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Abstract

Carbon Fibre Reinforced Polymers (CFRPs) are widely used in aerospace and automotive
industries for theirhigh strengthto-weight ratio, but joining thir structures presents
challenges. Adhesive bonding is preferred to maintain lightweight advantages, yet strong bonds
require precise surface preparation. Laser surface processing, a contactless methdedlyhas
been applied to surface preparation for various materials and extensively explored for CFRPs.
This technique shows promise in improving adhesignrdmoving contaminants, adding
surface texture to enhance mechanical interlocking, activating surface chemistry, or fully
removing the matrix outer layer to expose carbon fibres for direct bonding. On the other hand,
incoherent UV light treatment has bestndied across a range of materials, including polymeric
and norpolymeric substrates. It breaks down polymer or hydrocarbon bonds at the surface,

activating surface chemistry and enhancing adhesion and bonding performance.

This research examines the effect of incoherent Ultraviolet (UV) light on enhancing the
effectiveness of Infrared (IR) lasers in improving adhesive bonding in CFRP/CFRP structures.
Two laser systems were used: a nanosecond (ns) pulsethifaeed (NIR) fbre laser at 1064

nm and a Continuod@/ave (CW) MidInfrared (MIR) Carbon Dioxide (CO2) laser at 10600

nm. The UV light was provided by a 46 W germicidal lamp emitting at 254 nm. The study
optimised and evaluated the three surface treatment methodsdumallyi followed by
combining each laser with UV light to explore their effectiveness. Adhesive bonding was
assessed using Single Lap Shear (SLS) tests, with mechanical abrading included for
comparison. Various CFRP materials with woven and Unidirect{@Ha) reinforcement were

used. In comparison to-asceived samples, NIR laser treatment with-B@@osecond pulses
enhanced bonding by over 60%. Shorter pulses posed a higher risk of fibore damage, resulting
in significantly lower bonding improvement. Lasgrocessing of woven CFRPs presented
challenges due to the highly variable outer matrix thickness. CW CO2 laser treatments resulted
in slight bonding enhancement, with a risk of fipnatrix debonding. UV treatment alone
improved bonding by 75%, outperfoimy NIR laser treatments, with Cohesive Substrate
Failure (CSF) mode indicating stronger adhesion than the material's interlaminar strength.
Combining UV with laser treatments provided limited additional benefit. Mechanical abrading
showed a 35% improvemeim bonding, offering an industielevant comparison. Incoherent

UV light treatment significantly enhanced bonding strength and offered eeftestive

alternative
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CHAPTER 1: Introduction and Thesis Structure

1.1 Carbon Fibre Reinforced Polymers (CFRPS)

A composite material is created by combining two or more distinct matgrja?$ resulting

in a new material with superior properties compared to its individual components. These
enhanced properties include strength and stiffness, durability, and weight red@cttn
Moreover, composites are generally more resistant to fatigue compared to their metal
counterpartg5]. Fibre Reinforced Polymers (FRPs) are composite materials consisting of a
polymer matrix reinforced with fibres such as glass, aramid, and carbof6iibfée fibre can

be discontinuous (short) or continuous (lonGpntinuousfibre composites are the most
efficient from the point of view of stiffness and strenfth In advanced FRP composites,
carbon fibre is the most used reinforcement, and epoxies are primarily used as the matrices in
CFRP productioii7]. CFRP composites, whidiave a higher specific strengtian steel and

lighter than aluminiuni8], are being used across industries such as aerospace, wind energy,
automotive, oil and gas, and sports equipment. Aircraft manufacturers are now using advanced
composites more than metals in their struct{isésThey reduce weight and offer excellent
fatigue strength, dimension stabilitghemical resistancg3], and low thermal expansion
coefficient[9]. From another point of view, the increasing demands to reduce fuel consumption
and minimise carbon emissions encourage aircraft and automobile manufacturers to use CFRPs

and other light composites in the fabrication of their product strudtli@ed 1]

1.2 Research motivation and the state of the art

Meeting the demanding requirements for lightweight construction can be effectively achieved
using CFRP composites. However, one significant challenge remairsinting technology.

The fabrication of CFRP structures is complicatatheparts are often formed by assembling

or joining several elemen{$2]. Mechanical joints, such as bolts and rivets, are widely used.
These however, have several drawbacks; they need holes to be drilled in the &fRRe
abrasive and anisotropic properties of CFRPs lead to high tool wear and greater cutting forces
while drilling and a harmful effect on the workpiece integrity. Delamination, cracks, and matrix
thermal degradation are observad a result of uncontrolled drillingl3]. Moreover,
mechanical fasteners inevitably cause damage to thechagng fibres and create
concentrated stress around the ho[éd], which makes oversizing necessaryl5].

Additionally, the fasteners themselves could be a significant source of increasing pf:6]ght
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particularly in weightsensitive structures such as aircraft. Adhesive boraffegsa promising
approach tdully exploit the lightweight properties of CFRPs. It overcomes the mechanical
fasteners'drawbacks and provides an excellent balance of fatigue strength and stiffness.
Furthermore, adhesive joints are cost amightefficient[17]. Nevertheless, creating strong

and durable adhesive joints is not straightforward. Surfactgaement is a crucial step before
adhesive bonding to remowsntaminants, enhance surface topography, and chemically
activate the surface to ensure robust and durable joints. Release agent residues and other
contaminants, such as dirt, oil, moisture, and weak layers, must be rerfiikiedvise the
adhesive will bond to these weak boundaries rather than to the suldsifalie addition to the
surfacecleanliness, for a given adhesive and joint design, the main other factors governing
adhesive joint strength are the surface wettability and roughness. The surface roughness
increases the actual bonded interface area and adds mechanical interlockingn bleévee
substrate and the cured adhesive. The consequence of good wetting is a greater contact area
between the adherents and the adhesive over which the forces of adhesion[irty Soine
researchers have further proposed that exposing the Carbon Fibres (CFs) by removing the outer
layer of the matrix, which allows direct load transfer into the fibiegritical for strong
bonding[14].

Currently, various techniques are used in the industry to improve CFRP surfaces for adhesive
bonding, each with its own advantages and disadvantages. One popular technique in the
aerospace industry is the pgdy. This involves applying an extra layer fabric material to

the composite surface during curing, which is then peeled off before adhesive joining to create
clean, textured surfac¢20]. However peel ply manufacturers coat the surface with a release
agent for easy removal after curing, but traces of contaminants like fluorine, nitrogen, or silicon
negatively affect bonding. Pestatments such as light sanding, grit blasting, or atmospheric
plasmaare necessaryto eliminate these contaminants and improve adhg&@th which
increases thmanufacturing complexity and cd20]. Another common method is mechanical
abrasion, which includes grinding and grit blasting. While these methods are easy to apply,
they often produce additional surface contamination and have low efficiency and
reproducibility, necessitating a subsequesaning proces2]. Chemical etching processes
produce chemical wastes that pollute the environifi&3jt

In contrast, lasers, known for being roontact, weafree tools with the potential for robotic
automation, show significant promise for the surface treatment of CFRPs. Recently,

researchers have investigated various lasers to create effective andenbrnsisface
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conditions. Some studies have demonstrated that laser surface processing can consistently
achieve superior bond strengths compared to abraded spe¢itbe@426]. Most previous

studies have employed pulsed UV or IR lasers. These studies have generally shown
improvements in joint strength, with particularly promising results observed with UV lasers
[27-29]. IR lasers process materials through intense local heating that melts or vaporises parts
of the material surface, which can damage surrounding areas. In contrast, UV laser treatment
is considered a cold process that directly breaks down atomic fnd30] However, UV

lasers are associated with limited reliability, low processing speed, high power consumption,
and high cost of ownershj1].

1.3 Research gaps and challenges

1. The potential benefits and mechanisms of using incoherent UV light alopnenbined
with IR lasers for treating CFRP surfaces have not been explored in existing literature.
Previous studief32, 33] have primarily focused on using incoherent UV light with
ozone for treating various materials, but this method has drawbacks such as the need
for specialised equipment and the toxic effects of ozone. Therefore, there is a significant
research gap in undganding how incoherent UV light, independently or combined
with IR lasers, can improve CFRP surfaces for adhesive bonding.

2. The interactions between NIR lasers and CFRP materials are not fully understood, with
discrepancies in the literature about their effects on adhesive bonding and matrix
removal. CFRP composites, composed of materials with differing thermal and optical
properties, have a matrix that is highly transmissive to NIR lasers (1064 nm). This
allows substantial laser energy to reach the underlying fibres, potentially causing fibre
matrix debonding. While some studies report significant improvements in bonding
strendh using pulsed NIR lasers, others reject the use of NIR lasers for CFRP surface
treatment. Additionally, while the effects of NIR laser processing variables are well
documented, the variations in response due to different CFRP composites have not been
thoroughly studied. The heterogeneity of CFRP often leads to uneven ablation results,
with carbon fibres significantly influencing the outcome due to their high absorptivity
and thermal conductivity. The fibre direction and the distance from the surface to th
fibres in various CFRP composites can cause different responses to laser processing,
underscoring the need for further research in this area.

3. There is a high discrepancy and limited data in the literature regarding the absorption

and transmittance values of matrix resins, particularly to MIR (10,600sict) asCO»
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lasers. Some research¢dg, 35] have reported that the absorption of thermosetting
matrices at 10.-65%j} with almost\n@traypsmittancg. hin cgn®ast,

other researchers have reportedtat. 5 e m epoxy fil m transmi:tt
laser powef36]landal 25 e m epoxy f[37]] Moredver,dhe complekity 3 %

of lasermaterial interactions is further increased due to the varying distances from the
surface to the fibres. Notably, itUD-reinforced CFRPs, which exhibit less
inhomogeneity than woven CFRPs, the distance from the surface to the fibre can vary

from |l ess than 1 em to over 10 & m.

1.4 Aim and objectives

The aim of this research is to investigate the effectiveness of using a ns pulsed NIR fibre laser
as well as a continuowgave (CW) MIR laser, assisted by incoherent UV light, to improve the
adhesive bonding of CFRP/CFRP structures.

To achieve this goal, the following objectives were established:

1. Understand the current industrial practices, techniques and standards concerning the
preparation processes of CFRP composites for adhesive joining and align the research
with these standards.

2. Review and evaluate existing research, comparing their methodologies, techniques, and
results with the approaches and outcomes planned for this study.

3. Understand the laser material interaction, the transmittance and absorptivity, and the
matrix removal mechanism.

4. Study the characteristics of different CFRP materials and their influences on laser
treatment and adhesive bonding.

5. Understand the impact of adhesive properties on joint stresses and strength.

6. Optimise the processing parameters for each technique under investigation and analyse
the impact of each processing variable on the response variables.

7. Compare the bonding strength among various processing techniques, including the ones
investigated, combinations of them, and current industrial practices.

8. Assess and compare the outcomes of the different techniques used in this work in terms

of efficiency, reliability, and cost with those currently used by industry.
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1.5 Thesis structure

This thesis is structured into nine chapters, outlined as follows:
Chapter 1. Introduction and thesisstructure

This chapterdiscusses the research motivation and current state of the art, identifies the
research gaps and challenges, outlines the research aims and objectives, and specifies the thesis

structure.
Chapter 2. Literature review

This chapter examines the essential role of adhesive bonding in CFRP structures and the
necessity of surface preparation using existing literature. It reviews adhesion theories, surface
preparation methods, and the potential of laser, emphasising lad@mfentals, and incoherent

UV light as contactless tools for the surface treatment of CFRPs.
Chapter 3. Experimental methods

The main equipment and approaches used in the research project are discussed in this chapter,
while other methods are detailed within the experimental sectionsach respective

experiment.
Chapter 4. Matrix resin absorption and transmittance.

An experimental investigation measuring the absorption coefficients of typical thermosetting

matrix resins for both NIR and MIR lasers.

Chapter 5. Laser surface processing of woven reinforced CFRP composites to improve
adhesive bonding using NIR ns pulsed fibre laser.

An experimental investigation focused on surface processing of woven, highly inhomogeneous

CFRP composites using ns pulsed NIR fibre laser.

Chapter 6. Laser surface processing of UD reinforced CFRP composites to improve

adhesive bonding using NIR ns pulsed fibre laser.

This chapter investigates the effects of different laser processing variables on the resultant

responses through separated experiments.

Chapter 7. Surface treatment of CFRP using CW CQlaser.
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This chapter presents an experimental study on the feasibility of using a GWaseOfor
surface treatment of CFRPs to improve adhesive bonding. The work includes processing bulk

resin samples to further understand the ablation mechanism of the matrix.
Chapter 8. The use of incoherent UV light as assistant to IR lasers.

This chapter outlines the benefits of exposing CFRP composites to UV lighMagesh
emitting at 254 nm to improve adhesive bonding. The effects of UV light were investigated

both separately and as an adjunct to IR lasers.
Chapter 9. Conclusions and future work

This chapter concludes the key findings of the experimental investigation presented in this
thesis and outlines potential future research needed to further understand the role of laser and

incoherent UV light treatments of CFRP treatment for adhesive fgndi
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CHAPTER 2: Literature Review

2.1 An overview of CFRP composites

2.1.1 Composite materials

A material that consists of two or more different constituents on the macroscale with distinct
boundaries is called a composjie 2]. A composite material typically has better properties
compared to those of the individual components used aBarbonFibre (CF), for example,
exhibits exceptional tensile strength but is inherently brittle, lacking compressive strength and
flexibility . Without a supporting matrix, CFs are prone to fracturing or splintering under
compressive or bending loa@y. The matrix not only binds the fibres together, enabling load
distribution across them, but also protects the fibres from environmental factors like moisture
and chemicalsAdditionally, the matrix facilitates the arrangement of fibres into desired shapes
and reduces weight and cg8}. In contrast to metallic alloysn compositeseach material
maintains its distinct chemical, physical, and mechanical propej3lesThe concept
composite, inits origin, is not a human inventipnvood bones and teeth are examples of
natural composite§38]. Comparedwith their constituents, composites generally have the
potential to display enhancements in some properfigsh as their strength, stiffness,
durability, resistance to damage, wear, corrosion, fatigue, and thermal ins[@&tiEristing
composites are classified into two main groups. The first is knoviilemsmaterials,where

the basic or matrix material properties are improved by filling it with particles of one or more
other material/(s). The second group involves composites that arereatifsiced materials

also known asdvanced compositeshe main components of these composites are tong

fibres possessing high strength and stiffness embedded in a matrix whose volume fraction is
usually less than 50% of the composite. In such composites, the fibres determine the strength
and stiffness of the composite, while the matrix holds the fibres togd#éjem he first type of

fibre used in advanced composites was Glass Fibre {3fgs about 40% of the stiffness of
steelbutit hr ee times |l ighter. A substantial 1 mprc
with the introduction CFs. Modern highodulus CFs have a modulus of up to five times that

of steel[40], whereas its density is about four times loy4ds]. Notably, commercial steel has

a modulus of around 200 GH42], and a specific density of about 743]. CFs as a
reinforcement, are used with different matri¢#4], including metals such as aluminium or
titanium matriced45], and for ultrahigh-temperature applications with ceramics matrices

[46]. However, the more common usage of CFs is with polymeric matkhops¢ 2.1), which
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are known as CFRH44]. CFRPs, which hold significant importance due to their widespread
use in various industries, adéscussedn detail inthis chapter, wherein their components,

characteristics, varieties, applications, and manufacturing procedures are examined.

Polymer matrix

Figure 2.1. Representation of carbon fibre reinforced polye@mmposite adapted fron{47]*.
2.1.2 Production of carbon fibres

The production of carbon fibres started only in the early 198]sand their properties were
progressively improved over the last decades. Since then, carbon fibrdsekavextensively
usedin high-performance aerospace applicatioBemmercial aircraft, such afe Airbus

A350 and the Boeing 787, have made extensive use of CFRPs in the airframe, with over 50
wt% [49] andin some helicopters such as the Boeing-@Gthe percentagés higher[50]. To

date, carbon fibres are the strongest and stiffest fibrous reinforcement K&bwb2]
Moreover, they possess several other advantages over other reinforcing fibres including their

light weight, low thermal expansion, and the superior chemical resistance [9].

In the 1990s and beyond, efforts to improve the production processes had led to further
enhancement in the properties CFRPanda reductionin the overall production cosf53].
Currently, CF market has been formed in many other industrial fields such as automotive,
marine, wind energy and sports go¢d8]. In 2021,the annual consumption of CFRRas

around 180 thousand tgnghich is more than double its value in 2014 and expected to reach
285thousand tons in 2025, largely credited to the rapid growth ofaeoospace sectors like

the wind energy industrjg9].

Carbon fibres are generally classifiddpending on the precursors being ysebich are
mainly either polyacrylonitrile (PAN) based or pitbased54, 55] Suchcarbon fibre products

can be obtained a®ntinuous fibres with different morphologies such as monofilaments, tows
of 100012,000 filaments, woven fabric, chopped fibres, amshtwoven mats[56].

Theoretically, any fibrous material derived from a carbonaceous precursor could be utilised.

Chapter 2-8

*Permission was granted by Elsevier through CCC Ltd. (License Number 5857351155612)



However, commercial carbon fibres are only produced from PAN, pitch, and rayon fibrous
precursorg57]. Rayonbased carbon fibres were the first to be commercialised and remained
dominant up to the early 1970s. Currently, RBased carbon fibre products represent the vast
majority [48, 58, 59]

The production processes &fAN-basedcarbon fibres started with the spinning of the
precursor. In this procegkie powder or granular of the precursor is converted into continuous
fibres. Almost all commercial fibres are produced by one of the three procedures: melt, wet,
and dry spinning. Pure PAN has a glass transition tempe@tareund 120°C and tends to
decompose before being melted. Thus, angdwet spinning are the common methods for
PAN-based fibresand due to the processing cost, wet spigngused in most commercial
PAN-based CFs. In this process, the PAN precursor, constituth89%d) is dissolved in a

polar solvent to reduce its viscosity to a level at which spinning becomes possible. The solution
is first filtered and squeezed out betspinneret into a coagulation bath. The latter can contain
various solutionssuch as dimethyl sulfoxide and water. The molecules are aligned during the
spinning along the fibre axis, and the solvent diffuses out from the formed fibre. The
concentratiorof the spinning solution and the coagulation bath solution, the bath temperature,
and the circulation rate of the fluid in the coagulation bath all govern the finatsossnal

shape of the produced fibre and can affect its strufd@jeA simplified schematic ahewet
spinning process is+4@rawn inFigure 2.2[61]. After the spinning procesthere are three heat
treatment steps. The first one is stabilizatiwnere PAN filaments are stretched in an oxidation
furnace at 400°C. The second step is carbonization in an inert gas medium between 1200
1400°C; in this stage, most elements of the stretched filaments other than carbon are removed
or converted into carboMhe product from this stage has low tensile strength and modulus,
around 1000 MPa and 100 GPa, respectively. It is classifiadjaseralpurpose grade (&

grade). The last step is graphitization, which involves heat treatment at a temperature reaching
3000AC. This process orients the carbon crys
PAN-based carbon fibres with higher strength and modubus timat of the Gigrade. These

are called higiperformancegrades(HP-grade). The latter is further classified into high
strength (HT) and higmodulus (HM) carbon fibregll, 56, 62] Toray, a prominent carbon

fibre manufacturer, currently produces carbon fibres with a tensile modulus reaching 588 GPa
(M60J) and tensile strength of 7000 MPa (T1100S and T11[28E)
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pump

PAN precursor

dissolved PAN
Precursor

Spinneret jet

Coagulation bath

Figure 2.2. Schematic ofhewet spinning process,grawn from[61]*.

