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Abstract

Carbon Fibre Reinforced Polymers (CFRPs) are widely used in aerospace and automotive
industries for their high strength-to-weight ratio, but joining their structures presents
challenges. Adhesive bonding is preferred to maintain lightweight advantages, yet strong bonds
require precise surface preparation. Laser surface processing, a contactless method, has widely
been applied to surface preparation for various materials and extensively explored for CFRPs.
This technique shows promise in improving adhesion by removing 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 been studied across a range of materials, including polymeric
and non-polymeric 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) pulsed Near-Infrared (NIR) fibre laser at 1064
nm and a Continuous-Wave (CW) Mid-Infrared (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 methods individually, 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 Unidirectional (UD) reinforcement were
used. In comparison to as-received samples, NIR laser treatment with 200-nanosecond pulses
enhanced bonding by over 60%. Shorter pulses posed a higher risk of fibre damage, resulting
in significantly lower bonding improvement. Laser processing 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 fibre-matrix debonding. UV treatment alone
improved bonding by 75%, outperforming 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% improvement in bonding, offering an industry-relevant comparison. Incoherent
UV light treatment significantly enhanced bonding strength and offered a cost-effective

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 materials [1, 2], resulting
in a new material with superior properties compared to its individual components. These
enhanced properties include strength and stiffness, durability, and weight reduction [3, 4].
Moreover, composites are generally more resistant to fatigue compared to their metal
counterparts [5]. Fibre Reinforced Polymers (FRPs) are composite materials consisting of a
polymer matrix reinforced with fibres such as glass, aramid, and carbon fibre [6]. The fibre can
be discontinuous (short) or continuous (long). Continuous-fibre composites are the most
efficient from the point of view of stiffness and strength [4]. In advanced FRP composites,
carbon fibre is the most used reinforcement, and epoxies are primarily used as the matrices in
CFRP production [7]. CFRP composites, which have a higher specific strength than steel and
lighter than aluminium [8], 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 structures [5]. They reduce weight and offer excellent
fatigue strength, dimension stability, chemical resistance [3], 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 structures [10, 11].

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 remains: the joining technology.
The fabrication of CFRP structures is complicated; large parts are often formed by assembling
or joining several elements [12]. Mechanical joints, such as bolts and rivets, are widely used.
These, however, have several drawbacks; they need holes to be drilled in the CFRP, and the
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 observed as a result of uncontrolled drilling [13]. Moreover,
mechanical fasteners inevitably cause damage to the load-carrying fibres and create
concentrated stress around the holes [14], which makes oversizing necessary [15].

Additionally, the fasteners themselves could be a significant source of increasing weight [16],

Chapter 1-1



particularly in weight-sensitive structures such as aircraft. Adhesive bonding offers a promising
approach to fully 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 and weight-efficient [17]. Nevertheless, creating strong
and durable adhesive joints is not straightforward. Surface pre-treatment is a crucial step before
adhesive bonding to remove contaminants, 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 removed. Otherwise, the
adhesive will bond to these weak boundaries rather than to the substrate [18]. In addition to the
surface cleanliness, 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 interlocking between the
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 may act [19]. Some
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 fibres, is critical 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 peel-ply. This involves applying an extra layer of fabric material to
the composite surface during curing, which is then peeled off before adhesive joining to create
clean, textured surfaces [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. Post-treatments such as light sanding, grit blasting, or atmospheric
plasma are necessary to eliminate these contaminants and improve adhesion [21], which
increases the manufacturing complexity and cost [20]. 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 subsequent cleaning process [22]. Chemical etching processes
produce chemical wastes that pollute the environment [23].

In contrast, lasers, known for being non-contact, wear-free 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 and consistent surface
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conditions. Some studies have demonstrated that laser surface processing can consistently

achieve superior bond strengths compared to abraded specimens [15, 24-26]. 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 bonds [27, 30]. However, UV

lasers are associated with limited reliability, low processing speed, high power consumption,

and high cost of ownership [31].

1.3 Research gaps and challenges

1.

2.

3.

The potential benefits and mechanisms of using incoherent UV light alone or combined
with IR lasers for treating CFRP surfaces have not been explored in existing literature.
Previous studies [32, 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 understanding how incoherent UV light, independently or combined
with IR lasers, can improve CFRP surfaces for adhesive bonding.

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
strength 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 the
fibres in various CFRP composites can cause different responses to laser processing,
underscoring the need for further research in this area.

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

and transmittance values of matrix resins, particularly to MIR (10,600 nm), such as CO-
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lasers. Some researchers [34, 35] have reported that the absorption of thermosetting
matrices at 10.6 um is very high (90-95%), with almost no transmittance. In contrast,
other researchers have reported that a 6.5 um epoxy film transmits 30% of the incident
laser power [36] and a 125 um epoxy film transmits 3% [37]. Moreover, the complexity
of laser-material interactions is further increased due to the varying distances from the
surface to the fibres. Notably, in UD-reinforced CFRPs, which exhibit less
inhomogeneity than woven CFRPs, the distance from the surface to the fibre can vary

from less than 1 um to over 10 um.

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 continuous-wave (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.

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

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

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

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

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

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

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 thesis structure

This chapter discusses 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 laser fundamentals, 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 sections of each 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 CO: laser.
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This chapter presents an experimental study on the feasibility of using a CW CO; laser for
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 light (non-laser)
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 bonding.

Chapter 1-6



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 composite [1, 2]. A composite material typically has better properties
compared to those of the individual components used alone. Carbon Fibre (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 loads [4]. The matrix not only binds the fibres together, enabling load
distribution across them, but also protects the fibres from environmental factors like moisture
and chemicals. Additionally, the matrix facilitates the arrangement of fibres into desired shapes
and reduces weight and cost [3]. In contrast to metallic alloys, in composites each material
maintains its distinct chemical, physical, and mechanical properties [3]. The concept
composite, in its origin, is not a human invention; wood, bones, and teeth are examples of
natural composites [38]. Compared with their constituents, composites generally have the
potential to display enhancements in some properties, such as their strength, stiffness,
durability, resistance to damage, wear, corrosion, fatigue, and thermal insulation [2]. Existing
composites are classified into two main groups. The first is known as filled materials, 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 are called reinforced materials,
also known as advanced composites. The main components of these composites are long, tiny
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 together [39]. The first type of
fibre used in advanced composites was Glass Fibre (GF); it has about 40% of the stiffness of
steel but is three times lighter. A substantial improvement in fibre’s stiffness has been achieved
with the introduction CFs. Modern high-modulus CFs have a modulus of up to five times that
of steel [40], whereas its density is about four times lower [41]. Notably, commercial steel has
a modulus of around 200 GPa [42], and a specific density of about 7.9 [43]. CFs as a
reinforcement, are used with different matrices [44], including metals such as aluminium or
titanium matrices [45], and for ultra-high-temperature applications with ceramics matrices

[46]. However, the more common usage of CFs is with polymeric matrices (Figure 2.1), which
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are known as CFRPs [44]. CFRPs, which hold significant importance due to their widespread
use in various industries, are discussed in detail in this chapter, wherein their components,

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

Figure 2.1. Representation of carbon fibre reinforced polymer composite, adapted from [47]*.
2.1.2. Production of carbon fibres

The production of carbon fibres started only in the early 1960s [48], and their properties were
progressively improved over the last decades. Since then, carbon fibres have been extensively
used in high-performance aerospace applications. Commercial aircraft, such as the Airbus
A350 and the Boeing 787, have made extensive use of CFRPs in the airframe, with over 50
wit% [49] and in some helicopters such as the Boeing AH-66 the percentage is higher [50]. To
date, carbon fibres are the strongest and stiffest fibrous reinforcement known [51, 52].
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 of CFRP and a reduction in the overall production cost [53].
Currently, CF market has been formed in many other industrial fields such as automotive,
marine, wind energy and sports goods [48]. In 2021, the annual consumption of CFRPs was
around 180 thousand tons, which is more than double its value in 2014 and expected to reach
285 thousand tons in 2025, largely credited to the rapid growth of non-aerospace sectors like

the wind energy industry [49].

Carbon fibres are generally classified depending on the precursors being used, which are
mainly either polyacrylonitrile (PAN) based or pitch-based [54, 55]. Such carbon fibre products
can be obtained as continuous fibres with different morphologies such as monofilaments, tows
of 1000-12,000 filaments, woven fabric, chopped fibres, and non-woven mats [56].

Theoretically, any fibrous material derived from a carbonaceous precursor could be utilised.
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However, commercial carbon fibres are only produced from PAN, pitch, and rayon fibrous
precursors [57]. Rayon-based carbon fibres were the first to be commercialised and remained
dominant up to the early 1970s. Currently, PAN-based carbon fibre products represent the vast
majority [48, 58, 59].

The production processes of PAN-based carbon fibres started with the spinning of the
precursor. In this process, the 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 temperature of around 120°C and tends to
decompose before being melted. Thus, dry and wet spinning are the common methods for
PAN-based fibres, and due to the processing cost, wet spinning is used in most commercial
PAN-based CFs. In this process, the PAN precursor, constituting 10-30%, 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 of the spinneret into a coagulation bath. The latter can contain
various solutions, such 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
concentration of 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 final cross-sectional
shape of the produced fibre and can affect its structure.[60]. A simplified schematic of the wet
spinning process is re-drawn in Figure 2.2 [61]. After the spinning process, there are three heat
treatment steps. The first one is stabilization, where 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 carbon. The product from this stage has low tensile strength and modulus,
around 1000 MPa and 100 GPa, respectively. It is classified as a general-purpose grade (GP-
grade). The last step is graphitization, which involves heat treatment at a temperature reaching
3000°C. This process orients the carbon crystalline structure along the fibre’s length, producing
PAN-based carbon fibres with higher strength and modulus than that of the GP-grade. These
are called high-performance grades (HP-grade). The latter is further classified into high-
strength (HT) and high-modulus (HM) carbon fibres [41, 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 T1100G) [49].
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pump

dissolved PAN
Precursor

Spinneret jet

Coagulation bath

PAN precursor

Figure 2.2. Schematic of the wet spinning process, re-drawn from [61]*.

Reviewing literature reveals variations in the production processes of carbon fibres. Moreover,

it is important to note that due to industry confidentiality, the knowledge of proprietary

practices has not been usually available in publicly accessible domains [56, 63]. The flowchart

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

on the description provided by some researchers [59, 60].

[ Polyacrylonitrile (PAN) ]

Spinning

[ PAN fibres ]

Stabilization in air, 200-400 °C

| Stabilized fibres ]

[GP-grade PAN-based carbon flbres]

[ HP-grade PAN-based carbon fibres ]

Carbonisation in inert atmosphere, 1200-1400 °C

Graphitization in inert atmosphere, 2000-3000 °C

Figure 2.3. Production procedures for PAN-based carbon fibres.
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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 cross-section gradually
decreases in imbalance, resulting in surface-folded wrinkles [64]. A sizing agent, a thin layer
of a proprietary cocktail of ingredients, is applied to the fibre at the final production step, it
typically ranges between 30-100 nm [65] or up to 500 nm, but irrespective of thickness, it
usually between 0.5 — 1% by weight of the fibre [66]. This layer often plays a substantial role
in enhancing carbon fibre surface properties. The mechanical properties of carbon fibres and
the bonding strength between carbon fibres and the matrix are both crucial factors in achieving
high-strength carbon fibre composites. The mechanical properties are mostly governed by the
internal structure of the carbon fibre, including crystallinity, compactness, and defects, whereas
the bonding performance is associated with the surface properties of the fibres [64]. It is widely
reported that fibre-to-matrix adhesion is a critical parameter in any composite material and is
substantial in determining the overall performance of the composite material [64, 67, 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 points [66]. Moreover, it enhances interfacial
adhesion between the fibre and the matrix. However, there is a large degree of conflicting
results being reported in the literature over the past 4 decades regarding the latter point [66]. A
study by Bascom et al. [69] have stated that the purpose of sizing agents is only for
postprocessing and not to enhance fibre-matrix adhesion. Another study has concluded that the
sizing itself reduces both fibre-matrix adhesion and the fibre tensile strength [70]. Similarly,
with regards to 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 roughness [66], the vast
majority have stated that sizing smoothens the fibre [71, 72]. Figure 2.4 shows SEM of (a)
unsized, (b) sized [73], and (c) a schematic representation of a sized fibre [64]. 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) unsized carbon fibre and (b) sized carbon fibre, adapted from [67]*, and (c) a
schematic illustration of a cross-section of a sized carbon fibre.

2.1.4. Properties of carbon fibre.

In addition to their exceptionally high strength and stiffness-to-weight 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 advanced composites for
engineering applications is their high strength stability under elevated temperatures. A
comparison with other organic fibres is depicted in Figure 2.5 [41]. Moreover, the high fatigue
resistance is one of the key advantages of utilising carbon fibres in composite materials [74].
Additionally, carbon fibre is considered a good electrical and thermal conductive and
chemically stable [75]. 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 ongoing [41]. Table 2.1 presents the mechanical characteristics of
various types of carbon fibres. Due to discrepancies found in the literature [59, 76], possibly
attributed to the continuous improvement in carbon fibre properties; these data were sourced
directly from recent datasheets provided by Toray and Solvay [77-79], international carbon
fibre producers.
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Figure 2.5. Effect of elevated temperature on the strength of different organic fibres, adapted from [41]*.

Table 2.1. The mechanical characteristics of various types of carbon fibres [77-79].

Classification CF Modulus ~ Tensile strength  Thermal conductivity Density Diameter
(GPa) (GPa) (W/m. K) (g/cm?) (um)
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
Pitch-based P25 160 1.56 36 1.9 11
P100 760 24 590 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 direction [74, 80, 81]. Additionally, carbon fibre exhibits negative thermal
expansion in the axial direction from room temperature up to above 500°C [74, 82, 83]. This
is considered another disadvantage, especially for high-modulus carbon fibre when it is
combined with matrices that typically have positive thermal expansion [74]. This expansion
mismatch can induce residual stresses in the composite element. [83, 84]. However, this
property also has benefits; it allows the manufacturing of composites with near-zero thermal
expansion by appropriately controlling the fibre orientation [85, 86]. Moreover, carbon fibres

have low impact resistance [87, 88], and at higher temperatures they suffer oxidation [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 its high cost. In aerospace
structures, common tow sizes are 3k, 6k, 12k. For woven cloth, 3k and 6k tows are commonly
used, and 12k is used for unidirectional tape. Woven fabrics are primarily constructed with two
fibre orientations, 0° and 90°, by interlacing two perpendicular sets of yarns known as warp
and weft [3, 90]. Weaves are classified by the interlacing pattern into plain, Twill, basket, satin,
and many others. The three more common in industry are the plain, Twill and harness satin
weaves [90]. In general, woven fabrics are used for complex geometries. Satin weaves are
stronger than plain weaves, and because they have less crimp fraction than the other two types,
they have better drapability, therefore they are used more for highly contoured parts [3, 90].
Besides the considerations related to the shape of the manufactured element, the desired
mechanical properties govern the choice of a weave [3]. Figure 2.6 represents draws of the

three most common weave types [90].

plain weave Twill weave 8-harness satin weave

Figure 2.6. Drawings of most common carbon fibre weave, [90]*.

In addition to the dry woven fabric mentioned above, pre-impregnated (prepreg) carbon fibre’s
tows, weave, or unidirectional fibre tape with a known quantity of partially cured matrix resin
are produced and typically used for high-performance composite structures such as aerospace
and automotive. There are two commonly used techniques for thermosetting prepreg
production: hot melt and solvent impregnation. In the hot melt process, carbon fibres are
impregnated in a film of resin with controlled weight under heat and pressure. The solvent resin
process involves immersing fibres in a resin-solvent 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 fabrication. [91]. The resin in the prepreg materials is a tacky
semisolid. The final prepreg products normally laid-up and autoclave cured under high pressure
and a certain temperature cycle [3]. 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 lay-up, resin transfer moulding,
and compression moulding [87]. Carbon fibre composites exhibit high directionality; they are
exceptionally strong in the direction of the fibres but comparatively very weak in the
perpendicular direction [3, 45, 92]. Uniform unidirectional composites, where all fibres are
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 quasi-isotropic composites, can be achieved by layering multiple plies,

whether dry weave or prepreg, with varying orientations [3, 7]. See Figure 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 lay-ups 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 fibres [41]. The polymer matrix binds the fibres
together and transfers the 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 fibres, it can undertake higher compressive loads [4][90]. 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 from external factors such as
moisture, chemicals, and UV light and often determines surface quality and fire safety [39].
For FRPs, matrices are typically classified into two main categories: thermoplastics and
thermosets [90]. 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 in liquid state,
which prevents fibres from being adequately wetted. In contrast to thermoplastics, thermosets
do not melt upon heating; instead, they ultimately disintegrate [4][90]. From a molecular
perspective, thermosets are composed of relatively short chains, resulting in non-cured
polymers with very low viscosity. The curing process involves a chemical reaction where the
short chains form bonds and establish a three-dimensional cross-linked 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 thermoplastics until they reach a specific temperature. The most common
thermosets categories are polyesters, vinylesters and epoxies. The production of the first two
is cheaper than epoxies, which have less shrinkage during the curing process and higher
resistance to moisture [4]. Moreover, epoxies have good mechanical properties with high
resistance to elevated temperatures and have very good adhesion to a wide variety of materials.
However, they require longer polymerization time, are susceptible to cracking, and need higher
safety considerations due to their harmful effects [94]. For CFRPs, thermosetting epoxies are

the most used matrices [94-96].

2.1.7. Recycling of CFRP composites

As mentioned in a previous section, the annual global use of CFRP composite reached 180k
tons in 2021, with an annual 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 more than 50% of their weight composed of CFRPs [49]. The growing utilisation of
CFRPs results in an increasing volume of CFRP waste; this includes expired prepregs,
manufacturing cutoffs, testing materials, and end-of-life components. Recycling CFRP
materials is challenging due to several parameters, including the complex composition of fibre-

matrix-fillers (fillers in some of which), the cross-linked 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 landfills, which is environmentally and economically
unsatisfactory [97]. Hence, the recycling of CFRP waste has received significant attention in
the last two decades, with numerous studies that used various recycling techniques [98-102].
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 milling [103]. Powder products from mechanical recycling can
be classified into several types, such as coarse and fine or rich in resin and rich in fibres [104].
These are generally used as fillers in various products, such as asphalt and artificial woods
[105]. Currently, mechanical recycling is mainly used as a pre-recycling process for other
techniques [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 the
matrix. According to several studies, recycled fibres using thermal or chemical processes
exhibit comparable properties to those of virgin carbon fibres [97, 98]; other studies, however,
have reported that defects such as a drop in the properties of the recycled fibres or matrix
residue at the carbon fibre surfaces [101, 102, 106]. Figure 2.8 shows the most common CFRP
recycling methods, the produced fibre characteristics, and the recycled fibre applications [97].
The value of recycled carbon fibres varies according to the method used. The mechanical
recycling methods are simple, but their products, which range from powder to fibrous
fragments, have limited applications. Chemical and thermal recycling techniques produce
higher amounts of carbon fibres. However, each has its own drawbacks; for instance, chemical

recycling using strong acids or solvents has severe environmental impacts [97, 102].
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Figure 2.8. Overview of CFRP composites recycling and remanufacturing processes adapted from [97]*.

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 structures, particularly large and

complex ones, are usually simplified into several elements that are joined in another step [12,

107, 108]. Moreover, in most applications, CFRP elements require joining with metal frames

to form complete structures [109]. 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 bonding [3]. Hybrid joining, incorporating

both mentioned techniques (mechanical fasteners and adhesive joining), is also utilised [110,

111]. The main advantages and disadvantages of both techniques are summarised in the next

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 peel stresses and residual
stress effects [3]. Additionally, no need for surface preparation prior to the joining, which is
crucial for strong durable adhesive bonding [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 for load transfer [3, 109]. The abrasive and anisotropic nature of
CFRPs leads to increased tool wear and higher cutting forces during drilling, which negatively
impact the integrity of the workpiece. Uncontrolled tools can result in delamination, cracks,
and thermal degradation of the matrix [13]. Moreover, mechanical fasteners increase the weight
of the overall structures and have low sealing capacity. Additionally, the drilling process causes
cracks in the composite structures [109], these cracks add additional concentrated stresses
[113]. Furthermore, for thin composite structures, the bearing stress would be unacceptably
high when mechanical fasteners are used [3, 114]. Inadequate hole preparation methods and
inadequate shimming practices may cause delamination during assembly. In composite-metal
joints, the use of mechanical fasteners poses an increased risk of galvanic corrosion in the metal
during service [3, 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. Therefore, adhesive bonding is
the preferred joining method in industries, especially those producing high-end products [17,
112, 116-119]. However, creating a strong, durable adhesive joint is not simple; surfaces
require preparation prior to bonding [15, 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 surface pre-treatments are
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necessary to remove potential contaminants and introduce additional properties, such as

enhancing surface energy, chemistry, and roughness [15, 117].

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 often resulting in damage to
the adherents and surrounding structures. Moreover, adhesive bonding processes require clean

rooms with temperature and humidity control [123].

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 substrates or adherends [122, 124].
The weight of the adhesive material is usually small compared to the weight of the final bonded
structure [122]. With respect to adhesive and adhesion, it is important to differentiate between
interface and interphase; an interface is the boundary between adherend and adhesive, which
has no thickness. However, the boundary between two homogeneous phases is rarely an
interface but is often comprised of a third phase called interphase [125]. An interphase is a thin
region located between two phases and exists in many macrosystems, such as adhesive-
adherend in an adhesive bond or fibre-matrix 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 adhesion scientists [19, 125, 126]. Adhesives
are commonly classified into structural and non-structural. Structural adhesives are described
as high-strength adhesive materials; these are used when the adherends experience large
stresses, which could be up their yield point without loss of structural integrity [122, 127]. Most
structural adhesives are made from thermosetting polymers such as epoxy, urethane, acrylic,
and silicone [127, 128]. Such high-strength adhesives are used extensively in aircraft
manufacturing to bond metals and composite elements [129]. Non-structural adhesives, also
known as holding adhesives, are typically employed to secure lightweight materials in place.
Examples of these include packing tapes and packing adhesives [122]. Similar to the above

classifications, adhesives can be classified as permanent or non-permanent adhesives [130].

The phenomenon, that allows the adhesive to resist separation and transfer a load from the
adherend to the adhesive joint, is called adhesion [131]. 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 and riveting. Adhesive
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. [132]. Adhesion is considered a complex phenomenon because
it involves multidisciplinary knowledges including polymer and surface chemistry, mechanics
of materials, fracture mechanics, rheology and other subjects [19]. However, the field of
adhesion sciences has only found real interest about 60-70 years ago. Thus, it is still a subject
in which empiricism is slightly ahead [132]. A thorough understanding of adhesion
mechanisms is not yet developed with no single global theory or model that can explain all its
phenomena or mechanisms [122, 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 bond on a smooth surface, like glass [124]. 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 stronger 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 viscosity [3]. Beyond facilitating
mechanical interlocking and increasing surface area, surface 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 or hydrophobic behaviour. For hydrophilic surfaces, increased roughness
enhances wettability, allowing adhesives to spread more effectively. Conversely, for
hydrophobic surfaces, increased roughness diminishes wettability, causing adhesives to bead
up and resist spreading [134]. It is widely reported that the wettability and SFE of solid surfaces
can be adjusted by controlling surface morphology at micrometric and nanometric scales, rather
than relying solely on altering the surface chemistry [134, 135]. The concept of adhesion
remains debatable and a satisfactory definition for adhesion has not been agreed to date [122].
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 researchers [19, 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 molecular forces between
the adhesive and the substrates, the term ‘intrinsic adhesion’ is often used to distinguish this
phenomenon from the ‘measured adhesion’ or the measured strength of an adhesive joint [19].
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 adhesion, but the actual mechanism has
not yet been clearly defined [130]. 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
combination of various mechanisms is most likely responsible for bonding. The significance
of each mechanism's role may vary across different adhesion systems [18, 130]. The most
common and accepted among researchers is adsorption theory, which also known as
thermodynamic or wettability theory [19]. It states that to achieve strong bonding, the adhesive
must effectively wet the surface to be bonded. [18, 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 adherend [19, 122]. Reviewing literature concerning the subject of
improving the surface adhesivity of various materials and applications reveals particular
importance in measuring surface wettability or SFE as initial criteria to evaluate the surface
before testing the adhesive bond strength mechanically, typically performed through various
destructive tests [138-140]. Comyn stated that an adhesive must fulfil two requirements.
Firstly, it must wet the surfaces by spreading then harden to a cohesively strong solid [137].
Additionally, several other non-destructive 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 optical microscopy, profilometry,
SEM, FTIR Spectroscopy [141].

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 theory [142].
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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 between 0°-180° [143]. 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 adhesive and the adherend, creating concentrated stresses and
thereby reducing the adhesive bond strength. [122, 130, 133]. Figure 2.9 illustrates good and

poor wetting of a liquid droplet over an irregular surface [130].

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 surface, adapted from Petrie [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 CAs: static and dynamic [145, 146]. The static CA,
commonly referred to as Young’s angle of contact [146-148], is frequently employed due to its
ease of measurement. VVarious methods are utilised to quantify the static CA, such as the surface
tilting and the Wilhelmy balance method, with the sessile drop method being the most
employed due to its conceptual and measurement simplicity [145, 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 determined by the equilibrium of surface tensions at the
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solid-vapour, liquid-vapour, and solid-liquid interfaces [146]. This technique was used in this

research project; Chapter 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 than 90° [150, 151]. Furthermore,
a surface is termed super-hydrophobic if its static water contact angle exceeds 150° and super-
hydrophilic or super-wetted if its static water contact angle is zero or nearly zero [151]. Noting
that the maximum WCA for all natural and man-made materials (except fluorinated
materials/surfaces such as Polytetrafluoroethylene (PTFE)) is 120° [151, 152]. Higher WCA is
achieved by manipulation of surface roughness, texture, and/or porosity [152-155]. 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 encountered in literature, specifically denote the
interaction between the surface and water [150]. 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 used [156]. The schematic provided in Figure
2.10 offers clarification on these terms. Although the scientific community widely accepts that
a surface is hydrophobic when its static water contact angle (©) exceeds 90° and hydrophilic
when © is less than 90°, some researchers [150, 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 super-hydrophobicity and super-hydrophilicity. [149]. WCA is the

commonly used test in laboratories to determine the wettability of material surfaces.

