laser at a frequency of 10 Hz for epoxy resin.

nomenon degrades the material properties, allowing the material to be ablated

at a lower threshold. The ablation threshold was lowered drastically at the first

100 NOP and then gradually decreased with further increase in NOP. The ab-

lation threshold seemed to decrease asymptotically where the ablation threshold

reached a constant value, F∞th when NOP tends to infinite. The incubation factor

was determined by equation 4.4 where the incubation factor is the slope of the

linear plot from Figure 4.15b. The incubation factor, ξ was deduced to be 0.75

through the linear fit of the plot log(N ∗FN
th ) versus log(N) with ablation thresh-

old, F 1
th being evaluated as 1.169 J/cm2. In addition, the ablation rate (the slope

of the curve) for different NOP was nearly constant.

4.3.2.2 Surface Chemical Composition Analysis

The XPS spectrum was curve fitted to obtain the chemical composition of the

CFRP surfaces that were investigated. The curve fitting was performed through

identifying the peaks of the spectrum and then was automatically matched with

the database where elements with matching peaks were listed and the composition

was calculated. Before the spectrum was curve-fitted, the spectrum was calibrated
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(a) (b)

Figure 4.15: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for epoxy resin using depth measurement.

using the carbon high resolution spectrum. Several peaks were fitted to form a

spectrum similar to the high resolution spectrum using a Gaussian-Lorentzian

peak shape curve. The calibration was done by fixing the first peak in the fitting

spectrum at 285 eV and was then checked with the wide scan spectrum fitting

result [205; 206]. Figure 4.16 shows two examples of the spectrum obtained from

the XPS machine on different surface treated CFRP. The chemical composition

for different surface treated CFRPs are summarised in Table 4.5.

Table 4.5: Elemental composition of the CFRP surface measured by XPS before
and after various excimer laser treatment conditions.

Pre-surface
condition

Surface Treatment
Atomic Percentage (%)

O C N F Ca S O/C N/C

Smooth

None treated 12.2 82.5 0.9 − 1.9 2.2 0.15 0.01
90mJ/cm2, 3NOP 17 76.1 4.6 − − 2.3 0.22 0.06
175mJ/cm2, 3NOP 14.4 79 5.1 − − 1.5 0.18 0.065
200mJ/cm2, 3NOP 13.8 82.8 1.7 − 1.7 − 0.17 0.021

Rough

None treated 9.4 57.3 1.1 30.1 0.9 1.3 0.16 0.02
50mJ/cm2, 20NOP 16 73.6 4.2 6.3 − − 0.22 0.06
250mJ/cm2, 20NOP 14.7 80.3 4.2 − − 0.8 0.18 0.05
275mJ/cm2, 20NOP 13.5 81.7 2.1 − 1.4 1.3 0.17 0.026

A different method was used for fitting the high resolution scan spectrum for
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(a) (b)

Figure 4.16: Wide scan XPS spectrum for (a) as received smooth and rough
CFRP surface and (b) different excimer laser surface treatment conditions for
the smooth CFRP surface.
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carbon, oxygen and nitrogen. A constraint was fixed to individual carbon and

oxygen peaks before the curve was fitted to the spectrum. The constraint was set

based on the separation of the bonding energy between different carbon functional

groups and the corresponding oxygen functional group where the difference in

binding energy for carbon are summarised in Table 4.6. Figure 4.17 shows two

examples of the carbon high resolution scan spectrum obtained through XPS on

different surface treated CFRPs. The relative area percentage of different carbon

bonding states is summarised in Table 4.7 where the oxygen and nitrogen bonding

states is summarised in Table 4.8.

(a) (b)

Figure 4.17: High resolution carbon scan XPS spectrum for excimer laser
treated (a) smooth CFRP with 90 mJ/cm2, 3 NOP and (b) rough CFRP with
50 mJ/cm2, 20 NOP .

In the high resolution carbon spectrum, four main carbon bonds were identi-

fied and they are the C-C/C-H bond, C-N bond, C-O bond and C=O bond. The

C-O bond has three possible chain formation which are C-O-C, C-O-C=O and

C-O-H. The C=O has two possible chain formation which are C=O and O-C=O.

In the high resolution oxygen spectrum, three main oxygen bonds were identified

and they are O-C bond, O=C bond and C-OH bond. The change in composition
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Table 4.6: XPS chemical shifts of carbon 1s electrons for carbon-nitrogen and
carbon-oxygen functional group and the relevant binding energy published [205;
207; 208; 209; 210; 211].

Functional Group Separation (eV) Binding Energy (eV)
C-C/C-H 0 284.6− 285

C-N 1 −
C-O 1.6 285.7− 286.7
C=O 3.8 288.5− 289.3

Table 4.7: Surface chemical composition changes of the CFRP surface measured
by XPS carbon high resolution scan before and after various excimer laser treat-
ment conditions.

Pre-surface
condition

Surface Treatment
Relative Area Percentage (%)

285
± 0.1

C-C/C-H

286
± 0.1
C-N

286.6
± 0.1
C-O

288.8
± 0.1
-C=O

292.2
± 0.1
C-F

Smooth

None treated 87.67 1.95 5.92 4.46 −
90mJ/cm2, 3NOP 74.65 14.52 6.29 4.54 −
175mJ/cm2, 3NOP 73.5 16.97 6.09 4.54 −
200mJ/cm2, 3NOP 86.8 3.8 5.2 4.2 −

Rough

None treated 70.15 3.22 7.66 4.76 14.2
50mJ/cm2, 20NOP 62.5 14.5 11.7 8.6 2.7
250mJ/cm2, 20NOP 60.7 11.6 19.2 8.5 −
275mJ/cm2, 20NOP 85.6 3.1 6.7 4.6 −

152



Table 4.8: Surface chemical composition changes of the CFRP surface measured
by XPS oxygen and nitrogen high resolution scan before and after various excimer
laser treatment conditions.

Pre-surface
condition

Surface Treatment
Relative Area Percentage (%)

532.1
± 0.1

O*-C=O

533.3
± 0.1

O-C=O*

532.9
± 0.1
C-OH

400
± 0.1
N-C

Smooth

None treated 67.9 32.1 − 100
90mJ/cm2, 3NOP 58.28 41.72 − 100
175mJ/cm2, 3NOP 58 42 − 100
200mJ/cm2, 3NOP 62.3 37.7 − 100

Rough

None treated 58.74 41.26 − 100
50mJ/cm2, 20NOP 57.8 42.2 − 100
250mJ/cm2, 20NOP 54.2 45.8 − 100
275mJ/cm2, 20NOP 60.8 39.2 − 100

on the composite surface for the carbon spectrum was corresponded with the

respective oxygen bond in the oxygen spectrum as shown in Table 4.7 and Table

4.8.

In the high resolution carbon scan spectrum for the un-treated rough CFRP

surface, a peak at 292.2 eV was observed and this is the characteristic peak for C-

F functional group [205]. This aligned with the wide scan of the un-treated rough

CFRP surface as it had fluorine element on the surface of the composite indicating

the existence of contaminant from the release films or other ancillary consumable

during the manufacturing process. Correspond with the high resolution scan

for the carbon C 1s, the fluorine seemed to react with the polymer during the

manufacturing process forming C-F bond. When the surface of the CFRP was

treated with the laser, the fluorine content was reduced or even removed if the

laser fluence used was sufficiently high. The result for the smooth CFRP surface

did not indicate any contaminant for the un-treated surface.

The surface chemical composition of the laser treated CFRP surfaces showed

changes and was indicated both in the wide scan and carbon high resolution

XPS spectrum. From the wide scan spectrum, the increase in N/C ratio and

O/C ratio indicated changes in chemical composition of the CFRP surfaces and

this was further confirmed by the high resolution carbon spectrum. In the high
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resolution carbon spectrum, there was a decrease in C-C/C-H bond percentage

and an increase in oxygen and nitrogen rich carbon functional group percentage

for the laser treated CFRP surfaces at lower fluence as compared to the un-

treated surface. This indicated that chain scission occurs in both treatments

which aligns with most literatures as the photon energy of the laser beam is high

enough to break the C-C bond in polymers [212; 213; 214]. Higher fluence used

in the abrading process promotes more chain scission. Chain scission creates free

radical carbons on the top polymer surface layer which then react with oxygen,

nitrogen and water in air to form C-N, carbonyl group (C=O) or carboxyl group

(COO-) [212; 213; 214; 215]. Hence, an increase in nitrogen and oxygen rich

functional groups could be seen in both laser surface treated and sand-papered

CFRP surface. This process is known as photo-oxidation.

The interaction between the free radical carbons in the polymer chain with air

molecules is possible through either direct reaction or with ionised air molecules.

As free radical carbons within a polymeric chain is very unstable, they react

with oxygen, nitrogen or water in air to form bonding which helps stabilise the

polymeric chain [216]. During the laser ablation process, laser-induced breakdown

phenomenon occurs in parallel with the process. This phenomenon gives rise to

the ionisation of the air molecules which reacts with the free radical carbons in

the polymer. The ionisation of air molecules can be observed through a glow or

flash or even spark if there is sufficient air molecules being ionised [217]. The

ionisation process of air molecules happens when a laser beam is focused onto a

spot in small spatial domain which result in sudden rise in temperature where

the electric field of the radiation is higher than the binding energy of the electron

of the molecules to their nuclei [218]. This causes a breakdown of the bonds

between the atoms in the molecules itself and produces ionised gas. Adelgren et

al. described the deposition of energy from a focus laser beam into a gas by four

progressives and they are [219]:

1. Initial release of electrons by multi-photon effects.

2. Ionisation of the gas in the focal region by producing electron through

collision cascade ionisation.

3. Absorption and reflection of laser energy by gaseous plasma.
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4. Formation and propagation of a deformation shock wave into the surround-

ing and relaxation of the focal region plasma.

There are two main mechanisms used to explain the occurrence of gas ioni-

sation through laser beam and they are multi-photon ionisation [217; 220; 221]

and inverse bremsstrahlung absorption or cascade ionisation [222; 223]. The two

mechanisms are fundamentally different and are described by different theories.

In simple explanation, the multi-photon ionisation occurs when a neutral atom

manage to absorb enough energy within a quantum lifetime of the excited state

which is usually within < 10−16 s. The photon energy absorbed is sufficient to

raise the electron of the atom from the ground state to the ionisation level which

results in ionisation of the gas molecules [217]. As for cascade ionisation process,

a few initial electrons within the breakdown region is required for the process to

occur. These electrons in the breakdown region can be created through either

multi-photon ionisation process or with the presence of dust or electrons created

at ambient gas temperature [224]. The ionisation of gas molecules occurs through

inelastic collisions by electrons that accumulate enough energy through absorb-

ing energy from the laser beam to produce two electrons of a lower energy. The

process is then repeats like a chain like reaction [223]. The two mechanisms are

illustrated in Figure 4.18.

(a) (b)

Figure 4.18: Illustration of (a) multi-photon ionisation mechanism and (b) cas-
cade ionization mechanism [225].

The ionisation energy of air is 15.6 eV and the photon energy of the KrF

excimer laser is 5 eV . Hence, in order to ionize the gas molecules in air, only four

photons are required to be absorbed within a short quantum excitation lifetime
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[217]. Since the number of photons required is very small, the main mechanism

for the process is deemed to be multi-photon ionisation with cascade ionisation

mechanism being involved at a later stage in the laser induced breakdown process

[224]. As for other lasers with the laser beam wavelength in the infrared or visible

region, the photon energy are much smaller and it requires 10−300 photons to be

absorbed within a quantum lifetime of the excited state (< 10−14 s) in order to

ionise the gas molecules in air. Hence, it is highly unlikely that the gas molecules

in air are ionised with laser beam having wavelength in these regions [217; 223].

On the other hand, although there was no evidence of an increase in the C-

C/C-H bond from the carbon high resolution scan for low fluence laser surface

treated CFRP, cross-link formation might still be possible as the reaction of the

free radicals from the chain scission process is random. However, based on the

data obtained, most of the free radicals formed on the CFRP surface from the

chain scission process seemed to react with the oxygen and nitrogen in air and

form less cross-link within the modified layer. On the contrary, there was an

increase in the C-C/C-H bond percentage and a decrease in the oxygen and

nitrogen rich carbon functional group percentage when the CFRP surface was

treated with higher laser fluence. The increase in the C-C/C-H bond indicated

the expose of carbon fibre within the composite as using higher laser fluence

to treat the CFRP surface removed an extensive amount of the polymer layer

resulted in carbon fibre exposure.

The increase in oxygen rich functional group for the rough CFRP surface was

higher as compared to the smooth CFRP surface. This is because the rough

surface has more contact area with the surrounding hence is more reactive with

the elements in air and therefore more prone to polar functional groups formation

through interaction with the elements in air.

4.3.3 Excimer Laser and Femtosecond Laser Beam Inter-

action with ABS

4.3.3.1 Ablation Morphology

Figure 4.19 shows the optical images of the ablated region on ABS using excimer

laser of different laser flences at 100 NOP . As the laser beam is rectangular in
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shape and has a top-hat beam profile, a uniform single ablation morphology region

was observed on all the ablated regions shown in the optical images. At low laser

fluence, bubbles and line shape structures were observed on the ablated region and

the density of such structures increased as the fluence increases. These structures

were believed to be caused by thermodynamic effect where the polymer surface

undergoes rapid phase transformation or rapid thermal-plastic expansion and

rupture due to the sudden increase in surface temperature up to 1000 K during

laser irradiation [43]. On the contrary, some ablated regions were observed to have

the same surface morphology as the un-treated surface as shown in Figure 4.20.

At higher fluence, polymer melting was clearly observed where resolidification of

molten polymer could be seen at the edge of the ablated region as shown in Figure

4.19d. Cracks and surface defects were also observed on the ablated region at

high fluence.

Figure 4.21 shows the SEM images of the ablated craters on ABS using the

femtosecond laser at different laser flences and NOPs. Only a single ablation

morphology region was observed on all the ablated craters as shown in the SEM

images. At low fluence and NOP(4.1 J/cm2, 1 NOP ), the ablated crater was

not well define and only part of the laser irradiated area was ablated produc-

ing a porous coral like structure as shown in Figure 4.21a. As the fluence and

NOP increases, the diameter and depth of the ablated crater increased where

the increase in diameter was more apparent with the increase in NOP while the

increase in depth was more apparent with the increase in fluence. At higher flu-

ence and NOPs, resolidification of molten polymer in the form of small droplets

was observed along the wall of the ablated craters as shown in Figure 4.21c and

4.21d. The ablated crater had a ‘V’ shape as shown in Figure 4.22 and the shape

was more apparent with higher fluence and NOPs. This was mainly due to the

Gaussian nature of the laser beam used where the beam followed a normal distri-

bution curve with a sharp peak in the middle with decreasing intensity radially

outwards. The edge of the ablated craters were more pronounce at higher NOPs

and fluence which is agreed in most publications [226; 227; 228]. It is also ob-

served that the laser beam profile is not an idealised Gaussian distribution and

is asymmetrical in shape.
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(a) (b)

(c) (d)

Figure 4.19: Optical images of the ablated region produced at (a) 0.05 J/cm2,
(b) 0.4 J/cm2, (c) 0.8 J/cm2 and (d) 1.5 J/cm2 at 100 NOP using excimer laser
(λ = 248 nm, pulse width = 15 ns).

(a) (b)

Figure 4.20: SEM images of the (a) ablation region produced at 0.05 J/cm2,
100 NOP using excimer laser (λ = 248 nm, pulse width = 15 ns) and (b)
un-treated ABS surface.
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(a) (b)

(c) (d)

Figure 4.21: SEM images of the craters produced at (a) 4.1 J/cm2, 1 NOP , (b)
19.45 J/cm2, 10 NOP , (c) 4.1 J/cm2, 50 NOP and (d) 19.45 J/cm2, 100 NOP
using femtosecond laser (λ = 800 nm, pulse width = 100 fs).

Figure 4.22: 3D optical microscope image with ablated crater profile produced
at 4.1 J/cm2, 50 NOP using femtosecond laser.
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4.3.3.2 Ablation Characteristics

A series of spot ablation on the ABS polymer were performed with 100 NOP

and varying laser fluence (0.5 − 1.5 J/cm2) at a frequency of 10 Hz using the

KrF excimer laser. There was no plasma formation during ablation as the peak

power density used was less than 1010 W/cm2 (7.5 × 107 W/cm2) [69]. The

ablation threshold was determined through measuring the depth of the ablated

region using the optical white light interferometer. A plot of ablation depth per

pulse versus laser fluence in logarithmic scale is presented in Figure 4.23 where

the data were fitted with a linear fit. The ablation threshold is given by the

intersection between the linear fit line with the x-axis through extrapolation.