Reviewing literature revealariationsin the production processes of carbon fibres. Moreover,
it is important to note that due to industry confidentiality, the knowledge of proprietary
practices has not beesually available in publicly accessible domdb®, 63} The flowchart

in Figure 2.3shows the main production steps for RAAked carbon fibre simplified based

on the description provided by some researclxs60}]

[ Polyacrylonitrile (PAN) ]

Spinning

[ PAN fibres ]

Stabilization in air, 200-400 °C

| Stabilized fibres ]

Carbonisation in inert atmosphere, 1200-1400 °C

[GP-grade PAN-based carbon flbres]

Graphitization in inert atmosphere, 2000-3000 °C

[ HP-grade PAN-based carbon fibres ]

Figure 2.3. Production procedures f®¥AN-based carbon fibres.

Chapter 2-10

*Permission was granted by Elsevier through CCC Litense Number 5859471180979



2.1.3 Sizing agent of CFs

The surface of carbon fibre produced through wet spinning normally exhibits distributed
grooves, where axial elongation and radial shrinkage of fibres occur simultaneously during the
formation process. As the filament undergoes densification, its-sedssn gradually
decreases in imbalanaesulting in surfacdolded wrinkles[64]. A sizing agent, a thin layer

of a proprietary cocktail of ingredientss applied to the fibre at the final production stiép,
typically rangesbetween 30100 nm[65] or up to 500 nmbut irrespective of thicknesg

usually between 0.6 1% by weight of the fibrg66]. This layer often plays a substantial role

in enhancing carbon fibre surface properties. The mechanical properties of carboarftbres

the bonding strength between carbon fibres and the matrix are both crucialifaatdreving
high-strengthcarbon fibre composites. The mechanical properties are mostly governed by the
internal structure of the carbon fibnecluding crystallinity, compactness, and defects, whereas
the bonding performance is associated with the surface properties of thgHipréiss widely
reported that fibréo-matrix adhesion is a critical parameter in any composite material and is
substantial in determining the overall performance of the composite m§idriél7, 68] The

sizing makes the fibre tractable and aids in protecting the fibre from postprocessing, such as
the transformation of fibres into woven materials by shielding the fibre surface from abrasion
and preventing the fibre from breaking at contact p¢gé@s Moreover, it enhances interfacial
adhesion between the fibre and the matrix. However, there is a large degree of conflicting
results being reported theliterature over the past 4 decades regarding the latter[66intA

study by Bascom et a[69] have stated that the purpose of sizing agents is only for
postprocessing and not to enhance fimarix adhesion. Another study has concluded that the
sizing itself reduces both fibmaatrix adhesion and the fibre tensile stren@®l. Similarly,

with regardgo the fibre surface roughness, which undoubtedly contributes to the Interfacial
Shear Strength (IFSS) between the fibre and the matrix, there are contradictory findings in the
literature about whether sizing increases or decreases fibre surface roygbhetbe vast
majority have stated that sizing smoothens the fibte 72] Figure 2.4 shows SEM of (a)
unsized, (b) sizefl’3], and (c) a schematic representation of a sized f@#E It seems that

the sizing reduces the groove depths but does not eliminate them, resulting in a reduction in
roughness. However, this depends on the thickness of the sizing layer and the fibre groove
depth which are both uncertain and possibly vary according to the production method and the

producer.
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Figure 2.4. SEM images of (a) urnzéd carborfibre and (b) sized carbon fibre, agted from[67]*, and (c) a
schematic illustration of a crosection of a sized carbon fibre.

2.1.4 Properties of carbon fibre.

In addition to theirexceptionally high strength and stiffnéssweight ratios, which were
mentioned earlier in this chapter, carbon fibres are anisotropic, brittle, and sensitive to damage.
They exhibit no water absorption and maintain dimensional stability in humid conditions.
Another important property of carbon fibres as components of addacemposites for
engineering applications is their high strength stability under elevated temperatures. A
comparison with other organic fibres is depicte#ligure 2.5[41]. Moreover, the high fatigue
resistance is one of the key advantages of utilising carbon fibres in composite m@«fials
Additionally, carbon fibre is considered good electrical and thermal conductive and
chemically stablé75]. Currently, more than 50 types of carbon fibre are used across various
industries, exhibiting a broad spectrum of properties and costs, and the evolution of carbon
fibre technology is still ongoin¢41]. Table 2.1 presents the mechanical characteristics of
various types of carbon fibres. Due to discrepancies found in the litefa®@yré6] possibly
attributed to the continuous improvement in carbon fibre propgttiesedata were sourced
directly from recent datasheets provided by Toray and S¢Way9], international carbon

fibre producers.
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Figure 2.5. Effect of elevated temperature on the strength of different organic,fdatasted fron{41]*.

Table 2.1. The mechanical characteristics of various types of carbon {ibrezs9).

Classification  CF Modulus Tensile strength Thermal conductivity Density Diameter
(GPa) (GPa) (W/m. K) (g/cn?) (&€m)
T300 230 35 10.5 1.76 7
T700S 240 4.9 9.6 1.8 7
PAN-based T800S 294 5.88 11.3 1.8 5
T1000G 294 6.4 - 1.8 5
T1100G 324 7 13 1.79 5
Pitchbased P25 160 1.56 36 19 11
P100 760 2.4 590 2.13 11

Nevertheless, carbon fibres have disadvantages as well. They exhibit low compressive strength,
ranging from 10% to 60% of their tensile strength in the axial direction and significantly lower

in the transverse directidi4, 80, 81] Additionally, carbon fibre exhibits negative thermal
expansion in the axial direction from room temperature up to above %08;82, 83] This

is considered another disadvantage, especiallyhigit-modulus carbon fibre when it is
combined with matrices that typically have positive thermal expahg#&n This expansion
mismatch can induce residual stresses in the composite eld8®nB4] However, this
property also has benefits; it allows the manufacturing of composites witlzereathermal
expansion by appropriately controlling the fibre orientaif® 86] Moreover, carbon fibres

havelow impact resistand87, 88] andat higher temperatures they suftidation[74, 89]
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2.1.5 Commercially available carbon fibre

Carbon fibres are provided in untwisted bundles of fibres known as tows. Tow sizes typically
range from 1k fibres/tow to 12k fibres/tow, but sizes of up to over 200,000 fibres/tow are also
available. The smaller 1k tow size is usually avoided due to gis bost. In aerospace
structures, common tow sizes are 3k, 6k, 12k. For woven cloth, 3k and 6k tows are commonly
used, and 12is used for unidirectional tape. Woven fabrics are primarily constructed with two
fibre orientations, 0° and 90°, by interlacitygo perpendicular sets of yarns knownveesp
andweft[3, 90]. Weaves are classified by the interlacing pattern into plain, Twill, basket, satin,
and manyothers The three more common in industry are the plain, Twill and harness satin
weaves[90]. In general, woven fabrics are used for complex geomefsiasn weaves are
stronger than plain weaves, and because they have less crimp fraction than the other two types,
they have better drapabiljittherefore they are used more for highly contoured pat0].
Besides the considerations relatedtite shape ofthe manufactured element, the desired
mechanical properties govern the choice of a wgakd-igure 2.6 represents draws of the

three most common weave ty[68].

plain weave Twill weave 8-harness satin weave

Figure 2.6. Drawings of most common carbon fibre wed@d]*.

In addition to the dry woven fabric mentioned abovesipmepr egnat ed (prepreg)
tows, weave, or unidirectional fibre tape with a known quantity of partially cured matrix resin

are produced and typically used fogh-performanceomposite structures such as aerospace

and automotive. There are two commonly used techniquesh&mmosetting prepreg
production: hot meland solvent impregnation. In the hot melt process, carbon fibres are
impregnated in a film of resin with controlled weight unkdeat and pressure. The solvent resin
process involves immersing fibres in a resatvent solution until reaching the desired content,

followed by heating to remove the solvent. Using prepregs is regarded as the most advanced
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technology for composite fabricatiof@1]. The resin in the prepreg materials is a tacky
semisolid. The final prepreg products normally{amland autoclave cured under high pressure
and a certain temperature cyf3. Unlike prepreg, for dry weaves, the resin is applied during
the fabrication of the final element. Several different manufacturing processes are currently
employed, each tailored to specific industrial priorities such as the complexity of the produced
element, production rate, and cost. These methods include hand,legsin transfer moulding,

and compression mouldirj§7]. Carbon fibre composites exhibit high directionality; they are
exceptionally strong in the direction of the fibres but comparatively very weak in the
perpendicular directiof3, 45, 92] Uniform unidirectional composites, where all fibi@e
oriented in the same direction, offer the highest properties for the composites in the direction
of the fibres. Nevertheless, such composites are inherently anisotropic. Composites with less
directionality, or quasisotropic composites, can be achieved layering multiple plies,

whether dry weave or prepreg, with varying orientati@§]. SeeFigure 2.7[93].

a) s

1 2

anisotropic laminate 0°/0°  orthotropic laminate 0°/90° quasi-isotropic laminate 0°/+45/-
unidirectional fibre layers ~ unidirectional fibre layers 45/90° unidirectional fibre layers

quasi-isotropic laminate
0°/+45/-45/90° warp-weft

orthotropic fabric laminate plain weave

0° warp/90° weft

Figure 2.7. Composites layups with different orientations, a) unidirectional, b) plain weave, adapted from
Bergant{93]*.

2.1.6 Matrix material

In FRP composites, the fibres are embedded in a polymer or resin, referred to as the matrix.
The matrix typically exhibits significantly lower strength and stiffness compared to the fibres;
otherwise, there would be no necessity for the fipt&f The polymer matrix binds the fibres
together antransferghe load between the fibres through shear stresses. This results in a better
load distribution over the fibres in a composite compared to a dry fibre bundle, and because

the matrix supports the fibreis can undertake higher compressive load®p}] However, for
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high-performance composites, two critical conditions must be met: the stiffness of the matrix
should match that of the fibres, and the adhesion strength between the fibres and matrix should
be sufficiently high [5]. The matrix also protects the fibre fremternal factors such as
moisture, chemicals, arldV light and often determines surface quality and fire sqzdy.

For FRPs matrices are typically classified into two main categories: thermoplastics and
thermosetd90]. Thermoplastics melt or become formable upon heating and solidify upon
cooling. They are not generally suitable for impregnation of fibre reinforcements unless high
pressures and temperatures are applied. This is because of their high viscosity stdiquid
which preventdibres from being adequately wetted. In contrast to thermoplastics, thermosets
do not melt upon heating; instead, they ultimately disintegra{@(¥]From a molecular
perspective, thermosets are composed of relatively short chains, resulting -auredn
polymers with very low viscosity. The curing process involves a chemical reaction where the
short chains form bonds and establish a toieeensionakrosslinked network. In fact, it is

not always clear to distinguish between thermoplastics and thermosets. Polyesters, usually
categorised as thermosets, display certain thermoplastic characteristics. Similarly, phenolic
resins function as thermoplastigstil they reach a specific temperature. The most common
thermosets categories are polyesters, vinylesters and epoxies. The production of the first two
is cheaper than epoxiewhich have less shrinkage during the curing processhagiter
resistance to moisture [4]. Moreover, epoxies have good mechanical properties with high
resistance to elevatéeimperatures and have very good adhesiomid@variety of materials.
However, they require longer polymerization time, are susceptible to cracking, ardgiesd

safety considerations due to their harmful eff¢@t§. For CFRPs, thermosetting epoxies are

the most used matric§34-96].

2.1.7. Recycling of CFRP composites

As mentioned in a previous section, the annual global use of CFRP compashied 180k

tons in 2021, with aannual increase of 13%. CFRP composites are currently employed in an
increasing variety of applications, with a growing presence in the majority of them. The
aviation industry provides a notable example, with the new Boeing 787 and Airbus A350
having morehan 50% of their weight composed of CFR#3]. The growing utilisation of
CFRPs results in an increasing volume of CFRP wabkis includes expired prepregs,
manufacturing cutoffs, testing materials, and -efitife components. Recycling CFRP
materials is challenging due several parameteiacluding the complex composition of fibre

matrix-fillers (fillers in some of which), the crod¢mked nature of the thermosetting matrix,
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and the existence of other materials such as metal fixings or hybrid composites. The majority
of CFRP waste is disposed of in landfillwhich is environmentally and economically
unsatisfactoryf97]. Hencetherecycling of CFRP waste has received significant attention in
the last two decades, with numerous studies that used various recycling tec[38¢LE3)
Depending on the main technique used, recycling processes are classified as mechanical or
thermochemical. The mechanical involves breaking down the composite into powder through
methods such as crushing, and millja@3]. Powder products from mechanical recycling can

be classified into several typesich as coarse and fine or rich in resin and rich in fla@$)].

These are generally used as fillers in various prodsath as asphalt and artificial woods
[105]. Currently, mechanical recycling mainly usedas a preecycling process for other
techniqueg$102]. Thermal and chemical recycling methods involve breaking down the matrix
and recovering of the carbon fibres from the CFRP using thermal or chemical processes. The
mechanical properties of recycled carbon fibres depend on the process used to break down th
matrix. According to several studies, recycled fibres using thermal or chemical processes
exhibit comparable properties to those of virgin carbon fif@8s98} otherstudies however,

have reported that defects such as a drop in the properties of the recycled fibres or matrix
residue at the carbon fibre surfa¢ggl, 102, 106]Figure 2.8shows the most common CFRP
recycling methods, the produced fibre characteristics, and the recycled fibre appli€@tjons

The value ofrecycled carbon fibres variexcording to the method used. The mechanical
recycling methods are simpléut their produ® which range from powder to fibrous
fragments, have limited applications. Chemical and thermal recycling techniques produce
higher amounts of carbon fibres. However, eachtiasvn drawbacks; fanstance, chemical

recycling using strong acids or solvents has severe environmental if§¥ad62]
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Figure 2.8. Overview of CFRP composites recycling and remanufacturing processes adaptgizjfom
2.2 Joining of CFRP structures

The use of composite materials in different industries, such as aviation, has increased sharply
in recent years. The methods used in the manufacturing of composite structures are somewhat
similar to the casting of metals. Consequently, designs of stractpagticularly large and
complex ones, are usually simplified into several elements that are joined in anotlig? step

107, 108] Moreover, in most applications, CFRP elemeatpiirejoining with metal frames

to form complete structur¢$09]. Thus, the joining of CFRP elements to other CFRP or metal
elements is unavoidable. The two main joining techniques used for thermosetting matrix
composites are mechanical fastening and adhesive bofddirdybrid joining, incorporating

both mentioned techniques (mechanical fasteners and adhesive joining), is also[liilsed

111] The main advantages and disadvantages of both techniques are summarisadxn the

sections, along with an overview of adhesion theories and surface preparation methods.
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2.2.1 Mechanical fasteners

Mechanical fasteners, such as bolts and screws, offer significant advantages for joining CFRP
composites. These include straightforward installation and convenient disassembly for
maintenance or repair. Additionally, they exhibit lower sensitivity to pieesses and residual

stress effect§3]. Additionally, no need for surface preparation prior to the joinwigch is

crucial for strong durable adhesive bond[26, 112] However, mechanical fasteners have
several disadvantages. They require holes to be cut through the composite, which can disrupt
the load path and create concentrated stresses. As a result, adhesive bonding is often considered
a more efficient method fdoad transfe3, 109] The abrasive and anisotropic nature of
CFRPs leads to increased tool wear and higher cutting forces during dvilhizdp negatively
impactthe integrity of the workpiece. Uncontrolled tools can result in delamination, cracks,
and thermal degradation of the maffi8]. Moreover, mechanical fasteners increase the weight

of the overall structures amévelow sealing capacity. Additionallyhedrilling process causes

cracks in the composite structurd99], these cracks add additional concentrated stresses
[113]. Furthermore, for thin composite structures, the bearing stress would be unacceptably
high when mechanical fasteners are USed 14} Inadequate hole preparation methods and
inadequate shimming practices may cause delamination during assembly. In comptaite

joints, the use of mechanical fasteners poses an increased risk of galvanic corrosion in the metal
during servicd3, 115] and there is also a concern about the potential for fatigue cracking in

metal components.

2.2.2 Adhesive bonding of CFRP structures

Adhesive bonding avoids the mentioned drawbacks and provides better fatigue strength and
stiffness and good vibration and damping properties. It can join thin and dissimilar components,
providing good sealing, low weight and manufacturing cost. Thereddiggsive bonding is

the preferred joining method in industries, especially those producingeh@product$17,

112, 116119] However, creating a stronglurable adhesive joint is not simple; surfaces
require preparation prior to bondind5, 112, 120, 121]CFRP surfaces are typically
contaminated with release agents due to the manufacturing process. Exposing their surface
directly to the adhesive, without any release agents or other contaminants, is always preferable
[26]. These contaminants could act as a barrier between the adhesive and the adherent surface.
[122]. Nevertheless, surface cleaning alone is insufficient; most structural adhesives work

because of the formation of chemical bonds. Thus, appropriate surfategineents are
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necessary to remove potential contaminants and introduce additional properties, such as

enhancing surface energy, chemistry, and rougHa&s417]

Although adhesive bonding is the preferred joining technique, it has some disadvantages. In
addition to the essential surface preparation process, which is considered a drawback, bonded
joints are typically permanent, making disassembly difficult and e#isulting in damage to

the adherents and surroundstgucturesMoreover, adhesive bonding processes require clean

rooms with temperature and humidity con{ii23].

2.2.3 Adhesive and adhesion

An adhesive is a material applied to the surfaces of two or more elements that is capable of
forming bonds to each of the bonded elements to join them permanently and resist separation.
The materials to be bonded are commonly referred to as substratiecerad122, 124]

The weight of the adhesive material is usually small compared to the weight of the final bonded
structurg[122]. With respect to adhesive and adhesion, it is important to differentiate between
interface and interphasen interface is the boundary between adherend and adhekieh,

has no thickness. However, the boundary between two homogeneous phases is rarely an
interface but is often comprised of a third phase called interph25k An interphase is a thin

region located between two phases and exists in many macrosystethsas adhesive
adherend in an adhesive bond or fibmatrix in fibre composites. The interphase is
distinguished by its unique structure and properties compared to either of the two phases. This
concept has garnered significant support among adhesemists[19, 125, 126] Adhesives

are commonly classified into structural and +spructural. Structural adhesives are described

as highstrength adhesive materialtheseare used when the adherends experience large
stresses, which could be up their yield point without loss of structural intgiftizy127] Most
structural adhesives are made from thermosetting polymers such as epoxy, urethane, acrylic,
and silicone[127, 128] Such highstrength adhesives are used extensively in aircraft
manufacturing to bond metals and composite elenf@@8&j. Nonstructural adhesives, also
known as holding adhesives, are typically employed to secure lightweight materials in place.
Examples of these include packing tapes and packing adh@s®&s Similar to the above

classifications, adhesives can be classified as permanent-pernoanent adhesivgs30].