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, hydrophilicity, super-hydrophobicity, and super-
hydrophilicity.

2.2.4.2. Surface Free Energy (SFE)

SFE (y) is defined as the excess energy associated with the presence of a surface [19], or the
amount of work needed to create a unit area of new surface [158]. For liquids, the SFE has the

same value as the surface tension but different units [19, 137], 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 substrate [18, 19, 130]. SFE arises from the intermolecular
interactions occurring at the solid-liquid 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, (ii) ionic, and (iii) metallic bonds; and donor-acceptor
interactions, which fall between secondary and primary bonds in strength, specifically acid-
base interactions [19, 160]. When a liquid droplet reaches equilibrium on a solid surface, as
illustrated in Figure 2.11, the relationship between the surface free energies and the CA (O) is

expressed according to Young’s equation (Equation 2.1) [19, 161].
¥s =¥s; + v cos (8) 2.1

where s represents the SFE of the solid substrate (measured in mJ/m?), y, denotes the SFE of
the liquid drop (or the surface tension of the liquid, measured in mN/m), and ys stands for the
interfacial free energy between the solid substrate and the liquid droplet [19, 137].

Droplet Y,
Ysl o Ys

- .

Solid surface

Figure 2.11. The equilibrium state of a liquid droplet on a solid surface according to Young’s equation adapter
from [19]*.

Numerous theories have been developed to explain and quantify the surface tension of
materials, such as the Zisman approach, Owens-Wendt method, and Fowkes. Fowkes in his
theory, which has been widely utilised in the literature [134, 137, 162-164], proposed that the
SFE of a solid (ys) can be described as the summation of the dispersive (y%) and the polar
components (y°), (Equation 2.2) [19, 165, 166].

Vs =v& +v? 2.2
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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) using Equation 2.3 [19].

Y1 + cosO)? 2.3
4

Vsd =

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

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

d
¥ (1 + cosB)
Jyzd-ysd + Jylp-yf R E— 2.4

2.2.5. Surface preparation

Surface preparation is a critical step in achieving high-quality adhesive bonds, influencing the
joint's strength and durability. Structural adhesive bonding relies on mechanical interlocking
and chemical bonding between the adhesive and adherend surfaces. To enhance 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 as removing 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 preparation. [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 bonded area and add mechanical
interlocking, and alter surface chemistry. These efforts aim to improve the bond strength and
durability of adhesive joints in polymer composites. [121, 168]. These include mechanical

abrading (sanding and grit blasting) and peel-ply, chemical treatment such as coupling agents,
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acid and base etching, and solvents, and non-contact methods such as flame and plasma

treatments and laser texturing.

Mechanical surface preparation processes (sanding and grit-blasting) are used primarily to
produce macroscopically rough surfaces that increase the surface area to be bonded and to
remove some of the existing contaminants and release agents [167]. However, secondary
contaminants are widely reported to be created during the roughening process [15, 20, 119].
By cleaning with a solvent such as acetone following the abrasion process to remove secondary
contaminants, some researchers consider sanding and grit-blasting as effective low-cost
composite surface roughening methods [167, 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 re-contaminating the surface [3]. In addition to the secondary cleaning
process, mechanical abrading is widely regarded to have significant drawbacks, including fibre
fracture, fibre-matrix delamination, low reproducibility, and poor efficiency [15, 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 imprint. It is subsequently removed from
the surface just before bonding occurs, ensuring optimal adhesion [118, 121]. The use of peel-
ply for preparing CFRP surfaces is a common practice in the industry [20], originally intended
to keep composite surfaces clean during storage [121]. This method gained wide acceptance as
it minimises the human error present in mechanical abrading with good reproducibility [170,
171]. However, because silicone-based release agents are commonly used to facilitate the
removal of the peel ply, silicone contaminants are often left on the surface [26, 121, 172]. Thus,
additional hand sanding or light grit blasting is necessary to properly prepare the surface [118].
which increases the manufacturing complexity and cost. Notting that silicone-based release
agents have the capability to penetrate hundreds of nanometres into the CFRP matrices [173,
174]. Chemical treatments involving coupling agents and acid or base etchings are effective in
roughening CFRP surfaces, thereby enhancing adhesive bonding. [175, 176]. 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 workers [170, 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 employed. Yet, there is a risk that
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instead of removing the contaminants, this process may distribute them across the surface
[121]. Moreover, it was reported that chemical treatments are generally difficult to be

automated in an industrial scenario [170].

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 low-pressure environment. This plasma region contains a high concentration
of reactive species, such as ions and electrons, derived from the gas [121]. Various plasma-
based treatment studies, including atmospheric pressure, low pressure, cold plasma, and
plasma/oxygen treatments, have been investigated to improve the bonding strength of CFRPs.
Plasma treatment involves the generation of free radicals, molecular interdiffusion, and
chemical species on the surface, leading to an increase in surface energy [178, 179]. Research
in this area has indicated improvements in both wettability and bonding strength as a result of
plasma treatment [180-185]. Compared with the previously discussed surface treatment
techniques, low-pressure plasma 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
vacuum chamber posed limitations on the size and quantity of the pretreated CFRP
structures.[35, 138, 184, 186-188]. Atmosphere plasma, on the other hand, has limited surface
treatment effectiveness [35, 189] and rapid ageing due to the high reactivity of the treated
surfaces [26, 179, 190-192].

2.2.5.2. Laser surface treatment or texturing

None of the pre-treatment technologies for adhesive bonding mentioned earlier, including
plasma, grit-blasting, peel ply, corona, flame treatment, or mechanical abrasion, have been
universally accepted as the primary pre-treatment process due to their individual 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 automation [28]. 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 to enhance 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]. In 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 material and the depth of penetration, thereby defining the ablation
mechanism [15]. When compared to other industrial techniques, previous studies indicate that
the bonding strength of CFRPs achieved with laser texturing is competitive or even higher. A
comprehensive examination and critique of past research focused on laser surface treatment of
CFRPs, highlighting its significant role in enhancing adhesive bonding, is reviewed in Section
2.4.

2.2.5.3. Surface treatment with incoherent UV light (non-laser)

Multiple researchers have explored alternative approaches, such as incoherent UV light
treatments, aiming to enhance the surfaces of both polymeric and non-polymeric materials for
adhesive bonding [32, 193-198]. 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 demonstrated 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 toxic [199].

UV light can impact polymer surfaces through two distinct mechanisms: direct photo-
degradation and/or photo-crosslinking 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 surface [200, 201]. Generally, polymer photo-
degradation occurs at depths of the order of micrometres or sub-micrometres from the surface,
with the most pronounced effects observed near the surface. It is believed that an accumulated
layer of degraded species near the surface absorbs UV irradiation more effectively, reducing

the penetration of UV light into the inner regions of the polymers [202].
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2.3. An overview of light and laser

One of the common definitions of visible light is “The natural agent that stimulates sight and
makes things visible”. A more technical, scientific definition can be obtained from the
‘International Lighting Vocabulary (ILV): “Radiation that is considered from the point of view
of its ability to excite the human visual system” [203]. The acronym "LASER" stands for Light
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 visible, IR, or UV parts of the

electromagnetic spectrum [204].

2.3.1. The electromagnetic wave and spectrum

Visible light, which is perceptible to the human eye, comprises only a small segment of the
electromagnetic spectrum, ranging from 0.37 to 0.75 um [205]. The electromagnetic spectrum
extends from gamma rays to radio waves [206]. Electromagnetic waves are characterised by
electric and magnetic fields that oscillate perpendicular to each other and perpendicular to the
direction of wave propagation [205], (Figure 2.12). From basic physics, it is well known that
light is recognised to exhibit characteristics of both waves and particles. In other words, both
wave and particle, known as photons, properties are required to entirely explain the behaviour
of light.

Figure 2.12. lllustration of an electromagnetic wave, adapted from [205]*.
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The classification of light, along with other forms of electromagnetic radiation, is based on its
wavelength. In the context of visible light, colour is determined by wavelength: Red light has
wavelength around 650 nm, while blue light has a wavelength of approximately 450 nm.
Photons of each specific wavelength have a unique energy, which can be calculated using
Equation 2.5.

E=— (2.5)
Where:
E: represents photon energy
h: Planck’s constant (6.621x10734J.s)

c: is the speed of light which is about 300x10° m/s in vacuum, and

A: is the wavelength in metres.

The photon energy is commonly expressed in electron volts (eV), where 1eV=1.602 10° J

[207]. Figure 2.12 represents the electromagnetic spectrum and the corresponding energies.

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 electromagnetic spectrum and the corresponding photon energies, re-drawn based on Andrews
and NASA [208, 209].

2.3.2. Laser fundamentals

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 types of CW and pulsed lasers,
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including semiconductor, Nd:YAG, CO: gas, and dye lasers, have been developed with
improved reliability and durability [210]. 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 energy, stimulated 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 one [211], 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 its photons share the same frequency and
wavelength but have different phases (incoherent). Thus, coherent light is monochromatic, but
not all monochromatic light is coherent [212]. Figure 2.15 illustrates the concepts of
monochromatic and coherent light. Lasers are generally considered monochromatic, but they

are not exactly monochromatic; their bandwidth can be very narrow [205].
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Figure 2.14. Spontaneous and stimulated emission, adapted from [211]*.
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Figure 2.15. Illustration of concepts of monochromatic and coherent light adapted from [213]*.

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 processing [214]. Lasers offer the capability to precisely deliver
substantial energy into confined areas of a material to achieve a specific desired outcome [215].
Laser applications span various fields, from industrial tasks like cutting and welding to medical
procedures such as laser surgery and diagnostics [216]. 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 generally low power efficiency of most lasers (apart from diode lasers),
they enable faster, more cost-effective, and precise results with superior quality compared to
traditional mechanical methods. Furthermore, lasers are highly compatible with robotics. Many
major machine tool manufacturers provide fully automated laser processing solutions for
industries [204].

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 medium [210], which can be solid, liquid, or gaseous.
Currently, a wide range of lasers are available, each tailored to specific applications and
possessing unique characteristics. Table 2.1 summarises the most common commercially

available lasers, detailing their main characteristics [204].
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Table 2.2. Commercially available lasers and their main characteristics, adapted from [204]*.

Laser Wavelength Power range

Carbon dioxide (CO,) 10.6 pm milliwatts to tens of kilowatts
Nd: YAG 1.06 pm milliwatts to kilowatts

Nd: glass 1.05 um Watts

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

Excimer uv Wiatts to 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 optical resonator. These
mirrors are highly reflective, with one being partially transmissive [211, 217, 218]. The active
medium governs the possible wavelengths emitted by the laser [211, 219-221]. This is related
to the difference between energy levels within that material [211, 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 stimulation [207, 211]. However, for the stimulated and stimulating photons to be all in
phase, the resonator length should satisfy Equation 2.6 [211, 222].

A
=n— 2.6
L nz (2.6)

Where L is the resonator length, 4 is the wavelength, and n is an integer.

Many other measures are typically implemented for shaping the laser cavity or the resonator.
The objective of a laser designer is to direct most laser photons in a specific direction to
generate a highly directional beam. Achieving this involves elongating the gain medium
significantly in one axis compared to the other two directions [222]. 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 cavity [211, 222], for the
transverse modes, by controlling both the cavity shape and the mirror curvature [216]. The
transverse modes are more significant as they indicate the irradiance distribution of the laser
beam in the plane perpendicular to the direction of propagation [211]. The structure of the

transverse mode is described using TEMmn, where the subscripts m and n represent the number
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of nodes along the two mentioned orthogonal axes. Figure 2.16 shows the irradiance
distribution of the laser spot for various transvers modes. The lowest order mode TEMoo, also
known as the fundamental mode, has a cylindrical Gaussian irradiance distribution. This mode
has the minimum divergence angle and experiences the minimum possible diffraction loss that
makes it possible to be focused to the smallest spot. Although Higher-order 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 modes. [211, 222].

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

Figure 2.16. The irradiance distribution of the laser spot for various transverse modes adapted from Saleh [216]*.

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 region [223]. A pure
Gaussian laser beam (TEMoo) exhibits a symmetrical intensity distribution around its axis,
decreasing as the distance from the axis increases. The intensity at point (z, r) of the laser beam
is calculated using Equation 2.7 [224, 225].

I1(z,1r) = 1,(z) exp <— i:;) 2.7)

z

Where z is a point in the laser beam propagation axis, (r) is a radial distance from the axis, I (z,
r) is the intensity at the point (z, r), lo (z) the maximum intensity at the plane (z), and (w) is the
radius of the beam at the plane (z).

At the beam boundary, where the radius is (w.), the intensity of a Gaussian beam falls to 1/e2,
approximately 13.5%, of the maximum intensity at the plane (z) [226-228].

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 medium [229, 230]. Any form of energy
can serve, with typical options including flash lamps emitting incoherent light [229]. 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 photons then escape from the
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partially reflective mirror in the form of a very intense beam of laser light [231, 232]. Figure

2.17 shows a basic structure of a simple laser [230, 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 from [233]*.

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 processing [210].

2.3.5. Laser beam parameters

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 wavelength and power is insufficient to
determine whether a particular laser is suitable for specific applications [234, 235]. 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 (M? value) for both CW and pulsed
lasers, and peak power, pulse energy, pulse length, pulse frequency, and duty cycle for pulsed
lasers [215].

2.3.5.1. Wavelength (1)

The wavelength is a fundamental characteristic of a laser, normally remaining fixed for a given
laser, unlike other laser beam parameters, which are often adjustable [236]. The wavelength
influences the capability of focusing the beam into a small spot size, which is wavelength-
dependent. Generally, shorter wavelengths allow for achieving smaller spot sizes [229, 237],
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 spectrum [238]. Shorter wavelengths result in
photons with higher energy levels, thereby increasing absorptivity [229].

Chapter 2-36

*Permission was granted by Elsevier through CCC Ltd. (License Number 5854420415351).



2.3.5.2. Beam quality (M? value)

The beam quality, M? value, is the ratio of divergence of the real laser beam to the pure
Gaussian laser beam. In other words, the beam quality describes how close to pure-Gaussian a
laser beam is [211, 239]. Figure 2.18 illustrates the difference between real and pure Gaussian

laser beams.

Real beam

Gaussian beam

Figure 2.18. Real and pure Gaussian laser beam, adopted from Eichler [239]*.
The divergence for a pure Gaussian laser beam is calculated using Equation 2.8, and the real

divergence is calculated with Equation 2.9. Where wo is the waist radius of beam, 6 and 0' are
divergence angles of pure Gaussian and real laser beam, and M? is the beam quality [211, 239].

=2 2.8
= (2.8)
2
9 = M2 — (2.9)
W,

2.3.5.3. Laser power and intensity

Despite the wide selection of lasers available, ensuring an adequate power level is essential for
laser-based material processing. This necessity considerably narrows down the suitable options
to only a few specific types [229, 240]. One of the main technical aims of laser manufacturers
is to generate lasers with high powers [223]. 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/cm?). For 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 size [241]. It is well known that laser power and intensity have direct
influences on the material interaction and processing speed. Reviewing literature on various
laser material processing techniques revealed that laser power has also significant effects on

the cost and quality of processing [234, 240, 242].

2.3.5.4. Laser spot size, focal length, and Rayleigh length

In the majority of laser material processing applications, laser beams are focused into small
spot sizes to attain high intensity on the workpiece. The spot size (do) of a laser beam is the
minimum possible laser beam diameter that can be achieved, it depends on the wavelength (1),
the lens focal length (), and the beam diameter at the focusing lens (D), for an ideal Gaussian

beam it calculated using Equation 2.10 [225].

_ 4t

-= (2.10)

do

In the case of real beam, the spot size is M? times the ideal spot size [211], thus Equation

2.10 is revised to Equation 2.10a below.

_4M2f/1
)}

(2.10a)

At a distance z from the focal point, the spot size (d) is calculated with Equation 2.11 [223,
226, 243].

d,=dy |1+ (Z ;RZO)Z 2.11)
where do is the minimum possible spot size, zo is the position of do, and z is the Rayleigh
length (Figure 2.19), defined as the distance from the minimum spot size to the point where
the spot size is multiplied by V2, the Rayleigh length is determined with Equation 2.12 [226,
243, 244].

mwd3

= 2.12
4AM? (12)

ZR
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At large distances (z » zg), the spot size increases linearly with z [226, 243], and can be

determined using the divergence angle Equation 2.9.

XA

NY

)

Figure 2.19. The minimum spot size do of a Gaussian beam and the Rayleigh length zp, adopted from [223]*.

2.3.5.5. Continuous wave and pulsed lasers.

A laser beam that maintains a constant output power over 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 classified based on their pulse length, such as nanosecond, picosecond,
and femtosecond lasers [245]. Figure 2.20 clarifies 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:

1 is the pulse length, PRF is the Pulse Repetition Frequency, At is the cycle period, Ep is the
pulse energy, and Ppeax is the peak power (pulse power), and Payve is the average power. These

variables are calculated using Equations 2.13, 2.14, and 2.15 [246].
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- 2.13
At SRF (2.13)
E
Pooare = -2 (2.14)
T
P,,. = Ep * PRF (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 its ablation threshold [245], which is
defined as the minimum fluence or energy required to cause ablation in a certain material [245,
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
heat-sensitive materials, as it reduces the risk of thermal damage. Additionally, 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 well-defined machined features [245].

2.3.6. Laser material interaction

When laser beam encounters a surface, it travels as illustrated in Figure 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 incident laser beam, the reflected and transmitted portions [228]*.
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As light passes the material, it undergoes absorption, leading to a reduction in intensity with
depth at a rate determined by the material absorption coefficient (o), which varies based on
wavelength and temperature. When the absorption coefficient is constant, the decrease in
intensity follows the Beer-Lambert law, Equation 2.16 [15, 228, 248-250].

1(z) = I,e™* (2.16)

Where lo represents the incident laser intensity (at the surface with consideration of the
reflection losses), and I (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 material [248, 251, 252]. For constant
reflection (R), the Beer-Lambert law can be formulated in terms of the total laser intensity (1)
as Equation 2.17 [253].

1(z) = (1 - R) le~ (2.17)

The optical behaviour of materials is commonly described in the literature using terms such as
transmittance, absorption, and optical penetration or absorption depth [15, 34, 35, 227, 248].
The transmittance, as indicated by Equation 2.18, derived from Equation 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 (1 - Transmittance) for non-scattered materials.

I(L
Transmittance (T)% = ¥ = e %L (2.18)
0

The optical penetration depth (8), Equation 2.19, is a measure of how far light can travel within

a material before it decreases to only (1/e), about one-third, of its original intensity [248].

1
Penetration depth (§) = p (2.19)
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At a specific wavelength, the penetration depth depends on the absorption coefficient (o). In
the case of UV light, the penetration depth (8) may be on the nanometre scale for most
materials, particularly metals [227, 248], and up to few micrometres for some polymers [254].
In the NIR range, polymers typically display high transmittance, with epoxies demonstrating
penetration depths of around 1 meter at 1064 nm [15]. Figure 3.22 shows the penetration depth

for different materials over a range of wavelength [248].

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

The process of light absorption can be photothermal or photochemical. Exposing polymers to
short-wavelength radiation, where the energy of photons is comparable to the energy of
chemical bonds, demonstrates photochemical processing. In metals and semiconductors,
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 and phonons (vibrational waves). If
the laser pulse length is shorter than the electron thermalisation time (ranging from
approximately 10° to 1072 seconds for metals), the ablation process is classified as
photochemical. In a purely photochemical reaction, the temperature of the system generally
remains constant [248, 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 processes, 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 wave (CW)
lasers, involves the removal of material from a substrate [248]. Material removal can occur
due to various mechanisms depending on the specific material system and laser processing

parameters [248, 258]. At low fluence levels, laser ablation can be as result of evaporation or
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sublimation. As the fluence levels increase, vapour bubbles 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 in the range of picosecond and femtosecond, which can
achieve high power intensity, can induce the ejection of multiple electrons from the surface
upon interaction, leading to the creation of a highly ionised region that undergoes explosion.
This phenomenon, which involves nonlinear absorption [259], referred to as the Coulomb
explosion [260, 261], represents a form of non-thermal photochemical ablation. Photochemical

ablation of polymers can also occur using short-wavelength lasers [248, 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 modifications in the 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, particularly for improving the adhesive bonding of different
materials [248].

Silicone-based mould release agents, which are frequently employed in the fabrication of CFRP
parts, are known to cause adhesion problems when CFRP structures are adhesively joined.
These agents typically penetrate several hundred nanometres into the CFRP matrix. Therefore,
surface pre-treatment is essential before bonding to ensure proper adhesion [10, 28, 263]. As
mentioned earlier in this chapter, various techniques have been utilised to pre-treat CFRPs for
adhesive bonding, each with its own 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 wavelengths, ranging 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 al. [15] 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 CFRPs [264-267], Fischer et al.
[15] were among the pioneering researchers in this specific area. They conducted a comparative
study using SLS tests to evaluate three different surface treatment techniques: laser surface
texturing with two different ns pulsed lasers (UV emitting at 355 nm and CO emitting 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 approximately 10 times slower than with the CO>
laser, attributed to the lower average power of the UV laser. The study emphasised the
importance of absorption depth, which is wavelength-dependent, on the ablation mechanism
of the outer layer matrix resin. They noted that unlike UV and CO: lasers, which have low
absorption depth, using a NIR laser (1064 nm), which shows 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 spallation away the top matrix layer due to thermal stresses. This 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 and expose the carbon fibres. Additionally, they observed the formation
of sub-micron laser-induced periodic surface structures (LIPSS) on the surface of the carbon
fibres. They suggested, but did not investigate, that these structures could potentially enhance

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

Yokozeski et al. highlighted in their investigation [25] that surface treatment of CFRPs using
apulsed TEA CO: laser can 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 et al, [26] compared UV and NIR lasers emitting at 355 nm
and 1064 nm, respectively. 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 on the bonded
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, cross-section assessment revealed damage at

the fibre-matrix interface with the short pulse (30 ns) NIR laser.

A study with laser systems and processing parameters similar to those of Schweizer's was
conducted by Reitz et al. [27], focusing on aluminium/CFRP joints using two different types
of CFRP materials, labelled as A and B. SLS tests were performed to compare laser-treated
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 observed among different laser processing parameters. In contrast, for
CFRP type B, laser treatment led to a reduction in bonding strength. Moreover, Reitz et al.
highlighted the impact of NIR laser processing on the integrity of the matrix-fibre interface.
Their findings revealed that NIR laser treatment of CFRP surfaces often led to the formation
of cavities between the fibres and the matrix, as illustrated in Figure 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 illustrated in Figure 2.23 (b).

Figure 2.23. a) SEM image depicting cavities at the fibre-matrix interface in a sample treated with NIR laser. b)
Darkfield microscopic image revealing fibres pulled out and adhered to the adhesive on the other coupon after
bonding SLS test of a NIR laser-treated sample [27]*.

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 enhancements in
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 surface-active functional groups, with a minor contribution from surface
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roughness. Similarly, Rauth et al. [28] utilised a UV ns 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 light, UV-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
approximately 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 of the release

agent layer.

It is mostly agreed [15, 26-28] that due to their high absorption and short penetration depth,
UV lasers, particularly those with shorter wavelengths, induce direct depolymerisation
reactions in the uppermost layer of the matrix resin and effectively remove epoxide material
without causing damage to the fibres or compromising the integrity of the fibre-matrix
structure. Consequently, contaminated and excess epoxide material can be eliminated from the
surface, enhancing bonding performance. However, high-power UV-based lasers are expensive
[26] and suffer from various other problems, such as low power stability due to vibration [31].
On the other hand, NIR lasers that emit around 1 um have a significant transmission coefficient
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 spectrum in Figure 2.24. This
absorption can lead to fibre-induced overheating at the fibre-matrix 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 resin [15, 35]. Consequently, some
researchers rejected the use of NIR lasers for surface treatment of CFRPs [15, 27].
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 laser-induced partial graphite fibre oxidation may improve wetting properties and
increase the concentration of covalent bonds at the interface between the adhesive and substrate
[27]. Despite the high absorption in epoxy to MIR lasers, such as CO2 lasers that emit at 10600
nm, some researchers stated that the low photon energy can lead to thermal ablation, causing

delamination effects [35].
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Figure 2.24. Absorption spectrum for a typical epoxy resin [35, 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 lasers [9, 29, 139, 191, 269-
271]. These studies generally show improvement in bonding strength, with some preference
for UV laser treatment. Unlike the previously mentioned studies, which were mostly based on
the removal of the outer layer matrix partially or totally and exposing the load-carrying fibres
undamaged, a non-typical laser surface treatment approach was found in two studies conducted
by Coban et al. [20] and Loutas et al. [272]. They investigated the effect of micro-machining,
creating surface structures in the range of 10-100 um to enhance mechanical interlocking and,
consequently, the resultant bonding strength. Coban utilised a pulsed CO> laser, while Loutas
employed a green pulsed laser. Both studies demonstrated improvements in bonding strength,

which were attributed 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 composites are composed 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 transmittance allows nearly 100% of the laser
energy to penetrate through the matrix and reach the underlying carbon fibres, which can
potentially lead to fibre-matrix debonding [27, 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 fibres [17, 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 matrix [15].
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 processing outcomes. It has been
reported that the heterogeneity of CFRP often leads to inhomogeneous ablation results [34].
The distance between the surface and the fibres, which can vary from less than 1 pm to over
10 um in unidirectional CFRPs [28], introduces further variability that affects the efficiency of
laser-material interactions. This variability can be even more pronounced in woven CFRPs,
where the complex weave pattern introduces additional inhomogeneities. Understanding these
variations is 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 develop methods that

account for these variations to improve the effectiveness of laser-based surface treatments.

In the context of MIR lasers, particularly CO> 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 interact with 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 pm, indicating that most of the incident laser energy is absorbed with no
or minimal transmission through the resin [34, 35]. Conversely, other researchers have reported
thata 6.5 um epoxy film transmits 30% of the incident laser power [36] and a 125 um epoxy
film transmits 3% [37]. This discrepancy highlights the complex nature of laser-material
interactions and the need for more precise measurements and a deeper understanding of how
matrix resins absorb and transmit MIR laser wavelengths. The variabilities in resin properties
and fibre/matrix distribution add another layer of complexity to this issue. In unidirectional
CFRPs, the distance between the surface and the fibres can vary from less than 1 um to over
10 um [28], 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 interactions with
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 and non-polymeric substrates [32,
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 poses health risks and
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 approach could offer a simpler, safer, and
more cost-effective 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 underscores the need 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 incoherent UV light, 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 applications.