Figure 4.23: Plot of laser fluence in logarithmic scale versus ablation depth per
pulse at a frequency of 10 Hz for ABS polymer using excimer laser.

Figure 4.23 clearly presents one distinct ablation regime that is commonly

seen in most ablation threshold plots for polymers [186; 198]. The ablation depth

per pulse varied logarithmically with the laser fluence and satisfies equation 4.8

as predicted by Beer’s law where the ablation rate is dependent on the optical

penetration depth, α−1 of the chromophoric group within the polymers [229;

230; 231; 232]. The ablation threshold, Fth for 100 NOP is estimated to be

0.087 J/cm2 with the associated optical penetration depth, α−1 of 223 nm.

160



A series of spot ablation on the ABS polymer were performed with vary-

ing NOP (1 − 100) and laser fluences (0.92 − 13.5 J/cm2) at a frequency of

1 kHz using the Ti:Sapphire femtosecond laser. There was some plasma forma-

tion during the ablation as the peak power density used is higher than 1010 W/cm2

(1.35 × 1014 W/cm2) [69]. Similar analysis was performed on the ABS material

where the ablation threshold was determined through measuring the diameter and

depth of the ablated region. The square of the diameter (D2) measured was plot-

ted against ln(Ep) to evaluate the laser beam spatial radius, ω0 on the material

surface using equation 4.2. The value of ω0 was evaluated to be 19.5 ± 1.02 µm,

which was smaller than the spot size of the laser beam which was then used to

calculate the peak laser fluence using equation 4.3. A plot of D2 vs ln(F pk
0 ) was

plotted which was then used to evaluate the ablation threshold through extrap-

olating the linear fit to obtain the interception on the x-axis as shown in Figure

4.24. The ablation threshold for 1 NOP is estimated to be 1.648 J/cm2.

Figure 4.24: Plot of D2 versus logarithmic of peak laser fluence from which the
ablation threshold for different NOP were determined for spot ablation on ABS
using femtosecond laser.

From Figure 4.24, it could be seen that the ablation threshold decreased with

the NOP which was also shown on a different plot in Figure 4.25a. The depen-

dence of ablation threshold on NOP is known as the incubation effect and is
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observed by other researchers [196]. The ablation threshold was lowered drasti-

cally at the first 25 NOP and then gradually decreased with further increase in

NOP. The ablation threshold seemed to decrease asymptotically where the ab-

lation threshold reaches a constant value, F∞th when NOP tends to infinite. The

incubation effect can be described using a factor termed the incubation factor, ξ

which is the slope of the linear plot from Figure 4.25b.

(a) (b)

Figure 4.25: Plot of (a) ablation threshold versus NOP and (b) log(N ∗ FN
th )

versus log(N) for femtosecond laser spot ablation on ABS polymer using diameter
measurement.

The incubation factor, ξ was deduced to be 0.51 through the linear fit of the

plot log(N ∗ FN
th ) versus log(N) with ablation threshold, F 1

th being evaluated as

1.712 J/cm2.

In addition to the diameter measurement, the ablation threshold was also

evaluated based on the depth measurement, in which the depth of the ablated

spot were measured and normalised to per pulse depth by dividing the depth with

the NOP assuming equal contribution of each pulse on the amount of ablated

material. A plot of laser fluence in logarithmic scale versus ablation depth per

pulse is presented in Figure 4.26 where the data was fitted with several linear

fits. The ablation threshold is given by the intersection between the linear fit

lines with the x-axis through extrapolation.

Figure 4.26 clearly presented two distinct ablation regimes, which is com-

monly seen in most ablation threshold plot for metals using ultrashort pulsed

laser (laser pulse width < 5 ps) [27; 32; 34; 191]. Such observation is not com-
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Figure 4.26: Plot of laser fluence in logarithmic scale versus ablation depth per
pulse with a femtosecond laser (λ = 800 nm, pulse width = 100 fs) at a frequency
of 1 kHz for ABS using depth measurement.

mon in femtosecond ablation of polymer where only one ablation regime has been

observed in all the published results [196; 200; 233]. The observed trend is ex-

plained in detail in the following subsection. Both ablation regimes had a linear

relationship between laser fluence in logarithmic scale and ablation depth per

pulse which obey Beer’s law. The two ablation regimes are differentiated as low

fluence ablation regime (Fα = 0.92−2.7 J/cm2) and high fluence ablation regime

(Fα = 6.8− 13.5 J/cm2).

The optical penetration depth, α−1 was 2.917 nm for the ablation threshold,

Fα
th of 1.567 J/cm2 in the low fluence ablation regime (Fα = 0.92−2.7 J/cm2). In

the high fluence ablation regime (Fα = 6.8−13.5 J/cm2), the optical penetration

depth, α−1 was 16.78 nm for the ablation threshold, Fα
th of 4.267 J/cm2. It was

also observed that the average depth per pulse contribution at the low fluence

ablation regime increased with NOP as shown in Figure 4.7. This aligned with

the incubation effect explained earlier where the material removal rate increases

due to the reduction of ablation threshold when the NOP increases at a fixed

laser fluence.
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4.3.3.3 Surface Chemical Composition Analysis

Figure 4.27 and figure 4.28 shows two examples of the fitted high resolution

carbon spectrum before and after laser treated ABS surface using excimer laser

and femtosecond laser.

(a) (b)

Figure 4.27: High resolution carbon scan XPS spectrum for (a) non-treated ABS
and (b) excimer laser (λ = 248 nm, pulse width = 15 ns) treated ABS with
200 mJ/cm2, 50 NOP .

The wide scan result for excimer laser and femtosecond laser is summarised in

Table 4.9 and 4.10. From the XPS surface analysis, only oxygen, carbon, silicon

and sulphur were identified on the un-treated ABS where the silicon and sulphur

were deemed as contaminants on the surface. Nitrogen element was observed in all

the excimer and femtosecond laser treated ABS surface indicating the addition of

nitrogen functional group in the polymer. The absent of the nitrogen element on

the as-received ABS might be due to the small quantity of the element within the

monomer and the possibility of the nitrile group sidechain being embedded within

the bulk material staying away from the surface [234; 235]. For the excimer laser

ablated ABS, there was an increase in the N/C ratio as the fluence increases with

10 NOP and a similar observation was made at 50 NOP except for the highest
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(a) (b)

Figure 4.28: High resolution carbon scan XPS spectrum for (a) non-treated ABS
and (b) femtosecond laser (λ = 800 nm, pulse width = 100 fs) treated ABS with
7.43 J/cm2, 8 NOP .
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fluence where the ratio reduces. The O/C ratio was found to have decreased as the

fluence increased with fixed NOP. As for the femtosecond laser ablated ABS, there

was no particular trend in the N/C ratio variation relative to the laser fluence

and NOP. However, there was a general decrease in the O/C ratio for all laser

treated ABS surfaces relative to the un-treated surface. The ratio increased with

NOP. From the data, it suggests that the ABS surface chemically reacted with

other elements such as oxygen, nitrogen and water in air during those processes

and this can be further confirmed by analysing the high-resolution scans of the

carbon element as follows.

Table 4.9: Elemental composition of the ABS surface measured by XPS before
and after various excimer laser treatment conditions.

Surface Treatment
Atomic Percentage (%)

O C N Si O/C N/C
None treated 12.5 86.3 − 1.3 0.145 −

50mJ/cm2, 10NOP 12.4 86.9 0.7 − 0.143 0.008
50mJ/cm2, 50NOP 12.4 86.2 0.5 0.9 0.144 0.006
100mJ/cm2, 10NOP 12.4 86.8 0.8 − 0.143 0.009
100mJ/cm2, 50NOP 13 83.9 1.1 1.9 0.155 0.013
200mJ/cm2, 10NOP 12.3 85 0.8 1.9 0.145 0.009
200mJ/cm2, 50NOP 11.4 86.1 1.5 1 0.132 0.017
400mJ/cm2, 10NOP 11.6 86.1 1.2 1.1 0.135 0.014
400mJ/cm2, 50NOP 10.1 89.1 0.8 − 0.113 0.009

In the high resolution carbon spectrum, four main carbon bonds were identi-

fied on laser ablated surface and they are C-C/C-H bond, C-N bond, C-O bond

and C=O bond. In the high resolution oxygen spectrum, two main oxygen bonds

were identified and they are O-C bond and O=C bond. The identification of C=C

bond indicated that the ABS polymer had unsaturated polymer chains within the

material which agreed with the chemical formula of the ABS polymer. The dou-

ble bond (C=C) undergoes chain scission and was converted into C-C/C-H bond

or other carbon functional groups after excimer laser treatment as shown in Table

4.11. On the contrary, only 1/3 of the double bond undergone chain scission after

femtosecond laser treatment as shown in Table 4.12. This is mainly due to the

difference in the photon absorption mechanism of the ABS material as a result of
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Table 4.10: Elemental composition of the ABS surface measured by XPS before
and after various femtosecond laser treatment conditions.

Surface Treatment
Atomic Percentage (%)

O C N Si S O/C N/C
None treated 12.5 86.3 − 1.3 − 0.145 −

7.43J/cm2, 1NOP 6.03 91.05 2.13 0.6 0.18 0.066 0.023
7.43J/cm2, 2NOP 6.55 90.79 1.96 0.42 0.28 0.072 0.022
7.43J/cm2, 4NOP 7.12 89.95 2.15 0.53 0.26 0.079 0.024
7.43J/cm2, 8NOP 6.76 90.47 1.9 0.54 0.33 0.075 0.021
3.71J/cm2, 1NOP 7.04 90.41 1.97 0.43 0.16 0.078 0.022
3.71J/cm2, 2NOP 6.91 90.88 1.79 0.43 − 0.076 0.020
3.71J/cm2, 4NOP 8.01 89.81 1.47 0.71 − 0.089 0.016
3.71J/cm2, 8NOP 8.14 88.89 1.66 1.09 0.22 0.092 0.019

the difference in photon energy of the two lasers. Since excimer laser beam has a

higher photon energy than the femtosecond laser beam, the excimer laser beam is

able to initiate chain scission process through single-photon absorption. Hence,

the C=C bond chain scission rate was higher and results in a thicker modified

polymer layer.

In comparison to the un-treated ABS surface, there was an increase in the

oxygen and nitrogen rich functional group percentage after both laser treatments.

For the excimer laser treatment, this was partially aided by the ionisation of

air molecules around the focal point of the laser beam through laser induced

breakdown by adsorbing photon energy of the laser [224]. These active groups

react with ionised oxygen and nitrogen molecules in air to form C-N, carbonyl

group (C=O), carboxyl group (COO-) or hydroxyl group (C-OH) [212; 213; 214;

236]. The addition of nitrogen functional group might also be possible through

chain scission of the nitrile group within the polymer chain creating free radical

carbon and nitrogen who then recombine and form C-N group. The free radical

carbon produced through chain scission process seemed to favour the formation of

cross-link within the polymer rather than combining with the air molecules such

as nitrogen, oxygen and water in air. This was observed through the increase in

the C-C/C-H bond shown in Table 4.11 and Table 4.12.

There is a variation of the C-C/C-H bond percentage with different laser flu-
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ence at fixed NOP for the excimer laser treated ABS but no significant trend that

can be observed. A similar observation was seen with the oxygen rich functional

groups. On the contrary, there was an increase in the nitrogen rich functional

group percentage with the fluence at fixed NOP. This indicated that the free rad-

ical carbons were in favour of forming nitrogen rich functional groups than the

oxygen rich functional groups.

On the other hand, it is observed that the nitrogen rich functional group

increased with NOP at fixed fluence after femtosecond laser treatment as shown in

Table 4.12. There is a decrease in the oxygen rich functional group (C-O and C=O

bond) with increasing NOP at fixed laser fluence for femtosecond laser treatment.

As the photon energy of the femtosecond laser is relatively low, the chances of

air molecules ionisation around the focal point of the laser beam through laser

induced breakdown is relatively low. This implied that the affinity of the carbon

free radical produced during the chain scission process towards nitrogen molecule

is higher than oxygen molecule.

Table 4.11: Surface chemical composition changes of the ABS surface measured by
XPS carbon high resolution scan before and after various excimer laser treatment
conditions.

Surface Treatment
Relative Area Percentage (%)

284.7
± 0.1
C=C

285
± 0.1

C-C/C-H

286
± 0.1
C-N

286.6
± 0.1
C-O

288.8
± 0.1
-C=O

None treated 37.9 53.1 − 5 4.1
50mJ/cm2, 10NOP − 87.5 1.5 6.3 4.7
50mJ/cm2, 50NOP − 87.9 1.9 6.1 4.1
100mJ/cm2, 10NOP − 85.6 2.2 6.8 5.5
100mJ/cm2, 50NOP − 83.3 4.9 7 4.8
200mJ/cm2, 10NOP − 84.2 5.1 5.4 5.3
200mJ/cm2, 50NOP − 86 4.5 7.2 2.3
400mJ/cm2, 10NOP − 86.3 4.6 6.1 3
400mJ/cm2, 50NOP − 88.6 4.2 4.7 2.5
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Table 4.12: Surface chemical composition changes of the ABS surface measured
by XPS carbon high resolution scan before and after various femtosecond laser
treatment conditions.

Surface Treatment
Relative Area Percentage (%)

284.7
± 0.1
C=C

285
± 0.1

C-C/C-H

286
± 0.1
C-N

286.6
± 0.1
C-O

288.8
± 0.1
-C=O

None treated 37.9 53.1 − 5 4.1
7.43J/cm2, 1NOP 10.27 70.47 9.41 8.92 0.94
7.43J/cm2, 2NOP 15.19 65.53 9.66 7.69 1.92
7.43J/cm2, 4NOP 13.16 67.85 11.22 5.96 1.81
7.43J/cm2, 8NOP 10.59 67.08 14.25 6.52 1.57
3.71J/cm2, 1NOP 10.83 68.34 5.77 12.94 2.11
3.71J/cm2, 2NOP 10.01 69.8 3.3 15.35 1.54
3.71J/cm2, 4NOP 10.84 69.6 8.56 9.72 1.28
3.71J/cm2, 8NOP 11 68.87 10.44 9.02 0.67

Table 4.13: Surface chemical composition changes of the ABS surface measured
by XPS oxygen and nitrogen high resolution scan before and after various excimer
laser treatment conditions.

Surface Treatment
Relative Area Percentage (%)

532.1
± 0.1

O*-C=O

533.3
± 0.1

O-C=O*

400
± 0.1
N-C

None treated 55 45 100
50mJ/cm2, 10NOP 79.2 20.8 100
50mJ/cm2, 50NOP 74.3 25.7 100
100mJ/cm2, 10NOP 83.2 16.8 100
100mJ/cm2, 50NOP 79.3 20.7 100
200mJ/cm2, 10NOP 80.1 19.9 100
200mJ/cm2, 50NOP 72.9 27.1 100
400mJ/cm2, 10NOP 72.7 27.3 100
400mJ/cm2, 50NOP 70 30 100
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Table 4.14: Surface chemical composition changes of the ABS surface measured
by XPS oxygen and nitrogen high resolution scan before and after various fem-
tosecond laser treatment conditions.

Surface Treatment
Relative Area Percentage (%)

532.1
± 0.1

O*-C=O

533.3
± 0.1

O-C=O*

400
± 0.1
N-C

None treated 55 45 100
7.43J/cm2, 1NOP 53.7 46.3 100
7.43J/cm2, 2NOP 42.25 54.75 100
7.43J/cm2, 4NOP 52.09 47.91 100
3.71J/cm2, 8NOP 51.22 48.78 100
3.71J/cm2, 1NOP 44.5 55.5 100
3.71J/cm2, 2NOP 38.08 61.92 100
3.71J/cm2, 4NOP 43.38 56.62 100
3.71J/cm2, 8NOP 51.56 48.44 100

4.3.3.4 Comparison of Ablation Characteristic

Table 4.15 summarises the laser material interaction parameters for the ABS ma-

terial with excimer laser and femtosecond laser. From the table, it was clearly

observed that the interaction parameters of the material with the two lasers

are different. The ABS requires lower ablation threshold to initiate ablation

with excimer laser as compared to the femtosecond laser. This is mainly due to

the difference in photon energy (wavelength) and pulse width of the two lasers.