The phenomenon, that allows the adhesive to resist separation and transfer a load from the
adherend to the adhesive joint, is called adhgdidh]. In recent years, adhesion phenomena

have become important in many scientific and technological areas. Adhesion is involved
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whenever solids are brought into contact, for example, in coatings, paints, and composite
materials. However, the main application of adhesion is adhesive bonding which is gradually
replacing traditional mechanical joining methods such as bolting andngveidhesive
bonding reduces weight and offer better distribution of stresses over the bonded regions. Thus,
it finds extensive use in various industries, including advanced sectors such as aviation, space,
and automotive manufacturing.32]. Adhesion is considered a complex phenomenon because

it involves multidisciplinary knowledges including polymer and surface chemistry, mechanics
of materials, fracture mechanics, rheology and other subj&gjs However, the field of
adhesion sciences has only found real interest abet® @@ars ago. Thus, it is still a subject

in which empiricism is slightly aheadll32]. A thorough understanding of adhesion
mechanisms is not yet developed with no single global theory or model that can explain all its
phenomena or mechanisid®2, 133] In the past, it was believed that mechanical interlocking,
resulting from the adherend's surface irregularities, was the primary cause of adhesion.
However, this theory faces a challenge when it comes to the effective creation of a robust
adhesive bondroa smooth surface, like glad®4]. Surface roughness plays a critical role in
adhesive bonding by increasing the available surface area for the adhesive to penetrate and
form mechanical anchors within the microstructural features of the surface. This expanded
contact area contributes to@tger bond formation. However, for optimal adhesion, the surface
must also be sufficiently wetted by the adhesive, which depends on factors such as adherend
cleanliness, its Surface Free Energy (SFE), and the adhesive's viigJo&igyond facilitating
mechanical interlocking and increasing surface,aedace roughness influences the surface
wettability and subsequently the SFE. The Wenzel model effectively explains the relationship
between surface morphology and wettability, stating that surface roughness amplifies a surface
inherent hydrophilic orydrophobic behaviour. For hydrophilic surfaces, increased roughness
enhances wettability, allowing adhesives to spread more effectively. Conversely, for
hydrophobic surfaces, increasmughness diminishes wettability, causing adhesives to bead
up and resist spreadifit34]. It is widely reported that the wettability and SFE of solid surfaces

can be adjusted by controlling surfamerphology at micrometric and nanometric scales, rather
than relying solely on altering the surface chemi$ti¥4, 135] The concept of adhesion
remains debatable and a satisfactory definition for adhesion has not been agreefdl 82ate
However, some researchers provide their definitions. Pocius explained adhesion as the
phenomenon that enables the adhesive to transfer a load from one to another bonded adherend
[133]. Other researcherd9, 130, 136]have defined adhesion as the attraction resulting

between two different substances (adherend and adhesive) when they come into contact. Petrie
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[130] has emphasised that the adhesion is primarily attributed to the molecular interactions
between the adherend and the adhesive, and that chemical bonds, which represent cohesion
feature, do occur in few adhesion instances. When referring to the molecoés between

the adhesive and the substrates, the term 0&i
phenomenon from the démeasured adhesi[@%hd or t
In addition to the mechanical interlocking theory, which mentioned earlier, several other
adhesion theories, of which the adsorption, diffusion, electrostatic, and the chemical bonding
theory, were attempted to describe the phenomenon of adhesiore hatuhl mechanism has

not yet been clearly defindd30]. Each of these theories seems to be particularly accepted in
explaining certain phenomena associated with adhesive bonding. It is often difficult to fully
attribute adhesive bonding to an individual mechanism. Within a specific adhesive system, a
combinaton of various mechanisms is most likely responsible for bonding. The significance

of each mechanism's role may vary across different adhesion s)jd#@ni30] The most
common and accepted among researchers is adsorption theory, which also known as
thermodynamic or wettability theof$9]. It states that to achieve strong bonding, the adhesive
must effectively wet the surface to be bondé8, 19, 130, 137]This theory has driven the
development of adhesives with lower surface tension than that of the adherend, ensuring
complete wetting of the adherefit®, 122] Reviewing literature concerning the subject of
improving the surface adhesivity of various materials and applications reveals particular
importance in measuring surface wettabilitySIE as initial criteria to evaluate the surface
before testing the adhesive bond strength mechanically, typically performed through various
destructive test$138-140]. Comyn stated that an adhesive must fulfil two requirements.
Firstly, it must wet the surfaces by spreading then harden to a cohesively strorj@34lid
Additionally, several other nedestructive techniques are commonly used to assess the surface
physical or chemical characteristics such the surface roughness, morphology, functional
groups, contaminants on substrate surface, these includes opticadaomyroprofilometry,

SEM, FTIR SpectroscopL41].

2.2.4 Evaluation of surface adhesivity

2.2.4.1 Surface wettability

Wettability refers to a physical characteristic that defines how well a liquid droplet can
maintain to or spread across a solid surface. It is often quantified using a surface Contact Angle
(CA) (). The latter is defined as the angle between the tangent to the surface plane of the

droplet and the solid surface under equilibrium conditions, as outlined by Young's[il#jry
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The process of creating continuous contact between the adhesive and the adherend is known as
wetting. This process results from the interfacial forces between the substrate and the adhesive
[19, 122, 130] Early experimental studies revealed that every liquid exhibits a degree of
wetting on any solid surface, that is the CA ranges betwe&B8@1143]. Poor wetting means

that the adhesive will bridge over the surface valleys and cracks on the substrate surface, or
small air pockets will be formed along the interface. These defects result in a reduction of the
actual contact area between the adhesidetlam adherend, creating concentrated stresses and
thereby reducing the adhesive bond stred@2, 130, 133]Figure 2.9illustrates good and

poor wetting of a liquid droplet over an irregular surfE0].

Poor wetting

Adhesive

Substrate

Trapped air

Good wetting

Adhesive

Substrate

Adhesive completely
fills irregularities

Figure 2.9. lllustration of good and poor wetting over irregular surfackgptedrom Petrig[130]*.

As mentioned earlier, wettability is commonly determined by measuring the CA between the
solid-liquid interface a drop of water or another liquid makes when placed on the substrate
[144, 145] There are two different types of CAsatic and dynamifl45, 146] The static CA,
commonly referreloas Youngos dl4@1K8} is foefuentlyoemplayed due to its

ease of measuremeNlarious methods are utilised to quantify the static §i&h ashe surface

tilting and the Wilhelmy balance methowith the sessile drop method being the most
employed due to its conceptual aneéasurement simplicityt45, 149] The process involves
carefully dispensing a liquid droplet from a micro syringe onto a horizontal solid surface. Once
the liquid droplet attains a stable state, its image is captured using a camera mounted on a

goniometer. The tangential angle is detewal by the equilibrium of surface tensions at the
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solid-vapour, liquidvapour, and soliiquid interfaceqd146]. This technique was used in this

research projecChapter 3 provides further discussion about the instrument.used

The surface science community frequently employs the terms hydrophobicity and
hydrophilicity. A surface is hydrophobic if its static Water Contact Angle (WCA) exceeds 90°,
whereas it is considered hydrophilic when this angle is less thda®m°151] Furthermore,

a surface is termed supleydrophobic if its static water contact angle exceeds 150° and super
hydrophilic or supexvetted if its static water contact angle is zero or nearly[2&4. Noting

that the maximum WCA for all natural and merade materials ekcept fluorinated
materials/surfaces such@slytetrafluoroethylen@TFE))is 120°[151, 152] Higher WCAis
achieved by manipulation of surface roughness, texture, and/or pofbS#i55] It is
important to note that the term "wettability" is employed in literature to characterise the wetting
behaviour of a surface with any type of liquid. On the other hand, the terms "hydrophobicity"
and "hydrophilicity,” which are frequently encountetiaditerature, specifically denote the
interaction between the surface and w§t&0]. Additionally, the terms "hygrophobic” and
"hygrophilic" describe the Young contact angle for any liquid in the same manner as
hydrophilic and hydrophobic but less commonly udéd]. The schematic provided Figure
2.10offers clarification on these term&lthough the scientific community widely accepts that

a surface is hydrophobic when its static water contact agglexceeds 90° and hydrophilic
whend is less than 90°%some researchef$50, 157]argue that there is little rationale for
classifying a surface as hydrophobic or hydrophilic based on a slight 2° change from 89° to
91°. The same applies to supsrdrophobicity and supdrydrophilicity. [149]. WCA is the
commonly used test in laboratories to determine the wettability of materfaces

Super-hydrophobic Hydrophobic Cutoff CA Hydrophilic Super-hydrophilic
0> 150° 90°<©<150°  ©=90° 90°>0 > 10° o <10°

4 -

Figure 2.10. Schematic illustration of hydrophobicity, hydrophilicitguperhydrophobicity, and super
hydrophilicity.

2.2.4.2 Surface Free Energy (SFE)

SFE (9) is defined as the excess [&9% erthgy as s«
amount of work needed to create a unit area of new syff&8¢ For liquids, theSFEhas the

same value as the surface tension but different [&8ts137] for a solid surface, the same is
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not true[159]. For an adhesive to wet a substrate surface sufficiently, it should have a lower
surface tension than that of the substfa& 19, 130] SFE arises from the intermolecular
interactions occurring at the soliduid interface. These interactions encompass several types

of forces: secondary bonds such as (i) van der Waals forces and (ii) hydrogen bonds; primary
bonds including (i) covalent, (iijonic, and (iii) metallic bonds; and doracceptor
interactions, which fall between secondary and primary bonds in strength, specifically acid
base interactionfl9, 160] When a liquid droplet reaches equilibrium on a solid surface, as
illustrated inFigure 2.11, the relationship between the surface free energies and thg)G (
expressed accor di Eqguation®2.1)Yle,d61]g6és equati on (

o AT P 2.1

w h e krepresents th8FEof the solid substrate (measured in n?)/m denotes th&FE of
the liquid drop (or the surface gtstendssfarthen of t
interfacial free energy between the solid substrate and the liquid dibglét37]

Droplet Y,
Ysl o Ys

- .

Solid surface

Figure211. The equi |l i brium state of a |iquid droplet on a
from [19]*.

Numerous theories have been developed to explain and quantify the surface tension of
materials such as the Zisman approach, Ow#sndt method, and Fowkes. Fowkes in his
theory, which has been widely utilisedthre literature[134, 137, 162164], proposed that the

SFE of @ <alni de(adescribed as t Handthepolaat i on
c 0 mp o n®, (Egustion{ 202) [19, 165, 166]
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Based on Fowkes method, if either the liquid or the solid possesses only a dispersive SFE
component, then the dispersive part of the solid can be determined experimentally based on the

known liquid SFE components and the contact angle (CA) Esgogtion 2.3[19].

[ p wWEi 2.3

To determine the polar SFE component of the solid, another liquid with known polar and

dispersive SFE components must be utilised, appiongation 2.4[19].

r 8 g 2.4

2.2.5 Surface preparation

Surface preparation is a critical step in achieving {ggality adhesive bonds, influencing the

joint's strength and durability. Structural adhesive bonding relies on mechanical interlocking
and chemical bonding between the adhesive and adherend suffaeeslance bond strength

and durability in different environments, surface pretreatment is essential before adhesive
bonding. Various techniques alter substrate surfaces by increasing surface tension, roughness,
or changing surface chemistry, as well anoving surface contaminants like release agents.
These modifications create mechanical or chemical bonds, impacting the stability of the joint.
Contaminants can lead to premature interfacial failures, underscoring the importance of proper
surface preparain. [167, 168]

2.2.5.1 Traditional surface pretreatment techniques of CFRPs to improve adhesive
bonding

Various surface treatment techniques have been utilised or investigated with varying degrees
of success to eliminate contaminants and other weak boundary layers, enhance wettability and
surface tension, modify surface roughness to increase the bondemhdradd mechanical
interlocking, and alter surface chemistry. These efforts aim to improve the bond strength and
durability of adhesive joints in polymer compositf21, 168] These include mechanical

abrading (sanding and grit blasting) and gagl chemical treatment such as coupling agents,
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acid and base etching, and solvents, and-awoact methods such as flame and plasma

treatments and laser texturing.

Mechanical surface preparation processes (sanding anbdlagiing) are used primarily to
produce macroscopically rougturfaces that increase the surface area to be bamdetb

remove some of the existing contaminants and release ddéiis However, secondary
contaminants are widely reported to be created during the roughening {idea8, 119]

By cleaning with a solvent such as acetone following the abrasion process to remove secondary
contaminants, some researchers consider sanding anrblagting as effective lowost
composite surface roughening methfi®7, 169] Other researchers, however, encourage dry
wiping and discourage the use of solvents to remove residue after hand sanding or grit blasting
due to the risk of reontaminating the surfad®]. In addition to the secondary cleaning
process, mechanical abrading is widely regarded to have significant drawbacks, including fibre
fracture, fibrematrix delamination, low reproducibility, and poor efficierjty, 17, 20, 119,

123].

Another mechanical technique is the peel ply, which is an extra layer of nylon or polyester
fabric integrated into the surface of the composite during manufacturing to maintain cleanliness
and provide a textured surface matching the peel ply imprintsitisequently removed from

the surface just before bonding occurs, ensuring optimal adhgsi@n121] The use of peel

ply for preparing CFRP surfaces is a common practice in the ind@6inoriginally intended

to keep composite surfaces clean during stojfb2E. This method gained wide acceptance as

it minimises the human error present in mechanical abrading with good reprodufif@lity

171] However, because silicofased release agents are commonly used to facilitate the
removal of the peel ply, silicone contaminants are often left on the s{2&d21, 172]Thus,
additional hand sanding or light grit blasting is necessary to properly prepare the [di@hce
which increaseshe manufacturing complexity and cost. Notting that silicbased release
agents have the capability to penetrate hundreds of nanometres into the CFRP [h@8jces
174]. Chemical treatmeniavolving coupling agents and acid or base etchargsffective in
roughening CFRP surfaces, thereby enhancing adhesive bgddifigl76] These techniques

often suffer from drawbacks such as unstable surface quality, low reproducibility, and
inefficiency. Moreover, the agents used in chemical treatments pose environmental risks and
potential health hazards to work§t30, 177] One of the basic chemical treatment approaches

to eliminating contaminants from a surface involves wiping it with a solvent. The success of

this method relies on the type of contaminant and the solvent emp¥siethere is a risk that
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instead of removing the contamingnthis process may distributeem across the surface
[121]. Moreover, it was reported that chemical treatments are generally difficult to be

automated in an industrial scengdd0].

Non-contact treatment techniques include plasma, flame, and laser treatments. During plasma
treatment, surfaces are exposed to ionised gases, typically generated using radio frequency
energy within a lowpressure environment. This plasma region contaimglaconcentration

of reactive species, such as ions and electrons, derived from tfE2@asvarious plasma

based treatment studies, including atmospheric pressure, low pressure, cold plasma, and
plasma/oxygen treatments, have been investidatadprovethe bonding strength of CFRP
Plasma treatment involves the generation of free radicals, molecular interdiffusion, and
chemical species on the surface, leading to an increase in surface[&@8rdy79] Research

in this area has indicated improvements in both wettability and bonding strength as a result of
plasma treatmenf180-185] Compared with the previously discussed surface treatment
techniques, lowpressureplasma surface treatment has gained increasing attention due to its
high efficiency and environmental friendliness. However, it requires special equipment,
leading to additional costs for maintaining the vacuum in the treatment system. The size of the
vaauum chamber posed limitations on the size and quantity of the pretreated CFRP
structureg35, 138, 184, 18d.88]. Atmosphere plasman the other hand, has limited surface
treatment effectivened85, 189]and rapid ageing due to the high reactivity of the treated
surfaceg26, 179, 196192].

2.2.5.2 Laser surface treatment or texturing

None of the prdreatment technologies for adhesive bonding mentioned earlier, including
plasma, griblasting, peel ply, corona, flame treatment, or mechanical abrasion, have been
universally accepted as the primary-meatment process due to their widual drawbacks,
particularly in reliably removing surface contaminations. Consequently, there is still a need for
a new technology that can offer a robust treatment process with reproducible cleaning action
and the potential for automatid@8]. In recent years, laser technology has emerged as a
promising solution to address the need for robust treatment processes with reproducible
cleaning action and automation capabilities. Researchers have explored various lasers with
different wavelengths tenhance the adhesiveness of CFRP surfaces. Regardless of the types
of lasers explored, a review of the literature shows that the primary objective of surface
treatment for CFRPs is to partially remove the outer matrix resin layer, thereby eliminating

contaminants such as release agents, or completely removing it to expose the underlying load
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bearing carbon fibres with minimal damage, enabling a direct application of force to the
reinforcements[15, 17, 26, 27, 29, 188, 191]n laser processing, different processing
parameters govern the ablation process of the matrix. The absorption of radiation, which varies
with the laser wavelength, is the most critical parameter. It determines the amount of energy
deposited within the aterial and the depth of penetration, thereby defining the ablation
mechanisnjl5]. When compared to other industrial techniques, previous studies indicate that
the bonding strength of CFRPs achieved with laser texturing is competitive or even Aigher.
comprehensive examination and critique of past research focused on laser surface treatment of
CFRPs, highlighting its significant role in enhancing adhesive bonding, is revieBedtion

24.

2.2.5.3 Surface treatment with incoherent UV light (nonlaser)

Multiple researchers have explored alternative approaches, such as incoherent UV light
treatments, aiming to enhance the surfaces of both polymeric afgblyoneric materials for
adhesive bondinf32, 193198]. These investigations predominantly involved the use of UV
light in conjunction with ozone, either by directly applying ozone or employing UV sources
emitting wavelengths below 240 nm, which generate ozone in the surrounding atmosphere.
Studies have demetrated the effectiveness of UV/ozone treatment in improving joint strength
across a variety of materials, surpassing traditional methods like grit blasting and primers.
However, implementing UV/ozone treatment necessitates specialised facilities with high
resistance to ozone corrosion, which may prove impractical, particularly for larger structures.

Furthermore, ozone is highly toXit99].

UV light can impact polymer surfaces through two distinct mechanisms: direct-photo
degradation and/or photoosslinking of polymer molecular bonds. The second mechanism,
associated with wavelengths below 240 nm, involves the interaction of UV light with
atmospheric oxygen to produce ozone, atomic oxygen, and oxygen radicals, which
subsequently oxidise and modify the polymer surf26®, 201] Generally, polymer photo
degradation occurs at depths of the order of micrometres angubmetres from the surface,

with the most pronounced effects observed near the surface. It is believed that an accumulated
layer of degraded species near the s@rfabsorbs UV irradiation more effectively, reducing

the penetration of UV light into the inner regions of the polyriz02].
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2.3. An overview of light and laser

One of the common definitions of visible 11
makes things vi si bl eo. A more technical,

6l nternational Lighting Vocab wmthepointofliview ) : #AR
of i1 ts ability t o eX63]Theactohym "LASERYastands/farlsightal sy
Amplification by Stimulated Emission of Radiation. Laser light is a form of electromagnetic
radiation It is distinct from ordinary light because of its coherence, indicating that its photons
share the same frequency, wavelength, and phase within the ViRipte, UV parts of the

electromagnetic spectrufa04].

2.3.1. The electromagneticwaveand spectrum

Visible light, which is perceptible to the human eye, comprises only a small segment of the
el ectromagnetic spectr ulf2]5] Theadacgamagnetid spectram 0 . 3 7
extends from gamma rays to radio waj2@6]. Electromagnetic waves are characterised by
electric and magnetic fields that oscillate perpendicular to each other and perpendicular to the
direction of wave propagatid205], (Figure 2.12. Frombasicphysics,it is well knownthat

light is recognisedo exhibit characteristicef both wavesandparticles.ln otherwords,both
waveandparticle,knownasphotons propertiesarerequiredto entirely explainthe behaviour

of light.

Figure 2.12. lllustration of an electromagnetic wave, adapted fri205]*.
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Theclassificationof light, alongwith otherforms of electromagneticadiation,is basednits
wavelengthln the contextof visible light, colouris determinedy wavelengthRedlight has
wavelengtharound 650 nm, while blue light hasa wavelengthof approximately450 nm.
Photonsof eachspecific wavelengthhave a unique energy,which can be calculatedusing
Equation 2.5.