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 of laser-based surface
treatments for CFRP composites. This study aims to address these gaps by formulating
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 hypotheses are developed
to guide this research.

» 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.

e Hypothesis 1: The transmittance of thin resin films, with thicknesses varying from 15
um to 105 um, was precisely measured during exposure to an unfocused CO> laser
beam using a laser power meter. The Beer-Lambert 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 understanding of
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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.
» Chapter 5: Laser surface processing of woven reinforced CFRP composites to

improve adhesive bonding using NIR ns pulsed fibre laser

e 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 1064 nm pulsed laser, periodic non-ablated matrix resin structures appear
due to matrix-rich zones resulting from the wavy nature of the reinforcement. These
laser-affected non-ablated matrix zones are believed to negatively impact adhesive
bonding. To address this, a masking technique was employed to cover matrix-rich zones
while exposing only regions with shallow resin to the laser. Adhesive bonding tests
were conducted to compare different surface conditions, including fully laser-scanned
and partially 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
many CFs as possible without causing noticeable damage.

» 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 these gaps, this chapter

employs a series of experiments designed to explore the effects of various laser parameters

on CFRP surface treatment. The experiments are structured to be cost-effective while

providing comprehensive insights. Unidirectional (UD) fibre-reinforced 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 our understanding of these

interactions and to optimise laser treatment techniques for better bonding strength and

surface quality. The hypotheses explored are outlined below.

e 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.

e Hypothesis 4: The pulse length and energy effects on the CFRP’s matrix ablation, the
surface wettability, and the adhesive bonding. At first, a factorial experiment was
conducted utilising variable pulse length and energy to assess the impact of single
pulses by creating separated dimples. The average ablated area of the dimples for each
laser processing set was measured using the colour thresholding feature of ImageJ
software. A similar factorial experiment was then performed to estimate the average
length and width of the dimples. Based on the latter findings, for each variable set (pulse
length and pulse energy), the scanning speed and hatch spacing were estimated with the
aim of fully scanning CFRP samples (to fully expose the 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.

e 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 software to compare two bonding adhesives under SLS
test. The samples were modelled based on the mechanical properties provided by the
suppliers of the adhesives and the UD reinforced CFRP material.

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

Surface treatment of CFRP composites using a CW CO: laser has not been extensively

studied. To the best of the available knowledge, only a single study exists, which highlights

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

mechanism. The effectiveness of CW CO: laser surface processing of CFRPs in improving
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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 on 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 CW CO- laser surface treatment on CFRP

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

e Hypothesis 6: Understanding the effects of laser power and scanning speed on the
removal of CFRP’s outer layer matrix and the ablation of pure epoxy material. For
CFRP material, laser scanning of CFRP material was conducted using varying scanning
speeds and laser powers, 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
Imageld. 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
power and scanning speed. The depth and width of the laser-created grooves were then
measured, and their relationships with the LED were determined.

e Hypothesis 7: For surface wettability and adhesive bonding assessments, CFRP
samples were processed utilising three different laser powers while all other processing
inputs were the 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 of using incoherent UV light, either alone or in combination with IR lasers,

to improve CFRP surfaces for adhesive bonding. This would offer a simpler and more cost-

effective alternative.

e 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 of the 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, and CO- laser followed by UV
treatment. Furthermore, mechanically abraded and as-received samples were
adhesively bonded and tested as references. This comprehensive approach aims to
determine the most effective 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 in-depth analysis of the primary methods, equipment, and materials utilised 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, which are reviewed in subsequent

chapters. The main objectives of this chapter are:

e To offer a detailed examination of the key methods, equipment, and materials used
across multiple experiments.
e 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 lasers, a UV light
source, and surface analysis and chemical characterization instruments. The main laser system
utilised was a ns pulsed NIR fibre laser, with a CW CO laser used to a lesser extent. UV light
equipment was also employed for specific treatments, and a range of surface and chemical
characterization tools were used to analyse the samples. The following 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 an IR fibre laser, a beam delivery system, and an
automated three-axis table. Specifically, the laser utilised is a SPI Laser (UK) G3 20 W ns
pulsed fibre laser. The laser operates at a wavelength (A) of 1064+5 nm, exhibiting a near
TEMOO mode, and has a beam quality factor M2 = 2.1. It offers adjustable pulse lengths (1)
ranging from 9 to 200 ns and pulse repetition rates (PRF) from 1 to 500 kHz.

The beam delivery system comprises the following components:

a) A manually adjustable 1064 nm beam expander (Linos (Qioptig) 2-8x) 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 paper.
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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 Extremel5-YAG) has scanning field of (50 mm x 50
mm) and controlled using SAML.ight v3.05 software (SCAPS Gmbh). It operates within a
scanning speed range from 0.00001 m/s to 20 m/s. The galvanometric scanner is fitted with
an f-theta lens (Linos Ronar F-Theta) with a focal length (f) of 100 mm. The theoretical
laser beam diameter at the focal point (dotheo)) Was around 51 pm, calculated using
Equation 2.10a, (from Section 2.3.5.4/Chapter 2) which is valid for Gaussian and near-
Gaussian beams [273-275].

4 f A M?

2.10a
— ( )

do(Theo) =

The three-axis computer-controlled 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 sample surfaces. The three-axis
table held the sample in place and was utilised to adjust the focal length. Figure 3.1 depicts 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 power (Pave) after the galvanometric scanner was measured for
each experimental setup. This was achieved using a laser power meter calibration system
consists of a 30A-N-SH ROHS head and Nova |1 display software (Ophir). Power measurements

Chapter 3-56



were conducted over a duration of 60 seconds. The pulse energy (Ep) is calculated using
Equation 3.1 [276] (derived from Equation 2.15). Where (PRF) is pulse repetition rate.
Figure 3.2 shows the measured average power and pulse energy for PRF =25 kHz and t =200
ns at different percentage setups. The same was done for all other sets of pulse lengths and

repetition rates that were utilised in this thesis.

Pave
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Figure 3.2. Measured average power and pulse energy at PRF =25 kHz, t=200 ns, and different power percentage
setup.

3.2.2. CW CO:z laser

A Lotus Laser System LL10600 was fitted with a CW COz laser. According to the specification
provided by the manufacturer, it has a maximum power of 30 W, wavelength (A=10600 nm),
raw beam diameter of 3.5 mm with full angle beam divergence of 4 mrad, M? < 1.2, and mode
quality near TEMoo. The beam was delivered by gold coated mirrors to a 40 mm focal length
ZnSe lens. The spot size at the focal point is 185 pm, calculated using Equation 2.10a, and the
Rayleigh Length is 2.113 mm, calculated using Equations 2.12. The laser is equipped with a
built-in XY scanning system, offering a scanning field measuring 1000 mm x 600 mm and a
scanning speed range from 0.0001 to 0.3 m/s. Manual adjustment of the focal point is achieved
by altering the Z position of the sample bed. Figure 3.3 represents 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 laser in Section 3.2.1. The graph
in Figure 3.4 represents the measured average power at different power percentage setup. All

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 non-focused 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 CO; laser beam, b) a photograph of the equipment.
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Figure 3.4. Measured average power at different power percentage setups.

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 detailed in Table 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 from the axis of a long cylindrical source is inversely proportional to r
[278]. Table 3.2 presents 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 characteristics [277].

Parameter Value
Power input (W) 130
UV output power (W) 46
Wavelength A (nm) 254
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/cm?)
19.8 50

39.6 25

79.2 125

The lamp was housed within a sealed wooden enclosure. Figure 3.5 shows 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
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Figure 3.5. UV lamp and the experimental setup: a) photograph and b) schematic drawing [279]*.
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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 near-ambient temperature. Thermal changes on the
sample surfaces were monitored using a thermal IR camera (thermolIMAGER TIM) from
Micro-Epsilon UK, with temperature readings taken at one-minute 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 with the highest UV intensity, positioned approximately
10 mm below the lamp, stabilization occurred after 15 minutes at 37°C, which was 14°C above
ambient temperature, Figure 3.6.
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Figure 3.6. (a) Thermal imaging data captured by the IR camera 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 equipment, Figure 3.7. Sample images from each of the

instruments are presented in Figure 3.8.

e Optical microscopy: Olympus BH2-UMA optical light microscope, equipped with
five objective lenses: 5x, 10x, 20x, 50x, and 100x. Calibration for each objective lens
was performed using a stage micrometer and ImageJ software. A Dino-Lite digital
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: Bruker Contour GT-K optical profiler, integrated with Vision64
software. The system features variable magnification and multiple operating modes,
allowing for precise surface topography and roughness measurements. Green light was
used for all evaluations. Both Vertical Scanning Interferometry (VSI) and Vertical
eXtended Interferometry (VXI) modes were utilised, with VXI offering superior
resolution for analysing light-transmitting epoxy resin and generally better details.
However, it is a slow process because it captures every frame of data and is only useful
for a scan range of less than 50 pum.

Scanning Electron Microscopy (SEM): The primary SEM equipment used was
Hitachi TM4000Plus Tabletop Microscope. Additionally, 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 angles (CAs) of both treated and non-treated samples using water and
diiodomethane. For all assessments, the diameter of the liquid droplet from the syringe
was 1.5 mm, corresponding to a volume of approximately 1.77 mm?. For non-laser
treated samples, 100 frames at 16 ms intervals were captured. For laser-treated 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 chemical variations in treated and non-treated CFRP samples. The
spectrometer employs the ATR single-reflection sampling technique, utilising a
diamond crystal with a 1 mm diameter sampling surface and a 200 um active area. This
setup enables approximately 2 pum depth of penetration for infrared energy at a

wavenumber of 1700 cm™. It's important to note that the penetration depth is
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wavelength-dependent, typically ranging from about 100 nm to several micrometres
[280].

Figure 3.7. a) Olympus BH2-UMA optical light microscope, b) VHX-7000 digital microscope, c) Bruker
ContourGT-K optical profiler, d) SEM Hitachi TM4000Plus Tabletop Microscope, €) CAM 101 goniometer, and
f) Cary 630 FTIR Spectrometer.
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Figure 3.8. a) Optical microscopy of a woven CFRP sample processed with ns pulsed NIR laser, b) digital
microscopy image of UD CFRP sample processed with CO laser, c) 3D profilometry image of a woven CFRP
sample processed with CO; laser, d) A SEM image of separated dimples were created with 30 ns pulse length
NIR laser, e) Goniometer camera image of water droplet on a CFRP sample processed with CO; laser, 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 materials that
were readily available were 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 prepreg, which was applied in several experiments throughout this research project.
Detailed descriptions of each main CFRP material and their specific properties are provided in
the relevant chapters of this thesis. Additionally, to supplement the information provided by
the suppliers or manufacturers, investigations such as cross-section assessments and tensile
strength tests were conducted on some of 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 different surface-treated
CFRPs: Loctite EA 9394 AERO Epoxy from Henkel, and Araldite 420 Epoxy from Huntsman
Advanced Materials. Both adhesives are two-part paste structural adhesives but have 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 temperature on molecular diffusion between the
adhesive and the CFRP matrix resin. Additionally, the pre-oven time (the duration from mixing
the adhesive to placing the bonded coupons in the oven) might have further influenced curing,
leading to inconsistent results. 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 laser-treated CFRPs. This made it more suitable for the specific requirements of this
experimental work. Moreover, for one of the experiments, comparative tests were conducted
with both adhesives under various curing conditions to analyse the results comprehensively.
Table 3.3 provides the key specifications of both adhesives based on their data sheets [281,
282].
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Table 3.3. The key characteristics of two bonding adhesives, Loctite 9394 and Araldite 420.

Property Loctite EA 9394 Epoxy (Henkel) Avraldite 420 Epoxy (Huntsman)
Mix ratio (by weight) 100:17 100:40

Curing 3-5days @ 25°C or 1 hour @ 66°C  1-2 weeks @ 25°C or 1 hour @ 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 35-45

Shelf life (month) 12 36

3.3.3. Epoxy resins
Three different epoxy resins—SP115 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 two-part epoxy systems were employed to assess transmittance in
Chapter 4 and CO- laser processing of bulk epoxy resin in Chapter 7. Known for their clarity,
low viscosity, and high strength, these resins are particularly suitable for a wide range of
composite applications, especially in fibre-reinforced polymer composites. Given 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
transmittance. Table 3.4 presents a detailed comparison of the key specifications of these

resins, highlighting their unique attributes and suitability for various applications [283-285].

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) 3:1 10:3 10:3

Curing 14 days 14 days 14 days

Viscosity (Pa-s) @ 20°C  0.86 1.0-14 0.2-0.45

Pot life (min) @ 25°C 10 12-17 10-14

Main applications Laminating, High-performance Infusion and vacuum
casting, and laminating applications bagging processes, ideal for
coating particularly with carbon large or complex shapes

fibre
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3.4. Cross-section assessments of CFRP samples

Cross-section 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 resin layer to the surface of the carbon
fibres, for the as-received CFRP samples. Other assessments analysed laser-treated samples
and examined the fracture characteristics of CFRP coupons after bonding tests. Regardless of
the sample conditions, the method was the same, with only the sample dimensions differing.
For as-received or laser-treated 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 samples were mounted vertically in an epoxy resin mould (VersoCit-2 by
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 Struers (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 the cut-affected edge. Polishing
was performed in three stages: two with diamond grit sizes of 3 um and 1 um, and a final stage
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. The polished cross-sections

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 I1SO 1465:2009 standard [286], a widely
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used guideline for adhesive joining tests, was utilised [15, 26, 27]. To ensure symmetry and
minimise load path eccentricity, which can lead to out-of-plane bending moments, aluminium
shims of the same thickness as the CFRP were bonded to the ends of the samples [287]. The
sample dimensions are illustrated in Figure 3.10.

CFRP coupons

aluminum shim

bonding adhesive

Figure 3.10. Sample for SLS according to BS EN 1SO 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 CFRP material thickness and was
manufactured from a 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 maintained at 0.2 mm by incorporating chopped
pieces of copper wire (0.5 mm length x 0.2 mm diameter) into the adhesive. For the same
purpose, glass beads were used in a previous study [288]. The upper coupons were then
positioned, and steel compression springs (as shown in Figure 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 et al. [289]. 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 (20-23 °C). Following the curing process, the samples were tested using

a Tinius Olsen 50 kN tensile testing machine at a loading rate of 1 mm/min, Figure 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 as-received CFRP panels, each measuring 500 mm x 500 mm, were cut into coupons (25
mm x 100 mm) or smaller samples based on the experiment requirements using a water-cooled
cut-off saw (Erbauer 750W) with a diamond cutting blade. The resulting samples were
immediately cleaned through a multi-step process: first with a detergent solution, followed by
distilled water, then sprayed with isopropanol, 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 both non-treated 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 the laser-material interaction 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 photothermally. Secondly, the laser wavelength
determines the absorption coefficient of a particular material and, consequently, the
absorptivity and the transmittance. As discussed in Chapter 2/Section 2.3.6, when a laser beam
passes through a material, its illumination decays exponentially with the travelled distance
according to the Beer-Lambert law. Epoxy resins are recognised for their low absorption
coefficients under NIR light at 1064 nm, whereas at the MIR 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 data and highlighting gaps in the understanding of their
optical properties. Fischer et al. [15] 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 et al. [290]
indicated depths of only 150 um for 1064 nm and 20 um for 10600 nm. It's worth noting that
Zarei et al. [290] referenced Kalms et al. [291], who provided only a qualitative representation
of the transmission spectrum of an epoxy layer without specific values. Firbank et al. [292]
also provided an absorption coefficient spectrum for epoxy resin, suggesting a penetration
depth of around 200 mm at 1064 nm. Additionally, Mckie and Addison [37] noted that a 0.005
inch (125 um) epoxy layer transmitted about 93% of 1064 nm laser intensity, while less than
3% of 10600 nm laser was transmitted, Figure 4.1. Some other researchers reported, using
Fourier Transform Infrared Spectroscopy (FTIR), the absorption of epoxies at 10.6 um is very
high (90-95%), with almost no transmittance [34, 35].

This chapter explores the absorptivity and transmissivity of epoxy matrix resin to NIR, (A=1064

nm) and MIR (A=10600 nm) lasers through two distinct experiments.
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Figure 4.1. Transmissivity of a 125 um thick layer of epoxy resin as a function of laser wavelength [37]*.
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 a CO; 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, particularly at 10600

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 mix ratio. Further specifications
about the three resins are available in Chapter 3. For the first two epoxies (SP115 and EL2),
six samples were moulded, with thicknesses ranging between 0.8 mm up to = 10 mm. For the
IN2 epoxy, an additional four samples were created 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 creating 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. However, due to 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 samples are (0.8, 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 mm). Figure 4.2 shows the polished samples.
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Figure 4.2. The moulded epoxy resins samples.

The areal surface roughness (Sa) of the samples was assessed using optical profilometry
(Bruker). For the Bruker setup, a green light with VXI mode was utilised. Six measurements
were taken for each sample, with three from each side, covering an area of 1 mm x 1.3 mm.
The average Sa for each sample and Standard Deviation (SD) were subsequently calculated.
The Ophir laser power meter, described in Chapter /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 in Chapter 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 of the power meter was positioned 50 mm above the focal point, while a resin sample
was placed above the detector, as illustrated in Figure 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 interactions 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 range of 0.2-0.35 pm.

Achieving this consistency required repeating some or all of the polishing processes, but it was

challenging to achieve similar results due to the manual processing, as mentioned earlier.

Figure 4.4 demonstrates an example of the surface roughness assessment data. From the

transmittance data collected, the average transmittance (T) and the SD were calculated for each

sample.
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Figure 4.4. Demonstration of the surface roughness assessment data.
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The average roughness (Sa), transmittance and the SD for both transmittance and roughness of

the different samples are presented in Table 4.1.

Table 4.1. The thickness, transmittance, surface roughness, and their SD.

SP115 EL2 IN2
t T SDt Sa SDsa t T SDt Sa SDsa t T SD+t Sa SDsa
mm) % % (um) (m) | (MM % % (um) (um) |(MM) % % (um) (um)
0.8 86.5 2 0.54 0.097 1.5 86.2 0.8 0.25 0.013 0.9 85.1 1.7 0.41 0.090
15 873 16 031 0016 295 863 0.1 0.18 0.002| 185 859 03 0.25 0.018
275 868 04 019 0013 39 838 03 028 0.017| 28 864 0.7 0.29 0.031
3 86.6 0.7 027 0043 ]| 435 841 04 0.18 0.009| 3.75 84.2 1.2 0.24 0.006
5 827 0.2 0.24 0.005 5.3 846 04 022 0.043 | 4.4 835 1.2 0.21 0.019
975 793 03 041 0058| 102 811 08 026 0.021| 9.6 80 0.3 0.26 0.014
19 743 04 0.19 0.006
255 727 0.3 0.06  0.003
37 66.2 0.3 0.15 0.005
427 642 0.2 0.18 0.010

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

and the sample thickness (t) for each of the three different epoxies.
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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 (a) and reflection (R), Table 4.2, are
calculated by substituting the exponential fit of the T-t graphs with the Beer-Lambert law
Equation 2.14 [253]. The penetration depth (8) was also calculated using Equation 2.15 [248].

I(t
Transmittance (T)% = % =(1—R)-e % (2.14)
1
Penetration depth (§) = 2 (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 light, and « is the 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
a(mm?) [0.01123 0.0072 0.00711
S (mm) 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 deviations in the 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 seen in Figure 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 reflection, encompassing 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 wavelength [293]. 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 available [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 thinner

(< 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 resin, described in Chapter 3/ Section 3.3.3, was 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 using ratchet bar clamps.
Aluminium foil sheets with variable thickness were used as shims to control the thicknesses of
the produced films, see Figure 4.6. Before applying the resin, the glass sheets were wiped with
a lint-free cloth soaked in CR1 Easy-Lease, a volatile 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.

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

For accuracy, the thicknesses of the produced epoxy films were measured using optical
profilometry (Bruker Contour GT-K 3D white light interferometer). This was achieved by
measuring the thickness of a 5 mm by 5 mm piece from each sample, which was taken from a
location very close to the laser-exposed regions. As illustrated in Figure 4.7, an epoxy film

intended to be 25 pum thick was found to have an actual thickness of 23.5 pum according to the
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profilometry. Additionally, several profilometry measurements verified that the release agent

layer was less than 0.1 um thick, and therefore, it was considered to have a minimal impact.

3 laser exposed
positions

A piece 5mm X Smm was
cut to measure the thickness

Figure 4.7. (a) camera image of an epoxy film intended to be 25 um thick, (b) profilometry assessment indicating
the thickness of 23.5 um.

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
surface finish, 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 CO: laser, which has been extensively described in Chapter 3/
Section 3.2.2. The epoxy films were placed 70 mm below the focal point as shown in Figure
4.8. As the distance from focus significantly exceeds the Rayleigh length, the beam diameter

d(z) increases linearly with the distance, Equation 4.1 [226, 295].

W) =z-6 (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 0 is beam divergence angle.

Accordingly, the unfocused laser spot size (D") was estimated to be 6.1 mm using Equation
4.1a which is driven from Equation 4.1, where (df) is the defocus distance, (D) is the beam
diameter at the lens, (f) is the focal length of the lens.

D' =D (df/f) (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 using the Ophir laser power meter, described in
Section 3.2.1 both 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 width of the laser 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 Heat-Affected Zone (HAZ), as depicted
in Figure 4.9 below. The low power and large spot size used 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 processed at a speed 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 laser-exposed positions. Readings from

at least two repeated measurements were found 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 SEM (Inspect S model, Thermofisher). The 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 described in Chapter 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 86 um film. A plot (Figure
4.10) was generated to represent the resulting transmittance values I(t)/I as a function of the
film thickness (t), where (I) represents the measured laser power without a sample, and I(t) is

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

The 110 pm 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 0.01 W would be displayed
as zero. The data points closely fit an exponential decay relation [T=0.851exp(-34290t)]
representing the relationship between transmittance and film thickness. By assuming constant
reflection for all the samples, no scattering, and that the beam is attenuated exponentially by
absorption, the absorption coefficient (o) and the reflectivity (R) are determined by substituting
the above relation with Beer-Bouguer-Lambert law Equation 2.14. The penetration depth is

also calculated using Equation 2.15.

R = 15%, a = 34.3 mm, and § =~ 0.00029 mm or 29 um.

Examination of the CFRP cross-sectional 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, the thickness ranged
from 1 to 25 pm, with an estimated average of approximately 10 um, as shown in Figure 4.11
() and (c). In CFRPs with woven reinforcement, the variation is more pronounced, especially
at the fibre tow intersections, where the thickness is significantly greater Figure 4.11 (b). The
plot in Figure 4.11 (d), based on the Beer-Bouguer-Lambert law, illustrates the absorption,
transmittance, and reflected percentages of a CO laser beam passing through a matrix resin
film with a thickness ranging from 0 to 25 um. For a 10 pm resin layer, typical of the average
outer layer matrix of unidirectional CFRP material, around 60% of the light intensity is
transmitted through the matrix and absorbed by the underlying CFs, while less than 25% is
absorbed by the matrix layer itself, with the remaining portion (15%) being reflected.
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Figure 4.11. (a) SEM images of cross-section of CFRP composites with a) UD and b) woven reinforcements. )
a magnified SEM image of CFRP with UD reinforcement showing the matrix outer layer thickness, and d) A plot
illustrating absorbed, transmitted and reflected percentages of CO; laser passing through resin film (0-25 pum
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 140 mm and reflection fractions
between 11.5% and 13.6%. For the MIR 10600 nm laser, an epoxy resin layer of 15 pm
thickness transmits approximately 55% of the laser intensity, while a thickness of 86 pm results
in only 5% transmittance. These findings are agreed with some previous research, particularly
McKie and Addison's investigation [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 through heat conduction from the laser-induced 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 the matrix and heat conduction at the
fibre-matrix interface via the laser-induced 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 dry, non-contact
process that can be precisely controlled at high speeds. Fibre lasers, which typically emit in the
NIR range, particularly around 1pm 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 beam. This feature makes fibre lasers more easily adaptable for implementation in robotic
machines and automated systems [296, 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 wavelengths around 1 um [15]. These difficulties increase when treating
woven reinforced CFRPs due to the variation in outer layer matrix thickness. However, the
surface treatment of CFRPs using NIR lasers remains a subject of extensive research [17, 26,
27, 29, 298-300].

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 exposed to the laser 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, 302], involving selective laser ablation of the material at the
surface and the creation of micro or nano-scale 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

e 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.

e Optimising processing variables to maximise the area of exposed fibres while
ensuring minimal damage to the fibres.

e 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, including 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 designs are used to study multiple
variables simultaneously, enhancing understanding of their interactions and improving the
reliability and accuracy of results. This approach also reduces the number of trials [305], 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 resin at the surface 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 of the adhesive bonding strength. In
this phase, a masking technique was employed, and the adhesive bonding was compared among
different surface conditions. Prior 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 literature, particularly the studies by Schweizer et al. [26] and Reitz et al. [27], who
utilized laser systems with similar characteristics (wavelength, pulse frequency, and pulse
length) to those used in this study—provided a foundational starting point. The experimental
design and stages of these investigations are summarised in the flow chart presented in Figure
5.1.
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Figure 5.1. Flowchart simplifies the experimental design, steps, and phases

5.4. Exploration trials

Several exploratory 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 briefly outlined below.

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 (E;p) and the hatch spacing (H) were varied at two levels as depicted in Table
5.1.
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Table 5.1. Pulse Energy and Hatch Spacing Levels of the first exploration trial.

Level E, (MJ) H (um)
1 0.1 30
2 0.4 50

The pulse length (1) and the PRF were 200 ns and 25 kHz respectively, the scanning speed (v)
was 1000 mm/s and was unidirectional scanning. Figure 5.2 (a) shows a macro photo of the
CFRP sample during laser processing. Figures 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 laser-treated samples in Figure 5.2, the

hatch spacing was 30 um.
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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 fibres, Figure 5.2 (c). Conversely, high pulse
energy induced significant changes in the surface, as depicted in Figure 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 in Chapter 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 a glossy face and 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 the
warp segments passing above the 3 wefts, and circular shapes, representing the weft segments

intersecting above the warp.