The excimer laser having a shorter wavelength (248 nm) has higher photon en-

ergy (5 eV ) than the femtosecond laser (800 nm, 1.55 eV ). Hence, the main

mechanism of ablation for the excimer laser is a combination of photoablation

and thermal ablation through single-photon absorption as the photon energy of

the KrF excimer laser is greater than the gap energy of most polymeric bonds

( 3−5 eV ) and the pulse width of the laser is longer as compared to the femtosec-

ond laser [43; 46; 212; 213; 214; 236]. Such ablation mechanism is also known

as thermal-photochemical ablation [46] or photophysical ablation [41]. The pho-

tons are absorbed by the chromophoric group at different electronic states and

are converted into vibrational energy which leads to thermal decomposition and
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ablation [41; 43].

Table 4.15: Summary of ablation characteristics obtained using different geometry
measurement for ABS polymer.

Laser Excimer Femtosecond
Geometry measurement Depth Diameter Depth

Ablation threshold (J/cm2) 0.87 1.648 1.567
α−1 (nm) 223 − 2.19

Incubation factor, ξ − 0.51 −

On the contrary, due to the lower photon energy and shorter pulse duration

of the femtosecond laser, the governing ablation mechanism is photoablation at

low fluence and thermal ablation at high fluence through multi-photon absorption

which is similar to the two temperature model proposed for metallic materials.

The relationship between the ablation depth per pulse and photon density under

a saturated multiphoton absorption process is given by [237; 238]:

dn ≈
2(So − Sth)

nlo
(4.9)

where Sth is the threshold photon density,

So is the photon density at ground state for n-photon ablation respectively,

lo is the chromophores density constant in the ground state

As the photon density, S = F (hν)−1, the linear fitting relationship between

the depth per pulse and laser fluence (photon density) support the hypothesis

that a multi-photon absorption mechanism is dominant under femtosecond laser

ablation process [237; 238]. Such a model has been proposed by N.M. Bityurin

et al. and is known as the photophysical model whereby it uses a four level

model to relate between the ground state, electronic excited state and vibrational

state of the chromophores after laser irradiation [41; 68]. There exist multiple

electronic excited states, S to accommodate the excited electron in the vibrational

state when it relaxes. The excited electrons in the vibrational state are able
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to relax directly into the ground state by emission of photons or relax to one

of the electronic excited states emitting florescence, phosphorescence or photon

depending on the difference in band energy difference [66]. The relaxation time

can be as short as 10−11 s and as long as 10−4 s depending on the energy band

transition [239]. As the femtosecond laser has a much lower photon energy and

shorter pulse width, at low fluence region, the chances of ablation occurring is

much lower as compared to the excimer laser. Hence, the ablation of material

is governed by photoablation through multi-photon absorption where electronic-

to-vibrational energy transfer does not occur in this region as the pulse width is

much shorter than the shortest possible electron relaxation time (10−11 s). As

the laser fluence increases, thermal ablation is involved in the ablation process

similar to the mechanism between the excimer laser and polymer. Hence, two

distinct ablation regimes are observed for femtosecond laser ablation plot.

On the contrary, the optical penetration depth for the excimer laser beam on

ABS is higher as compared to the femtosecond laser beam and this observation

oppose to the theoretical optical penetration depth value for the IR wavelength

laser beam as a higher value is expected (> tens of micrometers) as compared

to the UV wavelength laser beam due to lower absorptivity of the IR wavelength

laser beam [240]. The optical penetration depth value measured through ablation

depth measurement method is highly dependent on the applied laser fluence as

well as the lifetime of the molecule which is highly dependent on the complexity

of the polymeric molecules [241]. Based on the photophysical ablation model,

the ablation of a polymer in the low fluence regime is due to the change in

the chromophores group density that significantly changes the complexity of the

molecules in addition to the nature of the ablation (photochemical). Hence, the

estimated optical penetration depth is lower than the theoretical value where the

reported values took into consideration of the effect of material changes during

laser irradiation such as bleaching and decomposition of absorbing chromophores

[230; 242; 243]. It is believed that this is due to the difference in photon energy

of the laser beam. As optical penetration depth is defined as the distance from

the surface of the material where the intensity of the laser beam drops to 1/e

( 37 %) of the initial intensity at the surface, the femtosecond laser beam, having

a lower photon energy, has a lower optical penetration depth than the excimer
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laser beam. This is further supported through the XPS analysis where there

exist partial chain scission of C=C bond at low laser fluence and NOP using

femtosecond laser where none was observed with the excimer laser.

4.4 Summary

1. The laser fluence versus ablation depth per pulse plot for HR4 nickel alloy

material with femtosecond laser clearly indicates two ablation regimes and

this is explained using the two temperature model. The ablation threshold is

dependent on the NOP where the dependency is governed by the incubation

factor.

2. The laser material interaction parameters evaluated using the diameter

measurement on line ablation agreed with the spot ablation.

3. The ablation threshold and incubation factor evaluated using the depth

measurement on line ablation is larger compared with spot ablation.

4. The diameter measurement shows a smaller measurement variation than

the depth measurement, thus considered to be more reliable.

5. The ablation threshold (low fluence ablation region) for the HR4 nickel alloy

was evaluated to be Fth1 = 0.39 J/cm2 with the incubation factor, ξ = 0.8

and optical penetration depth of 47.3 nm.

6. The laser fluence versus ablation depth per pulse plot for the epoxy material

with the excimer laser clearly indicates one ablation regime.

7. The ablation threshold of the epoxy material with the excimer laser is de-

pendent on the NOP due to the change in the molecular structure of the

polymer resulting in an increase in material absorptivity where the depen-

dency is governed by the incubation factor.

8. The ablation threshold, F 1
th for epoxy was evaluated to be 1.169 J/cm2. The

incubation factor, ξ was deduced to be 0.75 where the optical penetration

depth, α−1 was evaluated to be 282 nm.
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9. Excimer laser treated epoxy surfaces undergo chain scission through pho-

tolithic process. The chain scission process reduces the polymeric chain

size and increases the oxygen rich (C-O and C=O) and nitrogen rich (C-N)

functional groups through reaction between the free radical carbons with

oxygen, nitrogen and water vapour in air. The increase in laser fluence

and NOPs increases the oxygen and nitrogen rich functional groups on the

epoxy resin surface when is treated with the excimer laser.

10. Fluorine contaminants are identified on the rough CFRP surface but not

on the smooth CFRP surface. The fluorine contaminants are removed by

laser surface treatment using suitable laser parameters.

11. The ablation threshold value is lower for ABS interaction with the excimer

laser (Fth = 0.87 J/cm2) as compared to the interaction with the fem-

tosecond laser (Fth = 1.642 J/cm2). This is due to the different in the

ablation mechanism where the former is governed by thermal ablation with

single-photon absorption and the latter is governed by photoablation (at

low fluence regime) and thermal ablation (at high fluence regime) with

multi-photon absorption.

12. The optical penetration depth value is higher for ABS interaction with

the excimer laser (α−1 = 223 nm) as compared to the interaction with the

femtosecond laser (α−1 = 2.917 nm). This is due to the difference in photon

energy of the laser beam of different wavelength.

13. The ablation threshold is dependent on the NOP where the ablation thresh-

old decreases with increasing NOP due to the change in the molecular struc-

ture of the polymer resulting in an increase in material absorptivity where

the dependency is governed by the incubation factor.

14. Chain scission process occurs when ABS is treated with the excimer and

femtosecond lasers causing a reduction in C=C bond creating free radical

carbons which then either form cross-link with another free radical carbon

or react with oxygen, nitrogen and water in air producing oxygen rich (C-O

and C=O bond) and nitrogen rich (C-N) functional groups.
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15. There is a decrease in oxygen rich functional groups for all laser treated

ABS surfaces with increase fluence and NOPs. On the contrary, there is an

increase in nitrogen rich functional group for all laser treated ABS surfaces

with increase NOPs at fixed fluence.

16. Free radical carbons produced through chain scission process after laser

treatment has a higher affinity towards nitrogen molecules than oxygen

molecules.
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Chapter 5

LASER CLEANING AND

ABRADING OF CFRP FOR

IMPROVED PAINT

ADHESION

5.1 Introduction

Pre-surface treatment is very important for materials with low surface energy as

the process enhances the adhesion property of the material surface. The purpose

of surface pre-treatment for painting or other deposition processes are:

• Removal of surface contaminants

• Increase surface free energy for improved wettability

• Increase surface roughness for improved mechanical interlocking or bond-

able surface area

Contaminants can be found on the composite surfaces from various manufac-

turing processes, and by their nature form a weak boundary layer on the surface.

These contaminants include silicones from release agents and bagging materials,

fluorocarbon release sprays and films, machining oils, fingerprints and compo-

nents in the composite itself which have migrated to the surface, such as calcium
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separate from self-releasing formulations, water and plasticizers. Table 5.1 gives

evidence of chemical contamination by fluorine species (30 %) for CFRP surface

[127].

Table 5.1: Chemical composition (%) of CFRP surface [127].

C O N F Si S O/C
Carbon/Epoxy 56.4 8.1 1.5 32.2 1.8 - 0.14

Table 5.2: Roughness and surface free energy of bare composite surfaces [127].

Roughness, Ra
(µm)

γLW

(mJ/m2)
γAB

(mJ/m2)
γTOT

(mJ/m2)
Glass/Epoxy 0.79(±0.08) 31.6(±1.11) 2.36(±0.42) 33.96(±1.51)

Carbon/Epoxy 0.81(±0.17) 38.54(±0.9) 1.13(±0.17) 39.67(±1)

Composites usually present smooth and glossy moulded surfaces as shown

in Table 5.2 due to the usage of fluorinated film as mould release agent during

manufacturing [127]. Surface energy of composites tend to be low, especially

for the thermoplastic matrices that makes wetting of the surfaces difficult. To

achieve durable painting, the composite surface needs pre-treatment to modify the

surface wettability and morphology and remove surface contaminants for better

paint adhesion.

Various surface pre-treatment methods to improve adhesion performance of

composite materials have been detailed in the literature review chapter. Sur-

face contaminations originating from the manufacturing process, smooth sur-

faces, lower surface energy and lower wettability impair the adhesive behaviour

the composites. The surface pre-treatment of composite materials is important

for painting. It is necessary to limit the changes to a thin surface layer to preserve

the bulk material properties whilst achieving the above objectives. Particularly

composite materials require special considerations when treating their surfaces.

There is a danger that some treatments may cause delamination defects just be-

low the surface or damage to the relatively brittle fibres. These defects may result

in poorer mechanical properties of the composites.
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The bulk mechanical properties of the composite can be affected by abrasive

surface treatments like alumina grit blasting and silicon carbide abrasion. Corona

discharge and plasma treatments cause chemical composition changes and rough-

ening of the composite surfaces. These methods also introduce oxygen functional

groups onto the composite surface, resulting in improved wetting of the surface.

The use of UV laser ablation as surface pre-treatment is effective and has ad-

vantages compared to other conventional pre-treatments such as chemical etching,

abrasive blasting and plasma treatments. Laser pre-treatment allows partial or

complete removing of the superficial polymeric layer without affecting the fibre

reinforcement. Excimer laser pre-treatment has been used for composite sur-

faces to improve adhesion performances. The laser parameters (laser fluence and

NOP) have to be carefully selected to achieve suitable surface characteristics. The

general phenomena observed due to laser pre-treatment are surface cleaning by

removal of contaminants and weak boundary layers through evaporation, mod-

ification of surface chemical composition by imposing oxide derivatives and hy-

droxides, and change of surface morphology by introduction of uniform roughness.

Consequently important considerations such as cleanliness, mechanical interlock-

ing, chemical attraction and wettability affecting the adhesion performance can

all be satisfied through laser pre-treatment method.

This research aims to utilize laser pre-treatment, in terms of cleaning and

abrading, of CFRP for enhancement of paint adhesion, without damaging the

carbon fibres, i.e. avoiding exposure of carbon fibre after laser pre-treatment.

The specific objectives are:

• To determine the best-suited laser parameters for the pre-treatment process.

• To characterise the surface structures created after laser pre-treatment, in-

cluding removal depth and surface roughness using optical microscope and

optical white light interferometer.

• To characterise surface chemical composition changes after laser pre-treatment,

including elemental composition and change in chemical bonding using

XPS.

• To evaluate the surface wettability of laser pre-treated surfaces by contact
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angle test.

• To evaluate the paint adhesion of various surfaces by pull-off adhesion test.

5.2 Methodology

5.2.1 Material Preparation

The composite material used in this project was CFRP supplied by BAe System.

The CFRP had a dimension of 4 cm × 4.5 cm and a thickness of 4 mm.

5.2.2 Surface Pre-treatment Methods

Two types of surface pre-treatment methods were considered in this experiment

to be used as a comparison and they are sand papering pre-treatment and laser

surface pre-treatment. Sand paper pre-treatment method is commonly used in

the industry to perform cleaning and abrading on the CFRP surface before paint-

ing. Hence, this method was used as a benchmark to determine which method

produced a better surface for paint adhesion. The following subsection details

each of the surface pre-treatment methods used.

5.2.2.1 Sand-paper Grinding Pre-treatment Method

The sand-paper pre-treatment method used in the experiment followed the proce-

dure used in industry. The type of sand paper used in the pre-treatment process

was a water resistant sand paper of grit size 240. The surface was sanded and

tested using the water break test by dipping the sample into deionised water. If

the ground surface was capable of holding a thin layer of water film for more than

25 s without breaking, the sample passes the water break test. If not, the sample

was re-sanded until it passed the test. Once the sample surface passed the water

break test, it was rinsed by deionised water and then air dried.
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5.2.2.2 Laser Surface Pre-treatment Method

A mask projection method was used to perform laser surface pre-treatment on

the CFRP surface where the laser beam is passed through a mask with machined

patterns where the patterns is then projected onto the material surface by par-

tially blocking the laser beam. Different mask and laser parameters were used to

abrade different sides of the CFRP as the initial surface finishing of the composite

was different. The range of laser fluence used in the laser pre-treatment method

ranged from 50−300 mJ/cm2 and the NOP used ranged from 5−50. The overlap

between the scanning track was 50 % with a frequency of 10 Hz when treating

the smooth CFRP surface and 30 Hz when treating the rough CFRP surface.

The laser pre-treatment for rough CFRP surface used higher frequency because

the NOP needed to treat the rough surface was higher. Therefore, using a higher

frequency speed up the pre-treatment process. The layout of the experiment is

shown in Figure 5.1.

Figure 5.1: Illustration of the mask projection technique using a “hole array”
mask.

5.2.3 Material Characterisation

Material characterisation had been carried out using optical microscopy, XPS and

optical white light interferometer.

5.2.3.1 Paint Adhesion Tester

The paint adhesion test was carried out using a PosiTest manufactured by De-

Felsko Corporation. This machine conforms to international standards including

ASTMD4541/D7234 and ISO 4624/16276−1 [244]. The machine uses aluminium
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test dollies of 20 mm diameter for the adhesion test where the dolly was stuck

to the coating using the epoxy resin provided. The dolly was then applied with

an upward pressure using a heavy-duty hydraulic pump manually. The pressure

value was recorded by a digital monitor with a resolution of 1 psi or 0.01 MPa

[244]. Figure 5.2 shows the PosiTest used in the adhesion test.

Figure 5.2: PosiTest AT-M Manual model [244]

Before the adhesion test, the samples were first coated with a layer of 2K

acrylic primer manufactured by Fisher Motor Factors Ltd using a paint brush.

The primer used was an oil based coating with a light gray colour and had a

dry film thickness of 75 µm. The process was done manually and the coating

was always applied from the left direction to the right. After the application

of the primer layer, they were left to cure (dry) for about half an hour to an

hour. Then, the resin and hardener were mixed on a piece of cupboard with a

ratio of one to one using a wooden stick and was stirred until an even creamy

colour was observed. A thin layer of epoxy resin mixture was applied to the dolly.

The dolly was then placed on the sample vertically and a uniform pressure was

applied vertically where excessive resin mixture was removed using a pop stick.

The sample was then placed in a furnace at 66◦C for 2 hours for the resin to cure.
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When the resin was cured, the sample was left to cool for about 15 minutes. Once

the sample had cooled down, a cutter was used to make a circular cut around the

dolly. Then, the pressure cylinder was placed firmly on the dolly. Once ready,

pressure was continuously applied to the dolly until the dolly was lifted from the

surface of the sample. A schematic diagram of the actual test samples before the

pull off test is shown in Figure 5.3.