0 (2.5)

Where
E: representphotonenergy
h: Planck'sconstan{6.621x10°*J.s)

c: is the speedof light whichis about300x1¢ m/sin vacuum,and

& Is thewavelengthn metres.

The photonenergyis commonlyexpressedn electronvolts (eV), where 1eV=1.60210"° J

[207]. Figure 2.12representsheelectromagnetispectrumandthe correspondingnergies.

Wavelength 1 nm 1 pm 1 mm I m 1 km

Energy (cV) 1.24 x 10%V 1.24 124x10° 1.24x10¢ 124x10?
gamma ray ultraviolet infrared radio
- : ——H : : :

X-ray . :
visible microwave
shorter wavelength = I longer wavelength
higher frequency lower frequency

higher energy lower energy

Figure 2.13. The electromagnetispectrumandthe correspondingphotonenergiesre-drawnbasedon Andrews
and NASA [208, 209].

2.3.2. Laserfundamentals

Einstein laid the initial groundwork for laser theory, with Maiman inventing the first ruby laser

in 1960, earning him the Nobel Prize. Since then, various typ&A\band pulsed lasers,
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including semiconductor, Nd:YAG, CGQgas, and dye lasers, have been developed with
improved reliability and durabilitj210]. The principle of operation of a laser device relies on
stimulated emission of radiation. Unlike ordinary light sources, such as sunlight, which emits
photons spontaneously with varying wavelengths as various atoms or molecules release their
excess energystimulated emission involves an atom or molecule with excess energy being
stimulated by a previously emitted photon to release that energy as a photon with the same
frequency and phase as that of the stimulating[®b&], Figure 2.14 Therefore, laser beams
demonstrate directionality, high power density, and superior focusing capabilities (typically in
the range of a few micrometres), distinguishing them from regular light. Bulb light, for
instance, could be monochromatic, meaning pit®tons share the same frequency and
wavelength but have different phases (incoherdi)is,coherent light is monochromatic, but

not all monochromatic light is coheref212]. Figure 2.15 illustrates the concepts of
monochromatic and coherent light. Lasers are generally considered monochromatic, but they

are not exactly monochromatiteirbandwidth can be very narrd@05].
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Figure 2.14. Spontaneous and stimulated emission, adapted f&drh]*.
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Figure 2.15. Illustration of conceptsf monochromatic and coherent light adapted ffaaB]*.

The unique characteristics of laser beams, including monochromaticity, low divergence,
directionality, high power density, and focusing capabilities, position them as potentially
valuable tools for material processif#jl4]. Lasers offer the capability to precisely deliver
substantial energy into confined areas of a material to achieve a specific desired 2i&me
Laser applications span various fields, from industrial tasks like cutting and welding to medical
procedures such as laser surgery and diagnd2i&j. They exhibit remarkable precision
across diverse tasks, especially in material processing, encompassing cutting, drilling, heat
treating, surface processing, and welding of various materials, including both metals -and non
metals. Despite the generallygower efficiency of most lasers (apart from diode lasers),
they enable faster, more casfective, and precise results with superior quality compared to
traditional mechanical method=urthermore, lasers are highly compatible with robotics. Many
major machine tool manufacturers provide fully automated laser processing solutions for
industrieq204].

2.3.3. Common commercial lasers

Lasers are typically categorised based on the state or the physical properties of their active
medium, also known as the active lasing medi2i®], which can be solid, liquid, or gaseous.
Currently, a wide range of lasers are available, each tailored to specific applications and
possessing unique characteristifgable 2.1 summarises the most common commercially

available lasers, detailing their main characterigiod].
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Table 2.2. Commercially available lasesndtheir main characteristicsadapted from[204]*.

Laser Wavelength Power range

Carbon dioxide (Cg) 10.6e m milliwatts to tens of kilowatts
Nd: YAG 1.06 &m milliwatts to kilowatts

Nd: glass 1.05 em Watts

Diodes Visible and IR milliwatts to kilowatts
Argon-ion 514 nm and 488 nm milliwatts to tens of watts
Fibre Visible and IR Watts to kilowatts

Excimer uv Wattsto hundreds of watts

2.3.4. Laser structure

The principal component of any laser system is the active medium, which is the region where
the lasing action occurs. The active medium is contained within a closed volume known as the
active cavity, placed between two parallel mirrors, known as the bpeisanator. These
mirrors are highly reflective, with one being partially transmisgld, 217, 218]The active
medium governs the possible wavelengths emitted by the[ZiskEr219221]. This is related

to the difference between energy levels within that matgidl, 220] Moreover, the gain or

the amplification factor of a laser, which represents the extent to which the laser medium can
stimulate emission, depends on the medium and its length; the longer the medium, the greater
the stimulation207, 211] However, for the stimulated and stimulating photons to be all in
phase, the resonator length should sat&fyation 2.6[211, 222]

(2.6)

allll

WhereL is the resonator lengthis the wavelength, andlis an integer.

Many other measures are typically implemented for shaping the laser cavityresahator.

The objective of a laser designer is to direct most laser photons in a specific direction to
generate a highly directional beamchieving this involves elongating the gain medium
significantly in one axis compared to the other two directj@@g]. Moreover, the occurrence

of undesired longitudinal and transverse modes, which can happen due to the gain bandwidth
of the laser, the longitudinal are typically controlled by shaping the ci@dity, 222] for the
transverse modes, by controlling both the cavity shape and the mirror cuf2dt6)eThe
transverse modes are more significant as they indicate the irradiance distribution of the laser
beam in the plane perpendicular to the direction of propagfidit]. The structure of the

transverse mode is described using hisMvhere the subscripts m and n represent the number
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of nodes along the two mentioned orthogonal a¥egure 2.16 shows the irradiance
distribution of the laser spot for various transvers modes. The lowest order mode aEM

known as the fundamental mode, has a cylindrical Gaussian irradiance distribution. This mode
hastheminimum divergence angle and experiences the minimum possible diffraction loss that
makes it possible to be focused to the smallest spot. Although Higitar modes exhibit a

wider spread and suffer greater diffraction losses, lasers are often optimised to produce

maximum output power and operate at one or more higher order ni2tes222]

0,0) 0, 1) 0,2) (1, 1) (1,2) 2,2)

Figure 2.16. The irradiancelistribution of the laser spot for various transeen®des adapted from Sal¢h16]*.

The effectiveness of nearly all laser applications relies predominantly on the power density
distributions within specific areas of the laser beam, typically in the focal rg2fi8h A pure
Gaussian laser beam (TEH) exhibits a symmetricalintensity distributionaround its axis,
decreasing as the distance from the axis increases. The intensity at point (z, r) of the laser beam
is calculated usingquation 2.7[224, 225]

y ] i
‘oh OUA@D CU— (2.7)

Where z is a point in the laser beam propagation axis, (r) is a radial distance from the axis, 1 (z,
r) is the intensity at the point (z, r),(£) the maximum intensity at the plane (z), ang) {a/ithe
radius of the beam at the plane (z).

At the beam boundary, where the radius ig,(the intensity of a Gaussian beam falls t&,1/e
approximately 13.5%, of the maximum intensity at the plangg6-228].

In addition to the active medium and the resonator, a basic laser system includes an excitation
device (pumping source) to pump energy for the active mel@#n 230] Any form of energy

can serve, with typical options including flash lamps emitting incoherent [B}%]. The
objective of the two mirrors is to allow for the electromagnetic wave to undergo multiple
reflections within the resonator, that increases the travelled distance thereby causing further

stimulated emission to amplify the light. A small number of phstthen escape from the
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partially reflective mirror in the form of a very intense beam of laser [, 232] Figure

2.17shows a basic structure of a simple 14280, 233]

Components of a laser

Pump source 1
—
Lasing medium o ENIET'e
|
Pump source \
. el
Highly ~ \_ v 'E, o
reflective & artla_ y
mirror | Optical resonator | reflective

mirror

Figure 2.17. A basic structure of a simple laser adapted fi@83]*.

Laser systems may include additional elements such as cooling mechanisms for mirrors and
optical delivery systems, including beam guidance, such as mirror or optical fibre, and target

manipulation, which are essential for effective material proce§airty.

2.3.5. Laser beanparameters

In addition to the active medium discussed previously, lasers are typically identified by their
maximum average power and the emitted wavelength. However, in many laser applications,
such as laser processing of materials, relying solely on wavelengtiowedip insufficient to
determine whether a particular laser is suitable for specific applicgf8A4s235] Hence, it

is essential to consider various other parameters of the laser beam. These include the spot size,
the focal length, Rayleigh length, and the beam quality\®ue) for both CW and pulsed

lasers, and peak power, pulse energy, pulse length, pulse frequency, and duty cycle for pulsed
laserqd215].

2.3.5.1. Wavelength (@)

The wavelength is fundamental characteristic of a laser, normally remaining fixed for a given
laser, unlike other laser beam parametetsch are often adjustab[@36]. The wavelength
influences the capability of focusing the beam into a small spat wizeh is wavelength
dependentGenerally, shorter wavelengths allow for achieving smaller spot [@285237]

and as a consequent higher intensity. Laser material interaction heavily relies on the
wavelength as the absorption coefficient for each material varies with different wavelengths,
where each material has a unique absorption spe¢288). Shorter wavelengths result in
photons with higher energy levels, thereby increasing absord@agj.
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2.3.5.2. Beam quality (M value)

The beam quality, Mvalue, is the ratio of divergence of the real laser beam to the pure
Gaussian laser beam. In other words, the beam quality describes how closeGaymsian a
laser beam 211, 239] Figure 2.18illustrates the difference between real and pure Gaussian

laser beams

Real beam

Gaussian beam

Figure 2.18. Real and pure Gaussian laser beam, adopted from Ej2BEF.

The divergence for a pure Gaussian laser beam is calculatedaagiation 2.8 and the real
divergence is calculated witbquation 2.9 Wherewi s t he wai st radi us of
divergence angles of pure Gaussian and real laser beam 2amth®beam qualitj211, 239]

— = (2.8)

— ) = (2.9)

2.3.5.3 Laser power and intensity

Despite the wide selection of lasers available, ensuring an adequate power level is essential for
laserbased material processing. This necessity considerably narrows down the suitable options
to only a few specific typg®29, 240] One of the main technical aims of laser manufacturers

is to generate lasers with high powgt23]. The laser power refers to the energy emitted per
unit time (W), while the intensity of the laser beam is defined as the power per unit area,

commonly expressed in (W/&nFor laser processing of material applications, achieving high
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beam intensities is crucial. For a particular laser, it typically accomplished by focusing the laser
beam into a small spot sif241]. It is well known that laser power and intensity have direct
influences on the material interactiand processing speed. Reviewing literature on various
laser material processing techniques revealed that laser power has also significant effects on
the cost and quality of processif&$4, 240, 242]

2.3.5.4. Laser spot size, focal length, and Rayleigh length
In the majority oflaser material processing applications, laser beams are focused into small
spot sizes to attain high intensity on the workpiece. The spot sizef(d laser beam is the
mi ni mum possible | aser beam di ameter that <ca
the lens focal length (f), and the beam diameter at the focusing lens (D), for an ideal Gaussian
beam it calculated usirgquation 2.10[225].

Q

Q 5 (2.10)

In the case of real beam, the spot size idiMes the ideal spot sif211], thusEquation

2.10is revised tdEquation 2.10abelow.

10 "Q_

) (2.10a)

Q

At adistance z from the focal point, the spot siz¢ &lcalculated withequation 2.11[223,
226, 243]

(2.11)

Q Q p P
where d is the minimum possible spot size,ig theposition of @, anda is theRayleigh

length Figure 2.19, defined as the distance from the minimum spot size to the point where

the spot size is multiplied b)yEquatan2.12[(22& Ray!l €
243, 244]

Q Q (2.12)
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At large distances (£ & ), the spot size increases linearly witlj226, 243] and can be

determined using the divergence arigtpiation 2.9,

XA

NY

)

Figure 2.19. The minimum spot sizepy@f a Gaussian beam and the Rayleigh Ie@gthadopted fronj223]*.

2.3.5.5 Continuous wave and pulsed lasers.

A laser beam that maintains a constant output pawer time is referred to as operating in
Continuous Wave (CW) mode. On the other hand, pulsed lasers include any laser that does not
operate in CW mode, delivering optical power in pulses with varying durations and repetition
rates. Pulsed lasers are cled based on their pulse lengduch as nanosecond, picosecond,

and femtosecond lasg@45]. Figure 2.20clarifies the principles of pulsed and CW lasers.

o4 At= i
sl MR P
=) :
=
Ep ! PaVC
- pulsed
o Time
2
<
-
Cw
Time

Figure 2.20. Principles of pulsed and CW lasers.

Where:

U is the pulse lengtRre®RENCYE, ttpe RSthe ke Rep
pulse energy, andyB«is the peak power (pulse power), ang-i the average power. These
variables are calculated usikguations 2.13 2.14 and2.15[246].
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0O . (2.13)

0 YO
. 0
0 — 2.14
n (2.14)
0 0z0'YO (2.15)

In pulsed lasers, the pulse length and consequently the peak power are particularly crucial. The
pulse length indicates how long the laser beam stays active in each pulse. It has a significant
impact on how the material interacts with the laser and ittiablthreshold245], which is

defined as the minimum fluence or energy required to cause ablation in a certain [2dterial

247] Typically, shorter pulse durations lead to lower ablation thresholds, enabling efficient
material removal at lower energy levels. This feature is especially beneficial when dealing with
heatsensitive materials, as it reduces the risk of thermal damalgktionally, shorter pulse
lengths enable processing at higher precision and with finer detail. When laser energy is
delivered in ultrashort pulses, it allows for precise positioning and reduces thermal diffusion.

This results in sharper edges and vadefined machined featurg245].

2.3.6 Laser material interaction

When laser beam encounters a surface, it travels as illustratédure 2.21 Part of the
radiation is reflected, some is absorbed, and the rest is transmitted.

Incident ray

Transmitted ray

Reflected ray

Figure 2.21. The incidentaser beam, the reflected and transmitted por{i228]*.
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As light passes the material, it undergoes absorption, leadingetiuetion in intensity with
depth at a rate determined by the materi al
wavelength and temperatutd/hen the absorption coefficient is constant, the decrease in
intensity follows the BeeLambert lawEquation 2.16[15, 228, 24850].

o 00 (2.16)

Where b represents the incident laser intensity (at the surface with coaswterof the

reflection losses), and | (z) is the laser intensity at depth z.

The fraction of incident light reflected from the surface, denoted by R, depends on various
parameters. These include the polarization and angle of incidence of the light, as well as the
indices of refraction of both the atmosphere and the mafén8l 251, 252] For constant
reflection (R), the BeeLambert law can be formulated in terms of the total laser intensity (I)
asEquation 2.17[253].

o p Y@ (2.17)

The optical behaviour of materials is commonly describelatiterature using terms such as
transmittance, absorption, angdtical penetration or absorption depth, 34, 35, 227, 248]

The transmittance, as indicatedbguation 2.18 derived fromEquation 2.16, represents the
percentage of incident light that passes through a material with a thickness (L) without being
absorbed or scattered. Meanwhile, absorption represents the percentage of light absorbed by

the material, expressed as-(Lransmittance) for en-scattered materials.

Yi ©E i é('Q(‘i’\dD(I)é—C%'Q Q (2.18)

The optical p eEguation2alf is ammeasdre gf how far(lighf)can travel within

a material before it decreases to only (1/e), abouthuind, of its original intensity248].

50: Q01 WO ¢ |E (2.19)
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At a specific wavelength, the penetration

d e

the case of Uuv | ight, the penetration deptt

materials, particularly metaJ227, 248] and up to few micrometres for some polyni2e].
In the NIR range, polymers typically display high transmittance, with epoxies demonstrating
penetration depths of around 1 meter at 10641 Figure 3.22shows the penetration depth

for different materials over a range of waveleng@u8].

Figure 2.22. The penetration depth for different materials over a rangeawélengths[248, 255]

The process of light absorption can be photothermal or photochemical. Exposing polymers to
shortwavelength radiation, where the energy of photons is comparable to the energy of
chemical bonds, demonstrates photochemical processing. In metals and sectacendu
optical absorption is primarily governed by free electrons, which means direct photochemical
bond breaking does not typically occur. Instead, the laser energy causes electrons to become
excited, subsequently transferring their energy into heat hodoms (vibrational waves). If

the laser pulse length is shorter than the electron theatafi time (ranging from
approximately 10 t1%0 sec@n@s for metals), the ablation process is classified as
photochemical. Ira purely photochemicaleaction the temperature of the system generally

remains constanf248, 256, 257] Regardless of whether the reaction is photothermal or

photochemical, the material response to laser processes can be categorised into three types:

laser surface heating, surface melting, and ablation. Surface heating, also called surface
activated proceses, occurs with fluences below the melting threshold, while fluences
exceeding this threshold can create temporary pools of molten material on the surface. Laser
ablation, typically associated with pulsed lasers but can also occur with continuous wagve (CW
lasers, involveshe removal of material from a substraj@48]. Material removal can occur

due to various mechanisms depending on the specific material system and laser processing

parameter$248, 258] At low fluence levels, laser ablation can be as result of evaporation or
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sublimation. As the fluence levels increasapourbubbles and subsequent boiling can be
initiated. If the material heats up rapidly enough, it can reach a critical temperature, resulting
in explosive boiling and the expulsion of solid and liquid fragments. In metals and
semiconductors, ultrafast pulses the range of picosecond and femtosecomhich can
achieve high poweintensity, can induce the ejection of multiple electrons from the surface
upon interaction, leading to the creation of a highly iedigegion that undergoes explosion.
This phenomenonwhich involves nonlinear absorptiof259], referred to aghe Coulomb
explosion260, 261] represents a form of nahermal photochemical ablatidAhotochemical

ablation of polymers can also occur using shatvelength laseri®48, 262]

2.4. The state of the art: laser surface treatment of CFRP to improve

adhesive bonding.

One of the significant advantages of lasers in material processing is their ability to precisely
control energy deposition within the material. This precision is achieved by carefully selecting
laser processing parameters to achieve the desired modifcatithe material. Laser surface
processing encompasses various applications such as laser surface hardening, annealing,
cladding, cleaning, and texturing. Among these, laser surface texturing is considered one of the
most important processes, particyafbr improving the adhesive bonding of different
materialg248].

Siliconebased mould release agents, which are frequently employed in the fabrication of CFRP
parts, are known to cause adhespoblemswhen CFRP structures are adhesively joined.
These agents typically penetrate several hundred nanometres into the CFRP matrix. Therefore,
surface prareatment is essential before bonding to ensure proper adif#8ji8, 263] As
mentionecearlier in thischapter, various techniques have been utilised térpa¢ CFRPs for
adhesive bonding, each with itsvn limitations. There remains a demand for a novel
technology capable of providing a reliable treatment process with consistent results and
potential for automation. Consequently, numerous studies have been directed towards
enhancing CFRP surfaces for adhesive bonding through laser texturing. These investigations
have explored the use of both CW and pulsed lasers across different wavetangihg,from

UV to MIR. Given the objective of this research to contribute to this specific research domain,

this section provides a thorough review of the most significant studies conducted in this field.

The study by Fischer et ¢l.5] represents a significant contribution to the exploration of laser

surface texturing of CFRPs for adhesive bonding. While many previous studies have explored
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the use of lasers for machining and drilling of polymers and CFERI4s267], Fischer et al.