The pulse length (t) and pulse repetition rate (PRF) were 200 ns and 25kHz, respectively,
whereas the pulse energy (Ep), the 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 5.2 represent 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, (mJ) H (um) 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 in Figure 5.3 (a). The samples were assessed using optical microscopy and

optical profilometry. Moreover, a wettability assessment using WCA was conducted.

The results indicate that for all processed samples, approximately between 60-80% of the
carbon fibres (CFs) at the surface were exposed. This exposure was primarily observed in the
elliptical and circular shapes, where the thickness of the outer 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, although 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 degraded (cracked)
non-removed matrix and damaged (breakage) CFs, particularly at the tips of the ellipses
(Figure 5.3 ¢, d, and f). The macro photo in Figure 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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um, respectively) show severe carbon fibre damage. In general, matrix damage or cracking and
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 due to the higher 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 laser-treated 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, see Figure 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. (€) 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 spacing. Figure 5.4 (b) shows a 3D profilometric
image of a sample processed with a pulse energy of 0.1 mJ, a hatch spacing of 30 um, and a
scanning speed of 1000 mm/s. The profilometric images clearly revealed that a significant
portion of the outer matrix layer remained intact, with 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 energy of 0.1 mJ, a hatch spacing of 30 um, and a scanning speed of 1000 mm/s.

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 available in Chapter 3/ Section
3.2.1.

The previous experimental trials (Section 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 regions. To 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 regions where the 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, enhancing bonding strength by creating surface topography
variations between the laser-exposed and masked areas. The bonding strength of partially laser-
treated samples was assessed using SLS tests and compared to samples with several other
surface conditions, including 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 fully laser-treated
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 (8-HS) weave carbon fibre. At the surface, the warp appeared as rice grains or
semi-elliptical shapes, while the weft manifested as small dark semi-rectangular shapes, as
depicted in Figure 5.5 (a and b). A cross-sectional 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. For this purpose, a 20 mm x 20 mm sample (Figure
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 in Chapter 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 pattern (8-Harness-Satin) and the production defects, (c) a macro photo shows the
cross-section of CFRP sample embedded within epoxy mould, (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 um thicker than at the middle of the elliptical shapes belonging to the warp tows,
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 defects, Figure 5.5 b. The warps in Figure 5.5 ¢

appear lighter than the wefts due to light interaction with the cut-off fibres.

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 levels) were examined. The PRF and pulse length (1) remained fixed throughout
the experiments. Table 5.3 illustrates the factorial experimental design. Notably, the previous
experimental trials provide a foundation for determining the current experimental processing

variables.

Table 5.3. The factorial experimental design.

Level T PRF = H %
(ns) (kHz) (mJ) (um) (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 variables focused on 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 various processing conditions based on the digital
microscopy images. The optimised laser processing parameters are detailed in Table 5.4 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 sessile droplet method using a
CAM 101 from KSV Instruments Ltd (UK). However, the results of the assessment were not as

informative as expected. All instruments are described in Chapter 3.

Table 5.4. The optimised laser parameters.

T PRF Ep H v
(ns) (kHz) (mJ) (um) (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 grain-shaped (ellipses) corresponding to the warp fibre tows, with
tolerances of about 1 mm and 0.2 mm for the major and minor dimensions of the grains,
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 surface, see Figure 5.6.
These masks were then used to shield regions with thicker matrix resin (around/outside the rice
grains) during laser processing. Noting that Galvoscanner-based 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 the scanner.

Figure 5.6. Photos of a) the CFRP material and b) the cardboard mask illustrates the 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, while Figures 5.7
(b) and (c) show two CFRP coupons treated using both laser techniques. The perforation of the
mask was carried out using the CW CO- laser, described in Chapter 3/ Section 3.2.2, 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 experimental investigations 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 CO: laser. 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 cordless handheld random orbit sander (Makita
DB0180Z) with paper grit size 320 was used at the slowest speed until the outer glossy layer
of the matrix was removed (Figure 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 cross-section assessment provided in the material description (Section
5.5.1.1), several other assessments were performed for laser-treated samples and fractured
coupons post-mechanical testing. The aim was to evaluate the impact of laser processing on
the resin-rich zones. These samples were vertically embedded in mould epoxy and polished.
Optical microscopy and SEM were employed to examine the cross-sections. Equipment and

polishing methods are described in Chapter 3/ Section 3.4.

5.5.1.4. Bonding strength /(SLS) tests

For the mechanical shear tests, coupons were cut using a water-cooled cut-off saw (Erbauer
750W) with a diamond 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 to non-laser treatments
(mechanical abrasion and non-treated) were also cleaned again using the same procedure
before adhesive joining. Five repeated samples were bonded using a special jig for each surface
condition and according to BS EN 1SO 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 kKN Tinius Olsen) was employed at a load rate of 1
mm/min. Further details regarding equipment and bonding procedures can be found in Chapter
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 estimations (Figure 5.8), the laser optimisation processes
revealed that processing with the highest specific energy (pulse energy 0.124 mJ, scanning
speed 600 mm/s, and hatch spacing of 25 pm) resulted in the highest percentage of fibre-
exposed areas (about 93%). However, samples treated with a pulse energy 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 aligned with the 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). The narrow hatch spacing
resulted in a reduction in the amount of degraded non-removed matrix chips with no significant
effect on the CFs. Figure 5.9 illustrates the damaged CFs and the degraded, non-removed

matrix resulting from varying processing variables.

S

Figure 5.8. Low magnified digital microscopy images and their ImageJ corresponded colour adjusted images of
a) fully laser treated sample using E, = 0.124 mJ, Ssc = 600 mm/s, H = 25 pm, b) fully laser treated sample using
Ep=10.092 mJ, Ssc =800 mm/s, H=25 um, and c) partially treated samples using E, = 0.092 mJ, Ssc = 800 mm/s,
H=25pum.
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Figure 5.9. a) Low-magnification digital microscopy image of an as-received sample with arrows indicating the
positions of the broken CFs and the degraded non-removed matrix on laser-treated samples. b-f) Optical
microscopy images of samples treated using different processing parameters: b) E, = 0.124 mJ, v = 600 mm/s, H
=25 um, ¢) E; =0.092 mJ, v=600 mm/s, H =25 pm, d) E, = 0.124 mJ, v =600 mm/s, H =25 um, e) E; = 0.124
mJ, v=1000 mm/s, H =40 pm, f) E; = 0.056 mJ, v = 1000 mm/s, H = 40 um. Note that the optical microscopy
images may require to be unfocused to capture damaged fibres.

As the optimization process primarily aimed to increase the percentage of the removed matrix
while minimising damage to the CFs, processing with a pulse energy of 0.094 mJ, scanning
speed of 800 mm/s, and hatch spacing of 25 um achieved the removal of about 83% of the
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 applied to process the CFRP coupons for subsequent adhesive
bonding tests, Figure 5.10. Notably, variations in the processing parameters for the partial laser

technique revealed little to no differences in the percentage of fibre-exposed areas.
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Figure 5.10. Digital microscopy images captured at different magnifications (a and b) for a fully laser-treated
sample and (c and d) for a laser partially 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 damaged. See the
optical microscopy images in Figure 5.11 below.

Fragmented CFs

)

Figure 5.11. Optical microscopy images of a mechanically abraded CFRP sample with two different
magnifications showing CF breakage.
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5.5.2.2. Optical profilometry assessment

The optical profilometry evaluation of both laser-treated and non-treated CFRP samples
revealed notable topographical variations, as depicted in Figure 5.12. Specifically, the surface
of the non-treated sample, shown in Figure 5.12 (a), displayed non-flat features that closely
resembled the wavy nature of the underlying reinforcement (fibre tows). It predominantly
exhibited a pattern of crests and valleys with varying heights, though some regions of the
surface appeared relatively flat, indicating areas with a dense matrix resin content. Regarding
the optimised laser processing parameters, depicted in Figure 5.12 (b) and (c) for fully and
partially treated samples, respectively, visible differences were observed. However, the
irregular surface topography of the non-treated sample limited the depth of insights gained
from assessing laser-treated samples, regardless of whether masks were utilised. Figure 5.12
(d), (e), and (f) further underscored this limitation through the 3D images of laser fully treated
samples employing the same scanning speed and hatch spacing but varying pulse energies:
0.124, 0.092, and 0.056 mJ, respectively. The surface height differences seem mostly
noticeable with the highest pulse energy, indicating significant delamination of the matrix

above the original surface (peeled or separate from the surface but remained partially attached).

a) valley C)

61 pm '
-63 pm l

375

mm

Figure 5.12. 3D optical profilometric images of a) an as-received sample, b) and c) laser fully and partially treated
samples, respectively, using Ep = 0.092 mJ, v = 800 mm/s, H = 25 um. d), e), and f) laser fully treated sample
using the same v = 600 mm/s and H = 25 um but variable Ep = 0.124, 0.092, and 0.056 mJ, respectively.
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5.5.2.3 Cross-section assessment

Cross-section analysis of the non-treated and laser-treated samples was assessed using optical
microscopy and SEM. Figures 5.13 and 5.14 display images obtained from both techniques,
focusing on regions with rich matrix resin and those affected by laser treatment. Figure 5.13
(@) and (b) show two positions of the cross-section of a non-treated sample with rich matrix
zones. Figure 5.13 (c), (d), (e), and (f) represent optical microscopy images of the laser treated
sample. The ablation of the shallow matrix zone, Figure 5.13 (c), is evident. However, thicker
matrix resin zones appear degraded, peeled, and have lost their integrity with the fibres,
although they still remain, Figure 5.13 (c), (d), (e), and (f). The SEM images of the laser-
treated sample (Figure 5.14 b and c) reveal fragmented matrix particles. It is apparent that the
large cracks within these fragmented matrix particles have been filled with mould epoxy, which
means that they might be re-integrated with the composite when adhesive bonding is applied.
However, micro-cracks still exist. It is worth noting that adhesive bonding epoxies generally
have higher viscosity than other epoxies; see the properties of different epoxies provided in
Chapter 3/ Sections 3.3.2 and 3.3.3. Consequently, the presence of fragmented matrix
particles is expected to weaken the bonding strength by acting as contaminants, causing the

adhesive to bond to them rather than to the underlying fibres.
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Figure 5.13. Optical microscopy images of cross-section of a) and b) an as-received sample, c), d), e) and f) laser
treated sample. The orientations of the samples align with those depicted in the images.
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Figure 5.14. SEM image of a) an as-received sample, b) and c) laser treated sample. The tops of the samples are
positioned on the left side of the images.

5.5.2.4 Wettability assessment

For this experiment, achieving a reliable comparison of water contact angles among the
different processed samples, particularly laser-treated ones, proved challenging. In the case of
the non-treated CFRP material, the average contact angles using water and diiodomethane were
found to be 57° and 48°, respectively. However, the water contact angles varied widely for the
laser-treated samples, ranging between 12° and 70°. This variability was primarily attributed
to the presence of large surface variations. The degraded matrix particles constrained the spread
of the droplets, resulting in non-circular droplet/sample interfaces. Consequently, the contact
angle value was highly dependent on the direction of view of the drop, as illustrated in the
photos in Figure 5.15. Therefore, it was concluded that obtaining meaningful contact angle
values proved to be extremely difficult due to the significant size of the surface heterogeneities
[306].

/ .

Direction of view

p— .

Figure 5.15. A mobile phone photo of a water droplet with two side-view images, captured through the
goniometer (contact angle measuring equipment), showing significant variations in droplet shapes and CAs
depending on the direction of view.
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5.5.2.5 Mechanical test of adhesively bonded coupons

The bar chart in Figure 5.16 illustrates the averages and SDs of the failure strength of the five
repeated samples tested across all treatment conditions. The strength was determined by
dividing the failure load by the bonded area (25 mm x 12.5 mm). Notably, the laser partially
treated samples (masking technique) demonstrate the highest average failure strength, reaching
approximately 21 MPa, with the narrowest range of variation. Conversely, the laser fully
surface-treated samples exhibit an average failure strength of around 19 MPa, representing a
10% decrease compared to the partially laser-treated samples. However, their range of variation
is notably high, likely attributable to the degraded, non-removed matrix particles believed to
act as contaminants. The failure strength for mechanically abraded samples was about 17.3

MPa, and for non-treated samples, it was 13.6 MPa.

10

Bonding strength (MPa)

as received mechanical laser fully laser textured
abraded textured with mask

Figure 5.16. The average failure strength and SD across the different treatment conditions.

Figure 5.17 represents the failure modes of different fractured samples. The non-treated
samples exhibited 100% Adhesion Failure (AF), occurring at the interface between the bonding
adhesive and one of the two coupon surfaces. Mechanically abraded samples also primarily
displayed AF failure but with visible broken CF particles within the adhesive layer. These CF
particles, chopped during the sanding process, led to a combination of AF and Light Fibre Tear
Failure (LFTF). In the laser-treated samples using both techniques, torn fibres were observed,
with CFs torn from one coupon and bonded to the adhesive on the other coupon, which
indicates LFTF. For laser fully treated samples, degraded or weakened matrix particles were

also observed, splattered from one coupon, and adhered to the bonding adhesive on the other
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coupon, suggesting a mix of LFTF and Near Surface Substrate Failure (NSSF). Conversely,
partial laser treated samples showed a combination of LFTF and AF, with lasered regions

exhibiting LFTF and non-lasered regions showing AF.

Figure 5.17. Failure modes observed in a) as-received, b) sandpaper-treated, c) fully laser-scanned, and d) laser-
treated with mask CFRP samples.

For both laser treatment techniques, the observations mentioned earlier based on failure modes
were further verified through fracture analyses of the cross-sections of the failed coupons, as
depicted in Figure 5.18. The SEM images in Figure 5.18 (a and b), corresponding to the fully
laser-treated sample, reveal that thick matrix resin zones, which lost their integrity with the
fibres due to laser irradiation, were torn and remained bonded to the adhesive bonding layer.
This suggests that the failure at these regions occurred at the interface between the CFs and the

outer layer matrix.

It is believed that the CFs/matrix interface was weakened by the laser treatment. The torn
matrix layer is estimated to range between 30-50 um and was distinguished from the bonding
adhesive layer by conducting elemental analysis (Figure 5.19), which revealed the presence of
aluminium powder within the adhesive. According to literature, metal powder is added to
structural adhesives to improve their mechanical or thermal properties [307]. For the partially
laser-treated coupon, Figure 5.18 (c and d), no torn matrix was observed. Instead, the fracture
analyses revealed a combination of torn fibre (LFTF) and AF, (matrix/adhesive interface

failure).
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Figure 5.18. Fracture analysis clarifies the different failure modes associated with two laser processing
techniques: a) and b) laser fully treated coupon, ¢) and d) laser partially treated coupon.
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Figure 5.19. Elemental analysis reveals the presence of aluminium powder within the adhesive bonding.

For a deeper insight into the various failure modes observed in this study, considering the
adhesive joint as a chain, failure occurs at its weakest link. The schematic diagram in Figure
5.20 below illustrates the different failure modes based on this concept. It is important to note

that the failure modes in this study were mixed, as previously stated.
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Figure 5.20. Schematic diagram illustrates the different failure modes experienced in the current study.

Comparing the two laser techniques, the mechanisms behind the higher failure loads in partially
treated samples suggest that the unaffected matrix regions contribute to the bonding strength
in two ways: first, they bear part of the load, and second, they add macro-mechanical key
interlocking. In contrast, for fully laser-scanned samples, the degraded, peeled-off matrix
fragments are believed to bear no load and instead cause concentrated stresses that reduce
bonding strength and lead to less repeatable outcomes. The schematic in Figure 5.21 illustrates
this.

bonding adhesive ™ matrix resin = peeled off matrix resin

Partial laser scanning Fully laser scanning

o~ -t
Exposed CFs 83% of
which broken fibres

J

Broken fibres result
from laser scanning
along their orientation

Exposed
CFs 58%

Non affected

regions 42% fragmented, peeled-off

matrix 17%

—

==

Non-affected regions contribute to Affected, non-removed matrix ﬂ
bonding strength and facilitate fragments bear no load and can lead
macro-mechanical key locking to concentrated stresses

Figure 5.21. Schematic illustration explaining why partially scanned samples exhibit higher strength than fully
laser-scanned samples.
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5.6 Conclusions

The effectiveness of NIR laser processing on CFRPs is highly contingent upon the
thickness of the outer layer matrix, which refers to the distance from the fibres to the
surface. In woven reinforced CFRPs, especially those featuring thick fibre tows as
examined in the current study, with fibre tow thicknesses around 200 um, the outer
layer matrix exhibits significant variation. This outer matrix layer thickness can range
from a few micrometres at the mid of the warp up to 200 um near the warp/weft
intersections.

It was concluded that the ablation of regions rich in matrix resin by exposing them to
NIR laser presents challenges. Since most of the light is transmitted through the matrix
to the underlying CFs, regardless of matrix thickness due to the high transmittance of
the matrix to NIR, there is a risk of degrading such rich matrix zones or weakening their
integrity with the fibres without effectively removing them. Accordingly, such
degraded matrix zones might act as surface contaminants. Utilising high laser
intensities, such as higher pulse energy, may increase the percentage of matrix removal.
However, it can also lead to the breakage of load-carrying CFs. Therefore, optimising
the laser parameters to balance matrix removal with CF preservation is crucial in
achieving strong adhesive bonding.

Laser processing with a mask was observed to prevent the degradation of matrix-rich
regions and enhance bonding strength by an additional 10% compared to the fully laser
treatment technique. This highlights that exposing 58% of the carbon fibres without
affecting the remaining 42% is more advantageous than exposing 83% of the fibres
while compromising the integrity of the fibre/matrix interface in the remaining 17%.
Mechanical abrasion with sandpaper resulted in approximately 25% improvement in
bonding strength compared to the as-received samples. The observed failure mode was
a mixture of mainly AF and, to a lesser extent, LFTF. The abrasion process caused
breakage of CFs. Consequently, broken fibre segments were observed mixed with the
adhesive bonding. In fact, during mechanical abrasion, due to the breakage of the
carbon fibres at the surface, the latter lost its main feature as the load-carrying

constituent of the CFRP composite.
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CHAPTER 6: Laser Surface Processing of UD Reinforced
CFRP Composites to Improve Adhesive Bonding Using NIR ns

Pulsed Fibre Laser.

6.1. Introduction

The previous study on the processing of woven reinforced CFRPs (Chapter 5) revealed that
due to the high inhomogeneity of the laser-processed material, it was challenging to fully
understand the effects of the different laser processing variables on the resultant responses. UD
CFs CFRPs are less inhomogeneous, allowing for a better understanding of the effects of these
laser processing variables. Accordingly, in this chapter, a UD CFs CFRP material was utilised
to be investigated for surface treatment with laser. The influences of various laser processing
variables on different responses, including matrix removal and adhesive bonding strength, were
examined through separate experiments. The laser equipment used in these studies was the SPI
ns pulsed fibre laser, detailed in Chapter 3/ Section 3.2.1.

It is well-documented in the literature that concentrated shear and/or peel stresses can cause
bond failure before the theoretical maximum joint strength is reached (Banea, 2019). Low
modulus adhesives typically have lower strengths, but their ability to distribute stresses
uniformly along the overlap and deform plastically can result in a much higher joint strength
compared to high modulus adhesives (da Silva et al., 2006). To further understand the effect
of the adhesive bonding ductility on the bonding strength of single lap joints, two adhesives
were utilised for the bonding strength tests and a simulation study using SolidWorks was

conducted to compare the two adhesives.

6.2. Objectives

e Studying and understanding the potential effect of heat accumulated within the
material during laser scanning on adjacent scans.

e Studying the influences of laser processing parameters, particularly the pulse energy
and pulse length, on the ablation of the matrix, the surface wettability, and the
bonding strength.

e Studying the effect of the adhesive modulus of elasticity on the bonding strength.
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6.3. Experimental design and workflow

This chapter encompasses four distinct studies: three experimental and one modelling. The first
two experiments are single-phase, while the third includes multiple phases. The flowchart in
Figure 6.1 provides a simplified overview of the experimental design and stages for these
investigations. The foundation for these studies was built on knowledge acquired from the
literature and our previous work. Before delving into the four studies, a detailed presentation

of the CFRP used in this chapter, including cross-section assessments, is provided.

Previous acquired
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Figure 6.1. Flowchart simplifies the experimental design, steps, and phases.
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6.4. CFRP material and laser equipment

CFRP laminates, with a thickness of 1.43 + 0.02 mm, were produced at Reverie Ltd. (UK)
using an autoclave process. These laminates comprised five layers of unidirectional (UD)
prepreg (SHD MTC510-UD300-T700-33-35%, 300 mm wide) arranged in alternating
orientations (0°/90°/0°/90°/0°). The datasheet (Appendix A) specifies that the prepreg material
possesses a tensile strength of 2300 MPa and a modulus of 119 GPa in the fibre direction, with
an interlaminar shear strength of 84 MPa. Destructive tensile tests conducted in-house on the
CFRP panels revealed an average tensile strength of 1500 MPa parallel to the direction of the
surface CFs. This indicates that a 25 mm wide sample would require a load of approximately
56 kN to fail, which is 5-6 times higher than the anticipated adhesive failure loads. The SPI ns
pulsed NIR fibre laser, detailed in Chapter 3, was employed for the experimental works
involving laser processing in this chapter.

6.4.1 Cross-section assessment of the CFRP material

Similar to the experiment in Chapter 5, cross-sections were prepared for an as-received sample
by embedding it in mould epoxy and polishing it. This process aimed to examine the distance
from the surface to the fibres. Details of the moulding and polishing procedures can be found
in Chapter 3/ Section 3.4. The polished cross-sections were then analysed using optical
microscopy and SEM (Inspect S model, ThermoFisher), employing both backscatter and

secondary electron imaging at various magnifications.

SEM and optical microscopy assessments of cross-sections of an as-received CFRP sample
revealed variations in the thickness of the outermost epoxy matrix layer (distance from the
surface to the fibres). The thickness ranged from approximately 1 to 25 um, with an average
of about 10 um, as shown in Figures 6.2 and 6.3. This non-uniformity in fibre distribution

varied from one position to another.
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Figure 6.2. (a) and (b) SEM images at two magnifications showing the cross-section of an as-received UD CFs
CFRP sample, illustrating the distance from the surface to the fibres (adapted from Figure 4.11).

Figure 6.3. Optical microscopy images with different magnification of the cross-section of an as-received UD
CFs CFRP sample.

In addition to the as-received sample, the same process was applied to laser-processed samples
and samples that had failed after bonding and destructive testing. The third experiment details

these latter analyses.
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6.5. First study: Investigating the effect of heat accumulated during laser

processing.

6.5.1. Methods (First study)

Previous experiments (Chapter 5) revealed uncontrollable CF damage when the laser scanning
was aligned with the direction of the fibres. This was believed to be due to heat accumulation
within the fibres. The short period and distance between two consecutive pulses can lead to
high temperatures [308], which might result in fibre breakage due to melting or thermal
expansion. The PRF used in those experiments was 25 kHz, and the scanning speed (v) was
around 1 m/s, resulting in a period of 0.04 ms and a distance of 40 um between consecutive
pulses. Using lower pulse energies reduced the observed fibre damage but also led to matrix

degradation without its removal.

To address this, subsequent experiments avoided laser scanning in the direction of fibre
orientation. However, it was unclear whether there would be any effect from the heat
accumulated in the fibres when the scanning is perpendicular to the fibre orientation. Therefore,
this investigation was conducted. The experimental setup aimed to compare samples processed
using the same pulse energy, pulse length, and different overall processing times to assess the
impact of the period between adjacent marks (the scanned lines where the laser is on) on the
processing. Three sets, each consisting of two samples, were laser scanned. Within each set,
the same pulse length, pulse energy, and hatch spacing were applied. The processed areas were
10 mm x 10 mm for each sample, with each set's samples processed on a single, closely
positioned piece of CFRP to minimise material inhomogeneity effects. The PRF and the
scanning speed (v) were varied, but the ratio of PRF/v was fixed within each set so that the
distances between consecutive and adjacent pulses remained constant while the periods were
varied. Table 6.1 presents the processing variables for the three sets.
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Table 6.1. The laser processing variables for the three experimental sets concern studying the effect of heat
accumulated within the fibre.

Set () Epuise (v) PRF Pulse spacing  (H) Energy /unit area Period (5t)
(ns) (mJ) (mm/s) (kHz) (um) (um) (I/mm?) (ms)
L 200 0.09 80 2 40 50 0.045 125.5
200 0.09 1000 25 40 50 0.045 10.5
) 30 0.08 800 25 32 50 0.05 13
30 0.08 4000 125 32 50 0.05 3
9 0.029 5000 250 20 50 0.029 25
: 9 0.029 10000 500 20 50 0.029 15

The "period" represents the time the scanner takes between any two points at two adjacent
marks. The scheme in Figure 6.4 illustrates the scanning pattern for the laser processing
experiments conducted within this chapter including this experiment. The jump speed is fixed

at 20 m/s. The samples from each set were then compared using optical microscopy.

UD CFs CFRP
Mark (laser on)

/ Jump (laser off)

Laser pulses

Pulse spacing

Figure 6.4. lllustration of the scanning pattern, the mark, and the jump, the distance between points a and 4 is
equal to H, while the time the scanner takes to move from a to & is equal to &t.

6.5.2. Results (First study)
Figure 6.5 shows three sets of optical microscopy images. In each set, two samples processed
using the same pulse energy and pulse length are presented. The scanning speed and PRF were

varied, but the ratio of their values was fixed within each experimental set. For all three

experimental sets, the optical microscopy images revealed almost no variations between the
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two samples within any of the experimental sets, except for some differences believed to be

due to sample inhomogeneity. Noting that the processing variables are depicted on each image.
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Figure 6.5. Optical microscopy images of samples processed using different processing variables, marked on
them, each set of 2 processed with the same pulse length and energy and the same ratio of PRF to the scanning

speed (V).

Heat accumulation between subsequent laser pulses leads to an increase in the resulting

temperature if the interval between the pulses is too short for the material to completely cool

back to its initial temperature [308]. When a laser pulse moves away from a specific spot, the

resin at that spot starts to cool down until the subsequent pulse in the neighbouring scanning

path reheats the area [309]. Consequently, the scanning frequency (1/8t) has a direct impact on

the resin vaporization effect, which must be considered. The cooling time of the fibre is in the

order of a few hundred nanoseconds [308, 310]. However, for the resin to cool down, it takes

Chapter 6-109



about 1 ms [311]. This is because the thermal conductivity of CFs is many times (10s-100s)
higher than that of the resin. Note that CFs T700 have a thermal conductivity of 9.4 W/m.K
[309], whereas for the epoxy resin matrices, it is typically around 0.2 W/m.K [312, 313].