Figure 5.3: Pull-off test used for evaluating the adhesion of primer coating on
CFRP.

5.3 Results and Discussion

5.3.1 Basic Material Characterisation of the CFRP

Three pieces of information was obtained from examining the CFRP material

provided and they are:

• The thickness of the composite polymeric layer above the first fibre layer

that is closest to the surface

• The size of the fibre used in the CFRP

• Surface chemical composition of the CFRP

The CFRP material used comes in two different finishing where one surface

was rough and the other was smooth. The CFRP was cut into smaller pieces

where the cross section of the material was moulded, ground and polished until

the use of 0.6 µm size polishing cloth. The polished sample was then examined

under the optical microscope. From the images shown in Figure 5.4, it was
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observed that the thickness of the polymeric layer above the first fibre layer

closest to the top smooth CFRP surface was ∼ 10 µm and ∼ 25 µm for the

rough CFRP surface. The diameter of the fibre used in the CFRP was 5 µm

as shown in Figure 5.5. Figure 5.6 shows a contour plot of the polymeric layer

thickness of CFRP obtained using the optical white light interferometer.

(a) (b)

Figure 5.4: Optical microscope images of cross section showing polymeric layer
thickness for (a) smooth surface and (b) rough surface of CFRP.

Figure 5.5: Optical images of the CFRP cross section showing the fibre diameter
used in the composite.

The surface chemical composition analysis for both sides of the CFRP samples

are summarised in Chapter 4. Fluorine element was identified on the rough CFRP

surface sample indicating the existence of contaminants from the release films or
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Figure 5.6: 3D optical profile of CFRC showing the thickness of the total polymer
layer above the fibres around 10 µm.

other ancillary consumable during the manufacturing process. On the contrary,

the XPS analysis result indicated that the smooth CFRP surface were free from

contaminant contributed from the manufacturing process.

5.3.2 Investigation of Laser Surface Pre-treatment on Paint

Adhesion Strength

An understanding of the factors that influence the adhesion of paint on com-

posite is crucial before optimising the laser parameters for the laser surface

pre-treatment method. Hence, three different laser parameters were chosen to

pre-treat each CFRP surfaces and the surface property changes such as surface

roughness, wettability, surface chemical composition and paint adhesion was in-

vestigated and compared to the as-received and sand-papered CFRP. A hole-

array mask was used to pre-treat the smooth CFRP surface as shown in Figure

5.7 where the hole-array mask is believed to have the capability of roughening

the surface of the CFRP. The mask consists of 36 holes arranged in a 6 × 6 array

with a diameter of 1.2 mm and a separation distance of 0.6 mm. On the other

hand, a square mask of 5 mm × 5 mm was used to pre-treat the rough CFRP

surface as the surface do not require further roughening. Three laser parameters

representing low, medium and high laser fluence are selected and summarised in

Table 5.3.
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Figure 5.7: Illustration of the hole-array mask used in the experiment.

Table 5.3: Laser parameters used for CFRP surface pre-treatment experiment.

Pre-surface
Condition

Smooth Surface Rough Surface

Laser
Parameters

75
mJ/cm2

150
mJ/cm2

175
mJ/cm2

50
mJ/cm2

150
mJ/cm2

250
mJ/cm2

6 NOP 5 NOP 3 NOP 20 NOP 40 NOP 20 NOP

5.3.2.1 Morphological and Chemical Characteristics of the surface

The surface morphology changes for laser surface pre-treated and sand-papered

CFRP are shown in Figure 5.8 and Figure 5.9 where all the laser surface pre-

treated CFRP did not expose any fibres. The underlying pattern of the rough

CFRP surface remained after laser surface pre-treatment process as shown in

Figure 5.9. The change in roughness between different pre-treatment method is

shown in Figure 5.10. From Figure 5.10, the surface roughness increased across

the laser parameters used for the rough CFRP surface. At the laser fluence of

50 mJ/cm2 and 20 NOP , the laser treatment smoothened the surface compared

to the as-received surface. At the laser fluence of 250 mJ/cm2 and 20 NOP ,

the surface roughness increased and formation of small ripples on top of the

underlying features was observed as shown in Figure 5.8d. The surface roughness

for the smooth CFRP surface treated with the selected laser parameters did not

show significant differences between each other but was smoothened slightly as

compared to the as-received surface, as shown in Figure 5.10. The sand-papered

smooth CFRP surface roughened the surface relative to the as-received smooth
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surface whereas the sand-papered rough CFRP surface smoothened the surface

relative to the as-received rough surface by removing the underlying patterns.

Both sand-papered CFRP surfaces had similar morphology and similar surface

roughness as shown in Figure 5.8b, Figure 5.9b and Figure 5.10.

(a) (b)

(c) (d)

Figure 5.8: Surface morphology of the CFRP smooth surface before and after
various treatments. (a) as-received, (b) sand-papered, (c) excimer laser treated
with 50 mJ/cm2, 20 NOP and (d) excimer laser treated with 250 mJ/cm2,
20 NOP .

The surface chemical compositional changes of laser pre-treated CFRP is sum-

marised in Chapter 4. In general, the laser pre-treated CFRP surface showed

chain scission between the C-C bond and an increase in the nitrogen and oxygen

functional groups within the polymer. The surface chemical composition changes

of the sand-papered CFRP is summarised in Table 5.4, Table 5.5 and Table 5.6.

From the wide scan results, it could be observed that the contamination on the

rough CFRP surface had been removed as there was no indication of fluorine

element present on the surface. This indicated that sand-papering was capable

of removing contaminant on the CFRP surface.

By comparing the nitrogen-carbon ratio and the oxygen-carbon ratio of the
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(a) (b)

(c) (d)

Figure 5.9: Surface morphology of the CFRP rough surface before and after vari-
ous treatments. (a) as-received, (b) sand-papered, (c) excimer laser treated with
75 mJ/cm2, 6 NOP and (d) excimer laser treated with 175 mJ/cm2, 3 NOP .

(a) (b)

Figure 5.10: Surface roughness for excimer laser treated and sand-papered CFRP
surface in comparison with the as-received CFRP surface on (a) smooth surface
and (b) rough surface.
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Table 5.4: Elemental composition of the CFRP surface measured by XPS after
abrasion by sand paper.

Pre-surface condition
Atomic Percentage (%)

O C N F Ca S O/C N/C
Smooth 17.6 76.1 3.5 − − 2.8 0.23 0.05
Rough 18.8 74 3.4 − − 3.8 0.25 0.05

Table 5.5: Surface chemical composition changes of the CFRP surface measured
by XPS carbon high resolution scan after abrasion using sand paper.

Pre-surface
condition

Relative Area Percentage (%)
285 ± 0.1
C-C/C-H

286 ± 0.1
C-N

286.6 ± 0.1
C-O

288.8 ± 0.1
-C=O

292.2 ± 0.1
C-F

Smooth 47.64 24.81 19.11 8.44 −
Rough 58.3 19.6 14.9 7.2 −

Table 5.6: Surface chemical composition changes of the CFRP surface measured
by XPS oxygen and nitrogen high resolution scan after abrasion using sand paper.

Pre-surface condition
Relative Area Percentage (%)

532.1 ± 0.1
O*-C=O

533.3 ± 0.1
O-C=O*

532.9 ± 0.1
C-OH

400 ± 0.1
N-C

Smooth 35.4 20.6 44 100
Rough 46.6 30.6 22.28 100
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sand-papered CFRP surface to the as-received CFRP surface, the surface chem-

istry had changed where there was more oxygen and nitrogen functional groups

in the polymeric chain. This was further confirmed by looking at the carbon

high resolution scan. This indicated that the sand-papered CFRP surface in-

teract with oxygen, nitrogen and water in air to form new functional groups

within the polymeric chain. This process is not possible without having free

radical carbons within the polymer chain. Homolytic cleavage process can be

achieved through three mechanisms which are photolithic process, thermal pro-

cess or mechanochemical process. Photolithic process uses photon energy that

is equivalent to bond energy of the covalent bond to cause homolytic cleavage

which produces free radicals. On the other hand, thermal process uses thermal

energy to achieve this and as for mechanochemical process, it uses stress and

strain imposed onto the material surface to achieve homolytic cleavage [245].

Sand-papering process created free radical carbons within the polymeric chain at

the surface through mechanochemical process which then allowed the free radical

carbons to react with oxygen, nitrogen and water in air, resulting in a more stable

polymeric chain [216].

Hydroxyl functional group was identified in the high resolution carbon and

oxygen spectrum for the sand-papered CFRP surface. The existence of the hy-

droxyl functional group is believed to be caused by the water break test process

which takes place after the sanding process. As the sand-papering process also

caused chain scission on the surface of the polymer, the free radical carbons re-

acted with the water molecules when in contact thus forming hydroxyl group on

the surface of the polymer [215]. The amount of chain scission caused by the sand-

papering process was higher than those caused by the laser surface pre-treatment

process.

5.3.2.2 Wettability of the surface

The change in contact angle for all the different pre-treated CFRP surfaces are

shown in Figure 5.11. The rough CFRP surface was hydrophobic (contact angle

> 90◦) whereas the smooth CFRP surface was hydrophilic (contact angle < 90◦).

The change in contact angle between different surface pre-treatments on different
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CFRP surfaces showed different trends. For the rough CFRP surface, the laser

pre-treated surface showed reduction in contact angle as compared to the as-

received surface. On the other hand, the laser pre-treated surface at the laser

fluence of 75 mJ/cm2 and 6 NOP for the smooth CFRP surface showed a slight

increase in contact angle but the laser fluence of 175 mJ/cm2 and 3 NOP reduced

the contact angles as compared to the as-received surface. The sand-papered

CFRP surface showed reduction in contact angle for both smooth and rough

CFRP surface where the sand-papered rough CFRP surface resulted in a lower

contact angle as compared to the sand-papered smooth CFRP surface.

(a) (b)

Figure 5.11: Contact angle for excimer laser treated and sand-papered CFRP
surfaces in comparison with the as-received CFRP surface on (a) smooth surface
and (b) rough surface.

The change in contact angle is affected by several factors and they are surface

roughness, surface chemical composition and surface contaminants [246]. In gen-

eral, removal of surface contaminants like fluorine results in lower contact angle.

Change in surface roughness affect contact angle in a way where it act as an

amplifier to the nature of the surface itself according to Wenzel model [247]. For

example if the surface is hydrophilic (contact angle < 90◦), increase in surface

roughness decreases the contact angle of the surface, i.e. increase hydrophilic-

ity. If the surface is hydrophobic (contact angle > 90◦), the increase in surface
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roughness increases the contact angle, i.e. increase hydrophobicity.

In addition, for polymer materials, the functional groups on the polymer sur-

face also significantly affect its wettability. The presence of fluorine contamination

on the rough CFRP surface identified through XPS analysis caused the surface to

be hydrophobic. For the laser pre-treated surface, the reduction (for laser param-

eter of 50 mJ/cm2 and 20 NOP )/ removal (for laser parameter of 200 mJ/cm2

and 20 NOP ) of the fluorine contaminant and increased in polar functional group

decreases hydrophobicity. On the contrary, the roughening of the surface except

for that pre-treated with 50 mJ/cm2 and 20 NOP , increases hydrophobicity as

the initial surface was hydrophobic in nature. Hence, the resultant contact angle

was slightly lower than the as-received CFRP contact angle as the two factors

have a counter effect on each other.

The laser pre-treated smooth CFRP with 75mJ/cm2 and 6NOP had a higher

contact angle as compared to the as-received surface. This is due to the decrease

in surface roughness after laser pre-treatment as the smooth CFRP surface was

hydrophilic in nature. Hence, the decrease in surface roughness decreased the

hydrophilicity of the surface. All laser pre-treated smooth CFRP surfaces had a

similar and lower surface roughness as compared to the as-received smooth CFRP

surface but the polar functional groups on the surface were increased as shown

in the XPS analysis. Hence, the contact angle for the three surfaces decreased.

Similar argument is applied to the sand-papered CFRP surfaces.

5.3.2.3 Paint Adhesion Performance

The paint adhesion performance for different pre-treated CFRP surfaces were

investigated through measuring the strength between the primer and the CFRP

surface interface as shown in Figure 5.12. From figure 5.12, it was observed that

the breaking point between the primer and the rough CFRR surface happened

at the peak of the rough surface (tip). This is because the tip point is asserted

with a higher pressure and contains a thinner coating. The CFRP paint adhesion

performance for different pre-treated surfaces are shown in Figure 5.13. Improve-

ment on paint adhesion strength was observed on all laser pre-treated CFRP on

both smooth and rough surfaces. The degree of improvement was dependent on
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the laser fluence and NOP where the combination of high fluence and low NOP

achieved the highest improvement. This combination avoided the exposure of

fibres and achieved favourable surface property changes that improved paint ad-

hesion of CFRP. Sand-papered CFRP surface also showed improvement in paint

adhesion strength as expected.

(a) (b)

Figure 5.12: Top surface view of the composite after paint adhesion test. (a)
smooth surface and (b) rough surface of the CFRP.

Paint adhesion is affected by several factors and in order to have a clear under-

standing of such improvement, all the factors should be looked into as well as the

mechanism of paint adhering onto the surface. Some of the important factors in-

clude surface contaminants, surface roughness and surface chemical composition.

Surfaces that are free from contamination are always required to promote good

adhesion between two materials. Increase in surface roughness promotes more

bonding between the surfaces through mechanical interlocking due to larger sur-

face area of contact. This is particularly critical for CFRP as many polymers

exhibit low adhesion characteristics due to low surface energy [116; 117].

As the primer used in the investigation was an oil based primer coating,

the adhesion mechanism of the primer is through chemical reaction between the

primer and air. Oxidative drying between the oil solvent and the oxygen or water

vapour in air through attacking the double bonds in the solvent via direct addition

creates free radical carbons within the polymer chain. The free radical carbons

promote cross-link between the polymer compounds within the primer [131]. In

addition, the free radical carbons also promote cross-link between the primer

192



(a) (b)

Figure 5.13: Paint adhesion improvement after excimer laser treatment in com-
parison with the sand-papered surface for (a) smooth surface and (b) rough sur-
face of the CFRP.

layer and the CFRP surface which strengthen the bond between the interface.

Hence, the existence of polar groups on the CFRP surface improves paint adhesion

strength as they are more reactive than other inert functional groups of carbon

such as C-C, C-H and C-F towards free radical carbons [212; 236].

The laser pre-treated rough CFRP surface using 50 mJ/cm2 and 150 mJ/cm2

with 90 NOP and 40 NOP showed lower adhesion improvement than the sand-

papered CFRP surface. This was due to the fluorine contaminant remaining on

the surface after laser pre-treatment as shown from the XPS analysis. As for the

rough CFRP laser treated with 250 mJ/cm2 and 20 NOP , The paint adhesion

improvement was better as compared to the sand-papered CFRP surface because

the surface was completely free from fluorine contamination. In addition, the sur-

face had higher concentrations of polar function groups and surface roughness as

compared to the sand-papered CFRP surface. From the paint adhesion strength,

it was observed that surface contaminants particularly the presence of fluorine

played a determining role in this case.

The smooth CFRP laser pre-treated surfaces with laser fluences of 75 mJ/cm2

and 150 mJ/cm2 with 6 NOP and 5 NOP showed less adhesion improvement
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than the sand-papered CFRP surface. This might be associated with the amount

of polar functional groups formed where the laser pre-treated CFRP with these

parameters had less polar functional groups as compared to the sand-papered

CFRP. However, when the CFRP surface was treated with laser fluence of 175

mJ/cm2 and 3 NOP , although the amount of polar functional groups was slightly

less than the sand-papered CFRP, the laser modified layer was stronger. This is

because the chain scission process was less when the surface is laser pre-treated

as compared to sand-papered surface. This implies that the laser modified layer

through using high fluence and low NOP is capable of holding the layers to-

gether firmly resulting in better improvement in paint adhesion strength. On the

contrary, although the sand-papered and laser pre-treated surfaces changed the

CFRP surface roughness slightly as compared with the as-received CFRP surface

as shown in Figure 5.10, it did not seem to affect the paint adhesion significantly.

Hence, the surface chemical composition in terms of polar functional groups for-

mation and the amount of chain scission occurrence play a more important role.