[15] were among the pioneering researchers in this specific area. They conducted a comparative
study usingSLS tests to evaluate three different surface treatment techniques: laser surface
texturing with two differenhspulsed lasers (UV emitting at 355 nm and@@itting at 10600

nm), and mechanical abrasion. The results showed that the bonding strengths achieved with all
three techniques were competitive, with a slight preference for the UV laser. However, it was
noted that texturing with the UV laser was appmeately 10 times slower than with the €0

laser, attributed to the lower average power of the UV laser. The study emphasised the
importance of absorption depth, which is wavelerdghendent, on the ablation mechanism

of the outer layer matrix resin. Theywpted that unlike UV and CQasers,which have low
absorption depthysing aNIR laser(1064 nn), which shovs a significantly greater absorption
depth, most of the light would pass through the matrix and be absorbed by the underlying CFs.
Consequently, the ablation process of the matrix material involves heating the underlying fibres
and spallatiormwaythe top matrix layer due to thermal steesJ his presents a risk of thermal

degradation of the CFs.

Oliveira et al.[17] explored the surface treatment of CFRP composites using laser ablation
with a femtosecond NIR laser emitting 1064 radiation with a pulse duration of 550 fs. They
pointed out that by employing the right processing parameters, it's possible to selectively
remove the epoxy resin aegposehe carbon fibres. Additionally, they observed the formation

of submicron lasetinduced periodic surface structures (LIPSS) on the surface of the carbon
fibres. They suggested, but did not investigate, that these structures could potentially enhance

theadhesion between the fibres and the matrix in adhesive bonds between CFRP parts.

Yokozeski et al. highlighted in their investigatif#b] that surface treatment of CFRPs using

a pulsed TEA C@lasercan achieve adhesive strength comparable to sandpaper treatment. This
suggests the potential for laser treatment to serve as a viable alternative to traditional abrasive
paper treatment methods for CFRPs.

For the same purpose, Schweizer ef28l] compared UV and NIR lasers emitting at 355 nm

and 1064 nmrespectively. They investigated various processing parameters, focusing
particularly on pulse lengths, for each laser system. For the NIR laser, the pulse lengths were
set at two significantly different values: 200 ns and 30 ns. Mechanical tests omttez bo
coupons demonstrated that all processing parameters resulted in higher bonding strength
compared to samples prepared by grinding. However, despite samples treated with shorter
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pulse lengths showing higher bonding strength, esestion assessment revealed damage at

the fibrematrix interface with the short pulse (30 ns) NIR laser.

A study with laser systems and processing parameters similar to thdSehofeizer's was
conducted by Reitz et gR7], focusing on aluminium/CFRP joints using two different types

of CFRP materials, labelled as A andR.S tests were performed to compare laseated
samples with untreated ones, the latter being cleaned with acetone. The mechanical tests
revealed an enhancement in the bonding strength of CFRP type A after laser treatment, with
no significant variation obseed among different laser processing parameters. In contrast, for
CFRP type B, laser treatment led to a reduction in bonding strength. MoreoveretRaitz
highlighted the impact of NIR laser processing on the integrity of the rfddrexinterface.

Their findings revealed that NIR laser treatment of CFRP surfaces often led to the formation
of cavities between the fibres and the matrix, as illustret&igure 2.23(a). Consequently,

during mechanical testing, the top fibres, primarily affected by this process, were pulled out

and adhered to the adhesive on the other coupon, as illustr&tigdiiae 2.23(b).

N \‘;

Figure 2.23. a) SEM image depicting cavities at the fibratrix interface in a sample treated with NIR lagr.
Darkfield microscopic image revealing fibres pulled out and adhered to the adhesive on the other coupon after
bondingSLS test of a NIRasertreatedsample27]*.

See et al[138] explored the use of a 15 ns pulsed Excimer laser with a wavelength of 248 nm

to enhance paint adhesion on CFRP surfaces. Their goal was to remove contaminants, roughen
the surface using a mask, and improve wettability. They observed significant enhasdamen

paint adhesion compared to untreated samples and those treated with sandpaper. They pointed
out that the improvement was mainly attributed to the elimination of surface contaminants and

an increase in surfagective functional groups, with a minor rdabution from surface
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roughness. Similarly, Rauth et 8] utilised a UVns pulsed laser emitting at 266 nm for
surface cleaning of an Aerospace CFRP material. Their findings revealed a remarkable
improvement of over 100% in bonding strength. However, they noted that despite the matrix
resin absorbing most of the UV 266 nm ligh/-vis spectroscopy showed that a 6 pm silicon
release agent layer absorbed less than 10% of the light in the wavelength range between 200
and 1000 nm. Considering that the actual thickness of the residues on the CFRP surface is
approximaely 40 nm[28], the absorption by the release agent can be considered negligible.
Consequently, most of the light is transmitted through the release agent layer and enters the
epoxy resin. As a result, the cleaning mechanism is based on chipping and peeling ofsthe relea

agent layer.

It is mostly agreedl5, 26:28] that due to their high absorption and short penetration depth,
UV lasers, particularly those with shorter wavelengths, induce direct depadgtioari
reactions in the uppermost layer of the matrix resin and effectigelpveepoxide material

without causing damage to the fibres or compromising the integrity of thenfidtrx
structure. Consequently, contaminated and excess epoxide material can be eliminated from the
surface, enhancing bonding performance. Howéwegh-powerUV-based lasers are experesiv

[26] and suffer from various other problemsach as low power stability due to vibrati@i].

On the other hand, NIR |l asers that emit arou
for epoxy[15, 31] allowing most of the energy to penetrate the polymer surface and be
absorbed by the underlying carbon fibres, see the absorption spectriguiie 2.24 This
absorption can lead to fibieduced overheating at the fibneatrix interface, followed by
evaporation, resulting in unintended recoil pressure and the potential for matrix blasting or
spalling[27, 31] Some researchers stated that the matrix removal mechanism is based on the
difference in thermal elongation between the fibres and the[fgsiB5] Consequently, some
researchers rejected the use of NIR lasers for surface treatment of CERP27]
Nevertheless, certain studies propose that fibres stripped by NIR radiation may enhance
bonding strength by interlocking with the bonding adhesive. Additionally, exposure of fibres
through laseinduced partial graphite fibre oxidation may improve wettproperties and
increase the concentration of covalent bonds at the interface between the adhesive and substrate
[27]. Despite the high absorption in epoxy to MIR lassush as CO2 lasers that emit at 10600

nm, some researchestated that the low photon energy can lead to thermal ablation, causing

delamination effectg35].
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Figure 2.24. Absorption spectrum for a typical epoxy ref35, 268]

Several other research efforts have been conducted in the field of laser surface texturing of
CFRPs for adhesive bonding, mostly utilising UV, NIR, or MIR lager29, 139, 191, 269

271). These studies generally show improvement in bonding strength, with some preference
for UV laser treatment. Unlike the previously mentioned stydwbsch weremostly based on

the removal of the outer layer matrix partially or totally and exposing theclaging fibres
undamaged, a netypical laser surface treatment approach was found in two studies conducted
by Coban et al20] and Loutas et a[272]. They investigated the effect of miemwachining,
creating surface structures in the range 6110 0 tceenhance mechanical interlocking and,
consequently, the resultant bonding strength. Coban utilised a pulsddsef) while Loutas
employed a green pulsed laser. Both studies demonstrated improvements in bonding strength

which wereattributed to the mechanical interlocking they achieved.

2.5. Research gaps and challenges

The fundamental interactions between IR lasers and CFRP materials are not yet fully
understood, and there exist significant discrepancies in the literature regarding their effects on
adhesive bonding and the mechanisms of matrix removal. CFRP compasitesngosed of

two distinct materials: carbon fibres and a thermosetting matrix, which possess vastly different
thermal and optical properties. At NIR wavelengths, specifically at 1064 nm, the matrix
material exhibits high transmittance. This high transmnite allows nearly 100% of the laser
energy to penetrate through the matrix and reach the underlying carbon fibres, which can
potentially lead to fibrenatrix debonding27, 188] Several researchers have reported that by
optimising the laser processing inputs, using ns or shorter pulsed NIR lasers can significantly

enhance the bonding strength by effectively removing the outer matrix layer and exposing the
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carbon fibregl17, 26, 27, 188]However, another researcher has rejected the use of NIR lasers
for surface treatment of CFRP composites due to the high transmittance of fhajrix
Additionally, while the effects of NIR laser processing variables have been extensively
documented, there is a notable lack of thorough investigation into how geometrical variations,
such as the fibre distribution within the matrix, affect laser proegssitcomes. It has been
reported that the heterogeneity of CFRP often leads to inhomogeneous ablatiorf34fults
The distance between the surface and the fil
10 em i n uni d[8 etoduces fardndr vadabilRyRhat affects the efficiency of
lasermaterial interactions. This variability can be even more pronounced in woven CFRPs,
where the complex weave pattern introduces additional inhomogeneities. Understanding these
variationsis crucial for optimising laser processing techniques to achieve consistent and
effective surface treatments across different CFRP structures. Further research is needed to
explore how these structural differences influence laser processing and to destlogds that

account for these variations to improve the effectiveness ofltasex surface treatments.

In the context of MIR lasers, particularfyO, lasers operating at 10,600 nm, there is a
significant discrepancy and a lack of comprehensive data regarding the absorption and
transmittance properties of matrix resins. Existing literature reveals a broad range of findings

on how matrix resins interagtith MIR 10,600 nm wavelength. For instance, some studies

using FTIR have documented extremely high absorption rates of 90% to 95% for thermosetting
matrix resins at 10. 6 ¢ mtlasérengrgydsaabsoribed with hoat mao
or minimal transmission through the ref3d, 35] Conversely, other researchers have reported
thata6 . 5 e m epoxy fil m trans mj3@andadZb®¥%moepbohkyg i
film transmits 3%][37]. This discrepancy highlights the complex nature of asaterial
interactions and the need for more precise measurements and a deeper understanding of how
matrix resins absorb and transmit MIR laser wavelengths. The varailiresin properties

and fibre/matrix distribution add another layer of complexity to this issue. In unidirectional
CFRPs, the distance between the surface and
1 0 B8N and this variability is even greater in woven CFRPs, where the weave pattern
introduces additional inhomogeneities. These factors affect laser penetration depth and the
matrix removal process, further complicating the understanding of MIR laser irdasagiih

CFRP materials.

Lastly, there is a significant research gap regarding the use of incoherent UV light for

enhancing CFRP surfaces for adhesive bonding or as a complementary technique to IR laser
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texturing. While some studies have explored the application of incoherent UV light for surface
treatment across various materials, including both polymeric angalgmeric substratgd82,

33], these investigations have largely focused on UV light used in conjunction with ozone.
UV/ozone treatment has been effective but comes with notable drawbacks, such as the need
for specialised equipment and the hazardous nature of ozone, which posesisieatind
increases process complexity and costs. This presents a clear opportunity for research into the
potential advantages of using incoherent UV light independently or in combination with IR
lasers for CFRP surface treatment. Investigating this appreould offer a simpler, safer, and

more costkeffective alternative to existing techniques, potentially leading to innovative

advancements in CFRP surface preparation for adhesive bonding and other applications.

This divergence in findings highlights critical research gaps and undersoeresed for more
detailed and comprehensive studies. By exploring the fundamental interactions between IR
lasers and CFRP materials, examining the variability in CFRP composite, and investigating
alternative surface treatment methods such as incoheiériigbt, this research aims to
develop more effective and reliable techniques for improving CFRP bonded joints. These
efforts are essential for enhancing the performance, durability, and applicability of CFRP

composites in a range of industrial applicasion

2.6. Hypotheses of the research

Despite significant advancements in the field of laser processing of CFRP composites, there
remain several critical research gaps that hinder the optimization ofblsed surface
treatments for CFRP composites. This study aims to address these gamsnbhating
hypotheses that investigate the fundamental interactions between IR lasers and CFRP
materials, the impact of composite heterogeneity on laser processing outcomes, and the
potential benefits of incoherent UV light treatments. The following hygseh are developed

to guide this research.

U Chapter 4: Matrix resin absorption and transmittance

There is a significant discrepancy and limited data regarding the absorption and

transmittance properties of matrix resins at MIR 10600 nm wavelengths.

1 Hypothesis 1 The transmittance of thin resin films, with thicknesses varying from 15
em to 105 &m, was precisely measlaseed dur
beam using a laser power meter. The Bssnbert law was then applied to calculate
the absorption coefficient and the reflection percentage, with reflection assumed to be

constant for all samples. This study aims to provide a more accurate undiagstain
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MIR laser interactions with epoxy resin and CFRP materials, ultimately leading to
improved laser processing strategies. A similar investigation was carried out for NIR
1064 nm wavelengths, examining samples with thicknesses ranging from 1 mm to 43
mm.
U Chapter 5: Laser surface processing of wovemeinforced CFRP composites to
improve adhesive bonding using NIR ns pulsed fibre laser
1 Hypothesis 2 Variations in CFRP composite structures, particularly the heterogeneity
introduced by different reinforcement patterns and fibre distributions, significantly
influence the outcomes of laser processing. When processing woven reinforced CFRPs
with a NIR 164 nm pulsed laser, periodic rablated matrix resin structures appear
due to matrixrich zones resulting from the wavy nature of the reinforcement. These
laseraffected norablated matrix zones are believed to negatively impact adhesive
bonding. To address this, a masking technique was employed to cover-naitzones
while exposing only regions with shallow resin to the laser. Adhesive bonding tests
were conducted to compare different surface conditions, including fullydasened
and prtially scanned using a mask. Prior to this, a factorial experiment with different
laser processing variables was conducted to optimise the laser settings to expose as
manyCFs as possible without causing noticeable damage.
U Chapter 6: Laser surface processing of UD reinforced CFRP composites to improve
adhesive bonding using NIR ns pulsed fibre laser
The interactions between ns pulsed NIR lasers and CFRP materials remain inadequately
understood, with significant discrepancies in the existing literature concerning their effects
on adhesive bonding and matrix removal mechanisms. To address theseigapaptier
employs a series of experiments designed to explore the effects of various laser parameters
on CFRP surface treatment. The experiments are structured to beffeosve while
providing comprehensive insights. Unidirectional (UD) fipeenforced CFRP is selected
for the study due to its lower inhomogeneity compared to woven CFRPs, which facilitates
more straightforward and consistent comparisons of laser processing responses. The
hypotheses tested in this chapter are designed to advance austanding of these
interactions and to optimise laser treatment techniques for better bonding strength and
surface quality. The hypotheses explored are outlined below.
1 Hypothesis 3 The effect of heat accumulated during laser processing. Literature has

revealed that laser scanning in the direction of the fibre orientation can result in damage
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to the CFs due to heat accumulation within the fibres from preceding pulses. This was
further proven experimentally in this research project. However, to the best of current
knowledge, there are no clear experimental or simulation studies in the literature
showing whether there is any effect of accumulated heat between consecutive marks
(adjacent laser scans) when the scanning is perpendicular to the CFs. To check whether
there is any effect of heat accumulation on the laser treatment, a laser processing
experiment was conducted using several sets with variable (high and low) scanning
speeds and pulse frequencies, keeping the ratio of scanning speed to frequency and all
other processing variables fixed for each set.

1 Hypothesis4 The pul se | ength and energy effec
surface wettability, and the adhesive bonding. At fiestactorial experiment was
conducted utilising variable pulse length and energy to assess the impact of single
pulses by creating separated dimples. dverage ablated aredthedimples for each
laser processinget was measured using the colour thresholding feature of ImageJ
software. A similar factorial experiment was then performed to estimate the average
lengthand width of the dimples. Based i latter findings, for each variable set (pulse
length and pulse energy), the scanning speed and hatch spacing were egfitim#éted
aim of fully scanningCFRP samples (to fully exposiee CFs). WCA assessment was
then conducted for the fully scanned samples to identify the optimal variable set for
each pulse length, followed by adhesive bonding tests to compare and evaluate the
effectiveness of the optimal laser processing sets.

1 Hypothesis 5 In line with the literature, utilising different bonding adhesives with
varying mechanical properties, particularly the modulus of elasticity, results in
significant variability in peeling stresses at the bond line ends. Modelling was
conducted using SolidWorks softwaredompare two bonding adhesivesderSLS
test. The samples were modelled based on the mechanical properties provided by the
suppliers of the adhesives and the UD reinforced CFRP material.

U Chapter 7: Surface treatment of CFRP composites using continues wave carbon
dioxide laser.

Surface treatment of CFRP composites using a CW l&@€2r has not been extensively

studied. To the best die availabl&nowledge, only a single study exists, which highlights

several findings but leaves gaps in understanding, particularly regarding the matrix removal

mechanism. The effectiveness of CW L&xer surface processing of CFRI®P8nproving
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adhesive bonding is investigated through a series of experiments. These experiments

involve laser surface processing of CFRP materials and pure epoxy resin samples.

Moreover, surface wettability assessment and adhesive bonding tests were performed.

Based o the findings from these experiments, a theory for the matrix removal mechanism

was proposed. This research aims to fill the existing knowledge gaps by providing a

comprehensive understanding of the effects of C\W I@€er surface treatment on CFRP

compoges and the underlying mechanisms involved. The hypotheses explored are outlined
below.

1 Hypothesis 6 Understanding the effects of laser power and scanning speed on the
removal of CFRP&6s outer | ayer matrix and
CFRP material, laser scanning of CFRP material was conducted using varying scanning
speeds and laser pomse with hatch spacing wider than the laser spot size. For each
laser processing set, multiple scans (laser marks or lines) were created. The percentage
of the ablated area (fibres exposed regions) for each sample was then measured using
ImageJ A relationship between the ablation percentage and the Linear Energy Density
(LED) was then identified. For pure epoxy resin material, the same hypothesis was
tested, but instead of multiple scans, a single scan was processed for each set of laser
powerand scanning speed. The depth and width of the-tasated grooves were then
measured, and their relationships with the LED were determined.

1 Hypothesis 7: For surface wettability and adhesive bonding assessments, CFRP
samples were processed utilising three different laser powers while all other processing
inputs werghe same. The surface wettability was evaluated using contact angle (CA)
assessments, and bonding strength was then compared among different surface
conditions.

Chapter 8: Surface treatment of CFRP composites using incoherent UV light to assist

IR laser in improving CFRP surface for adhesive bonding.

The potential ofising incoherent UV light, either alone or in combination with IR lasers,

to improve CFRP surfaces for adhesive bonding. This would@#&anpler and more cost

effective alternative.

1 Hypothesis 8:This hypothesis investigates the effectiveness of UV treatment and its
synergy with IR lasers. Initially, UV treatment was performed on CFRP materials using
a UV lamp emitting at 254 nm at three different intensities, achieved by varying the
distance offte CFRP samples from the lamp. Various UV exposure periods were tested,
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and CA assessments were conducted to evaluate surface wettability. Based on the CA
assessment, the optimised processing variables were applied for bonding tests. The
bonding tests included several sample groups: UV treatment only, NIR laser followed
by UV treatment, UV treatment followed by NIR laser, ancbGSer followed by UV
treatment. Furthermore, mechanically abraded andea@sved samples were
adhesively bonded and tested as references. This comprehensive approach aims to
determine the most effeeé method for enhancing adhesive bonding of CFRP surfaces
using incoherent UV light alone or in combination with IR lasers.
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CHAPTER 3: Experimental Methods

3.1 Objectives

To improve understanding of the thesis overall methodology and structure, this chapter
provides an irdepth analysis of the primary methods, equipment, and matetileded across

the thesis, with a particular focus on those employed in multiple experiments. While these core
aspects are emphasised, supplementary materials, methods, and equipment are discussed
within the specific contexts of individual experiments,ichhare reviewed in subsequent

chapters. The main objectives of this chapter are:

1 To offer a detailed examination of the key methods, equipment, and materials used
across multiple experiments.
1 To reduce redundancy in the description of methods across different experimental

sections.