In the current investigation, the theoretical shortest time interval between consecutive scans
(6t) was 1.5 ms (sample in Figure 6.5 (f)), which was compared with a sample with a time
interval (6t) of 2.5 ms (Figure 6.5 (€)). This interval was somewhat higher than the cooling
time reported in the literature [311]; consequently, no significant variation was observed. It is
important to note that the theoretical time interval (8t) is shorter than the actual one due to

scanner delays caused by acceleration and deceleration of the scanner equipment.

It is also worth noting that variation in the matrix removal within a single sample was observed,

which resulted from the material inhomogeneity (see Figure 6.6).

Figure 6.6. Two highly magnified optical microscopic images were taken at different positions of a single sample
treated with 25 kHz, 0.09 mJ, 200 ns, and 1000 mm/s.

6.6. Second study: Understanding the pulse length and energy effects on the
CFRP matrix ablation.

6.6.1. Methods (Second study)

In this investigation, laser surface processing of CFRP was conducted using two different pulse
lengths (30 and 200 ns) and five different pulse energies (30, 41, 52, 65, 78 wJ). The aim was
to compare the ablated area and depth of the matrix resin. Separated dimples were created by
utilising a relatively high scanning speed (2000 mm/s) compared to the PRF (25 kHz) and a
large hatch spacing (100 um). The processing involved creating lines of separated dimples,

each with a specific combination of pulse energy and length. The 10 lines of dimples were
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processed on a single CFRP sample and placed close to each other to reduce the effect of

material inhomogeneity.

Optical microscopy images were employed to assess the dimples resulting from each set of the
processing variables (single pulse exposed area). The ImageJ software's thresholding tool
facilitated the measurement of the average dimple area based on optical microscopy images,
with 25 dimples analysed for each processing variable (Figure 6.7). Additionally, optical
profilometry was employed to assess the depth of the dimples. Furthermore, (SEM) was
employed to deepen the understanding of the ablation mechanisms associated with different
pulse variables. For the latter, alongside the primary samples, an additional sample was laser

processed using both pulse lengths, but only the highest pulse energy (78 pJ) was employed.

*.Hma' .l

Figure 6.7. Clarification of the colour thresholding process using ImageJ to measure the dimple area.

6.6.2. Results (Second study)

The optical microscopy in Figure 6.8, which represents two microscopic images, shows ten
lines of separated dimples. Each line of separated dimples was processed using a specific pulse
energy (Ep) and pulse length (t), marked on the side and top of the images. It is obvious that
with a 30 ns pulse length, the dimples are larger than those with 200 ns. Moreover, higher pulse

energy results in larger dimples.
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Figure 6.8. Lines of separated dimples with five different pulse energies processed with a) 30 ns, b) 200 ns.

The plots in Figure 6.9 represent the average dimple areas that were estimated using ImagelJ.
It appears that the dimple area increased linearly with pulse energy. For the same pulse energy,
the average dimple areas created using a 30 ns pulse length are almost double those created
using a 200 ns pulse length. With the highest pulse energy, the dimples created using 200 ns
pulses are nearly half the laser spot area (Ao). Notably, only degraded (cracked) regions were
observed at some processed positions of the sample instead of dimples. This is believed to be
due to the high thickness of the outer layer matrix resin at these positions. This phenomenon
mostly occurred with the 200 ns pulse length and increased with lower pulse energy, which is
logical as the evaporation starts near the fibre-matrix interface, see the SEM images Figure
6.10. Figure 6.11 shows SEM images of two samples, both processed using 0.078 mJ but with
two different pulse lengths (30 ns and 200 ns).

3500 A= laser spot area 30 ns 200 1s

3000
2500 /__H
2 I

0.03 0.041 0.052 0.065 0.078
E pulse (m])

Figure 6.9. The average dimple areas that were created with different pulse energy and pulse length.
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Figure 6.10. SEM images of CFRP samples processed with a) 30 ns and b) 200 ns. For both images, the pulse
energy in each line of dimples is as follows: 0.078, 0.065, 0.052, 0.041, 0.03 mJ from top to bottom.

matrix between

matrix between the | . ¥  the CFsseems to
CFsis obvious s be evaporated

Figure 6.11. SEM images of CFRP samples processed using a), ¢), and e) 30 ns, and b), d), and f) 200 ns. For all
images, the pulse energy is 0.078 mJ.
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The variations in dimple size between 30 and 200 ns pulses can be attributed to the high thermal
conductivity of the CFs, where the cooling time of fibres is in the range of a few 100s ns. In
addition to the variation in dimple sizes, another noticeable difference between the two pulse
lengths is that the dimple edges created with 30 ns pulses appear sharper compared to those
created with 200 ns pulses. Furthermore, with 200 ns pulses, the matrix between the CFs seems
to be evaporated. It seems that the ablation mechanism itself is different. The widely accepted
theory among previous researchers regarding the ablation mechanism of the CFRP matrix when
using a ns pulsed NIR laser is that the CFs absorb most of the light, where the matrix is mostly
transparent to the NIR laser. The laser-induced heating of the fibres leads to partial evaporation
of the matrix at the matrix/fibre interface, creating an unintended recoil pressure that blows
away portions of the matrix [27, 191]. According to this theory, there are two consecutive
phenomena: first, the partial evaporation, and second, the creation of unintended recoil
pressure, which causes the spalling and blowing away of the matrix. Longer pulse lengths
probably result in a higher amount of heating and evaporation of the matrix compared to shorter
pulses, either preceding or following the ablation process, thereby softening the sharpness of
the edges. Furthermore, with a 200 ns pulse duration, the sizing layer of carbon fibres appeared
to be affected. This suggests that partial evaporation of the sizing may have occurred, leading
to the visibility of fibre wrinkles, see Figure 6.11 (f). This effect occurred even with the lowest

pulse energy, as shown in Figure 6.12.

~ partial evaporation of

the sizing layer and |
the appearance of the
CFs wrinkles

spot pressure HFW mag 3 WD curr HV 40 pm

Do BSsure ‘ y ;
A~ 13,0 | 1.69e-Smbar | 138 ym | 1500 x | 10.0 mm | 16 nA | 10.00 kV WMG

Figure 6.12. SEM images of CFRP samples processed using pulse length of 200 ns and pulse energy of 0.03 mJ.

The sizing layer, a thin coating approximately 100 nm thick, is applied to the CFs during the
final production stage to cover the surface-folded wrinkles that form during the production
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processes and protect the fibre during handling. It is unclear why degradation of the sizing layer
occurs when processing with 200 ns pulses. In comparison, no degradation was observed to the
sizing layer with 30 ns pulses, despite the latter likely resulting in higher fibre temperatures.
The literature lacks detailed information about the optical and thermal properties of sizing
agents. Commercially, sizing agents are complex mixtures with confidential formulations
applied to CF surfaces [314]. Studies have shown that sizing agents begin to degrade at
temperatures above 500°C, with the extent of degradation being a function of exposure time
[315], noting that the boiling point of the carbon fibres is approximately 3300°C, whereas the
degradation point of the resin matrix is approximately 400°C [311]. In fact, the ablation
mechanism with the 200 ns pulse laser appears to be more influenced by chipping and thermal
contraction of the matrix's outer layer, rather than spalling, due to the longer laser interaction
time. This extended interaction increases the temperature of the matrix and may reduce its
brittleness. While this observation might seem to contradict findings from several researchers
who stated that thermosetting materials cannot melt, reshaped, or soften upon heating [316-
318], the latest results from CO: laser processing (Chapter 7, Section 7.5) provide supporting
evidence. These results demonstrate the formation of bubbles around laser-affected fibres,
suggesting that the thermosetting matrix can undergo reshaping upon heating under specific
conditions. The plots in Figure 6.13 represent the pulse instantaneous power versus time for
the two pulse lengths with the same pulse energy. These plots were created based on the pulse
amplitude profile obtained from the SPI laser manual. The area under each of the two curves,
which are equal, represents the pulse energy for the specified pulse length. Notably, the actual
pulse lengths are slightly longer than stated in the manual. It is also evident from the plots that
the pulse power for the 30 ns pulse length is more consistent over time compared to the 200 ns
pulse length. The latter shows a significant portion, approximately half, of the energy is likely
dissipated at low power, which might not contribute to the ablation process. This may explain
several phenomena observed in this study, including the smaller dimples associated with the
200 ns pulse compared to those created with shorter pulses, the softening of the sharp edges,
and the degradation of the sizing layer.
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Figure 6.13. The pulse instantaneous power versus time of the 30 and 200 ns pulse lengths was created based on
the pulse amplitude profile obtained from the SPI laser manual.

Regarding the depth of the dimples, the optical profilometry assessment shows that the depth
is mainly limited by the underlying carbon fibres. However, 200 ns pulses created narrower
but deeper dimples. Figure 6.14 presents 3D profilometric images with profiles of two dimples
created with a pulse energy of 0.078 mJ and two different pulse lengths, 30 ns and 200 ns. The
base of dimples created using 30 ns pulses appears flatter compared to those created with 200
ns pulses, which seem highly irregular. In line with SEM assessment, it appears that with 200
ns pulses, the matrix between the fibres has been evaporated, creating narrow cavities.

Moreover, from Figure 6.14 (b), it seems that with 200 ns pulses, a larger area around the

5.49261 um l‘
-12.6544 um I

0.09

dimple consists of cracked, non-removed matrix that has certainly lost its integrity.

1.54453 um

-9.04549 um

0.06

23.65

2 A A

2 >

0 o B B
2 l N | 2
pm 4 pm -4
6 6
8 -8
0

0 20 40 60 80 100 120 0 20 40 60 80 100 120

pm pm

Chapter 6-116



Figure 6.14. 3D profilometric images with profiles of two dimples created with a pulse energy of 0.078 mJ and
two different pulse lengths a) 30 ns and b) 200 ns.

It was challenging to quantitatively compare the depth among the different pulse lengths or
energies. Figure 6.15 displays optical profilometric images depicting dimples created with
various pulse lengths and energies. Notably, it appears that even at the lowest energy setting,
200 ns pulses result in deeper dimples than 30 ns pulses. This observation suggests that the

pulse length has a more significant impact on dimple depth compared to the energy level.

Chapter 6-117



10
0
-10
=
3
-20
-30
-40
o —_— -44
0.0 02 0.4 06 08 1.0 0.2 0.4 06 0.8 1.0 1213
mm mm
10 10
0 0
um-10 pm -10
-20 -20
30 a 30 f
-40 -40
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 08 1
mm mm
10 10
0 0
-10 ’ v
-10
"™ 20 e
-30 b 30 g
-40 40
0 02 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
mm mm
100 ”
-10 pm 0
pm -10
-20 oo b
-30 c 30
-40 0 0.2 04 06 0.8 1
0 0.2 0.4 0.6 0.8 1
mm
10 10
0 0
wm g0 pm -10
-20
-20
d - i
p .
0 0.2 04 0.6 0.8 1
mm 0 0.2 04 = 06 0.8 1
10 10
0 0
m
T m -10
um
=20 e -20
-30 -30 j
0 0.2 04 0.6 0.8 1 40
mm 0 0.2 04 = 06 0.8 1

Figure 6.15. Optical profilometric images illustrating dimples and their profiles created with 30 ns (left) and 200
ns pulse length (right). Each profile is labelled with a letter representing each line of pulses, and the latter has
specific pulse energy (0.078, 0.065, 0.052, 0.041, 0.03 mJ) from left to right.
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6.7. Third study: Understanding the effects of pulse length on wettability

and adhesive bonding.

6.7.1. Methods (Third study)

In this study, laser surface processing involving various pulse lengths and pulse energies was
compared in terms of wettability and bonding strength. The experiment consisted of multiple
stages. Initially, separate dimples were created using three different pulse lengths (30, 80, and
200 ns) and two pulse energies (0.052 and 0.078 mJ). The average length and width of dimples
created by each processing variable set were measured using ImageJ. Subsequently, hatch
spacings and scanning speeds were determined for fully exposing the fibres. With these values,
a factorial experiment was conducted. Wettability was assessed by measuring the WCAs. It
was not feasible to determine the SFE accurately due to the absorptive nature of the laser-
processed surfaces and the continuous reduction in contact angles. Therefore, the WCAS
measured under different processing variables were compared instead. The processing
variables that achieved the best wettability and effective matrix removal for each pulse length
were selected for adhesive bonding tests. Optical microscopy, profilometry, and SEM were
utilised to analyse the samples. Details of all experimental stages related to understanding the
effects of pulse length are provided below. Note that outcomes of some experimental stages

are presented in subsequent sections as they are utilised in later stages of the experiment.

6.7.1.1. Creation of separated dimples and measurements of the dimple's average
lengths and widths.

Separated dimples were created using a high scanning speed (2000 mm/s) relative to the PRF
(25 kHz) and a large hatch spacing (100 pum). Three pulse lengths (30, 80, and 200 ns) and two
pulse energies (0.052 and 0.078 mJ) were investigated. The processing variables are detailed
in Table 6.2 below. The created dimples were irregular elongated shapes featuring greater
depth towards the fibre orientation. The average length and width of 25 dimples created with
each processing variable set were measured using Imagel. This was based on optical
profilometry (Bruker) 2D images for each sample. Optical microscopy images of the samples

and one profilometric image for illustration are shown in Figure 6.16.
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Table 6.2. The laser processing variable for dimple creation

() Ep (v) PRF  Hatch (H)
(ns) (mJ) (mm/s) (kHz) (nm)
30 0.052 2000 25 100
30 0.078 2000 25 100
80 0.052 2000 25 100
80 0.078 2000 25 100
200 0.052 2000 25 100
200 0.078 2000 25 100
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Figure 6.16. The left image is an optical profilometric image illustrating the method used for estimating the
dimple length and width. The other six images are optical microscopy images of the samples treated with different
pulse lengths and energies, with the specific pulse length and energy marked on each microscopic image.

6.7.1.2. Estimation of the hatch spacings and scanning speeds to be utilised for laser processing
to fully expose the CFs for wettability assessment.

A factorial experiment was conducted to determine the best surface wettability for each of three
pulse lengths (30, 80, and 200 ns) among different other processing variables. For each set of
(pulse length and pulse energy), three hatch spacings were examined based on the measured
average dimple lengths along with values 20% lower and 20% greater. The scanning speeds
were calculated based on the average width of the dimples (scanning speed = dimple width x
PRF). PRF was fixed at 25 kHz for all processing sets. The full experimental runs are depicted
in Table 6.3 below. The 18 experimental runs were conducted using two CFRP coupons, each
measuring 75 mm x 25 mm. Each coupon contained nine samples; each measuring 7 mm x 20

mm. Figure 6.17 shows a macro photo of a CFRP coupon with the first nine samples.
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Figure 6.17. Macro photo of a CFRP coupon with the first nine samples.

Table 6.3. The laser processing variable for the different experimental runs.

Sample T Ep Y% H Pulse spacing Energy/ unit area
(#) (ns) (mJ) (mm/s) (Hm) (Hm) (/mm?)
1 30 0.078 925 65 37 0.032
2 30 0.078 925 78 37 0.027
3 30 0.078 925 52 37 0.041
4 30 0.052 825 56 33 0.028
5 30 0.052 825 67 33 0.024
6 30 0.052 825 45 33 0.035
7 80 0.078 925 61 37 0.035
8 80 0.078 925 73 37 0.029
9 80 0.078 925 49 37 0.043
10 80 0.052 825 49 33 0.032
11 80 0.052 825 59 33 0.027
12 80 0.052 825 39 33 0.040
13 200 0.078 850 44 34 0.052
14 200 0.078 850 53 34 0.043
15 200 0.078 850 35 34 0.066
16 200 0.052 725 40 29 0.045
17 200 0.052 725 48 29 0.037
18 200 0.052 725 32 29 0.056

6.7.1.3. Surface wettability

Surface wettability was assessed by measuring the WCAs using the goniometer and sessile
droplet method detailed in Chapter 3/ Section 3.2.4. Three repeated measurements were
performed for each of the 18 laser-processed samples. The assessments were conducted at 2,
5, and 10 days after the laser processing. Prior to each assessment, the samples were cleaned
as described in Chapter 3/ Section 3.6. The droplet size was 1.5 mm in diameter. For all laser-

treated samples, the CAs were continuously decreased over time due to the liquid infiltrating
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the pores of the laser-processed samples. Consequently, the goniometer was set up to capture
200 frames (100 at 0.016 s intervals and 100 at 2 s intervals). Where the CAs decreased by
approximately over 20 degrees within 200 seconds. The averages of the three measurements
for each sample, which varied by up to 10°, were obtained. The reduction in CAs over time
was almost linear, with some fluctuation within the first 25 seconds. Figure 6.18 shows the
CA versus time behaviour of two samples, illustrating each of the three WCA measurements
and their averages as examples. Figure 6.19 presents photos extracted from a video recording
of sample (3), showing the reduction in water droplet size and contact angle (CA) over time.
For some samples, the WCA measurements were disrupted when their values dropped below
15 degrees due to fluffy fibres or loose matrix particles. Consequently, some of the data was
refined. For non-treated samples, the wettability assessment was conducted using 25
measurements conducted on three samples, each 20 mm x 20 mm, with both faces of the
samples tested to assess the inhomogeneity within the material. For these measurements, the
goniometer was set up to capture 200 frames at 0.016-second intervals, with the CA stabilising

within the first second.
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Figure 6.18. The three WCA measurements and their averages for two samples as examples.
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Figure 6.19. Photos extracted from a video record show the absorption of a water droplet with time.
6.7.1.4 Investigating the adhesive bonding strength

Bonding strength was investigated under three different surface conditions using variable laser
processing parameters, particularly three different pulse lengths. The processing variables that
achieved the best compromise of wettability and matrix removal for each of the three pulse
lengths among the 18 tested samples were selected for adhesive bonding tests. The samples
numbers that were implemented in the test and their corresponding processing variables are
shown in Table 6.4. SEM was used to assess matrix removal, with specific samples processed
specifically for SEM analysis. Each sample measured 3 mm x 3 mm, and all samples were

processed on a single piece of CFRP material.

Table 6.4. The laser processing variables utilised for the adhesive bonding tests. The sample numbers are initials
from the previous optimisation step.

T Ep v H WCA
(ns) (mJ) (mm/s) (um)  (degrees)
30 0.078 925 52 21

80 0.078 925 49 13
200  0.078 850 35 0

The three sets of laser variables were compared in terms of adhesive bonding strength, with
non-treated samples serving as a reference. Three repeated samples were tested for each surface

Chapter 6-123



condition. Bonding strength tests were performed using two different adhesives: Loctite EA
9394 AERO Epoxy and Araldite 420. Two investigations were conducted for the Loctite
adhesive: oven curing and ambient condition curing. For the Araldite adhesive, only ambient
condition curing was investigated. Notably, both adhesives are two-part paste adhesives, but
Araldite 420 has different properties, particularly a lower modulus of elasticity compared to
Loctite EA 9394, which is believed to influence bonding strength significantly. Moreover,
Araldite 420's lower viscosity is thought to better penetrate the porous laser-treated surfaces.
Curing was performed according to their data sheets. Loctite was cured in an oven at 66°C for
1 hour or at room temperature (23°C) for 5 days. Araldite adhesive was cured for 14 days at
room temperature, though this process can be accelerated in an oven at 120°C for 1 hour. The
full specifications of the two bonding adhesives are available in Chapter 3/ Section 3.3.2. The
overlaps of the joined coupons, designed to be 12.5 mm, were measured after curing using a
digital vernier calliper and were within £0.25 mm of the designed overlap, which was
considered acceptable. Figure 6.20 shows the laser-treated regions of the coupons using
different laser processing variables, the bonding jig, and the samples after curing and ready for
the SLS test.

a)

Figure 6.20. (a), (b), and (c) show the laser-treated regions of the coupons with different laser processing sets
specified respectively according to the pulse lengths used: 30 ns, 80 ns, and 200 ns; (d) depicts the bonding jig;
and (e) presents the samples after curing, ready for the SLS test.
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6.7.2. Results (Third study)

As stated in the experimental section, the plan at first was to measure the contact angles (CASs)
for water and diiodomethane (polar and non-polar liquids) to determine the SFE. However, the
literature review highlighted that the wetting behaviour on porous substrates is notably
influenced by the absorption of liquids into the fibre mat of fibre-reinforced composites [319-
322]. Measuring a real contact angle on absorbing substrates is feasible only if the liquid
absorption does not significantly decrease the drop volume. When the liquid absorption is
substantial, it increasingly affects the resulting contact angle value. Additionally, there is no
universally established procedure for determining the time point after drop deposition when
the real CA should be measured for absorbing substrates [319]. Therefore, instead of comparing
the SFE, the WCAs of the different samples at 25 seconds after droplet deposition were
compared. At this time point, the reduction in contact angle was almost linearly stable for all
samples, except for samples 12, 15, and 18, which showed CAs of less than 10° within the first
second of droplet deposition and were considered as 0°. Figure 6.21 represents the average
WCA vs time for the 18 samples that were processed using different processing variables, as
depicted in Table 6.5. Samples processed with 200 ns and 80 ns pulse lengths generally show
lower contact angles than those processed with 30 ns. Furthermore, the hatch spacing has a

significant effect on the contact angle, narrower hatch spacing results in lower contact angles.

50

= =asamplel
sample2
sample3
sample4
-+« 4sample5
——sample6
—tsample7
=== @sampled
= —4sample9
== samplel0
= esamplel 1
—a&samplel2
—> samplel3
samplel4
—tsamplel5
samplel6

0 50 100 150 200 samplel7
Time (s) samplel8

WCA (degrees)

Figure 6.21. The average WCA vs time for the 18 samples which processed using different laser variables. For
details on the laser processing variables for the different samples, see Table 6.3.
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The WCA ranged between 78° and 99° for the as-received CFRP material, with an average of
approximately 91°. The significant differences in wettability observed between the two faces
of the composite laminate (tool side and bag side) suggest potential variations in surface finish
resulting from the CFRP material's manufacturing processes.

Table 6.5. The laser processing variables and the resultant WCAs at 25s after droplet deposition.

Sample T Ep % H Pulse spacing Energy/ unit area WCA,e at 255
#) (ns)  (MJ) (mm/s) (um) (um) (I/mm?) (degrees)
1 30 0.078 925 65 37 0.032 29
2 30 0.078 925 78 37 0.027 375
3 30 0.078 925 52 37 0.041 21
4 30 0.052 825 56 33 0.028 23
5 30 0.052 825 67 33 0.024 315
6 30 0.052 825 45 33 0.035 27
7 80 0.078 925 61 37 0.035 20
8 80 0.078 925 73 37 0.029 355
9 80  0.078 925 49 37 0.043 13
10 80  0.052 825 49 33 0.032 315
11 80  0.052 825 59 33 0.027 24
12 80  0.052 825 39 33 0.040 0
13 200 0.078 850 44 34 0.052 17
14 200 0.078 850 53 34 0.043 30
15 200 0.078 850 35 34 0.066 0
16 200  0.052 725 40 29 0.045 145
17 200 0.052 725 48 29 0.037 23
18 200 0.052 725 32 29 0.056 0

Figure 6.22 presents SEM images comparing laser processed samples numbers 3, 9, 12, and
15. SEM images for all samples can be found in Appendix B. From Figure 6.21, samples 3,
12, and 15 exhibited the best wettability for their respective pulse lengths. However, SEM
images of sample 12 revealed a significant amount of cracked non-removed matrix particles
(Figure 6.22 (c)), which was processed using the lower pulse energy (0.052 mJ). Consequently,
sample 9 (Figure 6.22 (b)), which exhibits a WCA of 13°, was chosen for the adhesive bonding
test instead of sample 12. Moreover, Figure 6.22 (a) and (b) indicate that laser processing with

30 ns and 80 ns pulses causes fibre breakage, which is more pronounced with the 30 ns pulse
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length. Figure 6.23 represents a cross-section for a sample treated with 200 ns laser and

compared with an as-received sample.

Figure 6.22. SEM images for a) sample 3, b) sample 9, c) sample 12, and d) sample 15.

The SEM assessments (Figure 6.22 (d)) and the cross-section assessment (Figure 6.23)
demonstrate that laser treatment using 200 ns pulses efficiently removed most of the outer layer
matrix, exposing the CFs without noticeable fibre breakage. However, a considerable amount
of chipped but non-removed matrix particles is observed. The distances between these particles
and the exposed fibres are unknown, raising uncertainty about whether the adhesive can

penetrate through them effectively to adhere to the fibres.
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Figure 6.23. SEM images with variable magnification of the cross-section of (on top) an as-received sample and
(on bottom) a laser-treated sample with a pulse length of 200 ns.

Regarding adhesive bonding strength, the three different laser processing variables were

compared with non-treated samples. An initial test using Loctite EA9394 adhesive with oven

curing revealed a reduction in bonding strength for all laser-treated samples compared to non-

treated samples, especially those treated with 30 ns pulses. Consequently, further tests were

conducted using two adhesives, Loctite EA9394 and Araldite 420, with curing for both

adhesives performed under ambient conditions (approximately 23°C). Three repeated samples

were tested for each surface condition and curing method. The bar chart in Figure 6.24

represents the bonding strength of the different surface conditions with the various adhesives

and curing methods.

Chapter 6-128



® Loctite oven curing
Loctite room temp

30 Araldite room temp

(%]
wn
—

[
=
—

f—
N

I I

Bonding strength (Mpa)
=

non-treated 30 ns laser-treated 80 ns laser-treated 200 ns laser-treated

Figure 6.24. Bar chart showing the adhesive bonding strengths of CFRP samples with different surface conditions,
adhesives, and curing methods.