The surface pre-treated rough CFRP surfaces showed higher paint adhesion

strength improvement as compared to the smooth CFRP surfaces. This is mainly

due to the higher surface contamination on the rough CFRP surface before laser

pre-treatment as well as higher surface roughness as compared to the smooth

CFRP surface. From the analysis of the various surface properties of different

surface pre-treatment conditions, it is believe that the surface roughness and

surface chemical composition plays an important role in determining the adhesion

strength of the CFRP with paint.

On the contrary, the contact angle does not seem to have any relation or

indication in determining the adhesion property of CFRP with paint as shown

in Figure 5.11. The contact angle theory is based on the equilibrium interaction

between three mediums which are solid, liquid and gas where the main interaction

is the solid-liquid and liquid-liquid interaction. When the contact angle is zero,

the solid surface is considered to have perfect wetting (hydrophilic) and has a

stronger solid-liquid interaction as opposed to the liquid-liquid interaction. When

the angle is between zero and 90o, it is considered as high wettability having solid-

liquid interaction more or less equal to the liquid-liquid interaction but does not

always imply strong interaction strength. When the angle is more than 90o,
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the solid-liquid interaction strength is weaker than the liquid-liquid interaction

strength as summarised in table 5.7. Hence, having a low contact angle does not

imply strong adhesion force between the solid-liquid inter face.

Table 5.7: Solid-liquid and liquid-liquid interaction strength of different contact
angle values [248].

Contact angle Degree of wetting
Interaction strength

Solid-liquid Liquid-liquid
θ = 0 perfect wetting strong weak

0 < θ < 90o high wettability
strong strong
weak weak

90o ≤ θ < 180o low wettability weak strong
θ = 180o perfectly non-wetting weak strong

There are many publications indicate the relationship between contact angle

and adhesion where low contact angle results in higher adhesion. This case is

true from the point of view where having a wettable surface increases the contact

area between the liquid and the surface due to the strong interaction force at

the solid-liquid interface. But in the case of painting, it is a process where the

liquid is spread on the surface mechanically, hence the liquid spreadability of the

surface does not have much influence on the paint adhesion strength of CFRP.

In addition, the adhesion strength between the primer and the CFRP surface is

determined by the amount of covalent bond formed between the primer film and

the CFRP surface through oxidative drying process. Hence the main influence

of paint adhesion is the density of the polar functional groups on the surface of

the CFRP. As mentioned in the previous section under wettability, contact angle

measurement is influenced by several factors including surface roughness, surface

chemistry and environmental conditions, therefore the contact angle value does

not reflect or match against the paint adhesion results completely.

5.3.3 Operating Window for Smooth CFRP Surface

The hole-array mask shown in Figure 5.7 was used to establish the operating

window for the smooth CFRP surface. The operating window for the smooth

CFRP surface was separated into three different regions marked with different
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colours: red, yellow and blue. Laser parameters in the red region indicating

carbon fibre exposure after laser surface pre-treatment. On the other hand, yellow

and blue region indicating non-exposure of carbon fibre after laser surface pre-

treatment. This data was obtained through a series of experiments done using

a square mask with varying fluence and NOPs where the samples were then

examined under the optical microscope and optical white light interferometer for

any visible exposed fibre. Figures 5.14 presents the 3D optical profiles of the

CFRP surface after laser surface pre-treatment under various laser parameters.

Figure 5.15 shows the variation of removal depth by laser surface pre-treatment

with different laser parameters. It was observed that the removal depth could

be well controlled, without exposure of carbon fibres. Table 5.8 summarised the

results observed where Figure 5.16 shows the optical images of the three surface

condition classified. As the paint adhesion of the laser treated surface is compared

with the sand-papered surface, the paint adhesion strength of the sand-papered

surface was used as a bench mark. From the experiment, it was found that the

sand-papered CFRP surface had a 35 ± 13 % increase in paint adhesion strength

relative to the as-received CFRP surface. Hence, this value was used to mark the

line between the blue and yellow region where the blue region indicates insufficient

increase in paint adhesion strength or in similar term has an increase of less than

35 % relative to the as-received CFRP surface. The green region indicated the

allowable fluence and NOP shift from the optimal laser parameter to obtain a

reasonably close paint adhesion strength relative to the optimal value.

Table 5.8: Observation of the smooth CFRP surfaces after laser pre-treatment
using different laser parameters.

Through a series of tests, the optimal laser parameter was concluded to be
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(a) (b)

(c) (d)

(e)

Figure 5.14: 3D optical profiles of the surface after excimer laser (λ = 248 nm,
pulse width = 15 ns) cleaning at laser fluence of 200 mJ/cm2 and NOP of (a)
10 (b) 20 (c) 40 (d) 100 and (e) 200.
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Figure 5.15: Variation of removal depth with different laser pre-treatment pa-
rameters.

175 ± 10 mJ/cm2 with 3 ± 1 NOP at a frequency of 10 Hz and with 0 %

overlap. The operating window diagram is shown in Figure 5.17.

The laser pre-treatment coverage using the hole-array mask on the smooth

CFRP surface is partial as there are areas in between the hole-array that had

not been treated by the laser beam. Without the use of the hole-array mask,

the roughness of the surface is deemed to be insufficient for improving paint

adhesion strength. Hence an investigation on the effect of laser pre-treatment

using different mask combinations (hole-array, square and hole-array + square

mask) on paint adhesion strength was carried out. The NOP used during the hole-

array + square mask was equally split between the two masks. The experiment

was performed on the smooth CFRP surface and the laser parameters used are

as follow:

• Fluence (mJ/cm2): 100

• NOP: 7

• Overlap (%): 0 (For hole-array mask), 50 (For square mask)

• Frequency (Hz): 10
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(a) (b)

(c)

Figure 5.16: Optical images of the surface after excimer laser (λ = 248 nm,
pulse width = 15 ns) cleaning at laser fluence of (a)25 mJ/cm2, 100 NOP (No
damage), (b)50 mJ/cm2, 200 NOP (Threshold) and (c) 200 mJ/cm2, 200 NOP
(Fibre exposed).
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Figure 5.17: Operating window diagram for the smooth CFRP surface using
hole-array mask.

The paint adhesion strength increment plot for the experiment is shown in

Figure 5.18 and it strongly indicated that the laser pre-treatment process using

hole-array + square mask had the highest paint adhesion strength increment.

The surface pre-treated with either square mask or hole-array mask alone showed

similar adhesion strength increment. This is because the square mask pre-treated

the CFRP surface completely where the polar functional groups of the CFRP

surface increased throughout the surface as shown in the XPS analysis results.

On the contrary, due to the top-hat shape of the incident laser beam, the surface

roughness was reduced and therefore reduced the paint adhesion strength relative

to the surface pre-treated with hole-array + square mask. As for the CFRP

surface pre-treated with the hole-array mask, although the surface was roughened,

the change on surface chemical composition was not even where area that are

not treated by the laser beam contained lower polar functional groups which

weakened the paint adhesion strength. The surface pre-treated using hole-array +

square mask showed the best paint adhesion strength due to the increase in polar

functional groups throughout the surface in addition to the increase in surface

roughness. Although the surface roughness was lower compared to the surface

pre-treated with hole-array mask, the paint adhesion strength was higher as the
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increase in polar functional groups on the CFRP surface had a more significant

influence on the paint adhesion strength.

Figure 5.18: Bar plot of adhesion strength increment vs different mask used at
fluence of 100 mJ/cm2 and 7 NOP for the smooth CFRP surface.

A new mask was designed to incorporate the square mask and the hole-array

mask effect into a single mask so that the pre-treatment process could be done

through a single pass. The new mask is named hybrid mask where it consists of

two parallel slots at both ends and an array of 24 holes in the form of 6 × 4 array

as illustrated in Figure 5.19. The design of the hybrid mask has to be symmetrical

due to the laser pre-treatment process as it moves in a serpentine motion. The

mask is designed in such a way as the square mask and the hole-array mask effect

is equally distributed. During the cleaning process, there was a 50 % overlap

as to make sure that the rectangular slot fully covers the treated area. Hence,

the hole-array only covers half of the mask as to avoid the overlapping whereas

the rectangular slot covers the full 10 mm length. Therefore, the ratio of the

total width of the slot to the holes is 1 : 2 due to the overlapping of the slot

as it was calculated based on the NOP contributed by each section of the mask

which is related to the width of the shape. The hybrid mask was manufactured

using the Ti:Sapphire femtosecond laser which has the following dimension and

is illustrated in Figure 5.20.

• Rectangular slot: 10 mm (height) × 0.9 mm (width)
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• Hole: 0.6 mm (diameter) and 0.6 mm separation (between two holes)

• Separation distance between the slot and the hole-array: 0.8 mm

Figure 5.19: Illustration of the hybrid mask concept.

Figure 5.20: Dimension of the hybrid mask.

The hybrid mask was then tested using the laser parameters around the op-

timal operating window for the smooth CFRP surface. The test result is sum-

marised in Figure 5.21. From the test results, the surface pre-treatment using

the hybrid mask had a higher paint adhesion strength as compared to the surface

pre-treatment using the hole-array mask alone which agreed with the previous

investigation results using three different masks.
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Figure 5.21: Bar plot of adhesion strength increment vs different laser parameters
using the hybrid mask for the smooth CFRP surface.

5.3.4 Operating Window for Rough CFRP Surface

A square mask was used to establish the operating window for the rough CFRP

as shown in Figure 5.22. The square mask had a dimension of 5 mm × 5 mm.

The square mask was used for the rough CFRP surface due to the underlying im-

printed rough pattern finishing. Therefore, no further roughening was needed but

the removal of surface contaminants and the increase in surface polar functional

groups was required for paint adhesion strength improvement.

Figure 5.22: Illustration of the square mask used in the experiment.

The operating window for the rough CFRP surface was separated into three

different regions similar to the colour code used for the smooth CFRP surface op-

erating window. This data was obtained using a similar experimental procedure.

Figure 5.23 shows the 3D surface profile of the laser pre-treated CFRP of different

laser parameters using the optical white light interferometer and it could be seen

that there was an underlying imprinted pattern on all the surfaces. These im-

printed patterns might be due to the manufacturing process of the CFRP sheets.

The threshold was identified through observing any visible fibre exposed in all the
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laser pre-treated surfaces as shown in Figure 5.24 and the results are summarised

in Table 5.9.

(a) (b)

(c) (d)

Figure 5.23: 3D optical profiles of the surfaces with excimer laser (λ = 248 nm,
pulse width = 15 ns) cleaning parameter (a) 50 mJ/cm2 and 20 NOP (b
100 mJ/cm2 and 50 NOP , (c) 200 mJ/cm2 and 100 NOP , (d) 400 mJ/cm2

and 100 NOP .

(a) (b)

Figure 5.24: 3D optical profile of the laser cleaned surface with 200 mJ/cm2 and
100 NOP with different magnifications.

The paint adhesion strength of the sand-papered CFRP surface was used as

a bench mark for paint adhesion improvement. From the experiment, it was

found that the sand-papered CFRP surface had a 263 ± 27 % increase in paint

adhesion strength relative to the as-received rough CFRP surface. The increase

in paint adhesion strength of the rough CFRP surface in general had higher
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Table 5.9: Observation of the rough CFRP surfaces after laser pre-treatment
using different laser parameters.

values because the as-received rough CFRP surface had very poor paint adhesion

strength due to the fluorine contamination on the surface. Hence, a value of

220 % in paint adhesion strength increment (85 % of sand-papered surface paint

adhesion strength) was used as a bench mark to indicate sufficient paint adhesion

strength that marked the line between the blue and yellow region. Through a

series of tests, the optimal laser parameter was deemed to be 225 ± 25 mJ/cm2

with 20 ± 5 NOP at a frequency of 30 Hz with a 50 % overlap. The operating

window diagram is shown in Figure 5.25.

Figure 5.25: Operating window diagram for the rough CFRP surface using a
square mask.
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5.3.5 3D component cleaning

The capability of the laser system to perform pre-treatment on a 3D CFRP

component was investigated. In order to establish the capability of 3D laser pre-

treatment method, the effect of angled laser pre-treatment on the paint adhesion

strength was investigated. The angle of the sample surface was measured relative

to the laser beam as illustrated in Figure 5.26. The four angles tested are 90◦,

60◦, 45◦ and 30◦ using the following laser parameter:

• Fluence (mJ/cm2): 175

• NOP: 3

• Overlap (%): 50

• Frequency (Hz): 10

• Mask: Hybrid mask (50 % cleaning operation and 50 % abrading operation)

Figure 5.26: Schematic diagram illustrating the measured beam angle relative to
the sample.

The results were plotted on an adhesion strength increment versus plane angle

plot shown in Figure 5.27. From the results, it was observed that the decrease

in laser beam angle relative to the sample plane resulted in a decrease in paint

adhesion strength. The critical plane angle was deemed to be at 55◦ where laser

pre-treatment process carried out below this angle will result in a drastic decrease

in paint adhesion strength. From the plot, it was observed that the adhesion
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strength increment for the angled plane was more than the sand-papered CFRP

surface if the difference in angle between the plane of the sample and the laser

beam was less than 30◦. By considering the measurement error, the maximum

allowable angle for surface pre-treatment was concluded to be 60◦.

Figure 5.27: Plot of adhesion strength increment vs plane angle relative to the
laser beam.

A 3D component was made to test the performance of the laser pre-treatment

process using the optimal laser parameter with the hybrid mask. The 3D com-

ponent consists of two flat surface of different height and a tilted surface of 45◦

relative to the laser beam. The 3D component used in the experiment was made

using the smooth CFRP surface and is illustrated in Figure 5.28. A beam col-

limator is used to create a collimated laser beam where the beam size does not

change with distance. The excimer laser setup used is shown in Figure 5.29.

The paint adhesion test was carried out on three area of the 3D component

surfaces labelled top, side and bottom as shown in Figure 5.30a. The result of

the increment in paint adhesion strength for different 3D components is shown

in Figure 5.30b where the top and bottom surface showed similar paint adhesion

strength increment value and the side surface showed slightly smaller paint adhe-

sion strength increment value which agreed in the previous experimental results.
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(a) (b)

Figure 5.28: (a) 3D component of the CFRP used for testing. (b) Hybrid mask
used in the 3D component testing experiment.

Figure 5.29: Excimer laser layout used for the pre-treatment of the 3D CFRP
component.
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This is mainly due to the enlargement of the laser beam spot size when pre-treated

at the tilted surface of the 3D component. The increase in laser beam spot size

decreased the laser fluence and hence decreased the paint adhesion strength per-

formance of the CFRP surface.

(a) (b)

Figure 5.30: (a) Surface labeling of the 3D component used. (b) Bar plot of
adhesion strength increment vs different 3D component surface with the fluence
of 175 mJ/cm2 and 3 NOP for the smooth CFRP surface.

5.4 Summary

1. The polymeric layer thickness above the first fibre layer closest to the top

smooth and rough CFRP surfaces are ∼ 10 µm and ∼ 25 µm respectively.

The diameter of the fibre used in the CFRP is 5 µm.

2. Excimer laser pre-treatment is capable of improving CFRP paint adhesion

strength in a controllable manner where exposure of fibre can be avoided.

In addition, the surface property changes on the CFRP surface such as

surface roughness and surface chemical composition can be controlled with

different laser fluence and NOPs.

3. The increase in polar functional groups on the CFRP surface improve paint

adhesion as they form chemical bonds with the oil solvent within the primer

during film formation process (drying process).
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4. The three main influential factors on CFRP paint adhesion strength with

primer are surface contamination, surface chemical composition and sur-

face roughness. The desirable surface property for strong paint adhesion

strength is having a surface that is contamination free, high content of polar

functional groups and high surface roughness where the degree of influence

is in respective order.

5. Paint adhesion strength improvement is better for laser pre-treated CFRP

surfaces than sand-papered CFRP surfaces when appropriate laser param-

eter is used. The operating window diagram is designed for both rough and

smooth CFRP surface indicating the set of laser parameters suitable for

treating CFRP for better paint adhesion improvement without exposure of

carbon fibre after surface pre-treatment.