3.2 Experimental equipment and instrumentation

The primary equipment used in this experimental work includes various ladé¥s light

source, and surface analysis and chemical characterization instruments. The main laser system
utilised was aspulsed NIR fibre laser, with a CW G@ser used to a lesser extdn¥/ light
equipment was alsemployed for specific treatments, and a range of surface and chemical
characterization tools were used to analyse the sampledolldwing descriptions provide

detailed information about the equipment and instruments used in the experimental work.

3.2.1 Nanosecond pulsed NIR fibre laser

The NIR fibre laser system comprises &R fibre laser,a beam delivery systenand an
automated threaxis table. Specifically, the laser utilised is a SPI Laser (UK) G3 2@&sW
pulsed fibre laserThe | aser operates at a wavelength
TEMOO mode, and has a beam quality factéramM 2 . 1 . It offers adjust.
ranging from 9 to 200 ns and pulse repetition rates (PRF) from 1 to 500 kHz.

Thebeam delivery system comprises the following components:

a) A manually adjustable 1064 nm beam expander (Linos (Qiopty) was set to give a
raw beam diameter (DR) of 5.7 mm as measured by taking a beam print of the beam on

exposed photographic pape
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b) Four silver mirrors (Thorlabs) guide the laser beam from the beam expander to a scanning
galvanometer.

c) A galvanometric scanner (Nutfield Extreme¥BG) has scanning field of (50 mm x 50
mm) and controlled using SAMLight v3.05 software (SCAPS Gmbh). It operates within a
scanning speed range from @0QL m/s to 20 m/s. The galvanometric scanner is fitted with
an ftheta lens (Linos Ronar-Fheta) with a focal length (f) of 100 mrhe theoretical
laser beam diameter at the focal poid§ateg) was around 51 pm, calculated using
Equation 2.10a, (from Section2.3.5.4Chapter 2) which isvalid for Gaussian andear
Gaussian beanjg73-275].

0 =" . (2.109)

The threeaxis computecontrolled table was supplied by Aerotech Limited (UK). In all
experiments conducted using this laser system within the research project, the galvanometric
scanner was responsible for scanning the laser beam across the samps. Sthathreaxis

table held the sample in place and was utilised to adjust the focal IErggile 3.1depicts a

schematic drawing and photograph of this equipment.
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Figure 3.1. The NIR Laser equipment setup a) Schematic drawing and b) photograph.

Due to the optical system losses and the nonlinear behaviour of the output power with the setup
percentages, the laser average poWwegr)(after the galvanometric scanner was measured for
each experimental setup. This was achieved using a laser power meter calibration system
consists of 80A-N-SH ROHSead andNova Il displaysoftware (Ophir). Power measurements
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were conducted over a duration of 60 seconds. The pulse erg)gis (Calculated using
Equation 3.1 [276] (derived fromEquation 2.15. Where PRP is pulse repetition rate.
Figure 3.2shows the measured average power and pulse energy ferd®Rf¥Hz and) =200
ns atdifferent percentage setups. The same was done for all other sets of pulse lengths and

repetition rates that were utilised in this thesis.
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Figure 3.2. Measured average power and pulse energy atRBKkHz,U = @spa@diifferent power percentage
setup.

3.2.2 CW COz: laser

A Lotus Laser System LL10600 was fitted with a CW-@f3er. According to the specification
provided by the manufacturer, it has a maxir
raw beam diameter of 3.5 mm with full angle beam divergence of 4 méad 1\, and mode

quality near TEMo. The beam was delivered by gold coated mirrors to a 40 mm focal length
ZnSe |l ens. The spot size at Eduaionf2®lg andtheg oi n't
Rayleigh Length is 2.113 mm, calculated uditggiations 2.12 The laser is equipped with a
built-in XY scannimg system, offering a scanning field measuring 1000 mm x 600 mm and a
scanning speed range fron®@00L t00.3 m/s. Manual adjustment of the focal point is achieved

by altering the Z position of the sample bE@jure 3.3represents a schematic drawing of the
beam delivery system and a photograph of the equipment. The power out of the focusing lens
was calibrated using the same method described for the fibre |&gstion 3.2.1 The graph

in Figure 3.4represents the measured average power at different power percentagglsetup.

experiments were conducted under ambient conditions without the use of assisted gases.
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Furthermore, the laser beam was at focus for all experiments unless otherwise specified, such
as in Chapter 4, where it was in a ffonused position

a) X-axis .
=
Steering mirror

Laser beam head

Focussing lens

40 mm

Focal point

Adjustable sample bed

Figure 3.3. a) A schematic drawing of the Gtaser beambh) a photograph of the equipment.
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Figure 3.4. Measured average power at different power percerseiygms

3.2.3 UV light equipment

A Germicidal UV lamp (TUV Amalgam T6 130W XPT SE G10.2q) from Philips UK Ltd
[277]. was utilised in this study (Fig. 1a). Over 95% of the light emitted by the lamp is at 254
nm. The lamp characterisations are detailethible 3.1 The lamp's illumination was assumed

to be uniform, and the UV intensity at a sample placed at a distance (r) from the centre of the
lamp was calculated by dividing the lamp's output power by the cylindrical area. The light
intensity at a distance r frothe axis of a long cylindrical source is inversely proportional to r
[278]. Table 3.2presents the UV intensities and the corresponding distances of the samples
from the lamp used in the experimental work. This table provides the necessary data for
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understanding the relationship between UV intensity and distance, which is essential for

evaluating the effectiveness of the UV exposure conditions.

Table 3.1. The UV lamp characteristi¢277].

Parameter Value

Power input (W) 130
UV output power (W) 46

Wavel ength o254
Lamp length (mm) 740
Lamp diameter (mm) 19

Table 3.2. UV intensities and distances from the lamp applied in the experimental work.

Distance from the lamp centre (mm)

UV intensity (mW/cnd)

19.8 50
39.6 25
79.2 12.5

The lamp was housed within a sealed wooden encloSigre 3.5shows a photograph and

a schematic drawing of the UV lamp, and the experimental setup used in the experimental

work.

CFRP samples exposed to different UV intensities

b) 19 mm ID
[ t UV lamp —
[ 3 ¥ — p
= 50 mW/cm?
E =25 mW/cm?
2| B
- v E T =~ 12.5 mW/cm?
a (o}
e

Figure 3.5. UV lamp and the experimental setup: a) photograph and b) schematic df2wiig
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To mitigate potential thermal influences and as a safety measure, a cooling fan with a flow rate
of 0.55 m3/min was installed to maintain n@anbient temperature. Thermal changes on the
sample surfaces were monitored using a thedRatamera (thermoIMAGER TIM) from
Micro-Epsilon UK, with temperature readings taken at-nmeute intervals over 30 minutes
using TIMConnect software. The lamp's temperature rose and then stabilised at 85°C after
about 5 minutes. For the CFRP sample withhilgbest UV intensit, positioned approximately

10 mm below the lamp, stabilization occurred after 15 minutes at 37°C, which was 14°C above
ambient temperatur&igure 3.6.
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. 70 - ¢°
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S 60 ple (°C)
N 4 . o
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Figure 3.6. (a) Thermal imaging data captured by Reamera for the lamp at 30 minutes, (b) graph representing
the temperature over time for both the lamp and the sample.

Additionally, an assessment was conducted to determine if the elevated temperature affected

surface wettability. The results indicated no significant change in the measurements.

3.2.4 Surface, chemical, and topographical characterisation equipment

Different surface characterisation equipment and techniques were utilised, the following are
description of each of these equipmehigure 3.7. Sample images from each of the

instruments are presentedrigure 3.8

1 Optical microscopy. Olympus BH2UMA optical light microscope, equipped with
five objective lenses: 5x, 10x, 20x, 50x, and 10Dalibration for each objective lens
was performed using a stage micrometer and ImageJ software. ALiendigital
camera is attached to one of the microscope's eyepieces and is used in conjunction with

DinoCapture 2.0 software.
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Digital microscopy: VHX-7000 digital microscope from KEYENCE UK with
magnification capabilities of up to 500x. This system integrates advanced image
processing software for enhanced visualisation and precise measurement.

Optical profilometry : BrukerContour GTFK optical profiler, integrated with Vision64
software. The system features variable magnification and multiple operating modes,
allowing for precisesurface topography and roughness measureménéen light was

used for all evaluations. Both Vertical Scanning Interferometry (VSI) and Vertical
eXtended Interferometry (VXI) modes were ll, with VXI offering superior
resolution for analysing lightransmitting epoxy resimnd generally better details
However it is aslow process becausedptures every frame of data and is only useful

for a scan range ¢éss than 5@ m.

Scanning Electron Microscopy (SEM) The primary SEM equipment used was
Hitachi TM4000Plus Tabletop Microscap@dditionally, Thermofisher Inspect S
model was utilised for certain assessments. Both instruments provided backscattered
electron (BSE) and secondary electron (SE) imaging at various magnifications.
Goniometer. The CAM 101 from KSV Instruments Ltd (UK) is an optical contact
angle meter designed to measure contact angles and drop shapes of various liquids. In
this experimental work, CAM 101 was used to assess surface wettability by measuring
the contact anglesCAs) of both treated and ndreated samples using water and
diliodomethanefor all assessments, the diameter of the liquid droplet from the syringe
was 1.5 mm, corresponding to a volume of approximately 1.77. far nonlaser
treated samples 0D frames at 16 ms intervals were captured. For-tasated CFRP
materials with exposed fibres, a longer period was used (100 frames at 16 ms plus an
additional 100 frames at 1 s intervals).

Infrared spectrometer The Cary 630 FTIR Spectrometer from Agilent Technologies

is a compact, Attenuated Total Reflectance (ATR) Fourier Transform Infrared (FTIR)
instrument designed for rapid and reliable analysis across a broad range of samples. It
was used to assess cherhigariations in treated and ndreated CFRP samples. The
spectrometer employs the ATR singéflection sampling technique, utilising a

di amond crystal with a 1 mm diameter samp
setup enabl es a pph d pdnetrationeforyinfraked enengy dt a

wavenumber of 1700 cm T . I t' s I mportant
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wavelengthdependent, typically ranging from about 100 nm to several micrometres
[280].

Figure 3.7. a) Olympus BH2UMA optical light microscope, b) VHX7000 digital microscope, c) Bruker
ContourGTK optical profiler, d) SEM Hitachi TM4000PIus Tabletop Microscope, €) CAM 101 goniometer, and
f) Cary 630 FTIR Spectrometer.
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Figure 3.8. a) Opticalmicroscopy of a woven CFRP sample processed with ns pulsed NIR laskgjtal)
microscopy image of UD CFRP sample processed with I&€2r, c)3D profilometry image of a woven CFRP
sample processed with GGser, d)A SEM image of separated dimples were created with 30ulse length
NIR laser, elGoniometecameramage ofwater droplebn a CFRP sample processed with,@Ber and f)FTIR
spectra of an as received CFRP sample.
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3.3 Key experimental materials

3.3.1 CFRP composites

In this research project, various types of CFRP composites were utilised. Some nihtgrials
were readily availablevere employed in preliminary exploration trials and supplementary
experiments. Other CFRP materials were specifically ordered to meet the experimental
requirements. The primary CFRP material used consisted of five layers of unidirectional (UD)
fibre prepeg, which was applied in several experiments throughout this research project.
Detailed descriptions of each main CFRP material and thetifgpproperties are provided in

the relevant chapters of this thesis. Additionally, to supplement the information provided by
the suppliers or manufacturers, investigations such as-segtisn assessments and tensile
strength tests were conducted omsoof these materials before their implementation in the

main experiments.

3.3.2 Bonding adhesives

Two bonding adhesives were used to evaluate the bonding strength of differenttsadce
CFRPs: Loctite EA 9394 AERO Epoxy from Henkel, and Araldite 420 Epoxy from Huntsman
Advanced Materials. Both adhesives are-fvaot paste structural adhesives bave distinct
physical properties. Initial investigations with Loctite EA 9394 showed significant sensitivity
to curing conditions, with strength varying greatly between oven and ambient curing. This
variability is likely due to the effect of curing temrpure on molecular diffusion between the
adhesive and the CFRP matrix resin. Additionally, theomen time (the duration from mixing

the adhesive to placing the bonded coupons in the oven) might have further influenced curing,
leading to inconsistent salts. Consequently, curing was performed at ambient temperature,
and Araldite 420 was employed for subsequent tests. Araldite 420 was chosen over Loctite EA
9394 for two main reasons. First, Araldite 420 has a lower modulus of elasticity, which reduces
peeling stresses at the bondline ends. Second, its lower viscosity allows better penetration into
the porous lasetreated CFRPs. This made it more suitable for the specific requirements of this
experimental work. Moreover, for one of the experirsecbmparative tests were conducted

with both adhesives under various curing conditions to analyse the results comprehensively.
Table 3.3provides the key specifications of both adhesives based on their data[28&gets

282].
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Table 3.3. The key characteristics of two bonding adhesives, Loctite 9394 and Araldite 420.

Property Loctite EA 9394 EpoxyHenkel) Araldite 420 EpoxyHuntsman)
Mix ratio (by weight) 100:17 100:40

Curing 3-5 days @ 25°C or 1 hour @ 66°t 1-2 weeks @ 25°C or hiour @ 120°C
Pot life @ 25°C (min) 90 60-120

Tensile strength (MPa) 46 29

Shear strength (MPa) 29 35

Modulus of elasticity (MPa) 4237 1495

Shear Modulus (MPa) 1360 730

Elongation at break (%) 1.7 4.6

Viscosity @ 25°C (Pa-s) 160 3545

Shelf life (month) 12 36

3.3.3 Epoxy resins

Three different epoxy resi@sSP115 from Etsy UK, along with EL2 and IN2 from Easy

Composites UK were utilised to manufacture bulk resin samples and films for this

experimental work. These twaart epoxy systems were employed to assess transmittance in

Chapter 4and CQ laser processing of bulk epoxy resirGhapter 7. Known for their clarity,

low viscosity, and high strength, these resins are particularly suitable for a wide range of

composite applications, especially in film@nforced polymer compositeGiven that the resin

system compositions used by most CFRP manufacturers are proprietary, these three epoxy

resin systems were selected to evaluate if there are significant differences in absorption and

transmittanceTable 3.4 presents a detailed comparison of the key specifications of these

resins, highlighting their unique attributes and suitability for various applicd288285].

Table 3.4. Properties of SP115, EL2, and IN2 epoxy resins.

Property SP115 (Etsy UK) EL2 (Easy Composites UK) IN2 (Easy Composites UK)

Mix ratio (by weight) 31

Curing 14 days

Viscosity (Pa-sj@ 20°C 0.86

Pot life (min) @ 25°C 10

Main applications Laminating,
casting, and

coating

10:3 10:3
14 days 14 days
1.01.4 0.2-0.45
12-17 10-14

High-performance
laminating applications
particularly with carbon
fibre

Infusion and vacuum
bagging processes, ideal fc

large or complex shapes
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3.4. Cross-section assessments of CFRP samples

Crosssection assessments were conducted at various stages of this thesis. Some assessments
focused on evaluating the thickness of the matrix outer layer, defined as the distance from the
outer surface of the CFRP sample through the outermost resinddigerdurface of the carbon

fibres, for the aseceived CFRP samples. Other assessments analysetrdased samples

and examined the fracture characteristics of CFRP coupons after bonding tests. Regardless of
the sample conditions, the method was theesawith only the sample dimensions differing.

For asreceived or lasetreated materials, the samples measured 15 mm x 15 mm, whereas for
fractured coupons, the samples measured 25 mm x 6 mm, with the coupons cut at the midpoint
of the bondline. The sangd were mounted vertically in an epoxy resin mould (Versd®i

Struers), then ground and polished. Grinding was conducted using a Buehler Metaserv Twin
Grinder/Polisher from Specrographic UK, while polishing was performed using a TegraPol 11
from Strues (Figure 3.9). The grinding process used SiC abrasive paper grades of 80, 120,
240, 400, 600, 1200, and 2400 consecutively. In the first grinding process (with paper grade
80), more than 1 mm of material was removed to eliminate thaffadted edge. Polishing
waspe f or med in three stages: two with diamond
using a solution of distilled water and colloidal silica gel (50/50 by volume) with a grain size

of 40 nm. All polishing consumables were procured from Struers. Tiisheo crosssections

were then studied using optical microscopy and SEM.

Figure 3.9. a) Buehler Metaserv Twin Grinder/Polisher, b) TegraPol 11 Struers Polisher.
3.5. Adhesive bonding tests (Single Lap Shear (SLS) tests)

SLS tests were selected to evaluate the adhesive bonding strength following various surface
treatments across the whole research project. BS EN ISO 1465:2009 siaB@hrd widely
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used guideline for adhesive joining testas utilised[15, 26, 27] To ensure symmetry and
minimise load path eccentricity, which can lead toafplane bending moments, aluminium
shims of the same thickness as the CFRP were bonded to the ends of the [@&Tjpl€ke

sample dimensions are illustratedrigure 3.10.

CFRP coupons

aluminum shim

bonding adhesive

Figure 3.10. Sample for SLS according to BS EN ISO 1465:2009 standard.

For each surface condition, six coupons were prepared to form three test pairs. These coupons
were adhesively joined using a special jig designed in SolidWorks, which could join up to six
pairs simultaneously. The jig was adjustable according to the ClR#®iahthickness and was
manufactured frona 6 mm thick aluminium plate. A milling machine was used to create six

(2 mm deep x 26 mm wide) grooves in the jig to ensure alignment of the bonded coupons. For
the bonded pairs, the bondline thickness was miaied at 0.2 mm by incorporating chopped
pieces of copper wire (0.5 mm length x 0.2 mm diameter) into the adh€sivthe same
purpose, glass beads were used in a previous $888}. The upper coupons were then
positioned, and steel compression springs (as showsigure 3.11), each with a spring
constant of 2.3 N/mm, were compressed by 5 mm to exert a compression force of
approximately 11.5 N. This force was sufficient to uniformly distribute the adhesive layers
across all samples, following the method used by Bregar §£288]. Excess adhesive was
removed with a small spatula. The adhesive was cured under varying conditions across
different experiments. In some cases, oven curing was used, while in others, curing occurred
at ambient conditions (223 °C). Following the curingrpcess, the samples were tested using

a Tinius Olsen 50 kN tensile testing machine at a loading rate of 1 mnifigume 3.12.
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Figure 3.12. Tinius Olsen 50 kN tensile testing machine.