Regardless of the adhesive and curing method used, samples treated with the 30 ns pulse laser
showed a reduction or no noticeable improvement in bonding strength compared to non-treated
samples. In contrast, samples treated with the 200 ns pulse laser demonstrated significant
improvement: approximately 60% with Araldite adhesive and about 30% with Loctite adhesive
under room temperature curing. Samples treated with the 80 ns pulse laser showed less
improvement than those treated with the 200 ns pulse laser. It is suggested that the breakage of
the load-carrying fibres has a significant impact on the low bonding strength for samples treated
using a 30 ns pulse laser. Where the bonding strength in an adhesively bonded CFRP sample
with exposed fibre at the surface contributes to both the fibre-matrix integrity and the tensile
strength of the fibres themselves. The scheme presented in Figure 6.25 elucidates the various
forces acting on a single CF when it is exposed at the surface and incorporated into an

adhesively bonded joint.
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Figure 6.25. A schematic illustration of the various forces acting on a single CF when it is exposed at the surface
and incorporated into an adhesively bonded joint.

Moreover, as discussed earlier, processing with a 200 ns pulse laser effectively evaporates the
matrix between the fibres, creating significantly wide pores. This allows the adhesive to
penetrate deeply, thereby reintegrating the laser-induced weakened fibre-matrix interface and
restoring integrity. This hypothesis can be supported by the high bonding strength of samples
treated with the 200 ns pulse laser and bonded with Araldite adhesive compared to those
bonded with Loctite adhesive, where the Araldite adhesive has a much lower viscosity (40
Pa-s) compared to the Loctite (160 Pa-s).

With regards to the variation in bonding strength between the different curing methods, where
Loctite adhesive was cured both in an oven and under ambient conditions according to the
producer's datasheet. However, a discrepancy in bonding strength was observed for non-treated
samples between the two curing conditions. Non-treated samples bonded with Loctite adhesive
and oven-cured exhibited a bonding strength of approximately 19 MPa, which was higher than
those of the laser-treated samples bonded with the same adhesive and curing method.
Numerous studies have highlighted the significant influence of curing temperature on the
bonding performance of some epoxies [323-327]. Elevated temperatures particularly impact
the diffusion phenomena in polymer-to-polymer adhesion, as polymer diffusion is temperature-
dependent [328, 329]. Figure 6.26 (a) and (b) illustrate the failure modes of non-treated
samples, bonded using Loctite adhesive but cured under different conditions: one in an oven
and the other at room temperature. The room temperature-cured samples exhibited a 100% AF
mode, whereas the oven-cured samples showed a combination of NSSF and LFTF. This
indicates that the adhesion between the bonding adhesive and the matrix at the surface for the

oven-cured sample is stronger than the adhesion between the matrix and the carbon fibres (CFs)
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within the composite, suggesting that the elevated curing temperature enhanced polymer-

polymer adhesion.

Figure 6.26. Representation of the failure modes of a) and b) non-treated samples bonded using Loctite adhesive
cured in an oven and at room temperature, respectively, ¢) non-treated sample bonded using Araldite adhesive,
d), e), and f) samples treated with 30 ns, 80 ns, and 200 ns pulse lasers, respectively, and bonded with Loctite
adhesive and cured in an oven.

For laser-treated samples with 30 ns, 80 ns, and 200 ns pulses bonded with Loctite adhesive
and oven-cured, the failure modes are depicted in Figure 6.26 (d), (e), and (f), respectively.
The observed failure mode is predominantly LFTF, where rows of fibres were torn from one
coupon and stuck to the adhesive on the other coupon. The grey colour in Figure 6.26 (f),
corresponding to the sample treated with the 200 ns laser, is believed to be due to the
penetration of the adhesive within a few rows of fibres. For the laser-treated samples bonded

using Araldite adhesive, the failure modes are shown in Figure 6.27.
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Figure 6.27. Failure modes of laser-treated samples bonded with Araldite adhesive, treated with a) 30 ns, b) 80
ns, and c) 200 ns pulse lengths.

No variations in failure modes were observed among the various laser-treated samples,
regardless of the adhesive or curing technique used. Notably, the cured Araldite adhesive is
dark blue and transparent, making it difficult to recognise against the black fibres in the macro

photos of the failure modes, unlike the cured Loctite adhesive, which appears grey.

In addition to examining the failure modes, fracture analysis using optical microscopy (Figure
6.28) and SEM (Figure 6.29) was conducted on the cross-sections of some of the failed
samples: non-treated samples and laser-treated samples with 30 ns and 200 ns pulses, all
bonded using Araldite adhesive. The optical microscopy image of the cross-section of a
fractured non-treated sample (Figure 6.28 (a)) shows the layer of the bonding adhesive adhered
to one of the failed coupons, with the failed surface appearing almost flat. Figures 6.28 (b),
(c), and (d) show cross-sections of failed samples treated with 200 ns pulses, where at least a
single row of fibres was torn from one coupon and adhered to the adhesive on the other coupon.
The SEM images (Figures 6.29 (a) and (b)) compare the cross-sections of fractured samples
treated with 30 ns and 200 ns pulses, respectively. The 30 ns sample predominantly shows a
single row of fibres torn and stuck to the adhesive, whereas the 200 ns sample shows

predominantly more than a single row of fibres.
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Figure 6.28. Optical microscopy images of cross-section of fractured a) non-treated sample, b), c), and d) laser
treated using 200 ns pulse length with different magnifications show fibres was torn from one coupon and adhered
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Figure 6.29. SEM images of the cross-sections of fractured laser-treated samples using pulse lengths of (a) 30 ns,
(b) 200 ns, and (c) 200 ns, with high magnification focused on the CFRP-adhesive interface.

The SEM image in Figure 6.29 (c) reveals an ablated non-removed matrix piece within the
bonding adhesive, approximately 10 pm thick, which appears to serve merely as filler.
Importantly, these matrix pieces seem to have minimal or negligible negative effects on the
adhesive bonding strength.
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The results of laser-treated samples generally indicated that NIR ns pulsed laser treatment in
the range of 30 ns to 200 ns weakens the fibre-matrix integrity. In terms of matrix removal,
processing with a 30 ns pulse laser is better than with a 200 ns pulse laser, where shorter pulses
resulted in larger fibre-exposed regions with less degradation to the sizing layer of the CF.
However, a high number of broken carbon fibres (CFs) were observed, which is believed to
have a significant influence on the bonding strength. The fibre breakage can be attributed to
the rapid increase in the temperature due to the higher instantaneous power of the short pulses.
In contrast, the 200 ns pulse laser shows more effective evaporation of the matrix between and
beneath the exposed fibres, allowing the bonding adhesive to penetrate between the fibres,
which increases the bonded area, re-integrates the fibre-matrix and adds mechanical
interlocking and consequently improves the adhesive strength significantly. The results of this
investigation align well with several previous studies concerning the use of NIR ns pulsed
lasers for surface treatment of CFRPs [26, 27].

6.8. Fourth study: Understanding the effects of the adhesive’s modulus of

elasticity on the concentrated stresses in single lap joints.

6.8.1. Methods (Fourth study)

The single lap joint was modelled using the educational version of SolidWorks. The modelling
was for SLS test samples according to the standard BS EN 1SO 1465:2009 [286], which is used
throughout the entire research and specified in Chapter 3/ Section 3.5. The aim was to
understand the effect of the modulus of elasticity on the concentrated stresses during the SLS
test by comparing two adhesives with high and low moduli of elasticity. One end of the

specimen was fixed, and a load of 6 kN was applied to the other end, as shown in Figure 6.30.

Fixed end
6 kN

T
e ——————
i !

1
| I |

] e
adhesive /

Figure 6.30. Side view of a single lap joint derived from the SolidWorks model.
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The adhesive layer, 0.2 mm thick, was attached to the two coupons using the "mate" function
with no clearance, ensuring it behaved as if welded or adhesively bonded according to
SolidWorks specifications. Each of the adherends (CFRP coupons) was considered a single
piece of composite reinforced with UD fibres aligned in the direction of the coupon's length.
Two models were created within SolidWorks using two different adhesives: Loctite EA 9394
and Araldite 420. The mechanical properties of the adherend and the adhesives were
customised using the SolidWorks material options based on the materials data sheets. For the
adhesives, a Linear Elastic Isotropic Model was applied, assuming uniform mechanical
properties in all directions, which is a reasonable approximation given the nature of the
adhesives used. While for the adherend, it was orthotropic, indicating different mechanical

behaviours along different axes including differences in stiffness and strength along the fibre.

The key distinctions in the mechanical properties of the two adhesives were observed in the
modulus of elasticity (Loctite 9394 being approximately three times that of Araldite 420) and
the shear modulus (Loctite 9394 being double that of Araldite 420), as detailed in Table 6.6.
Full descriptions of the two adhesives are available in Chapter 3/Section 3.3.2. For the CFRP
material properties, see Section 6.4. For the materials characteristics applied in SolidWorks
software, see Appendix C. The models were meshed using the "Quick Mesh" option with the

finest size for better accuracy.

Table 6.6. The main variations between Loctite EA9394 Aero Epoxy and Araldite 420.

Property Loctite EA9394 Aero Epoxy Acraldite 420
Curing 5 days @ 25°C or 1 hour @ 66°C 1 hour @ 120°C or 1-2 weeks @ 25°C
Viscosity (Pa.s) 160 @ 25°C 35-45 @ 25°C
Tensile modulus (MPa) 4237 1450
Shear modulus (MPa) 1360 730
Elongation at break 1.7% 4.6%

6.8.2. Results (Fourth study)

The SolidWorks simulation results, which compare the concentrated stresses between two
adhesives (Loctite EA9394 and Araldite 420), are presented in Figure 6.31.
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Figure 6.31. SolidWorks simulation results showing the x and z stress components of (a) and (b) the Loctite
adhesive model, and (c) and (d) the Araldite adhesive model.

The simulation results indicated that high modulus adhesives result in higher concentrated

peeling stresses at the bond line tips. The Loctite adhesive model exhibited a z-component

stress of 167 MPa, representing the peeling stress, whereas the Araldite adhesive showed 111

MPa. This aligns with previous research, as

shown in Figure 6.32 [330].
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Figure 6.32. Peel stress distribution along the overlap of single lap joint using three different adhesives with

variable modulus, adapted from [330]*.
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In terms of the x-component stresses (Figure 6.31 (a) and (c)), which represent shear stresses,
no significant difference was observed between the two adhesives. Although several
researchers have emphasised the significant impact of adhesive modulus on the maximum
shear stress in single lap joints [331, 332], see Figure 6.33. However, the substantial difference
between the modulus of the adherends and the adhesive can significantly diminish its impact

on shear stresses. This latter issue has not been thoroughly documented in the literature.

— Stiff adhesive
== Flexible adhesive

Figure 6.33. Shear stress distribution along the overlap of single lap joint using two different adhesives adapted
from [332]*.

Regarding maximum strain, the Loctite 9394 model showed approximately 1.5%, while the
Avraldite 420 model exhibited about 3.3%.

A variable mesh approach, utilising finer and denser elements in regions near the bondline tips,
could enhance both computational efficiency and accuracy, likely revealing areas of higher
stress concentration. However, this refinement was not applied in the current model. Instead,
the meshing approach relied on the default capabilities of SolidWorks Simulation, aligning
with the study's primary objective of assessing whether significant variations in behaviour arise

due to the use of adhesives with markedly different moduli.

An examination of existing research on the effect of adhesive modulus of elasticity reveals
considerable focus on the influence of concentrated stresses on the failure loads in SLS tests
[331, 333, 334], the latter has particular effects when the adherends are composite laminates
[335]. The low transverse tensile strength (through the thickness) of composites, which is of
the same order or lower than the adhesive strength, can lead to interlaminar failure due to high
peel stresses at the ends of the overlap [333]. Additionally, differential adhesive straining along
the bonded line leads to non-uniform shear stresses concentrated at the ends of the bonded line.

This typically occurs when a non-ductile adhesive is used [331].
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The concentrated shear and/or peel stresses can cause bond failure before the theoretical
maximum joint strength is attained [336]. In the current study, no significant difference in shear
stresses was observed between the two adhesives because, compared to both adhesives, the
adherend has a very high modulus of elasticity along the bond line. Consequently, no
significant differential straining of the adhesive is expected. Ductile or flexible adhesives
generally have lower strengths. However, their ability to distribute stress uniformly along the
overlap and deform plastically can result in a joint strength much higher than with seemingly
stronger but less ductile adhesives [333].

This modelling study aligns well with the experimental results of the lap joint tests presented
in this chapter, which compared the failure loads of adhesively bonded coupons using the same
two adhesives. Moreover, the results are highly consistent with the literature, where high-
stiffness adhesives create higher concentrated stresses at the bond line ends, leading to failure
under lower loads. Full modelling results, including detailed stresses and strains, are available

in Appendix D.

6.9. Conclusions

e Cross-section assessments revealed significant variation in the thickness of the
outermost epoxy matrix layer (distance from the surface to the fibres) in as-received
CFRP samples, ranging from 1 to 25 pum, with an average of about 10 um. Non-
uniformity in fibre distribution was observed, varying across different positions within
the samples.

e Investigation into heat accumulation between consecutive scans found no observable
variations despite comparing pulse intervals of 1.5 ms and 2.5 ms, slightly longer than
the reported cooling times for the matrix resin of approximately 1 ms.

e Laser processing with a pulse length of 30 ns led to larger ablated areas (dimples)
compared to a 200 ns pulse laser, with higher pulse energies producing larger dimples.
The average dimple area increased linearly with pulse energy, and dimples created with
30 ns pulses were nearly double the size of those created with 200 ns pulses at the same
energy level. While the depth of the dimples was primarily constrained by the
underlying carbon fibres, 200 ns pulses caused the matrix around the CFs to evaporate,
resulting in deeper pockets. Additionally, 30 ns pulses produced sharper edges and less
matrix evaporation compared to 200 ns pulses. Moreover, 200 ns pulses degraded the

sizing layer of carbon fibres, leading to the visibility of fibre wrinkles.
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The water contact angles for laser-processed samples consistently decreased over time
due to surface porosity, indicating significant liquid absorption. Initially ranging from
20°-40°, they fell to 0°-30° within 200 seconds, showing linear stability. Notably,
samples treated with 200 ns pulses had lower WCAs than those treated with 30 and 80
ns pulses, likely due to matrix evaporation around the fibres.

Surface treatment of CFRP materials utilising ns pulse laser significantly improved the
adhesive bonding strength, with 200 ns pulse laser showing the most notable
improvement (over 60%) compared to non-treated samples.

Shorter pulse lengths (30 ns) offer better matrix ablation but risk damaging or breaking
the load-carrying CFs. In contrast, longer pulse lengths (200 ns) enable more effective
evaporation of the matrix around the fibres, thereby enhancing adhesive strength.
Adhesives with lower modulus of elasticity demonstrated lower concentrated peeling

stresses and stronger bonding strength.
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CHAPTER 7: Surface Treatment of CFRP Composites Using

Continues Wave Carbon Dioxide Laser

7.1. Introduction

Due to their easy availability and the low capital and operating costs, CO: lasers find extensive
applications in processing a wide variety of polymeric materials [337]. However, due to their
lower photon energy, CO: laser systems deposit more heat into the material, thereby increasing
the risk of damage and delamination [15]. In CFRP, the substantial difference in thermal
properties between carbon fibres and the resin matrix leads to the creation of a significant heat-
affected zone (HAZ). This compromises the integrity of the composite by degrading the
interface between the CFs and the matrix [338]. Recently, numerous studies have explored
utilising pulsed CO- lasers for the surface treatment of CFRPs to enhance adhesive bonding,
with many demonstrating effective selective removal of the epoxy matrix material [9, 15, 20,
25].The high intensities and short interaction times of pulsed lasers generally allow for the
processing of CFRPs with very high quality and minimal thermal damage, as only a small
fraction of the incident laser energy is converted to residual heat, which does not contribute to
the ablation process [339]. CW CO: lasers, commonly used in metalworking applications, have
been highly investigated for machining of CFRP laminates. However, to the best of available
knowledge, only a single study has explored their use for CFRP surface treatment to improve
adhesive bonding. In their study, Nattapat et al. [16] have successfully removed the top resin
layer, a crucial step before adhesive bonding, without damaging the underlying fibres, resulting
in nearly double the adhesive bonding strength compared to the untreated material.

This chapter investigates the use of a CW CO: laser to enhance the adhesive bonding of CFRP
composites. The study explores the effects of various processing variables on material removal
in both CFRP material and bulk resin. It also examines wettability and adhesive bonding
strength across different laser parameters. Two different CFRP materials were tested for
adhesive strength. The results showed a slight improvement (approximately 30%) in the
bonding strength of one material, while the other showed a decrease in bonding strength. In
terms of wettability, processing CFRP material with a CO laser increased the WCA,
approaching superhydrophobicity. For matrix removal, at high scanning speeds, matrix

removal was found to be a function of the Linear Energy Density (LED).
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7.2. Objectives

e Investigating the feasibility of utilising CW CO: lasers for the surface treatment of

CFRP composites to improve adhesive bonding.

e Examining the effects of various laser processing variables on matrix removal and

bonding strength.

e Understanding the matrix removal mechanism.

7.3. Experimental design and workflow

This chapter, like the previous ones, involves multiple experiments and phases, either separate

or linked. First, two separate experiments were conducted to study the effect of CO. laser

variables on CFRP material and bulk epoxy resin. These experiments aimed to understand how

these variables impact material removal. Along with the previous investigation on matrix

transmittance (Chapter 4/Section 4.4), these studies provided insights into both the laser

variable effects on ablation and the ablation mechanism itself. Second, wettability and bonding

strength were assessed and compared across different processing variables. The flowchart in

Figure 7.1 illustrates the experimental workflow.
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Figure 7.1. Flowchart simplifies the experimental design and workflow.

Studying the effects of CO2 laser
processing on the wettability and
the adhesive strength of CFRP

Chapter 7-141



7.4. Experiments

Three separate experiments were conducted using the CW Lotus CO2 Laser Systems LL 10060,
detailed in Chapter 3/Section 3.2.2. The methods and results of each experiment are outlined
in the subsections as follows. All the surface assessment apparatus that was utilised in this
chapter including optical microscopy, digital microscopy, optical profilometry, and goniometer
are detailed in Chapter 3/Section 3.2.4.

7.4.1 Understanding the effects of laser power and scanning speed on the ablation of the

CFRP outer layer matrix.

To understand the effect of laser power and scanning speed on the removal of the outer layer
matrix, 15 different laser processing runs (samples), each with specific laser power and
scanning speed, were performed on a single CFRP specimen. This approach was taken to
minimise the effect of the potential material inhomogeneity arising from variations in position
or between sides of the specimens. The material utilised was the UD fibre CFRP, detailed in
Chapter 6/Section 6.4. The hatch spacing (H) for all runs was 0.2 mm, which is slightly greater
than the laser spot diameter (d) at the focus (d = 0.185 mm). For all samples, the laser beam
was focused on the specimen surface, and the scanning was conducted perpendicular to the
direction of the CFs. To avoid possible scanner delay effects during the reversal of direction, a

large over-scan distance of 75 mm was employed, see Figure 7.2.

a) <— mark (laser on)
—— jump (laser off)

Figure 7.2. a) scheme of the scanning pattern, and b) the laser-processed specimen.

The samples were then assessed using optical microscopy, digital microscopy, and optical
profilometry. The LED for each run was calculated using Equation 7.1 [340].
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P
LED = — (7.1)
\%

Where (P) is the laser power and (V) is the scanning speed.

Additionally, the interaction time (ti) of the laser scanning for each sample was determined

using Equation 7.2, [341]. Where (d) is the laser beam diameter.

(7.2)

The percentage of fibre-exposed area for each sample was estimated using the ImageJ colour
thresholding feature. This analysis was based on the digital microscopy images depicted in
Figure 7.3. Table 7.1 presents the processing variables along with the calculated and resultant

values for each sample.

Table 7.1. The laser processing variables along with the calculated and resultant values for each sample.

Sample P v LED ti Ablation
# (W) (mm/s) (Jlcm) (ms) (%)

1 2.25 50 045 3.7 100
2 2.25 75 0.3 2.5 95
3 2.25 100 0.23 185 55
4 2.25 150 0.15 1.2 4

5 4 50 0.8 3.7 100
6 4 75 053 25 100
7 4 100 04 185 97
8 4 150 0.27 1.2 91
9 4 200 0.2 0.9 83
10 4 250 0.16 0.74 31
11 4 300 0.13 0.62 7

12 6 150 0.4 1.2 96
13 6 200 0.3 0.9 91
14 6 250 024 0.74 87
15 6 300 02 062 80
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Figure 7.3. Digital microscopy images of the laser processed CFRP samples, the sample number and the
processing variables along with the LED are marked on top of each sample.

The plots in Figure 7.4 represent the percentage of the removed outer layer matrix as a function
of the LED for each of the three laser powers used in this experiment. For the 6 W plot, the

lowest removal percentage is 80%, achieved with a scanning speed of 300 mm/s. Achieving a
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lower removal percentage with 6 W was hindered by the table's maximum scanning speed limit

of 300 mm/s, preventing further reduction of the LED.
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Figure 7.4. The relationship between the LED and the matrix removal percentage.

For the other two laser powers (2.3 W and 4 W), Figure 7.4 shows that matrix removal initiates
at an LED of about 0.15 J/cm for the 2.3 W laser and about 0.12 J/cm for the 4 W power laser.
As the LED increases, the matrix removal percentage (exposed fibres) rises rapidly and linearly
up to approximately 80%. For the 4 W laser power, an LED of 0.2 J/cm achieves 80% removal,
whereas the 2.3 W laser power requires an LED of 0.27 J/cm to achieve the same percentage.
In this region (0-80%), representing the removal of the shallow matrix resin, the lower laser
power (2.3 W) requires a higher LED to achieve similar removal percentages as the 4 W laser
power. This outcome is logical, as the increased interaction time allows more heat to dissipate
through the CFRP constituents, particularly the CF. A similar trend was reported in the finite
element analysis study conducted by Nattapat et al. [16]. Although the laser power in the

mentioned study was applied as surface heat flux, the transmittance was not considered.

Based on previous findings within this thesis regarding the absorption and transmission of the
matrix resin to the CO> laser (Chapter 4/ Section 4.4), the average thickness of the outer matrix
layer of the CFRP material used in this investigation was estimated to be about 10 um. By
assuming that the epoxy resin used in that experiment has similar absorption behaviour to the
matrix resin of the CFRP material, it means that about 60% of the laser intensity is transmitted

through this matrix layer and absorbed by the underlying fibres, while only 25% of the laser
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intensity is absorbed by the matrix itself, with the rest being reflected, as illustrated in Chapter
4 [Figure 4.11. Accordingly, the removal of such thin matrix zones is highly influenced by the
heat conducted from the laser-induced CFs and, to a lesser extent, by the direct matrix
absorption of the laser radiation. However, for thicker matrix resin zones such as 30 or 40 um
thick, only a small amount of the laser intensity is transmitted to the underlying fibres, which
might not be enough to elevate the fibre temperature to the point where the matrix resin is
degraded. Therefore, the removal of such rich matrix zones occurs mostly due to direct matrix
absorption of laser radiation. This explains why the three plots for the different laser powers in
Figure 7.4 converge between 90-100% of the matrix removal, which represents the removal
of rich matrix zones. In these zones, most of the laser intensity is absorbed by the low-
conductive matrix itself, resulting in less influence from the differences in the interaction time,
as minimal heat is dissipated via the fibres. It is worth noting that attempting to achieve 100%
matrix removal by increasing the laser energy density (LED) while using a 0.2 mm hatch
spacing, which is slightly wider than the laser spot diameter, can potentially compromise the
fibre-matrix integrity, resulting in loose fibres at the surface. In such cases, a higher LED is
required to remove the matrix in regions between adjacent scans, which could lead to excessive

matrix removal at the centre of the laser scans.

In addition to the above findings, it was observed that the non-removed matrix expanded due
to the formation of bubbles within the matrix. Optical profilometry assessment (Figure 7.5)

shows that the non-removed, CO; laser-treated CFRP matrix expanded by 100-200 nm.
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Figure 7.5. An optical profilometry image with a surface profile shows the expansion of the laser-treated region
compared to the non-treated region of sample 4, which was treated with a low LED (15 J/cm) CO; laser.

High-magnified optical microscopy images of a CFRP sample treated with a low LED CO2

laser show sub-micro particles within the matrix, believed to be tiny bubbles (see Figure 7.6

(b).

Figure 7.6. Optical microscopy images of (a) as-received CFRP material, (b) laser-treated CFRP with low LED
(non-removed matrix), (c) laser-treated with high LED (fully exposed fibres), and (d) laser-treated CFRP with
low LED showed inflation of the matrix in regions where the CFs are close to the surface.
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Additionally, optical microscopy images of samples treated with high LED, where the fibres
are fully exposed, showed bubbles ranging in size from 5-10 um adhered to the fibres (Figure
7.6 (c)). Moreover, optical microscopy images of CFRP samples treated with low LED (Figure
7.6 (d)) showed inflation of the matrix in regions where the CFs are close to the surface. These

findings are related to the ablation mechanism, which will be discussed later in this chapter.

7.4.2 Understanding the effects of laser power and scanning speed on the ablation of pure
epoxy resin.

The effect of both laser power and scanning speed of a CW CO: laser on the ablation of pure
epoxy resin was investigated. A 2 mm thick epoxy resin sample was created by moulding IN2
resin on a glass laminate. IN2 resin, two parts ultra-low viscosity infusion thermoset epoxy
typically used as a matrix in fibre-reinforced composites, was utilised according to its
datasheet; full characteristics of the resin are available in Chapter 3/Section 3.3.3. A foam
tape (2 mm thick) was used as shims, Figure 7.7. The glass laminate was wiped with a lint-
free cloth soaked in CR1 Easy-Lease, a volatile chemical release agent from Easycomposites
UK, and allowed to evaporate for about 60 seconds before applying the resin. The moulds were

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

cured epoxy resin

\

foam tape epoxy resin

|
\ 10 mm

glass laminate
traces of laser scans (grooves)

Figure 7.7. Schematic illustration of the epoxy resin moulding process (on the left), photo of the resin sample
processed with laser (on the right).