6. The optimal laser parameter for the smooth CFRP surface is deemed to be

175 ± 10 mJ/cm2 with 3 ± 1 NOP at a frequency of 10 Hz and 0 %

overlap using the hybrid mask. As for the rough CFRP surface, the optimal

laser parameter is deemed to be 225 ± 25 mJ/cm2 with 20 ± 5 NOP

at a frequency of 30 Hz and 50 % overlap using the square mask. The

critical plane angle relative to the incident laser beam for 3D component

pre-treatment is deemed to be 60o.
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Chapter 6

LASER SURFACE

TEXTURING OF NICKEL

ALLOY AND TRIBOLOGY

BEHAVIOUR

6.1 Introduction

The term superplasticity is used to describe the ductility characteristic of certain

metals when it is deformed under specific strain rate and temperature conditions

and these metals usually have a tensile ductility of 200 % to 1000 % elongation

[249]. The superplastic forming process (SPF) is a process that takes advantage

of the superplasticity property of a material where it is typically accomplished by

blow forming. This process is done by clamping a sheet blank in a die where gas

pressure is applied from one side which plastically deform the sheet towards the

die thus forms the sheet to the shape of the die [250]. The process is illustrated

in Figure. 6.1.

SPF process is quite similar to the conventional stamping process and is very

popular in industries that has low production volumes such as aerospace, rail and

architecture which has now been considered as the standard manufacturing pro-

cess [250]. The reasons behind the popularity of this process in these industries
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(a) (b)

Figure 6.1: Schematic of a single-sided SPF tool shown (a) before and (b) after
gas pressure forming [250].

are mainly due to the low investment and inexpensive tool cost as this process

only requires one die for each design as compared to stamping which needs a pair

of dies. Nonetheless, this process requires low force to plastically deform the ma-

terials as the process is done under high pressure and temperature. Furthermore,

this process is capable of eliminating spring-back effect, part consolidation and

most importantly increase the freedom of design [250].

On the contrary, conventional SPF has several drawbacks due to the nature

of the process. SPF is a slow process as it is rate sensitive where the process

cycle is mainly dependent on the deformation rate of the materials. The formed

parts using SPF might result in tears, wears or non-uniform wall thickness if

is not properly controlled as SPF is a stretch forming process which does not

draw in any additional materials during the process [249]. This drawback then

limits the ability of SPF in forming complicated components. Despite these

limitations, several new SPF processes have been developed over the years such

as two stage gas forming (TSGF) process and hot draw mechanical pre-forming

(HDMP) process where these new processes enables the production of complex

shape design panels [249].

Lubrication is an important element in any forming process as the friction

between the sheet material and the die surface determines the quality of the

formed parts. The primary role of lubricant in mechanical processing such as parts

forming process is to reduce the friction coefficient between the material and the

die surface which then allows the material to slide across the die surface, thereby

avoiding tear and wear [251]. In addition, the lubricant protects the die surface
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from oxidation and wear. Furthermore, proper lubrication eases the release of

the formed parts from the die after the forming process. Oil-based or waxy

lubricants are commonly used in stamping operations but are not suitable for the

SPF process due to the high temperature (> 400 oC) and pressure environment

of the process [250]. Solid lubricants on the other hand such as boron nitride or

graphite are more commonly used where boron nitride is more favourable over

graphite as it produces parts with better surface quality even though it is more

expensive [152].

Lubrication is very important in SPF process as it determines the quality of

the final formed parts. The main issue with the solid lubricant - boron nitride

used in industry is the lubricant adheres to the formed parts rather than the die

surface after each forming cycle. This poses a problem where application of solid

lubricant to the die is required after a few cycles to maintain a constant lubricant

thickness. This significantly slows down the forming process as well as increase the

usage of the solid lubricant. In addition, post processing is needed to remove the

lubricant from the formed part surface before the parts can be further processed.

The post-cleaning process can sometimes be difficult and costly [252; 253; 254].

Material surface texturing of dies improves tool wear life cycle and friction

coefficient between the contact surfaces under conformal contact configuration

such as mechanical seal and bearings components. On the other hand, under

non-conformal contact configuration, there has been contradicting publications

where micro-dimpled surfaces are reported to either significantly increase the

wear of the counter-face [172] or significantly reduce the wear of the counter-face

[173]. Laser surface texturing is deemed one of the best methods to produce

these textures due to the advantages of the process and has spark interest among

researchers over the last 20 years. In most of the research published, the optimum

dimple area ratio for several different metallic materials is reported to be between

10 % − 20 % with dimple diameter of size between 50 µm − 200 µm. Although

some of the researches published does consider different dimple depth which range

from as shallow as 1 µm − 10 µm. As for the texture shape, circular is still the

best option due to the ease of production as well as the symmetrical property of

the shape. Other shapes such as triangular and eclipse might be good for certain

applications where directionality is of importance.
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The research aims to utilize laser surface texturing to produce dimple texture

on HR4 nickel alloy and investigate the effect of dimple texture on tribology per-

formance in terms of friction coefficient changes and wear rate performance under

non-conformal contact configuration (dry and oil lubricant lubricated conditions).

The specific objectives are:

• To determine the best-suited laser parameter for the texturing process.

• To characterise the dimples created by laser texturing, including dimple

depth, diameter, separation distance and surface finish, using optical mi-

croscope, SEM and optical white light interferometer.

• To evaluate the surface friction coefficient changes of laser textured surfaces

of different dimple area ratio and depth under dry and lubricated conditions.

• To evaluate the laser textured surfaces wear rate of different dimple area

ratio and depth under dry and lubricated conditions.

6.2 Methodology

6.2.1 Material Preparation

The nickel alloy sample used was sliced into size of 30 mm × 20 mm × 4 mm

using a water jet machine. The samples were then ground using the MECAPOL

P255U metallographic polishing machine manufactured by PRESI with grinding

paper up to grit size of 600, achieving a surface roughness, Ra of 0.1 µm measured

using the optical white light interferometer.

6.2.2 Laser Surface Texturing

The Ti:Sapphire femtosecond laser (λ = 800 nm, pulse width = 100 fs) was used

to produce the dimples on the nickel alloy surface. The dimples were produced

through scanning two concentric circles with diameter of 80 µm and 10 µm using

different laser parameters as summarised in Table 6.1. The processing time is

dependent on the dimple dimension, depth, dimple density, laser fluence, NOP as
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well as scanning speed. For this set of experiment, the processing time required

to produce 1 cm2 dimple of 50 % density requires 20 min.

Table 6.1: Laser parameters used to produce the dimples.

Fluence
(J/cm2)

NOP
Speed

(mm/s)
Frequency

(kHz)
outer hole 4.2 1− 20 30 1
inner hole 4.2 3 120 1

6.2.3 Material Characterisation

Materials characterisation was carried out using optical microscopy, SEM, optical

white light interferometer and microhardness tester.

6.2.4 Friction and Wear Test

The friction coefficient and wear property of the textured nickel alloy surface was

examined with a POD-2 Pin on Disc wear tester manufactured by Teer Coatings

Ltd under room temperature condition. This machine used a 5 mm diameter

WC-Co ball (Hertzian contact pressure of ∼ 0.15 GPa) to perform the friction

coefficient measurement test with a reading accuracy of ±0.1 %. Figure 6.2 shows

the wear tester machine used in the experiment. In addition to the normal point

contact test, the ball was manually ground and polished such that a flat area of

diameter 3 mm and 4 mm were produced in order to perform an area contact

test. The experimental condition for the room temperature wear test experiment

is summarised as follow:

• Test Duration: 900 s

• Load: 10 N

• Rotational Speed: 500 rpm

• Track Diameter: 70 mm

• Temperature: 22◦C
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• Humidity: 45 %RH

Figure 6.2: POD-2 pin on disc wear tester [255].

The test was done in two conditions which are dry (with no lubricant) and

lubricated (oil lubricant) condition under room temperature environment. The

oil lubricant used was a 3-in-1 multipurpose oil with PTFE manufactured by

WD-40 Company Ltd.

The wear rate was calculated using the famous Archard equation as shown

below [149; 150]:

Wear rate =
volume loss per unit sliding distance

load
(6.1)

A more specific equation was derived for the POD-2 Pin on Disc wear tester

for wear rate and wear volume calculation as shown below. The annotation used

in the equations are illustrated in Figure 6.3.

Wear rate =
wt

2× load× No. of rev.
(6.2)

Wear volume =
wt

2
× πd (6.3)
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where No. of rev. = rpm × test duration

w = track width

t = wear depth

Figure 6.3: Schematic illustration of the parameters used in wear rate and wear
volume calculation.

6.2.5 Characteristic of Dimple

The dimple machined had a diameter of 100 µm with varying dimple depth

of 0.15 µm − 10 µm and dimple area ratio of 5 % − 50 %. The dimple area

ratio was calculated based on the percentage coverage of the dimple area to

the overall area coverage using equation 6.4. The separation distance between

dimples for different dimple area ratio is summarised in Table 6.2. The SEM

image of the dimple produced is shown in Figure 6.4. The surface hardness at

the circumference of the dimple (202.7 ± 13.5 HV ) was found to be similar as

compared to the non-textured surface (210.7 ± 20.4 HV ).
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Darea = π(
d

2s
)2 × 100% (6.4)

where d = dimple diameter

s = spacing between the dimples

Table 6.2: Spacing between dimples for different dimple area ratio.

Dimple area ratio (%) 5 10 15 20 25 30 50
Spacing (µm) 396 280 229 198 177 162 125

(a) (b)

Figure 6.4: (a) SEM image of a dimple taken at 45o incline plane and (b) optical
white light interferometer profile of the dimples produced at 4.2 J/cm2 fluence
and 15 NOP.
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6.2.6 Wear Characteristics

6.2.6.1 In the Dry Environment (No Lubrication) at Room Temper-

ature

Figure 6.5 shows the wear rate and friction coefficient for textured nickel alloy

surface with different dimple area ratio of depth 2.5 µm under dry environment

using a standard wear tester ball. All textured surfaces showed better wear rate

than the un-textured surface. The wear rate decreased for surfaces having dimple

area ratio of 5 % to 20 % and reached an asymptotical value with a reduction of

64 % in wear rate as compared to the un-textured surface.

(a) (b)

Figure 6.5: (a) The wear rate and (b) average steady state friction coefficient
of textured surfaces with different dimple area ratio of depth 2.5 µm under dry
environment and room temperature condition.

The wear mechanism involved in the dry environment under room temperature

is abrasive wear and this was clearly observed on the SEM images shown in Figure

6.6. New scratches align with the direction of the ball movement along the wear

track could be observed. When the ball was in contact with the asperity on the

surface of the substrate, wear particles were produced. These wear particles were

mobile under the non-lubricated environment with high possibility of depositing

into the wear track which accelerated the wear rate of the substrate through

the abrasive wear mechanism. Hence, the dimples act as reservoir to trap wear

particles which prevent them from depositing into the wear track. The quantity of
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wear particles produced was limited by the test duration which set the maximum

possible wear rate of the surface. Theoretically, a lower wear rate would be

observed for higher dimple area ratio surfaces if the test duration is prolonged.

In addition, the wear rate variation (error bar) for a lower dimple area ratio was

much higher as compared to those with a higher dimple area ratio. This is mainly

due to the different initial surface condition in contact with the wear tester ball

at the beginning of the test as well as the duration needed to achieve equilibrium.

According to the Hertzian contact theory, the resultant contact radius of two

contact body with a given applied force, Fn is given by:

r =
3

√
3 Fn R

4E∗
(6.5)

where R = radius of the ball

E∗ = effective young modulus

The contact radius, r was calculated to be 180 µm. As the contact radius

is smaller than the separation distance between dimples for the low dimple area

ratio, the possibility of the wear tester ball starting on a different surface condition

is higher. The friction coefficient trend matches with the wear rate trend where

it decreased with increasing dimple area ratio from 5 % to 20 % and reached an

asymptotical value with a 62 % reduction in the friction coefficient as compared

to the un-textured surface. This indicated that the friction coefficient value was

influenced by the quantity of wear particles between the two wear surfaces.

6.2.6.2 In the Oil Lubricated Environment at Room Temperature

The influence of sliding speed and contact pressure on the friction coefficient

of the un-textured nickel surface under an oil lubricated environment was in-

vestigated. The study involved an area contact test using the modified WC-Co

ball with a contact diameter of 3 mm (Maximum pressure achieved with 40 N

weight = 5.66 MPa) and 4 mm (Maximum pressure achieved with 40 N weight
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(a) (b)

Figure 6.6: SEM images of the grinded nickel alloy surface (a) before wear test
and (b) after wear test.

= 3.18 MPa) where the speed varied from 10 rpm (0.0042 m/s) to 1000 rpm

(0.42m/s). Under very low speed (< 100 rpm) and high pressure (5.66MPa), the

friction coefficient response followed a sinusoidal curve shape where the friction

coefficient value fluctuated between two values at a certain frequency as shown

in Figure 6.7a. Such phenomenon was observed for sliding speed of < 80 rpm

(0.035 m/s) indicating variable hydrodynamic pressure with time with a reduc-

tion in peak to peak value as the speed increased as shown in Figure 6.7b. Hence,

two lubrication regimes existed: low friction coefficient (thicker oil film) and high

friction coefficient (thinner oil film). The period of the curve indicates the time

required to gain enough pressure to form a thicker film between the two contact

surfaces. As the sliding speed increased, the thickness of the base film increased

resulted in a decrease in peak to peak value indicating a more constant hydrody-

namic pressure between the two surfaces. This is in agreement with the Stribeck’s

work where the friction coefficient is dependent on the sliding speed, pressure and

viscosity of the lubricant [146].

Under high sliding speed, the friction coefficients for both contact pressures

decreased with increased sliding speed as shown in Figure 6.8. In addition, the

friction coefficient was lower when the contact pressure decreased from 1.415MPa

to 0.796 MPa under similar sliding speeds. This agrees with the Stribeck’s curve

theory where the friction coefficient is inversely proportional to the contact pres-
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(a) (b)

Figure 6.7: (a) Plot of friction coefficient respond with sliding speed of 0.0042 m/s
and (b) Peak to peak friction coefficient difference with different sliding speed for
un-textured nickel surface in oil lubrication environment under the pressure of
5.66 MPa.

sure and is directly proportional to the sliding speed. Under the lower contact

pressure, the friction coefficient value increased when the sliding speed exceeded

0.33 m/s. This is mainly due to the thickness of the oil film formed. When the

lubrication regime between the two surfaces changes from boundary to hydro-

dynamic, it indicates an increase in the oil film thickness which then helps in

reducing the friction coefficient by minimising the contact of the asperities be-

tween the two surfaces. However, a further increase in film thickness results in an

increase in drag force between the oil films thus increases the friction coefficient.

Hence a slight increase in friction coefficient was observed when the sliding speed

was further increased under hydrodynamic lubrication region.

The friction coefficient for textured nickel surface with dimple area ratio of

20 % and dimple depth of 2.5 µm was investigated and compared to the un-

textured surface as shown in Figure 6.9. It was observed that the friction co-

efficient value decreased for the textured nickel alloy surface when the sliding

speed was lower than 0.2 m/s but was higher when the sliding speed exceeded

0.2 m/s. This showed that the dimpled surface shifted the lubrication regime

to a lower sliding speed, indicating expansion of the hydrodynamic lubrication

regime, achievable at a lower sliding speed. This agreed with results published
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Figure 6.8: Plot of friction coefficient versus sliding speed under different contact
pressure in oil lubrication environment.

by other researchers [170; 171; 256]. The increase in friction coefficient when the

sliding speed exceeded 0.2m/s was due to the film thickness effect as explained

earlier.

Figure 6.10 shows the wear rate and friction coefficient for textured nickel

alloy surface with different dimple area ratio of depth 2.5 µm under oil lubricated

environment. All dimpled surface showed an increase in wear rate excluding the

surface with 20 % dimple area ratio where a reduction of 35 % in wear rate as

compared to the un-textured surface was observed. The wear rate decreased with

increasing dimple area ratio up to the optimal dimple area ratio of 20 % where

the wear rate then increased with dimple area ratio as shown in Figure 6.10.

The wear rate is dependent on the contact pressure and the number of dimples

available for trapping wear particles as well as storing lubricant. The contact

pressure is directly proportional to the wear rate whereas the number of dimples

is inversely proportional to the wear rate. Hence there exists a trade-off between

the contact pressure of the surface and the availability of dimples for trapping

wear particle and storing lubricant where 20 % was the optimal combination

between the two parameters for the test duration of 900 s. Under conformal

contact configuration, the contact pressure between the wear tester ball and the

surface is much higher as compared to the non-conformal contact configuration
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Figure 6.9: Plot of friction coefficient versus sliding speed for textured (20 % dim-
ple area ratio with 2.5 µm depth) and un-textured nickel surface in oil lubrication
environment.