3.6. Cutting and cleaning of the CFRP materials

The asreceived CFRP panels, each measuring 500 mm x 500 mm, were cut into coupons (25
mm x 100 mm) or smaller samples based on the expermegutements using a wateooled

cutoff saw (Erbauer 750W) with a diamond cutting blade. The resulting samples were
immediately cleaned through a mestep process: first with a detergent solution, followed by
distilled water, then sprayed with isopropd and finally cleaned in an ultrasonic bath of
isopropanol. The same cleaning process was repeated prior to any surface treatment, wettability
assessment, and adhesive bonding for bothtmeated coupons and those subjected to
mechanical sanding.
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CHAPTER 4: Matrix Resin Absorption and Transmittance

4.1 Introduction

Understanding the ablation mechanism of the matrix through laser surface processing of
CFRPs depends on several factors, with wavelength being the key parameter. Firstly, it defines
the photon energy and subsequently categorises thevaserial interagon into photothermal

or photochemical processes. Short wavelengths in the UV range have high photon energy that
directly breaks down polymer molecular bonds, while longer wavelengths in the IR range have
low photon energy and are said to interact photataly. Secondly, the laser wavelength
determines the absorption coefficient of a particular material andsequently, the
absorptivity and the transmittance. As discuss&thapter 2/Section2.3.6 when a laser beam

passes through a material, its illumination decays exponentially with the travelled distance
according to the Bedrambert law. Epoxy resins are recognised for their low absorption
coefficients under NIR light at 1064 nm, whereas athifie wavelength of 10600 nm, their
absorption coefficients are notably higher. Despite this recognition, limited studies have
provided specific values for absorption coefficients and penetration depths, revealing
significant variability in the available t'sand highlighting gaps in the understanding of their
optical properties. Fischer et §l5] reported a high penetration depth of up to 900 mm for

1064 nm light while not specifying a specific value for 10600 nm light. Zarei ¢2%0]
indicated depths of only 150 em for 1064 nm
Zarei et al[290] referenced Kalms et §291], who provided only a qualitative representation

of the transmission spectrum of an epoxy layer without specific values. FirbanK2824l.

also provided an absorption coefficient spectrum for epoxy resin, suggesting a penetration
depth of around 200 mm at 1064 nm. Additionally, Mckie and Addi3djhnoted that a 0.005

inch (125 em) epoxy |l ayer transmitted about
3% of 10600 nm laser was transmitt€dgure 4.1 Some other researchers reported, using
Fourier Transform Infrared Spectroscopy (FTI
high (9695%), with almost no transmittan{24, 35]

This chapter explores the absorptivity and transmissivity of epoxy matrix resin teeN+R]1 0 6 4

nm)andMIRB=10600 nm) | asers through two distinc
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Figure 4.1. Transmissivity of a 125m thick layer of epoxy resin as a function of laser wavele[8jilt.
4.2 Objectives

The objective is to systematically measure the transmittance, absorption coefficient, and
reflection of a representative thermosetting epoxy matrix when exposed to a fibre laser (1064
nm) and &0, laser (10600 nm), thereby enhancing the understanding of the matrix removal
mechanism. Additionally, this study aims to address gaps and variability in existing data on the
absorption coefficients and penetration depths of thermosetting epoxies, pdytetul®600

nm, by providing comprehensive measurements and insights.
4.3 Transmittance to NIR laser (1064 nm)

4.3.1 Methods (transmittance to NIR 1064 nm)

Three different epoxy resins (SP115 from Etsy UK, EL2, and IN2 from Easycomposites UK)
were tested. These epoxies have low viscosity and are typically used as matrices in FRPs. Each
consists of a main resin material and hardener with a particular mixFatiber specifications

about the three resins are availabl€mmapter 3. For the first two epoxies (SP115 and EL2),
six samples were moulded, with thicknesses
IN2 epoxy,anadditional four samples were cted with thicknesses ranging between 20 mm

to 43 mm. SP115 and EL2 epoxies were found to be difficult to be mould into thick samples
(over 10 mm), and even at lower thicknesses, mixing the main material with the hardener was
performed slowly to avoid creag bubbles. After being fully cured for 14 days at room
temperature, all samples were polished from both sides with sandpapers (80, 220, 400, 600,

1200, and 2400)respectively. The polishing process was performed manually and was
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repeated across several samples for two main purposes. Firstly, to achieve flat surfaces,
ensuring that the thickness variation within each polished sample remained within £ 0.02 mm.
Secondly, to minimise variation in roughness among all samples. Howlerestio the manual

nature of the process, achieving uniform thicknesses across the three different resin materials
posed a challenge. The thickness of the samples was measured using a two decimal places
digital calliper. The thicknesses of the SP115 sangieg0.8, 1.5, 2.75, 3, 5, and 9.75 mm),

for EL2 samples (1.95, 2.95, 3.9, 4.35, 5.3, and 10.2 mm) and for the IN2 samples (0.9,1.85,
2.8,3.75, 4.4, 9.6,19, 25.5, 37, 42.7 mraigure 4.2shows the polished samples.
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Figure 4.2. The moulded epoxy resins samples.

The areal surface roughnesSg( of the samples was assessed using optical profilometry
(Bruker). For the Bruker setup,green light with VXI mode watstilised. Six measurements

were taken for each samplgith three from each sigdeoveringan area of 1 mm x 1.3 mm.

The averageSa for each sample aitiandardDeviation (SD) were subsequently calculated.

The Ophir laser power meter, describe@apter /Section 3.2.1 was employed to assess the
transmittance of the resin samples by measuring the laser power both with and without a
sample. The laser system utilised was the NIR SPI ns pulsed fibre laser. Details of the laser
system are available i@hapter 3. The laser power was set to 3 W, and the power meter
indicated fluctuations within a £0.01 W range around this set value. These fluctuations could
be attributed to either unstable laser power or potential errors in the power meter itself. The
detector othe power meer was positioned 50 mm above the focal point, while a resin sample
was placed above the detector, as illustratédgare 4.3 The purpose of using an unfocused
laser beam was to prevent potential damage to the power meter detector at high laser intensities
and to eliminate the potential impact of sample partial evaporation on the laser beam, which
could occur due to laser intetems with the generated gases. The transmitted power from

each sample was then measured at five different positions.
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Figure 4.3. A scheme clarifies the experimental setup (transmittance to NIR 1064 nm).

4.3.2 Results and discussion (transmittance to NIR 1064 nm)

The surface roughness of most samples was maintained within a narrow rangeé of 8.5 ¢ m.
Achieving this consistency required repeating some or all of the polishing processes, but it was
challenging to achieve similar results due to the manual processingientioned earlier.

Figure 4.4 demonstrates an example of the surface roughness assessmeftratatahe
transmittance data collected, the average transmittance (T) and the SD were calculated for each
sample.

Label Value Units

6 Sa 0.234 |pm
Sdq |12.873|deg
4 Sku_ [21.672
Sp 7.888 |um

2 Sq__ |0343 |pm
3 sk o228

0 Sv -4.809 |pm
Sz 12,697 |um

oo ;ﬁ‘,;,ﬂmmhmww- : AML\M&W.,J%WM X profile

0.0 0‘2 04 06 0"8 170 12 13

Syl A ARy e Y e
v i | | RL— .

00 02 04 06 08 10

Figure 4.4. Demonstration of the surface roughness assessment data.
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The average roughness (Sa), transmittance ar8Difier both transmittancand roughness of

the different samples are presentedafle 4.1.

Table 4.1. The thickness, transmittance, surface roughness, andseir

SP115 EL2 IN2
t T SDr Sa SDsa t T SDr Sa SDsa t T SDr Sa  SDsa
(mm) % % (en(em@Mmm) % % (en (em(mm) % % (em (em
0.8 8.5 2 054 0097 15 862 08 0.25 0.013] 09 851 1.7 0.41 0.090
15 873 16 031 0.016] 295 86.3 0.1 0.18 0.002| 1.85 859 0.3 0.25 0.018
275 868 04 019 0.013| 39 838 03 0.28 0.017| 28 864 0.7 0.29 0.031
3 86.6 0.7 0.27 0.043| 435 84.1 0.4 0.18 0.009| 3.75 84.2 1.2 0.24 0.006
5 82.7 0.2 0.24 0.005| 53 84.6 04 0.22 0.043| 44 835 1.2 0.21 0.019
9.75 793 03 041 0.058| 10.2 811 08 0.26 0.021| 96 80 0.3 0.26 0.014
19 743 04 0.19 0.006
255 727 03 0.06 0.003
37 66.2 03 0.15 0.005
427 64.2 0.2 0.18 0.010

The graphs ifrigure 4.5were created to illustrate the relationship between transmittance (T)

and the sample thickness (t) for each of the three different epoxies.

0.88 . N2
A SP115
_~ T =0.872e700072t . EL2
0.83 ——Expon.  (IN2)
—Expon (SP115)
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= \\
8 T = 0.885¢0-0112¢t =
§ 0.73 ~& .— T =0.864e 00071t
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.
S
~
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Figure 4.5. The transmittance (T) for NIR 1064 nm laser as a function of the sample thickness (t) for SP115, EL2,
and IN2 epoxies.
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Assuming the reflection remains constant across all samples and considering that the resin
exhibits minimal scattering to the laser beam while attenuation primarily occurs through
exponential absorption, the absorption coefficient énd reflection (R),Table 4.2, are
calculated by substituting the exponential fit of thé graphs with the Bedrambert law
Equation 2.14[253]. The penetration depti)(was also calculated usiigjuation 2.15[248].

i GF | a-na'\aam%%o o Y Q (2.14)

5 0% Q01 GORTE & |E (2.15)
Where | represent the laser power without a sample, I(t) denoted the transmitted laser power
through a sample has a thickness t, R is the reflected fraction of the ligbisahd absorption

coefficient.

Table 4.2. The absorption coefficients penetration depths, and the reflection fractions R of the three epoxies
for NIR laser 1064 nm.

SP115 EL2 IN2
U mgr) [ 0.001123 0.0072 0.00711
O m| 89 140 141

R (%) 115 128 136

The results show a close exponential trend for the EL2 and IN2 epoxies. However, the SP115
epoxy, which exhibits lower transmission to visible light (seems darker than other two epoxies),
also demonstrates lower transmission to the NIR laser. The desiatitre transmittance data

around the averages, as well as fluctuations in the average values around the exponential trend
both are mostly within the range of £ 2 % or less, as seEigure 4.5 These deviations and
fluctuations can be attributed to three main factors. Firstly, the reflection fraction, which was
assumed to be constant among the different samples, varies because of the variation in
thickness and surface roughness. The reflecioopmpassing reflectance from both the top

and the bottom surfaces, depends not only on roughness and sample thickness but also on other
parameters such as the laser wavelef@f3]. It seems that samples with higher roughness

(Sa) exhibit transmittance below the exponential trend, and vice versa. However, the
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relationship between the reflection and surface roughness is complex, and no exact general
theory is availabl¢294]. Secondly, the potential error or inconsistency in sample thickness.
Thirdly, the unstable laser power. The first two factors are linked to the manual polishing
processes. For this reason, the deviation or fluctuation appears to be more obvious for thinne

(< 2 mm) samples due to the challenges associated with handling them.
4.4. Transmittance to MIR laser (10600 nm)

4.4.1 Methods (transmittance to MIR 10600 nm)

For this experiment, IN2 epoxy residescribed inChapter 3/ Section 3.3.3was used to
fabricate resin films (20 resin films in total) with thicknesses ranging from 15 to 110 um. This
was accomplished by moulding the resin between two toughened glass sheets measuring 120
mm by 100 mm by 6 mm, which were compressed together usiiochet bar clamps.
Aluminium foil sheets with variable thickness were used as shims to control the thicknesses of
the produced films, sd@gure 4.6. Before applying the resin, the glass sheets were wiped with

a lintfree cloth soaked in CR1 Eakgase, a volatiie chemical release agent from
Easycomposites UK, and allowed to evaporate for about 60 seconds. The moulds were then

left for seven days at room temperature to be fully cured.

< DR

Figure 4.6. Camera images showing (a) multiple glass shetdisedas moulds for epoxy films are compressed
together using ratchet bar clamps, and (b) and (c) two pairs of glass mould with epokgfdnebeing released.

For accuracy, the thicknesses of the produced epoxy films were measured using optical
profilometry (Bruker Contour GK 3D white light interferometer). This was achieved by
measuring the thickness of a 5 mm by 5 mm piece from each sample, which wasa@kan f
location very close to the lasekposed regions. As illustrated kigure 4.7, an epoxy film
intended to be 25 um thick was found to have an actual thickness of 23.5 um according to the
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profilometry. Additionally, several profilometry measurements verified that the release agent

|l ayer was |l ess than 0.1 em thick, and theref
28
25
‘V 0
15
0

3 laser exposed
positions

A piece Smm X Smm was
cut to measure the thickness

Figure 4.7. (a) camera image of an epoxy film intended to be 25 um thickpr(f)lometry assessment indicating
the thickness of 23.5 &gm.

It is worth noting that since these resin films were created by moulding using smooth glass
sheets, there was no need for roughness assessment. They are all considered to have the same
surfacefinish, which is almost a mirror surface finish.

The laser utilised to assess the transmittance of the epoxy resin films was the Lotus Laser
Systems LL10600, a 30 CW Gdser, which has been extensively describeGhapter 3/

Section 3.22. The epoxy films were placed 70 mm below the focal point as shotigtme

4.8. As the distance from focus significantly exceeds the Rayleigh length, the beam diameter
d(z) increases linearly with the distanEgjuation 4.1[226, 295]

wd a— (4.1)
Where W(z) is the beam width at a distance z from the focal point, which is equal to d(z)/2,

and d is beam divergence angl e.

Accordingly, the unfocused laser spot size (D) was estimated to be 6.1 mnEqsiiipn
4.1awhich is driven fromEquation 4.1, where (df) is the defocus distance, (D) is the beam
diameter at the lens, (f) is the focal length of the lens.

0 0 TFQ (4.1a)
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Figure 4.8. A schematic drawing of the laser system and the experimental setup.

The power of the laser beam was measured ubm@phir laser power meter, described in
Section 3.2.1both with and without a sample, and it was recorded as 0.65 + 0.02 W when no
sample was present.

To experimentally verify the spot size estimation, a Perspex sample was placed at the
unfocused position and subjected to laser processing using the full laser power (27 W) at five
different scanning speeds (5, 10, 20, 30, and 40 mm/s). The maximum fitlttHaser traces,
approximately 6 mm, was achieved at a scanning speed of 10 mm/s. Slower scanning speeds
yielded similar trace widths but were surrounded by a+{A#fatted Zone (HAZ), as depicted

in Figure 4.9 below. The low power and large spot sized in the experiment ensured the

resin film did not degrade.
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Figure 4.9. Perspex sample was positioned at the unfocused position and subjected to laser processing using laser
power of 27 W and five different scanning speeds in order to estimate the laser spot size.

The power emitted from each resin film was recorded after scanning the laser beam for about
10 seconds (a circle 3 mm in diameter was processespated of 1 mm/s). Each epoxy resin

film was exposed to the laser at three distinct but closely spaced positions. Additionally,
profilometry samples were taken from areas near the-éag®sed positions. Readings from

at least two repeated measurementevi@ind to be matched, and these were then considered.

To measure the thickness of the outer layer matrix resin of CFRPs, different CFRP samples
were analysed using SENhépect S model, Thermofishelhe method employed for this

purpose was secondary electron imaging. The sample was embedded within epoxy and
polished to a mirror finish before undergoing SEM assessment. Both the polishing and SEM

methods are thoroughly describeddhapter 3.

4.4.2 Results and discussion (transmittance to MIR 10600 nm)

The results indicated that a 15 um film transmitted approximately 55% of the laser power,
whereas less than 5% of the power was transmitted through an &6num plot (Figure

4.10 was generated to represent the resulting transmittance values I(t)/l as a function of the
film thickness (t), wheré¢l) represents the measured laser power without a sample, and I(t) is

the power transmitted through a resin film has thickness (t).

Chapter 4-77



60
°

%6 ‘o T = 0.8501¢ 34290t

© *0 o
.

40 e
) e
N ‘i
5 30
2 7
g 20 O
é o C‘:o".‘
&N ot
g 10 0 ™80
= °

0

0 0.02 0.04 0.06 0.08 0.1
t (mm)

Figure 4.10. Epoxy films transmittance (T) for MIR (10600 nm) laser as a function of the film thickness (t).

The 110 um resin film displayed no detectable transparency with the power used, and thus it
was excluded from the plot. This limitation arose from the power meter's ability to measure
only up to two decimal places. Consequently, any power less than On@iuly be displayed

as zero. The data points closely fit an exponential deekfion [T=0.851exp{34290t)]
representing the relationship between transmittance and film thickness. By assuming constant
reflection for all the samples, no scattering, and tiatbeam is attenuated exponentially by
absorption, the absorption coefficient (U)
the aboveelationwith BeerBouguerLambert lawEquation 2.14 The penetration depth is

also calculated usingquation 2.15

R=15%U 343 mm? andi 0&€0029mmor2 9 & m.

Examination of the CFRP crasgectional using SEM revealed that the thickness of the epoxy
matrix outer layer varies. This variability depends on the distribution of the fibre
reinforcements. In CFRPs reinforced with unidirectional carbon fibres, thendsiskanged

from 1 to 25 pum, with an estimated average of approximately 10 um, as shévguia 4.11

(a) and (c). In CFRPs with woven reinforcement, the variation is more pronounced, especially
at the fibre tow intersections, where the thickness isfggnily greateiFigure 4.11(b). The

plot in Figure 4.11(d), based on the Be®&ouguerLambert law, illustrates the absorption,
transmittance, and reflected percentages of al@€@r beam passing through a matrix resin
film with a thickness ranging from 0 to 25
outer layer matrix of unidirectional CFRP material, around 60% of the light intensity is
transmitted through the matrand absorbed by the underlying CFs, while less than 25% is

absorbed by theatrix layer itself, with the remaining portion (15%) being reflected.
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Figure 4.11. (a) SEM images of crossection of CFRP composites with a) UD and b) woven reinforcements. c)
a magnified SEM image of CFRP with UD reinforcem&mwing the matrix outer layer thickness, and d) A plot
illustrating absorbed, transmittethd reflected percentages of £l@ser passing through resin film-2& pm
thickness).

4.5, Conclusions

In this experimental investigation, the transmittance of thermosetting resins to both NIR (1064
nm) and MIR (10600 nm) lasers was examined. For the 1064 nm laser, three different epoxies
were tested, revealing penetration depths ranging from 90 to 140hchneféection fractions
between 11.5% and 13.6%. For the MIR 10600 nm laser, an epoxy resin layer of 15 um
thickness transmits approximately 55% of the laser intensity, while a thickness of 86 um results
in only 5% transmittance. These findings are agweitid some previous researgbarticularly

McKie and Addison'snvestigation[37]. For NIR laser surface processing of CFRPs, the
dominant hypothesis, widely supported by researchers, suggests that the majority of incident
light penetrates the outer layer matrix, being absorbed by the underlying fibres, thus inducing
matrix removal though heat conduction from the laseduced fibres. Conversely, for MIR

laser processing, previous studies primarily assumed that MIR laser is absorbed by the epoxies
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at the surface. However, our investigation suggests a different mechanism. It is proposed that
approximately 60% of the light is transmitted and absorbed by the fibres. This results in matrix
ablation through a combination of direct evaporation of theixnatid heat conduction at the
fibre-matrix interface via the las@mnduced fibres.
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CHAPTER 5: Laser Surface Processing of Woven Reinforced
CFRP Composites to Improve Adhesive Bonding Using NIR ns

Pulsed Fibre Laser.

5.1 Introduction

Laser surface treatment is widely recognised as a promising technique for enhancing the
adhesive strength of CFRP joints. It offers several advantages, including a dogntact
process that can be precisely controlled at high speeds. Fibre lasehstypltally emit in the

NIR range, particularly around fin wavelength, hold a specific advantage over other types of
lasers. This advantage stems from their delivery mechanism, where the laser beam is
transmitted via a typical fibre optic cable, eliminating the need for a lot of mirrors to guide the
laser beamThis feature makes fibre lasers more easily adaptable for implementation in robotic
machines and automated systd@@6, 297] Some researchers have rejected the use of NIR
lasers for surface treatment of CFRPs due to difficulties arising from the high transmittance of
the matrix resin at[l5wEhese difecaliees ilceasawhenutreadingl € m
woven reinforced CFRPs due to the variation in outer layer matrix thickness. Hotnever,
surfacetreatment of CFRPs using NIR laseesnainsa subject of extensive reseaféfi, 26,

27, 29, 298300].