The cured epoxy sample was processed with a laser using 15 different sets of processing
variables (laser power and scanning speed). A single scan (mark) was performed for each set
to create grooves, which were spaced 1 mm apart. The LED and the interaction time (ti) were

calculated; see Table 7.2.
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Table 7.2. The laser processing variables along with the calculated and resultant depth and width of each groove.

groove P % LED ti  depth width
# (W) (mm/s) (Qfem) (ms) (um)  (um)

1 2.25 50 045 37 17 165
2 2.25 75 0.3 2.5 - -
3 2.25 100 023 185 - -
4 225 150 015 1.2 - -
5 4 50 0.8 3.7 58 390
6 4 75 053 25 34 310
7 4 100 04 185 18 190
8 4 150 027 12 - -
9 4 200 0.2 0.9 - -
10 4 250 016 0.74 - -
11 4 300 0.13 0.62 - -
12 6 150 0.4 1.2 18 187
13 6 200 0.3 0.9 8 115
14 6 250 024 0.74 - -
15 6 300 02 0.62 - -

The sample was then assessed using optical microscopy and optical profilometry (Bruker) to
measure the grooves depth and width. For the Bruker, VX1 mode, which is typically used when
a transparent material is assessed, and it was challenging to obtain continuous profiles for some
of the created grooves accordingly data restore function of the Bruker software were utilised.
The optical microscopy images in Figure 7.8 revealed that grooves created using 2.25 W with
a scanned speeds above 50 mm/s showed no significant depth, where only some bubbles are
observed on the laser scanned region. Similarly, those treated with 4 W and 6 W exhibited no

significant depth when scanned at speeds above 100 mm/s and 200 mm/s, respectively.

Optical profilometry assessment revealed that grooves created with an LED of 0.3 J/cm or less
(except for groove 13) have depths of less than 1 um and are surrounded by expanded regions
approximately 600 pm wide. These regions expand up to about 1 um in height. The presence
of bubbles in these areas appears to cause the expansion. Figure 7.9 represents optical

profilometric images of grooves numbers 8 and 14 as examples.
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Figure 7.8. Optical microscopy images of pure epoxy resin sample, each processed with a single CO- laser scan
utilising variable laser power and scanning speeds.
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Figure 7.9. 2D optical profilometric images of grooves 8 and 14, along with their profiles represented at the
bottom of the figure.
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In contrast, grooves created with LED over 0.3 J/cm show significant depth and width, see
Figure 7.10. Comparing grooves numbers 2 and 13, groove 2 shows no noticeable depth,
whereas groove 13 has a depth of about 8 pum. Both grooves were processed using an LED of
0.3 J/cm; however, the interaction time for groove 2 is approximately three times longer than
that for groove 13, indicating that heat dissipation plays a significant role. In other words,
during the laser processing of groove number 2, the temperature at the laser-exposed area might
have remained below the evaporation temperature of the material, which is around 500°C
[342].
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Figure 7.10. Top: 2D optical profilometric images of grooves 12 and 13. Bottom: profiles of grooves 1, 5, 6, 7,
12, and 13.

The plots in Figure 7.11 represent the influence of the laser LED on the groove depth and
width. Despite the varying interaction times, a linear relationship appears to be evident. The
trend line of groove depth versus LED indicates that ablation initiates at an LED of
approximately 2.5 J/cmz2. Conversely, for CFRP (Figure 7.4), the ablation of the matrix begins
at an LED of less than 1.5 J/cm2. This difference is attributed to variations in material
interactions, where the ablation of the matrix in CFRP is governed by a combination of direct

evaporation and heat conduction from the underlying irradiated fibres.
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Figure 7.11. The influence of LED on groove depth and width.

7.4.3. Studying the effects of CW CO:z laser processing on the wettability and the adhesive
strength of CFRP composite

In this study, two CFRP materials (referred to as CFRP material 1 and CFRP material 2) were
investigated. CFRP material 1 is the same material used in Section 7.4.1, which is reinforced
with UD CFs, fully described in Chapter 6/Section 6.4. The second CFRP material isa 2 mm
thick 2/2 twill, 3k woven carbon fibre fabric with a smooth, glossy surface, supplied by
Easycomposite UK (see Figure 7.12). It has a tensile strength and modulus in the 0/90°
directions of approximately 500 MPa and 30 GPa, respectively. The laser used is the CW Lotus
COz Laser Systems LL10060, detailed earlier.

Figure 7.12. A photo showing the surface of CFRP material 2.
7.4.3.1 Surface wettability

Three CFRP samples from each material, each measuring 15 mm x 15 mm, were treated with

the CO2 laser using three different processing conditions. In the initial experiment (Section
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7.4.1), the hatch spacing was set at 200 um, with a laser spot size of 185 um. The laser
employed a Gaussian beam profile, characterised by an intensity distribution that varies across
its radius. Although complete matrix removal was achieved in certain experimental runs, it is
hypothesised that a portion of this removal resulted from heat conduction through the fibres,
originating from regions exposed to higher laser intensity. This heat transfer likely led to the
evaporation of the matrix material beneath the fibres, subsequently causing fibre-matrix
debonding. Accordingly, for all samples in the present study, the hatch spacing was set to 100
um, with a moderate scanning speed of 150 mm/s. The laser power was set to 2.25 W, 4 W,

and 6 W to assess the effects of different power levels (Table 7.3).

Table 7.3. The laser variable utilised for wettability assessment.

run P (W) v (mm/s) H (um)
1 2.25 150 100
2 4 150 100
3 6 150 100

Measurement of WCA utilising the sessile droplet method was conducted for the laser-treated
and non-treated samples the same day after the laser processing. Prior to the CA assessment,
the samples were cleaned as described in Chapter 3/Section 3.6. The droplet size was 1.5 mm
in diameter. The goniometer was set up to capture 105 frames (100 at 0.016 s intervals and 5

frames at 2 s intervals).

Figure 7.13 represents the WCA result for material 1. The sample processed with 2.25 W laser
power showed no significant effect on the WCA. However, processing with a 4 W laser
revealed a slight improvement in surface wettability. Increasing the laser power to 6 W resulted
in a significant shift in surface wettability towards superhydrophobicity. This change is
attributed to the presence of loose CFs. When a water droplet was deposited on a specific region
of the treated sample containing a high number of loose CFs (Figure 7.14), it was observed
that the water droplet did not adhere to the surface; instead, it remained on the syringe even
after two attempts, demonstrating superhydrophobic behaviour.
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Figure 7.13. WCAs for as received and laser treated samples (material 1).
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Figure 7.14. UD-reinforced CFRP sample showing loose CFs after surface treatment using CO; laser power of 6
W, scanning speed of 150 mm/s, and hatch spacing of 100 um. The highlighted region revealed superhydrophobic
behaviour.

For CFRP material 2, the large scale of inhomogeneity in the surface of laser treated samples
makes the WCA results less informative, as discussed in Chapter 5/Section 5.5.2.4. For as-

received sample, the average WCA was 85°.

In addition to the WCA measurements, contact angle (CA) assessments using a dispersive
liquid (diiodomethane) were conducted for the different surface treatment conditions, utilising
the same methodology as for the WCA. For material 1 samples treated with 4 W and 6 W
lasers, only a single measurement was conducted because the liquid spread instantaneously
over most of the sample surface due to the absorption nature of the porous surfaces [319, 320],
resulting in CAs of 0°, which prevented further measurements. For the sample treated with a
2.25 W laser, the dispersive average CA was reduced from 65° (as received) to 46°. For CFRP
material 2, the dispersive average CA of the as-received sample was 48°. For laser-treated

samples, no informative results for material 2 were obtained, similar to the WCA.
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7.4.3.2. Adhesive bonding strength

Two different sets of laser variables were examined for the adhesive bonding strength of the
two CFRP materials, with non-treated samples serving as references. For both laser treatment
sets, the scanning speed and hatch spacing were fixed at 150 mm/s and 100 um, respectively,
while the power was varied at 4 W and 6 W. Notably, with the hatch spacing set at 100 pm, the
removal percentages of the outer layer matrix resin for CFRP material 1 were nearly 100% for
both laser powers used, unlike the results when a 200 um hatch was employed in Section 7.4.1.
Moreover, loose fibres were observed for the 6 W sample, as depicted in Figure 7.14. For
CFRP material 2, the rich matrix resin zones at the weft and warp tow intersections were

significantly reduced with the 6 W laser power compared to the 4 W, as shown in Figure 7.15.

- o . ; .
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Figure 7.15. Optical microscopy images with different magnifications of CFRP material 2 after laser processing:
a) and b) with 6 W CO- laser, ¢) and d) with 4 W CO; laser. The scanning speeds and hatch spacing for both
samples were 150 mm/s and 100 um, respectively.

For each surface condition of each material, three bonded pairs were tested using the SLS tests
according to the BS EN ISO 1465:2009 standard [286]The adhesive used was Araldite 420.
The coupons were cut, joined, cured, and mechanically tested as described in Chapter 3. The
laser scanning was uniaxial and parallel to the shortest coupon length, as shown in Figure 7.16.
The bar chart in Figure 7.17 shows the bonding strength results. For non-treated material 1,
the results were obtained from another experiment outlined in Chapter 6/Section 6.7.
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Figure 7.16. a) schematic and b) photo showing the scanning strategy.
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Figure 7.17. The bonding strength for the different materials/surface conditions.

For CFRP material 1 (UD fibres), the results indicate approximately 20% and 30%
improvement in bonding strength with laser treatment using 4 W and 6 W, respectively. In
contrast, there was a significant reduction in bonding strength for CFRP material 2 (woven
fabric). Although the bonding strength results for all laser-treated samples of both materials are
comparable, the bonding strength of non-treated CFRP material-2 is much higher than that of
material-1. The failure mode, supported by optical microscopy images of non-treated CFRP

material-2 (Figure 7.18), shows that the outer layer matrix has been torn with the bonding
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adhesive, indicating NSSF. This suggests that the bonding between the two epoxies is stronger
than that between the matrix and the CFs.

Figure 7.18. a) and b) photos of failed coupons of non-treated CFRP material 2 from two different angles,
indicating NSSF. ¢) and d) optical microscopy images showing torn matrix.

Regarding the failure modes of laser-treated samples, material 1 (Figure 7.19 (a) and (b))
shows 100% LFTF for both 4 W and 6 W lasers. Rows of fibres were torn from one coupon
and adhered to the adhesive on the other coupon. It is possible that the number of torn fibres is
higher for samples treated with the 6 W laser, where loose fibres were already observed prior
to adhesive joining. Material 2 (Figure 7.19 (c) and (d)) primarily shows LFTF with a lesser
extent of NSSF. Non-removed ablated matrix particles, which belong to rich matrix zones,
were observed at different positions on the fractured coupons. The amount of these particles
appears to be higher in samples treated with the 4 W laser.
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Figure 7.19. Photos of failed coupons of CFRP: a) material 1 processed with 4 W, b) material 1 processed with 6
W, c) material 2 processed with 4 W, and d) material 2 processed with 6 W.

Overall, the results indicated a slight improvement in the bonding strength for material 1, as
the bonding strength of the as-received material was initially low. The failure mode of the as-
received material was AF, indicating weak adhesion between the adhesive and the matrix resin
system of the CFRP material. In contrast, for CFRP material 2, despite having comparable
wettability behaviour to material 1, the adhesion between the adhesive and the matrix was very
strong, resulting in tearing of the matrix. Similar CFRP behaviour was observed in a previous
study [27]. This suggests that the high adhesion strength might be due to the potential
interdiffusion of molecules between the adhesive and the matrix. According to the diffusion
theory, the nature of the materials and bonding conditions significantly influence the extent to
which diffusion occurs [343] and it is primarily applicable when both the adherend and

adhesive are polymers [130]. Diffusion theory proposes that due to molecular migration
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between the adhesive and the adherend, the interface will eventually diminish or disappear
[333].

7.5. The ablation or removal mechanism of epoxy resin using CW CO: laser.

Based on optical microscopy images of laser-treated UD CFRP fibres (Figure 7.3) and pure
epoxy (Figure 7.8), it appears that CW CO: laser treatment leads to the formation of gaseous
micro and sub-micro bubbles within the matrix. This observation is further supported by optical
microscopy images of CFRP material 2, which showed a notably high number of bubbles
surrounding the exposed CFs (Figures 8.15 and 8.20). These bubbles were subsequently
eliminated by spraying the sample with isopropanol.

50 um

Figure 7.20. a) optical microscopy images of fibre-exposed CFRP material 2 after CO; laser treatment with high
LED, showing a high number of bubbles surrounding the fibres, b) an SEM image shows a bubble adhere to a CF.

For pure epoxy resin, according to the Beer-Bouguer-Lambert law, described in Chapter 2/
Section 2.3.6, the maximum absorption of laser energy occurs at the surface of the processed
material. However, when a CW laser is used, the hottest layer is at a certain depth (h) from the
surface because the surface is in contact with the heat-conductive medium (air) [344]. This can
explain the formation of microbubbles near the surfaces of both the CFRP and the pure epoxy
during laser treatment, as the decomposition of the resin releases gases trapped within the
material, forming bubbles, see the scheme in Figure 7.21.
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Figure 7.21. Schematic of the CW laser ablation process of polymer material, illustrating bubble formation near
the surface due to gas release from resin decomposition.

In CFRP composites with a thin outer layer matrix, hot spots can be formed at the interfaces
between the matrix and fibres, primarily due to the high absorptivity of the CFs [15]. This can
lead to the formation of non-exploded bubbles at the matrix/fibre interface. The formation of
these bubbles may contradict the views of many researchers who argue that thermosetting
polymers cannot be reshaped through heating [316-318]. However, it is important to note that
many thermosets have a glass transition temperature, indicating that they can soften when
heated [345].

7.6. FTIR spectroscopy

The FTIR spectra (Figure 7.22) comparing the transmittance of the two different CFRP
materials investigated in this chapter revealed slight chemical differences that lead to
approximately 5% different in transmittance at 10600 nm. This suggests variations in the resin
systems between the two CFRP materials. As discussed in Chapter 3/Section 3.2.4, the
penetration depth of ATR FTIR is only up to a few micrometres, indicating that for the as-

received CFRP material, this depth likely corresponds to the outer matrix layer.
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Figure 7.22. Comparison of FTIR spectra between CFRP Material 1 and Material 2.

Figure 7.23 presents a comparison of FTIR spectra between as-received samples and CO>

laser-treated samples at 4 W and 6 W, all of which are from CFRP Material 1.
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Figure 7.23. Comparison of FTIR spectra among as-received and CO2 laser-treated samples with 4 W and 6 W.
All of which are from CFRP Material 1. The scanning speed and hatch spacing for both laser-treated samples
were 150 mm/s and 100 pm, respectively.

Figure 7.23 illustrates the FTIR spectra comparison between as-received CFRP Material 1 and
CO: laser-treated samples at 4 W and 6 W. The spectra reveal a significant change attributed
to the removal of the outer matrix resin layer. Additionally, slight differences between the two

laser-treated samples suggest variations in the extent of matrix removal.
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7.7. Conclusion

By optimising processing parameters, a CW CO: laser can selectively remove the outer
layer matrix resin to expose the underlying carbon fibres. However, this process may
compromise the integrity of the fibre/matrix interface. Furthermore, ablating thick
matrix resin zones, such as those found at intersections of fibre tows in woven fabric
CFRP, may necessitate higher laser power, potentially resulting in the generation of
loose fibres on the surface.

The removal of epoxy resin is believed to occur due to the evaporation of the resin at
the hottest point within the material thickness. In regions with thick matrix resin or in
pure epoxy samples, evaporation occurs at a distance (h) from the surface, characterised
by the formation of bubbles that subsequently explode. In CFRP materials with shallow
matrix resin, evaporation is more likely to occur at the fibre/matrix interface, where the
fibre is the hottest point in this case. This phenomenon is thought to significantly impact
the integrity of the fibre-matrix bond. The removal of matrix resin at high scanning
speeds is a function of the LED.

Contact angle assessment revealed that processing with moderate laser power can
slightly reduce the WCA, whereas high-power laser processing leads to increased WCA
towards the superhydrophobicity. With diiodomethane, the contact angle was 0° for
both moderate and high laser power. It is believed that the slight reduction in WCA for
moderate laser power is due to the dispersive part of the surface energy of water. This
suggests that processing with a CW CO: laser improves the dispersive SFE, while the
polar part shows the opposite effect.

Depending on the bonding strength of non-treated materials, a CW CO2 laser can
enhance the bonding strength of CFRP materials that exhibit low bonding strength with
interfacial adhesion failure. Similar to the effects observed with NIR laser processing
discussed in Chapter 6/Section 6.7, it is believed that the tensile strength of the
exposed fibres contributes to increasing the bonding strength by facilitating the tearing

of exposed or loose fibres.
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CHAPTER 8: Utilising Incoherent UV Light to Augment IR

Lasers in Improving CFRP Composite for Adhesive Bonding

8.1. Introduction

Numerous researchers have explored non-laser UV light treatments to enhance the surfaces of
polymeric and non-polymeric materials for adhesive bonding [32, 193-201]. These studies
often use UV light with ozone, either by applying ozone directly or using UV sources emitting
wavelengths below 240 nm to generate ozone in the surrounding atmosphere. UV/ozone
treatments have shown effectiveness in improving joint strength across various materials,
surpassing methods like grit blasting and primers. However, UV/ozone treatment necessitates
facilities with high corrosion resistance to ozone, making it impractical for larger structures.
Additionally, ozone is highly toxic [199]. UV light can impact polymer surfaces in two primary
ways. First, it can directly cause photo-degradation or photo-crosslinking of the polymer's
molecular bonds. Second, when UV light has a wavelength shorter than 240 nm, it indirectly
affects the polymer by interacting with atmospheric oxygen to generate ozone, atomic oxygen,
and oxygen radicals, which then oxidise and alter the polymer surface [200, 201].
Photodegradation typically occurs at micron or sub-micron depths from the surface, with the
most significant effects near the surface, where degraded species can absorb UV light more

strongly and limit its penetration into the polymer’s interior [202].

This chapter examines the effect of treating CFRP composite with incoherent UV light at a
wavelength of 254 nm, emitted by a UV germicidal lamp, on improving CFRP surfaces'
wettability and adhesive bonding. The study explores how UV intensity and exposure duration
affect the water contact angle (WCA) and investigates the WCA response of various CFRP
composites. Additionally, it compares the adhesive bonding strength of CFRP composites
treated with UV light to those treated with other surface methods, including ns pulsed NIR
lasers and CW CO; lasers, both individually and in combination with UV treatment.
Mechanically sanded and untreated samples serve as references. The findings suggest that UV
exposure is viable and cost-effective for enhancing wettability and adhesive bonding. To the
best of current knowledge, no similar research has been published. It is worth noting that the
incoherent UV light treatment performed in this study chemically modifies the surface, as it
lacks sufficient intensity to induce ablation [346]. In contrast, laser-based treatments, including
UV lasers, can texture the surface or completely remove the matrix to expose the underlying
fibres through ablation. This ablation requires the high intensity of lasers [347].
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8.2. Objectives

e Quantitatively assess the wettability of CFRP surfaces treated with UV light and the
influence of the UV intensity and exposure period on the wettability.

e Evaluate the impact of UV light treatment on the adhesive bonding strength of CFRP,
comparing it with other techniques such as ns pulsed NIR laser and CW CO laser

treatments.

8.3. Experimental design and workflow

This chapter comprises a main experiment, which includes two phases and a supplementary
experiment. In the first phase, the surface wettability of CFRP material was assessed after UV
exposure at various intensities and durations. The second phase involved comparing the
adhesive bonding of UD CFs CFRP material among different surface treatment techniques.
Additionally, a supplementary experiment was conducted to evaluate the differences in WCA
responses among various CFRP materials exposed to UV light. The flowchart in Figure 8.1

illustrates the experimental workflow.
Review of literature and
Previous acquired knowledge

UV treatment utilising !
variable UV intensity Results and
and exposure period evaluation

Surface wettability \
assessment Supplementary experiment
Investigating the surface wettability responses of

— five various CFRP materials treated with UV light
[ Optimisation of ]

the results

-
UV treatment and surface
wettability assessment of

various CFRP materials

Phase 1
Studying the effect of UV intensity

Surface treatment for and exposure period on the WCA
adhesive bonding tests

utilising various methods

y

~—

Phase 2
Mechanical SLS shear test

Results and
evaluation

Figure 8.1. Flowchart Simplifies the experimental design and workflow.
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8.4. Main experiment

As described earlier, the main experiment consists of two phases. The first phase involves
assessing wettability based on UV intensity and exposure period. The second phase compares
CFRP bonding strength across different treatment techniques. The CFRP material used was the
UD reinforced type from Reverie Ltd. (UK), detailed in Chapter 6/Section 6.4. For UV
treatment of CFRP surfaces, a Germicidal UV lamp (TUV Amalgam T6 130W XPT SE
G10.2q) from Philips UK Ltd was utilised. A full description of the UV lamp is available in
Chapter 3/Section 3.2.3. The details and results of each phase are presented separately as

follows.

8.4.1. Phase 1: Studying the effect of UV intensity and exposure period on the WCA.
8.4.1.1. Methods

UV treatment was conducted with three different UV intensities, calculated based on the
distances from the lamp to the exposed surfaces. 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 (46 W) by the cylindrical area (2rrL),
where (L) the lamp length (74 cm). The light intensity at a distance (r) from the axis of a long
cylindrical source is inversely proportional to (r) [278]. Table 8.1 (repeated from Table
3.2/Chapter 3) presents the UV intensities and the corresponding distances of the samples
from the lamp used in the experiment. For each of the three different UV intensities, six CFRP
samples, each 25 mm x 15 mm, were exposed for various periods (Table 8.2), ranging from
15 minutes to 120 minutes. The samples were centred under the UV lamp with their longest
length parallel to the lamp axis, Figure 8.2 (repeated from Figure 3.5/Chapter 3). The mean
WCA for each sample was then calculated based on 15 measurements taken immediately after
the UV treatment using a goniometer (CAM 101 from KSV Instruments Ltd UK). The diameter
of the droplet out at the syringe was 1.5 mm. To capture the initial and the stable WCAs for
the different UV-treated surfaces and the non-treated ones, 100 frames were recorded at a time
interval of 16 ms, and then 10 frames were recorded at a time interval of 1 s. The cutting and
cleaning processes of the samples and the equipment utilised are described in Chapter
3/Section 3.6.
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Table 8.1. UV intensities and distances from the lamp applied in the project.

Distance from the lamp centre (mm) UV intensity (mW/cm?)
19.8 50

39.6 25

79.2 12.5

Table 8.2. UV intensities and exposure periods.

UV intensity (mW/cm?) Exposure periods (min)

12.5 15 30 45 60 90 120
25 15 30 45 60 90 120
50 15 30 45 60 90 120

CFRP samples exposed to different UV intensities

b) 19 mm ID
{ 5 3 : g UVlamp —
= 50 mW/cm?

2 : — =25 mW/em?

a| &

N

- > s = 12.5 mW/cm?
| £
f. o

A

Figure 8.2. UV lamp and the experimental setup: a) photograph and b) schematic drawing, [279]*.

In addition to the WCA assessment, CA measurement using dispersive liquid (diiodomethane)
was performed, but no significant differences were recognised. Moreover, FTIR analyses were
conducted on an as-received sample and on a sample subjected to the highest UV fluence using
the Cary 630 FTIR spectrometer described in Chapter 3/Section 3.2.4. For the UV-treated
sample, the assessments were performed twice: initially, immediately after the UV treatment,
and subsequently, following cleaning with distilled water and an isopropanol bath. The

cleaning methodology is comprehensively detailed in Chapter 3/Section 3.6.

Chapter 8-166

*(http://creativecommons.org/licenses/by/4.0/)



8.4.1.2. Results and discussion

For each surface condition, the measured WCAs varied by up to +10° around their mean values.
This discrepancy is primarily due to surface topography inhomogeneity and potential variations
in droplet sizes, which were manually adjusted for each measurement, as well as goniometer
error [319].

UV treatment significantly enhanced the wettability of CFRP surfaces. WCAs, Figure 8.3,
decreased from hydrophobic to nearly super hydrophilic with increased UV fluence, defined

as the product of UV intensity and exposure duration.

Non-treated 22.5 J/em 45 J/em

Figure 8.3. Droplet shapes and WCAs at different UV fluence.

The average WCAs from 15 measurements for each of the UV-treated samples were calculated
based on the final stable state of the test droplet. For samples treated with the highest UV
fluence, the initial average WCA was around 30° and stabilised at approximately 20° in less
than 5 seconds. In contrast, for a sample treated with a ns pulsed NIR laser (Chapter 6), the
WCA continued to decrease as the water droplet spread across the sample. The graphs in
Figure 8.4 illustrate examples of the time dependency of WCA reduction for both a NIR laser-

treated sample and a UV-treated sample.
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Figure 8.4. Typical time dependency for the reduction or stability of WCA of, a) laser textured, b) UV treated
sample highest UV fluence.
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Based on the measured stable WCAs, Figure 8.5 illustrates the reduction in mean WCA across

different UV intensities and exposure periods. Figure 8.6 demonstrates that with different UV

intensities, the reduction in CA was dependent on UV fluence; in other words, higher UV

intensity required less time to reduce the WCA.
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Figure 8.5. Mean WCAs for CFRP samples treated with different UV intensities and exposure periods.
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Figure 8.6. Mean WCAs for CFRP samples treated with different UV fluence.

Figures 8.5 and 8.6, depicting the relationship between WCA and the UV exposure period and

fluence, show an initial linear change followed by a non-linear variation. The mean WCA

initially decreases slightly from 91° to around 70° or 80° within the first 50 J/cm?2. It then drops

significantly to around 30° or 40° with the next 50 J/cm? of UV fluence, with minimal reduction

thereafter. At 200 J/cm?, the mean WCA is approximately 20° or slightly lower. Similar non-
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linear behaviour of WCA versus UV exposure has been observed in the literature for certain
polyimide films [140]. UV light at 254 nm interacts with polymeric molecules by breaking
molecular bonds with binding energies less than its photon energy (4.88 eV). This interaction
causes chain scission, creating unsaturated products in the polymer chains and free radicals on
the polymer surface. These free radicals can react with oxygen in the air to form carboxyl and
hydroxyl groups. The presence of unsaturated groups, carboxyl, and hydroxyl groups increases
the absorbance of the polymeric material to UV-C irradiation. This increased absorbance with
more UV exposure can explain the non-linear (rapid) reduction in WCA. [348]. Moreover, it
is noticed from Figure 8.6 that above 80 J/cm? the contact angle at 25 m\W/cm? exposure drops
below that at 50 mW/cm?. This can be attributed to several factors. Firstly, the duration of
exposure plays a role: even with the same UV fluence, longer exposure times allow more free
radicals to react with oxygen, leading to a higher formation of oxidative products over time
and thereby increasing absorbance, as previously mentioned. However, the literature does not

consistently confirm this relationship.