(a) (b)

Figure 6.10: (a) The wear rate and (b) average steady state friction coefficient
of textured surfaces with different dimple area ratio of depth 2.5 µm under oil
lubricated condition.
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resulting in wear phenomena under boundary lubrication region [172]. Hence,

the asperity contact between two surfaces increases, causing rapid abrasive wear

especially on the edges of the dimple as these are stress concentration area. In

addition, the dimple diameter to contact area diameter ratio affect the wear

rate. If the ratio is low (dimple diameter � contact area diameter) as in the

case reported by C. Chouquet et. al., the oil reservoir effect by the dimple is

more significant through removal of lubricant from the cavity via tangential shear

stress which increased the local lubricant film thickness leading to a reduction of

abrasive [173; 257]. On the contrary, if the ratio is high as in the case reported

by Andriy Kovalchenko et. al., the wear rate increased for all dimpled surfaces as

compared to the un-textured surface [172]. Since the ratio used in this experiment

is in between the ones reported in [172] and [173], some of the dimpled surfaces

show an increase in wear rate whereas some show a decrease in wear rate. Under

lubricated environments, the friction coefficient response reduces tremendously

as compared to the dry environment. The friction coefficients for different dimple

area ratio were constant which implied similar lubrication condition (boundary

lubrication region) [146].

(a) (b)

Figure 6.11: (a) The wear rate and (b) average steady state friction coefficient of
textured surfaces with different dimple depth of 20 % dimple area ratio under oil
lubricated environment.

Figure 6.11 shows the wear rate and friction coefficient for textured nickel alloy

with different dimple depth of 20 % dimple area ratio under oil lubricated envi-
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ronment. A similar lubrication condition (boundary lubrication) was achieved for

different dimple depth as shown from the friction coefficient response [146]. The

wear rates, on the other hand, were similar with < 2.5 µm depth and increased

after. This is due to the decrease of lubricant film thickness as the depth increases

where the increase in depth causes lubricant film breakdown [258]. Although the

reservoir capacity increases with depth, the reduction in the lubricant film results

in a more severe wear due to increase contact between the asperities of the two

surfaces.

6.3 Summary

1. Laser surface micro-dimpled nickel alloy of 100 µm diameter shows reduc-

tion in wear rate under dry and oil lubricated environments.

2. Under dry environment and non-conformal contact condition, an increase

in dimple area ratio reduces the wear rate of the nickel surface. For the test

duration of 900 s, the optimal dimple area ratio is 20 % with a wear rate

reduction of 64 % relative to the un-textured surface.

3. Under oil lubricated environment, the friction coefficient is dependent on

the surface contact pressure, sliding speed and the viscosity of the lubricant.

The textured surface shifted the hydrodynamic lubrication region to a lower

sliding speed.

4. Under oil lubricated environment and non-conformal contact condition, The

optimal dimple parameter is at dimple area ratio of 20 % and dimple depth

of 2.5 µm with a reduction of 35 % relative to the un-textured surface.

5. The wear rate of a dimpled surface is dependent on three factors which are

the dimple diameter to contact area diameter ratio, dimple depth and dim-

ple area ratio. The increase in the dimple area ratio increases the contact

pressure of the surface which increases the wear rate performance of the

surface. On the contrary, it also increases the reservoir capacity which de-

creases the wear rate of the surface. The increase in dimple depth decreases
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the thickness of the lubricant film under oil-lubricated condition which re-

sults in an increased wear rate. The effect of dimple as lubricant reservoir

is dependent on the dimple diameter to contact area diameter ratio where

the effect decrease with increasing ratio. The wear mechanism under room

temperature environment is governed by abrasive wear.
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Chapter 7

LASER SURFACE

TEXTURING OF ABS AND

DUST ADHESION

BEHAVIOUR

7.1 Introduction

A vacuum cleaner is a machine that cleans dust and dirt through an air suction

technique. Conventional vacuum cleaners use a dust bag to collect dust and dirt

which is made out of paper and is disposed off and cannot be recycled when the

dust bag is filled. Such design is not environmental friendly and is inefficient as

more power is needed to maintain the pressure difference between the dust bag

and the surrounding to produce sufficient suction power after prolonged usage.

Thus, bagless vacuum cleaners were invented using cyclone separation system

where the paper dust bag is replaced by a plastic container. The container can

be washed and reused. A separation system air flow for Dyson DC37 bagless

vacuum cleaner and its components are shown in Figure 7.1 and Figure 7.2.

The drawback of such design is the blockages of the separation system due

to dust adhesion especially on the cyclone wall and cone tip after prolonged

usage. The blockage reduces the suction power of the vacuum machine and hence
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Figure 7.1: Illustration of the air flow in the separation system of Dyson DC37
bagless vacuum cleaner.
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Figure 7.2: Separation system components of the of Dyson DC37 bagless vacuum
cleaner.

reduces the efficiency of the cleaning. Part of the components need to be changed

or dismantled for cleaning which makes things difficult and tedious. Hence, to

improve the longevity and efficiency of the machine, having an anti-dust surface

is crucial.

7.1.1 Factors Causing Dust Adhesion

The main force that contributes to the adhesion force for a particle system smaller

than 10 µm in size is the van der Waals force as described in the literature review

chapter. The magnitude of the van der Waals force is directly proportional to

the size of the particle and the constant A which is dependent on the material

properties. Since the particle size is constant, the constant A needs to be reduced

in order to reduce the adhesion force. The constant A is dependent on the surface

energy of the materials where metallic materials have a higher A value as com-

pared to polymers [133]. In addition, the electrostatic force also contributes to

the particle adhesion force. Hence, having materials with anti-static property re-

duces the strength of the electrostatic forces induced by the charged particles onto

the surface which then reduce the adhesion force of the particles. Nonetheless,
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water causes capillary condensation effect which increases the adhesion force of

the particles. Hence to avoid the effect of capillary condensation effect, it is best

to keep the environment dry so that there is no condensation of water molecules

onto the surface.

As van der Waals force is present in all the systems on earth, it is impossible

to eliminate the adhesion force completely. Hence, external forces such as aero-

dynamic force and hydrodynamic force larger than the particle adhesion force are

required to achieve particle removal. The application of hydrodynamic force is

not practical because it induces a capillary condensation effect which increases

the adhesion force afterwards although it decreases the electrostatic force and van

der Waals force of the particles. As for the aerodynamic force, FH , the amount

of force needed to remove a particle that is adhered on a surface with a force FA

is given by the following equation [134][145]:

FH = γFA (7.0)

where γ is the static coefficient of friction

The breakdown of the removal mechanisms involved in a particle adhesion

system is shown in Figure 7.3.

Based on the literature review, several factors have been identified that po-

tentially influence the dust adhesion on a surface, they are surface roughness,

anti-static charge surface property, surface chemical composition, humidity and

dust particle size as summarised in Figure 7.4.

This research aims to investigate the effect of laser surface engineering (surface

texturing and surface chemical composition modification) of ABS polymer surface

on dust adhesion behaviour. The specific objectives are:

• To determine suitable laser parameters for laser surface engineering process.

• To characterise surface textures created by laser, including feature depth

and finishing using an optical microscope, SEM and optical white light

interferometer.

• To evaluate the surface chemical composition changes of ABS polymer after

laser surface treatment.
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Figure 7.3: Removal mechanisms involved in a particle adhesion system.

Figure 7.4: Factors influencing dust particle adhesion on a surface.
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• To evaluate the dust attachment/ adhesion for different laser treated ABS

surfaces under cyclone airflow environment.

7.2 Methodology

7.2.1 Material Preparation

The ABS samples used in the experiment were cut into size of 15 mm × 15 mm.

The surface roughness was Ra = 0.06 ± 0.015 µm. A thistle multi-finish plaster

manufactured by British Gypsum was used as dust particles in the experiment.

The plaster has a mean aerodynamic dust particle size of 1.13 µm measured using

an aerodynamic particle sizer (APS) model 3321 manufactured by TSI with a

measurement resolution of 0.02 µm. The particle distribution plot is shown in

Figure 7.5.

Figure 7.5: Aerodynamic particle size distribution plot for Thistle multi-finish
plaster measured using APS.
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7.2.2 Laser Surface

Two factors that affect dust adhesion forces were investigated which are the effect

of surface energy and the effect of surface roughness. Both modifications were

done through laser surface engineering as summarised in the following sub-section.

7.2.2.1 Surface Energy Modification

The surface energy modification of ABS was done using the KrF excimer laser

through a mask projection technique utilising a square mask to obtain a more

uniform laser beam profile. The laser parameters used to treat the ABS surface

are summarised as follow:

• Fluence (mJ/cm2): 50, 100, 200, 400

• Number of Pulses: 10, 25, 50

• Frequency (Hz): 10

7.2.2.2 Surface Texturing Modification

The surface texturing of ABS was done using the Ti:Sapphire femtosecond laser

by scanning three different texturing patterns which are line, hatch and circle as

illustrated in Figure 7.6. The laser parameters used to texture the ABS surface

are summarised as follow:

• Power (mW ): 100, 250

• Frequency (kHz): 1

• Number of passes: 6

• Speed (mm/s): 60

• Spot size (µm): 60

• Pattern separation (µm): 100, 200, 300, 400

• Hole diameter for circular pattern (µm): 100
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Figure 7.6: Patterns used for ABS surface texturing.

7.2.3 Material Characterisation

The morphology of the laser engineered surfaces was examined using the SEM

and optical white light interferometer. The chemical composition of the ABS was

analysed using the XPS.

7.2.4 Dust Adhesion Test

The dust adhesion test was done using a test rig consisted of a DC37 vacuum

cleaner, mechanical shaker, coloumbmeter, pitot tube, data logger and a PC

with the layout shown in Figure 7.7. The laser surface engineered samples were

firmly mounted at the inlet of the vacuum cleaner. A constant air flow rate of

2100 − 2200 LPM was used and monitored through a pitot tube connected to

the NI PCI-6221 data logger and PC. The dust particles were loaded into the

system at a rate of 5 g/min using a V20/PA100 mechanical shaker by Gearing

& Watson at a frequency of 100 Hz. The static electric charge of the dust

particles were measured using the IPC-1964-M coloumbmeter. The change in

dust adhesion for different laser surface engineered ABS was quantified through

weight measurements using the Sartorius 2024MP model manufactured by Data

Weighing Systems Inc. as shown in Figure 7.8. The weighing machine uses a

cubic modular system where a cubic transparent cover is used to stabilize the

system from surrounding environment interference. The system is capable of

reading down to 0.00001 g accuracy with a maximum capacity of 15 g.
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Figure 7.7: Schematic diagram of the dust adhesion test rig used in the experi-
ment.

Figure 7.8: The Sartorius 2024MP digital weighing machine manufactured by
Data Weighing Systems Inc.
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7.3 Results and Discussion

7.3.1 Surface Morphology of the Textured Surface

7.3.1.1 Surface Energy Modification

Figure 7.9 shows the surface morphology images of different excimer laser treated

ABS surfaces obtained using optical white light interferometer. It is observed

that all excimer laser surface treated ABS had a rougher surface as compared to

the un-treated surface. The roughness of the surface increased with laser flounce

and NOP as shown in Figure 7.10.

(a) (b)

(c) (d)

Figure 7.9: Optical white light interferometer contour plot illustrating surface
morphology of different excimer laser (λ = 248 nm, pulse width = 15 ns) surface
treatment conditions: (a) as-received, (b) 50 mJ/cm2, 10 NOP , (c) 200 mJ/cm2,
10 NOP and (d) 400 mJ/cm2, 50 NOP for ABS surface.
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Figure 7.10: Surface roughness plot for different excimer laser surface treatment
conditions for ABS surface.

7.3.1.2 Surface Texturing

Five different surface textures were produced using the three different scanning

patterns through femtosecond laser by varying the separation distance between

each scan. The structures produced include dimple, line, hatch, needle shape

and fin shape as shown in Figure 7.11. Table 7.1 summarises the height of the

structures produced using different scanning patterns and separation distances.

Table 7.1: Summary of the feature height for different ABS textured surfaces.

Scanning pattern
Separation distance (µm)
100 200, 300, 400

Feature Height (µm)
Circle 15 25
Hatch 15 15
Line 15

Figure 7.12 shows the plot of the surface roughness of different textured sur-

face using the femtosecond laser. It is observed that the surface roughness of the

femtosecond laser textured surface is much higher as compared to the un-textured

surfaces. The surface roughness reduces with increasing separation distance (de-
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(a) (b)

(c) (d)

(e)

Figure 7.11: Optical white light interferometer surface morphology profile for
femtosecond laser textured ABS with (a) circular pattern with separation distance
of 100 µm (needle shape) and (b) 200 µm (dimple shape), (c) hatch pattern with
separation distance of 100 µm (fin shape) and (d) 200 µm (hatch shape) and (e)
line pattern with separation distance of 200 µm (line shape).
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creasing pattern density). The needle shape texture had lower surface roughness

as compared to the dimpled surface with separation distance of 200 µm and

300 µm. Similar characteristics were seen for the fin shape texture surface.

Figure 7.12: Surface roughness plot for different femtosecond laser surface tex-
turing conditions for ABS polymer.

7.3.2 Particle Charge Property

The particles used had a broad range of sizes ranging from sub-micron to a few

microns as shown in Figure 7.13. The electrostatic charge of the particles running

through the test rig were measured using a coulumbmeter. The coulombmeter

was first calibrated to determine the accuracy of the measurement by charging

capacitors of different capacitance (10 nF , 22 nF , 33 nF , 47 nF and 68 nF )

using a DC voltage supply (1− 6 V ). Two types of calibrations were carried out

with different DC voltage supply and capacitors with different capacitance. The

calibration plot is shown in Figure 7.14.

The coloumbmeter was then used to measure the charge distribution of the

particles feed into the system by connecting the probe to the inner chamber of the

test rig through a wire where the inner chamber was made conductive through

applying a layer of silver paint manufactured by Agar Scientific. The charge of the
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Figure 7.13: SEM image of the dust particles used in the experiment.

(a) (b)

Figure 7.14: Calibration plot for (a) capacitor of 10 nF with varying voltage. (b)
Capacitor of different capacitance charged with a constant 5 V supply.

241



particle over time was measured and shown in Figure 7.15 where the contribution

of charged particle was constant at a value of 5 nC/s.

Figure 7.15: Plot of particle charge accumulation versus time.

7.3.3 Dust Adhesion Test

Surface Energy Modification The dust adhesion test results for the laser

engineered ABS surfaces using the excimer laser are summarised in Figure 7.16.

The dust adhesion performance is presented in percentage increase relative to the

un-treated ABS surface. At 10 NOP , the excimer laser treated surface showed

a drastic decrease of dust accumulation from 50 mJ/cm2 to 100 mJ/cm2 and

increased after with fluence. As for 25 NOP , the dust accumulation remained

constant with a slight decrease at 400 mJ/cm2. The dust adhesion for 50 NOP

increased with fluence with the lower fluence (50 mJ/cm2 and 100 mJ/cm2)

showing lower dust adhesion as compared to the un-treated ABS surface.

The observed dust accumulation trend on excimer laser treated surface is

believed to be influenced by two factors: surface roughness and surface energy.

As the laser fluence increased, the surface roughness increased as shown in the

previous section. The increase in surface roughness increased the surface area

available for dust to adhere to causing an increase in dust adhesion.
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Figure 7.16: Dust adhesion performance for different excimer laser (λ = 248 nm,
pulse width = 15 ns) surface treatment conditions under air flow dust test.

The increase in laser fluence increased the surface energy of the polymer

through increase in polar function groups (C-O, C=O, C-N) on the surface as

shown in the XPS analysis in chapter 4. As the particle fed into the test rig was

charged as shown from the coulombmeter measurement as shown in Figure 7.14,

the increase in polar functional groups on the polymer surface resulted in an in-

crease in dust accumulation. This is because the laser treated ABS surfaces have

higher tendency of inducing polar charges of opposite polarity relative to the dust

particles due to the increase in polar functional group. Hence, secondary force

formed between the dust particles and the polymer surface are stronger according

to the adsorption adhesion theory and electrostatic adhesion theory.

On the contrary, the change in surface roughness is believed to affect the drag

coefficient of the air flow which then reduces the amount of dust adhering onto the

surface. The increase in surface roughness decreases the critical Reynolds number

but increases the minimum drag coefficient [259; 260]. Reynold number is defined

as the ratio of the inertial force to the viscous force where low Reynold number

implies laminar flow and high Reynold number implies turbulent flow. At a low

Reynold number, the viscous force is more dominant in the flow whereas at high
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Reynold number, the inertial force is more dominant in the flow. Hence, having

a lower Reynold number implies a decrease in the drag coefficient and vice versa.