This chapter outlines an investigation utilising a NIR ns pulsed fibre laser for surface treatment
of woven reinforced CFRP materials to enhance adhesive bonding. A mask made from
cardboard was utilised to prevent thick matrix areas from being expogesll&ser radiation.

Prior to this investigation, initial exploratory trials were conducted to establish a foundational
knowledge base, complemented by a review of the literature serving as a starting point for

subsequent experiments.

Laser surface treatment for improving adhesive bonding is often termed "texturing" in the
literature[271, 298, 299, 301, 302involving selective laser ablation of the material at the
surface and the creation of micro or naale dimples, grooves, or texture using laser beams
[303, 304] However, using NIR lasers for CFRP treatment typically removes the entire outer
matrix layer. Thus, "treatment” seems to fit better than "texturing," as it refers to the process of

exposing CFs rather than creating patterns in the matrix.
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5.2 Objectives

1 Understanding the Effect of NIR ns Pulsed Laser Treatment: Investigate the impact of
NIR ns pulsed laser treatment of woven reinforced CFRPs and analyse how different
processing variables affect the resulting responses.

1 Optimising processing variables to maximise the area of exposed fibres while
ensuringminimal damage to the fibres.

1 Utilising Masking Techniques: Employ masking techniques to selectively expose
shallow matrix regions to the laser while protecting rich matrix regions from laser
radiation and compare the adhesive bonding strength among different surface

conditions, includchg laser treatments with and without masking.

5.3 Experimental design and workflow

Investigations into laser processing of materials typically involve multiple stages of parameter
optimisation, such as adjusting pulse variables and scanning strategies based on the outcomes
of previous stages. Moreover, factorial experimental designuused to study multiple
variables simultaneously, enhancing understanding of their interactions and improving the
reliability and accuracy of results. This approach also reduces the nuntbals¢805], and

accordingly the experimental time and cost.

The study in this chapter involves two main experimental parts. In the first part, a factorial
experiment with multiple processing variables was utilised to optimise the input variables,
followed by various surface assessments. Removal of matrix rebi@ siitface and exposing

as much as possible CFs with minimal damage was used as a standard for the optimisation
process of the laser inputs. Different techniques and equipment were used for surface
assessment. The second part involves mechanical testing aflhesive bonding strength. In

this phase, a masking technique was employed, and the adhesive bonding was compared among
different surface condition®rior to the main experiment, several exploratory trials were
conducted, two of which are detailed in the following section. These trials, along with insights
from the literatureparticularly the studies by Schweizer et[ab6] and Reitz et al[27], who

utilized laser systems with similar characteristics (wavelength, pulse frequency, and pulse
length) to those used in this stddprovided a foundational starting point. The experimental
design and stages tifese investigations are sumnsad in the flow chart presentedHigure

5.1
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Figure 5.1. Flowchart simplifies the experimental design, steps, and phases

5.4. Exploration trials

Severakexploratory trials of laser surface treatment of CFRPs were conducted before the main
experiments. The SPI ns pulsed NIR fibre laser was employed, and various CFRP materials

were tested. The details and main outcomes of two of these trials are briefigcbb#low.

For the first trial, the CFRP material was reinforced with bidirectional woven CFs. Four
samples were subjected to laser processing using a (2 factors x 2 levels) factorial experiment.
The pulse energy gEand the hatch spacing (H) were varied at two levels as depiciadblie

5.1.
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Table 5.1. Pulse Energy and Hatch Spacing Levels of the first exploration trial.

Level E, (MJ) H (¢
1 0.1 30
2 0.4 50

The pul se | engt h20qQndand 25z respeativelP, & scamming speed (V)
was 1000 mm/s and was unidirectional scanniiigure 5.2 (a) shows a macro photo of the
CFRP sample during laser processikggures 5.2 (b), (c), and (d) represent optical
microscopy images of the sample in its original state and after laser treatment with low and

high pulse energies, respectively. Note that for both ¥asated samples iRigure 5.2 the

hatch spacing was 30 &m.

‘ -_..' protrudedﬁ'bres /

L)

ToMen 4

| exposed fibres
e b s e g wwr - AN

Figure 5.2. a) CFRP material of the first trial under laser processing, optical microscopy images of b) an as
received sample, c) treated with the low pulse energy, d) treated with the high pulse energy.

From this trial, it was concluded that utilising low pulse energy with this material can only
ablate the shallow matrix covering the protruded fibFegre 5.2(c). Conversely, high pulse
energy induced significant changes in the surface, as depidteguie 5.2(d), although thick
matrix regions remained intact, exhibiting only cracking. Regardless of the matrix thickness,

the laser radiation is absorbed by the underlying carbon fibres due to the high transmittance, as
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discussed irChapter 4/ Section 4.3 However, the thicker matrix likely resists the removal
process (spalling or chipping). Moreover, no significant changes were observed between the

two different hatch spacings utilised.

The second laser exploratory trial employed a (3 factors x 3 levels) factorial design. The CFRP
material has glossy faceand was reinforced with 4 Harness Satin (4HS) weave CFs. In a 4HS
weave, a warp passes over 3 wefts, while the 4th weft passes over the warp. On the CFRP
surfaces, this results in the creation of elliptical shapes (similar to rice grains), representing th
warp segments passing above the 3 wefts, and circular shapes, representing the weft segments

intersecting above the warp.

The pul se | esempetion (faté)(PRE)wdre 30@ hs and 25kHz, respectively,
whereas the pulse energy Bhe hatch spacing (H), and the scanning speed (v) were varied
at 3 levels. The scanning was unidirectionally, aligned with the dominant fibre tows (warp).
Table 5.2represent the three varied parameters and their levels.

Table 5.2. Pulse Energy, hatch Spacing, and scanning speed Levels of the second exploration trial.

Level E, (MmJ) H (¢ v (mm/s)

1 0.1 30 600
2 0.13 40 800
3 0.17 50 1000

The 27 processing conditions were all conducted on a single CFRP specimen, each is 8 mm x
8 mm as depicted iRigure 5.3 (a). The samples were assessed using optical microscopy and

optical profilometry. Moreoveia wettability assessment using WCA was conducted.

The results indicate that for all processed samples, approximately betw&&3066f the

carbon fibres (CFs) at the surface were exposed. This exposure was primarily observed in the
elliptical and circular shapes, where the thickness obtiber layer matrix was thin. However,

near the intersections between the warps and wefts (at the tips of the ellipses), the matrix layer
was much thicker. As a result, it exhibited degradation, cracking, and potential loss of integrity
with the fibres, altlough it was not removed. Samples processed with higher laser mean fluence
(achieved through higher pulse energy and/or lower speed or hatch) exhibit wider fibre exposed
areas within the ellipses (rice grains), accompanied by larger regions of degrad&edyr
nontremoved matrix and damaged (breakage) CFs, particularly at the tips of the ellipses
(Figure 5.3 ¢, d, and f). The macro photo Kigure 5.3 (e) highlights the degraded regions

with arrows. Samples processed with the lowest scanning speed and hatch (600 mm/s and 30
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em, respectively) show severe carbon fibre d
fibre breakage were observed to be significantly higher in areas where the fibre orientation
aligns with the direction of the laser scanning. This is likely dukedigher heat input to the

CFs|[26]. For this reason, scanning in the direction of the CFs is avoided in some previous
studies[26, 27] The WCA assessment for all lagezated samples was less informative, as

the water droplets were confined by the degraded matrix or fibres at the boundary of the fibre

exposed regions, limiting their spreading, Begire 5.3(b).

Figure 5.3. (a) macro photograph of the CFRP specimen. (b), (c), (d), and (f) Optical microscopic images
highlighting the degraded regions of the matrix or the carbon fibres. (e) Macro photograph indicating the degraded
regions with arrows.

Figure 5.4(a) shows a 3D profilometric image of nine samples processed using a pulse energy

of 0.1 mJ and variable scanning speeds and hatch spacings stitched together to illustrate the
effects of varying scanning speed and hatch spa€iggre 5.4 (b) shows a 3D profilometric

i mage of a sample processed with a pulse ence
scanning speed of 1000 mmhe profilometric images clearly revealed that a significant

portion of the outer matrix layer remained intagith a considerable amount degraded and

forming a thin layer above the original surface of the sample.
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Figure 5.4. (a) 3D profilometric image of nine samples processed with a pulse energy of 0.1 mJ, stitched together.
The hatch spacing and scanning speed are indicated at the top and the left side. (b) 3D profilometric image of a
sample processed with a pulse energof1 mJ, a hatch spacing of 30 em, an

5.5 The main study, laser surface treatment of woven reinforced CFRPs to

improve adhesive bonding using a mask

In this study, a novel technique (partial laser treatment using a mask) is employed for laser
texturing of CFRP surfaces with woven outer reinforcement to improve adhesive bonding.
using the 20 W SPI ns pulsed fibre laser, the full description is availaBleaipter 3/ Section

3.21

The previous experimental trialSdction 5.4 revealed that laser processing of woven
reinforced CFRPs, where the thickness of the outer matrix layer varies significantly due to the
wavy nature of the reinforcement, results in a pattern of exposed fibre regions and retained
weakened matrix region3o avoid surface weakening, a partial surface treatment approach
using a masking technique was implemented. The masks were made from 0.3 mm cardboard.
This method treats CFRPs by exposing the fibres in regitresesthe outer matrix layer is
shallow while preventing laser exposure to regions rich in matrix resin, thereby protecting the
latter from being degraded or damaged. Additionally, this technique can introduce a
mechanical interlocking feature, enhancingidiog strength by creating surface topography
variations between the lasexposed and masked areas. The bonding strength of partialty laser
treated samples was assessed using SLS tests and compared to samples with several other
surface conditions, includg full laser surface treated, mechanical abraded, and untreated
surfaces. The results demonstrated that the partially treated samples exhibited the highest
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average failure load, showing over a 10% improvement compared to the fullrésged

samples. Additionally, they displayed the best repeatability among all the treated samples.

5.5.1 Methods

5.5.1.1 CFRP material

The CFRP material, supplied by Bombardier UK, was 2.8 mm thick and reinforced-with 8
Harness Satin (81S) weave carbon fibre. At the surface, the warp appeared as rice grains or
semtelliptical shapes, while the weft manifested as small dark-sectanguhr shapes, as
depicted inFigure 5.5(a and b). A crossectional analysis of the CFRP material was carried
out to examine the variation in the thickness of the matrix outer layer, providing deeper insights
into the material prior to laser processing. this purpose, a 20 mm x 20 mm samig(re

5.5¢) was embedded vertically in epoxy resin within a mould and polished to a mirror finish,

the description of the polishing method is provided ma@er 3/ Section 3.4

Figure 5.5. (a and b), surface photos of the woven CFRP material captured with two different lighting angles
show the carbon fibre weave patterrH8rnessSatin) and the production defects, (c) a macro photo shows the
crosssection of CFRP sample embedded withinxgpamould, (d, e, and f) optical microscopy images show the
variation in the outer layer matrix resin thickness.

It was observed that the matrix outer layer thickness at or near the intersections of fibre tows
is up to 200 em thicker than at the middl e c
Figure 5.5¢, d, and f. However, some of the tow intersections were not fully covered with
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resin, which are considered as production defégtgyre 5.5b. The warps irFigure 5.5¢

appear lighter than the wefts due to light interaction with th@fdibres.

5.5.1.2 Surface treatment and the optimisation process of the laser variables

The laser processing variables were initially optimised using a factorial experiment. Three
variables: pulse energy and scanning speed (varied at three levels each), and hatch spacing
(varied at two | evels) wer e e xnadfixedteroughout he PR
the experimentslable 5.3illustrates the factorial experimental desitiotably, the previous
experimental trials provide a foundation for determining the current experimental processing

variables.

Table 5.3. The factorial experimental design.

Level U PRF = H v
(ns) (kHz) (mJ) (em (mm/s)
1 200 25 0.056 25 600
2 0.092 40 800
3 0.124 1000

The laser scanning was uniaxial perpendicular to the dominant fibre tows (the warps). Optical
microscopy, digital microscopy, and optical profilometry (Bruker) were used to assess the
processed surfaces. The optimization criteria of the laser variablesetbon maximising the

laser removal of the outer layer matrix while exposing the underlying CFs with minimal
damage. To achieve this, ImageJ colour thresholding processes were employed to estimate the
percentages of the exposed fibre areas for the vasroasssing conditions based on the digital
microscopy images. The optimised laser processing parameters are defalale 514 below.

These parameters were used for treating CFRP coupons with both full and partial laser
treatment techniques, which were then compared in terms of adhesive bonding using SLS tests.
Furthermore, contact angle assessment was conducted with the dreggdemethod using

CAM 101 from KSV Instruments Ltd (UKowever, the results of the assessment were not as

informative & expected. All instruments are describe@Irapter 3.

Table 5.4. The optimised laser parameters.

U PRF Ep H v
(ns) (kHz2) (mJ) (€m) (mm/s)
200 25 0.092 25 800
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For the partial treatment, cardboard masks (0.3 mm thick) were perforated to match the
dimensions of the rice grashaped (ellipses) corresponding to the warp fibre tows, with
tolerances of about 1 mm and 0.2 mm for the major and minor dimensions afithg g
respectively. The purpose of including tolerance in the mask design was to facilitate the
alignment of the mask holes with the elliptical shapes on the material surfaEeysees.6.

These masks were then used to shield regions with thickexmeim (around/outside the rice
grains) during laser processingoting that Galvoscanndrased selective scanning was tested

prior to using the mask, the processing was uneven, with significant variations such as
unintended overlap or underlap in the processed areas, caused by the acceleration and

deceleration of thecanner.

Figure 5.6. Photos of a) the CFRP materéldb) the cardboard masglustratesthe alignment of the mask holes
within the elliptical shapes at the CFRP surface.

Figure 5.7 (a) depicts a CFRP coupon undergoing laser partial treatment, Fitpilees 5.7

(b) and (c) show two CFRP coupons treated using both laser techriihagerforation of the

mask was carried out using the CW &xser described irChapter 3/ Section3.2.2 with a

power of 8 W and a scanning speed of 20 mm/s. The selection of 0.3 mm thick cardboard for
creating the mask was based on several experimenigdtigations conducted on various
materials. It was found that cardboard with a thickness of 0.3 mm could be machined easily
and accurately using a CW G@ser. Additionally, it was observed that this thickness of
cardboard was mostly unaffected by the NIR laser parameters range used in this experiment.
Furthermore, thicker masks might obstruct or shadow the laser beam.

For the mechanically abraded coupons, a cordiesglheldrandom orbit sanderfVakita
DBO1802 with paper grit size 320 was used at the slowest speedhetluter glossy layer
of the matrix was removedrigure 5.7 (d).
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Figure 5.7. Macro photos of (a) a CFRP coupon undergoing laser partial treatment, (b) and (c) two CFRP coupons
treated using partial and full laser surface treatment, d). mechanically abraded coupon.

5.5.1.3 Cross-section assessments

In addition to the crossection assessment provided in the material descrip8ention
5.5.1.), several otheassessments were performed for lasested sampleand fractured
coupons posimechanicatesting. The aim was to evaluate the impact of laser processing on
the resinarich zones. These samples were vertically embedded in mould epoxy and polished.
Optical microscopy and SEM were employed to examine the-sexd®ns. Equipment and

polishing meéhods are described ®hapter 3/ Section3.4.

5.5.1.4 Bonding strength /(SLS) tests

For the mechanical shear tests, coupons were cut using aceated cutoff saw (Erbauer

750W with adiamond cutting blade, resulting in dimensions of approximately 100 + 1 mm x
25 + 0.5 mm. Subsequently, all coupons underwent the cleaning procedures outlined in
Chapter 3 Section 3.6 For both laser treatment techniques, the coupons were cleaned again
before undergoing laser treatment. Similarly, coupons subjected ttasemtreatments
(mechanical abrasion and nteated) were also cleaned again using same procedure
beforeadhesive joiningFive repeated samples were bonded using a special jig for each surface
conditionand according to BS EN ISO 1465:2009 SLS tests. The adhesive used was Loctite
EA9394 AERO Epoxy, and the curing was conducted in an oven for 1 hour at a temperature
of 66°C. A tensile testing machine (50 Khhius Olsey was employedat a load rate of 1
mm/min. Further details regarding equipment and bonding procedures can be fChagter

3/ Section 3.5
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5.5.2 Result and discussion

5.5.2.1 Optimisation of the laser variables

Based on colour thresholding estimatioisg(re 5.8), the laser optinsation processes
revealed that processing with the highest specific energy (pulse energy 0.124 mJ, scanning
speed 600 mm/ s, and hatch spacing of -25 ¢&m)
exposed areas (about 93%). However, samples treated witbeagmergy of 0.124 mJ and/or
scanning speed of 600 mm/s showed damage (breakage) to the CFs at various locations, mainly
at the intersected weft tows, where the scanning is aligité&dtie orientation of the fibres

[26], but also within the elliptical shapes. Conversely, processing with the lowest pulse energy
(0.056 mJ) and/or the highest scanning speed (1000 mm/s) produced significant amounts of
degraded matrix resin that remained unremoved (cracked, chipped). Tdwe hatch spacing
resulted in a reduction in the amount of degradedreotoved matrix chips with no significant

effect on the CFsFigure 5.9illustrates the damaged CFs and the degradedremoved

matrix resulting from varying processing variables.

-

S

_l Fibre exposed 93% ] Fibre exposed 83% * Fibrexposed 58%

Figure 5.8. Low magnified digital microscopy images and their ImageJ corresponded colour adjusted images of

a) fully laser treated sample using£0.124 mJ, = 600 mm/ s, H = 25 em, b) fully
E,= 0.092 mJ, Ssc = 800 mm/s, H = 235002mJ Sac=@00mjn/s,part i a
H = 25 &m.
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Figure 5.9. a) Low-magnification digital microscopy image of anr@seived sample with arrows indicating the

positions of the broken CFs and the degradedreomoved matrix orlasertreatedsamples. H) Optical

microscopy images of samples treated using different processing parametgrs:(bl® mJ, v = 600 mm/s, H

= 25 ¢gm, 0OcP9B mJ, v = 606 OmMARA kIs 25=-¢®0,60)@AMEs, H -
mJ, v = 1000 mmy=s.,0.H 56 40 ,e m, =f)LO0OB 0 mmticalmicrescopy 40 & m.
imagesmayrequireto beunfocusedto capture damaged fibres.

As the optimization process primarily aimed to increase the percentdgereimoved matrix

while minimising damage to the CFs, processing with a pulse energy of 0.094 mJ, scanning
speed of 800 mm/ s, and h a treenbval ®f@loati83%gof thef 2 5
matrix at the surface with minimal CF damage. These parameters which were utilised for full
laser treatment, resulting in 58% exposure for the partial laser treatment. Consequently, these
optimised laser parameters were appl@gdrocess thEFRP coupons for subsequent adhesive
bonding testdrigure 5.1Q Notably, variations in the processing parameters for the partial laser

technique revealed little to no differences in the percentafjierefexposedareas.
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Figure 5.10. Digital microscopy images captured at different magnificati@nand b)for a fully lasertreated
sample andc and d)for alaserpartially treated sample, utilising the optimised laser variables.

Regarding the mechanical surface abrasion treatment, optical microscopy assessment shows
that the CFs were mostly exposed; however, the CFs were fragmented or damagled. See

optical microscopy images Figure 5.11below.

Figure 5.11. Optical microscopy images o& mechanically abraded CFRP sample with two different
magnificationsshowing CF breakage
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