The more probable explanation lies in the distances between the samples and the cylindrical
UV lamp. The closer the sample is to the lamp, the less uniform the UV intensity distribution
across the sample surface, with the intensity decreasing towards the edges (as illustrated in
Figure 8.7). Moreover, the incident angle of light at the sample edges, which likely affects
reflection, is approximately 70° and 80° for the two intensities. It is important to note that for

accuracy, contact angle measurements were primarily taken near the sample edges.

a) b)

UV lamp

50 mW/cm?

~ 47 mW/cm? mm

19.8
\ “Al&. \ 39.6 mm 25 mW/em®

"
= 24.5 mW/cm?
80°
N ~

] 15 mm ]
«— CFRP sample

1 1
[ e —
h 15 mm \

Figure 8.7. Schemes show the UV intensity distribution over the width of samples exposed to a) 50 mW/cm?, and
b) 25 mW/cm?,
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With regards the FTIR spectra, both UV treated samples show no significant difference

compared to the as-received sample, Figure 8.8.

as received UV treated —— UV treated & cleaned
100

Transmittance
(=)
=
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Figure 8.8. FTIR spectra comparison among as-received, UV-treated, and UV-treated and subsequently cleaned
samples.

8.4.2. Phase 2: Comparing the adhesive bonding of different surface treatment techniques

8.4.2.1. Methods

For investigating adhesive bonding strength, SLS tests were conducted according to the BS EN
ISO 1465:2009 standard [286]. The adhesive bonding used is Araldite 420. The coupling
technique, the equipment utilised, and adhesive bonding characteristics are detailed in Chapter
3. Various surface treatment techniques were compared, including UV treatments with variable
intensities and exposure periods, ns pulsed fibre laser, CW CO; laser with both low and high
specific energy, mechanical sanding, and untreated samples. Additionally, the comparison
included combined treatment techniques involving laser processing before and after UV
treatment. A description of all the treatment techniques and their processing variables is

presented in Table 8.3.

For the mechanically abraded coupons, a cordless handheld random orbit sander (Makita
DB0180Z) equipped with 600-grit sandpaper was operated at the slowest speed until the outer
glossy layer of the matrix was removed. Optical microscopy was used to assess the
mechanically abraded samples. It is worth noting that the same mechanical sanding process
was utilised for the woven CFRP material investigated in Chapter 5/Section 5.5 but was using

320-grit sandpaper. Note that three repeated samples were tested for each surface condition.
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Table 8.3. The techniques implemented in the adhesive bonding strength comparison.

Technique Description

As received No treatment

uvl UV treatment (Intensity 50 mW/ cm?, exposure period 60 min)
uv2 UV treatment (Intensity 25 mW/ cm?, exposure period 120 min)
uv3 UV treatment (Intensity 50 mW/ cm?, exposure period 120 min)

NIR Treatment with ns pulsed NIR fibre laser (Pulse energy 0.078 mJ, pulse length 200 ns, PRR
25 kHz, scanning speed 850 mm/s, and hatch 35 pm)

NIR + UV1 Treatment with NIR followed by UV1

UV1+ NIR Treatment with UV1 followed by NIR

L-CO; Low specific energy CO; laser (Power 4 W, Scanning speed 150 mm/s, hatch 100 pm)

H-CO; High specific energy CO; laser (Power 6 W, Scanning speed 150 mm/s, hatch 100 um)

L-CO,+UV1 Low specific energy CO; laser treatment followed by treatment with UV1

H-CO+UV1 High specific energy CO; laser treatment followed by treatment with UV1

M Mechanical abrading with sandpaper # 600 followed by cleaning

Prior to the adhesive bonding comparison, wettability assessments using both water and
diiodomethane were conducted for each treatment technique implemented in the adhesive
strength tests. For as-received samples and single treatments utilising fibre laser and CO: laser,
wettability and adhesive bonding data were adopted from previous experiments in Chapters 6
and 7. For the combined treatments (NIR + UV1, UV1 + NIR, L-CO2 + UV1, or H-CO> +
UV1), the goniometer setup was the same as for the corresponding single laser treatments
depicted in Chapters 6 and 7. After performing the mechanical tests, a cross-section study was

conducted for UV treated fractured coupons using optical microscopy.
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8.4.2.2. Results and discussion

Optical microscopy images of mechanically abraded samples revealed partial CF damage,
Figure 8.9. In a previous experiment (Chapter 5), the same sanding method was utilised using
coarser sandpaper grits (grit number 320) but instead of the partial damage occur in this

experiment, fully breakage of CFs was noticed.

Damaged CFs

Figure 8.9. a) and b) optical microscopy images for sandpaper treated sample at various magnifications.

For laser treated samples both with NIR fibre and CO- lasers, optical microscopy and/or SEM
images are available in Chapter 6 and 7. The bar chart in Figure 8.10 shows the comparison
in CA for both water and diiodomethane among the different surface treatment techniques
utilised. As previously indicated, the results of single treatments with NIR laser were adopted
from Chapter 6, single CO> laser treatments from Chapter 7, and single UV treatments from
the first phase of this Chapter. Treatment with NIR laser led to zero WCA. Low specific
energy CO2 shows only a slight reduction in WCA, whereas high specific energy CO> laser
showed an increase in WCA towards superhydrophobicity. For samples treated with combined
methods (UV and either of the two lasers), no further reduction in WCA is observed beyond
the lowest value achieved by the individual treatments. The notable variation in WCAs between
samples treated with the two laser techniques can be attributed to differences in their respective
ablation mechanisms, as detailed in the preceding chapters. NIR laser treatment leads to the
exposure of the fibres, along with alterations to their sizing layer. In contrast, CO: laser
treatment appears to leave a thin resin layer, potentially at the submicrometer scale, covering
the fibres (see Figure 7.20). For all laser treatment methods, whether NIR or CO2, and whether
single or combined with UV light, the CAs of diiodomethane were zero. In contrast, no
significant change in the CAs of diiodomethane was observed for any of the single UV

treatments. Mechanical abrasion showed a significant reduction in diiodomethane CA (65° to
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31°), whereas only a slight reduction was observed for the WCA, likely due to the dispersive

component of water.
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Figure 8.10. Comparison in CA for both water and diiodomethane among various surface treatment techniques.

Noting that it was challenging to measure the exact contact angle (CA) when values approached

0°, all CAs reported as 0° in Figure 8.8 had actual measurements of less than 10°.

With regards the bonding strength, compared to untreated samples, the bonding strength tests
(Figure 8.11) indicate a substantial (70-80%) increase in bonding strength for single UV light
treatments. UV-treated samples demonstrated slightly better strength than those treated only
with an NIR laser or in combination with UV light. The average bonding strength was around
27 MPa for UV1 and UV3 and just above 25 MPa for UV2. Samples treated solely with an
NIR laser had an average bonding strength of less than 25 MPa. Pre-treatment with UV before
laser treatment resulted in a slight decrease in bonding strength, while strength improved when
UV treatment followed laser texturing. For combined NIR and UV treatments, the slight
variations in strength are not statistically significant. Combining low-specific-energy CO: laser
treatment with UV light significantly increased bonding strength from 18.8 MPa to 25 MPa.
However, combining UV light with high-specific-energy CO: laser treatment did not show a
significant change. Mechanical abrasion increased bonding strength by about 40% compared

to untreated samples.
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The failure modes for samples treated using a combination of laser (NIR or CO2) and UV light
were predominantly LFTF, consistent with those treated solely with a laser, as detailed in
Chapters 6 and 7 for UD CFRP coupons.
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Figure 8.11. Comparison of the bonding strength among different surface conditions.

However, samples treated exclusively with UV light were distinctly different, exhibiting a mix
of CSF, where the first prepreg layer was torn completely in some areas, and AF, as shown in
Figure 8.12 (a). Mechanical abrasion resulted in a mix of CSF, LFTF, and Cohesive Failure
(CF), with the latter representing failure within the adhesive bonding layer, as illustrated in
Figure 8.12 (b).

o IR AR )

Figure 8.12. The failure modes of a) UV treated, and b) sandpaper treated sample.
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The failure modes are categorised according to the classification system provided by Banea
and Silva [117]. The CSF of the UV-treated samples occurred mostly at or near the interface
between the first and second prepreg layers and was not only within the bonded region but

along the whole coupon in some samples (Figure 8.13).

Figure 8.13. A macro photo showing a fractured UV-treated sample shows the fracture along the entire coupon.
In addition to the macro photos of the failure modes, further clarification for UV-treated
samples is provided by fracture analysis through optical microscopy of the cross-sections of

the failed samples (Figure 8.14).
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Figure 8.14. Optical microscopy images of cross-sections of CFRP coupons treated with UV light after SLS test.
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The failure modes of UV-treated samples predominantly consisted of CSF, with AF to a lesser
extent. A torn layer up to 0.25 mm thick from the substrate was observed (Figure 8.14 (b)),
indicating that the failure occurred within the first prepreg layer. In general, CSF is
characterised by sections of the composite material tearing away from one coupon and
remaining adhered to the opposing coupon. This type of failure indicates strong adhesive

bonding, causing the composite material itself to fail [343].

The presence of both shear and peel stresses, discussed in Chapter 6/Section6.8, indicates that
fracture in adhesively bonded single lap joints is a mixed-mode problem [349]. Generally, in
single lap joints, previous studies have shown that, within the bondline, shear and peel stresses
peak at the bonded substrate surface; through the substrate thickness, shear stress decreases
progressively with distance from the bonded surface [350-352]. Moreover, with regard to fibre
reinforced composites, the literature [350, 353] demonstrates that for adhesively bonded
prepreg CFRP structures, the fibre orientation and the prepreg layup sequence determine the
stiffness of the composite material and have significant impacts on the joint stresses and the
failure load. Previous research demonstrates a consensus that increasing the number of 0°
oriented layers near the bonded face can reduce the load path's eccentricity, thereby decreasing

the resulting peeling forces and enhancing the failure load [349, 353-356].

For the CFRP material used in this study (layup 0°/90°/0°/90°/0°), there is a notable difference
in the modulus of elasticity between the first and second prepreg layers, measured at 119,000
MPa and 8,200 MPa, respectively. This difference is attributed to the fibre orientation in the
second layer being at 90° relative to the tensile load. As a result, in the bonded region, most of
the load is supported by the first prepreg layer, with minimal load or stress being transferred to
the subsequent layers; see the SolidWorks simulation results in Chapter 6/ Section 6.8.2. The
scheme in Figure 8.15 illustrates the load distribution in the tested material, derived based on
the integration of findings and theories reported in the literature, including the effects of fibre
orientation in FRP composites on peeling forces in SLS joints and the overall load distribution.
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Figure 8.15. Scheme illustrating the load distribution in the tested CFRP material under the SLS test.

Although UV treatment shows a slight improvement (about 10%) over NIR laser treatment, the
frequent presence of CSF indicates that the CFRP material tested has nearly achieved its
maximum bonding strength with the current joint design. Consequently, it is proposed that
using a stronger CFRP material, such as duplicating the 0° fibre layer on the bonded side, could

lead to further enhancements with UV treatment.

8.5. Supplementary experiment

In this experiment, UV treatment followed by water contact angle (WCA) assessment was
conducted on five CFRP materials, labelled M1 through M5, Figure 8.16.

Figure 8.16. Photos of the five different CFRP materials investigated, with labels provided for each.
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Two samples, each measuring 25 mm x 15 mm, were prepared from each of the five CFRP
materials for this experiment. All samples were first cleaned using the method described in
Chapter 3, and then one set was exposed to UV light at an intensity of 50 mW/cm? for 60
minutes. The five CFRP materials varied in thickness from 2.5 mm to 3.5 mm. Therefore,
pieces of cardboard were used to adjust the distance from the lamp to the top surfaces of the
samples to ensure uniform exposure. WCA assessment was then conducted on both sets of
samples (UV-treated and non-treated). Ten WCA measurements were taken for each sample,
and the averages and the SDs were calculated. For the goniometer setup, the droplet size was
1.5 mm, with 50 frames recorded at 0.016 seconds per frame and an additional 10 frames at 1

second per frame. Figure 8.17 below displays the obtained results.
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Figure 8.17. Comparison of WCA between non-treated and UV-treated samples of five different CFRP materials.

From the results, it is apparent that each of the five CFRP materials exhibits specific surface
wettability, likely attributable to its unique resin system and surface topography. Variable
contact angle (CA) results for different CFRP materials have been documented in the literature
[357]. Furthermore, each material responded differently to UV light treatment. These
differences are particularly significant between CFRP M1 and CFRP M4.

UV light can induce chemical changes on the CFRP surface, potentially leading to the
formation of new functional groups or the degradation of existing ones [202, 348, 358]. Since
different CFRP materials possibly use various matrix resins, this can result in the development

of different hydroxyl or carboxyl groups on their surfaces when exposed to UV light [348],
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thereby affecting wettability in varying degrees. Consequently, the inherent properties of these
resins influence their reaction to UV light, which in turn impacts the resulting surface
wettability. Moreover, some fibre-reinforced polymer materials are coated or filled with UV-
resistant substances [359, 360], which can affect how the material responds to UV light. These
polymer composites are increasingly utilised in applications such as the aerospace industry
[360].

8.6. Conclusions

In this chapter, CFRP materials were surface treated using incoherent UV light emitted by a
germicidal UV lamp with a wavelength of 254 nm. The surface wettability of the treated CFRP
samples was qualitatively characterised under different UV intensities and exposure periods,
as well as for different CFRP materials. Additionally, the bonding strength of the UV-treated
CFRP material was studied and compared with various surface treatment techniques, including
an ns pulsed NIR laser, a CW CO: laser, combinations of either laser with UV light, and

mechanical sanding. The following conclusions were obtained:

e UV light treatments significantly improved the wettability of CFRP surfaces. With a
UV treatment fluence of approximately 180 J/cm?, the water contact angle was reduced
from 91° to about 20°. Increasing the UV fluence beyond 180 J/cm? did not result in
further improvement.

e In comparison to the NIR laser treatment discussed in Chapter 6, NIR laser treatment
achieved a greater reduction in the water contact angle, lowering it to under 10°. While
both UV light and NIR laser treatments significantly enhance surface wettability, NIR
laser treatment demonstrated slightly better performance. However, the absorption
behaviour of the exposed fibre surfaces, attributed to their surface porosity, contributed
to this effect.

e The response of different CFRP materials to UV light varied, with each material
showing distinct improvements in surface wettability.

e The UV light treatment technique for CFRP demonstrated a significant (75%)
improvement in bonding strength compared to non-treated samples, and approximately
10% higher improvement than the IR laser texturing technique. The dominant CSF
mode observed in UV-treated samples suggests that the adhesion strength exceeded the

material's interlaminar shear strength.
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The combination treatments of UV light with NIR laser do not appear to provide any
noticeable advantage over the individual treatments. However, treating with UV light
following low specific energy CO> laser treatment showed significant improvement

over the single CO- laser treatment

In terms of treatment duration, NIR laser processing of a single coupon with a bonded
area of 25 mm x 12.5 mm took approximately 11 seconds, while UV treatment required
about one hour. However, UV treatment can handle multiple samples simultaneously
(over 100). Moreover, the duration of UV treatment can be reduced by using reflectors,
such as semi-cylindrical or parabolic types, to increase light intensity. A diffuser can
also be employed to achieve more uniform light distribution.

The results from UV treatment are highly promising, indicating substantial potential for
improving the joint performance of CFRP composites by enhancing adhesive bonding
without altering the surface topography. Additionally, UV treatment is more cost-
effective compared to laser methods.
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CHAPTER 9: Conclusions and Future Works

Aiming to identify an optimal surface pre-treatment technique for enhancing the adhesive
joining of CFRP composites, this thesis explores the use of incoherent UV light combined with
IR lasers. This pioneering study assesses the effectiveness of incoherent UV light, both
independently and in combination with two types of IR lasers: a ns pulsed NIR fibre laser and
a CW CO: laser. The research also features a comprehensive analysis of the transmittance and
absorption characteristics of epoxy resin in relation to NIR and MIR lasers. The following

conclusions and recommendations arise from this work:

9.1. Conclusions

This study has conducted a number of experimental evaluations of aspects relating to the
overall investigation of the potential for incoherent UV light to assist IR laser texturing in

improving the adhesive joining of CFRPs.
A summary of the conclusions of these individual studies follows:

e The experimental results for epoxy resin transmittance to NIR laser (1064 nm) revealed
penetration depths ranging from 90 to 140 mm across three different epoxies, with
reflection fractions between 11.5% and 13.6%. These findings align with previous
research, which proposed that nearly all NIR light penetrates the outer matrix layer and

is absorbed by the underlying carbon fibres.

e For the epoxy resin transmittance to the MIR laser (10600 nm), the penetration depth
is approximately 29 pum, with a reflectivity of 15%. An epoxy resin film with a thickness
of 15 um transmitted approximately 55% of the laser power.

e The effectiveness of NIR laser on surface processing of CFRPs to improve the adhesive
bonding is highly dependent on the thickness of the outer layer matrix. In woven

reinforced CFRPs, the outer layer matrix exhibits significant variation in thickness.

e Laser processing using a masking technique to shield thick matrix regions from NIR
laser exposure was observed to prevent delamination and weakening of matrix-rich
areas, enhancing bonding strength by an additional 10% compared with the fully laser-

treated technique.

e Investigating the impact of scanning speed with ns pulsed NIR laser on heat

accumulation between consecutive scans revealed no significant variation, even when
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comparing scan intervals of 1.5 ms to 2.5 ms, noting that the reported cooling time of
matrix resin is approximately 1 ms.

Laser processing with a pulse length of 30 ns resulted in larger ablated areas (dimples)
than those produced with a 200 ns pulse laser, with higher pulse energies creating larger
dimples. Shorter pulse lengths (30 ns) showed fibre breakage. The depth of the dimples
was limited by the underlying fibres. Samples treated with 200 ns pulses exhibited
lower water contact angles and higher bonding strength than those treated with 30 and
80 ns pulses.

A CW CO: laser, with optimised processing parameters, can effectively remove the
outer matrix resin layer and expose the underlying CFs. However, this method may
compromise the integrity of the fibre/matrix interface. A CW CO laser can improve
the bonding strength of CFRP materials that initially show low adhesion and interfacial
failure.

The UV light treatment technique for CFRP resulted in a substantial 75% increase in
bonding strength compared to untreated samples and about 10% higher than the IR laser
texturing technique. Combining UV light with NIR laser treatments offers no
significant advantage over using each treatment individually. However, applying UV
light after low-specific-energy CO> laser treatment resulted in a notable improvement

compared to using CO> laser alone.

The overall conclusion is that incoherent UV lamp treatment used in conjunction with NIR

laser texturing (either pre or post laser treatment) does not appear to produce any significant

benefit to the strength of adhesive bonded CFRP. Some benefit was found in using incoherent

UV light in conjunction with low specific energy CO2 laser texturing.

The incoherent UV light treatment alone gives results that are highly promising, showing

considerable potential for improving the joint performance of CFRP composites. This method

enhances adhesive bonding while preserving the surface topography. Additionally, UV

treatment proves to be more cost-effective than laser methods.

9.2. Future works

Laser surface treatment with both NIR and MIR lasers generally improves bonding
strength. The predominant failure modes observed were light fibre tear failure,

indicating a separation or loss of fibre-matrix integrity. Further investigation into the
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use of low-viscosity adhesives or diluted resin will potentially re-integrate the
fibre/matrix, leading to additional improvements in bonding strength.

UV light surface treatment for 1 hour at an intensity of 50 mW/cm? resulted in
approximately 70% improvement in bonding strength, with a predominantly cohesive
substrate failure mode. These results, supported by the SolidWorks modelling results
and literature review, suggest that the bonding strength exceeded the material strength
due to low interlaminar strength, layup sequence, and high peeling forces. Therefore, it
is believed that further investigation into UV treatment using different CFRP materials
with improved layup sequences and enhanced interlaminar strength will yield
additional improvements in bonding strength.

UV light treatment induces chemical changes on the CFRP surface, leading to the
formation of new functional groups or the degradation of existing ones. Further
investigation into UV treatment of CFRP materials using higher UV intensities,
achieved through a reflector or a higher-power UV lamp, is essential not only to reduce
the treatment period but also to enhance understanding of the time dependency of the
chemical interaction and the effects on surface wettability and bonding strength.
Utilising the data from matrix resin transmittance investigations, particularly regarding
MIR lasers, in finite element modelling analyses can enhance the understanding of the
removal mechanism of the outer layer matrix when using a CO; laser. Thus, in future
works, a finite element model of this process will be developed.

This project has explored the transmittance of thermoset epoxy resin to both NIR and
MIR lasers. To further investigate NIR laser transmittance, it will be necessary to create
samples ranging from a few millimetres to several hundred millimetres in thickness.
However, during the curing process, gas bubbles tend to form and become trapped
within thick (above 10 mm) moulded samples, which can significantly impact the
accuracy of the results. To address this issue, specialised moulding equipment capable
of applying high pressure will be essential to minimise and displace the formed bubbles.
Notably, among the three different types of thermoset resins tested, only one achieved
a thickness of up to 43 mm without noticeable bubbles. Additionally, an automatic
polishing machine will be developed to achieve even surface roughness across the
different samples.

Since FTIR shows no significant variations between UV-treated and non-treated

samples, it is important to explore and identify an alternative method for analysing the
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chemical changes after UV treatment. One potential method to consider is X-ray
Photoelectron Spectroscopy, as it could provide more detailed insights into the

chemical changes at the surface level.
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Appendices

Appendix A, The UD reinforced prepreg datasheet

SHD

composites

MTC510

Epoxy Component Prepreg

Mechanical Praperties

ZSCNSTRO

COMPOSITES

Pol. Indust. A Granxa, CfGes 190
TpL00 O Parrine - Pontevedra [Espana)
TFno. 986 342953

Matenal: MTC510-UD300-H5-33%RW (SHDO373-300P)
Initial cure: 2 hrs @ 110°C, 2°C/min ramp (solid release, caul-plated, & bar)
Testing: Performed at room temperature conditions (J15)
Test Results Standard
Fibre volume fraction [VF) Measured 60.20 % NiA*®
Theoretical 5771 W
Cured Ply Thickness [CPT) Measured 0.286 mm NiA*®
Theoretical 0.283%  mm
Tension 0° Tensile strength 2282 MPa BS EN IS0 527-5
Tensile modulus 113.3 GPa
Poisson's Ratio 0.34
Tension 30° Tensile strength 54 MPa
Tensile modulus 8.2 GPa
Poisson's Ratio 0.01
Compression 0° Compressive strength 1067 MPa EN 2850 Type B
Compressive modulus 1136 GPa
Compression 90" Compressive strength 200 MPa
Compressive modulus 9.3 GPa
In-Plane Shear 45" In-Plane shear strength 99 MPa ASTM D3518
In-Plane shear modulus 3.50 GPa
Interlaminar Shear Strength 0 Interlaminar shear strength  84.8 MPa BS EN IS0 14130
DMA Tg Onset 123 “‘C Modified ASTM D7028%
Peak Tan Delta 133 “‘C {Single Cantilever)

All tests marked * were completed at $HD Compaosites loboratories on non-condition specimens. Complete test reports can be

suppled independently upon request.
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SEM images for UD CFRP material processed with different

Appendix B

see Table 7.3 or Table 7.6.

laser variables
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Appendix C, material properties and model types applied in SolidWorks.

Material properties
Materials in the default library can not be edited. You must first copy the material to a
custom library to edit it.

Model Type: Linear Elastic Orthotropic ~  [Jsave model type in library
Units: SI - N/mm*2 (MPa) v

Category: CFRP

MName: CFRPUD

D?fll..lh failure Max Normal Stress ~

criterion:

Source:

. ‘ility. Undefined o

Property Value Units

Material ;

Materials in the default libra not be edited. You must fi the material
Materials in the default library can not be edited. You must first copy the material to a b “;‘wmdhh ry.can rst copy toa
custom library to edit it. stom

Model Type: Linear Elastic Isotropic ~  [[Jsave model type in library Model Type: Linear Elastic keotropic v [Dsave model type in library
Units: S1 - N/mm~2 (MPa) v Units: 51 - N/mm*2 (MPa) v
Category: LOCTITE EA 9394 AERO Category: bonding adhesive
Name: LOCTITE EA 9394 AERO Mo Araldite 420
C‘l follure [ Weme von Mises . D?h._l'kfaillre Max von Mises Stress ~
CLLET ) o
Source: Source:
biiy:  Undefined Select.. inability:  Undefined Select.
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Appendix D, full SolidWorks modelling results of the two adhesives

1. Loctite 9394 Model

SX (N/m*2) Stress Z-component SZ(NImA2
Stress X-component A p Zvmn2)

1.075e+09

16700408
. 94650408 ' 1455408

. 8.181e+08

. 1.23940¢

0\.

_ 68970408

| 56130408

4329408
| 3.045e408

1.760e+08

47640407 52222406
~3.077e+07 26756407
-2.092e+08 48282407

EPSX EPSZ

1.011e-02 1.536¢-02

Strain Z-component

Strain X-component

9.031e-03 1331e-02

- 7.951e-03 - 1.127e-02

. 6.870e-03 - 9.216e-03

L 5789203 | 7.166e-03

4.70%e-03 5.117e-03

L 3.628¢-03 B 3.067¢-03

2.548e-03

L 1.018e-03

1467¢-03 -1.031e-03

3.866e-04 -3.081e-03

-6.940e-04 -5.130e-03

Loctite 9394 model stress and stram
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2. Araldite 420 Model

Stress X-component SX(Vm"2) Stress Z-component SZ(N/m*2)

1.029e+09 1.109e+08

l 9,048¢+08 l 9.454e+07

. 7.814e+07

. 7.805e+08
6.562e+08 _ 61742407
340407

[ 5.320e+08 4.534e+07

4,077e+08 2.895e+07

| 12550407

2.834e+08

[ 1.591e+08 | -3.847e+06

3481e+07 -2.024e+07

-8,947e+07 -3.664e+07

-2.138e+08 -5.304¢+07

Strain X-component Vi Strain Z-component

. 2433e-02
- 1.114e-02 . 2,002e-02
L 9.448e-03 L 1571e-02

7.756e-03 L 1.141e-02

6.064e-03 7.100e-03

L 2.793e-03

-1514¢-03

-5.821e-03

Araldite 420 model stress and strain
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