Therefore, an increase in surface roughness increases the drag coefficient between

the air flow and the surface. This resulted in an increase in the external force

exerted onto the particles and hence increased the removal rate of the particles

that adhered onto the surface. Hence the increase in surface roughness had a

counter effect on the dust accumulation under dynamic condition. Therefore at

low fluences and NOPs under cyclone airflow condition, the laser treated surface

accumulated a higher amount of dust on the surface.

Surface Texturing Modification The dust adhesion test results for the laser

engineered ABS surfaces using the femtosecond laser are summarised in Figure

7.17. All textured surfaces showed increased dust accumulation as compared to

the un-textured surface except for the line texture where it showed similar dust

accumulation as compared to un-textured surface. On the other hand, the hatch

and dimple texture showed a decrease in dust accumulation with an increased

separation distance where the accumulated dust is higher for dimple texture as

compared to the hatch texture. In addition, the fin and needle texture showed

an increase in dust accumulation with needle texture showing a higher increase

than the fin texture.

The dust accumulation of femtosecond laser textured ABS surfaces showed

similar variation trend to the surface roughness changes. As all the femtosecond

laser textured surfaces had a much higher roughness as compared to the excimer

laser treated surface, the increase in dust accumulation is relatively higher for

all the textured surface with the exception of the line texture. The observed

variation of the dust accumulation for dimple and hatch texture with separation

distance is mainly due to the reduction in surface area as well as the nature of

the texture as these texture trap dust particles easily and is hard to be removed.

This is clearly observed in the SEM images of the surface after dust adhesion

test shown in Figure 7.18 where the dust particles partially filled up the textured

area. In addition to the macro-surface roughness, the micro-surface roughness of

the textured area also increased. The textured area produces a porous structure

that may be a result of re-solidification of the melted polymer as shown in Figure
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Figure 7.17: Dust adhesion performance for different femtosecond laser (λ =
800 nm, pulse width = 100 fs) surface texturing conditions under air flow dust
test.

7.19. Such surface structure is prone to trapping dust as the size of the porous

structure is in the micro scale level which is bigger as compared to the size of the

dust particles.

The fin and needle texture has slightly lower dust adhesion as compared to

the dimple and hatch texture with smallest separation distance because these

two textures had a lower surface roughness than the dimple and hatch texture

with smallest separation distance. As for the line patterned ABS surface, the

dust adhesion is close to the un-textured surface. This observation is believed

to be caused by the changes in aerodynamic due to the texture effect as the line

patterned was placed parallel to the air flow. This observation is also seen on the

difference in dust accumulation between the dimple texture and the hatch texture

where the hatch texture has a relatively low dust adhesion as compared to the

dimple texture. In addition, the femtosecond textured surface resulted in surface

chemical composition changes where the surface energy is increased as shown in

the XPS analysis in chapter 4 which then increases the tendency of the surface

to attract dust particles to adhere onto the surface.

245



(a) (b)

Figure 7.18: SEM images of (a) dimple and (b) hatch texture on ABS after dust
adhesion test.

(a) (b)

Figure 7.19: SEM images of line pattern at an angle of (a) 45o and (b) 0o.
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7.4 Summary

1. Under cyclone airflow environment, the laser surface engineered ABS shows

an increase in dust accumulation as compared to the un-treated surface

with the exception of line textured surface where similar dust accumulation

was observed.

2. The main factors that affect the changes in dust adhesion performance of

the ABS surface are changes in surface roughness and surface chemical

composition which can be explained through adsorption and electrostatic

adhesion theory.

3. The increase in surface roughness increased the available surface area for

dust particles to adhere onto the surface resulting in better adhesion. Nonethe-

less, the femtosecond laser textured ABS produced porous micro-scale struc-

tures on the textured area which acts as a repository area for the dust

particles to adhere.

4. The increase in surface roughness increased the drag coefficient of the air

flow result in higher removal force exerted by the air flow onto the dust

particles. In addition, the localised aerodynamic flow on the surface changes

with different surface textures which seemed to increase the particle removal

force through a decrease in dust accumulation result.

5. The excimer laser and femtosecond laser surface treatment changed the

surface chemical composition of the ABS through chain scission process

by which cross-link formation and addition of polar functional groups into

the polymeric chain were observed. As the dust particles were charged,

the increase in polar functional groups increased the adhesion of the dust

particles onto the surface due to induce dipole moment.
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Chapter 8

Conclusions

This thesis reported an investigation on the understanding of the interactions be-

tween excimer and femtosecond laser beams and CFRP, ABS polymer and HR4

nickel alloy in laser surface micro/nano texturing of these materials, and their ap-

plications for improved paint adhesion, control of dust attachment to surfaces and

tribology performances in a SPF moulding process. These applications required

the modification of material surface properties. Hence, the effect of interactions

between the laser beam on material surface morphological characteristics, chem-

ical and crystallographic changes were crucial in understanding the behaviour of

the surface engineered materials under different application environments.

Surface adhesion is one of the research topics in this thesis whereby the ap-

plications involve paint adhesion on CFRP and dust adhesion on ABS polymer.

Laser surface treatment using excimer laser had been proven to be an effective

pre-treatment method for paint adhesion improvement of CFRP as it is control-

lable, reliable and having the possibility of being automated. In addition, laser

surface treated ABS using the excimer and femtosecond laser also showed an

improvement in dust adhesion.

The main factors that cause improvement of adhesion for both situations

are changes in surface morphology and surface chemical composition through

the laser ablation process. For the excimer laser beam (pulse width in the ns

regime) ablation of materials, the ablation depth per pulse shows a single ablation

regime that obeys Beer-Lambert’s logarithmic law. For the femtosecond laser

ablation of materials, two ablation regimes are observed where the dependency of
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the ablation rate at the low fluence ablation regime is dependent on the optical

penetration depth and at high fluence ablation regime, it is dependent on the

thermal penetration depth. The ablation process changes the surface roughness.

The ablation threshold, F 1
th, for the epoxy with the excimer laser beam was

found to be 1.17 J/cm2 with an incubation factor of ξ = 0.75 and an optical

penetration depth of α−1 = 282 nm. The ablation threshold value was lower

for ABS with the excimer laser (Fth = 0.87 J/cm2) compared to that with the

femtosecond laser (Fth = 1.642 J/cm2). This is due to the different in ablation

mechanisms. The eximer laser ablation of ABS is governed by thermal ablation

with single-photon absorption, whilst the femtosecond laser ablation of ABS is

governed by photoablation (in the low fluence regime) and thermal ablation (in

the high fluence regime) with multi-photon absorption. The optical penetration

depth value was higher for ABS interaction with the excimer laser beam, λ =

248 nm (α−1 = 223 nm) compared to that for the femtosecond laser beam,

λ = 800 nm (α−1 = 2.917 nm). This is due to the difference in photon energy of

the laser beam of different wavelength.

In addition to material removal, laser ablation also changes the chemical com-

position of the treated layer mainly in the polymeric materials. The main ob-

servation of chemical changes was where the chain scission process through the

reduction in unsaturated or saturated carbon-carbon chains and an increase in

other functional groups such as oxygen rich (C-O and C=O) and nitrogen rich

functional group (C-N) was observed. This is achieved through reactions be-

tween the free radical carbons with oxygen, nitrogen and water vapour in air.

The increase in laser fluence and NOPs increased the oxygen and nitrogen rich

functional groups on the epoxy resin surface when it was irradiated with the ex-

cimer laser. Nitrogen rich functional group was added into the polymeric chain

of the ABS after laser ablation where the free radical carbons produced had a

higher affinity towards nitrogen molecules than oxygen molecules.

The factors that affect paint adhesion on CFRP surface are types of contami-

nants, surface morphology and surface chemical composition. Surface cleanliness

is the most crucial factor in determining the adhesiveness of a CFRP surface

where contaminants containing fluorine from the release films or other ancillary

consumable during the manufacturing process reduce paint adhesion strength of
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CFRP found on the rough CFRP surface. The smooth CFRP surface had a

higher paint adhesive strength than the rough CFRP surface (104 %) due to the

absent of surface contaminants. The paint adhesion strength of the rough CFRP

surface increased when the contaminants were removed through pre-treatment

process such as laser treatment or sand-papering.

The second most influential factor for surface adhesion is the surface chemical

composition of the polymers and the third most influential factor is the surface

morphology (e.g. surface roughness) of the polymers. The sand-papered surfaces,

although having a higher surface roughness, had lower paint adhesion strength as

compared to the laser pre-treated samples using the optimal laser parameter. This

is because laser pre-treated surface has a higher polar functional group density

as compared to the sand-papered surface. The polar functional groups react and

form better cross-link with the coatings which in turn enhance the adhesion of the

paint on the CFRP surface. The increase in surface roughness provides a larger

surface area for bonding between the paint and the substrate hence enhance paint

adhesion of CFRP.

Factors affecting ABS surface dust adhesion performance are similar to those

of CFRP which are surface roughness and surface chemical composition. An in-

crease in surface roughness increases the surface area available for dust to adhere

onto the surface resulting in more dust attachment. The femtosecond laser tex-

tured ABS produced porous micro-scale structures which acted as a repository

area for the dust to hold on to. In addition, the change in surface roughness

changes the drag coefficient of the air flow result in higher removal force exerted

by the air flow onto the dust particles. Furthermore, the effect of different surface

textures also changes the localised aerodynamic flow on the surface which seems

to increase the removal force of the air flow as shown from the dust adhesion re-

sults for the line texture. On the other hand, an increase in the polar functional

groups increases the adhesion of the dust particles onto the surface due to induce

dipole moment between the charged dust particles and the ABS surface.

By carefully selecting the laser processing parameters, the increase in paint

adhesion strength on CFRP was higher than sand-papered CFRP surfaces. The

optimal excimer laser parameters for the smooth CFRP surface were found to be

at a laser fluence of 175 ± 10 mJ/cm2 with 3 ± 1 NOPs at a frequency of
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10 Hz and 0 % overlap using the hybrid mask. For the rough CFRP surface, the

optimal laser processing parameters were 225 ± 25 mJ/cm2 with 20 ± 5 NOPs

at a frequency of 30 Hz and a 50 % overlap using the square mask.

Surface tribology is another research topic in this thesis where the applica-

tion involves improving friction and wear of nickel alloy. Laser surface texturing

(producing micro dimples of 100 µm diameter) showed an improvement in HR4

nickel alloy wear rates under both dry and oil lubricated environments. The mi-

cro dimples were produced through selecting suitable laser parameters around

the ablation threshold to achieve a reasonable surface finish and machining time.

The ablation threshold (in low fluence ablation region) for the HR4 nickel alloy

with the femtosecond laser was found to be Fth1 = 0.39 J/cm2 with an incubation

factor of ξ = 0.8 and an optical penetration depth of 47.3 nm. From the threshold

value, it was observed that metallic materials show lower ablation thresholds as

compared to that of polymeric materials. This indicates the difference in ablation

mechanisms between the two classes of material.

Under the dry environment, a higher dimple area ratio reduced the wear rate

of a surface. For the wear test duration of 900 s, the optimal dimple area ratio was

20 % with a wear rate reduction of 64 % relative to the un-textured nickel alloy

surface. The main wear mechanism involved was abrasive wear and the dimples

acted as a reservoir to store wear particles produced which helps reduce the wear

rate of the surface. Under the oil lubricated environment, the friction coefficient

is dependent on the surface contact pressure, sliding speed and the viscosity of

the lubricant. The wear rate is dependent on the film thickness formed between

the two surfaces and is correlated to the friction coefficients. The optimal dimple

area ratio for the minimum wear rate was at 20 % dimple area ratio when the

dimple depth was 2.5 µm with a reduction of 35 % relative to the un-textured

nickel alloy surface.

The wear rate of a dimpled surface is dependent on three factors which are:

dimple diameter to contact area diameter ratio, dimple depth and dimple area

ratio. An increase in the dimple area ratio increases the contact pressure of the

surface, which increases the wear rate of the surface. However, this also increases

the reservoir capacity which decreases the wear rate of the surface. The increase

in dimple depth decreases the thickness of the lubricant film under oil lubricated
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environment which results in a reduced wear rate. The effect of the dimple as a

lubricant reservoir is dependent on the dimple diameter to contact area diameter

ratio where the effect decreases with the increasing ratio. The wear mechanism

under room temperature environment is governed by abrasive wear.

The investigation into all three applications of laser surface texturing - paint

adhesion, dust adhesion and tribology performance improvement showed posi-

tive results indicating laser surface texturing is a promising surface modification

process for these applications. Through the understanding the laser beam ma-

terial interactions with various materials, optimal laser parameters for surface

engineering have been identified to achieve desired performances in the chosen

applications.
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Chapter 9

Future Work

9.1 Laser Beam Interaction with Materials

In this research, excimer and femtosecond laser interactions with polymers and

femtosecond laser interactions with nickel alloy has been investigated. A com-

parison between different laser wavelength (IR and UV wavelength) and pulse

width (nanosecond and femtosecond) on polymer ablation has been investigated.

Other types of comparisons such as the effect of visible laser wavelengths and

picosecond pulses can be carried out in the future to observe the dependency

and changes in mechanisms when material interacting with laser beams of differ-

ent properties. The dependency of ablation threshold on other laser parameters

such as frequency can also be investigated. Characterisation of surface chemical

composition changes of polymer after ablation using Time-of-Flight Secondary

Ion Mass Spectrometry (TOF-SIMS) can be carried out to gather more accurate

information on the changes in polymer chain size to further understand the exis-

tence of chain scission and/ or cross-link formation processes. The plume ejected

during ablation process can also be collected and analysed to investigate the size

and type of materials removed from the surface. Modelling of laser ablation pro-

cess using molecular dynamic (MD) or smoothed-particle hydrodynamic (SPH)

analysis can be carried out in the future to investigate ablation mechanisms of

different materials with different laser types and can be used to compare with the

experimental results.
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9.2 Paint Adhesion Improvement by Laser Sur-

face Processing

Paint adhesion performance on laser surface pre-treated CFRP has been inves-

tigated, with the condition that all the laser parameters used do not expose the

carbon fibre underneath the matrix. Study of paint adhesion performance under

an exposed carbon fibre condition can be carried out in the future. In addition,

the use of different mask design on changes in surface morphology can also be car-

ried out in the future. The CFRP surface chemical composition changes on laser

surface pre-treatment under different environmental conditions such as in argon,

nitrogen or oxygen gas can be carried out in the future. Laser pre-treatments un-

der different environment conditions can affect the formation of functional group

types (carbon rich or oxygen rich functional groups) on the CFRP polymer sur-

face and hence the effect of having specific functional groups on the CFRP on

paint adhesion can be investigated in the future.

9.3 Tribology Performance Improvement by Laser

Surface Texturing

The tribology performance of the textured nickel alloy has been investigated using

one type of oil lubricant. The effect of different types of lubricant on wear rate

and friction coefficient performance of dimpled surface can be investigated. Only

one dimple size (100 µm) has been used in the experiment. Therefore the effect

of different dimple sizes can be investigated in the future. In addition, the effect

of different contact area ratios relative to the dimple size can be investigated in

the future as well. The effect of dimpled surfaces on solid lubricant under high

temperature and pressure can also be investigated in the future, to study the effect

of such surfaces under extreme conditions closer to the practical applications in

the superplastic forming process.
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9.4 Dust Adhesion Control with Laser Surface

Texturing

The investigation of dust adhesion characteristics on laser pre-treated surfaces has

been concentrating on the effect of surface modification (ablation and texturing)

on dust adhesion. Changes in other conditions such as having dust particles

of different initial charges can be used to further investigate the charging effect

in dust adhesion phenomena. As mentioned in the thesis, direct laser surface

texturing produces a porous surface of sub-micron structure which aids in dust

adhesion. Hence by using other techniques such as injection moulding, effects

of pure surface texture on dust adhesion can be investigated, as surface textures

without sub-micron structures and alteration of the surface functional groups

can be produced. Aerodynamic modelling of airflow changes caused by different

surface textures can be carried out in the future to visualise the texture effect

under different airflow conditions in the cyclone environment. Such visualisation

can also be achieved through airflow visualisation techniques through injecting

fluorescence liquid of low viscosity.
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